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SUMMARY

Peroxisomes are single-membrane bound organellsslved in reactive oxygen
species scavenging; andp-oxidation of fatty acids, biosynthesis of ethepgpholipids and
other metabolic pathways. Although recent studiasehhighlighted the mechanisms of
peroxisomal formation, fusion-fission, protein impaetc. little information is available
concerning a possible role of peroxisomes in catlgignalling, and, until very recently, no
information was available about a possible rolpexisomes in cellular €ahandling. C&"
signalling exerts a plethora of functions in célisth in physiology and pathology) and while
the role of subcellular compartments like endopiasmticulum, mitochondria, nucleus and
Golgi apparatus in Ga handling has been intensively investigated in kst decades,
peroxisomes remained a black whole in the pictuest, but not least, a renewed interest
towards peroxisome functions has been triggerethbydiscovery of a number of human
diseases (called “peroxisomal disorders”) thatcare to mutations of peroxisomal proteins.
For all these reasons, | decided to investigasnd how peroxisomes play a role in cellular
C&* handling.

| targeted a genetically encoded, FRET-based &mnsor to peroxisomal matrix and |
found that the Cd concentration of peroxisomes in living cells atris similar to that of the
cytosol, while increases in cytosolic Ca@oncentration (elicited by either €amobilization
from stores or C4 influx through plasma membrane“Cahannels) are usually followed by a
slow rise in intraperoxisomal €aconcentration. | also investigated the mechanigm
peroxisomal C& entry and | found that Gainflux into peroxisomes is not driven by an
ATP-dependent pump, membrane potential 61(a’) gradients. However, the peroxisomal
membrane appears to play a low-pass filter roleyemting the organelle from taking up*Ca
during short lasting cytosolic €atransients, while allowing equilibration of therpeisomal
luminal C&* concentration with that of the cytosol during prajed cytosolic Ca increases.
Thus, peroxisomes appear to be an additional cligoSe’* buffer, but their influx and efflux
mechanisms are unlike those of any other celluigamelle.

The second part of my work was aimed at understgritie physiological function of
this phenomenon. To date, no’Geegulated mammalian peroxisomal enzyme is known. O
the contrary, there are some “Geegulated plant peroxisomal enzymes, in particaar
isoform of the HO, scavenging enzyme catalase, Cat3. Cat3 has bemmnsto be

specifically located in plant peroxisomes and tabgvatedn vitro by C&* and calmodulin.



The peroxisomal G4 probe employed in the first part of this work weaspressed in plant
peroxisomes and revealed that the phenomenon o &ury into peroxisomal matrix in
plants is very similar, both in amplitude and kiogto that of mammalian cells. Plasma
membrane hyperpolarization demonstrated to beabtelstimulus to trigger a prolonged rise
of peroxisomal (and cytosolic) €aconcentration and so it was chosen in order tifyviéra
peroxisomal C& rise can somehow affect.€, scavenging. Preliminary experiments
performed inArabidopsis plants stably expressing in peroxisomes,@4tensor indicate that
H,O, scavenging is accelerated by®Cantry and this is correlated with the level of Eat

within peroxisomes.



RIASSUNTO

| perossisomi sono degli organelli intracellulairicondati da una singola membrana
coinvolti nell’eliminazione di specie reattive deisigeno,a- e p-ossidazione di acidi grassi,
biosintesi di eteri di fosfolipidi e in altre reani metaboliche. Sebbene studi recenti abbiano
elucidato i meccanismi alla base della formaziatedla fusione- fissione e dell’importo di
proteine nella matrice dei perossisomi, le inforimazriguardanti il ruolo dei perossisomi nel
signalling cellulare sono scarse e, fino a poco tempo fallequguardanti il possibile ruolo
dei perossisomi neignalling cellulare del C& erano totalmente assenti.

Il signalling del C&" & alla base di un ampio numero di funzioni cetiukia
fisiologiche che patologiche e mentre il ruolo dimgartimenti subcellulari come il reticolo
endoplasmico, i mitocondri, il nucleo e I'appardioGolgi nelle dinamiche intracellulari del
Ccd" & stato ampiamente studiato negli ultimi decenpérossisomi sono rimasti nella “zona
d’ombra” di questo scenario. Infine, c'é stato mdimente un rinnovato interesse circa le
funzioni dei perossisomi grazie alla scoperta dcerio numero di malattie umane (chiamate
“disordini dei perossisomi”) dovute a mutazionpdoteine perossisomiali.

Per tutte queste ragioni, ho deciso di investigatee come, i perossisomi rivestono un
qualche ruolo nellomeostasi intracellulare def'Ca

A questo scopo ho indirizzato alla matrice dei psigomi una sonda per il €a
geneticamente codificata e basata su FRET e hdgodionostrare che la concentrazione di
Cd"* nei perossisomi di cellule vive in condizioni ¢iaso & molto simile a quella citosolica
mentre aumenti della concentrazione di*‘C@ausati sia da mobilizzazione di ‘Calai
depositi intracellulari che da influsso attraversmali per il C& situati nella membrana
plasmatica) sono solitamente seguiti da un lentoesto della concentrazione di Caella
matrice perossisomiale.

Mi sono inoltre occupata della caratterizzazioné rdeccanismo che sta alla base
dell'entrata di C& nei perossisomi e sono arrivata alla conclusidreequesto fenomeno non
e dovuto alla presenza di una pompa dipendenteTdy Aé di un potenziale di membrana o
di un gradiente di Ho N&. La membrana dei perossisomi sembra costituirebangera che
previene I'entrata di Ga nel caso di aumenti brevi nel tempo, mentre nebadi aumenti
prolungati della concentrazione di ‘Canel citosol permette una lenta equilibrazione aell
concentrazione di Ganella matrice perossisomiale con I'ambiente ciioso | perossisomi

sembrano quindi costituire un nuovo sistema-tampeeteil C&*del citosol, sebbene il loro



meccanismo di influsso ed efflusso per iFCa totalmente differente da quello di ogni altro
organello cellulare.

La seconda parte del mio lavoro si € poi concemtsatlo studio dei possibili ruoli
fisiologici del fenomeno dell'entrata di €anei perossisomi. In letteratura non sono al
momento riportati degli enzimi localizzati nei psssomi delle cellule di mammifero che
siano regolati da G§ al contrario, alcuni enzimi localizzati nei pesisomi delle piante
sembrano essere regolati da*Cdi questi, quello che pitll mi & sembrato interatsa
un’isoforma di un enzima deputato all’eliminaziotieH,O,, la catalasi. L'attivita di Cat3 e
infatti riportata essere attivaia vitro da C4" e calmodulina. La sonda per il Caitilizzata
per lo studio dei perossisomi in cellule di mammafée stata quindi indirizzata ai perossisomi
di cellule vegetali e ha permesso di dimostrare itHenomeno dell’entrata di Gh nei
perossisomi € molto simile, sia per ampiezza cheipetica, tra perossisomi di mammifero e
di pianta. L'iperpolarizzazione della membrana pilasca ha dimostrato essere uno stimolo
ripetibile che causa un prolungato aumento dellacentrazione di Ca nei perossisomi (e
nel citosol) di pianta ed & quindi stato scelto perificare se un aumento di €anei
perossisomi possa in qualche modo influenzareniazione di HO..

Esperimenti preliminari effettuati in piante Aiabidopsis che esprimono stabilmente
una sonda per #D, geneticamente codificata indicano che I'eliminagiodi HO, e
notevolmente accelerata in seguito all’entrata afi*Cguesto correla con il livello di Cat3

espressa nei perossisomi.
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INTRODUCTION

1. PEROXISOMES

Peroxisomes are single-membrane bound organelliesl fim all eukaryotes except the
Archaezoa. They were first described by Rhodin @54l and then biochemically
characterized by DeDuve in 1966. Although at thatetthey were considered as the
“Cinderella” among the subcellular compartmentsyany few years the list of biological
functions attributed to peroxisomes has grown suttstlly and they are now known to be
fundamental for many cell functions (Shrader ankiifag 2008).

Peroxisomes carry out diverse metabolic activiti&s, B-oxidation of lipid molecules
and detoxification of reactive oxygen species, arhibit high metabolic plasticity, as their
enzymatic content can vary depending on environaterttndition, tissue or cell type. The
importance of peroxisomes in multi-cellular orgamss is also reflected by the severe
phenotypes characterizing human diseases due tirmgnt in peroxisomes formation and
maintenance or due to the absence or reductiomefad the enzymatic activities housed
within their matrix (Titorenko and Rachubinski, 200

1.1 Peroxisome biogenesis, maintenance and inheritance

The study of peroxisomal biogenesis, maintenanckimmeritance was very difficult
due to the extreme fragility and low abundancehi$ brganelle; however, genetic screens,
first in yeast and then in Chinese hamster ovallg eadArabidopsis thaliana haveidentified
32 evolutionary conserved genes whose productsessged for peroxisomal assembly (Fujiki
et al., 2006; Nito et al., 2007; Wolinski et alQ0®). They are called PEX genes and their
products peroxins, and they are involved in thriffergnt processes: i) import of peroxisomal
matrix proteins; ii) membrane biogenesis and iigamelle proliferation.

The duplication of pre-existing peroxisomes by ifiasand subsequent growth and
maturation is the major pathway of proliferatiomeTperoxisome fission process is not fully
understood, however, though it is now accepted ith&éd based on specific peroxisomal
proteins, like Pex11p, and on some other comporsrased with the mitochondrial fission
machinery, e.g. the dynamin-like protein DLP1 andlp (Fig. 1.1). The peroxisomal
membrane proteins Pex11p, Pex25p and Pex27p aatetiid the elongation and constriction



of mature peroxisomes; after this process, peroxésoundergo fission thanks to DLP1 that
is anchored to the peroxisomal membrane by Fi8iphe end of the process, Pex28p and
Pex29p control separation of divided, but yet dresd, peroxisomes (Platta and Erdmann,
2007).
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Figure 1.1. Schematic overview of proteins involveih peroxisomal proliferation and dynamic.
Peroxisomes can be generated eitheddyovo formation from ER or by fission of pre-existingrprisomes.
Maturation of peroxisomes involves import of prateifrom cytosol or sorted through endoplasmic udtia.
See § 1.1 for details. Adapted from Platta and BEmm?2007.



The size of peroxisomes is then tightly dependenth@ import of matrix proteins,
whose rate of production is controlled by peroxisoproliferators-activated receptor
(PPAR ), a member of the family of ligand-activated nacléranscription factors (Kliewer
et al., 1992). It is activated by lipid ligands aitdcontrols the transcription of several
peroxisomal genes, particularly those involved iarogisome proliferation and lipid
metabolism.

In addition to the process of duplication from presting peroxisomes, a few years
ago the work by Hoepfner et al. demonstrated tl& éndoplasmic reticulum (ER)
contributes significantly to peroxisome biogenedis.an elegant series of experiments, they
demonstrated that the peroxin Pex3p targets themeRbrane and then concentrates in
“dots”; from these dots, thanks to the activity &fex19p, pre-peroxisomes are formed by
budding and these vescicles in turn import peroreEomembrane and matrix proteins,
becoming mature peroxisomes (Hoepfner et al., 2@&3ed on these findings, peroxisomes
are now considered to be part of the secretorywathalthough the relative importancedaf
novo formation from ERvs fission from pre-existing peroxisomes is still neatbf debate
(van der Zand et al., 2006).

As reported for other organelles, inheritance abpsomes is not random, but it is
strictly controlled. InS. Cerevisiae Inp1p, which anchors peroxisomes to cellulareqrthe
myosin Myo2p and the GTPase Rholp were identifisdmembers of this process. In
mammalian cells, although it is clear that peroxiss move along microtubules in a well-

controlled manner, proteins involved remain todentified (Platta and Erdmann, 2007).

1.2 Peroxisomal matrix protein import

Peroxisomes do not possess their own DNA and ddva¢ their protein translation
machinery, like mitochondria and chloroplast, atidhe proteins they need are encoded by
nuclear genome. Their protein import mechanismedsfffrom that of all other subcellular
compartments: the majority of peroxisomal proteins translated on free polyribosomes and
then imported into peroxisomal matrix as foldedfactor bound proteins (Leon et al., 2006).
This process can be schematically divided into fst@ps (Fig. 1.2): i) cargo binding; ii)
receptor-cargo docking to the peroxisome membraneseceptor-cargo translocation and

cargo release and iv) dislocation and recyclinthefreceptor.



1.2.1 Cargo binding

Peroxisomal proteins are synthesized in the cytasdlthen they are transported into
peroximal matrix via the recognition of one of twpecific targeting signals. The most
common peroxisomal targeting signal, named PTSbceted at the carboxyl-terminal of the
protein and is represented by the consensus segéma/C) (K/R/H) (L/M). Even if the
most common PTS1 is SKL, different bioinformatideadses have demonstrated that this
sequence can vary and, in order to be recognizet lbgceptor, the aminoacids that precede
the tripeptide are critical for effective peroxisalnmport (Neuberger et al., 2003). PTS1 is
recognized by a cytosolic protein, Pex5p, whictcasnposed by two main domains. The
carboxy-terminal one is made up by seven tetrgigptide repeats (TRP) and a helix bundle,
which upon PTS1 binding form a ring-like structufiéhe amino-terminal domain is less
conserved than the carboxy-terminal, and contaes geptide WXXXF/Y that appears
necessary for peroxisomal targeting of the recegaiogo complex.

The second peroxisomal targeting signal, PTSss common and is represented by
the consensus peptide RLXXXXX(H/Q)L located at #raino-terminus of the protein. The
cytosolic receptor for this targeting peptide iscRe whose predicted structure is that of a
seven-blade@-propeller domain. In mammals, there are two splaeants of PEX5 gene, a
longer (PEX5L) and a smaller one (PEX5S). While P-T8ntaining proteins need only
Pex5p to be targeted into peroxisomes, PTS2 contpjroteins, after recognition of their
amino-terminal consensus peptide by Pex7p, needRag5Ip in order to be transported into
the peroxisomal matrix (Brown and Baker, 2008).

Thanks to the ability of this system to carry imeroxisomes folded and even
oligomeric proteins, a PTS-containing subunit inederodimer can mediate the transport of
other matrix proteins in a “piggy back” fashiowea if these proteins do not contain a PTS
(Titorenko et al., 2002). The insertion of proteinsated into the peroxisomal membrane
(PMP) is less characterized. PMP are divided into tlasses: PMP | and Il. Class | PMPs
are synthesized on free cytosolic ribosomes, suiesely they are traslocated to peroxisomal
membrane thanks to an internal consensus sequaaroed mPTS. This process is controlled
by Pex19p that recognises mPTS, Pex3p, which sass@smembrane recruitment factor and
by Pex16p that functions as Pex3p docking sitegroxisomal membrane (Matsuzaki and

Fujiki, 2008). Class PMP Il import on the contrasyPex19p and Pex3p-independent.

10



1.2.2 Receptor-cargo docking to the peroxisome membrane

After PTS-bearing protein recognition in cytosble tcargo-receptor complex interacts
with the outer peroxisomal membrane thanks to deprocomplex composed of Pex13p,
Pex14p and also Pex17p3nCerevisiae. Pex13p is an integral membrane protein that,khan
to a Src-homology domain, can bind the PTS1 recdpa5p.
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Figure 1.2. Protein import into peroxisomal matrix. The process, mediated in different organism by 32
proteins called peroxins, can be divided into fetap: cargo binding, docking to the peroxisome brame,
translocation and cargo release and dislocatid®-proteins: peroxisome-targeting signal contairpngteins;

Ub, ubiquitine. Adapted from Platta and ErdmanrQ220

The docking complex, in addition to bind the recemargo protein complex,

contributes to the assembly and stabilization ef tlanslocon that mediates receptor-cargo

entry into peroxisome matrix.
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1.2.3 Receptor-cargo translocation and cargo release

In the translocation step the PTS-receptor is psooxe associated and protease
resistant, and, based on these two experimentaaditons, two different hypothesis have
been proposed: i) extended shuttle hypothesis: réoeptor-cargo complex enters into
peroxisomal matrix; ii) simple shuttle hypothedl®e complex is embedded in the membrane,
the receptor exposes its cargo binding site ineopgaroxisomal matrix and then release its
cargo (Brown and Baker, 2008). In this process ntla¢rix-located peroxin Pex8p is required
for the connection between the docking complex #red RING-finger complex, made of
Pex2p, 10p and 12p. This complex is also callecotiromer” although the mechanism by

which the translocation takes place is far fromarstbod.

