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ABSTRACT 

 

In this study, we investigated the effects of single alanine substitutions of amino acid 

residues in the supposed ATP binding site of the human P2X3 receptor on the 

agonistic effect of nucleotide analogues. The wild type (wt) and mutant receptors 

were expressed in HEK293 cells and the nucleotide effects were measured by 

means of the whole-cell patch-clamp method. Modifications in the receptor binding 

site changed the concentration-response dependency, the current kinetics, and the 

recovery from desensitization during fast pulsed local agonist applications. Based on 

this fact, we were able to distinguish binding from other effects such as 

gating/desensitisation, using a hidden Markov model that describes the complete 

channel behaviour by a matrix of rate constants. Then, the binding energy of the 

nucleotide analogues was calculated and compared with the binding energy of ATP 

both at the wt receptor and its Ala-mutants. Changes in the binding energy caused by 

alterations in the receptor and/or agonist structure were concluded to be due to the 

preferential binding of certain structural constituents of ATP to certain amino acid 

moieties of the receptor. The results were also checked for consistency with a P2X3 

homology model that we developed from the known zebrafish P2X4 crystal structure 

in the closed state. The functional data correlated well with the predictions of the 

agonist dockings to the structural model. 
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Introduction 

 

P2X receptors are ATP-gated cation channels of seven subtypes (P2X1-7) (Khakh et 

al., 2001; North, 2002; Köles et al., 2007). In spite of the structural similarity between 

P2X receptors and acid-sensing ion channels (ASIC; two transmembrane domains, 

extracellular loop, intracellular N and C-terminal tails), these two receptor families do 

not share amino acid (AA) similarity (Gonzales et al., 2009). For many years, 

knowledge on the AA residues possibly involved in agonist and antagonist binding, 

allosteric modulation, desensitization and channel-gating was derived from 

mutagenesis studies (Khakh et al., 2001; North et al., 2002; Egan et al., 2004; 

Roberts et al., 2006). For this purpose many AAs were mutated in the extracellular 

loop and it was concluded that especially conserved AAs organized in four clusters 

(termed e.g. nucleotide binding segments [NBS] by Mager et al., 2004) are important 

for ATP binding (Jiang et al., 2000; Roberts and Evans, 2007; Zemkova et al., 2007).  

   Overwhelming evidence indicates that three homologous or heterologous subunits 

combine to form a trimeric P2X receptor (Nicke et al., 1998; Aschrafi et al., 2004; 

Young et al., 2008; Shinozaki et al., 2009). Whereas the original model assumed that 

each P2X subunit contains one individual binding site for ATP (Vial et al., 2004), it 

became soon clear that binding probably occurs at the interface between two 

neighbouring subunits (Wilkinson et al., 2006; Marquez-Klaka, 2009). Earlier 

electrophysiological studies (Bean, 1990; Ding and Sachs, 1999) and the molecular 

simulation of the agonist-induced currents (Sokolova et al., 2006; Karoly et al., 2008) 

both suggested that at least two agonist molecules are necessary for receptor 

activation. The recently published crystal structure of the zebrafish (zf)P2X4 receptor 

at a resolution of 3.1 Å fully confirmed both the trimeric architecture of the P2X 

receptor-family and also the location of the agonist binding pouch between two 

subunits in the extracellular domain (Kawate et al., 2009; Browne et al., 2010; Young, 

2010). The AA residues which were suggested to be essential for agonist binding by 
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mutagenesis studies were in fact found to be oriented towards the groove of the 

pouch, indicating that they may bind an ATP molecule. 

   In spite of all this direct and indirect evidence, the exact position of ATP within the 

binding pocket of P2X receptors and the structural prerequisites for the physical 

interaction between ATP and the individual AA residues relevant for its binding 

remain largely unknown. Thus, the aim of our study was to acquire knowledge about 

the agonist binding sites of the pain-relevant P2X3 receptor. Starting from the key-

lock view about receptor-ligand binding, we modified both the ligand (key) by using 

structural analogues of ATP as agonists, and the binding pocket at the receptor (lock) 

by using Ala mutants of the P2X3 receptor, to determine which keys may fit to the 

changed lock. The strategy of double-mutant cycles (Horowitz, 1996) was used to 

analyze the interaction between agonists and AAs within the binding pouch. We 

suggest a binding pose of ATP where the adenine is located deep in the binding 

pocket, and K65 as a central AA coordinates the purine, the ribose and the β-

phosphate; the γ-phosphate molecule appears to be bound to R281. 

 

 

Materials and Methods 

 

Cell culture and mutagenesis. HEK293 cells were kept at 37°C and humidified air 

(with 10% CO2) in Dulbecco´s modified Eagle´s medium (Sigma Aldrich) with 4.5 

mg/ml D-glucose, 1% L-glutamine, and 10% fetal bovine serum.  

   The human P2X3 receptor cDNA was subcloned per PstI and EcoRI restriction 

sites into pIRES2-EGFP vector from Clontech Laboratories. All P2X3 receptor 

mutants were generated by introducing replacement mutations using the 

QuikChange site-directed mutagenesis protocol from Stratagene. Individual AA 

residues located in one of the four nucleotide binding segments (Mager et al., 2004) 

of the P2X3 receptor were replaced by Ala (Bodnar et al., 2011). Before transfection, 

the cells were plated in plastic dishes. Per dish 0.5 µg plasmid cDNA of the receptor 
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mutants, 100 µl Optimem and 10 µl PolyFect transfection reagent (Quiagen) were 

mixed for 10 min and then added to the cells. To remove residual plasmid cDNA the 

medium was replaced by Optimem after 18 h of incubation. 

 

Electrophysiology. Whole-cell patch-clamp recordings were performed 2-3 days 

after transient transfection of the HEK293 cells at room temperature (20-22°C), using 

an Axopatch 200B patch-clamp amplifier (Molecular Devices). 

   The pipette solution contained (in mM): 135 CsCl, 1 CaCl2, 2 MgCl2, 20 HEPES, 11 

EGTA and 0.3 GTP-β-S (Sigma Aldrich); the pH was adjusted to 7.3 by CsOH. The 

external physiological solution contained (in mM): 5 KCl, 135 NaCl, 2 MgCl2, 2 CaCl2, 

10 HEPES and 11 glucose; the pH was adjusted to 7.4 by NaOH. The pipette 

resistances were 3-7 MΩ, the membrane resistance 0.1-2 GΩ and the access 

resistances 3-12 MΩ. All recordings were carried out at a holding potential of -65 mV. 

Data were filtered at 2 kHz with the inbuilt filter of the amplifier, digitized at 5 kHz, and 

recorded using a Digidata 1440 interface and pClamp10.2 software (Molecular 

Devices). 

   Drugs were dissolved in the external solution and superfused to single cells, using 

a rapid solution exchange system (SF-77B perfusion fast step; Warner Instruments). 

In order to estimate the solution exchange times of the system, KCl (150 mM) was 

applied to the cell and the resulting current was recorded. The time constant of 

solution exchange was determined by a single exponential fit to adjust the wash in 

and wash out of the drugs. Between drug applications the cells were continuously 

superfused with the standard external solution.  

   At first, HEK293 cells transfected with the wild type (wt) P2X3 receptor were used 

to determine the effects of ATP and its analogues. Therefore, concentration-

response curves were generated by applying increasing concentrations (up to 300 

μM) of ATP and its derivatives for 2 s each. The structural analogues of ATP used 

exhibited modifications either in the nucleoside core or at the attached phosphate 
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groups (Fig. 1). They were the following: desoxy ATP (dATP), cytosin 5’ triphosphate 

(CTP), guanosin 5’ triphosphate (GTP), α,β-methylene ATP (α,β-me-ATP), β,γ-

methylene ATP (β,γ-me-ATP), ATP-γ-S (all from Sigma-Aldrich), and 2-methylthio 

ATP (2-MeS-ATP; Tocris Bioscience). In agreement with previous results (Gerevich 

et al., 2007), a 5-min interval was required to allow P2X3 receptors to recover from 

desensitization. Considering the long recovery time for 2-MeS-ATP at the wt receptor 

(Sokolova et al., 2004), the inter-application interval was prolonged to 10 min with 

this agonist. 

