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Abstract: 

G protein-coupled receptors (GPCRs) detect and distinguish between various subtypes of extracellular sig-

nals, such as neurotransmitters, hormones, light, and odorous chemicals. As determinants for robust and 

appropriate cellular responses, common and unique features of interactions between GPCRs and their target 

G proteins provide insights into structure-based drug design for treatment of GPCR-related diseases. Re-

cently, we found that the hydrophobic core buried between GPCR helix 8 and TM1–2 is essential for acti-

vation of both specific and nonspecific G proteins. Furthermore, the 2
nd

 residue of helix 8 is responsible for 

initial, transient, and specific interaction with a target G protein. Analysis of human and murine olfactory 

receptors (ORs) and other class-A GPCRs revealed that several amino acids, such as Glu, Gln, and Asp, are 

conserved at this position. This analysis enabled one sub-classification for 64 of 88 non-olfactory GPCR 

groups associated with a set of agonists and target G protein subtypes, suggesting distinct, subclass-specific 

functional roles in parallel GPCR signaling pathways. In contrast, class I and II ORs were grouped into two 

and three sub-classifications, respectively, for one subtype of Golf.  In parallel OR signal processing, the 

response rapidity of helix-8-2
nd

-Glu ORs via activation of Golf suggests their key role during odor coding. 

Additionally, sniffer mice discriminated between 0.3 nL urine mixture odors of pre- and post-transurethral 

resection in individual patients with bladder cancer in an equal-occult blood diluted condition. Future anal-

ysis of urine mixtures may provide more robust biomarkers of bladder cancer than those of single individu-

al urine samples. 

Keywords: GPCR, drug target, olfaction, adrenergic receptor, rhodopsin, opioid receptor, CX3CR1, 

bladder cancer, biomarker. 
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Introduction 

In humans, nearly 800 G protein-coupled 

receptors (GPCRs) [1] distinguish and 

transduce various extracellular signals and 

their subtypes from inside the body or from 

external environments, such as neurotrans-

mitters, hormones, light, and odorous 

chemicals during neurological, cardiovas-

cular, sensory and reproductive signaling 

processes. The variability of GPCR signal-

ing systems makes them major therapeutic 

targets [2]. In addition to classical GPCR 

activation, five novel modes of GPCR acti-

vation, that is, biased activation (arres-

tin-mediated signaling), intracellular activa-

tion, dimerization activation, transactivation, 

and biphasic activation, were recently re-

viewed [3]. An analysis of 68,496 individu-

als revealed that GPCRs targeted by drugs 

show genetic variation within functional 

regions such as drug- and effector-binding 

sites of GPCRs: 8 missense and 0.002 

loss-of-function variations per individual as 

well as two duplications and three deletions 

per GPCR drug target as copy number vari-

ations in the exome aggregation consortium 

dataset [4].  

Despite the diversity of GPCR and G pro-

tein signaling pathways, a given subtype of 

signal specifically activates a subset of 

GPCRs and leads to robust and appropriate 

cellular responses via activation of target G 

proteins. Additionally, in each signaling 

system, a single to dozens of subtypes of 

extracellular signals activate in parallel 

more than one subtype of GPCRs expressed 

in a single to dozens of subtypes of cells, 

the resulting signals are also processed in 

parallel through the signaling pathways 

(parallel signal processing). Common and 

unique features of interactions between 

GPCRs and their target G proteins will pro-

vide insights into how the various sets of 

receptors and G proteins work to distinguish 

between distinct stimulants and will inform 

structure-based drug design for the treat-

ment of GPCR-related diseases [4–8]. 

Based on the principle that the conservation 

of every residue in a protein with its para-

logues and their corresponding orthologues, 

a comparison of each of the 16 human G 

protein subtypes with their respective or-

thologues from 66 genomes revealed the 25 

highly conserved, subtype-specifically con-

served and neutrally evolving positions of G 

proteins (Gα selectivity barcode) [5]. In 

contrast, the receptor selectivity determi-

nants are more complex and dynamic in 

evolutionary history. In aminergic, vaso-

pressin 2 receptor (V2R)-related, sphingo-

sine-1-phosphate (S1P)-related, and puri-

nergic receptors, distinct signatures of 

GPCRs in the interface positions (intercel-

lular loop 2, transmembrane domain 3 

(TM3), TM5–7 and helix 8) among the 

subset of closely related receptors that can 

bind a given Gα family compared with 

those in the same group that cannot [5]. 

However, activation processes were not 

considered. 

Recently, by using chimeric G protein and 

GPCR functional expression system with 

sub-second time resolution, we found that 

the hydrophobic core buried between mu-

rine olfactory receptor S6 (mOR-S6) helix 8 

and TM1–2 is essential for activation of 

both specific and nonspecific G proteins 

(G15_olf, DDBJ #LC017737 and G15) (Fig. 1, 

a homology model based on an active-state 

β2 adrenergic receptor (β2AdR)) [6, 7]. In 

addition, the 2
nd

 residue of helix 8 is re-
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sponsible for initial transient and specific 

interaction with a target G protein, and 

therefore controls the GPCR response ra-

pidity and subsequent parallel signal 

processing [6, 7]. Another live cell assay of 

GPCR and chimeric G proteins also re-

vealed different cellular responses via dif-

ferent subtypes of chimeric G proteins and 

the same GPCR at 1-minute intervals [8]. In 

a previous review, various functional roles 

of amphipathic helix 8 in GPCRs were 

summarized [6]. In the present review, we 

compare the 2
nd

 residue of helix 8 in an ex-

tended range of non-olfactory GPCRs, and 

first propose a GPCR activation step model, 

and its functional role in odor coding as an 

example of complicated GPCR signal 

processing. Analysis of the amino acid se-

quences of hundreds of human and murine 

ORs and other class-A GPCRs revealed that 

several amino acids, such as Glu, Gln, and 

Asp, are conserved at the 2
nd

 position of 

helix 8 [6]. The conserved residues enable 

one sub-classification of non-olfactory 

GPCRs and two of class-I ORs for one sub-

type of G protein, suggesting distinct, sub-

class-specific functional roles in parallel 

GPCR signaling pathways. 

 

Figure 1. Cytoplasmic view of N-terminal acidic 2
nd

 residue of mOR-S6 (GPCR) helix 8 and 

hydrophobic core (within gray circles) buried between TM1–2 and helix 8 for initial, transient, 

and specific interaction with Golf (modified from reference [6]) 

 

http://www.mdpi.com/1422-0067/17/11/1930
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ORs comprise the largest GPCR superfa-

mily, suggesting a great diversity of odor-

ous chemicals as well as their odors. 

Well-trained police dogs exhibit an amazing 

ability to distinguish between target and 

non-target body odors from footprints. Si-

milarly, “sniffer mice,” which are trained 

with an olfactory cue, are able to distin-

guish between genetically determined 

mouse urine odors in a Y-maze, even 

though the mice have large diet-related 

variations in urine odors [9, 10]. Further-

more, sniffer dogs and mice sensitively 

distinguish between urine odors of other 

mice with or without experimental tumors 

[11] as well as human cancer [12–15]. It is 

likely that OR genes have evolved such 

diversity to distinguish between similar but 

slightly different and important olfactory 

cues from similar odorous chemicals and 

their mixtures, such as genetically deter-

mined individual body odors and their dis-

ease-induced disorders. The number of 

functional OR genes in mice (ca. 1100) is 

1.4-fold that in dogs (ca. 800) and 2.8-fold 

that in humans (ca. 400) [16], while ap-

proximately 70% of human ORs have ho-

mologous (orthologous) murine ORs. These 

facts suggest common principles of receptor 

coding for odors in mice and humans 

[17–19], while some similar odors that mice 

can distinguish between are indiscriminable 

to dogs and humans. 

In olfaction, signals from more than 400 

types of ORs are transferred to the olfactory 

cortex via OR-specific pathways [20, 21]. 

This means that there are more than 400 

parallel OR signaling pathways in the ol-

factory system [22]. As an emphasizing 

system for elemental, stimulus-specific in-

formation, a hierarchy of elemental odors 

has been observed in olfactory processing 

via feedforward inhibition [6, 15, 18, 23, 

24]. In addition, after genetic ablation of all 

dorsal ORs (defined as ORs expressed in 

the dorsal region of the sensory organ in the 

manner of one neuron−one receptor) [25, 

26], ΔD mice cannot recognize the impor-

tant odor of their predator [27] and exhibit 

an odor discrimination paradox, by which 

they detect (−)-enantiomers with no marked 

change in detection sensitivity yet display 

more than 10
10

-fold reductions in (−)- and 

(+)-enantiomeric odor discrimination sensi-

tivity [23]. Moreover, the most sensitive 

dorsal OR to (R)-(−)-carvone, a he-

lix-8-2
nd

-Glu OR, is deleted in ΔD mice, 

indicating its possible association with an 

impaired representation or emphasis on the 

(R)-(−)-carvone-unique elemental odor [23]. 

The response rapidity of helix-8-2
nd

-Glu 

ORs via activation of Golf suggests the key 

role of these receptors in odor representa-

tion by weighted combinatorial receptor 

coding (weighted signal integration) for 

elemental odors [6, 23]. Thus, helix 8-based 

subclasses of GPCRs likely play distinct 

functional roles in parallel GPCR signaling 

pathways [6]. 

1. Rapid transition from initial, transient, 

and specific interactions to shared, stable 

interactions both in GPCRs and between 

GPCRs and target G proteins 

GPCRs consist of seven transmem-

brane-spanning α-helices TM connected by 

extracellular loops (EC) or intracellular 

loops (IC, including a C-terminal short 

α-helix, helix 8). When ligands or target G 

proteins can freely access to GPCR binding 

sites, a specific interaction with a higher 
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binding affinity is formed earlier than are 

shared interactions with relatively lower 

binding affinities [6]. This specific binding 

of an agonist or target G protein to its 

GPCR initiates subsequent conformational 

changes in the GPCR or GPCR−G protein 

complex that lead to activation as follows 

(modified from reference 6) [6]. 

(1) Semi-activation of GPCR: an agonist 

molecule binds to a specific binding 

site on a target GPCR.  

(2) Activation of GPCR: binding of a 

specific agonist induces structural 

rearrangement of intra-molecular inte-

ractions in the GPCR TM domains. 

(3) Semi-activation of G protein: 

 3-1) The activated GPCR initially, tran-

siently, and specifically interacts with 

a target heterotrimeric G protein. 

 3-2) When the above, specific interac-

tion does not take place, the activated 

GPCR occasionally and 

non-specifically interacts with 

non-target G proteins. 

(4) Full or partial activation of G protein; 

 4-1) In the initial, transient, and specific 

interaction between the activated 

GPCR and a semi-activated target G 

protein, displacement of helix-α5 of 

the Gα subunit towards TM3 of the 

GPCR facilitates the formation of a 

more stable, ternary, activated 

GPCR−heterotrimeric G-protein com-

plex mediated by shared and/or par-

tially specific interactions (extensive 

interaction) [28]. 

 4-2) In the initial, non-specific interac-

tion between the activated GPCR and 

a semi-activated non-target G protein, 

a partial interaction is likely to form, 

causing a partial activation of the G 

protein. 

(5) GDP release from G protein: in the 

stable, ternary, activated GPCR− hete-

rotrimeric G-protein complex, the Gα 

subunit releases GDP from the binding 

pocket. 

(6) GTP binding to G protein: a GTP 

then binds to the nucleotide-free Gα 

subunit, followed by dissociation of 

the Gα and βγ subunits from the 

GPCR. 

(7) Activation of effector proteins: the 

Gα and βγ subunits interact with their 

respective effector proteins for regu-

lating the effector activities. 

As described above, steps (1) and (3) are 

likely to be specific to a target GPCR or G 

protein, whereas steps (2) and (4) are likely 

to be shared between different GPCRs or G 

proteins [6]. Some GPCR-shared, in-

tra-molecular interactions in step (2) are 

listed in Table 1 [29–31]. It is possible that 

the interaction between Tyr7.53 and 

Phe/Ile8.50 is weakened in step (2) and 

completely broken in step (4). 

 

 



Sato T. et al. Medical Research Archives, vol. 6, issue 9, September 2018 Page 6 of 25 

Copyright 2018 KEI Journals. All Rights Reserved      http://journals.ke-i.org/index.php/mra 

Table 1. Shared intra-interaction of GPCRs in inactive → active states (modified from reference [6]) 

 

Extracellular signals Hormones Light/Colors Morphine (Opioid)    

TM domains GPCR subtypes β2 Adrenergic R (Gs) Rhodopsin/Opsin（Gt) μOpioid R（Gi) ref. 

TM3, 5 Arg3.50−none→Tyr5.58  Arg
131

−none→Tyr
219 

 Arg
135

−Glu
247

 →Tyr
223 

 Arg
165

−Thr
279

→Tyr
252

 29 

TM7, helix 8,  

TM3, 5 

Tyr7.53−Phe8.50 

          →Tyr5.58+Leu3.43 

Tyr
326

−Phe
332

 

       →Tyr
219

+Leu
124

 

Tyr
306

−Phe
313

 

       →Tyr
223

+Leu
128

 

Tyr
336

–Phe
343

 

       →Tyr
252

+Leu
158

 

29 

TM7,helix 8 Cys7.54−Arg8.51→none Cys
327

−Arg
333

→none Ile
307

−Arg
314

→none  Ala
337

−Lys
344

→none 29 

TM3, 6, 7 Ile3.46−Leu6.37→Tyr7.53 Ile
127

−Leu
275

→Tyr
326

 Leu
131

−Val
254

→Tyr
306

 Met
161

−Val
282

→Tyr
336

  30 

TM, transmembrane domain; R, receptor; x.yz is the Ballesteros-Weinstein numbering method for GPCRs [31]. 

