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Summary 

Mammalian P2X receptors contain 10 conserved cysteine residues 

in their ectodomains, which form five disulfide bonds (SS1-5). 

Here, we analyzed the relevance of these disulfide pairs in rat 

P2X4 receptor function by replacing one or both cysteines with 

alanine or threonine, expressing receptors in HEK293 cells and 

studying their responsiveness to ATP in the absence and 

presence of ivermectin, an allostenic modulator of these 

channels. Response to ATP was not altered when both cysteines 

forming the SS3 bond (C132-C159) were replaced with 

threonines. Replacement of SS1 (C116-C165), SS2 (C126-C149) 

and SS4 (C217-C227), but not SS5 (C261-C270), cysteine pairs 

with threonines resulted in decreased sensitivity to ATP and 

faster deactivation times. The maximum current amplitude was 

reduced in SS2, SS4 and SS5 double mutants and could be 

partially rescued by ivermectin in SS2 and SS5 double mutants. 

This response pattern was also observed in numerous single 

residue mutants, but receptor function was not affected when 

the 217 cysteine was replaced with threonine or arginine or when 

the 261 cysteine was replaced with alanine. These results 

suggest that the SS1, SS2 and SS4 bonds contribute substantially 

to the structure of the ligand binding pocket, while the SS5 bond 

located towards the transmembrane domain contributes to 

receptor gating.  
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Introduction 
 

P2X receptors (P2XRs) comprise a family of 
ATP-gated cationic channels expressed in numerous 
excitable and non-excitable cells, and they play important 
roles in a variety of physiological processes (Khakh and 
North 2006). Seven mammalian P2XR subunits, termed 
P2X1-7, and many non-mammalian subunits have been 
identified (Jarvis and Khakh 2009, Surprenant and North 
2009). The extracellular loop of all mammalian P2X 
subunits contains 10 conserved cysteine residues that 
have been predicted to make bonds in the following order 
(P2X4R numbering): 116-165 (SS1), 126-149 (SS2), 
132-159 (SS3), 217-227 (SS4) and 261-270 (SS5) (Clyne 
et al. 2002, Ennion and Evans 2002). Direct evidence for 
the existence of these disulfide bonds was provided by 
solving the crystal structure of zebrafish P2X4.1R 
(Kawate et al. 2009) (Fig. 1A).  

At the present time, it is less clear what is the 
role of these bonds in receptor functions. The disulfide 
bonds in the human P2X1R and rat P2X2R are not 
responsible for the formation of multimers (Rassendren et 
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al. 1997, Clyne et al. 2002, Ennion and Evans 2002). The 
cysteine residues forming SS2 and SS3 bonds together 
with a nearby histidine residue may contribute to the 
formation of a metal ion-binding site of P2X2R (Clyne et 
al. 2002, Friday and Hume 2008) and P2X4R (Coddou et 
al. 2007). Disruption of the SS5 disulfide bond in the 
human P2X1R by point mutations decreased expression 
of the mutated receptor at the cell surface, suggesting that 
this bond could be involved in trafficking of the receptor 
to the cell membrane (Ennion and Evans 2002). The 
relevance of SS bonds in responsiveness of P2X4R to 
ethanol was also suggested (Yi et al. 2009). Several 
cysteine-to-alanine point mutants of P2X1R, P2X2R and 
P2X4R expressed in oocytes also show decreased 
sensitivity to ATP or were non-functional depending on 
the receptor subtypes. Furthermore, the ectodomain of 
P2XR in Ostreococcus tauri probably forms only one 
bond (SS1) and shows a low sensitivity to ATP 
(Surprenant and North 2009), raising the possibility that 
SS bonds may also contribute to agonist binding and/or 
channel gating.  

