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ABSTRACT

The P2Y12 receptor (P2Y12R), a G protein—coupled receptor (GPCR) expressed predominantly on platelet membranes, is a key therapeutic target for the inhibition of
platelet aggregation. Despite its clinical relevance, the molecular mechanism governing its activation remains incompletely understood. Here, we investigated the
conformational dynamics underlying P2Y+2R activation, focusing on the transition from the agonist-bound inactive state to the active conformation. Extensive all-
atom molecular dynamics simulations were performed on P2Y+2R complexed with the full agonist 2MeSADP. Essential dynamics analysis revealed that P2Y+R follows
a conformational selection mechanism, whereby the receptor samples active-like conformations even in the absence of G-protein binding. This analysis also un-
covered a previously uncharacterized microswitch acting as a critical driver of activation. To further dissect the molecular basis of receptor activation, we examined
three canonical GPCR microswitches using multiple structural descriptors, elucidating their concerted roles in stabilizing intermediate and active states. The newly
identified microswitch was subsequently used as a reaction coordinate in enhanced-sampling simulations, enabling reconstruction of the free energy landscape of the
activation pathway. Together, these results provide a comprehensive molecular model of P2Y+.R activation, advancing our understanding of GPCR activation and
offering mechanistic insights that may guide the design of next-generation selective agonists and antagonists targeting this clinically important receptor.

1. Introduction

The P2Y;5 receptor (P2Y12R), a G protein—coupled receptor (GPCR)
and one of the eight members of the P2YR family expressed in humans
[1-4], is prominently located on the cellular membrane of platelets and
binds adenosine 5-diphosphate (ADP), the first known low molecular
weight platelet agonist [5]. Due to its location, the P2Y;5R is involved in
regulation of the physiological hemostasis process [6] and, therefore, it
has become one of the most prominent clinical drug targets for inhibi-
tion of platelet aggregation. Currently, the antiaggregant drugs in use
are Prasugrel, Clopidogrel, Ticagrelor and Cangrelor [7-10]. Despite the
established efficacy of these pharmaceuticals in clinical practice, critical
concerns persist, particularly regarding fatal bleeding events and vari-
able effectiveness across patient populations [11-13]. The role of
P2Y;5R has also been investigated in inflammatory and neuropathic
pain [14-16]. Uncovering the activation mechanism of P2Y;sR is
crucial. Thus, high-quality structural information is extremely impor-
tant. Indeed, several solved structures in different activation states are
present in the literature. In particular, two of them are of particular
importance for this study: the crystal structure of P2Y;2R bound to the
full agonist 2MeSADP (PDB ID: 4PXZ), classified as an agonist-bound
inactive state [17], and the crystal structure of P2Y 3R bound to the

full agonist 2MeSADP and the G-protein (PDB ID: 7XXI), representing
the receptor in its fully active state [18]. Thanks to X-ray crystallog-
raphy, these two distinct states of the receptor can be compared in a
static manner, allowing for the identification of structural differences
between them. The most notable differences include the conformation of
helices V and VI: in the agonist-bound inactive state, helix V adopts a
bent conformation, while helix VI is oriented inward toward the re-
ceptor’s intracellular side. In contrast, the fully active state exhibits a
straight conformation of helix V and an outward orientation of helix VI
relative to the receptor’s intracellular side. Based on this knowledge, the
literature suggests structural features that differentiate the agonist-
bound inactive and the fully active states. What remains unknown,
however, is how the transition between these two states occurs.
Biochemical and crystallographic methods combined with molecular
dynamics simulations have provided models of the receptor activation
driven by the action of “molecular switches” buried within the receptor
structure [19,20]. Molecular switches can be defined as hotspots, i.e. key
residues for biological activities [21] that are often functionally
conserved across the entire class A GPCR [22,23]. More precisely, mo-
lecular switches involve subtle changes in distances and interactions
between critical residues. This suggests that when an agonist binds to
the orthosteric site, it induces minor rearrangement in the receptor’s
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residue packing, transmitting information from the binding site to other
regions of the receptor, ultimately reaching the G-protein binding region
[24,25]. As a result, specific critical residues act as “molecular
switches”, initiating residue repacking and conformational changes
within the receptor. To investigate the molecular mechanism underlying
the activation of the P2Y;5R by the full agonist 2MeSADP, it is necessary
to carry out an extensive sampling process. Here we have run MD sim-
ulations that allowed us to identify a novel molecular switch, that
together with the canonical GPCR microswitches allow the exploration
of active-like structures of the receptor even in the absence of the
cognate G-protein. To elucidate the role of the novel microswitch, we
run an enhanced sampling method, the Potential of Mean Force (PMF)
with the accelerated weight histogram (AWH) method [26], in which
the microswitch was considered as reaction coordinate. Our hypothesis
is that the latter plays a pivotal role in the activation mechanism,
contributing to the receptor’s transition from the agonist-bound inactive
state to the active state.