   HEK293 cells were transiently transfected with mutant cDNA for the following 

nucleotide binding sites: NBS1 (K63A, K65A), NBS2 (F174A, K176A), NBS3 (N279A, 

R281A), NBS4 (L297A, K299A, F301A). Then, we constructed concentration-

response curves for a number of ATP structural analogues (see above). Moreover, 

recovery protocols of all mutant-substance combinations were produced by applying 

a high agonist concentration for 2 s, then again after a 2-s interval, and finally after 

an additional 60-s interval. 

 

Kinetic fit of the P2X3 current with a hidden Markov model. The Markov model 

for P2X3 used in this study (Fig. 2C; for detailed description see Results) was based 

on published proven models (Sokolova et al., 2006; Karoly et al., 2008). The fixed 

factors that ensure the microscopic reversibility were replaced by the more flexible 

loop balance function provided by the QuB software (Milescu et al., 2005). Because 

there was no obvious reason to exclude a direct transition between the two- and 

three-liganded open states, this transition was also included. These binding and 

unbinding rates were constrained to the other binding steps of the closed channel. 

During the fitting process the rates between the open and desensitized states were 

found to be close to zero. Thus, we concluded that a direct transition is unlikely and 

therefore removed it from our calculations.  

   There are no data available about the open times of P2X3. Single-channel 

measurements of rat (r)P2X3 receptors can not resolve the individual events at 1 kHz 
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filtering and 5 kHz sampling rate (Evans, 1996; Grote, et al. 2005). We assumed that 

open times of human P2X3 receptors are in the same magnitude as those of rats. 

Therefore, the rate from open to closed state should be at least 1,000/s. We fixed the 

closing rates o-1 to 1,000/s for maintaining the supposed open time of approximately 

1 ms. During the fit of wt P2X3 current the opening rate increases up to the limit set 

at 10,000/s. The determination of this rate was vague, but the influence on the 

macroscopic currents was marginal. For further analysis, opening rate was fixed to 

this value. 

   The rates that describe the recovery from desensitization were slow and had no 

significant effect within the 2-s agonist application periods used for the construction 

of concentration response curves. To determine these rates, the effects of three 

pulses delivered with 2 and 60-s intervals were analyzed. 

   The number of channels in the membrane of a single cell and the percentage of 

these channels that go into open or desensitized state are unknown. These two 

parameters have a strong influence on each other because a channel which transits 

directly to the desensitized state could not be recognized by our measurements. 

Furthermore, the absolute number of channels differs from cell to cell, so that the 

channel number has to be a free parameter. 

   The resulting model, validated for ATP action at wt P2X3 receptors, includes a 

relatively low number of free parameters (only 11), which describe the whole kinetics 

of P2X3 over a wide range of agonist concentrations. This initial model was further 

constrained to preserve the relations between the desensitization rates. The final 

model used for agonist- and mutant-dependent fits had only 4 independent 

parameters, namely agonist binding (k1) and dissociation (k-1), desensitization (d1), 

and recovery (d-1) (Fig. 2C). The number of ion channels per cells was taken as an 

additional free parameter; l-1 depended on the residual rate constants due to the 

constraints of the model.  

   Since P2X3 channels open very fast - especially at high agonist concentrations - 

the measured current kinetics are also influenced by the velocity of the solution 
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exchange. The fast simultaneous opening of channels led to a further distortion of the 

recorded signals, due to the limitation of the maximal measurable current by the 

access resistance Ra. To avoid these complicating factors, we analyzed smaller and 

slowly activating currents induced by low agonist concentrations. Additionally, we 

included corrections in our model by describing the wash-in and wash-out phases by 

an exponential function instead of a simple rectangular pulse. The time constant of 

solution exchange (τ=140 ms) was determined by application of a 150 mM potassium 

test pulse. Conductance of the channels was calculated by the following formula 

which compensates for the influence of Ra and Rm: 

( )

I

UR
RRRR

RR

hm
mama

ma
2

22

2

++

+=σ  

where I is the measured current, Uh the holding potential, Ra the access resistance, 

and Rm the membrane resistance. 

   The number of receptor-channels may vary from cell to cell. Therefore it was 

decided to be a free parameter.  

 

Comparison of binding energies. The dissociation constant KD and the binding 

energy ΔG of a mutant-agonist combination were calculated from the fit parameters 

k1 and k-1 of the Markov model by: 

D

D

KRTG

k

k
K

ln
1

1

=Δ

= −

 

   All tested alanine substitutions were in the supposed binding pocket (Bodnar et al., 

2011) and led to reduced binding energies compared to the wild type receptor. The 

different agonists used differ also in their binding energies to the receptor. In case the 

effects of the mutation and the modification of the agonistic structure were 

independent, the binding energy of this combination can be predicted from the 

binding energies of the separate experiments. The differences between the 
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prediction and the measured binding energy of a mutant ligand combination is given 

by:  

))()(( agonistX
wildtype

ATP
wildtype

ATP
mutant

ATP
wildtype

ATP
wildtype

agonistX
mutant GGGGGGG Δ−Δ−Δ−Δ−Δ−Δ=ΔΔ  

If the mutation and the agonist modification were in close spatial relation in the 

binding pocket they would interact with each other. In this case the predicted binding 

energy should differ from the measured one. Comparison of the predicted binding 

energies with the measured ones delivered information how the agonist allocates to 

the protein. Since all mutated AAs are located within the binding pocket, we expect 

also non-specific coupling between mutation and ligand modification. Therefore, we 

have set an arbitrary energy threshold level of |ΔΔG| < 5 kJ/mol, above which we 

assumed a specific, direct interaction between the two modifications. 

 

Homology modelling of the human P2X3 structure. We constructed our structural 

P2X3 receptor model from the published zfP2X4 crystal structure and the sequence 

of human P2X3 by the loopmodel function of the modeller 9v8 program using a 

standard script with improved loop refinement (Fiser et al., 2003; Kawate et al., 

2009). Visualisation was done by VMD (http://www.ks.uiuc.edu/Research/vmd/) with 

tachyon plugin (Humphrey et al., 1996). 

 

Ligand docking. Agonist structures were downloaded from pubchem database. 

Protonation was adjusted for pH 7.4 by “OpenBabel” and structures were minimized 

by optimization with MMFF94s force field. Flexible ligand docking to the homology 

model of the receptor was performed with autodock vina (Trott and Olson, 2010) after 

preparation of receptor and ligands by MGLTools 1.5.4. The initial protein structure 

was minimized with NAMD in a water membran system. After a global search with 

ATP in the whole binding cavity, a second run with full flexible AA side chains and 

reduced search space was done for all ligands. The root mean square deviation 

(r.m.s.d.) of the common atoms (PA, PB, PG, N1, C2, N3, C4, C5, C6, O1A, O2A, 
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O1B, O2B, C1', C2', O3', C3’, C4', O5', O4', C5') were calculated by the RMSDTT 

v3.0 plugin of VMD. 

 

Data analysis. Concentration-response curves for all agonists were fitted by using a 

three parametric Hill plot (OriginPro 8, OriginLab Corp.). The Imax, and EC50 values as 

well as the Hill coefficients were presented as mean±S.E.M. of n experiments. One-

way analysis of variance followed by the Holm-Sidak post hoc test was used for 

statistical analysis. A probability level of 0.05 or less was considered to reflect the 

statistically significant difference. Kinetic fits of the P2X3 current were calculated by 

the QuB software; the binding energy of the mutant agonist combination was further 

calculated from the fit parameters. The standard deviation of the binding energy was 

obtained from the propagated standard deviation of k1 and k-1 of the kinetic fit. 

