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ARTICLE INFO ABSTRACT

Keywords: Protein and protein-water hydrogen bonds shape the conformational energy landscape of G Protein-Coupled
Dynamic hydrogen-bond network Receptors, GPCRs. As numerous static structures of GPCRs have been solved, the important question arises
Graphs

whether GPCR structures and GPCR conformational dynamics could be described in terms of conserved
hydrogen-bond networks, and alterations of these hydrogen-bond networks along the reaction coordinate of the
GPCR. To enable efficient analyses of the hydrogen-bond networks of GPCRs we implemented graph-based al-
gorithms, and applied these algorithms to static GPCR structures from structural biology, and from molecular
dynamics simulations of two opioid receptors. We find that static GPCR structures tend to have a conserved, core
hydrogen-bond network which, when protein and water dynamics are included with simulations, extends to
comprise most of the interior of an inactive receptor. In an active receptor, the dynamic protein-water hydrogen-
bond network spans the entire receptor, bridging all functional motifs. Such an extensive, dynamic hydrogen-
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bond network might contribute to the activation mechanism of the GPCR.

1. Introduction

G Protein-Coupled Receptors (GPCRs) are seven-helical membrane
proteins that mediate communication between cells and their environ-
ment. In response to an extracellular signal, such as binding of a ligand,
the GPCR undergoes a conformational change leading to the activated
state of the receptor that binds a G protein at the cytoplasmic side. Both
GPCRs (Hauser et al., 2017; Lappano and Maggiolini, 2011) and G
proteins (Li et al., 2019) are targets for drug design, and knowledge of
conformational changes associated with activation of the GPCR could
inform and guide the design of new therapeutics. Here, we present a
methodology that relies on graph-based algorithms and clustering
techniques from machine learning to compute hydrogen (H)-bond net-
works from data sets of experimental GPCRs structures, and from com-
puter simulations. We use this methodology to identify H-bond
interaction networks that could contribute to long-distance propagation
of conformational change in GPCRs.

The largest family of GPCRs is class A, the rhodopsin-like family
(Erlandson et al., 2018). Class A GPCRs share conserved motifs denoted
as molecular switches —amino acid residues of the switches undergo
structural rearrangements upon activation of the GPCR (Trzaskowski
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et al.,, 2012) (Fig. 1). At the cytoplasmic side, the DRY motif (D3.49,
R3.50, Y3.51) is implicated in G-protein binding of activated GPCR
(Deupi et al., 2012; Rasmussen et al., 2012). The DRY motif is separated
from NPxxY (N7.49, P7.50, and Y7.53) in the inactive receptor; in the
activated receptor, Y7.53 reorients and bridges with Y5.58 via water,
and Y5.58 interacts with R3.50 of DRY (Deupi et al., 2012; Ven-
katakrishnan et al., 2019; Yuan et al., 2014). At the center of the re-
ceptor, W6.48 of the CWxP motif (C6.47, W6.48, P6.50) relocates upon
receptor activation and approaches P5.50 of the PIF motif (P5.50, 13.40,
F6.44) (Deupi et al., 2012). The sodium binding pocket, present in many
Class A GPCRs (Katritch et al., 2014), is delineated by D2.50, N3.35,
$3.39 and it is relatively close to the ligand-binding pocket (Fig. 1B).
A fundamental question is how binding of a ligand at the extracel-
lular side of the GPCR leads to conformational changes at the cyto-
plasmic side, such that the GPCR samples an activated conformation that
can bind the G protein. Protein-water H-bond networks, as observed in
static structures and molecular dynamics (MD) simulations, are thought
to shape the conformational energy landscape of GPCRs (Blankenship
etal., 2015; Jardon-Valadez et al., 2009, 2010; Murakami and Kouyama,
2008; Varma et al., 2019; Venkatakrishnan et al., 2019). There are, at
the moment, more than 350 structures for GPCRs in Protein Data Bank,
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PDB (Berman et al., 2000). This large data set of static GPCR structures
could be used to identify H-bond networks that characterize GPCRs.

To this aim, we used concepts from graph theory and machine
learning and implemented a methodology to catalogue and characterize
internal H-bond networks in static GPCR structures. We augment the
analyses of static GPCR structures with atomistic MD simulations of two
class A GPCRs, the §-opioid receptor, DOR, and the x-opioid receptor,
KOR, which we chose because their static structures are well charac-
terized (Che et al., 2020, 2018; Claff et al., 2019; Fenalti et al., 2014,
2015; Granier et al.,, 2012; Huang et al., 2015; Koehl et al., 2018;
Manglik et al., 2012; Wu et al., 2012), and because they are of direct
relevance for developing safe pain medication (Seth et al., 2018).

We found that many of the static structures of GPCRs have conserved
water sites, and that some of these water sites are part of a central cluster
of H-bonds that connects groups of the sodium-binding pocket with the
CWxP and NPxxY motifs; in structures solved at high resolution, several
other smaller H-bond clusters are observed, such that at least one H-
bond cluster is present along most of the length of the GPCRs. The
central H-bond cluster we identified in static GPCR structures is sampled
in MD simulations of the DOR and KOR. In active-like KOR, the central
H-bond cluster connects to a local cluster at the cytoplasmic side, such
that an extensive network of H-bonds, with a linear projection of ~ 68 A,
extends from the extracellular to the cytoplasmic side of the GPCR via
groups of all switch motifs.

2. Methods

Set-A, Set-B, and Set-C of static GPCR crystal structures, and internal
waters. We used the database for experimentally solved and predicted
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GPCR structures, GPCR-EXP. As accessed on 22.11.2019, there were 369
structures from 4 families of GPCRs: there were 326 class A GPCR
structures, 22 structures for class B, 9 for class C, and 12 for class F. From
this database we first extracted as Set-A structures of class A GPCRs, i.e.,
rhodopsin-like receptors; Set-A is representative for the best-studied
family of GPCRs, for which structures with good resolution are avail-
able (Schemes 1 and 2).

Three-dimensional structures of GPCRs were downloaded from the
Orientations of Proteins in Membranes server, OPM (Lomize et al.,
2011). OPM gives structures oriented along the membrane normal, and
an estimation of the membrane planes. We used this information about
the location of the membrane plane to select, for each GPCR, the TM
helical region.

N and C termini and loop segments in GPCRs are diverse in terms of
structure (Fig. S1ID) and amino acid composition (Isberg et al., 2015;
Mirzadegan et al., 2003) and are not included in the BW numbering
scheme. For simplicity, and since we focus on inter-helical H-bond
networks of the TM region of GPCRs, we exclude loops and termini from
the structural overlaps of GPCRs. We overlapped the TM helices of each
GPCR structure with Chimera (Pettersen et al., 2004) using as a refer-
ence the A2A Adenosine receptor structure PDB ID:5NM4 (Weinert
et al., 2017). This A2A structure was chosen as a reference because its
resolution of 1.7 A is the highest from the entire dataset.

We consider a water molecule as internal if its oxygen atom is within
the membrane region indicated by OPM. We found that the number of
internal waters largely depends on the resolution at which the structure
was solved — the better the resolution, the higher the number of internal
waters (Fig. S1).