2. Results and discussion
2.1. Unbiased molecular dynamics simulation

A 1 ps unbiased molecular dynamics simulation was performed to
investigate the structural and functional behavior of the P2Y;5 receptor
under near-physiological conditions. The system consists of the P2Y;5R
embedded in a lipid bilayer composed of DOPC molecules, along with
water molecules, sodium ions, and chloride ions (Table S1). The equil-
ibration of the simulation was assessed by measuring the RMSD of the
protein backbone after a least-squares fit to the protein backbone rela-
tive to the starting structure (Fig. S1). The RMSD values, ranging from
0.2 to 0.4 nm, suggest that the receptor undergoes moderate confor-
mational changes over the course of the simulation. In fact, three distinct
phases of RMSD fluctuation can be observed: the first phase (0-200 ns),
the second phase (200-800 ns), and the third phase (800-1000 ns). The
hypothesis is that these phases reflect conformational changes within
the receptor, particularly when comparing the first and the third phases.
The root mean square fluctuation (RMSF) was then calculated to identify
regions of higher atomic mobility within the receptor. Several promi-
nent peaks are visible in the plot (Fig. S2), indicating regions of higher
atomic mobility (Fig. S3). As expected, these peaks correspond to flex-
ible loops or terminal regions of the receptor. The most significant peaks
are observed near residues in the N-terminus, ICL1, ICL2, ECL2, ICL3,
and the terminus of helix VII. These observations suggest that the re-
ceptor maintains global stability while allowing for local flexibility,
which could be relevant for its activation mechanism. We have per-
formed three independent simulations of 1 ps each and calculated the
RMSD for all replicates. The mean RMSD and its standard deviation
across replicas are shown in Fig. S4.

2.2. Full agonist interactions in the binding site

RMSD’s values of the binding pocket, including residues LYS2807-34,
TYR259%%, ARG93>?!, ARG256%%°, GLN263%%%, TYR105°%3
HIS187°%%6,  ASN191%40, ASN159*6°, CY$97%%, Lys179%¢l2
VAL190%>%, MET152*%3, LEU155%°® and TYR109>%, indicate that the
binding site remains stable throughout the simulation, showing no sig-
nificant structural deviations (Fig. S5). 2MeSADP’s RMSD values along
the entire simulation suggest that 2MeSADP is well-maintained in the
binding pocket and does not exhibit significant deviations (Fig. S6). This
behavior underscores the stability of the 2MeSADP-receptor interaction.
Indeed, the full agonist binds to a site formed by helices III, IV, V, VI and
VII [17]. In detail:

- The terminal unprotonated phosphate group of 2MeSADP interacts
with residues of TM7, TM6 and TM3: LYS280”>*NH3 via an ionic
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bond, TYR259%°80H via a hydrogen bond, and ARG9332! via both
ionic and hydrogen bonds (Fig. 1 and Fig. S7a).

The unprotonated phosphate group bound to the ribose moiety forms
stable interactions with residues of TM6, such as ARG256%%° via an
ionic bond and GLN263%2NH, via a hydrogen bond. Additionally, it
interacts with one residue of TM3, TYR1053'33OH, through a stable
hydrogen bond. Intriguingly, TYR105>3% also engages in a n-x
interaction with the five-membered ring of the 2MeSADP adenine
(Fig. 1 and Fig. S7b).

The adenine moiety forms several interactions with residues of TM3,
TM4 and TM5. The N7 of the adenine ring interacts with imidazole
NHe group of HIS187%% and the ASN191%“°NH, via hydrogen
bonds. The N3 of the adenine ring forms a hydrogen bond with
ASN159*69NH,, while the adenine amine group is hydrogen-bonded
to TYR109>%0H and the carboxamide C=0 group of ASN191%40
(Fig. 1 and Fig. S7¢).

The ribose moiety of 2MeSADP interacts with residues of TM4, TM3,
ECL2, and TM5. Specifically, ASN159*°°NH, forms a hydrogen bond
with the C3’-hydroxyl group, CYS97%2°C=0 forms a hydrogen bond
with the C2’-hydroxyl group, and LYS179%°'2NH{ forms ion-dipole
interactions with both the C2’- and C3’-hydroxyl groups (Fig. 1
and Fig. S7d). HIS187°% forms a hydrogen bond with C2’-hydroxyl
group.

The methyl-sulfur tail of 2MeSADP is enclosed within a hydrophobic
pocket and interacts with residues of TM5, TM4, TM3, including
VAL190>%°, MET152*%%, LEU155*°, and the phenyl group of
TYR109%%, through hydrophobic interactions (Fig. 1 and Fig. S7e).

To assess the stability of the interactions listed above, we have
calculated the frequency of formation of the interactions (Fig. S8) be-
tween 2MeSADP and the residues in the orthosteric binding site. Spe-
cifically, residues TYR105%33, vAL102330, HIS187°36, ASN191540,
LYS1795¢12, vAL190%>%, LYS2807-%, ARG256%%°, TYR109*¥, and
ARG93%2! interact with the full agonist 2MeSADP for more than 60 % of
the total simulation time.

