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  Abstract 1 

Abstract 
 

Action potentials are an essential process for signal transmission in excitable cells. At chemical 

synapses, the action potential triggers the release of neurotransmitters from synaptic vesicles to 

transmit the signal to the target cells. After signal transmission, the neurotransmitters are 

refilled into synaptic vesicles. The uptake mechanism of the primary excitatory 

neurotransmitter glutamate is mediated by the vesicular glutamate transporter (VGLUT).[1,2] 

However, the efficiency of glutamate transport by VGLUT is tightly regulated by the 

extravesicular and luminal Cl- concentrations.[3,4] Despite many years of research, quantitative 

measurements of the Cl- conductance through VGLUT and the regulation of neurotransmitter 

uptake are still under discussion. For unravelling of the complex dependence between Cl- and 

glutamate transport, fluorescent Cl- sensors were developed, which allow measurements of the 

intravesicular Cl- concentration. The sensor was labelled with a Cl- sensitive BAC fluorophore 

and the insensitive AlexaFluor 647 dye. This combination of dyes allows a ratiometric 

measurement of the Cl- concentrations, independent of the experimental parameters.[5ï7] The 

BAC fluorophore, thereby, has the advantage of Cl- sensitivity within the physiological range, 

pH insensitivity as well as prolonged excitation and emission wavelengths compared to Cl- 

sensitive protein reporters. The backbone of the sensor, which connects both fluorophores, is 

composed of a PNA-DNA scaffold (PNA = peptide nucleic acid), combining the sensing, 

normalising and stabilisation module.[5,6,8] The PNA-DNA backbone was further modified with 

membrane anchors, for enhanced incorporation of the Cl- sensor into the luminal site of the 

liposome. Modification with a protease cleavage sequence or affinity tag allows the specific 

removal of extravesicular orientated sensors from the liposome. For VGLUT dependent 

measurements of Cl- concentration, liposomes were co-reconstituted with a bacterial proton 

pump (TF0F1) and VGLUT. Therefore, incorporation of the Cl- sensor allows direct 

quantification and kinetic measurement of Cl- in- and efflux through VGLUT in a controllable 

system. 

 

 

 

 

 



Abstract 2 

Apart from investigations of Cl- dependence during the neurotransmitter uptake of glutamate 

through VGLUT, an attempt of specific blockage of voltage-gated sodium (NaV) channels was 

studied in chapter two of this thesis. NaV channels are key players of the initiation and 

propagation of action potentials. Dysfunctions of the nine different isoforms are linked to 

diseases of the nervous system, heart rhythm and skeletal muscles contraction.[9,10] However, 

especially malfunctions of the NaV1.2 channel subtype are associated with neurological 

disorders.[11] For further understanding of the disease development and progression, improved 

visualisation of the NaV1.2 channels are essential. Therefore, new fluorescently labelled 

inhibitors with high affinity and specificity are required. Screening studies of neurotoxins from 

venomous cone snails revealed the µ-conotoxin SIIIA, which blocks the NaV1.2 channel with 

nanomolar affinity and the skeletal NaV1.4 channel with submicromolar affinity.[12ï14] The 

synthesis and challenging folding of the µ-conotoxin SIIIA could be improved by using a 

regioselective folding strategy with orthogonal thiol-protecting groups. After the successful 

formation of the native µ-SIIIA, the molecule was labelled with an AlexaFluor 488 fluorophore 

enabling channel visualisation. For activity measurements with the µ-conotoxin SIIIA, a caging 

approach was developed, which precisely allows NaV channel inhibition upon photocleavage 

of the caging group.  
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1 Synthesis of Chloride-Sensors to Investigate 

Neurotransmitter filling in Synaptic Vesicles 

 

1.1 Introduction - Synaptic Vesicle 

The communication between neurons and their target cells occurs at the synapse and is 

regulated by action potentials. In a synapse, an incoming action potential results in the release 

of neurotransmitters from synaptic vesicles to transmit the signal to the target cell. Synaptic 

vesicles (SV) are lipid bilayer compartments with a small size 40 nm diameter, which are 

restricted to the uptake, storage and release of neurotransmitters.[1,2,15]  

