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Abstract

G protein-coupled receptors (GPCRs) are the largest superfamily of transmembrane receptors and have vital signaling functions
in various organs. Because of their critical roles in physiology and pathology, GPCRs are the most commonly used therapeutic
target. It has been suggested that GPCRs undergo massive genetic variations such as genetic polymorphisms and DNA insertions
or deletions. Among these genetic variations, non-synonymous natural variations change the amino acid sequence and could
thus alter GPCR functions such as expression, localization, signaling, and ligand binding, which may be involved in disease de-
velopment and altered responses to GPCR-targeting drugs. Despite the clinical importance of GPCRs, studies on the genotype-
phenotype relationship of GPCR natural variants have been limited to a few GPCRs such as B-adrenergic receptors and opioid
receptors. Comprehensive understanding of non-synonymous natural variations within GPCRs would help to predict the unknown
genotype-phenotype relationship and yet-to-be-discovered natural variants. Here, we analyzed the non-synonymous natural vari-
ants of all non-olfactory GPCRs available from a public database, UniProt. The results suggest that non-synonymous natural
variations occur extensively within the GPCR superfamily especially in the N-terminus and transmembrane domains. Within the
transmembrane domains, natural variations observed more frequently in the conserved residues, which leads to disruption of the
receptor function. Our analysis also suggests that only few non-synonymous natural variations have been studied in efforts to link
the variations with functional consequences.
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INTRODUCTION overall structure, the sequence similarity is relatively limited,
and the sequences and lengths of the N-termini, cytoplasmic

G protein-coupled receptors (GPCRs) are the largest su- loops, and C-termini vary among GPCRs (Tang and Insel,
perfamily of transmembrane receptors, with approximately 2005). In 2003, human GPCRs were grouped into five fami-
800 genes identified in humans (Pierce et al., 2002). GPCRs lies (Rhodopsin, Secretin, Adhesion, Glutamate, and Frizzled
transmit extracellular signals into the intracellular region re- families) based on phylogenetic analysis (Fredriksson et al.,

sulting in interaction with various signaling proteins (Chun and 2003) (Fig. 1). Currently, a GPCR database, GPCRdb (http://
Shim, 2015; Zhang et al., 2016; Zheng et al., 2016). These gpcrbd.org/) (Munk et al., 2016), classified human GPCRs into

GPCR signaling regulate vital signaling pathways, which are 286 Rhodopsin (excluding olfactory receptors), 15 Secretin,
involved in critical physiological and pathological functions in 33 Adhesion, 22 Glutamate (including three taste 1 receptors),
various organs in the sensory, metabolic, endocrine, neuro- and 11 Frizzled families (Lagerstrom and Schioth, 2008; Munk
muscular, and central nervous systems (Pierce et al., 2002; et al., 2016). Twenty-five taste 2 receptors and six orphan re-
Stoddard and Chun, 2015). Owing to their importance in ceptors are not included in any of these families.
physiology and pathology, approximately 30-40% of currently Completion of the Human Genome Project revealed that
marketed drugs target GPCRs. many proteins have genetic variants such as nucleotide in-
GPCRs are composed of seven transmembrane o-helical sertions, deletions, or exchanges. Although majority of the
domains with an extracellular N-terminus and an intracellu- genetic variants are hypothesized to be functionally neutral
lar C-terminus (Fig. 1A). Although GPCRs share a common (Kimura, 1968), some natural variants affect the function of the
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Fig. 1. Description of the general GPCR structure and five GPCR families. (A) The structural domains of GPCRs. (B-F) Representations of
the conserved and distinct features of the Rhodopsin (B), Secretin (C), Adhesion (D), Glutamate (E), and Frizzled (F) families.

