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Abstract 1

Abstract

Action potentials are an essential process for signal transmission in excitable cells. At chemical
synapses, thaction potentiatriggers the release of neurotransmitters from synaptic vesicles to
transmit the signal to the target cellsfter signal transmission, the neurotransmitters are
refilled into synaptic vesicles.The uptake mechanism of th@rimary excitabry
neurotransmitr glutamate is mediated by the vesicular glutamate transgoi@ruT).[%2]
However, the efficiency of glutamate traonsp by VGLUT is tghtly regulated by the
extravesicular and luminal Gloncentration&* Despite many years of research, quantitative
measurements of the ‘€bnductance through VGLUT and the regulation of neurotransmitter
uptake are still under discussidfor unravelling of the complex dependence betw@&eand
glutamateransport, fluorescent Gdensors were developeshich allow neasurements of the
intravesicular ClconcentrationThe sensor was labelled witlCdt sensitive BAC fluorophore

and the insensitive AlexaFluéd7 dye. This combination afyes allows a rabimetric
measurement of the @oncentrations, independent of the experimental paranf&téiEhe

BAC fluorophore thereby has the advantage of Gknsitivity within the phgiological range,

pH insensitivity as well as prolonged excitation and emission wavelengths compared to Cl
sensitive proteinaporters. The backbone of the sensor, which connects both fluorophores, is
composed of #NA-DNA scaffold (PNA = peptide nucleiacid) combining the sensing,
normalising and stabilisation moddité:®! The PNADNA backbone was further modified with
memlrane anchors, for enhanced incorporation of thes€lisor into the luminal site of the
liposome. Modification with a proteaskeavage sequence or affinity tag allows the specific
removal of extravesicular orientated sensors from the liposome. For VGldg@&ndent
measurements of Ctoncentration, liposomes were-geconstituted with a bacterial proton
pump (ThF1) and VGLUT. Therefore, nhcorporation of the Clsensorallows direct
guantification and kinetic measurement ofi@ and efflux through VGLUTin a controllable
system.



2 Abstract

Apart from investigations of Clependence during the neurotransmitter uptake of glutamate
through VGLUT, an attempt of specific blockage wéltagegated sodium (Ng channelsvas
studied in chapter two of this thesiNavy channelsare key players of the initiation and
propagation of etion potentiad. Dysfunctiors of the nine different isoformare linked to
diseases of the nervous system, heart rhythm and skeletal muscles corfrittitmwever,
especially malfunctions of th&la/1.2 channelsubtype are associated with neurological
disorderd!! For further understanding of the disease development and progression, improved
visualisation of theNay1.2 channelsare essential. Therefore, new fluorescently labelled
inhibitors with high affiity and specificity are require@creening studies of neurotoxins from
venomous cone snails revealed thegnotoxin SIIIA, which blocks the N&.2 channel with
nanomolar affiity and the skeletal Na.4 channel with submicromolar affini{# 14! The
synthesis and challenging folding of thecpnotoxin SIIIA could be improved by using a
regioselectivefolding strategy with orthogonal thiglrotecting groups. After the successful
formation of the native 45111A, the molecule was labelled with an AlexaFluor 48®rophore
enabling channel visualisation. For activity measuremettitsthe prconotoxin SlIA, a caging
approach was developed, which precisely allowg &tennel inhibition upon photocleavage

of the caging group.
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1 Synthesis of Qloride-Sensors td nvestigate

Neurotransmitter filling in Synaptic Vesicles

1.1 Introduction - Synaptic Vesicle

The communicatiorbetweenneuronsand their targetells occursat the synapse and

regulated by action potentials. a synapsgan incoming action potentia¢sultsin the release
of neurotransmitterffom synaptic vesiclet transmit thesignalto thetarget cell.Synaptic

vesicles(SV) are lipid bilayer compartmentsvith a small size 40m diameterwhich are

