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Gain and Loss of Channel Function by Alanine Substitutions
in the Transmembrane Segments of the Rat ATP-Gated
P2X, Receptor

Zhiyuan Li, Keisuke Migita, Damien S. K. Samways, Mark M. Voigt, and Terrance M. Egan

Department of Pharmacological and Physiological Science, Saint Louis University School of Medicine, St. Louis, Missouri 63104

ATP opens ionotropic P2X channels through a process that is poorly understood. We made an array of mutant rat P2X, channels
containing unique alanine substitutions in the transmembrane segments with the goal of identifying possible secondary structure and
mapping gating domains in the pore. Alteration of channel function was measured as a change in ATP potency, 2'-3"-0-(4-
benzoylbenzoyl)ATP (BzATP) efficacy, and deactivation kinetics. Four mutants (V45A, Y47A, V51A, and D349A) failed to respond to
ATP. Seven (H33A, Q37A, 140A, L41A, Y43A, F44A, and I50A) of 22 mutations in the first transmembrane segment (TM1) produced
channels with altered potencies, and two mutants (Y43A and F44A) were active in the absence of agonist. The pattern of hits was
consistent with a helical secondary structure. In contrast, nine (I328A, P329A, N333A, L338A, T339A, S340A, G342A, G344A, and S345A)
of 24 mutations in the second transmembrane segment (TM2) resulted in a change in potency, but no regular pattern of impact was
apparent. Many of the same mutations that altered ATP potency also changed the relative efficacy of the partial agonist BZATP. Together,
these data suggest that both TM1 and TM2 participate in the conformational changes that occur during receptor activation and help to

define domains involved in conformational switching within or near the pore.
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Introduction

P2X receptors are ligand-gated ion channels (LGICs) that use the
energy of ATP binding to initiate a depolarizing flux of cations
across cell membranes. Calcium ions carry a disproportionately
large percentage of this current (Benham and Tsien, 1987), and
P2X receptors have one of the most substantial Ca*™ fluxes of all
LGIC families (Egan and Khakh, 2004). The resulting rise in in-
tracellular Ca** evokes transmitter release from central and pe-
ripheral neurons, promotes hormone release from endocrine
glands, triggers contraction of smooth muscle, regulates airway
ciliary motility, and activates downstream signaling cascades in a
variety of cells (North, 2002).

In the absence of extracellular ATP, P2X receptors adopt a
conformation that occludes the flow of ions through the trans-
membrane pore, and, in the presence of ATP, this occlusion is
removed. The mechanism by which ATP is able to drive the re-
action is unknown, in part because the structure of the channel is
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poorly understood. P2X receptors are multimeric proteins made
of at least three subunits with two putative transmembrane seg-
ments each (Nicke et al., 1998, 2003). Both the first and second
transmembrane segments (TM1 and TM2) are thought to line
the pore, an idea that is supported by empirical data (Rassendren
et al,, 1997; Egan et al., 1998; Haines et al., 2001a; Jiang et al.,
2001) and by the fact that more than three transmembrane do-
mains are needed to form a cation-permeable pore (Spencer and
Rees, 2002). This hypothesis is bolstered by reports that genetic
manipulation of either segment leads to changes in channel func-
tion. For example, site-directed mutagenesis of TM1 alters ago-
nist selectivity of channel gating, suggesting that it plays a role in
the binding—gating process (Haines et al., 2001b). In contrast,
TM2 contains residues that regulate specific properties of ion
flow through the channel, including conductance (Nakazawa et
al., 1998), permeability (Migita et al., 2001), Ca*" flux (Egan and
Khakh, 2004), and gating (Khakh et al., 1999; Virginio et al.,
1999).

We sought to establish a more precise map of binding—gating
domains in the ion channel pore of the rat P2X, receptor. We
mutated, one at a time, all of the residues in TM1 and TM2 to
alanine and studied the effects of these mutations on agonist
potency and efficacy. We assume that a precise rearrangement of
one or more protein interfaces occurs within the pore when the
receptor binds ATP and that mutation to hydrophobic alanine
may have a measurable effect if the substituted residue contrib-
utes to the stability of an interface (Yifrach and MacKinnon,
2002; Kortemme et al., 2004). Furthermore, we looked for a pat-
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tern in the severity of the effects as a gauge of secondary structure
(Collins et al., 1997). a-Helices are a common component of the
pore domains of most ion channels (Spencer and Rees, 2002),
and amphipathic helices are thought to line the P2X, receptor
channel (Brake et al., 1994). We find that alanine scanning mu-
tagenesis supports the hypothesis that TM1 is helical and suggests
that dynamic changes occur in both transmembrane segments as
ATP opens the channel.

Materials and Methods

Molecular biology and cell culture. Mutations were generated in the rat
P2X, receptor (Brake et al., 1994) using the Quikchange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Each mutation was verified
using the *?P-Terminator Sequenase kit (Amersham Biosciences, Pisca-
taway, NJ) or by an automated DNA sequencing service (Lark Technol-
ogy, Houston, TX). Human embryonic kidney-293 (HEK-293) cells were
grown in DMEM (Invitrogen, Carlsbad, CA), 10% fetal bovine serum
(HyClone, South Logan, UT), and antibiotics in a humidified 5% CO,
atmosphere. The cells were transiently transfected by lipofection (Lipo-
fectamine; Invitrogen) with the gene of interest and, when appropriate, a
cDNA encoding the reporter green fluorescent protein (GFP). They were
used in experiments 12—48 hr later.

