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ABSTRACT (English) 

1 

The family members of ionotropic glutamate receptors (iGluRs) mediate excitatory 

neurotransmission in the mammalian brain. The AMPA-type receptor is the fastest iGluR 

member, activating at the sub-millisecond time scale and thereby orchestrating high frequency 

signal transduction. 

In this study, ligand binding domains (LBDs), where AMPAR activation is initialised, were cross- 

linked with artificially introduced metal bridges to trap and investigate conformational states 

of the receptor before- and during activation. The tetrameric LBD layer has multiple degrees 

of freedom, from closure of individual clamshells and their conformational arrangement within 

the dimers and the tetramer. The previously studied T1 mutant was reversibly cross-linked at 

the single-channel level and compared to a second functional cross-linking mutant (DKD-3H) 

that was predicted on a molecular dynamics approach. Both, T1 and DKD-3H were further 

brought into a more physiological context upon comparison with a naturally occurring AMPAR- 

specific LBD cross-linker (Con-ikot-ikot) from a fish-hunting snail of the genus Conus. Single- 

channel recordings were analysed with a newly developed software dedicated to ligand-gated 

ion channels with conductances in the low pA range and multiple subconductance levels 

(www.github.com/AGPlested/ASCAM). 

Trapping of the T1 mutant revealed three pre-active conformational states that were not 

described for AMPARs before. Fast activation in the sub-millisecond range disappears fully 

indicating that these conformations proceed too fast in non-restricted wild-type receptors to 

be resolved. Although the metal-coordinating residues of T1 and DKD-3H are in close proximity 

and partially overlapping, DKD-3H did not allow resolving more than a single conformational 

state during activation. This illustrates that the AMPAR LBD layer is highly dynamic and complex 

because a slightly distinct register of the bridge results in largely different phenotypes. Cross- 

linking with con-ikot-ikot identified an EC50 of ~5 nM under full equilibrium and led to 

desensitisation block and reduced activity at the same time. All three cross-linking approaches 

had in common to reduce open probability of the channel gate. Single-channel analysis of T1 

and AMPARs bound to con-ikot-ikot support the hypothesis that the altered phenotypes, such 

as reduced open probability and occurrence of multiple pre-open states in T1, are not a result 

of singly restricted LBDs but the dynamics of the tetrameric LBD-layer as one unit. 

http://www.github.com/AGPlested/ASCAM)


ABSTRACT (German) 

2 

Ionotrope Glutamatrezeptoren steuern exzitatorische Prozesse im menschlichen Hirn. Mit 

einer Aktivierungszeit von unter einer Millisekunde ist der AMPA-Rezeptor der schnellste 

Glutamatrezeptor und reguliert die Signaltransduktion in hochfrequenten Bereichen. 

Um die Konformationen des Rezeptors vor- und während der Aktivierung aufzuschlüsseln, 

wurden in dieser Studie die Ligandenbindedomänen (LBD), an denen die Aktivierung 

initialisiert wird, mit künstlichen Metallbrücken verlinkt. Die LBD-Schicht ist tetramerisch 

organisiert und hat mehrere Freiheitsgrade. Sie reichen vom Schließen der LBD durch 

Ligandenbindung, bis hin zu den verschiedenen Konformationsmöglichkeiten innerhalb des 

Tetramers. Die bereits publizierte T1-Mutante wurde reversibel verlinkt und auf 

Einzelkanalebene elektrophysiologisch untersucht. Anschließend wurde T1 mit einer Mutante 

(DKD-3H) verglichen die durch molekulardynamische Simulationen identifiziert wurde. Die 

Eigenschaften von T1 und DKD-3H konnten in einen physiologischeren Kontext gebracht 

werden, indem ein natürlich vorkommender AMPAR-spezifischer LBD-Linker namens Con-ikot- 

ikot eingesetzt wurde. Eine Meeresschnecke der Gattung Conus setzt das Polypeptid zur 

Fischjagd ein. Alle elektrophysiologischen Einzelkanalmessungen wurden mit einer Software 

analysiert, die speziell für Ströme von ligandengesteuerten Ionenkanälen mit multiplen 

Leitfähigkeiten entwickelt wurde (www.github.com/AGPlested/ASCAM). 

Durch Verlinkung in T1 konnten drei präaktive Konformationen aufgeschlüsselt werden. 

Schnelle Aktivierung im sub-Millisekundenbereich verschwindet ganz und die drei 

Konformationen könnten im Wildtyp-Rezeptor zu schnell ablaufen um sie messen zu können. 

Obwohl die Metall-koordinierenden Residuen von T1 und DKD-3H nah beieinander liegen und 

teils überlappen, konnte für DKD-3H nur eine einzelne präaktive Konformation gefunden 

werden. Es deutet darauf hin, dass die LBD-Schicht von AMPA-Rezeptoren hochdynamisch ist 

da diese geringe Abweichung große Auswirkungen auf den Phänotypen des Rezeptors hat. 

LBD-Verlinkung mit Con-ikot-ikot ergab einen EC50 von ~5 nM im vollen Equilibrium. Alle drei 

Verlinkungsarten resultierten in einer reduzierten Offenwahrscheinlichkeit des Kanals. 

Einzelkanalanalysen von T1 und Con-ikot-ikot-gebundenen AMPA-Rezeptoren unterstützen die 

Hypothese, dass die veränderten Phänotypen aus dem Wechselspiel der LBDs innerhalb der 

LBD-Schicht resultieren. 

http://www.github.com/AGPlested/ASCAM
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1.1 The role of iGluRs in the central nervous system (CNS) 

 
AMPARs (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors) belong to the 

ionotropic glutamate receptor (iGluR) family and mediate fast excitatory transmission at 

synapses in the vertebrate brain. Besides AMPARs, iGluRs comprise NMDARs (N-methyl-D- 

aspartate receptors) and kainate receptors. All of which are ligand-gated, cation-permeable 

tetramers activated by presynaptically released glutamate (Glu), which is the most abundant 

neurotransmitter for excitatory neurotransmission in the vertebrate brain (Collingridge & 

Lester, 1989; Dingledine et al., 1999; Meldrum, 2000; Traynelis et al., 2010). After Glu release 

from the presynapse, the ligand diffuses via the synaptic cleft towards the postsynapse where 

it binds to the receptor. Upon Glu binding, the receptor transduces the chemical signal (Glu 

binding) into an electrical signal (ion flow) by undergoing a conformational rearrangement that 

triggers opening of the ion channel pore (Aldrich et al., 1983; Auerbach, 2013; Plested, 2016). 

The ion flow leads to postsynaptic depolarisation of the membrane causing excitatory 

postsynaptic currents (EPSCs) (Traynelis et al., 2010). By activating within 200 to 600 µs after 

Glu application, AMPARs are the first molecules initiating fast excitatory neurotransmission 

(Colquhoun et al., 1992; Hestrin, 1992; Silver et al., 1992). Their fast kinetics ensure the 

accuracy that is required for precisely orchestrating high frequency signal transduction 

between nerve cells. Alterations in number, subunit composition, protein-interactions, or 

phosphorylation-states of AMPARs directly impact synaptic plasticity by either strengthen 

(long-term potentiation, LTP) or weaken synapses (long-term depression, LTD). Therefore, they 

are fundamental for processing thoughts and storing memories in the mammalian brain 

(Henley & Wilkinson, 2016; Huganir & Nicoll, 2013; Malinow & Malenka, 2002; Newpher & 

Ehlers, 2008; Opazo & Choquet, 2011; Shepherd & Huganir, 2007). On the flipside, AMPARs 

are involved in several disorders of the CNS (Bowie, 2008; Dirnagl et al., 1999; Francis, 2003; 

Henley & Wilkinson, 2016; O'Neill & Witkin, 2007). To understand AMPAR related diseases and 

the foundation of the brain, that is learning and memory, it is essential to study the mechanism 

underlying AMPAR activation. 
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1.2 Structural properties of AMPA-type iGluRs 

 
The characteristic architecture of iGluRs is their homo- or heterotetrameric composition of 

four subunits. AMPAR subunits are named GluA1 to 4. Due to change in nomenclature these 

subunits were initially termed GluR1 to 4 as often to find in older publications. The four 

subunits occupy positions A to D which are read counter clockwise when looking at the 

tetramer from above (Figure 1, B). Cryo-EM studies of the subunit composition of native 

AMPARs suggest that over 50% of subunits are represented by GluA2 preferentially occupying 

the B and D position of the tetramer (Zhao et al., 2019). The first crystal structure of a full- 

length AMPAR was published in 2009, illustrating the GluA2 homotetramer at 3.6 Å resolution 

(Sobolevsky et al., 2009). 
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Figure 1: Crystal structure (Sobolevsky et al., 2009) and schematic subunit arrangement of the 

GluA2 homotetramer. Subunits coded in green (subunit A), red (subunit B), blue (subunit C), and 

yellow (subunit D). A: Front view onto the crystal structure of the GluA2 homotetramer 

(Sobolevsky et al., 2009). Three layers are connected via linkers. On top is the extracellular 

amino terminal domain (ATD) layer which is connected to the ligand binding domain (LBD) layer 

in the middle. The LBDs are bound to competitive antagonist (spheres). The bottom layer 

constitutes the transmembrane domain (TMD). The intracellular carboxyl-terminal domain 

(CTD) is not resolved. B: Top view on the schematically represented ATD, LBD, and TMD layers. 

The centre is shown as black dot to illustrate the two-fold symmetry of ATD and LBD layer and 

the four-fold symmetrical ion channel. 

 

The GluA2 homotetramer (Figure 1, Sobolevsky 2009) has an overall Y-shape. It consists of 

three layers which are connected via linkers that make the receptor highly flexible. The 

extracellular part of the receptor is the ATD- and LBD layer which make up for about ~85% of 

the receptors’ mass. Both, ATD- and LBD layer share a two-fold symmetry as a dimer of dimers 
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(Figure 1, B). Note that the A and C positions of the LBD layer are in closer proximity than B 

and D. For the ATD layer this relation is inversed. The LBD layer folds into the four-fold 

symmetrical TMD that embeds the receptor in the membrane and represents the ion channel 

pore of the AMPAR. Connected to the TMD is the intracellular carboxyl-terminal domain (CTD) 

which was not resolved due to its volatile structural character (Sobolevsky et al., 2009). 

 

1.3 Functional and structural properties of the individual AMPAR domains 
 
 

The CTD is presumed to play an important role for protein interactions that are dependent on 

phosphorylation states. I.e., it has been demonstrated that CTD phosphorylation can alter open 

probability and conductance of the channel (Derkach et al., 1999). Additionally, the CTD is 

relevant for trafficking and localisation of the receptor at the synapse (Anggono & Huganir, 

2012; Serulle et al., 2007). As it has been shown for NMDARs before, CTD deletion did not alter 

receptor functionality of AMPARs. (Granger et al., 2013; Puddifoot et al., 2009). 

The bulky ATD domain is expected to play a key role for receptor assembly and embedding of 

the receptor into the membrane (Herguedas et al., 2013; Watson et al., 2017). AMPARs that 

lack the ATD layer have been shown to still be fully functional. That is in contrast to NMDARs 

where the ATD clearly affects the LBD layer upon binding of polyamines, zinc ions, protons, or 

the NMDAR-specific inhibitor ifenprodil (Paoletti & Neyton, 2007). None of these ATD 

modifications were seen for AMPARs and not much is known about the role of AMPAR ATDs 

but it appears that they can slightly influence the desensitisation kinetics of the AMPA 

receptor. That would imply that the ATD layer is interfering with the LBD layer (Moykkynen et 

al., 2014). However, as for the CTD, the exact role and function of the ATD still remains to be 

examined until today. 

More is known about the TMD. It is composed of helices M1 to M4 (Figure 2) and includes the 

highly conserved nonselective cation channel. Together with kainate receptors, the AMPAR 

TMD shows homology to an inverted K+ channel. Additionally, both channels can be blocked 

with polyamine blocker spermine. While M1, M3, and M4 constitute the membrane-spanning 

segments, the ion channel pore is formed by the re-entrant loop of the M2 segment (Figure 2). 

Oppositely to K+ channels, the M2 re-entrant loop is found at the cytoplasmic and not the 



INTRODUCTION 

7 

 

 

 
extracellular side (Bowie & Mayer, 1995; Kuner et al., 2003; Sobolevsky et al., 2003). M2 

contains the Q/R editing site which is specific for GluA2. It has been shown that about 99% of 

GluA2 subunits get RNA-edited post-transcriptionally by replacing glutamine (Q) with arginine 

(R) at position 607 (Hollmann et al., 1991; Sommer et al., 1991). Thereby, the receptor 

becomes almost impermeable to Ca2+ and resistant against polyamine block (Bowie & Mayer, 

1995). Besides, it has been demonstrated that the Q/R editing site plays an important role for 

AMPAR tetramerization (Greger et al., 2003). The M3 helices of each of the four subunits 

together build the channel gate including the selectivity filter. Although the first open structure 

of the channel gate has been published recently, there is still a lack of knowledge regarding 

the molecular mechanisms underlying cation permeability at the channel gate (Twomey et al., 

2017). 

 
 
 

 

Figure 2: Schematic AMPAR domain architecture. The extracellularly located ATD (blue) folds 

into the TMD (M1 to M4) with the Q/R editing site in M2 (red dot). The LBD is boxed in dashed 

line and consists of the N-terminal part (S1) and the C-terminal part (S2) while S2 contains the 

R/G site (red hash) and the flip/flop cassette (purple). The transmembrane M4 segment folds 

into the c-terminal domain at the intracellular side (green). 
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Gating is initialised upon Glu binding within the clamshell-shaped LBDs (Armstrong & Gouaux, 

2000; Stern-Bach et al., 1994). The LBD is formed by segments S1 and S2. Ligand binding within 

the interlobe cleft causes closure of the clamshell (Quiocho & Ledvina, 1996). The clamshell 

consists of the upper D1- and lower D2 lobe and is linked to the TMD segments via M3-S2, S1- 

M1, and S2-M4 (Figure 3). When the clamshell closes, the D1-D1 of adjacent LBDs dimerise 

and thereby causing separation of the lower D2 lobes. This leads to pulling on the linkers 

triggering channel gating which is followed by rupture of the D1-D1 dimer causing channel 

closure although the ligand is still bound (Mayer, 2006). The latter process is termed 

desensitisation (Sun et al., 2002). Similar to the M2 pore loop, D1 is mRNA-edited post- 

transcriptionally at the R/G site. The mRNA editing and alternative splicing at the flip/flop 

cassette lead to alterations of the AMPAR kinetics and are presumed to play a role during 

subunit assembly (Greger et al., 2006; Lomeli et al., 1994; Mosbacher et al., 1994). 
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Figure 3: Side view onto the LBDs and TMDs of two opposing GluA2 subunits in green and blue 

(PDB file 5WEO). For better visualisation, the ATDs have been removed. CTDs were not resolved. 

The clamshell-like shape of the LBD is shaded in grey for the green subunit. The Glu molecule is 

shown as red sticks. It is bound within the upper D1 and lower D2 lobe of the clamshell. The 

TMD segments M1 to M4 are labeled, as for the linkers that connect them to the LBD segments. 

The zinc coordinating histidines of T1 are located at the D2 (D668H, T672H, and K761H ) lobes 

and are illustrated in magenta. 

 

1.4 The cycle of AMPAR activation 
 
 

In order to gate, ion channels require energy (Hille, 2001). In iGluRs this energy is transferred 

via ligands. Upon binding at the dedicated LBD, the receptor undergoes multiple 

conformational rearrangements until the channel opens (Aldrich et al., 1983; Auerbach, 2013; 

Plested, 2016). Until today, several structures of full-length AMPARs or isolated LBDs are 
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published under various conditions. These structures illustrate AMPARs at distinct states 

during the cycle of receptor activation and thereby provide rich information on how a possible 

mechanism of AMPAR activation could look like. Functional data from electrophysiological 

experiments and MD simulations helped to bring the structural information on an activation 

mechanism in a narrower context. I.e., single-channel recordings of AMPARs revealed its 

tetrameric structure eleven years before the first full-length crystal structure of an AMPAR was 

published confirming the predicted tetrameric arrangement (Rosenmund et al., 1998; 

Sobolevsky et al., 2009). While the first full-length open structure of an AMPAR contained LBDs 

bound to Glu, there are structures of LBDs in the apo state, bound to antagonists, or partial 

agonists, or in the desensitised state. (Armstrong & Gouaux, 2000; Coombs et al., 2019; Durr 

et al., 2014; Sobolevsky et al., 2009; Twomey et al., 2017). 

The cycle of receptor activation includes activation upon ligand binding followed by 

desensitisation, meaning the channel is closed with the ligand still bound, and deactivation 

upon ligand release to find the receptor in the resting state (apo) again. The extensive 

structural work, electrophysiological recording, and MD simulations illustrated that gating is 

initialised at the clamshell shaped LBDs. Binding of agonist within the upper D1- and lower D2 

lobe of the clamshell (Figure 3) leads to clamshell closure. The extend of clamshell closure is 

agonist dependent and directly influences open probability as it has been demonstrated by 

Armstrong and Gouaux in 2000. Their experiments revealed that the D1-D2 separation is at its 

maximum in the apo state and it decreases slightly when an antagonist is bound. D1-D2 

separation decreases further upon binding of a partial agonist. The maximum clamshell closure 

arises when Glu or AMPA is bound within the clamshell and the extent of clamshell closure 

correlates with gating (Armstrong & Gouaux, 2000). Subsequent cryo-EM studies revealed a 

26° clamshell closure arising from the movement of the lower D2 lobe once Glu is bound 

(Twomey et al., 2017). When the clamshell closes, the D1 lobes of adjacent LBD subunits within 

the intradimer dimerise in a back-to-back fashion in a way that the D2 lobes separate from 

each other within the dimer. This leads to a pulling force to the linkers connecting D2 with the 

TMD resulting in gating of the channel (Armstrong & Gouaux, 2000; Sobolevsky et al., 2009; 

Stern-Bach et al., 1994; Yu et al., 2018). In the open structure, the LBD layer appears as an 
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expanded ring upon D2-D2 separation (Twomey et al., 2017). The LBD ring expansion was 

observed for other iGluRs before (Mayer, 2016; Twomey et al., 2017). 

Notably, within the family of iGluRs AMPARs are the fastest to activate. With activation times 

within 200 to 600 µs after Glu application they leave NMDARs and kainate receptors, that 

activate within milliseconds, behind (Colquhoun et al., 1992; Hestrin, 1992; Silver et al., 1992). 