1.2.4 Didlocation and recycling of the receptor

Protein import into peroxisomal matrix does notuiegl ATP, whereas the export of
Pex5p back to cytosol does (Oliveira et al., 2008B)s process involves the peroxins Pex15p
(and its homolog Pex26p in mammalian cells), Peahd Pex6p, and it needs also the
presence of an ubiquitin-conjugating enzyme, PexBipis process takes place in the
peroxisomal membrane and is part of a “quality aahtsystem: a single ubiquitination
targets Pex5p for recycling, while a polyubiquitina targets dysfunctional PTS receptors to
degradation. This mechanism appears to be consaisedor PTS2 receptors. Another step
that requires ATP is, at the end of the processdégtachment of the ubiquitinated receptor

from the peroxisomal membrane, and it is mediateBdx1p and Pex16p.

1.3 Peroxisome metabolic activities

Mammalian peroxisomes house up to fifty differenzymatic activities, many of
them unique to peroxisomes, while others are shanéid cytosol, mitochondria or both
(Wanders and Waterham, 2006). The principal enzgmeéctions associated to peroxisomes
are listed below.

I.  Oxygen metabolism:peroxisomes possess oxidases that redude 8,0, that

in turn is eliminated by different scavenging enegnlike catalase, gluthatione
peroxidase and peroxiredoxin V (Shrader and Fah@@06). Peroxisomal
enzymatic activities can also generate other reacikygen species than,®h,
e.g, superoxide anions, that can be inactivated sbyeroxide dismutase.

Peroxisomes also contain epoxide hydrolase activiys allows peroxisomes to

12



eliminate a group of highly reactive molecules, pmessible for mutagenic
activity, generated both endogenously and exogéyioasd able to react with
lipids containing unsaturated fatty acids, DNA, RN#kd proteins. Finally,
peroxisomes contain Glutatione S-transferase &gtivi

Ether-phospholipids  biosynthesis: the physiological role of ether
phospholipids, including plasmalogens, is not weltlerstoodSome evidence
points to a role in membrane dynamics, intracellidanalling, cholesterol
transport and metabolism, oxidative stress and ymsigturated fatty acids
metabolism (Titorenko and Rachubinski, 2004). Inmmraalian cells, the first two
steps of plasmalogen biosynthesis occur exclusivwely peroxisomes. This
molecule, which makes up 18% of total phospholipiass, has a cell and tissue
specific distribution, being particularly abundantnervous tissue and central
white matter. This in part explains the severe twpmental delay that
characterizes patients with impaired plasmalogesyuithesis, that in turn causes
incomplete migration and differentiation of neuwdil and defects in the
development of central white matter.

Fatty acids p-oxidation: peroxisome enzymatic activities can vary upon
different organism and cell types, but fatty adidexidation is an exception to
this rule. In yeast and plants, peroxisomes areuttigue site of this reaction,
while in mammals it can took place also in mitoath@gr Although similar in
mechanism, peroxisomal and mitochondrial fatty aftdxidation have different
substrate specialization. Short and medium chetiy ficids are exclusively and
long-chain fatty acids are predominantly oxidizednitochondria, whereas very
long fatty acids, that is, more than 26:0, can kiglized only by peroxisomes.
This is also the case of certain polyunsaturattg &ids, certain prostaglandins,
leukotrienes, some xenobiotics, vitamin K and E.

Peroxisomal fatty acids a-oxidation: this reaction is necessary in order to
obtain substrates f@-oxidation from fatty acids that carry a methyl gpoat the
carbon 3 position. This reaction can took placey amlperoxisomes, in contrast
with B-oxidation.

Amino acid catabolism: mammalian peroxisomes, thanks to D-aminoacid
oxidase, can oxidize D-isomers of neutral and basimoacid, while D-aspartate

oxidase can perform the same reaction on acidim@awids. This reaction

13



produces the corresponding ketoacids, ammonia aydrofgen peroxide.

Peroxisomes can also catabolize some L-aminoacids.

1.4 Peroxisomal metabolite transport and ionic concentration

Although the idea that peroxisomal function mustliked to a system that allows
metabolite transport across the peroxisomal mengbianwidely accepted, its study has
proven difficult due to the fact that after isotatiperoxisomal membrane is freely permeable
to low molecular weight compounds. This fact led the assumption that peroxisomal
membrane does not constitute a permeability baiwiesmall molecules, at least in mammals.
However, recent studies have proven that this istm@, since peroxisomal membrane is
impermeable to small metabolites and is equippeth wifferent carriers (Wanders and
Waterham, 2006).

Mammalian peroxisomes have four different ABC tporgers, adenoleukodistrophy
protein (ALDP or ABCD1), ALDRP (or ABCD2), PMP70 {&ABCD3) and PMP70R (or
ABCD4). These proteins belong to a family of progeithat couple ATP hydrolysis to
metabolite transport and they function as homodsnaard, likely, as heterodimers. Their
function in peroxisomes is not characterized, a¥¢ine study of a human disease caused by
ALDP mutation suggests that this protein is invdive very-long fatty acidg-oxidation.

The best characterized peroxisomal membrane prigedmtlp and its orthologue in
mammals PMP34, which provides intraperoxisomal ABY catalyzing the nucleotide
transport. It is not clear whether intraperoxisoMEP is necessary only for enzymatic
reactions and cargo release or whether it servesnagyy source for maintenance of ion
gradients as well.

There is no general consensus about the pH gtadoeoss peroxisomal membrane
and, if it exists, how it is generated and mairgdin While Dansen et al. (Dansen et al.,
2000) in human fibroblast and van Roermund et al. yeast measured a basic
intraperoxisomal pH (van Roermund et al., 2004)sdraa et al. came to the opposite
conclusion, i.e they concluded that peroxisome gHlightly acidic in yeast (Lasorsa et al.,
2004); finally Jankowski et al. found that mammial@eroxisomal pH is in equilibrium with
cytosolic pH and no significant gradient exist bedw the two compartments (Jankowski et
al, 2001).

14



1.5 Human peroxisomal disorders

The study of human peroxisomal genetic disorders Icantributed to the
understanding of the fundamental role of this oedjanin normal mammalian development
and growth. Peroxisomal disorders are classified two groups, Peroxisomal Biogenesis
Disorders (PBD) and single enzyme deficiencies.

The Zellweger syndrome (ZS) is the most common sswkre disease belonging to
the first class of peroxisomal diseases and isadharzed by the compete absence of
peroxisomes (Steinberg et al., 2006). This is duentitations in one of 12 different PEX
genes and results in accumulation of substrateallysuandled by peroxisomes, e.g. very-
long fatty acids, and in the absence of molecueg, plasmalogens, produced by some
peroxisomal enzymes that can not work in the cytgSantos et al., 1988). This in turn
causes a global developmental delay, craniofacidleye abnormalities, neuronal migration
impairment, hepatomegaly. The affected patientsallys die in the first year of life.
Mutations in PEX7, that codes for PTS2 receptor &od affects only PTS2-bearing
peroxisomal proteins targeting, cause rhizomeliondnodysplasia punctata type 1,
characterized by mental retardation, proximal beim@tening and severe growth deficiencies,
but no neuronal migration defect like others PBRafi#rman et al., 1997).

Most peroxisomal disorders belong to the classimajle enzyme deficiencies, where
the patient phenotype severity is strictly dependam the peroxisomal function that is
impaired (Wanders and Waterham, 2006b). For exampl¥-linked adrenoleukodistrophy,
caused by an ALDP mutation (Mosser et al.,, 1998rd is an accumulation of very-long
fatty acids in fibroblasts, other cell types andplasma. In Refsum disease, fatty aaids
oxidation is impaired due to mutations in phytaf@dA hydrolase, resulting in phytanic acid
plasma accumulation (Hutton and Steimberg, 197Bjs Tisease is characterized by a late
onset, starting in childhood with progressive detation of night vision, followed by

retinitis pigmentosa, deafness, polyneurophathycandiac arrhythmias.
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2.CELLULAR Ca ** HOMEOSTASIS

In order to adapt to changing environments cellsehdeveloped a complex signal
system based on messengers whose concentratiogeshlaoth in time and space. Originally,
cells began to exclude Edrom cytoplasm due to its ability to precipitateogphate; later the
energy spent by cells to exclude this ion was usetitigger signal transduction (Clapham
2007). Cells maintain a steep “Cgradient across plasma membrane: in cytoplasne ibex
Cd&* concentration ([Cd]c) of ~100 nM, compared to an extracellular mibbilar
concentration. Small changes in intracellular{TgCa*i) (caused by C& influx from the
extracellular medium or release from intracelluséores, see below) can trigger different
cellular events, ranging from exocytosis to musdatraction, fertilization and transcription
activation (Fig. 2.1). CA cannot be chemically altered and accordingly, ritep to strictly
control its levels in the cytosol, cells have depeld different systems to extrude, bind or
compartimentalize it. The &asignalling toolkit is therefore based on protéiattcan bind it,
systems that extrude it from cytoplasm or leadnibicells and into different subcellular
compartments that can function as intracellulat Gores.

2.1 Ca”* binding proteins

Many different C&" binding proteins exist and their affinity for €acan vary from
nM to mM. The best know protein domain able to jmedly bind C&" is the so called “EF
hand domain”, present in hundreds of proteins. @bimain is made up of a “helix turn helix”
peptide, where several negatively charged oxygemsitcan coordinate €ain a 12 amino
acids group (turn) between two orthogondielices. EF domains can display very different
cd”* affinities depending on mutations in amino acigfhging to the C& binding loop or
to the sidea-helices. The best known example amond Qanding proteins is that of
calmodulin (CaM), the ubiquitous €asensor and adaptor protein that contains four &fel h
domains. CaM has been highly conserved duringuéieol, indicating its essential function
in all eukaryotes. It is made up of a centuahelix and at its end there are four EF hand
domains, two at each side. Upon®Chinding, there is a conformational change causfieg
exposure of a hydrophobic surface that in turnvedld€CaM to interact with the amphipatic
regions of target proteins, thus modifying theiates (Hoeflich and Ikura, 2002).

Other cellular proteins that sense’Care S100 proteins, also endowed with EF hand

domains. A distinct CGa binding motif is the C2 domain, where a bindingtwb or three
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C&" ions cause protein’s association with a spec#igion of cellular membranes (Donato,
1999). Cells are also endowed with proteins thattion exclusively as Gabuffers, in either
the cytosol or within organelles. These proteirffedboth for their C&' affinity and speed of
cd”* binding. Some examples of cytoplasmic’Chuffers are parvalbumin, calbindin and
calretinin; typical C& buffers present in the lumen of organelles ahetieulin (within the
ER lumen) and calsequestrin (within the sarcopiasreticulum terminal cysternae)
(Clapham 2007).

2.2 Pathways leading Ca*" into cells

A cytosolic C&" elevation can trigger a fast activation of differesignalling
pathways. These elevations can be due to the apefi@&" channels, located in the plasma
membrane or organelles, and allow/Qa flow down its electrochemical gradient. Most io
channels are gated, i.e. capable of making transitbetween conducting and non-conducting
conformations. Gating of ion channels depends &ferdnt stimuli, being of either electrical
or chemical nature. Depending on the activation harism, C& channels have generally
been classified in voltage-gated and ligand-gakeshoels (Piertrobon et al., 1990; Fasolato et
al., 1994).

2.2.1 Voltage-Operated Ca?* Channels

Voltage-operated G& channels (VOCCs) can open upon plasma membrane
depolarization and so they transform electricahalg into chemical signals. In the nervous
system they control a broad array of functionsudolg neurotransmitter release, neurite
outgrowth, synaptogenesis, neuronal excitabiliiffecentiation, plasticity, etc. VOCCs are
multi-subunit complexes made up of a pore-formimgl aoltage-sensingtl subunit and
several auxiliary subunits, includingd 2nd 3 subunits and, in some cases, atssubunits.
They constitute a complex family of channels cosipg a large number of different
subtypes, which have in common a steep voltagendigmee of the open probability and a
very high selectivity for Cd over Nd and K ions in physiological solution (Catterall and
Few, 2008). They are located in the plasma membodrexcitable cells, e.g. in neurons,
striated and (most smooth) muscles and neurosegregtis, and are classified in different
subtypes depending on voltage and inhibitors geitgiin L-, N-, T-, P/Q-, and R- type.
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2.2.2 Ligand-gated Ca** channels

Ligand-gated C& channels are characterized by a lower selectigityC&" over

other monovalent cations if compared to VOCCs. Thisily of C&£* channels is usually

divided into four subgroups:

Receptor- Operated C&" channels:these channels possess a ligand-binding site in
the same polypeptide or in the same molecular cexnfdrming the channel itself.
The extracellular binding of the ligand, eitherinone or neurotransmitter, can trigger
channel opening and thus Cantry.

G-protein-Operated Ca* channels: the function of these channels is mediated by
the action of G proteins. These proteins exert addmental role in several
intracellular transduction pathways that are atéidaby seven transmembrane
receptors. G proteins are heterotrimeric molecotesposed ofi, 3 andy subunits. In
the resting state, G proteins carry GDP bound ipoaket of theira subunit.
Stimulation of seven transmembrane receptors lBa@DP release, a GTP molecule
from the cytoplasm takes its place. The heteroticn® protein then dissociates into
two parts, a cytosolic &GTP and a membrane-boun@yaimer. These subunits are
the active forms of the G protein and are capablgmalling to specific membrane-
associated effectors such enzymes and ion channels.

Second-messenger Operated achannels:these channels are activated by second
messengers produced or released after the activaficeven transmembrane- or
enzyme-coupled receptors. The most common secosdemgers are CAMP, cGMP,
IPs, DAG, arachidonic acid and &tself.

Store-Operated C&* channels:these channels are responsible for &' @atry in
response to ER Gadepletion. The key molecules responsible for @&& entry have
been identified only recently; they are named Qr&iland 3; these channels are
located in the plasma membrane (Freske et al.,;Zlt#hg et al., 2006). Thanks to its
EF-hand domain, an ER located protein, Stim1, samge” the [C4] into ER lumen;
upon store depletion Stiml changes its distributioom diffuse to clustered in
“puncta” and interacts with plasma membrane OraodRet al, 2005; Liou et al.,
2005). This protein-protein interaction is beliewedead to opening of Orai and €a
entry (Clapham 2007).
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2.3 Pathways leading Ca** out of cells

During the course of a typical €atransient, the reaction that cause an increase in
intracellular [C&']i (“on” reactions) are counteracted by the reawithat cause a decrease in
[Ca®™i (“off” reactions); the “off” reactions depend orarious pumps and exchangers that
remove C& from cytosol (Fig. 2.1). These mechanisms assha¢ [C&']i at resting is
maintained at ~100 nM and that internal storeskagt loaded. While sarco/endoplasmic
reticulum C&" ATPases (SERCA) pumps can accumulaté @ethe ER lumen, there are two
main mechanisms that extrude®Caut off the cells, the plasma membran€‘CATPases
(PMCA) and the NHC&" exchangers (NCX). The diverse PMCA, SERCA and NCX
molecular toolkit, enables cells to select the comtion of “off” reactions that exactly met
their C&*-signalling requirements (Berridge et al., 2003heT PMCA is an ubiquitous
plasma membrane protein of ~ 125-140 KDa that yseslthe C& active transport out of the
cell. The energy required for this reaction is digmpby ATP hydrolysis. The GHZATP
stoichiometry is 1/1. PMCA is classified as a typepump since its mechanism of €a
extrusion is mediated by the formation of a phosidted intermediate during the reaction
cycle. PMCA has a lower transport rate compareN®@X, but a higher affinity, and thus it
function as a housekeeping protein that control|€ at resting state. Four different genes
codifying for PMCA are present in higher eukaryoti#®ir expression pattern, the existence
of splice variants and the regulation of PMCA atyiby various mechanisms, in particular
the binding of C&- CaM, are an explanation for its flexibility insmonding to different
tissue or cell-specific Zahomeostasis demands (Carafoli 2005).