 

 

Results 

 

As shown in Fig. 2A, all agonists used induced concentration-dependent inward 

current responses at wt P2X3 receptors expressed in HEK293 cells. At lower 

concentrations, there was no or only little desensitization, however, at higher 

concentrations the effects rapidly declined already during the 2-s agonist application 

time. The shape of the currents was rather similar with each agonist, although ATP 

itself acted at lower concentrations than its structural analogues in causing 

comparable current amplitudes.  

   The concentration-response curves of CTP did not reach a clear maximum up to a 

concentration arbitrarily chosen as the upper limit (300 μM), and even the peak 

current with ATP reached only a relative maximum. Therefore, the Imax, and EC50 

values as well as the Hill coefficients could not be accurately calculated for CTP and 

are only an approximation for ATP (Fig. 2A). Otherwise, the comparison of the 

concentration-response curves for all agonists showed no statistically significant 
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differences in potency (EC50 value) when compared with that of ATP (Table 1). The 

Imax values of 2-MeS-ATP, Bz-ATP and GTP again differed from those of ATP, 

whereas the Imax values of the residual agonists did not. Bz-ATP keeps the receptor 

desensitized for a very long time (τrecovery = 638.5 ±19.9 s; n=3; data not shown) and 

produced therefore a low maximum current with the present application protocol; its 

concentration-response curve was not included into Fig. 2A but the Imax, EC50 and Hill 

coefficient are shown in Table 1. The Hill coefficient of ATP was near unity, 

suggesting that desensitization distorted the supposedly bi- or tri-molecular 

interaction with the P2X3 receptor (Bean, 1990; Ding and Sachs, 1999). The slopes 

of the concentration-response curves for the structural analogues of ATP were rather 

variable (Fig. 2A). However, only the Hill coefficients of dATP and β,γ-me-ATP 

differed from that of ATP (Table 1); we have no explanation for this finding.  

   We excluded from our investigations those binding-site mutants of P2X3, which did 

not respond to the prototypic agonist α,β-me-ATP (Bodnar et al., 2011) and to ATP 

up to 300 μM (K63A, K299A; not shown) and selected other ones which responded 

with smaller currents than the wt receptor. The conserved AAs K65, N279, R281 and 

L297 were chosen, as well as the non-conserved F174 and F301. It is interesting to 

note that with the mutant K65A, there was a rightward shift of the concentration-

response curve of ATP (higher EC50), with no change in the Imax, when compared 

with measurements at the wt receptor (Fig. 2A, B, Table 1). By contrast, the 

maximum of the concentration-response curve for α,β-me-ATP was strongly 

depressed and the EC50 value was also much higher at the mutant than at the wt 

receptor (Fig. 2A, B, Table 1). Again in contrast to the wt P2X3, 2-MeS-ATP caused 

large but non-saturating current responses at K65A, which prevented the accurate 

calculation of the Imax and EC50 values as well as that of the Hill coefficient; GTP also 

failed to cause a maximum current up to 1,000 µM (Fig. 2B, Table 1). Nevertheless 

we provide these values here in order to allow a numeric comparison of the 
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experimental and simulated data. The Imax and EC50 values of both β,γ-me-ATP and 

GTP at K65A differed from the corresponding values obtained at the wt receptor.  

   In conclusion, a number of changes occurred in the interaction of K65A P2X3 with 

a range of nucleotide agonists, when compared with similar results obtained with 

wt P2X3. These results were however difficult to systematically evaluate by 

calculating the three above mentioned parameters of their concentration-response 

curves. It has to be noted that when the recovery from desensitization was also 

measured, a still more complex picture emerged. In addition, the Imax values could not 

be reliably determined in many cases, because practical considerations limited the 

use of extremely high concentrations of the agonists. Therefore, we decided to 

simulate the original current tracings according to the hidden Markov model shown in 

Fig. 2C. The rate constants characterizing transitions between the unbound, closed-

state receptor (C1), and the receptor binding one (C2), two (C3), or three (C4) agonist 

molecules, as well the two open-state receptors (O1, O2) and the desensitized 

receptors (D1, D2, D3, D4) are indicated. By changing the on- and off-rate constants 

k1/k-1 or l-1, and d1/d-1, the shape and amplitude of the agonist-induced currents could 

be computer-modelled. All calculated rate constants are shown in a table 

(Supplemental table 1). The rather good quality of the fits can be judged from the 

parallelism of the original current recordings (thin, black lines) and the calculated 

current traces (thick, grey lines). Fits for the agonist currents were computed by 

modifying the rate constants for each agonist (as an example see currents at the 

wt P2X3 receptor; Fig. 3) and each receptor mutant (as an example see currents at 

the mutant receptors with ATP as an agonist; Fig. 4). In the case of non-optimal fits, it 

should be taken into account that we have overlaid the mean fits from all experiments 

in a group, on a tracing recorded from an individual cell out of this group of 

experiments.  

   Both in Fig. 3 and 4 we show the effects of increasing agonist concentrations in the 

left panels and the measurement of the recovery rates in the right panels. It is 

noteworthy that on the one hand large differences in the amplitude of current 
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responses exist (compare e.g. the effect of 1,000 μM ATP at K176A and that of 100 

μM ATP at wt P2X3; Fig. 4). Note also that the range of agonist concentrations varies 

between 0.01-3 μM for ATP and 3-1,000 μM for GTP at the wt receptor (Fig. 3), as 

well as between 0.3-100 μM for ATP at F174A and 3-1,000 μM ATP at K65A (Fig. 4). 

Eventually, the rates of desensitization and the recovery rates from desensitization 

showed great variability (N279A and R281A desensitized slowly and their recovery 

rates were fast; Fig 4). The desensitization at K176A was almost non-existent, but 

this mutant also responded to ATP with almost negligible current amplitudes. Instead 

of presenting parameters to describe these individual phenomena, the binding 

energies were calculated as a universal characteristic of a certain agonist and a 

certain receptor mutant.  

   As a further proof of the quality of our computer simulation, concentration-response 

curves were constructed for each fitted agonist-induced current at the wt P2X3 

receptor and its K65A mutant, and compared with the corresponding experimentally 

measured data (Supplemental Figure 1); (Table 1). Subsequently, based on the rate 

constants derived from the current measurements, the binding energy for a certain 

agonist to a given mutant was calculated. These values were compared with the 

binding energies calculated from measurements with the same agonist at the wt 

receptor and with ATP at the mutant receptor (for the detailed description and 

formulas see Methods; Fig. 5A). The energy difference in case of an independent 

influence of a change in agonist structure on the one hand and receptor structure on 

the other is zero; we allowed a random range of <5kJ/mol for the threshold level of 

ΔΔG, above which a significant, direct interaction between the agonist and the 

mutated AA was assumed (Fig. 5B). 

   The binding energies for all investigated mutants are shown in Fig. 5. ATP itself 

exhibited a binding energy of -35.7±0.01 kJ/mol (n=14) at the wt P2X3 receptor (Fig. 

