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Abstract 

The synaptic cleft is of central importance for synaptic transmission, neuronal plasticity and 

memory and thus well studied in neurobiology. To target proteins of interest with high 

specificity and strong signal to noise conventional immunohistochemistry relies on the use of 

fluorescently labeled antibodies. However, investigations on synaptic receptors remain 

challenging due to the defined size of the synaptic cleft of ~20 nm between opposing pre- and 

postsynaptic membranes. At this limited space, antibodies bear unwanted side effects such as 

crosslinking, accessibility issues and a considerable linkage error between fluorophore and 

target of ~10 nm. With recent single molecule localization microscopy (SMLM) methods 

enabling localization precisions of a few nanometers, the demand for labeling approaches with 

minimal linkage error and reliable recognition of the target molecules rises. 

Within the scope of this work, different labeling techniques for super-resolution fluorescence 

microscopy were utilized allowing site-specific labeling of a single amino acid in synaptic 

proteins like kainate receptors (KARs), transmembrane α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor regulatory proteins (TARPs), γ-aminobutyric acid type A 

receptors (GABA-ARs) and neuroligin 2 (NL2). The method exploits the incorporation of 

unnatural amino acids (uAAs) in the protein of interest using genetic code expansion (GCE) 

via amber suppression technology and subsequent labeling with tetrazine functionalized 

fluorophores. Implementing this technique, hard-to-target proteins such as KARs, TARPs and 

GABA-ARs could be labeled successfully, which could only be imaged insufficiently with 

conventional labeling approaches. Furthermore, functional studies involving 

electrophysiological characterization, as well as FRAP and FRET experiments validated that 

incorporation of uAAs maintains the native character of the targeted proteins. Next, the method 

was transferred into primary hippocampal neurons and in combination with super-resolution 

microscopy it was possible to resolve the nanoscale organization of γ2 and γ8 TARPs. Cluster 

analysis of dSTORM localization data verified synaptic accumulation of γ2, while γ8 was 

homogenously distributed along the neuron. Additionally, GCE and bioorthogonal labeling 

allowed visualization of clickable GABA-A receptors located at postsynaptic compartments in 

dissociated hippocampal neurons. Moreover, saturation experiments and FRET imaging of 

clickable multimeric receptors revealed successful binding of multiple tetrazine functionalized 

fluorophores to uAA-modified dimeric GABA-AR α2 subunits in close proximity (~5 nm). 

Further utilization of tetrazine-dyes via super-resolution microscopy methods such as dSTORM 

and click-ExM will provide insights to subunit arrangement in receptors in the future. 
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This work investigated the nanoscale organization of synaptic proteins with minimal linkage 

error enabling new insights into receptor assembly, trafficking and recycling, as well as protein-

protein interactions at synapses. Ultimately, bioorthogonal labeling can help to understand 

pathologies such as the limbic encephalitis associated with GABA-AR autoantibodies and is 

already in application for cancer therapies. 



 

iii 

Zusammenfassung 

Der synaptische Spalt ist von zentraler Bedeutung für die synaptische Reizweiterleitung, 

neuronale Plastizität und Gedächtnis und dadurch neurobiologisch sehr gut charakterisiert. Um 

Zielproteine mit hoher Spezifität und einem guten Signal-zu-Rauschen Verhältnis zu 

adressieren, wird konventionell auf Immunhistochemie mittels Fluoreszenzfarbstoff-markierter 

Antikörper zurückgegriffen. Untersuchungen synaptischer Rezeptoren bleiben dabei jedoch 

aufgrund der limitierten Zugänglichkeit des synaptischen Spalts mit einem Abstand von ~20 nm 

zwischen gegenüberliegenden pre- und postsynaptischen Membranen herausfordernd. Speziell 

in einem räumlich begrenzten Umfeld können bei der Verwendung von Antikörpern 

unerwünschte Artefakte auftreten, die durch Kreuzverlinkung, eine verminderte Zugänglichkeit 

und einen erheblichen Markierungsabstand zwischen Fluorophor und Probe von ~10 nm 

entstehen. Aktuelle Verfahren der Einzelmolekül-Lokalisations-Mikroskopie (SMLM), die 

eine Lokalisationsgenauigkeit von wenigen Nanometern ermöglichen, erhöhen die Nachfrage 

an Markierungsstrategien mit minimalem Markierungsabstand und zuverlässiger Erkennung 

der Zielstruktur.  

Im Rahmen dieser Arbeit wurden daher verschiedene Markierungsmethoden für die 

hochauflösende Fluoreszenz-Mikroskopie erprobt. Dies ermöglichte die ortsspezifische 

Markierung einer einzigen Aminosäure in synaptischen Proteinen wie Kainat-Rezeptoren 

(KARs), Transmembran-α-Amino-3-hydroxy-5-methyl-4-isoxazol-Propionsäure-Rezeptor 

regulierenden Proteinen (TARPs), γ-Aminobuttersäure-Typ-A-Rezeptoren (GABA-ARs) oder 

Neuroligin 2 (NL2). Die angewandte Methodik nutzt den Einbau von unnatürlichen 

Aminosäuren (uAAs) in das Zielprotein mittels Erweiterung des genetischen Codes (GCE) 

durch Unterdrückung des Amber-Stop-Codons. Durch Anwendung dieser Strategie gelang es, 

schwer adressierbare Proteine wie KARs, TARPs und GABA-ARs, welche zuvor mittels 

konventioneller Markierungsversuche nur unzureichend abgebildet werden konnten, 

erfolgreich zu markieren. Funktionelle Studien wie elektrophysiologische Charakterisierungen, 

aber auch FRAP und FRET Experimente zeigten, dass dabei der native Zustand der Zielproteine 

auch nach dem Einbau von uAAs erhalten bleibt. Schließlich wurde die Methode in primäre 

hippocampale Neuronen überführt und in Kombination mit hochauflösender Mikroskopie 

konnte die Organisation von γ2 und γ8 TARPs im Nanobereich aufgelöst werden. Eine Cluster-

Analyse von dSTORM Lokalisationsdaten bestätigte die Anreicherung von γ2 in Synapsen, 

während γ8 homogen entlang des Neurons verteilt vorliegt. Die Erweiterung des genetischen 

Codes in Kombination mit bioorthogonaler Markierung erlaubte zusätzlich die Visualisierung 
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von clickbaren GABA-A Rezeptoren in Postsynapsen von dissoziierten hippocampalen 

Neuronen. Außerdem zeigten Saturierungs-Experimente und FRET-Bildgebung die 

erfolgreiche Bindung von mehreren Tetrazin-gekoppelten Fluorophoren an uAA-modifizierten, 

dimerischen GABA-AR α2-Untereinheiten in geringem Abstand (~5 nm). Auf der Basis dieser 

Resultate werden zukünftig hochauflösende mikroskopische Verfahren, wie dSTORM und 

click-ExM, in Kombination mit Tetrazin-Farbstoffen die Visualisierung von multimerischen 

Rezeptoren ermöglichen.  

Im Rahmen dieser Arbeit konnte die Organisation von synaptischen Proteinen mit minimalem 

Markierungsabstand im Nanobereich untersucht werden und dadurch neue Einsichten in 

Rezeptor-Zusammenbau, -Bewegungen und -Wiederverwertung, aber auch Protein-Protein 

Interaktionen in Synapsen gewonnen werden. Die Weiterentwicklung bioorthogonaler 

Markierungsstrategien kann in Zukunft dazu beitragen Krankheiten, wie die Limbische 

Enzephalitis, welche mit GABA-AR Autoantikörpern in Verbindung steht, besser zu verstehen 

und findet zudem bereits heute Anwendung in Krebstherapien.
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 Introduction 

1.1 Neuronal organization 

Brain functions involving memory, learning and cognition rely on the communication between 

neurons along synapses. To communicate, presynaptic neurons release neurotransmitters 

leading to activation of postsynaptic ionotropic receptors hence conveying excitatory or 

inhibitory transmission (Figure 1). The most abundant excitatory neurotransmitter glutamate 

can activate three glutamate receptor families known as α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPAR), kainate receptors (KAR) and N-Methyl-D-

aspartate receptors (NMDAR), whereas the inhibitory neurotransmitters Glycine and GABA 

control corresponding Glycine and GABA receptors in inhibitory synapses1,2. Persistent 

activation of synapses is known to induce long term potentiation (LTP) and is associated with 

learning and memory3. In the central nervous system (CNS) balancing of LTP and its 

counterpart long term depression (LTD), the continuous weakening of synapses, is crucial to 

maintain proper brain function4. Mechanisms contributing to LTP and LTD include efficacy of 

neurotransmitter release at the presynapse5,6, biophysical changes of postsynaptic receptors 

such as conductance and variation of open probability7,8. Additionally, the localization of 

postsynaptic receptors is affected by lateral diffusion and constant recycling of receptors by 

exo- and endocytotic processes9–11 (Figure 1). Compared to highly mobile receptors in 

extrasynaptic regions, thermal agitation and attachment to stable scaffold and cytoskeletal or 

extracellular anchoring compartments lead to reversible immobilization and trapping of 

receptors at synapses12. Moreover, scaffolding elements and neurotransmitter receptors are not 

randomly diffusing in the synapses, but are rather organized in stable nanodomains including 

options to concentrate or disperse receptors by lateral diffusion13–15. The synapse is a highly 

dynamic space, which requires precise coordination between presynaptic release machinery, 

postsynaptic scaffolds, receptors, cytoskeletal compartments and transsynaptic adhesion 

proteins to pursue synaptic formation and ultimately function12. Since variations in the 

diffusional behavior of synaptic receptors could be linked to pathological conditions16–18, the 

modulation of receptor diffusion and hence, synaptic transmission and plasticity via 

pharmaceutical reagents offers a major opportunity for novel treatment approaches19,20. 
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Figure 1 - Simplified view of postsynaptic AMPARs at excitatory synapses. Fusion of presynaptic 
vesicles with the presynaptic membrane induce neurotransmitter release into the synaptic cleft. Binding 
of neurotransmitters to postsynaptic receptors triggers postsynaptic signal transmission and promotes 
exocytosis of new AMPA receptors into the postsynaptic membrane to increase number of receptors and 
inducing LTP. Vice versa, highly mobile AMPARs diffuse to extra-synaptic sites for endocytosis 
culminating in LTD. Created with BioRender.com. 

 

1.2 Structure of synaptic receptors 

iGluRs. Ionotropic glutamate receptors (iGluRs) function as ion channels for inducing 

postsynaptic membrane depolarisation in excitatory synapses and, hence, play a critical role in 

synaptic transmission. All three types of glutamate receptors (AMPARs, NMDARs and KARs) 

are composed of an extracellular amino-terminal domain (ATD), a ligand-binding domain 

(LBD), a trans-membrane domain (TMD) and an intracellular signaling domain (CTD)21. The 

TMD exhibits a four-fold symmetry, whereas the ATDs form dimer of dimers connected via 

peptide linkers22. The ATD is essential for assembly, trafficking and function of the 

receptors21,23. KAR and AMPAR ATDs interact through several interfaces and enable tight 

dimers which are generally separated from the LBD region24. The connection between ATD 

dimers can be either robust as known for KARs25,26 or can be ruptured upon desensitization in 
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AMPARs27. Additionally, KARs exhibit a tetrameric symmetry in the LBD26,28 in contrast to 

the twofold symmetric assembly of the LBD as found in AMPAR29. The LBD layer is located 

below the ATD providing binding sites to activate, modulate or antagonize the membrane 

receptor30. Each dimer pair forms a clamshell structure in the LBD, that allows ligand binding 

in between the lobes and subsequent channel opening mediated by the TMD31. The TMD itself 

consists of three transmembrane helices and an intracellular loop, which reacts to 

conformational changes in the LBD via flexible polypeptide linkers31. Auxiliary subunits 

binding to AMPARs can either support receptor signaling like transmembrane AMPA 

regulatory proteins (TARPs)29,32 or suppress receptor function such as germ cell-specific gene 

1-like (GSG1L) proteins33,34. Various TARP segments enhance AMPAR currents: the 

transmembrane region is involved in shaping conductance and rectification properties, whereas 

the extracellular domain is modulating the gating kinetics of the receptor. Furthermore, the C-

terminal tail can fulfill both tasks mentioned above22.  

GABA-ARs. In inhibitory synapses, ionotropic GABA-A receptors maintain synaptic 

plasticity1. GABA-A receptors are structured as pentamers assembled from various 

combinations of alpha (α1-6), beta (β1-3), gamma (γ1-3), rho (ρ1-3), epsilon (ε), delta (δ), pi 

(π) and theta (θ) subunits35. Cryo-EM studies revealed the structure of different pentamer 

compositions of GABA-A receptors such as the pre-dominant isoform in the adult brain 

α1β2γ236 and the α1β3γ2 isoform bound to pharmacological relevant modulators37. All GABA-

A subunits share the same topology: An extracellular domain (ECD), a transmembrane domain 

(TMD) and an extracellular C-terminal domain (CTD)35. The extracellular domain (ECD) of 

the receptor is target for the neurotransmitter GABA at the β2-α1 interfaces and benzodiazepine 

derivatives at the α1-γ2 interface38–40. GABA binding induces closure of loops-C in β subunits 

which results in spatial approximation of α and β subunits and thus locks the binding pocket, 

followed by a counter-clockwise rotation (view from from the synaptic cleft) of the ECDs of 

all subunits37,41. Conformational changes in the ECDs trigger clockwise rotation of the TMDs 

modulating the M2-M3 loops and opening of the channel pore37. The transmembrane domain 

consists of four sequences (M1-M4), whereby M2 forms the chloride channel, while an 

intracellular loop between M3 and M4 is important for modulation by phosphorylation (M3-

M4)35. Interactions from GABA-A receptor associated proteins with the intracellular loop are 

essential for receptor trafficking as well as anchoring in the membrane or to cytoskeletal 

compartments42,43. 
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1.3 Labeling strategies in neuroscience 

Cryo-electron microscopy measured the distance between pre- and postsynaptic membranes of 

approximately 20 nm corroborating the measured size of synaptic cleft in earlier reports44,45. 

The crowded protein environment inside synaptic clefts limits the access of labeling agents to 

target epitopes and resulted in the design of various new probes for imaging synaptic 

proteins46,47. This section will provide an overview of the wide range of labeling strategies 

available (Figure 2) including their benefits and drawbacks and focusing on the applicability on 

synaptic targets. 

Labeling endogenous proteins. While electron microscopy methods could visualize 

postsynaptic glutamate and GABA receptors with 20-30 nm precision in the past, all 

conventional approaches lack the opportunity to investigate living neurons and dynamics48. 

Moreover, 40-nm gold nanoparticles create a considerable linkage error adding to the distance 

between target region and particle/fluorophore49. As an alternative, fluorescent labeling 

methods allow live imaging and analysis of protein diffusion and synaptic organization. 

Immunohistochemistry approaches can visualize endogenous protein organization and can 

provide quantitative estimates of molecules in neurons. This technique utilizes fluorescently 

labeled primary and secondary antibodies to recognize specific amino acid sequences (epitopes) 

of endogenous proteins. Advances in antibody-based approaches enabled mapping of multiple 

compartments of primary neurons and neuronal tissue with DNA-PAINT or sequential 

labeling50,51. On the downside, antibodies can also create artificial clusters by crosslinking and 

impede protein diffusion as shown for dynamics of synaptic adhesion proteins like Neuroligin 

152. In single-particle tracking studies, bright, fluorescent quantum dots are coupled to primary 

or secondary antibodies but may induce accessibility issues in the synaptic cleft due to their 

larger size53. To reduce the linkage error between fluorophore and target and improve 

accessibility, methods using only parts of the antibody such as the short-chain variable fragment 

(scFv), the fragment of antigen binding (Fab), nanobodies and amino acid derived aptamers 

became popular54,55. This progress allowed precise visualization of synaptic proteins like 

PSD95, HOMER1, α-synuclein and syntaxin 1A. However, the availability of these small 

binders is still limited to a few targets, making it more attractive to use nanobodies targeting 

primary antibodies as an alternative to secondary antibodies47. Furthermore, small ligands 

decorated with fluorophores can be used to anchor a fluorophore directly to the target of interest 

via proximity-driven labeling reaction. Subsequent cleavage of the ligand maintain the native 

state of the protein56. Although, this method allowed imaging of endogenous AMPA and opioid 

receptors in living neurons, its again only available for a limited number of targets and 
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functionality of each target receptor needs to be validated57,58. As a conclusion, addressing 

endogenous levels of proteins is a suitable way of visualizing the native state of synapses. 

However, many of the approaches were developed individually for only a few targets and are, 

hence, limited in their application. Another labeling option is genetic incorporation of tags or 

genetically encode fluorophores to target proteins inside synapses.   

 

Figure 2 – Strategies to attach a fluorescent label to the target structure. Immunolabeling relies on 
epitope recognition via the use of IgG antibodies, Fab fragments or nanobodies. Due to their size, Fab 
fragments (PDB: 2ZKH) and nanobodies (PDB: 5IVO) are preferred over full-size IgG antibodies (PDB: 
1HZH). Quantum dots can be conjugated to antibodies and function as fluorescent marker. Fluorescent 
proteins such as GFP (PDB: 1GFL) or self-labeling SNAP tags (PDB: 3KZZ) are fused to the cDNA of 
the target of interest. Unnatural amino acids like TCO*-K can be introduced into a protein of interest by 
GCE and labeled in the following with tetrazine functionalized fluorophores to enable a low linkage 
error between fluorophore and target. Created with BioRender.com. 

 

Genetic modification of proteins. A common way of visualizing a protein of interest with a 

1:1 stoichiometry is the genetic fusion of a fluorescent protein sequence to the cDNA sequence 

of the target47. For instance, this method was applied for analyzing the trafficking of AMPA 

receptors at excitatory synapses59. Constant improvement of fluorescent proteins led to a protein 

palette covering a wide range of the visible light spectrum with optimized folding, 
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oligomerization, photostability and intensity properties60,61. In addition, progress on 

photoactivatable and photoswitchable proteins enabled use of proteins like mEos, Dendra, PA-

mCherry, PS-mOrange and various others for single molecule localization microscopy 

(SMLM)62,63. Unfortunately, large fluorescent proteins can also disturb the native conformation 

and function of multimeric synaptic receptors and so impede natural receptor diffusion59. In 

order to provide an alternative, smaller genetic tags such as SNAP- and CLIP-tags, where self-

labeling enzymes can be addressed by substrates bearing organic dyes, were established64,65. 

Time-resolved FRET experiments using SNAP-tags gave insights into the dimeric assembly of 

γ-aminobutyric acid type B (GABA-B) receptors and metabotropic glutamate receptors 

(mGluRs)66. A combination of CLIP and SNAP tags was also used to decipher heterotetrameric 

formation of ghrelin receptors (GHSR1a) with dopamine receptor 2 (DRD2) in hypothalamic 

neuronal cells67. However, the bulky size of SNAP and CLIP tags with ~20 kDa needs to be 

considered as it may influence receptor functionality46. Another labeling approach is the 

incorporation of well-established small epitope tags such as HA-, MYC-, Flag and V5-tags in 

the DNA sequence of the target of interest. These tags can be targeted subsequently with highly 

specific antibodies carrying fluorophores68,69. Advances in this direction led to the innovation 

of the ALFA-tag, consisting of 15 amino acids, which can be labeled efficiently with 

nanobodies70. Additionally, implementing an AviTag to the target of interest allows 

biotinylation of the protein using a bacterial biotin ligase and fluorescent labeling with 

monomeric streptavidin variants52,71. On the downside, these strategies work under 

overexpressed conditions and still require antibodies, nanobodies or streptavidin to attach a 

fluorescent label to the target protein, which again creates a considerable linkage error between 

fluorescent signal and respective target. Recent labeling strategies focus on introducing single 

amino acids bearing functional alkene groups (e.g. trans-cyclooctene, TCO) in the target 

protein, which can be reacted with small tetrazine molecules coupled to fluorophores72. A broad 

range of unnatural amino acids was established for GCE and subsequent click chemistry73. This 

technique is bioorthogonal, site-specific and offers a small linkage error, which is ideal for live 

cell imaging74. Bioorthogonal click chemistry enabled visualization of NMDA receptors in the 

past75. Additionally, GCE was introduced via adeno-associated viruses into the brain of a living 

mouse, showing expression of clickable GFP modified with uAAs76. Thus, GCE has potential 

to find application in living animals and can be optimized to address proteins that are more 

complex. Aim of the work was to target hard-to-label synaptic proteins with bioorthogonal click 

chemistry to allow subsequent imaging using super-resolution fluorescence microscopy. 

Moreover, transferring this system into hippocampal primary neurons offers a tool to 
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investigate complex synaptic proteins such as TARPs and GABA-ARs in neurobiological 

context.  
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 Theoretical background 
The following section will provide a theoretical background on synaptic transmembrane 

proteins, basics of labeling approaches for the fluorescent microscopy and imaging methods to 

visualize fluorescent targets. 

2.1 Synaptic proteins 

2.1.1 Excitatory synapses 

Synaptic transmission depends on the activation of postsynaptic ionotropic receptors by 

presynaptically released neurotransmitters. In excitatory synapses, the neurotransmitter 

glutamate binds to the ionotropic glutamate receptors AMPAR, NMDAR and KAR at the 

postsynaptic dendritic spines and therefore can promote different variants of synaptic 

plasticity77. Auxiliary proteins from the TARP family are crucial for AMPAR assembly and 

function and thus will be also introduced in this chapter78,79. 

AMPARs. AMPA receptors are responsible for nearly all fast excitatory synaptic transmission 

in the central nervous system (CNS) of mammals. These membrane proteins form either homo- 

or heteromeric assemblies of the four subunits GluA1-421,80. In the hippocampus, the 

predominant AMPAR tetramer comprises the GluA1-GluA2 and the GluA2-GluA3 

heteromers81,82, whereas the GluA4 subunit is prevalent in early developmental stages of the 

brain83. Neuronal activation induces activation of calcium permeable NMDARs or AMPARs, 

followed by calcium influx that activates downstream signaling pathways including 

calcium/calmodulin-dependent protein kinase II (CaMKII) activation as well as trapping and 

recruiting of AMPA receptors to the synapse in long-term potentiation (LTP)84–86. 

Investigations on GluA1 receptors identified C-termini of AMPARs as main modulators of 

AMPAR recruiting and trafficking. Phosphorylation of GluA1 by CaMKII and attachment to 

postsynaptic density protein 95 (PSD95) containing PDZ domains recruits and traps GluA1-

GluA2 AMPARs at synapses and hence induces LTP87,88. However, knockdown and 

replacement studies on AMPARs could not link LTP to the particular GluA1 subunit of AMPA 

receptors and LTP even occurs, when all AMPA receptors are replaced with KA receptors89,90. 

These studies indicate, that the AMPAR composition is not influencing the amount of AMPARs 

at synapses and sets the focus on scaffolding proteins like PSD95 as driving elements to induce 

LTP80. Indeed, photoactivated localization microscopy (PALM) experiments could provide 

evidence for colocalization of AMPARs with nanodomains of PSD95 at the postsynapse13,91, 

but could not identify PSD95 as the individual protein responsible for LTP80. Nevertheless, 

soluble ligands like Syn-GAP were identified to interact with PSD95 and anchor receptors to 
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the postsynaptic density (PSD)92–94. Experiments investigating AMPAR dynamics and 

trafficking observed the following: AMPARs diffuse in the ER, are transported in vesicles along 

microtubules, get exocytosed to and endocytosed from the cell surface and diffuse laterally on 

the postsynaptic surface. All of these pathways can be modulated through neuronal activity and 

hence, influence the number of AMPARs at synapses84,94. In this context, the biosynthesis and 

stabilization of AMPARs regulate the total amount of receptors in the postsynaptic membrane94. 