The NCX is an electrogenic antiport located in gi@sma membrane; it exchanges
three moles of Nafor one mole of CH, either inward or outward, depending on the
electrochemical gradients across the membrane. kshanits lower affinity for C&, but
higher transport rate if compared to PMCA, it cing the principal Cd extrusion system
in excitable cells.

A closely related family of exchangers, the "Nee*-K* exchange (NCKX) gene
family, has been recently discovered (Huang-Cadetl., 1999). This family of proteins
comprises four members; NCKXs exchange four moleBla” for one mole of C4 and one
mole of K (Rizzuto and Pozzan, 2006).
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Figure 2.1. Calcium-signalling dynamics and homeoasis. During the “on” reactions, stimuli induce both the
entry of external Cd and the formation of second messengers that eelaternal C&' that is stored within the
ER/SR. Most of this G4 (shown as red circles) is bound to buffers, whemamall proportion binds to the
effectors that activate various cellular procesbas operate over a wide temporal spectrum. Dutteg“off”
reactions, C4 leaves the effectors and buffers and is removeuh fihe cell by various exchangers and pumps.
NC(K)X and PMCA extrude C4to the outside, whereas SERCA pump$'®ack into the ER. Mitochondria
also have an active function during the recovencess in that they sequester Qapidly through a uniporter,
and this is then released more slowly back intoctftesol to be dealt with by the SERCA and the PMCall
survival is dependent on €zhomeostasis, whereby the Téluxes during the “off’ reactions exactly match
those during the “on” reactions. [Ep C&* concentration; Ins(1,4,5)R, inositol-1,4,5-trisphosphate receptor;

RYR, ryanodine receptor. Adapted from Berridgel t2903.
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2 4 Intracellular Ca®* stores

Several subcellular compartments exert a role fii Bameostasis by accumulating or
releasing it and also by shaping its transientsochondria, Golgi apparatus, exocytotic
vesicles and nuclei. However, the mairf Gstore is the endoplasmic reticulum (ER) or
sarcoplasmic reticulum (SR), its muscle equiva{faizzan et al., 1994, Rizzuto and Pozzan
2006).

2.4.1 The endoplasmic reticulum

In many cell types the increases in {dacan be due, at least in part, to the release of

Ccd”* from the ER (and to its specialization of musads; the sarcoplasmic reticulum, SR).
This compartment houses several proteins thatelgtregulate the traffic of molecules from
and towards the ER (proteins, ions, etc.). Soméhese proteins are involved in the fine
control of its [C&"]. C&" accumulation by the ER depends on the SERCAssrtambrane
proteins that pump Gain the ER lumen with a 2:1 stoichiometry betweeaf ‘Gons and
ATP. SERCA has the same membrane topology and mechaf action of PMCA pump.
There are several drugs that block SERCA pumpsaeasrteversible inhibitor thapsigargin
(Tg), or the reversible ones cyclopiazonic acid AfPand 2,5-di-(ter-butyl)-1,4-
benzohydroquinone (t-BHQ). The SERCA pump allowsetach a high [Cd] within the ER
lumen, from ~ 20QuM up to 1 mM. Within the ER G4 binds to C&" buffering proteins,
endowed with low-affinity (K about 1 mM), e.g. calreticulin. Bound and fre€'Ga in very
rapid equilibrium and the cation is readily relehs®o cytosol when ER Ghchannels open.
Cd" release from this organelle is therefore tighipteolled by several factors, including
Ccd" itself and an expanding group of messengers, asdhositol-1,4,5-trisphosphate (IP3),
cyclic ADP ribose (CADP-R), nicotinic acid adenidaucleotide phosphate (NAADP) and
sphingosine-1-phosphate that either stimulate odutate the CZ release channels on the
ER. C&" is released from the ER by mainly two distinct ruhels, the IP3 receptor (IP3-R)
and the ryanodine receptor, found primarily, but exclusively, in excitable cells. IP3 is a
second messenger whose cytosolic production igeregl by agonist binding to G- coupled
protein receptors that in turn activate posphobkp@s The most important modulator of the
IP3-Rs is C&' itself. IP3 binding increases the ‘Caensitivity of the receptor that shows a
biphasic modulation since it is activated at loveQ (250-300 nM), but is blocked at higher

micromolar concentrations that occur uporf‘Gelease. In addition to these cytosolic actions,
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C&”* can also sensitise the IP3-Rs by functioning ftbeER lumen. The IP3-Rs activity can
also be modulated through the phosphorylation fferéint protein kinases such as protein
kinase A (PKA), protein kinase C (PKC) oraalmodulin dependent protein kinasé®a

Silva et al., 2000). To date, three IP3Rs subtymeese been identified, that differ both in

tissue and levels expression or affinity for IP&u@&oli 2005).

2.4.2 The Golgi apparatus

Golgi apparatus came to the scene of cellul#’ Gameostasis only recently, thanks
to an engineered form of Aequorin (a’Gsensitive photoprotein) that includes a target
sequence for this organelle. It has been seenGbhlgi apparatus not only can accumulate
C&* within its lumen, but also actively participatesdellular C&* signalling (Pinton et al.,
1998). Golgi apparatus appears to contain SERCpe fyumps but also a EaATPase
named secretory pathway CaTPase (SPCA). Golgi releases’Capon cellular stimulation
with IP3-production coupled agonists through anmR&lulated channel (Carafoli 2005).

2.4.3 Mitochondria

That mitochondria play a role in €shomeostasis has been known for over 40 years.
These organelles, in fact, can accumulate’* @atheir matrix by action of a uniporter that
transports Cd at the expense of the membrane potentiffl, negative inside, across the
inner mitochondrial membrane\'y{ ~ -180 mV) generated by the respiratory chain**Ca
never reaches electrochemical equilibrium with iiesmbrane potential because in the inner
membrane there are proteins that act as antipbas extrude Cd from the matrix in
exchange with Hor N&. The identification of the kinetic properties hése transporters, and
of the uniport in particular, led many investigatao conclude that mitochondria play little
role in physiological C&4 homeostasis. In fact their affinity was found te tvo low to
significantly accumulate the cation not only intmeg conditions, but also during the transient
[Ca®]c increases generated by cell stimulation (Pozearal., 2000). However, using
selectively mitochondria targeted aequorin it whesnonstrated that  agonist-evoked
transient [C&]c increase results in rapid and massivé*@acrease that reaches values 10-
50-fold higher than in the cytosol (Rizzuto etE92; Rizzuto et al.,1998). This unexpected
finding was explained by the so called “microdomdigipothesis”. The idea is that
mitochondria are located in microdomains where,nupet* mobilization from the ER, local

[C&®"] can reach very high levels, for example in pragjrof IP3-sensitive channels (Rizzuto
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et al., 1993). Subsequently direct evidence foselmteractions between mitochondria and
ER have been provided (Rizzuto et al., 1998), acdnt works have demonstrated that these
interactions are stable in time (Filippin et alD03). Recent work by De Brito and Scorrano
(DeBrito and Scorrano, 2008) has demonstrated dhelh close interactions depend on the
omotypic interaction of mitofusin 2, expressed lo@ ER and outer mitochondrial membrane.
C&”* entry into mitochondrial matrix exerts differerftysiological functions ranging
from activation of three mitochondrial dehydrogessagthe pyruvateg- keto-glutarate and
isocitrate dehydrogenase), thus positively regul&f€P synthesis, to buffering and

modulation of cytosolic Ca variations (Giacomello et al., 2007).
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3. C&" SENSORS

The study of cellular G4 homeostasis in physiological and pathological diTs
requires methods to accurately monitor the dynarofcs[C&"] in living cells. It is not
surprising that advancements in the understandif@e@ signalling were thus strictly linked
to advancements in &aprobes performances. These molecules are characteoy the
capacity to bind Cd selectively and reversibly, and this event caasehysicochemical
change in the probe that renders easy to distihdugsween its free and Egbound form. In
the vast majority of Ca probes, changing in the absorbance and / or esnissi light are
used, even if other probe’s features, like nucteagnetic spectrum, have been also used in a
few cases. Although this is obvious to specialifitshould be mentioned that every®Ca
sensor measures the fJandirectly; what is actually measured is in féoe concentration of
the freevs complexed probe (based on the physicochemicalggsaaforementioned) and the
effective [C&"] can then be calculated from these values angthiee dissociation constant
(Kg) (Rudolf et al., 2003).

A first classification of C& probes distinguishes between ratiometric and non

ratiometric probes (Fig. 3.1).
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Ratiometric probes (Fig. 3.1, a) are characterizedn excitation (or emission) spectrum that
changes upon Gh binding; C&" concentration can be measured as a ratio between a
fluorescence intensity value taken at two wavelerfgt A1 for the bound form ankR for the
free one. This ratio corrects for unequal dye Ingdiprobe’s compartimentalization, focal
plane shift and bleaching. These advantages arateagted by the complexity of the
instrumentation required for exciting/acquiring gignal at two different wavelengths.

Non ratiometric dyes (Fig. 3.1, b), on the contranycrease their fluorescence
proprieties upon CGa binding; C&" concentration is easy to detect, since a singbétation/
acquisition system is required, but there is nosialgy of correction for focal plane shift,
unequal dye loading, etc.... Moreover, to obtain alieo[C&'] values a calibration is
required; this is usually not trivial to perform.

A second classification of €asensors is between synthetic and genetically etod

indicators, as explained below.

3.1 Synthetic Ca** indicators

The first rationally-designed fluorescent?Candicator (quin2) was synthesized by
Roger Tsien and derives from the well-known spedBi&* chelator EGTA (Tsien, 1980).
The substitution of two methylene groups with tvembene rings couples the conformational
change due to Gabinding to a change in the spectral proprietiethefdye. Improvements of
the original polycarboxilate indicators were therhiave in the following years (all in R.Y
Tsien laboratory), e.g. the synthesis of indicatoith different C&" affinities and with
excitation wavelengths different from the ultragibbne (characteristic of the first generation
of indicators). The most popular modification oése dyes, that has rendered their use very
easy, was the synthesis of their hydrophobic agetethil (AM) ester forms. While the
original dyes have to be microinjected into celsabtime-consuming technique, AM esters
can simply be added to the medium; due to theirdptbbicity, the AM esters of the dyes
simply diffuse across the plasma membrane andttiegnare hydrolized by cellular esterases,
thus freeing the hydrophilic, original dye, thahceot longer leave the cytoplasm.

The simplicity of dye loading and €ameasurement setup, with the huge signal
differences between bound and free form of the @rudve led to a large use of thesé*Ca
indicators. The main disadvantage is the difficulty target them into subcellular
compartments: although a mitochondrial synthetie dgs been produced (rhod-2) (Minta et
al., 1989), which accumulates into mitochondrialtnmathanks to its positive charge (and

others techniques have been proposed in orderdetta synthetic dye preferentially into a
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subcellular compartment, (Csordas et al., 19989 résults are far from ideal, and to this end

usually genetically encoded Earobes are preferred.

3.2 Genetically encoded Ca?* indicators

The second family of G4 indicators comprises proteins, either chemilumires
(Aequorin) or Green Fluorescent Protein (GFP)-badmmth derived from the medusa
Aequorea Victoria. Their main advantage is the possibility to modlly simple molecular
biology techniques, their coding sequences in otadldéarget them into a specific subcellular
localization or to obtain different €aaffinities and tuneable spectroscopic featuresth@n
other hand, the main disadvantage is the neeccBiNA transfection that in some cell types,
especially primary cultures, may have a low efficie However, due to new transfection
techniques, e.qg., electroporation with mild comutti virus infection and the possibility to
generate stable clones and even transgenic anithatsexpress the €a probes, this

disadvantage is of lower importance if comparefito years ago.

3.2.1 Aequorin

Aequorin is a 21- KDa chemiluminescent proteirgimally purified from the medusa
Aequorea Victoria, where, in association with GFP, is responsibleg fellyfish
bioluminescence (Shimomura et al., 1962). Aequapiplication was greatly enhanced thanks
to the cloning of its cDNA in 1985 by Prasher et(Brasher et al., 1985); after this, both its
subcellular localization and €aaffinity have been modified in order to measu@ef{] not
only in the cytosol, but also in organelles suchraghochondria, ER, Golgi apparatus and
nucleus. Aequorin is endowed with three EF-handalnsthat bind C&; upon C&" binding
the apoprotein, that is associated with its coemzymelenterazine, emits a photon while
peroxidation of the coenzyme to coelenteramideributhe enzyme that is no longer able to
emit blue light upon G binding. The main disadvantages of this systemiptee need of a
cofactor that has to be externally supplied; ig thtrinsic low signal emitted by Aequorin
upon C&" binding that largely prevents its use in singlk meeasurements.
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3.2.2 GFP-based probes

Thanks to its unique features among fluorescertiggoGFP has tens of application in
cell biology. Its first advantage is that it dogsEquire an external cofactor in order to emit
light: its chromophore is obtained from its aminoida 65 to 67 by a mechanism of
cyclization, dehydration and oxidation. Moreovéiistchromophore is located into afhelix
running inside a tight structure formed by an Iarsdedp-barrel, and so is protected against
environmental condition’s variations, at least e twild-type form (Tsien, 1998). GFP
fluorescence is unaffected by different modificatie.g, an insertion of different protein in
position 145, and even also circular permutationwhich GFP is spliced in two parts and
then the amino and carboxyl-termini are interchangédese modifications, however, allow
GFP fluorescence to be perturbed by conformatichahges of proteins that are inserted at
the amino, carboxyl-termini or inside GFP, thusdenng GFP able to indirectly measure
different subcellular parameters, like pH or secameksengers concentration. Different GFP
mutants have been also generated that bear mwatiothe amino acids responsible for
chromophore formation or located in its proximitigus shifting fluorescence emission from
blue to yellow, obtaining more brighter variants rautants with decrease environmental
sensitivity. The most utilized GFP variants are:

I. GFP (S65T) or eGFP wild-type GFP has two excitation peaks, a még95
nm) and a minor one (475nm). In this GFP mutam sthbstitution of a Ser with
an aliphatic residue causes a suppression of thenBBpeak and a five to six
fold enhancement of the higher wavelength peak,s@hmaximum excitation is
now at 490 nm instead of 475 nm.

ii.  Blue fluorescent protein (BFP or GFP(Y66H/Y145F)) this mutant emits blue
light when excited with UV light; however, due toet potential toxicity of UV
light for biological samples and its low quanturrelg this mutant was
substituted for many application with CFP.

iii.  Cyan fluorescent protein (CFP or GFP(Y66W)) :this mutant has excitation
and emission spectra intermediate to those of BIFEAFP.

iv.  Yellow fluorescent protein (YFP or GFP(T203Y)): this mutant, and its
ameliorations, is one of the most widely used GRRamts and has a red-shifted
spectrum. YFPs, due to changes in internal hydrogending and steric
packaging, are the more sensitive to photobleachidecolorization by

protonation and quenching by many anions, of whgboride is the most
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physiologically relevant. While these features ¢an desiderable in order to
measure pH variations, for others application timeyy constitute a problem, and
SO0 many mutant were analyzed in order to lower ¢énigronmental sensitivity.
The most widely used are citrine (Griesbeck et28(Q1), and Venus (Nagai et
al., 2002). Citrine carries a series of mutatidr most important being Q69M,
that improve folding at 37°C and lowers chloridel gmoton sensitivity, since its
pKa is 5.7. Venus is characterized by a pKa of & arvery fast maturatiom
vivo. Moreover circular permutation of YFPs further noyes their
spectroscopic features.

v. Many more GFPs derived from species other than Aequorea Victdnave
been produced over the last few years and a whalettp of fluorescent
properties is presently available. The interesestler is referred to the reviews
by Shaner et al. or Miyawaki for further detai&héner et al., 2001; Miyawaki
2005). Given that in my thesis | have used only CGifl YFP (and their

variants) | will not further discuss this point.