5A). This binding energy was decreased in the case of all Ala-mutants investigated, 

but to the highest degree with K176A, N279A and R281A. Changes with respect to 
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ATP occurred at K65 (β,γ-me-ATP, dATP, 2-MeS-ATP), K176 (α,β-me-ATP), R281 

(ATP-γ-S) and F301 (ATP-γ-S) (Fig. 5B). We suggest that these AA residues are of 

particular importance for the binding of ATP and its analogues. The replacement of 

the non-conserved aromatic amino acid Phe-174 by Ala failed to alter the current 

responses to all investigated agonists, when compared with results obtained at the wt 

receptor (Fig. 5A, B). Interestingly K176A was the only investigated mutant where the 

P2X1,3 selective agonist α,β-me-ATP exhibited a marked decrease in binding energy 

in comparison with ATP itself (Fig. 5B). Whereas α,β-me-ATP up to 3 mM did not 

activate the receptor, the other agonists remained still effective. It is noteworthy that 

the desensitization to ATP also markedly decreased at this mutant (Fig. 4). In 

contrast to the wt receptor, where 2-MeS-ATP had the highest affinity, 2-MeS-ATP 

and ATP exhibited comparable binding energies at N279A (Fig. 5A), which resulted 

in a decrease of the relative binding energy (Fig. 5B). 

   At the R281A mutant, being a direct neighbour of N279 in a β-sheet structure, we 

observed a decreased receptor desensitization to ATP (Fig. 4). This effect was most 

prominent for α,β-me-ATP and ATPγS (not shown). Moreover, the binding of ATPγS 

to the wt receptor was weaker than that of ATP (Fig. 5A). Replacement of Arg by Ala 

at position 281 turned this relation into its opposite (Fig. 5B), possibly indicating that 

the γ-phosphate of ATP interacts with the side-chain of R281. By contrast, the 

replacement of Leu with Ala at the position 297 had no major effect. It is interesting to 

note that the mutation of R281 to Ala caused a selective improvement of the binding 

of ATP-γ-S, and that the mutation of F301 by Ala acted in a similar manner. 

   The applicability for receptor-ligand interaction of the double mutant cycle method, 

which was originally developed for AA interactions, was checked by additional 

measurements of current responses to ATP, α,β-me-ATP, ATP-γ-S and GTP at the 

H45A mutant. This AA is located at the extracellular loop near TM1, outside of the 

binding site. The binding energies in these control experiments with H45A remained 

below the arbitrary energy threshold level of 5 kJ/mol, set to represent a meaningful 
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difference from zero (ΔΔG: α,β-me-ATP: 1.77±0.03 kJ/mol; ATP-γ-S: 

-1.47±0.02 kJ/mol; GTP: -1.47±0.05 kJ/mol). 

   Agonists used in this study were docked to the binding pouch of the P2X3 receptor 

as described in the Methods. In addition to the experimentally tested relatively small 

ligands, Bz-ATP and TNP-ATP were also docked, to proof whether the binding pose 

is still applicable for these larger molecules (Fig. 6). The set of docking poses with 

the smallest r.m.s.d. between ATP and the other ligands was chosen as being the 

most likely ones. The r.m.s.d. values are shown in the left upper corner of each 

panel. The modeled pose is in agreement with our experimental results and provides 

enough space for molecules with bulky side chains such as Bz-ATP and TNP-ATP. 

The position of the benzoyl groups of Bz-ATP can reach residues at the head domain 

of the ‘dolphin’ which are known to increase the effect of ATP at rP2X7 (Young et al., 

2007). In our favoured binding pose, the adenine ring is located close to this residue 

making possible that the thiol group in NCS-ATP binds to the cysteine residue 

engineered into L186 of rat (r)P2X2 by a proximity-dependent tethering reaction 

(Jiang et al., 2011; F174, P2X3 numbering).  

 

 

Discussion 

 

Based on mutagenesis studies, four different molecular models for the agonist 

binding site were proposed, none of which is compatible with the binding site 

constructed from the recently described crystal structure of the zfP2X4 receptor 

(Kawate et al., 2009; Browne et al., 2010; Young, 2010). Firstly, it was suggested 

that the ATP action is co-ordinated by positively charged lysine residues interacting 

with the negatively charged phosphate tail of ATP and the adenine ring is co-

ordinated by the aromatic phenylalanine residues F185 and F291 in P2X1 (F171 and 

F280, P2X3 numbering; Roberts et al., 2006; Evans, 2010). However, F174 is 

located outside of the binding pouch and around 10 Ǻ away from our favoured 
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binding pose. F280 is located between N279 and R281, but at the opposing side of 

the β-strand, which is buried in the crystal structure. Nonetheless, a slight 

conformational change of the receptor after ATP binding may move the adenine ring 

nearer to F280, helping to establish Pi-stacking. The suggestion that the lysine 

residues interact with the phosphate tail of ATP is certainly valid, although with some 

limitations only. The replacement of e.g. K63 by Ala abolished the effect of α,β-me-

ATP (Bodnar et al., 2011), but K63 is positioned at a site relatively far from other AAs 

(R281, R295) coordinating phosphate binding, thereby making a direct interaction 

unlikely (Fig. 6). Secondly, alternative scenarios were proposed based on the 

similarity of the second half of the extracellular domain of P2X4 receptors with the 

catalytic domain of class II aminoacryl-tRNA synthetase (Freist et al., 1998; Yan et 

al., 2005), and thirdly, by constructing a secondary structure alignment of P2X2 

receptors with ASIC channels as a template (Guerlet et al., 2008). None of these 

latter models shared major similarities with the zfP2X4 structure; we know e.g. that 

P2X and ASIC possess very different secondary structures and folds, although they 

do share striking similarities of their transmembrane domains and pore architecture 

(Gonzales et al., 2009; Young, 2010).  

   Fourthly, our own previous model of P2X3 was constructed using a combination of 

secondary structure prediction and mutagenesis data, and suggested the existence 

of four putative NBSs within a single subunit (Mager et al., 2004; Fischer et al., 

2007). These NBSs, located pair wise at two neighbouring subunits, were shown to 

form the agonist binding pouch (Bodnar et al., 2011). We replaced systematically all 

conserved and a few non-conserved AAs by Ala and found in some cases a 

complete blockade of membrane currents in response to the application of α,β-me-

ATP onto P2X3 receptors, when expressed in HEK293 cells. Other AAs appeared to 

be less important for the agonist effect, although their Ala replacement decreased the 

receptor function.  
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   In the present study, we have selected mutant P2X3 receptors, which still 

responded to α,β-me-ATP, although with a lower intensity than the wt ones and 

tested in addition to ATP itself a range of its structural analogues. The pyrimidine 

nucleotide CTP was also used, because it is known to be a slowly desensitizing, 

weak agonist at P2X3 receptors (Chen et al., 1995). Two complementary 

methodological approaches were utilized. Based on a kinetic fit of the P2X3 receptor 

current with a hidden Markov model, the binding energies of each agonist were 

calculated both to the wt receptor and its selected mutants. After having obtained this 

information it was possible to decide whether the effect of a certain agonist was 

particularly sensitive to a given mutation. Further, a homology model of the P2X3 

agonist binding pouch was constructed on the basis of the crystal structure of 

zfP2X4. ATP and its structural analogues were docked to the binding pocket in order 

to compare the functional data with the structural ones.  

   Two pieces of information may be of interest for the understanding of the present 

computer simulation data. The kinetic model used by us was based on a refinement 

of the original cyclic model for P2X3 operation described by Sokolova et al. (2006). 

We added a further step to the model, assuming that both di- and triliganded 

receptors could open upon agonist exposure (Karoly et al., 2008). This correction 

resulted in better fits of the P2X3 current traces. Moreover, saturation binding 

experiments, by using the high affinity purinergic agonist [3H]α,β-me-ATP to P2X3-

HEK293 cells, allowed the determination of the binding energy ΔG by a biochemical 

method (Varani et al., 2008). The binding energy measured at 20oC amounted to  

~-47 kJ/mol correlating reasonably well with the present ΔG value (~-36 kJ/mol) 

determined electrophysiologically at 20-22oC.  