AMPARs interact with various auxiliary proteins, which themselves bind to intracellular 

scaffolding elements and adhesion proteins and affect AMPAR mobility and function95–97. Due 

to the highly complex interactions it is still unclear how the precise mechanism for AMPAR 

stabilization and trapping in the membrane works94. However, crosslinking of AMPARs in the 

postsynaptic membrane via neutravidin eliminates LTP, demonstrating the importance of 

AMPAR diffusion for initial and late phases of synaptic potentiation98. Diffusion trapping of 

preexisting surface pools of AMPARs mediates immediate potentiation of synaptic 

transmission after neuronal stimulation, whereas exocytosis and lateral diffusion of AMPARs 

into synapses are required to maintain LTP94,99. Contrary to LTP, AMPAR endocytosis 

contributes to LTD84, driven by synaptotagmin-3 (Syt3)100 and the molecular motor Myosin 

VI101. Since endocytotic sites are distributed along the dendrite, AMPA receptors need to 

diffuse laterally out of the synapse prior to internalization during LTD102. To guarantee efficient 

synaptic function in the millisecond range, AMPAR receptors need to be in close proximity to 

the neurotransmitter release site. This is due to two reasons: first, AMPA receptors show low 

affinity for glutamate and second, the glutamate concentration drops drastically 100 nm apart 

from the release site103,104. Super-resolution imaging revealed the organization of AMPAR and 

PSD95 in nanoclusters of 100 nm inside the PSD13,91. These cluster formations might originate 

from interaction of AMPAR with Syn-GAP105 or auxiliary proteins106. Further investigations 

on the organization of presynaptic release sites in respect of the postsynaptic nanoclusters 

revealed a transsynaptic organization between the presynaptic active zone protein RIM1 and 

postsynaptic PSD95107. RIM1 forms complexes with the proteins Munc13 and syntaxin that 

contribute to presynaptic vesicle organization and fusion94,108. Presynaptic neurexins that are 

involved in transsynaptic nanocolumns are interacting with postsynaptic ligands such as 

neuroligins, LRRTMs and cerebellins109. Neuroligins are able to recruit PSD95 through the 

PDZ domain, which leads to trapping of AMPAR110. This overall transsynaptic alignment of 

synaptic proteins increases the efficiency of neuronal transmission. Thus, dysregulation of 

neuroligins results in decreased co-colocalization between AMPAR and neuroligins and 

additionally between AMPAR and opposing presynaptic RIM1 clusters111. 
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TARPs. As mentioned before, AMPA receptors form complexes with various proteins, 

including the auxiliary proteins TARPs112–114. TARPs are pre-dominantly expressed in the 

hippocampus, cortex and striatum115. In cerebellar granule cells, TARP γ2 promotes AMPAR 

surface expression112, while TARP γ8 regulates number of AMPARs and LTP in hippocampal 

neurons78. Cryo-EM studies on AMPAR-TARP complexes allowed insights into their structural 

organization116–118. TARPs consist of an intracellular N-terminus, four transmembrane helices 

(TM1-4), an extracellular domain (ECD) containing five β-strands (β1-5), an extracellular helix 

(ECH), four flexible loops (β1–β2, β3–β4, β4–TM2, TM3–β5) and an intracellular C-terminal 

tail bearing a PDZ domain binding peptide119. The C-tail promotes binding of postsynaptic 

PSD95 and, hence induces AMPAR trapping106. TARPs bind tetrameric AMPARs with a 

stoichiometry of one, two and four TARPs per receptor116,118,120 with functional studies 

suggesting stoichiometries of two and four TARPs per AMPAR121,122. Different loops of the 

TARPs ECD interact with the LBD domain of AMPAR, depending on the binding site119. These 

interaction sites are crucial for functional gating of the AMPAR123,124, which could be shown 

by mutations in the interaction sites of the receptor leading to dysregulation of the channel 

gating114,125,126. Furthermore, TARPs control signal transmission by slowing of AMPAR 

desensitization and mutations in the TMD of the AMPAR weaken this effect induced by TARP 

γ2 interaction126. Additionally, the C-tail of TARP γ2 might also regulate gating modulation, 

though the underlying mechanism remains elusive119. Despite the impact on AMPAR gating 

properties, the auxiliary subunits TARPs promote AMPAR-mediated synaptic plasticity. 

Elimination of γ8 in the hippocampus for instance, leads to reduced synaptic transmission and 

LTP78. Molecular replacement studies suggest that interaction between the C-terminus of γ8 

and PSD95 is essential for LTP106,127, even if earlier studies showed that knock-in mice lacking 

the PDZ domain peptide of γ8 exhibit normal LTP128. Dysregulation of TARP γ2 caused by a 

mutation in the TM3 region, is associated with intellectual disability129. Antagonists targeting 

AMPAR-TARP γ8 complexes were established as potential therapeutics for treatment of 

epilepsy in animal models130–132.  

KARs. KARs are the third class of ionotropic glutamate receptors in the CNS. They can be 

found in various parts of the brain such as the granule cells in the cerebellum as well as the 

mossy fibre synapses in the hippocampus and fulfill different tasks at pre-, post- or 

extrasynaptic sites133. In presynaptic membranes, KARs modulate excitatory (glutamate) and 

inhibitory (GABA) neurotransmitter release, whereas postsynaptic KARs promote excitatory 

neurotransmission and extrasynaptic KARs regulate neuronal excitability134–136. The ionotropic 

KARs comprise three low affinity subunits GluK1-3 and two high affinity subunits GluK4-5. 
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The subunits GluK1-3 can form functional homo-tetrameric receptors, whereas GluK4-5 can 

only assemble as hetero-tetrameric ion channels with the low affinity forms137,138. The GluK2-

GluK5 tetramer formation is the prevalent KAR complex in the brain due to the preferential 

interaction of the NTDs between GluK2 and GluK5 compared to homomeric GluK2-GluK2 

assembly25. In mossy fiber CA3 (MF-CA3) pyramidal cells, KARs are localized to the 

postsynaptic membrane. The C-terminal region of the GluK2 subunit is important for synaptic 

recruitment of KARs139 through interaction with the transsynaptic protein N-cadherin140. 

Moreover, the C-terminal PDZ peptide of GluK1, GluK2 or GluK5 interact with the scaffold 

protein PSD95141. Indeed, PSD95 knockout mice exhibit reduced excitatory postsynaptic 

currents (EPSC) of KARs in the MF-CA3 synapses even though the underlying mechanism 

between PSD95 and KAR recruitment remains elusive142. Presynaptically released proteins 

from the C1q family determine postsynaptic localization of KARs. These proteins bind to 

postsynaptic KARs as well as presynaptic neurexin 3 and thus trap KARs in the postsynaptic 

membrane143,144. Besides the synaptic localization, KARs are associated with excitatory and 

inhibitory transmission regulating short and long-term plasticity134,145. In terms of excitatory 

synaptic transmission, presynaptic KARs show a bidirectional character either decreasing146 or 

promoting glutamate release147, depending on the extent of their activation136. Postsynaptic 

KARs induce LTD through phosphorylation of GluK2 by protein kinase C (PKC) and 

subsequent SUMOylation to enhance or decrease surface expression of KARs148. The amounts 

of surface KARs can be modulated by agonist binding149,150. Furthermore, postsynaptic KARs 

can also mediate AMPAR-LTP in CA3-CA1 synapses151. Interestingly, despite the ionotropic 

character of the receptor, KARs induce AMPAR-LTP using a metabotropic pathway: activation 

of G proteins, triggers phospholipase C (PLC) and activates PKC, which results in an increased 

exocytosis of AMPARs from the intracellular pool151. In contrast, KARs also regulate inhibitory 

neurotransmission. KARs localized at the presynaptic membrane of hippocampal interneurons 

reduce GABA release via a metabotropic pathway including PKC and PLC, which leads to 

lower inhibitory postsynaptic currents (IPSCs)152. Additionally, postsynaptic KARs again use 

metabotropic signaling to decrease synaptic GABA-ARs and enhance extrasynaptic GABA-

ARs. This leads to reduced synaptic inhibition and promotes extrasynaptic inhibition to 

ultimately protect neurons from over-excitation133,153. Dysregulation of KARs is associated 

with neurological pathologies such as temporal lobe epilepsy154, autism155, depression156 and 

schizophrenia 157. Here antagonists targeting KARs were described as specific therapeutics158. 
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2.1.2 Inhibitory synapses 

The main modulators in inhibitory synapses in the CNS are Glycine and GABA-A receptors1,2. 

The following paragraph describes the impact of GABA-A receptors on inhibitory 

neurotransmission and synaptic plasticity as well as their interaction with transsynaptic 

scaffolding proteins like Neuroligin 2. 

GABA-ARs are ionotropic receptors that mediate inhibitory transmission through 

hyperpolarization of postsynaptic membranes via their chloride channels1. GABA-ARs are 

characterized by a benzodiazepine binding-site which can be addressed by benzodiazepines and 

other ligands inducing an anxiolytic, sedative and muscle relaxant effect159. The receptors form 

pentamers consisting of various combinations of subunits (α1–α6, β1–β3, γ1–γ3, δ, ε, π, τ, ρ1–

ρ3)35. Based on their localization, GABA-A receptors mediate phasic inhibition in the 

postsynapse or tonic inhibition in the extrasynaptic regions upon activation by the 

neurotransmitter GABA. Phasic inhibition shows fast, high-amplitude currents, while tonic 

inhibition exhibits low-amplitude and persistent currents160,161. In the postsynapse, GABA-ARs 

predominantly comprise α1, α2, α3 and γ2 subunits, whereas extrasynaptic receptors are built 

of α4, α5, α6 along with the δ subunit159. Although not yet completely understood, interactions 

between GABA-ARs with scaffolding proteins such as gephyrin are essential for receptor 

localization in the postsynapse162,163. For instance, the subunits α1-α3 and β2–β3 can attach to 

gephyrin via their intracellular loop to trap the receptor in the postsynaptic membrane164–167. 

Gepyhrin molecules are organized in trimers168 which might form a cluster network through 

auto-aggregation159 and interact with GABA-ARs, effector proteins such as neuroligin 2 and 

collybistin, as well as cytoskeletal elements169 (Figure 3). Collybistin activates the Rho 

GTPases CDC-42 and TC-10 and thus induces gephyrin clustering in the inhibitory PSD170. 

Knockout of collybistin in mice lead to abolishment of GABA-AR and gephyrin clusters, 

emphasizing its importance for postsynaptic organization171,172. The current understanding of 

GABA-AR organization in the postsynaptic membrane is the following: Postsynaptic NL2/3 

build transsynaptic nanocolumns via interaction with presynaptic α/β-Neurexins. GABA-ARs 

integrate into the membrane at extrasynaptic sites and then diffuse laterally to the postsynaptic 

compartment173. Here, collybistin interacts with Rho GTPases and gephyrin to ensure trapping 

of GABA-AR159. Additional post-translational phosphorylation of various GABA-AR subunits 

affects channel gating, kinetic properties and trafficking of the receptors43,174,175. Organization 

of extrasynaptic GABA-ARs is controlled via metabotropic signaling by GABA-BRs176,177. 

Tonic inhibition in the dentate gyrus and thalamus is regulated by protein kinase A and PKC178. 

For instance, PKC-induced phosphorylation of the α4-GABA-AR subunit promotes surface 
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expression of the receptors179. GABA-AR mediated transmission is of central importance in 

neuronal development, including stem cell proliferation and dendritic growth180,181. Therefore, 

dysregulation of GABA-ARs is associated with a broad range of neurological disorders such as 

epilepsy182, schizophrenia183, autism184 and depression185. In epilepsy, GABA-AR mutations 

influence receptor trafficking, surface expression and diffusion186. 

 

Figure 3 - Synaptic organization at inhibitory synapses. Transsynaptic interaction of postsynaptic 
NL2 and presynaptic neurexins (α and β) promote linkage between pre- and postsynaptic compartments 
at inhibitory synapses. In this process, NL2 forms dimers through their extracellular domain. At the 
postsynapse, C-terminal NL2 interacts with collybistin (Cb) and gephyrin to ensure trapping of 
pentameric GABA-ARs in the membrane. In addition, the PDZ binding site of NL2 allows interaction 
with further scaffolding proteins, such as S-SCAM. Created with BioRender.com. 

 

Neuroligins are postsynaptic adhesion proteins that determine synaptic formation and function 

in inhibitory and excitatory synapses via interaction with presynaptic neurexins. The human 

neuroligin family comprises five proteins (NL1-3, 4X, 4Y)187–189. NL1 was identified as a main 

regulator in excitatory synapses190,191, whereas NL2 functions only at GABAergic inhibitory 

synapses192. NL2 is a type I transmembrane protein consisting of an extracellular domain (ECD) 

for interaction with neurexins and dimerization of NL2, an α-helical transmembrane domain 

(TMD) and a C-terminal domain promoting GABA-AR recruitment and signaling193,194. NL2 

forms dimers in the postsynapse to ensure clustering of neurexin monomers in the presynapse194 
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(Figure 3). At the opposing site, the C-terminus of NL2 builds a tripartite complex by 

interacting with the guanosine-diphosphate/guanosine-triphosphate exchange factor collybistin 

and the scaffold protein gephyrin, which is necessary for the recruitment of GABA-ARs194–196. 

Additionally, NL2 contains an intracellular PDZ binding peptide for attachment to the synaptic 

scaffolding molecule (S-SCAM)197. Overexpression of NL2 in neurons and transgenic mice 

promotes inhibitory transmission and implicates the importance of NL2 for synaptic 

inhibition198,199. Moreover, knockout of NL2 in mice leads to a reduction of postsynaptic 

GABA-A receptors and gephyrin throughout all brain regions, thus changing the postsynaptic 

organization, but without influencing the total amount of inhibitory synapses194. Due to the 

distinct link between NL2 and inhibitory transmission and plasticity, dysregulation of NL2 

results in severe pathologies, including schizophrenia200, anxiety, autism201 and depression202. 

For instance, patients experiencing a major depression exhibited a reduced expression of NL2 

in the nucleus accumbens202. Similarly, the amount of NL2 expression dropped in iPSC-derived 

cortical interneurons of patients with schizophrenia194,203. Additionally, a de novo nonsense 

mutation in NL2 led to autism spectrum disorder and anxiety in a male patient194,201.  

 

2.2 Labeling methods 

Labeling of a protein of interest with a fluorescent marker is necessary to enable visualization 

of the protein using fluorescence microscopy. As mentioned in the introduction (1.3), there are 

numerous ways to attach fluorescence tags to nearly any target structure. The following chapter 

will focus on the theory behind the use of fluorescent proteins, organic dyes, and 

immunostaining as well as the principle of genetic code expansion and the subsequent 

application of bioorthogonal click chemistry.  

2.2.1 Fluorescent proteins 

The renowned green fluorescent protein (GFP) was isolated from the jellyfish Aequorea victoria 

in 1962204. GFP possesses a β-barrel structure with three amino acids (Ser-Tyr-Gly) forming 

the chromophore by undergoing cyclization, dehydration and oxidation205. Ever since GFP was 

discovered, it found various applications in biological and medical approaches, for instance as 

fusion tag to investigate protein dynamics in living cells206, or as a reporter gene to study gene 

expression under a promoter of interest207. The field of potential uses has expanded even further, 

when diverse mutations in the original gene sequence led to the generation of yellow (YFP), 

cyan (CFP) and blue (BFP) shifted variants of GFP208,209. For instance, the overlapping spectra 

of e.g. GFP and BFP or CFP and YFP make these fluorescent proteins suitable pairs in FRET 
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experiments which are performed to determine protein-protein interactions208. pHluorin, 

another GFP derivate, is a pH sensitive fluorescent protein which exhibits a decrease of 

fluorescence in acidic solutions. This special feature allows the analysis of proteins navigating 

between intra- and extracellular compartments210. Further modifications of GFP resulted in 

photoactivatable GFP (PA-GFP)211 which set the basis for single molecule localization 

microscopy (SMLM), such as photoactivated localization microscopy (PALM), using 

fluorescent proteins212. Additional investigations along this line enabled a whole palette of 

mainly photoactivatable (PA-GFP, PA-mCherry), photoswitchable (PS-mOrange, Dendra, 

mEos) or photochromic (Dronpa) fluorescent proteins with distinct applications in SMLM62.  

 

2.2.2 Organic dyes 

Organic dyes are small molecules with an extended delocalized π-electron system213. A variety 

of different classes of fluorescent dyes were synthetized and the dye classes of xanthenes, 

rhodamines, indoles/imidizoles, coumarins and cyanines find wide biological application based 

on their chemical (lipophilicity, stability) and photophysical properties (absorption and 

emission, lifetime and brightness)214. One of the first classes of organic dyes are the xanthenes, 

to this day especially fluorescein215 is still very popular in biological and medical research214. 

Fluorescein is highly tunable and hence can be applied as a sensor for pH216 and ions such as 

calcium217 and sodium218. The dye class of rhodamines, which are isologues of fluorescein, are 

also used as indicators for ion concentrations217 or reactive oxygen species219. Further 

modifications led to silicon-containing rhodamines, such as hydroxy-methyl silicon-rhodamine 

(HMSiR). These dyes show spontaneous blinking behavior and therefore find application in 

super-resolution microscopy without the need for switching buffers or high laser powers220. 

Another group of dyes, the indoles and imidizoles, are applicable for DNA-labeling, which is 

achieved by intercalation of the molecules into the minor groove of DNA221. The most 

prominent derivatives are 4′,6-diamidino-2-phenylindole (DAPI) and dibenzimidizoles from 

the Hoechst AG, which find utilization in fluorescence microscopy, flow cytometry222 and live 

cell approaches223. The class of coumarins enables monitoring of proteinase activity224 or the 

assembly of enzyme substrates such as hydrolases225. Finally, cyanine derivatives such as the 

sulfoindocyanines Cy3 and Cy5 are used in FRET experiments226 and furthermore they are well 

suited for super-resolution fluorescence microscopy methods like dSTORM due to their 

photophysical properties227,228.  
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2.2.3 Immunostaining 

Antibodies are a versatile tool, not only for therapeutic application229, but also for labeling of 

proteins and other target structures for fluorescence microscopy via immunohistochemistry230. 

Human antibodies are immunoglobulins, which consist of two identical light (LC) and heavy 

chains (HC), assembled in a heterodimeric Y-shape (Figure 4). In and between the two 

heterodimers, disulfide bonds connect the HC and the LC as well as the LCs to each other. The 

LCs consist of a constant domain (CL) and a variable domain (VL) and HCs of the IgG isotype 

possess three constant (CH) and one variable domain (HV). The functional antibody comprises 

two fragment antigen binding (Fab) domains that are necessary for recognizing a specific 

antigen and one fragment crystallizable (Fc) domain, which binds receptor molecules231.  

 

Figure 4 - Schematic heterodimeric illustration of an IgG antibody. Variable (V) and constant (C) 
domains of two light chains (grey) and two heavy chains (blue) form the IgG antibody. Each chain of 
the antibody comprises a single variable domain (VH, VL). The light chains possess each one constant 
domain (CL), while the heavy chains carry each three constant domains (CH). The fragment antigen 
binding domain (Fab) consists of two variable (VL, VH) and two constant domains (CL, CH), whereas the 
fragment cristallizable (Fc) domain bears four constant domains (CH). The Fab domain ensures antigen 
binding and the Fc domain recognizes receptor molecules. Created with BioRender.com.  
 

To easily crosslink any organic dye with an antibody, the primary amino group (NH2) of the 

lysine amino acids in the antibody can be reacted with a N-hydroxysuccinimide (NHS) ester 

attached to the respective dye232. General immunohistochemistry uses a primary antibody 

binding the epitope of the target structure and secondary antibodies coupled to fluorophores 

directed against the primary antibody230,233. To avoid crosslinking and size issues caused by 
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full-length antibodies, strategies using only fragments of the antibody arose, such as the Fab 

and scFv fragments or even just a single antibody domain termed nanobody54,55.  

 

2.2.4 Genetic code expansion and bioorthogonal click chemistry 

Genetic code expansion. The universal genetic code implies that genetic information in form 

of deoxyribonucleic acid (DNA) is first transcribed into messenger ribonucleic acid (mRNA) 

prior to translation into amino acids. There are four different nitrogenous bases resulting in four 

DNA nucleotides: adenine (A), thymine (T), guanine (G) and cytosine (C). In mRNA, the DNA 

nucleotide thymine (T) is substituted with the nucleotide uracil (U). During translation, every 

base triplet (codon) of the mRNA is translated into one of the 20 canonical amino acids present 

in most living organisms. To achieve this, endogenous transfer-RNAs (tRNAs) are loaded with 

canonical amino acids via respective aminoacyl-tRNA synthetases. Then, tRNAs bearing 

amino acids attach to the mRNA/ribosome complex and the ribosome incorporates amino acids 

in the growing polypeptide chain (Figure 5, blue)234. The translation terminates at natural 

occurring opal (UGA), ochre (UAA) and amber (UAG) codons induced by release factors 

(RF)235. However, some organism such as the archaea Methanosarcina mazei decode the UAG 

codon with the amino acid Pyrrolysine through an additional 21st tRNAPyl/tRNA synthetasePylRS 

pair236. Mutation studies on the tRNA synthetasePylRS (in the following termed PylRS) allowed 

successful introduction of unnatural aromatic amino acids at amber stop codon sites and 

therefore enable expansion of the genetic code (GCE) in eukaryotes with a variety of new amino 

acids. In this process, the amber stop codon gets suppressed in order to incorporate the unnatural 

amino acids at a specific protein site237–240 (Figure 5, red). The optimized tRNAPyl/PylRS pair 

is orthogonal to endogenous tRNA/tRNA synthetase pairs in bacteria236, eukaryotic cells241 and 

animals242. Hence, its introduction does not result in cross-reactions or interference with the 

endogenous translational machinery. The amber suppressor-tRNA competes with the 

termination of the translation through the endogenous RF1235. Due to this, high amounts of 

tRNA/tRNA synthetase are required to obtain efficient incorporation of unnatural amino acids 

into proteins243. Several aliphatic and aromatic amino acids were established for GCE73 and 

subsequently used for bioorthogonal labeling of proteins in mammalian cells74. Furthermore, 

the GCE system was introduced via adeno-associated viruses into the brain of a living mouse, 

showing expression of a GFP version with incorporated amino acids76. In the future, the 

powerful tool of GCE has the potential to find wider-ranging application in living animals and 

by optimizing protocols it will likely become possible to target more complex proteins as well. 
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Figure 5 – Principle of genetic code expansion. The endogenous tRNA synthethases (blue) transfer 
canonical amino acids to endogenous tRNAs. tRNAs carrying amino acids bind to the mRNA/ribosome 
complex during translation to ensure incorporation of canonical amino acids into the growing 
polypeptide chain. Introduction of the orthogonal tRNAPyl/PylRS synthetase pair (red) into the host 
machinery allows integration of unnatural amino acids at amber codon (UAG) sites. Additionally, the 
amber stop codon (UAG) can induce termination of translation via the release factor 1 (RF1). Created 
with BioRender.com. 
 

Bioorthogonal click chemistry. Biomolecules that specifically only react with each other and 

hence are orthogonal to molecules in biological samples find broad application in vitro and 

vivo73,244. The functional azide group for instance, reacts with phosphines in Staudinger 

ligations245 which could be used to visualize modified glycans in living cells and animals246,247. 