Functional analysis of purinergic currents. Whole-cell currents were
measured at room temperature from cells held at —60 mV using the
amphoteracin B perforated-patch technique and Axopatch 200 series
amplifiers (Axon Instruments, Union City, CA) as described previously
(Migita et al.,, 2001). Data were digitized at 10 kHz with 16-bit accuracy
using Macintosh G4 computers (Apple Computer, Cupertino, CA),
ITC-16 analog-to-digital boards (Instrutech, Port Washington, NY), and
external operations compiled in IGOR Pro (Wavemetrics, Lake Oswego,
OR). The pipette solution contained the following: 130 mm Cs-
methanesulfonate, 24 mm CsCl, 1 mm MgCl,, 1 mMm CaCl,, 10 mm
HEPES, and 200 pg/ml amphoteracin B. The extracellular solution was
as follows (in mwm): 154 NaCl, 1 MgCl,, 1 CaCl,, 10 glucose, and 10
HEPES. The averaged cell capacitance for a sample of 100 cells was 14.6 =
0.5 pF. Salts and drugs were obtained from Sigma-Aldrich (St. Louis,
MO) unless noted otherwise.

Pharmacology. We generated dose-response curves for ATP and 2'-3"-
O-(4-benzoylbenzoyl)ATP (BzATP) by applying these drugs through an
RSC-200 Rapid Solution Changer (Biologic, Claix, France). In most
cases, drugs were applied for 2 sec. However, in some cases, the effects of
lower concentrations took longer to reach equilibrium, and drugs were
applied until a steady-state current was recorded. Concentration clamp
was reached in <50 msec (the average 10-90% rise time, measured by
switching between solutions containing different concentrations of KCI,
was 41.0 = 0.1 msec; n = 17), and we waited 3 min or more between
successive applications to minimize receptor desensitization. In each cell,
agonist-gated current was normalized by dividing its peak amplitude by
the average of that of two or more applications of 30 um ATP. Concen-
tration—response curves for individual cells were then fit with the Hill
equation using the Levenberg-Marquardt algorithm implemented in
IGOR Pro, as follows: Y = Y, /[1 + (ECsO/X)”H], where Y is the re-
sponse, and X is the concentration. The fit was used to estimate the
maximum response (Y,,,,.), the concentration of agonist needed to evoke
a half-maximal response (ECs), and the Hill slope (1,;). The values of
each of these parameters were appropriately pooled to determine differ-
ences among groups. We were unable to generate complete concentra-
tion-response curves for both ATP and BzATP in the same cell because
these experiments outlasted the typical lifespan of the recording. Thus,
the relative efficacy (€') of BZATP for each receptor was determined by
generating full BZATP concentration—response curves in individual cells,
normalizing these data to the response of the same cell to 30 um ATP,
fitting the data to the Hill equation described above, and then dividing
individual estimates of Y, .. p,orp from single cells by the averaged
Yiaxatp Of the pooled data of ATP on that receptor. The mutation-
induced change in free energy required to open the channel (A(AG)) was
calculated from the differences in ECs, values of mutant and wild-type
(WT) receptor as follows: (A(AG)) = —RT X In(ECsg 1, /ECs0swi)>
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where R is the molar gas constant, T'is the temperature (K°),and ECy, ¢
and ECs, ,, are the half-maximal ATP concentrations for the mutant and
WT receptors, respectively (Mottig et al., 2001).

Deactivation. The rate of current deactivation on washout of ATP was
determined from the length of time it took for the holding current to fall
from 90 to 10% of the plateau current in response to ATP applied at a
concentration equal to the EC, value for the receptor under investiga-
tion. Although we were able to rapidly apply ATP to voltage-clamped cells,
the rate of activation in many cases exceeded the time constant of our drug-
application system. For this reason, we do not report activation rates here.

ATP assay. The concentration of ATP in the culture medium was
measured using a luciferen-firefly tail extract assay as described previ-
ously (Dietrich et al., 2000).

Statistics. Data are reported as mean = SEM for n number of cells.
Differences in agonist potency were determined from statistical tests
using the negative logarithm of the EC;, value (i.e., pECs,) (Kenakin,
1997). Significance was determined by ordinary one-way ANOVA and
Tukey’s post hoc test using InStat 3.0b (GraphPad, San Diego, CA). A
comparison between two groups was made using Student’s ¢ test.

Results

The data presented here are from WT and 49 mutant P2X, recep-
tors with unique alanine substitutions in their two putative
transmembrane-spanning segments. Forty-five mutants gave
measurable inward currents when challenged with ATP, and, in
most cases, mutant and WT channels behaved in a similar man-
ner. However, some mutants displayed peak currents that were
smaller on average than the WT receptor, were constitutively
active, or had altered pharmacological properties, and these dif-
ferences are described in detail below. The other four mutants
(V45A, Y47A, V51A, and D349A) showed little or no current in
response to high (1 mMm) concentrations of ATP. These were re-
made using cDNA encoding a fusion construct of yellow fluores-
cent protein (YFP) tethered to the C terminus of the P2X, chan-
nel as template (Fisher and Khakh, 2003). All four of the P2X,—
YFP constructs produced detectable fluorescence in both the
cytoplasm and surface membrane when expressed in HEK-293
cells and viewed with a confocal microscope, suggesting that the
protein is made and properly targeted. These mutants were not
studied further.

We investigated the effect of alanine substitutions on channel
function in the following manner. We looked first at the effect of
mutagenesis on holding current because this gave some indica-
tion of the level of constitutive activity. Next, we measured the
potency and time course of the full agonist, ATP, to see whether
the energetics of binding—gating had changed. Then, we looked
for differences in the relative efficacy of the partial agonist,
BzATP, again, to gauge the effect of mutagenesis on the ability of
the channel to change conformations. We found that we could
alter agonist pharmacology by mutagenesis of either TM1 or
TM2, suggesting that both segments play a role in opening the
channel.

