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INTRODUCTION

P2X receptors are ATP-gated cation channels consisting of three subunits that are mutually
intertwined and form an upper, central, and extracellular vestibule with three lateral
portals and the channel pore. Here we used cysteine and alanine scanning mutagenesis
of the rat P2X4R receptor V47-V61 and K326-N338 sequences to study structural and
functional properties of extracellular vestibule during gating. Cysteine mutants were
used to test the accessibility of these residue side chains to cadmium during closed-
open-desensitized transitions, whereas alanine mutants served as controls. This study
revealed the accessibility of residues Eb51, T57 Sb9, V61, K326, and M336 to cadmium
in channels undergoing a transition from a closed-to-open state and the accessibility of
residues V47 Gb3, D331, 1332, 1333, T335, 1337 and N338 in channels undergoing a
transition from an open-to-desensitized state; residues E56 and K329 were accessible
during both transitions. The effect of cadmium on channel gating was stimulatory in all
reactive V47-V61 mutants and inhibitory in the majority of reactive K326-N338 mutants.
The rat P2X4 receptor homology model suggests that residues affected by cadmium in
the closed-to-open transition were located within the lumen of the extracellular vestibule
and toward the central vestibule; however, the residues affected by cadmium in the
open-to-desensitized state were located at the bottom of the vestibule near the pore.
Analysis of the model assumed that there is ion access to extracellular and central
vestibules through lateral ports when the channel is closed, with residues above the
first transmembrane domain being predominantly responsible for ion uptake. Upon
receptor activation, there is passage of ions toward the residues located on the upper
region of the second transmembrane domain, followed by permeation through the gate
region.
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molecule (Kawate etal., 2009). The subsequent crystal structure

Providing the crystal structure of the zebrafish purinergic P2X4.1
receptor (zP2X4.1R) in its closed state (Kawate etal., 2009) was a
landmark achievement that confirmed previous findings about the
trimeric organization of these ATP-gated channels (Nicke etal.,
1998). Each P2XR subunit is composed of two transmembrane
domains (TM1 and TM2) that are separated by a large extracellu-
lar loop and N- and C-termini, which are located intracellularly
(Brake etal., 1994; Valera etal., 1994). The crystallization study
also confirmed that three TM2 a-helices form the P2XR pore
(Rassendren etal., 1997; Egan et al., 1998), as well as a hydrophobic
barrier to ion flow, called a gate, and an extracellular vestibule on
the ion channel, located above the gate (Khakh and Lester, 1999).
The study also revealed the existence of two additional vestibules
(central and upper) and lateral fenestrations, which raised the
possibility that cations travel through a central pathway that spans
the entire length of the ectodomain and/or through three lateral
portals that are formed at the interfaces of the adjoining subunits.
Furthermore, amino acid residues that comprise the ion access
portals were shown as natively unfolded regions of the zP2X4.1R

study of this receptor with and without bound ATP showed that
the lateral fenestrations are encompassed by amino acid residues
above the TM domains in a f-sheet conformation (Hattori and
Gouaux, 2012).

These findings have prompted investigations of the pathway
through which ions traverse the extracellular domain of P2XRs
to enter/exit the TM pore. One study that addressed this prob-
lem suggested the importance of residues 1332, T336, and T339
for forming an ion gate in the rat P2X2R (rP2X2R), and it estab-
lished that the opening of the gate is accompanied by movement
of the pore-lining regions, which narrow toward the cytosolic end
of TM2 (Kracun etal., 2010). These conclusions are in agreement
with those of earlier studies that showed the relevance of residues
1328, 1332, and T336 in ion gating (Stoop etal., 1999; Jiang etal.,
2001; Li etal., 2008). The second study (Kawate etal., 2011) also
suggested that ions access the pore by using the lateral fenestra-
tions, which breathe as the gate opens. Their experiments raised
the possibility of ions accessing the upper vestibule, which could
play a regulatory function. The ion access point was also studied
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in the human P2X4 receptor (hP2X4R). The main conclusions of
this study were that lateral portals are preferentially used because
of their favorable diameters and that residues E56 and D58 are
crucial for ion access to the extracellular vestibule (Samways et al.,
2011).

In line with these investigations, here we focused on struc-
tural and functional properties of extracellular vestibule during
gating by identifying the amino acid residues that are important
for the interaction with the ion during closed-to-open and open-
to-desensitized state transitions. Alanine and cysteine scanning
mutagenesis was performed on the rP2X4R extracellular vestibule
region encompassing the V47-V61 and K326-N338 sequences.
Because cadmium ion is widely used in screening of surface acces-
sibility of amino acids from membrane proteins (Li etal., 2008;
Kracun etal., 2010; Samways etal., 2011), but is also acting as
an allosteric modulator of P2X4R (Coddou etal., 2011), here we
dissected the native allosteric effects of cadmium ion from cys-
teine binding effects. In addition, a homology model of rP2X4R
in closed and open states was done to discuss topological charac-
teristics of cadmium-sensitive mutants and to propose a model of
ion access and conformational changes of extracellular vestibule
during gating.

