ACS
Pharmacology
& Translational Science ZlSJOIS)O)

pubs.acs.org/ptsci

Structural Elements Directing G Proteins and f-Arrestin Interactions
with the Human Melatonin Type 2 Receptor Revealed by Natural
Variants

Bianca Plouffe, Angeliki Karamitri, Tilman Flock, Jonathan M. Gallion, Shane Houston, Carole A. Daly,
Amélie Bonnefond, Jean-Luc Guillaume, Christian Le Gouill, Phillipe Froguel, Olivier Lichtarge,
Xavier Deupi,* Ralf Jockers,* and Michel Bouvier™

Cite This: ACS Pharmacol. Transl. Sci. 2022, 5, 89-101 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

: in- MT, Receptor
ABSTRACT: G protein-coupled receptors (GPCRs) can engage 2 A CREBE AR IO

distinct subsets of signaling pathways, but the structural NT o Sy, (Ecs) -
determinants of this functional selectivity remain elusive. The .- e&'t-‘., .‘;:’ ECL2 g., g@%e% Oé
. . . . . X ®
naturally occurring genetic variants of GPCRs, selectively affecting - SR e S s e eHEz Sph
different pathways, offer an opportunity to explore this phenom- 6009 G a9 -
. . . . . L, “EI T ) o “Sd L Sk
enon. We previously identified 40 coding variants of the MTNRIB SR G MY (0 o) G e =3
: : A, o, TS Ik T D
gene encoding the melatonin MT, receptor (MT,). These G5 (T (5P () D @ il L=
. . . . . T ol T D T Y, el
mutations differently impact the f-arrestin 2 recruitment, ERK %%2 ' " G %%3 G%Sg" T o
activation, cAMP production, and Ga;; and Ga, activation. In this S 503 gg%’,é’g 5
. . . . ® = @ crui
study, we combined functional clustering and structural modeling G TP OV recritment
ICL1) 7 A € B @ ;
. . . POz ®gy (ICL3) & ©MT, variants tested
to delineate the molecular features controlling the MT), functional (icL2 €D | 00tignighed varants
selectivity. Using non-negative matrix factorization, we analyzed the 05000000 D0EOEOE 00 DOSCOBE

signaling signatures of the 40 MT, variants yielding eight clusters

defined by unique signaling features and localized in distinct domains of MT,. Using computational homology modeling, we describe
how specific mutations can selectively affect the subsets of signaling pathways and offer a proof of principle that natural variants can
be used to explore and understand the GPCR functional selectivity.

KEYWORDS: melatonin type 2 receptor, functional selectivity, p-arrestin recruitment, G protein activation, structure/activity analysis,
clustering

protein-coupled receptors (GPCRs) represent the largest protein subtypes and f-arrestins, a phenomenon known as
family of proteins involved in signal transduction across biased signaling.*
biological membranes." GPCRs bind to many ligands acting as Signal propagation from the ligand-binding pocket to the

intracellular face of GPCRs is mediated by structural rearrange-
ments of residue contacts in the transmembrane (TM)>
domains involving a redistribution of the water-mediated polar
network interactions.” This allows a large opening of the
cytoplasmic side of TM6, increasing the accessibility of G
proteins and f-arrestins to the receptor core. As this rearrange-
ment is required for a proper signal transmission, any mutation

agonists, such as hormones, chemokines, neurotransmitters,
ions, tastants, and odorants. Upon agonist binding in their
ligand-binding pocket, GPCRs undergo conformational changes
leading to, and stabilizing, active receptor conformations. In
their active conformations, receptors can then engage diverse
transducers, including hetero-trimeric G proteins that lead to the

activation of downstream effectors such as enzymes and impairing this process may result in a global change of receptor
channels generating second messengers and changes in ion responsiveness.’

fluxes resulting in cellular responses. Once activated, GPCRs Whereas the GPCR conformational rearrangements involved
also become the substrates for various kinases including GPCR in their general activation are well understood, the structural

kinases leading to the recruitment of B-arrestins to the receptors.
f-Arrestins uncouple the receptors from their G proteins and Received: November 2, 2021
recruit adaptor proteins involved in receptor endocytosis.” Published: January 25, 2022
Ultimately, this leads to signaling arrest at the plasma membrane
while promoting signaling from endosomal compartments.” In

recent years, different agonists, presumably stabilizing distinct

receptor conformations, were found to differentially activate G
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Table 1. Signaling Data Used for Cluster Assignmenta’b