Membrane current in the absence of ATP

Two different sources contribute to the holding current mea-
sured in a voltage-clamped cell at rest. The first is the leak current
that results from the flow of ions through the glass-membrane
seal, and the second is the sum of all of the membrane currents
through the ion channels open at rest. We measured an average
holding current of 0.75 = 0.08 pA/pF (n = 26) in HEK-293 cells
expressing the WT receptor, and this was not significantly differ-
ent from that measured in cells expressing enhanced GFP (eGFP)
alone (1.96 = 0.62 pA/pF; n = 4). Most of the mutant receptors
also displayed small holding currents of 0.5-2.0 pA/pF (Table 1).
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Table 1. ATP pharmacology of alanine-substituted mutants
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Ibasal ECSO ymax A(AG)
n (pA/pF) (um) pECs, ny (pA/pF) (Viax!F3050m) (kcal/mol)

Mock 4 1.96 = 0.62 0=*0

WT 26 0.75 = 0.08 5.25 5.28 = 0.07 1.76 = 0.17 420 *+ 36 1.15 = 0.05

™1
G30A 7 0.81 =0.16 3.98 5.40 * 0.06 1.64 = 0.27 268 *+ 43 1.05 = 0.02 0.16 = 0.08
F31A 7 0.60 = 0.03 427 537 £0.03 1.88 = 0.21 444 + 36 1.04 = 0.02 0.13 = 0.04
V32A 6 0.75 = 0.07 1.75 493 = 0.07 2.00 = 0.21 173 = 14 1.26 = 0.13 —0.48 £ 0.10
H33A 7 0.93 = 0.09 1.18 5.93 + 0.07** 2.21+032 197 =48 0.98 = 0.02 0.88 = 0.10
R34A 6 0.78 = 0.08 13.04 4.86 = 0.04 2.00 = 0.24 27 = 12%* 1.49 = 0.21 —0.59 * 0.06
M35A 7 0.83 = 0.06 7.08 5.15£0.09 1.45 +0.12 213 =62 1.19 = 0.09 =017 £ 0.12
V36A 6 0.86 = 0.12 537 527 = 0.06 1.64 = 0.21 357 =71 1.08 = 0.04 0.01 = 0.08
Q37A 7 0.85 = 0.15 33.11 448 * 0.04%* 1.85 = 0.13 203 =24 1.95 = 0.21 —1.08 £ 0.06
L38A 5 0.64 *+0.03 5.50 5.26 £ 0.02 209 £ 024 298 *+ 39 1.07 = 0.04 0.03 £ 0.02
139A 5 0.51 = 0.04 6.03 522 +0.09 215 *0.18 311 =49 1.05 = 0.04 0.08 = 0.13
140A 5 1.19 = 0.09 0.96 6.02 = 0.07** 207 £0.23 209 * 68 1.02 = 0.02 1.01 = 0.08
L41A 5 0.83 = 0.09 15.14 4.82 * 0.06* 1.77 = 0.07 218 =20 1.31 +0.08 —0.63 £ 0.08
L42A 7 0.90 = 0.05 3.89 541 +0.12 1.67 = 0.16 384 + 84 1.12 = 0.07 0.17 £ 0.16
Y43A 9 39.54 +10.03** 0.35 6.46 + 0.19%* 1.37 = 0.62 270 =52 1.01 = 0.01 1.60 = 0.26
F44A 9 48,99 + 7.94** 0.60 6.22 + 0.20** 2.06 = 0.30 312 =17 0.99 £ 0.02 1.29 +0.28
V45A 6 1.02 £0.17 nd nd nd e nd nd
W46A 6 0.98 =0.14 7.76 5.11 £ 0.04 1.55 = 0.17 399 + 57 1.07 = 0.05 —0.22 £ 0.05
Y47A 5 1.23 =0.16 nd nd nd 2 £ 0** nd nd
V48A 6 1.01 = 0.06 3.98 5.40 * 0.06 1.65 = 0.13 218 =18 1.02 = 0.01 0.16 = 0.08
F49A 6 1.04 =01 5.88 523 £0.10 214 £ 036 272 *+ 68 1.04 = 0.02 —0.07 £0.13
150A 7 1.03 = 0.03 27.54 4.56 * 0.04** 1.88 = 0.15 225 + 89 1.91 +0.19 —0.98 £ 0.03
V51A 5 115 £0.14 nd nd nd 2 = 0% nd nd
Q52A 6 0.56 = 0.14 10.72 497 = 0.07 220 =043 275 =4 1.16 = 0.02 —0.42 £ 0.10
K53A 7 0.63 = 0.09 891 5.05 £ 0.04 231£0.20 206 * 53 1.10 = 0.04 —0.32 £ 0.06
S54A 6 0.77 =0.12 8.32 5.08 = 0.09 1.79 =031 206 =79 1.17 = 0.07 0.27 £ 0.12

