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Summary

Alzheimer’'s Disease (AD) is a progressive neurodegative disorder and the most
common form of senile dementia. The characterisistopathological hallmarks of AD
are the intracellular neurofibrillary tangles am@ tamyloid plagues, made of aggregated
amyloid peptides (B), that deposit in the extracellular matrix of thiin. A3 peptides
are the result of two sequential cleavages of thgl@d precursor protein (APP);[Ais
eventually released by thesecretase enzyme. The most abundghtpAptide species,
both physiologically produced throughout life, &R and A34,, which is more insoluble
and aggregation-prone.

Although most AD cases are sporadic, a small péagenof patients is affected by the
hereditary form of AD (Familial Alzheimer's Diseas€AD), caused by dominant
mutations in one of three genes. These genes aodihd APP, presenilin-1 (PS1) and
presenilin-2 (PS2); PSs are the catalytic subuoiitshe y-secretase enzyme complex.
FAD-linked mutations in PSs lead to an increasdtlAB4o ratio, that promotes [
plaques deposition. Beside this effect i groduction, many mutations in PS1 and PS2
have been extensively demonstrated to cause #tesain the intracellular CGa
homeostasis, thus making neurons more sensitivexeaotoxic stimuli and apoptosis.
Nevertheless, the effects and the mechanisms ®frtérference in the Gabalance are
still unclear and under intense investigation. &dong time, the most popular hypothesis
has been the “G& overload” hypothesis, which claims that mutateds Rve rise to
exaggerated Garesponses upon stimulation, sustained by intnaleelistores, and the
endoplasmic reticulum (ER) in particular, overloddeith C&*. However, an increasing
number of studies has recently began to criticgllgstion this hypothesis and different
possible targets of PSs action have been proposed.

Previous works from our laboratory showed that mioer of FAD-linked PS1 and PS2
mutants reduce the ER €acontent; starting from this evidence, we invesédathe
mechanism(s) leading to this effect.

The SERCA-2 pump was identified as the most likahget of FAD-linked PS2-T122R
action and indeed the two protein interact, as no@Hinoprecipitation assays
demonstrated. PS2-T122R was shown to impair theppanotivity by decreasing its
maximal C&" uptake rate, while leaving its protein level uesdd. Interestingly, similar
results were obtained with wild-type (wt) PS2: si@mt expression of wt PS2 in a PSs null
background led to a lower steady-state ER*@ancentration and a slower ER {a
uptake rate. Consistently with this observatiomdiing down the endogenous PS2 level
by small interefering RNAs increased both paransetéFhese results suggest a
physiological role for PS2 in regulating intracéiuC&"* handling, acting as a brake for
the SERCA pumps. Finally, over-expression of SERZBAtogether with PS2-T122R



rescued the ER Gacontent and the pump uptake rate at the respegives observed in
control cells.

A long-term goal of the project is studying intrtckar C&* dynamics, bothin vitro and

in vivo, in the brain of AD mouse models based on APP BAD-linked PS mutants,
through single cell live C4 imaging experiments with FRET-basedameleonCa*
probes. Thus, the second part of this work has lkeeicated to a preliminary set up of
the suitable experimental conditions to be employeith two cameleon sensors
genetically targeted to the lumen of the ER and Gdgi apparatus. While the results
obtained with the ER-targetedmeleorprobe matched those previously obtained with an
ER-targeted aequorin probe, an unexpected resudtobtained with a novetameleon
localized to a specific sub-compartment of the Gafgparatus. This new sensor helped us
to better define the mechanism of action of PS22ZRlZhowing that it selectively acts on
SERCA-2 but not on SPCA-1 pumps.



Riassunto

La malattia di AlzheimerAlzheimer's DiseaseAD) & una patologia neurodegenerativa
progressia e rappresenta la forma piu comune diedea senile. Le caratteristiche
istopatologiche dell’AD sono le fibrille intraneurali e le placche amiloidi, formate da
aggregati di peptidi amiloidi (B, che si depositano nella matrice extracellulae¢ d
cervello. | peptidi A sono il prodotto di due tagli sequenziali dellatpnoa precursore
dellamiloide @myloid precursor proteinAPP). L'ultimo taglio proteolitico di APP, che
porta al rilascio degli B nella matrice extracellulare, & opera dell’enziysecretasi. Le
forme piu abbondanti di peptidif3A entrambe fisiologicamente prodotte nel corsoadell
vita, sono A4 e AB4,, che é piu insolubile e incline ad aggregare.

Sebbene la maggioranza dei casi di AD sia di cgigimoradica, una piccola percentuale di
pazienti e affetta dalla forma ereditaria di ABafmilial Alzheimer’s DiseaseFAD),
causata da mutazioni dominanti in uno dei tre gdt@ codificano per 'APP, per la
presenilina-1 (PS1) e la presenilina-2 PS2). Lesgmiine (PSs) sono le subunita
catalitiche del complesso enzimatico deflaecretasi. Mutazioni associate a FAD nelle
PSs portano ad un aumento del rapporfag/APs2, che favorisce il depositarsi delle
placche amiloidi. Oltre a questo effetto sulla pidne di Ab, & stato ampiamente
dimostrato che molte mutazioni nelle PS1 e PS2 atamusalterazioni nell’omeostasi
intracellulare del C&, rendendo cosi i neuroni pill sensibili a stimalti®tossici e
all’'apoptosi. Cio nonostante, gli effetti e i meotsami di questa interferenza nel normale
equilibrio intracellulare del G4 sono ancora poco chiari e oggetto di intensa iimead\
lungo, I'ipotesi pitl popolare & stata I'ipotesi dsbvraccarico di Cd”, la quale afferma
che le PSs mutate danno origine a esagerate msg@et in seguito a stimolazione,
sostenute da depositi intracellulari (in particelail reticolo endoplasmatico, ER)
sovraccarichi di C&. Tuttavia, un crescente numero di studi ha di mecéniziato a
mettere in discussione questa ipotesi e diversipiisbersagli dell'azione delle PSs sono
stati proposti.

Studi precedenti condotti nel nostro laboratoriarteamostrato che un certo numero di
PS1 e PS2 mutate associate a FAD riducono il catdedi C&" del’ER; partendo da
gueste osservazioni, abbiamo indagato il/i mecoamiisalla base di questo effetto.

La pompa SERCA-2 e stata identificata come il ldisgiu probabile dell’azione della
mutazione associata a FAD T122R nella PS2 (PS2H)1L22infatti le due proteine,
SERCA-2 e PS2-T122R, interagiscono, come dimostrdéo esperimenti di co-
immunoprecipitazione. E’ stato dimostrato che |2H322R danneggia I'attivita della
pompa riducendo la sua velocita massima di tragpaonentre il livello della proteina
rimane inalterato. E’ interessante notare, inolthes risultati simili sono stati ottenuti con
la PS2 non mutatarfld-type wt): I'espressione transiente della PS2 wt innoodello
cellulare privo di PSs ha avuto come conseguenzabbassamento della concentrazione
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di C&" nellER all'equilibrio e un rallentamento della loeitd di importo del C&
nellER. Coerentemente con questa osservazionbpd@imento dell’espressione della
PS2 endogena mediante la tecnica di RiN#&rferenceha portato ad un incremento di
entrambi questi parametri. Questi risultati suggemo un ruolo fisiologico della PS2
nella regolazione intracellulare del Tala PS2 agirebbe come un freno per le pompe
SERCA. Infine, la sovra-espressione della SERCA&Bieme alla PS2-T122R ha
permesso di riportare i valori del contenuto df'Gell’ER e della velocita della pompa ai
valori di controllo.

Uno degli obiettivi a lungo termine di questo pritgee studiare le dinamiche
intracellulari del C&, siain vivo chein vitro, nel cervello di topi transgenici usati come
modello di AD, in quanto basati su mutazioni nePR e in PS associate a FAD.
L’approccio scelto & monitorare le variazioni di?Ca singola cellula attraverso sonde
per il C&* basate su FRET cameleonsPertanto, la seconda parte di questo lavorota sta
dedicata alla messa a punto preliminare delle et sperimentali piu adatte da
adottare con due sondeameleons geneticamente indirizzate nel lume dellER e
dellapparato di Golgi. Mentre i risultati ottenution il cameleonindirizzato allER
corrispondono a quelli ottenuti in precedenza corequorina indirizzata allER, un
risultato inaspettato € emerso utilizzando un numameleorniocalizzato in uno specifico
compartimento del Golgi. Questa nuova sonda ci h#ata a definire meglio il
meccanismo di azione della PS2-T122R, mostrand@agisee selettivamente sulle pompe
SERCA-2 ma non sulle pompe SPCAL.



Introduction

1. Alzheimer's Disease

Alzheimer’s Disease (AD) is a slow, progressiverndegenerative disorder and accounts
for about 60-70% of all cases of senile dementiasivbf the AD cases are ‘sporadic’,
with a disease onset after the age of 65 yeams-@laset AD). AD phenotype is the result
of the degeneration and shrinkage of brain regiomwslved in learning and memory, in
particular the frontal cortex, the temporal lobesl ahe hippocampus; memory loss,
agitation, wandering and sleeping disorders arentlost frequent symptoms. As the
disease gets worse, locomotion, speech and thiyabilrecognize people and everyday
objects are completely lost.

The characteristic histopathological hallmarks dd Are extracellular senile plaques,
made up mainly of A peptides, and intracellular neurofibrillary targi@\FT), made up
of hyperphosphorylated tau proteins.

MULTI  FIZE  3AVE  MELP HULTI SFE  EME  HFLP

Figure 1.1. Magnetic Resonance Imaging of an ADnbflaft) and of an age-matched healthy brain igh

Tau

Tau is a microtubule-associated protein of aboukB& that stabilizes the cytoskeleton,
constantly undergoing phosphorylation and dephaggditeon. Tau is highly expressed in
adult human brain, where six different isoforms areduced from a single gene by
alternative splicing. These isoforms present a éemaf either three or four tubulin-
binding domains in the C-terminal region. All seoforms can be phosphorylated through
the action of several kinases, including glycogentigase kinasef8(GSK-33), cyclin-
dependent kinase-5 (Cdk5) and other tau kinasesfét et al., 1999; Lucas et al., 2001).
In normal ageing, AD and other neurodegenerativeeaties, natively unfolded tau
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becomes hyperphosphorylated and folds intd3 aconformation, forming abnormal
filaments which become the paired helical flameotsSNFT and neuritic infiltrates in
plaques (Mandelkow et al, 2007).

In AD, tau neurotoxicity is, at least in part, doean increase in the phosphorylation of all
six isoforms; hyperphosphorylation leads to reducackotubule binding, destabilization
of the cytoskeleton, reduced axonal transport (Btdband Johnson, 2005) and insoluble
intracellular fibril formation (Augustinack et ak002), thus impairing synaptic functions
and eventually causing neuronal death. Once a nedres NFT can persist in an
extracellular (or ghost) form due to their interiggerphosphorylation and insolubility
(Igbal et al., 2008). Recently, it has been poimed that soluble tau is more toxic to
neurons than aggregated, paired helical filamemndo(Gomez-Ramos et al., 2006).
Hyperphosphorylated tau can exist as soluble olgymraggregates that are considered as
the toxic species (Igbal et al., 2008). In AD, real loss occurs in brain regions
depositing tau fibrils (Wyss-Coray, 2006).

NFT formation can be divided in six stages, withrfof these stages occurring prior to the
development of dementia. NFT stages I/ll occurha entorhinal region, stages IlI/IV
infiltrate into limbic regions and stages V/VI inde the neocortex. These three groups
correspond respectively to normal cognition, sonogndive impairment and frank
dementia (Braak and Braak, 1991).

Neurofibrillary tangles are not an exclusive markérAD: they also feature in other
neurodegenerative diseases named tauopathies. Arttoege pathologies, Fronto-
Temporal Dementia with Parkinsonism (FTDP-17), @ameHitary disease associated to
numerous tau mutations, is characterized, at egllelel, by deposition of paired helical
filaments (PHF, Kidd, 1963) of hyperphosphorylataa (Hutton et al., 1998).

Senile plagues

Senile plaques are proteic aggregates that depasié extracellular space of the brain of
AD patients. The main component of these plaquestla® amyloid peptides (8).
These peptides are protein fragments of aroundri@caacids and the most common
forms are 40 and A4.. They are all released in the extracellular spfieara the Amyloid
Precursor Protein (APP) after two sequential clgasgsee paragraph “APP an@8”Ap.
12).

ABs and AB4, exist in different conformational states anywhémem monomers to
dodecamers or even higher molecular weight compleXxrything larger than a monomer
can be referred to as an oligomer. Oligomers mawg tirow in size and the[}, peptide

is more inclined to create insoluble fibrils thdue t4340 form (Bitan et al., 2003). Due to
their greater aggregation capabilities, longer fowhthe A peptides, particularly By,
are considered more neurotoxic, although it is aigomeric rather than the fibrillar
insoluble amyloid forms which appear most damagMlish et al., 1997 and 2002).
There is a strong correlation between soluble atigoc A3 levels and the extent of
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synaptic loss and severity of cognitive dysfunctiorAD (McLean et al., 1999; Shankar
et al., 2008).

A can be toxic in several different ways: it can seawxidative stress, mitochondrial
damage, inflammation and it can form pores in thsma membrane thus causing’Ca
overload (Lin et al., 2001). The suggestefd targets are numerous, however it appears
clear that both intraneuronal and secretdgl ae responsible of synaptic dysfunction
(Moreno et al., 2009; Wei et al., 2009)B Aan also alter tau phosphorylation, cleavage
and aggregation (De Felice et al., 2008), thusidnog a link between the two major
pathological hallmarks of AD.

A sub-type of plaques that can also be found inl#Bins are neuritic plaques. Neuritic
plaques are associated with fibrillaB Aand dystrophic tau-positive neuritis (Benzing et
al., 1993). These plaques are smaller in size ihutontrast to diffuse plaques (which
predominantly contain By,), they contain both Byo and A34, peptides. Regions where
neuritic and cored plaques are commonly found iniddude the middle frontal, superior
and middle temporal, inferior parietal and entoahicortices and the hippocampus.

A cotton wool plaques

AP cotton wool plagues (CWP) are a different typagdregate deposition that has been
observed in patients affected by the hereditamnfof AD (see chapter 3, p. 23)BACWP
are most often observed in presenilin-1 (PS1) nartafDumanchin et al., 2006). They
occur in addition to the diffuse, neuritic and ab®eD plaque types, and have been noted
infrequently in sporadic AD (Le et al., 2001). Quoit wool plaques have several
characteristic features: they are larger than mibtse or neuritic plaques (up to 15én

in diameter), have eosinophilic properties, cleal&fined margins and little neuritic or
inflammatory infiltrate. When immunostained, CWRBmay strong positivity for B4, and
weak or little A4 (Uchihara et al., 2003). The typical distributipattern of CWP
follows that of neuritic and diffuse plaques in ADakao et al., 2002).

o P B GEos x e

Rl Ny AT N
Figure 1.2. Tissue from the hippocampal regionrofA® brain, stained for tau. The triangular shapes
neurofibrillary tangles. Amyloid plagues are theimd, less dense structures (Washington Universibo8
of Medicine).
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AD molecular mechanisms

Although some atrophy of white matter (less tha25% per year) is a normal
consequence of age, once clinical AD starts, pssive atrophy and neuronal loss speed
up to ten times faster: mean brain atrophy ratesvigl-established, clinically diagnosed
AD are 2,4% per year (Fox et al., 2000).

Beside the deposition of fibrillary forms of hypagsphorylated tau, there are other
possible molecular mechanisms leading to neuroved: Ithere is substantial evidence
demonstrating that at least some cells in sporaBidie via apoptosis (Stadelmann et al.,
1999), as demonstrated by the observation of typigas of apoptosis in AD brains, such
as mitochondrial dysfunction, caspase activity,learcabnormalities, DNA damage and
altered activity of apoptosis-related genes, sisch=8 and Bax (Su et al., 1997).

Also AP peptides can trigger apoptosis by inducing oxidasitress and lipid peroxidation,
which are common features in AD brains (Butterfieldal., 2002). Oligomeric (& can
induced synaptic changes that result in synaptigadtation and remodeling of dendritic
spines (Lacor et al., 2007; Wei et al., 2009). Stldnges are thought to occur prior to the
complete loss of neurons in AD.

Alzheimer’'s disease is also characterized by a robranflammatory response. An
increased number of activated microglia has beeorted associated particularly with
neuritic plaques (Sheng et al., 1997), even thdbgh inefficiently clear f and degrade

it extremely slowly (Paresce et al., 1997). Micralghctivation recruits astrocytes to clear
the AB deposits and astrocytes in the entorhinal corfeX® cases have been shown to
contain A342 in amounts proportionate to the severity of reglokD pathology (Nagele et
al., 2003). Besides, activated microglia directlgguce toxic oxygen species that damage
neurons (Gahtan and Overnier, 1999). Nonethelasgsansgenic APP mouse strains in
which nearly complete ablation of microglia wasiagkd, amyloid plaque formation and
amyloid-associated neuritic dystrophy was maingift&rathwonhl et al., 2009).