 During steps (1)–(4), activation delays of 

GPCRs and G proteins are dependent on 

agonist affinity and GPCR−G protein inte-

raction specificity, respectively. In steps (3) 

and (4), the structural stability of 

C-terminal amphipathic helix 8 through the 

hydrophobic core between helix 8 and 

TM1–2 plays a critical role in the rapid 

formation of a stable interaction between a 

GPCR and its target G protein (Figs. 1, 2, 

S1) [6, 7]. Helix 8 begins after a short link-

er following TM7, at the end of which the 

conserved NPxxY motif is located [32]. In 

crystal structures of β2AdR and rhodopsin, 

helix 8 lies parallel to the membrane in both 

the inactive and active states [28, 32–34]. 

Moreover, in the inactive states of these 

GPCRs, the third residue (Phe) of helix 8 

interacts with the Tyr residue of the NPxxY 

motif in TM7 [28, 33], and mutation within 

this motif causes a significant reduction in 

signaling activity [33, 34]. 

In our homology model (Fig. 1), the hy-

drophobic core of both the N-terminal link-

er (Thr
300

) and helix 8 (Ile
303

, Leu
307

, Val
308

, 

Leu
310

, and Phe
311

) of mOR-S6 are sur-

rounded by TM1 (Phe
44

, Leu
48

, and Thr
52

), 

IC1 (Leu
59

), and TM2 (Tyr
64

) [6, 7]. The 

hydrophobic residues of helix 8 can be ca-

tegorized into two groups [6, 7]. The first 

group contains Thr
300

, Ile
303

, and Leu
307

, 

which are located at the N-terminal region 

and the middle region of helix 8. These 

residues and especially the hydrophobic 

interactions between Ile
303

 and Thr
300

 play 

crucial roles in appropriately positioning 

helix 8, and mutation of these residues 

likely disrupts the hydrophobic core and 

prevents activation of Gα. The second 

group of mOR-S6 helix 8 hydrophobic re-

sidues includes Leu
310

 and Phe
311

, located at 

the C-terminal interface between helix 8 

and TM1. Our alanine-scanning mutagene-

sis analysis of helix 8 revealed that the ef-

fect of mutating the N-terminus (T300A, 

I303A) is greater than that of mutating the 

middle region (L307A) or the C-terminus 

(L310A, F311A) [7]. Notably, in C-X3-C 

motif chemokine receptor 1 (CX3CR1), a 

significant association between human 

neurodevelopmental disorders (schizophre-

nia and autism spectrum disorders) and 

Thr
52

-corresponding genetic variant 

CX3CR1-A55T was found, suggesting 

CX3CR1 signaling impairment by the des-

tabilized hydrophobic core at the middle 

region or TM1 C-terminus [35] (Suppl. Fig. 

S2). 

http://www.mdpi.com/1422-0067/17/11/1930
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Figure 2. A transition model of multistep interactions between GPCR and its target G protein. (1) Relative 

movement of the Gα α5 C-terminus toward GPCR helix-8 N-terminus). (2) Trigger of outward movement of 

TM6 until docking onto the C- and N-termini. (3) Initial, transient, and specific interactions of the Gα α5 

C-terminal 6
th
 residue(+) and GPCR helix-8 2

nd
 residue(−) (Gs/Golf−β2AdR/OR: Arg

389
/Lys

369
−Asp

8.49
/Glu

8.49
, 

marked by the magenta closed circle). (4) Inertial movement of helix 8 breaks the interaction of he-

lix-8−NPxxY (helix8 adjacent Phe
8.50

/Ile
8.51

–Tyr
7.53

, the left one of the green closed circles). (5) Push back of 

the Gα α5 C-terminus toward GPCR TM3 by inter-TM elastic property of TM7. (6) Stable interactions of 

GPCR TM3-DRY−Gα α5 C-terminal 4
th

 residue + GPCR NPxxY (Arg
3.50

−Tyr
391/371

 + Tyr
7.53

, the magenta 

closed circles). 

A transition model of multistep interactions 

between a GPCR and its target G protein is 

shown in Figure 2. This model was con-

structed by inserting possible transient 

processes between the inactive state (1) and 

active state (6) including the transient spe-

cific interaction (3). Considering the sim-

plest case of β2AdR (or mOR-S6) and its 

relative movement toward Gα, the 

C-terminus of Gα α5 moves forward to-

wards the N-terminal region of β2AdR helix 

8 under TM domain assembly from the 

intracellular spacing between TM3 and 

TM5 [6]. This relative movement is likely 

the trigger for an outward movement of the 

intracellular portion of TM6 that resides on 

the front side of the N-terminus of helix 8. 

Forward movement of the C-terminal re-

gion of Gα α5 would then promote its 

docking onto the N-terminus of β2AdR (or 

mOR-S6) helix 8, resulting in the formation 

of an initial, transient, and specific interac-

tion between Arg
389

, the 6
th

 residue from 

the C-terminus of Gαs (in helix-α5; Lys
369

 

of Gα15_olf), and Asp
331

, the 2
nd

 residue of 

β2AdR helix 8 (Glu
302

 in mOR-S6), at the 

corner of helix 8 and the membrane surface 

[6]. The next step facilitates the breakage of 

the remaining interaction between the 

NPxxY motif Tyr7.53
326

 (Tyr7.53
296

 of 

mOR-S6) and Phe8.50
332

 (Ile8.50
303

 of 

mOR-S6), the 3
rd

 residue of helix 8, which 

is caused by the inertial outward movement 

of the adjacent Asp
331

 (Glu
302

 of mOR-S6) 

due to the forward momentum of the tran-

siently interacting Gα C-terminus [6]. This 

presumably results in the reverse movement 

of helix 8 in the Gα C-terminus being 

pushed back towards TM3 through in-

ter-TM interactions with either or both of 

TM7 and TM2, which underpin the elastic 

properties and the latter hydrophobic core. 

This likely results in intimate interactions 

between β2AdR TM3 DRY-motif Arg
131

 

and both Tyr
391

, the fourth residue from the 

C-terminus of Gαs, and β2AdR(mOR-S6) 
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NPxxY-motif Tyr
326

(Tyr
296

), as well as in-

teractions between TM5 (Leu
230

(Tyr
222

), 

Glu
225

(Leu
217

), and Lys
232

(Arg
224

)) and 

Gαs(Gαolf/olf-15) α5 (Leu
394

(Leu
381

/
374

), 

Gln
384

(Gln
371

/Leu
364

), and 

Asp
381

(Asp
368

/
361

)), which stabilize the ac-

tive state of the ternary complex [28] and 

lead to rapid and robust activation of G 

proteins. 

When the initial, transient, and specific in-

teractions between GPCRs and their target 

G proteins do not form, activation of the G 

protein is delayed and incomplete. Slow 

and partial activation of Gα15 by mOR-S6 is 

likely mediated by an interaction between 

mOR-S6 helix 8 Lys
301

 and Gα15 α4/β6 loop 

Glu
328

 (murine Gα15 Asp
328

). This interac-

tion is observed in the M3 muscarinic ace-

tylcholine receptor (M3R, specific to Gq/11, 

M3R helix 8 Lys
548

 and Gq α4/β6 loop 

Asp
321

) [36] and results in slower response 

kinetics than does the inter-helix interaction 

between mOR-S6 and Gα15_olf [6]. 

2. Classification of olfactory receptors 

and other GPCRs in parallel signaling 

pathways 

One to three residues of Glu, Gln, Asp, Asn, 

Trp, His, Lys, and Arg are conserved at the 

2
nd

 position of class-A GPCR helix 8 for 

each GPCR−G protein parallel signaling 

pathway (Tables 2, Suppl. Figs. S3, S4, 

ST1) [6]. In the Tables 2 and ST1, ORs and 

178 GPCRs are classified by agonist cate-

gory, the 2
nd

 residue of helix 8, and the 

subtype of their target G proteins (Gs class, 

including Golf; Gq/11 class, including G15; 

Gi/o class, including Gt; and G12/13 class). 

Interestingly, this 2
nd

 residue of helix 8 is 

negatively charged (Glu or Asp) for 21/64 

single-residue non-olfactory subclasses, 

whereas chemokine receptors likely con-

serve the positively charged residue (Lys or 

Arg). A predicted hierarchy of GPCR sig-

naling was determined by the helix-8 2
nd

 

residues according to the orders of Glu (4, 

−) > [Gln (4, none), Asp (3, −)] > Asn (3, 

none) > [Ser (2, none), Thr (2, none)] > Ala 

(1, none) for Gs, and Lys (5, +) > Arg (6, 

+) > Asn (3, none) > Ser (2, none) for Gi 

based on the lengths and charges of the side 

chains (as indicated in parentheses). A neg-

ative charge on the 2
nd

 residue of helix 8 is 

considered most suitable for Gs similarly to 

Golf (as described below), whereas a posi-

tive charge is predicted to be most suitable 

to Gi the opposite charges cause opposite 

changes in cAMP concentrations via spe-

cific interactions with Gs and Gi at the re-

versed charged residues. This model also 

requires direct evidence in future study. 

Table 2. Classification of GPCRs by helix-8 2nd residues and G protein subtypes (modified from reference [6]) 

GPCRs 
Helix-8 Second Residue 

Predicted Hierarchy 
all Glu Gln Asp Asn Trp His Lys Arg misc Identity 

Human 

class-I ORs (Golf) 

52 

100% 

12 

23% 

36 

69% 

0 

0% 

0 

0% 

0 

0% 

1 

2% 

1 

2% 

0 

0% 

2 

4% 

 

93% 

39/42 

helix-8-2
nd

-Glu ORs 
> 
helix-8-2

nd
-Gln ORs Murine 

class-I ORs (Golf) 

123 

100% 

29 

24% 

83 

67% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

5 

4% 

0 

0% 

6 

5% 

Human 

class-II ORs (Golf) 

322 

100% 

155 

48% 

22 

7% 

128 

40% 

1 

0% 

0 

0% 

2 

2% 

6 

2% 

0 

0% 

8 

2% 

 

90% 

204/226 

helix-8-2
nd

-Glu ORs 
> 
helix-8-2

nd
-Gln or Asp ORs Murine 

class-II ORs (Golf) 

979 

100% 

409 

42% 

75 

8% 

467 

48% 

7 

1% 

0 

0% 

1 

0% 

6 

1% 

0 

0% 

14 

1% 

Human 

TAAR ORs (Gs, Gq, Gi) 

6 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

6 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

100% 

5/5 

 

Murine 

TAAR ORs (Gs, Gq, Gi) 

15 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

15 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Human Total ORs 

(odor, Golf) 

374 

100% 

167 

45% 

58 

16% 

128 

34% 

1 

0% 

0 

0% 

3 

1% 

7 

2% 

0 

0% 

10 

3% 

 

91% 

243/268 

helix-8-2
nd

-Glu ORs 
> 
helix-8-2

nd
-Gln or Asp ORs Murine Total ORs 

(odor, Golf) 

1102 

100% 

438 

40% 

158 

14% 

467 

42% 

7 

1% 

0 

0% 

1 

0% 

11 

1% 

0 

0% 

20 

2% 

http://www.mdpi.com/1422-0067/17/11/1930
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Table 2. Classification of GPCRs by helix-8 2nd residues and G protein subtypes (modified from reference [6]) 
(continued) 

GPCRs 
Helix-8 Second Residue Predicted Hierarchy 

or the 2
nd

 residue all Glu Gln Asp Asn Trp His Lys Arg misc 

Rhodopsin/ Opsin 

(light, Gt) 

4 

100% 

0 

0% 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

β1/2/3 Adrenergic Rs 

(hormone, Gs) 

3 

100% 

0 

0% 

0 

0% 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

α1 Adrenergic R 

(hormone, Gq/11) 

1 

100% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

α2 Adrenergic R 

(hormone, Gi/o) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Dopamine D1/5 Rs 

(neurotransmitter, Gs) 

2 

100% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Dopamine D2/3/4 Rs 

(neurotransmitter, Gi/o) 

3 

100% 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Calcitonin CT R* 

(hormone, Gs) 

1 

100% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Glucagon GHRH/GIP/GLP-1/GCG Rs* 

(hormone, Gs) 

4 

100% 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Adenosine A2A/B Rs 

(neurotransmitter, Gs) 

2 

100% 

1 

50% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
A2A(E) > A2B(D) (Gs) 

Adenosine A1/3 Rs 

(neurotransmitter, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

 

Serotonin 5-HT4/6/7 Rs 

(neurotransmitter, Gs) 

3 

100% 

0 

0% 

0 

0% 

2 

67% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

17% 

5-HT6(D)/7(D) >  

5-HT4(S) (Gs) 

Serotonin 5-HT1A/B/D/E/F/5A Rs 

(neurotransmitter, Gi/o) 

6 

100% 

1 

17% 

0 

0% 

4 

67% 

1 

17% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Serotonin 5-HT2A/B/C Rs 

(neurotransmitter, Gq/11) 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

3 

100% 
5-HT2A(T)/B(T)/C(I) 

Histamine H1 R 

(neurotransmitter, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Histamine H2 R 

(neurotransmitter, Gq/11 > Gs) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

Histamine H3/4 Rs 

(neurotransmitter, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

1 

50% 
H4(R) > H3(S) (Gi) 

Melanocortin MC1/2/3/4/5 Rs 

(hormone, Gs) 

5 

100% 

5 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Vasopressin V2 R 

(hormone, Gs) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
V2(S) 

Vasopressin V1a/b & Oxytocin OXT Rs 

(hormone, Gq/11) 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

 

Somatostatin SSTR3 R 

(hormone, Gi/o > Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

R3(R) > R1(N)/2(N) 

/R4(N)/5(N) (Gi) 

Somatostatin SSTR1/2/4/5 Rs 

(hormone, Gi/o) 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Glycoprotein Hormone FSH R 

(hormone, Gs, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

FSH(N) >  

LH(T), TSH(A) (Gs) 

Glycoprotein Hormone LH/TSH Rs 

(hormone, Gs > Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 
LH(T), TSH(A) 

Opioid δ/κ/μOpioid/ORL1 Rs 

(opioid, Gi/o) 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

4 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Chemokine(C) XCR1 

(chemokine, Gi/o) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

Chemokine(CC) CCR1–10 Rs 

(chemokine, Gi/o) 

10 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

6 

60% 

4 

40% 

0 

0% 

R2(K)/4–8(K) > 

R1/3/9/10(R) (Gi)? 

