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Abstract: To obtain a systematic view of the helix-8-second residue responsible for G protein-coupled
receptor (GPCR)–G protein initial specific interactions, 786 human GPCRs were subclassified based
on the pairs of agonist groups and target G proteins and compared with their conserved second
residue of helix 8. Of 314 non-olfactory and deorphanized GPCRs, 273 (87%) conserved single amino
acids in the subclasses, while 93 (58%) of the 160 subclasses possessed only a single GPCR member.
Class B, C, Frizzled, and trace amine-associated GPCRs demonstrated 100% conservation, whereas
class I and II olfactory and vomeronasal 1 receptors demonstrated much lower rates of conservation
(20–47%). These conserved residues are characteristic of GPCR classes and G protein subtypes and
confer their functionally-distinct roles.

Keywords: G protein-coupled receptor; G protein subtypes; human; classification; initial specific
interaction; helix 8; hydrophobic core

1. Introduction

In humans, nearly 800 G protein-coupled receptors (GPCRs) detect various extracellular
physiological or environmental signal molecules. These range widely from atomic ions to structural
features of proteins. Activated GPCRs activate one or a few of the 16 G proteins for one or more
distinct cellular responses, leading to regulations of various internal physiological systems such
as cardiovascular, neural, immune, sensory, hormonal, and differentiation systems [1]. GPCRs are
typically classified into eight classes: class A (279 non-olfactory members, 52 class I and 333 class II
olfactory receptors (ORs), 6 trace amine-associated receptors (TAARs)), class B (15 members), class C
(23 members), adhesion class (33 members), Frizzled class (11 members), vomeronasal type 1 (VN1, 5
members), Taste2 (TAS2, 25 members), and the other GPCRs (4 members) [1,2]. Evolutionarily, the
divergence of class A GPCRs is expanded in multicellular animals, whereas unicellular organisms
mainly possess class B and class C GPCRs [3]. G proteins are grouped into four classes: Gs class (Gs,
Golf), Gi/o class (Gi1, Gi2, Gi3, Gt1, Gt2, Gt3, Go, Gz), Gq/11 class (Gq, G11, G14, G15), and G12/13 class (G12,
G13) [3], and contrastingly, unicellular organisms have representatives of all four human G protein
classes [3]. The crystal structures of the active-state rhodopsin and β2 adrenergic receptor (β2AdR) led
to the discovery of the common rearrangement mechanism behind the intramolecular interaction of
GPCR during its activation [4–6]. However, the molecular mechanism underlying specific interactions
between GPCRs and G protein remains unclear, except for the selectivity barcode of 25 amino acids in
G proteins [3].

A systematic analysis of a chimeric G protein and scanning mutagenesis of a GPCR has shed light on
responsible residues for the specific interaction. The replacement of the non-olfactory Gα15 C-terminal
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six amino acids, 369DEINLL, with the corresponding Gαolf, 376KQYELL, improved the interaction
specificity between OR-S6 and Gα15 [7]. This chimeric G protein mediated a more rapid (2.2-fold) and
robust (1.7-fold) Ca2+ response in a HEK293 functional expression system [7,8]. Regarding responsible
residues of the GPCR, the second residue of helix 8 of OR-S6 was identified, by observing the complete
loss of improved response dynamics in an alanine-scanning and charge-altering mutagenesis of OR-S6
helix 8 with the chimeric Gα15-olf. The homology modeling indicates that the specific interaction
between OR-S6 and Gα15-olf is based on the stabilized intracellularly-superficial configuration of the
helix-8-second residue by the hydrophobic core between helix 8 and transmembrane domain 1–2
(TM1–2) [8]. Then, the initial, transient, and specific interaction between a GPCR, OR-S6, helix-8-second
residue (Glu) and Gα15-olf C-terminal sixth residue (Lys) was predicted and supported by a high
conservation of helix-8-second residues in the GPCR subclasses based on pairs of agonist groups and
G protein subtypes for 178 non-olfactory GPCRs [9]. Moreover, its functional importance is supported
by an almost identical class-dependent occupancy of helix-8-second-Glu class I and II ORs in humans
and mice [9]. Moreover, a transition step model from an inactive state to a stable interaction via an
initial, transient, and specific inter-helical interaction was proposed (Figure 1) [10]. The model starts
with the inactive-state crystal structure of β2AdR and ends with its active-state crystal structure of the
complex with the extended interactions between GPCR and G protein through possible intermediate
processes, which facilitate breaking some of the inactive-state intra-molecular interactions.

Figure 1. A transition model of multistep interactions between GPCR and G protein [10]. The
cytoplasmic view of a possible sequential interaction process is shown. Intramolecular interactions
(green closed circles) and intermolecular interactions (magenta closed circles) are broken, or maintained,
or formed.

In the present study, to obtain a systematic view of the helix-8-second residue responsible for the
GPCR–G protein initial specific interactions, our previous analysis of conserved helix-8-second residues
was expanded to 786 human GPCRs. The conserved helix-8-second residues are characteristic of GPCR
classes and specific G protein subtypes. These results suggest that the conserved helix-8-second residues
confer functionally distinct roles in parallel GPCR signaling. The initial and subclass-characteristic
transient process can be a potential drug target for specific GPCR-regulated signaling pathways.

2. Results and Discussion

2.1. High Conservation of Helix-8-Second Residues of GPCRs in Subclasses Except for ORs and VN1 Receptors

In the Supplementary Materials, the sequences of TM7 NPxxY or corresponding motifs and
adjacent helix 8 of GPCRs and their target G proteins are shown for non-olfactory and deorphanized
class A GPCRs (204 members: 194 and 10 GPCRs with identified and not identified G proteins,
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respectively, Figure S1), class B GPCRs (15 members, Figure S2), deorphanized class C GPCRs
(15 members, Figure S3), adhesion class GPCRs (33 members, Figure S4), Frizzled class GPCRs
(11 members, Figure S5), VN1 receptors (5 members) and other GPCRs (4 members, Figure S6), TAS2
GPCRs (25 members, Figure S7), non-olfactory and orphan class A GPCRs (75 members, Figure S8),
and orphan class C GPCRs (8 members, Figure S9). They were subclassified based on GPCR classes
and pairs of agonist group and G protein subtypes (Tables S1–S5).

The rates of GPCRs with a conserved helix-8-second residue in each subclass are summarized in
Table 1, except for 75 members of non-olfactory and orphan class A GPCRs and eight members of class
C GPCRs. Of the 314 non-OR and deorphanized GPCRs (160 subclasses), 273 (87%) (135 subclasses;
84%) conserved single helix-8-second residues in the subclasses. Class B, C, and Frizzled GPCRs and
TAARs demonstrated 100% conservation. The high conservation of GPCR helix-8-second residues
suggests their important subclass-dependent role in GPCR signaling.

Why does the GPCR signaling system require the conserved helix-8-second residues? As described
previously [9,10], both GPCRs and G proteins are activated in two-step processes, which are an initial,
transient, and specific interaction and a subsequent GPCR-common and stable interaction. The initial
interaction is likely an activation rapidity determinant, whereas the stable one is likely formed in
an initial interaction-dependent manner. The main determinant of GPCR signaling is likely agonist
affinities of GPCRs. In addition, when agonist–GPCR binding affinities are similarly high, GPCR–G
protein interaction specificities must be critical for rapid and robust cellular responses. Although only
one scanning mutagenesis analysis has concluded that the helix-8-second residue is a determinant for
the initial, transient, and specific interaction of a GPCR and a chimeric G protein, the high conservation
of the helix-8-second residue in the deorphanized GPCR subclasses strongly supports that a single
residue at the second position of helix 8 governs cellular response rapidity via GPCR–G protein initial
interaction specificities. In other words, the conserved helix-8-second residue could simply assure
an agonist binding affinity-dependent cellular response in parallel GPCR signaling pathways via a
uniform activation rapidity of a target G protein.
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Table 1. Rate of human GPCRs with conserved helix-8-second residue in agonist–G protein pair-based subclasses.

GPCR Class
Class A

Class B
GPCRs

Class C
GPCRs

Adhesion
Class GPCRs

Frizzled Class
GPCRs

VN1
GPCRs

TAS2
GPCRs

Non-OR
GPCRsNon-Olfactory

Class A GPCRs
Class-I

ORs
Class-II

ORs TAARs

All GPCRs †

(subclasses)
204 (117) 52 (1) 333 (1) 6 (1) 15 (10) 15 (7) 33 (16) 11 (7) 5 (1) 25 (1) 314 (160)

Conserved
GPCRs ‡

(subclasses)
179 (98) 12 (0) 156 (0) 6 (1) 15 (10) 14 (6) 28 (13) 11 (7) 1 (0) 19 (0) 273 (135)

Conserved
GPCR rate

(subclass rate)
88% (84%) 23% (0%) 47% (0%) 100% (100%) 100% (100%) 93% (86%) 85% (81%) 100% (100%) 20% (0%) 76% (0%) 87% (84%)

GPCR, G protein-coupled receptor; OR, olfactory receptor; TAAR, trace amine-associated receptor; VN1, vomeronasal type 1; TAS2, Taste2. Human GPCRs were subclassified by pairs of
agonist group and G-protein subtypes. Orphan class A and class C GPCRs † were excluded. Helix-8-2nd-Glu class I and II ORs were counted for single-amino acid-conserved GPCR ‡.
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2.2. GPCR Class- and G Protein Subtype-Characteristics of Conserved Helix-8-Second Residues

In contrast, class I and II ORs and VN1Rs demonstrated much lower conservation rates (20–47%)
of helix-8-second residues (Table 1). These differences are attributable to a genetic origin and species
dependency. In humans, helix-8-second-Glu ORs are 23% and 47% in classes-I and class-II ORs,
respectively, whereas helix-8-second Asp ORs are 0% and 42%, respectively, with high cross-species
conservation between human and mouse [9,10]. However, pheromone receptors, human VN1Rs
and murine mVmn1rs, form a more species-specific family (Table 2), consistent with the previous
report [11].

In mice, 43% of 112 mVmn1rs, which interact with Gi2, conserved Arg and no helix-8-second-Glu,
Gln, or Asp mVmn1rs, whereas human VN1Rs equally conserved Arg (20%), His (20%), and Gln (20%)
(Table 2, Figure S6). Notably, 117 mVmn1rs, which showed no characteristic features of helix 8, were
excluded. Considering the lack of helix-8-second-Arg ORs and the predicted initial, transient, and
specific, inter-helical, and ionic interaction between GPCR helix-8-second-Glu and Golf C-terminal sixth
Arg, the positively-charged helix-8-second-Arg would specifically interact with Gi2 C-terminal fifth Asp
(Figure S10). Similarly, four subclasses of chemokine receptors, which conserve Lys (60–100%), would
also specifically interact with Gi C-terminal fifth Asp or Glu (Table S1, Figures S1 and S10). Moreover,
conserved Lys in bitter tastant TAS2 receptors (76%) indicates an initial and specific interaction between
GPCR helix-8-second Lys and Gt3 C-terminal fifth Asp (Table 2, Figure S10).

Thus, the present analysis complemented the results from a previous study [10], where
highly-conserved helix-8-second residues are characteristic of GPCR subclasses, i.e., characteristic of
GPCR classes and G protein subtypes (Table 2). Markedly, Trp is conserved at the second position
of helix 8 only in TAARs, which mediate aversive responses to odors, in both humans and mice [10],
but not in all the other GPCRs. Non-olfactory class-A GPCRs similarly conserved helix-8-second Glu
(16%), Asp (13%), Asn (15%), and Lys (14%). This contrasts with the uneven rates of helix-8-second
Glu, Gln, and Asp in class I and II ORs (Table 2). Moreover, the highly-conserved helix-8-second
residues were Glu (100%) for class B GPCRs, Asn (60%) for class C GPCRs, Glu (24%) and Lys (27%)
for adhesion class GPCRs, and Lys (91%) for Frizzled class GPCRs, whereas no characteristic residues
were observed for orphan class A and C GPCRs and G-protein-unknown, non-olfactory class A GPCRs
(Table 2, Figures S8 and S9). In non-OR GPCRs, the most conserved helix-8-second residue was Lys
(for 75 GPCRs = 82 − 1 − 6), consistent with a high rate of 11/16 G proteins for negatively-charged Asp
or Glu at the C-terminal fifth or sixth position of α5 compared to 5/16 for non-charged residues.

To shed light on the initial interaction specificities between GPCRs and G proteins, the differences in
conserved helix-8-second residues between G protein subtypes were further analyzed in non-olfactory
and deorphanized class A, class B, and class C GPCRs. The GPCRs with each helix-8-second residue
were summed for combinations of target G protein subtypes in each class (Table S6). In G protein
subtypes, the conserved helix-8-second residues were GPCR class-dependent and characteristic of Gs

(Glu (33%) and Asp (38%) in class A vs. Glu (100%) in class B), Gi/o (Lys (25%) and Asn (23%) in class
A vs. Asn (100%) class C), and Gq/11 (Glu (19%), Arg (14%), His (14%), and Ser (14%) in class A vs. Glu
(40%) and Asn (40%) in class C).
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Table 2. Classification of olfactory receptors and other GPCRs by helix-8-second residues and subtypes of G proteins (modified from [9,10]).

GPCRs and
Their Rates

Helix-8 Second Residue 2nd Residue of Helix
8 (GPCR Number) NPxxY Motif

All Glu Gln Asp Asn His Lys Arg Trp Others

non-olfactory class A
GPCRs’ 194 31 5 26 30 7 28 19 0 48 S(15), T(12), G(6), A(5),

P(4), I(2), L(1), V(1),
F(1), no h8(1)

(N/D)PxxY,
(N/D)PxxFrate (misc) 100% 16% 3% 13% 15% 4% 14% 10% 0% 25%

class-I ORs’ 52 12 36 0 0 1 0 0 2
rate (Golf) 100% 23% 69% 0% 0% 2% 2% 0% 0% 4% T(1), P(1)

class-II ORs’ 333 156 22 139 1 6 0 0 7 A(3), V(1), T(1), S(1),
M(1)rate (Golf) 100% 47% 7% 42% 0% 1% 2% 0% 0% 2%

TAARs’ 6 0 0 0 0 0 0 0 6 0
rate 100% 0% 0% 0% 0% 0% 0% 0% 100% 0%

NPxxY

class B GPCRs’ 15 15 0 0 0 0 0 0 0 0
V(A/S)xxYrate (Gs, Gs > Gq/11,

–) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

class C GPCRs’ 15 3 0 2 9 0 0 0 0 1
rate (Gi/o, Gq/11, –) 100% 20% 0% 13% 60% 0% 0% 0% 0% 7% G(1) PKCYxY, VYIIxF,

IYIILF
adhesion class

GPCRs’ 33 8 5 4 2 0 9 0 0 5

rate (Gq/11, Gs,
G12/13) 100% 24% 15% 12% 6% 0% 27% 0% 0% 15%

S(1), T(1), C(1), P(1), no
helix 8(1)

Fx(V/I)xxx(H/Y)C,
xFIFxF(H/Y)C,
LFIFLx(H/Y)C

Frizzled class
GPCRs’ 11 0 0 0 0 0 10 0 0 1

rate (Gi/o, Gq/11, Gs,
G12/13) 100% 0% 0% 0% 0% 0% 91% 0% 0% 9%

A(1) ITSxxWI,
TGIAMxW

vomeronasal 1 Rs’ 5 0 1 0 0 1 0 1 0 2 S(2), no helix 8 in
R1(H), R2(S) & R3(R)? SPxxLrate (Gi2) 100% 0% 20% 0% 0% 20% 0% 20% 0% 40%

murine vomeronasal
1 Rs’ 112 0 0 0 0 11 15 48 0 38

rate (Gi2) 100% 0% 0% 0% 0% 10% 13% 43% 0% 34%

L(12), T/S(7+6), I(3),
F/M/Y(3+2+2), P(2)

TPLVQ, TSYSI,
SPLVF, SPxVL,

ITxII
murine vomeronasal

1 Rs’ 117 0 0 0 0 0 0 0 0 117
no helix 8 no characteristic

features of helix 8
rate (Gi2) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Bitter tastant TAS2
Rs’ 25 0 0 0 0 0 19 2 0 4 G(2), T(2) H(S/P)xIL

rate (Gt3) 100% 0% 0% 0% 0% 0% 76% 8% 0% 16%

1
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Table 2. Cont.

