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A B S T R A C T

P2Y1 receptors (P2Y1Rs) are metabotropic purinoreceptors that can be activated primarily by ADP and, to a 
lesser extent, by ATP. Recently it was demonstrated that P2Y1R can be activated by inorganic polyphosphates 
(polyPs) – molecules, composed solely of orthophosphate residues and lacking a purine part. Although numerous 
studies have demonstrated that extracellular polyP can transmit signals to neighboring cells via activation of 
P2Y1R, the precise molecular mechanisms underlying the activation of P2Y1R by polyP are still unclear. Here, 
using all-atom molecular dynamics simulations, we demonstrate that polyP binding to the inactive P2Y1R in
duces conformational changes of the receptor, causing its transition into the active state. Binding of polyP-14 to 
P2Y1R disrupts the interaction between Asp204 and Arg310 residues, increases the solvent accessible surface 
area (SASA) of receptor’s binding pocket and induces bulk water influx into the receptor inner region. These 
processes induce conformational changes in the intracellular TM helices, leading to receptor activation similar to 
that observed in the presence of ADP. In agreement to in silico experiments, application of the same concen
trations of polyP and ADP induced calcium signal in skin fibroblasts with similar shape and amplitude. Thus, our 
findings establish that polyP molecules can bind to and activate P2Y1 purinoreceptor by molecular mechanism 
similar to those of its natural ligand ADP. We also propose the hypothesis that interaction of pyrophosphate part 
of ADP or polyphosphate with certain amino acids is a key event in P2Y1R activation.

1. Introduction

Inorganic polyphosphates (polyPs) are homopolymers composed of 
orthophosphates residues, linked together by phosphonanhydride bonds 
like in ATP molecule [1]. PolyP is present in all living organisms 
including all types of mammalian cells and its metabolism is tightly 
coupled to energy conversion system of the cell [2–6]. Many cellular 
metabolites, such as glutamate, succinate, ATP etc., while playing their 
own role inside the cell, when excreted extracellularly could spread 
signals to neighboring cells by interacting with specialized cell re
ceptors. PolyP can be released by activated platelets, mast cells and 
basophils and take part in coagulation, migration, inflammation, wound 

healing, and differentiation processes [7–9]. In the brain polyP can be 
released by astrocytes and facilitate physiological communication be
tween them [10–12]. Moreover, release of polyP from astrocytes was 
also observed during pathological conditions such as hypoxia [12], in 
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) 
[13]. However, while in glutamate excitotoxicity extracellular polyP has 
been shown to be protective by modulating glutamate receptors activity 
[14], release of polyP during ALS/FTD caused toxicity to neighboring 
motoneurons, via unknown mechanisms [13]. Based on the current 
data, extracellular polyP can interact with metabotropic P2Y1 receptor 
(P2Y1R). Activation of P2Y1R by polyP in astrocytes leads to the acti
vation of phospholipase C and inositol 1,4,5-trisphosphate (IP3) 
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dependent calcium release from endoplasmic reticulum (ER). Binding of 
extracellular polyP to P2Y1R and concomitant increase of intracellular 
calcium concentration causes fusion of vesicles containing Vesicular 
Nucleotide Transporter (VNUT), containing polyP, with the astrocyte’s 
plasma membrane and release of polyP into the intercellular space 
through exocytosis [10,12]. Interaction of polyP with P2Y1R was also 
observed in HUVEC and vascular endothelial cells [15–17]. However, 
there were also observations, showing that treatment of SaOS-2 cells for 
30–60 min with exogenous polyP caused release of matrix vesicles, 
which contained both alkaline phosphatase (ALP) and adenylate kinase 
(AK) into the extracellular space [18,19]. The authors demonstrated that 
treatment of SaOS-2 cells with polyP, accompanied by the release of ALP 
and AK, led to an increase of extracellular ATP and ADP via unknown 
mechanism [18,19]. Based on these observations, some groups sug
gested that the effect of polyP on P2Y1R is not direct, but mediated by 
the formation of ATP and ADP in the intercellular space [20]. In order to 
clarify these aspects, we explore the mechanisms of P2Y1R activation by 
polyP and compare its effects with those of ADP, which has been proven 
as the native ligand of P2Y1R.