restricted to the uptaketorageand release of neurotransmitt&rs®l

The neurotransmitter release proceassiuced by an action potentia called exocytosis and
proceeds in tlee distinct steps: docking, priming afusgion. In the docking stepthe SV is
recruited to the active zongee fgure 1.1).This zoneis a speciaied region close to the
presynaptic membranecharactesed by an accumulation of cytoskelet@ssociated
proteinst>1¢171 The docking process is mediated by the solibkethylmaleimidesensitive

factor attachment receptors (SNARES) proteins, ensurinfusien of synaptic vesiclesvith

the presynaptic membrane. Netkte synaptic vesicles must be conwstinto a ready-to-fuse

state. All docked and fused synaptic vesicles belong to the readily releasable pool (RRP),

allowing immediate vesicle fusion upetectrical stimulatiore 2]

The incoming action potentialepolarses the synapse, resultingtime activation ofvoltage
gatedC&* channels. The Céinflux triggersthe fusion obynaptic vesicles with the presynaptic
nerve terminal, releasy neurotransmitters to the synaptic cleft. Tls® neurotransmitters
activate thepostsynapticreceptorsand therefore induce an ion influx in the postsynaptic
membranewhich generatea new ation potentiall?! After fusion the synaptic vesicles are
endocytosed, recycled by clathipated proteins and refilled witteurotransmitters for a new

round of exocytosig:?%!
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Figure 1.1: Cycling of Neurotransmitters and Synapticvesicles.Neurotransmittefilled synaptic vesicles are
transported to the active zone in the nerve terminal. After docking and pritméngeurotransmitters are released
into the synaptic cleft, triggered by €nflux. The synaptic vesicles are recycled by endocytosis antbdefiith
neurotransmitterfkeprinted with permission frolR. JAHN et al, Nature2012 490, 201 207.

Vesicular neurotransmitter transporteregulate the refilling of neurotransmitters in
endocytosed synaptic vesicldgl vesicular transporters are secondary active transporters that
require an el ect r*whckisgeneratédy gvacuostypeHt-ATPageO H
(V-ATPase) in the membranethie SVs The \VATPase hydrolysecytosolic ATP and pumps
thecorrespnding H into the vesicle lumemuildinga pH gr adi ent ( @pH) as
membr ane potenti al ( Q) ThecpHgradentt laes wed il c laes
contribute to theel ect r oc hemi c &) whichr card bee catculat¢dody Hhe

equatiorf?? 24l

O @q Rz log([HTin/[H " ou) (1.1)

R = gas constanf, = temperaturez = ion valencefF = Faraday constant

1.1.1 Vesicular Neurotransmitter Transporters

Sofar, four different vesicular neurotransmitter transporters have been discovered and can be
classified depending on the neurotransmitterg trensporf?® The first identified group were
vesicular monoamine transporters (VMATS), which transport monuesniike dopamine,
serotonin, noradrenaline or adrenaline. VMATSs exhibit a submicromolar affinity for their
substrates due tihe low cytosolic concentration of monoamin€%2”! Uptakeof monoamine

in SVsis driven by an antiport mechanism, exchanging lwuinal H" for one positively

charged monoaminéhis transport mechanism mainly depends oncgde Homponent of
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op O H22% The vesicular acetylcholine transporter (VAchTglisselyrelated to the VMATS,
showing a similar transport mechanism by exchanging luminal protons for one positively

charged acetylcholiné?3%

The third groupis the vesicular inhibitory amino acid transporter (VIAAT or VGAT)
responsible for the uptake sfaminobutyric acidGABA) and glycine in the synaptic vete.
The transport of nehargedGABA and glycineis believed to benediated byan H*-antiport
mechanisnrequiingb ot h compon@®ts of @OH

The transport of the primary excitatory neurotransmitter glutamate is mediated by the vesicular
glutamate transporter (VGLUTJhe main driving force for theegatively charged glutamate
uptakei s t he me mbr gseeigue d.2)& Theitransporiplylutamate is highly
complex and was extensively investigater the lasyears®*3®!

