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GENERAL ABSTRACT

Glutamate is the main excitatory neurotransmitfethe mammalian nervous system and is
involved in neuronal plasticity, memory and leagin

Emerging evidences suggest that glutamate is atssept in peripheral tissues, where it plays
a role in both cellular homeostasis and in autedparacrine communication as an
extracellular signalling molecule [Hedigerand Wellboe, 1999; Nedergaaetial., 2002].

The extracellular glutamate concentration is tightbntrolled by high affinity glutamate
transporters, whose expression and modulation enptéripheral tissues have been poorly
investigated. In this work we analyse the highndf§i glutamate transporters EAAC1 and

GLT1 in epithelia and endocrine pancreas, respagtiv

EAAC1 was cloned from rabbit intestine [Kanai anddier, 1992] and its expression and
function have been well characterised in absorpep#helia, such as intestine and kidney,
where it represents the major transporter for tisarboxylic amino acids [Peghiret al.,
1997]. Less is known about the molecular mechantéraisregu late its surface expression and
activity.

During the past few years, it has become clear tiatactivity of these transporters can be
rapidly regulated by redistribution of proteinsand from the plasma membrane: a process
that can be controlled by dynamic protein-proteteiactions.

Therefore, the research presented in the chaptircilises on the molecular mechanisms
which regulate EAAC1 trafficking in epithelial cell EAAC1 has a conserved sequence
present in the C-terminal domain of EAAC1, that ratxb interactions with class | PDZ
proteins. In the past years, we demonstrated heaPDZ-target sequence and PDZ proteins
are responsible for the retention and stabilitfAAC1 at the plasma membrane [D’Amieb

al., 2010].

The aim of the present work is to verify whethes tRDZ-target sequence is also important
for the transporter’s biosynthetic delivery.

Our data indicate that PDZ interactions occur earlyhe biosynthetic pathways and are
involved in the ER-to-Golgi trafficking, as well as Post-Golgi trafficking of EAACI.
Removal of the PDZ motif delays rather than presetite ER export and the plasma

membrane delivery of the transporter, thus indicathat PDZ interactions facilitate the ER-

Golgi trafficking. Possibly, PDZ-interactions fawdine transporters homo-oligomerization, a

process required for the efficient ER export of E&A Alternatively, PDZ domain-proteins
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may couple EAAC1 with protein complexes required the efficient fusion of carrier

vesicles to the appropriate target membranes. Eusgtudies will be needed to identify the
PDZ protein/s involved in the EAAC1 biosynthetididery .

On the other hand, the presence of glutamate astencellular signal mediator in endocrine
pancreas is well established [Moriyama and Hay&J03]. In the Central Nervous System
(CNS), glutamate may cause cell death by excitottyxithat is physiologically prevented by
glutamate clearance systems [Cétadl., 1988]. The effect of glutamate on islet viabijithe
expression of glutamate transporters and their iploggcal roles in the endocrine pancreas
are still unclear.

Thus, in the Il chapter we examine the effectsghitamate and the function of sodium
dependent glutamate transporters in cl@gedlls and in human isolated islets of Langerhans.
We demonstrate that exposure to elevated glutag@eentrations induces a significant
cytotoxic effect in pancreati@-cells, due to the prolonged activation of ionotcoglutamate
receptors. We provide evidence that the key reguizitthe extracellular glutamate clearance
in the islet is the glial glutamate transportelGLT1/EAAT2). GLT1 is the only high affinity
glutamate transporter expressed in the islets acalizes to the3-cell plasma membrane.
Finally, as diabetes is characterized by seledb®ta-cell death, and our data indicate that
GLT1 controls beta-cell survival, we investigate #wxpression of GLT1 in type 2 diabetes
mellitus (T2DM) patients. We show an altered GLotalisation in pancreases from T2DM

patients, suggesting a decreased glutamate cleasdmlity in these subjects.

In chapter IV, is reported the experience at Umsitgrof Texas Health Science Center at San
Antonio (UTHSCSA), USA. The aim of this projecttis find interactors of IAPP, a protein

involved in diabetes, by means of Yeast Two Hyedgeening, a technique which allows the
identification of direct proteinprotein interaat®. In prospect, this technique will be useful
to find proteins that are associated with glutantedesporters and that potentially regulate

their expression and function.



CHAPTER I: General Introduction

Glutamate has been traditionally characterised rasexcitatory neurotransmitter in the

mammalian nervous system. An increasing numbewiderces suggests that glutamate can
also play a significant role in peripheral tissuesere it can be a central metabolite for
cellular homeostasis as well as an extracelluigmatimediator.

1 GLUTAMATE IN THE CENTRAL NERVOUS SYSTEM

In the Central Nervous System (CNS), glutamatlésnbajor excitatory neurotransmitter, and
it controls several important functions, such asraeal plasticity in cognitive tasks, memory
and learning [Fonnum 1984; Ottersen and Storm-Mathi 1984; Collingridge and Lester,
1989; Headley and Grillner, 1990].

Glutamate signalling between cells involves seveisdinct phase of activity:

1-Presynaptic neurotransmitter release

2-Receptor activation

3-Neurotransmitter uptake.

In a pre-synaptic cell, glutamate is stored intsicles, ready for release in response to a
stimulus. Following vesicular exocytosis, the traitter diffuses across the synaptic cleft and
binds to post-synaptic receptors, that are spedificpositioned by membrane clustering
proteins. Receptors activation induces cascadeasti@icellular activity in the post-synaptic
cell. Finally the transmitter is taken up by traoprs, which control temporally and spatially

the glutamate-mediated signalling and allow thednaitter recycling.

Presynaptic
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1.1 Presynaptic neurotransmitter release

The cytosolic concentration of glutamate is 5 mM naurons and around 2-3 mM in
astrocytes [Fitzpatrickt al., 1988; Oseret al., 1995].

As the blood brain barrier has a very low permdgbtlb glutamate, most of the glutamate
present in the brain is synthesised de novo. Emdigntall glutamate in the brain is
synthesised by transamination @fketoglutarate, in both neurons and glia. In additiin
glial cells is expressed glutamine synthetasenayrae that converts glutamate to glutamine,
before it is released into the extracellular sgeomnum, 1993].

Then, glutamine is taken up by neurons and convedeglutamate before being packaged
into synaptic vesicles. Glutamate uptake into teeretory granules is driven by vesicular
glutamate transporters and represents the raténignstep for glutamate release. These
transporters localise to the vesicle membrane dmar ttransport activity depends on
electrochemical proton gradient across the vesiwmbrane generated by H+ ATPase
[Maycoxet al. 1988].

FIG. 2: Glutamine-Glutamate cycle in
CNS. Glutamate released from the nerve
terminal by exocytosis is taken up by
glutamate transporters present
presynaptically (VI), postsynaptically (I)
and extrasynaptically in astroglial cells
(. Astroglia converts glutamate into
glutamine. Glutamine is subsequentely
released from the glial cells by means of
glutamine transporter (Ill) and taken up
by neurons by another glutamine
transporter  (IV). Neurons convert

| glutamine back to glutamate and load
AR /:a;ﬂ;\\ synaptic vesicles (V) [Danbolt, 2001].

1.2 Receptor activation

There are two broad categories of glutamate receptthe ion channel-forming or
“ionotropic” receptors and the “metabotropic” retes, coupled to GTP binding proteins (G
proteins). The ionotropic receptors are furtherssified into three populations: those
activated by N-methyl-D-Aspartate (NMDA), thosetthaspond to Kainic acid (KA), and
those sensitive to a-amino-3hydroxy-5-methy|-4-gsmtepropionic acid (AMPA). Glutamate

binding to these receptors promotes channel op@mdghe entry of cations (Na, K, Ca) into



the cell, that induces membrane depolarisationoti@pic glutamate receptors are produced
by the homo- and/or heteromeric combination of edé@ht subunits, whose composition
determines the selective conductances.

Metabotropic glutamate receptors have seven membsgranning domains and can be
expressed in both pre- and post-synaptic membrartesse receptors are subdivided into
three groups based on sequence information andceitular effectors systems. Group |
receptors (mGlul and mGlu3) are coupled to Phospasé C (PLC) and lead to activation of
Protein Kinase C (PKC) and to an increase in ielhalar calcium concentration. Group Il
receptors (mGlu2 and mGIu5) and Group Il receptorg&slu4, mGlu6, mGlu7, mGlu8)
initiate the inhibitory cAMP cascade, through adkde cy clases (AC).

The intracellular signals generated by activatiérthe ion channels and the effects of the
receptors on PLC and AC enzymes are determinetidgitferent intracellular environments

in which these receptors operate [Michaelis, 1998].

1.3 Neurotransmitter uptake

Responsible for most of the glutamate uptake inhkfan, high affinity plasma membrane
glutamate transporters fulfil a crucial role in tglonatergic neurotransmission by removing
glutamate from the synaptic cleft.

Glutamate transporters are transmembrane gly capsofacing the extracellular environment
and thus well positioned to regulate extracellulaxcitatory Amino Acids (EAA)
concentrations.

These transporters maintain the glutamate gradi®A00 fold higher in intracellular (3-10
mM) than extracellular (0,3- 1fM) compartments, using the energy available from th
transmembrane membrane potential and ion gradierdsve their neurotransmitter substrate
against concentration gradient [Auger and Attwaf00]. The transport stoichiometry is such
that the inward movement of one glutamate, threkuso and one proton is coupled to the
outward transport of one potassium ion [DanboltQ20Barbouret al., 1988]. Thus, the
transport is electrogenic, because it causes aretport of positive charge inside the cell.
Recent data indicate the mechanism for transpaiecyhat comprises several steps (Fig. 3).
Under steady state conditions the empty glutanatéec is in outward-facing mode, with the
binding sites exposed to the extracellular sideeAinteraction with 1 molecule of substrate
/H" and 3 N3, the loaded transporter responds with a confoomatichange, that induces

closure of an external gate (HP2 domain, Fig. dadihg to an occluded state. Another
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conformational change determines the opening ofintexnal gate (HP1 domain, Fig. 4),
resulting in the inward facing configuration, witkubstrate release in the cytoplasm.
Thereafter, K+ binds to the carrier inside and potes the relocation of the empty carrier
[Boudker et al., 2007]. If the transporter does not bind thg K can operate in exchange
mode, binding again sodium and glutamate from thteacellular side [Zerangue and
Kavanaugh, 1996b].

vy Oecluded

||-| :-.,'!:=1._
Dutward L G

facing

FIG. 3: Glutamate transporters’ transport cycle [Boudkeret al. 2007].

The cycling time of the human glutamate transpdrges been estimated to be approximately
50 ms [Wadichest al. 1995], which is significantly slower than the rafesy naptic glutamate
release. Thus, the emerging view is that when er@rare present at a high density, they may
serve as glutamate binding sites, thus limitingragansmitter actions on receptors [Seal and
Amara, 1999].

Glutamate binding rapidly reduces the extracellglatamate concentration and slows down
the diffusion of the neurotransmitter away from tleease site. However, this mechanism
could lead to a paradoxical effect: given that bbbed is reversible, glutamate may re-enter
the cleft, upon unbinding from the transportersg&wov and Kullmann, 1998].

The traditional view is that transporters are inbpmtr for neurotransmitter clearance and
glutamate recycling after vesicular release.

However, the presence of EAATSs in hon-glutamatesggtems suggests that they could have
also metabolic functions. Indeed, in GABAergic romg, glutamate uptake can provide the
substrate for the intracellular production of GABAiIn Dopaminergic neurons transporters

may carry cysteine, a fundamental building bloakdintathione [Seal and Amara 1999].
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There is also evidence that transporters may be ingrortant for prevention of glutamate

spillover onto extrasynaptic receptors and crosstal neighbouring neurons, rather then
simply controlling the duration of the EPSCs (Eatmiry Post Synaptic Currents) [Overstreet
et al., 1999; Rusakowt al., 1999].

Astrocytes and neurons express high affinity, sodidependent excitatory amino-acid
transporters, belonging to SLC1 family. They araessified in five different subtypes,
including: glutamate aspartate transporter (GLAKWEL), glutamate transporter 1
(GLT1/EAAT?2), excitatory amino acid carrier (EAAGAAT3), EAAT4 and EAATS.

Family members share 40% to 65% of sequence igematid a common structure, as
hypothesized from the crystallised prokaryotic agals [Yernookt al., 2004]. In figure 4 is
shown the transporter structure, with intracelldarand C terminal tails, 8 transmembrane
loops and two re-entrant hairpin loops (HP1 and KBt partially span the phospholipidic
bilayer. The sodium and substrate binding sitesdafmed by the Btransmembrane domain

and the two re-entrant loops.

(i)

(a) [ ' . /ég ‘ N
H 2
nﬁ\\:: Tg [] " )

i
FIG. 4: (a) Sketch representation of the hypothetical memdispanning domains in high affinity glutamate
transporters. (b) Tridimensional representatiopretlicted domains. [Torres and Amara, 2007]

These glutamate transporters display heterologeg®nal and cellular expression profiles
[Nakayamaeet al., 1996].

The two astrocytic glutamate transporters GLAST @&id 1 display a 65% identity of the
amino acid sequences and are present in the sdiae Indeed, both GLAST and GLT1
localise to astrocytes, with a predominant expogs®if GLAST in Bergmann dlia in the
cerebellum and GLT1 in astrocytes in the cortex famdbrain [Rothsteirgt al., 1994].More
recent studies indicate these two glutamate tramepsoare expressed in a subgroup of
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neurons. These transporters are believed to segjuest majority of extracellular glutamate
released from neurons. More detailed studies hawouered that GLT1 and GLAST
expressions are not restricted to the central nsrgy stem alone (see below).

EAAC1 localise to neurons throughout the CNS angadicular abundant in glutamatergic
neurons of the cortex (layers II-1V), striatum amgpocampus (pyramidal cells of the CA2-
CAA4 regions), and in the granular layer of cerehel(purkinje cells) [Bar-Peled al., 1997].
Interestingly, among all the SLC1 members, EAACThE transporter mainly expressed and
characterized in peripheral tissues [Kanai and g&i1992, Mukainaket al., 1995].

EAACL1 is also able to transport L-Cysteine, with affinity constant of 19QuM and a
maximal rate flux similar to that of glutamate. @giae not only competes with L-glutamate
uptake but also causes transporter-mediated retédsansmitter by heteroexchange, leading
to elevated extracellular glutamate concentratj@esangue and Kavanaugh 1996].

It has been hypothesised that following oligomassembly, EAAC1 can also operate in the
chloride channel mode [Eskandatal., 2000].

EAAT4 is predominantly expressed in cerebellar ijekcells on postsynaptic dendritic
spines [Nagae@t al., 1997]. It shows also an uncoupled chloride conalu@ associated with
substrate transport.

EAATS is primarily expressed in the retina [Arrigaal., 1997]; it is associated with rod
photoreceptors and some bipolar cells and exhiitsgh chloride conductance, that may

participate in visual processing.

1.3.1 Glutamate mediated excitotoxicity

Glutamate can cause neuronal cell death due texdsssive accumulation and subsequent
overstimulation of ionotropic receptors. The meahandescribed involves cell swelling and
disintegration [Chogt al., 1988].

The extracellular glutamate concentration has bestimated around 1-PM, but it can
increase in many pathological conditions that drara&cterised by defect in the blood brain
barrier and/or by cellular damage, such as strokema, multiple sclerosis and meningitis
[Auger and Attwell, 2000]. Also astrocytes can aske glutamate in response to molecules
such as prostaglandin E, ATP, glutamate and braidifParpuraet al., 1994; Bezzkt al.,
1998; Jeremict al., 2001]. Finally, sodium-dependent glutamate tramsge can release
glutamate when they operate in reverse mode andtlascysteine-glutamate exchanger xc-
can contribute to this release [Barbetal., 1988; Rossé al., 2000; Warret al., 1999].
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Glutamate transporters are important to preventabexicity mediated by glutamate. Glial
but not neuronal glutamate transporters are dritecanaintain extracellular glutamate below
toxic levels [Kanai and Hediger 2004].

Consistent with the role of GLT1 in neuroprotedi@LT1 knock out mice revealed selective
neuronal degeneration in the hippocampal CAl refi@makaet al., 1997]; GLAST knock
out mice develop normally but they exhibited mad-coordination during difficult tasks,
consistent with abnormality in the cerebellum, wehéris mainly expressed [Wataseal.,
1998].

On the other hand, knock out mice for the neurtraalsporter EAAC1 develop normally and
have a regular motor coordination, showing no apmameurological disorders, but a
decreased spontaneous locomotory actiRtgghiniet al., 1997].

Interestingly, a reduction in the expression ancfion of glutamate transporters has been
detected in several neurodegenerative diseases irticating that they may be involved in

the onset and progress of neurodegeneration.
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2 GLUTAMATE IN PERIPHERAL TISSUES

An increasing number of evidence suggests thaamlate serves for important functions also
outside the CNS. In particular, glutamate can @aual role in peripheral tissues: the first in
cellular homeostasis and the second as an extriacelignal mediator, in autocrine and
paracrine system&£onsequently, also the glutamate transporter fonatan be extended to

the regulation of cellular metabolism and organ bostasis as well as to cell signalling
within non-excitable cells. Accordingly, the losation of GLAST, GLT1 and EAACL1 in

peripheral tissues is not only associated with ederminals, suggesting that they fulfil

additional roles in these organs.

2.1 Cellular and organ homeostasis

Glutamate outside the CNS is present at millimo@rcentrations in the cytosol of most cell
types. At cellular level, glutamate contributes ttee production of several important
molecules, including proteins, nucleic acids, ghi@ne, polyamines and aminosugars. In
addition, it has important roles as an intermedragtabolite (figure 5) [Newsholma al.,
2003].

Transamination of ketoglutarate, an intermediaryhef citric acid cycle, produces glutamate,
whereas glutamine is synthesised by incorporatfoancammonium ion into glutamate. The
two enzymes that catalyse these reactions, glueantehydrogenase and glutamine
synthetase, are present in almost all life formsdétgaardt al., 2002].

Glutamate and glutamine act as nitrogen exchanfgwtprs, and they are involved in the
acid-base homeostasis, both at cellular and ahangelevel.

The normal arterial glutamate concentration is QQt®1, which is similar to the Km of the
high affinity transporter, thus indicating that tleetivity of the transporters may be
determinant for glutamate/glutamine inter- andardrgan fluxes.

The source of circulating L-glutamate is not digtantake but the liver, where glutamate
transporters facing the sinusoidal capillariesasbeglutamate produced from glutamine in a
reaction catalysed by the phosphate dependeninghase (PDG). Glutamate generated by
these upstream periportal hepatocytes is in pgtuoad by glutamate transporter activity
(maybe GLT1) in the downstream perivenous hepabscytoupled with glutamine synthesis

and release, supporting an inter-organ glutamine fl
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EAACL1 present in muscles and lung takes up glutantaupled to glutamine synthesis,

reinforcing the interorgan glutamine flux.
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GIn: glutamine

GSH: glutathione

PIG: Phosphate independent but

bicarbonate dependent glutaminase
PDG: Phosphate dependent glutaminase
GS: Glutamine synthetase

ALT: Alanine aminotransaminase

BBB: Blood Brain Barrier

LSGT: Low affinity transporter
HSGT: High affinity transporter

[Hediger and Welbourne, 1999]

In renal tubules, glutamate transport and glutarhigrolysis are physically and functionally

coupled. Low and high affinity sodium dependentagate transporters are present in the

different membrane domains of epithelial cells: bingh affinity EAACL is distributed along
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the apical brush border, increasing in density fresrly to late proximal tubule, whereas
another transporter subtype is present on the basabrane.

In the renal lumen, the distribution of the apic@mbrane EAAC1 overlaps the expression of
Phosphate independent, but bicarbonate dependemamghase (PIG), that catalyses
glutamine hydrolysis to glutamate. Together wythglutamil-transferase, PIG and EAACL1
form a functional unit that not only regulates glmine metabolism, but it also controls
paracellular permeability.

Moreover, it has been hypothesised that this foneli unit produces three intracellular
signals: (I) changes in intracellular glutamatecertration; (II) Localised increase in ADP,
which stimulates glycolysis and ATP productionj)(ihtracellular rise in H+ concentration,
resulting from the transport of glutamate and pwstoito the cell [Welbourne and Matthews
1999].

GLAST is expressed in basolateral membranes dfréimsitional epithelium in kidney, where
it may be involved in glutamate homeostasis. Itk e likely related to the uptake of
glutamate from the blood side into the epitheliallsc for sustenance. Together with the
glutamate transporter EAAC1, GLAST likely contribsitto the inter-organ glutamine flux.

In kidney, these transporters cooperate for thbs@@tion of most amino acids that are
filtered at the glomeruli, thus leaving only smadhounts excreted in the final urine.

The first third of the proximal convoluted tubugeresponsible for the reabsorption of >90%
of filtered glutamate by a low-affinity high-cap@ciransporter, that has not been cloned yet.
EAACL1 will participate in the final recovery of darboxylic amino acids that may escape the
early part of the tubule [Shayalatlal., 1997].

Moreover, an old study supports a role of EAAs iephtic and renal gluconeogenesis
[Heitmann and Bergman, 1981].

2.2 Glutamate signalling in peripheral tissues

Recent studies indicate that in non-neuronal tssuogtosolic glutamate represents also a
potential transmitter pool with signalling functenindeed it has been suggested that
glutamate may act in autocrine and paracrine syssteuch as pancreas, bone, stomach,
intestine, liver, lung and kidney [Skerry and Gere\2001; Danbolt, 2001; Rzes#i al.,
2001].

17



In general, peripheral cells are not specializedtremsmit electrical signals, thus rapid
membrane currents evoked by glutamate might bed#sstive than long term effects on
intracellular messengers.

To fulfil signalling functions, peripheral tissusbould express the necessary machinery for
glutamate signal transduction, as happens in th&:GMsicles storage systems, functional

receptors and plasma membrane transporters.

2.2.1 Glutamate sorage into synaptic vescles

The detection of VGLUTSs in non-neuronal peripheéisgues has been used to demonstrate
the presence of peripheral glutamatergic paraautetrine systems [Moriyama and Omote,
2008].

These vesicle transporters are widely distributeldearip heral nervous system (PNS), such as
in the retina [Fremeaet al., 2002; Mimuraet al., 2002], trigeminal ganglion [Lét al., 2003],
dorsal root ganglia (DRG) [Oliveret al., 2003; Li et al., 2003], intraganglionic laminar
endings (IGLEs) of esophagus [Rattlal., 2003] and enteric neuron [Torgal., 2001].
Interestingly, their expression is also extendedanous non neuronal tissues such as bone
cells, pancreatic islet cells and pineal cells fBkand Genever, 2001].

It was found that pineal SLMVs contain both VGLU&ad 2, as revealed by biochemical,
immunohistochemical and electronmicroscopical evege[M orimotoet al., 2003].

The same approaches indicated the presence ofM@atkT1 and 2 in glucagon-containing
secretory granules of cells, suggesting that L-glutamate is co-secretid glucagon upon
low glucose stimulation [Hayaski al., 2003]. Vesicular transporters are also expressdd i
cells, and are associated with pancreatic polydeptontaining secretory granules,
suggesting that F cells are also glutamatergic, thadl pancreatic polypeptides and L-
glutamate are co-secreted [Hayaghal., 2003b]. By contrast, neither VGLUT1, 2 nor 3 are
expressed inf and 6 cells, thus these cells can not be consideredarglatergic cells
[Moriyama and Hayashi 2003].

In the gastrointestinal tract, L cells, that seergfucagon-like peptide 1 (GLP-1) and
polypeptide YY (PYY), express VGLUT2 in secretomanules [Hayashdt al., 2003]. The
stomach mucosa, especially the antrum and pyl&gisrs, contains VGLUT 2.

Also in bone vesicular glutamate transporters hiagen identified, but there are some
discrepancies regarding the isoform expressedteobtasts, as some groups have detected
VGLUT1 and other VGLUT2 [Hayaslat al., 2003; Hinoiet al., 2002; Redeckeet al.,
2003].
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2.2.2 Glutamate receptors

Glutamate receptors (GIuRs) are widely expressadidrithe CNS by cells that have not
been traditionally associated with glutamate meuiatignalling.

Some of the peripheral glutamate receptors have tleeed and sequenced and seem to be
identical to those involved in neurotransmissionl[@&d Pulido 2001]. However, it is likely
that rapid excitatory currents are less importanhan-excitable cells, whereas long term
effects on membrane potential, cytosolic calciunele and second messenger system might
be more relevant.

Moreover, the glutamate concentration outside tlagnlis higher than its receptor affinity. It
has been hypothesised that post-translational matldns, such as glycosylation or
phosphorilation, might reduce the affinity of giotate receptors in peripheral tissues,
compared with receptors inthe CNS [Gill and PuR@@1].

Studies of the distribution of radiolabelled glutdm receptor binding agents revealed
significant binding in the spleen, bone, pancrdang, heart, liver, kidney and intestine
[Samnicket al., 1998; Nasstroret al., 1993].

The table below summarizes the glutamate recepdobt/pes found in peripheral tissues,

together with the proposed function in the particenvironments.

Glutamate receptors expressed g
Tissue/Cell Type NMDA AMPA Kainate Metabotropic Proposed function
Astrocytes - + + + Neuron-Astrocytes communication
Cerebral
Endothelium * * ) * Unknown
Modulate differentiation and bone-
Osteoblasts * * ) * forming activity
Modulate differentiation and
Osteoclasts + - - - resorption
Modulate differentiation and
Megakaryocytes + - - - maturation
Platelets + - - - Regulate adhesiveness
Keratinocytes + + - + Regulate differentiation
Melanocytes i i i + Controll . proliferation and
cytotoxicity
Merkel cells ? ? ? - Mechanosensation
Pancreas + + + + Regulate hormone secretion
Lung + - - - Provoke edematous lung injury?
[leum + - - + Modulate contractility
Hepatocytes - - - + Protect from hypoxic injury
Heart + + + + Modulate cardiac function
Thymus - - - + Unknown
Kidney + - - - Cytoprotective
Adrenal gland + - - - Unknown
Taste buds ? - ? + Sense umami taste

TABLE 1: Tissue distribution and function of glutamate moes [Skerry and Genever, 2001].
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The localisation of GIuRs to specific structuregperipheral tissues hints at their importance
in the control of cellular homeostatic mechaniso®dl, differentiation, excitability, cell injury
and metabolism [Rockholét al., 1989; Said, 1999; Saiet al., 1996]. Their presence in
several endocrine organs, such as pancreas, pjtuitsstis, and kidney, implicates these
receptors in the regulation of hormone secretioadbkiet al., 1995].

In the stomach, glutamate modulates histamine-iedacid secretion in rats and glutamate is
also able to mediate contractility in the gastuadus, jejunum, ileum and large intestine
[Tsaietal., 1999, Shannon and Sawyer, 1989].

Expression of various glutamate receptors has Wepworted in testes, suggesting the
occurrence of glutamatergic system [@lal., 2000; Stortcet al., 2001]. Indeed, GIuR5 and
KA1, the functional units of kainate receptors, hoth expressed and present in the inner
acrosomal membrane, where glutamate is also stewggesting an intracrine signalling [Re,
2002].

Pinealocytes express metabotropic glutamate recefypes 3 and 5, and AMPA type
ionotropic receptors [Moriyama al., 2000; Yatsushiret al., 2000]. Stimulation of mGIluR3
causes inhibition of melatonin synthesis througimaibitory cAMP cascade.

lonotropic and metabotropic glutamate receptorsehseen found in lingual tissues and are
responsible for sensing the umami taste, the tdst®ing from monosodium glutamate
[Monastyrskaiat al., 1999; Sako and Yamamoto, 1999].

Glutamate receptors can also act as mediatorguf/ior inflammation [Said 1999; Sawt

al.,, 1996; Lipton and Rosenberg, 1994] and periphasales containing GluRs are also
potential target sites for excitotoxicity

In general, sustained activation of peripheral NMBAd AMPA receptors does not mediate
excitotoxic cell death. A probable explanationhattboth the depolarization and the increase
in intracellular calcium levels in response to glaate may be only transient in these tissues.
However, it has been reported a case of periplee@totoxicity in the lung [Saict al.,
1996].

In the lung, receptor expression has been demadadtand glutamate has been shown to
induce excitotoxic changes that are inhibited bgepeor antagonists. Furthermore, NMDA
alters hypoxic pulmonary vasoconstriction in isethp erfused rat lung [Sagétlal., 1996].

Also in the liver, mGlu5 receptors are expressedhbgatocytes and may be involved in
hypoxic injury [Stortoet al., 2000].
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2.2.3 Glutamate trangporters

Glutamate levels in blood and other fluids are tfigicontrolled around 30-8QM [Meldrum,
2000].Most organs, including the kidneys, intestine, &jmguscles and liver, express highly
efficient glutamate transport systems. The high acap of the peripheral glutamate
transporters is exemplified by the observation tbahtinuous intravenous infusion of
glutamate causes only a transient elevation ofptlhema concentration of the amino acid
[Hanley and Varelas, 1999].

