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It is assumed that ATP induces closure of the binding jaw of ligand-gated P2X receptors, which eventually results in the
opening of the membrane channel and the flux of cations. Immobilization by cysteine mutagenesis of the binding jaw
inhibited ATP-induced current responses, but did not allow discrimination between disturbances of binding, gating, subunit

assembly or trafficking to the plasma membrane.

EXPERIMENTAL APPROACH

A molecular model of the pain-relevant human (h)P2X3 receptor was used to identify amino acid pairs, which were located at
the lips of the binding jaw and did not participate in agonist binding but strongly approached each other even in the

absence of ATP.
KEY RESULTS

A series of cysteine double mutant hP2X3 receptors, expressed in HEK293 cells or Xenopus laevis oocytes, exhibited depressed
current responses to o,f3-methylene ATP (o, 3-meATP) due to the formation of spontaneous inter-subunit disulfide bonds.
Reducing these bonds with dithiothreitol reversed the blockade of the o,-meATP transmembrane current. Amino-reactive
fluorescence labelling of the His-tagged hP2X3 receptor and its mutants expressed in HEK293 or X. laevis oocytes
demonstrated the formation of inter-subunit cross links in cysteine double mutants and, in addition, confirmed their correct

trimeric assembly and cell surface expression.

CONCLUSIONS AND IMPLICATIONS

In conclusion, spontaneous tightening of the binding jaw of the hP2X3 receptor by inter-subunit cross-linking of cysteine
residues substituted at positions not directly involved in agonist binding inhibited agonist-evoked currents without interfering

with binding, subunit assembly or trafficking.

Abbreviations

o,B-meATP, o,B-methylene ATP; AA, amino acid; Ima., maximal current response; NBS, nucleotide binding segment; ORI,

oocyte Ringer’s solution; TEVC, two-electrode voltage-clamp; zf, zebrafish
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Introduction

Extracellular nucleotide receptors belong to the ionotropic
P2X and metabotropic P2Y types (Abbracchio and Burnstock,
1994). P2X receptors are formed by a family of seven subu-
nits, referred to as P2X1 through P2X7 (North, 2002;
Kaczmarek-Héjek et al., 2012; Khakh and North, 2012). These
subunits consist of two transmembrane domains, a large
extracellular loop contributing to the ATP binding site as well
as intracellular N- and C-terminal tails. Early biochemical
evidence indicated that homomeric receptors establish stable
trimers of three identical subunits (Nicke et al., 1998; Aschrafi
et al., 2004; Egan et al., 2004).

In P2X receptors, three ATP binding sites exist at the
interface of the extracellular loop of neighbouring subunits
forming a jaw (Kawate et al., 2009; Hattori and Gouaux, 2012;
Jiang et al., 2012). It is assumed that ATP induces closure of
the binding jaw, which results in the opening of the mem-
brane channel and the flux of mono- and divalent cations
(Hattori and Gouaux, 2012; Jiang et al., 2012; 2013). By gen-
erating double cysteine mutants of P2X subunits, the unre-
stricted movement of individual subunits relative to each
other is inhibited, and in consequence, no gating of the
receptor occurs after agonist binding. Because the largest con-
formational change of the receptor was found to take place
adjacent to the ATP binding pouch in the extracellular
domain, amino acid (AA) residues directly participating in
agonist binding were replaced by cysteines, making it impos-
sible to differentiate between the blockade of binding and
gating (Marquez-Klaka et al., 2007; Jiang et al., 2011; Roberts
etal., 2012).

Homomeric, rapidly desensitizing P2X3 receptors are
located at the peripheral terminals of pain-sensing dorsal root
ganglion neurons and respond to ATP, which is released into
the extracellular space as a noxious signalling molecule
(Burnstock and Wood, 1996; Wirkner et al., 2007). Previous
mutagenesis studies identified the AA residues participating
in agonist binding of hP2X3 receptors and generated a
homology model of this receptor (Bodnar et al., 2011). The
aim of the present investigation was to systematically screen,
by utilizing our homology model, AAs approaching each
other near enough to form disulfide bonds, when cysteine
residues were introduced at these critical positions. In such
double mutant receptors, AAs located at the lips of the
binding jaw (but not in the binding pouch itself) were
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replaced by cysteines; this leads to an immobilization of jaw
movement by S-S bond formation, even without directly
interfering with agonist binding, subunit assembly or traffick-
ing to the plasma membrane. We suggest that spontaneous
movements in the binding jaw may be promoted by ATP,
which causes an ‘induced-fit’ allosteric change to reduce the
energy barrier for gating and channel opening.

Methods

Homology model of hP2X3 receptor in the
closed and open states

As previously described (Riedel et al., 2012), we generated
hP2X3 receptor models based upon the published closed
(Kawate et al., 2009) or open state (Hattori and Gouaux,
2012) zebrafish (zf)P2X4 crystal structure and the sequence of
the hP2X3 receptor gene, with the loop model function of
the Modeller 9v8 program (http://salilab.org/modeller), by
using a standard script with improved loop refinement (Fiser
and Sali, 2003).

Based upon the closed hP2X3 homology model, we
simulated molecular dynamics with NAMD (http://
www.ks.uiuc.edu/Research/namd) and visualized the receptor
structure and dynamics with VMD (http://www.ks.uiuc.edu/
Research/vmd). Within our molecular simulation, we could
identify regions of the receptor ectodomain approaching
each other around the agonist binding pouch. Based upon
these findings, we planned potential cysteine double mutants
enabling the formation of a disulfide bond (Supporting Infor-
mation Fig. S1). To check the possibility of this disulfide bond
formation, we generated once again homology models for the
respective hP2X3 receptor cysteine double mutants with the
Modeller 9v8 program. Then, we selected those cysteine
double mutants, which exhibited the smallest molpdf ener-
gies and prepared the respective plasmids with site-directed
mutagenesis. Subsequently, we compared the distances
between the individual cysteine molecules at the backbone
(Cq-carbons) of the closed and open state models of the recep-
tor mutants and found them to be of similar magnitude (with
the exception of KI113/E270; Supporting Information
Table S1), although the position of the relevant AA residues in
the binding pouch, because of their unknown spatial orien-
tation, might be somewhat different (Figure 1A-C, left
panels; Supporting Information Fig. S2).


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=480
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1713
http://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=52
http://salilab.org/modeller
http://www.ks.uiuc.edu/Research/namd
http://www.ks.uiuc.edu/Research/namd
http://www.ks.uiuc.edu/Research/vmd
http://www.ks.uiuc.edu/Research/vmd
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Figure 1

Homology model of the human (h)P2X3 receptor based upon the closed zebrafish (zf)P2X4R crystal structure. The generated 243 ns simulation
of the molecular dynamics indicates a movement within the ectodomain near the ATP binding pouch, whereby domains of neighbouring receptor
subunits (A and B) as well as intra-subunit domains (C) approach each other (boxed region of the receptor). Individual snapshots with cysteine
mutagenesis-relevant AAs are shown at the time periods indicated (in nanoseconds): (A) The beak-dorsal fin interface is shown at three points of
the simulation with beak residues Glu-111, Glu-112, Lys-113, Glu-125 and Arg-126 and the dorsal fin residues Arg-198 and Lys-201. (B) The dorsal
fin-left flipper interface is shown at three points of the simulation with dorsal fin residues Met-200 and Lys-201 and the left flipper residue Val-274.
(C) The beak-left flipper interface is shown at three points of the simulation with beak residue Lys-113 and left flipper residue Glu-270.

Site-directed mutagenesis

The pIRES2-EGFP plasmid carrying the hP2X3 receptor gene
was utilized as the template for site-directed mutagenesis
(Bodnar et al., 2011). All cysteine single and double mutants
of the hP2X3 receptor were generated by using the Quik-
Change mutagenesis kit (Stratagene, La Jolla, CA, USA), and
primers were synthesized by MWG Biotech (Ebersberg,
Germany). The sequences were verified by IZKF (Leipzig,
Germany).

Culturing of HEK293 cells and

transfection procedures

HEK293 cells (Bodnar et al., 2011) were kept in DMEM (PAA
Laboratories, Coélbe, Germany) containing additionally
4.5 mg-mL™" p-glucose, 10% FBS (both Invitrogen, Frankfurt,
Germany) and 2 mM L-glutamine (Life Technologies, Frank-
furt, Germany) at 37°C and 5% CO, in humidified air. For
electrophysiology, HEK293 cells were plated in plastic dishes
6 h before transient transfection. Further, 0.5 pg of plasmid
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DNA, 10 pL of PolyFect reagent (Qiagen, Hilden, Germany)
and 100 pL of OptiMEM (Life Technologies) were combined
and incubated for 10 min, before introduction of lipid-DNA
complexes to HEK293 cells. About 18 h after transfection, the
medium was replaced by OptiMEM for removing residual
plasmid DNA.

Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were performed 2-4 days
after transient transfection of HEK293 cells, at room tempera-
ture (20-22°C), using an Axopatch 200 B patch clamp ampli-
fier (Molecular Devices, Sunnyvale, CA, USA). The pipette
solution contained (in mM) CsCl 135, MgCl, 2, HEPES 20,
EGTA 11, CaCl, 1, Mg-ATP 1.5 and Li-GTP 0.3; pH adjusted to
7.4 using CsOH. The external physiological solution con-
tained (in mM) NaCl 135, KCI1 5, MgCl, 2, CaCl, 2, HEPES 10
and D-glucose 11; pH adjusted to 7.4 using NaOH.

The pipette resistances varied between 3 and 7 MQ. The
liquid junction potential (Vi;) between the bath and pipette
solution at 21°C was calculated to be —4.5 mV. Holding
potential values given in this study were corrected for Vi;. All
recordings were carried out at a holding potential of —65 mV.
Data were filtered at 2 kHz with the inbuilt filter of the ampli-
fier, digitized at 5 kHz and stored on a laboratory computer
using a Digidata 1440 interface and pClamp 10.2 software
(Molecular Devices).

Drugs were dissolved in the external solution and locally
superfused to single cells using a rapid solution exchange
system (SF-77B Perfusion Fast-Step; Warner Instruments,
Hamden, CT, USA). The receptor functionality was tested by
applying increasing concentrations (0.3-300 uM) of the
P2X1,3-selective agonist o,-methylene ATP (o,3-meATP) for
2s at an interval of 5 min. The amplitudes of the agonist-
induced currents were plotted as concentration-response
curves.

For testing the reversibility of disulfide bond formation,
a standard concentration of o,-meATP (10 uM; Tocris,
Bristol, UK) was applied for 2 s at an interval of 5 min, eight
times in total. After 10 min (two agonist applications), the
reducing reagent DTT (1 mM; Sigma-Aldrich, Steinheim,
Germany) was superfused for 15 min (three agonist applica-
tions), followed by a washout period with external solution
for additional 15 min (three agonist applications). In a few
cases, DTT was superfused for 20 min, and after the third
application of o,B-meATP, only the external solution was
superfused for 2 s with the rapid application system; then,
we followed the regular superfusion protocol.

Biochemical analysis of receptor
oligomerization and cell surface expression in
HEK293 cells

The coding region of the N-terminally hexahistidine-tagged
(His-tagged) hP2X3 subunit His-hP2X3 and the derived
cysteine double mutants were subcloned into the pcDNAS/
FRT/TO inducible expression vector using the Gateway
cloning system, following the manufacturer’s instructions
(Life Technologies), to generate stable Flp-In HEK293 cell
lines. The stable cell lines were cultured at 37°C in DMEM
(Life Technologies) supplemented with 10% FCS (PAA Labo-
ratories), 100 U-mL™" of penicillin G and 100 ug-mL™" of
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streptomycin. After plating each cell line into one 30 mm
well, expression was induced by 1 ug-mL™ of tetracycline for
36 h. After carefully washing the cells with HBSS containing
calcium and magnesium but no phenol red (Life Technolo-
gies) to remove the cell culture medium including the FCS
completely, the cells were surface labelled with IRDye®
800CX NHS ester (80 ug-mL™") (Li-Cor Biosciences, Bad
Homburg, Germany) for 30 min at 37°C. After washing the
cells with HBSS, proteins were solubilized with dodecyl-
maltoside (DDM, 0.2%, w/v) in PBS, pH 8.0. The His-hP2X3
proteins were purified by Ni-NTA affinity chromatography
under non-denaturing conditions, washed, eluted in
imidazole/0.02% DDM buffer and subjected to SDS-PAGE
and blue native PAGE (BN-PAGE) as previously described
(Nicke et al., 1998; Aschrafi et al., 2004; Fallah et al., 2011;
Hausmann et al., 2012).

Expression of the hP2X3 receptor and its
mutants in X. laevis oocytes

An oocyte expression plasmid harbouring the cDNA for His-
tagged hP2X3 subunit has been previously described (Bodnar
et al., 2011; Hausmann et al., 2012). Replacement mutations
were introduced by QuikChange site-directed mutagenesis
(Stratagene) and verified by sequencing (MWG Biotech).
Capped cRNAs were synthesized and injected in aliquots of
46nL (0.8-1.3ngnL") into collagenase-defolliculated
X. laevis oocytes using a Nanoliter 2000 injector (World Pre-
cision Instruments, Berlin, Germany) as previously described
(Hausmann et al., 2006). Oocytes were cultured at 19°C in
sterile oocyte Ringer’s solution (ORi; in mM): NaCl 90, KCl 1,
CaCl, 1, MgCl, 1 and HEPES 10; pH 7.4) supplemented with
50 ug-mL™" of gentamycin.

Two-electrode voltage-clamp (TVEC)
electrophysiology

One to two days after cRNA injection, current responses were
evoked by o,B-meATD, as indicated at ambient temperature
(21-24°C), and recorded by conventional TEVC in Mg-ORi
solution (Mg-ORi; in mM): NaCl 90, KCl 1, MgCl, 2 and
HEPES 10; pH 7.4) with a Turbo TEC-05 amplifier (npi Elec-
tronics, Tamm, Germany) at a holding potential of -60 mV as
previously described (Hausmann et al., 2006). For testing the
reversibility of disulfide bond formation, P2X3 receptor-
mediated currents were elicited in 5 min intervals by 10 s
lasting applications of 10 uM o,B-meATP. Between the o,f3-
meATP applications, the oocytes were superfused with
Mg-ORi. Following two such cycles of hP2X3 receptor activa-
tion, three further cycles of activation were performed under
reducing conditions with 1 mM DTT present in both solu-
tions, Mg-ORi with and without o,3-meATP. The final three
cycles of activation were performed in the absence of DTT,
that is, exactly as the two initial cycles.

Biochemical analysis of receptor
oligomerization and cell surface expression in
X. laevis oocytes

cRNA-injected oocytes were metabolically labelled and
surface labelled as previously described (Fallah et al., 2011;
Hausmann etal.,, 2012), with the exception that the
membrane-impermeant infrared dye IRDye 800CX NHS ester



(Li-Cor Biosciences) was used for surface labelling at a final
concentration of 100 pg-mL™ (diluted 200-fold from a stock
solution in dimethyl sulfoxide). His-tagged proteins were
purified by non-denaturing Ni-NTA chromatography
(Qiagen) from digitonin (1%, w/v) extracts of the oocytes and
released in the non-denatured state from the Ni-NTA sepha-
rose. The proteins were analysed by BN-PAGE or SDS-PAGE in
the non-denatured or SDS-denatured state, respectively, as
previously described (Fallah et al., 2011; Hausmann et al.,
2012). The IRDye 800CX-labelled plasma membrane-bound
proteins were visualized with the Odyssey fluorescence
scanner (Li-Cor Biosciences).

The intensity of the fluorescent protein bands was quan-
tified using the ImageQuant TL software version 7.0 (GE
Healthcare, Freiburg, Germany). Images of PAGE gels were
prepared with Image-Quant TL for contrast adjustments. If
necessary, individual lanes from PAGE gels were differently
enhanced by the ImageQuant software for better visibility of
weak and strong protein bands. The image sections were
cropped and positioned using Adobe Photoshop CS5. Micro-
soft PowerPoint 2010 was used for labelling. Each experiment
was performed at least twice with equivalent results.

Visualization of agonist binding using
BODIPY ATP

X. laevis oocytes, injected with cRNA for wild-type (wt)
hP2X3 or its mutants K113C/K201C, M200C/V274C and
K201C/V274C, were transferred to a bath chamber and incu-
bated with 0.1 pM of the fluorescent agonist BODIPY-TR ATP
(BODIPY ATP; Invitrogen), which exhibits spectral properties
similar to the fluorescent dye Texas Red, dissolved in Mg-ORi.
The agonist binding to the wt hP2X3 receptor and its
mutants on the oocyte surface was visualized with a laser
scanning microscope (LSM 510; Carl Zeiss, Oberkochen,
Germany). Confocal images were collected every minute for
24 min (see Figure 6D-H). BODIPY ATP was added to the bath
1 min after starting the experiment at time 0. After 9 min of
incubation with BODIPY ATP, 1 mM DTT was additionally
applied. The specific binding of BODIPY ATP to the cell
surface was calculated as the difference of the fluorescence
intensity at the cell membrane and the cytoplasm, measured
over the entire incubation period. Data were normalized to
the fluorescence intensity measured at time O min and are
expressed in relative fluorescence units. To show that bound
BODIPY ATP (0.1 uM) can be specifically displaced from the
hP2X3 receptor at the cell surface, oocytes were pre-
incubated with 0.1 uM BODIPY ATP alone before 30 uM o, 8-
meATP was added in the continuous presence of 0.1 uM
BODIPY ATP. The subsequent decay of plasma membrane-
bound fluorescence was recorded for 15 min.