™2
1328A 6 0.74 =0.11 0.62 6.21 £ 0.11** 1.70 = 0.22 272 =52 0.99 £ 0.02 1.26 = 0.15
P329A 9 122 =0m 1.70 5.77 = 0.06** 1.62 = 0.29 416 =+ 69 1.04 =+ 0.02 0.70 £ 0.11
T330A 6 0.97 =0.11 3.55 5.45 +0.10 1.93 =030 286 = 99 1.07 = 0.05 0.23 +0.14
1331A 6 0.99 = 0.10 457 534 £ 0.08 1.97 = 0.25 305 =35 1.01 = 0.02 0.08 £ 0.10
1332A 5 0.94 = 0.09 3.55 5.45 = 0.06 1.91 = 0.18 245 =70 1.02 = 0.02 0.23 = 0.09
N333A 9 1.22 = 0.06 1.07 5.97 + 0.07** 1.57 = 0.10 339 =44 1.01 = 0.01 0.94 = 0.09
1334A 6 0.71 +0.07 437 536 £ 0.10 1.23 = 0.10 363 * 67 1.08 = 0.05 0.11 £ 0.13
T336A 6 0.76 = 0.08 5.62 525 *+0.14 1.67 = 0.15 222 *+ 47 1.09 = 0.05 —0.05 = 0.19
1338A 12 1.01 = 0.08 27.54 456 = 0.07%* 1.66 == 0.22 283 =20 239 £0.30 —0.98 = 0.10
T339A 7 119 =0.10 1.55 5.81 £ 0.07** 1.98 = 0.21 370 =56 1.01 = 0.01 0.72 £ 0.09
S340A 9 0.87 = 0.06 19.50 471 = 0.06** 238 £ 0.15 211 +£3 1.61 +0.14 —0.78 = 0.09
1341A 10 1.96 = 0.13 7.59 512 £ 0.09 1.94 = 0.07 229 +32 1.26 = 0.13 —0.22 = 0.13
G342A 18 1.24 =0.19 2630 459 * 0.04** 1.68 = 0.12 289 + 33 2.04 £0.15 —0.95 = 0.06
V343A 10 1.80 = 0.09 0.66 6.18 = 0.07** 141+ 0.13 301 =68 1.00 = 0.01 1.23 +0.10
G344A 14 111 =017 66.07 418 = 0.07%* 1.68 = 0.14 251 + 39 2.76 = 0.26 —1.50 = 0.10
S345A N 0.83 *=0.16 15.49 4.81 = 0.07** 1.44 = 0.13 236 =5 1.47 = 0.09 —0.64 = 0.10
F346A 10 0.88 = 0.12 6.46 519 =0.10 1.88 = 0.12 397 =48 1.09 = 0.04 —0.12 = 0.14
1347A 6 1.01 = 0.03 12.02 492 = 0.08 1.79 = 0.16 217 + 48 1.31 = 0.09 —0.49 = 0.10
(348A 7 1.02 = 0.09 10.72 497 = 0.08 172 £0.20 457 + 28 1.25 +0.15 —0.43 £ 0.10
D349A 5 121 =0.14 nd nd nd 3 nd nd
W350A 8 0.87 +0.07 8.51 5.07 = 0.09 1.81 = 0.12 278 + 35 1.18 = 0.09 —0.29 = 0.12
1351A 6 1.03 = 0.13 9.77 5.01 £ 0.06 221 %032 246 + 49 1.13 = 0.06 —0.37 £ 0.08
1352A 9 0.85 *=0.10 832 5.08 = 0.05 211 £ 0.07 276 *+ 38 1.11 £ 0.03 —0.27 = 0.07
1353A 6 112 =0.14 9.12 5.04 = 0.08 2.03 £0.16 223 +39 1.08 = 0.04 —032 0.1

Data from experiments like those shown in Figure 1./, is the holding current measured in the absence of agonist; all other parameters are defined in Results. /., and Y, of Y43A and F44A were determined in one set of experiments,
and ECso, ny and ¥,/ 13, Were determined in another, also as described in Results. Mock, Cells expressing only GFP; n, the number of times that complete concentration—response curves were generated in single cells; nd, not determined.

We did not test for differences in ¥, ,,//5q,,mm 0r A(AG). The average cell capacitance was 14.6 = 0.5 pF (n = 100).

*p < 0,05, *p < 0.01.

Y43A and F44A channels were exceptions. Expression of these
two channels resulted in a large number of round cells floating in
the culture dish 24 hr after transfection. The detached cells fluo-
resced and therefore expressed the reporter protein GFP. By in-
ference, we assumed that they also expressed mutant P2X, recep-
tors. We considered the possibility that cell death resulted from

an ongoing activation of Y43A and F44A by endogenous ATP
present in the culture medium. We tested this hypothesis in two
ways. First, we incubated cells expressing these proteins in
apyrase (10 U/ml), an enzyme that degrades ATP, from the end of
the transfection until the start of the experiment; this had no
effect on survival rate or holding current (data not shown). Sec-
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ond, we measured the concentration of ATP in the medium using
a luciferin—luciferase assay; it was 2.27 = 0.77 nM (n = 6) in
control medium and 5.82 * 1.07 nM (n = 4) in medium used to
culture cells expressing either mutant for 24 hr. These concentra-
tions were too low to cause significant activation of even the most
sensitive receptors (see below). We next considered the possibil-
ity that the mutations rendered the receptors constitutively active
and that death reflected an ongoing transmembrane flux through
mutant channels open at rest. To test this, we eliminated the
floating cells and recorded membrane current from a sample of
the remainder in a solution that contained no ATP. Cells trans-
fected with either Y43A or F44A showed significantly larger hold-
ing currents (~40-50 pA/pF) despite the fact that the seal resis-
tances measured in the gigaohm range before perforation of the
patch began. The data suggest that the Y43A and F44A mutants
are active in the absence of ATP. Although both channels showed
large peak currents in response to saturating concentrations of
ATP (Table 1), the larger holding currents rendered the cells
unsuitable for further experimentation. In experiments de-
scribed below, we chose weakly fluorescing cells to further char-
acterize the Y43A and F44A mutants. Our rationale was that cells
showing lower levels of GFP expression also express fewer mutant
receptors and that these cells are generally healthier because their
baseline current is smaller and resting [Ca® " ],,, is low. The lightly
fluorescing cells had average holding currents of 3.71 * 1.13 and
8.5 = 1.87 pA/pF and peak currents of 93.4 = 26.2 and 140.8 =
30.1 pA/pF for Y43A (n = 18) and F44A (n = 12), respectively,
and the magnitude of these currents did not change during the
course of an experiment.

The large holding currents seen in the absence of ATP suggests
that Y43A and F44A are constitutively active receptors, an effect
that would be expected if the conformational equilibrium con-
stant between the open and closed states of the channel has
changed in a manner that favors the active state (Colquhoun,
1998).