Gail activation Gaz activation cAMP inhibition ERK B-arrestin
BA M ATC BA M ATC M ATC M ATC BA M ATC
{% of WT) {3 of WT) {% of WT)  [% of WT) {% of WT) (% of WT) {% WT) (% WT)
A1DP
G0R
cL1 08
0.54
R -0.54
R 92
65 -0.62 -0.93
cL2 86 -0.29
-0.51 56
A7AT 86 79 -0.06 97 -0.07 -0.25 100 -0.01
vi124i 68 0.01 91 0,57 -0.48 0.4
G109A 106 103 -0.05 77 0.12 0.02 81 0.05 0.06
124 122 0 169 107 -0.04 108 0.1 106 0.03 9% 0.1
R 112 117 -0.08 119 114 -0.02 103 -0.05 95 0.05 106 014
cLa 181 95 0.04 135 94 -0.06 141 0.18 103 -0.18 94 037
148 113 -0.11 185 107 0.01 122 0.04 98 -0.11 105 031
43R 128 89 0.01 178 108 0.01 103 0.25 100 0.01 105 -0.17
D246 98 92 -0.03 131 0.01 103 -0.07 107 0.01 99
CLs 150 0.19 94 0.08 83 0.13 135 -0.01
R154 121 92 151 104 -0.1 87 027 72 0 83 0.05
CL6 [kt 142 112 200 105 -0.02 91 -0.29 0.1
R330 154 96 166 0.13 108 97 0.09 94 116 -0.01
155 0.22 70 122 98 0.2 81 -0.04 101 107 0.09
cL7 160 139 93 -0.02 -0.87
121 -0.07 88 -0.28 110 0.03
A 108 91 0.03 134 100 01 103 -0.01 118 -0.05 107 -0.09
106 94 0.09 120 97 0.03 106 0.02 164 0.29 77 110 0.06
A359 115 143 0.49 193 105 0.01 91 0.3 246 0.24 87 129 037
124 103 -0.01 84 94 0.05 108 0.1 149 -0.05 74 93 0.09
CcL8 1 120 100 0 150 107 0.07 114 0.1 124 0.13 97 95 018
P36 124 127 0.29 122 106 0.09 104 0.24 99 0.01 112 108 0.14
A 114 105 -0.01 138 98 0.09 90 0.01 110 0.02 91 106 -0.07
46 132 98 043 151 98 01 111 o1 [ oo 97 112 -0.01
A231 107 96 -0.05 89 95 0.02 92 -0.03 80 -0.13 89 122 0.05
88 101 -0.09 106 101 0.06 89 -0.03 103 0.09 9 116 021
A 93 95 0.04 138 104 0.04 112 0.1 117 -0.09 106 109 0.07
A 96 0.01 131 108 0.09 94 -0.04 98 0.13 107 108 0.1

“Activation of Ga;; and Ga,, cAMP inhibition, ERK phosphorylation, and farr2 recruitment mediated by MT, variants were monitored upon
increasing concentrations of melatonin stimulation. “Data highlighted in red and green represent values significantly lower and higher than WT
MT,, respectively. The following parameters were used: basal activity (BA), maximal agonist-induced response (M), and difference of transduction
coefficient Alog(z/K,) (ATC). The values of BA are expressed as means, while M values were determined from the sigmoidal curves (nonlinear
regression with a variable Hill slope shared with WT MT,). The ATC values correspond to the difference between the TC of MT, variants and
WT MT,. N/A denotes that the experimental parameter could not be determined due to the lack of a concentration—response curve. For M, data
were analyzed by comparing the independent fits with a global fit that shares the selected parameter and for BA and ATC by one-sample t-test
compared to WT MT,. Ge;; and Ga, activation was monitored in quadruplicate, and ERK activation and cAMP inhibition were measured in
triplicate, while farr2 recruitment was monitored in duplicate. Data were considered different from WT MT, (highlighted in red or green) if p <

0.0S.

determinants underlying the selective engagement of specific
downstream effectors are still not clear. The ability of ligands to
promote the activation of some of the cognate downstream
pathways engaged by a given GPCR but not others (i.e., ligand-
biased signaling or functional selectivity) has led to the
hypothesis that among the various possible receptor con-
formations that can be stabilized by ligands, some preferentially
activate subsets of the signaling repertoire of a receptor.'”'' Ina
similar fashion to ligands, receptor mutations are also
susceptible to stabilize certain conformational states over others
and induce biased signaling. Naturally occurring mutations
leading to biased signaling have been reported for several
GPCRs: calcium-sensing receptor, glucagon-like peptide-1
receptor, angiotensin II type 1 receptor (AT;R), human thyroid

20

stimulating hormone receptor, and melanocortin 3 and 4
receptors. -~ '° It is reasonable to expect that the conformations
stabilized by mutations that bias signaling are similar to those
underlying ligand-biased signaling. However, the structural
consequences of such mutations have not been fully explored.
Our group previously identified 40 non-synonymous MT,
variants in Europeans'” and assessed their signaling profiles by
monitoring their ability to activate G}, Ga,, and ERK1/2; to
inhibit cAMP production; and to promote the recruitment of f-
arrestin 2 (farr2).”° The study revealed a significant association
between melatonin-promoted activation of Ge;; and Ga,,
constitutive farr2 recruitment, and the occurrence of type 2
diabetes.”” However, no analysis of how the mutations affecting
distinct signaling pathways group functionally and structurally

https://doi.org/10.1021/acsptsci.1c00239
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Figure 1. NMF of MT), variant signaling signatures. Heatmap of similarity scores between MT), variants obtained by NMF for the eight clusters. Low
similarity scores (high similarity) are represented in blue/cyan, and high similarity scores (low similarity) are represented in yellow/green.

Dendrograms illustrate the level of similarity between each pair of variants.

has been attempted. Here, using the data sets of the full signaling
profiles of the 40 naturally occurring genetic variants, we utilized
non-negative matrix factorization (NMF) of 13 parameters
resulting in the clustering of the variants in 8 distinct groups.
‘When overlaid on the M T, structure, the mutations belonging to
the same groups are not distributed randomly but rather point to
mechanistic explanations of the functional selectivity of the
variants.

