
 

 

Investigating the function of individual subunits in trimeric 

P2X7 receptors 

 

 

Thesis 

in partial fulfillment of the requirements for the degree of  

doctor rerum naturalium (Dr. rer. nat.) 

 

 

submitted to the Council of the Faculty of Medicine 

at Friedrich Schiller University of Jena 

 

 

 

by Milica Gušić, M. Sc. Pharmacy 

born on December 24th 1991 in Novi Sad, Republic of Serbia 

  



 

 

Untersuchung der Funktion einzelner Untereinheiten in 

trimeren P2X7-Rezeptoren  

 

 

Dissertation 

zur Erlangung des akademischen Grades 

doctor rerum naturalium (Dr. rer. nat.) 

 

 

vorgelegt dem Rat der Medizinischen Fakultät 

der Friedrich-Schiller-Universität Jena 

 

 

 

von M. Sc. Pharm. Milica Gušić 

geboren am 24. Dezember 1991 in Novi Sad, Republik Serbien 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachter / Reviewers: 

1. Prof. Dr. Klaus Benndorf, Jena 

2. Prof. Dr. Stefan Schulz, Jena 

3. Prof. Dr. Angelika Lampert, Aachen 

 

Tag der öffentlichen Verteidigung / Date of public disputation: 22. 02. 2022 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

,,Где је утеха за оно што знамо, 

нада без онога који се нада, 

сан без онога што сања, свет без сени!“ 

Б. Миљковић (1934-1961) 

Where is consolation for 

what we know, 

Hope without a seeker, 

Dream without a dreamer, a world without shadows! 

B. Miljković (1934-1961) 

  



 
i 

Table of contents 

Lists of units, symbols and abbreviations iv 

Summary vi 

Zusammenfassung vii 

1 INTRODUCTION 1 

1.1 Purinergic signalling 1 

1.2 Purinergic receptors 2 

1.3 P2X7 receptor 3 

1.3.1 Structure and properties 3 

1.3.1.1 ATP binding, gating and ion permeation pathway 4 

1.3.1.2 The Big Pore 5 

1.3.1.3 Current facilitation 8 

1.3.1.4 Mathematical modelling of P2X7 receptor gating 8 

1.3.1.5 C-terminus 9 

1.3.1.6 N-terminus 10 

1.3.2 P2X7 receptor orthologues and rat P2X7 receptor 10 

1.3.3 Agonist, antagonists and modulators of P2X7 receptor 12 

1.3.4 Tissue distribution of P2X7 receptor 13 

1.3.5 The mysterious receptor of life and death or physiological and pathophysiological 

role of P2X7 receptor 13 

1.3.6 P2X7 receptor as therapeutical target 15 

1.4 Concatemer strategy in studying ion channels 16 

2 AIMS 18 

3 MATERIALS AND METHODS 19 

3.1 Molecular biology 19 

3.1.1 Concatemer construction 19 

3.1.2 Recloning of DNA concatemer constructs into different expression vector and 

cRNA preparation 21 

3.2 Cell culture and transfection 23 

3.2.1 HEK293 cell line 23 

3.2.2 Transfection procedure and stable cell line establishment 23 

3.3 Oocyte preparation and RNA injection 23 

3.4 Chemicals and solutions 24 



 
ii 

3.4.1 Solution adjustment for avoidance of non-specific, P2X7-independent current 

response in a patch following high ATP application 25 

3.5 Electrophysiology 27 

3.5.1 Patch-clamp experiments 27 

3.5.1.1 Fabrication of the patch pipettes 27 

3.5.1.2 HEK293 whole-cell measurements 28 

3.5.1.3 Xenopus oocyte outside-out patch-clamp measurements 28 

3.5.1.4 Solution exchange at a patch 30 

3.5.2 Two-electrode voltage-clamp (TEVC) measurements 32 

3.6 Confocal microscopy for the receptor membrane localization 33 

3.7 Data acquisition and analysis 33 

3.7.1 Electrophysiological data 33 

3.7.2 Confocal microscopy imaging 34 

3.7.3 Statistical analysis 35 

4 RESULTS 36 

4.1 Functional characteristics of P2X7 wt and wt concatemer expressed in HEK293 cells

 36 

4.2 Two electrode voltage-clamp measurements of functional expression of P2X7 wt and 

concatemer receptors in Xenopus oocytes 38 

4.3 Receptor membrane localization of YFP-tagged P2X7 wt and concatemer in Xenopus 

oocytes 39 

4.4 Outside-out patch-clamp measurements of P2X7 receptors in Xenopus oocytes 40 

4.4.1 P2X7 current stability and facilitation in outside-out patch configuration 40 

4.4.2 Characterisation of rP2X7 receptor in macroscopic outside-out patches 41 

4.4.3 rP2X7 K64A receptor currents in macroscopic outside-out patches 44 

4.4.4 Functional characteristics of the P2X7 trimeric concatemer resemble those of the 

wild-type channel 47 

4.4.4.1 Influence of linker length in concatenation 49 

4.4.5 Functional characteristics of the P2X7 K64A concatemer resemble those of the 

mutant subunits, but shows no facilitation 50 

4.4.6 Functional characteristics of P2X7 concatemers with two wild-type ATP binding 

sites 51 

4.4.7 Functional characteristics of the P2X7 concatemers with one wild-type ATP 

binding site 53 

4.4.8 Overall comparison of P2X7 currents 56 

4.4.9 Activation and deactivation changes induced by knocking out ATP binding 

sites(s) 57 

4.4.10 The role of the third ATP binding step 61 



 
iii 

5 DISCUSSION 62 

5.1 P2X7 wt receptor in HEK293 cell line 62 

5.2 P2X7 concatemer receptors express better in Xenopus oocytes 63 

5.2.1 Significant decrease in expression level of P2X7 concatamers 63 

5.2.2 Concatemers with two and one functional binding site produce current 65 

5.3 The delay of ligand application does not essentially influence the much slower 

kinetics of gating 65 

5.4 Facilitation is possible in the excised patch technique; are P2X7 receptors naïve or 

fully-facilitated in this configuration? 66 

5.5 Subunit position effect and the arrangement of subunits in concatemer 68 

5.6 Proposed subunit interactions and influence of concatenation 70 

5.7 Each ATP binding counts: stepwise activation of P2X7 receptor 72 

5.7.1 Binding, gating and apparent affinity in macroscopic currents 72 

5.7.2 P2X7 conformational change limits the activation speed, whereas deactivation 

speed is concentration-independent 73 

5.7.3 Relation between apparent affinity and activation as well as deactivation time 

course 73 

5.7.4 Third ATP binding step increases current amplitude and slows the deactivation 

but provides no evidence for a big pore 73 

5.7.5 Suggestions for P2X7 gating model 74 

6 CONCLUSIONS 77 

 

References  78 

 

APPENDIX  

Declaration viii 

Ehrenwörtliche Erklärung ix 

Curriculum Vitae x 

Acknowledgment xi 

  



 
iv 

List of units 

A Amper 
Å Angstrom 
bp Base pair 
Hz Hertz 
kb Kilobase 
L Liter 
M Mol per liter 
Ω Ohm 

 

List of symbols 

c Concentration 
EC50 Ligand concentration producing half maximum effect 
G Giga 
h Hill coefficient for activation 
I Current 
Imax Maximum current 
k Kilo 
n Nano 
M Mega 
p Pico 
Po Open probability 
t Time 
µ Micro 
τ Time constant 

 

List of abbreviations 

A Alanine 
ADP Adenosine 5′-diphosphate 
AMP Adenosine 5'-monophosphate 
ATP Adenosine‐5´triphosphate 
BAPTA 1,2‐bis(o‐aminophenoxy)ethan‐N,N,N’,N’‐tetraacetic acid 
BzATP 2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate 
cAMP Cyclic adenosine monophosphate 
CD73 Ecto-5´-nucleotidase 
CFTR Cystic fibrosis transmembrane conductance regulator, chloride channel 
CNS Central nervous system 
cRNA Complementary RNA 
Cys-Loop Cysteine-loop 
DNA Deoxyribonucleic acid 
E-NPP Ecto-nucleotide pyrophosphatase/phosphodiesterase 
E-NTDPase Ecto-nucleoside triphosphate diphospohydrolase 
eGFP Enhanced green fluorescent protein 
EGTA Ethylenglycol‐bis(aminoethylether)‐N,N,N’,N’‐tetraacetic acid 
ER Endoplasmic reticulum 
ERK1/ERK2 Extracellular signal-regulated kinases 
GABA γ-aminobutyric acid receptor 



 
v 

GlyR Glycine receptor 
GPCR G-protein-coupled-receptor 
HCN Hyperpolarization-activated cyclic nucleotide–gated channel 
HEK293 Human embryonic kidney cell 293 
HEPES 4‐(2‐hydroxyethyl)‐1‐piperazineethansulfonic acid 
hP2X7 Human P2X7 receptor 
IC Intracellular 
IL Interleukin 
JNK 1/JNK 2 c-Jun N-terminal kinases 
K Lysine 
LPS Lipopolysaccharides, endotoxins 
MAPK Mitogen-activated protein kinase 
MEM Minimum essential medium 
mP2X7 Mouse P2X7 receptor 
mRNA Messenger ribonucleic acid 
N Asparagine 
nAch Nicotinic acetylcholine receptor 
NAD+ Nicotinamide adenine dinucleotide 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NLP3 NLR family pyrin domain containing 3 protein 
OxATP Oxidized adenosine‐5´triphosphate 
p53 Tumour protein p53 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PGE Prostaglandin 
R Arginine 
ROS Reactive oxygen species 
rP2X7 Rat P2X7 receptor 
SEM Standard error of the mean 
SNP Single-nucleotide polymorphism 
T Threonine 
TEVC Two electrode voltage-clamp 
TM Transmembrane domain 
TNF Tumor necrosis factor 
wt Wild-type 
ΔzfP2X4 Deletion mutant of zebrafish P2X4 receptor 

 

  



 
vi 

Summary 

P2X7 receptors are trimeric ligand-gated ion channels activated by the binding of extracellular ATP. 

Upon activation, they serve as cytolytic and apoptotic receptors but also have control in cellular 

responses such as cell growth and proliferation. Neither how the same receptor can play such 

different roles nor the various pore formation phenomena are presently understood. The 

occupancy of binding sites could play a role in directing the receptor action towards different 

functions. To shed more light on binding, gating and the function of individual subunits, the study 

was performed on receptors with a defined number of binding sites.  

A concatemer strategy, i.e. the fusion of three subunits by 20 amino-acid linkers, was used to form 

functional trimers of P2X7 channels. Then the point mutation K64A in the binding site was 

introduced in defined subunits of the concatemers, aiming to study functional properties depending 

on the number of bound ligands. The constructs were heterologously expressed in the HEK293 

cell line or in Xenopus laevis oocytes to determine the better expression system and the channels 

were electrophysiologically characterized with the patch-clamp technique in the whole-cell or 

outside-out configuration and the two-electrode voltage-clamp technique. The obtained 

electrophysiological data were analysed for the changes in functional expression, apparent ligand 

affinity, and activation and deactivation time course for each of the ten analysed constructs. 

The results showed that the concatemer strategy can be used for investigation of P2X7 receptors, 

with outside-out patches of Xenopus oocytes as the most suitable configuration for the aims of this 

study. This preference was based on the receptor functional expression and solution exchange 

speed needed for the kinetic analysis. In the outside-out patches of the K64A mutant, facilitation 

was observed, a phenomenon still not described in this configuration. Study of the concatemers 

with the decreased numbers of binding sites showed that even a single ATP binding was sufficient 

for receptor activation, while three bound ligands were necessary for fully stabilising the open state. 

Together, the results suggest that each binding site contributes to the P2X7 activation gating; thus, 

P2X7 receptors can be described with stepwise activation.  
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Zusammenfassung 

P2X7-Rezeptoren sind trimere ligandengesteuerte Ionenkanäle und werden durch extrazelluläres 

ATP aktiviert. Sie dienen als zytolytische und apoptotische Rezeptoren, haben aber auch Kontrolle 

über zelluläre Reaktionen wie Zellwachstum und Proliferation. Weder wie derselbe Rezeptor so 

unterschiedliche Rollen spielen kann, noch verschiedene Phänomene der Porenbildung werden 

derzeit verstanden. Die Besetzung von Bindungsstellen könnte eine Rolle bei der Steuerung der 

Rezeptorwirkung auf verschiedene Funktionen haben. Um mehr Licht in die Bindung, das Gating 

und die Funktion einzelner Untereinheiten zu bringen, wurde die Studie an Rezeptoren mit einer 

definierten Anzahl von Bindungsstellen durchgeführt. 

Die Konkatemer-Strategie, die Fusion von drei Untereinheiten durch 20-Aminosäuren-Linker, 

wurde verwendet, um funktionelle Trimere zu bilden. Dann wurde eine Punktmutation K64A an 

der Bindungsstelle definierter Untereinheiten der Konkatemere eingeführt, um die funktionellen 

Eigenschaften in Abhängigkeit von der Anzahl der gebundenen Liganden zu untersuchen. Die 

Konstrukte wurden heterolog in HEK293 Zelllinien oder in Xenopus laevis Oozyten (zur 

Bestimmung des geeigneten Expressionssystems) exprimiert und elektrophysiologisch mit der 

Patch-Clamp-Technik in der Whole-cell oder Outside-out-Konfiguration und der Zwei-Mikroelektroden 

Voltage-Clamp Technik charakterisiert. Die erhaltenen elektrophysiologischen Messungen wurden 

für zehn Konstrukte hinsichtlich Änderungen der funktionellen Expression, der Ligandenaffinität 

sowie des Aktivierungs- und Deaktivierungszeitverlaufs analysiert. 

Die Ergebnisse zeigen, dass die Konkatemer-Strategie zur Untersuchung von P2X7-Rezeptoren 

verwendet werden kann, wobei Outside-out Patches von Xenopus Oozyten die am besten geeignete 

Konfiguration für die Ziele dieser Studie sind. Diese Präferenz basiert auf der funktionellen 

Expression des Rezeptors und der Geschwindigkeit des Lösungsaustauschs, die für die kinetische 

Analyse benötigt wurden. Für die K64A-Mutante war eine Facilitation erhältlich, eine 

Rezeptoreigenschaft, die in dieser Konfiguration noch nicht beschrieben ist. Die Untersuchung der 

Konkatemere mit der verringerten Anzahl von Bindungsstellen zeigte, dass sogar eine einzige ATP-

Bindung für die Rezeptor-Aktivierung ausreichend ist, während drei gebundenen Liganden für die 

Stabilisierung des offenen Zustands notwendig sind. 

Zusammen legen die Ergebnisse nahe, dass jede Bindungsstelle zur P2X7-Aktivierung beiträgt; 

somit kann die Aktivierung des P2X7-Rezeptors mit einem schrittweisen Prozess beschrieben 

werden. 



 

 

1 INTRODUCTION 

1 INTRODUCTION 

1.1 Purinergic signalling 

In the early 1960s, Geoffrey Burnstock and colleagues observed on the smooth muscle of guinea-

pig taenia coli effects that are explainable only as the response to non-adrenergic-non-cholinergic 

neurotransmission (Burnstock et al., 1963, 1964). However, the involved transmitter was not 

identified. Two previous reports had also suggested such a process: in 1929, Drury and Szent-

Györgyi noticed vessel and heart effects of extracellular purines (Drury and Szent-Györgyi, 1929), 

and in 1959, Holton showed the release of ATP during sensory nerve stimulation (Holton, 1959). 

In the 1970 publication, Burnstock showed that the neurotransmitter criteria were satisfied by the 

ATP molecule (Burnstock et al., 1970; Inoue, 2009). 

Burnstock was also the creator of the term purinergic, referring to ATP as a purine nucleotide, and 

in the same review he launched the purinergic signalling hypothesis (Burnstock, 1972). At that time 

and for the next 20 years, the concept of ATP as a mediator in extracellular signalling was greeted 

with strong opposition. The idea of a molecule so ubiquitous and irreplaceable for the cell to have 

an additional role outside of it had been seen as a product of imagination and experiment 

misinterpretation. Burnstock continued in 1976 with controversies in his Commentary “Do some 

nerve cells release more than one transmitter?”, thus challenging Dale’s principle and introducing the 

concept of cotransmission (Burnstock, 1976). 

In the following years lines of evidence hinted to targets of purinergic signalling and purinergic 

receptors, seemingly on two families of them: P1 receptors activated by adenosine and P2 receptors 

activated by ADP and ATP, further subdivided into P2X and P2Y receptors (Burnstock, 1978; 

Burnstock and Kennedy, 1985; Abbrachio and Burnstock, 1994) (Figure 1). In the early 1990s, the 

receptors for purines and pyrimidines were cloned and underwent characterisation, finishing major 

doubts. From then on, purinergic signalling finally met widespread acceptance.  

 



 

 

2 INTRODUCTION 

 

Figure 1. Purinergic signalling. Receptors and mediators included in extracellular purine 
signal transduction 

1.2 Purinergic receptors 

Purinergic receptors are classified into four subtypes of P1 (or A1, adenosine) receptors, seven 

subtypes of P2X and eight subtypes of P2Y receptors (Figure 2).  

 

Figure 2. Purinergic receptor family. Three major divisions of purinergic receptors with their 
ligands and major physiological responses after activation. 

P1 and P2 receptors belong to the G-protein-coupled-receptor (GPCR) superfamily, with subunits 

typically composed of seven transmembrane domains. P2X receptors are ion channels, composed 

of three subunits forming the cation-permeable pore, either homomultimeric or heteromultimeric 

(Nicke et al., 1998; North, 2002, 2007) (Figure 1). On the molecular level, P2X receptors do not 

1- ecto-nucleotide pyrophosphatase/phosphodiesterase (E-NPP) 
2- ecto-nucleoside triphosphate diphospohydrolase (E-NTDPase)
3- ecto-5´-nucleotidase/CD73
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3 INTRODUCTION 

resemble other ion channels: a single subunit of P2X receptor contains two transmembrane helixes 

and intracellular N- and C-terminus (Surprenant et al., 1996). 