GPCRs and
Their Rates

Helix-8 Second Residue 2nd Residue of Helix
8 (GPCR Number) NPxxY Motif

All Glu Gln Asp Asn His Lys Arg Trp Others

non-olfactory class A
GPCRs’ 10 0 1 1 1 0 1 1 0 5

T(2), S(1), A(1), no helix
8(1)

(N/S/T)PxxY, no
NPxxYrate (no identified G

proteins) 100% 0% 10% 10% 10% 0% 10% 10% 0% 50%

orphan class A
GPCRs’ 75 9 6 5 6 6 6 4 0 33

rate (Gq/11, Gi/o, Gs,
–) 100% 12% 8% 7% 8% 8% 8% 5% 0% 44%

G(6), T(7), Y(1), V(2),
S(8), P(4), A(2), F(1), no

helix 8(2)

(N/D)PxxY,
(N/D)PxxF

orphan class C
GPCRs’ 8 2 1 0 0 0 1 0 0 4

S(1),A(2),
no helix 8(1)

PKCYxI, TTTxxL,
no conserved

motifrate (Gi/o) 100% 25% 13% 0% 0% 0% 13% 0% 0% 50%

other GPCRs’ 4 0 0 0 0 0 1 1 0 2

rate (?) 100% 0% 0% 0% 0% 0% 25% 25% 0% 50%
S(1), A(1)

SPxxL, TLxxF,
LPxxL, SLxxY, or

NCxxF

all human GPCRs’ 786 236 77 177 49 16 82 28 6 114
rate (misc) 100% 30% 10% 23% 6% 2% 10% 4% 1% 15%
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Common to class A and B GPCRs likely coupling to Gs, a highly-conserved helix-8-second
residue was the negatively-charged Glu, supporting the initial and specific interaction with the
positively-charged Arg at the sixth position of the C-terminal. Similarly, Glu was highly and commonly
conserved for class A and C GPCRs, which interact only with Gq/11, suggesting an initial, transient, and
specific interaction with G protein C-terminal sixth Lys. However, class A and C GPCRs interacting
only with Gi/o commonly conserved non-charged polar helix-8-second-Asn, a specific interaction
partner of which was not predicted. In addition to Asn, class A GPCRs for Gi/o similarly conserved
positively-charged Lys, which was able to form initially a specific interaction with the C-terminal fifth
negatively-charged Asp or Glu in a manner similar to that of TAS2 GPCRs.

Notably, based on the stable interaction between M3R helix-8-first Lys and Gq loop G.h4s6.12
Asp (common Gα numbering system) [12,13], a non-specific or less specific, stable, and loop-helical
interaction between GPCR helix-8-first Lys and G protein G.h4s6.10 or G.h4s6.12 Asp was predicted [10].
This is supported by the charge-altering mutant OR-S6-impaired response rapidity [8–10]. In a future
study, a scanning mutagenesis analysis would validate this model by running a comparison between
the relative contributions of G protein C-terminal sixth and fifth residues to the initial interactions with
these GPCR helix-8-second residues.

2.3. Key GPCRs for the Determination of Detected Physiological and/or Biological Information in Parallel
GPCR Signaling

The principles are generally simple, but hidden by complicated phenomena under additional
heterogeneous conditions. A single residue-determined GPCR–G protein interaction specificity is a
potential candidate for the principle in parallel GPCR signaling due to its simplicity. Highly-conserved
helix-8-second Glu was overlapped between GPCRs for Gs and Gq/11. However, the cell type-specific
expression of the G protein subtype could prevent the overlapping of helix-8-second Glu from mediating
cross-talk between parallel GPCR–Gs and Gq/11 signaling pathways. If this is the case, the GPCR
subclass-characteristic, i.e., specific G protein-characteristic helix-8-second residues, would strengthen
the transition step model of the GPCR–G protein initial, transient, specific, and inter-helical interaction
into a common, stable, extended interaction for a single-residue-determined uniform activation rapidity
of a target G protein [9,10,14]. The helix-8-second residue could determine within-subclass-distinct
functional roles of GPCRs in parallel GPCR signaling.

Next, we determined which GPCR with a conserved helix-8-second residue is key to controlling
parallel GPCR-mediated regulations of multiple physiological systems. The GPCRs, which are most
sensitive to a given agonist and most specific for a target G protein, most rapidly activate the G protein
and subsequently induce the most robust cellular responses. Such a rapid and robust response could
be a determinant in the parallel GPCR-mediated regulations or signaling. GPCRs that mediate such
determinant responses are defined as key GPCRs. Among the GPCR subclasses, the most difficult
question is “Which residue do key ORs conserve at the second position of helix 8?” Considering the
specific conditions and evidence for the OR subfamily and the olfactory neural system, the principle
would address this question.

The present analysis confirmed that the dual multiple subclasses of the OR subfamily are
unique in GPCR subfamilies [9,10]. GPCRs with a rapidly-interacting, subclass-dependent, and
highly-conserved helix-8-second residue are likely to be key GPCRs. Glu is the only rapidly-interacting
and highly-conserved helix-8-second residue common between class I and II ORs. A series of point
mutations at the helix-8-second residue in OR-S6 indicates the importance of the negative charge for
cellular response rapidity via the chimeric Gα15-olf. Although Asp is also negatively charged, there
are no class I helix-8-second-Asp ORs [9,10]. Furthermore, our transition step model of the GPCR–G
interaction [10] predicts the advantage of Glu for a rapid activation. In the homology modeling of
OR-S6 and the transition step model [9,10], the negatively-charged atom of Glu at the second position of
helix 8 is one carbon chain-length closer to the accessing C-terminal region of G protein α5, suggesting a
more rapid initiation of the initial interaction between GPCR helix 8 and G protein α5. These differences
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and the following architecture of the odor information processing both suggest that helix-8-second-Glu
ORs are key ORs rather than auxiliary ORs. The architecture of the odor information processing
demonstrates why response rapidity is very important in the olfactory system [9,10,14].

A signal of an odorant is detected in the olfactory sensory neuron (first neuron), which transfers
the OR signal to mitral and tufted cells (second neurons) in the first olfactory center via one or
two OR-specific relay points. The third neurons of the olfactory pathway are distributed in the
second olfactory centers. As one of them, pyramidal cells in the anterior piriform cortex integrate
signals from multiple cognate ORs by input synchrony through feedforward inhibition via the more
sensitive tufted-cell pathway [15,16]. These integrated signals are characteristic of distinct odors, likely
representing elemental odors (corresponding to the R/G and Y/B elemental colors primarily extracted
in the visual third neurons under inhibitory conditions) [9,10,14]. Notably, wavelet correlation analysis
revealed that input and output signals of the third neurons change in information redundancy [17].

A change in initially-activated key ORs could alter perceived odors in a hierarchical elemental-odor
coding manner. The odor mixture-dependent stress relaxation indicates a hierarchy of elemental
odors: rose odor > fox-unique 2,4,5-trimethyl thiazoline (TMT) odor > caraway odor [18,19]. The less
sensitive key OR for TMT likely provides an explanation for the above and associated results. By the
genetic ablation of all dorsal ORs, ∆D mice are unable to recognize fox-unique TMT odor, although
they retain the high sensitivity to TMT [20]. The most sensitive OR for TMT odor is helix-8-second-Asp
OR [21], while only one helix-8-second-Glu OR, as a candidate of key OR for TMT, is less sensitive
than the other three helix-8-second-Asp ORs [10]. The deletion of the less-sensitive key OR results in
the impaired recognition of TMT odor and the maintained high sensitivity to TMT via the remaining
highly-sensitive helix-8-second-Asp ORs [10]. Early inputs from key ORs to the third neurons in the
ventrorostral region of the anterior piriform cortex would coordinate the integration of cognate OR
signals for rose odor earlier than those of TMT odor through input synchrony by the feedforward
inhibitory signals delivered entirely within the anterior piriform cortex, resulting in the higher ranked
hierarchy of rose odor compared to TMT odor [10,14].

In contrast, all human and murine ORs that are most sensitive to an elementally-resistant odor of
musk, which is used as base notes in many perfumes, are helix-8-second-Glu ORs [22]. Moreover, the
deletion of the most sensitive helix-8-second-Glu OR for R-(−)-carvone and the maintenance of the most
sensitive helix-8-second-Glu and R-(−)-/S-(+)-carvone-non-discriminating OR could explain an inability
to distinguish between R-(−)- and S-(+)-carvone with a retained high sensitivity to R-(−)-carvone [14].
These results strongly suggest that helix-8-second-Glu ORs are key ORs for the determination of
odor representation. Helix-8-second-Gln ORs and helix-8-second-Asp ORs could therefore contribute
to odor decoding as auxiliary elemental odors and odor detection sensitizers, respectively, in the
brain [9,10].

Thus, conserved helix-8-second residues confer functionally-distinct roles in parallel GPCR
signaling. In both ORs and non-OR GPCRs, such as the three adrenergic receptor subclasses, the
signal/elemental information hierarchy will be validated in future studies. Analysis of response kinetics
using chimeric Gα15 proteins by replacing the C-terminal six residues of each G protein subtype would
be useful to validate the transition step model for rapid and specific activations of GPCRs and G
proteins. Moreover, analysis of residues for the extended stable interaction between GPCRs and G
proteins using scanning mutagenesis would be required to understand fully the molecular mechanism
underlying GPCR–G protein interaction specificities and hierarchical GPCR signal processing.

3. Materials and Methods

3.1. Subclassification of GPCRs

Sequences of TM7 and helix 8 for target G protein subtypes were analyzed for non-olfactory
GPCRs (204 deorphanized + 75 orphan members), class B GPCRs (15), class C GPCRs (15 deorphanized
+ 8 orphan), adhesion class GPCRs (33), Frizzled class GPCRs (11), and other GPCRs (4) in humans
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using data from the IUPHAR/BPS Guide to Pharmacology database [1] and its linked webpage at
the Universal Protein Resource (https://www.uniprot.org/) or data from our previous papers with
some corrections [9,10]. The sequences of an OR (OR2AT4), VN1 receptors (5 VN1Rs and 229
murine mVmn1rs, including 18 predicted murine members), and TAS2 receptors (24) in humans were
obtained from the NCBI gene database [2] and its linked webpage at the Universal Protein Resource
(https://www.uniprot.org/). The other GPCRs (52 class I and 332 class II ORs, 6 TAARs) were re-used
from our previous papers [9,10]. All GPCRs were subclassified based on their classes, agonist groups,
and target G proteins.

3.2. Alignment of TM7 NPxxY Motif and Helix 8 of GPCR

The alignment of the TM7 NPxxY motif and helix 8 of GPCRs was manually achieved based on the
sequence features observed in our reported homology modeling of OR-S6 [8]. Helix 8 was predicted
based on two criteria: (i) hydrophobic residues at the 3rd, 7th, and/or 8th and 10th and/or 11th position
of helix 8 in the C-terminal region of the GPCR and (ii) the 2nd residue of helix 8 located at the 7th
or 8th position from the last Tyr residue of the NPxxY motif or those of other corresponding and
conserved motifs located close to the C-terminus of TM7. Hydrophobic residues for the hydrophobic
core between helix 8 and TM1–2 were predicted based on the positions of those in the OR-S6 [8]. Some
of the predicted helix 8 and their instability in previously-reported GPCRs [10] were modified in the
present study.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/7/1752/
s1.
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Table S1. Classification of class A GPCRs by helix 8-second residues & subtypes of G proteins.
GPCRs

(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc
Rhodopsin/ Opsin1SW/MW/LW Rs 4 0 4 0 0 0 0 0 0 0

(light, Gt) 100% 0% 100% 0% 0% 0% 0% 0% 0% 0%
Opsin3/4/5 Rs 3 0 0 0 0 0 3 0 0 0

(light?, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
β1/2/3 Adrenergic Rs 3 0 0 3 0 0 0 0 0 0

(hormone, Gs) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
α1A/B/D Adrenergic Rs 3 3 0 0 0 0 0 0 0 0

(hormone, Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
α2A/B/C Adrenergic Rs 3 0 0 3 0 0 0 0 0 0

(hormone, Gi/o) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
Dopamine D1/5 Rs 2 0 0 2 0 0 0 0 0 0

(neurotransmitter, Gs) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
Dopamine D2/3/4 Rs 3 3 0 0 0 0 0 0 0 0

(neurotransmitter, Gi/o) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
Serotonin 5-HT4/6/7 Rs 3 0 0 2 0 0 0 0 0 1 5-HT6(D)/7(D) >
(neurotransmitter, Gs) 100% 0% 0% 67% 0% 0% 0% 0% 0% 17% 5-HT4(S) (Gs)

Serotonin 5-HT1A/B/D/E/F/5A Rs 6 1 0 4 1 0 0 0 0 0
(neurotransmitter, Gi/o) 100% 17% 0% 67% 17% 0% 0% 0% 0% 0%
Serotonin 5-HT2A/B/C Rs 3 0 0 0 0 0 0 0 0 3

(neurotransmitter, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Histamine H1 R 1 0 0 0 1 0 0 0 0 0

(neurotransmitter, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
Histamine H2 R 1 0 0 1 0 0 0 0 0 0

(neurotransmitter, Gq/11 > Gs) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
Histamine H3/4 Rs 2 0 0 0 0 0 0 1 0 1 H4(R) >

(neurotransmitter, Gi/o) 100% 0% 0% 0% 0% 0% 0% 50% 0% 50% H3(S) (Gi)
Melanocortin MC1/2/3/4/5 Rs 5 5 0 0 0 0 0 0 0 0

(hormone, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
Acetylcholine (muscarinic) MC1/3/5 Rs 3 3 0 0 0 0 0 0 0 0

(neurotransmitter, Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
Acetylcholine (muscarinic) MC2/4 Rs 2 2 0 0 0 0 0 0 0 0

(neurotransmitter, Gi/o) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
Melatonin MTNR1A/B Rs 2 0 0 0 2 0 0 0 0 0

(hormone, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
Motilin MtlR 1 0 0 0 0 0 1 0 0 0

(peptide, Gq/11, G12/13) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Melanin Conc. Hormone MCH2 R 1 0 0 0 1 0 0 0 0 0

(hormone, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
Melanin Conc. Hormone MCH1 R 1 0 0 0 0 0 0 0 0 1

(hormone, Gs, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Somatostatin SSTR3 R 1 0 0 0 0 0 0 1 0 0 R3(R) > R1(N)/2(N)
(hormone, Gi/o > Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0% /R4(N)/5(N) (Gi)

Somatostatin SSTR1/2/4/5 Rs 4 0 0 0 4 0 0 0 0 0
(hormone, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Glycoprotein Hormone FSH R 1 0 0 0 1 0 0 0 0 0 FSH(N) >
(hormone, Gs, Gi/o, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0% LH(T), TSH(A) (Gs)

Glycoprotein Hormone LHCG/TSH Rs 2 0 0 0 0 0 0 0 0 2
(hormone, Gs > Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Opioid δ/κ/μOpioid/ORL1 Rs 4 0 0 0 4 0 0 0 0 0
(opioid, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Chemokine(C) XCR1 1 0 0 0 0 0 1 0 0 0
(chemokine, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

Chemokine(CC) CCR1–10 Rs 10 0 0 0 0 0 6 4 0 0
(chemokine, Gi/o) 100% 0% 0% 0% 0% 0% 60% 40% 0% 0%

Chemokine(CXC) CXCR1–6 Rs 6 0 0 0 1 0 5 0 0 0
(chemokine, Gi/o) 100% 0% 0% 0% 17% 0% 83% 0% 0% 0%

Chemokine(CX3C) CX3CR1 1 0 0 0 0 0 1 0 0 0
(chemokine, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

Atypical Chemokine ACKR1/3/4 Rs 3 0 1 0 1 0 0 0 0 1
(chemokine, no signaling/G?) 100% 0% 33% 0% 33% 0% 0% 0% 0% 33%
Atypical Chemokine ACKR2 1 0 0 0 0 0 1 0 0 0

(chemokine, arrestin) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
total number of Rs 86 31

R rate in the largest subgroups: 75/86 87% 77%

Helix-8 second residue Predicted Hierarchy,
the 2nd residue, misc.

