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Abstract P2X3 receptors (P2X3R) are trimeric ATP-gated
cation channels involved in sensory neurotransmission and
inflammatory pain. We used homology modeling and molec-
ular dynamic simulations of the hP2X3R to identify inter-
subunit interactions of residues that are instrumental to eluci-
date conformational changes associated with gating of the
hPX3R. We identified an ionic interaction between E112
and R198 of the head domain and dorsal fin domain, respec-
tively, and E57 and T263 of the lower body domains of adja-
cent subunits and detected a marked rearrangement of these
domains during gating of the hP3X3R. Double-mutant cycle
analysis of the inter-subunit residue pairs E112/R198 and ES7/
T263 revealed significant interaction-free energies. Disulfide
locking of the hP2X3R E112C/R198C or the ES7C/T263C
double cysteine mutants markedly reduced the ATP-induced
current responses. The decreased current amplitude following
inter-subunit disulfide cross-linking indicates that disulfide
locking of the head and dorsal fin domains or at the level of
the lower body domains of the hP2X3R prevents the gating-
induced conformational rearrangement of the subunits with
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respect to each other. The distinct reorganization of the sub-
unit interfaces during gating of the hP2X3R is generally con-
sistent with the gating mechanism of other P2XRs. Charge-
reversal mutagenesis and methanethiosulfonate (MTS)-modi-
fication of substituted cysteines demonstrated that E112 and
R198 interact electrostatically. Both disulfide locking and salt
bridge breaking of the E112/R198 interaction reduced the
hP2X3R function. We conclude that the inter-subunit salt
bridge between E112 and R198 of the head and dorsal fin
domains, respectively, serves to control the mobility of these
domains during agonist-activation of the hP2X3R.
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Introduction

P2X receptors (P2XRs) are homo- or heterotrimeric ATP-
gated cation channels that assemble from seven homologous
subunits referred to as P2X1-P2X7 [1-3]. The application of
the apo-closed and the ATP-bound open-state x-ray crystal
structures of the zebrafish P2X4 (zP2X4) receptor [4, 5] has
facilitated the interpretation of molecular data in a structural
context and thus immensely enhanced our understanding of
the molecular mechanisms of operation of P2X receptor chan-
nels. The zP2X4 protomer has a “jumping-dolphin”-like
structural shape with the inter-subunit ATP-binding pocket
formed by the head domain, the upper body, and the left flip-
per of one subunit and the lower body and dorsal fin of an
adjacent subunit [5]. The process of ATP activation of P2X
receptors comprises several conformational changes through-
out the receptor that eventually result in the opening of the
transmembrane ion channel pore. Following ATP binding, the
head domain and dorsal fin of adjacent subunits approach
each other resulting in the tightening of the ATP-binding
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pocket [6]. The importance of the movement of the head do-
main for the ATP activation of P2XRs is also evident from
voltage-clamp fluorometry experiments of the P2X1R [7] as
well as molecular dynamic simulations (MDS) and normal
mode analysis of the P2X4R [8]. The upward and outward
movements of the dorsal fin and left flipper, respectively, pro-
mote the outward flexing of the lower body domains, which
separates the 3 strands of adjacent subunits and ultimately
opens the ion channel pore by an iris-like widening of the
TM helices [4]. Taken together, during channel gating, exten-
sive rearrangements and conformational changes take place at
the subunit interface (for review, see [9—11]).

In accordance with this gating mechanism, several muta-
tional studies on P2X1 or P2X2 subunit-containing receptors
have shown that the restriction of the relative movements of
adjacent subunits by disulfide locking inhibits the channel
function [12-20]. In the hP2X3R, we have recently shown
by disulfide trapping analysis that the conformational mobility
of domains constituting the inter-subunit ATP-binding site is
essential for ATP-induced channel opening [21]. By using
homology modeling and functional analysis of alanine mu-
tants, the residues K63, K65, T172, K176, N279, F280,
R281, and K299 of the hP2X3R were identified to be impor-
tant for ATP-binding [22].

The rapid desensitization of the P2X3R, together with its
sensitivity to extracellular Ca®" that accelerates recovery from
desensitization makes them unique among P2XRs [23].
Interestingly, it was shown that alanine replacement of the
rP2X3R residue E111 of the E111-E112 sequence specific
for the rat and human P2X3R accelerated recovery from de-
sensitization but maintained the Ca®" sensitivity of recovery
from desensitization [24]. However, although several residues
and domains that control desensitization of the P2X3R have
been identified [3, 11, 23, 25], the precise molecular mecha-
nism of desensitization remains unknown.

P2X3Rs are crucially involved in sensory neurotransmis-
sion and neuropathic and chronic inflammatory pain states
[26, 27]. Several compounds pharmacologically targeting
P2X3Rs have been developed and exhibited strong
antinociceptive effects in rodents [28]. The P2X3 and P2X2/
3 antagonist AF-219 was recently shown to be highly effec-
tive in reducing the frequency of cough in a phase 2 trial of
patients with refractory chronic cough [29]. Antagonists of
P2X3-containing receptors such as AF-219 also hold promise
for the treatment of lower urinary tract dysfunctions [30].