B RESULTS

Functional Clustering of MT, Variant Signaling
Signatures Reveals Eight Different Profiles. For wild-type
(WT) and MT, variants, agonist-independent activation of Ga;,
and Ga,, and recruitment of farr2, as well as concentration—
response curves of melatonin-promoted Ge;; and Ga,
activation, inhibition of forskolin-simulated cAMP production,
Parr2 recruitment, and ERK phosphorylation have been
previously published.”’ We used constitutive (or basal) activity
(BA), maximal agonist-induced response (M), and the differ-
ence of transduction coefficient Alog(7/K,) (ATC) of farr2
recruitment, Ga;; and Ga, activation, as well as M and ATC of
inhibition of cAMP production, and ERK activation (13 total
signaling parameters) for the 40 variants (Table 1). To identify

91

the commonalities among the signaling signatures, we used
NMF' and K-means clustering, providing similarity scores for
each pair of variants (see Methods section for details). Two
hundred matrices of sampled data were created (40 variants with
13 signaling parameters per variant) by randomly sampling for
each signaling parameter a single value from the normal
distribution. Using sparse NMF and unsupervised clustering
using K-means, feature reduction was independently performed
for K =2 through K = 10. The matrix was deconstructed into two
vectors (W and H). W has the dimensions of 40 mutations by k,
and H has the dimension k by 13 signaling parameters. The
clusters were assigned, and a clustering frequency matrix (f) was
created for every K by calculating the similarity scores (how
frequently any pair of mutations clustered together). This
resulted in a clustering frequency matrix with values ranging
from 0 (always clustered together; maximal similarity) to 1
(never clustered together; no similarity). The similarity scores
were converted into a heat map in which low similarity scores
(high similarity) are represented in blue/cyan and high
similarity scores are represented in yellow/green (Figure 1).
The variants were grouped together by a cluster, and the level of
similarity between each pair of variants is also illustrated in a
dendrogram (Figure 1).

https://doi.org/10.1021/acsptsci.1c00239
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Figure 2. Eight phenotypes of MT, variants and their localization in the receptor sequence. (a) Superimposition of signaling signatures sharing the
same cluster for the eight clusters. Basal activities (BA), agonist-mediated maximal efficacies (M), and Alog(z/K) ratios (ATC)>" were expressed as
normalized differences from WT MT,. (b) Localization of the 40 MT, variants color-coded according to their respective cluster (CL): red (CL1;
severe global signaling impairment), orange (CL2; moderate global signaling impairment), yellow (CL3; slight global signaling impairment), purple
(CL4; selective impairment of agonist-mediated farr2 recruitment), light blue (CLS; selective impairment of Ga;; activation and basal farr2
recruitment), dark blue (CL6; Gy, activation selective impairment), green (CL7; Ga, activation selective impairment), and black (CL8; no signaling
impairment). * indicates the four variants that lose the ability of binding melatonin. The snake plot was created using the tools at www.gpcrdb.org.

By superimposing the signaling signatures of each variant, we by a severe, moderate, and modest impairment of all signaling
can also appreciate the differences between the eight clusters pathways, respectively. This suggests that the residues from
(CL) (Figure 2a). The members of CL1, CL2, and CL3 (red, these CLs are part of the amino acids involved in global signaling
orange, and yellow, respectively, in Figure 2a) are characterized transmission and in controlling the transition between inactive

92 https://doi.org/10.1021/acsptsci.1c00239

ACS Pharmacol. Transl. Sci. 2022, 5, 89—101


https://pubs.acs.org/doi/10.1021/acsptsci.1c00239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00239?fig=fig2&ref=pdf
http://www.gpcrdb.org
https://pubs.acs.org/doi/10.1021/acsptsci.1c00239?fig=fig2&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

a

2-phenylmelatonin

ey

S$123 335
F
o°°
°' ﬁ D86 250

°
Y220 558 ®o o

"@’f 5 % Y308 749
253 4W R138 350

F250

C

1007 - WT
gof @ S123R 335
é R -© S123E 3.35
8k 6012 Mock
85 40
INES T T 20 S SO o o)
35 20 é{)é ¢ ¢ J
of—g T begggeRagd
o -1 -0 9 8 7

Log [melatonin] (M)

j 2-phenylmelatonin

- WT
- R222H 560

Gaz activation
(% of WT)

10
Log [melatonin] (M)

NPxxY

%
i

icl4

- WT
- R316H 851

(% of WT)
» O @
S & o

N
o

Goz activation

3

10
Log [melatonin] (M)

Figure 3. Disruption of key MT), activation switches by genetic variants characterized by a global signaling impairment. (a) Side view of the crystal
structure of the agonist-bound human MT, in the inactive state showing the location of conserved residues of the water-mediated polar network—
depicted by red dots. $123>° (green) is in the vicinity of D86>*, while 1223%¢' and F250%** (orange) are packed against each other below Y220%* and
nearby the key functional residues R138**° of the DRY motif and Y308”*° of the NPxxY motif. (b) Melatonin dose—response curves of Ga, activation
by WT MT, (black curve), MT,-S123R** (dotted red curve), MT,-S123E>* (dotted blue curve), or in the absence of transfected receptor (Mock;
dotted gray curve). (c) Side view of the crystal structure of MT, showing R222>%° (orange) and R316**! (green) facing the nearby DRY and NPxxY
motifs and ICL4. (d) Melatonin dose—response curves of Ga, activation by WT MT, (black curve), MT,-R222H> or MT,-R316H**' (red dotted
curve), and MT,-R222E>% or MT,-R316E*! (blue dotted curve). Each point represents the mean + SEM of five independent experiments performed
in quadruplicate (distinct samples). The statistical differences between melatonin-induced maximal responses (E,,,,) were assessed by comparing the
best-fit values of top (E,,,) (*p = 0.0109, **p = 0.0038, and ****p < 0.0001).