MCH1(T)

ACKR1(Q) >
R3(N),R4(S) ? (G?)

NAxxY motif mutant

R2(K)/4–8(K) >
R1/3/9/10(R) (Gi)?

R2–6(K) > R1(N) (Gi)

LH(T), TSH(A)

OPN3: ligands? G-protein
subtypes?

DPxxY-motif

5-HT2A(T)/B(T)/C(I)

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 24/31

5-TH, 5-hydroxytrypamine; FSH, follicle-stimulating hormone; LH, luteinizing hormone; TSH, thyroid-stimulating hormone; MC, acetylcholine
(muscarinic) receptor.



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

Angiotensin II R1 1 0 0 0 0 0 1 0 0 0
(hormone, Gi/o , Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

Angiotensin II R2 1 0 0 0 0 0 0 1 0 0
(hormone, Gi/o) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

GnRH1 R 1 0 0 0 0 0 0 0 0 0
(hormone, Gq/11 > Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 0%

GnRH2 R 1 0 0 0 0 0 0 0 0 0
(hormone, ?) 100% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Apelin R 1 0 0 0 0 0 0 1 0 0
(peptide, Gi/o) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Cholecystokinin CCK1/2 Rs 2 0 0 0 0 0 0 2 0 0
(peptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%
Bradykinin 2 R 1 0 0 0 0 0 0 1 0 0

(peptide chemokine, Gs, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%
Bradykinin 1 R 1 0 0 0 0 0 0 0 0 1

(peptide chemokine, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Galanin 2 R 1 0 0 0 0 1 0 0 0 0

(peptide hormone, Gq/11) 100% 0% 0% 0% 0% 100% 0% 0% 0% 0%
Galanin 1/3 Rs 2 0 0 0 1 1 0 0 0 0

(peptide hormone, Gi/o) 100% 0% 0% 0% 50% 50% 0% 0% 0% 0%
Vassopressin V2 R 1 0 0 0 0 0 0 0 0 1

(hormone, Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Vassopressin V1a/b & Oxytocin OXT Rs 3 0 0 0 0 3 0 0 0 0

(hormone, Gq/11) 100% 0% 0% 0% 0% 100% 0% 0% 0% 0%
Cannabinoid CNR1/2 Rs 2 1 0 1 0 0 0 0 0 0 R1(D) > R2(E) (Gi)

(neurotransmitter/lipid, Gi/o > Gs) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0% R2(E) > R1(D) (Gs)
GPER1 (GPR30) 1 0 0 0 0 0 0 0 0 1

(hormone, Gs, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Adenosine A2A/B Rs 2 1 0 1 0 0 0 0 0 0

(neurotransmitter, Gs) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0%
Adenosine A1/3 Rs 2 0 0 0 0 0 2 0 0 0

(neurotransmitter, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Hydrocarboxyl acid HCA1/2/3 Rs 3 0 0 0 0 0 0 0 0 3

(organic acid, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Kisspeptin R 1 0 0 0 0 1 0 0 0 0

(neuropeptide, Gq/11) 100% 0% 0% 0% 0% 100% 0% 0% 0% 0%
Rexaxin/insulin-like family peptide 1/2 Rs 2 0 0 0 0 0 0 0 0 2

(peptide hormones, Gs, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Rexaxin/insulin-like family peptide 3/4 Rs 2 2 0 0 0 0 0 0 0 0

(peptide hormones, Gi/o) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
Hypocretin (orexin) OX1/2 Rs 2 0 0 0 0 0 2 0 0 0

(peptide hormones, Gs, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Bombesin BRS3/NMB/GRP Rs 3 0 0 0 0 0 0 0 0 3

(peptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Endothelin A R 1 0 0 0 0 0 1 0 0 0
(peptide, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Endothelin B R 1 0 0 0 0 0 0 1 0 0
(peptide, Gs) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Neurotensin NTS1 R 1 0 0 0 1 0 0 0 0 0
(neuropeptide, Gq/11 > Gs/Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Neurotensin NTS2 R 1 0 0 0 0 0 0 0 0 1
(neuropeptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Neuromedin U NMU1/2 Rs 2 0 0 0 0 0 0 2 0 0
(neuropeptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Neuropeptide W/B NPBW1/2 Rs 2 0 0 0 1 0 0 0 0 1
(neuropeptide, Gi/o) 100% 0% 0% 0% 50% 0% 0% 0% 0% 50%

Neuropeptides FF NPFF1/2 Rs 2 0 0 0 2 0 0 0 0 0
(neuropeptide, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Neuropeptides S NPS R 1 0 0 0 0 0 0 0 0 1
(neuropeptide, Gq/11 > Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Neuropeptides Y 2/4 Rs 2 0 0 0 2 0 0 0 0 0

(neuropeptide, Gi/o > Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
Neuropeptides Y 1/5 Rs 2 0 0 0 1 0 0 0 0 1

(neuropeptide, Gi/o) 100% 0% 0% 0% 50% 0% 0% 0% 0% 50%
total number of Rs 51 32

R rate in the largest subgroups: 43/51 84% 75%

R1(K) > R2(R) (Gi) ?

R1(N) > R2(S) (Gq)

R3(H) > R1(N) (Gi)

R1(P) > R2(F) (Gs)

(S, S, S)

R1(N) > R2(S) (Gi)

no helix 8

no NPxxY, no helix 8

AGTL1

GnRH, gonadotropin-releasing hormone; AGTL1, angiotensin II receptor-like 1; GPER1, G protein-coupled estrogen receptor 1; BRS3,
bombesin receptor subtype 3; NMBR, neuromedin B receptor; GRPR, gastrin releasing peptide receptor.

R(S)

R2(S)

A2A(E) > A2B(D) (Gs)

R1(T)

R1(N)/2(N)/4(N) >
R5(G) (Gi)

R1(N) > R5(G) (Gi)

R1/2/3(S), DPxxY-
motif

Helix-8 Second Residue

Gq > Gs

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 24/32

V2(S)

Table S1. Classification of class A GPCRs by helix 8-2nd residues & subtypes of G proteins (continued).

Predicted Hierarchy,
the 2nd residue, misc.

R2(R) > R1(L) (Gi)

R1(L)



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

Proteinase-activated PAR 1/2/4 Rs 3 2 0 1 0 0 0 0 0 0
(peptide, Gi/o, Gq/11) 100% 67% 0% 33% 0% 0% 0% 0% 0% 0%

Proteinase-activated PAR3 R 1 0 0 0 0 0 0 0 0 1
(peptide, ?) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Ghrelin GHSR 1 0 0 0 0 0 1 0 0 0
(peptide hormone, Gq/11 > Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

Bile acid GPBA R 1 0 0 0 0 0 0 1 0 0
(steroid, Gs) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Formyl Peptide L2 R 1 0 0 0 1 0 0 0 0 0
(peptide, Gi/o, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Formyl peptide 1/L1 Rs 2 0 0 2 0 0 0 0 0 0
(peptide, Gi/o) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Complement Peptide C5AR1 1 0 0 0 0 0 0 0 0 1
(peptide, Gi/o > Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Complement Peptide C3AR1 1 0 0 1 0 0 0 0 0 0
(peptide, G?) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Complement Peptide C5AR2 1 0 0 0 0 0 0 0 0 1
(peptide, Arrestin) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Tachykinin NK1/2 Rs 2 0 0 0 0 0 0 2 0 0
(peptide, Gs, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%
Tachykinin NK3 R 1 0 0 0 0 0 0 1 0 0
(peptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Prolactin-releasing peptide R 1 0 0 0 0 0 0 0 0 1
(peptide, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

QRFP R 1 0 0 0 1 0 0 0 0 0
(peptide, Gi/o, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Prokineticin PKR1/2 Rs 2 0 0 0 0 0 0 0 0 2
(peptide, Gq/11 > Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Urotencin-Ⅱ R 1 0 0 0 1 0 0 0 0 0
(peptide, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Oxoglutamate OXGR1 R 1 0 0 0 1 0 0 0 0 0
(organic acid, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Succinate R 1 0 0 0 0 1 0 0 0 0
(organic acid, Gi/o, Gq/11) 100% 0% 0% 0% 0% 100% 0% 0% 0% 0%

Purinergic P2Y1 R 1 0 0 0 0 0 0 0 0 1
(nucleotide, Gq/11 > Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Purinergic P2Y2 R 1 0 0 0 0 0 0 1 0 0
(nucleotide, Gq/11 > Gi/o/G12) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%

Purinergic P2Y4 R 1 0 0 0 0 0 1 0 0 0
(nucleotide, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Purinergic P2Y6 R 1 0 0 0 0 0 1 0 0 0

(nucleotide, Gq/11 > G12) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
Purinergic P2Y12/13/14 Rs 3 0 0 0 0 0 1 0 0 2 R13(K) >

(nucleotide, Gi/o) 100% 0% 0% 0% 0% 0% 33% 0% 0% 67% R14(P), R12(S)
Prostaglandin D DR1 R 1 0 0 0 0 0 0 0 0 1

(prostanoid, Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Prostaglandin D DR2 R 1 0 0 1 0 0 0 0 0 0

(prostanoid, Gi/o) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
Prostaglandin E2 EP2 R 1 0 0 0 0 0 0 0 0 1

(prostanoid, Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Prostaglandin E2 EP4 R 1 0 0 0 0 0 0 0 0 1
(prostanoid, Gs > Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Prostaglandin E2 EP1 R 1 0 0 0 0 0 0 0 0 1
(prostanoid, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Prostaglandin E2 EP3 R 1 0 0 0 0 0 0 0 0 1
(prostanoid, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Prostaglandin F FP R 1 0 0 0 0 0 0 0 0 1
(prostanoid, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Prostaglandin I2 IP R 1 0 0 0 0 0 0 0 0 1
(prostanoid, Gs > Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
Thromboxane A2 TP R 1 0 0 0 0 0 0 0 0 1

(prostanoid, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
total number of Rs 38 31

R rate in the largest subgroups: 35/38 92% 94%

(N/D)PWxF-motif

R(A), DPWxY-motif

R1/4(E) > R2(D) (Gq),
DPxxY-motif

R(T)

L2(N) > 1(D)/L1(D)
(Gi)

C5AR1(G)  (Gi > Gq)

C5AR2(A)

R(S)

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 29/31

R(P), (N/D)PWxF-
motif

R(A), DPWxF-motif

R(A), DPWxY-motif

GHSR, growth hormone secretagogue receptor type 1; C3AR1, complement C3a receptor 1; C5AR1, complement C5a receptor 1; QRFP,
proglutamated RFamide peptide; PTGDR, prostaglandin D2 receptor; PTGER1/2/3/4, prostaglandin E receptor 1/2/3/4; PTGFR, prostaglandin
F receptor; PTGIR, prostaglandin I2 receptor; TBXA2R, thromboxane A2 receptor.

R(P), DPWxY-motif

R(I), DPWxY-motif

R(T), DPWxY-motif

R1/2(T), NTxxF-motif

R1(T), DPxxY-motif

(D/H)PxxY-motif

Table S1. Classification of class A GPCRs by helix 8-second residues & subtypes of G proteins 
(continued).

Helix-8 Second Residue Predicted Hierarchy,
the 2nd residue, misc.

R(A), DPWxY-motif



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

Oxoeicosanoid R 1 0 0 0 1 0 0 0 0 0
(leukotriene, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Cysteinyl leukotriene 1/2 Rs 2 0 0 0 2 0 0 0 0 0
(leukotriene, Gq/11 > Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Leukotriene B4 BLT1 R 1 0 0 1 0 0 0 0 0 0
(leukotriene, Gi/o > Gq/11) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Leukotriene B4 BLT1 R 1 0 0 0 0 0 0 0 0 1
(leukotriene, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Chemerin CMKLR1 1 0 0 1 0 0 0 0 0 0
(adipokine, Gi/o) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
Chemerin GPR1 1 0 0 0 0 0 1 0 0 0
(adipokine, ?) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

CCRL2 R 1 0 0 0 0 0 0 0 0 1
(chemokine, G?) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

LPAR1/2 2 2 0 0 0 0 0 0 0 0
(lipid signal, Gi/o, Gq/11, G12) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

LPAR3 1 0 0 1 0 0 0 0 0 0
(lipid signal, Gi/o, Gq/11) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

LPAR4 1 0 0 0 0 0 0 0 0 1
(lipid signal, Gs, Gi/o, Gq/11, G12) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

LPAR6 1 0 0 0 0 0 0 0 0 1
(lipid signal, Gs, Gi/o, G12) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

LPAR5 1 0 0 0 0 0 0 0 0 1
(lipid signal, Gq/11, G12) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

S1PR1 1 1 0 0 0 0 0 0 0 0
(lipid mediator, Gi/o) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

S1PR3 1 1 0 0 0 0 0 0 0 0
(lipid mediator, Gi/o, Gq/11, G12/13) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

S1PR4/5 2 1 0 1 0 0 0 0 0 0
(lipid mediator, Gi/o, G12/13) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0%

S1PR2 1 0 0 1 0 0 0 0 0 0
(lipid mediator, Gs, Gq/11, G12/13) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Prokineticin PKR1/2 Rs 2 0 0 0 0 0 0 0 0 2
(protein, Gq/11 > Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

Platelet-activating factor R 1 0 0 0 0 0 1 0 0 0
(lipid, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

Free fatty acid FFAR1/2/4 Rs 3 1 0 0 0 0 0 1 0 1
(lipid, Gq/11) 100% 33% 0% 0% 0% 0% 0% 33% 0% 33%

Free fatty acid FFAR3 1 0 0 0 0 0 0 0 0 1
(lipid, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
GPR18 R 1 0 1 0 0 0 0 0 0 0

(N-arachidonoylglycine, Gi/o, Gq/11) 100% 0% 100% 0% 0% 0% 0% 0% 0% 0%
GPR119 R 1 1 0 0 0 0 0 0 0 0

(N-oleoylethanolamide, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
GPR55 R 1 1 0 0 0 0 0 0 0 0

(lysophosphatidylinositol, Gq/11, G12/13) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
total number of Rs 29 23

R rate in the largest subgroups: 26/29 90% 91%

Table S1. Classification of class A GPCRs by helix 8-second residues & subtypes of G proteins 
(continued).