MATERIALS AND METHODS

CELL CULTURE AND TRANSFECTION

Recombinant rP2X4R channels were expressed in human embry-
onic kidney 293T cells (American Type Culture Collection,
Rockville, MD, USA), which were grown in Dulbecco’s Modi-
fied Eagle Medium supplemented with 10% fetal bovine serum,
50 U/ml penicillin, and 50 pg/ml streptomycin. Cells were
grown in a humidified 5% CO, atmosphere at 37°C. Trans-
fection was performed using the jetPRIME TM polymer-based
transfection reagent, according to the manufacturer’s instructions
(PolyPlus-transfection, Illkirch, France).

DNA CONSTRUCTS

Complementary DNA sequences of wild type (WT) rP2X4R were
subcloned into the pIRES2-EGFP vector (Clontech, Mountain
View, CA, USA). To generate the mutants, oligonucleotides (syn-
thesized by VBC-Genomics, Vienna, Austria and Sigma Chemical
Company, USA) that contained specific point mutations were
introduced into the rP2X4/pIRES2-EGFP template by using PfU
Ultra DNA polymerase (Agilent Technologies Inc., USA). To iso-
late the plasmids for transfection, a High-Speed Plasmid Mini Kit
(Geneaid, Shijr, Taipei, Taiwan) was used. Dye terminator cycle
sequencing (ABI PRISM 3100, Applied Biosystems, Foster City,
CA, USA) was used to identify and verify the mutagenesis out-
comes. The sequencing was performed by the DNA Sequencing
Laboratory, Institute of Microbiology, ASCR, Prague.

PATCH CLAMP RECORDINGS

ATP-induced whole-cell currents were recorded at —60 mV
using an Axopatch 200B patch-clamp amplifier (Axon Instru-
ments, Union City, CA, USA). The recordings were captured
and stored using the Digidata 1322A and pCLAMPY software.
The cell culture was perfused with an extracellular solution that
contained the following: 142 mM NaCl, 3 mM KCl, 2 mM

CaCly, 1 mM MgCl, 10 mM HEPES, and 10 mM D-Glucose,
adjusted to pH 7.3 with 1 M NaOH. The patch electrodes were
filled with a solution containing the following: 154 mM CsCl,
11 mM EGTA, and 10 mM HEPES, adjusted to pH 7.2 with
1.6 M CsOH. The control and ATP-containing solutions were
applied via a perfusion system (RSC-200, BIOLOGIC, Claix,
France).

EXPERIMENTAL PROTOCOLS

To probe the surface accessibility of particular amino acid residues
within the extracellular vestibule region of rP2X4R, 20 pM cad-
mium was applied, a concentration that was based on previous
efficacy reports involving this cadmium concentration in experi-
ments with rP2X2R (Kracun etal., 2010) and hP2X4R (Samways
etal.,, 2011). Two experimental protocols were used in our study.
Protocol 1: cadmium was applied for 1 min, followed by a
transient (2 s) application of ATP in the presence of cadmium.
Because allosteric binding sites for cadmium ions are believed
to be numerous and could stimulate and/or inhibit the channel
activity (Coddou etal., 2011), ATP was applied at the ECsy con-
centration to permit estimates of both stimulatory and inhibitory
effects. Protocol 2: cadmium was perfused during the appli-
cation of 100 wM ATP. Specifically, cadmium was applied at
50 £ 10% of the current rundown for 2-15 s, depending on
the rate of receptor desensitization. The effect of cadmium was
measured as the change in current amplitude (in %) immedi-
ately after ion application compared with the current amplitude
before cadmium application. The same application protocols have
been used for measuring cadmium effects on the WT recep-
tor and alanine and cysteine mutants. Only the first (naive)
response was considered to exclude the impact of receptor inter-
nalization on gating (Bobanovic etal., 2002; Royle etal., 2002,
2005).

HOMOLOGY MODELING

Because the sequence identities of rP2X4R (P51577) and zP2X4.1R
(Q6NYR1) are 62.4% homologous, a homology model of the
rP2X4R was developed using the automated mode of the SWISS-
MODEL server (Schwede et al.,2003). A tertiary structure template
was extracted from the Brookhaven Protein Data Bank under the
accession number 4DW1 for the zP2X4.1R in the ATP-bound
open state and 4DWO for the receptor in the apo-closed state.
Model quality was estimated by a SWISSMODEL through esti-
mation of a QMEAN4 score, which was 0.593 (Benkert etal.,
2008). All graphical representations of the protein structure were
prepared using PYMOL software (DeLano Scientific LLC, USA).
The rP2X4R homology models of lateral portals and extracellu-
lar vestibule in closed and open states are shown in Figure 1B
and described in the section “Model Prediction of the Position of
Residues of Interest.”

