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Identification of critical amino acid residues of
the P2X2 receptor channel towards the mechanism of

the voltage-and [ATP] -dependent “gating”
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P2X, is a non-selective cation channel, activated by extracellular ATP. It is one of the
members of P2X receptor family which are widely distributed in various tissues and play
important roles in many physiological functions. Although it is a ligand gated channel, its
structure differs from other cys-loop and glutamate receptor channels. P2X receptor is trimeric
with a large extracellular loop of approximately 280 amino acid residues and has its N and C

termini intracellular. It has two transmembrane (TM) regions with no canonical voltage sensor.

In spite of the absence of a voltage sensor domain, P2X, receptor channel has an
unexpected voltage dependent gating, showing a gradual increase in the inward current upon
hyperpolarization in the steady state after ATP application. When the activation phase of gating
and the tail current were analyzed, an apparent shift of conductance-voltage (G-V) relationship
to depolarized potentials and an acceleration of the activation phase with the increase in the
concentration of ATP ([ATP]) were observed. The results revealed that gating of P2X, receptor
channel depends on both voltage and [ATP]. Furthermore, voltage and [ATP] dependent gating
of P2X; receptor channel could be successfully reproduced by a three-state model which consists
of a fast ATP binding step and a rate limiting voltage dependent gating step, using experimental

data.

In the next step, a mutagenesis approach was used to identify the amino acid residues
which are responsible for the voltage and [ATP] dependent gating. Since there were an apparent
[ATP]-dependent shift of V,, values of G-V relationship to depolarized potentials and a voltage
induced acceleration of activation phase, he hypothesized that the positively- charged ATP
binding pocket, together with ATP, might act as a voltage sensing particle contributing to the
voltage dependent step. With this hypethesis, K308A/R, K69A/R, K71A/R, R290A/R mutations
were introduced at the previously reported ATP binding site. K308R mutant showed G-V
relationship accumulated at hyperpolarized potentials without any clear [ATP] dependent shift to
depolarized potentials. Furthermore, the activation speed was faster than WT without an apparent
acceleration by [ATP]. Similar phenotypes were also observed in other ATP binding site mutants.
The results could be summarized that the equilibrium is inclined to the closed state with faster
kinetics to reach equilibrium suggesting an increase in the off gating rate in the voltage
dependent step. Therefore, by using the same three-state model, a simulation study was
performed with a high off gating rate. Simulation results were similar to the experimental results

from the ATP binding region mutants. These results suggest that residues of the ATP binding site
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contribute to voltage-dependent conformational changes of P2X; receptor molecule.

A similar analysis of voltage dependent gating was performed in WT with adenosine
diphosphate (ADP) and diadenosine tetraphosphate (APsA), two different agonists having
different structure and electrostatic charge. Four phosphate groups of AP4A, having 4 free
negative charges are connected to two adenine rings on each end. ADP with two phosphate
groups has 3 negative charges, one less than ATP. Both agonists had relativély lower potency
than ATP. Voltage dependent activation phase and tail current analyses with ADP showed
similar results with the ATP responses. The Hill coefficient from the dose response curve of
ADP was also close to 2, similar to ATP response. The results from the ADP responses‘suggest
that the total free charge of the ligand solely, does not determine the voltage dependent gating
behaviour. On the other hand, when AP4A, a relatively larger and less flexible molecule was
used, G-V curves accumulated at hyperpolarized potentials without any apparent shift to
depolarized potentials. The activation speed was relatively fast and did not show any apparent
acceleration by further increase in [AP4A]. Voltage dependent gating property in response to
AP4A resembled to the gating observed in ATP binding region mutants. Moreover, Hill
coefficient from the dose response curve of AP4sA was close to 1 suggesting a clearly different
ligand-receptor interaction from those of ADP and ATP. The Z values of the G-V curves from
AP4A, ADP and ATP responses were similar. The results suggest that rather than the total free
charge of the ATP binding pocket per se, the molecular and conformational structure of the

ligand-ligand binding site complex contributes to the voltage dependent gating behaviour. |

Furthermore, amino acid residues F44, Y43 and Y47 close to the extracellular region of
TM1, and 1328 and T339 in TM2 were identified to be critical for the voltage dependent gating.
Mutations of these amino acid residues (F44C/A Y43 A, Y47C in TM1 and 1328C/S/L and T339S
in TM2) made the channel activate slowly up.on hyperpolarization at low [ATP]. At high [ATP]
the channel became constitutively active and voltage dependent gating was abolished. The
results could be summarized that the equilibrium is inclined to the open step with slower kinetics
to reach equilibrium suggesting a decrease in the off gating rate in the voltage dependent step.
By using the same model, experimental results for the TM region mutants were reproduced by

decreasing the off gating rate.