2.3. Essential dynamics of the P2Y12R

The MD trajectory exhibits both local fluctuations and collective
motions of P2Y;5R, making it challenging to identify functionally rele-
vant movements of the receptor. We thus performed Principal Compo-
nent Analysis [27] (PCA) of the trajectory to pinpoint the essential
dynamics [28,29], i.e., the collective motions underlying the receptor’s
conformational changes. The first five eigenvectors account for 70 % of
the total variance (Fig. S9). The projection of the first 5 eigenvectors as a
function of time, along with their cosine contents, underscores that the
trajectory has converged (Fig. S10). Interpolation between the extreme
conformations sampled during the simulation along these eigenvectors
enables pinpointing the Essential Dynamics of P2Y;5R. While Eigen-
vector 1 and 2 represent the broad movements of the flexible loops
combined with helix motions, examination of the motion along the third
eigenvector (8 % of the variance) reveals the movement of helix V from a
bent to a vertical position, whereas the motion along the fifth eigen-
vector (5 % of the variance) illustrates a slight outward movement of
helix VI. The motion along the fourth eigenvector (6 % of variance)
shows the opposite movement expressed by eigenvector 3 and 5.

2.3.1. From PCA’s conformational subspace to the Free energy landscape of
P2Y;,

The PCA calculation, considering Principal Component 1 (PC1) and
Principal Component 2 (PC2) allows the identification of the confor-
mational subspace explored by the receptor during the entire MD
simulation and thus were used to construct the conformational scatter
plot. This is because PC1 and PC2 account for the largest fraction of the
total variance (i.e., together over 50 %), thus providing a global over-
view of the conformational space sampled by the receptor. While PC3
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Fig. 1. Structural representation of the P2Y;, receptor bound to the full agonist 2MeSADP. Left: Overall view of the receptor (blue cartoon) embedded in a lipid bilayer
(membrane boundaries shown as colored arrows) with the bound ligand 2MeSADP (space-filling model in red for oxygen, yellow for sulfur, blue for nitrogen, and grey for
carbon). Right: Zoom-in of the orthosteric binding site showing key interactions between 2MeSADP and surrounding residues. Interactions (hydrogen bonds, ionic interactions
and ion-dipole interactions) are indicated by cyan dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

and PC5 capture specific functional transitions (Fig. S11), PC1 and PC2
offer broader discrimination among major conformational states and
energy minima, making them more suitable for visualizing the full
landscape of sampled states and identifying statistically significant ba-
sins. In this context, PC1 and PC2 act as collective reaction coordinates
for mapping the conformational ensemble, whereas PC3 and PC5 were
used for functional interpretation of activation-related motions. From
the conformational scatter plot, where each point corresponds to a
specific receptor conformation (Fig. S12), we calculated the Gibbs free
energy landscape. This is achieved by Boltzmann inverting multi-
dimensional histograms, transforming the frequency distribution of
conformational states (Fig. S13) into a quantitative Free energy surface.
Indeed, the Free energy landscape (FEL) comprises 32 energy minima
and features three main basins (Fig. 2).

We constructed sub-trajectories for the three energy minima and
applied a clustering scheme [30]. We then superimposed the cluster
representatives onto three experimental crystallographic structures,
representing the two agonist-bound inactive states and the fully active
state (Table 1 and Fig. 3). To provide a clearer structural interpretation
of the binding differences observed, we visualized the 3D binding modes
of the cluster representatives within the orthosteric pocket. The result-
ing models reveal subtle variations in ligand orientation and in the
interaction network formed by key residues (Movie S1).

By combining the information extracted from the scatter plot
(Fig. S12) and the FEL plot (Fig. 2), a dynamic view of the events
occurring throughout the entire MD simulation is obtained (for details,
see SI section: “Exploration of the conformational subspace: a dynamics
view”, and Fig. S14, Fig. S15, Fig. S16). Ultimately, PCA calculations
have enabled the determination of the conformational subspace
explored by the receptor during the simulation and has pinpointed the
receptor’s Essential Dynamics. In the context of Essential Dynamics, the
helical movements within the P2Y;5R helical bundle are ultimately

PC1
0 G (kJ/mol) 15

Fig. 2. Free Energy Landscape, which comprises 32 energy minima and features
three main basins. Letters a, b and c indicate the energy minima from which repre-
sentative structures (#1, #2, #3) were extracted, as shown in Table 1 and Fig. 3.

driven by the action of the so-called molecular switches.

2.4. TM3-TM6-TM7 angle displays the opening of the cytoplasmic cavity

To assess if the simulated system actually explores the active-like



F. Fontanive and A. Giorgetti

Table 1
Conformations extracted from the FEL minima (a, b and c, as from Fig. 2) and
compared with crystal structures of P2Y;5R.

Energy Cluster Extraction time Superimposed RMSD
minimum (ns) structure (i\)
a, #1 8 161.200 P2Y,,-2MeSADP-G- 3.1
protein
b, #2 2 798.750 P2Y;,-2MeSADP 3
c, #3 2 904.750 P2Y;,-2MeSATP 3.1

conformations of the receptor, we investigated the opening of the
cytoplasmic cavity, by computing the distance between TM3 and TM6,
as well as the angle defined by TM3-TM6-TM7. While the TM3-TM6
distance alone is not particularly informative, the TM3-TM6-TM7 angle
exhibits a clear shift (Fig. S17) that reflects the opening of the cyto-
plasmic cavity. We also analyzed the distribution of the TM3-TM6-TM7
angle (Fig. S18). By combining the TM3-TM6 distance and the
TM3-TM6-TM7 angle, we generated the corresponding Free energy
surface (Fig. S19), which reveals two distinct minima located at 1.02 nm
/ 80° and 1.16 nm / 88°, respectively. The conformation extracted from
minimum a,#1 displays a TM3-TM6-TM7 angle of 88.5°, that from
minimum b,#2 shows an angle of 82.3°, and that from minimum c,#3
exhibits an angle of 79.8°. The concurrent increase in both the
TM3-TMB6 distance and the TM3-TM6-TM?7 angle indicates a concerted
outward displacement of TM6, consistent with the opening of the
cytoplasmic cavity.