In a preceding paper, we simulated molecular dynamics of
the hP2X3R, based upon its closed homology model, and
thereby identified regions of the receptor ectodomain ap-
proaching each other around the agonist binding pocket
[21]. Then, we generated potential cysteine double mutants
in order to check the possibility of disulfide bond formation
and subsequent immobilization/inactivation of the receptor. In
the present study, we pursued a somewhat different strategy.
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We searched, based on the homology model of the hP2X3R,
by the use of adequate software for potential hydrogen bonds
and salt bridges within the receptor structure. Then, cysteine
double mutants helped to identify a functionally important
interaction between the residues E112 of the head domain of
one subunit and the R198 of the dorsal fin of the adjacent
subunit, and also another hitherto unknown interaction be-
tween the residues E57 and T263 at the lower body domains
of adjacent subunits. In addition, charge reversal mutagenesis
and methanethiosulfonate-modification of substituted cyste-
ines demonstrated that the negatively charged residue E112
and the positively charged residue R198 interact
electrostatically.

Material and methods
Homology modeling of the hP2X3R and MDSs

The apo closed-state and ATP-bound open-state models of the
hP2X3 were generated by the Modeller 9v8 program
(http://salilab.org/modeller) using the pdb entries 3HOV [5]
and 4DW1 [4], respectively, as previously described [21,
31]. To determine the probability of electrostatic or
hydrogen bond interactions of amino acid residues of the
hP2X3 closed state throughout the protein dynamics in
absence of the agonist, we simulated molecular dynamics
with NAMD [32] (http://www.ks.uiuc.edu/Research/namd)
based on the closed-state hP2X3 homology model, visualized
the receptor structure and dynamics with visual molecular
dynamics (VMD) [33] (http://www.ks.uiuc.edu/Research/
vmd) and used the Salt Bridges plugin (version 1.1) or
HBonds plugin (version 1.2) of VMD, respectively, with
default settings for the prediction of salt bridges or hydrogen
bond interactions throughout the MD trajectories. Only salt
bridges or hydrogen bond interactions with a frequency of
occupancy of >27 or >50 %, respectively, were analyzed
further. Distances between the predicted interacting residues
were measured between the respective backbone C,, atoms or
the charged or polar atoms of the side chains in the apo
closed-state and ATP-bound open-state models of the
hP2X3R.

Site-directed mutagenesis

The pIRES2-EGFP plasmid carrying the hP2X3R gene
was available from previous studies [22, 34]. All mu-
tants of the hP2X3R were generated by using the
QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA), using primers synthesized by MWG
Biotech (Ebersberg, Germany). All constructs were veri-
fied by nucleotide sequencing.
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Culturing of HEK293 cells and transient transfection

Human embryonic kidney 293 (HEK293) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 4.5 mg/ml of D-glucose, 10 % of fetal bovine
serum (Invitrogen), and 2 mM L-glutamine (Sigma-Aldrich)
at 37 °C and 5 % CO, in humidified air. For patch clamp
electrophysiology, HEK293 cells were plated in plastic dishes
6 h before transient transfection. Following the manufacturer’s
protocol, 0.5 png plasmid DNA was mixed with 10 pl of
PolyFect® transfection reagent (QIAGEN) and 100 pl of
Opti-MEM® (Invitrogen) and was added to the HEK293 cells
in culture medium. About 18 h post-transfection, the medium
was replaced by Opti-MEM for removing residual plasmid
DNA.

Whole-cell patch clamp recordings

Whole-cell patch clamp recordings were performed at room
temperature (2022 °C) 24 days after transient transfection
of HEK293 cells, using an Axopatch 200 B patch clamp am-
plifier (Molecular Devices). 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 contained (in mM) NaCl
135,KCI5,MgCl, 2, CaCl, 2, HEPES 10, and glucose 11; pH
adjusted to 7.4 using NaOH. The pipette resistances were
between 3 and 7 MS2. The liquid junction potential (77 ;) be-
tween 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 Vp;. All the recordings were carried out at a
holding potential of =65 mV. Data were filtered at 2 kHz,
digitized at 5 kHz, and stored on a computer using a
Digidata 1440 interface and the pClamp 10.2 software
(Molecular Devices).

Drugs were dissolved in the external solution and locally
superfused to single cells using the SF-77B Perfusion Fast-
Step rapid solution exchange system (Warner Instruments).
The hP2X3Rs were activated by applying incrementally in-
creasing concentrations (0.3 to 300 uM) of the P2XIR,
P2X3R-selective agonist o, 3-methylene ATP («,[3-meATP)
for 2 s at an interval of 5 min. The amplitudes of the agonist-
induced currents were plotted as concentration-response
curves as detailed in the following section.