Chemokine(CXC) CXCR1–7 Rs 

(chemokine, Gi/o) 

7 

100% 

0 

0% 

0 

0% 

0 

0% 

2 

29% 

0 

0% 

0 

0% 

5 

71% 

0 

0% 

0 

0% 

R2–6(K) > 

R1(N)/7(N) (Gi) 

Chemokine(CX3C) CX3CR1 

(chemokine, Gi/o) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

 

 

5-HT, 5-hydroxytryptamine; FSH, follicle-stimulating hormone; LH, luteinizing hormone; TSH, thyroid-stimulating 

hormone. Calcitonin receptor (CT R*), growth hormone releasing hormone receptor (GHRH R*), gastric inhibitory 

polypeptide receptor (GIP R*), glucagon-like peptide 1 receptor (GLP-1 R*) and glucagon receptor (GCG R*) belong to 

the class B family of GPCRs, some of which conserve TM7 V(A/S)(V/I/T)(L/I)Y and helix-8 V8.50 instead of the NPxxY 

motif and F8.50 [37]. G protein: http://www.guidetopharmacology.org. 

http://www.mdpi.com/1422-0067/17/11/1930
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Of 88 exemplified non-olfactory GPCR 

subclasses, 64 conserve a single type of 

residue for each subtype of target G pro-

teins. This highly conserved identity of he-

lix-8 2
nd

 residue strongly suggests that the 

2
nd

 residue of helix 8 plays a critical role in 

selecting target G protein for distinct func-

tional signaling pathways. When helix-8-2
nd

 

residues would be identical and critical de-

terminants of initial transient and specific 

interactions with target G proteins, cellular 

response delay and robustness are simply 

determined by agonist affinities with the 

GPCRs. In subsequent GPCR signaling 

processing, the signals from the GPCRs 

most sensitive to a given stimulant are first 

recognized to control behaviors or other 

regulatory systems. 

In contrast, ORs conserved three types of 

residues at the position for a single type of 

Golf (Table 2). Class-I ORs conserve Glu 

(23% and 24%) and Gln (69% and 67%) in 

humans and mice, respectively (Table 2) [6]. 

Interestingly, Glu and Gln are identical in 

terms of side-chain size (i.e., they are isos-

teric). However, although Glu and Asp both 

have a negative charge, the side chain of 

Asp is shorter by one carbon atom, and 

there are no helix-8-2
nd

-Asp ORs among 

human or murine class-I ORs that are all 

dorsal ORs [6]. Helix-8-2
nd

-Glu ORs, with 

their more rapid activation of Golf than that 

of helix-8-2
nd

-Gln ORs, could play a key 

role in odor representation by multiple OR 

signal integration [6]. Only trace 

amine-associated receptors (TAARs) con-

serve the Trp residue. These four subclass 

ORs likely play distinct, subclass-specific 

roles through different response dynamics 

controlled by the 2
nd

 residue of helix 8. 

Moreover, the existence of helix-8-2
nd

-Lys 

or His ORs (hOR56B4 and hOR52E6) 

suggests a possible inhibitory response via 

Gi in some odor detection. 

In order to extract and identify reliable 

sensory information comprising stimu-

lant-unique and multiple stimulant-common 

elements with signals from dozens of re-

ceptors, logical and stimulant-dependent 

semi-automatic control is required during 

parallel and sequential signal processing in 

the sensory systems. A principal sensory 

strategy would be one analogous to that in 

vision. In color vision, the four elemental 

colors (red, green, yellow, and blue) are 

primarily extracted by third-order neurons 

(ganglion cells) or the higher visual path-

way through summation of synchronized 

inputs from one or two types of receptors 

following inhibition driven by signals from 

M-cone and S-cone photoreceptors [6, 18, 

23]. Elemental colors allow us to distin-

guish various visible hues in different 

weighted combinations. Similarly, elemen-

tal odors likely are represented in the olfac-

tory third-order neurons and allow us to 

distinguish various odors in different 

weighted combinations. 

The general principle of odor coding may 

be identical in humans and mice for basic 

odors (see Section 3.1). In fact, the helix-8 

2
nd

 residues are more than 90% identical 

(39/42 and 204/226 in class-I and -II, re-

spectively) between human and murine 

ORs (Table 2). This result also supports the 

hypothesis that ORs with different residues 

at the 2
nd

 position of helix 8 play distinct 

roles in elemental odor representation. We 

have proposed a hierarchical odor-coding 

hypothesis (weighted combinatorial recep-

tor codes for elemental odors) for carvone 

enantiomers (Fig. 3) [6, 18, 22, 23, 38, 39]. 

In this diagram, the numbers of ORs with 

the highest sensitivities (four, two, and two 

ORs for (R)-(−)-carvone alone, 
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(S)-(+)-carvone alone, and both (R)-(−)- 

and (S)-(+)-carvones, respectively, indi-

cated by the larger symbol) correspond to 

those observed in an assay of 2740 murine 

olfactory sensory neurons [38]. Only two of 

these eight ORs were identified in se-

quences (car-c5, DDBJ #LC034567; 

car-n266, DDBJ #LC034578), confirming 

that they were helix-8-2
nd

-Glu ORs [6, 23]. 

This model can explain the consistency of 

odor percepts during sequential activation 

of the approximately 70 types (>80% over-

lapping) of murine ORs responsive to car-

vone enantiomers; it can also explain un-

expected overlapping OR responses to these 

carvones (sweet, fresh, and herbal odors in 

humans) and triethylamine (pungent and 

fishy odors in humans) in 10% of murine 

carvone ORs [6, 23, 38]. In fact, mice easily 

distinguish between the (−)- and 

(+)-enantiomers of carvones over a wide 

concentration range [23]. In order to ana-

lyze odor representation in the brain, we 

developed a novel wavelet correlation 

analysis. This analysis revealed a stimulus 

dependency of oscillatory local field poten-

tials generated in the olfactory third-order 

neurons, which receive both inhibitory and 

excitatory signals and the resultant informa-

tion redundancy changes by integrating 

multiple cognate OR signals [40]. The ol-

factory third-order neurons are located in 

the anterior piriform cortex (aPC, the 

second olfactory center), where input sig-

nals demonstrate an experience dependency 

[40]. Notably, in the initial phase of 

odor-induced responses, inhibitory activi-

ties are stronger than excitatory activities, 

resulting in surface-positive local field po-

tentials observed in the aPC [40, 41]. These 

results support the hierarchical 

odor-decoding model in which the olfactory 

system can extract sensory information by 

summating signals from multiple cognate 

receptors in the third-order neurons of ol-

factory pathways via input synchronization 

through early feedforward inhibition to the 

pyramidal cells triggered by signals from 

rapidly activated pairs of key receptors and 

target G proteins [6, 23]. 

 

Figure 3. Schematic diagram of hierarchical elemental odor coding (re-used from reference [39]). 

The hierarchical odor coding scheme selectively ranks dorsal ORs with highest sensitivities (up-

per side). This establishes a weighted combinatorial receptor code emphasizing unique sensory 

https://www.jsap.or.jp/ap/2014/01/ob830043-e.xml
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qualities (elemental odors, summated signals in large circles) conveyed by the most sensitive 

dorsal receptors. Based on ranking of olfactory receptor sensitivities, this naturally explains sta-

bility of odor quality perception for dose-dependently recruiting receptors over a wide concentra-

tion range. The left part represents signals from the most sensitive ORs (color filled circles, each 

circle size representing signal intensity) and nonresponsive ORs (gray circles) in the initial phase 

of response. The inhibitory signals trigger synchrony of cognate receptor signal inputs to py-

ramidal cells that selectively evoke elemental odor percepts. The processing cascade may also act 

to suppress other odors corresponding to less sensitive (lower side), long latency, and 

non-cognate ORs near the peak response (on the right side). Primary qualities of odor percepts 

are determined by the unique elemental odors, and are modulated by secondary qualities from the 

common odors. 

 

As described in Section 1, the initial, tran-

sient, and specific interaction between a 

GPCR and its target G protein is essential 

for rapid and robust responses associated 

with the temporal order of OR signal inputs 

to the brain. Alanine scanning analysis of 

mOR-S6 helix 8 clearly indicates that the 

2
nd

 residue Glu is a major determinant of 

the initial specific interaction, which is es-

sential for a rapid and robust response, un-

like helix-8-2
nd

-Ala or Lys in ORs or 

non-target G-proteins [7]. In addition, con-

served hydrophobic residues (L/V/A) or 

Thr at the C-terminal region of TM1 are 

likely essential to stabilization of the hy-

drophobic core at the middle region. All 

nine attested helix-8-2
nd

-Gln or Asp ORs 

conserve Gly at this position, which would 

destabilize the hydrophobic core in the 

multi-step interactions between ORs and 

Golf during activation, whereas four of the 

six attested helix-8-2
nd

-Glu ORs conserve 

the L/V/A or Thr residues (Suppl. Fig. S2). 

As described in Sections 3.2 and 3.3, sig-

nals from key helix-8-2
nd

-Glu dorsal ORs 

are likely associated with major determi-

nants of the most prominent (upper level) 

signaling for a given odor (the most promi-

nent elemental odor), whereas he-

lix-8-2
nd

-Gln and helix-8-2
nd

-Asp ORs are 

presumably related to lower levels (aux-

iliary) of the odor (weaker elemental odors) 

and/or an enhancement of the most promi-

nent elemental odor [6]. 

In some cases, destabilization of the hy-

drophobic core by weak interactions be-

tween the helix 8 middle region and TM1 

C-terminal Gly partially impairs the rapid 

activation of the target G protein. In the 

cases of MAS1 and MAS1L oncogenes, the 

corresponding sequences markedly and 

slightly differ, respectively, from those of 

the other GPCRs (Suppl. Fig. S2), suggest-

ing structural disruptions of helix 8 and the 

hydrophobic core, as well as their abnormal 

interactions. Notably, T1Rs and T2Rs are 

GPCRs that detect sweet, umami, and bitter 

tastants in heterodimer forms, but do not 

have the TM3-DRY or TM7-NPxxY motifs 

or helix 8, suggesting a quite different inte-

raction with their target G protein, gustdu-

cin, for sequential activations. 

3. Parallel processing for representing 

elemental odors 

3-1. Odor encoding by murine ORs and 

corresponding human odor qualities. 

It is likely that the diversity of OR genes 

has evolved to distinguish between similar 
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but slightly different and important olfac-

tory cues comprising similar odorous 

chemicals and their mixtures. As mentioned 

earlier, 70% of human ORs have homolog-

ous murine ORs. In fact, groupings of mu-

rine OR codes for 12 odorants resembled 

those of human percepts (Fig. 4) [17, 18, 

39]. Notably, three response profiles of mu-

rine ORs to three distinct subsets of odo-

rants completely matched human odor per-

cepts of vanilla, creamy, and cinnamon. 

This result is consistent with the widely 

accepted theory of combinatorial OR cod-

ing for odors [26]. However, odo-

rant-characteristic signals from key ORs 

and their cognate ORs should be empha-

sized among the more than 80% overlap-

ping carvone ORs for easy discrimination, 

while signals from the 10% overlapping 

ORs between dissimilar odors [38] should 

be reduced or mutually inhibited in a hie-

rarchical manner (Fig. 3). This mechanism 

is further described in the next section. 

 

Figure 4. Similarity between murine receptor codes and human odor qualities for 12 odorants 

(re-used or modified from references [17, 18 & 39]). A, Forty different response profiles in mu-

rine olfactory sensory neurons and odor qualities in human percepts for 12 odorants. Considering 

that the sampling rate was 1.1 times for each of 1000 ORs, the number of same profiles would 

correspond to the number of different ORs with identical response profiles. B, Three odorant 

groups and three independent odorants in murine receptor codes. C, Three and one odorant 

groups that are common to and different from those of murine receptor codes and different from 

those independency, respectively. 

 

https://academic.oup.com/chemse/article-lookup/doi/10.1093/chemse/bjn071
https://www.jsap.or.jp/ap/2014/01/ob830043-e.xml
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3-2. Emphasis on characteristic elemen-

tal odors through feedforward inhibition 

in the olfactory third-order neurons in 

the second olfactory center  

The sensory profile of an odor stimulus 

may include several distinct elemental 

odors if multidimensional input is seg-

mented through parallel pathways [42]. As 

described above, elemental odors emerge 

hierarchically through a temporal coding 

scheme that prioritizes the most sensitive, 

best-tuned helix-8-2
nd

-Glu receptors [6, 23]. 

In this weighted combinatorial recep-

tor-coding (weighted OR signal integration) 

scheme, feedforward inhibitory signals for 

input signal synchronization, which are 

driven by the first-arriving key OR signals 

in the second olfactory center, are required 

to integrate signals from key ORs and their 

cognate ORs for common elements in the 

olfactory third-order neurons (Fig. 3) [6, 

23]. Feedforward inhibition plays a critical 

role in extracting unique elements by sub-

tracting the overlapping signals between 

different elements. In the rodent olfactory 

pathway, feedforward inhibition is activated 

only in the ventro-rostral portion of the an-

terior piriform cortex (aPCvr) [41] through 

sensitive pathways via olfactory bulb tufted 

cells [18, 22, 39, 43]. Notably, in insects, 

input synchronization via inhibition is also 

important for discrimination of similar 

odors [44]. When different stimuli are 

mixed, our model predicts selective shifts in 

perceived odors by mutual inhibition to 

selectively shift the balance of best-tuned 

sensitive receptors, as is required to distin-

guish disease-induced body odor disorders 

(see Section 3.4). 

