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BACKGROUND AND PURPOSE

In P2X receptors, agonist binding at the interface between neighbouring subunits is efficiently transduced to ion channel
gating. However, the relationship between binding and gating is difficult to study because agonists continuously bind and
unbind. Here, we covalently incorporated agonists in the binding pocket of P2X receptors and examined how binding site
occupancy affects the ability of the channel to gate.

EXPERIMENTAL APPROACH

We used a strategy for tethering agonists to their ATP-binding pocket, while simultaneously probing ion channel gating using
electrophysiology. The agonist 2,3’-O-(4-benzoylbenzoyl)-ATP (BzATP), a photoaffinity analogue of ATP, enabled us to trap rat
homomeric P2X2 receptor and a P2X2/1 receptor chimera in different agonist-bound states. UV light was used to control the
degree of covalent occupancy of the receptors.

KEY RESULTS

Irradiation of the P2X2/1 receptor chimera — BzATP complex resulted in a persistent current that lasted even after extensive
washout, consistent with photochemical tethering of the agonist BZATP and trapping of the receptors in an open state. Partial
labelling with BzATP primed subsequent agonist binding and modulated gating efficiency for both full and partial agonists.

CONCLUSIONS AND IMPLICATIONS
Our photolabelling strategy provides new molecular insights into the activation mechanism of the P2X receptor. We show
here that priming with full agonist molecules leads to an increase in gating efficiency after subsequent agonist binding.

Abbreviations
of-MetATP, off -methylene ATP; BzATP, 2’,3’-O-(4-benzoylbenzoyl)-ATP; In., maximum current; I, persistent current;
TEVC, two-electrode voltage-clamp; TNP-ATP, trinitrophenyl ATP
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Introduction

P2X receptors are expressed widely, not only throughout
the nervous system (central, peripheral and autonomic) but
also in leucocytes, platelets and muscles, making them
important drug targets (Khakh and North, 2006). P2X recep-
tors are ATP-gated, non-selective cation channels that rep-
resent the third superfamily of ligand-gated ion channels
apart from cys-loop receptors and ionotropic glutamate
receptors (Valera etal.,, 1994; Le Novere and Changeux,
1999). In mammals, seven P2X subunits have been identi-
fied. They self-assemble as homo- or heterotrimers to form
functional receptors (for review, see North and Surprenant,
2000; North, 2002). Biochemical and structural studies
revealed that P2X receptors have a trimeric architecture,
with three ATP-binding sites located at the interface
between neighbouring subunits (Aschrafi etal.,, 2004;
Barrera et al., 2005; Marquez-Klaka et al., 2007; Kawate et al.,
2009; Jiang et al., 2011). Despite the progress being made,
our understanding of the activation mechanism of P2X
receptors is still limited.

In P2X receptors, binding of agonists allosterically triggers
gating of the channel through cooperative interactions
between the subunits (Ding and Sachs, 1999; Marquez-Klaka
etal., 2007; Li et al., 2008; Evans, 2009). However, insights
into the relationship between those two events, binding and
gating, are difficult to gain, even at the single-channel level
because ligands continuously bind to, and dissociate from,
their sites (Karpen and Ruiz, 2002). One strategy for relating
ligand binding to channel gating is to follow simultaneous
binding using a fluorescent agonist and channel activation
using electrophysiological recordings (Biskup et al., 2007).
Another strategy is to photochemically tether agonists to
their binding pockets in order to prevent ligand dissociation
(Brown etal., 1993; Karpen and Brown, 1996; Ruiz and
Karpen, 1997; Mourot et al., 2006; Forman et al., 2007; Zhong
et al., 2008; Agboh et al., 2009). The incorporation level of
photoaffinity labels can be precisely controlled because light
is used as a trigger for the chemical reaction, enabling elec-
trophysiological study of receptors in different agonist-bound
states (Ruiz and Karpen, 1997).