Structures solved at a resolution of 2 A or better tend to have at least
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Fig. 1. Architecture and conserved motifs of class A GPCRs. (A) Cut-away view of the DOR embedded in a hydrated lipid membrane, based on a coordinate snapshot
from simulations reported here. (B) Conserved motifs of class A GPCRs shown on the DOR structure PDB:4N6H (Fenalti et al., 2014). We use the Ballesteros and
Weinstein (BW) scheme (Ballesteros and Weinstein, 1995), which assigns each amino acid residue a number that indicates the transmembrane (TM) helix, and a
number that indicates the location relative to most conserved amino acid residue of that TM. Groups of CWxP, PIF, DRY and NPxxY are colored light blue, gray, dark
blue and green, respectively; conserved groups of the orthosteric ligand-binding site are colored orange, and groups of the allosteric sodium pocket are colored
purple. Red dots indicate water oxygen atoms, and the purple sphere, the sodium ion. Fig. 1A was prepared with Visual Molecular Dynamics, VMD (Humphrey et al.,
1996); all other molecular graphics were prepared with UCSF Chimera (Pettersen et al., 2004). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Table 1

Summary of simulations performed. We report the length of the production runs
and the average Ca RMSD values with standard deviations computed for the TM
helices. Repeat simulations of the DOR, KOR-inactive, and KOR-active, were
performed starting from the same coordinates as the main simulation.

Protein Length (ns) RMSD (A)
DOR 220 1,7 £ 0,2
200, repeat 1,9 +£0,2
KOR-inactive 205 1,8 +0,1
200, repeat 1,9 £ 0,2
KOR-active 195 1,6 £ 0,2
200, repeat 1,9+0,3
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30 internal waters, with only a handful of structures solved at this res-
olution having 15-20 waters (Fig. S1). Most of the structures solved at a
resolution of 2.5 A or higher have at least 10 internal waters (Fig. S1).
The average number of internal waters computed for all structures
solved at a resolution of at least 2.5 A is 25. The minimum resolution of a
structure that contains 25 internal waters is 2.3 A. Based on this quali-
tative assessment, and to be able to compute protein-water H-bond
networks, we chose as Set-A the 25 GPCR structures that were solved at
resolution 2.3 A or better, and contain at least 25 internal water mole-
cules (Table S1).

The criteria for selecting structures are, however, not unique, and we
analyzed separately structures solved at lower resolution and/or with
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Fig. 2. Internal waters in static GPCR structures. (A) Number of internal waters in GPCR structures from Set-A (panel A). Structures are identified by their PDB IDs,
which are listed in Table S1 together with the resolution at which structures were solved. (B) Histogram of the number of internal waters from all class A GPCR
structures in the GPCR-EXP database, as accessed on 22.11.2019. Additional analyses of the number of internal waters in static GPCR structures are presented

in Figure S1.
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Fig. 3. Location of internal waters in static GPCR
structures. Conserved motifs separate regions where
waters are likely to be found. (A) Distribution of in-
ternal waters along the membrane normal in GPCR
structures from Set-A vs. Set-B. (B) Molecular graphics
illustrating internal water clusters in Set-A. For pro-
tein coordinates we used the DOR structure
PDB:4N6H (Fenalti et al., 2014). Tests used for
DBSCAN settings, and additional analyses of internal
waters in static GPCR structures, are presented in
Figures S2-S5.
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Fig. 4. Conserved water clusters in GPCRs. Spheres indicate water clusters obtained with DBSCAN. Spheres colored yellow indicated conserved water sites present in
both Set-A and Set-B; spheres colored blue are present only in Set-A; spheres colored light-red indicate internal waters in the superimposed structures of Set-A that are
not part of a cluster, and thus are considered outliers. The central panel gives an overview of the distribution of the water clusters and of the outlier waters. (A-E)
Close view of conserved water sites near molecular switches. The molecular graphics are based on the A2A structure (PDB ID:5IU4) from ref. (Segala et al., 2016).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Internal waters in MD simulations of opioid receptors. Note that, during simulations, DOR and KOR remain structurally stable, with relatively small values of
the Ca root mean squared distances (RMSD) for the o-helical region (Figures S6 A-C). (A) Histogram of the number of internal waters during the last 100 ns of MD
simulations of KOR-active (blue), KOR-inactive (gray), and DOR (green). (B-D) Volume map of water occupancy in the last 10 ns of each simulation. In DOR (panel B)
and KOR-inactive (panel C), the water density is interrupted at Y7.53. Molecular graphics for the volume of water occupancy were generated with Chimera by
considering water molecules within 5 A of the protein. That more waters visit the DOR than the KOR could be due to the DOR having a less tilted and longer TM1.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



E. Bertalan et al.

fewer internal waters. Set-B contains 28 structures with resolution
2.3-2.5 A, and with 10-25 internal water molecules (Table S2). Set-C
contains 255 structures with resolutions below 2.5 i\; of the Set-C
structures, 139 lack coordinates for internal water, and the remaining
116 have on the average 3 internal waters.

Clustering algorithm to identify clusters of internal water molecules, and
tests for internal waters in Set-A and Set-B of GPCR structures. To determine
regions inside GPCR structures where there is a high probability to find
waters, we used Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) (Ester et al., 1996), which is an unsupervised machine
learning algorithm.

For each structure, we used as data points the Cartesian coordinates
of the oxygen atoms of the internal waters. We used DBSCAN to group
the closely packed data points into clusters, and to mark the low-density
regions as outliers. In what follows we summarize the algorithm used to
cluster internal waters of GPCRs with DBSCAN; we implemented this
algorithm in Python with Scikit-learn (Pedregosa et al., 2011).

Compared to other clustering algorithms such as k-Means (Alsabti
et al., 1997), DBSCAN has the advantage that it does not require a
predetermined number of clusters. Instead, DBSCAN uses two
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hyperparameters. The first of these hyperparameters is eps, defined as
the maximum distance between two samples that are considered as
neighbors, i.e., members of the same cluster. The second hyper-
parameter is the minimum number k of data points within a neighbor-
hood to be considered as a cluster. We chose this number as k = 5, that is,
at least 20% of the structures from the data set must have water at the
same position for these waters to be assigned to the same cluster; in the
case of Set-A, this would mean at least 5 of the 25 structures.

To find the optimal value for eps in the case of the internal waters of
GPCRs, we calculated the Euclidean distance of the k = 5 nearest waters
to each water molecule, and plotted the distances in ascending order to
determine the density distribution of the data points. The optimal eps
value is located around the steepest curvature of the graph (Naik and
Sawant, 2013), thus between 1 and 2 (Fig. S2A).

To evaluate the quality of the clustering we used the Silhouette score
(Rousseuw, 1987), which indicates how well the algorithm assigns data
points to clusters: the more compact the cluster is, the better the clus-
tering. The silhouette s(i) for each data point i is given by the equation
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Fig. 6. Conserved H-bond clusters in static GPCR structures. Amino acid residues are labeled according to the BW scheme. (A) Distribution of conserved H-bond
clusters identified for Set-A. For clarity, we show only H-bonds present in at least 40% of the structures in Set-A. Nodes on the graph without any connection are
amino acid residues involved in H-bonds with different partners, such that the H-bond frequency is less than 40% within the dataset. The size of the nodes and the
thickness of the edges indicate the H-bond frequency; numbers in red give the average number of water molecules that bridge two amino acid residues. C3.25 and
C45.50 are disulfide bridged, and are included in the H-bond graph to help illustrate the relative location of H-bond clusters in the protein. (B-F) Molecular rep-
resentation of conserved local H-bond clusters shown schematically in panel A. Water oxygen atoms are shown as red spheres, and H-bonds as thin gray lines. (F)
Molecular representation of the conserved core network of GPCR structures. The molecular graphics are based on the A2A Adenosine receptor, PDB ID:5NM4
(Weinert et al., 2017). Corresponding analyses for Set-B structures are presented in Figure S12. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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sented in Figure S16.
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where a is the mean distance between point i and all other data points in
the same cluster, and b is the minimum mean distance between point i
and another, nearest cluster (Rousseuw, 1987). Averaging over the s(i)
values gives the Silhouette score, SS:
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SS =5(eps) 2)
where s is the average silhouette value. The Silhouette Score SS depends
on the parameters of the clustering algorithm; a high SS score indicates
compact clusters that are well distinguished from each other (Rousseuw,
1987).