DVxxY-motif

CMKLR1, chemerin chemokine-like receptor 1; CCLR2, chemokine (C-C) receptor-like receptor2; LPAR, lysophosphatidic acid receptor.

(N/D)PxxY-motif

R2(D) > R(G) (Gi),
NPxxY-motif

R(G), NPxxY-motif

DPxxY-motif

(N/D)PxxY-motif

R4(S), DPxxY-motif

R1/2(T), NTxxF-motif,
8th from F

R3(G), (N/D)PxxY-
motif

NPxxY-motif

R6(T), DPxxY-motif

R5(G), DPxxY-motif

R4(E) = R5(D) (Gi)

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 21/23

R1(G)/2(V)/4(E),
(N/D)PxxY-motif

DVxxY-motif

Helix-8 Second Residue Predicted Hierarchy,
the 2nd residue, misc.

DPxxY-motif

R(T)



       Human GPCRs           Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7-NPxxY    helix 8  mOR-S6 TM7-NPxxY    helix 8  . 
Rhod(312)  NPVIYIMMNKQFRNCMLTTIC  OPN1SW(309)NPIIYCFMNKQFQACIMKMVC  Rhod/O.Gt 
OPN1MW(328)NPVIYVFMNRQFRNCILQLFG  OPN1LW(328)NPVIYVFMNRQFRNCILQLFG  Rhod/O.Gt

OPN4(356)  NPIIYAITHPKYRVAIAQHLP  OPN5(312)  NPIIYQVIDYKFACCQTGGLK  Rhod/O.Gi/(Gq) 
OPN3(315)  NPVIYVFMIRKFRRSLLQLLC  Rhodopsin/Opsin.Gi? 
β1AdR(382)  NPIIYC.RSPDFRKAFQGLLC  β2AdR(331)  NPLIYC.RSPDFRIAFQELLC  AdR.Gs 
β3AdR(351)  NPLIYC.RSPDFRSAFRRLLC    Adrenergic R.Gs

α1AAdR(332) NPIIYPCSSQEFKKAFQNVLR  α1BAdR(354) NPIIYPCSSKEFKRAFVRTLG  AdR.Gq

α1DAdR(408) NPLIYPCSSREFRRAFLRLLC   Adrenergic R.Gq 
α2AAdR(432) NPVIYTIFNHDFRRAFKKILC  α2BAdR(429) NPVIYTIFNQDFRRAFRRILC  AdR.Gi 
α2C AdR(443)NPVIYTVFNQDFRRSFKHILF    Adrenergic R.Gi 
D1(336)   NPIIYAF.NADFRKAFSTLLG  D5(365)  NPVIYAF.NADFQKVFAQLLG  DopR.Gs 
D2(432)    NPIIYTTFNIEFRKAFLKILH  D3(389)    NPVIYTTFNIEFRKAFLKILS  DopR.Gi 
D4(454)    NPVIYTVFNAEFRNVFRKALR  Dopamine R.Gi 
5-HT6(326)  NPIIYPLFMRDFKRALGRFLP  5-HT7(390)  NPFIYAFFNRDLRTTYRSLLQ  SeroR.Gs

5-HT4(318)  NPFLYAFLNKSFRRAFLIILC  Serotonin R.Gs 
5-HT2A(386) NPLVYTLFNKTYRSAFSRYIQ  5-HT2C(374) NPLVYTLFNKIYRRAFSNYLR  SeroR.Gq>Gi

5-HT2B(386) NPLVYTLFNKTFRDAFGRYIT  Serotonin R.Gq 
5-HT1D(362) NPIIYTVFNEEFRQAFQKIVP  5-HT5A(344) NPLIYTAFNKNYNSAFKNFFS  SeroR.Gi

5-HT1A(406) NPVIYAYFNKDFQNAFKKIIK  5-HT1B(375) NPIIYTMSNEDFKQAFHKLIR  SeroR.Gi

5-HT1E(350) NPLLYTSFNEDFKLAFKKLIR  5-HT1F(353) NPLIYTIFNEDFKKAFQKLVR  SeroR.Gi

H1(474)  NPLIYPLCNENFKKTFKRILH  Histamine R.Gq 
H2(294)    NPILYAALNRDFRTGYQQLFC  Histamine R.Gq>Gs 
H4(364)    NPLLYPLCHKRFQKAFLKIFC  H3(418)    NPVLYPLCHHSFRRAFTKLLC    HistR.Gi 
MC1(304)  DPLIYAFHSQELRRTLKEVLT  MC2(282)   DPFIYAFRSPELRDAFKKMIF   MelaR.Gs 
MC3(305)  DPLIYAFRSLELRNTFREILC  MC4(308)   DPLIYALRSQELRKTFKEIIC MelaR.Gs 
MC5(301)   DPLIYAFRSQEMRKTFKEIIC   Melanocortin R.Gs 
MTNR1A(301)NAIIYGLLNQNFRKEYRRIIV  MTNR1B(313)NAIVYGLLNQNFRREYKRILL  MelatR.Gi

MtlR(361)  NPILYNLISKKYRAAAFKLLL    Motilin R.Gq/G12 
MCH1(386)  NPFVYIVLCETFRKRLVLSVK    Melanin Concentration Hormone R.Gs/Gi/Gq 
MCH2(312)  NPFLYILLSGNFQKRLPQIQR Melanin Concentration Hormone R.Gq 
SSTR3(319) NPILYGFLSYRFKQGFRRVLL    Somatstatin R.Gi>Gq 
SSTR1(329) NPILYGFLSDNFKRSFQRILC  SSTR2(318) NPILYAFLSDNFKKSFQNVLC   SomaR.Gi

SSTR4(317) NPILYGFLSDNFRRFFQRVLC  SSTR5(310) NPVLYGFLSDNFRQSFQKVLC   SomaR.Gi

FSHR(632)  NPFLYAIFTKNFRRDFFILLS    Glycoprotein hormone R.Gs/Gi/Gq 
LHCGR(629) NPFLYAIFTKTFQRDFFLLLS  TSHR(684)  NPFLYAIFTKAFQRDVFILLS  GlyHR.Gs>Gq

δOpioid(324)NPVLYAFLDENFKRCFRQLCR  κOpioid(336)NPILYAFLDENFKRCFRDFCF     OpioR.Gi

μOpioid(344)NPVLYAFLDENFKRCFREFCI  ORL1(325)  NPILYAFLDENFKACFRKFCC      OpioR.Gi

XCR1(293)  NPVLYVFVGVKFRTHLKHVLR  Chemokine(C) R.Gi 
CCR2(311)  NPIIYAFVGEKFRSLFHIALG  CCR4(310)  NPIIYFFLGEKFRKYILQLFK   Chem(C-C)R.Gi

CCR5(303)  NPIIYAFVGEKFRNYLLVFFQ  CCR6(322)  NPVLYAFIGQKFRNYFLKILK   Chem(C-C)R.Gi

CCR7(332)  NPFLYAFIGVKFRNDLFKLFK  CCR8(306)  NPVIYAFVGEKFKKHLSEIFQ   Chem(C-C)R.Gi

CCR1(307)  NPVIYAFVGERFRKYLRQLFH  CCR3(307)  NPVIYAFVGERFRKYLRHFFH   Chem(C-C)R.Gi

CCR9(323)  NPVLYVFVGERFRRDLVKTLK  CCR10(316) NPVLYAFLGLRFRQDLRRLLR  Chem(C-C)R.Gi

CXCR2(320) NPLIYAFIGQKFRHGLLKILA  CXCR3(324) NPLLYAFVGVKFRERMWMLLL  Chem(CXC)R.Gi

CXCR6(294) NPVLYAFVSLKFRKNFWKLVK  CXCR5(328) NPMLYTFAGVKFRSDLSRLLT  Chem(CXC)R.Gi

CXCR4(308) NPILYAFLGAKFKTSAQHALT  CXCR1(311) NPIIYAFIGQNFRHGFLKILA  Chem(CXC)R.Gi

CX3CR1(299)NPLIYAFAGEKFRRYLYHLYG    Chemokine(CX3C) R.Gi 
ACKR2(318) SPILYAFSSHRFRQYLKAFLA   Atypical chemokine R.Arrestin 
ACKR4(309) NPILYVFMGASFKNYVMKVAR Atypical Chemokine R.? 
ACKR3(321) NPVLYSFINRNYRYELMKAFI  ACKR1(310) TPLLLALFCHQATRTLLPSLP    AtChem R.?
Supplementary Fig. S1. Alignment of amino acid sequences of NPxxY motif and helix 8 of class A GPCRs. The 204 
human non-olfactory GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the 
amino acid sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd 
and more than two of the 7th, 8th, 10th, and 11th positions. The conserved TM7 motif is (N/D)Pxx(Y/F). 5-TH, 5-
hydroxytrypamine; ACM, acetylcholine (muscarinic); FSH, follicle-stimulating hormone; LH, luteinizing hormone; TSH, 
thyroid-stimulating hormone.  



       Human GPCRs           Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7-NPxxY    helix 8  mOR-S6 TM7-NPxxY    helix 8  . 
ACM2(446)  NPACYALCNATFKKTFKHLLM  ACM4(459)   NPACYALCNATFKKTFRHLLL  AcM R.Gi

ACM1(424)  NPMCYALCNKAFRDTFRLLLL  ACM3(550)   NPVCYALCNKTFRTTFKMLLL  AcM R.Gq

ACM5(501)  NPICYALCNRTFRKTFKMLLL    Acetylcholine(muscarinic) R.Gq 
AGT1R(308) NPLFYGFLGKKFKRYFLQLLK  Angiotensin II R.Gq/Gi/G12 
AGT2R(324) NPFLYCFVGNRFQQKLRSVFR   AngIIR.Gi/o 
GnRH1  DPLIYGYFSL    Gonadotrophin-releasing hormone R.Gq>Gi 
GnRH2  no helix 8    Gonadotrophin-releasing hormone R.?
APLN(315)  NPFLYAFFDPRFRQACTSMLC  Apelin R(Angiotensin Receptor-like 1).Gi/o 
CCK1(376)  NPIIYCFMNKRFRLGFMATFP  CCK2(396)  NPLVYCFMHRRFRQACLETCA  Cholcy.k.R.Gq

BDKRB2(338)NPLVYVIVGKRFRKKSWEVYQ   Bradykinin R.Gs/Gi/Gq

BDKRB1(318)NPVIYVFVGRLFRTKVWELYK   Bradykinin R.Gi/Gq

GALR2(298) NPIVYALVSKHFRKGFRTICA   Galanin R.Gq 
GALR3(297) NPLVYALASRHFRARFRRLWP  GALR1(309) NPIIYAFLSENFRKAYKQVFK GalR.Gi

V2(331)    NPWIYASFSSSVSSELRSLLC    Vasopressin R.Gs 
V1a(354)   NPWIYMFFSGHLLQDCVQSFP  V1b(344)  NPWIYMGFNSHLLPRPLRHLA   VassR.Gq

OXTR(335)  NPWIYMLFTGHLFHELVQRFL  Oxytocin R.Gq 
CNR1(403)  NPIIYALRSKDLRHAFRSMFP  CNR2(305)  NPVIYALRSGEIRSSAHHCLA    CannR.Gi>Gs 
GPER1(320) NPLIYSFLGETFRDKLRLYIE  GP Estrogen R1.Gs 
A2A(294)  NPFIYAYRIREFRQTFRKIIR  A2B(296)  NPIVYAYRNRDFRYTFHKIIS  AdenR.Gs 
A3(288)  NPIVYAYKIKKFKETYLLILK  A1(294)  NPIVYAFRIQKFRVTFLKIWN  AdenR.Gi 
HCA1(284)  DPLVYYFSSPSFPKFYNKLKI  HCA2(300)  DPVVYYFSSPSFPNFFSTLIN    HCA R.Gs

HCA3(300)  DPVVYYFSSPSFPNFFSTLIN       Hydrocarboxyl acid R.Gi  

KISSR(329) NPLLYAFLGSHFRQAFRRVCP  Kisspeptin R.Gq 
RXFP1(687) NPILYTLTTRPFKEMIHRFWY  RXFP2(697) NPILYTLTTNFFKDKLKQLLH RelaxR.Gs/Gi 
RXFP3(395) NPVLYCLVRREFRKALKSLLW  RXFP4(315) NPVLYCLLRREPRQALAGTFR RelaxR.Gi 
OX1(364)   NPIIYNFLSGKFREQFKAAFS  OX2(370)   NPIIYNFLSGKFREEFKAAFS OrexnR.Gs/Gi/Gq 
BRS3(336)  NPFALYWLSKSFQKHFKAQLF  NMBR(330)  NPFALYLLSESFRRHFNSQLC BombR.Gq 
GRPR(328)  NPFALYLLSKSFRKQFNTQLL   Gastrin releasing peptide R.Gq 
EDNRA(375) NPIALYFVSKKFKNCFQSCLC    Endthelin R.Gq 
EDNRB(392) NPIALYLVSKRFKNCFKSCLC  Endthelin R.Gs/Gi/Gq 
NMUR1(362) NPVLYSLMSSRFRETFQEALC  NMUR2(332) NPIIYNLLSRRFQAAFQNVIS NeurM U R.Gq 

NTS1(370)  NPILYNLVSANFRHIFLATLA  Neurotensin R.Gq>Gs/Gi 
NTS2(364)  TPLLYNAVSSSFRKLFLEAVS  Neurotensin R.Gq 
NPBW2(322) NPFLYAFLDDNFRKNFRSILR  NPBW1(313) NPFLYAFLDASFRRNLRQLIT NeurP W/B R.Gi 
NPFF1(335) NPIIYGYFNENFRRGFQAAFR  NPFF2(441) NPIIYGFFNENFRRGFQEAFQ   NeurP FF R.Gi 
NPS(336)   NPLIYCVFSSSISFPCRVIRL  Neuropeptides S R.Gq>Gs 
NPY2(332)  NPLLYGWMNSNYRKAFLSAFR  NPY4(328)  NPFIYGFLNTNFKKEIKALVL  NeP Y R.Gi>Gq 
NPY1(326)  NPIFYGFLNKNFQRDLQFFFN  NPY5(431)  NPILYGFLNNGIKADLVSLIH  NeP Y R.Gi 
PAR1(377)  DPLIYYYASSECQRYVYSILC  PAR2(350)  DPFVYYFVSHDFRDHAKNALL   PA R.Gi/Gq 
PAR4(346)  DPFIYYYVSAEFRDKVRAGLF   Proteinase-activated R.Gi/Gq 
PAR3(364)  DPFLYFLMSKTRNHSTAYLTK  no helix 8   Proteinase-activated R.? 
GHSR(329)  NPILYNIMSKKYRVAVFRLLG   Ghrelin(Growth hormone secretagogue) R.Gq>Gi 
GPBAR(286) VPVAMGLGDQRYTAPWRAAAQ   Bile acid R.Gs 
FPR3(308)  NPILYVFMGRNFQERLIRSLP   Formyl peptide R.Gi>Gq 
FPR1(307)  NPMLYVFMGQDFRERLIHALP  FPR2(308)  NPMLYVFVGQDFRERLIHSLP FormP.Gi 
C5a1(306)  NPIIYVVAGQGFQGRLRKSLP  Complement Peptide R.Gi/o>Gq 
C3a(441)   NPFLYALLGKDFRKKARQSIQ  Complement Peptide R.G? 
C5a2(297)  NPMLFLYFGRAQLRRSLPAAC  Complement Peptide R.Arrestin 
NK1(311)  NPIIYCCLNDRFRLGFKHAFR  NK2(313)   NPIIYCCLNHRFRSGFRLAFR    TachyR.Gs/Gq

NK3(362)  NPIIYCCLNKRFRAGFKRAFR  Tachykinin R.Gq 
Supplementary Fig. S1. Alignment of amino acid sequences of NPxxY motif and helix 8 of class A GPCRs (continued). 
NPS may cause a shift in the position of helix 8 by two amino acids. GnRH, gonadotropin-releasing hormone; AGTL1, 
angiotensin II receptor-like 1; GPER1, G protein-coupled estrogen receptor 1; BRS3, bombesin receptor subtype 3; 
NMBR, neuromedin B receptor; ENDRA/B, endothelin receptor type A/B; NMUR, neuromedin U receptor; NTSR, 
neurotensin receptor; FPR, formyl peptide receptor; C3AR1, complement C3a receptor 1; C5AR1, complement C5a 
receptor 1. 