In our study, we used 2’,3’-O-(4-benzoylbenzoyl)-ATP
(BzATP) to photolabel rat homomeric P2X2 receptors and a
P2X2/1 receptor chimera over-expressed in Xenopus laevis
oocytes. BZATP and azido-ATP have been used previously to
label P2X receptors (Erb et al., 1990; Agboh et al., 2009), but
BzATP has some key advantages: it is stable under ambient
light conditions, can be activated with wavelengths greater
than 300 nm and maintains agonist profile on different P2X
receptors (North and Surprenant, 2000; Agboh et al., 2009).
The P2X2/1 receptor chimera consists of the N-terminal and
TM1 domains of the P2X2 receptor and the extracellular
loop, TM2 and C-terminal domain of the P2X1 receptor
(Werner et al., 1996; Rettinger and Schmalzing, 2004). The
P2X2/1 receptor chimera is a valid model for the P2X1 recep-
tor and is particularly suited to our study because, like P2X1
receptors, it has a high potency to various ligands, and like
P2X2 receptors, it does not desensitize (Rettinger and
Schmalzing, 2004). We show here that BzATP can be effi-
ciently incorporated into P2X receptors expressed in oocytes,
producing persistent currents on the P2X2/1 receptor
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chimera while modulating efficacy and potency of other
agonists.

Methods

Materials

ATP (disodium salt), afi-methylene ATP (af-MetATP), benzo-
phenone ATP (BzATP), trinitrophenyl ATP (TNP-ATP),
collagenase, gentamicin, and HEPES were purchased from
Sigma-Aldrich Chemie GmbH (Munich, Germany). X. laevis
female frogs were obtained from Nasco International (Fort
Atkinson, WI, USA). Other chemicals used were of highest
purity grade available.

Frog maintenance

Ten to fifteen frogs were placed in a large tank of capacity ~
200 L filled ~ 2/3 with fresh water free from chlorine. To avoid
frog escape, each tank was covered with a grid in a wooden
frame. For their well-being, each tank contained a few hiding
sites (open ends cylinders of baked clay). Individual arrange-
ments were made in each tank for continuous fresh water
circulation. Temperature of water was maintained in the
range of 16-19 °C. A 12/12h light/dark cycle was maintained
by the use of one tungsten lamp. Beef heart pellets were used
to feed the frogs twice a week. Tanks were regularly cleaned
from any food debris in order to reduce microbial growth.

Surgical preparation

A small fish net was used to capture a healthy female from the
tank and transfer it to a small box with a lid containing ~
500ml of general anaesthetic consisting of 0.2 % solution (pH
7) of tricaine methanesulfonate (MS-222, Sigma) in tap water.
Anaesthesia was applied by transferring the frog into the
anesthesia solution for 10-15 min. The anaesthetized frog
was then washed with distilled water to remove excess
MS-222. The frog was placed on an ice box with dorsal side
facing down. The ventral surface of the frog was covered with
clean wet paper towels in order to protect the skin from
drying. A small transectional cut was made with sterile scis-
sors in one of the two lower quadrants of the abdomen by
lifting the skin with sterile tweezers. Ovarian lobes were
pulled out with the help of tweezers. A cut was made through
the ovarian lobes in order to detach them from the frog's
body. Ovarian lobes were then placed in calcium supple-
mented Oocyte Ringer solution until further use. The wall of
the coelom (surgical cut in the abdomen) was closed using
two to three simple interrupted sterile synthetic sutures,
which included the skin, serosa and muscles. After the surgi-
cal procedure, the frog was placed in a small recovery tank
for post surgical monitoring. Complete recovery usually
occurred within 2-4 h. In the present study, oocytes from the
10 different frogs were used. All studies involving animals are
reported in accordance with the ARRIVE guidelines (Kilkenny
et al., 2010; McGrath et al., 2010).

cRNA synthesis and oocyte expression

Both P2X2 and P2X2/1 receptor chimera plasmid cDNA
constructs (pNKS2-His6-rP2X2A and pNKS2-His6-rP2X2/1
respectively) were generously provided by Prof. Giinther



Schmalzing, Department of Molecular Pharmacology, Uni-
versity Hospital Aachen, Germany. The construction of
N-terminal hexahistidyl-tagged chimeric cDNA in the pNKS2
oocyte expression vector has been described previously
(Nicke et al., 1998; Rettinger and Schmalzing, 2004). Capped
RNA was synthesized from linearized templates with SP6 RNA
polymerase using the mMESSAGE mMACHINE kit (Ambion,
Austin, TX, USA).