and active receptor conformations. All these variants are located
within the TM domains, except p.G109A**' (superscripts
indicate the GPCRdb numbering scheme”®) which is located at
the interface between TM3 and the extracellular loop 1 and
p-R316H**! in H8 (Figure 2b). In contrast, variants belonging
to CL4 to CL7 are characterized by impairments of selective
subsets of the receptor signaling repertoire. The CL4 (purple in
Figure 2a,b) variants are mostly positioned in the intracellular
parts of MT,, but the members of CL7 (green) are found in
TM3 and TMS. The variants within CL4 selectively impair

93

agonist-induced farr2 recruitment with little or no impact on
other pathways (Figure 2a,b). Interestingly, these variants are all
localized within the third intracellular loop (ICL) and the
cytosolic extensions of TMS and TM6 (except p.L1661**! which
is found in TM4), delineating this region as important for farr2
recruitment. Impairment of basal and agonist-induced Ga,
activation is the common feature of the three variants belonging
to CL7 (Figure 2a,b). The members of CLS and CL6 (light and
dark blue, Figure 2ab) are localized toward the intracellular
parts of TM3 and TM4 and in the receptor carboxy-terminus

https://doi.org/10.1021/acsptsci.1c00239
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MT,/farr2 complex showing R231%% in MT, cytoplasmic extension of TMS interacting with serine 75 (S75) located in the finger loop of Barr2. (b)
Melatonin dose—response curve of recruitment of human farr2 or farr2-S75A to the plasma membrane in the presence of MT, or MT,-R231H%.
Each point represents the mean + SEM of five independent experiments performed in quadruplicate (distinct samples). Statistical differences between
melatonin-induced maximal responses (E,,,,) were assessed by comparing the best-fit values of top (E,,,,) (*p < 0.0, p = 0.0138).

and are impaired for agonist-induced Ga;; activation (ATC)
with heavy (CLS) or slight (CL6) defect of the basal recruitment
of farr2, respectively (Table 1 and Figure 2a,b). Finally, the
members of CL8 (black, Figure 2a,b) do not impair the signaling
and are all positioned outside the TM bundle, except p.AS2T"**
(Figures 1 and 2a,b).

Genetic Variants in CL1 and CL2 Disrupt the Key MT,
Activation Switches (DRY, NPxxY, and ICL 4). In CL1, the
lack of responsiveness of p.A42P"**, p.L60R"*?, p.P9SL**®, and
p-Y308S7** is explained by a loss of agonist binding to MT, as
previously reported.'” However, four other variants in CL1 bind
melatonin with a similar affinity to WT MT, (p.R138C**°,
p-R138H>%, p R138L*%, and p.S123R>*®) and, therefore, may
disturb the overall signal transduction mechanism of the
receptor. p.R138*% is part of the evolutionary-conserved and
functionally crucial DRY motif and its mutation usually alters the
function.” Remarkably, melatonin receptors have a neutral
asparagine instead of the conserved negatively charged residue
at position 137>*’; still, the variants with mutations at p.R138>*°
are expected to exhibit a strongly distorted network of
interactions around this functionally key residue switch.
Regarding the p.S123R**® variant, the crystal structure of the
agonist-bound human MT, in the inactive state” reveals that
S123** is in the vicinity of D86>*°. These residues likely form
part of a water-mediated polar network highly conserved in class
A GPCRs® (Figure 3a). Rearrangement of this network is
essential for GPCR activation as it allows propagation of
conformational changes from the orthosteric agonist-binding
site to the G protein coupling interface.’ The p.S123R>3S variant
probably introduces a salt bridge with D86>*°, thus preventing
local structural rearrangements in this key region and therefore
locking MT), in an inactive state. To test this hypothesis, we
introduced a negatively charged residue at position 123** to
disrupt the inactive-state interactions at this site. The S123E>*
mutation partially rescues melatonin-mediated Ga, activation
by allowing around 25% of WT MT, maximal melatonin-
induced Ga, activation (Figure 3b), supporting the proposed
mechanism for the lack of signaling of the p.S123R*** variant.
The variants p.1223T>¢' and p.F250V®* in CL2 lead to a
moderate impairment of all signaling pathways. In the crystal
structure of human MT,, these residues are packed against each
other immediately below Y220%%, a highly conserved residue in
class A GPCRs involved in a water-mediated polar network
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involving the key functional residues R138**° of the DRY motif
and Y3087 of the NPxxY motif*® (Figure 3a). Thus, the global
loss of signaling in these variants could result from an alteration
of the hydrophobic packing around Y220%%® that disturbs this
important activation switch. Finally, p.R222H>° and
p-R316H**' are also part of the globally but moderately
impaired variants in CL2 (Figure 2b). The crystal structure of
human MT, shows that R222>% and R316%%! are located on the
intracellular side of the receptor facing with membrane
phospholipids and nearby key activation switches at the DRY
motif and ICL4 (Figure 3c). To test the functional relevance of
these sites, we introduced a glutamate to further impair
interactions with the nearby residues. We observed that
R222E%® and, particularly, R316E®*! cause a significant
reduction of the melatonin-mediated Ga, activation compared
to p.R222H* and p.R316H**, respectively (Figure 3d).

