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Abstract

TheATP-gated, purinergic P2X7 receptor (P2X7R) is a trimeric, non-selective cation
channel with key functions in inflammation and immunity. It mediates a multitude
of cellular events that are normally not associated with ion channel functions (e.g.
modification of the plasma membrane, cytokine release, and cell death). Compared to
the other homologous P2X receptor subunits (P2X1-P2X6), the P2X7 subunit contains
an unusually long intracellular C-terminus, which is thought to be essential for most
of these cellular responses [4.1]. However, the underlying molecular mechanisms and
signaling pathways are incompletely understood. The role of the P2X7R in immune
signaling and especially its involvement in diverse pathophysiological processes such
as inflammation, epilepsy, Alzheimer’s disease, and cancer makes it an interesting
drug target. To validate the P2X7R as a drug target, detailed understanding of its
molecular and physiological functions, cell-type specific expression, and selective
ligands are required. A major aim of this work was the investigation of the molecular
consequences of P2X7R activation and the identification of potent antagonists. In
addition, I investigated the localization of the P2X7R and thereby contributed to the
characterization of a novel P2X7 mouse model.
To investigate conformational changes in the molecular structure of the P2X7R that
are associated with its activation, I applied voltage clamp fluorometry (VCF) ([4.2]).
To this end, I refined a method for the incorporation of the environment-sensitive
fluorescent unnatural amino acid (fUAA) ANAP into Xenopus laevis oocyte-expressed
receptors. Furthermore, I constructed a VCF setup optimized for the detection of
ANAP-specific fluorescence changes. VCF measurements from ANAP-containing
P2X7R-expressing oocytes provided evidence that the ATP-induced conformational
changes in extracellular and transmembrane domains are not translated to the intra-
cellular C-terminus and that the P2X7-characteristic current facilitation is an intrinsic
receptor property and likely associated with change in its gating ([3.1]).
To determine and compare the potency of novel small-molecule P2X7R antagonists,
I performed two-electrode voltage clamp (TEVC) analysis on P2X7R-expressing X.
laevis oocytes ([3.2], [4.3]). These data revealed a compound with nanomolar potency,
for which I further analyzed association and dissociation kinetics and confirmed its
binding to the P2X7R allosteric binding pocket by site-directed mutagenesis.
Finally, I contributed to the validation of a novel BAC transgenic reporter mouse
model and the determination of the controversially discussed P2X7 expression pattern
([4.4] and [3.3]) by performing immunohistochemical tissue stainings to compare
endogenous and transgenic P2X7R expression patterns.
Together, these studies advanced our knowledge about molecular principles under-
lying P2X7 signal transduction, identified a new potent drug lead, and helped to
provide a novel mouse model to investigate P2X7R localization and physiological
functions.
In an unrelated publication ([3.4]), I helped to characterize nicotinic acetylcholine
receptor ligands by TEVC.
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1
Scientific Context

1.1 Purinergic Signaling

The ubiquitous molecule adenosine 5’-triphosphate (ATP) provides energy in intra-
cellular metabolic processes, is crucial for DNA/RNA synthesis, and additionally
functions as an extracellular messenger: Thus, it can act as autocrine and paracrine
signaling molecule, as neurotransmitter, e.g. in sensory or autonomous neurotrans-
mission, and additionally as a pro-inflammatory danger signal [1–3]. Extracellular
ATP activates P2Y and P2X receptors, two classes of the purinergic plasma membrane
receptor family. Purinoceptors are distributed throughout mammalian tissues [4]
and comprise three classes (see Fig. 1.1) [2]: The adenosine-sensitive P1 receptors
and the purine- and pyrimidine-sensitive P2Y receptors are metabotropic G-protein
coupled receptors (GPCRs). The ATP-gated P2X receptors (P2XRs) are ionotropic
receptors or ligand-gated ion channels (LGICs). Generally, the binding of specific
agonists to (an) orthosteric binding site(s) of a LGIC induces a conformational change
of the protein, leading to the opening of a transmembrane pore and facilitating the
conduction of ions along the electrochemical gradient. These gating events happen
within milliseconds and can be regulated by effector molecules binding to allosteric
sites of the receptor (allosteric modulators) [5, 6].

Figure 1.1. Purinergic Signaling and Classification of Purinoceptors: Hydrolysis of
extracellular ATP results in breakdown products that target different classes of purinoceptors
[7]: P1 receptors are metabotropic adenosine receptors; P2 receptors are activated by ATP and
can be further devided into P2X and P2Y receptors. While P2X receptors are ionotropic and
ATP is their only known physiological ligand, P2Y receptors are metabotropic and can also be
activated by adenosine 5’-diphosphate (ADP) and additionally by uridine nucleotides.
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Chapter 1. Scientific Context

1.2 P2X Receptors

P2XRs represent non-selective cation channels and are involved in numerous physio-
logical processes, such as taste and hearing, synaptic transmission, pain sensation,
smooth muscle contraction, and inflammatory processes [8].
Seven mammalian subunits (P2X1-P2X7) are known, and they all have a common
topology with intracellular N- and C-termini, two transmembrane domains (TM1 and
TM2), and an extracellular domain [9, 10]. The overall shape of a subunit resembles
the form of a dolphin and domains are referred to accordingly: TM1 and TM2
are the designated "flukes", the extracellular domain is defined as the "body", and
extracellular loops are named left and right "flippers", "dorsal fin", and "head" domain
(see Fig. 1.2). The subunits can form functional homotrimeric (except for P2X6)
or heterotrimeric membrane receptors with three inter-subunit orthosteric binding
sites [11, 12]. Their trimeric structure was originally shown by BN-PAGE analysis,
chemical cross-linking, electrophysiological analysis of binding site mutants, and
atomic force microscopy (AFM) experiments [13–17] and subsequently confirmed by
X-ray crystallization of the Danio rerio P2X4 receptor in the closed apo [9] and the
ATP-bound open state [18]. Crystal structures of invertebrate (Amblyomma maculatum
P2XR [19]) and vertebrate P2XRs (e.g. chicken P2X7R (Gallus gallus) [20], giant panda
P2X7R (Ailuropoda melanoleuca) [21], and human P2X3R [22]) and more recently also
cryo-electron microscopy (cryo-EM) structures (rat P2X7R (Rattus norvegicus)) have
since been determined, further extending our understanding of their molecular
organization and gating mechanism and revealing fundamental insights into subunit
differences as well as ligand interactions (summarized in [23]).

Figure 1.2. Overall architecture of the P2X7 receptor: Surface representation of the rat P2X7
cryo-EM structure in the open state (PDB ID: 6u9w). Two subunits are shown in gray and
wheat, while the third subunit is domain-specifically colored and additionally overlayed by
its ribbon representation. (Figure taken from Publication [3.1].)
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Chapter 1. Scientific Context

1.3 The P2X7 Receptor

1.3.1 Structure and Functional Properties

The P2X7 receptor (P2X7R) is exceptional for several reasons. Structurally, P2X7 differs
from the other subunits by its unusually long intracellular C-terminus: With a length
of 240 amino acids (aa) it constitutes 40% of the total P2X7 protein. As revealed
by the cryo-EM structure of the full-length rat P2X7R in the open and closed state
[24], it contains an open-state stabilizing "cap" domain, a palmitoylated cysteine-rich
"anchor" domain, and a globular "ballast" domain (see Fig. 1.2). A stretch of 29 aa
(S443-R471) was not resolved. Hence, it is possible, that each cytoplasmic ballast
domain is either formed by a single subunit, or alternatively by neighboring subunits
as a result of domain swapping. Additionally, within the cytoplasmic ballast, a novel
GTP/GDP binding pocket as well as a dinuclear Zn2+ binding site were identified,
both with yet unknown functions.
Besides these structural differences, the P2X7R also differs functionally from the other
subtypes. Thus, it has an at least 10-fold lower sensitivity towards the ubiquitous
ligand ATP [8, 25], and it shows a total lack of receptor desensitization as well as
increased current responses upon prolonged or repeated receptor activation (current
facilitation) [26–28]. In addition, activation of the P2X7R initiates various short and
long-term cellular events, such as modification of the plasma membrane (blebbing,
PS-flip, permeabilization), activation of transcription factors and kinases, T-cell acti-
vation and differentiation, cytokine release, and cell death [29] (see also 1.3.2). The
P2X7R C-terminus is thought to be essential for many of these responses that are
rather unusual for ion channels. However, the underlying molecular mechanisms
and signaling pathways are incompletely understood.

1.3.2 Localization and Patho-/ Physiological Functions

The P2X7R has been reported to be highly expressed in cells of hematopoietic origin
[30], in epithelial [31], in endothelial and in smooth muscle cells [10, 32, 33], as well as
in different types of cells present in the central and the peripheral nervous systems
[34, 35]. However, its neuronal expression has been controversially debated [36–38].
The P2X7R can act as a danger signal detector [39]: Due to its low sensitivity towards
ATP, the P2X7R is thought to be inactive under normal physiological conditions. ATP
is considered a damage-associated molecular pattern (DAMP) and under pathophysi-
ological conditions (e.g. tissue damage) extracellular ATP concentrations can increase
from low nanomolar to high micromolar levels, that are high enough to activate
P2X7Rs [40]. This has been implicated in the stimulation of immune responses and
the regulation of inflammation [8, 34, 41, 42]. The best-described immune response
associated with P2X7R activation is the assembly and activation of the NLRP3 inflam-
masome and release of the pro-inflammatory cytokine IL-1� in macrophages and
microglia [43]. Other known P2X7-mediated immune responses are the secretion
of additional cytokines or chemokines, formation of reactive oxygen species (ROS),
T cell activation and differentiation via ATP-induced Ca2+-influx, stimulation or
inhibition of phagocytosis, and initiation of apoptosis (reviewed in [29, 39, 42, 44, 45]).
Considering these P2X7-mediated immune responses and that many diseases are
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Chapter 1. Scientific Context

associated with inflammation, the role of the P2X7R in pathophysiological processes
is of great interest. The receptor has been shown to be involved in, cardiovascular,
autoimmune, neurodegenerative, and neurological diseases as well as mood disorders
and cancer [38, 44, 46–52].

1.3.3 The P2X7 Receptor as a Drug Target and P2X7 Antagonists

The involvement of the P2X7R in inflammation and immunity and especially its role
in diverse pathophysiological processes makes this receptor an interesting drug target.
However, the receptor exhibits a dual nature as its activation was shown to have
protective as well as deleterious effects in immune responses [44] and both pro- and
antitumor effects [52, 53] depending on numerous factors, e.g. cell type and level of
stimulation. For targeted manipulation of P2X7 signaling, cell-specific localization of
the P2X7R and a detailed understanding of its molecular and physiological functions
are necessary. To that end, potent and subtype-specific ligands and modulators can
be employed as pharmacological tools and for target validation.
Considerable effort is put into finding or developing P2X7-specific antagonists, as
inhibition of P2X7R signaling was shown to ameliorate disease symptoms [8, 54,
55]. Additionally, the receptor’s low sensitivity towards ATP compared to other
P2XR subtypes suggests that inhibition of the receptor has minimal side effects under
physiological conditions. P2X7R-specific antagonists have been described, some
of which have been investigated in clinical trials [7, 56]. The majority of potent
P2X7R antagonists act as negative allosteric modulators (NAMs) and do not bind to
the orthosteric binding site. Many NAMs are adamantane based compounds, but
alternative polycyclic scaffolds are explored [57]. Crystal structures of the giant panda
P2X7R (Ailuropoda melanoleuca) with structurally distinct P2X7 antagonists (amongst
them the adamantyl derivative AZ10606120) [21] as well as additional structural
and functional studies with chemically diverse P2X7 antagonists [58–61] revealed
a common inter-subunit allosteric binding pocket near the orthosteric ATP-binding
site. Occupation of this allosteric binding site is thought to hinder ATP-induced
conformational changes and thereby receptor activation. Specific residues that
mediate interactions with antagonists have been identified [21]. Antagonist-binding
is suggested to be mainly mediated by hydrophobic interactions and differences in
antagonist-interacting residues affect antagonist sensitivity. It is worth pointing out
that the site of action for several P2X7R antagonists remains to be established and
other allosteric binding sites cannot be excluded.
Notably, a novel orthosteric human P2X7R antagonist has recently been discovered
in a structure-based study, which displays low micromolar potency at human P2X7
(IC50 8.7 �M) and is inactive at human P2X4.
Many of the so far available P2X7R antagonists have failed clinical trials or lack
druglikeness, leaving room for the development of novel P2X7R tool compounds with
improved properties and therapeutic potential [56, 62].

6



Chapter 1. Scientific Context

1.3.4 Methodological Aspects

A powerful method to analyze conformational changes associated with receptor
functions such as activation or desensitization is the voltage clamp fluorometry (VCF)
method. It combines electrophysiology and fluorescence microscopy and allows
simultaneous recording of ligand-induced current responses and associatedmolecular
movements that are reported by a site-specifically attached and environment-sensitive
fluorophore (see Fig. 1.4). This technique has been widely applied to analyze X.
laevis oocyte expressed voltage-gated ion channels (VGIC) as well as LGICS [63–65].
Analysis of LGICS however is particularly challenging since the speed of ligand
application can limit kinetic analyses and solution change can cause artifacts that
may interfere with the usually faint fluorescence signals. Commonly, site-specific
cysteine-substitution and subsequent labeling of the receptor with a thiol-reactive
fluorophore is performed [66, 67]. This approach, however, only allows for fluorescent
labeling of solvent-accessible, extracellular domains. This limitation can be overcome
by incorporating an environment-sensitive fluorescent unnatural amino acid (fUAA)
directly into the protein backbone.
In general, the site-specific incorporation of an unnatural amino acid (UAA) can be
achieved via the stop-codon suppression approach, which makes use of a model
organism’s ribosomal translational machinery: Usually, an amber stop codon (TAG) is
introduced at the site-of interest into the protein-coding gene and a corresponding
amber suppressor tRNA (CUA anticodon) is employed to suppress the stop codon
and incorporate the UAA into the nascent polypeptide chain during translation
[67–69]. The amber suppressor tRNA already carrying the UAA can be chemically
synthesized and introduced into cells together with the target gene carrying the amber
stop codon [70]. Alternatively, the suppressor tRNA can be loaded with the UAA
inside the cell by an aminoacyl-tRNA synthetase. To that end, a bio-orthogonal and
UAA-specific amber suppressor tRNA/tRNA synthetase pair is transfected into the
expression system together with the UAA and the modified target gene carrying the
stop codon (see Fig. 1.3) [71]. In previous studies, the expression of UAA-containing
receptors in prokaryotic and eukaryotic cells was achieved with plasmids encoding
such specialized co-evolved tRNA/tRNA-synthetase pairs [72–76]. For the expression
of fUAA-containing receptors specifically in X. laevis oocytes, a protocol has been
established by Kalstrup and Blunck [77–79] using the plasmid pANAP1 [75] and
successfully applied to label Shaker voltage-gated potassium channels (Kv) with the
environment-sensitive fUAA L-3-(6-acetylnaphthalen-2-ylamino)-2-aminopropanoic
acid (ANAP) for VCF experiments. ANAP is a prodan derivative with absorption
and emission maxima at 360 nm and 490 nm, respectively (in water) [73, 75]. X. laevis
oocytes emit considerable background fluorescence upon illumination in the ANAP
excitation spectrum. Hence, for the detection of ANAP-specific fluorescence signals
in VCF experiments, an optimized recording system must feature a high dynamic
range while maintaining good sensitivity as well as pulsed illumination to reduce
photobleaching (see Fig. 1.4).

1Addgene plasmid # 48696 ; http://n2t.net/addgene:48696 ; RRID:Addgene_48696
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Chapter 1. Scientific Context

Figure 1.3. Stop-codon suppression: Upper panel: Components required for site-specific
ANAP-incorporation into receptor proteins using the amber stop codon and a plasmid
containing a co-evolved, ANAP-specific tRNACUA/tRNA-synthetase. Lower panel: Schematic
representation of amber stop-codon suppression. ANAP is coupled to the suppressor tRNA
(CUA anticodon) by its cognate tRNA-synthetase (left) and during translation incorporated
into the nascent polypeptide in response to a suppressed amber stop codon (center), resulting
in plasma membrane surface expression of an ANAP-containing receptor (right).
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Chapter 1. Scientific Context

Figure 1.4. Principle of the voltage
clamp fluorometry (VCF) technique
(A) Left: Schematic representation of
the effect of ligand-induced recep-
tor activation on a site-specifically
attached, environment-sensitive flu-
orophore (depicted as a star): ATP-
binding results in ion channel open-
ing and change of fluorescence signal.
Right: Example VCF recording ofATP-
induced current (black) and fluores-
cence (blue) signals from a X. laevis
oocyte expressing an environment-
sensitive fluorophore containing re-
ceptor (in this case: the P2X7R with
ANAP incorporated at position 124).
(B) Experimental setup for VCF exper-
iments with a receptor-expressing X.
laevis oocyte. The oocyte is placed in a
two-compartment recording chamber
with a transparent bottom on top of a
fluorescence microscope and voltage-
clamped with two electrodes (for more information, see [4.2]). Requirements for the detection
of ANAP-specific signal changes are highlighted: a UV-LED, a high-NA water immersion
objective, pulsed illumination for reduced photobleaching, and two cooled, high-sensitivity
MPPC-detectors for simultaneous fluorescence detection at two different spectral segments.
These detectors feature a wide dynamic range, while maintaining a sufficiently high sensi-
tivity in order to record small fluorescence changes in spite of relatively high background
fluorescence levels caused by UV-excitation of oocytes. By equipping the microscope with
two LEDs and two detectors, the setup can also be used for parallel excitation of two different
fluorophores within the same protein. Excitation and emission filters as well as dichroic
mirrors are chosen depending on the used fluorophores.
(C) Illustration of the effect of pulsed versus continuous illumination with example recordings
of ATP-induced fluorescence signals from a X. laevis oocyte expressing an ANAP-containing
receptor (in this case: the P2X7R with the fluorophore ANAP incorporated in TM2 at position
340. For more information, see [3.1]).
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1.4 Aim of this Work

The primary aim of this work was the investigation of the molecular function of
the P2X7R, in particular of its large intracellular domain, by VCF. This included
optimization of a method to incorporate the fUAA ANAP [73] into Xenopus laevis
oocyte expressed receptors and extensive rebuilding and validation of a recording
system, that is sensitive enough to detect faint ANAP fluorescence signals [Appendix
4.2].
Positions for ANAP incorporation into the P2X7R protein were selected based on
previous structure-function studies [65, 80]., as well as X-ray structures and cryo-EM
structures [9, 22, 24, 81]. More than 60 mutants were generated and biochemically
and functionally analyzed [Results 3.1].
In additional projects, the potency, binding kinetics, and binding sites of novel
anatagonists of the human P2X7Rwere determined using two-electrode voltage clamp
(TEVC) analysis and mutagenesis. The small-molecule compounds were based on
previously described adamantyl derivatives (AstraZeneca derivative AZ1 [82] and
AZ10606120 [83]) and either still contained an adamantane scaffold [Results 3.2] or
instead other polycyclic hydrocarbons [Appendix 4.3].
Finally, to investigate a possible P2X7R localization in neurons, I contributed with
immunohistochemistry stainings to two studies, in which two transgenic P2X7
reporter mouse models were characterized and compared [Appendix 4.4 and Results
3.3]. Signals from immunofluorescence stainings were rather weak and colorimetric
stainings that yielded more intense signals were performed for confirmation.
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Summary

2.1 Summary

In this thesis, the molecular function and localization of the trimeric P2X7R as well
as the potency of novel P2X7 antagonists were investigated, combining molecular
biology, protein biochemistry, electrophysiology, and fluorescence microscopy, as well
as immunohistochemistry on tissues from (transgenic) mice.
The P2X7R is an ATP-gated non-selective cation channel, that is involved in inflam-
mation and immune signaling [42]. Its activation triggers various cellular events,
such as plasma membrane permeabilization, interleukin secretion, and cell death.
The underlying processes and molecular mechanisms are incompletely understood.
A long intracellular C-terminus, that distinguishes the P2X7R from the other six
homologous P2XR subunits (P2X1-P2X6), is supposed to be involved in the initiation
of these pathways, as they are often disrupted by modifications of this region. In a
detailed Review [Appendix 4.1], I summarized the effects of mutations, truncations,
or full deletion of the P2X7R C-terminus and reviewed proposed interaction domains
and motifs within this region.
Although the protein structures of the P2X7R in the open and closed state were
resolved by McCarthy et al. in 2019 and revealed for the first time the structure of the
P2X7 C-terminus [24], it still represents only a static image of the receptor and does
not provide information about its dynamics in a native membrane environment and
the sequence of events during receptor activation.
Therefore, the main aim of this work was the investigation of localized structural
rearrangements, in particular within the C-terminus, that are associated with P2X7
activation by voltage clamp fluorometry (VCF). To that end, the genetically encoded
and environment-sensitive fluorescent unnatural amino acid ANAP was introduced
in 61 different positions within the receptor. The targeted introduction of an UAA
into proteins can be achieved by hĳacking a model organism’s translation machinery
through repurposing the amber stop codon and introducing a suppressor tRNA
charged with the UAA. In Publication [Appendix 4.2], I presented two methods
for fUAA-incorporation into Xenopus laevis oocyte-expressed receptors with detailed
step-by-step instructions: The first one follows a previously published protocol [78],
which involves sequential nuclear and cytoplasmic injections into oocytes. In addition,
I developed a faster and simplified protocol, that involves only one cytoplasmic
injection, is less harmful for the oocytes, and yields more reproducible results.
In Publication [Results 3.1], I further refined this method by adding a mutated form
of the eukaryotic release factor 1 (eRF1 (E55D)), to reduce premature translational
termination events. In addition, I rebuilt and optimized the VCF instrumentation
(see Fig. 1.4), to enable the simultaneous recording of ligand-induced current re-
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sponses and associated structural rearrangements reported by ANAP from oocytes
that express functional P2X7R constructs in the plasma membrane. Thus, in Pub-
lication [Results 3.1], I could confirm conformational changes in the extracellular
loop projecting over the inter-subunit ATP-binding site (head domain) and within
the second transmembrane domain (TM2) predicted by crystal and cryo-EM struc-
tures. Notably, VCF recordings suggested limited translation of these ligand-induced
movements to the cytosolic, globularly folded C-terminus (ballast domain). This
region seems to function rather independently from the extracellular ligand-binding
domain and might require intracellular interactors to mediate downstream signaling
events. For future analysis of such P2X7-mediated signaling pathways and possible
interactions with yet unknown ligands or proteins, I presented double-labeled P2X7Rs
as novel tools together with protocols for parallel recording of ANAP with either
another environment-sensitive dye (tetramethyl-rhodamine-maleimide, TMRM), a
Ca2+-sensor (R-GECO1.2), or mNeonGreen as a FRET partner.
Further, the data provided insight into the P2X7R-characteristic process known as
current facilitation, which describes a faster onset and/or an increase in amplitude of
current responses upon prolonged or repeated receptor activation. VCF recordings
indicate this process to be an intrinsic feature of the P2X7R, that involves a change in
channel gating rather than in ligand-binding.
A second goal of this work was the generation of dose-response curves (DRCs) to
determine and compare the potency of novel P2X7R antagonists. In Publication
[Results 3.2], I characterized 24 analogues of the adamantane-based antagonist AZ1
(AstraZeneca, [82]) that were synthesized by collaboration partners (Dr. Maria
Koufaki and colleagues, Institute of Chemical Biology, National Hellenic Research
Foundation). Their potency was determined by two-electrode voltage clamp (TEVC)
analysis using human P2X7R-expressing X. laevis oocytes.
In another project as part of a multidisciplinary collaboration on P2X7R inhibitors
(in preparation), I compared the potencies of four compounds (provided by Prof. Dr.
Santiago Vázquez and colleagues, Medicinal Chemistry & Pharmacology, University
of Barcelona), that instead of an adamantane scaffold contain alternative polycyclic
hydrocarbons. Here, I additionally established protocols to analyze association and
dissociation kinetics of the most potent compound and generated two P2X7 mutants
to confirm its binding to the allosteric binding site (described in Report [Appendix
4.3]).
In addition to these studies on X. laevis oocyte-expressed P2X7Rs, I contributed to
two studies [Appendix 4.4 and Results 3.3] that describe the validation of a bacterial
artificial chromosome (BAC) transgenic P2X7-EGFP reporter mouse model generated
in our laboratory [35], and its comparison with a P2X7 reporter mouse model in which
a soluble EGFP (sEGFP) is expressed under the control of a BAC-derived mouse P2X7
gene (P2rx7) promoter (generated in the framework of the GENSAT Project [84]). In
these studies, I performed 3, 3’-Diaminobenzidine (DAB) immunohistochemistry
stainings in order to compare the localization of the endogenous P2X7R with the
P2X7-EGFP fusion protein and to confirm results from immunofluorescence stainings,
that produced weak signals compared to the colorimetric stainings.
In Publication [Appendix 4.4], in-depth analysis of the BAC-transgenic P2X7-EGFP
mouse together with the use of a novel P2X7-specific nanobody revealed a dominant
expression of the P2X7R in microglia and oligodendrocytes, but no detectable expres-
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sion in neurons. This is in contrast to the expression pattern described in the mouse
model, in which sEGFP is expected to be expressed under the control of a BAC-derived
P2rx7 promoter and neuronal sEGFP expression was observed. As described above
(see 1.3.2), the existence of neuronal P2X7R was a matter of debate until recently. In
Publication [Results 3.3] the two BAC-transgenic reporter models were therefore
evaluated in more detail by carefully comparing transcript and protein expression.
The sEGFP-overexpressing mouse model shows an aberrant EGFP reporter pattern,
unexpected increased P2X7 expression, and overexpression of a P2rx4 passenger gene.
Using sequence analysis, I could show that these effects may be explained at least
partly by the genetic engineering approach that was used for the generation of the
transgenic construct and its insertion into the genome.
Finally, I contributed methodologically to a project on X. laevis oocyte expressed
nicotinic acetylcholine receptors (nAChR). In Publication [Results 3.4], the inhibitory
potencies of synthesized cyclic analogues of the -conotoxin CIA on various nAChR
subtypes were analyzed using TEVC. Such analogues are interesting because they
show superior stability compared to the -conotoxin CIA peptide.
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2.2 Zusammenfassung

In der vorliegenden Arbeit wurden die molekularen Funktionen und die Lokalisa-
tion des P2X7 Rezeptors untersucht. Darüber hinaus wurden eine Reihe neuartiger
P2X7-Antagonisten charakterisiert. Bei dem P2X7 Rezeptor handelt es sich um einen
homotrimeren, unspezifischen Kationenkanal, der durch ATP aktiviert wird. Er stellt
eine wichtige Zielstruktur für die Arzneimittelentwicklung dar, da er eine wesentliche
Rolle bei Entzündungsreaktionen und der Funktion von Immunzellen spielt [42]. So
wird er u.a. in myeloiden und lymphoiden Immunzellen und Mastzellen exprimiert
und seine Stimulation trägt u.a. zur Bildung und Aktivierung des NLRP3 Inflamma-
soms bei, was anschließend zur Freisetzung von Zytokinen führt [8]. In zahlreichen
Studien mit Krankheitsmodellen wurde diesem Rezeptor außerdem eine pathophysi-
ologische Funktion zugeordnet, vor allem in neurodegenerativen Erkrankungen wie
Morbus Alzheimer und Epilepsie, wobei seine Expression in Neuronen zu Beginn
dieser Arbeit noch kontrovers diskutiert wurde [36–38].
Der P2X7 Rezeptor wird mit zahlreichen zellulären Prozessen und biologischen Funk-
tionen in Verbindung gebracht, die für einen Ionenkanal eher untypisch sind. Für viele
dieser Signalwege scheint der lange intrazelluläre C-Terminus des P2X7 Rezeptors
eine Rolle zu spielen. In einem Übersichtsartikel [Appendix 4.1], in welchem die
bisher bekannten Signalwege und möglichen Interaktionspartner des P2X7 Rezeptors
beschrieben wurden, fasste ich bisher publizierte Motive und Interaktionsdomänen
in der P2X7-Struktur zusammen, wobei der Fokus auf dem ungewöhnlich langen
intrazellulären C-Terminus lag. Trotz einer Vielzahl postulierter Interaktionen sind
nur wenige gut belegt und die zugrundeliegenden molekularen Mechanismen der
P2X7-Funktionsweise und Signaltransduktion sind unvollständig verstanden. Die im
Verlauf dieser Arbeit von McCarthy et al., 2019 [24] per Kryoelektronenmikroskopie
fast vollständig aufgelöste Struktur des offenen und des geschlossenen P2X7 Rezeptors
lässt zwar Rückschlüsse auf seine Funktionsweise zu, kann aber keine Informationen
über seine Dynamik und Funktion in natürlichen Membranen liefern [78]. So geht
aus den Strukturen beispielsweise nicht hervor, wie sich die Rezeptoraktivierung
auf mögliche Interaktionspartner und weitere Signalwege auswirkt, oder in welcher
Reihenfolge Konformationsänderungen in verschiedenen Domänen des Rezeptors
beim Übergang von geschlossenem zu offenem Zustand stattfinden.
Hauptziel dieser Arbeit war daher die Etablierung und Optimierung von Methoden
zur Untersuchung lokalisierter räumlicher Änderungen in der molekularen Struktur
des P2X7 Rezeptors und der damit verbundenen Rezeptorfunktionen. Die dazu
von mir etablierten Protokolle und Techniken wurden mit einer Schritt-für-Schritt-
Anleitung als Methodenarbeit [Appendix 4.2] veröffentlicht. Zusammengefasst
habe ich eine Technik zum Einbau der fluoreszierenden unnatürlichen Aminosäure
ANAP in Xenopus laevis Oozyten-exprimierte Rezeptorproteine verbessert und eine
Messapparatur umgebaut, um die Identifizierung von durch Konformationsänderun-
gen hervorgerufenen Fluoreszenzänderungen mittels "voltage clamp fluorometry"
(VCF) zu ermöglichen. Die fluoreszierende, umgebungssensitive Aminosäure ANAP
kann auch in nicht für Farbstoffe zugängliche Regionen von Membranproteinen
(wie intrazelluläre und transmembrane Domänen) eingebracht werden und dort als
molekularer Sensor dienen [73]. VCF erlaubt die zeitgleiche elektrophysiologische
(mittels der Zwei-Elektroden-Spannungsklemmtechnik) und optische Analyse von
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Konformationsänderungen des Rezeptors (z.B. strukturelle Änderungen oder Interak-
tionen mit anderen Molekülen).
In meinerHauptarbeit [Results 3.1] verfeinerte ich zunächst die Methode undwandte
sie zur Bestätigung von vorausgesagten Konformationsänderungen der Liganden-
bindungsdomäne und Transmembrandomänen während der P2X7-Aktivierung an
[24]. Weiter untersuchte ich die dem P2X7 Rezeptor typische Eigenschaft der "cur-
rent facilitation", einer Sensibilisierung des Rezeptors nach andauernder und/oder
mehrfacher Aktivierung, sowie eine mögliche Aktivierung des C-Terminus durch
ATP-Bindung. Dazu generierte ich insgesamt 61 ANAP-markierte Mutanten und
untersuchte biochemisch deren Expression in der Zellmembran von X. laevis Oozyten
sowie elektrophysiologisch deren Funktionalität mittels VCF.Meine Ergebnisse liefern
Evidenz dafür, dass die "current facilitation" eine intrinsische Rezeptoreigenschaft
ist, die auf erleichterte Rezeptoröffnung zurückzuführen ist, und weiter, dass der
ungewöhnlich lange C-Terminus funktional unabhängig von der extrazellulären
ATP-Aktivierung ist. Darüber hinaus beschreibt Publikation [Results 3.1] die Anal-
yse zweifach fluoreszenzmarkierter Rezeptoren, die zur weiteren Aufklärung der
Signaltransduktion des P2X7-Rezeptors geeignet sind.
Neben diesen funktionellen Messungen habe ich zusätzlich die Wirkung von neuarti-
gen Antagonisten des humanen P2X7 Rezeptors untersucht. In Publikation [Results
3.2]wurde in den Laboren von Dr. Maria Koufaki (Institut für Chemische Biologie,
National Hellenic Research Foundation) 24 niedermolekulare Adamantan-basierte
Verbindungen hergestellt, für die ich anschließend mittels der Zwei-Elektroden-
Spannungsklemmtechnik Dosis-Wirkungskurven erstellte. In der noch nicht pub-
lizierten Arbeit [Appendix 4.3] etablierte ich zur Evaluierung von Antagonisten aus
der Gruppe von Prof. Dr. Santiago Vázquez (Medicinal Chemistry & Pharmacology,
University of Barcelona) zusätzlich Protokolle für die Untersuchung von Bindungsk-
inetiken und bestätigte durch Mutagenese ihre allosterische Bindungsstelle.
Neben diesen Arbeiten an Oozyten-exprimierten P2X7 Rezeptoren trug ich mit
immunhistochemischen Gewebeschnittfärbungen und Sequenzanalysen zu zwei
Studien mit transgenen P2X7-Reportermäusen bei, um die Lokalisation des P2X7
Rezeptors zu untersuchen. Publikation [Appendix 4.4] beschreibt die Generierung
und Charakterisierung eines BAC-transgenenMausmodells. Hierbei konnte ich durch
DAB-Färbungen histologischer Hirnschnitte zeigen, dass das Expressionsmuster des
P2X7-EGFP-Fusionsproteins dem des endogenen P2X7-Rezeptors entspricht. In einer
weiteren Publikation [Results 3.3]wurde die P2X7-EGFP-Reportermaus mit einer
anderen BAC-transgenen Reportermaus, die lösliches EGFP exprimiert, vergleichen.
Hier konnte ich mittels Gensequenzierung nachweisen, dass ein abweichendes Ex-
pressionsmuster des Reporters vom endogenen P2X7 Rezeptor zumindest teilweise
auf eine nicht optimale Rekombinationsstrategie zurückgeführt werden kann. Die
Daten beider Arbeiten deuten darauf hin, dass der P2X7 Rezeptor nicht in Neuronen
exprimiert wird ([Appendix 4.4] und [Results 3.3]).
Schließlich konnte ich zu einer Arbeit beitragen, bei der die Wirksamkeit neuer
Peptidanaloge an Oozyten-exprimierten nikotinischen Acetylcholinrezeptoren elek-
trophysiologisch untersucht wurden (Publikation [Results 3.4]).
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3.1 Improved ANAP incorporation and VCF analysis reveal details of P2X7
current facilitation and a limited conformational interplay between ATP
binding and the intracellular ballast domain

In this publication, we investigated how the P2X7R functions on a molecular basis.
In particular, we tried to understand the mechanism of current facilitation and to
identify structural changes in its large intracellular domain. Therefore, we applied
VCF with the genetically encoded and environment-sensitive fUAA ANAP.
For the site-specific UAA-incorporation into X. laevis oocyte expressed receptor, a plas-
mid encoding the suppressor tRNA and a corresponding suppressor tRNA synthetase
for specific UAA-aminoacylation is usually injected into the nucleus of the oocyte,
followed by cytoplasmic injection of receptor cRNA containing an amber stop codon
substitution together with ANAP. By circumventing nuclear injection (as described in
[Appendix 4.2]) and additionally utilizing a mutated form of the eukaryotic release
factor 1 (eRF1(E55D)), which favors UAA incorporation over premature translational
termination, I established and validated a simplified and improved procedure yielding
more reproducible expression levels of ANAP-containing full-length receptors. Using
this procedure, I generated a total of 61 P2X7 mutants, each with one amber stop
codon substitution either within the extracellular head domain, in the second trans-
membrane domain, or in intracellular receptor regions and assessed their membrane
surface expression and functionality by VCF. The VCF recordings confirmed predicted
conformational changes within the extracellular head domain that projects over the
ATP-binding site, and the second transmembrane domain (TM2) near the identified
channel gate and selectivity filter. In addition, our data show that current facilitation
was paralleled by fluorescence changes for the majority of the P2X7R constructs. Only
one of the constructs containing ANAP near the ATP-binding site displayed faster
fluorescence signals, most likely because of a movement or interaction related to
ligand binding that precedes channel opening. Based on these datawe concluded, that
current facilitation is an intrinsic P2X7R property and involves a change in receptor
gating rather than ligand binding.
A major aim of this work was the identification of domains within the long intra-
cellular C-terminus involved in P2X7-mediated secondary downstream processes.
However, clear fluorescence signals were only detected for seven out of 48 P2X7R
mutants with amber stop codon substitutions in intracellular regions, with five of
them containing ANAP either in the N-terminus or directly beneath TM2. Only
two mutants with ANAP in the more C-terminal globular ballast domain displayed
small ligand-induced fluorescence changes. Thus, structural rearrangements within
the intracellular domains appear to be restricted to juxtamembrane regions. For
the majority of ANAP-substituted positions within the C-terminus, the fluorophore
did not report any localized environment changes upon ligand-application, despite
promising surface expression and functionality of the respective mutants. Therefore,
we concluded that ligand-induced movements resulting in receptor activation and
channel opening do not translate to this region and that intracellular interaction
partners or ligands are required for its activation.
For future investigation of such interactions, we advanced the ANAP-based method
for detection of localized structural rearrangements by combining it with other
fluorophores. Using dual wavelength VCF, we developed specific protocols to simul-
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taneously record fluorescence changes from i) ANAP and the fluorescent dye TMRM
coupled to introduced cysteine residues, ii) ANAP and the Ca2+-sensor R-GECO1.2,
and iii) FRET signals between ANAP and mNeonGreen.
All experiments in this study were performed by myself. In addition, I contributed to
the design of the study, and was largely responsible for the assembly and optimization
of the dual wavelength VCF setup (see also [Appendix 4.2]), data analysis, and inter-
pretation of the results. I also prepared the first draft of the manuscript and all figures
and tables presented in this publication. Note, that supporting data is published as 12
additional figure supplements1 and is included as supporting information following
the main article.

1https://elifesciences.org/articles/82479/figures#content accessed on Feb. 6th, 2023
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Improved ANAP incorporation and VCF 
analysis reveal details of P2X7 current 
facilitation and a limited conformational 
interplay between ATP binding and the 
intracellular ballast domain
Anna Durner1, Ellis Durner2, Annette Nicke1*

1Walther Straub Institute of Pharmacology and Toxicology, Faculty of Medicine, 
LMU Munich, Munich, Germany; 2Lehrstuhl für Angewandte Physik and Center for 
Nanoscience, LMU Munich, Munich, Germany

Abstract The large intracellular C- terminus of the pro- inflammatory P2X7 ion channel receptor 
(P2X7R) is associated with diverse P2X7R- specific functions. Cryo- EM structures of the closed and 
ATP- bound open full- length P2X7R recently identified a membrane- associated anchoring domain, 
an open- state stabilizing “cap” domain, and a globular “ballast domain” containing GTP/GDP and 
dinuclear Zn2+- binding sites with unknown functions. To investigate protein dynamics during channel 
activation, we improved incorporation of the environment- sensitive fluorescent unnatural amino 
acid L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) into Xenopus laevis oocyte- 
expressed P2X7Rs and performed voltage clamp fluorometry. While we confirmed predicted confor-
mational changes within the extracellular and the transmembrane domains, only 3 out of 41 mutants 
containing ANAP in the C- terminal domain resulted in ATP- induced fluorescence changes. We 
conclude that the ballast domain functions rather independently from the extracellular ATP binding 
domain and might require activation by additional ligands and/or protein interactions. Novel tools to 
study these are presented.

Editor's evaluation
This manuscript constitutes a valuable foray into the conformational rearrangements throughout 
various domains of the notoriously difficult- to- study P2X7 receptor, with a focus on the enigmatic 
intracellular 'ballast' domain. The molecular origin of the facilitation process and effects by intracel-
lular factors will require future study, but the authors provide convincing evidence that the ballast 
domain is unlikely to undergo major conformational changes upon ATP- induced gating. The work is 
of interest to those interested in the role of enzymatically active intracellular domains of membrane 
proteins.

Introduction
P2X receptors (P2XR) are trimeric non- selective cation channels that are activated by extracellular 
adenosine triphosphate (ATP). The structure of a single P2X subunit has been compared to a dolphin, 
with two transmembrane domains (TM1 and TM2) that form the ‘fluke’, and a large extracellular 
domain, comprising the ‘body’, left and right ‘flippers’, and a ‘head’ domain that reaches over one 
of three inter- subunit ATP binding sites (Kawate et al., 2009). The intracellular N- and C- termini are 
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short in most P2X subtypes and have only been resolved in the open state of the P2X3R and, more 
recently, in the open and closed states of the P2X7R (Mansoor et al., 2016; McCarthy et al., 2019). 
The pro- inflammatory P2X7 subtype is expressed in immune cells and considered an important drug 
target. In contrast to the other P2XR family members, it has a low ATP sensitivity, shows complete 
lack of desensitization, and contains a large intracellular C- terminus (240 amino acids [aa]), which 
mediates diverse downstream effects such as interleukin secretion, plasma membrane permeabiliza-
tion, blebbing, phosphatidylserine flip, and cell death (Kopp et al., 2019). The recently determined 
cryo- EM structures of the full- length rat P2X7R in the apo/closed and ATP- bound open states (McCa-
rthy et al., 2019) did not only elucidate details of P2X desensitization, but finally unveiled the struc-
ture of the large P2X7 C- terminus. Accordingly, intertwined β-strands from all three subunits form an 
open state- stabilizing ‘cap domain’, that was also found in the P2X3R (Mansoor et al., 2016). In the 
P2X7R, however, this ‘cap’ is stabilized by a highly palmitoylated membrane- associated ‘Cys- anchor’ 
domain, which prevents desensitization. The remaining residues 393–595 fold into a dense globular 
structure (the so- called ‘ballast domain’), which contains a novel guanosine nucleotide binding motif 
and a dinuclear zinc binding site. A stretch of 27–29 aa (S443- R471) was not resolved, and it is unclear 
if each ballast domain is formed by a single subunit or if a domain swap occurs between subunits 
(McCarthy et al., 2019). While these structures represent a milestone in P2X7 research, the tran-
sition dynamics between receptor states in a cellular environment as well as the molecular function 
of the ballast domain and how it is affected by ATP binding remain unclear. Likewise, the molecular 
mechanism of current facilitation, a P2X7- characteristic process that describes faster and/or increased 
current responses upon repeated ATP application, is not understood. In this study, we set out to 
determine conformational changes associated with P2X7- specific functions by voltage clamp fluorom-
etry (VCF). This method allows simultaneous recording of current responses and associated molecular 
movements that are reported by an environment- sensitive fluorophore. We have previously used site- 
specific cysteine- substitution and the thiol- reactive fluorophore tetramethyl- rhodamine- maleimide 
(TMRM) to show a closing movement of the head domain during activation of the oocyte- expressed 
P2X1R (Lörinczi et al., 2012). However, this procedure is limited to extracellularly accessible residues. 
To investigate intracellular rearrangements, we therefore employed the fluorescent unnatural amino 
acid (fUAA) L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) (Lee et  al., 2009). 
This can be site- specifically incorporated into a protein by repurposing the amber stop codon (TAG) 
and introducing a corresponding suppressor tRNA (CUA anticodon) loaded with ANAP. A plasmid 
encoding an ANAP- specific bio- orthogonal suppressor tRNA/aminoacyl- tRNA synthetase pair (Chat-
terjee et  al., 2013) has been obtained by co- evolution and selection (Lee et  al., 2009) and was 
successfully used to study voltage- gated and ligand- gated ion channels (Andriani and Kubo, 2021; 
Kalstrup and Blunck, 2018; Kalstrup and Blunck, 2013; Soh et al., 2017; Wulf and Pless, 2018). 
This stop- codon suppression can, however, lead to premature translational termination or aberrant 
stop- codon substitution (read- through) (Braun et al., 2020; Kalstrup and Blunck, 2017; Klippenstein 
et al., 2018; Pless et al., 2015; Poulsen et al., 2019).

Here, we provide an improved method for fUAA incorporation into Xenopus laevis oocyte- expressed 
proteins and analyzed membrane surface expression and functionality for a total of 61 P2X7R mutants 
with ANAP substitutions in the extracellular head domain, the second transmembrane domain (TM2), 
and the intracellular N- and C- termini. Using VCF, we identified 19 positions in which ANAP reported 
ATP- induced localized rearrangements. To further expand the VCF toolbox, we demonstrate simul-
taneous recordings of fluorescence changes from ANAP in combination with other fluorophores. We 
conclude from our data that (i) current facilitation is intrinsic to the P2X7 protein and likely caused by a 
change in gating and (ii) the cytoplasmic ballast functions rather independently from the extracellular 
ligand binding domain and might require activation by additional ligands or protein interactions.

Results
Improved ANAP incorporation by cytosolic co-injection of mutated X. 
laevis eRF1 cRNA
To implement and optimize a protocol for incorporation of ANAP into Xenopus oocyte- expressed 
protein, we initially used the P2X1R as it was already intensively studied in our lab (Lörinczi et al., 
2012) and has functional similarity with the P2X3R, which at the beginning of this study, represented 
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the only P2XR for which the intracellular termini were resolved (Mansoor et  al., 2016). Using 
the original 2- step- injection protocol (Kalstrup and Blunck, 2017; Kalstrup and Blunck, 2013) 
and a simplified procedure where all components required for the expression of UAA- containing 
receptors are injected simultaneously (Figure 1A and C), we introduced ANAP into non- conserved 
positions within the N- terminally His- tagged P2X1R N- and C- termini (position 10 and 388, respec-
tively, ANAP substitutions indicated by *) and compared the formation of full- length and truncated 
receptors in the plasma membrane by SDS- PAGE. As seen in Figure 1B, ANAP- containing P2X1Rs 
were efficiently expressed and virtually no read- through product was detected in the absence of 
ANAP. The new protocol resulted in less variable protein expression but also a reduced ratio of 
full- length and truncated His- P2X1 EGFP protein (Figure 1D). The relative amount of full- length 
protein was neither increased by different forms of ANAP application nor by variation of injection 
protocols (Figure 1—figure supplement 1A and B). Therefore, we tested if a mutated eukaryotic 
release factor (eRF1(E55D)), which was previously shown to favor UAA- incorporation over trans-
lational termination in HEK293T cells (Gordon et al., 2018; Schmied et al., 2014) could also be 
used in the Xenopus oocyte expression system. Indeed, co- injection of either purified X. laevis 
eRF1(E55D) protein (Figure 1—figure supplement 1B) or the respective in vitro synthesized cRNA 
(Figure  1C and D) resulted in a more than threefold higher ratio of full- length and truncated 
receptor constructs compared to the 1- step injection method without eRF1(E55D) and a smaller 
standard deviation compared to the 2- step injection method (1- step+eRF1(E55D): 1.469±0.229; 
1- step: 0.418±0.082; 2- step: 1.603±0.933; mean ± S.D.). The applicability of this approach was 
confirmed for the hα1 glycine receptor (GlyR) A52* mutant (Figure  1—figure supplement 1C; 
Soh et  al., 2017). In conclusion, this optimized protocol led to more reproducible expression 
and increased formation of full- length ANAP- labeled receptors and was used in all following 
experiments.

Evaluation of plasma membrane expression of full-length ANAP-
containing P2X7Rs
Next, we incorporated ANAP into the P2X7R in sites chosen based on previous structure- function 
studies and the cryo- EM structures (McCarthy et  al., 2019). As a positive control, we first intro-
duced ANAP into the head domain (Figure 2A and B), which is known to undergo substantial move-
ments and/or ligand interactions with clear changes of TMRM fluorescence in the P2X1R (Lörinczi 
et al., 2012) and P2X7R (Figure 2—figure supplement 1A). Next, based on the comparison of the 
P2X4 and P2X3 crystal structures in the open and closed states (Hattori and Gouaux, 2012; Kawate 
et  al., 2009; Mansoor et  al., 2016), and the identification of the human P2X7 channel gate and 
selectivity filter around residue S342 (Pippel et al., 2017), we selected positions in the second trans-
membrane helix. Finally, we introduced ANAP throughout the intracellular region in positions that we 
suspected to undergo conformational changes upon channel activation, as well as in six positions in 
the unresolved 29 aa stretch. As shown in Figure 2C, all constructs with ANAP substitutions in the 
N- terminus and the head domain as well as three out of four constructs with substitutions in TM2 were 
formed in full length, indicating that receptors that are truncated before or within TM2 are retained 
in the endoplasmic reticulum and likely undergo degradation. Interestingly, ANAP incorporation into 
G338 completely prevented membrane incorporation while cysteine substitution in the equivalent 
position of human P2X7R led previously to surface- expressed, but non- functional receptors (Pippel 
et al., 2017).

Starting from T357 in the C- terminus, introduction of the amber stop codon resulted in variable 
ratios of truncated and full- length receptors. Surface expression of full- length receptors was partic-
ularly low for constructs containing ANAP in the C- terminal cap (K387*, C388*) and ballast (I577*) 
domains, while it was most efficient for ANAP- substitutions in positions 517–537 (in particular L527* 
and E537*) and in the very C- terminus (Y595* and 596*).

In summary, most substitutions within the C- terminus led to a dominant formation of truncated 
P2X7 protein besides full- length receptors. Nevertheless, the majority of these constructs showed 
clear current responses (Figure 2C, Table 1). Since the truncated forms were not expected to interfere 
with the fluorescence signal, functional constructs that were expressed at least partly in full length 
were further analyzed by VCF.
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Figure 1. Optimization of fluorescent unnatural amino acid (fUAA) incorporation into Xenopus laevis oocyte- expressed P2X1 receptor. (A) Molecular 
structure of L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) and schematic representation of the 2- step injection method for 
site- specific ANAP incorporation using the amber stop- codon (UAG) and a plasmid containing the orthogonal tRNA/tRNA- synthetase pair. (B) 
Representative SDS- PAGE analysis of plasma membrane- expressed ANAP- labeled (S10* or S388*) rat P2X1Rs (46 kDa without glycosylation). A C- 
terminal EGFP- tag (27 kDa) was added as indicated to enable detection of premature termination at position 388. Oocytes were injected as shown 
in A and labeled with membrane impermeable Cy5- NHS ester. His- tagged P2X1Rs were extracted in 0.5% n- dodecyl-β-D- maltoside, purified via 
Ni2+- NTA agarose, and separated by SDS- PAGE (8%). Noninjected oocytes and oocytes injected only with the plasmid pANAP, P2X1 cRNA without 
the amber stop codon (Wt), or without ANAP (as indicated) served as controls. Note, that twice the amount of protein was loaded for P2X1(S10*). Ø 
indicates empty lanes. Two to three independent experiments were performed. (C) Representation of the 1- step injection method and all components 
required for UAA- labeling plus optional X. laevis eRF1(E55D) cRNA (left) and (right) scheme of protein translation termination by eRF1 (upper panel) 
and how overexpression of the mutated form of eRF1 favors amber- encoded fUAA incorporation by outcompeting endogenous eRF1 (lower panel). 
(D) Comparison of Cy5- labeled membrane- expressed full- length and truncated His- rP2X1- EGFP(388*) ratios upon expression by the 2- step and 1- step 
injection method with or without eRF1(E55D) co- expression. A representative SDS- PAGE gel (prepared as in B) and statistical analysis of data from 6 to 
11 experiments including oocytes from 4 to 6 different X. laevis frogs per group are shown. Data are represented as mean ± S.D., and significance was 
determined by a two- tailed unpaired Welch’s t- test and is indicated as *p<0.05 and ****p<0.0001.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Original gel, Figure 1B.

Source data 2. Original gel, Figure 1D.

Source data 3. Original gels for bar graph in Figure 1D: Gel2, Gel3, Gel4, and Gel5.

Source data 4. Original gels for bar graph in Figure 1D: GelA, GelB, and GelC.

Figure supplement 1. Variation of experimental conditions to optimize L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) 
incorporation into oocyte- expressed ion channels.

Figure 1 continued on next page
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Recording of ANAP fluorescence in the head domain reveals mainly 
gating-associated movements
Next, we recorded ANAP fluorescence changes upon application of 0.3 mM ATP. Control oocytes 
expressing wt P2X7R showed a gradual fluorescence decrease during ATP application, even when 
no ANAP was injected (Figure 3—figure supplement 1). A similar fluorescence drift was observed 
with the P2X2R, but not with the hɑ1 GlyR or the fast- desensitizing P2X1R. The reason for this drift 
is unclear but needs to be considered when evaluating mutants with small negative fluorescence 
changes. Specificity of tRNA loading and ANAP- incorporation was evaluated in further control exper-
iments (Figure  3—figure supplement 2). Only recordings that met specific inclusion criteria (see 
Methods) were considered for analysis.

As a prodan derivative, ANAP is highly sensitive to the polarity of its environment and shows a 
redshift in emission with increasing polarity (Lee et al., 2009; Weber and Farris, 1979). Consequently, 
alterations in ANAP fluorescence can be attributed to (i) quenching by ligands, small molecules, or 
(aromatic) aa, (ii) spectral shift due to changes in the polarity of the environment, or (iii) a combination 
of these two effects, e.g., in case of ligand interaction.

To allow differentiation between presumably wavelength- independent (de- )quenching of ANAP 
fluorescence by other molecules or spectral shifts due to changes in the polarity, we simultaneously 
recorded fluorescence in distinct spectral segments, i.e., (i) 430–470 nm and 470–500 nm with filter 
set 1 and (ii) 430–490 nm and >500 nm with filter set 2 (Figure 3A). This also enabled us to identify 
mutants that only showed fluorescence changes at certain wavelengths and would have escaped 
detection, otherwise.

We first recorded ATP- induced fluorescence changes from P2X7Rs containing ANAP in the head 
domain, which projects over the ATP- binding site (P120- Q128, Figure 3B). In agreement with the 
pronounced conformational changes and ligand interactions of this domain during receptor activation 
(Lörinczi et al., 2012; McCarthy et al., 2019), all mutants except E121* and Q128* showed clear fluo-
rescence signals in all spectral segments (Figure 3C and D, Table 1 and Figure 2—figure supplement 
1B). For E121* and Q128* fluorescence changes were only detected with filter set 2, albeit with minimal 
changes for E121*. Analysis of mutants P120*, E121*, and P123* with filter set 1 was only preliminary 
(Figure 2—figure supplement 1B) but showed the same trends as signals recorded with filter set 2 
(Figure 3C and D). Independently of the wavelength, fluorescence changes were always positive for 
P120* and G126* and negative for Y122*, P123*, and K127*. These consistent changes over the entire 
ANAP emission spectrum indicate de-/quenching of ANAP either by the ligand ATP and/or other aa 
residues (see insert table in Figure 3E). In contrast, S124* (Figure 3E), R125*, and Q128* (Figure 3C 
and D and Figure 2—figure supplement 1B) showed positive fluorescence changes in most spectral 
segments but negative changes for wavelengths >500 nm. The opposite directions imply that these 
changes result, at least partly, from an ANAP emission shift toward shorter wavelengths and suggest 
that ANAP enters a less polar environment during receptor activation (Figure 3E).

In all head- domain constructs that showed clear kinetics, with the exception of K127*, fluorescence 
and current changes started simultaneously and showed shorter rising times upon repeated ATP appli-
cations, thus recapitulating the characteristic ‘current facilitation’ of the P2X7R (Allsopp and Evans, 
2015; Janks et  al., 2019; Roger et  al., 2008). To confirm that these fluorescence signals indeed 
tracked current facilitation, we analyzed the effects of three additional mutants that were expected to 
affect facilitation: (i) a single point mutation in the juxtamembrane region (S23N) that in human P2X7 
was shown to eliminate current facilitation (Allsopp and Evans, 2015), (ii) a Cys- Ala mutant (replace-
ment of residues identified to be palmitoylated [McCarthy et al., 2019] in the cysteine- rich region 
by alanine residues [Ser360, Cys362, Cys371, Cys373, Cys374, and Cys377]), and (iii) a ΔCys- mutant 
(deletion of the cysteine- rich intracellular region, S360- C377 [McCarthy et al., 2019; Roger et al., 
2010]). Contrary to findings in human P2X7 (Allsopp and Evans, 2015), the S23N mutation did not 
eliminate current facilitation in rat P2X7 (Figure 3—figure supplement 3). As expected (Roger et al., 

Figure supplement 1—source data 1. Original gel, Figure 1—figure supplement 1A.

Figure supplement 1—source data 2. Original gel, Figure 1—figure supplement 1B.

Figure supplement 1—source data 3. Original gel, Figure 1—figure supplement 1C.

Figure 1 continued
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Figure 2. P2X7Rs containing L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) at various positions within the extracellular, 
transmembrane, and cytoplasmic regions are expressed in the plasma membrane and functional. (A, B) Surface representations of the rat P2X7 Cryo- EM 
structure in the open state (PDB ID: 6u9w). The different domains (A) and selected sites of ANAP substitutions (B) are indicated in one subunit while the 
two other subunits are shown in gray and wheat, respectively. (C) Evaluation of surface expression and functionality of P2X7Rs generated from constructs 
containing an amber stop codon in the indicated positions. X. laevis oocytes expressing the constructs were labeled with membrane- impermeant 
Cy5- NHS ester. His- tagged P2X7Rs were extracted in 0.5% n- dodecyl-β-D- maltoside, purified via Ni2+ NTA agarose, and analyzed by SDS- PAGE (8%). 

Figure 2 continued on next page
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2010) and in contrast to the wt and most of the analyzed ANAP- containing mutants, current rise times 
of the ΔCys mutant were not significantly altered between first and second ATP applications, demon-
strating that we can indeed identify current facilitation in our setup (Figure 3—figure supplement 3). 
However, the strongly reduced functional expression of the Cys- Ala or ΔCys mutant with additional 
ANAP- incorporation sites prevented reliable analysis of current and fluorescence kinetics.

Remarkably, the K127* mutant showed a fluorescence change that was faster than the current 
increase already upon the first receptor activation (Figure 3F, Figure 3—figure supplement 3). EC50 
values for ATP were similar at wt, S124* and K127* mutants (Table 2). We conclude from this, that 
ANAP in position 127 reports a process that precedes channel opening and is most likely related 
to ligand binding, whereas ANAP reports gating- associated conformational changes in the other 
positions.

Detection of TM2 movements in response to receptor activation
The following VCF recordings were performed mainly with filter set 2 (430–490 nm and >500 nm), 
since this revealed more pronounced signals for most mutants.

To exclude fluorescence changes induced by a direct interaction with ATP and to further inves-
tigate P2X7 gating, we next investigated positions 339–341 (Figure 4A), just preceding S342, the 
major determinant of the channel gate (Pippel et al., 2017). Cysteine substitutions in these positions 
have previously been shown to be accessible to thiol- reactive dyes only in the open state of the 
receptor (Pippel et al., 2017). In agreement with a critical role in gating, current recordings from 
mutants S339*, T340*, and L341* were compromised by 10–20- fold higher leak currents compared to 
wt receptors or other mutants (see also Figure 4—figure supplement 1). Nevertheless, they showed 
clear fluorescence changes during receptor activation (Figure 4B), although with higher variability 
in amplitude and shape between oocytes. While P2X7R mutants S339* and L341* showed positive 
signals in all spectral ranges, fluorescence changes in T340* were inconsistent at shorter emission 
wavelengths, but mostly negative below 470 nm, and positive above 470 nm, indicating again that a 
spectral shift contributed to these signals (Figure 4B and C).

Notably, fluorescence signals from P2X7 T340* were also significantly larger during the first ATP 
application compared to the second (Figure 4B and C), suggesting that the environment of this posi-
tion changed between both ATP applications. An intriguing explanation could be an involvement of 
this region in the facilitation process. However, as the T340* mutant displayed no change in fluores-
cence or current kinetics between ATP applications (Figure 4D and Figure 4—figure supplement 1) 
the facilitation- associated gating mechanism is likely disturbed by this mutation.

Symbols indicate current responses to 0.3 mM ATP as determined by two- electrode voltage clamp recordings in the voltage clamp fluorometry setup: 
+, functional and currents comparable to wt P2X7 after 2–4 days of expression; (+), functional and currents comparable to wt P2X7 after 5–7 days of 
expression; –, not functional or currents ≤0.5 μA and not reproducible after 4 days. Representative data from two to five independent biochemical 
experiments are shown.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Original gel (1), Figure 2C (N- terminus).

Source data 2. Original gel (2), Figure 2C (head domain and TM2).

Source data 3. Original gel (3), Figure 2C (juxtamembrane).

Source data 4. Original gel (4), Figure 2C (anchor, cap, and ballast domain).

Source data 5. Original gel (5), Figure 2C (unresolved).

Source data 6. Original gel (6), Figure 2C (ballast domain, part a).

Source data 7. Original gel (7), Figure 2C (ballast domain, part b).

Figure supplement 1. Comparative analysis of tetramethyl- rhodamine- maleimide (TMRM)- labeled and L- 3- (6- acetylnaphthalen- 2- ylamino)–2- 
aminopropanoic acid (ANAP)- labeled P2X7 head domain mutants.

Figure supplement 1—source data 1. Original gel, Figure 2—figure supplement 1A.

Figure supplement 1—source data 2. Summarized data for box plot in Figure 2—figure supplement 1A.

Figure supplement 1—source data 3. Original recordings for box plot in Figure 2—figure supplement 1A and for representative VCF recordings in 
Figure 2—figure supplement 1A and B.

Figure 2 continued
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Table 1. Summary of surface expression, current responses (ΔI), and L- 3- (6- acetylnaphthalen- 2- 
ylamino)–2- aminopropanoic acid fluorescence changes (%ΔF/F) of the investigated P2X7 mutants.

Position

Surface expression

ΔI

%ΔF/F Filter set 1 %ΔF/F Filter set 2

Full- length Truncated 430–470 nm 470–500 nm 430–490 nm >500 nm

N- terminus

A3 + – + ↑ ↑ ↑ ↑

C5 + – + (–) (–) ↑ ↑

S6 + – – (–) (–) (–) (–)

W7 + – + (↑) (↑) ↑ ↑

V10 + – (+) (–) (–) (↑) (↑)

F11 + – + (–) (–) ↑ ↑

K17 + – (+) (–) (–) (–) (–)

Head domain

P120 + – + (↑) (↑) ↑ ↑

E121 + – + (–) (–) ↑ ↑

Y122 + – + ↓ ↓ ↓ ↓

P123 + – + n.d. n.d. ↓ ↓

S124 + – + ↑ ↑ ↑ ↓

R125 + – + ↑ ↑ ↑ ↓

G126 + – + ↑ ↑ ↑ ↑

K127 + – + ↓ ↓ ↓ ↓

Q128 + – + – – ↑ ↓

TM2 G338 – – – n.d. n.d. (–) (–)

S339 + – + ↑ ↑ ↑ ↑

T340 + – + – / ↓ ↑ ↑ ↑

L341 + – + (↑) (↑) ↑ ↑

Table 1 continued on next page
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Position

Surface expression

ΔI

%ΔF/F Filter set 1 %ΔF/F Filter set 2

Full- length Truncated 430–470 nm 470–500 nm 430–490 nm >500 nm

C- terminus

N356 + – (+) (–) (–) (–) (–)

T357 + + (+) (–) (–) (–) (–)

Y358 + + + (–) (–) – –

A359 + + (+) (–) (–) (–) (–)

T361 + + + (–) (↓) – ↓

R364 + + (+) n.d. n.d. (–) (–)

C371 + + + – – (–) (–)

A378 + + (+) (–) (–) n.d. n.d.

R385 + + (+) n.d. n.d. (–) (–)

K387 + + – n.d. n.d. (–) (–)

C388 + + – n.d. n.d. (–) (–)

V392 + + (+) (–) (–) (–) (–)

E406 + + (+) (–) (–) (–) (–)

Q422 + + – n.d. n.d. (–) (–)

D423 + + + (–) (–) ↑ ↑

V424 + + – n.d. n.d. (–) (–)

Q433 + + (+) (–) (–) n.d. n.d.

T434 + + (+) (–) (–) n.d. n.d.

F436 + + + n.d. n.d. (–) (–)

Unresolved S445 + + + (–) (–) – (–)

P450 + + + – – – –

Q455 + + + – – – –

Q460 + + (+) (–) (–) (–) (–)

E465 + + (+) (–) (–) n.d. n.d.

S470 + + (+) (–) (–) n.d. n.d.

Table 1 continued
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Scanning of the P2X7 intracellular domains for ATP-induced 
conformational changes
The large intracellular P2X7 C- terminus mediates many of the P2X7R downstream effects (Kopp 
et al., 2019). While the P2X7 cryo- EM structures revealed the role of the juxtamembrane N- and 
C- terminal domains in receptor desensitization, their role in downstream signaling and in particular 
the molecular function of the ballast domain remain completely unclear. Analysis of ANAP fluores-
cence changes within the cytoplasmic domain was therefore a primary aim of this study. We first 
introduced ANAP into juxtamembrane regions within the N- and C- termini (Figure  5A) that form 
the cytoplasmic cap and anchor domains excluding palmitoylated residues (C4, S360, C362, C363, 
C374, and C377) (McCarthy et al., 2019). Although all receptors with N- terminal ANAP substitutions 
were formed in full length (Figure 2C), current and fluorescence responses for S6*, V10*, and K17* 
substitutions remained small and inconsistent even after 6 days of expression. A3*, C5*, W7*, and 
F11* mutants showed positive fluorescence signals of variable sizes (Figure  5B), and the kinetics 
of F11* fluorescence correlated with current facilitation (Figure 5C, Figure 3—figure supplement 
3). ANAP fluorescence in F11* was not quenched by the nearby Trp (W7), as its removal had no 
apparent effect (Figure  5—figure supplement 1). Within the juxtamembrane C- terminal regions, 

Position

Surface expression

ΔI

%ΔF/F Filter set 1 %ΔF/F Filter set 2

Full- length Truncated 430–470 nm 470–500 nm 430–490 nm >500 nm

C- terminus

E489 + + + (–) (–) – –

N490 + + + (–) (–) – –

V517 + + + n.d. n.d. – –

L523 + + + n.d. n.d. – –

L527 + + + n.d. n.d. – –

L536 + + + (–) (–) – –

E537 + + + – – – –

G538 – + – (–) (–) (–) (–)

E539 + + + (–) (–) – –

A564 + ? + n.d. n.d. ↑ ↑

L569 + ? (+) n.d. n.d. (–) (–)

I577 + ? – n.d. n.d. (–) (–)

Q585 + ? + (–) (–) – –

G586 + ? + (–) (–) – –

Y595 + ? + – – – –

596 + ? + – – – –

+ and − indicate presence and absence of protein or signals, respectively. In case of current responses, + means 
response comparable to wt receptors and (+) means reduced responses. ↑ and ↓ indicate positive and negative 
fluorescence signals, respectively. 3–50 oocytes were measured per construct and filter set. In case of fluorescence 
responses, symbols in brackets indicate where less than three recordings met the criteria defined in the methods 
(mostly because of impaired fucntionality) and represent tendencies only. ?, not distinguishable (because of similar 
length of full- length and truncated constructs); n.d., not determined. 

The online version of this article includes the following source data for table 1:

Source data 1. Summarized data for Table 1 with assignment to the original VCF recordings; also including 
data from Figure 2—figure supplement 1B (box plot); Figure 3C, D, E, F; Figure 3—figure supplement 3C; 
Figure 4B, C, D; Figure 4—figure supplement 1B; and Figure 5B, C, D. The respective original recordings are 
deposited with Dryad. 
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Figure 3. Characterization of ATP- induced fluorescence changes in the P2X7 head domain recorded at different wavelengths. (A) Schematic of the 
voltage clamp fluorometry (VCF)- recording system and summary of filter/dichroic mirror configurations used to detect distinct spectral parts of L- 3- 
(6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP)- fluorescence (sets 1 and 2) and ANAP in combination with tetramethyl- rhodamine- 
maleimide (TMRM) or R- GECO1.2 (set 3). The corresponding positions A, B, C, and D are shown in the schematic. A second LED (green) was used for 

Figure 3 continued on next page
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ANAP was introduced between TM2 and the anchor domain (N356*, T357*, Y358*, A359*), upstream 
of β15, which is part of the cytoplasmic cap structure (T361*, R364*, C371*, A378*, R385*, K387*), 
and upstream of the cytosolic ballast domain (C388* and V392*). Surface expression of functional 
full- length receptors was observed for all constructs except for K387* and C388*. In contrast to the 
juxtamembrane N- terminal residues, however, only one of these C- terminal mutants, T361*, showed 
a fluorescence change, albeit in only ~50% of the recordings (Figure 5D). Interestingly, both F11 and 
T361 lie within two of at least four possible cholesterol recognition amino acid consensus (CRAC) 

additional excitation of TMRM or R- GECO1.2. (B) Close- up of the P2X7 head domain in surface representation indicating the ANAP- substituted amino 
acid residues P120- Q128 (red). The three subunits are colored in gray, wheat, and light blue. (C) Principle of VCF and representative VCF recordings in 
response to 0.3 mM ATP (upon second application). Change of fluorescence intensity of a site- specifically introduced environment- sensitive fluorophore 
can be induced by ligand binding and/or conformational changes. (D) Box plots summarizing results from the indicated ANAP- labeled P2X7Rs at two 
different emission wavelengths with ΔF/F% representing the maximum fluorescence signal during a 15- s ATP application. Numbers of recordings are 
given in brackets. (E) Representative VCF recordings in response to 0.3 mM ATP of P2X7(S124*) at three different emission wavelengths and summary of 
most likely interpretations. Note that fluorescence changes are most likely resulting from multiple effects, and only the dominant effect is stated. Arrows 
indicate direction of fluorescent changes. (F) Overlay of VCF recordings upon first (colored) and second (gray) ATP applications (0.3 mM) at two different 
emission wavelengths for P2X7(S124*) (14 oocytes) and P2X7(K127*) (17 oocytes), respectively. Averaged VCF recordings are shown as lines, and 
standard deviations are plotted as envelopes. Baseline currents (15 s before ATP application) were adjusted for clarity. All recordings were performed in 
divalent- free buffer, and oocytes were clamped at –30 mV. Original recordings have also been deposited with Dryad and summarized and assigned in 
Table 1—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Original recordings, Figure 3C, E and F.

Figure supplement 1. Control voltage clamp fluorometry (VCF) recordings from oocytes expressing different non- mutated ion channels.

Figure supplement 1—source data 1. Original recordings, Figure 3—figure supplement 1.

Figure supplement 2. Control experiments to test the specificity of tRNA- loading and L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid 
(ANAP) incorporation into P2X7.

Figure supplement 2—source data 1. Original recordings, Figure 3—figure supplement 2A.

Figure supplement 2—source data 2. Original gel, Figure 3—figure supplement 2B.

Figure supplement 3. Deletion of the cysteine- rich region eliminates current facilitation, and F11* and S124* mutants track current facilitation.

Figure supplement 3—source data 1. Summarized data, Figure 3—figure supplement 3A and B.

Figure supplement 3—source data 2. Original recordings, Figure 3—figure supplement 3A and B.

Figure supplement 3—source data 3. Original recordings, Figure 3—figure supplement 3C.

Figure 3 continued

Table 2. EC50 values for ATP and Hill coefficients (nH) at wt and L- 3- (6- acetylnaphthalen- 2- ylamino)–2- 
aminopropanoic acid- containing P2X7 receptor constructs.

Mutant EC50 (M) nH

Wt 4.202e- 005 (3.211e- 005–5.704e- 005) 1.049 (0.7962–1.380)

F11* 7.802e- 005 (6.268e- 005–9.893e- 005) 1.148 (0.9345–1.410)

S124* 8.316e- 005 (6.068e- 005–0.0001236) 1.122 (0.8271–1.519)

F11*, S124C 0.0001003 (8.439e- 005–0.0001216) 1.290 (1.069–1.571)

K127* 6.511e- 005 (4.281e- 005–0.0001339) 0.6601 (0.4779–0.8662)

D423* 6.513e- 005 (4.729e- 005–0.0001057) 1.240 (0.8087–1.821)

A564* 5.159e- 005 (3.491e- 005–9.976e- 005) 0.7810 (0.5364–1.087)

Number in brackets are 95% confidence intervals, n=3–11.

The online version of this article includes the following source data for table 2:

Source data 1. Original recordings for Table 2; Figure 3—figure supplement 3D; and Figure 5—figure 
supplement 2A.

Source data 2. Summarized data for Table 2; Figure 3—figure supplement 3D; and Figure 5—figure 
supplement 2A.
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Figure 4. ATP- induced L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) fluorescence changes 
in the P2X7 TM2 domain. (A) Overview and close- up of the three P2X7 subunits (in wheat, gray, and purple) 
with the TM helices as cartoon representations (in wheat, gray, and green) and the ANAP- substituted residues 
S339, T340, and L341 (in red). (B) Representative voltage clamp fluorometry (VCF) recordings from the indicated 

Figure 4 continued on next page
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motifs that have been proposed to be involved in the cholesterol sensitivity of P2X7 channel gating 
(Robinson et al., 2014).

ANAP introduction in most of the 29 ballast domain positions led to a dominant formation of 
truncated protein, indicating that this domain does not tolerate substitutions very well and/or that 
the truncated constructs form stable proteins. Four of these mutants (Q422*, V424*, G538*, I577*) 
did not form functional receptors at all. For most of the remaining constructs, no specific fluorescence 
changes could be detected, despite promising surface transport and current responses comparable 
to wt receptors for at least 12 of them (see Table 1, Figure 2C).

Only in two mutants, A564* and D423*, fluorescence changes could be recorded: A564* 
showed clearly positive signals, while D423* showed positive signals in only ~40% of the recordings 
(Figure 5D). Both mutants showed EC50 values similar to wt P2X7 and were not functional in control 
oocytes injected without ANAP (Figure  5—figure supplement 2), suggesting that the respective 
truncated proteins (compare Figure  2C) do either not contribute to current responses or only in 
complex with full- length (ANAP- containing) P2X7 subunits. D423 is located within a loop connecting 
the β17 and β18 strands and situated on the outer surface of the cytoplasmic ballast, facing away from 
both the central axis of the receptor and the neighboring subunits (Figure 5F). Notably, mutation of 
the neighboring positions (Q422*, V424*) resulted in non- functional receptors. A564 is located in the 
α15 helix at the very end of a cavity formed by the α13, α14, and α16 helices and a short α9 helix of the 
neighboring subunit (Figure 5E). This cavity harbors the guanosine nucleotide binding site identified 
by cryo- EM and liquid chromatography- tandem mass spectrometry analysis, and GDP was found to 
interact with residues A567 and L569 (McCarthy et al., 2019), both in close proximity to A564. α16, is 
also part of a proposed lipid interaction or lipopolysaccharide (LPS) binding motif (Denlinger et al., 
2001) and α14 at the bottom of the cavity is part of a proposed calcium- dependent calmodulin binding 
motif (residues I541- S560) (Roger et al., 2010; Roger et al., 2008). To identify possible palmitoylation 
or CaM- dependent movements of the ballast domain or effects on receptor function, we analyzed 
the influence of the non- palmitoylated ΔCys- and Cys- Ala mutants (Figure 3—figure supplement 3) 
as well as a ΔCaM mutant, in which a proposed calmodulin binding site was deleted (Roger et al., 
2010) on ANAP fluorescence. While the poor expression of the ΔCys and Cys- Ala mutants in combi-
nation with ANAP prevented VCF analysis, combination of the ΔCaM mutation with ANAP (in intracel-
lular positions F11*, D423*, or A564* or in the head domain S124*, K127*) yielded good expression 
and similar current kinetics and fluorescence changes, as observed before for the single mutants 
(Figure 5—figure supplement 3). This argues against a major functional effect of the CaM binding 
site mutation on the current facilitation or on molecular movements, at least in the oocyte- expressed 
receptor.

Taken together, only two positions, D423 and A564, could be identified within the ballast domain, 
where ANAP reported environmental changes, suggesting only limited ATP- induced movements in 

mutants in response to 0.3 mM ATP (upon second application) and summary of results at two different emission 
wavelengths. Note that recordings from all constructs were compromised by high leak currents. Graphs compare 
maximal fluorescence signals during first (closed circles) and second (open circles) ATP applications (interval 195 s). 
Data are represented as mean ± S.E.M. Significance was determined using the two- tailed paired Student’s t- test 
(*, p<0.05; **, p<0.005). (C) Representative recordings and summary (performed as in B) from P2X7(T340*) with 
filter set 2. (D) Overlay of VCF recordings from P2X7(T340*) upon first (colored) and second (gray) ATP applications 
(0.3 mM) at two different emission wavelengths. Averaged VCF recordings from 11 oocytes are shown as lines, and 
standard deviations are plotted as envelopes. Baseline currents (15 s before ATP application) were adjusted for 
clarity. All recordings were performed in divalent- free buffer, and oocytes were clamped at –30 mV. Wavelengths 
passed by the used filter sets are indicated. Original recordings have also been deposited with Dryad and 
summarized and assigned in Table 1—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Original recordings, Figure 4B, C, and D.

Figure supplement 1. L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) in TM2 causes leakiness 
and affects current facilitation.

Figure supplement 1—source data 1. Original recordings, Figure 4—figure supplement 1A.

Figure 4 continued
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Figure 5. L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) incorporation into 41 positions of the cytosolic P2X7 domain identified 
seven positions that report ATP- induced fluorescence changes. (A) Surface representation of all three P2X7 subunits (in wheat, gray, and purple) 
showing location of the juxtamembrane regions and close up (top view) detailing the anchor and cap domains (in yellow and blue, respectively) and 
ANAP- substituted positions (in red) within a single P2X7 subunit. (B) Representative voltage clamp fluorometry (VCF) recordings and data summary 
from P2X7R mutants containing ANAP at different positions within the N- terminus. Responses to 0.3 mM ATP were recorded at two different emission 

Figure 5 continued on next page
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this domain. However, mutant A564* has great potential as a reporter for yet undefined processes 
that affect GDP binding and/or metabolism.

Parallel recording of ANAP fluorescence with other fluorophores
Based on the above findings, we propose that yet unknown intracellular ligands or protein inter-
actors are required to mediate downstream signaling via the ballast domain. As potential tools to 
further investigate such molecules and the dynamics of their molecular interplay with the P2X7R, we 
combined ANAP with other fluorophores and equipped the VCF setup with a second LED for parallel 
excitation of two different fluorophores within the same protein.

First, we generated a double mutant (F11*/ S124C) suited to investigate the dynamics of P2X7 
activation in different parts of the receptor by parallel labeling with the thiol- reactive fluorophore 
TMRM in the extracellular head domain and with ANAP in the cytoplasmic N- terminus. As seen in 
Figure 6A, and similar to ANAP in K127*, TMRM in the head- domain showed an instant fluorescent 
change already upon a first ATP application, whereas the ANAP fluorescence change in F11* was 
clearly slower. However, both signals coincided upon a second ATP application, further supporting 
our hypothesis that the so- called current facilitation in P2X7 is due to a change in receptor gating 
rather than ligand binding. EC50 values for ATP at these mutants and at wt P2X7 were comparable 
(Figure 3—figure supplement 3 and Table 2).

Since P2X7 is known to permeate Ca2+, an important mediator of intracellular signaling, we also 
established a protocol to combine VCF recording of ANAP- fluorescence with imaging of P2X7- 
mediated Ca2+ influx by fusing the genetically encoded Ca2+- sensor R- GECO1.2 (Wu et al., 2013) 
C- terminally to the receptor. Combination of P2X7 R- GECO1.2 with the K127* mutant, in which ANAP 
most likely reports a ligand binding- associated process, showed a clearly delayed onset of the Ca2+- 
dependent R- GECO fluorescence signal, as expected (Figure 6B). A limitation of this protocol was, 
however, that Ca2+ promoted P2X7 desensitization and affected baseline fluorescence, specifically 

wavelengths. Graphs compare maximal fluorescence signals during first (closed circles) and second (open circles) ATP applications (interval 195 s). Data 
are represented as mean ± S.E.M. (C) Overlay of VCF recordings from P2X7(F11*) upon first (colored) and second (gray) ATP application (0.3 mM) at 
two different emission wavelengths. Lines represent averaged VCF recordings from 13 oocytes. Standard deviations are plotted as envelopes. Baseline 
currents (15 s before ATP application) were adjusted for clarity. (D) Representative VCF recordings from the indicated mutants in response to a second 
application of 0.3 mM ATP and summary of results at the indicated emission wavelengths (performed as in B). Graphs compare maximal fluorescence 
signals during first (closed circles) and second (open circles) ATP applications (interval 195 s). Data are represented as mean ± S.E.M. All recordings 
were performed in divalent- free buffer, and oocytes were clamped at –30 mV. (E) Close- up of the cytoplasmic ballast domain from one P2X7 subunit 
in cartoon and surface representation highlighting a bound GDP (salmon), surrounding α-helices, and residue A564 (red). (F) Surface representation 
of the cytoplasmic domains of all three P2X7 subunits (in gray, light blue, and wheat) with bound GDP (salmon). Positions in which ATP- induced ANAP 
fluorescence changes were identified are shown in red. ANAP- substituted positions in which no fluorescence changes were seen (despite surface 
expression and current responses) are shown in blue. Original recordings have also been deposited with Dryad and summarized and assigned in Table 
1—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Original recordings, Figure 5B and D.

Figure supplement 1. The fluorescence change in P2X7(F11*) is not caused by a dequenching effect of the nearby Trp residue.

Figure supplement 1—source data 1. Summarized data for bar graph in Figure 5—figure supplement 1B.

Figure supplement 1—source data 2. Original recordings, Figure 5—figure supplement 1A and B.

Figure supplement 1—source data 3. Original gel, Figure 5—figure supplement 1C.

Figure supplement 2. Dose- response analysis for intracellular P2X7 mutants F11*, D423*, and A564* and contribution of D423 and A564 deletion 
mutants to current responses.

Figure supplement 2—source data 1. Original recordings, Figure 5—figure supplement 2B.

Figure supplement 2—source data 2. Summarized data, Figure 5—figure supplement 2B.

Figure supplement 3. Elimination of a CaM- binding motif has no apparent effect on current kinetics or fluorescence responses.

Figure supplement 3—source data 1. Summarized data for box plot in Figure 5—figure supplement 3A and representative VCF recordings in 
Figure 5—figure supplement 3B.

Figure supplement 3—source data 2. Original recordings, Figure 5—figure supplement 3A and B.

Figure 5 continued
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Figure 6. Double- labeled P2X7Rs as potential tools to analyze intracellular domain movements, downstream 
signaling events, and protein interactions. (A) Scheme of a P2X7 subunit double- labeled with L- 3- (6- 
acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP) and tetramethyl- rhodamine- maleimide (TMRM) (F11*, 
S124C) and overlay of fluorescence and current responses to first (colored) and second (gray) ATP applications 
(0.3 mM) at the indicated emission wavelengths. Lines represent averaged voltage clamp fluorometry (VCF) 
recordings from five different oocytes and standard deviations are plotted as envelopes. Baseline currents (15 s 
before ATP application) were adjusted for clarity. (B) Scheme of P2X7(K127*) subunit C- terminally fused to R- 
GECO1.2 and representative VCF recording in response to 0.3 mM ATP. Recordings were performed in buffer 
containing 0.5 mM Ca2+. (C) Scheme showing the P2X7(Y595*)- CaM- M13- mNeonGreen construct that served 
as positive control for recordings of FRET between ANAP and mNeonGreen. Ca2+ entry through the P2X7R is 
supposed to induce conformational changes in the CaM- M13- mNeonGreen reporter, which are detected as a 
FRET signal. A representative VCF recording in response to 0.3 mM ATP is shown. In all recordings, oocytes were 
clamped at –30 mV.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Original recordings, Figure 6A, B, and C.

Figure supplement 1. Ca2+- containing buffers cause large fluorescence changes, even in the absence of L- 3- (6- 
acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP).

Figure supplement 1—source data 1. Original recordings, Figure 6—figure supplement 1A, B, C.

Figure supplement 1—source data 2. Original and summarized photometric data for Figure 6—figure 

Figure 6 continued on next page
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in the ANAP emission spectrum (Figure 6—figure supplement 1). Use of an alternative fluorescent 
unnatural amino acid (fUAA) would therefore be advantageous.

ANAP has been successfully used as a FRET partner in combination with acceptor transition 
metals (Gordon et al., 2018), with EGFP (Mitchell et al., 2017), and with YFP to study the apoptosis- 
regulating Bax- Hsp70 interaction in HeLa cells (Park et al., 2019) and the interaction between BACE1 
and KCNQ2/3 in tsA- 201 cells (Dai, 2022). Thus, we finally tested whether we could detect FRET 
signals between ANAP and potential interactors carrying a mNeonGreen- tag. As a proof of concept 
and based on a CaM- M13- EGFP fusion protein (Mitchell et al., 2017), we generated a positive control 
(P2X7(Y595*)CaM- M13- mNeonGreen), in which ANAP was introduced into the very C- terminus of a 
P2X7R that was C- terminally fused to a construct consisting of calmodulin (CaM), CaM- binding myosin 
light chain kinase (M13), and mNeonGreen (Shaner et al., 2013). Upon Ca2+- binding, this construct 
should move the acceptor protein mNeonGreen in closer proximity to ANAP, which acts as FRET 
donor.