To study the role of conserved cysteine residues 
in receptor function, we generated five double mutants of 
the rat P2X4R using threonine as a substitute for cysteine 
pairs, as well as single residue mutants by replacing 
conserved cysteines with threonine or alanine. As a 
receptor model, we purposely selected P2X4R because of 
two reasons. First, the sensitivity of rat P2X4R to 
ivermectin (IVM) (Khakh et al. 1999, Priel and 
Silberberg 2004, Jelinkova et al. 2006, Toulme et al. 
2006, Silberberg et al. 2007) provides an effective tool 
for studying low functioning mutants (Zemková et al. 
2007). Second, the recently crystallized zebrafish P2X4.1 

receptor (Kawate et al. 2009) offered a template for 
mechanistic explanations of the role of SS bonds in 
mammalian P2X4Rs. 
 
Materials and Methods 
 
Cells culture and transfection  

Experiments were performed in HEK293 cells 
(American Type Culture Collection), which were grown 
in Dulbecco′s modified Eagle’s medium supplemented 
with 10 % fetal bovine serum, 50 U/ml penicillin and 
50 μg/ml streptomycin in a humidified 5 % CO2 
atmosphere at 37 °C. Transfection of either wild type 
(WT) or mutant receptors was conducted using 2 µg of 
DNA and 5 µl of Lipofectamine 2000 in 2 ml of serum-
free Opti-MEM according to the manufacturer’s 

instructions (Invitrogen, UK or Carlsbad, CA, USA) or 
2 µg of DNA and 4 µl of jetPRIMETM reagent in 2 ml of 
Dulbecco′s modified Eagle’s medium according to 
manufacturer’s instructions (PolyPlus-transfection, 
Illkirch, France).  

 
DNA constructs  

cDNAs encoding the sequences of the rat 
P2X4R and mutated subunits were subcloned into the 
biscistronic enhanced fluorescent protein expression 

vector pIRES2-EGFP (Clontech, Mountain View, CA, 
USA). Mutagenesis (QuikChange site-directed 
mutagenesis kit; Stratagene, La Jolla, CA) was performed 
using P2X4/pIRES2-EGFP as the template with 
oligonucleotides (synthesized by VBC-Genomics, 
Vienna, Austria) introducing specific point mutations. 
The C-terminal EGFP-tagged P2X4 construct was also 
used for mutagenesis (Yan et al. 2005). The presence of 
the mutations and the identity of all constructs were 
verified by dye terminator cycle sequencing (ABI PRISM 
3100, Applied Biosystems, Foster City, CA - performed 
by the Laboratory of DNA sequencing, Institute of 
Microbiology, ASCR, Prague). 

 
Localization of EGFP-tagged receptors 

The localization of EGFP-tagged P2X4Rs in 
cells was examined by laser scanning confocal 
microscopy (Leica SP2 AOBS, Germany). Images were 
collected under a 60x objective lens with further zoom 
applied.  

 
Patch clamp recordings  

Currents were recorded in a whole-cell 
configuration from cells clamped to –60 mV using an 
Axopatch 200B patch-clamp amplifier (Axon 
Instruments, Union City, CA). Recordings were captured 
and stored using the Digidata 1322A and pClamp9 
software package During the experiments, the cell culture 
was continuously perfused with an extracellular solution 
containing (in mM): 142 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 
10 HEPES and 10 D-glucose, adjusted to pH 7.3 with 
1 M NaOH. Patch electrodes used for whole-cell 
recording were filled with an intracellular solution 
containing (in mM): 154 CsCl, EGTA 11 and HEPES 10, 
with pH adjusted to 7.2 with 1 M CsOH. Cells were 
examined before and 4-6 min after treatment with 3 μM 
ivermectin. Control and ATP-containing solutions were 
applied using an RSC-200 Rapid Solution Changer 
system (BIO-LOGIC, Claix, France).  
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Calculations  

Dose-response data points were fitted by 
equation: y=Imax/(1 + (EC50/x)nH, where y is the amplitude 
of the current evoked by ATP; Imax is the maximum 
current amplitude induced by 100 μM ATP; EC50 is the 
agonist concentration producing 50 % of the maximal 
response; nH is the Hill coefficient; and x is the 
concentration of ATP; (SigmaPlot 2000 v9.01; SPSS Inc., 
Chicago, IL). For clarity, we used nH =1.3 for all mutants; 
this value was obtained by fitting the wild type receptor 
dose response curve. The kinetics of current decay 
evoked by washout of the agonists, termed deactivation, 
were fitted by a single exponential function  
[y=A exp(-t/τoff)] using the program CLAMPFIT 9 (Axon 
Instruments), where A is the amplitude of current, and τoff 
is the deactivation time constant. All data are reported as 
mean ± S.E.M. Significant differences between means 
were determined by one-way analysis of variance using 
SigmaStat 2000 v9.01 and Tukey´s post hoc test, P<0.01. 
 