Amino acid transporters have been involved in pmnosynthesis, regulation of cellular
metabolism, production of metabolic energy, cetbwgh, cell volume regulation, nerve

transmission, and absorption of amino acids froenldimen in polarised epithelia.
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FIG. 7: Potential mechanisms of signal transduction medliate amino acid transporters
[Hydeet al., 2003].

In addition to a traditional role in amino acidrisport, transporters may function as amino
acid sensors. Direct and indirect mechanisms haee hypothesised for the sensing of amino
acids levels (Fig. 7). Transporters may undergdaromational changes (Fig. 7A) or their
activity may change pH or membrane potential (Fig). They may also regulate external
amino acid concentration and consequent receptoraton (Fig. 7D). Alternatively, they
may control amino acid access to intracellular peéoes mechanism (Fig. 7 C) [Hyde at al.,
2003; Kwon, 2004].
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Sodium dependent glutamate uptake systems have beédentified in the following

tissues:

Intestine:

In intestine, dietary proteins are absorbed infte of small di-tri-peptides and individual
amino acids, resulting from enzymatic breakdownud,hglutamate transporters serve for
intestinal absorption of acidic amino acids, a sdrtnutritional uptake”.

EAAC1 was first cloned from rabbit intestine [Kanand Hediger 1992]. Its highest
expression is in small intestine mucosa, but dls® present in neurons of the enteric nervous

system, where it can cooperate in signal transomssi

Kidney:

Moaost amino acids, including EAA, are filtered byetkidney and reabsorbed via specialised
transport system in the tubuli, so that most offtlhered amino acids are recovered from the
final urine. The amino acids reabsorption is maimgdiated by Na/K coupled amino acid
transporters, situated on the apical membrane asdliteral membrane of the epithelial cells
[Kanaiet al., 2000].

P
Lumen b Blood
o

Acidic ax  —ai—
Meutral A —’— ‘ Aal - sl

Basic Gy e AR

FIG. 8: Trans-epithelial transport of amino acids in theatetubule[K anai
et al., 2000]

For EAAs uptake, EAACL1 is present in the apical fmeme of proximal tubules, in
particular in S2-S3 segments and to a less exten§li, suggesting that an additional
glutamate transporter probably exists in the kidfkegnai and Hediger 2003].

EAACL1 is an important regulator of kidney metabwolisacid-base balance and osmolar

homeostasis. The importance of EAAC1 for the fumtig of the kidney is evident from
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studies with EAAC1 knock out mice: they developadio xilic aminoaciduria, an increased
EAA renal excretion, consisting in 1400 fold fougimate and 10 fold for aspartate. All other
amino acids are excreted in comparable amounttret renal amino acid transporters do
not compensate for the loss of EAACL1 function [Ragh al., 1997].

GLAST mRNA and protein were found in the transiabsurface epithelium of the renal

pelvis and in thenacula densa portion of the distal convoluted tubules.

GLT1 mRNA has also been detected in the kidney,nausignificant expression of GLT1

protein was observed [Berger and Hediger, 2006] .

Pancr eas:

Hormone secretion in the endocrine pancreas isamgimple response to glucose and other
nutrients: the endocrine cells express severalptece for neurotransmitters, including
acetylcholine, GABA and glutamate [Molnar al., 1995; Weavert al., 1996, Liuet al.,
1997].

The role of glutamate in the pancreas was firsgesiged in 1992, in studies using a perfused
pancreas model where insulin secretion was abdaighe infusion of AMPA receptor
antagonist [Bertranet al., 1992].

It has been hypothesised that glutamate may aenastracellular messenger in beta cells
[Maechler and Wollheim, 1999]. If true, glutamatansporters may be directly involved in
the modulation of insulin release.

A glutamate transporter similar to GLT1 has beemetl from pancreas [Manfras al.,
1994], however cellular localisation of this traogper is still unclear. The only finding in
isolated islets incubated with D-aspartate, shosedium dependent accumulation almost
exclusively in cells at the islet periphery, supgato be alpha cells [Weawetral., 1998].

FIG. 9: Glutamate signalling in pancreas In
the islet of Langerhans, functional GluRs,
which could modulate secretion of hormones,
are identified ina cells [AMPA receptors, KA
receptors and mGIluRs), i cells (AMPA
receptors), and ind cells (KA receptors),
respectively. High affinity Glu transporters and
VGLUTSs are also expressed in the islet.

Stomach

Pancreas

[Hinoi et al., 2002]

G-gall a-dedl

ladet of Lapgerhans
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Heart:

Amino acids, and in particular glutamate, aspartghggamine and alanine, play important
roles in the metabolism of heart myocytes. Dursofpemia, glutamate infusion improves the
mechanical function of the myocardium.

GLAST and EAAC1 mRNA have been detected in thetlékakayamaet al., 1996].

Placenta:

This important tissue has a primary role in the liff a foetus, secreting hormones and
providing nutrients and oxygen.

GLAST, GLT1 and EAAC1 have been identified in tHagenta, but the interesting aspect is
that while placenta supplies the foetus with mdsthe amino acids, it removes glutamate
from the foetal circulation [Schneidetral., 1979]. Since the blood brain barrier is incomplete
in foetus, glutamate removal may be important fannmal brain development and can provide

a protection mechanism.

Mammary Gland: Only GLAST and GLT1 are expressed in the lactatmgnmary gland
[Martinez-Lopezet al., 1998].

Bone:

Glutamate may be one of the endogenous paracrinefae factors used for intercellular
communication in bone cells. NMDA receptors appedne involved in the process of bone
formation [Dobson and Skerry, 2000].

Osteoblasts and osteoclasts within the bone cex@ress the GLAST glutamate transporter,

whereas mononuclear marrow cells express the GES{iifosaet al., 1999].

in:

Keratinocyte differentiation might be regulated glytamate communication pathway. There
is also evidence that other non-keratinized celist treside within the epidermis, as
melanocytes, also use glutamate as a signallingeutd [Fratiet al., 2000]. It has been
proposed that a sub-epidermal source of glutamagletoe involved.

A high level of expression of glutamate transp eriegis been demonstrated in basal epidermal
keratinocytes, and also dermal fibroblasts expfesstional glutamate transporters, GLAST
and GLT1 [Coopeet al., 1998].
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AIM OF THE THESIS

Glutamate is known as an excitatory neurotransmittehe mammalian nervous system.

Emerging evidence suggests that glutamate is ailssept in peripheral tissues, where it can
play a dual role: the first in cellular homeostaarsl the second as an extracellular signal
mediator, in autocrine and paracrine systems. iRelatlittle attention has been paid to the

functional expression of molecules required fortgtoate signalling (receptors, plasma
membrane and vesicular transporters) in perip imeraneuronal tissues.

Given the crucial roles of glutamate transportarshie different peripheral tissues, it can be
significant to analyse their functional expressiobthose environments.

In particular, in this work we analyse the two haffinity glutamate transporters EAAC1 and

GLT1.

EAACL1 is present in the renal tubule, where it rages acidic amino acid reabsorption and
regulates acid-base homeostasis. Recent studieatmdhat protein-protein interactions and
intracellular trafficking represent an importantamanism to regulate transporter activity at
the plasma membrane. Therefore, our studies foousSAAC1 trafficking in epithelial cells
(Chapter II).

On the other hand, the role of glutamate as amdallalar signal mediator in endocrine

pancreas is established, while the effect of glatanon islet viability, the expression of

glutamate transporters and their physiological fioms in the endocrine pancreas are still
unclear. In this study we examine the effects ataghate and the function of the sodium
dependent glutamate transporter GLT1 in isletmelliels and in isolated islets of Langerhans
(Chapter III).

In chapter 1V, is reported the experience at Umsitgrof Texas Health Science Center at San
Antonio (UTHSCSA), USA. The goal of this project tis find out interactors of IAPP, a
protein involved in diabetes, by means of Yeast TWydrid Screening, that allows the
identification of direct protein-protein interaat®. In prospect, this technique will be a tool to

find proteins associated with glutamate transpserter
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CHAPTER II: Role of PDZ-mediated interactions in
EAAC1 biosynthetic delivery in epithelial cells

1 ABSTRACT

EAACL1 is a high affinity glutamate transporter eegsed in neurons and in epithelia. In the
Central Nervous System (CNS), EAAC1 controls syiegpansmission and it is involved in
long term potentiation (LTP) in memory and learniirgabsorptive epithelia, in particular in
intestine and kidney, EAACL1 is the major transprofe the dicarboxylic amino acid uptake,
as shown by the fact that EAAC1 was first clonemhrfrrabbit intestine [Kanai and Hediger,
1992] and EAAC1 knock out mice develop dicarboxyleninoaciduria, a disease
characterized by increased glutamate and asp atatetion in urines [Peghim al., 1997].

In order to be functional, the transporter mustelpressed at the plasma membrane, thus
alterations of its delivery to or retention in tpédasma membrane may be involved in
aminoaciduria.

Aim of this work is to study trafficking of the hhgaffinity glutamate transporter
EAAC1/EAAT3 in epithelial cells.

Studies performed in the recent years indicate thatsurface expression of EAAC1 is
controlled by associated proteins that remain tmbestigated.

We have focused our attention on a conserved seguma®sent in the C-terminal domain of
EAACL1, that mediates interaction with class | PD@tpins. PDZ-based interactions and the
PDZ protein network ensure that the membrane prstare correctly delivered to and
efficiently retained at the cell surface.

In the past years, we demonstrated that the PRjgttaequence and therefore PDZ proteins
are responsible for the retention and stabilityE&AC1 at the plasma membrane. Indeed,
removal of this sequence causes the transportateation from the surface to endocytic
compartments [D’Amicet al., 2010].

In this work, we aim at demonstrating whether fI3Z-target sequence is important also for
biosynthetic delivery of the transporter.

Our data indicate that PDZ interactions occur earlythe biosynthetic pathways and are
involved in the ER-to-Golgi trafficking, as well aa Post-Golgi trafficking of EAACI.
Removal of the PDZ motif delays rather than prese¢he ER export of the transporter, thus
indicating that PDZ interactions faciltate the ERIgi trafficking. Possibly, PDZ-

interactions favour the transporters homo-oligopaion, a process required for the efficient
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ER export of EAACL. Alternatively, PDZ domain-prote may couple EAAC1 with protein
complexes required for the efficient fusion of @marrvesicles to the appropriate target
membrane.
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2 INTRODUCTION

2.1 Epithelia

A primary function of epithelial cells is to pro@dissue compartmentalization, determining
an interface with the external environment, whilp gorting specialized functions internally.
To establish defined boundaries, cells that cover éxternal surface and line internal
compartments must form barriers to prevent ungesttiexchange of materials.

The plasma membranes of these cells effectivelwgnte most hydrophilic solutes from
crossing the boundary, but also the paracellulahyay between cells is sealed by the
junctional complexes. Tight junctions seal the pealtalar pathway, the adherens junctions
and desmosomes provide the strong bonds necessarstiritain cellular proximity and allow
tight junction assembly. Adherens junctions ar® alstical for epithelial polarization and
differentiation. Gap junctions are cell-cell contgathat provide cellular communication.

tight
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FIG. 1. Schematic representation of an epithelium. Theahpi
lateral and basal domains are indicated. The janaticomplexes
are shown.

The deriving absolute barrier would prevent any mwmmication with the external
environment, at least via the paracellular pathwayr.this reason, the boundaries formed by
epithelia are essential for life, but this tissuestrbe also selectively permeable to ensure the
correct composition of, and transport betweenjmistompartments.

This is particularly true in the absorptive epithesuch as intestine and kidney, where the
epithelial barrier supports molecule transport @ piteventing microbial contamination of the

surrounding tissues.

34



2.2 Epithelia Polarity and Trafficking

2.2.1 Absorptive epithdia: |ntestine and Kidney

The major function of small intestine epitheliumtiee absorption of dietary nutrients, water,
electrolytes and vitamins, while in the kidney tieeabsormtion of those substances regulates
and maintains body fluid composition.

Intestinal absorption or renal re-absorption inplitne movement of a solute from the
intestinal/renal lumen to the blood, passing thhoube epithelium. This transcellular
transport is characterised by active or passiveemewt of solutes and water through cells by
means of the specific transmembrane transport ipsot& o ensure directional transport of
nutrients across the epithelia, these systemsxpregsed and targeted to different membrane
compartments in epithelial cells. As a consequetitase cells exhibit cell-surface polarity,
which means that their plasma membrane is divided specialized regions, apical and
basolateral, that are exposed to different enviremtisrand which have a characteristic protein
and lipid composition.

The maintenance of tissue polarity and regulatibrplasma membrane stability of these
transporters are fundamental, and are achievetdhighly elaborated cell machinery.

2.2.2 Epithdia polarity

In the past years, an increasing number of diskase been shown to involve defective
targeting and trafficking of proteins. These digsagsan be grouped under the name of
“sorting disorders” and they result from abnormealivdery of functional important proteins to
the cell surface [Brown and Breton, 2000].

The plasma membrane of epithelial cells is divided subdomains of distinct molecular
composition: the apical, basal-lateral, and jum@iomembrane domains (Fig. 1). The apical
domain of epithelial cells forms a continuous plabehe cell apex, that is specialised with
microvilli. The apical domain is usually in contagith the external surface of an organism,
such as developing urine in renal tubule, luminamtent in the intestine and secretory
material in exocrine glands. In contrast, the k#eohl surface faces the internal surface of
the organism, being in contact with the blood datian and adjacent cells.

Each domain has specific protein complexes composkddistinct transmembrane,
membrane-associated and cytosolic compartmentsselpeotein complexes mediate the
adhesive properties of cells, the formation ofpilaeacellular barrier, and ensure the vectorial

solute transport that occurs in absorptive epiheli
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The structural and functional polarity of epithelizlls relays on the selective insertion of
proteins and lipids into distinct plasma membraomdins. Proteins are specifically targeted
to distinct plasma membrane domains by mechanisras ihclude an interaction between

signals within the protein itself (sorting signahd a cellular sorting machinery which

recognizes the sorting motif. Formation of thesat@n complexes is determined in large part
by interactions of modular protein-binding domains.

2.2.3 Vedcular transport

The basic mechanism to transfer proteins betwegsneiles is mediated by carrier vesicles
that continually bud from one membrane and fusd witer and is driven by protein-protein
interactions.

Each vesicle transport reaction can be divided fotw essential steps, that include vesicle

budding, transport, tethering and fusion [Bonifacand Glick, 2004].
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FIG. 2: The Four Essential Steps in Vesicle Transpb (1) Budding: coat proteins are
recruited onto the donor membrane to induce timdton of a vesicle. Cargo and SNAREs
are incorporated into the budding vesicle by bigdia coat subunits. (2Ylovement: the
vesicle moves toward the acceptor compartment Hfusion or with the aid of a
cytoskeletal track. (3)ethering: tethering factors work in conjunction with Rab E&ses to
tether the vesicle to their acceptor membraneF@djon: the vesicle-associated SNARE and
the SNARE on the acceptor membrane assemble iftwrahelix bundle (trans-SNARE
complex), which drives membrane fusion and thevdg}i of cargo. [Cagt al., 2007]

A fundamental element of membrane traffic is vesidrmation, or budding, that is initiated

by the selection and concentration of cargo preteithin a plasma membrane subdomain.
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This occurs through interactions between sortingerd@nants on the cargo protein and
cytosolic coat components that direct cargo tafohming vesicles [Aridoet al., 1996].

Protein coats are dynamic structures that areitedrirom the cytosol onto donor membrane
by small GTPases and they deform flat membranesround buds, which leads to the release
of the coated vesicle.

Vesicular transport within the early secretory paiys is mediated by two types of non-
clathrin coated vesicles: COP-I and COP-II [Allard@8alch 1999]. COP-I primary acts from
the Golgi to the endoplasmic reticulum (ER) andasstin Golgi cisternae. COP-Il mediates
trafficking from the ER to Golgi [Barlowet al., 1994; Letourneuet al., 1994; Watert al.,
1991].

Clathrin coated vesicles, the first identified [Bed975], are mainly derived from the plasma
membrane or the Trans-Golgi network (TGN) and exedported to endosomes [Owatial.,
2004]. The main adaptors are proteins of AP2 corple

Coat recruitment is coupled with the acquisition SNAREs (SNAP- Soluble N-
ethylmaleimide sensitive-factor Attachment ProtelReceptors) proteins that direct the
vesicles to their target membranes [Solletexl., 1993].

After budding, cargo vesicles are transported tartfinal destination by diffusion or by
motor-mediated transport along a cytoskeletal track

In particular, vesicles interact with microtubuldés; means of the so-called “microtubule
motors”, dynein and kinesin families [Schroer artie&z, 1991]. It has been shown that
microtubule disruption perturbs the delivery oftems to the cell surface, and causes a
marked shift in the distribution of many membranetgins from their usual surface location
onto scattered intracellular vesicles [Brown andwst1996]. In the absence of an intact
microtubule network, also the exocytic step of theycling pathway is inhibited, thereby
causing the same phenotype. Thus, microtubuleram@vied both in the initial delivery of
newly synthesised proteins to the cell surface ianidhe continued maintenance of specific
cell surface domains. Moreover, not only apicajéting is achieved by microtubules, as it is
now clear that also basolateral protein traffickiag also involve microtubules [Brovehal.,
1991; Lafontet al., 1994] .

Also the actin cytoskeleton may serve as mechaeieahent that drives and guides vesicles
movement within the cells [Rogers and Gelfand, 1998 addition, the actin cytoskeleton
may directly concur to cell polarity by anchoringogeins in specific plasma membrane
domain [Hammertomt al., 1991]. This interaction is usually mediated byssrdinking and

anchoring proteins such as ankirin and fodrin [Meland Hammerton, 1989].
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The last step in vesicle-mediated transport ig¢hegnition and fusion of the vesicle with its
target membrane, that involves the so-called tethéactors and SNAREs.

Acting upstream of the SNAREs, tethering factorgliate the first point of contact and the
specificity of vesicle targeting, interacting an@nking together with coat proteins. Tethering
is a term used to describe the initial interacti@iween a vesicle and its target membrane.
Tethering factors may couple the recognition ofeaisle to the process of vesicle uncoating
and then bring the vesicles in closer contact wtghtarget compartment [Malsast al.,
2005].

Almost all tethering factors fall into two broadtegories: long putative coiled coil proteins
and multi-subunit complexes. To date, eight coreereomplexes have been identified as
crucial for exocytic and endocytic trafficking exsr{Fig. 3) [Caiet al., 2007].

Tethers can be also Rab effectors and Rab excHang@s. Rabs are small GTPases of the
Ras superfamily that continuously cycle between dysol and membranes. Rabs act at
multiple stages of the exocytic and endocytic paghwmand in their GTP-bound form they
appear to facilitate the recruitment of tetherspecific locations.

Tethering factors may actively promote SNARE-mestiamembrane fusion by stimulating
the formation of trans SNARE complexes [Shode., 2002].

SNAREs, a family of membrane proteins that areedldo three different neuronal proteins:
sinaptobrevin, syntaxin and SNAP-25. Specific mambrassociated SNAREs form a sort of
lock and key that is activated by selective recogmiamong these proteins. A SNARE on a
transport vesicle (v-SNARE) pairs with its cogn&eARE-binding partner (t-SNARE) on
the appropriate target membrane [Rothman, 1994nSa al., 1993].

FIG. 3: Tethering complexes that act in te
secretory and endocytic pathways. Protein
complexes that play a role in vesicle tethering are
pu | indicated. TRAPPI acts in ER-to-Golgi traffc,
while Dsl 1 operate in the reverse transport.
TRAPPII has been implicated in transport events
that take place within the Golgi, and from the
endosome to the late GolgCOG has been
proposed to tether vesicles from the endosome to
the cis-Golgi. GARP/VFT complex has been
implicated in trafic ffom the endosome to the
trans-Golgi. TheCORVET complex may be
required for tethering events between the trans-
Golgi and endosomeadOPS functions between
the endosome and vacuole and in homotypic
vacuole fusion. Thexocyst complex binds to
post-Golgi and recycling vesicles at the plasma
membrane. [Cagt al., 2007]
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2.2.4 Protein ddlivery to the plasna membrane
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The correct surface expression of membrane protgeiasmultistep process [Mostat al.,
2003] involving:

1- Protein folding and maturation

2-Export from the ER

3-Golgi processing

4-Biosynthetic sorting from the Trans-Golgi Networtk the correct plasma membrane
domain (apical or basolateral)

5- Anchoring and/or retention at the plasma memiran

1) Protein folding and maturation

Protein folding and maturation are essential tausn®fficient protein transport through the
secretory pathway. In eukaryotic cells, newly sysiked transmembrane proteins are inserted
co-translationally into the endoplasmic reticuluBR], with the assistance of molecular
chaperons and folding enzymes [Nickel and Wielat2h8; Nishikaweet al., 2005]. These
enzymes interact with the nascent polypeptide shaand facilitate its folding,
oligomerization, maturation and post-translationadifications, important for the correct
protein trafficking.

Incorrectly folded or incorrectly oligomerized peots are potentially cytotoxic, and are
removed by a quality control system [Bychkova aniisin, 1995; Kim and Arvan, 1998].

When mis-folded proteins accumulate in the ER,@rgéd ER chaperon binding reduces the
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concentration of free chaperones, that represekey astep in ER quality control. To cope
with the resulting ER stress, cells induce thedcaption of gene products that facilitate the
processing of aberrant proteins and that atterpaitein translation. If protein repair by ER
chaperons is unsuccessful, aberrant proteins eaeed from the ER by a mechanism termed
ER associated degradation (ERAD) [Brodsky and Mckima 1997; McCracken and
Brodsky, 2003; Tsai and Rapoport, 2002]. In thisoess, aberrant proteins are translocated to
the cytosol and degraded by the ubiquitin-prote@ssystem. A single point mutation can
have a dramatic effect on this folding process, oiserved for the cystic fibrosis
transmembrane regulator (CFTR) deleted in posi&68 [Brownet al., 1998; Quet al.,
1997].

In ER compartments, occurs the first modificatidrpooteins after synthesis: the addition of
mannose-6-phosphate group [Sly and Fischer, 19823 sugar residue binds to specific
mannose-6-phosphate receptors in the Golgi cisteand causes these proteins to be selected

for packaging into specific vesicles directed tedgomes.

FIG. 5: Lectin-mediated glycoprotein transport in the

secretory pathway. After synthesis and N-glycosylation,

glycoproteins bind to the calnexin and/or calrdticuT hen,

the glycoproteins are arranged by glucosidase Itli(Gand,

if still incompletely folded (white), they are rggbsylated by

GT and re-directed to another cycle of quality ooint

After prolonged residence in the ER, mannosidd&&RI Man

I) removes one mannose residue. Incompletely folaled

reglycosylated glycoproteins are targeted to thesxl and

degraded by the proteasome.

Correctly folded proteins (black) are transport-patent and

some of them (*) may bind to ERGIC-53, which retsuthem

to COPII buds and thereby facilitates transpoithen ERGIC.

In the cis-Golgi, glycoproteins are either trimmedMan5

prior to reglucosylation by Golgi glycosyltranstes, or

gz:“ tagged with the lysosomal signal Man-6-P by segakent

G eroicss action of phosphotransferase (PT) and phosphodisste

N virss (PD)

; :‘f“:”‘f“:’) Some glycoproteins escape cis-Golgi trimming buty rba
e recognized by VIP36 and recycled to the cis-Galgiahother

attempt. Proteins carrying Man-6-P residues aregeized

by MPRs in the trans-Golgi and sorted to endosomias

clathrin-coated vesicles.

N-Glycans also serve as signals for Golgi exit apical

targeting in epithelial cells.

ECV, endosomal carrier vesicles; EE, early endosonig
late endosome; TC, translocation channel.
[Hauri & al., 2000]
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2)Export from the ER
Correctly folded proteins are then ready for thpoek from the ER. For the ER-to-Golgi

transport and recycle between the ER and the cesdathe Golgi stack, SNARE proteins are
also required [Wooding and Pelham, 1998; Banfetk., 1995; Roweet al., 1998].

At the level of the ER, proteins destined for expame thought to become concentrated into
departing transporter vesicles, while residentshef ER are excluded [Balakt al., 1994],
indicating the existence of a machinery involveative packaging of cargo molecules. The
selection of cargo molecules at this step coulthediated by p24 proteins.

Cargo might interact with coat components eitheeatly or indirectly via cargo-coat
receptors. Among these, ERGIC-53 has been descebed mannose-specific lectin that
constitutively cycles through the early secretogthgvay, implicating a role of sorting of
mannose-containing cargo molecules.

Simultaneously, retrograde protein transport océuos the Golgi to ER [Tsadt al., 2002].

It is not clear if this retrograde transport invedvthe intermediate compartment or if proteins
can be transported directly to the ER.

The traffic from the ER is mediated by protein-not interactions, that involve adaptor
proteins and sequences on the cargo protein. ThieriMif of GAT 1 provides an example of
a cargo-based motif that specifies export from BRGIC (ER to Golg Intermediate
Compartment) [Farhat al., 2008].

3)Golgi processing

During their transport to the surface, cargo pregiass through the various cysternae of the
Golg apparatus. In mammalian cells, multiple Gatacks are linked together to form a
reticular structure that is actively maintained uerd the centrosome by interactions with
microtubules and accessory proteins [Rios and Bane003]. The cis and trans side of
these stacks are associated with networks of tulsfifactures: the cis-Golgi network or
endoplasmic reticulum-Golg intermediate compartm¢BRGIC) and the trans Golgi
network (TGN) respectively, representing the caegtry and exit points [Allan and Balch,
1999].

As cargo moves through the Golgi stack, it is miedifby Golgi-associated processing
enzymes, that ensure correct post-translationalfivatibn of proteins and promote efficient

sorting and trafficking of secretory proteins.
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The most common form of post-translational procesis glycosylation [Wanet al., 1994].
Vertebrates and especially mammals, have evolvieditdly complex glycan repertoire, that
represents the molecular base for intersp eciegnéamn systems.

In mammals, the enzymatic process of glycosylatibliizes nine monosaccarides, that are
provided by conserved biosynthetic reactions aedaoduced predominantly in the secretory
pathway of the cell [Ohtsubo and Marth, 2006]. Witthe Golgi apparatus, glycans become
increasingly oligomeric and branched as they ttattsithe latter portion of the secretory

system; the final proteins are then delivered t® ttell surface and extracellular
compartments.

Cell surface

f FIG. 6: Glycosylation
pattern along the
biosynthetic pathway.

Different glycans
Meno composition is achieved
gradually and is

characteristic of each
cellular compartment.

[Denniset al., 2009]
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There are several types of glycosylation, whosgsdiaation depends on target amino acids.
N-glycans are linked to asparagine residues ofptia¢ein, in the Asn-X-Ser/Thr motif. O-
glycans are attached to a subset of serines aedrtines [Schachter, 2000; Yan and Lennarz,
2005].

Glycans produced in the secretory pathway parteiga multiple mechanisms of cellular
regulation. The influence of glycans on proteintpiro interactions encompasses a large

number of cellular functions that span from nascpnttein folding and intracellular
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trafficking to roles in extracellular compartmentghere cell-cell communication is
modulated.

Y
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FIG. 7. Glycan functions.
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Following post-translational modifications, thertsaside of the Golgi stack serves as a key
sorting station, directing cargo to multiple initwalar and extracellular destinations. Indeed,
the stack in the trans cysternae are sorted intstitative secretory vesicles that fuse with the
plasma membrane. In epithelial cells, at the l@fel GN, apical or basolateral proteins are
sorted into different vesicles that fuse with tagprective apical or basolateral domain [Brown
and Breton, 2000].

In the table below, the main sorting signals amasarised:

Table 1 |Sorting signals and the elements of the sorting machinery

Signals Examples Elements of the sorting machinery
Apical
Lipid rafts HA, PLAP, GPl-anchored proteins VIP17/MAL, galectin-4, FAPP2,
annexin-13b, annexin-2, kinesin,
KIFC3
Glycosylation Clusterin (gp80), H,K-ATPase B-subunit, P7SNTR, LPH, Lipid rafts, galectin-3, kinesin, KIF5B
S, glycoprotein g114
Cytoplasmic seguences Rhodopsin, megalin, receptor guanylate cyclase, Mg Dynein light-chain Tctex
muscarinic receptors, ATFP/B, copper-ATPase, NKCC2,
PMCAZ2
Transmembrane sequence H,K-ATPase x-subunit
PDZ motifs CFTR, Nat/H* exchanger, NaPill NHERF, NaPi-Cap2
Basolateral
Cytoplasmic YXX® (P-bulky LDL receptor, VSV-G, plgR, hTnR (human transferrin AP-1, AP-4, exocyst
hydrophobic) motifs receptor)), TGN38, AQP4
Cytoplasmic [DEPCCALLI] motifs E-cadherin, sulfate/bicarbonate/oxalate anion exchanger AP-1, exocyst
sat-1, MCAM, NKCC1 CD147, MHCII, furin
PDZ motif Kir 2.3, GABA transporter, BGT-1, GABA transporter, Syntrophin, Lin-7/CASK, PSD-93,
GAT-2, Syndecan-1, «53-1 integrin SAP97, Cdc42
Mon-canonical sequences Transferrin, NCAM, TGF-3 receptor

Apical sorting determinants and their cellular apbap or receptors are still unclear and
remain to be identified. Until know, an heterogameg@opulation of apical sorting signals
have been described (Fig. 8).