As expected, ATP- induced Ca2+- influx reduced ANAP fluorescence and increased mNeon-
Green fluorescence (Figure 6C). The specificity of the signals was confirmed in control experiments 
(Figure 6—figure supplement 2).

Driven by these results we sought to investigate a potential interaction between the rat P2X7 
receptor and CaM (Roger et al., 2010; Roger et al., 2008) and performed experiments with ANAP- 
labeled P2X7 receptors and mNeonGreen- tagged CaM. However, these recordings revealed no differ-
ences to the negative controls, as the CaM- mNeonGreen construct yielded unspecific fluorescence 
signals (Figure 6—figure supplement 3), possibly due to interaction of soluble mNeonGreen- tagged 
CaM with the co- injected ANAP.

Since the small FRET signals additionally complicated these analyses, the use of another fUAA 
with superior photophysical properties such as Acd (Zagotta et al., 2021) might provide a better 
alternative.

In summary, we identified kinetically different fluorescence changes in the head domain that are 
most likely associated with ligand binding and gating, respectively, and suggest an involvement of the 
region around T340 in P2X7 current facilitation. We find, however, only limited ATP- induced move-
ments in the intracellular domains and hypothesize that additional interactions might be required to 
‘activate’ the ballast domain. Protocols for parallel recordings of ANAP with TMRM, mNeonGreen, 
and R- Geco1.2 were established to further analyze such interactions.

Discussion
Optimization of UAA incorporation into P2X7
Site- specific UAA- incorporation represents a powerful method for protein structure- function analysis, 
and protocols exist for several model systems (Braun et al., 2020; Klippenstein et al., 2018; Leisle 
et al., 2015; Pless et al., 2015). In X. laevis oocytes, stop codon suppression either by in vitro synthe-
sized UAA- aminoacylated tRNAs or by expression of co- evolved tRNA/aminoacyl- tRNA synthetase 
pairs has been established. Recently, the semisynthetic ligation of peptide fragments containing the 
modification using split intervening proteins (inteins) (Sarkar et al., 2021) has also been described 
(Galleano et al., 2021; Khoo et al., 2020). While chemically aminoacylated tRNA cannot be reloaded 
after deacylation without a tRNA synthetase (Klippenstein et al., 2018), expression of co- evolved 

supplement 1E.

Figure supplement 2. Control constructs and corresponding voltage clamp fluorometry recordings to confirm the 
specificity of the FRET signals.

Figure supplement 2—source data 1. Summarized data for bar graph in Figure 6—figure supplement 2.

Figure supplement 2—source data 2. Original recordings for bar graph in Figure 6—figure supplement 2.

Figure supplement 3. Experiments with L- 3- (6- acetylnaphthalen- 2- ylamino)–2- aminopropanoic acid (ANAP)- 
containing P2X7 constructs and soluble mNeonGreen- tagged CaM reveal unspecific fluorescence signals.

Figure supplement 3—source data 1. Summarized data for bar graph in Figure 6—figure supplement 3.

Figure supplement 3—source data 2. Original recordings for bar graph in Figure 6—figure supplement 3.

Figure 6 continued
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orthogonal tRNA/aminoacyl- tRNA synthetase pairs requires an additional nuclear injection (Kalstrup 
and Blunck, 2013; Ye et al., 2013). Here, we combined both methods by simultaneously injecting a 
synthesized suppressor tRNA, cRNA encoding the tRNA synthetase, ANAP, and cRNA encoding the 
target protein into the cytoplasm. We further enhanced ANAP incorporation by co- injection of cRNA 
encoding mutated X. laevis eRF1, disfavoring premature translation termination. While mutated eRF1 
could potentially interfere with correct translation of endogenous amber- terminated oocyte proteins, 
we observed no apparent impact on oocyte properties. The presented procedure also improved 
oocyte quality, expression efficiency, and reproducibility and facilitated optimization of injection 
ratios. While it does not require equipment for synthesis and purification of UAA- labeled tRNA and 
is easily applicable in a molecular biology lab, it still depends on a co- evolved tRNA/aminoacyl- tRNA 
synthetase pair. In combination with UAAs suitable for click chemistry, its flexibility and the choice of 
fluorophores or functional groups could be greatly expanded (Braun et al., 2020). Here, we could 
successfully employ the optimized ANAP labeling strategy to explore conformational changes asso-
ciated with P2X7R activation.

Is P2X7 current facilitation an intrinsic receptor property?
Based on crystal and cryo- EM structures, a molecular mechanism of P2XR gating has been estab-
lished: ATP- binding to its extracellular inter- subunit binding sites leads to a jaw- like tightening of 
the head and dorsal fin domains of neighboring subunits around the ATP molecule. This induces an 
upward movement of β strands in the lower part of the extracellular domain and associated pore 
opening. Upon prolonged and/or repeated activation, the P2X7R shows a characteristic increase in 
current amplitude and speed of channel opening, which is generally associated with a shift toward 
higher ATP sensitivity. Several mechanisms have been proposed to contribute to this so- called current 
facilitation: modulation of receptor activity by cholesterol (via direct binding to TM domains or choles-
terol recognition amino acid consensus [CRAC] motifs) (Karasawa et  al., 2017; Murrell- Lagnado, 
2017; Robinson et al., 2014), palmitoylation (Di Virgilio et al., 2018; Gonnord et al., 2009; Kara-
sawa et  al., 2017), cooperative interactions between intracellular N- and C- termini (Allsopp and 
Evans, 2015), and calcium- dependent calmodulin binding (Roger et al., 2008). The latter, however, 
appeared to be specific for rat P2X7 and was not found in the human isoform (Roger et al., 2010). In 
monocyte- derived human macrophages, current facilitation as well as inflammasome activation, IL- 1β 
release, blebbing, PS flip, and membrane permeabilization were inhibited by phospholipase A2 (PLA2) 
and Cl- channel antagonists (Janks et al., 2019), and it was suggested that facilitation represents a 
downstream effect of P2X7- mediated PLA2 and Cl- channel activation. Single channel recordings of 
HEK293 cell- expressed rat P2X7Rs recently revealed an increased open probability as a result of ATP- 
evoked current facilitation (Dunning et al., 2021). Here, we also observed a faster onset of current 
signal upon the second ATP application while changes in the amplitude were less obvious. Impor-
tantly, for most ANAP- containing P2X7R constructs studied here, fluorescence changes mirrored this 
behavior, strongly suggesting that it is a receptor- intrinsic property and does not involve currents from 
downstream- activated channels, such as Ca2+- activated Cl- channels or pannexins (Dunning et  al., 
2021; Ousingsawat et al., 2015; Pelegrin and Surprenant, 2006; Riedel et al., 2007). Interestingly, 
the K127* head domain mutant showed faster fluorescence than current changes even upon the 
first ATP application. Thus, ANAP in this position reports a movement or interaction that precedes 
channel opening and is most likely related to ligand binding. A similar result was observed for the 
TMRM- labeled F11*/S124C double mutant, where the onset of TMRM signal upon the first ATP appli-
cation was faster than the current and ANAP fluorescence change (but coincided upon the second 
application). In contrast to TMRM, ANAP in position 124 showed fluorescence signals that paralleled 
current responses, suggesting that different fluorophores can report different processes, possibly 
due to differences in size and/or sensitivity to the environment. Supporting the idea that these fast 
fluorescence changes are related to ligand binding, they were only observed in mutants containing 
fluorophores near the ATP binding site. Fast ligand- induced fluorescence changes already in the non- 
facilitated P2X7 state imply that ligand binding is unaltered between the first and second activation 
and consequently, changes in channel gating account for the observed current facilitation.

Fluorescence signals recorded from ANAP in positions near the channel gate (Pippel et al., 2017) 
could result from different simultaneously occurring effects during channel opening and evidence for 
both, a shift in ANAP emission toward longer wavelengths (position 340) and dequenching (positions 
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339 and 341) were observed. Interestingly, ANAP in position 340 revealed significant differences in the 
fluorescence amplitudes between the first and second ATP application. An intriguing explanation would 
be that it detects a slowly or non- reversible conformational change after the first ATP application, which 
could facilitate subsequent gating movements and thereby account for current facilitation. However, 
T340* was the only construct that did not show a faster current onset upon the second ATP applica-
tion, possibly because ANAP substitution in this critical position already strongly facilitated gating, as 
indicated by the large ‘leak’ currents, likely reflecting partial constitutive ligand- independent opening. 

Based on the above observations, we propose that the faster activation upon the second ATP appli-
cation is an intrinsic property of the P2X7R. This conclusion is also in good agreement with the fact 
that the current facilitation but not downstream signaling events is seen in truncated P2X7 constructs 
(Kopp et al., 2019; McCarthy et al., 2019). One possibility for a molecular mechanism would be a 
pre- tensioning of TM2- helices during the first receptor activation that eases channel opening upon a 
second activation. It is not known, but likely that the cryo- EM structure of the ATP- bound open P2X7R 
represents the facilitated state. If so, the open- state stabilizing cap domain might not be locked in 
place in the naïve state but could be formed during the first receptor activation and then stabilized via 
the cysteine- rich anchor domain. The cap domain may then support the upward transition of TM2 and 
thereby accelerate current responses. Dynamic cysteine palmitoylation and cholesterol interactions 
might modulate this process as suggested before (Di Virgilio et al., 2018; Dunning et al., 2021; 
Karasawa et al., 2017; Robinson et al., 2014). Alternatively, initial receptor activation may change 
accessibility and/or affinity for a yet unknown allosteric ligand and thereby modulate P2X7 activation. 
All these suggested mechanisms are not mutually exclusive.

Is the ballast domain affected by ATP-binding/channel opening?
While the functionality of P2X7 as a cation channel is not impaired by lack of the intracellular C- ter-
minus (Becker et al., 2008; Klapperstück et al., 2001; McCarthy et al., 2019), its deletion disrupts 
a number of P2X7- mediated effects (Kopp et al., 2019), which most likely depend on downstream 
signaling pathways. A major aim of this study was the identification of C- terminal domains involved in 
such signaling. Most of the intracellular positions in which ANAP reported relative protein rearrange-
ments were, however, located upstream of the cap domain either within the N- terminus (A3, C5, W7, 
F11) or right after TM2 (T361). Despite clear surface expression and current responses of at least 12 
constructs with ANAP in the cytoplasmic ballast domain, only two of these mutants (D423* and A564*) 
revealed detectable but small fluorescence changes upon ligand application, suggesting that ATP 
binding induces only limited structural rearrangement in this domain, and that it is largely uncoupled 
from the extracellularly initiated conformational changes. Interestingly D423*, which showed only 
sporadic changes, lies in a short sequence with homology to an α-actinin 2 binding sequence (Kim 
et al., 2001). Since P2X7 activation induces plasma membrane morphology changes, and interactions 
with cytoskeletal proteins have been proposed (Gu et al., 2009; Kim et al., 2001; Kopp et al., 2019), 
an intriguing possibility would be that ANAP in position 423 reports interactions with cytoskeletal 
components. In A564*, ANAP is located near the GTP/GDP- binding site but showed much smaller 
signals than in positions near the ATP binding site, arguing against GTP/GDP (un- )binding, in agree-
ment with the cryo- EM structures (McCarthy et al., 2019). However, A564 is also surrounded by other 
proposed interaction sites, including an LPS binding sequence and a calcium- dependent CaM binding 
motif (Denlinger et al., 2001; Roger et al., 2010; Roger et al., 2008), which might account for the 
observed signals.

In summary, we improved ANAP incorporation into Xenopus oocyte- expressed protein and 
performed an extensive VCF analysis of P2X7R mutants carrying ANAP in 61 positions throughout the 
receptor. We conclude from our data, that current facilitation is, at least partly, an intrinsic property 
of the P2X7R and involves an accelerated channel gating rather than ligand binding. In addition, we 
propose that ligand- induced extracellular and TM domain movements are not significantly translated 
to the cytosolic ballast domain and that intracellular ligands or interactors are required to ‘activate’ 
this domain. Protocols for simultaneous recording of ANAP with TMRM, Ca2+- dependent R- GECO1.2, 
or mNeonGreen- labeled FRET partners are presented that might help to validate P2X7 downstream 
signaling events and analyze their molecular mechanisms and dynamics, once such interactors have 
been reliably determined.
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Materials and methods
Xenopus laevis oocytes
X. laevis females were obtained from NASCO (Fort Atkinson, WI) and kept at the Core Facility Animal 
Models (CAM) of the Biomedical Center (BMC) of LMU Munich, Germany (Az:4.3.2–5682/LMU/BMC/
CAM) in accordance with the EU Animal Welfare Act. To obtain oocytes, frogs were deeply anesthe-
tized in MS222 and killed by decapitation. Surgically extracted ovary lobes were divided into smaller 
lobes and dissociated by ~2.5 hr incubation (16°C) with gentle shaking in ND96 solution (96 mM 
NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4) containing 2 mg/ml collagenase 
(Nordmark, Uetersen, Germany) and subsequently defolliculated by washing (15 min) with Ca2+- free 
oocyte Ringer solution (90 mM NaCl, 1 mM KCl, 2 mM MgCl2, 5 mM HEPES). Stage V- VI oocytes were 
selected and kept in ND96 containing 5 µg/ml gentamicin until further use. In some cases, oocytes 
were commercially obtained (Ecocyte Bioscience, Dortmund, Germany), or ovaries were provided by 
Prof. Dr. Luis Pardo (Max Planck Institute for Experimental Medicine, Göttingen, Germany).

cDNA and cloning
N- terminally His- tagged rat P2X1 cDNA in pNKS2 has been described (Lörinczi et  al., 2012). An 
EGFP- tag was C- terminally added via a GSAGSA- linker sequence by Gibson assembly (Gibson et al., 
2009) according to the protocol of the manufacturer (New England Biolabs GmbH, Frankfurt am 
Main, Germany).

cDNA encoding an N- terminally His- tagged rat P2X7R was subcloned into a pUC19 vector modi-
fied for cRNA expression in oocytes (termed pUC19o). pUC19o was generated by insertion (from 5` to 
3`) of a synthesized T7 promoter sequence, a Xenopus globin 5’-UTR, and a Kozak sequence (Kozak, 
1987) (GeneArt String DNA fragment, Life Technologies / Thermo Fisher Scientific Inc, Regensburg, 
Germany) and a 27 bp 3’-UTR (Tanguay and Gallie, 1996) followed by a poly A tail (51 adenines) 
obtained from the pNKS2 vector (Gloor et al., 1995) (for details of the UTRs see Key resource table).

The cDNA sequence of the aminoacyl- tRNA synthetase was obtained from the plasmid pANAP 
(Addgene #48696) (Chatterjee et al., 2013) and subcloned via Gibson assembly into pUC19o.

The coding sequence of X. laevis eRF1 (NCBI Reference Sequence: NM_001090894.1) with an E55D 
mutation (GeneArt String DNA fragment, Life Technologies/Thermo Fisher Scientific Inc, Regensburg, 
Germany) was cloned into pNKS2 via Gibson assembly. For recombinant expression in E. coli, the 
coding sequence of His- eRF1(E55D) was cloned into a modified pET28a vector via Gibson assembly.

Site- specific mutagenesis was performed with the Q5 Site- Directed Mutagenesis Kit (based on 
PCR- amplification) according to the manufacturer’s protocol (New England Biolabs GmbH, Frankfurt 
am Main, Germany). Oligonucleotides were ordered from metabion GmbH (Planegg/Steinkirchen, 
Germany).

All constructs contained either an ochre (TAA) or opal (TGA) stop codon for normal translational 
termination to avoid C- terminal ANAP incorporation and read- through and were confirmed by 
sequencing (Eurofins Genomics, Ebersberg, Germany).

eRF1 protein preparation
NiCo(DE3) bacteria were transformed with His- eRF1(E55D) in pET28a. 5 ml of a LB- Kanamicin pre- 
culture (~12 hr) was added to 300 ml ZY- 5052 autoinduction media (Studier, 2005) supplemented 
with 100 µg/ml Kanamycin and grown for 6 hr at 37°C. The temperature was then reduced to 25°C, 
and bacteria were grown for another 18 hr. After pelleting by centrifugation (6500 g, 20 min) cells 
were resuspended in 40 ml lysis buffer (50 mM TRIS (tris(hydroxymethyl)aminomethane)- HCl, pH 8.0, 
50 mM NaCl, 5 mM MgCl2, 10% (v/v) glycerol, 0.1% (v/v) Triton X- 100, 10 µg/ml DNase I, 100 µg/ml 
lysozyme), and sonicated (Bandelin Sono plus, TT13 cap, 50% duty cycle, 50% power) for 5 min in an 
ice bath. The lysate was pelleted at 40,000 × g (1 hr at 4°C). The supernatant was filtered (0.2 µm) and 
applied onto a Ni- NTA column (HisTrap FF, 5 ml, GE Healthcare Europe GmbH, Freiburg, Germany). 
Bound protein was washed with 10 column volumes of washing buffer (25 mM TRIS- HCl, pH 7.8, 
500 mM NaCl, 20 mM imidazole, 0.25% [v/v] Tween 20, 10% [v/v] glycerol) and eluted with 6 column 
volumes of elution buffer (25 mM TRIS- HCl, pH 7.8, 500 mM NaCl, 300 mM imidazole, 0.25% [v/v] 
Tween 20 [v/v], 10% [v/v] glycerol). The eluate was concentrated (Amicon Ultra- 15, 10 kDa MWCO, 
Millipore/Merck KgaA, Darmstadt, Germany), and buffer was exchanged by low- salt buffer (20 mM 
TRIS, 100 mM NaCl, pH 7.5) for subsequent anion exchange chromatography on a 5 ml Mono- Q 
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column (GE Healthcare Europe GmbH, Freiburg, Germany). Following an elution gradient with high- 
salt buffer (20 mM TRIS, 1 M NaCl, pH 7.5), protein- containing fractions were pooled, concentrated, 
and buffer was exchanged (1× PBS with 500  mM NaCl) for size exclusion chromatography on a 
Superdex 75 Increase (10/300). Purified His- eRF1(E55D) was shock- frozen in 10 µl aliquots and stored 
at –80°C.

cRNA synthesis and tRNA
To prepare templates for cRNA synthesis, plasmids were linearized with EcoRI- HF (pNKS2) or NotI- HF 
(pUC19o) from New England Biolabs GmbH (Frankfurt am Main, Germany) and purified via MinElute 
Reaction Cleanup columns (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 
Alternatively, templates (including the 5’-terminal RNA polymerase promoter site (T7 or SP6) and the 
3’-terminal poly A) were amplified by PCR and purified using the NucleoSpin Gel and PCR Clean- up 
Kit (Macherey- Nagel, Düren, Germany) according to the manufacturer’s protocol.

Capped cRNA was synthesized using the mMESSAGE mMACHINE SP6 or T7 Transcription Kits 
(Invitrogen/Thermo Fisher Scientific Inc, Schwerte, Germany), precipitated with LiCl, and dissolved in 
nuclease- free water (1 µg/µl if not stated otherwise).

The amber suppressor tRNA sequence was translated from the plasmid pANAP (Addgene #48696) 
(Chatterjee et al., 2013), provided with an universal 3’-terminal CCA- sequence (important for tRNA 
aminoacylation and translation), and chemically synthesized and purified via PAGE and HPLC ( biomers. 
net GmbH, Ulm, Germany).

Oocyte injection and ANAP incorporation
A Nanoject II injector (Science Products GmbH/Drummond, Hofheim, Germany) was used for nuclear 
and cytoplasmic injections.

cRNAs encoding cysteine- substituted receptors for TMRM labeling were injected as described 
(Lörinczi et al., 2012). Two different procedures were used for incorporation of ANAP:

The 2- step injection method was performed according to Kalstrup and Blunck, 2017 using the 
plasmid pANAP that encodes the co- evolved, orthogonal, and ANAP- specific amber suppressor 
tRNA/tRNA synthetase pair (Addgene #48696 Chatterjee et al., 2013). 9.2 nl of pANAP (0.1 μg/
μl) per oocyte were injected into the nucleus. 1–2 days later, 46 nl of an injection mix containing 
0.20–0.25 μg/μl receptor- encoding cRNA (with or without an UAG codon at the site of interest) and 
0.2–1.0 mM ANAP (L- ANAP trifluoroacetic salt or L- ANAP methyl ester, both AsisChem Inc, Waltham, 
MA) were injected into the cytoplasm.

The 1- step injection method was performed as described before (Durner and Nicke, 2022) with 
addition of mutated X. laevis eRF1 as indicated. An injection master mix comprising 0.25 mM ANAP 
TFA, 0.25 μg/μl cRNA encoding X. laevis eRF1 E55D, 0.2 μg/μl cRNA encoding the tRNA synthetase, 
and 0.4 μg/μl tRNA was freshly prepared. Three parts of the injection master mix were added to one 
part of 1 μg/μl receptor- encoding cRNA (with or without an UAG codon). 50.6 nl per oocyte were 
injected into the cytoplasm. Uninjected oocytes and oocytes injected with wt receptor cRNA served 
as negative and positive controls, respectively. Nuclease free water served as a substitute for indi-
vidual components in control groups.

To optimize fUAA incorporation into X. laevis oocyte- expressed receptors, different procedures, 
concentrations of substances, and injection time points were compared (Figure 1—figure supple-
ment 1). To optimize the concentrations of an individual component, the ratios and concentrations of 
the other components, as well as the expression times and receptor cRNA concentrations were kept 
constant in individual experiments. In cases where oocytes were incubated in membrane- permeable 
L- ANAP methyl ester, a 2 μM concentration in ND96 buffer (see below) was used.

Injected oocytes were kept in ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM 
HEPES, pH 7.4–7.5) supplemented with gentamicin (50 µg/ml) at 16°C for at least 2 days.

Receptor purification and SDS-PAGE
To evaluate plasma membrane expression of truncated and full- length His- tagged P2X7R mutants, 
surface- expressed receptors were fluorescently labeled, purified, and analyzed by SDS- PAGE. Three 
days after injection, 10 oocytes per group were labeled for 30–60  min (in the dark under rota-
tion) in 200 μl 0.003% (m/V) aminoreactive, membrane- impermeant Cy5 Mono NHS Ester (Merck / 
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Sigma- Aldrich, Taufkirchen, Germany, diluted from a 1% [m/V] stock in DMSO) in ND96 (pH 8.5, 4°C) 
and then washed in ND96. Bright blue- stained damaged oocytes were then discarded, and intact 
oocytes were homogenized with a 200 μl pipet tip in 10 µl homogenization buffer per oocyte (0.1 M 
sodium phosphate buffer, pH 8.0, containing 0.4 mM Pefabloc SC and 0.5% n- dodecyl-β-D- maltoside, 
[both Merck/Sigma- Aldrich, Taufkirchen, Germany]). Membrane proteins were extracted by 10 min 
incubation on ice and separated from the debris by two centrifugation steps (10 min at 14,000 × g 
and 4°C). 100 µl of the protein extract were then supplemented with 400 µl of homogenization buffer 
containing 10 mM imidazole and added to 50 µl Ni2+- NTA agarose beads (Qiagen GmbH, Hilden, 
Germany) preconditioned with washing buffer (0.1 M sodium phosphate buffer [pH 8.0] containing 
0.08 mM Pefabloc, 0.1% n- dodecyl-β-D- maltoside, and 25 mM imidazole). After 1 hr incubation under 
inversion at 4°C in the dark, beads were washed three to four times with 500 µl washing buffer, and 
His- tagged protein was eluted (≥10 min at RT with occasional flipping to suspend the beads) with 
2×50 µl elution buffer (20 mM Tris- HCl, 300 mM imidazole, 10 mM EDTA, and 0.5% n- dodecyl-β-D- 
maltoside). 32 µl of the eluate were supplemented with 8 µl 5× lithium dodecyl sulfate (LiDS) sample 
buffer (5% [w/v] LiDS, 0.1% bromphenol blue, 100 mM dithiothreitol, 40% [v/v] glycerol in 0.3 M Tris 
HCl [pH 6.8]), incubated at 95°C for 10 min, and separated by reducing SDS- PAGE on an 8% gel. 
Fluorescence- labeled protein was visualized with a Typhoon trio fluorescence scanner (GE Healthcare, 
Chicago, IL), and relative protein quantities were determined using FIJI (Schindelin et  al., 2012). 
Lanes were selected as regions of interest and transformed into 1D profile plots. Band intensities were 
then quantified by integrating the area of each peak in the profile plot relative to the baseline of each 
lane. Data was visualized using GraphPad Prism software (Version 9.3.0, San Diego, CA).

VCF recordings
Recordings were performed in a custom- made measuring chamber (Figure 3) that is split into an 
upper and lower compartment, which are individually perfused and connected by a 0.75 mm hole on 
which the oocyte is placed. The lower compartment has a transparent bottom, and the chamber was 
mounted on an Axiovert 200 inverted fluorescence microscope (Carl Zeiss Microscopy LLC, Oberko-
chen, Germany) so that the oocyte was centered above the objective with the animal pole facing 
down to avoid increased background fluorescence by the lighter vegetal pole. Upper and lower 
compartments were separately perfused with recording solution and recording or agonist solution, 
respectively, using a gravity- based perfusion system and a membrane vacuum pump. Solutions in the 
lower compartment were switched by computer- controlled magnetic valves.

To avoid inhibition by Ca2+ or Mg2+ and Ca2+- mediated downstream effects and to obtain reproduc-
ible current responses, recordings were performed in divalent- free buffer (90 mM NaCl, 1 mM KCl, 
5 mM HEPES, pH 7.4–7.5) complemented with flufenamic acid and ethylene glycol tetraacetic acid 
(EGTA) (both 0.1 mM). For measurements with Ca2+- containing buffers, EGTA was omitted, and Ca2+ 
(0.2–0.5 mM) was added (in case of P2X7- R- GECO constructs, FRET measurements between ANAP 
and mNeonGreen and control measurements of ANAP- containing constructs to test for Ca2+- specific 
effects). If not otherwise noted, the agonist solution contained 300 μM ATP and was applied for 15 s in 
195 s intervals. Intracellular electrode resistances were below 1.2 MΩ, and recordings were performed 
at room temperature at a holding potential of –30 mV to keep the current amplitudes reproducible. 
The solution exchange in the lower chamber is finished in about 1 s (Lörinczi et al., 2012).

To exclude mechanically induced fluorescence changes due to solution switching, all recording 
protocols started with sequential applications of ATP- free recording solutions from different tubes 
and magnetic valves. If required, solution speed and oocyte position were readjusted to ensure the 
absence of mechanical artifacts.

For fluorescence recordings, the microscope was equipped with two LEDs as excitation sources 
(UV- LED M365LP1 with 365 nm, green LED M565L3 with 565 nm, both Thorlabs GmbH, Bergkirchen, 
Germany). Since UV excitation in oocytes causes relatively high background fluorescence levels, detec-
tors must feature a wide dynamic range, while maintaining a sufficiently high sensitivity in order to 
record small fluorescence changes. To this end, two cooled, high- sensitivity MPPC detectors (Hama-
matsu Photonics K.K., Japan) were used for simultaneous fluorescence detection at two different 
spectral segments. For optical filters and dichroic mirrors see Key resource table.

Single- channel fully programmable instrumentation amplifiers with Bessel low- pass filter char-
acteristics (Alligator Technologies, Costa Mesa, CA) were used for signal scaling. To minimize 

Chapter 3. Publications with Summary and Contributions

46



 Research article      Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Durner et al. eLife 2023;12:e82479. DOI: https://doi.org/10.7554/eLife.82479  24 of 32

photobleaching, LEDs were pulsed using self- developed high- speed LED drivers with sub-μs rise 
time. Pulse lengths were set in the ~20 μs range to allow for the fluorescence readout signal chain to 
settle. Fluorescence signal digitization was synchronized to the excitation pulses using an STM32F407 
microcontroller (STMicroelectronics, Geneva, Switzerland). Its timer peripherals were re- triggered by 
each ADC conversion cycle in order to create an LED illumination pulse that starts shortly before the 
next ADC conversion cycle. Whenever two excitation wavelengths were used, excitation pulses were 
staggered in time with the longer wavelength excitation pulse signal being digitized first, preventing 
bleedthrough of background fluorescence excited by the shorter excitation wavelength to the longer- 
wavelength detection channel. A water- immersion objective with high numerical aperture and a large 
working distance (W N- Achroplan 63×/0,9 M27, Carl Zeiss Microscopy LLC, Oberkochen, Germany) 
was used to maximize the collection of emitted photons and to focus on the oocyte membrane.

Currents were measured with a Turbo Tec- 05X amplifier and CellWorks E 5.5.1 software (both npi 
electronic GmbH, Tamm, Germany) and were used for current and fluorescence recordings and valve 
control. Current signals were digitized at 400 Hz and downsampled in CellWorks to 200 Hz.

Dose-response analysis
To determine agonist dose- response curves, ATP was applied for 15 s in 195 s intervals. A reference 
concentration (ATPRef) of 300  μM was applied until stable responses were obtained and was then 
alternately applied with ATP concentrations ranging from 10  μM to 3  mM (ATPTest). All responses 
were normalized to the response of ATPRef, and EC50 values were calculated using the four- parameter 
Hill equation: % Response = Bottom + (Top−Bottom)/(1+10^[(LogEC50−X)*nH]) with Bottom and Top 
constrained to 0%, and maximum responses, respectively, X corresponding to the log of agonist 
concentration, and nH corresponding to the Hill coefficient.

Data analysis
Fluorescence and current signals were analyzed and visualized using a Python- based script (for pack-
ages used, see Key resource table): Fluorescence signals were denoised using a fifth- order Bessel filter 
with a low- pass corner frequency of 4 Hz. Maximum amplitudes of ATP- evoked current and fluores-
cence responses from different receptor constructs were summarized, compared, and visualized using 
GraphPad Prism software (Version 9.3.0, San Diego, CA). The following inclusion criteria were applied 
for recordings:

(i) ATP application must evoke a current response >0.1 μA, (ii) leak currents must be stable for 
the duration of the recording (at least two ATP applications), (iii) repeated ATP applications must 
elicit reproducible current responses (>0.8 μA), (iv) fluorescence signals must be without mechanical 
artifacts and clearly distinguishable from fluorescence changes of wt expressing oocytes (see below). 
2–3 days after injection, repeated application of 300 μM ATP to wt- expressing oocytes elicited repro-
ducible currents (i.e. first and second current responses differed less than 10% and reached a plateau, 
at least during the second application), which were taken as a reference. Longer expression times 
resulted in irregular and irreproducible current responses and less stable oocytes. In case of mutated 
receptors, longer expression times were often needed to yield current responses comparable to wt 
P2X7.

We observed a gradual decrease in fluorescence signal for the duration of ligand application in 
control oocytes expressing wt receptors even in the absence of ANAP. To distinguish ANAP- specific 
fluorescence signals from these gradual changes, for signal analysis only fluorescence changes upon 
ATP application were considered that were either positive, or negative but additionally not linear. 
If fluorescence signals from mutant expressing oocytes were not distinguishable from fluorescence 
changes observed for wt expressing oocytes no fluorescence change was assumed (0% ΔF/F). Only 
signals that were recorded in at least three different oocytes were considered for analysis. Addition-
ally, fluorescence changes that were recorded in less than 40% of analyzed oocytes expressing one 
specific receptor construct or that had averaged ΔF/F values <0.3% were not considered.

Statistical analysis
Data were either represented as mean ± S.D., as box plots, or as mean ± S.E.M. with the number 
of recordings given in brackets, and statistical analysis was performed by either two- tailed unpaired 
Welch’s t- test or two- tailed paired Student’s t- test, as indicated. Values of p<0.05 were defined as 
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statistically significant with *, **, ***, and **** denoting values of p<0.05, 0.005, 0.0005, and 0.0001 
or 0.00005, respectively.

Data availability
All data generated or analyzed during this study are included in the manuscript and supporting files. 
Original VCF recordings, extracted VCF data, and scans from SDS- PAGE gels are provided as source 
data files for Figure 1, Figure 1—figure supplement 1, Figure 2, Figure 2—figure supplement 
1, Figure  3, Figure  3—figure supplement 1, Figure  3—figure supplement 2, Figure  3—figure 
supplement 3, Figure 4, Figure 4—figure supplement 1, Figure 5, Figure 5—figure supplement 
1, Figure  5—figure supplement 2, Figure  5—figure supplement 3, Figure  6, Figure  6—figure 
supplement 1, Figure  6—figure supplement 2, Figure  6—figure supplement 3, Table  1, and 
Table 2. The source data files of Table 1 include source data of Figure 2—figure supplement 1, 
Figure  3, Figure  4, and Figure  5 and are assigned accordingly in Table 1—source data 1. The 
original recordings of Table 1 have been deposited with Dryad (DOI https://doi.org/10.5061/dryad. 
p8cz8w9tb). The source data files of Table 2 include source data of Figure 3—figure supplement 3 
and Figure 5—figure supplement 2.

Note that original current and fluorescence recordings provided as comma separated value files 
each contain three columns of values (from left to right): (1) current values, (2) fluorescence signals of 
longer emission wavelengths, and (3) fluorescence signals of shorter emission wavelengths.
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Data availability
All data generated or analyzed during this study are included in the manuscript and supporting files. 
Original recordings or scans from SDS- PAGE gels are provided as source data with the respective 
figures. Original recordings of Table 1 are deposited with Dryad (for data assignment see Table 
1- source data 1). This paper does not report original code.
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Appendix 1

Appendix 1—key resources table 
Reagent type 
(species) or 
resource Designation Source or reference Identifiers Additional information

Recombinant 
DNA reagent cDNA Xenopus laevis eRF1(E55D)

NCBI Reference 
Sequence: 
NM_001090894.1, 
Life Technologies 
/ Thermo Fisher 
Scientific

GeneArt String DNA 
fragment (cloned into pET28a 
and pNKS2)

Recombinant 
DNA reagent cDNA Rattus norvegicus P2X7 in modified pUC19 (pUC19o)

Recombinant 
DNA reagent cDNA Rattus norvegicus P2X1 Lörinczi et al., 2012 in pNKS2

Recombinant 
DNA reagent cDNA Rattus norvegicus calmodulin- 1

UniProt: PDP29; 
NCBI Reference 
Sequence: 
NM_031969.3

Codon- optimized for 
Xenopus laevis (Invitrogen 
/ Thermo Fisher Scientific), 
C- terminally linked to Rattus 
norvegicus P2X7 via GS- linker 
(ggatct)

Recombinant 
DNA reagent Plasmid: pNKS2 Gloor et al., 1995

Recombinant 
DNA reagent Plasmid: pUC19

New England 
Biolabs GmbH CAT# N3041S

Recombinant 
DNA reagent Plasmid: pANAP

Chatterjee et al., 
2013 CAT#48696

Recombinant 
DNA reagent EGFP Yang et al., 1996

the original enhanced GFP, 
mammalian codon- optimized, 
C- terminally linked to 
Rattus norvegicus P2X1 via 
GSAGSA- linker sequence 
(ggatctgcaggatctgca)

Recombinant 
DNA reagent R- GECO1.2 Wu et al., 2013 Addgene #45494

Recombinant 
DNA reagent mNeonGreen Shaner et al., 2013

Codon- optimized for 
Xenopus laevis (Invitrogen / 
Thermo Fisher Scientific)

Recombinant 
DNA reagent M13- like peptide from CaM- dependent kinase

Rattus norvegicus 
myosin light chain 
kinase, smooth 
muscle; Uniprot: 
D3ZFU9

 RRKWQKTGNAVRAIGRLSSM; 
cloned between Rattus 
norvegicus calmodulin- 1 and 
mNeonGreen with N- and 
C- terminal GS- linkers (ggcagc 
and ggatct, respectively)

Sequence- 
based reagent Oligonucleotides metabion GmbH

Sequence- 
based reagent

Amber suppressor tRNA, synthesized oligonucleotide, 
sequence derived from pANAP, an universal 3’-terminal 
CCA- sequence was added: 5'-gcc cgg aug gug gaa ucg 
gua gac aca agg gau ucu aaa ucc cuc ggc guu cgc gcu 
gug cgg guu caa guc ccg cuc cgg gua cca –3'

 biomers. net GmbH; 
Chatterjee et al., 
2013; Durner and 
Nicke, 2022

Sequence- 
based reagent Sanger sequencing

Eurofins 
Genomics, https:// 
eurofinsgenomics. 
eu/

Sequence- 
based reagent

5’-UTR, GeneArt String DNA fragment (cloned into 
pUC19 (small letters) before the start codon (italic letters)), 
gtacccggggatcctct TAAT ACGA CTCA CTAT AGGC TTGT 
TCTT TTTGCAGA 
 AGCT CAGA ATAA ACGC TCAA CTTT GGCT CGAG 
GCCACCatg

Life Technologies 
/ Thermo Fisher 
Scientific, Kozak, 
1987

Sequence- 
based reagent

3’-UTR, (cloned into pUC19 (small letters) after the stop 
codon  
(italic letters)), tga CCCA AAAC AAAA ACGG AATATG 
 CAAA CAAA AAAA AAAA AAAA AAAA AAAAA 
 AAAA AAAA AAAA AAAA AAAA AAAAAAA 
GAATTCTAGAGCGGCCGCagagtcgacctgcagg

pNKS2, Gloor et al., 
1995

Appendix 1 Continued on next page

Chapter 3. Publications with Summary and Contributions

52



 Research article      Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Durner et al. eLife 2023;12:e82479. DOI: https://doi.org/10.7554/eLife.82479  30 of 32

Reagent type 
(species) or 
resource Designation Source or reference Identifiers Additional information

Peptide, 
recombinant 
protein EcoRI- HF

New England 
Biolabs GmbH CAT#R3101S

Peptide, 
recombinant 
protein NotI- HF

New England 
Biolabs GmbH CAT#R3189S

Commercial 
assay or kit Gibson Assembly Master Mix

New England 
Biolabs GmbH CAT#E2611L

Commercial 
assay or kit Q5 Site- Directed Mutagenesis Kit

New England 
Biolabs GmbH CAT#E0552S

Commercial 
assay or kit MinElute Reaction Cleanup Kit QIAGEN GmbH CAT#28204

Commercial 
assay or kit

Commercial 
assay or kit Macherey- Nagel NucleoSpin Gel and PCR Clean- up Kit

Fisher Scientific 
/ Thermo Fisher 
Scientific CAT# 11992242

Commercial 
assay or kit mMESSAGE mMACHINE T7 Transcription Kit

Invitrogen / Thermo 
Fisher Scientific CAT# AM1344

Commercial 
assay or kit mMESSAGE mMACHINE SP6 Transkription Kit

Invitrogen / Thermo 
Fisher Scientific CAT#AM1340

Chemical 
compound, 
drug ATP disodium salt hydrate Sigma- Aldrich Cat#A3377

Chemical 
compound, 
drug L- ANAP trifluoroacetic salt AsisChem Inc. Cat#ASIS- 0014

Chemical 
compound, 
drug L- ANAP methyl ester AsisChem Inc. Cat#ASIS- 0146

Chemical 
compound, 
drug Collagenase NB 4 G proved grade

Nordmark Pharma 
GmbH Cat#S1746502

Chemical 
compound, 
drug Gentamicin sulfate Roth CAT#0233.4

Chemical 
compound, 
drug Cy5 Mono NHS Ester

Merck / Sigma- 
Aldrich CAT#GEPA15101

Chemical 
compound, 
drug Pefabloc SC

Merck / Sigma 
Aldrich CAT#76307

Chemical 
compound, 
drug n- Dodecyl-β-D- Maltoside, ULTROL grade

Merck / Sigma 
Aldrich CAT#324355

Chemical 
compound, 
drug Ni- NTA Agarose QIAGEN GmbH CAT#1018244

Chemical 
compound, 
drug Flufenamic acid

Merck / Sigma 
Aldrich CAT#F9005

Chemical 
compound, 
drug 0.5 M EDTA ph 8.0 Thermo Scientific CAT#R1021

Chemical 
compound, 
drug TMRM Biomol CAT#ABD- 419

Chemical 
compound, 
drug A 438079 hydrochloride TOCRIS CAT#2972
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Reagent type 
(species) or 
resource Designation Source or reference Identifiers Additional information

Software, 
algorithm CellWorks E 5.5.1

npi electronic, 
http://cellworks.de/

Software, 
algorithm PyMOL

http://www.pymol. 
org/ RRID:SCR_000305

Software, 
algorithm Python Programming Language 3.10.4

http://www.python. 
org/ RRID:SCR_008394

Software, 
algorithm NumPy 1.22.3

http://www.numpy. 
org RRID:SCR_008633

Software, 
algorithm MatPlotLib 3.5.1

http://matplotlib. 
sourceforge.net RRID:SCR_008624

Software, 
algorithm SciPy 1.8.0

http://www.scipy. 
org/ RRID:SCR_008058

Software, 
algorithm GraphPad Prism 9.3.0 and 9.5.0

http://www. 
graphpad.com/ RRID:SCR_002798

Software, 
algorithm (Fiji Is Just) ImageJ 2.3.0

Schindelin et al., 
2012, http://fiji.sc RRID:SCR_002285

Other Turbo Tec- 05X Amplifier npi electronic GmbH CAT#TEC- 05X
VCF- Setup components, 
electronics

Other PCI- 6221, DAQ, Multifunction I/O Device, 16- Bit National Instruments CAT# 779066–01
VCF- Setup components, 
electronics

Other

Single- channel fully programmable Instrumentation 
Amplifier Low Pass Filter, USBPGF- S1/L with 8th pole 
Bessel filter characteristics

Alligator 
Technologies CAT#USBPGF- S1/L

VCF- Setup components, 
electronics

Other 2 x MPPC modules
Hamamatsu 
Photonics K.K. CAT#C13366- 3050GA

VCF- Setup components, 
electronics

Other Power adapter/linear regulator
KNIEL System- 
Electronic GmbH Custom- made

VCF- Setup components, 
electronics

Other Axiovert 200 inverted fluorescence microscope
Carl Zeiss 
Microscopy LLC

VCF- Setup components, 
optics

Other Objektiv W N- Achroplan 63 x/0,9 M27
Carl Zeiss 
Microscopy LLC CAT#420987- 9900- 000

VCF- Setup components, 
optics

Other M565L3, mounted LED at 565 nm Thorlabs GmbH CAT#M565L3
VCF- Setup components, 
optics

Other M365LP1, Mid Power Mounted LED at 365 nm Thorlabs GmbH CAT#M365LP1
VCF- Setup components, 
optics

Other 2× lenses for LED collimation Thorlabs GmbH CAT#ACL2520U- A
VCF- Setup components, 
optics

Other
ET555/20×, 25 mm Dia Mounted, Single Bandpass Filter 
(for excitation)

Chroma Technology 
GmbH CAT# IN026697

VCF- Setup components, 
optics

Other
ET365/20×, 25 mm Dia Mounted, Single Bandpass Filter 
(for excitation)

Chroma Technology 
GmbH CAT# IN053211

VCF- Setup components, 
optics

Other T387lp, 25.5×36×1 mm, Longpass Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# IN040921

VCF- Setup components, 
optics

Other 79003bs, Multi Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# CS294227

VCF- Setup components, 
optics

Other 59002bs, Multi Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# IN040206

VCF- Setup components, 
optics

Other T425lpxr,25.5×36×1 mm, Longpass Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# IN025246

VCF- Setup components, 
optics

Other Relay lense Thorlabs GmbH CAT#AC254- 060- A
VCF- Setup components, 
optics

Other DMLP550R, Longpass Dichroic Beamsplitter Thorlabs GmbH CAT#DMLP550R
VCF- Setup components, 
optics

Other T470lpxr, Longpass Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# IN030502

VCF- Setup components, 
optics
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Reagent type 
(species) or 
resource Designation Source or reference Identifiers Additional information

Other T495lpxr, 25.5×36×1 mm, Longpass Dichroic Beamsplitter
Chroma Technology 
GmbH CAT# IN005752

VCF- Setup components, 
optics

Other ET490/40×, 25 mm Dia Mounted (for emission)
Chroma Technology 
GmbH CAT# IN039532

VCF- Setup components, 
optics

Other ET610/75 m, 25 mm Dia Mounted (for emission)
Chroma Technology 
GmbH CAT# IN036520

VCF- Setup components, 
optics

Other ET455/50 m (for emission)
Chroma Technology 
GmbH CAT# IN067607

VCF- Setup components, 
optics

Other ET500lp, 25 mm Dia Mounted (for emission)
Chroma Technology 
GmbH CAT# IN006640

VCF- Setup components, 
optics

Other MF460- 60 (for emission) Thorlabs GmbH CAT#MF460- 60
VCF- Setup components, 
optics

Other 2× lenses for focusing on MPPC Thorlabs GmbH CAT#LB1761- A
VCF- Setup components, 
optics
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facilitation and a limited conformational
interplay between ATP binding and the

intracellular ballast domain
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published in
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Figure 1 – figure supplement 1 Variation of experimental conditions to opti-
mize L-3-(6-acetylnaphthalen-2-ylamino)–2-aminopropanoic acid (ANAP) in-
corporation into oocyte-expressed ion channels.
(A) Comparison of ANAP-trifluoroacetic salt (TFA, a and b indicate two different
batches) and membrane-permeable ANAP methyl ester (OMe) and application forms (in-
jection and/or incubation in 2 mM solution). In the last two lanes, a twofold higher
concentration (500 mM) was used for injection. Lanes shown in the same figure are from
the same gel but rearranged for clarity. (B) Left: Comparison of ANAP-OMe application
forms (injection and incubation as above) and effect of co-injected X. laevis eRF1(E55D)
(as purified protein or as cRNA, as indicated) for the 1-step and the 2-step injection
method. Right: Effect of different injection intervals. tRNA synthetase was expressed
first, either from the pANAP plasmid (injected into the nucleus) or from the in vitro syn-
thesized cRNA (injected into the cytoplasm) as indicated. All other components were then
injected into the cytoplasm after the shown intervals. Note that the gel was rearranged
for clearer presentation and that lanes marked with a hashtag are shown twice. (C) The
optimized 1-step injection protocol with and without co-injection of eRF1(E55D) applied
to hα1 GlyR(A52*) and P2X1(S388*)-EGFP.
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Figure 2 – figure supplement 1 Comparative analysis of tetramethyl-
rhodamine-maleimide (TMRM)-labeled and L-3-(6-acetylnaphthalen-2-
ylamino)–2-aminopropanoic acid (ANAP)-labeled P2X7 head domain
mutants.
(A) To estimate plasma membrane expression (upper gel) and accessibility of introduced
cysteine residues (lower gel), intact oocytes expressing the indicated cysteine-substituted
P2X7R mutants were either labeled with the membrane-impermeant amino-reactive
Cy5-NHS ester or with TMRM. Purified His-tagged protein was visualized by fluorescence
scanning. Below: Box plot summarizing results from TMRM-labeled oocytes expressing
indicated P2X7R mutants with ∆F/F% representing the maximum fluorescence signal
during a 15-s ATP application (300 µM). Numbers of recordings are given in brackets
and a representative voltage clamp fluorometry (VCF)-recording (-60 mV) of a TMRM-
labeled oocyte expressing P2X7(S124C) is shown. (B) Summary of fluorescence (violet
and blue) changes of oocytes expressing P2X7Rs containing ANAP in the indicated
positions within the head domain and a representative VCF-recording (at –30 mV) from
an oocyte expressing P2X7 with ANAP in position 124 (P2X7(S124*)). Note that in case
of mutants P120*, E121*, and P123* less than three recordings fulfilled the inclusion
criteria described in Material and methods. Original recordings have also been deposited
with Dryad and summarized and assigned in Table 1—source data 1.
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Figure 3 – figure supplement 1 Control voltage clamp fluorometry (VCF)
recordings from oocytes expressing different non-mutated ion channels.
Representative VCF-recordings of oocytes injected with cRNA encoding the indicated
receptors plus either water (negative control) or L-3-(6-acetylnaphthalen-2-ylamino)–2-
aminopropanoic acid (ANAP)-Master Mix (ANAP-MM, containing ANAP, tRNA, cRNA
ecoding tRNA-syntethase, and cRNA encoding eRF1(E55D)). The holding potential was
–30 mV, if not otherwise indicated.

3
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Figure 3 – figure supplement 2
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Figure 3 – figure supplement 2 Control experiments to test the specificity
of tRNA-loading and L-3-(6-acetylnaphthalen-2-ylamino)–2-aminopropanoic
acid (ANAP) incorporation into P2X7.
(A,B) Representative voltage clamp fluorometry (VCF) recordings (A) and analysis of
membrane expression (B) from oocytes that were injected with cRNA encoding non-
mutated P2X7 or P2X7 containing an amber stop codon at the indicated positions together
with (a) both, ANAP and a master mix containing tRNA-synthetase cRNA, tRNA, and
eRF1(E55D) cRNA (positive control), (b) with the master mix only, (c) with ANAP only,
or (d) with water as a negative control. ANAP emission was recorded at two differ-
ent wavelengths (purple: 430–490 nm, green: >500 nm). VCF recordings showed clear
ATP-evoked signals only for the oocytes injected with all essential components necessary
for ANAP-incorporation and were in agreement with surface-expression analysis experi-
ments. Although faint surface expression of full-length receptors was seen in the absence of
ANAP (indicating limited read through), ATP-evoked fluorescence and current responses
were negligible (no fluorescence change and current responses less than 10% of those from
positive controls).
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Figure 3 – figure supplement 3

6
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Figure 3 – figure supplement 3 Deletion of the cysteine-rich region eliminates
current facilitation, and F11* and S124* mutants track current facilitation.
(A) Overlay of representative current traces upon first (black) and second (gray) ATP
applications (0.3 mM in 195 s interval) for wt P2X7, and the indicated mutations that
were expected to prevent facilitation. Baseline currents (15 s before ATP application)
were adjusted for clarity. (B) Box plot summarizing 10–50% rise times of the first
and second current responses to ATP for wt and ∆Cys P2X7. Note that the low ex-
pression of the S23N and Cys-Ala mutants prevented further analysis. (C) Box plots
summarizing 10–50% rise times of the first and second current (black) and fluorescence
(colored) responses at the indicated emission wavelengths for F11*, S124*, K127*, and
the tetramethyl-rhodamine-maleimide-labeled double mutant (F11*, S124C). Significance
was determined using the two-tailed paired Student’s t-test (*, p<0.05; **, p<0.005; ***,
p<0.0005; ****, p<0.00005; ns, not significant). (D) Normalized dose-response curves for
ATP at wt P2X7 and the indicated L-3-(6-acetylnaphthalen-2-ylamino)–2-aminopropanoic
acid-containing receptors. Lines represent nonlinear curve fits of the Hill equation to the
data. For EC50 values see Table 2. Error bars represent S.D. of 3–11 experiments. All
recordings were performed in divalent-free buffer, and oocytes were clamped at –30 mV.
Original recordings have also been deposited with Dryad and summarized and assigned in
Table 1—source data 1.
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Figure 4 – figure supplement 1 L-3-(6-acetylnaphthalen-2-ylamino)–2-
aminopropanoic acid (ANAP) in TM2 causes leakiness and affects current
facilitation.
(A) Representative current traces showing the effect of the P2X7 antagonist A438079 (100
µM) on baseline currents of mutants containing ANAP within TM2 (T340*, L341*) and on
wt P2X7. A438079 was diluted from a 10 mM stock in Dimethyl sulfoxide (DMSO) using
divalent-free buffer and applied into the static bath. Control experiments were conducted
with 1% DMSO. Oocytes were clamped at –30 mV. (B) Box plot showing 10–50% rise
times (in seconds) of the first and second current (black) and fluorescence (blue) responses
to 0.3 mM ATP (interval 195 s) for P2X7(T340*). Significance was determined using the
two-tailed paired Student’s t-test (*, p<0.05; ns, not significant). Original recordings have
also been deposited with Dryad and summarized and assigned in Table 1—source data 1.
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Figure 5 – figure supplement 1 The fluorescence change in P2X7(F11*) is not
caused by a dequenching effect of the nearby Trp residue.
(A, B) Comparison of voltage clamp fluorometry recordings from oocytes expressing
P2X7(F11*) with or without Trp in position 7 (W7A, F11*). Oocytes expressing either
non-mutated P2X7R or P2X7(W7A) served as controls. Recordings from P2X7(F11*) and
P2X7 (W7A, F11*) are not significantly different, indicating that L-3-(6-acetylnaphthalen-
2-ylamino)–2-aminopropanoic acid in position 11 is not quenched by Trp7. Data are
represented as mean ± S.E.M. (C) Surface expression of P2X7(F11*), P2X7(F11*, W7A),
and P2X7(W7A), with unmutated P2X7 and uninjected oocytes as positive and negative
controls, respectively.

9
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Figure 5 – figure supplement 2

10

Chapter 3. Publications with Summary and Contributions

66



Figure 5 – figure supplement 2 Dose-response analysis for intracellular P2X7
mutants F11*, D423*, and A564* and contribution of D423 and A564 deletion
mutants to current responses.
(A) Normalized dose-response curves for ATP at wt P2X7 and the indicated L-3-(6-
acetylnaphthalen-2-ylamino)–2-aminopropanoic acid (ANAP)-containing receptors. For
EC50 values see Table 2. Error bars represent S.D. of three to eight experiments. (B) Rep-
resentative voltage clamp fluorometry (VCF) recordings from oocytes that were injected
with cRNA encoding P2X7 containing an amber stop codon at D423 or A564 with either
ANAP and a master mix containing tRNA-synthetase cRNA, tRNA, and eRF1(E55D)
cRNA, or with water to produce P2X7 protein truncated at these positions. ANAP emis-
sion was recorded at two different wavelengths (purple: 430–490 nm, green: >500 nm).
VCF recordings showed clear ATP-evoked signals only for the oocytes injected with all
essential components necessary for ANAP incorporation. Current responses of truncated
P2X7Rs were less than 5% of those from positive controls. All recordings were performed
in divalent-free buffer, and oocytes were clamped at –30 mV.
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Figure 5 – figure supplement 3 Elimination of a CaM-binding motif has no
apparent effect on current kinetics or fluorescence responses.
(A) ∆CaM-P2X7 contained the single point mutations I541T, S552C, and V559G (Roger
et al., 2010). Overlay of representative current traces during first (dark gray) and second
(light gray) ATP applications (0.3 mM, applied in 195 s interval). Baseline currents (15
s before ATP application) were adjusted for clarity. (B) Box plot showing 10–50% rise
times (in seconds) of the first and second current responses for wt P2X7 and ∆CaM P2X7.
Significance was determined using the two-tailed paired Student’s t-test (**, p<0.005; ns,
not significant). All recordings were performed in divalent-free buffer, and oocytes were
clamped at –30 mV. (B) Representative voltage clamp fluorometry (VCF) recordings in
response to the second ATP application of the indicated mutants ∆CaM F11*, n=2 (3);
∆CaM, S124*, n=1 (3); ∆CaM, K127*, n=3 (8); ∆CaM, D423*, n=4 (9); ∆CaM, A564*,
n=3 (15) with n and numbers in brackets indicating the number of successful and total
VCF recordings, respectively. All recordings were performed in divalent-free buffer, and
oocytes were clamped at –30 mV.
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Figure 6 – figure supplement 1 Ca2+-containing buffers cause large fluores-
cence changes, even in the absence of L-3-(6-acetylnaphthalen-2-ylamino)–2-
aminopropanoic acid (ANAP).
(A) In Ca2+-containing buffers, voltage clamp fluorometry (VCF) recordings from unmu-
tated wt P2X7R (left) showed large irregular fluorescence changes in the ANAP emission
range, even in the absence of ANAP. These masked ATP-evoked and ANAP-specific fluo-
rescence signals from ANAP-substituted P2X7(T340*) (right). (B) The irregular fluores-
cence changes in Ca2+-containing buffers could be prevented by injection of EGTA (1 mM)
3–4 hr before the measurement. (C) VCF recordings of oocytes expressing P2X7(F11*)
in divalent-free buffer supplemented with EGTA and flufenamic acid (left) and in buffer
containing 0.5 mM Ca2+ (center and right). (D) VCF recordings of oocytes expressing
P2X7(S124*) and P2X7(S124*)-R-GECO1.2. The Ca2+-dependent fluorescence changes
are only detected in the ANAP emission spectrum. If not otherwise indicated, recordings
were performed at –30 mV in divalent-free buffer supplemented with EGTA and flufe-
namic acid. (E) ANAP (1 µM) and the indicated CaCl2 concentrations were dissolved in
otherwise divalent-free recording solution. Fluorescence emission spectra were measured
using a Tecan Reader Infinite M200 Pro (excitation 360 nm) and normalized to the av-
eraged fluorescence emission at the maximum emission (492 nm, dotted line) of buffer
containing only ANAP. Note that values for the (1 M Ca2+ + ANAP)–solution were out
of measurement range.
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Figure 6 – figure supplement 2 Control constructs and corresponding voltage
clamp fluorometry recordings to confirm the specificity of the FRET signals.
Scheme representing the constructs tested (left) with fluorescence signals at two differ-
ent emission wavelengths (for L-3-(6-acetylnaphthalen-2-ylamino)–2-aminopropanoic acid
[ANAP; blue] and mNeonGreen [green], respectively) summarized as horizontal bar di-
agrams (right). The positive control P2X7(Y595*)-CaM-M13-mNeonGreen is the only
construct showing negative fluorescence signals for ANAP and positive signals for mNeon-
Green, consistent with FRET. The control constructs containing only ANAP show either
negative or no fluorescence signal for mNeonGreen. Constructs without sites for ANAP
incorporation but co-injected ANAP (as master mix with tRNA and cRNAs) served as a
control for background fluorescence. Error bars represent S.E.M. Numbers of experiments
are given in brackets.
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Figure 6 – figure supplement 3 Experiments with L-3-(6-acetylnaphthalen-
2-ylamino)–2-aminopropanoic acid (ANAP)-containing P2X7 constructs and
soluble mNeonGreen-tagged CaM reveal unspecific fluorescence signals.
The indicated ANAP-containing P2X7 constructs were co-injected with soluble
mNeonGreen-tagged CaM and ANAP-Master Mix containing ANAP, tRNA, cRNA en-
coding tRNA-syntethase, and cRNA encoding eRF1(E55D). Corresponding fluorescence
signals at two different emission wavelengths are summarized for ANAP (blue) and mNeon-
Green (green). Note that soluble mNeonGreen-tagged CaM appeared to interact with
the co-injected ANAP. Error bars represent S.E.M. Numbers of experiments are given in
brackets.
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3.2 Design, Synthesis, and in vitro Evaluation of P2X7 Antagonists

The aim of this work was to investigate structure-function relations of P2X7
antagonists and to develop potent pharmacological and therapeutic tools. A series of
24 compounds was synthesized and evaluated via in silico and in vitro studies.
The design of the compounds was based on the chemical scaffold of AZ1 from
AstraZeneca, an adamantane analogue and potent inhibitor of human P2X7R ac-
tivation [82]. AZ1 was also used as a positive control throughout the study. To
enhance potential anti-inflammatory effects, the first generation of compounds were
adamantane-based analogues bearing groups that are able to release nitric oxide
(NO) or hydrogen sulfide (H2S). Additional compounds were designed by replacing
structural features, such as an amide bond or the adamantane ring itself by other
moieties.
All 24 derivatives were evaluated by a ligand-based pharmacophore model that was
used to predict crucial stereoelectronic features for P2X7R binding and to identify
the compounds with the most promising pharmacophore-fit scores. Their inhibitory
potencies at human P2X7Rs were then investigated by TEVC analysis of X. laevis
oocyte-expressed receptors. For 13 compounds, dose-response relationships and IC50
values were determined. The two compounds exhibiting the best potencies are an
adamantane-based analogue bearing a nitrate ester group able to release NO (IC50 =
0.34 �M) and a structurally modified analogue with an aryl-cyclohexyl moiety instead
of the adamantane ring (IC50 = 0.39 �M).
For this study, I performed all TEVC experiments, analyzed the data and generated
DRCs resulting in Fig.4, Fig. 5, Fig. 6, Fig. 7, Table 3, and Table 4. Further, I
contributed to the interpretation of the results and editing of the manuscript.
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Design, Synthesis, and in vitro Evaluation of P2X7
Antagonists
Dimitra T. Pournara,[a] Anna Durner,[b] Eftichia Kritsi,[a] Alexios Papakostas,[a]

Panagiotis Zoumpoulakis,[a] Annette Nicke,*[b] and Maria Koufaki*[a]

The P2X7 receptor is a promising target for the treatment of
various diseases due to its significant role in inflammation and
immune cell signaling. This work describes the design, syn-
thesis, and in vitro evaluation of a series of novel derivatives
bearing diverse scaffolds as potent P2X7 antagonists. Our
approach was based on structural modifications of reported
(adamantan-1-yl)methylbenzamides able to inhibit the receptor
activation. The adamantane moieties and the amide bond were
replaced, and the replacements were evaluated by a ligand-

based pharmacophore model. The antagonistic potency of the
synthesized analogues was assessed by two-electrode voltage
clamp experiments, using Xenopus laevis oocytes that express
the human P2X7 receptor. SAR studies suggested that the
replacement of the adamantane ring by an aryl-cyclohexyl
moiety afforded the most potent antagonists against the
activation of the P2X7 cation channel, with analogue 2-chloro-
N-[1-(3-(nitrooxymethyl)phenyl)cyclohexyl)methyl]benzamide
(56) exhibiting the best potency with an IC50 value of 0.39 μM.

Introduction

P2X receptors are trimeric, ligand-gated, non-selective cation
channel receptors with seven clearly established subtypes
(P2X1-7) that are involved in diverse physiological functions,
including the cardiovascular, neuronal, and immune system.[1]

The P2X7 subtype is the largest member of the P2X receptor
family, composed of a 595-amino acid polypeptide chain.[2] Its
long intracellular C-terminus distinguishes the P2X7 receptor
from the other P2X family members and has been reported to
be involved in pore formation,[3] protein-protein interactions,[4]

as well as activation of downstream signaling pathways[5] such
as cytokine release, modulation of cell proliferation and
phagocytosis,[6] and cell death. Moreover, P2X7 is present in a
wide variety of cells in the human body[7] and has been
associated with multiple diseases, including inflammatory[8] and
CNS disorders,[9,10] inflammatory pain, rheumatoid arthritis[11]

and cardiovascular diseases.[12]

The activation of P2X7 requires high extracellular ATP
concentrations (1 mM), in contrast to concentrations <100 μM
needed to activate other P2X subtypes, and leads to the
formation of a large conductance pore rather than to

desensitization.[9] This non-selective macropore facilitates the
influx of large ions and hydrophilic solutes (up to 900 Da) that
may cause cell death due to apoptosis and necrosis.[13]

Specifically, it has been shown that the efflux of K+ ions
through the P2X7 macropore triggers the activation of the most
widely characterized inflammasome,[14] Nod-like receptor family
pyrin domain containing protein 3 (NLRP3), leading to the
ultimate release of pro-inflammatory factors such as active
caspase-1 and interleukin-1β (IL-1β).[15]

During the last decade, numerous classes of P2X7 antago-
nists featuring drug-like properties have been generated.[16]

Particularly, three small antagonists have entered clinical trials
for the treatment of CNS disorders.[17] However, AZD9056 and
CE-224535 were proven inefficient in Phase II clinical studies for
rheumatoid arthritis,[18,19] while GSK1482160 was provento be
unsafe for neuropathic pain inhibition.[20]

In this study, we report the design, synthesis, and in vitro
evaluation of novel P2X7 antagonists based on diverse struc-
tural motifs and supported by structure–activity relationship
(SAR) data. The novel analogues bear substituents that could
release nitric oxide (NO) or hydrogen sulfide (H2S),

[21] aiming to
enhance their anti-inflammatory effect, as experimental data
have shown that both NO and H2S downregulate the IL-1β
secretion and caspase-1 activation.[22–25] A recent study also
revealed that P2X7 can be blocked by endogenous H2S, thus
limiting the IL-1β secretion involved in the pathogenesis of
secondary brain injury.[26]

Results and Discussion

Experiment design

Our approach towards the development of potent P2X7
antagonists was based mainly on reported adamantane
analogues able to inhibit the receptor activation (Figure 1).
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Dr. M. Koufaki
Institute of Chemical Biology
National Hellenic Research Foundation
48 Vassileos Constantinou Ave.
11635 Athens (Greece)
E-mail: mailto:
E-mail: mkoufa@eie.gr

[b] A. Durner, Prof. Dr. A. Nicke
Walther-Straub-Institut für Pharmakologie und Toxikologie
Ludwig-Maximilians-Universität München
Nußbaumstr. 26
80336 München (Germany)
E-mail: annette.nicke@lrz.uni-muenchen.de
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cmdc.202000303

ChemMedChem
Full Papers
doi.org/10.1002/cmdc.202000303

2530ChemMedChem 2020, 15, 2530–2543 © 2020 Wiley-VCH GmbH

Wiley VCH Freitag, 04.12.2020

2024 / 181597 [S. 2530/2543] 1

Chapter 3. Publications with Summary and Contributions

74



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Specifically, analogue AZ1, developed by Furber et al. from
Astra Zeneca R&D U.K., has shown significant selectivity to
human P2X7 (hP2X7) compared to related P2X receptors.[27]

Moreover, an X-ray structure of AZ1 revealed that the amide
carbonyl is twisted by 44° out of the plane of the phenyl group
by the ortho-chloro substituent, supporting its P2X7 selectivity.
This structural feature has been observed in all the analogues of
these series and was also associated with high potency to the
P2X7 receptor.[27]

Additional structural features of the reported analogues
(Figure 1) were also exploited to design novel adamantane-
based antagonists. Particularly, it has been observed that the
methylene linker to adamantane is essential for high antago-
nistic potency,[28,29] which is not affected by reversing the
connectivity of the amide.[27] However, chain extension between
the amide and the adamantane from methylene to ethylene
resulted in a significant decrease in the antagonistic potency.[29]

Similarly, N-methyl substituted amides were not tolerated,
whereas an ortho-substitution of the aryl moiety by a chloro or
methyl group was proven to be essential for efficient P2X7
inhibition.[30] It should also be noted that the ortho-chloro
substitution has been related to enhanced activity of other
benzamide classes.[31–33]

Therefore, in order to develop novel P2X7 antagonists, the
present SAR study involved structural modifications (Figure 2)
based on these earlier findings and the main scaffold of AZ1.
The replacement of the amide bond and the adamantane
moieties was also evaluated using a ligand-based pharmaco-
phore model (Supporting Information), utilized as a 3D search
query to screen the ZINC chemical database that led to the
identification of analogues with the most promising pharmaco-
phore-fit scores (Tables 1 and 2).

Adamantane-based putative P2X7 antagonists

Initially, three adamantyl amide analogues were synthesized;
AZ1, which was used as positive control throughout the study,
and two additional compounds bearing a group that could
release NO (4) or H2S (5) at the 5-position of the phenyl ring,
respectively. 1-Adamantylmethanamine (1) was obtained in
quantitative yield from 1-adamantaneacetic acid via a Schmidt
reaction. Coupling of 1 with 2-chloro-5-methylbenzoic acid in
the presence of 1-ethyl-3-(3-(dimethylamino)propyl) carbodii-
mide hydrochloride (EDC hydrochloride) and triethylamine
(Et3N) gave amide 2. Radical bromination of the methyl group
with azobisisobutyronitrile (AIBN) as initiator and N-bromosucci-
nimide (NBS) afforded bromide 3, which then reacted with
piperazine,[27] methanesulfonothioate sodium salt, or AgNO3 to
afford analogues AZ1, 4, and 5, respectively (Scheme 1).

Figure 1. Structures of known adamantane-based P2X7 antagonists.

Figure 2. Structural modifications of analogue AZ1. The structural features
required for high antagonistic potency are indicated in red, purple, and grey.
Green and blue colors indicate the structural characteristics that were
replaced during the design of the novel analogues.

Table 1. Pharmacophore-fit scores of the synthesized adamantane-based
analogues.

Adamantane-
based ana-
logues

Pharmacophore-
fit score

Adamantane-
based ana-
logues

Pharmacophore-
fit score

AZ1 36.28 19a 45.48
4 44.57 19b 37.46
5 46.12 23b 44.78
11 37.34 24a 25.49
18a 36.03 24b 25.39
18b 35.96

Table 2. Pharmacophore-fit scores of the structurally modified analogues.

Structurally
modified ana-
logues

Pharmacophore-
fit score

Structurally
modified ana-
logues

Pharmacophore-
fit score

AZ1 36.28 60 43.69
30 35.67 61 35.81
35 62.13 63 44.27
42a 62.35 64 43.32
42b 52.28 67 62.39
43 52.77 68 46.22
53 53.63 70 52.53
56 45.31
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Replacement of the amide bond by the
1,2,3-triazole ring

Although hundreds of benzamide analogues have been
reported as P2X7 antagonists in research papers and patents,[34]

and 1,2,4-triazoles have been reported as isosteres of tetrazoles
several years ago,[35] information on derivatives in which the
amide bond is replaced by the bioisosteric 1,2,3-triazole is
scarce.[36] Given also that the use of 1,2,3-triazoles has attracted
increasing research interest for the development of new
therapeutic agents,[37] we replaced the amide bond of AZ1 by
its bioisostere 1,2,3-triazole ring. The new analogues preserved
the necessary structural features, i. e., a relatively bulky ortho-
substitution (chloro or methyl) and a nitrate ester or a (meth-
ylsulfonyl)thio moiety at the meta-position of the phenyl ring.

As shown in Scheme 2, adamantyl azide 9 was synthesized
using the commercially available 1-adamantanecarboxylic acid.
The 1,2,3-triazoles 11, 18a–b, 19a–b, and 24a–b were then
obtained via a copper-catalyzed azide-alkyne cycloaddition
(click reaction) between azide 9 and the appropriate aryl alkyne
under microwave conditions. Compound 11, bearing only an
ortho-chloro-substituted benzene, was synthesized from 1-
chloro-2-iodobenzene, which was coupled with ethynyltrimeth-
ylsilane via a Sonogashira reaction using Pd(II)/Cu(I) as the
catalytic system. Cleavage of the TMS group by tetrabutylam-
monium fluoride (TBAF) in THF afforded an intermediate alkyne,
which was not isolated but used directly for the subsequent
cycloaddition due to its low boiling point (Scheme 2).

For the preparation of analogues 18a–b and 19a–b, the
methyl esters of 4-methyl-3-iodobenzoic acid or 4-chloro-3-
iodobenzoic acid were coupled with ethynyltrimethylsilane in

the presence of PdCl2(PPh3)2 and Cu(I) via a Sonogashira cross-
coupling reaction to give the intermediates 13a and 13b,
respectively. After reducing the methyl esters with LiAlH4 in
THF, the TMS-protective group was cleaved under basic
conditions. The isolated alkynes (15a–b) afforded triazoles 16a
and 16b after a click reaction with azide 9. Bromination of the
benzyl alcohols was achieved using PBr3 in anhydrous CH2Cl2.
Treatment of analogues 17a and 17b with AgNO3 or sodium
methanesulfonothioate yielded compounds 18a/19a and 18b/
19b, respectively (Scheme 3).

To investigate the effect of bulky substituents at the meta-
position of the phenyl ring, 3-(hydroxymethyl)-4-phenyl-1,2,5-
oxadiazole 2-oxide ring (20), a well-known NO donor,[38] was
also employed. Compound 20 was synthesized from cinnamyl
alcohol after cyclization with NaNO2 and glacial CH3COOH.[39]

Scheme 1. Reagents and conditions: (a) NaN3, H2SO4, H2O, CHCl3, 50 °C-r.t.,
5.5 h, 86%; (b) 2-chloro-5-methylbenzoic acid, EDC hydrochloride, Et3N,
CH2Cl2, r.t., 22 h, 63%; (c) NBS, AIBN, CHCl3, reflux, 4 h, obtained as mixture
with 2; (d) piperazine, CH3OH, 0 °C-r.t., 3 h, 29%; (e) AgNO3, CH3CN, 60 °C, 2 h,
50%; (f) sodium methanesulfonothioate; DMF, 60 °C, 5 h, 58%.

Scheme 2. Reagents and conditions: (a) EtOH, H2SO4, 70 °C, 18 h, 95%; (b)
LiAlH4, THF, 0 °C-r.t., 1.5 h, 97%; (c) methanesulfonyl chloride, Et3N, 0 °C-r.t.,
21 h, 95%; (d) NaN3, DMF, mw, 100 Watt, 130 °C, 1 h, 84%; (e)
ethynyltrimethylsilane, CuI, Pd(PPh3)2Cl2, Et3N/THF, 60 °C, 22 h, 64%; (f) TBAF,
THF, r.t., 1 h; (g) sodium ascorbate, CuSO4 ·5H2O, mw, 80 Watt, 90 °C, 30 min,
15%.

Scheme 3. Reagents and conditions: (a) CH3OH, H2SO4, reflux, 24 h, 98%; (b)
ethynyltrimethylsilane, CuI, Pd(PPh3)2Cl2, Et3N/THF, 60 °C, 86–95%; (c) LiAlH4,
THF, 0 °C-r.t., 45 min; (d) KOH (aq.), CH3OH, r.t., 15 min, 99% over two steps;
(e) 9, sodium ascorbate, CuSO4 ·5H2O, tBuOH/H2O, mw, 80 Watt, 90 °C,
30 min, 79–85%; (f) PBr3, CH2Cl2, 0 °C-r.t., 2 h, 84–91%; (g) AgNO3, CH3CN,
60 °C, dark, 2–17 h, 35–71%; (h) sodium methanethionosulfonate, DMF,
70 °C, 2–5 h, 23–51%.
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Despite the reported tautomerism,[39] only the indicated isomer
20 was obtained under these conditions,[40] which was used for
the synthesis of analogues 24a–b (Scheme 4). Then, the TMS-
protected methyl esters 13a–b yielded alkynes 21a–b upon
treatment with a saturated aqueous KOH solution. A click
reaction with 9 followed, and the obtained esters (22a–b) were
hydrolyzed to the corresponding carboxylic acids with LiOH
(2N). The subsequent Steglich esterification of 23a–b with 20 in
the presence of N,N’-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) afforded adamantyl analogues
24a and 24b.

Structurally modified putative P2X7
antagonists

The adamantane ring has been earlier replaced by other
polycyclic scaffolds[41] or fluorine bioisosteres.[42] In our study,
the ZINC chemical database was virtually screened to identify
alternative scaffolds of adamantane, indicating the (i) 3-fluoro-
4-(trifluoromethyl)phenyl, (ii) aryl-substituted cyclohexyl, and
(iii) 1,2,5-oxadiazole-2-oxide (furoxan) moieties as potential
units (Figure 3). Especially the heteroaryl-substituted cyclohexyl
group has earlier been employed for research on the P2X7
receptor.[43] Examination of their structural and pharmacophore
features revealed that all three moieties shared the necessary
hydrophobic features, while the fluorine atoms along with the
nitrogen and oxygen heteroatoms fulfilled the required hydro-
gen bond acceptor (HBA) features.

Thus, a series of novel, structurally modified 1,2,3-triazoles
and amides that exhibited the highest pharmacophore-fit
scores (Table 2) were synthesized by replacing the adamantane
ring with the identified units (Figure S83). In agreement with
the above results, the nitrogen atoms of the triazole analogues
served as HBAs, while the substituted benzene rings displayed
hydrophobic interactions. In addition, the 3-fluoro-4-
(trifluoromethyl)phenyl derivatives 30, 35, 42a–b, and 43
displayed three hydrophobic regions and two HBAs. In the aryl-
substituted cyclohexyl derivatives 53, 56, 67, 68, and 70 the
cyclohexyl ring did not develop interactions, whereas the
carbonyl oxygen atom of the amide served as HBA and the
halogen benzene ring constituted a hydrophobic region (Fig-
ure S83). The fluorine atoms in 67, 68, and 70 also served as
HBAs. Additionally, the pharmacophore model of the furoxan
analogues (60, 61, 63, and 64) suggested that the ring’s
heteroatoms, the carbonyl oxygen atom, and the triazole ring’s
nitrogen atom act as HBAs, while the halogen benzene rings
developed hydrophobic interactions (Figure S83).

Replacement of adamantane by the
3-fluoro-4-(trifluoromethyl)phenyl moiety

In line with the adamantane-based analogues, both amides and
1,2,3-triazoles were synthesized, while the ortho- and meta-
substitutions on the phenyl ring were maintained. 2-(3-Fluoro-
4-(trifluoro-methyl)phenyl)acetic acid yielded amine 25 through
an one-step Schmidt reaction. The methyl ester of 2-chloro-5-
methylbenzoic acid (26) was prepared upon treatment with
CH3OH and H2SO4. Bromination of the aryl methyl group
followed, using AIBN and NBS in anhydrous CHCl3, giving the
intermediate 27. Hydrolysis of the carboxylic acid group with
LiOH (2N) in THF resulted in the concurrent replacement of the
bromine atom by a hydroxyl group. The isolated benzoic acid
28 was then successfully coupled with 25 using 1-[bis(dimeth-
ylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide
hexafluorophosphate (HATU) and N,N-diisopropylethylamine
(DIPEA) in DMF.[44] The in situ formation of the bromide using
PPh3 and NBS in an anhydrous CH3CN/CH2Cl2 mixture and the

Scheme 4. Reagents and conditions: (a) glacial acetic acid, NaNO2 (aq.), 0 °C-r.t., 24 h, 50%; (b) KOH (aq.), CH3OH, r.t., 20–30 min, 70–98%; (c) 9, sodium
ascorbate, CuSO4 ·5H2O, tBuOH/H2O, mw, 80 Watt, 90 °C, 30 min, 91–93%; (d) LiOH (2 N), THF, r.t., 24 h, 87–95%; (e) DMAP, DCC, CH2Cl2, 0 °C-r.t., 2 h, 48–71%.

Figure 3. The 3-fluoro-4-(trifluoromethyl)phenyl, aryl-substituted cyclohexyl,
and furoxan scaffolds used for the replacement of the adamantane ring.

ChemMedChem
Full Papers
doi.org/10.1002/cmdc.202000303

2533ChemMedChem 2020, 15, 2530–2543 www.chemmedchem.org © 2020 Wiley-VCH GmbH

Wiley VCH Freitag, 04.12.2020

2024 / 181597 [S. 2533/2543] 1

Chapter 3. Publications with Summary and Contributions

77



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

subsequent addition of AgNO3 afforded the desired compound
30 (Scheme 5).[45]

To study the influence of the structure of the amide bond
on the potency, a reverse amide was also synthesized, using 2-
(3-fluoro-4-(trifluoromethyl) phenyl)acetic acid and aniline 33.
The nitro-group of the methyl ester 31 was reduced under mild
conditions with Fe(0) and an aqueous solution of NH4Cl in
ethanol, resulting in ester 32. Reduction of the ester group with
LiAlH4 in anhydrous THF afforded aniline 33. 2-(3-Fluoro-4-
(trifluoro-methyl)phenyl) acetic acid was then heated overnight
with 33 and HATU/DIPEA in DMF to give 34. The in situ
formation of the bromide and the subsequent addition of
AgNO3 in a mixture of anhydrous CH2Cl2/CH3CN afforded the
nitrate ester 35 (Scheme 6).

In addition, three triazoles were prepared as corresponding
analogues of 18a–b and 19a. The methyl ester (36) of 3-fluoro-
4-(trifluoromethyl)benzoic acid was reduced with LiAlH4 in
anhydrous THF to give benzyl alcohol 37. Bromination of 37
with PBr3 afforded analogue 38, which was further heated with
NaN3 in DMF to give azide 39. Microwave irradiation was then
applied to obtain the ortho-methyl and -chloro 1,2,3-triazoles

40a and 40b, respectively. Upon treatment with PBr3, bromides
41a–b were obtained and reacted with AgNO3 or sodium
methanesulfonothioate to afford analogues 42a–b and 43,
respectively (Scheme 7).

Replacement of adamantane by the aryl-substituted
cyclohexyl moiety

5-(4-Hydroxyphenyl)-3H-1,2-dithiol-3-thione (ADT-OH),[46] a
known H2S-releasing agent,[47] was used for the synthesis of
analogue 49. Elimination of the α-hydrogen atoms of
cyanomethyl propionate by Cs2CO3, followed by a double attack
from 1,5-dibromopentane, resulted in compound 44. Reduction
of the nitrile with LiAlH4 afforded amine 45, which was further
protected using Boc2O. A Mitsunobu reaction between the Boc-
protected derivative 46 and ADT-OH afforded compound 47,
which was deprotected by trifluoroacetic acid (TFA). Amine 48
was then coupled with 2-chloro-5-methylbenzoic acid using
EDC hydrochloride and Et3N in anhydrous CH2Cl2 to afford
analogue 49 (Scheme 8).

Analogues 53 and 56 were synthesized bearing the nitrate
ester group on opposite phenyl rings (Scheme 9) to examine
the effect of the substitution position on the antagonistic
potency. NaH was used for the α-deprotonation of (4-meth-
ylphenyl)acetonitrile to yield analogue 50. Reduction of the
nitrile was achieved with BH3·S(CH3)2 in THF. Amine 51 was then
coupled with 28 using HATU/DIPEA in anhydrous DMF. Ιn situ
bromination of the benzylic hydroxyl group with PPh3 and NBS
in an anhydrous CH2Cl2/CH3CN mixture, followed by the
formation of the nitrate ester, afforded amide 53. For the
synthesis of compound 56, amine 51 was coupled with 2-
chlorobenzoic acid using EDC hydrochloride and hydroxybenzo-
triazole (HOBt) as the coupling agent in anhydrous DMF. Radical

Scheme 5. Reagents and conditions: (a) H2SO4, NaN3, CHCl3, H2O, 50 °C, 5 h,
50%; (b) CH3OH, H2SO4, 70 °C, 18 h, 77%; (c) NBS, AIBN, CHCl3, reflux, 2.5 h,
53%; (d) LiOH (2 N), THF, 40 °C, 20 h, 92%; (e) HATU, DIPEA, DMF, r.t., 72 h,
41%; (f) PPh3, NBS, AgNO3, dark, CH2Cl2/CH3CN, 0–50 °C, 24 h, 39%.

Scheme 6. Reagents and conditions: (a) CH3OH, H2SO4, reflux, 18 h, 94%; (b)
Fe(0), NH4Cl (aq.), EtOH, reflux, 3 h, 86%; (c) LiAlH4, THF, 0 °C-r.t., 1.5 h, 100%;
(d) 33, HATU, DIPEA, DMF, 70 °C, 15 h, 67%; (e) PPh3, NBS, AgNO3, CH2Cl2/
CH3CN, 0–50 °C, dark, 5 h, 29%.

Scheme 7. Reagents and conditions: (a) CH3OH, H2SO4, 60 °C, 24 h, 83%; (b)
LiAlH4, THF, 0 °C-r.t., 1.5 h, 82%; (c) PBr3, CH2Cl2, 0 °C-r.t., 2.5 h, 26%; (d) NaN3,
DMF, 40 °C, 3 h, 50%; (e) 15a–b, sodium ascorbate, CuSO4 ·5H2O, tBuOH/H2O,
mw, 80 Watt, 90 °C, 30 min, 52–55%; (f) PBr3, CH2Cl2, 0 °C-r.t., 2.5 h, 31–50%;
(g) AgNO3, CH3CN, 60 °C, dark, 2.5 h, 42–82%; (h) sodium methanesulfono-
thioate, DMF, 60 °C, 2.5 h, 47%.
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bromination of 54 with AIBN and NBS afforded amide 55, which
was subsequently refluxed with AgNO3 to yield analogue 56
(Scheme 9).

Replacement of adamantane by the furoxan ring

Furoxan analogues are interesting pharmacophores endowed
with various biological effects such as anticancer[48] and
antimicrobial.[49,50] However, P2X7 antagonists bearing this
group have not been reported so far. Thus, in this study,
adamantane was replaced by the furoxan ring to afford an

amide and a 1,2,3-triazole derivative. In particular, bromide 57
reacted with NaN3 in DMF to afford azide 58. Amine 59 was
obtained via a Staudinger reaction of azide 58 with PPh3 and
H2O in THF and was subsequently used for the synthesis of
analogue 60 (Scheme 10). Microwave irradiation of 58 and the
chloro-substituted alkyne (isolated from 10, as in Scheme 2) in
the presence of Cu(II) and sodium ascorbate in a mixture of
tBuOH/H2O afforded analogue 61.