1.3 P2X7 receptor 

The first clue on P2X7 receptors reaches all the way back to the 1960s, in a receptor-mediated 

process in immune cells requiring high ATP concentrations (Keller, 1966). During the 1980s and 

early 1990s it was identified as P2Z receptor, a distinct one from P2X and P2Y receptors due to its 

unusual pharmacological properties observed in immune cells: ATP-induced permeabilization and 

cytolysis in addition to its cation channel function (Gordon, 1986; Steinberg et al., 1987; Steinberg 

et al., 1990; Murgia et al., 1992; Falzoni et al., 1995). P2X7 was finally categorized by cloning from 

rat brain (Surprenant et al., 1996). Cloning of the human gene for P2X7 receptor, named P2RX7, 

containing 13 exons and being located in human chromosome 12 (q24.31), expressed as a 6-kb 

mRNA, followed up (Rassendren et al., 1997; Buell et al., 1998). Unusual properties from other 

P2X receptors: requiring a higher ATP concentration for activation (at least an order of magnitude), 

a formation of a large pore enabling up to 900 Da hydrophilic molecules uptake and a very long C-

terminus (around 200 amino acids longer than in other P2X receptors), together with its expression 

on the surface of cells involved in the inflammatory process, drew the attention to this receptor 

lasting ever since. 

1.3.1 Structure and properties 

Several P2X receptor structures have been published (Kawate et al., 2009; Hattori and Gouaux, 

2012; Karasawa and Kawate, 2016), gradually solving the usual crystallography headache of 

receptors’ open state and flexible intracellular domain; recent publication on full-length wild-type 

rat P2X7 receptor by single-particle cryoelectron microscopy in both apo (closed) and ATP-bound 

(open) state is of outstanding value (McCarthy et al. 2019). Like the other P2X receptors, P2X7 

has a trimeric architecture, with each subunit having a dolphin-like shape. A large, hydrophilic and 

glycolysed extracellular domain contains the binding pocket for ATP placed between subunits and 

lateral fenestrations through which ions rush to the pore. The extracellular domain of each subunit 

hugs the other subunit with a right-handed twist; the subunit interface holds contact to the large 

expanse. As one subunit contains two, the functional receptor has six transmembrane domains. 

Labelled as TM1 and TM2, they have a α-helix structure and together form an hourglass shape, 

antiparallel one to another and angled from the membrane normal line; they arrange in a left-

handed twist among each other. TM2 determines the pore lumen, in the closed state with a 
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maximum radius of 0.5 Å and in the open state minimum 2.5 Å. C- and N-terminus of each subunit 

are placed intracellularly (Figure 3). 

 

Figure 3. P2X7 receptor architecture in open and closed state. (A) Coloured description of 
P2X subunit structure as dolphin-like shape, here shown ΔzfP2X4 (adapted from Kawate et al., 
2009). (B) The three-dimensional reconstruction of rP2X7 in the apo state, viewed parallel to 
the membrane; rP2X7 structures, shown parallel to the membrane as a side view, comparing the 
apo, closed state (C) with the ATP-bound, open state (D) (adapted from McCarhety et al., 2019). 

1.3.1.1 ATP binding, gating and ion permeation pathway 

ATP binding is coordinated by hydrogen bonds and ionic interactions including amino acids K64, 

K66, T189, N292, R294 and K311 in rat P2X7 (Wilkinson et al., 2006; Chataigneau et al., 2013) 

(Figure 3, 4). The narrower binding pocket might explain the low affinity of P2X7 for ATP 

compared to other P2XRs, since timescale of ligand binding and timescale of ligand accessibility 

influence the affinity (McCarthey et al., 2019; Stank et al., 2016). After ATP binds to the pocket, it 

leads to a series of conformational changes resulting in pore opening. Extracellular domain starts 

with outward flexing, pulling on TM2 which expands as outward helix and opens the pore. In 

short- the upper body domain constriction is followed by the lower body domain widening 

(McCarthy et al. 2019). The proposal for P2X subunit interaction is that each ATP-binding signal 

propagates along with the same subunit firstly, then to spread equally to all three subunits towards 
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the pore domain (Keceli and Kubo, 2014). The end result is a symmetrical transition between open 

and closed state (Browne et al., 2011). Entering pathway for hydrated ions is lateral fenestrations 

in the upper body domain, leading ions to highly acidic vestibules which attract and concentrate 

cations and repel anions, further taking cations to the pore (Kawate et al., 2011; Samways et al., 

2014; McCarthey et al., 2019). 

Different function approximations were used to describe P2X7 gating behaviour. Activation was 

described as monophasic (Pelegrin and Surprenant, 2006) and biphasic (Klapperstück et al., 2001; 

Riedel et al., 2007a; Yan et al., 2008; Yan et al., 2010). Deactivation was suggested to have a single-

exponential time course (Yan et al., 2010) but also double exponential and nonexponential time 

courses (Petrou et al., 1997; Rassendren et al., 1997; Riedel et al., 2007a; Yan et al., 2010). Time 

courses strongly depend on the solution composure and ion selection (Riedel et al., 2007b). 

 

Figure 4. ATP binding pocket in rP2X7. Three-dimensional representation of rP2X7 with 
enlarged region for ligand binding (adapted and modified from McCathey et al., 2019, using 
SWISS-MODEL, Waterhouse et al., 2018). 

1.3.1.2 The Big Pore  

From the beginning of P2X7 receptor research, a particular feature has been turned out: upon 

prolonged or repeated activation by ATP the receptor would lead to cell permeabilization (Buisman 

et al., 1988; Cockcroft and Gomperts, 1979; Steinberg et al., 1987; Di Virgilio, 1995, 1998; 

Coutinho-Silva and Persechini, 1997). This phenomenon, also known as big pore formation, has 

been a matter of discussion for over two decades. The big pore enables the bidirectional passage 

of molecules, the entrance of organic cations with size up to 900 daltons and the efflux of cell 
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metabolites (Surprenant et al., 1996; Chessel et al., 1997; Michel et al., 2000, North, 2002). This 

process can become irreversible and lead to cell lysis or apoptosis (Ferrari et al., 2006).  

The big pore of the P2X7 receptor is experimentally observed and described by the increase of 

NMDG+ permeability as the shift in reverse potential and by the fluorescent dye uptake essays 

(such as YO-PRO-1) (Surprenant et al., 1996; Chessel et al., 1997; Michel et al., 2000, Virginio et 

al., 1999, Hibell et al., 2000). Publication with simultaneously measured ionic current and 

fluorescent dye entry showed the relation between ATP-evoked large inward current and a 

concomitant increase in fluorescence in the whole-cell configuration (Browne et al., 2013a). 

Compared to the rapid, milliseconds permeable small-cation channel, the increased permeability 

for NMDG+ and fluorescent dyes requires seconds to minutes of receptor activation. Since both 

occur on the same time scale, it led to the belief that the same mechanism is behind them (Peverini 

et al., 2018). However, the NMDG+ permeability development and uptake of fluorescent dyes were 

not always detected to follow P2X7 current response upon activation (Petrou et al., 1997; 

Klapperstück et al., 2001).  

Several mechanisms behind the P2X7 permeabilization property have been suggested through 

years, and can be divided into three groups. The pore dilation hypothesis states that P2X7 receptor 

has the capacity of progressively increasing the diameter of the channel pore, gradually switching 

the conductance from an initially Na+, K+ and Ca2+ selective 7Å pore to a larger one of up to 40Å. 

It should be mentioned that a similar behaviour is also characteristic for P2X2 and P2X4 receptors, 

but not cell lysis (Virginio et al., 1999, North, 2002). One of the variants of this hypothesis is the 

existence of two opened states of the P2X7 channel (Yan et al., 2008; Yan et al., 2010). 

The strong argument against pore dilation is held by single-channel recordings. None of the 

published results supports the dilation of the channel pore hypothesis, showing that during long 

ATP application current amplitude and channel conductance, as well as reversal potential, remain 

constant (Riedel et al., 2007a). Replacement of Na+ by organic cations also did not induce single-

channel current amplitude changes (Riedel et al., 2007b). These results obtained from excised 

outside-out patches of Xenopus oocytes did not differ from single-channel recordings in the cell-

attached configuration (Riedel et al., 2007a) or from whole-cell patch-clamp single-channel 

measurements in B lymphocytes (Markwardt et al., 1997); thus the presence or absence of the 

cytoplasmatic environment should not be of a greater role in the process. The outside-out patch 

single-channel recordings of modified P2X2 receptor (another big pore forming P2X), expressed 

in a HEK293 cell line with symmetrical NMDG+ solution, showed rapid permeability for this large 

cation on the millisecond time scale, indicating that the open channel pore is initially sufficiently 

wide for the large cation passage (Harkat et al., 2017).   
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Second, the two-pore hypothesis suggests the involvement of separate entities, distinct channels 

permeable to large molecules which accompany activated P2X7 through the second messenger 

cascade (Schilling et al., 1999; Faria et al., 2005), such as pannexin-1 (Pelegrin and Surprenant, 2006) 

or P-glycoprotein (Elliot et al., 2005). The evidence regarding the possible involvement of other 

cytoplasmatic elements came from the absence of the high-conductance channels in excised 

patches compared to the cell-attached configuration (Coutinho-Silva and Persechini, 1997; 

Persechini et al., 1998, Faria et al., 2005). Pharmacological block of pannexin inhibits the dye-

uptake but not the ion channel activity (Pelegrin and Surprenant, 2006); however, Yan and 

colleagues observed no changes in organic cation increased permeability after pannexin block (Yan 

et al., 2008). It is also suggested that NMDG+ and YO-PRO-1 have different pathways for entry 

(Jiang et al., 2005). Following the disagreements in the literature and the result dependence on cell 

type, species, or even mode of cell manipulation, it is possible that there is no single entity 

responsible for the P2X7 big pore and that multiple pore proteins act at the same time (Pelegrin, 

2011; Alves et al., 2013). 

Support for the idea of a cell type dependence and a relevant P2X7 big pore comes from the work 

of Karasawa and colleagues (Karasawa et al., 2017). The authors reconstructed a P2X7 variant in 

liposomes and controlled their composition as well as investigated the effects of intracellular 

domain truncations. They showed that P2X7 is capable to immediately form a dye-permeable pore 

in the absence of other channels or cellular components, and independently of its N- and C- 

terminus, however with activity modulated by membrane lipid composition. Finally, their 

conclusion is that P2X7 alone is responsible for big pore, but with no changes in permeability 

suggested by dilation hypothesis and with no other entities needed.  

The conclusion about immediate big pore opening upon activation is shared by Harkat and 

colleagues, explaining the lower NMDG+ flow caused by the conformational and orientational 

selection of permeating molecules (Harkat et al., 2017). Prior to this, Li et al. demonstrated through 

electrophysiological approach and mathematical modelling in 2015 that the pore dilation paradigm 

is rather an artefact of the used methods than real permeability change (Li et al., 2015). They 

explained the observed time-dependent changes not by changes in channel permeability, but by 

changes of intracellular ion concentrations: strong intracellular Na+ depletion and NMDG+ 

accumulation in whole-cell recordings. Thus, these findings support the third hypothesis that there 

is no gradual change in channel permeability, and the receptor has only one conducting state, 

immediately permeable for large cations. This hypothesis is additionally supported by the full-

length P2X7 crystal structure report, where no evidence of receptor population with a dilated pore 

was seen (McCarthy et al., 2019). 
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1.3.1.3 Current facilitation 

Characteristic of the P2X7 receptor associated with previously described big pore phenomenon is 

current facilitation. Repeated application of agonist at sub-maximal concentration leads to the non-

desensitising, strong current amplitude run-up, followed by kinetic changes in successive steps 

(Suprenant et al. 1996; Chessel et al., 1997; Rassendren et al., 1997, Hibell et al., 2000). An indication 

that it is a receptor property comes from finding that facilitation does not seem to be the 

consequence of the increased receptor membrane trafficking, as the receptor ATP stimulation does 

not lead to increased plasma membrane proteins (Roger et al., 2010). A receptor not undergoing 

facilitation is described as naïve, and after the successive ligand application the current reaches a 

steady-state, the receptor is termed fully-facilitated. These two receptor states differ in agonist affinity, 

with naïve receptors having lower ATP affinity compared to the fully-facilitated (Hibell et al., 2000; 

Roger et al., 2008). The current activation following the application of high ATP concentrations 

on naïve cells is described as biphasic, with fast and slow current growth, and their rates depend 

on ATP concentration and on the application step during facilitation (Yan et al., 2010, 2011). At 

high and low ATP concentrations, activation consists mainly of fast component (Yan, 2011). The 

fast component during the sustained application of high ATP in facilitation increases its part 

compared to the slow component in the activation process (Yan et al., 2010). Facilitation is also 

followed by slowed receptor deactivation. Once the maximum current is reached, no further 

changes appear in activation and deactivation (Yan et al., 2010). Roger et al. described facilitation 

through distinct Ca2+-dependent (through calmodulin-binding motif) and Ca2+-independent 

components (Roger et al., 2008, 2010). 

1.3.1.4 Mathematical modelling of P2X7 receptor gating 

In an attempt to describe the microscopic (dwell times) and macroscopic (activation and 

deactivation) kinetic behaviour of hP2X7 receptor with the simplest possible model, Riedel et al. 

proposed the C-C-C-O model, with two binding steps (binding sites with equal affinity) and one 

open state (Riedel et al., 2007a).  

A more complex solution was suggested by Yan et al. in 2010, proposing a Markov state model 

describing binding and sensitisation events on the whole-cell level. The receptor behaviour was 

described through 8 states: 4 open and 4 closed; open and closed states were labelled as sensitised 

or unsensitised (Figure 5). The term sensitisation was used in correspondence to receptor 

facilitation.  
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Figure 5. Simplified Markov state model of P2X7 channel gating proposed by Yan et al. 
C indicates closed, O opened channel pore. Circles on each state indicate the binding site 
occupation (white- unoccupied, purple- occupied). The states in the upper row are labelled as 
unsensitised while the bottom row are sensitised (adapted from Yan et al., 2010).  

For receptor gating, the occupancy of minimum two (out of three) ligand binding sites is needed, 

leading to low conductance open state. The third ligand binding step causes the receptor 

sensitisation with pore dilation, resulting in a high conductance state. The naïve receptor is assumed 

to be symmetric, with three binding sites with equal affinity. The first binding step leads to the loss 

of symmetry as the conformational change results in the reduced affinity in the two remaining 

binding sites. The second binding step further reduces the affinity of the last remaining binding 

site. However, the third binding step restores the receptor symmetry, and the binding rates return 

to those of a naïve receptor. The last binding step is assumed to induce a conformational change 

leading to a slow pore dilation (Yan et al., 2010). The revised model was published three years later, 

with added four states in the upper row, corresponding to the closed desensitised states (Khadra 

et al., 2013). 

1.3.1.5 C-terminus 

The unusually long C-terminus of P2X7 receptor is of great importance for receptor’s function. Its 

sequence contains many regulatory areas of the receptor’s activity. Truncating the C-terminus 

results in disabling pore formation, membrane blebbing and apoptosis, the cytolytic activity of ATP 

and activation of caspases (Surprenant et al., 1996; Denlinger et al., 2003; Wilson et al., 2002; 

Cheewatakoolpong 2005, Adinolfi et al., 2010; Costa-Junior et al., 2011). Amino acid cut-off in the 

C-terminus results in a strong decrease in the produced current, 20-fold compared to wild-type 

receptor, while the surface expression remained unaffected. Co-expressing the truncated receptor 

with tail extension showed a rescue effect regarding the current, leading to the conclusion that a 

lack of a carboxyl tail is a negative regulator of receptor activity (Becker et al., 2008). Disruption of 

the C-terminus interrupts the downstream signal transduction pathways (Adinolfi et al., 2010). 
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Specific for P2X7 is 18-amino acid long C-Cys region (360-377 residues in rP2X7), beginning 

where the TM2 ends in the membrane and enters cytoplasm, thus making a link between TM2 and 

cytoplasmatic cap. A lack of desensitisation, one of the outstanding characteristics of P2X7 among 

other P2XR, is the consequence of palmitoylation of the C-cys region- palmitoyl chains extending 

into the membrane and lock the cytoplasmatic cap, resulting in restricted movement of TM2 

(McCarthey et al., 2019). Cysteines in the cytoplasmatic ballast are significant for receptor 

trafficking. Their mutations result in retention in the ER and subsequent proteolytic degradation 

(Gonnord et al., 2009; Wickert et al., 2013). Cell surface localization is also directed by cysteine 

residues and their palmitoylation (Gonnord et al., 2009). The distal end of the P2X7 C-terminus 

has a LPS-binding site, related to its function in immune response (Denlinger et al., 2001). C-

terminus hides a high-affinity guanosine binding pocket and a presence of zinc ion complex 

(McCarthey et al., 2019). 

1.3.1.6 N-terminus 

The research on the N-terminus is overshadowed by that on the C-terminus Nevertheless, the N-

terminus undoubtedly deserves attention. The N-terminus regulates P2X7 activation, enabling 

facilitation and modulating actuvation time-courses, probably through interaction with other 

receptor domains (Allsopp and Evans, 2015; Yan et al., 2008). Using a chimera approach, it was 

shown that both the N- and the C-terminus juxtramembrane regions are important for P2X7 

gating, and also interact with each other. Proposed is an inhibitory role of each of them on its own, 

but in combination they show positive regulation of pore dilation (Allsopp and Evans, 2015). 

Mutations in the N-terminus strongly affect the permeability to large polyatomic cations (Allsopp 

and Evans, 2015; Yan et al., 2008; Yan et al., 2010). Effects on the Ca2+ selectivity filter are 

suggested to be the consequence of an N-terminus influence on the determination of pore 

diameter, perhaps due to proximity to TM1 (Liang et al., 2019). Deletion mutants of N-terminus 

lack the ability to induce ERK pathway activation, but interestingly do not affect the Ca2+ transients 

(Amstrup and Novak, 2003).  

1.3.2 P2X7 receptor orthologues and rat P2X7 receptor 

This research was conducted on rat P2X7 receptors, however, one should have in mind that 

frequently in research other P2X7 receptor orthologues are used, mostly human and mouse. These 

orthologues show different pharmacological properties, which should specially be considered in 

discussions about agonists, antagonists and modulators (Hibell et al., 2001). Also, one is needed to 
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outline that the buffer choice can strongly influence results and differences among orthologues 

(Surprenant et al., 1996; Rassendren et al., 1997).  