Driving force Glutamate-

H Aspartate GABA
ap AY ATP- Monoamines* Glycine
=15 =8omV 2Cr
H+
o ©
- v i
H* V-ATPase

SLC17 SLC18 SLC32
VGLUT1-3 VMAT1-2 VIAATNGAT

VEAT VAChT

VNUT Intralumenal

Figure 1.2: Proton-dependent neurotransmitter transport into vesicles.Refilling and stang of different
neurotransmitters into synaptic vesicles, driven bygpi@* electrochemical gradient generated by thATPase.
Reprinted with permission froMd. PETRANCOSTAet al, Mol. Neurobiol.202Q 57, 3118 3142

1.1.2 The Vesicular Glutamate Transporters

Therequirement of VGLUT for brain functioand their involvement in different neurological
pathologies was demonstrated in various mice stlifié§ Analysis ofheterozygou¥GLUT

knockout mice revealed not only issues in the sensory processing, learning as vie#l as

memory, they also suffered from neuropathic pain and anX¥eBurthermorepsychiatricand

neurological disorders likdepressin, Alzheée mer 6 s di sease, epil epsy
traced back to an imbalance in glutamatergic neurotransmi$dfGh Most of these
neurologcal diseases are not curable and the ambilabletreatment option is the reduati of

symptoms or delay of progressidaspecially psychiatric medications are strictly controlled

due to the variety of offarget effect&* Consequentlya better understanding of the complex
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processes of glutamatergic transmission in synaptic vesicles is required to deeelop
psychoactive drugs witahigherspecification andewerside effects

The VGLUTSs are members of solute carrier transmembrangpiaters (SLC17) and welfiest
describedas Nd-dependent inorganic phosphate transporter. The first experiments that showed
a contribution of VGLUT in tramsitting glutamate were performed in the 1986t purified
synaptic vesicle¥® Remarkably, VGLUT has a relatively low affinity for glutamate2(thM)

but an inability to transport structurally similar amino acids like glutamine or aspéttite.
Current estimations suggest a glutamate concentration between 60 amd11liBOsynaptic

vesicled?”]

So far, three dfferent isoformsof the vesicular glutamate transporters (VGLIU3)lhave been
describedwhich exhibit a high sequence homology in mamdiaf§4°'VGLUT1 is the most
abundant isoform in the CNS and is exprddssethe cerebral cortex, hippocampus and the
amygdala, whereas VGLUT2 is primarifipund in subcortical excitatory neurof$:>%
Compared to VMATs and VéhT, the expression of VGLUTSs is limited to nerve endings where
they constantly condt the glutamate transport between plasma membrane, endosomes and
synaptic vesicle81:52

Surprisingly, VGLUT3 is expressed in ngiutamatergic neurons, disproviBgLEGs principle
that neurons release only one type of neurotransmitieese findingsndicatedthatglutamate
act as a caransmitter in these cell®! However, tke consequences and mechanism of co

release for vesicle filling and neurotransmitter release are still under discg$gibn.

1.1.3 Structure of Vesicular Glutamate Transporters

For further insights into the mechanism of glatate transport, structural informatsof

VGLUTs arerequired. Recently, | et al.report thefirst cryo-electron microscopy structure of

rat VGLUT?2 at 3.8 resol uti on, f abindingifrdag@men@ab)(see/figuren ant i
1.3A).5% Since VGLUT1 and VGLUT2xhibita sequence homology of 74, it is assumed

that both transportersshare structural similaritiés) Analysis of the cryeEM structure

revealed that VGLUT2 consists of 12 transmembrane helices, as predicted by modelling studies
and hydropathy plot$>®! The helices areonnected bgytoplasmidoopsand are orgaséd into

an N- and Gdomain(see fgure 1.3B and1.3C).%
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Figure 1.3: Structure of VGLUT . A) Cryo-EM structure of the VGLUT2. Theddomain is coloured in blu¢he
C-domain is presented in red and Fab is coloured in yeBwSchematic preserttan of the transmembrane
domains of VGLUT2C) Structure of VGLUT2. The helices are highlighted in the colours according distiiay
in B. Reprinted with permissiondmF. LI et al, Science202Q 368, 893 897.