For the redox experiments, the reference electrode for volt-
age recording was connected to the bath solution via a KCI-
agar bridge to avoid voltage errors. To indirectly monitor di-
sulfide bond formation in the redox experiments, 30 uM «, 3-
meATP was repetitively applied for 2 s at an interval of 5 min,
eight times in total. After 10 min (i.e., following two agonist
applications), | mM dithiothreitol (DTT) was superfused for
15 min (during three agonist applications), followed by the
application of 2 mM H,0, for 15 min (during three agonist

applications) to initiate and reduce disulfide bonds, respective-
ly. To determine the effect of the methanethiosulfonate (MTS)
reagents, the HEK293 cells expressing the wild-type (wt) or
mutant hP2X3R were incubated in 1 mM of the respective
MTS reagent for 5 min, before incrementally increasing con-
centrations of o, 3-meATP (0.3 to 300 uM) were applied to
generate concentration response curves.

Data analysis

The agonist concentration-response curves were obtained by
fitting the three-parametric Hill equation I = Iypa-[4]™/
(ECso™ + [4]™) to the pooled data points (unless otherwise
stated) from several (n) cells using the Origin 8.0 software
(OriginLab), where 7 is the defined as peak current evoked
by «,3-meATP concentration [A], /.« is the peak current
evoked by a maximally effective o,[3-meATP concentration,
ECs5 is the half-maximal effective concentration, and ny; is the
Hill coefficient. The data are presented as the means+S.E.M.
of n experiments.

The relative current response elicited by 30 uM «,f3-
meATP during DTT or H,O, application mediated by the wt
hP2X3R and the various hP2X3R mutants was calculated as
follows: (Zagier/Linitial) % 100, where ;. and L,ge, are the aver-
aged o, [3-meATP current amplitudes measured initially in ex-
tracellular solution (EC) and the third «,(3-meATP current
amplitude after starting the indicated treatment, respectively.
For a statistical comparison of the «,(3-meATP-elicited current
responses of the cysteine and charge scan mutants as well as
the effect of the MTS treatment with the wt hP2X3R, a one-
way analysis of variance (ANOVA) was used followed by the
Holm-Sidak post hoc test. The effect of DTT and H,O, was
statistically evaluated by ANOVA followed by the Bonferroni
post hoc multiple comparison test. A p value of <0.05 was
considered statistically significant.

For double mutant cycle analysis, the change in the Gibbs
free energy (AAG) and the interaction free energy (also des-
ignated as the coupling energy of the interaction of two resi-
dues, AAGnt) Were calculated as previously described by
using experimentally determined ECs, values [35].

Results

Homology modeling predicts inter-subunit interactions
of the ectodomain interfaces that rearrange during gating
of the hP2X3R

To identify functionally important inter-subunit interactions of
the hP2X3R ectodomain that undergo conformational rear-
rangement during channel gating, we compared the apo
closed-state and ATP-bound open-state homology models of

@ Springer
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the hP2X3R (Fig. la, c). The exclusive comparison of the
static apo closed-state and ATP-bound open-state homology
models do not allow to assess whether putative side chain
interactions of nearby residues are stable during the protein
dynamics in each conformational state. To take account of this
fact, we performed MDS to determine the probability of the
electrostatic or hydrogen bond interactions of amino acid res-
idues of the hP2X3 throughout the closed-state protein dy-
namics. The comparison of the closed-state and open-state
homology models of the hP2X3R indicated a marked rear-
rangement of the head and dorsal fin domains and the lower
body domains. At the lower body domains, our analysis pre-
dicted that the side-chains of the residues K242 and T263 (but
not R264) of one subunit are in closer proximity to E57 of the
adjacent subunit in the closed-state than in the open-state
(Fig. 1b, d; Suppl. Table S1). The MDS data further inferred
a frequency of occupancy of inter-subunit hydrogen bonding
interactions between E57 and either K242 or T263 of 72.8 or

Fig.1 Homology modeling of the hP2X3 receptor assigns putative inter-
subunit interactions. a, b Shown are ribbon representations of homology
models of the hP2X3R in the apo closed-state (a) and ATP-bound open-
state (¢). The models are based on the closed-state and ATP-bound open-
state crystal structure of the zebrafish zP2X4R, respectively. The three
subunits are colored blue, red, or gray. Each subunit has a dolphin-like
structure, consisting of the beak, the head, upper- and lower body
domains, the dorsal fin, and left and right flippers (c.f. [5]). b, d
Comparison of the closed-state (b) and ATP-bound open-state (d)
hP2X3 homology models and refinements by molecular dynamics

@ Springer

55.6 %, respectively, during the closed state dynamics. At the
level of the ATP-binding pocket, the comparison of the
closed-and open-state homology models predicted a closer
side-chain proximity (distance of the charged atoms) of
E112 of the head domain (corresponding to residues Q104—
C153) of one subunit and R198 of the dorsal fin (correspond-
ing to residues L191-L216) of the adjacent subunit in the
open state than in the closed state (Fig. 1b, d; Suppl.
Table S1). In agreement with the closer proximity of the side
chains of the residues E112 and R198 in the ATP-bound open
state, MDS revealed a frequency of occupancy of this salt
bridge interaction of only 27.6 % during the closed-state
dynamics.

