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A B S T R A C T   

Proton-sensing G Protein Coupled Receptors (GPCRs) sense changes in the extracellular pH to effect cell signaling 
for cellular homeostasis. They tend to be overexpressed in solid tumors associated with acidic extracellular pH, 
and are of direct interest as drug targets. How proton-sensing GPCRs sense extracellular acidification and activate 
upon protonation change is important to understand, because it may guide the design of therapeutics. Lack of 
publicly available experimental structures make it challenging to discriminate between conflicting mechanisms 
proposed for proton-binding, as main roles have been assigned to either an extracellular histidine cluster or to an 
internal carboxylic triad. Here we present a protocol to derive and evaluate structural models of the proton- 
sensing GPR68. This approach integrates state-of-the-art homology modeling with microsecond-timescale 
atomistic simulations, and with a detailed assessment of the compatibility of the structural models with 
known structural features of class A GPCRs. To decipher structural elements of potential interest for protonation- 
coupled conformational changes of GPR68, we used the best-compatible model as a starting point for inde
pendent atomistic simulations of GPR68 with different protonation states, and graph computations to charac
terize the response of GPR68 to changes in protonation. We found that GPR68 hosts an extended hydrogen-bond 
network that inter-connects the extracellular histidine cluster to the internal carboxylic triad, and which can 
even reach groups at the cytoplasmic G-protein binding site. Taken together, results suggest that GPR68 relies on 
dynamic, hydrogen-bond networks to inter-connect extracellular and internal proton-binding sites, and to elicit 
conformational changes at the cytoplasmic G-protein binding site.   

1. Introduction 

G-Protein Coupled Receptors (GPCRs) form the largest superfamily 
of the human genome, and about 35% of the approved drugs in the 
market target GPCRs [1]. GPCRs are integral membrane proteins 
localized in cell membranes where they sense external messengers such 
as light, neurotransmitters, drugs, or protons, triggering downstream 
signaling pathways that elicit a specific cellular response [2,3]. Exper
imental and computational studies have deciphered key common prin
ciples of GPCRs mechanisms of action [4–8] and enabled progress in 
drug discovery [9–11]. Among GPCRs, a small sub-set function as pH 

sensors in various cell types [12]. These are the ovarian cancer receptor 
OGR1, or GPR68 [13], the T-cell death-associated gene 8 (TDAG8), or 
GPR65, GPR4 [14,15], GPR31 and GPR151 [16–18] and, potentially, 
the oncogenic G2A receptor, or GPR132 [19]. Proteins can sense pH via 
protonation changes of titratable sidechains, often histidine (His) and 
carboxylic sidechains (Asp, Glu) that titrate at physiological pH range 
[20,21] and, such groups are at the center of two distinct scenarios 
proposed to explain how pH-sensing GPCRs might work: Early studies 
assigned to a cluster of extracellular His sidechains a primary role as pH 
sensors [13], whereas more recent data were interpreted to suggest that 
pH sensing is accomplished primarily with a triad of carboxylic groups 
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[22]. A fundamental open question is whether and how the external and 
internal titratable sidechains might communicate with each other along 
the activation path of a proton-sensing GPCR. To address this question, 
here we studied the protonation-coupled dynamics of GPR68 with a 
computational approach that integrates structural modeling, atomistic 
simulations, and graph-based algorithms. 

GPR68, which is one of the best characterized pH-sensing GPCRs, is 
active at pH ~6.8 and inactive at pH ~7.8 [13]. At its extracellular side 
GPR68 has a His cluster (Figs. 1, 2) whose role in pH sensing has been 
investigated via site-directed mutagenesis [13]. Single GPR68 mutants 
in which H171.28, H201.31, H842.67, or H2697.36, were each mutated to 
Phe, exhibited reduced pH sensitivity of receptor activation at pH ~6.8, 
and the H245F mutant, significantly decreased pH sensitivity [13]. 
(Note that the upper scripts indicate the Ballesteros Weinstein, BW, 
numbers for class A GPCRs [23]). The reduced proton sensitivities of the 
H20F, H245F and H269F mutants were confirmed by more recent 
experimental data [24,25]. Intriguingly, the impact on proton sensing 
was smaller when H2456.52 and H2697.36 were mutated to Ala than to 
Phe, which could be interpreted to suggest that these two His sidechains 
might have structural roles [25]. The double mutants H17F/H84F and 
H20F/H269F had activity profiles similar to the corresponding single 
mutants, and even the quadruple mutant, with all four His mutated to 
Phe, still retained some function. When five [13] or seven extracellular 
His sidechains [25] were mutated to Phe some activity remained, 
though it was significantly impaired. 

That mutation of selected extracellular His sidechains to Phe de
creases proton sensitivity was also observed for TDAG8, whose H243F 
mutant (H2456.52 in OGR1) has reduced proton sensing [26], and for 
G2A (also known as GPR132), whose H174F mutant (H1594.63 in 
GPR68) had a somewhat reduced pH-dependent activation [27]. But 
G2A is significantly less pH-sensitive than its homologues [28] and, 
although single or double His-Phe mutations in GPR4 left the maximal 
receptor activity largely unchanged, the response of the receptor to
wards was shifted more acidic values - suggesting that carboxylic groups 
might be involved [29]. 

Carboxylic groups of direct interest for proton binding to GPR68 are 
D672.50, E1494.53, and D2827.49, which were proposed to establish the 
so-called carboxylic triad that senses pH in GPCRs [22] (Figs. 1, 2). 
Proton binding and protonation change at the conserved D2.50 
(Table S1) were also proposed before for class A GPCRs such as bovine 
rhodopsin [30,31], the M2 muscarinic receptor D2.50 [32], and the β1 
adrenergic receptor –which favors an inactive conformation when D2.50 
is neutral [33]. For GPR68, GPR4 and GPR65, site-directed mutagenesis 

and pH activation suggested that D2.50 is likely negatively charged at 
alkaline and intermediate pH values, and neutral at an acidic pH where 
the receptor is fully active [22]. The same protonation states were 
suggested for E1494.53, whereas D2827.49 is thought to be neutral at both 
intermediate and acidic pH values [22]. 

The second carboxylic group of the internal triad, E1494.53, is 
conserved as Glu in three of the pH-sensing GPCRs (Table S1); moreover, 
the finding that mutations at position 4.53 are detrimental to the re
ceptor [40,41] suggests that residue 4.53 could be important for protein 
folding and conformational dynamics [40]. The third carboxylic group 
of the triad, D2827.49, is part of the DPxxY functional motif that rear
ranges upon receptor activation [42]. Moreover, in high-resolution 
experimental structures of class A GPCRs, amino acid residues 2.50 
and 7.49 are also part of a common, conserved protein-water hydrogen 
(H)-bond network with several other groups essential for function [43]. 
Rearrangements of the conserved motifs are accompanied by an out
ward movement of the cytoplasmic end of transmembrane (TM) helix 6, 
and of TM7 towards TM3 [8]. 

How the internal carboxylic triad might collect protons from the 
extracellular side of GPR68 and other pH-sensing GPCRs, and how 
changes in the protonation state of the internal carboxylic triad elicit 
protein conformational changes that ultimately lead to receptor acti
vation, remains largely unknown. For the internal carboxylic triad to 
bind protons from the extracellular bulk, or to sense protonation change 
at an extracellular site, long-distance couplings between the internal 
carboxylic triad and the extracellular side would be required. Our hy
pothesis is that dynamic water-mediated H-bond networks are central to 
such long-distance coupling. This hypothesis is compatible with the key 
role of internal water molecules and water-mediated H-bond networks 
in proton transporter function [44–47] and GPCR activation [48–52]. 

To find out whether protein-water H-bond networks might connect 
the internal carboxylic triad to the extracellular side of a pH-sensing 
GPCR, here we study the dynamics of GPR68 for different protonation 
states. Our computational approach integrates structural modeling of 
GPR68, 18 atomistic simulations with a total sampling time of 14 μs, a 
protocol to evaluate GPR68 structural models, and graph-based com
putations of dynamic protein-water H-bond networks. We find that 
extracellular His sidechains of GPR68 are part of an extended water- 
mediated H-bond network with multiple carboxylic groups. This 
water-mediated histidine-carboxylic cluster connects to the internal 
carboxylic triad via protein-water H-bond networks whose dynamics 
depend on the protonation state of GPR68. 