However, Staudinger reactions are slow and the phosphine molecules are sensitive to 

oxidation248. Besides phosphines, azides additionally interact with alkynes via CuI-catalyzed 

alkyne-azide cycloaddition (CuAAC) in a faster manner compared to Staudinger ligation249,250 

(Figure 6). Since the use of copper as a catalyst can be toxic to living cells251, copper-free 

reactions between azides and strained-alkynes via strain-promoted alkyne-azide cycloaddition 

(SPAAC) gained popularity250,252 (Figure 6). In particular, cyclooctyne-based compounds were 

established to label living mammalian cells253 and animals254 in a copper-free environment. 
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Additionally, the methods CuAAC and SPAAC could be applied in super-resolution 

fluorescence microscopy to image azide-modified glycoproteins in the plasma membrane 

labeled with Alexa Fluor 647 coupled alkynes255,256. Moreover, tetrazines react chemoselective 

with alkynes (not shown) or alkenes, such as trans-cyclooctenes (TCO) via strain-promoted 

inverse-electron demand Diels-Alder cycloaddition (SPIEDAC)257. All mentioned reactions 

allow attachment of a fluorophore (Figure 6, blue) to a target of interest (Figure 6, red).  

 

Figure 6 - Bioorthogonal labeling reactions for specific attachment of fluorophores. Bioorthogonal 
labeling enables attachment of a fluorophore (blue) to a target structure (red). Azides react with alkynes 
either strain-promoted (SPAAC) or copper catalyzed (CuAAC) via cycloaddition. Tetrazines form 
complexes with strained alkenes or alkynes through strain-promoted inverse-electron demand Diels-
Alder cycloaddition (SPIEDAC). Created with BioRender.com. 

 

SPIEDAC reactions are rapid compared to azide-alkyne conjugation258 and the quenching 

mechanism of fluorophores by tetrazine leads to an increased fluorescence (turn-on) upon 

binding to the alkene259,260. This fluorogenic effect can be advanced for intracellular 

site-specific labeling of proteins tagged with unnatural amino acids261. Demonstrating the broad 

range of application of bioorthogonal labeling once again, compounds consisting of two linked 

tetrazines (bistetrazines) are also used in crosslinking of TCO-carrying proteins262. 

Furthermore, amino acids bearing TCOs were successfully used for GCE in living cells and 
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subsequent labeling with tetrazine dyes263. Detailed protocols on labeling insulin receptors in 

mammalian cells using bioorthogonal click chemistry, allow easy application of this method to 

nearly any protein of interest74. NMDA glutamate receptors for instance, can be tagged with 

unnatural amino acids and subsequently labeled with tetrazine dyes. This process allows super-

resolution imaging of surface exposed NMDA receptors in HEK293T cells with 

electrophysiological studies proving functionality of clicked receptors75.  

 

2.3 Fluorescence and Microscopy 

2.3.1 Excitation and Emission 

Nowadays, a plethora of fluorescent dyes is commercially available for fluorescence 

microscopy (see 2.2.2). To emit fluorescence, a fluorescent molecule needs to absorb light of a 

defined wavelength leading to excitation of an electron from the ground state (singlet state S0) 

to a higher energy level S1, S2 or Sn. All singlet states possess multiple sub-states with different 

energy levels. In this excited state, the electron relaxes to the lowest S1 state through internal 

conversion (IC). From this location, the electron can return to the singlet state S0 by emitting a 

photon (fluorescence) or converting the energy into heat264. The emission process takes place 

in the temporal range of nanoseconds265. In 1852, George Stokes observed that illumination of 

the mineral fluorspar with ultraviolet light led to the emission of red-shifted light266. This 

change of wavelength between the absorption- and emission-spectrum was later termed stokes 

shift and is essential for fluorescence microscopy, due to the possibility to separate excitation 

and emission light from each other. Several fluorescence microscopes have been developed 

which exploit the general principle of fluorescence. All of them use light sources to excite the 

respective fluorophores, optical lenses to focus the light on the specimen and collect the 

fluorescence signal and finally detectors to convert the light information into digital information 

that can be processed further. In the following, three fluorescence microscopy setups named 

CLSM, dSTORM and SIM will be introduced.  

 

2.3.2 Confocal laser scanning microscopy (CLSM) 

A confocal microscope is a light microscope that uses solely the fluorescence of the specimen 

that originates from the focal plane and ignores light besides this plane. In this process, just a 

subset of the probe is illuminated at a time, which makes it necessary to shift the focal plane 

and scan pixels sequentially to ensure imaging of the whole probe. The setup is equipped with 

lasers of different wavelengths to excite the respective fluorophores. A dichromatic mirror and 
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an objective with a high numeric aperture direct the excitation light to the probe. A pinhole 

filters the emission light of the specimen to reject out of focus-light and thereby increases image 

contrast. Finally, a photomultiplier tube detects only the emission light that arises in the focal 

plane, multiplies the signal and converts the light information into a digital signal267. By 1987, 

CLSM setups could already image living kidney epithelium cells268. The CLSM allows imaging 

of cells labeled with multiple dyes and is capable of investigating protein diffusion via 

fluorescence recovery after photobleaching (FRAP) or protein-protein interactions by 

fluorescence resonance energy transfer (FRET). However, CLSM microscopes rather enhance 

the contrast of the image than the actual resolution (~250 nm lateral resolution)269. Nevertheless, 

due to the increased contrast, CLSM setups can be utilized to evaluate protein expression levels 

on transient transfected cells offering additional 3D information. After this first evaluation, 

suitable specimen can be analyzed further on a single molecule level using super-resolution 

microscopy techniques.  

 

2.3.3 Super-resolution fluorescence microscopy  

Single molecule localization microscopy dSTORM. The optical resolution of two point 

emitters is limited due to diffraction of light to half of the wavelength of the excitation light270. 

Several super-resolution fluorescence microscopy techniques, including PALM212, STED271, 

STORM272 and dSTORM227 were established to surpass the diffraction limit of ~200 nm and 

achieve molecular localization. Since the localization of two emitters is restricted when they 

emit fluorescence simultaneously, widefield-methods such as dSTORM rely on the sequential 

recording of isolated emitters over time to ensure precise localization of each fluorophore273. 

To achieve this, dSTORM exploits the ability of fluorophores to enter the triplet state FT 

stochastically out of the excited state FS1 by intersystem crossing (Figure 7). At this state, 

reducing agents such as thiol-containing buffers enable reduction of the fluorophore to a non-

fluorescent radical form F• (off-state). The radical fluorophore can be oxidized to return to the 

ground state FS0, where it is fluorescent through cycling between FS0 and FS1 (on-state). 

Reduced fluorophores are stable and stay in the off-state for 0.5-10 s, whereas the on-state offers 

a lifetime of 10-50 ms. Hence, the majority of fluorophores can be switched off and only a 

subset of isolated emitters are detected in every frame228,274. Finally, the location of every 

fluorophore can be determined by fitting the point-spread-function of the emitter with a two-

dimensional Gaussian fit prior to reconstructing a final image containing all detected 

localizations275. Since the localization precision is dependent on the amount of collected 

photons, bright fluorophores with high photon yield and good switching behavior need to be 
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selected for dSTORM experiments276. Furthermore, the Nyquist-Shannon theorem states that a 

sample needs to be labeled twice as dense as the desired resolution. For instance, to achieve a 

20 nm resolution, the sample structure must contain a fluorophore at least every 10 nm228. 

Exploiting the dSTORM technique, cellular structures such as the nuclear pore complex could 

be resolved on the nanoscale, revealing the eightfold symmetry of these complexes230. 

Advancing this method, dSTORM was utilized for multicolor imaging277 and 3D 

microscopy278. Another option is the combination of dSTORM with electron microscopy in 

correlative approaches279.  

 

Figure 7 - Principle of dSTORM. At a widefield microscope, the resolution of the fluorescence image 
is limited by the diffraction of light. Fluorophores can be excited from the ground state (FS0) to an excited 
state (FS1) by illumination with laser light (kexc). Excited fluorophores can either relaxate to the ground 
state emitting fluorescence with rate (kfl), or enter a triplet state (FT) with rate (kisc). The fluorophore can 
return to the ground state with rate (k´isc) or can be switched off by incubation in thiol-buffers reducing 
the fluorophore to a non-fluorescent radical anion (F•) (kred). The fluorophore radical can be further 
reduced to a non-fluorescent state (FH). Oxidation of the non-fluorescent states (kox) leads to recovering 
of the fluorophore to the ground state (FS0). This principle enables the separation of emitters in each 
frame to allow precise fitting of the point-spread-function via a two-dimensional Gaussian fit. After 
recording of several thousands of frames, the localizations of all emitters are determined and a super-
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resolved image can be reconstructed with a lateral resolution of ~20 nm. Scalebar 2 µm. Created with 
BioRender.com. 

 

Structured illumination microscopy (SIM). SIM utilizes a conventional widefield setup in 

combination with structured illumination to achieve a resolution of ~120 nm. To obtain 

structured illumination, a grating is placed in the excitation path to induce multiple light 

patterns. These light patterns interfere with the emission pattern of the target structure 

(interference patterns) and form moiré fringes. This information can be used to decode 

otherwise unresolvable information in the following data analysis. Rotation of the grating in 

different directions leads to a higher number of moiré fringes, equaling more information about 

the target structure and ultimately higher resolution280. Standard SIM setups use an objective 

with a high numeric aperture and a CCD camera for signal detection. Images are recorded with 

multiple grating orientations and several images per orientation. The recordings are finally 

reconstructed and resampled to one image281. The advantages of SIM compared to SMLM 

techniques are the considerably fast imaging, which can be beneficial for live imaging281,282, 

the easy multicolor feasibility and resolving 3D axial information of target structures283. SIM 

microscopes find application in diverse research fields and can be utilized to study endocytotic 

processes284, cellular components such as mitochondria281, the endoplasmic reticulum285 and 

nuclear periphery286. 

 

2.3.4 Expansion microscopy 

Super-resolution methods such as dSTORM, STED and PALM enhance the resolution by 

isolating single emitters from each other, either through a technical approach (STED) or via 

utilizing photo-physical behavior of fluorophores (dSTORM, PALM). An alternative approach 

was established promoting the resolution through physical expansion of the specimen of interest 

using a hydrogel287. In this procedure, the immunolabeled target structure needs to be tagged 

with a crosslinker to ensure transfer of this information into the poly-acrylamide gel. 

Conventional glutaraldehyde288 or AcX289 were established as functional linkers to anchor 

proteins within the hydrogel. The polymer-gel consists of monomeric acrylamides and 

acrylates287. To obtain isotropic expansion of the swellable polymer-gel, proteins are digested 

using proteinase K288 or heat denaturation290 prior to expanding the hydrogel in ddH2O. Initial 

protocols achieved lateral resolution of ~65 nm through 4.5-fold expansion of the specimen287. 

The polymerization and digestion steps affect the fluorescent intensity of some dyes and 

fluorescent proteins dramatically. So it is important to consider the choice of fluorophores used 
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in ExM or to fluorescent label the probe post gelation289. Additionally, the expansion of the 

specimen dilutes the fluorescence signal and hence favors amplification protocols using 

fluorescent labels with multiple fluorophores such as antibodies291,292 or biotin-streptavidin 

complexes293,294. Over the last years, a variety of new optimized expansion protocols arose, 

such as protein-retention ExM288, Magnified Analysis of Proteome (MAP)290 and Ultrastructure 

Expansion Microscopy (U-ExM)292. U-ExM for instance, allows to maintain the ultrastructure 

of centrioles292 and the synaptomenal complex291 after expansion. Re-embedding of the 

hydrogel with an uncharged acrylamide gel enabled combination of ExM with super-resolution 

fluorescence microscopy dSTORM295. Furthermore, iterative gelation approaches pushed the 

expansion factor up to ~20-fold with ~25 nm molecular resolution using confocal 

microscopes296. Additionally, optimization of gel solutions enabled an applicable protocol for 

~10-fold expansion microscopy and achieved also ~25 nm resolution without re-

embedding297,298. Finally, expansion microscopy can be applied to reveal ultrastructure in 

Caenorhabditis elegans299 or even the whole brain of Drosophila melanogaster300. 
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 Materials and Methods 
The following tables contain all materials and methods used for experiments. If not stated 

otherwise all solutions were prepared in double-distilled water (ddH2O) purified by a 

BarnsteadTM GenPureTM Pro Water Purification System with >18 MOhm. 

3.1 Chemicals, buffers and consumables 
Table 1 - Chemicals used for molecular biology and cell biology experiments 

Chemical Company (catalog number) 

5x Q5 Puffer  New England Biolabs (M0491S) 

Q5 DNA Polymerase New England Biolabs (M0491S) 

dNTPs Sigma Aldrich (DNTP100-1KT) 

6x Gel Loading Dye New England Biolabs (B7025S) 

Quick-Load 2-log DNA Ladder New England Biolabs (N0468S) 

Agarose Sigma-Aldrich (A9539) 

Safeview Applied Biological Materials (G108) 

TRIS Sigma-Aldrich (T1503) 

Boric acid Merck (10043-35-3) 

EDTA Sigma-Aldrich (60-00-4 and ED2P) 

Glucose Sigma-Aldrich (49163) 

Tryptone Melford Biolaboratories Ltd. (T60065) 

Yeast extract Melford Biolaboratories Ltd. (Y20025) 

Sodium chloride  Sigma-Aldrich (S9888 and S5886) 

Bacteriological Agar Sigma-Aldrich (A5306) 

Ampicillin Melford Biolaboratories Ltd. (A40040) 

Kanamyicin Melford Biolaboratories Ltd. (K22000) 

Poly-D-Lysine Sigma-Aldrich (#P6407) 

DMEM Sigma-Aldrich (D5796 and D8062) 

FCS Sigma-Aldrich (F7524) 

Penicillin/Streptomycin Sigma-Aldrich (P4333) 

HBSS Sigma-Aldrich (55037C) 

PBS Sigma-Aldrich (P549) 

Formaldehyde Sigma-Aldrich (50-00-0) 

Glutaraldehyde Sigma-Aldrich (354400) 

β-Mercaptoethylamin (MEA) Sigma-Aldrich (M6250) 
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Diisopropylethylamine (DIPEA) Sigma-Aldrich (D125806) 

Acrylamide/Bis-acrylamide Sigma-Aldrich (A9926) 

Sodium acrylate Sigma-Aldrich (4082220) 

Ammonium persulfate (APS) Sigma-Aldrich (A3678) 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich (T7024) 

N,N-Dimethylacrylamide (DMAA) Sigma-Aldrich (274135) 

Potassium persulfate (KPS) Sigma-Aldrich (3798245) 

Acryloyl-X, Succinimidyl Ester (AcX) ThermoFisher (A20770) 

Triton X-100 ThermoFisher (AM2548) 

Guanidine HCl Sigma-Aldrich (50933) 

Proteinase K ThermoFisher (AM2548) 

Sodium hydrogen carbonate (NaHCO3) Fisher Scientific UK (S/4240/60) 

HEPES solution Sigma-Aldrich (H0887) 

Trans-Cyclooct-2-en – L – Lysine (TCO*A) SiChem (SC-8008) 

Triton-X Sigma-Aldrich (T0307) 

 

Table 2 - Buffers and Solutions 

Buffer/Solution Contents 
Transformation buffer (pH 6.7)  10 mM PIPES 

 15 mM CaCl2 
 250 mM KCl 
 7.5 % Glucose  

Switching buffer 100 mM MEA in PBS 
Gel electrophoresis buffer stock solution: 5x TBE (0.5l) 

 27 g TRIS,  
 13.8 g boric acid 
 10 ml EDTA (0.5M, pH 8.0) 

Bacteria culture media stock solution: 10x TY media (1l, pH 7.4) 
 80 g tryptone,  
 50 g yeast extract,  
 25 g NaCl 

autoclaved (121°C, 15 min) 
Agar plates for bacteria selection 2x TY plates 1l 

 5 g tryptone  
 2.5 g yeast extract  
 4 g NaCl  
 7.5 g agar 

autoclaved (121°C, 15 min) 
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Fixation solution  4% Formaldehyde + 0.25% Glutaraldehyde 
in PBS 

Monomer gel solution (4x expansion)289  8.625% sodium acrylate 
 2.5% acrylamide 
 0.15% N,N´-methylenbisacrylamide 
 2 M NaCl 
 1x PBS 
 0.2% APS 
 0.2% TEMED 

Monomer gel solution (10x expansion)298  0.267 g DMAA 
 0.064 g sodium acrylate 
 0.57 g ddH2O 
 100 µl KPS (0.036 g/l) 
 4 µl TEMED 

Digestion buffer298  50 mM Tris pH 8.0 
 0.5% Triton X-100 
 0.8 M guanidine HCl 
 8 U/ml proteinase K 

 

3.2 Labeling reagents 
Table 3 - Tetrazine derivates 

Type Specificity Conjugate Company 

H-Tet-Cy5 TCO*-K Cy5 Jena Bioscience 

(CLK-015-05) 

H-Tet-Cy3 TCO*-K Cy3 Jena Bioscience 

(CLK-014-05) 

Pyr-Tet-ATTO643 TCO*-K ATTO643 Jena Bioscience 

(CLK-101) 

H-Tet-Digoxigenin TCO*-K Digoxigenin H-Tet-Amine: 

Jena Bioscience (CLK-001-5) 

Digoxigenin-NHS: 

Sigma-Aldrich (55865) 

 

 

 



Materials and Methods 

28 

Table 4 – Antibodies 

Type Host Specificity Conjugate Source 

Primary 

(polyclonal) 

Rabbit anti-GluK2  Thermo Fisher  

(#PA5-32427) 

Primary 

(polyclonal) 

Rabbit anti-GABA-AR α2  Synaptic Systems 

(224 103) 

Primary 

(monoclonal) 

Mouse anti-vGAT  Synaptic Systems  

(131 011) 

Primary 

(monoclonal) 

Rabbit anti-γ2 Ex2 AF647 Daniel Choquet 

(CNRS, Bordeaux) 

Primary 

(monoclonal) 

Rabbit anti-γ8 Ex1 AF647 Daniel Choquet 

(CNRS, Bordeaux) 

Primary 

(monoclonal) 

Mouse anti-GluA  Synaptic System 

(182 411) 

Primary 

(monoclonal) 

Mouse anti-HA CF568 Antibody: Thermo Fisher 

(26183) 

CF568-NHS: 

Sigma-Aldrich 

(SCJ4600027) 

Primary 

(monoclonal) 

Mouse anti-HA  

AF488 

AF555 

AF647 

Thermo Fisher  

(26183-A488) 

(26183-A555) 

(26183-A647) 

Primary 

(monoclonal) 

Rabbit anti-Digoxigenin  Antibody: 

Sigma-Aldrich (700772) 

Primary 

(monoclonal) 

Rabbit anti-Digoxigenin CF568 Antibody: 

Sigma-Aldrich (700772) 

CF568-NHS: 

Sigma-Aldrich 

(SCJ4600027) 

Primary 

(monoclonal) 

Rabbit anti-Digoxigenin AF647 Antibody: 

Sigma-Aldrich (700772) 

AF647-NHS: 

Thermo Fisher (A-20006) 
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Secondary 

(polyclonal) 

Goat anti-mouse IgG AF647 Thermo Fisher (A-21235) 

Secondary 

(polyclonal) 

Goat anti-rabbit IgG AF647 Thermo Fisher (A-21245) 

Secondary 

(polyclonal) 

Goat anti-mouse IgG AF568 Thermo Fisher (A-21124) 

 

3.3 Enzymes 
Table 5 – Enzymes 

Enzyme Company (catalog number) 

EcoRI-HF New England Biolabs (R3101S) 

AgeI-HF New England Biolabs (R3552S) 

DpnI New England Biolabs (R0176S) 

BamHI New England Biolabs (R3136S) 

EcoRV-HF New England Biolabs (R3195S) 

HindIII-HF New England Biolabs (R0401S) 

KpnI-HF New England Biolabs (R3142S) 

NotI-HF New England Biolabs (R3189S) 

XhoI New England Biolabs (R0146S) 

NheI-HF New England Biolabs (R3131S) 

Q5-DNA Polymerase New England Biolabs (M0491S) 

T4 DNA Ligase New England Biolabs (M0202S) 

 

3.4 DNA constructs 
Table 6 - DNA constructs used for site-directed mutagenesis and transfection 

Coding Protein Plasmid Source 

KAR subunit GluK2 pcDNA3-GluK2 Peter Seeburg 

(MPI, Heidelberg)138 

eGFP fusion protein peGFP-N1 Clontech #U55762 

GABA-A receptor subunit α1 pRK5-SEP-GABA-AR α1 Tija Jacob & Stephen Moss 

(Addgene #49168) 

GABA-A receptor subunit α2 pRK5-SEP-GABA-AR α2 Tija Jacob & Stephen Moss 

(Addgene #49169) 
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GABA-A receptor subunit α2 pCDM8-GABA-AR α2 Andrea Barberis 

(IIT, Genova) 

GABA-A receptor subunit β1 pCDM8-GABA-AR β1 Andrea Barberis 

(IIT, Genova) 

(Petrini et al., 2011) 

GABA-A receptor subunit γ2 pCDM8-GABA-AR γ2 Andrea Barberis 

(IIT, Genova) 

(Petrini et al., 2011) 

Neuroligin 2 pcDNA3-NL2 Stéphane Jamain  

(MPI, Göttingen) 

(Poulopoulos et al., 2009) 

TARP γ2-mEos2 pcDNA3-γ2-mEos2 Daniel Choquet  

(CNRS, Bordeaux) 

TARP γ2-eGFP pcDNA3-γ2-eGFP Daniel Choquet  

(CNRS, Bordeaux) 

TARP γ2 pcDNA3-γ2 Daniel Choquet  

(CNRS, Bordeaux) 

TARP γ8-mEos2 pcDNA3-γ2-mEos2 Daniel Choquet  

(CNRS, Bordeaux) 

TARP γ8-eGFP pcDNA3-γ2-eGFP Daniel Choquet  

(CNRS, Bordeaux) 

TARP γ8 pcDNA3-γ2 Daniel Choquet  

(CNRS, Bordeaux) 

tRNAPyl/PylRS pCMV-

tRNAPyl/NESPylRSAF 

Edward Lemke 

(EMBL, Heidelberg)301 

4xtRNAPyl/PylRS pNEU-hMbPylRS-

4xU6M15 

Irene Coin 

(Addgene, #105830)302 

XPH20-eGFP Xph20 eGFP CCR5TC Matthieu Sainlos303 

pTet-On pTet-On Advanced Vector Clontech #630930 

pBI-Tet pBI-Tet Vector Clontech #6152-1 

pBI-Tet-eGFP-GluA2-γ2 pBI-Tet-eGFP-GluA2-γ2 Daniel Choquet  

(CNRS, Bordeaux) 

pBI-Tet-γ2-mCherry pBI-Tet-γ2-mCherry Daniel Choquet  

(CNRS, Bordeaux) 
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pTRE3G-BI pTRE3G-BI Vector Takara Bio #631332 

pEF1α-Tet3G pEF1α-Tet3G Vector Takara Bio #631336 

 

3.5 Mammalian and neuronal cell culture 

Mammalian cell culture 

Labteks were coated with poly-D-Lysine (PDL, 0.1 mg/ml; Sigma-Aldrich, #P6407,) for 1 h at 

room temperature to ensure HEK293T adherence. Cells were seeded 24 h before transfection 

on 4-well Lab-Tek II chambered cover slides (Nunc, #155409) with a concentration of 1x105 

cells per well. Cell cultures were maintained in an incubator with 5% CO2 at 37°C. 

HEK293T cells were purchased from the German Collection of Microorganisms and Cell 

Cultures (Germany, #ACC635). Cells were cultured in T25-culture flasks (Thermo Fisher, 

#156340) supplied with Dulbeccos´s Modified Eagle´s Medium (DMEM, Sigma-Aldrich, 

#D5796) supplemented with FCS (10 %; Sigma-Aldrich, #F7524) and Pen-Strep (1 %; Sigma-

Aldrich, #P4333).  

 

Hippocampal primary neurons 

Primary neurons for clickable GABA-A receptor experiments were prepared in Genova as 

described previously304: Experiments involving primary neuronal cultures were conducted in 

agreement with the rules of the European Communities Council (Directive 2010/63/EU of 22 

September 2010). All experiments were authorized by the Italian Ministry of Health and in 

accordance with the guidelines of the Italian Institute of Technology (IIT). Primary 

hippocampal neurons were isolated from P0-P1 C57BL/6J mice. Neurons were seeded with a 

density of 70x103 cells/cm2 on PDL coated high precision coverslips (18 mm diameter; Roth). 