Finally, analyses of double mutants were perfbrmed which have an ATP binding region
mutation with a high off gating rate and a TM1 or TM2 mutation with a low off gating rate (eg;
K308R/T339S and K308R/F44C). The results revealed a phenotype similar to WT, suggesting a

mutual interaction of these residues in the same rate limiting voltage dependent gating step.
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Taken together, the present work demonstrates that the amino acid residues at the
putative ATP binding site and at the extracellular side of two TM regions are critically involved
in the voltage dependent gating, and that the molecular interaction of ATP with the ligand
binding environment is transmitted as a signal for the voltage dependent gating to the

extracellular side of TM1 and TM2 where critical conformational changes occur.
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BIRXOEE#RROER

ATP SHEETF v IV PLL T MR AT Ko THERBLEINIFERBRENTFF > F v 2
NTHO, 2EAEEBEHOYT T Iy O IEAELTHERIND., ZNETI Keceli K
51, WAHTDIIIBHBEZRERERELTAW AP BEZOEERBIIHBITS PILTFv
INEREBEEMEOBMBREETENICHEML. (1) BEEMKEEOY - MEBNEELE
SBEMTHEEPTVIE, () ATP BECKELTCIVY IS A-REM (G-V) B
AERAEEC 7 L., EREHACHENIMETSZIEEZRVWLE L, 512, () HWATP
ERATyTE, BEBERELSZF ATy STHERIND 3-state EF I ZEZREL.
Ba OB, AP BETOY — FAT Yy TOBREER ke & ko ERELAE. 510,
NoDEE, EREOEEMICKELRWV ATP #EOEEEH, ki & Kuping ZAWVTY
alb—YarEFn BEMEFEES - MEENATP BELCOEEFETHIENIERRER
BEHTBI LKL (Fujivara, Keceli, Nakajo, Kubo (2009) Journal of General
Physiology) .

BEAMBILITRNWT, HEE Keceli B3, 2<OBMEFENET v 3V ICHBET 5B
oY —%Z R ATP % %@5"‘%’?T\)l/ﬁxﬁﬁﬁuﬁifﬁ%ﬁﬁ”éﬁ?%"’“%%b73> sk
0. BEAMAEEEF o/, (DATP BEMAEAFINTHLIEKOERE (K308A/R,
K69A/R, KT1A/R, R290A/R) @S5 5, K308R TREMEEENELBAICKEL T MLIE
HALEHEENEN o/, ZOHEIR, ETNTITF—FrRAT v 7Dk 2BMEEDI LXK
DEETER., QKR ATPRE2FESECICEET PEEESMCOMBEARRICAET S
72 /&5’3‘2%@“%% (F44C/A, Y43A, Y47C, 1328C/S/L, T339S) ofg#rZfro7z. T339S
i3, BEWATP BETIEBVWEBEMKEFNEELERL. &0 AT RE CTRESMICKE
LEWEENEELZRLE, COEEER, TETIRBVWTT —FIXAT v 7O Ky Z2EAD
TRHDBZENCEIVEETER. 3) ky REMEOELLZE AT K308R & T339S @ 2 EZ
BT, BEM P, ICHED TIEWEEERLEZ. 2OIENE, BREMEKENAT v 7K
BT, ATP BEBMEBEERETMO-DOEENMHEERAL TS I ENFTRENL,
(4) =51z, ATP & &R . k%éﬁiimi‘)?j:z . ADP, APA 0)%?%& P2 o B HE
Hze@irLizcE T3, ADP ORI ATP EELEIL, APA ORI, K308R. iZxd % ATP @
MBEEFELL TR, 20T &, ATP OREHMOEREZRELZER KI08R THRLE-
EBBEIND I EEHHE T, ATP-ATP BHEABMESHFOERZT TEREINTS
59, BEOHREN, BEMKENT —PERBIREBLTWS I EZRRLE.

PEOERKERNS., ATP SEEF v RV P, OBEEBMEKENS — bicid, ATP- ATP #
ERHMESAE S EEBRSMIARAAEIEEHNICFES L TWD I ENRI N7z, ATP-ATP
WEBRadENEMLL, BEBSCMRAGEICERAL, Y- FRDOKDRPIBERLE
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FUH—FBZE, ZTOEABEAEEENCHNET SLOBEEMKERERT I LN

R ENIZ.

A, ERATP SEROFMABERNE I 2L —2ahb, BUBMLITKE
F B ATy TORFRBRFZRZARZEZMAZHOTHD, BERRIKET 2H0
LEEE-HRTHE Ik,
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