CALCULATIONS

The concentration-response data were taken from (Rokic etal.,
2013), and the ATP-induced current data points were fitted
with the equation y = Ina/[1 + (ECso/x)"]; y is the ampli-
tude of the ATP-induced current, Iay is the maximum current
amplitude induced by supramaximal doses of ATP, h is the Hill
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FIGURE 1 | Characteristics of the ion access point of P2XRs. (A) Multiple
sequence alignment of seven rat P2XRs compared to zP2X4.1R. The
sequence alignments contain the amino acid residues that are homologous to
the V47-V61 and K326-N338 segments of rP2X4R (green shade), and the
positively and negatively charged residues are indicated. (B) The surface
landscape of the homology model for rP2X4R in a closed and open state; the
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entire molecule (left panels) and the selected regions (right panels). The
residues comprising the peptide segments from V47-V61 and K326-N338 are
presented in green; double arrows and numbers show average distances
encompassing the ion entrance point. The Table within the insets summarizes
the ion radii of physiologically permeable ions through P2X4R and cadmium
ions in hydrated and non-hydrated states.

coefficient (fixed to 1.3 in all cases), and x is the concentration
of ATP (SigmaPlot 2000 v9.01; SPSS Inc., Chicago, IL, USA). All
numerical values in the text are reported as the mean + SEM.
Significant differences (p < 0.05) between means for the WT recep-
tor, cysteine mutants, and alanine mutants were determined by
an ANOVA test followed by post hoc t-test analysis with Bon-
feronni correction for three sets of data using SigmaStat 2000
v9.01.

RESULTS
EXPERIMENTAL MODEL
Figure 1A illustrates amino acid diversity of extracellular vestibule
sequences among rat P2X subunits and different content of posi-
tively and negatively charged residues of these sequences. The low
evolutionary conservation (Kaczmarek-Hajek et al., 2012) and the
different content of positively and negatively charged amino acid
residues of these sequences among receptor subtypes prompted
us to examine the hypothesis that the mechanism of ion access
is isoform-specific. As a receptor model, we selected the rP2X4R
and as an expression system human embryonic kidney 293T cells.
We used cysteine and alanine scanning mutagenesis of the extra-
cellular vestibule’s V47-V61 and K326-N338 sequences; cysteine
mutants were used to test the accessibility of these residue side
chains to reporters during closed-open-desensitized transitions,
whereas alanine mutants served to exclude the possible effects
caused by mutation-induced changes in cadmium binding at
native allosteric sites.

The amino acid surface accessibility reporters commonly used
in P2XR research include methanethiosulfonate (MTS) reagents

(Egan etal., 1998; Stoop etal., 1999; Haines etal., 2001; Jiang
etal., 2001; Li et al., 2008; Roberts et al., 2009; Allsopp et al., 2011;
Kawate etal., 2011), silver ion (Egan etal., 1998; Haines etal.,
2001; Li etal., 2008; Jindrichova etal., 2011), and cadmium ion
(Lietal.,2008; Kracun et al., 2010; Samways et al., 2011; Heymann
etal.,, 2013). Because MTS reagents are not of the appropriate
size and the molecular properties as native cations, and silver
ions are photosensitive requiring the use of a chloride-free extra-
cellular solution, we used the cadmium-—cysteine interaction to
study ion accessibility of the receptor vestibule. The ionic radius
of a cadmium ion in its hydrated and anhydrous state is com-
parable to both ionic radii of physiologically gated ions passing
through the rP2X4R pore (Figure 1B, inset; Kielland, 1937; Shan-
non, 1976). The permeability of P2XRs to calcium (Egan and
Khakh, 2004) further suggests that the divalent property of cad-
mium should not represent an obstacle for studies on gating
function.

CADMIUM EFFECTS ON WT-rP2X4R

As stated in detail in the section “Materials and Methods,” two
protocols were used in our experiments. Figure 2A summa-
rizes data using the protocol-1. We initially determined the ATP
ECs¢ value for the WT receptor in our experimental conditions
(2.3 £ 0.1 wM). Left panel shows representative traces from
two different cells, control (blue trace) and a cell pretreated
with cadmium for 60 s and cadmium plus ATP (red trace).
These data clearly indicate a lack of cadmium influence on the
peak current amplitude during the short (2 s) application of
2.3 WM ATP.
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FIGURE 2 | Effects of cadmium on WT rP2X4R gating. (A) A lack of
pre-application during 1 min and a subsequent 2-s co-application of 20 pM
cadmium on ATP-induced peak current response. 2.3 wM ATP (applied for
2 s) is the ECgq dose for the WT receptor. (B) Effect of the application of
20 pM cadmium ion on 100 wM ATP-induced sustained current. Cadmium
was applied within 50 + 10% desensitization decay (gray area) and
significantly amplified the current amplitude, on average 22 &+ 3%. Left
panels show representative traces; control traces are blue, and traces with
cadmium treatment are red. Right panels illustrate mean + SEM values,
with n shown above bars; * illustrates significant difference, P < 0.01. To
avoid the impact of desensitization and the subsequent internalization on
the current amplitude and patterns, control, and experimental traces were
obtained in separate cells during a single ATP application.