We calculated the number of clusters, the number of outliers, and SS
values for each value of eps ranging from 1 to 2, with step size of eps of
0.1 (Fig. S2B). The highest SS corresponds to 47 clusters and 169 outlier
points in Set-A (Fig. S3), and gives the optimal value for eps as 1.4.

Water molecules of Set-B were assigned to the 47 cluster centers
found in Set-A with the same eps and minimum cluster size value k as
used for Set-B. The combined clustering analyses for internal waters of
Set-A and Set-B were then used to derive a subset of conserved clusters
present in both sets (Scheme 3). Set-C structures contain few or no in-
ternal water molecules, and thus were not subjected to DBSCAN ana-
lyses of conserved water sites.

Graphs of H bonds. Graphs are defined as a pair of sets of vertices
(nodes) and edges (links between the nodes). In the analyses we report
here, nodes are amino acid residues that can H-bond, and edges are H-
bonds between amino acid residues. H-bonds between two protein
amino acid residues can be direct, or mediated by H-bonded water
molecules. We label the nodes of the graphs according to the BW
scheme.

Computations of H-bond networks in GPCR structures. To identify H-
bond networks of GPCRs crystal structures we used the TM domains as
described above, and an additional 4 A slab on each side of the mem-
brane that allowed us to include in computations the extracellular loop
EL2 and the cytoplasmic DRY motif. To compute H-bond networks from
simulation trajectories we used the entire protein.

All analyses of H-bond networks were performed with Bridge
(Siemers et al., 2019). Bridge represents the protein H-bond network as a
graph whose nodes are protein H-bonding groups, and whose edges are
protein—protein H-bonds, or water-mediated H-bonds between two
protein groups. With the Connected Components search, Bridge iden-
tifies continuous connections between two nodes of the graph of H-
bonds (Siemers et al., 2019). In simulation time series, when two end
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Fig. 8. Water-mediated H-bond networks in DOR simulations. (A) Internal protein-water H-bond network. For clarity, we show H bonds with occupancies > 10%
during the last 100 ns of the simulation. Nodes in color other than gray represent amino acid residues that are part of a conserved GPCR motif. (B) Linear length of
continuous H-bond networks. (C) Close view of shortest H-bond paths between K5.39 and Y7.53. Numbers in italics red indicate the average number of waters of the
bridge, and numbers in gray indicate the occupancy of the bridge. The green dotted line indicates the long-distance H-bond path between K5.39 and Y7.53. (D)
Molecular graphics of the long-distance water-mediated path that connects K5.39 and Y7.53. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 9. Sodium ion interactions in opioid GPCR. (A) A sodium ion enters from the bulk and binds near the internal sodium-binding pocket of KOR-inactive. (B-C)
Close view of interaction sites of the sodium ion in KOR-inactive. First, within ~ 5-10 ns, the sodium ion binds near D3.32 and M3.36 (panel B), then it moves at the

sodium-binding pocket delineated by N3.35, D2.50, $3.39 (panel C). (D) Time series

of the distance between the sodium ion and the mid-point of the binding pocket

in simulations of KOR-inactive (gray trace) and KOR-active (green trace); in DOR, the sodium-binding site remained empty. Distances are reported in A. (E) Close
view of the groups interacting with the sodium ion at the end of the KOR-active simulations. (F) Close view of groups interacting with the sodium ion in the starting
DOR structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

nodes are inter-connected by several segments of protein-water H-bond
wires, the overall occupancy of the entire H-bond path between the two
end nodes is reported as a Joint Occupancy, JO (Siemers et al., 2019).

For searches of H-bond networks we considered H-bonds between
protein sidechains and water-mediated H-bonds between these protein
groups. For simplicity, we restricted to 5 the number of H-bonded
waters.

Linear length of H-bond networks of GPCRs. Initial analyses of the H-
bond network of the GPCR structures from our training set indicated
extensive networks of H-bonds that can include protein groups from all 7
TM helices of the protein. To derive simple representations of these

complex H-bond networks, we projected the H-bond network on the
membrane normal, and computed the linear length of the projected
network.

We define the linear length of a H-bond path as the distance, reported
in A, between the z-coordinates of the Ca atoms of protein groups which
form the continuous H-bond chain projected on the membrane normal
(Scheme 4).

Visualization of three-dimensional (3D) H-bond graphs in 2D planes. To
visualize 3D H-bond graphs in 2D planes, the Cartesian x- and y-co-
ordinates (i.e., coordinates within the membrane plane) of each atom
was projected into a 1D line computed with Principal Component
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Fig. 10. Water-mediated H-bond network in KOR-inactive simulations. (A) Extended protein-water H-bond networks in the inter-helical region of the receptor. There
are two main networks, one extending from the extracellular side to Y7.53, and the other from —10 A of the middle of the receptor to the cytoplasmic site. (B) Linear

length of continuous H-bond networks. (C) A long-distance H-bond path with high
distance path identified in panel C.

JO value (79%) connects K5.39 to Y7.53. (D) Molecular graphics of the long-
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Fig. 11. Dynamic H-bond network of KOR-active. (A) In KOR-active simulations, a H-bond network extends from the cytoplasmic to the extracellular sides of the
receptor. (B) Linear length of continuous H-bond networks. (C) A continuous H-bond path with JO = 43% interconnects the DRY motif, the ligand-binding pocket, the
sodium pocket, and the NPxxY motif. (D) Molecular graphics illustrating the long-distance path identified in panel C.

Analysis, PCA. This line is defined by the orthonormal eigenvector with
the largest variance, i.e., largest eigenvalue, of the diagonalized
covariance matrix of the atomic coordinates relative to their average
values. The z-coordinate of each atom was kept along the membrane
normal such that, in all 2D-projections of the H-bond graphs, the dis-
tance along the membrane normal (i.e., the z-axis of the Cartesian co-
ordinate system) between two protein groups gives their relative
location. All calculations of the 2D planes were performed in Python
with Scikit-learn (Pedregosa et al., 2011).

Shortest H-bond paths, Betweenness Centrality and Degree Centrality.
The shortest path between two nodes is the path with the least number of
edges (Scheme 5). The Betweenness Centrality (BC) (Freeman, 1977) of

A 5 B ~
e 5
6 7 4 1 2 6 ®
3
CWxP sodium
ocket
NPxxY

DRY b‘

cytoplasmic
Crystal structures

MD, inactive

a node n is defined as

o;(n)

BC(n) =
iz O

3

where oy is the total number of shortest pathways between nodes i and j,
and o;(n) is the number of shortest paths that include that node. The
Degree Centrality (DC) is the number of connections a node has. In a H-
bond graph, the DC value of a specific amino acid residue gives the
number of H-bonds with its neighbors (Scheme 5).