One molecular feature that could provide these fast activation kinetics to AMPARs is their weak 

association of subunits (Plested & Mayer, 2009), meaning that intermediate states are likely 

not energetically stable but transitions between states can be performed fast. The weak 

association is further supported by the fact that binding of a single Glu molecule at the LBD 

layer can already trigger gating indicating independence of individual subunits which is for 

example not seen for NMDARs that require binding of two glycine and two glutamate 

molecules for activation. Therefore, AMPARs can activate to multiple sub-conductance levels 

besides the maximum open state depending on how many LBDs are occupied by Glu (Blanke 

& VanDongen, 2009; Rosenmund et al., 1998; Swanson et al., 1997). 

Amongst the family of iGluRs, specifically AMPARs tend to profoundly desensitise directly after 

activation because the active state is energetically unstable. Rupture of the D1-D1 interface is 

presumed to cause reduction of the D2-D2 separation, relieving the force onto the linkers 

connected to the TMD (Armstrong et al., 2006; Lau & Roux, 2011; Plested & Mayer, 2009). The 

relationship of how dimerisation leads to channel gating was also found on the basis of 

mutations of the D1 lobe and D1-specific positive allosteric modulators that can stabilise the 

D1-D1 dimer and thereby preventing desensitisation (Jin et al., 2005; Stern-Bach et al., 1998; 

Sun et al., 2002). Not only positive allosteric modulators, such as cyclothiazide (CTZ) or 

(R, R)-2b, that stabilise D1-D1 and thereby keeping the channel open, illustrated this AMPAR- 

typic process (Kaae et al., 2007; Sun et al., 2002). A point mutation (L484Y) helped to 

understand more about the importance of D1-D1 dimer stabilisation for promoting the open 

state (Stern-Bach et al., 1998). For example, homozygously knock-in of L484Y into mice 

revealed as lethal, while heterozygous mice had seizures besides further neurological disorders 

and usual did not survive postnatal week three, indicating the importance of AMPAR 

desensitisation for regular cognitive function (Christie et al., 2010). However, normal cognitive 

function not only requires intact LBDs. A spontaneous mutation (Lurcher) in mice in the 
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extracellular part of transmembrane domain 3 of GluA2 was found to induce neuronal death 

because the Lurcher mutation causes a profound reduction in desensitisation (Zhang et al., 

2017; Zuo et al., 1997). 

Desensitisation is followed by deactivation. When Glu is released by the clamshell the receptor 

is found in the apo state again. On one hand the clamshell needs to trap Glu fast for activation 

at the sub-millisecond timescale. On the other hand release of Glu needs to proceed fast to 

have the LBD ready for translating the subsequent input signal for fast excitatory 

neurotransmission. As the closed clamshell conformation has been found to be unstable during 

activation, the unstableness of the D1-D1 interface might be the determinant for fast 

deactivation accompanied by a reduction in open probability (Zhang et al., 2008). 

Besides these three undisputable conformational states that characterise the cycle of receptor 

activation, AMPARs have further intermediate conformations. Of specific interest are the 

states before and during activation since they reveal the underlying molecular mechanisms 

that lead to fast channel gating enabling fast excitatory neurotransmission. For example it has 

been shown for NMDARs, that presumably two pre-active conformations exist. The 

unconstrained conformation allows fast activation (τ = 7.1 ms, a = 92.8%) while the 

constrained pre-active state slows down the activation time (τ = 337.4 ms, a = 7.2%) of 

GluN1/GluN2A (Esmenjaud et al., 2019). Pre-opening conformational rearrangements were 

also observed for glycine receptors before and could be distinguished upon binding affinity 

(Burzomato et al., 2004; Plested et al., 2007). However, investigating possible pre-active states 

for AMPARs could emerge as problematic since the activation times of AMPARs are at the sub- 

millisecond timescale. The initial statement on their weak association of subunits (Plested & 

Mayer, 2009) likely relating to energetically unstable conformations makes it challenging to 

isolate AMPAR conformations during activation. An approach to resolve presumable pre-active 

states of the AMPA receptor is to trap specific conformations in the apo state and subsequently 

add agonist to search for potential alterations during the activation process. 
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1.5 Allosteric coupling in iGluRs 

 
 

Ligand-gated ion channels can have multiple conformational states, such as apo, active, and 

desensitised in AMPARs, that differ in ligand affinity (Wyman & Gill, 2009). One would assume 

that the ligand affinity of AMPARs is of course the highest when the clamshell is opened ready 

to bind Glu. It has been shown though, that the LBDs move freely in the apo state and are 

highly dynamic (Baranovic et al., 2016; Plested & Mayer, 2009). This would imply that agonist 

affinity changes with each smallest movement of the clamshell in the apo state and there are 

almost infinite possible protein conformations with multiple possibilities for transitioning in 

between states making the system too complicated for detailed description. Although it was 

not seen for AMPARs, the Boltzmann distribution law supposes that unliganded openings of 

the channel are possible. Indeed, other iGluRs such as NMDARs were shown to promote 

spontaneous full clamshell closure in absence of agonist making the clamshell inaccessible for 

the ligand in the ‘supposedly apo state’ (Yao et al., 2013). However, until today the topic of 

allosteric coupling in ligand-gated ion channels is argued (Colquhoun & Lape, 2012). Another 

view onto allosteric coupling employs a chemical kinetics approach with finite conformational 

states at the minima of the energy landscape. This allows for detection of distinct protein 

conformations when the energy minimum lasts long enough to detect it with the given 

sampling rate of the experimental setup. In this way each conformational state can be 

described by an exponential component (Colquhoun & Hawkes, 1982). 

 

1.6 Cross-linking of the LBD layer as an approach to trap conformational states during AMPAR 

activation 

 

One approach to trap specific states during the cycle of iGluR activation is to cross-link the LBD 

layer, where activation is initialised. Versatile natures of cross-links were applied recently to 

identify state-specific LBD conformations from cross-linking with metal ions over cysteine 

bridges to flexible bifunctional cross-linkers. I.e., with the LBD cross-linking approach highly 

active NMDARs were generated by introducing disulphide bridges. Kainate receptors were 

trapped at the LBD leading to partial gating activity, reduced desensitisation, and peak current 
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reduction (Baranovic & Plested, 2018; Daniels et al., 2013; Das et al., 2010; Esmenjaud et al., 

2019). Cross-linking experiments of AMPAR LBDs with disulphide bonds helped to identify the 

presumably high mobility of the LBD layer in the resting state (Plested & Mayer, 2009). The 

dynamics of the AMPAR LBD layer were further investigated applying a metal cross-linking 

approach (Baranovic et al., 2016). 

The previously studied T1 mutant for example has histidines introduced at the lower D2 lobes 

at positions D668H, T672H, and K761H (illustrated in magenta, Figure 3 and 4). 

 
 

Figure 4: Top view onto the GluA2 LBD-layer. Subunits A to D, are colour coded in blue (A), green 

(B), orange (C), and red (D). Histidines at the interdimer interface are shown in magenta. 

Desensitisation blocker CTZ is bound within the intradimer interface and is illustrated in yellow. 

The ATDs have been removed for better visualisation (PDB file 5WEO). 

 

Based on a molecular modelling approach these residues were predicted to coordinate metals. 

Thereby, T1 can trap zinc at the interdimer interface. The phenotype of T1 is represented as 

reduction in peak current and an increase in activation time when cross-linked (Baranovic et 

al., 2016). While the LBDs of other iGluRs like NMDARs appear to be dependent on the ATDs 

and thereby are naturally restricted, the AMPAR LBD layer and also the kainate LBD layer 
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appear to require more mobility for proper gating (Karakas & Furukawa, 2014; Lee et al., 2014). 

By bringing the LBD layer in a presumable compact arrangement upon metal brdiging the 

distance of D668H is assumed to be ~3 Å from T672H and ~6 Å from K761H which is in 

accordance to the minimum distances for metal bridge formation in proteins (Laitaoja et al., 

2013). Based on the calcium-bond valence sum score (CBVS) (Muller et al., 2003) T1 appeared 

to provide the geometrically best coordination site for cross-linking. However, it is noteworthy 

that this does not necessarily mean the T1 LBD has the tightest arrangement once cross-linked. 

It can also mean that the tight arrangement is visited most frequently compared to the other 

cross-linking mutants of the study. The experiments also showed that cross-linking of T1 

already proceeds in the apo state (Baranovic et al., 2016). This makes T1, besides the optimal 

geometry of the cross-link, an interesting candidate to investigate conformational 

rearrangements during- or even before activation. 

 
1.7 The role of AMPAR LBD cross-linking in nature 

 
 

Con-ikot-ikot (CII) is one out of >50,000 naturally occurring conotoxins, that are expressed by 

snails of the genus Conus. Cone snails utilise their toxins during hunting and defending or for 

deterring competitors. It is assumed that the vast majority of conotoxins selectively target 

specific ion channels implying that there is a humongous natural repository of potential 

pharmaceutical compounds acting on ion channels (Essack et al., 2012; Safo et al., 2000; Terlau 

& Olivera, 2004). As consequence, conotoxins are of specific interest for identifying new drugs 

of which several are currently on clinical trials. One of which is the FDA-approved (Food and 

Drug Administration) ziconotide for treating severe and chronic pain upon blocking of voltage 

gated N-type calcium channels (McIntosh et al., 2000). Besides voltage gated channels, 

conotoxins also target ligand gated ion channels where acetylcholine receptors play the major 

role. However, in 2009 studies identified CII as the first conotoxin specifically targeting AMPARs 

and thereby blocking desensitisation (Walker et al., 2009). The majority of conotoxins are 

usually 10-30 amino acid residues in size and get their specificity through number and position 

of disulphide bonds. CII however differs in terms of disulphide pattern and molecular weight. 

With 20 kDa it is comparably large but crystal structures of the GluA2-CII complex have shown 
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that it flawlessly fits into the cleft between ATD- and LBD layer. It has a dimeric, V-shaped 

structure and each of its monomers binds via disulphide bonds to one of the two dimers of the 

LBD layer, respectively (Chen et al., 2014; Robinson & Norton, 2014; Wu et al., 2014). Upon 

binding of toxin the receptor lacks its profound desensitisation properties leading to 

overexcitation of the nervous system of the snails’ prey. 
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2. METHODS 
 
 

2.1 Molecular biology 
 
 

2.1.1 Plasmid-DNA constructs 
 
 

GluA2 wild-type (WT) refers to the BiQG Ex4 I-E pRK5 plasmid (Figure 5) and was used as vector 

for overexpressing homomeric AMPARs in HEK-293 cells. 

 

Figure 5: Vector map of the 8976 base pair (bp)-long BiQG Ex4 I-E pRK5. 09-08 construct. 09-08 

indicates the year when the construct was registered in the internal database (2009) and the 

consecutive number of the plasmid (8). This vector has multiple restriction sides, marked in bold 

characters, and an ampicillin (Amp) resistance. The amino terminal domain (ATD) is encoded 

by 9 of the total 16 exons. The GluA2-coding region is 2652 bp long, followed by the internal 

ribosome entry site (IRES) and an enhanced green fluorescent protein (eGFP). The pRK5 plasmid 

has human cytomegalovirus (CMV) promoter. 

 
The ‘B’ in BiQG Ex4 I-E pRK5 arises out of the historical naming of the AMPAR subunit, that 

used to be GluRB (A-D instead of 1-4). ‘I’ indicates the flip-variant and the unedited pore region 
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is described by the letter ‘Q’ (glutamine). In the edited form an arginine (R) is found at this 

region. ‘G’ signifies the edited R/G-site within the LBD. ‘Ex4’ is a vector variant with particular 

restriction sites and ‘I-E’ represents the internal ribosome entry site (IRES) followed by the 

enhanced green fluorescent protein (eGFP) sequence. The pRK5 plasmid is characterized by 

the strong human cytomegalovirus (CMV) promoter. 

The previously described T1-mutant (Baranovic et al., 2016) was generated on the GluA2 WT 

background. Site-directed mutagenesis was performed for mutating residues at positions 

D668, T672, K761 into histidines (H) via overlap polymerase chain reaction (PCR). 

Plasmids were stored at -20 °C in TAE (Tris-acetate-EDTA) buffer, which contained 40 mM Tris, 

20 mM acetic acid, and 1 mM EDTA. All plasmids were diluted to an initial concentration of 

1 µg/µL. For single-channel experiments, plasmids were diluted to a final concentration of 

10 ng/µL. Nucleic acids in TAE buffer were quantified with ultraviolet-visible spectroscopy (UV- 

Vis) utilising the NanodropTM 2000C spectrophotometer (Fisher Scientific GmbH, Schwerte, 

Germany). 

 

2.2 Cell culture 
 
 

2.2.1 Solutions 

Culturing solutions 

All culturing solutions were purchased from PAN-Biotech GmbH (Aidenbach, Germany) and 

Fisher Scientific GmbH (Schwerte, Germany). 

 

Minimum essential medium (MEM): After adding 10% fetal bovine serum (FBS) and 5% 

penicillin / streptomycin to MEM, MEM complete was stored at 4 °C for a maximum of 4 weeks. 

 
Dulbecco’s phosphate-buffered saline (DPBS): DPBS was stored at 4 °C for a maximum of 4 

weeks after initial use. 
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Trypsin: 0.05% Trypsin with 0.02% EDTA was aliquoted in 15 mL Falcon tubes (Sarstedt AG & 

Co. KG, Nümbrecht, Germany) and stored at -20 °C. After initial use trypsin was stored at 4 °C 

for a maximum of 4 weeks. 

 

Solutions for transfection 
 
 

Drugs were obtained from AppliChem GmbH (Darmstadt, Germany) and Carl Roth GmbH 

(Karlsruhe, Germany) and dissolved in Milli-Q water. All solutions were sterile-filtered with a 

0.2 µM MilliporeTM Nylon filter (Merck KGaA, Darmstadt, Germany) and stored at -20 °C in 

1.5 mL tubes (Sarstedt AG & Co. KG, Nümbrecht, Germany). Solutions were thawed and 

vortexed on the day of transfection and stored at 4 °C after first utilisation for a maximum of 

7 days. 

 
CaCl2 solution: CaCl2 solution contained 340 mM of CaCl2. 

 
 

2 x 4-(2-hydroxyethyl)-1-piperazineethanesulfonic   acid   HEPES   buffered   saline   (HEPES): 

2 x HEPES buffered saline solution contained (in mM) 283 NaCl, 1.5 Na2HPO4, 50 HEPES, 

equilibrated to a pH of 7.2. 

 

Kynurenic acid: Kynurenic acid solution contained 50 mM kynurenic acid and 100 mM MgCl2. 

The pH was titrated with NaOH to 7.9. 

 
2.2.2 Cell cultivation 

 
 

The Human embryonic kidney 293 cell line (HEK 293) was utilized throughout all patch-clamp 

experiments. Cells were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany), aliquoted into cryovials with dimethyl sulfoxide- 

(10%) containing freezing medium (GibcoTM RecoveryTM Cell Culture Freezing Medium, Fisher 

Scientific GmbH, Schwerte, Germany), and stored in liquid nitrogen at -196 °C. For culturing, 

cells were carefully thawed in water at 37 °C for 3 min and subsequently collected in 10 mL 
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MEM complete. After 5 min of centrifugation at 200 x g supernatant was discarded and the 

cell pellet was resuspended in MEM complete. HEK293 cells were plated in T-75 flasks 

(Sarstedt AG & Co. KG, Nümbrecht, Germany) and incubated at 37 °C and 5% CO2. Cell splitting 

was performed twice per week when the confluence reached ~ 95%. The monolayer was 

washed with 10 mL DPBS and incubated in 0.05% Trypsin / 0.02% EDTA at 37 °C for 3 min. 

Detached cells were collected in 10 mL medium and centrifuged at 200 x g for 5 min. The pellet 

was resuspended in MEM complete and plated in T-75 flasks in a ratio of 1:5. For next-day 

transfection, cells were additionally plated on coverslips in Ø 35 mm dishes (NuncTM, Fisher 

Scientific GmbH, Schwerte, Germany) in 2 mL MEM complete. Transfection was carried out 

earliest at passage 5 and cells were discarded latest at passage 30. 

 

2.2.3 Coverslip preparation 
 
 

10 mm coverslips (A. Hartenstein GmbH, Würzburg, Germany) were sonicated for 15 min in 

70% denatured ethanol (EtOH) (Th. Geyer GmbH & Co. KG, Renningen, Germany) and stored 

in 99% EtOH in 50 mL Falcon tubes at room temperature (RT). Before application, coverslips 

were flamed and put into Ø 35 mm dishes. A drop of 0.01% Poly-L-lysin (PLL) (Sigma-Aldrich 

Chemie GmbH, Taufkirchen, Germany) was added to each coverslip to enhance subsequent 

cell adhesion at the glass surface. After 15 min of incubation, the coverslips were washed twice 

with DPBS. 

 

2.2.4 Transfection 
 
 

24 hours (h) prior transfection, cells were seeded onto PLL-coated coverslips in Ø 35 mm 

dishes filled with 2 mL MEM complete. On the day of transfection, confluence was 50-60% for 

coverslips dedicated to single-channel recordings, and 20-40% for macroscopic recordings. For 

single-channel recordings, the calcium phosphate transfection was performed with a plasmid 

ratio approach that kept the total plasmid amount constant as described (Groot-Kormelink et 

al., 2002). 57 µL of 340mM CaCl2 were added to 3 µg of cDNA 60 µL and carefully mixed. The 

mixture was added dropwise to 60 µL of 2 x HEPES buffered saline, vortexed for 2 sec and 
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incubated for 5-20 min at RT. After crystal formation, the transfection mix was pipetted onto 

the coverslips without touching the medium with the tip. After 4 h of incubation, the DNA 

solution was removed and the coverslips were washed twice with 2 mL of DPBS. The coverslips 

were transferred into new Ø 35 mm dishes and filled with 2 mL MEM complete, containing 

1 mM kynurenic acid, which acts as a competitive antagonist of glutamate at iGluRs and 

thereby prevents binding of native glutamate (Prescott et al., 2006). For single-channel 

recordings, GluA2 WT or T1 was co-transfected with enhanced fluorescent protein and an 

empty vector (pcDNA3.1+) in a ratio of 1 : 63 : 313. In preparation for macroscopic recordings, 

3 µg of each construct was transfected, respectively. GluA2(Q) WT was transfected in a 

separate dish as control for each experiment. 

 

2.3 Electrophysiology 
 
 

2.3.1 Solutions 
 
 

Drugs were obtained from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), BIOZOL 

Diagnostica Vertrieb GmbH (Eching, Germany), Carl Roth GmbH (Karlsruhe, Germany). All 

solutions were sterile-filtered with a 0.2 µM MilliporeTM Nylon filter (Merck KGaA, Darmstadt, 

Germany). Osmolarities were measured with a VAPRO 5600 osmometer (KREIENBAUM 

Neoscience GmbH, Langenfeld, Germany). For single-channel experiments all solutions were 

degassed before addition of drugs. 