The rat (Rattus norvegicus) P2X7 receptor is coded by 595 amino acid gene. The topology of the 

receptor is shown in Figure 6 (UniProt, n.d.), and the electron microscopy structure in Figure 3 

and 4 (McCaarthy et al. 2019). Amino acid modifications include glycosylation (positions 74, 187, 

202, 213, 241, 284) and disulfide bond formation (119↔168, 129↔152, 135↔162, 216↔226, 

260↔269). The receptor protein is a target of the posttranslational modifications: palmitoylation 

of several cysteines in the C-terminus is necessary for cell surface localization (Gonnord et al., 

2009), and the receptor is negatively regulated by phosphorylation of tyrosine molecules in C-

terminus (Kim et al., 2001; Adinolfi et al., 2003). Interestingly, ADP-ribosylation at arginine 125 is 

necessary and even sufficient for activation and gating of P2X7 (Adriouch et al., 2008). Sequencing 

results show about 80% similarity between rat and human P2X7 receptor (Fonfria et al., 2008). 

Compared to the human and mouse P2X7 receptor, rat P2X7 receptor shows higher affinity but 

less efficiency of ATP, some authors even referring to ATP as of partial agonist on the rat P2X7 

receptor (Hibell et al., 2000; Donelly-Roberts et al., 2009). Compared to the other two, the rat 

P2X7 receptor has slower closure after BzATP induced activation, most likely due to the 

dependence of the channel closing time to agonist dissociation, a consequence of this agonist’s 

high potency on the rat receptor (Hibell et al., 2001). EC50 values for agonists of P2X7 receptors 

depend solely on the receptor ectodomain and even single amino acid differences between species 

can be held responsible for the large changes in the agonist efficiency (Young et al., 2007). 

 

Figure 6. Topology of the rat P2X7 receptor. The numbers indicate the amino acid position 
and the brackets amino acid length of the feature key (reproduced and modified from UniProt 
data resource (UniProt, n.d.)). 
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1.3.3 Agonist, antagonists and modulators of P2X7 receptor 

Native ligand for the P2X7 receptor is free acid ATP4-, rather than divalent-bound ATP (Cockroft 

and Gompers, 1980; Virginio et al., 1997; Yan et al., 2011). BzATP was early discovered as more 

(around 30-fold) potent agonist at P2X7 receptor compared to ATP (Surprenant et al., 1996; 

Bianchi et al., 1999; Donnelly-Roberts et al., 2009). An interesting finding is that NAD+, increased 

in inflammation, causes long-lasting activation of mouse P2X7 receptors through ADP-

ribosylation (Seman et al., 2003). Several other non-nucleotide agonists with a poorly understood 

mechanism of action have been reported (Di Virgilio et al., 2018). 

OxATP irreversibly blocks P2X7 actions through a competition mechanism (Murgia et al., 1993), 

which is, however, non-selective (blocks and P2X1 and P2X2). Brilliant blue G is widely used as a 

selective blocker of P2X7 receptors through non-competitive inhibition (Jiang et al., 2000), a 

mechanism shared with calmidazolium (Virginio et al., 1997). A less-selective competitive 

inhibitors is decavandate (Michel et al., 2006). Isoquinoline derivates, such as kn-62 also 

antagonizes P2X7 effects (Gargett and Wiley, 1997; Michel et al., 2008). Natural products such as 

emodine and colchicine show inhibitory effects on P2X7 receptors (Liu et al., 2010; Marques-da-

Silva et al., 2011). Lidocaine and other local anaesthetics selectively inhibit P2X7 receptors in a 

non-competitive manner (Okura et al., 2015). Series of P2X7-selective antagonists, competitive or 

allosteric, were attempted as therapeutical agents (Young and Groecki, 2018).  

Antibiotic polymixin B (Ferrari et al., 2004), antiparasitic drug ivermectin (Nörenberg et al., 2012), 

H1- antihistaminic drug clemastine (Nörenberg et al., 2011) and certain Panax ginseng ginsensoides 

(Helliwell et al., 2015) are positive allosteric modulators of the human P2X7 receptor. Arachidonic 

acid also potentiates P2X7 activation effects (Alloisio et al., 2006). 

Lipids can modulate P2X7 receptors through induced changes in membrane properties (Michel 

and Fonfria, 2007). Moreover, the P2X7 function is modulated by the membrane lipid 

composition: facilitated by phosphatidylglycerol and sphingomyelin and inhibited by cholesterol 

(Karasawa et al., 2017). These results can be one more explanation for the different receptor 

behaviour in different cell types. 

Divalent cations are very important modulators of P2X7 receptors, partially through forming 

complexes with ATP which are inactive at the binding site, and mostly as allosteric inhibitors. Cu, 

Zn, Mg, and Ca all inhibit rat P2X7 receptor with different potencies, altering the ATP’s binding 

affinity (Virginio et al., 1997; Yan and all., 2011). Protons and increased acidification decrease the 

P2X7 response after ATP stimulation (Virginio et al., 1997; Flittiger et al., 2010) also through a 
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double mechanism, decreasing the effective ATP4- concentration and by allosteric inhibition 

(Virginio et al., 1997; Flittiger et al., 2010). 

1.3.4 Tissue distribution of P2X7 receptor 

The P2X7 receptor has a wide distribution in the mammalian body. Firstly identified in the cells of 

hematopoietic lineages, this receptor had been considered to be expressed exclusively on respective 

cells: macrophages, dendritic cells, monocytes, lymphocytes, erythrocytes, mast cells, eosinophils 

and osteoclasts (Buisman et al., 1988; Collo et al., 1997; Burnstock and Knight, 2004; Bartlett et al., 

2014; Burnstock and Boeynaems, 2014). Later it was discovered on other cell lines, among them 

osteoblasts, fibroblasts, endothelial and epithelial cells (Woods et al., 2012; Volante et al., 2012; 

Burnstock, 2017a). It is also expressed in the central and peripheral nervous system, in microglia, 

astrocytes, oligodendrocytes and Schwann cells (Duan et al., 2003; Duan and Neary, 2006); possibly 

on some neuron populations in the spinal cord, hypothalamus and substantia nigra (Sperlágh et al., 

2006), although its functional expression in neurons is controversial (Illes et al., 2017; Kaczmarek-

Hajek et al., 2018). Certain cancer cells show higher expression of P2X7 receptors (Di Virgilio and 

Adinolfi, 2017), as in leukaemia (Adinolfi et al., 2002), pancreatic cancer (Giannuzzo et al., 2016), 

and breast cancer (Slater et al., 2004). 

1.3.5 The mysterious receptor of life and death or physiological and 

pathophysiological role of P2X7 receptor 

Nucleotides, among them ATP, are normally molecules retained intracellularly, with an extracellular 

concentration in the range of nM being at least 100-fold smaller then intracellular. The presence of 

nucleotides in extracellular milieu is thus usually considered as danger signal (e.g. ATP released after 

cell damage or death) and initiates the immune response (Di Virgillio, 1995; la Sala et al., 2003; 

Ferrari et al., 2006; Jacob et al., 2013; Morciano et al., 2017). Considering the high concentration 

of extracellular ATP needed to activate P2X7 receptors, the straightforward conclusion is that this 

receptor is mostly silenced under the physiological conditions and its activation is related to 

abnormalities in tissues.  

P2X7 receptor shows strikingly opposite effects in different cells and tissues. As aforementioned, 

activation of the receptor leads to ion channel opening which results in Na+ influx, K+ efflux and 

increment of intracellular Ca2+, starting downstream signalling cascades. Aside from ion flux 

regulation, a number of signalling pathways are triggered and are strongly cell-specific.  
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The largest distribution of the P2X7 receptor is on the membranes of immune cells; thus most of 

its acknowledged roles belong to immune response and inflammation. Secretion of cytokines 

has the key role in both, and P2X7 is known to be the major player in regulation of the IL-1 

cytokine family, primarily through IL-1α and IL-1β secretion from monocytes and macrophages 

mediated by NLP3 activation (Ferrari et al., 2006; Pelegrin, 2008; Lister et al., 2007). Further, P2X7 

activation leads to ROS generation (Pfeiffer et al., 2004; Lenertz et al., 2009; Liu et al., 2008). 

Membrane-related changes can follow P2X7 activation, including membrane blebbing, lysosome 

and catephsine exocytosis, multinucleated cell formation, matrix metalloproteinases and caspases 

regulation (Ferrari et al., 1999; Qu and Dubyak, 2009; Wiley et al., 2011). P2X7 activates cytosolic 

phospholipase A2 (Andrei et al., 2004) and phospholipase D (el-Moatassim and Dubyak, 1992), 

starting steps in the metabolism of arachidonic acid and PGE2 biosynthesis and release. P2X7 

might serve as a scavenger receptor, regulating phagocytosis. Uptake of foreign particles or 

organisms into cell seems not to require usual ATP-activation of the receptor but is more the 

pathway associated with the cytoskeleton (Wiley and Gu, 2012; Gu et al., 2010, 2011). 

P2X7 receptors play a role in complex processes included in bone metabolism (Dong et al., 2020). 

P2X7 activation is involved in osteoclast formation and bone resorption; the outcome on cell and 

its function depends on the ATP concentration (Morrison et al., 1998; Korcok et al., 2004; Hazama 

et al., 2009). Osteoblasts differentiation is influenced in a similar manner (Miyazaki et al., 2012; 

Orriss et al., 2012; Panupinthu et al., 2008). Bone remodelling through osteocyte 

mechanotransduction is also acted by P2X7 receptor (Li et al., 2005).  

A neuromodulatory role of P2X7 receptor was reported as induction of the glutamate, aspartate 

and GABA release (Duan et al., 2003; Fellin et al., 2006; Sperlágh et al., 2002). Through modulating 

the excitatory or inhibitory neurotransmitter concentration in synaptic or extrasynaptic space, 

P2X7 receptors may play a role in neuroplasticity, neurodegeneration and behaviour (Burnstock, 

2015).  

There is a notorious association of P2X7 receptor with apoptosis and cell death (Zanovello et 

al., 1990; Di Virgilio et al., 1998; Ferrari et al., 1999), even though these processes themselves are 

not strictly harmful but rather a self-preservation mechanism when regulated properly (Green, 

2019). Depending on cell type, stimulus nature and duration, the P2X7 receptor-mediated cell death 

is variable and complex (Orioli et al., 2017; Bidula et al., 2019). P2X7 activation can trigger typical 

apoptotic changes in cells’ morphology, such as membrane blebbing, shrinkage, nuclear 

fragmentation and chromatin condensation (Mackenzie et al., 2005); it regulates activation of  

caspase-8, caspase-9 and caspase 3/7, cytochrome c release, ROS production and mitochondrial 

dysfunction, all known pathways included in apoptotic cell death (Mackenzie et al., 2005; Kong et 
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al., 2005; Bartlett et al., 2013; Nishida et al., 2012). Additionally, it can also lead to different type of 

cell death, via pyroptosis through caspase-1 dependent pathway (Yang et al., 2015).  

On quite the opposite side, this receptor in certain cell types stimulates proliferation rather than 

cell death. A possible reason behind it might be the expression of different splice variants 

(Cheewatrakoolpong et al., 2005). The proliferative effect of P2X7 receptor stimulation is mostly 

studied in T-cells and microglia (Baricordi et al., 1996; Baricordi et al., 1999; Adinolfi et al., 2005). 

The pathway seems to include transcriptional activation of IL-2 secretion, a growth factor of T-

cells (Yip et al., 2009). 

1.3.6 P2X7 receptor as therapeutical target 

P2X7 has been considered for over a decade as a significant and promising therapeutical target 

(Burnstock and Knight, 2018). The implication for this is rather clear. It is expressed in almost 

every type of immune cells, with roles in the regulation of both and innate and adaptive immunity 

and inflammation, it opens the door for the new therapeutical agents against numerous diseases 

for which present state therapy is not satisfactory (Baudelet et al., 2015; Di Virgilio and Vuerich, 

2015; Danquah et al. 2016; Morandini et al., 2014, Savio et al., 2018). Tuberculosis, parasitic 

infections such as toxoplasmosis and plasmodiosis, and virus infections such as hepatitis C are 

examples of possible targeting of the immune response through P2X7 receptor. Inflammatory 

neurotrophic pain, known as chronic pain, is tested for treatment with P2X7 antagonists 

(Donnelly-Roberts and Jarvis, 2007; Alves et al., 2013; Adinolfi et al., 2018). Cancer cell migration 

and metastasis, as well as proliferation or cell death (depending on tumor type), can be mediated 

through high levels of extracellular ATP and variations in expression of P2X7 (Burnstock and Di 

Virgilio, 2013). The microglial P2X7 receptor is a target of increasing interest in research of brain-

permeable antagonists for the treatment of psychiatric disorders, such as schizophrenia, bipolar 

disorder and major depression (Bhattacharya and Biber, 2016; Krügel, 2016), and 

neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis 

and amyotrophic lateral sclerosis (Burnstock, 2017b; Sperlágh and Illes, 2014; Pevarello et al., 2017). 

Other possible implications for P2X7 targeted therapy include atherosclerosis, myocarditis, 

cerebral ischaemia, asthma, cystic fibrosis, ulcerative colitis, Crohn’s disease, osteoporosis, diabetes 

type 1 and 2 and plenty more inflammatory disorders (Volonté et al., 2012; Burnstock and Knight, 

2018; Adinolfi et al., 2018). 

More than 70 patent drugs targeting the P2X7 receptor, produced by some of the leading 

pharmaceutical companies, have been filled in; however, none of them managed to successfully 

transit through clinical trials. Though safety and tolerance of drugs did not raise concerns, their 
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clinical efficiency was disappointing (Adinofli et al., 2018; De Marchi et al., 2016). One of the 

reasons behind it might be the high polymorphism of the human P2X7 receptor 

(Cheewatrakoolpong et al., 2005; Sluyter and Stokes, 2011; Caseley et al., 2014). Additionally, till 

recently the action of these small molecules was not clear to be either competitive or allosteric 

inhibition (Michel et al., 2008; Adinolfi et al., 2018; Karasawa and Kawate, 2016; Allsopp et al., 

2017, 2018; Bin Dayel et al., 2019). Nevertheless, what should be kept in mind is the fact that the 

dual role of the P2X7 receptor and in proliferation and in cell death is still poorly understood and 

overall, receptor’s mechanism largely remains a secret and requires further investigation. 

1.4 Concatemer strategy in studying ion channels 

The frequent desire in describing ion channel functionality is to control the stoichiometry and limit 

the expression to the precisely one receptor subtype and avoid a variety of subunits in a 

heterologous expression system. The usual expression of two or more subunit types can lead to 

diversity in receptor assemblies or subtypes; this can be avoided by creating concatemers: a fusion 

of the subunits as an attempt to force expression of specific channels with strictly fixed 

stoichiometry and arrangement. This strategy includes connecting two or more subunits by 

covalent linkers. To obtain concatenated subunits, the 3’ stop codon from the initial subunits is 

removed, and a linker is inserted to the 5’ end of the following subunit’s sequence: the resulting 

protein (commonly known as tethered, tandem, linked, or concatenated) has the C-terminus of the 

initial subunit covalently linked to the N-terminus of the following subunit. The DNA coding of 

concatemer results in the translation of a single, large protein consisting presumably of subunits in 

a defined order defined by the sequence. In this way describing the role of the individual subunit 

by reducing the analysis to a single receptor subtype is enabled (Minier and Sigel, 2004; White, 

2006; Sack et al., 2008; Barrera and Edwardson, 2008).  

Concatemers are generally used with two strategies. The first one aims to define the properties of 

receptors with a defined number and arrangements of subunits, mostly to provide models for a 

receptor of unknown stoichiometry. The second strategy, whose aim is shared in this study, is to 

define physiological or pharmacological properties of specific subunits in the receptor. Mutations 

are introduced in specific subunits of concatemer to observe the possible changes in overall 

receptor function (Ericksen and Boileau, 2007; Steinbach and Akk, 2011). 

It is needed to outline that the concatemer strategy has drawbacks. Some of the same constructs 

are better expressed in one compared to another expression system. Some constructs have in 

general low expression, perhaps due to difficulties in the large protein trafficing. The result 

receptors may not even include the expected subunit arrangement, either because of looping out from 
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the assembled receptor or a subunit might not be expressed at all. Conformational constraints, 

induced by the subunit linkage, can change the gating characteristics of the channel and its 

interactions with other proteins; thus the concatenation can alter the physiological and 

pharmacological properties of the receptor (Minier and Sigel 2004; White, 2006; Sack et al., 2008).  

The concatemer strategy was first introduced with voltage-gated K+ channels (Isacoff et al., 1990; 

Tytgat and Hess, 1992), followed up by cys-loop receptors- GABAA receptors (Im et al., 1995; 

Baumann et al., 2001), Gly receptors (Grudzinska et al., 2005), nACh receptors (Zhou et al., 2003). 

Further concatemers were made of HCN channels (Ulens and Siegelbaum, 2003; Sunkara et al., 

2018), CNG channels (Varnum and Zagotta, 1996; Wongsamitkul et al., 2016), CFTR channels 

(Zerhusen et al. 1999), the aquaporins (Mathai and Agre, 1999), etc.  