Among them, is the lipid anchoring glycosyl-phospddinositol bridge (GPI), a post-
translational modification in the ER, which is tiirst apical sorting signal that was described
[Lisantiet al., 1988; Brownet al., 1989]. Other determinants for proper apical dejivere the
presence of N- or O-glycans [Le Bivétal., 1993; Yeamaret al., 1997; Bentinget al., 1999;
Alfalah et al., 1999; Jacolxst al., 2000].

Specialised lipid rich membrane segments, callgaalpid rafts, appear to be involved in
this process [Harder et a., 1998]. Some polypeptafehe annexin family also participate in
apical transport of raft-associated membrane prsteRecent data have highlighted the

involvement of a new lectin family for apical traKing, the galectins. In enterocytes,
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interaction between galectin-4 and sulfatides pkysle in the organisation of lipid rafts for
efficient apical surface delivery [Danielsen anah Zeurs, 1997]. On the contrary, galectin-3
in MDCK cells seems to target apical vesicle inafi-ndependent mechanism [Delacatir
al., 2006].

Apical sorting signals that mediate the incorporatinto membrane microdomains have also
been identified in the transmembrane domains ofepr®. The length and the primary amino
acid sequence of the transmembrane domain seem iogortant for rafts association and
lipid based sorting [Munro, 1995; Nezil and Bloal892].

In addition, apical sorting signals of differentua@ have been identified in the cytosolic tails
of rhodopsin [Chuang and Sung, 1998], megalin [Ndkrzet al., 2003; Takedat al., 2003]
and receptor guanylyl cyclases [Hodsaral., 2006]. There is still a significant number of
apical proteins with unknown apical sorting infotioa, and therefore other signals variants
hidden in proteins may also play a role in apicaltgin delivery.

Basolateral signals are localised in the cytoplastomain of basolateral proteins and consist
of tyrosine or dileucine motifs, which are ofterufa in the vicinity of stretches of amino

acids.

5) Anchoring and/or retention at the plasma membran

The fine modelling of plasma membrane domains lieesed by protein-protein interactions,
that may increase the residence time of a spgmifitein at the plasma membrane. Many of
these ancillary proteins act as a bridge between ttansmembrane protein and the
cytoskeleton, creating a stable complex at thenpdasnembrane. This interactions may
prevent plasma membrane protein internalisati@ngtocytic or degradative compartments.
It has been established that receptor mediated cghokis and sorting in endosomal-
lysosomal system occur through coated areas ofmdrabranes. Protein coats are mainly
composed of the structural protein clathrin, of @da proteins (AP) and other accessory
factors. The recognition of specific sorting motifs the intracellular tails of membrane
proteins by these adaptor proteins activates thernalisation processes via protein
interactions. The signals are similar to that cddateral targeting, as they contain tyrosine-

based sequences and di-leucine motifs.
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2.3 PDZ Domain-containing proteins

Essentially, protein trafficking along the biosyetic route strongly relies on the coordinated
cooperation of proteins. At molecular level theenactions are driven by structurally
conserved domains that specifically recognise pledigands in other proteins [Pawsaal.,
2002]. Among these, in the recent years, PDZ dosnbave been described and involved in
several step of the biosynthetic pathway.

The most abundant protein-protein interaction dos#nat contribute to tethering proteins to
the cytoskeleton and to the trafficking machinerg BRDZ domains [Ponting 1997; Rongo,
2001], contained in the so-called PDZ proteins.

PDZ domains are modular domains of 90 amino acifitey were originally identified as
conserved sequence elements within the post sgrdprisity protein PSD95, the Drosophila
tumour suppressor dig-A, and the tight junctiontpimZO-1 [Pawson and Scott, 1997]. PDZ
domains are often found in proteins with other knoimteraction domains or signalling
domains.

The primary function of PDZ domain is to recognesel bind specific amino acid sequences
localized at the COOH terminus of target protedspending on the target sequence, PDZ
domains are traditionally classified as classdsglll and class Il domains, which recognise
the consensus sequences listed in the table b8owé¢ and Eggermont, 2005]:

PDZ domain Consensus sequence
Class | X-SIT-X®
Class I X-O-X-O
Class 11l E-D-X-W-C/S

Cristallographic studies demonstrate that the P@#Zhain is composed of sig strands
forming two opposing antiparallel sheets flankedtiwp alpha helices. The COOH terminus
of the interacting protein lies within an elongasentface groove as an antiparallel beta strand
and the hydrophobic side chain inserts into an dydobic cavity at the end of the groove
[Doyle et al., 1996].

PDZ proteins often contain multiple protein-proteiteraction domains that can cooperate to
bind more than one target ligand. They have alsm ldemonstrated to bind directly to other
PDZ proteins, forming homomeric and heteromeric glexes [Brenmaset al., 1996].

On the basis of their domains, PDZ proteins cadiladed into three major groups:
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1-PDZ-only proteins: containing one or more PDZ dom

2-Membrane associated guanylate kinase (M AGUK) dorantaining proteins

3-PDZ proteins that contain other protein interagtilomains, e.g. SH3, PH and L27 domains
in addition to their PDZ domains.

PDZ interactions are not limited to transmembrar@ens, but also include a large number
of different cytosolic proteins comprising compotrgemf signal transduction pathways and
the cytoskeleton (Fig. 9).

The interaction of PDZ domains with binding parthezan be directly regulated by
posttranslational modification triggered by recaptactivation. Both intracellular and
extracellular signals can control the phosphodlatof residues within the C-terminal target
sequences of interacting partner or within the RDmain itself.

Thus, it seems likely that regulated associatioD¥-containing proteins may represent a

general mechanism for regulating the temporal aradial assembly of complexes.

FIG. 9: Schematic structure of PDZ domain-
containing

Apical PN proteins

GOPC proteins that play a role in the polarized expressin
i of membrane proteins. Alternative names of the PDZ
i proteins are indicated in brackets. Possible ictienas
NHERF-2 .
SEIRAREY between PDZ proteins

o ame in epithelial cells (solid lines) and neurons (cesh
NHERF-1 b= lines) are indicated. Possible binding to the actin
R ll". cytoskeleton is indicated by dotted lines.
;_{ﬁf\'_rl_w“ 4.1, protein 4.1-interacting domain or Hook domé&#L, CFTR-

associated ligand; CaMK, caimodulin kinase Il-li@main; CAP70,

Basolaleral PIN proteing

MINT 2-3 ihLni oo, X115

Veli 1-3

ihLin? g, MALS 113

CFTR accessory protein-70; CASK, calcium/caimoddipendent
serine protein kinase; CID, CASK-interacting domaQ€, coiled-

coil domain; E3KARP, NHE3 kinase A regulatory piinte EBP50,
ezrin-radixinmoesin-binding  phosphoprotein-50; ERMezrin-

radixinmoesin-binding domain; FIG, Fused in gliditama; GOPC,
Golgi-associated PDZ and coiled-coil motif-contagprotein; GuK,
guany hte kinase-like domain; L27, L27 domain; MAlbam malian
Lin-7;  Mint, Munc18-1-interacting  protein;  NaPi-Chp
Na'/phosphate cotransporter-CFTR accessory proteifNHERF,

Na'/H exchanger regulatory factor; P4.1, protein 4.1; PBDZ

domain; PDZK1, PDZ containing 1; PIST, PDZ domairotgin

interacting specficaly with TC10; PTB, phosphatgine-binding
domain; SAP97, synapse-associated protein 97; SH3, domain;
Veli, vertebrate Lin-7.

[Brone and Eggermont, 2005]
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2.3.1 Role of PDZ domainsin call poarity and proten trafficking

PDZ domains have been involved in several procasstsnay be relevant to protein delivery

to polarized domains.

ER export: PDZ proteins have been involved in the early eveat assembly,
processing and delivery of interacting partner. Titeraction of SAP97 (a PDZ
protein) with NMDA receptors occurs in the endopiasreticulum and is critical for
the delivery of receptor complexes to synapsess[&al., 2001; Hayashét al., 2000;
Shiet al., 2001; Prybylowsket al., 2002; Sprengedt al., 1998; Moriet al., 1998]. It
has been proposed that in neuronal processes NMDeptors are retained in the ER,
unless an interaction with PDZ proteins occursstallowing receptor transport to the
plasma membrane.

Sdective plasma membrane targeting: Each PDZ protein is generally restricted to
specific subcellular domains, such as synapsesl-calel contacts, or the
apical/basolateral cell surface [Fanning and Ammlersl999]. This leads to the
speculation that PDZ domains are necessary forbibsynthetic targeting and
polarised expression of membrane proteins. An elamspghe GAT2 transporter, that
has a sequence of 22 amino acids at the C termewusired for the transporter's
basolateral distribution. Whereas the GAT3 C-teainequence contains a PDZ
consensus sequence, necessary for its apicalibayftuth et al., 1998].

Retention and stabilisation in specific subdomains: PDZ network ensures that the
membrane proteins are efficiently delivered andinetd at the cell surface. As PDZ
proteins contain actin binding domains, they appeasct as a bridge between PDZ
binding proteins and actin cytoskeleton, therefmrehoring target proteins to the cell
surface. For example, actin confines GAT1 to tlasmla membrane via ezrin, and this
interaction is mediated through the PDZ-interactiognain of GAT1 [Imoukhuedet
al., 2009]

Organization of functional domains. PDZ proteins have been involved also in
tethering or clustering functionally interdepend@nbteins in specific cell surface
domains, thereby increasing the efficiency of tHemctions. Indeed, the structural
features of PDZ domains allow them to mediate nloa@ one specific protein-protein
interaction. The ability to cluster transmembraeeeptors and channels has great

functional significance. Receptor clustering is a&llvestablished prerequisite for
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receptor activation and might also provide a mesimanto coordinate activity of
different transmembrane receptors and ion channels.

An example is provided by the PDZ protein NHERF “N&exchanger regulatory
factor), that has two PDZ domains and binds diye¢td both thep2-adrenergic
receptor and NHE-3. It has been demonstrated ttiaation of f2-adrenergic
receptor can alter the activity of NHE and that NRfFEis required for this regulation
[Hall et al., 1998]. In addition, the PDZ protein NHERF both dsnto the cystic
fibrosis transmembrane regulator (CFTR) chloridanctel and the Na+/H+ exchanger
on the apical plasma membrane [Shebdl., 1998].

2.4 Regulation of EAAC1 surface expression, function astrafficking

2.4.1 Integinal and renal trangport sysems

In kidney and intestine, an important category aflapzed proteins are amino acids

transporters. Indeed, to perform a directional demrithelial solute transport, membrane
transporters need to be targeted selectively tioeeithe apical or basolateral membrane
domain.

Amino acid transporters are important for organhysiology as they can influence normal
cell function, can regulate synaptic signallingummal excitability and pH homeostasis in
several tissues [Broer, 2008].

Definitely, amino acids transporters expressed beogotive epithelia are critical for the

homeostasis of plasma amino acid levels and forstigply of amino acids to all tissues,
where they serve as building blocks for proteintisgsis, as precursors for a wide variety of
bioactive molecules, and as energy metabolitess Bhillustrated by a number of inherited

disorders affecting amino acid transport in epigtheklls, such as cystinuria, lysinuric protein
intolerance, Hartnup disorder, iminoglycinuria, altwoxylic aminoaciduria, and some other

less well-described disturbances of amino acidsiart.
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Table 1. Apical amino acid transporters
System cDNA SLE Amino Acid Disorder Mechanism Tissue
Substrates
BO BOAT1 SLC6A19 AAD Hartnup Na*-Sp Ki, Sl
BOAT?2 SLC6A15 PLV,I,M Ki,Br
ot rBAT/ SLC3A1/ R.K,O,cystine Cystinuria ADT/AAC- Ki, Sl
o+ AT SLC7A9 Cystinuria Ap Ki, Sl
Gly XT2 SLC6A18 G Iminoglycinuria . d. Ki
(candidate)
IMINO IMINO SLC6A20 P, HO-P Iminoglycinuria Na*,Cl-Sp Ki,SI,Br
(candidate) Ki,SI,Br
PAT PAT1 SLC36A1 P.G,A GABA, Iminoglycinuria H*-Sp Ki,Lu,Ht
(Imino acid) B-A (candidate)
PAT2 SLC36A2 PG.A Iminoglycinuria H+-Sp
(candidate)
X EAAT3 SLC1A1 E.D Dicarboxylic Na*,H*-Sp Ki,SI,Br
K+-Ap

Summary of the major apical amino acid transportaiad in kidney and intestine. AA°, neutral amismds:
HO-P, hydroxyprolinep-A, beta-Alanine; O, Ornitine; All the other aminaoids are listed in one-letter code;
Br, Brain; Ht, Heart; Ki, Kidney; Lu, Lung; SI, sthantestine. [Broer, 2008b]

Based on functional studies in kidney and intestind the amino acid profile in the urine of
individuals with different aminoacidurias, five tigport activities were proposed [Milne,
1964; Scriveet al., 1976; Thier and Alpers, 1969; Young JA, Freedm&T,1].

1) the “neutral system” or “methionine preferringssem” transporting all neutral amino
acids;

2) the “basic system” transporting cationic amic@s together with cystine;

3) the “acidic system” transporting glutamate aspatate;

4) the “iminogly cine system” transporting prolifg;droxyproline, and glycine;

5) thep-amino acid system.

2.4.2 EAAC1

We have focused our study on the glutamate trabsp@xcitatory amino acid carrier 1
(EAAC1/ EAAT3) [Royleet al., 2003].

EAACL1 is largely distributed in absorptive epithéltissues such as kidney and intestine.
EAACL1 was first cloned from rabbit intestine [Karseid Hediger 1992] and EAAC1 mRNA
was found in the small intestine where its amooaotdases after a high protein diet in animals
[Erickson et al., 1995]. Moreover, there is evidence of the presecEAACL protein in
enteric nervous system [Ligt al., 1997]. In rat kidney, the transporter is predomifha
located in the brush border membrane of proximhauke S2 and S3 segments [Shay aul

al., 1997]. In this location, the primary function o AKC1 transporter is the final re-
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absorption from the glomerular filtrate of glutaeand aspartate that escaped the early part
of the proximal tubule [Burchet al., 1978; Silbernagl, 1983]. The EAAC1-mediated
absorption is highly effective since more than 96P4he filtered dicarboxylic amino acids
are recovered from the final urine [Hediger, 1999].

[EAACL1, located in the apical membrane of proximatdules epithelia, is functionally and
physically coupled to the phosphate-independent Hicarbonate-dependent glutaminase
(PIG) and regulates both glutamine metabolism aa@gellular permeability [Welbourne &
Matthews, 1999] (Fig. 10).

EAAC1 has also been involved in glutathione homasistas it can transport cysteine, whose
abundance is the rate limiting step in glutathisyethesis [Zerangue al., 1996; Aoyamaet

al., 2006].

Czin

FIG. 10: Metabolic acidosis and glutamate metabolism irkiéihey proximal tubule cells. Image
modifed from Hediger, 1999.

Alterations in the human EAACL1 transporter activigye associated with dicarboxylic
aminoaciduria, an inborn error of glutamate/aspartaansport across epithelial cells of
kidney and intestine, characterized by an excessieeetion of glutamate and aspartate. The
importance of EAACL1 in kidney function is confirmeg mice models deficient in EAAC1
that develop dicarboxylic aminoaciduria without redagical or cognitive abnormalities
[Peghiniet al., 1997].

In order to be functional, EAAC1 must localize teetapical plasma membrane of epithelial
cells [Beckman and Quick, 1998].
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A hierarchy of trafficking processes, coordinatgddgveral distinct signals, and interacting
proteins must control EAACL1 density at the plasnaaniorane. However, our understanding
of the molecular mechanisms which govern EAAC1vaeyi and dynamics at the cell surface

is at the beginning.

Plasma membrane delivery of EAAC1 is a complex rapigm that requires homo-
oligomerization and efficient export of newly syesized transporters from the Endoplasmic
Reticulum (ER), a process which is regulated byergdtions with accessory proteins, like
GTRAPs (Glutamate transporter associated protelitgse proteins are structurally related to
the Ras Superfamily, but they lack a GTP-bindingsemsus motif. In the last years, it has
been demonstrated that GTRAP 3-18 delays the BROEBAACL by interaction with its C-
terminus [Linet al., 2001; Haaset al., 2001 ; Ruggierat al., 2008].

The EAAC1 targeting to polarized domains of epithelnd neurons relays on selective
sorting into transport carriers by a not-yet idgedi sorter complex, and subsequent delivery
to the plasma membrane [Chezt@l., 2002].

The surface density of EAACL1 is also controlledrbpid constitutive cycling between the
plasma membrane and intracellular compartment#, thi¢ proportions at the cell surface and
in endosomal compartments depending on the relatwes of transporter insertion or
removal from the plasma membrane [Fourngeral., 2004; Gonzalezet al., 2007].
Interestingly, this mechanism has been found tm@ved in long term potentiation and fear
conditioning [Levensoret al., 2002; Pita Almenaret al., 2006] and may also play an
important role in epithelia homeostasis. Severaltgins may play a role in this process, in
particular proteins involved in the fusion of vdescto the plasma membrane such as SNAPs
(soluble N-ethylmaleimide—sensitive attachment proteins) &NAP receptors (SNARES)
[Dekenet al., 2000; Quick, 2003; Sung al., 2003]. Indeed, there is evidence that synthaxin
1A and SNAP23 are required for the trafficking &A1 [Fournier and Robinson, 2006; Yu
et al., 2006; Zhuet al., 2005].

In addition, it is known that EAAC1 interacts wHCK-1 (protein interacting with C-kinase)
[Gonzalez and Robinson 2003]; that may recruit R¥Qother signalling molecules into a

complex with the transporter.
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In the past years, we have shown that in the egti@rtoplasmic C-terminus of EAAC1 there
is a consensus sequence for class | PDZ domaimlgitidands (X-S/T-X®, where X is any
amino acid andb a hydrophobic amino acid) (Figure 11A).

WT EAACA ATSAF EAACH

-

¢ 4 0

Fig. 11: EAAC1 has a conserved class | PDZ targetatif. A) The
COOH-terminal amino acids of the glutamate trangpd AAC1 from
the various species, obtained from the National t&enfor
Biotechnology Information databases. The putatilb¥ Rarget motif
“SQF" is highlighted in green. B) Schematic représgon of the wild
type (WT) and deleted\T SQF) transporters used in the project.

WT EAACT ATSQF EAACT Fig. 12: Deletion of the PDZ target

motif  decreases the surface
expression of the EAAC1L
transporter in MDCK cells. MDCK
clones expressing the indicated
constructs (green) were grown to
confluence on transwell flters, fixed,
stained with antp-catenin (red)
antibody and analysed using confocal
microscope. Apical, Lateral and x-z
scanning are shown. Scale bar:}i?0.

Apical

Lateral

x-Z
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This sequence would potentially provide dockingsitor proteins involved in the targeting,
scaffolding and clustering, but its role in trandeo function and localisation was not
formally proved [D’Amicoet al., 2010].

To understand its function, a truncated mutantitegkhe PDZ target motiATSQF EAAC1)
and fused to GFP was generated (Fig. 11B). Itsilbligion was analysed in the Madin Darby
Canine Kidney (MDCK) epithelial cell line, a linddat endogenously expressed EAAC1
[Shayakulet al., 1997] and therefore all proteins involved in iegulation. Differently from
the wild-type transporter, th&TSQF EAAC1 mutant prevalently localised in intragkar
vesicles (Fig. 12), which have been identified ragoeytic and degradative compartments.
Thus, these data suggested that PDZ target seqpdace an important role in transporter
trafficking.

We previously demonstrated that the PDZ-target escpl was required to prevent the
transporter endocytosis and degradation.

The aim of the present project is to understandidrehe class | PDZ binding domain could
also affect the biosynthetic delivery of EAAC1 inDNLK cells. We demonstrate that this
motif increases EAACL trafficking efficiency at fdifent steps of the biosynthetic pathway .
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3 RESULTS

3.1 Removal of the PDZ target sequence impairs EAAC1 nmbrane
stability in MDCK cells.

In the previous studies, we demonstrated that #meoval of the PDZ target motif SQF
increased the transporter’s internalisation in egtio compartments. To confirm these
findings, we measured the cell surface resident toh GFP-wild-type and GFBT SQF
transporters (Fig. 1) by means of time-lapse TIRlgng, after the trafficking of newly
synthesized proteins to the plasma membrane had bleeked by Brefeldin A (BFA)
incubation.

Total internal reflection fluorescence microsco@yRFM) allows the selective excitation of
GFP-labelled transporters located in or immediateyow the plasma membrane (100 nm
above the glass coverslip) and the exclusion afiadsgarising from structures in the cell
interior [Axelrod, 2001].

BFA is a fungal metabolite that is used to accumeuteewly synthesised transporters in the
ER, thus blocking both the apical and basolateesiVdry of membrane proteins in MDCK
cells [Lippincott-Schwartzt al., 1989; Lowet al., 1992; Wagneket al., 1994]. This strategy
allowed us to analyse the membrane stability of EAAisolating the endocytic pathway
without the contribution of the biosynthetic detiye Under these conditions, if the GFP
transporter is internalized, the fluorescence digaeorded by TIRFM should progressively
decrease, because the transporter distance fromplésena membrane increases. Figure 1
shows representative image sequences of the wild-BndATSQF EAAC1 transporters,
together with the averaged fluorescence intensityves. The total (punctate and diffuse)
fluorescence intensity of the wild type GFP-transproremained almost constant during the
3-min recording, but that of thATSQF mutant markedly decreased. Quantificationhef t
fluorescence changes indicated a 15.92 + 0.31%akeerin the total EGFP-EAAQYT SQF
signal after 3 min, but only a 2.02 £ 0.03% deceaasthat of the wild-type transporter (p <
0.05), thus indicating that the PDZ target sequenogrols the transporter resident time in the
plasma membrane and prevents its internalization.

55



120 150 180 Fig. 1: Removal of the PDZ

interacting motif increases the
EAAC,I transporter internalization.

ATSQF
EAACT

Time-lapse imaging of EAAC1
constructs by means of TIRF
microscopy. The clones were
incubated with Jug/mL BFA for

30 min, before TIRF microscopy
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3.2 Removal of the PDZ target motif delays the surfacdargeting of
EAAC1

We then focused on a possible involvement of PD&raations in the biosynthetic pathway
(Fig. 2). We first used a functional assay to stidytransporter surface delivery. Three hours
after transient transfection, MDCK cells were inatdal for 12 hours with fg/ml BFA to
accumulate a cohort of newly synthesised transpomethe ER (Fig. 2A). The block can be
removed after extensive washing, thus allowing ghachronised delivery of transporter to
the plasma membrane, where it can be monitoredobgke experiments (Fig. 2B). Indeed, D-
aspartate does not permeate the plasma membrane iartéiken up only by transporters at
the plasma membrane [Seal and Amara, 1999].

Uptake measurements obtained in the continuousepeesof BFA were not significantly
different from GFP-transfected cells, thus indicgtithat BFA treatment successfully
entrapped transporters within the cells. After BwAsh-out, the wild type transporter was
rapidly targeted to the plasma membrane: its serréativity increased over time and reached
the maximal value within 30 minutes chase (290+28%r GFP-transfected cells). Similarly,
the ATSQF transporter reached the cell surface butatsity was lower than wild type
transporter already at early time points after BiF&sh-out (11.81+0.61% less than wild type
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at 5 and 10 min chase), suggesting a slower susfggearance of the transporter lacking the

PDZ interacting sequencATSQF). By 20 minutes’ chase, the truncated trarep activity
dramatically decreased of 39.4+1.9% relative tadwybe transporter (p<0.05), confirming
also the defect in membrane stability and in entiopathway .

A Fig. 2: Plasma membrane
CTR BFA delivery is impaired in deleted
transporter. A) Three hours after
transient transfection of wild-type
and ATSQF mutant, MDCK cells
§| were incubated with 5ug/mL
Brefeldin A (BFA) for 12 h to
accumulate proteins in a single
compartment. Immunofluorescence
confrmed efficacy of the treatment.
B) Atter BFA wash-out, the surface
appearance of the transporter was

:—r|] evaluated by means of [3H]-D-
'] aspartate uptake experiments. Data
i (mean values + SEM) are expressed
as a percentage of GFP-transfected
cells at t0 of chase (n = 5, in
triplicate) ¢p < 0.05).
B
T 350 = ;.
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These data indicate that the mutant EAAC1 reacthes glasma membrane, although
inefficiently, but can not accumulate, suggestiothbdefects in delivery and in the retention

of mutant transporter at the plasma membrane.

3.3 PDZinteractions modulate the ER-to-Golgi trafficking

To understand at which step PDZ interactions cdénthe EAAC1 delivery, we took
advantage of the glycosylation state of EAACL1 (Blg.
EAAC1 is a N-glycosylated protein and the normalogassing of the N-linked

oligosaccharides to the complex state occurs witBiminutes [Yang and Kilberg, 2002].
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The N-linked oligosaccharides are processed taaingolex state by resident Golgi enzymes,
preceding surface delivery. Processing of the mglnnose type N-linked glycans (core
EAAC1, arrow) to complex type oligosaccharides {mat EAAC1, arrowhead) in the
cis/medial Golgi region is reflected by a decreasthe electrophoretic mobility, providing a
method to monitor the transporter trafficking iretéarly biosynthetic pathway [Pfeffer and
Aivazian, 2004].

Therefore, the state of oligosaccharide may be @asedn indicator of the extent of ER-to-
Golgi trafficking [Yang and Kilberg, 2002]. In patlar, the presence of a high mannose
oligosaccharide indicates that the protein hadeibthe ER membrane after translation.

A B
W
Endo fg 1 * W ATSGF
=
® B0 o
Hr s *
B 40 =5
HS E 30 —.—' Ea -
; 20 |
WT EAAC1 ATSQF EAACT = I ,
EndoHR EndoHS

Fig. 3: The removal of the PDZ interaction motif déays the ER-to-Golgi traffic of EAAC1. The ER-to-
Golgi trafiicking ofthe indicated EAAC1 construatss followed by monitoring their glycosylation fgn
and sensitivity to Endoglycosidase H digestion. 5@ of total protein extracts were incubated with
Endoglycosidase H (H) or PNGaseF (F) for 5 hrspegirocessing for immunoblotting. A) A represeiviat
immunoblot is shown. The arrowhead and arrow irditlae complex-glycosylated (Hr, mature and reststa
to EndoH digestion) and the high-mannose (Hs, anksensitive to Endo H digestion) forms, respebtiv
B) Quantitative analysis is reported. Data (medne/a SEM) are expressed as a percentage of t&aCHE

protein 6 = 3) fp< 0.05: AT SQF mutants versus wild type (WT)].

To identify the core form of the transporter, pmtesamples were treated with
Endoglycosidase H (Endo H), that selectively re@am and digests high mannose N-linked
oligosaccharides present in the ER. Samples were digested with N-Glycosidase F
(PNGase F), that completely removed all glycansgnein the protein. Then proteins were
separated on SDS-PAGE and immunoblotted with abay against GFP. A representative
blot is shown in figure 3A and the band quantifmatis reported in figure 3B. The removal
of PDZ target motif, slightly increased the trangpofraction sensitive to EndoH digestion
and decreased the complex glycosylated EAAC1 ptpualan the cell lysate, thus indicating
an effect of PDZ proteins on the ER-to-Golgi tidéing. From ER, the transporter could be
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either processed by biosynthetic enzymes and p®digough the biosynthetic pathway, or
could be addressed to degradation compartments.

3.4 PDZ interactions affect the biochemical turnover ofthe truncated
transporter

The biochemical turnover of the high mannose forraswdetermined by means of
Cycloheximide (CHX) chases (Fig. 4). As Cycloheximi{CHX) inhibits protein translation

in eukaryotes, it allowed us to follow the fatetb&é previously synthesised EAAC1 high
mannose form, excluding the appearance and cotitnbaf newly synthesised transporters.