 

External solutions: Ringer solution contained 150 mM NaCl, 0.1 mM MgCl2, 0.1 mM CaCl2, 

5 mM HEPES and was titrated to a pH of 7.3 with 10 mM NaOH. 

Glutamate (Glu) stock solution  contained 2 M L-glutamic acid, 0.5 M D(+)saccharose  and 

1.5 M NaOH. Throughout all experiments, Glu was applied at 10 mM. 

For perfusion of iGluRs, capable of coordinating heavy metals, either 10 µM Zn2+ or 

10 µM EDTA was added to the external solution. EDTA stock solution was prepared in NaOH. 

Desensitisation block was achieved by adding 100 µM cyclothiazide (CTZ) (Sun et al., 2002). 

CTZ stock solution was prepared in DMSO and added on the day of the experiment. 
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During recordings were binding kinetics of GluA2(Q) WT and the toxin Con-ikot-ikot (Walker et 

al., 2009) was investigated, desensitisation was blocked by adding 10 µM (R, R)-2b (RR) (Kaae 

et al., 2007) to the external solution. In these experiments, 20 µM of the toxin was added to 

Ringer for a 20 min incubation of the cells immediately before the patch-clamp experiments. 

 

Intracellular   solution:    The   internal   solution   contained   115 mM NaCl,   1 mM MgCl2, 

0.5 mM CaCl2, 10 mM NaF, 5 mM Na4BAPTA, 10 mM Na2ATP, 5 mM HEPES, titrated to a pH of 

7.3 with NaOH. The aliquoted stock solution was stored at -20 °C and kept on ice on the day of 

the experiment to prevent ATP decay. 

 

For studying ion selectivity, NaCl was substituted with KCl or CsCl and titrated to a pH of 7.3 

with KOH or CsOH, respectively. Cs internal solution contained 115 mM CsCl, 1 mM MgCl2, 

0.5 mM CaCl2, 10 mM CsF, 5 mM Cs4BAPTA, 10 mM K2ATP, and 5 mM HEPES, titrated to a pH 

of 7.3 with CsOH. Potassium internal solution contained 115 mM KCl, 1 mM MgCl2, 0.5 mM 

CaCl2, 10 mM CsF, 5 mM Cs4BAPTA, 10 mM K2ATP, and 5 mM HEPES, titrated to a pH of 7.3 

with KOH. 

 
2.3.2 Ultrafast perfusion system 

 
 

For drug application, ultrafast perfusion to outside-out patches was performed. Perfusion tools 

were made from square four-barrel glass tubing (VitroCom, Mountain Lakes, USA) and are 

illustrated in Figure 6. 

 
 

Figure 6: Custom-made perfusion tool (right) and its magnified tip (left). 
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The tubing was cut with a diamond pen (Plano GmbH, Wetzlar, Germany) in equally long pieces 

of ~10 cm. To form a taper in the middle of the tubing, pieces were pulled with a P-1000 puller 

(Sutter Instruments, Novato, USA). The tapered part was cut in the middle with the diamond 

pen under the microscope, resulting in two four-barrel glass parts with a well-defined taper, 

respectively. The desired diameter of the tip was ~150-200 µm. The pulling protocol of the P-

1000 was adjusted until this requirement was met. At this point, the tip was highly 

susceptible and care was taken to prevent it from damage. ~0.5 cm from the taper, the tip was 

marked with a pen. At this position, the tip was cut off and bent with a tweezer to a ~45° angle 

by applying heat to the glass with a wire. For thinning the walls of the four barrels, the tip was 

soaked with hydrofluoric acid (HF). This is compulsory for a sharp interface between the 

outflowing solutions and the concomitant ultrafast solution switch. After 20 min of etching, 

the tip was rinsed with 20 mL of distilled water (H2Odist.) and air-dried. Ø 0.25 mm capillary 

tubing (Agilent Technologies, Santa Clara, USA) was cut in pieces of ~9 cm and positioned inside 

each tube of the four-barrel glass. Based on the mark, the bent and etched glass tip was glued 

to the end of the four-barrel glass with two-component epoxy resin (Araldite, Huntsman 

International LLC, The Woodlands, USA). This also helped to fill the void between the capillaries 

inside the glass and the four-barrel glass. The capillaries were pushed towards the taper to 

reduce dead space. The end of the four-barrel glass opposite to the tip was closed with resin 

to additionally fix the capillaries inside the four-barrel glass tubes. The perfusion tools were 

dried overnight (O.N.) and got a 2 cm piece of silicon tubing (Deutsch und Neumann GmbH, 

Berlin, Germany) at the end of each capillary. The silicone tubing has a sealing function 

connecting the perfusion tool to the polytetrafluoroethylene (PTFE) perfusion tubing 

(Bohlender GmbH, Grünsfeld, Germany) leading into the solution reservoirs. Before and after 

each experiment, the perfusion tools were rinsed with H2Odist. and air-dried to prevent any 

contaminant from clogging the fine capillaries. Tools were stored in an oven at 45 °C. 

The solution reservoirs were made from 20 mL syringes (BD PlastipakTM, neoLab Migge GmbH, 

Heidelberg, Deutschland) from which the plungers were removed. The plunger caps were cut 

off to function as lids preventing contaminants from getting into the perfusion system. Solution 

flow was gravity-driven. To control solution flow, 2-way stopcocks (Bio-Rad Laboratories, 
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Hercules, USA) were mounted between the reservoirs and the PTFE tubing. Reservoirs and 

tubing were rinsed with 70% EtOH and H2Odist. after each experiment. 

A steady solution flow through adjacent barrels, as well as a clean, thin, and well-defined tool 

tip (Figure 6, left), are required for a sharp interface. When these prerequisites were met the 

fine interface in between Ringer and Glu-solution was visible under the microscope. The 

D(+)saccharose in the Glu-solution results in an altered optical density relative to Ringer and 

therefore the interface becomes more prominent. To perform a jump within hundreds of 

microseconds from one solution into another one a fine interface is one important aspect. The 

second necessity is an ultrafast movement of the tool that perfuses the patch. To achieve the 

ultrafast jump in less than 500 µs the perfusion tool was mounted via a custom-made Teflon 

block to a piezo actuator (Physik Instrumente (PI) GmbH und Co. KG, Karlsruhe, Germany). The 

voltage-driven piezo crystal changes linear in size dependent on the applied voltage. To control 

the piezo actuator a digital input signal of 4 V was initialised on a computer and translated by 

a digitiser (InstruTECH ITC-18, HEKA Elektronik GmbH, Lambrecht, Germany) into an analogue 

signal. The analogue signal was amplified with an MXPZT controller (Siskiyou, Grants Pass, USA) 

with filtered at 230 Hz with a tunable active filter from Frequency Devices (Ottawa, Canada) to 

prevent any damage to the piezo crystal, as well as to reduce noise. To measure the rise time 

from one solution to the other, one can record currents from an open patch pipette tip and 

perform jumps between two solutions. The difference in current results from the liquid 

junction potential of the two solutions and is illustrated together with the applied piezo voltage 

in Figure 7. 
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Figure 7: Exemplary illustration of an open tip recording. A 4 V pulse was applied to the piezo 

actuator (top) resulting in an ultrafast jump from Ringer solution at 0 pA to Glu solution at -6 pA 

(bottom). The exponential fit (red) reveals that the solution switch was achieved within 230 µs. 

The 50 ms glutamate pulse was applied 74 times to the same patch and averaged hereafter. 

The baseline was corrected to 0 pA. Traces were sampled at 40 kHz. 

 

2.3.3 Preparation of patch-pipettes 
 
 

Patch-pipettes were made from Warner Instruments borosilicate capillary glass tubing 

(Hamden, USA). These capillaries contain filament what makes them easy to fill and have 

already fire-polished ends, preventing the electrode holder and the silver wire from getting 

scuffed. The capillaries were pulled into two equal pipettes by clamping them into the P-1000 

puller and applying heat to a 2.5 mm box-filament. The length of the taper and the opening of 

the pipette tip depend on the setting of the pull protocol. Settings were found by an initial 

ramp test, followed by iterative adjustment of the pulling and heating parameters of the P-

1000. Ideal settings resulted in homogeneous patch-pipettes with a taper of 5 mm. Two 

distinct protocols were applied depending on the thickness of the capillary wall. Macroscopic 

recordings were performed using thin-walled (0.17 mm) capillary glass and standard-wall 

(0.32 mm) borosilicate capillaries were utilised in single-channel experiments. After pulling the 

pipette tips were heat-polished with a microforge (CPM-2, ALA Scientific Instruments, 

Farmingdale, USA) to a resistance of 1-5 MΩ for macroscopic and 20-25 MΩ for single-channel 

recordings. Also, the standard-wall pipettes were coated with SYLGARD (VWR International 

GmbH, Darmstadt, Germany) near the taper to increase the electrical resistance over the 



METHODS 

26 

 

 

 

pipette wall as illustrated in Figure 8. SYLGARD is a two-component silicone elastomer. It was 

mixed and transferred into 1.5 mL aliquots and stored at -20 °C for a maximum of 1 month. 

 
 

Figure 8: SYLGARD-coated patch-pipette made from standard wall borosilicate glass. 
 
 

The patch-pipettes were prepared on the day of the experiment and stored inside a closed jar 

to prevent any dirt sticking to the pipette tip and thereby reducing chances of sealing to the 

cell membrane. Pipettes were filled with just enough internal solution (~10 µL) to dip into the 

dark silver chloride surface of the Teflon-coated silver wire when they were mounted into the 

electrode holder. Silver wires were chlorinated with 1 M hydrochloric acid (HCl) for 1 h before 

initial use. Pipette pressure was controlled by mouth over a silicon-tubing connecting the inside 

of the electrode holder with a 1 mL lockable syringe (BD PlastipakTM, neoLab Migge GmbH, 

Heidelberg, Deutschland). 

 

2.3.4 Experimental setup 
 
 

All electrophysiological experiments were based on the patch-clamp technique (Hamill et al., 

1981; Sakmann & Neher, 1984). Macroscopic and single-channel patch-clamp experiments 

were performed with a patch-clamp setup as illustrated in Figure 9. 
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Figure 9: Schematic representation of the patch-clamp setup. On top of the vibration-free 

table (1) the microscope (12) was positioned, including camera (3), objective (15) and stage 

(13). Solution reservoirs (24) are connected via PTFA tubing (22) to the perfusion tool (17), 

which is driven by the piezo actuator (18) and pointing with its tip towards the patch-pipette 

(21) inside the bath medium with the reference electrode (23). The electrode holder (6) is 

mounted to the headstage amplifier (9) that is controlled by the micro manipulator (11). These 

parts are surrounded by the Faraday cage (8). A monitor (14) on the outside is connected to the 

microscope camera. The external excitation lamp (7) is leading with a light guide (10) into the 

optical path of the microscope. In- and output signals can be controlled and recorded with the 

iMac (4) and are converted inside the digitiser (5), to which the amplifier (2) is connected. An 

oscilloscope (16) gives real-time information. The signal for the piezo actuator is amplified with 

a dedicated piezo amplifier (19) and filtered (20) before it reaches the piezo crystal. 

 

Wherever possible, setup parts were kept outside of the TMC Faraday cage (Scientifica Limited, 

Uckfield, United Kingdom) to eliminate potential noise sources. This includes the video monitor 

(CM-14DNA TV8151), iMac (Apple, Cupertino, USA), digitiser, amplifier (Axopatch 200B, 
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Molecular Devices, Sunnyvale, USA), oscilloscope (Tektronix TBS 1102B, Beaverton, USA) 

micromanipulator control unit (Scientifica Limited, Uckfield, United Kingdom), piezo controller 

and filter, and the excitation light source (X-Cite Series 120 Q, Exfo, Quebec City, Canada). The 

remaining setup parts, such as the microscope (Olympus, Tokyo, Japan) including the camera 

(SSC-DC372P, Sony, Tokyo, Japan) micromanipulator, electrode holder and the piezo actuator 

were mounted on a vibration-free TMC CleanBenchTM air table (Scientifica Limited, Uckfield, 

United Kingdom). Solution reservoirs were mounted to the cage and connected with PTFA 

tubing to the perfusion tool. All metallic devices inside the Faraday cage and the cage itself 

were connected to a central grounding bus, mounted on top of the air table. The grounding 

output of the Axopatch 200B was utilized for grounding the setup. The bath electrode was 

connected to the earth of the headstage amplifier. The Faraday cage was covered in thick, 

black fabric to reduce background radiation and thereby increase the visibility of weakly 

fluorescent cells during single-channel experiments. Coverslips with HEK-293 cells were 

positioned in bath medium, in a Ø 35 mm dish in a custom-made acrylic glass fixture, on top of 

the microscope stage. The GFP-tagged cells were exited with a 488 nm light source, which was 

positioned outside of the Faraday cage and got to the sample via a fibre optic cable. 

Fluorescent cells could be observed on a monitor, that was connected to the camera on the 

microscope. The cells were approached with the patch-pipette by moving the electrode holder 

with the micromanipulator. A test-pulse of ± 5 mV was applied to the current electrode with 

the AxoPatch 200B amplifier to inspect the resistance (R) of the patch-pipette. An increase in 

R was observable on the oscilloscope when the pipette tip got in close proximity to the cell 

surface. The oscilloscope served additionally as a noise identifier. After the patch was pulled 

and brought to the interface a voltage was either applied by manually setting it at the amplifier 

or with a digital pulse protocol from AxoGraph (AxoGraph, John Clements, USA). All digital 

input signals from the iMac were converted into analogue signals inside the digitiser before 

they got to the amplifier and ultimately to the ion channel. This principle applies vice versa for 

data acquisition. Currents were filtered at 10 kHz (-3 dB cutoff, 8-pole Bessel). Data was 

digitised at 40 kHz and stored on the internal hard drive of the iMac. 
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2.3.5 Preparation of an electrophysiological experiment 

 
 

After preparation of solutions and patch-pipettes, the perfusion tool was rinsed by sucking 

Milli-Q water into the tip first and then pushing Milli-Q water through the tool. In that fashion, 

it was additionally possible to check for leakage or other damage. The tool was then mounted 

to the piezo actuator. Tubing was connected from the perfusion tool to the reservoirs which 

have been filled with solutions. From the reservoirs, solution was run through the tubing and 

the tool into the bath to remove the air out of the perfusion system. The reference electrode 

was positioned at the edge of the Ø 35 mm dish, which was subsequently filled with bath 

medium. Before patch-pipettes were mounted to the electrode holder, they were filled with a 

minimum of intracellular solution (~10 µL) to minimise the electric field force over the isolator, 

that is the SYLGARD-coated patch-pipette. To further reduce this electric field noise, as well 

as turbulences inside the bath medium, patches were perfused near the bath surface during 

experiments. To test the integrity of the perfusion system, a patch-pipette was filled with 

solution and its open tip was positioned at the interface. Via AxoGraph a pulse was applied to 

the piezo element and the current of the open tip was recorded. The current represents the 

liquid junction potential between the two outward-flowing solutions. When the jump took less 

than 500 µs, as to see in Figure 7, the perfusion system was considered as intact. Before the 

start of a single-channel experiment, the patch-pipette was filled with intracellular solution and 

brought in close proximity to the bath surface. The Axopatch 200B amplifier allows measuring 

the root mean square (RMS) of the current, I, in the 5 kHz bandwidth. When the basal noise 

levels exceeded the range of IRMS ≈ 200 fA, potential noise sources were investigated and 

eliminated until ideal recording conditions have been achieved (Plested & Baranovic, 2016). A 

typical source of noise for example was a dirty electrode holder, which accumulated salts and 

rubber particles in the inside over time from the frequent patch-pipette exchange and 

clamping. After cleansing and maintenance of the electrode holder, this noise typically 

disappeared. 
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2.3.6 Experimental procedure 

 
 

In the morning, before the beginning of an experiment, the cells were investigated for 

fluorescence to verify the success of the transfection. After preparation of the setup, a 

coverslip with transfected HEK-293 cells was positioned in the bath and exchanged latest after 

1 h of patch-clamp experiments. To enable a fast patching routine the bath solution was kept 

at a minimum level. During single-channel experiments, bath solution was exchanged regularly 

by hand to reduce noise that could occur from a perfusion pump. All experiments were 

performed in the outside-out patch-clamp configuration (Figure 10). 

 
 
 

 
Figure 10: The outside-out patch-clamp configuration. (A) The schematic diagram illustrates 

how the patch-pipette approaches a cell with ion channels present in the membrane. The 

square-shaped test pulse indicates that the pipette tip is open and in bath solution. (B) Sealing 

of the pipette tip with the membrane results in the cell-attached configuration and is 

accompanied by a profound increase in resistance. (C) The cell surface ruptures by brief suction 

and the whole-cell configuration is obtained. The test pulse gives the whole-cell capacitance 

transients at this stage. (D) Withdrawal of the pipette from the cell surface leads back to 

gigaseal formation and the membrane protein is now pointing towards the outside of the 

pipette with its external domain what is defined as the outside-out configuration. 
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To achieve an outside-out patch with a gigaseal, the patch-pipette was filled with internal 

solution, mounted into the electrode holder, and a positive pressure was applied to prevent 

contaminants from getting on or into the tip and thereby reducing the chances of sealing. 

Bubbles were removed by gently tapping the pipette before fixture. The seal-test of the 

AxoPatch 200B amplifier was switched on and the patch-pipette was brought into the bath 

medium with the micromanipulator. Pipettes were discarded when the resistance, that could 

be read from the oscilloscope, did not meet the requirements for macroscopic and single- 

channel recordings, respectively. An increase in resistance was observable when the pipette 

was in close proximity to the cell membrane. Positive pressure was released and negative 

pressure was gently applied to the pipette. This resulted in a seal formation in over 80% of the 

cases. A voltage of -30 mV was manually applied with the AxoPatch 200B. This usually helped 

to stabilize the seal and, in some cases, when no seal was achieved at this point, to form a seal. 