In addition, our MDS data revealed an inter-subunit hydro-
gen bond interaction between D79 and Y285 of the upper
body domains of adjacent subunits with a frequency of occu-
pancy of 60.5 % during the closed state dynamics of the
hP2X3R (Fig. 1b, d; Suppl. Table S1). In this case, the

- !‘
E112/R198

D79/Y285

simulations led to the identification of the following four residue pairs
possibly involved in non-covalent inter-subunit interactions: the
hydrogen-bonded pairs E57/T263 and D79/Y285 located at the lower
and the upper body domains, respectively; the electrostatically linked
pairs E57/K242 and E112/R198 located at the lower body domains and
the head and the dorsal fin domains of two adjacent subunits, respectively.
The side chains of the putatively interacting residues of each residue pair
are shown as cyan sticks with oxygens and nitrogens highlighted in red or
blue, respectively. The backbone colors allow distinguishing the subunits
as in panels a and ¢
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polar/charged atoms were separated by a distance of about 3 A
in the closed state only and did not approach each other in the
ATP-bound open state of the receptor.

Disulfide locking of inter-subunit residue pairs
E57C/T263C and E112C/R198C blocks hP2X3R channel
function

To test for their spatial proximity at the subunit interface, we
singly and doubly substituted the MDS-predicted residues by
cysteines for oxidative cross-linking experiments. To analyze
the effect of the cysteine substitution itself, current responses to
the P2X1R/P2X3R-selective agonist «,3-meATP (0.3—
300 uM) were recorded by whole-cell patch clamping from
HEK293 cells transiently expressing the wt hP2X3 receptor
or one of its single or double cysteine mutants. Double cysteine
substitution markedly reduced the maximal current amplitude
(efficacy) elicited by «,(3-meATP at the E5S7C/T263C or the
E112C/R198C mutant (Fig. 2a, d; Table 1). The current re-
sponses of the ES7C/K242C and the D79C/Y285C mutants
were virtually abolished (Fig. 2b, c; Table 1). Because the
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Fig. 2 o,[3-meATP dose-response curves of the cysteine substitution
mutants of the predicted interacting residues of the hP2X3R subunit
interfaces. «,3-meATP induced current responses were recorded from
HEK293 cells transfected with the wt hP2X3R or one of its single or
double cysteine mutants as indicated. Increasing concentrations of o, 3-

single cysteine mutant D79C was also virtually non-functional,
the abolished function of the cysteine double mutant
D79C/Y285C most likely can be attributed to the cysteine sub-
stitution of the residue D79. The half maximal effective con-
centration (ECs() of «,(3-meATP, the mean current amplitude
elicited by 300 uM of «,3-meATP (/i ean), and the Hill coeffi-
cient (ny) of each hP2X3R mutant are summarized in Table 1.

Next, we analyzed whether the current amplitudes induced
by 30 uM «, 3-meATP were affected by chemical reduction or
oxidation by 1 mM DTT or 2 mM H,0, treatment as an
indicator of the cleavage and re-formation of a disulfide bond,
respectively. As shown in Fig. 3, DTT or H,O, treatment did
not significantly affect the current amplitudes mediated by the
wt hP2X3R, its single cysteine mutants (with the exception of
a small change at E112C) or the E57C/K242C and the
D79C/Y285C cysteine double mutants (Fig. 3 a—c). Both
double-cysteine mutants, ES7C/K242C and the
D79C/Y285C, turned out to be virtually non-functional even
in the presence of high concentrations of DTT (c.f. Fig. 2b, ¢
and Fig. 3a). Therefore, we cannot assess whether disulfide
bonds are formed between the E5S7C and K242C or the D79C

® hP2X3wt
4000 1 A hP2X3 (E57C)
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& n=69 )
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2
[
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=
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10 1I00
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meATP (0.3-300 uM) were applied locally for 2 s in 5-min intervals at a
holding potential of =65 mV. Each symbol represents the mean + SEM of
6-15 experiments. The continuous and broken lines through symbols are
fits to the Hill equation. The relevant parameters derived from these
curves are summarized in Table 1
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Table 1 Summary of the data
obtained from concentration-
response analysis of the wt
hP2X3R and its single and double
mutants