P2Y1R are metabotropic G protein coupled receptors (GPCRs), acti
vated by ADP and ATP (ADP – full agonist, ATP – partial agonist). Ligand 
binding leads to the formation of an active conformation of P2Y1R, 
involving the recruitment and activation of GS-proteins. Activation of all 
GPCRs is coupled with the formation of a continuous internal water 
pathway [21]. Moreover, recent research showed that activation of 
P2Y1R by ADP is coupled with the breakage of the ionic lock between 
Aspartate204 and Arginine310, while selective P2Y1R inhibitors 
MRS2500 and BPTU stabilized this ionic lock even at the presence of 
ADP [22]. ADP-dependent breakage of the ionic lock led to an increase 
of solvent accessible surface area (SASA) of the P2Y1R, inducing a water 
influx into the binding pocket. These events forced transmembrane 
domains 3, 6 and 7 (TM3, TM6, and TM7) to change their position, 
which opens up an intracellular pocket to which Gα-subunit can bind 
[22].

Here, we used all-atom molecular dynamics (MD) simulations to 
investigate the mechanisms of P2Y1R activation in the presence of polyP 
and ADP. Moreover, we compared the efficacy of these two ligands to 
activate P2Y1R in live cell experiments with primary fibroblasts.

2. Materials and methods

2.1. Modelling the P2Y1R structure in inactive state

There are two X-ray (4XNW, 4XNV) and one cryo-EM (7XXH) 
structures of human P2Y1R in the PDB database [23]. The first two 
structures are bound to P2Y1R antagonists - MRS2500 and BPTU, the 
latter one is with the agonist - MeSADP. For our study, we used the 
structure of the individual protein bound to MRS2500, as it is believed to 
better represent the inactive state. In comparison to MRS2500, BPTU 
interacts with the α-helices from the membrane side, which may result in 
a different conformational configuration and hence the BPTU-bound 
structure was not considered it in this work.

To crystallize the P2Y1R with MRS2500, authors inserted Rubre
doxin fusion protein into the experimental structure instead of the 
intracellular loop 2 [23,24]. To address this issue, we reconstructed the 
P2Y1R in its inactive state by predicting its structure by means of 
AlphaFold2 [25]. As an input we used sequence of Rattus norvegicus 
(Rat) P2Y1R (Uniprot AD- P49651) For the masked template, we used 
MRS2500-bound P2Y1R structure (PDB: 4XNW). Five models of P2Y1R 
were generated and ranked them based on their pLDDT score [26]. 
Predicted models had high pLDDT score (supplementary figure 1 A) and 
maintained the fold of the template structure (supplementary figure 1 B, 
Table 1). The most accurate model was selected for our MD simulations.

While the AF2 prediction was guided by the MRS2500-bound 4XNW 
structure as a masked template, we acknowledge potential limitations 
inherent to template-based predictions. In particular, deviations may 

arise in flexible loop regions or in the packing of certain side chains, 
especially in areas not directly stabilized by the template. However, the 
predicted model showed a low RMSD (0.255 Å) relative to 4XNW and a 
high average pLDDT score (94.8), supporting the reliability of the 
overall fold. Furthermore, subsequent molecular dynamics simulations 
allowed for structural relaxation and refinement in a realistic membrane 
environment, mitigating potential local inaccuracies introduced by the 
prediction.

2.2. ADP and polyP-14, 40, 60 docking to P2Y1R

To study the binding poses of polyP of different lengths and compare 
them to ADP, we performed molecular docking using AutoDock Vina. 
First we constructed and optimized ligand geometries from SMILES 
representation using RDKit Python package and Open Babel as described 
in Ref. [27]. Afterwards, we prepared ligands 3D structures using 
AutoDock Vina scripts. We prepared the P2Y1R receptor structure taken 
from the previous step by assigning polar hydrogen atoms as well as 
partial charges as described in Ref. [28]. Prior to docking, we analyzed 
the approximate molecular dimensions of each ligand in its linear form: 
PolyP-14 was estimated to be 36.4 Å in length, while ADP measured 
15.1 Å. However, when bound to the receptor, both ligands adopt a 
curved conformation within the binding pocket. From the docked 
structures, the spatial dimensions of the bound conformations were 
estimated to be approximately 11.3 × 11.7 × 3.2 Å for PolyP-14 and 8.5 
× 8.7 × 3.6 Å for ADP, based on visual inspection and molecular 
modeling.

Accordingly, we defined the docking box size as 16 × 16 × 16 Å for 
PolyP-14 and 12 × 12 × 12 Å for ADP to ensure full coverage of the 
binding region and sufficient space to allow conformational flexibility 
during docking. The center of the docking box was positioned at the 
extracellular binding region of the receptor. The receptor structure was 
prepared by adding polar hydrogen atoms and partial charges according 
to standard AutoDock Vina protocols. The exhaustiveness parameter 
was set to 8 for all docking runs.