The furoxan ring (20) was also used in place of the phenyl
ring of the 3-fluoro-4-(trifluoromethyl)phenyl and aryl-substi-
tuted cyclohexyl derivatives to further investigate its role on the
potency. Thus, the furoxan carboxylic acid (62) was quantita-
tively obtained by the oxidation of 20 with the Jones reagent,
which gave analogue 63 using HATU/DIPEA.[51] In the case of
64, the coupling reaction was performed using EDC/Et3N in
anhydrous CH2Cl2 (Scheme 11).Scheme 8. Reagents and conditions: (a) 1,5-dibromopentane, Cs2CO3, DMF,

0 °C-r.t., 24 h, 79%; (b) LiAlH4, THF, 0 °C-r.t., 29 h, 98%; (c) Boc2O, THF, r.t.,
23 h, 99%; (d) ADT-OH, PPh3, DIAD, THF, r.t., 72 h, 29%; (e) TFA, CH2Cl2, r.t.,
1 h, 95%; (f) 2-chloro-5-methylbenzoic acid, EDC hydrochloride, Et3N, CH2Cl2,
r.t., 20 h, 28%.

Scheme 9. Reagents and conditions: (a) 1,5-dibromopentane, NaH (60%),
DMF, 0 °C-r.t., 4 h, 67%; (b) BH3·S(CH3)2, THF, 0 °C-r.t., 3 h, 49%; (c) 28, HATU,
DIPEA, DMF, r.t., 48 h; (d) PPh3, NBS, AgNO3, CH2Cl2/CH3CN, 0–50 °C, dark,
24 h, 21%; (e) 2-chlorobenzoic acid, HOBt, EDC hydrochloride, Et3N, DMF, r.t.,
22 h, 45%; (f) NBS, AIBN, CHCl3, reflux, 90 min, 57%; (g) AgNO3, CH3CN, 60 °C,
dark, 1 h, 63%.

Scheme 10. Reagents and conditions: (a) PBr3, CH2Cl2, 0 °C-r.t., 3.5 h, 55%; (b)
NaN3, DMF, 40 °C, 4 h, 99%; (c) PPh3, H2O, THF, r.t., 22 h, obtained as mixture
with PPh3O; (d) 2-chloro-5-methylbenzoic acid, EDC hydrochloride, Et3N,
CH2Cl2, r.t, 24 h, 21% over two steps; (e) 1-chloro-2-ethynylbenzene, sodium
ascorbate, CuSO4 ·5H2O, tBuOH/H2O, mw, 80 Watt, 90 °C, 30 min, 45%.

Scheme 11. Reagents and conditions: (a) Jone’s reagent, acetone, 0 °C-r.t.,
3.5 h, 74%; (b) 25, HATU, DIPEA, DMF, r.t., 22 h, 73%; (c) 51, HOBt, EDC
hydrochloride, Et3N, DMF, r.t., 20 h, 26%.
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Combination of the 3-fluoro-4-(trifluoromethyl)phenyl and
aryl-substituted cyclohexyl moieties

Finally, three additional analogues that combined the 3-fluoro-
4-(trifluoromethyl)phenyl and aryl-substituted cyclohexyl moi-
eties were synthesized to elucidate the structural features
responsible for the interactions with the P2X7 receptor. Thus,
the cyclohexyl ring of 65 was prepared using the commercially
available 2-(3-fluoro-4-(trifluoromethyl)phenyl)acetonitrile and
1,5-dibromopentane in the presence of NaH in anhydrous DMF.
Reduction of the nitrile with BH3·S(CH3)2 in THF afforded amine
66, which was then coupled with 2-chlorobenzoic acid or 2-
chloro-5-methylbenzoic acid to yield compounds 67 and 68,
respectively. Analogue 68 was further radically brominated with
AIBN and NBS in anhydrous CHCl3 to afford compound 69 as a
non-separable mixture with the starting material (68). Upon
treatment with AgNO3 analogue 70 was obtained (Scheme 12).

In vitro evaluation of the antagonistic potency: SAR study

The synthesized analogues were evaluated in vitro by two-
electrode voltage clamp (TEVC) experiments using Xenopus
laevis oocytes that express the human P2X7 (hP2X7) receptor.
The already reported P2X7 antagonist AZ1 was used as a
positive control to allow the comparison of the isolated
compounds’ antagonistic potencies. In general, the synthesized
analogues featured drug-like properties based on predictions of
their absorption, distribution, metabolism, and excretion
(ADME) properties (Table S1).

The blocking potency was initially estimated by incubating
hP2X7 expressing oocytes for 3 min with 10 μM of each
compound. AZ1 completely blocked ATP-induced (300 μM)
current responses under these conditions, while analogues 4
and 5, bearing a chloro group at the ortho-position of the
phenyl ring, were equally potent, irrespective of the benzyl

meta-substitution (Figure 4). Replacement of the amide bond
by its bioisostere 1,2,3-triazole ring in analogues that bear the
same meta-substitution and an ortho-chloro or -methyl sub-
stitution (11, 18a–b, and 19a–b) impaired the antagonistic
effect compared to the control (AZ1). According to the data
shown in Figure 4, the ortho-methyl group in analogues 18a
and 19a probably favored the interaction with the receptor
compared to the chloro group (18b and 19b). However, the
presence of the (methylsulfonyl)thio group reduced the antag-
onistic potency, especially in the case of analogue 19b.

Additionally, the in vitro evaluation of analogues 24a–b,
bearing the furoxan ring, confirmed the results of the
pharmacophore model that bulky substituents do not improve
the compound’s activity (Figure 4). However, the congener of
24b, compound 23b, displayed potent inhibition of hP2X7,
suggesting that inactive esters may be hydrolyzed after their
insertion into the host and result in a more active form of the
initial analogue.

Since seven of these analogues led to a reduction of ATP-
induced current responses of at least 50%, their dose–response
relationships were determined (Figure 5). The IC50 values
(Table 3) showedthat analogues 4 and 18a were the most
potent adamantane-based P2X7 antagonists of the current
study, with about five- and ten-fold reduced potency compared
to AZ1, respectively. However, except for analogue 18a, the
replacement of the amide bond by the 1,2,3-triazole ring

Scheme 12. Reagents and conditions: (a) 1,5-dibromopentane, NaH (60%),
DMF, 0 °C-r.t., 1 h, 81%; (b) BH3·S(CH3)2, THF, reflux, 1 h, 81%; (c) 2-
chlorobenzoic acid, HOBt, EDC hydrochloride, Et3N, DMF, r.t., 18 h, 55%; (d)
2-chloro-5-methyl benzoic acid, HOBt, EDC hydrochloride, Et3N, DMF, r.t.,
22 h, 30%; (e) NBS, AIBN, CHCl3, reflux, 2 h, obtained as mixture with 68; (f)
AgNO3, CH3CN, 50 °C, dark, 30 min, 10% over two steps.

Figure 4. Antagonistic potencies of AZ1 and the indicated analogues by
TEVC. Xenopus leavis oocytes expressing the hP2X7 receptor were clamped
at � 70 mV. 10 μM of the indicated compounds were preincubated for 3 min
before application of 300 μM ATP. Responses are normalized to ATP-evoked
current responses in the absence of antagonist. Error bars represent S.D. AZ1
(n=4), 4 (n=8), 5 (n=3), 11 (n=6), 18a (n=3), 18b (n=3), 19a (n=7),
19b (n=4), 24a (n=4), 23b (n=6), and 24b (n=3).

Table 3. IC50 values with 95% confidence intervals (CI) of the most active
adamantane-based analogues.

Compound IC50 [μM] 95%CI [μM]

AZ1 0.065 0.054–0.077
4 0.339 0.253–0.452
5 2.716 1.901–3.799
11 4.355 3.761–5.039
18a 0.735 0.611–0.894
18b 8.004 5.990–10.69
19a 3.859 3.027–4.920
23b 1.712 1.442–2.030
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significantly reduced the potency. Complete absence of the
meta-substitution (11) as well as a bulkier substituent, such as
the (methylsulfonyl)thio group (19a), also negatively affected
the analogues’ antagonistic abilities. Moreover, the IC50 values
of amides 4 (0.34 μM) and 5 (2.72 μM), as well as those of
triazoles 18a (0.74 μM) and 18b (8.00 μM), were remarkably
different, suggesting that the nature of the ortho- and meta-
substitution might affect the interaction with the receptor and
thus the antagonistic potency.

Regarding the scaffold exchange strategy of adamantane,
its replacement by the (3-fluoro-4-(trifluoromethyl)phenyl moi-
ety in analogues 30, 35, 42a–b, and 43 resulted in very low
potencies for both amides and 1,2,3-triazoles compared to the
control (AZ1) (Figure 6). In contrast, the replacement of
adamantane by the aryl-cyclohexyl moiety improved the
analogues’ potency. Except for analogue 49, which could not
be tested due to its low solubility confirming the ADME

predictions (Table S1), the aryl-cyclohexyl amides bearing a
nitrate ester group (53 and 56) were potent hP2X7 antagonists
irrespective of the substituents’ position on the phenyl ring
(Figure 6).

The replacement of adamantane by the furoxan ring led to
analogues with no inhibition at 10 μM (60 and 61) (Figure 6).
No blocking effect was also observed by replacing the phenyl
ring of the (3-fluoro-4-(trifluoromethyl)phenyl-based analogues
with the furoxan ring (63), suggesting that this moiety
deteriorates the interactions with the hP2X7 receptor. In
contrast, a similar replacement in the aryl-cyclohexyl-based
compounds afforded analogue 64, which exhibited significantly
increased potency and indicated again the aryl-cyclohexyl
moiety as a suitable scaffold to replace adamantane. Surpris-
ingly, the aryl-cyclohexyl analogues bearing the fluoro-substi-
tuted aromatic moiety (67, 68, and 70) exhibited moderate
potency, while the lack of the meta-substitution (67 and 70)
seemingly favored the interaction with the receptor compared
to analogue 68 (Figure 6).

Dose-response analysis (Figure 7, Table 4) further confirmed
that the aryl-cyclohexyl moiety is an ideal substitute of
adamantane. Specifically, analogue 56 had the lowest IC50 value
(0.39 μM), while analogue 53, bearing the nitrate ester on the
non-chloro phenyl ring, had an IC50 value of 1.43 μM. Addition-
ally, it was shown that the (3-fluoro-4-(trifluoromethyl)phenyl
moiety did not eliminate the potency when used as a
substituent, giving compounds with IC50 values ranging from
0.69 μM (67) to 3.24 μM (70) and 4.80 μM (68). For all the aryl-

Figure 5. Dose–response curves of compound AZ1 and the indicated
analogues. All compounds were preincubated for 3 min and the current
responses of the oocyte-expressed hP2X7 receptor to 300 μM ATP were
recorded by TEVC at � 70 mV. Each point represents the average of at least
three measurements and error bars represent S.D.

Figure 6. Antagonistic potencies of AZ1 and the indicated analogues by
TEVC. Xenopus leavis oocytes expressing the hP2X7 receptor were clamped
at � 70 mV. 10 μM of the indicated compounds were preincubated for 3 min
before application of 300 μM ATP. Responses are normalized to ATP-evoked
current responses in the absence of antagonist. Error bars represent S.D. AZ1
(n=4), 30 (n=3), 35 (n=3), 42a (n=3), 42b (n=3), 43 (n=3), 53 (n=4), 56
(n=3), 60 (n=4), 61 (n=4), 63 (n=4), 64 (n=3), 67 (n=3), 68 (n=3), and
70 (n=3).

Figure 7. Dose–response curves of compound AZ1 and the indicated
analogues. All compounds were preincubated for 3 min and the current
responses of the oocyte-expressed hP2X7 receptor to 300 μM ATP were
recorded by TEVC at � 70 mV. Each point represents the average of at least
three measurements and error bars represent S.D.

Table 4. IC50 values with 95% confidence intervals (CI) of the most active
analogues in μM after the replacement of the adamantane ring.

Compound IC50 [μM] 95%CI [μM]

ΑΖ1 0.065 0.054–0.077
53 1.430 1.240–1.648
56 0.385 0.332–0.443
64 0.878 0.784–0.983
67 0.686 0.399–1.176
68 4.804 3.514–7.012
70 3.243 2.515–4.164
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cyclohexyl analogues, it was revealed that the substitution at
the 5-position of the phenyl ring results in lower potency (53,
68, and 70). Furthermore, analogue 64, bearing the bulkier
furoxan moiety in place of the phenyl ring, was effective in
inhibiting P2X7 activation with an IC50 value of 0.88 μM, which
was similar to those of the aryl-cyclohexyl analogues 56 and 67.

Summarizing, the replacement of the amide bond by its
bioisostere 1,2,3-triazole resulted in adamantyl analogues with
low antagonistic effect (11, 18a–b, 19a–b, and 24a–b). The use
of the (3-fluoro-4-(trifluoromethyl)phenyl moiety in place of
adamantane afforded novel amides and 1,2,3-triazoles with very
low potency (30, 35, 42a–b, 43, and 63). Furthermore, replace-
ment of the adamantane ring by the furoxan moiety did not
favor the blocking effect of 60 and 61. Nevertheless, potent
P2X7 antagonists were obtained by replacing adamantane by
the aryl-cyclohexyl moiety (53, 56, 64, 67, 68, and 70). Among
them, analogue 56 exhibited the lowest IC50 value (0.39 μM),
which was equivalent to that of analogue 4 (0.34 μM).

Conclusions

Although P2X7 is an important drug target and various classes
of P2X7 antagonists have already been described, successful
clinical candidates are missing. Moreover, neither papers nor
patents have reported SAR studies on the class of compounds
described in this work. Herein, by replacing several structural
features of the Astra Zeneca derivative (AZ1) with moieties that
have not yet been examined to block the activation of the P2X7
channel and based on an in silico refined SAR study, a series of
hit compounds were developed as novel putative P2X7
antagonists bearing low micromolar to high nanomolar poten-
cies. Our data showed that analogue 4 bearing a nitrate ester
group in place of piperazine could effectively inhibit P2X7
activation (IC50=0.34 μM), while the aryl-cyclohexyl group was
proven to be the most promising alternative for adamantane
with analogue 56 exhibiting an IC50 value of 0.39 μM. Most
importantly, this work provides different structural starting
points for further hit-to-lead optimization towards the develop-
ment of derivatives with improved structural features that can
effectively block the activation of the P2X7 ion channel with
nanomolar potency.

Experimental Section

General chemistry

Commercial reagents and solvents were obtained from Acros
Organics, Merck, Sigma-Aldrich or Fluorochem in the qualities puriss,
p.a. or purum and used without further purification. All non-
aqueous reactions were set up under argon atmosphere, utilizing
glassware that was flame-dried and cooled under vacuum. Thin
layer chromatography (TLC) was performed using precoated SiO2

aluminum plates (Macherey-Nagel Sil G-25 UV254), while the
chromatographic purifications were performed with silica gel (200–
400 mesh). The 1H and 13C spectra were recorded on Varian
spectrometers operating at 300 MHz or 600 MHz/75 MHz or
150 MHz, respectively, at 25 °C using CDCl3, DMSO-d6, CD3OD,

acetone-d6, or CD2Cl2. The processing and evaluation of the spectra
were performed using the program MestReNova 9.0. The resonance
multiplicity is indicated as s (singlet), d (doublet), t (triplet), and m
(multiplet) or combinations of them, and the coupling constants (J)
are given in Hz. The mass spectra were obtained on a HPLC-MSn
Fleet-Thermo system in the ESI mode. The HRMS spectra were
recorded in the ESI mode, on a UPLC-MSn Orbitrap Velos-Thermo
instrument. The purity of the tested compounds was determined
by HPLC (Thermo Scientific HPLC Spectra System) using a column
EC 250/4.6 Nucleosil 100-5C18 HD (particle size 5 μm, Macherey-
Nagel) under the following conditions: gradient elution 50/50 H2O_
0.1%TFA/CH3CN_0.1%TFA to 0/100 H2O_0.1%TFA/CH3CN_0.1%TFA
over 20 min; flow rate: 1.2 mL/min; detection at 216 nm. All the
synthesized analogues exhibited a purity >97%, unless otherwise
noted. The microwave-assisted experiments were carried out with a
CEM Discover 300 W monomode microwave instrument. The
melting points were measured on a Büchi 510 Apparatus and are
not corrected.

Synthesis of analogues AZ1, 4, 5, 11, 18a–b, 19a–b, 24a–b

N-[(Adamantan-1-yl)methyl]-2-chloro-5-(piperazin-1-ylmethyl)
benzamide (AZ1)

To a stirred solution of piperazine (11 mg, 0.13 mmol) in 2 mL
anhydrous CH3OH, a solution of N-[(adamantan-1-yl)methyl]-5-
(bromomethyl)-2-chlorobenzamide (3) (25 mg, 0.06 mmol) in anhy-
drous CH3OH was added at 0 °C. The mixture was allowed to warm
to room temperature, while stirring for 3 h. The solvent was
removed in vacuo and AZ1 was obtained by flash column
chromatography (CH2Cl2/CH3OH, 90 :10 to 20 :80) as white sticky
solid (29%) HPLC: tR: 15.4 min, purity 86%; 1H NMR (600 MHz,
CD3OD): δ=7.44–7.40 (m, 3H, ArH), 3.62 (s, 2H, CH2NCH2), 3.23–3.21
(m, 4H, CH2-piperazine), 3.07 (s, 2H, CH2NHCO), 2.70 (bs, 4H, CH2-
piperazine), 1.99 (bs, 3H, CH-adamantane), 1.79–1.63 (m, 12H, CH2-
adamantane); 13C NMR (150 MHz, CD3OD): δ=170.2 (C=O), 138.2,
137.9, 132.5, 131.0, 130.7, 130.4, 62.1 (CH2N-piperazine), 52.6, 50.7,
45.0 (CH2NH), 41.5, 38.1, 35.7, 29.8; HRMS (ESI): m/z calcd for
C23H32ClN3O+H+ : 402.2307 [M+H]+, found: 402.2310. Data are in
accordance with the literature.[27]

N-[(Adamantan-1-yl)methyl]-2-chloro-5-(nitrooxymethyl)
benzamide (4)

N-[(Adamantan-1-yl)methyl]-5-(bromomethyl)-2-chlorobenzamide
(3) (41 mg) was dissolved in 4 mL of anhydrous CH3CN, followed by
the addition of AgNO3 (20 mg, 0.12 mmol). The suspension formed
was heated in the dark at 60 °C for 2 h. Upon completion of the
reaction, the solvent was removed under reduced pressure and the
crude material was purified by flash column chromatography (n-
hexane/EtOAc 85 :15 to 80 :20) as white solid (50%). m.p. 118.0–
120.0 °C; HPLC: tR: 10.4 min; 1H NMR (300 MHz, CDCl3): δ=7.72 (s,
1H, ArH), 7.45–7.37 (m, 2H, ArH), 6.31 (s, 1H, CH2NH), 5.40 (s, 2H,
CH2ONO2), 3.16 (d, J=6.2 Hz, 2H, CH2NH), 2.00 (bs, 3H, CH-
adamantane), 1.75–1.58 (s, 12H, CH2-adamantane); 13C NMR
(75 MHz, CDCl3): δ=165.9 (C=O), 136.1, 131.8, 131.7, 131.5, 131.1,
130.9, 73.3 (CH2ONO2), 51.9 (CH2NH), 40.4, 37.0, 34.0, 28.3; HRMS
(ESI): m/z calcd for C19H23ClN2O4+H+ : 379.1419 [M+H]+; found:
379.1419.
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N-[(Adamantan-1-yl)methyl]-2-chloro-5-[(methylsulfonyl)thio]
methyl)benzamide (5)

N-[(Adamantan-1-yl)methyl]-5-(bromomethyl)-2-chlorobenzamide
(3) (15 mg, 0.04 mmol) was dissolved in anhydrous DMF (2 mL) and
sodium methanesulfonothioate (8 mg, 0.06 mmol) was added. The
mixture was heated at 60 °C for 5 h. Afterwards, it was washed
several times with H2O and saturated aqueous NaCl solution, and
the aqueous layer was extracted with EtOAc. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under
reduced pressure. Flash column chromatography (n-hexane/EtOAc
80 :20) afforded 5 in 58% yield (white solid, 10 mg). m.p. 125.0–
127.0 °C; HPLC: tR: 9.1 min; 1H NMR (600 MHz, CDCl3): δ=7.73 (s, 1H,
ArH), 7.39 (s, 2H, ArH), 6.27 (s, 1H, CH2NH), 4.35 (s, 2H, CH2S), 3.16 (d,
J=6.3 Hz, 2H, CH2NH), 3.10 (s, 3H, S2O2CH3), 2.00 (bs, 3H, CH-
adamantane), 1.73–1.57 (m, 12H, CH2-adamantane); 13C NMR
(150 MHz, CDCl3): δ=165.9 (C=O), 136.1, 134.9, 131.9, 131.3, 131.1,
130.5, 52.0 (SCH3), 51.4 (CH2NH), 40.5, 39.7, 37.0, 34.1, 28.4; HRMS
(ESI): m/z calcd for C20H26ClNO3S2+H+ : 428.1115 [M+H]+; found:
428.1116.

1-(Adamantan-1-yl)methyl)-4-(2-chlorophenyl)-1H-1,2,3-triazole
(11)

To a stirred solution of [(2-chlorophenyl)ethynyl]trimethylsilane (10)
(50 mg, 0.24 mmol) in 1.5 mL anhydrous THF, TBAF (0.17 mL,
0.60 mmol) was added. After stirring at room temperature for 1 h,
the crude intermediate solution was transferred in a microwave
tube. 1-Adamantantylmethyl azide (9) (46 mg, 0.24 mmol), sodium
ascorbate (29 mg, 0.15 mmol), and CuSO4 ·5H2O (18 mg, 0.07 mmol)
were added and the mixture was irradiated at 90 °C (80 Watt) for
30 min. Purification by flash column chromatography (n-hexane/
EtOAc 95 :5 to 85 :15) yielded compound 11 as white sticky solid
(12 mg, 15%). HPLC: tR: 15.1 min; 1H NMR (300 MHz, CDCl3): δ=8.28
(dd, J=7.8, 1.7 Hz, 1H, ArH), 8.10 (s, 1H, CH-triazole), 7.45 (dd, 1H,
ArH), 7.37 (m, 1H, ArH), 7.26 (m, 1H, ArH), 4.09 (s, 2H, CH2NCH), 2.01
(bs, 3H, CH-adamantane), 1.73–1.56 (m, 12H, CH2-adamantane); 13C
NMR (75 MHz, CDCl3): δ=143.4 (C-N), 131.3, 130.3, 129.9, 129.6,
129.0, 127.3, 124.8, 62.5 (CH2N), 40.4, 36.7, 34.4, 28.2; HRMS (ESI): m/
z calcd for C19H22ClN3+H+ : 328.1575 [M+H]+; found: 328.1573.

1-(Adamantan-1-yl)
methyl)-4-[2-methylphenyl-5-(nitrooxymethyl)]-1H-1,2,3-triazole
(18a)

To a stirred solution of 1-(adamantan-1-yl)methyl)-4-[5-
(bromomethyl)-2-methylphenyl]-1H-1,2,3-triazole (17a) (44 mg,
0.11 mmol) in anhydrous CH3CN (5 mL), AgNO3 (20 mg, 0.13 mmol)
was added and the reaction mixture was heated at 60 °C in the dark
for 17 h. The resulting mixture was filtered through celite and
washed with EtOAc, and the obtained filtrate was extracted with
EtOAc. The combined organic layers were then washed with
saturated aqueous NaCl solution, dried over Na2SO4, filtered, and
concentrated in vacuo to afford the nitrate ester derivative 18a as
yellow solid (31 mg, 71%). m.p. 115.0–118.0 °C; HPLC: tR: 12.9 min,
purity 90%; 1H NMR (300 MHz, CDCl3): δ=7.88 (s, 1H, ArH), 7.59 (s,
1H, CH-triazole), 7.29 (s, 2H, ArH), 5.44 (s, 2H, CH2ONO2), 4.08 (s, 2H,
CH2NCH), 2.48 (s, 3H, ArCH3), 2.01 (bs, 3H, CH-adamantane), 1.74–
1.56 (m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): δ=145.6
(C-N), 137.0, 131.6, 130.8, 130.1, 129.8, 128.7, 123.5, 74.8 (CH2ONO2),
62.4 (CH2N), 40.4, 36.7, 34.4, 28.2, 21.5; HRMS (ESI): m/z calcd for
C21H26N4O3+H+ : 383.2078 [M+H]+; found: 383.2080.

1-(Adamantan-1-yl)
methyl)-4-[2-chlorophenyl-5-(nitrooxymethyl)]-1H-1,2,3-triazole
(18b)

Analogue 18b was prepared following the synthetic procedure for
analogue 18a and was obtained as pale yellow solid without any
further purification (24 mg, 35%). m.p. 142.0–144.0 °C; HPLC: tR:
15.3 min; 1H NMR (300 MHz, CDCl3): δ=8.35–8.34 (m, 1H, ArH), 8.12
(s, 1H, CH-triazole), 7.48 (d, J=8.2 Hz, 1H, ArH), 7.30 (dd, J=8.2,
2.0 Hz, 1H, ArH), 5.46 (s, 2H, CH2ONO2), 4.10 (s, 2H, CH2NCH), 2.01
(bs, 3H, CH-adamantane), 1.74–1.56 (m, 12H, CH2-adamantane); 13C
NMR (75 MHz, CDCl3): δ=142.7 (C-N), 132.2, 131.7, 130.8, 130.5,
130.0, 129.1, 124.9, 73.8 (CH2ONO2), 62.5 (CH2N), 40.3, 36.6, 34.4,
28.2; HRMS (ESI): m/z calcd for C20H23ClN4O3+H+ : 403.1531 [M+

H]+; found: 403.1534.

1-(Adamantan-1-yl)
methyl)-4-[5-(methylsulfonyl)thio)methyl)-2-methyl-
phenyl]-1H-1,2,3-triazole (19a)

To a stirred solution of 1-(adamantan-1-yl)methyl)-4-[5-
(bromomethyl)-2-methylphenyl]-1H-1,2,3-triazole (17a) (64 mg,
0.16 mmol) in 1.2 mL anhydrous DMF, sodium methanesulfono-
thioate (32 mg, 0.24 mmol) was added and the mixture was heated
at 70 °C for 5 h. Extraction with EtOAc followed and the combined
organic layers were washed with saturated aqueous NaCl solution,
dried over Na2SO4, filtered, and concentrated under reduced
pressure. Flash column chromatography (n-hexane/EtOAc 80 :20 to
70 :30) afforded 19a as white solid in 51% yield (35 mg). m.p.
124.0–125.0 °C; HPLC: tR: 10.9 min, purity 96%; 1H NMR (300 MHz,
CDCl3): δ=7.86 (s, 1H, ArH), 7.58 (s, 1H, CH-triazole), 7.26–7.25 (m,
2H, ArH), 4.38 (s, 2H, CH2S), 4.07 (s, 2H, CH2NCH), 3.02 (s, 3H,
S2O2CH3), 2.45 (s, 3H, ArCH3), 2.00 (bs, 3H, CH-adamantane), 1.72–
1.55 (m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): δ=145.5
(C-N), 135.5, 132.7, 131.6, 130.9, 129.3, 128.5, 123.4, 62.3 (CH2N),
51.1 (SCH3), 40.5, 40.3, 36.5, 34.3, 28.2, 21.3; HRMS (ESI): m/z calcd
for C22H29N3O2S2+H+ : 432.1774 [M+H]+; found: 432.1774.

1-(Adamantan-1-yl)
methyl)-4-[2-chlorophenyl-5-(methylsulfonyl)thio)meth-
yl)]-1H-1,2,3-triazole (19b)

Analogue 19b was prepared following the synthetic procedure for
analogue 19a and was isolated by flash column chromatography
(n-hexane/EtOAc 80 :20) as white solid (18 mg, 23%). m.p. 139.0–
140.0 °C; 1H NMR (300 MHz, CDCl3): δ=8.34–8.33 (m, 1H, ArH), 8.12
(s, 1H, CH-triazole), 7.45 (d, J=8.2 Hz, 1H, ArH), 7.31 (dd, J=8.2,
2.2 Hz, 1H, ArH), 4.41 (s, 2H, CH2S), 4.09 (s, 2H, CH2NCH), 3.10 (s, 3H,
S2O2CH3), 2.01 (bs, 3H, CH-adamantane), 1.74–1.56 (m, 12H, CH2-
adamantane); 13C NMR (75 MHz, CDCl3): δ=142.7 (C-N), 134.5,
131.1, 131.0, 130.31, 130.27, 129.5, 125.0, 62.5 (CH2N), 51.4 (SCH3),
40.4, 40.1, 36.6, 34.4, 28.2; HRMS (ESI): m/z calcd for C21H26ClN3O2S2

+H+ : 452.1228 [M+H]+; found: 452.1231.

[1-(Adamantan-1-yl)
methyl]-3-[[5-[(4-methylbenzoyloxy)-4-phenyl-1,2,5-oxa-
diazole-2-oxide]-2-methylphenyl]-1H-1,2,3-triazole (24a)

3-(Hydroxymethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (20) (31 mg,
0.16 mmol) and DMAP (2 mg, 0.008 mmol) were added to a stirred
solution of 3-[1-[(adamantan-1-yl)methyl]-1H-1,2,3-triazol-4-yl]-4-
methylbenzoic acid (23a) (28 mg, 0.08 mmol) in anhydrous CH2Cl2
(3 mL). DCC (18 mg, 0.09 mmol) was added at 0 °C and the reaction
mixture was stirred at this temperature for 5 min and then at room
temperature for 2 h. Upon completion of the reaction, the mixture
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was filtered, and the filtrate was extracted with CH2Cl2. The
combined organic phases were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude product was purified by flash
column chromatography (n-hexane/EtOAc 50 :50) to afford 24a
(30 mg, 71%) as colorless oil. 1H NMR (300 MHz, CDCl3): δ=8.33 (s,
1H, ArH), 7.85 (d, J=8.0 Hz, 1H, ArH), 7.77–7.74 (m, 2H, ArH-furoxan),
7.60 (s, 1H, CH-triazole), 7.53–7.50 (m, 3H, ArH-furoxan), 7.34 (d, 1H,
ArH), 5.38 (s, 2H, OCΗ2), 4.09 (s, 2H, CH2NCH), 2.55 (s, 3H, ArCH3),
2.01 (bs, 3H, CH-adamantane), 1.74–1.55 (m, 12H, CH2-adamantane);
13C NMR (75 MHz, CDCl3): δ=165.6 (C=O), 157.0, 145.6, 142.4,
131.5, 130.8, 130.5, 129.6, 129.3, 127.8, 126.7, 126.2, 123.6, 111.5,
62.4 (CH2O), 54.8 (CH2N), 40.4, 36.6, 34.4, 28.2; HRMS (ESI): m/z calcd
for C30H31N5O4+Na+ : 548.2268 [M+Na]+; found: 548.2270.

1-(Adamantan-1-yl)
methyl)-3-[5-[(4-methylbenzoyloxy)-4-phenyl-1,2,5-oxa-
diazole-2-oxide]-2-chlorophenyl]-1H-1,2,3-triazole (24b)

Analogue 24b was prepared following the procedure of analogue
24a. Purification by flash column chromatography (CH2Cl2 to
CH2Cl2/CH3OH 99 :1) afforded 24b (50 mg, 48%) as white powder.
1H NMR (300 MHz, CDCl3): δ=8.86 (d, J=2.2 Hz, 1H, ArH), 8.09 (s,
1H, CH-triazole), 7.85 (dd, J=8.4, 2.2 Hz, 1H, ArH), 7.76–7.73 (m, 2H,
ArH-furoxan), 7.53–7.50 (m, 4H, ArH, ArH-furoxan), 5.40 (s, 2H,
OCΗ2), 4.09 (s, 2H, CH2NCH), 2.01 (bs, 3H, CH-adamantane), 1.73–
1.55 (m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): δ=164.8
(C=O), 156.9, 142.3, 136.8, 131.5, 131.3, 130.7, 130.2, 129.9, 129.6,
127.9, 127.8, 126.1, 125.0, 111.3, 62.5 (CH2O), 55.1 (CH2N), 40.4, 36.6,
34.4, 28.2; HRMS (ESI): m/z calcd for C29H28ClN5O4+H+ : 546.1903 [M
+H]+; found: 546.1928.

Synthesis of analogues 30, 35, 42a–b, 43, 49, 53, 56, 60, 61,
63, 64, 67, 68, 70

2-Chloro-N-(3-fluoro-4-(trifluoromethyl)
benzyl)-5-(nitrooxymethyl)benzamide (30)

To a stirred solution of 2-chloro-N-(3-fluoro-4-(trifluoromethyl)
benzyl)-5-(hydroxymethyl) benzamide (29) (18 mg, 0.05 mmol) in a
mixture of anhydrous CH2Cl2/CH3CN (1 :2.5), PPh3 (13 mg,
0.05 mmol) and NBS (9 mg, 0.05 mmol) were added at 0 °C and the
mixture was stirred at room temperature for 2 h. AgNO3 (10 mg,
0.06 mmol) was then added and the resulting deep red solution
was heated at 50 °C in the dark for 24 h. Afterwards, the mixture
was filtered through celite and was purified by flash column
chromatography (n-hexane/EtOAc 70 :30) to afford 8 mg (39%) of
30 as white solid. m.p. 114.0–116.0 °C; HPLC: tR: 13.3 min; 1H NMR
(600 MHz, CDCl3): δ=7.79 (s, 1H, ArH), 7.60 (t, J=7.6 Hz, 1H, ArH),
7.49–7.43 (m, 2H, ArH), 7.27–7.23 (m, 2H, ArH), 6.72 (bs, 1H,
CH2NHCO), 5.42 (s, 2H, CH2ONO2), 4.72 (d, J=6.0 Hz, 2H, CH2NHCO);
13C NMR (75 MHz, CDCl3): δ=165.9 (C=O), 144.9, 134.8, 132.2,
132.1, 131.9, 131.2 (d, J=4.4 Hz), 127.8–127.7 (m), 123.2 (d, J=

3.5 Hz), 116.1 (d, J=21.1 Hz), 73.1 (CH2ONO2), 43.5 (CH2NH); 19F NMR
(282 MHz, CDCl3): δ= � 61.3 (d, J=12.4 Hz, CF3), � 113.5–� 113.7 (m,
C-F); HRMS (ESI): m/z calcd for C16H11ClF4N2O4� H

� : 405.0271
[M� H]� ; found: 405.0263.

2-[3-Fluoro-4-(trifluoromethyl)
phenyl]-N-[2-methylphenyl-5-(nitrooxymethyl)] acetamide (35)

Analogue 35 was prepared following the synthetic procedure for
analogue 30 and was isolated by flash column chromatography (n-
hexane/EtOAc, 60 :40) as white solid (10 mg, 29%). m.p. 162.0–
164.0 °C; 1H NMR (600 MHz, CDCl3): δ=7.67 (s, 1H, ArH), 7.65 (t, J=

7.8 Hz, 1H, ArH), 7.27–7.25 (m, 2H, ArH), 7.20 (d, J=7.7 Hz, 1H, ArH),
7.12 (d, J=8.1 Hz, 1H, ArH), 6.92 (bs, 1H, CH2CONH), 5.38 (s, 2H,
CH2ONO2), 3.82 (s, 2H, CH2CONH), 2.12 (s, 3H, ArCH3);

13C NMR
(75 MHz, CD3OD): δ=171.2 (C=O), 160.9 (d, 1J=256.1 Hz, C-F)
144.6, 137.1, 135.6, 132.4, 132.1, 128.3, 127.7, 126.6 (d, J=3.5 Hz),
118.8 (d, J=21.2 Hz), 75.6 (CH2ONO2), 43.3 (CH2CO), 17.9; 19F NMR
(282 MHz, CDCl3): δ= � 61.4 (t, J=13.1 Hz, CF3), � 113.0–� 113.1 (m,
C-F); HRMS (ESI): m/z calcd for C17H14F4N2O4� H� : 385.0817 [M� H]� ;
found: 385.0806.

1-(3-Fluoro-4-(trifluoromethyl)benzyl)-4-[5-(nitrooxymeth-
yl)-2-methylphenyl)]-1H-1,2,3-triazole (42a)

Analogue 42a was prepared following the synthetic procedure for
analogue 18a and was obtained by flash column chromatography
(n-hexane/EtOAc, 95 :5 to 70 :30) as colorless oil (10 mg, 42%). 1H
NMR (300 MHz, CDCl3): δ=7.83 (s, 1H, ArH), 7.68–7.61 (m, 2H, CH-
triazole, ArH), 7.30 (s, 2H, ArH), 7.19–7.11 (m, 2H, ArH), 5.66 (s, 2H,
CH2NCH), 5.43 (s, 2H, CH2ONO2), 2.46 (s, 3H, ArCH3);

13C NMR
(75 MHz, CDCl3): δ=160.2 (d, 1J=260.6 Hz, C-F), 147.4, 141.6 (d, J=

8.1 Hz), 137.2, 131.7, 130.3 (d, J=15.5 Hz), 129.8 (d, J=3.5 Hz),
129.1, 128.32–128.29 (m), 122.7 (dd, J=180.6, 3.9 Hz), 116.4 (d, J=

21.8 Hz), 74.6 (CH2ONO2), 53.1 (CH2N), 21.4; 19F NMR (282 MHz,
CDCl3): δ= � 61.5 (d, J=12.5 Hz, CF3), � 112.31–� 112.33 (m, C-F);
HRMS (ESI): m/z calcd for C18H14F4N4O3+H+ : 411.1075 [M+H]+;
found: 411.1072.

1-(3-Fluoro-4-(trifluoromethyl)benzyl)-4-[2-chloro-
phenyl-5-(nitrooxymethyl)]-1H-1,2,3-triazole (42b)

Analogue 42b was prepared following the synthetic procedure for
analogue 18a and was obtained by flash column chromatography
(n-hexane/EtOAc, 80 :20) as yellowish solid (14 mg, 82%). m.p.
84.0–85.0 °C. 1H NMR (300 MHz, CDCl3): δ=8.34 (d, J=2.2 Hz, 1H,
ArH), 8.23 (s, 1H, CH-triazole), 7.64 (t, J=7.6 Hz, 1H, ArH), 7.50–7.47
(m, 1H, ArH), 7.33 (dd, J=8.3, 2.0 Hz, 1H, ArH), 7.18–7.11 (m, 2H,
ArH), 5.67 (s, 2H, CH2NCH), 5.46 (s, 2H, CH2ONO2);

13C NMR (75 MHz,
CDCl3): δ=160.1 (d, 1J=260.5 Hz, C-F), 144.1, 141.3, 132.0 (d, J=

35.9 Hz), 130.8, 130.3, 129.4, 128.3–128.1 (m), 123.5, 123.1 (d, J=

3.9 Hz), 116.2 (dd, J=65.0, 22.4 Hz), 73.6 (CH2ONO2), 53.0 (CH2N); 19F
NMR (282 MHz, CDCl3): δ= � 61.5 (d, J=12.5 Hz, CF3), � 112.3–
� 112.4 (m, C-F); HRMS (ESI): m/z calcd for C17H11ClF4N4O3+H+ :
431.0529 [M+H]+; found: 431.0529.

1-(3-Fluoro-4-(trifluoromethyl)benzyl)-4-[5-(methylsulfonyl)thio)
methyl)-2-methylphenyl]-1H-1,2,3-triazole (43)

Analogue 43 was prepared following the synthetic procedure for
analogue 19a and was isolated by flash column chromatography
(CH3OH 0.2% in CH2Cl2) as colorless oil (13 mg, 47%). 1H NMR
(300 MHz, CDCl3): δ=7.82 (s, 1H, ArH), 7.69 (s, 1H, CH-triazole), 7.64
(t, J=7.5 Hz, 1H, ArH), 7.31–7.28 (m, 2H, ArH), 7.19–7.13 (m, 2H,
ArH), 5.66 (s, 2H, CH2NCH), 4.39 (s, 2H, CH2S), 3.02 (s, 3H, S2O2CH3),
2.45 (s, 3H, ArCH3);

13C NMR (150 MHz, CDCl3): δ=160.2 (d, 1J=

260.3 Hz, C-F), 147.4, 141.6 (d, J=8.0 Hz), 135.9, 133.0, 131.9, 130.4,
129.6 (d, J=3.9 Hz), 129.1, 129.0 (d, J=22.0 Hz), 128.32–128.29 (m),
123.4 (d, J=3.8 Hz), 122.1, 116.4 (d, J=21.7 Hz), 53.1 (CH2N), 51.3
(SCH3), 40.5 (CH2S), 21.4;

19F NMR (282 MHz, CDCl3): δ= � 61.5 (t, J=

10.5 Hz, CF3), � 112.3–� 112.4 (m, C-F); HRMS (ESI): m/z calcd for
C19H17F4N3O2S2+H+ : 460.0771 [M+H]+; found: 460.0770.
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2-Chloro-5-methyl-N-[1-(4-(3-thioxo-3H-1,2-dithiol-5-yl)
phenoxy)methyl)cyclohexyl)methyl]benzamide (49)

A mixture of 5-[4-(1-(aminomethyl)cyclohexyl)methoxy)phenyl]-3H-
1,2-dithiol-3-thione (48) (43 mg, 0.12 mmol), 2-chloro-5-meth-
ylbenzoic acid (42 mg, 0.24 mmol), EDC hydrochloride (70 mg,
0.37 mmol), and Et3N (0.10 mL, 0.73 mmol) in 4 mL of anhydrous
CH2Cl2 was stirred at room temperature for 20 h. Afterwards, the
reaction was washed with H2O and the aqueous phase was
extracted with CH2Cl2. The organic layer was washed with saturated
aqueous NaCl solution and the combined organic phases were
dried over Na2SO4, filtered, and concentrated in vacuo. The crude
material was purified by flash column chromatography (n-hexane/
EtOAc, 85 :15 to 75 :25) to afford 49 as orange oil (17 mg, 28%). 1H
NMR (600 MHz, CDCl3): δ=7.59 (d, J=8.7 Hz, 2H, ArH), 7.48 (s, 1H,
ArH), 7.37 (s, 1H, CH-dithiol-thione), 7.25 (d, J=5.6 Hz, 1H, ArH), 7.15
(d, J=6.8 Hz, 1H, ArH), 6.97 (d, J=8.7 Hz, 2H, ArH), 6.57 (s, 1H,
CH2NHCO), 3.92 (s, 2H, CH2O), 3.65 (d, J=6.1 Hz, 2H, CH2NHCO), 2.32
(s, 3H, ArCH3), 1.63–1.49 (m, 10H, CH2-cyclohexyl);

13C NMR
(150 MHz, CDCl3): δ=215.3 (C=S), 173.0 (C-S), 166.8 (C=O), 162.4
(C-O), 137.4, 134.9, 134.85, 134.79, 132.3, 131.2, 130.1, 128.7, 127.3,
124.6, 115.7, 74.6 (CH2O), 45.5 (CH2N), 38.2, 31.2, 26.2, 21.5; HRMS
(ESI): m/z calcd for C25H26ClNO2S3+H+ : 504.0887 [M+H]+; found:
504.0890.

2-Chloro-5-(nitrooxymethyl)-N-[1-(4-methylphenyl)cyclohexyl)
methyl]benzamide (53)

Analogue 53 was prepared following the synthetic procedure for
analogue 30. Purification by flash column chromatography (n-
hexane/EtOAc, 70 :30) afforded 8 mg of 53 as colorless oil (21%).
HPLC: tR: 11.7 min; 1H NMR (600 MHz, CDCl3): δ=7.58 (s, 1H, ArH),
7.37–7.34 (m, 2H, ArH), 7.28 (d, J=8.2 Hz, 2H, ArH), 7.17 (d, J=

7.9 Hz, 2H, ArH), 5.77 (bs, 1H, CH2NHCO), 5.36 (s, 2H, CH2ONO2), 3.60
(d, J=5.9 Hz, 2H, CH2NHCO), 2.33 (s, 3H, ArCH3), 2.13–1.43 (m, 10H,
CH2-cyclohexyl);

13C NMR (75 MHz, CDCl3): δ=165.7 (C=O), 141.2,
136.0, 135.9, 131.8, 131.7, 131.4, 130.9, 129.7, 126.9, 73.3 (CH2ONO2),
51.2 (CH2NH), 42.0, 34.2, 26.5, 22.2, 21.0. HRMS (ESI): m/z calcd for
C22H25ClN2O4+H+ : 417.1576 [M+H]+; found: 417.1574.

2-Chloro-N-[1-(3-(nitrooxymethyl)phenyl)cyclohexyl)methyl]
benzamide (56)

Analogue 56 was prepared following the synthetic procedure for
analogue 18a and was obtained by flash column chromatography
(n-hexane/EtOAc, 80 :20) as white solid (23 mg, 63%). m.p. 76.0–
77.0 °C; HPLC: tR: 9.3 min; 1H NMR (600 MHz, CDCl3): δ=7.53 (dd, J=

7.6, 1.7 Hz, 1H, ArH), 7.45 (d, J=8.3 Hz, 2H, ArH), 7.39 (d, J=8.3 Hz,
2H, ArH), 7.33–7.25 (m, 3H, ArH), 5.77 (bs, 1H, CH2NHCO), 5.41 (s, 2H,
CH2ONO2), 3.63 (d, J=6.3 Hz, 2H, CH2NHCO), 2.13–1.39 (m, 10H,
CH2-cyclohexyl);

13C NMR (150 MHz, CDCl3): δ=166.4 (C=O), 146.1,
135.0, 131.2, 130.4, 130.2, 130.1, 130.0, 129.6, 127.5, 127.0, 74.5
(CH2ONO2), 42.5 (CH2NH), 33.9, 29.7, 26.2, 22.0. HRMS (ESI): m/z calcd
for C21H23ClN2O4+H+ : 403.1419 [M+H]+; found: 403.1415.

3-[(2-Chloro-5-methyl)-(4-phenyl-1,2,5-oxadiazole-2-oxide)
methyl]benzamide (60)

Analogue 60 was prepared following the synthetic procedure for
analogue 49 and was isolated by flash column chromatography (n-
hexane/EtOAc, 80 :20) as white solid (82 mg). m.p. 129.0–130.0 °C;
HPLC: tR: 6.97 min; 1H NMR (600 MHz, CDCl3): δ=7.95–7.94 (m, 2H,
ArH-furoxan), 7.59–7.57 (m, 3H, ArH-furoxan), 7.45 (s, 1H, ArH), 7.27
(d, J=8.2 Hz, 1H, ArH), 7.18 (d, J=7.9 Hz, 1H, ArH), 7.07 (bs, 1H,
CH2NHCO), 4.76 (d, J=6.1 Hz, 2H, CH2NHCO), 2.33 (s, 3H, ArCH3);

13C

NMR (150 MHz, CDCl3): δ=166.9 (C=O), 156.5, 137.4, 133.1, 132.8,
131.4, 130.9, 130.2, 129.5, 128.1, 127.7, 126.1, 113.3, 32.9 (CH2NH),
20.8; HRMS (ESI): m/z calcd for C17H14ClN3O3+H+ : 344.0796 [M+

H]+; found: 344.0794.

4-(2-Chlorophenyl)-1-[(4-phenyl-1,2,5-oxadiazole 2-oxide)
methyl]-1H-1,2,3-triazole (61)

Analogue 61 was prepared following the synthetic procedure for
analogue 11 using a tBuOH/H2O (1 :1) mixture as the reaction
solvent. Purification by flash column chromatography (n-hexane/
EtOAc, 80 :20) yielded 61 (37 mg, 45%) as white solid. m.p. 102.0–
104.0 °C; 1H NMR (600 MHz, CDCl3): δ=8.48 (s, 1H, CH-triazole), 8.18
(d, J=7.8 Hz, 1H, ArH), 7.92–7.91 (m, 2H, ArH-furoxan), 7.60–7.59 (m,
3H, ArH-furoxan), 7.45 (d, J=8.1 Hz, 1H, ArH), 7.36 (t, J=7.5 Hz, 1H,
ArH), 7.29 (t, J=7.6 Hz, 1H, ArH), 5.64 (s, 2H, CH2N); 13C NMR
(150 MHz, CDCl3): δ=156.7, 145.0, 131.9, 131.6, 130.4, 130.0, 129.8,
129.6, 128.7, 128.3, 127.3, 125.5, 124.5, 111.5, 42.3 (CH2N); HRMS
(ESI): m/z calcd for C17H12ClN5O2+H+ : 354.0752 [M+H]+; found:
354.0752.

N-(3-Fluoro-4-(trifluorometh-
yl)-3-(4-phenyl-1,2,5-oxadiazole-2-oxide)benzamide (63)

To a stirred solution of 4-carboxy-3-phenyl-1,2,5-oxadiazole 2-oxide
(62) (10 mg, 0.05 mmol) in 1.5 mL anhydrous DMF, 3-fluoro-4-
(trifluoromethyl)phenyl)methanamine (25) (19 mg, 0.10 mmol),
HATU (37 mg, 0.10 mmol), and anhydrous DIPEA (0.02 mL,
0.10 mmol) were added and the mixture was stirred at room
temperature for 22 h. The resulting mixture was washed with H2O
and saturated aqueous NaCl solution, and the aqueous layers were
extracted with EtOAc. The combined organic phases were dried
over Na2SO4, filtered, and concentrated in vacuo. The crude material
was purified by column chromatography (n-hexane/EtOAc, 8 : 2) to
afford 63 (14 mg, 73%) as yellowish solid. m.p. 108.0–110.0 °C; 1H
NMR (600 MHz, CDCl3): δ=7.80 (d, 2H, ArH-furoxan), 7.57–7.52 (m,
2H, ArH, ArH-furoxan), 7.46–7.43 (m, 2H, ArH-furoxan), 7.21–7.17 (m,
2H, ArH), 6.70 (bs, 1H, CH2NHCO), 4.67 (d, J=5.4 Hz, 2H, CH2NHCO);
13C NMR (150 MHz, CDCl3): δ=167.8 (C=O), 160.1 (d, 1J=260.1 Hz,
C-F) 145.7–145.6 (m), 133.9, 132.1, 128.9, 127.7–127.6 (m), 127.1 (d,
J=6.3 Hz), 123.1, 120.2, 116.0 (d, J=22.2 Hz), 43.2 (CH2NH); 19F NMR
(282 MHz, CDCl3): δ= � 61.3 (t, J=11.9 Hz, CF3), � 113.7–� 113.9 (m,
C-F).

4-Phenyl-(1,2,5-oxadiazole-2-oxide)-3-[N-(1-(4-methylphenyl)
cyclohexyl)methyl]benzamide (64)

4-Carboxy-3-phenyl-1,2,5-oxadiazole 2-oxide (62) (30 mg,
0.15 mmol) was dissolved in 3 mL anhydrous DMF. HOBt (27 mg,
0.18 mmol) was added and the mixture was stirred at room
temperature for 10 min, followed by the addition of EDC
hydrochloride (31 mg, 0.16 mmol). After 10 min, amine 51 (30 mg,
0.15 mmol) and Et3N (0.02 mL, 0.16 mmol) were added and the
resulting mixture was stirred at room temperature for 20 h. The
mixture was washed several times with saturated aqueous NaCl
solution, and the aqueous phase was extracted with EtOAc. The
combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. Flash column chromatography (n-hexane/
EtOAc, 90 :10) afforded 64 (15 mg, 26%) as white solid. m.p. 103.0–
105.0 °C; HPLC: tR: 10.3 min; 1H NMR (300 MHz, CDCl3): δ=7.58 (d,
J=7.4 Hz, 2H, ArH-furoxan), 7.44 (t, J=7.4 Hz, 1H, ArH-furoxan),
7.38–7.35 (m, 2H, ArH-furoxan), 7.30 (d, J=8.1 Hz, 2H, ArH), 7.22 (d,
J=8.0 Hz, 2H, ArH), 5.68 (bs, 1H, CH2NHCO), 3.55 (d, J=6.1 Hz, 2H,
CH2NHCO), 2.36 (s, 3H, ArCH3), 2.10–1.38 (m, 10H, CH2-cyclohexyl);
13C NMR (75 MHz, CDCl3): δ=167.4 (C=O), 141.4, 136.0, 134.9,
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131.4, 129.7, 128.6, 126.85, 126.82, 50.7 (CH2NH), 42.4, 34.0, 26.5,
22.2, 21.0.

2-Chloro-N-[1-(3-fluoro-4-(trifluoromethyl)phenyl)cyclohexyl)
methyl]benzamide (67)

Analogue 67 was prepared following the synthetic procedure for
analogue 64 and was obtained by flash column chromatography
(n-hexane/EtOAc 80 :20) as colorless oil (64 mg, 55%). HPLC: tR:
11.1 min; 1H NMR (600 MHz, CDCl3): δ=7.60–7.54 (m, 2H, ArH),
7.39–7.24 (m, 5H, ArH), 5.83 (bs, 1H, CH2NHCO), 3.63 (d, J=6.3 Hz,
2H, CH2NHCO), 2.12–1.24 (m, 10H, CH2-cyclohexyl);

13C NMR
(75 MHz, CDCl3): δ=168.0 (C=O), 141.6, 137.4, 136.5, 134.2, 132.3,
130.9, 130.1, 127.5–127.2 (m), 115.8 (d, J=20.9 Hz), 50.8 (CH2NH),
34.0, 26.0, 21.9; HRMS (ESI): m/z calcd for C21H20ClF4NO+H+ :
414.1242 [M+H]+; found: 414.1245.

2-Chloro-N-[1-(3-fluoro-4-(trifluoromethyl)phenyl)cyclohexyl)
methyl]-5-methylbenzamide (68)

Analogue 68 was prepared following the synthetic procedure for
analogue 64 and was obtained by flash column chromatography
(n-hexane/EtOAc, 90 :10 to 80 :20) as colorless oil (69 mg, 30%). 1H
NMR (600 MHz, CDCl3): δ=7.57 (t, J=7.9 Hz, 1H, ArH), 7.35 (s, 1H,
ArH), 7.28 (d, J=8.3 Hz, 1H, ArH), 7.24–7.19 (m, 2H, ArH), 7.12–7.10
(m, 1H, ArH), 5.84 (bs, 1H, CH2NHCO), 3.60 (d, J=6.3 Hz, 2H,
CH2NHCO), 2.29 (s, 3H, ArCH3), 2.11–1.23 (m, 10H, CH2-cyclohexyl);
13C NMR (75 MHz, CDCl3): δ=166.7 (C=O), 141.6, 137.4, 134.4,
132.3, 131.0, 130.1, 127.5–127.2 (m), 122.9, 116.0 (d, J=20.9 Hz),
50.8 (CH2N), 43.4, 34.0, 26.2, 22.1, 20.8; HRMS (ESI): m/z calcd for
C22H22ClF4NO+H+ : 428.1399 [M+H]+; found: 428.1400.

2-Chloro-N-[1-(3-fluoro-4-(trifluoromethyl)phenyl)cyclohexyl)
methyl]-5-(nitrooxymethyl)-benzamide (70)

Analogue 70 was prepared following the synthetic procedure for
analogue 18a and was obtained by flash column chromatography
(n-hexane/EtOAc, 90 :10 to 80 :20) in 10% yield. HPLC: tR: 12.1 min,
purity 80%; 1H NMR (600 MHz, CDCl3): δ=7.61–7.58 (m, 2H, ArH),
7.39–7.35 (m, 2H, ArH), 7.29 (d, J=8.3 Hz, 1H, ArH), 7.23 (s, 1H, ArH),
5.83 (bs, 1H, CH2NHCO), 5.36 (s, 2H, CH2ONO2), 3.63 (d, J=6.3 Hz,
2H, CH2NHCO), 2.12–1.25 (m, 10H, CH2-cyclohexyl);

13C NMR
(75 MHz, CDCl3): δ=166.9 (C=O), 141.6, 137.4, 134.4, 132.3, 131.0,
130.5, 127.5–127.2 (m), 122.9, 116.0 (d, J=20.9 Hz), 78.9 (CH2ONO2),
50.9 (CH2NH), 43.2, 33.8, 26.2, 22.9; HRMS (ESI): m/z calcd for
C22H21ClF4N2O4+H+ : 489.1199 [M+H]+; found: 489.1200.

In silico studies

Ligand-based pharmacophore model generation and validation

The LigandScout 4.0 Advanced software, available from InteLigand,
GmbH, Vienna, Austria (http://www.inteligand.com/ligandscout)
was used for the generation and validation of the pharmacophore
model.[52] A detailed description of the experimental procedure is
referred to the section Pharmacophore Model generation and
validation in the Supporting Information.

In vitro studies

Two-electrode voltage clamp recordings

cDNA encoding hP2X7 was obtained from Life Technologies and
cloned into a modified pUC19 vector via Gibson Assembly (New
England Biolabs). cRNA was synthesized from linearized plasmids
with T7 RNA polymerase using the mMessageMachinekit (Invitro-
gen/Thermo Fisher). Xenopus laevis (NASCO) oocytes were provided
by Prof. Dr. Luis Pardo (Max Planck Institute for Experimental
Medicine, Göttingen) and injected with 50 nL aliquots of cRNA
(0.5 μg/μL). Two-electrode voltage clamp recordings in oocytes
were performed 1–10 days after cRNA injection at a holding
potential of � 70 mV using a Turbo Tec-05X Amplifier (npi
electronic, Tamm, Germany). The currents were filtered at 1 kHz
and digitized at 200 Hz, using CellWorks E 5.5.1 software. The
perfusion medium was automatically switched between ND96
[NaCl (96 mM), KCl (2 mM), MgCl2 (1 mM), CaCl2 (1 mM), HEPES
(5 mM)] and ATP (300 μM) containing low divalent buffer in which
MgCl2 was omitted and CaCl2 was reduced to 0.5 mM (in order to
reduce inhibition of the P2X7 receptor by divalent cations). A fast
and reproducible solution exchange (<300 ms) was achieved using
a 50 μL funnel-shaped oocyte chamber combined with a fast
solution flow (~150 μL/s) fed through a custom-made manifold
mounted immediately above the oocyte. ATP was applied for 2 s in
4 min intervals. After each application, the cell was superfused for
54 s with agonist-free ND96, and the flow was then stopped for
3 min.[53] When the agonist responses were stabilized, the com-
poundswere mixed from a 10-fold stock into the static bath and
preincubated for 3 min. The dose–response curves were fit to the
data by the equation Y=Bottom+ (Top-Bottom)/(1+10 ((Log-
IC50� X)×HillSlope)) using Prism software (GraphPad Software, Inc.,
Version 8.3.0, San Diego, CA).
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Supporting Information  

Experimental procedures 

(Adamantan-1-yl)methanamine (1)  
To a stirred solution of 1-adamantaneacetic acid (200 mg, 1.03 mmol) in H2SO4 (98%) (0.44 mL), 

CHCl3 (3 mL) and NaN3 (87 mg, 1.34 mmol) were added. The reaction mixture was heated at 45–

50 ºC for 5 h and then, it was allowed to cool to room temperature. Iced water was added and 30 min 

of stirring followed. CH2Cl2 (2 mL) was added and the mixture was basified with NaOH (40%). The 

mixture was then partitioned between CH2Cl2 and H2O and the organic layer was separated, washed 

with saturated aqueous NaCl solution, and dried over Na2SO4. The organic layer was concentrated 

under reduced pressure to give (adamantan-1-yl)methanamine (1) as colorless oil (146 mg, 86%). 
1H NMR (300 MHz, CDCl3): δ = 2.15 (s, 2H, CH2NH2), 1.82 (bs, 3H, CH-adamantane), 1.59–1.29 

(m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): δ = 54.6, 39.7, 36.9, 33.5, 28.1; MS 

m/z: 166.06 (M+H+, 100%). 

N-((Adamantan-1-yl)methyl)-2-chloro-5-methylbenzamide (2) 
To a stirred solution of (adamantan-1-yl)methanamine (1) (50 mg, 0.3 mmol) and 2-chloro-5-

methylbenzoic acid (103 mg, 0.6 mmol) in anhydrous CH2Cl2 (4 mL), EDC hydrochloride (174 mg, 

0.9 mmol) and Et3N (0.25 mL, 1.8 mmol) were added, and the mixture was stirred at ambient 

temperature for 22 h. H2O was then added and the mixture was extracted from CH2Cl2. The 

combined organic layers were washed with saturated aqueous NaCl solution, dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (CH2Cl2 100% to CH2Cl2/CH3OH, 95:5) to afford amide 2 as white solid (60 mg, 

63%). 1H NMR (600 MHz, CDCl3): δ = 7.47 (s, 1H, ArH), 7.24 (d, J = 8.2 Hz, 1H, ArH), 7.12 (d, 

J = 7.7 Hz, 1H, ArH), 6.31 (s, 1H, CH2NH), 3.14 (d, J = 6.3 Hz, 2H, CH2NH), 2.32 (s, 3H, ArCH3), 

1.98 (bs, 3H, CH-adamantane), 1.72–1.56 (m, 12H, CH2-adamantane); 13C NMR (150 MHz, CDCl3): 

δ = 166.8, 137.2, 135.0, 132.0, 131.1, 130.0, 127.3, 51.8, 40.4, 37.0, 34.0, 28.3, 20.84, 20.77; MS 

m/z: 657.13/659.02 (2M+Na+, 100%). 

N-[(Adamantan-1-yl)methyl]-5-(bromomethyl)-2-chlorobenzamide (3) 
A stirred solution of amide N-((adamantan-1-yl)methyl)-2-chloro-5-methylbenzamide (2) (60 mg, 

0.19 mmol) in anhydrous CHCl3 (4 mL) was heated at 50 ºC. NBS (35 mg, 0.20 mmol) and AIBN 

(1 mg, cat.) were added and the mixture was refluxed for 4 h. The solvent was then removed under 

reduced pressure and the residue was dissolved in Et2O to remove the NBS excess by filtration. The 

filtrate was quenched with saturated aqueous NH4Cl solution and the organic layers were dried over 

Na2SO4, filtered, and concentrated in vacuo. The desired compound was obtained by flash column 

chromatography (n-hexane/EtOAc 85:15 to 80:20) as a mixture with the starting material (2). 
1H NMR (600 MHz, CDCl3): δ = 7.70 (s, 1H, ArH), 7.38 (s, 2H, ArH), 6.28 (s, 1H, CH2NH), 4.44 (s, 
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2H, CH2Br), 3.16 (s, 2H, CH2NH), 2.00 (bs, 3H, CH-adamantane), 1.74–1.58 (m, 12H, CH2-

adamantane); MS m/z: 417.14/419.01/421.13 (M+Na+, 15%). 

1-Adamantantylmethanol (7)  
To a stirred solution of 1-adamantanecarboxylic acid (1.0 g, 5.55 mmol) in EtOH (3.2 mL, 

55.5 mmol), H2SO4 (98%) (15 drops) was added and the mixture was heated at 70 ºC for 18 h. Upon 

completion of the reaction, the remaining solvent was concentrated in vacuo, and the mixture was 

partitioned between H2O and EtOAc. The organic layer was separated, washed with saturated 

aqueous NaCl solution, and dried over Na2SO4. The obtained organic layers were concentrated 

under reduced pressure to give a residue, which was purified by flash column chromatography (Pet. 

Ether/EtOAc 90:10) to yield ethyl-adamantane-1-carboxylate (6) as colorless oil (1.098 g, 95%). To 

a stirred suspension of LiAlH4 (342 mg, 9 mmol) in anhydrous THF (20 mL), a solution of ethyl ester 

6 (1.041 g, 5 mmol) in 15 mL anhydrous THF was added dropwise at 0 ºC. The mixture was allowed 

to warm at room temperature and was stirred for 1.5 h. Afterwards, a 1:1 mixture of H2O/THF was 

added slowly to neutralize the LiAlH4 excess. The suspension was further diluted with EtOAc and 

Na2SO4 was added. After stirring for 20 min, the mixture was filtered through celite. The concentrated 

filtrate afforded 1-adamantantylmethanol (7) as white solid (810 mg, 97%). 1H NMR (300 MHz, 

CDCl3): δ = 3.19 (s, 2H, CH2OH), 1.99 (bs, 3H, CH-adamantane), 1.75–1.50 (m, 12H, CH2-

adamantane); 13C NMR (75 MHz, CDCl3): δ = 73.9, 39.0, 37.2, 34.5, 28.2; MS m/z: 189.10 (M+Na+, 

25%). Data are in accordance with the literature.[1] 

1-Adamantantylmethyl methanesulfonate (8) 
1-Adamantantylmethanol (7) (810 mg, 4.87 mmol) was dissolved in 20 mL CH2Cl2. Methanesulfonyl 

chloride (0.45 mL, 5.85 mmol) was then added at 0 ºC, followed by the dropwise addition of Et3N 

(1.02 mL, 7.31 mmol) at the same temperature. After stirring at 0 ºC for 30 min, the mixture was 

allowed to warm at room temperature and stirring was continued for 21 h. H2O was then added, and 

the aqueous layer was extracted with CH2Cl2. The organic layers were washed with saturated 

aqueous NaCl solution and dried over Na2SO4. The concentrated residue was used without further 

purification (1.13 g, 95%). 1H NMR (300 MHz, CDCl3): δ = 3.76 (s, 2H, CH2S), 2.97 (s, 3H, SO3CH3), 

2.00 (bs, 3H, CH-adamantane), 1.75–1.56 (m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): 

δ = 79.3, 38.7, 37.0, 36.7, 33.4, 27.8.; MS m/z: 510.54 (2M+Na+, 100%). 

1-Adamantantylmethyl azide (9) 
1-Adamantantylmethyl methanesulfonate (8) (150 mg, 0.61 mmol), NaN3 (120 mg, 1.84 mmol), and 

DMF (3 mL) were added in a microwave tube. The applied reaction conditions were: Power: 

100 Watt; Reaction time: 1 h; Temperature: 130 ºC. Upon completion of the reaction, the mixture 

was washed with H2O and saturated aqueous NaCl solution, and the aqueous layer was extracted 

with EtOAc. The organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. The 

desired azide 9 was isolated without further purification as yellowish oil (84%). 1H NMR (300 MHz, 
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CDCl3): δ = 2.94 (bs, 2H, CH2N3), 1.98 (bs, 3H, CH-adamantane), 1.73–1.62 (m, 12H, CH2-

adamantane); 13C NMR (75 MHz, CDCl3): δ = 64.3, 40.0, 36.8, 34.7, 28.2. Data are in accordance 

with the literature.[2] 

[(2-Chlorophenyl)ethynyl]trimethylsilane (10) 
A solution of 1-chloro-2-iodobenzene (0.13 mL, 1.05 mmol), CuI (8 mg, 0.04 mmol), and 

Pd(PPh3)2Cl2 (15 mg, 0.02 mmol) was prepared in a mixture of 4 mL Et3N/anhydrous THF (1:3). 

Ethynyltrimethylsilane (0.15 mL, 1.05 mmol) was then added and the reaction mixture was heated 

at 60 ºC for 22 h. Afterwards, it was washed with a saturated aqueous NH4Cl solution and the 

aqueous phase was extracted with EtOAc. The combined organic phases were washed with 

saturated aqueous NaCl solution, dried over Na2SO4, filtered, and concentrated in vacuo. The crude 

material was purified by flash column chromatography (Pet. Ether) to afford 10 (140 mg, 64%) as 

colorless oil. 1H NMR (300 MHz, CDCl3): δ = 7.25 (dd, J = 7.3, 1.9 Hz, 1H, ArH), 7.14 (dd, J = 7.7, 

1.3 Hz, 1H, ArH), 7.01–6.91 (m, 2H, ArH), 0.05 (s, 9H, Si(CH3)3); 13C NMR (300 MHz, CDCl3): 

δ = 136.3, 133.7, 129.5, 129.3, 126.4, 123.2, 101.4, 100.3, 0.0; MS m/z: 207.99 (M, 100%). 

Methyl 4-methyl-3-[(trimethylsilyl)ethynyl]benzoate (13a) 
3-Iodo-4-methylbenzoic acid (500 mg, 1.91 mmol) was dissolved in 2.5 mL CH3OH and 1.5 mL 

H2SO4 (98%) was added. The mixture was heated under reflux for 24 h. After cooling to room 

temperature, H2O was added, and the aqueous phase was extracted with EtOAc. The combined 

organic phases were dried over Na2SO4, filtered, and concentrated in vacuo. Methyl 3-iodo-4-

methylbenzoate (12a) was isolated by flash column chromatography (Pet. Ether/EtOAc 95:5) as 

colorless oil (518 mg, 98%). Compound 12a (300 mg, 1.09 mmol), CuI (8 mg, 0.04 mmol), and 

Pd(PPh3)2Cl2 (15 mg, 0.02 mmol) were dissolved in a mixture of Et3N/anhydrous THF (1:3, 6 mL). 

Ethynyltrimethylsilane (0.15 mL, 1.09 mmol) was then added. After heating at 60 ºC for 22 h, the 

reaction mixture was quenched with a saturated aqueous NH4Cl solution and the aqueous phase 

was extracted with EtOAc. The combined organic phases were washed with saturated aqueous NaCl 

solution, dried (Na2SO4), filtered, and concentrated in vacuo. Flash column chromatography 

(Pet. Ether/EtOAc 98:2) afforded 13a (256 mg) in 95% yield as yellowish oil. 1H NMR (600 MHz, 

CDCl3): δ = 7.83 (s, 1H, ArH), 7.59 (dd, J = 8.0, 1.7 Hz, 1H, ArH), 6.99 (d, J = 8.1 Hz, 1H, ArH), 3.63 

(s, 3H, OCH3), 2.21 (s, 3H, ArCH3), 0.00 (s, 9H, Si(CH3)3); 13C NMR (75 MHz, CDCl3): δ = 166.6, 

145.9, 133.5, 129.5, 127.8, 123.5, 118.0, 103.0, 99.4, 52.2, 21.0, 0.1; HRMS (ESI): m/z calcd for 

C14H18O2Si+H+: 247.1147 [M+Η]+; found: 247.1148. 

Methyl 4-chloro-3-((trimethylsilyl)ethynyl)benzoate (13b) 
Compound 13b (86%, yellowish oil) was prepared following the synthetic procedure for compound 

13a. 1H NMR (300 MHz, CDCl3): δ = 7.85 (d, J = 2.1 Hz, 1H, ArH), 7.57 (dd, J = 8.4, 2.1 Hz, 1H, 

ArH), 7.14 (d, J = 8.4 Hz, 1H, ArH), 3.61 (s, 3H, OCH3), 0.00 (s, 9H, Si(CH3)3); 13C NMR (75 MHz, 
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CDCl3): δ = 165.7, 141.1, 134.9, 130.3, 129.6, 128.8, 123.6, 101.6, 100.5, 52.5, 0.0; MS m/z: 

289.34/292.34 (M+Na+, 25%). 

(3-Ethynyl-4-methylphenyl)methanol (15a) 
A solution of methyl 4-methyl-3-[(trimethylsilyl)ethynyl]benzoate (13a) (100 mg, 0.41 mmol) in 

anhydrous THF was prepared and added dropwise to a stirred suspension of LiAlH4 (31 mg, 

0.81 mmol) in anhydrous THF at 0 ºC. The reaction mixture was allowed to warm at room 

temperature and stirred for 1 h. The LiAlH4 excess was quenched with a 1:1 mixture of H2O/THF 

(2 mL). The reaction mixture was then diluted with 10 mL EtOAc and dried over Na2SO4 (stirring for 

20 min). Filtration through celite followed to afford, after evaporation, a mixture of 4-methyl-3-

[(trimethylsilyl)ethynyl)phenyl]methanol (14a) and (3-ethynyl-4-methylphenyl)methanol (15a) 

(70 mg), which was subsequently dissolved in 3 mL CH3OH. An aqueous solution of 1.0 eq. KOH 

(15 mg) was added and the mixture was stirred for 15 min. The solvent was evaporated and the 

residue was extracted with EtOAc. The combined organic phases were washed with saturated 

aqueous NaCl solution, dried over Na2SO4, filtered, and concentrated in vacuo to afford pure 15a as 

yellowish oil in quantitative yield (64 mg). 1H NMR (300 MHz, CDCl3): δ = 7.43 (s, 1H, ArH), 7.22–

7.15 (m, 2H, ArH), 4.56 (s, 2H, CH2OH), 3.27 (s, 1H, CH-aryl alkyne), 2.43 (s, 3H, ArCH3); 13C NMR 

(75 MHz, CDCl3): δ = 140.1, 138.4, 131.1, 129.7, 127.6, 122.1, 82.5, 81.1, 64.5, 20.4; HRMS (ESI): 

m/z calcd for C10H10−OH−: 129.0699 [M−ΟΗ]−; found: 129.0695. 

(4-Chloro-3-ethynylphenyl)methanol (15b) 
Compound 15b was prepared employing methyl 4-chloro-3-((trimethylsilyl)ethynyl)benzoate (13b) 

and following the reduction procedure for compound 15a with LiAlH4. The product was used without 

further purification. 1H NMR (300 MHz, CDCl3): δ = 7.22 (d, J = 2.1 Hz, 1H, ArH), 7.10 (d, J = 8.3 Hz, 

1H, ArH), 6.97 (dd, J = 8.3, 2.2 Hz, 1H, ArH), 4.32 (s, 2H, CH2OH), 3.13 (s, 1H, CH-aryl alkyne); 
13C NMR (75 MHz, CDCl3): δ = 139.6, 135.2, 132.2, 129.4, 128.4, 122.0, 82.6, 80.3, 63.8; MS m/z: 

333.32/334.32 (2M+H+, 100%). 

1-(Adamantan-1-yl)methyl]-4-[5-(hydroxymethyl)-2-methylphenyl)-1H-1,2,3-triazole (16a)  
A solution of (3-ethynyl-4-methylphenyl)methanol (15a) (64 mg, 0.44 mmol), azide 9 (84 mg, 

0.44 mmol), sodium ascorbate (52 mg, 0.26 mmol), and CuSO4·5H2O (33 mg, 0.13 mmol) in 2 mL 

of tBuOH/H2O (1:1) was irradiated under the following microwave conditions: Power: 80 Watt; 

Temperature: 90 ºC; Reaction time: 30 min. A saturated aqueous solution of NH4Cl was then added 

and the mixture was extracted with EtOAc. The combined organic layers were washed with saturated 

aqueous NaCl solution, dried over Na2SO4, filtered, and concentrated in vacuo. The product was 

used without further purification (white solid,127 mg, 85%). 1H NMR (600 MHz, CDCl3): δ = 7.73 (s, 

1H, ArH), 7.56 (s, 1H, CH-triazole), 7.23–7.19 (m, 2H, ArH), 4.65 (s, 2H, CH2OH), 4.03 (s, 2H, 

CH2NCH), 2.43 (s, 3H, ArCH3), 1.98 (bs, 3H, CH-adamantane), 1.70–1.52 (m, 12H, CH2-

adamantane); 13C NMR (75 MHz, CDCl3): δ = 146.3, 139.1, 134.5, 131.1, 130.4, 130.0, 127.5, 
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126.7, 123.4, 64.7, 62.3, 40.3, 36.6, 34.3, 28.1, 21.2; HRMS (ESI): m/z calcd for C21H27N3O+H+: 

338.2227 [M+H]+; found: 338.2221. 

1-(Adamantan-1-yl)methyl)-4-[2-chlorophenyl-5-(hydroxymethyl)]-1H-1,2,3-triazole (16b)  
Compound 16b (79%, white solid) was obtained following the synthetic procedure for compound 

16a. 1H NMR (600 MHz, CDCl3): δ = 7.80 (s, 1H, ArH), 7.70 (s, 1H, CH-triazole), 7.02–6.90 (m, 2H, 

ArH), 4.35 (s, 2H, CH2OH), 3.70 (s, 2H, CH2NCH), 3.26 (bs, 1H, CH2OH), 1.63 (bs, 3H, CH-

adamantane), 1.34–1.15 (m, 12H, CH2-adamantane); 13C NMR (150 MHz, CDCl3): δ = 145.9, 143.2, 

132.8, 132.5, 131.6, 130.7, 130.1, 127.4, 66.7, 64.9, 42.8, 39.1, 36.9, 30.7; MS m/z: 737.10/739.04 

(2M+Na+, 100%). 

1-(Adamantan-1-yl)methyl)-4-[5-(bromomethyl)-2-methylphenyl]-1H-1,2,3-triazole (17a)  
PBr3 (0.015 mL, 0.17 mmol) was added dropwise at 0 ºC to a stirred solution of compound 16a 
(0.17 mmol) in 3 mL anhydrous CH2Cl2. The mixture was stirred at 0 ºC for 1 h and at room 

temperature for 2 h. Upon completion of the reaction, the mixture was poured into ice and extracted 

with CH2Cl2. The combined organic layers were washed with saturated aqueous NaCl solution, dried 

over Na2SO4, filtered, and concentrated in vacuo. The isolated white solid product (57 mg, 84%) was 

used without further purification. 1H NMR (600 MHz, CDCl3): δ = 7.80 (s, 1H, ArH), 7.52 (s, 1H, CH-

triazole), 7.22 (dd, J = 7.9, 2.0 Hz, 1H, ArH), 7.18 (t, J = 7.4 Hz, 1H, ArH), 4.46 (s, 2H, CH2Br), 4.01 

(s, 2H, CH2NCH), 2.39 (s, 3H, ArCH3), 1.94 (bs, 3H, CH-adamantane), 1.65–1.48 (m, 12H, CH2-

adamantane); 13C NMR (150 MHz, CDCl3): δ = 145.7, 135.8, 135.8, 131.6, 130.5, 129.5, 128.8, 

123.5, 62.4, 40.4, 36.7, 34.4, 33.5, 28.2, 21.4; HRMS (ESI): m/z calcd. for C21H26BrN3+H+: 400.3027 

[M+H]+, found: 400.3025. 

1-(Adamantan-1-yl)methyl)-4-[5-(bromomethyl)-2-chlorophenyl]-1H-1,2,3-triazole (17b) 
Compound 17b (91%, white solid) was prepared following the synthetic procedure for compound 

17a. 1HNMR (600 MHz, CDCl3): δ = 8.24 (s, 1H, ArH), 8.11 (s, 1H, CH-triazole), 7.17–7.13 (m, 2H, 

ArH), 4.26 (s, 2H, CH2Br), 4.00 (s, 2H, CH2NCH), 1.74 (bs, 3H, CH-adamantane), 1.44–1.28 (m, 

12H, CH2-adamantane); 13C NMR (150 MHz, CDCl3): δ = 140.4, 137.8, 131.5, 131.34, 131.32, 

131.1, 126.9, 125.4, 63.9, 40.1, 36.4, 34.5, 31.8, 28.0; MS m/z: 420.18/422.23 (M+H+, 5%). 

3-(Hydroxymethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (20) 
Cinnamyl alcohol (0.45 g, 3.35 mmol) was mixed with glacial CH3COOH (2 mL). A saturated 

aqueous solution of NaNO2 (694 mg, 10.0 mmol) was added dropwise at 0 ºC, so that the 

temperature does not exceed 70 ºC. The reaction mixture was stirred at room temperature for 24 h. 

H2O was added, and the organic layer was extracted with Et2O. The combined organic layers were 

washed with saturated aqueous NaCl solution, dried (Na2SO4), and concentrated in vacuo. Flash 

column chromatography (Pet. Ether/EtOAc 90:10) afforded 20 (325 mg, 50%) as yellow oil. 1H NMR 

(300 MHz, CDCl3): δ = 7.83–7.80 (m, 2H, ArH), 7.58–7.53 (m, 3H, ArH), 4.76 (s, 2H, CH2OH); 
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13C NMR (75 MHz, CDCl3): δ = 157.2, 131.3, 129.3, 127.6, 126.3, 115.1, 52.1. Data are in 

accordance with literature data.[3]  

Methyl 3-ethynyl-4-methylbenzoate (21a)  
Methyl 4-methyl-3-[(trimethylsilyl)ethynyl]benzoate (13a) (93 mg, 0.38 mmol) was dissolved in 3 mL 

CH3OH. An aqueous solution of KOH (21 mg in 1 mL H2O) was added and the reaction mixture was 

stirred at room temperature for 30 min. CH3OH was evaporated, H2O was added, and the aqueous 

phase was extracted with EtOAc. The combined organic phases were washed with saturated 

aqueous NaCl solution, dried (Na2SO4), filtered, and concentrated in vacuo. Compound 21a was 

obtained as orange solid in 98% yield (63 mg). 1H NMR (300 MHz, CDCl3): δ = 8.13 (s, 1H, ArH), 

7.89 (d, J = 7.9 Hz, 1H, ArH), 7.27 (d, J = 7.9 Hz, 1H, ArH), 3.90 (s, 3H, OCH3), 3.31 (s, 1H, CH-aryl 

alkyne), 2.49 (s, 3H, ArCH3); 13C NMR (75 MHz, CDCl3): δ = 166.5, 146.1, 133.8, 129.8, 129.7, 

128.0, 122.5, 82.0, 81.6, 52.2, 21.0; MS m/z: 349.37 (2M+H+, 10%). 

Methyl 4-chloro-3-ethynylbenzoate (21b)  
Compound 21b was obtained as white solid in 70% yield, following the synthetic procedure for 

compound 21a. 1H NMR (300 MHz, CDCl3): δ = 8.17 (d, J = 1.9 Hz 1H, ArH), 7.91 (dd, J = 8.4, 

2.0 Hz, 1H, ArH), 7.46 (d, J = 8.4 Hz, 1H, ArH), 3.90 (s, 3H, OCH3), 3.42 (s, 1H, CH-aryl alkyne); 
13C NMR (75 MHz, CDCl3): δ = 165.6, 141.1, 135.2, 130.7, 129.6, 128.9, 122.6, 83.5, 79.4, 52.6; MS 

m/z: 392.75/393.73 (2M+Na+, 100%). 

Methyl 3-(1-(-adamantan-1-yl)methyl)-1H-1,2,3-triazol-4-yl)-4-methylbenzoate (22a) 
A solution of methyl 3-ethynyl-4-methylbenzoate (21a) (64 mg, 0.36 mmol), azide 9 (69 mg, 

0.36 mmol), sodium ascorbate (43 mg, 0.22 mmol), and CuSO4·5H2O (27 mg, 0.11 mmol) was 

irradiated in a 2 mL mixture of tBuOH/H2O (1:1) under microwave conditions (Power: 80 Watt; 

Temperature: 90 ºC; Reaction time: 30 min). Α saturated aqueous solution of NH4Cl was then added 

and the mixture was extracted with EtOAc. The combined organic layers were washed with saturated 

aqueous NaCl solution, dried over Na2SO4, filtered, and concentrated in vacuo. The product, a 

yellowish oil (120 mg, 91%), was used without further purification. 1H NMR (300 MHz, CDCl3): 

δ = 8.37 (s, 1H, ArH), 7.88 (dd, J = 8.0, 1.6 Hz, 1H, ArH), 7.62 (s, 1H, CH-triazole), 7.30 (d, 

J = 8.0 Hz, 1H, ArH), 4.05 (s, 2H, CH2NCH), 3.87 (s, 3H, OCH3), 2.51 (s, 3H, ArCH3), 1.97 (bs, 3H, 

CH-adamantane), 1.70–1.52 (m, 12H, CH2-adamantane); 13C NMR (75 MHz, CDCl3): δ = 167.0, 

145.8, 141.2, 131.2, 130.4, 130.2, 129.0, 128.2, 123.5, 64.4, 52.1, 40.4, 36.6, 34.3, 28.2, 21.8; 

HRMS (ESI): m/z calcd for C22H27N3O2+H+: 366.2176 [M+H]+; found: 366.2170. 

Methyl 3-(1-(adamantan-1-yl)methyl)-1H-1,2,3-triazol-4-yl)-4-chlorobenzoate (22b)  
Compound 22b was obtained as brown solid (151 mg, 93%), following the synthetic procedure for 

compound 22a. 1H NMR (300 MHz, CDCl3): δ = 8.81 (d, J = 2.2 Hz, 1H, ArH), 8.03 (s, 1H, CH-

triazole), 7.82 (dd, J = 8.4, 2.2 Hz, 1H, ArH), 7.42 (d, J = 8.4 Hz, 1H, ArH), 4.02 (s, 2H, CH2NCH), 
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3.83 (s, 3H, OCH3), 1.90 (bs, 3H, CH-adamantane), 1.70–1.52 (m, 12H, CH2-adamantane); 13C NMR 

(75 MHz, CDCl3): δ = 166.0, 142.5, 135.8, 131.0, 130.4, 129.7, 129.6, 129.3, 124.9, 62.3, 52.2, 40.2, 

36.5, 34.3, 28.1; MS m/z: 770.15/772.83 (2M+, 100%). 

3-[1-[(Adamantan-1-yl)methyl]-1H-1,2,3-triazol-4-yl]-4-methylbenzoic acid (23a) 
To a stirred solution of compound 22a (56 mg, 0.15 mmol) in THF (3 mL), an aqueous solution of 

LiOH (2 N) (0.05 mL, 0.61 mmol) was added and the mixture was stirred at room temperature for 

24 h. The solvent was then evaporated and the pH was adjusted to 3.0 with HCl (10%). The aqueous 

layer was extracted with EtOAc, dried over Na2SO4, and concentrated in vacuo. A yellowish solid 

was isolated in 87% yield (46 mg). 1H NMR (600 MHz, acetone-d6): δ = 8.52 (s, 1H, ArH), 8.21 (s, 

1H, CH-triazole), 7.91 (dd, J = 7.9, 1.4 Hz, 1H, ArH), 7.43 (d, J = 7.9 Hz, 1H, ArH), 4.18 (s, 2H, 

CH2NCH), 2.58 (s, 3H, ArCH3), 1.99 (bs, 3H, CH-adamantane), 1.74–1.62 (m, 12H, CH2-

adamantane); 13C NMR (150 MHz, acetone-d6): δ = 167.5, 145.7, 141.6, 132.0, 131.9, 130.6, 129.5, 

129.4, 125.3, 62.3, 40.9, 37.3, 34.9, 29.1, 21.9; MS m/z: 350.30 (M−H−, 100%). 