2.5. Changes in the cytoplasmic cavity size

To complement the geometrical analysis, we quantified the evolution
of the intracellular cavity volume of P2Y+2R. Indeed, to investigate the
changes in the cytoplasmic cavity size, the evolution of the intracellular
cavity volume of P2Y;5R along the MD simulation was analyzed. For
each trajectory frame, a three-dimensional grid with a 1 A spacing was
constructed around the geometric center defined by the Co atoms of
residues R122%%°, 1212551, R2565%5, and Y2987%3, which delineate the
intracellular entrance of the G-protein binding pocket. The orientation
of helix TM6 was computed separately using the Ca atoms of residues

#3) Agonist-bound inactive state

#2) Agonist-bound inactive state
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230-265 to obtain its principal axis and monitor its tilt throughout the
simulation. Only grid points located in the cytoplasmic half of the re-
ceptor 10 Ato+2A along the membrane normal) and within a 10 A
cylindrical region around the cavity axis were considered. Grid points
within 3.9 A of any protein atom were excluded, while those located
within 2.0 A of any water oxygen atom were classified as water acces-
sible. The sum of these accessible voxels provided an estimate of the
instantaneous cavity volume. Additionally, two structural descriptors of
receptor activation were calculated: (i) the distance between the Ca
atoms of R1223% and P230%3°, used as a proxy for TM6 displacement,
and (ii) the tilt angle of TM6 relative to its orientation in the first frame.
The resulting time series allowed us to correlate the enlargement of the
intracellular cavity with the outward movement of TM6 and the for-
mation of continuous water pathways toward the receptor core, as
shown in Fig. S20. The time series revealed a progressive increase in the
cavity size, from less than 100 A® at the beginning of the simulation to
over 1000 A% in the final part of the trajectory. This expansion indicates
a gradual opening of the intracellular cavity toward the cytoplasmic
side, consistent with receptor activation and TM6 displacement.

2.6. Molecular switches

2.6.1. Canonical GPCR microswitches

It has been suggested [24] that an agonist bound to the orthosteric
binding site induces subtle changes in the packing of receptor residues,
transmitting information from the binding site to other regions of the
receptor and eventually reaching the G-protein binding region. Indeed,
agonist binding causes certain critical residues to function as “molecular
switches”, triggering residue repacking and conformational changes
within the receptor. Hence, molecular switches underscore the dynamic
nature of the receptor’s conformational landscape, emphasizing their
pivotal role in mediating its activation and function. We have thus
investigated three canonical GPCR microswitches: the DRY motif, the
PIF motif, and the NPxxY motif. The P2Y:» receptor exhibits the
following peculiarities: it lacks the W®*® residue that typically acts as a
toggle switch, having an F&*® instead, and it also lacks the ionic lock
between TM3 and TMB6, as specified in ref. [31]. Moreover, in P2Y+2R,
the hydrophobic PIF motif (1>4°—p>%°_F6-44) highly conserved in class A

