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SUMMARY

The present work investigated sites of ethanol action in ATP-gated P2X receptors (P2XRs) using
chimeric strategies that exploited the differences in ethanol response between P2X2R (inhibition)
and P2X3R (potentiation). We tested ethanol (10-200mM) effects on ATP- and o, 3-methylene-ATP
(o, p-meATP)-induced currents in wildtype P2X2, P2X3 and chimeric P2X2/P2X3Rs expressed in
Xenopus oocytes using two-electrode voltage-clamp (—=70mV). Exchanging ectodomain regions of
P2X2 and P2X3Rs reversed wildtype ethanol responses. Substituting back portions of the P2X2R
ectodomain at TM interfaces in chimeras that contained the P2X3R ectodomain restored wildtype
P2X2R-like ethanol response. Point mutations that replaced non-conserved ectodomain residues at
TM interfaces of P2X3Rs with homologous P2X2R residues identified positions that reversed the
direction (304) or changed the magnitude (53, 55 and 313) of ethanol response. Homologous
substitutions in P2X2Rs did not significantly alter wildtype P2X2R-like ethanol responses. These
findings suggest that ectodomain segments at TM interfaces play key roles in determining qualitative
and quantitative responses to ethanol of P2X2 and P2X3Rs. Studies that substituted TM regions of
P2X3R with respective P2X2R TMs indicate that the TM1, but not the TM2, region plays a role in
determining the magnitude of ethanol response. Studies with ATP and o,3-meATP support prior
indications that TM regions are important in agonist desensitization and suggest that both ectodomain
and TM regions play roles in determining agonist potency and selectivity. Overall, these findings are
the first to identify potential targets for ethanol in P2X2 and P2X3Rs and should provide insight into
the sites of ethanol action in other P2XRs.
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INTRODUCTION

P2XRs constitute a superfamily of ligand-gated ion channels (LGICs) that are becoming
increasingly important in various areas of neuroscience. P2XRs are fast acting, cation-
permeable ion channels gated by synaptically released extracellular ATP (Khakh, 2001; North,
2002). Currently, seven subtypes of the P2X family of LGICs have been identified (P2X1-
P2X7). Messenger RNA or subunit protein for all of the P2XRs have been found in the central
nervous system (Khakh, 2001; North, 2002; Rubio and Soto, 2001). P2XR subtypes can form
functional ATP-activated homomeric channels (e.g., P2X2, P2X4) and many subtypes can also
form functional recombinant heteromeric receptors (e.g., P2X2/3, P2X4/6) when expressed in
Xenopus oocytes or mammalian cell lines (Khakh et al, 2001; North and Surprenant, 2000;
Ormond et al, 2006). P2XRs are multimeric proteins: a functional P2XR results from the
assembly of three subunits (Jiang et al, 2003; Stoop et al, 1999; Torres et al, 1999). All of these
subunits are thought to consist of two transmembrane (TM) domains, a large extracellular
domain (ectodomain) and intracellular amino- (N) and carboxy (C)-terminals (North, 2002).
The TM1 and TM2 membrane spanning domains are involved in ion channel gating and both
TM domains are believed to participate in ion pore formation (Burnstock, 2004). The
ectodomain contains an ATP-binding site and is a site for regulation of the channel (Chizh and
llles, 2001; Khakh, 2001; North, 2002).

P2XRs are involved in fast synaptic transmission (Khakh, 2001; North and Verkhratsky,
2006), neurotransmitter release (Chizh and Illes, 2001; Deuchars et al, 2001; Hugel and
Schlichter, 2002; Khakh, 2001), nociception (Chizh and Illes, 2001; Cockayne et al, 2000;
Tsuda et al, 2003) and modulation of long term potentiation (Sim et al, 2006). Moreover, recent
investigations suggest that these receptors also play a role in neurodegenerative processes (for
review see Franke and Illes, 2006). In addition, purinergic receptors are becoming a focus of
investigations as targets for alcohol and other drugs of abuse (Franke and Illes, 2006).

Results from the previous studies support the notion that P2XRs play a role in mediating and/
or modulating at least a subset of the cellular and behavioral effects of ethanol. Native P2XRs
are sensitive to direct modulation by pharmacologically relevant ethanol concentrations (Li et
al, 1998; Li et al, 2000). Moreover, presynaptic P2XRs can modulate the release of
neurotransmitters such as GABA, glycine and glutamate (Mori et al, 2001; Papp et al, 2004;
Dr.J. Ye of the University of Medicine and Dentistry of New Jersey, personal communication),
that are implicated in mediating behavioral effects of ethanol (Davies, 2003; Mihic et al,
1997; Woodward, 2000). Therefore, ethanol modulation of P2XRs may directly and indirectly
affect neuronal activity leading to altered behavioral functions.