Cells were cultured in Neurobasal-A medium (Thermo Fisher) supplied with B-27 (2%; Thermo 

Fisher), Glutamax (1%; Thermo Fisher) and gentamycin (5 µg/ml; Sigma-Aldrich) in an 

incubator (37°C, 7.4 % CO2). Culture medium was exchanged two times a week with pre-

equilibrated Neurobasal medium. 

Dissociated neurons for clickable TARP experiments were prepared in Bordeaux as described 

previously305, 308: Gestant rat females were purchased weekly (Janvier Labs, Saint-Berthevin, 

France). Rats were treated and euthanized in accordance with European ethical guidelines and 

protocols of the local ethics committee office 50. Hippocampal neurons were prepared from 

either sex of E18 Sprague-Dawley rat embryos. Primary neurons were seeded at a density of 

25x104 cells on PLL (0.1 mg/ml) coated coverslips (18 mm diameter; Marienfeld Superior, 
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#0117580). Neurons were cultured in Neurobasal Plus Medium (Thermo Fisher) supplied with 

GlutaMAX (0.5 mM; Thermo Fisher) and 1x B-27 Plus Supplement (Thermo Fisher). 72 hours 

later, Cytosine β-D-arabinofuranoside (2 µM; Sigma Aldrich) was supplemented to the 

medium. Neurons were kept in an incubator at 37°C with 5% CO2 up to 18 days. Astrocytes 

feeder layers were isolated from the same embryos. 20x103 to 40x103 cells were plated and 

cultured in Minimum Essential Medium (Thermo Fisher) supplied with glucose (4.5 g/L), 

GlutaMAX (2 mM) and heat-inactivated horse serum (10%) for 14 days. 

 

3.6 Laboratory devices 

Device Company/Model  

Autoclave Zirbus LVSA 50/60 

PCR-cycler Bio-Rad C1000TM Thermal Cycler 

NanoPhotometer IMPLEN Pearl NanoPhotometer 

Incubator shaker IKA KS 4000i control 

Scale Sartorius TE412 

Sterile filter 0.2 µm Sartorius 

Syringes Braun 

pH-Meter Mettler TOLEDO 

 

3.7 Software 

OriginPro 2016G (OriginLab, USA) 

ZENblack 2.3 (Zeiss, Germany) 

Fiji306 

Pymol 

rapidSTORM 3.3 

 

3.8 Methods for mutagenesis and amplification of plasmids 

PCR for site directed mutagenesis 

PCR was used for introduction of amber stop codons or modification of restriction sites of 

plasmids. The reaction solution consisted of the following components: 
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Table 7 - PCR reaction solution 

Component Amount 

Q5 reaction buffer (5x) 10 µl 

dNTPs (25 mM)   1 µl 

Forward Primer (125 ng/µl)   1 µl 

Reverse Primer (125 ng/µl)   1 µl 

Plasmid DNA  100 ng 

Q5 HF-Polymerase   1 µl 

ddH2O to a total volume of 50 µl 

 

PCRs were conducted using the following protocol of the Thermo-Cycler: 

Step Phase Temperature Duration 

1. Initial denaturation 98°C 30 sec 

2. Denaturation 98°C 30 sec 

3. Annealing 55-65°C 30 sec 

4. Elongation 72°C 3 min 

5. Repeat steps 2 to 4 - 20x 

6. Cool storage 4°C ∞ 

 

Gel electrophoresis 

Gel electrophoresis using an agarose solution (1% in 0.5x TBE buffer) enabled isolation and 

identification of DNA fragments according to their size. Therefore, the agarose solution was 

homogenized through heating and subsequently mixed with SafeView, which intercalates with 

DNA and can be visualized using UV light. The solution was transferred to a gel electrophoresis 

sledge containing a sample comb. The DNA samples were mixed with DNA gel loading dye 

prior to adding the samples to the gel wells. A DNA ladder with DNA fragments of specific 

lengths was introduced as reference. The DNA was separated in a running buffer containing 

0.5x TBE using an electrical field with ~15 V/cm power. Isolated DNA fragments were 

optically analyzed by an UV-Illuminator.  
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Molecular cloning 

Restriction enzymes were used for insertion or deletion of specific DNA fragments of plasmids. 

Dependent on the used restriction enzyme, the recommended protocol and buffers as mentioned 

by the manufacturer were applied. T4 DNA Ligase enabled subsequent ligation of inserted or 

deleted DNA fragments, when following manufacturer instructions. Subsequently, DNA was 

amplified by transformation in XL1-Blue E.coli cells. 

 

Transformation and selection of competent bacteria 

Transformation was used for selection and amplification of desired DNA constructs in XL1-

Blue E.coli cells. Most of the introduced plasmids bear a bacterial origin of replication as well 

as a gene coding for an antibiotic resistance to ensure an efficient replication. DNA was 

transformed into XL1-Blue cells using heat shock protocol followed by plating on agar media 

containing respective antibiotic resistances. Isolated grown colonies were transferred in TY-

media containing antibiotic resistances for further amplification prior to DNA isolation.  

 

DNA isolation 

Construct DNA was isolated by Mini-preparation or Midi-preparation. The High Pure Plasmid 

Isolation Kit (Roche) was used for Mini-preparations isolating from 5 ml bacterial culture and 

subsequent elution in 30 µl. For Midi-preparations the NucleoBond Xtra Midi EF Kit 

(Macherey-Nagel) was used according to protocol. Concentrations of isolated DNA were 

determined using a NanoPhotometer (IMPLEN) prior to verification by sequencing (Eurofin 

Genomics).  

 

Preparation of competent E.coli cells 

Chemical competent E.coli cells with high transformation efficiency were produced in 

collaboration with the group of Dr. Hannes Neuweiler (Biotechnology and Biophysics, 

Wuerzburg). 8 ml of XL1-Blue start culture were cultivated in TY-medium free from 

antibiotics, transferred in 800 ml TY-medium and incubated at 37°C. Reaching an optical 

density (OD600nm) of 0.6 the bacteria solution was cooled at 4°C for 30 min and pelleted 

subsequently. The pellet was washed in TB-buffer followed by resuspension in 25 ml TB-buffer 

and adding 25 ml TB-buffer (+ 14 %-DMSO). The suspension was aliquoted in 250 µl sterile 

reaction tubes, frozen in ethanol-dryed ice and stored at -80°C.  
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Transfection of mammalian cells  

Transfection of HEK293T cells was carried out using the JetPrime Transfection Reagent 

(Polypus, #114-01) according to manufacturer´s protocol. HEK293T cells were seeded on 4-

well Lab-Tek II chambered glass slides (Nunc, cat. no. 155409) coated with poly-D-Lysine 

(Sigma-Aldrich, #P6407, 0.1 mg/ml) the day before transfection. At 70-85% confluency, cells 

were transfected. A standard transfection solution for expression of target proteins carrying a 

click site consisted of the following components: 

Table 8 - Transfection solution for a single well 

Amount  Component 

500 ng DNA coding for target protein 

500 ng DNA coding for tRNA/tRNA-Synthethase 

2 µl  JetPrime Transfection Reagent  

50 µl JetPrime Reaction Buffer 

 

Additionally, cells were fed the unnatural amino acid (uAA) TCO*-K supplemented to the cell 

media. Therefore, the uAA was diluted 1:4 with 1M HEPES (pH 8.0) and added at a final 

concentration of 250 µM to the cells at the edge of the wells. Transfected cells were maintained 

in an incubator with 5% CO2 at 37°C for 24h or 48h depending on transfected constructs and 

subsequently labeled with tetrazine-fluorophore fusions. 

 

Transfection of hippocampal primary neurons 

TARP γ2 and γ8: At DIV 3/4, hippocampal primary neurons were transfected with 100 ng 

Tet3G/tRNAPyl, 100 ng pTRE3G-BI PylRS/TARPs (γ2S44* or γ8S72*), along with 40 ng eGFP 

or XPH20 eGFP using lipofectamine 2000. Then at DIV16-18, 250 µM of unnatural amino acid 

TCO*-K and 100 ng/ml of doxycycline were supplied to the cell medium. 20 hours later, 

neurons were washed 3 times with warm Tyrode’s solution followed by 3 min incubation in 

Tyrode’s solution supplemented with 1% BSA prior to labeling of neurons308. 

GABA-A receptors: Hippocampal primary neurons were transfected at DIV14 with the 

clickable α2S181 GABA-A receptor and tRNAPyl/PylRS in 1:2 ratio along with EGFP. Effectene 

(#301425, Qiagen) was used as transfection reagent following the manufacturer’s instructions. 

TCO*-K (250 µM) was supplemented to the medium at DIV15 and neurons were labeled at 

DIV16. 
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3.9 Fluorescence labeling methods 

Labeling of target proteins expressed on mammalian or neuronal cells was conducted using 

different approaches. All of them underlying the following standard live cell labeling protocols 

for antibody and tetrazine conjugates:  

Live cell labeling protocol on ice 

Antibody Tetrazine 

5 min cell incubation at RT 5 min cell incubation at RT 

10 min cell incubation on ice 10 min cell incubation on ice 

1x washing with cell medium  1x washing with cell medium 

60 min primary antibody incubation on ice  (5 

µg/ml) 

10-60 min H-Tetrazine-dye incubation on 

ice (1.5-6 µM) 

3x washing with PBS 3x washing with PBS 

If unconjugated primary antibody: 60 min 

secondary antibody incubation on ice (5 

µg/ml) and 3x washing with PBS 

 

15 min fixation in 4% FA + 0.25% GA in PBS 

at RT 

15 min fixation in 4% FA + 0.25% GA in 

PBS at RT 

 

Additionally, the tetrazine labeling protocol was modified for signal amplification using 

antibodies: 

Signal amplification using antibodies 

5 min cell incubation at RT 

10 min cell incubation on ice 

1x washing with cell medium 

60 min H-Tet-Digoxigenin incubation on ice (3 µM) 

3x washing with PBS 

60 min anti-Digoxigenin-dye incubation on ice (5 µg/ml) 

15 min fixation in 4% FA + 0.25% GA in PBS at RT 
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3.10 Microscopy setups 

Confocal Laser Scanning Microscopy (CLSM) 

Confocal images were acquired using a commercial LSM700 (Zeiss) equipped with a 63x oil 

immersion objective (1.4 NA) and a 63x water-immersion objective (C-Apochromat, 1.2 NA, 

Zeiss, 441777-9970) which was used for expansion experiments. Excitation lasers and filters 

were adjusted for the respective fluorophores. The setup contained solid-state lasers with 

wavelengths of 488 nm (10 mW), 555 nm (5 mW) and 640 nm (5 mW). Finally, the microscope 

offered a pixel size of 90 nm. 

 

Structured Illumination Microscopy (SIM) 

Super-resolved structured illumination microscopy was conducted using a commercial ELYRA 

S.1 microscope (Zeiss). The microscope was equipped with a 63x oil immersion objective (1.4 

NA) and a 63x water-immersion objective. For excitation two OPSL laser with the wavelengths 

488 nm and 561 nm as well as a diode laser with a wavelength of 641 nm were used. The filter 

sets were adjusted for the respective fluorophores. Structured illumination applying five 

rotational and five phase variations was used for image recording and subsequent reconstruction 

in ZEN 2.3 (Zeiss).  

 

Single molecule localization microscopy using dSTORM 

dSTORM experiments were performed using a customized inverse wide-field setup (Olympus 

IX-71) with an 60x oil-immersion objective (Olympus, 1.45 NA). Two OPSL lasers with 558 

nm or 640 nm wavelength (Genesis MX561-500 STM, Genesis MX639-1000 STM, Coherent) 

were used for excitation of CF568 or Cy5/AF647 applying 4 kW/cm² irradiation intensity. Laser 

clean-up filter (567/15, Semrock and 640/10, Chroma), dichroic mirror (FF 410/504/582/669 

Brightline, Semrock) and bandpass filters (679/41 BrightLine HC or 607/70 Brightline HC, 

Semrock) were required for filtering excitation and emission lights. Two electron multiplying 

CCD cameras (Andor Ixon DU 897) detected emitted signal in 15.000 frames at 15 ms exposure 

time. A final pixel size of 129 nm (Cy5/AF647) and 131 nm (CF568) was yielded by additional 

lenses in the emission path. Efficient photoswitching of dyes was achieved using thiol-based 

switching buffer containing 100 mM MEA (pH 7.4). Image reconstruction was performed with 

rapidSTORM 3.3275. Chromatic abberation was corrected by elastic transformation matrix 

implemented in Fiji plugin BunwarpJ307 using embedded TetraspeckTM beads (Z7279, Thermo 

Fisher) for alignment. 
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3.11 Click-Expansion microscopy (click-ExM) 

Expansion microscopy was carried out on HEK293T cells (seeded on 12 mm coverslips 

(Hartenstein)) expressing clickable membrane proteins. Stained cells (see 2.8) were incubated 

in 0.1 mg/ml AcX (solved in 200 mM NaHCO3) overnight at RT using a humidified chamber. 

To avoid premature gelation of monomer solution all following steps were performed in ice 

water, when not indicated differently. Monomer solution for 4x hydrogels (see 2.1) was mixed 

with TEMED and APS to initiate polymerization. Monomer solution for 10x hydrogels (see 

2.1) were degassed for 45 min with nitrogen to prevent oxygen in the solution. Then KPS was 

added followed by degassing for another 15 min prior to supplementing TEMED. Finally, 70 

µl monomer solution (4x and 10x gels) were pipetted on parafilm and coverslips bearing cells 

were flipped cells-facing-down on the gel droplet. Gels were set in a humidified chamber for 

30 min at RT and additional 90 min at 37°C to ensure entire polymerization. Then, gels were 

digested overnight at RT in digestion buffer containing proteinase K. After that, samples were 

expanded in ddH2O until fully expanded. Isotropic expansion was verified by measuring the 

gel size as well as the equatorial membrane of HEK293T cells pre and post expansion. 

Expanded gels were cut in smaller pieces and transferred to PDL-coated glass slides (Merck, 

734-2055) for CLSM and SIM imaging.  

 

3.12 Conjugation of tetrazines or antibodies 

Tetrazine coupling 

Tetrazine that could not be purchased with Diogixenin as conjugate was self-labeled by reaction 

of 10-fold excess of tetrazine-amine with 100 µg of Digoxigenin-NHS in DMSO supplied with 

DIPEA (0.1%) at room temperature overnight. Afterwards, the conjugated tetrazine was 

purified at a high-performance liquid chromatography (Phenomenex Kinetex Biphenyl Core-

Shell column) using acetonitril supplied with 0.1% formic acid as eluent A and 95% acetonitrile 

supplied with 0.1% formic acid as eluent B.  

 

Antibody coupling 

Antibodies that were not commercially available with respective dyes were self-conjugated via 

dye-NHS coupling to primary amines of the antibody (see Table 4). Therefore, 5-fold molar 

excess of dye-NHS was reacted with at least 25 µg of antibody in 100 mM NaHCO3 buffer 

solved in 1x PBS for 3 hours. Afterwards, unreacted dye molecules were separated from 

antibody-dye conjugates by centrifugation through Zeba Spin Desatling Columns with a 
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molecular weight cutoff of 7 kDa (Thermo Fisher). Antibody concentration and the degree of 

labeling (DOL) were determined at the NanoPhotometer. The conjugated antibodies were 

stored in 0.02% NaN3 in PBS at 4°C or -20°C following supplier recommendation.  

 

3.13 Data analysis 

Confocal images were adjusted in brightness and contrast using FIJI. Cluster analysis of 

dSTORM data was performed with a custom written python script from PD Dr. Sören Doose 

and in close collaboration with him. To identify clusters of localizations a DBSCAN was 

applied with an epsilon of 20 nm and minPoints of 3 points, meaning that a localization need 

to have at least three neighbor localizations within a 20 nm radius to be considered as a data 

point in the observed cluster. This algorithm led to information about localizations per cluster, 

amount of clusters per area, cluster area and localizations per region of interest (ROI). 

Furthermore, Ripley´s H-function was calculated to distinguish between random distributions 

of localization clusters and cluster formation of respective experimental data.  
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 Results and Discussion 
In this work, GCE and subsequent bioorthogonal click labeling were applied to visualize 

excitatory and inhibitory synaptic proteins in mammalian cells as well as in dissociated neurons. 

In the first three sections (4.1, 4.2 and 4.3), the establishment of click mutants for synaptic 

proteins such as KARs (4.1), TARPs (4.2) and GABA-ARs (4.3) and the application in 

mammalian cells and primary neurons will be described. The fourth part of the work (4.4) will 

focus on advancing bioorthogonal click chemistry to decipher the single subunit visualization 

of GABA-A receptors (two α-subunits of GABA-ARs) using methods such as FRET, dSTORM 

and click-ExM. At the end of each section, the results will be discussed.  

4.1 Bioorthogonal click chemistry visualizes ionotropic kainate receptors (KARs) 

4.1.1 Establishment of clickable KAR GluK2 subunits in mammalian cells  

The KAR subunit 2 (GluK2) forms tetrameric homo-receptors in the synapse. Here, serine 

residues at the positions S47, S272, S309 and S343 of the GluK2 cDNA were exchanged to 

amber stop codons (TAG) via site-directed mutagenesis. All the mutation sites were chosen in 

unstructured regions in the extracellular domain (ECD) of the receptor based on the PDB model 

5KUF. Then, mammalian HEK293T cells were transfected with the click constructs and the 

4xtRNAPyl/PylRS plasmid to ensure incorporation of the supplemented unnatural amino acid 

TCO*-K. The TCO*-K tagged GluK2 receptor could then be labeled with tetrazine-dyes 

(Figure 8).  
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Figure 8 - Bioorthogonal labeling of GluK2 homotetramer. GluK2 receptors comprise a 
transmembrane domain (TMD), a ligand binding domain (LBD) and an extracellular domain (ECD). (a) 
Click sites S47TAG, S272TAG, S309TAG and S343TAG were introduced in the ECD of the receptor. 
Magenta click sites could be labeled sufficiently with tetrazine-dyes, while the orange click site 
(S47TAG) showed significantly lower fluorescence at the CLSM. (b) Closeup on amber sites S272TAG 
and S309TAG to illustrate incorporation of the unnatural amino acid TCO*-K and labeling with 
tetrazine-dyes via SPIEDAC reaction. (c) Distances of S309TAG click sites between GluK2 subunits in 
the homo-tetramer. Due to the two dimeric formation, the click sites vary in their distances to each other. 
Measurements in Pymol exhibited the following distances between the four subunits (A, B, C, D): ~1.8 
nm (B-D), ~5.8 nm (A-B), ~5.6 nm (C-D), ~7.4 nm (A-D), ~7.4 nm (B-C) and ~11.9 nm (A-C). PDB-
ID: 5KUF.  

 

Click mutants were imaged at the confocal laser scanning microscope (CLSM) and evaluated 

based on the fluorescence signal obtained from click labeled KARs exposed to the surface of 

HEK293T cells. The mutant S47TAG showed weak surface signal, after labeling with tetrazine 

Cy5 (H-Tet-Cy5) for 60 min on ice (Figure 9, first panel). All other mutants S272TAG, 

S309TAG and S343TAG provided strong signal at the cell membrane (Figure 9, first and 

second panel) with barely unspecific signal in the controls lacking the unnatural amino acid 

(Figure 9, third panel). eGFP expression of GluK2S309-eGFP provided evidence that only a 

small amount of clickable receptors was present in the membrane compared to high amounts of 

receptors in the cytosol. As expected, the GluK2 wildtype (GluK2WT) was predominantly 

present in the membrane (eGFP channel), but could not be targeted by H-Tet-Cy5 (Figure 9, 

fourth panel).  
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Figure 9 – Specificity of bioorthogonal labeling of clickable GluK2 variants and respective 
controls. Amber codons were introduced at positions S47TAG, S272TAG, S309TAG and S343TAG. 
First panel: HEK293T cells expressing clickable GluK2 were labeled with 3 µM H-Tet-Cy5 (red) for 
60 min on ice and imaged at the CLSM. Second panel: HEK293T cells expressing GluK2S309-eGFP and 
4xtRNAPyl/PylRS supplied with TCO*-K were live labeled with H-Tet-Cy5 (red). eGFP fusion protein 
(cyan) showed high amounts of GluK2 receptors located in the cytosol compared to lower signal in the 
membrane. Third panel: HEK293T cells lacking the unnatural amino acid TCO*-K exhibited unspecific 
binding to the cell membrane and only diffuse eGFP expression. Fourth panel: GluK2WT-eGFP 
constructs exhibited only unspecific labeling when incubated with H-Tet-Cy5 in the presence of TCO*-
K, but showed eGFP expression of GluK2 receptors in the membrane. Scale bar 10 µm. 

 

4.1.2 Comparison of bioorthogonal labeling with antibody labeling 

After establishement of suitable click variants, the click labeling approach was compared with 

conventional antibody labeling of GluK2 in close collaboration with Dr. Gerti Beliu. Most of 

the commercially available antibodies target GluK2 at C-terminal regions. Due to this, live 
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labeling of HEK293T cells with H-Tet-Cy5 and primary rabbit-anti-GluK2 antibody (Thermo 

Fisher, #PA5-32427) followed by secondary goat-anti-rabbit AF488 allowed only sufficient 

binding of H-Tet-Cy5 to GluK2S272 at the cell membrane after fixation with formaldehyde 

(Figure 10, first panel). To obtain C-terminal antibody-labeling of GluK2, HEK293T cells were 

first live labeled with H-Tet-Cy5 and then permeabilized with 0.25% Triton prior to primary 

and secondary antibody labeling of GluK2 (Figure 10, second panel). Besides unspecific 

binding of the antibody in the cytosol, C-terminal GluK2 was successfully recognized by the 

antibody in the plasma membrane (cyan).  

 

Figure 10 - Comparison of bioorthogonal labeling (red) and antibody labeling (cyan) of GluK2S272. 
First panel: Live labeling of extracellular GluK2S272 with 1.5 µM H-Tet-Cy5 (left) and 5 µg/ml anti-
GluK2 primary (Thermo Fisher (#PA5-32427)) and 5 µg/ml goat anti-rabbit AF488 secondary antibody 
(middle) shows only tetrazine staining in the merged image (right). Second panel: Live labeling with H-
Tet-Cy5 prior to permeabilization and anti-GluK2 antibody staining reveals binding of the antibody to 
C-terminal GluK2 (middle). Additionally, anti-GluK2 antibody binds unspecifically to cytosolic 
compartments. Scalebar 10 µm. Adapted with permission259.  

 

The established click variants S272TAG, S309TAG and S343TAG were then used for single 

molecule localization microscopy to investigate the distribution of GluK2 at the basal 

membrane of HEK293T cells. To achieve this, GluK2S309 receptors were live labeled with 

H-Tet-Cy5 and fixed with formaldehyde and glutaraldehyde for subsequent dSTORM imaging 
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(Figure 11). In the absence of TCO*-K, only unspecific binding of H-Tet-Cy5 to the glass 

surface and basal membrane was detected (Figure 11, right). Successful incorporation of 

TCO*-K into GluK2-S309TAG allowed localization of the clickable receptor at the basal 

membrane with sufficient signal compared to the background (signal to noise) (Figure 11, left).  

 

Figure 11 - dSTORM imaging of click labeled GluK2S309 at the basal membrane of HEK293T cells. 
Left: H-Tet-Cy5 labeled GluK2S309 receptors were visualized in the plasma membrane after 
incorporation of TCO*-K. Insets (i-iii) show distribution of individual GluK2 receptors along the 
membrane. Right: In the absence of TCO*-K, unspecific signal of H-Tet-Cy5 was localized at the glass 
surface and basal cell membrane. Imaging was performed in photoswitching buffer containing 100 mM 
MEA (pH 7.4). Final image reconstruction was conducted with RapidSTORM 3.3. Scalebars 2 µm; 
insets 500 nm. 