Fig. 1. Location of selected titratable side
chains of GPR68. (A) Cut-away view of 
membrane-embedded GPR68, based on a 
simulation presented here. Lipid and water 
molecules shown are within 10 Å and, respec
tively, 3 Å of the protein. His, Asp, and Glu 
sidechains shown are thought important for 
proton sensing. (B) Conservation of selected 
His, Asp, and Glu sidechains in human class A 
GPCRs. The height of each amino acid residue 
symbol indicates its conservation among the 
class A GPCR sequences aligned. The corre
sponding amino acid residue in GPR68 is indi
cated at the top of the panel; when existing, the 
corresponding number in the BW scheme is 
indicated at the bottom of the panel. The 
thinner one-letter symbols for positions 1.28, 
1.31 and 2.67 indicate gaps in some of the 
aligned GPCR sequences. More detailed con
servation analyses for pH-sensing GPCRs are 
presented in Fig. S1 and Tables S1, S2. The 
sequence alignment was performed using 

GPCRdb and is deposited in the Mendeley repository indicated in the Supporting Information that accompanies this work.   
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2. Methods 

Homology modeling of GPR68 using GOMoDo. The webserver GPCR 
Online Modeling and Docking, GOMoDo [53], and its newly released 
version pyGOMoDo [54] have been validated for the state-of-the-art 
modeling of GPCRs [53]. We used these tools to select templates for 
GPR68 homology modeling and to perform multiple sequence align
ments (MSAs) with the search-and-align algorithm HHblits (profile 
hidden Markov Models (HMM), HMM-HMM-based lightning-fast itera
tive sequence search [55–57]). HHblits converts the MSA into an HMM, 
searches the HMM database, and relies on an expected (E) value 
threshold to query the MSA [57]. To select templates we used as criteria 
an E < 10-3, the higher sequence identity between template and target, 
and structural conservation of the corresponding BW positions in the 
protein sequences [23]. An additional comparison was made with 
GPCRdb [58] to extract, from the GOMoDo hits, those with higher 
conservation in the region of the extracellular His cluster of GPR68. 
Templates selected for the GOMoDo homology modeling are presented 
in Table S3. 

Modeling of disulfide bridges and of the N-terminus. There is some un
certainty about the disulfide bridges in GPR68. Class A GPCRs typically 
have a conserved disulfide bridge between C943.25 and C17245.50 [59]. 
In the case of GPR68, an additional disulfide bond might connect C131.24 

to C258ECL3 [25]. Given this uncertainty, for each template used in the 
GOMoDo homology modeling above we performed two separate 
MODELLER calculations [60,61] distinguished by the restraints imposed 
on disulfide bridges: one calculation with a C943.25-C17245.50 bridge 
and, separately, one calculation with C943.25-C17245.50 and 
C131.24-C258ECL3 disulfide bridges. For each set of restraints on the di
sulfide bridges we generated 1000 GPR68 models, for a total of 6000 
models, which we then ranked according to their calculated DOPE score 
[62]. For each set of structures generated from a given template, we 
visually inspected the ten highest-scoring models, discarded models 
with unstructured regions or other structure artifacts, and kept the 
structure that had both the highest DOPE score and lacked structure 

artifacts. Thus, we kept in total six models, one for each of the templates 
used (Table 1). 

As all structural templates used lacked coordinates for the N-terminal 
segment, we used the loop modeling function of MODELLER to refine 
the coordinates of the N-terminal 18 amino acid residues of each GPR68 
model. 

AlphaFold AI-based model and C-terminal palmitoylation of GPR68. The 
AlphaFold [63] model of GPR68 (as available on alphafold.ebi.ac.uk) is 
based on the multiple templates listed in Table S3. AlphaFold uses a 
per-residue confidence metric denoted as predicted local distance dif
ference test, pLDDT, whereby a score of 100 indicates the highest con
fidence in the accuracy of the model, and scores between 70 and 90 
show a confident model. The overall pLDDT score of the AlphaFold 

Fig. 2. Location of the conserved functional 
motifs and of the putative proton-binding sites 
of GPR68. (A) Amino acid residue sidechains of 
the conserved motifs of class A GPCRs are 
shown as bonds colored pink (DPxxY motif, 
D2827.49, P2837.50, and Y2867.53), cyan, (DRY 
motif R1193.50, D1183.49, Y1203.51), orange 
(CFxP transmission switch, C2406.47, F2416.48, 
and P2436.50), and gray (PVF motif, P1975.50, 
V1093.40, and F2376.44). DRY is involved in the 
binding of the cytoplasmic G protein [34,35], 
CFxP, in the movement of TM5 and TM6 during 
receptor activation [36,37], PVF, in structural 
rearrangement of F6.44 and I3.40 [38]. A sodium 
ion is a negative allosteric modulator [8,39]. 
(B) Location of the His, Asp, and Glu groups in 
GPR68. Note the cluster of carboxylic and His 
groups at the extracellular side; fewer such 
groups are in the core and intracellular regions 
of GPR68. The conservation of amino acid res
idues in pH-sensing GPCRs is presented in 
Table S1.   

Table 1 
Summary of structural models we prepared. We indicate the sequence identity 
between template and target, when present, the disulfide bridges, and the 
sequence range of the homology model. The Protein Data Bank (PDB, [66]) 
codes for the structures used as template are listed in Table S3.  

Model# Proteins used as 
template (s) 

Sequence 
Identity (%) 

Disulfide 
bridges 

Sequence range 

Homology models prepared with GOMoDo 
1 Protease 

Activated 
Receptor 2 
(5NJ6 - Inactive) 

17 C94-C172 1–299 
2 C94-C172, 

C13-C258 

3 Angiotensin II 
Type 1 Receptor 
(4ZUD - Inactive) 

20 C94-C172 12–299 
4 C94-C172, 

C13-C258 
1–299 

5 Angiotensin II 
Type 1 Receptor 
(6DO1- Active) 

C94-C172 12–290 
6 C94-C172, 

C13-C258 
1–290 

AlphaFold AI-based model 
7 Multiple 

templates 
- C94-C172, 

C13-C258 
1–317 

8 - C94-C172, 
C13-C258 

1–317 
C304, C310 
-palmitoylated  
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GPR68 model is 79.69, indicating the model is of reasonable overall 
quality. Termini and loop regions, which are typically flexible, have 
lower confidence scores. 

A difference between the AlphaFold GPR68 model and the GOMoDo 
models is that the former predicts a longer amphipathic helix 8 at the C 
terminus. This is intriguing, because the C-terminus is palmitoylated at 
C322 and C323 in bovine rhodopsin [64], and at C341 (analogous to 
C322 in bovine rhodopsin) in the β2-adrenergic receptor [65]. GPR68 
lacks a Cys at the position corresponding to C322, but it has two 
C-terminal Cys groups at positions 304 and 310 in the sequence. To test 
the impact of palmitoylation, we performed two independent simula
tions starting from the AlphaFold AI-based model: one simulation 
without palmitoylation of the C-terminus, and one simulation with 
palmitoylated C304 and C310. 

Homology modeling of GPR68 using bovine rhodopsin as a template. 
Earlier site-directed mutagenesis data on GPR68 have been interpreted 
using a homology model based on the crystal structure of bovine 
rhodopsin from ref. [67]. To directly compare our GPR68 homology 
models with this previous model, we used MODELLER v10.1 [61] and 
the bovine rhodopsin structure PDB ID: 1F88 chain A [67] and generated 
100 models of GPR68 with a disulfide bridge between C943.25 and 
C17245.50 (bovine rhodopsin C110 and C187). For each of these 100 
initial models, we used the loop refinement tool of MODELLER to 
generate 3 models, and then ranked the resulting 300 models according 
to the DOPE and DOPE-HR scores. We inspected visually the 15 
best-ranked models and their Ramachandran plots, and the distance 
between the Sγ atoms of C943.25-C17245.50. To prepare a model of 
bovine rhodopsin based on PDB ID: 1F88 chain A [67], use used 
CHARMM-GUI [68] and Galaxy [69] to disulfide-bridge C1103.25 and 
C18545.50 and to generate coordinates for the missing amino acid resi
dues 236–239 and 328–333. This bovine-rhodopsin-based GPR68 model 
was not used for molecular dynamics (MD) simulations. 

