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ABSTRACT: G-protein coupled receptors (GPCRs) are eukary-
otic integral membrane proteins that regulate signal transduction
cascade pathways implicated in a variety of human diseases and are
consequently of interest as drug targets. For this reason, it is of
interest to investigate the way in which specific ligands bind and
trigger conformational changes in the receptor during activation
and how this in turn modulates intracellular signaling. In the
present study, we investigate the way in which the ligand
Prostaglandin E2 interacts with three GPCRs in the E-prostanoid
family: EP1, EP2, and EP3. We examine information transfer
pathways based on long-time scale molecular dynamics simulations
using transfer entropy and betweenness centrality to measure the
physical transfer of information among residues in the system. We
monitor specific residues involved in binding to the ligand and investigate how the information transfer behavior of these residues
changes upon ligand binding. Our results provide key insights that enable a deeper understanding of EP activation and signal
transduction functioning pathways at the molecular level, as well as enabling us to make some predictions about the activation
pathway for the EP1 receptor, for which little structural information is currently available. Our results should advance ongoing efforts
in the development of potential therapeutics targeting these receptors.
KEYWORDS: G-protein coupled receptors, transduction cascade pathways, therapeutics, transfer entropy

■ INTRODUCTION
Prostaglandin E2 (PGE2) is a prostanoid molecule that
contributes to diverse physiological functions, including
immune responses, bone formation, cardiovascular protection,
inflammatory processes, and reproductive activity,1 through its
interaction with E-prostanoid (EP) G-protein-coupled recep-
tors (GPCRs) EP1, EP2, EP3, and EP4.2,3 GPCRs are proteins
that are situated in the cell membrane by their characteristic
seven transmembrane helices, and their major function is to
transmit an extracellular signal (e.g., made by a small molecule, a
photon, etc.) to the inside of a cell (Figure 1), which makes
GPCRs an excellent target for pharmaceuticals.4,5 A GPCR is
coupled to a G-protein inside the cell, and upon GPCR
activation the G-protein complex will dissociate, which in turn
sets off signaling cascades within the cell.
The activation of the EP GPCRs leads to the transduction of

distinct signaling pathways specific to each receptor. For three of
these EP receptors, experimental crystal and cryo-EM structures
enabled detailed structural insight into potential mechanisms for
activating these pathways, however the structure of EP1 remains
unknown.6−9 While there are similarities across the EP
receptors, it was found that the activation of EP2 differs
somewhat from those of other GPCRs.9 For example, a common

activation mechanism involved in Family A GPCRs, including
EP3, is the Trp toggle switch (i.e., transmission switch, CWXP)
mechanism. In this mechanism, a ligand interaction with W6.48

and subsequent change in orientation enables the cytoplasmic
end of transmembrane helix 6 (TM6) to shift outward and the
extracellular end of the TM region to shift inward.4,10 However,
EP2 does not have the conservedW6.48 and activation is thought
to proceed through hydrophobic contacts between M1243.40,
I2085.49, F2736.44, and L3047.41.9 Variation among activation
mechanisms across the EP receptor subtypes means that
elucidating the activation pathways specific to each agonist,
receptor, and coupled G-protein complex, especially in EP1
where the structure is unknown, remains a challenge.11

When investigating EP receptor activation, it is of interest to
characterize the way in which PGE2 affects information flow in
the receptor in order to develop more effective therapeutics
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specific to each receptor.12−14 The signal transmission from one
site of a protein to another site, influencing the activity of that
site, is known as allosteric communication.15,16 This mechanism
operates over a mechanical pathway that can be studied
quantitatively by implementing transfer entropy (TE) ap-
proaches.17 Such approaches allow for in-depth analysis of
residue motion with the goal of quantifying residue−residue
communication.18,19 In addition, methods of this type may be
promising when looking at the overall pathway along which the
information travels.16 The results of this method provide deeper
insights into the ways that each residue of the protein is affected
by the other residues in the protein, thereby giving us a
quantitative way to measure the amount of information
transferred between two allosteric sites. It is of particular
interest to examine changes in transfer entropy (or information
transfer behavior) in the protein as a whole and in specific
functional residues before and after a biologically relevant
transition (e.g., phosphorylation, ligand binding, etc.).16,20

The specific EP receptors are each coupled with different G-
proteins that have distinctive signaling pathways.2 The EP1
receptor is known to be involved in regulation of calcium ion
concentration and inducing smooth muscle contraction through

interaction with the Gαq protein: when the endogenous ligand
PGE2 binds to the EP1 receptor, it triggers intracellular Ca2+
levels to rise.21,22 The EP2 receptor binds to the Gαs protein and
is involved in increasing cyclic adenosine monophosphate
(cAMP) levels involved in smooth muscle relaxation. Interest-
ingly, the EP2 receptor is thought to also have a signal
transduction pathway that operates independently of any G-
protein.23 EP3 receptor activation triggers reduction in cAMP
levels which inhibits the relaxation of smooth muscle tissue
through binding to the Gαi protein.