We incubated EAACL1 expressing clones with ugonl

CHX for the indicated times and then cells wereedl/s

and proteins were separated on SDS-PAGE (Fig. 4).

A WT EAACT  ATSQF EAACT
CHX (hrs) o 3 6§ % D0 3 6 &
sc-maé.-- - |B:GFP
i —_— - il
| S e - (B: Actin
B
o "™ o WT EAACT 5™ owewel  ATSQF EAACT
g pg < BGare E ap [ECE
s -
m..'g.. 8 i I m..E_ 80 =
£D T | £5 [ :
S g = i =
£ 5 o ‘
e o — L [— — — & n | . | S— | — ﬂ | S—
o 3 B 1] (=] 3 E g
CHX Chase (hrs) CHX Chase (hrs)

Fig. 4: ATSQF mutant shows different maturation and turnover compared to wild type (WT). The
turnover of WT andAT SQF core- and mature-forms was monitored by tfisipp earance in the presence
of 100 pg/ml CHX, by means of SDS—-PAGE and immunoblottiggual amounts of cell lysates were
loaded and blotted against GFP/Actin. A) A repréatére immunoblot is shown. B) Quantitative analyse
are shown for both the constructs. Data (mean val®&EM) were corrected for actin content and were
expressed as a percentage oftotal protein (conattre forms) at, of chaser{ = 3).
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In these experimental conditions, if the delivefytlte protein is not blocked in the ER, the
disappearance of the ER form should be accompadmyed concomitant increase of the
mature form.

Without CHX chases (0), the amount of tiESQF core form is higher than that of the wild
type transporter, confirming the previous results.

However, after CHX chases, the high mannose foarejof theAT SQF transporter was able
to proceed in the following compartments, as in@iday the progressive decrease of its core
form, although at a slower rate than wild type. dedi, ATSQF EAAC1 became fully
glycosylated at longer times (9 hours) than wildeyransporter (6 hours).

This data indicate that the removal of the PDZdiasgpquence delayed, but did not prevent,
the ER-to-Golgi progression aff SQF EAACL.

CHX experiments suggested also a different turnoate between the fully glycosylated
mature form of the wild type and tiAd SQF transporters, with the latter disappearingefas
than wild type. To confirm this hypothesis, we magad the half life of mature EAAC1
constructs by means of metabolic pulse-chase ewgats. Transporters were metabolically
labelled for 3 hours with [35S]methionine and [3&&teine, and then chased for 6 hours to
eliminate the ER form. Then they were immuno-pritated and separated by SDS-PAGE
(Fig. 5). The rate of degradation was measuredotigwing the disappearance of the higher
mature band. We found that deletion of the PDZetasgquence significantly decreased the
half life of mature EAAC1, thus suggesting that PiDZeractions affect also the post-Golgi
trafficking of EAACL1.

3hrs pulse & hrs chase  0-6 hws chase

[ [a———— e

o
Chasefprs) 0 1 3 6 gﬁ - *
LIETETE R
? j] W B 2 1
I E 1 % E \T-u
| SE 2 et et
| l'__i ATSQF o - ATSQF b

Fig. 5: The half life of the complex glycosylateddrm is decreased for theATSQF
mutant. Metabolically labelled WT and truncated transpatarere chased at 37°C, as
indicated in the scheme, immunoprecipitated, analyaed on 10% SDS—PAGE. A) The
figure shows one out of two experiments. B) Dai expressed as a percentage of total
protein at tO of chase. The quantisation refldeesdverage of duplicate experiments, (*p <
0.05).
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3.5 The truncated transporter accumulates in post-Golgcompartments

We then followed the post-Golgi fate of newly syedglied transporters with a morphological

approach (Fig. 6).

Three hours after transient transfection, bothwiild type and truncated transporters were

detected in a tubuloreticular network typical of ,E® punctuated pattern was evident. The

subsequent incubation for two hours at 20°C [Gh#fi and Simons, 1986] caused the

accumulation of both constructs in juxtanucleaudtures reminiscent of the Golgi complex

(Fig. 6). When samples were warmed for 15 minute31aC, the normal protein trafficking

was restored, and both constructs were found ifcleelike structures emerging from the

perinuclear region. However, by thirty minutes ehahe wild type transporter was clearly

detected at the cell surface, whereas truncated GAAccumulated in vesicular structures

inside the cells. Because also thESQF was detected at the cell surface in this ¢mmdi

(Fig. 6A, inset), our data are compatible with &edein both the surface delivery and the

endocytic retrieval of EAACLI.

3hrs transfection 2hrs 20°C ~ Chase at 31°C

2hrs 2070

WT EAACH

ATSOIF EAACHT

— -

15 chase at 31°C. 30" chase at 31°C

Fig. 6: Removal of the
PDZ target sequence
causes the accumulation
of EAACL in post-Golgi
compartments.
Immunolocalization of
newly synthesized wild-
type and ATSQF
transporters. Three hours
after transient transfection,
MDCK cells were
incubated for 2 h at 2C
(to block proteins in the
TGN) and then shitted at
31-C for 15 and 30 min
before imaging. Scale bar:
10 pm.

We have already demonstrated that truncated EAAQLnaulated in vesicles of the

endocytic compartments [D’Amicoet al.,

2010], we now performed double

immunofluorescence experiments to verify whethentated EAAC1 accumulated also along

the biosynthetic pathway (Fig. 7).
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Fig. 7: The ATSQF transporter accumulates in post-Golgi compartrents. Double

immunofluorescence experiments. Non-confuent MD@KCOS7 cells expressing the
ATSQF GFP-EAACLI transporter (green) were staineti @iantin (red), a marker ofthe
Golgi compartment, or TGN 46 (red), to mark thenbr&olgi Network. The figure shows

both single and merged horizontal confocal sectidnsthe latter, the yellow/orange
staining demonstrates the colocalisatioA®SQF EAAC1 TGN 46. In the inset is shown

is a 2x magnification and arrow-heads indicateaaalisation points. Scale bar: .

We focused our attention on Golgi and post-Golgngartments, as during the morphological
assay we detected a block at the exit from Go#gher than in early biosynthetic pathways.
We did not detect co-localization &TSQF-EAAC1 with giantin (a marker of the Golgi
complex, Fig. 7A) [Seeligt al., 1994] in stable clones or in transiently trans#ddviDCK or
COS7 cells. A possible accumulation in the transgGoetwork (TGN) was analysed in
transfected COS7 cells, because the available aaytitagainst TGN46, a marker of this
compartment, did not work in MDCK cell line. Und@rotein delivery to the plasma
membrane, the transition in this compartment idasbthat it is almost impossible to detect
an accumulation of the wild type transporter prot€n the contrary thAT SQF mutant co-
localized with TGN46 in large vesicles confinedthe perinuclear region and small vesicles
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at the cell periphery, further confirming a defiecthe post Golgi trafficking of EAAC1 (Fig.
7B).

3.6 The ATSQF-Y503A double mutant confirms the involvement bPDZ

interactions in biosynthetic route of EAAC1

Our results indicate that PDZ consensus sequencetherefore PDZ interactions, are not
simply involved in EAAC1 membrane stability, bueyhalso control the efficient delivery of

the transporter to the plasma membrane.

EAAC1T Y503A EAAC1 ATSQF/Y503A

Fig. 8: Tyrosine 503 to
alanine substitution
increases the surface
expression of both wild-
type and ATSQF
EAAC1. Distribution of
Y503A and
ATSQF/Y503A EAAC1
mutants in MDCK cells.
MDCK  clones  were
grown on glass coverslips,
fixed and analysed by
means of conventional or
TIRF microscopy (images
were collected using
identical exposure times).
Scale bar: 1gm.

Epifluorescence

TIRFM

To confirm this possibility, we took advantage ofother mutant (EAACATSQF-Y503A
double mutant) previously generated in our labayatd he EAAC1ATSQF-Y503A double
mutant carries both the deletion of PDZ-consenseguence and a single substitution
(Y503A) in the Y503 residue: a tyrosine part of @aconventional internalisation signal,
which controls the transporter’'s endocytosis frdra tell surface (Fig. 8). In this way, any
defect associated with the endocytic pathway velrépressed, presumably maintaining the
phenotype linked to the biosynthetic delivery.

We first verified the surface delivery of the dambinutant by means of pulse/chases

experiments of BFA coupled to uptake assays wiHl{3-aspartate. The Y503A substitution
in theAT SQF transporter greatly prevented the uptake degulation observed by 20 min of
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chase (compare the solid with the dashed lineshe $ame graph). Although the

AT SQF/Y503A double mutant almost completely restahedwild type functional behaviour,
its surface activity was still lower than that diet Y503A single mutant at each time point

(18.01+6.03% lower, by 20 min chase), suggestiad) &ifraction of the total transporter does

not reach the surface, but is instead retainestmagellular compartments (Fig. 9).

y Eem—r-
350 | —*— 5034
—-a-- ATSOF
300 1—o— ATSQF/Y503A

[3H]-D Aspartate uptake
(% of GFP transfected cells)

250 4
200 o ;[
150 A
1|:H:[ r T T ]
0 5] 10 20 30 24 hrs
Time (min)

Fig. 9: The Y503A substitution rescues the internéation defect of theATSQF

EAAC1 butnot its accumulation along the biosynthat pathway. Cell surface delivery
of ATSQF/Y503A (square) and Y503 mutants (circle). €Hreurs after transient
transfection with the indicated constructs, MDCHKsevere incubated with 5 pg/mL BFA
for 12 h. Ater BFA wash-out, the surface app eaganttransporters was evaluated by
means of3[H]- D-aspartate uptake experiments. Data (mean wal8EM) are expressed as
percentage of uptake values in GFP-transfected el 3, in triplicate). To compare the
effect ofthe Y503A substitution, the uptake cureésiild-type (WT) orATSQF EAAC1

are shown in the same graph (dashed lines, fomr&@B) (p< 0.05 versus

ATSQF/Y503A; # versuaT SQF).

To verify an entrapment of transporter in intradall compartments we measured the ER-to

Golgi trafficking of the double mutant by Endoglpgmlase digestion and analysis on SD S-
PAGE (Fig. 10). Results confirmed that the doubletant retains the defect in the ER-to-
Golg progression, as indicated by the increasedisporter fraction sensitive to EndoH

digestion (10% relative to wild type) and the dasesl fraction of the mature form.
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Fig. 10: ATSQF Y503A EAAC1 transporters maintain a delayed ERo-Golgi
maturation. Endoglycosidase digestion of thd SQF/Y503A cell lysate. 500 micrograms o f

total extracts were incubated with Endoglycosiddagd&ndoH) or N-glycosidase F (PNGaseF)
for 5 hrs, before being processed for immunoblgttiA representative immunoblot and the

quantitative analyses are shown. Data (mean val8&M) are expressed as a percentage o f
total EAAC1 protein if = 3) (p < 0.05: ATSQF mutants versus WT). The arrowhead and

arrow indicate the complex-gly cosylated (Hr) and tiigh-mannose (Hs) forms, respectively.

Moreover, also thAT SQF-Y503A mutant co-localised with TGN46, the near&f the Trans
Golgi Network. A pseudo-colour image reflecting teelocalisation analysis is reported in

figure 11. The scale ranges from blue to red, g low to high co-localisation,

respectively.

Taken together, these results confirm that PDZraatens play a role not only in the

endocytic trafficking of the transporter but aladle exocytic pathway.

TGN-48

Fig. 11: The Y503A substitution does not prevenATSQF EAAC1 accumulation along

the late biosynthetic pathway.Double immunofluorescence staining. 24 hours &fwrsient
transfection, COS7 cells expressing th& SQF/Y503A transporter (green) were fixed in

paraformaldehyde and stained with TGN46 (red). @adisation between the two channels
was calculated using the Image-ProPlus softwarewwmediacy.com technical note#7; Media

Cybernetics) and a 3D representation is showneSmat 10um..
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4 DISCUSSION

In the past years, we analysed the function ohsscl PDZ target sequence localized in the
EAAC1 C-terminal tail. We found that it controlsethiransporter's surface density by
increasing its surface retention and preventingpitsrnalization in endocytic compartments.

In the present study, we investigated the involuenoé the same PDZ consensus sequence in
the biosynthetic pathway of EAAC1. Our data indécatso a role of PDZ interactions in the

surface delivery of transporters.

4.1 PDZinteractions are required for the efficient ERt0 Golgi trafficking
of EAACL.

PDZ interactions promote the transporter’'s plasm@mbrane localization, because the
deletion of the C-terminal PDZ binding site drarnally decreases the EAAC1 surface
expression. We provide evidence that PDZ interasti@occur early in the biosynthetic
pathways and are involved in the ER-to-Golgi ticiing of EAACLI.

Indeed, at the steady state, a higher fractioh@T SQF mutant remains sensitive to EndoH
digestion, that reveals an early form of glycosglathat occurs in the ER (Fig.3).

The ER-to-Golg delay was confirmed by the analysisbiochemical turnover of the
transporters after Cicloheximide (CHX) chases. hattexperiments, the transporter neo-
synthesis is blocked by CHX and the fate of thedparters synthesised before the incubation
could be followed as a progressive loss of the matnd core bands on a SDS-PAGE at
different time chases (Fig. 4). The WT core formaghpears faster than the corresponding
ATSQF band, suggesting that the maturation of thecated transporter is actually slower
and occurs three hours later compared to the Wivener, these experiments indicate that at
longer times (9 hours) the truncated transporterreach the mature form, thus confirming
the results of surface expressiondiSQF transporter detected by TIRFM experiments It
of note that the complex-glycosylat&d SQF increase after 9 hours of CHX chase is due to
the slower maturation of the core protein andnios related to transporter neo-synthesis, that
it blocked by CHX.

On the other hand, the biochemical turnover ofddwp lex-gly cosylated form indicates that
the half-life of theAT SQF mutant is less compared to the WT: we camasgithat it is about

6 hours for the former and 9 hours for the latter.
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Interestingly, pulse and chase experiments on ibehémical turnover of the complex-
glycosylated forms, indicate that removal of PDZtidetermines a faster degradation of the
transporter (Fig. 5).

Most likely, the degradation step occurs after@udgi, as suggested by the fact that the core
form of ATSQF mutant can mature to complex glycosylated.

Removal of the PDZ motif delays rather then prese¢he ER export of the transporter, thus
indicating that PDZ interactions facilitate the Eflgi trafficking. Progression through the
biosynthetic pathways requires the efficient sgrta cargo molecules into carrier vesicles
and their subsequent delivery and fusion to the@mmate target membrane. Therefore, PDZ-
interactions may favour the transporters homo-atigozation, a process required for the
efficient ER export of EAAC1 [Ruggieret al., 2008]. In line with this hypothesis are
findings on CFTR, whose dimerization is promoted tbyye PDZ proteins NHERF1 and
NHERF2 [Wanget al., 2000].

Alternatively, PDZ domain-proteins may couple EAA®ith protein complexes required for
the fusion of carrier vesicles to the appropriaget membrane. A similar mechanism has
been proposed to control the efficient synapticvdgl of NMDA receptors via the PDZ
protein SAP102 and Sec8; the latter is a componérgxocyst, a cytosolic complex that
directs secretory vesicles to their fusion sitehsplasma membrane [Hetal., 1999; Sans

et al., 2003]. Interestingly, the exocyst complexis aspressed in MDCK cells at regions of
cell-cell contacts, but its accumulation in intladar compartments, including the ER and
the TGN, has also been reported in other cell tyjgeamanet al., 2001].

4.2 PDZ interactions are important for the post-Golgi tafficking of
EAACI.
Our data support an involvement of PDZ interacti@so in the final stages of the
biosynthetic pathway, as after Golg release KESQF and ATSQF/Y503A mutant
accumulated in intracellular vesicles and co-lasali with TGN46 in large perinuclear
vesicles and in small vesicles beneath the plasemabmane (Fig. 7B and 11) thus suggesting
a role of PDZ interactions in the efficient trangpand fusion of carrier vesicles to the
appropriate target membranes.

Interestingly, the sec complex has been shown teefgeired also in the final steps of the
biosynthetic pathway .
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A possibility is that PDZ domain-proteins may coaAACL with protein complexes

required for the fusion of carrier vesicles to dppropriate target membrane.

An alternative option is that PDZ proteins may fime as scaffolds and link EAAC1 to

motor proteins required for the transport of caviesicles along the microtubules.

A similar mechanism has been proposed to contmlsgmaptic delivery of N-Methyl-D-

aspartate (NMDA) receptors. Its interaction witle thinesin motor KIF17, mediated by the
PDZ complex LIN2-LIN7-LIN10, ensures the efficietrtansport of receptors into dendrites
[Setouet al., 2000].

These data suggest that PDZ-mediated interactiomsngolved in different steps of the
biosynthetic pathway, in the early ER-to-Golgi pesgion as well as in post-Golgi
trafficking.

Given the involvement of PDZ proteins interactiorst several steps of the
biosynthetic/degradative pathways, it is possihkg tistinct PDZ proteins may interact with
EAACL.

We had identified PDZK1 as an EAACL1 interactingtpar, acting at the plasma membrane
as a retention protein [D’Amicet al., 2010].

The future perspectives will be to identify theewr#cting proteins involved in EAAC1
biosynthetic delivery in physiological conditionsdaalso to understand if cellular response to
nutrients may involve changes in protein interactamd in the transporter expression at the

plasma membrane.
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5 MATERIAL AND METHODS

5.1 Plasmid construction

In order to express the transporters in hetero®gogression systems, such as mammalian
cells, we cloned the relative cDNAs in the plasmigectors to perform our studies. In
particular, we generated EAAC1 transporter fusefdlame with the EGFP C-terminus.

The full-length coding sequence of rabbit EAAC1 {47782 bp, GenBankTM accession
number L12411) was cloned from rabbit intestine Ibyeans of RT-PCR using
oligonucleotides designed with the assistance of imd8 software
(http://primer3.sourceforge.net/) [Rozen and Slskigt 2000Vanonig al., 2004.

By means of a PCR reaction carried out using thBgEAAC1 [Vanoniet al., 2004] as a
template and the primers below, we introduced Bdid andKpnl enzyme restriction sites at
the 5" and 3’, respectively.

The PCR product (bp 177-1782) was inserted in fraetaveen theéBglll and Kpnl sites of
digested pEGFP-C1 (Clonetech, Figure 1), creatimg plasmid pEGFP-EAACL1, which
expresses a protein with enhanced green fluoregeestein directly fused to the amino
terminus of the EAACL.

The EAAC1 mutants were obtained using a QuickChaitgedirected mutagenesis kit using
the GFP-EAAC1 wild type as a template and spegligonucleotides (Stratagene).
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To study the contribution of the PDZ target seqeemcthe transporter trafficking, the GFP-
EAAC1 ATSQF construct was created by replacing the residi?d of EAAC1, generating a
stop-codon before the conserved sequence SQF.
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To repress endocytic defect, the internalisatigmali YXX® was mutated, obtaining GFP-

EAAC1 Y503A mutants [Sheldos al., 2006].
Primers were synthesized by PRIMM or NBS Bioteche Eequences of the resulting cDNAS

were confirmed by DNA sequencing (PRIMM).

5.2 Cell culture

The strain 1l MDCK cells were cultured in MEME (Mimum Essential Medium Eagle)
supplementedwith 10% foetal bovine serum, 2 mM glutamine, an@0 11U/ml
streptomycin/penicillin, as previously describecri@o et al., 1997]. MDCK clones were
grown in the same media, supplemented with 0.3 @418 (Sigma-Aldrich).

COS7 cells were cultured in D-MEM (Dulbecco’s Maelif Eagle Medium) supplemented
with 10% foetal calf serum, 1% glutamine and 1%stomy cin/penicillin.

Cultures were performed under standard humidifeeditions of 5% C@at 37° C.

All media were supplied by Sigma-Aldrich.

Transfection

Transfection was performed by means of lipofectitupofectamineTM 2000 reagent,

Invitrogen) and, 6 / 24 / 72 hours after transtecti the cells were processed for
immunofluorescence, or functional and biochemitadies.

MDCK cells were plated at the indicated densitycomplete standard medium and the
following day, they were washed with serum-free mnedand transfected with a mixture of

DNA and Lipofectamine reagent, as indicated inttise below:

Well Cels  DNA dlpe e 1%GIn MEME
Reagent
96“"’6"\,‘35‘63' each 506  0.05ug 0.12ul 44l
3.5 cm Petri dishes 310  1pg 3yl 1ml

Four hours after transfection, complete standamiumewas added.
Clonal cell lines.

Stable MDCK cell clones expressing the various trutss were obtained using G418
selection (Sigma-Aldrich) [Peregd al., 1997].
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Briefly, cells were seeded at the density of 3xd€lis in a 3.5 cm Petri dish; after 24 hours,
cells were transfected with a mixture of DNAK®) and LipofectamineTM (BI) prepared in

1 ml of serum free media (MEME supplemented onlthwii% glutamine); the following day,
cells were harvested and plated at low densityOiarh Petri dishes. Clones were selected for
10 to 20 days in complete MEME supplemented withrg/ml G418 and then harvested. At
least three different clones for each constructewehnaracterised by means of uptake
experiments, western blotting and cell localisatiGiones expressing similar levels of GFP-

labelled constructs were selected and further @ealy

5.3 Cell treatments

BFA

To synchronise all the neo-synthesised proteitbanexit from the ER, we used Brefeldin A
(BFA) by Sigma-Aldrich. It is s a fungal metaboltdich disrupts the structure and function
of the Golgi apparatus, thereby creating a wholistorganelle and entrapping proteins
within ER [Dinter and Berger, 1998].

HT e ,JL _,{N FIG. 2: The fungal metabolite Brefeldin A (BFA).
4 ~ 07 Sigma Aldrich
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TIRFM imaging.24 hours after plating, the cells were incubatethgipg/ml for 30 min at

37°C, and then processed for TIRFM imaging in th&inuous presence of BFA.

Surface delivery and uptake experimer®sl0' cells were plated on 96 multiwells plate and

transiently transfected with Lipofectamine (seeva)0o3 hours after transfection, the cells
were treated with fig/ml BFA for 12 hours. After accurate washing, eésrwere incubated
with normal medium at 37°C for different times,iadicated, and then subjected to uptake

experiments.

CHX

To inhibit protein translation and evaluate EAACIlataration and half-life, EAACL
expressing MDCK cells were treated with CHX (Cigdafmide, Sigma-Aldrich) at 100
ug/ml, for different incubation times (0, 3, 6 anti®urs). Then the medium was removed, the
cell lysed, loaded on a SDS-PAGE and blotted.
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5.4 Antibodies and Immunocytochemistry

MDCK cells were plated on sterile glass coverslgrsl grown until 70% confluence in
standard conditions. Then, after brief washes WwiBS (150 mM NaCl, 10 mM Phosphate
Buffer pH 7.4), cells were fixed in 4% paraformdilgde or 100% methanol, depending on
the primary antibody to be used, and permeabilgied 0.5% Triton X-100 (TX-100). Fixed
cells were then incubated with primary antibody #ohours at room temperature in GDB
solution (150 mM NaCl, 10 mM Phosphate Buffer pH,7.2% Triton, 0.2% gelatine).
Following incubation, cells were washed in PBS aheén incubated in GDB with the
appropriate fluorochrome-conjugated secondary adi@s for 1 hour at room temperature, in
dark. Then, coverslips were mounted on glass skdiéls Phenilendiammine (1 mg/ml in

Glycerol-PBS; Sigma-Aldrich) as antifade reagert s@aled with nail-polish.

Post-Golgi trafficking blockade

Two hours after MDCK transfection, cells were inatdad for 2 hours at 20°C, a temperature
known to inhibit post-Golgi trafficking [Griffithseand Simons, 1986]. To restore Golgi-to-
membrane traffic, cells were incubated for différéime (15 and 30 minutes) at 31°C and

then fixed with 4% paraformaldehyde, to be imaged.

Antibodies

The following primary antibodies were used: polyabanti-GFP (Santa Cruz Biotechnology
Inc. and Invitrogen), polyclonal anti TGN46 (Sigmaply clonal EAAC1 (Alpha Diagnostic).
Polyclonal anti-giantin was a kind gift from Dr. Mfaed Renz [Seeligt al., 1994].

The secondary antibodies (rhodamine-conjugatednamtise and anti-rabbit IgG antibodies)

came from Jackson Immunoresearch (West Grove, FA\)U
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5.5 Image acquisition and analysis

The images were acquired using a Zeiss Axiovesrtrid microscope equipped with a Retiga
SRV CCD camera or a MRC-1024 laser-confocal scannircroscope (BioRad, Hercules,
CA, USA). Z series of confocal sections were acepliseparately using the FITC and
rhodamine filters. The laser power and gain werpisédd to maintain the signal below
saturation levels. Co-localisation between the tlvannels was calculated using the Image-

ProPlus software (www.mediacy.com technical noté#&dia Cybernetics).

5.6 Total internal reflection fluorescence microscopy TIRFM).

Total internal reflection fluorescence microsco@yRFM) allows the selective excitation of
fluorochromes located in or immediately below tHaspma membrane (100 nm above the
glass coverslip), due to the incidence angle okett@tation light [Axelrod, 2001].

This technique is particularly useful in the stuofymembrane dynamics and traffic, as it

could reach a high level of resolution.
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Satic experiments.

Non-confluent MDCK cells stably expressing the efiéint constructs were plated onto glass
coverslips. 24 hours later, cells were fixed wigh paraformaldehyde and imaged through a
TIRF microscope (Carl Zeiss Inc.) equipped withAagon laser at 37°C using a 100 x 1.45
numerical aperture (NA) oil immersion objective.e@n fluorescence was excited using the
488 nm laser line and imaged through a band-pées (Zeiss) onto a Retiga SRV CCD

camera.
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Time-lapse experiments

MDCK clones expressing the different constructseygated onto glass coverslips at 210
cells/cnf and, 24 hours after plating, single-cell imagimgler TIRF illumination was carried
out at four frames per minute for three minuteshia continuous presence of BFA at 37°C.

Up to five cells were imaged on each coversliphireé independent experiments.

Image processing

For each recorded cell image, five 50x50-pixel aagi were randomly selected within the
cell, and the average fluorescence intensity anasisociated standard deviation in each frame
were calculated using the Image-ProPlus softwared{® Cybernetics). The fluorescence
intensities in the various frames were normalisetheir respective initial average intensities
(1=100%) and plotted against time. Fluorescence gities were corrected for bleaching
during the acquisition of serial images (bleachiivgas estimated by imaging

paraformaldehyde-fixed cells). The data come frgmiau15 cells for each construct.

5.7 Endo H or PNGase F treatment

To verify whether truncated EAAC1 has some defent®xit from ER, we studied the
glycosylation pattern of WT ATSQF and ATSQF Y503A transporters. Alterations in
glycosylation were determined by differential glgmase digestions, and were reflected by
changes in electrophoretic mobility.

Endoglycosidase H (Endo H), cloned fr@neptomyces plicatus, prefentially hydrolyzes N-
glycans of the high mannose type [Kobata, 1979sthdentifying the early form of
glycosylation. N-Glycsidase F (PNGase F), clonesinfiFlavobacterium meningosepticum,
cleaves all types of asparagine-bound N-gly cans) fthe early to the mature complex forms
[Tarentinoet al., 1985].

We used the reagents and the protocol suppliedhvéyrianufacturer (New England Biolabs,
Beverly, MA, USA). Briefly, MDCK clones were lysed lysis buffer (150 mM NaCl, 30
mM Tris-HCI, 1 mM MgC}, 1% Triton X-100, 1 mM phenylmethyIsulfonylfluogdandl
pg/ml aprotinin and leupeptin) and 50§ of total protein extracts were denatured in balfi
Glycoprotein Denaturing Buffer (stock 10x) for 1dmat 100 °C. Then, samples were split
into three aliquots: mock digested as control, EHdor PNGase F digested. G5 buffer (for
EndoH) or G7 buffer (for PNGaseF) were added tdirfat (stock 10X for both the buffers)
and samples were subjected to digestion with 1006 1 pl) of Endo H (1000 Udl, New
England Biolabs) or 500 units (i) PNGase F (500 Wi, New England Biolabs). After 5
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hours of incubation, the samples were precipitathgisolved in Gel Loading buffer and

analysed by either SDS-PAGE and protein blotting.

5.8 Celllysis, SDS-PAGE and Western blotting analyses.

Cells were harvested and lysed in lysis buffer (1881 NaCl, 30 mM Tris-HCI, 1 mM
MgCl,, 1% Triton X-100, 1 mM phenylmethylsulfonylfluogd andl pg/ml aprotinin and
leupeptin). After 1 h at 4° C, lysates were ceagaidat 13000 rom for 10 min, the extracted
proteins were denaturated with sample buffer (5%S,SR20% Glycerol, 0.3M 3-
mercaptoethanol, blue bromophenol) and separat@¥®$DS-PAGE (Tris-Gly/ SDS buffer:
25 mM Tris-Base, 192 mM Glycine, 0.1% SDS). Finalproteins were transferred to a
nitrocellulose membrane (Shleicher and Shull, Geynh&T ransfer buffer: 25 mM Tris-Base,
192 mM Glycine, 20% M ethanol). After membrane iratidn with blocking buffer (2% non-
fat milk, 0.1% Tween 20, 20 mM tris HCIl pH 7, 15nmNacCl), the blots were probed with
the indicated primary antibodies, with peroxidasejegated anti-rabbit or anti-mouse 1gG as
secondary reagents, and visualised by ECL (PerkireELife Science).