APP and /8

According to the “amyloid cascade” hypothesis, #ey event initiating AD is the
abnormal processing of APP by titsecretase complex (Selkoe, 2002), leading to the
abnormal accumulation of(Apeptides.

The APP molecule is a type | transmembrane glydeprahat is proteolytically processed
by two competing pathways, the non-amyloidogenid amyloidogenic (£ forming)
pathways. Three major secretases are assumeditwddeed in the proteolytic cleavage
of APP. These include-secretase}-site APP cleaving enzyme (BACE, formally known
asf-secretase) angsecretase.

Two members of the ADAM family (a disintegrin ancttalloproteinase), ADAM-10 and
ADAM-17 (or TACE), have been shown to displaysecretase activity (Buxbaum et al.,
1998; Lammich et al., 1999). BACE was identifiedagsaspartyl protease and a type |
membrane protein (Hussain et al., 1999; Sinha e1899; Vassar et al., 1999).
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The a-secretase cleaves within thg Alomain of APP thus preventing the formation of
AP and generating non-amyloidogenic fragments: aernally truncated B fragment,
called p3, and a secreted form of ARRAPPS). In the amyloidogenic pathway, BACE
removes the bulk of the ectodomain of APP, cleaviegr the N-terminus of thefA
domain on the APP molecule, releasing another solfigbm of APP 3-APPs, and leaves
behind a small membrane-retained C-terminal fragng€89) containing the whole (A
domain (Cole and Vassar, 2008). The final stephm amyloidogenic pathway is the
intramembranous cleavage of the C99 fragmeny-bgcretase, releasing th§ Aeptide
(Verdile et al., 2007).
AR fragments longer than 42 amino acids have beeactel y-secretase inhibitors
prevent the production of these fragments, sugggshat they-secretase complex itself
can form them and therefore has multiple, topolalfycdistinct cleavage sites,(y and(
sites) (Weidemann et al., 2002; Zhao et al., 26{&8ss and Selkoe, 2007). The cleavages
at the individual sites are heterogeneous and gseeto roughly two different product
lines, ABag (€) - ABas (€) - AB4s (V) - ABso (Y) and ABs7 (y), whereas the other product line
generates Bus (€) - ABas () - ABa42 (V) - ABss (). The current model suggests that the
cleavage occurs in a stepwise manner, ylecretase cutting the APP CTF first at ¢he
site, which is close to the cytoplasmic borderhaf nembrane. This cleavage releases the
APP intracellular domain (AICD) from the membramel deaves a long [Aspecies in the
membrane. Further cleavages then occur roughlyyeterd amino acid down the-
helical transmembrane domain via theto they-site, progressively removing C-terminal
residues until the peptide is short enough to mased from the membrane (Kakuda et al,
2006). It is likely that the hydrophobicity of themaining peptide is then sufficiently
reduced to facilitate its release into the extlata medium.
The consecutive cleavage of APP could provide glaeation for how loss-of-function
mutations in PS might result in decreasefl generation and simultaneous increased
production of longer A (see paragraph “Presenilin mutations”, p. 26).
Since the original amyloid-cascade hypothesis forwtas put forward (Hardy & Higgins,
1992), many modifications and refinements have Ipeeposed. For example, no absolute
relationship exists betweenfAload in the brain and the clinical manifestationA®
symptoms in humans or mice (Price & Morris, 199Bhis has led to the concept of
‘soluble toxic oligomers’ (Lambert et al, 1998). éde A oligomers are intermediary
forms between free solublea and insoluble amyloid fibers, and seem to bectbgihin
vitro andin vivo.
Different AB-peptide species contribute to the generationjlgyaand toxic properties of
the oligomers. The relative combination of thesptipges could be much more important
than the total load of f\in the brain.
During normal APP processing, the more comnaesecretase cleavage occurfl A
normally secreted by healthy cells throughout Idat its normal physiological function
remains largely unknown. Of the two majof Apecies that are being formed, the 40-
amino-acid form (849 and the 42-amino-acid-long peptidef}), the latter is the more
13



aggregation-prone form. Under physiological comdisi, A3, constitutes about 90% of
the total amount of B (Van Broeck et al., 2007).

The physiological role of APP remains unclear. ABiRds to the kinesin light chain
subunit, kinesin-1, thus it is postulated to beadived in the axonal transport in neurons
(Kamal et al., 2000; Stokin and Goldstein, 20086)s lalso likely that APP functions as a
modulator of intracellular signal transduction.

Amyloidogenic Non-amyloidogenic
pathway pathway
L L 1 L L}
sAPPB

. sAPPB APP sAPPa
Extracellular AB I . I
space B
T

FITT 171
Plasma ¥

membrane

Cytosol D C99 C83
AICD

Figure 1.3Schematic representation of APP processing. ARfPosessed by two competing pathways. In
the non-amyloidogenioq-secretase pathway, the sAPRnd C83 fragments are generated, while in the
amyloidogenic,3-secretase pathway, APP is cleaved into the $ARRI C99 fragments. C99 is further
cleaved byy-secretase into Biand AICD (adapted from Wippold et al., 2008).

2. y-secretase

Three laboratories independently discovered thf & physiologically produced
throughout life by a cellular pathway that involiesamembrane proteolysis (Busciglio
et al., 1993; Shoji et al., 1992; Haass et al. 2)9%hus, APP processing turned out to be
the first example not only for intramembrane clegvhut also for a cellular pathway now
termed regulated intramembrane proteolysis (RHPL999, the concept of intramembrane
cleaving proteases (i-Clips) and of regulated m#&mbrane proteolysis became
established (Brown et al, 2000), demonstrating ithtedmembrane cleavage of proteins is
a general and biologically widespread mechanisrthobigh these proteases have widely
divergent structures and functions, they all burgirt catalytic site deeply in their large
hydrophobic cores. Most recently, crystal struduésome i-Clips have been published,
providing a first glimpse on how these proteins aepable of catching water and
performing hydrolysis in the lipid environment betmembrane (Feng et al., 2007).
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y-secretase is the founding member of the intramanwicleaving aspartyl proteases;
regulated intramembrane proteolysisybsecretase describes the sequential processing of
an increasing number of single-pass transmembresteips. The only requirements are
apparently a type | conformation of the transmemérdomain (amino terminus oriented
to the extracellular side of the membrane) andatgk50 aa) ectodomain (Struhl and
Adachi, 2000). In the first step, the substrateitp ectodomain of 200 and more amino
acid residues that preventsecretase cleavage is usually removed by membiramed
(metallo)-proteases or “sheddases” at the celbsarfln most cases, these enzymes belong
to the family of the ADAM proteases. After the stlade’s cleavage, the remaining stub is
cleaved within its transmembrane domain by intratmame-cleaving proteases (Wolfe
and Kopan, 2004). In several cases, the intramemebckeavage results in the release of
an intracellular domain (ICD). The polypeptideseesded at the intracellular side are by
many authors considered the business ends of tdtess.

y-secretase turned out to be a complicated compexposed of four essential subunits
(Edbauer et al., 2003): anterior pharynx-defeclivéAPH-1), nicastrin, presenilin
enhancer-2 (PEN-2) and presenilin (PS), which s ¢htalytic core. The-secretase
enzyme is a barrel-like integral protein of thadipi-layer (Lazarov et al, 2006); despite
its characteristic intramembrane cleavage, a teahshydrophilic environment for
catalysis within the lipid membrane must be created

Structural studies using electron microscopy rdgesfitowed a large spherical structure of
y-secretase with the interesting feature of two ke®itral openings, one oriented to the
extracellular space and the other to the cytos@lizgkov et al., 2006). These small
openings might represent exit sites of an intewstkr-containing cavity for the cleavage
products. Consistent with a water-containing caeity two recent studies showing that
the active-site region in transmembrane domains@dY i and 7 of presenilins is water-
accessible (Tolia et al, 2006).

Estimates of the molecular weight (MW) of this cdexphave been highly divergent (250
to >2,000 kDa). The different methodologies usedhnexplain these discrepancies, but
likely this heterogeneity also reflects weak omsiant interactions of proteins with the
complex, since such interactions probably regultdetrafficking and activity. The
minimum MW estimate of this complex is 250 kDa a&agials more or less the sum of the
MWs of the four components of-secretase. However, the interaction between the
components of the-secretase complex is not sufficient to create aramaolecular
enzyme complex such gssecretase (Verdile et al, 2007). Thus, dimeriordr formation
must occur within the complex. To date, the onlymber of the complex that is known to
undergo this process is PS1.

y-secretase activity requires the coexpressionldbat components and was not observed
when either one of the four components was lackMgreover, reconstitution of-
secretase activity is associated with PS endofdysiecand is dependent on biologically
active PS (Kaether et al., 2006). Presenilin costdéine two catalytically active aspartate
residues (Wolfe et al., 1999), which are locatethwiTMD 6 and TMD7. However, this
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transmembrane protein is not a conventional adpprotease, with the typical D(T/S)G

aspartyl protease active site. The critical PS rést@s were functionally conserved during
evolution (Leimer et al., 1999). The N-terminalatgtically active site of PS is embedded
in a conserved YD motif, whereas the C-terminaivaesite domain contains the equally
conserved GxGD motif, which now serves as the facthlaracterizing name of the

GxGD-type aspartyl proteases (Haass and Steinég)20

APH-1
The anterior pharynx-defective-1 (APH-1) proteimnais-20 kDa, 308 amino acid long 7-
transmembrane protein existing in two homologousnf coded by genes located on
chromosome 1 and chromosome 15 (aph-la & aph-Jectegely; (Goutte et al., 2002).
In addition, as the result of alternate splicindgorag and short isoform of APH-1a, which
differ in their C-terminus (Lee SF et al., 2002avh also been reported, with the short
isoform more abundantly expressed in most tissuedeed, multiple y-secretase
complexes containing APH-1 isoforms are thoughtetst (Shirotani et al., 2004).
Because neither the catalytic subunits PS1 andnB62PH-1a (including splice variants)
and APH-1b occur in the same complexes, a miniraalo§ at least six (not taking PS
splice variants into account) distingsecretase complexes exist in human cells. ¥he
secretase enzyme therefore consists of severahdaistomplexes depending on the
respective tissue expression of its core components

The APH-1 protein forms a stable and intermediatdO~kDa complex with nicastrin,
before binding presenilin. The APH-1-nicastrin sutmplex appears to play a scaffolding
function in the initial stabilization and assemlolypresenilin in the/~-secretase complex
(LaVoie et al., 2003). APH-1 is also critical fdret activity of the fully constructeg
secretase complex. It interacts with the other aomepts on the cell surface where it also
binds they-secretase substrate Notch and facilitates itwvatga(Hansson et al., 2005).

Nicastrin
Nicastrin is a type | transmembrane protein witB78 amino acid long hydrophilic N-
terminal domain, a transmembrane domain, and &wellashort cytoplasmic C-terminus
of 20 amino acid residues (Yu et al., 2000). Thetgin undergoes glycosylation and
sialylation within the secretory pathway to yieldrature ~150 kDa protein, the largest
component of thg-secretase complex (Yang et al., 2002). Nicastta as a scaffold for
the building of the active complex, and as a pdsssubstrate docking site. In fact,
nicastrin appears to be involved in the formatiérihe first sub-complex between itself
and APH-1. Nicastrin is critical for the correcsambly of the/-secretase complex within
the endoplasmic reticulum and the intracellulaffiting of the complex to the cell
surface (Zhang et al., 2005). Furthermore, nigasdressential for the interaction between
the complex and APP-C99 and thus acts as a reckEptgisecretase substrates (Shah et
al., 2005). Nicastrin is believed to identify thed N-terminus of gsecretase substrate,
probably by measuring the length of the ectodomaing/pe | transmembrane proteins
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(Shah et al., 2005). The initial recognition of stuates by nicastrin requires the bulk of
the substrate ectodomain to be removed by shedding.

PEN-2

The presenilin enhancer-2 (PEN-2) protein is a kD2, 101 amino acid long hairpin
protein, with two transmembrane domains and itahd C-terminals facing the lumen of
the endoplasmic reticulum (De Strooper, 2003). PHMNs been shown to interact with all
the three other components of asecretase; without this interaction, PEN-2 undesgo
degradation, possibly by the proteasome (Bergmaal. e2004). PEN-2 is thought to be
the last protein incorporated into tixsecretase complex, through an interaction with PS;
in fact, trimeric sub-complexes made of the otlenponents have been detected in PEN-
2-lacking cells (Takasugi et al., 2003). Associataf PEN-2 to this trimeric assembly
intermediate triggers the endoproteolytic cleavaighe PS holoprotein. Moreover, PEN-
2 C-terminus has been suggested to act as a “maleclamp” holding together the PS
fragments and the wholesecretase complex (Prokop et al., 2005).

Presenilins

Presenilin 1 (PS1) and presenilin 2 (PS2) encode hamologous ~50-kDa polytopic
membrane proteins, that consist of 9 transmembdaneains (Henricson et al., 2005).
Both are rapidly endoproteolytically cleaved withihre large cytoplasmic loop between
TMDs 6 and 7, within a short hydrophobic domainttig believed to dive into the
membrane and it is very likely an autoproteolytrer. An N-terminal and a C-terminal
fragment (NTF, CTF) are the result of this cleavggdinakaran et al., 1996; Podlisny et
al., 1997). These fragments are thought to intesgtt each other. The stoichiometry and
the nature of the interaction between these fraggnemain unclear. It has been shown by
many studies that they form a heterodimer in manamatells (Capell et al., 1998).
However, there is also evidence that the PS1 fratgrman form a tetramer (Cervantes et
al., 2001). It has yet to be established whethehipothetical “core” is formed between
fragments from one PS1 molecule or multiple molesulwithin the complex.
Endoproteolysis is required to maximize stable oomftion of the two active site
aspartates in TMD6 and TMD7 of PS and thus allowyeratic y-secretase activity
(Wolfe et al., 1999).
PS expression is regulated by the presence oftlisyesecretase components, that act as
limiting factors (Thinakaran et al., 1997). Consrgt with this observation, excess PS
holoprotein that fails to become processed intstible fragments is rapidly degraded by
the proteasome (Steiner et al., 1998).
The PS proteins share an overall homology of 67%h the highest similarities in the
predicted transmembrane domains. Neverthelessyradduges of evidence suggest that
these proteins may have distinct functions. Congémeneuronal cultures isolated from
PS1 ablated mice, those isolated from PS2 knockocg exhibit higher f production.
Evidence to date suggests that PS2 containing ex@plhave different functions, legs
secretase processing power than PS1 containing leregppand are less sensitive \to
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secretase inhibitors (Lai et al., 2003). Taken tiogie these findings suggest that PS1
containing complexes predominate in generatifigoAnd A34o.

Figure 2.1. Graphic representation of PS2 strudfiuoen http://www.molgen.ua.ac.be/Admutations/).

Assembly

The four subunits ofy-secretase assemble into a functional complex @ early
compartments of the secretory pathway (Kim et28l04; Kaether et al., 2006a).
Nicastrin and APH-1 form an initial assembly intedfate, which stabilizes the PS
holoprotein. Finally, PEN-2 assembles into thisnay complex and triggers
endoproteolysis of PS. When assembly is complétedcomplex travels to its functional
sites at the plasma membrane and the late compadnoé the secretory pathway.
Complex formation is tightly regulated and dependsthe availability of the individual
subunits, which is apparently maintained by a baddnexpression of the subunits. The
subunits which are in excess over the others aus ldck their stabilizing partners are
rapidly degraded. Once assembled into the full derpr into an assembly intermediate,
the subunits become highly stable. Apart from deatian, it is known that complex
formation is also regulated by control mechanisha ensure that only fully assembled
complexes leave the endoplasmic reticulum (ER),levhinassembled subunits are
retained/retrieved by specific retention/retriesanals. ER retention/retrieval signals lie
in two y-secretase subunits, PS1 and PEN-2. The molecwahinmery recognizing these
signals in mammals is unknown. In yeast, a protailted Rerlp was shown to retrieve
unassembled subunits of several complexes to theTE® human orthologue, Rerl, is a
23-kDa protein with four TMDs; human Rerl is invedlin the retention/retrieval of
unassembled PEN-2 or nicastrin within the endopiaseticulum (Spasic et al., 2007)
and is a possible auxiliary factor fpisecretase complex assembly (Kaether et al., 2006b)
Although quantitation of the four subunits in artiae y-secretase complex suggests a
1:1:1:1 stoichiometry (Sato et al., 2007), evidehae PS dimerization has also been
provided (Schroeter et al., 2003). In addition, tmnplex may contain additive non-
essential regulatory subunits such as TMP21 and4CZD(kee paragraph “Accessory
proteins”, p. 20).
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Figure 2.2. Temporal sequence of steps leadingstecretase complex formation. The earliest intaact
probably occurs between NCT (green) and APH-1 (bing¢he ER. Then, full-length PS (yellow) bind to
NCT-APH-1; this event is followed by recruitment BEN-2 (red), which promotes endoproteolysis and
stabilisation of the full complex (adapted from Sipaand Annaert, 2008).