21,24 The EP4 receptor is
involved in vascular relaxation as well as in the formation of new
blood vessels.22 The EP4 receptor resembles the action of the
EP2 receptor in such that it binds to the Gαs protein and is
positively coupled to adenylate cyclase.21 Although recently
published experimental structures of the EP2, EP3, and EP4
receptors have provided a wealth of information about EP
activation mechanisms, the complete picture of activation and
information transfer in EP receptors, especially in EP1, remains
an active area of research.6−9

In this paper, we present a systematic study of the behavior of
the EP1, EP2, and EP3 receptors with the use of transfer entropy
approaches to provide deeper understanding of the mechanisms

Figure 1. (A) Schematic illustration of a GPCR activated by a small molecule ligand (PGE2). Upon ligand binding, the Gα subunit releases GDP,
enabling GTP to bind, and the Gβ and Gγ subunits dissociate fromGα. The structure of PGE2 is provided in the top panel of the figure. (B) Schematic
illustration of EP1 (mustard), EP2 (magenta), and EP3 (cyan) and the primary Gα subunits to which they are coupled.
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that facilitate the information transfer from the ligand binding
site on the respective EP receptor to the intracellular site where
the initiation of signal cascade occurs. We study the residue−
residue communication by analyzing long-time scale molecular
dynamics (MD) simulation trajectories. The transfer entropy is
extracted from the variance-covariance matrix obtained from the
analysis of alpha-carbon (CA) fluctuations, and can be used to
characterize the “driving” and “responding” nature of each
residue in the protein, as well as the change in information
transfer upon ligand binding. We further compared residues
across the different receptors to gain a better understanding of
role of residues within EP receptors in the information transfer
process. The investigation thus provides molecular-level insights
to the binding and activation process of the PGE2 ligand with
GPCRs.

■ METHODS
System Preparation and MD Simulations. The complete

structures of original, inactive prostaglandin receptors EP1, EP2 and
EP3 were obtained from AlphaFold (Figure S1),25,26 with UniProt
accession numbers P34995, P43116, and P43115 respectively.
AlphaFold structures were selected in order to model the full protein
sequence for each receptor. Details regarding the alignment between
AlphaFold and experimental EP2 and EP3 structures are provided in
Table S1. The sequences were aligned (Table S1) using the G-protein
Database27 in order to assign Ballesteros-Weinstein28 (BW) numbering
scheme to each residue. The numbering scheme is provided in the
Supporting Information (Table S2). The receptors were capped with
zwitterionic terminal groups. The protein was placed in a phospholipid
bilayer with a composition of 90% POPC: 10%CHOLusing the lipid21
force field,29 and was solvated in a box of OPC water30 extended 15 Å
with 150 mM NaCl using packmol-memgen.31 The PGE2 ligand was
prepared by first aligning the AlphaFold structures to the reported
experimental structures of active receptors acquired from Protein Data
Bank (access codes for EP2 and EP3, respectively, are 7CX29 and
6AK37), then combining the PGE2 ligand from the experimental
structure with the apo AlphaFold structure to create holo model
systems. For the holo EP1 model, the PGE2 ligand was extracted from
the EP3 crystal structure. This choice was made because both EP1 and
EP3 have been shown to bind to the Gαi (secondary for EP1) and Gαq
(secondary for EP3) proteins, unlike EP2, which bind to Gαs (primary)
and Gαq (secondary) proteins.

2,23 The alignment was carried out for all
atoms using the align feature in PyMOL32 with RMSD provided in the
Supporting Information (Table S1). Gaussian1633 and GaussView634

were used to add hydrogens to the ligand and minimize energy, while
antechamber35 was used to assign force field parameters to the ligand
using the general force field gaff2.36 The ligand force field parameter file
is provided in the Supporting Information. The PGE2 ligand was
simulated in the anionic, carboxylate form.