Figure 2B summarizes experiments with the WT receptor
using protocol-2. In the absence of cadmium, the receptor
desensitized almost completely during the sustained application
of supramaximal (100 pM) ATP (blue trace). In contrast to
protocol-1, the allosteric effect of cadmium on rP2X4R gating
was visible when using protocol-2; the application of cadmium
during the ATP treatment transiently reversed the process of
desensitization by amplifying the current (red trace). On aver-
age, this amplification was 22 £ 3% (right panel). Note that
in the presence of cadmium, the receptor continues to desensi-
tize. Because cadmium shows allosteric effects when applied by
protocol-2 but not protocol-1, all experiments with protocol-
2 were performed in alanine mutants as well to distinguish
between native cadmium allosteric effects and cysteine binding
effects.

CADMIUM EFFECTS ON MUTANTS

To study the accessibility of rP2X4R residue side chains to cad-
mium ions, we used previously generated single residue alanine
(controls) and cysteine mutants of V47-V61 and K326-N338

sequences (Rokic etal., 2013). Most of mutants were functional,
which is consistent with analysis conducted previously on hP2X1R
(Allsopp etal., 2011), rP2X2R (Rassendren etal., 1997; Li etal.,
2004; Friday and Hume, 2008; Jiang etal., 2010), and rP2X4R
(Popova etal., 2010). Table 1 lists the functional mutants. The
ECs0 (column two) and Iy« values (column three) for WT and
functional mutants were adopted from (Rokic etal., 2013). Col-
umn four shows mean values £ SEM of the cadmium effect
on current induced by ECsy dose ATP during 1 min cadmium
pre-application. Column five summarizes the effects of cadmium
transiently applied during stimulation with 100 WM ATP for 2-15s
(protocol-2).

In contrast to the WT receptor (Figure 2A), protocol-1 revealed
that a cadmium pre-application resulted in a statistically signifi-
cant current amplitude potentiating effect on the ECsy dose pulse
of ATP for the following mutants: E51C, E56C, T57C, S59C, V61C,
K326C, and M336C, whereas the K329C mutant was significantly
inhibited by cadmium. Figure 3 shows representative traces for
these mutants, and Table 1 (column four) shows mean &= SEM
values.

Cadmium application during 100 pM ATP treatment
(protocol-2) revealed four types of responses when compared to
the WT receptor: (i) we observed statistically significant current
augmentation in six mutants: V47C, W50C, G53C, E56C, 1333C,
and N338C; (ii) five mutants responded to cadmium application
with the inhibition of current: K329C, D331C, 1332C, T335C, and
1337C; (iii) the effect of cadmium was lost in five mutants: F48C,
D58C, S59C, V60C, and P334C mutants; (iv) the residual mutants
responded with the facilitation of current, which was not signif-
icantly different from that observed in cells expressing the WT
receptor (Table 1).

The alanine scanning mutagenesis also revealed that the stim-
ulatory effect of cadmium was lost in eight mutants: F48A, D58A,
S59A, V60A, 1332A, 1333A, P334A, and M336A. The cadmium
response was significantly amplified in the W50A mutant, whereas
the sustained current was significantly inhibited in the E51A
mutant (Table 1). In the remaining mutants, the stimulatory effect
of cadmium was comparable with the WT receptor. The same
direction of changes in alanine and cysteine mutants for F48, W50,
D58, S59, V60, and P334 residue mutants suggests that cysteine
mutants should not be considered as cadmium hits. Hereafter, the
following residues are considered as directly affected by cadmium:
V47, G53, E56, K329, D331, 1332, 1333, T335, 1337, and N338.

The cadmium-hit residues exhibited two types of responses:
stimulation or inhibition of sustained current. Figure 4 shows
the example traces for cysteine mutants exhibiting facilitation
(Figure 4A, left) and inhibition (Figure 4B, left) of current by
cadmium as well as the pattern of response by the corresponding
alanine mutants (Figure 4B, right). Note that all (three of three)
affected V47-V61 mutants exhibited facilitation, and the majority
of K326-N338 mutants (five of seven) exhibited inhibition of the
sustained ATP-induced current. Figure 4 also illustrates that single
residue mutations affect the rates of receptor desensitization, an
issue that we have not further addressed. Among mutant recep-
tors, there was no significant correlation between the ECs values
for ATP and cadmium potentiation/inhibition effects (R = 0.48,
p>0.05).
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Table 1 | Effect of pre-application and co-application of cadmium ion
on alanine and cysteine rP2X4R mutants.