The choice of 15 bovine-rhodopsin based models for visual inspec
tion, as compared to 10 models in the GOMoDo-based protocol above, 
was made to verify more of the structural models generated with a 
relatively poorer template; however, using the 10 or the 15 best-ranked 
bovine rhodopsin-based models for visual inspection leads to the same 
selection of a rhodopsin-based GPR68 for further consideration. 

Sequence analyses of pH-sensing GPCRs. We used GPCRdb [70], Jal
view2 [71,72], and WebLogo V.3.7.12 [73,74] to align the sequences of 
GPR68 downloaded from UniProt [75] (UniProt ID Q15743), GPR4 
(P46093), GPR65 (Q8IYL9), GPR132 (Q9UNW8), GPR31 (O00270), and 
GPR151 (Q8TDV0) (Fig. 1B, Fig. S1); we used the same software pack
ages to generate the logo of the class A GPCR sequence conservation for 
specific positions of interest (Fig. 1B). 

Protonation states. For all simulations performed to verify the struc
tural stability of the homology models of GPR68 (Simulations #1 to #8 
in Table 2) we used standard protonation states for all titratable side
chains, i.e., Arg and Lys, positively charged, Asp and Glu, negatively 
charged, and His groups singly protonated on Nε2. 

To explore how protonation states at the external His cluster and the 
internal carboxylic triad impact conformational dynamics of GPR68, we 
used the best-ranked GPR68 model (according to the compatibility of 
MD-equilibrated models with known structural features of class A 
GPCRs, see ranking protocol below) to perform independent simulations 
with different protonation states of selected Asp, Glu, and His sidechains 
(Table 2). These simulations (Sim #10-Sim #18 in Table 2) are distin
guished by the protonation states of the carboxylic sidechains of the 
internal triad (D672.50, E1494.53, and D2827.49), of the nearby E1033.34, 
and of H2697.36 –as the H269F mutation impairs GPR68 function [13]. 

Force-field parameters and MD simulation protocol. Each GPR68 model 
was oriented in the membrane using the webserver Orientations of 
Proteins in Membranes, OPM [76]. We used CHARMM-GUI [68,77] to 
place GPR68 in hydrated bilayers of POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) lipids with neutralizing 0.15 M sodium 
chloride salt. In a separate set of test simulation, we studied the 

dynamics of GPR68 embedded in a POPC membrane with 10% choles
terol (Sim #9 in Table 2), which is within the value of cholesterol 
concentrations found in typical plasma membranes [78]. 

We used the CHARMM36m force-field parameters for protein and 
lipids [79–82] with the TIP3P model [83] for water molecules, and 
NAMD v2.14 [84] to perform the simulations. Initial equilibration and 
geometry optimization of all systems was performed using the standard 
CHARMM-GUI protocol for velocity rescaling and constraints. Produc
tion runs were performed in the NPT ensemble (constant number of 
particles N, constant pressure P = 1 bar, and temperature T = 303.15 K) 
using a Langevin dynamics scheme with a collision frequency of 5 ps-1 

and a Nosé -Hoover Langevin piston [85,86]. Coulomb interactions were 
calculated using the smooth-particle mesh Ewald method [87,88] and 
for real-space interactions we used a switching function between 10 and 
12 Å. Lengths of bonds involving hydrogen atoms were fixed [89]. 
Heating, equilibration and the first 1 ns of the production run were 
performed with an integration step of 1 fs, and the remaining of each of 
the productions run, with a step of 2 fs. 

Each simulation was prolonged to 0.6–1 µs, and coordinates were 
saved each 10 ps. We computed H-bond graphs and average values from 
the last 600 ns of Simulation #5, and the last 300 ns of Simulations 
#9–18 (Table 2). 

Protocol to rank structural models of GPR68 equilibrated with atomistic 
MD simulations. As summarized above, six GOMoDo-generated and two 
AlphaFold-generated structural models were selected for MD simula
tions (Table 1). To ascertain the relevance of the equilibrated structures 
obtained from the eight independent MD simulations performed, we first 
monitored, for each simulation, the structural stability of the TM helical 
region according to root-mean-squared distance (rmsd) values relative 
to the starting coordinates, and the percentage of α-helical segments. 
Separately, each of the eight equilibrated structural models was closely 
inspected for its compatibility with generally accepted structural fea
tures of GPR68. 

Table 2 
Summary of MD simulations performed. Model# is according to Table 1. 
‘Standard’ indicates that all titratable sidechains have standard protonation, i.e., 
all Asp/Glu sidechains are negatively charged, and all His sidechains are neutral 
and treated as –Nε2 tautomers. In simulations 10–18, one or two titratable 
sidechains had non-standard protonation –and we list the protonated oxygen 
atom of the neutral Asp/Glu (Sims 10, 11, 13–18), and the positively charged His 
sidechain (Sim 12). Lipid bilayers were composed of POPC, except for Sim9, in 
which we tested GPR68 with standard protonation states in a POPC membrane 
with 10% cholesterol.  

Sim# Model# Protonation Length 
(μs) 

Lipid Bilayer 
Composition 

1 1 standard 1 POPC 
2 2 1 
3 3 1 
4 4 1 
5 5 1 
6 6 1 
7 7 1 
8 8 1 
9 5 0.6 POPC:cholesterol 
10 5 E149-Oε1 0.6 POPC 
11 E149-Oε2 0.6 
12 H269 0.6 
13 E103-Oε1 0.6 
14 E103-Oε2 0.6 
15 D282-Oδ1 0.6 
16 D67-Oδ2, 

E149-Oε1, D282- 
Oδ2 

0.6 

17 D67-Oδ2, 
E149-Oε2, D282- 
Oδ2 

0.6 

18 D67-Oδ2, E103-Oε1  
E149-Oε1, D282- 
Oδ2 

0.6  
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Graph computations of dynamic H-bond networks. Dynamic H-Bond 
Networks and water wires were calculated using Bridge2 [90–92]. 
Briefly, Bridge2 is a set of graph-based algorithms with graphical user 
interface for highly efficient computations of protein-water H-bond 
networks. A graph of H-bonds consists of nodes, which in our case are the 
H-bonding sidechains of GPR68, and edges, which are direct or 
water-mediated H-bonds between sidechains. H-bonds are computed 
using geometric criteria; here, H-bond computations for the 
protein-water H-bond were performed with a distance criterion of 
≤ 3.5 Å between the H-bond donor and acceptor hetero-atoms, and an 
H-bond angle of ≤ 60◦ [93]. H-Bonds between GPR68 and POPC were 
computed residue-wise for all phosphate oxygen atoms of a POPC lipid 
molecule. 

Water-mediated bridges between protein sidechains were computed 
with maximum three H-bonded water molecules per bridge. Thus, the 
average length of a water-mediated bridge between two protein side
chains can take values between 0.0 (i.e., direct H-bond between the 
sidechains) and 3.0 (i.e., the sidechains are bridged by three H-bonded 
water molecules [90,91]. For simplicity, for the sidechain-lipid contacts 
we considered only the direct H-bonds between protein sidechains and 
lipid phosphate groups. 

An H-bond cluster consists of nodes and edges that are all inter- 
connected to each other. An H-bond path between two nodes i and j of 
the graph consists of the nodes and edges that interconnect i and j. The 
joint occupancy (JO) of an H-bond path reports the percentage of coor
dinate sets from the trajectory segment used for analyses in which all 
intermediate path segments are sampled simultaneously. H-bond paths 
and H-bond clusters were extracted from the H-bond graphs using 
Connected Components Analyses [94] as implemented in 
Bridge/Bridge2. 

For clarity, unless otherwise specified, we show H-bond graphs with 
H-bond occupancies of at least 30%. This minimum H-bond occupancy 
level was found reasonable for comparisons of the protein H-bond net
works sampled in independent simulations of a model soluble protein 
[95]. 