 

4.1.3 Discussion on bioorthogonal labeling of clickable KARs 

GCE allowed succsessful introduction of the unnatural amino acid TCO*-K into the KAR 

GluK2 subunit. Importantly, the click sites for amber suppression were introduced at 

unstructured regions in the extracellular domain for two reasons: First, at unstructured parts of 

the protein, the risk of impeding the structural and functional properties of the protein by the 

unnatural amino acid are reduced. Secondly, targeting the extracellular domain of the protein 

enables extracellular staining with cell-impermeable tetrazine dyes such as H-Tet-Cy5 and 

therefore prevents unwanted binding of tetrazine-dyes to unbound TCO*-K in the cytosol of 

the cells. The four clickable-GluK2 constructs were evaluated for labeling specificity with 

tetrazine-dyes for confocal (Figure 9) as well as super-resolution imaging (Figure 11). 

Interestingly, the click site closest to the N-terminal region (S47TAG) exhibited the lowest 

fluorescence signal, when expressed in HEK293T cells and labeled with H-Tet-Cy5 (Figure 9). 
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This might indicate that incorporation of unnatural amino acids close to the N-terminal 

signaling peptide of GluK2 is not very efficient and leads to truncated proteins that will not be 

transported to the cell surface. The amount of truncated intracellular protein as well as surface 

exposed GluK2 protein could be determined in the future by Western Blot analysis and hence 

indicate the efficiency of uAA incorporation. When comparing click labeling with conventional 

antibody labeling, the click approach offers several benefits regarding the target GluK2. Since 

the antibody recognizes an intracellular epitope of GluK2, living cells cannot be investigated. 

After permeabilization, the antibody causes severe background in the cytosol besides binding 

the C-terminal region of GluK2 (Figure 10). In contrast, bioorthogonal labeling enables live 

cell staining of GluK2 and additionally reduces the linkage-error between fluorophore and 

receptor down to 1 nm. Furthermore, dSTORM imaging allowed precise localization of 

clickable GluK2S309 receptors on HEK293T basal membranes. The small H-Tet-Cy5 label 

creates decent amounts of background signal through sticking to the glass surface (Figure 11). 

However, GluK2S309 molecules exhibited strong signal on basal membranes with a homogenous 

distribution of the GluK2 receptors and no artificial clustering. 

 

 

 

4.2 Bioorthogonal click chemistry visualizes TARPs 

In a collaborative effort with Dr. Gerti Beliu and with the group of Prof. Daniel Choquet 

including Diogo Neto, GCE and bioorthogonal labeling were applied on transmembrane-

AMPAR-regulatory proteins (TARPs). Cluster analysis was performed with a custom written 

script from Dr. Sören Doose. In this chapter, γ2 and γ8, two TARP proteins that form complexes 

with AMPA receptors (GluA), were investigated.  

4.2.1 Immunohistochemistry of γ2 and γ8 TARPs in mammalian and neuronal cells 

Conventional immunolabeling using anti-γ2 Ex2 and anti-γ8 Ex1 antibodies (red) showed 

insufficient labeling of extracellular TARP pools of γ2 (Figure 12, first panel) and γ8 (Figure 

12, second panel) in untransfected hippocampal neurons. Nonetheless, extracellular GluA 

receptors could be labeled efficiently with anti-GluA1/2/3/4 antibody (cyan) and 

permeabilization of cells with subsequent labeling of the C-terminus of γ8 with anti-γ8 C-tail 

antibody revealed presence of intracellular γ8 TARPs (Figure 12, third panel).  
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Figure 12 – Antibody labeling of native level of AMPARs (cyan) and TARPs (red) in hippocampal 
primary neurons imaged on a widefield setup. Native extracellular γ2 and γ8 TARPs cannot be 
visualized with anti-γ2 AF647 (first panel) or anti-γ8 AF647 antibodies (second panel), while 
extracellular AMPARs were successfully labeled with anti-GluA1/2/3/4 AF568 antibody. Anti-γ8 C-tail 
AF647 antibody, targeting the intracellular epitope of γ8 TARPs, allows labeling of intracellular pool 
of γ8 TARPs in untransfected fixed and permeabilized hippocampal neurons (third panel). Scalebar 50 
µm. Adapted with permission from308. 

 

To verify the functionality of the antibodies binding the extracellular epitope of γ2 (anti-γ2 Ex2) 

and γ8 (anti-γ8 Ex1), the antibodies were tested in mammalian Cos7 cells overexpressing 

γ2mEos2 and γ8mEos2. Surface exposed TARPs could be visualized in co-localisation with the 

mEos2 fusion protein at the basal membrane of Cos7 cells (Figure 13, first and second panel). 

Additionally, overexpression of γ2-mCherry in hippocampal primary neurons allowed the 

detection of the mCherry signal and extracellular labeling of γ2 with anti-γ2 Ex2 antibody 
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(Figure 13, third panel). However, forcing GluA2 AMPARs to interact with γ2 TARPs by using 

the eGFP-GluA2-γ2 fusion construct, did not result in successful antibody labeling with anti-

γ2 Ex2 (Figure 13, fourth panel).  

 

Figure 13 – Specificity of immunohistochemistry of extracellular TARPs overexpressed in 
mammalian cells and hippocampal primary neurons. Cos7 cells expressing γ2mEos2 (first panel) or 
γ8mEos2 (second panel) were labeled with anti-γ2 AF647 antibody or anti-γ8 AF647 antibody (red). 
mEos2 fusion protein (cyan) confirmed expression of respective TARPs. Widefield imaging revealed 
efficient membrane staining of TARPs in Cos7 cells. Neurons overexpressing γ2-mCherry (third panel) 
or eGFP-GluA2-γ2 (fourth panel) were labeled with anti-γ2 AF647 antibody. Antibody labeling was 
successful for the γ2-mCherry construct, while eGFP-GluA2-γ2 exhibited no anti-γ2 labeling. eGFP and 
mCherry (cyan) verified expression of respective constructs. Scalebar 50 µm. Adapted with permission 
from308. 
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4.2.2 Establishment of clickable γ2 and γ8 TARPs in mammalian cells 

Since antibodies showed no success in targeting extracellular TARPs, GCE and bioorthogonal 

labeling utilizing click chemistry were applied on γ2 and γ8 TARPs. To achieve site specific 

labeling of a single unnatural amino acid, amber stop codons were introduced into the 

extracellular loops of γ2 and γ8 (Figure 14, right).  

 

Figure 14 - GCE and bioorthogonal labeling of clickable TARP γ2 and γ8. Either γ2S44TAG (first 
panel) or γ8S72TAG TARPs (third panel) expressed on HEK293T cells were live labeled with Pyr-Tet-
ATTO643 (red) and live imaged at the CLSM. eGFP fusion protein (cyan) revealed cells with successful 
incorporation of unnatural amino acid TCO*-K. Control experiments with no TCO*-K supplied to the 
cell media showed neither tetrazine nor eGFP fluorescence signal of γ2S44TAG (second panel) or γ8S72TAG 
(fourth panel). Scalebar 10 µm. Click sites for γ2 TARPs were introduced at the positions S44TAG, 
S51TAG and S61TAG based on SWISS model with the PDB template 5WEO (upper model). Protein 
structure of γ8 TARPs was SWISS modelled with the PDB template 5KBT (lower model) and amber 
stop codons were introduced at the positions S72TAG, S84TAG and K102TAG. Adapted with 
permission from308. 
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The protein structure of γ2 TARP was SWISS modelled on a template structure (PDB: 5WEO) 

and then the click positions S44TAG, S51TAG and S61TAG were incorporated by site directed 

mutagenesis (Figure 14, upper model). All mutants were expressed in mammalian HEK293T 

cells coexpressed with 4xtRNA/PylRS and supplied with TCO*-K for successful introduction 

of unnatural amino acids at amber stop sites. The three click sites were all accessible for 

tetrazine-dye labeling and imaging at the CLSM showing similar overall fluorescence 

intensities (Figure 15). γ2WT TARPs were also tested for specificity of tetrazine labeling and 

showed nearly no unspecific binding to the cell surface (Figure 15, fourth panel).  

 

Figure 15 - GCE and bioorthogonal labeling of clickable γ2-eGFP TARPs. HEK293T cells were 
transfected with eGFP variants of γ2S44TAG (first panel), γ2S51TAG (second panel), γ2S61TAG (third panel) 
and γ2WT (fourth panel) together with 4xtRNAPyl/PylRS in the presence of TCO*-K. TARPs were 
labeled with 1.5 µM H-Tet-Cy5 (red) and all mutants exhibited similar fluorescence signal in the 
equatorial membrane of HEK293T cells. The expressed eGFP fusion protein is displayed in cyan. γ2WT 
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TARPs showed no tetrazine signal even when cells were supplied with TCO*-K, but expression of γ2WT 
could be confirmed by eGFP fluorescence. Scalebar 10 µm. Adapted with permission from308. 

 

γ2S44TAG TARPs on HEK293T cells were live labeled with Pyr-Tet-ATTO643 (red) and 

recorded under living conditions at the CLSM. The cells showed efficient signal in the cell 

membrane besides the expression of the eGFP fusion protein (cyan) (Figure 14, first panel). 

Control experiments with no supplied TCO*-K exhibited neither Pyr-Tet-ATTO643 nor eGFP 

surface signal (Figure 14, second panel). Similar to generation of clickable γ2 TARPs, the 

protein structure of γ8 TARP was also calculated using SWISS model based on the PDB model 

5KBT (Figure 14, lower model) and click sites were identified at the extracellular positions 

S72TAG, S84TAG and K102TAG. All click sites could be labeled with H-Tet-Cy5, when 

expressed on HEK293T cell surfaces. Cells transfected with γ8K102TAG showed lower 

fluorescence compared to the other click variants (Figure 16). Additionally, γ8S72TAG TARPs 

were live labeled with Pyr-Tet-ATTO643 and live imaged at the CLSM. When supplied with 

TCO*-K, HEK293T cells exhibited sufficient membrane labeling of y8S72TAG in the eGFP 

(cyan) and tetrazine channel (red) (Figure 14, third panel). Omitting TCO*-K led to no surface 

signal (Figure 14, fourth panel). 
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Figure 16 - GCE and bioorthogonal labeling of clickable γ8-eGFP TARPs. HEK293T cells were 
transfected with eGFP variants of γ2S72TAG (first panel), γ2S84TAG (second panel) and γ2K102AG (third 
panel), together with 4xtRNAPyl/PylRS in the presence of TCO*-K. TARPs were labeled with 1.5 µM 
H-Tet-Cy5 (red) and the expressed eGFP fusion protein is displayed in cyan. γ2S72TAG and γ2S84TAG 
revealed efficient expression of clickable TARPs at HEK293T cell surfaces, while γ2K102AG exhibited 
significantly lower fluorescent signal. In comparison to clickable γ2 TARPs, the amount of cytosolic 
eGFP of clickable γ8 TARPs was higher. Scalebar 10 µm. Adapted with permission from308. 

 

4.2.3 GCE and bioorthogonal labeling of clickable TARPs in neurons 

Next, the established click mutants, in particular γ2S44TAG and γ8S72TAG, were taken for 

transfection of hippocampal primary neurons. The neurons were transfected at DIV 3-4 with 

clickable TARPs and respective 4xtRNAPyl/PylRS using a doxycycline inducible system. The 

expression of clickable TARPs was then initiated at DIV 16-17 by application of doxycycline 

and supplied TCO*-K was subsequently incorporated at the respective amber click sites. 24h 

later, primary neurons were labeled with Pyr-Tet-AF647 and imaged at a spinning disc confocal 

microscope (Figure 17). eGFP signal (cyan) confirmed positively transfected neurons and 
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Pyr-Tet-ATTO643 showed efficient labeling of extracellular γ2S44TAG, as well as γ8S72TAG 

TARPs. Click labeling of γ2 TARPs resulted in concentration of tetrazine signal to dendritic 

spines compared to the rest of dendritic segments (Figure 17, first panel). By contrast, clickable 

γ8 TARPs revealed an overall homogenous distribution in the dendrite and spines (Figure 17, 

second panel).  

 

Figure 17 – GCE and bioorthogonal labeling of clickable TARPs in hippocampal primary neurons 
imaged at a spinning disk confocal setup. Dissociated neurons expressing γ2S44TAG (first panel) or 
γ8S72TAG (second panel) along with eGFP (cyan) were live labeled with Pyr-Tet-ATTO643 (0.5 µM; red) 
and imaged under living conditions. Magnified areas show primary location of γ2S44TAG at dendritic 
spines (i), while γ8S72TAG was distributed equally in dendrite and spines (ii). Scalebar 20 µm (overview) 
and 4 µm (i, ii). Adapted with permission from308. 
 

4.2.4 dSTORM imaging and cluster analysis of clickable TARPs in neurons 

To investigate the distribution of TARPs in primary neuron cultures in higher detail, dSTORM 

experiments were performed on clickable γ2 and γ8 TARPs. Hippocampal primary neurons 

expressing γ2S44TAG or γ8S72TAG and the PSD95 marker XPH20-eGFP were labeled with 

Pyr-Tet-AF647 and 2D imaging was performed at a dSTORM setup (Figure 18). Again, 

γ2S44TAG TARPs (5 neurons, 3 independent experiments), showed accumulated localizations in 

the spinal areas (Figure 18, i-iii), while γ8S72TAG (5 neurons, 4 independent experiments) 

revealed a similar distribution of TARPs in the dendrites and spines (Figure 18, iv-vi). Pyr-Tet-

AF647 signal colocalized with the eGFP fluorescence obtained from XPH20 and allowed 

identification of positively transfected neurons.  
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Figure 18 – dSTORM imaging of clickable TARPs in hippocampal primary neurons. Dissociated 
neurons expressing either γ2S44TAG (left) or γ8S72TAG (right) along with 4xtRNAPyl/PylRS and 
XPH20-eGFP were labeled with 0.5 µM Pyr-Tet-AF647 prior to dSTORM acquisitions. Insets show 
distribution of γ2S44TAG TARPs (i-iii) and γ8S72TAG TARPs (iv-vi) at spinal areas compared to the dendrite. 
γ2 TARPs showed higher localization density at dendritic spines compared to the respective dendrite, 
while γ8 TARPs were distributed with similar molecule densities all over the neuron. Scalebar: 
Overview 2 µm; Insets 1 µm. Adapted with permission from308.  

 

Next, the dSTORM localization data were subjected to quantitative cluster analysis of clickable 

γ2S44TAG (here described as γ2S44*) (red) and γ8S72TAG (here described as γ8S72*) (blue) TARPs 

at extrasynaptic (light) and synaptic (dark) regions of interest (ROIs) (Figure 19). First, 

extrasynaptic and synaptic ROIs were selected with a similar size to ensure comparable cluster 

analysis of clickable γ2 and γ8 TARPs (Figure 19, d). Localizations per nm² (localization 

density) were determined and exhibited slightly lower localization densities for γ2S44* ((0.10 ± 

0.01)*10E-3 nm-2, n = 50, light red) at extrasynaptic sites compared to γ8S72* ((0.29 ± 

0.03)*10E-3 nm-2, n = 52, light blue) (Figure 19, a). Additionally, the localization densities of 

γ2S44* at synaptic areas ((0.93 ± 0.06)*10E-3 nm-2, n = 104, dark red) were higher in comparison 

to synaptic γ8S72* ((0.60 ± 0.03)*10E-3 nm-2, n = 102, dark blue). This resulted in an overall 

localization density ratio between synaptic and extrasynaptic ROIs of 9.0 ± 1.4 for γ2S44* 

TARPs and of 2.1 ± 0.3 for γ8S72* TARP molecules (Figure 19, a, inset). The higher spine 

enrichment of γ2S44* compared to γ8S72* led to further investigations on localization clusters 
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present in synaptic and extrasynaptic areas (Figure 19, b, c). DBSCAN analysis using parameter 

epsilon of 20 nm and minPoints of 3 allowed identification of localization clusters with the 

following cluster properties: localization per cluster (Figure 19, b) and cluster size (Figure 19, 

c). Extrasynaptic γ2S44* and γ8S72* as well as synaptic γ8S72* TARPs exhibited similar 

localizations per cluster, when displayed as a probability density function (Figure 19, b). Only 

γ2S44* in synaptic areas (dark red) showed clusters with significantly more localizations per 

cluster. Interestingly, this can also be observed in the cluster areas per cluster: γ2S44* alone 

shows clusters with a cluster area > 0.02 µm² corresponding to cluster sizes with a diameter > 

80 nm (Figure 19, c). The amount of clusters per µm² (cluster density) revealed higher cluster 

densities for γ8S72* at extrasynaptic (20 ± 2 μm-2) and synaptic ROIs (38 ± 1 μm-2) compared to 

γ2S44* TARPs (extrasynaptic: 8 ± 0.8 μm-2, synaptic: 26 ± 1 μm-2), when observing clusters with 

less than 100 localizations per cluster (Figure 19, b, left inset). Cluster densities with > 100 

localizations per cluster could be detected for synaptic γ2S44* (1.93 ± 0.19  μm-2), while synaptic 

γ8S72* (0.21 ± 0.06 μm-2) and extrasynaptic γ2S44* (0.01 ± 0.01 μm-2) as well as γ8S72* (0.03 ± 

0.01 μm-2) showed nearly no clusters (Figure 19, b, right inset).  
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Figure 19 – DBSCAN cluster analysis of clickable TARPs based on dSTORM localizations. (a) 
Detected localizations per area (localization density (nm²)) for extrasynaptic and synaptic γ2S44* and 
γ8S72*. Localization densities were higher in synaptic areas compared to extrasynaptic ROIs for both 
TARPs. γ2S44* TARPs revealed higher amounts of localizations in the synapse and lower localization 
densities at the extrasynapse compared to γ8S72*, leading to a higher synaptic to extrasynaptic ratio of 
localization densities for γ2S44* (inset). (b) DBSCAN analysis revealed more localizations per identified 
localization cluster only for synaptic γ2S44* TARPs, displayed as probability density function (PDF). 
Cluster densities were slightly higher for γ8S72* compared to γ2S44* in synaptic and extrasynaptic areas 
when analyzing smaller clusters (0-100 localizations per cluster) (inset left). Clusters that exhibited >100 
localizations per cluster could only be detected in synaptic γ2S44* TARPs (inset right). (c) PDF of cluster 
areas (µm²) of extrasynaptic and synaptic clickable TARPs. Only synaptic γ2S44* showed clusters with 
larger cluster areas compared to all other TARP localizaton clusters. (d) For comparability, similar sizes 
of regions of interest (ROI areas) were selected for DBSCAN analysis of extrasynaptic γ2S44TAG and 
γ8S72TAG as well as synaptic γ2S44TAG and γ8S72TAG. Adapted with permission from308. 
 

Additionally, cluster formation of clickable TARPs was analyzed using a Ripley H’s function 

(Figure 20). Experimental data was compared to randomized CSR simulations as well as the 

Neyman-Scott calculation, which considers the multiple blinking of single fluorophors in the 

cluster analysis. Clickable extrasynaptic TARPs γ2S44* and γ8S72* and also synaptic γ8S72* 

a b 

c d 
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exhibited similar distributions as the Neyman-Scott simulations and therefore revealed no 

clustered molecules in the ROIs. Only γ2S44* TARP molecules at synapses showed clusters with 

bigger cluster sizes compared to all other approaches.  

 

 

Figure 20 - Ripley‘s H-function of clickable γ2 and γ8 TARPs localized in synaptic and 
extrasynaptic regions of interest. Localization clusters of γ8 S72* (blue) exhibit similar cluster sizes 
in synaptic (dark) and extrasynaptic (light) areas compared to extrasynaptic γ2 S44* TARPs (light red). 
These TARPs show random distributions with a cluster size of ~20 nm. Only synaptic γ2 S44* TARPs 
(dark red) reveal non-random cluster distributions with a maximum at ~100 nm cluster size compared 
to all other approaches. Experimental data was verified by clustered Neyman-Scott process (lower grey 
lines) and complete spatial randomness (CSR) simulations from 100 replicates. Adapted with 
permission308. 
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4.2.5 Discussion on clickable γ2 and γ8 TARPs  

Initial experiments focused on establishing efficient labeling of extracellular γ2 and γ8 TARPs 

(Figure 12 and 13). In hippocampal primary neurons, anti-γ2 and anti-γ8 antibodies were not 

able to specifically bind γ2 and γ8 TARPs.  This suggests non-functional antibodies or masked 

epitopes of γ2 and γ8. Follow-up experiments testing the functionality of the same antibodies 

on Cos7 cells overexpressing γ2 and γ8 proved efficient binding of the antibodies. However, 

even in overexpressed conditions, anti-γ2 antibody could not recognize the γ2 epitope when γ2 

was expressed as fusion protein with GluA2 in primary neurons. This strengthens the hypothesis 

that the γ2-GluA2 complex masks the γ2 binding epitope. The fact that overexpressed γ2-

mCherry could be labeled with anti-γ2 antibody might originate from γ2 TARPs outnumbering 

native AMPAR numbers. Thus, overexpressed γ2 TARPs that are not complexed with 

AMPARs could be targeted by anti-γ2 antibodies. Overall, the antibody experiments showed 

that TARP epitopes in the extracellular loops are masked in TARP-AMPAR complexes. This 

observation is in agreement with the cryo-EM studies revealing the structural organization of 

γ2 and γ8 TARPs complexed with AMPA receptors116,118,309. Moreover, the fact that 

endogenous level of TARPs can not be labeled at extracellular loops with antibodies indicates 

that all TARPs may be bound in complex with AMPA receptors in neurons. γ2 TARPs, for 

instance, interact solely with GluA receptors and thereby strengthen this hypothesis310. To 

circumvent the labeling issues, small tags such as HA (9 amino acids) or an acceptor peptide 

(bAP, 15 amino acids) that allows subsequent biotinylation were utilized to target 

overexpressed TARPs in dissociated neurons at extracellular loops. While these approaches 

enabled visualization of γ2 with monovalent streptavidin (mSA)52 and tracking of γ2 with anti-

HA antibodies311,312, it is likely that these labels targeted overexpressed γ2 showing no 

interaction with AMPA receptors. These labeling methods require overexpression of γ2 and 

additionally target a considerably large epitope (9 or 15 amino acids) with an even bulkier mSA 

(~4 nm) or antibodies (~10 nm). To circumvent this issue, an advanced labeling technique was 

established, exploiting GCE and unnatural amino acids in combination with bioorthogonal 

labeling with tetrazine dyes. This method allowed site-specific labeling of a single amino acid 

in TARP molecules with an overall linkage error of ~1 nm. Three click sites of γ2 and γ8 were 

characterized showing good signal to noise in mammalian HEK293T and hippocampal primary 

neurons (Figure 14 and 15). Since transfection of neurons is a challenging task and in many 

cases leads to cellular stress in primary neurons, the click approach applying transfection of two 

plasmids was a non-trivial experiment. Especially the expression of TARPs for a longer time 

period resulted in toxicity and neuronal death. To circumvent this issue, the orthogonal tRNAPyl 
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was transferred into a doxycyclin inducible vector. Primary neurons were transfected early 

(DIV3-4), as neurons show lower stress levels upon transfection at that time point. Furthermore, 

the expression of tRNAPyl was induced at the stage of mature neurons (DIV16-18) to 

successfully express clickable TARPs. Interestingly, γ8 TARPs showed a homogenous 

distribution along the whole neuron, while γ2 TARPs were predomintantly localized to synaptic 

areas. dSTORM imaging and cluster analysis confirmed  this accumulation of γ2 at synapses 

on a molecular basis (Figure 18 and 19). This phenomenon was already demonstrated by the 

total amount of localizations per area (localization density) as well. The amount of localizations 

in synapses was higher for γ2 compared to γ8 and vice versa in extrasynaptic regions (lower 

amounts for γ2 compared to γ8). As hypothesized, γ2 clusters in synapses exhibited more 

localizations per cluster and larger cluster areas compared to other labeling techniques. These 

results underline previous electron microscopy studies that prove predominant localization of 

γ2 TARPs at synapses, while γ8 TARPs showed synaptic and extrasynaptic distribution in 

hippocampal neurons313,314. In the same context, functional findings revealed that γ2 enhances 

synaptic targeting of AMPARs112,315, while γ8 regulates extrasynaptic pools of AMPARs and 

their transport to synapses78,313. 