#1) Fully active state

L

Fig. 3. Relevant conformations from three different energy minima of the FEL. #1) Conformation- extracted from minimum & superimposed with the crystal P2Y;5-2MeSADP-
G-protein, representing the fully active state. #2) Conformation- extracted from minimum b — superimposed with the crystal structure of P2Y;,-2MeSADP, representing an
agonist-bound inactive state; #3) Conformation- extracted from minimum ¢ superimposed with the crystal structure of P2Y;,-2MeSATP, representing a partial agonist-bound
inactive state. Extracted conformations are shown in color (white to red), while crystal structures are in grey. The color gradient reflects local RMSD values, highlighting
structural deviations-particularly in helices V and VI, which undergo significant rearrangements during activation. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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GPCRs is replaced by NIV (13-40_N>-50_y6-44 This substitution, charac-
terized by the presence of a polar residue at position 5.50, suggests a
specific adaptation of P2Y+.R to maintain the structural coupling be-
tween helices TM3, TM5, and TM6 in the absence of the conserved
proline. This variant may influence the activation dynamics and the
transmission of TM6 motion toward the cytoplasmic region. To inves-
tigate these three microswitches, we employed different structural
metrics: the ARMSD for the NIV motif, the y: dihedral angle of Y”->3 for
the NPxxY motif, and the radius of gyration of R>* for the DRY motif.
The rationale behind monitoring these metrics was to compare their
behavior with respect to the crystal structures representing the fully
active state (PDB ID: 7XXI) and the agonist-bound inactive state (PDB
ID: 4PXZ). For the NIV motif, we focused on the dynamical behavior of
residues 1°4° and V&4 (as done by Dror et al. [32]), with the aim of
comparing their dynamics during the simulation to those observed in the
fully active (7XXI) and agonist-bound inactive (4PXZ) crystallographic
structures. To this end, we calculated the RMSD of the residue pair with
respect to each of the two crystal structures. We then computed the
difference ARMSD = RMSDjpactive — RMSDgctive- The results are reported
in Fig. S21. As shown in the upper part of the plot, the RMSD values with
respect to the fully active and agonist-bound inactive states oscillate in a
roughly mirrored manner, indicating transitions between active-like and
inactive-like conformations. The lower part of the plot, which displays
the ARMSD values, confirms this behavior and highlights whether the
simulated conformations are closer to the active or inactive state:
ARMSD <0 indicates conformations closer to the active state, whereas
ARMSD >0 corresponds to conformations closer to the inactive state.
The ARMSD time series remains predominantly slightly negative, indi-
cating a mild bias toward active-like conformations, with transient
positive excursions corresponding to brief visits to inactive-like states,
particularly toward the end of the simulation. The distribution of
ARMSD values for the 1112340/v24454* pair is shown in Fig. $22. To
further characterize the conformational space explored by the 1112340/
V244540 pair, we constructed a two-dimensional potential of mean force
(PMF) as a function of the RMSD relative to the fully active (7XXI) and
agonist-bound inactive (4PXZ) crystal structures (Fig. S23). The result-
ing Free energy surface reveals two main minima connected by a low-
energy pathway, consistent with the coexistence of active-like and
inactive-like conformations. The deepest minimum corresponds to
conformations closer to the active state, in agreement with the ARMSD
distribution and time series, which indicate a slight preference toward
active-like conformations. The second, shallower minimum, located at
higher RMSD values with respect to the agonist-bound inactive struc-
ture, represents transient excursions toward inactive-like conforma-
tions. These results suggest that the NIV motif undergoes subtle
structural rearrangements, allowing reversible transitions between
active-like and inactive-like states along the simulation. For the NPxxY
motif, we focused on investigating the y: dihedral angle of Y”*>% with
respect to the crystal structures representing the fully active state (PDB
ID: 7XXI) and the agonist-bound inactive state. As shown in Fig. S24, the
¥+ angle fluctuates between two distinct regions, corresponding to the
values observed in the fully active structure (7XXI, 1 = —50°) and in the
inactive reference (minimum b,#2, y1 =~ 90°). The trajectory reveals
multiple transitions between these two rotameric states, indicating that
Y2987-%3 undergoes dynamic switching throughout the simulation. After
an initial period in which y1 remains around 90°, corresponding to an
inactive-like conformation, TYR298”->% adopts an active-like orientation
for several nanoseconds before returning to the inactive-like state. To-
ward the end of the trajectory, the residue alternates more frequently
between the two conformations. The distribution of the 1 dihedral angle
for TYR2987-%3 is shown in Fig. $25. This dynamic equilibrium between
rotameric states supports the role of the NPxxY motif as a key element in
modulating the transition between active and inactive conformations in
class A GPCRs. Finally, we focused on investigating the radius of gyra-
tion of R122%° in the DRY motif with respect to the crystal structures
representing the fully active state (7XXI) and the agonist-bound inactive
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state (4PXZ). The radius of gyration is a metric that indicates the
compactness of a residue. As shown in Fig. S26, at the beginning of the
simulation, R1223%C is highly compact and forms an ionic lock with
residue D1213%°. Subsequently, it adopts a radius of gyration much
closer to that of the active state than to the agonist-bound inactive state,
with a clear excursion toward the fully active conformation between 150
—180 ns. The distribution of the radius of gyration for R122%°? is shown
in Fig. S27. Overall, these results suggest that the DRY motif evolves
toward an active-like configuration, even transiently sampling the fully
active conformation. Taken together, the analyses of the NIV, NPxxY,
and DRY motifs consistently reveal a partial shift of P2Y+2R toward
active-like conformations, highlighting the dynamic nature of its acti-
vation mechanism and the interplay between local rearrangements and
global motions of TM helices.

2.6.2. P2Y12’s molecular switches

To gain deeper insights into the activation mechanism of P2Y15R, we
looked for specific molecular determinants. Indeed, we have identified
four different specific interactions that change upon the receptor’s
screening of FEL minima: Switch 1: TYR105%33 - LYS2807-3%; Switch 2:
ILE112340 _ ASN201>°?; Switch 3: PHE198%47 — HIS253%°2; and Switch
4: GLN195°** _ HIS253%52 (Fig. 4, a-d).

