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Abstract

The P2X7 receptor (P2X7R) is a calcium-permeable cation channel activated by high concentrations of

extracellular ATP. It plays a role in vital physiological processes, particularly in innate immunity, and

is dysregulated in pathological conditions such as inflammatory diseases, neurodegenerative diseases,

mood disorders and cancers. Structural modelling of the human P2X7R (hP2X7R) based on the recently

available structures of the rat P2X7 receptor (rP2XR) in conjunction with molecular docking predicts

the orientation of tyrosine at position 288 (Y288) in the extracellular domain to face ATP. In this short

communication, we combined site-directed mutagenesis and whole-cell patch clamp recording to

investigate the role of this residue in the hP2X7R function. Mutation of this extracellular residue to

amino acids with different properties massively impaired current responses to both ATP and BzATP,

suggesting that Y288 is important for normal receptor function. Such a finding facilitates development

of an in-depth understanding of the molecular basis of hP2X7R structure-function relationships.

Keywords: P2X7R; structure-function relationships; structural modelling; molecular docking; site-

directed mutagenesis; patch-clamp recording

Introduction

Extracellular adenosine triphosphate (ATP) acts as a signalling molecule that evokes purinergic

signalling through purinergic receptors, including P2X receptors (P2XRs), a group of trimeric, ligand-

gated ion channels made of seven subunits (P2X1-7). The P2X7 receptor (P2X7R) is distinct from the

other P2XRs in part due to its relative insensitivity to ATP, requiring sub-millimolar to millimolar

concentrations compared to submicromolar concentrations for other P2XRs, and its higher sensitivity

to the synthetic ATP analogue benzoylbenzoyl-ATP (BzATP) than ATP (Surprenant et al., 1996;

Rassendren et al., 1997). The P2X7R is highly expressed in immune cells, particularly macrophages

and microglia, where it has an integral function in regulating innate immune responses, and alteration

in its expression and/function is strongly implicated in inflammation in the pathogenesis of clinical
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conditions such as chronic pain, neurodegenerative diseases and mood disorders (e.g., Adinolfi et al.,

2018; Bhattacharya and Jones, 2018; Wei et al., 2018; Andrejew et al., 2020; Jiang and Roger, 2020;

Pelegrin, 2021; Engel et al., 2021). The hP2X7R thus remains an attractive pharmacological target (e.g.,

Cao et al., 2019; Koch-Nolte et al., 2019; Illes et al., 2019; Calzaferri et al., 2020; Territo and

Zarrinmayeh, 2021). As such, understanding amino acid residues that can influence the function of the

hP2X7R is a subject of much scrutiny. Indeed, numerous residues in the P2X7R have been identified

as important determinants for its function, by influencing different functional aspects of the P2X7R

(Jiang et al., 2013, 2021). This short communication reports Y288 in the hP2X7R to be critical for its

normal function.

Materials and Methods

Homology modelling Structural models of the hP2X7R were generated based on the cryo-electron

microscopy structures of the rP2X7R in closed and ATP-bound open states (Protein Data Bank code

6U9V and 6U9W, respectively). Models were produced inModeller version 9.12 (Webb and Sali, 2006)

and subsequently analysed in MolProbity (Davis et al., 2007) as detailed in our previous studies

(Caseley et al., 2015, 2016, 2020).

Molecular docking Docking studies were carried out in AutoDock version 4.2 (Morris et al., 2009)

against a target cavity file consisting of a 15-Å sphere surrounding the ATP-binding site in the

homology models generated above, with the bound ATP molecule used as the central point. Affinity

grid files were generated using the auxiliary program AutoGrid. The ATP molecule bound within the

binding site in the crystal structure was used as the centre of these grids. A model of the 2′ isomer of 

BzATP was used in docking.

Site-directed mutagenesis cDNA for the wildtype (WT) hP2X7 receptor tagged with a C-terminal EE

(EYMPME) epitope was subcloned into a pcDNA3.1 vector as outlined in previous studies (Bradley et

al., 2011). Site-directed mutagenesis was used to introduce point mutations as described (Yang and

Jiang, 2013) and confirmed by commercial sequencing (Beckman Coulter Genomics).

Patch-clamp recording Human embryonic kidney (HEK) 293 cells were transiently transfected with

WT or mutant hP2X7Rs using Lipofectamine 2000 (Invitrogen). Whole-cell currents were measured

using patch-clamp recording. The EC50 values were derived by fitting the concentration-current

response relationship curves to Hill equation, as detailed in previous studies (Bradley et al., 2011;

Caseley et al., 2016).