3-(1-(Adamantan-1-yl)methyl)-1H-1,2,3-triazol-4-yl)-4-chlorobenzoic acid (23b) 
Compound 23b (yellowish solid, 95%) was prepared following the synthetic procedure for compound 

23a. m.p. 227.0–230.0 ºC; 1H NMR (300 MHz, acetone-d6): δ = 8.92 (s, 1H, ArH), 8.52 (s, 1H, 

CH-triazole), 7.98 (dd, J = 8.4, 2.1 Hz, 1H, ArH), 7.67 (d, J = 8.3 Hz, 1H, ArH), 4.22 (s, 2H, CH2NCH), 

1.98–1.61 (m, 15H, CH- and CH2-adamantane); 13C NMR (75 MHz, acetone-d6): δ = 166.8, 142.8, 

136.2, 132.8, 131.8, 131.6, 131.3, 130.6, 129.5, 126.5, 62.4, 40.9, 37.4, 35.0, 29.2; HRMS (ESI): 

m/z calcd for C20H21ClN3O2+H+: 372.1473 [M+H]+, found: 372.1472. 

(3-Fluoro-4-(trifluoromethyl)phenyl)methanamine (25) 
To a stirred solution of 2-(3-fluoro-4-(trifluoromethyl)phenyl)acetic acid (100 mg, 0.45 mmol) in 

H2SO4 (0.19 mL), CHCl3 (3 mL) and NaN3 (38 mg, 1.3 mmol) were added and the mixture was 

heated at 50 ºC for 5 h. After cooling to room temperature, iced H2O (1 mL) was added and the 

mixture was stirred for 30 min. The pH was adjusted to basic with an aqueous NaOH solution (40%) 

and the aqueous layer was extracted with CH2Cl2. The obtained organic phases were dried over 

Na2SO4, filtered, and concentrated in vacuo to afford 25 as colorless oil (50 mg, 50%), which was 

used without further purification. 1H NMR (600 MHz, CDCl3): δ = 7.55 (t, J = 7.7 Hz, 1H, ArH), 7.21–

7.18 (m, 2H, ArH), 3.94 (s, 2H, CH2NH2), 1.78 (bs, 2H, CH2NH2); 13C NMR (75 MHz, CDCl3): 

δ = 160.1 (d, 1J = 256.5 Hz, C–F), 150.5 (d, J = 9.1 Hz), 127.3–127.2 (m), 123.3 (d, J = 3.7 Hz), 

122.5 (d, J = 3.8 Hz), 117.1–116.5 (m), 115.3 (d, J = 20.8 Hz), 45.6; MS m/z: 193.96 (M+H+, 69%). 

Methyl 5-(bromomethyl)-2-chlorobenzoate (27)  
To a stirred solution of 2-chloro-5-methylbenzoic acid (400 mg, 2.3 mmol) in CH3OH (1 mL, 

23 mmol), H2SO4 (98%) (20 drops) was added and the mixture was heated at 70 ºC for 18 h. H2O 

was then added and the aqueous layer was extracted with EtOAc. The collected organic layers were 
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washed with saturated aqueous NaCl solution, dried (Na2SO4), filtered, and concentrated in vacuo. 

Flash column chromatography (n-hexane/EtOAc, 95:5) afforded methyl 2-chloro-5-methylbenzoate 

(26) as colorless fluid (324 mg, 77%). Compound 27 (colorless oil, 53%) was synthesized following 

the synthetic procedure for analogue 3. 1H NMR (300 MHz, CDCl3): δ = 7.84 (s, 1H, ArH), 7.41 (s, 

2H, ArH), 4.44 (s, 2H, CH2Br), 3.92 (s, 3H, OCH3); 13C NMR (75 MHz, CDCl3): δ = 165.5, 136.7, 

133.8, 133.1, 131.9, 131.6, 130.3, 52.7, 31.5; MS m/z: 284.79/286.88 (M+Na+, 100%). 

2-Chloro-5-(hydroxymethyl)benzoic acid (28) 
To a stirred solution of methyl 5-(bromomethyl)-2-chlorobenzoate (27) (215 mg, 0.82 mmol) in THF 

(2 mL), a 2 N solution of LiOH (0.82 mL, 1.63 mmol) was added and the mixture was heated at 40 ºC 

for 20 h. The solvent was then evaporated, and the residue was acidified with HCl (10%) (pH ~2–3). 

The subsequent extraction with EtOAc and evaporation of the solvent afforded 28 as white solid 

(151 mg, 92%). 1H NMR (300 MHz, CD3OD): δ = 7.83 (s, 1H, ArH), 7.48–7.45 (m, 2H, ArH), 4.89 

(bs, 1H, COOH), 4.61 (s, 2H, CH2OH); 13C NMR (75 MHz, CD3OD): δ = 168.9, 138.7, 132.8, 132.0, 

131.8, 131.4, 130.5, 63.9; MS m/z: 184.89 (M−H−, 68%). 

2-Chloro-N-(3-fluoro-4-(trifluoromethyl)benzyl)-5-(hydroxymethyl)benzamide (29) 
A solution of (3-fluoro-4-(trifluoromethyl)phenyl)methanamine (25) (32 mg, 0.17 mmol) and 2-chloro-

5-(hydroxymethyl)benzoic acid (28) (22 mg, 0.12 mmol) was prepared in 3 mL of anhydrous DMF, 

followed by the addition of HATU (67 mg, 0.18 mmol) and 0.13 mL anhydrous DIPEA (0.77 mmol). 

The resulting solution was stirred at ambient temperature for 72 h. H2O was then added and the 

organic layer was extracted with EtOAc. The combined organic layers were washed several times 

with saturated aqueous NaCl solution, dried (Na2SO4), filtered, and concentrated in vacuo. Flash 

column chromatography (n-hexane/EtOAc, 60:40) yielded 18 mg of a colorless oil (41%). 1H NMR 

(600 MHz, CDCl3): δ = 7.67 (t, J = 7.7 Hz, 1H, ArH), 7.39–7.37 (m, 2H, ArH), 7.30 (s, 1H, ArH), 7.21 

(d, J = 8.0 Hz, 1Η, ArH), 7.14 (d, J = 7.8 Hz, 1H, ArH), 4.55 (s, 2H, CH2OH), 3.84 (s, 2H, CH2NHCO); 

HRMS (ESI): m/z calcd for C16H12ClF4NO2+H+: 362.0550  [M+H]+; found: 362.0548. 

Methyl 3-amino-4-methylbenzoate (32)  
To a stirred solution of 4-methyl-3-nitrobenzoic acid (1.0 g, 5.5 mmol) in 3 mL CH3OH, H2SO4 

(1.5 mL) was added and the reaction mixture was refluxed for 18 h. The mixture was then partitioned 

between H2O and EtOAc and the combined organic layers were washed with saturated aqueous 

NaCl solution, dried over Na2SO4, filtered, and concentrated in vacuo. The obtained methyl 4-methyl-

3-nitrobenzoate (31) (200 mg, 1.02 mmol) (white solid, 94%), which was not further purified, was 

then dissolved in 5 mL EtOH. Fe(0) (electrolytic powder) (229 mg, 4.10 mmol) was added and the 

suspension was refluxed. At this temperature, a saturated aqueous NH4Cl (548 mg, 10.2 mmol) 

solution was added dropwise. The color of the solution turned to deep red and the reflux continued 

for 3 h. Upon completion of the reaction, the mixture was filtered through celite. The concentrated 

filtrate was extracted with EtOAc and H2O and the organic layer was washed with saturated aqueous 
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NaCl solution, dried (Na2SO4), and concentrated in vacuo. The mixture was purified by flash column 

chromatography (n-hexane/EtOAc, 85:15) to afford 32 (145 mg, 86%) as a white solid. 1H NMR 

(600 MHz, CDCl3): δ = 7.37–7.33 (m, 2H, ArH), 7.08 (d, J = 7.7 Hz, 1H, ArH), 3.86 (s, 3H, OCH3), 

3.70 (bs, 2H, ArNH2), 2.18 (s, 3H, ArCH3); 13C NMR (150 MHz, CDCl3): δ = 167.4, 144.7, 130.4, 

128.9, 127.7, 119.8, 115.6, 51.9, 17.6; MS m/z: 166.06 (M+H+, 100%). 

(3-Amino-4-methylphenyl)methanol (33)  
Methyl 3-amino-4-methylbenzoate (32) (145 mg, 0.88 mmol) was dissolved in 5 mL anhydrous THF 

and was added dropwise to a stirred suspension of LiAlH4 (67 mg, 1.76 mmol) in anhydrous THF 

(5 mL) at 0 ºC. The mixture was allowed to warm to room temperature and stirred for 1.5 h. The 

LiAlH4 excess was neutralized with THF/H2O (1:1) and the mixture was diluted with EtOAc. Na2SO4 

was added and after stirring for 30 min, the mixture was filtered through celite. Evaporation of the 

solvent afforded compound 33 (white solid, 100%), which was used in the next step without further 

purification. 1H NMR (600 MHz, CDCl3): δ = 7.03 (d, J = 7.8 Hz, 1H, ArH), 6.69–6.68 (m, 2H, ArH), 

4.57 (s, 2H, CH2OH), 2.96 (bs, 1H, CH2OH), 2.16 (s, 3H, ArCH3); 13C NMR (150 MHz, CDCl3): 

δ = 144.8, 140.0, 130.7, 121.9, 117.4, 113.7, 65.5, 17.2; MS m/z: 138.02 (2M+H+, 100%). 

2-(3-Fluoro-4-(trifluoromethyl)phenyl)-N-(5-(hydroxymethyl)-2-methylphenyl)acetamide (34)  
Compound 34 was obtained as white solid in 67% yield, following the synthetic procedure for 

analogue 29, while heating at 70 ºC for 15 h. m.p. 188.0–189.0 ºC; 1H NMR (600 MHz, CD3OD): 

δ = 7.67 (t, J = 7.7 Hz, 1H, ArH), 7.39–7.37 (m, 2H, ArH), 7.30 (s, 1H, ArH), 7.21 (d, J = 8.0 Hz, 1Η, 

ArH), 7.14 (d, J = 7.8 Hz, 1H, ArH), 4.55 (s, 2H, CH2OH), 3.84 (s, 2H, CH2CONH), 2.19 (s, 3H, 

ArCH3); 13C NMR (75 MHz, DMSO-d6): δ = 167.9 (C=O), 158.7 (d, 1J = 250.3 Hz, C–F), 144.6–144.5 

(d, J = 8.1 Hz), 140.5, 135.8, 130.2, 130.1, 127.2 (d, J = 5.4 Hz), 126.0 (d, J = 3.2 Hz), 123.6 (d, 

J = 21.4 Hz), 117.8 (d, J = 20.4 Hz), 114.6, 62.6, 42.1, 17.6; 19F NMR (282 MHz, CD3OD): δ = −62.7 

(d, J = 12.7 Hz, CF3), −117.1–−117.2 (m, C–F); HRMS (ESI): m/z calcd for C17H15F4NO2+H+: 

342.1112 [M+H]+; found: 342.1103. 

(3-Fluoro-4-(trifluoromethyl)phenyl)methanol (37) 
To a stirred solution of 3-fluoro-4-(trifluoromethyl)benzoic acid (0.5 g, 2.4 mmol) in 1 mL CH3OH, 

H2SO4 (98%) (15 drops) was added and the mixture was heated at 60 ºC for 24 h. Upon completion 

of the reaction, H2O was added, and the aqueous phase was extracted with EtOAc. The combined 

organic layers were washed with saturated aqueous NaCl solution, dried over Na2SO4, filtered, and 

concentrated in vacuo to afford 36 (440 mg, 83%) as colorless oil without further purification. A 

solution of methyl 3-fluoro-4-(trifluoromethyl)benzoate (36) (440 mg, 1.98 mmol) in anhydrous THF 

(5 mL) was added dropwise at 0 ºC to a suspension of LiAlH4 (150 mg, 3.96 mmol) in anhydrous 

THF (5 mL). The reaction mixture was stirred at 0 ºC for 30 min and at ambient temperature for 1 h. 

The LiAlH4 excess was neutralized with a mixture of H2O in THF (1:1). The mixture was then diluted 

with EtOAc, dried over Na2SO4, and filtered through celite. Compound 37 was obtained after solvent 
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evaporation as colorless oil (315 mg, 82%) and was used without further purification. 1H NMR 

(300 MHz, CDCl3): δ = 7.58 (t, J = 7.7 Hz, 1H, ArH), 7.24–7.20 (m, 2H, ArH), 4.76 (s, 2H, CH2OH); 
13C NMR (75 MHz, CDCl3): δ = 160.0 (d, 1J = 252.4 Hz, C–F), 148.3 (d, J = 7.3 Hz), 127.3–127.1 

(m), 122.7 (dd, J = 65.0, 3.4 Hz), 121.6, 117.4–115.8 (m), 114.6 (d, J = 21.1 Hz), 63.5. 

4-(Bromomethyl)-2-fluoro-1-(trifluoromethyl)benzene (38) 
Compound 38 (colorless liquid, 26%) was synthesized following the synthetic procedure for 

compound 17a. 1H NMR (300 MHz, CDCl3): δ = 7.58 (t, J = 7.7 Hz, 1H, ArH), 7.27–7.23 (m, 2H, 

ArH), 4.45 (s, 2H, CH2Br); 13C NMR (75 MHz, CDCl3): δ = 160.0 (d, 1J = 257.1 Hz, C–F), 144.5 (d, 

J = 8.1 Hz), 131.9–131.7 (m), 127.8–127.6 (m), 124.6 (d, J = 3.7 Hz), 117.5 (d, J = 21.4 Hz), 116.7–

115.6 (m), 30.8; MS m/z: 255.96/256.96 (M+, 25%). 

4-(Azidomethyl)-2-fluoro-1-(trifluoromethyl)benzene (39) 
To a stirred solution of 4-(bromomethyl)-2-fluoro-1-(trifluoromethyl)benzene (38) (118 mg, 

0.46 mmol) in anhydrous DMF (3 mL), NaN3 (298 mg, 4.6 mmol) was added and the reaction mixture 

was heated at 40 ºC for 3 h. H2O was then added and the mixture was extracted with EtOAc. The 

combined organic layers were washed with saturated aqueous NaCl solution, dried over Na2SO4, 

filtered, and concentrated in vacuo to afford 39 (123 mg, 50%) as colorless oil without further 

purification. 1H NMR (600 MHz, CDCl3): δ = 7.62 (t, J = 7.7 Hz, 1H, ArH), 7.21–7.18 (m, 2H, ArH), 

4.44 (s, 2H, CH2N3); 13C NMR (75 MHz, CDCl3): δ = 160.0 (d, 1J = 255.0 Hz, C–F), 143.0 (d, 

J = 7.5 Hz), 131.8–130.7 (m), 127.6–127.4 (m), 124.2–123.9 (m), 123.2 (d, J = 3.7 Hz), 116.1 (d, 

J = 21.3 Hz), 53.3. 

1-(3-Fluoro-4-(trifluoromethyl)benzyl)-4-[5-(hydroxymethyl)-2-methylphenyl]-1H-1,2,3-
triazole (40a) 
Compound 40a was obtained in 52% yield (colorless oil) following the microwave assisted synthetic 

procedure for analogue 16a. 1H NMR (300 MHz, CDCl3): δ = 7.69–7.58 (m, 3H, CH-triazole, ArH), 

7.24–7.06 (m, 4H, ArH), 5.61 (s, 2H, CH2OH), 4.63 (s, 2H, CH2NCH), 2.78 (bs, 1H, CH2OH), 2.38 (s, 

3H, ArCH3); 13C NMR (75 MHz, CDCl3): δ = 160.0 (d, 1J = 260.4 Hz, C–F), 147.9, 141.8 (d, 

J = 7.5 Hz), 139.1, 134.7, 132.2, 131.2, 129.4, 128.2–128.0 (m), 127.5, 127.1, 127.0 (d, J = 9.2 Hz), 

123.3 (d, J = 3.8 Hz), 122.0 (d, J = 17.9 Hz), 116.4–114.5 (m), 64.7, 52.9, 21.1; HRMS (ESI): m/z 

calcd for C18H15F4N3O+H+: 366.1224 [M+H]+; found: 366.1218. 

1-(3-Fluoro-4-(trifluoromethyl)benzyl)-4-[5-(hydroxymethyl)-2-chlorophenyl]-1H-1,2,3-triazole 
(40b)  
Compound 40b was obtained in 55% yield (colorless oil), following the microwave assisted synthetic 

procedure for analogue 16a. 1H NMR (600 MHz, CDCl3): δ = 8.18 (s, 1H, CH-triazole), 7.77 (s, 1H, 

ArH), 7.61–7.58 (m, 1H, ArH), 7.36–7.26 (m, 2H, ArH), 7.14–7.07 (m, 2H, ArH), 5.64 (s, 2H, CH2OH), 

4.69 (s, 2H, CH2NCH), 2.97 (bs, 1H, CH2OH); 13C NMR (150 MHz, CDCl3): δ = 160.8 (d, 
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1J = 254.6 Hz, C–F), 148.6, 144.8, 141.9, 140.6, 130.4, 129.1, 128.0 (d, J = 26.7 Hz), 127.1, 124.9, 

124.3, 123.6, 123.3 (dd, J = 19.5, 3.5 Hz), 120.1, 116.4–116.2 (m), 64.2, 53.1; HRMS (ESI): 

m/z calcd for C17H12ClF4N3O+H+: 386.0671 [M+H]+; found: 386.0668. 

4-[5-(Bromomethyl)-2-methylphenyl]-1-(3-fluoro-4-(trifluoromethyl)benzyl)-1H-1,2,3-triazole 
(41a) 
Compound 41a (white solid, 50%) was synthesized according to the procedure for compound 17a. 
1H NMR (300 MHz, CDCl3): δ = 7.82 (s, 1H, ArH), 7.67–7.61 (m, 2H, CH-triazole, ArH), 7.30–7.11 

(m, 4H, ArH), 5.66 (s, 2H, CH2NCH), 4.52 (s, 2H, CH2Br), 2.44 (s, 3H, ArCH3); 13C NMR (75 MHz, 

CDCl3): δ = 160.0 (d, 1J = 254.8 Hz, C–F), 144.3, 141.8 (d, J = 7.5 Hz), 138.7, 137.3, 130.9, 130.3, 

130.0, 129.5–129.2 (m), 126.5, 125.9, 127.0 (d, J = 9.5 Hz), 123.3 (d, J = 3.8 Hz), 123.2 (d, 

J = 17.9 Hz), 118.4–116.3 (m), 53.1, 32.6, 21.8; MS m/z: 873.05/874.91 (2M+Na+, 100%). 

4-[5-(Bromomethyl)-2-chlorophenyl]-1-(3-fluoro-4-(trifluoromethyl)benzyl)-1H-1,2,3-triazole 
(41b) 
Compound 41b (white solid, 31%) was synthesized following the synthetic procedure for analogue 

17a. 1H NMR (300 MHz, CDCl3): δ = 8.32 (s, 1H, CH-triazole), 8.22 (s, 1H, ArH), 7.63 (t, J = 7.6 Hz, 

1H, ArH), 7.44–7.11 (m, 4H, ArH), 5.67 (s, 2H, CH2NCH), 4.51 (s, 2H, CH2Br); 13C NMR (150 MHz, 

CDCl3): δ = 160.1 (d, 1J = 257.6 Hz, C–F), 144.3, 138.7, 137.3, 131.2 (d, J = 11.5 Hz), 130.9, 130.3, 

129.5, 129.2, 128.31–128.27 (m), 126.5, 125.9, 123.4–123.2 (m), 116.5–116.2 (m), 77.4, 65.8, 53.1; 

HRMS (ESI): m/z calcd for C17H11BrClF4N3+H+: 447.9834 [M+H]+; found: 447.9832. 

Ethyl 1-cyanocyclohexane-1-carboxylate (44) 
To a stirred solution of ethyl 2-cyanoacetate (1.0 g, 8.84 mmol) in 5 mL anhydrous DMF, Cs2CO3 

(7.2 g, 22.1 mmol) was added in portions at 0 ºC and the mixture was stirred at that temperature for 

15 min. 1,5-Dibromopentane (3.6 mL, 26.5 mmol) was then added at 0 ºC and stirring followed at 

the same temperature for 30 min and at ambient temperature for 24 h. The reaction mixture was 

washed several times with saturated aqueous NaCl solution, and the aqueous phase was extracted 

with EtOAc. Purification by flash column chromatography (n-hexane/EtOAc, 97:3) afforded 

compound 44 in 79% yield as colorless oil (1.27 g). 1H NMR (600 MHz, CDCl3): δ = 4.16 (q, 

J = 7.1 Hz, 2H, CH2CH3), 3.31 (t, J = 7.1 Hz, 3H, CH2CH3), 1.99–1.47 (m, 10H, CH2-cyclohexyl); 
13C NMR (75 MHz, CDCl3): δ = 168.1, 118.4, 61.5, 47.9, 35.6, 35.4, 25.9, 22.3, 22.2, 14.1; MS m/z: 

384.68 (2M+Na+, 100%). Data are in accordance with literature data.[4] 

(1-(Aminomethyl)cyclohexyl)methanol (45)  
To a suspension of LiAlH4 (1.063 g, 28 mmol) in anhydrous THF (5 mL), a solution of ethyl 1-

cyanocyclohexane-1-carboxylate (44) in 5 mL of anhydrous THF was added dropwise at 0 ºC. The 

resulting mixture was stirred at room temperature for 29 h. The reaction mixture was then quenched 

with THF/H2O 1:1 and subsequently diluted with EtOAc. Na2SO4 was added and after 30 min the 
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mixture was filtered through celite. The evaporation of the solvent resulted in compound 45 (colorless 

oil, 983 mg, 98%), which was used without further purification. 1H NMR (600 MHz, CDCl3): δ = 3.60 

(s, 2H, CH2OH), 2.76 (s, 2H, CH2NH2), 1.42–1.20 (m, 10H, CH2-cyclohexyl); 13C NMR (75 MHz, 

CDCl3): δ = 66.6, 51.9, 42.4, 35.4, 35.2, 25.9, 22.2, 21.9; MS m/z: 144.08 (M+H+, 41%). 

tert-Butyl-[(1-(hydroxymethyl)cyclohexyl)methyl]carbamate (46)  
Boc-anhydride (1.68 g, 8.0 mmol) was added to a solution of 45 (1.0 g, 7.0 mmol) in anhydrous THF 

(6 mL) and the mixture was stirred at room temperature for 23 h. NaHCO3 (sat.) was then added and 

the aqueous layer was extracted with CH2Cl2, washed with saturated aqueous NaCl solution, dried, 

filtered, and concentrated in vacuo. The Boc-protected derivative 46 (quantitative yield) was used 

without further purification. 1H NMR (600 MHz, CDCl3): δ = 4.82 (bs, 1H, CH2NHCO), 3.31 (s, 2H, 

CH2OH), 3.05 (d, J = 6.9 Hz, 2H, CH2NHCO), 1.44 (s, 9H, CH3-t-butyl), 1.38–1.20 (m, 10H, CH2-

cyclohexyl); 13C NMR (75 MHz, CDCl3): δ = 156.1, 80.5, 66.6, 55.1, 42.4, 35.4, 35.2, 28.2, 28.1, 

27.8, 25.9, 22.2, 22.1; MS m/z: 508.94 (2M+Na+, 100%). 

tert-Butyl-[1-(4-(3-thioxo-3H-1,2-dithiol-5-yl)phenoxy)methyl)cyclohexyl)methyl]carbamate 
(47)  
To a stirred solution of PPh3 (323 mg, 1.23 mmol) in 8 mL of anhydrous THF, DIAD (249 mg, 

1.23 mmol) was added at 0 °C and the mixture was stirred for 15 min. Compound 46 (200 mg, 

0.82 mmol) was then added at the same temperature, followed by the addition of ADT-OH (186 mg, 

0.82 mmol). The resulting mixture was stirred at room temperature for 72 h and the solvent was 

removed in vacuo. Compound 47 was isolated by flash column chromatography (n-hexane/EtOAc, 

95:5 to 90:10) as bright orange solid (108 mg, 29%). 1H NMR (600 MHz, CDCl3): δ = 7.60 (d, 

J = 8.7 Hz, 2H, ArH), 7.38 (s, 1H, CH-dithiol-thione), 6.98 (d, J = 8.5 Hz, 2H, ArH), 4.73 (bs, 1H, 

CH2NHCO), 3.81 (s, 2H, CH2O), 3.04 (d, J = 6.9 Hz, 2H, CH2NHCO), 1.49–1.21 (m, 19H, CH2-

cyclohexyl, CH3-t-butyl); 13C NMR (75 MHz, CDCl3): δ = 215.0, 173.0, 162.4, 156.2, 134.6, 128.5, 

124.2, 115.5, 79.2, 73.4, 45.6, 37.9, 30.7, 28.4, 26.0, 21.3; HRMS (ESI): m/z calcd for 

C22H29NO3S3+H+: 452.1382 [M+H]+; found: 452.1379. 

5-[4-(1-(Aminomethyl)cyclohexyl)methoxy)phenyl]-3H-1,2-dithiol-3-thione (48) 
To a solution of compound 47 (68 mg, 0.15 mmol) in 2 mL CH2Cl2, TFA (0.35 mL, 4.5 mmol) was 

added and the mixture was stirred at ambient temperature for 1 h. The solvent was evaporated, H2O 

was added, and the pH was adjusted at 8.0 with an aqueous NaOH solution (40%). After extraction 

with CH2Cl2, the combined organic layers were dried over Na2SO4, filtered, and concentrated in 

vacuo to afford 50 mg (95%) of 48 an orange solid. 1H NMR (300 MHz, CDCl3): δ = 7.60 (d, 

J = 8.8 Hz, 2H, ArH), 7.38 (s, 1H, CH-dithiol-thione), 7.03 (d, J = 8.8 Hz, 2H, ArH), 3.93 (s, 2H, 

CH2O), 3.49 (s, 2H, CH2NH2), 2.85 (bs, 2H, CH2NH2), 1.61–1.15 (m, 10H, CH2-cyclohexyl); 13C NMR 

(75 MHz, CDCl3): δ = 215.1, 173.0, 162.6, 134.6, 128.5, 124.2, 115.6, 72.4, 46.7, 37.6, 30.7, 26.1, 

21.4; HRMS (ESI): m/z calcd for C17H21NOS3+H+: 352.0858 [M+H]+; found: 352.0857. 

Chapter 3. Publications with Summary and Contributions

100



 13 

1-(4-Methylbenzyl)cyclohexane-1-carbonitrile (50) 
To a solution of 4-methylbenzyl cyanide (0.5 mL, 3.8 mmol) in 5 mL anhydrous DMF, 1,5-

dibromopentane (0.57 mL, 4.19 mmol) was added at 0 ºC, followed by the portionwise addition of 

NaH (60%) (329 mg, 8.23 mmol) at the same temperature. The resulting orange mixture was stirred 

at room temperature for 4 h. Afterwards it was poured into ice and the aqueous phase was extracted 

with EtOAc. The combined organic layers were washed with saturated aqueous NaCl solution, dried 

over Na2SO4, filtered, and concentrated in vacuo. Flash column chromatography (n-hexane/EtOAc, 

95:5) afforded 50 as colorless oil in 67% yield (508 mg). 1H NMR (300 MHz, CDCl3): δ = 7.40 (d, 

J = 8.3 Hz, 2H, ArH), 7.21 (d, J = 8.4 Hz, 2H, ArH), 2.37 (s, 3H, ArCH3), 1.33–1.26 (m, 10H, CH2-

cyclohexyl); 13C NMR (75 MHz, CDCl3): δ = 138.6, 137.5, 129.5, 125.4, 122.8, 44.0, 37.4, 25.0, 23.6, 

20.9; MS m/z: 420.86 (2M+H+, 100%). Data are in accordance with literature data.[5] 

(1-(4-Methylbenzyl)cyclohexyl)methanamine (51) 
1-(4-Methylbenzyl)cyclohexane-1-carbonitrile (50) (400 mg, 2.0 mmol) was dissolved in anhydrous 

THF (8 mL) and BH3·S(CH3)2 (0.25 mL, 2.6 mmol) was added. The mixture was refluxed for 90 min. 

Upon completion of the reaction, CH3OH (3 mL) was added at room temperature and the mixture 

was stirred for 30 min. The solvents were then evaporated and amine 51 (203 mg, 49%, white solid) 

was isolated by flash column chromatography (CH2Cl2/CH3OH, 9:1). 1H NMR (300 MHz, CDCl3): 

δ = 7.38 (d, J = 8.6 Hz, 2H, ArH), 7.21 (d, J = 8.4 Hz, 2H, ArH), 2.62 (s, 2H, CH2NH2), 2.33 (s, 3H, 

ArCH3), 1.77–1.35 (m, 10H, CH2-cyclohexyl); 13C NMR (75 MHz, CDCl3): δ = 129.2, 128.8, 127.1, 

124.5, 43.1, 38.9, 33.7, 26.7, 22.2, 20.8; MS m/z: 203.96 (M+H+, 100%). 

2-Chloro-5-(hydroxymethyl)-N-[(1-(4-methylbenzyl)cyclohexyl)methyl]benzamide (52) 
Compound 52 was prepared following the synthetic procedure for compound 29. 1H NMR (600 MHz, 

CDCl3): δ = 7.47 (s, 1H, ArH), 7.28–7.25 (m, 4H, ArH), 7.14 (d, J = 8.0 Hz, 2H, ArH), 5.76 (bs, 1H, 

CH2NHCO), 4.60 (s, 2H, CH2OH), 3.57 (d, J = 6.0 Hz, 2H, CH2NHCO), 2.30 (s, 3H, ArCH3), 2.11–

1.24 (m, 10H, CH2-cyclohexyl); HRMS (ESI): m/z calcd for C22H26ClNO2+H+: 372.1725 [M+H]+; 

found: 372.1715. 

2-Chloro-N-[1-(4-methylbenzyl)cyclohexyl)methyl]benzamide (54) 
To a stirred solution of 2-chlorobenzoic acid (77 mg, 0.49 mmol) in 3 mL anhydrous DMF, HOBt 

(90 mg, 0.59 mmol), EDC hydrochloride (104 mg, 0.54 mmol), amine 51 (100 mg, 0.49 mmol), and 

Et3N (0.07 mL, 0.53 mmol) were added. After each addition, 10 min stirring followed and the resulting 

mixture was stirred at ambient temperature for 22 h. The reaction was then washed with saturated 

aqueous NaCl solution and the aqueous phase was extracted with EtOAc. The combined organic 

layers were dried over Na2SO4, filtered, and concentrated in vacuo. The resulting residue was 

purified by flash column chromatography (n-hexane/EtOAc, 90:10) to yield 54 (75 mg, 45%) as 

colorless oil. 1H NMR (600 MHz, CDCl3): δ = 7.53 (dd, 1H, J = 7.5, 1.7 Hz, ArH), 7.31–7.23 (m, 5H, 

ArH), 7.15 (d, J = 8.0 Hz, 2H, ArH), 5.74 (bs, 1H, CH2NHCO), 3.59 (d, J = 6.0 Hz, 2H, CH2NHCO), 
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2.31 (s, 3H, ArCH3), 2.11–1.41 (m, 10H, CH2-cyclohexyl); 13C NMR (150 MHz, CDCl3): δ = 166.6, 

135.9, 135.4, 131.4, 131.0, 130.5, 130.1, 129.8, 129.3, 127.3, 127.1, 126.9, 126.7, 42.0, 34.3, 34.2, 

34.1, 26.5, 22.2; MS m/z: 704.99 (2M+Na+, 100%). 

N-[1-(3-(Bromomethyl)phenyl)cyclohexyl)methyl]-2-chlorobenzamide (55) 
Compound 55 was obtained as colorless oil in 57% yield following the synthetic procedure for 

compound 3. 1H NMR (600 MHz, CDCl3): δ = 7.55–7.52 (m, 1H, ArH), 7.40–7.37 (m, 4H, ArH), 7.32–

7.24 (m, 3H, ArH), 5.77 (bs, 1H, CH2NHCO), 4.47 (s, 2H, CH2Br), 3.61 (d, J = 6.1 Hz, 2H, 

CH2NHCO), 2.11–1.41 (m, 10H, CH2-cyclohexyl); 13C NMR (150 MHz, CDCl3): δ = 166.4, 135.7, 

135.0, 131.1, 130.4, 130.2, 130.1, 129.4, 127.4, 127.0, 126.8, 42.3, 34.0, 33.2, 26.2, 22.0; MS m/z: 

860.66/862.59/864.55 (2M+Na+, 100%). 

3-(Bromomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (57)  
Compound 57 was obtained as yellowish oil in 55% yield following the synthetic procedure for 

compound 17a. 1H NMR (300 MHz, CDCl3): δ = 7.81–7.78 (m, 2H, ArH), 7.62–7.56 (m, 3H, ArH), 

4.40 (s, 2H, CH2Br); 13C NMR (75 MHz, CDCl3): δ = 155.7, 131.6, 129.6, 127.6, 125.9, 113.4, 17.5; 

MS m/z: 277.18/279.19 (M+Na+, 30%). 

3-(Azidomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (58) 
Compound 58 was prepared in quantitative yield following the synthetic procedure for compound 39. 
1H NMR (600 MHz, CDCl3): δ = 7.62 (d, J = 7.1 Hz, 2H, ArH), 7.50–7.45 (m, 3H, ArH), 4.39 (s, 2H, 

CH2N3); 13C NMR (75 MHz, CDCl3): δ = 154.3, 131.6, 129.6, 127.5, 125.2, 113.4, 42.5; MS m/z: 

432.95 (2M+, 21%). 

3-(Aminomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (59) 
To a stirred solution of 3-(azidomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (58) (242 mg, 1.11 mmol) 

in THF (5 mL), PPh3 (351 mg, 1.34 mmol) and H2O (0.07 mL, 4.01 mmol) were added. The mixture 

was stirred at room temperature for 22 h. H2O was then added, and the aqueous layer was extracted 

with EtOAc. The combined organic layers were washed with saturated aqueous NaCl solution, dried 

over Na2SO4, filtered, and concentrated in vacuo. Flash column chromatography (n-hexane/EtOAc 

90:10 to EtOAc 100%) afforded amine 59 (yellowish oil) as a mixture with triphenylphosphine oxide 

(180 mg), which was not further purified. 1H NMR (600 MHz, CDCl3): δ = 7.60 (d, J = 7.1 Hz, 2H, 

ArH), 7.53–7.48 (m, 3H, ArH), 3.86 (s, 2H, CH2NH2); MS m/z: 191.91 (M+H+, 14%). 

3-Carboxy-4-phenyl-1,2,5-oxadiazole 2-oxide (62) 
For the preparation of the Jone’s reagent, CrO3 (0.8 g, 8.0 mmol) was mixed with H2SO4 (0.85 mL, 

16.0 mmol) at 0 ºC, H2O (2.5 mL) was carefully added, and the mixture was stirred for 15 min. 3-

(Hydroxymethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (20) (0.25 g, 1.3 mmol) was dissolved in 4 mL 

anhydrous acetone and the Jone’s reagent was added at 0 ºC until the color remained red. After 

stirring for 3.5 h, isopropanol was added, and the reaction color turned from green to blue. H2O was 
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added and the aqueous phase was extracted with EtOAc, washed with saturated NaCl, and the 

combined organic phases were dried (Na2SO4) and evaporated. The desired product was obtained 

as yellow solid and was used without further purification (197 mg, 74%). 1H NMR (600 MHz, CDCl3): 

δ = 10.14 (s, 1H, COOH), 8.11 (s, 2H, ArH), 7.61–7.47 (m, 3H, ArH); 13C NMR (150 MHz, CDCl3): 

δ = 172.4, 134.0, 130.4, 129.3, 128.6; MS m/z: 230.16 (M+Na+, 25%). 

1-(3-Fluoro-4-(trifluoromethyl)phenyl)cyclohexane-1-carbonitrile (65) 
Compound 65 was obtained as colorless oil in 81% yield following the synthetic procedure for 

compound 50. 1H NMR (600 MHz, CDCl3): δ = 7.62 (t, J = 7.8 Hz, 1H, ArH), 7.40 (d, J = 8.2 Hz, 1H, 

ArH), 7.33 (dd, J = 11.6, 1.8 Hz, 1H, ArH), 2.15–1.72 (m, 10H, CH2-cyclohexyl); 13C NMR (150 MHz, 

CDCl3): δ = 160.1 (d, 1J = 256.4 Hz, C–F), 148.7 (d, J = 7.6 Hz), 128.0 (d, J = 42.9 Hz), 123.5, 122.1 

(t, J = 3.9 Hz), 121.7, 121.41–121.38 (m), 118.1 (dd, J = 33.4, 12.5 Hz), 115.3–114.6 (m), 114.4 (d, 

J = 24.1 Hz), 44.8, 37.4, 24.9, 23.6; MS m/z: 294.03 (M+Na+, 100%). 

(1-(3-Fluoro-4-(trifluoromethyl)phenyl)cyclohexyl)methanamine (66) 
Analogue 65 (640 mg, 2.4 mmol) was dissolved in anhydrous THF (12 mL) and BH3·S(CH3)2 

(0.29 mL, 3.08 mmol) was added. The mixture was refluxed for 1 h. Upon completion of the reaction, 

CH3OH (3 mL) was added at room temperature and the mixture was stirred for 40 min. The solvents 

were then evaporated and amine 66 (536 mg, 81%, white solid) was isolated and used without 

further purification. 1H NMR (600 MHz, CDCl3): δ = 7.46 (t, J = 7.9 Hz, 1H, ArH), 6.91 (d, J = 8.3 Hz, 

1H, ArH), 6.86–6.83 (m, 1H, ArH), 3.01 (s, 2H, CH2NH2), 2.12–1.70 (m, 10H, CH2-cyclohexyl); 
13C NMR (75 MHz, CDCl3): δ = 160.1 (d, 1J = 256.4 Hz, C–F), 148.5 (d, J = 7.6 Hz), 128.0 (d, 

J = 42.9 Hz), 122.3 (t, J = 3.9 Hz), 122.0, 121.41–121.37 (m), 117.9 (dd, J = 33.4, 12.5 Hz), 115.3–

114.6 (m), 114.4 (d, J = 24.1 Hz), 53.0, 44.6, 37.4, 24.8, 23.2; MS m/z: 276.06 (M+H+, 100%). 

5-(Bromomethyl)-2-chloro-N-[(1-(3-fluoro-4-(trifluoromethyl)phenyl)cyclohexyl)methyl] 
benzamide (69) 
To a solution of amide 68 (31 mg, 0.07 mmol) in anhydrous CHCl3 (2 mL), AIBN (1 mg, cat.) and 

NBS (13 mg, 0.07 mmol) were added and the mixture was refluxed for 2 h. The reaction was not 

allowed to be completed in order to avoid the dibromo derivative. The solvent was evaporated, and 

the residue was dissolved in Et2O and filtered. The filtrate was purified by flash column 

chromatography (n-hexane/EtOAc, 85:15) to afford 16 mg of a 68/69 mixture, which was used in the 

next step. 1H NMR (600 MHz, CDCl3): δ = 7.58 (s, 2H, ArH), 7.36–7.11 (m, 4H, ArH), 5.84 (bs, 1H, 

CH2NHCO), 4.41 (s, 2H, CH2Br), 3.62 (d, J = 6.3 Hz, 2H, CH2NHCO), 2.13–1.26 (m, 10H, 

CH2-cyclohexyl); MS m/z: 506.08/508.11 (M+H+, 26%). 
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1H/13C/19F NMR and HRMS spectroscopic data 

 

Figure S1. 1H NMR spectrum of AZ1 (CD3OD, 600 MHz). 

 

 

Figure S2. 13C NMR spectrum of AZ1 (CD3OD, 150 MHz). 
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Figure S3. Experimental (upper) and simulated (lower) HRMS spectrum of AZ1. 

 

 

Figure S4. 1H NMR spectrum of 4 (CDCl3, 300 MHz). 
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Figure S5. 13C NMR spectrum of 4 (CDCl3, 75 MHz). 

 

Figure S6. Experimental (upper) and simulated (lower) HRMS spectrum of 4. 

380 385 390 395 400 405
m/z

0
20
40
60
80

100

0
20
40
60
80

100

R
el

at
iv

e 
A

bu
nd

an
ce

0
20
40
60
80

100

40
1.

12
37

40
3.

12
07

37
9.

14
19

38
1.

13
89

40
4.

12
38

38
1.

29
74

38
5.

15
01

37
9.

14
19

38
1.

13
90

38
2.

14
23

40
1.

12
39

40
3.

12
09

40
4.

12
43

NL:
2.84E6
DP228_27-45#471-479 
 RT: 5.43-5.49  AV: 9 F: 
FTMS + c ESI Full ms 
[110.00-900.00] 

NL:
6.06E5
C 19 H23 O4 N2 Cl +H: 
C 19 H24 O4 N2 Cl1
pa Chrg 1

NL:
6.06E5
C 19 H23 O4 N2 Cl +Na: 
C 19 H23 O4 N2 Cl1 Na 1
pa Chrg 1

Chapter 3. Publications with Summary and Contributions

106



 19 

 

Figure S7. 1H NMR spectrum of 5 (CDCl3, 600 MHz). 

 

 

Figure S8. 13C NMR spectrum of 5 (CDCl3, 150 MHz). 
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Figure S9. Experimental (upper) and simulated (lower) HRMS spectrum of 5. 

 

 

Figure S10. 1H NMR spectrum of 11 (CDCl3, 300 MHz). 
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Figure S11. 13C NMR spectrum of 11 (CDCl3, 75 MHz). 

 

 

Figure S12. Experimental (upper) and simulated (lower) HRMS spectrum of 11. 
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Figure S13. 1H NMR spectrum of 18a (CDCl3, 300 MHz). 

 

 

Figure S14. 13C NMR spectrum of 18a (CDCl3, 75 MHz). 
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Figure S15. Experimental (upper) and simulated (lower) HRMS spectrum of 18a. 

 

 

Figure S16. 1H NMR spectrum of 18b (CDCl3, 300 MHz). 
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Figure S17. 13C NMR spectrum of 18b (CDCl3, 75 MHz). 

 

 

Figure S18. Experimental (upper) and simulated (lower) HRMS spectrum of 18b. 
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Figure S19. 1H NMR spectrum of 19a (CDCl3, 300 MHz). 

 

 

Figure S20. 13C NMR spectrum of 19a (CDCl3, 75 MHz). 
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Figure S21. Experimental (upper) and simulated (lower) HRMS spectrum of 19a. 

 

 

Figure S22. 1H NMR spectrum of 19b (CDCl3, 300 MHz). 
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Figure S23. 13C NMR spectrum of 19b (CDCl3, 75 MHz). 

 

 

Figure S24. Experimental (upper) and simulated (lower) HRMS spectrum of 19b. 
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Figure S25. 1H NMR spectrum of 23b (acetone-d6, 300 MHz). 

 

 

Figure S26. 13C NMR spectrum of 23b (acetone-d6, 75 MHz). 
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Figure S27. Experimental (upper) and simulated (lower) HRMS spectrum of 23b. 

 

 

Figure S28. 1H NMR spectrum of 24a (CDCl3, 300 MHz). 
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Figure S29. 13C NMR spectrum of 24a (CDCl3, 75 MHz). 

 

 

Figure S30. Experimental (upper) and simulated (lower) HRMS spectrum of 24a. 
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Figure S31. 1H NMR spectrum of 24b (CDCl3, 300 MHz). 

 

 

Figure S32. 13C NMR spectrum of 24b (CDCl3, 75 MHz). 
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Figure S33. Experimental (upper) and simulated (lower) HRMS spectrum of 24b. 

 

 

Figure S34. 1H NMR spectrum of 30 (CDCl3, 600 MHz). 

544 545 546 547 548 549 550 551 552
m/z

0

10

20

30

40

50

60

70

80

90

100
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

546.1927

548.1903
547.1952

549.1923

546.1903

548.1873547.1936

549.1907

NL:
1.93E7
DP221_83_87#451-
471  RT: 5.30-5.50  AV: 
21 F: FTMS + p APCI 
corona Full ms 
[220.00-1200.00] 

NL:
5.38E5
C 29 H28 O4 N5 Cl +H: 
C 29 H29 O4 N5 Cl1
pa Chrg 1

Chapter 3. Publications with Summary and Contributions

120



 33 

 

Figure S35. 13C NMR spectrum of 30 (CDCl3, 75 MHz). 

 

 
Figure S36. 19F NMR spectrum of 30 (CDCl3, 282 MHz). 
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Figure S37. Experimental (upper) and simulated (lower) HRMS spectrum of 30. 

 

 

Figure S38. 1H NMR spectrum of 35 (CDCl3, 600 MHz). 
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Figure S39. 13C NMR spectrum of 35 (CD3OD, 75 MHz). 

 

 
Figure S40. 19F NMR spectrum of 35 (CDCl3, 282 MHz). 
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Figure S41. Experimental (upper) and simulated (lower) HRMS spectrum of 35. 

 

 

Figure S42. 1H NMR spectrum of 42a (CDCl3, 300 MHz). 
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Figure S43. 13C NMR spectrum of 42a (CDCl3, 75 MHz). 

 

 
Figure S44. 19F NMR spectrum of 42a (CDCl3, 282 MHz). 
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Figure S45. Experimental (upper) and simulated (lower) HRMS spectrum of 42a. 

 

 

Figure S46. 1H NMR spectrum of 42b (CDCl3, 300 MHz). 
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Figure S47. 13C NMR spectrum of 42b (CDCl3, 75 MHz). 

 

 

Figure S48. 19F NMR spectrum of 42b (CDCl3, 282 MHz). 

Chapter 3. Publications with Summary and Contributions

127



 40 

 

Figure S49. Experimental (upper) and simulated (lower) HRMS spectrum of 42b. 

 

 

Figure S50. 1H NMR spectrum of 43 (CDCl3, 300 MHz). 
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 41 

 

Figure S51. 13C NMR spectrum of 43 (CDCl3, 150 MHz). 

 

 

Figure S52. 19F NMR spectrum of 43 (CDCl3, 282 MHz). 
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Figure S53. Experimental (upper) and simulated (lower) HRMS spectrum of 43. 

 

 

Figure S54. 1H NMR spectrum of 49 (CDCl3, 600 MHz). 
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Figure S55. 13C NMR spectrum of 49 (CDCl3, 150 MHz). 

 

 
Figure S56. Experimental (upper) and simulated (lower) HRMS spectrum of 49. 
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Figure S57. 1H NMR spectrum of 53 (CDCl3, 600 MHz). 

 

 

Figure S58. 13C NMR spectrum of 53 (CDCl3, 75 MHz). 
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Figure S59. Experimental (upper) and simulated (lower) HRMS spectrum of 53. 

 

 

Figure S60. 1H NMR spectrum of 56 (CDCl3, 600 MHz). 
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Figure S61. 13C NMR spectrum of 56 (CDCl3, 150 MHz). 

 

 

Figure S62. Experimental (upper) and simulated (lower) HRMS spectrum of 56. 
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Figure S63. 1H NMR spectrum of 60 (CDCl3, 600 MHz). 

 

 

Figure S64. 13C NMR spectrum of 60 (CDCl3, 150 MHz). 
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Figure S65. Experimental (upper) and simulated (lower) HRMS spectrum of 60. 

 

 

Figure S66. 1H NMR spectrum of 61 (CDCl3, 600 MHz). 
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 49 

 

Figure S67. 13C NMR spectrum of 61 (CDCl3, 150 MHz). 

 

 

Figure S68. Experimental (upper) and simulated (lower) HRMS spectrum of 61. 
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Figure S69. 1H NMR spectrum of 63 (CDCl3, 600 MHz). 

 

 

Figure S70. 13C NMR spectrum of 63 (CDCl3, 150 MHz). 
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Figure S71. 19F NMR spectrum of 63 (CDCl3, 282 MHz). 

 

 

Figure S72. 1H NMR spectrum of 64 (CDCl3, 300 MHz). 
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Figure S73. 13C NMR spectrum of 64 (CDCl3, 75 MHz). 

 

 

Figure S74. 1H NMR spectrum of 67 (CDCl3, 600 MHz). 
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Figure S75. Experimental (upper) and simulated (lower) HRMS spectrum of 67. 

 

 

Figure S76. 1H NMR spectrum of 68 (CDCl3, 600 MHz). 

414 415 416 417 418
m/z

0

10

20

30

40

50

60

70

80

90

100
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

414.1245

416.1215

415.1277

417.1243
418.1276

414.1242

416.1213

415.1276

417.1246
418.1280

NL:
4.78E7
DP379#201-240  RT: 
2.62-2.91  AV: 35 T: 
FTMS + c APCI corona 
sid=35.00  Full ms 
[100.00-1000.00] 

NL:
5.99E5
C 21 H20 O N Cl F 4 +H: 
C 21 H21 O1 N1 Cl1 F 4
pa Chrg 1

Chapter 3. Publications with Summary and Contributions

141



 54 

 

Figure S77. 13C NMR spectrum of 68 (CDCl3, 75 MHz). 

 

Figure S78. Experimental (upper) and simulated (lower) HRMS spectrum of 68. 
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Figure S79. 1H NMR spectrum of 70 (CDCl3, 600 MHz). 

 

Figure S80. Experimental (upper) and simulated (lower) HRMS spectrum of 70.  
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ADME properties 

The ADME (absorption, distribution, metabolism, excretion) properties were also calculated (Table 

S1). In general, all the synthesized analogues possess drug-like properties. Compounds with high 

clogP values, which are representative for the solubility and lipophilicity of the compounds, were in 

fact insoluble in water, indicating that the preliminary prediction of the ADME properties may allow 

the rejection of otherwise promising designed molecules. 
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Table S1. ADME properties of the synthesized P2X7 inhibitors. 

 

  

 #rotor mol MW donorHB accptHB QPlogPo/w QPlogHERG PSA clogP 
RANGE 0–15 130–725 0–6 2–20 −2–6.5 >−5 7–200 <5 

AZ1  5 401.978 2 6 3.467 −6.267 53.628 4.996 

4  6 378.855 1 5 3.429 −4.25 92.948 2.304 

5 6 428.003 1 6.5 3.57 −4.169 75.723 5.241 

11  2 327.856 0 2.5 5.002 −4.735 29.825 6.386 

18a  5 382.461 0 5 3.746 −4.997 89.844 3.126 

18b 5 402.88 0 5 3.924 −5.134 89.095 3.427 

19a 5 431.61 0 6.5 4.603 −5.828 70.557 6.063 

19b 5 452.028 0 6.5 4.336 −5.33 69.524 6.364 

23b 3 371.866 1 4.5 4.311 −3.016 77.988 6.244 

24a 5 525.606 0 7.5 5.134 −6.818 120.738 7.216 

24b 5 546.024 0 7.5 5.398 −7.007 120.215 7.485 

30 6 406.721 1 5 4.008 −5.572 92.83 0.980 

35 6 386.302 1 5 4.002 −5.647 91.994 0.615 

42a 5 410.327 0 5 4.268 −6.065 90.162 1.602 

42b 5 430.746 0 5 4.397 −6.086 90.652 1.903 

43 5 459.476 0 6.5 4.724 −6.246 70.186 4.539 

49 6 504.119 1 5.25 6.994 −6.057 52.907 7.495 

53 6 416.903 1 5 4.262 −4.643 90.574 2.693 

56 6 402.877 1 5 4.347 −5.686 90.33 2.194 

60 3 343.769 1 5.5 2.841 −5.059 88.601 2.679 

61 2 353.767 0 5.5 2.762 −5.26 87.25 3.103 

63 3 381.286 1 5.5 3.587 −5.951 88.952 2.962 

64 3 391.469 1 5.5 4.396 −5.878 87.439 4.675 

67 3 413.842 1 2.5 6.384 −5.334 32.754 6.179 

68 3 427.869 1 2.5 6.624 −5.038 31.857 6.678 

70 6 488.866 1 5 5.467 −5.544 90.001 3.220 
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Pharmacophore model generation and validation 

The pharmacophore model was generated and validated using LigandScout 4.1 Advanced software 

available from InteLigand, GmbH, Vienna, Austria.[6,7] Due to the absence of the hP2X7R crystal 

structure, a ligand-based pharmacophore model was created. The model was based on the common 

features of compounds with proved activity on hP2X7 receptor. In order to establish the features of 

the pharmacophore model, two different sets of known active hP2X7R antagonists were prepared; 

the training and the test set, including 21 and 24 compounds, respectively. The training set provided 

the required chemical characteristics of the pharmacophore, while the test set was used to check 

the selectivity of the generated pharmacophore model. ChEMBL[8] and Binding DB[9] databases were 

used to create these sets, while the IC50 values of the distinguished ligands ranged between 0.01 nM 

and 1.00 nM. 

Then, a series of ten pharmacophore hypotheses were initially generated and evaluated according 

to the pharmacophore-fit score. For the best pharmacophore hypothesis, all the examined 

compounds comprised of four common pharmacophore features (Figure S81A). This initial model 

was assessed as non-selective and subjected to further feature modifications. Specifically, two 

hydrophobic regions (one optimal) and one optimal hydrogen bond acceptor were added. Finally, 

the pharmacophore model was optimized by increasing the number of the exclusion volumes (from 

11 to 263). The features of the optimum pharmacophore model are presented in Figure S81B. 

 

Figure S81. Representation of (A) the initial and (B) the optimum pharmacophore model features. The features 

are colored as follows: hydrogen bond acceptors (HBA) as red spheres, hydrophobic regions (H) as yellow 

spheres, and exclusion volumes (Ex. Vol.) as grey spheres. The distances (Å) between the chemical features 

are illustrated as black lines. 

The reliability of the pharmacophore model was examined using two different sets of compounds,[10] 

retrieved from ChEMBL[8] and BindingDB[9] databases. The first set, consisting of 833 compounds 

with known activity against hP2X7R (1 < IC50 < 80 nM), formed the group of actives, and the second 

A B
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with 85 compounds (IC50 >> 80 μΜ) constituted the group of inactive analogues. The validity of the 

model was examined using Receiver Operating Characteristic (ROC) curve analysis (Figure S82) 

and statistically significant variables (Table S2). The reliability of the examined model was also 

confirmed by the fact that it retrieves almost 86% of the active compounds (Table S2). According to 

these results the derived model was validated, constituting a reliable filter for further virtual 

screening. 

 
Figure S82. ROC curve of the examined pharmacophore model. 

Table S2. Quantitative key parameters derived from the ROC curve analysis. 

Key Parameters Value 

Sensitivity (Se) 0.86 

False Positive Rate (1-Sp) 0.46 

Enrichment Factor (EF) 1.10 

Area under the curve (AUC) 0.75 

Total number of Actives in the database 833 

Total number of Inactives in the database 85 

Total number of compounds in the database 918 
Number of hits retrieved (Hit list) 756 

Number of Actives in the Hit list 717 

Number of Inactives in the Hit list 39 
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Pharmacophore-based virtual screening  

Pharmacophore-based virtual screening was implemented to the ZINC database 

(http://zinc.docking.org/), containing ~13 million compounds, to identify scaffolds that could replace 

the adamantane ring. The idbgen tool of LigandScout[6,7] was used to convert the examined pool of 

compounds to an appropriate database. The hits with the top-ranked pharmacophore-fit score were 

further filtered according to the physicochemical properties predicted by the Qikprop[11] module of 

MAESTRO.[12] The filtering criteria were based on the Lipinski parameters values of the training set 

(Table S3). 

Table S3. Range of values of the Lipinski parameters of the training set. 

Criteria Range of values 

Hydrogen Bond Acceptor (HBA) 2–4 

Hydrogen Bond Donor (HBD) 0–3 

Lipophilicity (AlogP) 2.35–5.44 

Rotatable Bonds (RB) 1–8 

Polar Surface Area (ΡSA) [Å2] 41.99–94.19 

 

The screening results pointed out compounds bearing i) 3-fluoro-4-(trifluoromethyl)phenyl, ii) aryl-

substituted cyclohexyl and iii) 1,2,5-oxadiazole-2-oxide (furoxan) moieties, which would be favorable 

materials for the replacement of the adamantane ring (Figure S83). 
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Figure S83. Fitness of the designed and synthesized structurally modified analogues on the pharmacophore model 

features. The hydrogen bond acceptors (HBA) are depicted with red arrows and the hydrophobic regions (H) with yellow 
color. 
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3.3 Deviant Reporter Expression and P2X4 Passenger Gene Overexpression
in the Soluble EGFP BAC Transgenic P2X7 Reporter Mouse Model

In this publication, two BAC transgenic P2X7 reporter mousemodels are compared
by analysis of their P2X7 expression patterns and levels. In addition, the functional
phenotype of the reporter mice was assessed. The Tg(RP24-114E20P2X7451P-StrepHis-
EGFP)Ani reportermodel overexpresses a P2X7-EGFP fusion protein under the control
of a BAC-derived mouse P2X7 gene (P2rx7) promoter and was generated and charac-
terized in our group [Appendix 4.4]. Here, Strep-His-EGFP sequence was integrated
in frame into exon 13 of (P2rx7) to preserve the exon-intron structure of the gene.
The Tg(P2rx7-EGFP)FY174Gsat mouse model was generated in the framework of the
GENSAT project [84] and expresses a soluble EGFP (sEGFP) under the control of a
BAC-derived P2rx7 promoter. Here, a targeting vector was used to integrate the sEGFP
sequence followed by a poly(A) signal into the start ATG in exon 1 of the P2rx7 gene,
which should prevent its expression. Comparison of both BAC constructs showed that
the BAC clone used for this sEGFPmodel encoded not only the P2rx7 gene with 5’ and
3’ non-translated regions, but also a neighboring P2rx4 passenger gene. Accordingly,
we found RNA and protein levels of P2X4 to be increased in the sEGFP mouse model.
Surprisingly, this was also true for P2X7 levels. Comparative analysis of EGFP, P2rx7,
and P2rx4 transcripts revealed correlating expression patterns for wt and P2X7-EGFP
overexpressing mice, but striking differences for the sEGFP mouse line. While we
observed a relatively even distribution of P2rx4 and P2rx7 transcripts in different brain
regions for the P2X7-EGFPmouse, the levels varied considerably for the sEGFPmouse.
DAB stainings using a P2X7-specific nanobody revealed that the P2X7 expression
pattern in both reporter mouse models mirror the endogenous P2X7 distribution in wt
mice, as expected. However, analysis of EGFP reporter expression patterns analyzed
by DAB and immunofluorescence stainings revealed striking differences between the
two mouse models, similar to the RNA transcript expression patterns. Additionally,
for the sEGFP mouse, we also observed dissimilarities in EGFP and P2X7 expression
patterns. FACS analysis and co-immunostainings of EGFP and cell type-specific
markers in brain slices from BAC-transgenic mice confirmed the expression of the
P2X7-EGFP fusion protein in microglia, oligodendrocytes, macrophages, and CD4+
T cells, but not in neurons [Appendix 4.4], whereas sEGFP was absent in microglia
and CD4+ T cells, showed highly variable expression in macrophages and mast cells
and most importantly, at least partial neuronal expression. Preliminary studies in a
status epilepticus model suggest functional consequences of the P2X4 and/ or P2X7
overexpression.
In summary, although in both reporter models the EGFP constructs are expected to
be expressed under the control of the P2rx7 promoter, the EGFP reporter expression
pattern of the sEGFP model differs greatly from the one of the P2X7-EGFP model
and does not correlate well with endogenous P2X7R distribution in wt mice. By
sequencing the integration sites of the EGFP cDNA, we found that the P2X7 start ATG
at the 3’ integration site, which should have been interrupted by the integration of the
sEGFP and poly(A) sequences, was complemented due to the used recombination
strategy and is in fact intact. This would explain the increased P2X7 expression levels.
A possible explanation for the deviant reporter expression in the sEGFP mouse model
could be the modification or deletion of regulatory sequences, since the sEGFP is
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translated from a truncated mRNA sequence and possibly lacks such regulatory
elements. Additionally, the 5’ non-translated region of P2rx7 is altered with potential
impact on post-transcriptional and translational regulatory mechanisms.
We conclude from this, that although BAC transgenic reporter mouse models have
greatly advanced the field, limitations that are inherent to this approach need to be
considered and caveats of BAC-transgenic approaches are discussed.
I contributed to this publication by performing DNA sequence analysis and interpre-
tation, resulting in Supplementary Fig. 4. In addition, I performed DAB stainings
shown in Supplementary Fig. 5 and assisted with staining protocols, and text editing.
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Deviant reporter expression 
and P2X4 passenger gene 
overexpression in the soluble EGFP 
BAC transgenic P2X7 reporter 
mouse model
Antonio Ramírez‑Fernández1, Lidia Urbina‑Treviño2, Giorgia Conte3, Mariana Alves3, 
Björn Rissiek4, Anna Durner1, Nicolas Scalbert1, Jiong Zhang1, Tim Magnus4, 
Friedrich Koch‑Nolte5, Nikolaus Plesnila6,8, Jan M. Deussing2, Tobias Engel3,7, Robin Kopp1 & 
Annette Nicke1*

The ATP‑gated P2X7 receptor is highly expressed in microglia and has been involved in diverse 
brain diseases. P2X7 effects were also described in neurons and astrocytes but its localisation and 
function in these cell types has been challenging to demonstrate in situ. BAC transgenic mouse 
lines have greatly advanced neuroscience research and two BAC‑transgenic P2X7 reporter mouse 
models exist in which either a soluble EGFP (sEGFP) or an EGFP‑tagged P2X7 receptor (P2X7‑EGFP) is 
expressed under the control of a BAC‑derived P2rx7 promoter. Here we evaluate both mouse models 
and find striking differences in both P2X expression levels and EGFP reporter expression patterns. 
Most remarkably, the sEGFP model overexpresses a P2X4 passenger gene and sEGFP shows clear 
neuronal localisation but appears to be absent in microglia. Preliminary functional analysis in a status 
epilepticus model suggests functional consequences of the observed P2X receptor overexpression. 
In summary, an aberrant EGFP reporter pattern and possible effects of P2X4 and/or P2X7 protein 
overexpression need to be considered when working with this model. We further discuss reasons for 
the observed differences and possible caveats in BAC transgenic approaches.

The P2X7 receptor plays a key role in  inflammation1,2 and is considered a therapeutic target for a variety of dis-
eases including depression, Alzheimer’s disease, and  epilepsy2–7. While there exists a general consent regarding its 
presence and proinflammatory functions in macrophages and microglia, its pathophysiological roles in neurons 
and astrocytes are less clear. Although P2X7-mediated effects on neurotransmitter release, neuronal excitability, 
and neuronal cell death have been  shown8–10, its expression and function in neurons have been particularly 
challenging to  demonstrate11,12. This is partly due to its complex pharmacology and a lack of specific antibodies. 
To allow cell type-specific visualization and analysis of protein expression in complex tissues, the generation of 
bacterial artificial chromosome (BAC) transgenic reporter mice has proven to represent an invaluable method 
that greatly advanced neuroscience  research13–15. In this approach, reporter proteins, such as enhanced green 
fluorescent protein (EGFP), are either directly expressed under the control of BAC-derived regulatory sequences 
of the gene of interest or a BAC-controlled Cre recombinase is used to cell-specifically drive fluorescent protein 
expression in floxed reporter mouse lines. Although numerous studies proved that this approach is able to reli-
ably reproduce the expression pattern of the respective  gene16–18, several caveats need to be considered: (i) the 
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stability and regulation of the resulting reporter mRNA and protein might differ from that of the gene of interest, 
(ii) critical regulatory elements (which are generally not known) may be absent in the chosen BAC, (iii) possible 
position effects caused by the random integration of the modified BAC in the genome should be excluded by 
comparison of several transgenic mouse lines, and (iv) integration of multiple fluorescent reporter gene copies 
is usually required to allow efficient visualization.

In the case of P2X7, two BAC-transgenic reporter mouse models have been generated (Fig. 1A). In the 
Tg(P2rx7-EGFP)FY174Gsat mouse (https ://www.gensa t.org/), a sequence encoding a soluble EGFP (sEGFP) 
followed by a polyadenylation signal (pA) was inserted into Exon 1 of the P2rx7  gene13,19, which should prevent 
its expression. This mouse has been available for more than ten years and has been frequently used as a reference 
for P2rx7 expression in the brain and as tool to monitor its expression in in vitro studies and disease  models20–23. 
More recently, the Tg(RP24-114E20P2X7451P-StrepHis-EGFP)Ani reporter model was described. Here, the 
EGFP sequence was integrated in frame into the last exon of the P2rx7 gene resulting in the expression of a 
P2X7-EGFP fusion  protein24.

Although in both P2X7 reporter models the EGFP constructs are expected to be expressed under the control 
of the P2rx7 promoter, comparison of the available data indicated substantial differences in their cell type-specific 
 expression24. Consequently, in the present study we carefully compared the RNA and protein expression of P2X7 
and its neighbouring gene, the P2X4 receptor, in both mouse models. Furthermore, we performed a detailed 
comparison of the cell type-specific mRNA and protein expression in the CNS. Our results raise serious concerns 
regarding the reliability of the regional and cell type-specific reporter expression in the sEGFP reporter mouse 
model. Furthermore, initial functional experiments in a model of status epilepticus suggest that overexpression 
of P2X4 and/or P2X7 influence the pathophysiological response in this mouse.

Results
Comparison of BAC constructs. A critical point in generation of BAC transgenic mice is the selection of 
an optimal BAC clone: if the 5´and 3´ non-translated regions are too short, critical regulatory sequences might 
be missing. If these regions are too long (> 200,000 bp13), engineering becomes less efficient and neighbouring 
passenger genes could be included and cause unwanted effects. As shown in Table 1 and Fig. 1A, different BAC 
clones were used in the two reporter mouse models. In both, the gene encoding the intraflagellar transport 
protein (IFT)81 is present upstream of the P2rx7 gene. IFT81 is part of the core of the IFT-B complex, which 
plays a crucial role in cilia formation and has been associated with  ciliopathies25,26. In the sEGFP but not in the 
P2X7-EGFP reporter model, the P2rx4 gene that lies downstream of the P2rx7 gene is also present. Both passen-
ger genes should theoretically result in the overexpression of their gene products. However, in the P2X7-EGFP 
model, the Ift81 gene was cleaved prior to transformation using a singular SacII restriction site. Overexpression 
of the Ift81 gene product in the sEGFP model remains to be determined.

Analysis of P2X4 and P2X7 expression levels. To test the possibility of P2X4 overexpression, quanti-
tative RT-PCR and Western blot analysis were performed on brain and lung tissue, respectively, of both mouse 
models. As expected and shown in Fig. 1B,C, both P2X4 RNA and protein levels were about ten and eightfold 
higher, respectively, in the sEGFP mouse model. Surprisingly, also P2X7 RNA and protein levels were about 
threefold higher in this mouse. In contrast, both P2X4 and endogenous P2X7 protein levels were unaltered in the 
P2X7-EGFP mouse (see  also24). Next, we performed immunofluorescence staining with a P2X4-specific anti-
body to investigate if the BAC transgenic P2X4 expression in the sEGFP model mirrors the endogenous P2X4 
expression in wild type (wt) mice (Fig. 1D). In agreement with the above observations, a clearly stronger P2X4 
signal is seen in cerebellar brain slices from the sEGFP reporter model, although this appears less evident in the 
hippocampus. The P2X4 expression pattern mirrors that of the endogenous P2X4 transcripts (27,28, Allen brain 
atlas) as well as the fluorescent protein patterns described in a BAC transgenic P2X4 reporter mouse line that 

Figure 1.  Comparison of BAC transgenic P2X7 reporter mice and P2rx4 and P2rx7 expression in these mice. 
(A) The sEGFP sequence followed by a poly(A) signal was inserted in the start ATG in exon 1 of the P2rx7 gene. 
The recombination strategy resulted in co-integration of the pLD53.SC2 vector downstream of the poly(A) 
signal. In case of the P2X7-EGFP fusion construct, a Strep-His-linker followed by the EGFP sequence was 
inserted in front of the Stop TGA in exon 13 of P2rx7. Use of two homology arms prevented vector integration. 
Intraflagellar transport protein Ift81 and, in case of the sEGFP model, P2rx4 are introduced as passenger genes 
together with P2rx7. In the P2X7-EGFP model, Ift81 is destroyed by Sac II linearization. HomA/B: gene-
specific homology arms; opened grey circle: vector backbone of the BAC. For further details see Table 1. (B) 
Quantitative RT-PCR analysis of hippocampal P2rx4 and P2rx7 expression in both mouse models compared 
to wt mice. Data were normalized to expression of β-actin and the respective levels in wt controls. Bars 
represent mean ± SEM from 2 independent experiments and 6–7 mice (both sexes, around eight weeks of age). 
Significance was analysed using the Mann–Whitney test. **p  < 0.01. (C) Representative Western blot analysis 
of P2X4 and P2X7 protein expression. 50 µg of total lung protein (extracted in 1% NP-40) were loaded per 
lane. Proteins were immunoblotted and quantified by infrared imaging with fluorescent secondary antibodies. 
Bars represent mean ± SEM from two independent experiments and 6 mice (both sexes, 10–35 weeks of age). 
Significance was analysed using the Mann–Whitney test. **p  < 0.01. Note that the overexpression of P2X4 
leads to aggregation and multimer formation in the sEGFP sample. The full gels are shown in Supplementary 
Fig. 6. (D) Immunofluorescence staining with a P2X4 antibody to demonstrate increased P2X4 expression level 
in the sEGFP reporter mouse. Three different animals were analysed per group, and representative images of 
cerebellum and hippocampus are shown. GL, granular cell layer; ML, molecular cell layer; DG, dentate gyrus; 
PCL, Purkinje cell layer; WM, white matter; CA3, cornu amonis region 3; Scale bars 100 µm.
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expresses soluble tdTomato and a recently described conditional P2X4-mCherry knock-in mouse  model18,29. 
In these studies, P2X4 transcripts or immunofluorescence were generally seen in Purkinje cells as well as the 
pyramidal and granular cell layers of the hippocampus and in cortical neurons. As shown in Supplementary 
Fig. 1, P2X4 staining in Purkinje cells of the sEGFP mice was even strong enough to reveal a pattern that sup-
ports its intracellular  localisation30–32.

Regarding the overexpression of P2X7, we wondered if this could be accounted for by the expression of 
the P2X7k  variant33. This functional variant has the same length as the canonical P2X7a variant and is derived 
from the use of an alternative exon 1´ (compare Fig. 1A) that is present in the first intron of the P2rx7 gene. To 
determine if the increased P2X7 transcript and protein levels in the sEGFP model represents P2X7a, maybe as a 
consequence of some "leakiness" of the introduced poly(A) signal, or if the additional P2X7 protein represents 
P2X7k that likely has its own regulatory sequences within intron 1, we also performed quantitative RT-PCR with 
specific primer pairs for both variants. However, in agreement with a lower expression of this variant in brain 
 tissue33 significant P2X7k levels could only be detected if PCR cycle numbers were increased. Under these condi-
tions, the relative increase of transcript levels of the k and a variant were similar in the sEGFP (about twofold) 
and P2X7-EGFP mice (about sevenfold). This suggests that both variants underlie similar regulation mechanisms 
in both mice but that the k variant is expressed at much lower levels (Supplementary Fig. 2).

Expression pattern of sEGFP and P2X7‑EGFP transcripts in the brain. To compare the expression 
pattern and region-specific expression levels of EGFP, P2rx7, and P2rx4 transcripts in the two transgenic lines, 
we next carried out in situ hybridization (ISH) and quantitative RT-PCR in different brain areas (Fig. 2A). ISH 
revealed a clear EGFP signal and, in agreement with the quantitative PCR data described above, increased P2rx7 
mRNA levels throughout the brain of both mouse models. No differential pattern of P2X7 or EGFP expression 
was observed between wt and P2X7-EGFP overexpressing mice. In contrast, both the EGFP and P2X7 expres-
sion patterns in the sEGFP mouse line showed a clear signal in a region corresponding to the lateral septum, 
which was not seen in the wt mice. Similarly, a strong overexpression of P2rx4 transcripts was detected in this 
same area as well as throughout the brain, which is not observed in P2X7-EGFP mice. A more detailed analysis 
of P2rx7 and P2rx4 expression levels in different brain regions by region-specific quantitative RT-PCR revealed 
a relatively even distribution of P2rx4 and P2rx7 transcripts in all investigated brain regions of the P2X7-EGFP 
mouse while both P2rx4 and P2rx7 levels in the sEGFP mouse varied considerably between regions (P2rx7: two 
to tenfold, P2rx4: five to 11-fold) with lowest expression of both transcripts in the thalamus and highest expres-
sion in the prefrontal cortex and cerebellum (Fig. 2B).

Expression pattern of sEGFP and P2X7‑EGFP protein in the brain. To understand whether the 
P2rx7 and EGFP expression patterns observed by ISH is translated into protein expression, we first performed 
immunofluorescence stainings with an anti-GFP antibody (Fig.  2C). While the EGFP staining pattern was 
homogenous in P2X7-EGFP transgenic mice, staining in slices of the sEGFP mouse showed again a clear signal 
in the lateral septum, as well as in cortical layers confirming the mRNA expression pattern observed by ISH 
(Fig. 2A). The same pattern was observed in both hemispheres and in several mice, indicating that it is region-
dependent and does not represent an irregular expression.

To further compare the overall expression pattern of both reporter constructs, we next performed immuno-
fluorescence stainings on sagittal brain sections. As seen in Fig. 3A, both reporter mouse models show a dominant 
EGFP staining in the molecular layer of the cerebellum. However, both the distribution and expression levels of 
EGFP clearly differed in the cerebrum. As shown  before24, P2X7-EGFP displays a relatively even distribution in 
all brain regions with more dominant staining in the cerebral cortex, olfactory bulb, thalamus, hypothalamus, 
substantia nigra, ventral pons, and a fine rim in the molecular layer that is adjacent to the granular layer of the 
dentate gyrus. In contrast, the soluble EGFP shows a much more localised expression in areas such as the caudate 
putamen, the superior colliculus and the granular and entire molecular layer of the dentate gyrus, while staining 
was very weak or even absent in the olfactory bulb and sparse in the pons. A diffuse expression is present in the 
hypothalamus.

To further confirm this and to allow comparison with the endogenous P2X7 distribution in wt mice, we 
next performed DAB stainings with an anti-GFP antibody (Fig. 3B) and a P2X7-specific nanobody (Fig. 3C). 
As seen in Fig. 3B, DAB staining of EGFP in the two reporter mouse models confirmed the overall expression 
pattern obtained by immunofluorescence staining and revealed further differences between both models. While 
P2X7-EGFP staining was enhanced in an approximately 50 μm wide rim surrounding the granular layer of the 

Table 1.  Comparison of BAC clones used for P2X7 reporter mouse lines and genes contained in one or both 
of the clones (data according to ensembl database).

Begin End Length (bp)

RP23-181F3 122,505,388 122,736,196 230,809

RP24-114E20 122,541,108 122,701,415 160,308

Ift81 122,550,204 122,614,518 64,314

P2rx7 122,643,911 122,691,432 47,521

P2rx4 122,707,544 122,729,738 22,194
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Figure 2.  Comparison of EGFP, P2X7, and P2X4 transcript levels and expression patterns in sEGFP and P2X7-EGFP 
BAC transgenic P2X7 reporter mice. (A) In situ hybridization analysis of EGFP, P2X7, and P2X4 transcript levels in the 
two reporter mouse models in comparison to wt animals. Representative coronal sections (Bregma 0.62 approximately) are 
displayed. The signal intensities of 12 representative areas were measured on three different mice per group. The background 
noise was subtracted and the resulting values were normalized to values in wt animals. Bars represent mean ± SEM from three 
animals analysed in three independent experiments. (B) Region-specific quantitative PCR of P2X7 and P2X4 mRNA levels 
in the P2X7-EGFP and sEGFP mouse lines. RNA levels were normalized to levels in wt animals as well as a housekeeping 
gene (HPRT) which correspond to the dotted line. Bars represent mean ± SEM from three animals. (C) Immunofluorescence 
staining for EGFP in the P2X7-EGFP and sEGFP lines. Coronal sections from approximately Bregma 0.62 are shown.
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Figure 3.  Comparison of EGFP and P2X7 protein expression patterns in sagittal brain sections of sEGFP and 
P2X7-EGFP BAC transgenic P2X7 reporter mice. (A) Immunofluorescence staining with an anti-GFP antibody. 
Note that signal intensities were individually adjusted to prevent saturation in the sEGFP mouse. Scale bars 1 mm. 
(B) DAB staining with an anti-GFP antibody. (C) DAB staining using a P2X7-specific nanobody. Scale bars: 
1 mm in whole brain, 200 µm in insets. Representative stainings from 3 different animals per group are shown.
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dentate gyrus and showed a more or less uniform distribution in the other hippocampal areas (as previously 
 described24), sEGFP staining was dominant throughout the entire molecular layer of the dentate gyrus and, in 
addition, in the granular cell layer. In addition, a strong EGFP signal was found in large single cells with neuron-
like morphology across the pyramidal cell layer of the CA region. In the cerebellum, a similar staining pattern 
of the molecular layer was obtained in both mouse models. However, again a clear staining of single cells within 
the granular layer was found in the sEGFP model and absent in the P2X7-EGFP mouse.

Since the colorimetric DAB staining gave a more intense signal with the P2X7-specific nanobody than immu-
nofluorescence staining, this method also allowed comparison of the P2X7 expression in the reporter mouse 
models with that of endogenous P2X7 in wt animals. As seen in Fig. 3C, both BAC transgenic mouse models 
mirror the expression pattern seen in wt mice, although, as expected, with a higher intensity due to the P2X7 
overexpression in both models. Specificity of the P2X7 staining was confirmed using P2X7 knockout mice. 
Importantly, the EGFP and P2X7 expression patterns were markedly different in the sEGFP mouse.

Cell type‑specific expression of EGFP in the two reporter mouse models. To identify the respec-
tive EGFP-expressing cell types, we next performed double immunofluorescence stainings of EGFP together 
with cell type-specific marker proteins in the dentate gyrus, at the CA3-CA2 border, and in the cerebellum 
(Fig. 4). In agreement with previous findings, P2X7-EGFP was co-localised in all regions with the microglial 
marker protein Iba1 and the oligodendrocyte marker protein Olig2 but was absent in NeuN-positive neurons. In 
contrast, soluble EGFP was not detected in microglia and oligodendrocytes but co-localised with 16.33 ± 5.29% 
of the NeuN-positive neurons in the granular layer of the dentate gyrus (Fig. 4B) and sporadically with cells 
showing neuron-like morphology in the CA regions (arrowheads in Fig. 4A). The CA3-CA2 border was chosen 
because the sEGFP mouse revealed also a strong EGFP staining in the stratum lucidum, the suprapyramidal 
tract of unmyelinated inhibitory and excitatory mossy fibre projections. The EGFP signal in this region might 
originate from projections of the EGFP-positive granule cells in the DG. No clear co-localisation of soluble 
EGFP with the synaptic marker proteins calretinin or calbindin-1 (Calbindin D28k) for GABAergic interneu-
rons or the vesicular Zinc transporter 3 (ZnT3) was found in this region (Fig. 5A). 

In the cerebellum, both mice showed intense EGFP staining of Bergmann glia in the molecular layer (Figs. 4C, 
5B, compare  also24). In addition, sEGFP but not P2X7-EGFP24 was sporadically (< 10% of the cells) found in 
Purkinje cells (white arrowheads in Fig. 5B) and an unidentified cell type, likely stellate cells or basket cells, in 
the molecular layer (arrows in Fig. 5B). This assumption is supported by the partial co-localisation of EGFP 
with the protein marker parvalbumin that has been shown to stain both cell types (Fig. 5C). Furthermore, some 
of the EGFP-positive cells in the molecular layer were NG2-positve (Fig. 5C), but the overlap was only sporadic 
and the majority of NG2-positive cells was EGFP-negative.

Finally, there was no co-localisation between the astroglial marker GFAP and EGFP in either mouse model 
(Supplementary Fig. 3). Thus, cell type-specific EGFP expression appears to be almost opposed in both reporter 
mouse models with at least partial neuronal expression in sEGFP mouse, and dominant microglial and oligo-
dendrocytic expression in the P2X7-EGFP mouse.

Analysis of EGFP expression in immune cells in the two reporter mouse models. To confirm 
the unexpected absence of EGFP in microglia of the sEGFP model, we next performed FACS analysis of micro-
glia. As seen in Fig. 6A, staining with an anti-P2X7 antibody revealed increased P2X7 levels in the two reporter 
mouse models, in agreement with the increased P2X7 levels observed in the sEGFP mouse and the expected 
P2X7-EGFP overexpression, respectively. Detection of the direct fluorescence of the EGFP reporter in flow cyto-
metric analyses, however, indicated an almost complete absence of EGFP fluorescence in microglia from the 
sEGFP mouse, which was comparable to that of wt microglia. In contrast, the histogram of microglia from 
P2X7-EGFP mice showed a clear right shift, as expected for EGFP-expressing cells.

Since P2X7 is best known for its function in macrophages and co-immunostaining in the third ventricle of 
P2X7-EGFP mouse (Fig. 6B) suggested its presence in Iba1-positive cells with a macrophage-like morphology, we 
next analysed its presence in macrophages of the brain. Using an antibody against the plasma membrane mannose 
receptor CD206, a marker protein for perivascular macrophages, confirmed the presence of P2X7-EGFP in this 
cell type but no other vessel-associated cells (Fig. 6C). The only other cells that were stained had microglia-like 
morphology. In the sEGFP model, however, no co-staining of EGFP with CD206-positive cells was observed. 
Instead, EGFP staining was identified in two other cell types on the outer side of the collagen-stained basement 
membrane of the vessel. Based on their morphology, these cells most likely corresponded to pericytes (extended, 
spindle-shaped) and smooth muscle cells (surrounding the vessel with split edges).

These unexpected findings prompted us to also compare EGFP reporter expression in peripheral immune 
cells. In peritoneal macrophages and mast cells of wt mice, a uniform population of endogenous P2X7 was clearly 
detected by staining with an anti-P2X7 antibody and the right-shifted histograms confirmed again its overexpres-
sion in both reporter mouse models (Fig. 6D). A similar shift and shape of the histogram was obtained when 
cells of the P2X7-EGFP mouse were analysed for EGFP fluorescence, confirming the overlap between (endog-
enous) P2X7 and EGFP expression in these mice. In contrast, clearly different histograms were seen in sEGFP 
mice. In macrophages, a very broad histogram was obtained indicating a high variability in EGFP expression 
levels ranging from macrophages with very low EGFP expression (overlap with the EGFP signal in wt mice) to 
macrophages with an EGFP signal that was even higher than in P2X7-EGFP overexpressing mice. In mast cells, 
at least three populations could be differentiated: a small population that showed no EGFP expression at all and 
two populations with exceptionally high EGFP expression, which was higher than that observed in P2X7-EGFP 
mice. Finally, analysis of spleen-derived  CD4+ T cells (Fig. 6E) revealed an almost complete absence of EGFP 
in regulatory T cells/activated helper T cells  (CD4+CD25+) and helper T cells  (CD4+CD25–) from sEGFP mice, 
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Figure 4.  Cell type-specific EGFP protein expression in in sEGFP and P2X7-EGFP BAC transgenic P2X7 
reporter mice. Brain slices from BAC transgenic mice were co-labelled with an anti-GFP antibody and 
antibodies against marker proteins for microglia (Iba1), neurons (NeuN), and oligodendrocytes (Olig2). 
Representative results are shown for the CA3-CA2 border (A), the dentate gyrus (B) and cerebellum (C). DAPI 
was used as nuclear counter stain (blue). Arrowheads indicate cells with neuron-like morphology in the CA 
regions. SLu, stratum lucidum; CA, cornu ammonis; DG, dentate gyrus; ML, molecular layer; GL, granular layer. 
Scale bar: 50 μm.
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Figure 5.  sEGFP-positive cells in the hippocampus and sporadic sEGFP expression in Purkinje cells. Brain slices from BAC transgenic 
sEGFP mice were co-labelled with an anti-GFP antibody and antibodies against marker proteins for neuronal and glial cell types. 
Representative immunofluorescence stainings are shown. (A) Immunofluorescence staining in the CA3-CA2 border with antibodies 
against calbindin-1 and calretinin (GABAergic interneurons) and in the CA3 region with an antibody against ZnT3 (synaptic vesicles). (B) 
Staining in the cerebellum with antibodies against Calbindin-1 (Purkinje cell) and S100β (Bergman Glia). Single EGFP-positive cells show 
Purkinje cell morphology (white arrowheads). Note that not all Purkinje cells are EGFP-positive (black arrowhead). White arrows indicate 
an unidentified cell type in the molecular layer. (C) Staining in the cerebellum with antibodies against NG2 (oligodendrocyte progenitor 
cells) and parvalbumin (Purkinje cells and molecular layer interneurons). Examples of double-positive cells are pointed out using white 
arrowheads in each case. DAPI staining is shown in blue. CA, cornu ammonis; ML, molecular layer; GR; granular layer. Scale bar: 50 μm.
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although cell surface P2X7 expression could be verified by using the anti-P2X7 antibody. In contrast, P2X7-
EGFP  CD4+ T cells showed a similar staining pattern when comparing EGFP and cell surface P2X7 staining. In 
summary, the sEGFP mice show absence of the EGFP reporter in microglia and  CD4+ T cells, highly variable 
expression in macrophages and mast cells, with very strong expression in some mast cell populations. Overall, 
this pattern is strikingly different to that of the endogenous P2X7 receptor in wt mice, which is well reproduced 
in the P2X7-EGFP model.