The site(s)/mechanism(s) of ethanol action in P2XRs have not been characterized. This is partly
due to difficulties in carrying out mechanistic studies of native P2XRs in neurons and the lack
of specific P2XR antagonists. Thus, the use of recombinant expression systems is particularly
important in the study of ethanol action in P2XRs. Using the Xenopus oocyte expression system
in combination with the two-electrode voltage electrophysiology, we and others have
demonstrated that ethanol reversibly inhibits ATP-activated function of P2X2 and P2X4Rs
(Davies et al, 2002; Xiong et al, 2000). In contrast, ATP-gated currents in P2X3Rs are
potentiated by ethanol (Davies et al, 2005). More recent work found that mutating a residue in
the ectodomain of P2X4Rs changes the magnitude of ethanol inhibition (Xiong et al, 2005),
suggesting that the ectodomain of P2XRs may be one important determinant of ethanol action
on these receptors.

To identify regions that are important for ethanol action in P2XRs, the present study utilized
chimeric strategies that exploited the difference in ethanol sensitivity between P2X2R
(inhibition) and P2X3R (potentiation). The results found that regions within the ectodomain
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near the TM domains and the TM1 region of P2X2 and P2X3Rs are important for the qualitative
and quantitative responses to ethanol. In addition, these findings identified regions of P2X2
and P2XRs that play important role in agonist selectivity and desensitization.

METHODS

Isolation of Xenopus Laevis oocytes and cRNA injections

Xenopus oocytes were isolated and maintained as described previously (Davies et al, 2002;
Davies et al, 2005). All procedures for the maintenance of Xenopus Laevis frogs and oocyte
isolation were approved by The Institutional Animal Care and Use Committee of the University
of Southern California. Stage V and VI oocytes were used for cRNA (0.01- 5ng) injections
using Nanoject Il Nanoliter injection system (Drummond Scientific, Broomall, PA) one day
after isolation. Injected oocytes were stored at 16 °C in incubation medium containing (in mM),
NaCl 96, KCI 2, MgCl, 1, CaCl, 1, HEPES 5, theophylline 0.6, pyruvic acid 2.5, with 1%
horse serum and 0.05 mg/ml gentamycin. Theophylline was included in the incubation medium
to slow oocyte maturation after cRNA injections. The oocytes were used in
electrophysiological recordings for 3—10 days after cRNA injections. No ATP-induced currents
were observed in water injected or uninjected oocytes since native P1 or P2Rs are absent in
defolliculated oocytes (King et al, 1996a; King et al, 1996b).

Generation of chimeric P2X2/P2X3 and mutant receptors

The cDNAs of rat P2X2R (GenBank accession No. U14414) and P2X3R (GenBank accession
No. X91167), sub-cloned into pcDNA3 vector (Invitrogen, Carlsbad, CA) were used to create
chimeric receptors. Similar restriction sites were introduced into P2X2 and P2X3R cDNAs at
selected nucleotides using QuickChange I1XL Site-Directed Mutagenesis kit (Stratagene, La
Jolla, CA). P2X2 and P2X3R cDNAs were then digested using SnaBl and/or Agel restriction
enzymes, resultant fragments isolated and ligated appropriately to generate chimeric receptors
(Fig. 1). Sequence alignment of P2X1-7R subtypes was used for selection of correct junctions
of P2X2/P2X3 in chimeric receptors. In chimera C1, the P2X3 ectodomain was replaced with
the homologous region of the P2X2R. Chimeras C2, C3, C4 contained different portions of
P2X3R ectodomain sequences (respectively 45-318, 60-301 and 45-301) on the backbone of
the P2X2R. In chimera C5, the N-terminus and the TM1 domain (the latter two further referred
to as TM1 region) of the P2X3R were replaced with the corresponding regions of the P2X2R.
The TM2 domain and the C-terminus (the latter two further referred to as TM2 region) of the
P2X3R were replaced with the corresponding regions of the P2X2R in the C6 chimera. We
followed the sequence alignments published earlier (Khakh and Egan, 2005;Koshimizu et al,
2002) for the borders of the TM and ectodomain regions of P2X2 and P2X3Rs. Mutagenesis
was performed to introduce single point mutations using QuickChange 1IXL Site-Directed
Mutagenesis kit. Validation of chimeric and mutant constructs was performed using automated
DNA sequencing (USC/Norris DNA Core Facility, University of Southern California).

cRNA synthesis

The DNA of wildtype, chimeric or mutant receptors was linearized and transcribed using the
MMESSAGE mMACHINE kit (Ambion, Austin, TX) to result in cRNA, which was stored at
—70 °C until injection.

Whole-cell voltage-clamp recordings

Two-electrode voltage-clamp recordings of oocytes were performed using a Warner

Instruments Model OC-725C oocyte clamp amplifier (Hamden, CT) at V,,=—70mV. An oocyte
was placed in a small depression of a 100l capacity oocyte perfusion chamber (RC-3Z, Warner
Instruments, Hamden CT) and impaled with two electrodes pulled from 1.2mm thick-walled

Neuropharmacology. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Asatryan et al.

Page 4

filament glass capillaries (WPI, Sarasota, FL) that had a resistance of 0.5-3MQ when filled
with 3M KCI. The oocyte was continuously perfused at a rate of 3-4 ml/min by extracellular
Ringer’s solution containing (in mM) 110 NaCl, 2.5 KCI, 10 HEPES and 1.8 BaCl,, pH 7.5,
using a peristaltic pump (Rainin Instrument, Oakland, CA). Ca2* in the solution was replaced
with BaZ* to prevent the activation of Ca2*-dependent CI~ channels (Khakh et al, 1999).
Currents were recorded using a strip-chart recorder (Barnstead/ Thermolyne, 1A). All
experiments were performed at room temperature (20-23 °C).