Data analysis
The agonist concentration-response curves were fitted using
the three parametric Hill equation:

I = L - [A™ /(ECso™ + [x™])]
where I is defined as the peak current evoked by o,3-meATP
concentration [A], In.x is the peak current evoked by a

maximal o,3-meATP concentration, ECs, is the half-maximal
effective concentration and ny is the Hill coefficient (Origin
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8.0; OriginLab, Northampton, MA, USA). The data are pre-
sented as means + SEM of n experiments. For comparing the
effects of o,f-meATP at the cysteine double mutants with
effects at the respective cysteine single mutants, and effects at
the double/single mutants with that at the wt hP2X3 recep-
tor, a one-way ANoVA followed by the Holm-Sidak post hoc test
was used. The effect of DTT was evaluated by anova followed
by the Bonferroni post hoc test for repeated measures. A prob-
ability level of 0.05 or less was considered to reflect a statis-
tically significant difference.

Results

Homology model and molecular dynamics
simulation of ectodomain movements of the
hP2X3 receptor
The P2X subunit resembles the shape of a dolphin, with the
transmembrane helices and the extracellular region akin to
the flukes and the upper body respectively (Kawate et al.,
2009). Attached to the body domain are the head domain and
three structurally different elements: the dorsal fin, the right
flipper and the left flipper (Supporting Information Fig. S1).
We asked ourselves whether ATP binding could be altered by
selective tightening of the agonist binding pouch and the
consequent immobilization of the P2X3 receptor structure.
The homology model of the hP2X3 receptor in conjunction
with molecular dynamics simulation indicates a highly flex-
ible extracellular loop associated with movements within this
ectodomain near the ATP binding sites in the nanosecond
range (Figure 1). We identified movements in the receptor, on
the one hand, where beak and dorsal fin (Figure 1A) as well as
left flipper and dorsal fin (Figure 1B) of different subunits
approached each other, and on the other hand, where beak
and left flipper of the same subunit converged (Figure 1C).
We assume from our molecular dynamics simulation the
existence of hydrogen bonds and salt bridges between adja-
cent receptor subunits. By introducing two opposing cysteine
residues at the assumed contact sites, a disulfide bond was
created to immobilize the receptor in one state of operation
(either open or closed conformation). Based upon the hP2X3
model, we have chosen pairs of cysteine mutants at certain
sites of the receptor ectodomain which might allow the for-
mation of inter- or intra-subunit disulfide bonds. While the
first set of mutants was designed to cross-link beak (E111,
E112, K113, E125, R126) and dorsal fin (R198, K201; Support-
ing Information Fig. S1C, panel a) of adjacent subunits, the
second set of mutants should cross-link left flipper (V274)
and dorsal fin (M200, K201; Supporting Information Fig. S1C,
panel b) of neighbouring subunits. Furthermore, we gener-
ated a cysteine double mutant enabling the formation of an
intra-subunit disulfide bond between beak (K113) and left
flipper (E270; Supporting Information Fig. S1C, panel c).

Measurement of receptor function by
whole-cell patch clamp recordings in
hP2X3-HEK293 cells

The wt hP2X3 receptor and its cysteine mutants and double
mutants were transiently expressed in HEK293 cells. The
influence of the inserted cysteine residues, and a potentially
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formed disulfide bond between opposing cysteines, on the
functional consequences of ATP binding and/or conforma-
tional changes required for pore opening was measured by
the whole-cell patch clamp technique using the P2X1,3-
selective agonist o,3-meATP (0.3-300 uM; Figure 2A).

Concentration-response curves for o,-meATP were gen-
erated at wt hP2X3 and its cysteine single and double
mutants. The ECs, of o,f-meATP, the maximal attainable
current (Imax), as well as ny are presented in Table 1. Whereas
the function of the hP2X3 cysteine single mutants was
usually only slightly inhibited in comparison with that of the
wt receptor (Figure 2B,C,F,G; Table 1), the function of the
cysteine double mutants was more markedly depressed
(Figure 2D-G; Table 1). Within each set of cysteine double
mutants forming a putative inter-subunit disulfide bond
either between beak-dorsal fin and left flipper-dorsal fin
of two adjacent subunits, K113C/K201C (Figure 2D) and
M200C/V274C or K201C/V274C (Figure 2F), respectively,
responded to o,B-meATP with very small current amplitudes.
By contrast, the function of the hP2X3 cysteine double
mutant, forming an intra-subunit disulfide bond between
beak and left flipper (K113C/E270C), was less markedly sup-
pressed (Figure 2G).

Reversibility of disulfide bond formation

For restoring the mobility of hP2X3 receptor cysteine
double mutants, the reducing reagent DTT was applied to
break up disulfide bonds (for the standard application pro-
tocol, see Figure 3A). DTT (1 mM) did not alter the ampli-
tudes of the o,f-meATP (10 uM)-induced currents at the wt
hP2X3 receptor or any of its mutants, where a single
cysteine residue replaced the previously selected AAs
(Figure 3A and C). However, DTT moderately increased the
small current responses to o,f-meATP (10 uM) at the double
cysteine mutants E111C/K201C, E112C/R198C, K113C/
R198C, E125C/R198C and R126C/K201C; a large (from 9- to
24-fold) increase of the current amplitude occurred with the
mutants K113C/K201C and K201C/V274C in the presence
of DTT. After washing out DTT for 15 min, the currents
declined to their original level, suggesting spontaneous
reoxidation of the thiols (Figure 3A and C). We demon-
strated in a few experiments that both the application of
H,O, and the washout of DTT by normal extracellular
medium causes a reoxidation of the thiols, resulting in
decreased currents (Figure 3B; cf. Marquez-Klaka et al., 2007;
Liang et al., 2013).

Figure 3C-E shows the statistical evaluation of all experi-
ments on a percentage basis; as mentioned in the Methods
section, data were normalized with respect to the pre-DTT
amplitude of the o,B-meATP currents. It became clear that
there was no potentiation by DTT at the M200C/V274C
double mutant, in spite of the very small control o,-meATP
currents observed (compared with the much larger current
amplitudes at the wt hP2X3 receptor) (Figures 2F and 3A).
Moreover, DTT had no effect on the residual series of double
mutants E111C/R198C, E112C/K201C, E125C/HK201C and
R126C/R198C either (Figure 3D). The K113C/E270C intra-
subunit cysteine mutation depressed the o,3-meATP-induced
current amplitude compared with wt, but did not change its
ECso value (Figure 2G; Table 1). The decrease in the current
response did not recover after DTT application (Figure 3D).
The reason for this finding may be that either no S-S bond
was created or that the newly formed S-S bond did not hinder
the conformational change during the activation process.
Thus, we did not consider these latter AA residues of signifi-
cance for channel gating.

It was an unexpected finding that DTT strongly rescued
the effect of o,f-meATP at K201C/V274C-hP2X3, but not at
the M200C/V274C-hP2X3 in its immediate neighbourhood.
Molecular models of M200C/V274C and K201C/V274C
cross-linking left flipper and dorsal fin of adjacent receptor
subunits suggested that the disulfide bond might not be
accessible to DTT in case of the M200C/V274C mutation
(compare Supporting Information Fig. S3A, panels a, ¢ with
panel b).

In the following experiments, we selected those double
mutants at which the effect of o, -meATP (10 uM) was poten-
tiated by DTT in a statistically significant manner (Figure 3E).
To find out whether DTT also increases the current ampli-
tudes elicited by a higher concentration of o,3-meATP
(100 uM), a similar application protocol was used as shown in
Figure 3A. Under these conditions, the DTT effect was lost at
E111C/K201C, E125C/R198C and R126C/K201C, but other-
wise remained basically unchanged at the mutants tested
with o,B-meATP (10 uM) (Figure 3E).