Feedforward inhibition is also associated 

with mutual inhibition between quite dif-

ferent odors. When wild-type mice recog-

nize the odor of 2,4,5-trimethyl thiazoline 

(TMT) unique to their predator, the fox, 

they show freezing behavior with stress 

responses during which adrenocorticotropic 

hormone (ACTH) markedly increases in 

plasma via robust activation of the medial 

part of the bed nucleus of stria terminals 

(mBST). However, by genetic ablation of 

all dorsal ORs, ΔD mice cannot recognize 

the important TMT odor and exhibit no 

stress responses [27]. Rose odor alleviates 

the fox TMT odor-induced stress response 

in wild-type mice, resulting in no signifi-

cant increase in plasma ACTH [24], but 

caraway odor does not [45]. Rose odor 

mixed with TMT odor reduces the inhibi-

tory signals in the aPCvr, but not in the ol-

factory bulb or the dorsal portion of aPC, 

compared to those resulting from the TMT 

odor alone (Fig. 5) [18, 24]. Reduced feed-

forward inhibition may cause impaired in-

put signal synchrony for TMT ORs and 

result in decreased intensity of the TMT 

elemental odor characteristic from the fox. 

In this model, a hierarchy of elemental odor 

information processing likely exists in the 

order rose > TMT > caraway under innate 

conditions. Familiar odors also reduce 

stress responses via reduced feedforward 

inhibition [46]. This suggests that learned 

relaxation also occurs via reductions in 

feedforward inhibition of TMT odor recog-

nition. 
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Figure 5. Rose odor alleviates predator odor-induced fear stress through the olfactory pathway 

(modified from references [18, 24 & 39]). The fox TMT odor activates neurons in the medial part 

of the bed nucleus of the stria terminalis (mBST), whereas no activity increases were observed in 

the lateral part of the BST (lBST). Activation of the mBST leads to stress responses in wild-type 

mice, characterized by an elevated plasma concentration of adrenocorticotropic hormone (ACTH), 

as shown in the inserted graph. Co-application of rose odor reduced the plasma ACTH concentra-

tion and neural activities only in the ventro-rostral part of the anterior piriform cortex (aPCvr) and 

mBST, compared to those of TMT, while there were no significant differences in both of the dor-

sal and ventral zones in the olfactory bulb (OBd, OBv) and the dorsal part of APC (aPCd). Arrows 

indicate signal flows in the olfactory pathway. An open arrow from the aPCvr to the aPCd and 

those to the OB indicate feedforward inhibition and efferent inputs for inhibition, respectively. 

AmPir, amygdalopiriform transition area; AVP, parvocellular arginine vasopressin; CRH, cortico-

tropin-release hormone; LOT, lateral olfactory tract; PVNmp, hypothalamic medial parvocellular 

paraventricular nucleus. Control means no odor application.  

 

The amygdalopiriform transition area (Am-

Pir) is responsible for the TMT-induced 

stress response [47]. Interestingly, pho-

to-activated TMT-specific Olfr1019 induc-

es relatively weak immobility behaviors as 

observed in 1% TMT-treated wild-type 

mice; 10% TMT-induced immobility was 

observed in Olfr1019-knockout mice, indi-

cating contribution of other 

TMT-responsive ORs to the immobility 

[48]. In addition, photo-activated, 

TMT-specific Olfr1019 did not induce 

marked increases in ACTH via robust acti-

vation in the mBST, or significant activa-

tion in the AmPir. In the weighted OR 

combinatorial scheme (hierarchical ele-

mental odor-coding scheme), a simple 

model can explain these results. Among the 

top five most sensitive ORs to TMT, only 

Olfr30 is a helix-8-2
nd

-Glu OR, while the 

others are helix-8-2
nd

-Asp ORs. TMT first 

activates Olfr1019, then Olfr30 among the 

https://www.jsap.or.jp/ap/2014/01/ob830043-e.xml
http://www.sciencedirect.com/science/article/pii/S0006899311001375?via%3Dihub
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helix-8-2
nd

-Glu ORs, and subsequently sig-

nals from Olfr30 induce feedforward inhi-

bition to integrate signals from Olfr1019 

and Olfr30 for the TMT-characteristic ele-

mental odor. At less than 1% TMT, signals 

from Olfr30 may be weak, and integrated 

signals from Olfr1019 and Olfr30 only in-

duce relatively weak odors, resulting in 

failure to identify and no aversion to the 

fox-related odor. At more than 1% TMT, 

sufficiently intense signals from Olfr30 

result in a robust percept of TMT and acti-

vations in the AmPir transition area and 

mBST, as well as robust increases in plas-

ma ACTH and an aversion to the source of 

TMT. In addition, the destabilization of the 

hydrophobic core by weakened interaction 

between the helix-8-middle Met and the 

TM1 C-terminal Gly (Suppl. Fig. S2) could 

reduce the response rapidity of Olfr30 as 

well as those of other TMT ORs (he-

lix-8-2
nd

-Asp ORs). This model could be 

confirmed by comparing the robustness of 

stress responses and feedforward inhibition 

between sequential photo-activations of 

Olfr1019 and Olfr30 and its reverse pair. 

We considered one possible explanation for 

the observed hierarchy of elemental odors 

[6]. In the case that the most sensitive he-

lix-8-2
nd

-Glu OR to TMT, Olfr30, was less 

sensitive than the most sensitive he-

lix-8-2
nd

-Glu OR to rose odor and more 

sensitive than the most sensitive he-

lix-8-2
nd

-Glu OR to the caraway elemental 

odor, rose odor inhibited the elemental odor 

of TMT and its associated stress responses, 

suggesting the hierarchy of rose odor > 

TMT > caraway odor. Notably, innate and 

learned freezing behaviors are also regu-

lated by hierarchical information processing 

giving priority to innate signals in the cen-

tral amygdala [49]. 

In another example, key ORs for the musk 

odor were identified in humans and mice by 

a functional expression assay for all or re-

lated subfamily members of ORs [19]. Hu-

man OR5AN1, helix-8-2
nd

-Glu OR, was 

identified as a key OR for the musk odor. 

Two homologous ORs in mice, mOR215-3 

and mOR214-4, were found in the GENE 

database 

(http://www.ncbi.nlm.nih.gov/gene). Un-

expectedly, neither murine ORs responded 

to 100 μM muscone in the functional ex-

pression assay [19, 50]. Interestingly, all 

three members of the mOR215-3 subfamily 

and all six of the mOR214-3 are he-

lix-8-2
nd

-Glu ORs, and only one member of 

each subfamily, mOR215-1 and mOR214-3, 

were responsive to muscone and other musk 

odorants [19, 50]. mOR215-1 is a dorsal 

OR and was approximately 10-fold more 

sensitive to muscone than was mOR214-3 

in the functional expression assay. The 

mOR215-1-deletion mice displayed 10
2
- or 

10
3
-fold reductions in muscone detection 

sensitivity compared to that of wild-type 

mice [19]. These findings support that key 

ORs in odor representation are he-

lix-8-2
nd

-Glu ORs (Table 2). 

3-3. Odor discrimination paradox by ge-

netic ablation of all dorsal ORs 

We conducted two-alternative, 

forced-choice behavioral assays in a 

Y-maze to measure odor detec-

tion/discrimination thresholds of sniffer 

mice in a 10- or 100-fold dilution series. A 

negative pressure-guided odor plume-like 

flow in the Y-maze enabled us to measure 
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detection/discrimination thresholds lower 

than ppq (10
-15

) levels for single-compound 

enantiomers [23]. In contrast, transgenic 

ΔD mice in which all dorsal ORs were ab-

lated displayed a more than 10
10

-fold re-

duction in enantiomer discrimination sensi-

tivity, although supersensitive detection of 

(−)-enantiomers was retained [23]. This 

result indicates that the most sensitive ven-

tral ORs enabling the transgenic mice to 

detect (−)-enantiomers but not 

(+)-enantiomers do not allow the mice to 

distinguish (−)- from (+)-enantiomers with 

supersensitivity (odor discrimination para-

dox, Fig. 6). This suggests that some of the 

most sensitive and ablated dorsal ORs may 

be required to enhance detection of charac-

teristic elemental odors in wild-type mice. 

Among the ablated dorsal ORs, 

mOR-car-c5 is a helix-8-2
nd

-Glu dorsal OR 

and one of the most sensitive and specific to 

(R)-(−)-carvone [17]. These results indicate 

that the highly sensitive helix-8-2
nd

-Glu 

dorsal ORs are key ORs in hierarchical 

elemental odor coding that summate syn-

chronized inputs from cognate ORs to ol-

factory third-order neurons for elemental 

odors through feedforward inhibition in the 

aPC [6]. 

 

Figure 6. Odor discrimination thresholds of wild-type (WT) and ΔD mice for urinary olfactory 

cues and enantiomers (re-used from reference [15]). Odor discrimination ranges (downward ar-

rows) and thresholds (stars) of WT (black plots) and ΔD mice (gray plots) for urinary olfactory 

cues and enantiomer pairs
 
[23] are shown. Odor discrimination thresholds of ΔD mice for dietary 

variation of body odors and wine-lactone enantiomers are not observed in the concentration 

ranges examined (hatched arrows), the highest concentrations of which are indicated by the light 

red bars. Observed threshold differences indicate that urinary olfactory cues increase in the urine 

mixtures (Ums) in the following order: dietary variation < bladder cancer < occult blood < antibi-

otic drug metabolites. The concentration of 10
-6

 v/v (indicated by the black open circle) was used 
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for bladder cancer examination of individual patient pre-TUR urine samples, as it is the subthre-

shold for detection of dietary variation in urine and the supra-threshold for detecting bladder 

cancer odors. Actual concentrations of pre-TUR Um samples for bladder cancer examination in 

10
-6

-fold diluted equi-occult blood conditions ranged from 10
-6

 v/v (black open circle) to 1.3 × 

10
-8

 v/v (closed circle). ΔD mice exhibited reduced odor discrimination sensitivities compared to 

WT mice; degrees of sensitivity reduction due to ablation of dorsal olfactory receptors are indi-

cated by the gray upward arrows. 

3-4. Detection of bladder cancer-induced 

urine odor disorder 

We recently reported that sniffer mice can 

distinguish between urine odor changes in 

patients with bladder cancer in a 10
-6

-fold 

diluted condition, 2.6-fold below the detec-

tion level of dietary and/or inter-individual 

variations, at equal concentrations of occult 

blood in Y-maze behavioral assays [15]. To 

reduce dietary and inter-individual varia-

tions, we employed urine mixtures (Um) of 

5 to 25 samples. In the Um, urinary olfacto-

ry cues of body odor increased in the fol-

lowing order: dietary variation < bladder 

cancer < occult blood < antibiotic drug me-

tabolites (Fig. 6) [15]. This provided a bio-

logical basis for detection of body odor 

disorders in Um conditions for non-invasive 

diagnostic tests for cancers or other diseases. 

The sniffer mice achieved a success rate of 

100% for the individual urine samples of 11 

patients with or without occult blood ac-

cording to memory-based odor discrimina-

tion ability in the Y-maze assay [15]. 

The greater intensity of urinary occult blood 

olfactory cues compared to genetically de-

termined body odors is consistent with the 

previous observation that body odor dis-

crimination is more difficult in serum than 

in urine samples [51]. In addition, the ob-

servation that cadaver dogs can detect dif-

ferent human blood samples even at very 

low concentrations [52] suggests a salient 

olfactory cue common across individual 

blood samples. A volatile chemical 

trans-4,5-epoxy-(E)-2-decenal presents an 

intense odor characteristic of blood samples 

[53] through lipid peroxidation [54] as an 

olfactory cue of the occult blood. These 

results emphasize the excellent ability of 

dogs and mice to distinguish weak but bio-

logically important olfactory cues over 

those of abundant compounds. In the next 

study, the accuracy of the test across vari-

ous cases will be examined as well as the 

recurrence risk of bladder and other types 

of cancers. 

Future analysis of urine mixtures may pro-

vide more robust biomarkers than those of 

individual urine samples, which vary at 

relative concentrations of diet- and geneti-

cally determined body odor-related com-

pounds. As the signal averaging of replicate 

measures improves signal-to-noise ratio, 

mixing replicate urine samples from several 

patients with bladder cancer would estab-

lish concentration profiles of compounds 

common to multiple urine samples and re-

duce relative concentrations of variable 

compounds. This would also reduce possi-

ble synergistic or antagonistic effects of 

relatively dilute variable compounds on 

bladder cancer-related odors in the urine 

sample mixtures. Currently available ana-

lytical instruments, such as gas chromato-

graphy-mass spectroscopy (GC-MS) sys-

tems [55–59] and electronic-nose (e-nose) 
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devices [60–65], are generally less sensitive 

to the different profiles of trace key com-

pounds in body odors than are murine or 

canine olfactory systems [15]. However, by 

identifying the trace and abundant key 

compounds in urine mixtures that occur due 

to diseases, such as bladder cancer, we may 

be able to determine novel molecular bio-

markers for non-invasive disease diagnosis. 

Our results also indicate a possible me-

chanism underlying the olfactory discrimi-

nation of bladder cancer-induced urine odor 

changes and healthy odors. Body odors may 

evoke similar, yet distinct, odor perceptions 

through nonlinear contributions of multiple 

olfactory receptors activated by multiple 

odorous compounds. Considering that no 

diet-specific or tumor-specific odorous 

compounds appear in solid phase microfi-

ber extraction-gas chromatography-mass 

spectroscopy profiles [10, 11], it is difficult 

to explain the easy discrimination of weaker 

identical olfactory cues [10, 15] or similar 

odors for more than 80% overlapping ORs 

[38] under the conventional olfactory cod-

ing scheme based on simple combinatorial 

representation of different odors by differ-

ent subsets of responsive olfactory recep-

tors [26]. When some urinary odorants 

slightly change due to metabolic disorders 

in tumors, the earliest signals arriving from 

the most sensitive, short-latency, he-

lix-8-2
nd

-Glu dorsal ORs are altered. The 

early inhibitory signals also change, subse-

quently altering cognate receptor signal 

inputs to pyramidal cells and their input 

synchronization for signal integration via 

feedforward inhibition. This selectively 

evokes “elemental” odor perceptions by 

engaging associated neural pathways, the-

reby changing the elemental odor hierarchy. 