Experimental procedures

Ethanol modulation was tested by the application of ethanol in combination with ATP or a,-
methylene-ATP (o,f-meATP) for 20-30sec. Effective submaximal concentrations of agonist
(ECs_19 furthered referred to as EC4g) were used in the current studies. We have previously
shown that the use of ECg can maximize the effects of ethanol and minimize receptor
desensitization (Davies et al, 2002; Davies et al, 2005). Ethanol was co-applied with the
agonists. We found similar responses to ethanol regardless of whether ethanol was applied
before the agonist (i.e. pre-application) or with the agonist (i.e. co-application) (Davies et al,
2005). After a sufficient washout time (5-10min) the cells were challenged with the same
EC, of the agonist to ensure validity of the response to ethanol and to asses any change in the
baseline level. The highest concentration of ATP and a,3-meATP used for all receptors was
100uM since it induced maximal response from all receptors studied and allowed longer
viability of an oocyte and sufficient testing time. The washout time between agonist
applications was at least 5-15 min to allow complete resensitization of the receptors (Davies
etal, 2002; Davies et al, 2005). Ethanol did not affect the resting membrane currents in oocytes
expressing P2XRs in the absence of agonists as well as in uninjected oocytes. The action of
ethanol in wildtype and chimeric receptors was concentration-dependent and reversible.

Data analysis

Materials

Data are obtained from several batches of oocytes of at least 3 different frogs and are expressed
as mean + SEM. Ethanol effects are presented as percentage change of peak currents evoked
by ATP or o,3-meATP ECyq alone. Ethanol concentration-response data were fitted to a
concentration-response curve by using the following logistic equation: | =I5 * [ethanol]/
([ethanol] +(ECsq)), where 1/lhax is the percentage of the maximum obtainable response,
ECy is the concentration producing a half-maximal response.

To generate ATP and a,3-meATP dose-response curves, peak amplitudes evoked by 100uM
concentration of both agonists were taken as 100% response and this was used to normalize
all the currents generated by lower agonist concentrations. Sigmoidal nonlinear regression fit
(1= Imin * (Imax—"min)/1+10°((LogECsp)—[agonist]) ‘nw)), where 1min and Iy are respectively
the minimum and maximum obtainable responses, ECs is the concentration producing a half-
maximal response and ny is the Hill slope of ATP or a,-meATP concentration responses, was
used to estimate the ECgq values and Hill coefficients.

GraphPAD Prism software (San Diego, CA) was used for data analysis and curve fitting.
Statistical analysis was performed using One-way ANOVA and significance set at P < 0.05.

Adenosine 5'-triphosphate disodium salt, a,-methyleneadenosine 5'-triphosphate lithium salt,
ethanol (190 proof, USP), collagenase were purchased from Sigma Co. (St. Louis, MO, USA).
All other chemicals were of reagent grade.
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RESULTS

Agonist properties of wildtype and chimeric receptors

Activation by ATP and a,B-meATP—Maximum agonist-induced currents (Imax), ECsg
and Hill slope values for ATP and a,p-meATP concentration response curves for wildtype and
chimeric P2XRs are shown in Table 1. ATP ECsg values for wildtype P2X2 and P2X3Rs were
not significantly different. As expected, P2X3Rs, but not P2X2Rs, were sensitive to a,f-
meATP (Khakh et al, 2001;North, 2002).

All chimeras tested produced functional responses in Xenopus oocytes. ATP Iyax values in
chimeras were not significantly different from those of the wildtype receptors (Table 1). ATP
ECsq of chimera C1, which consisted of the P2X2R ectodomain combined with P2X3R TM1
and TM2 regions (Fig. 1), did not significantly differ from those of wildtype receptors (Table
1). In contrast, ATP ECsq values for chimeras C2—-C6, which consisted of various segments of
the P2X3R ectodomain combined with P2X2R TM1 and/or TM2 regions (Fig. 1), were
significantly lower as compared to the wildtype receptors (Table 1).

Chimeras containing the P2X3R ectodomain with one or two TM regions derived from the
P2X2R (C2-C6) had similar sensitivity to a,3-meATP as wildtype P2X3Rs (i.e., Imax and
ECgq values in Table 1). These data are consistent with the notion that the ectodomain region
of P2XRs controls agonist selectivity (Koshimizu et al, 2002;Zemkova et al, 2004). However,
chimera C1, which contained the ectodomain from P2X2Rs, also showed sensitivity to a,f3-
meATP (Table 1), although the ECsy was 7 times higher than that of the wildtype P2X3Rs
(Table 1). Our findings suggest that there are complex interactions between the ectodomain
and TM regions of P2XRs that affect sensitivity to a,p-meATP.