Role of ICL3 in parr2 Recruitment. The CL4 cluster is
exclusively composed of genetic variants selectively impaired in
their ability to recruit farr2 upon melatonin stimulation (Figure
2a, purple). Interestingly, most of these residues are located
within the third ICL of MT, or at the cytoplasmic extensions of
TMS and TM6 (Figure 2b, purple). Among them, R231%% is
predicted to interact with serine 75 (S75) in the f-arrestin finger
loop (Figure 4a), according to our model the human MT,/f-
arr2 complex (see Methods section). The finger loop is a key
domain interactin§ with the open cytoplasmic region of
activated GPCRs”™ and essential for f-arrestin recruitment,
particularly in receptors having a relatively weak affinity for f-
arrestin such as MT,.”” In the p.R231H>® variant, a shorter
histidine may lead to an impaired interaction with S75 in farr2.
To verify this putative interaction, we mutated S75 in human
Parr2 to alanine (farr2-S7SA) (Figure 4b). This mutation
significantly reduces farr2 recruitment to plasma membrane
upon stimulation of MT, with melatonin to a similar extent to
the reduction previously reported in the MT, p.R231H>®
variant.

Role of Y1413 of CL5 in Selective Recognition
between Ga;; and Ga,. Variants within CLS and CL6 are
selectively impaired in their melatonin-induced Gay; activation
(ATC) and, for CLS, also basal farr2 recruitment (Figure 2a).
The effects of these variants are remarkable because (except for
A342V) they affect Ga;;—but not the related Ga,—signaling.
The clearest example of this G protein bias is the p.Y141F*>3
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Figure 5. Biased signaling for Ga;; and Ga, activation by MT,-Y141F*%3, (a) Melatonin dose—response curve of Ga;; (left panel) and Ga, (right
panel) by WT MT, and MT,-Y141F*%, (b) Basal Gat; and Ga, activation by MT,-Y141%* relative to WT. Statistical differences between melatonin-
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variant in CLS, with the largest difference between the TCs for
Ga;; and Ga, (Figure Sa). In this variant, agonist-induced
activation for Gy is right-shifted and blunted compared to WT
MT, (Figure Sa, left panel), but the corresponding response for
Ga, is not (Figure Sa, right panel), yielding a significantly
different TC (ATC = —0.66 for Ga;; and 0.19 for Ga,). These
differences are also in line with the differences in the constitutive
activation of Ga; and Ga, by p.Y141F*%3, which is reduced for
Ga;, but increased for Ga, (Figure Sb). According to our models
of the human MT,/Ga;; and MT,/Ga, complexes (see
Methods section), Y141*33 may establish different interactions
with Ga;; and Ga,. In these two G protein subtypes, the a-
helical 5 (HS) region (the Ga protein region known to interact
with the receptor core) differs by only four residues (Figure 6a,
blue). Among them, the residue at position H5.22 (D in Gay,
and Y in Ga,) can interact with Y141*3* of MT, (Figure 6b). In
the Ga;; complex, Y1413 could form a hydrogen bound with
DHS.22, while in the Ga, complex, it could interact with the
corresponding YHS.22 through aromatic interactions. Thus, we
hypothesized that the hydrophobic mutation in the p.Y141F*3
variant would impair the interaction with DHS5.22 in Ga;; but
not the interaction with YHS.22 (Ga,). To test this conjecture,
we replaced DHS.22 of Ga;; by its Ga, counterpart (tyrosine;
Ga,;-DHS.22Y) and YHS.22 of Ga, by its Ga;; counterpart
(aspartate; Gar,-Y5.22D). Remarkably, swapping these residues
also swaps the ability of the p.Y141F*** variant to activate Ga;,
and Ga, p.Y141F>*% activates Ga;-DHS.22Y in a similar
fashion to MT, in the presence of melatonin (Figure 6c, top
panel), as observed for Ga,. Also, the decreased melatonin-
induced Ga; activation by p.Y141F*** is recapitulated with the
Ga,-Y5.22D mutation (Figure 6¢, central panel). Similarly, the
higher constitutive activation of Ga, in the p.Y141F*** variant
was also recapitulated by testing its activity on Ga;-DHS.22Y.
Reciprocally, the constitutive activity of Y141F>** toward Ga;-
DHS5.22Y is significantly higher than Ga;; WT and comparable
to that of Ga, (Figure 6¢, bottom panel). Similarly, the low basal
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activation of Ga;; by p.Y141F**® is recapitulated with Ga,-

Y5.22D (Figure 6c, bottom panel). These results suggest a role
of Y141*%* in MT, in the selective recognition of different G
protein subtypes. As opposed to variants from CLS, variants
from CL7 are characterized by a decreased potency to activate
Ga, but not Ga;. As these mutations are located in TM domains
far from the G protein binding region, they most probably affect
allosterically the structural elements linking the melatonin
binding site to Ga, activation. Additional studies will be required
to identify the precise underlying mechanism.