       Human GPCRs     Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7 NPxxY    helix 8  mOR-S6 TM7 NPxxY  helix 8  . 
PrRPR(341) NPFIYAWLHDSFREELRKLLV  Prolactin-releasing peptide R.Gq 
QRFP(338)  NPIVYAFMNENFKKNVLSAVC   Pyroglutamylated RFamide peptide R.Gi/Gq 
PKR1(349)  NTLCFVTVKNDTVKYFKKIML  PKR2(340)  NTVCFVTVKNNTMKYFKKMML       PKR.Gq>Gs

UR2R(321)  NPFLYTLLTRNYRDHLRGRVR   Urotensin R.Gq 
OXGR1(308) NLLLYVVVSDNFQQAVCSTVR  Oxoglutamete R.Gq 
SucR(301)  NPVFYFLLGDHFRDMLMNQLR   Succinate R.Gi/Gq 
P2RY1(330) DPILYFLAGDTFRRRLSRATR   Purinergic P2Y R.Gq>Gi 
P2RY2(312) DPVLYFLAGQRLVRFARDAKP     Purinergic P2Y R.Gq>Gi/G12 
P2RY4(312) DPVLYLLTGDKYRRQLRQLCG    Purinergic P2Y R.Gq 
P2RY6(307) DPILFYFTQKKFRRRPHELLQ   Purinergic P2Y R.Gq>Gs 
P2RY8(299) DPFVYYFASREFQLRLREYLG  P2RY10(311)DPILYYFMASEFRDQLSRHGS  P2Y R.?
P2RY11(327)HPLLYMAAVPSLGCCCRHCPG   Purinergic P2Y R.Gq>Gs 
P2RY12(304)DPFIYFFLCKSFRNSLISMLK  P2RY13(322)DPLIYIFLCKKFTEKLPCMQG  P2Y R.Gi

P2RY14(301)DPIIYFFLCQPFREILCKKLH   Purinergic P2Y P2Y R.Gi 
DR1(329)   DPWIFIIFRSPVFRIFFHKIF    Prostagrandin D R.Gs 
DR2(310)   NPVLYVLTCPDMLRKLRRSLR      Prostagrandin D R.Gi 
ER3(352)   DPWVYLLLRKILLRKFCQIRY  Prostagrandin E2 R.Gi>Gq 
ER1(357)   DPWVYILLRQAVLRQLLRLLP  Prostagrandin E2 R.Gq>Gi 
ER2(321)   DPWVFAILRPPVLRLMRSVLC  Prostagrandin E2 R.Gs 
ER4(335)   DPWIYILLRKTVLSKAIEKIK     Prostagrandin E2 R.Gs>Gi 
FR(310)    DPWVYILLRKAVLKNLYKLAS     Prostagrandin F R.Gq>Gs 
IR(298)  DPWVFILFRKAVFQRLKLWVC  Prostagrandin I2 R.Gs>Gi/Gq 
TA2R(314)  DPWVYILFRRAVLRRLQPRLS    Thromboxane A2 R.Gq 
OXER(361)  DPVLYCFSSPNFLHQSRALLG   Oxoeicosanoid R.Gi 
CYSLTR1(301)DPLLYFFSGGNFRKRLSTFRK  CYSLTR2(321)NPLLYYFAGENFKDRLKSALR   CysLeR.Gq>Gi

BLTR2(325) NPVLYVFTAGDLLPRAGPRFL Leukotriene B4 R.Gi/o>Gq 
BLTR1(291) NPVLYACAGGGLLRSAGVGFV Leukotriene B4 R.Gi/Gq 
CMKLR1(322)NPILYVFMGQDFKKFKVALFS    Chemerine Chemokine-like R1(Anaphylatoxin R).Gi 
GPR1(310)  NPILYVLISKKFQARFRSSVA Chemerine R.? 
CCRL2(306) NPLLYAFLDGTFSKYLCRCFH  Chemokine(C-C) R.like 2 R.? 
LPAR1(317) NPIIYSYRDKEMSATFRQILC  LPAR2(301) NAAVYSCRDAEMRRTFRRLLC   LisAR.Gi/Gq/G12

LPAR3(299) NPIIYSYKDEDMYGTMKKMIC   Lisophosphatidic acid R.Gi/Gq 
LPAR4(317) DPFIYYFTLESFQKSFYINAH   Lisophosphatidic acid R.Gs/Gi/Gq/G12 
LPAR6(297) DPIVYYFTSDTIQNSIKMKNW   Lisophosphatidic acid R.Gs/Gi/G12

LPAR5(303) DPLVYYFSAEGFRNTLRGLGT   Lisophosphatidic acid R.Gq/G12 
S1PR1(317) NPIIYTLTNKEMRRAFIRIMS   Sphingosine-1-phosphate R.Gi

S1PR2(294) NPVIYTWRSRDLRREVLRPLQ   Sphingosine-1-phosphate R.Gs/Gq/G12 

S1PR3(304) NPVIYTLASKEMRRAFFRLVC   Sphingosine-1-phosphate R.Gi/Gq/G12 
S1PR4(313) NPIIYSFRSREVCRAVLSFLC  S1PR5(312) NPIIYTLTNRDLRHALLRLVC   SphPR.Gi/G12

PAF(299)   DPVIYCFLTKKFRKHLTEKFY  Platelet-activating factor R.Gi/Gq 
FFAR1(284) NPLVTGYLGRGPGLKTVCAAR  FFAR2(279) DPLLFYFSSSVVRRAFGRGLQ   FreeFAR.Gq

FFAR4(345?)NPILYNMTLCRNEWKKIFCCF   Free fatty acid R.Gq 
FFAR3(282) DPFVYYFSSSGFQADFHELLR    Free fatty acid R.Gi 
GPR18(292) DVILYYIVSKQFQARVISVML   N-arachidonoylglycine (lipid) R.Gi/Gq

GP119(285) NPLIYAYWQKEVRLQLYHMAL N-oleoylethanolamide (lipid) R.Gs

GPR55(294) DVFCYYFVIKEFRMNIRAHRP  lysophosphatidylinositol(lipid) R.Gq/G12

Supplementary Fig. S1. Alignment of amino acid sequences of NPxxY motif and helix 8 of class A GPCRs (continued). 
Some of their helical structures are likely to be unstable. PKR1/2 and FFAR4 may cause a shift in the position of helix 8 
by one and two amino acids, respectively. PKR, prokineticin receptor; Suc, succinate; MTNR1A/B, melatonin receptor 
1A/B; NPY1/2/4/5R, neuropeptide Y receptor Y1/2/4/5; QRFP, proglutamated RFamide peptide; CMKLR1, chemokine-
like receptor 1; CCRL2, chemokine (C-C) receptor-like receptor 2;  PTGDR, prostaglandin D2 receptor; PTGER1/2/3/4, 
prostaglandin E receptor 1/2/3/4; PTGFR, prostaglandin F receptor; PTGIR, prostaglandin I2 receptor; TBXA2R, 
thromboxane A2 receptor; CYSLTR, cysteinyl leukotriene receptor; LPAR, lysophosphatidic acid receptor. 



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

Glucagon GHRH/GIP/GLP1/GCG Rs* 4 4 0 0 0 0 0 0 0 0
 (hormone, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Glucagon GLP2 R* 1 1 0 0 0 0 0 0 0 0
 (hormone, ?) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Secretin SCT R* 1 1 0 0 0 0 0 0 0 0
(hormone, ?) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Corticotropin releasing hormone CRF1/2 Rs* 2 2 0 0 0 0 0 0 0 0
(hormone, Gs > Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Calcitonin CT R* 1 1 0 0 0 0 0 0 0 0
(peptide, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Caocitonin receptor-like CALRL R* 1 1 0 0 0 0 0 0 0 0
(peptide, ‒) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

PAC1 R* 1 1 0 0 0 0 0 0 0 0
(polypeptide, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

VIP1/2 Rs* 2 2 0 0 0 0 0 0 0 0
(polypeptide, Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Parathyroid hormone R1* 1 1 0 0 0 0 0 0 0 0
(peptide, Gs > Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Parathyroid hormone R2* 1 1 0 0 0 0 0 0 0 0
(peptide, Gs, Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

total number of Rs 15 10
R rate in the largest subgroups: 15/15 100% 100%

GHRHR*, growth hormone releasing hormone receptor; GIPR*,  gastric inhibitory polypeptide receptor; GLP1/2R*,
glucagon-like peptide-1/2 receptor; GCGR*, glucagon receptor; CT*, Calcitonin receptor; CALRL*, calcitonin receptor-like;
SCTR*, secretin receptor; PAC1, pituitary adenylate cyclase activating polypeptide1; CRF, corticotropin-releasing factor;
VIPR1/2*, vasoactive intestinal polypeptide receptor1/2; PTH1/2*, parathynoid hormone receptor1/2.

Table S2. Classification of class B* GPCRs by helix 8-second residues & subtypes of G proteins.
Helix-8 Second Residue Predicted Hierarchy or

the 2nd residue, misc.

VSxIY-motif

VSxIY-motif

VSVFY-motif

VAxIY-motif

VAx(L/I)Y-motif

Vax(L/I)Y-motif

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 10/10



       Human GPCRs           Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7-NPxxY    helix 8   mOR-S6 TM7-NPxxY    helix 8  . 

GHRHR*(382)VAILYCFLNQEVRTEISRKWH  GIPR*(398) VSVLYCFINKEVQSEIRRGWH   GlucR.Gs  

GLP1R*(408)VAVIYCFVNNEVQLEFRKSWE  GCGR*(406) VAVLYCFLNKEVQSELRRRWH   GlucR.Gs 

GLP2R*(442)VAILYCFLNQEVRTEISRKWH        Glucagon-like peptide 2 R.‒ 
CT*(397)   VATIYCFCNNEVQTTVKRQWA   Calcitonin R.Gs>Gq 

CALRL*(390)VSTIFCFFNGEVQAILRRNWN Calcitonin gene-related peptide type1 R.‒ 
SCTR*(394) VAVLYCFLNGEVQLEVQKKWQ Secretin R.‒ 
CRF1*(398) VSVFYCFLNSEVRSAIRKRWH  CRF2*(365) VSVFYCFFNGEVRSAVRKRWH  CRF R.Gs>Gq 

PAC1*(406) VAVLYCFLNGEVQAEIKRKWR PAC1 R.Gs

VIP1*(394) VAILYCFLNGEVQAELRRKWR   VIP2*(381) VAVLYCFLNSEVQCELKRKWR    VIP R.Gs 

PTH1*(465) VAIIYCFCNGEVQAEIKKSWS    Parathynoid hormone R.Gs>Gq

PTH2*(419) VSIIYCYCNGEVQAEVKKMWS     Parathynoid hormone R.Gs/Gq

Supplementary Fig. S2. Alignment of amino acid sequences of NPxxY motif and helix 8 of class B* GPCRs. The 15 
human GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the amino acid 
sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd and more 
than two of the 7th, 8th, 10th, and 11th positions. The conserved TM7 motif is V(A/S)xxY instead of NPxxY.  GHRHR*, 
growth hormone releasing hormone receptor; GIPR*,  gastric inhibitory polypeptide receptor; GLP1/2R*,  glucagon-like 
peptide-1/2 receptor; GCGR*, glucagon receptor; CT*, Calcitonin receptor; CALRL*, calcitonin receptor-like;  SCTR*, 
secretin receptor; PAC1*, pituitary adenylate cyclase activating polypeptide1; CRF, corticotropin-releasing factor; 
VIPR1/2*, vasoactive intestinal polypeptide receptor1/2; PTH1/2*, parathynoid hormone receptor1/2.  



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

Calcium CAS R** 1 0 0 0 1 0 0 0 0 0
(ion, Gi/o, Gq/11, G12/13) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Calcium CAS(GPR6a) R** 1 1 0 0 0 0 0 0 0 0
(ion, Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

GABA GABAB1/2 Rs** 2 1 0 1 0 0 0 0 0 0
(neurotransmitter, ‒) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0%

Metabotropic glutamate mGlu1/5 Rs** 2 0 0 0 2 0 0 0 0 0
(amino acid, Gq/11 > Gs) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Metabotropic glutamate mGlu2/3/4/6/7/8 Rs** 6 0 0 0 6 0 0 0 0 0
(amino acid, Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

Umami tastant TAS1R1 R** 1 0 0 1 0 0 0 0 0 0
(tastant, ‒) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Sweet tastant TAS1R2 R** 1 1 0 0 0 0 0 0 0 0
(tastant, ‒) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

Tastant-common TAS1R3 R** 1 0 0 0 0 0 0 0 0 1
(tastant, ‒) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

total number of Rs 15 7
R rate in the largest subgroups: 14/15 93% 86%

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 6/7

CAS, calcium-sensing; GABA, γ-amino butyric acid, mGlu, metabotropic glutamate; TAS1, taste 1.

IYIIL-motif, short helix
8 with weak H-core

Table S3. Classification of class C** GPCRs by helix 8-second residues & subtypes of G proteins.
Helix-8 Second Residue Predicted Hierarchy or

the 2nd residue, misc.

R1(E ),R2(D),
PK(C/L)(Y/I)(V/T)-motif?

R3(G), PKCY(M/V/L)-
motif

PKCY(M/V/L)-motif

(V/M)YII(I/L)-motif

(V/L/T)(Y/H)(I/V)I(L/I)-
motif

PKCY(M/V/L)-motif

PKCY(M/V/L)-motif



       Human GPCRs           Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6  TM7-NPxxY    helix 8  mOR-S6  TM7-NPxxY    helix 8    . 