Receptor ECsg (kM) Imax (NA)  Protocol 1 (%) Protocol 2 (%)
WT 23404 23402 100+ 14 122 + 3
V47A 52+07 21402 - #133+£3
V47C 23+07 28405 114+15 199 + 3*
F48A 24403 23402 - 99 + 1*
F48C 20409 29405 111+13 104 + 1%
WE0A 36+03 19402 - 147 + 6*
W50C 44408 22408 100+16 157 + 5*
E51A 16+£06 12+£02% - #41 4+ 6*
E51C 35+05 21405 150+ 20* 134+ 5
K52A 31+11 30404 - 128 + 4
K52C 24406 26+04 111423 132 + 3
G53A 28+06 29+03 - #121 + 4
G53C 38+05 22405 100416 162 + 3*
E56A 20+£09 16402 - #134 £ 4
E56C 39407 19402 2624+ 45* 222 +18*
T57A 19406 22403 - #109 + 2
T57C 20403 19402 162+ 20* 130 + 3
D58A 32+13 06+01* - 100 + 1*
D58C 23409 09+01* 84+30 91 + 2%
S59A 29+13 26+04 - 102 + 2%
S59C 20405 25+03 2204+ 32% 96 + 1*
V60A 24406 23+04 - 101 + 1%
V60C 21408 26+05 116+18 100 + 1*
VE1A 29+04 21+03 - 116 + 2
V61C 37+15 25+03 166+ 22* 117 +2
K326A 17406 19403 175+ 34* 126 + 2
K326C 24406 13402 129 + 2
G328A 26409 19405 107+16 M4+ 2
G328C 27406 22403 111 + 4
K329A 49415 144071  43+20*% #125 + 3
K329C 40+12  18+03 B5 + 4%
F330A 32+12 15403 100+13 118+ 2
F330C 40412 08+0.1* 121 42
D331A 15402 18403 #120+£2
D331C 21402 23+04 10015 64 + 3*
1332A 13403 15+£04 10+21 #100 + 1*
1332C 16+03 22+03 75 + 2%
1333A 29408 16401 100+ 22 #101 £ 1%
1333C 28+ 1.1 19+ 0.3 196 + 15*
P334A 1.04£03% 13+03 100435 101 £ 1*
P334C 14+04 06£0.1% 105 + 1%
(Continued)

Table 1| Continued

Receptor ECsg (kM) Imax (nA)  Protocol 1 (%) Protocol 2 (%)
T335A 1.8+0.6 22402 110 + 21 #121+2
T335C 26+05 1.8+0.2 73 £ 2*
M336A 25+03 22+05 150 + 20* 104 £+ 2*
M336C 12+02 23+05 M0+ 1
I337A 29+13 20+04 100 + 31 #128 +£3
1337C 414+0.6 1.0+ 0.2* 68 + 5*
N338A 20+£02 3.5+04* 100+ 25 #1256+ 3
N338C 1.1+£0.2 3.2+ 0.5* 155 + 4*

The data are expressed as the mean + SEM from 12 to 40 measurements per
mutant and 96 measurements for the wild type (WT) receptor. The statistical
significance was estimated by ANOVA followed by post hoc two-way t-test with
Bonferroni correction, comparing the level of cadmium effect between WT and
mutant receptors (*p < 0.05) and between alanine and cysteine mutants of the
same residue (*p < 0.05). Fifth and fourth columns depict the percentage of ATP
induced amplitude change elicited by 20 .M cadmium acquired by protocol 1 and
protocol 2.

ATP

ATP e

ATP ATP
AR _G - ATP =
\',- e————
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S R R SRR SR
K326C
ATP ATP L&IF
-'( .Ff __.._—-—-—-—-——\./.-
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20s

FIGURE 3 | Protocol 1: the effect of cadmium ion pre-application on
peak amplitude of current response by mutant rP2X4Rs. The whole-cell
current traces represent the effect of 20 wM cadmium pre-applied for T min
and subsequently co-applied with ECgq doses of ATP for 2 s. Horizontal
blue lines represent the peak amplitude of currents in cadmium-non-treated
cells. Traces shown are representative and mean + SEM values are shown
inTable 1. The holding potential was —60 mV.

Frontiers in Cellular Neuroscience

www.frontiersin.org

January 2014 | Volume 8 | Article 3| 5


http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

Rokic etal.

The P2X4R extracellular vestibule properties

A B 1 |
—— —— - T — | —
H—— W — [
//\_/41/ ‘ : } }
| varc ‘ | VATA | K329C | K329A
| | l I
—— ——— ]| T T —
| " | |
\//I /\/l ﬁ ﬁ
/ | as3C | G53A | D331C | D331A
| | I I
) " s | - — — |
| T /‘//f | //_?‘ |
| | | I
/L/ , | ES6A / liss2c | 1332A
| E56C | | [
-~ -~ L
| | I
d I 1333C 11333 / | T335C | T335A
i | | i
—_— - s i | —_—
W ; i i // |
| 1 | I
| N338C | / 11337C { 1'1337A
: | N338A . }
6 10 20 30 40 s 6 10 20 30 0 10 20 30 10 20 30
Time (s) Time (s) Time (s) Time (s)
FIGURE 4 | Protocol 2: the effect of cadmium on sustained current the corresponding alanine mutants (blue traces). (B) A transient
response by mutant rP2X4Rs. The whole-cell current recordings from inhibition of sustained current by cadmium (red traces). Right panels
—60 mV represent the effects of 20 uM cadmium transiently show the response of the corresponding alanine mutants. Vertical
co-applied (gray field) with 100 wM ATRP Cadmium application was dotted lines illustrate the duration of ATP application in cells expressing
initiated at 50 + 10% of current desensitization decay. (A) the WT receptor. Traces shown are representative and mean + SEM
Enhancement of cadmium effects in cysteine mutants (red traces) and values for these mutants are shown in Table 1.