Localization

Soon after the initial identification of PS1, itdracellular localization was determined to
be mostly in the ER (Kovacs et al., 1996). In casiiy presumed sites gfsecretase
activity ranged from the ER to the Golgi, the tr&8w@igi network (TGN), secretory
vesicles, plasma membrane (PM) and endosomes/lysssd hese observations led to the
proposal of the ‘spatial paradox’ (Annaert and Deo&er, 1999), that referred to the
apparent discrepancy in the localization of PShe ER and the sites gfsecretase
activity proposed to be in later compartments efgbcretory pathway.

Only fully assembled complexes leave the ER anahrdater compartments of the
secretory pathway. It has been demonstrated thidualy-secretase complex components
are localized in an active form at the PM (Chyub@le 2005) and in lysosomes, while
there is no substantigisecretase activity in the ER, the Golgi and theNTGhereforey-
secretase activity is localized to the PM and/atosomes (Kaether et al., 2006).

Function

PSs have been implicated in the Notch signallinthyay, which is required for cell
differentiation during development and adulthooatd¥h is a cell surface receptor with
type | membrane topology, which is processed ineay \similar manner like APP.
Following cleavage of the Notch ectodomain at thl surface,y-secretase cleaves the
resultant C-terminal Notch membrane fragment teast 8, an A3-like peptide, into the
extracellular space and the Notch intracellular dongfNICD) into the cytosol (Okochi et
al., 2002). The NICD translocates to the nucleuser® it functions as a transcriptional
regulator of target genes required for cell diff¢i@ion. Thus, enabling Notch signalling
is a major function of-secretase.

Notch is apparently the most important physiologgigbstrate of-secretase, as genetic
ablations of PSs and othersecretase subunits are associated with severehNotc
phenotypes (Selkoe and Kopan, 2003). Based onahenacal Notch model for this type

of signalling, it is usually proposed that the autllular fragments released gecretase
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cleavage are involved in nuclear signalling andigcaiptional regulation (Haass, 2004).
Indeed, the fact that intracellular domains becoeheased during this degradation process
does not necessarily imply that they have alsogaadling function. Moreover, most of
these fragments are degraded very rapidly in theptasm. The i-Clipy-secretase may
also fulfill a second and probably more importamdtion: it seems to be required for the
efficient destruction of membrane-retained profemgments. This activity has been called
the “membrane-proteasome” functionyedecretase.

y-Secretase complex

Figure 2.3. Schematic drawing of the interactioasMeen they-secretase complex components: presenilin
(as NTF and CTF subunits; orange and yellow, rdspy), nicastrin (bright green), Aph-1 (blue),dn
PEN-2 (red), with the active site inside presendinthe NTF-CTF interface. Membrane protein stubs
serving as substrates (pale green) dock both onuter surface of presenilin at the NTF-CTF integfand
with the nicastrin ectodomain before entering thi® internal active site (from Selkoe and WolfeQ20

Accessory proteins

TMP21

The type 1 transmembrane protein termed TMP21lnsember of the p24 cargo-family
which may have a signalling role in the sorting arahsport of proteins from the ER to
the Golgi. It was shown that TMP21 is a memberhaf\tsecretase complex as it was
isolated in a high molecular weight PS complexenatts with all of the known
components of thg-secretase complex and co-localised with the coxngbenponents in
the ER, Golgi and cell surface (Chen et al., 2086ple has been proposed for TMP21 in
modulating y-secretase activity to generatg3.AThis role for TMP21 appears to be
independent of its role in protein transport. lpears that TMP21 may function to
regulate intramembrane proteolysis controligecretase activity and thus preventing the
over-production of 8.

CD147

CD147, a transmembrane glycoprotein and a membethefimmunoglobulin (IgG)
superfamily of receptors, is involved in many ploysgical and pathological conditions
(Muramatsu and Miyauchi, 2003). CD147 was suggesidoe an additional, regulatory
subunit associated to thesecretase complex (Zhou et al., 2005). CD147 dsese /A
production without any significant effect on AICDPoguction or Notch cleavage.
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Immunohistochemistry of brain tissues from AD anohntcol revealed specific up-
regulation of CD147 in neurons, axons and capdkof AD frontal cortex and thalamus
(Nahalkova et al., 2009).

Presenilin interacting proteins

In addition to A generation and Notch signalling, PSs have beefidatpd in a variety
of intracellular processes including membrane ickiiig, neuronal plasticity, cell
adhesion, regulation of €ahomeostasis, the unfolded protein response, aoptagis.
PS1 has been identified as an element of intetaeljunctions together with E-cadherin
and-catenin (Georgakopoulos et al., 1999). PS1 wassiswn to mediate intercellular
contacts, act as a scaffold protein for kinasestlagid substrates.

Therefore it is not surprising that PSs have a gigwst of binding partners, beside those
in they-secretase complex; here are a few examples.

Calsenilin

Calsenilin is a calcium binding protein, that wastfidentified through yeast two hybrid
screening using the PS2 C-terminus as the baieipréBuxbaum et al., 1998). Calsenilin
is also called downstream regulatory-element amtiagomodulator (DREAM) or
potassium channek-subunit interacting protein (KChIP3). The threetpms are the
products of a single gene, their function beingcgme by their cellular location.
Calsenilin may facilitate PS mediated apoptosigicesi calsenilin was shown to
preferentially interact with the C-terminal fragmesf PS2 that results from caspase
cleavage of the PS holoprotein (Choi et al., 2001)e interaction between PS and
calsenilin may also be involved in ER ‘Caelease (Leissring et al., 2000; Lilliehook et
al., 2002; Fedrizzi et al., 2008). Calsenilin m#goabe implicated in APP processing and
AP generation, suggesting that calsenilin has andtlection, to facilitatey-secretase
activity.

In fact, calsenilin expression was reported tormeeaased in brain tissues of AD patients
and over-expression of calsenilin enhangestcretase activity in cells (Jo et al., 2005).
The histochemical localization of calsenilin and é@xpression levels in the brains of
sporadic AD have been investigated. Both messeR@&k and protein expression of
calsenilin were observed in neurons and reactis@ges of the cerebral cortex and
hippocampus of control brains; a more intense sigiwas detected in AD brains; this
increased expression is consistent with the regibias are affected by pathological
changes caused by AD (Jin et al, 2005). Calsenilaty thus play an important role in
apoptosis and in AD pathology.

Sorcin

It has been observed a molecular interaction ofldhgee hydrophilic loop region of PS2
with sorcin, a cytosolic penta-EF-hand’Ghinding protein that serves as a modulator of
the ryanodine receptor intracellular ‘C&hannel (RyR) (Pack-Chung et al., 2000). The
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association of endogenous sorcin and PS2 was dématasin cultured cells and human
brain tissues. Sorcin was found to interact wite #table C-terminal endoproteolytic
fragment of PS2 but not with the immature full-ldmgform, and the sorcin/PS2
interaction was greatly enhanced by treatment thihC&* ionophore A23187, indicating
that the recruitment of sorcin into a membrane-loomolecular complex harboring PS2 is
modulated by intracellular Galevels.

This interaction between sorcin and PS2-CTF ha®itapt implications at cardiac level.
In the heart, sorcin is localized at or near theldules and binds to the cardiac ryanodine
receptor RyR2. Studies of RyRs incorporated irpp@ Ibilayers have revealed that sorcin
reduces the open probability of RyR2. PS2 interattis both RyR2 and sorcin and plays
an important role in excitation-contraction cougliby interacting with RyR2 in hearts
(Takeda et al., 2005). Elevated®Cattenuated the association of RyR2 with PS2, vesere
the association of sorcin with PS2 was enhanceck(Baung et al., 2000). With low €a
concentrations, PS2 binds to RyR2 to inhibit RyR&vdy. The inhibition of RyR2
activity by PS2 and sorcin raises the possibilitgttPS2 and sorcin together may help
prevent an excessive release ofQay inhibiting RyR2 activity. PS2 dysfunction may
thus lead to the abnormality of €anomeostasis and disturb the cardiac function and b
involved in the pathogenesis of heart failure.

Caspase-6

Caspases (Casps), a group of cysteinyl endoprateéhat cleave proteins after aspartic
acid residues, are activated in inflammatory anopégic conditions. Caspase has been
demonstrated to increasgd Adroduction in various cell types (Gervais et 8099; Tesco

et al., 2003). In primary cultures of human neurdhe caspase responsible for increasing
AP is Casp-6. Activated Casp-6 has been detectedFh, ldnd neuritic plaques in the
hippocampus and temporal cortex in sporadic AD (@ual., 2004). Casp-6 activation is
an early event in AD and it may precede the develg of frank lesions. Casp-6 may
play a key role in the development of AD becausd early activated (Albrecht et al.,
2007), it can cleave important synaptic and cytletka proteins and generate high levels
of AB (LeBlanc, 1995). Casp-6 is also activated in faahAD, as previously observed in
sporadic forms (Albrecht et al., 2009).

GRB2

GRB2 (growth factor receptor-bound protein 2) adagdrotein provides a critical link
between cell surface growth factor receptors, Rgizalling and cell proliferation. Both
APP and PS1 interact with GRB2 in vesicular strreguat the centrosome of the cell, a
crucial region for microtubule nucleation, cell &y@rogression, migration, cytokinesis,
and cell division. The final target for these imtetions is ERK1,2, which is activated in
mitotic centrosomes in a PS1- and APP-dependenhenaimherefore, both APP and PS1
could be part of a common signalling pathway tlegjutates ERK1,2 and the cell cycle
(Nizzari et al, 2007). In AD brain, APP interactiasith GRB2 is enhanced (Russo et al.,
2002).
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Ubiquilin

Ubiquilin was originally identified in a yeast 24myd screen as an interactor of PSs (Mah
et al., 2000). Ubiquilin interacts with the theytasolic loop (Mah et al., 2000). Ubiquilin
has been shown to affect PS accumulation and bésggras over-expression of ubiquilin
results in increased accumulation of full-lengtlotpms and a parallel decrease in the
production of PS N- and C-terminus fragments (Masteat., 2004 and 2005).

3. Familial Alzheimer’s Disease

Although the great majority of AD cases are sparadif unknown aetiology, a low

percentage of patients are affected by the familaam of the disease (Familial

Alzheimer's Disease, FAD), whose prevalence isnmedad below 5%. Genetic

abnormalities that cause FAD are largely due tdy fpkenetrant, autosomal dominant
mutations in 3 genes: the APP gene on chromosomeP31 on chromosome 14

(Sherrington et al., 1995) and PS2 on chromosotfiely-Lahad et al., 1995; Rogaev et
al., 1995). Mutations in PS1 account for the méjoof autosomal dominant cases with
178 mutations described to date, compared to 32ldndhutations in APP and PS2,
respectively (from http://www.molgen.ua.ac.be/ADMiibns, last update January 2010).
In the majority of cases, these mutations occuorieethe age of 65 years (early-onset
AD).

Beside the dominant mutations in APP, PS1 and P8@eg) that cause FAD,

polymorphisms increasing risk of sporadic AD haiso deen identified, in the genes for
apolipoprotein E4, sortilin-1, Gahomeostasis modulator 1 (CALHM1) and ubiquilin-1
(Cedazo-Minguez and Cowburn, 2001; Rogaeva eR@07; Dreses-Werringloer et al.,

2008; Bertram et al., 2005).

CALHM1

Recently, a novel Ga -conducting channel has been discovered, with poiphisms
associated with increased risk for the developmésporadic AD (Dreses-Werringloer et
al., 2008). This Cd channel was found to be a conserved three-tranbnae® domain
containing glycoprotein and it has been called*®ameostasis modulator 1 (CALHM1).
Expression of CALHM1 was found in all brain regioasd cells of neuronal lineage.
CALHM1 localized predominantly to the ER but alskisés at the plasma membrane,
where it forms a novel G4 influx route to the cytosol.

CALHM1 appears to exist as multimeric complexesmiog a functional ion channel,
and has structural similarities with the N-methybBpartate (NMDA) receptor within the
ion selectivity region. Critically, Ga influx through CALHM1 decreasespAproduction
and is accompanied by increasesi{APPs.

A polymorphism in the CALHML1 gene, the P86L variams been linked to sporadic AD:
it decreases G permeability and also increase$ Aroduction. This finding provides
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direct genetic evidence of a €aconducting channel impacting the development bf A
and shows that Gh influx pathways can affect APP processing to matulthe
production of A3.

An increase in Cd can stimulate the metabolism of APP (Pierrot et2§104). C& entry
through CALHM1 may represent a tightly controlledlux pathway with novel spatial
links to APP processing, which other cytosolic>Cinflux pathways do not seem to
mimic. One possibility is that the entry througle tBALHM1 channel normally activates
the non-amyloidogenic pathway and thus preventsctrmeersion of APP to amyloids.
The other unexplored possibility is that the efeof CALHM1 and the P86L variant
exert their effects on [ processing via their spatial location in the Efhea than the
smaller pool found on the plasma membrane, givan ttie vast majority of CALHM1
was localized to the ER.

The channels responsible for the passivé’ Gzak from the ER remain to be properly
characterized (see also paragraph “Ribosome - Ib@ms Complex”, p. 30). One
possibility is that the CALHM1 channel may functi@s a leak channel. The P86L
CALHM1 polymorphism would then increase the levélstored C&' by reducing this
putative leak pathway.

ApoE

Apolipoproteins are responsible for transportinglebterol from the blood into cells.
Apolipoprotein E (ApoE) has a major role in inflegmy how A3 is formed and
hydrolysed (Jiang et al., 2008). It can increafe@ptides degradation by functioning as a
chaperone to shepherd them to the insulin-degrashzgme.

AP peptides can be removed by different mechanisnnst, fhe A3 formed in the late
endosomes can be transferred to lysosomes wheraithelegraded. Autophagy is also an
efficient mechanism for removing amyloids (NixonQ0Z). During the onset of AD,
autophagy is increased but the transfer of autaphagicles to the lysosomes is impaired
and this may contribute to the accumulation @fpeptides, likely due to reduced levels of
beclin-1 (Pickford et al. 2008). Finally, the3Anonomers that are released to the outside
of the neuron can be removed by the microglia.

ApoE can also bind to various members of the lowsdg lipoprotein receptor (LDLR)
family that control the endocytosis of lipoproteirSome of these LDLRs, such as
SORL1, interact with APP directing it to the redpgl endosome and thus redirect it back
to the surface and prevent it from being hydrolybgdhef-secretase pathway (Offe et
al., 2006). In this way, ApoE protects neurons égucing both the formation of theBA
monomers and by enhancing their degradation. Polyhiems of the ApoE gene
markedly increase the susceptibility of developA&d. The ApoE gene encodes three
isoforms: ApoE2, ApoE3, and ApoE4. Of the thredasms, E3 is the most common and
E2 the least common. The risk of developing AD &rkedly increased in individuals that
inherit the ApoE4 isoform (Cedazo-Minguez and Combu2001), whereas the E2
isoform reduces the risk (Huang, 2006). It wouldrseghat ApoE4 enhances the onset of
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AD by increasing the conversion of APP into the bnalg and by reducing their clearance
by the degradation pathway. On the other hand, 2pdibt not ApoE4, can inhibit (A
association with phosphatidylserine in the memhbrgmeviding a potential explanation
for protective effects of ApoE2 in AD.

Several studies indicate a potential link betwe@oB and synaptic Gasignalling. It has
been demonstrated a neurotoxic effect of the Apaignient, mediated by &ainflux
through NMDA receptor channels (Tolar et al., 199@dreover, it was reported that the
receptor-binding domain of ApoE is capable of stmting ER C&" release and
extracellular C&' influx (Wang and Gruenstein, 1997).

SORL1

Recent reports have implicated the neuronal sontdlated receptor gene (SORLL1, also
known as SORLA and LR11) as a susceptibility gemeate-onset AD.

The first study that reported the allelic and hagl associations between AD and
variants in SORL1 was in 2007 by Rogaeva and cde&rsr(Rogaeva et al., 2007). This
finding corroborates a previous study which showeedecreased expression of Sorll
protein in the brain of AD patients that correlat®gh an increased [A production
(Andersen et al., 2005). Subsequently, severaliegusupported the initial finding by
showing that genetic variants in SORL1 contributedard AD (Lee JH et al., 2008a and
2008b). SORL1 is a member of the low density lipdpin receptor family of ApoE
receptors. It is located on chromosome 11 and esced 250-kD membrane protein
expressed in neurons of the central and periphegalous system. It is known to be
involved in intracellular trafficking between theembrane and intracellular organelles,
interacting with APP in endosomes and the trangiGmttwork (TGN) in bothn vitro
andin vivo experiments (De Strooper and Annaert, 2000).