CASR**(867) IYIILFKPSRNTIEEVRCS  Calcium Sensing R.Gi,Gq,G12

GPC6a**(842)PKCYVIICKQEINTKSAFLKM     Calcium Sensing R.Gq 
GABAB1**(865)PKMRRLITRGEWQSEAQDTMK GABAB2**(752)PKLITLRTNPDAATQNRRFQF GABAR.Gi/o

mGlu1**(845) MYIIIAKPERNVRSAFTTSDV mGlu5**(832) VYIILAKPERNVRSAFTTSTV mGluR.Gq

mGlu2**(824) LHIILFQPQKNVVSHRAPTSR mGlu3**(833) VHIILFQPQKNVVTHRLHLNR mGluR.Gi

mGlu4**(852) VYIILFHPEQNVPKRKRSLKA mGlu8**(848) VYIIIFHPEQNVQKRKRSFKA mGluR.Gi

mGlu6**(850) TYVILFHPEQNVQKRKRSLKA mGlu7**(855) VYIIIFHPELNVQKRKRSFKA mGluR.Gi

TAS1R1(820)  PKCYVILCRPDLNSTEHFQAS  TAS1R2(820) PKCYMILFYPERNTPAYFNSM Taste.‒ 
TAS1R3(822)  PKCYLLMRQPGLNTPEFFLGG   Taste.‒ 
Supplementary Fig. S3. Alignment of amino acid sequences of NPxxY motif and helix 8 of class C** GPCRs. The 15 
human GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the amino acid 
sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd and more 
than two of the 7th, 8th, 10th, and 11th positions.Unstable helix 8 or hydrophobic core.  The conserved TM7 motif is 
PKCYxY, VYIIxF or IYIILF instead of NPxxY.  CAS, calcium-sensing; GABA, γ-amino butyric acid, mGlu, 
metabotropic glutamate receptor; TAS1, taste1.  



GPCRs
(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc

ADGRB1/2/3 Rs 3 3 0 0 0 0 0 0 0 0
(phosphatidylserine/secretin family?, ?) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

ADGRA1/2/3 Rs 3 0 0 3 0 0 0 0 0 0
(glycosaminoglycans/?, ?) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%

Cadherin EGF LAG G-type CEL1/2/3 Rs 3 2 0 1 0 0 0 0 0 0
(cadherin, ?) 100% 67% 0% 33% 0% 0% 0% 0% 0% 0%

ADGRD1/2 Rs 2 2 0 0 0 0 0 0 0 0
(?, Gs/?) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

ADGRE R1 1 0 1 0 0 0 0 0 0 0
(?, Gq/11) 100% 0% 100% 0% 0% 0% 0% 0% 0% 0%

ADGRE2/3/P4 Rs 3 0 3 0 0 0 0 0 0 0
(?, ?) 100% 0% 100% 0% 0% 0% 0% 0% 0% 0%

ADGRE R5 1 0 0 0 0 0 1 0 0 0
(?, G12/13) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

ADGRF1/3/4/5 Rs 4 0 0 0 0 0 4 0 0 0
(?, ?) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

ADGRF R2 1 0 0 0 0 0 0 0 0 0
(?, ?) 100% 0% 0% 0% 0% 0% 0% 0% 0% 0%

ADGRG R1 1 0 1 0 0 0 0 0 0 0
(collagen III, Gq/11, G12/13) 100% 0% 100% 0% 0% 0% 0% 0% 0% 0%

ADGRG R2 1 0 0 0 1 0 0 0 0 0
(?, Gq/11) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%

ADGRG R3 1 0 0 0 0 0 0 0 0 1
(beclometasone dipropionate/?, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

ADGRG 4–7 Rs 4 1 0 0 1 0 0 0 0 2
(?, ?) 100% 25% 0% 0% 25% 0% 0% 0% 0% 50%

ADGRL R1 1 0 0 0 0 0 1 0 0 0
(latrotoxin/?, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

ADGRL 2–4 Rs 3 0 0 0 0 0 3 0 0 0
(latrotoxin/FLRT3/?, ?) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

ADGRV R1 1 0 0 0 0 0 0 0 0 1
(?, ?) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

total number of Rs 33 16
R rate in the largest subgroups: 28/33 85% 81%

Table S4. Classification of adhesion class GPCRs by helix 8-second residues & subtypes of G proteins.

Helix-8 Second Residue

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 13/16

L(F/Y)IFL(F/V)(H/Y)(C/
A)-motif

xFIFLxHC-motif

xFIFLVYC,
xLLFVVHC-motif

FVIxxxHC-motif

(L/A)F(F/V)xxHHC-
motif

FLIFIWYY-motif

FFILLFYC-motif

xFIFxFHC-motif

xFIFxFHC-motif

Predicted Hierarchy or
the 2nd residue, misc.

R1/2(E), R3(D),
PFxxLx(H/F)C-motif

Subtypes of target G proteins were obtained from http://www.guidetopharmacology.org. ADGRA/D/E/F/G/L/V, adhesion G protein-coupled receptor
A/D/E/F/G/L/V; ADGRB1/2/3, adhesion G protein-coupled receptor brain-specific angiogenesis inhibitor 1/2/3; CELR, cadherin EGF LAG seven-
pass G-type receptors.

R3(T), WFxILYLP-
motif

R7(E), R6(N), G4(S), G5(C
), x(F/L)xxx(YLP/FHC)

xFILxFG(C/T)-motif

xFLYLLHC-motif

R(P), >6000 long
sequence

no NPxxY, no helix 8



       Human GPCRs          Human GPCRs    Subclass.G-pr_subtypes 
mOR-S6  TM7-NPxxY    helix 8  mOR-S6  TM7-NPxxY    helix 8     . 
ADGRB1(1190)FVIVMVHCILRREVQDAVKCRVV  ADGRB2(1208)FVITAVHCFLRREVQDVVKCQMG BraAR.Gi?
ADGRB3(1163)FVIVMVHCILRREVQDAFRCRLR Brain-specific angiogenesis inhibitor.Gi?
ADGRA1(312) LFVLIHHCAKREDVWQCWWACCP  ADGRA2(1075)LFVFTHHCARRRDVRASWRACCP AdGRA.??
ADGRA3(1062)AFFVVHHCVNREDVRLAWIMTCC  Adhesion GPCR A R.??
CELR1(2707) PFVLLFHCVLNQEVRKHLKGVLG  CELR2(2615) PFIFLSYVVLSKEVRKALKLACS  CELR.??
CELR3(2777) LAVLLLFCVLNADARAAWMPACL Cadherin EGF LAG seven-pass G-type R.??
ADGRD1(812) LFIFLFHCLLNSEVRAAFKHKTK  ADGRD2(907) LYIFLVYAACNEEVRSALQRMAE AdGRD.Gs

ADGRE1(850) AFIFLIHCLLNGQVREEYKWITG Adhesion GPCR E.Gq

ADGRE2(850) VFIFLVYCLLSQQVREQYGKWSK  ADGRE3(604) FFIFLVYCILSQQVQKQYQKWFR AdGRE.Gq/? 
ADGRE4P(441)VLLFVVHCILNRQVRLIILSVIS Putative Adhesion GPCR P.?? 
ADGRE5(792) AFLYLLHCLLNKKVREEYRKWAC  Adhesion GPCR E R.G12 
ADGRF1(844) FFILCFGILLDSKLQLLFNSKSA  ADGRF2  no NPxxY, no helix 8  AdGRF.?? 
ADGRF3(1026)VFILLFGCLMDRKIQEALRKRFC  ADGRF4(658) FFILLFGTIMDHKIRDALRMRMS   AdGRF.?? 
ADGRF5(1272)LFILLFGCLWDLKVQEALLNKFS Adhesion GPCR F.?? 
ADGRG1(664) FLIFIWYWSMRLQARGGPSPLKS Adhesion GPCR G.Gq/G12 
ADGRG2(885) FFIFIFYCVAKENVRKQWRRYLC  Adhesion GPCR G.Gq 
ADGRG3(532) WFTILYLPSQSTTVSSSTARLDQ   Adhesion GPCR G.Gi

ADGRG4(2992)WFTILYLPSQSTSVREQWQIHLC  ADGRG7(730) ILYTVRTKVFQSEASKVLMLLSS  AdGRG.??
ADGRG5(508) GFFLFLWFCSQRCRSEAEAKAQI  ADGRG6(1170)LFIFIFHCAMKENVQKQWRQHLC  AdGRG.?? 
ADGRL1(1113)VFIFVFHCALQKKVHKEYSKCLR Adhesion GPCR L.Gq 
ADGRL2(1090)VFIFIFHCALQKKVRKEYGKCFR Adhesion GPCR L.?? 
ADGRL3(1107)MFIFIFHCVLQKKVRKEYGKCLR  ADGRL4(670) MFIFLFLCVLSRKIQEEYYRLFK   AdGRL.??
ADGRV1(6162)MVYFILHNQMCCPMKASYTVEMN Adhesion GPCR V.?? 
Supplementary Fig. S4. Alignment of amino acid sequences of NPxxY motif and helix 8 of adhesion class GPCRs. The 
33 human GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the amino acid 
sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd and more 
than two of the 7th, 8th, 10th, and 11th positions. The conserved TM7 motif is Fx(V/I)xxx(H/Y)C, xFIFxF(H/Y)C or 
LFIFLx(H/Y)C instead of NPxxY. Unstable helix 8 or hydrophobic core. ADGRA/D/E/F/G/L/V, adhesion G protein-
coupled receptor A/D/E/F/G/L/V; ADGRB1/2/3, adhesion G protein-coupled receptor brain-specific angiogenesis 
inhibitor 1/2/3; CELR, cadherin EGF LAG seven-pass G-type receptors.  



GPCRs

(signal, G protein subtypes) all Glu Gln Asp Asn His Lys Arg Trp misc
the 2nd residue,
NPxxY-motif.

FZD1/6 Rs# 2 0 0 0 0 0 2 0 0 0
 (Wnt, Gi/o, Gq/11) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

FZD2/9 Rs# 2 0 0 0 0 0 2 0 0 0
 (Wnt, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
FZD3 R# 1 0 0 0 0 0 1 0 0 0
(Wnt, Gs) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

FZD4/10 Rs# 2 0 0 0 0 0 2 0 0 0
 (Wnt, G12/13) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%

FZD7 R# 1 0 0 0 0 0 1 0 0 0
(Wnt, Gs, Gi/o) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
FZD5/8 Rs# 2 0 0 0 0 0 2 0 0 0

 (Wnt, ?) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
SMO R# 1 0 0 0 0 0 0 0 0 1

(oxysterol?, Gs) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
total number of Rs 11 7

R rate in the largest subgroups: 11/11 100% 100%

Table S5. Classification of Frizzled# GPCRs by helix 8-second residues & subtypes of G proteins.

helix-8 second residue

ITSxMWI-motif

ITTxFWI-motif

SMO, smoothened.

I(T/S)xxFW(I/V)-
motif

ITSxFW(I/V)-motif

IPSxFWV-motif

ITSxVW(I/V)-motif

R(A), TGIxMxW-
motif

total number of subgroups
rate of conserved subgroups for the 2nd aa of helix 8: 7/7



       Human GPCRs          Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7-NPxxY    helix 8  mOR-S6 TM7-NPxxY    helix 8  . 

FZD1#(625)  ITSGFWIWSGKTLNSWRKFYT FZD6#(498)  ISAVFWVGSKKTCTEWAGFFK Fzd R.Gi/Gq 
FZD2#(543)  ITSGFWIWSGKTLHSWRKFYT FZD9#(532)  ITSGVWVWSSKTFQTWQSLCY Fzd R.Gi/? 
FZD3#(502)  IPSVFWVGSKKTCFEWASFFH          Frizzled R.Gs 
FZD4#(499)  ITSGMWIWSAKTLHTWQKCSN FZD10#(526) ITSGMWIWTSKTLQSWQQVCS Fzd R.G12  
FZD7#(552)  ITTGFWIWSGKTLQSWRRFYH  Frizzled R.Gs/Gi  
FZD5#(525)  ITSGVWIWSGKTVESWRRFTS FZD8#(608)  ITSGVWVWSGKTLESWSLCTR Fzd R.?  
SMO#(540)   TGIAMTWWTKATLLIWRRTWC                                Smoothened R.Gi/G12

Supplementary Fig. S5. Alignment of amino acid sequences of NPxxY motif and helix 8 of Frizzled# GPCRs. The 11 
human GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the amino acid 
sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd and more 
than two of the 7th, 8th, 10th, and 11th positions. Unstable helix 8 or hydrophobic core. The conserved TM7 motif is 
ITSxFW(I/V) or TGIAMxW instead of NPxxY. SMO, smoothened. 



       GPCRs    GPCRs     Subclass.G-pr_subtypes 
mOR-S6 TM7_NPxxY    helix 8  mOR-S6  TM7_NPxxY    helix 8     . 
VN1R1(331) SPFVLIMSDTHISQFCFACRT  VN1R3(291)    SPFVLMSRHPRIPRLGSACCG    VN1R.Gi 

VN1R2(376) SPFVLMCRDPSRSRLCSICCR  mVmn1r224(280)ITAIISICFPTLGPFVMNHDS    VN1R.Gi 

VN1R4(291) SPFVLMSCDPSVYRFCFAWKR  mVmn1r237(‒)  SPFLVISS   VN1R.Gi  
VN1R5(326) SPLMLIYADNQIFKTLQMLWF  Vomeronasal 1 R.Gi  
GPR107(545)TLVFFVLTGYKFRPASDNPYL  GPR137(296)   LPTTLLVGFFRVHRPPQDLST   ??.?  
GPR143(317)SLAFYGWTGCSLGFQSPRKEI  GPR157(285)   NCIMFVLCTRAVRTRLFSLCC   ??.?  
mVmn1r1    SPLVLISTEQRMINCLKNTQG  mVmn1r4  TPLVQISSDNRIINRLKNLQS    VN1R.Gi 