Then, we established concentration-response curves for
o,B-meATP (0.3-300 uM) at HEK293 cells transfected with the
wt hP2X3 receptor or its cysteine double mutants K113C/
K201C and K201C/V274C in the absence and presence of
1 mM DTT (Figure 3F, panelsa and b). According to our
expectations, DTT neither altered the ECs, and I, values nor
the ny for o,-meATP at the wt receptors, when compared

»
>

Figure 2

Current responses to a,-methylene ATP (o, B-meATP) in HEK293 cells transfected with the wt hP2X3 receptors and its cysteine single or double
mutants. Increasing concentrations of o,3-meATP (0.3-300 uM) were applied locally for 2 s with 5 min intervals at a holding potential of -65 mV.
(A) Rapidly activating and desensitizing inward current responses of the wt hP2X3 receptor. Numbers between the current traces indicate the time
(in min) which elapsed between agonist application. (B, C) Concentration-response curves for o,3-meATP at the wt hP2X3 receptor as well as the
first (B) and second (C) set of its cysteine single mutants, where the mutations are located at the beak and dorsal fin of this dolphin-like structure.
(D, E) Concentration-response curves for o, 3-meATP at the wt hP2X3 receptor and the first (D) and second (E) set of its cysteine double mutants
supposedly linking the beak and dorsal fin of this dolphin-like structure. (F) Concentration-response curves for o, 3-meATP at the wt hP2X3 receptor
and its single mutants, where the mutations are situated at the dorsal fin and left flipper of this dolphin-like structure, and the respective double
mutants supposedly linking the respective AAs in two adjacent subunits. (G) Concentration-response curves for o, 3-meATP at the wt hP2X3 receptor
and its single mutants situated at the beak and left flipper of this dolphin-like structure, and the respective double mutants supposedly linking the
respective AAs in a subunit. Maximal current responses through the double mutant receptors were usually smaller than those through the respective
two individual single mutant receptors (see ma values in Table 1). Each symbol indicates the mean + SEM of 6-8 cells, as indicated.
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Figure 3

Reversibility of disulfide bond formation in the cysteine single and double mutant hP2X3 receptors expressed in HEK293 cells by DTT. Whole-cell
patch clamp recordings were made as described in the legend for Figure 2. A test concentration of o,-meATP (10 uM) was applied for 2 s every
5 min to HEK293 cells expressing wt hP2X3, as well as its cysteine single and double mutants. The effect of o,3-meATP was evaluated before,
during and after superfusion with DTT (1 mM) in EC for 15 min. (A) The DTT-reversibility protocol is shown for wt hP2X3 and its selected cysteine
double mutants. EC, external physiological solution. (B) DTT washout with EC alone or with 2 mM H,0O,-containing EC showed no difference.
Effect of DTT on HEK293 cells expressing wt hP2X3 or its cysteine single (C) and double mutants (D and E). (D) Double mutants were selected,
at which DTT caused a statistically significant increase of the o,3-meATP (10 uM) currents. (E) Experiments were repeated by using a higher
concentration (100 uM) of o,-meATP. Currents after DTT treatment and a further washout period were normalized to initial currents (100%;
dashed line). Each column indicates the mean + SEM of 6-9 cells. *P < 0.05, significant difference from the pre-DTT current amplitude; $P < 0.05,
significant difference between DTT and washout effect). (F, panels a, b) Concentration-response relationships of o,3-meATP at HEK293 cells
transfected with the wt hP2X3 receptor (F, panel a) or its cysteine double mutants K113C/K201C or K201C/V274C (F, panel b). Increasing
concentrations of a,B-meATP (0.3-300 uM) were applied locally for 2 s with 5 min intervals at a holding potential of -65 mV in the presence (black
lines) or absence (grey lines) of 1 mM DTT. Each symbol indicates the mean = SEM of 6-9 cells. The ECso, Imax values and Hill coefficients n, were
as follows; wt P2X3, 5.3 £1.3 uM, —3328.7 + 238.3 pA, 2.4 + 0.4; K113C/K201C, 15.2 £ 4.8 uM, -1916.0 £ 181.8 pA, 1.3 £0.1; K201C/V274C,
15.3+£2.9 uM, -3289.0 £ 230.4 pA, 1.5 £0.1. In the presence of DTT, the ECs, values of both double mutants differed from those of the wt P2X3
receptor. However, DTT depressed only the /na of K113C/K201C-hP2X3, when compared with the wt receptor (*P < 0.05; one-way anova, each).

with the respective values measured in DTT-free conditions
(Figure 3F, panel a; Table 1). By contrast, DTT partially
rescued the strongly diminished effect of o,-meATP at the
two double mutants (Figure 3F, panel b; Table 1).

To decide whether the agonist o,f-meATP (and thus
channel opening) is necessary for the reversibility of the DTT
effect on the cysteine double mutants K113C/K201C and
K201C/V274C, we slightly changed the standard experimen-
tal protocol (see the Methods section). Instead of applying
o,3-meATP (10 uM) 5 min after washing out DTT, we super-
fused the HEK293 cells for another 5 min with DTT and
applied o,8-meATP only after another 5 min (Supporting
Information Fig. S3B). At both mutants, the agonist-induced
currents decreased in a similar manner either with or without
the co-application of o, -meATP and DTT before finishing the
incubation period (compare Figure 3A and Supporting Infor-
mation Fig. S3B). Thus, disulfide bonds reinstated after
washing out DTT, both immediately after finishing o,f-
meATP application (with some residual binding of the
agonist at the desensitized receptor, and subsequent gradual
recovery) and 5 min after the end of o,B-meATP application
(no residual agonist at the receptor and complete recovery).

Thus, the (re)formation of disulfide bonds occurs also in the
absence of an agonist and did not require an agonist-induced
binding jaw movement.

It has recently been described that tightening of the ATP
binding jaw of rat (r)P2X2 receptors by the introduction of
extracellular histidines, and subsequently bridging them with
Zn*, caused spontaneous channel openings (Jiang et al.,
2012). We did not observe spontaneous current responses at
any of the cysteine double mutants before or after o,-meATP
application during the 15s recording periods (see, e.g.
Figure 2A). However, a systematic search for such currents,
possibly induced by disulfide cross-linking of adjacent subu-
nits, was not carried out in this study.

Molecular dynamics simulation of the
ectodomain movement of the hP2X3 reveals
the basis for the generation of disulfide bonds
between a few identified double mutants

To interpret the ectodomain movement in the hP2X3 recep-
tor, the distance between the backbones of each AA of a
double mutant investigated was measured over the whole
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Table 1

Concentration-response curve properties of the wt hP2X3 receptor and its cysteine single and double mutants

Mutants ECso (LM)
|
Wild type (wt) 5.2+0.5
Il
E111C 10.0 + 1.8**
E112C 6.6+2.7
K113C 12.4 £2.12*
E125C 11.6+£5.6
R126C 14.4+54
R198C 129+5.8
M200C 40.1 £1.32*
K201C 16.4 + 4.0**
E270C 10.48 + 1.7%*
V274C 21.1 £3.6%*
11l
E111C/R198C 11.9+4.8
E111C/K201C 35.3+12.6**
E112C/R198C 7.3+£1.9
E112C/K201C 21.6 £1.9%*
K113C/R198C 56.3 £ 6.9%*
K113C/K201C nc
E125C/R198C 15.8 +3.4%*
E125C/K201C 15.0 + 3.5%*
R126C/R198C 18.0+.8.5
R126C/K201C 48.5+51.1
\%
M200C/V274C 32.7 £ 5.7%*
K201C/V274C 156.5 + 54.2°*
Vv
K113C/E270C 6.7+1.4

Imax (PA) Ny n
-3718.5+99.8 2.2+0.3 7
—3423.5+175.6 1.6 +0.1 6
-1968.7 + 285.2 1.3+£0.2 7
—3281.8 £209.3 1.6 £0.1 6
—2722.1 £757.2 23+04 7
-3796.3 £783.4 3.8+£1.0 6
—2620.5 £ 602.4 1.8+£0.3 7
-2526.9 £30.5 1.2+£0.1 6
-3367.5 £ 305.6 1.8+0.2 6
—2479.0 £ 108.7%* 1.0+£0.1 8
—2624.1 £159.1%* 1.3+£0.1 6
—1925.9 + 313.4%* 1.4+0.1 7
-1612.6 + 230.120<* 1.0+£0.1 7
-1053.3 + 65.92* 0.8+0.1 6
—-984.3 + 34,9%bc* 25+0.4 6
—1788.3 £101.2%* 1.7+£0.2 6
nc nc 6
—722.2 + 40.6** 1.3+£0.2 6
-909.2 + 100.9%P<* 1.2+0.1 6
-1675.3 + 315.92* 1.3+0.2 7
—-911.6 + 391.5%P<* 0.9 +0.1 7
—348.4 + 21.4%bc* 1.1+£0.2 6
—527.4 + 86.7%P<* 1.1+£0.2 7
—-1208.0 + 95.12b<* 1.4+£0.1 8

Half maximal effective concentration (ECso), maximal current response (Imax) and Hill coefficient (ny) as well as the number of measured
HEK293 cells expressing the mutant or wt hP2X3 receptor (n). Values represent mean + SEM.

*P < 0.05 (one-way ANOVA).

?ECso and Imax values are significantly different from those measured in wt P2X3.

bThe Imax Value of the double mutant is significantly different from that of the first corresponding single mutant.