B DISCUSSION

MT, is an example of a GPCR, for which naturally occurring
mutations have been found to bias its signaling profile’® as
previously reported for other GCPRs.'*~"® The biasing effects of
the MT, variants observed in T2D patients have shown that
defects in the melatonin-induced activation of Ga;; and Ga, and
in basal B-arrestin recruitment were the most significantly
associated with an increased T2D risk already. In the present
work, the analysis of 40 naturally occurring variants in MT), has
allowed us to obtain important insights into the structure—
function relationship of this receptor. The positions affected by
these natural variants include (a) residues crucial for global
receptor activation, (b) residues important for farr2 recruitment
and interaction, and (c) residues determining the selectivity
between two members of the G/, family: Ge;; and Ga,.

The total loss of responsiveness of p.S123R** (from CL1)
highlights the functional relevance of the water-mediated polar
network mediated by D**°. Likewise, a mutation at position 3.35
(N111W**) in AT|R has been reported to abrogate receptor
activation.”® In agreement with our hypothesis that the residue
3.35 of MT, is susceptible to interfere with D86>*°, molecular
dynamics (MD) simulations have shown that the loss of
responsiveness of the N111W>?** AT|R mutant can be explained
by a change of orientation of D**° and the interaction between
residue 3.35 and this aspartate.”” Almost all human class A
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Figure 6. Potential role of residue H5.22 in the differential activation of Ga;; and Ga, by MT,-Y141F*%, (a) Alignment of Ga;; and Ga, HS region.
Residues are identified according to the common Ga numbering system.52 Residues conserved in all Ga protein subtypes are highlighted in gray, and
residues different in Gat;; and Ga, are highlighted in blue. (b) Side view of human MT,/Ga;, (green) and MT,/Ga, (purple) complexes showing the
residue at position H5.22 (D in Ga, and Y in Ga,) interacting with Y141*3 of MT, through a hydrogen bond (for D in Ga;;) or through aromatic
interactions (for Y in Ga,). (c) Melatonin dose—response curve of Ga;;-DHS.22Y (upper panel) and Ga,-Y5.22D (middle panel) by WT MT, and the
Y1413 variant. Basal activation of WT or mutant Ga;; and Ga, by Y141>%* (bottom panel). Statistical differences between melatonin-induced
maximal responses (E,,,,) were assessed by comparing the best-fit values of top (E,,,) (****p < 0.0001), while a one-way ANOVA, followed by
Tukey’s multiple comparisons test, was used to compare the basal WT of mutant Ga;; and Ga, activation by MT,-Y141F*% (*p < 0.05). Each point
represents the mean + SEM of independent experiments performed in quadruplicate (distinct samples). n denotes the number of experiments

performed, and N.S. stands for non-significant.

GPCRs have a neutral residue at position 3.35, highlighting the
requirement for an absence of charge at this position which
otherwise could potentially disturb the role of D**° in the
rearrangement of the water polar network. This observation also
supports our results obtained with the S123E*** mutation
(Figure 3b). The absence of a full rescue of the responsiveness
may be explained by the negatively charged glutamate used to
replace the positive arginine in p.S123R>%,

While R222%%° and R316*%! (from CL2) seem to be able to
interact with the nearby key activation switches at the DRY motif
and ICL4 (Figure 3c), these residues are also facing the lipid
bilayer. Membrane phospholipids and most importantly
phosphatidylinositol-4,5-biphosphate [PtdIns(4,5)P,] have
been recently shown to bind to positively charged residues of
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the intracellular surface of GPCRs.”® These interactions have
been reported to contribute to the stabilization of the active state
of B-adrenergic receptor, adenosine A,, receptor, and neuro-
tensin receptor.’’ Using coarse-grained MD simulations for nine
family A GPCRs, Yen et al. have shown that residues 5.60 and
8.51 interact with PtdIns(4,5)P, for all tested GPCRs.*"
Accordingly, about 40 and 70% of human family A GPCRs
have a positively charged residue at these respective positions.
Arginine and lysine are predominant, while histidine only
accounts for about 4% and less than 1% of positively charged
residues at positions 5.60 and 8.51, respectively. This
observation suggests that histidine may not be the best positively
charged residue to interact with membrane phospholipids as it is
shorter and bulkier than arginine and lysine.
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One of the most important regions for f-arrestin interaction
with activated GPCRs is the finger loop.”" Our data support the
interaction between S75 in the finger loop of farr2 and R231%%
at the cytoplasmic side of TMS in MT,. About 75% of GPCRs
having an extended TMS have at least one positively charged
amino acid at position comprised between 5.69 and 5.71.
Arginine and lysine are more common at this positive “hub”.
Only 10% have a histidine at these positions, suggesting that this
residue may not be optimal to interact with the finger loop. This
is consistent with our results from the p.R231H>% variant (from
CL4), which showed significantly reduced farr2 recruitment.