2.3. System setup

In order, to study the effects of PolyP-14 on P2Y1R using the MD 
simulations, we created 3 separate model system which include different 
states of receptor: 1) ligand-free, 2) ADP-bound, and 3) PolyP-14 bound 
states. All these systems were constructed on CHARMM-GUI web server 
[29]. The ligand-free (apo) state system was build using “Bilayer 
Builder” module, while ligand bound states were constructed using 
“High-Throughput Simulator” module. Receptor in all systems were 
placed in 106 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) phospholipids, which were to simulate the lipid bilayer of 
cells. The force field parameters for ADP and PolyP were generated using 
CGenFF algorithm build in CHARMM-GUI web server. Further, all sys
tems were solvated in TIP3 water model and neutralized with Na+/Cl−

counterions at a 0.15 M concentration.

2.4. Molecular dynamics simulations

All simulations were carried out in GROMACS software [30] using 
CHARMM36 m forcefield [31]. In the first step, we minimized all three 
systems for 5000 steps using the steepest descent algorithm, then we 
followed a 6-step equilibration in the NVT ensemble. These constraints 

Table 1 
Results of AlphaFold2 prediction.

Metric Result

plDDT (full protein) 94.8
pTM 0.924
RMSD to 4XNW (Å) 0.255
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were gradually decreased. After the equilibration procedure, we per
formed 3 replicas of 300 ns production runs in the NPT ensemble for all 
our systems using Partial Mesh Ewald (PME) methods to monitor 
long-range electrostatics as was described in Ref. [32]. For temperature 
coupling at 310.1 K Nose-Hoover thermostat was used. And the pressure 
was preserved with the help of Parrinello-Rahman barostat. All covalent 
bonds were constrained to the equilibrium length by the LINCS algo
rithm. In all replicas, the last frame of the equilibration run was used, 
but with different initial velocities.

2.5. Data analysis

We measured the RMSD of P2Y1R Cα atoms and calculated the 
minimal distance between salt bridge-forming residues over the course 
of the simulation using in-built tools in the GROMACS package [33]. To 
assess the distances between transmembrane (TM) helices, we defined 
the residues of the TM helices as described in Ref. [22] and calculated 
the minimum distances between them. Additionally, we used an 
in-house developed Python3 script to calculate the number of water 
molecules inside the receptor’s transmembrane part. We defined the 
center of the membrane by measuring the center of mass of the phos
phate head groups of the POPC molecules. Subsequently, we calculated 
the positions of all water molecules relative to the defined membrane 
center. Principal component analysis (PCA) of the transmembrane Cα 
atoms of the receptor was performed using the ScikitLearn Python li
brary [34]. All structures were visualized using the ChimeraX and Dis
covery Studio software. The solvent-accessible surface area (SASA) of 
the protein was also calculated using the gmx sasa tool, with a probe 
radius of 0.14 nm, corresponding to the approximate size of a water 
molecule.

For statistical analysis we used time-block averaging following with 
One Way ANOVA with post hoc Tukey test. For the block averaging 
method, we averaged every 20 ns of the simulation for the RMSD data — 
300 ns of simulation resulted in 15 data points in each group. For the 
comparison of PCA analysis data, SASA, water molecules, and distances 
between transmembrane domains (TM), we used the last 100 ns of the 
simulations. For this type of data, averaging was performed every 10 ns 
− 10 data points in each group.

2.6. Umbrella Sampling simulations

To thoroughly investigate the binding energy of polyP-14 and ADP to 
P2Y1R, we conducted Umbrella Sampling (US) simulations as described 
in Ref. [35]. Initially, we extracted P2Y1R bound to PolyP-14 and ADP 
from the last frame of production run. To preserve structural stability 
during pulling, positional restraints were applied to the receptor back
bone, lipid phosphate groups, and ligand heavy atoms. Then, we 
generated total starting positions for US simulation by pulling the li
gands (ADP and PolyP-14) from receptor along the z-axis. Ligands were 
pulled out until the distance between the reaction coordinates reached 4 
nm range by applying 1000 kJ*Mol*nm. Next, 40 umbrella windows 
with 0.1 nm range were extracted. Further, we performed 11 ns pro
duction simulation (1 ns of equilibration and 10 ns of sampling) for each 
umbrella window. To ensure adequate sampling and continuity along 
the reaction coordinate, we monitored the overlap of sampling distri
butions between adjacent windows. The potential of mean force (PMF) 
profiles for the binding of ADP and polyP-14 to P2Y1R were then 
calculated using the Weighted Histogram Analysis Method (WHAM) 
implemented in the GROMACS package.