“The Imax value of the double mutant is significantly different from that of the second corresponding single mutant.

nc, non-calculable; I, wild type; Il, cysteine single mutants; lll, cysteine double mutants cross-linking beak and dorsal fin; IV, cysteine double
mutants cross-linking dorsal fin and left flipper; V, cysteine double mutants cross-linking beak and left flipper.

simulation period of 243 ns (Figure 4). Only those double
mutants that exhibited a robust potentiation of their current
responses by DTT on the application of both 10 and 100 uM
o,B-meATP (E112C/R198C, K113C/R198C, K113C/K201C;
Figure 4A and B) and K201C/V274C (Figure 4C and D) were
taken into consideration. In the three first-mentioned
cysteine double mutants, head and dorsal fin of adjacent
receptor subunits approach each other transiently after 20 ns,
then shortly diverge, and subsequently converge again after
about 90 ns (E111C/K201C behaved in a similar manner, but
is not shown in the Figure 4A for better visibility). By con-
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trast, in the K201C/V274C-hP2X3 receptor, neighbouring
regions of the left flipper and dorsal fin are in close approxi-
mation over the entire simulation period (Figure 4C).
Further, the obtained distances between paired AAs at
neighbouring regions were plotted in histograms and data
were fitted by two Gaussian curves illustrating closeness and
distance of one pair of mutants (Figure 4B and D). For the
mutants E112C/R198C, K113C/R198C and K113C/K201C,
the histograms showed two rather clearly separated peaks
characterizing two steady states (Figure 4B). Because the first
peak is narrower than the second one, we conclude that
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Figure 4

Analysis of the distance between backbones of pairs of the corresponding cysteine double mutants of the hP2X3 receptor at neighbouring receptor
subunits during the first 243 ns of molecular dynamics simulation. Beak-dorsal fin contacts: E112C/R198C, K113C/R198C, K113C/K201C (A);
dorsal fin-left flipper contacts: K201C/V274C (C). (B, D) Histograms of the distance (in angstrom) against the number of events of selected double
mutants from panel (A) and (C) (grey bars). Data were fitted by two Gaussian curves and the peaks might be interpreted as two states (red line).

chances for a convergence of two opposing AAs are larger
during the first than during the second peak. In contrast,
with the cysteine double mutant K201C/V274C, the two
peaks partially merged together (Figure 4D), which of course
markedly increased the chances of AA convergence during
the whole observation period. It remains to be explained why
the calculated distances between the AA pairs were in our
simulation somewhat larger than ~4.6 A needed for the gen-
eration of S-S bonds. There are three possible reasons for this
discrepancy: (i) the time resolution of our simulation is not
high enough to reliably follow very short approaches of the

relevant AAs; (ii) the follow-up period of 243 ns is not long
enough to notice S-S bond formation occurring later on; and
(iii) the distances between the relevant AAs are measured at
the backbone but not between their side chains, which may
acquire variable positions.

Cell surface trafficking of hP2X3 receptor
cysteine double mutants and inter-subunit
disulfide cross-linking in HEK293 cells

We performed biochemical analysis of the His-tagged hP2X3
subunit and the corresponding cysteine double mutants
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stably expressed in HEK293 cells to demonstrate the plasma
membrane expression and the homotrimeric assembly of all
mutants, even those with impaired function. Furthermore,
we have analysed the disulfide-mediated cross-linking of
neighbouring subunits in the inter-subunit cysteine double
mutants by this biochemical approach.

Amino-reactive labelling of the His-hP2X3 receptor and
its mutants by a membrane-impermeant fluorescent dye (see
the Methods section) enabled us to selectively visualize the
plasma membrane-inserted fraction of the hP2X3 proteins.
SDS-PAGE analysis of the wt and the indicated cysteine
double mutants of the hP2X3 receptor revealed that all
mutants were transported to the cell surface (Figure SA). Also,
functionally impaired hP2X3 mutants were capable of being
expressed at the cell surface. The selected inter-subunit
cysteine double mutants appeared under non-reducing con-
ditions as SDS-resistant oligomeric complexes at the plasma
membrane (Figure 5A, lanes with odd numbers) in contrast to
the wt hP2X3 subunit, which did not form disulfide adducts
(Figure 5A, panel a, lane 1). As expected, chemical reduction
by DTT was able to break the oligomeric complex to the
monomer level (Figure SA, lanes with even numbers), indi-
cating that the formation of the SDS-resistant oligomeric
complexes is due to disulfide-mediated cysteine cross-linking
of the neighbouring inter-subunit cysteine residues. In case of
the E111C/R198C-hP2X3 and E111C/K201C-hP2X3, the
existence of significant amounts of monomeric and dimeric
forms in the absence of DTT (lanes 3 and 5) indicates a lower
level of spontaneous cross-linking as compared to the almost
complete cross-linking of the other double mutants.

BN-PAGE analysis revealed that all the analysed hP2X3
cysteine double mutants were capable of correctly assembling
to homotrimers that appeared at the cell surface in the same
manner as the wt hP2X3 receptor (Figure 5B, panel a, lanes 1
and 4-11; Figure 5B, panel b, lanes 1 and 4-8). While the wt
hP2X3 receptor dissociated into dimers and monomers by
partial denaturing with 0.1% SDS (Figure 5B, panels a and b,
lane 2), the homotrimeric form of the cysteine double
mutants resisted to dissociate into lower order intermediates
when treated with 0.1% SDS alone (Figure 5B, panel a, lane
12). However, dissociation was achieved by the combined
treatment with SDS and DTT (Figure 5B, panel a, lane 13; the
example shown is for K201C/V274C). These findings clearly
indicate that in contrast to the wt receptor, the hP2X3
cysteine double mutants are quantitatively cross-linked at the
homotrimeric level by disulfide bonds formed between the
introduced inter-subunit cysteine residues. A notable exemp-
tion is the homotrimeric K113C/E270C double mutant,
which required only SDS to dissociate into its monomers.
This observation is consistent with the prediction from our
homology model that the K113C/E270C double mutation
leads to the formation of an intra-subunit disulfide bridge
rather than to inter-subunit cross-linking.

Cell surface trafficking of hP2X3 receptor
mutants and disulfide cross-linking in

X. laevis oocytes

To check for expression system-specific differences, we per-
formed similar biochemical experiments in the non-
mammalian X. laevis oocyte expression system. We again
addressed the question whether the cysteine single or double
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mutants of the homotrimeric hP2X3 receptor, of which some
showed an impaired function, were able to correctly assemble
and to be expressed at the plasma membrane in X. laevis
oocytes. Furthermore, we also demonstrated the disulfide-
mediated cross-linking of neighbouring subunits in inter-
subunit cysteine double mutants by biochemical approaches.
Firstly, to verify that the functional data obtained in HEK293
cells and X. laevis oocytes are basically identical, we function-
ally tested the wt and some selected inter-subunit cysteine
double mutants of the hP2X3 receptor by TEVC after expres-
sion in oocytes. In fact, in oocytes injected with cRNAs for
the wt hP2X3 receptor or the double mutants E112C/R198C,
K113C/K201C, M200C/V274C and K201C/V274C, we
observed similar functional evidence for disulfide bond for-
mation as in HEK293 cells. As shown in Supporting Informa-
tion Fig. S4A and B, the o,f-meATP (10 pM)-induced current
amplitudes of the selected inter-subunit cysteine double
mutants were modulated virtually in the same manner by the
reducing reagent DTT in oocytes as in HEK293 cells (cf.
Figure 3A and D).

SDS-PAGE analysis of the indicated cysteine single or
double mutants of the hP2X3 receptor revealed that all
mutants were transported to the cell surface as efficiently as
the wt hP2X3 receptor; this was revealed by selective visuali-
zation of the plasma membrane-inserted fraction of the
hP2X3 proteins (Supporting Information Fig. S4C and D).
Functionally impaired hP2X3 mutants were also capable of
appearing at the cell surface. These experiments show in
addition that the selected inter-subunit cysteine double
mutants appeared under non-reducing conditions as SDS
resistant oligomeric complexes at the plasma membrane
(Supporting Information Fig. S4C, panels b and c, lanes with
odd numbers). By comparison, the single cysteine mutants
and the K113C/E270C-hP2X3 mutant forming a putative
intra-subunit disulfide bond migrated exclusively as mono-
mers in the absence and presence of DTT in the SDS-PAGE
(Supporting Information Fig. S4C, panel c¢), which indicates
the absence of unspecific cross-linking of introduced
cysteines with the native cysteines of the hP2X3 subunit. As
expected, in cysteine double mutants, chemical reduction by
DTT was able to break the oligomeric complex to the
monomer level (Supporting Information Fig. S4C, panels b, ¢,
lanes with even numbers), indicating that the formation of
the SDS-resistant oligomeric complexes is due to disulfide-
mediated cysteine cross-linking of the neighbouring inter-
subunit cysteine residues. Interestingly, also mutants that
showed only a minimally increased current amplitude after
DTT treatment, such as the M200C/V274C-hP2X3 mutant,
were as efficiently cross-linked as the K201C/V274C-hP2X3
mutant, which exhibited a maximal increase of the current
amplitude by DTT.