We found that ΔD mice showed at least a 

10
5
-fold reduction in discrimination sensi-

tivity for body odors, indicating an essential 

role of the ablated dorsal ORs in body odor 

recognition [15]. This reduction is almost 

half the 10
10

-fold reduction in carvone 

enantiomer discrimination sensitivity (Fig. 

6) [15]. This difference is likely attributable 

to a greater number of key olfactory recep-

tors for multiple-compound body odors 

and/or a major contribution of class-I ol-

factory receptors that are all dorsal recep-

tors, as olfactory receptors for sin-

gle-compound wine lactone or carvone 

enantiomers are fewer in number than those 

for body odors and are mainly class-II ol-

factory receptors [23]. Class-II ORs are 

likely associated with increased detection 

sensitivities.  

4. Future directions 

As observed in genetic variant 

CX3CR1-A55T, destabilization of the hy-

drophobic core between GPCR helix 8 and 

TM1–2 could cause diseases mediated by 

impaired GPCR signaling pathways. Taken 

together with our observation that GPCR 

helix-8-2
nd

-residue mutation impairs rapid 

and specific interactions with target G pro-

teins, various associations between GPCRs 

and diseases may be potential drug targets. 

Regarding the olfactory system, based on 

weighted combinatorial receptor coding 

[23], minor changes in intensity profiles of 

dorsal ORs drive changes in the elemental 

odor hierarchy, which occurs more easily in 

olfactory systems using greater repertoires 

of ORs, such as in mice, even if the combi-

nations of activated ORs are identical. Fur-

ther investigations are needed to determine 
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whether all helix-8-2
nd

-Glu ORs function as 

key ORs, namely, as determinants of the 

most prominent elemental odors, and 

whether either of helix-8-2
nd

-Asp ORs or 

helix-8-2
nd

-Gln ORs are determinants of 

auxiliary elemental odors or the most 

prominent elemental odors under specific 

conditions. The mechanism by which hu-

mans and mice recognize odor uniqueness 

and similarity also warrants further exami-

nation. These determinations would enable 

us to understand the genetic strategy of 

GPCR parallel signaling systems for recog-

nition of important sensory cues. 

List of abbreviations 

ACTH, adrenocorticotropic hormone; Am-

Pir, amygdalopiriform transition area; 

β2AdR, β2 adrenergic receptor; CX3CR1, 

C-X3-C motif chemokine receptor 1; e-nose, 

electronic-nose; EC, extracellular loop; 

FSH, follicle-stimulating hormone; GPCR, 

G protein-coupled receptor; GC-MS, gas 

chromatography-mass spectroscopy; 5-HT, 

5-hydroxytryptamine; IC, intracellular loop; 

LH, luteinizing hormone; mBST, the medial 

part of the bed nucleus of stria terminals; 

M3R, M3 muscarinic acetylcholine recep-

tor; ORs, olfactory receptors; TM, trans-

membrane domain; TMT, 2,4,5-trimethyl 

thiazoline; TSH, thyroid-stimulating hor-

mone; Um, urine mixtures; aPCvr, the ven-

tro-rostral portion of the anterior piriform 

cortex. 
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Supplementary Fig. S1. A homology-modeled mOR-S6 based on an active-state β2 adrenergic receptor (from 

Reference [3] with modification). A) Cytoplasmic view with residues for hydrophobic core and helix-8-2nd residue. 

B) A helix-8 N-terminal front view of detailed interfaces of helix 8 and TM1–2.  

 

 



GPCRs                      G-pr       NPxxY/tm7  helix 8                                                                            tm1             ic1     tm2                        . 
Ad.α1 R         Gq      NPIIYPCSSQEFKKAFQNVLR    GLILFG...VLGNIL.VILS...V..A.CHR.HLHSVTHYYIV.NLA.VAD 

Ad.α2 R         Gi      NPVIYTIFNHDFRRAFKKILC    LLTVFG.N.VLVIIA.VFTS..........RA.LKAPQNLFLVS.LAS.AD 

Ad.β1 R         Gs      NPIIYC.RSPDFRKAFQGLLC    LLIVAG.N.VLV.I....V..A.I..AKTPR..LQTLTNLFIMS.LAS.AD 

Ad.β2 R         Gs      NPLIYC.RSPDFRIAFQELLC    LAIVFG.N.VLV.I....T..A.I..AKFER..LQTVTNYFITS.LAC.AD 

Ad.β3 R         Gs      NPLIYC.RSPDFRSAFRRLLC    VLATVGGN.LLVIVAIAWT..........PR..LQTMTNVFVTS.LA.AAD 

Rhodopsin       Gt      NPVIYIMMNKQFRNCMLTTIC    IVLGFPINF.LTL..YV.T....V....QH.KKLRTPLNYILL.NLA.VAD 

Opsin1SW        Gt      NPIIYCFMNKQFQACIMKMVC    LQAAFMGT.VF.LI.GFPLN.AMVLVATLRYKKLRQPLNYILV.NV.SFGG 

Opsin1MW        Gt      NPVIYVFMNRQFRNCILQLFG    LTSVWMI.FVV..IASVFTN.GLVLAATMKFKKLRHPLNWILV.NLA.VAD 

Opsin1LW        Gt      NPVIYVFMNRQFRNCILQLFG    LTSVWMI.FVVT..ASVFTN.GLVLAATMKFKKLRHPLNWILV.NLA.VAD 

mOR-S6          Golf    NPIIYGARTKEIRQHLVALFQ    LVILFT.N.ALV.I.H..T....V..ASQ.RS.LHQPM.YLLI.ALLLAVN 

hOR4A15(R-car)  Golf    NPLIYTLKNAEMKSAMRKLWS    MVTIMG.N..LLII....VT.IM...ASQ..S.LGSPM.YFFLASL.SFID 

hOR5AN1(musk)   Golf    NPLIYSLRNKEIKDALKRLQK    LFTIF.LVIYITSLA.WNLSLIVLI..RMD.SHLHTPM.YFFLSNL.SFID 

mOR40-12        Golf    NPMVYALKNKELKEGFYLCSG    WQHWLSLPLALLYVLALIANILIVTFIYQEAS.LHQPM.YHFLGILA.IVD 

mOlfr30(TMT)    Golf    NPVIYSLRNKEVTGAMKKAMR    LF.LFSM.VMLVYILAMAGNTAMVLLIWMD.TRLHTPM.YFLLSQL.SFLD 

hOR51E1         Golf    NPIVYGVKTKEIRQRILRLFH    AQFWLAFPLCSLYLIAVLGNLTIIYIVRTEHS.LHEPM.YIFLC.MLSGID 

hOR51E2         Golf    NPIIYGAKTKQIRTRVLAMFK    AHFWVGFPLLSMYVVAMFGNCIVVFIVRTERS.LHAPM.YLFLC.MLAAID 

hOR52R1         Golf    NPIIYGVRTKQIGDRVIQGCC    FQLWIAFPFCATYAVAVVGNITLLHVIRIDHT.LHEPM.YLFL.AMLAITD 

hOR1E2          Golf    TPFIYSLRNRDMKGALERVIC    NLC.YAL.FLAMYLTTLLGNLLIIVLIRLD.SHLHTPV.YLFLSNL.SFSD 

mOR135-11       Golf    NPFIYSLRNRDMKGALARVIC    QL.YYAL.FLLMYLTTVLGNLIIIILIRLD.SHLHTPM.YLFLSNL.SFSD 

hOR2G6          Golf    NPIIYTLRNKDVKGALRTLIL    .RFLFAI.ILYFYVLSLLGNTALILVCCLD.SRLHTPM.YFFLSNL.SCVD 

hOR8K3          Golf    NPLIYSLRNKDVKYALRRTWN    QAPLFAL.FLMIYVISVMGNLGMIVLTKLD.SRLQTPM.YFFLRHLA.FMD 

mOlfr1019(TMT)  Golf    NPLIYSLRNKDVKAAFKKLIG    .IIFFVV.FLLVYLVNVIGNVGMIILIITD.SQLHTPM.YFFLCNL.SFVD 

mOlfr1047(TMT)  Golf    NPLIYSLRNKDVKYALKRTLN    QAPLFGL.FLIIYLISLIGNLGMIILTTVD.SKLQTPM.YFFLKHLA.ITD 

mOlfr376(TMT)   Golf    NPFIYSLRNRDMKGALISVLC    .L.FYAL.FLAMYLTTVLGNLIIIILIHLD.SHLHTPM.YSFLSNL.SFSD 

hOR56B4         Golf    NPLACALRMHKLRLGFQRLLG    WQHWLSLPLTLLYLLALGANLLIIITIQHETV.LHEPM.YHLLGILA.VVD 

hOR52E6         Golf    NPVIYGVRTKHIRETVLRIFF    VHIWIGFPFFSVYLIALLGNAAIFFVIQTEQS.LHEPM.YYCLA.MLDSID 

hTAAR1          Gs/q    NPMVYAFFYPWFRKALKMMLF    RASLYSL.MVLIILTTLVGNLIVIVSISH.FKQLHTPTNW.LIHSMAT.VD 

mTAAR1          Gs/q    NPMVYAFFYPWFRRALKMVLL    QASLYSL.MSLIILATLVGNLIVIISISH.FKQLHTPTNW.LLHSMA.IVD 

XCR1            Gi      NPVLYVFVGVKFRTHLKHVLR    YCLVF.L.LSLVGNSLVLW.VLV...KYESLESLTN.I.F.IL.NL.CLSD 

CCR2            Gi      NPIIYAFVGEKFRSLFHIALG    YSLVF.I.FGFVGNMLVVL.ILI...NCKKLKCLTD.I.Y.LL.NLA.ISD 

CCR4            Gi      NPIIYFFLGEKFRKYILQLFK    YSLVF V.FGLLGNS.VVV.LVLF..KYKRLRSMTD.V.Y.LL.NLA.ISD 

CCR5            Gi      NPIIYAFVGEKFRNYLLVFFQ    YSLVF I.FGFVGNMLVIL.ILI...NCKRLKSMTD.I.Y.LL.NLA.ISD 

CCR6            Gi      NPVLYAFIGQKFRNYFLKILK    YSL.ICV.FGLLGNILVVIT...FAFYKK.ARSMTD.V.Y.LL.NMA.IAD 

CCR7            Gi      NPFLYAFIGVKFRNDLFKLFK    YSI.ICF.VGLLGNGLVVLT...YIYF.KRLKTMTD..TY.LL.NLA.VAD 

CCR8            Gi      NPVIYAFVGEKFKKHLSEIFQ    YCLLF.V.FSLLGNSLVIL.VLV.V..CKKLRSITD.V.Y.LL.NLA.LSD 

CCR1            Gi      NPVIYAFVGERFRKYLRQLFH    YSLVF.V.IGLVGNILVVL.VL..V.QYKRLKNMTS.I.Y.LL.NLA.ISD 

CCR3            Gi      NPVIYAFVGERFRKYLRHFFH    YSLVFTV..GLLGN..VVV.VMI.LIKYRRLRIMTN.I.Y.LL.NLA.ISD 

CCR9            Gi      NPVLYVFVGERFRRDLVKTLK    YWLVF.I.VGALGNSLVIL.VY.W.YCTR.VKTMTD.M.F.LL.NLA.IAD 

CCR10           Gi      NPVLYAFLGLRFRQDLRRLLR    VSLTVAA.LGLAGNGLV.LATHL.A.ARRAARSPTS.AHL.L..QLA.LAD 

CXCR2           Gi      NPLIYAFIGQKFRHGLLKILA    YALVF.L.LSLLGNS...L.VMLVILYSRVGRSVTD.V.Y.LL.NLA.LAD 

CXCR3           Gi      NPLLYAFVGVKFRERMWMLLL    VA.AL.LE.NF.SSS...YD.YGENESDSCCTSPPCPQDFS.L.NF.DRAF 

CXCR6           Gi      NPVLYAFVSLKFRKNFWKLVK    YLVVF.VCGLVGNSLV.LV.ISIF.Y.HK.LQSLTD.V.F.LV.NL.PLAD 

CXCR5           Gi      NPMLYTFAGVKFRSDLSRLLT    YSLIF.LLGVIGNVLV.LV.IL.E..RHRQTRS.ST.ETFLF.H.LA.VAD 

CXCR4           Gi      NPILYAFLGAKFKTSAQHALT    YSIIF.LTGIVGNG...LV.ILVMGYQKK.LRSMTD..KYRL.H.L.SVAD 

CXCR1           Gi      NPIIYAFIGQNFRHGFLKILA    YALVF.LLSLLGN.S..LV.ML.VILYSRVGRSVTD.V.Y.LL.NLA.LAD 

CXCR7           Gi      NPVLYSFINRNYRYELMKAFI    YTLSFIYIFIF..VIGMIANSVVVWVNIQAKTTGYDTHCY.IL.NLA.IAD 

CX3CR1          Gi      NPLIYAFAGEKFRRYLYHLYG    YSVIF.AIGLVGNLLVVFA..L...TNSKKPKSVTD.I.Y.LL.NLA.LSD 

NPSR            Gq/s    NPLIYCVFSSSISFPCRVIRL    LWVLLVF.TIVGN.S...V.VL.F.STWRRKKK.SR.MTFF.VTQLA.ITD 

FFAR4           Gq      NPILYNMTLCRNEWKKIFCCF    LVLIF.AVSLLGNVC..AL.VL.VA..RRRRRGAT..ACL.VL.NLFC.AD 

P2RY10          G?    DPILYYFMASEFRDQLSRHGS    AT.TYILIF.IPGLLANSA.AL.WVLCRFISKK.NKAIIFM.I.NL.SVAD 

P2RY11          Gi      HPLLYMAAVPSLGCCCRHCPG    LWPILVVEFLVA.VASNGL.ALYRFSI.RKQRPWH.PA.VVFSVQLA.VSD 

CNR2            Gi      NPVIYALRSGEIRSSAHHCLA    VA.VLCTLLGLLSALENVA.VLYLIL.SSHQLR.RKP.SYLFIGSLA.GAD 

LPAR6           Gs/i    DPIVYYFTSDTIQNSIKMKNW    YGCMFS.MVFVLGLISNCV.AIYIFICVLKVRN..ETTTYM.I.NLA.MSD 

GPR68           Gi/q    DPVLYCFVSETTHRDLARLRG    APVVY.VTVLVVGFPANCL.SLYFGYLQIKARN..ELGVYLC..NL.TVAD 

GPR55           Gq/12   DVFCYYFVIKEFRMNIRAHRP    IP.TF.VLGLLLNLLAIHGFS.TFLKNRWPDYAATS.I.YM.I.NLA.VFD 

MAS1            Gi/q    NPFIYFFVGSSRKKRFKESLK    IV.HWVIMS.ISPVGFVE.NGILLWFLCFRMRR.NPFTVYIT.H.L.SIAD 

MAS1L           Gi/q    NPIIYFFVGSLRKKRLKESLR    NII.APKAVLVS.LCGVLLNG.TVFWLLCCGAT.NPYMVYIL.H.LV.AAD 

Supplementary Fig. S2. Alignment of amino acid sequences of NPxxY motif, helix 8, and TM1–IC1–TM2 of GPCRs. The 38 