ECso [UM] ny Lean [PA] 300 UM AAG AAGNT Number
[kcal/mol] [kcal/mol]
hP2X3 wt 9.86+3.11 149+0.2  —3727.92+434.81 0 - 8
E57C° 30.08 £5.35 1.64+£0.2  —1724.40+295.46" 0.65+0.011 - 13
T263C° 11.35+4.36 1.38+0.3  —3380.86+190.17 0.08 £0.001 - 6
E57C/T263C¢ 11.66 £5.18 1.06+£0.1  —1285.88+191.72% 0.10+0.006 -0.63+£020 5
K242C 9.65+1.90 1.55+0.1  —3136.92+751.77 -0.01+£0.003 - 13
E57C/K242C n.c. n.c. —49.09+9.77* n.c. n.c 10
D79C n.c. n.c. —242.09+57.52% n.c. - 7
Y285C 8.14+1.72 149+0.1  —2482.51+497.22 -0.11+0.003 - 7
D79C/Y285C n.c. n.c. -122,41+£50.57* n.c. n.c 6
El12C 11.51+1.91 2.63+£0.5 —2323.90+324.74 0.09+0.04 - 8
R198C 7.56+1.68 231+£0.3  —-2107.14+333.94 -0.15+£0.003 - 9
E112C/R198C 83.41 £84.76 1.46+04  —1297.54+£263.66° 1.24+0.09 1.31+0.54 6
E112K 4641+2206 0.88+0.1 —2200.76+397.17° 0.90+0.03 - 6
R198D 56.34+23.72 1.30+0.1 —2989.79 +337.52 1.01 £0.03 - 8
E112K/R189D  20.08+6.16 1.50+0.2  —3719.87+356.08 0.45+0.01 -1.50+£0.01 8

Half maximal effective concentration (ECs), Hill coefficient (ny1), mean current amplitudes elicited by 300 pM
&, B-meATP (Ipean), AAG and AAGyyt values and the number of measured HEK293 cells expressing the mutant
or wt hP2X3 receptor (n) are summarized. Values represent mean+ S.E.M

n.c. non-calculable

# I nean values at 300 uM «, 3-meATP are significantly different from those measured in hP2X3 wt. Statistics were
carried out with one-way ANOVA followed by Holm-Sidak post hoc test after confirming normal distribution

® [ nean Values at 300 pM «, B-meATP are significantly different from those measured in hP2X3 wt. Statistics were
carried out with Student’s ¢ test after confirming normal distribution

¢ Because fitting the Hill equation to the pooled data points from (n) cells did not reliably characterize the
concentration-response relationship of these mutants, the ECso and ny; values were calculated by averaging the

ECs and ny values of a cell-by-cell curve fitting to the Hill equation

and Y285C. It is possible that the disulfide bonds are formed,
but adopt a buried position that renders them inaccessible to
DTT treatment. Alternatively, the single cysteine substitution
of D79 or the simultaneous cysteine substitution of E57 and
K242 may profoundly disturb the synthesis, assembly, traf-
ficking, or channel function of these mutants. By contrast,
the «,3-meATP-induced current amplitudes of the cysteine
double mutants ES7C/T263C and E112C/R198C were signif-
icantly increased by chemical reduction with DTT (Fig. 3a, c).
This DTT-induced increase of the «,3-meATP-induced cur-
rent amplitudes could be fully reversed by the subsequent
H,0, treatment.

Double mutant cycle analysis supports the pairwise
energetic coupling of E57/T263 and E112/R198

To test for energetic coupling between the residue pairs ES7/
T263 and E112/R198, we performed a double-mutant cycle
analysis. The double-mutant cycle analysis allows the calcu-
lation of the interaction energy between a residue pair based
on the Gibbs free energy change associated with the mutation
of these residues [36—40]. If two residues interact, the change
in the free energy of the double mutant differs from the sum of
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the changes of the corresponding single mutations. We used
the changes of the ECs, values for «,(3-meATP to calculate
the free energy change associated with the cysteine substitu-
tions ES7C/T263C and E112C/R198C. We found for both
residue pairs that the additive sum of the changes in the free
energy of the single mutants was different from the change in
the free energy of the corresponding double mutant.
Interaction energies of (AAGyt) —0.63+0.20 and 1.31
+0.54 kcal/mol were calculated for the residue pairs ES7C/
T263C and E112C/R198C, respectively (Fig. 4 and Table 1).
Both interaction energies are significantly larger than the
threshold value set to +0.35 kcal/mol for non-interacting res-
idues [35, 36]. In addition, mutant cycle analysis for the
charge reversal mutants E112K and/or R198D provided an
interaction free energy (AAGyt) of —1.50+0.01 kcal/mol
(Table 1), which is also above the threshold of +0.35 kcal/
mol for non-interacting residues [36]. However, one should
consider that mutant cycle analysis based on ECs, values
can merely estimate the energetics of the interaction, be-
cause ECs values represent a composite measure of ago-
nist binding, channel gating, and desensitization and each
mutation may differently affect these individual processes
during channel activation.
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Fig. 3 Analysis of the predicted a

interacting residue pairs of the

hP2X3R by disulfide trapping. a wt
Original current traces as
recorded by whole cell patch-
clamping of HEK293 cells
expressing the indicated hP2X3R.
Current responses were elicited
by 30 uM o, 3-meATP applied
repeatedly for 2 s in 5-min
intervals before, during and after
treatment with 1 mM DTT or

2 mM H,O0, as indicated. b, ¢ The
mean current responses recorded

E57C/T263C

E57C/K242C
5'

as in (a) of the wt hP2X3 and —_ —_

D79C/Y285C ;
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—_ —_ —_ — — 20's

hP2X3R single (b) or double (c)
cysteine mutants during treatment
with DTT or H,O, were
normalized to the current
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The E112/R198 interaction is electrostatic in nature