gene, usually involving non-synonymous or missense variants
that change the amino acid sequence (Hecht et al., 2013).
Genetic variants identified in GPCRs can influence receptor
expression, proper folding, targeting within cell organelles,
activation, function, desensitization, and ligand binding (Tang
and Insel, 2005; Insel et al., 2007). Therefore, the genetic
alterations in GPCRs are involved in the occurrence of ge-
netic diseases and different drug responses (Thompson et al.,
2014a, 2014b). It has been reported that there are extensive
inter-patient variations in therapeutic responses to the GPCR-
targeting drugs, that are caused by the genetic variations in
GPCRs between patients (Drazen et al., 2000). Therefore, if
we thoroughly understand the link between natural variants
of GPCRs and the effects of these natural variants on dis-
ease development and drug responses, it would be possible
to develop a rational scheme to selectively treat patients with
genetically altered GPCRs.

There have been efforts to analyze the genetic variations in
GPCR families with respect to their functional consequences
and/or in relation to their distribution in the structural context.
For example, GPCRdb or GPCR NaVa (http://nava.liacs.nl/)
is devoted to provide graphically accessible information on
GPCR mutations and their known functional consequences
(Wahlestedt et al., 2004; Kazius et al., 2008). With these da-
tabase resources, one can easily access the natural variant
information of individual GPCRs, but understanding the bigger
picture of the domain distribution of all known GPCR natu-
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ral variants is not yet achieved. Comprehending the overall
trend of domain distribution of GPCR natural variants would
provide valuable information to prioritize the investigation of
genotype-phenotype relationship and to predict yet-to-be-dis-
covered natural variants. Currently, however, there are only
few studies that analyzed the distribution of genetic varia-
tions of only a subset of GPCRs (Lee et al., 2003; Small et al.,
2003; Wahlestedt et al., 2004). The present study analyzed
the non-synonymous natural variants that occur in all human
non-olfactory GPCRs from the five GPCR families (a total of
367 GPCRs) using UniProt (http://www.uniprot.org/) (Boutet et
al., 2016) and GPCRdb databases. The positions of the natu-
ral variants were mapped onto the structural domains, and the
occurrence patterns were analyzed.

MATERIALS AND METHODS

Database analysis

The list of human non-olfactory GPCRs was retrieved from
GPCRdb (http://gpcrdb.org/). The classification of these GP-
CRs into five families and assignment of structural domains
for all listed GPCRs were also based on GPCRdb. The non-
synonymous natural variants of the listed human non-olfactory
GPCRs were obtained from the UniProt database (http://uni-
prot.org/), and the positions of these variants were mapped on
the structural domains based on the generic numbering sys-



tem provided by GPCRdb.

Dopamine receptor type 1 mutant construct generation
and cell lines

Dopamine receptor type 1 (D1R) cDNA was described in
previous studies (Dearry et al., 1990; Cho et al., 2006). The
DRY, WxP, NPxxY motifs were mutated to DHY, WxS, and
NSxxY respectively via site-directed mutagenesis using PCR.
Gas-stably transfected HEK293 cell line was generated by
selecting survived colonies after transfecting Gas cDNA us-
ing Lipofectamine 2000 Reagent (ThermoFisher Scientific,
Waltham, MA, USA) and G418 (Duchefa Biochemie, Haarlem,
The Netherlands) antibiotic treatment.

cAMP assay

Gas-stably transfected HEK293 cells were cultured in 12-
well plate until the confluency reached 80%, and the cells were
transfected with D1R wild type and mutant constructs. After
20-24 hrs later, about 3000 cells were seeded onto 96-well
plate and were incubated for another 20-24 hrs in 5% CO,
at 37°C. The cells were pre-treated with 250 pM 3-isobutyl-
1-methylxanthine (IBMX) (Sigma-Aldrich, St. Louis, MO, USA)
and 200 uM Ro 20-1724 (Sigma-Aldrich) to prevent cAMP
hydrolysis, and the D1R receptors were activated by 5 min
incubation with 500 nM dopamine (Sigma-Aldrich) or buffer
vehicle. cCAMP levels were measured using cAMP-Glo™ As-
say kit (Promega, Fitchburg, WI, USA) according to the manu-
facturer’s manual. The luminescence levels were detected by
Synergy HTX (BioTek Instruments, Winooski, VT, USA).