Conserved nodes and edges of a H-bond graph. We used Bridge to
compute the H-bond network of each GPCR structure from Set-A, Set-B,
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Fig. 12. Schematic representation of main observations. (A) Analysis of 53 GPCR structures from Set-A and Set-B revealed a conserved core H-bond cluster inter-
connecting the CWxP and NPxxY motifs and the sodium-binding pocket, and a local H-bond cluster of the DRY motif. (B) Simulations of the DOR and KOR-inactive
indicate a H-bond network connects the ligand-binding pocket at the extracellular side to the NPxxY motif at the cytoplasmic half; this network includes all groups of
the core H-bond network identified in static GPCR structures. The extended core network and the DRY motif network remain separated throughout these simulations.
(C) Simulations of KOR-active indicate an extensive water-mediated H-bond network whereby the extended core network and the DRY motif network have connected

and span the interior of the GPCR from the extracellular to the cytoplasmic side.
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Scheme 1. Work flow used to establish Set-A and Set-B of GPCR structures to analyze water and H-bond clusters. We selected and assigned the structures to one of the
two sets according to the resolution at which the structures were solved, and to the number of internal waters. All other static structures of class A GPCRs from the

database were included in Set-C.

and Set-C. This led to an ensemble of H-bond graphs for each set, which
we used to compute the frequency of occurrence of H-bond groups and
of H-bonds between two specific protein groups.

The occurrence of a node (H-bond group) is given by the number of
structures in which that group is involved in H-bonding, as illustrated in

Scheme 6. The occurrence of a H-bond between two protein groups gives
the number of structures in which the same two protein groups are H-
bonded (Scheme 6). We consider that nodes or edges are conserved
when their occurrence is > 40%. With the conserved nodes and edges we
assembled conserved H-bond graphs for Set-A, Set-B, and Set-C.

Family Subfamily GPCR
Adenosine and :
classA——7 adenine nucleotide —— Adenosme;gceptor A2a
receptors
Beta-1ad i t
—— Adrenergic receptors S renirglc i
class B
C5a anaphylatoxin
Chemotactic factors :
datsbasa e NS R — chemotactllc receptor
| Opioid peptides d-type opioid receptor
classC receptors 1
u-type opioid receptor
1
\« classF
Endothelin receptor type B
= Endothelin receptors — 1 P P

Scheme 2. Composition of Set-A of GPCR structures. Set-A includes 25 class A GPCR structures solved at resolutions of 2.3 A or higher. Each structure contains at
least 25 internal waters. Database refers to the initial set of structures obtained from GPCR-EXP, from which we took the annotation of the GPCR proteins (see
also Table S1).
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Similarity between graphs of H-bonds. To quantify similarities between
H-bond networks we computed matrices of common edges, CE, and
common nodes, CN.

For a pair of GPCR structures, CN is given by the number of amino
acid residues that are nodes of H-bond graphs in both structures, and CE
is given by the number of H-bonds present in both structures. For
example, if in two structures S; and Sj amino acid residues 1.50 and 7.53
are H-bonded to each other, groups 1.50 and 7.53 are counted towards
the CE value of S; and S, and the H-bond between 1.50 and 7.53 is
counted toward CN. More generally, we consider that the H-bond graphs
computed for structures S; and S; have in common Ej;; edges and Ny
nodes, and compute CE and CN matrices according to the equations

E;; Ej;
CE = oo 3
Eij Ejj
18] @
o
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Scheme 4. Schematic representation of the algorithm used to compute the
linear length of H-bond networks. The small spheres represent Ca atoms of
amino acid residues part of a H-bond network, and lines between the small
spheres indicate direct or water-mediated H-bonding. In this scheme we depict
three networks, with small spheres colored according to the network they
belong to. The z-coordinates of Ca atoms of amino acid residues involved in
continuous H-bond networks are projected onto the membrane plane. The
linear length of a network is given by the distance in A between the z-co-
ordinates of the Ca atoms at the cytoplasmic vs. extracellular extremities of
the network.
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Scheme 3. Algorithm used to identify conserved
water clusters in GPCR structures. The three blocks
delineated by thin gray lines represent three protein
structures, and the small spheres indicate water oxy-
gen atoms. To identify water clusters in Set-A, GPCR
structures were superimposed onto the A2A structure
used as a reference. The ensemble of the super-
imposed structures was analyzed using DBSCAN
(Ester et al., 1996) to cluster waters according to
spatial proximity. The size of each cluster is given by
the number of waters in that cluster. We set the
minimum cluster size to k = 5; waters present in fewer
structures are tagged as outliers. For Set-B, following
structure superimposition with the reference A2A

structure (Weinert et al., 2017), waters are assigned to
conserved the clusters identified for Set-A.
cluster
Ni' Nf,i
CN=| : : 4
N; N;

) Ji

with E;; = Ej; and Nj; = Nj;. The diagonal matrix elements E; and Nj
give the number of edges and, respectively, the number of nodes of the
H-bond graph computed for each structure S; (Scheme S1B, S1D),
whereas the off-diagonal matrix elements give the number of nodes and
edges that are conserved between structures S; and S;. We computed
matrices CE and CN separately for Set-A and Set-B.

Protein structures used for MD simulations, and simulation setup. To
probe the dynamics of internal protein-water H-bond networks of
GPCRs, we performed MD simulations of the DOR and the KOR
(Table 1). For the starting coordinates we used i) the KOR in an inactive
conformation, PDB ID:4DJH (Wu et al., 2012); ii) the KOR in an active-
like conformation, PDB ID:6B73 (Che et al., 2018); iii) the DOR in an
inactive conformation, PDB ID:4N6H (Fenalti et al., 2014). For
simplicity, and to distinguish between the simulations, in what follows
we will refer to the three MD simulations as KOR-active, KOR-inactive,
and DOR, respectively.

The DOR structure includes 286 amino acid residues, from S37 to
D322. The KOR-inactive (Wu et al., 2012) and KOR-active structures
(Che et al., 2018) have 12 and 5 missing internal amino acid residues,
respectively. Missing internal groups and missing loops were built with
Modeller 9.21 (Eswar et al., 2006). Using Modeller, we generated 50
models for each receptor structure, with 10 loop refinements; models
were evaluated with the DOPE and MOLPDF energy function, and the
loop with the lowest MOLPDF score was chosen in each case. The
resulting KOR structures have 280 amino acid residues, from S55 to
D334.

All titratable amino acid residues were considered in standard pro-
tonation states, i.e., Asp/Glu are negatively charged, Arg/Lys, positively
charged, and His groups are singly protonated on the N& atom. Due to
uncertainties regarding the accuracy of force-field parameters for li-
gands bound to the ORs, ligands were removed from all structures.

As the KOR structures lack sodium ion at the allosteric binding
pocket, to facilitate direct comparison between the three simulations, all
three MD simulations were started without a bound sodium ion.

The orientation of the proteins in the membrane was obtained from
OPM (Lomize et al., 2011). We used CHARMM-GUI (Wu et al., 2014) to
place the proteins in a hydrated bilayer of 1-palmytoyl-2-leoyl-sn-glyc-
ero-3-phosphatidylcholine (POPC), with ions added for charge
neutrality. The complete simulation systems contain 138.105 atoms for
DOR, and 159.999 and 146.911 atoms for KOR-inactive and KOR-active,
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Scheme 5. Shortest H-bond paths and centrality measures of a H-bond
network. The path colored blue connects nodes i and j via the least number of
nodes, and it is thus the shortest distance path between these two nodes. A node
has high DC value when many direct edges connect it to other nearby edges,

and high BC value when it is part of many short-distance paths that intercon-
nect two other nodes.

respectively.