Under-expression of SORL1 leads to over-expressfofip; furthermore, SORL1 levels
are reduced in AD patients (Scherzer et al., 2004).

The TGN and the endosomes were identified as the@lganelles organizing the complex
movements of the transmembrane proteins via segredand endocytic pathways.
Important coat complexes initiating the transpdra®@P and BACE through this sorting
itinerary are the clathrin coat and the retromend® et al., 2005). Clathrin coats are
involved in the endocytic pathway connecting th# serface to the endosome and the
pathway connecting the TGN to the endosome. Thiemerr is involved in the trafficking
from the endosome to the TGN. Through the retroomenplex, SORL1 directly binds
APP and differentially regulates its sorting intadecytic or recycling pathways. In the
absence of SORL1, APP is released into late endalgoathways, where it is subjected to
both B- andy-secretase cleavages, which eventually lead fopfoduction. Therefore,
genetic variants in SORL might influencg Arocessing.
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Presenilin mutations

PS mutations are scattered throughout the PS paigee Most PS mutations are simple
missense mutations that result in single amino-sglbtitutions. Some are more complex,
for example, small deletions, insertions or sphugtations. The most severe mutation in
PS1 is a donor—acceptor splice mutation that caiwse@amino acid substitutions and an
in-frame deletion of exon 9. Of note, this deletzauses the loss of endoproteolysis but
not of y-secretase activity (Verdile et al., 2004; Garci®w2a et al., 2006; Ruan et al.,
2009). A truncation or absence of the protein hesgen been observed, indicating that
haploinsufficiency does not cause AD.

All these PS1 and PS2 mutations influence APP noétab to alter A production,
leading to a shift of the preferred cleavage sienfposition 40 to 42 (Suzuki et al., 1994).
Not all FAD-linked PSnutations cause an increase ifi,Aproduction, while importantly
they more consistently result in a decrease in latis@d\340 generation, leading to an
increased B42/AB4o ratio (Kumar-Singh et al., 2006)e has a much higher propensity
to aggregate and be neurotoxic; it has been destrds a ‘nucleation’ factor, which
notably accelerates the aggregation @fidto amyloidin vitro (Jarrett & Lansbury, 1993).
AB42, although generated by neurons at a tenfold lawsr than Ao, is the first and
predominant species accumulating in amyloid plagumeshe brains of AD patients
(lwatsubo et al, 1994). Given that inactivationR8$1 and PS2 completely prevent§ A
generation (Herreman et al, 2000), an absolute r@laive increase in By, production
can represent a gain of toxic function.

Several studies describe a reduced function of Btatrmans towards the cleavage of APP,
Notch and othey-secretase substrates (Song et al., 1999; Bergihir, 2006); therefore,
PS mutations result in a loss of function of fheecretase. This apparently translates into
an ‘incomplete digestion’ of the APP substrate,egating fewer but longer s (Qi et al.,
2005), causing an increase in thBs&AB4o ratio. There is still the possibility that partial
dysfunction of PS1—for example, in the Notch sitjnglpathway that modulates neurite
outgrowth and brain repair—makes the brain moren@rm A3 toxicity. This would fit
with the previously proposed ‘two-hit" model for AQJarjaux et al, 2004), and would
also explain why familial AD generally strikes earl and is more aggressive than
sporadic AD. Thus FAD mutations might cause AD bg tombined effect of a partial
loss of function in Notch signalling, AICD produati and signalling, as well as a toxic
gain of misfunction.

A proposed model foy-secretase, is that the substrate-binding sitdsigndt from the
catalytic active site and that, once the subsisaidocked’, it is subsequently displaced to
the catalytic site of the enzyme (Berezovska et2003; Tian et al., 2003). Thus the
clinical mutations could cause loss of function naty by interfering with the catalytic
efficiency of the protease, but also by subtly mydg the docking of substrates and/or
by interfering with the mechanism that moves thestnate towards the catalytic site. This
would also explain the diverse effects on APP ahérosubstrates of the PS mutants.
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The next aspect to consider is how this changemyl@d processing remodels neuronal
C&" signalling pathways to disrupt the mechanismeafiing and memory.

4. Calcium

A role for C&"* dysregulation in Alzheimer’s disease was firstgmsed 20 years ago by
Khachaturian, who postulated that sustained inlidae C&* disturbances are the
proximal causes of neurodegenerative disordersydimgy AD (Khachaturian, 1987 and
1994). This theory was supported by experimentadliss which showed alterations in
C&” signalling both in sporadic and in familial caséAD (Etcheberrigaray et al., 1998;
lto et al., 1994). Moreover, &adisturbances long precede the onset of other AD
symptoms, as shown in cells obtained from presymatic family members of examined
FAD patients who subsequently developed AD (Etchredsay et al., 1998; Giacomello
et al., 2005).

C&" ions are indispensable for a number of functiohthe nervous system, including
regulation of gene expression, proliferation, exuiity, release of neurotransmitters, and
cell death. The “C& hypothesis of ageing” proposed that brain ageiight be a result
of a subtle, but long-lasting, dysregulation of?Caomeostasis in neurons. During
physiological ageing, such changes lead to a stightonal dysfunction, but, usually, not
to neuronal death. What is likely to be alteredged neurons is their capacity to maintain
a steady level of G& therefore, upon stress, €an the cytoplasm might go up. Some
parameters of Gahomeostasis, such as the duration of cytoplasreit €ignals and the
restoration of the G concentration to basal levels are consistentlyvshio be longer in
aged neurons than in young ones (Thibault et @072

Even though dysregulation of €zhandling and signalling seems not to be an iz
factor of ageing, it is a crucial component of thiscess. Cd homeostasis seems to be
most altered in energy consuming cells, like nesr@amd the striated and smooth
musculature of the cardiovascular system of agedams, which are the sites of most
common age-related diseases, dementia and cardidaaslisease.

As regard AD, altered neuronal Lahomeostasis may affect the metabolism and
production of the pathological proteins associatétth the disease: elevated basafCa
concentration results in excessive tau phosphaoyla(Mattson et al., 1991) and in
amyloid precursor protein processing leading t@aressive f production (Buxbaum et
al., 1994). Conversely, events downstream fromat@umulation of these pathological
proteins may further exacerbate ?Calysregulation, causing synaptic dysfunction and
neurodegeneration, the neurobiological substratdenlying the cognitive decline.

Several studies describe that pathogenesis of A2dguently accompanied by changes in
the expression levels of €abuffer and C&-sensor proteins (Braunewell and
Gundelfinger, 1999). It still remains elusive whathihese alterations are secondary to
neurodegeneration or whether they underlay theogatiesis of the disease.
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The involvement of Cd in AD was further substantiated with the recogmitthat clinical
mutations in both PS1 and PS2 genes associatedfavittial AD profoundly disrupt
intracellular C&" signaling.

C&" through the plasma membrane

Various C&'-permeable channels are present in the plasma raemifPM). In excitable
cells, depending on the cell type, voltage-oper&@ed channels (VOCCs) (Felix, 2005)
or receptor-activated €achannels (RACCs) (Trebak et al., 2003) predomirfBtansient
receptor potential channels (TRPCs) are RACCs dhaitactivated by different stimuli,
such as intra- and extracellular messengers, clagmiechanical, and osmotic stress, and
by the C&" content of intracellular stores (Clapham, 2003)wver, both VOCCs and
RACCs are also present in non-excitable cells.

Receptor-induced Gasignals lead to the release offCtrom the endoplasmic reticulum
(ER) stores, triggering G entry through the different store-operated®Cehannels
(SOCCs) that are present in the PM.?‘Ceelease-activated channels (CRACs) are
activated by depletion of &afrom the ER (see paragraph on p. 31).

Since C&' regulates numerous and distinct cellular processémsulus-evoked CGi
responses need to be spatially and temporallyictestr C&" influx across the PM or its
release from the ER creates microdomains with Higtal concentrations of &&
(estimated to be in the range of 50-100) (Targos et al., 2005).

Clearance of Ca from the cytoplasm is attributed mainly to°Caumps and exchangers
such as the plasma membrané'QsTrPase (PMCA) and the Ni£&* exchanger (NCX)
present in the PM, the sarco-endoplasmic reticulld-ATPase (SERCA) pump located
in the ER membrane, and the mitochondrial uniporter

Endoplasmic Reticulum

ER is continuous with the outer nuclear membrarteismften associated intimately with
plasma membrane and mitochondria, which suggesisifumal coupling between these
structures (Rizzuto et al., 1998). It is classicalivided into two subtypes: ‘rough’ ER,
which contains ribosomes and is responsible fotemosynthesis, and ‘smooth’ ER,
which can serve a particularly important role irfCsignalling. The specialized endings
of neurites (growth cones, axon terminals and deadspines) contain mainly smooth
ER.

The ER is the most important intracellular “Catore that can accumulate ‘Cao
micromolar concentrations of up to a few hunduddl while the concentration of the ion
in the cytoplasm of the resting cell remains witthie range of 100-300 nM (Rossi et al.,
2008). This C& gradient is maintained by an ATP-dependent pumlfedtasarco-
endoplasmic reticulum GaATPase (SERCA) in the ER membrane. Upon stimutatib
PM receptors or upon electrical excitation of th®l,Pthe ER releases €a thus
participating in the generation of rapid ‘aignals. Since the ER storage capacity is
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limited, C&" release must be followed by €aeplenishment. G4 movements across the
ER membrane are facilitated by three classes déjms C&' release channels — inositol-
1,4,5-triphosphate (Hp receptors (IgRs) (Mikoshiba, 2007) and ryanodine receptors
(RyRs) (Hamilton, 2005), CGa re-uptake pumps -SERCAs (Periasamy and
Kalyanasundaram, 2007), and luminal *Gainding proteins, such as calsequestrin,
sarcalumenin, histidine-rich €abinding protein, calreticulin, etc. Different ‘pisbof ER
Cd" might exist that contain eitherdRs, RyRs, or both.
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Figure 4.1. A simplified model of ER €ahomeostasis and signalling (from Puzianowska-Kakaniand
Kuznicki, 2009).

IPsReceptor

IPsRs, protein components of €arelease channels present in the ER membrane, are
expressed in all mammalian cellsgPcontains the If?binding domain, and two putative
Cd*-binding sites in its N-terminal part and in itst&minal channel-forming domain.
There are three isoforms of s (IPsR1-3). The channel is composed of fougRP
subunits (Bezprozvanny, 2005). It release$’Gato the cytoplasm in response tos; IP
produced by diverse stimuli; however, it is alsgulated by other ligands, such as
cytoplasmic C& (Foskett et al., 2007).

cd" is released from WR-containing pools in response to agonists thavatet receptors
coupled to phospholipase C (PLC). Activation of PL@sults in cleavage of
PtdIns(4,5)P2, which results in the liberation aaylglycerol and IR IP; binds to the
IPsRs in the ER, which results in channel opening (sat et al., 2000).
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Ryanodine Receptor

RyRs are large proteins positioned in the ER mensraith a major part of their
molecules facing the cytoplasm. Transmembrane andnbl domains constitute only
approximately 20% of the RyR mass. RyR tetramens fimassive Cd release channels
that interact with many accessory proteins®‘@ansing domains (putative EF-hands) are
present on both the luminal and the cytoplasmiessiof RyRs. There are three isoforms
of RyR known (RyR1-3). RyR1 and RyR2 are mostlyregped in the skeletal and
cardiac muscles, respectively, while RyR3 is exgedsubiquitously. The release ofa
from the ER, mediated by RyR channels, is essefurastriated muscle contraction and
for diverse neuronal functions (Hamilton, 2005).

IPsRs and RyRs are found in overlapping populationseafrons throughout the nervous
system, but also exhibit clear differences in re¢datevels and in subcellular localization.
The presence of caffeine-sensitive Castores (presumed ryanodine sensitive) in
presynaptic nerve terminals, together with the ibdgyg that neurotransmitter release
might be triggered by Gareleased through intraterminal RyRs, suggestsERahas a
central role in the control of neurotransmitteeesle (Etcheberrigaray et al., 1991; Avidor
et al., 1994)

Ribosome — Translocon Complex

Under resting conditions, the ER Caoncentration results from the active’Ciaaflux of
SERCA pumps that balances the efflux due to pasdiéleak. It has been shown that
the permeability of the ER is dynamically coupledptotein synthesis and that polarized
molecules could cross the ER membrane throughréreslocon, which is the complex
implicated in protein translocation during translat(Roy and Wonderlin, 2003). Nascent
proteins cross the membrane of the rough ER byimmaskrough a protein-conducting
channel in the translocon complex. The pore of finatein-conducting channel must be
large enough to be permeated by a nascent prdtein.cThis pathway is therefore large
enough to be permeated by many other small moledlilee sugars), when a ribosome-
bound translocon is translationally inactive andpgmi.e. the pore is not occupied by a
nascent protein (Heritage and Wonderlin, 2001)eét other studies have demonstrated
that the open translocon complex is permeable t6" @ad, therefore, it has been
suggested that the ribosome-translocon complexdcpotentially play a role in Ga
leakage (Lomax et al., 2002; Van Coppenolle e2804; Flourakis et al., 2006).

SERCA

The Sarco-Endoplasmic Reticulum*CATPase belongs to the family of P-type ATPases
that includes plasma membrane?’CATPase (PMCA), N4K* ATPase, and H K*
ATPase. The SERCA pump is a single polypeptide oliecular mass of 110 kDa and is
localized both in the ER and Sarcoplasmic Reticu{®R) membrane. A notable feature
of P-type ATPases is the transfer of terminal phagp from ATP to an aspartate residue
in the catalytic domain, resulting in a reversibtenformational change. P-type ATPases
couple the hydrolysis of ATP to the movement ofsi@eross a biological membrane. The
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SERCA pump utilizes the energy derived from ATP rofybis to transport Ga across
the membrane. The mechanism of the coupling proisessich that two G4 ions are
transported for each molecule of ATP hydrolyzedvéntebrates there are three distinct
genes encoding SERCA 1, 2, and 3 that are knowprdduce more than 10 isoforms,
mainly through alternative splicing (Brandl et 4986; Lytton et al., 198&eriasamy and
Kalyanasundaram, 2007These isoforms exhibit both tissue and temporatifipey.
Their activity is regulated by N-glycosylation, tithionylation, C&7/calmodulin kinase
lI-dependent phosphorylation, and interaction vather small-molecular-weighproteins
such as phospholamban (PLB) and sarcolipin (SLNyressed in cardiac and skeletal
muscles (Traaseth et al., 2008). SERCA-2 is evmhatiy the oldest and the most widely
expressed isoformSERCA-1 is expressed in fast-twitch skeletal nmasend is
alternatively spliced to encode SERCA-1A (994 adulth and 1b (1011 aa, fetal).
SERCA-2 encodes SERCA-2A (997 aa), which is expaegsedominantly in cardiac and
slow-twitch skeletal muscle, and SERCA-2B (1042 adiich is expressed in all tissues at
low levels including muscle and non muscle cellsurfteénski-Hamblin et al., 1988).
Recently, a third isoform, SERCA-2C (999 aa), haerbreported in cardiac muscle.
SERCA-3 isoforms are expressed in several non musdues but appear to be a minor
form in muscle (Wuytack et al., 1994). A notablattee of SERCA isoforms is that their
primary structure is highly conserved; therefotepfithe SERCA isoforms are predicted
to have essentially identical transmembrane topetognd tertiary structures. Another
interesting feature is that all of the SERCA isaferare inhibited by thapsigargin. The
crystal structure of SERCA confirmed the presenic&Otransmembrane helices, three
cytoplasmic domains, an A domain (actuator or ancddomain), a P domain
(phosphorylation domain), and an N domain where Airiels (Moller et al., 2005). The
crystal structure further showed that the twd*@anding sites lie side by side, near the
cytoplasmic surface of the lipid layer. Tainding sites are accessible only from the
cytoplasm and not from the ER lumen. SERCA-2A ahd tbiquitous SERCA-2B
isoforms are structurally similar for the first 98fino acids, whereas SERCA-2B has an
extension of 49 amino acids and SERCA-2A has amly €-terminal unique amino acids.
The two isoforms showed functional differences: SBR2B has a higher affinity fo€a*
compared to SERCA-2A, whereas SERCA-2A has a higireiover rate than SERCA-
2B. The structural differences in the C-terminalirmmacids have been shown to
contribute to the functional differences betweerRERB-2A and 2B (Verboomen et al.,
1992).