human non-olfactory GPCRs and 19 ORs/TAARs with their target G proteins (from http://www.guidetopharmaco logy.org) are 

shown. Lys of the NPxxY motif interacts with helix-8 3rd residue in the inactive state but not in the active state. In the active state, 

hydrophobic residues at the helix-8 3rd, 7th, 10th, and 11th positions interact with hydrophobic residues conserved at the middle 

region of IC1, the C-terminal and N-terminal regions of TM1 (tm1) and TM2 (tm2), respectively. Neuropeptides S receptor 

(NPSR) and free fatty acid receptor 4 (FFAR4) may cause a shift in the position of helix 8 by two amino acids. Helix 8 of MAS1, 

MAS1L, and NPSR are likely to be unstable. Ad α1/2/β1/2/3 R, adrenergic α1/2/β1/2/3 receptor; Opsin1SW/MW/LW, opsin1, 

short/middle/long wavelength sensitive; h/mOR, human/murine olfactory receptor; mOlfr, murine olfactory receptor; h/mTAAR, 

human/murine trace amine-associated receptor; XCR1, chemokine (C) receptor; CCR1–10, chemokine (C–C) receptor 1–10; 

CXCR1–7, chemokine (C-X-C) receptor 1–7; CX3CR1, chemokine (C-X3-C) receptor 1; P2RY10/11, purinergic P2Y10/11 

receptor; CNR2, cannabinoid receptor 2; LPAR6, lysophosphatidic acid receptor 6; GPR68/55, orphan class A15 receptor 68/55; 

MAS1, MAS1 proto-oncogene G protein-coupled receptor; MAS1L, MAS1 proto-oncogene like, G protein-coupled receptor. 



             Human ORs                      Homologous murine ORs   Subclass 

mOR-S6 TM7-NPxxY    helix 8        mOR-S6 TM7-NPxxY    helix 8     . 

                                   mOR-S6     NPIIYGARTKEIRQHLVALFQ 

hOR51A7    NPIVYCVKTRQIWEKILGKLL   mOR8-5     NPIVYCIKTRQIREKVLGKLV class I OR 

hOR51B2    NPVIYSIKTKQIQYGIIRLLS   mOR1-1     NPIIYSIKTKQIQRSVLRLLS 

hOR51B4    NPIIYSIKTKQIQRSIIRLFS   mOR1-3     NPIIYSIKTKQIQRSVLRLLS 

hOR51B6    NPFIYSIKTKQIQSGILRLFS   mOR1-2     NPVIYSIKTKQIQSGLLRLFS 

hOR51D1    NPLVYGAKTKEICSRVLCMFS   mOR18-3    NPIVYGAKTKEIRSRVIRMFS 

hOR51E1    NPIVYGVKTKEIRQRILRLFH   mOR18-1    NPIVYGVKTKEIRQRILRLFL 

hOR51E2    NPIIYGAKTKQIRTRVLAMFK   mOR18-2    NPIIYGAKTKQIRTRVLAMFK 

hOR51F2    NPIIYSVKIKQIQKAIIKVLI   mOR14-3    NPIIYSVKIKQIQKAIIKVLI 

hOR51G1    NPIIYSIKTKQIRQRIIKKFQ   mOR7-1     NPIVYSIKTKQIRQRIIKKFE 

hOR51G2    NPIVYSVKTKQIRDRVTHAFC   mOR7-2     NPIVYSVKTKQIRDRVAHAFC 

hOR51I1    NPIIYSVKTKEIRKGILKFFH   mOR13-4    NPIIYSVKTKEIRKGMLKVFH 

hOR51I2    NPLIYSAKTKEIRRAIFRMFH   mOR13-3    NPLIYSAKTKEIRRAIFRMFR 

hOR51M1    NPIIYSIKTKEIHRAIIKFLG   mOR3-1     NPVIYSIKTKEIRKAIIRFLG 

hOR51Q1    NPIIYSVKNKQIQWGMLNFLS   mOR5-1     NPIIYSVKTKQIRQGITRLLL 

hOR51S1    NPILYSVKMKEIRKRILNRLQ   mOR21-1    NPVLYSVKMKEIREKILKRLL 

hOR51T1    NPIIYSLKTKTIRQAMFQLLQ   mOR14-9    NPIIYSLKTKVIRQAIFQLFR 

hOR52A1    NPLVYGAKTTQIRIHVVKMFC   mOR22-3    NPIVYGVKTKQIRDQVLKMLF 

hOR52A5    NPIVYGVKTKQIRDHIVKVFF   mOR22-2    NPIVYGVKTKQIRDQVLKMLF 

hOR52B2    NPIVYGVKTKQIREGVAHRFF   mOR31-6    NPIVYGVKTKQIREGVVHWFL 

hOR52B4    NPIIYGIKTKQIQEQVVQFLF   mOR31-4    NPIIYGIKTKQIQEQMVHVLF 

hOR52B6    NPVIYGVRTKPILEGAKQMFS   mOR31-9    NPIIYGVKTKQIQDRFFQLFS 

hOR52D1    NPILYGARTKEIRSRLLKLLH   mOR33-2    NPIIYGARTKEIRSRLLKLLH 

hOR52E2    NPVIYGVRTKQIYKCVKKILL   mOR32-10   NPVIYGVRTKQIYDRVKKIFL 

hOR52E4    NPVIYGVRTKQIREQIVKIFV   mOR32-11   NPVIYGVRTKQIREKIIKIVV 

hOR52E8    NPVIYGVRTKQIRERVLRIFL   mOR32-9    NPVIYGVRTKQIREQVMRILF 

hOR52H1    NPMVYGVKTKQIRDKVILLFS   mOR31-12   NPIVYGVKTKQIREKVILLFS 

hOR52I2    NPIIYGMRTKQLRERIWSYLM   mOR41-1    NPIIYGIRTRQIRERIWSLLT 

hOR52J3    NPIIYGVRTKQIRERVLYVFT   mOR32-13   NPIIYSVRTKQIREHVLHIFT 

hOR52K2    NPIIYGVKTKQIRESILGVFP   mOR28-1    NPIIYGVKTKQIRERVLGLFL 

hOR52L1    NPLVYGVKTQQIRQRVLRVFT   mOR37-1    NPLVYGVKTRQIRQRVLRVFY 

hOR52M1    NPIVYAVRTKQIRESLLQIPR   mOR25-1    NPIVYAVRTKQIRDRLLQILK 

hOR52N1    NPIVYGVKTRQVRESVIRFFL   mOR34-6    NPIVYGMKTKQIRDSIIKFFH 

hOR52N2    NPIVYGVKTKQIQEGVIKFLL   mOR34-1    NPIVYGVKTKQIRESVIKFLL 

hOR52N4    NPIVYGVKTKQIRDCVIRILS   mOR34-5    NPVVYGVKTKQIRDCVIRILS 

hOR52N5    NPIVYGVKTKQIRKSVIKFFQ   mOR34-6    NPIVYGMKTKQIRDSIIKFFH 

hOR52R1    NPIIYGVRTKQIGDRVIQGCC   mOR30-1    NPIIYGVRTKQIRDRVIRGFR 

hOR52W1    NPLIYGARTKQIRDRLLETFT   mOR36-1    NPLIYGVRTKQIRDRFLEMFK 

hOR56A3    NPIIYGVRTQEIKQGMQRLLK   mOR40-2    NPIVYGVRTQEIKQGIKKLLK 

hOR56A4    NPIVYGVRTKEIKQGIQNLLK   mOR40-8    NPIVYGVRTREIKQGIQNLLR 

hOR56A5    NPIVYGVRTKEIKQGIQNLLR   mOR40-1    NPIVYGVRTREIKQGIRNLLR 

hOR56B1    NPTVYALQTKELRAAFQKVLF   mOR40-13   NPIVYALRTRELRRGFQKVFC 

hOR56B4    NPLACALRMHKLRLGFQRLLG   mOR40-12   NPMVYALKNKELKEGFYLCSG 

Supplementary Fig. S3. Alignment of amino acid sequences of NPxxY motif and helix 8 of 

olfactory receptors and non-olfactory GPCRs. The 42 pairs of human and murine class I ORs, 11 

pairs of human and murine class II ORs, five pairs of human and murine TAARs, and 79 human 

non-olfactory GPCRs are shown. The helix-8 2
nd

 residue is basically located at the 7
th
 position 

from Lys of the NPxxY motif that interacts with helix-8 3
rd

 residue in the inactive state but not in 

the active state. Helix 8 was expected to be formed by hydrophobic residues at the 3
rd

 and more 

than two of the 7
th
, 8

th
, 10

th
, and 11

th
 positions. 



             Human ORs                     Homologous murine ORs   Subclass 

mOR-S6 TM7-NPxxY    helix 8       mOR-S6 TM7-NPxxY    helix 8     . 

hOR1J1     NPFIYSLRNKDIKGALRKLLS   mOR136-14 NPFIYSLRNKDMKGALKKLLS class II OR 

hOR1J2     NPFIYSLRNRDMKEALGKLFS   mOR136-8  NPFIYSLRNRDMKGALRNMLA 

hOR2A1     NPLIYSLRNGEVKGALRRALG   mOR261-5  NPLIYSLRNAEVKGALRRSLC 

hOR2A2     NPLIYSLRNAQLKGALHRALQ   mOR261-11 NPLIYSLRNTQVKEAFHRALQ 

hOR2A4     NPLICSLRNSEVKNTLKRVLG   mOR261-6  NPLIYSLRNSDVKNTLKRVLR 

hOR2A5     NPLIYSLRNAEVKGALKRVLW   mOR261-13 NPLIYSLRNAEVKGAVKRVLW 

hOR4L1     NPSIYTLRNKKMQEAIRKLRF   mOR247-4  NPIIYTLRNQEMKKAMRKLWI 

hOR5M8     NLIIYSLRNKNVKEALIKELS   mOR200-1  NPMIYSLRNKDVKEAISKELS 

hOR8G1     NPLIYSLRNKDVHVSLKKMLQ   mOR171-30 NPLIYSLRNKDVKVALTKFYE 

hOR9A2     NPFIFTLRNDKVKEALRDGMK   mOR120-1  NPFIFTLRNDKVKEALRDGVK 

hOR9A4     NPFIFTLRNDKVIEALRDGVK   mOR120-2  NPFIFTLRNDKVIEALRDGVK 

hTAAR1     NPMVYAFFYPWFRKALKMMLF   mTAAR1    NPMVYAFFYPWFRRALKMVLL TAAR 

hTAAR2     NPLIYGFFYPWFRRALKYILL   mTAAR2    NPLIYGFFYPWFRRALKYILL  

hTAAR5     NPIIYVFSYQWFRKALKLTLS   mTAAR5    NPIIYVFSYRWFRKALKLLLS  

hTAAR6     NPLIYALFYPWFRKAIKVIVT   mTAAR6    NPLIYALFYPWFKKAIKVIMS  

hTAAR9     NPLIYAFFYQWFGKAIKLIVS   mTAAR9    NPLIYAFFYPWFRKAIKLIVS  

 

             Human GPCRs                  Human GPCRs  Subclass.G-pr_subtypes 

mOR-S6 TM7-NPxxY    helix 8        mOR-S6 TM7-NPxxY    helix 8     . 