BN-PAGE analysis revealed that all the analysed hP2X3
cysteine mutants were capable of correctly assembling to
homotrimers that appeared at the cell surface in the same
manner as the wt hP2X3 receptor (Supporting Information
Fig. $4D, panel a, lanes 1 and 4-10; Supporting Information
Fig. $4D, panel b, lanes 1 and 4-11; Supporting Informa-
tion Fig. $4D, panel ¢, lanes 1, 4-10 and 13). While the wt
hP2X3 receptor, the cysteine single mutants and the K113C/
E270C-hP2X3 mutant dissociated into dimers and monomers
by partial denaturing with 0.1% SDS (Supporting Information
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Figure 5

Plasma membrane expression and assembly of the hP2X3 receptor and its mutants in Tet-on HEK293 cells. (A, panelsa, b) The plasma
membrane-bound form of the indicated hP2X3 variants was covalently labelled with IR800, purified by Ni-NTA chromatography, resolved by
non-reducing and reducing SDS-PAGE and visualized by fluorescence scanning. The arrow indicates the migration position of a non-specific
background band that was present in variable intensities in this and some other experiments. (B, panels a, b) The indicated plasma membrane-bound
hP2X3 proteins were resolved by BN-PAGE in the non-denatured state and exemplarily after partial denaturation following a1 h incubation with SDS
and/or DTT at 37°C. Note that the homotrimeric form of the wt hP2X3 dissociated in 0.1% SDS into dimers and mostly monomers, while the
homotrimeric form of the cysteine double mutant required reduction of disulfide bonds by DTT in addition to SDS to dissociate, as shown exemplarily
for the K201C/V274C mutant. The ovals in the left margins indicate the numbers of hP2X3 subunits incorporated in the respective protein band.
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Fig. $4D, panel a, lanes 2 and 11, panel b, lane 2 and panel c,
lanes 2 and 14), the homotrimeric form of the cysteine
double mutants resisted to dissociate into lower order inter-
mediates when treated with 0.1% SDS alone, as shown for the
K201C/V274C-hP2X3 (Supporting Information Fig. S4D,
panel b, lane 12) or the R126C/K201C mutant (Supporting
Information Fig. S4D, panel ¢, lane 11). However, ready dis-
sociation was achieved by the combined treatment with SDS
and DTT (Supporting Information Fig. S4D, panel b, lane 13;
Supporting Information Fig. S4D, panel ¢, lane 12). These
findings clearly indicate that in contrast to the wt and
cysteine single mutants, the cysteine double mutants are
quantitatively cross-linked at the homotrimeric level by
disulfide bonds formed between the introduced inter-subunit
cysteine residues.

Taken together, the functional data obtained from
HEK293 cells were consistent with our functional and bio-
chemical findings in X. laevis oocytes. All the mutants ana-
lysed were capable of homotrimeric assembly and plasma
membrane expression. Furthermore, the cysteine double
mutants were quantitatively cross-linked by inter-subunit
disulfide bonds to homotrimers.

Visualization of ATP binding to wt P2X3
and mutants at the surface of

X. laevis oocytes

To address the question whether the disulfide bonds found to
block the o,B-meATP-induced opening of the hP2X3 channel
pore did so by interfering with agonist binding or with
channel gating, we performed binding experiments with a
fluorescent analogue of ATP, BODIPY ATP. To this end, we first
characterized BODIPY ATP functionally. In both wt hP2X3
receptor-expressing HEK293 cells and wt hP2X3-expressing
X. laevis oocytes, BODIPY ATP elicited inward currents with
similar concentration dependencies (Figure 6A and B). In the
HEK?293 cells, each concentration of BODIPY ATP was applied
three times with first a 2 s and then a second 60 s interval as
indicated, followed by a 5 min washout and recovery period,
before the next higher concentration of BODIPY ATP was
applied. This protocol enabled us to deduce ECs, values and
binding energies (AG) of BODIPY ATP for the hP2X3 receptor
without recording complete concentration-response curves
(the high costs of BODIPY ATP were an apparent obstacle) by
applying a hidden Markov model, which describes the

channel behaviour during agonist binding (Riedel et al.,
2012). With an ECs, value of 3.6 £ 0.1 uM and a AG of
-30.5 kJ-mol™!, BODIPY ATP possesses a similar potency as
genuine ATP at the hP2X3 receptor (experimental and simu-
lated ECso values of 2.5+ 1.8 and 3.0+ 0.1 uM ATP, respectively,
see Riedel et al., 2012). The unchanged ability of BODIPY ATP
in activating the hP2X3 receptor can be explained by the
linkage of the fluorophore to the ribose moiety of ATP, which
apparently does not interfere with the binding to the ATP
binding pocket. This notion is further underscored by the
equipotent activation of the wt P2X3 receptor in X. laevis
oocytes by BODIPY ATP and o,-meATP (Figure 6B).

The current responses of the wt hP2X3 receptor to 0.1 uM
BODIPY ATP were small, but well detectable and were not
increased following DTT treatment (Figure 6C). The current
response of the K201C/V274C-hP2X3 mutant to 0.1 uM
BODIPY ATP was almost undetectable, but strongly increased
following DTT treatment (Figure 6C). Thus, the data obtained
with ATP in HEK293 cells (Figure 3A) could be fully repro-
duced with BODIPY ATP in X. laevis oocytes. This finding
was an important prerequisite for the following binding
experiments.

Next, we attempted to assess the binding of BODIPY ATP
to the plasma membrane-expressed P2X3 receptor. HEK293
cells turned out to be unsuited for this purpose because they
strongly bound BODIPY ATP in a non-specific manner in the
absence of hP2X3 receptor expression (data not shown).
Unlike HEK293 cells, X. laevis oocytes showed virtually no
non-specific binding of BODIPY ATP when analysed over
time by a confocal laser scanning microscope (Figure 6D,
upper panel). In oocytes expressing the wt hP2X3 receptor,
incubation with BODIPY ATP resulted in a time-dependent
fluorescence labelling of the plasma membrane (Figure 6D,
middle panel). In contrast, the plasma membrane of oocytes
expressing the K201C/V274C double mutant was barely
stained by BODIPY ATP under non-reducing conditions.
However, following incubation with DTT, the plasma mem-
brane became strongly labelled apparently because the break-
ing of the disulfide bonds enabled BODIPY ATP to dock into
the ATP binding site. This finding is not only in complete
agreement with the functional data (Figure 6C), but also pro-
vides strong evidence that the K201C/V274C disulfide bond
acts in the first instance by preventing agonist binding.
We cannot exclude that the gating is also affected by the

»
Ll

Figure 6

Visualization of agonist binding using BODIPY ATP. Shown are characteristic fast desensitizing P2X3 current responses to BODIPY ATP in HEK293 cells
(A) and X. laevis oocytes (B and C). (A) Averaged current responses of three HEK293 cells, transfected with wt hP2X3, to BODIPY ATP. BODIPY ATP
was applied for 2 s (horizontal bars) in 2 and 60 s intervals; 5" indicates the 5 min recovery interval between the application of increasing BODIPY
ATP concentrations. (B) Current responses of X. laevis oocytes, expressing wt hP2X3, were elicited by increasing concentrations of BODIPY ATP or
o,3-meATP, applied for 10 s every 5 min (horizontal bars). (C) BODIPY ATP was applied to X. laevis oocytes (horizontal bars) expressing the wt hP2X3
or the hP2X3-K201C/V274C mutant (left and right set of two current traces each respectively). DTT (1 mM) was present for 5 min before and during
BODIPY ATP application to the hP2X3-K201C/V274C receptor mutant as indicated. (D) Confocal laser scanning microscopic visualization of BODIPY
ATP binding to the surface of intact X. laevis oocytes not expressing or expressing the wt P2X3 receptor or its mutant at the indicated time points:
at 0 s, directly after 0.1 uM BODIPY ATP application; at 9 min, immediately before 1 mM DTT application; at 24 min, when finishing recording.
Please note that BODIPY ATP did not bind to control (non-injected) oocytes. (E) The relative fluorescence intensity (in arbitrary units) of the plasma
membrane was assessed in 1 min intervals by normalizing the difference of the fluorescence intensities of ROI1 and ROI2 (background fluorescence).
(F) The encircled areas illustrate the two typical regions of interest, ROIT and ROI2, used for the calculation of the plasma membrane-bound
fluorescence intensity. (G) Time course of the binding of BODIPY ATP to wt hP2X3 expressing oocytes in the absence of DTT. (H) Time course of the
displacement of bound BODIPY ATP by o,3-meATP. Data in (E), (G) and (H) are means = SEM from 7 to 10 oocytes per time point.
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K201C/V274C disulfide bond, but this is certainly secondary
to the prevention of binding.

To exclude the possible effect of 1 mM DTT on the back-
ground fluorescence of 0.1 uM BODIPY ATP, we performed
measurements with oocytes incubated with ORi supple-
mented or not with 1 mM DTT (Supporting Information
Fig. S5A). Confocal laser scanning microscopy failed to dem-
onstrate any fluorescence change by DTT. In addition, a fluo-
rescence spectrometer was used to determine the possible
change in the fluorescence of BODIPY ATP (1 uM) by DTT
(1 mM) (Supporting Information Fig. S5B). An emission spec-
trum from 600 to 650 nm was determined with an excitation
maximum at 592 nm. There was no difference between the
fluorescence intensities of BODIPY ATP alone or together
with DTT, and DTT alone did not cause any fluorescence.