The neurotransmitter release process, induced by an action potential, is called exocytosis and 

proceeds in three distinct steps: docking, priming and fusion. In the docking step, the SV is 

recruited to the active zone (see figure 1.1). This zone is a specialised region close to the 

presynaptic membrane characterised by an accumulation of cytoskeleton-associated 

proteins.[1,16,17] The docking process is mediated by the soluble N-ethylmaleimide-sensitive-

factor attachment receptors (SNAREs) proteins, ensuring the fusion of synaptic vesicles with 

the presynaptic membrane. Next, the synaptic vesicles must be converted into a ready-to-fuse 

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

allowing immediate vesicle fusion upon electrical stimulation.[18ï20] 

The incoming action potential depolarises the synapse, resulting in the activation of voltage-

gated Ca2+ channels. The Ca2+ influx triggers the fusion of synaptic vesicles with the presynaptic 

nerve terminal, releasing neurotransmitters into the synaptic cleft. These neurotransmitters 

activate the postsynaptic receptors and therefore induce an ion influx in the postsynaptic 

membrane, which generates a new action potential.[1,21] After fusion, the synaptic vesicles are 

endocytosed, recycled by clathrin-coated proteins and refilled with neurotransmitters for a new 

round of exocytosis.[1,20]
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Figure 1.1: Cycling of Neurotransmitters and Synaptic vesicles. Neurotransmitter filled synaptic vesicles are 

transported to the active zone in the nerve terminal. After docking and priming, the neurotransmitters are released 

into the synaptic cleft, triggered by Ca2+ influx. The synaptic vesicles are recycled by endocytosis and refilled with 

neurotransmitters. Reprinted with permission from R. JAHN et al., Nature 2012, 490, 201ï207. 

Vesicular neurotransmitter transporters regulate the refilling of neurotransmitters in 

endocytosed synaptic vesicles. All vesicular transporters are secondary active transporters that 

require an electrochemical gradient (ȹÕH+), which is generated by a vacuolar-type H+-ATPase 

(V-ATPase) in the membrane of the SVs. The V-ATPase hydrolyses cytosolic ATP and pumps 

the corresponding H+ into the vesicle lumen, building a pH gradient (ȹpH) as well as a positive 

membrane potential (ȹɊ) across the vesicle membrane. The pH gradient, as well as ȹɊ, 

contribute to the electrochemical gradient (ȹÕH+) which can be calculated by the       

equation:[22ï24] 

ȹÕH+ = ȹɊ +(2.3 RT/zF) log ([H+] in/[H
+]out)    (1.1) 

R = gas constant, T = temperature, z = ion valence, F = Faraday constant 

 

1.1.1 Vesicular Neurotransmitter Transporters 

So far, four different vesicular neurotransmitter transporters have been discovered and can be 

classified depending on the neurotransmitters they transport.[25] The first identified group were 

vesicular monoamine transporters (VMATs), which transport monoamines like dopamine, 

serotonin, noradrenaline or adrenaline. VMATs exhibit a submicromolar affinity for their 

substrates due to the low cytosolic concentration of monoamines.[26,27] Uptake of monoamine 

in SVs is driven by an antiport mechanism, exchanging two luminal H+ for one positively 

charged monoamine. This transport mechanism mainly depends on the ȹpH component of 
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ȹÕH+.[28,29] The vesicular acetylcholine transporter (VAchT) is closely related to the VMATs, 

showing a similar transport mechanism by exchanging luminal protons for one positively 

charged acetylcholine.[28,30]  

The third group is the vesicular inhibitory amino acid transporter (VIAAT or VGAT) 

responsible for the uptake of ɔ-aminobutyric acid (GABA) and glycine in the synaptic vesicle. 