3.2.2.1 Single GFP Ca”* probes; Camgaroo and Pericam

Both Camgaroo and Pericam @robes are based on a EYFP whose chromophore
and surrounding hydrogen network are sensitivertdgy conformational variations. In this
Cd* probe, named Camgaroo (Fig. 3.2, b), a EYFP igteqplin two parts and the
aforementioned residue 145, the GFP amino acidatthaiits peptide insertions without loose
of GFP fluorescence, was substituteddesiopus CaM, that functions as €asensor (Baird et
al., 1999). In Pericams (Nagai et al., 2001) a EY\R circularly permuted and its carboxy-
terminus was fused to CaM, while its amino-termimes fused to M13, a 26 AA-peptide
derived from the CaM-binding peptide of the skdlatascle myosin light chain kinase. Upon
C&”* binding, M13 peptide wraps around CaM and thisseaaconformational change that in
turn produces a fluorescence variation of EYFP .(Big, c).Three different pericams were
generated: i) flash pericam, that becomes brigipen C&" binding; ii) inverse pericam, that
on the contrary decreases its fluorescence updh Iading and iii) ratiometric pericam,
endowed with an excitation wavelength changing @e& -dependent manner, thus allowing
a ratiometric C& measurement. The main drawback of this class f &ensor is its pH
sensitivity, and, with the exception of ratiometpericam, the fact that only a fluorescence
intensity change is measured.
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Figure 3.2. Calcium probes based on GFP mutantsa. Cameleon: upon €a binding, there is a
conformational change that in turn causes an iserém FRET. b. Camgaroo: CaM is inserted in a YE&;
binding cause an increase in fluorescence. c.idRatric) Pericam: CaM and its binding peptide elmned at
the amino and carboxyl-termini of a circularly pemed YFP. Upon C4 binding a change in the surrounding
environment of the chromophore causes a shift engbectral proprieties of the probe. See text ftaits.

Adapted from Rudolf et al., 2003.

3.2.2.2 Two-GFP Ca”* probes; Cameleons

Cameleon probes are made up of two GFP mutarksdiby CaM and M13 peptide
(Fig. 3.2, a). The couple of mutants can be BFPP @F, most commonly, CFP-YFP: the
general requirement is that the excitation spectainthe acceptor moiety (GFP or YFP)
partially overlaps the emission spectrum of theadonoiety (that is, BFP or CFP) (Fig. 3.3).
Cameleon probes (Miyawaki et al., 1997) are basethe phenomenon of Fluorescence (or
Foster) Resonance Energy Transfer (FRET); a phemomehat occurs when two
fluorophores are in sufficient proximity (that is10 nm) and at an appropriate relative
orientation such that the excited fluorophore (dprean transfer its energy to a second,
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longer wavelength fluorophore (acceptor) in a nadiative manner. Thus, only if the two
GFP mutants are in close proximity and with an appate orientation, excitation of the
donor causes an emission at the typical waveleofgthe acceptor. In cameleons, CaM and
M13 peptide constitute the molecular switch thiives the probe to couple Eavariations to
FRET variations. When CaM is not bind to’Gahe probe is in an “open” conformation (Fig.
3.3, a); the distance between the donor and thepémcis too high for FRET to occur. In this
condition, donor excitation (e.g, 440 nm in theeca$ CFP) causes an emission at its own

wavelength (that peaks at 480 nm).

a
440 or 480 nm

370 or 440 nm
i o v

.ca?t| |+aca®

370 or 440 nm

510 or 535 nm

Figure 3.3. Schematic structure of cameleon probend of its functioning. a. At low [C&"], excitation of the
donor (BFP or CFP) cause an emission at its typicalelength. b. Upon &abinding to CaM, M13 wraps
around CaM and this cause a conformational chaallgeying FRET between donor and acceptor (GFP dP)YF
to occur. This causes a rise in acceptor emissidnaadrop in donor emission. The ratio of these vafes is

proportional to [C&]. Adapted from Miyawaki et al., 1997.

When there is a Garise, the ion binds to CaM; consequently, M13 \grapound
CaM causing a conformational change of the wholmeataon protein: in this “close”
conformation, donor and acceptor are in close pnayiand there is a rise in FRET (Fig. 3.3,
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b). In this case, donor excitation at 440 nm caosdg a minor emission at 480 nm, the vast
majority of its energy is transferred to the doti@t in turn emits at a longer wavelength, that
peaks at 535 nm in the case of YFP. So, the batiween acceptor and donor emission upon
donor excitation is proportional to [€&

Cameleons possess all the advantages of gengticaled C&' probes: indeed, in few
years cameleons targeted to different subcellu@npartments and with different €a
affinities were developed. Moreover, cameleons ratemetric probes. As for camgaroos
and pericams, the YFP moiety was ameliorated irerotd lower its pH sensitivity and so
cameleons with citrine or Venus as acceptor, eitte@mal or circularly permutated, were
produced (Miyawaki et al., 1999).

Cameleons still suffer of a problem that becanmnsavident when it was employed to
measure subcellular €adynamics under the plasma membrane: it faile@spand properly,
probably because of an excess of endogenous Calvaating with cameleon M13 peptide.
To solve this problem, Palmer et al. reenginee@aM and M13 amino acids sequences and
obtained four cameleons with different “Caffinities and that are no longer sensitive to
endogenous calmodulin. These new cameleons endawtdcitrine as acceptor are named
D1, D2, D3 and D4, while those that possess Vesuacaeptor are hamed D1cpv, D2cpv,
D3cpv and D4cpv ( Palmer et al., 2006) (Fig. 3.4).

A

Rk

FRET change (% of max)

1 10 100 1000 10*
[Ca*]in uM

Figure 3.4 In vitro calibration of the newly desigred cameleonsCé” tritation curves of the new redesigned
and original camelons probes. Blue: D2cpv, Gree8c, Red: D1, Purple: D4cpv. The black lines are
referred to the original constructs with the sanaé’ @ffinity (YC 2, 3 and 4). Adapted from Palmer &f 2006.
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4. AIM AND SIGNIFICANCE OF THIS WORK

cd* signalling exerts a plethora of functions in cedisd its regulation both in
physiological and pathological conditions is widshydied. In these last years, the role of
subcellular compartments like ER, mitochondria, leus and Golgi apparatus in Ca
handling has been largely unravelled thanks togéreeration of genetically encoded®Ca
probes. It is thus surprising that the possible afl peroxisomes in cellular Ezhomeostasis
has never been investigated (until very recenttPhe may indeed speculate that a
fundamental second messenger liké'Ghould also modulate some of the enzymatic agtivit
housed within peroxisomal matrix, or/and that pe&yomes can constitute an additional
cellular C&" buffer organelle, but this can and need to bestigated directly.

The first part of this study was thus aimed toestigate if peroxisomes take part to
cellular C&" handling and, if yes, to characterize the basitui®s and the pharmacological
sensitivity of this phenomenon. Cameleons wereseha@s Cd sensors for this study since
they allow a ratiometric (and thus easily calibddt€&* measurements at the single cell (and
organelle) level. Cameleons were targeted into yigomal matrix and the experiments
described below demonstrate that peroxisomes aetiiibrium with cytosolic C4 and they
experience slow [G4] rises upon cellular stimulation. This phenomeseems to be driven
by the C&" gradient itself and thus peroxisome appears toesemt another Gabuffering
organelle.

This first demonstration can constitute the bdsis following studies aimed at
understanding if, and how, €aand its variations can regulate peroxisomal fumsti One
example will be discussed in the second part sfwirk, where experiments supportingian

vivo C&* regulation of a peroxisomal plant®, scavenging enzyme are provided.
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RESULTS AND DISCUSSION

5.1 Calcium dynamics in the peroxisomal lumen ofving cells

(published paper)
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We here describe the generation of novel, green fluorescent
protein-based Ca®* indicators targeted to the peroxisome
lumen. We show that (i) the Ca®>* concentration of peroxisomes
in living cells at rest is similar to that of the cytosol; (ii) increases
in cytosolic Ca®>* concentration (elicited by either Ca>* mobili-
zation from stores or Ca®>* influx through plasma membrane
Ca?"* channels) are followed by a slow rise in intraperoxisomal
[Ca®*]; (iii) Ca®™ influx into peroxisomes is driven neither by an
ATP-dependent pump nor by membrane potential nor by a
H*(Na™) gradient. The peroxisomal membrane appears to play
a low pass filter role, preventing the organelle from taking up
shortlasting cytosolic Ca®>" transients but allowing equilibra-
tion of the peroxisomal luminal [Ca®*] with that of the cytosol
during prolonged Ca”* increases. Thus, peroxisomes appear to
be an additional cytosolic Ca>* buffer, but their influx and efflux
mechanisms are unlike those of any other cellular organelle.

A variation in cytosolic Ca®" is a key component of the cell
signaling machinery activated by receptor stimulation.
Although a plethora of information is available regarding Ca*>"
dynamics in different subcellular compartments, a notable
exception is represented by peroxisomes, single membrane-
bound organelles diffusely distributed within the cytosol of vir-
tually all eukaryotic cells (1). Proteins located in the peroxiso-
mal matrix are linked to different biochemical pathways (2)
such as the B-oxidation of fatty acids and detoxification of
hydrogen peroxide. The latter pathway is exclusively localized
in the peroxisomal compartment of fungi and plants, whereas
in mammalian cells it is distributed between peroxisomes and
mitochondria (2). Specialized peroxisomal functions, such as
fatty acid degradation and synthesis of phytohormones, are
found in some cells, (e.g plants and fungi) (3). Interest in per-
oxisomes has increased recently due to the discovery that
defects in peroxisomal biogenesis and peroxisomal enzyme
deficiencies are linked to several genetic disorders in humans
(4). Given that any enzymatic activity is highly sensitive to the

* This work was supported in part by grants from Italian Telethon, AIRC (Ital-
ian Association for Cancer Research), the Cariparo Foundation (to T. P.), the
University of Padua, and the Italian Ministry of University (FIRB 2004) (to
P.P.). The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.
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supplemental Fig. S1 and supplemental references and data.
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ionic composition of the surrounding environment, it is sur-
prising that information on the luminal ion content of peroxi-
somes is scarce and contradictory. In particular, no data are
currently available on Ca®>" concentration in the peroxisome
lumen, [Ca2+]P.

We here present a novel probe, derived from the new green
fluorescent protein (GFP)?-based Ca®* indicators (Dcpv) (5),
for monitoring [Ca®"],, in living cells. We show that peroxi-
somes contribute to the sequestration of part of the Ca®* enter-
ing the cytoplasm during cell activation in a way that is unique
among cellular organelles.

MATERIALS AND METHODS

Constructs—The sequence coding for the tripeptide SKL was
introduced before the stop codon of D3cpv (kindly provided by
R. Tsien, San Diego, CA) by PCR using the oligonucleotides
5'-ACCCAAGCTTGCCACCATG-3' (forward); 5'-ACCCA-
AGCTTGCCACCATG-3' (reverse). The resulting PCR prod-
uct was digested with HindIII and EcoRI and ligated into
pcDNA3 (Invitrogen). PCR for introducing the KVK coding
sequence was performed using D3cpv-SKL as a template with
the same forward primer and the following reverse: 5 -ACC-
CAAGCTTGCCACCATG-3'. The cDNA of pHluorin was a
kind gift from S. Grinstein (Toronto, Canada).

Cell Culture and Transfection—HeLa cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum supplemented with L-glutamine (2 mm), penicillin (100
units/ml), and streptomycin (100 wg/ml) in a humidified atmo-
sphere containing 5% CO,, while GH3 cells were grown in the
same medium supplemented with non-essential amino acid
(Sigma). Cells were seeded onto glass coverslips (24-mm diam-
eter); for GH3 cells, coverslips were pretreated with poly-L-
lysine (50 ug/ml). Transfections were performed at 60% con-
fluence using TransIT®-LT1 transfection reagent (Mirus,
Bologna, Italy) with 1 ug of DNA. Fluorescence experiments
were performed 48 h after transfection.

Cell Loading with Fura-2, BCECF, or BAPTA—To monitor
cytosolic [Ca*>*] or pH, cells seeded on coverslips were incubated
with 1 uM fura-2/AM or 2 um BCECF/AM in an extracellular-like
solution for 30 min at 37 °C, washed, and then incubated for 30
min at room temperature. In the experiments aimed at reducing
cytosolic and organelle [Ca®"] to the lowest possible level, cells
were loaded contemporaneously with 1 um fura-2/AM and 10 um
BAPTA/AM using the protocol described above in a medium
without CaCl, and supplemented with 500 um EGTA.

2 The abbreviations used are: GFP, green fluorescent protein; TRH, thyrotropin-
releasing hormone; BCECF, 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein; BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid.
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Cell Imaging—Cells expressing (or loaded with) the fluores-
cent probes were analyzed using an inverted fluorescence
microscope (Zeiss Axioplan) with an immersion oil objective
(X63, N.A. 1.40, for fluorescent probes and X40, N.A. 1.3, for
fura-2 and BCECEF). Excitation light was produced by a mono-
chromator (Polychrome II; TILL Photonics, Martinsried, Ger-
many): 400 and 480 nm for pHluorin; 340 and 380 nm for
fura-2; 495 and 440 nm for BCECF. The two excitation wave-
lengths were rapidly alternated and the emitted light deflected
by dichroic mirrors (HQ 520 LP for pHluorin and BCECF and
455DRPL for fura-2) was collected through emission filters
(HQ 520 LP for pHluorin and BCECF and 480 ELFP for fura-2).
For the D3-derived probe, the excitation light was 425 nm. The
emitted light was collected through a beamsplitter (OES s.r.L,
Padua, Italy) (emission filters HQ 480/40M for cyan fluorescent
protein and HQ 535/30 M for yellow fluorescent protein) and a
dichroic mirror (515 DCXR). Filters and dichroic mirrors were
purchased from Omega Optical and Chroma. Images were
acquired using a cooled CCD camera (Imago; TILL Photonics)
attached to a 12-bit frame grabber. Synchronization of the
monochromator and CCD camera was performed through a
control unit run by TILLvisION v.4.0 (TILL Photonics); this
software was also used for image analysis. For time course
experiments, the fluorescence intensity was determined over
regions of interests covering small groups of peroxisomes or
cytosolic regions (devoid of identifiable structures). Exposure
time and frequency of image capture varied from 30 to 500 ms
and from 5 to 0.2 Hz, respectively. Cells were mounted into an
open-topped chamber thermostated at 37 °C and maintained in
an extracellular medium containing (in mm): 135 NaCl, 5 KCl, 1
MgSO,, 0.4 KH,PO,, 10 glucose, 20 Hepes, pH 7.4, at 37 °C.
Plasma membrane permeabilization was performed by treating
cells for 1 min with 100 um digitonin in an intracellular-like
medium containing (in mm): 130 potassium-gluconate, 10
NacCl, 1 KH,PO,, 1 MgSO,, 20 Hepes, pH 7.0, at 37 °C and 500
uM EGTA. Experiments with permeabilized cells were per-
formed in the same medium; where indicated, the latter was
supplemented with a buffer containing (in mm): 2 EGTA, 1
H-EDTA, 1 MgCl,, and variable CaCl, concentration.