Cc&* release-activated channels (CRACS)

In the majority of excitable cells, a major routt @& entry into the cytoplasm are

channels located in the PM. However, intracell@af* stores, including the ER, also play

an important role in signal propagation. A majof Gantry pathway in non-excitable cells

is initiated by depletion of Gafrom the ER.

Concentration of Cd in the lumen of the ER is ‘sensed’ by stromalriattion molecule 1

(STIM1), a protein residing in the ER membrane aaodtaining a single transmembrane
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domain. Its N-terminus positioned in the lumenhs ER contains the €asensing region
(Stathopulos et al., 2008). When the ER?‘Ceontent is high, STIM1 molecules are
distributed throughout the ER membrane, bind alsi@gf" ion, and their N-termini are
folded. Upon C& depletion, the C& ion detaches from the EF-hand of STIM1; this
results in partial unfolding of the N-terminus andhe aggregation of STIM1 molecules
(Luik et al., 2008; Stathopulos et al., 2008). STIbligomers translocate to the proximity
of the PM (Liou et al., 2007) and form so-calleguhctae”. The C-terminal regions of
STIM1 molecules activate &arelease-activated €amodulator 1 (Orail) proteins that
reside in the PM. Each Orail molecule possesseastifaasmembrane domains and both
its N- and C-termini are positioned inside the qgluang et al., 2006). Four Orail
molecules create the pore-forming subunit of CRA@Gt topens upon stimulation by
STIM1, with the C-terminus of STIM1 and N-termino$ Orail participating in this
process (Lewis, 2007). This facilitates’Ciflux into the cytoplasm, a mechanism called
store-operated G& entry (SOCE). Cd inflow through the PM refills the ER store,
enabling it to release €an response to a subsequent stimulus.

Some authors suggest that STIM2 has a functiomndistrom that of STIM1; namely,
STIM2 is a feedback regulator that stabilizes basgbsolic and ER CGA levels
(Brandman et al., 2007).

Golgi Apparatus
The Golgi complex may store up to 5% of the towllutar C&" at significantly higher
concentrations (1-2 mM) than any other region efdéll (Chandra et al., 1991). The’Ca
pools represented by the ER and the secretory patf@olgi complex and different types
of secretory vesicles) participate in the regulataf a variety of cell functions. For
instance, a sufficiently high luminal Eaconcentration in these organelles is absolutely
required for the normal synthesis, chaperone-degr@nalocessing, glycosylation, sorting
and eventual breakdown of newly formed proteinsréduer, the Golgi apparatus, as well
as the ER, is a potential provider for’Cmns in the cytosol, where &acontrols a whole
range of physiological processes depending on thplimde, the frequency and the
subcellular localization of the cytosolic €asignal. The Golgi apparatus also typically
contains several different luminal €ainding proteins and is equipped with“Geelease
channels such as theslReceptor. Hence the Golgi compartments and perbapstory
vesicles can potentially act as dynamic'Cstores (Pinton et al., 1998; Mitchell et al.,
2001).
Cd" uptake mechanisms in the Golgi complex consishefwvell-known SERCAs and the
much less characterized secretory-pathwa§’ @dPases (SPCA) It is now generally
accepted that SPCAL is present in the Golgi mendsrdvut it is not the only pump in this
compartment. A significant part of the Caiptake into the Golgi compartment depends
on SERCA pumps, since it has been shown that Gatake by the Golgi apparatus is
reduced in the presence of thapsigargin (Vanoeweta., 2004). Whereas the SERCA
pumps are expressed in both the ER and the Gofgplex, SPCAL appears to be more
specifically confined to the latter compartmentstled secretory pathway, i.e. the Golgi
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stacks, the TGN and the secretory vesicles. SPGADighly expressed in human
epidermal keratinocytes and at variable leveldliotaer human tissues tested, suggesting
that it is a housekeeping gene.

Mitochondria

Mitochondria play a role in Gahomeostasis too. These organelles can stofeiCtheir
matrix by action of a uniporter that uptakes’Caxploiting the high electrochemical'H
gradient across the mitochondrial membrane thatrémted by the respiratory chain.
However, this influx never reaches a steady-staiefact, in the mitochondrial inner
membrane there is also an antiport system thatudesr C& from the organelle
exchanging it with A or N&_. This antiport is necessary to avoid the dissipatif the H
gradient. Mitochondrial G4 concentration has been measured, showing that thieea is
an agonist-evoked transient cytosolic’Cimcrease, even mitochondria respond with a
transient C& increase, that can reach values up to 100-foltidnighan the cytosolic
increase (Rizzuto et al., 1992). This finding lex the hypothesis that mitochondria
localize in microdomains where €aan reach very high levels.

There are functional relationships betweeri*Galease from IPsensitive ER stores and
mitochondrial C&" uptake. Mitochondria in close physical proximity ER rapidly take
up C&" released from ER such that local cytoplasmi&' Gavels in the ER—mitochondria
cleft are markedly higher than global increasesyioplasmic C& concentration (Rizzuto
et al., 1998; Csordas et al., 1999). These datho#rer morphological findings, suggest
that mitochondrial uptake sites might be conceetta regions of the membrane opposed
to IPsR-containing ER.

Periodic oscillations of cytosolic &alevels are believed to have important roles in
various metabolic and signalling processes in maalf types, including neurons.
Reciprocal interactions between ER?Cstores, mitochondria and plasma membrarfé Ca
channels appear to be required fof‘Gescillations (Li et al., 1995).

The impaired CH signalling that occurs during AD might increase #mount of C&
being taken up by the mitochondria. Such an excessptake of mitochondrial &a
results in opening of the mitochondrial permeapiitansition pore (MTP), collapse of the
mitochondrial membrane potential and the releastaatbrs such as cytochrome c that
activate the caspase cascade responsible for gmpto

5. Presenilins and calcium

The effects of PS mutations on“Care striking and have been hotly debated. Accgrdin
to the most followed scheme of the “Caypothesis” of AD, mutated PSs cause neuronal
degeneration through an exaggerated or supran@m®a&a" release, that in turn leads to
abnormal mitochondrial G4 uptake and apoptosis (LaFerla, 2002; Thinakarath an
Sisodia, 2006). Indeed, it was reported that dfie~AD-linked mutations in PS1 (PS1-
L286V, PS1-A246E and PS1-M146V) caused largei” Glease from intracellular stores
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in PC12 cells (Guo et al., 1996 and 1997; Kellealet1998) as well as in neurons from
transgenic mice expressing the mutant protein (Céiaml, 2000; Pak et al., 2003;
Stutzmann et al., 2004 and 2006); these neurownssalewed an increased sensitivity to
excitotoxicity. Further support to this “€aoverload” hypothesis came from two recent
studies where in membrane bilayers, microsomediand cells, PSs have been shown to
form C&* leak channels that are defective in the presendA® mutations (Tu et al.,
2006; Nelson et al., 2007). Consequently, in cedisying these mutant PSs, the reduced
ER C&" conductance of leak channels is thus responsflitecER C4" overload.

All these observations in favour of the “Caverload hypothesis” made it for a long time
the only “C&" hypothesis” for AD, stating that FAD-linked PS mtions, by increasing
the ER C&' content, cause excessive’Ceelease from the intracellular store, increasing
sensitization to A and excitotoxic stimuli and eventually leadingcll death via C4-
dependent mechanisms (Bezprozvanny and Mattso8)200

Nevertheless, different works reported either eration or a reduced store Caontent

in cells expressing wt or FAD-mutant PSs (Moermad Barger, 1999; Lessard et al.,
2005; Fedrizzi et al., 2008; Cheung et al., 2008particular, it was demonstrated that the
FAD-linked PS2 mutations M2391 and T122R reducéeathan increase €arelease in
fibroblasts from FAD patients and in cell lineskdyaor transiently expressing the PS2
mutants (Zatti et al., 2004; Giacomello et al., 200n addition, an extended investigation
of other FAD-linked PS mutants (PS2-N141l, PS1-A24®#S1-L286V, PS1-M146L,
PS1-P117L), by directly monitoring the ER and thelgs C&* content in different cell
lines, confirmed that the FAD-linked PS2 mutaticasise a reduction in the €devel of
these organelles and none of the PS1 mutationse causncrease (Zatti et al., 2006).
Moreover, PS1 and PS2 mutants were also tested gortical neurons upon transient co-
expression with green fluorescent protein (GFP)omgnGFP-positive cells, only those
expressing PS2-T122R, but not PS1-A246E or PS1-Mldliowed a marked reduction
of C&" release induced by anslBenerating agonist.

The absence of elevated f(Jar in these models suggests that the enhanc&drélaase
observed by other studies, upon expression of wari@AD-linked PS mutants, might
depend on different mechanisms, rather than bessadly due to an increased amount of
c&* within the stores. Consequently, the *Caverload” hypothesis should be rethought,
as it often takes the form of an “exaggerated’ @alease”, not necessarily reflecting the
store C&' content (Green and LaFerla, 2008).

Interestingly, at variance with the effects of difnt FAD mutations in PS1, the partial
ER Ca2+ depletion induced by mutations in PS2 aamelgarded as a protective event
against the possible damage caused Pyokgomers or oxidative stress, given the anti-
apoptotic effect of low ER Galevels (Giacomello et al., 2007). Accordingly, mtitns

in PS2 appear to be endowed of a lower toxicitytiiwiespect to those in PS1),
considering also the later onsets and milder ADnphges usually associated to those
mutations. The C& dysregulation so often described in different ABd®ls could thus
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be considered as either a positive or a negativéuiator, rather than a causative factor
involved in the neurodegeneration which is typiathe disease.

The hypothetical mechanisms through which PS mstanxert their effect on Ga
homeostasis are numerous. Over-expression of mB@htor PS2 directly increased IP
channel activity by prolonging the channel operetitmcreased YR gating accounted for
the enhanced YR-mediated C3 release observed in the presence of FAD-linked PS
mutants. In fact, an indirect measurement of{{za showed either no change or a modest
reduction in the cells expressing the mutant P&spared to control cells. These results
show a novel interaction between FAD-PS mutants [&3Rs, where PSs are able to
modulate the IfRs gating activity and affect global €alynamics (Cheung et al 2008).
Noteworthy, in this work, no current was measured gatch clamp through ER
membrane, despite over-expression of wild-type ADHinked PS mutants, arguing
against PS forming Galeak channels (Tu et al., 2006; Nelson et al.,7200

PS have been shown to interact also with the Rigrity N-terminus, and to increase the
open channel probability and mean current (Rybalkbest al., 2008; Hayrapetyan et al.,
2008).

Increased C4d release via the RyR has been described in a nuaftsystems, including
slice recordings from FAD-PS mutant knockin mic&u{@nann et al., 2007) and primary
neuronal cultures and may be due to increased RpRegsion and activity (Smith et al.,
2005; Lee et al., 2006).

Finally, endogenous PS seems to interact with SERG®& modulate SERCA function;
SERCA pumping is impaired in the absence of both ([@3een et al., 2008).

Taken together, PSs appear to interact and mod@ktenflux into the ER via SERCA,
and C&" extrusion from the ER via interactions with themgdine and IPreceptors.
Further experiments will be required to show whiokeractions are mediated in an
endogenous role versus those influenced by FAD miiRSs.

It needs also to be elucidated whether the effeétsvt and mutant PSs on €a
homeostasis are dependentyesecretase activity or whether these effects ategandent
and perhaps rely on uncleaved PS prior to its recent into they-secretase complex.

The PS mutants may also contribute to*’Csignalling remodeling by altering the
expression levels of various components of th& €ignalling toolkit. In facty-secretase

releases the APP intracellular domain (AICD), whisha transcription factor that may
result in a significant remodeling of the Caignalling system (Leissring et al., 2002). It
has been known for some time that during normalnaggthere are gradual changes in
certain C&" signalling components that increase neuronal vabilty to cell death

stimuli. For example, there is a decline in theeledf the C&" buffer calbindin D-28 k that

normally functions to restrict the amplitude of°Caignals and protects neurons from
excitotoxicity (Geula et al., 2003). The number aize of calbindin immunoreactive
neurons in the cerebral cortex areas were significaeduced in AD patients when
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compared with age-matched controls (Ichimiya ¢t1#188). Mice expressing mutant APP
also display a decline in the level of calbindin2B-k, especially in the dentate gyrus
region of the hippocampus, which functions in l&agrand memory (Palop et al., 2003),
while calbindin knockout mice have increased deitdspine basal G4 and develop
abnormal spine morphologies (Vecellio et al., 2000)

A and calcium

Evidence suggests that Tanight be the upstream factor that, during ageind AD,
results in increased production and aggregatiohfof

Exposure of cultured neurons to“C@nophores increases their production @ As do
conditions such as ischemia that cause sustainedatins of intracellular G&
(Querfurth and Selkoe, 1994). By contrast, physjmal C&" transients increase-
secretase cleavage of APP and might thereby decagproduction (Buxbaum et al.,
1994).

AR peptides may impair Gasignalling by enhancing &aentry. The cellular prion
protein (PrPC), which is tethered to the outside tbé membrane through a
glycosylphosphatidylinositol anchor, functions asA® receptor (Laurén et al., 2009) and
may thus carry out some of the pathological actmfs,. A oligomers also bind to the
N-methyl-D-aspartate (NMDA) receptor and induce’daflux (De Felice et al., 2007).
Influx through the NMDA receptor also leads to ket C&" release into the cytosol from
internal stores within the spine, which forms thajon component of spine &a
transients. & peptides thus increase the vulnerability of nesrda excitotoxicity
mediated by the NMDA receptor (Mattson et al., 1992

Another mechanism by whichpAcan cause Gainflux is by inserting into the plasma
membrane and forming ion conducting pores (Arispal.e 1993; Demuro et al., 2005).
Neurotoxic forms of 8 are oligomers that share structural and functiblahology with
pore-forming bacterial toxins and the cytotoxic [ymocyte protein perforin (Yoshiike et
al., 2007). Interestingly, the ability offAto associate with membranes and form channels
is enhanced by exposure of phosphatidylserine ercéfl surface (Lee G et al., 2002).
Because cell-surface exposure of phosphatidylsesinsually indicative of apoptotic or
energy-deprived cells, it is possible that ageteglamitochondrial impairments might
increase surface phosphatidylserine levels in &teaeurons and thereby facilitatg-A
mediated pore formation, €anflux and cell death.

A different mechanism by which pAperturbs neuronal & homeostasis in synaptic
terminals is by inducing membrane lipid peroxidaticesulting in C& overload, synaptic
dysfunction, neuronal degeneration and cognitiveamnment (Mark et al., 1997; Mattson,
2004).

Finally, in addition to increasing the productiohAf3, amyloidogenic processing of APP
can perturb neuronal €zhomeostasis through the AICD, that affects ER' Galease by
regulating the expression of genes involved i ®ameostasis (Leissring et al., 2002).
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c&* signalling, learning and memory in AD

There are clear indications that AD is a progresslisease where changes in synaptic
physiology and decline in cognitive function becomygparent before any significant
neuronal loss (Jacobsen et al., 2006; Hsieh 2@06). Synaptic terminals are particularly
vulnerable to Cd-mediated degeneration because they experiencateeblouts of Ca
influx and have unusually high energy requiremeatsupport their ion-homeostatic and
signalling systems. Activation of the amyloidogep&thway results in a remodeling of
the neuronal G4 signalling pathway. This remodeling then functiomslistort the normal
Ca*-dependent mechanisms responsible for learningnaemhory. Remodeling of G&
signalling affects both entry of external®and release from internal stores.

Long-lasting changes in synaptic efficacy that ite$tom prior activity in neuronal
circuits are believed to have important roles erméeng and memory. The appearance of
amyloid oligomers has been linked to a declineathimeural activity and the mechanisms
responsible for learning and memory (Walsh et24lQ2). These learning mechanisms are
carefully orchestrated by neuronal’Csignalling systems through a bimodal action that i
revealed physiologically as either long-term patgin (LTP) or long-term depression
(LTD) of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AM) receptors
responsible for fast excitatory neurotransmissietigh levels of C& cause LTP,
activating processes such as AMPA receptor phogfimn, remodeling of the
cytoskeleton and the trafficking and insertion dfIRA receptors. These are dynamic
processes that are readily reversible by lowef* Gmes to cause LTD. This LTD
mechanism, which erases putative memories, appedepend on activation of the Ca
dependent protein phosphatase calcineurin. In agedand in APP transgenic mice,
which show defects in cognition, there is an upitagon of calcineurin (Dineley et al.,
2007).

AP oligomers can inhibit the induction of LTP (Walshal., 2002). LTP was however
reduced also in the PS double knock out mouse wthere appeared to be a selective
decrease in presynaptic transmitter release (Zhetngl., 2009). The remodeling of the
Ccd" signalling system may have a major impact on tfeegss of LTD (Hsieh et al.,
2006; Kuchibhotla et al., 2008). Since LTD is driviey small elevations in &5 any up-
regulation of C& signalling will selectively enhance LTD to contbusly erase any
memories initiated by LTP.