All systems were constructed using LEaP (part of AmberTools37)
using the protein force field protein.ff19SB,38 general force field gaff2,36

lipid2129 force field, and OPC30 force field for water and ions; all
simulations were performed using AMBER22.37 The system was
equilibrated following the procedure described in the AMBER-
Membrane Protein Tutorial by C. J. Dickson.39 First, a short
minimization step was performed with CPU-version pmemd, then a
longer minimization step and all following steps were run with GPU-
version pmemd.cuda. Heating of the system occurred in two steps, one
5 ps-long up to 100 K, and another 100 ps-long up to 303 K. This was
followed by a 1 ns-long NPT (constant temperature, constant pressure)
equilibration with restraints on the receptors’ backbone atoms (and
PGE2 ligand heavy atoms, for holo complexes) throughout a 1 ns-long
NPT equilibration with Cartesian weights set at 5 kcal mol−1 Å−2;
another 1 ns-long NPT equilibration was then performed with the same
restraints but only on alpha-carbon (CA) atoms (and PGE2 ligand
heavy atoms, for holo complexes). Next, all constraints were removed
for a 100 ns-long NPT equilibration. Finally, a 0.5 μs-long NPT
production run utilized Monte Carlo barostat and hydrogen mass

repartitioning.40 The nonbonded cutoffs were chosen to be 10 Å in all
steps. SHAKE41 was applied to constrain bonds involving hydrogen
atoms, and Langevin’s thermostat was used with a collision frequency of
1.0 ps−1 to maintain the temperature of 303 K. Snapshots were saved
every 10 ps, and only the simulation trajectories from the final
production step were used for analysis. The resulting trajectories were
aligned and analyzed with CPPTRAJ42 as part of AMBER22, VMD,43

and the MDAnalysis44,45 package in Python; the structures were
visualized with VMD,43 PyMOL,32 and Flare.46−49 Convergence of the
simulations was assessed by plotting the total energy (Figure S2) and
per-residue root-mean-square fluctuations (RMSF) (Figure S3).50 The
per-residue RMSF measures the fluctuations of each α carbon from its
average position during the simulation. As shown in Figure S3, the
larger fluctuations are localized to the loop regions and not the
transmembrane helices. Residues that were within 3 Å of the PGE2
ligand for more than 75% of the trajectory were considered to be
relevant residues in the ligand binding site. TheHBonds plugin in VMD
was used to determine which residues form hydrogen bonds with PGE2
during the simulation, where two heavy atoms were considered to
participate in a hydrogen bond within a distance cutoff of 3.0 Å and
angle cutoff of 20°.

Transfer Entropy Calculations. All analyses were based on the
position of the alpha- carbon (CA) atoms of each residue over the
duration of the last production step, using MDAnalysis44,45 package in
Python. The input for variance-covariance and transfer entropy analysis
is calculated by the fluctuation of each CA atom with respect to the
average position over time. Pearson correlation coefficients were used
to quantify linear correlations of allosteric communication between the
residues. More detailed information can be found in works by Garcia
Michel et al.16 Here, we restate the relevant highlights for clarification.
Specifically, for the system with n CA atoms, by denoting the time-
dependent position of the ith CA atom in vector Xi having average
position X̅i, the variance-covariance matrix of fluctuations is defined by
the symmetric, positive semidefinite n × n matrix C where

=C X X X X( )( )ij i i j j (1)

Satisfactory convergence of the variance-covariance matrix C was
obtained using a block analysis approach (Figure S4).18,51,52 Thematrix
of Pearson correlation coefficients of C are diagonalized wherein

=Cov C U U( ) 1 (2)

such that only the frequencies of motions with eigenvalues λi> 0.01 inΛ
were retained. Following the dynamic Gaussian Network Model
(dGNM) method, the transfer entropy from CA atom i to atom j is
calculated as described by Hacisuleyman and Erman:53
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where n × n matrix A, depending on the kth eigenvalue λk ∈ Λ, is
defined by the product of the ith and jth component of the kth
eigenvector in U,

=A k u k u k( ) ( ) ( )ij k i j
1

(4)

Finally, the directional normalized transfer entropy (DNTE) from
residue i and j is the difference of the normalized transfer entropy from i
to j and normalized entropy transfer from j to i:

= [ ]DNTE T T( ) ( ) 1, 1i j i j j i (5)