Protocol for MD simulations. We used CHARMM36m for proteins,
ions, and lipids (Brooks et al., 1983; Feller and MacKerell Jr., 2000;
Huang et al., 2016; Klauda et al., 2010; MacKerell Jr. et al., 2004, 1998),
and the TIP3P water model (Jorgensen et al., 1983). All MD simulations
were performed using NAMD (Kalé et al., 1999; Phillips et al., 2005).
Coulomb interactions were computed with smooth Particle Mesh Ewald
summation (Darden et al., 1993; Essmann et al., 1995). For short-range
real space interactions we used a switching function from 10 A with
cutoff at 12 A. Following geometry optimization and heating to 300 K,
simulations continued with equilibration with velocity rescaling ac-
cording to the standard CHARMM-GUI protocol, and production runs
without any restraints. Heating and equilibration were performed using
the NVT ensemble (constant number of particles N, constant volume V,
and constant temperature T) with an integration step of 1 fs. Production
runs were performed in the NPT ensemble (constant pressure P = 1 bar),
using a Langevin dynamics scheme (Feller et al., 1995; Martyna et al.,
1994) with damping coefficient of 5 ps~! and an integration step of 2 fs.
Coordinates were saved every 10 ps. Unless specified otherwise, average
values were computed from the last 100 ns of each simulation.

Computations of dynamic water-mediated H-bond paths from MD sim-
ulations. To estimate the number of water molecules in the inter-helical
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region of the DOR and KOR during MD simulations, we monitored wa-
ters whose oxygen atom was simultaneously within 5 A of any protein
heavy atom, and within 5 A of the plane of the lipid phosphate groups.
This 5 A distance was proposed to exclude fluctuations in the number of
protein-bound waters that can exchange with the bulk during the sim-
ulations (Kucerka et al., 2008). Waters in the inter-helical region of the
DOR and KOR were included in computations of protein-water H-bond
paths using Bridge (Siemers et al., 2019).

3. Results and discussion

We developed a methodology to identify and analyze conserved
water sites and conserved protein-water H-bond networks in ensembles
of static GPCR structures from structural biology, and in MD simulation
trajectories. We established three sets of GPCR structures that are
distinguished by the resolution at which the structures were solved, and
by the number of internal waters. We used static GPCR structures to
compute, using the methodology presented here, conserved H-bond
networks, and to dissect the role of internal waters in mediating long-
distance couplings between different segments of the GPCRs. MD sim-
ulations on opioid GPCRs indicate waters can help establish a remark-
able, dynamic network of H-bonds that spans the receptor.

Internal waters in GPCR structures and MD simulations. Activation is
thought to associate with formation of a continuous water-mediated H-
bond network in the TM region (Venkatakrishnan et al., 2019; Yuan
et al.,, 2014). Static structures of Set-A have 29-54 internal waters
(Fig. 2A), but many of the Set-B and Set-C structures have few, or no
internal waters (Fig. 2B, S1). Absence of water coordinates, or a small
number of internal waters, in a static protein structure, could be due to
the limited resolution at which a structure is solved, to water molecules
being disordered (Gottschalk et al., 2001; Levitt and Park, 1993; Quillin
et al., 2006), and/or a temperature-dependent probability for a water
molecule to occupy a protein cavity (Bondar et al., 2008; Gottschalk
etal., 2001). Indeed, GPCR structures solved at higher resolution tend to
contain more internal waters, the largest number of internal waters, 54,
being found for a structure solved at a resolution of 1.8 A (Liu et al.,
2012) (Figs. 2, S1, Table S1).

As a first step towards evaluating internal protein-water H-bond
networks of GPCRs, we sought to identify sites where internal waters are
more likely to be found. For Set-A, we found with DBSCAN 47 water
clusters (see blue spheres on Fig. 3B), with an average of 17 waters in
one cluster (Fig. S4). Most of these clusters are found in 5 regions of the
protein, separated from each other by molecular switches (Fig. 3B). Set-B
structures contain 22 of the 47 water clusters identified for Set-A (yellow
spheres in Fig. 4).

Water clusters common to Set-A and Set-B tend to be located near
molecular switches and conserved groups (Fig. 4B-E). A prominent
water cluster delineated by amino acid residues 6.52, 6.55 and 5.38,
contains waters present in 24 structures of Set-A, and 8 structures of Set-
B. This water cluster appears to be a common feature of adenosine re-
ceptors, which constitute most of the Set-A structures we studied; in the

e St S2 S3 e conserved graph
\\ \ 3/3
S

Scheme 6. Conserved H-bond graphs in structures of GPCRs. For each H-bond graph computed for structures S;, the algorithm identifies amino acid residues that are
common. The conserved H-bond graph reported contains four nodes (amino acid residues), two of which are present in 3 of the 3 structures (3/3), and two are

present only in 2 structures (2/3).
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A2A structure we used for the molecular representation in Fig. 4 (Segala
etal., 2016), the water cluster is delineated by H6.52, N6.55, and M5.38.
The large clusters also tend to contain waters with small B factors
(Fig. S5), i.e., waters with reduced mobility, which could explain their
being solved even in Set-B structures with more modest resolution.

The structure of the DOR receptor used to initiate the simulations
(Fenalti et al., 2014) has 33 internal waters (Fig. 2A). The other two
structures used for simulations, of the KOR-inactive (Wu et al., 2012)
and KOR-active (Che et al., 2018) structures have 5 and 0 internal wa-
ters, respectively. Many more water molecules visit transiently the inter-
helical region of the DOR and KOR. In each simulation there is a rela-
tively broad distribution of the number of internal waters, with peaks
centered at around 50-75 waters (Fig. 5A, S6), suggesting the TM
domain of the ORs can be visited, at least transiently, by numerous water
molecules. That most waters solved in the DOR structure are mobile in
simulations was also observed by (Venkatakrishnan et al., 2019). Like-
wise, MD simulations on A2A indicated waters in the TM region are
highly dynamic, though the average number of waters remained con-
stant (Leitner et al., 2020).

The number of internal waters in simulations is compatible with the
upper limit of the number of waters observed in static structures
(Fig. 2A). The average number of internal waters found from simulations
is also close to the number of conserved water sites identified with
DBSCAN for Set-A (Fig. 3), suggesting the settings we used for DBSCAN
computations are reasonable.

Common H-bonds inform on similarities between GPCR structures. Pro-
tein structures are typically compared in terms of RMSD values. For
proteins such as GPCRs, for which internal H-bond networks are thought
essential for the conformational dynamics of the protein, the number H-
bonds that are common between two GPCRs (i.e., H-bonding between
the same amino acid residues within the BW scheme) could provide
information about internal rearrangements of protein sidechains during,
e.g., ligand binding or activation of the receptor. We calculated, for each
structure of Set-A and of Set-B, the number of H-bonds between protein
sidechains, and the number of common H-bonds and H-bonding groups
shared by any pair of structures of Set-A or Set-B.