The central cavity of VGLUT consists pbsitively charged residues ensigrthe transport of

the negatively charged glutamaléhe glutamatéinding site is formed byhe two domains
consisting ofthe residuesArg88, H128, Glul91 (NDomain) as well as Arg322, His487,
Glu396, Cys321 (Domain)(Figure 1.4A). Especially the Arg88esidue $ highly conserved

in transporters of the SLC17 family, forming a salt bridge werie carboxytgroup of the
glutamate The residue Glul91 and His128 are part of thBd¥nain and protonation of the
Glul91 reside liberates the adjacent Arg88, which subsequently can interact and transport
glutamate. If no substrate bound b the Glu191 residyehe channelks bloclkedby a charge

pair formed with Arg88§see fgure 1.4B and 1.4C).5%%

The residie Arg322 faces Arg88 from the oppositdesof the binding pocket and recoggs

the glutamate substrate's second carboxy grdine relevance of bothrginine residues was
illustrated in mutation studies, showing that R88A reduced the glwtdraasportwhereas the
mutation of R322A eliminates the transport. The residdi¢lse GCDomainHis487, Glu396 as
well as C321 are in proximity to the Arg322 and exclusively conseaxteedyVGLUT and not

in the SLC17 family, indicating an essential rofethe secod carboxyl groupn the binding

process of glutamai&igure 1.4D).15557]
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R88 Cluster

R322 Cluster

kT/e
Electrostatic potential

Figure 1.4: Functional residues of VGLUT.A) Electrostatic surface of VGLUTZ he central cavity consists of

two domains. The Mlomainis highlighted in cyan and the@main in pinkB) Top view of Ndomain showing

theessentiat esi dues and di st anc eQ)SibderiewobtieeN-Ddmiaie.D)Japdiencoh ai ns (
the Gdomain.Reprinted with permission froif. LI et al, Scierce 2020,368, 893 897.

1.1.4 Transport Mechanism of VGLUT

Over the lasyears enormousefforts have been made understand the transport mechargsm
andthe charge movements in the process of the neurotransmitteryiMGLUT. The charge
neutrality for eah glutamate transport cycle is especialbgentiatiue to thesmall volume of
synaptic vesicle. An imbalance of only one charge cessult ina change ofthe membrane
potential of 2mV. Also, a single free proton in the lumensyihaptic vesiclekeadsto adecrease
in the pH from 7.4 to 41358 Consequentlythe efficientloadng of glutamateinto synaptic

vesiclesrequiredifferent exitor entrypathways foionsto ensure a charge and pH balance.

The luminal H is transportecby the \-ATPase into the synaptic vesicle and allosterically

activate VGLUT to transport glutamafehe main driving force for glutamate transp@tthe

me mbr ane p 9,twhichtwas demofsteeiedd y s peci fi ¢ i nhibiti
component. Measuremeantith the electroneutral cation antiportegericin, which exchanges

luminal H* with extravesiculakK*, showed no difference in the glutamatnsport>®-°

During the transportthe negative charge of glutamate is balanced by the lumihaladsing
glutamic acid formatiof36% After exhaushg the buffering capacity of the synaptic vesicles,
a cationH™ exchangefNHE) catalyses the replacement of lumal H" for externalNa" or K*

and therefore sumpt s t he gl utamate wuptake by BPHecrea
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RemarkablyPREOBRASCHENSKI et al andERIKSEN et al.presented that VGLUT itsedfiso has
a K'/H" exchange activity, rabling a chargeeutral H exit pathway to prevent an over
acidification of the lumen by accumulating high glutaracid concentrations. Consequently,
their meastements with reconstituted liposomes showed a significant increasegintif@ate
uptakein the presence aéxtravesiculak*.2¢3 Treatment with the VGLUT inhibitor Evans
Blue reduces the glutamate uptakedicating ablockage ofthe K'/H* exchangé’l