Alanine substitutions alter ATP potency

Figure 1 shows representative raw data obtained from three dif-
ferent cells using our fast drug-application system. To control for
desensitization, increasing or decreasing concentrations of ATP
were tested two or more times in each cell. We found that re-
peated 2 sec challenges of the same concentration gave similar
results when the interdrug interval was 3 min and that the mea-
sured affinities were the same regardless of the order in which the
different concentrations were applied. T339A showed a more
profound desensitization during the administration of agonist
and required 5 min or more to recover the full response to sub-
sequent applications. However, it was still possible to generate
reliable dose—response curves as long as the altered rate of recov-
ery was taken into account (Fig. 1C).

Experiments like those pictured in Figure 1 were duplicated in
all 45 functional mutant receptors. Each mutant was tested four
or more times, data from single cells were fit with the Hill equa-
tion to estimate 11y, Y,,.,,, and the pEC5, value of ATP (Fig. 2), and
these estimates were pooled to determine differences among
groups (Table 1). ATP (30 um) caused no inward current (0.38 =
0.23 pA/pF; n = 4) in cells expressing only eGFP.

We made four observations. First, peak current density was
essentially unaffected. Y,,,, is an estimate of the current density
derived from the plateau of the concentration—response curve. In
our experiments, it ranged from ~170 to 450 pA/pF for 44 of 45
functional mutants and was statistically the same as that of the
WT receptor. The R34A channel had a significantly (p < 0.01)
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Figure1.  ATPevokes reproducible currentsin HEK-293 cells expressing WT and mutant P2X,
receptors. A, Twelve raw data traces from the WT receptor. Each trace is 15 sec of current, and
the gaps indicate interdrug intervals of 3 min. Each concentration of ATP (0.3, 1, 3, 10, 30, 100,
300, or 1000 um) was applied twice for 2 sec with similar results. B, C, Raw data from two
mutant receptors showing a lesser (L338A) or greater (T339A) sensitivity to ATP than the WT
receptor. Again, each trace is 15 sec long, and the gaps indicate interdrug intervals of either 3
min (WT and L338A) or 5 min (T339A).

smaller peak current density (Y,,,, equaled 27 = 12 pA/pF). It is
impossible to draw firm conclusions from current amplitudes of
LGICs expressed in HEK-293 cells because a change in this pa-
rameter can result from altered expression, targeting, and/or
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Figure 2.  Pharmacological characterization of the response to ATP. Concentration—re-
sponse curves were generated for the WT receptor and each of the functional alanine-
substituted P2X, mutants. Top, Concentration—response curves generated for TM1 (left) and
TM2 (right) mutants; these show the averaged values of the pooled responses to increasing
concentrations of ATP. Data are shown as the averaged peak current amplitude for each con-
centration of ATP divided by the averaged amplitude of the peak response to the highest con-
centration of ATP (//1,,,, ). This sets the limits of the range of the response from 0 (no response)
to 1 (maximum response) and makes it easier to compare the relative positions of the concen-
tration—response curves on the x-axis. The solid lines are the best fits of the averaged data to
Y=1[1+ (Xhalf/)()’“e]. In this figure, we do not show the error bars of the pooled responses
for the sake of clarity; error bars are shown in Figure 4 for the most relevant receptors. The solid
black line is the best fit of the WT data. Blue lines are not significantly different from the WT
receptor. Red lines are significantly different. Bottom, The averaged pECs, values for WT and
mutant receptors determined from the pooled data of individual determinations in single cells.
Red bars denote significant differences from WT, blue bars are not significant, and gray bars
mark the position of the endogenous alanines (Ala >3 and Ala**’) in TM2. nd, Not determined.

function. However, although smaller than normal, ATP-gated
currents through the R34A receptor were large enough to permit
construction of full concentration—response curves as described
below.

Second, n;; was unchanged. P2X receptors show cooperative
behavior in both binding and gating (Ding and Sachs, 1999,
2002), and mutations that affect either process would be expected
to alter n,;. However, we found that the 7, of the mutant recep-
tors ranged from 1.16 to 2.38 (Table 1) and that these values were
not statistically different ( p > 0.05) from that of the WT receptor
(1.76 = 0.17; n = 26). The fact that alanine substitutions do not
change n,; might reflect the inability of these mutations to alter
the energetics of binding and gating. Another possibility is that
ATP is a highly efficacious agonist and, as such, requires a dra-
matic change in binding—gating efficiency to produce a measur-
able change in 1, (Colquhoun, 1998). We used a less efficacious
agonist, BzZATP, to address this concern, and these results are
described later in the paper.

Third, several mutants displayed altered sensitivities to ATP.
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The EC,,, value is the molar concentration of an agonist required
to produce 50% of the maximal current and reflects both the
affinity of the agonist for its binding site and the ability of
the channel to gate. We found that the EC;, value (derived from
the averaged pECs,) of the WT receptor was 5.25 uM (n = 26)
with 95% confidence limits of 3.46-7.94 uM, a range in keeping
with those described previously (Khakh et al., 2001). Mutagenesis
had no effect on ATP potency in 28 of 45 alanine-substituted
receptors, and these receptors were not studied further. In con-
trast, eight mutants (Q37A, L41A, I50A, L338A, S340A, G342A,
G344A, and S345A) showed a decrease in potency, and nine
(H33A, T40A, Y43A, F44A, 1328A, P329A, N333A, T339A, and
V343A) showed an increase. Some of the largest effects occurred
in the two mutants (Y43A and F44A) that showed large holding
currents in the absence of agonist; these had leftward-shifted ATP
concentration—response curves and were 9—15 times more sensi-
tive to ATP (EC;, values of 347 and 603 nM, respectively) than the
WT receptor. In TM1, a recognizable pattern of susceptibility to
mutagenesis was apparent. His**, GIn*7, Tle*°, Tyr*?, Tyr"’, and
Ile® form a pattern in which every third or fourth residue was
affected by substitution of alanine; such a pattern is consistent
with a helical secondary structure. The two other mutants with
altered ATP sensitivities (Leu*' and Phe**) lay immediately be-
side the stretch of six residues listed above, and all eight residues
line the same face of the helix. No such pattern was seen in TM2.
Rather, the alanine-sensitive residues cluster into two groups.
The first is made of [le*2%, Pro>??, and Asn>??, three residues that
are positioned at or near the extracellular entrance to the pore.
These had leftward-shifted concentration-response curves and
ECs, values 0f 0.6—1.7 uM. The second group is a near contiguous
stretch of eight residues from Leu”*® to Ser>**. Seven of these had
altered ATP potencies ranging from ~0.7 to 66 um; I341A was
the exception and resembled the WT receptor. The fact that so
many neighboring residues are altered by alanine mutagenesis
argues against a lipid-facing, helical topology for this part of
TM2. A similar conclusion was drawn from a study using the
substituted cysteine accessibility method (Egan et al., 1998).