In detail, residues involved in Switch 1 are located within the
orthosteric binding site, specifically on helices IIT and VII, respectively.
Accordingly, this molecular switch could be referred to as the “3-7 lock
switch” [19,20]. The interaction is mediated by an ion-dipole interac-
tion between LYS2807-3*NHZ and TYR105%330H, the latter being a
functionally conserved residue across class A GPCR [22]. Switch 1 is
defined by the disruption of this ion-dipole interaction, characterized by
a sudden increase in their heavy atom distance, as shown in Fig. 4a.
Residues forming Switches 2 and 3 are located between helices III, V,
and VI. Residues of Switch 2 are situated in a region known as the
“transmission switch” [19,20,23]. While residues in Switch 2 are con-
nected by a hydrophobic contact between ILE11234° and ASN201%°
that breaks during the simulation, as shown by a sharp increase in the
Ca-Ca distance (Fig. 4b), Switch 3 involves a n-r stacking interaction
between aromatic side chains. This specific molecular switch is identi-
fied by analyzing the improper dihedral angle between atoms
PHE198%%7:CE2, PHE198>%7:CD1, HIS253%5%:CD2, HIS253%°%CE1l.
This specific molecular switch could be identified as the “histidine
toggle switch”, a characteristic feature of the P2Y;; receptor. A sudden
“jump” in the dihedral angle is a clear marker of histidine rotameriza-
tion, as reported in Fig. 4c. Notably, HIS253%52 facilitates the identifi-
cation of a fourth molecular switch (Switch 4), not yet fully
characterized (Fig. 4d). Indeed, during histidine rotamerization,
HIS253%52NH5 forms a hydrogen bond with the carboxyamide C=0
group of GLN195%**, Consequently, the breaking and subsequent for-
mation of this hydrogen bond defines molecular Switch 4. We speculate
that a key role in the activation/deactivation of the receptor is mediated
by the molecular switch between residues HIS253%%2 and GLN195%44,
HIS253%2 is located on helix VI, while GLN195°*4 is located on helix V.
Our hypothesis is that this specific molecular switch plays a pivotal role
in facilitating the transition of helix V from a bent to a vertical position
and the outward displacement of helix VI. The peculiarity of this mo-
lecular switch lies in the rotamerization of histidine and the subsequent
formation of a hydrogen bond between the NH5 of HIS253%%2 and the
carboxyamide C=0 group of GLN195>%* Moreover, the receptor
conformation superimposed onto the P2Y12-2MeSADP crystal structure
reveals two additional hydrogen bonds: one between the terminal NH,
of the GLN195°** side chain and the carbonyl C=0 group of HIS253%52,
and another between the carboxyamide C=0 group of GLN195>4* and
the protonated nitrogen atom of TRP199°*® (Fig. 528). These additional
hydrogen bonds are also present in the receptor conformation super-
imposed onto the P2Y12-2MeSATP. Our hypothesis is that this cluster of
hydrogen bonds acts as a lock, restricting the movement of helices V and
VI and defining these two conformations as the agonist-bound inactive
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Fig. 4. a) Molecular Switch 1: TYR105 — LYS280. Ion-dipole interaction between LYS280”->*NH3 and TYR105°3°0H; the disruption of this interaction is marked by a sudden
increase in the heavy atoms distance, defining the switch behavior; b) Molecular Switch 2: ILE112 — ASN201. ILE112%%° — ASN201°°? interact via hydrophobic contacts and a
sharp increase in the Ca - Ca distances between the two residues explains its function; ¢) Molecular Switch 3: PHE198 — HIS253. PHE198%*7 — HIS253%°2 could be identified as
the “histidine toggle switch” where a sudden “jump” in the dihedral angle is a clear marker of histidine rotamerization; d) Molecular Switch 4: GLN195 — HIS253. During
histidine rotamerization, HIS253%°>NHS forms a hydrogen bond with the carboxyamide C=0 group of GLN195**; the breaking and subsequent formation of this hydrogen
bond defines this molecular switch.
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state. Conversely, the receptor conformation superimposed onto the
P2Y;,-2MeSADP-G-protein crystal structure retains the latter two
hydrogen bonds, while the hydrogen bond between the NHS of
HIS253%%2 and the carboxyamide C=0 group of GLN195>** is not
formed (Fig. S29).

2.7. PMF

These findings collectively highlight the critical role of molecular
switches in orchestrating receptor activation, emphasizing the intricate
interplay between structural transitions and functional states. To further
investigate the specific Switch 4, i.e., the rotamerization of histidine and
the subsequent formation of the hydrogen bond between the NH§ of
HIS253%52 and the carboxyamide C=0 group of GLN195°% we
employed the Potential of Mean Forces (PMF) with accelerated weight
histogram (AWH) method [26]. This approach enabled the setting up of
a new simulation of the system, allowing us to scan this reaction coor-
dinate and study the underlying process in detail. Switch 4 was chosen
as the collective variable for enhanced sampling due to its central po-
sition within the receptor’s transmembrane core, its direct structural
involvement in the movement of helices V and VI, and its dynamic
behavior observed during the unbiased simulation. The rotamerization
of HIS253552 appears to trigger a rearrangement of inter-helical
hydrogen bonds that correlates with the transition toward the active
state, making it a suitable and mechanistically relevant target for PMF
analysis. PMF provides insights into the energy minimum and the acti-
vation barrier of the reaction. The accelerated weight histogram (AWH)
method is an extended ensemble sampling technique which adaptively
biases the simulation to promote exploration of the Free energy land-
scape [26,33], enabling the capture of rare events that typically occur on
the millisecond timescale [34,35]. The aim was to scan a reaction co-
ordinate to gain insight into the energy minimum and the heights of the
energy barriers. After the simulation, key convergence metrics were
assessed: five covering times were recorded at t = 332.8 ps, 1212.8 ps,
5238.4 ps, 14,812.8 ps and 21,161.6 ps; the simulation exited the initial
bias estimation phase at t = 21,161.6 ps, completing a few transitions
thereafter (Fig. S30); to assess the reliability of the bias estimate, the
probability distribution of the reaction coordinate was compared with
the reference distribution to ensure that the applied force constant
(192,000 kJ/(mol*nm"2)) was appropriate (Fig. S31); additionally, the
agreement between the sampled and target distributions confirms that
the system has properly explored the free energy landscape, ensuring
that the biasing force was well-calibrated and that no additional sam-
pling is required (Fig. S32). The Potential of Mean Force for the scanned
hydrogen bond characterizing Switch 4 exhibits three energy minima
and two reaction barriers (Fig. 5).