Next, we analyzed whether the interaction between E112
and R198 of the hP2X3 receptor is electrostatic in nature.
We individually reversed the charges and swapped the

E57C/T263C ES57C/K242C D79C/Y285C E112C/R198C

charges to break and restore the ionic interactions, respec-
tively. Because the current responses of the charge rever-
sal mutants did not reliably saturate at the largest o,f3-
meATP concentration used, the curve fitting with the
Hill equation may report only an estimate of the top of
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30.1 uM = 11.3 uM

-0.63 kcal/mol
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11.7 uM
Fig.4 ECs, value-based double mutant cycle analysis of hP2X3 cysteine
single and double mutants to assess the energetic coupling of E57/T263

and E112/R198. The «,[3-meATP ECs, values of the indicated hP2X3R
constructs were derived from the dose—response curves (see Table 1). The

the concentration-response curve. Thus, we decided to use
the maximal current amplitudes elicited by the largest «,
3-meATP concentration used (300 uM; I c.n) for the
comparison of /., values between the wt and its mutants
rather than the estimated top of the concentration-
response curves obtained from the fitting with the Hill
equation. Our reason for not increasing the «,(3-meATP
concentration above 300 uM was that we were afraid of
inducing non-selective effects at overtly large agonist
concentrations (e.g., long-lasting blockade of ecto-
nucleotidases with subsequent marked desensitization of
the P2X3 receptor due to the reduced degradation of re-
leased endogenous ATP; [41]).

In the charge reversal studies, we used lysine (E112K)
or aspartic aid (R198D) for substitution. At first, we com-
pared the /.., values after charge reversal and charge
swap in the hP2X3R at 30 uM «,3-meATP (Fig. 5c).
The E112K and R198D single mutations both depressed
the current responses, whereas the E112K/R198D double
mutation reversed this inhibitory effect. We carried out a
more detailed analysis at 300 uM «,3-meATP (Fig. 5d),
because all residual calculations were made at this agonist
concentration (Table 1). In this case, only the E112K sin-
gle mutation of wt hP2X3 inhibited the current responses
and the R198D single and the E112K/R198D double mu-
tations failed to cause any statistically significant change.
If we disregarded statistical significance and calculated
the tendency of changes in agonist potency and mean
current amplitude elicited by 300 uM «,[3-meATP, the
charge reversal resulted in a 4.7- or 5.7-fold decrease of
the «,[3-meATP potency, respectively, and a 1.7- or 1.3-
fold decrease of the maximal current amplitude elicited by
300 uM «,[3-meATP, respectively, compared with the wt
hP2X3 receptor (Table 1 and Fig. 5a, b).

If the effects of the charge reversal mutations E112K
and R198D occur independent of each other, the effect of
the double charge reversal should be equal to the product
of the two individual changes, i.e., a total ~27-fold

@ Springer

b
wt
/ 9.9 uM \

R198C AA G\t E112C
11.5 uM = 7.6 UM
1.31 kcal/mol
E112C/R198C
83.4 uM

indicated interaction free energies of both residue pairs, E57/T263 and
E112/R198, are significantly larger than the threshold, set to +0.35 kcal/
mol for non-interacting residues [36]. For details of the free energy
calculations, see [35]

decrease in the o,3-meATP potency and a total ~2-fold
decrease in the maximal current amplitude would be ex-
pected. In contrast, the charge-swap mutant E112K/
R198D of the hP2X3R exhibited only a twofold decrease
in the potency and no change of the maximal current
amplitude elicited by 300 pM «,3-meATP compared with
the wt hP2X3R (Table 1, Fig. 5b, c). This indicates that
the charge swapping of the E112/R198 residue pair large-
ly rescues the «,3-meATP potency and the maximal cur-
rent amplitude elicited by 300 uM o,3-meATP and thus
suggests that the effects of the charge reversal mutations
in the E112K/R198D charge-swap mutant occur not inde-
pendent (non-additive) of each other.

To provide additional evidence for the electrostatic na-
ture of the interaction between E112 and R198, we used
the single cysteine substitution mutants E112C and
R198C to posttranslationally add charges to the 112C
and 198C by cysteine-reactive MTS reagents. The
E112C or R198C single mutations themselves did not
significantly affect the «,3-meATP potency (Fig. 2d,
Table 1), but decreased the maximal current amplitude
elicited by 300 uM «,[3-meATP by the factor of 1.8 or
2, respectively (Fig. 2d, Table 1). To reintroduce desired
charges at positions 112 and 198 posttranslationally, we
used the positively and negatively charged MTS reagents
MTS ethylammonium (MTSEA) and MTS ethylsulfonate
(MTSES), respectively. According to the similar molecu-
lar mass and thiol reactivity of these two MTS reagents,
the differences in the o,-meATP potency and maximal
current amplitudes following treatment with MTSEA or
MTSES can be ascribed to the addition of a positive or
negative charge at the substituted cysteine, respectively.
Treatment of the wt hP2X3R with 1| mM MTSEA or
MTSES for 5 min failed to affect either the current am-
plitudes elicited by 300 uM «,[3-meATP (Fig. 6a, d) or its
potency (Fig. 6a). The restoration of the original charges
at E112C or R198C by MTSES or MTSEA (which itself
did not induce any currents), respectively, rescued the
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Fig. 5 Analysis of the E112/R198 residue pair by charge reversal and
charge swapping mutagenesis to assess whether E112 and R198 interact
electrostatically. a Original current responses of HEK293 cells expressing
the indicated hP2X3R constructs to increasing concentrations of «,[3-
meATP (horizontal bars, concentration in M) applied for 2 s in 5-min
intervals. b «,3-meATP dose-response curves of the wt hP2X3R or the
E112K, R198D or E112K/R198D mutant of the hP2X3R were derived