The faster the process from moving the pipette into the solution until the seal formation was 

performed, the higher was commonly the success rate of sealing. This is likely due to 

minimising the time the pipette tip spends in the bath to potentially get contaminated. After 

the gigaseal formation, a short negative pressure was applied to the pipette to break through 

the cell wall and get into whole-cell configuration. The whole-cell capacitance transients were 

visible on the oscilloscope. The pipette was moved away slowly from the cell and the negative 

pressure was released until the formation of an outside-out patch could be seen on the hand 

of the resistance increase and disappearance of whole-cell transients on the oscilloscope. Leak 

currents could be further reduced by manoeuvring the outside-out patch in the control 

solution stream. Several measures were undertaken to obtain patches with a single receptor 

inside the membrane. Firstly, it was taken care that the transfection efficiency was kept at a 

low level. Cells were patched right after the day of transfection and the concentration of the 

plasmid, encoding for the receptor, was kept low (300 ng). While fluorescence was barely 

observable in the morning, an increase in fluorescence was clearly visible over the day 

accompanied by an increase in number of channels during patch-clamp experiments. In 

general, barely fluorescent cells were selected for single-channel recordings. As a side note, 

this had the advantage that cells with low fluorescence signal were commonly looking healthier 

compared to highly fluorescent cells. Secondly, the pipettes were fire-polished to a resistance 
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of up to ~25 MΩ to increase the probability of having single receptors inside the patch. When 

the patch contained more than 5 receptors, it was discarded and the patch-pipette was 

removed and replaced to select another cell. Recording conditions where only a single-channel 

was activated were rarely obtained immediately after patch excision. Thirdly, when the 

number of channels was ≤ 5, the patch was held until the patch potentially contained one 

single channel. The fluidic character of the membrane allows the membrane proteins to move 

so that they likely leave the membrane area in between the pipette and the bath (Suchyna et 

al., 2009). Applying negative or positive pressure or different voltages sometimes helped to 

achieve a single-channel recording. On average 5-10% of all attempts led to a single-channel 

patch. Macroscopic patches were discarded when the leak currents (Ileak) exceeded 10% of the 

peak (Ipeak) current response. For single-channel recordings, the threshold was in the low 

single-digit pA-range. In case of an acceptable Ileak-Ipeak ratio the recording was initiated by 

applying a pulse protocol to the perfusion tool and recording the signal with AxoGraph 

accordingly. Right after initialisation the Faraday cage was closed. A typical single-channel 

experiment consisted of 50 ms Glu applications at a voltage of -80 mV. This helped to identify 

single channels and distinguishing them from noise since AMPARs have low conductance and 

profound desensitisation characteristics. Lower voltages of -30 mV were applied during 

macroscopic recordings because thin-walled pipettes had a lower resistance resulting in a 

bigger surface area of the membrane and are hence more sensitive to high voltages. During 

ramp protocols, patches were clamped from -120 to 120 mV. Patches could be held for up to 

30 min. While macroscopic recordings were generally stopped because of leak or patch loss, 

single-channel recordings were mostly aborted since the channel could not be recorded 

anymore. This could be due to functional loss of the channel or again be based on the fluidic 

character of the membrane, but cannot be certainly said without visualisation. When the 

recording was stopped a positive pressure was applied to the pipette and the open tip was 

recorded to ensure that the pipette-tip was at the correct interface position and the solution 

switch was fast enough during the recording. After the experiment, the bath solution, 

coverslips and reservoir solutions were trashed. Reservoirs and tubing were rinsed with 20 mL 

of EtOH and 20 mL of H2Odist.. The reference electrode was rinsed with H2Odist. and air-dried. 

The perfusion tool was carefully unmounted and its capillaries were bidirectionally rinsed with 



METHODS 

33 

 

 

 
H2Odist.. After cleansing the sensitive tip, the tool was air-dried and stored in the oven. If 

maintained correctly, a single tool could be used for one year until the interface began 

becoming imprecise. During single-channel experiments, the electrode-holder was 

disassembled weekly and sonicated for 5 min inside a Falcon tube with 70% EtOH. The parts 

were subsequently rinsed and sonicated inside another Falcon with H2Odist. for 5 min and air- 

dried before assembly. At the end of the experiment salt stains and dirt that accumulated over 

the day was removed from the setup and the Faraday cage was closed. 

 
2.4 Data acquisition and analysis 

 
 

2.4.1 Data acquisition 
 
 

All macro- and microscopic ion channel currents were recorded using an AxoPatch 200B 

amplifier with a low-pass 8-pole Bessel filter opened to 10 kHz. AxoGraph was utilised for data 

acquisition at a sampling rate of 40 kHz. The gain of the AxoPatch 200B was set to α = 1 during 

recordings of ensemble channel behaviour, while single-channel data was amplified with 

α = 100, if not stated otherwise. Data was stored on the internal hard drive of the iMac and 

data backups were executed multiple times per day to the internal server of the institute 

(Leibniz-Forschungsinstitut für Molekulare Pharmakologie, Berlin, Germany). A data file 

consisted of the ion channel current, the voltage at which the patch was clamped, and the 

voltage that was applied to the piezo system. Except for the ramp protocols, the clamp voltage 

was not externally controlled but directly set at the amplifier. Generally, the voltage was set 

to -30 mV for macroscopic and -80 mV for microscopic experiments. In each experiment, 

currents were recorded episodically. When a voltage step was applied to the piezo, it was 

always U = 4 V. Four types of protocols were executed depending on the type of experiment. 

For investigating channel conductance and reversal potentials a ramp protocol (protocol 1) 

was applied. Data points were sampled for 1.3 sec of the 1.5 sec long protocol. A ramp 

from -120 to 120 mV with a duration of 400 ms was applied at ms 100 and at ms 700, 

respectively, while the piezo voltage set in at ms 600 with a duration of 600 ms. Thus, it was 

possible to subtract agonist-unrelated leak currents post hoc. Protocol 2 had a 5 sec duration 
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of which 4 sec. were recorded. It was specifically generated for the Con-ikot-ikot experiments 

to investigate unbinding of the toxin from the receptor and alterations in open probabilities. 

The piezo voltage was applied for a duration of 3 sec at ms 500. For recordings with a maximum 

of jumps, a 300 ms protocol (protocol 3) was executed in which the piezo voltage is applied at 

ms 10 for a 50 ms duration. 100 ms of data points were recorded in each episode. Based on 

their gating properties, such as profound desensitisation and low channel conductance, this 

protocol was most convenient (at high voltages of ~-80 mV), for identifying single AMPARs, 

since it brings the receptor into the inactive state after almost every episode and thereby 

allows to differentiate between the active, inactive and desensitised state. Protocol 4 was 

standardly used for macroscopic recordings. 200 ms of a 600 ms protocol were recorded, while 

a 100 ms voltage application to the piezo appeared at ms 10. Here, the Glu pulse was longer 

compared to protocol 3 because not only the activation but the steady-state current of the 

receptor was of specific interest. 

 

2.4.2 Data analysis 
 
 

Data was analysed during and directly after an experiment to search for single-channel events 

that were sometimes not seen during the recording and to examine the quality of the data. 

These steps are underlaid in the blue shade in Figure 11. Data selection during an experiment 

included for example investigation of the IRMS. The Axopatch 200B allows reading of the IRMS 

during an experiment directly from the display of the amplifier which is standardly filtered at 

5 kHz based on the internal hardware of the Axopatch 200B. When the IRMS gave values higher 

than 500 fA the data acquisition was aborted and data was discarded. Above this value, the 

signal-to-noise ratio (SNR) of GluA2 single-channel currents is usually too poor to subsequently 

perform proper single-channel analysis. In some borderline cases, the data was further 

processed directly after data acquisition at the experimental setup. I. e., this included digital 

Gauss filtering at narrow filter settings of 1 to 2 kHz to search for single-channel events or a 

broader filter of 5 kHz to re-evaluate the IRMS and eventually select data for further analysis 

that was considered poor beforehand. Besides having selected the data on the day of the 
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experiment already, this ad hoc analysis approach allowed to have an overview of quantity and 

quality of the data before deeper analysis was performed. 

 
 

Figure 11: Flow chart of the data analysis process. Utilised software during specific steps of the 

process is listed under the respective symbols. Blue shade indicates analysis steps that could be 

performed at the experimental setup while green shaded analysis steps were done after the 

experiments were finished. 

 
The green shaded area in Figure 11 illustrates analysis steps that were too time-consuming to 

perform them at the experimental setup. After the data was selected, deeper analysis was 

performed applying AxoGraph, Excel, Igor Pro, and ASCAM. Subsequently, all plots and tables 

were annotated and modified for clearer illustration in Affinity Designer and Igor Pro. 

 
AxoGraph: The analysis with AxoGraph included digital Gauss filtering, selecting, exporting, 

measuring, fitting, baseline-correcting, averaging, overlaying, cutting, and concatenating of 

episodic data. Specifically, the filtering and exporting functions were used in the process of 

single-channel analysis, while fitting, averaging, baseline-correcting and episode selection in 

Axograph were performed mainly for macroscopic- and open tip recordings. For exponential 

curve fitting with one or two components and one added constant, the Chebyshev algorithm 

has been deployed. In some cases, the aim was to record a maximum number of jumps into 

Glu for investigating receptor activation. This resulted in recordings with more than 3000 
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episodes. However, AxoGraph did not allow to select and sort this amount of data in an 

appropriate time frame. 

 
ASCAM (www.github.com/AGPlested/ASCAM): ASCAM is a Python-based single-channel 

analysis freeware with a graphical user interface. ASCAM allows filtering, selecting, baseline- 

correcting and idealising of episodic data. When it came to the sorting of thousands of 

episodes, it was straightforward to load the recording into ASCAM and select episodes to 

generate lists which were then saved as .mat-files and could be imported back into AxoGraph 

or into Igor Pro if necessary. After the data was digitally filtered at 1 kHz, all activation times of 

single AMPARs were semi-automatically detected in ASCAM by setting a threshold value of 

~-0.5 pA that was considered as activation and usually seen after the Glu pulse. The time 

between Glu application and first activation was termed latency to the first opening and 

plotted into lists (.txt-file) for all episodes (Esmenjaud et al., 2019). The latencies to the first 

opening were further analysed in Igor Pro. 

Pre-processed single-channel data was idealised in ASCAM by applying a threshold-crossing 

algorithm with multiple levels. Four levels and a closed state were defined based on recent 

publications on subconductance states of GluA 2 homotetramers (Prieto & Wollmuth, 2010). 

These were usually in a range of (from closed to open level 4 in pA) 0, -0.6, -1.2, -1.8, -2.5. The 

dead time was set to 130 µs for each idealisation. That means that all events shorter than 

130 µs were not counted as an event. The idealised traces were interpolated. After 

idealisation, a list of events was exported as .txt-file to further analyse it in Igor Pro. The list 

contained event numbers, episode numbers, beginning and end of events, dwell times, and 

event amplitudes. 

 

Igor Pro (Wavemetrics Inc., Portland, USA): Data was copied into lists in Igor Pro for data 

analysis and plotting. During analysis, lists and single values were sorted, selected, 

transformed, or merged. All graphs were generated in Igor Pro. Graphs were annotated, fitted, 

merged, and modified. Mainly single-channel data was analysed in Igor Pro since AxoGraph 

was in most cases sufficient for analysis of macroscopic recordings. Distributions of single- 

channel activation times were fitted with a triple-exponential equation. 

http://www.github.com/AGPlested/ASCAM)
http://www.github.com/AGPlested/ASCAM)
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f(t) = a1 ∙ et∙(−k1) + a2 ∙ et∙(−k2) + a3 ∙ et∙(−k3) (1) 
 
 
 
 

The number of terms was reduced when the fit resulted in similar time components. Dwell 

times were log-transformed to the base of 10. The square root of the event numbers was taken 

and plotted on the y-axis to get a plain visualisation of the distributions. Log-transformed dwell 

times were then fitted with equation 2. For T1 in the cross-linked arrangement, it was required 

to add a third term with a3 for the distributions of shut states. For both equations 1 and 2, 

coefficients were initially guessed. 

 
 
 
 

a   ∙ 10𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)  ∙ e−10𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)/τ a   ∙ 10𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)  ∙ e−10𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(t)/τ 
f(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔(t)) = 2.3  ∙     1  +    2 

 
τ τ 

(2) 

 
 
 
 

To calculate half-maximal effective concentrations (EC50), dose-response curves were fitted 

with the Hill equation. For analysis of open probabilities, distributions of open levels were fitted 

with multi-peak gaussian fits. I/V curves were fitted with a linear fit after the maximum open 

levels were selected by adding polygons. 

 

Excel (Microsoft, Washington, USA): Excel was utilized for quick calculations, such as 

calculation of rate constants from macroscopic recordings. Statistics, value- and list 

transformations, as well as documentation of analysis processes, was performed in Excel. 

 

PyMOL (Schrödinger Inc., New York, USA): Graphical visualisation of molecular structures was 

done in PyMOL. Structures were downloaded from the Protein Data Bank (PDB) 

(ww.wwpdb.org) and adjusted in PyMOL. 
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SnapGene Viewer (GSL Biotech LLC, Chicago, USA): For graphical illustration plasmids were 
edited and graphically exported with SnapGene Viewer. 

 
Affinity Designer (Serif, Nottingham, United Kingdom): Graphs were annotated and modified 

in Affinity designer. 
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3. RESULTS 
 
 

3.1 Activation of AMPA receptors restrained by an inter-subunit zinc bridge 
 
 

3.1.1 Structural characterisation of the T1 mutant 
 
 

The previously studied T1 mutant was cloned into the GluA2 homomer background (Baranovic 

et al., 2016). As illustrated in Figure 12, three histidines were introduced at positions D668, 

T672, and K761 which are shown in magenta. The histidines were predicted to coordinate 

heavy metals, such as zinc, and thereby bringing the LBD-layer in a more compact 

arrangement. 

 
 

Figure 12: Top view onto the GluA2 LBD-layer. Subunits A to D, are colour coded in blue (A), 

green (B), orange (C), and red (D). Histidines at the interdimer interphase are shown in 

magenta. Desensitisation blocker CTZ is bound within the intradimer interphase and is 

illustrated in yellow. The ATDs have been removed for better visualisation (PDB file 5WEO). 
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AMPAR activation is initiated when Glu binds within the clamshell shaped LBD. A single Glu 

molecule can partially activate the channel while four molecules are required for full activation 

(Rosenmund et al., 1998). Closing of the clamshell leads to pulling on the linkers connected to 

the TMD resulting in gating. Although agonist is still bound within the clamshell the channel 

closes subsequently, a phenomenon named desensitisation. Desensitisation can be blocked 

with CTZ. It binds within the intradimer interphase (Figure 12) and thereby stabilises 

dimerisation leading to desensitisation block (Sun et al., 2002). The zinc-bridge specifically 

cross-links the lower D2 lobes of the opposing clamshells (Figure 13). 

 
 

Figure 13: Side view onto two opposing GluA2 subunits. For better visualisation, the ATDs have 

been removed. The Glu molecule within the clamshells is shown in red sticks. The upper D1 lobe 

and the lower D2 lobe enclose the agonist. The zinc coordinating histidines are located at the 

D2 lobes and are illustrated in magenta (PDB file 5WEO). 
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3.1.2 Cell selection for single-channel recordings 

 
 

Outside-out patches of T1 and GluA2 WT single-channels were recorded one day after 

transfection. This ensured a higher probability of recording one-channel patches. To further 

increase this probability cDNA was transfected in the nanogram range and incubation times 

were kept at a maximum of 4 h. However, low cDNA levels and short incubation- and 

expression times resulted in a concomitant weak fluorescence signal, providing the basis for 

cell selection during patch-clamp experiments. To circumvent this problem, T1 and GluA2 WT 

were co-transfected with a plasmid encoding eGFP resulting in an enhanced fluorescent signal 

(Figure 14, left). 

 
 

Figure 14: Micrographs of HEK-293 cells during single-channel recordings one day after 

transfection. GluA2 WT was co-transfected with an eGFP-encoding construct for enhancing the 

fluorescent signal (left). Cells for single-channel patch-clamp experiments were selected 

utilising the binocular of the microscope which displayed a brighter fluorescence signal 

compared to the monitor. The monitor was utilised for approaching the cell with the patch- 

pipette, as illustrated in the right panel, and bringing the pipette in the correct position relative 

to the perfusion tool. For finding the correct focus level of the perfusion tool, its shape was 

drawn onto the monitor (black and blue marks, right panel). 

 

Cells for single-channel recordings were initially selected with the binocular of the microscope 

since fluorescence was barely visible on the monitor 24 h after transfection. The fluorescence 

levels were no reliable indicator for receptor expression levels. This could occur either because 

the eGFP construct was expressed faster than the GluA2 WT or T1 plasmid and patching 
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fluorescent cells resulted in measuring no currents because the membranes contained no 

GluA2 or T1 receptors, specifically relatively closely after the incubation time. It could have also 

occurred because fluorescence was already observable from the receptors that were still in 

process of travelling and integrating into the membrane. The cell is thereby fluorescent but 

the receptors are not functional. More importantly, the size of the pipette tip, usually in a range 

of 25 MΩ, was more crucial for recording one-channel patches. Besides the presence of 

fluorescence, cells were mainly selected based on their shape. Healthy looking cells as the 

attached cell in in Figure 14 in the right panel gave, in general, more gigaseals. This approach 

allowed to record 28 single-channel patches in total which were analysed and described. 

 

3.1.3 Relevant zinc concentrations for cross-linking experiments with T1 
 
 

It has been shown that the IC50 of T1 for zinc is 380 ± 10 nM. A maximum cross-linking effect 

was achieved at zinc concentrations of 10 µM (Baranovic et al., 2016). Higher concentrations 

can affect further kinetics of AMPARs (Mayer et al., 1989). Based on these observations, a 

concentration of 10 µM zinc was initially applied to T1-patches during cross-linking 

experiments. 

 

3.1.4 Macroscopic recording of T1 and GluA2 WT 
 
 

To investigate the functional effects of zinc on T1 jumps into saturating Glu concentrations of 

10 mM were performed in the presence and absence of 10 µM zinc. For the latter condition, 

zinc was chelated with 10 µM EDTA. GluA2 WT was utilised as control. 
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Figure 15: Effects of zinc on macroscopic T1- (n = 5) and GluA2 WT (n = 10) patches. Jumps into 

10 mM Glu were performed when either 10 µM zinc was perfused to the patches or in absence 

of zinc by EDTA chelation (10 µM). In the representative current traces (upper panels) patches 

were clamped at -50 mV. During macroscopic recordings, voltages between -30 and -50 mV 

were applied. Traces were averaged for analysis and illustration. The open tip was recorded 

after each experiment and plotted on top of the current trace, indicating the ultra-fast jump 

into Glu which was usually in a range of 300 ± 150 µs. The baseline is shown as a dashed bar. 