Fourth, potency and deactivation changed in parallel. We de-
termined the effect of alanine mutagenesis on the rate of decay of
the ATP-gated current by measuring the time it took for the
response to fall from 90 to 10% of its peak response (9010 time)
on washout of drug (Table 2). In each case, ATP was applied in a
concentration equal to the ECs, value of the receptor under in-
vestigation. We found that the WT receptor had a 90—10 time of
286 * 32 msec (n = 10). Deactivation took significantly longer in
9 of 10 mutant receptors having leftward-shifted ATP concentra-
tion—response curves, an effect that was particularly pronounced
for the constitutively active TM1 receptors Y43A (2677 = 129
msec) and F44A (2127 = 242 msec), and P329A (2706 = 146
msec) and V343A (5045 =+ 201 msec) of TM2. All eight mutants
with rightward-shifted concentration-response curves decayed
quicker, often approaching or surpassing the time resolution of
our drug application system. Both G342A (37 * 1 msec) and
G344A (90 = 18 msec) showed fast deactivation on washout of
ATP, perhaps because the mutations produced a stiffer protein
that destabilized the open state of the channel. Overall, the
changes in deactivation kinetics suggest that one effect of the
alanine substitutions is to alter the equilibrium between the open
and closed states of the channel.

The relative efficacy of BZATP is changed
Efficacy is a measure of the ability of the receptor to function after
binding agonist. In the case of an LGIC, it reflects the ease with
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Table 2. 90-10% fall time

n 90-10 time (sec)

WT 10 0.28 = 0.03

H33A 6 0.46 = 0.05

Q37A 5 0.06 = 0.01*
140A 6 1.57 £ 0.15*
L41A 6 0.07 = 0.01*
Y43A 9 2.68 = 0.13*
F44A 5 213 = 0.24*
150A 9 0.11 = 0.02*
1328A 5 0.85 = 0.19*
P329A 7 271 = 0.15%
N333A 6 1.44 +0.19%
1338A 5 0.06 = 0.00*
T339A 7 1.05 + 0.09*
S340A 5 0.04 = 0.00*
G342A 5 0.04 = 0.00*
V343A 5 5.06 = 0.16*
G344A 6 0.09 = 0.02*
S345A 5 0.15 = 0.04*

All drugs were applied at concentrations equal to the ECs, value of the receptor under investigation.
*p < 0.01 for log(90—10 time).

which the protein assumes a conformation that allows trans-
membrane current to flow (Colquhoun, 1998). Any mutation
that alters the ability of the receptor to move between conforma-
tions changes efficacy and in so doing may alter the size of the
peak response. In the case of a very efficacious agonist like ATP, a
large change is needed before peak current is affected. In a final
set of experiments, we determined the effect of mutagenesis on
the relative efficacy (€’) of BZATP, a partial agonist that produces
~65-70% of the maximal response of the WT receptor to ATP
(Evans et al., 1995; Bianchi et al., 1999). Because BzZATP is less
efficacious than ATP, its peak current is more sensitive to changes
(Fig. 3). We constructed BzATP concentration—response curves
for the mutants with altered sensitivities to ATP. We found that
the sensitivity of the mutants to both ATP and BZATP changed in
parallel and that the maximal BzATP response was different in 13
of 17 mutants (Fig. 4). The ECs, value of BzZATP of the WT
receptor was 17.38 uM and €’ (equal to I, garp/Imax.aTp) Was
0.69 = 0.03 (n = 6). Every mutant (Q37A, L41A, I50A, L338A,
S340A, G342A, G344A, and S345A) that showed a significant
rightward-shifted ATP concentration—response curve also had
an €' that was <50% of control (Table 3). Such effects suggest
that these mutant receptors have a harder time reaching the open
state than does the WT receptor. Five of nine mutants (Y43A,
1328A, N333A, T339A, and V343A) with leftward-shifted ATP
concentration—response curves had increased €', and, in some
cases, the effect was large enough to impart the characteristics of
a full agonist on BZATP. The effects on €’ were spread throughout
TM1 and TM2, and every residue in the stretch from Leu”*®
through Ser*** (except Ile®*") was changed. The largest changes
in potency and €' occurred in the Gly>**-Val***-Gly*** region.
Mutating Gly>** and Gly>** greatly reduced both potency and €',
whereas alanine mutagenesis of Val*** produced a receptor at
which BZATP was a full agonist. Again, together, the data suggest
that both TM1 and TM2 undergo conformational changes as the
result of occupation of the extracellular binding site, implying
that both segments play a role in channel gating.