The X. laevis oocytes surgically removed from anaesthe-
tized adult females were subjected to collagenase (2 mg-mL™)
treatment (2-3 h) in oocyte Ringer’s solution (ORI) (110 mM
NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 5 mM HEPES,
pH 7.5) and later washed several times with calcium-free ORI.
Defolliculated oocytes of stage V or VI were manually selected
and injected with 0.5 ng per cell cRNA for wild-type P2X2
and 5 ng per cell cRNA for the P2X2/1 receptor chimera.
Injected cells were incubated in ORI containing 0.05 mg-mL™
gentamicin at 18°C for 1-2 days before measurements.

Design of photolabelling setup

For simultaneous photolabelling and current measurement
from the same set of receptors, we designed a custom-made
oocyte recording chamber (Figure 1) (Mourot et al., 2008).
The recording chamber consisted of two compartments con-
nected by a 0.6 mm diameter hole on which the oocyte was
placed with the animal pole down. The upper compartment
was continuously superfused with recording solution
(MgORI: 90 mM NaCl, 1 mM KCI, 2mM MgCl,, 5 mM
HEPES, pH 7.5) and provided access for the microelectrodes.
Ligands were applied via a manifold to the lower compart-
ment, which was sealed by a thin glass coverslip. A quartz
optic fibre (diameter 1 mm) transmitted high-intensity UV
light (Amax = 366 nm with energy = 10 m] at 410 nm) from a
100 W HBO lamp to the bottom of the chamber. The portion

Binocular for
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-
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—
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chamber i
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Figure 1

Design of the oocyte photolabelling chamber. Custom-made record-
ing chamber for concurrent photolabelling and electrophysiological
measurements from the same population of P2X receptors over-
expressed in Xenopus laevis oocytes. UV light was transmitted from
an HBO lamp to the chamber by quartz optic fibre. Ligands were
applied using a solution manifold.

Binding-gating of P2X receptors

of the oocyte exposed to agonist was also entirely within the
area of the fibre optic tip. This enabled efficient ligand per-
fusion and photolabelling of the same population of recep-
tors. UV light was applied for photolabelling only when the
maximum amplitude of current was reached during each
BzATP application. The time of UV-light irradiation was
manually controlled using a shutter placed between the HBO
lamp and the quartz optic fibre.

Functional measurement of receptors

Current responses to various ligands were measured using
the two-electrode voltage-clamp (TEVC) method 1-2 days
after cRNA injection into X. laevis oocytes. As P2X receptors
are permeable to calcium ions, calcium salts were omitted
from the recording solutions to avoid the activation of
calcium-activated chloride channels. All measurements were
performed in MgORI. TEVC was performed either in an
~50 uL recording chamber perfused at a flow rate of
~10 mL-min™ (Rettinger and Schmalzing, 2003) or by using
the custom-made oocyte recording chamber described
earlier. Solutions were switched by software-controlled mag-
netic valves. Two intracellular glass microelectrodes with a
resistance of <1 MQ were used to clamp the oocytes at —60
mV. Currents were recorded with the TEC-03X amplifier (NPI
Electronics, Lambrecht, Germany), low pass filtered at
100 Hz and sampled at >200 Hz (INT-20X AD/DA converter)
using CELL-WORKS software (NPI Electronics). All measure-
ments were performed at room temperature (20-22°C). All
data are presented as mean = SEM for the indicated number
of experiments (). ECso values were calculated from dose-
response curves obtained from a non-linear fit of the Hill
equation using ORIGIN software (OriginLab, Northampton,
MA, USA). All graphs were plotted in ORIGIN v7.5 or v8 soft-
ware. Significance was calculated by t-test and P-values are
reported where significant.

Results

Efficacy and potency of different ligands on
P2X2 and P2X2/1 chimera receptors

We found BzATP to be a partial agonist for P2X2 receptors, in
agreement with previous reports (North and Surprenant,
2000). A saturating concentration of BzATP (300 uM) elicited
~20% of the current responses elicited by a saturating con-
centration of ATP (300 uM) (Figure 2A,B and Table 1).