Regarding P2X receptor concatemers, studies about P2X2 (Newbolt et al., 1998, Nagaya et al., 

2005; Browne et al., 2011; Stelmashenko et al., 2012; Keceli and Kubo, 2014) and P2X1 (Nicke et 

al., 2003) concatemers have been published. P2X2 concatemers showed satisfying membrane and 

functional expression, as well as functional properties, followed by a minimal breakdown of the 

concatenated subunits. Mutating a binding site and knocking out one, two or three wild-type 

subunits led to the conclusion that two ATP ligand binding are sufficient for P2X2 channel 

opening. Single-channel conductance of the concatenated P2X2 receptor did not differ from the 

wild-type. The constructs with three and two wild-type binding sites did not differ in membrane 

expression, kinetics, or apparent affinity; they differed in efficacy (Stelmashenko et al., 2012). Keceli 

and Kubo made shared conclusions in their P2X2 concatemers study: two intact ATP binding sites 

were required for successful gating, and removal of one ATP binding site led to a slight shift in the 

efficacy (Keceli and Kubo, 2014). They also provided evidence against the cross-assembly effects 

while measuring low expression levels. P2X1 concatenation had less fortunate outcome: trimers 

remained retained in the ER, whereas the majority of the recorded current came from monomeric 

and dimeric by-products (Nicke et al., 2003). Up to our knowledge, no concatemer strategy has 

been performed to study P2X7 ion channels. 
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2 AIMS  

The P2X7 receptor is a major player in the immune system response and inflammation. Its 

enigmatic role, ranging from cell proliferation to cell death, is a challenge in research since the 

receptor’s discovery. It is a promising therapeutical target for a spectrum of diseases and disorders 

rooted in an inadequate inflammatory response; however, the successful inclusion of P2X7 targeted 

treatments has been missing out. The reason for it might be in shortage of clear understanding of 

the mechanism behind receptor action.  

The objectives of the present study are: 

1. Application of the concatenation technique to the homotrimeric P2X7 ion channels. The 

assessment of the influence of subunit concatenation on the activity of the ion channel. 

Identification of a reasonable expression system and electrophysiological technique for the 

P2X7 concatemeric channels. 

2. Description of the contribution of each subunit to the activation of the trimeric P2X7 

channels. For this, trimeric concatemers containing one, two, or three mutated (disabled) 

binding sites were constructed and their ATP-induced current response was analysed  

3. Characterisation of the interaction between subunits in the trimeric concatemers by 

observing the effects of the wild-type subunit(s) position. 

4. Determination of the subunit contribution to the activation and deactivation kinetics. 

5. Determination of the effect of the third binding step on the channel activity as to test the 

hypothesis of the requirement to occupy three binding sites for big pore formation. 
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3 MATERIALS AND METHODS 

3.1 Molecular biology 

3.1.1 Concatemer construction 

P2X7 subunit concatenation started by using plasmid containing rat P2X7 subunit pc-DNA5-FRT-

TO-rP2X7 (gift from Schmalzing, Aachen). Used primers were ordered from Eurofins Genomics 

(Ebersberg, Germany). The original plasmid was modified to introduce new, unique restriction site: 

5’ KpnI and 3’ Not, using PCR Phusion High Fidelity DNA Polymerase M053 (New England 

Biolabs, Ipswich, Massachusetts, USA). This was achieved by cutting the original plasmid at 3’ 

HindIII and 5’ Xhol to get vector, further ligating it with PCR products using T4 Ligase protocol 

Thermo Scientific DNA Insert Ligation (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

Gel extraction was performed with Peqlab Gel Extraction Kit (Peqlab, Erlangen, Germany). The 

new plasmid, pc-DNA5-FRT-TO-rP2X7-MCS, was used as the vector for the further cloning 

steps. The next PCR product, SU2, was the P2X7 subunit with half linker sequence and on 3’ and 

on 5’. After restriction it was ligated into the pc-DNA5-FRT-TO-rP2X7-MCS vector. By this the 

first intermediate construct, Construct 1, was made, the future middle subunit in trimer 

concatemer. SU1 was PCR product with receptor subunit and other half of linker 1 and destroyed 

one KpnI site. SU1 was ligated into Construct 1 vector. This second intermediate construct, 

Construct 2, was a dimer of future to be the first and second subunit of the finished trimeric 

concatemer. PCR product SU3 was insert of P2X7 subunit with destroyed one Not restriction site, 

and with other half of linker 2. It was ligated into the Construct 2 vector to get the final Construct 

3, complete concatemer, containing three rat P2X7 subunits fused by linker 1 (between first and 

second) and linker 2 (between second and third subunit) (Table 1).  

Table 1. PCR products used in the concatemer construction and plasmids generated as 
products of  ligation aiming to the final, trimer product 

 
Restriction Sites Description 

PCR products: 

Subunit 2 KpnI, Not Receptor subunit with half linkers sequence 

Subunit 1 HindIII, KpnI Receptor subunit and other half of linker 1 and 
destroyed one Kpn1 site 

Subunit 3 Xhol, Not Receptor subunit with other half of linker 2 and 
destroyed one Not site 
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Plasmids: 

pc-DNA5-FRT-TO-rP2X7-MCS 5’ KpnI, 3’ Not Modified original plasmid containing rat P2X7 receptor 

Construct 1 KpnI, HindIII Monomer, middle subunit with half linkers 

Construct 2 Not, XhoI Dimer, first and middle subunit  

Construct 3 XhoI, HindIII Trimer,completed concatemer: three fused subunits 
via two linkers 

Figure 7 shows the final concatemer plasmid with used restriction sites and plasmid size. Figure 8 

shows the simplified version of the trimeric concatemer with the amino acid sequence used for 

linker 1 (20 amino acids) and linker 2 (20 amino acids). The amino acids in linkers were constructed 

to be with the least possible effect on the receptor structure, avoiding positively charged and 

aromatic amino acids. 

 

Figure 7. Plasmid map containing rat P2X7 www trimeric concatamer for expression in 
HEK293 cells 

 

 

Figure 8. Fused subunits of rP2X7 receptor with indicated amino acid linkers and their 
sequence. Purple rectangles denote receptor subunits; background colours denote their order 
in concatenation (see the plasmid map in Figure 7). 

Linker 1:
ASGPDLEGAGTQTDGEPGAS

Linker 2:
ASGPDLEGARPQTDGEPGAS
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Since the goal was to investigate the contribution of individual subunits of a trimeric receptor, 

abolishing the ATP binding of the chosen subunit(s) was needed. The strategy was to introduce 

the point mutation in the binding pocket at position 64, changing the charged lysine into neutral 

alanine for K64A mutant (Chataigneau et al., 2013; Stelmashenko et al., 2012). This was performed 

with overlap PCR, and the PCR product was after inserted using KpnI and Not restriction into 

proper vectors of concatemer. Mutations were introduced into the concatemer by cutting the 

subunits from the concatemer at the appropriate restriction sites and ligating into a shuttle vector.  

The constructs from each step were transformed into chemically 5-α competent Escherichia coli using 

the Transformation Protocol of New England Biolabs, Ipswich, Massachusetts, USA, growing 

overnight. Successfully grown colonies were collected and plasmid DNA was extracted by mini 

preparations using PureYield™ Plasmid Miniprep System (Promega, Madison, USA). In order to 

ensure that the ligation product was adequate, restriction reactions were performed and results 

checked by gel-electrophoresis with 1% ethidium bromide detection. For each construct, the 

coding region was confirmed after sequencing results performed by Microsynth Seqlab (Göttingen, 

Germany). Final confirmation of the construct was followed by plasmid midi preparations (Plasmid 

Midi Kit, Qiagen, Venlo, Netherlands).  

3.1.2 Recloning of DNA concatemer constructs into different expression 

vector and cRNA preparation 

Change of the expression system demanded the change of the expression plasmid. The pc-DNA5-

FRT-TO vector was changed with pGEMHEnew vector for Xenopus oocyte expression. The 

original plasmid was cut on BstEII and HindIII restriction sites and ligated into the new vector. 

Recloning and further generation of trimeric constructs was performed by Karin Schoknecht and 

Dr. Christian Sattler (Institute of Physiology II, Jena). The quality of the cRNA was checked by gel 

electrophoresis. The cRNA concentration was adjusted to 0.2 μg/μl using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific, Waltham, USA). The 2 μl aliquots were stored at -

80 °C. 

After finalizing the cloning and introduction of mutant subunits in proper positions of concatemer, 

10 constructs were used in elecrophysiological experiments (Table 2).  

Table 2. Constructs used in the Xenopus oocyte electrophysiological experiments. wt 
denotes P2X7 wt receptor. w denotes a wild-type subunit, m a subunit carrying the mutation K64A. 
The sequence of three either w or m denotes a concatemer with the respect subunit arrangement 
reading from N-terminus to C-terminus. 
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Plasmid name Short 
name 

Graphic 
represen-

tation 

Colour 
represen-

tation 
pGEM rat P2X7 wt 

 

 

pGEM rat P2X777 www 

 

 

pGEM rat P2X77(K64A)7 wmw 

 

 

pGEM rat P2X7(K64A)77 mww 

 

 

pGEM rat P2X777(K64A) wwm 

 

 

pGEM rat P2X77(K64A)7(K64A) wmm 

 

 

pGEM rat P2X7(K64A)7(K64A)7 mmw 

 

 

pGEM rat P2X7(K64A)77(K64A) mwm 

 

 

pGEM rat P2X7(K64A)7(K64A)7(K64A) mmm 

 

 

pGEM rat P2X7(K64A) m 

 

 

Figure 9 shows the cRNA after gel electrophoresis check, performed by Karin Schoknecht 

(Institute of Physiology II, Jena). 

 

Figure 9. Gel electrophoresis of ten P2X7 constructs cRNA showing the correct size of 
the trimeric concatemers. Each lane contains 0.2 µg of cRNA. 

The concatemer constructs with thirty amino acid linkers (P2X77730AA) and two amino acid 

linkers (P2X7772AA), as well as P2X7 wt single subunit containing the 20 amino acid linkers 

m mmm mwm mmw wmm wwm mww wmw www wt



 

 

23 MATERIALS AND METHODS 

(P2X7SU20AA), for Xenopus oocyte expression were generated by Dr. Christian Sattler and Claudia 

Ranke (Institute of Physiology II, Jena). 

The YFP-tagged receptors for membrane localization imaging, P2X7-YFP and www-YFP, were 

also generated by Dr. Christian Sattler and Claudia Ranke (Institute of Physiology II, Jena). 

3.2 Cell culture and transfection 

3.2.1 HEK293 cell line 

HEK293 cell lines containing an inducible promoter (Flp-In-T-REx293; Invitrogen #R78007) 

were cultured in minimum essential medium (MEM) supplemented with 10% fetal calf serum, non-

essential amino acids (Gibco, Thermo Fisher Scientific, Waltham, USA) and antibiotics according 

to the manufacturer's instructions. After achieving about 80-90% confluence, cells were 

subcultured; it has been performed until the passage number reached 20. For measurement 

purpose, cells were seeded on glass coverslips. Expression of the exogenous protein in stable cell 

line was induced by tetracycline 24–48h before electrophysiological measurements. 

3.2.2 Transfection procedure and stable cell line establishment 

For stable cell lines, Flp-In-T-REx 293 cells were transfected using the calcium phosphate method 

with a mixture of plasmids (0.5 μg pcDNA5/FRT/TO P2X7 and 1.5 μg pOG44). DNA has been 

introduced into cells through calcium phosphate co-precipitates via endocytosis. Stable clones were 

selected after hycromycine B treatment. 

3.3 Oocyte preparation and RNA injection 

Oocytes were extracted from the South African clawned Xenopus laevis female frog. The 

experiments involving animals were approved by the animal ethical committee of the Friedrich 

Schiller University of Jena and from the Thüringer Landesamt für Verbraucherschutz 

(authorization dates: 2013-08-30 and 2018-09-05, respectively). Procedures were performed 

according to the approved guidelines. During surgical removal of the oocytes, frogs were 

anesthetized with 0.3% tricaine (MS-222, Pharmaq, Fordingbridge, UK). The condition of the frogs 

was monitored in order to avoid stress or infection. Removal of the follicular layer was performed 

by incubation with 3 mg/ml collagenase (Roche, Grenzach-Wyhlen, Germany) for 105 min in Ca2+-

free Barth’s solution. Further, the oocytes of stages IV, V and VI were manually isolated using 

forceps. 2–7 hours after isolation and defoliculation oocytes underwent microinjection procedure 
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(Figure 10). Glass pipettes with 2.0 mm outer and 1.6 mm inner diameter (Hilgenberg, Malsfeld, 

Germany) were used to inject about 40-70 nL of receptor cRNA into single oocyte. The oocytes 

were incubated at 18oC in Barth’s medium 48–72h prior to electrophysiological measurements. The 

vitelline membrane of the oocyte was removed by manual peeling immediately before the patch 

experiments. Ready-to-use oocytes purchased from Ecocyte Bioscience (Castrop-Rauxel, 

Germany) were additionally used in the experiments. 

 

Figure 10. Use of Xenopus oocytes in the ion channel research. The illustration scheme of 
RNA microinjection for exogenous protein expression in Xenopus oocytes. 

3.4 Chemicals and solutions 

The ligand for activation of P2X7 receptors was ATP, either in form of potassium or sodium salt 

(Merck, Germany). 5 mM ATP stock solutions were prepared in suitable bath solutions and were 

stored at -20° C. Solutions of desired concentration were obtained by diluting a respective stock 

solution in the bath solution used for patch-clamp experiments shortly before measurements. All 

chemicals used were of analytical grade. 

Solutions used in HEK293 whole-cell patch-clamp measurements: 

Bath solution: 142 mM NaCl, 10 mM EGTA, 10mM HEPES; 10 mM Glucose 

Pipette solution: 142 mM NaCl, 5 mM EGTA, 5 mM BAPTA, 10 mM HEPES 

Bath solution for sealing: 142 mM NaCl, 0.5 mM CaCl2, 10 mM HEPES, 10 mM Glucose 

Solutions used in TEVC oocyte measurements: 

Bath solution: 100 mM NaCl, 10 mM HEPES, 10 mM EGTA 

Pipette solution: 3 M KCl 

Solutions used in outside-out patch-clamp oocyte measurements: 

cRNA

cDNA

cRNA

transcription

oocyte microinjection

channel
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Bath solution: 150 mM KCl, 10 mM HEPES, 10 mM EGTA 

Pipette solution: 150 mM KCl, 10 mM HEPES, 10 mM EGTA 

Bath solution for sealing: 150 mM KCl, 0.5 mM CaCl2, 10 mM HEPES 

The stock solutions of 30 mM ATP were prepared with 100 mM KCl in order to avoid increased 

solution osmolarity which can lead to artefacts in recordings (explained in the next chapter). 

All used solutions were filtered and adjusted to pH= 7.4 with KOH or NaOH, depending on the 

used main cation.  

3.4.1 Solution adjustment for avoidance of non-specific, P2X7-independent 

current response in a patch following high ATP application 

Measurements of the P2X7 receptors with low ATP affinity demanded the use of high mM ATP 

concentrations, for which a non-specific, P2X7-independent current response was observed from 

the patches without P2X7 receptor expression/ from uninjected oocytes (Figure 11). A similar 

response, named smooth current component, was observed from outside-out measurements in 

patches without hP2X7 receptor expression (Riedel et al., 2007a). 

 

Figure 11. Representative trace of non-specific, P2X7-independent current response to 
10 mM ATP stimulus in an outside-out patch of Xenopus oocytes 

Since in the work of Riedel and coworkers ADP3-, UTP4-, and GTP4- also elicited the smooth 

current component, we assumed that different osmalities couald be the reason for this observation 

(Figure 12). Our hypothesis was that this phenomenon is not ion channel-related, but an artefact 

from solution jumps between solutions of different osmolarity.  

 

10 mM ATP

1 pA

2 s
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Figure 12. The mean current response from patches without P2X7 receptor to 3 mM, 5 
mM and 10 mM ATP concentrations. Each data point is the mean of minimal 11 different 
patches, each from a different oocyte. 

Indeed, the higher ATP concentrations did evoke the higher non-specific current response. 

Noticed was that the leak current (in the absence of ATP) had a significant influence on the non-

specific current amplitude: lower quality patches with higher leak had higher non-specific currents 

(Figure 13).  

 

Figure 13. Relation between unspecific, P2X7-independent 10 mM ATP evoked current 
response and leak in outside-out patches. Each data point represents individual patch, each 
from different oocyte. 

In order to avoid this artefact in measurements, for 30 mM ATP a different stock solution with 

lower osmolarity (100 instead 150 mM K+, as stated previously) was used, so that the final 

osmolarity was in the 230 mOsmol range as for the other solutions. This adjustment was successful 

since the non-specific current was not observed thereafter. 
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3.5 Electrophysiology 

3.5.1 Patch-clamp experiments 

The patch-clamp technique is an electrophysiological method through which macroscopic or 

microscopic currents flowing across biological membranes through ion channels can be recorded 

(Figure 14). The main criteria for investigating ion channels, with currents in the pA range, is the 

low-noise level. This is achieved through the formation of gigaseals, a tight contact after sealing a 

glass micropipette onto the plasma membrane, with a resistance typically exceeding 1 GΩ. By doing 

so, a small patch is isolated, and the current flowing is measured by the connected patch-clamp 

amplifier (Neher and Sakmann, 1992; Sakmann and Neher, 1984, 1995; Hamill et al., 1981). 

Formation of the gigaseal (cell-attached configuration) is the first and the precursor step to other 

variants of the patch-clamp technique.  

 

Figure 14. Simplified scheme of patch-clamp measurement setup 

3.5.1.1 Fabrication of the patch pipettes 

Patch pipettes used for whole-cell patch-clamp experiments were fabricated from borosilicate glass 

capillary tubes with an outer diameter of 2 mm and an inner diameter of 1 mm (Hilgenberg GmbH, 

Malsfeld, Germany). Pipettes were pulled using a horizontal P-97 Flaming/Brown type 

micropipette puller (Sutter Instruments, Novato, USA) to obtain resistance was between 2-6 MΩ. 

Patch pipettes used for outside-out recordings were pulled by laser puller (P-200, Sutter 

Instrument, Novato, USA) from quartz glass tubes with an outer diameter of 1 mm and an inner 

diameter of 0.7 mm (VitroCom, Mountain Lakes, USA). Pipette resistance was 1.3-2.5 MΩ. 

-
+

Patch pipette
with
intracellular
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Patch-clamp amplifier

Ground electrode

Cell



 

 

28 MATERIALS AND METHODS 

3.5.1.2 HEK293 whole-cell measurements 

Whole-cell patch-clamp is the usual method for investigation of ion channels expressed in the 

mammalian HEK293 cell line. By pulse suction through the pipette after achieving gigaseal, one 

breaks the patch and gains access to the cell interior and the cell is voltage-clamped (Figure 15). 