Additionally, NAITO and UEDA reported that the efficiency of the glutamate uptake shows a
biphasic dependency on txtravesicular ClconcentrationA substantialincrease in the
glutamate uptake in synaptic vesicles was measuresvathloride concentrations {8 mM),
whereashigh extravesicular Clconcentrations (20mM) lead to an inhibitory effectsee
figure 15).335084The inhibition of the glutamateptakeat high Cl levels was explained by

an increased influx of G| causi ng a ndueetoihe generadioth of dd@ltnd the
di ssipation of qCtlowChcencentratiomsueht@iliuiecht@an allbstercc t
CI binding site orthe cytoplasmic side of the transportey®4 6]

100
s
£ .
£ qpH
g .
S 50 4|
]
©
E
8
2 -
0}
0 vt . . —
0410 20 40 60 80 1000

Chloride (mM)

Figure 1.5: Cl- dependence of vesicular glutamate uptakeAt low CI- concentrations the glutamate uptake
(black line)andep@ ( b | aremadimaklwlee)easipH (red line) between the vesiculamen and the dgplasm

is low. High extravesicular Ctoncentration increase¢he qpH due to the formation of HCI arslibsequently
decreaseq Jand the glutamate accumulatidteprirted with permission frors.EL MESTIKAWY et al, Nat. Rev.
Neurosci2011, 12, 204 216.

1.1.4.1 Mediation of Chloride Transport into Synaptic Vesicles

Since Cl plays an essential role in the regulation of the glutamate transport, the question
remained,whether © conductance is mediated by chloride transpartiéke CIC3 or by
VGLUT itself*871 CIC3 is a CYH* exchanger with a 2:1 stoichiometry, which is logedi in

synatic vesicles and along the endosomal pathif/#§! In different studiesit was
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demonstrated, that CIC3 fatdtes acidification of lysosomes and endosomes aby
accumulatio of luminal chloride®® 72 Also, the disruption of CIC3 in rodent models causes
neurodegeneration reg@nted byhedisability of synaptic vesiclacidification!®”"*IHowever,
investigations of synaptic vesicles isolated from CkB8ckout mice revealed no difference
in the biphasic CldependenceThe glutamate uptake wadill increased at low CI
concentrationsand inhibited at high Cl concentrationsThese resultsndicaied that other

proteins or transporters are involved in the chloride uptake in synaptic vé&sitles.

Schencket al.performed similar experiments with VGLUT1 kneokit mice showing a strong
reduction in the Cland glutamate&lependentacidification, identifying VGLUT as CI
transporte! These results wereonfirmed by measuring a Clinduced acidification in
liposomes ceaeconstitutedexclusivelywith VGLUT1 and the bacterial proton punip-oFi-
ATPase(see fgure 16 A).B! Furthermore PREOBRASCHENSKIet al fused purified synaptic
vesicleswith large liposomes, including the df-ATPase ¢ excludedifferences in the
behaviourof VGLUT in a native environment. Thieybrid vesicles contained all endogenous
proteins in the caect orientationTheyshowed chloridelependent acidification and chide-
stimulated glutamate uptakdicatingthat Ct conductance is mediated by VGLUT and not
the CIC3 channdee figure 1.8).! CHANG et al.revealed by measuring endosome curtents
that extravesicular Cldirectly competes with glutamate for permeation through MGL

i ndepend&hereforgtlie inbatdlion of the glutamate uptake at highad@hcentrations
can be explained by a compeptitbinding and not exclusivelylthedissipation of the driving
forc@é&pq.

A s ] e B

TFyF, @TFOFI
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H*

Glu™

Synaptic

g+ Liposome Liposome
vesicle

H"

Glu™

VGLUT

CI Glu™

Figure 1.6: Proteoliposome model for Cl transport mechanism. A) Reconstituted liposomes with JH-
ATPase and VGLUT to measure  @ansport through VGLUT during acidificatio®) Formation of hybrid
vesicles, bySNARE-mediated fusion of T¢F; liposomes and native synaptic vesicleserference with unfused

synaptic vesicles asexcluded by blocking the endogenousA¥Pase activity with bafilomycinAF!.
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1.1.4.2 Allosteric Activation of VGLUT by Luminal Chloride