The 20 adenosine receptor structures included in Set-A share many of
their H-bonds (Fig. S7) and H-bonding groups (Fig. S8). For example, a
structure of A2A receptor with a loop replaced by apocytochrome, PDB
4EIY (Liu et al., 2012), has 62 H-bonds, of which 46 are in common with
the 51 H-bonds of PDB ID:51U4 (Segala et al., 2016), which reports a
thermostabilized A2A structure solved in complex with an antagonist
ligand, and 36 H-bonds are in common with the A2A structure PDB
ID:5NM4 (Weinert et al., 2017) solved at room temperature (Fig. S7).
Each of these three A2A structures share with the 52 H-bonds of the DOR
only 18-24 H-bonds, that is, the internal H-bond networks of the three
A2A structures are much closer to each other than either A2A structure
is to the DOR. Even more extreme examples are the C5a anaphylatoxin
chemotactic receptor 1, C5AR1 (Liu et al., 2018), which shares with A2A
structures only 7-14 of its 41 protein H-bonds (Fig. S7), and the endo-
thelin receptor ETB bound to an antagonist analog (Shihoya et al.,
2017), which shares with A2A structures 12-19 of its 69 H-bonds
(Fig. 7).

Due to the diversity and lower resolution of Set-B structures, H-bond
graphs of Set-B structures have lower similarity to each other than pairs
of structures of Set-A: Many pairs of GPCR structures of Set-B have in
common fewer than 10 H-bonds (Fig. S9). Exceptions are the 4 A2A
structures of Set-B, which share with each other 32-37 H-bonds (Fig. S9,
Table S7), and the D(4) dopamine receptor DRD4 (Wang et al., 2017),
which has 51% of its H-bonds in common with an A2A structure (Wei-
nert et al., 2017) (Fig. S10, Table S7).

The relatively small number of common H-bonds between pairs of
Set-B structures associates with most of the Set-B structures having fewer
protein-protein and water-mediated H-bonds than Set-A structures:
Most of Set-B structures have < 35 H-bonds (Figs. S9, S10), as compared
to > 40 H-bonds in the case of Set-A structures (Fig. S7). The largest
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number of H-bonds for Set-B structures, 60, found for the orexin receptor
0OX, is explained by the 1.96 A resolution of the structure (Suno et al.,
2018).

Taken together, the results on common H-bonds between pairs of
GPCR structures suggest that H-bond similarity matrices could be used
to refine comparisons of structures of a GPCR solved in different
experimental conditions, or of two different GPCR structures solved at
similar resolutions. Information on protein—protein H-bonds common
among GPCR structures could also be used to improve homology models
of GPCRs. GPCR structures solved at modest resolution underestimate
the internal H-bond network of the protein.

The core Y7.53 network of H-bonds identified from static GPCR struc-
tures. Internal waters located at conserved sites, where they interact with
conserved protein groups (Fig. 5), could be considered as structural
waters, and we wondered whether these waters help bridge different
segments of the protein.

We found that all TM helices can have water-mediated inter-helical
connections (Fig. S11). In both Set-A and Set-B, a conserved H-bond
network of eight amino acid residues extends over a linear distance of ~
17 A from W6.48 of the CWxP motif to Y7.53 of NPxxY, and via D2.50 of
the sodium-binding pocket (Fig. 6A, 6F, S12). In this network, which we
denote as the core Y7.53 network of the GPCRs, most of the water-
mediated bridges are short, with up to 3 waters in a bridge (Fig. 6A, 6F).

In addition to the core Y7.53 network, in Set-A we identified several
conserved local H-bond clusters. At the cytoplasmic side, a local cluster
extends from T6.58 ~ 15 A deep into the protein to Q3.37, i.e., to a
group that is adjacent in the sequence to S3.38 of the core cluster
(Fig. 6A, 6B). Another local H-bond cluster reaches from Y7.36 to H7.43
at the ligand-binding site (Fig. 6A, 6E). At the cytoplasmic side, the local
H-bond cluster of R3.50 of the DRY motif is close, along the membrane
normal, to the core H-bond cluster (Fig. 6A, 6D).

The R3.50 H-bond cluster is present in Set-B, as are the H-bonds
between residues 2.45 3.42, and 4.50; a number of H-bonds have smaller
occurrence, ie., they are present in some, but not in the majority, of
structures (Fig. S12). Overall, the conserved H-bond network of Set-B is
somewhat sparse (Fig. S12A, Table S10), without the local clusters of
Set-A (Fig. 6A). For Set-C we found even more limited conservation of H-
bonding (Table S10), with a few isolated conserved H-bonds (Fig. S12B).

The core Y7.53 H-bond network found for Set-A (Fig. 6A) and Set-B
(Fig. S12A) includes groups essential for function. Experiments on
agonist binding to KOR mutants Y7.53L, G7.42K and W6.48K, indicated
this pocket is involved in conformational coupling (Che et al., 2018). In
the angiotensin II type 1 receptor AT1R, Y7.53 appears important for
coupling to the agonist, and D2.50 (D74) is part of a H-bond network
that rearranges when 7.46 (N295) rotates upon receptor activation
(Wingler et al., 2020). In A2A, the D2.50N mutation abolishes G-protein
signaling (White et al., 2018), being thought that D2.50 is at the heart of
an allosteric center (Eddy et al., 2018). An Asn at position 7.46, instead
of Ser as in most Class A GPCRs, is thought to help AT1R prevent sodium
binding and shape conformational dynamics (Suomivuouri et al., 2020).
Close to the core Y7.53 network, H-bonding between Y7.43 and D3.32 is
thought important for the activation of the KOR (Che et al., 2018).

The overall picture that emerges from analyses of conserved clusters
in Set-A structures is that the inter-helical region of the receptor hosts a
central H-bond cluster that includes groups essential for function, and
which neighbors four other smaller, local H-bond clusters. As some of
the clusters contain groups proximal in space or sequence to groups from
another cluster, the question arises as to whether some or all of these
conserved clusters could inter-connect during protein dynamics, leading
to a continuous H-bond network that could span the receptor upon
activation. Set-B structures solved at lower resolution have fewer
sidechain-sidechain H-bonds, and thus underestimate the internal H-
bond connectivity of GPCRs.

Conserved H-bond networks in static structures of GPCRs in different
conformations. Most of the GPCR structures solved at high resolution
represent inactive GPCRs. As a consequence, of the 25 structures of our
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Set-A, 24 were proposed to represent inactive conformations, and only a
MOR structure (Huang et al., 2015) was proposed for an active confor-
mation (Table S1). Set-A is thus largely representative of inactive GPCRs.
Of the 28 structures from Set-B, 19 were proposed for inactive GPCR
conformations, 6, intermediate, and 3, for active conformations
(Table S2). To test whether the internal H-bond networks could depend
on the intermediate conformation proposed for the structure, we sepa-
rated Set-A into Set-Ainactive (24 structures) and Set-Aqcive (One structure).
Likewise, we separated Set-B structures into Set-Binqactives S€t-Bintermediates
and Set-Bgive, and calculated conserved H-bond networks separately for
each subset.

As anticipated given they constitute the vast majority of Set-A,
inactive GPCR structures of Set-Ajnqcive have a conserved H-bond
network (Fig. S13A) that is largely the same we obtained for the com-
plete Set-A (Fig. 6). Both Set-Ajnqctive and Set-Agerive contain the core Y7.53
H-bond network (Fig. S13). An important distinction between the
conserved H-bond networks of Set-Ajnactive VS. Set-Aqcrive is that only the
latter contains H-bonds between 3.50, 5.58, and 7.53 (Fig. S13). That is,
a connection between the central Y7.53 cluster and the DRY local H-
bond cluster is absent in the conserved H-bond network of the inactive
Set-A structures, but it is present in the active structure.