Contextually, DNTE implies the magnitude and direction of
information flow: DNTEi→j = 1 implies that the net information flow
is entirely directed from residue i to residue j (or from j to i forDNTEi→j

= −1), while DNTEi→j = 0 indicates the lack of, or equal but opposite,
information flow between residues i and j. One way to distinguish
between these two cases of low DNTE is to treat the transfer entropy as
a directed network54,55 and calculate the betweenness centrality for
each residue. Residues with high TE but low DNTE generally show up
with high betweenness, where residues with low TE and low DNTE
generally show up with low betweenness. Additionally, residues with
high betweenness provide a first level of insight into pathways of
information flow through the protein, indicating points of high
information throughput between strongly driving and strongly
receiving residues. In practice, we use the built-in functions in
Mathematica56 to create the adjacency network and calculate the
betweenness centrality for each DNTE matrix in our study.

Because our focus in this work is to study the effect of ligand binding,
we calculate the sign difference matrix18 for each pair of apo/holo
DNTE matrices corresponding to each receptor in our study. Each
element in the signed difference matrix, SGN wherein

l
m
ooooooo

n
oooooo

=

> <

< >SGN

if DNTE apo and DNTE holo

if DNTE apo and DNTE holo

otherwise

1, ( ) 0 ( ) 0

1, ( ) 0 ( ) 0

0,

i j

i j i j

i j i j

(6)
is calculated such that the sign difference matrix will be positive if the
DNTE from i to j switches from responding in the apo simulation to
driving in the holo simulation and negative otherwise (we note that
there are no off-diagonal elements in the DNTEmatrix that are equal to
zero).

■ RESULTS AND DISCUSSION
In our simulations of the holo complexes, we find that the PGE2
ligand remains stable in the receptor and makes durable contacts
(≤3 Å heavy atom distance for >75% of the trajectory, Table S3)
with residues that have been identified in structural and
functional studies as being important for binding and signaling.
In all holo complexes, R7.40 forms hydrogen bond contacts with
the α chain carboxyl group of the PGE2 ligand, as shown in
Figure 2. The hydrogen bond interaction between the carboxyl
group and the conserved R is known to be crucial for functional
activation of EP receptors.57 In EP2, residues in TM1, TM2, and
TM7 make stable contacts with the ligand (Figure 2B),
consistent with the contacts in the experimental structure. In
particular, S281.39, W186ECL2, and R3027.40 form consistent
hydrogen bond contacts with the PGE2 carboxyl group.
Residues T822.54 and S3057.43 with the carbonyl and hydroxyl
groups on the PGE2 E ring that are known to facilitate the
formation of an extended polar network connecting the ligand
and the protein and allowing the ligand to move down into the
binding pocket.9 In addition, L3047.42 also forms contacts with
the ω chain of PGE2. Residues D782.50 and W186ECL2 also form
consistent hydrogen bond interactions with the PGE2 ω chain

Figure 2. Equilibrated structures and relevant residues for (A) EP1, (B) EP2, and (C) EP3. The PGE2 ligand is shown as sticks (gray). The lower
panels show zoomed-in views of the region around the ligand binding site for each receptor with residues that are within ≤3 Å of PGE2 for >75% of the
trajectory shown as sticks.
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hydroxyl and α chain carboxyl group, respectively. W186ECL2 is
known to interact with other EP2 agonists and is in proximity to
T185ECL2, which is also known to interact with PGE2.

9 D782.50
forms stable contacts with the ligand during simulations, though
not mentioned explicitly in the available literature; however,
D2.50 is known to interact with PGE2 in the EP3 receptor.7

In EP3, we observe the consistent hydrogen bond interactions
between the PGE2 α chain carboxyl group and residues Y1142.64
in addition to R3027.40 (Figure 2C). Likewise, M1373.32 is also
observed to interact with the PGE2 α chain, in agreement with
contacts identified in the crystal structure. Also consistent with
the experimental structure, V3327.39 was observed to interact
with the PGE2 ω chain. Residue Q3397.46 is known to be part of
the binding pocket for PGE2, and here Q7.46 was observed to
form hydrogen bond contacts with the E ring hydroxyl group.
While there is no experimental structure for EP1, the residues

identified as forming consistent contacts are consistent with
those observed for EP2 and EP3. As the with other receptors,
R3387.40 forms hydrogen bonds with the PGE2 α chain carboxyl
group. A hydrogen bond is also observed between the PGE2 E
ring hydroxyl group and H882.54, and G872.53 is also in close
proximity to the PGE2 ligand during the simulation. For EP2,