MODEL PREDICTION OF THE POSITION OF RESIDUES OF INTEREST

We develop the rP2X4R homology model (see Homology Mod-
eling) to identify the position of residues of the extracellular
vestibule in open and closed states. Amino acid residues that have
side chains pointing toward the central cavity of the extracellu-
lar vestibule when the channel is closed are V47, G53, Q55, T57,
D58, S59, V60, V61, K326, A327, G328, P334, 1337, and N338.
The side chains of F48, V49, W50, K52, Y54, K329, F330, 1332,
and M336 are pointed exclusively toward the water environment
and away from the central axis of the receptor channel. Amino
acid residues that could be found at the interface between the
interior of the vestibule and the outside include E51, E56, D331,
1333, and T335, which comprise the inverted cone-shaped access
portal of the receptor and the upper segment of the pore. With
exception of D58, all negatively charged residues of the rP2X4R
homology model are found within the structure of the portal. The
Van der Waals distances between particular extracellular vestibule
residues in closed state were found to range between 6.9 and 15 A
(Figure 1B, top panel). The closed rP2X4R channel homology
model was used to identify residues detected in experiments with
protocol-1; residues affected are situated along the central axis of
the vestibule (Figure 5A).

In contrast to the closed state, the homology model in the open
state reveals slightly different distribution patterns of amino acid
side chains that are found on the level of the lateral portal. The
E51 residue side chain points toward the interior of the vestibule in
open state, while the adjacent K52 residue points from the outside
toward the level between compartments. The Van der Waals dis-
tances between particular extracellular vestibule residues in open
state were found to range between 16 and 21.7 A (Figure 1B,
bottom panel). The open rP2X4R channel homology model was

FIGURE 5 | Topology of cadmium-affected residues in the homology
model of rP2X4R. Left panel represents a wire frame model of the rP2X4R
polypeptide backbone with residues from V47-V61 and K326-N338
(spheres) in closed (A) and open (B) state. Orange spheres depict the
residues in cysteine mutants that were affected by cadmium in both states.
Cadmium-inhibited residue mutants are depicted by red spheres and
potentiated residue mutants are depicted by blue spheres. On the right
panels the front subunit was removed for better visibility of the vestibule
interior.
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used to identify residues detected in experiments with protocol-
2; the residue affected situated at the bottom of the vestibule
near pore forming region as an inverted cone-shaped structure
(Figure 5B).

Homology model of rP2X4R in open and closed state together
with cadmium accessibility data has given us an insight on how the
ion accesses the extracellular vestibule. Amino acid residues that
were predominantly affected during a closed-to-open state tran-
sition by cadmium were identified with their side chains pointed
toward the central cavity of the extracellular vestibule (T57,K326),
and on the level between the extracellular and central vestibules
(S59 and V61; Figure 6A). M336 was the only residue found out-
side the central cavity with its side chain facing the extracellular
environment on the level of the water-lipid interface (Figure 6A).
This suggests that the ion uptake is facilitated by peptide segments
above TM1 and that ion can pass to the central vestibule before
receptor activation. All affected residues during open-desensitized
state transition, with the exception of K329, T335, and 1332, point
their amino acid side chains towards the lumen of the vestibule
(Figure 6B) indicating that upon ATP binding ion gets channeled
toward the upper part of TM2. The K329 and E56 residues are
cadmium reactive by both protocols, which indicates their role
in an interaction with ions during the transition from closed-
to-open-to-desensitized state. These residues are found in close
proximity to each other at the entrance point to the vestibule,
however, both open and closed states of our rP2X4R homology
model and zP2X4.1R do not show the formation of a salt bridge
(Figures 6A,B).

DISCUSSION

This study focuses on the ion accessibility of amino acid residues
from the extracellular vestibule of rP2X4R in a closed and open
state. As a reporter, we used cadmium ions for reasons stated in the
section “Experimental Model.” However, cadmium is not an ideal
reporter for rP2X4R because it acts as an allosteric modulator of
this receptor (Coddou etal., 2005); the extracellular zinc-binding
histidine residues appears to serve as cadmium allosteric sites at
P2XRs (Coddou etal., 2005; Lorca etal., 2005; Acuna-Castillo
etal., 2007). We also observed the facilitatory effect of cadmium
on an ATP-induced current when this metal was applied dur-
ing the ATP pulse. However, this effect was observed in cells
treated with 100 pM ATP, a supramaximal ATP concentration
for rP2X4R, suggesting that no leftward shift in the concentra-
tion response could account for the observed effect. Thus, the
most probable explanation for the results shown in Figure 2B is
that cadmium increases the probability of the open state in the
channels.