After achieving whole-cell patch-clamp configuration, cells were lifted from the chamber bottom 

by the patch pipette in front of the outlet of the three-barrel glass pipette. The middle barrel was 

used for control (bath) solution stream while the lower barrel contained the ligand solution. The 

inner inner diameter of the barrel was ~600 µm, and the speed of the laminar flow out of the 

barrels was ~2-5 cm/s. The lower barrel was connected to a solution selector (Viva Valco 

Instruments, Houston, USA) which allowed us applying different ligand solutions by exchanging 

the solution during the interval applying the control solution. The solution switch was carried out 

with a step motor (SF-77B, Warner Instruments, Holliston, USA) controlling the three-barrel glass 

controlled by a computer. The currents were recorder with the HEKA EPC 10 amplifier in 

combination with Patchmaster software (HEKA Instruments, Holliston, USA). The sampling rate 

was 5 kHz, and the recordings were filtered at 1 kHz using a 4-pole Bessel filter. During recording, 

holding potential was constant of –60 mV. 

Pulse Protocol 1 was used for obtaining concentration-response relationships and kinetic analyses, 

when applying ATP for 10 s followed by a 60 seconds ATP-free interval. For facilitation of the 

receptors, 5 s ATP pulses were used (Pulse Protocol 2). 

 

 

Pulse Protocol 1 

 

 

Pulse Protocol 2 

For the P2X7 wt receptor the saturating concentration was 1 mM and for www 3mM.  

3.5.1.3 Xenopus oocyte outside-out patch-clamp measurements 

To achieve the fast solution exchange needed to adequately describe activation and deactivation of 

P2X7 receptor constructs, a change from whole-cell to the excised outside-out configuration was 

necessary.  

After obtaining a gigaseal, the membrane was ruptured through a short electrical impulse (550-650 

mV for 5 ms), leading to whole-cell configuration. From that point, the patch pipette was slowly 

-60 mV

10 s ATP

5 s ATP

-60 mV
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retracted from the membrane, followed by spontaneous annealing of the membrane ends until the 

re-sealing is finished, and the outside-out patch is formed (Figure 15). Once the outside-out patch-

clamp configuration was achieved, the patch pipette was placed in front of the outlet of the three-

barrel glass pipette, similar to previously described measurements of whole-cell patch-clamp of 

HEK293 cells.  

 

Figure 15. Schematic representation of achieving different patch-clamp configurations 

The same electrophysiological setup was used as for the whole-cell patch-clamp of HEK293 cells, 

with slight modifications in order to achieve better performance for excised patch recording. The 

sampling rate was 10 kHz, and the recordings were filtered at 1 kHz using a 4-pole Bessel filter. 

During recording, holding potential was constant of –60 mV. 

The currents were evoked by 5 s ATP application, and with 60 seconds between each application 

(Pulse Protocol 3). 

 

 

Pulse Protocol 3 
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3.5.1.4 Solution exchange at a patch 

To analyse different P2X7 receptors’ activation and deactivation, and their changes introduced by 

mutating binding site(s), a prerequisite was a sufficiently fast solution exchange. Figure 16 illustrates 

the system used for rapid solution exchange. The laminar solution stream had a speed of 

approximately 20 µL/s. The solution exchange speed was determined by the change of the junction 

potential between 150 mM KCl and distilled water in outside-out patches (Figure 17). The current 

rise in the individual patch was fitted using a single exponential fit, and the mean time constant of 

five fitted curves was 1.8 ± 0.19 ms.  

 

Figure 16. Diagram of system for rapidly changing the solution bathing the outside-out 
patches. The middle and the lower barrel of the application pipette were used. The lower barrel 
was used for ligand solution while the middle barrel contained control solution. The application 
pipette movement (arrow) was controlled by a computer. 

 

 

Figure 17. The change of junction potential between 150 mM KCl solution and destilled 
water in individual normalised outside-out patches. The mean solution exchange time 
constant was 1.8 ± 0.19 ms. 

During measurements and set-up adjustments, a variable delay between in the receptor response 

was observed to be typically about 20 ms, but rarely shorter than 15 ms. The variable delay is 

certainly caused by cariations of the solution flow and the exact positioning of the pipette tip. By 

slightly changing the patch pipette position, a try was to relate the delay to the solution exchange 

(Figure 18). Notably, only the delay but not the time constant changed. 

Patch pipette

Control solution

Ligand solution

Application pipette

14 16 18 20 22 24 26

0.0

0.2

0.4

0.6

0.8

1.0

Delay (ms)

0

150

N
o

rm
a

liz
e

d
J
u

n
c
ti
o

n
P

o
te

n
ti
a

l

KCl (mM)



 

 

31 MATERIALS AND METHODS 

 

Figure 18. The change of junction potential between 150 mM KCl solution and destilled 
water in a single normalised outside-out patch. The position of patch pipette to the 
application pipette was changed, resulting in different delay value. 

To check that the delay in controlled range does not influence the speed of receptor activation, for 

nine patches the relation between delay (in stretched range of 15 ms difference) and wild-type fast 

component in activation was monitored (Figure 19). In the chosen range, the delay did not alter 

the receptor activation time course. However, one should keep in mind that increased values of 

delay, probably indicating inadequate solution exchange, possibly have an influence on receptor 

kinetic behaviour; thus the patches with large delay values (> 50 ms) were discarded from the 

analysis. Thus, the much slower time courses considered herein are not relevantly affected by the 

delays. 

 

Figure 19. Relating the fast component (τA1) of wild-type P2X7 receptor activation to the 
delay value of the patch. Analysis of kinetics was performed on individual outside-out patches 
with P2X7 wild-type receptor activated by 5 mM ATP. 
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3.5.2 Two-electrode voltage-clamp (TEVC) measurements 

Two-electrode voltage clamp (TEVC) is an electrophysiological technique used to artificially 

control large cells’ membrane potential (such as oocytes) to study the properties of ion channels. 

By using two intracellular electrodes, a voltage electrode as a sensor for membrane potential and a 

current electrode for current injection to adjust the membrane potential, the membrane potential 

is set at the desired value, and recording of membrane currents is enabled (Figure 20) (Hodgkin et 

al., 1952; Guan et al., 2013).  

 

Figure 20. Scheme of measurement with the two-electrode voltage clamp technique 

(TEVC) in Xenopus oocytes 

TEVC recordings were performed at room temperature using the TEC-05-S amplifier from NPI 

Electronic Instruments (Tamm/Germany). Borosilicate glass pipettes were fabricated with a 

vertical heating puller from Narishige, Japan, to obtain a resistance between 0.1 and 0.6 MΩ. 

Recording and analysis of the data were performed on a PC with the ISO3 software (MFK, 

Niedernhausen, Germany). The sampling rate was 5 kHz, the filter was set to 750 Hz. The holding 

potential was set to –60 mV. Recordings lasted 60 s. 

Inward currents were evoked by 5 mM ATP after which solution from the bath was manually 

removed by a pipette. Due to the limited time resolution of this technique, TEVC measurements 

were used only to observe the functional receptor expression in whole oocytes. 
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3.6 Confocal microscopy for the receptor membrane localization 

For analysing the cell surface expression of YFP-tagged P2X7 wt and www, oocyte images were 

recorded under identical settings by a confocal laser-scanning microscope (LSM710, Carl Zeiss, 

Germany) using an EC Plan-Neofluar 10×/0.3 M27 objective. YFP in both fusion proteins was 

excited by the 514-nm line of the argon laser and detected in the 517–581-nm range. The 12-bit 

images show a confocal slice of an oocyte. Constructs were measured on the third day after RNA 

injection. The measurements were performed on three different oocyte batches, with a minimum 

of five cells altogether. The experiments were performed with kind help of Taulant Kukaj (Institute 

of Physiology II, Jena). 

3.7 Data acquisition and analysis 

3.7.1 Electrophysiological data 

Electrophysiological data extracted from the ISO3 and PatchMaster software were analysed using  

OriginPro 2019 (OriginLab, Northhampton, USA) and IgorPro 6.32A (Portland, USA). 

Concentration-response relationship curves were constructed by normalizing the current amplitude 

(I) obtained at successive concentrations of ligands with respect to the maximum current amplitude 

(Imax) obtained at the saturating concentration of ligands (unless stated otherwise) and were plotted 

as a function of ligand concentrations. The mean concentration-response data were fitted with the 

Logistic function, which provides an estimate of EC50, the concentration at which 50% of the 

maximum receptor response is achieved, and the Hill coefficient h, which describes the slope of 

the curve and is an indicator for subunit cooperativity (Equation 1).  

(1) I/Imax = Aend + (Astart – Aend)/(1 + (EC50/c)h) 

The values of parameters Astart, the initial value, and Aend, the final value, were set to 0 and 100 

unless stated differently. The fit was performed without weighting of the data.  

For the mmm and m constructs in the outside-out patches of Xenopus oocyte, the Imax was not 

measured since it would require the application of very high ATP concentration for saturation; 

thus different strategy for concentration-response curve estimation had to be used. For the m 

construct, the original data set was made by using 10 mM ATP concentration as 100% response 

(Imax). Following the described curved fitting strategy, with Astart set as 0 but fit left open at Aend, the 

Aend value was calculated. Using this value as the maximum value, the original I/Imax was rescaled. 

For the mmm construct an additional step had to be made since for the initial data set with 10 mM 



 

 

34 MATERIALS AND METHODS 

ATP as 100% response (Imax) fit could not be fitted. Thus, Aend could not be properly estimated. 

The original I/Imax (here denoted as y) was used for the Hill plot, i.e. a linear function of log c and 

log y/(100-y), and the slope was determined. Returning to the original data set, the logistic fit was 

again performed, with Astart parameter closed at 0 and Aend parameter left opened, and with set h 

value, as determined from linear fit. This time the fit was successful and the Aend value was 

determined and used to rescale the original I/Imax, and the rescaled I/Imax was fitted by the logistic 

fit, with Astart closed at 0, Aend left opened and pre-set h. 

The kinetic analysis was performed on minimum 5 different patches from minimum 3 expression 

days for every construct. It was performed on currents evoked by a saturating ATP concentration, 

with the exceptions of m and mmm. Every patch current was individually fitted with the double 

exponential function (Equation 3) for activation and the single exponential function (Equation 2) 

for deactivation to determine time constants and current amplitude values. For double exponential 

fits we assumed A1 + A2 = 1.  

 (2) y = 1 – eτ
D

x 

(3) y = A1(1 – eτ
A1

x) + A2(1 – eτ
A2

x) 

The weighted time constant for activation fit was also calculated for the easier comparison of the 

constructs (Equation 4). 

(4)τᾹ = A1τA1 + A2τA2 

The choice for double exponential over single exponential function for the activation process was 

based on the difference between fast and slow activation components, for the majority of 

constructs being in the range 5–10 fold difference. The χ2 values proved the choice of the fit 

function. For better display of activation and deactivation, representative traces were made by 

averaging the used traces for analysis (minimum 5) and the mean averaged trace was set to -1. 

3.7.2 Confocal microscopy imaging 

For measuring the fluorescent signal intensity, part of the image in the membrane slice was chosen, 

and the mean intensity was analysed by the implemented tool in the ZEN 2010 software. The 

analysis was performed under the guidance of Taulant Kukaj (Institute of Physiology II, Jena). 
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3.7.3 Statistical analysis 

All data points are expressed as mean ± SEM. The exception are concentration-response curves, 

where the shown errors for EC50 and Hill coefficient are errors of the fit. Student’s t-test was used 

for statistical comparison, and a p ≤ 0.05 was considered as significant. The analyses were 

performed using OriginPro 2019. Concentration-response curve comparison was performed by F 

test (curve comparison for EC50 and h) using the GraphPad Prism 9 software with p ≤ 0.05 

considered as significant.  
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4 RESULTS 

4.1 Functional characteristics of P2X7 wt and wt concatemer 

expressed in HEK293 cells 

In the first part of this study electrophysiological characterisation of rP2X7 receptors expressed in 

mammalian HEK293 cell line was performed using the whole-cell patch-clamp configuration in 

solutions containing Na+ as the main ion. Figure 21 shows results from the whole-cell patch-clamp 

measurements of the P2X7 wt receptor in HEK293 cell line. The concentration-response 

relationship was obtained using the normalised currents with respect to the maximal current at 

saturating 1 mM ATP concentration. The responding P2X7 wt concentration-response curve had 

a EC50 value of 59.48 ± 3.83 µM ATP and Hill coefficient of 1.52 ± 0.12.  

 

Figure 21. Concentration-response relationship for rat P2X7 wt receptor expressed in 

HEK293 cell line. Currents were measured and the current amplitudes were normalised to the 

maximum current at 1 mM ATP.  

The P2X7 channels showed an increased current amplitude when repeating the same ATP 

application several times. This phenomenon is known as facilitation phenomenon. The currents used 

in the concentration-response relationship were obtained from the fully-facilitated receptor, 

meaning that prior to lower ATP concentrations the saturating ATP concentration (1 mM) was 

applied 4 to 8 times until the response reached a constant current (Figure 22).  

Noticeable was that upon application of high ATP concentrations (≥100 µM), the cell membrane 

showed blebbing as stress response, disabling further measurements on cells from the same 
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coverslip. Thus, only a single cell per coverslip could be used. The average whole-cell maximal 

current after 1 mM ATP application was 7,071 ± 651 pA. 

 

Figure 22. Naïve P2X7 wt receptor current and subsequent facilitation until the fully-

facilitated state is reached. The ATP concentrations are indicated.  

Functional expression level of P2X7 concatemers (www) in HEK293 cells was significantly lower 

(about 1/30, Figure 23). Here, the average maximum current amplitude was 246 ± 52 pA, with 

cells lacking blebbing and rarely observed facilitation. Facing such poor outcome in the whole-cell 

patch-clamp HEK293 recordings, the change of the expression system was to be tested. 

 

Figure 23. Representative trace of P2X7 concatemer www expressed in HEK293 cells. 

The current was the response on a step to 1 mM ATP for 10 s. 
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4.2 Two electrode voltage-clamp measurements of functional 

expression of P2X7 wt and concatemer receptors in Xenopus oocytes 

For fast screening of P2X7 constructs in a different expression system, Xenopus oocytes, two 

electrode voltage-clamp (TEVC) measurements were performed. The currents were evoked by 5 

mM ATP in Na+ solution. Mean expression of wild-type P2X7 receptors in Xenopus oocytes was 

10.5 ± 0.96 µA, whereas for the www concatemer it was 1.95 ± 0.41 µA. Similar currents were 

measured in other concatenated constructs with one or two mutated binding sites. The triple-

mutated construct (mmm) and P2X7 K64A (m) gave an only smaller current at 5 mM ATP (Table 

3). 

Table 3. 5 mM ATP evoked currents in Xenopus oocytes expressing P2X7 receptors 
measured by two electrode voltage-clamp. The mean was calculated from 6–25 different 
oocytes from minimum 3 different injection days. Water-injected oocytes were used as control. 

Construct  I (µA) SEM 

wt 10.5 0.96 

www 1.95 0.41 

wmw 2.53 0.38 

mww 2.87 0.47 

wwm 2.41 0.34 

wmm 1.19 0.14 

mmw 1.81 0.29 

mwm 2.75 0.55 

mmm 0.78 0.08 

m 0.35 0.11 

control 0.10 0.02 
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4.3 Receptor membrane localization of YFP-tagged P2X7 wt and 

concatemer in Xenopus oocytes 

To ensure that the decrease in functional expression of concatemers, which was observed as 

reduction in whole-cell currents, is the consequence of decreased membrane localization and not 

of disturbed channel properties, confocal microscopy was used to image the P2X7-YFP and www-

YFP expressed in Xenopus oocytes. Confocal imaging indeed showed the strong reduction in the 

concatemer membrane localization, with the fluorescent signal non-distinguishable from the 

autofluorescence of the negative control, www injected oocytes. Since the tagged wild-type receptor 

carries three YFP molecules, its fluorescent intensity was divided by three to be in the line with the 

concatemer containing only one YFP molecule (Figure 24). 

 

Figure 24. YFP-tagged P2X7wt and www expressed in Xenopus oocytes. (A) 

Representative images of P2X7-YFP, www-YFP and www (negative control) injected oocytes. 

(B) Measured fluorescent intensity shows strong decrease in concatemer membrane localization, 

with fluorescent signal not above control levels. 
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4.4  Outside-out patch-clamp measurements of P2X7 receptors in 

Xenopus oocytes 

4.4.1 P2X7 current stability and facilitation in outside-out patch 

configuration 

The first step needed to take after switching to the outside-out patch technique was to ensure that 

the patch current is stable over time. This was examined by multiple applications of the same ligand 

concentration and comparison of evoked amplitudes, namely by comparing the ratio between the 

third and the first 5 mM ATP pulse (exceptions were m and mmm constructs for which 30 mM 

ATP was used). wmw and wmm were chosen as representatives from their configuration group of 

single and double-mutated concatemers (Figure 25). 

 

Figure 25. Current stability and facilitation among P2X7 constructs presented as ratio 

between the third and the first ATP application. For wt, www, wmw and wmm saturating 5 

mM ATP was used, and for mmm and m 30 mM ATP. Only m shows statistically significant 

difference between 3rd and 1st application (p ≤ 0.05).  

The first observation was the absence of facilitation phenomenon in the outside-out patches of the 

wild-type P2X7. However, as the measurements of other constructs proceeded, the facilitation 

process appeared in the P2X7 K64A (construct m), which will be described further. Except for 

P2X7 K64A, no other construct in the excised patch showed current facilitation. 

For the question of facilitation of the mmm construct, i.e. is it in the fully-facilitated state or not, a 

kinetic analysis was performed. The m and mmm expressing patches with the currents induced by 
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ninth; the last one was determined as the application at witch current does not further increase) 

were analysed, and activation and deactivation time constants in the first and in the last application 

were determined (Figure 26). Statistically significant changes were not observed in no other case, 

even though for m (with the significant change in amplitude) activation was faster and deactivation 

slower.  

 

Figure 26. Activation (left) and deactivation (right) time constants for P2X7 m and mmm 
constructs analysed from currents evoked by the first and last (fourth to ninth) successive 
30 mM ATP application. There was no significant difference between the first and the last 30 
mM ATP evoked activation and deactivation for both constructs.  