Detection of a functional phenotype in the sEGFP reporter mouse model. Both P2X7 and P2X4 
have previously been shown to be involved in seizure induction and seizure-induced cell  death20,34,35. There-
fore, we undertook a preliminary study to test whether the overexpression of P2X4 and/or P2X7 in the sEGFP 
mouse has functional consequences in these processes. sEGFP mice and wt littermates were subjected to status 
epilepticus20 (Fig. 7A) via a microinjection of KA into the basolateral  amygdala36. No difference was found in 
baseline EEG recordings between wt and sEGFP mice (total power: 4431 ± 814.2 μV2 wt vs. 5130 ± 948.4 μV2 
sEGFP, p = 0.6172, n = 3 wt and 4 sEGFP) and both wt and sEGFP mice experienced similar seizure severity 
during a 40 min recording period starting at the time-point of KA injection until the administration of the 
anticonvulsant lorazepam (total power: 32,350 ± 10,830 µV2 wt vs 23,280 ± 10,470 µV2 sEGFP; p  = 0.581, n = 3 
wt and 4 sEGFP, Fig. 7B,C). Likewise, wt and sEGFP mice displayed similar behaviour changes during status 
epilepticus (Fig. 7D) and additional EEG recordings for 60 min post-lorazepam administration showed no dif-
ference between genotypes (25,990 ± 11,610 µV2 wt  vs 20,320 ± 7196 µV2; p  = 0.679, n = 3 wt and 4 sEGFP). 
As intraamygdala KA-induced status epilepticus leads to characteristic lesions within the ipsilateral CA3 sub-
field comprising loss of selected neurons and gliosis, we also analysed hippocampal brain sections to compare 
the neuropathological outcomes. Here, sEGFP mice showed less neurodegeneration in the CA3 subfield of the 
ipsilateral hippocampus as evidenced by fewer FjB-positive cells (Fig. 7E). Thus, although showing no obvious 
differences in seizure threshold to intraamygdala KA-induced status epilepticus, neurodegeneration post-status 
epilepticus was reduced in sEGFP mice, suggesting that the increased expression of P2X4 and P2X7 has an 
impact on pathological processes.

Discussion
In this study, we analysed the P2X4 and P2X7 expression levels and the EGFP expression patterns in two BAC 
transgenic P2X7 reporter mouse models and compared it with the endogenous P2X7 distribution in wt mice. 
Our data show overexpression of a P2rx4 passenger gene, and surprisingly also of the P2rx7 gene, in the sEGFP 
model. We further demonstrate that the expression pattern of soluble EGFP can be reconciled with partial neu-
ronal expression while the P2X7-EGFP fusion protein is dominantly expressed in microglia and oligodendrocytes 
but not detectable in neurons. Most surprisingly, sEGFP expression appeared to be largely absent in microglia 
and macrophages, at least under physiological conditions. It has to be noted though, that sEGFP expression was 
previously observed in microglia in models of status epilepticus37 and Alzheimer´s  disease23, suggesting that it 
becomes upregulated under pathophysiological conditions. We conclude that the sEGFP reporter shows a par-
tially aberrant expression pattern and preliminary functional data suggest that the observed P2X4 and/or P2X7 
overexpression in the sEGFP mouse could influence outcomes during pathology.

BAC transgenic reporter mouse models have revolutionized the analysis of protein expression in vivo. They 
are widely used to study general or cell type-specific protein expression and to isolate and analyse specific target 
cells or  proteins14. This methodology has been particularly useful to study complex cell systems such as the 
 CNS17,38 and more than 1000 BAC transgenic reporter, Cre-driver, and TRAP mouse lines have been generated 
and initially characterized within the GENSAT  project39, representing an invaluable resource for researchers. 
Considering the efficiency and large throughput with which these lines are  generated19, it is evident, that they 
can only be preliminary characterized and further in-depth analysis is required. In particular, limitations that are 
inherent to the BAC transgenic approach need to be considered, such as variability in the integrated BAC copy 
number, non-specific integration of the BAC in the genome and alterations in the gene structure and regulation 
of both the target gene on the BAC and genes that may be affected by the BAC integration. The need for careful 
validation of reporter mouse lines was shown, for example, in a comparative analysis of three transgenic mouse 
models for neuronal expression of the corticotropin-releasing hormone (CRH). Here, differences appeared 
to depend not only on the transgenic approach (IRES-CRE, BAC or Cre-loxP system targeting the Crh gene 
promoter) but also on the reporter used (GFP or tdTomato)40. In another example, leakiness of Cre-dependent 
reporter lines (resulting in unspecific EGFP distribution) and lack of specificity of BAC-derived Cre-driver 

Figure 6.  Comparison of EGFP expression in immune cells of the brain. (A) Brain microglia  (CD11bCD45low) 
from wt and BAC transgenic mice were analysed by flow cytometry for endogenous EGFP expression and cell 
surface P2X7 expression using a monoclonal antibody (clone RH23A44). (B) Immunofluorescence staining 
of Iba1 and EGFP in the third ventricle of the P2X7-EGFP mouse. Scale bar: 25 μm. (C) Comparison of 
perivascular macrophage staining in sEGFP and P2X7-EGFP mice. Anti-collagen IV antibody was used to stain 
blood vessels and CD206 was used as a marker for perivascular macrophages. Lower panel: detailed images 
from the sEGFP mouse showing a lack of overlap between EGFP and CD206 staining. Scale bar:10 µm, DAPI 
staining in blue. (D) Peritoneal macrophages  (CD11b+FceR1–) and mast cells  (CD11b–FceR1+) from wt and 
BAC transgenic mice were analysed by flow cytometry for endogenous EGFP expression and cell surface P2X7 
expression. (E)  CD4+ T cells from the spleen wt and BAC transgenic mice were analysed by flow cytometry 
for endogenous EGFP expression and cell surface P2X7 expression. EGFP and P2X7 expression levels were 
compared on helper T cells  (CD4+CD25–) and regulatory T cells  (CD4+CD25+).
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lines for several microglia-specific Cx3cr1-Cre lines have recently been  reported41. While knock-in approaches 
provide a more controlled way of gene  modification42, the BAC transgenic approach has the advantage of being 
fast and highly efficient. Furthermore, it allows the moderate overexpression of the target gene, which might 
help its efficient visualization and the analysis of overexpression effects.

While the P2X4 overexpression in the sEGFP mouse model is inherent to the BAC clone chosen for modi-
fication, the reason for the increased P2X7 expression level and divergent expression pattern in this model is 
not immediately clear. In the sEGFP construct, the P2rx7 gene is practically interrupted by the EGFP encoding 
sequence followed by a pA signal and the targeting vector while in the P2X7-EGFP mouse, the P2rx7 gene struc-
ture was largely unaltered, except for the EGFP sequence insertion. The pA signal following the sEGFP insertion 
should prevent formation of BAC-derived P2rx7 transcripts in this model. Thus, sEGFP can be regarded as a 
read-out of P2rx7 promoter activation while the P2X7-EGFP reporter mouse leads to the overexpression of the 
translated EGFP-tagged P2rx7 gene product. Regarding the observed P2X7 overexpression, sequencing of the 

Figure 7.  Functional phenotype of the sEGFP reporter mouse. (A) Experimental design of the intra-amygdala 
mouse model of status epilepticus. Status epilepticus is induced by an injection of 0.2 µg kainic acid (KA) into 
the basolateral nucleus of the ipsilateral amygdala. To reduce mortality and morbidity, the anti-convulsant 
lorazepam (Lz) is administered 40 min following KA injection. (B) Representative EEG recordings presented 
as heat maps of frequency and amplitude data during status epilepticus of wt and sEGFP mice. (C) Graphs 
showing similar seizure severity between wt and sEGFP mice during a 40 min recording period starting at the 
time of intraamygdala KA injection until administration of anticonvulsant lorazepam (wt, n = 3 and sEGFP, 
n = 4). (D) Graph showing similar changes in behaviour based on the Racine scale between genotypes (wt, n = 3 
and sEGFP, n = 4). (E) Graph and photomicrographs (10 × lens) showing less FjB-positive cells in the ipsilateral 
CA3 subfield of the hippocampus 24 h after status epilepticus in sEGFP mice compared with wt mice (n = 3 (wt), 
63.00 ± 4.359; n = 4 (sEGFP), 38.00 ± 6.377; t = 2.983 df = 5, unpaired t-test; p = 0.031). Scale bar, 100 μm.
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integration sites of the EGFP cDNA revealed that the EGFP-encoding sequence plus an upstream 27 bp and the 
downstream targeting vector sequence were inserted directly after the A of the P2X7 start ATG (Supplementary 
Fig. 4). Due to the used recombination strategy, in which the BAC was not  resolved19, this resulted in duplica-
tion of the homology domain (ranging from -332 bp upstream of the transcription start site right to the start 
ATG (+ 163 bp downstream of the transcription start) and complementation of a second P2X7 start ATG at the 
3´ integration site. According to a previous  study21, a fragment ranging from − 249 bp to + 220 bp was already 
sufficient for reporter gene expression and can therefore be assumed to contain essential promoter elements. 
Nevertheless, since the P2X7 overexpression is much lower than that of the P2X4 receptor, its expression might 
be partly prevented by the introduced pA signal. Finally, it cannot be excluded, that the P2X4 overexpression 
affects the P2X7 expression as mutual interactions between them have been  described43.

Regarding the different expression pattern in the sEGFP mouse, one explanation could be that the acces-
sibility or structure of domains required for the regulation of P2X7 expression is affected by the described gene 
modification. Also, the posttranscriptional regulation of the sEGFP is likely different from that of the P2X7-
EGFP as its expression should result in the generation of the much shorter EGFP transcript in which intronic 
P2rx7 sequences and the 5`UTR are missing. For example, the first intron, which is not preserved in the sEGFP 
transcript, is particularly long in many genes and supposed to contain elements that are important for gene 
regulation. Intron 1 of P2rx7, for example, might contain elements that control expression of the P2X7k splice 
 variant33. In addition, sequences encoding or binding regulatory RNAs might be eliminated and also other 
post-transcriptional mechanisms could affect protein expression such as RNA  editing44, changes in poly(A) tail 
 length45, mRNA capping, mRNA splicing, or protein turnover. For example, P2X7 has been shown to be targeted 
by several microRNAs, such as mir-2246, and it cannot be excluded that this suppresses the expression of P2X7 
or its EGFP-tagged version in neurons. Likewise, the strongly reduced or absent sEGFP expression in microglia, 
perivascular macrophages of the brain, and T cells indicates a lack of positive regulatory mechanisms.

It further needs to be considered that cytoplasmic sEGFP and the membrane bound P2X7-EGFP fusion 
construct have different cellular distribution. In cells like neurons with long and fine processes, this can result in 
apparent differences in the EGFP reporter localisation (e.g. in regions of the cell body like granular layers or the 
projection areas such as the mossy fiber area, Fig. 4A,B) and very different appearance of the respective staining 
(e.g. punctate and diffuse for membrane localised P2X7-EGFP as in the cerebellar Bergmann glia or filling the 
whole cell and representing the respective cell morphology as in the case of sEGFP in these cells, Fig. 4C). Thus, 
neuronal expression of membrane bound P2X7-EGFP might be difficult to detect in the complex cellular context 
of a brain slice if the protein is localised to discrete and tiny structures such as specific synapses or growth cones. 
In addition, the sEGFP mouse shows sparse, diffuse EGFP staining of cells with an irregular and variable shape 
throughout different brain areas (i.e. pons, superior colliculus, caudate putamen, compare Fig. 3). This is very 
similar to the staining described in the GENSAT database, which has been attributed to glial cells (www.gensa 
t.org). However, this could not be confirmed using the glial markers Iba1, Olig2, and GFAP (data not shown). 
Likewise, no clear co-localisation with the neuronal marker NeuN was found in these regions, neither in sagittal 
nor coronal sections.

While BAC transgenic technology has greatly advanced neuroscience research, several caveats need to be 
considered and reporter lines need to be carefully planned and thoroughly examined. P2X7 reporter mice provide 
important tools for the elucidation of P2X7 receptor roles in CNS diseases. However, the presence of passenger 
genes and leaky or aberrant reporter expression may confound data interpretation and needs to be considered. 
Our data raise concerns about the reliability of the sEGFP mouse model and suggest that conclusions drawn 
from previous localisation studies need to be carefully re-evaluated.

Material and methods
Animals. Tg(P2rx7 EGFP)FY174Gsat (sEGFP) mice were generated by the Gene Expression Nervous System 
Atlas (GENSAT) project (https ://www.gensa t.org) and obtained from the Mutant Mouse Resource and Research 
Center (MMRRC). They were bred in FVB/N background or C57BL6 (only Fig. 2).  P2rx7tmid(EUCOMM)Wtsi were in 
C57BL/6 background. Tg(RP24-114E20P2X7451P-StrepHis-EGFP)17Ani (P2X7-EGFP, line 17)  mice24 were in 
FVB/N (Fig. 1B) or C57BL/6 N (all other data) background. No differences in P2X7-EGFP or P2X7 expression 
were identified between both backgrounds (compare respective stainings from C57Bl/6 N (in this study) and 
FVB/N24 and see supplementary Fig. 5). Male and female mice were used in all experiments. Mice were housed 
in standard conditions (22 °C, 12 h light–dark cycle, water/food ad libitum). All animal experiments were per-
formed in accordance with the principles of the European Communities Council Directive (2010/63/EU). Pro-
cedures were reviewed and approved by the Research Ethics Committee of the Royal College of Surgeons in Ire-
land (REC 1322) and from the Health Products Regulatory Authority (HPRA, AE19127/P038) and the State of 
Upper Bavaria (55.2–1-54–2532-59–2016). All efforts were made to minimize suffering and number of animals.

Sequencings of sEGFP insertion site. The genotyping primers recommended for the sEGFP mouse (F: 
sequences Exon 1 of P2rx7, upstream of the Start ATG 5′-CGC TGC AGT CAC TGG AGG AA-3′ R: EGFP 5′-TAG 
CGG CTG AAG CAC TGC A-3′) and a primer pair consisting of a forward primer in the EGFP sequence (5′-
TGC AGT GCT TCA GCC GCT A-3′) and a reverse primer in the coding sequence of exon 1 (5′-GTG GGT CTT 
GCA CAT GAT CGTCT-3′) were used to amplify a 399 bp and a 3831 bp fragment, respectively from mouse tail 
DNA. From these fragments, the targeting vector sequence and the 5´ and 3´insertion sites were determined by 
sequencing (Eurofins, Munich, Germany).

RNA extraction and real‑time PCR. RNA was extracted from one hippocampus using the QIAzol 
Lysis Reagent (Qiagen, Hilden, Germany) as  described47 and 500  ng of total RNA were reverse transcribed 
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with SuperScript II (Thermo-Fisher, MA, USA). Quantitative real-time PCR was performed using the Quanti-
Tect SYBR Green PCR Kit (Qiagen, Hilden, Germany) and 1.25 µM of each primer pair in combination with 
a LightCycler 1.5 (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s protocol. 
Data were analysed with the LightCycler 1.5 software and normalized to expression of β-actin. Primers were 
designed using Primer3 software (https ://frodo .wi.mit.edu) and had the following sequences: P2rx7 forward 
(F) 5′-ACT GGC AGG TGT GTG TTC CATA-3′ and reverse (R): 5′-TTG GCA AGA TGT TTC TCG TG-3′; P2rx4 
F: 5′-TAT GTG GTC CCA GCT CAG GA-3′ R: 5′-TCA CAG ACG CGT TGA ATG GA-3′ EGFP F: 5′-ACG TAA ACG 
GCC ACA ACT TC-3′ R: 5′-AAG TCG TGC TGC TTC ATG TG-3′. To detect and differentiate alternatively spliced 
P2rx7 transcripts we combined exon 1 and exon 1′ forward sequences (5′-CAC ATG ATC GTC TTT TCC TAC-3′ 
and 5′-GCC CGT GAG CCA CTT ATG C-3, respectively) with reverse primers in exon 4 (5′-GGT CAG AAG AGC 
ACT GTG C-3′), exon 5 (5´-CCT TGT CTT GTC ATA TGG AAC-3′), and exon 7 (5′-TCT GTA AAG TTC TCT CCT 
GC-3′) and increased the number of amplification cycles from 40 to 55.

Tissue-specific real-time PCR Tissue punches of different brain areas were collected from frozen samples. Total 
RNA was extracted using the miRNeasy Mini Kit (QIAGEN). First-strand cDNA was produced by reverse tran-
scription employing the Superscript III Reverse Transcriptase kit (ThermoFisher Scientific) with Oligo(dT)12–18 
Primer (ThermoFisher Scientific). Relative levels of gene expression were obtained through quantitative real-time 
PCR carried out in a LightCycler 96 instrument (Roche) following the FastStart Essential DNA Green Master 
kit (Roche). The primer sequences employed for the testing were as follows: P2rx7 F: 5-ACT GGC AGG TGT 
GTT CCA TA-3′. R: 5′-TTG GCA AGA TGT TTC TCG TG-3′, P2rx4 F: 5′-TAT GTG GTC CCA GCT CAG GA-3′, R: 
5′-TCA CAG ACG CGT TGA ATG GA-3′, HPRT (housekeeping) F: 5′-TGG GCT TAC CTC ACT GCT TTCC-3′, R: 
5′-CCT GGT TCA TCA  TCG CTA ATC ACG -3′. Results were normalized to HPRT, as well as to wt animal values.

SDS‑PAGE and Western Blot analysis. P2X protein was analysed as  described24. 100–500 mg of lung 
tissue were cut into small pieces and homogenized in 600 µl of homogenization buffer (0.1 M sodium phosphate 
buffer, pH 8.0, 0.4 mM Pefabloc SC (Sigma) and Complete protease inhibitor (Roche Applied Science) using a 
Precellys homogenizer (Peqlab) and CK28 beads (15 s, 5.000 rpm). After centrifugation (10 min at 10,000 × g, 
4 °C), membranes were pelleted from the supernatant (30–60 min at 21,100×g, 4 °C), and extracted for 15 min 
with 100–300 µl of the above homogenization buffer containing 1% NP-40 (Sigma) as detergent. After centrifu-
gation (10 min at 21,100×g, 4 °C) protein concentrations of the supernatants were determined by BCA Protein-
Assay (ThermoFisher Scientific) and 30–75 μg of total protein per lane were separated on 8% SDS-PAGE gels 
using 20 mM DTT (Roth) as reducing agent. Proteins were wet-blotted onto Immobilon-FL PVDF membranes 
(Merck Millipore) for 16 h at 4 °C and the membranes blocked in Intercept (TBS) Blocking Buffer (LI-COR Bio-
sciences) diluted 1:2 in TBS. Upon immunostaining, proteins were visualized with an Odyssey infrared imaging 
system (LI-COR Biosciences) and quantified using ImageStudio (LI-COR Biosciences). Statistical analysis was 
performed using GraphPad Prism.

In situ hybridization. In situ hybridization was carried out as previously  described48. Fresh brains were 
frozen on dry ice and stored at -80  °C. For in  situ hybridization, 20  μm cryosections were incubated over-
night with gene-specific  S35-UTP- labelled riboprobes. The nucleotides targeted by the different probes were 
as follows: EGFP: 907–1698 of GenBank accession no. LC311024; P2rx4: 1004–1910 of GenBank accession no. 
NM_011026; P2rx7: 1199–1620 of GenBank accession no. NM_011027. Assessment of the signal intensity was 
carried out using ImageJ software. Results were normalized to values from wt animals.

Diaminobenzidine (DAB) immunohistochemistry. Stainings were performed as  described24. Mice 
were anesthetized (Ketamine/Xylazine/Heparine) and transcardially perfused with 4% paraformaldehyde (PFA). 
Brains were dissected and post-fixed in 4% PFA for a minimum of 24 h, transferred to 30% sucrose for cryopro-
tection for at least 48 h, and embedded in 5% low melting point Agarose (Roth, Germany). 30 µm sagittal brain 
sections were prepared (VT1200s Leica Microsystems) and, after peroxidase block (1%  H2O2 in PBS, 30 min 
RT), blocked with 10% Normal Goat Serum (Dako, Germany) and 0.1% Triton X-100 (Sigma, Germany)in PBS 
(1 h, RT), and incubated with primary antibody overnight at 4 ̊C. After incubation with biotinylated secondary 
antibodies (1.5 h at RT), proteins were visualized using the ABC method with the Vectastain ABC kit (Vector 
Laboratories) and the DAB substrate Sigma Fast DAB Tablets (Sigma-Aldrich, Germany). Brain slices were 
mounted on glass slides and counter-stained with haematoxylin (Roth), followed by dehydration (70%, 80% and 
100% ethanol, xylene) and embedding with phenol-free Kaiser’s glycerol gelatine (Roth). Images were taken with 
a Zeiss AxioCam MR coupled to a Zeiss Axio Imager M2 using the Zeiss Axiovision software.

Immunofluorescence staining. Immunostaining was performed as  described49. Adult mouse brains 
were fixed and cryoprotected as above and 40 µm cryostat sections were prepared. Tissue slices were washed 
(3 × times 10 min, PBS), blocked (5% Normal Goat Serum (Dako Germany), 0.3% Triton X-100 (Sigma, Munich, 
Germany) in PBS, two hr at RT), and incubated with primary antibodies (16–24 h, 4 ̊C) with gentle shaking. 
After washing as above, sections were incubated for 2 h with fluorescence conjugated secondary antibodies. 
DAPI staining was performed for 60–90 s and slices were mounted on object slides with Lab Vision PermaFluor 
Aqueous Mounting Medium (ThermoFisher Scientific). For perivascular macrophage staining, brains were cut 
on a vibratome and 50 µm floating sections were collected. Tissue slices were washed (3 times 10 min, TBS), 
blocked (1% BSA (Sigma, Munich, Germany), 0.5% Triton X-100 (Sigma, Munich, Germany), 0.1% Fish gelatine 
(Sigma, Munich, Germany) in TBS, 2–3 h at RT), and incubated with primary antibodies (24 h – 5 days, depend-
ing on the antibody, 4 ̊C) with gentle shaking. After washing as above, sections were incubated for 2–3 h with 
fluorescence conjugated secondary antibodies and DAPI diluted in blocking buffer. Slices were mounted on glass 
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slides with Everbrite Mounting Medium (Biotium, Fremont CA, USA). Images were obtained by confocal laser 
scanning microscopy (Zeiss LSM 880). Quantitative analysis was performed with the StrataQuest automated cell 
counting software (TissueGnostics, Vienna, Austria).

Antibodies for Western blotting and immunohistochemistry. See Supplementary Table 1.

FACS analysis. Isolation of primary cells. Isolation of primary cells was described  before50. For the isola-
tion of brain microglia, mice were sacrificed under anesthesia by cervical dislocation. Single cell suspensions 
were prepared from brain by collagenase digestion at 37 °C for 30 min. Cells were passed through a 70 µm cell 
strainer (Greiner) and centrifuged for 5 min at 300 g. Microglia were separated from debris by percoll gradient 
centrifugation (33% percoll solution, GE Healthcare). The supernatant was removed and the pellet was resus-
pended in 1 ml ACK erythrocyte lysis buffer ice for 1 min to remove erythrocytes. Cells were washed with 10 ml 
FACS buffer (PBS + 0.2% BSA / 1 mM EDTA) and resuspended in FACS buffer.

For the isolation of peritoneal macrophages and mast cells, mice were sacrificed and 5 ml PBS + 1 mM EDTA 
were injected to lavage the peritoneal cavity. The peritoneal lavage was centrifuged for 5 min at 300 g and the 
pellet was resuspended in FACS buffer.

For the isolation of spleen T cells, mice were sacrificed, the spleen was collected and processed through a 
70 µm cell strainer (Greiner) using a syringe piston. The cell suspension was centrifuged for 5 min at 300 g, eryth-
rocytes were removed by ACK erythrocyte lysis as described above and the cells were resuspended in FACS buffer.

Antibodies and flow cytometry. Cells were stained with fluorochrome-conjugated mAbs for 30 min on ice in the 
presence of Fc block (anti-CD16/CD32; clone 2.4G2, BioXcell) and normal rat serum (Jackson). Staining and 
washing was performed in FACS buffer containing PBS, 0.1% BSA, and 1 mM EDTA. The following antibod-
ies were used: anti-CD11b (clone M1/70; BioLegend), anti-P2X7 (clone RH23A44, UKE), anti-CD45 (30-F11, 
Biolegend), anti-CD4 (clone RM4-5; BioLegend), anti-CD8a (clone 53–6.7, Biolegend), anti-CD25 (clone PC61, 
Biolegend) and anti-FcεR1α (clone MAR1, Biolegend). Cells were analysed using a BD Celesta flow cytometer 
and data were analysed with FlowJo software (Treestar).

Intraamygdala kainic acid‑induced status epilepticus mouse model. Intraamygdala kainic acid 
(KA)-induced status epilepticus was performed as described  before20. Mice were anesthetized using isoflurane 
(5% induction, 1–2% maintenance) and maintained normothermic by means of a feedback-controlled heat 
blanket (Harvard Apparatus Ltd, Kent, UK). Under anesthetized conditions, mice were placed in a stereotaxic 
frame and a midline scalp incision was made to expose the skull. A guide cannula (coordinates from Bregma; 
AP = -0.94 mm, L = − 2.85 mm) and three electrodes, one on top of each hippocampus and the reference elec-
trode on top of the frontal cortex, were fixed using dental cement to record surface electroencephalograms 
(EEG). Status epilepticus was induced by a microinjection of 0.2 µg kainic acid (KA) in 0.2 µl phosphate-buffered 
saline (PBS, Sigma-Aldrich, Dublin, Ireland) into the right basolateral amygdala. 40 min following intraamyg-
dala KA injection, Lorazepam (6 mg/kg) (Wyeth, Taplow, UK) was delivered intraperitoneally to curtail seizures 
and reduce morbidity and mortality. EEG was recorded using a Xltek EEG system (Optima Medical Ltd., Guild-
ford, UK) and recordings were commenced prior to intraamygdala KA injection and continued for 1 h post-
lorazepam. EEG recordings were analysed by uploading EEG onto Labchart 8 reader software (ADInstruments) 
and total seizure power of EEG signals was  calculated20.

Fluoro-Jade B staining. To assess status epilepticus-induced neurodegeneration, Fluoro-Jade B (FjB) staining 
was carried out as  before51. Briefly, 12 μm coronal sections at the medial level of the hippocampus (Bregma 
AP = − 1.94 mm) were cut on a cryostat. Tissue was fixed in 4% PFA, rehydrated in ethanol, and then transferred 
to a 0.006% potassium permanganate solution followed by incubation with 0.001% FjB (Chemicon Europe Ltd, 
Chandlers Ford, UK). Sections were mounted in Dibutylphthalate Polystyrene Xylene (DPX) mounting solu-
tion (Sigma Aldrich, Dublin, Ireland). Using an epifluorescence microscope, cells including all hippocampal 
subfields (dentate gyrus (DG), cornu amonis regions 1 and 3 (CA1 and CA3)) were counted under a 40 × lens in 
two adjacent sections and the average determined for each animal.

Statistical analysis. GraphPad Prism software was used to perform statistical analysis and data were presented 
as means ± standard error of the mean (SEM). Student’s t-test was used to determine statistical differences 
between groups. Significance was accepted at *p < 0.05, **p < 0.01 ***s < 0.001.
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Suppl. Fig. 1

GFP

P2X4

Merge

GL

ML

Supplementary Figure 1:
P2X4 Expression in Purkinje cells of the sEGFP mouse model.
Immunofluorescence staining of cerebellar slices of the sEGFP mouse with antibodies
against P2X4 and GFP (Thermo Fischer CA10262). Nuclear staining with DAPI is shown
in blue. A representative image out of the three individual animals is shown. GL, Granular
cell layer; ML, molecular cell layer. Scale bar: 20 µm.
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Supplementary Figure 2:
P2X7 Splice variant expression in sEGFP and P2X7-EGFP transgenic models. RNA
was extracted from hippocampus and quantitative PCR was performed with primers
directed against sequences in the indicated P2rx7 exons. Data were normalized to
expression of β-actin and the respective levels in wt controls. Bars represent mean �
SEM from 2 independent experiments and 6-7 mice. Significance was analysed using
unpaired two-tailed Student’s t-test and is indicated as *p<0.05, **p<0.01, ***p<0.001
(P2rx7a levels Ex1-Ex4: sEGFP 3.105� 0.5231, n=6; P2X7-EGFP 7.309� 1.649, n=7,
Ex1-Ex5: sEGFP 2.525� 0.4881, n=6; P2X7-EGFP 5.541� 0.3531, n=7; P2rx7k levels
Ex1’-Ex4 sEGFP 2.425 � 0.5552, n=6, P2X7-EGFP 7.897 � 1.926, n=7; Ex1’-Ex5
sEGFP 4.087� 1.606, n=6; P2X7-EGFP 7.024� 3.911, n=7).
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Supplementary Figure 3:
Analysis on the colocalization of EGFP with
the astrocytic marker GFAP in sEGFP and
P2X7-EGFP BAC transgenic P2X7 reporter
mice.
Saggital brain slices (40 µm) were labelled with
antibodies against GFAP and GFP (Abcam
ab6556). Images show representative samples
from at least three mice per group in the
following regions: (A) CA3-CA2 border (B)
Dentate gyrus (C) Cerebellum. DAPI staining is
shown in blue. Scale bars: 50 µm.
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Suppl. Fig. 4
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Supplementary Figure 4:
Scheme depicting the integration of the targeting vector encoding the soluble EGFP 
into the Start ATG of the P2rx7 gene. 
The A of the P2rx7 Start ATG is the last residue in the Homology arm (Hom A) and
shown in red. The bases TG (shown in grey) are replaced by 27 bp of targeting vector
sequence followed by the EGFP coding sequence, poly adenylation signal and the
targeting vector pLD53.SC2. Due to the non-resolving homologous recombination
strategy, the homology region A is duplicated and therefore complements the P2rx7 Start
ATG.
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Suppl. Fig. 5

Supplementary Figure 5:
Direct comparison of P2X7 protein expression pattern in wildtype mice from
C57BL/6N and FVB/N genetic backgrounds. DAB staining was performed with a
P2X7-specific nanobody. Note that no counterstaining for haematoxylin was performed
in the presented C57BL/6 sample and that images were taken on different microscopes.
Scale bars: 200 µm.

C57BL/6N FVB/N
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Suppl. Fig. 6 

Supplementary Figure 6: 
Full-length blots from Figure 1C. 
The parts shown in Fig 1C are indicated by dashed lines. For details see Figure 1C.  
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Supplementary Table 1:  
Antibodies used for Western blotting and immunohistochemistry 
 

Antibody Supplier Cat# 
RRID: 

Application and 
dilution 

P2X7 C-term (rb 
pAb) 

Synaptic Systems 177003,  
AB_887755 

WB 1:1500   

P2X4 Alomone APR-002, 
AB_2040058 

WB 1:1000 
IHC 1:200 

Vinculin  
(ms hVin-1) 

Sigma-Aldrich V9131, 
AB_477629  

WB 1:10.000 

800CW gt anti-ms LI-COR 925–32210, 
AB_2687825 

WB 1:15.000 

680RD dk anti-rb LI-COR 925–68073, 
AB_2716687 

WB 1:15.000 

P2X7 ECD, 7E2-
rbIgG 

Nolte lab Nanobody rbIgG 
fusion construct 

DAB 6.7 ng/mL 

GFP (rb pAb) Abcam ab6556, 
AB_305564 

IHC 1:2000 
DAB 1:5000 

GFP  
(chk pAb) 

Thermo Fisher CA10262,  
AB_2534023 

IHC 1:400 

GFP  
(gt pAb)  

Abcam AB_5450 
AB_304897 

IHC 1:100 

NeuN  
(ms A60) 

Millipore MAB377,  
AB_2298772 

IHC 1:500 

GFAP  
(ms GA5) 

Millipore/ 
Sigma-Aldrich 

MAB360, 
AB_11212597 

IHC 1:200 

Iba1  
(rb pAb) 

WAKO 019–19741,  
AB_839504 

IHC 1:100 

Olig 2  
(ms 211F1.1) 

Millipore MABN50,  
AB_10807410 

IHC 1:200 

Calbindin D28k  
(ms CB-955) 

Sigma-Aldrich C9848, AB_476894 IHC 1:1000 

Calretinin 
(ms 37C9) 

Synaptic Systems 214111, 
AB_2619904 

IHC 1:200 

Parvalbumin (ms 
58E1) 

Synaptic Systems 195011, 
AB_2619882 

IHC 1:500 

ZnT3 
(ms 180C1) 

Synaptic Systems 197011, 
AB_2189665 

IHC 1:100 

S100β  
(rb pAb) 

Synaptic Systems 287003, 
AB_2620024 

IHC 1:500 

Collagen IV 
(rb pAb) 

Abcam AB_19808 
AB_445160 

IHC 1:100 

CD 206 
(rb mAb) 

Biorad MCA2235GA 
AB_322613 

IHC 1:100 

A594  
gt anti-rb 

Thermo Fisher A11037, 
AB_2534095 

IHC 1:400 

A594  
gt anti-ms 

Thermo Fisher A11032,  
AB_2534091 

IHC 1:400 

A594  
gt anti-rat 

Thermo Fisher A11007,  
AB_10561522 

IHC 1:400 

A546  
gt anti-ms 

Thermo Fisher A-11003,  
AB_2534071 

IHC 1:400 

A488  
gt anti-rb 

Thermo Fisher A11008,  
AB_143165 

IHC 1:400 

A488  
gt anti-chk 

Thermo Fisher A11039,  
AB_2534096 

IHC 1:400 
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3.4 Backbone Cyclization Turns a VenomPeptide into a Stable and Equipotent
Ligand at Both Muscle and Neuronal Nicotinic Receptors

In this article, three novel analogues of the paralytic, muscle-type -conotoxin
CIA from the venom of Conus catus were produced by backbone cyclization. In
contrast to other blockers of muscle-type nicotinic receptors with a typical 3/5 -
conotoxin disulfide framework, CIA is also active at the 3�2 neuronal nicotinic
receptor, however, with reduced potency.
CIA cyclic analogues (cCIA-2, cCIA-3, cCIA-4) were synthesized using amino acid
linkers of various length (10-19 Å) greater than the intertermini spacing (9.8 Å) to
minimize structural distortions. The overall structure and native disulfide bond
connectivity was preserved in all cCIAs as confirmed by nuclear magnetic resonance
(NMR) spectroscopy, although the linker length seems to affect structural stability
as NMR data also revealed possible alternative conformations for two of the three
cyclic analogues (cCIA-2 and cCIA-4). The resistance toward enzymatic degradation
was greatly improved by cyclization, as demonstrated with a serum stability assay by
determining the amount of intact peptide after incubation in serum AB at periodic
time intervals.
The potencies of the cyclic analogues were assessed by TEVC experiments using rat
nAChR expressing X. laevis oocytes. In comparison to CIA, all of its cyclic analogues
retained a low nanomolar potency at the fetal muscle-type nAChR (1)2�1�� (IC50
4-9 nM), but show significantly slower dissociation rates with up to 6-fold smaller
dissociation constants (Koff). At the 3�2 neuronal nAChR, the cyclic analogues
were significantly more potent than CIA (IC50 68.2 nM), with cCIA-3 being the most
potent peptide (IC50 1.3 nM). Although the fast dissociation rates observed for cCIAs
from the 3�2 receptor suggested allosteric modulation, functional competition
binding experiments with the potent, competitive antagonist MII rather point towards
competitive binding of cCIA-3 to the orthosteric 3�2 binding site. In a mouse
muscle contraction assay, 3,4-daminopyridine-evoked acetylcholine (ACh) release
from nerve terminals reversed cCIA-3-induced blocking of nerve-evoked muscle
contraction, probably by displacing the cyclic analogue from the muscle endplate
nAChR. Together, the electrophysiology recordings and the mouse muscle contraction
assay support our assumption that the peptide cCIA-3 acts as a competitive antagonist
on both the muscle-type nAChR and the 3�2 neuronal subtype. Surprisingly,
neither CIA nor its cyclic analogues produced a train-of-four (TOF) fade, meaning
a reduction of the fourth to the first twitch amplitude in a train under repetitive
nerve stimulation, contradicting the hypothesis that blockade of presynaptic 3�2
receptors at the neuromuscular junction attenuates autofacilitatory ACh release and
subsequent stimulation of postsynaptic muscle nAChRs, finally leading to the fading
of nerve-evoked muscle contraction. Nevertheless, because of their low nanomolar
inhibitory potencies on both muscle and neuronal nAChRs, the novel cyclic CIA
analogues represent potent pharmacological probes that can be used for further
investigations of neuromuscular transmission.
I contributed to the electrophysiological experiments with characterization and
validation of nAChR constructs, cRNA preparation, help with TEVC instrumentations,
supervision of measurements, and manuscript editing.
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ABSTRACT: Venom peptides are promising drug leads, but their
therapeutic use is often limited by stability and bioavailability
issues. In this study, we designed cyclic analogues of α-conotoxin
CIA, a potent muscle nicotinic acetylcholine receptor (nAChR)
blocker with a significantly lower affinity at the neuronal α3β2
subtype. Remarkably, all analogues retained the low nanomolar
activity of native CIA toward muscle-type nAChRs but showed
greatly improved resistance to degradation in human serum and,
surprisingly, displayed up to 52-fold higher potency for the α3β2
neuronal nAChR subtype (IC50 1.3 nM). Comparison of nuclear
magnetic resonance-derived structures revealed some differences
that might explain the gain of potency at α3β2 nAChRs. All
peptides were highly paralytic when injected into adult zebrafish and bath-applied to zebrafish larvae, suggesting barrier-crossing
capabilities and efficient uptake. Finally, these cyclic CIA analogues were shown to be unique pharmacological tools to investigate
the contribution of the presynaptic α3β2 nAChR subtype to the train-of-four fade.

■ INTRODUCTION

Natural extracts from animals, plants, and bacteria provide one
of the richest sources of bioactive peptides, some of which have
entered clinical development for the treatment of human
diseases such as diabetes, HIV, hepatitis, and cancer. Animal
venom peptides are of particular interest, as they have been
finely tuned by millions of years of prey-predator coevolution
to potently and selectively target receptors involved in key
physiological functions and, consequently, they are widely
employed as potent pharmacological probes.1 Cone snails are
predatory marine mollusks that have evolved and radiated into
more than 800 different species and nowhere is peptide
diversity more apparent than within their venom.2 They have
developed extremely potent and fast acting neurotoxic venoms
mainly composed of small peptides (10−40 residues) called
conotoxins. These conotoxins are generally highly constrained
by disulfide bridges (2−4 bridges), and target a wide range of
receptors with key physiological functions for rapid prey
immobilization and defense.3,4 Disulfide bridges provide
conotoxins with rigid conformations, enabling a tight and
specific interaction with their molecular targets, which are
mainly ion channels, but also transporters and G protein-
coupled receptors.5,6

Members of the α-conotoxin subfamily specifically block the
nicotinic acetylcholine receptors (nAChRs).6,7 nAChRs are
ligand-gated ion channels of primary importance in the

peripheral and central nervous systems, where they intervene
in a wide range of physiological and pathophysiological
processes, including muscle contraction, pain sensation,
nicotine addiction, and neurological disorders such as
Parkinson’s and Alzheimer’s diseases.6 These receptors exist
as homopentamers or heteropentamers composed of a large
variety of homologous subunits. Subunits α2−α10 and β2−β4
assemble into the diverse group of neuronal nicotinic
receptors, while the muscle-type nicotinic receptor exists
only as adult (α1)2β1εδ and fetal (α1)2β1γδ subunit
combinations.8 α-Conotoxins are classified according to the
number of residues within the loops formed by two conserved
disulfide bridges. Interestingly, in most cases, the size of the
loops seems to determine their specificity for different nAChR
subtypes. Thus, 3/4 α-conotoxins target homomeric neuronal
nAChRs, 3/5 α-conotoxins target muscle-type nAChRs, and 4/
4, 4/6 and 4/7 α-conotoxins target different heteromeric and/
or homomeric neuronal nAChRs.6
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Despite great advances in peptide synthesis and drug
development, the direct utilization of conotoxins as ther-
apeutics is limited because of their poor bioavailability, mostly
because of amide bond breakdown by digestive enzymes, as
well as their high polarity and molecular weight, which restrict
their intestinal absorption. Thus, alternative routes of
application, such as intrathecal administration, have been
developed.9 However, head-to-tail cyclization, N-acetylation,
and C-amidation are widely employed strategies to improve
peptide stability through prevention of degradation by
aminopeptidases and carboxypeptidases.10 Although N-acety-

lation and C-amidation are relatively easy to implement via
chemical techniques, the more challenging head-to-tail
cyclization is often preferred because it results in an increased
permeability through biological barriers.11,12

Whereas cyclization was previously shown to improve the
stability of several α-conotoxins with specificity for neuronal
nAChRs,13−17 backbone cyclization of a paralytic, muscle-type
3/5 α-conotoxin has not been reported before. Here, we
describe the synthesis, pharmacological characterization, and
structure determination of three cyclic analogues of the
muscle-type α-conotoxin α-CIA and demonstrate their

Figure 1. Sequences and chemical synthesis strategy for α-conotoxin CIA cyclic analogues (cCIAs). (A) NMR structure (backbone representation)
of CIA. CIA exhibits a classical α-conotoxin fold with Cys I−Cys III and Cys II−Cys IV disulfide connectivity (represented in yellow). (B) Based
on the intertermini spacing, amino acid linkers with a length between 10 and 19 Å were designed. Symbol # indicates an amidated C-terminal
residue. (C) Strategy for the synthesis of three cyclic α-CIA peptides and the respective RP-HPLC/ESI-MS analysis to confirm purity >95%. The
orange round circle represents a PS-chloro-(2′-chloro) trityl resin and P represents common side chain-protecting groups used in Fmoc-SPPS. RP-
HPLC−UV (ACN gradient from 0 to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the expected masses.

Figure 2. CIA cyclic analogues retain potency at the muscle-type nAChR and show increased affinity at α3β2 nAChRs. Dose−response curves of
CIA and the three cyclic analogues (cCIA-2, cCIA-3, and cCIA-4) on (A) rat muscle-type and (B) neuronal α3β2 nAChRs. X. laevis oocytes
expressing the indicated receptors were analyzed by two-electrode voltage-clamp at −70 mV holding potential. Responses to 2 s pulses of 100 μM
ACh were recorded after 3 min preincubation with the respective toxin. (C) Recovery of muscle-type nAChRs from toxin block measured in 4 min
intervals. Each point represents the mean of measurements from at least three different oocytes. Error bars represent SD. (D) Summary of
inhibition and dissociation constants of the toxins. Numbers in brackets are 95% confidence intervals. N.D. = not determined.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c00957
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increased stability and altered subtype selectivity. In addition,
we show how their unique selectivity profile can be used to
study the weakening of the muscle during repetitive nerve
stimulation (fading of muscle twitches during the “train-of-
four” (TOF) repetitive stimulation pattern).

■ RESULTS

The previously described α-conotoxin CIA18 from the
predation-evoked venom of Conus catus is a highly potent
blocker of muscle-type nicotinic receptors. It has a typical 3/5
α-conotoxin disulfide framework (Cys1−Cys3; Cys2−Cys4)
and displays high sequence homology with other known
muscle-type conotoxins. However, contrary to other 3/5 α-
conotoxins, it also shows activity at the α3β2 neuronal subtype.
Interestingly, the nuclear magnetic resonance (NMR) structure
of α-CIA revealed a relatively short intertermini distance of
about 10 Å that favors head-to-tail cyclization (Figure 1A).
Therefore, we investigated the effect of backbone cyclization of
this peptide with amino acid linkers of different lengths (Figure
1B). The objective of this modification was to produce the first
proteolysis-resistant and highly potent blocker of both
neuronal and muscle-type nicotinic receptors, representing a
unique pharmacological tool.
Chemical Synthesis of Cyclic α-Conotoxin CIA

Analogues. After anchoring of the C-terminal residue on a
chloro-(2′-chloro) trityl resin, elongation of the peptide chain
was performed manually using fluorenylmethoxycarbonyl
(Fmoc)-based solid-phase peptide synthesis (SPPS).19,20

Mild cleavage conditions were used to allow the separation
of the peptide from the resin without affecting the side-chain-
protecting groups. The crude protected peptide was cyclized
under coupling conditions.21 Side-chain deprotection and
subsequent purification produced the cyclic peptide. Next, a
regioselective folding strategy using acetamidomethyl (Acm)-

protecting groups (Cys I−Cys III) was employed to produce
the disulfide bond connectivity of the native peptide.18 After
final purification, the homogeneity of folded cCIA peptides was
assessed by analytical reversed-phase high performance liquid
chromatography (RP-HPLC)−ultra-violet (UV) coupled to
electrospray ionization mass spectrometry (ESI-MS) (Figures
1C and S1).

Electrophysiology and Binding Assays. The inhibitory
potencies of the cCIA peptides were investigated using the
two-electrode voltage-clamp method on rat α3β2 neuronal
nAChRs subtypes and fetal rat muscle-type nAChR
((α1)2βγδ) expressed in Xenopus laevis oocytes. All three
cyclic analogues retained the low nanomolar (IC50 4−9 nM)
potency of the native toxin (IC50 6.6 nM) at the fetal muscle-
type nAChR (Figure 2A). Surprisingly, cyclization significantly
improved the potency of CIA (IC50 68.2 nM)a at the α3β2
subtype with up to 52-fold increase in potency for the most
active analogue cCIA-3 (IC50 1.3 nM, Figure 2B). Thus, α-
cCIA-3 is the first highly potent blocker that displays low
nanomolar IC50 values for both the neuronal α3β2 subtype and
the muscle-type nAChRs.
As the potency increase at the α3β2 receptor was

accompanied by a slower recovery of the receptor from the
block, we next measured the dissociation of the toxin from
both muscle-type and α3β2 nAChR subtypes. Despite the
similar potency of CIA and cCIA analogues on the muscle-type
nAChR, the cyclic analogues displayed significantly slower off-
rates with cCIA-3 having the smallest dissociation constant
(Koff) and a wash-out time of ≈30 min to reach 80% recovery
of ACh-induced current responses (Figures 2C and S2) at the
muscle-type nAChRs. In contrast, complete dissociation from
neuronal α3β2 subtypes occurred within seconds and could
not be determined with the established protocol. Therefore,
the real-time receptor reactivation during a 10 s agonist
application (Figures S3 and S4) was analyzed and compared to

Figure 3. NMR-derived structures of the cyclic CIA analogues. (A) The 15 lowest energy structures are superimposed over the backbone atoms for
residues 6−17 (cCIA-2; orange, left), 4−18 (cCIA-3, blue, middle) and 5−19 (cCIA-4, mauve, right), and the disulfide bonds are shown in yellow
ball and stick representation. (B) cCIA-2 (left), cCIA-3 (middle), and cCIA-4 (right) superimposed over α-CIA backbone atoms (black) for
residues 3−17 (cCIA-2), 4−18 (cCIA-3), and 5−19 (cCIA-4).
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provide an estimate of the dissociation of the cCIA analogues
from this receptor. Again, this revealed that cCIA-3 has the
slowest dissociation rate. As many α3β2-selective α-conotoxins
show a rather high affinity at the α3β2-binding site and
alternative α-conotoxin-binding sites have been suggested, we
wondered whether cCIA-3 may bind to an allosteric binding
site at the α3β2 receptor. However, functional competition
binding experiments with α-conotoxin MII, a potent
competitive antagonist at the α3β2 subtype, showed that
preincubation with 100 nM cCIA-3 inhibited binding of MII, a
result consistent with a competitive binding of cCIA-3 to the
orthosteric α3β2-binding site (Figure S5). The potency of α-
cCIA-3 was further evaluated on several nAChR subtypes.
Responses in the presence of 10 μM of cCIA-3 were 80% or
higher for rat α2β2, α2β4, α3β4, α4β2, α4β4, and human
α9α10 neuronal nAChRs, demonstrating no significant
inhibitory activity (Table S1). Only weak activity was detected
at the human α7 subtype at 10 μM (65% of response).
Remarkably, however, cCIA-3 readily blocked the α6/α3β2β3
subtype and the adult muscle nAChR with IC50s of 8.64 nM
and 184 pM, respectively (Figure S6A,B). The recovery of
block from cCIA appears more than twice as slow for the
human adult nAChR (Koff: 0.013 vs 0.03 min−1) compared to
the fetal nAChR (Figure S7).
NMR Spectroscopy. High-resolution NMR spectroscopy

allowed the determination of three-dimensional structures of
the CIA cyclic analogues (Figure 3A). Two-dimensional
TOCSY, NOESY, COSY, and HSQC spectra were collected
for all three CIA cyclic analogues and the assignments were
made using standard approaches22 (Table S2). Structures were
determined based on the NOE data, and angle restraints were
predicted from TALOS.23 Additional peaks are present in the
cCIA-2 and cCIA-4 spectra, most likely representing
alternative conformations, whereas cCIA-3 has primarily one
set of peaks corresponding to a single conformation. Therefore,

the linker length appears to impact the structural stability. The
dominant conformations were assigned for the peptides and a
superposition of the structures with native α-CIA is shown in
Figure 3B, highlighting the similarity between the cyclic
analogues and the native peptide. The most striking structural
deviation is within residues 10−14 of CIA, where the root
mean square deviation (rmsd) values of the backbone atoms
with their corresponding atoms in the cyclic analogues equate
to 1.67, 4.28, and 4.10 Å for cCIA-2, cCIA-3, and cCIA-4,
respectively.

Serum Stability Assay. The stability of CIA and its cyclic
analogues toward enzymatic degradation was determined by
incubation with human serum AB. Peptides were incubated for
8 h at 37 °C and the amount of intact peptide remaining was
determined by liquid chromatography/MS analysis of aliquots
taken at 0, 1, 2, 4, and 8 h postincubation. As shown in Figure
4A, the degradation kinetics of the cyclic analogues were much
slower than that of CIA, especially during the first 3 h. cCIA-4
showed the highest resistance to serum degradation, with up to
70% intact peptide remaining after 8 h of incubation. In
comparison, cCIA-2 and cCIA-3 have half-life values of 440
and 320 min, respectively. Finally, degradation of native α-CIA
was the fastest, with a half-life of 80 min. Thus, CIA cyclization
greatly improved (≥4−6-fold) the resistance against enzymatic
degradation, consistent with previously published data on
conotoxin cyclization.13−17

Zebrafish In vivo Assays. Prior to investigating a potential
oral/transcutaneous uptake of CIA and its three cyclic
analogues, we first performed in vivo intramuscular injections
into adult zebrafish (Danio rerio) to evaluate the potency in
this species. Intramuscular injection of α-conotoxin CIA and
its three cyclic analogues produced a rapid flaccid paralysis of
skeletal muscle, as evidenced by a loss of an upright posture of
the fish, and ultimately complete immobilization. Paralysis
induced by CIA and cCIA analogues exhibited a dose-

Figure 4. Serum stability of CIA and cCIA analogues and the paralytic effect of the cCIA analogues on zebrafish (D. rerio). (A) Stability of CIA and
cCIA analogues in human serum. Positive control: linear peptide, negative control: incubation in water. Points represent the mean of one
measurement performed in triplicate. Error bars represent the SD. (B) Dose−response analysis of paralysis induced by intramuscular injection of
conotoxins CIA and cCIA analogues in adult zebrafish. Experiment was performed in triplicate with a negative control (water injection). Points
represent the mean of the triplicate. Error bars represent the SD. (C) Large movement count over 1 h of D. rerio larvae movement tracking after
addition of the toxins into the water at a concentration of 100 μM. Each point represents the mean of measurements from six different larvae. Error
bars represent the SD. (D) Summary of results, 95% confidence intervals are in brackets. Symbol ± indicates the SD.
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dependent effect, with IC50 values for CIA, cCIA-2, cCIA-3,
and cCIA-4 of 6.88, 12.1, 57.87, and 76.22 μM, respectively
(Figure 4B). This evaluation of paralysis caused by muscle
nAChR blockade led to investigation of the oral/trans-
cutaneous toxin uptake by tracking the movement of zebrafish
larvae in 100 μM toxin for 1 h using the ZebraBox tracking
system (Figure 4C). Consistent with the intramuscular
injection data, native CIA and cCIA-2 induced a strong
paralysis, suggesting efficient uptake of these toxins, whereas
cCIA-3 and cCIA-4 were less potent (Figure 4D).
Mouse Muscle Contraction Assays. α-CIA and Ana-

logues Block Nerve-Evoked Muscle Contraction. When
applied at nanomolar concentrations to isolated phrenic-
nerve hemidiaphragm muscle preparation, CIA and cCIA
analogues produced a concentration- and time-dependent
reduction of the isometric twitch force evoked by nerve
stimulation at 0.1 Hz (Figure 5A,B).
For the most active peptide (cCIA-3), the time required to

block 50% of nerve-evoked muscle contraction was 19.0 ± 6.2
min (n = 4), and a 40% recovery was obtained in 32.6 ± 1.8
min (n = 3) (data not shown), in agreement with muscle-type
nAChR blockade. The effect of all peptides was reversible upon
washing the preparations with an extracellular medium free of
α-conotoxins. These results indicate that CIA and analogues
are effective neuromuscular blockers, and are 2−3 fold more
potent than the previously studied αC-PrXA, a highly specific
and potent inhibitor of muscle-type nAChR.24

In order to confirm that cCIA-3 acts as a competitive
antagonist at the muscle-type nAChR, we determined if an
increase of evoked ACh release from nerve terminals could
displace cCIA-3 from its nAChR-binding site. Therefore, we
used 3,4-diaminopyridine (3,4-DAP), which greatly increases
quantal ACh release by reversibly blocking voltage-gated K+

channels in motor nerve terminals,25−27 which is used to treat
certain forms of muscle weakness.
As shown in Figure 5C, cCIA-3 (16 nM) blocked the peak

amplitude of nerve-evoked contraction by approximately 85%,
and this effect was 80% reversed upon addition of 3,4-DAP (10
μM) to the medium (Figure 5C,D). Interestingly, when
computing twitch tension-time integrals instead of peak
amplitudes, the reversal was in the range of 96−98%. This
difference in values is explained by the fact that nerve-evoked
contractions exhibit a prolonged time course in the presence of
3,4-DAP (shown in a comparison of the control and 3,4-DAP
traces in Figure 5C). In conclusion, these data can be explained
by a mechanism in which 3,4-DAP increases acetylcholine
release from nerve terminals and the increased ACh displaces
the cCIA-3 analogue from the muscle endplate nAChR, and
thus strongly supports our assumption that the peptide acts in
a competitive manner on the muscle-type nAChR, in
agreement with the described mode of action of α-conotoxins.

Train-of-Four Fade in the Presence of Conotoxins with
Muscle and Dual Muscle/α3β2 Selectivity. TOF stimulation
is commonly used to monitor neuromuscular transmission

Figure 5. In vitro mouse hemidiaphragm muscle recordings and the TOF fade ratio of CIA and the cyclic analogues. (A) Typical twitch responses
upon nerve stimulation (0.1 Hz) under control conditions and during the action of cCIA-3 (16 nM). (B) Concentration−response curves for CIA
(IC50 = 8.98 nM), cCIA-2 (IC50 = 13.48 nM), cCIA-3 (IC50 = 8.70 nM), and cCIA-4 (IC50 = 16.47 nM). Data points represent the mean ± SD of
twitch responses from 1−9 nerve-muscle preparations, after 20−25 min toxin exposure, relative to the respective controls. (C) Isometric twitch
tension recordings evoked by nerve stimulation (0.1 Hz) on the same phrenic-nerve hemidiaphragm preparation under control conditions,
following 30 min incubation with 16 nM cCIA-3, and after 27 min of 10 μM 3,4-DAP action. Note the different time course of twitch recordings
between the control and after 3,4-DAP-treatment. (D) Data obtained in the same preparation and expressed as means ± SD (n = 14). (E)
Isometric tension developed during TOF nerve stimulation (2 Hz) under control conditions, and in the presence of cCIA-3 and αC-PrXA. Note
the TOF fade in the presence of αC-PrXA. Signal amplitude is relative to the maximum response of each compound (F) TOF fade ratio (T4/T1)
in the presence of α-CIA, cCIA analogues, and αC-PrXA. Note that a significant fade is only seen for PrXA. Control experiments are represented in
white.
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when muscle relaxants are applied. A fade in muscle twitches
(reduction of the twitch amplitude after repetitive nerve
stimulation) is observed with nondepolarizing but not with
depolarizing muscle relaxants.28−30 Curare-like agents (com-
petitive inhibitors of the muscle-type nAChR) that produce a
nondepolarizing neuromuscular block at the neuromuscular
junction are known to display a typical TOF fade, both in vitro
and in vivo.31−33 The TOF fade corresponds to the T4/T1
ratio, where T4 and T1 are the fourth and first twitch tensions
in the same TOF stimulations. The inhibition of the
presynaptic facilitatory α3β2 nAChR autoreceptor at motor
nerve terminals and the resulting inhibition of autofacilitatory
ACh release have been suggested as an explanation for the
TOF fade seen during a nondepolarizing neuromuscular
block.28,29 However, this hypothesis was recently challenged
by using ligands with different selectivities for pre- and
postsynaptic receptors.34 Therefore, because of their original
dual muscular/α3β2 nAChRs antagonist property, it was of
interest to determine whether α-CIA and the cCIA analogues
were able to produce TOF fade.
Under control conditions (in the absence of peptides), no

TOF fade is observed as shown by the typical recordings
(Figure 5E). Remarkably, when nerve-evoked contraction was
inhibited about 76% by cCIA-3, no significant TOF fade was
observed either. In contrast, a marked TOF fade was observed
with the highly muscle-selective αC-PrXA peptide (no
inhibitory activity at α3β2), already at approximately 45%
neuromuscular block (Figure 5E). As shown in Figure 5F,
TOF fadings were determined at different conotoxin
concentrations. If a 50% decrease of TOF fade was measured
with αC-PrXA (23 nM), no significant effect was observed at
any concentrations of the α-CIA and cCIA analogues studied.
Therefore, these data strongly argue against the common
explanation of TOF fade, that is, the blockade of α3β2
autoreceptors at the neuromuscular junction.

■ DISCUSSION AND CONCLUSIONS
Backbone cyclization has previously been reported to enhance
stability and in some cases to improve the permeability of the
cyclic analogue through biological membranes.13−17 Consid-
ering the unusual dual activity of the 3/5 α-conotoxin CIA on
muscle and neuronal nAChR α3β2 subtypes, we investigated
the effect of backbone cyclization on its pharmacology and
stability. During the cyclization process, a linker minimizing
perturbations of the three-dimensional structure of a bioactive
native toxin is highly desirable. Indeed, Clark et al. showed that
an inappropriate linker can distort the structure by introducing
strain to the peptide leading to a loss of bioactivity.13,14

Therefore, based on the intertermini spacing (9.8 Å), amino
acid linkers with a length between 10 and 19 Å were chosen.
Overall conservation of the structure between CIA and its

cyclic analogues was confirmed by NMR spectroscopy.
Nevertheless, the linker length appeared to have a significant
impact locally, particularly for residues 10−14 of CIA (Table
S1). cCIA-3 displays the lowest rmsd value and, therefore, has
the most well-defined structure, and shows only one
predominant conformation in the NMR spectra in contrast
to the other two cyclic analogues.
Consistent with the NMR data, structural conservation of

the cCIA analogues compared to the native CIA led to the
conservation of the bioactivity toward muscle-type nAChRs at
low nanomolar concentrations. However, the significant
decrease in Koff values suggests stronger interaction of the

cyclic analogues within one, or both, of the two orthosteric
muscle nAChR-binding sites. Considering the high sequence
homology of α-CIA with α-MI and α-GI, α-CIA is most likely
binding at the α−δ interface.35,36 It has been demonstrated
that the ACh-binding pocket is mostly composed of hydro-
phobic residues that interact with residues of the two
conotoxin loops formed by the disulfide bridges. Although,
the linker is outside of these cysteine loops, the lower Koff
values of cCIA-3 and cCIA-4 might be because of stronger
hydrophobic interactions arising from the additional alanine
residues in the linker compared to cCIA-2. Interestingly, and in
contrast to our observations at the muscle nAChRs,
dissociation rates from the neuronal α3β2 subtype were so
fast that dissociation constants could not be determined with
established protocols despite a strong potency increase at these
subtypes. This raised the question of how exactly the native α-
CIA and the cyclic analogues bind to the α3β2 subtype.
Indeed, allosteric modulators usually display very fast
dissociation rates, however, functional competition binding
experiments suggested a competitive binding of cCIA-3 to the
orthosteric α3β2-binding site and we can reasonably extend
this hypothesis to cCIA-2, -4 and native α-CIA toxin.
Surprisingly, all of the cyclic analogues also displayed a
significantly increased potency at the α3β2 subtypes, with
cCIA-3 being the most potent with a 52-fold decreased IC50
value compared to native α-CIA. The high rmsd value (4.28 Å)
in the region of residues 13−17 of cCIA-3 (compared to the
equivalent residues in CIA) might allow favorable structural
changes further enhanced by the well-defined structures of
cCIA-3 (0.29 Å over backbone atoms) compared to native α-
CIA (0.95 Å over backbone atoms) possibly facilitating toxin
binding to the receptor and explaining the higher potency of
cCIA-3 at the α3β2 nAChR subtype.
Cyclization of α-CIA leads to an improved stability toward

enzymatic degradation, in agreement with the previously
published data on α-conotoxin cyclization.13−17 cCIA-4 was
the most resistant to degradation in serum, exhibiting a serum
half-life of more than 8 h (70% remaining peptide), followed
by cCIA-2, cCIA-3, and native CIA, which is degraded at least
four times faster. Nevertheless, CIA and the cCIA analogues
appear to be more readily degraded in serum than cVc1.1 and
cMII, as shown in the study by Clark et al.13,14 Unlike Vc1.1
and MII conotoxins, CIA contains one arginine residue before
the first cysteine residue, and one lysine residue in the second
loop that can be cleaved by endopeptidases.
A visible paralyzing effect, resulting from the block of

muscle-type nAChR, was observed when CIA or the cCIA
analogues were injected intramuscularly into zebrafish.
Paralysis activity of the conotoxins could also be monitored
by movement tracking of zebrafish (D. rerio) larvae, after
incubation with the toxins in the tank water. Based on the
inhibition values obtained by intramuscular injection, we
performed the assay at a concentration of 100 μM (higher
doses would require large amounts of peptides). CIA and
cCIAs showed a paralyzing effect when added into the
swimming water of D. rerio larvae in comparison to the
control, with CIA and cCIA-2 being the most potent. cCIA-3
and cCIA-4 exhibited a weaker activity, which is consistent
with the intramuscular injection data. Zebrafish (D. rerio)
might not have the required metabolic means to completely
digest the native CIA and make it completely inactive.
Considering the unique capacity of α-CIA and cCIAs to

block both muscle-type and neuronal α3β2 subtype nAChRs,
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they represent a novel pharmacological tool to study the
contribution of the α3β2 subtype neuromuscular transmission
in the presence of neuromuscular blockers. Consistent with the
electrophysiology data, CIA and its cyclic analogues block the
phrenic nerve-evoked isometric twitch force in mouse
hemidiaphragm muscles in the nanomolar range. The cCIA-
3-induced block was reversed when increasing the quantal ACh
release by 3,4-DAP, thus confirming the competitive binding
evidenced by electrophysiological binding experiments.
A role of the presynaptic α3β2 nicotinic receptor in the TOF

fade phenomenon has been proposed previously.34 One of the
persevering theories is that presynaptic α3β2 nicotinic
receptors would increase the release of acetylcholine via a
positive feedback mechanism to maintain the contraction at
the same level following repeated nerve stimulation at the
neuromuscular junction. Thus, the presynaptic α3β2 inhibition
could explain the attenuated release of acetylcholine leading to
nerve-evoked muscle contraction fade.37 This hypothesis was
recently challenged by using ligands with different selectivities
for pre- and postsynaptic receptors:34 it was found that, in in
vivo experiments, the TOF fade was clearly correlated with the
administration of postsynaptic muscle-type antagonist such as
α-bungarotoxin or α-conotoxin GI, while the α3β2 blocker
DHβE was shown to potentiate the TOF fade. Nevertheless,
DHβE is a nonselective neuronal receptor blocker, thus
justifying the re-examination of the precise role of the
presynaptic α3β2 subtype here. Considering their high potency
and distinct selectivities to both muscle-type and neuronal
α3β2 nAChRs, CIA and its cyclic analogues represent unique
pharmacological tools to address this question. Surprisingly,
neither CIA nor its cyclic analogues induced a visible TOF
fade, in contrast to the muscle-specific αC-PrXA conotoxin.
Hence, in contradiction to the generally accepted hypothesis
that TOF fade results from a dual block of presynaptic α3β2
and postsynaptic muscle nAChRs, our data show that dual
blockade of α3β2 and muscle-type nAChRs is able to prevent
this phenomenon. Thus, the role of the α3β2 nAChR in
neuromuscular transmission needs to be studied in more detail,
and the cyclic CIA analogues could provide the necessary
pharmacological tools.

■ EXPERIMENTAL SECTION
Chemical Synthesis. N,N′-Dimethylformamide (DMF), N,N-

diisopropylethylamine (DIPEA), acetonitrile (ACN), triisopropylsi-
lane (TIS), trifluoroacetic acid (TFA), piperidine, and all others
reagents were obtained from Sigma-Aldrich (Saint-Louis, MI, USA)
or Merck (Darmstadt, Germany) and were used as supplied. Fmoc
(L) amino acid derivatives and HATU were purchased from Iris
Biotech (Marktredwitz, Germany). PS-2-Chlorotrityl chloride resin
(100−200 mesh, 1.6 mmol/g) was purchased from Iris Biotech
(Marktredwitz, Germany). The following side-chain-protecting
groups were used: Asn(Trt), Cys(Trt), His(Trt), Arg(Pbf), Cys-
(Acm), Lys(Boc), and Ser(tBu). Peptides were manually synthesized
using the Fmoc-based solid-phase peptide synthesis technique on a
VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino acids
and HATU were dissolved in DMF to reach 0.5 M. The first amino
acid was coupled onto the resin for 6 h in a 1/1 (v/v) mix of DMF
and dichloromethane (DCM), with a 2.5-fold excess of amino acid
and 5-fold excess of DIPEA followed by the addition of methanol and
further mixing for 15 min to cap any remaining reactive functionalities
on the resin. The resin was washed with DMF, DCM, MeOH, and
DMF. Fmoc deprotection was carried out with piperidine in DMF (1/
2 v/v) twice for 3 min. Subsequent amino acids were coupled onto
0.1 mmol of prepared resin (a determined loading value of 0.73
mmol/g) twice for 10 min using an amino acid/HATU/DIPEA ratio

of 5:5:10 relative to resin loading. DMF was used for resin washing
between deprotection and coupling steps. After chain assembly was
complete, the terminal Fmoc group was removed and the resin was
washed with DMF and DCM. Cleavage of the peptide from the resin
without affecting the side-chain-protecting group was carried out in a
reaction vessel and treated 10 times with 10 mL of 1% TFA in DCM
(v/v) for 5 min. Eluates were collected and combined into a round-
bottomed flask then DCM and TFA were removed under vacuum and
cold diethyl ether was added to precipitate the peptide. The crude
side-chain-protected peptide was dissolved in DMF at a concentration
of 2 mM in a round-bottom flask. HATU was added to the solution to
give a final concentration of 5 mM and mixed for 30 s. DIPEA was
added to a final concentration of 10 mM, and the solution was stirred
for 4 h at room temperature. DMF was removed under vacuum and
residues were uptaken in ACN/H2O (1/1 v/v) and freeze dried
overnight. Side-chain (except acm) deprotection was carried out by
adding 6.25 mL of TFA/TIS/H2O (95/2.5/2.5 v/v/v) per 100 mg of
the crude peptide and stirring the mixture for 2.5 h at room
temperature. Crude peptides were purified by preparative RP-HPLC
and pure fractions were combined and freeze dried. A two-step
oxidation procedure was then carried out. The first disulfide bridge is
formed between the free cysteine residues CysII−CysIV by dissolving
the peptide at 0.2 mM in 50 mM Tris-HCl buffer adjusted to pH 8
and adding 7 equiv of 2,2′-dithiopyridine (DTP) at 10 mM in MeOH
dropwise. When the reaction was complete, the reaction mixture was
acidified to pH 3 and loaded onto preparative RP-HPLC and pure
fractions were combined. The second disulfide bridge CysI−CysIII
was formed by deprotection/oxidation of the Acm-protecting group
directly on the combined pure fractions of the monobridged
intermediates by treatment with 20 equiv of 10 mM iodine in H20/
TFA/ACN (78/2/20 v/v/v). When the reaction was complete, the
reaction mixture was quenched with 20 mM ascorbic acid until total
discoloration of the solution, acidified, and purified by preparative RP-
HPLC. The combined pure fractions were freeze dried and their
purity were confirmed by LC/ESI-MS. cCIA-2,-3,-4 peptides have
been obtained with 6.3, 7.5, and 5.4% yields, respectively (purity >
95%). The peptide content was estimated at 60% from dry weight.

Mass Spectrometry. Solvents used for liquid chromatography/
mass spectrometry (LC/MS) were of HPLC grade. The LC/MS
system consisted of a Waters (Milford, OH, USA) Alliance 2695
HPLC, coupled to a Waters Micromass ZQ spectrometer (electro-
spray ionization mode, ESI+). All the analyses were carried out using a
Chromolith (Fontenay sous Bois, France) HighResolution RP-18e
(4.6 × 25 mm, 15 nm to 1.15 μm particle size, and a flow rate of 3.0
mL/min) column. A flow rate of 3 mL/min and a gradient of 0−100%
B over 2.5 min for routine analyses and 0−30% B over 30 min for
quality control of pure products were used. Solvent A: water/0.1%
HCO2H; solvent B: ACN/0.1% HCO2H. UV detection was
performed at 214 nm. Electrospray mass spectra were acquired at a
solvent flow rate of 200 μL/min. Nitrogen was used for both the
nebulizing and drying gases. The data were obtained in a scan mode
ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 s
intervals.

Folded peptides were characterized using a Synapt G2-S high
resolution MS system (Waters Corp., Milford, MA) equipped with an
ESI source. Chromatographic separation was carried out at a flow rate
of 0.4 mL/min on an Acquity H-Class ultrahigh performance liquid
chromatography (UPLC) system (Waters Corp., Milford, MA),
equipped with a Kinetex C18 100 Å column (100 × 2.1 mm, 2.6 μm
particle size) from Phenomenex (France). The mobile phase
consisted of water (solvent A) and ACN (solvent B) with both
phases acidified by 0.1% (v/v) formic acid. Mass spectra were
acquired in the positive ionization mode.

Preparative RP-HPLC. Preparative RP-HPLC was run on a
Gilson PLC 2250 Purification system (Villiers le Bel, France)
instrument using a preparative column (Waters DeltaPak C18
Radial-Pak Cartridge, 100 Å, 40 × 100 mm, 15 μm particle size,
and a flow rate of 50.0 mL/min). Solvent A was 0.1% TFA in water,
and solvent B was 0.1% TFA in ACN. A gradient of 0−50% B over 50
min was used.
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Electrophysiological Recordings. cDNAs encoding rats α2, α3,
α4, α6, β2, and β4 nAChRs were provided by Jim Patrick (Baylor
College of Medicine, Houston, TX, USA) and subcloned into the
oocyte expression vector pNKS2. The rat α6/α3 Chimera38,39 was
generated by Gibson assembly in the pNKS2 vector. Fetal rat muscle-
type (α1, β1, γ, and δ) subunit cDNAs in pSPOoD were provided by
Veit Witzemann (MPI for Medical Research, Heidelberg, Germany).
Plasmids for expression of α7, α9, α10, and adult muscle-type (α1, β1,
ε, and δ) nAChRs were a gift from David Adams (Illawara Health and
Medical Research Institute, Wollongong University, Australia).
Synthesized human muscle subunit cDNAs (Integrated DNA
Technologies (IDT) (Coralville, IA, USA) and human α9 and α10
pCMV6-XL5 constructs (OriGene (Rockville, MD, USA) were
cloned in pT7TS. Human α7 in pMXT was provided by Prof. Jon
Lindstrom (Uni. Pennsylvania, PA, USA). cRNA was synthesized
from linearized plasmids with SP6 or T7 RNA polymerase using the
mMessageMachine kit (Invitrogen, Thermo Fisher Scientific, USA).
X. laevis oocytes were kindly provided by Prof. Luis Pardo (MPI of
Experimental Medicine, Göttingen), injected with 50 nL aliquots of
cRNA (0.5 μg/μL), and kept at 16 °C in filtered ND96 (96 mM
NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and pH
7.4) containing gentamicin (5 μg/mL).
Two-electrode voltage clamp recordings were performed 1−5 days

after cRNA injection at a holding potential of −70 mV. Pipettes were
pulled from borosilicate glass and filled with 3 M KCl. Resistances
were below 1 MΩ. Membrane currents were recorded using a Turbo
Tec 05X Amplifier (npi electronic, Tamm, Germany) filtered at 200
Hz and digitized at 400 Hz. CellWorks software was used for
recording. The perfusion medium was automatically switched
between ND96 with or without agonist (100 μM ACh) using a
custom-made magnetic valve system. A fast and reproducible solution
exchange (<300 ms) for agonist application was achieved using a 50
μL funnel-shaped oocyte chamber combined with a fast solution flow
(150 μL/s) fed through a custom-made manifold mounted
immediately above the oocyte. ACh pulses were applied for 2 s at 4
min intervals. After each application, the cell was superfused for 54 s
with agonist-free solution, and the flow was then stopped for 3 min.
Immediately at the beginning of this interval, peptide (prepared in
filtered ND96 containing 0.1% BSA m/v) was mixed from a 10-fold
stock into the static bath when responses of three consecutive agonist
applications differed by less than 10%. The use of BSA showed no
change in toxin potency but produced more stable measurements at
low toxin concentrations. ACh-evoked current peaks following
peptide incubation were normalized to the ACh current peak before
peptide exposure.
The analysis of the electrophysiological data was performed using

GraphPad Prism version 8.0. Dose−response curves were fit to the
data using the Hill equation: % response = bottom + (top-bottom)/(1
+ 10^((logIC50 − X) × HillSlope)) and constraints of 100 and 0% for
top and bottom, respectively. Dissociation curves were fit to the data
with the equation % response = (response (time 0) − plateau) ×
exp(−K × time) + plateau.
The functional analysis of competitive binding was performed as

previously described.40 Briefly, 2 s ACh pulses were applied in 1 min
intervals until stable responses were obtained. The perfusion was then
stopped for 7 min for application of cCIA-3 (after 1 min) and/or MII
(after 4 min) in the static bath. As a control, ND96 was applied
instead of a peptide. All peak currents were normalized to the mean of
the four stable ACh-evoked peak currents before the peptide
incubation.
All experiments were performed with oocytes from at least two

different frogs.
NMR Spectroscopy. Lyophilized synthetic peptides (∼1.5−2 mg)

were resuspended in 90% H2O:10% D2O. 2D 1H−1H TOCSY,
1H−1H NOESY, 1H−1H DQF-COSY, 1H−15N HSQC, and 1H−13C
HSQC spectra were acquired at 290 K using a 600 MHz AVANCE III
NMR spectrometer (Bruker, Karlsruhe, Germany) equipped with a
cryogenically cooled probe. All spectra were recorded with an
interscan delay of 1 s. NOESY spectra were acquired with mixing
times of 200−250 ms, and the TOCSY spectra were acquired with

isotropic mixing periods of 80 ms. Two-dimensional spectra were
collected over 4096 data points in the f2 dimension and 512
increments in the f1 dimension over a spectral width of 12 ppm.
Standard Bruker pulse sequences were used with an excitation
sculpting scheme for solvent suppression. The two-dimensional
NOESY spectra of the cCIA analogues were automatically assigned
and an ensemble of structures was calculated using the program
CYANA.41 Torsion-angle restraints from TALOS+ were used in the
structure calculations. The final structures were visualized using
Pymol (The PyMOL Molecular Graphics System, Version 2.0
Schrödinger, LLC.), MOLMOL,42 and UCSF Chimera.43

Monitoring of the Paralysis Effect after Injection into Adult
Zebrafish (D. rerio). Sixty three adult male and female (2−5
months) zebrafish wild-type AB were maintained under standardized
conditions and experiments were conducted in accordance with the
European Communities council directive 2010/63, procedures were
approved by Ethical Committee for Animal Experiment of Languedoc
Roussillon no 36 (reference number: 2018040911129080 #14665
v4). The AB wild-type zebrafish line has been obtained from ZIRC
(Zebrafish International Resource Center, Oregon, USA; ID ZL1)
and bred in-house. Toxins were diluted in Milli-Q water and 5 μL of
incremental doses were injected intramuscularly into adult zebrafish
with a 10 μL Neuros Syringe from Hamilton (Bonaduz, Switzerland).
Each dose was repeated three times on three different fishes to
determine error bars. The onset of paralysis was measured over a
maximum observation time of 10 min. Paralysis was considered total
when the fish went on its back. Negative control experiments were
performed according to the same protocol by injecting water instead
of toxins.

Monitoring of the Paralysis Effect after Incubation into
Zebrafish (D. rerio) Larvae Swimming Water. Experiments were
conducted on 5-day-old larvae of zebrafish wild-type AB. Six larvae
per toxin were placed in a 96-well plate and a controlled volume of
swimming water was added. Small volumes of toxin were added to
reach the final desired concentration of 100 μM. Immediately after
incubation, the plate was placed in the movement-tracking chamber.
The movement of larvae was video captured and quantified using the
ZebraBox infrared camera setup and tracking extension of the
ZebraLab software system (Viewpoint Life Sciences, Canada). The
integration period for movement data was set to 30 min. Each time
the animal speed goes above the small/large movement threshold, the
large movement counter is incremented. Negative control experi-
ments were performed according to the same protocol by adding
water instead of toxins.

In vitro Assays on Isolated Mouse Nerve-Muscle Prepara-
tions. Animals. Twenty eight adult (14 male and 14 female) Swiss
mice (Mus musculus, 2−5 months of age and 23−28 g of body weight)
were purchased from Janvier Elevage (Le Genest-Saint-Isle, France).
Mice were acclimatized at the CEA animal facility for at least 48 h
before experiments. Live animals were treated according to the
European Community guidelines for laboratory animal handling and
the guidelines established by the French Council on animal care
“Guide for the Care and Use of Laboratory Animals” (EEC86/609
Council DirectiveDecree 2001-131). Mice were housed four- to six-
wise in cages with environmental enrichment, in a room with constant
temperature and a standard light cycle of 12 h light/12 h darkness and
had free access to water and food. All experimental procedures on
mice were approved by the Animal Ethics Committee of the CEA and
by the French General Directorate for Research and Innovation
(project APAFIS#2671-2015110915123958v4 authorized to E.
Benoit). Male and female mice were anesthetized by isoflurane
(Aerrane, Baxter S.A., Lessines, Belgium) inhalation before being
euthanized by dislocation of the cervical vertebrae.

Recordings on Isolated Nerve-Muscle Preparations. In vitro
assays were performed on left phrenic-nerve hemidiaphragm muscle
preparations quickly removed and mounted in a silicone-lined organ
bath (4 mL capacity). Preparations were bathed in a Krebs−Ringer
solution of the following composition: 150 mM NaCl, 5 mM KCl, 2
mM CaCl2, 1 mM MgCl2, 11 mM glucose, and 5 mM HEPES (pH
7.4), continuously superfused with pure O2 throughout the experi-
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ment at a constant temperature of 22 °C, unless otherwise indicated.
For nerve-evoked isometric twitch tension measurements, the phrenic
nerve was usually stimulated with a suction microelectrode (adapted
to the diameter of the nerve) with supramaximal current pulses of
0.25 ms duration, at a frequency of 0.1 Hz delivered by the isolation
unit of a stimulator (S-44 Grass Instruments, West Warwick, RI,
USA). The hemidiaphragm tendons (at the rib side) were tightly
anchored onto the silicone-coated bath with stainless pins, and the
other tendon (central medial tendon) was attached via an adjustable
stainless-steel hook to a FT03 isometric force transducer (Grass
Instruments). The resting tension was monitored for each preparation
tested and adjusted with a mobile micrometer stage allowing
variations of muscle length in order to obtain maximal contraction
amplitude in response to motor nerve stimulation. Once maximal
contraction was obtained, the resting tension was fixed, and
monitored during the whole duration of the experiment. Signals
from the isometric transducer were amplified, collected, and digitized
with the aid of a computer equipped with an Axon Digidata-1550B A/
D (interface board low-noise acquisition systemplus hum silencer),
using the PClamp/Axoscope 10.7 version software (Axon Instru-
ments, Molecular Devices Inc., Sunnyvale, CA, USA).
In some experiments, a TOF stimuli was delivered to the phrenic

nerve trunk at a frequency of 2 Hz for 2 s, at a train rate of 0.033 Hz.
The ratio of muscle tension developed in the mouse hemidiaphragm
by the fourth to the first stimulus was evaluated [T(4)/T(1)] at
different peptide concentrations.
Statistical Analysis. Data are presented as means ± standard

deviations (SD) of n different experiments. Differences between
values were tested using the parametric two-tailed Student’s t-test
(either paired samples for comparison within a single population or
unpaired samples for comparison between two independent
populations) or the Kolmogorov−Smirnov two-sample test. Differ-
ences were considered significant when P < 0.05.
Serum Stability Assay. Human AB serum (VWR, Fontenay-sous-

Bois, France) was centrifuged at 12,000g for 10 min for the removal of
the lipid component. Supernatant was taken out and incubated for 15
min at 37 °C before the assay. All peptides were tested at a final
concentration of 30 μM after dilution in serum (water for negative
control). The incubation time points were 1, 2, 4, and 8 h at 37 °C.
Controls and test peptides were incubated in parallel at each time
point. Serum proteins were denatured by quenching with 40 μL of 6
M urea (10 min, 4 °C), followed by the precipitation of proteins with
an addition of 40 μL of 20% trichloroacetic acid (10 min, 4 °C).
These solutions were then centrifuged at 12,000g for 10 min. A
volume of 100 μL of the supernatant was taken out at each time point.
Chromatographic separation was carried out at a flow rate of 0.4 mL/
min on an Acquity H-Class UPLC system (Waters, Corp., Milford,
MA, United States), equipped with a Kinetex C18 100A column (100
mm × 2.1 mm, 2.6 mm particle size) from Phenomenex (France).
The mobile phase consisted of water (solvent A) and ACN (solvent
B) with both phases acidified by 0.1% (v/v) formic acid and the
gradient was 0−80% B in 10 min. Mass spectra were acquired in the
positive ionization mode. The elution time for each peptide was
determined by the zero-time point. The stability at each time point
was calculated as the area of the serum-treated peptide peaks on RP-
HPLC at 214 nm as percentage of the area of the 0 h serum-treated
peptides. Controls were an eight-residue linear peptide incubated in
serum for the positive control and incubated in water for the negative
control. Each experiment was performed in triplicate.
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■ ABBREVIATIONS

Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butox-
ycarbonyl; DCM, dichloromethane; DIPEA, diisopropylethyl-
amine; DMF, N,N′-dimethylformamide; DTP, 2,2′-dithiopyr-
idine; ESI-MS, electrospray ionization mass spectrometry;
Fmoc, fluoreny lmethoxycarbonyl ; HATU, 1[b is -
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxide hexafluorophosphate; LC/MS, liquid
chromatography/mass spectrometry; MeOH, methanol;
nAChR, nicotinic acetylcholine receptor; NMR, nuclear
magnetic resonance; Pbf, pentamethyl-dihydrobenzofuran-5-
sulfonyl; RP-HPLC, reversed-phase high performance liquid
chromatography; SPPS, solid-phase peptide synthesis; t-Bu,
tert-butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane;
Tris, 2-amino-2-(hydroxymethyl)propane-1,3-diol; Trt, trityl;
UV, ultraviolet

■ ADDITIONAL NOTE
aPlease note that different IC50 values of native CIA were
found in a previous study.18 We determined that the use of
BSA in the conotoxin dilutions likely reduced the nonspecific
binding and resulted in higher potencies.
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Figure S1: Synthesis strategy of the three cylic analogues of CIA and respective RP-HPLC-UV 

chromatograms and ESI/MS analyses. (i) 1% TFA in DCM (v/v) 10 x 5 min (ii) HATU (2,5eq)/DIEA (5eq) 4 h 

(iii) TFA/TIS/H2O (95/2.5/2.5 v/v/v ) 2,5 hr (iv) Tris-HCl 50 mM buffer pH 8, DTP (7eq), 10 min (v) I2 10 

mM (20eq) in H20/TFA/ACN (78/2/20 v/v/v), 10 min. The orange round circle represents a chloro-(2’-

chloro) trityl resin and P represents common side chains protective groups used in Fmoc-SPPS (Solid 

Phase Peptide Synthesis). The asterisk indicates the peak of interest. RP-HPLC-UV (ACN gradient from 0 

to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the expected 

masses. 
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Figure S2: Recovery of ACh-induced muscle-type (A) and 32 (B) nAChR currents after inhibition by CIA 

analogues (indicated by green arrow). 2s-pulses of ACh (100 µM, black bar) were applied in 4 min intervals 

(1 min under perfusion, 3 min in a static bath). Once stable current responses were obtained, toxins were 

applied for 3 min in the static bath in concentrations that produced at least 80% inhibition. 
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Figure S3: Real-time recovery of α3β2 currents after inhibition by CIA and its cyclic derivates. (A) Merged 

current responses during a 10s application of ACh (100 µM, black bar) evoked before (control) and after 

3 min incubation with the indicated peptides. Note the delayed current peak due to dissociation of the 

peptide during the agonist application. The steepness of the rising phase of the current was used as a 

surrogate for the off rate. (B-F) Isolated peak traces are shown with red lines indicating the rising phases 

from 20% to 80% of the peak currents and a linear regression (blue line) within these borders was 

performed. (B) control (ND96), (C) 1 µM native CIA, (D) 1 µM cCIA-2, (E) 100 nM cCIA-3, and (F) 1 µM cCIA-

4. The slope of each linear regression is written in the graph and the linear regression in the chosen 

borders is shown in detail with regression coefficient (R2). 
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Figure S4: Comparison of the dissociation of CIA and its cyclic derivates from α3β2 using the slope of the 

rising phase of the ACh evoked current as surrogate. The slopes were determined as shown in Figure 2 

and normalized to the slope of the control response before incubation with the peptide (antagonist slope 

/ control slope). The single values are shown with the mean as straight bar and S.D., n = 8-11. Note that 

higher values indicate a faster dissociation. 
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Figure S5: Functional competition between cCIA-3 and MII on the α3β2 receptor. Responses to 2s-ACh 

pulses were recorded at 1-min intervals and normalized to the mean of 4 current peaks recorded prior to 

peptide incubation in a static bath. Three different protocols were conducted: (A) 1 min after ACh wash-

out, cCIA-3 (10 or 100nM) was added to the static bath for 6 min before ACh applications were continued, 

(B) 4 min after ACh wash-out, MII (30 nM) was added to the static bath for 3 min before ACh applications 

were continued (C) cCIA-3 (10  or 100 nM) was added after 1 min and MII (30nM) was added  after 3 min. 