Agonist desensitization—As expected (North, 2002; Werner et al, 1996), P2X2Rs
desensitized slowly in response to ATP in contrast to P2X3Rs (Fig. 2). We found that chimera
C1 both TM regions of which were derived from the P2X3R demonstrated faster
desensitization compared to that of the wildtype P2X2R (Fig. 2). On the other hand, chimeras
C2-C4 that contained both of the TM regions of the P2X2R showed slower desensitization as
compared to that of the wildtype P2X3R. We found that chimera C5 containing the TM1 region
of the P2X2R desensitized much slower as compared to that of the wildtype P2X3R (Fig. 2).
The desensitization of the C5 chimera was similar to that of wildtype P2X2Rs. In contrast,
chimera C6, that had the TM1 region derived from the P2X3R, showed faster desensitization
(Fig. 2). Together, these findings suggest that the TM regions, and especially the TM1 region,
play a role in controlling the rate of agonist desensitization of P2X2Rs and P2X3Rs. We
recognize that conclusions regarding the role of different P2XR regions in desensitization
kinetics of P2X2 and P2X3R subtypes are limited due to the relatively slow nature of the oocyte
perfusion system. The desensitization rates of wildtype P2X2 and P2X3Rs are largely different
and thus, the changes in desensitization among the different chimeras relative to those of the
wildtype receptors should be viewed as qualitative rather than quantitative. Further studies
using fast agonist-jump protocols in mammalian cells would provide a finer level of P2XR
kinetic properties and would strengthen our conclusions.

Ectodomain regions near the TM domains determine qualitative and quantitative responses
to ethanol of P2X2 and P2X3Rs

1. Ectodomain swap between P2X2 and P2X3Rs—Ethanol (10-200mM) inhibits ATP-
activated currents in wildtype P2X2Rs and potentiates ATP-gated currents of P2X3R (Fig.
3A,B; Davies et al, 2005). To investigate the role of the ectodomain in potentiating effect of
ethanol in P2X3Rs, we tested chimera C1 in which the P2X3R ectodomain was replaced with
the homologous P2X2R region (Fig. 4A, schematic). Replacing the ectodomain reversed
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ethanol’s potentiation in the wildtype P2X3R to inhibition in the C1 chimera (Fig. 4A). Ethanol
inhibition of chimera C1 was comparable to that of the wildtype P2X2R. The findings from
chimera C1 support an important role for the P2X3R ectodomain in determining the qualitative
response to ethanol.

To explore the role of the ectodomain in ethanol’s effect in P2X2Rs, we next tested chimera
C2, in which the P2X2R ectodomain was replaced with the P2X3R ectodomain (Fig. 4B,
schematic). Replacing the ectodomain reversed the ethanol response in the presence of ATP
from inhibition in the wildtype P2X2R to potentiation in the C2 chimera (Fig. 4B). The degree
of ethanol potentiation of ATP-gated function of this chimera was comparable to that of the
wildtype P2X3Rs. The findings from the C2 chimera support a role for the P2X2R ectodomain
in determining the qualitative response to ethanol.

Taken together, the findings from chimeras C1 and C2 suggest that the ectodomains of P2X3
and P2X2Rs determine the qualitative response to ethanol (either potentiation in P2X3Rs or
inhibition in P2X2Rs).

2. Ectodomain — TM interface—To investigate the role of sub-regions within the P2X3R
ectodomain in ethanol potentiation of P2X3Rs, we created chimeric receptors that contained
different lengths of P2X3R ectodomain with the rest of the sequences derived from the wildtype
P2X2R. We tested the response to ethanol in chimera C3 in which ectodomain segment of the
P2X2R, excluding the region near the TM2 domain, was replaced by homologous P2X3R
ectodomain segment (Fig. 5A, schematic). Ethanol did not significantly affect ATP-induced
currents in this chimera (Fig. 5A). This suggests that the P2X3R ectodomain region near the
TM2 domain of the receptor is necessary for P2X3R-like ethanol potentiation. These results
also suggest that the P2X2R ectodomain segment near the TM2 domain is not sufficient for
P2X2R-like ethanol inhibition.

Next, we tested ethanol sensitivity of chimera C4 in which an ectodomain segment of the
P2X2R was replaced with the homologous P2X3R ectodomain segment with the exception of
the regions near both the TM1 and TM2 domains (Fig. 5B, schematic). The presence of both
of P2X2R ectodomain regions near the TM1 and TM2 domains in this chimera was sufficient
to reverse the P2X3R-like ethanol potentiation of chimera C2 to P2X2R-like ethanol inhibition
(Fig. 5B).

Taken together, findings from chimeras C2-C4 provide evidence that the ectodomain regions
near the TM domains of P2X2 and P2X3Rs are important in determining qualitative and
quantitative responses to ethanol.

3. P2X3R point mutations—Based on the results obtained with chimeric receptors C1-C4,
we used sequence alignment to identify specific residues within the ectodomain regions
(segments near the TM domains) that may play a role in determining the response to ethanol
of wildtype P2X3Rs. Using site-directed mutagenesis, we replaced non-conserved residues in
the identified ectodomain regions of the P2X3R with the homologous P2X2R residues and
tested these mutants for ethanol sensitivity. Mutating Leu 304 to lle in the P2X3R ectodomain
region near the TM2 domain reversed the ethanol response from potentiation to inhibition in
the P2X3 L3041 mutant (Table 2). Furthermore, P2X3R ectodomain mutants D53E, A55G
near the TM1 domain and N313S mutant near the TM2 domain showed significantly less
ethanol potentiation compared to that of wildtype P2X3Rs (Table 2). These mutations did not
significantly alter the ECgq and Hill slope values compared to those of wildtype P2X3Rs (Table
2). Ethanol’s effects in other P2X3R ectodomain mutants (51D, 156P, R52S, Y306H, N308Q
and 1314L) did not significantly differ from that of wildtype P2X3Rs (P>0.2, n=5-7 for each
mutant). Taken together, data from point mutants add key evidence that ectodomain residues
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near the TM1 domain (positions 53 and 55) and the TM2 domain (positions 304 and 313) are
important for the action of ethanol in P2X3Rs.