4.4.2  Characterisation of rP2X7 receptor in macroscopic outside-out 

patches 

By using the outside-out patch configuration with Xenopus oocyte, P2X7 wt ATP induced current 

components, amplitude and kinetics, were described, and ATP concentration-response curve was 

created. The measurements were performed in symmetrical K+ solutions without divalent ions at 

–60 mV (Figure 27).  

The average amplitude of excised membrane patches was 152.84 ± 42.95 pA for maximum current 

evoked by 1 mM ATP stimulus (32 patches). The patches showed neither run-down nor facilitation 

(Figure 25). 
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Figure 27. Representative traces of rat P2X7 wt channels in an outside-out patch of a 
Xenopus oocyte. The ATP concentrations are indicated.  

Normalised currents with respect to the maximal current at the saturating concentration of 1 mM 

ATP concentration were used to obtain a concentration-response relationship. The EC50 value was 

44.22 ± 3.11 µM ATP and the Hill coefficient 0.98 ± 0.06 (Figure 28).  

 

Figure 28. Concentration-response relationship for P2X7 wt channels in an outside-out 
patch of a Xenopus oocyte. Currents were normalised to the maximum current evoked by 1 
mM ATP.  

Figure 29 shows the parameters of 5 mM ATP activation and deactivation after double exponential 

and single exponential fit, respectively. 
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Figure 29. Kinetic analysis for P2X7 wt in the outside-out configuration of  Xenopus 
oocyte. Representative and normalized trace. The trace is the average of  5 individual traces.  

P2X7 wt receptor kinetics was analysed at different ATP concentrations. As usual for ligand-gated 

ion channels, the increase in agonist concentration led to faster activation. A 100 fold increase from 

10 µM to 1000 µM ATP concentration led to a 15-fold increase in the speed of activation. 

Deactivation was concentration independent (Figure 30).   
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Figure 30. Dependence of activation (left) and deactivation (right) of P2X7 wt channels 
on the ATP concentration 
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4.4.3  rP2X7 K64A receptor currents in macroscopic outside-out patches 

The K64A mutant receptor was characterized using the same protocol as for the wild-type receptor 

(Figure 31).  

 

Figure 31. Representative traces for P2X7 receptor with mutated binding site in position 
64. The ATP concentrations are indicated. 

Due to the inability to meet the saturating ATP concentration (pH and osmolarity adjustment 

issues), it was needed to change the approach to obtain a concentration-response relationship (see 

Materials and Methods). The EC50 value was estimated to be 31 mM ATP and the Hill coefficient 

1.15 (Figure 32). The average amplitude of current evoked by 30 mM ATP was 58.68 ± 20.09 pA. 

 

Figure 32. Concentration-response relationship for rat P2X7 K64A receptor channels in 
outside-out patches from Xenopus oocytes. Currents were normalised to the current evoked 
by 10 mM ATP. 
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As shown before (Figure 25, 26), P2X7 K64A receptor channels in outside-out patches showed 

facilitation upon repeated application of the high agonist concentration of of 30 mM or 10 mM 

ATP. This P2X7 property has not been reported so far for currents in excised patches (Figure 33).  

 

Figure 33. Facilitation of P2X7 K64A in the outside-out patch configuration of Xenopus 

oocyte. Representative traces show currents evoked after 5 successive 30 mM ATP applications 

of 5 s duration on the single patch.  

For the receptor to be in fully-facilitated state, it was needed 5-7 consecutive 30 mM applications 

of 5 s duration (Figure 34). 

 

Figure 34. Relative increase in the current amplitude after repetitive 30 mM ATP 
application in P2X7 K64A channels in outside-out patches of Xenopus oocytes. The 
relation was built to the current evoked after the first application. Shown results were obtained 
from 5 different patches with 5-7 successive 30 mM ATP applications until steady-state current 
was reached. 

The kinetic analysis performed after 5 mM ATP application is shown in Figure 35.  
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Figure 35. Kinetic analysis for P2X7 K64A in an outside-out patch of  a Xenopus oocyte. 
Representative and normalised trace. Analysis was performed on currents evoked by 5 mM ATP, 
with a minimum of  5 different patches. 

The kinetic analysis of ATP-dependent activation and deactivation was also performed for the 

K64A mutant receptor, with the difference that a saturating concentration was not reached. 

Nevertheless, one can observe the concentration-dependent increase in activation speed. The 

deactivation time course was independent of the concentration. Again, the increase in ATP 

concentration did not lead to the proportional increase in activation speed, i.e. from 3 to 30 mM 

ATP activation accelerates only double (Figure 36).  
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Figure 36. Dependence of activation (left) and deactivation (right) of P2X7 K64A 
channels on the ATP concentration 
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4.4.4 Functional characteristics of the P2X7 trimeric concatemer resemble 

those of the wild-type channel 

The concatemer approach was used to study activation in P2X7 receptor channels by less than 

three ATP molecules. For further use of this approach, investigation and comparison of 

electrophysiological properties of the concatemer channel and wild-type channel was necessary, 

since possible side effects can be introduced by concatenation.  

As previously observed on the whole-cell oocyte (Table 3), functional expression was lower in 

oocyte patch configuration as well (Figure 37). As expected, the concatemer currents were 

significantly lower than the wild-type currents, with the average maximum current response of 

13.11 ± 3.07 pA (19 patches).  

 

Figure 37. Representative trace for P2X7 wild-type concatemer. The ATP concentrations 
are indicated.  

For the concentration-response relationship, the maximal amplitude was measured at the saturating 

concentration of 3 mM ATP and currents were normalised in respect to it. The corresponding 

P2X7 www concentration-response curve had the EC50 value of 55.02 ± 3.54 µM ATP and the 

Hill coefficient 0.85 ± 0.04 (Figure 38). 
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Figure 38. Concentration-response relationship for P2X7 www receptor expressed in 
outside-out patches of Xenopus oocytes. Currents were normalised to the maximum current 
evoked by 3 mM ATP.  

The F test showed no statistical significance between the P2X7 wt and P2X7 www concentration-

response curves (Figure 39).  

 

Figure 39. Comparison between ATP concentration-response relationships in P2X7 wt 
(black) and www (red) channels in outside-out patches. The EC50 and h values obtained 
from the concentration-response relationships were not significantly different (F test). 

The results of kinetic analysis after 5mM ATP application are shown in Figure 40. 
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Figure 40. Kinetic analysis for P2X7 www in an outside-out patch of a Xenopus oocyte. 
Representative and nomralized trace. Analysis was performed on currents evoked by 5 mM ATP, 
with a minimum at 5 different patches. 

4.4.4.1 Influence of linker length in concatenation 

In order to examine the possible influence of the linker length on the strong decrease in functional 

expression, additional constructs were generated: P2X7 single subunit with added amino acid 

linkers on N- and C-terminus (P2X7SU20AA), P2X777 concatemer with 30 amino acid linkers 

(P2X77730AA) and P2X777 concatemer with 2 amino acid linkers (P2X7772AA). Outside-out 

patch currents were evoked by 5 mM ATP for each. Minimum five patches from three different 

expression days were used for statistics (Table 4).   

Adding linkers to the single subunit did not decrease the functional expression compared to wt 

receptors, neither did shorter nor longer linkers result in increased functional expression than when 

the concatemer with 20 amino acid linkers (www) was used.  

Table 4. Outside-out maximal current amplitudes for P2X7 wt, P2X7 wt with added 20 
amino acid linkers (P2X7SU20AA), and concatemers with 20 amino acid linkers(www), 30 
amino acid linkers (P2X77730AA) and two amino acid linkers (P2X7772AA). For wt 1 mM, 
for www 3 mM and for the rest 5 mM ATP was used. 

Construct Imax (pA) SEM 

P2X7 wt 152 43 

P2X7SU20AA 226 121 

www 13.1 3.07 

P2X77730AA 23.5 8.93 

P2X7772AA 11.5 4.55 
 

-2.0

-1.5

-1.0

-0.5

0.0

0.5

A

161412108

s

2 s0.5 s

0

-1

ATP

A1 = 0.55 ± 0.04
τA1 = 17.1 ± 3.92 ms

A2 = 0.45 ± 0.04 
τA2 = 258 ± 52.9 ms

τD = 1025 ± 220 ms

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

A

3.53.02.52.0

s



 

 

50 RESULTS 

4.4.5  Functional characteristics of the P2X7 K64A concatemer resemble 

those of the mutant subunits, but shows no facilitation 

The striking difference compared to channels formed by free K64A subunits was the lack of 

facilitation (Figure 25, 26). Perhaps the difference in expression plays a role in it (Figure 41). The 

average current amplitude for mmm evoked by 30 mM ATP was 11.73 ± 4.73 pA. 

 

Figure 41. Representative trace for P2X7 concatemer containing all three mutated 

binding sites in position 64.The ATP concentrations are indicated.  

The measurements and curve fit for mmm were performed similarly as for m, with an additional 

step for the determination of the Hill coefficient (see Materials and Methods) (Figure 42). 

 

Figure 42. Concentration-response relationship for P2X7 mmm receptors in an outside-
out patch of Xenopus oocytes. Left: Hill plot for determination of the Hill coefficient (equal 
to the plot slope). y indicates the rescaled I/Imax value. Right: Concentration-response relationship 
obtained by using the fixed Hill coefficient and rescaled I/Imax values values. 

The kinetic analysis was performed at 30 mM (Figure 26) and at 5 mM ATP (Figure 43).  
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Figure 43. Kinetic analysis for P2X7 mmm channels in an outside-out patch of Xenopus 
oocyte. Representative and nomralized trace. Analysis was performed on currents evoked by 5 
mM ATP at minimum 5 different patches analysed. 

4.4.6 Functional characteristics of P2X7 concatemers with two wild-type 

ATP binding sites 

The next step was to electrophysiologically characterize P2X7 trimeric concatemers containing less 

than three wild-type binding domains, i.e. keeping two or one wild-type binding site(s).  

As expected from the previously published P2X concatemers and from the TEVC screening, two 

out of three wild-type binding sites could activate the P2X7 receptor properly (Table 3, Figure 44). 

 

Figure 44. Representative traces for P2X7 concatemers containing two wild-type binding 
sites.The ATP concentrations are indicated. 

The respective concentration-response relationships obtained from macroscopic current 

measurements for wmw, mww and wwm constructs are shown in Figure 45. The concentration-

response relationships for all the three concatemers carrying a single mutation were shifted to 
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p< 0.0001 and wwm p= 0.0005). One construct in the group is, however, different from others: 

mww (with p< 0.001 for wmw and p= 0.0004 for wwm). The mean patch expression for wmw, 

mww and wwm was 30.49 ± 9.32 pA, 9.26 ± 1.81 pA and 9.15 ± 2.81 pA, respectively, measured 

at saturating 3 mM ATP. The means were calculated at minimum 11 different patches, each excised 

from a different oocyte. 

 

Figure 45. Concentration-response relationships for P2X7 receptor channels containing 
two wild-type ATP binding sites in outside-out patches of Xenopus oocytes. Currents 
were normalised to the maximum current evoked by 3 mM ATP. mww is statistically different 
from wmw (p< 0.001) and wwm (p= 0.004). All three constructs with two wild-type binding 
sites show a statistically significant difference compared to the wild-type concatemer (light grey). 

As for the previously described constructs, kinetic analysis was performed at 5 mM ATP 

concentration (Figure 46). 
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Figure 46. Kinetic analysis for P2X7 concatemers with two wild-type binding sites in 
outside-out patches of Xenopus oocytes. Representative and normalised trace. The currents 
were recorded at 5 mM ATP. At minimum, currents of 5 different patches were averaged.  

4.4.7 Functional characteristics of the P2X7 concatemers with one wild-type 

ATP binding site 

In contrast to previously published P2X concatemer data, TEVC measurements showed that even 

the presence of a single wild-type binding site is sufficient for receptor activation in P2X7 receptors 

(Table 3). The experiments in outside-out patches provided further evidence for this conclusion 

(Figure 47). 
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Figure 47. Representative traces for P2X7 concatemers containing a single wild-type 
binding site. The ATP concentrations are indicated. 

The respective concentration-response relationships obtained from current measurements for 

wmm, mmw and mwm constructs are shown in Figure 48. Double-mutated constructs further shift 

the concentration-response relationships to the right compared to the wild-type concatemer (each 

construct with p< 0.0001) and single-mutated concatemers (again, each with p< 0.0001). However, 

their position is distinguishable from the mmm concatemer containing three mutated subunits. A 

difference inside the group is again present, as the mmw is statistically different and from wmm 

(p= 0.0087) and from mwm (p= 0.0061). The mean current amplitude at the saturating 

concentrations at 5 mM ATP was 13.18 ± 3.88 pA, 7.28 ± 1.37 pA and 7.96 ± 2.03 pA for wmm, 

mmw and mwm constructs, respectively, calculated from at least 16 different patches. 

 

Figure 48. Concentration-response relationships for P2X7 receptor channels containing 
a single wild-type ATP binding site in outside-out patches of Xenopus oocytes. Currents 
were normalised to the maximum current evoked by 5 mM ATP. mmw is statistically different 
from wmm (p= 0.0087) and mwm (p= 0.0061). The light grey and the dark grey relationship 
denote the wild-type and the triple-mutated concatemer, respectively.  
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Figure 49 shows the results of kinetic analysis for the double-mutated concatemers at 5 mM ATP. 

 

Figure 49. Kinetic analysis for P2X7 concatemers with a single wild-type binding site in 
the outside-out patches of  a Xenopus oocyte. Representative and normalised traces. Analysis 
was performed on currents evoked by 5 mM ATP from at minimum 5 different patches.  
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4.4.8 Overall comparison of P2X7 currents 

For an easier follow-up, an overall table of P2X7 constructs with their maximal current response 

in outside-out patches (measured at saturating concentration for each construct, with exception of 

m and mmm, where 30 mM ATP was used) and the parameters of the concentration-response 

curve is presented (Table 5).  

Table 5. Overall comparison of P2X7 receptor currents in outside-out patches of Xenopus 
oocytes. For m and mmm Imax currents evoked by subsaturating 30 mM ATP are shown.  

Construct EC50 (µM) h Number of 
patches per 

data point for 
concentration-

response 
curve 

Imax (pA) Number 
of 

patches 
for Imax 

wt 44.22 ± 3.11 0.98 ± 0.06 10–14 152.84 ± 42.95 32 

www 55.02 ± 3.54 0.85 ± 0.04 5–7 13.11 ± 3.07 19 

wmw 85.85 ± 8.07 0.93 ± 0.07 5–12 30.49 ± 9.32 14 

mww 180.84 ± 12.45 1.27 ± 0.10 6–10 9.26 ± 1.81 25 

wwm 116 ± 19.62 0.84 ± 0.11 5–7 9.15 ± 2.81 11 

wmm 374.57 ± 67.89 0.85 ± 0.12 5–11 13.18 ± 3.88 16 

mmw 810.91 ± 176.29 1.06 ± 0.21 5–6 7.28 ± 1.37 27 

mwm 387.28 ± 44.3 0.98 ± 0.09 5–8 7.96 ± 2.03 19 

mmm 151010 ± 59350 0.74 5–15 11.73 ± 4.73 12 

m 31720 ± 11590 1.15 ± 0.11 5–13 58.68 ± 20.09 15 
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4.4.9 Activation and deactivation changes induced by knocking out ATP 

binding sites(s) 

As previously described in Material and Methods, the kinetic analysis was performed on currents 

evoked by 5 mM ATP concentration. This concentration is saturating for all the constructs, with 

the exceptions of m and mmm.  

Activation was analysed by double exponential fits, described, with the contributions of the 

exponentials A1 and A2 and assuming A1+A2= 1, and τA1 for fast and τA2 for the slow component 

respectively. A1 and A2 showed no statistically significant difference among the constructs; each 

construct had the ratio of the fast (A1) and slow (A2) component around 1:1. Figure 51 shows τA1 

and Figure 52 τA2 at 5 mM ATP for all constructs with indicated statistical significance among them. 

The changes in the activation speed by mutation is associated with the fast component, while the 

slow component remains unchanged. The weighted time constants are provided by Figure 50. The 

mmm construct could also be fitted by a single exponenital. Possibly, the fast activation component 

is lost or could not be detected due to the low current levels (Figure 43, 51). 

 

Figure 50. Weighted time constant for activation of the P2X7 constructs at 5 mM ATP. 
Shown are values from individual fits with the results of statistical tests (unpaired t-test). 
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Figure 51. Fast component of current activation for the P2X7 constructs at 5 mM ATP. 
Individual values of the current fit are shown with the results of statistical tests (unpaired t-test).  

 

 

Figure 52. Slow component of current activation for the P2X7 constructs at 5 mM ATP. 
Individual values of the current fit are shown with the results of statistical tests (unpaired t-test). 
Introducing mutation(s) in concatemer subunits (s) does not influence the slow component. 
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Figures 53 and 54 show the relation between activation time constants and EC50 values for www, 

single-, double-, and triple- mutated concatemers. 

 

Figure 53. Relation between the fast activation time constant and the EC50 values for 
wild-type, single-, double- and triple-mutated P2X7 concatemers 

 

 

Figure 54. Relation between the slow activation time constant and the EC50 values for 
wild-type, single-, double- and triple-mutated P2X7 concatemers  

The deactivation time constant, τD was determined by the single exponential fit performed on 

currents after 5 mM ATP application and ligand washout (Figure 55). Introducing a mutant subunit 

causes faster deactivation. Notably, no further changes were observed when one more mutant 

subunit was present.   
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Figure 55. Time constant for deactivation among P2X7 receptors after wash-out of 5 mM 
ATP. Shown are individual fit values with indicated significant differences (unpaired t-test). 
Introduction of a mutant subunit in the concatemers results in faster deactivation, however, with 
no difference among constructs with one, two, or three mutant subunits.  

Figure 56 shows the relation between the deactivation time constant and EC50 values for www, 

single-, double-, and triple-mutated concatemers. 