The X-ray films were analysed by densitometry amel tesults quantified using NIH Image

1.59 software.

5.9 Na'-dependent transport activity

MDCK cells plated in 96-well plates were transfecteith the different constructs (pEFGP-
EAAC1 WT, ATSQF, ATSQF-Y503A, Y503A). Three hours after transfectioells were
incubated for 12 hours with BFA. The next day, wastved BFA out and we followed
EAACL appearance at the cell surface #y]{D-Aspartate uptake at different incubation time
after BFA removal.

At each time point (0, 5, 10, 15, 20, 30, 60 misubé chase), cells were washed twice in
sodium-free solution (150 mM choline chloride, 4 ni§CI, 1 mM CaCl2, 1 mM MgCI2, 5
mM HEPES, pH 7.5) and then assessed for D-asp anpéd&e (1Ci/ml; specific activity 37
Ci/mmol, Amersham Biosciences) performed in 200f uptake solution (150 mM NaCl, 4
mM KCI, 1 mM CaCl2, 1 mM MgCI2, 5 mM HEPES, pH 7f6)y 5 min at room temperature.
Amino acid uptake was stopped by washing the tefise in ice-cold sodium-free solution.
The cells were dissolved in 150 ul of SDS 1% fquid scintillation counting.

Data are presented as a percentage of GFP-tragcsfesits.
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5.10Metabolic labelling
Metabolic labelling was performed as described ¢geet al., 1999]. Confluent MDCK

clones were starved for 30 min in Dulbecco’s medifEagle’s medium (DMEM) without

cysteine and methionine, and metabolically labeltad3 h with 0.1 mCi/ml of Trans35S-

label (ICN Pharmaceuticals) in starving medium fins et al., 1989]. The cells were washed
at 4°C and chased for different times (up to 15r&pin culture medium at 37°C. The cells
were lysed, and the transporters immunoprecipitbyethcubation with polyclonal anti-GFP

antibody (Invitrogen, 1:1000), followed by a secancdubation with protein A conjugated to
Sepharose beads (Pierce) [Pietenal., 1994]. The transporters were eluted from the pmote
A-beads by boiling in 0.5% SDS. The immunocomplexese resolved on 10% SDS-PAGE
and analysed by 35S emission on film.

5.11 Statistical analysis

Statistical significance between groups was detexdhby means of an unpaired Student’s t-

test; the differences were considered significai® walues of <0.05.
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CHAPTER llI: Expression and pathophysiological roleof
GLT1 transporter in endocrine pancreas

1 ABSTRACT

Glutamate is the major excitatory neurotransmafehe central nervous system (CNS) but it
is also present in endocrine pancreas, wheresedseted by the glucagon producmgells
and acts as signal molecule in the islets of Ldmnayes.

In the CNS, glutamate may cause cell death by axoiicity, but the effect of glutamate on
islet cell function and survival is presently unkmo Moreover, although all the glutamate
signalling system has been charcterized in thésisless is known about the expression and
the physiological role of glutamate transportehsttin the CNS are the main effectors of
glutamate clearance.

In this study, we demonstrate that exposure tasdelglutamate concentrations induces a
significant cytotoxic effect also in pancredsicells, while not ina-cells. Glutamate-induced
B-cell cytotoxicity is due to the prolonged actiwatiof ionotropic glutamate receptors and
leads to apoptosis. We provide evidence that thierégulator of the extracellular glutamate
clearance in the islet is the glial glutamate tparser 1 (GLT1/EAAT?2). GLT1 is the only
high affinity glutamate transporter expressed ia idlets and localizes to tifiecell plasma
membrane. Its main role is to prevent glutamateided cytotoxicity angs-cell apoptosis.

Finally, as diabetes is characterized by an eleMagga cell death, we verified if there were
some modifications in the localisation of GLT1 ypé 2 diabetes mellitus (T2DM) patients.
We show an altered GLT1 localisation in pancredsa® T2DM patients, suggestive of a
decreased glutamate clearance ability in thesesishj

In conclusion, our data demonstrate that glutanmateeed citotoxicity could represent a

mechanism of3-cell death and is physiologically prevented by &leavity of the glutamate
transporter GLT1.
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2 INTRODUCTION

2.1 Pancreas

Pancreas is a voluminous gland localised in them@ed and implicated in the production of

two different secreting products: one exocrine,tamnng enzymes and bicarbonate required

for the digestion, and the other endocrine, invdlue glucose homeostasis and metabolism.

These two secreting functions are exploited byrdigcstructures present in the organ. The

endocrine part is dispersed throughout the exoctisgue, and it is organised small cell

aggregates, called islets of Langerhans.
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FIG. 1: Endocrine pancreas.The
islet of Langerhans is shown in the
histological sample. The different
cell populations are represented in
the scheme, a part fom F cells.

[Silverthorn, 2000]

The islets of Langerhans, a miniature organ forulemn of blood glucose level, are

composed of four major types of endocrine cells Hexrete different hormones to regulate

blood glucose levels and other aspects of metabolidie four types of islet cells are listed in

the table below, with their secreting products.

CELL HORMONE
Alpha (@) Glucagon
Beta () Insulin
Delta ©) Somatostatin

F Pancreatic Polypeptide

TABLE 1: Islet endocrine cells and their secreting products
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In the morphology of the islets, the beta cells thee most numerous and the alpha cells are
larger and less numerous. Moreover, depending @n sgecie, it has been reported a
characteristic distribution of this two cell typieshe islet: in mice, beta cells are concentrated
in the centre of the islet, while alpha cells areated at the periphery of the islet.

The islets are richly innervated by parasympathend sympathetic neurons. Several
different neurotransmitters such as acetylcholineradrenaline, and neuropeptides are

secreted from these nerve endings and regulatsetinetion of hormones.

2.1.1 Insulin secretion

Pancreatic islets monitor and respond to many iietetrients, releasing hormones in order
to meet the needs of the organism.

In particular, beta cells release insulin, a pephdrmone present in their secretory vesicles.
The primary stimulus for insulin secretion is therease in plasma glucose concentration.
Another well known characteristic of insulin sedostis its bifasic kinetic, an essential
feature that is shared between humans, rats arel(fig. 2). The response to glucose begins
after a lag period of 1 to 2 min and is characstetiby a stimulation of release that peaks after
3 to 4 min, and then declines rapidly to a nadB atin. The initial spike of release is defined
as the first phase. Then, the second phase iscthdrad by a gradually increasing rate of

release to a plateau after a further 25 to 30 min.

550 Rl pencratic. st FIG. 2: Bifasic insulin release in rat islets.

e 2% Fhoen The change in glucose concentration (fom 2,8
t016,7 mM) is indicated by the arrow.

Insulin release appears ater 1-2 minutes, when
the glucose metabolism is enhanced. After 4
300 1 minutes, release rate has a fast increase, as

400

indicated by the peak, and then it decreases.
The second secretion phase is characterized by

IR {pgfislet/min)

21:10 -
a slow increase of secretion rate, until it reaches
a plateau.
100 1
[Straub and Sharp, 2002]
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s FIG. 3: Simplified representation of the
| FIRe main pathways for insglin release. Katp
o 5 Channel dependent and independent pathways
% - -:{“'-r are shown. Acetylcholine and GLP1 can
L A \ enhance insulin release, acting on G-protein
e, ) receptors.
- i : PR Karp Channel: ATP-dependent Potassium
- | .!a.m,,m.,-. Channels. _
. > - VDCC: Voltage Gated Calcium Channels.
R 1 e 3 - | GLUT-2: Glucose transporter.
_\“u, “ 7 fﬁ::*‘ DAG: DiAcylGlycerol.
H.._______ = 3 '_,:*{_"*"
o [Straub and Sharp, 2002]

The presence of these two phases is related taliffeoent pathways for vesicle release (Fig.
3): K-ATP channel dependent and K-ATP channel imthejent, involving different pools of
insulin granule and responding to different nubrial stimuli.

The first phase of insulin release, also identifesd K-ATP channel dependent pathway, is
driven by glucose metabolism, and has been defledtose stimulated insulin secretion
(GSIS).

Indeed, during GSIS, the glucose metabolism entsaoyd®plasmatic ATP/ADP ratio, that in
turn reduces the open probability of ATP senskwechannels in the plasma membrane, thus
leading to depolarization and subsequent openinglbhge gated &4 channels, responsible
for exocytosis.

The second phase, K-ATP channel-independent p atlpodégntiates the secretory response to
the increased [éah and can also be induced by DAG or phorbol esters.

Several metabolic factors downstream glucose entihe beta cell have been proposed to
support the second phase of insulin release.

First, glucose anaplerosis induces an increaseeimimount of mitochondrial citrate, which is
exported to the cytosol and transformed in mald@gh. The latter induces the inhibition of
carnitine palmitoyl transferase 1 (CPT1), thus kileg transport of long-chain acyl-CoA into
the mitochondria. Accumulation of long-chain acydACin the cytosol leads to an increase in
intracellular calcium levels [Corkest al., 1989; Prentket al., 1992; Cheret al., 1994; Brun
etal., 1996].

Second, glucose induces an increase in the praduofiglutamate in the mitochondria, that
is exported to the cytosol. It has been proposetliththe cytosol, glutamate sensitizes the
secretory machinery to ¢a perhaps by an action on the insulin-containingngtes
[Maechler and Wollheim, 1999; Ruét al., 2001; Maechler and Wollheim, 2000]. Another
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hypothesis is that glutamate may exert an addast@®n on mitochondrial malate/aspartate
shuttle function [Newsholme al., 2010].

Another speculation predicts that increased glucocs®centrations provoke changes in
concentrations and ratios of nucleotides such aB,Addenosine diphosphate (ADP), GTP,
and guanosine diphosphate (GDP) that may parteipategulation of the KATP channel-
independent pathway [Henquin, 2000; Sato and Hengi®98; Detimaryet al., 1996;
Detimaryet al., 1998].

Other metabolic factors and substances have beswnsho play important roles in the
regulation of hormone release. We tried to summeatie different regulatory factors in the

table below:

Insulin secretagogues Insulin secretion inhibitors
Glucose Somatostatin
Mannose 2-Deoxyglucose

Amino acids Mannoeptulose
Enteric hormones Galanin
B-ketoacids Phenitoin
AcetylCholine Diazoxide
Glucagon Insulin
CAMP Tiazolidinic diuretics
[B-adrenergic agonist a-adrenergic agonist

In particular, an emerging role has been attribtibelipids and amino acids, that are thought
to be involved in the second phase of insulin sHE&ATP channel independent).

The role of lipids as insulin secretagogues has lblebated, since they seem to have different
effects on hormone release, depending on the acudieronic exposure: the former promotes
insulin release, whereas the latter inhibits it gdhand Grill, 1994; Gravenet al., 2002].
Lipid effect is also linked to the saturation ame tength of the acyl chain [Gravesaal.,
2002].

Compared to the other nutrients, plasma amino aadsn to be the more effective on insulin
release: in vivo amino acids derived from dietargtpins and those released from intestinal
epithelial cells, in combination with glucose, stiate insulin secretion.

The hypothesis is that the stimulatory action ofnamacids on insulin secretion can be
attributed to different possibilities [Newsholsteal., 2010; Mc Clenaghan N al., 1996]:

1- amino acid metabolism with generation of ATRif@mnine, leucine)

2- direct membrane depolarization (cationic amicids, arginine)

3- Na+/amino acid co-transport with consequent tezation (alanine)

4- receptor activation (glutamate, see below)
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2.2 Endocrine pancreas and glutamate

2.2.1 Glutamate sgnalling and hormone release

A particular amino acid that must be analysed fer modulatory action on pancreatic
hormone release is glutamate.

In the pancreas, the presence of glutamate asnallsngy molecule is well established
[Hayashiet al., 2003] and paracrine-like signalling has been psagloas a novel regulatory
mechanism for islet hormone secretion [Moriyamaldagiashi, 2003].

Glutamate could function as an intercellular sigmadiator in the isletas they possess all
the necessary elements of L-glutamate mediatednriasion. Several research groups have
reported that islets cells and clonal islet celsress functional glutamate receptors [Hayashi
et al.,, 2003; Molnaret al., 1995; Weaveret al., 1996; Tonget al., 2002] and vesicular
glutamate transporters [Baial., 2003]

IGIURs MGIuRs VGLUT
Ampa, Kainate,
NM DA Group I, II, 1 VGLUT 1 and 2

TABLE 2: Expression of glutamate signalling molecul e in gaas.
[Hinoi et al., 2004]

L-glutamate is co-stored and co-secreted with giooan alpha cells and the stoichiometric
amounts of glutamate and glucagon are 2000:1 (mal&), respectively [Bait al., 2003].
Glutamate in alpha cells might originate not onign intracellular synthesis by means of
glutaminase, but it has also been proposed tleahiderive by uptake of plasma L-glutamate
through a sodium dependent glutamate transporteayéret al., 1998].

For vesicle loading, vesicular glutamate transpenteith a H dependent uptake activity,
were found in alpha cells but not in gamma cellggesting that only alpha cells are able to
store glutamate [Badt al., 2003].

Several independent lines of evidence indicate esgion of both iGIuRs and mGIuRs in
pancreatic islets.

Among ionotropic glutamate receptors, AMPA are tiorally distributed in alpha and beta
cells [Gonoiet al., 1999; Inagakiet al., 1995; Molnaret al., 1995; Weavert al., 1996;
Morley et al., 2000; Weavert al., 1998]. On the other hand, the expression of foneli

kainate receptors is negdligible, even though itlheen reported that pancrediicells express
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both AMPA and kainate currents similar to thoseorégpd in neuronal cells [Weavet al.,
1996]. Some laboratories have detected the exopressi NMDA receptors in the islets,
although neither NMDA receptor subunits, nor NMD#&oked ion transport have been
observed.

It has been reported that AMPA and kainate stimuilasulin secretion from perfused or
isolated islets or clonal cells in the presenceigh level of glucose [Gonait al., 1999;
Inagaki et al., 1995; Bertrandt al., 1992 and 1995]. Considering just the paracrine odl
glutamate, this evidence is not completely convigcin normal physiological conditions,
because L-glutamate is co-secreted with glucagoenvthe islets are immersed in low blood
glucose levels. In that situation, glutamate silgngishould not be directly involved in insulin
secretion, that usually occurs in the opposite tmmdof high glucose levels. In line with this
hypothesis, a recent work by Cabrera, did not saowinfluence of glutamate signalling on
the regulation of insulin secretion [Cabretal., 2008].

However, the role of glutamate in modulating insuklease can not be completely ruled out,
as it could also originate from plasma, where tldoeach a concentration of 50-204 .
L-glutamate and AMPA have been shown to stimulateagon secretion from the perfused
pancreas and in mice, where activation of iGluRsesded for efficient glucagon secretion in
response to hypoglycaemia [Brieteal., 2002; Bertranet al., 1993; Cabrerat al., 2008].

A more widespread expression pattern of mGlu respitas been reported in the islets and in
clonal cells. It has been demonstrated that alstuR&participate in hormone secretion from
pancreatic islets. Agonists of group | and Il irwe the release of insulin in the presence of
glucose at low concentration, whereas a group gtinsst inhibits insulin release at high
glucose concentrations [Bricg al., 2002]. By contrast, a class Ill metabotropic reoep
antagonist, inhibits glucagon secretion [Uehar@., 2004 ; Tonget al., 2002].

Thus, the activation of glutamate receptors do¢salheays correlate with hormone secretion,
but these results may be influenced by the metalsiite of the organism wherein the
glutamate appears in the interstitial space.

2.2.1.1 ISLET PARACRINE INTERPLAY

A proposed function for glutamate as an extracallsignal mediator is to participate in islet
cross-talking, that can be significant in the cohtf hormone release (Fig. 4).
Indeed,p cells store GABA in Synaptic-like micro-vesicleSLMVs), which are secretory

vesicles distinct from insulin granules, and secr&ABA by C§+-dependent exocytosis
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[Thomas/Reetzt al., 1993; Anhert-Hilgeret al.,1996]. On the other hand, in alpha cells
glutamate is co-stored with glucagon in stoichiametmounts.

It has been proven that low glucose conditionsiltem co-secretion of stoichiometric
amounts of glutamate and glucagon framC6 and isolated islets, which triggers GABA
secretion fronp cells [Reetzet al., 1991; Hayashét al., 2003]. In particular, in the presence
of low glucose, stimulation of AMPA receptors faetes GABA secretion from beta cells
with little effect on insulin secretion. [Hayas#ial., 2003]. The GABA mediated signalling
from beta cells in turn inhibits glucagon and géée secretion from alpha cells, by
activation of GABA A receptors on alpha cells [Roen et al., 1989]. Also stimulation of
mGIu8 receptors on alpha cells inhibits glucagaret@n, suggesting a role of glutamate in
autocrine signalling.

It is likely that L-glutamate signalling also triggg somatostatin secretion, which in turn
inhibits glucagon secretion, through somatostatt? geceptors [Muroyamet al., 2004;

Moriyama and Hayashi, 2003].
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2.2.1.2 GLUTAMATE TRANSPORTERS

The cellular response to glutamate could be cdattotlirectly and indirectly, by regulating
transport of amino acid across the plasma membtanparticular, flux through glutamate
transporters may act as a modulator of hormonesterrby increasing intracellular amino
acid content or by controlling extracellular amiaoid concentration and therefore receptor

activation.
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There are few evidences of glutamate transpor@resgion in endocrine pancreas and they
lack some information regarding their physiologicaés.

Sodium dependent glutamate uptake has been detiadifeel mantle region of islets [Weaver
et al.,1998], most probably alpha cells, that are ableséguester glutamate from the
interstitial space of the islets. The expressiogarfes encoding sodium dependent glutamate
transporters has been detected in isolated ikt ffaset al., 1994]. Moreover, it has been
proposed that a high affinity glutamate transporéspressed in pancreatic islets of

Langerhans, modulates insulin secretion stimulbiedlucose [Weaves al., 1998].

2.2.2 Glutamate in idet pathologcal conditions

Islets of Langerhans show a sophisticated glutapatacrine system, where all the elements
required for glutamatergic transmission, includmrgptropic receptors are expressed.
Glutamate derives both from plasma amino acid pooa from alpha cell granules. In
addition, it has been demonstrated that duringetiezbthe islet or plasmatic glutamate level
may further increase.

2.2.2.1 DIABETES

Although there are several subtypes of diabeteltusgleach with a different pathogenesis, it
is now recognised that diabetes is characterised bgfect in insulin secretion caused by a
deficit and/or functional impairment in insulin mhacing B cells and by the consequent
development of hyperglycaemia. The time of ondet,9peed of progression and the nature of
precipitating factors (external or genetic) thatsmthe defect in insulin secretion vary in the
different subtypes. It seems that beta cell deatly ine what connects type 1 and type 2
diabetes [deKoning al., 2008].

Type| diabetes

Currently type 1 diabetes affects 0,5% of the papah in developed countries and it is
increasing in incidence. It is not known what teggyit and there is little understanding of the
genetic and the environmental factors regulatis @itogression. Thus, it is not known how to
prevent or reverse type 1 diabetes.

Type 1 diabetes is an autoimmune disease restting specific destruction of the insulin
producing beta cells of the islets of Langerharth@pancreas [Tisch and M cDevitt, 1996]. It

has two distinct phases: insulitis, when leucocyteade the islet, and diabetes, when most of
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the beta cells have been killed, and there is ngdp sufficient insulin production to regulate
blood glucose levels, resulting in hypergly caemia.

Destruction of beta cells is a crucial event atali® outset, initiating autoimmunity. Indeed,
type 1 diabetes is primarily a T-lymphocyte mediatiésease [Tisclt al., 1996; Bach and
Mathis, 1997].

Typell diabetes

Type 2 diabetes is by far the most common subtgpé,its occurrence is increasing rapidly
because of an imbalance between food intake andyeegpenditure, which leads to obesity
and insulin resistance [Wild al., 2004].

The pathogenesis of the type Il diabetes is noosawmune in nature and remains
controversial, although there is a general agreémhen both insulin resistance and a beta cell
defect contribute to the disease. Depending ontigeoe environmental factors, a fraction of
type 2 diabetics may exhibit abnormal beta celthiethat may degenerate to such a degree
that insulin therapy becomes necessary in advasteag of the disease. As a consequence of
reduced beta cell mass, type 2 diabetes is chamaddy the absence of a first phase insulin
response and abnormalities in insulin pulsatilitgghy et al., 1988].

Many observations indicate a negative effect ofhhiglucose concentration, termed
glucotoxicity, on glucose sensing, insulin gene reggion, insulin secretion and beta cell
survival [Robertson 2004; Lealgzal., 1992].

A support for a progressive decline in beta celkmduring the course of the disease is
provided by in vitro experiments, where elevatadcgse concentrations, analogous to those
seen in type 2 diabetics, can induce apoptosisiaired human islets [Federiei al., 2001].
Better evidence for beta cell death in late stagfesype 2 diabetes comes from animal
models: whenPsammomys obesus (gerbil) is kept in captivity and is fed with higimergy
diet, an increase in apoptosis occurs and it dpsettabetes [Bar-Od al., 1999; Donatlet

al., 1999]. A modest reduction in the beta cell mastyme 2 diabetes individuals at autopsy
has been reported [Claekal., 1998].

In Caucasians, compared to obese normogly caemjecssiprelative beta-cell mass is reduced
by 40% in obese subjects with impaired fasting ghe; and by 63% in obese subjects with
type 2 diabetes [Sakuralegal., 2002; Yoonet al., 2003]. Moreover, an increased number of
apoptotic beta cells was observed in the isletdiafetic subjects compared with those of
normoglycaemic subjects [Butlet al., 2003]. One possible mechanism of beta cell death
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could be a decrease in the ratio of anti-apoptotjgro-apoptotic members of thel 2 family
[Federiciet al., 2001].

2.2.2.2 GLUTAMATE AND DIABETES

Many studies have underlined alterations in glutanmemeostasis that correlated with both
type one and type two diabetes, even though ibislascribed any clear relationship between
the two phenomena.

Variations in plasma glutamate concentration haeenbreported in TIDM and T2DM,
although deriving from different origin.

In children who later progress to type 1 diabetaerations in the metabolic profile
characterize the early pathogenesis of the dissaggesting a role in its progression. The
appearance of insulin and glutamic acid decarbseiéutoantibodies (IAA and GADA) in the
serum is preceded by abnormally high glutamic gdd fold increase). Glutamic acid
increase is dependent on the time when autoanébogppeared: 0-9 months before the
seroconversion, there is a peak of serum glutame (82-fold), that slightly decreased in the
following months (to 5.2 fold), while after the seonversion, the metabolic profile is
partially normalised. Such evidences could sugtesat the initial autoimmune response is
physiological and aimed at restoring the metalduimeostasis [Oreset al., 2008].

During the pathological development and the drdgrirention of type 2 diabetes mellitus
(T2DM), is involved altered expression of serum lmwlecular weight metabolites, including
carbohydrates, long chain fatty acids and amindsacin particular, among amino acids,
serum glutamate is significantly increased in digbgubjects. Interestingly, three treatments
used for the therapy of T2DM were tested in pasiemtd were able to down-regulate the high
level of glutamate [Baet al., 2009].

In addition, changes in glutamate concentration o@yur also in the islet microenvironment
and might contribute to disease progression as agelbarticipate in the late stages of the
disease.

Indeed, during lymphocyte islet infiltration in tgpl diabetes, glutamate regulates the
initiation of immune response [Pacheebal., 2006]. Human dendritic cells (DC) release
significant amounts of glutamate, that acts on mdlexpressed on T cells after antigen
presentation, and it mediates enhanced T cell fpralion and secretion of Thl and
inflammatory cytokines. Normal human T cells exsredso high levels of AMPA ion
channel receptors, that can trigger integrin mediaf cell adhesion to laminin and
fibronectin [Ganoet al., 2003].
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Moreover, both T1IDM and T2DM are characterised hynarease in beta cell death, thereby
leading to a change in alpha/beta cell ratio [Chrlal., 1988; Unger and Orci, 2010]. In
particular, in type two diabetes, in the corpusdghdail and anterior part of the head of the
pancreas) the mear/[3-cell ratio increased from 0.27 in control subjes0.57 in Type 2
diabetic patients [Clarkt al., 1988]. Thus, during the response to physiologstmhuli, the
increased number of alpha cells is able to seanete glutamate in the extracellular space.

In addition, in the normal physiology of the isletgfucagon (and therefore glutamate)
secretion is under control of a negative paradeeelback from GABA A receptors present
on alpha cells. In an imbalanced situation of losvgentage of GABA secreting beta cells, as
happens during diabetes, this negative feedbacld doel impaired, leading to a massive
glutamate release.

Furthermore, in both types of diabetes, has beescribed a paradoxical effect of
hyperglycaemia on glucagon release. In normal ¢and, immediately after the ingestion of
a carbohydrate-containing meal, a spike of instdilease occurs and is believed to be the

cause of glucose-induced glucagon suppressiob)(fig.

FIG. 5: Demonstration of the

reciprocal responses of insulin
and glucagon to 20 mg/dL
changes in the concentration of
glucose perifusing the isolated
pancreas of

rats. Dotted lines mark the full

contour of the first phase.
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In T1DM, dlucose increases without a parallel imswhcrease and hyperglycaemia will
paradoxically stimulate glucagon and thereforeaghdte secretion [Braatehal., 1974; Le
marchandgt al. 2010].

In T2DM the initial spike is lost, thus glucagomrains unsuppressed and elevated relative to
the ambient glucose concentration, exaggerating tis¢prandial hy perglycaemia [Unger and
Orci, 2010].
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FIG. 6A: In T1DM, due to the absence of FIG. 6B: In T2DM, o-cells are not suppressed by
juxtaposed insulin-secreting cells, basal glucagon the hyperglycaemia, because of the loss ofthe firs
levels are increased and they increase further in a phase spike of insulin release immediately ater th
paradoxical response to hyperglycaemia from a ingestion of a carbohydrate-containing meal.
carbohydrate-containing meal.
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In the CNS, activation of glutamate ionotropic pet®s has been identified as the mechanism
underlying glutamate toxicity [Chat al., 1987] and it has been reported that glutamate can
also be toxic outside the CNS [Sa&tdal., 1996].

The effect of glutamate on islet cell function aswtvival is presently unknown, thus we
thought that it could be interesting to understa@ther and how islets can become resistant
to the toxicity of blood glutamate.

There are two ways to explain the glutamate rastgtain pancreatic cells, glutamate
ionotropic receptors may not have a drastic effactsurvival, or an efficient system that
removes glutamate from the extracellular spacdsxis

The presence of glutamate receptors in the islatsdeen characterised and their subunit
assembly and conductances seem to be similar tanghen the CNS.

We previously found that clon@lcells selectively express GLT1 transporter (Fig). e
confirmed the expression of GLT1 in human panceasby means of double
immunofluorescence analysis (Fig. 7B) [Tesi di lemuM agistrale-Di Cairano, 2007].

GLAST GLT1 a GLT1b EAAC 1 GLT‘la GLT1a GLAST EAACY ASCT1 ASCT2

P ™ - m
750 + + + +
500

i o B

o oo INS1E Brain

{am ]

FIG. 7A: Expression of high-affinity glutamate transporters in aTC1 and BTC3 cells. RT-PCR analysis of
SLC1A glutamate transporter subtypes (+). Negativatrols(-): PCR reactions performed in the absente
cDNA. Positives controls: Tubulin amplification; iprers consistency was checked using Brain cDNA as a
template; INS1E cDNA to confirm GLT1 expressionfircells. Markers on the left indicate bp.