The zinc condition is shown in blue while EDTA is illustrated in red. (A) Representative recording 

of jumps into 10 mM Glu illustrates a peak current (Ipeak) reduction by about 10-fold when zinc 

is applied to a T1 patch. The inset shows normalised currents and reveals a rise time increase 

of ~1 ms for complete receptor activation under zinc. (B) Macroscopic GluA2 WT currents were 

not affected through zinc. (C) Peak currents of T1 were reduced by ~10-fold in the zinc condition 

while GluA2 WT peak currents did not show a zinc-related effect on peak currents. (D) A ~3-fold 

increase of rise time appears for T1 receptors, while a minor zinc-induced rise time increase is 

observable for GluA2 WT. Rise times were obtained with the single-exponential fitting of the 

averaged current traces. 
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Outside-out patches of T1- or GluA2 WT- expressing HEK-293 cells were perfused with either 

10 µM zinc or 10 µM EDTA to chelate divalent ions. Jumps into saturating concentrations of 

10 mM Glu were performed at clamping potentials between -30 and -50 mV. Current 

responses were recorded episodically for subsequent episode averaging. When T1-patches 

were perfused with 10 µM zinc, a peak current inhibition by about 10-fold from 990 ± 310 to 

80 ± 60 pA was observable (Figure 15 A, C) while zinc did not affect GluA2 WT peak currents 

(Figure 1 B, C). Zinc application to T1-patches led to a rise time increase from 0.41 ± 0.05 ms 

to 1.12 ± 0.20 ms (Figure 15 A, D). While the rise time of T1 receptors increased by ~3-fold, a 

comparably small rise time increase from 0.36 ± 0.04 ms to 0.53 ± 0.07 ms occurred when 

10 µM zinc was applied to WT receptors (Figure 1 D). This result strongly indicates that the 

three histidines at the lower D2 lobes (D668, T672, K761) can be cross-linked with zinc. 

Whether both positions at the interdimer interphase are cross-linked at the same time cannot 

be answered from the macroscopic recordings and the effects of zinc on T1 raised two 

additional questions. Firstly, the macroscopic recordings do not contain the information to 

answer whether a) the peak current reduction of T1 in zinc is caused because either ~90% of 

receptors are fully inactive while ~10% are fully active, and thereby not all receptors are cross- 

linked, or if b) the conductance of the channel was reduced by applying 10 µM zinc to the T1 

receptors. The second question addresses the mechanism that plays a role in the 3-fold 

increase in activation time once zinc is applied to T1. 

 

3.1.5 Reversibility of cross-linking the T1 LBD-layer 
 
 

Cross-linking of the LBD-layer is a reversible process as illustrated in Figure 16. 
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Figure 16: Averaged traces showing jumps into 10 mM Glu before (left), during (centre), and 

after (right) zinc application (10 µM) to T1 outside-out patches. 10 µM EDTA was perfused to 

achieve the zinc-free condition. Jumps were recorded episodically and averaged. The open tip 

was recorded at the end of the experiment and is represented as the black top trace 

representing the ultra-fast jump into Glu. 

 
Altering jumps into 10 mM Glu reveal that zinc application of 10 µM leads to peak current 

reduction while zinc chelation recovers the higher peak currents. Macroscopic recordings of 

outside-out patches were generally accompanied by run down resulting in smaller peak 

currents over time as to see in Figure 16. Reversibility of cross-linking T1 has been shown 

(Baranovic et al., 2016). Here, the reversibility of cross-linking T1 and a further cross-linking 

mutant (DKD-3, chapter 3.3) which will be described later on could be shown. 

 

3.1.6 Cross-linking of T1 at the single-channel level 
 
 

To investigate the beforehand observed peak current reduction and the rise time increase, 

mediated by zinc application to T1, the experiment was repeated at the single-channel level. 

16 representative single-channel traces that were filtered at 1 kHz for better visualisation are 

illustrated in Figure 17. for both, T1 and GluA2 WT under each condition. 
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Figure 17: Effects of 10 µM zinc on single T1- and GluA2 WT receptors. Representative single- 

channel traces of jumps into 10 mM Glu. Currents were recorded with a 40 kHz sampling rate 

(SR). Gain was set to α = 200. Low-pass Bessel-filter was set to 10 kHz. For illustration currents 

were filtered digitally with a Gauss-filter at 1 kHz. 16 representative episodes are displayed for 

each construct and condition. Patches were clamped at -80 mV holding potential. The open tip 

recording on top represents the ultra-fast jump into 10 mM Glu and is accented with vertical 

dashed lines. The blue top bar indicates the zinc condition and the red top bar represents the 

10 µM EDTA condition, wherein both cases T1 (left) is compared to GluA2 WT (right). In the zinc 

condition T1 does not activate immediately, and occasionally not at all, when the jump in Glu 

is performed, while WT receptors and T1 in the EDTA condition activate as soon as Glu is applied 

to the patch (dashed lines). 

 

Immobilising the LBD-layer of T1 with zinc causes a prominent activation lag. In this condition, 

none of the 16 representative traces illustrates that the receptor activates fast. In contrast, T1 

activates immediately after Glu application in the EDTA condition. The same is observable for 

the WT receptor in either EDTA or zinc. Additionally, the T1 channel activates less frequently 
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in zinc. However, it appears that maximum peak currents can be reached for both constructs 

and both conditions. If the T1 channel opens at all, the open dwell times appear to be 

comparably short when zinc is present. From these single-channel recordings, it becomes clear 

that the beforehand observed delay in full channel activation at the macroscopic scale is a lag 

time increase occurring from an immobilised LBD-layer. The peak current reduction at the 

macroscopic scale appears to be rather a reduction in open probability than a reduction in 

conductance because also T1 with a cross-linked LBD-layer can reach peak currents which are 

comparable to those of GluA2 WT or T1 in the non-bridged state (Figure 17, left panel, trace 1 

and 2). As for the macroscopic recordings, there was no major zinc- or EDTA induced effect on 

GluA2 WT observable. 

 

3.1.7 Determining conductance levels of the T1 mutant and GluA2 WT 
 
 

The single-channel jumps into Glu indicate that there is no substantial shift in conductance 

when the T1 LBD-layer is cross-linked. To verify this observation, conductance levels of T1 in 

the cross-linked and the non-bridged arrangement were determined and compared to 

GluA2 WT conductance levels. Voltage ramps from -120 to +120 mV were applied to single 

receptors to calculate the conductance from the resulting I/V-curves. AMPARs have profound 

desensitisation properties (Sun et al., 2002). Hence, desensitisation was blocked throughout 

the recordings. This was achieved by adding 100 µM cyclothiazide (CTZ) to all solutions and 

thereby recording currents from mainly fully open channels. The representative I/V-curves are 

shown in Figure 18. 
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Figure 18: Representative I/V-curves of T1- and GluA2 WT single channels filtered at 1 kHz. A 

voltage ramp from -120 to +120 mV was applied during application of 10 mM Glu to either T1- 

or GluA2 WT single channels. For desensitisation block 100 µM CTZ was perfused to outside- 

out patches throughout the recording. Leak currents were subtracted. During Glu application, 

patches were either perfused with 10 µM zinc (blue bar to the left) or 10 µM EDTA (red bar to 

the left). Polygons were added to the current traces (black sections) to linearly fit the maximum 

open levels of the single channels (red lines). 

 
In the cross-linked arrangement, T1 channels tend to shut more frequently although 

desensitisation is blocked (Figure 18, lower panel, left). From the I/V-curves conductance levels 

were calculated and are illustrated in Table 1. 
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Table 1: Conductance levels of T1 and GluA2 WT in the zinc- and EDTA condition. 
 

T1 in 10 µM EDTA WT in 10 µM EDTA T1 in 10 µM zinc WT in 10 µM zinc 
31.3 ± 0.8 pS 31.0 ± 1.6 pS 29.3 ± 2.4 pS 27.6 ± 3.0 pS 

n = 3 n = 3 n = 3 n = 3 

 
Zinc application does not affect the conductance of T1. Its conductance is comparable to that 

of GluA2 WT. All conductances are ~30 pS (Table 1). Notably, AMPARs have multiple 

subconductance states (Rosenmund et al., 1998). For this analysis, only the maximum open 

levels were taken into regard while subconductance states were analysed subsequently. 

 
3.1.8 Activation lag of T1 in presence of zinc 

 
 

A straight forward way to identify one-channel patches in context of conductance experiments 

is to perform jumps before applying the voltage ramp. A single AMPAR usually gives ~-2.5 pA 

at -80 mV which helps to distinguish a one-channel patch from a multi-channel patch during 

an experiment in real-time (Prieto & Wollmuth, 2010). As a side observation T1 gave an 

activation lag although now desensitisation was blocked with CTZ, indicating that the activation 

lag was likely independent of desensitisation (Figure 19). 
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Figure 19: Representative single-channel traces of T1 and GluA2 WT in presence of 100 µM CTZ. 

Currents were filtered at 1 kHz. 50 ms-jumps into saturating Glu concentrations (10 mM) were 

performed in presence of 10 µM zinc (blue bar) and absence of zinc (10 µM EDTA, red bar). 

Outside-out patches were clamped at -80 mV. The baseline is drawn as dashed bar. Compared 

to GluA2 WT and T1 in the EDTA condition, T1 gives an ~10 ms activation lag in presence of zinc 

in this representative trace although desensitisation is blocked (panel top, right). 

 

Compared to the non-bridged receptor and GluA2 WT, T1 shuttings appeared more frequently 

when zinc was perfused to one-channel patches. This observation suggests that the open 

probability of T1 is reduced once the LBD-layer is bridged. While zinc application to T1 in 

absence of desensitisation blocker resulted dominantly in failures, meaning that the channel 

did not activate at all, adding CTZ now allowed further investigation of the activation lag and 

statistical analysis. 
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3.1.9 Data selection for first event detection 

 
 

Detecting any first activity after the Glu pulse brought two main challenges. Firstly, it was 

observed that the receptor appeared to change its gating behaviour over time and thereby 

also its open probability. This phenomenon was described already and was termed “modal 

gating” (Prieto & Wollmuth, 2010). Secondly, the open tip recording after each experiment did 

not appear to reflect the precise point in time (in the range of tenths of µs) where the Glu pulse 

causes gating. Using the open tip as a measure for the precise start of the Glu pulse emerged 

as problematic since activation proceeds at the µs-timescale and multiple factors of the 

experimental setup add further inaccuracies. To solve the first problem, data was initially 

selected based on stability plots. An illustrative stability plot of T1 is shown in Figure 20 where 

930 jumps of T1 in 10 mM Glu were performed in the zinc condition. Desensitisation was 

blocked by perfusing 100 µM CTZ throughout the experiment. The stability plot gives the area 

within the current and the baseline that was set to zero for each recorded jump into Glu. Areas 

outside the jump were not included. 
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Figure 20: Stability plot of T1 single-channel with desensitisation blocker (100 µM CTZ) in the 

zinc condition (10 µM). 930 jumps of 50 ms into 10 mM Glu were performed at a holding 

potential   of   U = -80 mV.   The    area    during    the    Glu    pulse    was    calculated    as: 

area = time (ms) * current (pA). For this purpose data was filtered at 1 kHz beforehand. Each 

episode area is plotted as empty circle. Three jumps were performed per second. The baseline 

is drawn as dashed line. While the first ~200 episodes give mainly relatively large areas about 

70 pA*ms, area size decreases over time and is ~10-20 pA*ms in most cases over the last 400 

episodes. 

 

The representative stability plot of a T1 single-channel illustrates that T1 has modal gating 

properties. While the area is relatively large at the beginning of the recording, it decreases over 

time. It also appears as if the area slightly increases again from episode ~650 to ~730. No 

conclusive pattern was observed for the stabilities of T1- or GluA2 WT gating properties when 

single-channel patches were compared. The areas went from large to small or the other way 

around and additionally there were intermediate area sizes as illustrated in Figure 21. 
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Figure 21: Activation time of T1 plotted against stability plot. 300 episodes of T1 in 10 mM Glu, 

100 µM CTZ, and 10 µM zinc at -80 mV were recorded and filtered at 1 kHz. Three jumps in Glu 

were performed per second. A representative jump is illustrated in the top left panel, were the 

respective activation time is marked with a red circle. The receptor activates immediately when 

the jump in Glu is performed. The left bottom panel shows the same jump with the area for the 

stability plot marked in oblique lines. The right panel displays T1 activation times for each 

episode with a filled circle and the respective stability plot as empty circles. The open probability 

decreases over time. While the channel gates relatively frequently within the first 110 episodes, 

gating becomes less frequent from episode 110 till 235 and the channel is almost mainly closed 

within the last 65 episodes. The stability plot was sectioned in three distinct open probability 

states of T1 in the cross-linked state. The comparably high Popen is highlighted in green, medium 

Popen in yellow, and low Popen in red. 

 

In Figure 21 the stability plot was sectioned in three parts. The receptor appears to have three 

distinct modes of gating with a low, medium, and high open probability. During experiments, 

this was observed for other T1- or GluA2-WT patches. From this graph, it becomes clear that 

the activation times increase from the high- to the low open probability sections. Based on 

these stability plots, data for activation detection was selected solely at the high and medium 

open probability sections. This ensured a reliable comparison of the different conditions at a 
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generally better signal-to-noise ratio (SNR) and thereby prevention of falsely assigning an 

activation event that occurred only from noise. To address the secondly stated issue of defining 

the precise start of the Glu pulse, averaged recordings of single channels were overlaid with 

the applied Piezo-voltage (Piezo command or Piezocmd) for the movement of the perfusion tool 

together with the respective averaged open tip recording. Half maximal activation times were 

then measured and compared between all patches and conditions to investigate whether 

there is a ratio between these three entities. Figure 22 illustrates two representative overlays 

for each condition. 
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Figure 22: Representative rise time overlays of UPiezo (purple trace), Iopen tip (blue trace), and IT1 

(black trace) at 100 µM CTZ with either 10 µM zinc (blue bar, top)- or 10 µM EDTA application 

(red bar, bottom). Two overlays are shown for each condition, respectively. T1 single-channel 

patches were clamped at -80 mV. Jumps of 50 ms into 10 mM Glu were performed. The pulse 

protocol sent a voltage of 4 V to the Piezo crystal at ms 10. Piezo filter was set to 230 Hz. At 

least 20 episodes were filtered at 1 kHz, averaged, and normalised to the Piezo voltage. Times 

at which the voltage or currents reached their half maximum level were measured in AxoGraph 

and are stated inside the boxes. Time differences are plotted in between dashed lines, that cross 

the half-maximum levels. The half-maximal rise times were defined as activation. The zinc 

condition gave a 2.13- and a 2.45 ms decay from Piezo- to receptor activation. From perfusion 

tool- to receptor activation the decays are 1.48- and a 1.23 ms for these two representative 

traces. In presence of EDTA the decay from Piezo- to receptor activation is 0.99 ms and 1.11 ms. 

The perfusion tool activates 0.14 ms after the receptor in the left panel and at the same time in 

the right panel. All four recordings derive from distinct days of experiments over one month. 
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When single-channel recordings were averaged, it becomes clear that T1 in the cross-linked 

arrangement (Figure 22, upper panels) activates slower compared to T1 in the non-bridged 

state (Figure 22, lower panels) as observed before. Here, activity was defined by the time when 

the current- or voltage trace reached its half-maximum level. The first component that is 

activated in this process is the Piezo voltage of 4 V. In zinc T1 activates on average 

2.45 ± 0.41 ms (n = 4) after the Piezo activation. The EDTA condition gives an activation 

difference between Piezo signal and T1 current of 0.96 ± 0.11 ms (n = 4). This ratio in rise time 

increase of about 3-fold is consistent with the beforehand observed rise time increase of the 

macroscopic patch-clamp recordings. Since the voltage pulse to the Piezo crystal itself could 

not be applied at one specific time in the µs-range, the Piezo voltage could not be utilised as a 

reliable point of start. Although the settings were identical, the Piezo activation time was 

different from experiment to experiment and reached from 12.95 to 13.38 ms. Additionally, 

there is no relationship between the activation times of Piezo voltage, open tip, and receptor 

activation observable. Notably, when EDTA was perfused to the one-channel patches, the 

receptor can activate faster than the perfusion tool itself. This coherence is illustrated in the 

lower panels of Figure 22 where T1 either activates 140 µs before the open tip (left) or at the 

same time (right). 

Because of these observations, the data was firstly selected based on stability plots. To solve 

the second problem of the exact activation time of the receptor, activation times were plotted 

into histograms for each individual patch and the activation times closest to zero (usually in a 

range between 12 and 17 ms as shown in Figure 22) were defined as zero. Outliers were 

discarded. This was only possible because of the vast number of jumps into Glu that have been 

recorded per patch. This approach was the most accurate procedure for defining the exact 

time of activation when comparing activation times of one-channel patches under each 

condition at the µs-scale. 
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3.1.10 Quantification of activation lag times 

 
 

To quantify the activation lag times of T1 and GluA2 WT, single-channel currents were 

recorded in the presence and absence of zinc and with desensitisation blocker (100 µM CTZ). 

The aim was to get a maximum number of jumps into 10 mM Glu and therefore holding 

outside-out patches for as long as possible. In some cases, patches could be held at -80 mV for 

more than 20 min. This resulted in recordings with more than 3000 jumps. Data was selected 

carefully in ASCAM. Episodes that showed activity before or after the Glu pulse and episodes 

with no activity at all were discarded. Detecting the first event after the Glu pulse was achieved 

by setting a threshold in ASCAM that was in the close range of -0.5 pA depending on the IRMS 

of the recording and the applied voltage. Each automatically detected first receptor activity 

was monitored visually for all episodes and adjusted manually whenever necessary. Activation 

times were log-transformed and plotted as histograms. Because the exact determination of 

the jump into Glu was not possible in the range of tenths of µs (Figure 22) the very first 

activation time was set to zero for each individual patch. Figure 23 illustrates the distributions 

of the activation times of T1 and GluA2 WT in both conditions. 
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Figure 23: Distributions of latencies to first opening of T1 and GluA2 WT single-channels. 

10 mM Glu was perfused to outside-out patches to activate the receptors at holding potentials 

between -70 and -80 mV in presence of 100 µM CTZ. GluA2 WT (left panels) single-channel 

activation times were compared to T1 receptors (right panels) in presence of 10 µM zinc (blue 

bar, bottom panels) or 10 µM of zinc chelator EDTA (red bar, top panels). Activation times were 

log-transformed and counts were square rooted. Log-exponential fitting of GluA2 WT activation 

times in EDTA (n = 3) resulted in one fast component of τ = 290 µs. GluA2 WT in zinc (n = 5) 

gives one fast component of τ = 400 µs. When T1 activation times in EDTA (n = 5) were fitted, a 

single component of τ = 240 µs was identified, while the zinc condition (n = 7) gives three slow 

components of τ1 = 1.2, τ2 = 3.3, and τ3 = 18 ms. 

 
After log-exponential fitting of the activation time distributions, WT in EDTA gave one fast 

component of τ = 290 µs. In zinc, WT showed again a single fast component of τ = 400 µs. 

These components are comparable to the fast component of T1 in EDTA with τ = 240 µs. In 

contrast, three slow components of τ1 = 1.2, τ2 = 3.3, and τ3 = 18 ms appear once the LBD-layer 

is bridged. Figure24 schematically illustrates the effect of restricting the LBD-layer. The AMPAR 
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LBD-layer has multiple degrees of freedom from closure of individual clamshells upon agonist 

binding to the number of LBDs occupied by Glu and their conformational arrangement within 

the dimers and the tetramer. Once the zinc bridge at the interdimer interphase is built, the 

LBD-layer should lose at least one degree of freedom. Together with this restriction, the 

vertical and lateral movements of single LBD subunits should be impaired. 