The transport of non-charged GABA and glycine is believed to be mediated by an H+-antiport 

mechanism requiring both components of ȹÕH+.[31,32]  

The transport of the primary excitatory neurotransmitter glutamate is mediated by the vesicular 

glutamate transporter (VGLUT). The main driving force for the negatively charged glutamate 

uptake is the membrane potential ȹɊ (see figure 1.2).[33] The transport of glutamate is highly 

complex and was extensively investigated over the last years.[34,35] 

 

Figure 1.2: Proton-dependent neurotransmitter transport into vesicles. Refilling and storing of different 

neurotransmitters into synaptic vesicles, driven by the ȹÕH+ electrochemical gradient generated by the V-ATPase. 

Reprinted with permission from N. PIETRANCOSTA et al., Mol. Neurobiol. 2020, 57, 3118ï3142. 

 

1.1.2 The Vesicular Glutamate Transporters  

The requirement of VGLUT for brain function and their involvement in different neurological 

pathologies was demonstrated in various mice studies.[35ï38] Analysis of heterozygous VGLUT 

knock-out mice revealed not only issues in the sensory processing, learning as well as the 

memory, they also suffered from neuropathic pain and anxiety.[39] Furthermore, psychiatric and 

neurological disorders like depression, Alzheimerôs disease, epilepsy or schizophrenia can be 

traced back to an imbalance in glutamatergic neurotransmission.[40ï43] Most of these 

neurological diseases are not curable and the only available treatment option is the reduction of 

symptoms or delay of progression. Especially psychiatric medications are strictly controlled 

due to the variety of off-target effects.[44] Consequently, a better understanding of the complex 
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processes of glutamatergic transmission in synaptic vesicles is required to develop new 

psychoactive drugs with a higher specification and fewer side effects. 

The VGLUTs are members of solute carrier transmembrane transporters (SLC17) and were first 

described as Na+-dependent inorganic phosphate transporter. The first experiments that showed 

a contribution of VGLUT in transmitting glutamate were performed in the 1980s with purified 

synaptic vesicles.[45] Remarkably, VGLUT has a relatively low affinity for glutamate (1-2 mM) 

but an inability to transport structurally similar amino acids like glutamine or aspartate.[33,46] 

Current estimations suggest a glutamate concentration between 60 and 120 mM in synaptic 

vesicles.[47] 

So far, three different isoforms of the vesicular glutamate transporters (VGLUT1-3) have been 

described, which exhibit a high sequence homology in mammals.[35,48,49] VGLUT1 is the most 

abundant isoform in the CNS and is expressed in the cerebral cortex, hippocampus and the 

amygdala, whereas VGLUT2 is primarily found in subcortical excitatory neurons.[36,50] 

Compared to VMATs and VAchT, the expression of VGLUTs is limited to nerve endings where 

they constantly control the glutamate transport between plasma membrane, endosomes and 

synaptic vesicles.[51,52]  

Surprisingly, VGLUT3 is expressed in non-glutamatergic neurons, disproving DALEôS principle 

that neurons release only one type of neurotransmitters. These findings indicated that glutamate 

act as a co-transmitter in these cells.[50] However, the consequences and mechanism of co-

release for vesicle filling and neurotransmitter release are still under discussion.[53,54] 

 

1.1.3 Structure of Vesicular Glutamate Transporters  

For further insights into the mechanism of glutamate transport, structural informations of 

VGLUTs are required. Recently, LI et al. report the first cryo-electron microscopy structure of 

rat VGLUT2 at 3.8  resolution, facilitated by an antigen-binding fragment (Fab) (see figure 

1.3 A).[55] Since VGLUT1 and VGLUT2 exhibit a sequence homology of 75 %, it is assumed 

that both transporters share structural similarities.[55] Analysis of the cryo-EM structure 

revealed that VGLUT2 consists of 12 transmembrane helices, as predicted by modelling studies 

and hydropathy plots.[56] The helices are connected by cytoplasmic loops and are organised into 

an N- and C-domain (see figure 1.3 B and 1.3 C).[55] 
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Figure 1.3: Structure of VGLUT . A) Cryo-EM structure of the VGLUT2. The N-domain is coloured in blue, the 

C-domain is presented in red and Fab is coloured in yellow. B) Schematic presentation of the transmembrane 

domains of VGLUT2. C) Structure of VGLUT2. The helices are highlighted in the colours according to the display 

in B. Reprinted with permission from F. LI et al., Science 2020, 368, 893ï897. 