 

 

 

4.3 Visualization of clickable ionotropic GABA-A receptors and Neuroligin 2 

4.3.1 Establishment of clickable α1 and α2 GABA-A receptors in mammalian cells 

In addition to the work conducted on KARs and TARPs, GABA receptor type A and in 

particular the subunits α1 and α2 were identified as potential targets for GCE and bioorthogonal 

labeling. The respective wildtype plasmids were purchased from Addgene (#49168, #49169). 

In these constructs, the sequence of the fusion protein super-ecliptic phluorin (SEP) is attached 

in front of the GABA-AR α-subunit cDNA. The SEP fusion protein impeded the GABA-AR 

expression (data not shown) and hence was removed by introducing a XhoI restriction site with 

subsequent cutting via XhoI restriction enzymes. All experiments shown in the figures were 

conducted using GABA-AR plasmids without the SEP sequence. Six click sites (K73TAG, 

S171TAG, A171TAG, S181 TAG, S201TAG and K274TAG) were introduced into the 

extracellular part of the α1-GABA-AR receptor after identifying unstructured regions in the 

cryo-EM structure of the α1β3γ2 GABA-A receptor (Figure 21, a). Since the crystal structure 

of the α2 subunit has not been resolved yet, the protein structure was modeled via SWISS 
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modeling316 and identical amino acids as in the α1 subunit were replaced in α2 by amber stop 

codons (Figure 21, b).  

 

Figure 21 – Click sites at α-subunits of GABA-A receptors. (a) Click positions were identified for 
α1-subunits (blue) in unstructured regions at the extracellular part of the α1β3γ2 GABA-A receptor 
(PDB: 6HUG). (b) Based on the template, the α2 GABA-A receptor was modeled using SWISS 
modeling316 and identical click sites as for α1 were introduced. At the positions S171TAG, S181TAG 
and S201TAG (magenta) the unnatural amino acid was successfully incorporated, while K73TAG, 
S173TAG and K274TAG (orange) showed significantly lower fluorescence, when labeled with tetrazine 
dyes.  

 

The various click mutants were tested for successful incorporation of the unnatural amino acid 

TCO*-K. To achieve this HEK293T cells were transfected with the respective α2-click subunits 

co-transfected with β1 and γ2 subunit (ratio 2:2:1) and the tRNAPyl/PylRS plasmid in the 

presence of TCO*-K. Three click mutants (S171TAG, S181TAG and S201TAG) showed 

sufficient membrane signal at the CLSM after live labeling with H-Tet-Cy5. The α2S181 showed 

the strongest fluorescence signal and hence was chosen as the appropriate candidate for further 

evaluation of clickable GABA-ARs (Figure 22, first panel). The click variant α2S171 showed 

only weak membrane staining after labeling with H-Tet-Cy5 and the mutants K73TAG, 
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S173TAG and K274TAG exhibited even lower fluorescence signal (not shown). Additionally, 

the influence of the co-expressed γ2-subunit on expression of GABA-ARs containing clickable 

α2-subunits was investigated. CLSM experiments on HEK293T cells expressing different 

amounts of γ2 subunit (250/500/1000 ng) together with 500 ng α2S181 and 500 ng β1 revealed 

that lower amounts of γ2 (250 ng) resulted in significantly stronger fluorescent H-Tet-Cy5 

signal of α2S181 compared to high concentrations of γ2 (500 ng and 1000 ng). Highest 

fluorescence was achieved using 250 ng of γ2, which was taken as concentration for all further 

experiments (Figure 22, second panel). 

 

Figure 22 - CLSM imaging of clickable α2 GABA-A receptors at HEK293T surface membrane in 
dependency of γ2 subunit concentration. First panel: Amber stop codons were introduced at positions 
S171, S181 and S201. HEK293T cells were co-transfected with α2, β1, γ2 (ratio 2:2:1) and the 
tRNAPyl/PylRS plasmid. Live labeling of cells with 1.5 µM H-Tet-Cy5 was performed for 30 min on ice 
prior to fixation. α2S181 GABA-ARs showed stronger fluorescence signal in the equatorial membrane 
compared to α2S201 and α2S171. Second panel: HEK293T cells were transfected with 500 ng α2S181, 500 ng 
β1 and 500 ng tRNAPyl/PylRS and respective 250/500/1000 ng γ2 cDNA and live labeled with H-Tet-
Cy5 two days after transfection. Low concentration of γ2 (250 ng) resulted in stronger H-Tet-Cy5 signal 
of α2S181 GABA-ARs compared to high γ2 concentrations (500/1000 ng). Scalebar 10 µm. 

 

The established α2S181 GABA-AR variant was then taken for comparison to anti-HA antibody 

labeling and control experiments to determine unspecific binding of H-Tet-Cy5. HEK293T 

cells expressing α2S181 GABA-ARs showed sufficient membrane staining of H-Tet-Cy5 and 

anti-HA AF488 in the presence of TCO*-K (Figure 23, first panel). Unspecific tetrazine binding 
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to α2WT GABA-ARs could be neglected (Figure 23, third panel). In the absence of TCO*-K, 

α2S181 GABA-AR could not be visualized by H-Tet-Cy5 or anti-HA AF488 (Figure 23, second 

panel). Targeting an endogenous α2 epitope with anti-α2 antibody (Synaptic Systems; 224 103) 

followed by secondary antibody goat anti-rabbit AF647 showed insufficient binding of α2S181 

GABA-ARs, while tetrazine labeling with H-Tet-Cy3 exhibited homogenous fluorescence 

signal in HEK293T membranes (Figure 23, fourth panel). 

 

Figure 23 - Specificity of click labeling of α2S181TAG GABA-ARs in comparison with antibody 
labeling. HEK293T cells expressing α2S181TAG GABA-ARs (first and second panel) or α2WT GABA-
ARs (third panel) were live labeled with H-Tet-Cy5 (red) or anti-HA AF488 antibody (cyan) prior to 
imaging at the CLSM. First panel: Supplied with TCO*-K, clickable GABA-ARs can be visualized in 
the equatorial membrane by H-Tet-Cy5 as well as anti-HA AF488 antibody. Second panel: Cells lacking 
the unnatural amino acid TCO*-K showed neither tetrazine nor antibody labeling in the membrane. 
Third panel: α2WT GABA-ARs could be labeled with anti-HA AF488 antibody with barely unspecific 
binding of H-Tet-Cy5. Scalebar 10 µm. Fourth panel: HEK293T cells expressing clickable α2S181 
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GABA-ARs were labeled with 1.5 µM H-Tet-Cy3 (cyan) and 5 µg/ml rabbit anti-α2 antibody (Synaptic 
Systems; 224 103) for 30 min followed by 5 µg/ml goat anti-rabbit AF647 (red) for another 30 min. 
Antibody labeling showed spotty signal and insufficient binding to the equatorial membrane, while 
tetrazine binding visualized a homogenous equatorial membrane corresponding to clicked α2S181 GABA-
A receptors. For the fourth panel, the α2-subunit gifted by Andrea Barberis was used. Scalebar 5 µm. 
Adapted with permission from Kuhlemann et al. (under review). 

 

Equivalent experiments were applied for α1S181 GABA-AR labeled with H-Tet-Cy5 and anti-

HA AF555. The overall signal of α1S181 was lower compared to α2S181. Nevertheless, the 

controls showed identical results and α1S181 GABA-AR could be displayed with both, tetrazine 

and antibody labeling (data not shown).  

Next, tetrazine and antibody labeling were compared on a molecular level using single molecule 

localization microscopy dSTORM. α2S181 GABA-A receptors on basal HEK293T cells were 

labeled with H-Tet-Cy5 and anti-HA CF568 for 60 min on ice and fixed with 4% formaldehyde 

and 0.25% glutaraldehyde. Both labeling methods revealed an efficient labeling of α2S181 

GABA-A receptors in a homogenous distribution at the cell membrane (Figure 24, left). To 

quantify the amount of receptors present on the basal membrane, DBSCAN analysis was 

performed on the localization data and showed higher amounts of localization clusters for 

H-Tet-Cy5 labeled α2S181 GABA-A receptors (29.2 ± 2.1 cluster/µm²) compared to anti-HA 

CF568 labeled receptors (21.7 ± 2.8 cluster/µm²) (Figure 24, right).  
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Figure 24 - dSTORM imaging and analysis of α2S181 GABA-A receptors. Left: Basal membranes of 
HEK293T cells expressing clickable α2S181 GABA-A receptors labeled with H-Tet-Cy5 (top) and anti-
HA CF568 (bottom). Receptors show homogenous distribution on the basal membrane. Scalebar 2 µm. 
Right: DBSCAN analysis of localization data with parameters set: epsilon = 20 nm and minPoints = 3 
and respective data showing cluster/µm². Higher amounts of cluster/µm² for H-Tet-Cy5 compared to 
HA-CF568 were confirmed in 17 independent experiments. Adapted with permission from Kuhlemann 
et al. (under review). 

 

4.3.2 Functional analysis of clickable α2S181TAG GABA-A receptors 

The studies above demonstrate the application of GCE and bioorthogonal labeling of GABA-A 

receptors in CLSM and dSTORM imaging. However, the overall functionality of the modified 

receptor carrying an unnatural amino acid remained to be confirmed. To test the physiological 

behavior of modified receptors, the electrophysiological properties as well as the diffusion 

behavior of the clickable receptor (α2S181 GABA-AR) were compared to the wildtype receptor 

(α2WT GABA-AR). In close collaboration with Dieter Janzen (Institute of Clinical 

Neurobiology, Wuerzburg), patch-clamp recordings were performed on HEK293T cells 

expressing pentameric α2β1γ2 GABA-A receptors comprising either the clickable α2S181 or the 

a2WT subunit (Figure 25, a and b). Current amplitudes of GABA-ARs in the presence of 30 µM 

GABA were similar for clicked and wildtype receptors. Addition of 30 µM ZnCl2 and 

subsequent binding of divalent Zn2+ cations to GABA-AR sites induced slightly lower 

amplitudes. Supplying 100 µM of the GABA-AR ligand picrotoxin resulted in significantly 
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blocked currents through binding of picrotoxin close to the GABA-AR chloride channel (Figure 

25, a). The normalized I-V-curves showed also similar values for click mutant and wildtype 

GABA-ARs (Figure 25, b). In cooperation with Dr. Christian Werner, FRAP experiments were 

conducted on α2S181 and α2WT GABA-ARs on HEK293T cells labeled with anti-HA AF488 

(Figure 25, c and d). After photobleaching of a region of interest at the membrane surface, the 

relative fluorescence in the GCE modified- and wildtype receptor recovers equally (Figure 25, 

c). Furthermore, the recovery time necessary to reach half of the recovered fluorescence (tau) 

shows similar values for α2S181 (19.51 ± 6.78 s) and α2WT GABA-ARs (19.50 ± 4.38 s) 

indicating identical diffusion behavior of both variants.  

 

Figure 25 - Functionality analysis of clickable α2S181 and α2WT GABA-ARs. (a) Patch-clamp 
recordings of pentameric α2β1γ2 GABA-ARs in the presence of 30 µM GABA, 30 µM ZnCl2 or 100 µM 
picrotoxin. Clickable α2S181 GABA-ARs show similar current amplitudes compared to α2WT. Presence 
of divalent Zn2+ cations reduce current amplitudes slightly, while supplying 100 µM picrotoxin blocks 
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GABA-AR currents significantly. (b) Normalized I-V-currents of GABA-AR WT or click mutant. (c) 
FRAP experiments of HEK293T cells expressing α2S181 or α2WT labeled with anti-HA AF488. Both 
constructs display similar relative fluorescence intensity over time. (d) Tau values of respective FRAP 
measurements for α2S181 and α2WT. The tau value equals the time required to reach 50% of the recovered 
fluorescence. Adapted with permission from Kuhlemann et al. (under review). 

  

4.3.3 Visualizing clickable α2S181TAG GABA-A receptors in neurons 

First validation experiments in mammalian cells as well as the functionality analysis formed 

the basis for using clickable α2S181TAG GABA-A receptors in a neurobiological context. In close 

collaboration with Enrica Petrini, Andrea Barberis and Martina Bruno, hippocampal primary 

neurons were transfected at DIV14 with α2S181TAG GABA-AR subunits together with the 

respective tRNAPyl/PylRS plasmid and eGFP in the presence of unnatural amino acid TCO*-

K. At DIV16, postsynaptic α2S181TAG GABA-AR was labeled with Pyr-Tet-ATTO643 and 

presynaptic vesicular GABA transporter (vGAT) was labeled with anti-vGAT antibody and 

subsequently stained with secondary antibody goat anti-mouse AF568. Positivly transfected 

neurons were identified by eGFP signal. Pyr-Tet-ATTO643 signal was juxtaposed to 

presynaptic vGAT fluorescence indicating successful incorporation at synapse and efficient 

labeling of clickable GABA-A receptors in hippocampal primary neurons (Figure 26).  
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Figure 26 - Bioorthogonal labeling of α2S181 GABA-ARs in hippocampal primary neurons 
(DIV16). Neurons expressing clickable α2S181 GABA-ARs were labeled with Pyr-Tet-ATTO643 (red) 
and anti-vGAT antibody and secondary antibody goat anti-mouse AF568 (cyan). eGFP coexpression 
confirms successful transfection of the respective neuron. (i, ii) Magnified insets display postsynaptic 
clickable GABA-ARs (red) juxtaposed to presynaptic GABA transporter vesicles (cyan). Scalebar: top 
5 µm; insets 1 µm. Image acquired by Dr. Christian Werner. Adapted with permission from Kuhlemann 
et al. (under review). 

 

4.3.4 GCE and bioorthogonal labeling of NL2 

Additionally, the click system was implemented to Neuroligin 2 (NL2), an interaction partner 

of GABA-A receptors in inhibitory synapses. Suitable click sites were identified in unstructured 

regions in the extracellular domain of NL2 at the positions E61TAG, A113TAG and Q227TAG 

(Figure 27, left). Best fluorescence signal was obtained from the NL2A113TAG click variant in 

HEK293T cells labeled with H-Tet-Cy5 and anti-HA AF555 (Figure 27, first panel). In the 



Results and Discussion 

67 

absence of TCO*-K neither tetrazine nor antibody signal was detected (Figure 27, second 

panel). Even in the presence of TCO*-K, NL2WT showed only antibody signal (Figure 27, third 

panel).  

 

Figure 27 – Click sites of NL2 and specificity of bioorthogonal labeling. Left: Amber stop codons 
were introduced into the extracellular part of NL2 at positions E61TAG, A113TAG and Q227TAG 
based on the PDB model 5XEQ. Right: HEK293T cells expressing NL2A113 and respective tRNA/tRNA 
synthetase pair were labeled with H-Tet-Cy5 (red) and anti-HA AF555 (cyan). First panel: In the 
presence of TCO*-K, HEK293T cells showed sufficient H-Tet-Cy5 and anti-HA AF555 fluorescence 
of NL2 in the equatorial membrane. Second panel: Absence of TCO*-K resulted in neither tetrazine nor 
antibody signal. Third panel: NL2WT was treated identical as the clickable NL2 supplied with TCO*-K 
and exhibited neglectable unspecific binding of H-Tet-Cy5, but clear anti-HA AF555 fluorescence along 
the membrane. Scalebar 10 µm. 

 

4.3.5 Discussion on clickable GABA-A receptors and NL2 

In this chapter, clickable variants of GABA-AR α1 and α2 subunits and NL2, a transsynaptic 

organizer of inhibitory synapses, were established in mammalian cells. The best click mutants 

of GABA-A receptors were identified and the coexpression of the necessary subunits β1 and γ2 

was optimized using fluorescence microscopy such as CLSM. Since expression was performed 

with three subunits (αβγ) and the tRNAPyl/PylRS, several concentrations especially for the γ2 

subunit (250 ng) and expression times (2 days) needed optimization. Additionally, the 

advantage of click chemistry labeling of GCE modified GABA-A receptors could be visualized 

utilizing dSTORM imaging at narrow compartments like the basal membrane close to the 

coverslip. Comparison of H-Tet-Cy5 labeled receptors with anti-HA-CF568 targeted GABA-
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ARs on the same cells revealed higher density of receptors per area for click labeled GABA-A 

receptors (Figure 23). This indicates, that antibody binding can be influenced by the size of the 

antibody itself and might fail to recognize all surface-exposed epitopes due to steric hinderance. 

In this case, the small size of tetrazine-dyes may be beneficial to ensure more efficient binding 

to the target protein. However, antibody binding using anti-HA antibodies can also be applied 

on HEK293T cells expressing the GABA-AR wildtype and hence could lead to higher amounts 

of clusters even compared to the clicked GABA-ARs. This might originate from the better 

expression of the wildtype compared to the click variant (see HA-signal, Figure 23), since the 

incorporation of an unnatural amino acid competes with the release factor 1 and is not as 

efficient as a canonical amino acid. Furthermore, antibodies targeting endogenous epitopes of 

GABA-A receptor would be a straightforward approach to circumvent artificial overexpression. 

However, only a limited number of antibodies targeting the extracellular domain of GABA-A 

receptors are available and one commercial antibody tested here showed inhomogenous and 

spotty binding to GABA-A receptors (Figure 23). Currently, imaging of GABA-A receptors 

relys on these immunolabeling antibodies either targeting endogenous level of GABA-A 

receptors or overexpressed GABA-ARs carrying small genetic tags such as hemagglutinin 

(HA)317,318. Besides the limited availability of antibodies targeting endogenous epitopes, there 

are further drawbacks associated with the usage of antibodies: crosslinking and internalization 

effects induced by antibodies and the influence of their size (~10 nm) on the diffusion behavior 

of receptors319,320. Especially in crowded compartments such as the synaptic cleft, the size of 

antibodies coupled to quantum dots causes steric hinderance when extrasynaptic receptors try 

to reach synaptic areas53. Hence, establishing an alternative smaller label for GABA-A 

receptors, such as bioorthogonal labeling of unnatural amino acids with tetrazine dyes will 

reduce the listed issues. In this context, it needs to be highlighted, that the introduction of an 

unnatural amino acid did not lead to perturbation of channel properties or diffusion of the 

receptor. This has been validated by electrophysiological studies as well as FRAP experiments. 

The optimal γ2 subunit concentration was verified to be 250 ng γ2 plasmid (Figure 22) while 

all other plasmids were used with 500 ng per plasmid. Since GABA-A receptors can form 

functional α2β2 receptors without γ2321, γ2 subunit expression needed to be proven. The 

electrophysiological data correspond to a functional α2β1γ2 GABA-A receptor. Current 

amplitudes were slightly reduced in the presence of Zn2+ ions indicating γ2 existence. Full 

blocking occurred through the inhibitor picrotoxin (Figure 25)322,323. Positivly transfected cells 

were identified by anti-HA AF488 labeling. Since cells lacking the unnatural amino acid TCO*-

K showed neither click- nor HA-signal (Figure 23) these identified cells also corresponded to 



Results and Discussion 

69 

cells with an incorporated unnatural amino acid. However, it would be interesting to investigate 

clickable GABA-AR currents bound to tetrazine-dyes solely because the antibody binding 

might already influence the electrophysiological behavior of the GABA-A receptor wildtype 

and click mutant. Unfortunately, within the scope of this dissertation these studies could not be 

performed. The reason for this were the limited imaging capabilities at the electrophysiological 

setup, which required a strong fluorescence signal obtained from multiple fluorophores coupled 

to the HA-antibody. Interestingly, the FRAP experiments confirmed similar diffusional 

behavior of wildtype and clickable GABA-A receptors. For comparability, both variants were 

labeled with anti-HA AF488 antibodies but again, the antibody binding itself might interfere 

with the natural diffusion of the receptors. Hence, receptors only clicked with tetrazine-dyes 

should be taken in consideration to analyze native receptor diffusion. Characterization of 

clickable GABA-A receptors in mammalian cells allow fast establishment of click sites and 

subsequent analysis of functionality. Nevertheless, GABA-A receptors need to be studied in a 

neuronal context to understand their role in synaptic inhibition and plasticity. GCE and 

bioorthogonal labeling were already applied to tackle challenging neuronal questions. For 

instance, clickable PIRK potassium channels could be controlled in hippocampal neurons and 

in mouse neocortex in vivo through photoreleasable unnatural amino acids324. Additionally, the 

tRNAPyl/PylRS pair was utilized to transfect and express clickable GFP in brain slices and living 

mice76. However, applying amber suppression technique to target synaptic receptors with super-

resolution microscopy remained to be demonstrated. Due to this, GABA-ARs were selected as 

targets for successful expression of clickable variants in hippocampal neuronal cells with 

subsequent super-resolution microscopy (Figure 26). Transfection of hippocampal primary 

neurons is a challenging task since neurons are not as robust as standardized cell lines and the 

transfection of plasmids reduces the viability of the neurons significantly. In this context, the 

click approach requires the clickable α2S181 GABA-AR plasmid and a second plasmid carrying 

the tRNAPyl/PylRS which increases the stress for neuronal cells. However, clickable α2S181 

GABA-ARs could be expressed at low transfection efficiency on DIV14 neurons. Tetrazine 

labeling of clickable GABA-ARs visualized the receptors at postsynapses juxtaposed to 

presynaptic vGAT signal. Interestingly, the receptors showed only diffuse signal along the 

dendrite and strong signal at the synapses, which might speak for a predominantly localization 

at synapses. GABA-A receptors interact with multiple interaction partners in the synaptic cleft. 

As mentioned in the theoretical background, the most important partners are gephyrin, 

collybistin and neuroligins. A clickable version of NL2 was created to allow investigation of 
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GABA-AR-NL2 interaction in the future. The click variant NL2A113 showed sufficient 

expression in HEK293T cells and could be labeled efficiently with H-Tet-Cy5 (Figure 27). 

 

4.4 Visualizing clickable dimeric receptors 

The previous chapter demonstrated that GCE in combination with click chemistry can be 

advantageous for labeling hard-to-target proteins instead of using conventional antibody 

approaches. In the following it was investigated wheter the small size of the tetrazine label can 

additionally be beneficial for studying multimeric receptor structures in the context of super-

resolution fluorescence imaging. 

4.4.1 Application of click chemistry to reveal receptor composition  

The binding efficiency of tetrazine functionalized dyes to TCO*-K modified neuronal receptors 

was evaluated in a control experiment in mammalian cells. The functional α2β1γ2 GABA-AR 

pentamer comprises two α2, two β1, and one γ2 subunits. The two clickable α2 subunits (α2S181 

GABA-AR) can be treated as a dimeric receptor. In this context, click sites were introduced in 

the γ2 subunit at the positions L198 and S217 to obtain a monomeric receptor for comparison 

with the dimeric α2 subunits (Figure 28). 
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Figure 28 - Click sites at GABA-AR γ2 subunit (blue) of pentameric α2β1γ2 GABA-AR (grey). 
The pentameric α2β1γ2 GABA-AR comprises one γ2, one β1 and two α2 subunits. Amber stop codons 
were introduced by site-directed mutagenesis into the extracellular domain of the γ2 subunit at positions 
L198TAG and S217TAG. Click sites were chosen at positions similar to established α1 and α2 clickable 
variants. PDB-ID: 6HUG. 
 