 
 
 

 
 

Figure 24: Schematic illustration of the proposed LBD arrangement in the non-bridged (left box), 

apo (centre box), and the cross-linked conformation (right box). Zinc is represented as magenta 

star, CTZ as yellow pentagon, and Glu as black dot. In the left box, T1 is bound to CTZ and Glu 

promoting the open state. Presence of EDTA prevents binding of divalent ions at the introduced 

histidines. The centre box shows T1 in the apo state without agonist, desensitisation blocker, or 

zinc. In the right box, LBDs are cross-linked with zinc. The receptor is in an active state through 

Glu- and CTZ application. The top view (upper panel, right) shows the colour code of the 

subunits and the arrangement of the tetramer when zinc and CTZ are bound. The right bottom 

panel represents a 3-dimensional scheme of T1 when agonist, zinc, and CTZ are bound. 

 

Restraining the LBD-layer should reduce the degrees of freedom during AMPAR activation. The 

reduced degrees of freedom should either block the gating machinery and thereby destroy the 

receptor, or the steps for full receptor activation should be reduced. Since T1 can still activate 
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to the fourth open level, one would speculate that the steps for full activation should be 

reduced together with the reduced degrees of freedom. Interestingly the fast activation 

disappears. Instead, three disproportionally slow components appear. From this observation, 

it becomes clear that all measured components are likely steps during receptor activation and 

come from the receptor itself. Without the profound alteration of the components through 

bridging the LBD-layer of T1 this statement cannot be made. If both, T1 and GluA2 WT would 

share at least one fast component under both conditions, this fast component could for 

example occur because of the movement of the perfusion tool induced by the Piezo element. 

It appears as if the receptor overcomes the restriction of the bridged LBD-layer via multiple 

slow steps. These steps could play a role during native AMPAR activation which is under 

physiological conditions potentially orchestrated too rapidly to be resolved. To show that this 

gating behaviour is consistent for individual patches the activation time distributions of T1 in 

zinc are shown in Figure 25. Besides the profound variability in activation times upon cross- 

linking, the variability in glutamate perfusion itself also becomes clear from figure 25. Each 

panel represents an individual patch and jumps in glutamate have been performed (between 

76 and 572 per patch). The input signal to the Piezo element, that was mounted to the 

perfusion tool, was sent at ms 10 while the recording started at ms 0. After each experiment 

recording of the open tip ensured a perfusion switch that proceeded in less than 500 µs. 

Because it is known that AMPARs activate usually between 200 and 600 µs (Colquhoun et al., 

1992; Hestrin, 1992; Silver et al., 1992) one would assume that the ultrafast solution switch of 

<= 500 µs plus the receptor activation between 200 and 600 µs should not vary much more 

than one millisecond. However, in Figure 25 the variability in activation that is not related to 

the receptor but rather to the experimental setup became again evident as it has been clearly 

shown in Figure 22. These setup-related variations could for example occur from invagination 

of the patch inside the pipette and where up to over 2 milliseconds. Setting these individual 

setup-related activation times to zero allowed pooling of individual patches in the further 

analysis. 
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Figure 25: Distributions of activation times of 7 individual one-channel patches of T1 in 

10 mM Glu, 10 µM zinc, and 100 µM CTZ at clamping potentials between -70 and -80 mV. Input 

signal to the Piezo element was sent at ms 10. Glu pulse duration was set to 50 ms. Between 

76 (top, left panel) and 572 (right column, middle panel) jumps were performed per patch. 
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3.1.11 Data selection for sublevel analysis 

 
 

A single ligand can trigger partial opening of an AMPA channel and it has been shown that the 

number of ligands occupying the LBDs correlates to the extent of channel gating. An 

electrophysiological experiment namely ‘staircase experiment’ proofed this relationship. This 

specific approach allowed to show that AMPARs have a tetrameric structure with four distinct 

subconductance states before there was any crystal structure available (Rosenmund et al., 

1998). To investigate the subconductance states the data was filtered at 1 kHz to firstly 

generate stability plots. The data points of the stability plots were segmented into low, 

intermediate, and high Popen. All episodes with a high and intermediate Popen were considered 

for further selection to generate a broad and plain portrait of the overall gating kinetics of the 

channel. Episodes with low Popen generally lacked a sufficient SNR to discriminate real events 

from background noise. For the measurement of noise levels, the selected episodes were 

filtered at 5 kHz. When the IRMS of the baseline was higher than ~400 fA episodes were 

discarded. All episodes that showed activity before or after the Glu pulse were additionally 

discarded. 

 
3.1.12 Dwell time distributions of GluA2 WT and T1 in EDTA and zinc 

 
 

Subconductance levels of GluA2 homotetramers were published initially in 2008 and 2010 

(Prieto & Wollmuth, 2010; Zhang et al., 2008). These values were utilised as orientation for 

setting the subconductance levels during dwell time analysis of GluA2 WT and T1. Single- 

channel recordings were filtered at 2.5 kHz and a threshold algorithm was applied for 

idealisation in ASCAM. Traces were interpolated and the resolution was set to 130 µs. The log 

durations were plotted on the x-axis and the square root values of the number of events were 

plotted on the y-axis. Closed states (C) and open levels one to four (O1 - O4) of GluA2 WT and 

T1 were fitted with a log-exponential function. T1 and GluA2 WT gave for all open levels two 

components under both conditions, while T1 in the closed state showed an additional and 

comparably slow component, once the receptor was cross-linked (Figure 26). 
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Figure 26: Dwell time   distributions of   GluA2 WT   and   T1 in either   10 µM EDTA   (red) 

or 10 µM zinc (blue). 10 mM Glu and 100 µM CTZ were present throughout the recordings. 

Dwell times at open levels 1 to 4 (O1 - O4) are shown as boxplots in the top- and middle panels. 

Dwell times in the closed state (C) are illustrated in the bottom panel. While T1 (empty bars) 

and WT (solid bars) show two fast components in a range of 100 µs up to 1 ms from O1 to O4, 

T1 gives an additional slow component ( > 3 ms) when zinc is present. Patches were clamped at 

potentials between -70 and -80 mV. n is 3 for T1 in EDTA and 5 in zinc. For GluA2 WT n is 3 in 

EDTA and 6 in zinc. 
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The fast component was usually in a range of 150 ± 50 µs while the slow component was 

675 ± 350 µs. Compared to all the other conditions there was a third component observable 

for T1 in zinc in the closed state. This third component was remarkably slower with a tau of 

3.2 ± 0.29 ms. The weight (a in %) of the slow component is ~18% for T1 in the cross-linked 

closed state. The precise dwell times and weights are illustrated in Table 2 for each condition. 

 

Table 2: Dwell times of T1 and GluA2 WT in 10 µM zinc or EDTA. 
 
 

 
 

The weights of the fast tau of WT and T1 in the non-bridged state are slightly higher in the 

closed state and at O4 (a ≈ 70%). For the remaining open levels, tau and tau2 share comparable 

weights (a ≈ 50%). This indicates that T1 in the non-bridged state and GluA2 WT prefer short 

over long dwell time durations when they get into the closed state or O4. To further investigate 

if the higher weights for short durations resulted in a higher frequency of how often an 

individual level was visited and how much time the receptor spend on average at each level 

the relative frequencies and occupancies of T1 and WT were compared under both conditions. 



RESULTS 

65 

 

 

 
3.1.13 Relative frequencies and occupancies of AMPAR sublevels 

 
 

Figure 27 illustrates how often subconductance levels were visited (frequency) and how much 

time the receptor spent on average at each level (occupancy). 

 

 

 

 
Figure 27: Averaged frequencies and occupancies of AMPAR open levels and the closed state in 

10 µM EDTA (red) or 10 µM zinc (blue). 10 mM Glu and 100 µM CTZ were present throughout 

all recordings. Patches were clamped between -70 and -80 mV. n is 3 for GluA2 WT in EDTA and 

6 in zinc (left panels). For T1 n is 3 in EDTA and 5 in zinc (right panels). Standard deviations are 

illustrated as shades. For both constructs and conditions frequency and occupancy correlates. 

Zinc does not affect how often and long open or closed levels of GluA2 WT are visited and the 

standard deviation of each state almost fully overlay for GluA2 WT. Frequency and occupancy 

appear to have a binomial distribution. While the closed state and O4 are only met in ~10% and 

O1 to O3 are met in 30% of the cases for GluA2 WT, respectively, T1 has strikingly distinct 

properties. In EDTA the closed state is rarely met but dominantly O3 with ~40% frequency and 

~50% occupancy, followed by O2 and O4 with ~30% and O1 with under 10%. In the zinc 

condition, O1 is visited most frequently (25%) but the receptor spends most of the time fully 

closed (40%). Here, O1 till O4 are visited in an almost linear relation from ~30 down to ~10% 

occupancy and frequency. 



RESULTS 

66 

 

 

 
Saturating Glu concentrations (10 mM) and desensitisation block (100 µM) were applied 

during all recordings. GluA2 WT gives a binomial distribution of frequency and occupancy of 

sublevels when either zinc or EDTA is present. T1 appears to have a higher Popen as the receptor 

spends the majority of time at O3 ( ~50%) when not cross-linked, while it is seldom in the closed 

state compared to WT (C ≈ 10%). In the cross-linked state, T1 frequency decreases from O1 to 

O4 in a nearly linear fashion from ~30 to ~10%. The closed state is visited in ~22% of the cases. 

The occupancies also decrease from O1 to O4 while the receptor spends most of the time in 

the closed state now (~40%). Except for O2, all open states of T1 and the closed state differ in 

how often the levels were visited and how much time the receptor spent at each level on 

average regarding the different conditions. There is no difference observable for WT when it 

is either in zinc or EDTA. Besides the zinc-induced major shift for almost all open levels and the 

closed state of T1 towards a lower Popen, the non-bridged receptor appears to have a generally 

higher open probability compared to GluA2 WT. 
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3.2 Physiological relevance of LBD layer bridging 

 
 

In nature, LBD-layer bridging of AMPARs plays a crucial role during excitotoxicity. A Conus snail 

polypeptide namely con-ikot-ikot (CII) binds on top of the LBD-layer of AMPARs and thereby 

blocks desensitisation resulting in neuronal death of the snails' prey (Walker et al., 2009). To 

study the ability of the toxin (Tx) of stabilising the open state, macroscopic- and single-channel 

recordings of GluA2 WT receptors were performed when Tx was bound. This condition was 

compared to the effects of the potent desensitisation blocker RR on GluA2 WT. 

 

3.2.1 Macroscopic recordings of GluA2 WT at different Tx concentrations 
 
 

The effect of Tx on GluA2 WT receptors is illustrated in Figure 28, where O.N. incubation of 

HEK-293 cells with 300 nM Tx led to full desensitisation block when patches were perfused 

with 10 mM Glu. Once the Tx bound to the receptor it took minutes to wash it out indicating 

its high affinity for AMPARs. When patches were perfused with the Tx binding appeared to 

proceed slowly. Based on the high affinity and because Tx purification (Wu et al., 2014) resulted 

in moderate yields, incubation proved more economical than perfusion. 
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Figure 28: Representative jump of a macroscopic GluA2 WT outside-out patch into 10 mM Glu. 

At a Tx concentration of 300 nM, desensitisation is completely blocked. Cells were incubated 

with the Tx O.N. and patches were recorded at -30 mV holding potential. 

 
The steady-state currents (Iss) were determined at Tx concentrations from 0.3 up to 300 nM 

and divided by Ipeak to generate a dose-response curve as shown in Figure 29. The data was 

fitted with the Hill equation which revealed an EC50 of 5 nM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 29: Dose-response curve of Tx bound to GluA2 WT. HEK-293 cells were incubated O.N. 

at concentrations (in nM) of 0.3 (n=4), 1 (n=4), 3 (n=3), 10 (n=4), 30 (n=3), 100 (n=3), and 300 

(n=4). Macroscopic outside-out patches were recorded at -30 mV clamping potential and 

10 mM Glu application. Curve fitting with the Hill equation reveals an EC50 of 5.08 ± 2.21 nM. 
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3.2.2 Effects of Tx on GluA2 WT at the single-channel level 

 
 

Single-channel recordings of GluA2 WT receptors were performed after 20 min of 

preincubation of HEK-293 cells with oversaturating Tx concentrations up to 45 µM. This 

approach was highly effective to record a single AMPAR bound to Tx and never resulted in a 

patch containing AMPARs that were not bound to the Tx. A representative current trace is 

illustrated in Figure 30 where Glu application (10 mM) leads to channel gating accompanied 

by longer shuttings up to > 500 ms in between the bursts. 

 
 

 

 

 
 

 
Figure 30: Single-channel trace of a GluA2 WT receptor bound to the Tx. HEK-293 cells were 

preincubated for 20 min with 45 µM of Tx. A 10 mM Glu pulse was applied for 3 s at a holding 

potential of -80 mV. At saturating Tx concentrations Glu application leads to bursts of channel 

activation. Datapoints were digitally filtered at 500 Hz for illustration. 

 

Contrary to the observation from the macroscopic currents that Tx stabilises the desensitised 

state, Tx proved as a poor desensitisation blocker when looking at single-channel traces. To 

compare the effect of the Tx-induced desensitisation block to a known highly potent 

desensitisation blocker, RR was additionally applied to the one-channel patch where Tx was 

already bound. 
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Figure 31: Idealised current trace of one single GluA2 receptor bound to Tx and Glu at 80 mV. 

Idealisation (black trace) was done in ASCAM. Current (grey trace) was low-pass filtered at 

1 kHz for illustration. Dashed line indicates the baseline. 

 

Figure 32 shows the dwell time distributions for each subconductance level and the closed 

state when either only Tx or Tx together with RR is bound to the receptor. 
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Figure 32: Dwell time distributions of GluA2 WT activated with 10 mM Glu when either bound 

to Tx only (top) or to Tx + RR. HEK-293 cells were preincubated for 20 min with oversaturating 

Tx concentrations up to 45 µM. After recording currents of the receptor bound to Tx only (upper 

panel), the patch was additionally perfused with 1 µM RR (lower panel). Both recordings were 

performed at -80 mV. Currents were digitally filtered at 2.5 kHz before dwell-time analysis. 

 
When 1 µM of desensitisation blocker RR was additionally applied to the outside-out patch, 

while the receptor was already bound to Tx, the dwell time distributions shifted more towards 

O3 and O4 and the minority of events was observable in the closed state and at O1 ( Figure 32, 

bottom panel). This means that Tx can block desensitisation of AMPA-type glutamate receptors 

but unlike other desensitisation blockers it is less effective. The frequencies of how often 

individual levels were visited under both conditions validate the same relationship, strongly 

indicating that RR plays the dominant role for effective desensitisation block (Figure 33). 
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Figure 33: Averaged frequencies and occupancies of AMPAR open levels and the closed state in 

when bound to Tx (left, n=2) or Tx + 1µM RR (n=1, right). 10 mM Glu was present throughout 

all recordings. Patches were clamped at -80 mV. In presence of Tx O1 is met mostly (32%) 

followed by the closed state (27%) and O2 (23%). O3 is visited in 12% of the cases while the 

maximum O4 is met with a frequency of 5%. When 1 µM RR is additionally applied, the closed 

state and O1 are visited in 9% of the cases respectively, O2 with 21%, O3 with 38% and O4 with 

24%. 

 
The frequencies correlate with the beforehand observed dwell time distributions but better 

visualise how the receptor shifts more frequently towards the open states, specifically O3 and 

O4, once RR was applied additionally. While GluA2 visits O1 and the closed state in most of the 

cases, the receptor mostly meets O3 and the maximum open state once bound to Tx with RR. 

Interestingly, the relationship of how often the closed an open states are met is almost 

mirrored when comparing the two conditions. 

The fact that RR can still block desensitisation more effectively and thereby drive the receptor 

towards more open sates although Tx is still bound suggests that the LBDs are presumably not 

fully restrained by the Tx. Compared to RR, the Tx only shows a weak ability to stabilise the 

open state of GluA2 WT. 
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3.3 Molecular dynamics simulations for predicting cross-linking mutants 

 
 

While the previously studied T1 mutant was predicted based on structural information and 

molecular replacement, its functionality was ultimately tested during electrophysiological 

experiments. Getting to this point required to generate and clone the construct, culturing and 

transfecting of cells, electrophysiological experiments, and further work. Within cooperation, 

Dr Shreyas Kaptan from FU Berlin predicted cross-linking mutants based on molecular 

dynamics (MD) simulations. One of which was a promising candidate for stabilising the open 

sate during Glu application. The DKD-3H mutant has three histidines introduced at positions 

D668, K769, and D770. The MD simulations could show that replacement of the three residues 

with histidines led to heavy metal coordination at the interdimer interphase. 

 

3.3.1 Macroscopic recording of DKD-3H 
 
 

To verify the MD-based prediction the DKD-3H mutant was cloned into the GluA2 background 

for subsequent electrophysiological experiments. Macroscopic outside-out patch-clamp 

recordings revealed that DKD-3H can get cross-linked reversibly with 10 µM zinc as illustrated 

in Figure 34, panel A. As for T1, there is a zinc-induced Ipeak reduction observable but no 

activation lag in contrast. The normalised current traces in the inset rather reveal that the 

steady-state currents alter between the cross-linked and the non-bridged state. To further 

investigate whether this effect is dependent on desensitisation, subsaturating concentrations 

of 1 µM CTZ were permanently perfused during experiments (Figure 34, B). 
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Figure 34: Trapping of DKD-3H. Jumps into 10 mM Glu were performed while DKD-3H or 

GluA2 WT outside-out patches were perfused with 10 µM zinc (red) or 10 µM EDTA. (A) Peak 

current of DKD-3H was recovered by ~5-fold when zinc was chelated with EDTA. Consecutive 

zinc application brings the peak current back to its initial level (dashed line). Normalised 

currents (inset) reveal a steady-state current increase, induced by zinc coordination at the 

interdimer interphase. (B) Jumps into 10 mM Glu in presence of zinc and desensitisation blocker 

CTZ (1 µM) illustrate a prominent increase of DKD-3H steady-state currents. Inset shows 

normalised currents. (C) The bar graph illustrates that the Iss/Ipeak ratio of GluA2 WT patches is 

not affected by zinc in the presence (n = 3) or absence (n = 5) of desensitisation block (1 µM 

CTZ), while zinc application to DKD-3H leads to an increase by ~2-fold in the presence (n = 8) 

and also in the absence (n = 6) of CTZ. 