The central cavity of VGLUT consists of positively charged residues ensuring the transport of 

the negatively charged glutamate. The glutamate-binding site is formed by the two domains 

consisting of the residues Arg88, H128, Glu191 (N-Domain) as well as Arg322, His487, 

Glu396, Cys321 (C-Domain) (Figure 1.4 A). Especially the Arg88 residue is highly conserved 

in transporters of the SLC17 family, forming a salt bridge with one carboxyl-group of the 

glutamate. The residue Glu191 and His128 are part of the N-Domain and protonation of the 

Glu191 residue liberates the adjacent Arg88, which subsequently can interact and transport 

glutamate. If no substrate is bound to the Glu191 residue, the channel is blocked by a charged 

pair formed with Arg88 (see figure 1.4 B and 1.4 C).[55] 

The residue Arg322 faces Arg88 from the opposite side of the binding pocket and recognises 

the glutamate substrate's second carboxy group. The relevance of both arginine residues was 

illustrated in mutation studies, showing that R88A reduced the glutamate transport, whereas the 

mutation of R322A eliminates the transport. The residues of the C-Domain His487, Glu396 as 

well as C321 are in proximity to the Arg322 and exclusively conserved along VGLUT and not 

in the SLC17 family, indicating an essential role of the second carboxyl group in the binding 

process of glutamate (Figure 1.4 D).[55,57]  

A B 

C  
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Figure 1.4: Functional residues of VGLUT. A) Electrostatic surface of VGLUT2. The central cavity consists of 

two domains. The N-domain is highlighted in cyan and the C-domain in pink. B) Top view of N-domain, showing 

the essential residues and distances between the sidechains ( ). C) Side-view of the N-Domain. D) Top view of 

the C-domain. Reprinted with permission from F. LI et al., Science 2020, 368, 893ï897. 

 

1.1.4 Transport Mechanism of VGLUT  

Over the last years, enormous efforts have been made to understand the transport mechanisms 

and the charge movements in the process of the neurotransmitter filling by VGLUT. The charge 

neutrality for each glutamate transport cycle is especially essential due to the small volume of 

synaptic vesicles. An imbalance of only one charge can result in a change of the membrane 

potential of 2 mV. Also, a single free proton in the lumen of synaptic vesicles leads to a decrease 

in the pH from 7.4 to 4.[3,58] Consequently, the efficient loading of glutamate into synaptic 

vesicles requires different exit or entry pathways for ions to ensure a charge and pH balance.  

The luminal H+ is transported by the V-ATPase into the synaptic vesicle and allosterically 

activate VGLUT to transport glutamate. The main driving force for glutamate transport is the 

membrane potential (ȹɊ), which was demonstrated by specific inhibition of the ȹpH 

component. Measurements with the electroneutral cation antiporter nigericin, which exchanges 

luminal H+ with extravesicular K+, showed no difference in the glutamate transport.[59,60] 

During the transport, the negative charge of glutamate is balanced by the luminal H+, causing 

glutamic acid formation.[33,61] After exhausting the buffering capacity of the synaptic vesicles, 

a cation-H+ exchanger (NHE) catalyses the replacement of luminal H+ for external Na+ or K+ 

and therefore supports the glutamate uptake by decreasing ȹpH and maintaining ȹɊ.[62] 

D 

a

A B 

C 
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Remarkably, PREOBRASCHENSKI et al. and ERIKSEN et al. presented that VGLUT itself also has 

a K+/H+ exchange activity, enabling a charge-neutral H+ exit pathway to prevent an over-

acidification of the lumen by accumulating high glutamic acid concentrations. Consequently, 

their measurements with reconstituted liposomes showed a significant increase in the glutamate 

uptake in the presence of extravesicular K+.[3,63] Treatment with the VGLUT inhibitor Evans 

Blue reduces the glutamate uptake, indicating a blockage of the K+/H+ exchange.[3]  