Discussion

Although it is impossible to compose a hard-and-fast model of
P2X structure without definitive data in the form of a crystal, it is
tempting to suggest one based on KcsA, a potassium channel of
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Figure 3.  Representative raw data traces for the effect of BzATP on WT and three P2X,
mutants. Each set of traces shows the effects of both ATP and BzATP on a different receptor.
Agonist concentrations are indicated below or next to each current trace. Currents elicited by
ATP are marked with asterisks. The €’ was determined from experiments like these by dividing
the normalized ¥y, gonrp/l5o,.., ., DY the averaged value of ¥, o, aro/lso,,  ,,, for that mutant
determined in separate experiments. Each trace shows 12 sec of raw data, and gaps indicate 3
min of wait time between drug applications.
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Figure 4.  Concentration—response curves plotted from the averaged data of the pooled

responses to ATP (filled circles) and BzATP (open circles) determined in experiments like those
shown in Figure 3. All currents are normalized to the effect of 30 wum ATP.

known structure (Doyle et al., 1998). KcsA is an oligomer of four
subunits, and, like P2X receptors, each subunit has two trans-
membrane segments. The first segment forms an outer helix that
anchors the protein in the lipid membrane, and the second forms
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Table 3. BzATP pharmacology of alanine-substituted mutants

n EC5, (um) pECs, €

WT 6 17.38 476 +0.13 0.69 + 0.03
H33A 13 7.94 5.10 £ 0.08 0.66 % 0.09
Q37A 6 72.44 414 = 0.05 0.26 = 0.02**
140A 5 1.51 582 +0.03 0.86 + 0.03
L41A 6 3.1 4.48 = 0.02 0.32 = 0.02%*
Y43A 7 1.26 590 = 0.13 0.90 = 0.04*
F44A 1 1.00 5.99 * 0.06 0.80 = 0.03
150A 7 37.15 443 +0.09 0.33 =+ 0.05**
1328A 5 1.38 5.86 = 0.04 0.89 £ 0.01**
P329A 5 3.47 546 = 0.11 0.66 = 0.01
N333A 7 4.07 539 +0.06 0.94 = 0.02**
1338A 10 7413 413 +x0M 0.28 £ 0.05**
T339A 6 851 5.07 +0.09 0.96  0.03**
$340A 7 75.86 412 +0.07 0.31 = 0.04**
G342A 5 63.10 420 = 0.04 0.36 = 0.01**
V343A 4 191 572+0.13 1.01 £ 0.15%*
G344A 8 91.20 4.04 = 0.05 0.11 = 0.02**
S345A 5 21.38 467 =013 0.42 * 0.03%

Data from experiments like those pictured in Figure 3.

*and ** denote differencesin €” (equal to ¥y .y g,are/Ymax atp) between WT and mutant receptors at p << 0.05 and
p < 0.01, respectively.

an inner helix that lines the pore. Furthermore, the gate is made
of a narrow, hydrophobic constriction of the inner helices that
serves as an energy barrier to the flow of ions. This constriction is
relieved, and the channel opens, when the inner helices bend
outward by 30° at a flexible gating hinge that has a conserved
glycine as a key component (Jiang et al., 2002). Although the
tertiary and quarternary structures of the KesA and P2X channels
are likely to be significantly different, we expect that some of the
lessons learned from the K * channel structure may also apply to
ionotropic ATP-gated channels. In this report, we test the com-
mon but unproven assumptions that, like KcsA, the transmem-
brane domains of P2X receptors are helical (Brake et al., 1994)
and rearrange on opening. Alanine and tryptophan mutagenesis
have been used with good success to predict secondary structure
(Kortemme et al., 2004) and identify gating domains (Yifrach and
MacKinnon, 2002) in a number of ion channels. In general, this
technique works better for large, tightly packed proteins with
multiple transmembrane domains (Sharp et al., 1995; Monks et
al., 1999; Li-Smerin et al., 2000; Panchenko et al., 2001; Hackos et
al., 2002; Jenkins et al., 2002; Yarov-Yarovoy et al., 2002; Guzman
etal., 2003) than for simpler two-transmembrane channels (Col-
lins et al., 1997). Nonetheless, we found that it did produce a
recognizable pattern for one of the two transmembrane segments
of the P2X, receptor. TM1 showed a regular pattern of potency-
sensitive substitutions that extends across the entire membrane
from His?? to Tle® (Fig. 5A). Such a pattern is unlikely to occur
by chance and may suggest that TM1 is helical. If so, then the
reactive side of this helix probably faces away from lipid because
alanine substitutions at protein-lipid interfaces should be be-
nign. Furthermore, all of the polar and charged residues that fall
between His>® and Ile*° line the same face as the alanine-sensitive
mutants, again suggesting that this side faces away from the neu-
tral environment of the lipid membrane. By inference then, the
unreactive—neutral side may be partially embedded in lipid and,
in so doing, act to stablize the protein by virtue of its amphipathic
nature. Furthermore, two findings suggest that this domain also
participates in opening the channel. First, alanine substitutions at
two positions, Tyr*® and Phe*?, produced larger than normal
holding currents in the absence of ATP. We eliminated the pos-
sibility that this reflects ongoing activation of the receptors by
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Figure5.
Loss-of-function mutants have thick black borders. Alanine substitutions that affect ATP po-
tency are shown in gray. A, TM1 shows a distinct pattern of alanine hits that line one face of the
helix. 8, Hot spots in TM2 form two groups centered around Pro?° and Gly **2, respectively.

Ahelical net representation of the transmembrane segments of the P2X, receptor.

ATP in the culture medium, leading us to believe that the muta-
tions produce constitutively active channels. Mutations that
cause constitutive activity result from a change in the equilibrium
between the open and closed states (Colquhoun, 1998); if so, then
our evidence suggests that Tyr*> and Phe** participate in the
rearrangement of protein that occurs during gating. This idea is
supported by the fact that alanine mutagenesis of these sites pro-
duced some of the largest changes in the energetics of gating with
A(AG) values equaling ~1-2 kcal/mol. Such large changes might
occur if mutagenesis stabilizes an open state or destabilizes a
closed state, an outcome that would also explain the 10 times
slower deactivation rates of the two receptors. The second finding
is that many of the mutations in TM1 lead to significant changes
in the efficacy of BZATP. Again, a change in efficacy reflects a
difference in the energetics of gating between WT and mutant
receptors. Our experiments do not differentiate a change in the
conformation of the ligand-binding core from a change in the
conformation of the gate. Indeed, experiments like ours (i.e.,
perturbation of agonist potency by alanine mutagenesis) have
been used to identify putative ATP binding sites of the extracel-
lular loops of the P2X, and P2X, receptors (North, 2002; Roberts
and Evans, 2004). However, it is unlikely that the mutations that
we describe here directly bind ATP because they lie within the
plane of the membrane.