T822.54 interacts with the α chain carboxyl group instead of the E
ring hydroxyl group. Similar to EP2, S3417.43 is consistently close
to the ω chain, however, specific hydrogen bonds are not
observed in the EP1 simulation. EP1 also forms contacts similar
to those observed in EP3.M1173.32 forms consistent interactions
with the ω chain. Q3447.46 is also a close contact, but it forms a
hydrogen bond with theω chain hydroxyl group instead of the E
ring hydroxyl group as in EP3.
We focus our analysis in this work on residues that show

significant changes in the sign of the transfer entropy upon
ligand binding (see Methods section, above, and Figure 3;
absolute TE matrices are provided in Figure S5). In general, we
find that in the proximity of the ligand binding pocket, TM1,
TM2, and TM7 switch from driving to responding upon ligand
binding while TM3, TM4, TM5, and TM6 switch from
responding to driving, particularly on the extracellular end, in
all three receptors (Figure 3). Most of the residues interacting
with the PGE2 ligand during the simulations were located on
TM1, TM2, and TM7, and as in general, these specific residues
switch from driving to responding upon ligand binding. For
example, R7.40 plays an important role in binding to the carboxyl
group of the ligand and switches from driving to responding

Figure 3. Signed difference matrix (bottom panels) and row-wise sum of each matrix plotted on each receptor (top panels) for (A) EP1, (B) EP2, and
(C) EP3. The signed difference matrix (eq 6 in the text) shows the change in information transfer relationship between residues i (on the vertical axis)
and j (on the horizontal axis) upon ligand binding. Positions of transmembrane helices are marked along the top and right axes in blue and pink boxes.
For each pair of residues, if ligand binding causes the information transfer to switch direction/sign, a red value indicates that i switches from receiving in
the apo state to driving in the holo state; a blue value indicates that residue i switches from driving in the apo state to receiving in the holo state. Residue
pairs in white on the signed difference matrix indicate no sign switching upon ligand binding. The row-wise sum of the signed difference matrix
provides an overview of the net change in information transfer behavior of each residue upon ligand binding. The results of this sum are visualized on
the protein structure in the top panels.
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upon ligand binding in all three of our systems. Interestingly,
some differences are observed between the receptors for
residues that bind PGE2 in both EP1 and EP3. For example,
M3.32 switches from responding to driving upon ligand binding,
and this shift is more dramatic in both EP1 and EP3 than in EP2.
In addition, while Q7.46 switches to responding for EP1 and EP3,
the corresponding S7.46 in EP2 switches to driving.
While the row-wise sum of the signed difference matrix can

provide valuable information about a whether a residue is
generally driving or responding upon ligand binding, it does not
provide the entire story. For example, a residue that is drives
information transfer just as much as it responds will have a very
low row-wise sum, regardless of the magnitude of information
that is transferred through that residue. Thus, in addition to
investigating the difference in transfer entropy upon ligand
binding, we also investigated the difference in betweenness
centrality, as described in the methods.
The change in betweenness centrality that occurs upon ligand

binding for each receptor is provided in Figure 4 (betweenness
centrality for apo and holo is provided in Figure S6). As shown in
the plot there is a general increase in betweenness upon ligand
binding for EP1, while for EP3 there is a general decrease. On
the other hand, there appears to be a balance between increasing
and decreasing betweenness across residues for EP2. To verify
these general trends across receptors, the average betweenness
change per residue was calculated for residues within the TM
region and including Helix 8 (i.e., excluding the N- and C-
terminal loops). The averages, provided in Table 1 also show an
average increase in betweenness for EP1, no average change for
EP2, and an average decrease for EP3.
Examination of the betweenness centrality of individual

functional residues provides insight into possible mechanisms of
communication by which the signal travels through the protein.