Additionally, NAITO and UEDA reported that the efficiency of the glutamate uptake shows a 

biphasic dependency on the extravesicular Cl- concentration. A substantial increase in the 

glutamate uptake in synaptic vesicles was measured at low chloride concentrations (4-6 mM), 

whereas high extravesicular Cl- concentrations (> 20 mM) lead to an inhibitory effect (see 

figure 1.5).[33,50,64] The inhibition of the glutamate uptake at high Cl- levels was explained by 

an increased influx of Cl-, causing an enhanced ȹpH due to the generation of HCl and the 

dissipation of ȹɊ. The stimulating effect at low Cl- concentrations are attributed to an allosteric 

Cl- binding site on the cytoplasmic side of the transporter.[59,64ï66] 

 

Figure 1.5: Cl- dependence of vesicular glutamate uptake. At low Cl- concentrations the glutamate uptake 

(black line) and ȹɊ (blue line) are maximal whereas ȹpH (red line) between the vesicular lumen and the cytoplasm 

is low. High extravesicular Cl- concentration increases the ȹpH due to the formation of HCl and subsequently 

decreases ȹɊ and the glutamate accumulation. Reprinted with permission from S. EL MESTIKAWY et al., Nat. Rev. 

Neurosci. 2011, 12, 204ï216. 

 

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 Cl- conductance is mediated by chloride transporters, like ClC3 or by 

VGLUT itself.[4,67] ClC3 is a Cl-/H+ exchanger with a 2:1 stoichiometry, which is localised in 

synaptic vesicles and along the endosomal pathway.[67,68] In different studies, it was 
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demonstrated, that ClC3 facilitates acidification of lysosomes and endosomes by an 

accumulation of luminal chloride.[69ï72] Also, the disruption of ClC3 in rodent models causes 

neurodegeneration represented by the disability of synaptic vesicle acidification.[67,73] However, 

investigations of synaptic vesicles isolated from ClC3 knock-out mice revealed no difference 

in the biphasic Cl- dependence. The glutamate uptake was still increased at low Cl- 

concentrations and inhibited at high Cl- concentrations. These results indicated that other 

proteins or transporters are involved in the chloride uptake in synaptic vesicles.[3,4] 

Schenck et al. performed similar experiments with VGLUT1 knock-out mice, showing a strong 

reduction in the Cl- and glutamate-dependent acidification, identifying VGLUT as Cl- 

transporter.[4] These results were confirmed by measuring a Cl- induced acidification in 

liposomes co-reconstituted exclusively with VGLUT1 and the bacterial proton pump TF0F1-

ATPase (see figure 1.6 A).[3] Furthermore, PREOBRASCHENSKI et al. fused purified synaptic 

vesicles with large liposomes, including the TF0F1-ATPase to exclude differences in the 

behaviour of VGLUT in a native environment. The hybrid vesicles contained all endogenous 

proteins in the correct orientation. They showed chloride-dependent acidification and chloride-

stimulated glutamate uptake, indicating that Cl- conductance is mediated by VGLUT and not 

the ClC3 channel (see figure 1.6 B).[3] CHANG et al. revealed by measuring endosome currents, 

that extravesicular Cl- directly competes with glutamate for permeation through VGLUT, 

independent of ȹɊ. Therefore, the inhibition of the glutamate uptake at high Cl- concentrations 

can be explained by a compeptitive binding and not exclusively by the dissipation of the driving 

force ȹɊ.[34,74] 

 

Figure 1.6: Proteoliposome model for Cl- transport mechanism. A) Reconstituted liposomes with TF0F1-

ATPase and VGLUT to measure Cl- transport through VGLUT during acidification. B) Formation of hybrid 

vesicles, by SNARE-mediated fusion of TF0F1 liposomes and native synaptic vesicles. Interference with unfused 

synaptic vesicles was excluded by blocking the endogenous V-ATPase activity with bafilomycinA1.[3]. 