   Inspection of Fig. 5B and comparison of the data shown therein with those derived 

from the docking experiments shown in Fig. 6, allow the following main conclusions: 

(1) K65 appears to be a central amino acid which may coordinate the binding of the 

purine, the ribose moiety and the phosphate chain of ATP. In consequence, the 
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replacement of Lys by Ala at position 65 strongly interfered with the binding of 2-

MeS-ATP, dATP, and β,γ-me-ATP, in comparison with the binding of ATP itself. (2) 

The F174 side chain is located behind the side chain of K63, which leads to a 

complete loss of function when replaced by Ala. Indirect changes by providing more 

space for positioning agonists in the P2X3 binding groove by replacing Phe-174 by 

the smaller Ala were in spite of our expectations without effect. (3) The currents 

induced by any of the agonists were greatly depressed but not abolished at the 

K176A P2X3 receptor. In contrast, there was no current response to α,β-me-ATP 

altogether. This finding cannot be explained by our homology model, because Lys-

176 is located relatively far away from the binding pouch in the closed state, a 

situation which, however, might alter when the receptor transits into the open state. 

(4) The selective deterioration of the 2-MeS-ATP effect at the N279A mutant can be 

explained by the close proximity of this Asn-residue to the methylthio group attached 

to the pyrimidine ring of ATP. (5) R281 is also located in near to the γ-phophate of 

ATP explaining the selective, although in this case positive modulation of the ATP-γ-

S effect. (6) F301 is not expected to directly alter the docking of ATP-γ-S to the 

receptor, in spite of its increased binding energy in comparison with ATP. However, 

an indirect interaction with the docking of the γ-phosphate moiety may occur via an 

effect at the nearby R281. (7) Of course all conclusions are valid only for a number of 

conserved and non-conserved AAs, selected on the basis of their maintained 

response to α,β-me-ATP and their orientations towards the groove of the binding 

pouch. 

   Our experiments suggest that an electrostatic attraction between basic AAs and the 

negatively charged phosphate chain may occur as a long range interaction, which is 

realized during the first contact between the receptor protein and its ligand. It is 

somewhat astonishing that in spite of the original assumption (Roberts et al., 2006) 

the prerequisites for such an interaction existed between Arg rather than Lys 

molecules on the one hand and ATP or its analogues on the other. The approach of 
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double-mutant cycles requires measurable binding energies, which are not given for 

K63A and K299A. For this reason these AAs had to be excluded from our study. 

However, ATP docking to the receptor suggested an involvement in ligand binding for 

both AAs.  

   In conclusion, we measured the binding energy between a range of nucleotide 

agonists and the wt- or mutant P2X3 receptor in a double-mutant cycle paradigm, 

and constructed a homology model of human P2X3 based on the crystal structure of 

zfP2X4. Data obtained by both approaches were fully compatible and yielded a 

receptor model possibly helpful for future structure-activity relationship studies. 
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Figure Legends 

 

Fig. 1.  Chemical structure of ATP, its structural analogues, and CTP. The broken 

circles indicate the position where a structural modification was carried out. The 

protonation state for pH 7.4 was calculated by OpenBabel (see Methods). The 

benzoyl and trinitrophenyl residues of dibenzoyl ATP (Bz-ATP) and trinitrophenyl 

ATP (TNP-ATP) were attached to the ribose moiety (not shown). α,β-me-ATP, α,β-

methylene ATP; β,γ-me-ATP, β,γ-methylene ATP; dATP, desoxy ATP; 2-MeS-ATP, 

2-methylthio ATP; CTP, cytosine 5’ triphosphate; GTP, guanosine 5’ triphosphate.  

 

 

Fig. 2.  Concentration-response curves of ATP, its structural analogues, and CTP at 

the wt P2X3 receptor and its K65A mutant expressed in HEK293 cells. The 

logarithmic agonist concentration was plotted against the peak current amplitude. A, 

concentration response curves at the wt P2X3 receptor. B, concentration response 

curves at the K65A mutant of the P2X3 receptor. Mean±S.E.M. of 4-16 experiments 

in A and B. C, Kinetic model with two open states for the simulation of the 

concentration-response-curves and the analyzis of the binding, gating and 

desensitization processes. The forward (k1) and backward (k-1, l-1) rate constants 

characterizing transitions between the unbound, closed-state receptor (C1), and the 

receptor binding one (C2), two (C3), or three (C4) agonist molecules, as well the two 

open-state receptors (O1, O2) and the desensitized receptors (D1, D2, D3, D4) are 

indicated. The forward (d1) and backward (d-1) rate constants characterizing 

transitions between C4 and D4 are also shown. The filled circles represent the 

occupied agonist binding sites out of the three possible ones. 
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Fig. 3.  Measured and simulated currents induced by ATP, its structural analogues, 

and CTP at wt P2X3 receptors expressed in HEK293 cells. Increasing agonist 

concentrations were applied locally for 2 s every 5 min (left panels). Recovery 

protocols were produced by applying a high agonist concentration for 2 s, then again 

after a 2-s interval, and finally after an additional 60-s interval (right panels). 

Representative current traces out of 4-16 similar experiments (thin, black lines). 

Current traces calculated with a hidden Markov model based on kinetic fits (thick, 

grey lines). Horizontal lines indicate the application time of agonists.  

 

Fig. 4.  Measured and simulated currents induced by ATP at P2X3 binding site 

mutants expressed in HEK293 cells. Increasing ATP concentrations were applied 

locally for 2 s every 5 min (left panels). Recovery protocols were produced by 

applying a high ATP concentration for 2 s, then again after a 2-s interval, and finally 

after an additional 60-s interval (right panels). Representative current traces out of 4-

8 similar experiments (thin, black lines). Current traces calculated with a hidden 

Markov model based on kinetic fits (thick, grey lines). Horizontal lines indicate the 

application time of agonists. 

 

Fig. 5.  Binding energy of ATP, its structural analogues, and CTP at wt P2X3 

receptors and their binding site mutants. A, absolute binding energies (ΔG) 

calculated from k1 and k-1 of the kinetic fits. B, differences between the predicted and 

measured binding energies (ΔΔG). Positive values represent measured binding 

energies of agonist mutant pairings which are lower and negative values represent 

binding energies which are higher then the predicted ones (all these results differed 

in a statistically significant manner from zero; P<0.05). Energy differences over a 

randomly set threshold level of 5 kJ/mol (grey lines) were interpreted as noticeable 

interaction between the agonist and the receptor containing the mutated amino acid. 

Each column indicates the means calculated from 4-13 experiments. Error bars are 

derived from the propagated standard deviation of k1 and k-1 of the kinetic fits.  
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Fig. 6.  Homology model of the P2X3 receptor with docked ATP4-. Amino acids (AAs) 

involved in agonist binding are situated at the interface of two neighbouring subunits 

shown in grey and white, respectively. The side chains of relevant AAs forming the 

binding pouch are shown as ball/sticks and labelled with their one letter code. 

Distances between nitrogen and oxygen atoms between the AAs and ATP less than 

3.2 Ǻ are designated by broken lines. CPK colour coding: carbon, cyan; oxygen, red; 

nitrogen, blue; phosphor, gold; hydrogen, white; sulfur, yellow. D76 positioned at the 

posterior wall of the binding pouch is also indicated. The root mean square deviation 

(r.m.s.d.) values for the posing of each nucleotide analogue is shown in the left upper 

corner and was calculated in relation to ATP. 
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Table 1 

 

Maximum current responses (Imax) and half maximal agonist concentrations (EC50) of nucleotides at the wt P2X3 receptor and its K65A 

mutant expressed in HEK293 cells. Experimental concentration-response curves were determined by the whole-cell patch-clamp 

method. Simulated concentration-response curves were generated by means of a hidden Markov model (see Methods, and Fig. 2C). 