In contrast, BZATP and af-MetATP are full agonists for the
P2X2/1 receptor chimera when compared with ATP. Current
traces elicited by saturating concentrations of ATP, BZATP and
of-MetATP (1 uM each) generated currents of similar ampli-
tude (Figure 2C,D). Surprisingly, TNP-ATP, a potent antago-
nist of P2X1 receptors with an ICs, of 1 nM (North and
Surprenant, 2000; Virginio et al., 1998), elicited receptor cur-
rents (<2% at saturating concentration), suggesting that it is
also an agonist with very low efficiency for the P2X2/1 recep-
tor chimera (Figure 2E). Rapid desensitization of P2X1 may
mask the very weak agonist properties of TNP-ATP. On the
P2X2/1 receptor chimera, ATP has the highest potency, fol-
lowed by BzATP and of-MetATP (Figure 2F and Table 1).
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Efficacy and potency of different ligands on P2X2 and P2X2/1 receptor chimera. (A) Representative current trace of saturating concentration of
BzATP (300 pM) and ATP (300 uM) on the same oocyte expressing wild-type P2X2 receptors. (B) Dose-response curves for ATP and BzATP on
P2X2 receptors. Data are presented as mean * SEM of 5 cells for each ligand concentration. Representative current traces for the P2X2/1 receptor
chimera: (C) 1 uM ATP and 1 uM BzATP; (D) 1 uM af-MetATP and 1 uM BzATP; and (E) 1 uM ATP and 100 nM TNP-ATP were applied on the
same oocyte. (F) Dose-response curves for various ligands on the P2X2/1 receptor chimera. All responses were normalized to the response
generated by the saturating concentration of the respective full agonists. Data are represented as mean * SEM for 4-34 cells for each

concentration.

Occupancy with a partial agonist decreases

the full agonist response at the P2X2 receptor
We asked whether BZATP could be photo-incorporated into
P2X2 receptors expressed in oocytes. We perfused BzATP
(30 uM) on a portion of the voltage-clamped oocyte express-
ing P2X2 and illuminated the same part of the cell with UV
light (Figure 1). Because BzATP currents were very small,
covalent incorporation was assessed using repeated applica-
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tions of saturating ATP (300 uM). Application of BzATP
together with light (300 s) resulted in a small but persistent
current and a significant decrease in the maximal ATP
response (43 = 2%, n = 12, P < 0.0001) (Figure 3A). Both
effects were absent in cells that were perfused with BzZATP but
were not exposed to light (Figure 3B). It is important to note
that even after 300 s of illumination, the incorporation was
still not complete, because a fraction of the receptors was still
responding to ATP. The dose-response curves for ATP were



Table 1

Binding-gating of P2X receptors

ECso values and Hill coefficients for various ligands on the P2X2 and P2X2/1 receptor chimera

Receptor ECs5o (nM)

P2X2 ATP 36 000 = 2000
BzATP 75 000 = 2000

Chimera ATP 3+04
BzATP 27 + 4
op-MetATP 137 = 6
TNP-ATP 20 =3

Hill coefficient Relative efficacy n (cells)
1.5 = 0.1 1 5

2.2 = 0.1 ~0.2 5

1.2 £0.2 1 7

1.4 0.2 ~1 9

1.6 = 0.1 ~1 21-34
0.9 = 0.1 ~0.02 4-7
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Photo-incorporation of BZATP in P2X2 receptors. Current traces are shown after repetitive application (300 s) of ATP (300 uM) and BzATP (30 uM)
on a P2X2R-expressing oocyte (A) with and (B) without UV light. Dose-response curves of ATP for P2X2 receptors were measured before and after
repetitive application of ATP (300 uM) and BzATP (30 uM) for both conditions: (C) in the presence of UV-light treatment (n = 5-11 cells) and (D)
when no UV light was illuminated (n = 11 cells). Data are presented as mean *= SEM.

determined before and after (300 s) covalent incorporation of
BzATP on the P2X2 receptors (Figure 3C). Interestingly, both
the potency (56 = 11 vs. 154 = 55 uM, P < 0.01) and the
cooperativity (1.1 = 0.1 vs. 0.8 = 0.1, n = 5-11, P = 0.18) of
ATP decreased after covalent incorporation of BzATP
(Figure 3C). On the other hand, potency (28.2 + 4 vs. 30.3 =
5uM, P > 0.05) and cooperativity (2.3 = 0.7 vs. 2.0 = 0.6,
n =7, P> 0.05) of ATP remain unchanged for the BzATP
treatment when UV light was not illuminated (Figure 3D).
Taken together, these results suggest that photo-

incorporation of a partial agonist (BzATP) into the ATP-
binding sites in P2X2 receptors could modulate ATP response.