Immunofluorescence

D1R-expressing cells were washed with ice-cold PBS and
fixed with 4% formaldehyde in PBS for 15 min. After wash-
ing out formaldehyde with PBS, cells were permeabilized with
0.25% Triton-X 100 in PBS for 5 min. After washing with PBS,
cells were blocked with 10% BSA in PBS for 1 hr and incu-
bated with FLAG M2 primary antibody (Sigma-Aldrich) for 2
hrs followed by Rhodamine Red-X secondary antibody (Invit-
rogen) for 1.5 hr. The immunofluorescence images were taken
by Zeiss LSM 700 confocal microscope (Zeiss, Oberkochen,
Germany).

RESULTS

Distribution of GPCR non-synonymous natural variants
within GPCR families

Human GPCRs are categorized into five families based on
phylogenetic analysis (Fredriksson et al., 2003). Each family
shares seven transmembrane (TM) domains with varying N-
termini and ligand-binding sites (Fig. 1B-1F) (Lagerstrom and
Schioth, 2008). Several previous studies have analyzed the
natural variants that occur in GPCRs (Rana et al., 2001; Small
et al., 2002; Lee et al., 2003; Small et al., 2003; Wahlestedt
et al., 2004). However, these studies analyzed only a subset
of GPCRs such as monoamine or peptide-binding GPCRs
(Rana et al., 2001; Lee et al., 2003). In the present study, non-
synonymous natural variants of all human non-olfactory GP-
CRs (except twenty five taste 2 and six un-categorized orphan
receptors) were obtained from the UniProt database; UniProt
annotates non-synonymous natural variants, including poly-
morphisms; variations between strains, isolates, or cultivars;
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Table 1. Summary of non-synonymous natural variants

T™1 ICL1 T™M2 ECL1 TM3 ICL2 T™M4 ECL2 TM5 ICL3 TM6 ECL3 T™7 H8 C-term

N-term

Family

Kim et al

Rhodopsin (286)

47 £43.6

13+25

4+183 29+6.7

22+132 39+124 20+359 36+27

37+96 10+7.0 25%6.0

4+85 31+107 696

18
14

32+26

47 £73.4

Average residue #

32 112

27

69
39

66 58 98 50 120
36 63 35

39

76 15 91 18
13 13

38

96
53

132

Natural variants

74

56

40

65

GPCRs with natural variants

Secretin (15)

. GPCR Non-Synonymous Natural Variants

26+0.0 50+27.3

28+1.8

34+15 8+1.0 27+18

1016

29+0.0

36+25

16+5.2

28+1.0

127 £19.3

Average residue #

17

Natural variants

GPCRs with natural variants

Adhesion (33)

148 + 149.0

16+29

27+3.8

13+11.4 3400 19+16.2 25%0.7 5+3.8

38+0.0 6+15 27+12 7+40 34x09 9+29 2900

983 + 1,098.1

Average residue #
Natural variants

98
22

GPCRs with natural variants

Glutamate (22)
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Fig. 2. Occurrence of non-synonymous natural variations in GPCR families. (A) Percentage of GPCRs with non-synonymous natural vari-
ants in the specified structural domains among all GPCRs of each family. (B) The reported average numbers of non-synonymous natural
variations within the specified structural domains, which are normalized by the total number of GPCRs in each family. (C) The reported av-
erage numbers of non-synonymous natural variations within the specified structural domains, which are normalized by the total number of

GPCRs in each family and average residue number of each structural domain.

disease-associated mutations; and RNA editing events,
whereas mutations that induce major changes such as frame-
shifts or premature stops are not annotated. Non-synonymous
natural variants were found in approximately 72% (207 out of
286) of the Rhodopsin family, 80% (12 out of 15) of the Secre-
tin family, 79% (26 out of 33) of the Adhesion family, 82% (18
out of 22) of the Glutamate family, and 55% (6 out of 11) of the
Frizzled family GPCRs showing that natural variants occur in
majority of the GPCRs in all GPCR families.