Comparison of the experimental and simulated curves is shown in (Supplemental Figure 1). 

 

  Experimental Simulation 

Rece

ptor 

Agonist Imax (pA) EC50 (μM) Hill 

Coefficient 

n EC50 (μM) Hill 

Coefficient 

        

wt ATP 5,235±1,130 2.5±1.8  0.85±0.16 14 3.8±0.1 0.91±0.01 

 α,β-me-ATP 5,218±389 8.7±2.7 1.26±0.09 13 7.1±0.2 0.96±0.02 

 2-MeS-ATP 1,831±111* 1.5±0.3 1.20±0.08 7 0.74±0.01 0.93±0.01 

 dATP 6,132±762 10.5±2.7 1.64±0.18* 11 26.0±0.9 0.97±0.18 

 ATPγS 4,938±371 26.0±6.1 1.15±0.15 5 13.7±0.5 1.03±0.03 

 β,γ-me-ATP 2,828±284 6.2±0.9 3.77±0.52* 7 29.1±1.0 1.15±0.01 
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 Bz-ATP 608±43* 2.6±0.6 1.67±0.44 4   

 GTP 1,467±789* 171.8±152.3 1.17±0.16 8 243.7±23.3 1.15±0.04 

 CTP 8,876±5,605 119.5±177.5 1.18±0.25 13 32.6±1.2 1.03±0.02 

        

K65A ATP 6,087±1,102 16.9±8.0§ 1.41±0.16§ 7 15.9±0.4 1.01±0.02 

 α,β-me-ATP 1,332±8*§ 69.3±0.8*§ 1.71±0.02*§ 5 62.5±3.2 1.08±0.04 

 2-MeS-ATP 12,407±4,473 72.2±83.0 0.76±0.27 8 41.0±1.3 1.12±0.03 

 dATP 2,934±17*§ 247.8±2.2*§ 2.47±0.05*§ 4 810.4±8.3 1.70±0.01 

 ATPγS 5,066±106 76.6±2.9*§ 1.86±0.09*§ 4 442.3±15.3 1.27±0.02 

 β,γ-me-ATP 2,533±25*§ 371.5±5.5*§ 2.27±0.06* 4 2.1±73.1 1.75±0.01 

 CTP 7,357±15 157.7±0.7* 1.99±0.01* 4 597.5±5.9 1.67±0.01 

 GTP 2,694±68.2 1,188.3±45.5 1.92±0.09 4 3,299±42.3 1.75±0.01 

 

*P<0.05; statistically significant difference from the respective value with ATP as an agonist 

§P<0.05; statistically significant difference from the respective value at the wt P2X3 receptor 
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Thomas Riedel, Sara Wiese, Anna Leichsenring, and Peter Illes  Molecular Pharmacology 
"Effects of nucleotide analogues at the P2X3 receptor and its mutants identify the agonist binding pouch"

Suppl. Fig. 1.  Concentration-response curves of ATP, and its structural analogues 
at the wt-hP2X3 receptor and its K65A mutant expressed in HEK293 cells.  A, B, 
Concentration-dependent current amplitudes were calculated by the Markov model 
(symbols) and fitted by the Hill  function (lines). C, D, Same experimental data as 
shown  in  Fig.  2  but  normalized  to  the  maximal  attainable  response  for  better 
comparability with A and B. Note that in cases of very low agonist affinity the Hill fit is  
not meaningful. Nevertheless we provide these fit parameters in Table 1 to validate 
the  model  predictions.  E,  F,  Agonist  concentrations  evoking  half-maximal  current 
amplitude  (EC50)  were  determined  by  a  Hill  fit  both  by  using  simulations  and 
experimental data (see also Table 1).



wild type wild type wild type wild type wild type wild type wild type wild type
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description notes

3->4 1.77E+00 2.93E+00 1.62E+01 9.25E-01 4.69E-01 9.10E-01 3.58E-01 1.50E-02 k1 C3 to C4
3->4 std 1.58E-02 5.51E-03 4.87E-02 3.03E-03 7.52E-04 6.21E-04 3.57E-03 1.07E-04

2->1 6.66E+00 2.77E+00 2.37E+00 3.71E+01 2.85E+01 1.59E+01 1.05E+01 3.73E+00 k-1 C2 to C1
2->1 std 1.84E-04 1.20E-02 5.51E-03 1.07E-01 1.97E-02 6.69E-02 4.25E-02 5.58E-02

8->7 5.82E-03 2.42E-03 2.07E-03 3.23E-02 2.49E-02 1.39E-02 9.16E-03 3.26E-03 l-1 D4 to D3
8->7 std 1.60E-07 1.05E-05 4.81E-06 9.34E-05 1.72E-05 5.84E-05 3.71E-05 4.87E-05

1->7 7.83E-01 7.26E-01 7.59E-01 7.81E-01 7.26E-01 7.43E-01 7.48E-01 5.58E-01 C1 to D1 constrained to d1
1->7 std 0.00E+00 3.35E-03 1.92E-03 2.66E-03 6.81E-04 4.10E-03 3.64E-03 1.05E-02

7->1 2.69E+02 3.14E+02 2.54E+02 3.73E+02 2.48E+02 3.44E+02 2.74E+02 2.62E+02 D1 to C1 constrained to d-1
7->1 std 0.00E+00 1.25E+00 5.43E-01 1.68E+00 1.96E-01 1.92E+00 1.04E+00 5.24E+00

2->8 1.33E+01 1.23E+01 1.29E+01 1.33E+01 1.23E+01 1.26E+01 1.27E+01 9.47E+00 C2 to D2 constrained to d1
2->8 std 0.00E+00 5.68E-02 3.25E-02 4.51E-02 1.16E-02 6.97E-02 6.18E-02 1.78E-01

8->2 7.97E+00 9.30E+00 7.54E+00 1.11E+01 7.34E+00 1.02E+01 8.11E+00 7.75E+00 D2 to C2 constrained to d-1
8->2 std 0.00E+00 3.71E-02 1.61E-02 4.96E-02 5.81E-03 5.70E-02 3.07E-02 1.55E-01

3->9 3.54E+01 3.28E+01 3.43E+01 3.53E+01 3.28E+01 3.36E+01 3.38E+01 2.52E+01 C3 to D3 constrained to d1
3->9 std 0.00E+00 1.51E-01 8.66E-02 1.20E-01 3.08E-02 1.85E-01 1.65E-01 4.74E-01

9->3 3.70E-02 4.32E-02 3.50E-02 5.14E-02 3.41E-02 4.74E-02 3.77E-02 3.60E-02 D3 to C3 constrained to d-1
9->3 std 0.00E+00 1.72E-04 7.47E-05 2.31E-04 2.70E-05 2.65E-04 1.43E-04 7.21E-04

4->10 4.46E+01 4.14E+01 4.33E+01 4.45E+01 4.13E+01 4.23E+01 4.26E+01 3.18E+01 d1 C4 to D4 constrained to d1
4->10 std 0.00E+00 1.91E-01 1.09E-01 1.51E-01 3.88E-02 2.34E-01 2.07E-01 5.97E-01

10->4 8.14E-05 9.50E-05 7.70E-05 1.13E-04 7.50E-05 1.04E-04 8.29E-05 7.92E-05 d-1 D4 to C4
10->4 std 0.00E+00 3.79E-07 1.64E-07 5.07E-07 5.94E-08 5.82E-07 3.14E-07 1.59E-06 d-1std

3->5 1.00E+04 1.00E+04 1.00E+04 1.00E+04 1.00E+04 1.00E+04 1.00E+04 1.00E+04 o1 C3 to O1 fixed in all models
3->5 std 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

5->3 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 1.00E+03 C4 to O2 fixed in all models
5->3 std 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