To quantity the relative changes of the plasma membrane-
bound fluorescence, two regions of interest were selected as
exemplified in the inset of Figure 6E (Figure 6F). A low back-
ground fluorescence was noted immediately after the appli-
cation of BODIPY ATP at O min (Figure 6E-H), which is most
likely due to the presence of BODIPY ATP in the solution,
as noted previously with Alexa-647 ATP (Bhargava et al.,
2013). The plasma membrane-bound fluorescence intensity
increased steadily with time (Figure 6E-H). The bound
BODIPY ATP fluorescence could be competitively displaced
by o,8-meATP, underscoring the specificity of the binding
(Figure 6H).

BODIPY ATP was bound to the cysteine double mutant
K113C/K201C and M200C/V274C with a virtually identical
rate as to the wt P2X3 receptor (Figure 6E). DTT applied
9 min after starting the application of BODIPY ATP had little,
if any, effect on the binding of BODIPY ATP. This suggests
that the ATP binding pocket of the K113C/K201C and
M200C/V274C mutants is as readily accessible as that of the
wt P2X3 receptor. In contrast, the K201C/V274C double
mutant was unable to bind BODIPY ATP, as inferred from the
unchanged fluorescence during the first 9 min of incubation
with BODIPY ATP (Figure 6E). Breaking the disulfide bond by
addition of DTT almost instantaneously enabled the binding
of BODIPY ATP, indicating that the disulfide bond between
residues 201 and 274 prevented the access of BODIPY ATP to
the ATP binding pocket. In summary, we conclude that the
engineering of disulfide bonds interfered with agonist
binding in the cross-linked state of the K201C/V274C-hP2X3
mutant, but failed to have a similar effect in the K113C/
K201C-hP2X3 and M200C/V274C-hP2X3 mutants, at least
at the low concentration of BODIPY ATP used in our
experiments.

The interpretation of the BODIPY ATP experiments is
dependent upon the assumption that the local environment
has no effect on the fluorescence. In fact, ligand-induced
conformational changes of proteins may change the local
environment and thus the fluorescence of fluorophores.
However, it was shown in voltage-clamp fluorometry meas-
urements on rP2X1 receptors expressed in X. laevis oocytes
that fluorescence changes caused by conformational modi-
fications of the receptor structure occur in the range of a
few percent (depending upon the membrane area under
study) (Lorinczi et al., 2012) but never reach two- to three-
fold changes of the fluorescence as found in the present
study.
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Discussion

In the present experiments, molecular dynamics simulation
of movements in the hP2X3 receptor structure suggests the
high flexibility of the ectodomain region of adjacent subunits
relative to each other. These findings correlate with the
finding that the ATP binding pouch is located at the interface
of two neighbouring subunits formed by two nucleotide
binding segments, NBS1-2 of one subunit and NBS3-4 of the
adjacent subunit (Mager et al., 2004; Bodnar et al., 2011). The
occupation of two of the three possible P2X binding pouches
by ATP is sufficient to induce pore opening (Riedel efal.,
2007; Karoly et al., 2008; Hausmann et al., 2012).

Based upon these simulations, we have selected pairs of
AA residues possibly forming hydrogen bonds and salt
bridges between adjacent receptor subunits and thereby par-
ticipating in channel opening and closure (Jiang et al., 2010;
Khakh and North, 2012; Hausmann et al., 2013). Residues
E111, E112 and K113 (hP2X3 receptor numbering through-
out) are located within the cysteine-rich head domain of
P2X1, which has been shown by voltage-clamp fluorometry
to undergo substantial movements during receptor opening
and desensitization (Lorinczi et al., 2012). Moreover, replace-
ment of Ser-275 by Ala, Cys or Val changed the rate of
desensitization and rate of recovery from desensitization after
agonist application at hP2X3 receptors (Petrenko et al., 2011).
We generated a disulfide bond between M200 or K201 and
V274, the AA located immediately adjacent to S275. In agree-
ment with Petrenko ef al. (2011), it was found that this region
of the left flipper is highly important for receptor function.
The role of the residual AAs chosen by us was, according
to our knowledge, not hitherto investigated for receptor
mobility.

In the following experiments, we tested inter-subunit and
intra-subunit cysteine double mutants for their supposed
ability to form disulfide bonds and thereby block o,3-meATP-
induced currents. By formation of a disulfide bond, the recep-
tor probably becomes immobilized in one state of operation,
resulting in a loss of functionality. The reversibility of the
disulfide bond formation caused by the reducing reagent DTT
was associated with a recovery of receptor function. Chemical
locks have been introduced in P2X receptors at the agonist
binding site itself (Marquez-Klaka et al., 2007; 2009; Agboh
et al., 2009; Jiang et al., 2011; 2012; Roberts et al., 2012), or in
some cases, also at the lips of the binding jaw (Nagaya et al.,
2005) and found to inhibit agonist action (see also the Intro-
duction section). Modifications of AAs directly involved in
agonist binding should, of course, interfere with receptor
activation. Although this is not the case when mutations are
introduced in the lips of the binding jaw, disturbances in the
subunit assembly and/or trafficking behaviour of the respec-
tive mutant receptors and their insertion into the plasma
membrane still may occur.

Cysteine single mutants in the P2X1 (Roberts et al., 2009;
Allsopp etal., 2011), P2X2 (Jiang et al., 2000) and P2X4
(Roberts et al., 2008) receptors were often utilized to identify
AAs relevant for agonist binding. In contrast, the hP2X3
cysteine single mutants selected by us exhibited only slightly
decreased agonist sensitivity compared with that of their wt
counterpart, and DTT failed to restore the original situation.
However, the inter-subunit cysteine mutations K113C/
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K201C, M200C/V274C and K201C/V274C strongly depressed
the o,f-meATP-induced currents. The reducing reagent DTT
rescued the agonist effect only at the K113C/K201C and
K201C/V274C mutants by breaking up disulfide bonds;
molecular simulation suggested that the disulfide bond
formed by M200C/V274C may be buried in the receptor
structure, making it unaccessible for DTT.

A prerequisite for evaluating DTT effects at cysteine
double mutants of hP2X3 was that o,-meATP currents at the
wt hP2X3 receptor should not be altered, in spite of the
presence of 10 conserved cysteine residues in the extracellular
loop forming five disulfide bonds (Clyne et al., 2002; Ennion
and Evans, 2002; Rokic et al., 2010). It is assumed that the
native disulfide bonds are either positioned in a hardly DTT
accessible location or are indeed reduced, but without any
effect for receptor function (Marquez-Klaka efal.,, 2007;
Roberts et al., 2012).

Lorinczi et al. (2012) described for the P2X1 receptor the
importance of movements in the cysteine-rich head domain
(upper lip of the binding jaw) for receptor opening and
desensitization. In fact, it has recently been suggested that
the ATP-induced closure between the head and the dorsal fin
leads finally to a rearrangement of the transmembrane helices
of the P2X receptor in an iris-like movement (Hattori and
Gouaux, 2012; Jiang et al., 2012). The consequence of this
may be that TM1 and TM2 move away from the central axis
by -3 A to expand the ion conductive pore (Khakh and
North, 2012). However, the molecular dynamics simulation
of the hP2X3 receptor in the absence of any ligand was
compatible with the assumption that the ectodomain move-
ment in the binding pouch occurs in the absence of its
agonist. Thus, the approaching of beak and dorsal fin of
adjacent receptor subunits in hP2X3 receptors could be a
spontaneous intermediate step for receptor activation or
receptor desensitization.

By using an rP2X2-X1 chimera, it was previously shown
that ATP dissociates more slowly from the open state than
from the closed state of the rP2X2-X1 chimera (Bongartz
etal., 2010). For the mouse muscle acetylcholine receptor
(02Bde AChR), it was calculated/predicted that di-liganded
activation bursts are more likely to be terminated by ACh
dissociation from the closed state AChR than from the open
or desensitized state of the AChR (Grosman and Auerbach,
2001), thus indicating that ACh dissociates more slowly from
the open or desensitized state in comparison to the closed
state of the AChR. Also, analysis of single channel recordings
of AChR mutants was instrumental to estimate that the affin-
ity for ACh is markedly greater for the open conformation
than for the closed conformation of the AChR (Purohit and
Auerbach, 2009). We thus hypothesize that the jaw closure of
the ATP binding site, besides its role in channel gating
(Hattori and Gouaux, 2012; Jiang et al., 2012; Lorinczi et al.,
2012), may also decelerate the agonist dissociation from the
open state and thus increase the agonist affinity of the open
state of the hP2X3 receptor. However, because in the hP2X3
receptor the inactivation kinetics are dominated by the fast
desensitization, the experimental verification of this hypoth-
esis is difficult.