SCHENCK et al.could futherdiscoverthatnot only extravesicular Clinfluences the glutamate
transport but also high intravesicular €bncentrations allosterically activate the glutamate
uptake. Measurements in reconstituted liposgrpesloaded with 10ehM KCI, showed a
threefoldincreased glutamate uptake compared to the negative cdriesle resultsmdicaied

one or severadllosteic CI" binding sides that are accessible from the luminal as well as the
cytoplasmic sité®>*¢3 These findings arim line with the assumption that synaptic vesiate
regenerted and filled withhigh levels of Na and Ci (~ 130mM) during the process of
endocytosi$®! The export ofuminal Cl- into the cytoplasm can also drive the glutamate uptake
exclusively which was reported byMARTINEAU et d., performing livecell imaging
experimentsof hippocampal neurons with a pHand Ci sensitive fluoropho!*’:l
Additionally, CHANG et al. presented electrophysiological recordings of VGL&Bsociated
currents, independent @h H* pump ion gradient®r g Their measurements in endosomes
alsoconfirmed an allosteric activation of the glutamate transport by lumingfiC|

For more indepth insights into the relationship between allosteric activation @fd
permeationCHANG et al. performed mutation studies, revealing theg tuminal activation of

the glutamate transport depends on the interaction oivi@ a highly conserved arginine
residue in transmembrane helixRurther they presentethat neutrakation of the argime

residue byinteraction withluminal Ct is suficient to initiate the allosteric activation required

for glutamate transport and-@bnductanc€*® The mutations studies, in whithe arginine

residue was replaced by an uncharged alanine, caused a permanent influx of glutamate and CI

even in the absence of luminal &1

Based on these findingEDWARDS and colleagueproposeda mechanismdr the glutamate
uptakewithin the synaptic vesicleycle (see figure 1.7)After endocytosisthe high luminal

CI" concentratia trapped in synaptic vesicles activéite glutamate transpdboly neutralsing

the positie charge of the Arg residue in TM 4. The efflux of inai CI along its concentration
gradient generates the membrane potential necessary for the glutamate uptake. The
glutamate/Cl exchange mechanism allows an electroneutral filling withdtgceng the
osmotic pressure. As the luminal €bncentration dgeases, the glutamate uptake is driven by
the membrane potential generated by th@TPase pumping Hin the vesicle lumenThe
glutamate filling stops when thenembrane potentialissipats and the Iminal pH decreases
resulting inan inactivation of V&GUT. This procesgrevens the leakage of glutamate from
filled vesicles.Finally, the filled synaptic vesicles release the glutamate in the synaptic cleft

duringthe process of exocytosk&’ 55747
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Glu

Synaptic cleft pH~7.4

Presynaptic membrane

Y{ocytosis

Neutral pH. inactive
Luminal open

V-ATPase

Glu

Low pH, active Low pH, active
Iuminal open Cytoplasmic open

Figure 1.7: Proposed mechanism of lgtamate uptakein the synaptic vesicle.Top: Glutamate is released into

the syraptic cleft.Left: After endocytosisthe synaptic vesicles contain hifgiminal Cl- concentrationand their

efflux promotes theglutamateuptakeby VGLUT. Theglutamateinfluxi s al s o dr igenermedby t he
V-ATPase pumping H in the vesicleThe entry of glutamate causes a decrease in the lumin&ighi: In the

late stage of the cycleéhe acidified synaptic vesicles are filled with glutamatel the efflux of Clmaintains
q:)(1[5_5,75]

1.1.4.3 VGLUT Model for lon Transport acrossVesicularMembranes

The fundamental role of VGLUT for glutamate uptake wissoveredin the recent years,
showing that VGLUTnot only transports glutamate into the synaptic vesicles, it also controls
the transport of Cland functios as K*/H" antiporter. These different binding modes allow
VGLUT to control ionic or charge changes tightind to optimise the uptake of glutamate into
synaptic vesicle8:"*! PREOBRASCHENSKI et al. developed a detailed model of the VGLUT
transport mechanisnassuming tha? GLUT consists of two anionic and at least one cationic
binding site. VGLUT canalsoswitch between two conformational stat@swhich it is either

open to the cytoplasmic (state 1) or lural side (state lljsee fgure 1.8)F!
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ion binding site
luminal face (lum)

cytoplasmic face (cyt)

X H* or K* binding site

state | state Il

Figure 1.8: Model of the VGLUT transport mechanism.VGLUT has two anionic and one cationic binding site

andcan be open to either the cytoplasigtate I)or luminal sde (state I1)!