K65A K65A K65A K65A K65A K65A K65A K65A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 1.41E-01 8.29E-01 3.31E-01 1.15E-02 2.27E-03 2.16E-02 2.97E-02 1.16E-03 k1 C3 to C4
3->4 std 3.70E-04 1.51E-02 1.68E-03 2.45E-04 8.59E-04 4.42E-04 1.08E-02 8.38E-06

2->1 2.19E+01 1.51E+01 3.06E+01 7.56E+01 5.86E+01 2.55E+01 1.30E+02 3.94E+01 k-1 C2 to C1
2->1 std 1.34E-01 1.89E-02 1.44E-01 1.44E+00 2.21E+01 8.92E-01 4.31E+00 4.95E-01

8->7 1.91E-02 1.32E-02 2.67E-02 6.60E-02 5.11E-02 2.23E-02 1.14E-01 3.44E-02 l-1 D4 to D3
8->7 std 1.17E-04 1.65E-05 1.26E-04 1.26E-03 1.93E-02 7.78E-04 3.76E-03 4.32E-04

4->10 3.25E+01 4.42E+01 3.91E+01 3.73E+01 4.73E+01 3.94E+01 3.46E+01 4.63E+01 d1 C4 to D4
4->10 std 2.48E-01 4.50E-02 1.60E-01 8.10E-01 2.37E+01 1.20E+00 1.62E+00 6.56E-01

10->4 2.64E-04 1.05E-04 9.85E-05 1.17E-04 7.47E-05 8.66E-05 8.16E-05 2.00E-04 d-1 D4 to C4
10->4 std 2.06E-06 1.47E-07 5.11E-07 3.41E-06 3.73E-05 3.26E-06 2.60E-06 4.12E-06 d-1std

F174A F174A F174A F174A F174A F174A F174A F174A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 1.17E+00 1.71E+00 2.53E+00 1.98E-01 2.14E-01 1.11E+00 3.05E-01 2.95E-02 k1 C3 to C4
3->4 std 3.63E-03 5.18E-03 5.25E-03 5.51E-04 4.77E-04 2.26E-03 1.39E-03 8.29E-05

2->1 1.94E+01 7.18E+00 2.15E+00 5.71E+01 8.83E+01 2.51E+01 9.30E+01 6.84E+00 k-1 C2 to C1
2->1 std 7.58E-02 3.07E-02 3.58E-03 6.18E-02 6.43E-02 3.07E-02 1.31E-01 5.95E-02

8->7 1.69E-02 6.27E-03 1.87E-03 4.98E-02 7.71E-02 2.19E-02 8.12E-02 5.97E-03 l-1 D4 to D3
8->7 std 6.61E-05 2.68E-05 3.13E-06 5.40E-05 5.61E-05 2.68E-05 1.14E-04 5.20E-05

4->10 4.25E+01 4.33E+01 4.90E+01 3.99E+01 4.01E+01 3.99E+01 4.17E+01 4.34E+01 d1 C4 to D4
4->10 std 1.93E-01 1.94E-01 1.19E-01 5.72E-02 3.86E-02 5.83E-02 7.47E-02 3.39E-01

10->4 1.07E-04 1.05E-04 1.23E-04 1.55E-04 1.04E-04 9.99E-05 8.97E-05 1.28E-04 d-1 D4 to C4
10->4 std 5.79E-07 6.73E-07 2.00E-07 1.78E-07 1.10E-07 1.90E-07 1.49E-07 1.14E-06 d-1std

F176A F176A F176A F176A F176A F176A F176A F176A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 0.00E+00 5.96E-02 5.74E-02 2.90E-03 4.95E-04 6.08E-03 6.45E-04 no current k1 C3 to C4
3->4 std 0.00E+00 3.77E-04 6.94E-04 2.38E-04 1.23E-06 5.32E-05 3.96E-06 up

2->1 5.00E+01 4.67E+01 2.08E+01 6.34E+01 5.48E+01 4.66E+01 4.11E+01 to k-1 C2 to C1
2->1 std estimated 1.26E-01 7.14E-01 8.49E-01 1.78E-01 2.57E-01 2.82E-01 3000µM

8->7 0.00E+00 4.08E-02 1.82E-02 5.53E-02 4.78E-02 4.07E-02 3.59E-02 - l-1 D4 to D3
8->7 std 0.00E+00 1.10E-04 6.23E-04 7.41E-04 1.55E-04 2.24E-04 2.46E-04 -

4->10 0.00E+00 4.53E+00 1.93E+00 4.75E+00 1.78E+01 2.15E+00 3.18E+01 - d1 C4 to D4
4->10 std 0.00E+00 1.71E-02 9.18E-02 9.66E-02 8.29E-02 1.54E-02 3.86E-01 -

10->4 0.00E+00 2.53E-03 4.62E-03 2.73E-03 7.27E-04 5.67E-03 9.04E-04 - d-1 D4 to C4
10->4 std 0.00E+00 1.14E-05 2.76E-04 2.85E-05 2.03E-06 3.72E-05 1.64E-05 - d-1std

Thomas Riedel, Sara Wiese, Anna Leichsenring, and Peter Illes  Molecular Pharmacology 
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N279A N279A N279A N279A N279A N279A N279A N279A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 6.84E-02 5.64E-01 4.43E-01 3.61E-02 2.96E-03 1.02E-02 7.20E-03 1.51E-03 k1 C3 to C4
3->4 std 2.97E-04 2.24E-03 1.49E-03 1.49E-04 2.07E-05 3.23E-04 2.72E-03 3.65E-06

2->1 3.11E+01 2.77E+01 3.34E+01 2.35E+01 2.50E+01 1.16E+01 3.40E+01 2.50E+01 k-1 C2 to C1
2->1 std 5.96E-02 1.12E-01 5.36E-01 2.98E-01 3.23E-01 9.58E-01 1.29E+01 9.56E-02

8->7 2.71E-02 2.42E-02 2.92E-02 2.05E-02 2.18E-02 1.01E-02 2.97E-02 2.18E-02 l-1 D4 to D3
8->7 std 5.20E-05 9.78E-05 4.68E-04 2.60E-04 2.82E-04 8.36E-04 1.12E-02 8.34E-05

4->10 3.30E+00 2.44E+01 3.09E+01 4.63E-01 6.07E-01 2.56E-01 4.68E+00 6.89E-01 d1 C4 to D4
4->10 std 9.50E-03 1.32E-01 6.73E-01 6.30E-03 7.76E-03 2.74E-02 2.34E+00 3.83E-03

10->4 1.99E-03 4.63E-03 5.11E-04 4.97E-03 2.10E-03 4.69E-03 5.72E-02 9.87E-03 d-1 D4 to C4
10->4 std 5.25E-06 3.20E-05 1.47E-05 9.11E-05 3.58E-05 5.25E-04 2.86E-02 4.72E-05 d-1std

R281A R281A R281A R281A R281A R281A R281A R281A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 1.03E-02 1.23E-02 1.28E-01 1.03E-03 8.69E-04 1.95E-02 1.70E-03 3.79E-04 k1 C3 to C4
3->4 std 6.24E-05 4.66E-03 2.88E-02 1.67E-05 3.71E-05 6.12E-05 6.43E-04 1.01E-04

2->1 5.00E+01 5.71E+01 1.24E+01 6.47E+01 5.54E+01 3.86E+01 2.11E+02 6.57E+01 k-1 C2 to C1
2->1 std 1.79E-01 2.16E+01 3.82E+00 6.64E-01 1.03E+00 3.92E-01 7.98E+01 2.20E+01

8->7 4.37E-02 4.98E-02 1.08E-02 5.64E-02 4.84E-02 3.37E-02 1.84E-01 5.74E-02 l-1 D4 to D3
8->7 std 1.56E-04 1.88E-02 3.33E-03 5.79E-04 8.98E-04 3.42E-04 6.96E-02 1.92E-02