An important question relates to the issue whether the
hP2X3 receptor cysteine double mutants, responding to a,f3-
meATP with only negligible current amplitudes, were

expressed as trimeric proteins in the plasma membrane, or
whether they were retained in the cell interior due to misas-
sembly and/or incomplete trafficking. Biochemical analysis
of His-tagged hP2X3 receptor mutants confirmed the expres-
sion at the plasma membrane and revealed under non-
denaturing conditions the existence of a protein consisting of
three subunits linked to each other by disulfide bonds. Under
reducing conditions (presence of DTT), the homotrimeric
receptor-protein was disintegrated into its protomers.

Our results obtained in the X. laevis oocyte expression
system have shown that the DTT-mediated modulation of the
current amplitudes, the plasma membrane expression and
the oligomer formation is similar in HEK293 cells and
oocytes, indicating that our results are independent of the
expression system used. Furthermore, biochemical analysis of
oocyte- and HEK293 cell-expressed hP2X3 proteins demon-
strated that the analysed mutations did not interfere with
assembly and plasma membrane trafficking in either system,
indicating that the functional impairment of certain mutants
was due to affected ligand binding or channel gating. The
BN-PAGE data perfectly show that the mutants appear at the
cell surface in a disulfide cross-linked homotrimeric state.

Cysteine double mutants such as M200C/V274C-hP2X3
that showed no change of the o,-meATP-evoked current
after DTT treatment were as fully cross-linked as the K201C/
V274C-hP2X3 mutant, which exhibited the most pro-
nounced increase of the current response following DTT
treatment. This finding indicates that it is not the disulfide
bond per se that impairs the function, but its specific posi-
tion. The biochemically demonstrated disulfide bond forma-
tion of all the cysteine double mutants examined strongly
indicates that the substituted two cysteine residues must be
in close spatial vicinity of <4.6 A in the closed state of the
receptor; this is the maximum distance between the
Cg-carbons of cysteines that can be bridged by a disulfide
bond (Careaga and Falke, 1992; see our molecular modelling
data). The variation in the level of functional impairment
indicates that some positions are more sensitive for confor-
mational fixation than others; in other words, conforma-
tional movement or flexibility of specific positions, such as
K201C/V274C of the hP2X3 receptor are an essential prereq-
uisite for agonist binding and/or channel gating of the
hP2X3 receptor. Possibly, the transduction of the closed state
to the agonist-bound open state of the hP2X3 receptor is not
a predetermined sequence of mutually dependent steps of
conformational changes, but also depends upon the random
occurrence of intermediate steps, which require conforma-
tional flexibility.

BODIPY ATP has been used, for example, for imaging
exocytosis from ATP-containing vesicles (Akopova etal.,
2012) or for determining ATP binding to P-glycoprotein
transporters (Alcantara et al., 2013). Most likely BODIPY ATP
indiscriminately occupies binding sites of various types of
ATP binding proteins present in the plasma membrane.
However, these sites (see also the catalytic domains of class II
aminoacyl-tRNA synthetases) might be unrelated to those of
P2X receptors (Freist et al., 1998; Mager et al., 2004). In view
of the dramatic differences in the fluorescence intensity
between K113C/K201C-hP2X3 and K201C/V274C-hP2X3,
we suggest that at the former mutant, the introduction of the
respective disulfide bonds inhibits predominantly gating,
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whereas at the latter mutant, agonist binding was hindered
by the disulfide bond.

In conclusion, we have shown that the mutant receptor
K113C/K201C-hP2X3 (and possibly also E112C/R198C- and
K113C/R198C-hP2X3) exhibit spontaneous formation of
inter-subunit cross links, confirming our hypothesis that a
spontaneous tightening of the binding jaw of the hP2X3
receptor at AA positions not involved in agonist binding
occurs without altering binding, subunit assembly or traffick-
ing behaviour. A high conformational mobility of beak and
dorsal fin of adjacent subunits in hP2X3 receptors is supposed
to be a prerequisite for agonist binding and receptor
activation.
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Figure S1 Cysteine mutagenesis for analysing relevance of
ectodomain movement for receptor behaviour. (A) Homology
model of the hP2X3 receptor with its three receptor subunits
coloured in white, light blue and black, based upon the
closed zfP2X4R crystal structure. (B) One P2X3 receptor
subunit shown in a dolphin-like shape with positions of
cysteine mutants. (C) Cysteine double mutants cross-link
adjacent receptor subunits at varying positions via an inter-
subunit disulfide bond (a, inter-subunit: beak and dorsal fin;
b, inter-subunit: dorsal fin and left flipper; ¢, intra-subunit:
beak and left flipper). (D) List of the investigated cysteine
double mutants enabling the generation of a disulfide bond
between the above-mentioned domains.

Figure $2 Homology model of the hP2X3 receptor based
upon the open zfP2X4R crystal structure. (A) The beak-dorsal
fin interface is shown with beak residues Glu-111, Glu-112,
Lys-113, Glu-125 and Arg-126 and the dorsal fin residues
Arg-198 and Lys-201. (B) The dorsal fin-left flipper interface is
shown with dorsal fin residues Met-200 and Lys-201 and the
left flipper residue Val-274. (C) The beak-left flipper interface
is shown with beak residue Lys-113 and left flipper residue
Glu-270.

Figure $3 Reversibility of disulfide bond formation in the
cysteine single and double mutant hP2X3 receptors expressed
in HEK293 cells by DTT. (A) Molecular models of the three
cysteine double mutant hP2X3 receptors K113C/K201C
(cross-linking beak/dorsal fin; Aa), M200C/V274C and
K201C/V274C (cross-linking dorsal fin/left flipper; Ab, c) of
adjacent receptor subunits with the bound agonist ATP and
the introduced disulfide bonds. We assume that the disulfide
bonds are not accessible to DTT in case of the M200C/V274C
mutation. (B) Additional DTT-reversibility protocol shown for
the hP2X3 receptor mutants K113C/K201C and K201C/
V274C (the last 5 min of DTT incubation is in the absence of
any agonist application), for checking disulfide bond forma-
tion in the absence of o,3-meATP.

Figure $4 Function, cell surface expression and assembly of
the hP2X3 receptor and its mutants in X. laevis oocytes. (A)
Shown are original current traces from oocytes expressing the
indicated hP2X3 mutants. Currents were elicited by 5s
applications of 10 uM a,B-meATP (indicated by the short
horizontal bars) in 5 min intervals before, during and after
application of 1 mM DTT (presence of DTT indicated by the
grey box). (B) The bars show the mean + SEM of the current
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amplitudes (n = 5-7) of the indicated hP2X3 construct. The
data were calculated by normalizing the maximal or minimal
current amplitude during or following exposure to DTT,
respectively, to the mean current amplitude prior to exposure
to DTT. *P < 0.05, significant changes in the current
amplitudes by DTT exposure. (C, panels a—c) The plasma
membrane-bound form of the indicated hP2X3 mutants was
covalently labelled with IR800, purified by Ni-NTA chroma-
tography, resolved by non-reducing and reducing SDS-PAGE
and visualized by fluorescence scanning. Note that the non-
reduced hP2X3 cysteine single mutants migrated almost
exclusively as monomers (C, panels a, c¢), while the non-
reduced double mutants migrated as oligomers, most likely
homotrimers (C, panels b, c). (D, panels a-c) The indicated
plasma membrane-bound hP2X3 proteins were resolved by
BN-PAGE both in the non-denatured state and after partial
denaturation following a 1 h incubation with SDS and/or
DTT at 37°C. Note that the trimeric forms of the wt and
cysteine single mutants dissociated in 0.1% SDS into dimers
and monomers, while the trimeric form of the cysteine
double mutants required reduction of disulfide bonds by DTT
in addition to SDS to dissociate. The ovals in the left margins
indicate the numbers of hP2X3 subunits incorporated in the
respective protein band.

Figure S5 Visualization of agonist binding using BODIPY-TR
ATP (BODIPY ATP). (A) Comparison of the effect of ORi
(oocyte Ringer’s solution) and 1 mM DTT dissolved in ORi on
the background fluorescence of X. leavis oocytes expressing
hP2X3-wt at time zero. Laser scanning confocal microscopy
was used as shown in Figure 6. Each column indicates the
mean + SEM of five oocytes. (B) The fluorescence intensity of
1 uM BODIPY ATP (a), 1 mM DTT plus 1 uM BODIPY ATP (b)
and 1 mM DTT (c) was recorded with a fluorescence spec-
trometer (excitation maximum at 592 nm and emission spec-
trum from 600 to 650 nm). One representative experiment
out of three similar ones.

Table S1 Analysis of the distance between pairs of cysteine
double mutants of the closed hP2X3 receptor structure (on
which our molecular dynamics simulation is based) as com-
pared with the open hP2X3 receptor structure, both based
upon the zfP2X4 receptor. The inter-cysteine distances were
determined at the backbone of the hP2X3 receptor and are
shown in A between the C,-carbons. The three groups of
cysteine double mutants separated by broken lines are those
cross-linking beak/dorsal fin, beak/left flipper and dorsal fin/
left flipper respectively.
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