Distribution of GPCR non-synonymous natural variants
within structural domains

The positions of natural variants were mapped and as-
signed to 16 structural domains (i.e., one N-terminus, one
C-terminal tail, seven TM domains, three intracellular loop
regions, three extracellular loop regions, and 1 helix 8) for all
367 GPCRs (Table 1, Fig. 2). In all GPCR families, relatively
more GPCRs have non-synonymous natural variants in the
N-terminus, C-terminal tail, and TM domains than in the extra-
cellular or intracellular loops (Table 1, Fig. 2A). Especially, the
N-terminus contained the highest average number of non-syn-
onymous natural variants in all GPCR families (Fig. 2B). The
percentage of GPCRs with non-synonymous natural variants
at the N-terminus or the average number of non-synonymous
natural variants at the N-terminus were relatively smaller in
the Rhodopsin family than in the other GPCR families (Fig.
2A, 2B). This is probably due to the shorter average N-termi-
nal length of the Rhodopsin family compared to that of other
GPCR families (Table 1). It has been proven that the average
number of non-synonymous natural variants at the N-terminus
becomes similar to that at the other domains for all GPCR
families when it was normalized by the average residue num-
bers of the N-terminal region (Fig. 2C).

Higher average number of non-synonymous natural vari-
ants was observed within the TM domains (TMs 1-7) than in
the intracellular or extracellular loops (ICLs 1-3 and ECLs 1-3);
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moreover, no non-synonymous natural variant was observed
in ICL1, ICL3, and ECL3 of the Secretin family; ECL1 and
ECL3 of the Adhesion family; ECL1 of the Glutamate family;
and ICL1, ECL1, and ECL3 of the Fizzled family (Table 1, Fig.
2A, 2B). When normalized by the average residue numbers,
the occurrence of non-synonymous natural variants became
similar throughout the TM, ICL, and ECL domains in all GPCR
families except ICL2 of the Secretin family. The normalized av-
erage number of natural variants in ICL2 of the Secretin family
was two to four times higher than that of the other TM, ICL,
and ECL domains of the same family (Fig. 2C), which sug-
gests that ICL2 of the Secretin family has higher frequency of
non-synonymous natural variations than ICL2 of other GPCR
families.

In the present study, we divided the C-terminus into two
domains, helix 8 (H8) and C-terminal tail (Fig. 1A). The H8 do-
main is an oa-helical domain (approximately 12—-26 residues)
located parallel to the plasma membrane (Fig. 1A). The per-
centage of GPCRs with non-synonymous natural variants at
the H8 domain and the average number of non-synonymous
natural variants at the H8 domain are smaller than the TM
a-helical domains (Fig. 2A, 2B). The C-terminal tail contains
a relatively larger number of non-synonymous natural variants
than the other intracellular domains (Fig. 2A, 2B), although
this number also becomes relatively similar to that of the other
intracellular domains after normalization by average residue
number (Fig. 2C).

Distribution of GPCR non-synonymous natural variants
within helical domains and functional consequences
Non-synonymous natural variants of GPCRs can severely
affect their functions such as membrane expression, activa-
tion, and drug interaction. As we describe in the present study,
a high degree of genetic variation has been observed in the
human GPCRs. However, the functional effects of the natural
variants have been studied in only 218 (from 41 GPCRs) out
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Table 2. Non-synonymous natural variants with known functional consequences