In particular, we considered how the betweenness changes for
the conserved toggle switch residue W6.48 (and associated
residues) in EP3 and for the residues involved in the alternative
hydrophobic contact mechanism reported for EP2. In Table 2,
the difference in the row-wise sum of the signed difference
matrix and in the betweenness are provided for residues involved
in EP2 or EP3 activation for all receptors. These individual
residues mirror the general betweenness trends described above,
with increases for EP1, no change for EP2, and decreases for EP3

Figure 4. Per-residue difference in betweenness centrality upon ligand binding (holo minus apo) for (A) EP1, (B) EP2, (C) EP3 shown in mustard,
magenta, and cyan, respectively. Residues that have greater betweenness centrality in the holo complex show up with positive values, and those with
greater betweenness in the apo complex have negative values. The row-wise sum of the signed difference matrix is shown in gray for each complex;
residues that predominantly switch from responding to driving upon ligand binding show positive values, residues that switch from driving to
responding upon ligand binding show negative values. The positions of each transmembrane helix are shaded in gray and labeled above each plot.

Table 1. Average Per-Residue Difference in Betweenness
Centrality upon Ligand Binding (Holo Minus Apo) for EP1,
EP2, EP3a

Receptor
Average betweenness centrality

difference per residue
Residues included in

calculation

EP1 62.39 35−374
EP2 0.47 24−332
EP3 −30.01 52−369

aCalculations were carried out for residues within the TM region.

Table 2. Difference in the Row-Wise Sum of the DNTE
Signed Difference Matrix (SGN) and Difference in
Betweenness Centrality upon PGE2 Binding for Residues
Involved in the Hydrophobic Contact and Toggle Switch
Activation Mechanisms for EP2 and EP3, Respectively

Residues involved in
activation for Residues binding to

Residues
ΔRow-wise sum
of SGN

ΔBetweenness
centrality

EP1
EP2a (hydrophobic
contacts)

L1253.40 −24 179.15
L2155.49 −103 167.31
S3066.44 −148 271.76
A3407.41 −218 127.65

EP3b (toggle switch) S2095.43 132 16.57
W3106.48 −135 346.98
M3136.51 −9 102.73
EP2

EP2a (hydrophobic
contacts)

M1243.40 −7 2.19
I2085.49 64 −4.90
F2736.44 −84 214.30
L3047.41 −184 58.12

EP3b (toggle switch) T2025.43 119 15.33
S2776.48 −103 −27.09
F2806.51 −32 −30.85
EP3

EP2a (hydrophobic
contacts)

L1453.40 152 −128.16
L2405.49 78 −106.45
L2916.44 −12 −133.27
A3357.41 31 −98.52

EP3b (toggle switch) F2345.43 101 −197.18
W2956.48 86 −136.54
L2986.51 104 −115.02

aIdentified in ref 9. bIidentified in ref 7.
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upon ligand binding. In the case of EP3, the difference in the
row-wise sum of the signed difference matrix is positive for the
toggle switch residues proposed in the literature (involving
W2956.48, F2345.43, and L2986.51) and the betweenness
decreases. The decrease in betweenness indicates that as the
residues involved in the switch become more driving in terms of
information transfer, they can actually be described as more
directing in that fewer information transfer pathways pass
through the residues. In other words, only specific information is
passing through these residues. On the other hand, in the case of
EP2, the difference in the row-wise sum of the signed difference
matrix is mostly negative for residues involved in activation
(M1243.40, I2085.49, F2736.44, L3047.41) and the betweenness
increases. These residues become more responding upon PGE2
binding, however the increase in betweenness indicates that
more information is transferred through these residues. In other
words, the residues become moremediating, that is, they are able
to initiate receptor activation via information transferred from
other surrounding residues.
Interestingly, while EP1 has a conserved W3106.48 toggle

switch that would lead us to expect a similar activation
mechanism to EP3, the information transfer signatures in EP1
are more similar to the hydrophobic contact mechanism
observed in EP2. As a result, we predict that EP1 activation
occurs via a slightly different mechanism than in EP3. While for
EP3 the toggle switch directs information transfer to other
residues upon interaction with PGE2, we expect that in EP1,
PGE2 will transfer information to the toggle switch via multiple
pathways, which will then result in receptor activation. From a
molecular-level perspective, we observe that PGE2 has contacts
(with heavy atoms≤3 Å apart) with EP3W2956.48 for 63% of the
500 ns simulation but only contacts EP3 W3106.48 for 8% of the
500 ns simulation. These observations support the proposed
differences in activation mechanism for EP1 compared to EP3.