Results 
 

To study the functional roles of 10 conserved 
cysteine residues forming disulfide bonds in the 
ectodomain of the rat P2X4R (Fig. 1A), these residues 
were substituted with alanine (A-mutants) or threonine 
(T-mutants). Figure 1B shows no obvious difference in 
the cellular distribution of EGFP-tagged WT and  
A-mutants of the P2X4R. In all cases, the EGFP 
fluorescence was predominantly localized in the plasma 
membrane region. The responsiveness of WT and A-,  
T-mutants to ATP was analyzed in the presence and 
absence of 3 μM IVM using patch-clamp whole-cell 
recording. In cells expressing the WT receptor, IVM 
treatment caused three types of changes: it increased the 
sensitivity of receptors to ATP by approximately 8-fold, 
as indicated by a leftward shift in the EC50 value; it 
augmented Imax by 1.7-fold; and it slowed the 
deactivation kinetics of the receptors by about 60-fold, as 
estimated by τoff (Fig. 1A, inset). 
 
Cysteine pair mutants  

In initial experiments, we used mutants in which 
both cysteines were substituted with threonines. The 
results of these investigations are shown in Figures 2 and 
3 (right panels) and summarized in Table 1. The SS1 
double mutant showed low sensitivity to ATP, with its 
EC50 value increased 12-fold compared to that of WT 
receptor, accompanied by rapid deactivation (Fig. 2A) 

but no effect on Imax (Fig. 3). The SS2 double mutant also 
showed a rightward shift in the sensitivity to ATP (EC50 
value increased 14-fold) but exhibited a significant 
decrease in the Imax, which was partly rescued with IVM 
treatment; the increase in the Imax for this mutant was 
significantly higher (3-fold) than in cells expressing the 
WT receptor (1.7-fold). 

 

 
 
Fig. 1. Expression and function of wild type (WT) and mutant rat 
P2X4R in HEK293 cells. (A) Secondary structure organization of 
one zebrafish P2X4.1 receptor subunit (Kawate et al. 2009) with 
α-helices, β-sheets and turns in blue and disulfide bonds in 
yellow (PyMol; pdb 3I5D). Five disulfide bonds are formed 
between the following conserved cysteine residues (rat P2X4R 
numbering):116-165 (SS1), 126-149 (SS2), 132-159 (SS3), 217-
227 (SS4) and 261-270 (SS5). (Inset) Potentiating effects of IVM 
on ATP-induced current in HEK293 cells expressing WT-P2X4R. 
Upper part: concentration dependence of ATP on the peak 
current amplitude in the absence (open symbols) and presence 
(closed symbols) of 3 µM IVM. Data points are mean ± S.E.M. 
values from 5-17 cells per dose. The vertical dotted lines 
represent the mean EC50 values. Lower part: a sample recording 
showing the effects of IVM on the peak amplitude and 
deactivation time (τoff) of current induced by stimulation with  
3 μM ATP (2-s pulse). The number represents the τoff value in the 
presence of IVM. (B) The expression pattern of the WT receptor, 
ten conserved cysteine-to-alanine single mutants, and the 
C217A+C227A double mutant of the rat P2X4R in HEK293 cells. 
Scale bar: 5 μm. 
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In contrast, replacement of the SS3 cysteines 
with threonines did not affect receptor function. Double 
mutation of the SS4 cysteines resulted in a practically 
non-functional channel for which the EC50 value could 
not be determined, and the current amplitude was not 
rescued by IVM. Similar to the SS1 and SS2 double 
mutants, the deactivation time constant estimated after 
the removal of agonist in the presence of IVM was 
significantly reduced in the SS4 double mutant (Fig. 2A), 
suggesting that its ATP sensitivity was also reduced. The 
SS5 double mutant also responded with low peak current 
amplitude. After IVM treatment, however, the current 
amplitude was enlarged. The increase in Imax for this 
double mutant was significantly higher (3.5-fold increase) 
than for the WT receptor, and the EC50 value was shifted 
slightly leftward (Fig. 3).  