. . # of GPCRs with % of GPCRs with
Total # of # of natural variants % of natural variants Total # of . . . )
) . . ) . . natural variants with natural variants with
Family natural with known functional with known functional GPCRs with ) .
) . known functional known functional
variants consequences consequences natural variants
consequences consequences
Rhodopsin 1,059 155 14.6 207 31 15.0
Secretin 47 4 8.5 12 2 16.7
Adhesion 135 17 12.6 26 3 11.5
Glutamate 151 34 22.5 18 2 111
Frizzled 48 8 16.7 6 3 50.0
Total 1,440 218 15.1 269 41 15.2
A
T™M1 T™M2 T™M3 T™M4 T™M5 TM6 ™7
.26 .67 4.68| 1 5. 1 4 1 7.24
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.32 2.61 4.62 .58 2 7.30
. 2.60 4.61 5.57 | 2 7.31
[1.34 2.59 . 56] 2 7.32
135 [2558 . 55 7.33
[1.36 [2.57 - 54 734
137 256 . 53] 5 7.35
[1.38 [255 . 52] 1 7.36
1.39 &4 5 . 51 1 7.37
1.40 1253 - 545 2 | P[6. 9 7.38] 2 |
141 252] 2 - 5. x [6.49 1739
[142] 0 251 2 |4 5. w648 |74
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[1.45 48] 5 [4.49 E 5.45] 0 74
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N [1.50 [2.43] 1 4.44 555 40| 7 74
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52 41] 0 4.4 557 6.38 N |7
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55 1238 3.48] 2 4.39 560] 1 16.35 x |75
.56 .37 2 D |349] 1 5.61| O .34 5 Y |78
57 R [3:50 562] 1 [6:33] 0 7.
58 Y [351 [5.63] 8 16.32 7.
59 [352 iZH 31] 1
.60 1353 565 2 30| 7
61 354 [5.66] 2 29| 1
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63| 1 [3.56 [5.68 1627
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= 7-8 57 0
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Fig. 3. Distribution of non-synonymous natural variants within the TM and H8 domains. (A) The positions of non-synonymous natural vari-
ants within the TM and H8 domains were assigned based on the generic numbering system provided by GPCRdb (left column), and the
numbers of detected non-synonymous natural variants in these positions are indicated (right column). The conserved residues in each
domain (x.50) are colored in red, and conserved motifs with functional significance (i.e., DR*®Y, CP**xW, and NP**xxY) are indicated at
their structural positions. (B) The frequencies of non-synonymous natural variations are highlighted using color-coding and mapped onto the

crystal structure of a model GPCR (PDB 3SNG6).

of 1,440 non-synonymous natural variants (from 269 GPCRs)
(Table 2).

Although the TM domains share certain degree of structural
similarity, the sequences vary significantly between different
GPCRs, with only a few conserved residues. Ballesteros and
Weinstein developed a sequence-based generic GPCR num-
bering system for the Rhodopsin family GPCRs (Ballesteros
and Weinstein, 1995). Subsequently, similar systems have
been developed for other GPCR families (Pin et al., 2003;
Wootten et al., 2013; Wang et al., 2014). In these systems,
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the residue numbers are assigned relative to the most con-
served position in each TM, which is number 50. For example,
in the Rhodopsin family, residue number 3.50 indicates the
conserved arginine residue in TM3, and residue number 3.49
indicates one residue before the conserved arginine in TM3.
Recently, a modified system was developed based on the
GPCR crystal structures (Isberg et al., 2015), and GPCRdb
assigned residue numbers for all GPCRs (except the olfactory
receptors) using this new numbering system.