Time course of covalent activation of P2X2/1
receptor chimera

Unlike P2X1 receptors, the P2X2/1 receptor chimera does not
desensitize, which facilitates studies with covalent agonists.
Moreover, BzATP is a full agonist of the P2X2/1 receptor
chimera (Figure 2). Therefore, we decided to further conduct
our binding/gating study using the P2X2/1 receptor chimera.
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Time course of photo-incorporation of BZATP on the P2X2/1 receptor
chimera. (A) Representative current trace showing persistent current
after photolabelling of the P2X2/1 receptor chimera by 1 uM BzATP.
UV-light application leads to photolabelling, as shown by persistent
current specifically blocked by 3 mM neomycin. The block generated
by neomycin was completely reversible. After photolabelling, the
remaining closed receptors could be activated by the application of
a full agonist, for example, 1 uM o3-MetATP. A light-induced artefact
is also visible in the trace, but it was completely reversible. (B) Time
course of photolabelling of P2X2/1 receptor chimera by BzATP. Ratio
between persistent current (Ip) and the total current (/na.x) from the
P2X2/1 receptor chimera after photolabelling was plotted against
different time intervals for irradiation. Mono-exponential fit of the
curve gave a time constant of (t) = 37 = 5 5. Data are presented as
mean * SEM of 3-11 cells for each time point.

Table 2

We first determined the photo-incorporation time course of
BzATP using a super-saturating concentration (1 uM). UV
light was shone onto the oocyte only after the BZATP current
had reached a steady state, that is, after occupying all the
binding sites (Figure 4A). After photolabelling, oocytes were
washed in the dark for at least three times the time normally
required for complete deactivation of P2X2/1 receptor
chimera receptors (measured in the absence of UV light), in
order to ensure complete dissociation of non-covalently
attached BzATP. During photolabelling, we observed photo-
potentiation of the BzATP current, that is, a fast increase in
inward currents above the maximum activation of the
P2X2/1 receptor chimera at a saturating concentration of
BzATP (Figure 4A). We do not know the origin of these light-
induced artefacts, but because they were completely revers-
ible, they did not affect our subsequent analysis and therefore
were ignored in all our analyses. After photolabelling, we
observed a persistent current (I,) originating from P2X2/1
receptor chimeras locked in the open conformation, as evi-
denced by perfusion of neomycin (3 mM), a partial open
channel blocker of the P2X2/1 receptor chimera (Bongartz
et al., 2010). The time course of the photolabelling was cal-
culated by plotting the degree of persistent activation (Ip/Inax,
where I, is the maximal current evoked by 1 uM of3-MetATP
after photolabelling) as a function of irradiation time
(Figure 4B). We used of-MetATP to assess the maximal
current because this full agonist dissociates from the P2X2/1
receptor chimera much more rapidly (r = 2.5 = 0.3 s) than
BzATP (t=23.8 = 0.5 s) or ATP (t = 63 *+ 2 s) (Rettinger and
Schmalzing, 2004). We found that perfusion and illumina-
tion for 2s resulted in 2.0 = 0.3% persistent activation,
whereas a longer treatment (40 s) led to 54 * 4% persistent
activation (Table 2).

Enriching a population of channels

During the time course of photolabelling, binding site occu-
pancy increases, making it possible to enrich a population of
P2X2/1 receptor chimeras with one or two agonists bound. In
order to calculate the fractional distribution f(x) of unlig-
anded, monoliganded, diliganded and triliganded receptors
after different irradiation times, we used the following equa-
tion (Equation 1):

_nl(p*q"™)
reo= [(n—x)!x!] 1)

ECso values and Hill coefficient for a3-MetATP on the P2X2/1 receptor chimera

% Covalent activation

Photolabelling time (s)

2+03
20 33+ 7
40 54 = 4

ECso (nM) Hill coefficient n (cells)
137 £ 6 1.6 = 0.1 21-34
118 = 8 1.2 = 0.1 5-12
87 £ 12 1.1 = 0.1 5