mVmn1r5    TPLVQFSSDNRIIIMLKNLQS  mVmn1r6  TPLIQVSFDNRIIIMLKNLQS   VN1R.Gi

mVmn1r7    TPLVQISSDNRIINMLKNIQS  mVmn1r8  TPLVQISSDNRIINMLKNIQS    VN1R.Gi 

mVmn1r9    TPLVQISSDNRIIIMLKNLQS  mVmn1r10   TPLVQISSDNRIIIMLKNLQS    VN1R.Gi 

mVmn1r11   TPLVQISSDNRIINRLKNLQS  mVmn1r12   TPLVQISSDKRITRMVKNLQS    VN1R.Gi 

mVmn1r13   TPLLQISSDKRVINVMKTLQS  mVmn1r14   TPFVQISSDTRVIRVVKNWHS    VN1R.Gi 

mVmn1r15   TPLVQISSDKRIINVLKNLQS  mVmn1r16  TPLVQISSENRIITMLKNRQS    VN1R.Gi 

mVmn1r17  TPLVQISSDNRIIVMLKNMHS  mVmn1r18   SPLVQITSDKRIISILKNVHS    VN1R.Gi 

mVmn1r19   APLVQISSDKRIIHILIHILK  mVmn1r20  SPLVQISSDNRIIIMVKNMYS    VN1R.Gi 

mVmn1r21   TPVVQISSDKRIINVLKNLRS  mVmn1r22    TPLVQISSDNRIINVLKNLWL    VN1R.Gi 

mVmn1r23   TPLVQISSDKRIINVLKNLWL  mVmn1r24  TPLVQITSDERIINVLKNLWP    VN1R.Gi 

mVmn1r25   TPLVQISSDKRVINVLKNLQS  mVmn1r26   TPLVQISSDNRILKCHQAFFK    VN1R.Gi 

mVmn1r27   SPLVQIGSDNRIIIMVKNMYS  mVmn1r28   TPLVQITSDKRIISILKNMHS    VN1R.Gi 

mVmn1r29   TPLVQITSDNRIIIMLENMQS  mVmn1r30   TPLVQISSDKRVINVLKNSQS    VN1R.Gi 

mVmn1r31   TPLVQISSDNRIIIMLKNMHS  mVmn1r32   TPLIQIISDNRMIITLKNMQK    VN1R.Gi 

mVmn1r33   TPLIQISSDNRINIMIKNMQK  mVmn1r34   TPLVQISSDKRIIIQKKCKNY    VN1R.Gi 

mVmn1r35   TPLVQISSDKRISMMLKNMQK  mVmn1r36   TPLVQISSEKRIIIILKSMQK    VN1R.Gi 

mVmn1r37   TPLVQISSDKRIIIILKSMQK  mVmn1r38   TPLIQISSDNRILMILKSMQK   VN1R.Gi

mVmn1r39   TPLIQIISDNRIITMLKNMQK  mVmn1r40   NPFVFICTEKHIIKFWESKCG    VN1R.Gi 

mVmn1r41   SPFVLICTEKRMIKFWGSMFG  mVmn1r42   TSYSIELFIMHIYATVSPFVF    VN1R.Gi 

mVmn1r43   TSYSIELFMIHIYATVSPFVF  mVmn1r44   SPFVFICTEKHIIKFLRSMCG    VN1R.Gi 

mVmn1r45   TSYSIHIFVMHIYATVSPFVF  mVmn1r46   SPFVFICTEKHIIKFFWSLCG    VN1R.Gi 

mVmn1r47   SPFVFMSTEKHLVNFFRSMCE  mVmn1r48  SPFVFISTEKHIVNILRG    VN1R.Gi  
mVmn1r49   SPFVFICTEKHIIKFWESIFG  mVmn1r50   SPFVFICNDKYMIKFVTSMCG    VN1R.Gi 

mVmn1r51   SPFVFMSTEKHIVNCLRSV   mVmn1r52    SPLLVLSNEKRITNLLISMYE    VN1R.Gi 

mVmn1r53   SPFVFICTEKRITNFLRSMCG  mVmn1r54   SPFLILSTEKYIINIFRSTFG    VN1R.Gi 

mVmn1r55   SPLLLIFRDPRGPCSLYFNVG  mVmn1r56    SPLLLIFRDPRGHCSLLFSVG    VN1R.Gi 

mVmn1r57   SPLLLIFREPRGHCSLLFSVG  mVmn1r58   SPFLLIFRDRKGHCSLHIIVS    VN1R.Gi 

mVmn1r59   SPLLLIFRDPRGHCSLLFSVG  mVmn1r60    SPLLLIFRDCKGHCSVHIMSV    VN1R.Gi 

mVmn1r61   SPLLLIFRDCKGHCSVHIMSV  mVmn1r62   SPLLLIFRDSKGHCSLHIMSV    VN1R.Gi 

mVmn1r63   SPLLLIFRDCKGHCSLRIMSV  mVmn1r64    SPFLLICRDPMGPCSLLFIVG    VN1R.Gi 

mVmn1r65   SPLLLIFRDPMCPCPVPFIVG  mVmn1r66  FGPFVLINN-YSVRPRLSLVWM    VN1R.Gi 

mVmn1r67  FGPFVLMNHCTFVPRLSLIWMW  mVmn1r68   FAPCVLMSHYSFMPRFSLVWTW    VN1R.Gi 

mVmn1r69  FAPFVLMSHYSFMPKLSLTWIR  mVmn1r71  FAPFVLMSHYSIVSRLSLVWLR    VN1R.Gi 

mVmn1r77   VCPFVLITNMKFNFSLFLPCF  mVmn1r80    CPFVLISNMKPISNLFLPCFH    VN1R.Gi 

mVmn1r90   SPLLLIFRDPSYPCSLIFNYR  mVmn1r168   SPLLLIFRDPSYPCSLIFNYK    VN1R.Gi 

mVmn1r172 SPLMLIFRGPKKISAKGINTEN  mVmn1r173  SPLMLIFRGPKKISAKGINTEN    VN1R.Gi 

mVmn1r174 SPLMLIVRGPKKISAKGINTEN  mVmn1r177   SPLLLIFRDPSYHCSLIFNYK    VN1R.Gi 

mVmn1r178  SPLLLIFRDPKYPCSVLFNC  mVmn1r181  SPLLLIFRDPKGPCSVFFNC      VN1R.Gi 

mVmn1r184 FGPCVFIKS-YSLMSRCNLAHL  mVmn1r185  FGPCVFMRS-YSLMSRFNLAHL    VN1R.Gi 

mVmn1r186  SPLLLIFRDSKGHCSLHIMSV  mVmn1r187  SPLLLIFRDCKGHCSLRIMSV    VN1R.Gi 

Supplementary Fig. S6. Alignment of amino acid sequences of NPxxY motif and helix 8 of vomeronasal 1 and other 
GPCRs. The 9 human and 113 murine GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position 
of which in the amino acid sequence is shown in the parentheses. Helix 8 was expected to be formed by hydrophobic 
residues at the 3rd and more than two of the 7th, 8th, 10th, and 11th positions. The conserved TM7 motif is SPxxL, TLxxF, 
LPxxL, SLxxY, NCxxF, or ITxII instead of the NPxxY. Unstable helix 8 or hydrophobic core. VN1R, human 
vomeronasal 1 receptor; mVmn1r, murine vomeronasal 1 receptor; GPR, human other G protein-coupled receptor. 



       GPCRs          GPCRs     Subclass.G-pr_subtypes 
mOR-S6 TM7_NPxxY    helix 8  mOR-S6  TM7_NPxxY    helix 8     . 
mVmn1r188  SPFVLIHRDGLLAEQWETLKR  mVmn1r189   SPLVLIHKDGLLAECWHAQME    VN1R.Gi 

mVmn1r191  SPLVLIHRDGLLAGCCSAQ  mVmn1r192   SPYVLISRDFKVPNVLHAH         VN1R.Gi 

mVmn1r197  SPFMLIHRDEHVIKCFHTQ  mVmn1r198   SPYVLISRNVRVPNTLHAH         VN1R.Gi 

mVmn1r199  SPYVLISRNVRVPNTLHAH    mVmn1r200   SPLVLIHRDGLLVERWHVQWE    VN1R.Gi 

mVmn1r201  SPFVLIHRDGLLVDWWHAQME  mVmn1r207   SPLVLIHRDGLLVECCHAQCE    VN1R.Gi 

mVmn1r208  SPFVLIHRDGLLSKFWHAHWE  mVmn1r209   SPLVLIHRDGLLVECWHAQWE    VN1R.Gi 

mVmn1r210  SPFVLIHRDGLLVKFWHAQME  mVmn1r217   SPLVLIHRDGLLPACWHAQ      VN1R.Gi 

mVmn1r220  SPFVLIQRDGLIPVCWHAQ   mVmn1r221   SPLVLIHRDRILVECWYVQME    VN1R.Gi 

mVmn1r222  SPFVLIHRDGLLTEQWETLKQ  mVmn1r225   ITSIISMCFPTLGPFVMSHYS    VN1R.Gi 

mVmn1r226  ITAIISMCFPTLGPIVISPDF  mVmn1r227   ITAIISMCFPTLGPIVIGCDF    VN1R.Gi 

mVmn1r228  ITAIIALCFPTLGPFVMSHDF  mVmn1r229   ITAIISMGFPAIGPFVMSRDF    VN1R.Gi 

mVmn1r230  IPFVLMSQSSPLSKLCFL    mVmn1r231   ITVIIHLCFPTLGPFIVTQDT    VN1R.Gi 

mVmn1r232  TTAIISMGFPTLGPFVMSRDF  mVmn1r233   CPFLLMSHDSRASSFCLPLKR    VN1R.Gi 

mVmn1r335  SPFLLMNHYSIASSHCVPCMR  mVmn1r336   CPFLLMSQDSRISSYLKRNIH    VN1R.Gi 

mVmn1rD19  SPLLLTFRDPKGPCSVFFNC  Vomeronasal 1 R.Gi 

Supplementary Fig. S6. Alignment of amino acid sequences of NPxxY motif and helix 8 of vomeronasal 1 and other 
GPCRs (continued). The 9 human and 113 murine GPCRs are shown. The bold residue indicates the 2nd one of helix 8, 
the position of which in the amino acid sequence is shown in the parentheses. Helix 8 was expected to be formed by 
hydrophobic residues at the 3rd and more than two of the 7th, 8th, 10th, and 11th positions. The conserved TM7 motif is 
SPxxL, TLxxF, LPxxL, SLxxY, NCxxF, or ITxII instead of the NPxxY. Unstable helix 8 or hydrophobic core. VN1R, 
human vomeronasal 1 receptor; mVmn1r, murine vomeronasal 1 receptor; GPR, human other G protein-coupled receptor. 



       Human GPCRs       Human GPCRs   Subclass.G-pr_subtypes 
mOR-S6 TM7-NPxxY    helix 8  mOR-S6 TM7-NPxxY    helix 8 agonist 
TA2R1(283) HSLILILGNPKLKQNAKKFLL  Taste2 R.Gt3 Peptide 
TA2R3(290) HSFILILGNSKLKQTFVVMLR  Taste2 R.Gt3 Chloroquine 
TA2R4(286) HSVLIIITHPKLKTTAKKILC  Taste2 R.Gt3 Colchicine 
TA2R5(278) HSLILIMGIPRVKQTCQKILW Taste2 R.Gt3 1,10-Phenanthroline 
TA2R7(291) HSFILILGNNKLRHASLKVIW  Taste2 R.Gt3 Papaverine 
TA2R8(291) HSLILIVLNNKLRQTFVRMLT  TA2R41(289)HPFILIFSNLKLRSVFSQLLL Tas2 R.Gt3 Chloramphenicol
TA2R9(288) HSFILIMGNSKLREAFLKMLR Taste2 R.Gt3 Pirenzepine 
TA2R10(283)HSFILILGNSKLKQASLRVLQ Taste2 R.Gt3 Strychrine
TA2R13(287)HSFLLILGNAKLRQAFLLVAA  TA2R30(285)HPFILILGNKKLKQIFLSVLR  Tas2 R.Gt3 Denatorium
TA2R14(286)HSCVLILGNKKLRQASLSVLL  Taste2 R.Gt3 Picrotoxinin 
TA2R16(282)HSTSLMLSSPTLKRILKGKC    Taste2 R.Gt3 Salicin 
TA2R20(285)HSFILIWGNKTLKQTFLSVLW   Taste2 R.Gt3 Cromolyn 
TA2R31(285)HPFILIWGNKKLKQTFLSVLR  TA2R43(285)HPFILIWGNKKLKQTFLSVFW  Tas2 R.Gt3 Aristolochic acid
TA2R38(303)HAAILISGNAKLRRAVMTILL  Taste2 R.Gt3 PROP/PTC 
TA2R39(317)HSILLIQDNPGLRRAWKRLQL  TA2R50(285)DSFILIWRTKKLKHTFLLILC  Tas2 R.Gt3 Amarogentin
TA2R40(302)HSVQLILGNPGLRRAWKRFQH Taste2 R.Gt3 Humulones 
TA2R46(285)HPFILIWGNKKLKQTFLSVLW   Taste2 R.Gt3 Absinthin 
TA2R19(285)HSFILIMGSRKLKQTFLSVLW Taste2 R.Gt3 ?? 
TA2R42(290)HSLILILGNSKLRQTAVRLLW                                    Taste2 R.Gt3 ??
TA2R45(285)HPFILIWGNKKLKQTYLSVLW                                    Taste2 R.Gt3 ??
TA2R60(302)HPIILLFSNCRLRAVLKSRRS                                    Taste2 R.Gt3 ??
Supplementary Fig. S7. Alignment of amino acid sequences of NPxxY motif and helix 8 of taste2 GPCRs. The 25 human 
GPCRs are shown. The bold residue indicates the 2nd one of helix 8, the position of which in the amino acid sequence is 
shown in the parentheses. Helix 8 was expected to be formed by hydrophobic residues at the 3rd and more than two of the 
7th, 8th, 10th, and 11th positions. The conserved TM7 motif is H(S/P)xIL instead of the NPxxY. Unstable helix 8 or 
hydrophobic core. 



       Human GPCRs     Human GPCRs  Subclass.G-pr_subtypes 
mOR-S6 TM7_NPxxY    helix 8  mOR-S6 TM7_NPxxY    helix 8  . 
MAS1(290)  NPFIYFFVGSSKKKRFKESLK  Orphan MAS1 proto-oncogene R.Gi/Gq 
MRGX1(277) NPIIYFFVG-SFRQRQNRQNL  MRGX3(277) NPIIYFFVG-SFRQRQNRQNL    OclsA.Gq

MRGX4(277) NPIIYFFVG-SFRQRQNRQNL  Orphan Mas-related G protein-coupled R X.Gq 
MRGX2(284) NPIIYFFVG-SFRKQWRLQQP  Orphan Mas-related G protein-coupled R X.Gi/Gq 

MRGRD(282) NPVIYFLVGSRRSHRLPTRSL  Orphan Mas-related G protein-coupled R.Gi/Gq 
MRGRE(275) KPVVYFCLGSAQGRRLPLRLV  MRGRF(297) KPIVYFLAGRDKSQRLWEPLR    OclsA.‒
MRGRG(256) KPLIYSGLGRQPGKREPLRSV   Orphan Mas-related G protein-coupled R.‒ 

MAS1L(324) NPIIYFFVGSLRKKRLKESLR MAS1 proto-ongogene like R.‒ 
GPR42(282) DPFVYYFSSSGFQADFHELLR   lipid? R.?? 
GPR4(292)  DPILYCLVNEGARSDVAKALH   Orphan clsA.Gs/Gi/Gq/G12 
GPR6(345)  NPIIYAFRNQEIQRALWLLLC  GPR12(307) NPVIYAFRNQEIQKALCLICC  OclsA.Gs/Gi

GPR18(292) DVILYYIVSKQFQARVISVML  GPR68(292) DPVLYCFVSETTHRDLARLRG   OclsA.Gi/Gq

GPR55(294) DVFCYYFVIKEFRMNIRAHRP  Orphan clsA.Gq/G12 

GPR17(331) DPIMYFFVAEKFRHALCNLLC    Orphan clsA.Gi>Gq 
GPR3(303)  NPIIYAFRNQDVQKVLWACCC  GPR26(300) DPFVYSLLRHQYRKSCKEILN  OclsA.Gs 
GPR61(347) NPFFYGCLNRQIRGELSKQFV  GPR65(297) DPILYCFVTETGRYDMWNILK  OclsA.Gs