Next, the required tetrazine dye concentration to saturate all surface exposed GABA-A 

receptors expressed on HEK293T cell membranes was determined. HEK293T cells were 

transfected with clickable versions of either α2S181 or γ2L198 co-transfected with the necessary 

GABA-AR subunits together with the tRNAPyl/PylRS. After 48 hours of expression, clickable 

receptors were labeled with 1.5 µM, 3 µM or 6 µM H-Tet-Cy5 for 60 min on ice followed by 

labeling with 1.5 µM H-Tet-Cy3 for another 30 min on ice. Labeled cells were imaged at the 

CLSM for evaluating signal intensity (Figure 29). Cy3 signal could only be detected at cells 

pre-labeled with 1.5 µM H-Tet-Cy5 (Figure 29, left), while 3 µM and 6 µM H-Tet-Cy5 enabled 

saturation of surface exposed clickable GABA-A receptors. Since saturation could be achieved 

with 3 µM H-Tet-Cy5, all following experiments used 3 µM as standard tetrazine concentration. 

 

Figure 29 – Saturation experiment for evaluation of required tetrazine-dye concentration. 
HEK293T cells expressing clickable γ2L198 (a) or α2S181 (b) GABA-A receptors (α2β1γ2) together with 
tRNAPyl/PylRS were labeled with 1.5 µM (left), 3 µM (middle) or 6 µM H-Tet-Cy5 (red) for 60 min on 
ice following by 1.5 µM H-Tet-Cy3 (cyan) for 30 min on ice. Images show merged fluorescence 
channels of H-Tet-Cy5 and H-Tet-Cy3. When pre-labeling with 1.5 µM H-Tet-Cy5 some cells still 
showed strong H-Tet-Cy3 signal after post-labeling with H-Tet-Cy3 (left). Concentrations of at least 
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3 µM H-Tet-Cy5 (middle and right) saturated all incorporated TCO*-K amino acides, so that nearly no 
H-Tet-Cy3 signal could be detected after post-labeling with H-Tet-Cy3. Scalebar: 10 µm.  

 

In the following experiments, binding of tetrazine functionalized fluorophore to the dimeric 

α2S181 or monomeric γ2L198 GABA-A receptors was investigated further. To obtain an increased 

signal of the FRET-donor, the acceptor fluorophore was bleached in this FRET approach. 

Again, HEK293T cells expressing either clickable α2S181 or γ2L198 GABA-A receptors were 

labeled wtih H-Tet-Cy3 (donor) or H-Tet-Cy5 (acceptor) in equal amounts (1.5 µM each) for 

60 min on ice and then live imaged (Figure 30, a). A region of interest was selected at the 

equatorial membrane and analyzed over the whole FRET image series (60 frames). The 

intensity in the first 20 frames was averaged and set as fluorescence baseline. Bleaching of H-

Tet-Cy5 resulted in an intensity increase of H-Tet-Cy3 labeled α2S181 GABA-A receptors by a 

factor of ~1.4 (Figure 30, b, red). H-Tet-Cy3 signal of clickable γ2L198 GABA-ARs showed no 

increase of intensity after bleaching of the H-Tet-Cy5 acceptor (Figure 30, blue).  

 

 

 

 

 

 

 

 

Figure 30 – FRET imaging of clickable α2S181 and γ2L198 GABA-A receptors based on the principle 
of acceptor bleaching. (a) Display of FRET procedure: HEK293T cells expressing α2S181 GABA-ARs 
were labeled with equal amounts of H-Tet-Cy3 (cyan; 1.5 µM) and H-Tet-Cy5 (red; 1.5 µM) for 60 min 
on ice and then live imaged at the CLSM. Left images represent Cy5 and Cy3 signal - pre-bleaching - 
in the equatorial membrane in frame number one. Right images display Cy5 and Cy3 signal directly 
post-bleaching of the FRET-acceptor H-Tet-Cy5 at frame number 21. Tagged area was selected for 
bleaching and FRET analysis. Scalebar: 5 µm. (b) Analysis of fluorescence intensity of H-Tet-Cy5 
(light) and H-Tet-Cy3 (dark) during FRAP experiment. Intensity was normalized to the mean value of 
the first 20 frames (pre-bleach). Cy5 intensities drop dramatically after bleaching post frame 20. Cy3 
intensity of γ2L198 is unaffected by bleaching, while Cy3 labeled α2S181 show a significant increase in 
normalized fluorescence (n = 40).  
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4.4.2 Single molecule localization microscopy dSTORM 

The previous experiments confirmed that all clickable GABA-A receptors can be targeted with 

3 µM tetrazine functionalized fluorophores (Figure 29). Additionally, more than one GABA-

AR α2 subunit in the α2β1γ2 pentamer can be targeted with tetrazines (Figure 30). As a next 

step the dimeric character of clickable α2S181 GABA-A receptors was examined in dSTORM 

experiments and cluster analysis (Figure 31). DBSCAN algorithm was applied for 

determination of clustered α2S181 GABA-AR localizations for varying concentrations (50 nM 

to 6 µM) of H-Tet-Cy5. Probability distributions showed no differences in localization per 

clusters independent of the tetrazine dye concentration (Figure 31, a). Next, the localizations 

per cluster were compared between dimeric α2S181 GABA-A receptors (red) and monomeric 

γ2L198 receptors (blue) (Figure 31, b). 3 µM H-Tet-Cy5 (light) were used to label HEK293T 

cells expressing the respective click variant and both approaches showed similar localizations 

per cluster on clickable GABA-A receptors at the basal membrane. As an additional 

experiment, clickable GABA-ARs were labeled with 3 µM H-Tet-Digoxigenin and 

subsequently targeted with anti-Digoxigenin-AF647 (dark). However, this procedure resulted 

in similar distributions of localizations per cluster for monomeric (blue) and dimeric GABA-

ARs (red). Finally, these experiments were compared to labeling of α2S181 GABA-ARs with 10 

µg/ml anti-HA AF647 (grey). Overall, the approaches exhibited similar cluster properties based 

on the localizations per cluster calculated for one GABA-A receptor. 

Figure 31 – DBSCAN cluster analysis of dSTORM localization data of clickable GABA-A α2S181 
and γ2L198 receptors. (a) Determination of localizations per cluster of clickable α2S181 GABA-A 
receptors expressed on HEK293T cells labeled with varying concentrations of H-Tet-Cy5 (50 nM, 150 
nM, 1.5 µM, 3.0 µM and 6.0 µM) for 60 min on ice. Probability was normalized by the sum of all 
clusters. (b) Localizations per cluster of clickable α2S181 (red and grey) and γ2L198 GABA-ARs (blue) 
labeled either with 3 µM H-Tet-Digoxigenin followed by 5 µg/ml anti-Digoxigenin-AF647 (dark) or 3 
µM H-Tet-Cy5 (light) or 10 µg/ml anti-HA AF647 (grey) with each step conducted for 60 min on ice. 
For dSTORM images over 15000 frames were acquired with 15 ms exposure time. Each experiment 
was conducted at least n = 7 times. 

0 5 10 15 20 25 30
0,00

0,05

0,10

0,15

0,20

0,25

0,30  α2 Tet-Digoxigenin 
 γ2 Tet-Digoxigenin 
 α2 Tet-Cy5 
 γ2 Tet-Cy5 
 α2 anti-HA AF647 

no
rm

al
iz

ed
 p

ro
ba

bi
lit

y 
(s

um
)

localizations per cluster
0 5 10 15 20 25 30

0,00

0,05

0,10

0,15

0,20

0,25

0,30

no
rm

al
iz

ed
 p

ro
ba

bi
lit

y 
(s

um
)

localizations per cluster

   50 nM
 150 nM
  1.5 µM
  3.0 µM
  6.0 µM

a b 



Results and Discussion 

74 

4.4.3 Click chemistry combined with expansion microscopy 

Intriguingly, dSTORM experiments could not resolve differences between monomeric and 

dimeric receptors (Figure, 27). As an alternate approach providing better separation of single 

epitopes click chemistry was combined with expansion microscopy to visualize monomeric and 

dimeric receptors. In this process, two labeling strategies were tested. In a first approach, 

HEK293T cells expressing either γ2L198 or α2S181 GABA-A receptors were labeled with 3 µM 

Pyr-Tet-ATTO643 followed by fixation and crosslinking with AcX. ATTO-643 labeled 

receptors could be detected at the CLSM directly after the digestion in a 2-fold expanded 

polyacrylamide gel (Figure 32, left). The signal of γ2L198 was weaker compared to α2S181 and 

barely no fluorescence signal could be found for both clickable receptors in fully expanded gels 

(factor ~8). In parallel, the second approach exploited labeling with 3 µM H-Tet-Digoxigenin 

followed by anti-Digoxigenin-CF568 (5 µg/ml). Again, fluorescence signal of α2S181 receptors 

was higher compared to γ2L198 in 2-fold and in 8-fold expanded hydrogels (Figure 32, middle 

and right). In the future, 8-fold expanded gels containing clickable GABA-ARs will be 

investigated with super-resolution microscopy using structured illumination microscopy (SIM). 

 

Figure 32 – CLSM imaging of clickable γ2L198 and α2S181 GABA-A receptors labeled with Pyr-Tet-
ATTO643 or anti-Digoxigenin-CF568. HEK293T cells expressing γ2L198 or α2S181 GABA-ARs were 
labeled either with 3 µM Pyr-Tet-ATTO643 (red) or 3 µM H-Tet-Digoxigenin and 5 µg/ml anti-
Digoxigenin-CF568 (cyan) prior to fixation and crosslinking with AcX. The positional information was 
transferred into a hydrogel and protein crosslinks were digested with Proteinase K. Immediately after 
digestion, labeling efficiency was evaluated at the CLSM with a 2-fold expanded hydrogel (left and 
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middle). The fluorescence intensity of α2S181 GABA-A receptors was higher compared to γ2L198 

receptors. Only anti-Digoxigenin-CF568 could be detected in fully expanded gels and with decreased 
fluorecence signal (right) compared to 2-fold expanded gels. Expansion factor was determined via 
physical size of the hydrogel and cell diameter based on the equatorial fluorescence signal of HEK293T 
cells. Scalebar: 2x, 20 µm; 8x, 50 µm.  

 

4.4.4 Discussion on visualization of monomeric and dimeric receptors 

Visualization of multimeric proteins with fluorescence microscopy requires addressing every 

single subunit of a multimeric receptor. Application of antibodies might lead to steric 

hinderance and thus, to reduced labeling efficiency of epitopes positioned in close proximity to 

each other. To circumvent this accessibility issue and to investigate dimeric and monomeric 

subunits of the GABA-A receptor, characterization of the clickable variants of GABA-A α2S181 

and γ2L198 using CLSM, FRET, dSTORM and click-ExM was performed. First, saturation 

experiments were conducted with two tetrazine dyes (H-Tet-Cy5 and H-Tet-Cy3). Subsequent 

labeling with H-Tet-Cy3 showed satuaration of all surface-exposed GABA-A α2 and γ2 

receptors at 3 µM tetrazine concentration (Figure 29). However, this experiment rather 

confirmed that all accessible TCO*-K modified GABA-A receptors were addressed than 

proving that both clickable α2 subunits within one receptor could be labeled. Consequently, 

intra- and intermolecular FRET experiments of tetrazine labeled GABA-A receptors were 

conducted to test whether one or two tetrazine functionalized fluorophores can bind to the two 

α2 subunits in the pentameric receptors. FRET signal could be observed between H-Tet-Cy3 

and H-Tet-Cy5 at the equatorial membrane of GABA-ARs expressing HEK293T cells. α2S181 

GABA-ARs showed an ~1.4 increase of H-Tet-Cy3 signal post acceptor bleaching, whereas 

H-Tet-Cy3 fluorescence of γ2L198 GABA-ARs remained on the pre-bleached intensity. The 

γ2L198 control represents a monomeric receptor and could only show FRET, when two 

monomeric receptors were in close FRET distance. Since we were working under 

overexpressed conditions of GABA-A receptors, this effect called inter-molecular FRET is 

probalistic. However, the FRET data revealed that inter-molecular FRET was neglectable 

(Figure 30). The significant increase of the H-Tet-Cy3 signal for α2S181 GABA-A receptors 

indicated the binding of H-Tet-Cy3 and H-Tet-Cy5 within the same receptor. This proves that 

tetrazine functionalized fluorophores can label two individual subunits in the range of ~5 nm 

distance between two click sites (based on the S181-click sites in the α-subunits of the PDB 

model 6HUG). The two fluorophores Cy3 and Cy5 show 50% FRET efficiency at a Förster 

radius of R0 5.27 nm. Under these circumstances, the H-Tet-Cy3 signal should theoretically 

increase to a factor of two post photobleaching of the H-Tet-Cy5 acceptor fluorophore. The 

lower increase of H-Tet-Cy3 (factor 1.4) in the α2S181 GABA-AR approach can be explained 
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by several reasons. On the one hand, the distance between two α2S181 click sites is smaller than 

the Förster radius, which can influence the FRET signal. On the other hand, there were 

differences in the intensities obtained from H-Tet-Cy3 and H-Tet-Cy5, which indicate better 

binding of either H-Tet-Cy3 or H-Tet-Cy5 caused by random diffusion effects. This could entail 

a reduction in the obtained FRET signal. Furthermore, it has to be taken into account that both 

tetrazine-dyes, H-Tet-Cy3 and H-Tet-Cy5, compete for binding to the unnatural amino acid 

TCO*-K. H-Tet-Cy3 and H-Tet-Cy5 are characterized by a simliar reaction rate to TCO*-K259 

and hence enable four statistical possibilities to fluorescent label the α2S181 GABA-A receptor 

dimer. Either both subunits were labeled with Cy5 (Cy5-Cy5) or Cy3 (Cy3-Cy3) or each 

subunit was labeled with one Cy3 and one Cy5 fluorophore (Cy3-Cy5 or Cy5-Cy3). 

Considering this, 25% of dimeric receptors are stochastically labeled with Cy3-Cy3, which can 

increase the initial fluorescence of Cy3 (pre-bleaching) but cannot show FRET signal after 

acceptor bleaching. Therefore, a FRET factor of ~1.4 seems reasonable for the dimeric α2S181 

GABA-A receptors. Next, the clickable α2S181 dimer was characterized applying the super-

resolution microscopy method dSTORM (Figure 31). Surprisingly, the determined localization 

per cluster for α2S181 GABA-A receptors was independent of the H-Tet-Cy5 concentration. 

Theoretically, an α2 dimer labeled with two Cy5 fluorophores should exhibit a higher number 

of localizations per cluster compared to an α2 dimer with just one Cy5 dye. Nonetheless, even 

underlabeling of GABA-A receptor dimers with low H-Tet-Cy5 concentrations (50 nM or 150 

nM) revealed the same number of localizations per cluster compared to H-Tet-Cy5 saturation 

concentrations (3 µM and 6 µM). To follow up on this observation, the clickable variant of the 

single subunit γ2 of GABA-A receptors was compared to clickable α2 dimers concerning the 

localizations per cluster. Again, monomeric γ2 and dimeric α2 dimers showed similar 

localizations per cluster when labeled with H-Tet-Cy5. These observations indicate that even 

when two tetrazines can successfully label the α2 dimer (confirmed by FRET), it is not possible 

to resolve its dimeric character by localization microscopy such as dSTORM. This phenomenon 

might be explained by the fact that fluorophores communicate with each other in the nearfield 

(≤ 5 nm) via HOMO-FRET, which results in two fluorophores behaving like one single 

emitter325. Interestingly, the attempt to increase the distance between the two fluorophores 

binding the α2 GABA-A receptor dimer by using H-Tet-Digoxigenin and anti-Digoxigenin 

antibodies exhibited still the same number of localizations per cluster. In addition, comparison 

to clickable α2 GABA-A receptors labeled with anti-HA antibody showed similar results. 

Overall, the observations revealed that labeling of multimeric complexes with binding sites 

close together (~5 nm) brings along two issues: first, antibodies might fail to detect more than 
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one binding site due to steric hindrance; second, small labels such as tetrazine functionalized 

fluorophores might come too close to each other, resulting in fluorophore annihilation. 

Consequently, the blinking behavior of the clickable α2 GABA-A receptor labeled with two H-

Tet-Cy5 molecules is influenced by these effects. This results in identical localizations per 

cluster compared to the clickable γ2 GABA-A receptor carrying just one H-Tet-Cy5.  

Finally, the issues associated with fluorophores being in too close contact was circumvented by 

physically expanding the membrane receptors using expansion microscopy. To achieve this the 

X10 expansion protocol was utilized as described previously298. In a first attempt HEK293T 

cells expressing either clickable α2S181 or γ2L198 GABA-A receptors were labeled with 3 µM 

Pyr-Tet-ATTO643 prior gelation and digestion with Proteinase K. Fluorescence signal was 

checked post-digestion, when gels were expanded approximately to a factor of ~2, showing 

clear signal in the equatorial membrane of α2S181 and lower signal for γ2L198 receptors (Figure 

32). However, fluorescence signal could not be detected in fully expanded gels (factor ~8), 

neither at the CLSM nor with single-molecule sensitive detectors at the SIM (data not shown) 

even with maximal laser power. Concerning labeling stoichiometry, bioorthogonal labeling 

offers a 1:1 ratio with one fluorophore per tetrazine molecule (degree of labeling (DOL) = 1). 

This might be advantegous in cluster analysis since every fluorescent signal corresponds to a 

single click labeled protein of interest. Unfortunately, in expansion microscopy the fluorescent 

signal is diluted by the physical expansion of the specimen. That is, an 8-fold expanded 

hydrogel offers a dilution factor of ~512 (8 times in three dimensions = 8³ = 512), reducing the 

fluorescence intensity significantly. Furthermore fluorophores lose intensity during the gelation 

process through destruction by monomer radicals289. To avoid this fluorescence loss, receptors 

bearing incorporated TCO*-K were labeled post-gelation with Pyr-Tet-ATTO643. Again, no 

fluorescence was detected in 2-fold and 8-fold expanded specimen. One explanation might be 

that the C-C double bond in the alkene was attacked during the radical polymerization. Similar 

effects are reported to cause the fluorescence decrease of cyanine dyes such as Alexa Fluor 

647289. Therefore, the TCO*-K group cannot react with tetrazine-dyes which results in only 

unspecific fluorescence. Since these experiments demonstrated that pre-labeling with tetrazine 

conjugates is the more reliable way to achieve sufficient labeling of clickable receptors, the 

fluorescent signal was amplified using tetrazines coupled to digoxigenin. These dyes were then 

subsequently labeled with anti-digoxigenin antibodies (anti-Digoxigenin CF568, DOL = 2.3). 

The dye CF568 was used for this approach since fluorescence signal was maintained after 

gelation and digestion similar to ATTO643. Utilizing anti-Digoxigenin antibodies, clickable 

α2S181 and γ2L198 GABA-A receptors could be successfully visualized at the equatorial 
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membrane of 2- and 8-fold expanded HEK293T cells (Figure 32). Taking into consideration 

that the click sites between two α2 GABA-A subunits are ~5 nm apart and each of the two anti-

digoxigenin antibodies add ~9 nm distance on top, the total distance between the fluorophores 

attached to both α2 subunits amount to 23 nm. Depending on where the fluorophore is 

conjugated to the antibody, the maximal distance between the two fluorophores in a GABA-A 

receptor dimer in an 8-fold expanded gel would be ~184 nm. This is below the resolution limit 

of a CLSM microscope but could be imaged via SIM microscopy in the future.  
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 Conclusion and Outlook 
In this work GCE and bioorthogonal labeling were applied on synaptic KARs, TARPs and 

GABA-ARs. All of the proteins could be labeled by incorporation of the unnatural amino acid 

TCO*-K and subsequent targeting via tetrazine functionalized fluorophores. Finally, the 

opportunities and challenges associated with bioorthogonal labeling and possible future 

directions of this approach will be discussed.   

 

5.1 Bioorthogonal labeling of hard-to-access proteins 

Due to the small label size and feasibility to address a single unnatural amino acid, click 

chemistry can be a powerful tool to target proteins in narrow or protein dense compartments. 

While labeling of KARs was only possible with conventional antibodies targeting an 

intracellular epitope, GCE and bioorthogonal labeling allowed attachment of a fluorescent label 

to various click sites at the extracellular domain of GluK2 homo-tetramers outcompeting 

conventional immunolabeling using antibodies. Similarly, anti-α2 antibodies targeting 

GABA-A receptors showed insufficient binding to overexpressed GABA-ARs compared to 

click labeled receptors (Figure 23). More interestingly, anti-TARP antibodies revealed efficient 

labeling of overexpressed TARPs, but failed to bind TARPs complexed with AMPARs. It can 

be speculated that this effect is caused by steric hindrance of complexed proteins. Here, 

targeting a single amino acid via click chemistry is advantageous compared to antibody epitope 

recognition of multiple amino acids and hence allows efficient labeling of clickable γ2 and γ8 

TARPs associated with AMPARs. Since GCE and bioorthogonal labeling were applied to 

multiple hard-to-target proteins of interest, the technique can be transferred to further proteins 

targets that face similar constraints regarding epitope accessibility.  

 

5.2 Bioorthogonal labeling to study protein-protein interactions 

Protein interactions are essential for signal transduction and therefore their investigation is key 

to understanding cellular processes326. Fluorescence lifetime imaging in combination with 

fluorescence resonance energy transfer (FLIM-FRET) experiments can be utilized to study 

interactions of proteins in close contact327. Since the Förster radius of the FRET pair Alexa 

Fluor 488 and Cy3 is ~6.8 nm, it is crucial to have a minimal linkage error between the two 

fluorophores to obtain optimal FRET signal. Combination of clickable TARPs (H-Tet-Cy3) and 

SNAP-tagged GluA1 AMPARs (BG-AF488) showed significant reduction of the fluorescence 
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lifetime of the acceptor fluorophore AF488308. This validated close contact between clicked γ2 

or γ8 TARPs and SNAP-tagged GluA1 AMPARs. Even if an antibody-accessible epitope 

would be present in TARP-AMPAR complexes, substitution of the tetrazine functionalized 

FRET donor (~1 nm) with an antibody (~10 nm) would increase the linkage error by a factor 

of ~10 and could influence the FRET efficiency. Hence, FRET approaches using 

tetrazine-fluorophores together with SNAP-ligands can help to understand protein complexes 

in a more precise manner. This method can also be applied on other multi-protein complexes 

such as functional GluK2-GluK5 hetero-tetramers25. Furthermore, KAR interaction with Neto 

proteins (Neto1, Neto2) or PSD95 could be further investigated. Clickable KARs and SNAP-

tagged GluK5 receptors or SNAP-tagged auxiliary subunits like Neto1 and Neto2 can help to 

understand the intra-molecular organization of GluK2-GluK5 tetramers and the interaction of 

KARs with Neto proteins328 and PSD95141. Even though various interaction partners of GABA-

A receptors such as gephyrin, collybistin and neuroligins were identified previously163,169, 

dynamics of these protein-protein interactions still remain elusive. FRET experiments with 

clickable GABA-A receptor subunits and SNAP-tagged interaction partners can help to 

understand the underlying mechanisms. Besides FRET imaging, protein-protein complexes can 

be studied with multi-color dSTORM imaging by labeling with two tetrazine-dyes such as H-

Tet-Cy5 and H-Tet-CF568, in 1:1 stoichiometry. This could enable co-localization of adjacent 

proteins by reducing the linkage error between the two molecules to a minimum. However, both 

tetrazines target the unnatural amino acid TCO*-K incorporated into the two different proteins, 

which can impede the co-localization. A potential tradeoff could be to use one click label (H-

Tet-Cy5) in combination with a SNAP-ligand (BG-AF532) as second label. Additonally, there 

are approaches to introduce multiple unnatural amino acids into a protein of interest by utilizing 

orthogonal ribosomes that can decode quadruplet codons329. In the future, this will precise and 

site-specific labeling of either multiple sites within a single protein or between interacting 

proteins. Most definitely, this novel approach will contribute to a more detailed understanding 

of protein-protein interactions in neuronal cultures. 