Inter-helical distances in GPR68 models and static structures of GPCRs. A 
geometrical evaluation was introduced in ref. [96] to compare inactive 
vs. active structures of GPCRs. This geometrical evaluation included a 
set of inter-helical distances measured between the Cα atoms of G351.46, 
D672.50, V1093.40, W1464.50, P1975.50, F2376.44 and C2797.46 (Fig. S2C); 
ref. [96] used a dataset of 25 static GPCR structures, of which 7 were 
presented for active conformations, and 18, for inactive conformations. 
We measured the same inter-helical distances in each of the GPCRs 
structures used as a template for the GPR68 homology models and 
monitored the time series of the distances along simulations #1-#8 
(Table 1). 

Time series and average values of the number of internal water molecules. 
To monitor the number of internal water molecules in homology models 
of GPR68 we used a protocol as presented in ref. [43]. Thus, we eval
uated the membrane region according to the average location of the 
phosphate atoms of the lipid bilayer within 10 Å of the protein and 
monitored the number of water oxygen atoms within ± 5 Å of these 
membrane boundaries. 

Molecular graphics were prepared with Visual Molecular Dynamics, 
VMD [97]. 

3. Results and discussion 

We derived eight structural models of GPR68 using different struc
tural templates and two different modeling approaches (GOMoDo, with 
Modeller used to refine the N-terminus and impose disulfide bridges, vs. 
AlphaFold, see details for Model #1-#8 in Table 1). Each of these 
structural models were refined via a prolonged equilibration in a hy
drated lipid membrane environment. The ninth model, derived using 
only Modeller (i.e., a third homology modeling approach) and bovine 
rhodopsin as a template, was used solely for comparison with a previous 

homology model. During the MD simulations all models derived with 
GOMoDo (and Modeller for the N-terminus) or AlphaFold had good 
structural stability, as indicated by the ~70% of the polypeptide chain 
being α-helical, Cα RMSD for the TM helical segments mostly within 
~2.5–3 Å, and the number of water molecules found within the inter- 
helical region of the receptor (Table 1, Figs. S3, S4, S5). 

To evaluate the compatibility of the GPR68 structural models with 
known structural features of class A GPCRs, we first tested the usefulness 
of a set of inter-helical distance pairs that had been proposed before to 
characterize inactive vs. active conformations of GPCRs [96]. As sum
marized below, we found that the usage of these distance pairs is 
inconclusive, as reference values depend on the dataset of experimental 
static structures. Consequently, for the compatibility tests of the GPR68 
models we used instead a set of specific structure features generally 
accepted for class A GPCRs. The best-ranked GPR68 model was used to 
verify how internal protein-water H-bond network of potential interest 
to GPR68 activation respond to changes in the protonation state. 

Reference inter-helical distance pairs depend on the dataset of experi
mental static structures. Dalton and colleagues [96] used inter-helical 
distances (Fig. S2C) to evaluate structural dynamics in a dataset of 25 
static structures of class A GPCRs, and to compare selected inter-helical 
distances of inactive vs. active-like GPCR structures. They reported that 
most distance pairs had largely similar values in all static GPCR struc
tures, distances between TM2 and TM3, and between TM3 and TM7, 
differed by more than 2 Å in active-like vs. inactive GPCRs [96]. We 
verified these distances for both the static structures we used as tem
plates to model GPR68 (Tables S4-S6), and for conformations sampled 
during the simulations (Table S7). 

The dataset used by Dalton and colleagues [96] and the dataset of 
static structures we used as templates for GPR68 have in common three 
entries: the neurotensin receptor in an active-like state [98], the human 
protease-activated receptor 1 in an inactive conformation [99], and the 
antagonist-bound CXCR4 chemokine receptor structure [100]. Most 
average values for inter-helical distances pairs of the two data sets are 
within relatively good agreement with each other – except for 
TM1-TM7, TM2-TM7, and TM6-TM7, which differ by ~2–3 Å 
(Table S6). When accounting for the standard deviation values 
computed from our dataset, it appears that using the TM2-TM3 and 
TM3-TM7 distance pairs to characterize inactive vs. active GPCR con
firmations is somewhat inconclusive: for some of the helix pairs, dif
ferences between distances measured in active vs. inactive structures of 
the dataset we used are comparable with the distance values within the 
subset of active-like structures of the current data set vs. the dataset from 
ref. [96]: average inter-helical distances from the dataset of template 
structures we used, and the dataset from ref. [96] can differ by as much 
as 2.6–2.7 Å (Table S6), which is comparable with the values suggested 
as a characteristic of inactive vs. active GPCR structures [96]. Relative to 
the corresponding template structures, average values of inter-helical 
distances computed from the simulations are different by up to 
~2–3 Å for several distance pairs in Models #1, #4, and #7 (Table S7, 
Fig. S6). 

To summarize, our analyses suggest that average inter-helical dis
tances in static GPCR structures are dataset-dependent, suggesting 
limited transferability. Fluctuations of inter-helical distances during MD 
simulations of a structural model depend on the template used, with 
Models #1, #4, #6 and #7 exhibiting largest differences between values 
of specific inter-helical distances measured for the static protein tem
plate vs. MD of the corresponding structural model. 

A recent study in which TM helix movements were studied for 13 
GPCRs whose structures exist for both the inactive and G-protein bound 
active conformations revealed that, for most of the receptors from the 
dataset, TM helices rearranged by at least 1 Å at one or both ends; an 
outward movement and rotation of TM6 was identified as a universal 
feature of the GPCR activation mechanism [101]. 

A direct comparison with the TM helix movements recently discussed 
by Hauser and colleagues [101] would require a study of the activation 
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pathway of GPR68, including modeling of the GPR68-G protein in
teractions, which is beyond the scope of our current work. Moreover, 
none of the static structures analyzed in ref. [101] were used as tem
plates for the GPR68 structural models used here. Nevertheless, we 
compared inter-helical distances measured for structures of class A 
GPCRs used in ref. [101] with the corresponding average distances 
computed for the equilibrated structural models Models #1-#8. Results 
summarized in Figs. S6 and S7 suggest that a direct comparison of the 
equilibrated GPR68 structural models with static structures of other 
GPRCs is indeed somewhat difficult –e.g., mean inter-helical distances 
computed from simulations of Model #5 tend to have values in between 
those measured for static structures of inactive vs. active class A GPCRs 
[101]. This could be interpreted to suggest that, within the structure 
dataset used for comparisons, Model #5 is overall compatible with 
structures of class A GPCRs. 

Assessment of GPR68 models based on interactions at key functional 
sites. We inspected closely the equilibrated structural models to ascertain 
whether specific structural elements have interactions compatible with 
the current knowledge on class A GPCRs (Table 3). 

Model #1 has Y2055.58 oriented towards the lipid membrane 
(Figs. S8A, S9A), whereas static GPCR structures and previous simula
tions of class A GPCRs suggest that Y2055.58 locates inside the TM helical 
region [102–106]. Consequently, we discarded Model #1 from further 
analyses. Membrane orientations of Y2055.58 are also observed in Model 
#2 (Figs. S8B, S9B) and Model #3 (Fig. S8C, S9C). In addition to the 
incorrect orientation of Y2055.58, Model #2 has TM7 reoriented such 
that groups of the DPxxY motif move away from the sodium-binding 
pocket (Fig. 2A, S10B) and lacks sodium ion binding to the internal 
pocket (Fig. S10B), whereas Model #3 has three sodium ions that bind to 
the protein at distinct time points along the simulation (Fig. S10C). 
Consequently, we discarded Model #2 and Model #3. We further dis
carded Model #4 as it has an opening of the PVF motif with reorientation 
of F2376.44 and CFxP-F241 (Fig. S10D); Model #4 also has a somewhat 
unusual sodium binding dynamics, as one sodium ion enters and re
mains stably bound at the sodium-binding pocket, but two additional 
sodium ions visit the protein at distinct moments of time along the 
simulations (Fig. S10D). 