2.7. Cell lines

Human skin fibroblasts, derived from healthy patients were used as a 
research object as was previously described in Ref. [36]. The number of 
passages did not exceed p20. DMEM (Biological Industries, Kibbutz 
Beit-Haemek, Israel), 10 % FBS (Biological Industries, Kibbutz 

Beit-Haemek, Israel) with 1 % GlutaMAX (Gibco, New York, USA) were 
applied for cultivation of skin fibroblasts. Cell cultures were maintained 
at 37 ◦C in a humidified atmosphere of 5 % CO2 and 95 % air. The 
confluence of cells during the studies was 40–50 %.

2.8. Fura-2 measurements

To assess the calcium signal, [Ca2+]c was imaged using Fura-2 AM 
(Invitrogen). Skin fibroblasts were loaded with 5 μM Fura-2 am at room 
temperature for 30 min in Hanks Balanced Salt Solution composed (in 
mM): 156 NaCl, 3 KCl, 2 MgSO4, 1.25 KH2PO4, 2 CaCl2, 10 glucose and 
10 HEPES, pH adjusted to 7.35 with NaOH. Fluorescence images were 
acquired (10 s interval) on an epifluorescence inverted microscope 
equipped with a 20x fluorite objective (excitation at 340 and 380 nm). 
The data presented as Fura-2 ratio (340nm/380 nm). The emitted light 
was reflected through a 515 nm long-pass filter to a CMYK camera 
(Retiga; QImaging) and digitized to 12-bit resolution (Cairn Research, 
UK). Experiments were repeated in three different days (3 cell passages) 
on 6 coverslips for both ADP and polyP experiments.

2.9. Statistical analysis

Statistical analysis (unpaired two sample t-test, p value set at 0.05) 
and curve fitting were performed using Origin 2021 (Microcal Software 
Inc., Northampton, MA) software. Results are expressed as means ±
standard error of the mean (SEM).

3. Results

In previous reports it was shown that polyPs 14, 60, and 130 could 
increase intracellular calcium concentration by activating P2Y1R in the 
similar manner [10,14,15]. However as far as the size of these polyPs 
vary significantly, in the first series of experiments, we conducted mo
lecular docking experiments to understand the binding pattern of 
different lengths polyPs with P2Y1R. The length of polyP in mammalian 
cells varies up to 100 residues [8]. Our experiments showed that 
polyP-14 perfectly enters the binding pocket of the receptor, similar to 
ADP (Fig. 1). However, the molecules of polyP-40 and -60 only partially 
entered the binding pocket of P2Y1R (Fig. 1).

Switching of the protein to the active state usually occurs when the 
ligand interacts with several key amino acids in the active center of the 
protein. All polyPs, fully or partially, interacted with the active center of 
the P2Y1R (Fig. 1). Thus, for further all-atom molecular dynamics (MD) 
simulations we used polyP-14. To investigate molecular mechanisms of 
P2Y1R activation by polyP we build three systems based on the crystal 
structure of P2Y1R (PDB: 4XNW): 1) in apo state - without ligand; 2) 
bound to ADP - its native ligand; 3) bound to PolyP-14 molecule.

After simulations we calculated Root Mean Square Deviation 
(RMSD) values for Cα atoms of receptors in different states for all 
simulation replicas. Our findings indicate that the receptor’s confor
mation remains relatively stable during the simulation process. A shift in 
RMSD was observed across all three systems during the initial 40 ns of 
simulation. However, in the apo state, the receptor’s RMSD subse
quently stabilized and remained relatively constant throughout the 
remainder of the simulation (Fig. 2A–C and Sup. Fig. 2A and B). In 
contrast, the RMSD of P2Y1R in complex with ADP or polyP-14 
continued to increase until the end of the simulation. Analysis of the 
final 100 ns of all trajectories revealed that binding of ADP and polyP-14 
induced more pronounced RMSD changes compared to the apo state 
(Sup. Fig. 2A and B).

RMSD shows the structural distance between coordinates during the 
simulation; however, this parameter does not show the vector of the Cα 
atoms’ coordinate shift. Thus, to understand the difference of Cα atoms 
dynamics between apo- and ligand bound states we performed the 
principal component analysis (PCA) test. The results of PCA test show 
that at the start of the simulation atoms of the P2Y1R from all three states 
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Fig. 1. Binding of ADP and polyPs of different lengths to P2Y1R.