■ CONCLUSIONS
In this study, molecular dynamics simulations of Prostaglandin E
receptors are analyzed using a transfer entropy approach in order
to understandmolecular-level interactions that lead to activation
upon PGE2 binding. Three EP receptors were considered in this
work: EP1, EP2, and EP3. The PGE2 ligand was shown to
interact with experimentally identified residues throughout the
simulations. TE analysis revealed that key residues switch their
information transfer behavior upon ligand binding. Most key
residues switch their behavior from driving information transfer
to responding to information upon ligand binding. For example,
R7.40, a key residue that forms hydrogen bonds with the PGE2
carboxyl group, switches from driving to responding, but M3.32, a
residue that interacts with the hydrophobic ω chain, switches
from responding to driving. In general, residues near the PGE2
binding site (extracellular end) in TM1, TM2, and TM7 switch
to responding, while those in TM3, TM4, TM5, and TM6
switch to driving. The betweenness centrality of the TE matrix
was also considered in order to obtain a molecular-level
description of how the information pathways change upon
ligand binding, where increasing betweenness indicates more
information pathways pass through that residue.
In particular, we aimed to obtain information regarding the

activation mechanism in EP1, for which there is no experimental
structure. Two activation mechanisms were considered, the
W6.48 toggle switch mechanism known in EP3,7,10 as well as the
hydrophobic contact mechanism known in EP2.9 The W6.48

toggle switch is present in both EP1 and EP3; however, the TE

signatures observed from the simulations suggest differences in
the specific activation mechanism. In EP3, the residues involved
in the toggle switch mechanism become more directing upon
PGE2 binding, that is, they become more driving of information
transfer, but their betweenness centrality decreases, indicating
fewer information transfer pathways pass through the residues.
On the other hand, in EP2, the residues involved in activation
become more mediating upon PGE2 binding. These residues
become more responding to information transfer, but their
betweenness increases, which indicates that although they can
initiate activation, it likely involves receiving information from
other residues.
In the case of EP1, we observe differences in mechanism and

ligand contact between the toggle W6.48 in EP1 and EP3.
Whereas toggle switch residues become more directing in EP3,
the corresponding residues in EP1 become more mediating.
These results suggest that structural information on EP1 might
reveal the toggle W6.48 positioned differently from EP3.
However, recent work by Pegram et al. highlights the complexity
in structure/dynamic relationships, where they showed that two
drug compounds can bind to a kinase in crystallographically
indistinguishable poses but have exactly opposite effects on the
conformational dynamics by NMR.58 Thus, even if a structure
shows good alignment between W6.48 in EP1 and EP3, our
results predict these receptors may still operate by different
mechanisms. The mechanistic implications of driving vs
mediating residues for drug design are an active area of
research.20,59 As these results indicate, using transfer entropy
approaches to elucidate the distinct activation mechanisms in
prostaglandin receptors is informative for establishing protein−
ligand interaction and communication pathways. Thus, these
results will be useful for future drug design targeting the human
PGE2 receptors, and potentially other GPCRs as well.
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S.; Domanśki, J.; Dotson, D.; Buchoux, S.; Kenney, I.; Beckstein, O.
MDAnalysis: A Python Package for the Rapid Analysis of Molecular
Dynamics Simulations; Austin. Texas 2016, 98−105.
(46) Flare, 2022. http://www.cresset-group.com/flare/.
(47) Cheeseright, T.; Mackey, M.; Rose, S.; Vinter, A. Molecular Field
Extrema as Descriptors of Biological Activity: Definition and
Validation. J. Chem. Inf. Model. 2006, 46 (2), 665−676.
(48) Bauer, M. R.; Mackey, M. D. Electrostatic Complementarity as a
Fast and Effective Tool toOptimize Binding and Selectivity of Protein−
Ligand Complexes. J. Med. Chem. 2019, 62 (6), 3036−3050.
(49) Kuhn, M.; Firth-Clark, S.; Tosco, P.; Mey, A. S. J. S.; Mackey, M.;
Michel, J. Assessment of Binding Affinity via Alchemical Free-Energy
Calculations. J. Chem. Inf. Model. 2020, 60 (6), 3120−3130.
(50)Welford, B. P. Note on aMethod for Calculating Corrected Sums
of Squares and Products. Technometrics 1962, 4 (3), 419−420.
(51) Barr, D.; Oashi, T.; Burkhard, K.; Lucius, S.; Samadani, R.;
Zhang, J.; Shapiro, P.; MacKerell, A. D.; van der Vaart, A. Importance of
Domain Closure for the Autoactivation of ERK2. Biochemistry 2011, 50
(37), 8038−8048.
(52) Kamberaj, H. Sampling Convergence Of Collective Motions In
Proteins. J. Appl. Phys. Sci. Int. 2017, 101−112.
(53) Hacisuleyman, A.; Erman, B. Causality, Transfer Entropy, and
Allosteric Communication Landscapes in Proteins with Harmonic
Interactions. Proteins Struct. Funct. Bioinforma. 2017, 85 (6), 1056−
1064.
(54) Novelli, L.; Lizier, J. T. Inferring Network Properties from Time
Series Using Transfer Entropy and Mutual Information: Validation of
Multivariate versus Bivariate Approaches. Netw. Neurosci. 2021, 5 (2),
373−404.
(55) Novelli, L.; Atay, F. M.; Jost, J.; Lizier, J. T. Deriving Pairwise
Transfer Entropy from Network Structure and Motifs. Proc. R. Soc.
Math. Phys. Eng. Sci. 2020, 476 (2236), 20190779.
(56) Wolfram Research, Inc. Mathematica, 2022. https://www.
wolfram.com/mathematica.
(57) Chang, C.; Negishi, M.; Nishigaki, N.; Ichikawa, A. Of Functional
Intheraction of Carboxylic Acid Groupof Agonists and Arginineof the
SeventhTransmembrane Domains of Four ProstaglandinE Receptor
Subtypes. Prostaglandins 1997, 54, 437−446.
(58) Pegram, L. M.; Liddle, J. C.; Xiao, Y.; Hoh, M.; Rudolph, J.;
Iverson, D. B.; Vigers, G. P.; Smith, D.; Zhang, H.; Wang, W.; Moffat, J.
G.; Ahn, N. G. Activation Loop Dynamics Are Controlled by
Conformation-Selective Inhibitors of ERK2. Proc. Natl. Acad. Sci. U.
S. A. 2019, 116 (31), 15463−15468.
(59) Maschietto, F.; Gheeraert, A.; Piazzi, A.; Batista, V. S.; Rivalta, I.
Distinct Allosteric Pathways in Imidazole Glycerol Phosphate Synthase
from Yeast and Bacteria. Biophys. J. 2022, 121 (1), 119−130.