In general, the substitution of a native residue with cys-
teine generates an additional allosteric binding site for cadmium
if the residue is accessible to this ion (Huber and Freisinger,
2013; Kunihiro etal.,, 2013). This in turn may or may not
affect the ATP-induced current, depending on the position of
the residue and protocol used for cadmium application. The
affected residue could amplify or attenuate the current, and
both effects indicate that the residue is accessible to cadmium,
i.e., it represents the cadmium-sensitive hit. Cadmium dissoci-
ation kinetics was not studied in P2XRs, but it was addressed

FIGURE 6 | Orientation of the side chain of residues are important for
interaction with ions during gating. The positions of cadmium-affected
residues are in closed (A) and open (B) states. In the left panels, the teal
colored dotted subunit was removed for better visibility of the vestibule
interior. Cadmium-affected residues in rP2X4R the homology model in
closed and open states are presented in the right panels. Particular
cadmium hits are presented as light blue sticks on light blue ribbon
segments, and different subunits are presented in orange and dark blue.

in relation to calmodulin and calmodulin fragments and the
rate of dissociation was found to be 445 s~! or faster (Mar-
tin etal., 1986). However, the kinetics of cadmium alteration
of receptor gating was studied in WT and mutant rP2X2Rs
and it has been found that cadmium modifies the receptor gat-
ing at the rates ranging from 10 to 10> M~!s™! (Kracun etal,,
2010).

In our experiments, two protocols were used to identify dif-
ferent mutants as cadmium-sensitive. Protocol 1 was designed to
avoid the possible impact of the dissociation of cadmium on the
ATP response; cadmium was present during 1 min pre-application
and 2-s stimulation with 2.3 WM ATP, a time sufficient to initiate
the transition from closed to open state and to reach the peak cur-
rent response but not the decay of the current. The t,, time for
cadmium to modulate rP2X2R in an open state was estimated
to be approximately 0.5 s (Kracun etal., 2010), which further
indicated that a fraction of channels were in an open state for
a sufficient time to bind cadmium. Thus, protocol-1 reflects cad-
mium binding to engineered cysteine residues when the receptor
is undergoing a transition from a closed-to-open state. In contrast,
protocol-2 clearly detected the residues that are accessible to the
ion when the channel is transiting from an open-to-desensitized
state.

Protocol-1 revealed that E51, E56, T57, S59, V61, K326,
K329, and M336 cysteine mutants have substantial reactivity to
cadmium, whereas protocol-2 identified V47, G53, E56, K329,
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D331, 1332, 1333, T335, 1337, and N338 cysteine mutants
as cadmium-sensitive. Thus, out of the 16 cadmium-sensitive
mutants that we observed, only E56C and K329C mutants
responded to cadmium application in both protocols. These
results clearly indicate different positions (conformation) of the
majority of residues during exposure to cadmium in the two
protocols. It is also interesting that combined experiments with
two protocols suggest that all seven cadmium sensitive V47-V61
mutants show stimulatory cadmium effects, whereas five out
of nine K326-N338 affected mutants show inhibitory cadmium
effects, suggesting that two segments may play opposite roles in
the control of closed-to-open transition.

We have developed the rP2X4R homology model and utilized
the model together with available crystal structures to propose
a putative ion access mechanism for the rP2X4R pore, while
considering current and previous findings of amino acid side
chain accessibilities in other P2XRs and the limitations of cad-
mium accessibility screening imposed by allosterism. Amino acid
residues that were affected by cadmium during close-to-open
transition were identified within the lumen of the extracellu-
lar vestibule and between the extracellular and central vestibule.
Amino acid residues affected by cadmium during open to desen-
sitized state transition were identified as the inverted cone shaped
structure at the bottom of the vestibule near the pore-forming
region. These striking cadmium modification patterns indicate
that upon receptor activation, the vestibules widen and the E56
residue begins interacting with the ions and direct them down-
wards to the gate of the receptor where they interact with D331,
1332,1333, T335, 1337, and N338 residues.

The topological analysis of residues affected by cadmium dur-
ing closed-to-open state transition reveals the possibility of ion
access to the receptor through the interaction with E51, E56,
T57, S59, V61, K326, K329, and M336 residues. Because the
E51A mutant shows an inhibition of ATP action by cadmium in
protocol-2, we estimated that cadmium could not be used to probe
the accessibility of this residue. However, E51 plays a role in cal-
cium permeability (Samways and Egan, 2007), and therefore, the
accessibility of this residue in an open state is substantial. Polar

non-charged residues T57 and S59 could interact with cadmium
through the coordination of cadmium ions by their hydroxyl
groups. The role of the hydrophobic V61 residue in ion access
is still unclear, but the S59 and V61 residues are found between the
middle and extracellular vestibule, which clearly confirms that the
ions can access the middle vestibule. Because the channel vestibules
can be charged with ions before opening, they may have a role as
ion reservoirs that contribute to fast activation kinetics, which
was previously described (Yan etal., 2006). The M336 residue,
which is crucial for ethanol binding by the rP2X4R (Popova etal.,
2010), is found at the lipid-water interface, and its interaction with
cadmium in a closed state may affect receptor activation.