GPR78(300) DPFTYSLLRRPFRQVLAGMVH  GPR101(460)HPYVYGYMHKTIKKEIQDMLK  OclsA.Gs

GPR132(314)DPIIYVLATDHSRQEVSRIHK  Orphan clsA.Gs

GPR20(303) DPIVYCFVTSGFQATVRGLFG  GPR22(373) HPLLYAFTRQKFQKVLKSKMK  OclsA.Gi

GPR31(288) NPVVYCFSSPTFRSSYRRVFH  GPR35(282) DAICYYYMAKEFQEASALAVA  OclsA.Gi 

GPR33(310) SPTLYLFVGENFKKVFKKSIL  GPR34(333) DPVMYFLMSSNIRKIMCQLLF  OclsA.Gi

GPR37(555) TPVLLFCLCKPFSRAFMECCC  ETBR2(422) TPVLLLCICRPLGQAFLDCCC  OclsA.Gi

GPR84(376) NPVLYAAMNRQFRQAYGSILK  GPR183(314)DPFIYFFACKGYKRKVMRMLK  OclsA.Gi 
GPR21(310) NCVIYSISNSVFQRGLKRLSG  GPR27(344) NPVVCFLFNRELRDCFRAQFP  OclsA.Gq

GPR39(350) NPLLYTVSSQQFRRVFVQVLC  GPR75(381) NPFIYSRNSAGLRRKVLWCLQ  OclsA.Gq

GPR139(291)NFFLYCFISKRFRTMAAATLK  Orphan clsA.Gq 
GPR15(308) NPFIYYIFDSYIRRAIVHCLC  GPR19(336) KPTLYSIYNANFRRGMKETFC  OclsA.‒ 
GPR25(313) NPLIYLLLDRSFRARALDGAC  GPR32(322) NPFLYVFVGRDFQEKFFQSLT  OclsA.‒
GPR45(330) NPIVYCWRIKKFREACIELLP  GPR52(323) NCVIYSLSNSVFRLGLRRLSE  OclsA.‒ 
GPR50(300) NAVIYGLLNENFRREYWTIFH  GPR62(296) HPFLYGLLQRPVRLALGRLSR  OclsA.‒
GPR63(377) NPLIYYWRIKKFHDACLDMMP  GPR82(316) DPIIFLLLDKTFKKTLYNLFT  OclsA.‒ 
GPR83(351) NPFIYCWLNENFRIELKALLS  GPR85(345) NPFVCIFSNRELRRCFSTTLL  OclsA.‒
GPR87(320) DPIIYFFMCRSFSRRLFKKSN  GPR88(342) NPLLYTWRNEEFRRSVRSVLP  OclsA.‒ 
GPR135(393)NPVIYAIRNPNISMLLGRNRE  GPR141(289)DLLLFVFGGSHWFKQKIIGLW  OclsA.‒
GPR142(420)NFGLYCFVSKTFRATVRQVIH  GPR146(302)TPLLYRYMNQSFPSKLQRLMK  OclsA.‒ 
GPR148(326)LTYLYLLRYRQLLGMVRGHLP  GPR149(366)TPVFVL--SKRWTHLPCGCII  OclsA.‒
GPR150(408)NPFVYLFFQAGDCRLRRQLRK  GPR151(312)NPLIFLVMSEEFREGLKGVWK  OclsA.‒ 
GPR152(301)SPFLCLMASADLRTLLRSVLS  GPR153(302)LPV-FLWACDRYRADLKAVRE  OclsA.‒
GPR160(298)IATVYWFNCHKLNLKDIGLPL  GPR161(330)HPLIYGLWNKTVRKELLGMCF  OclsA.‒ 
GPR162(329)LPS-FIWSCERYRADVRTVWE  GPR171(291)DPILYY-HSKAFRSKVTETFA  OclsA.‒
GPR173(346)NPIVCFLLNKDLKKCLRTHAP  GPR174(298)DPVIYYFSTNEFRRRLSRQDL  OclsA.‒ 
GPR176(326)NPVLFLTVNKSVRKCLIGTLV  GPR182(326)TTLALIFIPKFWKLGAPPREE  OclsA.‒
LGR4(807)  NPVLYVFFNPKFKEDWKLLKR    Orphan clsA.‒ 
LGR5(826)  NPLLYILFNPHFKEDLVSLRK  LGR6(833)  NPLLYLLFNPHFRDDLRRLRP  OclsA.‒
Supplementary Fig. S8. Alignment of amino acid sequences of NPxxY motif and helix 8 of orphan class A GPCRs. The 
75 human GPCRs and target G proteins (from http://www.guidetopharmacology. org) are shown. The bold residue 
indicates the 2nd one of helix 8, the position of which in the amino acid sequence is shown in the parentheses. Helix 8 was 
expected to be formed by hydrophobic residues at the 3rd and more than two of the 7th, 8th, 10th, and 11th positions. Some 
of their helical structures are likely to be unstable. The conserved TM7 motif is (N/D)Pxx(Y/F). MAS1, MAS1 proto-
oncogene G protein-coupled receptor; MAS1L, MAS1 proto-oncogene like, G protein-coupled receptor: MRGR, MAS-
related G protein-coupled receptor; MRGX, MAS-related G protein-coupled receptor member X; ETBR2, endothelin B 
receptor-like protein 2; LGR, leucine-rich repeat containing G protein-coupled receptor. 

http://www.guidetopharmacolog/


       Human GPCRs     Human GPCRs     Subclass.G-pr_subtypes 
mOR-S6   TM7_NPxxY    helix 8  mOR-S6  TM7_NPxxY    helix 8     . 
GPR156**(311)TTINCFIFIPQLKQWKAFEEE  GPR158**(666)TVTIGLLLIPKFSHSSNNPRDD  OclsC.‒ 
GPR179**(630)TTTLALIFIPKFWKLGAPPRE      Orphan clsC.‒ 
RAI3**(264)  WVFLLAYVSPEFWLLTKQRNP  Orphan retinoic acid-induced protein 3.‒
GPC5B**(299) IPEIHCTLLPALQENTPNYFD       Orphan clsC.‒ 
GPC5C**(342) KGQSMFVENKAFSMDEPVAAK  GPC5D**(288) NACPVTAYQHSFQVENQELS     OclsC.‒
GPC6A**(842) PKCYVIICKQEINTKSAFLKM                                    Orphan clsC.‒
Supplementary Fig. S9. Alignment of amino acid sequences of NPxxY motif and helix 8 of orphan class C** GPCRs. 
The 8 human GPCRs and target G proteins (from http://www.guidetopharmacology. org) are shown. The bold residue 
indicates the 2nd one of helix 8, the position of which in the amino acid sequence is shown in the parentheses. Helix 8 was 
expected to be formed by hydrophobic residues at the 3rd and more than two of the 7th, 8th, 10th, and 11th positions. Some 
of their helical structures are likely to be unstable. The conserved TM7 motif is PKCYxI or TTTxxL instead of the 
NPxxY. RAI3, retinoic acid-induced protein 3; GPC, G protein-coupled receptor family C member. 

http://www.guidetopharmacolog/


   Human G proteins 
G proteins    α4   loop  S6    α5   _C-terminal 

G.H4.23
G.h4s6.3

G.h4s6.10
G.h4s6.12

G.h4s6.20
G.H5.2
G.H5.13

GNAS (343,350,354,356,381)  DEFLR  T  D RH------YCYPHFTCAVDTE DIIQRMHLRQYELL 
GNAL (330,337,341,343,368)  DLFLR  T  D KH------YCYPHFTCAVDTE DIIQRMHLKQYELL 
GNAI1(305,312,316,318,341)  CQFED  K  T E--------IYTHFTCATDTK DVIIKNNLKDCGLF 
GNAI2(306,313,317,319,342)  SKFED  K  T E--------IYTHFTCATDTK DVIIKNNLKDCGLF 
GNAI3(305,312,316,318,341)  CQFED  R  T E--------IYTHFTCATDTK DVIIKNNLKECGLY 
GNAT1(301,308,312,314,337)  VQFLE  M  V E--------IYTHMTCATDTQ DIIIKENLKDCGLF 
GNAT2(305,312,316,318,341)  SQFLD  M  V E--------IYSHMTCATDTQ DIIIKENLKDCGLF 
GNAT3(305,312,316,318,341)  NQFLD  L  D E--------IYTHMTCATDTQ DIIIKENLKDCGLF 
GNAO (306,313,316,318,341)  AQFES  R  N E--------IYCHMTCATDTN DIIIANNLRGCGLY 
GNAZ (306,313,317,319,342)  RQFED  R  T E--------IYSHFTCATDTS DVIIQNNLKYIGLC 
GNAQ (311,318,323,325,346)  KMFVD  P  D DK------IIYSHFTCATDTE DTILQLNLKEYNLV 
GNA11(311,318,323,325,346)  KMFVD  P  D DK------IIYSHFTCA--TE DTILQLNLKEYNLV 
GNA14(307,314,317,319,342)  KLYQD  P  D EK------VIYSHFTCATDTD DTILQLNLREFNLV 
GNA15(315,321,328,330,361)  MYTRM  T  E SKKGARSRRLFSHYTCATDTQ DSVLARYLDEINLL 
GNA12(335, - ,342,344,368)  CFDRK  -  N S------KPLFHHFTTAIDTE DTILQENLKDIMLQ
GNA13(330, - ,337,339,364)  CFRNK  -  D QQ-----KPLYHHFTTAINTE DTILHDNLKQLMLQ
Supplementary Fig. S10. Alignment of amino acid sequences for the signature parts in C-terminal regions of α4 and α5 of 
16 human G proteins. For each G protein, G.H4.23–27 (α4), G.h4s6.3 and G.h4s6.10 (loop), G.h4s6.12–G.H5.2 and 
G.H5.13–26 (α5) are shown (the common Gα numbering (CGN) system) [12]. The positions of the first residue are
shown in the parentheses. Some of them are considered as residues for the selectivity barcode or precoupling (G.h4s6.10,
G.h4s6.12, G.H5.2, G.H5.21) [3] or initial, transient and specific interaction (G.H5.21) or non-specific loop–helix
interaction (G.h4s6.10) [10] or M3R–Gαq interaction (G.h4s6.12) [13] to GPCRs. The C-terminal 6th and charged residue
(red or blue) is predicted for a single residue for the determinant of initial, transient and specific interaction between Gα
and GPCRs [10]. In this study, the C-terminal 5th and negatively-charged residue (blue) is predicted for the residue for
the initial, transient and specific interaction to helix-8-2nd-Arg/Lys/His GPCRs.



all Glu Gln Asp Asn His Lys Arg Trp misc 2nd residue
non-olfactory class A GPCRs 21 7 0 8 0 0 0 2 0 4

rate (Gs) 100% 33% 0% 38% 0% 0% 0% 10% 0% 19%
non-olfactory class A GPCRs 79 9 4 11 18 1 19 7 0 10

rate (Gi/o) 100% 12% 5% 14% 23% 1% 25% 9% 0% 10%
non-olfactory class A GPCRs 36 7 0 0 4 5 2 5 0 13

rate (Gq/11) 100% 19% 0% 0% 11% 14% 6% 14% 0% 36%
non-olfactory class A GPCRs 2 0 0 0 0 0 0 0 0 2

rate (Gs > Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
non-olfactory class A GPCRs 2 0 0 0 0 0 0 0 0 2

rate (Gs > Gq/11) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
non-olfactory class A GPCRs 2 1 0 1 0 0 0 0 0 0

rate (Gi/o > Gs) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0%
non-olfactory class A GPCRs 5 0 0 1 2 0 0 1 0 1

rate (Gi/o > Gq/11) 100% 0% 0% 20% 40% 0% 0% 20% 0% 20%
non-olfactory class A GPCRs 6 0 0 1 0 0 0 0 0 5

rate (Gq/11 > Gs) 100% 0% 0% 17% 0% 0% 0% 0% 0% 83%
non-olfactory class A GPCRs 6 0 0 0 2 0 1 1 0 2

rate (Gq/11 > Gi/o) 100% 0% 0% 0% 33% 0% 17% 17% 0% 33%
non-olfactory class A GPCRs 1 0 0 0 1 0 0 0 0 0

rate (Gq/11 > Gs/Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
non-olfactory class A GPCRs 1 0 0 0 0 0 1 0 0 0

rate (Gq/11 > G12/13) 100% 0% 0% 0% 0% 0% 100% 0% 0% 0%
non-olfactory class A GPCRs 2 0 0 0 0 0 0 0 0 2

rate (Gs, Gi/o) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
non-olfactory class A GPCRs 2 0 0 0 0 0 0 2 0 0

rate (Gs, Gq/11) 100% 0% 0% 0% 0% 0% 0% 100% 0% 0%
non-olfactory class A GPCRs 12 2 1 2 2 1 2 0 0 2

rate (Gi/o, Gq/11) 100% 17% 8% 17% 17% 8% 17% 0% 0% 17%
non-olfactory class A GPCRs 2 1 0 1 0 0 0 0 0 0

rate (Gi/o, G12/13) 100% 50% 0% 50% 0% 0% 0% 0% 0% 0%
non-olfactory class A GPCRs 3 1 0 0 0 0 1 0 0 1

rate (Gq/11, G12/13) 100% 33% 0% 0% 0% 0% 33% 0% 0% 33%
non-olfactory class A GPCRs 1 0 0 0 0 0 0 0 0 1

rate (Gs, Gi/o, G12/13) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%
non-olfactory class A GPCRs 1 0 0 1 0 0 0 0 0 0

rate (Gs, Gq/11, G12/13) 100% 0% 0% 100% 0% 0% 0% 0% 0% 0%
non-olfactory class A GPCRs 3 3 0 0 0 0 0 0 0 0

rate (Gi/o, Gq/11, G12/13) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
non-olfactory class A GPCRs 6 0 0 0 1 0 2 1 0 2

rate (Gs, Gi/o, Gq/11) 100% 0% 0% 0% 17% 0% 33% 17% 0% 33%
non-olfactory class A GPCRs 1 0 0 0 0 0 0 0 0 1
rate (Gs, Gi/o, Gq/11, G12/13) 100% 0% 0% 0% 0% 0% 0% 0% 0% 100%

non-olfactory class A GPCRs 194 31 5 26 30 7 28 19 0 48
rate (misc) 100% 16% 3% 13% 15% 4% 14% 10% 0% 25%

class B* GPCRs 7 7 0 0 0 0 0 0 0 0
rate (Gs) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%

class B* GPCRs 4 4 0 0 0 0 0 0 0 0
rate (Gs > Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
class B* GPCRs 1 1 0 0 0 0 0 0 0 0
rate (Gs, Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
class B* GPCRs 12 12 0 0 0 0 0 0 0 0

rate (Gs, Gs > Gq/11, Gs/Gq/11) 100% 100% 0% 0% 0% 0% 0% 0% 0% 0%
class C** GPCRs 6 0 0 0 6 0 0 0 0 0

rate (Gi/o) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
class C** GPCRs 5 2 0 1 2 0 0 0 0 0

rate (Gq/11) 100% 40% 0% 20% 40% 0% 0% 0% 0% 0%
class C** GPCRs 1 0 0 0 1 0 0 0 0 0

rate (Gi/o, Gq/11, G12/13) 100% 0% 0% 0% 100% 0% 0% 0% 0% 0%
class C** GPCRs 12 2 0 1 9 0 0 0 0 0

rate (misc) 100% 17% 0% 8% 75% 0% 0% 0% 0% 0%

T(1), A(1)

T(4), S(1)

G(1)

Table S6. Classification of non-olfactory class-A GPCRs by helix 8-second residues and subtypes 
of G proteins

Helix-8 second residue

S(5), A(3), T(2),
I(1), G(1), V(1)

T(1), A(1)

S(2), P(2)

S(6), G(2), P(1),
I(1)

G(1), L(1)

P(1), F(1)

T(1)

S(1)

T(2)

G(1)

T(1), no-h8(1)
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