 

Figure 56. Relation between the EC50 values and the deactivation time constant for wild-
type and single-, double-, and triple-mutated P2X7 concatemers  
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4.4.10 The role of the third ATP binding step 

The facts that a single ATP ligand binding is enough for channel gating and that the shift in EC50 

following the introduction of each further mutation changes the activation kinetics suggest that 

each of the three subunits contributes to the receptor function. Following this, the receptor’s 

activation seems to be a stepwise process. The effect of the third ATP binding was further 

examined by activating the mutant subunit with 30 mM and 10 mM ATP and considering the 

outcomes for the single mutated wmw construct. The same was done for the double mutated wmm 

construct as well as for www as control. As read-out we used the change in the current amplitude 

compared to the current amplitude evoked by 5 mM ATP (Figure 57). 

 

 

Figure 57. Increase in current amplitude when activating mutant subunit(s) with high 
ATP concentrations. Ratios between 3rd and 1st 5mM ATP (I5mM, 3rd/I5mM, 1st), 10 mM and 5mM 
ATP (I10mM/I5mM), and 30 mM and 5 mM ATP (I30mM/I5mM) application evoked currents for www 
as control, wmw and wmm. The results are means of minimum 5 different patches, each from 
different oocyte. Statistically significant differences are indicated. 
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5 DISCUSSION 

5.1 P2X7 wt receptor in HEK293 cell line 

Whole-cell patch-clamp experiments on HEK293 cells produced concentration-response 

relationships for wild-type rP2X7 receptors with EC50 of of 59.48 ± 3.83 µM ATP and Hill 

coefficient of 1.52 ± 0.12 (Figure 21). To avoid recalculation of free ATP concentrations in solution 

and to avoid negative allosteric effects, the divalent cation-free solution was used. Thus, 

comparison of the obtained concentration-response curve with the previously published on rP2X7 

is limited, since this solution choice shifts the curve to the left, as anticipated with the lack of Ca2+ 

and Mg2+ effects on the receptor (Virginio et al., 1997; Hibell et al., 2000; Young et al., 2007; Roger 

et al., 2008, 2010; Yan et al., 2011). Yan et al. published the concentration-response relationship 

using Ca2+-free solution with an EC50 value around 1 mM ATP. Moreover, the results were obtained 

from naïve cells, the difference of which will be explained further (Yan et al., 2011). The Hill slope 

values from the previous studies were somewhat steeper, in the range of 1.8–2 (Hibell et al., 2000; 

Young et al., 2007; Roger et al., 2008; Yan et al., 2011). Again, the solution system and the receptor 

state differed from those used here. In pathophysiological conditions in the tissues release of ATP 

from damaged cells would result in activation of P2X7 receptors, followed by K+ release and 

increase in the extracellular K+ level, thus the P2X7 behaviour is more properly described in a K+ 

environment. However, often Na+ was chosen as the main ion over K+ for whole-cell HEK293 

measurements since the measurements in all K+ environment were more prone to instability. The 

K+ solution system produces larger current amplitudes and has benefits for kinetic analysis due to 

slower and activation and deactivation time course. K+ as main cation in single-channel recordings 

increases the open probability by prolonging the mean open time and, though having slightly 

smaller conductance, macroscopic currents are larger (Riedel et al., 2007b).  

Average whole-cell maximal current for fully facilitated receptor at 1mM ATP was 7,071.02 ± 

651.08 pA, similar to previously published maximum ATP-driven rP2X7 currents in HEK293 cells 

measured at –60 mV (Young et al., 2007; Roger et al., 2008, 2010; Yan et al 2011).  

Upon multiple application of high ATP concentration, the receptor would go through facilitation, 

a phenomenon well described in the literature but poorly understood (Surprenant et al., 1996; 

Rassendren et al., 1997; Hibell et al., 2000; Mackenzie et al., 2001, 2005; Verhoef et al., 2003; 

Adinolfi et al., 2005; Roger et al., 2008, 2010; Yan et al., 2010) (Figure 22). Through this process, 

the receptor changes from naïve to a fully-facilitated state, and the concentration-response 

relationship herein was obtained from fully-facilitated receptors. The fully-facilitated P2X7 
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receptor has higher affinity for ATP compared to the naïve one (Hibell et al., 2000; Roger et al., 

2008). Each step in successive high ATP application leads to a run-up in current, and also in 

changes in receptor kinetics. Facilitation is associated with faster activation and slower deactivation 

in every step, until the maximum current is reached (Yan et al., 2010, 2011).  

Prolonged application of high ATP concentration to cells containing P2X7 receptors causes the 

membrane to bleb, a well described and known feature of P2X7 activation indicating future 

apoptosis, though is a reversible process to some extent (Mackenzie et al., 2001, 2005; Verhoef et 

al., 2003; Adinolfi et al., 2008; Roger et al. 2008). Both facilitation and membrane blebbing as P2X7-

features can only be partially Ca2+ dependent, and in here used experimental design, both processes 

appeared in the absence of Ca2+ ions (Roger et al., 2008). 

The www concatemer had strongly decreased functional expression levels, with a mean average 

amplitude of 246±52 pA. The cells did not show blebbing of the membrane, and the current 

facilitation was rarely observed; these effects are likely abolished by the reduced receptor 

expression.  

5.2 P2X7 concatemer receptors express better in Xenopus oocytes 

5.2.1 Significant decrease in expression level of P2X7 concatamers 

The low expression of concatemer receptors is not an unusual outcome, yet many concatemers 

which struggle with expression in mammalian systems express better in Xenopus oocyte (Baumann 

et al., 2003; Groot- Kormelink et al., 2006; Baur et al., 2006; Ericksen and Boileau, 2007). The 

reason for this is not fully understood but seems to lie in different molecular machineries behind 

the protein assembly and trafficking. The simplest way to evaluate the expression system change 

was to perform whole-cell measurements on Xenopus oocytes using TEVC. TEVC was sufficient 

for initial receptor screening considering functionality of constructs as their functional expression. 

However, it could not be used for more complex analysis because of severe time limitations in the 

solution exchange. Therefore, the proceeding measurements were performed by the patch-clamp 

technique with fast solution exchange.  

The relative expression of the concatemer compared to the expression of the wild-type receptor 

was indeed increased, with the ratio reaching 1:5 with currents evoked by 5 mM ATP in Na-

solution, compared to 1:30 when expressed in HEK293 (Table 3). The mean current amplitude of 

the wild-type P2X7 receptor in whole oocytes was 10.51 ± 0.96 µA, while for the www concatemer 

it was 1.95 ± 0.41 µA. The functional expression level of rP2X7 was somewhat larger than 

published (Petrou et al., 1997; Smart et al., 2002; Schneider et al., 2017), which could be explained 
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by differences in the injected cRNA amounts. Lower expression is one of the possible and 

unpredictable limitations of concatenation, but was not a dead end for the strategy. With proper 

controls it may also be a good indicator of proper subunit assembly (Ericksen and Boileau, 2007; 

Groot-Kormelink et al., 2006; Baur et al., 2006).  

The reasons for decreased functional expression of concatenated receptors can be diverse, but 

remain unclear in several aspects. The amount of the protein in the membrane can be decreased. 

By confocal imaging of YFP-labelled P2X7 wt and www the significant decrease in membrane 

localisation of the concatamer receptor was verified (Figure 24). Previous publications showed no 

difference between maximum peak current for wild-type and fluorophore-tagged rP2X7 receptors 

in whole oocytes (Smart et al., 2002). This is a strong indication that a reduced membrane 

incorporation is a relevant reason for decreased currents. However, there can be additional reasons. 

Channel conductance and open probability may be altered by concatenation. The linked N- and C- 

terminus may alter the gating and change the usual interaction with other proteins. Linker effects 

on conformation should also be kept in mind. Possibilites of concatemer degrading and co-

assembly of the products do also exist. Significant differences between wild-type and concatemer 

P2X receptor expression was also observed for P2X1 and P2X2 (Nicke et al., 2003; Stelmashenko 

et al., 2012; Keceli and Kubo, 2014). Surface expression of the P2X2 concatemers indicates that 

majority of the receptors on the membrane are in the form of trimer, with only a small fraction of 

higher or lower order assemblies (Nagaya et al., 2005; Stelmashenko et al., 2012). On the other 

hand, the majority of evoked currents from a P2X1 concatemer was originated from monomeric 

and dimeric products (Nicke et al., 2003). Returning to P2X7 receptor, the long C-terminus can be 

a source of larger conformational freedom but can also be a constrain.  

The used linker of 20 amino acids was constructed with the aim to reduce an influence on the 

conformation and the tendency to aggregate the proteins compared to poly-glutamine sequences 

(Nicke et al., 2003; Stelmashenko et al., 2012). The longer (30 amino acids), or shorter (2 amino 

acids) linker sequence did not change the outcome in functional expression (Table 4), suggesting 

that the fusion of the subunits itself is problematic for membrane expression, and not the linkage 

type performed. Adding linkers to the single subunit sequence did not change the functional 

expression compared to the wt receptors (Table 4), again suggesting that the linkers alone cause no 

constraints.  

To decrease the possibility of degradation products and co-assembly, measurements were 

performed at latest 3 days after the oocyte injection, following the suggestions from P2X1 and 

P2X2 concatemers studies (Nicke et al., 2003; Keceli and Kubo, 2014). 
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5.2.2 Concatemers with two and one functional binding site produce current 

Similar current amplitudes as for the wild-type concatemer (www) were measured and for single-

mutated (wmw, mww, wmm) and for double-mutated concatemers (wmm, mmw, mwm) (Table 

3). This supports the notion that even a single ATP binding is enough for receptor activation. The 

previously published results on P2X2 concatemer showed that occupancy of two binding sites is 

enough for channel gating, but not disregarding the possibility of even just one being sufficient to 

open the channel (Stelmashenko et al., 2012; Kiceli and Kubo, 2014). The low current response of 

the triple-mutated concatemer (mmm) and the triple-mutated non-concatenated P2X7 K64A (m) 

could be explained by the strong shift of mutant receptor affinity.  

5.3 The delay of ligand application does not essentially influence the 

much slower kinetics of gating  

The success of kinetic studies of ligand-gated ion channels depends on the ability to rapidly 

exchange the agonist concentration on patches (Maconochie and Knight, 1989; Breitinger, 2001). 

The here used technique, hydraulic technique, is based on the rapid movement of a sharp interface 

between a pair of laminar solutions. The movement of the interface is driven by translating both 

parallel streams in a direction perpendicular to the flow with the aid of step-motor on software 

command (Sakmann and Neher, 1995; Komal et al., 2011, Figure 16). Hydraulic exchangers achieve 

millisecond times for washing on and off. Compared to photo-release technique, the actual 

concentration at the patch location is known (Niu et al., 1996; Auzmendi et al., 2012; Moffatt and 

Hume, 2007).  

In order to accomplish precise kinetic analysis of receptor activation and deactivation, it is needed 

to ensure that the solution exchange system in the patch-clamp set-up is sufficiently fast with 

respect to the processes to be studied. The key factors controlling exchange time are the flow 

velocity, proximity of the patch to the exit port of the application pipette, translation velocity of 

the interface, steepness of the gradient, and exchange time of the unstirred layer. However, not all 

of these factors can be estimated analytically (Sachs, 1999). Beneficially, the outside-out patches are 

the most amenable to rapid ligand exchange as for their size and exposure of the active surface to 

the bath (Sakmann and Neher, 1984, Ruknudin et al., 1991). Setting the norm to be minimum 10 

times faster than the fast component in receptor kinetics, as orientation was used the fast 

component in activation of the wild-type receptor. By appropriate tube system, barrel distance to 

applicator, pipette positioning in front of the applicator, it was managed to set the mean solution 

exchange at round 2 ms, concluding that the used system was fast enough (Figure 17). Additionally, 
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it was ensured that the delay in application process does not influence the solution exchange (Figure 

17, 18). 

As shown in Figures 19, 50, 51 and 52, a variability in rise time kinetics of patches was observed. 

The same issues, delay and kinetic variability, were described and studied in P2X2 receptors with a 

faster solution exchange system (Moffatt and Hume, 2007). The authors showed that the observed 

irregularities are rooted not in the receptor gating properties, but in the slow solution exchange, 

which was not the consequence of impairment in the solution flow or pipette positioning, but of 

varieties and changes in patch shape. The patches might partially fold over on themselves and in 

this way influence and impede the otherwise constant and rapid solution exchange. 

The delay phenomena and kinetic variations here is proposed to attribute partially to set-up flaws 

and partially to differences in patch shape which cannot be precisely observed and characterized.  

5.4 Facilitation is possible in the excised patch technique; are P2X7 

receptors naïve or fully-facilitated in this configuration? 

With the results that P2X7 K64A facilitates in the outside-out patch, a couple of questions arose. 

The first question was wether other constructs also show facilitation in excised patches. Early 

measurements with P2X7 wt lacked facilitation in the Xenopus oocyte excised patches, shown by 

multiple application of 5 mM ATP and calculating the ratio between the third and the first ATP 

evoked amplitude. The same procedure we used for www, wmw and wmm receptors (the last two 

were chosen as representatives from their configuration group of single- and double-mutated 

concatemers). For the mmm construct the same high ATP concentration of 30 mM was used as 

for m. The obtained results are shown in the Figure 25, and only the construct P2X7 K64A (m) 

shows the statistical difference in the amplitudes after repeated application of the same ATP 

concentration. 

The second question is why this receptor is the only one showing the facilitation in a patch. 

Compared to the P2X7 wt receptor, also non-concatenated receptor with presumably similair 

expression level, the K64A mutant has a much lower apparent ATP affinity. Eventually the patch 

history, including the oocyte peeling step and membrane rupture, leads to a higher local ATP 

release, enough to trigger the wt but not the m receptor to the fully-facilitated state.  

The lack of a slow current component in activation kinetics and the similarity between dose-

responses obtained from fully-facilitated wt receptor in HEK cells and the wt receptor in Xenopus 

oocyte patches (though one should have in mind that they are obtained in different solution 

systems; nevertheless the fully-facilitated receptors apparent affinity is twice higher compared to 
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the naïve receptor) (Hibell et al., 2000; Roger et al., 2008) (Figure 21, 27, 28, 29) support the 

hypothesis that the wt receptor in the patch is already fully-facilitated. Since the dose-response 

relationship and macroscopic kinetic behaviour of the www does not differ from the wt receptor 

in the patch configuration (Figure 40, 50, 51, 52), it can also be assumed that www is fully-facilitated 

(Surprenant et al. 1996; Chessel et al., 1997; Rassendren et al., 1997, Hibell et al., 2000, Roger et al., 

2008). More complex are the questions for the state of single- and double-mutated constructs, and 

for mmm. 

The mmm receptor, also with low ATP affinity, fails to show facilitation in the sense of amplitude 

increment (Figure 25), making the explanation more difficult and bringing in the question of the 

possible disruption of facilitation phenomenon by concatenation. The performed kinetic analysis 

for the first and the last 30 mM application on m and mmm did not show the significant differences 

even though the effect in change of the kinetics can be observed (Figure 26). Perhaps the larger 

numbers of patches would have to be analysed. Also with the here used methodology it was not 

possible to prove that the receptor in the patch was initially fully naïve. Nevertheless, it is clear that 

the activation speed of mmm resembles more the activation speed of m, giving more confidence 

to claim that and mmm is in the fully-facilitated state. The benefit for this discussion would be if 

the true concentration-response relationship for mmm and m could be obtained. If their 

concentration-response relationship would be as similar as for wt and www, it could be better 

substantiated that mmm is also in fully-facilitated state.  

With regard to the whole-cell recordings in HEK293 cells, showing regular facilitation for P2X7 

wt receptors, during the measurement of the www it was difficult to catch the same process, yet 

not impossible. Perhaps the difference in the expression level or receptor density is one of the 

factors playing a role in the facilitation process. For hP2X7 it was shown to be irrelevant. TEVC 

recordings shortly after oocyte injection to reduce the current expression (< 3 µA) did not show a 

change in the gating characteristics compared to usual current expression (> 6µA) (Allsopp and 

Evans, 2015). In HEK293 cells, EGFP-tagged P2X7 receptors did not show clustering before or 

after ligand application, and no simple connection between membrane receptor density and dye-

uptake was observed (Smart et al., 2002) (with the assumption that current facilitation and dye-

uptake are related events). Thus, it is possible that concatenation itself negatively influences P2X7 

current facilitation.  

Since single- and double-mutated concatemers displayed a fast activation process compared to slow 

component characteristic for naïve receptors, it is more likely they are also in fully-facilitated state 

(Figure 50). 
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Closing this chapter, it was discovered that the excised outside-out patches do not disable the 

facilitation process, and that this process is possible in the symmetrical solution environment. This 

argues against ion accumulation and low-affinity intracellular components as main contributors to 

this process (Coutinho-Silva and Persechini, 1997; Persechini et al., 1998, Faria et al., 2005, Riedel 

et al. 2007a; Li et al., 2015). Nevertheless, more research is needed to get further insight into these 

phenomena, and the low-affinity P2X7 mutants could be a valuable tool for respective 

investigations.  

5.5 Subunit position effect and the arrangement of subunits in 

concatemer 

The wmw concatemer showed surprisingly large patch currents compared to others concatemers, 

higher even than the wild-type concatemer (Table 5). This raised worries about possible wt subunit 

by-products being responsible for larger currents, an assembly artefact which previously was a 

major issue with P2X1 concatemers (Nicke et al., 2003). However, the kinetic analysis showed 

rather clear difference for this construct from the www and P2X7 wt monomer in deactivation 

(Figure 55).  

In each of two configurations of concatemers with two or concatemers with one wild-type binding 

site, there was one construct with different EC50 value: mww and mmw, suggesting that the 

concatemer strategy was not free of side effects of linker introduction (Figure 45, 48). The construct 

with a mutation in the first subunit was also noticeably different from the other two constructs in 

the configuration of single-mutated concatemers for P2X2 concatemers as well (Stelmashenko et 

al., 2012). This was explained by the importance of the free, non-concatenated N-terminus in the 

first subunit. Since the initial gating step involves movement of TM1, perhaps this is more readily 

to occur when the N-terminus is not linked to the C-terminus of the neighbour subunit (Allsopp 

and Evans, 2015). The same differences in the configurations were observed after activation 

analysis (Figure 53): the construct with the shifted apparent affinity also had the slowest fast 

component in activation, putting the strength on explanation about linkage’s influence on gating. 