No regular pattern of hits was seen in TM2. Rather, the
alanine-sensitive residues cluster into two groups (Fig. 5B). The
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first group includes Iso 328 and Pro>*° of P2X,, two neutral amino
acids that are conserved in all members of the family except the
P2X, receptor, and polar Asn’*’, Proline is disfavored in helices
because its inability to hydrogen bond produces kinks or bends in
the secondary structure (Petsko and Ringe, 2004), and it is more
likely to signal a 8 turn (Williams et al., 1987). We found that the
P329A mutation altered agonist potency and resulted in ATP-
gated currents that took 10 times longer to deactivate than the
WT receptor, effects consistent with a slowed rate of channel
closure that may happen because P329A alters the orientation or
tilt of TM2 in the membrane. However, the P329A mutation
caused only a modest change in AG (~0.7 kcal/mol) and did not
alter the efficacy of the partial agonist BZATP. Proline-to-alanine
mutations also cause relatively mild effects on the gating of gly-
cine channels (Lynch et al., 1997), and other substitutions are
more severe (Saul et al., 1999). In light of this, a more complete
analysis of the effects of additional mutagenesis on Pro>* of the
P2X, receptor seems warranted. The effects of alanine mutagen-
esis of Tle**® and Asn>?* are harder to explain. The fact that Ile***
is conserved throughout the family argues that it plays some role
in the function of the protein. The pore is thought to be relatively
wide near Ile**® and Asn >’ (Rassendren et al., 1997; Migita et al.,
2001), and it seems unlikely that these residues contribute to a
constriction that occludes current when the channel is closed.
Rather, it is possible that they form a part of the linker that con-
nects the extracellular ATP binding site located near the extracel-
lular mouth of the channel (Ennion et al., 2000; Jiang et al., 2000)
to the intrapore gate.

The second group of hot spots in TM2 is a near contiguous
stretch of residues from Leu>>® to Ser>*. The lack of periodicity
in this stretch suggests that TM2 does not form a static, lipid-
embedded helix in this part of the transmembrane segment. A
similarly contiguous pattern was noted in experiments that tested
the ability of hydrated Ag™ to modify cysteine-substituted mu-
tants of TM2 of P2X, (Egan et al., 1998). Within this stretch is a
motif (G-V/L-A/G) that is found in all of the functional murine
P2X receptors, and circumstantial evidence suggests that it forms
a part of the channel gate. Specifically, G*** is conserved in all
family members, and mutating it to cysteine results in a thiolate
that is accessible from either side of the membrane to water-
soluble thio-reactive reagents (Egan et al., 1998); this could occur
if the amino acid occupies a position at the transition between the
“inside” and the “outside” of the transmembrane pore. Further-
more, mutating the homologous position of the P2X, receptor
prevents the transition between gating modes that occurs in low-
ered extracellular Ca®" (Khakh et al., 1999). We found that mu-
tating either Gly>*? or Gly>** to alanine had the multiple effects,
including a dramatic decrease in ATP potency, a large change in
AG, quicker deactivation, and a fall in BzATP efficacy. This is
surprising because glycine and alanine are approximately the
same size, have the same relative hydrophobicity, and safely sub-
stitute for each other in mutagenesis (Bordo and Argos, 1991).
The difference is that glycine has more conformational freedom
than alanine, and an alanine-for-glycine swap would be expected
to increase the rigidity of the peptide. If gating involves move-
ment of the G-V-G segment, then the large effect of alanine sub-
stitutions at these spots may be explained by a decrease in the
ability of the receptor to switch between conformations in re-
sponse to the energy supplied by binding ATP. Glycine forms a
part of the “gating hinge” of some ion channels (Jiang et al.,
2002), and, by analogy then, it is possible that the alanine substi-
tutions at Gly>** and Gly>** of the P2X, receptor alter ATP po-
tency by disrupting the ability of a TM2 gating domain to change
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conformation. Mutating Val*** to alanine had the opposite effect

and produced receptors with the longest deactivation rate of any
mutant receptor. Alanine is smaller than valine, and this may
impair packing in a gating domain of the protein, making it easier
for the channel to open.

Our results present the most complete map to date of the
functional domains of the transmembrane segments of a P2X
receptor. Several additional experiments now seem reasonable.
We suggest that TM1 and TM2 repack on opening, a finding that
should not be surprising in light of empirical data showing that
the diameter of the pore increases by several angstroms on open-
ing (Eickhorst et al., 2002). As such, it will be interesting to de-
termine the effect of scanning alanine mutagenesis on this dila-
tion. Single-channel analysis of the effect of alanine substitutions
on gating kinetics is also a worthwhile goal, although these exper-
iments will be arduous at best because full openings are difficult
to resolve (Bean, 1990; Ding and Sachs, 1999). Chemical cross-
linkers and cysteine-substituted mutants have been used to pro-
vide a preliminary map of the relative positions of opposing res-
idues within the pore (Spelta et al., 2003). Our data suggest that
additional combinations are possible, an idea worth testing in the
near future. Finally, several alanine-substituted mutants are ex-
tremely sensitive to ATP, and membranes expressing these pro-
teins may provide a more useful bioassay to detect ATP release
from living tissue than is currently available (Lazarowski et al.,
2003).

The manner in which ATP binding is translated into P2X
channel gating will remain a mystery until the crystal structure of
the protein is solved. In the meantime, our data provide a road-
map for future experiments.
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