In this work, we investigate its physiological rahethe islets.
Moreover, since alterations in glutamate homeostiaave been observed in patients affected
by diabetes and glutamate transporters have beepoped as key regulators of the

extracellular glutamate concentration, we invesedavhether GLT1 may be involved in

diabetes progression.
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Chromogranin Insutin

FIG. 7B: GLT1 localizes to the plasma membrane of hte B-cells. Inmunofluorescence
staining of human pancreas sections with anti-GL{fedd) and hormones (green) as markers of

different endocrine cell types. Scale bar =l@. In the inset, a particular ofthe islet is shosn
higher magnification (2x). The yellow/orange staigi indicates co-localization between the

transporters and the hormones.
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3 RESULTS

3.1 BTC3 cells are vulnerable to glutamate-induced cytaixicity

We first determined wheth@- anda-cell lines were vulnerable to extracellular glutden
BTC3 andaTC1 were cultured in freshly prepared medium in gdresence of different
glutamate concentrations (ranging from 0.05 to 5)naid cell viability was assayed by the

MTT test. Exposure to glutamate induced a dose- tand-dependent decrease [6f C3

viability (Fig. 1A, B). As previously shown in MINéells [Morley, 2000], we did not observe
glutamate-induced cytotoxicity after a 20 min inatibn at 5 mM, as usually occurs in
neurons [Pereget al., 2000]. Notably,aTC1 cells were resistant to glutamate-induced
toxicity showing a small decrease in viability omlfter 5-day exposure to 5 mM glutamate

(Fig.1A).
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FIG. 1: Chronic incubation with glutamate impairs -cell viability (A). aTC1 andBTC3

cell viability measured by MTT assay after cell ibation with the indicated glutamate
concentrations for 5 days. The Relative Growth RRIER) is presented as percentage of 0

mM glutamate and data are mean = s.e.m., n=7 with@icates. (* p<0.0001 vs Ctr; **
p<0.01 vs Ctr). (B)BTCS3 viability measured by MTT assay after incubatwith 5 mM
glutamate for the indicated times. Data are presk@s percentage of each relative Ctr (no
glutamate) and are mean * s.e.m. n=4 with 8 ref@dica(* p<0.001 vs Ctr). (C)BTC3
viability measured by MTT assay after incubationlwWDMEM media supplemented with
the indicated glutamate concentrations. Data aesgnted as percentage of 0 mM glutamate
and data are mean = s.e.m., n=3 with 8 replicates (.05 or **p<0.01 vs Ctr).
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As BTC3 andaTC1 usually grow in different media, RPMI and DM EMspectively, the
latter containing no glutamate, we assessed glueataxicity in BTC3 in the presence of
DMEM media. Also in this medig3TC3 showed a significant decrease in viability ttisa
similar to that obtained in RPMI media (Fig. 1C).

Glutamate-induced cytotoxicity caus@d C3 apoptosis. In fact, 5-day incubation in the

presence of 0.5 mM glutamate, a physiological @léxoncentration, significantly increased

the number of TUNEL positivBTC3 (Fig. 2)

Propidium lodide TUNEL

CTR

—

TUNEL {positive colls/field
E

0.5 mM Glu

CTR 0.3 mM Gh

FIG. 2: B-cell death is mediated by apoptosisDetermination offTC3 cells
apoptosis by TUNEL assay after incubation with M glutamate for 5 days. Cell
nuclei were labelled with Propidium iodide. On tle& panel is shown fluorescence

image, scale bar. 5m. On the right panel is shown quantification of NEL-
positiveB-cells. Data are the mean +s.e.m. of 3 independgptriments performed
in duplicate (* p<0.05)

These data indicate th@tcells, similarly to oligopdendrocytes and neuroas vulnerable to

glutamate-induced cytotoxicity whige-cell are resistant [Chet al., 1987].

3.2 Excitotoxicity is responsible for glutamate-induce3TC3 apoptosis

To determine whether glutamate-indu@bC3 toxicity was mediated by excitotoxicity, we
exposedBTC3 to high glutamate concentrations in the preseof specific ionotropic
receptors’ antagonists (Fig. 3A). We could therefdemonstrate that glutamate toxicity was
partially prevented by the co-administration of Wa@o-7-nitroquinoxaline-2,3-dione
(CNQX), a non-selective-amino-3-hydroxy-5-methyl-4-isoxazolepropionic agi@dMPA)
and kainate receptor antagonist (46.3+2.7% increafeGR relative to 5 mM glutamate;
p<0.005) but not by D-2-Amino-5phosphonovalerigdaAPV), a selective N-methyl-D-
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aspartate (NMDA) receptor antagonist. In the absefcglutamate supplementatidsit C3
viability was not affected by the presence of bgititamate receptor antagonists. These data

indicate that glutamate-induc@d C3 cytotoxicity is in part mediated by chroniciaation of
AMPA and/or kainate ionotropic glutamate receptarsd can be therefore referred as
“excitotoxicity”, as occurs in the CNS [Cheial., 1987].
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FIG. 3: Mechanisms of-cell death: ionotropic receptors’ activation and aidative
stress. (A). Viability of BTC3 cells after incubation for 5 days with 0.025 n@®NQX or
0.1 mM APV, with or without 5 mM glutamate measurbg MTT assay. Data are
presented as RGR and are mean = s.e.m. n=3 witepBcates. (#p<0.05 vs 0 mM
glutamate Ctr; *p<0.05 vs 5 mM glutamate Ctr). (Bvaluation of total SH content in

BTCS3 cells ater incubation with 5 mM glutamate. ®atre expressed as % of CTR and
are the mean + s.e.m. of 4 independent experimagetiormed in duplicate (*p<0.05). In
the inset is shown RT-PCR analysis of XCT subum8TC3 cells.

As CNQX was not able to completely rest@ieC3 viability during glutamate exposure, we
investigated if other mechanisms were involved ilutamate toxicity. It has been
demonstrated that increased extracellular glutammae also lead to cell death by oxidative
stress (oxidative glutamate toxicity) which is naed by the glutamate/cysteine exchanger
(X°) [Tan et al., 2001]. Thus, we first demonstrated that xCT sitbofithe X° exchanger is
expressed iBTC3 cells by RT-PCR analysis (Fig. 3B, inset). GiwET expression iBTC3,
after a 5 day cell treatment with 5 mM glutamates measured total SH content as an
indicator of oxidative stress. We found that chcomcubation with glutamate caused a

significant reduction in the total SH content (F3), thus suggesting that glutamate may

induce-cell death also via oxidative stress.
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3.3 Excitotoxicity can be prevented by treatment with Eendin-4

To confirm the excitotoxic mechanism pfcell death, we have expospd@ C3 cells to high
glutamate and Exendin-4 (Ex-4). Ex-4 is a synthlgiing lasting analogue of the enteric
hormone glucagon-like peptide 1 (GLP-1), recentlgpraved by the Federal Drug
Administration for the treatment of diabetes. lkmown to preserv@-cell mass by reducing
apoptosis [Farillaet al., 2003; Wajchenbergt al., 2007] and to protect cultured rat
hippocampal neurons against glutamate induced asispt[Perry et al., 2002]. We
demonstrated that Ex-4 alone did not alter theikigbof BTC3 cells at the concentrations
tested, but significantly reduced glutamate-indueeditotoxicity (Fig. 4). This mechanism
can be considered specific, as treatment with glata and DPP-IV (dipeptidyl-peptidase
IV), the enzyme responsible for GLP-1 inactivatidid not show any improvement T C3

viability .
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FIG. 4: Pharmacological prevention of excitotoxiciy

restores [B-cell survival. Determination of 3-cell
viability by MTT assay after incubation for 5 dais 10

or 100 nM Exendin-4 and 10 mM DPPIV with or without

5 mM glutamate. Data are presented as RGR and are
mean = s.e.m.; n=3 with 8 replicates. (*p<0.005,Cts

in 5 mM Glutamate).

3.4 GLT1 protects BTC3 from excitotoxicity

The selective expression of GLT1 transporterg ells has been established in previous
studies [Tesi di Laurea Magistrale-Di Cairano, 20@0Ve then investigated its physiological
relevance in islets. Therefore, we tested whethkmation of GLT1 is to protect against
excitotoxicity, as occurs in the CNS [Chaial., 1987]. To this aim, we thought to assess

beta cell viability during pharmacological inhitmti of the transporter.
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First, we tested the inhibition ability of dihydmkate (DHK), a selective GLT1 inhibitor

[Arriza et al., 1994], inBTC3 cells, where acute exposure to DHK induced aedo
dependent inhibition of MadependentSH]-D-aspartate uptake, with an §& 0.05 mM
DHK, in line with previous reported KKawaharaet al., 2002] (Fig. 5A). We avoided
higher concentrations (1 mM), known to affect iaoptic receptor activation [Warg al.,

1998], to isolate the specific effect on GLT1 tramser.
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FIG. 5 The GLT1 transporter controls the extracellular
concentration of glutamate andp-cell viability. (A). The Na-dependent
[3H]—D—Aspartate uptake ifsTC3 cells was measured in the presence of
increasing DHK concentrations. Data are expressedpan/well/15 min
and are mean  s.e.m.; n=3 performed in triplic@<0.01: vs CTR).
(B). Determination of extracellular glutamate concembratoy enzymatic
assay aftefTC3 cells incubation with or without 0.1 mM DHK f&
days. Data are expressed in mM and are mean *.s.e=, performed in
triplicate (*p<0.05).(C). Determination ofTC3 cells viability by MTT
assay after incubation with DHK for 5 days. Data axpressed as RGR
and are mean +s.e.m. n=3 with 8 replicates. (*0§0vs CTR).

In presence of GLT1 inhibition (0.1 mM DHK in cetledium for 5 days), we measured

in the medium ofTC3 cells a significant increase of glutamate levélat reached

concentration of the same order of magnitude of tbaic for beta cells (Fig. 5B). In

agreement with this observation, DHK induced a dase inBTC3 viability that was
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already maximal at 0.05 mM DHK (Fig. 5C), indicagia role of GLT1 in prevention of
glutamate toxicity. Cytotoxicity was due to apopsosas revealed by a TUNEL assay

performed o3TC3 incubated with 0.1 mM DHK for 5 days (Fig. ®n increase in the
number of apoptotic nuclei was observed after DHdatment.
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FIG. 6: GLT1 inhibition by DHK induces B-cells apoptosis.Assessment off-cells apoptosis
by TUNEL assay ater 5 days incubation with 0.1 niMiK. Cell nuclei were labelled with

Propidium lodide. Scale bar: 50m. In the right panel, quantification of TUNEL-posi&\§-
cells is shown. Data are mean = s.e.m. of 3 inddpeh experiments performed in duplicate.
(*P<0.05, vs CTR)

Similar results were obtained by reducing the espian of the GLT1 gene RTC3 by
means of shRNA (Fig. 8). We first tested whetheRNIWs (small hairpin RNAs) were
effective in reducing the total expression of GLBY, means of western blotting and
uptake experiments (Fig. 7A, B). From that analysi concluded that SH1 and SH3
were the more promising shRNA to be used in théovahg experiments of GLT1
down-regulation.

A 35% down-regulation of GLT1 activity achieved I8H1 was sufficient to increase
BTC3 cell apoptosis after a 24-hour incubation iB @M glutamate, by two to four
folds (Fig. 8). More interestingly, the shRNA comnstts increase@TC3 apoptosis also
in the absence of glutamate supplementation, stuiggethat impaired GLT1 activity is
“per se” sufficient to induc@TC3 cell death (Fig. 8), as previously demonstrabgd
DHK treatment.

Altogether, these data demonstrate a pivotal rél&sbT1 in B-cell physiology and in

protecting3-cells from excitotoxicity.
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FIG. 7: Validation of shRNAs against GLT1 transporter. BTC3 cells were transfected with
different GLT1 shRNAs (SH1, SH2 and SH3) or a ainshRNA (SHC). (A).Determination o f
GLT1 surface expression by means of Na-d epen&éﬂtq-Aspartate uptake. Data are expressed as
percentage of SHC and are mean * s.e.m. of 3 indepe experiments performed in triplicate
(*p<0.01, vs SHC). (B). Immunoblotting of 30y of wholefT C3 lysate with anti-GLT 1 and anti-actin
antibodies (internal standard). A representativet ik shown. (C). Quantification of GLT1
expression by densitometry. Data were normalized dxtin content and expressed as
percentage of SHC and are mean = s.e.m. of 3 indegm experiments.
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FIG. 8: GLT1 knock down by shRNA causesB-cells death by apoptosisOne day after shRNAs
transfection,TC3 cells were incubated for 2 days with or with@us mM glutamate, and apoptosis
assessed by TUNEL. Cell nuclei were labelled witlhgiddium iodide. Scale bar: 50m. In the left
panel, quantification oT UNEL-positive 3-cell is reported. Data are expressed as percerabgetal
cells/field and are mean + s.e.m. of 3 independetperiments performed in duplicate. (*p<0.05 vs
SHC Ctr; **p<0.005 vs SHC 0.5 mM glutamate).
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3.5 B-cells death can be pharmacologically prevented byreatment with

Ceftriaxone
To further support the involvement of GLT1 in thenwrol of B-cell survival, we tried the

opposite approach compared to DHK/shRNA, that aiatedp-regulating GLT1 expression
or function.
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FIG. 9: GLT1 upregulation by Ceftiaxone restores B-cell survival. (A). Ater

incubation ofTC3 cells with the indicated CEF and glutamate @nations, 10Qug
of each cell lysate were immunoblotted with antif@land actin antibodies. A representative
blot is shown.(B). Quantification of GLT1 expression by densitdrnge Data were
normalized by actin content and are expressed aanmes.e.m. of 3 independent
experiments. (*p<0.01, vs CTRJC). Determination of3-cell viability by MTT assay
ater incubation for 5 days with the indicated QCieftone (CEF) and glutamate
concentrations. Data are expressed as RGR and eap ms.e.m. n=3 with 8 replicates.

(*p<0.05, 100uM CEF vs relative Ctr; # p<0.05, vs 0 mM glutam@at€EgF).

Ceftriaxone (CEF) is g3-lactam antibiotic which has been shown to increasan
GLT1/EAAT?2 expression and activity and to inducemaprotection in models of ischemic
injury and motor neuron degeneration by protectiogn excitotoxicity [Rothsteirgt al.,
2005; Lipskiet al., 2007]. This compound may exert its protectivecfion acting on GLT1
promoter and increasing its expression. Actuallgstern blot analysis proved that a 5-day
incubation with CEF induced a 100% increase in Gl&xpression also if8TC3 cells,

reaching saturation already at 18I (Fig. 9A,B). A representative blot is shown igure 9A
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whereas band quantification by densitometry wasfopmed on three independent
experiments using Actin as an internal standardy.(PB). In those conditions, CEF
determined a dose-dependent protection from glueimduced toxicity, as shown by MTT
experiments carried after a 5-day treatment withaghate in presence of CEF at different
concentrations (Fig. 9C).

Our data show that Ceftriaxone exerts a significamti-excitotoxic effect orfTC3 cells,
probably by increasing GLT1 expression.

3.6 Human islets express GLT1

Given the possible implications {r-cell physiology and pathology, we next validated o
findings in humans.

We confirmed the expression of GLT1 in native hunigeues by immuno-histochemistry
performed on human and monkey pancreatic sectdmshown in Fig. 10A, in both human
and monkey (Cercopiths) pancreases anti-GLT1 refyctivas limited to the islets while
absent in the exocrine tissue, indicating that GIisT4 selective target in endocrine tissue. In
both species, but even more clearly in the humdnl IGstaining was almost exclusively
localized to the cell membrane.

We tested specificity of these staining by incubg@thuman pancreatic sections with a
preimmune serum or in the presence of a blockirgige In these conditions, islets did not
show GLT1 stain, confirming the specificity of gheevious results (Fig. 10B).

To rule out cross reactions with other membershef high affinity glutamate transporter
family, we stained sections with an anti-EAAC1/EA2®r anti-GLAST 1/EAAT 2 antibodies
(Fig. 10C). Also in this case, results were in agrent with a selective staining, indicating
also that GLT1 is the only high affinity glutamatensporter expressed in the islet of

Langerhans.
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FIG. 10: GLT1 is the only high affinity glutamate transporter

expressed in the islet of LangerhangA). Immunohistochemistry staining
of human or cercopiths pancreas sections with acigke rabbit anti-GLT1
antibody. Slides were counterstained with Mayeraemmalum, to stain
cytoplasm and nuclei. 40x image magnifications shewn. (B). Human
pancreas sections were stained with anti-GLT1 aediés directed against
different epitopes (C-terminal epitope and N-temhigpitope). Staining with the
N-terminal anti-GLT1 antibody was prevented by tmation with 10 fold excess

of N-terminal blocking peptides. No labelling wastected using a rabbit serum.

40x image magnifications are shown. (C). No redtstiwas detected afer

staining of human pancreas sections with anti-GLA®T anti-EAAC1
antibodies.



3.7 Human islets are vulnerable to excitotoxicity thatis exacerbated by
GLT1 inhibition

Having established the presence of GLT1 in hunssuts, we next tried to confirm our data
on glutamate toxicity and GLT1 cytoprotection human isolated islets, an vitro model
system which has been proven useful to explorentbehanisms involved iB-cell death
induced by high glucose (glucotoxicity) [Hingial., 2004].

Isolated islets were isolated from human cadavedicors using the method by Ricordi
at San Raffaele Scientific Institute and Ospedailguldrda Ca Granda. Islets purity was
checked and only islets with purity above 80% wesed in our exp eriments.

The first step was to confirm GLT1 expression ie thodel. By RT-PCR we found that
GLT1 mRNA is expressed by purified human islets Langerhans (Fig. 11A) and
immunoprecipitation experiments confirmed proteiregence (Fig. 11B). The bands
corresponding to oligomer and monomer (120 and B@,krespectively) were clearly
identified in the immunoprecipitate and matchedfgetty with those of the brain lysate.
On the other hand, in the islet lysate, only thenonmer was detectable, probably due to
the different enrichment in GLT1 between the twonpkes. A non specific band was
also detected in islets samples, but it did noecffour observations, as it was well
segregated fromthe GLT1 bands.

Uptake experiments revealed that islets expresdethrgate transport systems, both
sodium dependent and independent, but the formevagled; we found that GLT1 is
functional in the islets and it is the main regotabf glutamate clearance in the islet as
shown by the fact that the selective inhibitor DH#most completely inhibited the
sodium dependent glutamate uptake activity (Fig)11

The cellular-specific localisation in the islets svaassessed by immunofluorescence
experiments performed on isolated islets plated giiss coverslips and using hormone
staining as markers of the different cell subtyp&saining confirmed the membrane
expression of the transporter and showed that Gddribcalised with Insulin, as underlined

by yellow-orange colour in the merge image (FidoL1
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FIG. 11: GLT1 is expressed in human isolated isletéA). Determination of GLT 1A expression in

human isolated islets by means of RT-PCR. PCR ptodere analysed on a gel. Negative control “C™:
PCR amplification performed in the absence of cDNPAsitive control is represented by Tubulin
amplification (TUB). Left: DNA Marker (M). (B). Immnoprecipitation of human islets whole lysate

extract with rabbit serum (IgG) or GLT 1 antibod®-B00ug of brain or islet extract (Lys) was loaded in
the same gel. Markers on the right indicate kDalifomer; *monomer; ° non-specific band. (CE)HI-

D-Aspartate uptake measurements in 40 human i€le8smM DHK was added to the uptake solution.
Data are expressed as a percentage ofthe Na-deypamgtake (NaCl) and are mean + s.e.m. of at Rast
independent experiments performed in triplicat®<®.001, vs NaCl). (D). Immunolocalization of GLT1

(green) and insulin (red) on dispersed human iskxtded on glass coverslips. Scale bafgrh0

Taken together these results indicate that GLTrhamly expressed in the beta cells of the
isolated human islets of Langerhans, it is funaloand it represents the main glutamate
uptake system present in the islets.

We next explored the vulnerability of human isteiglutamate toxicity.

As isolated islets are more susceptible to insahtd show degenerative features when
cultured in vitro, we choose to reduce the timexfosure to glutamate, to avoid the extreme
results deriving from excessive islet stress.

After 3-day exposure to glutamate, we assessed mustets viability by MTT test, that
was decreased in a dose dependent manner onle iprésence of high glucose, and it was
statistically significant at 5 mM glutamate (Fi@A). These results may indicate an additive
effect of glutamate on glucose toxicity. The glushdeainduced islet toxicity, observed in the
presence of high glucose, increased further inptlesence of 0.1 mM DHK, suggesting that
also in the human isolated islets GLT1 is importargrevent glutamate toxicity (Fig. 12B).

By TUNEL assay performed in dispersed islet cells,observed that the cell death was due
to apoptosis and was restricted to flreells as shown by double staining for insulin (Fig
12C).
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FIG. 12: GLT1 inhibition induces B-cell death by apoptosis in human isolated islets.
(A). Determination of3-cell viability by MTT assay after incubation of 2uman islets for

3 days with the indicated glutamate concentrationthe presence of 3.3 mM or 16.7 mM
glucose. Data are expressed as RGR and are meannt $1=4 with 8 replicates (*p<0.01
16.7 vs 3.3 mM glucose; #5 mM vs 0 mM glutamate 16.7 mM glucose). (B).
Determination off3-cell viability by MTT assay ater incubation for 8ays with the
indicated glutamate and DHK concentrations in thespnce of 16.7 mM glucose. Data are
expressed as RGR and are mean + s.e.m.; n=4 wi¢pl&ates (*p<0.01 0.1 mM vs 0 mM
DHK). (C). Determination of3-cell apoptosis (green) by TUNEL assay after 3 days
incubation with 0.5 mM glutamate (GLU), 0.1 mM DH@HK) or both (GLU+DHK) in
the presence of 3.3 mM glucog®cells were stained with insulin (red). Scale bakCGum.
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3.8 Type 2 diabetes patients show impaired GLT1 expre&m

Type 2 Diabetes Mellitus (T2DM) is characterisedityulin resistance and impaired glucose
homeostasis, but in the advanced stage of thesdise#s also present an increased beta cell
death [Federicet al., 2001]. Glucose represents the exemplary toxoudtifor beta cells in
T2DM, but we have proved that also glutamate cateadt in part contribute to beta cell
death. Thus, we reasoned that GLT1, as the matersyfer glutamate clearance in the islets,
could be involved in type 2 diabetes.

To verify this hypothesis, we carried out immunobchemistry experiments on pancreases
from normal and type 2 diabetic subjects, aimingdatermining whether patients have
different GLT1 expression (Fig. 13).

Pancreases from normal individuals confirmed GLTXpression in the islet and the

subcellular localisation was mainly at the cell rbeame, as indicated by the brown colour
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concentrated at cell-cell boundaries (Fig. 13)cdntrast, type 2 diabetic pancreases revealed
an altered expression of GLT1. In particular, iteident that GLT1 is not exclusively
expressed at the plasma membrane but it is alsseptraén intracellular compartments,
suggesting that the transport activity can be imgolain these patients, as only plasma

membrane GLT1 can be functional for glutamate clece.

FIG. 13: GLT1
membrane expression
is impaired in T2DM
pancreases.
Immunohistochemistry
staining of  human
pancreas sections from
normal subjects and
T2DM patients with a
selective rabbit anti
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4 DISCUSSION

The main finding of our research is that chronip@sure to high glutamate concentrations
exerts a cytotoxic effect on the pancrefticells. This effect is physiologically prevented by
the activity of the glutamate transporter GLT 1.

There are several reasons that prompted us irnttidy ®f glutamate and its clearance system
in endocrine pancreas.

First, glutamate-mediated signalling as been reisegnas a modulator of hormone secretion
in the islets, but there were few and incomplet@lences regarding the expression and
physiological function of high affinity glutamateahsporters. In the CNS, these transporters
control the concentration of glutamate in the edltalar space and therefore they limit
activation of receptors and prevent the overstitmaraof ionotropic receptors, that triggers
excitotoxicity. We reasoned that it could be of tiaar interest studying the effect of
glutamate on cell viability in endocrine cells atm understand if glutamate uptake may
represent an efficient clearance system in thesisle

Glutamate is present in the islets and in the blaomllation, and it is toxic to neuronal cells,
that share common features with endocrine cellsp¢/l et al., 1988]. The precise
concentration of extracellular glutamate in thetishicroenvironment is presently unknown
but it is likely remarkably high. Blood glutamatencentration is relatively high (50-2Q0/1)

as compared to the CNS [Federgtial., 2001] and can increase up to ~5@d under
glutamate-enriched diet [Stegirdt al., 1987; Grahanet al., 2000]. Moreover, islets are
highly vascularised structures [Bonner-Wetiial., 1982] and glutamate may reach very high
concentrations in islet’'s capillaries, especiallitem a meal. In addition, glutamate is
physiologically co-secreted with glucagon [Hayaahal., 2003], thus it is released any time
the glucagon is secreted, i.e. during hypoglycaeiiiracellular glutamate concentrations
may increase further in the islets of humans wiRbW which are characterized by inverted
B-cellla-cell ratio and glucagon hypersecretion [Clatkal., 1988; Dunninget al., 2007;
Guardado-Mendozat al., 2009] but also in T1DM islets since dendritic (D&hd T cells
release glutamate to activate and improve cheniotagration [Pachecet al., 2006; Ganor

et al., 2003]. DC-T cell interaction at the early stagédymphocytic islet infiltration might
trigger a vicious cycle that increases islet inftaaion and extracellular glutamate levels. Of
note, increased glutamate levels have been fousdrmof subjects with both T1DM [Oresic
et al.,, 2008] and T2DM [Bactt al., 2009] thus suggesting that glutamate may reptesen

common factor underlying the two types of diabetes.

114



We reasoned that @-cells are exposed to high extracellular glutaniatels they might be
vulnerable to excitotoxicity, unless they also egsran efficient glutamate clearance system.
Actually, we demonstrate that clon@-cells, whereas notn-cells, are susceptible to
glutamate-induced toxicity, that mediates apoptoBie different sensitivity of the two cell
types may be ascribable to different receptorssagmhlling pathways in alpha and beta cells,
as the two cell types express different subtypesmdtropic and metabotropic glutamate
receptors [Hayashd al., 2003; Molnaret al., 1995; Weaveet al., 1996; Tongt al., 2002].

It is not surprising that glutamate mediated tayicdoes not occur at short incubation time, as
happens in the CNS, because pancreatic cells are fremuently exposed to high levels of
glutamate and may have developed a sort of glueareaistance, necessary for their survival.
In beta cells, glutamate toxicity is mediated bg #Hativation of the ionotropic AMPA/kainate
glutamate receptors, as inhibition of these reasysignificantly improved3-cell survival. On
the contrary, we did not measured any change ia bell survival during NMDA receptors
inhibition. In line with this finding, we did notetlect NMDA expression in our cell model
(data not shown).

Nonetheless, glutamate receptor inhibitors didaoohp letely preven-cell death, suggesting
that, other mechanisms might be involved in glutasraduced toxicity, as the oxidative
glutamate toxicity. Originally described in astroey, excess of extracellular glutamate
reverts the activity of the glutamate/cystine-aatipr system % thus depleting the cells of
cysteine, a building block of the antioxidant gtiiiane [Chenet al., 2000]. A similar
mechanism can be relevant fbicells which express thé exchanger (Fig.3B, inset) and are
particularly vulnerable to oxidative stress [Numaaat al., 2008]. In agreement with this
possibility, we measured reduced free SH contaetr &fcubation with glutamate (Fig.3B).
Oxidative stress can at least in part explain #ednof chronic glutamate exposure to observe
changes in beta cell viability, in contrast to Hteite glutamate action in neurons.
Glutamate-induced toxicity also affects human s(Big. 12), but it occurs only in the
presence of high glucose and is quantitatively lsasalslets viability decreases of only 10%.
However, these data most likely underestimate ¢akimpact of excitotoxicity in huma-
cells because isolated islets preparations are etardgeneous celbopulation including
endocrine nor@ and contaminant non-endocrine cells which arestasi to glutamate
toxicity. Indeed, the TUNEL assay performed on disged human islet cells stained for
insulin showed a considerably higher number of @pop(-cells, because we were able
to distinguish among the cell types present inighets (Fig. 12C).
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Alike in neurons, also in th@-cells, glutamate-induced toxicity is physiologlgabrevented
by GLT1 activity. By using molecular, biochemicgharmacological and physiological
approaches we found that GLT1 is selectively exgaady the3-cells, while it is virtually
absent in all the other islet cell types. Immuntdthemistry and confocal microscopy of
human pancreatic sections showed that GLT1 is femtha located to the plasma membrane
[Tesi di Laurea Magistrale-Di Cairano, 2007 andsere data]. None of the other known high
affinity glutamate transporter subtypes (EAAT1/GIASEAAT3/EAACL) were detected in
the islets. Our observation that GLT1 is selecyivekpressed in th@-cell contrasts with
previous data showing a Ndependent glutamate/aspartate transport activitfireed to the
non{f islet’s cell mantle [Weavegrt al., 1998]. This discrepancy may be explained by
considering that in the latter study the localiaatof the transporter’'s substrate (glutamate),
and not the transporter itself was assessed. keagent with the lack of GLT1 expression,
we did not detect measurable ‘Ndependent glutamate uptakeddC1 cells, neither we
revealed the presence of any other high affinityteaghate transporter by RT-PCR [Tesi di
Laurea Magistrale-Di Cairano, 2007]. Interestingbyyr findings and recent results indicate
that a-cells express a functional glutamine uptake sys(&8CT2 and SAT2) and a
phosphate-dependent glutaminase activity suggedtiag glutamate in these cells may
prevalently derive by glutamine transamination [Nevoet al., 2007].