receptor function as evident from the increase of the o, [3-
meATP-induced current amplitudes to approximately the
same values as of the wt hP2X3R (Fig. 6b—d). By
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from measurements such shown in panel a. Mean current responses to
30 uM «,3-meATP (¢) or 300 uM «,3-meATP (d) of the wt hP2X3R or
the E112K, R198D or E112K/R198D mutant of the wt hP2X3R. Each
bar represents mean+ SEM of 6-8 experiments. Statistics were carried
out with one-way ANOVA followed by Holm-Sidak post hoc test
(*<p<0.05) or by the Student’s ¢ test after confirming normal
distribution (*p <0.05)

contrast, the introduction of a charge opposite to the orig-
inal one at each position did not markedly affect the func-
tion of the E112C- or R198C-hP2X3R (Fig. 6b—d).
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Fig. 6 Analysis of the E112C or R198C residues by cysteine
modification via the thiol-reactive MTS reagents MTSES or MTSEA.
o, 3-meATP dose-response curves were generated as described in the
legend of Fig. 2 at HEK293 cells transfected with the wt hP2X3R (a),
the E112C-hP2X3R (b), and the R198C-hP2X3R (c¢). Prior to whole-cell
patch clamp analysis, the cells were pre-incubated in extracellular
solution without or with 1 mM MTSES (negatively charged) or 1 mM

Discussion

In this study, we have identified functionally important inter-
subunit interactions of the hP2X3 receptor that were instru-
mental to elucidate conformational changes associated with
ATP-induced gating. Homology modeling and MDS revealed
a marked rearrangement of the head and dorsal fin domains
and the lower body domains of adjacent subunits during chan-
nel gating of the hP3X3R. These findings closely agree with
the described ATP-induced tightening of the ATP-binding jaw
(also designated cleft closure) between the head and dorsal fin
domains [4, 6] and the separation of the lower body domains
of adjacent subunits of the P2X2 or P2X4 receptor during
channel gating [4, 14, 42]. MDS predicted the inter-subunit
hydrogen bonding interaction of the lower body residues E57
and either K242 or T263, and between the upper body residues
D79/Y285 and the ionic interaction of the residues E112 of the
head domain and R198 of the dorsal fin that were experimen-
tally analyzed by disulfide trapping. Unexpectedly, the

@ Springer

= hP2X3 (E112C) + EC
4000 1 ® hP2X3 (E112C) + 1mM MTSES
= ® hP2X3 (E112C) + 1mM MTSEA %
= n=7-10
& -3000 -
c
[]
o
3
2 2000 -
=
c
(]
E
3 -1000 -
1 10 100
a,f-meATP [uM]

o [Icontrol .
= i
5 5000 {CIMTSES . —
g B vTSEA — 1
@ -4000 -
2 1 I
2
S -3000 -
o
(3]
® -2000 -
<
Z

~ 1000 1

(]

Q
_E

hP2X3 wt E112C R198C

MTSEA (positively charged) as indicated. d Bars represent mean current
responses + SEM of 6-10 experiments to 300 uM o, 3-meATP of the
indicated hP2X3R constructs pre-incubated in extracellular solution
without (control) or with MTSES or MTSEA as indicated. Statistics
were carried out with one-way ANOVA followed by Holm-Sidak post
hoc test (*p <0.05)

E57C/K242C and the D79C/Y285C double cysteine mutants
were virtually non-functional even in the presence of high
concentrations of DTT. By contrast, the «,[3-meATP-induced
current amplitudes of the cysteine double mutants E57C/
T263C and E112C/R198C were significantly affected by
chemical reduction or oxidation by DTT or H,O, treatment,
respectively. The ability of the ES7C/T263C and the E112C/
R198C cysteine double mutants to form inter-subunit disulfide
bonds confirms that the residues of each pair are in close
spatial proximity at the subunit interface. In addition,
double-mutant cycle analysis of the inter-subunit residue pairs
ES57/T263 and E112/R198 revealed significant interaction free
energies, indicating that ES7/T263 and E112/R198 are
pairwise energetically coupled.