 
Single cysteine mutants 

To evaluate the SS bond-dependent and bond-
independent effects of individual cysteine residues in a 
particular pair, 10 conserved cysteine residues were 
replaced one by one by threonine (T) or alanine (A). As 
for the double SS1 mutants, single A- and T-mutants of 
cysteine 116 and 165 residues showed a significant 
decrease in the sensitivity of P2X4R to ATP, in both the 
presence and absence of IVM, without affecting Imax (Fig. 
3, Table 1). These changes were accompanied by faster 
receptor deactivation after removal of agonist (Fig. 2B), 
indicating that disruption of SS1 was solely responsible 
for the observed decrease in receptor sensitivity to ATP.  

In contrast, for the three single point SS2 mutants, 
C126T, C149A and C149T, the Imax amplitude was much 
lower compared with the SS2 double and C126A single 
mutants. In the presence of IVM, the A- and T-mutants of 
cysteines 126 and 149 also mimicked the effects of the 
double SS2 mutant on ATP sensitivity; a rightward shift in 
the EC50 was accompanied by faster deactivation, and the 
fold-increase of Imax current for all SS2 single mutants was 
higher (3- to 7-fold increase) than for the WT receptor.  

Receptor function was not obviously affected by 
the C132T, C159A and C159T mutation, confirming that 
disruption of SS3 bond alone does not significantly affect 
P2X4R function. Furthermore, the C132A mutation 
resulted in the channel responding to ATP with a 
significantly smaller current, a rightward shift in the EC50 
and faster deactivation time compared to WT receptor 
(Fig. 2B). These effects probably reflect the introduction 
of alanine at this position rather than liberating the 
Cys159, because the C132T mutant was fully functional.  

The loss of channel function by replacing the 
SS4 cysteines with threonines was completely mimicked 
by C217A, C227A and C227T mutations; these mutants 
showed a low response to ATP in the absence and 
presence of IVM (Fig. 3, Table 1). In contrast, the peak 
current amplitude and ATP sensitivity was not 

 
Fig. 2. Effects of the disruption of disulfide bonds on the 
deactivation kinetics of P2X4R. (A) Sample recordings of 
ectodomain cysteine double mutants showing differences in the 
current decay after washout of ATP. All traces were recorded 
4-6 min after the application of 3 μM IVM, and a non-
desensitizing concentration of ATP (1-3 μM for SS1-3 and SS5 
and 30 μM for SS4) was used for stimulation. The time of ATP 
application is indicated by horizontal bars. Numbers below the 
traces indicate the deactivation time constant (τoff) values. (B)
Comparison of IVM effects on the deactivation time constant 
(τoff) of A- (closed bars) and T- (open bars) single-point mutants 
of cysteine residues forming the disulfide bonds SS1-5.
(*) significantly different (p<0.05) from WT value. 
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significantly affected by replacing cysteine 217 with 
threonine or arginine, whereas the C217E, C217L, and 
C227R mutants were non-functional (Table 1). As for the 
double SS4 mutant, the deactivation kinetics, but not the 
EC50 value, could be determined for C217A, C227A and 
C227T mutants in the presence of IVM. The low τoff 

value of these mutants (Fig. 2B) indicated that they have 
reduced sensitivity to ATP. The deactivation kinetics of 
the C217T and C217R mutant was comparable to those 
of WT-P2X4R (Table 1).  