A B 
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1.1.4.2 Allosteric Activation of VGLUT by Luminal Chloride 

SCHENCK et al. could further discover that not only extravesicular Cl- influences the glutamate 

transport but also high intravesicular Cl- concentrations allosterically activate the glutamate 

uptake. Measurements in reconstituted liposomes, preloaded with 100 mM KCl, showed a 

threefold increased glutamate uptake compared to the negative control. These results indicated 

one or several allosteric Cl- binding sides that are accessible from the luminal as well as the 

cytoplasmic site.[3,4,63] These findings are in line with the assumption that synaptic vesicle are 

regenerated and filled with high levels of Na+ and Cl- (~ 130 mM) during the process of 

endocytosis.[46] The export of luminal Cl- into the cytoplasm can also drive the glutamate uptake 

exclusively, which was reported by MARTINEAU et al., performing live-cell imaging 

experiments of hippocampal neurons with a pH- and Cl- sensitive fluorophores.[47,63] 

Additionally, CHANG et al. presented electrophysiological recordings of VGLUT-associated 

currents, independent of an H+ pump, ion gradients or ȹɊ. Their measurements in endosomes 

also confirmed an allosteric activation of the glutamate transport by luminal Cl-.[74]  

For more in-depth insights into the relationship between allosteric activation and Cl- 

permeation, CHANG et al. performed mutation studies, revealing that the luminal activation of 

the glutamate transport depends on the interaction of Cl- with a highly conserved arginine 

residue in transmembrane helix 4. Further, they presented that neutralisation of the arginine 

residue by interaction with luminal Cl- is sufficient to initiate the allosteric activation required 

for glutamate transport and Cl- conductance.[74,75] The mutations studies, in which the arginine 

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

even in the absence of luminal Cl-.[74] 

Based on these findings, EDWARDS and colleagues proposed a mechanism for the glutamate 

uptake within the synaptic vesicle cycle (see figure 1.7). After endocytosis, the high luminal 

Cl- concentration trapped in synaptic vesicles activate the glutamate transport by neutralising 

the positive charge of the Arg residue in TM 4. The efflux of luminal Cl- along its concentration 

gradient generates the membrane potential necessary for the glutamate uptake. The 

glutamate/Cl- exchange mechanism allows an electroneutral filling without affecting the 

osmotic pressure. As the luminal Cl- concentration decreases, the glutamate uptake is driven by 

the membrane potential generated by the V-ATPase pumping H+ in the vesicle lumen. The 

glutamate filling stops when the membrane potential dissipates and the luminal pH decreases, 

resulting in an inactivation of VGLUT. This process prevents the leakage of glutamate from 

filled vesicles. Finally, the filled synaptic vesicles release the glutamate in the synaptic cleft 

during the process of exocytosis. [47,55,74,75] 
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Figure 1.7: Proposed mechanism of glutamate uptake in the synaptic vesicle. Top: Glutamate is released into 

the synaptic cleft. Left:  After endocytosis, the synaptic vesicles contain high luminal Cl- concentrations and their 

efflux promotes the glutamate uptake by VGLUT. The glutamate influx is also driven by the ȹɊ generated by 

V-ATPase, pumping H+ in the vesicle. The entry of glutamate causes a decrease in the luminal pH. Right: In the 

late stage of the cycle, the acidified synaptic vesicles are filled with glutamate and the efflux of Cl- maintains 

ȹɊ.[55,75] 

 

1.1.4.3 VGLUT  Model for Ion Transport across Vesicular Membranes  

The fundamental role of VGLUT for glutamate uptake was discovered in the recent years, 

showing that VGLUT not only transports glutamate into the synaptic vesicles, it also controls 

the transport of Cl- and functions as K+/H+ antiporter. These different binding modes allow 

VGLUT to control ionic- or charge changes tightly and to optimise the uptake of glutamate into 

synaptic vesicles.[3,74] PREOBRASCHENSKI et al. developed a detailed model of the VGLUT 

transport mechanism, assuming that VGLUT consists of two anionic and at least one cationic 

binding site. VGLUT can also switch between two conformational states, in which it is either 

open to the cytoplasmic (state I) or luminal side (state II) (see figure 1.8).[3]  
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Figure 1.8: Model of the VGLUT transport mechanism. VGLUT has two anionic and one cationic binding site 

and can be open to either the cytoplasmic (state I) or luminal side (state II).[3]  