Fig. 2. Results of MD simulations. RMSD values of Cα atoms of 3 replica simulations for APO state (A), ADP bound state (B) and PolyP-14 bound state (C) of P2Y1R. 
D. PCA of Cα atoms positions of P2Y1R in different states.
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were at the same position (Fig. 2 D, indicated by star). During the 
simulation, the PolyP-14 and ADP-bound states exhibit similar shifts in 
conformational space, whereas the apo state of P2Y1R shows signifi
cantly different changes (Fig. 2 D, Sup. Fig. 2C).

To assess the interactions between ADP and polyP-14 with P2Y1R, 
we analyzed the final frames of the molecular dynamics simulations 
(300 ns). The results indicated that ADP interacts with several key amino 
acid residues (Fig. 2F–Table 2, highlighted in grey), including Arg195 
[22,23,37], Leu44 [23] (and 8wjx1), Tyr203 [23,38], Arg287 [23,37,
38] (and 8wjx), Ser (Thr) 205 [23,37,38] (and 8wjx), Asp204 [23,37] 
(and 8wjx). These residues have been previously reported to be critical 
for ADP (or 2MeSADP) binding and P2Y1R activation (Sup. Tables 2 and 
3).

Notably, polyP-14 established interactions with an even broader set 
of functionally important residues, including Arg195 [22,23,37], 
Tyr203 [23,38], Arg287 [23,37,38] (and 8wjx), Lys46 [22,23], Arg 
(Lys) 41 [22], Arg310 [23,37,38] (and 8wjx), Arg128 [38] (and 8wjx), 
Tyr303 [22,23,38] (and 8wjx) (Fig. 2E–Table 2, highlighted in grey).

Thus, we showed that the binding of polyP-14 and ADP to an inactive 
form of P2Y1R causes a conformational shift of P2Y1R atoms during MD 
simulation in a similar way.

3.1. Binding of polyP and ADP to P2Y1R causes disruption of ionic lock 
between Asp204 and Arg310 and increase of SASA

Number of mutational and computational studies illustrated the 
essential role of Asp204 and Arg310 in P2Y1R activation [22]. It has 
been shown that the disruption of ionic lock between these residues 
leads to the activation of P2Y1R, while the stabilization of the ionic lock 
between Asp204 and Arg310 is considered as the main mechanism of 
P2Y1R antagonism by MRS2500 and BPTU. We had found that in ligand 
free apo state of P2Y1R the distance between Asp204 and Arg310 was 
2.6 Å and remained stable during the course of simulation (Fig. 3A and 
B). Binding of polyP-14 and ADP, disrupted the ionic lock of these res
idues, and led to the step-wise increase of distance between Asp204 and 
Arg310 up to 5.5 Å (Fig. 3A and B). These observations were also sup
ported by evaluation of electrostatic interactions between these two 
amino acids (Sup. Fig. 2 D).

In the previous report it was shown that the disruption of the ionic 
lock between Asp204 and Arg310 in the presence of ADP led to the 
significant increase of the P2Y1R’s binding pocket size. To assess 
whether the polyP molecule can also increase the SASA of the receptor’s 
binding pocket, we measured the solvent accessible area of receptor 
considering the last 100 ns of simulations for all systems. In our simu
lations, the solvent-accessible surface area (SASA) of the ligand-binding 
pocket of P2Y1R in the apo state was 160 Å2 after 300 ns of simulation, 
whereas in the presence of ADP and PolyP-14, this area increased to 175 
± 3 and 174 ± 6 Å2 (Fig. 3C).

3.2. Binding of polyP and ADP to P2Y1R causes formation of continuous 
water channel inside the P2Y1R and transmembrane helixes movement

It has been shown that water molecules play significant role in GPCR 
activation [21]. In our experiments we also observed the continuous 
water channel formation inside the P2Y1R during our simulations in 
ADP and PolyP bound states. The ligand binding pocket of P2Y1R in apo 
state was filled with water molecules (Fig. 4 A), however the inner part 
of the receptor next to highly conservative Y324 residue was remaining 
hydrophobic.

During the course of simulation there were only random penetration 
of water molecules inside the receptor (Fig. 4 A – water density map, and 
D). However, in the presence of both polyP-14 and ADP, continuous 

water channels were formed inside the P2Y1R during the whole course 
of the simulation (Fig. 4 B, C, D). Interestingly, in our simulations, the 
binding of polyP-14 to P2Y1R resulted in a greater penetration of water 
molecules inside the receptor compared to ADP (Fig. 4D and E). 
Possibly, this effect was associated with a more pronounced shift in 
RMSD in the presence of polyP compared to the ADP-bound state (Sup. 
Fig. 2A and B).