Model #5 has good overall stability with α-helical content of ~80% 
throughout the entire length of the simulation (Fig. S3E), inter-helical 
distances overall consistent with corresponding values reported for 
static structure of GPCRs [96] (Table S7), correct orientation of Y2055.58 

(Fig. S8E, S9E), and a stably-bound single sodium ion that enters the 
protein from the bulk and then it remains bound at the sodium pocket 
throughout the entire simulation (Fig. 3). The profile for the number of 
water molecules in the inter-helical region reaches a plateau value at 
about 100 water molecules (Fig. S5E). Taken together, the analyses 
summarized here indicate that the MD simulation of Model#5 has 
converged, and that Model #5 is compatible with known structural 
parameters of class A GPCRs, and thus we selected it for further 
investigation. 

Model #6 has two sodium ions bound at the sodium-binding site –one 
sodium ion interacting closely with D672.50, and the other sodium ion, 
with D2827.49 (Fig. S11B). Model #7 lacks sodium ion binding to the 
internal pocket (Fig. S11C), is tilted relative to the membrane normal 
(Fig. S11C), helix 8 - R3018.58 oriented towards interacts D2827.49, and 
Y2055.58, towards the lipid membrane. Model #8, which differs from 
Model #7 in that C304 and C310 are palmitoylated, has about the same 
protein tilt as Models #1-#6 (Fig. S11D), one stably-bound sodium ion 
at the sodium-binding site (Fig. S11D), the sidechain of Y2055.58 ori
ented towards the membrane (Fig. S8H, S9H), and a D2827.49 - R3018.58 

interaction as observed in Model#7 (Fig. S11D). Models #6–8 were thus 
discarded from further analyses. 

To summarize, our analyses of GPR68 models indicated that Model 
#5 agrees best with known structural features of class A GPCRs. We thus 
kept for further analyses only Model #5. In what follows, for simplicity, 
we refer to Model #5 as GPR68, without the Model index. 

An extended protonation-coupled H-bond network inter-connects the 
extracellular His cluster to the internal carboxylic triad. Numerous water 
molecules visit the inter-helical region of GPR68 (Fig. 4, S5E): there are, 
at any given time during the simulations on GPR68 with standard pro
tonation states, about 150 water-mediated wires of up to three H-bonded 
water molecules between protein sidechains (Fig. 4C). Most of these 
water wires are very dynamic, with occupancies < 10% (0.1% in the 
normalized occupancy plot presented in Fig. 4B). Nevertheless, as dis
cussed below, waters that visit the inter-helical region of GPR68 can 
participate in dynamic H-bond networks that inter-connect remote re
gions of the receptor (Fig. 5, S12). 

At the extracellular side, the His sidechains proposed to function as 
pH sensors of GPR68 [13] are part of an extended water-mediated 
H-bond network that includes several carboxylic sidechains: H8923.52 

and H169ECL2 are close to D913.22, E164ECL2, D165ECL2, and E166ECL2, 
whereas H171.28, H201.31, and H842.67, are close to D161.27, D85ECL1, 
E17445.52, D255ECL3, and E259ECL3 (Fig. 5A). This extracellular cluster of 
His, Asp, and Glu sidechains connects, via a protein-water H-bond 
network, to the core of the protein, where the carboxylic groups of the 
internal triad engage in water-mediated H-bonds with other charged and 
polar protein sidechains (Fig. 5A). Essentially all local H-bond clusters of 
the carboxylic and histidine groups have water-mediated bridges be
tween sidechains (Fig. S12). 

E1494.53 of the internal carboxylic triad water-bridges to E1033.34 at 
all times during the simulation with standard protonation states (Fig. 5 
B-F); this is a short, mostly one-water mediated bridge (Fig. S12B). The 
E1033.34-E1494.53 water bridge connects transiently to D672.50 and 
D2827.49 of the internal carboxylic triad (Fig. 5D, S12D), as well as to H- 
bond paths leading to H2456.52 and H2697.36 (Fig. 5B, S12B), H175ECL2 

(Fig. 5C, S12D) or to D85ECL1/E17445.52 (Fig. 5E, S12E), and to the local 
H-bond cluster of D913.22, E164ECL2 and E166ECL2 (Fig. 5F, S12F). 
D85ECL1, D913.22, and E17445.52 are part of local water-mediated H-bond 
clusters with H175ECL2, H2456.52 and H2697.36 (Fig. 5G-J, S12G-J). 

The emerging picture is that water-mediated H-bond paths, typically 
mediated by 2–3 H-bonded water molecules, with only a handful of 
bridges mediated by one water molecule on the average (Fig. S12), 
establish dynamic long-distance connections between internal carbox
ylic groups, and between internal carboxylic groups and the extracel
lular histidine-carboxylic cluster. 

Some of the water-mediated H-bond clusters that inter-connect the 
internal carboxylic groups to the extracellular cluster contain H-bonds 

Table 3 
Summary of structural parameters used to evaluate the conformational dy
namics of the GPR68 homology models with standard protonation states for all 
titratable sidechains. We report, for each model, the average RMSD values of the 
TM helices computed every 10 ps from the last 600 ns of each simulation.  

Model# RMSD 
(Å) 

Observations Figures 

1 2.6 
± 0.2 

Y2055.58 faces the membrane instead of the 
interior of the protein 

S8A, S9A, 
S10A 

2 2.5 
± 0.2 

Y2055.58 faces the membrane, PVF motif 
distorted, helix 8 unstructured 

S8B, S9B, 
S10B 

3 2.4 
±0.2 

Y2055.58 faces the membrane, TM3 partially 
unstructured, three sodium ions enter the 
receptor 

S8C, S9C, 
S10C 

4 3.0 
±0.3 

TM4 partially unstructured, one sodium ion 
at the binding pocket, two more sodium ions 
visit, PVF motif distorted 

S8D, S9D, 
S10D 

5 2.3 
±0.1 

Good structural stability, one sodium ion 
bound, correct orientation of Y2055.58 

S8E, S9E, 
S11A 

6 2.3 
±0.2 

2 sodium ions interact with D672.50 and 
D2827.49, TM4 partially unstructured 

S8F, S9F, 
S11B 

7 2.1 
±0.2 

Y2055.58 faces the membrane. 
TM7 partially unstructured, helix 8 tilted, 
D2827.49 interacts with R301 

S8G, S9G, 
S11C 

8 1.6 
±0.2 

Y2055.58 faces the membrane, D2827.49 

interacts with R301 
S8H, S9H, 
S11D  
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that are rather dynamic, with occupancies < 50%; but, in the same local 
H-bond cluster, distinct water-mediated H-bond bridges may have 
rather different occupancy values. For example, in the H-bond cluster 
that connects E1494.53 to D85ECL1, the water-mediated bridges between 
E1494.53 and R1895.42, and between R1895.42 and N1865.39, have oc
cupancies of, respectively, 97% and 70%; the two water-mediated 

bridges that connect N1865.39 to E17445.52 via H175ECL2 have occu
pancies of 54–55%; the water bridge from E17445.52 to D85ECL1 is pre
sent during 30% of the time. This long-distance path between E1494.53 

and D85ECL1 thus passes via 4 sidechains (and about 10 water molecules, 
Fig. S12E) has a JO value of 13% (Fig. 5E), that is, 13% of time during 
the last 600 ns of the simulation, all H-bonds needed to connect E1494.53 

Fig. 3. Dynamics of the sodium entry in the 
sodium-binding pocket of GPR68 with standard 
protonation states. (A) The trajectory of the 
sodium ion entry in the sodium pocket of 
GPR68 Model#5 is shown in purple. Internal 
water molecules shown are within 3.5 Å of the 
sodium ion, which is shown as a yellow sphere. 
(B) Time series of the sodium ion entry to the 
sodium pocket. We report the distance (in Å) 
between the geometric center of the Cα co
ordinates of D672.50, N1043.35, S1083.39, and 
D2827.49; the insert illustrates the rapid binding 
of the sodium ion within ~30 ns. The sodium 
ion remains bound at the sodium-binding site 
through the end of the 1 μs simulation. (C) 
Close view of water and protein interactions the 
sodium-binding pocket.   