Immunocytochemistry—Cells were fixed in phosphate-buff-
ered saline containing 4% paraformaldehyde for 20 min, perme-
abilized with 0.1% Triton X-100 in phosphate-buffered saline
containing 0.5% bovine serum albumin and 0.15% glycine
(PBG) for 20 min, and blocked with 5% non-immune goat
serum in PBG for 30 min. Rabbit anti-catalase (Rockland
Immunochemicals, Gilbertsville, PA) or rabbit anti-PMP70
(Sigma) antibodies were added for 1 h at 37 °C. Samples were
washed three times in PBG and then treated with Alexa Fluor
568 goat anti-rabbit IgG (Invitrogen) for 1 h at room tempera-
ture. Samples were washed three times in PBG and three times
in phosphate-buffered saline, mounted with Mowiol (Sigma),
and analyzed with a Leica TCS SP5 confocal microscope using
an immersion oil objective (X63, N.A. 1.40). Image acquisition
was performed by sequential scanning with excitation wave-
lengths of 488 nm for D3cpv-(KVK)-SKL and 543 nm for Alexa
Fluor 568. Emission wavelengths were collected in the 495 to
535-nm (D3cpv-(KVK)-SKL) and 580 to 630-nm (Alexa Fluor
568) ranges. Correction of the bleed-through from the green
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FIGURE 1. Subcellular distribution of transiently expressed D3cpv-SKL in
Hela cells. D3cpv, a new generation member of the Cameleon, fluorescence
resonance energy transfer-based Ca®* sensor family, carrying new mutations
(*) in the Calmodulin (CaM) and M13 sequences (5), was modified by insertion
at the C terminus of the peroxisome targeting signal SKL (upper panel). Hela
cells transiently expressing the new protein (A) or the original cytosolic probe
(B) showed no difference in their subcellular distribution. Upon plasma mem-
brane permeabilization with 100 um digitonin (which results in complete
release of the cytosolic probe), punctate structures scattered throughout the
cytoplasm, later verified to be peroxisomes (see “Results” for details), became
visible (C).

fluorescence into the Alexa Fluor 568 channel and merging of
the emitted fluorescence were carried out using the Acousto
Optical Beam Splitter technique and the software provided by
the manufacturer of the confocal microscope.

Materials—Cyclo piazonic acid, digitonin, carbonyl cyanide-4-
(trifluoromethoxy)-phenylhydrazone, histamine, monensin, and
thyrotropin-releasing hormone (TRH) were purchased from Sig-
ma-Aldrich, ionomycin from Calbiochem, and fura-2/AM,
BCECF/AM, and BAPTA/AM from Molecular Probes. All other
materials were analytical or highest available grade.

Statistical Analysis—All the data are representative of at least
five different experiments. Values are expressed as mean * S.E.

RESULTS

Peroxisome Targeting of the GFP-based Ca”" Indicator—Fig.
1, top, shows the schematic structure of D3cpv, modified by the
insertion at the C-terminal of the canonical peroxisomal target-
ing signal, the tripeptide Ser-Lys-Leu (SKL) (6). Although this
sequence is known to be efficacious in targeting several recom-
binant proteins to peroxisomes, the D3cpv-SKL subcellular dis-
tribution (Fig. 1A) in HeLa cells transiently expressing the con-
struct was indistinguishable from that of cytosolic D3cpv (Fig.
1B). Treatment of cells with digitonin, although releasing all
cytosolic D3cpv (not shown), revealed that a fraction of the
D3cpv-SKL was trapped in numerous small structures scat-
tered throughout the cytoplasm (Fig. 1C). The D3cpv-SKL-pos-
itive spots coincide with peroxisomes, as revealed by their pos-
itivity after immunostaining with antibodies for markers of
these organelles, catalase (Fig. 2B) or the peroxisomal mem-
brane protein 70 (Fig. 2E). The missorting of D3cpv-SKL was
observed in all other cell types investigated, GH3, Chinese ham-
ster ovary, and SH-SY5Y. The cytoplasmic staining was not due
to protein overexpression and saturation of the peroxisome
protein import mechanism, because the same results were
obtained when transfection was carried out with only 1/5 of
the cDNA or if the cells were observed 48, 72, or 96 h after
transfection (not shown).
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FIGURE 2. D3cpv-SKL co-localizes after cell membrane permeabilization
with the peroxisome protein markers, catalase and PMP70. Hela cells
transiently expressing D3cpv-SKL were permeabilized with digitonin (A and
D). Cells were then fixed and treated with an antibody against a peroxisome
marker, catalase (B) or PMP70 (E) and then with a secondary antibody conju-
gated to Alexa 568. Co-localization of the two signals is shown in Cand F. Scale
bar, 10 um.

To improve the peroxisome localization, a novel construct
was made where the C-terminal SKL was preceded by a three-
amino acid positively charged sequence, Lys-Val-Lys (KVK).
This sequence was designed to fit the requirement for improved
peroxisomal targeting described by Neuberger et al. (7, 8) (Fig.
3A). The majority of cells transfected with D3cpv-KVK-SKL
were characterized by the presence only of punctate fluores-
cence, with a negligible signal in the cytosol. A small percentage
of cells (5-30%) still revealed cytosol missorted probe. Such
increase in targeting efficiency was observed also in Chinese
hamster ovary, SH-SY5Y (not shown), and GH3 cells (Fig. 3D).
Immunostaining with anti-PMP70 antibody revealed that all
the D3cpv-KVK-SKL-positive vesicles of HeLa and GH3 cells
are also positive for the bona fide peroxisome marker (Fig. 3, C
and F).

The experiment presented in Fig. 3G was aimed at determin-
ing whether the Ca®>" probe was trapped within the peroxisome
lumen or whether it was bound to the cytosolic surface of per-
oxisomes. The plasma membrane of HeLa cells was permeabi-
lized with digitonin, and the cells were then treated with Pro-
teinase K. The protease did not affect the D3cpv-KVK-SKL
fluorescent signal, whereas, on the contrary, in cells expressing
a GFP construct localized on the cytosolic surface of the outer
mitochondrial membrane, TOM20-GFP (9), the enzyme abol-
ished the fluorescence in a few seconds. Similar results were
obtained in GH3 cells (not shown).

Ca®" Handling by Peroxisomes in Intact Cells—We used as a
first model system GH3 cells because these cells are endowed
with (i) abundant plasma membrane voltage-gated Ca>* chan-
nels and (ii) endogenous receptors (TRH receptors) coupled to
inositol 1,4,5-trisphosphate production and Ca®>* mobilization
from stores (10). Fig. 44 shows the typical response pattern of
the D3cpv-KVK-SKL fluorescence signal of three GH3 cells to
depolarization with 30 mm KCL In two cells, the fluorescence
was exclusively in peroxisomes, whereas in the third cell fluo-
rescence was diffuse throughout the whole cytosol. Cell depo-
larization caused an increase in the fluorescence emitted at 540

14386 JOURNAL OF BIOLOGICAL CHEMISTRY

G — Tom 20-GFP
D3cpv-KVK-SKL (YFP)

3 i «e== D3cpv-KVK-SKL (CFP)
5- ————
< 29
bt
= —
2
z
S 1
=
E I L‘
n_
30s

FIGURE 3. Subcellular localization of transiently expressed D3cpv-KVK-
SKL in HeLa and GH3 cells. Confocal images of HelLa (A) or GH3 cells (D)
transiently expressing D3cpv-KVK-SKL. In B and E, the immunolocalization of
the peroxisome membrane protein PMP70 is presented. In Cand F, the colo-
calization of the two signals is coded as yellow. For details, see “Materials and
Methods.” Scale bar, 10 wm. G, HeLa cells transiently expressing either D3cpv-
KVK-SKL or TOM20-GFP, a fluorescent protein linked to the outer mitochon-
drial membrane and facing the cytosol, were permeabilized with digitonin in
an intracellular-like medium and treated with proteinase K (see “Materials
and Methods”). GFP fluorescence (continuous trace), yellow fluorescent pro-
tein fluorescence (YFP) (dotted trace), and cyan fluorescent protein fluores-
cence (CFP) (dashed trace) are presented (AU, arbitrary units). The arrow indi-
cates Proteinase K addition. Similar experiments were carried out in GH3 cells
with identical results.

nm and a decrease of the signal at 480 nm (not shown) and thus
an increase in the 540/480-nm fluorescence emission ratio
(here presented as AR/R,), which is proportional to [Ca**] (Fig.
4A). The kinetics of the AR/R,, changes were, however, different
in the cells where the probe was localized in the peroxisomes
and in the cell with the mistargeted indicator. The cytosolic
AR/R, (continuous line) reached the peak in 1-2 s and then
started to decrease slowly; the peroxisome signal, on the con-
trary, reached the peak in 10—15 s and then started to decline.
Addition of EGTA accelerated the drop to basal level of both
the cytosolic and peroxisomal signals, the effect on the cytosol
being more evident. In Fig. 4B, the fluorescence emission ratio
(excitation 340/380 nm) of a parallel batch of cells loaded with
the Ca>" indicator fura-2 is presented. The kinetics of the
fura-2 signal were similar to that of cells expressing the mis-
sorted D3cpv-KVK-SKL probe (Fig. 44). Similar data were
obtained with cells expressing the original cytosolic D3cpv (not
shown). In the experiment presented in Fig. 4C the peak levels
reached by [Ca®"] , expressed as percentage of the maximal
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FIGURE 4. Peroxisome Ca>* increases in GH3 cells. Kinetics of the fluores-
cence changes of typical GH3 cells transiently expressing (i) D3cpv-KVK-SKL,
selectively within peroxisomes (A, two cells, dashed and dotted traces), (i)
mistargeted to the cytosol (A, continuous trace), or (iii) loaded with fura-2 (B).
Where indicated, 30 mm KCland 2 mm EGTA were added in a Ca®"-containing
medium. When 30 mm NaCl was added instead of KCl, no effect on either
cytosolic or peroxisomal [Ca®*] was recorded. Data are plotted as AR/R,,
where R, is the fluorescence emission ratio (R 540/480 nm) at time 0 and AR is
the increase in fluorescence emission ratio at any point. For fura-2 measure-
ments, the ratio of the light intensity emitted at 505 nm upon dye excitation
at the two wavelengths (R 340/380) is a function of the cytosolic [Ca®*]and is
displayed on the left side of the panelin this and the following figures. D, mean
rises in the R 340/380-nm fluorescence excitation ratio of the fura-2 signal as
a function of KCI concentration. The mean rises in peroxisome Ca?* level (C),
expressed as percentage of the 540/480 maximal AR/R,, show a similar trend.
Mean of 15 (C) or 19 (D) experiments * S.E. For details, see “Materials and
Methods.”

AR/R,, are plotted as a function of KCl concentration. For com-
parison, in Fig. 4D the 340/380 nm emission ratio of cells loaded
with fura-2 is also shown. It is clear that the peak rise in perox-
isomal and fura-2 signals showed a similar dependence on
[KCI]. Confirming that the [Ca2+]P increase depends on the
cytosolic [Ca®>*] rise, when KCl was added in a medium devoid
of Ca>" no increase in peroxisome and cytosolic [Ca®>"] was
observed (not shown).

The question then arises as to the behavior of peroxisomes, in
terms of Ca®" response, to agents that cause Ca®>" mobilization
from intracellular stores, either elicited by TRH or by the Ca®"
ionophore ionomycin, both added in the absence of extracellu-
lar Ca®". The two agents caused neither a drop nor a rise in
[Ca”]p (under conditions that elicited significant transient
Ca®" rises, as measured with fura-2; compare Fig. 5, A and C,
with Fig. 5, B and D, dotted traces). When TRH or ionomycin
was added after a previous pulse of KCI (to overload Ca**
stores), the percentage of peroxisomal Ca®" increases in
response to TRH and ionomycin increased significantly (20 and
53% of cells, respectively; not shown). The problem of the per-
oxisomal behavior in response to Ca>" -mobilizing stimuli was
then further addressed in HeLa cells treated with histamine or
ionomycin (Fig. 5). In all cells investigated, histamine induced a
cytosolic [Ca®"] rise, as measured with fura-2 (Fig. 5B, contin-
uous trace), whereas in 68% of cells the peroxisome signal also
increased significantly (Fig. 5A, continuous trace). In HeLa cells,
addition of ionomycin in Ca*>*-free medium (which resulted in
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FIGURE 5. Ca2™" release from stores causes a peroxisomal Ca®" rise in
Hela, but notin GH3, cells. Kinetics of the fluorescence changes of a typical
HelLa cell (continuous trace) or GH3 cell (dotted trace) transiently expressing
D3cpv-KVK-SKL in peroxisomes (A and C) or loaded with fura-2 (B and D).
Where indicated, ionomycin (100 nm), the inositol 1,4,5-trisphosphate-gener-
ating agonist histamine (100 um), for HeLa cells, or TRH (1 um) for GH3 cells
was added in a Ca?"-free medium. For details, see “Materials and Methods.”

a large cytosolic [Ca®"] increase in all cells tested; Fig. 5D, con-
tinuous trace) always resulted in a rise of [Ca**] o (Fig. 5C, con-
tinuous trace).

Mechanism of Ca’" Transport in Peroxisomes—The Ca*"
rise within peroxisomes induced by KCl-dependent depolariza-
tion in GH3 cells was indistinguishable in the presence or
absence of mitochondrial uncouplers or of sarcoendoplasmic
reticulum Ca®* ATPase inhibitors (not shown). Given that no
reliable inhibitor of the Golgi-type pump is available, to verify
the involvement of ATP-dependent uptake mechanisms we
investigated the effects of ATP on the rate and extent of [Ca”]P
rise in digitonin-permeabilized cells exposed to a medium with
500 nm Ca*". Asshown in Fig. 64, Ca>" uptake was similar with
(continuous trace) and without (dotted trace) an energy source.
Notably, when an excess EGTA was added (to rapidly decrease
medium [Ca*>"]), the peroxisome [Ca*"] decreased with rela-
tively slow kinetics (Fig. 6B) To test whether peroxisomal Ca*>"
influx depends on the presence of a classical Ca>* channel,
digitonin-permeabilized cells were treated with 10 um La®™", a
nonspecific inhibitor of several Ca>* channels. The increase in
[Ca®"], upon increase in medium [Ca® "] to 500 nm or 5 um was
unaffected by La®>" (not shown).

We then investigated whether peroxisomal Ca®" uptake may
depend on a Na*(H")/Ca®" antiport. Intact GH3 cells were
pretreated with either NH,Cl (Fig. 6C, dotted trace), an agent
that causes an alkalinization of organelle pH, or monensin
(dashed trace), a H"/Na* exchange ionophore, which should
collapse any gradient of either Na™ or H™ across the peroxiso-
mal membrane, if they exist. Neither NH,Cl nor monensin had
any appreciable effect on the [Ca® ], increase caused by 30 mm
KCI. Similar results were obtained in HeLa cells stimulated with
either histamine or ionomycin (not shown).
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FIGURE 6. Effects of ATP, H*, or Na™ gradients on peroxisomal Ca>*
uptake in GH3 cells and homogeneous responses of peroxisomes within
acelltoacytosolic Ca™ rise. A, GH3 cells transiently expressing D3cpv-KVK-
SKL were permeabilized with digitonin in an intracellular-like medium,
described under “Materials and Methods,” with (continuous trace) or without
(dotted trace) 200 um ATP and 2 mm succinate. After digitonin washout, the
cells were superfused with medium whose [Ca®"] was buffered at 500 nm.
B, the same conditions as A where indicated 150 um Ca®" and 250 um EGTA
were added. C, intact GH3 cells expressing D3cpv-KVK-SKL selectively in per-
oxisomes were treated with 10 mm NH,Cl (dotted trace) or 5 um monensin
(dashed trace) 30 s before inducing depolarization with 30 mm KClI. D, kinetic
changes of AR/R, of four different groups of peroxisomes within the same
GH3 cell are presented. Cell was stimulated with 30 mm KClin a Ca"-contain-
ing medium.

To verify whether there are heterogeneities among the
organelles, the [Ca®"] rise in different groups of peroxisomes
was next investigated. As shown in Fig. 6D, the response to a
30-mm KCl challenge of different groups of organelles within
the same GH3 cell was found to be very similar. Identical results
were obtained in HeLa cells using either ionomycin or hista-
mine as the stimulus (not shown).

Finally, the peroxisome lumenal pH was directly monitored
using the targeted pH indicator pHluorin (see “Materials and
Methods” and Ref. 11). Cytosolic pH was measured in parallel
with BCECEF (12). Fig. 7 shows that the weak acid acetate caused
areduction of both cytoplasmic (Fig. 7A) and peroxisomal (Fig.
7B) pH, whereas NH,Cl caused an alkalinization of both com-
partments. Monensin also caused an increase of pH both in the
cytosol (Fig. 7C, continuos trace) and in peroxisomes (Fig. 7D,
dotted trace). When the cells were incubated in a medium
where NaCl was iso-osmotically substituted with KCI (to abol-
ish the Na* gradient across the plasma membrane and in the
absence of Ca>" to block Ca*>* influx) and the extracellular pH
was dropped to 7.0 (to reduce the pH gradient), monensin
hardly modified cytosolic pH (Fig. 7C, dashed point trace) and
in parallel failed to cause any significant change in peroxisomal
pH (Fig. 7D, dashed trace).