The ER plays a central role in the regulation ofirogansmitter release (Neher and
Sakaba, 2008) and has important functions in bogkymaptic and postsynaptic processes
associated with synaptic transmission and plagtitit fact, one of the mechanisms for
inducing LTD is the activation of metabotropic glotatergic receptors that generate IP
to release CA from internal stores. Treatment of hippocampatesii with agents that
deplete ER C4 (thapsigargin and cyclopiazonic acid) blocks théuiction of LTD (but
not its maintenance) without affecting basal syiwapansmission (Reyes and Stanton,
1996).
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Beside considering global €adynamics within neurons in pathologically affeceeas,

it is also informative to take a closer look atcdete areas of neurons, such as the dendritic
spines, which contain many of the postsynaptic gyes. An elegant approach to cast
some light on this aspect was stereotactically cimjg an adeno-associated virus
expressing the YC3.6 ratiometric Caindicator into APP mouse models of AD
(Kuchibhotla et al., 2008). Neurons were predomilyaimfected, thereby allowing the
visualization of dendritic spines and other fineistures. The study identified that plaque-
containing transgenic mice had significantly eledamumbers of neuritis (ten times more)
with overloaded cytosolic G4 compared to age-matched non-transgenic controls,
although these overloaded neuritis represented angmnall fraction of the total. The
resting C&" concentration in these overloaded spines affectedite morphology, with
higher basal levels being associated with abnoimealded morphology. These results
highlight that proximity to & plaques induces &adysregulation, and, in discrete
subcellular compartments relevant to learning, aismory (LTP) and synaptic loss.

6. Calcium probes

The study of the dynamics of intracellular ?Caconcentration [Cd]; in cell
physiopathology requires the ability to monitor tienges in [Cd]; in living cells with
both spatial and temporal precision.?Carobes are molecules that can form selective and
reversible complexes with €aions and, most importantly, the physicochemical
characteristics of the free and bound form are@efftly different to enable their relative
concentrations to be measured. So, th& @alicator monitors the amounts of free and
complexed probe and thus the concentration of @é is indirectly measured. All Ga
sensors are Gh buffers too; therefore, unavoidably, the measurgnma the C&'
concentration ([C&]) with indicators leads to an increase in thé'@aiffering capacity.
Ca&* sensors can be divided in two main families: sgtithdyes and protein-based
indicators.

Synthetic dyes

The first, rationally designed, fluorescent?Cprobes were created back in early 1980s
(Tsien, 1980). These fluorescent polycarboxylatesdgre derivatives of the selective
Cd*-chelator EGTA. In BAPTA, the prototype fluoresceatlycarboxylate dye, the two
methylene groups of EGTA have been replaced by ltewzene rings to enable it to
function as a chromophore. The conformational ckacaused by G& binding to the
carboxyl groups is transmitted to the chromophar r@sults in changes in the excitation
and/or emission properties of the dye. BAPTA iteelfild not be used as an intracellular
indicator because it absorbs light in the far witvket (UV) spectrum, but its derivative
quin2 became immediately popular.

The modification that really improved and made ¢éhdges extremely easy to use was the
synthesis of their hydrophobic acetoxymethyl (AM}egs (Tsien, 1981), which allowed
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the trapping of these indicators in living cellheTester-loading technique is simple; the
dyes need just to be added to the medium: thankseio hydrophobicity, the AM esters
can diffuse across the plasma membrane of the ©elte in the cytoplasm, they are
hydrolized by the endogenous esterases. The oridgiydrophilic dye is thus released and
at the same time trapped in the cytoplasm.

There are two different types of synthetic dyeioraetric dyes and non-ratiometric dyes.
In ratiometric dyes, such as fura-2 and indo-1, ¢keitation (or emission) spectrum
changes according to the free f{§aThe [C&'] is measured as the ratio between two
fluorescence intensity values that are taken atvisaeelengths)l andi2, corresponding
to the fluorescence peak in high or low free{Taondition respectively. The advantage
of ratiometric dyes is the intrinsic correction forequal dye loading, bleaching and focal-
plane shift, as the ratio does not depend on tkelate intensity of the two signals.

In non-ratiometric dyes, such as fluo dyes and ek, [C&] is determined solely by a
relative increase in the fluorescence intensityet@vation of the free [G4. The single
excitation or acquisition allows for simpler instrantation or simultaneous observation of
other parameters, but a complex calibration is edetb translate the fluorescence
intensity into actual [Cd] values.

Protein-based sensors

Back in the 1960s, the phenomenon of biolumineseaevers investigated in the jellyfish
Aequorea victoriaThese studies identified two proteins - aequieq) (Shimomura et

al., 1962) and green fluorescent protein (GFP) (84oet al., 1974), both of which have
impacted greatly on the life science. Proof of ikishe 2008 Nobel Prize in Chemistry
awarded to Osamu Shimomura, Martin Chalfie and R¥gdsien “for the discovery and

development of the green fluorescent protein”.

Aequorin
Apoaequorin is a 21-kDa photoprotein that is linkeovalently to a hydrophobic
prosthetic group, coelenterazine. Uporf'@anding, aequorin undergoes a conformational
change that leads to the irreversible peroxidatibthe coenzyme to the oxidized form,
coelenteramide, with production of blue light. Tinactional rate of Aeq consumption is
proportional, in the physiological pCa range, toaE The cloning of the Aeq
complementary DNA (cDNA) (Prasher et al., 1985pwkd the recombinant expression
of the Aeq protein; this, in turn, eliminated theed for traumatic loading procedures,
since the protein could be endogenously produceceby (Button and Brownstein, 1993;
Sheu et al., 1993). Moreover, the aequorin cDNA loarengineered to include specific
targeting signals, thus leading to selectively lizeathe C&" probe in subcellular
compartments (Rizzuto et al., 1992, 1993, 1994b 1985b; Brini et al., 1993 and 1994;
Kendall et al., 1992 and 1994). Recombinant apoa@gean be reconstituted into active
photoprotein by simply adding the coenzyme to thaubation medium; aequorin light
emission then allows the monitoring of the {Qain the compartment to which the
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photoprotein is confined. However, aequorin prgbesent one important flaw: although
the amount of photons that are emitted from a pefiulation is more than adequate for
the measurement of the [€h the amount of photons that are emitted by alsingll is
very low. Better tools to this purpose are GFP-ba3&" sensors.

GFP-based probes

Heterologously expressed GFP maintains its striuggdscence (Chalfie et al., 1994) and
recombinant C& probes based on GFP were developed (Romoser,el987). At
present, there are three main types of this sethsdrare commonly used; the so-called
camgaroos(Baird et al., 1999), thg@ericams(Nagai et al., 2001) and theameleons
(Miyawaki et al., 1997)Camgaroosand pericamsare single GFP-based probes, while
cameleonsare made up of two GFP variants. All of these psolise calmodulin (CaM) as
a molecular switch, which changes its conformatipon the binding of G4 In turn, this
conformational change alters the fluorescence ptiggeof the GFP-based sensor, and this
is then used to calculate the fQa

Figure 6.1. Schematic representation of how a idasameleonC&* sensor works. Upon binding €a
calmodulin and the M13 peptide fold, bringing thetGFP variants close enough to enable FRET (adapte
from Zhang et al., 2002).

Cameleonsare based on a strategy - the change of fluoresa&sonance energy transfer
(FRET). FRET is the physicochemical phenomenonithaharacterized by the transfer of
energy from an excited donor chromophore to an pocechromophore, without
associated radiation release. FRET occurs whendtheor emission and acceptor
excitation spectra overlap considerably and the dvpoles are very close to each other
(2-7 nm). FRET is proportional to the 6th power thie distance between the
chromophores and, therefore, even minor conformatiohanges can induce considerable
FRET changes. The occurrence of FRET results incttamge of several fluorescence
parameters; the most used in the measurement®fcBacentration is the changes in the
emission spectrum at constant excitation. It hasnbesed the most because of the
simplicity of its use, the relatively limited cosbd the high velocity of image acquisition,
which mainly depends on the speed of the imagirggesy and the dissociation time
constant of C4 from the probe. In theameleonsFRET occurs between two differently
coloured mutants of GFP (usually the cyan fluoresqgeotein - CFP - and the yellow
fluorescent protein - YFP -) and it is caused by ifteraction between &aactivated
CaM and the target peptide (Miyawaki et al., 19R@moser et al., 1997). In tisameleon
probe designed by Tsien and co-workers, the tgpgptide (the CaM-binding peptide
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M13) and CaM are fused together. A*Gimduced interaction between calmodulin (CaM)
and M13 increases FRET, leading to a decreaseifitbrescence of CFP and an increase
in the fluorescence of YFP. Several variations hefse probes have been produced by
replacing the GFP variants, by introducing mutagionthe CaM domain and by replacing
M13 with a different CaM-binding peptide (Miyawaét al., 1999; Truong et al., 2001;
Persechini et al., 1997). Many of the recombinamqiression strategies initially used for
Aeq have also been used with tbameleons and several variants with targeting
sequences and Easensitivity that are suitable for many subcellutampartments are
now available (Emmanouilidou et al., 1999; Jacdrale 2000; Isshiki et al., 2002). The
success of theameleonshowever, is limited by two principal experimenfabblems.
The first is the relatively small change in sigoal C&* binding, and the second is the
large size and molecular complexity that might,some cases, significantly impair its
targeting efficiency, for example to the mitochaatimatrix. However, the low diffusion
rate due to its high molecular mass might turn iato advantage when high spatial
accuracy is needed, for example, to measure aatizecC&" ‘puffs’ or ‘sparks’.

Sensitivity to pH is another serious problem withRsbased indicators. With the synthetic
dyes, pH has an effect on fluorescence arfd &ffinity only below about pH 6,5, whereas
with most GFP-based probes, even pH changes arwutchl can lead to marked changes
in fluorescence. Finally, it is worth pointing otthat the loss of signal (owing to
photobleaching and/or photoisomerization) with protdyes is more significant than with
synthetic dyes, and that some GFPs have absorppentra that are not suitable for
standard confocal microscope laser lines.

Figure 6.2. Bacteria expressing differently colau@&FP variants on a Petri dish (from R.Y. Tsieals)!
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Aim

It has previously been demonstrated that diffeFéiD-linked mutations in PS2, and to a
lesser extent also in PS1, reduce the steady-Eftend Golgi apparatus €alevel
([Ca®"]er and [C&'] o respectively) (Zatti et al., 2004; Giacomello ket 2005; Zatti et al.,
2006). Yet the molecular mechanism(s) underlyirgyeffect of PS mutants on store*Ca
handling is still an open question. Looking for w&ess, we started studying the PS2-
induced C&' imbalance at the ER level. We picked as celluladets of choice SH-SY5Y
cells and murine embryonic fibroblasts (MEFs). Ting&t model was preferred because it
is an immortalized cell line derived from a humaguroblastoma: it is therefore more
similar to neurons, the cellular target of FAD. MBEkere equally useful because, a clone,
double knock-out (DKO) for both PS1 and PS2, waalable and well described in the
literature. This cell line could allow us to invigstte the effect of different PSs in a null
background, while avoiding possible misleading dbntion of the endogenous proteins.
The FAD-linked mutant PS2 that was used for moghefexperiments was PS2-T122R.
In fact, among the various PS constructs that wested,this particular mutation was the
one exerting the most striking effect on intradellC&* handling.

The ER C&' content can be reduced by either increasing thsiyaleak or by impairing
the active uptake of the ion (or both). So, potsnargets of PS2-T122R could be the
physiological C&' release channels, likedR®s or RyRs, and/or the SERCA pumps. Hints
from the very first experiments performed suggedteat the latter could be mainly
affected by PS2, so we focused on the interactietwéen these two proteins. Ca
measurements were carried out with aequorin-basetlep; cell biology techniques
(Western blotting and co-immunoprecipitation asyayere also used to address the issue.
Moreover, opposite strategies, as over-expressidndawn-regulation experiments, were
also designed to further confirm the results ola@in

The second part of this work was dedicated to aenexhnical issue. A long-term goal of
the project is studying Gadynamics, botlin vitro andin vivo, in the brain of AD mouse
models based on APP and FAD-linked PS mutants @ffrsingle cell live C4 imaging
with FRET-baseadameleonprobes. To this purpose, a preliminary set uphefduitable
experimental conditions to be employed with thes& €ensors was thus necessary. SH-
SY5Y cells, as the cell model closest to neuroresewsed to test whether the ER-D1 and
the novel Go-DlcpVcameleonscould properly be used to reproduce theé*Giefect
induced by PS2-T122R, previously observed withadbguorin-based probes.
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Results |

The main part of this work was dedicated to uniagekthe molecular mechanism(s)
underlying the PS2-induced reduction in the ER*@avel. To this purpose, FAD-linked
PS2-T122R was selected as the reference mutatibough the role of wt PS2 has also
been investigated. Eameasurements were performed with aequorin-basedeprin
different cell models. In the second part of thesten, the results obtained from the tests
carried out with the ER-D1 and the Go-D1cgdMmeleonsn SH-SY5Y cells are reported.

FAD-linked PS2-T122R reduces steady-state “{lgr in
permeabilized cells

Previous experiments carried out in intact cellsndestrated that FAD-linked mutations
in PS2 decrease the ER“Caontent (Zatti et al., 2004; Giacomello et al.020Zatti et
al., 2006). However, in intact cells, ER “Caiptake can be influenced by a number of
factors, such as, for instance, the activity of @& ATPase pump PMCA and the
Na'/Ca#* exchanger in the plasma membrane. Therefore, wdorpeed similar
experiments in permeabilized cells to avoid therierence of these mechanisms. The
cells were transiently transfected with ER-Aeq aP82-T122R or the void vector
(pcDNA3) as control and 24 h after transfection,-&®#) reconstitution was carried out
with emptied stores as described (see Materials Metthods, p. 61). Cells were then
permeabilized with digitonin (20 - 1QfM for 1 — 2 minutes, according to the cell model)
in an EGTA-buffered intracellular solution. Afteepneabilization, cells were extensively
(2 - 5 minutes) washed with the same solution avfuped with a CA-EGTA buffered
solution with a known free G& concentration; the ER refiling process was then
continuously monitored. These experiments wereoperéd in different cell models (SH-
SY5Y, wild-type MEFs and DKO MEFs) (fig. 1.1 andka 1): under these conditions, the
reduction in the steady-state fCJar in PS2-T122R transfected cells was not only
consistently observed but also of entity similathie one previously measured in intact
cells: for instance, 47% reduction in permeabili&d-SY5Y cells with respect to 53%
measured in intact cells (Zatti et al., 2006).

Noteworthy, as it can be seen from the averag#imgfiraces in fig. 1.1, also the rate of
the ER C& uptake was sensibly reduced in PS2-T122R overesspig cells, if
compared to control cells. This difference was rclsace the very beginning of ER
refilling, when the store is still almost complgtempty. Therefore, it seemed unlikely
that the main effect of the mutant PS2 was to emeehe Cd leakage out of the ER. We
thus decided to focus our efforts on unravelinggbssible interaction between mutant PS
and SERCA pump.
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Figure 1.1. SH-SY5Y cells (panel A) and DKO MEFsaripl B) were transiently co-transfected with the
cDNAs coding for ER-Aeq and PS2-T122R (black) oe thoid vector as control (grey). Upon Aeq
reconstitution, the cells were washed and bathed @&'-free, EGTA (0.6 mM) containing medium. After
digitonin permeabilization and washing in an EGTdsed intracellular buffer, ER €auptake was
followed, perfusing the cells in an EGTA-basedangllular buffer with ATP (0.2 mM) and free [€p=

0.3 mM (see Materials and Methods). Traces wemgnatl to C& addition, black and grey symbols for
PS2-T122R expressing and control cells respectifralyan + s.e.m., n = 12 for SH-SY5Y and n = 16 for
DKO MEFs).

Cell type Control n PS2-T122R n | % Change

SH-SYSY 2982+ 9.6 28 140,5 £8,0 *** 29 -53

wt MEFs 310,7+ 27,0 27 | 180,0 21,8 *** 9 -42
DKO MEFs 306,5+27,4 11 | 211,6 £16,1 *** 10 -31

Table 1. ER steady-state Céevels (1M). Steady-state [C& s Wwas measured in digitonin permeabilized
cells transfected with ER-Aeq in experiments perfed as described in fig. 1.1 (** = p < 0.001).

PS2-T122R does not alter SERCA-2 protein levels

Upon the observation that PS2-T122R seems to soméhpair the SERCA pump, by
slowing down the Cd uptake rate, we first checked the SERCA-2 prokeie! in cells
over-expressing the mutant PS2, to rule out thaipiisy that PS2-T122R might act by
reducing SERCA pump expression.