When VGLUT is open to the cytoplasmic side, one of the anionic binding sites specifically 

binds Cl- with a millimolar affinity (see figure 1.9). The high millimolar Cl- concentration, 

which is present under physiological conditions, leads to a constantly occupied binding 

position. Thus, no net Cl- transport occurs independently of 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 anionic binding site compared to Cl-. The binding of glutamate can 

already trigger a conformational change of VGLUT, opening the binding pocket to the luminal 

side, where glutamate dissociates. When VGLUT is open to the luminal side (state II), the 

glutamate binding site is occupied by Cl-, due to much higher luminal Cl- concentration 

compared to glutamate. Consequently, the conformational switch from state II to state I results 

in the efflux of Cl- from the synaptic vesicle. The conformational change of VGLUT in both 

directions is accelerated when the Cl- binding pocket is also occupied, indicating that Cl- 

binding lowers the activation energy for the conformational switch. The glutamate uptake is 

maximal when chloride is present on the luminal as well as the cytoplasmic side.[3,74]  

In the late stages of the synaptic vesicle cycle, when the luminal Cl- concentration is strongly 

reduced, the accumulation of glutamate in the vesicle causes an acidification of the lumen. For 

an efficient glutamate loading in the vesicle even at low intravesicular pH (~5.5), an H+ efflux 

pathway is required. This exit strategy is provided by the K+/H+ antiporter function of VGLUT, 

which transports H+ from the luminal to the cytoplasmic site, whereas K+ is transported in the 

reverse direction. This K+/H+ exchange mediates the glutamate uptake by maintaining ȹɊ and 

decreasing ȹpH. This model shows that VGLUT exhibit Cl- and H+ binding sites, which are not 

tightly coupled to the glutamate transport. This allows adjustments of the changing ionic 

concentrations during the transport mechanism resulting in an efficient glutamate 

loading.[3,44,62] 
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Figure 1.9: Elevated model of the VGLUT transport mechanism. When VGLUT is open to the cytoplasmic 

site (state I), it is loaded with glutamate, Cl- and K+. After the conformational change glutamate and K+ are 

dissociated into the lumen (state II). Next, the glutamate binding site is loaded with Cl- and the cationic site binds 

an H+, which are transported to the cytoplasm.[3]  

 

1.1.5 Development of Fluorescent Chloride Sensor Molecules  

The physiological importance of Cl- is not only limited to the process of glutamate uptake into 

synaptic vesicles, but it  is also involved in numerous cellular functions like regulation of cell 

volume and charge balance as well as stabilisation of the resting membrane potential.[76,77] 

However, mutations in Cl- channels or transporters can lead to an imbalance in the chloride 

homeostasis, which is associated with the occurrence of several diseases like cystic fibrosis, 

lysosomal storage disease, osteoporosis or epilepsy.[78,79] For further understanding of these 

disease progression, more profound insights into the Cl- channel activity are essential. 

Consequently, there is a great need for measuring intracellular Cl- concentrations to characterise 

channel activity and cellular processes further. This physiological studies can be addressed by 

using Cl- sensor molecules.[8] 

The first measurements of intracellular chloride concentrations were presented by NEILD and 

THOMAS in 1974, by using a chloride-sensitive microelectrode to measure currents in giant 

neurons of the snail Helix aspersa. However, this method revealed major drawbacks regarding 

the restriction to large cells, the time-consuming preparation and the limited selectivity for 

chloride.[80] Also, radioactive tracers showed only insufficient sensitivity and limited time 

resolution.[81] Sensor molecules based on optical methods were developed, providing the 
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advantage of spatially and temporally resolved measurements of the Cl- concentration. Over the 

last years, an enormous variety of fluorescent Cl--sensors have been developed, which can be 

categorised into two groups: Cl--sensitive fluorescent proteins and Cl--sensitive small molecule 

dyes.[8,82] 