Fig. 4. Dynamic water mediated protein-water 
H-bond network of GPR68. (A) H-bond network 
of GPR68. Graph nodes representing Asp/Glu 
sidechains are colored red, His sidechains, blue, 
groups involved in allosteric modulator bind
ing, green, and all other H-bonding sidechains, 
black. Note that H2697.36 and E1604.64 are also 
a part of the allosteric binding site. For clarity, 
only selected nodes are labeled. The minimum 
H-bond occupancy shown is 30%. (B) Histo
gram of the average occupancy of all H-bond 
connections. (C) Time series of all unique H- 
bond connections sampled at least once during 
the trajectory segment used for data analyses. 
The blue profile shows the number of water 
wires between protein side chains, and red, 
direct H-bonds between protein sidechains.   
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to D85ECL1 over distances of ~24–28 Å are sampled simultaneously. The 
slightly shorter path from E1494.53 to E17445.52 has a larger JO value, 
28% (Fig. 5E), such that E1494.53 connects to the extracellular bulk, via a 
continuous path via R1895.42, N1865.39, and H175ECL2, for almost one 
third of the time. E1494.53 may also connect to carboxylic sidechains of 
the E164ECL2-D165ECL2-E166ECL2 cluster – the JO values of these paths 
are 7–17% (Fig. 5F, Table S8), suggesting a somewhat more dynamic 
path. H2697.36 connects to H842.67 via D85ECL1 and ~5 water molecules 
during ~30% of the time (Fig. 5H, S12H). 

To verify how results of the H-bond cluster analyses might depend on 
the length of the trajectory segment used for data analyses, we repeated 
the analyses summarized above by using, instead of the last 600 ns, only 
the last 300 ns of the simulations of GPR68 with standard protonation 
states. Results summarized in Fig. S13 show that H-bond graphs 
computed from the last 300 ns vs. the last 600 ns of the simulation have 
overall qualitatively similar connections of E1494.53 to different regions 
of the protein; average H-bond occupancies are very similar, with var
iations within 12% (for more details see Fig. S13). Based on this finding, 
H-bond-graphs for simulations in which we probe the response of GPR68 
to changes in protonation are computed from the last 300 ns of each of 
these simulations. 

The analyses summarized above suggest that GPR68 with standard 
protonation states of all His and carboxylic sidechains hosts an extensive 
water-mediated H-bond network that connects the extracellular 
histidine-carboxylic cluster to internal carboxylic sidechains, including 
the carboxylic triad. In spite of their length, some of the H-bond paths 

that connect internal carboxylic sidechains to the extracellular side via 
multiple water-bridged sidechains can nevertheless have all intermedi
ate H-bond segments sampled simultaneously. We suggest that these H- 
bond networks might help mediate long-distance conformational cou
plings between remote regions of the protein. 

Protonation of the internal acidic triad impacts the H-bond connections of 
the extracellular histidine-carboxylic cluster. GPR68 with standard pro
tonation states for all titratable sidechains lacks H-bond connections 
between the DRY motif and the core H-bond network (Fig. 5A). By 
contrast, when both E1494.53 and E1033.34 are protonated, the core 
network H-bond network of GPR68 includes shortest-distance H-bond 
paths that inter-connect H2456.52 and H2697.36 to D672.50, to DPxxY- 
Y2867.53, and to DRY R1193.50 (Figs. 6A, 6C). But the sampling of these 
long-distance H-bond paths depends on details of the protonation of 
E1033.34 and E1494.53 – the paths are found when either of the Glu 
sidechain is –Oε1 protonated (Figs. 6A, 6C), and not –Oε2 (Figs. 6B, 6D). 

Negatively charged D2827.49 is part of the long-distance H-bond 
paths that extend from DRY-R1193.50 to H2697.36 when E1033.34 or 
E1494.53 are –Oε1 protonated (Figs. 6A, 6C), or when only H2697.36 is 
positively charged (Fig. 6F); these paths include 6–7 sidechains, and 
about 15–17 H-bonded water molecules (Figure S17 A,C,F). When only 
D2827.49 is neutral, its local H-bond cluster with D672.50, S1083.39 and 
H2456.52 connects to the extracellular side, but lacks bridges to the 
cytoplasmic DRY motif (Fig. 6E). Instead, DRY-R1193.50 bridges to 
DPxxY-Y2867.53 via mostly one water molecule; D2827.49 bridges to 
H2456.52 via ~2.8 water molecules, and it H-bonds directly to D672.50 

Fig. 5. Water-mediated H-bond network of GPR68. The graph computation and color codes are the same as detailed for Fig. 4. Note that H269 is a part of the 
allosteric binding site. For clarity, only selected nodes are labeled. (A) The H-bond cluster of E149. (B-J) Local H-bond clusters that inter-connect selected His, Asp, 
and Glu sidechains. Color-coded numbers in italics are JO values of the corresponding H-bond paths. The average number of water molecules in each bridge depicted 
in panels B-J are shown in Fig. S12. 
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Fig. 6. Protonation-coupled dynamics of the H-bond network of GPR68. Empty gray nodes indicate additional H-bond connections as shown in Figs. S15 B&D. (A-F) 
Core network of GPR68 with protonated E149-Oε1 (panel A), protonated E149-Oε2 (panel B), protonated E103-Oε1 (panel C), protonated E103-Oε2 (panel D), 
protonated D282-Oδ1 (panel E), and positively charged H269 (panel F). Note that these simulations lack transient sodium ion binding at the sodium-binding site. 
Additional information, including the average number of water molecules in bridges, are presented in Figs. S14-S15, and S17. 
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(Fig. 6E, S17E). 
Two independent simulations with all three carboxylic sidechains of 

the internal triad protonated suggest that such protonation state appears 
incompatible with extensive local connections involving all three car
boxylic sidechains, which are instead involved in distinct H-bonds or H- 
bond clusters (Figs. 7A, 7B). A long-distance H-bond path from the DRY 
motif to the extracellular histidine-carboxyl cluster via D2827.49 and 
D672.50 is sampled when, in addition to the three carboxylic sidechains 
of the internal triad, E1033.34 is also protonated –but, in this protonation 
state, E1033.34 and E1494.53 are no longer a part of the core H-bond 
network (Fig. 7C). GPR68 with positively charged H2697.36 rearranged 
its internal H-bond network such that H2697.36 directly connects to 
E1033.34 and has an extended H-bond network that connects all core 
areas of GPR68 (Fig. 6F). 

Membrane lipid interactions of GPR68. Overall, regardless of the 

protonation state, there tend to be 3–5 sidechains that sample H-bonds 
to lipid phosphate groups from the surrounding membrane, with an 
average occupancy ≥ 70% (Table S9, Figures S19-S23) –these are typi
cally Arg and Lys sidechains, though Thr sidechains can also H-bond to 
lipid phosphate groups. In each simulation two, sometimes three protein 
sidechains, interact with the same lipid phosphate group (Table S9). The 
protein sidechains H-bonding to the same lipid are typically relatively 
close in sequence – such as T1344.38 and K1364.40, R2105.63 and 
R2135.66, R1835.36 and Y1875.40, or H1253.56 and R12834.52 (Table S9, 
Figures S19-S23). Though details of H-bonding occupancies differ, the 
same amino acid residues or sequence regions tend to bind membrane 
lipids. High-occupancy lipid binding sites at the membrane-exposed 
surface of GPR68 are located mainly at the intracellular side, except 
for T141.25, R1835.36 and Y1875.40, which are at the extracellular side of 
GPR68 (Fig. 8A). R1835.36 and Y1875.40 are well connected to the H- 

Fig. 7. Protonation of all three sidechains of the internal carboxylic triad associates with perturbed local interactions. (A-E) Core protein-water H-bond network of 
GPR68 with protonated D67-Oδ2, E149-Oε1, D282-Oδ2 (panel A), protonated D67-Oδ2, E149-Oε2, D282-Oδ2 (panel B), protonated D67-Oδ2, E149-Oε1, D282-Oδ2 
(panel C). (D) Direct-H bonding partners and waters within 3.5 Å of the internal carboxylate triad (D67, E149, D282) when the receptor has standard protonation and 
when the triad is D67-Oδ2, E149-Oε2, D282-Oδ2 protonated. Additional information is presented in Figs. S16, S18. 
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bond network of GPR68 (Fig. 4A). 
All simulations discussed above were performed with GPR68 

embedded in a hydrated POPC membrane, as a simpler membrane sys
tem facilitated comparisons of the motions of the distinct structural 
model we derived here, and of the response of GPR68 to changes in the 
protonation state. Given the important potential role of cholesterol as 

‘modulator of receptor function’ [107], we performed an additional test 
simulation of GPR68, with standard protonation states, embedded in a 
POPC membrane with 10% cholesterol (Table 2). We computed from 
this simulation the H-bond graph and local H-bond clusters corre
sponding to those presented in Fig. 5 for GPR68 in POPC. As illustrated 
in Figure S24B, on the timescale of the test simulation with the POPC: 
cholesterol membrane we find residue N1043.35 of the sodium-binding 
site lack connections to E1494.53 and E1033.34 as sampled in the refer
ence simulation of GPR68 in POPC (Fig. 5 A,D). Whereas such an 
apparent sensitivity of the internal H-bond dynamics to the presence of 
cholesterol might indeed appear compatible with a putative role of 
cholesterol in shaping GPR68 dynamics, is unclear at the moment; we 
suggest that further simulations and experimental validation would be 
needed. 