4. P2X2R point mutations—We next tested whether ectodomain residues at the TM domain
interfaces play a role in ethanol sensitivity of wildtype P2X2Rs. Using sequence homology,
we identified positions in P2X2Rs (59, 61, 317 and 326) that are homologous to those
demonstrated to play a role in ethanol action in P2X3Rs (53, 55, 304 and 313). The residues
at these positions were individually substituted to the homologous residues of the P2X3Rs and
tested for ethanol sensitivity. We found that the effect of 100mM ethanol on ATP-induced
currents in E59D, G61A, 1317L and S326N P2X2R mutants was not significantly different
from that in the wildtype P2X2R (Table 3). These data suggest that sites for ethanol action in
P2X2Rs and P2X3Rs may differ.

The TM1 region of P2X3Rs determines the quantitative response to ethanol

To investigate the role of the TM1 region in the ethanol response of P2X3Rs, we replaced this
region with the corresponding region from the P2X2R (Fig. 6A, C5 chimera schematic).
Ethanol potentiated ATP-activated currents in the C5 chimera. The degree of ethanol
potentiation was approximately 3-fold greater compared to that of wildtype P2X3Rs (Fig. 6A).
These data suggest that the TM1 region of wildtype P2X3Rs regulates the magnitude of ethanol
potentiation in P2X3Rs.

To investigate the role of the TM2 region in the ethanol sensitivity of the P2X3Rs, we replaced
this region of the wildtype P2X3R with the corresponding P2X2R region (Fig. 6B, C6 chimera
schematic). Ethanol also potentiated ATP-induced currents in this receptor (Fig. 6B), but in
contrast to the C5 chimera, there was no significant difference in the degree of ethanol
potentiation between C6 chimera and wildtype P2X3Rs at 10-100mM ethanol concentrations
(Fig. 6B). At 200mM concentration of ethanol, the degree of potentiation by ethanol was
significantly greater compared to that of the wildtype P2X3R. These data suggest that the TM2
region of P2X3Rs does not affect the magnitude of ethanol potentiation at pharmacologically
relevant concentrations of ethanol.

Taken together, these findings implicate the TM1, but not the TM2, region in controlling the
magnitude of ethanol potentiation in wildtype P2X3R.

Response to ethanol in the presence of a,-meATP

To investigate possible differences in ethanol response based on the agonist used, we tested
the effects of ethanol on wildtype and chimeric C1-C6 receptors in the presence of a,3-meATP.
Ethanol responses in the presence of a,3-meATP were similar to those in the presence of ATP
in wildtype P2X3Rs (Fig. 3B) and in chimeras C1, C4, C5and C6 (Fig. 7). We found significant
difference in the magnitude of ethanol response in the presence of a,f-meATP versus ATP in
chimeras C2 and C3 (Fig. 7). Overall, the effects of ethanol in the chimeric receptors in the
presence of o,B-meATP were similar to those in the presence of ATP and thus support the
conclusions regarding the role of the ectodomain and TM1 region in determining the effects
of ethanol in P2XRs.

DISCUSSION

The present study utilized a chimeric strategy that exploited differences in ethanol modulation
between P2X2Rs (ethanol inhibition) and P2X3Rs (ethanol potentiation) in order to identify
regions involved in ethanol action. Based, in part on previous studies (Weight et al, 1999;
Xiong et al, 2005), the current work tested the hypothesis that the ectodomain plays a major
role in determining the effect of ethanol on P2XR function. Our findings demonstrate that the
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ectodomain is important for the qualitative response to ethanol of P2X2Rs (inhibition) and
P2X3Rs (potentiation). Moreover, we identified segments within the ectodomain of P2X2 and
P2X3Rs that are important for the qualitative and quantitative responses to ethanol of these
receptors. These segments are localized at the ectodomain — TM domain interface of P2X2 and
P2X3Rs.

Follow-up studies using point mutations of the non-conserved residues in the ectodomain-TM
interface identified positions in the P2X3R ectodomain segments near the TM domains that
are important for the qualitative and quantitative responses to ethanol of wildtype P2X3Rs.
Notably, a single mutation of L304 near the TM2 domain of P2X3Rs changed the ethanol
response of the wildtype P2X3R from potentiation to inhibition suggesting that this residue is
a key determinant of the qualitative response to ethanol of P2X3Rs. In addition, two residues
located at the ectodomain-TM1 domain interface (D53 and A55) and one - at the ectodomain-
TM2 domain interface (N313) were important in determining the magnitude of the ethanol
effect. Presently we do not know if these sites represent interaction sites for alcohol or if they
are transduction sites that couple ATP binding to channel opening. Future studies utilizing
mutational analysis and n-chain alcohols should allow us to begin to address these issues.