The K329 and E56 residues are cadmium-reactive in both pro-
tocols, which suggest roles in interactions with ions during a
closed-to-open transition. Our data showed prolonged desen-
sitization rates for both residues, which implies that they are
functionally coupled. These residues are found in close proxim-
ity to each other, but both open and closed states of our rP2X4R
homology model and the zP2X4.1R do not show the formation
of salt bridges. Notably, most of cadmium hits for probing the
open state were found below the K329 and E56 residues along the
central channel axis, while most hits found in a predominantly
closed state were situated above the K329 and E56 residues. How-
ever, the presence and role for a number of positively charged
amino acid residues within this region remains unclear because
the K52, K326, and K329 residues presented different accessibility
potential to cadmium by the protocols that were used. These pos-
itively charged residues may play a role in depleting anions from
the cation hydration sphere and thus facilitate cation permeability,
but their exclusive role as selectivity filters has not been elucidated.
Finally, the most prominent facilitatory effect of cadmium was
identified in 1333 and V47 mutants and our homology model has
predicted a spatial proximity of these residues (not shown). This
issue was also addressed in rP2X2R where V48 and 1328 inter-
action stabilizes the closed state and facilitates lipid intercalation
during channel gating (Rothwell etal., 2014).

Figure 7 summarizes a comparison of our findings from three
major studies in this field. The focus in a study with rP2X2R

FIGURE 7 | Amino acid sequence alignment of P2XRs used in studies
for probing surface accessibility of TM and ectodomain residue side
chains in channels in an open state. The alignment represents the
comparison of amino acid side chain modifications with cysteine modifying
MTS agents (Kawate etal., 2011; Samways etal., 2011) or cadmium (Kracun

48 VFIVQKSYQDSETGPE 63

47 QEVWEREYORIESVVS 62

324 FGKAGKFDIIPTMINIGRGLALLGMATVLCDIIVL 358
324 FGKACHFNPE'ElVGSCLALLGVATVLCDVIVL 338

TM1 helix
Kracun 2010: rP2X2
Kawate 2011:  rpP2x2 48 VFIVlvO
Samways 2011: hP2X4 47 VEVWEKGYQ
Present Study: rP2X4
|
Kracun 2010: rP2X2 319 HGQAGKFSLIPTI
Kawate 2011: rP2X2 319 H
Samways 2011: hP2X4
Present Study: rP2X4

I cadmium sensitive
cadmium insensitive

m MTS sensitive

62 non functional

1 not studied

TGPE 63

TM2 helix
ate

IESTENGSFLCRWIIL 353

LAMATLTSIGVGSFLCDWILL 353

etal., 2010; Samways etal., 2011) during co-application with supramaximal
doses of ATP. The gate region is presented with a black horizontal line
above the TM2 domain [derived from (Kracun etal., 2010), while TM helices
are marked with arrows. Non-functional rP2X4R mutants were described in
Rokic etal. (2013)].
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was the [328-L353 sequence, which covered the TM2 region and
accompanied five ectodomain residues (Kracun et al., 2010). It was
observed that the rP2X2-T336C and I332C mutants had gating
modification rates that were the same order of magnitude when
cadmium was pre-applied or co-applied, which implies that these
residues are fully accessible to cadmium in open and closed states.
In contrast to this result, most of the TM2 residue mutants that
line the permeation pathway of rP2X2R exhibited a different order
of magnitude in the modification rate during the pre-application
and co-application of cadmium, which suggests that the residues
are accessible only during the open state. This study also helped
in defining the gating rP2X2R region (indicated by the horizon-
tal black line in Figure 7). Within the gating region, the 1332C
mutant is identified as cadmium-sensitive, which was confirmed
later by (Kawate etal., 2011). We also identified the correspond-
ing rP2X4R mutant (I1337C) as cadmium hit; however we could
not confirm its accessibility when channel transits from closed-
to-open state. The homology model reveals a tight packing of
this residue side chain triplet in the rP2X4R, and the possible
formation of short distance hydrogen bonds between engineered
sulthydryl side chains at the 337 position (Rajagopal and Vishvesh-
wara, 2005). This indicates that I337 plays a role as a hydrophobic
plug.

In our study, but not in other studies (Kracun etal., 2010;
Kawate etal., 2011), the N338 mutant was also cadmium-sensitive
in an open state. In rP2X2R, the co-application of MTS also
affected cysteine substitutions at H319 and 1328 residues; the later
was also detected in our experiments as a cadmium-sensitive hit. In
contrast to rP2X2R, we also identified the K329C, D331C, 1332C,
and T335C mutants as cadmium-sensitive during the open-to-
desensitized transition. Experiments with hP2X4R showed the
accessibility of E56C and D58C mutants to cadmium ions dur-
ing co-application. Furthermore, single channel experiments have
shown that these residues do not function as selection filters
(Samways and Egan, 2007). In our study, cadmium has shown
insignificant effect on both D58C and D58A mutants revealing
that this residue does not play a role during gating. Experi-
ments on P2X2R that employed MTS reagents showed no effect of
these reagents on analogous residues D57 and E59 (Kawate etal.,
2011).

In conclusion, our findings indicate the possibility of ion
entry in extracellular vestibule though lateral portals while the
rP2X4R channel is closed. We also identified amino acid residues
of the extracellular vestibule that interact with ion during closed-
open-desensitization transition. The residues above TM1 are
predominantly responsible for ion uptake into the extracellular
vestibule lumen, whereas TM2 predominantly facilitates access
to gate and permeation. These findings provide further insight
on rP2X4R gating, which is helpful in understanding common,
receptor-specific, and species-specific functions of extracellular
vestibule.
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