WhenVGLUT is open to thecytoplasmic sideone of the anionic bindingitesspecifically
binds Ci with a millimolar affinity (see figure 1.9)The high millimolar Cf concentration
which is present under physiological conditions, ledd a constantly occupietinding
position. Thus no netClI transport occurs independgnbf the conformational state of the
transporter. When the transporter is open to the cytoplasmic side, glutamate can bind with a
higher affinity to the second ani@hinding sitecompared to CIThe binding of glutamate can
already trigger a conformatnal change of VGLUT, opening the binding pocket to thdha
side, where glutamate dissociatég¢hen VGLUT is open to th&uminal side (state II) the
glutamate biding site is occupied by Cldue to much higher lumal Cf concentration
compared to gitamate Consequently, theonformational switch from state Il to stateesults
in the efflux of Cl from the synaptic vesicle.ne conformational change of VGLUT in both
directions isacceleratedvhen theCl™ binding pocket is also occupied, indicatititat Ct
binding lowers the activation energy for the conformati@vatch The glutamate uptake is

maximal when chloride is praseon the luminal as well as the cytoplasmic $idé.

In thelate stages of the synaptic vesicle cyatben the lurmal CI concentration is strongly
reducedthe accumulation of glutamaite the vesicle cause® acidification of the lumen. For

an efficient glutamate loading in the vesieleen at low intravesical pH (~5.5)an H* efflux

pathway is requiredrhis exit strategy is providds/ theK*/H" antiporter function of VGLUT

which transportH* from the luninal to the cytoplasmic site, whereasiktransportedn the

reverse directionThisK*/H* e x change medi ates the gl utamate
d e c r e a s This modegbphbiws that VGLUT exhibit Gind H binding sitesyhich are not

tightly coupled to the glutamate transport. This alladgustmerg of the changing ionic
concentrations during the transporhechanism resulting in an efficient glutamate

loading®4462]
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Figure 1.9: Elevated model of the VGLUT transport mechanismWhen VGLUT is open to the cytoplasmic
site (state 1) it is loaded withglutamate, Cland K'. After the conformational change glutamate andake
dissociated into the lumdptate 1) Next the glutamate binding site is loaded with &id the cationic site biisd

an H*, which are transported to the cytoplam.

1.1.5 Development ofFluorescert Chloride Sensor Molecules

The physiological importance of G$ notonly limited to the process of glutamate uptake into
synaptic vesicledyutit is alsoinvolved in numerous cellular fations likeregulationof cell
volume and charge balace as wellas stabilisation of the resting membrane poteHfial!
However mutations in Clchannels or transporters can lead iarabalance in the chloride
homeostasiswhich is associated with the occurrence of several diseases like cystic fibrosis,
lysosomal storage disease, ostwopis orepilepsy’® For furtherunderstanding of tise
disease progressiomore profoundinsights into the Clchannel activity are essential.
Consequentlythereis a greaneedor measuing intracellularCl concentrations toharacterise
channel activity and cellular processes furtfdris physiological studies can hddressed by

using Ci sensor molecul€d

The firstmeasurements ofitracellular chloride concentrationgere presented byNEILD and
THOMAS in 1974, by using a chlorideensitie microeéctrode to measure currents in giant
neurons of the snatelix aspersaHowever, this methorkvealednajor drawbacks regarding
the regriction to large cells, the timeonsuming preparation and the limited selectivity for
chloride®® Also, radioactive tracers showed only insufficient sensitivity and limited time