Set-Bingctive contains the complete Y7.53 H-bond network (Fig. S14A);
overall, the H-bond graph of Set-Bjnqctive is largely similar to that of the
complete Set-B (Fig. S12A). The conserved H-bond networks of Set-Bi,.
termediate (F1g. S14B) and Set-Bgive (Fig. S14C) contain most of the core
Y7.53 network and tend to have in the extracellular half more conserved
H-bonds than obtained for Set-Bjnqcive (Fig. S14A). Differences in H-bond
networks of Set-Bingctive VS. Set-Bacrive Can associate with different cen-
trality values of key groups (Tables S8, S9): though both sets give H-
bond graphs with high centralities for residues 2.50, 7.49, and 7.53,
relative centralities of these groups differ, with highest DC value for 2.50
in Set-Bingctives and for 7.49 in Set-Bgctive-

In Set-Bgcive the Y7.53 network connects to R3.50 of the DRY motif
(Fig. S14C), but it contains 3 fewer H-bonding groups than Set-Agciye-
Differences between the core H-bond networks of Set-Agcive and Set-
Bgciive could be due to differences in resolution and number of internal
waters, or could reflect differences in the amino acid composition: Set-
Aqcive contains only a MOR, whereas Set-Bgcye contains only visual
rhodopsin structures ~which are an exception among class A GPCRs, in
that they lack specific sodium binding (Katritch et al., 2014).

We obtained qualitatively similar results when we combined Set-A
and Set-B, and then separated this combined set of 53 structures ac-
cording to their annotation of inactive, intermediate, and active con-
formations (Tables S1, S2). Briefly, the combined set of inactive
conformations includes the core network and local H-bond clusters
(Fig. S15A). The core network is reduced in the intermediate confor-
mations of the combined set, and connected to residue 3.50 in the active
conformations (Figs. S15B,C).

Overall, however, since the number of GPCR structures in the active
or inactive conformation is relatively small, and since most of these
structures have lower resolution and/or fewer internal waters, their
calculated H-bond networks might be less accurate.

D2.50 is a central hub of the internal H-bond network of GPCRs. Cen-
trality measures enable ranking of H-bonding groups according to their
importance for connectivity within a H-bond graph (Lazaratos et al.,
2020), and to identify protein groups that could be important for protein
function (Amitai et al., 2004; Harris et al., 2020; Karathanou and Bon-
dar, 2019). Overall, groups of the core Y7.53 H-bond cluster have
highest centrality values (Figs. 7, S16). D2.50 has the highest DC value
of all protein groups (Fig. 7, Table S8), and high BC (Fig. S16, Table S9).
Thus, D2.50 appears to be a central hub for the internal H-bond
communication network of GPCRs.

A role for D2.50 as central hub, as suggested here, is compatible with
the important functional role of D2.50 indicated by the experiments
discussed above. D2.50 is also thought to change protonation during the
functioning of the GPCR (Vickery et al., 2018; Zhang et al., 2015), a
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reaction which we suggest could involve S7.46: Similar pairs of hydroxyl
group and carboxylate groups within H-bond distance are present in
membrane transporters at sites where protonation changes couple to
changes in protein conformational dynamics (Bondar and Smith, 2017;
Bondar and Lemieux, 2019; del Val et al., 2012, 2014; Siemers et al.,
2019).

The extended core H-bond network of the DOR in hydrated lipid mem-
branes. The dynamic H-bond network of the DOR computed from sim-
ulations at room temperature indicates a large H-bond cluster that starts
at the extracellular region of the protein and extends to Y7.53, inter-
connecting the ligand-binding site to the sodium-binding pocket and
the NPxxY motif (Fig. 8A-C). This H-bond network including all 8 groups
that constitute the core Y7.53 network in static structures, and other
protein sidechains and internal waters (Fig. 6A, 8A, 8C, S17D). We thus
denote this H-bond network as the extended core network of the GPCR.
The linear length of the extended core H-bond network is ~ 45 A
(Fig. 8B).

In the extended core Y7.53 network, most of the water-mediated
bridges between protein groups are relatively short, with 1-3 waters,
such that the JO of the shortest distance H-bond path between K5.39 at
the ligand-binding site and Y7.53 is very high, ~79-96% (Fig. 8C-D),
indicating these two groups are connected almost all the time. In the
extended core network, D2.50 retains relatively high BC and DC values,
but the highest centrality values tend to be observed for groups closer to
the extracellular side, where numerous waters can visit the protein and
establish transient H-bond paths between protein sidechains (Figs. S18,
519).

As in static GPCR structures, the DOR simulations indicate a local H-
bond at R3.50 of the DRY motif (Fig. 8A-B, S17D). In MD simulations
this local network is, however, significantly more extended, as water
molecules can bridge transiently protein groups to give rise to a cluster
with a linear length of ~ 20 A (Fig. 8A, 8B, S17D). Albeit the extended
Y7.53 core network and the R3.50 network include groups with about
the same location along the membrane normal, these two clusters
remain separated, without common H-bonds (Fig. 8A-C).

A qualitatively similar H-bond network was obtained for the repeat
DOR simulation (Figures 17A-C), though we note the slightly shorter H-
bond path between K5.39 and Y7.53, which passes via D2.50 and D3.32
in the repeat DOR simulation (Fig. S17C), as compared to D2.50, D3.32,
and N3.35 in the main DOR simulation (Fig. 8C).

The core H-bond network we find for the DOR is also compatible
with that identified in previous DOR simulations (Venkatakrishnan
et al., 2019). Both studies indicate a H-bond network that includes
residues 1.50, 2.50, 7.45, and 7.49, which are part of the core H-bond
network identified in Set-A and Set-B. The somewhat more extensive
internal H-bond network we present here for the DOR is likely due to
differences in criteria for water-mediated bridges between amino acid
residues of the network. By using Bridge (Siemers et al., 2019), we could
calculate efficiently dynamic water-mediated bridges, and found addi-
tional interactions mediated by 3-4 waters (Fig. 8C).

KOR-active is spanned by an extensive H-bond network that is interrupted
in KOR-inactive. In both simulations of the KOR, a sodium ion from the
bulk enters the protein early during the simulations (Fig. 9A), it interacts
first with D138 (D3.32) and water (Fig. 9B), and it then moves to the
sodium-binding pocket (Fig. 9C). Interactions between the sodium ion
and the coordination shell can still fluctuate, such that at the end of the
KOR-active simulation, the sodium ion interacts with $3.39 and N3.35,
but not with D2.50 (Fig. 9E). Fast sodium binding, within 50 ns, was also
observed in the repeat KOR-inactive and KOR-active simulations
(Fig. S6E).

The result here show that sodium bound at the KOR sodium-binding
pocket interacts with both protein and water (Fig. 9C, 9E) is compatible
with the crystal structure of sodium-bound DOR (Fig. 9F), and with
microsecond-long simulations indicating interactions between D3.32
and a sodium ion entering from the extracellular bulk, and faster binding
of sodium to KOR than DOR (Shang et al., 2014). The reason why
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sodium entered rapidly the protein in KOR simulations, but not in the
two DOR simulations, is unclear. These are distinct protein structures,
and details of local protein and water dynamics might shape the ener-
getics of sodium binding. We also cannot exclude that a sodium ion
might bind to the DOR in a longer simulation.