Data analysis Results are presented as the mean ± standard error of the mean (SEM), where appropriate.

Curve fits were carried out in Origin software. Student’s t-test was used to compare two groups, and
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one-way analysis of variance (ANOVA) test with Tukey’s post-hoc test was used for more than two

groups. A p < 0.05 was considered significant.

Results

Molecular docking was carried out to dock ATP and BzATP into the extracellular region of a homology

model of the hP2X7R (Fig.1A) that was generated using the recently reported structures of the rP2X7R

(McCarthy et al., 2019). ATP binding at the subunit interface is coordinated by a subset of highly

conserved residues from two neighbouring subunits, including K64, K66, T189, N292, R294 and K311

in the hP2X7R structural model (left panel in Fig.1B) as described in the rP2X7R structure (right panel

in Fig.1B). As illustrated by conformations of BzATP with the two lowest predicted binding energies

docked to the hP2X7R structural model, many of these ATP-binding residues and additional highly

conserved residues such as Q143, I214 and I228 are predicted to be engaged in BzATP binding to the

hP2X7R (Fig.1C).

Interestingly, interrogating this region revealed that tyrosine at position 288 (Y288), in the

hP2X7R, particularly its aromatic side chain, assumes an orientation facing towards ATP (Fig.1B). A

previous study showed that introduction of Y288F mutation into the hP2X7R, which replaced Y288

with phenylalanine, the corresponding residue in the rP2X7R (Fig.1B), affected receptor deactivation

(Ischchenko et al., 2017). However, it remained unclear whether this position influences agonist binding

and/or conformal changes required for receptor activation.

We introduced point mutation of Y288 in the hP2X7R with residues with different side chain,

serine, glycine, and valine (Y288S, Y288G, and Y288V) as well as phenylalanine (Y288F). We

expressed the WT and mutant hP2X7R in HEK293 cells and assessed the mutational effects on the

hP2X7R current response to a range of concentrations of the potent P2X7R agonist, BzATP (Fig.2), as

well as the physiological agonist, ATP (Fig.3). Y288G, Y288S and Y288V mutations drastically

impaired the current responses to BzATP at all concentrations (Fig.2A-B); the mean amplitude of

maximal currents elicited by 300 μM BzATP was reduced from 4458 ± 580 pA from the WT hP2X7R 

to 120 ± 41, 115 ± 53 and 101 ± 22 pA, respectively (Fig.2C). Surprisingly, the maximal current

amplitude for the hP2X7 receptor carrying the Y288F mutation, 274 ± 59 pA, although being

approximately double of that seen in the other three mutants, was significantly lower than that from the

WT hP2X7R. Similarly, mutation of Y288 decreased the current responses to ATP at all concentrations

(Fig.3A-B). The mean maximal currents induced by 10 mM ATP were 75 ± 25, 115 ± 53 and 111 ± 24

pA for Y288G, Y288S and Y288V, respectively, markedly smaller than 4268 ± 640 pA from the WT

hP2X7R. Similar to the current response to BzATP, the mean maximal current response of Y288F

mutant receptor, 140 ± 101 pA, was slightly higher than that of other Tyr288 mutant receptors (Fig.3C).

It has been demonstrated that many individual residues in the P2X7R influence agonist

sensitivity, including those disease-related ones arising from non-synonymous single nucleotide

polymorphisms (NS-SNPs) in humans (Young et al., 2007; Jiang et al., 2013). We thus further
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determined the EC50 values of the WT and mutant hP2X7Rs in order to examine the mutational effects

on the sensitivity of the hP2X7R to BzATP and ATP. Despite significantly reduced current responses,

the BzATP EC50 value for the Y288V and Y288F mutant receptors was comparable to that of the WT

hP2X7R, whereas the BzATP EC50 value for the Y288G and Y288S mutant receptors was considerably

reduced (Fig.2D). In contrast, the Y288V and Y288F mutant receptors exhibited a significantly higher

EC50 value in response to ATP, whereas the Y288G and Y288S mutant receptors had an EC50 value

comparable to that of theWT hP2X7R (Fig.3D). Collectively, these results indicate that these mutations

also affect agonist sensitivity as well as agonist-induced current responses at the hP2X7R.