resolution® Sensormoleculesbased on optical methods were developeaviding the
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advantage of spatig and tempordy resolved measuremertdbthe Ct concentrationOver the
lastyears,an enormous variety of fluorescent-6¢nsordave been developed, which can be
categorsedinto two grouys: Cl™-sensitive fluorescent proteins and-&tnsitive small molecule

dyes!®82

1.1.5.1 Chloride Sensitive Protein Reporters

Generally, proteirbased sensors provide the advantage of subcellular targeting and cellular
retention compared to small molecule sengore of the firs Cl sensitive fluorescemiroteins

was presented byWVACHTER and REMINGTON showing thatthe fluorescence of the yellow
fluorescent protein (YFP) is quenched in the presence of halide or nitrate ions
(Ko =777mM) .3 YFP is a homolog of the green fluorescent pro{@FP), containing the
S65G, V68L, S72A and T203Y mutatio®cognising thepportunityto transform YFP into

a CI sensor for intracellular measurememseveral mutation studies were performed to increase
the Cl affinity and brightness€specially, the mutant YFR148Q1152L revealecan improved

Ko for CI from 777 mM to 88mM as well as an accelerated respdffse!

However,the YFP sensors exhibit a pd¢€pendence under physiological conditions, which
strongly affects the Csensitivity (at pH 6.&p = 32mM, pH 7.5Kp = 777mM), limiting the

in vitro or in vivoapplication.Furthermore, YFRProvides only a shgle optical signal which is
influenced by the local probe concentration, optical path length, light scattering, illumination
intensity or photbleaching® Consequently, quantitative measurements of the ClI
concentratiorwith YFP are highly laborious and imprecise. To overconmesdadownsidesa
ratiometricsensomwas developed, combining YFP with a secondit@ensitive fluorophore
enabling the normadation of the YFP distributionBased on theemission ratio ofboth
fluorophores, the intracellular Clconcentration and changes in the local environment can be

predsely calculatedf:2?

One of the firstatiometric YFPbased chloride sensors was-SENSOR which consists of the
previously describedFP mutant and the chloridasensitive cya fluorescent protein (CFP)
connected by a flexible peptide linkeee figure 1.10¥% Due to the overlap betwa the CFP
e mi s s #m6 485nfmp-and YFP excitation spectryrthe fluorophores form &ORSTER
resonance energy transfer (FRET) pair. Higtc@hcentrationguenchtheemission of th& FP
fluorophore without affecting the Ghsensitive CFP fluorophor&ecordings of themission
ratio of YFP to CFP providesn absolute measurement of the €incentration theoretically

Compared to other ratiometric reportefs-SENSORexhibit a high Claffinity (Kp =30 mM)
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and can be applied to monito€l" concentrions under physiological conditions
(3-60 mM).[B887I However,the CL-SENSORexhibit the crucial disadvantagé pH sensitivity,
which affects the Claffinity. The FRET readout isherebydistorted, resulting in imprecise

chloride measurement$!
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Figure 1.10: Schematic representation ofCL-SENSOR The Ct insensitive CFP (cyargndthe Clt sensitive YFP

(yellow) mutantare forming a FRET palf®!

To overcone these limitationsAROSIO et al. developeda norFRET based sensocalled
CLoPHENSOR which allows simultaneous measurements tbe intracellular pH and Ci
concentratiorf® A specific halogetbinding site was introduced into the ysidnsorprotein
E2GFPby a single substitution mutation T20%¥. To perform ratiometric measuremeritse
E2GFP is fused with the normsilig red fluorescent protein (DsR), whichis insensitive to
variationsof CI- as well asH" concentratior(see figure 1.11)The pH ad CI concentration
can be calculated by measuring the ratio of gteetyan fluorescence of’6FP, because Cl
guenches both cyan and green fluoreseenehereasH* exclusively quenches the green

fluorescencef E2GFP!88.90]

Figure 1.11: Schematic presentation othe CLOPHENSOR. The sensorconsiss of the Ct and pHsensitive
E°GFP and the normalhg DsRed protein. Binding of Clo the EGFPquenches the fluoresceng.







































































































































































































































































































































































































































































































































































































