While we were able to identify residues that play a role in ethanol modulation of P2X3Rs, our
mutagenesis studies showed that the homologous positions in P2X2Rs (i.e. 59, 61, 317 and
326) do not appear to be important in determining the inhibitory response of ethanol in P2X2Rs.
However, these latter findings do not completely eliminate ectodomain regions near the TM
domains as potential targets for ethanol action in P2X2Rs as there are other non-conserved
residues within these regions. Future studies will explore the role of these other non-conserved
residues in the action of ethanol in P2X2Rs.

The mechanism(s) that underlie ethanol action in P2XRs are unknown at the present time. The
current understanding of the trimeric assembly of the functional P2XRs suggests that the N-
and C-terminal ends of the ectodomains of the same or neighboring subunits are closely
localized (Jiang et al, 2003; North, 2002). Based on this structural arrangement, we speculate
that specific interactions could occur between several of the amino acid residues in the
ectodomain regions at the TM domain interfaces. It is possible that the residues identified in
this study as important for mediating ethanol response (i.e., D53, A55, L304, N313) are
involved in the formation of a structural element in P2X3Rs that is sensitive to ethanol.
Preliminary studies from our group on P2X4Rs found that a mutation of a position homologous
to N313 in P2X3Rs (D331 in PX2X4Rs) significantly reduced ethanol inhibition of these
receptors (unpublished data). Recent work from others has identified another position in the
ectodomain region of P2X4R (H241) that appeared to play a role in ethanol sensitivity (Xiong
et al, 2005). Future investigations will be necessary to determine whether changes in ethanol
sensitivity for positions D331 and H241 of P2X4Rs are linked to the same structural ethanol-
sensitive region in P2X4Rs or if the two positions differ in their roles in ethanol sensitivity.
Taken together, these findings are consistent with the notion that a common, ethanol sensitive
region within the ectodomain exist in several ethanol-sensitive P2XR subtypes. Our studies
also begin to identify residues within these regions that play an important role in the action of
ethanol in P2XRs.

The current study also provides insight into the role of the TM1 and TM2 regions in ethanol
modulation of P2X3Rs. The findings indicate that the TM1, but not TM2, region of P2X3Rs
is important in determining the magnitude of ethanol potentiation. Therefore, the interaction
between the TM1 and ectodomain regions of respectively P2X2 and P2X3Rs in a single P2XR
subunit as well as between subunits of homomeric receptors appears to provide additional
regulation for the receptor, thus affecting the magnitude of ethanol response. These interactions
may also be relevant to ethanol effects in heteromeric P2X2/P2X3Rs. The presence of such
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heteromers is demonstrated in certain neurons like dorsal root ganglion (Khakh, 2001; North,
2002) and trigeminal ganglion afferents (Staikopoulos et al., 2007).

Studies on ethanol effects that are mediated by P2XRs in the central and peripheral nervous
systems are still in early stages. It has been shown that P2X2 and P2X3Rs are expressed in the
spinal and central somatosensory systems (Khakh, 2001; North, 2002; Staikopoulos et al.,
2007). Studies using P2X2 and P2X3R double-knockout animals implicate P2X2 and P2X3Rs
in central nociceptive mechanisms (Cockayne et al., 2005). Recent studies show that
presynaptic P2XRs are involved in ethanol-induced synaptic transmission in ventral tegmental
area of dopaminergic system (Dr. J. Ye of the University of Medicine and Dentistry of New
Jersey, personal communication). Therefore, identification of the sites of ethanol action in
P2X2 and P2X3Rs in recombinant expression systems is valuable for further in vivo
characterization of these receptors and understanding of their role in ethanol effects in native
neurons.

The findings from chimeric receptors also increase our understanding of the regions involved
in agonist selectivity of P2XRs. It has been reported that residues participating in agonist
binding are localized in the ectodomain of P2XRs (Jiang et al, 2000; Roberts and Evans,
2004). Previous findings from chimeric studies suggest that the ectodomain controls the agonist
selectivity of P2XRs. Particularly, the sensitivity to a,f-meATP has been attributed to the
ectodomain of P2X3Rs (Koshimizu et al, 2002; Zemkova et al, 2004). In addition, it was
suggested that the structure of TM1 domain is important for ATP and a,f-meATP potency/
selectivity of P2XRs (Haines et al, 2001). Our findings from chimeric receptors add support
for these notions and suggest that both the ectodomain and the TM regions play important roles
in regulating agonist potency and/or selectivity of P2XRs.