 

1.1.5.1 Chloride Sensitive Protein Reporters  

Generally, protein-based sensors provide the advantage of subcellular targeting and cellular 

retention compared to small molecule sensors. One of the first Cl- sensitive fluorescent proteins 

was presented by WACHTER and REMINGTON showing that the fluorescence of the yellow 

fluorescent protein (YFP) is quenched in the presence of halide or nitrate ions 

(KD = 777 mM).[83] YFP is a homolog of the green fluorescent protein (GFP), containing the 

S65G, V68L, S72A and T203Y mutations. Recognising the opportunity to transform YFP into 

a Cl- sensor for intracellular measurements, several mutation studies were performed to increase 

the Cl- affinity and brightness. Especially, the mutant YFP-H148Q-I152L revealed an improved 

KD for Cl- from 777 mM to 88 mM as well as an accelerated response.[84,85] 

However, the YFP sensors exhibit a pH-dependence under physiological conditions, which 

strongly affects the Cl- sensitivity (at pH 6.0 KD = 32 mM, pH 7.5 KD = 777 mM), limiting the 

in vitro or in vivo application. Furthermore, YFP provides only a single optical signal which is 

influenced by the local probe concentration, optical path length, light scattering, illumination 

intensity or photobleaching.[82] Consequently, quantitative measurements of the Cl- 

concentration with YFP are highly laborious and imprecise. To overcome these downsides, a 

ratiometric sensor was developed, combining YFP with a second Cl- insensitive fluorophore, 

enabling the normalisation of the YFP distribution. Based on the emission ratio of both 

fluorophores, the intracellular Cl- concentration and changes in the local environment can be 

precisely calculated.[8,82] 

One of the first ratiometric YFP-based chloride sensors was CL-SENSOR, which consists of the 

previously described YFP mutant and the chloride-insensitive cyan fluorescent protein (CFP) 

connected by a flexible peptide linker (see figure 1.10).[86] Due to the overlap between the CFP 

emission (ɚEm. = 485 nm) and YFP excitation spectrum, the fluorophores form a FÖRSTER 

resonance energy transfer (FRET) pair. High Cl- concentrations quench the emission of the YFP 

fluorophore without affecting the Cl- insensitive CFP fluorophore. Recordings of the emission 

ratio of YFP to CFP provides an absolute measurement of the Cl- concentration theoretically. 

Compared to other ratiometric reporters, CL-SENSOR exhibit a high Cl- affinity (KD =30 mM) 
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and can be applied to monitor Cl- concentrations under physiological conditions 

(3-60 mM).[86,87] However, the CL-SENSOR exhibit the crucial disadvantage of pH sensitivity, 

which affects the Cl- affinity. The FRET readout is thereby distorted, resulting in imprecise 

chloride measurements.[86] 

 

Figure 1.10: Schematic representation of CL-SENSOR. The Cl- insensitive CFP (cyan) and the Cl- sensitive YFP 

(yellow) mutant are forming a FRET pair.[86] 

To overcome these limitations, AROSIO et al. developed a non-FRET based sensor, called 

CLOPHENSOR, which allows simultaneous measurements of the intracellular pH and Cl- 

concentration.[88] A specific halogen-binding site was introduced into the pH-sensor protein 

E2GFP by a single substitution mutation T203Y.[89] To perform ratiometric measurements, the 

E2GFP is fused with the normalising red fluorescent protein (DsRed), which is insensitive to 

variations of Cl- as well as H+ concentration (see figure 1.11). The pH and Cl- concentration 

can be calculated by measuring the ratio of green-to-cyan fluorescence of E2GFP, because Cl- 

quenches both cyan and green fluorescence, whereas H+ exclusively quenches the green 

fluorescence of E2GFP.[88,90]  

 

Figure 1.11: Schematic presentation of the CLOPHENSOR. The sensor consists of the Cl- and pH-sensitive 

E2GFP and the normalising DsRed protein. Binding of Cl- to the E2GFP quenches the fluorescence.[88] 


























































































































































































































































































































































































