ACS Applied Bio Materials www.acsabm.org Forum Article

https://doi.org/10.1021/acsabm.2c01049
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab852
https://doi.org/10.1093/nar/gkab852
https://doi.org/10.1016/S1043-9471(05)80049-7
https://doi.org/10.1016/S1043-9471(05)80049-7
https://doi.org/10.1016/S1043-9471(05)80049-7
https://doi.org/10.1016/S1043-9471(05)80049-7
https://doi.org/10.1016/S1043-9471(05)80049-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c01217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501780a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501780a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/acs.jctc.9b00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://github.com/callumjd/AMBER-Membrane_protein_tutorial
https://github.com/callumjd/AMBER-Membrane_protein_tutorial
https://doi.org/10.1021/ct5010406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5010406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1021/ct400341p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400341p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/jcc.21787
https://doi.org/10.1002/jcc.21787
https://doi.org/10.25080/Majora-629e541a-00e
https://doi.org/10.25080/Majora-629e541a-00e
http://www.cresset-group.com/flare/
https://doi.org/10.1021/ci050357s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci050357s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci050357s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c00165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00401706.1962.10490022
https://doi.org/10.1080/00401706.1962.10490022
https://doi.org/10.1021/bi200503a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi200503a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.25272
https://doi.org/10.1002/prot.25272
https://doi.org/10.1002/prot.25272
https://doi.org/10.1162/netn_a_00178
https://doi.org/10.1162/netn_a_00178
https://doi.org/10.1162/netn_a_00178
https://doi.org/10.1098/rspa.2019.0779
https://doi.org/10.1098/rspa.2019.0779
https://www.wolfram.com/mathematica
https://www.wolfram.com/mathematica
https://doi.org/10.1016/S0090-6980(97)00064-6
https://doi.org/10.1016/S0090-6980(97)00064-6
https://doi.org/10.1016/S0090-6980(97)00064-6
https://doi.org/10.1016/S0090-6980(97)00064-6
https://doi.org/10.1073/pnas.1906824116
https://doi.org/10.1073/pnas.1906824116
https://doi.org/10.1016/j.bpj.2021.11.2888
https://doi.org/10.1016/j.bpj.2021.11.2888
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