Rhodopsin  NPVIYIMMNKQFRNCMLTTIC   Opsin1SW   NPIIYCFMNKQFQACIMKMVC Rhod.Gt 

Opsin1MW   NPVIYVFMNRQFRNCILQLFG   Opsin1LW   NPVIYVFMNRQFRNCILQLFG Rhod.Gt 

β1  AdR     NPIIYC.RSPDFRKAFQGLLC   β2  AdR     NPLIYC.RSPDFRIAFQELLC  AdR.Gs 

β3  AdR     NPLIYC.RSPDFRSAFRRLLC                            Adrenergic R.Gs 

α1  AdR     NPIIYPCSSQEFKKAFQNVLR                            Adrenergic R.Gq 

α2  AdR     NPVIYTIFNHDFRRAFKKILC                            Adrenergic R.Gi 

D1         NPIIYAF.NADFRKAFSTLLG   D5         NPVIYAF.NADFQKVFAQLLG DopR.Gs 

D2         NPIIYTTFNIEFRKAFLKILH   D3         NPVIYTTFNIEFRKAFLKILS DopR.Gi 

D4         NPVIYTVFNAEFRNVFRKALR                              Dopamine R.Gi 

CT R*      VATIYCFCNNEVQTTVKRQWA                            Calcitonin R.Gs 

GHRHR*     VAILYCFLNQEVRTEISRKWH   GIPR*      VSVLYCFINKEVQSEIRRGWH GluR.Gs 

GLP-1 R*   NPVIYTVFNAEFRNVFRKALR   GCGR*      VAVLYCFLNKEVQSELRRRWH GluR.Gs 

A2A         NPFIYAYRIREFRQTFRKIIR   A2B         NPIVYAYRNRDFRYTFHKIIS AdenR.Gs 

A3         NPIVYAYKIKKFKETYLLILK   A1         NPIVYAFRIQKFRVTFLKIWN AdenR.Gi 

5-HT6       NPIIYPLFMRDFKRALGRFLP   5-HT7       NPFIYAFFNRDLRTTYRSLLQ SeroR.Gs 

5-HT4       NPFLYAFLNKSFRRAFLIILC                              Serotonin R.Gs 

5-HT2B      NPLVYTLFNKTFRDAFGRYIT   5-HT2A      NPLVYTLFNKTYRSAFSRYIQ SeroR.Gq 

5-HT2C      NPLVYTLFNKIYRRAFSNYLR                              Serotonin R.Gq 

5-HT1D      NPIIYTVFNEEFRQAFQKIVP   5-HT5A      NPLIYTAFNKNYNSAFKNFFS SeroR.Gi 

5-HT1A      NPVIYAYFNKDFQNAFKKIIK   5-HT1B      NPIIYTMSNEDFKQAFHKLIR SeroR.Gi 

5-HT1E      NPLLYTSFNEDFKLAFKKLIR   5-HT1F      NPLIYTIFNEDFKKAFQKLVR SeroR.Gi 

Supplementary Fig. S3. Alignment of amino acid sequences of NPxxY motif and helix 8 of 

olfactory receptors and non-olfactory GPCRs (continued). The 42 pairs of human and murine 

class I ORs, 11 pairs of human and murine class II ORs, five pairs of human and murine TAARs, 

and 79 human non-olfactory GPCRs are shown. The helix-8 2
nd

 residue is basically located at 

the 7
th

 position from Lys of the NPxxY motif that interacts with helix-8 3
rd

 residue in the inactive 

state but not in the active state. Helix 8 was expected to be formed by hydrophobic residues at the 

3
rd

 and more than two of the 7
th
, 8

th
, 10

th
, and 11

th
 positions. 

 
 



             Human GPCRs                  Human GPCRs  Subclass.G-pr_subtypes 

mOR-S6 TM7-NPxxY    helix 8        mOR-S6 TM7-NPxxY    helix 8     . 

H2         NPILYAALNRDFRTGYQQLFC                              Histamine R.Gq>Gs 

H1         NPLIYPLCNENFKKTFKRILH                              Histamine R.Gq 

H4         NPLLYPLCHKRFQKAFLKIFC   H3         NPVLYPLCHHSFRRAFTKLLC HistR.Gi 

MC1        DPLIYAFHSQELRRTLKEVLT   MC2        DPFIYAFRSPELRDAFKKMIF MelaR.Gs 

MC3        DPLIYAFRSLELRNTFREILC   MC4        DPLIYALRSQELRKTFKEIIC MelaR.Gs 

MC5        DPLIYAFRSQEMRKTFKEIIC                           Melanocortin R.Gs 

V2         NPWIYASFSSSVSSELRSLLC                            Vasopressin R.Gs 

V1a        NPWIYMFFSGHLLQDCVQSFP   V1b        NPWIYMGFNSHLLPRPLRHLA VassR.Gq 

OXTR       NPWIYMLFTGHLFHELVQRFL                               Oxytocin R.Gq 

SSTR3      NPILYGFLSYRFKQGFRRVLL                            Somatstatin R.Gi>Gq 

SSTR1      NPILYGFLSDNFKRSFQRILC   SSTR2      NPILYAFLSDNFKKSFQNVLC SomaR.Gi 

SSTR4      NPILYGFLSDNFRRFFQRVLC   SSTR5      NPVLYGFLSDNFRQSFQKVLC SomaR.Gi 

FSH        NPFLYAIFTKNFRRDFFILLS                Glycoprotein hormone R.Gs/Gi/Gq 

LH         NPFLYAIFTKTFQRDFFLLLS   TSH        NPFLYAIFTKAFQRDVFILLS GlyHR.Gs>Gq 

δOpioid    NPVLYAFLDENFKRCFRQLCR   κOpioid    NPILYAFLDENFKRCFRDFCF OpioR.Gi 

μOpioid    NPVLYAFLDENFKRCFREFCI   ORL1       NPILYAFLDENFKACFRKFCC OpioR.Gi 

XCR1       NPVLYVFVGVKFRTHLKHVLR                           Chemokine(C) R.Gi 

CCR2       NPIIYAFVGEKFRSLFHIALG   CCR4       NPIIYFFLGEKFRKYILQLFK ChemR.Gi 

CCR5       NPIIYAFVGEKFRNYLLVFFQ   CCR6       NPVLYAFIGQKFRNYFLKILK ChemR.Gi 

CCR7       NPFLYAFIGVKFRNDLFKLFK   CCR8       NPVIYAFVGEKFKKHLSEIFQ ChemR.Gi 

CCR1       NPVIYAFVGERFRKYLRQLFH   CCR3       NPVIYAFVGERFRKYLRHFFH ChemR.Gi 

CCR9       NPVLYVFVGERFRRDLVKTLK   CCR10      NPVLYAFLGLRFRQDLRRLLR ChemR.Gi 

CXCR2      NPLIYAFIGQKFRHGLLKILA   CXCR3      NPLLYAFVGVKFRERMWMLLL ChemR.Gi 

CXCR6      NPVLYAFVSLKFRKNFWKLVK   CXCR5      NPMLYTFAGVKFRSDLSRLLT ChemR.Gi 

CXCR4      NPILYAFLGAKFKTSAQHALT                         Chemokine(CXC) R.Gi 

CXCR1      NPIIYAFIGQNFRHGFLKILA   CXCR7      NPVLYSFINRNYRYELMKAFI ChemR.Gi 

CX3CR1     NPLIYAFAGEKFRRYLYHLYG                       Chemokine(CX3C) R.Gi 

 
Supplementary Fig. S3. Alignment of amino acid sequences of NPxxY motif and helix 8 of 
olfactory receptors and non-olfactory GPCRs (continued). The 42 pairs of human and murine 
class I ORs, 11 pairs of human and murine class II ORs, five pairs of human and murine TAARs, 
and 79 human non-olfactory GPCRs are shown. The helix-8 2

nd
 residue is basically located at 

the 7
th

 position from Lys of the NPxxY motif that interacts with helix-8 3
rd

 residue in the inactive 
state but not in the active state. Helix 8 was expected to be formed by hydrophobic residues at the 
3

rd
 and more than two of the 7

th
, 8

th
, 10

th
, and 11

th
 positions. Calcitonin receptor (CT R*), growth 

hormone releasing hormone receptor (GHRHR*), gastric inhibitory polypeptide receptor 
(GIPR*), glucagon-like peptide-1 receptor (GLP-1 R*) and glucagon receptor (GCGR*) belong 
to the class B family of GPCRs, some of which conserve TM7 V(A/S)(V/I/T)(L/I)Y and helix-8 
V8.50 instead of the NPxxY motif and F8.50 [37]. 
 
 
 
 
 
 
 
 



Supplementary Table ST1. Classification of olfactory receptors and other GPCRs by helix 8-2nd residues and 

subtypes of G proteins. 

GPCRs 
Helix-8 Second Residue Predicted Hierarchy 

or the 2
nd

 residue all Glu Gln Asp Asn Trp His Lys Arg misc 

Angiotensin II R 1 

(hormone, Gi/o , Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

R1(K) >  

R2(R)/L1(R) (Gi) ? 

Angiotensin II 2/L1 Rs 

(hormone, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 
 

Bradykinin 2 R 

(peptide chemokine, Gs, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 
R2(R) > R1(L) (Gi) 

Bradykinin 1 R 

(peptide chemokine, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R1(L) 

Neuropeptides B/W1/2 Rs 

(neuropeptide, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
R2(N) > R1(S) (Gi) 

Neuropeptides FF1/2 Rs 

(neuropeptide, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Galanin 2 R 

(neuropeptide, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

Galanin 1/3 Rs 

(neuropeptide, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 
R3(H) > R1(N) (Gi) 

Cysteinyl leukotriene 1/2 Rs 

(eicosanoid, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 

Leukotriene B4 R2 

(eicosanoids, Gi/o) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
R2(D) > R(G) (Gi) 

Leukotriene B4 R 

(eicosanoids, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R(G) 

Oxoeicosanoid R 

(eicosanoids, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Rexaxin/insulin-like family peptide 1/2 Rs 

(peptide hormones, Gs, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 
R1(P) > R2(F) (Gs) 

Rexaxin/insulin-like family peptide 3/4 Rs 

(peptide hormones, Gi/o) 

2 

100% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

 
Cholecystokinin A/B Rs 

(peptide hormones, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

Hypocretin (orexin) 1/2 Rs 

(peptide hormones, Gs, Gi/o, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

BRS3, NMBR, GRPR 

(peptide, Gq/11) 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

3 

100% 
(S, S, S) 

Endothelin A/B Rs 

(peptide, Gs, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

1 

50% 

0 

0% 
A(K) > B(R) (Gq)? 

Neuromedin U 1/2 Rs 

(peptide, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 
 

Neurotensin 1/2 Rs 

(peptide, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
R1(N) > R2(S) (Gq) 

Anaphylatoxin C3A/C5A/CMKL1 Rs 

(peptide, Gi/o?) 

3 

100% 

0 

0% 

0 

0% 

2 

67% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

33% 

C3A(D)/CMKL(D) > 

C5A(G) 

Formyl peptide L2 R 

(peptide, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

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

(Gi) 

Formyl peptide 1/L1 Rs 

(peptide, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Melatonin 1A/B Rs 

(hormone, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

NAxxY motif 

mutant 

Tachykinin 1/2 Rs 

(peptide, Gs, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 
 

Tachykinin 3 R 

(peptide, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

Neuropeptides Y 2/4 Rs 

(neuropeptide, Gi/o, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

R1(N)/2(N)/4(N) > 

R5(G) (Gi) 

Neuropeptides Y 1/5 Rs 

(neuropeptide, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
R1(N) > R5(G) (Gi) 

Neuropeptides  S R 

(neuropeptide, Gq/11, Gs) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
NPSR(S) 

Free fatty acid 1/2/4 Rs 

(lipid, Gq/11) 

3 

100% 

1 

33% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

33% 

1 

33% 
R1(G)/2(V)/4(E) 

Free fatty acid 3 R 

(lipid, Gi/o) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R3(G) 

Subtypes of target G proteins were obtained from http://www.guidetopharmacology.org. BRS3, bombesin receptor subtype 3; NMBR, neuromedin B receptor; GRPR, gastrin 

releasing peptide receptor; C3AR1, complement C3a receptor 1; C5AR1, complement C5a receptor 1; CMKLR1, chemerin chemokine-like receptor 1. 

http://www.guidetopharmacology.org/


Supplementary Table ST1. Classification of olfactory receptors and other GPCRs by helix 8-2nd 

residues and subtypes of G proteins (continued). 

GPCRs 
Helix-8 Second Residue Predicted Hierarchy 

or the 2
nd

 residue all Glu Gln Asp Asn Trp His Lys Arg misc 

Purinergic P2Y11 R 

(nucleotide, Gq/11 > Gs) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R11(S) 

Purinergic P2Y8/10 Rs 

(nucleotide, ?) 

2 

100% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Purinergic P2Y1 R 

(nucleotide, Gq/11 > Gi/o) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R1(T) 

Purinergic P2Y2 R 

(nucleotide, Gq/11 > Gi/o/G12) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

 
Purinergic P2Y4 R 

(nucleotide, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

Purinergic P2Y6 R 

(nucleotide, Gq/11 > G12) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

Purinergic P2Y12/13/14 Rs 

(nucleotide, Gi/o) 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

33% 

0 

0% 

2 

67% 

R13(K) >  

R14(P), R12(S) 

Cannabinoid 1/2 Rs 

(neuropeptide, Gi/o) 

2 

100% 

1 

50% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

R1(D) > R2(E) (Gi) 

R2(E) > R1(D) (Gs) 

GPER1 (GPR30) 

(hormone, Gs, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R1(T) 

LPAR1/2 

(lipid signal, Gi/o, Gq/11, G12) 

2 

100% 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

LPAR3 

(lipid signal, Gi/o, Gq/11) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

LPAR4 

(lipid signal, Gs, Gi/o, Gq/11, G12) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R4(S) 

LPAR6 

(lipid signal, Gs, Gi/o, G12) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R6(T) 

LPAR5 

(lipid signal, Gq/11, G12) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R5(G) 

S1PR1 

(lipid mediator, Gi/o) 

1 

100% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

S1PR3 

(lipid mediator, Gi/o, Gq/11, G12/13) 

1 

100% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

S1PR4/5 

(lipid mediator, Gi/o, G12/13) 

2 

100% 

1 

50% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
R4(E) = R5(D) (Gi) 

S1PR2 

(lipid mediator, Gs, Gq/11, G12/13) 

1 

100% 

0 

0% 

0 

0% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Prostanoid PTGD/PTGE2 Rs 

(eicosanoids, Gs) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 
D(P)/E2(P) 

Prostanoid PTGE4/PTGI Rs 

(eicosanoids, Gs > Gi/o) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
E4(T) > I(A) (Gs) 

Prostanoid PTGE1/PTGF/TBXA2 Rs 

(eicosanoids, Gq/11) 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

3 

100% 

E1(A)/F(A), 

TBXA2(A)  

Prostanoid PTGE3/PTGD2 Rs 

(eicosanoids, Gi/o) 

2 

100% 

0 

0% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
E3(I) > D2(D) (Gi) 

Orphan GPR4 R 

(?, Gs, Gi/o Gq/11, G12/13) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R4(G) 

Orphan GPR65 R 

(?, Gs) 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

100% 
R65(T) 

Orphan GPR18/68 Rs 

(?, Gi/o, Gq/11) 

2 

100% 

0 

0% 

1 

50% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

50% 
R18(Q) > R68(T) 

Orphan GPR17/20/35 Rs 

(?, Gi/o) 

3 

100% 

1 

33% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

1 

33% 

0 

0% 

1 

33% 

R17(K) > 

R35(E)/20(G) (Gi) 

Orphan GPR55 R 

(?, Gq/11, G12/13) 

1 

100% 

1 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

MAS1/MAS1L oncogene 

(?, Gi/o, Gq/11) 

2 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

2 

100% 

no helix 8 (S or R, 

L or R) 

ADGRB1/2/3* 

(secretin, Gi/o?) 