The present findings provide evidence that the TM regions (TM domains with the intracellular
termini) regulate the rate of agonist desensitization of P2X2 and P2X3Rs. A role for
intracellular termini in the agonist desensitization of P2X2 and P2X4Rs has been suggested
previously (Boue-Grabot et al, 2000; Koshimizu et al 2002; Fountain and North, 2006; Smith
etal, 1999). Itis still poorly understood which regions regulate fast desensitization of P2X3Rs.
Previous studies found that combination of P2X3R ectodomain with P2X2R TM regions in
chimeras results in accelerated rates of desensitization compared to that of wildtype P2X2Rs
implicating a role for P2X3R ectodomain in agonist desensitization (Koshimizu et al, 2002).
In contrast, it was suggested that the interaction between both TM domains controls the rate
of agonist desensitization of P2X3Rs (Werner et al, 1996). Our findings from chimeras C1-
C4 add support for the latter notion suggesting that the TM regions play a key role in the rate
of desensitization of agonist-induced currents in P2X3Rs. Furthermore, findings from chimeras
C1, C5 and C6 suggest that the TM1 region has an important role in desensitization of both
wildtype P2X2Rs and P2X3Rs.

In conclusion, utilizing a chimeric strategy and point mutations we identified regions/residues
that are important for ethanol and agonist action in P2X2 and P2X3Rs. Findings from the
specific mutations within each receptor suggest that some of the sites of ethanol action may
differ between the two receptor subtypes. More detailed studies are needed to characterize the
structural and functional requirements of these regions/residues and to determine possible
mechanisms that underlie the effects of ethanol in P2XRs. Additionally, chimeras should serve
as useful tools for studies of receptor properties such as fast desensitization, that are, in part,
difficult in wildtype P2XRs.
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Figure 1.

Schematic representation of wildtype P2X2R (empty horizontal bar), wildtype P2X3R (black
horizontal bar) and chimeric receptor constructs used in the study. The N- and C-termini,
extracellular region and the transmembrane (TM) domains are indicated as NH2, COOH,
ectodomain, TM1 and TM2, respectively. Numbers represent the amino acids on the
boundaries of the TM domains and the ectodomains in wildtype P2XR sequences and the P2X2/

P2X3R junctions in chimeric receptors.
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Figure. 2.

Desensitization characteristics of wildtype P2X2R, P2X3R and chimeric C1-C6 receptors:
Figure shows representative tracings of currents induced by 100uM ATP during 60sec of
agonist application. Vertical scale bar represents 4 pA; horizontal scale bar represents 60 sec.
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Figure 3. Ethanol effects in wildtype P2X2 and P2X3Rs

(A,B) Schematic representations of wildtype P2X2R (empty bar) and P2X3R (black bar) are
shown. (A) Ethanol inhibits ATP-gated function of wildtype P2X2Rs. (B) Ethanol potentiates
ATPand o,B-meATP-gated function of wildtype P2X3Rs. (A,B) Lower insets - representative
tracings of ATP EC;g-induced currents: effect of 2000mM and 200mM ethanol. The horizontal
bars depict when ATP (lower bar) and ethanol (upper bar) were applied to the oocyte. Vertical
scale bars are 0.2 YA, horizontal scale bars represent 30 sec. Data shown are mean + SEM of
3-9 experiments per data point. Currents were generated by EC,q of ATP (1-2uM and 0.07-
0.5uM respectively for P2X2 and P2X3Rs) and a,B-meATP (0.05-0.2uM for the wildtype
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P2X3R). On this and following figures the receptor construct is shown on the upper panel,
empty bars represent the P2X2R, black bars - the P2X3R.
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Figure 4. Ethanol effects on ATP-activated currents in C1 and C2 chimeric receptors

(A,B) Schematics of C1 and C2 chimeras are depicted (empty bar — P2X2R, black bar - P2X3R
sequences). (A) Ethanol inhibits ATP-gated function of chimera C1. Ethanol response of this
chimera is opposite of that of the wildtype P2X3R (represented by a dashed line). (B) Ethanol
potentiates ATP-activated currents in chimera C2. This effect is reversed compared to that of
the wildtype P2X2R (represented by a dashed line). Currents were generated by EC,q of ATP
(0.8-1.2pM and 0.05-0.2uM for respectively C1 and C2 chimeras). Data are presented as mean
= SEM of 3-9 oocytes per data point.
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Figure 5. Ethanol effects on ATP-activated currents in C3 and C4 chimeric receptors

(A,B) Schematics of C3 and C4 chimeras are shown (empty bar — P2X2R, black bar - P2X3R
sequences). (A) There is no effect of ethanol on ATP-activated currents in the chimera C3. (B)
Ethanol inhibition of ATP-activated currents in C4 chimera is similar to that of the wildtype
P2X2R. Currents were generated by EC1g of ATP (0.1-0.25uM and 0.005-0.01uM
respectively for C3 and C4 chimeras). Data are presented as mean £ SEM of 3-12 oocytes per
data point.
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Figure 6. Ethanol effects on ATP-activated currents in C5 and C6 chimeric receptors
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(A,B) Schematics of C5 and C6 chimeras are depicted (empty bar — P2X2R, black bar - P2X3R
sequences). (A) Ethanol significantly potentiates ATP-gated function of C5 chimera. The
degree of ethanol potentiation is significantly higher compared to that of the wildtype P2X3R
(represented by dotted line). (B) Ethanol potentiaes ATP-gated currents in chimera C6. The
degree of ethanol potentiation is significantly different from that of wildtype P2X3R at 200mM
ethanol. (A,B) Lower insets - representative tracings of ATP ECqg-induced currents: effect of
100mM and 200mM ethanol. The horizontal bars depict when ATP (lower bar) and ethanol
(upper bar) were applied to the oocyte. (A) Vertical scale bar is 0.4 pA, horizontal scale bar
represents 20 sec. (B) Vertical scale bar represents 1.0 pA, horizontal scale bar is 20 sec. (A,B)
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Data are presented as mean + SEM of 3-12 oocytes per data point. Currents were generated

by ECyq of ATP (0.1-0.3uM and 0.02-0.06uM respectively for C5 and C6 chimeras). * — P
< 0.05 compared to wildtype P2X3Rs.