From an evolutionary point of view, SERCA-2 is tie oldest isoform among SERCA
pumps and its alternative splicing variant SERCA-BBubiquitously expressed and
present also in non muscle cells.

In none of the cell models tested, over-expressiodRS2-T122R led to a reduction in the
SERCA-2 protein level, as shown by Western blotsgnl.2.
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Figure 1.2. Western blots showing SERCA-2 and R88l$ in control and PS2-T122R expressing celkline

PS2-T122R impairs the maximal uptake ratg£)/of the SERCA-
2 pump

The effect of PS2-T122R on SERCA-2 seems then ta fumctional impairment; to test
this hypothesis, we performed a series of experisnenpermeabilized cells in different
cell lines (SH-SH5Y and DKO MEFs). The cells, trangly co-transfected with ER-Aeq
and PS2-T122R or the void vector; were permeabilemed the ER refilling process was
achieved by perfusing cells with an EGTA-basedgitetiular buffer containing free €a
at different, known concentrations. For each expenital trace showing how [E%er
changes during time (in particular during ER*Qaptake, see fig. 1.1), the first derivative
was calculated. The maximal value of the first d#ive corresponds to the maximal
uptake rate (May value of the SERCA-2 pump. These values werdgaas a function of
the corresponding free external fJa used. Fig. 1.3 shows that, at each’[Gatested,
the cells expressing PS2-T122R have a lowgy Value if compared to their control cells.
In the DKO MEFs model we also checked the effeawitd-type (wt) PS2 on the uptake
rate of SERCA-2. Interestingly, wt PS2 has a simé#fect to PS2-T122R, although
slightly weaker: Vhaxwas 9.4 + 0.uM/s (n = 7) and 14.4 + 0,8M/s (n = 8), respectively
at 0.3 and 1.5M [Ca?'].
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Figure 1.3. ER C4 uptake was followed in permeabilized SH-SY5Y cétianel A) and DKO MEFs (panel
B) at different free [Cd],. The maximal values of the first derivative of thestantaneous [Ggcr
(d[C&*"]er/dt) were plotted as a function of the free extef@a’], (mean + s.e.m, n ranging from 6 to 20).
Panel B also shows the values obtained with wt @8ty stars).

A double reciprocal fitting curve of these plotdomled us to infer the G& binding
affinity (Kn) and Vnax values of the SERCA-2 pump in both PS2-T122R esging and
control cells, as reported in table 2. ThgaMwas the SERCA-2 pump kinetic parameter
mostly impaired by PS2-T122R while thg, Mas almost unaffected.

Cell type K, (M) % Change V max (UM/s) % Change
Control | PS2-T122R Control | PS2-T122R
SH-SY5SY 150 167 11 19,3 12,8 -34
wt MEFs 164 175 7 14,5 10,1 -30
DKO MEFs 277 321 16 21 16,4 -22

Table 2. Kinetic parameters of ERCaptake.

Ca* release from intracellular stores is unalteredcalls co-
expressing SERCA-2B and PS2-T122R

With these results in mind, we wondered whetheexjression of the SERCA-2B pump
together with PS2-T122R was enough to compensatethi® C&" handling defects
induced by the latter. SH-SY5Y cells were thusdrantly co-transfected with the cDNAs
codying for Cyt-Aeq and PS2-T122R plus void vectorthe presence or absence of
SERCA-2B. After aequorin reconstitution, cells wdyathed in an EGTA-containing
solution, to prevent any interference from the ek C&*, and challenged with
bradykinin (Bk), an IRgenerating stimulus, and cyclopiazonic acid (CPa)eversible
inhibitor of the SERCA pump, to obtain a rapid, gdete release of Gafrom the
intracellular stores. In these experiments thé"@antent of intracellular stores was
estimated by integrating the area of Opeaks induced by Garelease. Fig. 1.4A shows
the trace of a typical experiment with Cyt-Aeq,|daling changes in cytosolic &a
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concentration ([Cﬁcyt) with time. Histograms in fig. 1.4B represent, &ach cell group,
the average of the areas above baseline, measeteddn the addition of the stimuli and
the moment the [(fé]cyt returned to the resting level. Area values wese abrmalized to
the average area of control cells. While cells a@spressing only PS2-T122R over-
expressing cells released a significantly smadierount of C& when compared to
control cells, cells expressing SERCA-2B togethéthwwS2-T122R had G& contents
comparable or even higher than that of controldwactor transfected, cells. Upon cell
stimulation, not only the areas but also the pea[Cia?*]cyt reached by PS2-T122R and
SERCA-2B co-expressing cells was as high as tlahesd by control cells, indicating full
recovery of the IRsensitive stores.
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Figure 1.4. A: representative traces from a typéaderiment of cytosolic Gameasurement using Cyt-Aeq
in SH-SY5Y cells: traces from void vector-transéttcontrol cells (grey line), PS2-T122R expressieks
(black line) and PS2-T122R plus SERCA-2B expressklts (dotted black line) are shown. B. Histograms
representing the different average areas normaliagtie average control area (mean + s.e.m). Tha ar
measured for the cells co-expressing PS2-T122RSHRICA-2B (hatched bar) was comparable to that of
control cells (grey bar), while the area resultingm PS2-T122R over-expressing cells (black bary wa
significantly reduced (** = p < 0.01).

Co-expression of SERCA-2B in PS2-T122R transfectsdls
rescues both the steady-statez['q.‘@; and SERCA-2 W.ax

Unlike the cells expressing PS2-T122R only, whi@d tpartially depleted stores and
therefore gave rise to lower peaks and smalleisatba cells transfected with SERCA-2B
together with PS2-T122R released as much® @a control cells. We then checked
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whether this recovery could be detected at the &RlItoo. We transfected SH-SY5Y

cells as described for fig. 1.4, but with ER-Aegtead of Cyt-Aeq. Experiments were
performed in permeabilized cells, treated as in¥i@. The results obtained confirmed that
co-expression of SERCA-2B together with PS2-T122RId restore the steady-state ER
Cc&* content to control levels. Moreover, this treatmgso allowed a complete recovery
of the SERCA-2 pump maximal uptake rate, as showigi 1.5B.

A ] Control B

M PS2-T122R
[ PS2-T122R + SERCA-2B

400, Fdkk *kk 0 30 : T
E."““".““."“T :..____...___....___E E E \\
T 9 = 25 .
= 300{ p ‘
= L \\ ® 20
— i e T i
g g
™ 200 s 15
w i o
= = 10
100+ ©
E 5]
N 2 N
0. A\ = ) \
n= 8 6 12 n= 8 6 12

Figure 1.5. SH-SY5Y cells were transiently co-tfanted with the cDNAs coding for ER-Aeq and PS2-
T122R, in the absence (black bars) or presencelédtbars) of SERCA-2B cDNA; control cells were co-
transfected with ER-Aeq cDNA and with the void \@ofgrey bars). Bars represent the average stdaty-s
[Ca™er (UM) (panel A) and maximal uptake ratgaV(/s) (panel B) (mean + s.e.m) (** = p < 0.01; **

< 0.001).

Down-regulation of endogenous PS2 enhances botsi¢laey-state
[Ca®*]er and SERCA-2 Yy

Since the expression of wt PS2 in a PS-free enmeort such as DKO MEF cells induced
a partial depletion of ER Gacontent mainly by slowing down the SERCA-2 maximal
Cc&* uptake (fig. 1.3B), we decided to test whetherpproach aimed at down-regulating
the endogenous level of PS2 could end up with theosite effect on SERCA pump’s
activity. Therefore, we down-regulated the expm@ssf the PS2 protein in wt MEFs by
an RNA interference treatment. The cells were fesnted with ER-Aeq cDNA and small
interfering RNAs (siRNAs) against mouse PS2 (or tadnsiRNAs). 48 h after
transfection, experiments were carried out as presly described to monitor ER €a
uptake in permeabilized cells. Under these condtialown-regulation of PS2 reached
50-80% as checked by Western blot (fig. 1.6C) Aswshin fig. 1.6, sSiRNA against
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endogenous mouse PS2 significantly increased hetkteady-state [E3er and SERCA-
2 Vmax These results are consistent with the opposfectebn SERCA-2 due to over-
expression of wt PS2 in DKO MEFs and also stroraglyue for a physiological role of
endogenous PS2 in cellularCaandling.
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Figure 1.6. Wt MEFs, seeded on both coverslips@ngll plates, were transfected with the cDNA cadin
for ER-Aeq and siRNA specific for mouse PS2 or oongiRNA (20 nM). After 48 hours, the cells seeded
on coverslips were used to estimate ER*@atake upon cell permeabilization with the protadescribed

in fig. 1.1. Bars (grey bars for control cells, diabars for interfered cells) represent the avef@3@']er
(UM) (panel A) and maximal uptake ratgsM/s) (panel B) (mean + s.e.m). The remaining celkre
harvested to check the expression level of PS2 bgtévn blotting (panel C) (* = p < 0.05; ** = p <0Q).

Co-immunoprecipitation: a physical interaction beén PS2 and
SERCA-2B

Evidence so far is that PS2 and SERCA-2 somehaavaat; thus, we decided to perform
co-immunoprecipitation (IP) assays to check whetth@re is a physical association
between these two proteins. SH-SY5Y cells weresteanted with PS2-T122R or the void
vector (as control) cDNAs. After 24h, cells werevested: protein extracts were split in
two to perform IP of both SERCA-2 and PS2. Eachiginosample was tested in two
separate Western blots. In the first one, the adjibused was the same employed to
immunoprecipitate the proteins: this was a corgsgleriment required to ensure that the
IP protocol workedper se(fig. 1.7A, upper panel and fig. 1.7B, lower panéh the
second Western blot, it was used an antibody agtiedypothetical interacting protein: a
signal should be found where the other partner imasunoprecipitated. As fig. 1.7
shows, a physical link between PS2 and SERCA-2dcbeldemonstrated: when SERCA-
2 was immunoprecipitated, PS2 was also detectabM/estern blot (fig. 1.7A, lower
panel) and vice versa (fig. 1.7B, upper panel). ifiteraction between the two proteins is
reasonably strong: in fact, a preliminary crosgiig treatment to fix endogenous weak
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bonds between proteins was not necessary to s@mnconoprecipitation of PS2 and
SERCA-2.

A IP o« SERCA-2 B IP o Ps2
Control PS2-T122R Control PS2-T122R
+ - + - + - + -

- .. e

Figure 1.7.Co-immunoprecipitation of SERCA-2 and PS2 in SH-SY&ells. PS2-T122R expressing and
control cells were harvested 24 h after transfactind IPs of SERCA-2 (panel A) and PS2 (panel Bewe
performed. Each protein extract was split in twdiadf was treated with an antibody against SERCA#2,
PS2, to immunoprecipitate the protein (+), while tither half was used as a negative control, hatiag
same treatment but without the addition of thetauty (-). Western blots show the protein samplesaied
with an antibody against SERCA-2 (upper boxes mgig@A and B) or PS2 (lower boxes).
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Results |l

The PS2-T122R-induced reduction of steady-state “‘JGa
measured with ER-Aeq is detected also with an ERzarheleon
c&* probe

Cameleonsare FRET-based ratiometric €aensors that can be genetically targeted to
intracellular organelles or sub-compartments (s@eodiuction, p. 40)Cameleonsare
excellent tools to perform single cell live imagiexperiments to monitor €5oscillations
under different conditions. Our future aim is tkdaadvantage of these probes to
investigate C& dynamics in primary cultures of cortical neurondmin slices from mice
carrying a FAD-linked PS2 mutation alone or in camation with mutant APP, this latter
strain also employed as a mouse model of amyladétowever, first of all we need to
set the proper experimental conditions and to nsake thatameleonsre suitable probes
for our purposes.

Figure 2.1. SH-SY5Y cells expressing the ER-Dit)lefid the Go-D1cpV (righfjameleons

We tested the ER-D&ameleonn SH-SY5Y cells. The cells were transiently triaased
with ER-D1 and PS2-T122R or the void vector as mnThe experimental protocol used
was exactly the same designed for ER-Aeq expersnienintact cells (see Materials and
Methods, p. 62, for details). Similarly to ER-Aeqconstitution, before starting the
experiment the ER was depleted of Oay exposing the cells to ionomycin (M) in an
EGTA-containing (0.6 mM) solution. After extensiwashing with BSA, the cells were
bathed in an EGTA-containing (3M) solution; C&* was added (2 mM) and the refilling
of the store was monitored. Fig. 2.2A shows a sgmative experimental trace: the
arbitrary fluorescence values of yellow and cyamorfescent proteins (YFP and CFP
respectively) were normalized to the respectivaahvalue; the same normalization was
done for the YFP/CFP ratio. Upon Caentry within the ER, the typical antiparallel
behaviour of YFP and CFP fluorescence traces wasreed, and their ratio mirrored the
[Ca®] changes occurring in the ER compartment. Histogrdn fig. 2.2B show the
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steady-state ER-D1 ratio value (R) reached in PE22R expressing and control cells: the
difference with the starting value {lRnormalized to the latteAR/Ry), reflects changes in
the [C&"]er. As expected, the cells transfected with PS2-T122&hed a significantly
lower plateau level, compared to control cells. sThesult allowed us to draw two
important conclusions. First, the ER-Dameleoris a reliable [C&]er sensor in our cell
model; secondly, the PS2-T122R-induced reductiorthim steady-state [E3er was
confirmed once again with a differentCarobe.
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Figure 2.2. Panel A shows a typical experimentatérfollowing the changes in the fag in a SH-SY5Y
cell that was transfected with the ER-BdAmeleonThe fluorescence values of YFP, CFP and the YFP/C
ratio were normalized to each respective initidleaR). Panel B: bars representing the ER'Gafilling
plateaus reached by control (grey bar) and PS2-RX2&r-expressing (black bar) SH-SY5Y cells (mean +
s.e.m). Plateaus are expressed as percentagentdlimadAR (* = p < 0.05).

The PS2-T122R-induced reduction of steady-state “J€a
measured with Go-Aeq is NOT detected with Go-D1ca\hovel
cameleorC&” probe

It has been demonstrated that, in HeLa and SH-SXBNs, PS2-T122R not only
dramatically reduces the steady-state’[Ci the ER, but has also a similar effect on
Golgi apparatus Ca level (Zatti et al., 2006; fig. 2.3A). In thesellse [C&"]co Was
directly measured using a recombinant aequoringr@m-Aeq. A newcameleonprobe
has been recently developed in our laboratory@Gbdéd1cpV probe, targeted to the lumen
of the Golgi apparatus (Lissandron et al., subutjité/e therefore took advantage of this
new tool and tested it in SH-SY5Y cells. Again, ttels were transfected with PS2-

T122R or the void vector together with the problee €xperimental protocol followed was
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the same used for ER-D1 experiments. Histogranfgyin2.3B show the Golgi steady-
state ratio reached by PS2-T122R transfected amdrotocells, expressed as the
percentage change in the normalized YFP/CFP ra®, described for fig. 2.2.
Surprisingly, no statistically significant differem between PS2-T122R expressing and
control cells was detected.
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Figure 2.3. The Golgi apparatus®Caontent in SH-SY5Y cells, measured with Go-Aegn@a?) and the
novel cameleonprobe Go-D1cpV (panel B). Bars represent the gtstate [C4]g, reached after store
refilling by PS2-T122R transfected (black bars) aodtrol cells (grey bars) (mean + s.e.m). In Gapl
experiments, refilling plateaus are expressed eeptage of normalizefiR (panel B) (** = p < 0.01).
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Discussion

It has been previously reported that different Fiyiked PS2 mutants (and PS1 mutants
as well, although to a minor extent) significantyduce the ER Gacontent in different
model cells, including fibroblasts from FAD patier@nd rat primary neurons. This effect
is also mimicked by over-expression of wt PS2 (Zstal., 2004; Giacomello et al., 2005;
Zatti et al., 2006). Both fura-2 and aequorin apptowere applied to measure fGag in

the different cell types and the results obtaineth hese techniques were consistently
reproduced. Similar conclusions were also reachededuroblastoma cells by over-
expression of the wt form of PS2 or PS1 (Fedritale 2008).

It has recently been shown that FAD-linked PS1 B8@ mutants interact with thesH,
stimulating its gating activity. This led to an emlced C& signalling, but exaggerated ER
Cd" release was not supported by ER*'Gaverload. Indeed, the ER €acontent was
unchanged or even decreased (Cheung et al., 2@0®gether these data strongly
undermine the “Cd overload” hypothesis (LaFerla, 2002; Cowburn et 2007) and
suggest a key role for PSs in setting the ER @ael.