3 

100% 

3 

100% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 

0 

0% 
 

Subtypes of target G proteins were obtained from http://www.guidetopharmacology.org. Brain-specific angiogenesis inhibitors (ADGRB1/2/3*) belong to the class B* family of 

GPCRs and uniquely conserve TM7 FVI(V/T)(M/A)VH motif and helix-8 V8.50 instead of the NPxxY motif and F8.50. GPER1, G protein-coupled estrogen receptor 1; LPAR, 

lysophosphatidic acid receptor; 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; MAS1, MAS1 proto-oncogene G protein-coupled receptor; MAS1L, MAS1 proto-oncogene like, G protein-coupled receptor. 

 
 

http://www.guidetopharmacology.org/


            Human GPCRs                 Human GPCRs  Subclass.G-pr_subtypes 

mOR-S6  NPxxY    helix 8       mOR-S6  NPxxY    helix 8     . 

AGT1R   NPLFYGFLGKKFKRYFLQLLK                      Angiotensin II R.Gq/Gi/G12 

AGT2R   NPFLYCFVGNRFQQKLRSVFR  AGTRL1  NPFLYAFFDPRFRQACTSMLC AngIIR.Gi/o 

BDKRB2  NPLVYVIVGKRFRKKSWEVYQ                          Bradykinin R.Gs/Gi/Gq 

BDKRB1  NPVIYVFVGRLFRTKVWELYK                          Bradykinin R.Gi/Gq 

NPBWR2  NPFLYAFLDDNFRKNFRSILR  NPBWR1  NPFLYAFLDASFRRNLRQLIT NeurPB.Gi 

NPFFR1  NPIIYGYFNENFRRGFQAAFR  NPFFR2  NPIIYGFFNENFRRGFQEAFQ NeurPF.Gi 

GALR2   NPIVYALVSKHFRKGFRTICA                             Galanin R.Gq 

GALR3   NPLVYALASRHFRARFRRLWP  GALR1   NPIIYAFLSENFRKAYKQVFK   GalR.Gi 

CYSLTR1 DPLLYFFSGGNFRKRLSTFRK  CYSLTR2 NPLLYYFAGENFKDRLKSALR CysLeR.Gq>Gi 

LTB4R2  NPVLYVFTAGDLLPRAGPRFL                      Leukotriene B4 R.Gi/o>Gq 

LTB4R   NPVLYACAGGGLLRSAGVGFV                      Leukotriene B4 R.Gi/Gq 

OXER    DPVLYCFSSPNFLHQSRALLG                       Oxoeicosanoid R.Gi 

RXFP1   NPILYTLTTRPFKEMIHRFWY  RXFP2   NPILYTLTTNFFKDKLKQLLH RelaxR.Gs/Gi 

RXFP3   NPVLYCLVRREFRKALKSLLW  RXFP4   NPVLYCLLRREPRQALAGTFR RelaxR.Gi 

CCKAR   NPIIYCFMNKRFRLGFMATFP  CCKBR   NPLVYCFMHRRFRQACLETCA CholeR.Gq 

HCRTR1  NPIIYNFLSGKFREQFKAAFS  HCRTR2  NPIIYNFLSGKFREEFKAAFS OrexnR.Gs/Gi/Gq 

BRS3    NPFALYWLSKSFQKHFKAQLF  NMBR    NPFALYLLSESFRRHFNSQLC  BombR.Gq 

GRPR    NPFALYLLSKSFRKQFNTQLL           Gastrin releasing peptide R.Gq 

EDNRA   NPIALYFVSKKFKNCFQSCLC                           Endthelin R.Gq 

EDNRB   NPIALYLVSKRFKNCFKSCLC                           Endthelin R.Gs/Gi/Gq 

NMUR1   NPVLYSLMSSRFRETFQEALC  NMUR2   NPIIYNLLSRRFQAAFQNVIS NeurMR.Gq 

NTSR1   NPILYNLVSANFRHIFLATLA  NTSR2   TPLLYNAVSSSFRKLFLEAVS NeurTR.Gq 

C3AR1   NPFLYALLGKDFRKKARQSIQ  C5AR1   NPIIYVVAGQGFQGRLRKSLP AnaphR.Gi? 

CMKLR1  NPILYVFMGQDFKKFKVALFS    Chemokine-like R1(Anaphylatoxin R).Gi 

FPR3    NPILYVFMGRNFQERLIRSLP                      Formyl peptide R.Gi>Gq 

FPR1    NPMLYVFMGQDFRERLIHALP  FPR2    NPMLYVFVGQDFRERLIHSLP  FormP.Gi 

MTNR1A  NAIIYGLLNQNFRKEYRRIIV  MTNR1B  NAIVYGLLNQNFRREYKRILL MelanR.Gi 

TACR1   NPIIYCCLNDRFRLGFKHAFR  TACR2   NPIIYCCLNHRFRSGFRLAFR TachyR.Gs/Gq 

TACR3   NPIIYCCLNKRFRAGFKRAFR                          Tachykinin R.Gq 

NPY2R   NPLLYGWMNSNYRKAFLSAFR  NPY4R   NPFIYGFLNTNFKKEIKALVL  NePYR.Gi>Gq 

NPY1R   NPIFYGFLNKNFQRDLQFFFN  NPY5R   NPILYGFLNNGIKADLVSLIH  NePYR.Gi 

NPSR    NPLIYCVFSSSISFPCRVIRL                     Neuropeptides S R.Gq/Gs 

FFAR1   NPLVTGYLGRGPGLKTVCAAR  FFAR2   DPLLFYFSSSVVRRAFGRGLQ FreeFAR.Gq 

FFAR4   NPILYNMTLCRNEWKKIFCCF                     Free fatty acid R.Gq 

FFAR3   DPFVYYFSSSGFQADFHELLR                     Free fatty acid R.Gi 

Supplementary Fig. S4. Alignment of amino acid sequences of NPxxY motif and helix 8 of 

GPCRs. The 99 human GPCRs and target G proteins (from 

http://www.guidetopharmacology.org) are shown. The helix-8 2
nd

 residue is basically located at 

the 7
th

 position from Lys of the NPxxY motif that interacts with helix-8 3
rd

 residue in the inactive 

state but not in the active state. Helix 8 was expected to be formed by hydrophobic residues at the 

3
rd

 and more than two of the 7
th
, 8

th
, 10

th
, and 11

th
 positions. Some of their helical structures are 

likely to be unstable. NPSR and FFAR4 may cause a shift in the position of helix 8 by two amino 

acids. BRS3, bombesin receptor subtype 3; NMBR, neuromedin B receptor; ENDRA/B, 

endotheline receptor type A/B; NMUR, neuromedin U receptor; NTSR, neurotensin receptor; 

C3AR1, complement C3a receptor 1; C5AR1, complement C5a receptor 1; CMKLR1, chemerin 

chemokine-like receptor 1; FPR, formyl peptide receptor; MTNR1A/B, melatonin receptor 1A/B; 

NPY1/2/4/5R, neuropeptide Y receptor Y1/2/4/5. 
 

 

http://www.guidetopharmacolo/


             Human GPCRs                 Human GPCRs  Subclass.G-pr_subtypes 

mOR-S6   NPxxY    helix 8       mOR-S6  NPxxY    helix 8     . 

 P2RY1   DPILYFLAGDTFRRRLSRATR                     Purinergic P2Y R.Gq>Gi 

 P2RY2   DPVLYFLAGQRLVRFARDAKP                     Purinergic P2Y R.Gq>Gi/G12 

 P2RY4   DPVLYLLTGDKYRRQLRQLCG                     Purinergic P2Y R.Gq 

 P2RY6   DPILFYFTQKKFRRRPHELLQ                     Purinergic P2Y R.Gq>Gs 

 P2RY8   DPFVYYFASREFQLRLREYLG  P2RY10  DPILYYFMASEFRDQLSRHGS P2Y R.? 

 P2RY11  HPLLYMAAVPSLGCCCRHCPG                     Purinergic P2Y R.Gq>Gs 

 P2RY12  DPFIYFFLCKSFRNSLISMLK  P2RY13  DPLIYIFLCKKFTEKLPCMQG P2Y R.Gi 

 P2RY14  DPIIYFFLCQPFREILCKKLH                 Purinergic P2Y P2Y R.Gi 

 CNR1    NPIIYALRSKDLRHAFRSMFP  CNR2    NPVIYALRSGEIRSSAHHCLA CannR.Gi>Gs 

 GPER1   NPLIYSFLGETFRDKLRLYIE                       GP Estrogen R1.Gs 

 LPAR1   NPIIYSYRDKEMSATFRQILC  LPAR2   NAAVYSCRDAEMRRTFRRLLC LisAR.Gi/Gq/G12 

 LPAR3   NPIIYSYKDEDMYGTMKKMIC              Lisophosphatidic acid R.Gi/Gq 

 LPAR4   DPFIYYFTLESFQKSFYINAH              Lisophosphatidic acid R.Gs/Gi/Gq/G12 

 LPAR6   DPIVYYFTSDTIQNSIKMKNW              Lisophosphatidic acid R.Gs/Gi/G12 

 LPAR5   DPLVYYFSAEGFRNTLRGLGT              Lisophosphatidic acid R.Gq/G12 

 S1PR1   NPIIYTLTNKEMRRAFIRIMS            Sphingosine-1-phosphate R.Gi 

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

 S1PR3   NPVIYTLASKEMRRAFFRLVC            Sphingosine-1-phosphate R.Gi/Gq/G12 

 S1PR4   NPIIYSFRSREVCRAVLSFLC  S1PR5   NPIIYTLTNRDLRHALLRLVC SphPR.Gi/G12 

 PTGDR   DPWIFIIFRSPVFRIFFHKIF  PTGER2  DPWVFAILRPPVLRLMRSVLC ProsR.Gs 

 PTGER4  DPWIYILLRKTVLSKAIEKIK                      Prostagrandin R.Gs>Gi 

 PTGIR   DPWVFILFRKAVFQRLKLWVC                      Prostagrandin R.Gs>Gi/Gq  

 PTGER1  DPWVYILLRQAVLRQLLRLLP                      Prostagrandin R.Gq>Gi 

 PTGFR   DPWVYILLRKAVLKNLYKLAS                      Prostagrandin R.Gq>Gs 

 TBXA2R  DPWVYILFRRAVLRRLQPRLS                      Prostagrandin R.Gq 

 PTGER3  DPWVYLLLRKILLRKFCQIRY                      Prostagrandin R.Gi>Gq 

 PTGDR2  NPVLYVLTCPDMLRKLRRSLR                      Prostagrandin R.Gi 

 GPR4    DPILYCLVNEGARSDVAKALH                        orphan clsA15.Gs/Gi/Gq/G12 

 GPR65   DPILYCFVTETGRYDMWNILK                        orphan clsA15.Gs 

 GPR18   DVILYYIVSKQFQARVISVML  GPR68   DPVLYCFVSETTHRDLARLRG clsA15.Gi/Gq 

 GPR17   DPIMYFFVAEKFRHALCNLLC                         orphan clsA15.Gi>Gq 

 GPR20   DPIVYCFVTSGFQATVRGLFG  GPR35   DAICYYYMAKEFQEASALAVA clsA15.Gi 

 GPR55   DVFCYYFVIKEFRMNIRAHRP                         orphan clsA15.Gq/G12 

 MAS1    NPFIYFFVGSSKKKRFKESLK  MAS1L   NPIIYFFVGSLRKKRLKESLR  MAS1R.Gi/Gq 

ADGRB1*FVIVMVHCILRREVQDAVKCRVV ADGRB2*FVITAVHCFLRREVQDVVKCQMG  BraAR.Gi? 

ADGRB3*FVIVMVHCILRREVQDAFRCRLR Brain-specific angiogenesis inhibitor.Gi? 

Supplementary Fig. S4. Alignment of amino acid sequences of NPxxY motif and helix 8 of non-

olfactory GPCRs (continued). The 99 human GPCRs and target G proteins (from 

http://www.guidetopharmacology. org) are shown. The helix-8 2
nd

 residue is basically located at 

the 7
th

 position from Lys of the NPxxY motif that interacts with helix-8 3
rd

 residue in the inactive 

state but not in the active state. Helix 8 was expected to be formed by hydrophobic residues at the 

3
rd

 and more than two of the 7
th
, 8

th
, 10

th
, and 11

th
 positions. Brain-specific angiogenesis 

inhibitors (ADGRB1*, ADGRB2*, ADGRB3*: class B) uniquely conserve TM7 

FVI(V/T)(M/A)VH motif and helix-8 V8.50 instead of the NPxxY motif and F8.50. Some of 

their helical structures are likely to be unstable. CNR, cannabinoid receptor; GPER1, G protein-

coupled estrogen receptor 1; 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; MAS1, MAS1 proto-oncogene G protein-coupled receptor; MAS1L, 

MAS1 proto-oncogene like, G protein-coupled receptor. 

http://www.guidetopharmacolog/