It has been reported that disease-causing non-synonymous
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polymorphisms of GPCRs occur more frequently within the
TMs than non-disease-causing non-synonymous polymor-
phisms (Lee et al., 2003). Hence, to analyze the distribution
pattern of the non-synonymous natural variants in these re-
gions, we mapped all the non-synonymous natural variations
in the TM and H8 domains based on the generic numbering
system provided by GPCRdb (Fig. 3). In general, the non-
synonymous natural variants are distributed throughout TM
domains and H8 (Fig. 3). Overall, the occurrence of non-
synonymous natural variants are not restricted to specific TM
domains or residues. Nonetheless, we detected a few excep-
tional positions such as 3.50, 6.50, and 6.44, where more than
nine non-synonymous natural variants were detected (Fig. 3).
It is interesting to note that two of these exceptional resi-
dues are conserved residues with a residue number of x.50.
More importantly, these conserved residues were found to
have critical roles in the ligand-induced activation of GPCRs.
In the Rhodopsin family, residue 3.50 is arginine (Fig. 4A, red
stick), which is part of the D[E]R*°Y motif; in X-ray crystal
structures of the rhodopsin and a few other GPCRs, R3% in
D[E]R®*%Y interacts with E53 forming an ionic lock in the inac-
tive state, which is broken upon activation indicating that the
ionic lock is an important factor for GPCR activation (Zhang
et al., 2015). Among the 11 non-synonymous natural varia-
tions reported for residue R®*%, the conserved arginine was
substituted with histidine in five cases, cysteine and leucine in
two cases each, and glycine and tryptophan in one case each.
Residue 6.50 is another conserved residue in the CWxP®5°
motif in the Rhodopsin family (Fig. 4A, orange stick) and has a
critical function in GPCR activation; W88 is known to be a ro-
tamer toggle switch that undergoes a conformational change
upon agonist binding to induce movement of TM6 (Zhang et
al., 2015). Among the nine non-synonymous natural variants
reported in P80, four were substitutions with serine, two with
arginine and leucine each, and one with alanine. Although less
frequent than residues 3.50 and 6.50, residue 7.50 (proline
in the Rhodopsin family) (Fig. 4A, green stick) also showed
six non-synonymous natural variations: three were substituted
with serine, and the other three were substituted with leucine,
histidine, or arginine. P7% is also a part of a conserved motif
(NP7%xxY) with functional significance (Zhang et al., 2015). It
is interesting to note that there is a bias (approximately 45%)
of substituted amino acids in these conserved regions; 5 out
of 11 R®% variations involved a substitution with histidine, 4
out of 9 P85 variations involved a substitution with serine, and
3 out of 6 P"% variations involved a substitution with serine.
We have tested the functional consequences of the non-
synonymous natural variants in these conserved residues by
using dopamine receptor type 1 (D1R) as a model GPCR.
D1R is a Rhodopsin family GPCR and has conserved DIE]
R330Y, CWxP®8%, and NP"5°xxY motifs. Here, we mutated the
conserved residues within D1R into the most frequently found
non-synonymous natural variants: R3% into histidine, P¢%° and
P70 into serine. All mutations in the conserved residues re-
sulted in impairment of G protein activation (Fig. 4B). When
the cellular expression was analyzed, the mutated D1R vari-
ants were localized not in the plasma membrane but inside of
the cells (Fig. 4C), which suggests that the mutations in these
conserved residues lead to mis-localization of the receptor
and thus impaired signaling.
It has been shown that the H8 domain has a critical role
in the expression/localization and activation of GPCRs (Ahn
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Fig. 4. Positions of the conserved motifs and functional conse-
quences of non-synonymous natural variations in the conserved
motifs. (A) Positions of x.50 conserved residues within the DR>*°Y
(red), CP**xW (orange), and NP"*°xxY (green) motifs are shown
with sticks, and H8 domain is highlighted with sticks and color-
coded based on Fig. 3. The figure is based on the crystal structure
of a model GPCR (PDB 3SN6). (B) D1R variants-mediated G
protein activation is analyzed by measuring agonist-induced cAMP
generation. T-test was used for the statistical analysis, and *indi-
cates p<0.05 from six experiments. (C) Cellular localization of D1R
variants is analyzed by immunofluorescence assay.

et al., 2010; Kuramasu et al., 2011; Kawasaki et al., 2015;
Sounier et al., 2015; Zhu et al., 2015). The H8 domain is lo-
cated beneath the plasma membrane, with one side of the H8
domain in contact with the plasma membrane and the other
sides exposed to the cytosol (Fig. 1A). The residues that in-
teract with the plasma membrane (residues 8.50, 8.54, and
8.57/8.58) are hydrophobic, with residue 8.50 being a con-
served phenylalanine or leucine. Interestingly, residues that
contact the plasma membrane show no or less frequent non-
synonymous natural variant occurrence than the residues that
are exposed to the cytosol (Fig. 3, 4A).