The next step in the overall project an the margagof this work was unraveling the
molecular mechanism(s) by which wt and mutant P&fuce the ER G& content of
intracellular stores. The effect of the transievgéreexpression of PS2-T122R was chosen
as a reference to compare the different cell typessistently, a reduction in the steady-
state [C&]er was observed, ranging from about 50% to 20%, thiéhfollowing efficacy
order: SH-SY5Y > wt MEF& DKO MEFs > Hela cells. All these models were thus
employed to untangle the likely common mechanismslerlying the PS2 effect.

The reduction in the [G§er induced by PS2-T122R was previously detected &
cd” refilling experiments in intact cells. However,imact cells, ER C& uptake rates do
not simply reflect the SERCA pump activity, as thaeye also affected by €&a
influx/extrusion processes across the PM and mitodtia C&" buffering. To avoid these
interferences, experiments were carried out intaingim permeabilized cells with the free
[Ca®] of the bathing medium buffered at different valu@@.1-2 pM). Under these
conditions, in cells expressing PS2-T122R*Gmptake rates were reduced at eactf{Ca
tested. Similar results were also obtained in DKERd expressing wt PS2; noteworthy,
we also found about a 20% increase in ER Qptake rates in permeabilized DKO MEFs,
if compared to the wt clone. These variations g uptake rates in DKO MEFs following
the presence of absence of wt PS2 suggested #oradadogenous PS2, that might act as
a physiological brake on ER €auptake and SERCA pumps. We took advantage of the
two available MEF clones to investigate this hygsik through opposite approaches. In
fact, while over-expression of wt PS2 in DKO MEEsluced the SERCA uptake rate and
[Ca"]er in Wt MEFSs, knocking down the endogenous levelP82 by siRNAs increased
both ER C&" pumping and steady-state levels, thus unmaskiadnthibitory role played
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by endogenous PS2. Along this line, in SH-SY5Y, remeression of SERCA-2B
together with PS2-T122R rescued both the rate of(ER uptake and the steady-state
[Ca®']er at, or slightly above, the respective values okekrin control, void-vector
transfected cells.

Recently, it has been shown that wt PS1 and PS2Zelsas a FAD-linked mutant (PS1-
M146V) increase SERCA-2 activity (Green et al., @00Those data, however, were
obtained by monitoring cytosolic &aclearance in intackenopusoocytes: under such
conditions, other factors as the amplitude of ciagtice C&* influx, the activity of the
PMCA and the contribution of mitochondrial Caiptake may mislead data interpretation.
From our results obtained in permeabilized cells, eould conclude that PS2-T122R
affects the maximal capacity of the pump rathemtita K, which appears to be set
around 0.15-0.3M, a value not far from that reported for purifis8RCA-2B (0.171uM)
(Lytton et al., 1992). Co-immunoprecipitation expsnts strongly indicate a physical
interaction between PS2-T122R and SERCA-2 in ndastima cells, as also
demonstrated in brain extract by Green and co-weri@reen et al., 2008). Nonetheless,
over-expression of mutant PS2 did not alter theogadous SERCA-2 protein level.

In conclusion, the FAD-linked PS2-T122R consisterdhd dramatically lowers the
steady-state [C4er in all the cell models tested so far. The main meésm responsible
for this effect is likely a reduction in the maximgptake rate of SERCA-2.

One of the future perspectives of this project Wil studying Cd dynamics in cellular
sub-compartments of cortical neurons from model mke carrying a FAD-linked PS2
mutant as well as from wt animals. The approacbhaiice will be single cell live G4
imaging bycameleorprobes selectively targeted to intracellular oedi@s. Before getting
started with neurons, however, it is necessaretdhe proper experimental conditions of
these probes in well known model cells, as SH-SYBWNs are. This was the aim of the
second part of this work.

A cameleortargeted to the ER lumen, the ER-D1 probe (Pa&nhat., 2004; Rudolf et al.,
2006), was transiently co-transfected with PS2-RL.2® the void vector in SH-SY5Y
cells and the experiments were performed followangrotocol very similar to that used
for ER-Aeq measurements in intact cells, i.e. ER*Gtores were pre-emptied and the
refilling process was then followed. The resultgeveonsistent with those obtained from
ER-Aeq experiments: PS2-T122R expressing cells stdowa significantly lower ER
steady-state, expressed as the rARIR,, when compared to control cells, proving that
the ER-D1cameleonas ER C& sensor, can reliably detect the effect of muts®2
our cell model.

A novel cameleorprobe genetically targeted to the lumen of thegGabparatus, the Go-
D1cpV cameleonwas recently created in our lab (Lissandron etsabmitted). This new
sensor has also been tested in SH-SY5Y cells; erpats were carried out in PS2-T122R
expressing and control cells, according to the samwocol used with the ER-D1
cameleon Surprisingly, this time the results obtained wei as expected. In fact,
previous experiments performed in SH-SY5Y cellshwito-Aeq demonstrated that PS2-
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T122R expressing cells had significantly reduceshdy-state [Cd]co,, compared to
control cells (Zatti et al., 2006). Instead, theasly-state ratio measured at the Golgi level
in PS2-T122R expressing cells was comparable tor#@hed in void vector transfected
cells. The difference between the two probes iimeding Golgi C&" levels was at first
confounding because both Go-Aeq and Go-DlcpV hdnee dsame Golgi targeting
sequence (see Matherials and Methods, p. 63). Haweimmunocytochemistry
experiments showed that Go-D1cpV localized to thad-Golgi cisternae, accordingly to
the targeting sequence, whereas the Go-Aeq lodaledlso to the cis Golgi sub-
compartment (Lissandron et al., submitted).

This observation explains why with the two Golgolpes we obtained different results
when considering the effect of PS2-T122R on thadstestate C4 level of this complex
organelle. In fact, it is known that the cis-Gatgmpartment has characteristic in between
the ER and the trans Golgi compartment. In pariguin the cis Golgi, Ca uptake
mainly relies on SERCA pumps (which should be imgrhiby PS2-T122R) whereas, in
the trans-Golgi, Cad uptake only depends on SPCA1l pumps (Missiaen.et2@07),
which appear to be unaffected by the mutant PS2.

Thus, an unexpected result was obtained by chooaingovel C& probe with a
localization restricted to a sub-compartment of elgi apparatus. The Go-Dl1cpV
cameleorhelped us to better define the mechanism of adid?S2-T122R, showing that
it selectively acts on SERCA-2 but not on SPCA-fnps.
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Materials and Methods

Cell lines and transfection

SH-SY5Y and HelLa cells were grown in DMEM suppleteenwith 10% foetal calf
serum (FCS) containing penicillin (100 U/ml) andegtomycin (100 pg/ml). Before
transfection, cells were seeded on coverslips (I3lanm diameter) and allowed to grow
to 50% confluence. For perfusion experiments, SHr%¥ells were seeded on coverslips
previously treated with laminin (30g/ml). SH-SY5Y and HelLa cells were transfected by
means of Lipofectamif®2000 using 1,5 / 3ig of DNA for 13 / 24 mm diameter
coverslips respectively (1 / @g PS2-cDNA or void vector (pcDNA3) plus 0.5 /ug
aequorin (Aeq) orcameleoncDNA). PS1/PS2-null (PS1 PS2Y) and wild-type (wt)
mouse embryonic fibroblasts (MEFs), obtained asipusly described (Herreman et al.,
1999; Nyabi et al., 2002), were kindly provided Dy. Bart De Strooper (Center for
Human Genetics, KUL, VIB, Leuven, Belgium). Cellgrown in DMEM-F12
supplemented with 10% FCS and 100 U/ml peniciltirefgomycin, were transfected by
Lipofectaminé2000 employing 2 pg of DNA (1,89 PS2-cDNA or void vector plus 0.5
Mg Aeq cDNA). For perfusion experiments, DKO andMWE&Fs were seeded on coverslips
previously treated with poly-L-Lysin (5Ag/ml). For RNA interference experiments, the
growth medium was substituted 1 hour before tranisfe with antibiotics-free medium;
siRNAs mouse PS2 (target sequence: GAUAUACUCAUCU®BUG) and siGENOME
RISC-Free Control siRNA; (Dharmacon Research, Lettey CO) were added to the
transfection mixes to a final concentration of 20.n

Intracellular C&" measurements were carried out 48 or 24 h aftesfieation by means of
the Aeq technique, as previously described (Briralg 1995) and summarised below, or
by single cell live C& imaging with thecameleorprobes.

Cd" measurements

Aequorin

Cells seeded on 13 mm diameter coverslips andfeetesl with Aeq constructs were
incubated at 37°C with coelenterazing.@) for 1-2 h in a modified Krebs—Ringer buffer
(mKRB, in mM: 140 NacCl, 2.8 KCI, 2 Mggl 1 CaC}, 10 HEPES, 11 glucose, pH 7.4)
and then transferred to the perfusion chamberréemnstitution of ER-Aeq and Go-Aeq,
luminal [C&"] was reduced before coelenterazine addition bysirg the cells to CPA
(20 pM) in mKRB without CaCJ (C&*-free mKRB) and containing EGTA (6Q6M).
Upon 1h incubation at 4°C in the same medium, #iks evere extensively washed with
Cd*-free mKRB supplemented with EGTA (1 mM) and bovserum albumin (BSA,
2%). All the luminescence measurements were caoigdn mKRB at 37°C. For SH-
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SY5Y and MEF cells, a high potassium medium (in M€l 100, NaCl 43, MgGl 1,
HEPES 10, pH 7.4 at 37°C) was used. The experimemie terminated by cell
permeabilization with digitonin (100M) in a hypotonic C&-rich solution (10 mM CaGl
in H,0) to discharge the remaining unused Aeq pool. ligie signal was collected as
previously described (Brini et al., 1995).

For permeabilization, cells were exposed for 1-Autes to digitonin (20-10QM) in an
intracellular medium containing (in mM): KCI 130a81 10, KHPO, 1, succinic acid 2,
MgSQO, 1, HEPES 20, EGTA 0.05 pH 7, at 37°C. The cellsewtben washed with the
same intracellular medium containing EGTA M for 2-5 minutes. The C&buffer
solution was prepared by adding to the intracallat@dium: HEDTA, piruvic acid and
MgCl, (1 mM each), EGTA or BAPTA (2 mM) and CaCit different concentrations
(0.5-1.8 mM ) and the pH was brought to 7 at 3ZRTPNg& (0.2 mM) was added to this
Cd*-buffered solution. The free [€3 (0.1-2 uM) was estimated by MaxChelator2.5 and
checked by fluorimetric measurements with fura-2.

Cameleon

Cells expressing the fluorescent probe were andlymeng an inverted fluorescence
microscope (Zeiss Axiovert 100) with an immersiah abjective (40 X, N.A. 1.30).
Excitation light at the proper wavelength (425 nwgs produced by a monochromator
(Polychrome V, TILL Photonics, Martinsried, Germanyhe emitted light was collected
through a beamsplitter (OES s.r.l., Padova) andicaraic mirror 440 DCXR. The
beamsplitter allows the collection of the two epttiwavelengths at the same time, thus
preventing any artefact due to movement of the rlies. Filters and dichroic mirrors
were purchased from Omega Optical (Brattleboro, ¥myi Chroma Technology Corp.
(Rockingham, VT). Images were acquired using a iLlZboled CCD camera (PCO
SensiCam). The software used for image analysise wRoboscope (custom-made,
Padova) and ImageJ (free download) for off-linead@rocessing. For time-course
experiments, the fluorescence intensity was detexdhover regions of interest covering
the ER or the Golgi compartment. Exposure timeedafrom 300 to 800 ms, depending
on the intensity of the fluorescent signal of tleiscanalyzed. The frequency of image
capture was 0.05 Hz. Cells were mounted into annapeped chamber at room
temperature, and maintained in an extracellulah Hg medium (see aequorin €a
measurement). The refilling protocol was performassdentially as described (Pinton et al.,
1998). Briefly, the cells, incubated in €dree mMKRB medium containing 0.6 mM
EGTA, were treated with iM ionomycin for at least 10 minutes and then ionomyvas
removed by extensive washing with the same mediomaming 2% BSA and EGTA (1
mM). The store refilling was then visualized by aideh of 2 mM CaCj to the EGTA-
containing (5QuM) high K" solution.

Plasmids
pcDNA3 vector codifying for PS2-T122R mutant wasated by site directed mutagenesis
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of pcDNA3/PS2-wt (QuikChange Site-directed mutageneKit, Stratagene, La Jolla,
CA). The construct was checked by sequence andkBiEPrism Genetic Analyzer 310,
Applied Biosystems, Monza, Italy).

The DlcpVcameleon(Palmer et al., 2006) is formed by an enhanceah d¢lsrescent
protein (ECFP) and a circularly permutated Venugelow fluorescent protein variant
(YFP), linked by modified calmodulin (CaM) and caldulin-binding domain M13. The
construct (kindly provided by Dr. R.Y. Tsien) wasdified inserting at the N-terminal the
targeting sequence of the trans-Golgi enzyme siedylsferase, after its isolation from the
Go-Aeq construct (Pinton et al.,1998) (Lissandrbal e submitted).

Protein extracts preparation and Western blot @maly

The different cell types were harvested and treategreviously reported (Giacomello et
al., 2005). Briefly, cells were washed twice witleicold phosphate-buffered saline (PBS)
and harvested with RIPA buffer supplemented witlotgases inhibitors cocktail
(Complete Mini™, Roche). Samples were analyzed DS$®AGE gel and Western
blotting immunodetection was carried out with thayplonal antibody (Ab) anti-PS2
(324-335; Ab-2, Calbiochem, Merck, Darmstadt, Gery)aand with the monoclonal
mouse Ab anti-PS2 (MMS-359S, Covance Research Brodhc.). SERCA-2B detection
was carried out with a polyclonal anti-SERCA-2 Al-19, Santa Cruz Biotechnology,
Inc.). Actin was detected by the monoclonal moude (A4700, Sigma-Aldrich). The
proteins were visualised by the chemiluminesceneagent ECL (Amersham, GE
Healthcare, UK Ltd Amersham PlaceLittle Chalfont Buckinghamshire HPKXA9
England).

Co-immunoprecipitation

The immunoprecipitation technique is based on éhective interaction between a protein
of interest and an antibody recognizing an antigretit. Upon the Ab-protein binding, the
Ab heavy chain is then recognized by a specifidgino(called protein A for rabbit Abs
and protein G for mouse Abs), bound to an agarassd.bAfter centrifugation, the
complex formed by the protein of interest (pluseotpotential interacting proteins), the
Ab and the agarose-bound A/G protein precipita#ieywing the isolation of the desired
protein together with its potential partners.

SH-SYS5Y cells were trasfected with PS2-T122R onibiel vector; 24 h after transfection
the cells were harvested and protein extracts wweepared as described. Before the
addition of the Ab anti PS2 (324-335; Ab-2, Calliem, Merck, Darmstadt, Germany) or
SERCA-2 (monoclonal mouse anti SERCA-2, clone 2A7-8igma-Aldrich, Inc), the
protein extracts were incubated with protein A-Axge and normal rabbit AG (both from
Santa Cruz Biotechnology, Inc) or protein G-Agar¢Santa Cruz Biotechnology, Inc)
respectively, for 30 minutes at 4°C. This step wasessary to remove the proteins
aspecifically binding to the agarose. After centdtion at 2400 rpm for 5 minutes at 4°C,
the surnatant was collected and the protein coretgm quantified. 10Qug of each
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protein sample were treated with the anti PS2 ¢r 3BRCA-2 Ab, while 10Qug were
incubated with Normal Rabbit IgG-AC (Agarose Corategl) or Normal Mouse IgG-AC
respectively (both Santa Cruz Biotechnology, IAd)is control sample allows to sort the
proteins aspecifically binding to a random immumdgilin produced in the same species
as the Ab used from the proteins specifically iatgng with the Ab. Samples were
incubated for 2 h at 4°C under constant mixingnthige proper agarose-bound protein
(protein A-Agarose for PS2 samples and the respeatiock-treated samples; protein G-
Agarose for SERCA-2 samples and the respectiveraos@mples) was added. 3 h later
the samples were centrifuged for 5 minutes at 2p@0at 4°C; the agarose pellet with the
protein complexes was washed with a solution caitgiNaCl (0.1 M) and a proteases
inhibitors cocktail (Complete Mini™, Roche) for dnes. After the last washing, the pellet
was resuspended in a loading buffer 2X containidg B-mercaptoethanol, which helps
releasing the immunoprecipitated proteins fromigji&-agarose complexes.

Chemicals and reagents

Antibiotics, sera, culture media, plasmids and Egégtaminé“2000 were purchased from
Invitrogen (Carlsbad, CA, USA), while all other geats were from Sigma Chemical Co.
(St. Louis, Mo), unless otherwise stated.

Statistical analysis

Data were analyzed by Origin 7.5 SR5 (OriginLab gooation). Averages are expressed
as mean = s.e.m. (n = number of independent expats1il= p < 0.05[1+p<0.01;1T]=

p < 0.001, unpaired Student’s t test).
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