ACh applications were continued after 6 min. Data are represented as MEAN  S.D. with n  5. 
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Figure S6: Dose response curves of α-cCIA-3 and recovery of ACh-evoked currents after α-cCIA-3 

application. (A) Dose response curves at adult and fetal muscle type nAChRs and (B) α3β2 and α6/α3β2β3 

neuronal nAChRs. 2s-pulses of ACh (100 µM, black bar) were applied in 4 min intervals (1 min under 

perfusion, 3 min in a static bath). Once stable current responses were obtained, toxins were applied for 3 

min in the static bath. IC50 values and Hill-Slopes (in brackets) were 57 nM (-1.57) for rat (1)21, 

184.5 pM (-1.38) for human (1)21, 1.30 nM (-1.10) for 32 and 8.64 nM (-1.0) for 6/323. Each 

point represents the mean of at least 3 different oocytes with S.D.  
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Figure S7: Recovery of fetal ((1)21) and adult((1)21) muscle-type nAChRs from toxin block. X. 

laevis oocytes expressing the indicated receptors were analyzed by TEVC at -70 mV. 1 nM for adult muscle 

type and 100 nM for fetal muscle type of α-cCIA-3 was preincubated for 3 min. Responses to 2-s pulses of 

100 µM ACh were measured in 4 min intervals. Each point represents the mean of measurements from at 

least 3 different oocytes, error bars represent S.D. The koff values are 0.03 min-1 for the rat fetal muscle 

type and 0.013 min-1 for adult mucle type nAChR. 
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Table S1: Normalized responses of additional nAChR subtypes to 10 µM α-cCIA-3. In order to save 

peptide,  and given that responses were 80% or higher, only 2 recordings were performed on two 

different oocytes, except for human α7 that produced a response <80% (n=3). Unless otherwise stated, 

the subtypes were injected in a 1:1 subunit-ratio. 

Subtype Species Ach [µM] % Response as mean ± S.D. 

22 rat 100 93 ± 14% 

24 rat 100 96 ± 14% 

34 rat 100 86 ± 15%  

42 (Ratio 5:1) rat 100 103 ± 16% 

44 rat 30 92 ± 14% 

7 human 100 65 ± 13% 

910 (Ratioc5:1) human 40 81 ± 14% 
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Table S2: Structural statistics for the cCIA analogues.  

Structural statistics for the cCIA ensembles   

Experimental restraints cCIA-2 cCIA-3 cCIA-4 

Interproton distance restraints 136 179 154 

   Intraresidue 36 53 49 

   Sequential 51 75 67 

   Medium range (i-j < 5) 23 33 19 

   Long range (i-j ≥5) 26 18 19 

Dihedral-angle restraints 21 23 21 

    

R.m.s. deviations from mean 

coordinate structure (Å) 

   

Backbone atoms (with linker) 0.91 ± 0.35 0.29 ± 0.17 1.05 ± 0.45 

All heavy atoms (with linker) 

Backbone atoms (without linker) 

All heavy atoms (without linker) 

 

1.78 ± 0.46 

0.72 ± 0.26 

1.73 ± 0.46 

 

0.85 ± 0.24 

0.13 ± 0.06 

0.82 ± 0.22 

1.59 ± 0.46 

0.27 ± 0.11 

1.17 ± 0.35 

    

Ramachandran Statistics    

% in most favoured region 68.5% 61.10% 76.40% 

% in additionally allowed region 31.5% 38.9% 23.6% 
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Chapter 4. Additional Publications and Contributions

4.1 P2X7 Interactions and Signaling - Making Head or Tail of It
(Review)

This review provides a structured overview about the numerous downstream
signaling effects, protein interactions, and interaction domains, that have been
proposed for the P2X7R and mainly associated with its unique intracellular C-
terminus. After a short introduction to the overall structure of P2XRs, the structural
and functional features distinguishing the P2X7R from the other P2X familiy members
aswell as differences between different P2X7 isoforms are explained, and its expression
pattern as well as its role in inflammation and immune signaling are described. Then,
data providing evidence for and against an interaction of the P2X7R with the P2X4R
are illuminated. Besides sequence similarity, overlapping expression patterns, and
similar patho-/physiological functions, there is evidence for functional interaction
and direct association between both receptors, however, data are not consistent.
The next part focuses on the function of the long P2X7R C-terminal tail and reviews
identified sequence motifs, proposed interaction domains, and single nucleotide
polymorphisms (SNPs) of the long P2X7-tail. In addition, the so-called "macropore"
formation, which is a characteristic P2X7 property that involves the C-terminus, is
discussed. We then present proteins found to be involved in P2X7 mediated signaling
pathways, namely inflammatory processes such as cytokine release and production
of reactive oxygen species (ROS), lipid interactions, activation of lipases, plasma
membrane re-/organization, kinase activation, neurotransmitter release, activation
of transcription factors, and different forms of cell death. Next, the hitherto more
than 50 published P2X7 interaction partners are summarized in a table together
with the method with which they were identified and evidence for physical and/or
functional association of these candidates is visualized in an interaction network.
Some interactors, for which functional evidence has been published, such as pannexin-
1 and calmodulin (CaM), are then described in more detail. We conclude the review
with the notion, that while numerous P2X7-mediated signaling pathways have been
identified, the underlying, specific molecular mechanisms are still largely unknown.
We remark on technical problems arising from possible bias from experimental
methods, setups, and over-/expression systems in use, and the need for critical data
interpretation.
Robin Kopp and I contributed equally to this review with extensive literature and
database research and preparation of the first manuscript draft. In particular, I
prepared the part "The structure of the P2X7 C-terminus and its involvement in P2X7
signaling" including figure 1 summarizing identified and proposed motifs and
interaction domains within the P2X7 C-terminus.
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P2X7 Interactions and Signaling –
Making Head or Tail of It
Robin Kopp*†, Anna Krautloher*†, Antonio Ramírez-Fernández and Annette Nicke*

Walther Straub Institute of Pharmacology and Toxicology, Faculty of Medicine, LMU Munich, Munich, Germany

Extracellular adenine nucleotides play important roles in cell–cell communication and
tissue homeostasis. High concentrations of extracellular ATP released by dying cells are
sensed as a danger signal by the P2X7 receptor, a non-specific cation channel. Studies
in P2X7 knockout mice and numerous disease models have demonstrated an important
role of this receptor in inflammatory processes. P2X7 activation has been shown to
induce a variety of cellular responses that are not usually associated with ion channel
function, for example changes in the plasma membrane composition and morphology,
ectodomain shedding, activation of lipases, kinases, and transcription factors, as well
as cytokine release and apoptosis. In contrast to all other P2X family members, the
P2X7 receptor contains a long intracellular C-terminus that constitutes 40% of the whole
protein and is considered essential for most of these effects. So far, over 50 different
proteins have been identified to physically interact with the P2X7 receptor. However,
few of these interactions have been confirmed in independent studies and for the
majority of these proteins, the interaction domains and the physiological consequences
of the interactions are only poorly described. Also, while the structure of the P2X7
extracellular domain has recently been resolved, information about the organization and
structure of its C-terminal tail remains elusive. After shortly describing the structure
and assembly of the P2X7 receptor, this review gives an update of the identified
or proposed interaction domains within the P2X7 C-terminus, describes signaling
pathways in which this receptor has been involved, and provides an overlook of the
identified interaction partners.

Keywords: C-terminus, protein-protein interaction (PPI), signaling/signaling pathways, P2X7 (purino) receptor,
network

INTRODUCTION

The ATP-gated P2X receptors are trimeric ion channels with inter-subunit ATP-binding sites
(Kaczmarek-Hájek et al., 2012). In contrast to most other ion channel families, six of the seven
cloned subunits can form functional homomeric receptors but heteromeric receptors have also been
identified, for example P2X2/3 and P2X1/5 receptors (Saul et al., 2013). A single P2X subunit has
been structurally compared to a dolphin (Figure 1A) and contains two α-helical transmembrane
domains (fluke) that are linked by a large extracellular domain [269–288 amino acids (aa) long]
that is mostly formed by β-sheets (body) and several loop domains (head, dorsal fin, and flippers)
(Kawate et al., 2009). The intracellular N- and C- termini are less conserved than the rest of the
protein. The N-termini are 20–45 aa long, while the intracellular C-termini are more variable
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in length with 29–87 aa for most subunits. P2X2, and in
particular P2X7 contain considerably longer C-termini of
113/125 (human/mouse) and 240 aa, respectively. Human
P2X5 and P2X6 have C-terminal sequences of 82 and 87 aa,
respectively. Only in case of the ATP-bound open state of the
human P2X3 receptor, a structure of these intracellular domains
has been obtained so far (Mansoor et al., 2016). In this ATP-
bound structure, the N- and C-termini form a network of three
β-sheets (each formed by the C-terminus of one subunit and the
N-termini of the two neighboring subunits) that is capping the
cytoplasmic side of the pore. The termini appear to be disordered
and flexible in the apo state.

The P2X7 receptor differs not only structurally but also
functionally from all other P2X subtypes. In comparison, it has 10
to 100-fold reduced ATP sensitivity, suggesting that it functions
as a “danger signal” detector for high ATP concentrations that
are released at sites of tissue damage (Linden et al., 2019). A P2X7
splice variant (P2X7k) has been identified in rodents but not in
humans, that can also be activated by extracellular nicotinamide
adenine dinucleotide (NAD) via covalent enzymatic modification
(ADP ribosylation) (Schwarz et al., 2012; Xu et al., 2012). The
P2X7k variant also shows a higher ATP sensitivity.

Also, unlike other ion channels, P2X7 activation does not
only open a non-selective cation channel, but in addition
mediates a membrane permeability increase by forming a so-
called "macropore" that can reach a diameter of 8.5 Å and
allows the passage of large molecules such as the fluorescent
dyes ethidium and YO-PRO1 (Di Virgilio et al., 2018b). P2X7
activation furthermore initiates a variety of signaling cascades
that trigger caspase activation and cytokine release, plasma
membrane reorganization, ectodomain shedding, and cell death
to only name a few. Some of these effects are likely consequences
of P2X7-dependent Ca2+ influx and/or K+ efflux, although a
detailed description of the molecular interactions and signaling
complexes involved is generally lacking. The C-terminus appears
to be required for most of these effects and probably plays a role
in positioning of the receptor in membrane microdomains (e.g.,
lipid rafts (Murrell-Lagnado, 2017) and/or signaling complexes
(Kim et al., 2001)) that allow efficient signaling and/or direct
interaction with signaling molecules.

It has to be mentioned, that considerable differences exist in
the pharmacology of rat, mouse, and human P2X7 (Donnelly-
Roberts et al., 2009). For example, at the rat isoform ATP
and BzATP were 8 and 70 times more potent than at the
mouse isoform and 10 and 25 times more potent than at the
human isoform, respectively. While this could be attributed
to single aa differences in the ligand-binding ectodomain of
rat and mouse P2X7 (Young et al., 2007), a positive effect of
the intracellular C-terminus on BzATP potency was shown in
P2X7 chimeras, in which the human P2X7 C-terminus was
replaced by the respective rat sequence (Rassendren et al., 1997).
Likewise, sensitivity to divalent cations, dye-uptake efficiency and
selectivity, and current kinetics largely differ between human and
rodent isoforms and also between different cell types (Rassendren
et al., 1997; Hibell et al., 2001; Janks et al., 2019) with the
human and mouse isoforms being less efficient in dye uptake.
However, despite these differences, the principal effects of P2X7

activation, such as dye uptake, interleukine-1β (IL-1β) release,
phosphatidylserine-flip (PS)-flip, and blebbing appear to be
present in all isoforms. Nevertheless, a systematic comparison is
urgently needed.

P2X7 receptors are highly expressed in immune cells (in
particular macrophages, T-cells, mast cells, and microglia),
epithelial cells, oligodendrocytes of the CNS, and Schwann
cells of the PNS (Di Virgilio et al., 2018a; Kaczmarek-Hájek
et al., 2018). Their presence in neurons is more controversial
(Illes et al., 2017; Miras-Portugal et al., 2017). Numerous
studies describe P2X7 expression and function in astrocytes
(Ballerini et al., 1996; Duan et al., 2003; Narcisse et al., 2005;
Sperlagh et al., 2006; Norenberg et al., 2010; Oliveira et al.,
2011; Sperlagh and Illes, 2014) while there is also contradictory
evidence (Jabs et al., 2007). Thus, P2X7 detection in these
cell types might depend on factors such as the species, tissue,
model system, and activation state, or disease phase that is
investigated. Furthermore, interpretation of findings depends
on the sensitivity and/or specificity of the detection methods,
as specificity of the most widely used antagonists (oxidized
ATP and brilliant blue G) and the available P2X7 antibodies is
questionable and proper control experiments (for example using
P2X7 knockout animals) need to be performed (Sim et al., 2004;
Anderson and Nedergaard, 2006).

The best-investigated and most widely accepted P2X7
functions are its roles in inflammation and immune signaling.
Blockade or genetic ablation of the P2X7 receptor has early
confirmed, that it is a major trigger of processing and release
of pro-inflammatory IL-1β and resulted in amelioration of
disease parameters in various experimental models ranging from
inflammatory processes induced by infection, allograft rejection,
and autoimmune diseases to numerous models of tissue or organ
damage as well as various neurological diseases (Burnstock and
Knight, 2018; Savio et al., 2018). In addition to its role in immune
function and inflammation, which is often associated with the
deleterious effects of its activation, P2X7 has also been shown
to exert trophic roles, for example in microglia (Monif et al.,
2009) or different cancer cells (Orioli et al., 2017). In humans, a
truncated splice variant was identified that lacks the C-terminus
and appears to serve mainly trophic functions (Adinolfi et al.,
2010). In the following, we will provide an overview of the direct
and indirect protein interactions and signaling pathways in which
P2X7 has most commonly been involved.

INTERACTION OF THE P2X7 RECEPTOR
WITH THE P2X4 RECEPTOR

Within the P2X receptor family, P2X4 shows the highest sequence
similarity to P2X7 (47% amino acid identity of the human
isoforms). The P2rx4 gene is located just downstream of the
P2rx7 gene and they are thought to have originated from the same
gene by gene duplication (Dubyak, 2007; Hou and Cao, 2016).
Both subtypes show a widely overlapping expression pattern, in
particular in immune cells and epithelial cells (Guo et al., 2007;
Kaczmarek-Hájek et al., 2012), and have been linked to similar
physiological and pathophysiological functions in inflammatory
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FIGURE 1 | Schematic representation of the human P2X7 receptor depicting details of its intracellular C-terminus. (A) Homology model (https://swissmodel.
expasy.org/) based on the crystal structure of the panda P2X7 in the closed, apo state (PDB ID: 5U1L) is shown with the three P2X7 subunits represented in gray,
brown, and purple. Note the dolphin-shaped structure of a single subunit with the transmembrane regions representing the fluke. The structure of the intracellular
C-terminus has not been determined. The estimated length of one unfolded C-terminus is represented in scale to the crystallized domains. (B) Amino acid sequence
of the human P2X7 intracellular C-terminus representing individual amino acid residues and domains discussed in the text. Note that some of the motifs/domains are
putative and species variations are not considered. Groups of palmitoylated cysteines (A–D) according are shown. A dashed line indicates partial palmitoylation
(Gonnord et al., 2008). The aa sequence was drawn with Protter and manually modified: http://wlab.ethz.ch/protter/ (Omasits et al., 2014).

processes, such as reactive oxygen species (ROS) production and
the secretion of mature IL-1β and IL-18 through the activation
of the NLRP3 inflammasome (Babelova et al., 2009; Kawano
et al., 2012; Hung et al., 2013). For example, P2X4 was shown

to affect the P2X7-mediated maturation and release of IL-1β,
(Pérez-Flores et al., 2015) and a rapid initial P2X4-mediated
Ca2+ influx was suggested to initiate this cascade (Sakaki et al.,
2013). Both receptors have also been involved in phagosome
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function (Qureshi et al., 2007; Kuehnel et al., 2009), autophagy,
macrophage death (Kawano et al., 2012), as well as autocrine
and paracrine activation of T cells via ATP-induced Ca2+ influx
(Schenk et al., 2008; Yip et al., 2009; Woehrle et al., 2010;
Manohar et al., 2012; Wang et al., 2014).

While heteromerisation of both subunits in trimeric
complexes (Guo et al., 2007) was not confirmed (Torres et al.,
1999; Nicke, 2008; Boumechache et al., 2009; Antonio et al.,
2011), a number of studies provide evidence in favor of a direct
physical association of both receptor types and/or a mutual
functional interaction between both subtypes. Thus, both
subunits could be co-immunoprecipitated from transfected cells,
as well as various cell lines and primary cells (Guo et al., 2007;
Boumechache et al., 2009; Weinhold et al., 2010; Hung et al.,
2013; Pérez-Flores et al., 2015) and FRET studies on Xenopus
laevis oocyte- and HEK293 cell-expressed subunits support a
close association or heteromerisation (Pérez-Flores et al., 2015;
Schneider et al., 2017). A close proximity within transfected
HEK293 cells was also shown by in situ proximity ligation assays
(Antonio et al., 2011). Functional evidence for an interaction
was described in native and recombinant mammalian cells (Ma
et al., 2006; Guo et al., 2007; Casas-Pruneda et al., 2009; Kawano
et al., 2012; Pérez-Flores et al., 2015) but not in a more recent
study (Schneider et al., 2017) in Xenopus laevis oocytes. Finally, a
mutual interrelation between P2X4 and P2X7 mRNA and protein
expression levels was described in kidney, E10 alveolar epithelial
cells, and bone marrow derived dendritic cells (Weinhold et al.,
2010; Craigie et al., 2013; Zech et al., 2016). To evaluate these
results, it has to be considered, however, that the P2X4 subtype
is mostly found intracellularly and co-localized with lysosomal
markers (Bobanovic et al., 2002; Guo et al., 2007; Qureshi
et al., 2007), whereas P2X7 is generally localized at the plasma
membrane. Nonetheless, upon stimulation of the respective cells
[e.g., via lipopolysacharide (LPS), CCL2/12 or ionomycin] an
increased fraction of P2X4 receptors was found at the cell surface
(Qureshi et al., 2007; Boumechache et al., 2009; Toulme et al.,
2010; Toyomitsu et al., 2012).

STRUCTURE OF THE P2X7 C-TERMINUS
AND ITS INVOLVEMENT IN P2X7
SIGNALING

The P2X7 C-terminus constitutes about 40% of the whole P2X7
protein (Figure 1) and amino acid sequence identity between rat,
mouse, and human C-termini is 80%. Except for the domains
described below, the so-called P2X7-tail shows no sequence
homology to other proteins. It is supposed to be localized
intracellularly, but contains a lipophilic stretch of 21 aa (residues
516–536 in human P2X7) that would be long enough to form
another transmembrane domain or reentry loop. Deletion or
truncation of the majority of this intracellular tail prevents P2X7-
mediated effects such as dye uptake (Surprenant et al., 1996)
and plasma membrane blebbing (Wilson et al., 2002), and alters
channel kinetics (Becker et al., 2008), but does not impair cell
surface expression or ion channel function (Smart et al., 2003;
Becker et al., 2008). In the following, we will shortly explain the

current understanding of P2X7 pore formation and then describe
identified domains and motifs within the P2X7 tail, starting from
the very terminus toward the second TM domain.

Pore Formation
A hallmark feature of P2X7 activation is the formation of a non-
selective macropore. Both, naturally occurring splice variants
of P2X7 and in vitro experiments with C-terminally truncated
P2X7 receptors demonstrated that this property requires the
C-terminus (Surprenant et al., 1996; Adinolfi et al., 2010).
Basically two mechanisms of pore formation were discussed:
According to the “pore dilation” hypothesis, pore formation
is an intrinsic channel property and the consequence of a
permeability increase from an initially cation selective channel to
a non-selective pore. Alternatively, direct or indirect interaction
with other pore forming proteins was suggested, with the large
transmembrane channel Pannexin 1 (Panx1) representing the
most prominent candidate (Pelegrin and Surprenant, 2006) (see
below). Noteworthy, permeability to larger molecules like YO-
PRO-1 or N-methyl-D-glucamine (NMDG) was also observed
for P2X2 and P2X4 family members (Khakh et al., 1999; Virginio
et al., 1999). However, at least for the P2X2 receptor this property
appeared intrinsic to the receptor (Khakh and Egan, 2005;
Chaumont and Khakh, 2008) and it was later shown that the
time-dependent shift in the reversal potential of extracellular
NMDG, that was generally interpreted as an increase in pore
diameter, can also be the result of changes in intracellular
ion concentration during whole-cell patch-clamp recordings (Li
et al., 2015). While the mechanism of pore formation in P2X7 has
been a long-standing debate (excellently reviewed in Di Virgilio
et al., 2018b), more recent electrophysiological, photochemical,
and biochemical experiments indicate that the pathway for larger
molecules like NMDG or spermidine is also intrinsic to the
P2X7 receptor and, similar to P2X2 (Li et al., 2015), the P2X7
channel is upon activation immediately permeable to both, small
cations and large molecules (Riedel et al., 2007; Browne et al.,
2013; Harkat et al., 2017; Karasawa et al., 2017; Pippel et al.,
2017). Whether a P2X7-activated pathway for large anions that is
observed in some cell types is also intrinsic to the P2X7 protein or
mediated by a separate channel or pore, remains to be determined
(Ugur and Ugur, 2019).

Trafficking and Lipid Interaction Domains
(∼Residues 540–595)
In the search for domains in the P2X7 C-terminus that control
P2X7 channel function, pore forming properties, and plasma
membrane expression, truncated P2X7 versions were investigated
(Smart et al., 2003) and it was found that 95% (i.e., the sequence
up to residue 581) of the rat P2X7 C-terminus are required to
mediate ethidium uptake in HEK293 cells. Truncations between
aa 551–581 as well as some single point mutations (C572G,
R574G, or F581G) in this region resulted in a loss of surface
expression. Upon further truncation (residues 380–550), the
ion channel but not the pore activity was regained. Thus it
was suggested, that amino acid residues 551–581 contain a
retention motif that is generally masked but becomes exposed
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by truncations or single point mutations in this region and then
inhibits surface expression. In support of a role of this region
in receptor trafficking, the loss-of-function polymorphism I568N
in this region of the human P2X7 was also found to inhibit cell
surface expression (Wiley et al., 2003).

The supposed retention/retrieval region overlaps with a lipid
interaction or putative LPS-binding motif (residues 574–589)
that is homologous to the LPS binding domains of LPS-binding
protein (LBP 44% identity) and bactericidal permeability-
increasing protein (BPI 31% identity) and was shown to bind
LPS in vitro (Denlinger et al., 2001). Both surface expression
and LPS binding were abolished when the basic residues R578
and K579 were mutated in human P2X7 (Denlinger et al.,
2003). LBP and BPI are pattern recognition proteins that, upon
LPS-binding, can stimulate a defensive host response to gram-
negative bacteria, although in different ways: LBP is a plasma
protein, that increases the host cell’s sensitivity to endotoxins
by disaggregating, transporting, and binding LPS to other LPS-
binding proteins, such as the pattern recognition receptor CD14.
CD14 is a glycosylphosphatidylinositol (GPI)-anchored receptor
that acts as a co-receptor for the toll-like receptor (TLR) 4
complex (Ranoa et al., 2013). Upon LPS binding, TLR4 induces
via the adaptor protein myeloid differentiation primary-response
protein 88 (MyD88) and the transcription factor NF-κB cytokine
production. Interestingly, the very C-terminus of mouse P2X7,
in particular G586 was described to directly interact with MyD88
(Liu et al., 2011) (see also Section “Proteins Involved in P2X7-
Mediated Interleukin Secretion”).

The soluble BPI has anti-endotoxin and direct bactericidal
properties against gram-negative bacteria and can neutralize LPS,
thereby inhibiting LPS-triggered cytokine production and an
overshooting immune response (Weiss, 2003). Cytosolic LPS,
experimentally delivered by cholera toxin B or by transfection
of mouse bone marrow-derived macrophages, was shown to
decrease the threshold for ATP-induced P2X7-associated pore
opening, supposedly by allosteric modulation via the putative
LPS binding motif in the P2X7 C-terminus (Yang et al., 2015).
Internalization of LPS is facilitated by CD14. Accordingly, the
presence of CD14 resulted in an increased co-localization of
LPS and P2X7 in transfected HEK293 cells. A direct interaction
between P2X7 and CD14 was also reported (Dagvadorj et al.,
2015) (see also Section “Proteins Involved in P2X7-Mediated
Interleukin Secretion”).

Signaling requires the spatial organization (co-localization or
sequestration) of its components in subcellular environments for
example by protein scaffolds or membrane domains. The lipid
interaction motif in P2X7 was not only suggested to serve as a
binding domain for LPS, but also for phospholipids and thereby
modulating the receptor’s localization (Denlinger et al., 2001), for
example in lipid rafts. An association between P2X7 and lipid
rafts was found in T-cells, where P2X7 is ADP-ribosylated by
ART2.2 (Bannas et al., 2005), in mouse lung alveolar epithelial
cells (Barth et al., 2007), and in rat submandibular gland
cells. In the latter, a lipid-raft pool and a non-raft fraction
of P2X7 receptors were described that couple to different
signaling pathways (Garcia-Marcos et al., 2006a). This would
be in accordance with studies, showing that P2X7 modulates

phospholipase A2, C, and D (el-Moatassim and Dubyak, 1992;
Hung and Sun, 2002; Garcia-Marcos et al., 2006b; El Ouaaliti
et al., 2012) (see also Section “P2X7 – Mediated Lipase Activation
and Lipid Interactions”). Also functional regulation of P2X7
by phosphatidylinositol 4,5-bisphosphate (PIP2) was shown in
patch-clamp experiments with Xenopus laevis oocytes. Although
no direct binding of the P2X7 C-terminus and PIP2 could be
observed, residues R385, K387 and K395 of the human P2X7
receptor were shown to be important for the interaction with
PIP2 (Zhao et al., 2007).

Just upstream of the LPS binding motif, Gonnord et al.
(2008) identified two palmitoylated cysteine residues (C572,
C573) in mouse P2X7 that were essential for P2X7 surface
trafficking. Likewise, two more proximal groups of cysteine
residues (C477, C479, C482 and C498, C499, C506) were
palmitoylated and required for surface expression. Mutation
of the juxtamembrane cysteine residues C371, C373, and
C374, however, showed only a 50% decrease in palmitoylation
and reduced surface localization (Gonnord et al., 2008).
Palmitoylation is a reversible posttranslational modification that
increases membrane association and can also affect function,
stability, and subcellular trafficking of proteins into membrane
compartments, as for example the cholesterol- and sphingolipid-
enriched lipid rafts.

Interestingly, the permeability of the P2X7 appears to depend
not solely on the C-terminus, but also on the lipid composition
of the cell membrane (Karasawa et al., 2017). In in vitro
experiments with purified truncated panda P2X7 in artificial
liposomes, phosphatidylglycerol and sphingomyelin facilitated
YO-PRO-1 permeation, whereas cholesterol had an inhibitory
effect. It was concluded that the palmitoylated cysteine residues
in full-length receptors prevent the inhibitory effect of cholesterol
by shielding the TM domains, while in C-terminally truncated
P2X7, cholesterol can interact with the transmembrane helices
and thereby limits its permeability. Thus, the pore forming
properties of the P2X7 could be influenced by modulation
of the membrane composition and may be cell-type specific
(Di Virgilio et al., 2018b).

An unusual Ca2+-dependent calmodulin (CaM) binding motif
was functionally and biochemically identified in HEK293 cell-
expressed rat P2X7 [residues I541-S560, Roger et al., 2008). In this
sequence ([I-x(3)-L-x(10)-W]), key bulky amino acid residues
form a 1-5-16 motif. CaM is a calcium sensor that modulates
the function of a wide variety of enzymes and ion channels, but
can also act as an adaptor, interacting with other target proteins
(Villalobo et al., 2018). CaM binding to P2X7 was found to
facilitate currents and blebbing. In human P2X7, both the CaM
binding motif and current facilitation were not detected, but
could be reconstituted by replacement of critical residues (T541I,
C552S, and G559V) (Roger et al., 2010). P2X7 signaling via
Ca2+calmodulin-dependent kinase II (CaMKII) was also shown
(Diaz-Hernandez et al., 2008; Gomez-Villafuertes et al., 2009).

The Death Domain (∼Residues 430–530)
Based on comparative sequence analysis, residues 438–533 of
the human P2X7 were found to be similar (20% identity, 50%
conservation) to the death domain (DD) of the human tumor
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necrosis factor receptor 1 (TNFR1) (Denlinger et al., 2001).
The DD is a subclass of protein motifs known as the death fold.
It is a protein interaction domain that is contained in numerous
proteins and enables them to oligomerize. Many DD-containing
proteins are involved in apoptosis and inflammation.

Within the postulated P2X7 DD homology domain, a
proline-rich region (residues 450–456) contains two overlapping
PxxP motifs and may represent a canonical binding site for
cellular sarcoma tyrosine kinase (c-Src) homology 3 (SH3)
domains (Watters et al., 2001). An alignment (ClustalW)
between the human SH3-domain binding protein 1 (Q9Y3L3)
and residues 441–460 of the human P2X7 receptor shows a
40% sequence identity, in agreement with (Denlinger et al.,
2001). SH3 domains are approximately 60 aa long modules
that mediate protein interactions and are involved in various
intracellular signaling pathways. They recognize proline-rich
regions containing the PxxP motif (Kurochkina and Guha, 2013)
and are present in phospholipases, tyrosine kinases and other
signaling proteins (Kaneko et al., 2008). The interaction between
the scaffolding protein MAGuK and the P2X7 receptor was
suggested to be mediated via SH3 domains, but evidence is
lacking (Kim et al., 2001).

There are also two sequences (457–462 and 565–569) with
similarities to a dileucine motif ([D/E]xxxL[I/L]) (Wiley et al.,
2011). This short signaling motif allows for interaction between
cargo proteins and adaptor proteins for trafficking and controls
endosomal sorting (Kozik et al., 2010).

C-terminal truncation of the human P2X7 at positions 408,
436, and 505 (Becker et al., 2008) lead to reduced ATP-
induced inward currents and loss of its biphasic activation
and deactivation kinetics when expressed in Xenopus laevis
oocytes. In case of the 1–436 and 1–505 core receptors, the
electrophysiological phenotype of the full-length receptor could
be reconstituted by co-expression of a soluble tail construct
(residues 434–595). Based on affinity purification, BN-PAGE, and
cross-linking experiments a stable association between the regions
409–436 and 434–494 was identified, which provides the first
information on molecular interactions within the P2X7 tail.

Between the sequence with homology to the death domain
and the juxtamembrane region (see below) two regions with
homology to binding sites for cytoskeletal proteins have been
identified. Residues 389–405 of human P2X7 show 53% identity
with the cytadherence high molecular weight protein 3 from
Mycoplasma genitalium, which binds actin filaments (Denlinger
et al., 2001; Watters et al., 2001). Residues 419-425 in rat
P2X7 (KSLQDVK) are homologous to the α-actinin 2 binding
sequence in the glutamate receptor NR1 subunit. In support
of a close interaction with the cytoskeleton, the cytoskeletal
proteins α-actinin 4 and supervillin, which both interact directly
with β-actin were identified in a search for possible interaction
partners of rat P2X7 (Kim et al., 2001; Gu et al., 2009).

Juxtamembrane Region(s) (Residues
1–26 and 357–387)
Deletion of the juxtamembrane cysteine-rich domain (residues
362–379) was shown to affect the permeation and/or pore
forming properties of rat and human P2X7 (Jiang et al., 2005;

Robinson et al., 2014). Additionally, it was shown in a chimeric
approach (Allsopp and Evans, 2015), that both the N- and
the C-terminal juxtamembrane regions of the human P2X7
(including the cysteine-rich domain) are important for pore
formation and regulation of channel kinetics. In the panda P2X7,
serine-substitutions of C362 and C363 in this region resulted in
complete inhibition of YO-PRO-1 uptake (Karasawa et al., 2017).
Upstream (residues 354-364) and downstream (residues 378-387)
of this cysteine-rich domain, there are at least two cholesterol
recognition amino acid consensus (CRAC) motifs [(L/V)X1–5
YX1–5(K/R)] that are conserved in human and rodent P2X7.
Further CRAC motifs have been identified in the N-terminus, the
extracellular end of TM1, and the C-terminus of P2X7 (Robinson
et al., 2014). Based on these findings, it was suggested that
the juxtamembrane cysteine-rich domain framed by the CRAC
motifs could alter the tilting angle of TM2 or act as a membrane
anchor and thereby facilitate movements required for channel
and/or pore opening (Allsopp and Evans, 2015; Karasawa et al.,
2017). A similar anchor-like function that stabilizes the open state
was ascribed to the cytoplasmic cap in the human P2X3, which
is assumed to undergo profound reorganization upon channel
activation (Mansoor et al., 2016).

Within the distal CRAC motif, three neighboring tyrosine
residues (Y382-Y384) were identified that can be phosphorylated
by the c-Src tyrosine kinase (Leduc-Pessah et al., 2017). In this
study, it was found that Src kinase activation by morphine
(via µ-opioid receptors) and subsequent P2X7 phosphorylation
resulted in increased receptor expression and activity in rat spinal
microglia. The resulting loss of morphine-induced analgesia
linked P2X7 activity to the development of morphine tolerance.

Single Nucleotide Polymorphisms (SNPs)
in the P2X7-Tail
The human P2X7 is highly polymorphic (Bartlett et al., 2014).
The T357S polymorphism was found by ATP-induced influx
measurements to cause a partial loss of function in human
monocytes, lymphocytes, and macrophages, and was associated
with impaired mycobacterial killing (Shemon et al., 2006; Miller
et al., 2011). Interestingly, this SNP resulted in a complete
loss of function when occurring in homozygote constellation
or in combination with another loss-of-function SNP. A loss-
of function phenotype was confirmed in Xenopus laevis oocytes
and HEK293 cells overexpressing the mutant T357S P2X7
(Shemon et al., 2006).

Based on genetic studies, the human Q460R polymorphism
has been associated with bipolar disorders and major depressive
disorder (Barden et al., 2006; Lucae et al., 2006; McQuillin et al.,
2009). ATP-induced ethidium uptake measurements in Q460R
P2X7-transfected HEK293 cells revealed a slight reduction
in pore formation (Fuller et al., 2009; Stokes et al., 2010).
Interestingly, careful functional studies showed that this SNP is
not per se compromised in its function, but shows impaired Ca2+

influx, channel currents, intracellular signaling, and also affected
the sleep quality in a humanized Q460R P2X7 knock-in mouse
model, if co-expressed with the respective non-polymorphic
variant (Aprile-Garcia et al., 2016; Metzger et al., 2017).
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The E496A SNP was found to prevent ATP-induced ethidium
uptake, Ba2+ permeation, and induction of apoptosis in human B
lymphocytes and was associated with cancer metastasis (Gu et al.,
2001; Ghiringhelli et al., 2009). When expressed in Xenopus laevis
oocytes or HEK293 cells and analyzed electrophysiologically,
however, the E496A substitution had no effect on the ion channel
functions of the receptor (Boldt et al., 2013).

The human loss-of-function SNP, I568N, was reported to
prevent receptor trafficking and cell surface expression [see also
Section “Trafficking and Lipid Interaction Domains (∼Residues
540–595)”] (Wiley et al., 2003), supposedly because of its
localization within a sequence [DFAI(568)L] (Wiley et al.,
2011) similar to a dileucine motif – [D/E]xxxL[I/L]– [(Kozik
et al., 2010), compare Section “The Death Domain (∼Residues
430–530)”].

A gain of function in pore formation and IL- 1β secretion has
been reported for the human A348T SNP (Stokes et al., 2010),
whereas H521Q has been reported to represent a neutral SNP
(Wiley et al., 2011).

The murine P451L loss-of-function SNP was identified by
comparison of T-cells from different mouse strains (Adriouch
et al., 2002). This SNP is found in the commonly used C57BL/6
strain, but not in BALB/c mice, rats, or humans. It impairs
ATP-induced cation fluxes, pore formation, PS externalization,
NAD-sensitivity as well as lysis and apoptosis of thymocytes
(Schwarz et al., 2012; Rissiek et al., 2015), and has been associated
with reduced pain sensitivity (Sorge et al., 2012). It lies within
the SH3-binding domain [compare Section “The Death Domain
(∼Residues 430–530)”].

P2X7 MEDIATED SIGNALING PATHWAYS

A multitude of downstream events have been identified upon
P2X7 activation. In the following, we will focus on the proteins
involved in the P2X7 activated signaling pathways rather than
the physiological consequences or cell types in which these
have been observed.

Release of IL-1β and Other Cytokines
The most investigated P2X7 function is probably its role in
NLRP3 inflammasome assembly and subsequent maturation
and release of IL-1β by macrophages and other immune cells.
The pro-inflammatory IL-1β is a member of the interleukine-1
cytokine family, which comprises the IL-1 (IL-1α, IL-1β, IL-33,
IL-1Ra), IL-18 (IL-18, IL-37), and IL-36 (IL-36Rα, IL-36α,β,γ,
IL-38) subfamilies and includes pro- and anti-inflammatory
cytokines (Dinarello, 2018). Due to its earlier identification and
major role in host defense of the innate immune system and
autoinflammatory diseases, IL-1β is so far best studied. Pro-IL-
1β synthesis (and also that of NLRP3, see below) is induced by
the transcription factor NF-κB, which in turn is activated upon
binding of pathogen-associated molecular patterns (PAMPs),
such as LPS, to the TLR4 (priming). Processing and release
of mature IL-1β is then induced in a second step (activation)
by inflammasome assembly and activation of caspase 1 by a
diverse range of damage- or danger-associated molecular patterns
(DAMPs), including ATP (Mariathasan et al., 2006).

Activation of caspase 1 by proteolytic conversion of pro-
caspase 1 requires the NLRP3 inflammasome, a multiprotein
complex that consists of the pattern recognition receptor NLRP3,
the adaptor apoptosis-associated speck-like protein containing
a caspase-recruitment domain (ASC), and the cysteine protease
caspase 1 (Gross et al., 2011). In addition, never-in-mitosis A
(NIMA)-related kinase 7 (NEK7) was recently identified as an
essential component (He et al., 2016b; Shi et al., 2016).

K+ efflux and depletion was early shown to constitute a
critical step in ATP-induced IL-1β production (Perregaux and
Gabel, 1998) and generation of the first P2X7 knockout mouse
clearly demonstrated the involvement of the P2X7 in this process
(Solle et al., 2001). More recently, K+ depletion has been
confirmed to represent an essential and sufficient requirement
for inflammasome assembly induced by a diverse variety of
DAMPs (Munoz-Planillo et al., 2013). However, while the P2X7
was generally assumed to represent the K+ conduit, a recent
study identified the two-pore domain K+ channel TWIK2 as an
ATP-responsive K+ efflux channel (Di et al., 2018). According
to this study, P2X7-induced cation influx generates the driving
force for K+ efflux. The molecular mechanisms of inflammasome
assembly and caspase activation are little understood. Based on
immunoprecipitation and co-localization studies in cell lines
and primary mouse microglia, it has been suggested that the
P2X7 is directly interacting with NLRP3 (Franceschini et al.,
2015). Likewise, an interaction between P2X7 and the NLRP2
inflammasome was proposed in human astrocytes (Minkiewicz
et al., 2013) (see also Section “Proteins Involved in P2X7-
Mediated Interleukin Secretion”).

In addition to K+ depletion, cytosolic ROS production,
either by NADPH oxidase or due to mitochondrial dysfunction,
has been implicated in NLRP3 inflammasome activation and
its exact role remains to be determined (He et al., 2016a).
With the exception of the interleukine receptor antagonist (IL-
1Ra), all IL-1 family members lack a signal peptide and are
formed as precursor in the cytoplasm. Various mechanisms of
non-classical IL-1β release mechanism including exocytosis via
lysosomes, microvesicle shedding, exosome release, and release
upon pyroptotic cell death have been proposed (for references
and details see Dubyak, 2012; Giuliani et al., 2017). While PLC,
PLA2 (Andrei et al., 2004), src kinase, p38, acid sphingomyelinase
(Bianco et al., 2009), caspase 1 (Keller et al., 2008), and gasdermin
(Evavold et al., 2018) have been involved, the exact mechanism(s)
and P2X7 involvement remain(s) incompletely understood. In
addition to IL-1β, numerous other cytokines, chemokines, and
proteins have been shown to be released upon P2X7 activation
(e.g., de Torre-Minguela et al., 2016).

ROS Formation/Mitochondrial Function
ROS are continuously generated by the mitochondrial
electron transport chain or by activation of NADPH oxidases
(NOXs). They represent important signaling molecules under
physiological conditions. Under pathological conditions,
increased ROS production contributes to immune signaling and
killing of phagocytosed microorganisms, but also to deleterious
effects such as protein, lipid, and DNA modification and damage.
Seven NOX family members are known and the respective
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NADPH oxidase complexes are subtype-specifically localized in
internal and plasma membranes. They consist of the membrane
integrated catalytic subunit with or without the p22phox protein
and regulating cytosolic proteins including the Rho-GTPase
Rac. NOX are activated by numerous receptors and NOX
complex assembly and activity can be further regulated by
Ca2+ signaling and subunit phosphorylation for example by
protein kinase C isoforms, p38 and ERK1/2 MAP kinases, and
phosphoinositide-3 kinase (PI3Ks) (Guerra et al., 2007; Spooner
and Yilmaz, 2011; Haslund-Vinding et al., 2017; Belambri et al.,
2018). P2X7-mediated NOX subunit phosphorylation and ROS
production has been shown in microglia and macrophages
(Parvathenani et al., 2003; Moore and MacKenzie, 2009; Lenertz
et al., 2009) and few other cell types (Wang and Sluyter, 2013).
The molecular mechanisms were suggested to involve kinase
activation via Ca2+ influx (Guerra et al., 2007; Noguchi et al.,
2008; Martel-Gallegos et al., 2013).

Interestingly, tonic stimulation by low levels of ATP was
found to hyperpolarize the mitochondrial potential, increase
mitochondrial Ca2+ content, and increase the cells’ ATP
content in transfected cells. This effect was dependent on
the C-terminus and proposed to be due to a P2X7-mediated
constant but low level Ca2+ transfer into the mitochondria
that stimulates trophic effects whereas strong P2X7 stimulation
causes mitochondrial Ca2+ overload and collapse and results
in cell death (Adinolfi et al., 2005). P2X7-expressing cells also
upregulated the glucose transporter and glycolytic enzymes,
showed increased glycolysis, oxidative phosphorylation, and
protein kinase B phosphorylation, and were able to proliferate
even in the absence of serum and glucose (Amoroso et al., 2012)
(see also Di Virgilio et al., 2017).

P2X7 – Mediated Lipase Activation and
Lipid Interactions
Phospholipids, glycolipids, and cholesterol represent the major
lipid components of animal plasma membranes. Cholesterol is
an important constituent of lipid rafts and phospholipids can
be broken down by phospholipases to produce different lipid
second messengers or bioactive mediators of cellular signaling.
Cholesterol as well as several phospholipases have been proposed
to be involved in P2X7 signaling and function.

Phospholipase A2 (PLA2)
PLA2 phospholipases cleave phospholipids preferentially
in the middle position of glycerol to release fatty acids
and lysophospholipids.

Out of the six diverse groups of mammalian PLA2 enzyme
families, the cytosolic PLA2α is the best-investigated enzyme.
It belongs together with the β,γ,δ,E, and ζ subtypes to the
group IV family of cytosolic PLA2 (Leslie, 2015). cPLA2α

preferentially catalyzes the hydrolysis of phospholipids to
arachidonic acid and lysophospholipids, which are precursors for
numerous bioactive lipids such as prostaglandins, leukotrienes,
and epoxyeicosatrienoic acids (EETs). Ca2+-independent PLA2
(iPLA2, group VI) are similar to cPLA2 but do not require Ca2+

for activation. Both types are also implicated in the regulation of
intracellular membrane trafficking by the induction of changes

in the membrane curvature that is required for membrane
budding (Leslie, 2015).

cPLA2α is widely expressed in all tissues and regulated
by its transcriptional level (e.g., induced by Ras and MAPK
pathways and NF-κB, hypoxia-inducible factor, Sp1, and c-Jun),
Ca2+, and phosphorylation by MAPK. Ca2+ increase promotes
its translocation to intracellular membranes, a requirement
for arachidonic acid release. Phosphorylation by MAPKs can
enhance its activity (Leslie, 2015). P2X7-mediated activation of
cPLA2 and iPLA2 has been reported in immune and epithelial
cells (Alzola et al., 1998; Chaib et al., 2000; Andrei et al., 2004;
Kahlenberg and Dubyak, 2004; Garcia-Marcos et al., 2006b;
Costa-Junior et al., 2011) and has been associated with various
downstream effects such as PLD activation, kallikrein secretion,
bioactive lipid generation, and pore formation as well as IL-1β

processing, blebbing, and PS-flip (Garcia-Marcos et al., 2006b;
Anrather et al., 2011; Costa-Junior et al., 2011; Norris et al.,
2014; Wan et al., 2014; Alarcon-Vila et al., 2019; Janks et al.,
2019). Janks et al. (2019) recently reported an involvement of
undefined chloride channels downstream of PLA2 in some of
these processes. The mechanism of PLA2 activation by P2X7
remains unclear but was suggested to involve MAP kinases,
P-I4 kinase/PIP2 (Garcia-Marcos et al., 2006b; Wan et al., 2014)
and/or n-SMase activation in lipid rafts (Garcia-Marcos et al.,
2006a). In case of cPLA2, it might also be activated by Ca2+

influx through P2X7.

Phospholipase C (PLC)
In animals, PLC cleaves phosphatidylinositol-4,5-bisphosphate
(PIP2) into the second messengers diacylglycerol and inositol-
1,4,5,-triphosphate (Suh et al., 2008; Fukami et al., 2010). Besides
PKC activation and mobilization of intracellular Ca2+ (via
DAG and IP3, respectively) this process also influences the
local concentration of PIP2 (an important membrane anchor
and modulator of multiple processes and receptors) and the
synthesis of the signaling molecule PIP3, which is generated
by phosphatidylinositol 3-kinase (PI3K) from PIP2. Thirteen
mammalian PLC isoforms that are organized in six groups are
known and expressed in a tissue and/or cell-specific manner. In
addition to the common catalytic and Ca2+-binding domains
all but the PLCζ isotype contain pleckstrin homology (PH)
domains that can mediate interactions with phosphatidylinositol
lipids, G protein βγ subunits, or other proteins. Furthermore,
some isotypes have specific domains that contribute to their
individual functions: thus the src homlogy (SH) domains in
PLCγ allow its interaction with and activation by receptor
and cytosolic tyrosine kinases. Ras-associating domains and
Ras-GTPase exchange factor-like domains in PLCE mediate its
interactions with members of the Ras family of small G proteins,
and the long C-terminus of PLCβ contains determinants for Gq
protein interactions, membrane binding, and nuclear localization
(Suh et al., 2008; Fukami et al., 2010).

Several GPCRs, including some P2Y receptors, activate PLC.
However, few reports exist on the activation of PLC by P2X7
(Carrasquero et al., 2010) and K+ depletion has been suggested
as a mechanism (Andrei et al., 2004; Clark et al., 2010). Also,
modulation of PLC downstream effects by P2X7 has been
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reported but appears to be indirect and not dependent on
influx of extracellular Ca2+ (Garcia-Marcos et al., 2006b). In
microglia, for example, it was found that P2X7-induced Ca2+

rise increases DAG lipase activity and thus favors production
of the endocannabinoid 2-AG from DAG, which is generated
by PLC (Witting et al., 2004). A negative modulation of P2X7
through the depletion of PIP2 (supposedly due to PLC) has
also been reported (Zhao et al., 2007) and three residues in
the C-terminus (R385, K387, K395) might be involved in this
interaction. However, the mechanism could also be indirect as no
direct PIP2-P2X7 interaction was identified (Bernier et al., 2013)
[compare Section “Trafficking and Lipid Interaction Domains
(∼Residues 540–595)”].

Phospholipase D (PLD)
PLDs represent a family of phosphodiesterases that catalyze the
removal of head groups from glycerophospholipids (typically
phosphatidylcholine), thereby generating the regulatory
molecule phosphatidic acid (PA). More generally, this process
represents a headgroup exchange by water and in the presence
of primary alcohols generates phosphatidylalcohol. PA, due to
its small negatively charged headgroup, can induce negative
curvature of membranes if sufficient concentrations are reached.
In addition, PAs can act as lipid anchors for numerous PA
binding proteins and can modulate/activate various proteins,
such as the NOX complex, kinases, PLC and G-protein regulatory
proteins, to only name a few (Bruntz et al., 2014). PA can also be
converted to DAG and lysophosphatidic acid.

In mammals, the two isoforms PLD1 and PLD2 occur
almost ubiquitously, associate with membranes, and participate
in processes that involve membrane remodeling such as
vesicular transport and endocytosis but also many others.
PLDs are activated by a variety of receptors (GPCRs, receptor
tyrosine kinases, and integrins) and signaling molecules. Direct
interaction and activation has been shown for PKC and the
small Ras GTPases RhoA and ARF (Selvy et al., 2011; Bruntz
et al., 2014). In a macrophage cell line, P2X7 activation was
found to induce rapid PLD activation that was only partially
dependent on Ca2+ and PKC (Humphreys and Dubyak, 1996)
and subsequent studies in human and mouse macrophages
showed that P2X7-dependent killing of intracellular pathogens
requires PLD activation (Kusner and Adams, 2000; Fairbairn
et al., 2001; Coutinho-Silva et al., 2003). In thymocytes, Ca2+-
dependent activation of PLD by P2X7 was shown (Le Stunff et al.,
2004). What links P2X7 to PLD activation is not known in detail
but influx of bivalent cations (Gargett et al., 1996), kinases (Hung
and Sun, 2002; Perez-Andres et al., 2002; Pochet et al., 2003),
and small G-protein interactions via the putative SH3 domain
(Denlinger et al., 2001) have been involved.

Sphingomyelinase
Sphingomyelin is a phospholipid based on the unsaturated
aminoalcohol sphingosine instead of glycerol. It is the most
abundant sphingolipid with particularly high levels in the CNS
and constitutes a major component of the plasma membrane.
Due to its ability to bind cholesterol, it plays an important
role in the formation of lipid rafts. Its content in the cell is

regulated by de novo synthesis in the ER/Golgi (a multistep
process involving sphingomyelin synthases) and its degradation
by sphingomyelinases (SMases). SMases hydrolize sphingomyelin
to phosphocholine and ceramide (sphingosine coupled via an
amide bound to a fatty acid), a bioactive molecule that is
involved in apoptosis, cell cycle, organization of membrane
domains ("ceramide platforms"), inflammation, and various
diseases (Gomez-Munoz et al., 2016). In addition, ceramide can
be metabolized to further bioactive sphingolipids, such as the
mitogenic sphingosine-1-phosphate.

Six types of SMases have been identified and were grouped
according to the optimal pH value for their activation into
acidic, alkaline and four neutral SMases. Of these, the lysosomal
acidic a-SMase and Mg2+-dependent neutral n-SMase2 are best
characterized and considered the major candidates for ceramide
production. n-SMase is located in Golgi and plasma membrane
domains and regulated by transcription, anionic phospholipids,
phosphorylation, and in response to several cytokines, including
TNF-α and IL-1β (Shamseddine et al., 2015).

In thymocytes and macrophages, P2X7 has been involved
in the de novo synthesis of ceramide and subsequent apoptosis
(Lepine et al., 2006; Raymond and Le Stunff, 2006) and it was
speculated that the P2X7 death domain might be involved in
ceramide production in macrophages. Similarly, this domain
was suggested to be involved in P2X7-induced activation of
n-SMase in lipid rafts and subsequent PLA2 activation in
submandibular gland cells. In a more recent study on astrocytes
it was concluded that P2X7, via src kinase (maybe by interacting
with the SH2 domain) and p38MAPK activation, induces
translocation of a-SMase to the outer plasma membrane leaflet
where it induces blebbing and shedding of IL-1β-containing
micro particles (Bianco et al., 2009). It was also suggested that
P2X7, via a-SMase activation can induce the rapid release of HIV-
1-containing compartments from HIV-infected macrophages
(Graziano et al., 2015).

P2X7 Effects on Membrane Organization
and Morphology
Phosphatidylserine Exposure (PS-Flip) and Shedding
In healthy cells, PS is distributed to the inner leaflet of the
plasma membrane. So-called flippases, most likely P4-ATPase
ATP11C and its chaperone CDC50A, are required to keep this
asymmetry (Segawa et al., 2014). Under certain conditions,
for example during apoptosis, PS is translocated to the cell
surface by scramblases (Segawa and Nagata, 2015). Anoctamin-
6/TMEM16F (Ano6) and Xk-related protein 8 (Xkr8) were
identified as scramblases (Suzuki et al., 2010, 2013) and
proposed to account for Ca2+-induced PS scrambling and a
caspase/apoptosis-induced scrambling respectively (Suzuki et al.,
2013). For the latter, simultaneous inactivation of ATP11C and
activation of Xkr8 by caspases is required (Suzuki et al., 2013;
Segawa et al., 2014).

Brief activation of P2X7 was shown to result in a reversible PS
translocation, while prolonged activation results in irreversible
exposure of PS and subsequent cell death (Mackenzie et al.,
2005). A functional and physical interaction between P2X7
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and the Ca2+ activated Cl− channel Ano6 was identified and
suggested to mediate the translocation of PS (Ousingsawat et al.,
2015). However, the molecular mechanisms of this interaction
are unclear and interaction between Ano6 and P2X7 was not
confirmed in another study (Stolz et al., 2015).

Reversible PS flip is also part of a signal transduction pathway
in response to pathological conditions and P2X7-mediated PS flip
can lead to shedding of L-selectin (CD62L) (Elliott et al., 2005),
a cell adhesion molecule that initiates leukocyte tethering, the
first step of the adherens and migration cascade (Ivetic, 2018).
Shedding of CD62L from human monocytes occurs precisely
during transmigration and is important for the invasion and
direction of migration (Rzeniewicz et al., 2015) and PS exposure
increased the adhesion of cells to the endothelial cell layer
(Manodori et al., 2000). Thus PS translocation appears to be
relevant for leukocyte migration and P2X7-mediated PS flip
might increase the membrane fluidity and plasticity of the cell
and thereby facilitate the transmigration processes (Elliott et al.,
2005; Qu and Dubyak, 2009).

In addition to CD62L (Jamieson et al., 1996; Gu et al., 1998;
Labasi et al., 2002; Elliott et al., 2005; Sengstake et al., 2006;
Scheuplein et al., 2009; Schwarz et al., 2012), shedding of low
affinity immunoglobulin epsilon Fc receptor (CD23) (Gu et al.,
1998; Chen et al., 1999; Sluyter and Wiley, 2002; Pupovac et al.,
2015), complement receptor type 2 (CD21) (Sengstake et al.,
2006), tumor necrosis factor receptor superfamily member 7
(CD27) (Moon et al., 2006), IL-6R (Garbers et al., 2011), CXCL16
(Pupovac et al., 2013), and vascular cell adhesion molecule
1 (VCAM-1) (Mishra et al., 2016) was reported upon P2X7
activation and was mainly linked to activation of membrane-
associated metalloproteases, in particular the a disintegrin and
metalloprotease domain-containing proteins (ADAM) 10 and
ADAM17. Out of the 21 ADAM family members, these two have
been studied the most. They are widely expressed by immune
cells and their activity is controlled by multiple regulatory
mechanisms (Grötzinger et al., 2017; Lambrecht et al., 2018).
Interestingly, it was shown that PS exposure is required for
ADAM17 activity (Sommer et al., 2016) and phosphorylation
by ERK and p38 is important for its activation (Diaz-Rodriguez
et al., 2002) and membrane trafficking (Soond, 2005), thus
providing a direct link between metalloprotease activity and these
described P2X7 signaling pathways.

Plasma Membrane Blebbing
Blebbing is the formation of spherical protrusions of the plasma
membrane. It requires the detachment and/or local rupture of
the actomyosin cortex from the membrane (bleb nucleation or
initiation) as well as increased myosin activity and intracellular
pressure (bleb expansion) and is reversed by subsequent
reformation of an actin cortex at the blebbed membrane
and myosin-driven retraction. While generally considered as a
hallmark of apoptosis, blebbing is also involved in cell migration
and cytokinesis (Charras, 2008; Paluch and Raz, 2013). The
molecular details of these events are little understood but
activation of the small G protein Rho by extra- or intracellular
signals, its subsequent activation of the effector kinase Rho-
associated kinase (ROCK), and phosphorylation of myosin light

chain by ROCK appear to be central processes. In addition,
proteins and lipids (such as PIP2) influencing the cortex-
membrane interaction and alterations in the cell adhesion
properties appear to play a role (Fackler and Grosse, 2008).
P2X7 receptor activation causes reversible blebbing in native
and recombinant systems (MacKenzie et al., 2001; Mackenzie
et al., 2005). This effect is dependent on the P2X7 tail
(Wilson et al., 2002) and in a Y2H screen an interaction
with the epithelial membrane protein (EMP)-2 was identified
and biochemically confirmed for the related proteins EMP-
1, EMP-3, and peripheral myelin protein (PMP)-22, which
are all widely expressed (references in Wilson et al., 2002).
Overexpression of these proteins in HEK293 cells resulted in
an increase of caspase-dependent apoptotic-like behavior and
blebbing, although a specific interaction domain or mechanism
was not identified. In subsequent studies, RhoA, ROCKI, and
p38 MAP kinase (Morelli et al., 2003; Verhoef et al., 2003;
Pfeiffer et al., 2004) have been shown to be involved in P2X7-
induced blebbing and it was demonstrated that the signaling
pathway that leads to blebbing is caspase independent and
different from that promoting IL-1β release (Verhoef et al., 2003).
However, dependence of blebbing on extracellular Ca2+- was
inconsistent in different studies and both Ca2+-dependent and
independent pathways leading to blebbing have therefore been
proposed (Mackenzie et al., 2005). According to this model,
the faster Ca2+-dependent zeiotic form of membrane blebbing
is a consequence of local Ca2+ overload that via induction
of PS-flip leads to the disruption of plasma membrane actin
interaction. In favor of this model, deregulation of Ca2+ entry
as a consequence of CaM binding to the P2X7 C-terminus was
found to facilitate blebbing (Roger et al., 2008). How Rho is
activated remains unresolved. Based on findings in osteoblasts,
it was proposed that P2X7 activation leads via PLD and PLA2
activation to LPA, and LPA, by activation of the LPA receptor
(a GPCR), activates Rho (Panupinthu et al., 2007). Involvement
of PLA2 activation in addition to an undefined Cl− channel
in blebbing is supported by a recent study on macrophages
(Janks et al., 2019).

Additional effects of P2X7 on cellular membrane
trafficking and organization have been reported. These include
microvesiculation (MacKenzie et al., 2001; Bianco et al., 2005;
Pizzirani et al., 2007), exosome release (Qu et al., 2009; Barberà-
Cremades et al., 2017), phagosome maturation (Fairbairn et al.,
2001), and formation of multinucleated giant cells (Lemaire
et al., 2006). For review see Qu and Dubyak (2009).

Kinase Activation
Protein Kinase C (PKC)
PKCs are a family of serine/threonine kinases and represent
central mediators of cytoplasmic signaling cascades that regulate
a variety of cellular functions.

Three PKC subfamilies (classical, novel, and atypical) have
been determined: The classical (PKCα, PKCβ, PKCγ) and the
novel (PKCδ, PKCε, PKCθ, and PKCη) PKCs both require the
second messenger DAG for activation. The cPKCs require Ca2+

as a cofactor while the nPKCs are Ca2+-independent. The aPKCs
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are independent of Ca2+ and DAG. Most PKCs are ubiquitously
expressed. Their activation is associated with translocation of the
enzyme from the cytosolic fraction to the plasma membrane or
cell organelles. Besides mediating signal transduction from the
plasma membrane, PKCs have been identified within the nucleus,
where their role is less well studied (Lim et al., 2015).

P2X7-dependent translocation of Ca2+-dependent PKCs has
been described in osteoclasts (Armstrong et al., 2009) and Ca2+-
independent PKCs have also been involved in P2X7 signaling
(Bradford and Soltoff, 2002; Gendron et al., 2003) although the
molecular interactions and the source of DAG remained unclear
in these studies. P2X7 modulation by PKC and its physical
interaction with PKCγ was also suggested (Hung et al., 2005).

Mitogen Activated Protein Kinases (MAPK)
MAPKs are serine/threonine-specific protein kinases that are
activated by phosphorylation as a result of a multi-level
signaling cascade. Three types of MAPKs have been found to
be phosphorylated upon P2X7 activation, the closely related
extracellular signal regulated kinases ERK1 and ERK2, the c-Jun
N-terminal kinases (JNKs), and the p38 MAPK (Hu et al.,
1998; Armstrong et al., 2002). The ERK1/2 pathway is best
investigated and starts with an extracellular ligand binding to
its receptor, which then couples to and activates the small
GTPase Ras, which via RAF kinases and mitogen-activated
protein kinase kinases (MEK1/2) activates ERK1/2. ERK1/2
can regulate RNA translation and several transcription factors
and plays an important role in cell division and proliferation.
Activation of P38 and JNK MAPKs is more complex and
includes numerous kinases that are mostly shared between both
MAPKs. Activating stimuli include inflammatory signals and
stress and these kinases are involved in apoptosis, proliferation,
and inflammation.

Many studies have shown phosphorylation of these kinases
following P2X7 activation (Humphreys et al., 2000; Panenka et al.,
2001; Gendron et al., 2003). Activation of ERK1 was suggested
to be mediated via Ca2+, PI3K, c-Src (Gendron et al., 2003;
Auger et al., 2005), and EGF receptor transactivation (Stefano
et al., 2007). ERK activation was shown to depend mainly on
the N-terminus of P2X7 since it was affected by N- but not
C-terminal truncations (Amstrup and Novak, 2003).

Cellular Sarcoma Tyrosine Kinase (c-Src)
c-Src is a member of the Src kinase family and a protooncogene.
It is via myristoylation associated with the plasma membrane and
contains src homology (SH) domains 1–4. Its activation causes
dephosphorylation of a tyrosine residue and opening of the SH2,
SH3, and kinase domains and autophosphorylation. It can be
activated by several membrane proteins and can activate various
proteins, including focal adhesion proteins, adaptor proteins, and
transcription factors and thereby directly or indirectly activates
numerous signaling molecules including MAPKs.

Besides activating downstream signaling pathways, the P2X7
receptor itself could serve as a substrate for kinases or
phosphatases. For example, Y343 in TM2 was assumed to be
dephosphorylated upon receptor activation, since phenylalanine-
substitution of Y343 in rat P2X7-expressing HEK293 cells

prevented run-down of agonist-evoked currents as well as
the effect of phosphatase inhibitors on currents and onset of
membrane blebbing (Kim et al., 2001). Additionally, tyrosine
residues Y382, Y383, and Y384 in rat P2X7 were found to be
phosphorylated by c-Src (Leduc-Pessah et al., 2017).

Phosphoinositide 3-Kinase (PI3Ks)/Protein Kinase B
(PKB Also Known as Akt)
PI3Ks are a family of kinases that, upon activation by
receptors phosphorylate the hydroxyl group in position 3 of
phosphatidylinositol, thereby generating various phosphoinos-
itides that are able to recruit signaling proteins with
phosphoinositide binding PH domains to membranes. Thus,
the PH domains of the serine/threonine kinase protein kinase
B and the phosphoinositide-dependent kinase (PDK1) bind to
PtdIns(3,4,5)P3 (PIP3) and PtdIns(3,4)P2 (PIP2) and thereby
localize to the plasma membrane where they interact.

PKB is a serine/threonine kinase that contains a PH domain,
which binds with high affinity to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) and is activated by the phosphoinositide-
dependent kinase (PDK) 1 and the mammalian target of
rapamycin complex 2 (mTOR2). This results in the activation
of multiple substrates including mTOR. PKB is involved in
antiapoptotic pathways, glucose metabolism, protein synthesis,
and cell proliferation and tightly regulated. Numerous and
complex effects of P2X7 on Akt have been reported. For
example, in neuroblastoma cells and astrocytes, stimulation
of P2X7 lead to Akt activation (Jacques-Silva et al., 2004;
Amoroso et al., 2015). In another study on neuroblastoma
cells, P2X7 inhibition was associated with neuritogenesis
and increased Akt phosphorylation (Gomez-Villafuertes et al.,
2009) and in pancreatic cancer cells, P2X7 activation was
involved in activation of protein and lipid phosphatases that
lead to nuclear Akt depletion and inhibited proliferation
(Mistafa et al., 2010). Extra- and intracellular calcium, a c-
Src-related tyrosine kinase, PI3K, and CaMKII have been
involved in Akt activation by P2X7 (Jacques-Silva et al., 2004;
Gomez-Villafuertes et al., 2009).

Neurotransmitter Release
A wealth of literature describes P2X7 localization and
function in neuronal cells and its involvement in the
release of various neurotransmitters and gliotransmitters.
This effect is generally supposed to be a consequence of P2X7-
mediated Ca2+ increase and beyond the scope of this review.
Excellent overviews are given in Sperlagh and Illes (2014)
and Miras-Portugal et al. (2017).

Role in Gene Transcription
P2X7 has been involved in the activation of several transcription
factors, most of which play a role in inflammation.

Nuclear Factor κ-Light Chain Enhancer of Activated B
Cells (NF-κB)
NF-κB is an ubiquitously expressed protein complex that
acts as a rapid primary transcription factor (Zhang et al.,
2017) and binds to so-called κB-motifs that are present in
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numerous regulatory DNA regions. It is activated by stressful
and pro-inflammatory stimuli such as cytokines, bacterial and
viral antigens via a variety of cell surface receptors and
initiates the transcription of genes involved in inflammation,
proliferation, or survival. In unstimulated cells, NF-κB is bound
in the cytoplasm to the inhibitor of κB (IκB). Phosphorylation
of IκB by IκB kinase (IKK) leads to its degradation in
the proteasome and enables NF-κB to translocate into the
nucleus where it binds to target gene promoter sequences. In
addition, activity of NF-κB is modulated by phosphorylation
(Christian et al., 2016). Activation of P2X7 has been shown
to lead to IκB degradation, NF-κB phosphorylation, nuclear
translocation, and induced transcription in NF-κB reporter
assays (Ferrari et al., 1997b; Aga et al., 2002; Korcok et al.,
2004; Genetos et al., 2011; Kim et al., 2013). The signaling
mechanisms have not been conclusively resolved but were
suggested to involve ROS generation and caspase activation
(Ferrari et al., 1997b), ERK1/2 and Akt, (Tafani et al.,
2011), MAP kinases (Aga et al., 2004), and MyD88 (Liu
et al., 2011). While it is generally accepted that P2X7-
induced caspase 1 activation and subsequent IL-1β maturation
requires TLR-induced NF-κB signaling (Kahlenberg et al.,
2005), a role for P2X7-induced NF-κB signaling and IL-
1β transcription (together with NLRP3 components) has also
been shown in sterile inflammation upon mechanical trauma
(Albalawi et al., 2017).

Nuclear Factor of Activated T Cells (NFAT)
The NFAT family consists of five (NFAT1-NFAT5) members
and is related to the REL-NF-κB family of transcription
factors (Serfling et al., 2012). NFAT1-NFAT4 are activated
via CaM and the phosphatase calcineurin, by cell surface
receptors that couple to Ca2+ mobilization. NFAT5 is
activated by osmotic stress and not further discussed here.
In its inactivated state, NFAT is phosphorylated and upon
dephosphorylation by calcineurin, translocates to the nucleus.
Here, it cooperates with other transcription factors (including
the AP-1 and Rel family) to regulate immune function and
inflammation as well as cell proliferation, cell differentiation
and cancer growth. NFAT phosphorylation and inactivation
is regulated by multiple kinases in the nucleus (e.g., GSK3)
and/or cytoplasm (e.g., CK1). In addition, several other
mechanisms, such as caspase 3 cleavage, can regulate NFAT
(Müller and Rao, 2010).

In T cells, where NFAT function is best investigated, ATP
release and autocrine or paracrine feedback signaling via P2X7
activation has been shown to lead to NFAT induction and release
of IL-2 (Yip et al., 2009). In stimulated B cells, however, NFAT
internalization in the nucleus was decreased by P2X7-induced
membrane depolarisation (Pippel et al., 2015). In microglia cell
lines, P2X7 signaling has been shown to activate NFAT proteins
(Ferrari et al., 1999) and more recently, the inflammatory CC-
motif chemokine ligand 3 (CCL3) was found to be released as a
result of this signaling pathway (Kataoka et al., 2009).

Adinolfi et al. (2009) observed an induction in the expression
of NFATc1 by heterologous expression of P2X7 in HEK293 cells
that lead to promotion of growth and prevention of apoptosis.

This effect was confirmed by P2X7 transfection in cancer cell
lines and caused an increase in the tumor size and growth
rate (Adinolfi et al., 2012). Likewise, transfection of P2X7 into
osteosarcoma cells led to an increase in NFATc1 translocation to
the nucleus and its activation has been associated with cell growth
and proliferation (Giuliani et al., 2014).

Hypoxia Inducible Factor (HIF)
Hypoxia inducible factor is a heterodimeric (HIF-α and HIF-β)
transcription factor that is upregulated under conditions of low
oxygen availability and is implicated in tumor growth. P2X7-
mediated upregulation of HIF-1α and ischemic tolerance was
reported after ischemic insult in astrocytes (Hirayama et al.,
2015; Hirayama and Koizumi, 2017) and P2X7 downmodulation
reduced HIF-1α (Amoroso et al., 2015). HIF-1α has also been
proposed to regulate the expression of P2X7 in the hypoxic
microenvironment, which via Akt and Erk phosphorylation
promotes nuclear translocation of NF-κB and tumor cell invasion
(Tafani et al., 2011).

Other Transcription Factors
Other transcription factors that were reported to be induced
upon P2X7 activation include activator protein 1 (AP-1) (Gavala
et al., 2010), the early growth response transcription factors (Egr)
(Stefano et al., 2007; Friedle et al., 2011), Runt related factor-2
(Runx2) (Yang et al., 2018), and cyclic AMP response element
binding protein (CREB) (Ortega et al., 2011). For additional
information please refer to Lenertz et al. (2011).

Cell Death
P2X7 is involved in different forms of cell death. While it is
generally reported to cause apoptosis and/or necrosis, multiple
alternative cytotoxic routes like pyroptosis and autophagy
have also been described (Dubyak, 2012; Yang et al., 2015;
Young et al., 2015). Whereas cell swelling and cytolysis
could be explained by the plasma membrane permeabilizing
properties of the P2X7 receptor (Surprenant et al., 1996) the
exact mechanisms of different other forms of necrosis or
apoptosis are not known in detail (for a recent review see Di
Virgilio et al., 2017). Nevertheless, typical markers of apoptosis
such as cytochrome c release, PS-flip, blebbing, cleavage of
caspase-3, caspase-8, and caspase-9 have been observed in
various systems (Ferrari et al., 1997a; Humphreys et al., 2000;
Mackenzie et al., 2005).

DIRECT PROTEIN P2X7 INTERACTIONS
OR INTERACTIONS WITHIN PROTEIN
COMPLEXES

More than 50 proteins have been identified to physically interact
with the P2X7 receptor (Table 1). Analysis of their STRING
interaction network (Figure 2, Szklarczyk et al., 2019) shows
that 22 of these proteins are involved in the innate immune
response, in agreement with the proposed pro-inflammatory
functions of P2X7. For the majority of the identified proteins, the
interaction domains and the physiological consequences of this
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TABLE 1 | Published P2X7 interaction partners (adapted from http://www.p2x7.co.uk).

Gene Protein name Uniprot ID
(human)

Method Cell system References

ABL1 Tyrosine-protein kinase ABL1 P00519 Peptide array In vitro Wu et al., 2007

ACTB∗ Actin, cytoplasmic 1 (β-actin) P60709 IP-MS/WB HEK293 Kim et al., 2001

IP-MS THP-1 Gu et al., 2009

ACTN4∗ α-actinin 4 O43707 IP-MS/WB HEK293 Kim et al., 2001

ANO6 Anoctamin-6 Q4KMQ2 IP-WB HEK293 Ousingsawat et al., 2015

ARRB2 β-arrestin 2 P32121 IP-WB CaSKI / HEK293 Feng et al., 2005

Bgn Biglycan P21810 IP-WB Peritoneal macrophages Babelova et al., 2009

CALM1∗ Calmodulin P0DP23 IP-WB HEK293 Roger et al., 2008

Roger et al., 2010

CASK Peripheral plasma membrane
protein CASK

O14936 Y2H Liver cDNA library Wang et al., 2011

Cav1/3 Caveolin-1 Q03135 PD/IP-WB Alveolar epithelial E10 cells Barth et al., 2008

nPAGE/IP-WB Alveolar epithelial E10 cells Weinhold et al., 2010

nPAGE-WB HL-1 Pfleger et al., 2012

Caveolin-3 P56539 nPAGE-WB HL-1 Pfleger et al., 2012

CD14 Monocyte differentiation antigen
CD14

P08571 IP-WB HEK293 Dagvadorj et al., 2015

CD44 CD44 antigen P16070 IP-WB CHO-K1 Moura et al., 2015

CLTA/B/C/D Clathrin IP-WB CaSKI / HEK293 Feng et al., 2005

CYFIP1 Cytoplasmic FMR1-interacting
protein 1

Q7L576 IP-WB Mouse prefrontal cortex Li et al., 2017

DEFA1 Neutrophil defensin 1 P59665 PD-WB HEK293 Chen et al., 2014

DNM1 Dynamin-1 Q05193 IP-WB CaSKI / HEK293 Feng et al., 2005

EFNB3 Ephrin-B3 Q15768 Y2H Liver cDNA library Wang et al., 2011

EMP1/2/3 Epithelial membrane protein 1/2/3 P54849,
P54851,
P54852

Y2H, PD/IP-WB HEK293 Wilson et al., 2002

Fyn Tyrosine-protein kinase Fyn P06241 IP-WB OPCs, HEK293 Feng et al., 2015

GRB2 Growth factor receptor-bound
protein 2

P62993 Peptide array In vitro Wu et al., 2007

GRK3 β-adrenergic receptor kinase 2 P35626 IP-WB CaSKI / HEK293 Feng et al., 2005

HSP90AB1∗ Heat shock protein HSP 90-β P08238 IP-MS/WB HEK293 Kim et al., 2001

IP-WB HEK293, peritoneal
macrophages

Adinolfi et al., 2003

IP-MS HEK293 Gu et al., 2009

IP-WB PC12 Franco et al., 2013

HSPA1A∗ Heat shock 70 kDa protein 1A/1B P0DMV8 IP-MS/WB HEK293 Kim et al., 2001

IP-MS HEK293 Gu et al., 2009

HSPA8∗ Heat shock cognate 71 kDa protein P11142 IP-MS/WB HEK293 Kim et al., 2001

ITGB2 Integrin β-2 P05107 IP-MS/WB HEK293 Kim et al., 2001

LAMA3 Laminin subunit α-3 Q16787 IP-MS/WB HEK293 Kim et al., 2001

MPP3 MAGUK p55 subfamily member 3 Q13368 IP-MS/WB HEK293 Kim et al., 2001

MYH9∗ Myosin-9 (Myosin heavy chain,
non-muscle IIa)

P35579 IP-MS/WB THP-1 Gu et al., 2009

MyD88 Myeloid differentiation primary
response protein MyD88

Q99836 IP-WB HEK293 Liu et al., 2011

MYL12A/B∗ Myosin regulatory light chain 12A,
Myosin regulatory light chain 12B

P19105
O14950

IP-MS THP-1 Gu et al., 2009

MYO5A Unconventional myosin-Va Q9Y4I1 IP-MS/WB HEK293 Gu et al., 2009

NCK1 Cytoplasmic protein NCK1 P16333 Peptide array In vitro Wu et al., 2007

NLRP2/3 NACHT, LRR and PYD
domains-containing protein 2

Q9NX02 IP-WB Astrocytes Minkiewicz et al., 2013

NACHT, LRR and PYD
domains-containing protein 3

Q9NX02 IP-WB N13 microglia Franceschini et al., 2015

NME2 Nucleoside diphosphate kinase B P22392 IP-MS HEK293 Gu et al., 2009

NOS1 Nitric oxide synthase, brain P29475 IP-WB Mouse brain Pereira et al., 2013

(Continued)
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TABLE 1 | Continued

Gene Protein name Uniprot ID
(human)

Method Cell system References

P2RX4 P2X4 Receptor Q99571 IP-WB HEK293, BMDM Guo et al., 2007

IP-WB BMDM Boumechache et al., 2009

nPAGE/IP-WB Alveolar epithelial E10 cells Weinhold et al., 2010

PD/IP-WB tsA 201 Antonio et al., 2011

IP-WB Primary gingival epithelial cells Hung et al., 2013

IP-WB HEK293 Pérez-Flores et al., 2015

PANX1 Pannexin-1 Q96RD7 IP-WB HEK293 Pelegrin and Surprenant, 2006

IP-WB J774.2 Iglesias et al., 2008

IP-WB Primary neurons Silverman et al., 2009

IP-WB HEK293 Li et al., 2011

IP-WB N2a Poornima et al., 2012

IP-WB HPDL Kanjanamekanant et al., 2014

PD-WB N2a Boyce and Swayne, 2017

PI4KA Phosphatidylinositol 4-kinase α P42356 IP-MS/WB HEK293 Kim et al., 2001

PPIP5K1 Inositol hexakisphosphate and
diphosphoinositol-pentakisphosphate
kinase 1

Q6PFW1 IP-MS THP-1 Gu et al., 2009

PMP22 Peripheral myelin protein 22 Q01453 Y2H, PD-WB HEK293 Wilson et al., 2002

PRKCG Protein kinase C γ type P05129 IP-WB Astrocyte cell line (RBA-2) Hung et al., 2005

PTPN6 Tyrosine-protein phosphatase
non-receptor type 6

P29350 IP-MS THP-1 Gu et al., 2009

PTPRB Receptor-type tyrosine-protein
phosphatase β

P23467 IP-MS HEK293 Kim et al., 2001

PYCARD Apoptosis-associated speck-like
protein containing a CARD (ASC)

Q9ULZ3 IP-WB Primary neurons Silverman et al., 2009

IP-WB Astrocytes Minkiewicz et al., 2013

Snca α-synuclein P37840 IP-WB Microglia cell line BV2 Jiang et al., 2015

SVIL Supervillin O95425 IP-MS/WB HEK293 Kim et al., 2001

Tlr2/4 Toll-like receptor 2/4 O60603
O00206

IP-WB Peritoneal macrophages Babelova et al., 2009

TM9SF1 Transmembrane 9 superfamily
member 1

O15321 Y2H Liver cDNA library Wang et al., 2011

TPR Nucleoprotein TPR P12270 IP-MS HEK293 Gu et al., 2009

TRIM21∗ E3 ubiquitin-protein ligase TRIM21 (52
kDa Ro protein)

P19474 IP-MS THP-1; HEK293 Gu et al., 2009

TUBB∗ Tubulin β chain P07437 IP-MS HEK293 Gu et al., 2009

Asterisks indicate proteins that are frequently found as contaminants in MS-based approaches (Mellacheruvu et al., 2013). PD, pull down; IP, immunoprecipitation; WB,
western blot; MS, mass spectrometry; nPAGE, native PAGE; Y2H, yeast two-hybrid.

interactions have not been described. Only interaction partners
that were studied in more detail and selected proteins will be
briefly described in the following sections.

Proteins Involved in P2X7-Mediated
Interleukin Secretion
Pathogen-associated molecular patterns like LPS activate
innate immune responses via binding to TLR4. CD14
serves as a co-receptor of TLR4 to facilitate the cellular
responses to LPS (Zanoni and Granucci, 2013). As
described [see Section “Trafficking and Lipid Interaction
Domains (∼residues 540–595)”], P2X7 harbors a potential
LPS binding motif in its C-terminal domain (Denlinger
et al., 2001) and CD14 was identified as a potential
co-receptor of P2X7 that enables LPS internalization and
binding to P2X7. Their physical interaction was shown in

immunoprecipitation experiments with transfected HEK293
cells. LPS stimulation increased their co-localization and
the amount of co-precipitated CD14 or P2X7 proteins
(Dagvadorj et al., 2015).

MyD88 is another protein that is tightly associated with
TLR function. TLR4 can signal through MyD88 to induce
the synthesis of pro-inflammatory cytokines via the activation
of NF-κB. In transfected HEK293 cells, it was shown that
MyD88 physically interacts with P2X7, suggesting that MyD88
is responsible for P2X7-mediated NF-κB activation. The
C-terminus of P2X7 and, in particular, the amino acid G586
was shown to be important for this interaction. Alanine
substitution of G586 lead to a loss of P2X7 function, decreased
caspase 1 cleavage activity, altered cellular localization, and
impaired interaction between P2X7 and MyD88 in mouse, P2X7-
expressing HEK293 cells and RAW264.7 cells (Liu et al., 2011).
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FIGURE 2 | Interaction network of published P2X7 interaction partners. Proteins were analyzed using STRING database (v11.0; Szklarczyk et al., 2019). Twenty-two
proteins are involved in function of the innate immune system (shown in red). The thickness of the connecting lines indicates the strength of data support for physical
and/or functional associations.