Calibration of the Peroxisomal [Ca’" ]—To determine the
absolute values of [Ca®"], the in situ K, for Ca®>" of D3cpv-
KVK-SKL was determined using the passive Ca®>" loading pro-
cedure previously described (13). Transfected cells were per-
meabilized with digitonin in an intracellular-like medium, but
devoid of ATP or any mitochondrial oxidizable substrate, and
variable concentration of Ca®>" (see “Materials and Methods”).
The percentage of the normalized 540/480-nm fluorescence
emission ratio changes at steady state were then plotted as a
function of medium [Ca®*] (Fig. 8). The apparent K, for Ca>™",
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FIGURE 7. Measurement of peroxisome luminal pH. GH3 cells loaded with
the cytosolic pH indicator BCECF (A and C) or transiently expressing the per-
oxisomal pH probe pHluorin (B and D) were challenged where indicated with
NaCH,CO, (NaAc, 30 mm), NH,Cl (30 mm), or monensin (5 um) in a Ca®"-con-
taining medium. For C and D (dashed-dot and dashed traces), the pH of the
extracellular medium was decreased to 7.0, NaCl was iso-osmotically substi-
tuted with KCl, CaCl, was omitted, and 100 um EGTA was added instead. For
further details, see “Materials and Methods.”
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FIGURE 8. In situ calibration of D3cpv-KVK-SKL fluorescence as a function
of [Ca%*]. GH3 cells transiently expressing D3cpv-KVK-SKL were permeabi-
lized with digitonin in an intracellular-like medium supplemented with 100
um EGTA and devoid of ATP and succinate. The value of 540/480 nm fluores-
cence emission ratio under these conditions was assumed to represent R, ;...
The cells were then superfused with medium whose [Ca?*] was buffered
(with EGTA) at different levels up to a concentration of 3 um Ca®™". The values
of [Ca®"] above 3 um were obtained by simply adding CaCl, at the indicated
concentrations to medium without EGTA. R,,,, was determined by addition
of 5 mm CaCl,. As described in the supplemental material, the values of R at
the different Ca®* concentration of independent experiments were normal-
ized based on the observation that the R,,,../Rin ratio is constant in different
cells. The normalized R values (mean = S.E.) were then plotted as a function of
the [Ca®*] (n = 37).

as calculated in situ, 1.0 uMm, is not much different from that
calculated in vitro with recombinant D3cpv, 0.6 uMm (5). A
detailed description of the protocol employed to calculate the
[Ca®"] within peroxisomes is presented in supplemental data.
A summary of the absolute values of [Ca2+]p (as measured with
D3cpv-KVK-SKL), compared with the cytosolic Ca®>* values (as
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TABLE 1
[Ca®*]in cytosol and peroxisome lumen upon addition of different
stimuli

Conditions as in Figs. 5 and 6. Mean of 61 (fura-2) and 38 (D3cpv-KVK-SKL) exper-
iments = S.E.

. Cell 24 Ca**
Stimulus type Ca®" fura-2  S.E. D3cpv-KVK-SKL S.E.
M UM UM M
KCl (10 mm) GH3 1.79 0.47 0.52 0.08
KCl (20 mMm)  GH3 2.01 0.41 0.64 0.10
KClI (30 mm)  GH3 3.34 0.84 1.32 0.25
histamine HeLa 1.31 0.13 0.72 0.11
(100 um)
Ionomycin HeLa 1.33 0.59 0.76 0.11
(100 nm)

measured in parallel by fura-2), is presented in Table 1. The
[Ca®"], at rest, both in HeLa and GH3 cells, is ~150 n, i.e. not
significantly different from that measured with fura-2 (150 and
190 nm for GH3 and HelLa cells, respectively). The mean
[Ca”]P peak of GH3 cells (upon stimulation with 30 mm KCl),
1.32 * 0.25 uMm, compares to 3.34 = 0.84 uM measured with
fura-2. The averaged [Ca®"] peaks in HeLa cells stimulated
with histamine or ionomycin (both added in Ca®"-free
medium) are 0.72 = 0.11 and 0.76 = 0.11 um compared with
cytosolic peaks of 1.31 = 0.13 and 1.33 = 0.59 um, respectively.

DISCUSSION

The most common peroxisome-targeting mechanism
involves the C terminus tripeptide SKL (6). When this sequence
was added to the GFP-based Ca®" indicators D1- and D3cpv (5)
most of the transfected protein mislocalized to the cytosol.
Inclusion of a longer targeting sequence (KVK-SKL), however,
resulted in more satisfactory peroxisome localization. The
expressed protein is clearly trapped in the lumen of the organelles,
as demonstrated by its resistance to proteolytic cleavage and by the
slower kinetics of the fluorescence signal changes in response to a
sudden change in extraperoxisomal [Ca®"].

When cytosolic [Ca®>*] was increased in GH3 cells by depo-
larizing the plasma membrane with high KCI, the [Ca® "] also
raised, although with slower kinetics. The amplitude of the
[Ca”]P increase paralleled that of the cytosol. In quantitative
terms, the maximum rises of [CaH]p after depolarization were
lower than those calculated with the classical cytosolic indica-
tor fura-2. Considering the inherent assumptions involved in
the calibration procedures of the two probes, it can be safely
concluded that [Ca“]p tends to equilibrate with the cytosolic
[Ca*"] and no driving force (ATP and/or Na* (H™") gradients)
leads to Ca®" influx into peroxisomes. In support of this con-
clusion, the luminal pH of peroxisomes is practically indistin-
guishable from that of the cytoplasm, and monensin never
caused an acidification of peroxisomal lumen, demonstrating
that [Na™] of peroxisomes is similar to that of cytoplasm. Our
conclusion concerning the lack of any significant gradient of
H™ across the peroxisomal membrane concurs with Jankowski
et al. (11), whereas other groups have reported that the intrap-
eroxisome pH is slightly alkaline in mammalian cells (14) or in
yeasts slightly acidic (15) or alkaline (16, 17).

A permeability barrier to Ca®>" diffusion across the peroxi-
some membrane, however, does exist as demonstrated by these
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results: (i) the rate of peroxisome Ca®" rise in intact cells
treated with KCl is substantially slower than in the cytosol, and
(ii) in permeabilized cells, sudden changes in medium [Ca*"]
require several seconds to equilibrate with the organelle lumen.
Surprisingly, whereas increases in cytosolic [Ca>"] elicited in
GH3 cells by Ca*>* influx though voltage-gated Ca®>" channels
were followed by [Ca®"], rises, Ca>" mobilization from inter-
nal stores, as induced by stimulation of TRH receptors, almost
never resulted in a significant increase in [Ca2+]P. Even unspe-
cific Ca®>" mobilization from stores, as promoted by ionomycin
added in Ca®" -free medium, was unable to induce Ca®>* uptake
into peroxisomes of GH3 cells. The possibility was thus consid-
ered that the poor response of the peroxisomes to Ca>" mobi-
lization in GH3 cells reflects (i) the existence of a mechanism
that prevents Ca®>* uptake in peroxisomes in response to Ca®"
mobilization from stores or (ii) a combination of the small and
transient nature of the cytosolic Ca®" rise in response to TRH
(and ionomycin) in GH3 cells and of the slow Ca®" uptake rate
by peroxisomes. In other words, the small and transient rise in
cytosolic [Ca®"] (as that elicited in GH3 cells by TRH or iono-
mycin) can be hardly coped with by the relatively slow Ca*"
uptake system of peroxisomes. The cytoplasmic [Ca®*] rise in
response to depolarization, instead, does reach the peak in 2-3
s, but it is followed by a prolonged plateau level that lasts several
tens of seconds. In support of the latter explanation, the very
rapid Ca®" increases due to spontaneous action potential firing
(and Ca®" influx through voltage-gated Ca®>" channels) often
observed in GH3 cells (18) were never followed by significant
increases in [Ca®"] ..

To distinguish between these possibilities, we used a differ-
ent cell type, HeLa, where Ca®" mobilization from stores in
response to an inositol 1,4,5-trisphosphate-generating agonist,
such as histamine, results in larger and relatively more pro-
longed Ca®" transients compared with GH3 cells (peak values
measured with fura-2 of 1.31 uM and 270 nm, back to basal
levels in 120 and 50 s, in HeLa and GH3 cells, respectively).
Indeed, we found that in HeLa cells the percentage of peroxi-
some responses to histamine application was much higher than
that observed in GH3 cells in response to TRH (68 versus 1%,
respectively) and the percentage of [Ca”]P increases in
response to ionomycin was close to 100% in HeLa cells com-
pared with <5% in GH3 cells. Thus, it may be concluded that,
due to the intrinsic sluggish response to a cytosolic Ca®" rise,
peroxisomes are relatively insensitive to rapid transients of
cytosolic [Ca® "] but significantly increase their Ca®* level only
in response to prolonged cellular Ca®>* increases. We cannot
exclude, however, that peroxisomes of HeLa cells are more effi-
cient than those of GH3 cells at taking up Ca*>*. However, when
in GH3 cells TRH- or ionomycin-induced cytosolic Ca>"
increases are larger and more prolonged (as occurs when they
are applied after KCl), the percentage of peroxisomal responses
increases drastically (from 1 to 21% for TRH and from 5 to 53%
with ionomycin), suggesting that the first explanation is most
likely.

The final question concerns the heterogeneity of peroxiso-
mal Ca®" responses. When groups of organelles in the same cell
were compared, no significant difference, either in kinetics or in
amplitude of the Ca®>* responses, was ever observed. It cannot
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be excluded, however, that single organelles localized in the
proximity of Ca>" channels of either the plasma membrane or
the endoplasmic reticulum may experience larger local Ca®>"
rises and, accordingly, undergo larger Ca®>" increases.

In conclusion, we have developed novel GFP-based Ca*"
indicators that can efficiently target to the peroxisomal lumen.
These allow, for the first time to our knowledge, the measure-
ment of this parameter in intact living cells. Taken together, the
present data demonstrate that peroxisomes participate in the
Ca®" signaling pathway but their behavior is unlike that of any
other organelle. In particular, peroxisomes do not act as Ca>"
stores from which Ca®>* can be mobilized upon stimulation, as
the endoplasmic reticulum, the Golgi apparatus or, in some
cells, acidic compartments (19). The Ca®>" response of peroxi-
somes to a rise in cytosolic [Ca®>*] is also markedly different
from that of mitochondria, in as much as their luminal Ca*"
does not increase as massively as that of the latter organelles.
The organelle that most resembles peroxisomes in terms of
Ca®" response is the nucleus, although in the latter the kinetics
of Ca*>* equilibration with the cytosol are 10-100-fold faster.
Thus, because of this relatively slow Ca®" influx, very rapid and
transient increases in cytosolic Ca®>" may not lead to apprecia-
ble changes in [Ca”]p, whereas more sustained increases will
always lead to an increase in [Ca“]p. It remains to be estab-
lished whether and which reactions within the peroxisomes are
affected by Ca*™".

The amount of Ca®>* that is sequestered by peroxisomes will
depend on (i) their number and volume (which may vary among
different cells and in response to specific stimuli, e.g. peroxi-
some proliferator-activated receptor vy gene activation) and (ii)
the endogenous Ca®* buffering capacity of the organelles,
which is presently unknown. In addition to a potential role as a
cytosolic Ca®" buffer, the increases in [Ca®"], may be relevant
for the organelle’s own functions. Thus far, potential candidates
are the peroxisomal Ca®"-dependent members of the mito-
chondrial carrier superfamily that contains four EF-hand Ca®>”"
binding domains (20) or a Ca®"/calmodulin-regulated catalase
isoform found in plant peroxisomes (21). The search for Ca®*-
modulated peroxisomal proteins may now be launched on a
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firmer ground, given the direct demonstration of the participa-
tion of these organelles in cellular Ca>* handling.
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SUPPLEMENTAL DATA

Calibration of the 540/480 nm fluorescence ratio in terms of absolute peroxisome [Ca’ ]-
Determination of the Ky for Ca®" of peroxisome-targeted D3cpv-KVK-SKL was carried out
essentially as described previously by passive Ca®" loading in digitonin-permeabilized cells
(1). We found that the 540/480 nm fluorescence ratio in the peroxisome lumen was variable
among different cells (both in intact resting cells and after permeabilization in medium with
[Ca2+] < 1 nM). As shown in Fig. S1, the 540/480 nm fluorescence emission ratio (both in
resting cells and after permeabilization with digitonin in low-Ca®" medium) increased as the
absolute level of fluorescence increased. In particular, the fluorescence emission at 540 nm
increased more than that at 480 nm, suggesting the existence of Ca**-independent FRET. The
simplest explanation for this finding is that the higher the concentration of the probe, the
higher the probability that two indicator molecules interact within peroxisomes and give rise
to a Ca’’-independent FRET. However, the ratio between the maximal 540/480 nm
fluorescence ratio, Ry, (obtained by adding 5 mM CaCl,) and Ry, (at <I nM Ca2+) was
constant, 1.41 + 0.03, thus allowing the normalization of values for different cells. The
calibration was thus carried out by exposing the permeabilized cells to media whose [Ca”']
was buffered at different levels until the ratio signal stabilized at a new level. The percentages
of the normalized 540/480 fluorescence emission ratio changes were then plotted against the
[Ca®*] to obtain the calibration curve shown in F ig. 8.

In order to determine the [Ca®"] within peroxisomes of intact cells, the minimal and
maximal 540/480 nm fluorescence emission ratio, Ry, and Ry.x, were also calculated in
living cells. In intact cells, the Ry, was determined by incubating the cells in a Ca*'-free
medium (+ EGTA) and loaded with BAPTA/AM, a condition that is known to cause a
reduction of both cytosolic and organelle [Ca®"] to below 5 nM (2). The value of Ry thus
obtained was indistinguishable from that obtained after permeabilization in medium with
[Ca2+] <InM. The R;,,x was obtained by adding M5 ionomycin and 10 mM CacCl, and was
not different from that obtained in permeabilized cells exposed to 5 mM CaCl..

The absolute value of the 540/480 nm fluorescence emission ratio of D3cpv
(cytosolic) was lower than the 540/480 nm fluorescence ratio of the same probe in
peroxisomes (or when missorted in the cytosol). This is most likely due to the Ca®'-
independent FRET described above and not to a difference in the resting value of [Ca®]

between the two compartments, because: i) in cells loaded with BAPTA in Ca*’-free medium
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(+EGTA), the difference of the 540/480 nm fluorescence emission ratio between peroxisomes
and cytosol was maintained; i1) as mentioned above, the 540/480 nm fluorescence emission
ratio at rest was similar whether measured in intact cells or after plasma membrane
permeabilization with digitonin, in a medium devoid of any energy source and with a [Ca®']
below 10° M

Calibration of the fura-2 signal in terms of [Ca’"] was carried out essentially as

described for D3cpv-KVK-SKL, assuming a K4 for Ca®>" of 224 nM.
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Fig. S1. Ca™* independent FRET. The intensities of the fluorescence emission of YFP (A) or CFP (B)
(arbitrary units, AU) upon 425 nm excitation in different HeLa cells were plotted as a function of the

corresponding 540/480 fluorescence emission ratio (N= 20).
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5.2 Supplemental discussion

Recent findings have rule out the established idea that peroxisomal membrane is freely
permeable to small metabolites and ions (Introduction, § 1.4). Moreover, several studies have
demonstrated that peroxisomes are not only the “biochemical station” of the cell, but they can
also take part in different signalling pathways and are strictly related to other subcellular
compartments like ER or mitochondria (Camoes et al., 2008). Surprisingly, up to few months
ago, there was no information available about a possible role of peroxisomes in cellular Ca*"
handling. More surprising was the publication at few days of distance of two papers
concerning the same issue that was addressed by the use of two different genetically encoded
Ca”" probes. Lasorsa and colleagues took advantage of the chemiluminescent protein aequorin
by targeting it into peroxisomal lumen thanks to the classical PTS SKL (Lasorsa et al., 2008).
They found that upon cellular stimulation with an IP3-coupled agonist peroxisomes can reach
Ca®" peaks up to 50-100 puM, with a fast kinetic very similar to mitochondrial one.
Peroxisomal Ca>" peaks and kinetic registered by peroxisomal aequorin are very different if
compared to those registered with the peroxisomal camelon D3cpv-KVK-SKL, and so was
the pharmacological sensitivity of this phenomenon. Peroxisomal Ca*" entry seems in this
case to be driven both by a H" and a Na" gradient, since treatments with agents that dissipate
them (notably, FCCP and monensin) cause its inhibition. Measurement with peroxisomal
aequorin revealed also the existence of a luminal Ca*" gradient in resting condition. [Ca®']
within peroxisomal matrix is 20-fold higher than that measured in the cytosol, and the
mechanism that allows this accumulation seems to be a V-type ATP-ase, since it is inhibited
by bafilomycin.