The higher barrier has an energy of approximately 6.8 kT, equiva-
lent to ~17 kJ/mol, while the lower barrier has an energy of approxi-
mately 3 kyT, equivalent to ~7.5 kJ/mol. These energy barriers are
consistent with the typical hydrogen-bond strengths reported for pro-
teins embedded in membrane or other low-dielectric environments,
where hydrogen bonds are moderately stronger than in water but
weaker than in vacuum [36]. These results indicate that the formation
and breaking of this hydrogen bond are energetically feasible and may
lead to a release of constraints on helices V and VI. This process could
explain the helical movements from a molecular perspective, facilitating
the formation of the crevice required for G-protein accommodation.
During the simulation, while scanning Switch 4, three dynamic events
occur, as described in Table 2.

Notably, the crystal structure of P2Y;3-2MeSADP-G-protein also
adopts the same conformation for residue GLN195%44, while HIS253%2
has not undergone rotamerization. Based on the above-mentioned
events observed during the simulation, three receptor conformations
were extracted from the trajectory based on the distance between the
NHS of HIS253%°2 and the carboxyamide C=0 group of GLN195%%*
that reflects the minima of Fig. 5, as reported in Table 3 and Fig. 6.
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Fig. 5. The Potential of Mean Force for the scanned hydrogen bond characterizing
Switch 4 exhibits three energy minima and two reaction barriers.

Table 2

Summary of dynamic events observed during the 500 ns simulation, describing
the conformational changes of GLN195>** and its interactions with HIS253%52
and TRP199°“%,

Time interval Event description

(ns)
87-206 The side chain of GLN195 orients away from HIS253 toward
2MeSADP
207-391 The terminal NHz of GLN195 forms a hydrogen bond with the
carbonyl C=0 group of HIS253. The carboxyamide C—=O group of
GLN195 forms another hydrogen bond with the protonated
nitrogen atom of TRP199
392-500 The GLN195 side chain undergoes a flip-flop movement. The

terminal NH: is positioned above the protonated nitrogen atom of
TRP199 and forms a hydrogen bond with the carbonyl group of
HIS253. The carboxyamide C—=0O group of GLN195 forms a
hydrogen bond with the NHS of HIS253, which undergoes a
distinct rotamerization

The superposition of conformation #3 with the crystal structure of
the fully active P2Y15-2MeSADP-G-protein (Fig. 6) exhibits an RMSD
value of 3 A relative to the crystal structure, indicating that the simu-
lation along the reaction coordinate was able to capture the role of
Switch 4 in the activation mechanism of the receptor.

Indeed, these findings support our hypothesis: the breaking and
formation of the hydrogen bond between the NHS of HIS253%52 and the
carboxyamide C=0 group of GLN195%* is not only reproducible but
also plays a pivotal role in regulating the activation/deactivation
mechanism of P2Y;5R. Although the biased molecular dynamics simu-
lation does not fully achieve the histidine conformation observed in the
P2Y;,-2MeSADP-G-protein crystal structure, we speculate that the
presence of the G-protein facilitates histidine rotamerization, thereby
driving the receptor toward its active conformation.

Table 3
Receptor conformation extracted from the trajectory based on the distance be-
tween the NHS of HIS253%52 and the carboxyamide C=0 group of GLN195>44,

Conformation Extraction time (ns) Hydrogen bond length (A)
#1 194 5.5
#2 335 7.4
#3 465 2.8
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Fig. 6. Receptor conformations extracted from the biased molecular dynamics simulation. #1) Conformation extracted at 194 ns superimposed with the crystal structure
P2Y;,-2MeSADP-G-protein; #2) conformation extracted at 334 ns superimposed with the crystal structure P2Y1,-2MeSADP-G-protein; #3) conformation extracted at 465 ns
superimposed with the crystal structure P2Y;,-2MeSADP-G-protein. The figure highlights conformational changes in helices V and VI. Superposition of conformation 3 with the
crystal structure of fully active P2Y;5-2MeSADP-G-protein indicates that the simulation along the reaction coordinate successfully captured the role of Switch 4 in the receptor’s
activation mechanism. Extracted conformations are shown in color (white to red), while the crystal structure in grey. The color gradient reflects local RMSD values, highlighting
structural deviations — particularly in helices V and VI, which undergo major rearrangements during activation. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
3. Conclusions