A decrease in the peak current amplitude 
observed in cells expressing the SS5 double mutant was 
mimicked by single point mutants C261T, C270T and 

C270A (Figs 2 and 3) and the stimulatory effect of IVM 
on Imax was also higher (3- to 7-fold increase) than for the 
WT receptor (1.7-fold increase). No changes in the 
sensitivity to ATP were observed in single SS5 mutants, 
and the deactivation time constant of the C270T mutant 
was higher compared to the WT receptor (Fig. 2B). In 
contrast, the C261A mutant was fully functional, 
indicating that liberated Cys270 or alanine as a substitute 
at 261 position rescued the receptor function after 
disruption of the SS5 bond.  
 
Discussion 
 

The aim of our study was to understand the role 
of SS bonding in agonist binding and channel gating 
using rat P2X4R as a receptor model. We show that 
disruption of the SS1, SS2 and SS4 bonds by substituting 
both cysteines with threonine generated less sensitive 
receptors. All four SS1 single mutants, three of four SS2 
single mutants and six of eight SS4 single mutants 
showed similar effect. Of these three bonds, mutation of 
SS4 cysteine residues generated the most profound 
changes in the receptor function. For SS4 double mutant 
and six single mutants, the EC50 values could not be 
determined, but the amplitude of response was sufficient 
to estimate deactivation time constant in the presence of 
IVM. Because there is a significant correlation between 
the EC50 values for ATP and the rate of receptor 
deactivation in the presence of IVM for ectodomain 
mutants (Zemková et al. 2007), it is reasonable to 
conclude that these SS4 mutants are also less sensitive. 
This conclusion is in general agreement with the data 
shown by Evans’ and Hume’s groups. The P2X1R-
C217A and the P2X1R-C227A mutants were fully 
functional but were the least sensitive among  
10 A-mutants (Ennion and Evans 2002). The P2X2R-
C224A mutant expressed in oocytes was not functional, 
whereas the C214A mutant showed decreased sensitivity 
to ATP. Furthermore, the Imax value for both SS4 mutants 
was significantly reduced or undetectable when P2X2R 
was expressed in HEK293 cells (Clyne et al. 2002).  

We also found that the double SS5 mutant and 
three of four single SS5 mutants show low Imax and EC50 
values closer to that of the WT receptor. Their rates of 
deactivation in the presence of IVM were comparable to 
those observed in controls, clearly indicating that their 
sensitivity for ATP is not affected. The sensitivity of the 
SS5 A-mutants of P2X1R and P2X2R was also not 
affected and Imax values were significantly lower (Clyne 
et al. 2002, Ennion and Evans 2002). It has been 

 
Fig. 3. ATP dose-response curves for single and double
threonine mutants of P2X4R. Concentration dependence of ATP
on the peak current amplitude responses in single-point mutants
(left and middle panels) and double mutants (right panels) for
five disulfide bonds is shown in the absence (open circles) and
presence (closed circles) of 3 μM IVM. Each row shows paired
cysteine mutants that form disulfide bonds (SS1-5). Vertical and
horizontal dashed lines (in blue) indicate the EC50 and Imax values, 
respectively, for P2X4R-WT in the presence of 3 μM IVM. The
vertical dotted lines (in black) represent the mean EC50 values for 
T-mutants in the presence of IVM and significant shifts (red
arrows). Data shown are mean ± S.E.M. from 6-30 cells. 
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Table 1. Characterization of alanine (A), threonine (T) and arginine (R) single mutants and double-point mutants of cysteine pairs  
SS1-5 in the rat P2X4R ectodomain. The EC50 values represent the ATP concentration producing a half-maximum effect, whereas  
100-300 μM ATP was used to estimate Imax in both the presence and absence of ivermectin (IVM). The deactivation time constant (τoff) 
was derived from mono-exponential fitting of the current decay after washout of 3 or 10 μM ATP in the presence of 3 µM IVM. Each 
receptor was examined in 6 to 31 cells. Data shown are mean ± S.E.M.; (*) p<0.01 between wild type (WT) and the mutated receptor; 
n. d., these values could not be determined. 
  