Numerous studies indicate that GPCR activation involves significant 
movement of TM3, TM6, and TM7, forming an intracellular pocket to 
accommodate downstream transducers [39,40], which was proven to be 
true for P2Y1R activation by ADP as well [22,38]. To assess the effect of 
polyP binding on TM positioning, we sampled the distances between 
TM3, TM6 and TM7 of P2Y1R in our systems during the last 100 ns of 
simulations. We found that the distances between TM helices in apo 
state of the receptor remains low and don’t change much during the 
course of simulation and the mean distances between selected helices 
are as follow: d(TM3-TM7), 16.2 ± 0.9 Å; d(TM3-TM6), 10.4 ± 0.4 Å; 
and d(TM6-TM7), 13.5 ± 0.9 Å. However, in ADP bound state the 
average distances between selected TM helices drastically increase: d 
(TM3-TM7), 28.9 ± 2.7 Å; d(TM3-TM6), 13.5 ± 1.5 Å; and d 
(TM6-TM7), 19.9 ± 3.3 Å. The same manner of conformational 
changes in TM helices positions we observed for P2Y1R in PolyP-bound 
state: d(TM3-TM7), 29.9 ± 1.99 Å; d(TM3-TM6), 14.8 ± 0.7 Å; and d 
(TM6-TM7), 19.1±2 Å (Fig. 5).

Thus, our observations show that polyP binding to P2Y1R can lead to 
the conformational shift of TM helixes in P2Y1R in highly similar 
manner compared to ADP. These conformational changes in intracel
lular TM helices are considered to create a large void, enabling the G- 
protein binding to activated P2Y1R, which afterwards leads to signal 
transduction in the cell by G-protein mediated way.

3.3. PolyP-14 has higher binding affinity to P2Y1R in comparison to ADP

In all our simulations we observed stabilization of P2Y1R confor
mational changes in polyP-bound state. Our results showed, that during 
last 100 ns of simulation, after most conformational changes occurred 
and receptor transition to active state happened, P2Y1R in polyP-14 
bound state explores less conformational space in comparison to ADP- 
bound and apo states. We hypothesized that this phenomenon is 
caused by higher binding energies and as a result higher affinity of PolyP 
to P2Y1R in comparison to ADP. The higher affinity leads to better sta
bilization of the receptor in its conformational state. To prove this idea, 
we aimed to measure the binding free energies of PolyP-14 and ADP to 
P2Y1R by performing Umbrella Sampling (US) simulations (Fig. 6 A).

The resulting PMF curves for both PolyP-14 and ADP represent the 
binding energies between the ligand and P2Y1R. (Fig. 6 B). We 
computed the binding energies of ligands to receptors as a minimum 
point of the PMF curve, which is represented in Fig. 6. Our results show, 
that PolyP-14 has 5-fold higher binging energy to P2Y1 purinoreceptor 
in comparison to ADP. These findings prove the ability of PolyP binding 
to P2Y1R and its higher affinity towards the receptor in comparison to its 
native ligand. Moreover, the higher binding energy also can cause 
higher stabilization effects on activated P2Y1R, which were detected in 
our simulations.

3.4. PolyP induces calcium signal in skin fibroblasts with same shape and 
amplitude as ADP

It is well known that platelet derived ADP and polyP induce blood 
coagulation processes and affect surrounding vascular endothelial cells 
and skin fibroblasts [41,42]. Activation of the P2Y1R play significant 
role in ADP and polyP derived effects in vascular endothelial cells and 
skin fibroblasts [15,41]. Thus, in next series of experiments we used 
culture of human skin fibroblast to study the difference in PolyP- and 
ADP-induced calcium signal through the activation of P2Y1 receptors. 
Application of 50 μM ADP induced peak like increase in cytosolic 

1 The structure with PDB ID 8WJX has been deposited in the Protein Data 
Bank in 2023 but has not yet been published in a peer-reviewed journal.
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calcium concentration ([Ca2+]c) measured using fura-2 ratio 
(340nm/380 nm) (Fig. 7A and B). Addition of 50 μM polyP also 
increased [Ca2+]c in fibroblasts (red traces, Fig. 7A and B). It should be 
noted that the amplitude of the calcium signal was not significantly 
different between polyP and ADP (Fig. 7C) while the recovery (time to 
return to basal [Ca2+]c) was faster in experiments with polyP (Fig. 7D). 
Thus, both ADP and polyP are able to induce calcium signal in skin 
fibroblasts.