In this study, GLT1 was identified as the main ragpr of the extracellular glutamate
clearance in the islet, and it is demonstrated ttisahormal function is critical fof3-cell
survival. Indeed, GLT1 down-regulation by pharmegotal blockade or by shRNA
interference is sufficient to determirfecell death also in normal physiological growing
conditions. The most important function of GLT 1thre CNS is to regulate the extracellular
glutamate concentration and to prevent excessivgamiBte receptor activation and
excitotoxicity [Rothsteinet al., 1996; Tanakaet al., 1997]. Accordingly, data show that

pharmacological blockade of GLT1 by the selectmaibitor DHK, induces an increase in
extracellular glutamate concentration to a degré&hwis toxic for thef-cells. Vice versa

GLT1 upregulation by CEF, &lattamic known for its ability to increase GLT 1pggssion in
neurons and to provide neuroprotection againstt@wicity, increased GLT1 expression

also in beta cells and therefore reduced glutamale:zedp-cell death (Fig. 9).
Thus, CEF, and other compounds capable to incréagel expression or/and activity may

represent novel therapeutic strategies to achegell cytoprotection. Interestinghyf3-cell
toxicity could be also prevented by Ex-4, a GLPAlague employed for the treatment of
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T2DM and known for its glucose-dependent insulimigection and its antiapoptotic effect
on thep-cell [Wajchenbergt al., 2007]. Thus, the anti-excitotoxic action mediabgdEx-4
provides a novel mechanism through which it mayrteits known (3-cell cytoprotective
effect.

Because of GLT1 selective localization in insuliosgiive cells and its involvement [Brcell
survival, we reasoned that it could be involved igbetes. In particular we hypothesised that
its expression may be altered in patients withetied, a disease characterised by beta cell
death and impaired glutamate homeostasis. Thedfiineta cell death appearance is different
in the two types of diabetes: it is generally reused that beta cell death occurs before the
onset of impaired glucose homeostasis in type lets, whereas in type 2, it characterizes
later stage of the disease.

Our data show that GLT1 subcellular localisatiorltered in pancreases of type 2 diabetes
patients. In particular, the plasma membrane lsatibn of GLT1 is lost and the transporter
seems to accumulate in intracellular compartmentgre it can not accomplish to its uptake
function.

Although these evidence need further support, geygest that the transporter may play a
role in T2DM progression.

The hypothesis to be confirmed is that glutamatmémstasis can be altered in islets of
diabetic patients. Glutamate clearance may be tthug,to an increased beta cell death or the
impaired GLT1 localisation, whereas the high alpbt cell ratio could lead to an increase in

glutamate release from alpha cells, thereby exatedpislet conditions.

In conclusion, our findings demonstrate tH&icells are sensitive to glutamate-induced
cytotoxicity and the high affinity glutamate tramsper GLT1 is fundamental to
physiologically preven3-cell death. These results may be of particulaeregt, as GLT1
plasma membrane localisation seems altered in 2ygiabetes patients.

Any novel indication in the islet physiology coueé potentially interesting for application in
diabetes, one of the more widespread pathologycande of morbidity in the population of
occidental countries. In particular, could be rémhbte to find elements controlling hormone
release and beta cell survival, as the common noteseen the two types of diabetes are

represented by beta cell death and impaired glutosesostasis.



5 MATERIAL AND METHODS

5.1 Celllines

Cell lines represent a useful model to isolate stndy the peculiar characteristic of each cell
type present in the islet of Langerhans. Moreotbey can be grown in vitro for a
considerable number of passages, maintaining tharacteristic and their similarity to the
native cells. However they can not be the only rhdéolethis work as they differ from the
physiological conditions, where exist interactiord across-talk between all the cell types in
the islet.

MouseBTC3 andaTC1 cells were kindly provided by Prof. Douglas ldiaan (Department of
Biochemistry and Biophysics, University of Califoein San Francisco, CAXTC1 and3TC3
cells derive from pancreas of transgenic mice gerdrwith a fusion gene between SV40
large T antigen and glucagon and insulin promotesy ectively [Powers 1990; Efrat 1988].
RTC3 were grown in RPMI 1640 (from the name of th&itute where the media was
developed: Roswell Park Memorial Institute) 11 miMicgse supplemented with 10% heat
inactivated foetal bovine serum, 2 mM L-glutamiagd 100 1U/ml streptomycin/penicillin.
aTC1 were cultured in DMEM (Dulbecco’s Modified Eag Medium) 25 mM glucose
supplementedvith 10% heat inactivated foetal bovine serum, 2 rgtamine, and 100
IU/ml streptomy cin/penicillin.

Cultures were performed under standard humidifeeditions of 5% CQ@at 37° C.

All media were supplied by Sigma-Aldrich.

5.2 Cell viability assay

3-(4,5-Dimethyithiazol-2-y1)-2,5-diphenyltetr azolium bromide (MTT) assay.

MTT is a water soluble tetrazolium salt, with algel colour. When added in the cell media,
active mitochondrial dehydrogenases of living cetisivert the MTT in an insoluble purple
formazan by cleavage of the tetrazolium ring; intcast, death cells do not cause this change.
Thus, this method is useful to measure cytotoxcty previously demonstrated [Carmichael
et al., 1987].

The MTT assay was performed on (3Ic@lls seeded at a density of 8 X tells/well onto
96-wellculture plates. Cells were allowed to attach amagior 24h in standard medium,
then medium was replaced witfesh medium containing glutamate, DHK, Ceftriaxone
Exendin 4, DPPIV and glutamate receptor inhibit&BV and CNQX at the indicated

concentrations. If not differently stated, afterefidays incubation, cell viability was assessed
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usingthe MTT method, according to the manufactsiqgrotocols. Briefly, MTT solution was
added to the media in each well, to a final conegion of 0,5 mg/ml; after a 4 hour
incubation, the media was removed and the formazeaanipitates were solubilised in 100%
DM SO. The coloured formazan product was determspeectrophotometrically at 540 nm,
with a reference wavelength of 655 nm, yieldinguaction of the formazan concentration.
DM SO absorbance in empty wells was taken as a laladlsubtracted from each well.

Data were analysed as percentage of viability iveldb control treatment (%RGR, Relative
Growth Rate). Results are shown for a at leasetimeep endent experiments, performed with
eight replicates.

All reagents are from Sigma Aldrich.

5.3 Quantification of apoptosis inB-cells and isolated human islets

The apoptosis of human isolated islets §1dC3 cells was estimated using the terminal
deoxynucleotidyltransferase-mediated dUTP-bictinckniend-labelling assay (TUNEL,
Promega). This method, measures nuclear DNA fragatien, an important biochemical
hallmark of apoptosis. Fragmented DNA is enzymbyidabelled at 3'-OH end withFITC
(Fluorescein IsoTioCyanate) conjugated nucleotides.

Cells and islets were plated on glass coversligs frlowing each indicated treatment, they
were fixed in 100% methanol, washed in PBS (150 M&CI, 10 mM PQ buffer pH 7.4),
permeabilized in PBS-0,2% Triton X-100 and incubateth Equilibration Buffer (200 mM
Potassium Cacodylate pH 6.6, 25 mM TrisHCI pH 6.2, MM DTT, 0.25 mg/ml BSA, 2.5
mM Cobalt chloride). Then the coverslips were inated for 1 hour at 37°C with terminal
deoxynucleotidyltransferase (rTdT) in the presensicEITC labelled dUTPs. After abundant
washes, cell were incubated with Propidium loditi¢ig/ml) or with insulin antibodies (see
immunofluorescence protocol for details), as a fpescontrol and as a marker for beta cells,
respectively. Tunel-positive cells were countedtiwp independent observers using a 40X
objective from at least 40 randomly selected figl@s coverslips. The data were plotted as

number of TUNEL posttive cells/field.

5.4 Quantification of total SH content

To evaluate the redox conditions in tBEC3 cells after treatment with glutamate, we
performed Ellmann test, in which quantification@H groups is related to protein oxidative
stress.



Cells were incubated for 5 days in 5 mM Glutamate then lysed for 45 minutes in lysis
solution (150 mM NaCl, 30 mM Tris-HCI, 1 mM MgCl1% Triton X-100, 1 mM

p henylmethylsulfonylfluoride, antl pg/ml aprotinin and leupeptin). Cleared lysates ween
incubated in reaction buffer (0.1 M sodium phosehpt 8; 1 mM EDTA) and DTNB (5’5’-
dithiobis (2-nitrobenzoic acid); stock solution 4/ml) at room temperature. This reagent is
able to react with SH groups, resulting in colowriation from colourless to yellow,
depending on SH concentration. Absorbance at 41&asnmeasured after 30 minutes. Lysis
buffer absorbance was taken as a blank and suédrécim each sample. Standard curve: O-
0.5 mM reduced GSH. Data deriving from interpolatawe presented as a ratio between total

SH and total protein in the sample.

5.5 RNA isolation and RT-PCR analysis

To assess transporter expression in our modelfesermed RNA isolation and RT-PCR
analysis.

Total RNA represents about 1% of the total weightmammal cells and is composed of
coding RNA, i.e. tRNA, rRNA and mRNA, and non-cogiRNA, which represents the major
amount. We are interested in mRNA, because it cartaen as an indicator of gene

expression.

TOTAL RNA EXTRACTION

Beta TC3 were grown in a 6 cm plate until conflleeror 1500 isolated human islets of
Langerhans, from post-mortem sampling were hardeste

Total RNA was extracted with RNA fast isolation t®m following manufacturer’s protocol
(Molecular Systems-San Diego, CA). This reagerbimposed of guanidine salts and urea as
denaturating agents, phenol to selectively isdlatt&l RNA from chromosomal DNA.

The system consists mainly of distinct phasesfisiells homogenisation, followed by RNA
extraction, using chloroform and centrifugation dntally RNA precipitation by adding
isopropanol. After over night RNA precipitation,liee was washed twice with 75% Ethanol
and resuspended in 15l of UltraPure™ DNase/RNase-Free Distilled WaterlBGO,
Invitrogen) to obtain adequate concentration fdrs&guent reactions.

Quality of total RNA wash checked by electrophmemid its concentration was measured
using spectrophotometric absorbance (260-280 nih)aamolar extinction coefficient of 40

png/ml. The RNA purity was confirmed by the relatalesorbance at 260 versus 280 nm.
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DNASE DIGESTION

This step was useful to remove any DNA contamimetiom our RNA extract.

We treated 2ug of total RNA with DNAse (Promega) and its suitablffer in presence of
RNAse OUT (Invitrogen) for 30 minutes at 37°C. Tiwaction was stopped adding Stop

Solution (Promega) and followed by 10 minutes iratidn at 65°C to inactivate the enzyme.

RT-PCR

For cDNA synthesis, Rg of digested RNA was reverse-transcribed usindaanprimers (to

a final concentration 12.5 nd/ Promega) and 200 U of M-MLU reverse transcrigtas

(Invitrogen) in presence of RNAse OUT, DTT 0,1 Myitrogen) and dNTPs (Promega).

The first reaction step was performed with RNAgadi and UltraPure™ DNase/RNase-Free
Distilled Water (GIBCO, Invitrogen) at 65°C for 5Simates; then the other reagents were
added and the reaction was incubated for 50 mirait€§°C. Finally the reaction was led to

95°C for 5 minutes to inactivate the reverse trapsase.

PCR

PCR amplification of the reverse-transcribed RNAsvearried out using specific primers in
the 3’ end of cDNA, to obtain about 200 bp PCR padcrossing the STOP codon. The
reason why we choose to have a short fragment isate more possibility to check the
expression of the gene products. Indeed, bad guRNA can be really short, thus impairing
the annealing of the forward primers even if the@egdas been transcribed, therefore
generating false negatives. Choosing primers rer ether increases the probability to have
a PCR product. The primers were selected with aimgglemperature near 60 °C and keeping
G/C near 40% of the whole primer.

In mouse cell lines we used the following primer:

Mouse Primer PCR product
«CT Forw CCCAGATATGCATCGTCCTT 207
Rev CGTCTGAACCACTTGGGTTT
The primers used in human islet of Langerhansisired below:
Human Primer PCR product
Forw  CTTTTGGGGECTGGGATAGIC
GLTL-A Rev TTGECTGCCAGAGITACCTT 211
Tubulin FOrw CCTCACCATTGCCATTATCC 451

Rev GCTTCCACTTTCACCTCACGC
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Reaction was performed with PCR Master Mix (Promegaling cDNA, oligos and water to
a final volume of 25ul. Cycling conditions were 2 minutes at 95°C; 36oels at 95°C, 30
seconds at 60°C, 1 minute at 72°C, for 40 cycleg] a final elongation at 72°C for
10 minutes. To confirm absence of genomic contanmnan the RNA samples, reverse
transcriptase-negative controls were introduceceach experiment (n&1-MLU reverse
transcriptase).

Amplified DNA fragments were analyzed by electropdsis in a 1.5% agarose gel and

compared to a 250 bp ladder (Invitrogen).

5.6 Celllysis and Western blotting analysis

RTG; cells were seeded onBecm tissue culture plates and allowed to attachgraw until
confluence. Cells or 1500 isolated human isletsewsrvested and lysed in 100 lysis
buffer (150 mM NaCl, 30 mM Tris-HCI, 1 mM Mggl 1% Triton X-100, 1 mM
phenylmethylsulfonylfluoride, antl p g/ml aprotinin and leupeptin). After 1 h at 4°lysates
were centrifugedat 13000 rpm for 10 min, the extracted proteins ewsolubilised with
denaurating@-mix (5% SDS, 20% Glycerol, 0.3M-mercaptoethanol, blue bromophenol) and
separated by SDS-PAGE (Tris-Gly/ SDS buffer: 25 riMs-Base, 192 mM Glycine, 0.1%
SDS). Finally, proteins were transferred to a oetlmlose membrane (Transfer buffer: 25
mM Tris-Base, 192 mM Glycine, 20% Methanol). Afreembrane incubation with blocking
buffer (2% non-fat milk, 0.1% Tween 20, 20 mM tHECI pH 7, 150 mM NacCl), the blots
were probed with rabbit anti-GLT(Alpha Diagnostic), an affinity purified rabbit a@LT1
(kindly provided by Dr. Grazia Pietrini [Peregbal., 2000]) or anti-actin (Sigma) antibodies
as a primary reagents in the blocking solution.sTihcubation was followed by anti-rabbit
HRP-conjugated 1gG (80 ng/ml; Amersham, GE Healijcaand visualised by ECL (Perkin-
Elmer Life Science, Boston, MA).

Band quantification was performed using NIH J-imag&ware and results were normalised

for actin content and shown in bar graphs.

P2 brain exract: Total homogenates of rat brain tissues were prdpase previously
described [Pereget al., 2000]. Briefly, rat cortex were suspended and dwgenised
mechanically in Homogenisation buffer (0.32 M Sagsa, 10 mM Tris-HClpH 7.5, 5 mM
EDTA, 5 mM EGTA and fresh protease inhibitors aswe). After multiple centrifuge steps
and a ultracentrifugation, the final pellet (calle@) was resuspended in 5 volumes of lysis
buffer (RIPA buffer: 150 mM NaCl, 50 mM Tris-HCI pA5, 1 mM EDTA, 1% NP-40, 0.5%
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Deoxycholate, 0.05% SDS and freshly prepared psetaahibitors) and incubated under
constant agitation at 4°C for 1 hour. The cleayeshie was diluted 1:1 with the denaurating

B-mix (5% SDS, 20% Glycerol, 0.3§d-mercaptoethanol, blue bromophenol).

5.7 IRNA and Cell transfection

To suppress GLT1 gene expression, the retrovil@hang plasmid (pRS) encoding short
hairpin against GLT1(Origene, see Table below) wassfected if3TC3 cells. The short
hairpin SH1, SH2 and SH3 are against GLT1, targetiifferent portions of the transcribed.
The SH C (control) contain a non-effective shRNAgsite.

Sequences of the tree short hairpin against GL& lisded in the table below:

Name 5’-3’ Sequence

SH1 GGATGGAGGACAGATTGTGACTGTAAGCC
SH2 ATCAAGGACTTAGAAGTGGTTGCTAGGCA
SH3 GGTGTATTACATGTCCACGACCATCATTG

The shRNA expression cassette consist of 29 bettaene specific sequence, a 7 bp loop,
another 29 bp reverse complementary sequence atefnanation sequence polyT, to

terminate the transcription by RNA polymerase (E)g.

Once the plasmid is inserted into the cells, thertshairpin RNA is expressed as a RNA
duplex, thus achieving RNA interference and inlmigtGLT 1 expression.

Locp
Target Sequence ﬁ Targer Sequence RC*
BARAN r e LRSS N T

-8 — -———
""'n..&_ﬁln! FENG
s pr {mmhﬁ_ —SVA0 early promotes

Purof

L)
= phRS shRMA Vector
S'LTR (5420kp) T LTR

RC*: reverse complement

FIG. 1

10° or 3 x 16 BTC3 cells were plated into 24 well plates and 3d&mneter Petri's plates,
respectively. After 24 hours, cells were transféotgth pRS-SH Ctr / 1 / 3 using Lipofast

Reagent (Promega).
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A mixture of DNA (pRS-SH C /1/3) and Lipofast Reagevas prepared in a serum free

media (RPMI supplemented only with 1% glutamine):

Well DNA Lipofast Reagent 1%GIn RPMI
24-well plates, each

well 1ug 3ul 0.2ml
3.5 cm Petri dishes 5ug 15ul 1ml

Cells were washed twice in the serum free mediataed the mixture was added. After 4
hours of incubation, media was substituted withjziebe RPMI.

24 hours later, cells were assessecf[bﬁ-Asp uptake experiments or were lysed to verify
GLT1 down-regulation.

After the silencing has been verified, the silegcexperiments were performed @i C3
plated on glass coverslips in 3.5 cm Petri disAgansfection was followed by a 2 day
treatment in standard complete medium supplementdd0.5 mM glutamate and analysed
by TUNEL (Promega).

5.8 Immunofluorescence

Immunofluorescence technique is a powerful tool tlee identification and localisation of

transporters in cells and tissues, by means obeadigs conjugated to fluorescent dyes.
Antibodies allow to recognise each type of proiginhe sample, due to their specificity and
selectivity. On the other hand, fluorescent dyeégdedisplay proteins through fluorescence

microscopy.

Inisolated isl ets

20 hand-picked islets were seeded onto glass dipsersovered with polylisine (Sigma-

Aldrich) to facilitate adhesion and cultured in RPMedium. After 24 hours islets were fixed
in ice-cold 100% methanol and immunostained wittr&h.T1 and anti insulin antibodies, as
follows.

Fixed cells were then incubated with primary ardipdor 2 hours at room temperature in
GDB solution (150 mM NaCl, 10 mM Phosphate Buffét p.4, 0.2% Triton, 0.2% gelatine).

Following incubation, cells were washed in PBS ahén incubated in GDB with the

appropriate fluorochrome-conjugated secondary edis (Jackson) for 1 hour at room
temperature, in dark. Then, coverslips were moupotedlass slides with Phenilendiammine

(2 mg/ml in Glycerol-PBS; Sigma-Aldrich) as antiéaceagent and sealed with nail-polish.
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5.9 Immunohistochemistry

Immunohistochemistry has been performed in formdixed human pancreas paraffin
embedded sections.

The ABC immune complex served for the identificatmf GLT1. After removal of paraffin
and rehydratation of tissue, the pancreas sectvans first treated with an hydrogen peroxide
solution to suppress possible endogenous peroxatdsaty and then heated in citrate buffer
10 mM pH 6 using a microwave oven to expose ansigehhis was followed by
permeabilization with TBS-Triton 0,2% (150 mM Na®Q mM Tris-HCI pH 7.4, 0.2%
Triton X-100) and by an incubation with normal sarto quench nonspecific protein binding;
finally the sections were incubated with a primargibody, o/n at 4°C. Unbound antibodies
were washed with TBS-Triton 0,2% and then the s$igmas amplified using secondary
antibodies biotin conjugated, incubated at roompterature for 2 hours, followed by an
incubation with Peroxidase conjugated-streptavi@ihemicon). The reaction was performed
with freshly activated 40% DAB (Diaminobenzidine,ig®a-Aldrich). The colour
development was stopped by washing the slides tighttg in tap water. To stain cytoplasm
and nuclei, the sections were then counterstaingdd Mayer's haemalum, turned with tap
water and dishydratated. Coverslips were mountdd an hydrophobic mounting medium
(Dako Corp.).

5.10Antibodies

The followed primary antibodies were used: rabbti-&LT1 (Pereget al., 2000; and Alpha
Diagnostic); rabbit anti-EAAC1 (Alpha Diagnosticgbbit anti-GLAST (Alpha Diagnostic);
guinea pig anti-insulin (Roche). Secondary antibsdibiotin-conjugated anti-rabbit 19G;
Rhodamine-conjugated anti guinea pig (Jackson Inomagearch: West Grove, PA);
Peroxidase conjugated-streptavidin (Chemicon).

Incubation with GLT1 competing peptide (Alpha Diegtic): 20ug of competing peptide+ 2
pg of GLT1 antibody were mixed in TBS and incubateer night at 4°C under constant
agitation. The following day, the mixture was usedtain pancreatic section.

Negative control: rabbit pre-immune serum [Peregal., 2000] and rabbit normal serum
(Sigma-Aldrich).
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5.11[°H]D-aspartic acid uptake

Radioactive amino acid uptake is a reliable methodverify the expression and the
functionality of transporters expressed at the mpésnembrane. Changes in amino acid
uptake can either reflect changes in amount ofesgion and either changes in transporter
activity .

150.000 cells/well were plated in a 24-wells platel grown until confluence. Cells were
incubated for 10 minutes in 2Qd of Na'-dependent (150 mM NaCl 2 mM KCI, 1 mM
CaCl, 1 mM MgCl, 10mM Hepes pH 7.5) or Néndependent (150 mM ChCl, 2 mM KCI, 1
mM CaC}, 1 mM MgC}, 10mM Hepes pH 7.5) uptake solution containingG/ml of
[*H]D-Aspartic acid (specific activity 37 Ci/mmol; Aenrsham Biosciences). The amino acid
uptake was stopped by washing the cells twice eacmld sodium-free solution. Cells were
dissolved in 150 pl of SDS 1% for liquid scintiiat counting. For transport inhibition, DHK
was added to the uptake solution at the indicabedentrations. For uptake measurements in
human isolated islets, 20 islets were selected wgnihke experiments were performed as

described.

5.12Human islet isolation and culture

The islets used in this study were kindly providgd San Raffaele Scientific Institute and
Ospedale Niguarda Ca’ Granda. Islets were isolabed seven cadaveric multiorgan donors
by using the procedure already descriretordi et al., 1988] in conformity to the ethical
requirements approved by the Niguarda Ca’ Grantic&tBoard and HS Raffaele.

When necessary, islets were cultured in RPM1 164@iap 5.5 mM glucose, supplemented
with 10% heat inactivated foetal bovine serum, 2 niivglutamine, and 100 IU/mlI
streptomycin/penicillin. To mimic a high glucosendation, cells were cultured in 16.7 mM
glucose, whereas 3.3 mM glucose was used as a logosg condition, as described
[Marchettiet al., 2002].

5.13Immunoprecipitation

2500 isolated islets were harvested and resuspend#@D ul of RIPA buffer without SDS
(150 mM NacCl, 50 mM Tris/HCI, pH 7.6, 1 mM EDTA, 1%P-40, 0.5% deoxycholate)
supplemented with 100 pg/ml PM SF and a cocktagmitease inhibitors. After 6 minutes of
sonication, islets were lysed for 1 h at 4°C unclamstant agitation. The lysate was then

cleared by centrifugation and 1Q@ of the total lysates were incubated over nightveinti-
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GLT1 rabbit antibody (kindly provided by Dr. GraZ®aetrini) or a preimmune rabbit serum
as a negative control. The following day, samplesensubjected to immunoprecipitation
incubating 2Qul of Protein A-Sepharose conjugate (Pierce) foo@rk at 4°C under constant
agitation. Then, Sepharose was washed once witA Rif¥fer, twice with Buffer 4 (50 mM

Tris-HCI, pH 8) and dried using a Pasteur Pipdd@teins were solubilised by adding the
denauratin@-mix (5% SDS, 20% Glycerol, 0.3M-mercaptoethanol, blue bromophenol).

5.14 Glutamate Determination

To assess GLT1 effect on extracellular glutamagéls evere treated with DHK and then we
measured glutamate concentration in the mediumnizy reatic assay (Glutamate-Glutamine
Determination Kit; Sigma-Aldrich). The reaction sists in dehydrogenation of L-glutamate
to a-ketoglutarate, accompanied by a reduction of NA®NADH.

TheBTCS3 cells were plated on 6-cm Petri dishes, grawstandard medium for 24 hours and
then treated for 5 days with 0.1 mM DHK (Sigma-Adth). Cell media from treated and
control plates were collected and used to assagsngite concentration following the
manufacturer’s protocols. Essentially, media ondéad solutions were incubated 1 hour at
room temperature in the presence of Tris-EDTA Hya@ Buffer, 1.5 mM NAD, 0.5 mM
ADP and GLDH 0.1 U/ml. The standard curve was edrout from 0 to 1 mM glutamate.
The conversion of NAD+ to NADH is measured spediapmetrically at 340 nm and is

proportional to the amount of glutamate.

5.15 Statistical Analysis

Statistical significance of difference between grewas determined by unpaired Student's

test. Differences wermnsidered significant &<0.05.
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CHAPTER IV: Yeast Two Hybrid Screening

The experimental work presented in this chapter pagormed under the supervision of
Franco Foli MD PhD, Professor of Medicine and Dior of Metabolic and Molecular
Research, at the Diabetes Division, Dept. of MadiclUniversity of Texas Health Science
Center at San Antonio (UTHSCSA), located at SanoAiat, TX-USA. This work is part of
and was supported by NIH grant RO1 DK080148 and BTHA start-up funds, to Franco
Folli.

I thank also Lily Dong PhD, Associate Professor @éllular and Structural Biology,
UTHSCSA, for kindly providing the library employed the screening and helpful advice

throughout this work.

The period spent at UTHSCSA, offered me the oppmaytuto learn a technique useful to
study protein-protein interactions, that may bevaht to unravel the proteins interacting with
glutamate transporters. Yeast two hybrid screehiagfirst been described in 1989 [Fields
and Song, 1989], and now it is a consolidated tooldentify proteins involved in direct

interactions in a high-throughput scale.

1 ABSTRACT

IAPP (Islet Amyloid Pancreatic Polipeptide) is thmjor constituent of pancreatic amyloid
deposits, which correlate with cells apoptosis and cells replication in Type 2 Diabetes
Mellitus (T2DM). Abnormal IAPP processing, foldiremd secretion could contribute to the
formation of islet amyloidosis (IA). In this kindf aggregates, protein-protein interaction
could play a key role in the folding and aggregapattern and therefore in the severity IA.

Aim of the work is to find out which proteins cameract with hIAPP, by means of Yeast

Two Hybrid screening from a brain library.
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2 INTRODUCTION

2.1 Protein misfolding and diseases

Many human diseases arise from the conversion efip peptides or proteins, from soluble
forms, their native functional conformational stat@ highly ordered fibrillar aggregates. In
general, these pathological conditions are defimedgrotein misfolding diseases and may
include neurodegenerative diseases, such as Aleheamd Parkinson, or non-neuropathic
diseases both systemic or localised, as Type bhédes Mellitus.

The impairment in folding efficiency may resultarioss of function linked to the reduction in
the quantity of the protein available to play itermal role. However, the largest group of
misfolding diseases is associated with the presahicsoluble fibrillar aggregates.

For most of the pathologies related with any of #mayloid disease, it is known the
predominant component of the deposits, that folmesdore, but also additional associated
species are present [Hirschfigdal., 2003; Alexandrescat al., 2005].

It is generally recognized that amyloid formatiohows a nucleated growth mechanism
[Pedersemt al., 2004].

Polypeptide chains can adopt a multitude of confdromal states and interconvert between
them on a wide range of timescales and not alttiméor mations are in the form of insoluble
aggregates (Fig.1).

The protein sequence influences the relative #iabilof all conformational states and will
thereby contribute to the susceptibility of a giyenlypeptide chain to convert into amyloid
fibrils. Also hydrophobicity, charge and secondatyuctures can strongly influence amyloid
formation.