The functional selectivity among members of different G
protein families is well documented. However, the functional
selectivity among members from the same G protein family has
only been reported very recently due to the significant
improvement of the resolution of tools to characterize GPCR
functionality. This is particularly well exemplified by a recent
study exploring the landscape of 100 GPCRs using an eftector
translocation-based BRET platform.> In this extensive study,
seven GPCRs that robustly couple to Ga;; but not to Ga, were
identified (5-HT,p, A3, FFA2, GPR39, LPAl, LPA2, and
GPR68). Conversely, five receptors robustly coupling to Ga, but
not Ga;, were found (5-HT,s S,AR, D1, FP, and Y1).*?
Interestingly, none of these five receptors harbor a hydroxyl-
containing residue (serine, threonine, or tyrosine) at position
3.53, supporting the notion that the lack of such residue may
disfavor the Ga;, engagement versus Ga,. However, 85% of the
GPCRs found to interact with Ga;; did not harbor a serine,
threonine, or tyrosine at position 3.53, indicating that additional
residues can contribute to Ga;; engagement consistent with the
notion that multiple interactions between the receptor and their
cognate G proteins determine selectivity. Although selectivity
between Ga, and Ga;, was also found in another large-scale
GPCR proﬁling,33 namely, for LPAl, LPA2, and A3, such
selectivity was not detected as widely as in the study of Avet et
al.’> The difference between the extent of the selectivity
detected may result from the different assays used to profile the
signaling repertoires of the receptors, namely, the use of a
chimeric G protein in Inoue’s paper that may affect the
selectivity. Avet et al.>* highlight the fact that subtle differences
between the last residues of the HS region of Ga proteins from
the same family are sufficient to drive functional selectivity. Our
data show that only one residue is sufficient and, to our
knowledge, our study is the first to show a receptor mutation
inducing functional selectivity between G protein isoforms from
the Ga;, family. We found that residue HS5.22 (D in Gay; Y in
Ga,) drives the functional selectivity observed in the p.Y141F>%?
MT, variant (from CLS). An equivalent interaction can be
observed in the cryo-EM structure of the human adenosine A;
receptor (A;R)—Ga;, complex (PDB ID: 6D9H), in which R*%
of AR interacts with DHS5.22 of Ga,.”* In fact, the interaction
between residue 3.53 in GPCRs and Ga proteins is not unique
to MT, and A R, as a recent analysis of 11 structures of GPCR—
G protein complexes reported that, while only three positions in
GPCRs always make contacts with Ga, residue 3.53 is one of
them.” The differences observed between the Ga;, and Ga,
responsiveness in the Y141F> variant can explain why certain
Ga proteins can tolerate more easily sequence variability in the
GPCR without any reduction of their coupling to it. Similar to
Gayy, all Gay/y; and the other Ga, isoforms (except Ga, and
Ga,) have a negatively charged residue (aspartate or glutamate)
at position HS.22. Ga, and Ga, have a glycine and a tyrosine at
this position, respectively. Consequently, for these two isoforms,
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receptor/Ga protein interactions at this position are probably
less important than they are for other Ga proteins, and
therefore, these two isoforms could tolerate more easily certain
variability in receptor sequence without any impact on their
ability to couple to GPCRs than the other Ga;/, and Gagy,
isoforms.

It will be of interest in future studies to match the function of
MT, in different brain regions with the expression profiles of
Gai, and Ga, to obtain insights into region-specific differences
of the MT, function.

Altogether, our findings demonstrate that natural variants
provide new insights into study structure—function relation-
ships. By analyzing the functional data using structural
bioinformatics tools, we have furthered our understanding of
the structural basis of GPCR activation and functional
selectivity.

B METHODS

Signaling Pathway Measurements and Generation of
Signaling Signatures. The melatonin dose—response curves
of WT and mutant Ga;; and Ga, activation, inhibition of
forskolin-simulated cAMP production, WT farr2 recruitment,
and ERK phosphorylation were performed using the methods
previously described.”” The measurement of mutant farr2
recruitment upon melatonin stimulation was performed by
monitoring the enhanced bystander BRET between Renilla
luciferase II (Rlucll)-tagged mutant farr2 and Renilla green
fluorescent protein (rGFP) tagged with the CAAX domain of
the plasma membrane located protein KRas (rGFP—CAAX) as
previously described.*® For these experiments, human MT,-
ARMS2-ProLink 2 from DiscoverX was co-transfected with the
EbBRET biosensors. Procedures to obtain radial graphs
representing the signaling signature of MT, variants were
previously described.”” Briefly, for WT and MT, variants, 13
signaling parameters were measured as indicated in the results.
Dose—response curves were generated using a four-parameter
sigmoidal curve equation. Maximal agonist-induced responses
(M) of the variants were determined from the sigmoidal curves
and expressed as a percent of WT. The basal activity (BA) of
variants was also expressed as a percent of WT. The TCs [log(z/
K,)] were also assessed using an operational model of agonism
designed by Kenakin and Christopoulos.’” The difference of TC
between each variant and WT [Alog(7/K,)] was calculated, and
the antilog of Alog(7/K,) was then extracted (ATC). The
values obtained for BA, M, and ATC were normalized to fita —1
to +1 scale using the following formula: (variant — WT)/
(variant + WT). These normalized values were plotted on a
radial web.