4. Discussion

GPCRs remain major drug targets, despite our incomplete under
standing of their molecular mechanisms of activation and inhibition. 
The P2Y family of purinoreceptors are represented by eight members, 
which are divided into two sub-families based on sequence homology 
and signaling pathways. These include activating P2Y1R-like receptors 

that primarily coupled with Gq/11 proteins and inhibitory P2Y12R-like 
receptors that activate Gi/o proteins [23]. Our experiments show that 
polyP – a molecule composed only from orthophosphate residues, can 
activate P2Y1R with the same efficacy as its natural ligand, ADP. 
Moreover, adenosine is known to be unable to activate P2Y1 receptors, 
and instead transmitting signals exclusively through its own class of 
purinergic receptors, the P1 receptors [45]. These findings indicate that 
the interaction between the pyrophosphate group of ADP or poly
phosphate and specific amino acids is a critical step in P2Y1R activation. 
This conclusion is strongly supported by experiments involving the 
caged form of 2-MeSADP - a potent P2Y1R agonist. Blocking of the 
β-phosphate group of 2-MeSADP totally abolished its ability to activate 
P2Y1R and P2Y12R in astrocytoma cells and human platelets [46]. 
Moreover, mild irradiation with long-wave UV light (360 nm) restored 
the agonist’s initial structure and ability to activate both receptors [46], 
further confirming the essential role of the pyrophosphate group in 

Table 2 
Interaction of polyP and ADP with P2Y1R amino acids at the end of the simulation.

Part of the ligand 1st 
Replica with ADP 
300 ns

2nd 
Replica with ADP 
300 ns

3rd 
Replica with ADP 
300 ns

1st 
Replica with polyP-14 
300 ns

2nd 
Replica with polyP-14 
300 ns

3rd 
Replica with polyP-14 
300 ns

Pyrophosphate Ser205 
Asp208 
Cys42

Asp300 
Tyr303 
Asn299 
Arg287

Phe290 
Asp208 
Arg287 
Phe40

Lys196 
Arg195 
Lys46 
Arg41 
Arg310 
Arg128 
Arg287 
Tyr303 
Phe40 
Tyr203

Arg310 
Gln307 
Tyr303 
Arg287 
Tyr203 
Arg41 
Phe40 
Lys196 
Arg195

Arg310 
Tyr203 
Tyr303 
Lys46 
Lys196 
Arg287 
Arg195 
Arg41 
Phe40

Purine ring Arg195 
Leu44 
Thr201

Ser205 
Asp204 
Tyr203 
Arg287

​

Sugar ring ​ Cys202 
Arg195 
Thr201

Gln291 
Arg287 
Phe40

Fig. 3. Binding of polyP and ADP to P2Y1R causes disruption of ionic lock between Asp204 and Arg310 and increase of SASA. A. Positioning of the ASP204 
and Arg310 residues in P2Y1R during the last frame of 300 ns simulations. The yellow line represents the distance between amino acids; B. A distribution diagram 
showing the distance between Asp204 and Arg310 residues in P2Y1R during the last 100 ns of simulation; C. Total solvent accessible area of P2Y1R ligand binding 
pocket during the last 100 ns of simulations. The mean ± sem of the distribution is shown above.
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Fig. 4. The formation of continuous water channel inside of P2Y1R in presence of PolyP-14 and ADP. Representative figures of water channels during the last 
frame of simulations and water density within P2Y1R in apo- (A), ADP-bound (B) and PolyP-14-bound (C) states. D. The number of water molecules within a 5 Å 
radius of the conserved Y324 residue throughout the simulation; E. A distribution diagram showing the number of water molecules near the conserved Y324 residue 
during the last 100 ns of the simulations. The mean ± sem of the distribution is shown above.

Fig. 5. Helix movements of P2Y1R in different states. A. View of P2Y1R helix positions (intracellular loops are not shown) from intracellular side in apo (green), 
ADP-bound (orange) and polyP-bound (red) states, blue arrows denote the conformational changes of activated P2Y1R. B, C. Distances between TM3, TM6 and TM7 
of P2Y1R during the last 100 ns of MD simulations in different states.
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receptor activation.
Although the obtained results suggest such hypotheses, previously 

published structural data and site-directed mutagenesis studies indicate 
that mutations in various amino acids - associated with different regions 
of the ADP molecule - can severely disrupt P2Y1R activation (Sup. Ta
bles 2 and 3). At the same time, multiple studies have demonstrated that 
certain amino acid residues may interact with both the pyrophosphate 
moiety of the ligand and its purine or sugar components. This is 
particularly evident for residues such as Arg287, Tyr203, Tyr303, 
among others (Sup.Table 2). Moreover, previous studies have shown 
that even mutations in amino acid residues that do not directly interact 
with any part of the ADP molecule can significantly impair P2Y1R 
activation by ADP (Sup. Table 3). Another interesting observation is 
that, structural studies have shown that many of the P2Y1R’s amino acid 
residues involved in binding ADP or 2MeSADP also participate in in
teractions with the antagonist MRS2500 (Sup. Tables 2 and 3), however, 
such interactions do not result in receptor activation. We believe that the 

application of advanced computational approaches [47], in combination 
with existing mutational data [23,38,43,44,48], may provide deeper 
insights into this issue.