In this study, we investigated the activation mechanism of P2Y;oR.
Extensive MD simulations were conducted with the receptor bound to
the full agonist 2MeSADP, starting from its experimental structure that
represents an agonist-bound inactive state. After the simulation, we first
analyzed the interactions between the full agonist and the residues in the
orthosteric binding site, finding good agreement with those reported in
the literature [17]. We then used Principal Component Analysis to
identify the receptor’s Essential Dynamics, revealing key helical move-
ments involved in the activation process. Using the insights gained from
PCA, we then constructed the Free energy landscape. By extracting
conformations from three energy minima of the FEL, we superimposed
them onto crystal structures representing the agonist-bound inactive
states, the partial agonist-bound inactive state, and the active state. To
explain helical movements from a molecular perspective, the MD tra-
jectory was analyzed to investigate the canonical GPCR microswitches
and to identify specific molecular switches, revealing four types that
indicate changes within the receptor. Specifically, a hydrogen bond was
identified as a reaction coordinate and was scanned using an enhanced
sampling method, providing insights into energy barriers and energetic
minima. The findings of the PMF simulation suggest that the breaking
and formation of this hydrogen bond facilitates the release of constraints
on helices V and VI, enabling the receptor to transition into the active
conformation. The PMF investigation focused on an in silico study of the
molecular mechanism underlying the transition from the agonist-bound
inactive state to an active-like state. On the other hand, the unbiased MD
simulation supports the conformational selection theory, as active-like
conformations were sampled even in the absence of the G protein;
further experimental investigations could help validate our computa-
tional findings. Although full activation of GPCRs typically requires the
presence of the G-protein and occurs on longer timescales, our 1 ps
simulation revealed transient sampling of conformations closely
matching the crystallographic active state. This observation suggests
that agonist binding stabilizes pre-existing active-like conformations
within the receptor’s conformational ensemble, consistent with the
conformational selection model. Together, these results provide a
comprehensive molecular model of P2Y+:R activation, advancing our
understanding of GPCR activation and offering mechanistic insights that
may guide the design of next-generation selective agonists and

antagonists targeting this clinically important receptor.
4. Materials and methods
4.1. System preparation and MD simulations

The starting structure for the MD simulation was the crystal structure
of P2Y12 receptor in complex with the full agonist 2MeSADP (PDB ID:
4PXZ) [17]. A homology modelling of the missing loop structures with
the Swiss-Model program [37,38] using default parameters was per-
formed. The receptor was embedded in a membrane of DOPC molecules
using CHARMM-GUI webserver [39,40]. The system was inserted in a
simulation box of size 8 nm x 8 nm x 9.4 nm. With this choice, the
minimum distance between periodic images of the protein was larger
than 2 nm. Water, sodium and chloride ions were added in order to
solvate and neutralize the system at an ionic strength of 0.15 M. The
final system comprised 61,661 atoms. The Amber99SB force field [41],
the Slipids [42,43] and the TIP3P [44] force fields were used for the
protein and ions, the lipids, and the water molecules, respectively. The
General Amber Force Field (GAFF) parameters [45] were used for the
ligand 2MeSADP, along with the AMI1-BCC atomic charge [46].
2MeSADP parametrization was performed with Antechamber software
tool [47], whereas the Antechamber Python parser interface [48] was
used to obtain suitable files for Gromacs. MD simulations were per-
formed using Gromacs v2019.6 package [49,50]. The Particle Mesh
Ewald method [51] was used to treat the long-range electrostatic
interaction with a real space cutoff of 1.2 nm. A 1.2-nm cutoff was used
for the short-range non-bonded interaction. A time step of 2 fs was set.
The LINCS algorithm [52] was applied to constrain all bonds involving
hydrogen atoms. The system underwent energy minimization using the
steepest descent algorithm, followed by a NVT equilibration of 100 ps
under periodic boundary conditions with positional restraints using a
force constant of 1000 kJ/mol nm 2 on all the heavy atoms of the
protein. Constant temperature condition was achieved via two inde-
pendent coupling groups, namely, protein, 2MeSADP, DOPC, and water
and ions, to velocity-rescaling thermostat [53] at 300 K. The same set up
was used for the NPT equilibration of 1 ns, with the difference that the
constant temperature and pressure conditions were achieved via the two
independently coupling groups to Nosé-Hoover thermostat [54] at 300 K
and Parrinello-Rahman barostat [55] at 1 bar. 1 ps MD was performed
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removing all the restraints, with coordinates, velocities and energies
collected every 50 ps. The following operations were performed for the
cluster analysis: Principal Component analysis (PCA) was conducted on
the raw trajectory, and the Free energy landscape (FEL) was plotted.
Frames corresponding to each energy minimum of the FEL were
collected, and sub-trajectories were constructed. A clustering algorithm
— the Gromos method [30] — was applied to each sub-trajectory to obtain
representative clusters of receptor conformations. Gromos clustering
was performed using a cutoff of 0.1 nm. This workflow ensures that the
representative clusters capture the key conformational states of the re-
ceptor within each energy minimum of the FEL. For comparison of
activation metrics, the y; dihedral angle of residue Y298753 (NPxxY
motif) was analyzed with respect to the fully active crystal structure
(PDB ID: 7XXI) and the agonist-bound inactive-state reference (PDB ID:
4PX7). Since Y2987%% in the 4PXZ crystal structure lacks side-chain
atoms, the conformation corresponding to FEL minimum b,#2 from
the simulation was used as the inactive-state reference for y; dihedral
angle calculations. The potential of mean force for scanning the
hydrogen bond between the NH5 of HIS253%%2 and the carboxyamide
C=0 group of GLN195>** was calculated using the accelerated weight
histogram (AWH) method [26], following the protocol outlined in the
GROMACS manual (https://tutorials.gromacs.org/docs/awh-tutorial.ht
ml). The relevant parameters added to the .mdp file are listed in the
Supplementary Materials. The simulation was run for 500 ns using a
single walker.
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