The increase of the o, 3-meATP-evoked current amplitudes
by DTT without prior exposure to H,O, suggests that both
hP2X3 cysteine double mutants, ES7C/T263C and E112C/
R198C, are partially locked in a non-activatable state by di-
sulfide bonds that form spontaneously, i.e., in the absence of
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added H,0,. Application of H,O, induced the re-formation of
an inter-subunit disulfide cross-link between the E5S7C and
T263C or the E112C and R198C residues as indicated by
the diminished o, 3-meATP-gated currents following H,O,
treatment that apparently reflect the locking of both mutants
in a less activatable state. Thus, our disulfide trapping exper-
iments are best compatible with the view that inter-subunit
disulfide locking of the head and dorsal fin domains or at
the level of the lower body domains prevents the gating-
induced conformational rearrangement of the subunits with
respect to each other. These results are consistent with find-
ings of former studies on P2X1R, P2X1/2R, P2X2R, and
P2X4R, which were elaborated by using a similar approach
[12, 14-20], reviewed in [9].

An amino acid sequence alignment of the hP2X1, rP2X2,
and hP2X3 receptors in combination with our hP2X3R ho-
mology model disclosed additional interesting parallels. The
residues pairs E112/R198 and E57/T263 of the hP2X3R are
located at positions equivalent to residues located at the head
and dorsal fin domains of the P2X1R and P2X2R and the
functionally important E63/R274 salt bridge of the rP2X2R
[14], respectively. In the hP2X1R or rP2X2R, restriction by
disulfide crosslinking of the movement of the head domain
relative to the adjacent subunit [16] or dorsal fin [19], respec-
tively, also markedly reduced the ATP-elicited current re-
sponses (for review, see [9]). Likewise, disulfide crosslinking
of'the E63C/R274C residue pair at the lower body interface of
the rP2X2R significantly reduced the ATP-induced current
amplitudes [14]. These findings indicate that the agonist-
induced inter-subunit conformational changes in the
hP2X3R are similar to those in the hP2X1R or rP2X2R and
suggest that the principal conformational changes associated
with channel opening of the hP2X3 receptor are the move-
ment of adjacent subunits relative to each other. The marked
reorganization of the interfaces between subunits during gat-
ing of P2X receptors [4, 9] parallels the gating mechanism of
pentameric ligand-gated ion channels [43, 44].

Charge-reversal and charge-swap mutagenesis and MTS-
modification of substituted cysteines provides experimental
evidence that E112 and R198 interact electrostatically.
Moreover, several lines of evidence suggest that the salt bridge
between E112 and R198 serves to control the mobility of the
head domain of one subunit relative to the dorsal fin domain
of the adjacent subunit: First, disruption of the ionic interac-
tion between E112 and R198 by a single cysteine substitution
or single charge reversal mutagenesis (but not charge swap-
ping) markedly reduced the o, [3-meATP-induced current am-
plitude or reduced both the maximal current amplitude and the
«,3-meATP potency, respectively. These results suggest that
the unrestricted mobility of the head and dorsal fin domains
due to the loss of the ionic interaction between E112/R198
impedes the hP2X3R function, most likely by affecting chan-
nel gating. Second, conformational fixation of the head and

dorsal fin domains of adjacent subunits by a disulfide lock
diminished the agonist-induced current amplitudes by
inhibiting the gating-dependent conformational changes rath-
er than agonist binding (present study and see [21]). There is
also evidence from the literature that the conformational mo-
bility of the head domain relative to the adjacent subunit of the
P2XRs is essential for channel gating [6-8, 16, 21]. The ob-
servations that both conformational restriction (by disulfide
locking) and mobility (by salt bridge breaking) are detrimental
for function seems, at the first glance, contradictory. However,
due to a higher conformational degree of freedom with respect
to the spatial orientation of the oppositely charged side chains,
salt bridges enable a significant mobility as compared to co-
valent bonds or other non-bonded interactions such as hydro-
gen bonds or hydrophobic interactions, while also maintaining
a strong interaction. Due to this characteristic, an inter-domain
salt bridge is ideally suitable to control the structural dynamics
of coupled or interacting protein domains during processes
associated with conformational rearrangements such as chan-
nel gating (e.g., by switching between distinct “lock states”):
On the one hand, a salt bridge constrains the domain flexibility
[45—47], but on the other hand, allows a certain degree of
reorientation of side chains forming this inter-domain salt
bridge. In this regard, salt bridges within or between subunits
of ion channels or G protein-coupled receptors have been
shown to be critical for state-dependent conformational stabil-
ity, domain flexibility, and gating (for instance, see [35,
48-517).

In summary, the present study revealed two main conclu-
sions: First, one principal conformational change associated
with channel opening of the hP2X3R are the rearrangements
of adjacent subunits relative to each other, which is generally
consistent with the gating mechanism of the hP2XIR,
rP2X2R, or zP2X4R. Second, the hP2X3R residues E112
and R198 of the head domain and dorsal fin domain, respec-
tively, form an inter-subunit salt bridge that serves to control
the mobility of these domains during agonist-activation of the
hP2X3R.
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