DISCUSSION

Approximately 30-40% of marketed drugs target GPCRs,
and 6 out of the top 15 selling small-molecule drugs target
GPCRs according to the 2015 annual report by Pharma-
Compass. With the high-resolution X-ray crystal structures
of various GPCRs being published since 2007, the structural
understanding of GPCR activation mechanism has greatly



improved, and the structure-based drug design for GPCR-
targeting drugs is of great interest in the pharmaceutical in-
dustry (Shoichet and Kobilka, 2012). Given the pharmacologi-
cal and pathological importance of GPCRs, it will be critical
to understand their genotype-phenotype relationships, but
only a few (approximately 15%) have been studied (Table
2). Moreover, it has been suggested that the variability of the
GPCR superfamily is not well defined, as its false positive rate
is high (68%) (Small et al., 2002). Therefore, it is necessary
to validate the natural variants in the databases and investi-
gate the physiological and/or pathological consequences of
the variants. The current study, for the first time, analyzed the
distribution of all known non-synonymous natural variations
from all 367 non-olfactory GPCRs (except twenty five taste
2 and six un-categorized orphan receptors) in the structural
context. Majority of GPCRs showed non-synonymous natural
variations mainly in the N-terminus and TM regions throughout
five GPCR families (Fig. 2).

Analysis of the positions of non-natural variations within
the TM domains revealed their presence throughout the TM
regions, and a few were more frequently detected in the con-
served and functionally critical residues (x.50) (Fig. 3). Most
of the non-synonymous natural variations in the conserved
residues (Fig. 4A) have been detected in disease states such
as Hirschsprung disease-2, X-linked nephrogenic diabetes
insipidus, hyperthyroidism, hypogonadotropic hypogonadism,
glucocorticoid deficiency 1, and retinitis pigmentosa accord-
ing to the Uniprot database. The functional consequences and
underlying mechanisms of these substitutions have not been
fully understood, and only a few have been studied. For ex-
ample, substitution of R3%° with histidine in the gonadotropin-
releasing hormone receptor or vasopressin V2 receptor has
been reported to reduce receptor activity, whereas substitu-
tion with cysteine or leucine in the vasopressin V2 receptor
increases receptor activity according to the UniProt database.
Substitution of P7* with serine in the neuromedin-K recep-
tor has been reported to impair receptor signaling. Here, we
analyzed the functional consequences and underlying mecha-
nisms of the most common non-synonymous natural variants
in the conserved residues by using D1R as a model GPCR.
We found that all the tested variants showed impaired cellular
localization, which lead to impaired signaling (Fig. 4B, 4C).
We suspect that other Rhodopsin family receptors would show
similar functional consequences when the conserved residues
are substituted with the same amino acids (i.e R*% into histi-
dine, P®%° and P7% into serine).

The comprehensive analysis of non-synonymous natural
variants in the current study would provide valuable insight for
future research in GPCR non-synonymous natural variants.
Firstly, for example, the current study suggests that ICL2 of
the Secretin family has more frequency of non-synonymous
natural variants than ICL2 of other GPCR families. Therefore,
researchers can expect that non-synonymous natural variants
would occur in ICL2 of the Secretin family although it is rare
in other GPCR families. Secondly, although we have tested
functional consequences of non-synonymous natural variants
in a few conserved residues, we did not analyze comprehen-
sive outlook of the genotype-phenotype relationship of GP-
CRs. This was mainly because of relatively poor database in
the genotype-phenotype relationship of GPCRs. The current
study provided the distribution of non-synonymous natural
variants of GPCRs in the structural context. With aid of the ex-
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tensive structural studies of GPCRs recent 10 years (Zhang et
al., 2015), this data would provide information for prioritization
of the GPCR genotype-phenotype relationship investigation.
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