These results are in contrast with those reported by D3cpv-KVK-SKL and a simple
explanation for these differences is difficult to find. Firstly, we excluded a cell-specific
peroxisomal Ca>" dynamic: experiments performed with D3¢cpv-KVK-SKL in CHO cells, that
with HeLa cells constitute the experimental model choosen by Lasorsa et al., revealed no
difference if compared to what already reported in other cell types with this probe, that is, a
slow equilibration of peroxisomal lumen with cytosolic Ca®" upon cellular stimulation (data
not shown). Secondly, even if we have already performed an in situ calibration of D3cpv-
KVK-SKL demonstrating that the probe is not saturated, we performed the same experiments
and in situ calibration in D1cpv-KVK-SKL expressing cells. This probe has two Kgs for Ca*",
one of high Ca*" affinity and a second one of lower affinity (1 and 60 puM, respectively), thus

allowing the measurement of [Ca’] in a broader range of [Ca’"] if compared to D3cpv. The
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results obtained with this second probe confirmed what already seen in D3cpv-KVK-SKL
expressing cells, i.e. that peroxisome [Ca*"] is in equilibrium, at rest and during stimulation,
with cytosolic [Ca®'] (data not shown). The only explanation for the differences between our
findings and those reported by Lasorsa et al. seems to be the existence of functionally
different subpopulations of peroxisomes. This hypothesis is supported both from early
observations and recent findings. The existence of subpopulations of peroxisomes that differ
in their enzymatic content is established (Volkl et al., 1999). Moreover, Neuspiel et al. have
recently demonstrated the existence of mitochondria-derived vesicles that detach from
mitochondria and fuse with a subpopulation of peroxisomes, thus highlighting the
heterogeneity of this organelle (Neuspiel et al., 2008). It is thus likely that peroxisomal
cameleon and aequorin are preferentially targeted or at least their signal is dominated by one

of these subpopulations.
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PART II

Ca’" homeostasis in plant peroxisomes
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INTRODUCTION

6.1 Ca* signalling in plants

Ca®" exerts a dual role in plants, since it constitutes a plant nutrient but it also covers
structural roles in the cell wall and membrane, functions as counter-cation for inorganic and organic
anions in the vacuole, and, last but not least, functions as intracellular messenger (White and
Broadley, 2003).

Intracellular signalling requires [Ca*"]c to be maintained at submicromolar levels in resting
conditions (as in animal cells) and to be rapidly increased in response to environmental stress or
developmental cues. Plant cells are endowed with Ca**-ATPases and H'/Ca>" antiporters that
remove cytosolic Ca”" to either the apoplast (that is the space outside the plasma membrane) or the
lumen of intracellular organelles, like the vacuole or the ER. By removing Ca*" from the cytoplasm
these enzymes maintain a low [Ca’"]c in unstimulated cells and restore the basal conditions
following a perturbation, thereby influencing the magnitude, kinetics and subcellular distribution of
cytosolic Ca®" signals. They also replenish intracellular and extracellular Ca®" stores and provide
Ca”" to the ER and secretory system. Ca’’ influx into the cytosol is mediated by different Ca*"
channels that usually are classified on the basis of their voltage dependence.

The three classes of cation channels are: depolarization-activated (DACC),
hyperpolarization-activated (HACC) and voltage-independent (VICC). The principal role of these
channels is to function in cell signalling, even if they can open in order to contribute to nutritional
Ca” fluxes in certain cell types (White et al., 2000). All these channels are permeable to both
monovalent and divalent cations contributing to the uptake of essential, but also toxic cations in
addition to Ca®".

Most DACCs activate significantly at voltage more positive than about -150 mV to -100 mV
under physiological conditions. Since plasma membrane depolarization is common to many stimuli,
DACCs generally transduce stress-related signals. The outward rectifying K'-channels found in the
plasma membrane of plant cells are also Ca*" permeable DACCs. They activate significantly at
voltages more positive than -50 mV under physiological conditions and allow a large efflux of K"
together with a smaller Ca*” entry (Roberts and Snowman, 2000). This Ca*" influx is thought to be
fundamental in coordinate ion transport, metabolism and gene expression.

HACCs are permeable to different cations including Ca2+, Ba2+, Mg2+ and others, they

activate at voltages more negative than about -100 mV and -150 mV at physiological [Ca®"]c, but
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increasing [Ca®"]c shifts their activation potential to more positive or negative voltages depending
on cell type (Hamilton et al., 2000). These channels are also activated by reactive oxygen species
(ROS) in different cell types (Pei et al., 2000; Demidchik et al., 2007). Two types of HACCs are
also known to be located in plant vacuoles (White et al., 2000).

Many distinct VICCs are present in plasma membrane of plant cells. The features shared
among them are the permeability to both mono- and divalent cation and the activation at
physiological voltages. Ca®" influx through VICCs has been suggested to be necessary to balance
the Ca*" efflux mechanisms and to participate in maintaining [Ca®Jc in unstimulated cells. Several
Ca”" channels located in the tonoplast (that is the vacuolar membrane) and ER are also described.
They can be both voltage and ligand activated and mediate cytosolic Ca*" rises.

Every kind of stress or developmental cue is thought to cause a typical cytosolic Ca*" rise
(called “Ca”" signature™) that, thanks to its spatial and temporal uniqueness, can in turn activate

different proteins that function as effectors (White and Broadley, 2003).

6.2 H,0, and Ca’* signalling

Aerobic metabolic processes such as respiration and photosynthesis unavoidably led to the
production of ROS in mitochondria, chloroplasts and peroxisomes. ROS can cause an oxidative
damage to DNA, proteins and lipids, and so cells have evolved different systems that scavenge
them. Plants are endowed with nonenzymatic and enzymatic scavenging mechanism. In the first
class there are cellular redox buffers such as ascorbate, glutathione, flavonoids, carotenoids and
others. The second class includes superoxide dismutase, ascorbate peroxidase, glutathione
peroxidase and catalase. The first enzyme dismutates superoxide to H,O,, the other three detoxify
H,0, (Shao et al., 2008).

In the past few years emerging attention has been paid regarding the role of H,O; in plant
cells (Apel and Hirt, 2004). H,O,, being a small, diffusible and highly reactive molecule bears the
fundamental properties of second messengers (Wang et al., 2008), and it is no longer considered
only as a toxic molecule that plant cells must eliminate. Indeed numerous evidence has been
obtained supporting the hypothesis that H,O, functions as signalling molecule in plant cells (Apel
and Hirth, 2004).

Moreover, a close correlation between H,O, and Ca’" has been reported: 1) many stimuli,
e.g. NaCl, induce both cytoplasmic Ca*" increase and H,O, production in plant cells (Leshem et al.,
2007; Ranf et al., 2008); ii) Ca®" and CaM in vitro can bind to, and activate, the plant peroxisomal
Cat3, one of the three isoforms of the main H,O, scavenging enzyme in eukaryotic cells, catalase

(Yang and Poovaiah, 2002); ii1) the HACCs identified in stomata guard and root cells are activated
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by H,0, (Demidchik et a., 2007); iv) Ca*" directly stimulates the activity of plasma membrane
proteins involved in H,O, biosynthesis in response to biotic and abiotic stimuli (Apel and Hirt,
2004), the NADPH oxidases. All these data argue for a direct link between Ca2+signalling and H,0,
production scavenging systems; however, despite the central role of these two second messengers in
plant patho-physiology, a direct in vivo demonstration of this fact is still lacking.

The second part of this work started from these observations and was thus aimed at
understanding if Ca®" entry within plant peroxisomes can exert a role in such a fundamental

function like control of H,O, levels.
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RESULTS

7.1 D3cpv-KVK-SKL targeting into plant peroxisomes

Plant and mammalian peroxisomes share similar protein import mechanism and peroxisomal
targeting signals (Brown and Baker, 2008). In order to follow peroxisomal Ca*" dynamics the
cameleon probe D3cpv bearing the peroxisomal targeting signal KVK-SKL (Drago et al., 2008)
was thus directly subcloned in a plant expression vector and expressed in tobacco cells. To confirm
the proper peroxisomal localization of D3cpv-KVK-SKL an agroinfiltration experiment in tobacco
leaves was performed: the Ca*" probe was cotransformed with a peroxisomal marker, the Red
Fluorescence Protein RFP-KSRM (Dammann et al., 2003). Figure 7.1a shows that the D3cpv-
KVK-SKL signal detected, in transformed tobacco leaf cells, is localized in discrete structures with
high motility (data not shown). The same structures were also detected when the leaf was imaged
for the fluorescence of the RFP targeted to peroxisomes (Fig. 7.1 b). The overlay image (Fig. 7.1 c)
clearly shows a perfect merge of the two signals (yellow) in the punctated structures, confirming the
proper D3cpv-KVK-SKL peroxisome localization. It should be noted that agroinfiltration leads to
independent cell transformation, hence the signal colocalization can occur only in cells
coexpressing the two probes. The exclusive D3cpv-KVK-SKL peroxisome localization is supported
also by the recognition of typical crystalline inclusions in the punctated fluorescent structures
observed by means of fluorescence microscopy (data not shown) that are present in plant
peroxisomes (Huang et al., 1983).

In order to perform an analysis of Ca*" dynamics into the peroxisomal lumen of plant cells,
stable Arabidopsis transgenic plants were generated with the 35S::D3cpv-KVK-SKL construct.
Figures 7.1 d-e show the confocal analysis of a leaf from one of the selected transgenic Arabidopsis
lines obtained (see Methods section, § 9). The signal is clearly localized in the peroxisomes of
different cell types, such as epidermal, mesophyll and trichomes (Fig. 7.1 e, f) and no D3¢cpv-KVK-
SKL mistargeting to other cellular structure was observed. Figures 1g-1 show that D3cpv-KVK-
SKL is expressed and properly localized also in Arabidopsis guard cell (Fig. 7.1 g, 1).
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Figure 7.1. Subcellular distribution of D3¢cpv-KVK-SKL in transiently transformed tobacco epidermal cells and
stable transgenic Arabidopsis Columbia plants. a-c. Confocal images of tobacco agroinfiltrated epidermal cells co-
transformed with D3cpv-KVK-SKL and the peroxisomal marker RFP-KSRM. (a) Cameleon YFP fluorescence. b. RFP
fluorescence. c. ovelay image of (a) and (b). d-i. Confocal images of stable transgenic Arabidopsis plants transformed
with D3cpv-KVK-SKL. d. Cameleon YFP fluorescence in Arabidopsis leaf epidermal cells. e. chlorophyll fluorescence
of the same leaf shown in (d). f. overlay image of (d) and (e). g. Cameleon YFP fluorescence in stomata guard cells. h.

chlorophyll fluorescence of the same stomata guard cells shown in (g). i. overlay image of (g) and (h).
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7.2 Ca** dynamics in peroxisomes of Arabidopsis guard cells

Two different groups (Drago et al., 2008; Lasorsa et al., 2008) have recently demonstrated
in mammalian cell lines the existence of peroxisomal Ca*" rises upon cellular stimulation. In order
to investigate if this phenomenon occurs also in plant peroxisomes, experiments in Arabidopsis
plants stably expressing D3cpv-KVK-SKL were performed. Guard cells were chosen as
experimental model since there is a huge amount of data regarding conditions that can trigger a
sustained cytoplasmic Ca®" rise in this cell type (Allen et al., 2000; Yang et al., 2008). Among
different stimuli one of the most reliable and easy to perform is the imposed membrane
hyperpolarization. Figure 7.2 (black trace) shows Ca®" imaging experiments performed in guard
cells of Arabidopsis plants stably expressing the cytoplasmic GFP-based Ca®" indicator YC3.60
(Nagai et al., 2001). As expected, cell hyperpolarization caused a sharp increase in the fluorescence
emitted at 540 nm (YFP) and a decrease of the signal at 480 nm (CFP) and thus an increase in the
540/480 nm fluorescence emission ratio (Fig. 7.2, black trace), here presented as AR/R,, which is
proportional to the [Ca®']c (n=15). When the hyperpolarization was performed in the absence of
external Ca”, no appreciable cytosolic [Ca®] changes were observed (n=7), but the subsequent
addition of 10 mM CaCl, induced a large Ca®" increase (data not shown). After the initial and rapid
increase cytosolic Ca®" slowly returned toward basal level (Fig. 7.2). These results confirm previous
data regarding Ca®" dynamics in guard cells (Allen et al., 2000; Yang et al., 2008) and demonstrate
that the cytosolic Ca®" increase due to hyperpolarization is mainly, if not exclusively, due to Ca*"
entry from the extracellular space.

Figure 7.2 (grey trace) shows the typical response pattern of the D3cpv-KVK-SKL
fluorescence (n=6) in guard cells of Arabidopsis plants stably expressing the probe. Notably, upon
hyperpolarization also the peroxisomal [Ca®"] increased, but the maximum AR/R, increase was
reached more slowly within peroxisomes compared to the cytoplasm, similar to what already
reported for peroxisomes in mammalian cells (Drago et al., 2008). When the hyperpolarization was
performed without Ca*" in the medium, no peroxisomal Ca®" variations were observed (data not
shown) (n=7).

The above results confirm and extend to plant cells the recent findings on peroxisome Ca*"
handling in animal cells by Drago et al., i.e. the [Ca®"] of these organelles essentially mimics the
[Ca®"] of the cytoplasm, though the rate of peroxisome Ca’" uptake is somewhat slower.

In order to obtain a rough estimate of the absolute peroxisomal [Ca®"] reached upon cellular
stimulation, a calibration procedure similar to that used in mammalian cells (Drago et al. 2008) was

used. The plasma membrane was permeabilized with digitonin, followed by passive Ca*" loading
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with different CaCl, concentrations. The data obtained suggest that during the hyperpolarization the

peroxisomal [Ca®']is very similar to that in the cytosol (data not shown).
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Figure 7.2. Cytoplasmic and intraperoxisomal Ca>* monitoring in Arabidopsis guard cells subjected to plasma
membrane hyperpolarization.