Signaling Signature Clustering. We utilized an adapta-
tion of the method outlined in Schonegge et al. to cluster 40
MT, variants based on ghenotypic signaling response using
BRET-based biosensors.”® As previously described, our method
iteratively samples values from the normal distribution around
each mean phenotype parameter [e.g., basal response (BA),
agonist-mediated maximal response (M), and Alog(7/K,)
(ATC) calculated from the dose—response curve replicates]
to group mutations with similar signaling patterns. To achieve
this purpose, we created 200 matrices of sampled data—each 40
variants with 13 phenotype data points per variant—by
randomly sampling, for each data point, a single value from
the normal distribution with the mean and standard deviation
estimated from the variant replicates. To avoid biases caused by
large-scale differences between measures (e.g., M vs ATC), each
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column (phenotype measure) was standardized between 0 and 1
based on standard value = (value;; — Min;)/(Max; — Min),
where Min; and Max; are the column-specific minimum and
maximum scores. Feature reduction—using sparse NMF—and
unsupervised clustering—using K-means—were independently
performed 100 times on each of the 200 sampled matrices for K
= 2 through K = 10, where K = K for NMF and K-means
clustering. We specifically used sparse NMF to deconstruct the
resulting matrix into two basis vectors, [W, H] (where W has the
dimensions 40 mutations by k, and H has the dimension k by 13
signaling parameters), using the multiplicative algorithm of
NME with 200 replicates to ignore data points which were
impossible to define or that were not obtained via phenotypic
testing. The K-means clustering was used to convert the W
matrix to cluster assignments using the same K for the K-means
as NMF resulting in 100 cluster assignments for every K (2—10)
for every 200 sampled matrices. Using these 100 cluster
assignments, we created a clustering frequency matrix (f) for
every K, of dimensions 40 mutations X 40 mutations, by
calculating how frequently any pair of mutations clustered
together over the 100 replicates. This resulted in a clustering
frequency matrix. The values therefore ranged from 0 (never
clustered together) to 1 (mutations always clustered together).
To obtain a consensus over all 200 frequency matrices (for a
given K), we further used K-means clustering to obtain cluster
assignments from individual frequency matrices. The K used in
this step matched the K used to obtain the frequency matrix ().
The final result was therefore nine frequency matrices (Fy), one
for each K (K = 2 through K = 10) quantifying how frequently
any two variants (i, j) clustered together across all the 200
sampled matrices. These final frequency matrices are therefore
relative quantifications of the similarity between each of the
variants. The final heatmap and dendrogram for each K were
obtained by calculating the Pearson correlation distance
between all pairs of mutations within Fy. The final cluster
assignment was obtained by subdividing the final tree into K
branches by reductively cutting the tree beginning at the most
diverged vertex. The number of clusters (K) was determined by
selecting a value big enough to allow sufficient resolution
between the phenotypical differences but small enough to
exclude any situation for which non-statistical features would
define a cluster. According to these criteria, the optimal value of
K obtained was 8.

Modeling of Active MT, Bound to Ga;;/Ga, Proteins
and p-Arrestin. The sequences of the human MT, and f,-
adrenergic receptors were aligned using Clustal Omega.”” This
initial alignment was manually refined using Chimera* to adjust
some of the gaps in the loop regions. Using this alignment, the
active state of MT, was modeled with Modeller"' using the
crystal structure of the active f,-adrenergic (3SN6)* as a
template. This choice was forced by the lack of GPCR/Gi
complexes at that moment. When these became available, we
observed that our model satisfactorily captured the active
conformation of the receptor [RMSD = 1.9 A (Ca atoms) when
compared to the structure of the MT1/Gi complex].*’ As a
result, the key features relevant to our analysis were well
described in our model. In particular, the position of Y141*** in
our MT, model is equivalent to that of Y1283 in the MT1/Gi
complex (Figure S1). Residues missing in the template were
refined using the loop optimization method in Modeller, and a
disulfide bridge was added between residues Cys113** and
Cys190*°. All models were subjected to 300 iterations of
variable target function method optimization and thorough MD
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and simulated annealing optimization within Modeller and
scored using the discrete optimized protein energy potential.
The 20 best-scoring models were analyzed visually, and a
suitable model (in terms of low score and structure of the loops)
was selected. We added ordered water molecules in the TM
bundle, as in the high-resolution structure of the adenosine A2A
receptor.”* The protonation state of titratable groups was
calculated using PROPKA® at pH 7.0 as implemented in
PDB2PQR* to optimize the hydrogen bond network. The
CHARMM-GUI Membrane Builder*” was used to embed the
receptor in a hexagonal lipid bilayer composed by 162 POPC
molecules, which was hydrated with a layer of approximately 35
A on each side. Sodium and chloride ions were added to a
concentration of 150 mM NaCl, and then additional ions were
added to achieve charge neutrality. The final system contains a
total of approximately 72,000 atoms. The system was
equilibrated with NAMD™*® using the protocol from the
CHARMM-GUI Membrane Builder and subjected to 200 ns
(2 X 100 ns) of unrestrained MD. Simulations were carried out
with NAMD 2.10 with the c36 CHARMM force field"” in the
NPT ensemble, and using Langevin dynamics to control
temperature at 300 K, and at a time step of 2 fs, while
constraining all bonds between hydrogen and heavy atoms. The
resulting equilibrated model of active MT, was aligned to the
structures of the adenosine Al receptor bound to G;, (PDB ID:
6D9H*) or the 1 adrenergic receptor bound to B-arrestin-1
(PDB ID: 6TKO>), and models of Ga,,, Ga,, and farr2 bound
to MT, were built—by homology modeling with Modeller,
using the approach described above—with the structures of
GPCR-bound G, (PDB ID: 6D9H) and fS-arrestin-1 (PDB ID:
6TKO) as templates. MD simulations were carried out at the
Paul Scherrer Institute high-performance computing facilities
and at the Swiss National Supercomputing Centre (CSCS).
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