The internal H-bond network of KOR-inactive (Figures 10, S20A) is
qualitatively similar to that of the DOR (Figures 8, S17D), in that the
extended core Y7.53 cluster connects Y7.53 to the cytoplasmic side via
the sodium-binding pocket and via the ligand-binding pocket (Fig. 10).
Details differ at the sodium-binding pocket, as absence of a sodium ion
in DOR associates with water-mediated H-bonding between D2.50,
$3.39, and N3.35 (Fig. 8C), whereas in the sodium-bound KOR-inactive
D2.50 makes a direct H-bond with N3.35 (Fig. 10C, 10D). This suggests
that sodium binding to GPCRs associates with rearrangements of the
local H-bond network of D2.50.

As observed for the DOR, in KOR-inactive the local H-bond network
of R3.50 includes numerous protein-water H-bonds, yet it remains
disconnected from the extended Y7.53 core network (Fig. 10A-B). The
repeat KOR-inactive and KOR-active simulations confirm these findings
(Fig. S20): As in the KOR-inactive simulation (Fig. 10A), in the repeat
KOR-inactive the core Y7.53 H-bond network remains unconnected to
the R3.50 network of the DRY motif (Fig. S20A). Likewise, as observed
in KOR-active (Fig. 11A), in the repeat KOR-active simulation the core
and the DRY motif networks are part of a continuous H-bond network
that spans the interior of the GPCR (Fig. S20B). In the repeat simulations
on KOR-inactive and the DOR, N7.49 can be part of a path that connects
K5.39 and Y7.53 (Figs. S17C, S21C).

A remarkable difference is observed in KOR-active as compared to
KOR-inactive and DOR simulations: In KOR-active, the Y7.53 core
network connects to the local H-bond network of R3.50, such that the
entire TM domain is spanned by a protein-water H-bond network (Fig-
ures 11, S20B, S21D). A long-distance protein-water H-bond path with
relatively high JO value of 43% reaches from K3.59 of the ligand-
binding pocket to R3.50 of the DRY motif via Y7.53 and D2.50
(Fig. 11B, 11C).

A continuous protein-water H-bond network spanning the TM region
of the KOR-active is compatible with previous simulations on A2A (Lee
et al., 2016), though details of H-bond networks sampled with different
simulations could depend on the GPCR, ligand being present, and force-
field parameters used. To avoid uncertainties regarding the accuracy of
the CHARMM force-field description of opioid ligands bound, here we
studied the motions of the KOR-active in the absence of a ligand. This
caveat is alleviated by the fact that the KOR (Sirohi and Walker, 2015),
MOR (Sadée et al., 2005; Wang et al., 2001) and DOR (Costa and Herz,
1989) have basal activity, i.e., spontaneous activity in the absence of an
agonist.

The extracellular region of the receptor and, to some extent, the
cytoplasmic region, contain a dense network of protein-water H-bonds
(Fig. 8A, 10A 11A), such that protein groups located close to the
extracellular and cytoplasmic sides have high centrality values when
dynamic water bridges are included in the graphs (Figs. S18, S19). When
only the most persistent interactions are included in the graphs, D2.50
and D3.32 of the core H-bond network have relatively high centrality
values (Figs. S18, S19), as observed in the static structures (Fig. 7). The
relative importance of protein groups in centrality computations de-
pends on water molecules present in the network.

4. Conclusions

We implemented graph-based algorithms to identify and charac-
terize protein and protein-water H-bond networks in GPCR structures
from structural biology and numerical simulations. The algorithms we
presented here include a machine-learning clustering approach to
identify conserved water sites in GPCR structures, computations of
conserved H-bond clusters and of the linear length of these clusters,
similarity measures for H-bonds common to pairs of GPCR structures,
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and centrality measures to identify groups central for the local and long-
distance communication within H-bond networks of GPCRs. For the
analyses of H-bond clusters in GPCRs we used three sets of experimental
structures: Set-A, consisting of 25 GPCR structures solved at resolution of
2.3 A or better and with at least 25 internal waters, Set-B, with 28
structures solved at a resolution between 2.3 A and 2.5 A and with at
least 10 internal waters, and Set-C, with the remaining 255 structures
solved at lower resolution and/or with fewer internal waters. To eval-
uate how dynamic fluctuations in a fluid, hydrated lipid environment
could impact internal protein-water H-bond networks, we augmented
the analyses of the static GPCR structures by six independent atomistic
simulations of two opioid receptors.

Using the algorithms presented here, we studied conserved water
sites, i.e., sites where discrete water molecules tend to be present in
static GPCR structures. All static GPCR structures included in Set-A and
Set-B have a large, conserved core cluster of eight protein sidechains and
water molecules (Fig. 12A), and a local H-bond cluster at the DRY motif.
Structures solved at higher resolution have additional, smaller H-bond
clusters in the extracellular half of the receptor.

The conserved core cluster is likely to be particularly important for
the conformational dynamics of GPCRs, because it bridges the NPxxY
motif to the sodium-binding pocket and to the CWxP motif (Fig. 12A).
Although the NPxxY and DRY motifs are located relatively close along
the membrane normal, in static GPCR structures the conserved core and
DRY networks remain separated (Fig. 12A).

During simulations of the DOR and KOR-inactive, protein and water
dynamics allow the core H-bond network to expand towards the extra-
cellular side, to the ligand-binding site, such that a continuous protein-
water H-bond network can reach from the extracellular ligand binding
site deep into the protein, at the NPxxY motif (Fig. 8B, 10B, 12B). In
KOR-active simulations the core H-bond network extends even further,
to the DRY motif, such that a dense network of protein-water H-bonds
contributed by waters and protein groups of all seven TM helices spans
the receptor from the extracellular to the cytoplasmic side (Fig. 12C).

The extended H-bond network we identified in KOR-active simula-
tions is compatible with the activation path connecting Y7.53 to the
agonist binding site found for class A GPCRs (Zhou et al., 2019). Details
of the continuous H-bond network sampled in the absence of bound
ligand and G protein might, however, change when a ligand or the G
protein binds: Groups of the internal protein H-bond network could
interact directly with the ligand —such as D3.32 in the MOR (Huang
et al., 2015), or with the G protein —such as R3.50 (Venkatakrishnan
et al., 2013). In the future, accurate force-field representation of GPCR
ligands could allow us to probe how the dynamic, internal protein H-
bond network participates in and respond to ligand binding. Extending
such simulations to different types of GPCRs may enable more general
predictions about the response of internal H-bond networks to ligand
binding.

H-bond networks we identified here are necessarily representative
only to the structures included in analyses. As most of the GPCR struc-
tures solved at high resolution belong to A2A receptors, the extent to
which H-bond networks of A2A receptors inform on structural signa-
tures of the much wider GPCR family, remains to be seen. H-bond net-
works identified from static protein structures also depend on
coordinates solved for water molecules. The accuracy of these water
coordinates depends on the resolution at which the protein is solved
(Quillin et al., 2006), coordinates for low occupancy or disordered wa-
ters might be missing (Gottschalk et al., 2001; Levitt and Park, 1993),
and the probability that an internal protein cavity is occupied by water
depends on the temperature (Bondar et al., 2008; Gottschalk et al.,
2001). With larger data sets of GPCR structures solved at high resolu-
tion, the methodologies presented here could enable analyses of the
conformational dynamics of GPCRs based on H-bond networks.
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