 

5.3 Bioorthogonal labeling to advance trafficking approaches 

In addition to the previously mentioned fields of application, bioorthogonal labeling can be 

utilized to investigate the diffusional behavior of receptors as well. Synaptic receptors are 

highly mobile in synaptic and extrasynaptic areas11. Investigations on these trafficking behavior 

of synaptic proteins is often performed with antibodies coupled to bright quantum dots (~12 
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nm). While this allows specific binding and easy detection of the targeted receptor, application 

of this method can entail accessibility issues in the synaptic cleft caused by label size53. In 

contrast, the application of bioorthogonal labeling (~1 nm) in neuronal studies allows target 

binding at limited space in the synaptic cleft. For instance, the molecular organization of 

clickable γ2 and γ8 TARPs could be analyzed in extrasynaptic and synaptic areas, revealing 

aggregation of γ2 TARPs in synapses. It should be mentioned, that the molecular weight of a 

tetrazine-dye (826 g/mol for H-Tet-Cy5) compared to an antibody (~150.000 g/mol) is 

substantially lower. As receptor diffusion is influenced by the attached fluorescent label, this 

quality can be especially advantageuos in tracking experiments. FRAP experiments on 

clickable GABA-ARs confirmed that incorporation of the unnatural amino acid TCO*-K does 

not negatively affect the diffusional behavior of the receptors. On that basis, it would be 

intriguing to know wheter tetrazine-dyes could be utilized for tracking experiments over a 

longer period of time as well. Preliminary tracking data of GABA-ARs with photostable Pyr-

Tet-ATTO643 exhibited fast bleaching of the fluorophore. To achieve a trade-off between 

smaller label size and fluorophore brightness/stability, tetrazines coupled to quantum dots 

instead of fluorophores might therefore be a suitable alternative to antibody-quantum dot 

conjugates.  

Crosslinking experiments, connecting multiple AMPARs via neutravidin, resulted in trapping 

of these surface exposed receptors. Additionally, these studies confirmed that an intracellular 

pool of AMPARs contributes to AMPAR trafficking to the cell membrane98. Similar 

crosslinking could also be achieved by using GCE and bioorthogonal labeling with bistetrazines 

as demonstrated previously262. In neuronal cultures, this system could be exploited to 

understand GABA-AR diffusion between synaptic and extrasynaptic terminals and exocytosis 

of GABA-ARs to the cell surface. Since crosslinking of receptors via autoantibodies can induce 

receptor internalization319, crosslinking experiments utilizing GCE and bioorthogoanl labeling 

will give insights into transport of newly synthesized GABA-ARs in synaptic areas.  

 

5.4 Optimization of bioorthogonal labeling in neuronal cultures 

Expression of clickable proteins in neuronal cultures remains challenging and requires 

optimization of standard transfection procedures and transfected DNA. Clickable GABA-ARs 

were successfully transfected in adult primary neurons with effectene at DIV14. At this point, 

all necessary interaction partners of GABA-ARs are expressed ensuring successful 

incorporation of GABA-ARs in neuronal membranes. Nevertheless, the expression efficiency 
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of clickable GABA-ARs in adult neurons was very low. For the transfection of clickable 

TARPs, a different approach was utilized. Here, the primary hippocampal neurons were 

transfected early at DIV3-4 with one plasmid encoding the PylRS together with the clickable 

TARP and a second plasmid carrying the tRNAPyl under the doxycycline inducible promoter 

TetON3G. Doxycycline and unnatural amino acid TCO*-K were added to adult neurons at 

DIV16-18 to induce tRNAPyl expression and subsequent incorporation of TCO*-K into the 

clickable TARP for a limited time period. This procedure allowed better-established synapses 

with efficient expression of interaction partners and limited toxicity for the neurons, wich 

overall boosted the expression efficiency of clickable TARPs. Moreover, using the same 

plasmids for single-cell electroporation of organotypic hippocampal slices allowed 

bioorthogonal labeling of clickable γ2 and γ8 TARPs in CA1 pyramidal cells with high 

specificity308. In the future, it will be also advantageous to control the expression of the plasmid 

with the PylRS and the clickable TARP. Otherwise, the high levels of truncated TARPs and 

expressed PylRS might cause toxicity for the neurons even before the unnatural amino acid and 

doxycycline will be supplied at DIV16-18. Additionally, utilizing adeno-associated viruses 

(AAV) or lentiviruses for the transduction of neuronal cells with plasmids encoding the 

tRNAPyl/PylRS and the clickable protein appears promising to enhance the transfection 

efficiency even further. Vectors commonly used for transfection of mammalian often contain 

the CMV promoter. Since the CMV promoter is silenced in adult neurons, which can impede 

the protein expression in these cells330, it is advisable to exchange the CMV promoter to the 

neuronal hSynapsin or CaMKII promoter. This ensures a more native protein expression 

without silencing. Furthermore, the insufficient incorporation of unnatural amino acids at click 

sites during translation is another step limiting the expression of clickable proteins. Improving 

the incorporation of unnatural amino acids by using orthogonal ribosomes can also help 

optimizing expression efficiencies331,332. Alternatively, all endogenous amber stop codons 

(UAG) could be replaced with ochre stop codons (UAA), which allows deletion of the RF1 

competing for binding to the UAG codon. This would also improve the incorporation of 

unnatural amino acids at the selected clicking position. While this method was established for 

E.coli, it is hardly applicable on more complex organisms333. Finally, GCE requires an 

overexpressed cell system. This might influence the native characteristics of the expressed 

proteins in the cellular context. To avoid this artificial system a future approach might exploit 

the CRISPR/Cas9 machinery to knock-in specific click sites into endogenous proteins of 

interest334. 

 



Conclusion and Outlook 

83 

5.5 Advancing click chemistry to investigate multimeric receptors  

Bioorthogonal labeling offers a small linkage error between fluorophore and target (~1 nm). 

Regarding this advantage, the click system is suited to investigate multimeric receptors in cases 

where antibodies face difficulties labeling every single subunit due to steric hindrance. FRET 

experiments confirmed binding of one tetrazine to clickable γ2 GABA-ARs (monomer) and of 

more than one tetrazine to clickable α2 GABA-ARs (dimer) or clickable KARs (tetramer). 

However, dSTORM experiments revealed no dimeric or tetrameric character of these receptors 

based on the localizations per cluster. Measurements of click site distances in αS181 GABA-ARs 

revealed a distance of ~4.8 nm between two α subunits (PDB 6HUG). Distances in the 

GluK2S309 homo-tetramer (A, B, C, D) were determined to be ~1.8 nm (B-D), ~5.8 nm (A-B), 

~5.6 nm (C-D), ~7.4 nm (A-D), ~7.4 nm (B-C) and ~11.9 nm (A-C) (Figure 8) (PDB 5KUF). 

Considering the occurrence of HOMO-FRET events within the range of ~5 nm, it is expectable 

that GABA-AR α2 dimers show similar localizations per cluster compared to γ2 monomers. 

Concerning the KAR GluK2S309 homo-tetramer, at least the two click sites A and C with a 

distance of about 12 nm should be detectable by a higher amount of localizations per cluster. 

In these experiments, all dSTORM images were acquired with an exposure time of 15 ms per 

frame. Preliminary investigations in collaboration with Dominic Helmerich using lower 

exposure times (5 ms per frame) indicate, that multimeric receptors exhibit a higher number of 

on-events (tracked localizations) with a reduced off-time compared to monomeric membrane 

proteins. With an exposure time of 15 ms per frame and an average on-time of ~9 ms, the on 

and off-times of each fluorophore cannot be separated precisely. As a consequence, the higher 

number of on-events cannot be deciphered. Imaging with 5 ms exposure time seems to be a 

potential adjustment in dSTORM measurements in order to reveal multiple fluorophores even 

if they are separated by only a few nanometers. To conclude, bioorthogonal labeling via 

tetrazine functionalized fluorophores enables labeling of multimeric receptors, which could be 

verified by FRET and dSTORM experiments. In dSTORM recordings, only the use of low 

exposure times allowed visualization of the receptors multimeric character via a higher amount 

of on-events. However, reconstructed dSTORM images could not pinpoint isolated emitters in 

a multimeric receptor due to the resolution limit of ~20 nm. To achieve sub-10 nm resolution, 

the combination of click chemistry labeling with expansion microscopy (click-ExM) might be 

an alternative approach. For this purpose, a promising way to label the sample are tetrazine 

functionalized fluorophores such as Pyr-Tet-ATTO643. Commercially available 

Pyr-Tet-ATTO643 comprises only one fluorophore attached to the tetrazine (DOL 1), which 

results in undetectable fluorescence signal in 8-fold expanded hydrogels. Novel and brighter 
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fluorophores could potentially survive the gelation and in this case will help to promote the 

approach of click-ExM. Additionally, dyes such as the CF568, which are suitable for dSTORM 

and ExM, could be utilized for click-ExM protocols. Samples could be pre-labeled with 

H-Tet-CF568 followed by 4-fold expansion and subsequent re-embedding. This would allow a 

click-ExM approach in combination with dSTORM as demonstrated previously for antibody 

labeling295. Since the unnatural amino acid TCO*-K seems to get lost during the gelation 

process, a post-labeling approach with tetrazine-dyes is not possible at the moment. However, 

protecting Cy5 fluorophores via phosphine quenching with TCEP can allow survival of pre-

labeled Cy5 samples for expansion microscopy335. A similar approach modified for TCO*-K 

tagged specimen might enable post-labeling with tetrazine-dyes. Another crucial point 

concerning expansion microscopy is the crosslinking of the specimen into the polyacrylamide 

gel. Studies showed that this can be achieved by glutaraldehyde or AcX288,289. Clickable 

samples exhibited the best gel incorporation, when treated with AcX. The AcX reacts with free 

amino groups of lysines, which will be linked in the hydrogel. However it is not guaranteed that 

all amino groups are reacted with the AcX. Furthermore, since the crosslinker is not attached 

directly to the fluorophore, it is possible that the fluorescent label is cut during the the 

Proteinase K digest depending on the amino acid sequence next to the attached fluorophore. To 

ensure site-specific labeling of target structures with fluorescent labels as well as crosslinking 

in the expansion gel tri-functional linkers may be a promising strategy336. Such a linker can 

consist of a tetrazine molecule binding the clickable target structure, a photostable fluorophore 

that can survive ExM processing (e.g. ATTO643) and an acryolyl group for crosslinking in the 

hydrogel. Initial experiments performed with this tri-functional linker showed incorporation of 

the sample in the hydrogel but revealed lower fluorescence signal compared to AcX linked 

specimen. Another potential approach may use a trifunctional linker exploiting multiple 

acryolyl groups to promote the incorporation of the label into the hydrogel. Since the DOL 1 of 

the tetrazine functionalized fluorophore showed no fluorescence in fully expanded gels (8x), 

signal amplification methods were tested. For this, either tetrazine functionalized biotins were 

combined with streptavidin-dyes or tetrazines carrying a digoxigenin tag were utilized. The 

signal of the latter was subsequently amplified by anti-digoxigenin antibody binding. Both 

approaches enabled fluorescence detection of clickable multimeric receptors in 8-fold expanded 

gels. However, preliminary data obtained from SIM imaging revealed dimeric structures not 

only for dimeric but also for monomeric receptors. These artifacts might be caused by the strong 

fixation using glutaraldehyde, clustering of antibodies/streptavidins or anisotropic expansion 
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after digestion with Proteinase K. Optimization of expansion protocols by using milder fixation 

or heat denaturation instead of enzymatic protein digestion might reduce these labeling artifacts.   

 

5.6 Bioorthogonal labeling to tackle pathologies 

Bioorthogonal labeling can provide a powerful tool for understanding and even treating 

pathologies. Limbic encephalitis for instance is associated with GABA-AR 

autoantibodies337,338. These pathogenic autoantibodies might influence the mobility of GABA-

ARs in synaptic and extrasynaptic areas. Clickable GABA-ARs labeled with tetrazine-dyes will 

allow visualization of these receptors in pathological conditions and thereby help to understand 

the impact of autoantibodies in limbic encephalitis without inducing a bulky label.  

Cancer therapies are another important field of application for bioorthogonal click chemistry. 

Genetically modified patient T cells expressing a chimeric antigen receptor (CAR) are utilized 

for cellular immunotherapy of blood cancer. Through recognition of specific tumor associated 

antigens (TAAs) via CARs, these T cells are able to identify and target tumor cells. However, 

CAR-T cells showed severe side-effects due to on-target/off-tumor binding, which leads to 

targeting and killing of healthy cells. Furthermore it should be also noted, that CAR-T cells 

often struggle to infiltrate solid tumors339. Click chemistry can potentially promote CAR-T cell 

mediated immunotherapy by adressing these issues. For instance, anti-CD19 directed CAR-T 

cells were additionally azide-modified via incorporation of Ac4GalNAz sugars into the cell 

surface. Simultaneously, the tumor cells were incubated with Ac4ManN-BCN sugars to 

introduce the unnatural amino acid BCN to the cell membrane. The click reaction between BCN 

and azide will then promote efficient binding of CAR-T cells to and killing of the respective 

tumor cells and hence minimize on-target/off-tumor effects. Furthermore, this method can help 

infiltration and accumulation of CAR-T cells at solid tumors340. Concerning clickable CAR-T 

cells it is also a possibility to advance GCE to introduce an unnatural amino acid such as TCO*-

K into the CAR. Local injection of tetrazine molecules into the solid tumor will then promote 

direction of clickable CAR-T cells to the cancer cells. Another novel application relies on TCO 

molecules carrying a prodrug. Upon tetrazine binding to TCO, cleavage and activation of the 

attached produg are induced341. A clinical study (phase 1) utilizes this principle via a TCO-

modified Doxorubicin prodrug and a locally injected tetrazine-modified biopolymer342. This 

method exhibited a 83-fold lower toxicity compared to standard Doxorubicin in vitro. Since 

click chemistry components are orthogonal, there should be nearly no interactions with 

biomolecules in the human body. Due to that, the toxicity of these approaches is exprected to 
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be very low in general. In conclusion, bioorthogonal labeling provides a wide range of 

opportunities for various applications. In basic research, the method facilitates site-specific 

targeting of proteins, investigation of protein-protein interactions and analysis of multimeric 

receptors. Ultimately, bioorthogonal labeling will contribute to advanced therapies addressing 

severe pathologies in the future.   
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 Appendix 

List of primers 

Table 9 – Primers for introduction of TAG-click sites into GluK2 subunits of KARs by site-

directed mutagenesis 

 

Table 10 - Primers for introduction of TAG-click sites into TARP γ2 and γ8 by site-directed 

mutagenesis 

 

 

 

Primer GluK2 Sequence (5´- 3´) 

forward-S47TAG GTATATTTGAATATGTGGAATAGGGCCCCATGGGAGCAG 

reverse-S47TAG CTGCTCCCATGGGGCCCTATTCCACATATTCAAATATAC 

forward-S272TAG GAGCCCTACAGATACTAGGGCGTAAATATGACAGG 

reverse-S272TAG CCTGTCATATTTACGCCCTAGTATCTGTAGGGCTC 

forward-S309TAG CCTCCAAAACCTGACTAGGGTTTGCTGGATGGATTTATG 

reverse-S309TAG CATAAATCCATCCAGCAAACCCTAGTCAGGTTTTGGAGG 

forward-S343TAG CCAGATGACAGTCTAGTCCTTGCAATGCAATCGAC 

reverse-S343TAG GTCGATTGCATTGCAAGGACTAGACTGTCATCTGG 

Primer γ2 TARP Sequence (5´- 3´) 

forward-S44TAG GGGTTTGCAAGACCAAATAGGTCAGTGAGAATGAAACC 

reverse-S44TAG GGTTTCATTCTCACTGACCTATTTGGTCTTGCAAACCC 

forward-S51TAG GTGTCAGTGAGAATGAAACCTAGAAAAAGAACGAGGAAGTTATG 

reverse-S51TAG CATAACTTCCTCGTTCTTTTTCTAGGTTTCATTCTCACTGACAC 

forward-S61TAG GGAAGTTATGACCCATTAGGGATTATGGAGAACCTGC 

reverse-S61TAG GCAGGTTCTCCATAATCCCTAATGGGTCATAACTTCC 

Primer γ8 TARP Sequence (5´- 3´) 

forward-S72TAG GTGGGGGCAGTGGCTAGTCAGAGAAGAAGGAC 

reverse- S72TAG GTCCTTCTTCTCTGACTAGCCACTGCCCCCAC 

forward-S84TAG GCCTCACACATTAGGGCCTCTGGCGGATATG 

reverse-S84TAG CATATCCGCCAGAGGCCCTAATGTGTGAGGC 

forward-K102TAG GAGGTGTCTGCGTGTAGATCAACCACTTCCC 

reverse-K102TAG GGGAAGTGGTTGATCTACACGCAGACACCTC 
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Table 11 - Primers for introduction of TAG-click sites into GABA-AR α-subunits by site-directed 

mutagenesis 

 

Primer α2 GABA-AR Sequence (5´- 3´) 

forward-K73TAG GGAAAGATGAACGTTTAAAATTTTAGGGTCCTATGAATATCCT

TCGAC 

reverse- K73TAG GTCGAAGGATATTCATAGGACCCTAAAATTTTAAACGTTCATC

TTTCC 

forward-S171TAG CTTATATTTGGACTTACAATGCATAGGATTCAGTACAGGTTGC

TC 

reverse-S171TAG GAGCAACCTGTACTGAATCCTATGCATTGTAAGTCCAAATATA

AG 

forward-S173TAG GACTTACAATGCATCTGATTAGGTACAGGTTGCTCCTGATG 

reverse-S173TAG CATCAGGAGCAACCTGTACCTAATCAGATGCATTGTAAGTC 

forward-S181TAG CAGGTTGCTCCTGATGGCTAGAGGTTAAATCAATATGAC 

reverse- S181TAG GTCATATTGATTTAACCTCTAGCCATCAGGAGCAACCTG 

forward-S201TAG CGGAAAGGAGACAATTAAATCCTAGACAGGTGAATATACTGT

AATG 

reverse-S201TAG CATTACAGTATATTCACCTGTCTAGGATTTAATTGTCTCCTTTC

CG 

forward-K274TAG GAATTCTCTCCCCTAGGTGGCTTATGCAAC 

reverse-K274TAG GTTGCATAAGCCACCTAGGGGAGAGAATTC 

Primer α1 GABA-AR   Sequence (5´- 3´) 

forward-K73TAG GATGAAAGATTAAAATTCTAGGGACCCATGACAGTGCTC 

reverse- K73TAG GAGCACTGTCATGGGTCCCTAGAATTTTAATCTTTCATC 

forward-A171TAG GACCAGAGAGCCATAGCGTTCAGTGGTTGTAG 

reverse-A171TAG CTACAACCACTGAACGCTATGGCTCTCTGGTC 

forward-S173TAG GAGAGCCAGCCCGTTAGGTGGTTGTAGCAG 

reverse-S173TAG CTGCTACAACCACCTAACGGGCTGGCTCTC 

forward-S181TAG GTTGTAGCAGAAGATGGGTAGCGTTTAAACCAGTATGAC 

reverse- S181TAG GTCATACTGGTTTAAACGCTACCCATCTTCTGCTACAAC 

forward-S201TAG CTCTGGAATTGTTCAGTCCTAGACTGGAGAATATGTGGTTATG 

reverse-S201TAG CATAACCACATATTCTCCAGTCTAGGACTGAACAATTCCAGAG 

forward-K274TAG   GAAATTCCCTCCCGTAGGTGGCTTATGCAAC 

reverse-K274TAG GTTGCATAAGCCACCTACGGGAGGGAATTTC 
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Table 12 - Primers for introduction of TAG-click sites into NL2by site-directed mutagenesis 

  

Primer NL2   Sequence (5´- 3´) 

forward-E61TAG GAGCTCAACAACTAGATCCTGGGCCCG 

reverse-E61TAG   CGGGCCCAGGATCTAGTTGTTGAGCTC 

forward-A113TAG GAACCTGCACGGGTAGCTGCCGGCCATC 

reverse-A113TAG GATGGCCGGCAGCTACCCGTGCAGGTTC 

forward-Q227TAG CTTTCTCAGCACTGGTGACTAGGCTGCAAAAGGCAACTAC 

reverse-Q227TAG GTAGTTGCCTTTTGCAGCCTAGTCACCAGTGCTGAGAAAG 
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List of abbreviations 

Ac4GalNAz N-azidoacetylgalactosamine-tetraacylated 

Ac4ManNAz N-azidoacetylmannosamine-tetraacylated 

AcX  6-((acryloyl)amino)hexanoic acid - succinimidyl ester 

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor 

ATD amino-terminal domain 

BCN biclononyne 

BG Benzylguanine 

BSA Bovine serum albumin 

CaMKII calcium/calmodulin-dependent protein kinase II 

CAR chimeric antigen receptor 

Cb collybistin 

CCD charged coupled device 

click-ExM click expansion microscopy 

CLSM confocal laser scanning microscope 

CMV Human cytomegalovirus 

CNS central nervous system 

CoA coenzyme-A 

CTD c-terminal domain 

DAPI 4′,6-diamidino-2-phenylindole 

DBSCAN density-based spatial clustering of applications with noise 

DIPEA Diisopropylethylamine 

DIV days in vitro 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxynucleotid triphophate 

DOL degree of labeling 

DRD2 dopamine receptor D2 

dSTORM direct stochastic optical reconstruction microscopy 

ECD extracellular domain 

ECH extracellular helix 
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EM electron microscopy 

EPSC excitatory postsynaptic currents 

FA formaldehyde 

Fab fragment antigen binding 

Fc fragment crystalliizable 

FLIM fluorescence lifetime imaging 

FRAP fluorescence recovery after photobleaching 

FRET fluorescence resonance energy transfer 

GA glutaraldehyde 

GABA-AR γ-aminobutyric acid type A receptor  

GABA-BR γ-aminobutyric acid type B receptor  

GCE genetic code expansion 

GFP green fluorescent protein 

GHSR1a Growth hormone secretagogue receptor 1a 

HA hemagglutinin 

HC heavy chain 

HF high-fidelity 

IC internal conversion 

iGluRs ionotropic glutamate receptors 

IPSC inhibitory postsynaptic currents 

KAR kainate receptor 

LBD ligand binding domain 

LC light chain 

LTD long-term depression 

LTP long-term potentiation 

MEA β-mercaptoethylamine 

MF mossy fibers 

mGluRs metabotropic glutamate receptors 

NHS N-hydroxysuccinimide 

NL2 neuroligin 2 

NMDAR N-methyl-D-aspartate receptor 

NRXN neurexin 

PALM photoactivated localization microscopy 

PBS phosphate buffered saline 
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PDB protein data base 

PDF probability density function 

PKC protein kinase C 

PLC phospholipase C 

PSD95 postsynaptic density protein 95 

PylRS pyrrolysyl-tRNA synthetase 

Pyr pyrimidyl 

ROI region of interest 

RT room temperature 

scFv short chain variable fragment 

SIM structured illumination microscope 

SMLM singe molecule localization micrsocopy 

SPAAC strain-promoted alkyne-azide cycloaddition 

SPIEDAC strain-promoted inverse-electron demand Diels-Alder 

cycloaddition 

S-SCAM synaptic scaffolding molecule 

STED stimulated emission depletion 

TARP transmembrane-AMPAR-regulatory-protein 

TCO*-K trans-cyclo-octene coupled lysine 

Tet tetrazine 

TMD transmembrane domain 

tRNAPyl pyrrolysyl-tRNA 

uAA unnatural amino acid 

WT wildtype 
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