Lipid interactions at the groups corresponding to GPR68 K1364.40, 
R2135.66, and R2286.35 were found in simulations of the µ-opioid re
ceptor [108]. Likewise, groups corresponding to GPR68 R2226.29 and 
R2286.35 interact with lipids in simulations of the adenosine A1 receptor 
[109]. That is, in three distinct GPCRs, the group at position 
6.35 H-bonds to lipids. As R2286.35 and the nearby Q2256.32 are thought 
important for interactions between GPRCs and the G-Protein [110], and 
G proteins themselves interact with lipid membranes [111], the question 
arises as to whether, in a GPCR-G protein complex, R2286.35 and 
Q2256.32 (Fig. 9B) could be part of more complex lipid-protein H-bond 
clusters together with G protein groups. 

A test GPR68 homology model with bovine rhodopsin as a template. Early 
site-directed mutagenesis work on GPR68 used for interpretation a ho
mology model generated based on a structure of bovine rhodopsin [13]; 
based on that homology model, H2456.52 was suggested to be important 
for the structural integrity of GPR68, and to be oriented toward the lipid 
membrane [13]. By contrast, in the GPR68 model we selected here 
(Model#5), the sidechain of H2456.52 is oriented towards the interior of 
the protein, where it connects to E1494.53 (Fig. 5A) and to a cluster of 
amino acid residues implicated in the binding of positive allosteric 
modulators (see R1895.42, Y2446.51, Y2687.35 and H2697.36 in Fig. 5B) 
[112]. 

To verify whether the membrane orientation of H2456.52 proposed in 
the earlier work [13] might have been due to the template used, we 

Fig. 8. Summary of high-occupancy POPC binding sites sampled in simulations 
of GPR68 in a hydrated POPC membrane, for all protonation states considered 
in this work. (A) Snake diagram of GPR68 showing selected lipid-binding sites. 
Amino acid residues that sample H-bonding to lipids are shown as black dots, 
except for R183 and Y187, which are colored peach to indicate them as 
persistent lipid-binding sites (H-bond occupancy of at least 70%). Note that 
R183 and Y187 are also part of the GPR68H-bond network shown in Fig. 4A. In 
the test simulation performed for GPR68 in a hydrated POPC:cholesterol 
membrane, R183 and Y187H-bond to the same POPC phosphate group with 
occupancies of 64% and 27%, respectively; transient H-bonds between 
cholesterol and GPR68 (H-bond occupancies <5%) are sampled by R53, R210, 
and R213. Details on lipid interactions of GPR68 in hydrated POPC membranes 
are presented in Table S9 and Figs. S19-S23. 

Fig. 9. Summary of main results on the 
protonation-coupled dynamics of GPR68. (A) 
Schematic representation of the H-bond 
network of GPR68 with standard protonation 
states for all titratable sidechains. An H-bond 
network with multiple Asp, Glu, and His side
chains extends from D2827.49 to the extracel
lular side. The DRY motif lacks persistent H- 
bond connections to this network. (B) Response 
of the internal H-bond network of GPR68 to 
changes in the protonation state. Lines colored 
green and red indicate H-bond connections that 
depend on the protonation state, and cyan, H- 
bond connections sampled in simulations of 
GPR68 with non-standard protonation states, as 
follows: green –protonated E149-Oε1, proton
ated E103-Oε1, positively charged H269, pro
tonated D67-Oδ2, protonated E103-Oε1, and 
protonated E149-Oε1 and D282-Oδ2; red 
–protonated E149-Oε2, protonated E103-Oε2, 
protonated D282-Oδ1, and protonated D67- 
Oδ2, E103-Oε1, E149-Oε1, D282-Oδ2. Note 
that, depending on the protonation state, tran
sient connections are sampled between DPxxY- 
Y286 and DRY-R119, and between DPxxY- 
Y286 and the extracellular H-bond network, 
such that the H-bond network of GPR68 extends 
from the extracellular pH-sensing region to the 
cytoplasmic G-protein binding site.   
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generated a test homology model of GPR68 using as a template the same 
bovine rhodopsin structure. And, indeed, when we bovine rhodopsin as 
a template, we obtained for GPR68 a homology model in which H2456.52 

orients towards the membrane (Figure S25). 
Given the absence of independent data on the most likely orientation 

of H2456.52, we inspected more closely the test homology model of 
GPR68 obtained using the bovine rhodopsin structure as a template. We 
found that W772.60, Y2055.58 and Y2687.35, are oriented towards the 
membrane, instead of the interior of the receptor, as indicated by 
docking and site-directed mutagenesis studies (for W772.60 and 
Y2687.35) [113], and (for Y2055.58) by analyzing the previously solved 
Class A GPCR structures and their residue contact frequency maps, and 
mutagenesis studies [77–81]. Moreover, in the homology model based 
on bovine rhodopsin, both E1033.34 and E1494.53 are oriented towards 
the membrane core. 

Pursuant to the considerations above we suggest that, overall, the 
homology model of GPR68 based on bovine rhodopsin might be insuf
ficiently reliable to support the initial suggestion [13] that H2456.52 

would have a structural role. Instead, based on the structural modeling 
and simulation work pursued here, we suggest that H2456.52 takes part 
in the extracellular histidine-carboxyl cluster. 

4. Conclusions 

Changes in extracellular pH may characterize cancer tissue and could 
be exploited to develop treatment strategies [114]. Proton-sensing 
GPCRs, used by specialized cells to respond to changes in the extracel
lular pH, are of interest as drug targets for solid tumors associated with 
an acidic extracellular environment. The mechanism by which 
proton-sensing GPCRs work is unclear, and conflicting scenarios exist: 
Early site-directed mutagenesis data and homology modeling of GPR68 
were interpreted to suggest that a cluster of His sidechains at the 
extracellular side of the receptor binds protons at acidic pH [13]. By 
contrast, more recent work argued in favor of an internal carboxylic 
triad as the main pH-sensing unit [22]. 

Until now, three-dimensional structures of pH-sensing GPCRs have 
proved difficult to determine with structural biology. Only one such 
structure has been determined, for GPR65 (as accessed on December 5, 
2022) [115], but it remains proprietary with no public access to the 
structural information. To derive insight into intra-molecular in
teractions potentially important for the molecular mechanism of a 
pH-sensing GPCR, we generated multiple structural models of GPR68, 
refined their structures with atomistic simulations in hydrated mem
brane environments, and ascertained their compatibility with generally 
accepted structural features of class A GPCRs. We selected the model 
best compatible with these structural features and used it to evaluate the 
protonation-coupled dynamics of GPR68. 

Dynamic protein-water H-bond networks are thought essential for 
propagation of agonist-induced conformational changes leading to the 
formation of an active receptor state [43, 49, 50, 92]. The internal 
protein-water H-bond network of a pH-sensing GPCR such as GPR68 
would thus need to respond to changes in the protonation state. Given 
the uncertainties about the identity of the pH-sensing unit that changes 
protonation state at acidic pH, we performed independent atomistic 
simulations distinguished by the protonation states of selected amino 
acid residues located at sites thought important for pH sensing. To 
evaluate the response of the dynamic H-bond networks of GPR68 to 
changes in the protonation state, we used graph-based algorithms with 
which we identified dynamic water-mediated H-bond networks. 