 
When comparing the Iss/Ipeak-ratio between DKD-3H in the absence and presence of Zn2+ it does 

not change whether or not 1 µM CTZ is present. A 2-fold increase of the Iss/Ipeak-ratio is 
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observable once the LBD-layer is bridged. Again, it appears that the LBD cross-linking is 

independent of desensitisation as already found for the T1 mutant. 
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3.4 Ion selectivity of molecular dynamics simulations 

 
 

An important approach to understand how GluA2 channel gating is orchestrated is to study 

the molecular mechanisms governing cation permeability at the selectivity filter of the channel 

pore. Johann Biedermann, currently a PhD student in the laboratory of Prof. Andrew Plested 

at the Leibniz-Forschungsinstitut für Molekulare Pharmakologie Berlin, performed MD 

simulations on a presumable open GluA2 structure (PDB ID: 5WEO) that was generated 

applying cryo-electron microscopy (Cryo-EM). MD simulations were performed using 

CHARMM36 and AMBER99sb force fields and GROMACS software. To complement the 

simulations electrophysiological experiments were performed (Biedermann et al., 2021). 

 

3.4.1 Caesium induces a shift in the reversal potential of GluA2 WT 
 
 

AMPARs have a non-selective cation channel. One major finding of the MD simulations is that 

caesium (Cs+) uses two equally populated binding sites at the selectivity filter of the channel. 

In contrast sodium (Na+) and potassium (K+) share one single ion binding site inside the pore 

(Q586 and Q587). Therefore, macroscopic recordings were carried out to investigate the 

reversal potential shift of GluA2 WT between Na+ and Cs+. A voltage ramp protocol from -120 

to 120 mV was applied to outside-out patches which were either perfused with NaCl- or CsCl 

external solution. Figure 35 illustrates two representative current traces in both conditions. 
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Figure 35: Representative macroscopic recording of GluA2 WT perfused with NaCl- (black) or 

CsCl (orange) external solution. 10 mM Glu and a voltage ramp protocol from -120 to +120 mV 

were applied to the outside-out patch. To better visualise the reversal potential, only the range 

from -20 to +20 mV is shown. A shift in the reversal potential of 2.45 mV occurs between Cs+ 

and Na+ and is shown in the inset. 

 
The shift in reversal potential for GluA2 WT between Na+ and Cs+ is on average 3.2 ± 0.5 mV. 

In total 7 outside-out patches were pulled and recorded. The precise values of the 

measurements are given in Table 3. 
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Table 3: Reversal potentials of GluA2 WT (n=7) in 10 mM Glu. The shifts in the reversal 
potentials from NaCl- to CsCl external solution are given as difference and are on average 
3.2 ± 0.5 mV. 

 

 
*Reversal potentials U NaCl CsCl Difference 

in mV    
Patch 1 -0.25 2.2 2.45 

Patch 2 3.7 4.7 1 

Patch 3 1.6 6 4.4 

Patch 4 1.3 5.9 4.6 

Patch 5 4.9 8.1 3.2 

Patch 6 1.3 5.1 3.8 

Patch 7 0.4 3.4 3 

  

Average 

  

3.21 

 Standard deviation 0.51 
 
 

The consistent shift in reversal potential suggests that Cs+ is more permeant than Na+ and are 

in accordance with multiple binding sites at the selectivity filter of the channel for Cs+ found in 

the MD simulations (Biedermann et al., 2021). 

 

3.4.2 In silico and in vitro comparison of GluA2 WT conductances for different ions 
 
 

Conductances of GluA2 WT were initially determined in the MD simulations and compared to 

those that were found during electrophysiological single-channel experiments. The AMBER 

force field generally yielded smaller conductances then CHARMM which resulted in deviations 

up to ~50 pS between the two force fields. This large force field-dependent variability was 

reported already for K+ with NaK-CNG channels (Kopec et al., 2018). During simulations, 

GluA2 WT showed in general the highest conductance with K+ (AMBER 33 ± 11 pS, CHARMM 

78 ± 41 pS) followed by Cs+ (AMBER 18 ± 13 pS, CHARMM 71 ± 28 pS) while it gave the lowest 

conductance in Na+ (AMBER 6 ± 3 pS, CHARMM 25 ± 10 pS) (Biedermann et al., 2021). 

Single-channel recordings revealed a conductance of 39 ± 2 pS in K+, 45 ± 4 pS in Cs+ and 

30 ± 2 pS in Na+. Table 4 gives an overview for better comparison. 
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Table 4: Conductances of GluA2 WT in K+, Cs+, and Na+. Conductances were calculated in MD 
simulations using either AMBER- or CHARMM force fields and compared to the conductances 
from electrophysiological single-channel recordings. Three patches were recorded per 
condition. 

 
 

*Conductance values G in pS KCl CsCl NaCl 

AMBER 33 ± 11 18 ± 13 6 ± 3 

CHARMM 78 ± 41 71 ± 28 25 ± 10 

Single-channel recording 
(n=3 per condition) 

39 ± 2 45 ± 4 30 ± 2 

 

Although the conductances calculated from electrophysiological experiments did not decline 

from K+ over Cs+ to Na+ as they do in the MD simulations, all conductances from the MD 

simulations are in a descent range and in accordance to the conductances from 

electrophysiological single-channel experiments. 

 
 
 

 
 

 

 
Figure 36: Representative I/V-curves GluA2 WT single channels filtered at 1 kHz. A voltage ramp 

from -120 to +120 mV was applied during application of 10 mM Glu for 200 ms. For 

desensitisation block 100 µM CTZ was perfused to outside-out patches throughout the 

recording. Leak currents were subtracted. Polygons were added to the current traces to linearly 

fit the maximum open levels of the single channels (red dashed lines). 
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4. DISCUSSION 
 
 

4.1 Aims of this work 
 
 

The main objective of this work was to study a previously described cross-linking mutant at the 

single-channel level. The T1 mutant was investigated at the macroscopic level already and it 

has been demonstrated that cross-linking of the LBD layer 1) reduces peak currents, 2) 

increases activation times, and 3) appears to proceed in the apo- and the active state 

(Baranovic et al., 2016). However, these results raised several questions that could not be 

answered from the macroscopic recordings and answering them could potentially lead to a 

better understanding of the gating machinery of AMPARs. 

The approach of this work was to record currents of single AMPARs during LBD cross-linking 

experiments since single-channel recordings contain more detailed information. Subsequently, 

T1 was compared to a novel cross-linking mutant, DKD-3H, that was predicted by MD 

simulations. The effects of bridging the LBD layers of the two zinc-coordinating AMPAR 

mutants were finally brought into a more physiological context by comparing them to those of 

a natural occurring AMPAR-specific cross-linker, namely con-ikot-ikot, from a Conus snail that 

acts as a toxin against the snails` prey (Walker et al., 2009). The LBD dynamics are of specific 

interest and were investigated under these conditions to ultimately understand more about 

the mechanisms of AMPAR activation. 

 
4.2 The effects of cross-linking at the macroscopic scale 

 
 

Cross-linking of the LBD layer is an approach to modify iGluRs in order to trap specific states 

during the cycle of receptor activation. I.e., NMDARs were cross-linked with disulphide bridges 

resulting in receptors that are highly active while LBD layer trapping of kainate receptors led 

to partially active gating behaviour (Daniels et al., 2013; Esmenjaud et al., 2019). It was also 

shown that cross-links at the interdimer interface of kainate receptors can reduce 

desensitisation and peak currents (Das et al., 2010). 
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In the initial experiment of this work, macroscopic recordings of T1 in presence and absence 

of zinc were performed and compared to those of GluA2 WT. Jumps into saturating Glu 

concentrations revealed a ~10-fold inhibition of the peak currents accompanied by a ~3-fold 

rise time increase (Figure 15) for T1 in zinc which could not be found for WT receptors. These 

observations are published already and served mainly to verify reproducibility as well as 

finding applicable experimental conditions for further single-channel work (Baranovic et al., 

2016). 

During the aforementioned experiments, T1 patches were perfused with zinc-containing 

solution before a jump into zinc-free Glu was performed. This resulted in a slower on-relaxation 

based on the zinc release indicating that zinc cross-links the LBD layer in the apo state. It has 

been shown that zinc can also modulate native AMPARs. Generally, it is assumed that low zinc 

concentrations in a range between 30-100 µM potentiate AMPAR currents, while high 

concentrations of 1-3 mM inhibit them (Blakemore & Trombley, 2004; Mayer et al., 1989). 

Therefore, it was critical to initially find appropriate zinc concentrations. In an optimal case, 

concentrations for T1 lie outside these boundaries but can cross-link the receptor 

concurrently. It has been demonstrated that the IC50 of T1 for zinc is 380 ± 10 nM (Baranovic 

et al., 2016). A zinc concentration of 10 µM is outside the previously published concentrations, 

that could potentially modulate native AMPARs, but high enough to clearly show the zinc- 

induced effects on T1. 

Figure 15 illustrates the zinc-induced alterations: while there is a ~10-fold Ipeak reduction for 

T1, there is no zinc-related Ipeak reduction visible for GluA2 WT. The ~3-fold rise time increase 

which appears when perfusing T1 with zinc is also not observable for GluA2 WT. This 

experiment showed that the zinc bridge plays the major part in zinc-induced modulation of T1 

and that cross-linking of the LBD layer can be performed reversibly (Figure 16). 

However, it also raised the question of what happens mechanistically during receptor 

activation when the LBD layer is cross-linked. The peak current reduction of AMPARs upon LBD 

cross-linking is a known phenomenon, independent of the kind of cross-link, but the molecular 

mechanisms underlying Ipeak reduction and activation delay were not deeply investigated 

before (Baranovic et al., 2016; Baranovic & Plested, 2018). For example, does the Ipeak 

reduction occur because zinc trapping renders ~90% of the receptors unfunctional while ~10% 
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are not affected by zinc or did the Popen or even conductance change together with the cross- 

link (Jin et al., 2003)? How is the mechanism for full receptor activation altered leading to the 

~3-fold rise time increase? 

T1 is one of several cross-linking mutants that were generated and cloned into the GluA2 flip 

background based on molecular modelling. Out of five mutants that can potentially coordinate 

zinc at the LBD layer, T1 proved as the most promising candidate to understand more about 

the activation mechanism. Firstly, T1 is presumed to have an optimal geometry to coordinate 

zinc at the interdimer interface and thereby bringing the LBD layer in a very tight arrangement 

(Baranovic et al., 2016). In theory, this rather extreme restriction should either lead to a fully 

unfunctional receptor or a pronounced phenotype. Indeed, T1 is one of the fewer cross-linking 

mutants that not only undergo a peak current reduction but show an additional profound rise 

time increase. Secondly, T1 was one of the constructs that were well expressed in HEK-293 

cells which is a necessity for tight seals during patch-clamp experiments for further 

subconductance analysis in the low pA-range that revealed deeper insights into the molecular 

mechanisms during slow activation. 

While T1 was defined using a molecular modelling approach, the second cross-linking mutant 

DKD-3H was generated based on molecular dynamics simulations. These simulations were 

performed by Dr Shreyas Kaptan, currently a senior research scientist at the University of 

Helsinki. His MD simulations identified residues D668, K769, and D770 as candidates for 

histidine insertions in order to coordinate zinc at the interdimer interface in the GluA2 

background. Like all functional AMPAR cross-linking mutants, DKD-3H gives a prominent Ipeak 

reduction. This reduction is about ~5-fold and trapping is again reversible (Figure 34 A). In 

contrast to T1 however, DKD-3H did not show an activation delay (Figure 34 B). Although both 

mutants coordinate zinc at the interdimer interface and even share one residue at position 

D668H that is involved in zinc-coordination, they give distinct phenotypes. To understand why 

the activation lag occurs in T1 and why it is not visible for DKD-3H single-channel experiments 

were performed with T1. 
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4.3 Peak current reduction occurs not from alterations at the single LBD-level but rather from 

the tetrameric level 

 
Single-channel recordings of T1 and comparison to GluA2 WT currents revealed at first glance 

(Figure 17) that the peak current reduction results from a lower Popen. The representative 

single-channel traces illustrate that channel activity is reduced profoundly upon cross-linking. 

Unlike other iGluRs for example NMDARs (N-methyl-D-aspartate receptors), that require 

binding of two glycine- and two glutamate molecules for activation, AMPARs can partially 

activate upon binding of a single Glu molecule at one of the four LBDs (Rosenmund et al., 

1998). To fully activate, all four subunits must be bound to the agonist. Electrophysiological 

experiments with single AMPARs demonstrated this relationship, showing that the gating- 

initialising LBDs are presumable independent of each other and four subconductance states 

are directly in relation of how many Glu molecules are bound to the tetrameric LBD layer 

(Rosenmund et al., 1998). Though, there have been publications stating that binding of Glu at 

one LBD can affect the kinetics of adjacent LBDs and thereby gating itself (Prieto & Wollmuth, 

2010). 

In this work, the analysis of subconductance states further illuminated the relationship 

between the cross-link and the reduced Popen. While the non-bridged T1 receptor visits O3, 

followed by O2 and O4, most frequently, the maximum open level is visited least frequently in 

the cross-linked state. The frequency of how often these levels were visited correlates with the 

occupancy of how much time the receptors spent at individual levels (Figure 27). Notably, T1 

can still activate up to the fourth open level although the LBD layer is restricted. This was also 

shown by measuring conductances. 

To verify whether the conductance was altered, a voltage ramp was applied to one channel 

patches. Because AMPARs have profound desensitisation properties, CTZ was added during 

these recordings (Coombs et al., 2019; Fucile et al., 2006; Sun et al., 2002). CTZ is a commonly 

used AMPAR specific desensitization blocker (Partin et al., 1993). Upon binding, CTZ stabilises 

each LBD dimer, thereby preventing desensitization (Sun et al., 2002). For measuring 

conductances, one-channel patches were identified before the ramp protocol application by 

performing jumps into Glu. This was a straightforward approach to initially see if the Glu pulse 
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led to a ~2.5 pA current response at -80mV. Although CTZ was present, the activation lag of T1 

with immobilised LBDs was still visible (Figure 19). This indicates that cross-linking is likely 

independent of desensitisation. While the cross-link is localised at the interdimer interface of 

the LBD-layer at positions D668, T672, and K761, the interaction sites of CTZ are found at the 

intradimer at positions Y424, I481, P494, F495, S497, and opposing S729, K730, L751, S754. 

Thereby, CTZ promotes stabilisation of the intradimer interface leading to reduced 

desensitisation (Sun et al., 2002). The molecular models of the crystal structures, and the 

electrophysiological recording of zinc- and CTZ-bound T1 receptors both support the 

hypothesis that zinc- and CTZ binding sites are independent. This observation served as a basis 

to circumvent the problem of the very low activity when T1 is cross-linked being further 

reduced by desensitization. Single-channel analysis, specifically for AMPARs with multiple 

subconductance states in the low pA range requires an optimal signal-to-noise ratio and 

reducing desensitisation added to generally record more signal for subsequent analysis. The 

conductances in Table 1 are ~30 pS under both conditions for T1 and GluA2 WT agreeing with 

already published conductances of AMPARs and GluA2 (Q) in particular (Banke et al., 2000; 

Derkach et al., 1999; Jin et al., 2003; Prieto & Wollmuth, 2010; Swanson et al., 1997). 

Still, the question remained of what could lead to the lower open probability due to the cross- 

link. Cryo-EM studies showed that gating is driven by the expansion of the LBD ring upon 

separation of the D2 lobes of the intradimers (Twomey et al., 2017). By cross-linking the D2 

lobes at the interdimer interface they are likely affected in clamshell closure. This could 

potentially mean that lower peak currents result out of a clamshell that is either not capable 

to fully close for maximum channel opening, or a restricted clamshell that cannot release the 

agonist fast enough leading to a receptor that spends relative more time in the desensitised 

state and thereby promoting the lower Popen. Several arguments speak against the latter 

theory. First, it was shown that T1 cross-linking does not affect the peak currents or the 

activation delay when Glu concentrations are low (~10 µM). This implicates that clamshell 

access is not restricted by the cross-link. It is known that the cross-link is formed in the apo 

state. Second, the off-relaxation is also not altered when the bridge is formed meaning that 

Glu release out of the clamshell proceeds at a similar rate as for the WT receptor. 

Desensitisation again seems to not play a role in the peak current reduction based on this 
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observation. Third, the affinity for Glu is not altered by cross-linking the LBD layer. This also 

speaks rather against a modification that is solely based on a single LBD manipulation 

(Baranovic et al., 2016). Cryo-EM experiments revealed that the movement of the LBD 

predicted from crystal structures, 26° clamshell closure arising from the lower D2 lobe once 

Glu is bound, is conserved in the full-length receptor (Twomey et al., 2017). This conformation 

is expected to be met for full activation. Based on the observation that T1 can activate to the 

maximum conducting state, one would assume that the assumed 26° clamshell closure is given 

and the zinc-bridge likely does not directly alter the properties at the single LBD level with the 

result of a lower Popen. 

These results rather suggest that open probability is affected based on the tetrameric 

arrangement of the LBD-layer as a whole with its structure as a dimer of dimers (Sobolevsky et 

al., 2009). The D2-D2 intradimer separation can still take place but is now, upon cross-linking, 

dependent on the second LBD-intradimer. This would mean that the likelihood for maximum 

LBD ring expansion, that is assumed to correlate with maximum conductance, decreases, as it 

is indeed seen for T1 in the cross-linked form. In the non-bridged state, occupancy and 

frequency of O4 are ~2 to 3-fold higher compared to the restricted LBD arrangement 

(Figure 27). 

 
4.4 The cross-link-induced activation delay is an activation lag with multiple components 

 
 

The initial observations at the single-channel level suggested that the macroscopically 

observed activation delay arises from a lag in activation. Immobilising the LBD layer leaves the 

receptor still functional but alters its gating properties. Once immobilised, the LBD layer cannot 

process the input signal, that is Glu binding within the clamshell, fast enough to gate the 

channel in the microsecond range which is required for ordinary brain function. It is assumed 

that when the clamshell encloses around the agonist, the linker connecting the LBD with the 

TMD triggers opening of the ion channel in a presumable iris-like fashion (Armstrong & Gouaux, 

2000; Armstrong et al., 2006; Sun et al., 2002; Twomey et al., 2017). Activation lags in AMPARs 

upon modification of the LBDs were described already. I.e., a mutation at position T686A within 
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the clamshell leads to destabilisation of the closed conformation upon alterations of glutamate 

affinity resulting in lower peak currents and activation delay (Zhang et al., 2008). 

The activation lag of T1 is clearly related to the zinc-bridge and appears to be independent of 

desensitisation. It was assessed by performing a maximum number of jumps into Glu and 

measuring the first latency to opening. Measuring and analysing the first latency to opening is 

a common approach to make statements about the molecular mechanisms of an ion channel 

(Aldrich et al., 1983; Horn & Vandenberg, 1984; Sakmann & Neher, 2009). For valid 

quantification, pooling of patches was required since some patches lasted for ~100 jumps 

while other patches yielded thousands of jumps. However, this approach brought several 

challenges. Firstly, T1 and the WT receptors appeared to change Popen over time independently 

of the cross-link. This observation was made for AMPARs and other ion channels before and 

was named modal gating. Prieto et. al stated that AMPARs gate with a low and high open 

probability dependent on agonist concentration (Prieto & Wollmuth, 2010). 