For the difference in the group with one wild-type binding site, discussion about concatemer 

arrangement will follow, since wmm behaves similarly with mwm and different from mmw, and it 

would be expected that the construct with the wild-type first subunit is the one with higher apparent 

affinity. 

Theoretically, concatemers can assemble in two possible arrangements: clockwise and 

counterclockwise. For better understanding, the illustration is provided (Figure 58). 
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The order of the individual subunits in tandem trimers of P2X2 concatemers was analysed by 

Keceli and Kubo (Keceli and Kubo, 2014), who used two different ATP-binding site mutations 

(K64A and K308), each disrupting the ATP binding from different side in the binding pocket. By 

combining these two mutations in differently positioned subunits, and while previously showing 

with the same mutation in two different subunits that constructs with only one ATP binding site 

produce hardly any current response, their results indicated that the subunits’ orientation in 

concatemers is likely to be counterclockwise (if viewed from the outside). P2X7 concatemers here 

presented with single wild-type binding site and the difference in this configuration among them 

support these results. The one which differs, mmw, is by the counterclockwise orientation the only 

one in the configuration with the first subunit with free N-terminus being blocked from the action 

in gating. By the hypothesis about N-terminus importance the clockwise orientation would indicate 

mwm as the one which differs, which is not the case in the obtained results.  

 

 

Figure 58. Schematic view of the two possible subunit arrangements in P2X7 trimeric 
concatemers. (A) Clockwise, (B) Counterclockwise. The sides of the triangle represent 
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subunits, and the corners of the triangle with violet form represent intersubunit wild-type ATP 
binding site. Subunit 1 has a free N- and subunit 3 has a free C-terminus. The grey circles 
indicate the construct in the configuration possibly different by the proposed orientation after 
theoretical discussion. The red background rectangle indicates the construct differing in 
apparent affinity from the other two in the configuration after measurement results.  

 

5.6 Proposed subunit interactions and influence of concatenation 

The results from P2X2 and P2X1, and from P2X2 and P2X7 chimeric receptors indicate the 

importance of the N-terminus for receptor gating, as well as its interaction with the C-terminus 

(Allsopp and Evans, 2011; Allsopp and Evans, 2015; Liang et al., 2019). The authors suggested the 

possibility of their interaction on the movement of the TM2, as well as the possibility of N-terminus 

through TM1 regulating the movement of TM2. However it remains open how the interactions 

proceed, intra- versus intersubunit, and their effect on the transmembrane domains. Related 

questions were published prior to full-length rP2X7 structure (McCathey et al., 2017). It is thus 

possible to suggest a hypothesis with more details. 

Characteristic for P2X7 receptor is the presence of the permanent cytoplasmic cap responsible for 

receptors’ absence of desensitisation (Mansoor et al., 2016; McCarthey et al., 2019). This domain, 

a triangle-shaped network located beneath the TM domains and parallel to the membrane, is 

formed by the N-terminus of each subunit aiming towards the surface between the other two, 

getting between the TM1 of one (direction counterclockwise) and TM2 of other adjacent (direction 

clockwise) subunit, and perhaps interacting with the C-cys of clockwise adjacent subunit and N-

terminus of both other subunits. This organisation of the P2X7 cytoplasmic cap generates the place 

for intracellular domains to interact on both the intra- and intersubunit level (Figure 59).  
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Figure 59. Cytoplasmic cap of rP2X7 receptor. Bottom-up view from the cytoplasmic 
surface, cytoplasmic ballast was removed for better visualisation (adapted and modified from 
McCathey et al., 2019, using SWISS-MODEL, Waterhouse et al., 2018). 

By linking the N- and C-terminus one undoubtedly interferes with these interactions. Since the 

linkage is performed on the end of the C-terminus, C-cys is probably not influenced, additionally 

supported by the lack of desensitisation which would indicate the disturbance of this structural part 

(McCarthey et al., 2019). The end of the C-terminus, part of cytoplasmatic ballast, is irrelevant for 

ion channel function, so the C-terminus linkage should not be a point of interference of the gating 

(McCarthey et al., 2019). Linkage of the N-terminus is most probably the cause of the observed 

effects of concatenation and the reason behind the importance of subunit position, as discussed 

previously. Since the linkage is performed on the start of N-terminus, its juxtamembrane part is 

probably preserved, and the suggestion is that intrasubunit juxtamembrane N- and C-cys 

interaction is not disturbed. However, the intersubunit interactions between subunit’s N- terminus 

with one adjacent subunit’s C-cys and other two subunits’ N-termini is possibly disrupted and a 

place of the negative influence of linkage during concatenation. Since only one subunit (the first 

one) has a free N-terminus, there is only one intersubunit interaction of this type possible, instead 

of the usual three. Perhaps the linkage and the resulting lack of usual subunit interaction on the 

cytoplasmic cap level disrupt the usual open state stabilisation this domain could provide, and are 

the origin of the difference in the speed of deactivation of wt monomer and concatemer (Figure 

55). Additionally, this could be the reason for possible facilitation disturbance by concatenation 

and the immediate fully-facilitated state of the concatemer, having in mind the importance of the 

N-terminus for this process (Allsopp and Evans, 2015; Liang et al., 2019). 

It is possible that the intersubunit interactions in P2X7 is unique insofar that the cytoplasmic cap 

helps to propagate the signal and synchronize the movement of the all three subunits together in 

the activation, and enable that a single bound ligand is already sufficient for gating and stepwise 

activation; unlike the P2X2 receptors which require two (Stelmashenko et al., 2012.; Keceli and 

Kubo; 2015). Positioning of intersubunit interactions in the cytoplasmic cap are in line with 

proposals for P2X2 and P2X4 receptors (Keceli and Kubo, 2015; Hattori and Gouaux, 2012), 

where authors discuss that the intersubunit interactions are localised deeper at the lower ends of 

the TM domains. It would be interesting to study these interactions by Förster resonance energy 

transfer with fluorescent sensor labelled N- and C-terminus.  
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5.7 Each ATP binding counts: stepwise activation of P2X7 receptor 

5.7.1 Binding, gating and apparent affinity in macroscopic currents 

The EC50 values obtained from dose-response relationships show the apparent affinity, which is a 

sum of true binding affinity (defined as microscopic equilibrium rate constant for binding to 

inactive state) and gating characteristics of the channel. Gating can be defined as the set of all 

microscopic rate constants following the ligand binding and leading to conformational changes to 

open the channel (Colquhoun, 1998); it is an intrinsic property, an ability of a channel to open 

(Buchwald, 2019). The Hill coefficient calculated from concentration-response relationships is an 

empirical value without the power to describe physical mechanisms of binding and gating. Still, it 

has informative value since it must be less than the number of agonists needed for channel opening 

(Wyman and Gill, 1990) and its values larger than one indicate positive cooperativity in gating. The 

K64A mutation chosen in this study presumably targets only the ATP binding, thus the dose-

response shift in the mutant compared to the wild-type receptor is presumably the consequence of 

the pure binding effect, meaning that binding affinity was changed while the gating constants remain 

the same (Colquhoun, 1998) (Figure 28, 32). Introduction of mutant subunits in one or two 

positions led to decrease in apparent affinity (Figure 45, 48); the efficacy seems to remain 

unchanged based on the whole-cell oocyte measurements at saturating concentration (Table 3). All 

the constructs had the Hill coefficient around 1, suggesting in the sum the absence of relevant 

cooperativity among subunits (Table 5).  

A macroscopic time course of activation is a complex outcome of binding and gating, difficult to 

dissect (binding-gating problem, Colquhoun, 1998, 2006). However, deactivation is easier to discuss. 

In the simplest form, the macroscopic current decay described as a simple exponential time course 

is determined by the lifetime of individual open channels (Anderson and Stevens, 1973), which are 

determined by the sum of the rate constants for all the routes leading the channel from open to 

shut state. The change in macroscopic deactivation can be result of the changed transition from 

the open-bound to the closed-bound state (conformational change) or by the changed ligand 

unbinding rate (closed bound to closed unbound state). The studies on NMDA (Lester and Jahr, 

1992) and acetylcholine receptors (Mike et al., 2000) show that ligand unbinding mostly determines 

the difference in agonist potency. The same was shown by Rettinger and Schmalzig for P2X1 

receptors: the inverse relation between deactivation time constant and EC50 values for different 

agonists and chimeras (Rettinger and Schmalzing, 2004). Thus, these results meet the assumption 

that receptor deactivation by agonist washout reflects rather the unbinding properties and not the 

channel open-closed transition. 
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5.7.2 P2X7 conformational change limits the activation speed, whereas 

deactivation speed is concentration-independent 

The dependence of the activation speed on agonist concentration plotted for rP2X7 wt and the 

K64A mutant is typical for ligand-gated ion channels, decreasing with increasing agonist 

concentration (Figure 30, 36) (Surprenant, 1996; Rettinger and Schmalzig, 2004). For wt, 

conformational changes certainly co-determine the activation speed since a ten times increase of 

the agonist concentration leads to a much lesser acceleration of the activation speed (Figure 30). 

Deactivation of wt and K64A mutant receptor was independent of the agonist concentration 

(Figure 30, 36). These results are in line with the macroscopic outside-out patch measurements of 

hP2X7 receptor (Riedel et al., 2007a). The slower activation and faster deactivation of the mutant 

compared to the wild-type fit to a lower affinity for ligand binding.  

5.7.3 Relation between apparent affinity and activation as well as 

deactivation time course 

The increase in the number of mutant subunits gradually led to a slower fast component of 

activation, while the slow component remained unchanged (Figure 51, 52). The fast component is 

relatied with the apparent affinity (Figure 53) and thus possibly connected to early conformational 

changes during gating. These results strengthen the previous discussion on the effects of subunit 

position. Interestingly, there is no relation between deactivation time constants and apparent 

affinity for single- and double-mutated constructs (Figure 56), which opposes the claims that ligand 

unbinding is the main factor in deactivation process. This is also supported by the differences in 

the deactivation time course for wt and www: even though concatenated receptors match the 

apparent affinity and activation speed with wt, it deactivates three times faster (Figure 55).  

5.7.4 Third ATP binding step increases current amplitude and slows the 

deactivation but provides no evidence for a big pore 

Binding of the third ligand significantly slows the P2X7 deactivation time course, while the 

receptors with two and one active binding site share s similar fast deactivation (Figure 55). On the 

contrary, P2X2 receptors with two and three ligands bound do not differ in the deactivation speed 

(Stelmashenko et al., 2012). Since the additional activation of the third binding site on single-

mutated concatemers lead to an increase in current amplitude (Figure 57), the reason for it is the 

increase either in the open probability or in single-channel conductance. Stelmashenko et al. 

performed single-channel measurements on P2X2 concatemers, observing no changes in single 
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channel conductance for wild-type and a single-mutated concatemer (Stelmashenko et al., 2012). 

Riedel et al. did not observe differences in P2X7 single channel conductance evoked by different 

ATP concentrations; increased ATP concentrations led to an increase in Po caused by shortening 

of mean closed times (increased rate of channel opening) (Riedel et al., 2007a). Overall, in 

practically all ion channels conductance properties are unaffected by different agonists (Colquhoun, 

1998; Colquhoun and Sivilotti, 2004; Karpen and Ruiz, 2002, Gardner et al., 1984; Lewis et al., 

2003; Mortensen et al., 2004) and subconductance levels at submaximaly concentrations are more 

the exception than the rule but do exist. AMPA-type glutamate receptors’ channel openings can 

occur at three conductance levels, explained by a kinetic model with two agonists bound sufficient 

for conductance state, three agonists bound for intermediate and four bound agonists needed for 

the highest conducting state (Rosenmund et al., 1998). Rodent CNG channels open to two or three 

different levels of conductance. Partially liganded channels have a preference for opening to 

subconductance states over the highest conductance state, while fully liganded channels favour 

opening to the highest conductance state (Ruiz and Karpen, 1997). The macroscopic recordings of 

wmw at 5, 10 and 30 mM ATP apart from increased amplitude did not show strong changes noise 

which should have indicated any big change (increase) in conductance. Thus, the most 

straightforward conclusion is that the third ATP molecule binding increases the channel open 

probability. Without the single-channel measurements one cannot distinguish is the increase in Po 

consequence of the prolonged mean open time or increased rate of channel opening (or both). So 

far, the simplest way to explain the slow deactivation following occupancy of three binding sites 

compared to two or one would be the stabilisation of the open state caused by third ligand binding. 

These results play against the hypothesis about the necessity of third ligand binding step for the 

striking pore dilation (Yan et al., 2010); however, the unsolved question of single- and double-

mutated receptors’ fully-facilitated state in the patch should be kept in mind. 

5.7.5  Suggestions for P2X7 gating model 

For simpler description and discussion of receptors with one and two ligands bound, Scheme 1 is 

provided. It shows sequential mechanism for a receptor with three binding sites and one agonist 

bound that is sufficient for channel opening (based on a scheme by Colquhoun and Sakmann, 

1981). k are rate constants for ligand binding/dissociation, while α and β are constants for shut-

open isomerisation. The KAn can denote the equilibrium association constant for binding step (ratio 

between k+n and k-n). The ratio β/α can be denoted as E, and defined as opening/shutting rate 

constants (del Castillo and Katz, 1957). The larger this value is the greater is the fraction of 

occupied channels opened at equilibrium. Since Riedel et al. did not observe the spontaneous 
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channel openings in the absence of ligand for hP2X7 receptor, the unliganded opened state was 

left out (Riedel et al., 2007a).  

            

 

 

 

Scheme 1 

With decreased number of bound ligands, the activation tends to become slower, however the 

effect is mostly insignificant (Figure 50, 51, 52). Receptors with one and two active binding sites 

mediate fast deactivation, even with their apparent affinities being in the range from 80 (wmw) to 

800 µM ATP (mmw) (Figure 55, 56). Thus, deactivation cannot be determined only by the different 

ligand affinities for the receptors with one or with two wild-type binding sites, since this should 

give the slower agonist washout when two binding sites are occupied compared to one. Proposing 

that the true affinity of the receptor with two occupied binding sites is higher than of the receptor 

with one occupied binding site, the same deactivation speed should indicate that the open-closed 

transition of the two ligands bound receptor (β2/α2) is decreased, either by a faster  opening or 

slower shutting rate constant (or perhaps both). It is also possible that the open state with two 

bound ligands is unstable and transits into the open state with one ligand bound (A2R* to AR* 

transition). Again, without a performed global fit, the discussion remains on the level of 

assumptions in the scope of this study.  

Assuming that initially all three binding sites are equivalent, after the first agonist molecule is 

bound, the symmetry must be lost, meaning that the remaining two binding sites could have 

different agonist affinity (Yan et al., 2010; Browne and North, 2013b). Moreover, it should be noted 

that binding affinities between closed and open state must differ. The reason for changed binding 

sites affinity following ligand association can be conformational changes, but can also be the 

electrostatic effect between bound agonist molecules. Negatively charged ATP molecules might 

cause repulsion, suggesting negative subunit cooperativity for P2X2 (Ding and Sachs, 1999) and 

hP2X7 receptors (Klapperstück et al., 2001). An interesting combination of pronounced negative 

cooperativity for ligand binding, overcompensated by the pronounced positive cooperativity for 

flip reactions, which result in overall positive cooperativity for channel activation is a new molecular 
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mechanism of gating for P2X receptors, proposed after P2X2 global fit (Sattler et al., 2020). The 

hP2X7 model with two binding sites states negative cooperativity in the second binding step (Riedel 

et al., 2007a). Yan et al. proposed a model with three ATP steps: the first binding with high affinity, 

the second with medium and the third with low affinity, and high affinity sites in the sensitised 

receptor (Yan et al., 2010). The experiments of this work do not support any of the previously 

published P2X7 models, demanding the new model with three available binding steps and one 

binding site sufficient for channel opening, and with the possibility of flip states as proposed for 

the P2X2 (Sattler et al., 2020) or by introducing sensitised open states (Yan et al., 2010). 

From the deactivation analysis of wt receptor–slow deactivation regardless of ATP concentration 

(Figure 30)–one can assume that even at low concentrations the openings come from three agonist 

bound receptors and thus that this is the receptors’ favourable open state. If the low agonist 

concentration leads to opening of receptors with only one or two ligands bound, the deactivation 

at low ATP concentrations would be fast, which is not in line with presented results. In accordance 

with this hypothesis are the results of global fit analysis of the P2X2 wt receptor, where Sattler and 

colleagues presented that independently of the ATP concentration, the channel openings mostly 

arise when three ligands are bound (Sattler et al., 2020). 

To summarize, the combination of macroscopic kinetics, with added binding measurements, 

single-channel recordings and adequate global fit approaches could lead to a better dissection of 

the subunits in P2X7 channels.  
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6 CONCLUSIONS 

1. The concatemer strategy can be successfully applied to study P2X7 channels. The trimeric 

concatemer shares the characteristics of the P2X7 wild-type receptor, however with 

significantly lower functional expression. The expression of the concatemer is better in 

Xenopus oocytes compared to HEK293 cells. The outside-out patch configuration was most 

suitable for meeting the demands of this study’s objectives. 

2.  Facilitation is possible in outside-out patches in symmetrical solution system, as shown for 

the P2X7 K64A mutant. This indicates that ion accumulation and low-affinity intracellular 

components should not be the main factors in this process.  

3. The effects of functional subunit position indicate the importance of interactions between 

N- and C-terminus of subunits and that linkage of them for concatemer construction is not 

without consequences. 

4. A single bound ATP molecule is sufficient for P2X7 channel gating. 

5. Occupying the third binding site did not lead to extreme changes in current amplitude and 

noise to explain the big pore phenomenon.  

6. An increased number of bound ligands leads to faster receptor activation, though this 

effect’s significance is not universal among all constructs. The third ligand binding strongly 

slows down deactivation, stabilising the open state. 

7. The obtained results show that each binding site contributes to the P2X7 channel gating; 

thus, this receptor’s activation is stepwise. However, P2X7 wt channel openings are 

dominated by the triple liganded state. 
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