It has been hypothesized that misfolded oligomeay interact with cellular components,
such as membranes, small metabolites, proteinther macromolecules. Such events, may in

turn lead to the malfunctioning of crucial aspesftsellular machinery.
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FIG. 1. Schematic representation of some conformational
states that can be adopted by polypeptide chaih® &the
possible interconversion passages. [Chiti and Dwmbso
2006]

2.2 Type Il diabetes mellitus and amyloid

Type Il Diabetes Mellitus (T2DM) is a highly preeat metabolic disorder, characterized by
impaired glucose homeostasis. It is generally miseg that both insulin resistance and
reduced mass of insulin producing beta cells cbuate to the disease.

In T2DM, 3 cells apoptosis correlates with the presence lef Kmyloidosis (1A), a term
created to describe pancreatic amyloid depositsanslets of Langerhans. Amyloid deposits
have been observed in both the cytoplasm of bdlsm aed extracellular space [Guardado-
Mendozeaet al., 2009; Zucker-Franklin and Franklin, 1969] andytlaee mainly composed of
Islet Amyloid Pancreatic Polypeptide (IAPP or amyljWestermarket al., 1987; Coopeet

al., 1987].

IAPP is a 37-amino acid polypeptide hormone of dadcitonin family, localised and
cosecreted with insulin in secretory granules afqoeatic islet cells [Kahet al., 1990]. Its

physiological function is to reduce food intake aadulate meal size.
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FIG. 2: IAPP inits native conformation.

The primary sequence of IAPP is closely conserveidveen species, but there are some
important differences in amino acids 20-29, theoredelieved to be important for its
propensity to form oligomers [Westermagk al., 1990]. Primates and humans share close
homology in IAPP 20-29 region, and synthetic forofisthese peptides form amyloid. In
contrast, in rats and mice amino acids 20—29 amticial but they are not amyloidogenic, due
to three proline residues that render rat and moAB® water soluble [Westermasi al.,
1990].

Signal Peptide C~terminal region

H-tmrminal region

Mature Islet Amyloid Feolypeptide

FIG. 3: IAPP protein sequence in different species. Thgladogenic region is reported in red. [Guardado-
Mendozaet al., 2009].

Longitudinal studies itMacaca nigra andMacaca mulatta showed that progression to T2DM
correlated with the 1A severity and that IA mayyptarole in beta cell death [de Konigaggl.,
1993, Howard al., 1986; Weir and Bonner-Weir 2004 ; Fedegtal., 2001]. In baboons, a
well known non-human primate model for T2DM thabwhk insulin resistance [Chavetzal.,
2008 and 2009], severe IA (>50%) was not only aased with increased beta cell apoptosis
and decreased relative beta cell volume, but algb alpha cell replication and increased

relative alpha cell volume [Guardado-M endetzal., 2009].
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The toxic form of amyloidogenic proteins appears twobe the extracellular amyloid fibrils
detected by light microscopy, but rather smallenfitoillar oligomers [Jansoset al., 1999;
Konarkowskaet al., 2006]. It has been proposed that IA can causa betl death by
occupying extracellular space, thereby impairingyients and oxygen uptake. In addition,
small IAPP oligomers can form non-selective ionmpeable membrane pores, leading to
increased intracellular calcium concentrations,opdasmic reticulum stress and apoptosis
[Clark at al., 1988; Huang al., 2007; Lorenzat al., 1994; Mirzabekov et al, 1996 ; Ritzsl

al., 2007; Westermarkt al., 1978].

2.2.1 Role of interactionsin |APP midolding

Abnormal IAPP processing, folding and secretionldaontribute to the formation of islet
amyloidosis (IA). In this kind of aggregates, pinterotein interactions could play a key role
in the folding and aggregation pattern and theeciothe severity of IA.

Specific interactions between soluble forms of IA&RI insulin were demonstrated in vitro
by immunoprecipitation and surface plasmon resand8&R) experiments [Jaikarahal.,
2004]. The structural basis of this interactionioatied that insulin binds to IAPP (residues 1-
18) via salt bridges

and hydrop hobic interactions (Fig. 4) [W&eial., 2009].

FIG. 4: Structural representation of the
insulin-IAPP complex[Wei & d., 2009].

It has also been proposed that Annexin A5, ?f@lapendent membrane-binding protein, is
codeposited with misfolded proteins. It likely iraets with a subset of h-IAPP molecules that
are in a pathogenic conformation and/or on thewaghtoward fibril formation and interferes
with this process [Bedrood al., 2009]



Moreover, other cellular components are involvedARP interactions. Zinc, which is found
at milimolar concentrations in the secretory glanusignificantly inhibits 1APP
fibrilogenesis, increasing the lag-time for fidermation and decreasing the rate of addition
of IAPP to existing fibers. However, zinc at higloen centrations has the opposite effect on
IAPP fibrillogenesis [Brendest al., 2010].

Mature IAPP has been shown to bind both heparin remharan sulfate equally, and such
interaction promotes aggregation [Abedatial., 2006; Castilloet al., 1998; Watsoret al.,
1997].

Characterization of the role of interaction witlmnotein aggregates and between aggregates
and the various components of living organisms cquiovide novel insights into folding

physiology and the rationale for alternative thexsfic strategies.

Aim of this project was to find out which proteinscan interact with hIAPP, by means of

Yeast Two Hybrid screening from a brain library.
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3 EXPERIMENTAL PROCEDURES AND PRELIMINARY RESULTS

3.1 Yeast two hybrid

Yeast two hybrid screening, represents a poweohllto identify protein-protein interactions
in a high-throughput scale. The protein of intereshose interacting partners are still
unknown, can be used as a bait to get one (or npye) from a library of proteins, as
described below.

In this kind of screening, the two eucariotic tracting transcriptional regulators DNA
binding domain (DNA-BD) and Activation Domain (ADdre physically separated in two
different vectors: pLexA and pB42AD, respectiveélyhen the two vectors are co-expressed
in the same yeast cells, the two regulators carant and activate transcription only if they
are in close proximity. Generating fusions of thdsenains to genes encoding proteins that
potentially interact, it’'s possible to detect atenaction between the two proteins with two

reporter systems: nutritional selection and X-Gslay .

Reporter gene Phenotype
Leu Ability to grow in Leucine lacking media
Lac Z Development of blue colour during X-Gal assay

There is also an additional system to control dpeeements: the pB42AD library of proteins
is under the control of an inducible promoter, tbah be activated only in the presence of
Galactose in the media. Once the promoter is dedydhe library proteins are transcribed
and translated and they may interact with the {&ig. 5). If the interaction occurs, the

transcription of the reporter genes can be verifieth the yeast phenotype, as stated above.
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Accordingly, we expected two main effects durin@ ®treening after the induction with

Galactose media;

1) If there was not interaction between our badt eire protein X (pray) cloned in the library,

we would find out none or few, small and pale casnthat then would result negative at the

X-Gal assay.

Al Mo mteraction

M L
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DA
Bindin
domain

Prometer

Yeast In Leucing lacking media can't grow,
If thiey grow, they'll e small colonies

I Library |
 [Protei),

Activation
Diamain

NC DHA TRANSCRIFTION

A3l Assay gives you
white colonies

2) If there was an interaction between the

bait #edprey, we would find out many big

healthy colonies, with a yellowish colour, that wbgive blue colour during X-Gal assay.
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However, this technigue presents some drawbackis)ymaked to the high number of false
positives that may arise during the screening. Sofntke false positives depend on technical
aspects, on protein sequence or are casual. Iticajdt has to be taken into account that all
the potential interactions that are founditro have to be checked alsovivo. Indeed, many
proteins may not be available for interactionvivo, due to expression in different cell types
or diverse localisation in cell compartments anereéfore those interaction are not of

physiological relevance.

3.1.1 Bait congtruction

We inserted hIAPP as a bait in the pLexA vectoo({@ch), and a brain library containing a
pool of possible interacting proteins (prays) waserted in the pB42AD vector (Clontech,
kindly provided by Prof. Lily Dong, UTHSCSA) [Maa al., 2006; Dongt al., 2000].

o m ymcs FIG. 6A: The library vector
|| ol pB42AD. In yeast cells it
,»""‘,f o, i confers Tryptophan Auxotrophy.
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We were interested in the mature form of hIAPPmfrb to 37" amino acid, but it was too
short to be cloned in a vector easily. Thus, wédadeLto use a multi-step procedure to obtain
the minimum length for the plasmid constructiontifaink Dr. Carla Perego for the useful

advices in molecular biology).

- hIAPP was previously cloned in Prof. Folli labtoiy and inserted in pTOPO vector
(Invitrogen).

- Starting from pTOPO-hIAPP as a template, a STO#ok was introduced after the"™7
amino acid of mature IAPP (3'6"2bp) using PCR-site directed mutagenesis with the

following primers:

Primer Sequence 5-3’
Forward GGATCCAATACATATTGAAAGAGGAATGCAGTAGAGG
Reverse CCTCTACTGCATTCCTCTTTCAATATGTATTGGATCC

The product was called pTOPO-hIAPP STOP and chedikedsequencing. It was an

intermediate.

- Using pTOPO-hIAPP STOP as atemplate, by meart3GR, a small portion of the vector
was amplified: from the*lamino acid of mature IAPP (Z%p) until 507" bp, generating
a product of 255 bp and insertiBgoRI (5’ end) andxhol (3’end) restriction sites.

The following primers were used:

Primer Sequence 5-3’
Forward GGAATTCAAATGCAACACTGCCACAGT
Reverse CCGCTCGAGCACACTGGAGATCAAAAG

- The PCR product, as well as pLexA vector, weresteg withEcoRl andXhol, and the two
DNA were then ligated by T4 ligase (Promega) withta 3 ratio, respectively.
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The final product was: pLexA-hIAPP STOP, in whiclatore hIAPP was inserted EcoRI-
Xhol restriction sites of pLexA vector. The resultirgrees were sequenced and the frame for
the chimeric protein DNA-Binding Domain/IAPP wasecked.

3.1.2 Bait tedt

Before the screening, the first step was to vefifje bait was not toxic for the yeast and if
the bait alone could activate transcription andrdtoge turn on reporter genes. To this
purpose, a small scale yeast transformation wagdayut. In the case of a positive result, the
bait would not be suitable for the screening.

We used a yeast strain (EGY48) already transforfoedpo8OPLAC7 (from Prof. Dong
laboratory), a plasmid that provided the ability respond to the X-Gal assay in case of
protein-protein interactions.

EGY48 (p8BOPLACY7) yeast cells were transfatnmea small scale with:
- pLexA-hlAPP stop
- empty pLexA + empty pB42AD
- pLexA-hlAPP stop + empty pB42AD
And as positive controls:
- pLexA-APPL2
- pLexA-APPL2 + empty pB42AD

The co-transformants were selected in SD-His-Tra-lates: this minimum media is lacking
the three indicated amino acids, thus only coloc®sying the LacZ operon and the two
plasmids can grow.

Expected results:

Transformation Growth in SD-His-Trp-Ura plates
pLexA-hlAPP stop -
Empty pLexA + Empty pB42AD +
pLexA-hlAPP stop + Empty pB42AD +
pLexA-APPL2 -
pLexA-APPL2 + empty pB42AD +
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In these conditions, the assay gave the supposelisend yeast grew also in the presence of
the pLexA-hlAPP stop, suggesting that the baitostoxic for the yeast cells.

Then, after the incubation in the induction med&D (Gal-Raf -His-Leu-Trp-Ura), that
induced expression of the pB42AD vector, 10 colméeach transformation were assessed

with X-Gal Assay.

Transformation Growth in SD-Gal-Raf -His-Leu-Trp-Ura | X-GAL
pLexA-hlAPP stop - -
Empty pLexA + Empty pB42AD - -
pLexA-hlAPP stop + Empty pB42AD - -
pLexA-APPL2 + +
pLexA-APPL2 + empty pB42AD + +

The yeast gave positive results at X-Gal Assaygudie positive control APPL2, but it gave
negative results using the bait, indicating tha blit itself can’t activate the reporter gene,

therefore is suitable for yeast two hybrid scregnin

3.1.3 Screening

Once the bait was validated, we proceeded with $heeening, using a big scale

transformation.

Day 1: Transformed in a library scale EG Y48QFPLAC7) yeast cells with:
- pLexA-hlAPP stop
- pB42AD-library (prepared in Prof. Dong laboratory)
Plated all the co-transformants on 60 150 mm-plas#sg SD-His-Tmp-Ura as a
selection media, to select the co-transformantsyicey p8OPLAC7, pLexA-
hIAPP stop and pB42AD-library. Let them grow foddys at 30°C.

Day 5: Harvested the library co-transformants aochlmned them in a unique tube to
make a glycerol stock (stored in aliquotes at -§0T@ered the glycerol stock in
100 mm-plates, with SD -His-Trp-Ura or SD Gal-RatHeu-Trp-Ura (Induction
media, containing Galactose), to have a ratio efgtowing colonies. Let them

grow until they were easy to count.
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Day 9: Screening library co-transformants for twdnd interactions. 2><160Iibrary
transformants were plated in each of the 60 150inguetion plates (SD Gal-Raf-
His-Leu-Trp-Ura). We let them grow at 30°C and gvieuge, healthy colony that
showed up in the following 10 days was harvestebjdated on a 100 mm replica
plate with the same media. In this way, the nutmiéi selection was done: only the
colony in which the two proteins interacted couldvg in a Leu lacking media as
big colonies. After 24 hours, the replica colonesre tested also with Colony Lift
Filter Assay, to check the activation of the otheporter system (X-Gal
conversion to a blue product IBygalactosidase, the second reporter gene).

In total, 92 colonies were positive for X-Gal asseyth a peak between those

harvested from day 6 to day 7.

In the following days, the positive yeast colorfiesn the master plates of the replica were
inoculated in SD -His-Trp-Ura liquid media and grow/n at 30°C under constant agitation.
The next day, the positive clones were stored @G8as glycerol-MgSO4 stocks and the
DNA was extracted using the standard protocol. DINA was stored at -20°C in 20l

aliquots.

Retested all the positive yeast cloneall the positive clones were plated in a unig6é inm
induction plate (SD Gal-Raf-His-Leu-Tmp-Ura) andtea 48 hour growth, tested with colony
lift filter assay. The X-Gal incubation was perfaunfor 8 hours at 30°C and then the filter
was dried under the chemical hood. A filter imagasvacquired with the scanner and the
optical density of each spot was measured usimgnSaonage Software. Each optical density
was corrected for the background and then nornthtiaehe positive control intensity. Not all

the positive colonies were confirmed.
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3.1.4 Clone identification

3.1.4.1 KC8 COLITRANSFORMATION

KC8 Coli are a particular bacteria strain that bantransformed with just one molecule of
DNA for each cell. This is particularly useful telect DNA extracted from yeast, that is a
mixture of the two plasmidic DNA used in the tramshation, i.e. pLexA and pB42AD.
Indeed, at this stage we were interested in idy@ntfthe protein encoded by pB42AD vector,
the one deriving from the library and that showgabgential interaction with the bait.
Moreover, this strain is unable to grow in Trp lagkmedia, unless the plasmid pB42AD is
present, as it confers Trp auxotrophy.

Thus, exploiting both this characteristics, we walde to select only the bacteria clones
carrying pB42AD vector with the relative insertlie identified.

In addition, the step in bacteria allowed us to &fphe yeast DNA, that was extracted with
a low yield.

After o/n growth in plates with M9 Minimum mediackang Trp, 10 KC8 coli colonies were
harvested and grown o/n in the corresponding liquédiia. The following day, clones were

lysed and the plasmidic DNA extracted.

3.1.4.2 DNA DIGESTION

To verify that the plasmid pB42AD contained an msihat could encode for a protein of the
library, we digested extracted DNA with restrictiemzy mes, as well as the empty vector and
a positive control. To excide the library inserfeyment, we useHcoRI and Xhol restriction
enzymes (New England Biolabs). After 3 hour digestihe products were loaded on a 1%
agarose gel and the presence of two bands wasethesk expected, two bands were found
for the digested products: one for the linear plds@round 6 kb, and another band for the
insert, the putative interacting protein, of vagdength. In all cases, the 10 clones reveled the
same pattern in the gel, thus only two KC8 colorifesn each yeast DNA transformation

were selected for the sequencing.

3.1.4.3 DNA SEQUENCING

KC8 clones were grown o/n at 37°C under constamatamn. The following day, plasmidic
DNA was extracted using the MiniPrep Kit (Promédgapbtain a high purity suitable for the
subsequent reaction of sequencing (DNA Core FaclitTHSCSA). The reaction time was
based on insert length determined by the previelislgctrophoresis.



The primer used for the sequencing was: 5'- CCAGCTTGCTGAGTGGAGATG -3, that

is 40 bp before the fusion between Activation Donaaid the protein.

3.1.4.4 SEQUENCE ANALYSIS

Chromatograms obtained from the DNA core facilitgreschecked with Sequence Scanner
v1.0 (Applied Biosystems) and when some areas wedefinite, the sequencing reaction was
repeated.

First, the reading frame of the sequences werardieted comparing the known sequence of
the Activation Domain with the insert sequenceseri,ithe sequences were translated with
the correct reading frame using a resource availain-line at the following website:
http://nbcll.biologie.uni-kl.de/framed/left/menutatight/ JDT/ Only the sequences that

gave more than 6 amino acids were analysed inulbeesjuent steps.
Both the nucleotide sequences and the relativestaid protein were matched with the
databases by the nucleotide/protein BLAST tool @BM website [ittp :/ncbi.nim.nih. goy.

Also the ExPasy on-line resourcéstp://expasy.ory/were used to check translated proteins,
but only in few cases they gave different resutimgared to BLAST results.
At this step, the insert sequences were identified ,especially for the short sequences, some

of the identified proteins were from bacteria dnestinferior organisms and were rejected.

The next step will be to confirm the potential natetion between the identified protein and
the bait, by transforming yeast cells in a smadllesavith this two constructs. This step is
necessary to isolate the effect of that particulgeracting protein from the whole library,
because during the library screening more thanpd42AD plasmid could enter the yeast
and by chance we could have isolated the oneshattiresponsible for the interaction.

Then, if the interaction was confirmed, furtherdiés would be needed to demonstrate that it

occurs alsan vivo, by means of affinity chromatography or immunojgriation from native
tissues.
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4 ADDITIONAL METHODS

4.1 Yeast Transformation

EGY48 yeast cell with p80OP-LacZ reporter plasmidevgrown overnight to the stationary
phase in YPD medium at 30 °C under constant agytafiihe following day, the yeast culture
was transferred to fresh YPD medium and grown tmdpce an O.Rgg nm Close to 0.5/0.6.
Cells were then centrifuged and resuspended in EfLiAc solution to render them
competent. Next, a mixture of DNA and 1X PEG/LiAasvadded to the cells and we let them
grow for 30 minutes at 30°C under constant agitat®ecovered cells were heat shocked for
15 minutes at 42°C in the presence of DM SO and pifeted in the appropriate plates.

All yeast media were supplied by Clontech and pregaollowing the manufacturer
protocols.

10X TE solution: 0.1 M Tris HCIpH 7.5, 10 mM EDTA

10X LiAc solution: 1M LiAc

PEGI/LIAc solution: 40% PEG, 1X TE, 1X LiAc

4.2 Colony Lift Filter Assay

24 hours after plating the yeast in 100 mm inductpdates (Gal/Raf-His-Leu-Trp-Ura),
colonies were lifted on a filter presoaked with zf8r/X-Gal solution (Z-Buffer, 38 mMVj3-
mercaptoethanol, 0.3 mg/ml X-Gal). Yeast cells vben lysed by thermal shock, immersing

the filters in liquid nitrogen two times and thecubated for 8 hrs maximum at 30 °C.

Z-Buffer: 16.1 g/l NaHPO,x7 H,O, 5.5 ¢/L x HO, 0.75 ¢/l KCI, 0.246 MgSEX7H,O- pH 7

4.3 Yeast DNA Extraction

Yeast clones positive for X-Gal assay were groweronght in SD-His-Trp-Ura at 30°C
under constant agitation. Cells were then sedindesite resuspended in the freshly prepared
suspension buffer: 10 mM Tris-HCI pH 8, 1 mM EDTAS5 Ufd Lyticase. After an
incubation at 37°C for 30 minutes, lysis buffer veailed (2% Triton X-100, 1% SDS, 100
mM NaCl, 10 mM Tris-HCI pH 8, 1 mM EDTA). Followingnechanical disruption of yeast

cells with glass beads, the DNA was extracted \Wwitienol-Chloroform-Isoamylalchool and



precipitated with Sodium Acetate and Ethanol. Tihalfpellet was resuspended in @0of

water.

4.4 Yeast Glycerol stock
30%Gly cerol/M gSQ solution

4.5 KC8/JM109 competent cells transformation

To insert plasmidic DNA into bacterial competenlisceve used electroporation. Competent
KC8 or IM109 cells were incubated withiPof DNA in a cuvette on ice and then subjected
to electroporation (Biorad apparatus) using thegmam “EC2” from the manufacturer. Only

products with a time constant near 5 were plateg-warmed SOC media was immediately
added to the cells, that were grown for one houB7&C under constant agitation. Then,

bacteria were plated on agarose plates.

SOC MEDIA: 2% Tryptone, 0.5 % Yeast extract, 0.08%CI, 0.5 % MgSQ@ 0.04% Glucose

LB plates (JM 109): Luria agar (Sigma Aldrich) pregdfollowing the manufacturer protocol
M9 Media (KC8): 1X M9 salts (Sigma Aldrich), 1.8 %gar, DO-Trp (Clontech), 1 mM

MgSOy, 0.4 % glucose, 0.1 mM CatCD.05 mg/ml Ampicillin, 0.03 mM thiamin
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APPENDIX

1 ADDITIONAL RESEARCH ACTIVITY PERFORMED

1.1 Expression and function of EAAC1 in Schwann cells

Schwann cells represent the myelinating cells efReripheral Nervous System (PNS) and
recently glutamate has been involved in the pmalifen and differentiation of these cells
[Fink et al., 1999; Kinkelinet al., 2000]. Thus, the control of the extracellulantgmate level

by glutamate transporters may be crucial for Scmaeil physiology .

Aim of this study was to identify the glutamatensporters expressed in Schwann cells and to
verify if they were functional.

By means of RT-PCR, we observed that the highiaffiglutamate transporter EAAC1 was
expressed by Schwann cells. EAAC1 was present andtibnal at the cell surface and
modulated by exposure to 10 nM allopregnanolonelL@), a progesterone’s metabolite,
known to influence PNS myelinogenesis and myeliotgan expression [Melcangt al.,
2005; Schumachet al., 2007]. We found that transport up-regulation wad involve protein
neo-synthesis and was prevented by actin depo#atéshn, suggesting a change in the
transporters’ trafficking. To verify this hypothesiSchwann cells were transfected with the
GFP-+tagged EAAC1 transporter and its surface dens#s measured by Total Internal
Reflection Microscopy (TIRFM). ALLO induced the actytoskeleton reorganization and
caused the EAACI redistribution from intracelludampartments to the plasma membrane, at

the tips of filopodia structures.

Taken together, our data demonstrate that EAA@ZTasent in Schwann cells as a functional
glutamate uptake system. Its surface activity candpnamically up-regulated by ALLO
through a mechanism which involves increased dslioé EAACL to the cell surface. Novel
findings on glutamate uptake modulation might devant in neurophaties, where glutamate
excitotoxicity is involved [Watkins, 2000], and riegenerative processes, since glutamate has

arole in Schwann cell proliferation.
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Di Cairano Eliana S, Fantin Giorgio, D’Amico Anna, Soragna Andrea, &ad/.Franca and
Perego Carla
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regulates its surface expression.
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Perego C, Ballabio MDi Cairano ES, Magnaghi V

High affinity glutamate transporters GLT1, GLASTdakEAAC1 are present in Schwann
cells. IUSP-XXXVI International Congress of Physigical Sciences 2009. Kyoto, 27 July -
1 August

Perego C, Ballabio MDi Cairano ES, Magnaghi V
High affinity glutamate transporters GLT1, GLASTdABAACL1 are present in schwann cells
IV Meeting on the Molecular Mechanisms of Neurodegation 2009, Milano May 8-1o

E.S. Di Cairang G. Fantin, A. D’Amico, A. Soragna, V.F. Sacchi,Rerego
PDZK1 is a new EAAC1 binding partner and regulatesurface expression.
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Perego C, Ballabio MDi Cairano ES, Magnaghi V.

High affinity glutamate transporters are expressedSchwann cells and regulated by
allopregnanolone

XII' National Congress of the Italian Society of Mescience 2009. Milan, October 2-5




2008

Di Cairano Eliana S, D’Amico Anna, Soragna Andrea, Panzeri Nicola, cBad/. Franca e
Perego Carla.

Modulazione dell'espressione dei trasportatorigiiglammato: ruolo delle proteine PDZ
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A PDZ protein target sequence and a clathrin-depnendocytosis signal concur in
regulating the surface expression of the glutartraresporter EAAC1 in epithelial cells
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The surface expression of the glutamate transpBA&CL in epithelial cells is controlled by
balanced interactions between PDZ proteins andthret adaptors
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2009, Siena. Acta Physiologica. 197, supp 672emdite 2009, p58 pag 59
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2009, Siena -Acta Physiologica. 197, supp 672estite 2009, p127 pag 93
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PDZ-domain interactions control the surface stighiland degradation of the EAACL

glutamate transporter
FEBS Journal. 2007 274, supp.l, B4-44- 351
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Soragna A, D’Amico A, Panzeri NDi Cairano E.S., Sacchi V.F. and Perego C.
A PDZ interaction domain regulates the membrandilgta and the degradation of the
EAACL1 glutamate transporter in MDCK cells.

Acta Physiologica. 2007 191, supp 657, OC37 pag 33

5 VISITING SCIENTISTS AND SCIENTIFIC INSTITUTIONS
January 2010-May 2010

Research Scholar.

Identification of direct protein-protein interaat® by means of yeast two hybrid screening.
Department of Medicine-Division Diabetes at UTHSC®4niversity of Texas, Health
Science Center at San Antonio, TX)-USA
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2008, Approfondimenti e confronti sull’'uso del nascopio confocale (GIM)
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industriale: trasferimento di innovazione dai ladtari di ricerca allimpresa (Universita degli
Studi di Milano)

8 PARTICIPATING IN RESEARCH PROJECTS

FIRST 2007

Project title: Modulazione dell'interazione tra tiasportatore del glutammato EAACL e
proteine PDZ in epiteli e neuroni.

Area 05: Scienze biologiche




9 TEACHING AND TUTORING:

2007-2010

Taught two sections of Physiology laboratory foudgints of Pharmaceutical Biotechnology
at the Institute of General Physiology and Biolagi€hemistry, Universita degli Studi di
Milano.

Provided scientific tutoring for graduating studem Pharmaceutical Biotechnology (I Level)
and Drug Biotechnology (Il Level) at DISMAB, Depaf Molecular Sciences Applied to
Biosystems, Universita degli Studi di Milano.
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I momento dei ringraziamenti € sempre liberatasia,per chi scrive, che per chilegge:

significa che si e arrivati alla fine della tesi!

Ringrazio la Prof. ssa V. Franca Sacchi, per avdatn la possibilita
di intraprendere il dottorato e per aver corretiesfa tesi.
Ringrazio la Dott.ssa Carla Perego, per me Carlarohai un po’ di anni...

...per avermi incoraggiato nella scelta di prosegoae il dottorato, per gli innumerevoli
insegnamenti, per aver corretto la tesi e per podato tanto cioccolato in laboratorio!
(Avrai notizie dal mio avvocato)

Grazie ad entrambe per avermi accolto per la tesita in laboratorio

...a proposito: esiste un premio fedelta???

Grazie al Prof. Folli, che in questi anni ha avutosacco di belle idee e che mi ha accolto a

scatola chiusa nei suoi laboratori.

Ringrazio gli irriducibili Michela e Massimo, ciete sempre stati al momento giusto, per i
consigli sperimentali e non!
Michela...ogni riferimento alle infinite domande sultasa € puramente casuale
Massimo...ti paragono ad un grande saggio, tip@ilde maestro di “Esplorando il corpo

umano” o Quelo. Insomma, la risposta e dentro!di te

Come non ringraziare Sara-Brighella e Giorgio-\Beaghella. Una bella squadra!
Grazie alle varie SaraFra, Federica (radio uffe@l laboratorio), Alan, Matteo, Stefania e

alle new entry Silvia, Lucrezia, Emanuela...per agportato le mie stranezze!

Grazie ai “Fisici” Francesco e Paolo (fisico soladozione)...anche voi siete riusciti a

dispensare consigli e incoraggiamenti, durantentrcdisperati in corridoio o in ascensore.

Grazie anche a Subhash e Monica, rispettivamentka gempagnia a pranzo e per avermi
insegnato ad imprecare in inglese come una ver agtiagl a.
Grazie anche a Jack! Hi Jack!
Grazie a Francesca e Andrea, che mi hanno fattoesarcasa!
E poi Verna, Alberto e Marjory per le cene e i [meti!!