101 =18 0.9 = 0.1 8-10
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where 7 is the total number of ligand-binding sites per recep-
tor, p is the probability that a particular site is labelled, g is the
probability that a particular site is not labelled (1-p) and x
is the number of covalently bound BzATP molecules. P2X
receptors are trimeric receptors with three agonist-binding
pockets (Kawate et al., 2009), therefore n = 3. For calculating
fraction occupancies, we made one assumption. We assumed
that covalent labelling occurs randomly and with similar
efficiency in all binding sites. This assumption is supported
by the fact that photolabelling was performed at a super-
saturating concentration of BzATP (1 uM; ECso = 27 nM),
ensuring that all binding sites are occupied at all times irre-
spective of the individual binding site affinities. In addition,
benzophenones photogenerate reactive entities (radicals)
that can insert into C-H bonds but do not react efficiently
with water (Kapfer efal., 1995). BzATP should therefore
photo-incorporate into the ATP-binding sites with similar
efficiency irrespective of the nature of the proximal amino
acid, the presence of water molecules in the binding site or
the conformational state of the receptor.

We then considered two models for kinetically describing
the observed persistent current after photolabelling: model A,
where binding of three agonist molecules is required to open
the channel, and binding of less than three agonists is not
sufficient for gating, and model B, where binding of two or
more agonists is sufficient to open the channel with full
efficacy respectively. Monoliganded channels were consid-
ered as closed in this model. We did not consider models
where one agonist is sufficient to open the channel, as
opening of P2X receptors is known to be highly cooperative
(Ding and Sachs, 1999; Li etal.,, 2008; Evans, 2009). It is
important to mention here that we did not consider models
where opening probabilities were lower than 1 for the BZATP-
induced current because they generated complex equations
with too many variables, which would lead to an over-
interpretation of our results.

For model A, Equation 1 yields:

13
F@=ptorp=f@" =[]

max

with (I,/Im.x) determined from electrophysiological recordings
(Figure 4B). Thus, the probability that any site is labelled after
2 and 40 s irradiation is 27 and 81%, respectively. The statis-
tical distribution of channels f{x) containing 0, 1, 2 and 3
bound ligands is then predicted to be 0.39, 0.43 and 0.15 and
0.02 for 2 s of irradiation, and 0.006, 0.09 and 0.37 and 0.54
for 40 s of irradiation, respectively.

For model B, Equation 1 yields:

pr =f2)+f3)=3p*-2p°

max

Thus, the probability that any site is labelled after 2 and 40 s
irradiation is 8 and 53%, respectively. The statistical distribu-
tion of channels f{(x) containing 0, 1, 2 and 3 bound ligands
is then predicted to be 0.77, 0.21 and 0.02 and O for 2 s of
irradiation, and 0.11, 0.35 and 0.39 and 0.15 for 40s of
irradiation, respectively.

Binding-gating of P2X receptors

A

af-MetATP —
BzATP - Light -
Ap-MetATP BzATP == ==

<
sl <

60s -
o
60s
129 o Nohv
e 2s
101 a 20s )
g ¢ 40s
g 0.8+
4
- 0.6
I
g 04
5
=
0.2
0.0 : r .
10 100 1000
[0B-MetATP] (nM)
Figure 5

Occupancy with BzATP increases the efficacy and potency of
of-MetATP. Representative current traces of 10 nM af3-MetATP on
the P2X2/1 receptor chimera (A) before and (B) after photolabelling
for 20 s with 1 uM BzATP. (C) Dose-response curves for af-MetATP
on the P2X2/1 receptor chimera were determined before and after 2,
20 and 40s of photolabelling. The curves shifted leftward upon
progressive photolabelling. Data are presented as mean = SEM of
5-34 cells for each concentration of ligand.

Occupancy with a full agonist increases the
efficacy and potency of partial agonists

We now tested the possibility whether pre-occupancy of
receptors with a full agonist (BzATP) could modulate the
response of perfused agonists. We photolabelled the P2X2/1
receptor chimeras with BzATP for 2, 20 or 40 s (irradiation
times that lead to partial BzZATP covalent incorporation) and
subsequently determined a dose-response curve for the full
agonist off-MetATP. Unlike P2X2 receptors, on the P2X2/1
receptor chimera pre-occupancy with BzATP increased the
potency for of-MetATP (leftward shift in the dose-response
curves) and lowered the Hill number without affecting the
maximum current (Figure SA-C and Table 2), which is
expected as fewer and fewer ligands are needed to fully
occupy and open the channel as the time of photolabelling
will increase.