Discussion

Many residues in various parts of the hP2X7R play an important role in receptor function, as

demonstrated by naturally occurring or engineered mutations that affect channel function (Young et al.,

2007; Roger et al., 2010; Bradley et al., 2011; Caseley et al., 2014, 2020). Here, we combined structural

modelling, based on the recently reported structures of the rP2X7R, and molecular docking to identify

residues in the extracellular domain proximal to the highly conserved ATP-binding site in the hP2X7R,

revealing Y288 as being of interest for its close position to ATP, particularly its ATP-facing orientation

(Fig.1B). Our results show that substitution of Y288 with residues with side chains of varying properties

led to a drastic loss of the current responses to both ATP and BzATP (Fig.2 and Fig.3). Surprisingly,

even replacement of Y288 with the corresponding residue F288 in the rP2X7 receptor massively

impaired the current responses to ATP and BzATP. Collectively, these results suggest that Y288 is

critically required for normal function of the hP2X7R.

The location of residue 288 can be examined thanks to the recent determination of the full-

length rP2X7R structure (McCarthy et al., 2019), which facilitates the production of hP2X7R homology

models (Fig.1A). Previous studies utilising similar molecular docking approaches have also identified

several conserved residues as important in coordinating BzATP binding, including Q143, T189 and

I228 (Dal Ben et al., 2015; Pasqualetto et al., 2018). Similar results were obtained in this study (Fig.1C).

Furthermore, Dal Ben et al (2015) proposed that hindrance of Y/F288 affected agonist-P2X7R

interactions, a notion that is overall supported by our results from site-directed mutagenesis. In the

rP2X7R structure, F288 in the extracellular domain occupies a position proximal to L191, I214 and

I228, which together form a hydrophobic milieu that influences interactions of ATP, particularly the

ribose and adenine, with the ATP-binding site (right panel in Fig.1B). In addition, F288 forms the

bottom half of the ATP ‘jaw’ that tightens following ATP binding to activate the rP2X7R (Jiang et al.,

2021). Change to Y288 in the hP2X7R with a different orientation may influence the interaction with

agonist and/or the conformational changes required for receptor activation. A recent study has reported

that introduction of the Y288S mutation in a human P2X7 receptor, in which residues 16-26 in the

intracellular N-terminus was replaced by the corresponding region of the hP2X2 receptor, significantly

reduced both ATP-induced maximal current response and the EC50 for ATP (Allsopp et al., 2017).
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These results are overall consistent with our results (Fig.3), though the mutational effects were less

prominent than what we observed. Our previous study reported NS-SNP mutations H155Y, also located

in the extracellular domain, impaired normal hP2X7R function by altering cell surface expression

(Bradley et al., 2011). Our preliminary results using immuno-fluorescent confocal microscopy suggest

that mutation of Y288 may also negatively affect the cell surface expression (Supplementary Fig.1) that

may in part contribute to loss of receptor function. The residue 288 is located however far away from

the transmembrane ion-conducting pore, suggesting that mutating F288 unlikely altered the function of

the ion-permeating pathway.

In summary, this study reports Tyr288 in the extracellular domain of the hP2X7R as an

important molecular determinant for receptor activation, cell surface expression or both.
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Figure legends

Fig. 1 Location of Y288 in the hP2X7R ATP-binding site. (A) Homology model of the trimeric

hP2X7R in the closed state composed of extracellular, transmembrane and intracellular and domains,

based on the rP2X7R structure (PDB 6U9V). The location of residue Y288 at one subunit interface is

illustrated in yellow spheres. (B) Close-up view showing the relative position of residue Y288 in yellow

to key residues coordinating the binding for the ATP molecule docked to the hP2X7R structure model

(left) and in the rP2X7R structure (right). (C) Conformations of BzATP with the two lowest predicted

binding energies docked to the structural model of the hP2X7R in ATP-bound state, showing residues

predicted to coordinate BzATP binding.

Fig. 2 Impact of mutating hP2X7R residue Y288 on BzATP-induced currents. (A) Representative

current responses evoked by BzATP at concentrations indicated from HEK293 cells transiently

expressing the WT or mutant hP2X7R. (B) Concentration-current response relationship curves from
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recordings shown in A; solid lines represent data fit to the Hill equation. (C) Summary of the maximal

currents evoked by 300 μM BzATP, and BzATP EC50 values. ** p < 0.01 compared to WT.

Fig. 3 Impact of mutating hP2X7R residue Y288 on ATP-induced currents. (A) Representative

current responses evoked by ATP at concentrations indicated fromHEK293 cells transiently expressing

the WT or mutant hP2X7R. (B) Concentration-current response relationship curves from recordings

shown in A; solid lines represent data fit to the Hill equation. (C) Summary of the maximal current

evoked by 10 mM ATP, and ATP EC50 values. ** p < 0.01 compared to WT.
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