Inflammation is not only triggered by the binding of
exogenous PAMPs to TLR4, but also mediated via endogenous
structures. Soluble biglycan, a proteoglycan of the extracellular
matrix, can activate TLR2 and 4 and stimulate inflammatory
responses (Schaefer et al., 2005; Moreth et al., 2014). Co-
precipitation experiments showed that biglycan can directly
interact with P2X4 and P2X7 in peritoneal macrophages
(Babelova et al., 2009). Interestingly, also TLR2 and 4 were
co-precipitated with anti-P2X4 or anti-P2X7 antibodies in the
presence of biglycan.

P2X7 was also found to directly interact with components
of the inflammasome such as the adaptor protein ASC of the
NLRP1 inflammasome in neurons (Silverman et al., 2009), ASC,
and the NLR subunit of the NLRP2 inflammasome in astrocytes
(Minkiewicz et al., 2013), and NLRP3 in N13 mouse microglial
cells (Franceschini et al., 2015). For NLRP3 and P2X7 also a
mutual relationship in mRNA and protein levels was detected and
both proteins co-localize at discrete sites in the subplasmalemmal
cytoplasm (Franceschini et al., 2015).

Pannexin-1
Pannexin-1 belongs to the pannexin family of channel-forming
glycoproteins and has been reported to mediate the release
of ATP (Chekeni et al., 2010). It can be activated by various
stimuli (e.g., mechanical, caspase cleavage, cytoplasmic Ca2 +,

membrane depolarization, extracellular ATP, and K+; Penuela
et al., 2013) and has been proposed to form the P2X7-associated
macropore (Pelegrin and Surprenant, 2006). Indeed, several co-
precipitation experiments revealed a physical interaction with
the P2X7 receptor (Pelegrin and Surprenant, 2006; Iglesias et al.,
2008; Silverman et al., 2009; Li et al., 2011; Poornima et al.,
2012; Kanjanamekanant et al., 2014; Boyce and Swayne, 2017).
However, negative pull-down experiments were also reported and
more recent studies indicate that the macropore is an intrinsic
property of P2X7 and opens immediately upon activation (Harkat
et al., 2017; Karasawa et al., 2017; Pippel et al., 2017; Di Virgilio
et al., 2018b). A functional interaction of P2X7 and pannexin
in inflammasome activation was also described (Pelegrin and
Surprenant, 2006; Locovei et al., 2007; Iglesias et al., 2008; Hung
et al., 2013; Boyce et al., 2015; Boyce and Swayne, 2017) but is
under discussion (Qu et al., 2011; Hanley et al., 2012; Alberto
et al., 2013). As pannexin is considered to mediate the release
of ATP, it might play a role upstream of P2X7 by controlling its
activation (Chekeni et al., 2010; Isakson and Thompson, 2014).

Heat Shock Protein 90
Heat shock protein (HSP) 90 is a molecular chaperone and
ATPase and one of the most abundant cytosolic proteins in
eukaryotes. It is essential for protein folding and maturation
and has been involved in many different pathologies, including
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infections, cancer, and neurodegenerative diseases (Schopf et al.,
2017). Two independent MS-based screening approaches in
HEK293 cells identified HSP90 as potential interactor of P2X7
(Kim et al., 2001; Gu et al., 2009) and the cysteine-rich
domain in the C-terminus was identified to be important
for this interaction (Migita et al., 2016). Phosphorylation of
HSP90 was shown to decrease P2X7 currents and membrane
blebbing in HEK293 cells and rat peritoneal macrophages
(Adinolfi et al., 2003). Nitration of the chaperone increased
P2X7-dependent activation of the Fas pathway and subsequent
apoptosis in PC12 cells (Franco et al., 2013). Fas (CD95)
is a member of the tumor necrosis factor receptor (TNFR)
superfamily and plays a central role in apoptosis. HSP90 was
also found to be involved in P2X7 pore formation and P2X7-
dependent autophagic death of dystrophic muscles (Young
et al., 2015) as well as the activation of the P2X7/NLRP3
inflammasome pathway (Zuo et al., 2018). It was shown that
HSP90 directly interacts with the LRR and NACHT domains of
NLRP3 and is essential for inflammasome function and activity
(Mayor et al., 2007).

Caveolin
Caveolins are the most abundant membrane proteins in
caveolae and act as scaffolding and membrane curvature
inducing proteins. Caveolae are invaginations of the plasma
membrane and, similar to lipid rafts, enriched in cholesterol
and glycosphingolipids (Patel and Insel, 2008). The caveolin
family comprises three family members (caveolin-1, -2, -
3). In E10 alveolar epithelial cells, P2X7 was found to be
associated with caveolae and partially co-localized with
caveolin-1 (Barth et al., 2007). A direct interaction of
both proteins was shown via co-precipitation (Barth et al.,
2008). This interaction was further verified via native PAGE,
which indicated that both proteins are present in the same
protein complex (Weinhold et al., 2010). Similar results
were obtained in cardiomyocytes, where also caveolin-3
was detected (Pfleger et al., 2012). A mutual relation in
expression and localization was shown (Barth et al., 2007;
Weinhold et al., 2010).

Anoctamin Channels
Anoctamin channels (TMEM16 family) are calcium-activated
Cl− channels and are co-expressed with P2X7 in various cell
types. Since a P2X7-mediated increase in anion conductance
has been observed in several studies, a physical or functional
interaction with anoctamin channels was investigated (Stolz
et al., 2015). In Xenopus laevis and Ambystoma mexicanum
oocytes [which lack endogenous anoctamin(s)], a functional
interaction between heterologously expressed P2X7 and
anoctamin-1 could be shown, but not for anoctamin-6
(Stolz et al., 2015). However, another study in the same
year could show a P2X7-mediated activation of anoctamin-6 in
Xenopus laevis oocytes, transfected HEK293 cells, and mouse
macrophages and a physical interaction was also shown in
co-immunoprecipitation experiments with transfected HEK293
cells (Ousingsawat et al., 2015).

Calmodulin
A novel CaM binding motif was identified in the C-terminus
of rat P2X7 [compare Section “Trafficking and Lipid Interaction
Domains (∼Residues 540–595)”]. The specific binding of CaM
to this region was shown by co-immunoprecipitation and
mutagenesis of the binding motif in HEK293 cells (Roger et al.,
2008). Interestingly, this binding motif is absent in human
and mouse P2X7 and indeed, an interaction of CaM with
the human receptor could not be detected but reconstituted
by mutagenesis (Roger et al., 2010). The binding of CaM
facilitates and prolongs Ca2+ entry and was proposed to play
a role in cytoskeletal rearrangements and membrane blebbing
(Roger et al., 2008).

Myosin-9
The non-muscle myosin-9 was not only shown to co-precipitate
with P2X7, but also to co-localize in the plasma membrane and
membranes of intracellular organelles in a human monocytic cell
line (THP-1 cells). A close association with P2X7 was confirmed
by FRET experiments in HEK293 cells (Gu et al., 2009). It was
proposed that P2X7 is anchored in the membrane by myosin-9
and activation of P2X7 via extracellular ATP leads to dissociation
of the myosin-P2X7 complex and the formation of the large
pore and membrane blebbing. It was further suggested that the
integrity of this complex is required to regulate P2X7-mediated
phagocytosis (Gu et al., 2010).

CONCLUSION

Blockade or genetic deletion of the P2X7 receptor has shown
positive effects in numerous disease models and genetic
association studies have linked SNPs of this receptor with various
human diseases. While P2X7-induced cytokine secretion and/or
cell death have been identified as important mechanisms that
contribute to its pathophysiological role, the relevance and in
particular, the molecular mechanism leading to the induction
of many other identified P2X7-induced effects remain much
less investigated. The extended P2X7 C-terminus has been
involved in many P2X7-specific functions and is supposed
to constitute a platform for intracellular interactions that
initiate multiple signaling pathways. Although more than 50
interacting proteins have been identified (Table 1), their roles
in receptor signaling, trafficking, regulation, or modification
remain largely obscure and in most cases, the sites of interaction,
the aa involved, and the molecular mechanisms are unknown.
Many of the identified interactions are likely to depend on
the type and/or state of the cell and might also be indirect
or due to the association of proteins in larger domains
or complexes (e.g., lipid rafts). However, the data need to
be interpreted with caution as they include proteins that
tend to interact with the solid-phase support or the used
affinity tags and are frequently found as contaminants in
affinity purification approaches followed by mass spectrometry
(MS) (Mellacheruvu et al., 2013) (marked with asterisk in
Table 1). It further has to be considered, that several
proteins were identified in targeted rather than unbiased
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screening approaches and most experiments were carried
out in heterologous expression systems (in some of which
P2X7 is not naturally occurring) and with overexpressed
interaction partners, which might bear the risk of
artificial aggregation.

In contrast to other receptor complexes, for which interaction
partners have been defined (Schwenk et al., 2012, 2016;
Hanack et al., 2015), few tight interactions that survived
purification were identified for P2X7 and BN-PAGE analysis
in mouse and rat tissues did not reveal bands that are
reconcilable with complexes containing additional proteins
besides the three P2X7 subunits (Nicke, 2008). Of the
interaction partners identified in pull-down experiments,
only few have been repeatedly identified or confirmed in
independent studies. Thus, P2X7 interactions or complexes
appear to be rather instable and the P2X7 tail might
mainly have a structural role and/or serve as a scaffold
for temporary and short-lived interactions in which Ca2+

signaling and interactions with membrane components are
likely to play a major role. The specific molecular mechanisms
involved are largely hypothetical and only few interaction
sites have been determined by mutagenesis. Elucidation of
these interactions and the downstream signaling pathways

involved bears the potential to identify novel ways for
therapeutic intervention.
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4.2 A Simplified Protocol to Incorporate the Fluorescent Unnatural Amino
Acid ANAP into Xenopus laevis Oocyte-Expressed P2X7 Receptors
(Research Protocol)

This book chapter is part of a collection of molecular biology research methods
and protocols that describe procedures to investigate the P2X7R and is published
as part of the Methods in Molecular Biology book series. It details step-by-step
instructions for the incorporation of the fUAA ANAP into Xenopus laevis oocyte
expressed P2X7Rs using two different protocols. In addition, the procedures for
analysis of P2X7 membrane expression by SDS-PAGE and its investigation by VCF are
described.
A procedure for the expression of ANAP-containing receptors in X. laevis oocytes
was previously published by Kalstrup and Blunck [78]: In this protocol, the plasmid
encoding the tRNA/tRNA-synthetase pair (pANAP 1) [75] is introduced into the
oocyte via nuclear injection. One day later, ANAP and the receptor cRNA containing
an amber stop codon are injected into the cytoplasm. In an effort to simplify this
method and to avoid the intricate nuclear injection, I established a protocol, in which
a chemically synthesized amber suppressor tRNA is directly injected into the cytosol
together with in vitro synthesized cRNA encoding the respective aminoacyl-tRNA
synthetase, ANAP, and the receptor cRNA containing an amber stop codon. In
addition, I designed a modified pUC19 plasmid for protein expression in X. laevis
oocytes. The book chapter also includes a protocol to validate surface expression of
ANAP-containing receptors by labeling oocytes with membrane-impermeable Cy5
NHS-ester, subsequent purification of the His-tagged receptors with Ni-NTA beads,
and SDS-PAGE analysis. It is shown, that both methods for ANAP incorporation
yield comparable plasmamembrane expression levels of ANAP-containing full-length
P2X7Rs. In addition, the procedure for VCF recordings of X. laevis oocyte expressed
ANAP-containing P2X7Rs is presented together with a short description of the VCF
setup and helpful notes.
It has to be noted, that rebuilding and optimization of the VCF setup (including
a technical drawing of the two-compartment recording chamber, evaluation and
selection of all required optical parts, and careful adjustment and validation of the
recording system) represent a major and essential part of my thesis work and required
acquisition of expertise in optics and electronics.
For this publication, I established and optimized the described ANAP incorporation
and VCF methods, performed all experiments, drafted the manuscript and prepared
Fig.1 (B), Fig.2 (A-D), and Fig.3 (B-C).

1Addgene plasmid # 48696 ; http://n2t.net/addgene:48696 ; RRID:Addgene_48696
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Chapter 10

A Simplified Protocol to Incorporate the Fluorescent
Unnatural Amino Acid ANAP into Xenopus laevis
Oocyte-Expressed P2X7 Receptors

Anna Durner and Annette Nicke

Abstract

The long intracellular P2X7 C-terminus accounts for diverse downstream effects of P2X7 activation.
Although the recent determination of the cryo-EM structure of the full-length P2X7 receptor finally
revealed the structure and several unexpected features of the large cytoplasmic domain, its molecular
function remains enigmatic. Incorporation of unnatural amino acids (UAA) via an amber Stop codon has
been a powerful tool for structure–function analysis of proteins. Voltage clamp fluorometry (VCF) with the
fluorescent unnatural amino acid L-3-(6-acetylnaphthalen-2-ylamino)-2-aminopropanoic acid (ANAP)
provides a means to study intracellular domain movements of ion channel receptors. In the Xenopus laevis
oocyte expression system, site-specific introduction of this environment-sensitive fluorophore can be
achieved by the nuclear injection of cDNA encoding an orthogonal amber suppressor tRNA/aminoacyl-
tRNA synthetase pair and subsequent cytoplasmic injection of ANAP together with the respective cRNA
containing the amber Stop codon. Here, we describe this protocol for expression of ANAP-labeled P2X7.
In addition, we provide a simplified alternative protocol, in which we coinject cRNAs encoding the tRNA
synthetase and mutant P2X7 together with the synthesized amber suppressor tRNA and ANAP in one step
into the cytosol. We found that the new protocol yielded more reproducible results and was less harmful for
the oocytes. By selective fluorescence labeling of the ANAP-labeled P2X7 protein in the oocyte plasma
membrane and VCF recordings, we show that this method results in comparable levels of functional ANAP-
labeled P2X7 protein.

Key words Fluorescent unnatural amino acid (fUAA), L-3-(6-acetylnaphthalen-2-ylamino)-2-ami-
nopropanoic acid (ANAP), Xenopus laevis oocyte, amber stop codon, Nonsense suppression, Aminoa-
cyl-tRNA synthetase, amber suppressor tRNA, His-tag purification, SDS-PAGE, Voltage clamp
fluorometry (VCF)

1 Introduction

Activation of the P2X7 receptor has been shown to induce a variety
of downstream effects ranging from macropore formation and
plasma membrane reorganization, via activation of enzymes and
transcription factors, to membrane protein shedding, cytokine

Annette Nicke (ed.), The P2X7 Receptor: Methods and Protocols, Methods in Molecular Biology, vol. 2510,
https://doi.org/10.1007/978-1-0716-2384-8_10,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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release, and apoptosis. These functions have been associated with
the long (240 aa) intracellular C-terminus of the P2X7 receptor,
which is not found in other P2X family members. The recent
determination of the full-length rat P2X7 cryo-EM structure con-
firmed not only a submembraneous cap and anchor domain that
prevents desensitization but also an unexpected globular ballast
domain containing a dinuclear zinc binding site and a guanosine
nucleotide binding motif [1]. The functions of these novel struc-
tures are completely unknown.

Incorporation of unnatural or noncanonical amino acids
(UAAs) represents a powerful method for structure function analy-
sis of proteins, for example by introduction of fluorescent amino
acids or amino acids with chemically reactive side chains that are
able to cross-link proteins or can be modified by click chemistry.
Protocols for the incorporation of such UAAs have been developed
for prokaryotic and eukaryotic expression systems, including E. coli,
S. cerevisiae, mammalian cell lines, and Xenopus laevis oocytes [2–
6]. Shortly, in this method one of the stop codons (e.g., the amber
stop codon TAG) is being repurposed to encode for a noncanonical
amino acid which is introduced by a modified tRNA with the
corresponding anticodon (CUA, Fig. 1a). To obtain the
corresponding tRNA, coevolution and selection of an orthogonal
amber suppressor tRNA/aminoacyl-tRNA synthetase pair for the
specific UAA in bacteria is required [5].

For expression of UAA-labeled proteins in Xenopus laevis
oocytes, a plasmid encoding the tRNA/aminoacyl-tRNA synthe-
tase pair can be injected into the oocyte nucleus. The oocyte-
transcribed tRNA is then loaded by the plasmid-encoded synthe-
tase with the UAA, which is subsequently injected into the cyto-
plasm, together with the cRNA encoding the target protein
[2]. Oocytes are amenable for an alternative procedure, where an
orthogonal amber suppressor tRNA is chemically aminoacylated
and directly injected [7]. This prevents the elaborate coevolution
of the UAA-specific tRNA/aminoacyl-tRNA synthetase pair but
requires appropriate chemical equipment and experience.

Here we provide two protocols for the introduction of the
fluorescent amino acid L-3-(6-acetylnaphthalen-2-ylamino)-2-
aminopropanoic acid (ANAP [6], Fig. 1b) into P2X7. According
to the original 2-step protocol for ANAP introduction in oocyte-
expressed proteins (Fig. 1c, [2]), a plasmid encoding several copies
of amber suppressor tRNA and the corresponding aminoacyl-tRNA
synthetase (AnapRS) is first injected into the nucleus of Xenopus
laevis oocytes and on the following day, ANAP and the in vitro
synthesized P2X7 cRNA containing an amber stop codon are
injected together into the cytoplasm. In our simplified hybrid
protocol (Fig. 1d), the uncharged chemically synthesized amber
suppressor tRNA is directly injected into the cytosol together with
the in vitro synthesized cRNAs encoding the aminoacyl-tRNA
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synthetase, a cRNA encoding the P2X7 receptor with a UAG
codon at the site of interest, and ANAP. We find that this 1-step
cytoplasmic injection is easier and faster to perform and less harm-
ful for the oocytes. To show the efficiency of both protocols, we
also provide descriptions for selective Cy5 labeling of His-tagged
P2X7 receptors in the oocyte plasma membrane and their
subsequent purification, and quantification by SDS-PAGE. Finally,
we provide a protocol for voltage clamp fluorometry (VCF) record-
ings from the ANAP-labeled P2X7 receptor.

Fig. 1 Incorporation of unnatural amino acids (UAA) into Xenopus laevis oocyte-expressed P2X7 receptors. (a)
Principle of UAA incorporation via an amber stop codon (TAG). The unnatural amino acid is coupled (chemically
or by an oocyte-expressed synthetase) to the amber suppressor tRNA and during translation incorporated into
the injected cRNA, which contains the respective codon (UAG at RNA level) in the desired position. (b)
Structure of the fUAA L-3-(6-acetylnaphthalen-2-ylamino)-2-aminopropanoic acid (ANAP). (c, d) Schematic
drawing of the reagents and injection steps required in the two protocols for UAA incorporation described in
this chapter. In both protocols, the UAA is coupled by an oocyte-expressed aminoacyl-tRNA synthetase to the
tRNA. In the 2-step protocol, both the tRNA and the synthetase are encoded by a plasmid that is injected into
the nucleus. In the 1-step protocol, the tRNA is chemically synthesized and the synthetase is encoded by an
in vitro synthesized cRNA
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2 Materials

2.1 Template

Preparation and cRNA

Synthesis

1. 10–50 μg plasmid for oocyte expression encoding N-terminally
His-tagged rat P2X7 receptor containing an amber stop codon
at the selected site (compare Fig. 2a, b, see Notes 1 and 2).

Fig. 2 Successful incorporation of ANAP into the head domain of His-tagged P2X7. (a) Plasmid map of the
modified pUC19 vector containing the P2X7 coding sequence (blue). Elements that are required for in vitro
synthesis of cRNA and support efficient protein expression in Xenopus laevis oocytes are colored: T7 promoter
(dark gray), a Xenopus globin 50-UTR (brown), Kozak sequence (orange), poly-A sequence (in this case
51 adenines, yellow), and singular restriction site after the poly-A (red). The N-terminal His-tag and the
so-called head domain that reaches over the ATP binding site of the P2X7 receptor are shown in light blue and
green, respectively. The mutated site is indicated by a pink asterisk. (b) Protein structure of one rat P2X7
subunit with the head-domain highlighted. The Arg125 encoding bases were replaced by an amber stop codon
(colour coding as in (a)). (c) Xenopus laevis ovarian lobes before dissociation (left) and dissociated Xenopus
laevis oocytes (right). Note the white ring that indicates stage VI oocytes. (d) SDS-PAGE gel to confirm
successful ANAP incorporation. Oocytes were injected with cRNA and ANAP as indicated (Ctrl indicates
noninjected oocytes). Intact oocytes were labeled with membrane impermeant Cy5-NHS ester and His-tagged
wt and mutated P2X7 receptors were then purified from oocyte extracts and separated by SDS-PAGE. Note
that all bands run at the same size, indicating efficient ANAP incorporation. A small amount of “read-through”
product is detected in the absence of ANAP
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2. 10–50 μg oocyte expression plasmid containing a nonmutated
His-P2X7 construct as negative control.

3. For 1-step-protocol only: 10–50 μg plasmid for oocyte expres-
sion encoding aminoacyl-tRNA synthetase (AnapRS, see Note
3).

4. Restriction enzymes for linearization of the above plasmids and
appropriate 10� restriction enzyme buffer (see Note 4).

5. Alternatively, if no suitable restriction enzyme or insufficient
amounts of plasmid are available: high-fidelity DNA polymer-
ase and appropriate buffer containing 200 μM dNTPs, 2 mM
Mg2+, 10 μM forward and reverse primers to amplify template
DNA (see Note 5).

6. DNA purification kit or, alternatively, PCR purification kit (see
Note 6).

7. Agarose gel electrophoresis system with power supply, buffers,
appropriate staining solution, and DNA ladder.

8. Photometer to determine cDNA and cRNA concentrations.

9. Ice.

10. RNase-free water (see Note 7).

11. RNase-free 10 μL filter tips, reaction tubes, and pipettors (see
Note 7).

12. cRNA synthesis kit with the respective polymerase (SP6, T3, or
T7, depending on plasmid, see Note 8).

13. LiCl solution: 7.5 M LiCl, 50 mM EDTA.

14. 70% Ethanol: add 3.333 mL of nuclease-free water to 7 mL of
99.5% EtOH.

15. �20 �C or �80 �C freezer.

2.2 Oocyte

Preparation

1. Xenopus laevis ovarian lobes.

2. ND96 buffer: 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1 mM
CaCl2, 5 mM HEPES. For a 10� stock solution add 56.10 g
NaCl, 1.49 g KCl, 0.95 g MgCl2, 1.11 g CaCl2, and 11.92 g
HEPES to 800 mL of water. Adjust pH with NaOH to 7.5 and
fill up to 1 L with water. The 1� working solution is prepared
by dilution with water and the pH is adjusted to 7.4–7.5 with
NaOH. For storage of oocytes, the buffer is filtered and sup-
plemented with 5 μg/mL gentamicin.

3. Ca2+-free ND96: 96 mM NaCl, 2 mM KCl, 1 mM MgCl2,
5 mM HEPES, pH 7.4–7.5. Prepare a 10� stock solution and
1� working solution as described in step 1.

4. Collagenase solution: 1.5–2.5 mg/mL collagenase (origin:
Clostridium histolyticum, activity: �0.18 U/mg) in ND 96.
Prepare 15–25 mg aliquots of collagenase in 15 mL reaction
tubes and store at 4 �C. Dissolve freshly when needed.
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5. 0.22 μm syringe filters and 10 or 20 mL syringe.

6. Orbital shaker.

7. Two fine forceps (Drummond No. 5).

8. Glass pipettes for handling oocytes: break or cut with a glass
cutter the tip of a Pasteur pipette at a diameter of around
1.5–2.0 mm. Shortly polish the sharp edges over a flame to
avoid damage of oocytes.

9. Large and small cell culture dishes to sort and store oocytes.

10. Stereomicroscope.

2.3 Oocyte Injection 1. About 200Xenopus laevis oocytes (commercially obtained or as
described in Subheading 3.2).

2. Micropipette puller (e.g., Narishige PC-10 or similar).

3. Glass capillaries fitting the respective injector.

4. Microinjector (e.g., Drummond Nanoject II or similar)
mounted on a manipulator.

5. Light mineral oil for molecular biology.

6. 1 mL Syringe with a long fine steel needle (about 5 cm long
with outside diameter that fits into the glass capillaries).

7. Injection chamber: a petri dish with an immersed custom-made
plate that contains grooves to line up the oocytes or alterna-
tively, a piece of nylon web (about 0.5 mm meshes) suitable to
keep oocytes in place.

8. Parafilm.

9. 2 μL Pipettor with nuclease-free tips.

10. RNase-free water.

11. Red-light illumination (see Note 9).

12. 1 mMANAP trifluoroacetic salt (TFA) stock solution: Dissolve
5 mg ANAP TFA in a 10 mL of RNase-free water. If needed,
add NaOH to dissolve completely. Adjust the pH to ~7.5 using
pH test stripes and add RNase-free water to a final volume of
18.36 mL. Prepare 20 μL aliquots and store protected from
light at �20 �C.

13. 1.0 μg/μL mutated and nonmutated P2X7 cRNA (prepared as
described in Subheading 3.1).

14. Two-step protocol only: 0.1 μg/μL plasmid pANAP (Addgene
#48696, [6]), encoding several copies of amber suppressor
tRNA and the corresponding aminoacyl-tRNA synthetase
(AnapRS).

15. One-step protocol only: 0.8 μg/μL AnapRS cRNA (see Note
3).
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16. One-step protocol only: 1.6 μg/μL chemically synthetized
amber suppressor tRNA purified via HPLC and PAGE (see
Note 10): Dissolve the lyophilized tRNA in RNase-free water
and dilute to a final concentration of 1.6 μg/μL. Prepare 5 μL
aliquots and store at�20 �C (short-term storage) or at�80 �C
(long-term storage). Avoid freeze–thaw cycles.

17. Small cell culture dishes (about 3–5 cm) to store oocytes.

18. Laboratory incubator, wine cooler, or incubator for reptile
eggs to keep oocytes at 16–18 �C.

19. Stereomicroscope.

2.4 NHS-Ester

Labeling

1. Cy5- (or other dye) NHS ester stock solution: Dissolve 1 mg
Cy5-NHS ester in 100 μL water-free DMSO. If possible,
prepare aliquots under argon atmosphere to prevent hydrolysis
of the esters and store protected from light at �80 �C.

2. Labeling buffer: ND96 with pH adjusted to pH 8.4
(with NaOH).

3. Stereomicroscope.

2.5 Protein

Purification

1. 0.1 M Sodium phosphate buffer (pH 8.0): 5.3 mMNaH2PO4,
94.7 mM Na2HPO4. Combine 5.3 mL of 0.2 M NaH2PO4

solution, 94.7 mL of 0.2MNa2HPO4 solution, and 100mL of
water.

2. 0.4 M Pefabloc stock solution (1000 �): Dissolve 100 mg of
Pefabloc in 1 mL ultrapure water.

3. Homogenization buffer: 0.4 mM Pefabloc, 0.5% n-
dodecyl-β-D-maltoside in 0.1 M sodium phosphate buffer
(pH 8.0). Prepare freshly by dissolving 70 mg of n-
dodecyl-β-D-maltoside in 14 mL of 0.1 M sodium phosphate
buffer (pH 8.0) and add 14 μL of Pefabloc stock solution.

4. 1 M Imidazole solution (pH 8.0): Dissolve 3.4 g of imidazole
in ~30 mL ultrapure water. Adjust pH to 8.0 and fill to 50 mL
with ultrapure water. Store at 4 �C.

5. Wash buffer: 0.08 mM Pefabloc, 0.1% n-dodecyl-β-D-malto-
side, 25 mM imidazole in 0.1 M sodium phosphate buffer
(pH 8.0). Dilute homogenization buffer 1:5 with 0.1 M
sodium phosphate buffer (pH 8.0) and add 25 μL 1 M imidaz-
ole/mL.

6. Elution buffer: 300 mM imidazole, 10 mM EDTA, and 0.5%
n-dodecyl-β-D-maltoside in 20 mM Tris–HCl. Prepare freshly
by mixing 50 mg n-dodecyl-β-D-maltoside, 200 μL of 1 M
Tris–HCl (pH 7.4), 200 μL of 0.5 M EDTA, 3 mL of 1 M
imidazole, and adjust with ultrapure water to a final volume of
10 mL.

7. Ni2+-NTA agarose beads.
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8. Ice.

9. Desktop cooling centrifuge for 1.5 mL reaction tubes.

10. Overhead shaker (placed at 4 �C).

2.6 SDS-PAGE 1. SDS gel apparatus with power supply.

2. 5� LiDS sample buffer: 5% (w/v) lithium dodecyl sulfate
(LiDS), 0.1% bromophenol blue, 100 mM dithiothreitol
(DTT), 40% (v/v) glycerol in 0.3 M Tris–HCl (pH 6.8).

3. SDS-PAGE running buffer: 25 mM Tris (base), 192 mM gly-
cine, 0.1% SDS.

4. 4� Stacking gel buffer: 0.5 M Tris–HCl, 0.4% SDS, pH 6.8.

5. 4� Separation gel buffer: 1.5 M Tris–HCl, 0.4% SDS, pH 8.8.

6. 40% acrylamide–bisacrylamide solution (29:1).

7. N,N,N0,N0-Tetramethylethane-1,2-diamine (TEMED).

8. 10% ammonium peroxydisulfate (APS) solution. Prepare ali-
quots of 10–40 mg APS in 1.5 mL reaction tubes. Dissolve in
ultrapure water (10 μL/1 mg) freshly when needed.

9. Fluorescence scanner or imager.

2.7 Voltage Clamp

Fluorometry

1. Inverted fluorescence microscope with appropriate objective
(seeNote 11), light source, and optical filters for UVexcitation
and detection of emission wavelengths in the low visible spec-
trum (see Note 12).

2. Light sensor with signal amplifier (see Note 13).

3. Custom made recording chamber (see also Fig. 3a) and
adapted microscope stage to insert the chamber.

4. Stereomicroscope with swing-arm positioned above the
recording chamber.

5. Two-electrode voltage-clamp (TEVC) recording system.

6. Faraday cage (optional).

7. Two microelectrodes (potential and current): electrode
holders, silver wire, bleach for chloriding (see Note 14), boro-
silicate glass capillaries with filament.

8. Micropipette puller.

9. 3 M KCl solution in ultrapure water.

10. Syringe equipped with 0.22 μm filter and flexible microfila-
ment for backfilling glass capillaries (see Note 15).

11. Two bath electrodes (reference and ground) with silver chlo-
ride pellets.

12. Computer with data acquisition hardware and software
(recording program).
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13. Computer-controlled magnetic valve system and gravity-based
perfusion system for at least three solutions and manifold.

14. Membrane pump, vacuum flask with rubber stopper, and
tubing.

15. Recording solution: 90 mMNaCl, 1 mM KCl, 5 mMHEPES,
100 μM EGTA, 100 μM flufenamic acid, pH 7.4–7.5. For a
10� stock solution add 52.6 g NaCl, 0.75 g KCl, and 11.92 g

Fig. 3 Voltage clamp fluorometry (VCF) recording of ANAP-labeled P2X7. (a) Left: schematic side-view of
VCF-setup indicating the two-compartment recording chamber with the oocyte sitting on a hole between both
compartments (1), tubing to deliver recording solution into the upper compartment (2) and for delivery of
agonist and recording solutions to the lower compartment (3), tubing connected to the pump (4), the two bath
electrodes (5), and the optical path. Right: photograph (top-view) of the recording chamber (numbering as in
left panel). Perfusion in both compartments is regulated separately via a gravity-based perfusion system.
Recording solution and agonist solution are applied via a manifold and switching between solutions is
computer-controlled through magnetic valves. A coverslip (light blue in left panel) serves as transparent
bottom of the lower compartment. (b) View through the fluorescence microscope (630� magnification)
focused on the membrane of oocytes co-injected with tRNA, AnapRS cRNA, ANAP and either cRNA encoding
His-tagged wt rat P2X7 (left) or cRNA encoding P2X7 with and amber stop codon in position 125 (R125*).
Images were taken four days after injection. (c) VCF-recording from an oocyte expressing P2X7 (R125*). The
oocyte was voltage-clamped at�30 mV. The opening state of the channel and the domain movements and/or
ligand interactions are recorded in parallel by electrophysiological and optical measurements, respectively
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HEPES to 800 mL of water, adjust pH to 7.5 with NaOH and
fill up to 1 L with water. The 1� working solution is prepared
by dilution with water. Add EGTA and flufenamic acid from
0.5 M (in water, pH 7.5) and 100 mM (in DMSO) stock
solutions, respectively and adjust pH to 7.4–7.5.

16. 100mMATP stock solution in water (pH 7.4): add 551.14mg
of adenosine-50-triphosphate disodium salt hydrate (Grade I,
�99%) to 7 mL of filtered water, adjust pH with 1 MNaOH to
7.4, and the total volume to 10 mL. Prepare 1 mL aliquots and
store at �20 �C.

17. 70% EtOH: add 3.333 mL of ultrapure water to 7 mL of
ethanol (99.5% purity).

18. Red-light illumination.

19. Glass pipette for oocyte handling (see Subheading 2.2).

20. UV-protection goggles.

21. 3% H2O2.

22. Ultrapure water.

23. Software for data visualization and statistical analysis (see Note
16).

3 Methods

3.1 Template

Preparation and cRNA

Synthesis

For the in vitro synthesis of capped cRNA either the enzymatically
linearized plasmid DNA (steps 1–3) or PCR products containing
an RNA polymerase promoter site (steps 4–6) can be used as
template DNA.

1. Digest 10 μg of plasmid DNA with 10–20 units of restriction
enzyme in a total reaction volume of 50 μL (see Note 17). To
prepare the reaction mix, combine DNA and nuclease-free
water to reach a volume of 44 μL, add 5 μL 10� restriction
enzyme buffer and the enzyme. If the volume of the enzyme is
more than 1 μL, adjust the amount of water accordingly.

2. Incubate for 1–2 h at 37 �C or according to the protocol
provided with the restriction enzyme (see Note 18). Heat
inactivation of the enzyme is not required because of the fol-
lowing purification step.

3. Confirm complete linearization of the plasmid DNA by agarose
gel electrophoresis. Analyze 1 μL of the digestion mix on a 1%
agarose gel according to standard protocols. Use undigested
plasmid DNA as control. Only one clear band of the expected
size must be visible in the digested sample. If linearization is
incomplete, extend incubation time (see Note 19).
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4. Assemble PCR reaction on ice according to the manufacturer’s
protocol. Combine plasmid DNAwith DNA polymerase buffer
containing dNTPs, Mg2+, and primers. Add nuclease-free
water to reach a final volume of 25 μL and add the DNA
polymerase last.

5. Amplify according to standard PCR protocols and depending
on the polymerase, for example, initialization for 0.5–10 min at
94–98 �C; 20–40 amplification cycles (denaturation: 5–30 s at
94–98 �C; annealing: 10–40 s at primer-specific temperature;
elongation: primer-specific time at 72 �C), and a final elonga-
tion step of 1–10 min.

6. Check the PCR product for the correct size via agarose gel
electrophoresis (see step 3 above).

7. Purify the linear template DNA with a column-based DNA or
PCR purification kit, elute in the smallest possible volume
(depending on the kit) and determine the concentration
using 1 μL of the eluate. Ideally, the concentration of linearized
plasmid DNA should be at least 330 ng/μL. Amplified tem-
plate DNA should be at least 70 ng/μL (see Note 20).

8. Prepare cRNA synthesis kit: Shortly spin down the enzyme mix
and keep on ice. Thaw and vortex the 10� reaction buffer and
the 2� NTP/CAP solution, place the NTP/CAP solution on
ice. Make sure, the 10� reaction buffer is completely dissolved
and keep at room temperature to avoid spermine precipitation.

9. Assemble the transcription reaction in the following order:
5 μL 2� NTP/CAP, 0.2–1.0 μg linear template DNA in 3 μL
of RNase-free water, 1 μL 10� reaction buffer, and 1 μL
enzyme (see Note 21).

10. Mix gently by flicking the tube with your fingers or carefully
pipetting up and down. Spin down briefly.

11. Incubate at 37 �C for 2 h (see Notes 18 and 22).

12. Stop the transcription reaction by incubation with 1 μL of
TURBO DNase for 15 min at 37 �C.

13. Add 15 μL of RNase-free water and 15 μL of LiCl solution and
place at �20 �C or �80 �C for at least 2 h (see Note 23).

14. Pellet the cRNA by centrifugation (min. 21,000 � g, 4 �C,
20 min).

15. Carefully remove supernatant, add 0.5–1.0 mL cold 70%
EtOH, and repeat centrifugation (see Note 24).

16. Completely remove the ethanol from the cRNA, shortly dry
the pellet (a few minutes at RT or 10–20 min on ice), and
dissolve in 10 μL of RNase-free water.

17. Determine the cRNA concentration and adjust concentration
with nuclease-free water. We adjust to 1 μg/μL (P2X7) and
0.8 μg/μL (AnapRS). To reduce the risk of contamination,
prepare 5 μL aliquots and store at �80 �C (see Note 25).
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3.2 Oocyte

Preparation

Oocytes can either be obtained commercially or prepared from
ovarian lobes that are surgically extracted from adult female frogs.
In the latter case, a permit for housing and partial ovarectomy of
Xenopus laevismust be obtained. The ovaries are organized in lobes
containing thousands of oocytes in varying stages, follicular cells,
and connective tissue interspersed with blood vessels (Fig. 2c).

1. Wash the surgically obtained lobes in a 50 mL reaction tube
with cold (4 �C) ND96 until the buffer is clear (seeNote 26). If
the oocytes are not immediately used, add gentamicin in the
buffer (5 μg/mL) and store the lobes at 4 �C. Change the
buffer daily (see Note 27).

2. Place the lobes into a petri dish with cold ND96 (4 �C). Use
fine forceps to tear the lobes into pieces of about 0.5 cm.

3. Dissolve the collagenase in 10 mL of ND96, filter (0.22 μM),
and transfer into a fresh 15 mL reaction tube (see Note 28).

4. Transfer the small oocyte lumps into the collagenase solution
and place horizontally on an orbital shaker. Shake carefully at
about 100 rpm at room temperature for 1–3 h until the major-
ity of oocytes is isolated.

5. Discard the collagenase, refill the tube with Ca2+-free ND96
solution, and discard the buffer again. Repeatedly wash the
oocytes this way until the buffer is clear.

6. Transfer oocytes into a petri dish with Ca2+-free buffer and
shake for max. 15 min on an orbital shaker (about 100 rpm)
to remove follicular cells.

7. Wash again with cold ND96 until the buffer is clear. Transfer
the cells into a petri dish.

8. Using a stereomicroscope and a modified glass pipette, select
evenly sized and colored stage V–VI oocytes (Fig. 2c) and put
them into a small cell culture dish with fresh ND96 containing
gentamicin (5 μg/mL). Store at 4 �C until injection.

3.3 Oocyte Injection:

Two-Step Method

To estimate a possible read-through (formation of full-length
receptors without ANAP incorporation), nuclease-free water is
injected instead of ANAP (“read-through” control). As positive
and negative controls, oocytes injected with nonmutated wt P2X7
receptor cRNA alone and noninjected oocytes are used,
respectively.

1. Prepare glass pipettes for oocyte injection with a micropipette
puller (see Note 29).

2. Use the syringe with steel needle to backfill the glass pipette
with mineral oil. Make sure to avoid any air bubbles (except in
the very tip of the pipette).
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3. Loosen the collet of the nanoinjector, move out the wire
plunger (about 2 cm), carefully slide the pipette over the
plunger through the O-rings until it hits the spacer, and
tighten the collet. Make sure the pipette is tightly fixed, but
do not screw the collet too strong as it will damage the thread
or can break the glass pipette.

4. Under a stereomicroscope, open the glass pipette by breaking
off its tip with forceps. Using the controller, eject mineral oil
until there are no more air bubbles in the tip. The speed with
which the oil drops are ejected provides a good measure of the
tip diameter. The tip should be as fine as possible (estimated
diameter of about 10–30 μm) and oil drops should form very
slowly upon pressing the “inject” button.

5. Place 1 μL of the pANAP plasmid on a piece of Parafilm (see
Note 30). Using the manipulator and stereomicroscope, insert
the micropipette tip into the plasmid solution and slowly load
the glass pipette using the microinjector controller. It is impor-
tant to avoid formation of air bubbles.

6. Arrange about 70–100 oocytes into the injection chamber or a
small petri dish with a nylon mesh covered with ND96. Impale
oocytes at the animal pole (about one third of an oocyte’s
diameter deep) and, using the controller, inject 9.6 nL of
pANAP into the nucleus (see Note 31). Wait a few seconds
before removing the pipette tip.

7. Keep injected oocytes for 1 day at 18 �C in ND96 supplemen-
ted with gentamicin.

8. On the next day, remove damaged oocytes.

9. For all following steps, use RNase-free equipment and water
and a clean working space (see Note 7). Keep ANAP TFA, and
cRNA on ice. Work in the dark to avoid bleaching of ANAP
TFA (see Note 9).

10. Prepare a working solution of 0.25 mM ANAP TFA and place
on ice.

11. Prepare an injection mix of 1.2 μL ANAP TFA and 0.4 μL
mutated P2X7 cRNA.

12. For the “read-through” control, mix 1.2 μL of nuclease-free
water with mutated P2X7 cRNA. For the positive control use
only nonmutated P2X7 cRNA.

13. Prepare the injector as in steps 1–4. Adjust the injection vol-
ume to 46 nL. The tip of the glass pipette can be a bit wider
than for nuclear injection. When pushing the “inject” button
of the controller, a clearly visible oil drop should form within
1–2 s.
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14. Place 1 μL injection mix on a piece of Parafilm and load the
glass pipette as described in step 5.

15. Inject about 20 oocytes (from step 7) by impaling them at the
border between the animal (black) and vegetal (white) pole.
Place the tip just below the membrane. Successful injection is
recognized by a slight swelling of the oocyte. For each injection
group (ANAP-labeled receptor, “read-through” and positive
control), use a fresh capillary and inject about 20 oocytes.

16. Place oocytes in ND96 supplemented with gentamicin and
keep at 18 �C in the dark for at least 2 days. Label dishes at
the bottom, to avoid mix-up.

17. Check daily and remove damaged oocytes. Exchange medium
if cloudy.

3.4 Oocyte Injection:

One-Step Method

1. Work at a clean place using RNase-free equipment (seeNote 7)
in the dark (see Note 9).

2. Thaw aliquots of P2X7 receptor cRNA, AnapRS cRNA, ANAP
TFA, and amber suppressor tRNA on ice.

3. Mix equal parts of the four solutions to obtain the required
amount of injection mix. Usually, 1 μL is sufficient for about
20 oocytes. For a “read-through” control, replace ANAP TFA
with nuclease-free water.

4. Prepare the injector and inject into the cytoplasm of oocytes as
described under Subheading 3.3, steps 1–4, 13, and 14.

5. Place oocytes in ND96 supplemented with gentamicin and
keep in the dark at 18 �C for at least 2 days. Label dishes at
the bottom, to avoid mix-up.

6. Check daily and remove damaged oocytes. Exchange medium
if cloudy.

3.5 NHS-Ester

Labeling of Surface

Protein

To validate the surface expression of His-tagged P2X7 proteins, we
label intact oocytes with the membrane-impermeant amino-reac-
tive fluorescent dye Cy5-NHS ester (see Note 32).

1. After 2–5 days (depending on the position of ANAP-
introduction), transfer injected oocytes into a small cell culture
dish with cold ND96 labeling buffer and remove damaged or
spotted oocytes.

2. Transfer 10–20 oocytes into a 1.5 mL reaction tube, and
carefully remove the buffer.

3. Prepare the labeling solution immediately before use by adding
3 μL Cy5 NHS-ester stock solution to 1 mL of ND96 labeling
buffer and add 200 μL per group of oocytes. Gently flick the
tube with your finger to make sure that the oocytes are evenly
covered by the solution and do not stick to the tube wall.
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4. Incubate for 30 min under slow inversion (overhead shaker) at
4 �C in the dark.

5. Wash the oocytes in ND96 buffer, check under a stereomicro-
scope and remove damaged (bright blue) oocytes (seeNotes 33
and 34).

3.6 Protein

Purification Via His-

Tag

1. The following steps should be performed on ice, using ice-cold
buffers.

2. Select 10–20 oocytes of each group into a 1.5 mL reaction tube
and place on ice. Remove buffer and add 10 μL homogeniza-
tion buffer per oocyte. Homogenize by pipetting 10–20 times
up and down with a 200 μL pipette tip and incubate on ice for
10 min.

3. Centrifuge for 10 min at 14,000 � g and 4 �C. Transfer
supernatant into a fresh tube and repeat centrifugation step
(see Note 35).

4. In the meantime, resuspend the Ni2+-NTA agarose beads and
transfer 50 μL of the slurry per experimental group into a fresh
1.5 mL reaction tube (seeNote 36). Precondition the beads by
washing them 2–3� with 0.5 mL wash buffer (see Note 37).

5. Add 100 μL of oocyte extract (supernatant from step 3),
400 μL of homogenization buffer, and 5 μL imidazole to the
Ni2+-NTA agarose beads and incubate for 1 h at 4 �C under
slow inversion (overhead shaker) and protected from light.

6. Spin down the beads, remove supernatant, and wash the beads
3� with 0.5 mL wash buffer (see Note 37).

7. Remove supernatant, add 50 μL elution buffer, and incubate
for 10 min at room temperature with occasional tube flicking.
Spin down and transfer the supernatant into a new 1.5 mL
reaction tube and place on ice. Repeat elution with another
50 μL and combine eluates. Keep on ice until used.

3.7 SDS-PAGE 1. Use a precast polyacrylamide SDS gel (8%) or prepare a gel as
described in steps 2 and 3. We use a system with about 10 mL
volume; for smaller gels adjust the volume accordingly.

2. For the 8% separation gel, mix 4.96 mL ultrapure water,
2.25 mL 4� separation gel buffer, 1.8 mL of 40% acrylamide,
4.5 μL TEMED, and 45 μL of 10% APS and immediately cast a
gel with 1 mm spacers. Carefully cover with ultrapure water.
After polymerization, remove the water, add the 4% stacking
gel (3.18 mL ultrapure water, 1.26 mL 4� stacking gel buffer,
0.5 mL of 40% acrylamide, 5 μL TEMED, and 25 μL of 10%
APS), and insert the comb. Make sure to avoid air bubbles.

3. After polymerization, remove the comb, assemble the electro-
phoresis system, and flush the wells with running buffer.
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4. Add 8 μL of 5� LiDS sample buffer to 32 μL of eluate.

5. Load the SDS-gel and run at 100 V until the colored front has
entered the separation gel, then continue at 120 V.

6. Analyze the SDS-gel at the appropriate wavelengths using a
fluorescence scanner or imager. ANAP fluorescence cannot be
detected with conventional imaging systems and successful
ANAP-incorporation is recognized by the presence of the
full-length protein. For comparison, the nonmutated full-
length P2X7 is recommended as a positive control (Fig. 2d).

3.8 VCF-

Measurement

1. Turn on the amplifiers (see Note 38) and the computer and
start the recording program. Avoid direct light on the light
sensor.

2. Install the two-compartment recording chamber on top of the
inverted fluorescence microscope. Using the 10� or 20�
objective, make sure, the hole in which the oocyte will be
placed, is centered above the objective.

3. Prepare 100 mL of 300 μM ATP in recording solution.

4. Fill the perfusion system with recording solution and ATP
solution. Flush the tubing and remove all air bubbles (see
Note 39).

5. Connect the recording solution to the upper compartment of
the recording chamber. Connect the manifold to the lower
compartment of the recording chamber and to the recording
solutions with and without ATP.

6. Connect the bath electrodes (reference and ground) and place
them into the recording chamber (Fig. 3a).

7. Chloride the silver wires of the recording electrodes (see Note
14) and place into electrode holders.

8. Pull microelectrodes (resistance below 1 MΩ) from glass capil-
laries with filament using a micropipette puller (see Note 40).

9. Using a syringe with a microfilament, backfill the microelec-
trodes about one third with filtered KCl solution and carefully
place them in the electrode holders. Make sure that the coated
silver wire is in contact with the KCl solution. Place the micro-
electrode holders in the respective connectors of the potential
and current electrode headstages.

10. Connect vacuum pump to recording chamber and turn it on
(Fig. 3a).

11. Fill both compartments of the recording chamber with record-
ing solution and insert the microelectrodes.

12. Confirm that the resistance is below 1 MΩ (see Note 41).
Adjust the electrode offsets to 0 mV.
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13. Turn on the light source of the fluorescence microscope, keep
the shutter of the microscope closed, and choose the correct
optical filters (see Note 12).

14. Choose the appropriate objective (seeNote 11) and apply oil or
ultrapure water, if necessary.

15. Place the stereomicroscope above the recording chamber and
switch to red-light illumination.

16. Start the solution flow in the lower compartment of the record-
ing chamber and place an oocyte with the animal pole facing
down into the hole (compare Fig. 3a, see Note 43).

17. Insert the electrodes into the oocyte (seeNote 44) and start the
solution flow in the upper compartment at a slow speed
(approximately 200 mL/h) so that the oocyte is always
submersed but not flushed away.

18. Turn on the voltage clamp to the desired potential (we measure
at �30 mV to keep the current amplitudes reproducible) and
check the leak current over the oocyte membrane. Ideally, it
should be less than 0.2 μA.

19. Turn off the red-light and put on UV-protection goggles.
Switch the light path of the fluorescence microscope to the
visual port, open the shutter, and focus on the oocyte mem-
brane (Fig. 3b, see Note 45). Close the shutter again to mini-
mize exposure of the oocyte to the UV-light before recording.

20. Switch the light path to the detection system.

21. Choose your prepared recording protocol in the recording
software. We do repeated 15 s applications of ATP in
90–150 s intervals (see Note 46).

22. Open the shutter and start parallel recording of current and
fluorescence signals.

23. After the measurement, turn off the voltage clamp, close the
shutter and switch the light path to the visual port. Turn on the
red light and remove the electrodes from the oocyte. Discard
the oocyte and control the filling level of the recording and
ligand solutions and the solution flow. Stop the upper solution
flow before placing a new oocyte into the chamber and starting
the next measurement.

24. When finished with all measurements, discard the oocyte, and
stop the solution flow in both compartments of the chamber.
Disconnect the recording chamber from the perfusion system
and rinse with 70% EtOH and with ultrapure water several
times (see Note 47). Turn off the vacuum pump.

25. Clean the tubing system by flushing it with ultrapure water or,
if necessary, 3% H2O2 (see Note 48).
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26. Export the recording data from the data acquisition software
and use appropriate programs for visualization and analysis. A
typical recording is seen in Fig. 3c.

4 Notes

1. We cloned the cDNA of the N-terminally His-tagged rat P2X7
receptor via Gibson assembly [8] into a modified pUC19
vector (Fig. 2a) containing a T7 promoter sequence, a Xenopus
globin 50-UTR, a Kozak sequence [9], and a poly-A tail. The
T7 promoter sequence, the Xenopus globin 50-UTR, and the
Kozak sequence were chemically synthesized and the poly-A
tail (51 adenines) was obtained from the pNKS2 vector [10].

2. To replace Arg125 in the so called “head-domain” of rat P2X7
with ANAP, the CGC codon was substituted with the amber
stop codon (TAG, Fig. 2b). In addition, the stop codon of the
P2X7 cDNA must be replaced by the ochre (TAA) or opal
(TGA) stop codon. For site-directed mutagenesis, we used a
kit based on PCR amplification with specifically designed pri-
mers and blunt-end ligation according to the manufacturer’s
protocol.

3. The cDNA sequence necessary for the in vitro cRNA synthesis
of the aminoacyl-tRNA synthetase (AnapRS) was obtained
from the plasmid pANAP [6] that encodes the coevolved sup-
pressor tRNA/aminoacyl-tRNA synthetase pair and was
cloned via Gibson Assembly [8] into the modified pUC19
vector (see Note 1).

4. Use a unique restriction site downstream of the cDNA of
interest and of the poly-A tail. Unique sites for linearization
in the His-P2X7/pUC19 vector are XbaI or NotI (Fig. 2a).

5. Design primers that amplify a promoter site (T7 or SP6),
followed by the cDNA encoding the protein of interest (e.g.,
the aminoacyl-tRNA synthetase or the receptor construct with
the introduced amber stop codon) and a poly-A tail. While the
promoter site can be encoded by the primer, the poly-A tail
should be encoded by the plasmid. We keep a distance of about
~50–60 nucleotides between the promoter and the Start ATG
and use a molecular biology software to design primers and to
calculate their melting temperature.

6. Use a purification kit that allows elution in small volumes
(ideally about 10 μL) to obtain highly concentrated DNA.

7. An RNase-free working space is crucial. We work with gloves,
use commercial cleaning solutions to destroy RNases on sur-
faces and equipment, use pipettors and equipment that are
exclusively assigned for working with RNA, and use RNase-
free solutions, filter tips and plastic ware.
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8. We use the mMESSAGE mMACHINE™ T7/SP6 Transcrip-
tion Kits with slight modifications as described in Subheading
3.1, steps 8–16.

9. The excitation maximum of ANAP (365 nm) is outside the
visible range of light (~380–750 nm) but its absorption spec-
trum still overlaps with the emission spectra of most indoor
light sources (its absorption intensity at 400 nm is less than 20%
[6]). To minimize photobleaching, we work with red light
using a simple bicycle rear light as a light source.

10. The sequence for the amber suppressor tRNA was translated
from the plasmid pANAP that encodes the coevolved suppres-
sor tRNA/aminoacyl-tRNA synthetase pair [6] and aug-
mented with an universal 3´CCA sequence.

11. We use a 63� water immersion objective with a high numerical
aperture (NA ¼ 0.9) and free working distance (FWD) of
2.4 mm. The water on the objective lens must be regularly
checked between measurements and reapplied if necessary.

12. As a light source, we use a UV LEDwith a nominal wavelength
of 365 nm and optical filters for selecting excitation wave-
lengths of 355–375 nm and emission wavelengths of
430–490 nm.

13. We use a thermoelectrically cooled multipixel photon counter
(MPPC) connected to an external power supply (�5 V) and
installed via a custom-made adapter at the fluorescence micro-
scope. To have a straight light path from the object to the
detector and avoid a loss of light intensity, optical mirrors
were avoided and the detection system was attached to the
bottom port of the fluorescence microscope.

14. Silver wires can be chlorided either chemically by inserting
them into bleach for at least 15 min or electrically. In the latter
case, the wire is connected to the positive pole of a current
source (a battery or the analog output of the amplifier (set to
1 V) can be used) and placed into a 1 M KCl solution. Another
silver wire in the solution is connected to the negative pole.
The coated silver wire should be of dark gray or brown color.

15. To avoid clogging of the microfilament with KCl crystals, flush
it after use with ultrapure water.

16. We use a self-written Python-based program for analysis and
visualization, but common software programs for statistical
analysis and graphing such as Origin or GraphPad Prism can
also be used.

17. To compensate for loss of material during the purification, we
recommend to digest at least 10 μg of plasmid DNA.

18. When using a heating block for longer incubation times, some
of the water can condensate at the lids resulting in a more
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concentrated buffer and potential star activity of the enzyme.
For a more controlled enzymatic reaction, use an incubator or
incubate in a thermocycler at 37 �C chamber temperature and a
slightly higher (45 �C) lid temperature.

19. If the enzymatic digestion of the plasmid DNA was incom-
plete, try to melt supercoiled DNA conformations by heating
the plasmid DNA for a few minutes to 95 �C and then let it
slowly cool down. This can be done in a beaker or water bath or
using a thermocycler (lowering the temperature by 5 �C every
5 min over a period of 1 h). Then add fresh enzyme and start
the digestion again.

20. We use a PCR cleanup kit and elute in two steps. Heating the
elution buffer (or nuclease-free water) to 70 �C before applying
to the column and incubating for 5 min before centrifugation
can result in higher yields (check manufacturer’s protocol).
However, this can potentially also increase the amount of
chaotropic salts in the sample. However, we did not notice
any effects on downstream enzymatic applications (e.g.,
cRNA synthesis) with any of the kits we used.

21. To avoid precipitation of the spermine-containing 10� reac-
tion buffer, assemble the transcription reaction at room tem-
perature. We use 0.2 μg of PCR product or 1.0 μg of linearized
plasmid DNA as DNA template per 10 μL reaction.

22. The mMESSAGE mMACHINE® protocol suggests an incu-
bation time of 1–2 h for the transcription reaction. However,
we recommend an incubation time of 3.5 h for better yields.

23. The mMESSAGE mMACHINE® protocol suggests cRNA
precipitation for �30 min at �20 �C. In our experience, a
longer uninterrupted incubation for 2 h or even over night at
either �20 �C or �80 �C leads to better visible cRNA pellets.

24. After the first centrifugation, the transparent cRNA pellet is
sometimes difficult to visualize. Always place the reaction tubes
in the same orientation in the centrifuge to find the pellet more
easily. After addition of EtOH, the pellet may float and is
usually easier to detect. Make sure it is not discarded.

25. To check the quality of the cRNA sample, run a 1.2% agarose
gel at low voltage with a standard 1 kb DNA ladder. Although
the mobility of the single stranded cRNA is different to that of
the marker DNA, this will give you some information about
the successful synthesis and possible degradation. You should
see a distinct single band without any smear.

26. Washing of the oocyte lobe works best in a 50 mL reaction
tube. Gently invert the reaction tube, then decant the old
buffer. For more complete buffer removal, use a glass pipette.
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27. According to our experience, oocytes are more stable if stored
as a lobe. If the buffer is exchanged daily, it can be stored up to
1 week. However, we recommend dissociation of the lobe not
later than 3 days post-OP, since the quality of the oocytes
decreases with longer storage and subsequent incubation
times for protein expression might be more limited than with
“fresh” oocytes.

28. The collagenase activity can vary between suppliers and from
batch to batch. Therefore, the concentration and incubation
time should be experimentally determined for every new batch
of collagenase.

29. The form and shape of the glass pipette are determined by the
temperature and pulling force. For details refer to the manual
of the microelectrode puller.

30. When loading the micropipette, the tip of the glass pipette
might repel the droplet of cDNA or cRNA due to electrostatic
forces. To make the Parafilm more adhesive, stretch it over a
microscope slide.

31. The nucleus is located just below the animal pole. In order to
inject into the nucleus, make sure to insert the injection pipette
through the center of the animal pole perpendicularly to the
oocyte surface at an estimated depth of one third of the
oocyte’s diameter. The thin tip of the injection pipette used
for nuclear injection is more likely to clog and solution flow
should be checked regularly, for example, by injecting into
the air.

32. NHS-esters react with nucleophiles like primary amines and
covalently react with lysine residues. The reaction is
pH-dependent and works best at pH 8.3–8.5 since the amino
group is protonated at lower pH. To a lower extend,
NHS-esters also react with serine, threonine, and
tyrosine [11].

33. After labeling, intact oocytes show a hardly visible faint bluish
color. If oocytes are damaged, the charged Cy5 NHS ester can
enter, which is then recognized by dark blue color of the
oocyte. Removing these damaged oocytes is crucial to avoid
background fluorescence from dye-labeled intracellular
proteins on the SDS-gel.

34. Labeled intact oocytes can be stored for about a week. Remove
the buffer and store in 1.5 mL reaction tubes on ice protected
from light.

35. After centrifugation of homogenized oocytes, there will be
three phases: cell debris at the bottom, a fatty layer on top,
and a clear phase in between. Transfer the clear phase into a
new 1.5 mL reaction tube.
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36. To avoid pipetting errors, make sure that the beads are properly
suspended and gently swirl the suspension during pipetting.
Cut off the tip of a 200 μL pipette tip to avoid clogging.

37. A vacuum pump connected to a vacuum flask and tubing with a
fine pipette tip speeds up the process. Be careful to avoid
aspiration of the beads.

38. The amplifier from the TEVC recording system contains ana-
log circuits and is temperature-sensitive. It must be turned on
at least 30 min before recordings in order for its internal
temperature to reach steady-state values. This is also the case
for thermoelectrically cooled light sensors.

39. To remove all air bubbles in the recording chamber (especially
in the lower compartment, where air bubbles are often not
visible), flush the chamber with 100–200 μL 70% EtOH
pipetted into the hole between both compartments (Fig. 3a).

40. The opening and shape of the glass pipette determines the
microelectrode resistance. Adjust the settings on the micropi-
pette puller to obtain reproducible values.

41. If the electrode resistance is too high, check for air bubbles
within the glass micropipette tip. Also check the electrical
connection between the silver wire and the screw that provides
the electrical connection to the headstage. In case the resis-
tance is too low, the opening of the micropipette is generally
too big. In this case, KCl leakage can often be observed around
the tip and oocytes depolarize quickly if impaled.

42. Make sure that the bottles containing the recording and ligand
solutions are filled to the same level and refill regularly or adjust
the position of the flasks between measurements since differ-
ences in their filling level influence the solution speed and can
create mechanical artefacts.

43. There should be a constant and laminar solution flow in the
lower compartment that causes a Venturi effect and sucks the
oocyte into the hole. If that is not the case, carefully readjust
the position of the tube feeding into the lower compartment of
the recording chamber.

44. Under red-light illumination, the microelectrode tips are diffi-
cult to visualize against the bright vegetal pole of the oocyte. It
might be helpful to adjust the position of the microelectrodes
using a dummy oocyte in normal white-light conditions prior
to recordings. The general position of the electrodes should
remain the same for each new oocyte and needs only slight
adjustments. The successful impalement of the oocyte mem-
brane with the microelectrodes is indicated by the potential
changes.
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45. For every new oocyte and after every renewal of immersion
oil/water on the objective, the focus must be checked and, if
necessary, readjusted. It might be helpful to use a dummy
oocyte for rough focus adjustment so that only slight adjust-
ments are necessary before each recording. It also helps to start
with the objective in a low position and carefully moving it
upward. However, check the distance of the objective from the
coverslip/bottom of the recording chamber to avoid breaking
it. If possible, use a different light source for the focusing
procedure to avoid exciting the fluorophore before recordings.

46. VCF is sensitive to artefacts caused by oocyte movements upon
solution switching. To test for this, begin and end the mea-
surement protocol by switching between ATP-free recording
solutions. Carefully readjust solution speed, if this causes a
signal.

47. Clean the recording chamber with ultrapure water to remove
salt bridges that potentially could cause artefacts.

48. Once a week, the tubing system should be rinsed with 3%
H2O2 and depending on usage, the tubing system should be
replaced to avoid contamination.
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4.3 Evaluation of Binding Kinetics and Inhibitory Potency of Novel P2X7
Antagonists
(Manuscript in Preparation)

This project is part of a currently ongoingmultidisciplinary collaboration aiming to
develop new P2X7R inhibitors with drug-like properties. Besides chemical synthesis,
this study involves MD simulations, drug metabolism and pharmacokinetics (DMPK)
selection as well as electrophysiological experiments and in vivo studies with a murine
disease model. The publication of this work is currently in preparation.
In these novel compounds, the adamantane ring structure is replaced by another
slightly larger polycyclic scaffold, which resulted in a significant potency increase.
Some of these compounds exhibit practically irreversible binding to the receptor,
which results in very low nanomolar potencies. A first lead compound has already
been shown to improve symptoms in amurine diseasemodel and is currentlymodified
to improve the pharmacokinetic properties (data not shown).

In this study, I performed the following electrophysiological experiments. I first
evaluated antagonist potencies of four compounds by TEVC analysis on human
P2X7R expressed in X. laevis oocytes. These experiments revealed ALT-P2HCl to
be the most potent substance, which was then analyzed in more detail. Based on
modelling experiments and the structural similarity of the compound to the reported
allosteric inhibitor AZ10606120 [21], we expected ALT-P2HCl to bind to the allosteric
P2X7 binding pocket, which is formed by neighboring subunits and juxtaposed to
the ATP-binding site. To test this hypothesis, I generated two mutants via alanine-
substitution in this binding site (F88A and K110A) and compared the potencies at wt
and mutant receptors by TEVC. However, IC50 values obtained from the respective
antagonist DRCs were overestimated, as the apparent binding kinetics did not result
in a binding equilibrium within the application phase of the recording protocol. To
obtain a more accurate estimate of the compound’s potency, I applied a recording
protocol to determine the association kinetic at different antagonist concentrations and
calculated the theoretical on- and off-rate constants and Ki value from the observed
association rate constants (kobs). In addition, I analyzed the time course of antagonist
dissociation from wt and mutant P2X7R mutants. Finally, to functionally characterize
the compound’s binding mode, DRCs for ATP on wt P2X7 and on the F88A mutant in
the presence and in the absence of ALT-P2HCl were generated and compared: The
compound shifted the DRC to higher concentrations while simultaneously reducing
the maximum response.
Together, these data confirmed that the compound acts as a NAM and that F88 in the
allosteric binding site is important for its high affinity binding.
I summarized my contribution to this work in the following short report that includes
material and methods, results with figures, and a short discussion.

263



Material and Methods 

Cloning and cRNA synthesis 

A modified pUC19 vector with an N-terminally His-tagged human P2X7 receptor was generated via 

Gibson assembly according to the protocol of the manufacturer (Gibson Assembly® Master Mix, New 

England Biolabs, Frankfurt am Main, Germany). The His-P2X7 sequence together with the T7 promoter 

sequence, a Xenopus globin 5’-UTR, and a Kozak sequence (Kozak, 1987) were synthesized (GeneArt 

String DNA fragment, Life Technologies/Thermo Fisher Scientific Inc.) and a poly A tail was obtained 

from the pNKS2 vector (Gloor et al., 1995).  F88A and K110A substitutions were introduced using the 

Q5® Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA). Plasmids were linearized 

with NotI-HF (NEB) and purified with the MinElute Reaction Cleanup Kit (Qiagen, Hilden, Germany). 

Capped cRNA was synthesized using the mMESSAGE mMACHINE™ T7 Transcription Kit (ThermoFisher 

Scientific, Schwerte, Germany) and dissolved in nuclease-free water (500 ng/µl). 

Xenopus laevis oocytes 

Xenopus laevis frogs were from Nasco International (Fort Atkinson, WI) and ovaries were kindly 

provided by Prof. Dr. Luis Pardo (Max Planck Institute for Experimental Medicine, Göttingen, 

Germany). Oocytes were isolated and defolliculated by treatment with collagenase (1.0-1.5 mg/ml, ≥2 

hours shaking (110 rpm) at RT) and a 15-min treatment in Ca2+-free oocyte Ringer (90 mM Nacl, 1 mM 

KCl, 2 mM MgCl2, 5 mM HEPES), respectively. 50 nl of cRNA (0.5 µg/µl) were injected using a Nanoject 

II injector (Science Products, Drummond) and oocytes were kept in ND96 (96 mM NaCl, 2 mM KCl, 1 

mM MgCl2, 1 mM CaCl2, 5 mM HEPES, pH 7.4-7.5) supplemented with Gentamicin (50 µg/ml) at 16°C 

for 2 days and then at 4°C to control expression levels. 

Biochemical analysis of P2X7 surface expression 

To analyze the surface expression of the His-tagged hP2X7 receptor constructs, oocytes were labeled 

with the membrane-impermeant amino-reactive fluorescent dye Cy5 (Cy5 Mono NHS Ester, Fisher 

Scientific, 0.001% in ND96, pH 8.5) for 1 hour under rotation in the dark. After labeling of the surface 

protein, oocytes were washed in ND 96 and 10 oocytes were supplemented with 10 µl homogenization 

buffer per oocyte (0.1 M sodium phosphate buffer (pH 8.0) containing 0.4 mM Pefabloc and 0.5% 

dodecylmaltoside (both Merck KGaA, Darmstadt, Germany)). Oocytes were homogenized by pipetting 

up and down and extracted for 10 min on ice. His-P2X7 complexes were purified by Ni2+-NTA agarose 

as described (Nicke et al., 1998). Briefly, extracts were centrifuged (twice for ≥ 15 min at 15000 rpm 

and 4°C) and 100 µl of the supernatant were diluted with 400 µl of homogenization buffer and 

supplemented with 50 µl preconditioned (in washing buffer, see below) Ni2+-NTA agarose beads and 

10 mM imidazole. After 1 hours of inverting at 4°C in the dark, beads were washed 3-4 times with 500 

µl washing buffer (0.1 M sodium phosphate buffer (pH 8.0) containing 0.08 mM Pefabloc, 0.1% 

dodecylmaltoside, and 25 mM imidazole). His-tagged protein was eluted at room temperature with 2 

x 50 µl elution buffer (20 mM Tris-HCl, 300 mM imidazole, 10 mM EDTA, and 0.5% dodecylmaltoside) 

and 40 µl sample were separated by reducing SDS-PAGE (8%). Protein was dedected with a Typhoon 

trio fluorescence scanner (GE Healthcare). 

Two-electrode voltage clamp (TEVC) electrophysiology 

At least 36 hours after cRNA injection, two-electrode voltage clamp recordings were performed at RT 
and a holding potential of -70 mV using a Turbo Tec-05X Amplifier (npi electronic, Tamm, Germany), a 
magnetic valve system, and CellWorks E 5.5.1 software. Currents were filtered at 1 kHz and digitized 
at 200 Hz. Electrodes resistances were below 1.2 MΩ. A fast and reproducible solution exchange (<300 
ms) was achieved with a 50-μl funnel-shaped oocyte chamber combined with a fast vertical solution 
flow fed through a custom-made manifold mounted immediately above the oocyte.  
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Recordings were performed in ND96. A standard concentration of 300 μM ATP in low divalent buffer 

(no MgCl2, 0.5 mM CaCl2) was applied for 2 sec in 4-min intervals, followed by a 1-min perfusion with 

buffer. To compare antagonist potencies, stable agonist responses were obtained and then 10 nM 

(final concentration) of compound were applied from a stock solution into the static bath and 

incubated for 3 min.  

To estimate association and dissociation rates, ATP was applied in 2-min intervals. After stabilization 
of agonist-evoked responses, solutions were switched to antagonist-containing solutions and 
continuously superfused (association rates) or a sufficient block was established by a 1 min incubation 
with agonist in a static bath (dissociation rate) before perfusion proceeded. Responses following 
antagonist application were normalized to the preceding, stabilized agonist responses.  
Association curves were fit to the data by the equation % response = (100-Plateau)*exp(-
kobs*time)+Plateau.   
To create antagonist dose-response curves, ATP-evoked responses after 2-min antagonist perfusion 

were obtained from the association studies. IC50 values were calculated from a nonlinear fit of the Hill 

equation to these data : % response =Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*nH)), where Top and 

Bottom are constrained to 100% and 0%, respectively, X corresponds to the log of concentration of the 

agonist, and nH corresponds to the Hill coefficient . All data were analyzed using Prism software 

(Graphpad Software, Inc., Version 8.3.0, San Diego, CA) and are presented as means ± S.D. from at 

least three oocytes. 

To determine agonist dose-response curves, a setup optimized for automatic application of small 

solution volumes and lateral perfusion was used and ATP was applied for 5 sec in 2-min intervals. A 

reference concentration of 1 mM ATP (ATPRef) was used to stabilize responses and was alternatively 

applied with test responses to different ATP concentrations (ATPtest). After each agonist application 

the cell was washed with buffer for 105 sec and antagonist was then pre-incubated for 15 sec before 

co-application together with the agonist. EC50 values were calculated from fitting to the four-

parameter Hill equation % response =Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*nH)), where all 

responses are normalized to the response of ATPRef  Bottom was constrained to zero, Top 

corresponds to the maximum response, X corresponds to the log of concentration of the agonist, and 

nH corresponds to the Hill coefficient. Note that due to the slow recovery from agonist block, DR data 

in the presence of antagonist were obtained from multiple oocytes.  

Antagonist dilutions were made in ND96 or DMSO in a way that the final concentration of DMSO in the 

measuring chamber did not exceed 1%. Note that the potency of the compounds was influenced by 

the dilution procedure. If dilutions from a 1 mM stock were made in DMSO instead of ND96, the MBX-

compounds were more potent and vice versa. 
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Results 

The inhibitory potency of ALT-P2HCl, ALT-P2OHCl, MBX-46, and MBX-47 was evaluated by two-

electrode voltage-clamp (TEVC) analysis using the human P2X7 receptor expressed in Xenopus laevis 

oocytes.  Upon 3 min pre-incubation with 10 nM antagonist, ALT-P2HCl and ALT-P2OHCl produced an 

80% and 60% reduction of ATP (300 M)-induced current responses, respectively, while MBX-46 and 

MBX-47 produced less than 20% inhibition under these conditions (Fig. 1A).  

Because of its structural similarities to the allosteric inhibitor AZ10606120, ALT-P2HCl is supposed to 

inhibit the P2X7 receptor by a negative allosteric mechanism. The binding site of AZ10606120 was 

shown to bind different structurally unrelated compounds. It is formed by neighboring subunits and 

juxtaposed to the ATP-binding pocket. The F88A mutation has previously been shown to reduce the 

potency of P2X7-specific inhibitors (A740003, A804598, AZ10606120, JNJ47965567) in a YO-PRO-1 

uptake assay in HEK293 cells (Karasawa & Kawate, 2016). To confirm that ALT-P2HCl acts via a similar 

mechanism and to investigate its binding mode, we next generated two mutations, F88A and K110A, 

in the allosteric binding pocket. As shown by SDS-PAGE analysis in Fig. 1B, both mutants showed 

expression levels in the Xenopus laevis oocyte membrane comparable to the wt receptor.  

In order to estimate the IC50 value of ALT-P2HCl for the P2X7 receptor constructs, we first investigated 

its binding kinetics in order to choose suitable pre-incubation times. Application of 300 M ATP in 2-

min intervals in the continuous presence of 10 nM ALT-P2HCl revealed that maximum antagonist 

binding was reached only after about 30 min. As such long pre-incubation times are not practical, we 

first determined the IC50 values based on the values obtained after a 2-min pre-incubation time (Table 

1, Fig. 1C). We found an IC50 value of 54.99 nM for wt hP2X7, an about 10-fold lower IC50 value for 

hP2X7 K110A (4.90 nM) and an about 2-fold higher IC50 value for hP2X7 F88A (0.13 µM). As these values 

were measured before antagonist binding was completed and therefore are overestimated and much 

higher than the ones obtained above, we next set out to analyze the association and dissociation 

kinetics of ALT-P2HCl to obtain a more accurate estimate of its potency. As seen in Fig. 1D the different 

P2X7 constructs revealed marked differences in ALT-P2HCl binding kinetics and affinity. When ATP (300 

µM) was applied in 2-min intervals under continuous superfusion with 3 nM antagonist, an about 50% 

block was obtained for the wt receptor but an equilibrium was still not reached after about 40 min. 

For the K110A mutant, however, an equilibrium and an about 80% block was reached after only 15 

min, whereas the F88A mutant was completely unaffected at this concentration (Fig. 1D). Likewise, 

ALT-P2HCl showed minimal dissociation within 20 min from both wt hP2X7 and hP2X7 K110A receptors 

(Fig 1E). In contrast, hP2X7 F88A recovered fully after a 90-100% block by ALT-P2HCl (Fig. 1C, 

Supplement Fig. 2).  

These data confirmed that the F88 is required for high affinity antagonist binding. In contrast, the 

association rate observed for hP2X7 K110A (about 9-fold higher than for the wt receptor) suggests, 

that the K110A substitution facilitates ALT-P2HCl binding.  

Finally, to confirm that ALT-P2HCl acts as a negative allosteric modulator (NAM) on the P2X7 receptor, 

DRCs for ATP on P2X7 with and without 3 µM of the compound were generated (Table 2). As shown in 

Fig. 1F, ALT-P2HCl shifts the curve to higher concentrations and additionally decreases the maximum 

response, indicating a negative allosteric mechanism of ALT-P2HCl.  
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Figure 1: Comparison of antagonist potency at Xenopus oocyte-expressed hP2X7 receptor mutants.  The indicated human 
P2X7 constructs were expressed in Xenopus laevis oocytes and analyzed by TEVC at -70 mV. A Comparison of the different 
antagonists at wt human P2X7 . Reduction of ATP (300 µM) responses after 3 min incubation with 10 nM of the indicated 
antagonists. Responses are normalized to ATP responses in the absence of antagonist. Error bars represent SEM B Plasma 
membrane expression of wt and mutant P2X7 receptors.  The indicated His-tagged human P2X7 constructs were expressed 
in Xenopus laevis oocytes, labeled with membrane impermeant Cy5, purified by Ni2+-NTA agarose and separated by SDS-
PAGE. Gels were directly scanned with a fluorescence scanner. A representative result is shown. C Concentration-response 
analysis of ALT-P2HCl on wt and mutant hP2X7 receptors. Responses to 2-sec pulses of 300 µM ATP were recorded after a 2-
min antagonist perfusion. IC50 values are given in Table 1.  D Time course of ALT-P2HCl binding to wt and mutant P2X7 
receptors. P2X7-expressing oocytes were continuously superfused with the indicated concentrations of ALT-P2HCl and ATP 
was applied in 2-min intervals. Experimentally determined on-rates (kobs ) were plotted against antagonist concentrations to 
obtain an estimate for the off-rate constant and the Ki value. F in the formula indicates the free antagonist concentration. E 
Time course of ALT-P2HCl dissociation from wt and mutant P2X7 receptors. Normalized responses to 2-sec pulses of ATP (300 
µM) after a 90-100% block by ALT-P2HCl. F For binding mode analysis, the agonist dose-response relationship for ATP on 
hP2X7 (left) and on hP2X7 F88A (right) were compared in the presence and absence of 3 µM ALT-P2HCl. All data are 
represented as mean +/- S.D. from 3-9 measurements, if not otherwise stated. 

 

 

 

 

Table 1: IC50-values, theoretical on- and off-rate constants and Ki values according the equations kobs=kon*F+koff and Ki=koff/kon, 
for wt hP2X7, hP2X7 F88A, and hP2X7 K110A. Number in brackets are 95% Confidence Intervals, N.D. means not determined. 
Note that calculations based upon kobs were oversimplified and represent only estimates (for details see discussion). 

 hP2X7 hP2X7 F88A hP2X7 K110A 

IC50 5.499e-008 M 
[4.812e-008 - 6.288e-008] 
 

1.321e-007 M 
[1.199e-007 - 1.457e-007] 
 

4.904e-009 M 
[4.239e-009 - 5.649e-009] 
 

Ki calculated from kobs 1.542398e-010 nM 199.4586 nM 2.24721 nM 

kon calculated from kobs 
 

0.006038 (nM x min)-1 
[0.005623 - 0.006338] 

0.001847 (nM x min)-1 
[0.001609 - 0.002086] 

0.05380 (nM x min)-1 
[0.04576 - 0.06181] 

koff calculated from kobs ~ 9.313e-013 min-1 
[N.D. ] 

0.3684 min-1 
[0.2239 - 0.5128] 

0.12090 min-1 
[0.0000 - 0.2800] 

 

 

 

 

Table 2: EC50 values for ATP with or without ALT-P2HCl on hP2X7 and hP2X7 F88A. Number in brackets are 95% Confidence 
Intervals. 

 ATP ATP + ALT-P2HCl 

hP2X7 2.970e-005 M 
[2.421e-005 - 3.745e-005] 
 

1.812e-004 M 
[1.202e-004 - 3.079e-004] 
 

hP2X7 F88A 2.566e-005 M 
[2.156e-005 - 3.080e-005] 
 

3.109e-004 M 
[1.995e-004 - 7.864e-004] 
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Discussion 

Observed on-rates kobs were determined by fitting the data to the function % response = (100-

Plateau)*exp(-kobs*time)+Plateau and the obtained constants were then plotted against the respective 

antagonist concentration. Assuming the most simple case of receptor-ligand kinetics, a 1:1 binding 

model, this formula was used to obtain an estimate of the theoretical off-rate constant koff and the 

theoretical Ki value. It has to be considered, however, that the P2X7 receptor has three orthosteric 

ATP-binding sites and three allosteric drug-binding pockets with unknown single molecule binding 

kinetics. Thus, the binding model is most likely much more complex and this calculation can only be 

regarded as a rough estimation. 

 

Supplemental Information 

 

Figure 2: Antagonist dissociation from the indicated receptor constructs via the recovery of receptor function over time. 
Representative current responses to 2-sec pulses of ATP (300 µM) after a 90-100% block by ALT-P2HCl. After stabilization of 
current responses, the antagonist was applied into the static bath at an appropriate concentration (wt: 10 µM, F88A: 100 µM, 
K110A: 1 µM) once and incubated for 1 min (indicated by arrow, incubation time not shown).Only hP2X7 F88A recovers fully 
after a 90-100% block by ALT-P2HCl. However, the recovery time is about 40 min. 
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Additional Information 

Diluting the compounds from a 1 mM stock with either DMSO or ND96 had an impact on the 
compounds’ efficiency. Specifically, the ALT-compounds were more effective when diluted in buffer 
(10 nM), whereas the MBX-compunds were only effective when diluted in DMSO and a 100-fold higher 
concentrated (1 µM) (Fig. 4). The DMSO concentration in the recording chamber did not exceed 1%. 
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Figure 2: Dilution with either DMSO or buffer affects the activity of the compound. 
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4.4 Re-evaluation of Neuronal P2X7 Expression Using Novel Mouse Models
and a P2X7-specific Nanobody

This comprehensive publication addresses a potential neuronal expression of the
P2X7R. Novel BAC transgenic mouse lines overexpressing a P2X7-EGFP fusion protein
were generated, characterized, and used to investigate cell-type specific P2X7 protein
expression in complex tissues, specifically in the central nervous system (CNS). In
addition, functional consequences of P2X7 overexpression were investigated. The
expression of the P2X7-EGFP fusion protein is expected to be under the control of
the BAC-derived regulatory sequence, the mouse P2rx7 promoter. A BAC transgenic
approach was used, aiming to ensure reliable reproduction of the endogenous P2X7
expression pattern in transgenic mice and to analyze poteintial overexpression effects.
It is shown, that P2X7-EGFP overexpression did not affect endogenous receptor
synthesis, and that P2X7-EGFP subunits could be co-purified with endogenous P2X7
subunits, confirming efficient co-assembly of both. The functionality of the fusion
protein was demonstrated via ATP-induced DAPI uptake in so-called ’rescue’ mice,
that were generated by crossing the P2X7-EGFP BAC transgenic mice with P2X7
knockout mice (P2rx7-/-) and only expressed the transgenic P2X7-EGFP. To confirm
the correct cell type-specific expression, the expression patterns of P2X7-EGFP and
endogenous P2X7 were compared by immunostaining in brain slices, including DAB
stainings with EGFP-specific antibodies and a novel mouse P2X7-specific nanobody-
rbIgG fusion construct (7E2-rbIgG). Co-staining of brain sections from wt, P2rx7-/-,
and P2X7-EGFP overexpressing transgenic mice, with 7E2-rbIgG and commercially
available P2X7-specific antibodies revealed that the nanobody-rbIgG fusion construct
has superior specificity. Co-labeling with cell type-specific markers and quantitative
analysis revealed P2X7-EGFP protein expression mainly in microglial cells, Bergmann
glia, and oligodendrocytes, however, not in neurons. The dominant expression in
microglia and oligodendrocytes was further confirmed by quantification of P2X7
protein (byWestern blot) from brain tissue of the respective cell type-specific knockout
mice. In addition, neuronal localization of P2X7 was investigated in the spinal cord,
dorsal root ganglia, retina, and neuromuscular synapse, but could not be detected.
Upregulation of P2X7 in neurons was also not found following status epilepticus or
after neural tissue damage. Finally, the overexpression of P2X7 did not cause any
obvious behavioral or morphological effects under physiological conditions but a
trend towards increasedmicroglia numbers/activation in diseasemodels (stabwound,
status epilepticus, ischemic retina).
It was concluded that P2X7 is either not present or not detectable in neurons and
that reported P2X7-dependent neurodegeneration is more likely due to indirect
effects caused by P2X7 activation in microglia or oligodendrocytes rather than by
direct activation of neuronal P2X7Rs. This contrasts with findings in other P2X7
(reporter) mouse models (Tg(P2rx7 EGFP)FY174Gsat and P2rx7hP2RX7), which might
be explained by alterations in gene structure, possibly affecting transcriptional and/or
translational regulatory mechanisms.
My contribution to this work was the validation of immunofluorescence staining
experiments by DAB staining using the Avidin-Biotin Complex (ABC) method. This
colorimetric technique has the advantage that the signal from the primary antibody is
amplified and can be enhanced by a prolonged exposure. In this study, colorimetric
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DAB stainings yielded more intense signals than immunofluorescence stainings using
the same primary antibody (in this case 7E2-rbIgG) and thus allowed a comparison
of P2X7 expression in the P2X7-EGFP overexpressing transgenic mice with that of
endogenous P2X7 in wt animals. Finally, I also contributed with text editing to the
manuscript.
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Abstract The P2X7 channel is involved in the pathogenesis of various CNS diseases. An

increasing number of studies suggest its presence in neurons where its putative functions remain

controversial for more than a decade. To resolve this issue and to provide a model for analysis of

P2X7 functions, we generated P2X7 BAC transgenic mice that allow visualization of functional

EGFP-tagged P2X7 receptors in vivo. Extensive characterization of these mice revealed dominant

P2X7-EGFP protein expression in microglia, Bergmann glia, and oligodendrocytes, but not in

neurons. These findings were further validated by microglia- and oligodendrocyte-specific P2X7

deletion and a novel P2X7-specific nanobody. In addition to the first quantitative analysis of P2X7

protein expression in the CNS, we show potential consequences of its overexpression in ischemic

retina and post-traumatic cerebral cortex grey matter. This novel mouse model overcomes previous

limitations in P2X7 research and will help to determine its physiological roles and contribution to

diseases.