We then wondered how partial occupancy with BzATP
could modulate the response to TNP-ATP, a partial agonist
with low efficacy for the P2X2/1 receptor chimera (<2%
current at saturating TNP-ATP concentration). We photola-
belled the P2X2/1 receptor chimera for 2 or 40s, and per-
formed a subsequent dose-response curves for TNP-ATP. We
found that the relative efficacy of TNP-ATP increased from 2
(no hv) to 6% (after 2 s) and 12% (after 40 s photolabelling;
Figure 6A-C and Table 3). Hill numbers also decreased with
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Table 3
ECso values and Hill coefficients for TNP-ATP on the P2X2/1 receptor chimera

Time of photolabelling (s) % Covalent activation ECso value (nM) Hill coefficient n (cells)
0 0 133 1.1 =£0.2 4-7
2 2+03 16 = 2 0.8 = 0.1 3-8
40 54 =+ 13 =4 0.6 = 0.1 5-11
A B taining two TNP-ATP and one covalently bound BzATP, and C
Neomycin - . . 14 .. -~
Neomycin - e _ is the opening probability of receptors containing one TNP
BzATP . Light — ATP and two covalently bound BzATP. We know that A = 2%
TNP-ATP BZATP s —

0.2 pA
0.2 A

C 60s 60 s
0207 o Mo
® 2s
A 40s
o 0.151
2
2
0w
2 0.10
o
B
g
£ 0.054
=z
0.00- " : :
1 10 100 1000
[TNP-ATP] (nM)
Figure 6

Occupancy with BzATP increases the efficacy and potency of TNP-
ATP. Representative current traces of 1 uM BzATP and 300 nM TNP-
ATP on the P2X2/1 receptor chimera (A) before and (B) after
photolabelling for 40 s. (C) Dose-response curves for TNP-ATP on
the P2X2/1 receptor chimera were determined before and after
2 and 40 s of UV-light irradiation. The curves showed an increase in
the maximal response by TNP-ATP on the P2X2/1 receptor chimera
upon progressive photolabelling. All dose-response curves were nor-
malized to the response generated by 1 uM BzATP before photola-
belling. Data are presented as mean * SEM of 3-11 cells for each
ligand concentration.

irradiation time, while ECs, seemed unaffected. We then
tested which model (model A or B) best fitted our data
obtained with TNP-ATP.

For model A, TNP-ATP-induced current can arise from
receptors that are non-liganded, monoliganded or dilig-
anded, leading to the following equation:

I’[‘NI’

I AF(0)+ Bf (1)+ Cf (2) )

BzATP

where A is the opening probability of receptors containing
three TNP-ATP, B is the opening probability of receptors con-
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(Figure 2F). After 2 and 40 s irradiation, Equation 2 yields:
Att=2s, Itnp /Ipare = 0.06 =0.02x0.39+0.43B+0.16C

At t=40s, Irnp/Tpare = 0.12=0.02 X 0.007 + 0.09B + 0.37C

This gives B = 0.2% and C = 32%.

The value for B (0.2%) is unexpectedly lower than that of
A (2%), but we believe this value to be within the range of
error of our measurements. Therefore, our calculation implies
that receptors with three TNP-ATP or two TNP-ATP and one
covalently attached BzATP have a very low opening probabil-
ity; only receptors with one TNP-ATP and two covalently
attached BzATP would open substantially (32%) after appli-
cation of a saturating concentration of TNP-ATP.

For model B, TNP-induced current can arise from recep-
tors that are either non-liganded (0 covalently attached
BzATP) or monoliganded (with one covalently attached
BzATP), leading to the following equation:

“i:Af(oanu) (3)
BzATP
where A is the opening probability of receptors containing
three TNP-ATP and B is the opening probability of receptors
containing two TNP-ATP and one covalently bound BzATD.
We know that A = 2% (Figure 2F). After 2 and 40 s irradiation,
Equation 3 yields:

Att=2s, Itnp/Ipzarr = 0.06 =0.02x0.77 +0.21B
At t=40s, Itnp /Iparp =0.12=0.02%0.11+0.35B

This gives us two different values for B, 0.21 and 0.33, making
this model less likely.