Inorganic polyphosphates, due to their highly negative charge, can 
interact with a wide range of proteins [49]. However, the mechanisms 
underlying these interactions and their impact on protein functionality 
remain poorly understood. Recent studies have demonstrated that the 
binding of polyP to different proteins helps preserve their functionality 
under cellular stress conditions [50]. Additionally, direct interaction of 
polyP with amyloids facilitates the formation of mature fibrils and re
duces the formation of toxic amyloid oligomers and protofibrils [51,52]. 
Some cellular effects mediated by extracellular polyP have been shown 
to depend on the inhibition of receptor for advanced glycation end
products (RAGE) [15–17] and TRPM8 [53]. This suggests that direct 
interaction between polyP and these receptors may also be possible. We 
have recently demonstrated that polyphosphates can modulate thymo
cyte functions through the activation of P2X purinergic receptors [54], 

Fig. 6. The Umbrella Sampling simulations. A. Scheme, representing the Umbrella Sampling simulation of PolyP-14 along z-axis. B. Binding energies of PolyP-14 
and ADP to P2Y1R.

Fig. 7. ADP and polyP induce increase of [Ca2þ]c in skin fibroblasts. A, B – representative traces of fura-2 ratio in skin fibroblasts in response to 50 μM ADP 
(black trace) or 50 μM polyP (red trace). C - amplitude of [Ca2+]c in fibroblasts measured as Δ fura-2 ratio in response to 50 μM ADP or 50 μM polyP; D - Time to 
recover of [Ca2+]c in fibroblasts (in sec) to basal level. N = 3; n = 6 for both ADP and polyP (N - number of days, n-number of coverslips). *p < 0.05.
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suggesting that these molecules may interact not only with P2Y1R but 
also with other purinergic receptors, possibly depending on their 
expression profiles. These findings contribute to a better understanding 
of previously observed effects of polyphosphates. For instance, during 
cerebral ischemia–reperfusion, polyP exerted a generally protective ef
fect by activating P2Y1R, which in turn reduced glutamate receptor 
hyperactivation [14]. However, in another context, polyP released by 
astrocytes carrying ALS/FTD-associated mutations induced toxicity to 
neighboring motoneurons [13]. Interestingly, Bertin et al. recently re
ported a significant increase in surface density and functional activity of 
P2X4 receptors in neurons, microglia, and peripheral macrophages in 
the ALS SOD1-G93A model [55], suggesting a potential mechanism for 
polyP-induced toxicity in ALS.

The main part of our research was made with polyP-14 – the polymer 
consisted of 14 orthophosphate residues. In mammalian cells the length 
of polyPs varies up to 100 orthophosphate residues, moreover, the 
symbiotic bacteria of mammalian organisms contain polyphosphates 
with polymerization rates up to 1000 residues [56]. While the behavior 
of P2Y1R in the presence of longer polyP chains could provide a deeper 
understanding into the activation process, however, such investigations 
would require significantly greater computational resources.

In our study, we showed for the first time that polyP can activate 
calcium signalling in skin fibroblasts. Previous reports have indicated 
that certain effects of polyP, beyond P2Y1R activation, dependent on the 
activity of calcium channels [57], P2X receptors , RAGE receptors [15] 
and TRPM8 [53], among others. Moreover, in 2021, it was demonstrated 
that co-application of Ca2+ and polyP facilitates polyP’s entry into the 
cell [57], where it can potentially modulate calcium signaling through 
TRPA1 [59], TRPM8 [60] or PMCA [61]. Additionally, recent reports 
have shown that activation of RAGE receptors can trigger the release of 
other signaling molecules via exocytosis and stimulate calcium signaling 
[62].

In conclusion, our research provides valuable insights into the 
mechanisms of P2Y1R activation and identifies polyphosphates as novel 
natural agonists for P2Y1R, significantly advancing our understanding 
in this area. However, further research is required to explore the inter
action between polyPs and various calcium signaling systems to gain a 
comprehensive understanding of the signaling pathways mediated by 
this polymer.
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