Bonds P2X4R –IVM 
EC50 (μM) 

+IVM 
EC50 (μM) 

–IVM 
Imax  
(nA) 

+IVM 
Imax  
(nA) 

+IVM 
τoff  

(s) 

 WT  4.6±0.5 0.8±0.2 1.5±0.2 2.6±0.2 22±0.6 

SS1 C116T 
C116A 

21±4.1* 
27±6.5* 

2.5±0.4* 
5.9±1.6* 

1.3±0.1 
1.0±0.1 

2.3±0.4 
2.2±0.3 

4.9±0.5* 
4.7±0.7* 

C165T 
C165A 

45±3.8* 
42±8.9* 

9.2±2.7* 
5.6±1.8* 

1.6±0.2 
1.5±0.2 

2.6±0.4 
2.3±0.6 

3.4±0.3* 
5.7±0.5* 

 

C116T+C165T 57±19* 13±4.4* 1.8±0.4 3.0±0.5 4.6±0.5* 

SS2 C126T 
C126A 

n. d. 
24±5.6* 

5.3±1.7* 
3.7±1.0* 

0.2±0.02*  

0.6±0.1* 
0.6±0.1* 

2.0±0.5 
4.5±0.3* 
6.4±0.6* 

C149T 
C149A 

n. d. 
n. d. 

5.6±2.6* 
3.1±0.9* 

0.2±0.07* 
0.1±0.02* 

0.9±0.1* 
0.7±0.1* 

8.0±0.8* 
9.3±1.3* 

 

C126T+C149T 65±24* 10+2.4* 0.6±0.3* 1.7±0.4* 7.4±0.6* 

SS3 C132T 
C132A 

8.2±2.1 
14±4.1 

0.9±0.1 
1.8±0.5* 

1.3±0.2  

0.3±0.1* 
2.4±0.4  

0.8±0.2* 
22±1.0 

10±0.6* 

C159T 
C159A 

12±4.1 
5.1±1.4 

1.2±0.5 
0.9±0.4 

0.8±0.1* 
0.9±0.2 

2.3±0.3 
1.7±0.4 

20±1.5 
20±1.7 

 

C132T+C159T 5.3±0.8 0.8±0.3 1.3±0.1 2.2±0.4 22.4±1.3 

SS4 C217T 
C217A 
C217R 

7.2±2.9 
n. d. 
9.2±2.3 

0.9±0.1 
n. d.  
1.9±0.8 

0.9±0.2  

0.1±0.05* 
1.2±0.3  

1.5±0.2*  

0.3±0.1* 
2.7±0.4  

18±1.5  

6.7±0.5* 
15±6.3  

C227T 
C227A 

n. d. 
n. d. 

n. d. 
n. d.  

0.1±0.05* 
0.1±0.04* 

0.2±0.05* 
0.3±.0.1* 

4.9±0.9 * 
6.3±1.1* 

 

C217T+C227T n. d. n. d. 0.2±0.03* 0.3±0.1* 7.7±1.8* 

SS5 C261T 
C261A 

n. d. 
5.5±1.7 

1.1±0.4 
0.8±0.4 

0.3±0.1*  

1.6±0.3 
0.9±0.2*  

2.7±0.7 
22±1.6 
19±2.0 

C270T 
C270A 

3.4±1.8 
n. d. 

0.9±0.3 
1.0±0.2 

0.5±0.2* 
0.2±0.03* 

1.6±0.2* 
1.1±0.2* 

31±3.2*  

19±1.4 
 
 
 C261T+C270T 1.7±0.8 0.3±0.1* 0.4±0.1* 1.4±0.4* 26±1.5 

 
 

suggested previously that trafficking of P2X1R to the 
plasma membrane is reduced by disruption of the SS5 
bond, accounting for the smaller Imax value (Ennion and 
Evans 2002). However, the EGFP-tagged A-mutants of 
the SS5 cysteines were localized to the membrane region. 
Furthermore, there was a large rescue effect of IVM on 
ATP-induced current amplitude, demonstrating the 
functional presence of receptors at the plasma membrane. 

In our experiments, the lower Imax values for four of the 
five SS5 mutants could also reflect their preference for 
the closed state of the channel. 