Neuropharmacology. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Asatryan et al.

1 TM1, Ectodomain | TM2
| I

o C1, a,f-meATP

o
g

o
M

o
il

-100:

Agonist-Induced Currents,
% Modulation

0 50 100 150 200
EtOH Concentration (mM)

TM1} Ectodomain | TM2
C2

2 ., [ €2 cup-meATP *
g .

S C2,ATP

3 C

o290

- & 1001 *

A

Qo =

5 T

T O

c S 50

PO
2| Ll

s o0 : : . ,
2’) 0 50 100 150 200

EtOH Concentration (mM)

C.

TM1! Ectodomain ! TM2
C3

O C3, a,p-meATP

Agonist-Induced Currents,
% Modulation

0 50 100 150 200
EtOH Concentration (mM)

TM1: Ectodomain @ TM2

CAr— e

O C4, o,f-meATP

% Modulation

-100

0 50 100 150 200
EtOH Concentration (mM)

Agonist-Induced Currents,

E.

Agonist-Induced Currents,
% Potentiation

o

Agonist-Induced Currents,
% Potentiation

Page 21

TM1; Ectodomain | TM2

C5 ' .
O C5, a,f-meATP
150+
----- C5, ATP
1004
50 e
)
0+ T T T !
0 50 100 150 200
EtOH Concentration (mM)
TM1; Ectodomain | TM2
Ccé6 : .
O C6, a,f-meATP
1507
----- C6, ATP
100
501 e
0 T T T )
0 50 100 150 200

Figure 7. Ethanol effects on a,p-meATP-activated currents in C1-C6 chimeras
(A-F) Schematics of chimeras are shown (empty bar — P2X2R, black bar - P2X3R sequences).
For comparisons, data of ethanol effects on ATP-induced currents are shown by dotted lines.
Ethanol responses in the presence of a,3-meATP and ATP were similar in chimeras C1, C4,
C5 and C6 (Fig. 7A,D,E,F). Ethanol responses in chimeras C2 and C3 in the presence of a,p-
meATP and ATP demonstrated quantitative differences (Fig. 7B,C). Currents were generated
by ECqg of a,-meATP (0.8-1.0uM, 0.1-0.15uM, 0.2-0.5uM, 0.005-0.01uM, 0.4-0.6uM and
0.02-0.05uM respectively for C1, C2, C3, C4, C5 and C6 chimeras). Data are presented as
mean + SEM of 3-12 oocytes per data point. * — P < 0.05 compared to data generated in the

presence of ATP.
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Table 2
Response to 100mM ethanol and agonist properties for the point mutants of wildtype P2X3Rs. Data shown are mean
+ SEM of 3-10 experiments per data point. In ethanol experiments currents were generated by ECyo of ATP (0.1-
0.5uM, 0.08-0.2uM, 0.1-0.2uM, 0.05-0.1uM, and 0.1-0.2uM respectively for wildtype and D53E, A55G, L304I and
N313S P2X3 mutant receptors).

Receptor % Potentiation, ATP-concentration Resgonse
100mM Ethanol ECcy, UM Hill slope
WT P2X3 233+54 45+0.84 0.77 £0.07
P2X3 D53E 6.8+3.4 2.0+0.37 1.02 +0.10
P2X3 A5G 6.3 + 3.8* 2.2 £0.69 0.81+0.01
P2X3 L3041 —5.0+ 0,55* 1.6+0.44 0.93+0.14
P2X3 N3139| 30+12 3.4+0.45 0.74 +0.03

*
P < 0.05 compared to ethanol effects in wildtype P2X3Rs.
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Table 3
Response to 100mM ethanol and agonist properties for wildtype P2X2 and the corresponding point mutants. There
was no significant difference in ethanol sensitivity between wildtype and mutant receptors (P > 0.05 compared to the
ethanol effect in wildtype P2X2Rs). Data shown are mean + SEM of 5-10 experiments per data point. In ethanol
experiments currents were generated by EC1g of ATP (1.5-2.0uM, 0.4-0.5uM, 1.0-1.5uM, 1.3-1.5pM and 1.0-1.5uM

respectively for wildtype and E59D, G61A, 1317L and S326N mutant P2X2 receptors).

Receptor % Inhibition, ATP-concentration Response}

100mM Ethanol ECcy, UM Hill slope
WT P2X2 133+16 6.3+0.12 2.3+0.15
P2X2 E59D 148+2.2 1.4+0.06 12+014
P2X2 G61A 16.8+0.3 5.2+0.64 1.3+0.03
P2X2 1317L 11.8+28 52+0.35 1.7+0.09
P2X2 S326N 136+23 26+0.16 1.9+0.17
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