Discussion

In the current study, we have used photolabelling-coupled
electrophysiology to trap P2X receptors in various liganded
states and study the relationship between binding site occu-
pancy and channel gating. Photolabelling has been coupled
to electrophysiology to study allosteric mechanisms in
ligand-gated ion channels using both whole cell (Mourot
etal.,, 2006; Zhong etal., 2008; Agboh etal., 2009) and
excised patches (Brown et al., 1993; Ruiz and Karpen, 1997;



Forman et al., 2007). Here, we used a custom-made oocyte
recording chamber that allowed successful photolabelling
and measure of current from the same population of recep-
tors in real time without the need for excising patches. Incor-
poration of BZATP was robust, both on P2X2 and on P2X2/1
receptor chimera, and increased with illumination time, most
probably through a mechanism of photoaffinity labelling.

After cross-linking a partial agonist (BzZATP) onto P2X2
receptors, the saturating ATP response was diminished, which
is in agreement with BzATP occupying a fraction of the
agonist binding sites, thereby preventing full occupancy and
full activation with ATP. The ECs, for ATP also decreased for
the receptors covalently labelled with BzATP as compared
with the unlabelled P2X2 receptors (Figure 3C,D). This can be
explained by the fact that BzZATP, even though being a partial
agonist of P2X2 receptors, acts like a competitive, insur-
mountable antagonist of ATP, producing a rightward shift of
the ATP dose-response curve together with a depression of
the maximal response.

Using the P2X2/1 receptor chimera, which does not
desensitize, we observed an increase in the potency of ago-
nists (leftward shift in the dose-response curves) together
with a decrease in cooperativity (lower Hill number) upon
progressive photolabelling with the full agonist BzATP
(Figure 5C). This is in agreement with the binding steps not
being independent but strongly and positively cooperative
(Ding and Sachs, 1999). Strong interactions between subunits
for channel activation were also reported for P2X2 receptors
and cyclic nucleotide-gated (CNG) ion channels (Karpen and
Brown, 1996; Jiang et al., 2011).

TNP-ATP, which is a partial agonist with very low efficacy,
becomes more effective only after progressive BzZATP photola-
belling (Figure 6C). The increase in efficacy is expected from
a channel that is partially liganded with a full agonist, as the
probability that the channel is fully liganded is higher at any
TNP-ATP concentration. Unlike the agonist of3-MetATP, we
did not observe a significant increase in potency for TNP-ATP
during progressive photolabelling (Figure 6C). Although
unexpected, this result could be due to the difficulty in
resolving very small currents induced by sub-saturating con-
centrations of the TNP-ATP (partial agonist with very low
efficiency).

The use of covalently bound ligands enables experiments
that are not possible or difficult to perform with freely diffus-
ing ones. After covalent attachment, it is, for example, pos-
sible to add another ligand at saturating concentrations to
occupy the remaining binding sites, without the complica-
tion of the two ligands competing. In such an experiment, we
applied TNP-ATP (partial agonist with very low efficacy) onto
receptors partially liganded with a full agonist (after 2 or 40 s
irradiation with BzATP). We found that application of TNP-
ATP always induced potentiation (but never reduction) of the
current (Figure 5C). Partial agonists are sometimes thought of
as ligands that display both agonistic and antagonistic effects.
Our data seem to show that partial agonists are nothing but
agonists, although of much lower efficacy than full agonists.

Another advantage of covalently bound ligands is that the
relationship between binding site occupancy and channel
gating can be studied, without the complication arising from
binding/unbinding events. In a landmark study, Ruiz and
Karpen (1997) managed to observe single CNG channels with

Binding-gating of P2X receptors

exactly one, two, three or four cGMP agonist molecules
bound, and to extract the opening probabilities for each
liganded state. As our recordings were performed on a popu-
lation of ion channels, it was not possible to extract opening
probabilities of each liganded state. We have used two simple
models to fit our data: model A, where binding of three
agonists is required to open the channel, and model B, where
binding of two or more agonists is sufficient to open the
channel. The model (model A) where only three bound ago-
nists are able to open the channel could nicely describe the
observed increase in efficacy of TNP-ATP after progressive
labelling. In contrast, the second model (model B), where
binding of two agonist molecules already leads to maximum
opening, appeared to be less successful in describing our
experimental observations. More complex models were not
taken into account because we believe that this would have
led to an over-interpretation of our experimental findings.
Therefore, we are aware that a more complete understanding
of the relationship between binding and gating will require
extending this strategy to analogous experiments at the
single-channel level.
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