Cytoplasmic (black trace) and peroxisomal (grey trace) Ca*" dynamics measurement with YC 3.60 and D3-KVK-SKL,
respectively. Guard cells were bathed in depolarization buffer (white bar) and at the indicated time (250 sec) perfused
with the hyperpolarization buffer (black bar) in presence of Ca®". Hyperpolarization induces a steep cytoplasmic Ca*"

rise temporally followed by an intraperoxisomal Ca®* increase.
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7.3 Targeting of a H;0, sensor into cytoplasm and peroxisome of

Arabidopsis plants

The question thus arises as to the physiological role of the peroxisomal [Ca*"] changes.
While no Ca”" sensitive peroxisomal function is presently known in mammalian cells, in plant cells
at least two key peroxisomal enzymes have been reported to be Ca>" sensitive in vitro or in isolated
peroxisomes: specifically, a catalase (Yang and Poovaiah, 2002) and a putative nitric-oxide
synthase (Barroso et al., 1999). Peroxisome metabolism of H,O, is of major importance in plant
cells: not only peroxisome photorespiration has been demonstrated to produce massive amounts of
H,0, (50 times higher than that in the mitochondria) (Foyer and Noctor, 2003), but these organelles
are the major site of H,O, scavenging, due to the high concentration in their lumen of catalases
(Nyathi and Baker, 2006). The ability of peroxisomal Ca®" entry to affect H,O, metabolism was
thus investigated. To this end the new genetically encoded YFP-based H,O, sensor HyPer was
employed (Belousov et al., 2006). This probe has been so far successfully expressed in bacteria and
animal cells where it was shown to be highly sensitive to HO; and not to be affected by other ROS.
Stable transgenic Arabidopsis lines expressing the HyPer probe with two different subcellular
localizations, cytoplasm and peroxisomes, were generated. In the case of peroxisomal HyPer the
KSRM peptide, which constitute a PTS1 signal, was included at the protein C-terminal end (Fig.
7.3 top panel). In both cases the 2x35S promoter was used to direct the constitutive expression of
the probes in all organs and tissues of the plant. Figures 7.3 a-d show confocal images of a
representative Arabidopsis transgenic plant leaf expressing the cytoplasmic HyPer (cHyPer) that, as
expected, presents a diffuse fluorescence, including a clear signal in the nucleus. Figures 7.3 e-h
show confocal images of a representative Arabidopsis transgenic plant leaf expressing the HyPer-
KSRM: in this latter case the fluorescence signal is localized in the typical small vesicular
structures corresponding to the peroxisomes (Fig. 7.3 e-h). The peroxisomes of stomata guard cells

were also strongly expressing the probes (Fig. 7.3 h).
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Figure 7.3. Subcellular distribution of HyPer and HyPer-KSRM in stable transgenic Arabidopsis plants. a-d.
Confocal images of stable transgenic Arabidopsis plants transformed with cytoplasmic HyPer. a. HyPer fluorescence
(green) in Arabidopsis epidermal leaf cells. b. chlorophyll fluorescence of the same leaf shown in (a). c. overlay image
of (a) and (b). d. overlay image of HyPer (green) and chlorophyll (red) fluorescences in stomata guard cells. e-h.
Confocal images of stable transgenic Arabidopsis plants transformed with HyPer-KSRM. e. HyPer fluorescence (green)
in Arabidopsis leaf epidermal cells. f. chlorophyll fluorescence of the same leaf shown in (e). g. overlay image of (e)

and (f). h. overlay image of HyPer (green) and chlorophyll (red) fluorescences in stomata guard cells.

7.4 H,0, measurements in cytosol and peroxisomes of Arabidopsis guard

cells

Arabidopsis plants expressing either cHyPer or HyPer-KSRM were used in order to follow
H,0O, scavenging upon external H,O, addition and to investigate if this phenomenon is affected by
cellular Ca®" rises.

Addition of 100 uM H,0, to cHyPer expressing guard cells induced a sharp increase in the
fluorescence intensity (emission 530 nm) when the probe was excited at 480 nm and a decrease of
fluorescence when excited at 420 nm. The excitation ratio increase, here presented as AR/R,, was
proportional to the amount of H,O, added to the medium.

In guard cells expressing peroxisome localized HyPer, the fluorescence excitation ratio
increased sharply upon addition of H,O, with a AR/R( peak average corresponding to 0.75 + 0.237
(n=15) followed by a slight decrease and then by a sustained phase (Fig. 7.4). When cells were
hyperpolarized after adding H,O,, (Fig. 7.4, grey trace) no significant difference was observed.
However, when Ca*" was added during the hyperpolarization protocol in order to cause a sustained
Ca”" entry, a fast acceleration of the fluorescence decay was observed (n=10). Similarly, when Ca*"
was present in the bath solution from the beginning of the hyperpolarization, the addition of H,O,
caused the usual AR/Ry, but a fast fluorescence decrease was initiated upon hyperpolarization (Fig.
7.4, black trace) (n=15). Addition of Ca®" was able to efficiently increase the HyPer fluorescence
drop even when 1 mM H,0, was used (data not shown).

The experiments presented in Fig. 7.4 were then repeated in guard cells expressing cHyPer.
Also in this case the hyperpolarizing protocol, when carried out in the absence of Ca", resulted in
no significant alteration in the H,O, levels, while a rapid decrease in cHyPer fluorescence occurred

when Ca”" was included in the hyperpolarizing medium (data not shown).
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Figure 7.4. Ca’ dependent peroxisomal H,0, scavenging in Arabidopsis guard cells. Arabidopsis guard cells were
bathed in depolarization buffer and at 250 sec 100 mM H,O, was added (black arrow). The H,O,addition induced an
immediate increase in the HyPer fluorescence (expressed as AR/Ry ) that was followed by a steep decrease (black trace)
when cells were perfused (300 sec) with the hyperpolarization solution in presence of external Ca>". Interestingly, when
plasma membrane hyperpolarization was carried out in absence of external Ca®" the fast HyPer fluorescence drop was

not observed (grey trace). The following Ca®" addition (500 sec) induced a steep decrease in the HyPer fluorescence.

The simplest explanation of the data presented above is that the rise of Ca*" induced by
hyperpolarization results in the activation of the catalase isoform, Cat3, which is highly expressed
in plant peroxisomes and is known to be activated by Ca*" and CaM in vitro (Yang and Poovaiah,
2002). However, the possibility that the effect on HyPer fluorescence was due to effects other than
Cat3 activation should be considered. In particular, the possibility that cytosolic or peroxisome pH
change should be excluded, as pH acidification causes a AR/Ry. In the original HyPer work
Belousov and colleagues (Belousov et al., 2006) reported that pH can affect the HyPer fluorescence
similarly to other GFP based sensors such as Pericam (Nagai et al., 2001). Indeed when Arabidopsis
guard cells expressing the HyPer-KSRM were challenged with NH4Cl or NaAc, to induce

alkalinization or acidification of both cytoplasm and organelles pH major changes of the AR/R,
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were observed. Figure 7.5 shows that addition of 1 mM NH4Cl determines a slow increase of
AR/Ry, while 5 mM NaAc caused a sharp fluorescence decrease (n=6). Notably, however, the
increase in AR/R, of HyPer, as induced by NH4Cl, was not affected by Ca®" entry (n=6). Moreover,
HyPer is still able to sense H,O,, as demonstrated by the peak following H,O, addition. Similar

results were obtained with cHyPer.
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Figure 7.5. The Ca’*- dependent HyPer fluorescent drop is strictly dependent on the H,O, removal and is not
affected by pH changes. Arabidopsis guard cells were bathed in hyperpolarization buffer and at 150 sec 1 mM of
NH,4Cl was added. The NH4Cl mediated cytoplasmic alkalinization induced a slow rise of HyPer fluorescence in
peroxisomes. The signal was not affected by the following Ca" entry. The cytoplasmic acidification mediated by 5 mM
NaAc administration (600 sec) induced a drop in the HyPer fluorescence that was recovered by 100 mM H,0, addition

resulting in a typical sharp and fast HyPer fluorescence increase.
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8. DISCUSSION

Based on the recent demonstration that mammalian peroxisomes can participate in cellular
Ca”" homeostasis, experiments in plant peroxisomes were carried out in order to investigate if this
phenomenon occurs also in plants and if it can regulate some physiological functions. The probe
D3cpv-KVK-SKL was targeted into plant peroxisomes by a simple subcloning of its cDNA in a
plant expression vector. As expected from the similar mammalian and plant peroxisomal protein
import mechanism, the probe was correctly targeted into peroxisomes: this is demonstrated by the
colocalization with a peroxisomal marker (RFP-KSRM), but also by the high motility of the
organelles and from the presence of crystalline inclusion, two features of plant peroxisomes that
allow their easy identification. Notably, while in mammalian peroxisomes a small percentage of
cell expressing D3cpv-KVK-SKL shows a mistargeting to the cytosol of the probe, in plant cells
this phenomenon was never observed.

Ca®" measurements in mammalian peroxisomes with D3cpv-KVK-SKL demonstrated that
peroxisomes slowly equilibrate with [Ca*"Jc. Guard cells were chosen as the experimental model,
since they are the plant cell type best characterized concerning Ca®" signalling. One of the best
ways to cause a strong and reproducible cytosolic Ca*" elevation in guard cells is shifting the
bathing medium from a high to a low KCI containing in the presence of Ca>". As expected, this
treatment caused a Ca”" rise in cytosol and also in peroxisomes, in the latter with a slower kinetic, if
compared to the cytosol. The process is mainly due to Ca®" entry from outside the cell, since
hyperpolarization in a medium devoid of Ca*" failed to cause a Ca®" rise in either compartment.

The question about a physiological role of peroxisomal Ca** entry was then addressed
starting from the in vitro demonstration that a peroxisomal plant catalase isoform is CaM-Ca®"
regulated (Yang and Poovaiah, 2002). Experiments in order to understand if H,O, scavenging is
somehow influenced by Ca®" rises were thus performed. A new H,0, sensor called HyPer was
stably expressed in plant cytosol or peroxisomes and it revealed the existence of a Ca®"-dependent
H,0, scavenging. This phenomenon is Ca*" dependent, since hyperpolarization without Ca** in the
external bathing solution didn’t cause a fast drop in H,O; level. The possibility that HyPer emission
drop is caused by something else than activation of a Ca®"-dependent scavenging system was also
considered. In particular, the possibility that the drop is caused by a cytosolic acidification was
excluded, since H,O, treatment or depolarization cause, if any, only minor changes in intracellular

pH.
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A strong molecular candidate for this Ca*™-activated H,O, scavenging is Cat3, since it has
been reported to be Ca*"-CaM activated. However, a direct in vivo evidence supporting this
hypothesis is still missing. At the time of writing, experiments aimed at directly proving this
hypothesis are being carried out. They are based on two different approach: 1) overexpression and
silencing of Cat3 by agroinfiltration experiments in tobacco plants with the cDNA coding for Cat3
or its antisense in coexpression with the HyPer-KSRM probe; ii) recently an age-dependent Cat3
expression was demonstrated (Du et al., 2008); a rise in Ca>" activated H,O, scavenging in HyPer-
expressing Arabidopsis plants is thus expected in older plants. Preliminary results confirm the

hypothesis that Cat3 is responsible for the Ca*"-activated H,O, scavenging observed.
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9. METHODS

Plant material and growth condition. All the Arabidopsis thaliana plants were of the Columbia
ecotype. Plants were grown in soil under 16/8 h cycles of light (70 mmol m-2 sec-1) at 20 °C. The
transgenic pGC1-YC3.60 Arabidopsis plants were generated and reported for a previous study
(Yang et al., 2008).

DNA constructs. The RFP-KSRM construct was digested from the pRTL2 vector by Pstl digestion
and ligated in the pGreen0029 binary vector (Hellens et al., 2000).

The D3cpv-KVK-SKL construct was digested from the pcDNA3 vector with HindIII and EcoRI
and ligated in the 35S-CaMV cassette vector (http://www.pgreen.ac.uk/JIT/JIT fr.htm). The entire
cassette was then partially digested with EcoRV and ligated in the pGreen0179 binary vector.

The HyPer cDNA was amplified by PCR by using the Phusion® DNA Polymerase (Finnzymes,
Finland) from the purchased pHyPer-Cyto vector
(http://www.evrogen.com/products/HyPer/HyPer.shtml, Evrogen, Russia). For both the cytoplasmic
and peroxisomal localization of HyPer the same forward primer was wused: 5’-
CATGCCATGGAGATGGCAAGCCAGCA-3’. An Ncol restriction site was introduced at the 5’
end. The 3’ reverse primer for the subcloning of the cytoplasmic localized HyPer was: 5°-
TGGAAGATCTTTAAACCGCCTGTTTTAAAACT-3’, for the peroxisomes localization the
KSRM peptide coding sequence was inserted upstream of the HyPer stop codon 5°-
TGGAAGATCTCACATCCTGGATTTAACCGCCTGTTTTAAA-3’. In both cases a Bglll
restriction site was introduced. The amplicons were then digested and inserted in the pAVA554
vector (von Arnim et al., 1998) downstream of the double 35S promoter and the translational
enhancer sequence of TEV. The obtained vectors were sequenced to verify that no mistakes were
introduced by PCR amplification. The entire expression cassettes of both cHyPer and HyPer-KSRM
were thereafter isolated from the pAVAS554 modified vectors by digestion with Kpnl/Sacl and
ligated in the pGreen 0179 binary vector. All the pGreen binary vectors obtained were introduced in

the Agrobacterium tumefaciens GV3101 strain harbouring the pSoup helper plasmid.

Transgenic plants. The Agrobacterium strains obtained were used for both tobacco agroinfiltration
experiments or to generate transgenic Arabidopsis plants by floral-dip method. For each construct

different Arabidopsis independent transgenic lines were selected and for imaging experiments two
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independent lines were employed. No one of the transgenic lines obtained with the different

constructs showed phenotypic differences or abnormalities in our standard growth conditions.

Confocal microscopy analyses. Confocal microscopy analyses were performed using a Nikon
PCM2000 (Bio-Rad, Germany) laser scanning confocal imaging system. For Cameleon-dependent
YFP and HyPer detection, excitation was at 488 nm and emission between 530/560 nm. For the
chlorophyll detection, excitation was at 488 nm and detection over 600 nm. For RFP detection,
excitation was set at 548 nm and emission 573 nm. Image analysis was done with the Imagel

bundle software (http://rsb.info.nih.gov/ij/).

Guard Cell Imaging. For guard cell imaging leaves of 4-5 weeks-old Arabidopsis plants were
attached to microscope cover glasses using a Medical adhesive (Hollister Inc., Libertyville, IL). A
paintbrush was used to gently press the leaf to the coverslip and upper cell layers were carefully
removed using a razor blade. Cells expressing the fluorescent probes were analyzed using an
inverted fluorescence microscope (Zeiss Axioplan) with an immersion oil objective (X63, N.A.
1.40, for fluorescent probes). Excitation light was produced by a monochromator (Polychrome II;
TILL Photonics, Martinsried, Germany). For Hyper probe, excitation lights were 420 and 480 nm.
The two excitation wavelengths were rapidly alternated and the emitted light deflected by a dichroic
mirror (455DRPL) was collected through emission filters (480 ELFP). For theYC3.60 and D3cpv-
KVK-SKL probes, the excitation light was 425 nm. The emitted light was collected through a
beamsplitter (OES s.r.1., Padua, Italy) (emission filters HQ480/40M for cyan fluorescent protein and
HQ 535/30M for yellow fluorescent protein) and a dichroic mirror (515 DCXR). Filters and
dichroic mirrors were purchased from Omega Optical and Chroma. Images were acquired using a
cooled CCD camera (Imago; TILL Photonics) attached to a 12-bit frame grabber. Synchronization
of the monochromator and CCD camera was performed through a control unit run by TILLvisION
v.4.0 (TILL Photonics); this software was also used for image analysis. For time course
experiments, the fluorescence intensity was determined over regions of interests corresponding to
an entire guard cell for cHyPer and YC3.60 or covering small groups of peroxisomes expressing
HyPer-KSRM or D3¢cpv-KVK-SKL. Exposure time and frequency of image capture varied from
100 to 500 ms and from 5 to 0.2 Hz, respectively. Cells were mounted into an open-topped chamber
and maintained in the depolarization (100 mM KCl, 0.5 mM EGTA and 10 mM Mes-Tris pH 6.15)
or hyperpolarization (0.1 mM KCI, 0.5 mM EGTA and 10 mM Mes-Tris pH 6.15) buffers. For the
Ca”" addition the hyperpolarization buffer was prepared as follow: 0.1 mM KCI, 10 mM CaCl, 0.5
mM EGTA and 10 mM Mes-Tris pH 6.15.
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Plasma membrane permeabilization was performed by treating cells for 2 min with 1 mM digitonin
in an intracellular-like medium containing (in mM): 100 potassium-gluconate, 1 MgCl,, 10 Hepes,
pH 7.5, at and 0.5 EGTA. Experiments with permeabilized cells were performed in the same
medium; where indicated, the latter was supplemented with the same buffer containing 2 mM

CaClz.
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