Taken together, experiments with SS mutants 
suggest the receptor specificity in the requirement for the 
SS bonds for the proper receptor function. In P2X1R 
none of these bonds per se is essential for receptor 
function (Ennion and Evans 2002). For P2X2R, however, 
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the SS1-4 bonds are individually needed for the proper 
operation of the receptor (Ennion and Evans 2002). For 
the P2X4R, the SS3 bond appears not to be critical as the 
double SS3 mutant and three of four single mutants were 
fully functional. The SS4 bond is absent in the simple 
eukaryote Ostreococcus, and SS2, SS3, SS4 and SS5 
bonds are absent in Dictyostelium (Jarvis and Khakh 
2009, Surprenant and North 2009). These receptors are 
functional, but a high concentration of agonist is required 
for their activation. Thus, it is reasonable to conclude that 
formation of the SS4 and SS5 bonds was an important 
step in the evolution of P2XR proteins. 

Our results also showed that not all single 
residue SS mutants behaved similarly and comparably to 
the double mutants. For example, the maximum current 
amplitude was much lower for three of four single point 
SS2 mutants (C132T, C159A, and C159T), compared 
with the SS2 double mutant, and there was a decrease in 
ATP sensitivity and Imax in cells expressing the C132A, 
mutant, whereas the receptor function was not affected by 
double SS3 mutants. Similarly, the P2X4R function was 
not affected when the cysteine 217 was replaced with 
threonine or arginine. In addition, mutant C261A showed 
properties comparable to the WT receptor, in contrast to 
double and three single SS5 mutants. These results 
indicate that individual cysteines forming the SS2, SS3, 
SS4 and SS5 bonds or their substitutes might also play a 
role in receptor function independently of the loss in 
bonding, probably by generating new interactions that 
might impair and/or preserve the structure of the protein 
necessary for agonist binding and/or channel gating.  

The crystal structure of zebrafish P2X4R 
(Kawate et al. 2009) provides some rationale for the 
specific roles of the SS1-5 disulfide bonds in P2XR 
function (Fig. 4). It shows that a long turn of 13 amino 
acids starting from cysteine 165 (in green) could inhibit 
ATP binding by covering the ligand binding site if 
liberated by disruption of the SS1 bond. Disruption of the 
SS2 could also change the shape or size of the ATP 
binding pocket, as well as the head-to-body interface. 
Another long turn of 14 amino acids, called the dorsal fin 
(in green), preceding cysteine 217 could play a similar 
role in the opposite half of the predicted ATP binding site 
if liberated by disruption of the SS4 bond. Thus, the 
inhibitory effect of the SS4 double mutant on receptor 
function could be explained by changes in the left-
flipper-to-dorsal-fin interface, which is one of three major 
subunit-subunit contacts suggested to be important for 
receptor function (Kawate et al. 2009). The model also 

shows that the SS5 bond is located relatively far from the 
putative ATP binding site but close to the extracellular 
vestibule above the TM domains, supporting its role in 
channel gating.  
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Fig. 4. Model of two zP2X4.1R subunits with the putative ATP 
binding site (cyan) and position of conserved disulfide bonds 
(yellow) based on the crystal structure data (Kawate et al. 2009). 
The following conserved residues (rat P2X4R numbering) are 
predicted to form the ATP binding site at the interface between 
two subunits: K67, K69, F185 and T186 in the red subunit and 
N293, F294, R295 and K313 in the blue subunit (Ennion et al.
2000, Jiang et al. 2000, Roberts and Evans 2004, 2006, Yan et 
al. 2006, Zemková et al. 2007). The third subunit was removed 
for clarity but would be behind the two shown. Two turns (green) 
might be relaxed by disruption of the SS1 and SS4 bonds. The 
turn that precedes the C217 residue is termed the dorsal fin and 
is facing the left flipper (blue turn). This interface may involve 
interaction between subunits because earlier experiments 
showed that alanine substitution of single residue in the left 
flipper of the P2X3R (aspartate 280, the rat P2X4 numbering) 
significantly changes kinetics of receptor resensitization 
(Fabbretti et al. 2004). 
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