DOI: https://doi.org/10.7554/eLife.36217.001

Introduction
The P2X7 receptor differs from all other P2X family members by its low sensitivity to ATP, a particu-

larly long intracellular C-terminus, and its ability to trigger various short and long-term cellular events
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like the induction of dye uptake and cell death (Saul et al., 2013; Surprenant et al., 1996; Li et al.,

2015; Harkat et al., 2017; Di Virgilio et al., 2018), which are incompletely understood and have

mostly been described in cell culture systems. Probably best studied is its central role in NLRP3

(NOD-like receptor family, pyrin domain containing 3) inflammasome activation, cytokine maturation,

and inflammation that was originally established in P2X7 knockout (P2rx7-/-) mouse models

(Chessell et al., 2005; Solle et al., 2001; Di Virgilio et al., 2017). A growing body of evidence sug-

gests that an increased P2X7 receptor function plays a role in various diseases of the central nervous

system (CNS) and peripheral nervous system (PNS) and further supports its importance as a drug tar-

get (Bhattacharya and Biber, 2016; Rassendren and Audinat, 2016; Sperlágh and Illes, 2014;

Sociali et al., 2016).

P2X7 receptors are expressed in cells of hematopoietic origin as well as different types of glial,

epithelial, and endothelial cells. The presence and function of P2X7 receptors in neurons, however,

remains a matter of debate (Illes et al., 2017; Miras-Portugal et al., 2017), although an increasing

amount of literature describing neuronal P2X7 functions imply a wide acceptance of this view (e.g. in

[Sperlágh and Illes, 2014; Brown et al., 2016; Engel et al., 2012; Gulbransen et al., 2012; Jime-

nez-Pacheco et al., 2013]). In support of a neuronal expression, P2rx7 mRNA was detected in neu-

rons (Yu et al., 2008), P2X7 protein was identified in neuronal cell culture (Ohishi et al., 2016), and

P2X7 receptors were pharmacologically shown to facilitate postsynaptic efficacy and affect neuro-

transmitter release (reviewed in [Sperlágh and Illes, 2014]). However, mRNA expression might not

necessarily correlate with synthesis of the respective protein (Carpenter et al., 2014), selectivity of

the available P2X7-specific antibodies has been questioned (Anderson and Nedergaard, 2006;

Sim et al., 2004), and pharmacology of purinergic receptors is rather complex (Anderson and

Nedergaard, 2006; Compan et al., 2012; Nörenberg et al., 2016). Also, it has been difficult to dif-

ferentiate between direct effects of neuronal P2X7 activation and indirect effects of ATP-activated

neurotransmitter release from glia cells (Sperlágh and Illes, 2014; Illes et al., 2017; Miras-

Portugal et al., 2017).

eLife digest The human body relies on a molecule called ATP as an energy source and as a

messenger. When cells die, for example if they are damaged or because of inflammation, they

release large amounts of ATP into their environment. Their neighbors can detect the outpouring of

ATP through specific receptors, the proteins that sit at the cell’s surface and can bind external

agents.

Scientists believe that one of these ATP-binding receptors, P2X7, responds to high levels of ATP

by triggering a cascade of reactions that results in inflammation and cell death. P2X7 also seems to

play a role in several brain diseases such as epilepsia and Alzheimer’s, but the exact mechanisms are

not known. In particular, how this receptor is involved in the death of neurons is unclear, and

researchers still debate whether P2X7 is present in neurons and in other types of brain cells.

To answer this, Kaczmarek-Hájek, Zhang, Kopp et al. created genetically modified mice in which

the P2X7 receptors carry a fluorescent dye. Powerful microscopes can pick up the light signal from

the dye and help to reveal which cells have the receptors. These experiments show that neurons do

not carry the protein; instead, P2X7 is present in certain brain cells that keep the neurons healthy.

For example, it is found in the immune cells that ‘clean up’ the organ, and the cells that support and

insulate neurons. Kaczmarek-Hájek et al. further provide preliminary data suggesting that, under

certain conditions, if too many P2X7 receptors are present in these cells neuronal damage might be

increased. It is therefore possible that the brain cells that carry P2X7 indirectly contribute to the

death of neurons when large amounts of ATP are released.

The genetically engineered mouse designed for the experiments could be used in further studies

to dissect the role that P2X7 plays in diseases of the nervous system. In particular, this mouse model

might help to understand whether the receptor could become a drug target for neurodegenerative

conditions.

DOI: https://doi.org/10.7554/eLife.36217.002
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Taken together, the scarcity of information regarding the localization and the molecular and phys-

iological functions of P2X7 receptors in the nervous system stands in sharp contrast to its proposed

role as a drug target. To conclusively resolve these important questions, we generated transgenic

mouse lines that overexpress EGFP-tagged P2X7 under the control of a BAC-derived mouse P2X7

gene (P2rx7) promoter. These mice allow the direct and indirect visualization of P2X7, its purifica-

tion, and determination of functional consequences of its overexpression. Using this model, we pro-

vide the first comprehensive and quantitative analysis of the distribution of P2X7 protein within the

CNS.

Results

Generation of P2X7-EGFP BAC transgenic mice
The P2rx7 cDNA was obtained from C57BL/6 mouse brain and C-terminally fused to the EGFP-

sequence via a Strep-tagII-Gly-7xHis-Gly linker sequence (Figure 1—figure supplement 1A) to pro-

vide additional labeling/purification options and minimize interference with the receptor function. As

two allelic P2X7 variants, 451P (‘wt’) and 451L (SNP, present in C57BL/6), with different functionality

have been described (Adriouch et al., 2002; Sorge et al., 2012), the ‘wt’ L451P-variant was also

generated by site directed mutagenesis. Efficient expression and functionality of the full-length pro-

teins were confirmed by SDS-PAGE, patch-clamp analysis, and ATP-induced ethidium uptake in HEK

cells (Figure 1—figure supplement 1B–E). Both variants and the non-tagged receptors revealed

similar EC50 values, indicating that the dye uptake properties of the P2X7 receptor were not influ-

enced by the EGFP-tag. Also, current kinetics were virtually identical. Next, BAC clone RP24-

114E20, containing the full length P2rx7 and more than 100 kb of the 5´region was modified accord-

ingly by insertion of the Strep-His-EGFP sequence in exon 13 to preserve the exon-intron structure

of the gene (Figure 1A). Upon verification by Southern blotting (Figure 1B, Figure 1—figure sup-

plement 1F) and sequencing, the linearized BAC was injected into pronuclei of FVB/N mouse

oocytes (451L background). In total, 4 (451L) and 10 (451P) germline transmitters were obtained and

five lines (451L: lines 46, 59 and 61; 451P: lines 15 and 17) were selected for initial characterization

as described below (Figure 1C and Figure 2—figure supplement 1). Subsequent experiments were

performed with the highest expressing line 17.

Expression, membrane targeting, and function of P2X7-EGFP in
transgenic mice
Southern blot analysis revealed integration of 4–15 BAC copies in the different lines. The copy num-

bers correlated well with the respective P2X7-EGFP protein expression levels (Figure 1C), suggest-

ing the functionality of most if not all integrated P2rx7 BAC transgenes. Endogenous P2X7 protein

synthesis was unaffected by the P2X7-EGFP overexpression (Figure 1—figure supplement 1G).

Purification of P2X7-EGFP protein via Ni-NTA agarose demonstrated co-purification of endogenous

P2X7 subunits confirming efficient co-assembly of tagged and non-tagged subunits (Figure 1D). In

agreement with correct plasma membrane targeting, deglycosylation with endoglycosidase H and

PNGase F revealed efficient complex glycosylation, indicating that the EGFP-tag did not disturb

folding and ER-exit of the transgenic P2X7-EGFP protein (Figure 1E). To demonstrate functionality

of the overexpressed P2X7-EGFP protein, the transgenic mice were, upon backcrossing into C57BL/

6 for 8–10 generations, mated to P2rx7-/- mice (in C57BL/6) to obtain ‘rescue’ mice (Table 1) that

express only the transgenic but not the endogenous P2X7 (Figure 1F). FACS analysis of microglia

from these mice confirmed that the transgene is able to fully rescue the ATP-induced DAPI uptake,

which is absent in these cells from P2rx7-/- mice (Figure 1G). Comparison of the kinetic and effi-

ciency of DAPI uptake by simultaneous analysis of pooled and differentially labeled microglia

revealed a stronger increase in the rescue mice compared to wt mice, most likely due to a higher

number of functional P2X7 receptors at the cell surface. The specificity of the DAPI uptake was dem-

onstrated using the P2X7 antagonist A438079 (Figure 1—figure supplement 2).

Analysis of P2X7-EGFP localization in the brain
To determine the overall pattern of P2X7 localization in the brain, 3, 3’-Diaminobenzidine (DAB)

staining with EGFP-specific antibodies was performed on brain slices from all mouse lines. As shown
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Figure 1. Generation and validation of BAC transgenic P2X7-EGFP mice. (A) Scheme of the BAC clone containing the full-length P2rx7 plus about 103

kb (5´) and 10 kb (3´) flanking sequences. A Strep-His-EGFP cassette (0.8 kb) flanked by two homology arms (grey boxes) was inserted directly upstream

of the stop codon into exon 13 of the P2rx7. Before pronuclear microinjection, the BAC-P2X7-EGFP construct was linearized at a unique SacII site. B, E,

and S indicate BamHI, EcoRI, and SacI restriction sites, respectively. The probes used for Southern blot analysis are indicated as brackets. (B) Southern

Figure 1 continued on next page
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for five selected lines (Figure 2A, Figure 2—figure supplement 1), specific labeling with identical

patterns (Table 2) was obtained. A particularly high P2X7-EGFP density was found in the molecular

layers of the cerebellar cortex. In addition, strong labeling was detected in the molecular layer of

the dentate gyrus (DG), the cerebral cortex and olfactory bulb as well as the thalamus, hypothala-

mus, substantia nigra, and ventral pons. Comparison of endogenous and transgenic P2X7 levels in

different brain regions (Figure 2B) showed similar protein ratios and tissue-specific intensities, dem-

onstrating that expression of the transgene mirrored both the expression pattern and expression

level of endogenous P2X7 and thus implying that important regulatory elements governing P2X7

expression are preserved and functional in the chosen BAC construct. Due to the dense but diffuse

signal and a higher background fluorescence (probably due to structural organization and/or a high

content of endogenous fluorophores) in the cerebellar cortex, identification of cellular structures and

P2X7-EGFP-expressing cell types proved difficult in adult cerebellum (Figure 2—figure supplement

2A–C): Using confocal microscopy, no conclusive co-localization was seen with Purkinje cell

Figure 1 continued

blot analysis of BAC DNA using these probes (X7 intr/ex13, EGFP) confirmed homologous recombination and correct integration of the Strep-His-EGFP

cassette into the BAC. (C) Comparison of copy number and protein expression in different BAC transgenic P2X7-EGFP lines. Representative SDS-PAGE

(direct EGFP fluorescence, 60 mg total protein/lane) and Southern blot data are shown (transgenic P2rx7, 5277 bp; endogenous P2rx7, 4561 bp). Black

marks at the bottom indicate where replicates were excised from the figures. Data from 3–6 individual mice are represented. (D) Co-purification of

endogenous P2X7 subunits with transgenic receptors. Protein complexes were purified under non-denaturing conditions via Ni-NTA agarose from

dodecylmaltoside (0.5%) brain extracts (line 59). A representative result of n > 5 experiments with different lines is shown. P2X7-specific antibody:

Synaptic Systems (E) Deglycosylation analysis of endogenous and transgenic P2X7. Protein extracts from spinal cord of wt and line 17 transgenic mice

were treated with endoglycosidases as indicated and P2X7 protein was detected by immunoblotting (P2X7-specific antibody, Synaptic Systems).

Asterisks indicate Endo H-resistant complex glycosylated protein. A representative result of n > 5 experiments with different organs is shown. (F) P2X7-

EGFP (line 17) was crossed into P2rx7-/- background. Western blot analysis with an P2X7-specific antibody (Synaptic Systems) confirmed successful

deletion of the endogenous P2X7 in this rescue mouse. (G) FACS analysis of microglia showing rescue of ATP-induced (1 mM) DAPI uptake by the P2X7

rescue (line 59) microglia in comparison to wt and P2rx7-/- microglia. A representative result from n = 3 animals is shown.

DOI: https://doi.org/10.7554/eLife.36217.003

The following figure supplements are available for figure 1:

Figure supplement 1. Expression and functionality of the P2X7-EGFP constructs in HEK cells and expression of the transgene in mice.

DOI: https://doi.org/10.7554/eLife.36217.004

Figure supplement 2. Efficiency and specificity of ATP-induced DAPI uptake in primary brain microglia from wt and P2X7-EGFP transgenic mice.

DOI: https://doi.org/10.7554/eLife.36217.005

Table 1. Mice

Strain Official name Origin

P2X7-EGFP

P2X7451P-EGFP

FVB/N-Tg(RP24-114E20P2X7-StrepHis-EGFP)Ani
Lines 46, 59 (also in BL/6N), 61
FVB/N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP)
Ani
Lines 15, 17 (also in BL/6N)
Transgenes were backcrossed into C57BL/6 for at
least eight generations

This study

This study

P2rx7fl/fl B6-P2rx7tm1c(EUCOMM)Wtsi This study (B6-P2rx7tm1a(EUCOMM)Wtsi x FLPe deleter mouse Gt(ROSA)
26Sortm1(FLP1)Dym [Farley et al., 2000])

P2rx7-/- B6-P2rx7tm1d(EUCOMM)Wtsi This study (P2rx7fl/fl x EIIa-Cre mouse
Tg(EIIa-cre)C5379Lmgd [Lakso et al., 1996])

P2X7 rescue B6-P2rx7tm1d(EUCOMM)Wtsi//B6.Cg-Tg(RP24-
114E20P2X7-StrepHis-EGFP)Ani

This study (P2rx7-/- x P2X7-EGFP line 59 and 17 in C57BL/6)

Microglia-specific P2X7
knock-out

B6-P2rx7tm1c(EUCOMM)Wtsi//B6-Cx3cr1tm1.1(cre)Jung This study (P2rx7fl/fl x Cx3cr1tm1.1(cre)Jung [Yona et al., 2013])

Oligodendrocyte-specific
P2X7 knock-out

B6-P2rx7tm1c(EUCOMM)Wtsi//B6- Cnptm1(cre)Kan This study (P2rx7fl/fl x CNP-Cre mouse
Cnptm1(cre)Kan [Lappe-Siefke et al., 2003])

If not otherwise noted, mice of both genders (9–14 weeks) in FVB/N background were used. Given that FVB/NJ mice are homozygous for the retinal

degeneration 1 allele of Pde6brd1, retinal stainings were performed in C57b/6 or FVB/N/C57b/6 hybrid mice.

DOI: https://doi.org/10.7554/eLife.36217.006
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Figure 2. Distribution pattern of transgenic P2X7-EGFP. (A) DAB staining with an antibody against GFP (A11122,

Thermo Fisher Scientific). Scale bars: 200 mm and 50 mm in hippocampus and cerebellum, respectively. A

representative result from at least three animals is shown (B) Ratios of transgenic (line 17) and endogenous P2X7

protein in different brain regions. Protein extracts (1% NP40) were prepared and 75 mg per lane separated by SDS-

Figure 2 continued on next page
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(calbindin D28k) and synaptic (vGlut2) marker proteins nor with astrocytes/Bergmann glia (GFAP or

S100b). However, analysis of the cerebellum from animals at postnatal day 7 (P7), before Bergmann

glia microdomains are formed (Grosche et al., 2002), revealed a more structured and clearer GFP

signal that aligned with the cell bodies and radial extensions of S100b-immunopositive cells with typ-

ical Bergman glia morphology (Figure 2C). Thus, we conclude that P2X7 is expressed in Bergmann

glia, in agreement with previous findings (Habbas et al., 2011). However, due to the localization in

microdomains that give a very diffuse pattern, co-localization with the intracellular Bergmann glia

marker GFAP, which visualizes mainly their radial extensions, could not be detected and co-

Figure 2 continued

PAGE. Bands were quantified upon western blotting by infrared imaging with antibodies against P2X7 (Synaptic

Systems) and fluorescent secondary antibodies (LI-COR 680RD dk anti rb). Data are presented as means from

three animals. (C) Co-labeling of line 17 P7 cerebellum with antibodies against GFP (A10262, Thermo Fisher

Scientific) and S100b (S2532, Sigma Aldrich). A typical staining pattern for radial glia is seen. The close up of a

representative area in the Purkinje cell layer (right) shows punctate P2X7 staining on cells with Bergmann glia

morphology. Cell nuclei were counterstained with DAPI (blue). Scale bars represent 100 mm and 10 mm,

respectively. CA1/3, cornu ammonis regions 1/3; DG, dentate gyrus; ML, molecular layer; GL, granular layer; WM,

white matter; EGL, external granular layer; PCL, Purkinje cell layer. (D) Co-labeling of wt and tg line 17 cerebellar

slices from P7 pubs with an anti-GFP antibody (A10262, Thermo Fischer Sci.) and the novel P2X7-specific

nanobody-rbIgG fusion construct 7E2-rbIgG (Danquah et al., 2016) confirms the endogenous expression pattern

and the specificity of the P2X7-EGFP signal. Representative results from n = 3 (Tg) and n = 2 (Wt) pubs are shown.

Scale bar: 50 mm, DAPI staining in blue. PCL, Purkinje cell layer; GL, granular layer; ML, molecular layer; DG,

dentate gyrus; CA3, cornu ammonis region 3; EGL, external granular layer. (E) Comparison of DAB staining in

transgenic P2X7-EGFP mice, wt, and P2X7-/- mice with 7E2-rbIgG (Danquah et al., 2016). Scale bar: 100 mm.

Representative results from three animals per line (line 17 and wt) are shown. For antibodies not specified in the

legend see Key resources table.

DOI: https://doi.org/10.7554/eLife.36217.007

The following figure supplements are available for figure 2:

Figure supplement 1. Identical expression patterns in five transgenic lines and wt animals.

DOI: https://doi.org/10.7554/eLife.36217.008

Figure supplement 2. P2X7-EGFP immunofluorescence in the cerebellum.

DOI: https://doi.org/10.7554/eLife.36217.009

Table 2. P2X7-EGFP protein expression in comparison with other P2X7 (reporter) mouse models (Tg

(P2rx7 EGFP)FY174Gsat, www.gensat.org, P2rx7hP2RX7 (Metzger et al., 2017)

Transgenic
P2X7-EGFP

P2X7 reporter
(Gensat) Humanized P2X7

Brain region Fusion protein Soluble EGFP RNA

Hippocampus M (ML+), O, A N, G N (CA3+), O, A

Cerebral Cort. M, O, A N, G M, O, A

Midbrain M, O N, G nd

Thalamus M, O G nd

Hypothalamus M, O N, G nd

Cerebellum M, O, A, BG (ML+) N, G, BG (ML+) O, A

Olfactory bulb M G nd

Ventricle EC nd nd

Corpus callosum M, O nd nd

A high density of positive cells in a specific area is indicated by +whereas the presence in specific cells or structures

is indicated by letters (N, neuron; PC, Purkinje cell; A, astrocyte; M, microglia; O, oligodendrocyte; BG, Bergmann

glia; G, glia-like; EC, ependymal cells, ML, molecular layer; GCL, granular cell layer; nd, not determined). Data from

the Gensat mouse are according to information given on the gensat web site (www.gensat.org) for fluorescence

images listed under confirmed expression veracity.

DOI: https://doi.org/10.7554/eLife.36217.010
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localization with S100b was only dissolved during postnatal development. In addition to Bergman

glia, P2X7 is present in microglia of the cerebellum, which was confirmed in acutely dissociated cells

from adult tissue (Figure 2-figure supplement 2D). Based on our data (Figure 2E, Figure 2—figure

supplement 2B), we exclude the expression in Purkinje cells in both adult and P7 mice. Specificity of

the GFP labeling and congruency with the endogenous P2X7 expression pattern was further con-

firmed using a novel mouse P2X7-specific heavy chain antibody (nanobody 7E2 fused to the hinge,

CH2 and CH3 domains of rabbit-IgG (7E2-rbIgG), see (Danquah et al., 2016) and Materials and

methods) (Figure 2D and E).

Co-immunolabeling with cell type-specific markers (Figure 3A–F) and quantification of GFP-posi-

tive cells in the CA1 region of the hippocampus (Figure 3G) demonstrated that P2X7-EGFP is pre-

dominantly (57 ± 14%) expressed in microglial cells (93% of all Iba1-positive cells), while the majority,

if not all, of the remaining GFP-positive cells (47 ± 10%) belong to the oligodendroglial lineage and

co-express Olig2 (87% of Olig2-positive and 95% of NG2-positive oligodendrocyte precursor cells).

In addition, 7 ± 4% of P2X7-EGFP-expressing cells represent S100b-positive but GFAP-negative

cells. These cells comprised 8% of all S100b-positive cells and may represent either GFAP-negative

astroglial cells or oligodendrocyte precursor cells. This distribution is in agreement with functional

findings (Jabs et al., 2007) and cell type-specific RNA sequencing data (P2rx7 mRNA in microglia/

oligodendrocytes/astrocytes » 28/26/5 fragments per kilobase of transcript sequence per million

mapped fragments) obtained from cerebral cortex (Zhang et al., 2014) (http://web.stanford.edu/

group/barres_lab/brain_rnaseq.html). Likewise, co-staining with Sox9 (for astrocytes) or neuronal

(NeuN, MAP2) and synaptic (VGlut1, PSD95, synaptophysin, VGAT) markers did not reveal any over-

lap in the CA1, CA3, and dentate gyrus (Figure 3A, Figure 3—figure supplements 1, 2 and

3B). A clear band of more intense GFP signal is regularly detected in the molecular layer of the den-

tate gyrus (e.g. Figure 2A, Figure 3—figure supplement 1B, bottom-right panel) and was attrib-

uted to a higher number and/or more ramified morphology of microglia that align at the border of

the granular layer. In support of this explanation, the thickness of the band in this region equals the

radius of microglia with their extensions (Figure 3—figure supplement 3A). As P2X7 protein expres-

sion has been described in nestin-positive neuronal/glia precursor cells in the subgranular zone

(Rozmer et al., 2017), we also performed co-labeling of EGFP with nestin in this region but did not

detect any co-localization (Figure 3—figure supplement 4). Likewise, no co-staining of EGFP with

neurons was seen in other regions with a strong EGFP signal like basal ganglia, hypothalamus, and

pons (Figure 3—figure supplement 5).

In addition, we performed co-stainings of brain sections with the commercially available P2X7-

specific antibodies and the nanobody-rbIgG fusion construct 7E2-rbIgG (Danquah et al., 2016).

However, the commercially available antibodies yielded unspecific or insufficient staining (either in

comparison to P2rx7-/- mice or in the P2X7-EGFP overexpressing line 17) (Figure 3—figure supple-

ment 6). In contrast, 7E2-rbIgG showed specific staining of endogenous P2X7 protein in wild-type

(wt) but not P2rx7-/- mice (Figure 2E) and clear overlap with the transgenic P2X7-EGFP (Figure 2E,

Figure 3—figure supplement 6). To further verify that the observed transgene expression pattern

correlates with the endogenous P2X7 expression, mice deficient in microglial or oligodendroglial

P2X7 were generated by mating P2rx7fl/fl mice with Cx3cr1tm1.1(cre)Jung (Yona et al., 2013) and

Cnptm1(cre)Kan lines (Lappe-Siefke et al., 2003), respectively (specificity of Cre expression is shown in

Figure 3—figure supplement 7). In comparison to P2rx7fl/fl mice, Cx3cr1-Cre-positive mice showed

51.5% (±4.5%) and Cnp-Cre-positive mice showed 60.4% (±2.9%) reduction of P2X7 protein in the

brain, which correlates well with the percentage of P2X7 expressing cells determined in the brains of

our transgenic mice (Figure 3H).

Analysis of P2X7-EGFP localization in other neuronal preparations
Since neuronal P2X7 expression and function has been described in amacrine cells (interneurons) as

well as in ganglion cells, photoreceptors, and pigment epithelial cells of the retina (Sanderson et al.,

2014), we further probed if neuronal P2X7 expression was detectable in this tissue with histologically

clear architecture. In contrast to previous reports, however, P2X7-EGFP was exclusively expressed in

microglia (Figure 4A). Likewise, P2X7-EGFP expression was not found in neurons of the spinal cord,

DRG, or of teased sciatic nerve fibers (Figure 4B–D, Figure 4—figure supplement 1). In Schwann

cells of the sciatic nerve fibers, however, P2X7-EGFP was localized to nodes of Ranvier and Schmidt-

Lantermann incisures, in perfect agreement with the subcellular distribution pattern of endogenous
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Figure 3. Identity and quantity of P2X7-EGFP expressing cell types in the CA1 region and comparison with P2X7

expression in wt mice. (A–F) Co-labeling of tg line 17 brain slices with anti-GFP antibody (ab6556, Abcam; A10262,

Thermo Fisher Scientific) and antibodies for the indicated marker proteins (GFAP (MAB360, Millipore), S100b

(S2532, Sigma Aldrich)). Hippocampal CA1 regions are shown. Arrows indicate co-staining for S100b and GFP. Cell

Figure 3 continued on next page
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P2X7 (Figure 4C). At the neuromuscular junction, P2X7-EGFP was found in close association with

terminal Schwann cells (S100b-positive), but did not co-localize with them or with the post- (a-bun-

garotoxin-positive) or presynaptic (synaptophysin-positive) membrane, in contrast to previous find-

ings (Deuchars et al., 2001). Based on the localization and morphology, we suggest its presence on

kranocytes, a fibroblast-like cell type (Court et al., 2008). In agreement with previous reports on

P2X7 localization in DRGs (Zhang et al., 2005; Jager and Vaegter, 2016), we identified P2X7-EGFP

in cells that show the localization and typical morphology of satellite glia cells which ensheath large

sensory neurons. This was confirmed by co-labeling experiments using the satellite cell marker gluta-

mine synthetase. Unlike in sciatic nerves, however, it was not found in myelin protein zero (MPZ)-pos-

itive Schwann cells of the DRG (Figure 4—figure supplement 1A). Finally, P2X7-EGFP localization

was investigated in the myenteric plexus of the colon, a part of the enteric nervous system, but was

also not detected in neurons or GFAP-positive glia (Figure 4—figure supplement 1B).

Consequences of P2X7 overexpression under physiological and
pathological conditions
Detailed analyses of brain parenchyma and other types of nervous tissues indicates that the BAC

transgenic P2X7-EGFP is correctly regulated in our mouse model and that P2X7 protein is either

below detection limit or not synthesized in neurons, at least under physiological conditions in adult

mice.

Despite the well-documented role of P2X7 in inflammation and cell death, P2X7 overexpression

did not result in an obvious pathology or behavioral changes under physiological conditions

Figure 3 continued

nuclei were counterstained with DAPI (blue). PL, pyramidal cell layer; SR, stratum radiatum. Scale bar: 50 mm (G)

Quantitative analysis of 10 ‘counting boxes’ (as shown in C–F) from five sections/mouse in each experiment. Bars

represent mean ±SEM of three independent experiments/animals (total cell numbers in transgenic versus wt

animals were: 14.4% vs. 12.2% Iba1 +cells, 10.4% vs. 11.0% Olig2 +cells, 7.3% vs. 8.4% NG2 +cells, 16.1 vs. 14.1%

S100b + cells). (H) Quantitative analysis of P2X7 protein reduction in conditional P2X7-/- mice (CNP-cre, Cx3cr1-

cre). 75 mg cerebrum extracts (1% NP40) were analyzed by western blotting and infrared imaging with antibodies

against P2X7 (Synaptic Systems) and fluorescent secondary antibodies (LI-COR 680RD dk anti-rb; LI-COR 800CW

gt anti-ms). Data were normalized to P2X7 protein in wt animals. Bars represent mean ± SEM from 6 to 9 animals

analyzed in three independent experiments. Significance between means was analyzed using two-tailed unpaired

Student’s t-test and indicated as ****p<0.0001 compared to P2rx7fl/fl. For antibodies not specified in the legend

see Key resources table.

DOI: https://doi.org/10.7554/eLife.36217.011

The following figure supplements are available for figure 3:

Figure supplement 1. No co-localization of P2X7-EGFP with neuronal/synaptic markers in the CA1 region

DOI: https://doi.org/10.7554/eLife.36217.012

Figure supplement 2. No co-localization of P2X7-EGFP with neuronal/synaptic markers in the CA3 region.

DOI: https://doi.org/10.7554/eLife.36217.013

Figure supplement 3. Further analysis of P2X7-EGFP expressing cells in the dentate gyrus and CA1 region.

DOI: https://doi.org/10.7554/eLife.36217.014

Figure supplement 4. Co-stainings of EGFP (ab6556, Abcam) and the neuronal/astroglial precursor marker nestin

in the subgranular zone of the dentate gyrus.

DOI: https://doi.org/10.7554/eLife.36217.015

Figure supplement 5. Co-stainings of EGFP (A10262, Thermo Fischer Scientific; ab6556, Abcam) and neuronal

markers tyrosine hydroxylase (dopaminergic neurons, (B) and NeuN (C) in the substantia nigra (SN), hypothalamus

(Hy) and pons (P).

DOI: https://doi.org/10.7554/eLife.36217.016

Figure supplement 6. Comparison of the specificity of commercially available anti-P2X7 antibodies and an anti-

P2X7 nanobody-rbIgG heavy chain antibody (7E2-rbIgG) in CA1 (A) and cerebellar (B) slices of adult line 17 mice

and P2X7-/- mice.

DOI: https://doi.org/10.7554/eLife.36217.017

Figure supplement 7. Cell type-specific Cre-expression in the hippocampal CA1 region and cerebral cortex (Ctx)

of Cx3cr1- and CNP-Cre mice.

DOI: https://doi.org/10.7554/eLife.36217.018
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Figure 4. P2X7-EGFP expression in retina, sciatic nerves, spinal cord, and at the neuromuscular synapse. (A) EGFP

exclusively co-localizes with microglia and endothelial cells in the adult mouse retina. Upper panel: Middle, retinal

slice labeled for GFP (600 101 215, Rockland), Iba1 (marker for microglia/macrophages) and glutamine synthetase

(marker for Müller glia). Left and right, retinal flat mounts scanned at the plane of the ganlion cell layer (GCL) and

Figure 4 continued on next page
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(Figure 5—figure supplement 3A–D). To test if tissue damage, that is a condition that is associated

with neuroinflammation, could induce neuronal P2X7-EGFP synthesis, we proceeded our analysis

with three experimental models of acute and/or invasive CNS injury: ischemic retina, stab wound,

and kainic acid-induced status epilepticus. In preliminary experiments with a small number of animals

(n = 3–4), an increased microglia reaction (Figure 5A) and microglia number (Figure 5B) as well as

other Iba1/P2X7-positive cells (possibly invading macrophages, Figure 5—figure supplement 1)

were observed upon transient retinal ischemia in wt animals. Interestingly, this effect appeared to be

enhanced in P2X7-EGFP transgenic mice (Figure 5A,B). Importantly, however, P2X7 was not upregu-

lated in other cell types than microglia, at least 3 days post injury (Figure 5—figure supplement 1).

In this context, it should be emphasized, that a similar trend was observed in mice subjected to the

stab wound injury of the somatosensory grey matter (GM). Compared to the situation in wt mice

(n = 2) at 5 days after injury, post-traumatic GM of P2X7-EGFP transgenic mice (n = 3) showed a

trend toward increased reactivity of microglial cells at the injury site and increased lesion area

(Figure 5C). These data support the functionality and correct transcriptional regulation of the con-

struct and suggest a deleterious effect of P2X7 overactivation on neurons (Sperlágh and Illes,

2014). The low number of animals, however, requires confirmation in future studies. Nevertheless,

no induction of neuronal or astroglial P2X7-EGFP synthesis was found in the affected lesion area

(Figure 5D), although we cannot exclude a potential obfuscation of the EGFP signal due to auto-

fluorescence in the direct vicinity to the injury. Finally, no induction of P2X7 protein expression was

observed in neurons of the dentate gyrus, CA1, and CA3 regions 24 hr after induction of status epi-

lepticus by a unilateral intra-amygdala kainic acid injection, although a change of microglia morphol-

ogy clearly indicated their activation (Figure 5—figure supplement 2). In conclusion, we suggest

that P2X7-dependent neurodegeneration that has been observed in various studies is caused by an

indirect mechanism, most likely involving P2X7 activation in microglia or oligodendrocytes.

Discussion
P2X7 research has suffered from a lack of specific and sensitive antibodies. While some antibodies

detect P2X7 in western blots and upon overexpression in cultured cells, they fail to localize it reliably

in complex preparations such as brain sections. In addition, an intricate pharmacology and

Figure 4 continued

outer plexiform layer (OPL), respectively, to delineate microglia residing in these retinal layers. Astrocytes in the

GCL were labeled with GFAP (G6171, Sigma-Aldrich). IPL, inner plexiform layer; INL, inner nuclear layer; ONL,

outer nuclear layer. Lower panel: Co-staining of EGFP with neuronal marker PKCa (left) and glutamine synthetase

(two right panels) at higher contrast and resolution to show absence of neuronal P2X7-EGFP. Cell nuclei were

counterstained with Hoechst 33342 (blue) Scale bars: 20 mm. n = 2 individual line 61 in FVB/C57b/6 hybrid mice (B)

Confocal images of GFP (ab6556, Abcam; A10262 or Thermo Fisher Scientific) co-immunostaining with antibodies

against the indicated marker proteins in transgenic mice line 17 spinal cord slices (GFAP (MAB360, Millipore),

S100b (S2532, Sigma Aldrich)). Representative images were taken from the areas shown in the schematic overview.

Arrows indicate co-staining for S100ß and GFP. Scale bar: 40 mm. Cell nuclei were counterstained with DAPI (blue).

Representative images from n = 3 animals are shown. (C) Comparison of transgenic P2X7-EGFP fluorescence and

endogenous P2X7 immunofluorescence (P2X7 antibody, Synaptic Systems) in teased sciatic nerve fibers of line 61

and wt mice, respectively. Representative images from at least 3 animals are shown. (D) Co-staining of P2X7-EGFP

(A11122, Thermo Fischer Scientific, dilution 1:1000) in teased sciatic nerve fibers of line 46 with antibodies against

axonal marker proteins demonstrates localization of the transgene at perinodal regions of Schwann cells. Scale

bars: 50 mm. (E) Reconstructed 3-D images of the neuromuscular junction showing co-staining of P2X7-EGFP

(ab6556, Abcam; or A10262, Thermo Fisher Scientific) with perisynaptic Schwann cells (S100b (S2532, Sigma

Aldrich)) as well as postsynaptic (a-Bungarotoxin, a-Bgt) and presynaptic (synaptophysin, Syn) marker proteins. The

side view in the right panel shows no overlap between GFP and synaptophysin staining. Scale bars: 10 mm and 20

mm, respectively. Representative images from n = 3 animals are shown. For antibodies not specified in the legend

see Key resources table.

DOI: https://doi.org/10.7554/eLife.36217.019

The following figure supplement is available for figure 4:

Figure supplement 1. P2X7-EGFP localization in DRG and myenteric plexus preparations.

DOI: https://doi.org/10.7554/eLife.36217.020
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Figure 5. Consequences of P2X7 overexpression under physiological and pathophysiological conditions. (A)

Quantitative real-time PCR was performed in duplicates on samples from microglia isolated by immunomagnetic

separation from control and postischemic (3 days post injury, 3 dpi) retinae. Bars represent mean ±SEM and

include data from 3-4 animals/each genotype/condition. Significance between expression level in the untreated

Figure 5 continued on next page

Kaczmarek-Hajek et al. eLife 2018;7:e36217. DOI: https://doi.org/10.7554/eLife.36217 13 of 29

Research article Immunology and Inflammation Neuroscience

Chapter 4. Additional Publications and Contributions

286



compromised P2rx7-/- models (Masin et al., 2012; Nicke et al., 2009) complicate the analysis of its

localization and function in vivo. Here, we present a novel P2X7-EGFP BAC transgenic mouse model

that overexpresses functional fluorescence-tagged P2X7 and is able to specifically report P2X7

expression at the protein level. Moreover, this model permits studies of the functional consequences

of P2X7 overexpression. Detailed analyses of these mice under physiological conditions show that in

the CNS, P2X7 is predominantly located in microglia and oligodendrocytes and to a minor extent in

a fraction of S100b-positive cells in the cerebrum as well as Bergmann glia in the cerebellum. Given

this distribution in physiology and the fact that no upregulation of P2X7 protein in neurons was

observed after neural tissue damage or following status epilepticus, it is conceivable that the

reported P2X7-dependent neuronal damage is the consequence of the pronounced manifestation of

microglia activation rather than direct activation of neuronal P2X7 receptors.

The BAC transgenic approach
Numerous examples demonstrate that BAC transgenics are valuable tools to investigate endoge-

nous protein expression patterns (Gerfen et al., 2013; Yang and Gong, 2005). In comparison to

knock-in approaches, they provide the advantages of a stronger signal due to the moderate overex-

pression which might boost physiological functions and thus make them accessible for an in depth

analysis. Together with classical and/or conditional knock-out strategies, this provides a powerful

combination for the in vivo analysis of protein functions. In contrast to small transgenes, in which the

expression patterns are often affected by the integration site, BAC transgenes show in most cases

an expression pattern that reflects the endogenous promoter within the BAC. However, position

effects such as gene deletion or aberrant expression due to integration of (truncated) BAC trans-

genes in other genes or regulatory elements cannot be excluded. Thus, five transgenic lines were

analyzed in detail in this study, and all showed identical expression patterns. A correct expression

pattern was further corroborated by 1) a comparative analysis of P2X7-EGFP transgene expression

Figure 5 continued

control eye of the respective genotype was analyzed using unpaired two-tailed Mann-Whitney-U-test and

indicated as: *p<0.05. (B) Retinal slices labeled for the microglia/macrophage marker Iba1. Cell nuclei were

counterstained with DAPI (red). Retinae were isolated from mice of which one eye had been subjected to transient

ischemia. The untreated contralateral eye served as internal control. Dpi, days post-injury. Scale bars: 20 mm. Cell

numbers of the inner retinal layers and microglia specifically were quantified in 2–5 central retinal slices per animal

on basis of DAPI and Iba1 staining, respectively. Bars represent mean ±SEM and include data from 3 to 4 animals/

genotype/condition. Note that data from transgenic mice were not significantly different in A and B. (C)

Representative confocal images of coronal sections from posttraumatic GM at 5 dpi. Slices of the somatosensory

grey matter (GM) from wt and transgenic animals stained for NeuN- (neurons) and Iba1- (microglia) positive cells

are shown. White dotted lines indicate stab wounds; yellow dotted lines indicate NeuN-negative lesion areas.

Insets show chosen borders between NeuN-positive and negative areas. Bar diagrams depict fractions of Iba1-

positive and NeuN-negative areas in relation to DAPI-positive areas. Means of N = 2–3 animals (n = 6–7 sections

per animal)±SEM are shown. Scale bar: 200 mm. One wt tissue broke and could not be analyzed. (D) Double

immunostaining with GFP (ab6556, Abcam) and NeuN or GFAP (for astroglia (MAB360, Millipore)) shows no

upregulation of P2X7-EGFP in these cell types within the penumbra of P2X7-EGFP and wt mice at 5 dpi. Note that

immunofluorescence in the area immediately adjacent to the lesion core (~0–75 mm) is non-specific due to

autofluorescence of cells within damaged tissue (inj), and this might obfuscate a potential P2X7-EGFP signal. Cell

nuclei were counterstained with DAPI (blue). Scale bar: 100 mm. For antibodies not specified in the legend see Key

resources table.

DOI: https://doi.org/10.7554/eLife.36217.021

The following figure supplements are available for figure 5:

Figure supplement 1. Upregulation of P2X7 expression in postischemic retinae 3 days post injury (dpi) of wt and

P2X7-EGFP transgenic animals.

DOI: https://doi.org/10.7554/eLife.36217.022

Figure supplement 2. Cell type-specific P2X7-EGFP expression in the three hippocampal subfields (DG, CA1, and

CA3) upon induction of status epilepticus.

DOI: https://doi.org/10.7554/eLife.36217.023

Figure supplement 3. Effects of P2X7 overexpression under physiological conditions.

DOI: https://doi.org/10.7554/eLife.36217.024
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and endogenous P2X7 expression in wt mice using a novel P2X7-specific nanobody-rbIgG fusion

construct and 2) cell type-specific P2X7 deletion in oligodendrocytes and microglia using conditional

P2X7 knock-out mouse models. Together, these findings all argue against an ectopic P2X7-EGFP

expression pattern and indicate a predominant expression of P2X7 in non-neuronal cells within the

brain parenchyma.

P2X7 protein localization in neurons?
The absence of a neuronal localization of P2X7-EGFP contrasts with findings in a BAC transgenic

reporter mouse line (Tg(P2rx7 EGFP)FY174Gsat; GenSat) in which soluble EGFP is expressed under

the control of a BAC transgenic P2X7 promoter and a recently described humanized P2X7 knock-in

mouse model (Metzger et al., 2017). Both models show neuronal P2X7 expression but differ

remarkably in the observed expression patterns (Engel et al., 2012; Jimenez-Pacheco et al., 2013;

Metzger et al., 2017). Neuronal expression of the soluble EGFP reporter in the GenSat mouse

is seen in multiple brain regions whereas P2X7 transcripts in the humanized P2X7 mouse model

seem to predominate in CA3 neurons (Metzger et al., 2017) (Table 2). In contrast to our findings at

the protein level, the knock-in model showed only a minor reduction in P2X7 expression in micro-

glia-specific knock-out animals. A possible explanation for these discrepancies could be that altera-

tions in gene structure introduced into the GenSat P2X7 BAC EGFP mice influence post-

transcriptional and translational regulatory mechanisms. For example, intron 1, the importance of

which is evidenced by the P2X7 k splice variant (Nicke et al., 2009), is not fully preserved in the

EGFP reporter mouse and soluble EGFP is translated from a truncated mRNA which might lack regu-

latory elements. In case of the humanized P2X7 model, only RNA transcripts were analyzed which

might not correlate with protein synthesis. Moreover, different sensitivities of the detection methods

(in situ hybridization versus immunohistochemistry) could also account for some of the observed dif-

ferences. As even minor gene modifications, such as the flanking of the exons with the comparatively

small loxP sequences, are able to influence gene expression (Requardt et al., 2009; Zhang et al.,

2013) (Figure 3H), we kept the P2rx7 gene structure almost untouched and retained as much of the

UTRs as possible to avoid such unpredictable influences. Although we cannot completely rule out an

effect of the introduced gene modification within the BAC or a loss of possible modulatory elements

that lie outside of the chosen BAC, comparison of the BAC transgenic P2X7-EGFP with endogenous

P2X7 expression as analyzed with the novel nanobody-based heavy chain antibody, provide strong

evidence that the expression pattern observed in our mouse line matches that of the endogenous

protein. This, however, does not preclude species differences. For example, in human but not in

murine Müller cells, functional and immunohistological evidence for P2X7 expression has been

shown (Franke et al., 2005; Innocenti et al., 2004; Pannicke et al., 2000).

Finally, we cannot exclude neuronal expression that is below the detection limit. As the P2X7

receptor is known to be a highly regulated protein and has been shown to be deleterious to cultured

neuronal cells (Ohishi et al., 2016), its expression and localization should be tightly regulated in

post-mitotic cells like neurons. If present in neurons, its presence would likely be limited to subcellu-

lar regions were synapse formation and selection takes place and/or to areas where damaged cells

need to be removed by apoptosis. Possible extrasynaptic or growth cones localizations (Dı́az-

Hernandez et al., 2008) would be difficult or impossible to resolve in situ using the described anti-

bodies and conventional microscopy. However, even upon induction of tissue damage, virtually no

P2X7 expression in cerebral cell types other than microglia or oligodendrocytes was observed.

Based on our data, we therefore suggest that P2X7-induced neurodegeneration is due to an indirect

effect (i.e. extended glial reaction within the acute post-traumatic period), which requires further

investigation.

Can P2X7 splice variants account for neuronal P2X7 expression?
Five murine P2X7 splice variants (Masin et al., 2012; Nicke et al., 2009) have been identified. Two

of these (variants a and k) contain the C-terminal sequence that was fused to EGFP and should be

detectable in our mouse model. The other three variants (b, c, and d) are C-terminally truncated or

altered and could therefore escape the detection by both our EGFP-tag and the most commonly

used antibodies against the P2X7 C-terminus. However, the nanobody used in our study was

selected on intact P2X7 expressing cells and therefore binds at the extracellular P2X7 domain which
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is present in splice variants b and c. Together with the fact that in the original study (Masin et al.,

2012), protein of the deleted variants was not detected in the brain, this strongly argues against the

presence of the mouse P2X7 variants b and c in neurons. Splice variant d contains only one TM

domain and cannot be expected to form functional receptors. We therefore consider it highly

unlikely that one of the known mouse variants of P2X7 accounts for neuronal P2X7 function or detec-

tion. A 65 kD protein band is frequently detected by us and others with antibodies against the P2X7

C-terminus but, unlike the P2X7 protein (variant a, about 75 kD), does not show a size shift upon gly-

cosidase treatment and therefore, most likely does not represent a P2X7 variant.

In summary, we generated and thoroughly characterized a novel transgenic P2X7-EGFP mouse

model that should help to overcome previous limitations in P2X7 research. Using functional assays,

we could show that transgenic expressed P2X7-EGFP rescues the phenotype of P2X7 deficiency thus

confirming the functionality of the transgene. Our initial characterization, however, indicates that

P2X7 overexpression does not per se induce any overt pathologies, but rather represents a natural

response observed after tissue damage. This is in line with observations in Schwann cells, where

overexpression of P2X7 alone does not alter the basal Ca2+ concentration: overexpression of the

peripheral myelin protein 22 (as it occurs in Schwann cells from patients suffering from Charcot

Marie Tooth type 1A), causes instead a secondary overexpression of P2X7 and consequent Schwann

cells functional derangement (Nobbio et al., 2009), suggesting that in addition to P2X7 overexpres-

sion, other factors are required to induce P2X7-associated pathologies. Most importantly for our

study, neuronal P2X7 protein expression was not induced under pathological conditions. An unre-

solved question is, whether the high ATP concentrations required to activate the receptor occur

physiologically or if the receptor is silent under physiological conditions and mainly expressed and/

or activated under pathophysiological conditions. The presented mouse model provides a new tool

for addressing this question.

Materials and methods

Key resources table

Type Designation Source or reference Identifiers Additional information

BAC clone BAC clone, RP24-114E20 Children’s Hospital Oakland
Research Institute, Oakland, CA

Strep-tagII-Gly-7xHis-Gly-EGFP-
sequence was inserted into
the P2r � 7 BAC clone RP24-114E20

Strain
(Mus musculus)

P2X7 EGFP
(FVB/N-Tg(RP24-114E20P2X
7 StrepHis-EGFP)Ani)

this paper Lines: 46, 59 (also in BL/6N), 61

Strain
(Mus musculus)

P2X7451P-EGFP
(FVB/N-Tg(RP24-114E20P2
X7451P-StrepHis-EGFP)Ani)

this paper Lines: 15, 17 (also in BL/6N)
Transgenes were backcrossed
into C57BL/6 for at least
eight generations

Strain
(Mus musculus)

B6-P2rx7tm1a(EUCOMM)Wtsi European Mutant Mouse Archive MGI:4432150

Strain
(Mus musculus)

Gt(ROSA)26Sortm1(FLP1)Dym Farley FW, et al., Genesis. 2000 MGI:2429412 FLPe deleter

Strain
(Mus musculus)

Tg(EIIa-cre)C5379Lmgd Lakso M, et al., Proc Natl Acad
Sci U S A. 1996

MGI:2137691 EIIa-Cre mouse

Strain
(Mus musculus)

B6-Cx3cr1tm1.1(cre)Jung Yona S, et al., Immunity. 2013 MGI:5467983 Cx3cr-1-Cre

Strain
(Mus musculus)

B6- Cnptm1(cre)Kan Lappe-Siefke C, et al.,
Nat Genet. 2003

MGI:3051635 CNP-Cre

Antibody P2X7 C-term (rb pAb) Synaptic Systems Cat# 177003,
RRID: AB_887755

WB 1:1500
IHC 1:500

Antibody P2X7 ECD (rb pAb) Alomone Cat# APR-008
RRID:AB_2040065

WB 1:500
IHC 1:500

Antibody ß-Actin (ms AC-15) Sigma-Aldrich Cat# A3854
RRID:AB_262011

WB 1:15.000

Continued on next page
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Continued

Type Designation Source or reference Identifiers Additional information

Antibody Vinculin (ms hVin-1) Sigma-Aldrich Cat# V9131
RRID:AB_477629

WB 1:10.000

Antibody 800CW gt anti-ms LI-COR Cat# 925–32210
RRID:AB_2687825

WB 1:15.000

Antibody 680RD dk anti-rb LI-COR Cat# 925–68073
RRID:AB_2716687

WB 1:15.000

Antibody 680RD gt anti-rb LI-COR Cat# 925–68071
RRID:AB_2721181

WB 1:15.000

Antibody CD11b-perCP (rat M1/70) BioLegend Cat# 101230,
RRID:AB_2129374

FACS 1:100

Antibody CD45-PE-Cy7 (rat 30-F11) BioLegend Cat# 103114,
RRID:AB_312979

FACS 1:100

Antibody CD16/32 (Fc-Block, rat 2.4G2) BioXcell Cat# BE0307
RRID:AB_2736987

FACS 1:100

Antibody P2X7 C-term. (rb pAb) Alomone Cat# APR-004
RRID:AB_2040068

IHC 1:500

Antibody P2X7 ECD, 7E2-rbIgG Nolte lab Nanobody rbIgG
fusion construct

(0.1 ug/ml)

Antibody GFP (rb pAb) Abcam Cat# ab6556
RRID:AB_305564

IHC 1:2000

Antibody GFP (chk pAb) Thermo Fisher Cat# A10262,
RRID:AB_2534023

IHC 1:400

Antibody GFP (rb pAb) Thermo Fisher Cat# A6455,
RRID:AB_221570

IHC 1:250

Antibody GFP (rb pAb) Thermo Fisher Cat# A11122,
RRID:AB_221569

IHC 1:400

Antibody GFP (gt pAb) Rockland Cat# 600-101-215
RRID:AB_218182

IHC 1:200

Antibody MAP2 (ms 198A5) Synaptic Systems Cat# 188011,
RRID: AB_2147096

IHC 1:500

Antibody NeuN (ms A60) Millipore Cat# MAB377
RRID:AB_2298772

IHC 1:500

Antibody GFAP (ms GA5) Millipore/Sigma-Aldrich Cat# MAB360/G6171
RRID:AB_11212597/
AB_1840893

IHC 1:200/500

Antibody GFAP (rb pAb) Dako Cat# Z0334,
RRID:AB_10013382

IHC 1:1000

Antibody S100ß (rb pAb) Synaptic Systems Cat# 287003,
RRID: AB_2620024

IHC 1:500

Antibody S100ß (rb pAb) Abcam ab7853 (not longer
available)

IHC 1:1000

Antibody S100ß (ms SHB1) Sigma-Aldrich Cat# S2532,
RRID:AB_477499

IHC 1:400

Antibody Iba1 (rb pAb) WAKO Cat# 019–19741
RRID:AB_839504

IHC 1:100

Antibody Olig 2 (ms 211F1.1) Millipore Cat# MABN50
RRID:AB_10807410

IHC 1:200

Antibody NG2 (rb pAb) Millipore Cat# AB5320
RRID:AB_91789

IHC 1:500

Antibody VGAT (ms CL2793) Molecular Probes Cat# MA5-24643
RRID:AB_2637258

IHC 1:200

Antibody vGlut1 (ms 317G6) Synaptic Systems Cat# 135511,
RRID: AB_887879

IHC 1:100

Continued on next page
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Continued

Type Designation Source or reference Identifiers Additional information

Antibody vGlut2 (rb pAb) Synaptic Systems Cat# 135 403,
RRID:AB_887883

IHC 1:100

Antibody PSD95 (ms 108E10) Synaptic Systems Cat# 124011,
RRID:AB_10804286

IHC 1:100/500

Antibody Calretinin (ms 37C9) Synaptic Systems Cat# 214111,
RRID: AB_2619904

IHC 1:1000

Antibody Calbindin D28k (ms 351C10) Synaptic Systems Cat# 214011,
RRID:AB_2068201

IHC 1:200

Antibody Calbindin D28k (gp pAb) Synaptic Systems Cat# 214 005,
RRID:AB_2619902

IHC 1:100 (only used for data
confirmation, not in manuscript)

Antibody Synaptophysin (ms pAb) Synaptic Systems Cat# 101011,
RRID:AB_887824

IHC 1:500

Antibody Nav 1.6 (rb pAb) Alomone Cat# ASC009
RRID:AB_2040202

IHC 1:100/500

Antibody Caspr (ms K65/35) Neuromab Cat# 75–001
RRID:AB_2083496

IHC 1:1000

Antibody Cre (ms 2D8) Millipore Cat# MAB3120
RRID:AB_2085748

IHC 1:200

Antibody ß3-Turbulin (gp pAb) Synaptic Systems Cat# 302304
RRID:AB_10805138

IHC 1:200

Antibody GlutSynth (ms GS-6) Millipore Cat# MAB302
RRID:AB_2110656

IHC 1:500

Antibody PKCa (rb Y124) Abcam Cat# ab32376,
RRID:AB_777294

IHC 1:200

Antibody TH (rb pAb) Millipore Cat# AB152
RRID:AB_390204

IHC 1:200

Antibody Nestin (ms rat-401) Millipore Cat# MAB353
RRID:AB_94911

IHC 1:100

Antibody Sox9 (rb pAb) Novus bio Cat# NBP1-85551-25
RRID:AB_11002706

IHC 1:100

Antibody MPZ (rb pAb) Abcam Cat# ab31851,
RRID:AB_2144668

IHC 1:200

Antibody Hu C/D (ms 16A11) Thermo Fisher Cat# A-21271,
RRID:AB_221448

IHC 1:200

Antibody A594 gt anti-ms Thermo Fisher Cat# A11032
RRID:AB_2534091

IHC 1:400

Antibody A594 gt anti-rat Thermo Fisher Cat# A11007,
RRID:AB_10561522

IHC 1:400

Antibody A546 gt anti-ms Thermo Fisher Cat# A-11003,
RRID:AB_2534071

IHC 1:400

Antibody A488 gt anti-rb Thermo Fisher Cat# A11008,
RRID:AB_143165

IHC 1:400

Antibody A488 gt anti-chk Thermo Fisher Cat# A11039,
RRID:AB_2534096

IHC 1:400

Antibody A633 gt anti-rb Thermo Fisher Cat# A21070,
RRID:AB_2535731

IHC 1:400

Antibody A633 gt anti-gp Thermo Fisher Cat# A21105,
RRID:AB_1500611

IHC 1:400

Antibody Cy3 gt anti-rb Jachkson Res. Cat# 111-165-003,
RRID:AB_2338000

IHC 1:300

Antibody Cy3 gt anti-ms Jachkson Res. Cat# 115-165-146,
RRID:AB_2338690

IHC 1:300
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Analysis of the mP2X7-EGFP constructs upon expression in HEK cells
HEK293 cells were cultured and transiently transfected with 1.5-2 mg DNA/well of a 6-well-plate

(Lipofectamin, Thermo Fisher Scientific). After 48 h, cells were washed and collected in PBSs

(2 wells/experiment), pelleted in a desktop centrifuge (2‘at 13,000 rpm) and extracted as described

(Nicke et al., 2008) for 15 minutes on ice in 100 ml 0.1% sodium phosphate buffer (pH 8.0) contain-

ing 1% digitonin (Fluka, Buchs, Switzerland) and 0.4 mM Pefabloc SC (Fluka). 10ml of extract were

separated by SDS-PAGE with with or without endoglycosidase treatment (30 min at 37 ˚C in the

presence of reducing loading buffer (1x) and 5 IUB miliunits EndoH or 10 IUB miliunits PNGaseF

(New England Biolabs)). For ethidium uptake measurements, cells were seeded after 27 h in 96-well

plates (5x104 cells/well) and incubated in the presence of 20 mM ethidium bromide in PBS for 15

min. Dye influx was evaluated with a fluorescence plate reader (Fluostar Galaxy, BMG) upon addition

of the indicated ATP concentrations, as described (Bruzzone et al., 2010). Patch-clamp recordings

were performed as described (Nicke et al., 2009) in normal (147 mM NaCl, 2 mM KCl, 2 mM CaCl2,

1 mM MgCl2, 10 mM HEPES, and 13 mM glucose) or low divalent cation (0 MgCl2, 0.1 mM CaCl2)

containing extracellular solution.

Generation of mP2X7-EGFP BAC transgenic mice (FVB/N-Tg(RP24-
114E20-P2X7/StrepHisEGFP))
The Strep-tagII-Gly-7xHis-Gly-EGFP-sequence was inserted into the P2rx7 BAC clone RP24-114E20

(Children’s Hospital Oakland Research Institute, Oakland, CA), immediately upstream of the P2rx7

stop codon by homologous recombination (Warming et al., 2005) using locus-specific homology

arms of 50–60 bp length (Expand High Fidelity PCR, Roche Applied Science). The 451P variant was

generated from the obtained BAC by the same strategy. BAC DNAs were verified after each recom-

bination step by PCR, Southern blot and DNA fingerprinting. Upon sequencing of the coding

regions (Eurofins Genomics, Germany), final BAC constructs were linearized with SacII (thereby

destroying the unwanted Ift81 gene), purified (Sepharose CL-4B chromatography, Sigma-Aldrich),

analyzed by pulsed field gel electrophoresis, and microinjected into pronuclei of FVB/N mouse

zygotes (451L background) (for primers and probes see Supplementary files 1 and 2).

Southern blot analysis
Genomic DNA was isolated from tail biopsies, digested with BglII, separated on an 0.8% agarose

gel, and blotted onto Nylon membrane (Hybond N+, GE Healthcare) by capilliary transfer. After

immobilization by UV irradiation (1500 mJ/cm2), DNA was hybridized to a 32P labeled probe (Ran-

dom primed labeling Kit, Roche) corresponding to a 645 bp fragment 2.6 kb downstream of the

P2rx7 stop codon. Autoradiographic analysis (Phosphoimager plates, Molecular Dynamics) specifi-

cally detected the expected hybridization signals at 5277 bp (BAC transgene) and 4561 bp (endoge-

nous P2rx7). The intensity ratios were used to determine the number of inserted BAC copies (for

probes see Supplementary file 1).

Biochemistry
Protein extracts were prepared as described (Nicke, 2008) using a Precellys homogenizer (Peqlab)

with CK28 beads (15 s, 5.000 rpm) and NP40 (Sigma) as detergent. Protein concentrations were

determined by BCA assay (Pierce). 30–75 mg of total protein per lane were loaded on 8% SDS-PAGE

gels. Protein was either directly visualized by EGFP fluorescence scanning (Typhoon, GE Healthcare)

or blotted onto Immobilon-FL PVDF membranes (Merck Millipore) and detected with an Odyssey

infrared imaging system (LI-COR Biosciences) using the indicated antibodies (S1 Material and meth-

ods). Endoglycosidase (New England Biolabs) treatment was performed for 30 min at 37˚C in 20 ml

sample aliquots with loading buffer (IUB miliunits: EndoH 10, PNGaseF 20).

FACS analysis of microglia dye uptake
Mice (8–12 weeks, male and female) were sacrificed and single-cell suspensions prepared from

brains by 30 min collagenase digestion at 37˚C in a shaking water bath. Cell suspensions were fil-

tered through a 70 mm cell strainer and centrifuged for 5 min at 300x g. Microglia were separated

from debris by resuspending the pellet in 5 ml of a 33% Percoll solution (GE Healthcare) and centri-

fugation (20 min, 300x g). The pellet was resuspended in 1 ml ammonium-chloride-potassium
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erythrocyte lysis buffer and incubated for 1 min on ice to remove erythrocytes. Cells were subse-

quently washed with 10 ml FACS buffer (PBS + 0.2% BSA/1 mM EDTA) and resuspended in 100 ml

FACS buffer. Microglia were stained (30 min on ice) with anti-CD11b-perCP (Biolegend) and anti-

CD45-PE-Cy7 (Biolegend) in the presence of Fc-blocking anti-CD16/CD32 (BioXcell) and normal rat

serum. After washing 2x with FACS buffer cells were resuspended in 200 ml RPMI medium (Gibco).

DAPI was added to a final concentration of 1.5 mM and cells were incubated in the presence or

absence of 1 mM ATP at 37˚C for 15 min. The DAPI uptake into CD11b+CD45low microglia was sub-

sequently measured using a BectonDickinson Celesta flow cytometer.

For monitoring of time-dependent DAPI uptake by real time flow cytometry, isolated microglia

were differentiated by transgenic P2X7-EGFP expression and exogenous eFluor670-labeling (WT or

P2X7 knockout) and pooled in one FACS tube in 500 ml RPMI medium (Gibco) in the presence of

DAPI (1.5 mM) in order to have identical stimulation conditions. The baseline DAPI signal was mea-

sured for 2 min at 37˚C, then 1 mM ATP was added and measuring continued for 4 to 5 min. DAPI

uptake over time was compared among the differentially labeled microglia.

Generation of P2X7-specific nanobody-based heavy chain antibody
7E2-rbIgG
The coding region for the P2X7-specific nanobody 7E2 was cloned into the pCSE2.5 vector (pro-

vided by T. Schirrmann, Technical University Braunschweig, Germany) (Schirrmann and Büssow,

2010) upstream of coding regions for the hinge, CH2 and CH3 domains of rabbit IgG

(Danquah et al., 2016). Six days after transfection of this construct into HEK-6E cells (Zhang et al.,

2009), 7E2-rbIgG was purified from the cell supernatant by affinity chromatography on a protein-G

sepharose column. Buffer was exchanged by gel filtration on a PD-10 column. A panel of nanobody-

rbIgG heavy chain antibodies was originally screened for binding to P2X7 transfected HEK cells

before and after fixation with 4% PFA. 7E2-rbIgG was chosen because it retained the strongest stain-

ing after fixation in both immunofluorescence staining and a FACS-based dissociation assay analo-

gous to that described in (Fumey et al., 2017). It only weakly antagonizes gating of P2X7 by ATP

and by ADP-ribosylation but its potency was not further determined (Danquah et al., 2016).

Diaminobenzidine (DAB) immunohistochemistry
Mice were sacrificed by CO2/cervical dislocation or anesthetized (Ketamin/Xylazin) and transcardially

perfused with 4% PFA. Brains were fixed in 4% PFA for 72 hr or 24 hr, respectively, cryoprotected in

30% sucrose, and embedded in 5% LM Agarose (Roth, Germany). 30 mm sagittal brain sections were

prepared (VT1200s Leica Microsystems) and either blocked with 4% skim milk and 10% FCS in PBS

(1–1.5 hr, RT) or, after peroxidase block (3% H2O2 in 0.01 M PBS, 30 min RT), with 10% Normal Goat

Serum and 0.1% Triton X-100 in PBS (1 hr, RT), prior to primary antibody incubation overnight at

4˚C. Incubation with biotinylated secondary antibodies was at 37˚C for 1 hr, or at RT for 1.5 hr. Stain-

ing was visualized using the ABC method with the Vectastain abc kit and the DAB substrate kit for

peroxidase (Vectorlabs, USA) or SIGMA_FAST_ DAB Tablets (Sigma-Aldrich, Germany). Counter-

staining was carried out with hematoxylin (Sigma-Aldrich), followed by dehydration and embedding.

Images were taken with an Axio Observer 7 (Zeiss).

Immunofluorescence staining
Immunostaining was performed as described (Zhang et al., 2013). In brief, mice (P60-P90) were

transcardially perfused with PBS and then 4% PFA in PBS. Brains or spinal cords were post-fixed

over night in 4% PFA/PBS. P7 pups were decapitated and brains post-fixed in 4% PFA. After cryo-

protection (30% sucrose in PBS (pH 7.4), 40 mm cryostat sections (Microm HM560, Walldorf, Ger-

many) were washed (3 � 10 min, PBS), blocked (5% Normal Goat Serum (Dako Germany), 0.3%

Triton X-100 (Sigma, Munich, Germany) in PBS, 2 hr at RT) and incubated with primary antibodies

(16–24 hr, 4˚C) with gentle shaking. After washing as above, sections were incubated for 2 hr with

fluorescence conjugated secondary antibodies. Slices were mounted on object slides with Perma-

Fluor Mounting Medium (Thermo Scientific).

Rectus femoris muscle was incubated in 30% sucrose (48 hr), embedded in OTC (Tissue TEK), and

frozen in liquid nitrogen. 20 mm cryostat sections were collected on object slides, fixed with 4% PFA

(10 min), blocked and permeabilized (30 min, 1% BSA, 0.2% Triton X-100 in PBS). Incubation with
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Alexa 594 Fluor-conjugated a-bungarotoxin (1:1000, Thermo Fisher Scientific) and primary antibod-

ies was overnight at 4˚C, and with secondary antibodies for 1 hr at RT.

Thoracic and lumbar DRGs were embedded in Tissue-Tek, sectioned in 10 mm slices, mounted on

slides and frozen at �80˚. Before staining as described above, sections were post-fixed for 10 min in

4% PFA in PBS, incubated for 30 min in 0.1 M Glycine in PBS, and blocked for 1 hr (5% normal goat

serum, 0.1% Triton X-100 in PBS). In case of glutamine synthetase and MPZ staining, tissue was

treated with 10 mM sodium citrate (pH 6.0,>95˚ C) for 1 min just before blocking. Images were

obtained by confocal laser scanning microscopy (Leica SP5 or Zeiss LSM 880).

Quantification and statistical analysis
EGFP-positive cells were quantified in every fifth slice in a series of 25–30 sections throughout the

whole rostrocaudal extension of the hippocampus. DAPI-positive cells, EGFP-positive cells, and

marker protein-positive cells in the hippocampus CA1 region were counted in z-stacks. To define the

counting box (250 � 250 � 25 mm3), confocal laser micrographs of the CA1 region were obtained

(63 x/0,75 NA objective) at 1 mm intervals to a final depth of 25 mm. Cell nuclei located completely

inside the counting frame and at the upper and right borders were counted. Data analysis was per-

formed using Excel and Graphpad Prism 7 software. Data are given as mean ±SEM from N = 3 mice

per group.

Dissociation of adult cerebellar tissue
Mice were killed by cervical dislocation and brains were rapidly removed, washed with ice cold PBS,

and kept on ice. Cerebelli were homogenized using the GentleMacs neuronal tissue dissociation kit

(T) (Miltenyi Biotech) according to the manufactures instruction. Dissociated cells were centrifuged

(1000 g/ 15 min/4˚C), and washed twice with PBS (followed by centrifugation as above) to remove

residual trypsin. Supernatant was carefully removed and cells fixed (4% PFA in PBS, 10 min, 4˚C)
under gentle agitation, washed three times with PBS as described above, permeabilized with block-

ing solution (2% BSA, 2% normal goat serum, 0.2% Triton X-100 in PBS), and incubated with the indi-

cated antibodies diluted in blocking solution overnight at 4˚C. After washing, cells were incubated

with secondary antibodies for 1 hr, washed, incubated with DAPI (200 nM in PBS, 10 min), washed,

and embedded in Aquamount (Polyscience). Imaging was performed using a Zeiss Confocal micro-

scope (LSM 800) and the ZEN imaging software. In co-processed wild-type animals, no GFP

(immuno)-fluorescence was detected.

Teased fiber preparation and staining
Sciatic nerves of adult mice were dissected and transferred into cold PBS. Under a stereomicro-

scope, the epineurium was carefully removed, nerves separated longitudinally into individual or small

bundles of fascicles, transferred to a droplet of cold PBS on a superfrost slide, and gently teased

apart. Samples were air-dried and stored at �20˚C if not processed immediately for immunocyto-

chemistry. Preparations were post-fixed (5 min) in 4% PFA, permeabilized with ice-cold methanol (5

min), washed with PBS (3 � 5 min), and blocked (10% horse serum, 0.1% Tween 20 in PBS, 2 hr at

RT). Slides were incubated overnight at 4˚C with the primary antibodies and after washing with PBS

(3 � 5 min), secondary antibodies were applied (2 hr at RT). After final washing, fibers were mounted

with Vectashield Mounting Medium containing DAPI (Vector Laboratories).

Histological and immunohistochemical staining of retinae
Retinae were immersion-fixed (4% PFA for 2 hr), washed with PBS, sucrose cryoprotected and cut in

20 mm thick sections. Retinal sections were permeabilized (0.3% Triton X-100 plus 1.0% DMSO in

PBS) and blocked (5% normal goat serum with 0.3% Triton X-100 and 1.0% DMSO in PBS, 2 hr at

RT). Primary antibodies were incubated overnight at 4˚C. Sections were washed (1% BSA in PBS) and

incubated with secondary antibodies (2 hr at RT). Cell nuclei were labeled with DAPI (1:1000; Life

Technologies). Control experiments without primary antibodies showed no unspecific labeling.

Images were acquired using confocal microscopy (Visiscope, Visitron Systems).

For quantification of cell numbers or microglia only central retinal slices were used. Cells were

quantified in a defined area of 100 mm in width (DAPI staining) or the whole scan field (~460 mm in
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width; microglia) approximately 200–300 mm in distance from the optic nerve head. For each animal,

2–3 central slices were analyzed.

Myenteric plexus preparation and staining
For whole mount myenteric plexus preparation, mice were sacrificed by cervical dislocation and 1

cm segments were taken 1 cm distal from the proximal colon and transferred to ice-cold Krebs solu-

tion (containing in mM: 117 NaCl, 4.7 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, 11 glu-

cose and aerated with carbogen to pH 7.4) in Sylgard (Dow Corning)-filled dissecting dishes. After

flushing with Krebs buffer, segments were opened along the mesenteric border, pinned out, and

fixed for 4 hr at 4˚C (4% PFA and 0.2% picric acid in 0.1 M phosphate buffer (pH 7.4). Tissue was

rinsed (3 � 10 min) with phosphate buffer and dissected in PBS (pH 7.4). After carefully removing

mucosa, submucosa and circular musculature using forceps and a binocular, myenteric plexus prepa-

rations were blocked (0.5%, Triton X-100, 0.1% NaN3, 4% goat serum (Sigma-Aldrich) in PBS, 1 hr,

RT), incubated with primary antibodies in the above solution (12 hr at RT), rinsed 3 � 10 min with

PBS, and incubated with secondary antibodies (2 hr at RT). After washing (3x in PBS) preparations

were mounted in PermaFluor (Thermo Fisher Scientific) on slides and images were acquired with a

Zeiss 880 Airyscan confocal microscope and processed with ImageJ.

Magnetic-activated cell sorting (MACS) of retinal cells
For enrichment of distinct retinal cell types a previously described protocol was used with minor

modifications (Grosche et al., 2016). Briefly, retinae were treated with papain (0.2 mg/ml; Roche

Molecular Biochemicals) for 30 min at 37˚C in the dark in Ca2+- and Mg2+-free extracellular solution

(140 mM NaCl, 3 mM KCl, 10 mM HEPES, 11 mM glucose, pH 7.4), washed several times in extracel-

lular solution and incubated with DNase I (200 U/ml). Afterwards the tissue was triturated in extracel-

lular solution containing (mM) 135 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 1 Na2HPO4, 10 HEPES, and 11

glucose adjusted to pH 7.4 with Tris. After centrifugation, cells were resuspended and incubated in

extracellular solution containing biotinylated hamster anti-CD29 (clone Ha2/5, 0.1 mg/ml, BD Bio-

sciences, Heidelberg, Germany) for 15 min at 4˚C. Cells were washed in extracellular solution, spun

down, resuspended in the presence of anti-biotin MicroBeads (1:5; Miltenyi Biotec, Bergisch Glad-

bach, Germany) and incubated for 10 min at 4˚C. After washing, CD29 +Müller cells were separated

using large cell (LS) columns according to the manufacturer’s instructions (Miltenyi Biotec). To purify

microglial and vascular cells in addition to Müller cells, the retinal cell suspension was subsequently

incubated with CD11b- and CD31 microbeads (Miltenyi Biotec) and depleted from the retinal sus-

pension using LS-columns prior to Müller cell enrichment.

qRT-PCR
Total RNA was isolated from whole brain tissue using the PureLink RNA Micro Scale Kit (Thermo

Fisher Scientific, Germany). Upon DNase-treatment to remove genomic DNA, first-strand cDNAs

were synthesized from 50 ng of total RNA (RevertAid H Minus First-Strand cDNA Synthesis Kit, Fer-

mentas by Thermo Fisher Scientific, Germany). Primers (see Supplementary file 2) were designed

using the Universal Probe Library Assay Design Center (Roche). Transcript levels of candidate genes

were measured by qRT-PCR using the QuantStudio 5 Real-Time PCR system (384 well, Life Technol-

ogies) according to the company’s guidelines. All data are expressed as mean ± standard error

(SEM) unless stated otherwise. Statistical analyses were performed using Graphpad Prism 7 Software

(San Diego, CA). Unless stated otherwise, the significance was determined by the non-parametric

Mann-Whitney U test.

Retinal ischemia
Transient retinal ischemia was induced in one eye by the HIOP (high intraocular pressure) method as

previously described (Pannicke et al., 2014). The other eye remained untreated as internal control.

Anesthesia was induced with ketamine (100 mg/kg body weight, intraperitoneal (ip); Ratiopharm,

Ulm, Germany), xylazine (5 mg/kg, ip; Bayer Vital, Leverkusen, Germany), and atropine sulfate (100

mg/kg, ip; Braun, Melsungen, Germany). The anterior chamber of the test eye was cannulated from

the pars plana with a 30-gauge infusion needle, connected to a saline bottle. The intraocular pres-

sure was increased to 160 mmHg for 60 min by elevating the bottle. After removing the needle, the
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animals survived for 3 days and, subsequently, were sacrificed with carbon dioxide. Mice were in the

C57BL/6N background.

Stab wound injury
Stab wound injury was performed in the somatosensory cortex, as previously described

(Heinrich et al., 2014; Heimann et al., 2017). Briefly, anesthetized animals received a stab wound

of the somatosensory cortical GM with a lancet-shaped knife (Alcon) Coordinates from bregma: AP

�0.8 to �2.0, ML 1.6 to 2.0 mm and DV �0.6. Animals were allocated to experimental groups

regarding their genotype and kept under standard conditions with access to water and food ad libi-

tum. Five days post injury (dpi), animals were transcardially perfused and brains processed for immu-

nohistochemistry as described above.

For analysis, seven corresponding slices were prepared from each animal and triple staining of

GFAP, NeuN, and Iba1 were performed sequentially (starting with NeuN and over night fixation,

and followed by GFAP and Iba1 labeling). Confocal images were taken at identical exposure settings

with single channel maximum intensity projections set to automatic threshold. Iba1- Neu-, and DAPI-

positive areas were measured using NIH ImageJ software (Image > adjust > threshold;

Analyse > measure). Iba1-positive areas and NeuN-negative/lesioned areas were normalized to

DAPI-positive areas. Data were analyzed using Graphpad Prism 7.

Intra-amygdala kainic acid-induced status epilepticus mouse model
Procedures were undertaken as described previously (Jimenez-Pacheco et al., 2013) in 8–12 week-

old mice (line 17/FVB/N) bred at the Biomedical Research Facility at RCSI. Mice were anesthetized

with isoflurane (5% induction, 1–2% maintenance) and maintained normothermic by means of a feed-

back-controlled heat blanket (Harvard Apparatus Ltd, Kent, UK). Fully anesthetized, mice were

placed in a stereotaxic frame and a midline scalp incision was performed to expose the skull. A

guide cannula (coordinates from Bregma; AP = �0.94 mm, L = �2.85 mm) for intra-amygdala kainic

acid (Sigma Aldrich, Dublin, Ireland) injection was fixed in place with dental cement and status epi-

lepticus induced in fully awake mice via microinjection of 0.3 mg KA (in 0.2 ml phosphate-buffered

saline) into the basolateral amygdala. Control animals received 0.2 ml PBS. 40 min after injections,

the anticonvulsive lorazepam (6 mg/kg, Wyetch, Taplow, UK) was delivered i.p. to curtail seizures

and reduce morbidity and mortality. Mice were killed 24 hr after lorazepam injection and perfused

(4% PFA in PBS). Brains were post-fixed overnight in 4% PFA, embedded in 2% agarose, and cut by

vibratome in 30 mm sections. Sections were stored in glycol at �20˚ C until use.

Behavioral experiments
Experiments were performed with 10–13 weeks old mice on 3 consecutive days in the following

order.

Balance beam
Mice were positioned in the middle of a 50 cm long and round (1 cm diameter) wooden bar, which

was fixed 44 cm above a padded surface between two 14 � 10 cm wooden escape platforms. The

time for which animals stayed on the beam was measured and if a platform was reached, 60 s were

counted. Each test was performed three times for a duration of 60 s.

String suspension
A 3-mm-thick rope was loosely attached to the balance beam platforms in 35 cm height. Mice were

hold in front of the middle of the string so that they could grab it with their fore-paws. The following

scoring was used during a 60 s test duration: 0 = unable to stay on rope; 1 = hanging on rope with

one pair of paws; 2 = like 1, but with attempt to climb; 3 = sitting on rope, keeping balance;

4 = rope grabbed with all paws and tail together with a laterally movement of the mouse; 5 = escape

on platform.

Hot plate
The plate was set to 50˚C and surface temperature continuously monitored with a digital thermome-

ter. Time measurement started when the animal was gently placed on the hot plate and stopped
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when the animal licked its hind paw for the first time or jumped off. Animals that failed to react

within 60 s were removed from the plate to avoid thermal injury, and were assigned the value of 60

s. Each test was performed three times with at least 15 min intervals between measurements.

Animals
Mice were housed in standard conditions (22˚C, 12 hr light–dark cycle, water/food ad libitum). Ani-

mal handling and experimental procedures were performed in accordance with German and Euro-

pean Union guidelines and were approved by the State of Upper Bavaria (stab wound injury

(55.2.1.54-2532-171-11), retinal ischemia (TVV 54/12; 55.2 DMS-2532-2-182), transcardial perfusion

(55.2-1-54-2532-59-2016)) and Lower Saxony (generation of BAC transgenic mice, transcardial perfu-

sion (33.9-42502-04-12/0863), behavioral experiments (3392 42502-04-13/1123)). Status epilepticus

was induced in accordance with the principles of the European Communities Council Directive (86/

609/EEC) and procedures reviewed and approved by the Research Ethics Committee of the Royal

College of Surgeons in Ireland (REC 205 and 1322) and performed under license from the Depart-

ment of Health and Children, Ireland. All efforts were made to minimize suffering and number of ani-

mals used.
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Nörenberg W, Plötz T, Sobottka H, Chubanov V, Mittermeier L, Kalwa H, Aigner A, Schaefer M. 2016. TRPM7 is
a molecular substrate of ATP-evoked P2X7-like currents in tumor cells. The Journal of General Physiology 147:
467–483. DOI: https://doi.org/10.1085/jgp.201611595, PMID: 27185858

Ohishi A, Keno Y, Marumiya A, Sudo Y, Uda Y, Matsuda K, Morita Y, Furuta T, Nishida K, Nagasawa K. 2016.
Expression level of P2X7 receptor is a determinant of ATP-induced death of mouse cultured neurons.
Neuroscience 319:35–45. DOI: https://doi.org/10.1016/j.neuroscience.2016.01.048, PMID: 26812038
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Supplementary file 1–Probes 

Probe Name Sequence 

StrepHisEGFP 

insertion 

Hom. recomb. 1 

(GalK insertion) 

 

 

 

 

Hom. recomb. 2 

StrepHisEGFP 

insertion 

 

 

 

 

 

L451P exchange  

Hom. recomb. 1 

(GalK insertion) 

 

 

 

 

 

Hom. recomb. 2 

L451P exchange 

X7Ex13GalKfw 

 

 

 

X7Ex13GalKrev 

 

 

 

HomAEx13X7GFP 

 

 

 

HomBEx13X7GFP 

 

 

 

X7L451PgalK_F  

 

 

 

X7L451PgalK_R 

 

 

 

X7L451P_S 

 

 

 

X7L451P_AS 

 

GAAGGAGTTCCCCAAGACCGAGGGGCAGTATAG

TGGCTTCAAGTATCCCTACCCTGTTGACAATTAAT

CATCGGCA   

 

CTAGGTCTTTCCAAGGGAAGCTGTATTGTGAGCC

ACCATGATGTGGCAGCCGTACCATCATCAGCACT

GTCCTGCTCCTT 

 

GAAGGAGTTCCCCAAGACCGAGGGGCAGTATAG

TGGCTTCAAGTATCCCTACAGCGCCTGGAGCCAC

CCGCAGTTC 

 

CTAGGTCTTTCCAAGGGAAGCTGTATTGTGAGCC

ACCATGATGTGGCAGCCGTACCATCATTACTTGT

ACAGCTCGTCCATG 

 

GGACTTCTCCGACCTGTCTAGGCTGTCCCTATCTC

TCCACGACTCACCCCCCTGTTGACAATTAATCAT

CGGCA 

 

GGGCCACCTCTTCATGGAGCAGCTGAATTTCCTC

AGATTGTCCAGGAGTCTCAGCACTGTCCTGCTCC

TT 

 

GGACTTCTCCGACCTGTCTAGGCTGTCCCTATCTC

TCCACGACTCACCCCCGACTCCTGGACAATCTGA

GGAAATTCAGCTGCTCCATGAAGAGGTGGCC 

 

GGCCACCTCTTCATGGAGCAGCTGAATTTCCTCA

GATTGTCCAGGAGTCGGGGGTGAGTCGTGGAGA

GATAGGGACAGCCTAGACAGGTCGGAGAAGTCC 

X7intr/ex13 

probe (606 bp) 

EGFP probe 

(604 bp)  

Southern blot 

 probes 

Forward primer 

Backward primer 

Forward primer 

Backward primer 

Forward primer 

Backward primer 

GTGCTGGGATTAAAGGTGTGC 

AGCTTATGGAAGAGCTTGGAGGT 

GTAAACGGCCACAAGTTCAGC 

ACTCCAGCAGGACCATGTGAT 

GCTTGTGATAAGGACGCC 

TTTTTGGTCTACTGCGTG 
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 1 

Supplementary file 2–Primers 

Primer for Name Sequence 

Genotyping seqX7Ex13_F  

(in intron 12) 

 

X7BAC5_R 

(in EGFP)  

or  

seqX73UTR_R 

(in 3´UTR)   

GGTTCTTAGCAGGCTTAACAGCA 

 

 

ATGGGGGTGTTCTGCTGGTAGT 

 

 

GCCATTGGTCTAATCAGCTCTC 

Real time PCR TM_Pdhb_for 

TM_Pdhb_rev 

(House keeper, 

Roche probe #4) 

 

TM_P2X7_for 

TM_P2X7_rev 

(Roche probe #42) 

 

TM_Iba1_for 

TM_Iba1_rev 

(Roche probe #67) 

 

TM_ Tnfa_for 

TM_ Tnfa_rev 

(Roche probe #68) 

 

TM_ Il1b_for 

TM_ Il1b_rev 

(Roche probe #38) 

TTAAATCGGCCATTCGTGAT 

CAGGAAATCTTTTGACTGAGCTT 

 

 

 

CTGGTTTTCGGCACTGGA 

CCAAAGTAGGACAGGGTGGA 

 

 

ATCTGCCGTCCAAACTTGA 

CTAGGTGGGTCTTGGGAACC 

 

 

CTGTAGCCCACGTCGTAGC 

TTTGAGATCCATGCCGTTG 

 

 

AGTTGACGGACCCCAAAAG 

AGCTGGATGCTCTCATCAGG 
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