We found that, regardless of the protonation state of GPR68, extra
cellular His sidechains are part of a more extended bulk-exposed cluster 
that also contains several Asp and Glu sidechains (Figs. 5, 9). Such an 
extended water-mediated H-bond cluster of His and carboxylic side
chains is reminiscent of the proton-binding antennas thought to prolong 
the dwell time of the proton at the surface of proton-binding proteins 
[116–122]. In GPR68 with standard protonation states, His and 

carboxylic sidechains of the extracellular cluster inter-connect to the 
internal carboxylic triad via long-distance water-mediated H-bond paths 
(Figs. 6, 7, 9); though extended throughout much of the receptor, this 
internal protein-water H-bond network lacks connections to the DRY 
motif (Fig. 9A). Transient connections of the internal H-bond network 
and the DRY motif are sampled during simulations with distinct pro
tonation states (Fig. 9B). That is, long-distance H-bond paths extending 
from the extracellular histidine-carboxyl cluster to the core of the pro
tein are sampled during independent simulations (Fig. 9), suggesting 
robust connections between sites directly relevant to proton binding. 
The finding that the internal H-bond network responds to changes in 
protonation (Fig. 9) suggests conformational couplings that could 
contribute to the protonation-dependent conformational change of 
GPR68 along its activation path. 

The participation of an extended protein-water H-bond network in 
the protonation-coupled conformational dynamics of GPR68, as we 
suggest here, could help explain why the pH sensitivity of GPR68 could 
not be completely abolished by single amino acid residue mutations at 
His sidechains, or even when several extracellular His sidechains are 
mutated simultaneously [13, 22, 112]: a large network with multiple 
titratable sites (Fig. 9) may remain to ensure robustness of the receptor 
function, even though moderately less efficiently than the wild-type 
protein. 

The sequence identity among the six pH-sensing receptors is rela
tively low, ~11–38% (Figure S1, Table S2). Though structural elements 
that are used by each of these pH-sensing GPCRs are largely unclear, 
their sequences contain carboxylic and His sidechains that could change 
protonation at physiological pH: for example, GPR68 and GPR4 have 
9–10 His groups each, whereas GPR132 has 3 His groups (Figure S26). 
At the region where E1494.53 water bridges to E164ECL2/E166ECL2, three 
of the five pH-sensing GPCRs have 4–6 His and carboxylic groups within 
ECL2 (Table S1). Moreover, titratable sidechains of GPR68, including 
E1494.53 and D2827.49 may be mutated in cancer (Figure S27). 

The functional implications of the similarities and differences in the 
content of titratable sidechains of pH-sensing GPCRs, and the cancer- 
associated mutations of titratable sidechains, are currently unclear, 
and the fact that distinct pH-sensing GPCRs have somewhat different pH 
sensing range suggests that the local electrostatic environment of the 
pH-sensing groups could be GPCR specific; likewise, we think that 
assigning to specific titratable sidechains cancer-related functionalities 
would be premature. In the future, methodological developments in the 
structural biology of pH-sensing GPCRs, spectroscopy measurements to 
identify putative proton-binding sites, and molecular simulations to 
probe the protonation-coupled receptor dynamics, will be needed for a 
complete view of the general physical-chemical principle used by pH- 
sensing GPCRs. In the future, the structural modeling presented here 
could provide the foundation for constant pH simulations, as reported 
recently for the opioid receptor [123], would be of interest to explore 
likely protonation states for titratable sidechains of GPR68, and simu
lations with polarizable force fields would be of interest to probe the 
water-mediated H-bond networks that inter-connect titratable side
chains of GPR68. 
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[84] Kalé L, Skeel R, Bhandarkar M, Brunner R, Gursoy A, Krawetz N, et al. NAMD2: 
Greater scalability for parallel molecular dynamics. J Comput Phys 1999;151: 
283–312. 

[85] Feller SE, Zhang Y, Pastor RW, Brooks B. Constant pressure molecular dynamics 
simulation: the Langevin piston method. J Chem Phys 1995;103:4613–21. 

[86] Martyna GJ, Tobias DJ, Klein ML. Constant-pressure molecular-dynamics 
algorithms. J Chem Phys 1994;101:4177–89. 

[87] Darden T, York D, Pedersen L. Particle mesh Ewald: an N x log(N) method for 
Ewald sums in large systems. J Chem Phys 1993;98:10089–92. 

[88] Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG. A smooth 
particle mesh Ewald method. J Chem Phys 1995;103:8577–93. 

[89] Ryckaert J-P, Ciccotti G, Berendsen HJC. Numerical integration of the Cartesian 
equations of motion of a system with constraints. Molecular dynamics of n- 
alkanes. J Comput Phys 1977;23:327–41. 

[90] Siemers M, Lazaratos M, Karathanou K, Guerra F, Brown LS, Bondar A-N. Bridge: 
a graph-based algorithm to analyze dynamic H-bond networks in membrane 
proteins. J Chem Theory Comput 2019;15:6781–98. 

[91] Siemers M, Bondar A-N. Interactive interface for graph-based analyses of dynamic 
H-bond networks: application to spike protein S. J Chem Inf Model 2021;61: 
2998–3014. 

[92] Bondar A-N. Graphs of hydrogen-bond networks to dssect protein conformational 
dynamics. J Phys Chem B 2022;126:3973–84. 

[93] Karathanou K, Lazaratos M, Bertalan E, Siemers M, Buzar K, Schertler GFX, et al. 
A graph-based approach identifies dynamic H-bond communication networks in 
spike protein S of SARS-CoV-2. J Struct Biol 2020;212:107617. 

[94] Cormen TH, Leiserson CE, Rivest RL, Sten C. Introduction to algorithms. third ed. 
Massachusetts Institute of Technology,; 2009. 

[95] Bondar A-N. Interplay between local protein interactions and water bridging of a 
proton antenna carboxylate cluster. BBA - Biomembranes 2022;1864:184052. 

[96] Dalton JAR, Lans I, Giraldo J. Quantfying conformational changes in GPCRs: 
glimpse of a common functional mechanism. BMC Bioinformatics 2015;16:124. 

[97] Humphrey W, Dalke W, Schulten K. VMD: visual molecular dynamics. J Mol 
Graph 1996;14:33–8. 

[98] White JF, Noinaj N, Shibata Y, Love J, Kloss B, Xu F, et al. Structure of the 
agonist-bound neurotensin receptor. Nature 2012;490:508–13. 

[99] Zhang C, Srinivasan Y, Arlow DH, Fung JJ, Palmer DJ, Zheng Y, et al. High- 
resolution crystal structure of human protease-activated receptor 1. Nature 2012; 
492:387–92. 

[100] Wu B, Chien EYT, Mol CD, Fenalti G, Liu W, Katritch V, et al. Structures of the 
CXCR4 chemokine GPCR with small-molecule and cyclic peptide antaganists. 
Science 2010;330:1066–71. 

[101] Hauser AS, Kooistra AJ, Munk C, Heydereich FM, Veprintsev DB, Bouvier M, et al. 
GPCR activation mechanisms across classes and macro-microscales. Nat Struct 
Mol Biol 2021;28:879–88. 

[102] Do HN, Haldane A, Levy RM, Miao Y. Unique features of different classes of G- 
protein-coupled receptors revealed from sequence coevolutionary and structural 
analysis. Proteins Struct Funct Bioinf. 2022;90:601–14. 

[103] Hedderich JB, Persechino M, Becker K, Heydenreich FM, Gutermuth T, 
Bouvier M, et al. The pocketome of G-protein-coupled receptors reveals 
previously untargeted allosteric sites. Nat Comm 2022;13:2567. 

[104] Hulme EC. GPCR activation: a mutagenic spotlight on crystal structures. TRENDS 
Pharmacol Sci 2013;34:67–84. 

[105] Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and function of G- 
protein-coupled receptors. Nature 2009;459:356–63. 

[106] Zhang XC, Cao C, Zhou Y, Zhao Y. Proton transfer-mediated GPCR activation. 
Protein Cell 2015;6:12–7. 

[107] Gimpl G, Burger K, Fahrenholz F. Cholesterol as modulator of receptor function. 
Biochemistry 1997;36:10959–74. 
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