However, in this work, modal gating was common for almost every recording that lasted longer 

than some minutes. Stability plots of each patch were made to circumvent the problem of too 

much heterogeneity through modal gating (Figure 20 and 21). To make a proper comparison 

for each condition, data was selected carefully considering these distinct gating modes. 

The second challenge concerns the pooling of data. Pooling patches of AMPARs means to find 

the exact point in time where the receptor is perfused with agonist and this point is usually in 

the 100 µs-range. This work revealed that even recording of the open tip after a patch was 

recorded, is not accurate enough to make statements about the exact point in time when the 

receptor is perfused with agonist (Figure 22). In one case the switch of the open tip into 

glutamate was measured 140 µs after the receptor activated. Guaranteeing to jump into Glu 

at the exact same time during each experiment is likely possible under ideal experimental 

conditions because it has been shown that a Piezo-driven solution switch of 20 µs is 

theoretically possible (Sachs, 1999). However, the effort would be disproportionate to the 

output when focusing on the aim of recording a maximum number of jumps. Therefore the 

activation times of an individual patch were plotted into a histogram and zeroed to the fastest 

activation times on the x-axis. Subsequently, all patches were pooled for each condition 

(Figure 23). To further increase the validity of these histograms the latencies to the first 
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opening were log-transformed and counts were square root-transformed as suggested by 

Sigworth et al. (Sigworth & Sine, 1987). 

In the cross-linked state, the latencies to first opening of T1 were best exponentially fitted with 

three slow components of τ1 = 1.2, τ2 = 3.3, and τ3 = 18 ms while the zinc-free condition and 

the WT receptor yielded only one single fast component at around ~300 µs (Figure 23). This 

striking difference upon cross-linking the LBD-layer at the interdimer interface suggests that 

the AMPAR gating machinery undergoes multiple steps for full receptor activation. It also 

suggests that the fast components are not representing the movement of the perfusion tool 

or the Piezo element because there is no fast component measurable for T1 in presence of 

zinc. All components that were measured likely occur from the receptor itself. The dwell-time 

analysis of T1 in the cross-linked arrangement gives three instead of two shut states. The 

additional, third shut state has a considerably long tau of ~3.2 ms (Figure 26) while all other 

shut times are around ~200 and ~800 ms (Table 2). This observation could be interpreted as 

three distinct pre-open conformations and is not only supported by previous findings that 

ligand-gated channels, such as glycine receptors and nicotinic acetylcholine receptors, show 

pre-gating conformational changes (Burzomato et al., 2004; Colquhoun & Lape, 2012; Plested 

et al., 2007; Purohit et al., 2007). Also, iGluRs were demonstrated to have multiple pre-open 

conformations (Erreger et al., 2005; Esmenjaud et al., 2019; Popescu et al., 2004; Salazar et al., 

2017; Zhang et al., 2008). 

Still, the question remains of what happens mechanistically that could lead to these three 

steps. For NMDARs for example, it has been demonstrated that the receptor can activate via 

two distinct conformational rearrangements from either an unconstrained or constrained pre- 

active state. The constrained pre-active state requires more energy for transitioning from the 

closed into the open state and therefore more time, while the unconstrained pre-open state 

can transition fast into the open state. It could even be shown which LBD-TMD linkers are 

involved in fast and slow activation (Esmenjaud et al., 2019). 

For T1, the fast component or fast activation disappears completely when cross-linked 

(Figure 23). AMPARs usually activate within 200 to 600 µs upon Glu application (Colquhoun et 

al., 1992; Hestrin, 1992; Silver et al., 1992). Besides the aforementioned condition, this is in 

accordance with all pooled patches in this work. Introducing the zinc-bridge at the LBD-layer 
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not only leads to the appearance of three slow components and the disappearance of the fast 

activation. There is a rise-time increase up to two orders of magnitude for the slowest 

component that was best fitted at ~18 ms compared to the fast component of ~240 µs in the 

non-restricted arrangement. Recent studies revealed that binding of Glu within the clamshell 

leads to 26° clamshell closure followed by ~12Å D2-D2 intradimer separation. Subsequently, 

conformational changes in the S1-M1, M3-S2, and S2-M4 linkers proceed from the closed to 

the open channel. The M3-S2 segments of subunits B and D appear to play a key role in 

translating clamshell closure into channel gating since they undergo major conformational 

changes until the channel opens in an iris-like fashion. The S1-M1 linkers, again in subunits B 

and D, also fulfil a comparably large conformational change, while S2-M4 of A and C undergoes 

smaller changes, in example unwinding of pre-M4 and stretching of these linkers in direction 

to the pore (Twomey et al., 2017). The zinc bridge, connecting the lower interdimer D2 lobes 

at D668, T672, and K761 is directly positioned above this critical M3-S2 linker (Figure 3). It 

naturally comes to mind to think that the biggest conformational change, required for opening 

the channel, takes the longest time to be executed. By hindering the movement of M3-S2 upon 

introducing the zinc-bridge, one could speculate that the largest and presumable slowest 

conformational change is slowed down even further and is potentially represented in one of 

the slow components. However, the fact that multiple slow components appear support rather 

the hypothesis that cross-linking affects not only M3-S2 but the two remaining linkers that 

translate clamshell closure into channel gating, given that the linkers lead to gating upon 

pulling on the channel as a purely mechanical process (Kazi et al., 2014). This is also supported 

by the circumstance that the zinc-bridge of DKD-3H is positioned above M3-S2 and does not 

alter activation time but open probability only. The main difference between these mutants is 

that the cross-link of DKD-3H is likely not as tight as for T1 leaving the receptor with more 

potential conformational space. Hence, and as for the reduction in open probability, these 

observations support the hypothesis that the activation lag is not a result of single restricted 

LBDs but the dynamics of the tetrameric LBD-layer as one unit. The conformational space and 

freely moving LBDs are a requirement for fast activation. 

Further, there is the possibility that activation of the WT receptor proceeds too fast to resolve 

the steps that are observed in T1 with the applied method. The major aspect speaking for this 
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possibility is the appearance of three slow components and disappearance of fast activation. 

If these components should appear solely based on zinc bridge rupture there should be two 

components: the first component upon rupture of the first zinc bridge and the second 

component relating to rupture of the second zinc bridge followed by immediate activation. 

Instead, there is no fast activation but a profoundly slow activation step (τ3 = 18 ms) indicating 

that gating proceeds while the LBD-layer is permanently restricted. Although under this 

extreme conformational state, T1 can activate to the maximum conducting state suggesting 

that the components that were resolved in this work could indeed play a role in WT receptors 

or were met at one point during the evolution of AMPARs as it was suggested that the gating 

machinery has been refined over time enabling fast excitatory neurotransmission (Zhang et al., 

2008). 

 
4.5 The role of LBD cross-linking in nature 

 
 

CII is one out of >50,000 conotoxins emerging from the biosynthesis of snails of the genus 

Conus. Conus striatus injects the toxin into its prey leading to desensitisation block of AMPARs 

and overexcitation of the nervous system ultimately resulting in cell death and toxicity. Until 

today, CII is the only conotoxin identified to specifically target AMPARs (Walker et al., 2009). 

Understanding the mechanisms of the toxins’ mode of action and bringing it into context with 

other cross-linking approaches could lead to a better understanding of the general activation 

mechanism of the receptor and additionally to developing new compounds that specifically 

target AMPARs for the treatment of AMPAR-related diseases. 

This work revealed that binding of CII to the GluA2 LBD layer happens slowly but once bound 

it takes minutes to wash out the toxin when ultrafast perfusion to outside-out patches is 

applied. Indeed, the binding rate of the toxin was too slow to determine the EC50 by perfusing 

different toxin concentrations onto one patch. For this purpose, the toxin yields were with only 

45 to 95 µg too moderate, beginning with 12 L of E. coli cultures, to perfuse the necessary toxin 

concentrations. Because of the toxins’ high binding affinity to AMPARs, it was straightforward 

to incubate the cells with distinct concentrations overnight to not waste the toxin. This 

approach helped to generate an accurate dose-response curve under reasonable toxin usage 
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with the desired effect of having full equilibrium. Although the EC50 was reported to be ~67 nM 

by perfusing oocytes with different toxin concentrations (Walker et al., 2009), this work 

determined an EC50 of ~5 nM applying the O.N. incubation method for complete equilibration 

(Figure 29). Once the toxin was bound it was a matter of minutes to wash it out again providing 

enough time to record tens of episodes in equilibrium. 

At the macroscopic level, CII appeared to be a potent desensitisation blocker as it fully blocked 

desensitisation at a concentration of 300 nM (Figure 28). A more detailed relationship was 

revealed when single toxin-bound AMPARs were recorded and idealised. Again, four open 

levels were identified with subconductances that were reported before (Prieto & Wollmuth, 

2010). Now, frequent shuttings were observable when the single GluA2-CII complex was 

perfused with saturating Glu concentrations indicating that the AMPAR-specific CII molecule 

acts as a comparably weak desensitisation blocker (Figure 30). This was further verified by 

perfusing a highly potent AMPAR desensitisation blocker onto the toxin-bound AMPAR. Similar 

to CTZ, the more potent (R, R)-2b perturbs dimerization of the LBD intradimer at the same 

binding sites and thereby effectively blocks desensitisation (Kaae et al., 2007; Sun et al., 2002). 

Applying (R, R)-2b to single AMPARs bound to toxin nor affected the number of open levels, 

neither the subconductance levels. While binding of CII leads to a receptor visiting the closed 

state and O1 most frequently, the CII-(R, R)-2b condition shifts the receptor to visiting O3 and 

O4 with the highest frequency (Figure 32). This illustrates that (R, R)-2b can bind within the 

LBD intradimers while they are already constrained by the toxin emphasising the flexibility of 

the LBD layer. 

As a second observation, the (R, R)-2b molecule is dominant over CII by overcoming the shift 

towards the closed state promoted by the toxin. Indeed, CII appears to even perturb the 

effective desensitisation block of (R, R)-2b. The poor ability of CII alone to stabilise the open 

state also explains why the attempt of solving a crystal structure of an AMPAR in the active 

state by applying CII to it resulted in a closed channel instead (Chen et al., 2014). 

However, these results also raise the question of how CII can promote desensitisation block 

and concomitantly shifting the receptor towards lower open probabilities. One explanation 

could occur from the restriction mediated by the toxin at the interdimer interface. When 

(R, R)-2b alone is bound within the intradimers and thereby perturbing dimerisation, the two 
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LBD dimers have a relative angle of ~55° at the interdimer interface. Binding of CII on top of 

the LBD layer causes a restriction reflected by a now more acute angle of ~35° at the interdimer 

interface (Armstrong & Gouaux, 2000; Chen et al., 2014; Durr et al., 2014). Although the crystal 

structures in these studies were generated from AMPARs bound to partial agonists, leading to 

reduced clamshell closure and thereby lower Popen, this result suggests that reduced AMPAR 

activation is a direct consequence of restricting the LBD layer at the interdimer interface. 

 
4.6 Comparison of the three cross-linking approaches 

 
 

In this work, two zinc bridge forming GluA2 homotetramers were investigated. Although the 

bridges at the LBD-interdimer interface are partially overlapping and in close proximity, the 

two mutants gave distinct phenotypes. While T1 with zinc-coordinating histidines at D668, 

T672, and K761 showed reduced peak currents and additionally slowed activation, DKD-3H 

(D668H, K769H, D770H) only showed reduced peak currents once the bridge was formed. 

These macroscopically observed effects were further studied at the single-channel level and 

brought into a more physiological context by comparing the two cross-linking mutants to the 

effects of cross-linking the GluA2 receptor with a naturally occurring AMPAR-specific cross- 

linker, namely con-ikot-ikot, from a fish-hunting snail of the genus Conus. At the macroscopic 

level, binding of the toxin via disulphide bonds on top of the LBD layer did not show a peak 

current reduction or slowed activation but a full block of desensitisation when saturating toxin 

concentrations (300 nM) were applied. Contrary to the artificially introduced metal bridges in 

T1 and DKD-3H, the con-ikot-ikot polypeptide binds on top of the LBD layer and immobilises all 

four LBDs concomitantly, while the metal bridges in T1 and DKD-3H are formed solely at the 

interdimer interface and not the intradimers of the tetrameric LBD layer (Figure 12 and 

Figure 13) (Walker et al., 2009). 

An interrelationship between all three cross-linking approaches could not be seen until single- 

channel recordings of GluA2 WT bound to con-ikot-ikot were analysed. With the toxin bound, 

GluA2 showed reduced activity emerging from more frequent visits of open level 1 and more 

frequent shuttings (Figure 33). This is the same phenomenon that was seen for T1 in the cross- 

linked state (Figure 27) explaining the reduced peak currents that were observable at the 



DISCUSSION 

92 

 

 

 
macroscopic level for T1 and DKD-3H. All cross-linking approaches have in common that 

activity is reduced. The reduced peak currents resulting from LBD cross-linking were described 

already (Baranovic et al., 2016; Baranovic & Plested, 2018) and suggest that the individual LBDs 

of AMPARs need to move freely to shift the activation towards higher channel activity and that 

subunit independence is one of the main characteristics of AMPARs (Rosenmund et al., 1998). 

Number and current levels of subconductances were independent of the cross-link’s nature. 

At -80 mV the single-channel traces were best idealised (from O1 to O4) with ~-0.6, ~-1.2, 

~-1.8, and ~-2.5 pA which is in accordance to the current levels that were reported for GluA2 

homotetramers before (Prieto & Wollmuth, 2010). 

When bringing the artificially introduced metal bridges in terms of open probability and 

maximum open levels into context with the effects of con-ikot-ikot, several interesting 

observations can be made: the first observation addresses the question if the tightness of the 

cross-link alone is the main driving force to reduce the peak currents. Based on the 

aforementioned study this is likely not the case (Baranovic et al., 2016). Amongst the LBD cross- 

linking mutants from the study, T1 showed a faster release of the zinc bridge indicating that 

although the cross-link appears to be tight, the zinc bridge is possibly comparably unstable. 

This would mean that the pronounced peak current reduction and activation delay result 

rather from the high frequency at which zinc is bound and released than the affinity-based on 

distances between the zinc ion and the coordinating histidines. Because of the high affinity of 

the toxin for GluA2 receptors, the frequency of toxin binding and unbinding likely plays a minor 

role. Taken together it appears that the tightness of the LBD layer on its own is probably a too 

simplistic explanation for the alterations in open probability. Popen is likely rather affected based 

on the tetrameric arrangement of the LBD-layer as a whole with its structure as a dimer of 

dimers that undergoes a conformational rearrangement upon glutamate binding leading to 

expansion of the LBD ring (Sobolevsky et al., 2009; Twomey et al., 2017). Upon cross-linking, 

the D2-D2 intradimer separation is dependent on the other respective LBD-intradimer. The 

lateral movement is restricted and this dependency leads to a decrease in open probability but 

also allows the channel to still activate to its maximum open level (Figure 18, Figure 31). 

However, the comparison at the single-channel level cannot explain why there is slowed 

activation observable for T1, represented as three slow components, but neither for GluA2-CII 
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nor DKD-3H. It only supports the beforehand made observations that the LBD layer is highly 

dynamic and complex because 1. cross-linking can lead to desensitisation block and reduced 

activity at the same time and 2. the effects of cross-links, that even share partially the same 

residues and have solely a slightly different register, can vary largely. 
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4.7 Outlook 

 
 

AMPAR LBD layers have multiple degrees of freedom: the ion channel has distinct 

subconductance states dependent on the number of LBDs occupied by glutamate (Rosenmund 

et al., 1998). The conductance of AMPARs is highly dependent on agonist concentration 

because it determines how many molecules are bound to the LBD layer. In addition, agonist 

concentration determines how much time the receptor spends at each subconductance level, 

which is unique to AMPARs amongst iGluRs and for example contrary to kainate receptors 

(Smith & Howe, 2000). Besides, it has been shown that closure of individual clamshells can 

affect the binding kinetics of residual LBDs (Prieto & Wollmuth, 2010). Their relative 

conformations within the dimer and the tetramer provide further degrees of freedom to the 

LBD layer. These few but pivotal characteristics alone demonstrate the high complexity of what 

is involved during AMPAR activation. Interference into this system upon introducing artificial 

metal bridges at the interdimer interface affects the receptor at multiple levels and can help 

to reduce degrees of freedom with versatile effects as this work could show. 

All functional AMPAR cross-linking mutants have in common that the cross-link leads to 

reduced peak currents which was described already, strongly suggesting that individual LBDs 

need to move freely for full activation (Baranovic et al., 2016; Baranovic & Plested, 2018). 

However, the cross-link in T1 also resulted in slow activation which ultimately helped to identify 

three components during activation that were not observable before. The exact nature of 

these components is likely not findable applying a pure electrophysiological approach, but 

based on these slow activation kinetics T1 gives a great chance to investigate conformations 

during activation that were not resolved before. Studies in this direction are already ongoing 

in the Plested lab upon trapping of T1 on grids for cryo-EM experiments. As for identifying 

DKD-3H as a zinc-coordinating cross-linking mutant, MD simulations could also be a promising 

approach to investigate where these slow components could occur from. They could also 

potentially answer the question if the cross-link inhibits only one part of the dimer or if both 

bridges are cross-linked concomitantly. As in this work, electrophysiology and MD simulations 

already went hand in hand to support data from in silico electrophysiology with in vitro 

electrophysiology and vice versa, the two disciplines will likely merge even more in future. I.e., 
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in this work data from MD simulations that simulated cation permeation through the AMPAR 

selectivity filter was supported with single-channel data of AMPARs from an 

electrophysiological setup. Computational approaches will likely not only play a major role for 

electrophysiological simulations but also data analysis. While ASCAM was designed to idealise 

single-channel data with multiple subconductance states and analysing latency to the first 

opening in a semi-automated manner (https://github.com/AGPlested/ASCAM), there is 

already software available to analyse noisy single-channel data applying an AI-based approach 

for detecting single-molecule events (Celik et al., 2020). However, this approach is currently 

not applicable for AMPAR channels originating from their complex gating behaviour with low 

conductances and multiple subconductance states. Besides all the upcoming in silico 

possibilities, the role of auxiliary proteins such as Stargazin on the LBD dynamics and how they 

contribute to LBD stabilisation during activation as well as how they are involved in channel 

gating needs to be clarified (Riva et al., 2017; Tomita et al., 2005; Twomey et al., 2017; 

Zachariassen et al., 2016). 

https://github.com/AGPlested/ASCAM
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