4->10 1.43E+01 3.79E+01 2.14E+01 4.46E+01 4.46E+01 1.26E+01 3.54E+01 5.45E+00 d1 C4 to D4
4->10 std 6.98E-02 1.89E+01 9.87E+00 0.00E+00 0.00E+00 1.79E-01 1.77E+01 2.38E+00

10->4 9.55E-05 9.37E-05 7.12E-05 8.14E-05 8.14E-05 4.46E-04 9.56E-05 5.49E-05 d-1 D4 to C4
10->4 std 5.60E-07 4.69E-05 4.10E-05 0.00E+00 0.00E+00 7.73E-06 4.78E-05 2.45E-05 d-1std

L297A L297A L297A L297A L297A L297A L297A L297A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 1.36E+00 1.37E+00 2.11E+00 1.32E-01 3.69E-02 4.16E-01 6.17E-02 8.89E-03 k1 C3 to C4
3->4 std 7.82E-03 5.10E-01 7.99E-01 4.90E-04 6.79E-05 1.20E-01 1.58E-04 2.44E-05

2->1 1.86E+01 9.26E+00 4.91E+00 4.01E+01 2.23E+01 1.29E+01 1.85E+01 6.87E+00 k-1 C2 to C1
2->1 std 5.85E-02 3.43E-01 1.68E+00 6.32E-02 1.16E-01 3.24E+00 5.26E-02 3.80E-02

8->7 1.62E-02 8.08E-03 4.29E-03 3.50E-02 1.95E-02 1.12E-02 1.62E-02 5.99E-03 l-1 D4 to D3
8->7 std 5.10E-05 2.99E-04 1.47E-03 5.52E-05 1.01E-04 2.83E-03 4.59E-05 3.32E-05

4->10 3.59E+01 4.30E+01 3.71E+01 3.49E+01 3.64E+01 4.03E+01 3.98E+01 3.76E+01 d1 C4 to D4
4->10 std 1.23E-01 1.52E+00 1.58E+01 7.24E-02 1.97E-01 1.39E+01 1.33E-01 2.25E-01

10->4 6.72E-05 8.28E-05 7.98E-05 6.75E-05 9.79E-05 8.75E-05 8.27E-05 1.01E-04 d-1 D4 to C4
10->4 std 1.93E-07 4.20E-06 3.59E-05 1.47E-07 7.59E-07 3.29E-05 3.54E-07 6.71E-07 d-1std

F301A F301A F301A F301A F301A F301A F301A F301A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 5.46E-01 1.20E+00 2.52E+00 1.07E-01 1.11E-01 8.64E-01 7.19E-02 1.60E-02 k1 C3 to C4
3->4 std 1.07E-03 5.56E-03 8.38E-03 2.39E-04 2.52E-04 3.24E-03 3.67E-05 3.03E-07

2->1 2.15E+01 6.50E+00 5.55E+00 1.51E+01 1.61E+01 9.38E+00 1.19E+01 5.34E+00 k-1 C2 to C1
2->1 std 1.12E-01 7.69E-05 1.96E-02 1.30E-01 9.60E-02 2.07E-02 1.59E-02 2.57E-04

8->7 1.87E-02 5.67E-03 4.85E-03 1.31E-02 1.40E-02 8.18E-03 1.04E-02 4.66E-03 l-1 D4 to D3
8->7 std 9.79E-05 6.71E-08 1.71E-05 1.14E-04 8.38E-05 1.81E-05 1.39E-05 2.24E-07

4->10 4.05E+01 4.35E+01 4.29E+01 3.84E+01 4.32E+01 4.19E+01 1.11E+01 2.37E+01 d1 C4 to D4
4->10 std 2.25E-01 6.96E-04 1.85E-01 2.86E-01 2.47E-01 1.10E-01 1.99E-02 1.34E-03

10->4 8.21E-05 8.17E-05 8.26E-05 9.60E-05 9.78E-05 6.78E-05 1.55E-04 3.81E-04 d-1 D4 to C4
10->4 std 5.98E-07 1.63E-09 3.38E-07 9.74E-07 6.44E-07 1.80E-07 3.21E-07 2.45E-08 d-1std

H45A H45A H45A H45A H45A H45A H45A H45A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 7.01E-01 3.09E+00 0.00E+00 0.00E+00 0.00E+00 9.36E-01 0.00E+00 7.22E-02 k1 C3 to C4
3->4 std 2.23E-04 3.19E-03 0.00E+00 0.00E+00 0.00E+00 3.37E-02 0.00E+00 5.90E-05

2->1 1.13E+01 6.10E+00 0.00E+00 0.00E+00 0.00E+00 1.88E+01 0.00E+00 2.05E+01 k-1 C2 to C1
2->1 std 4.14E-03 5.51E-03 0.00E+00 0.00E+00 0.00E+00 1.03E+01 0.00E+00 3.87E-02

8->7 9.88E-03 5.33E-03 0.00E+00 0.00E+00 0.00E+00 1.64E-02 0.00E+00 1.79E-02 l-1 D4 to D3
8->7 std 3.62E-06 4.81E-06 0.00E+00 0.00E+00 0.00E+00 8.96E-03 0.00E+00 3.37E-05

4->10 1.87E+01 3.57E+01 0.00E+00 0.00E+00 0.00E+00 3.96E+01 0.00E+00 8.65E+00 d1 C4 to D4
4->10 std 9.88E-03 3.79E-02 0.00E+00 0.00E+00 0.00E+00 3.13E+01 0.00E+00 2.40E-02

10->4 7.14E-05 2.42E-05 0.00E+00 0.00E+00 0.00E+00 8.53E-06 0.00E+00 1.79E-05 d-1 D4 to C4
10->4 std 4.44E-08 2.60E-08 0.00E+00 0.00E+00 0.00E+00 9.08E-06 0.00E+00 6.31E-08 d-1std

R295A R295A R295A R295A R295A R295A R295A R295A
a,b-meATP ATP MeS dATP b,y-meATP ATPyS CTP GTP rate description

3->4 0.00E+00 9.12E-04 1.50E-02 3.40E-04 0.00E+00 1.10E-03 0.00E+00 0.00E+00 k1 C3 to C4
3->4 std 0.00E+00 1.87E-04 8.09E-05 5.92E-05 0.00E+00 4.97E-05 0.00E+00 0.00E+00

2->1 0.00E+00 1.49E+02 6.17E+01 4.79E+01 0.00E+00 6.17E+01 1.00E+00 0.00E+00 k-1 C2 to C1
2->1 std 0.00E+00 4.12E+01 1.65E-01 5.02E+00 0.00E+00 9.29E-01 0.00E+00 0.00E+00

8->7 0.00E+00 1.30E-01 5.39E-02 4.18E-02 0.00E+00 5.39E-02 0.00E+00 0.00E+00 l-1 D4 to D3
8->7 std 0.00E+00 3.60E-02 1.44E-04 4.38E-03 0.00E+00 8.11E-04 0.00E+00 0.00E+00

4->10 0.00E+00 5.23E+01 4.51E+01 4.46E+01 0.00E+00 4.46E+01 0.00E+00 0.00E+00 d1 C4 to D4
4->10 std 0.00E+00 2.14E+01 2.05E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

10->4 0.00E+00 9.04E-05 6.20E-04 8.14E-05 0.00E+00 8.14E-05 0.00E+00 0.00E+00 d-1 D4 to C4
10->4 std 0.00E+00 3.99E-05 3.55E-06 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 d-1std

Rate constants for ATP and its structural analogues calculated by a Markov model. The designation of the
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Suppl. Table 1

individual rate constants are presented in Fig. 2C. The standard deviation of the mean is termed as std.


