
INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest family 
of membrane proteins, and more than 800 GPCRs in humans 
are distributed throughout the body (Fredriksson et al., 2003). 
GPCRs control numerous cellular processes, which makes 
them attractive drug targets for treatment of many human dis-
eases including diabetes, osteoporosis, obesity, cancer, and 
neurological and cardiovascular diseases; approximately 40% 
of all FDA-approved drugs target GPCRs (Santos et al., 2017). 

Because of the importance of GPCRs in     physiology and 
pathology, the structural mechanism of GPCR signaling is of 
great interest. GPCRs have seven α-helical transmembrane 
domains (TMs 1-7) and an 8th α-helical domain (helix 8) locat-
ed parallel to the plasma membrane (Fig. 1A). High-resolution 
structural and biochemical/biophysical studies have provided 
information about ligand-binding pockets, ligand-induced dy-
namic conformational changes, and binding interactions with 
downstream signaling molecules such as G proteins and ar-

restins (Hilger et al., 2018; Weis and Kobilka, 2018; Edward 
Zhou et al., 2019). Outward movement of TM6 appears to be 
the key structural element for coupling to G proteins, while 
intracellular loops 2 and 3 (ICL2 and 3) and a cytoplasmic 
pocket formed by TMs directly contact G protein α subunit 
(Fig. 1B) (Rasmussen et al., 2011). Arrestin interacts with the 
cytoplasmic pocket, ICL2, ICL3, and phosphorylated C-tail of 
the receptor (Fig. 1C) (Zhou et al., 2017). Because the ar-
restin binding sites overlap with the G protein binding sites of 
GPCRs, arrestin binding may prevent G protein binding, which 
could be the mechanism of arrestin-mediated desensitization 
of GPCR-G protein coupling. 

Although high-resolution structures have provided insight 
into the signaling mechanisms of GPCRs, these high-res-
olution structures are mostly energetically stable GPCR- G 
protein or GPCR-arrestin complexes and do not provide in-
sight into conformational dynamics or the initial interaction 
modes of the complexes. Although helix 8 has not received 
much attention in these high-resolution structures, a number 
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Fig. 1. GPCR structures and database analysis of helix 8. (A) Two-dimensional (2D) (upper panel) and 3D (lower panel) structures of the 
β2-adrenergic receptor (β2AR) (PDB: 3SN6), a representative class A GPCR. Helix 8 is highlighted in orange. (B) High-resolution crystal 
structure of a β2AR-Gs complex (PDB: 3SN6) with β2AR in light blue and the Gsα Ras-like domain in green. (C) High-resolution crystal 
structure of a rhodopsin-arrestin complex (PDB: 5W0P), with rhodospin in yellow and arrestin in blue. (D) Representative positions of side 
chains in helix 8 of β2AR (PDB: 3SN6). (E) Database analysis of helix 8 of all class A GPCRs whose coupling G proteins are known. (F) 
Schematic illustration of helix 8 chimeric constructs of D1R and D2R. 
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of biochemical/biophysical studies has suggested that helix 8 
is involved in proper localization of receptors, G protein activa-
tion, G protein selectivity, and internalization (Faussner et al., 
2005; Ahn et al., 2010; Feierler et al., 2011; Kaye et al., 2011; 
Kirchberg et al., 2011; Kuramasu et al., 2011; Kawasaki et al., 
2015; Zhu et al., 2015). However, some of these studies have 
reported contradictory results, and the role of helix 8 in GPCR 
signaling is not clearly understood. 

Dopamine is an important neurotransmitter in the central 
nervous system, regulating locomotor activity, attention, mo-
tivation, and memory (Missale et al., 1998). Dopamine acts 
through binding five class A GPCRs, dopamine D1 through D5 
receptors. D1R and D5R are categorized as D1-like dopamine 
receptors and couple to Gs, while D2R, D3R, and D4R are 
classified as D2-like dopamine receptors and couple to Gi/o 
(Missale et al., 1998; Beaulieu and Gainetdinov, 2011). Im-
proved structural understanding of these dopamine receptors 
would facilitate more effective drug development for diseases 
involving dopaminergic neurons such as schizophrenia, ad-
diction, ADHD, and Parkinson’s disease (Moritz et al., 2018). 
In the present study, we investigated the role of helix 8 in D1R 
and D2R signaling with a focus on Gs- or Gi/o-coupling selec-
tivity and desensitization of D1R-Gs signaling.

MATERIALS AND METHODS

D1R and D2R construct generation 
Human D1R and D2R encoded in expression vector pcD-

NA3.1 were tagged with the FLAG epitope at the N-terminus. 
Mutant constructs were created using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene, CA, USA) according to 
the manufacturer’s protocol. 

Immunofluorescence to determine the cellular 
localization of dopamine receptors 

HEK293 cells (1×104) were seeded onto glass coverslips 
coated with poly-L-lysine (SPL, Pocheon, Korea) in 35 mm 
black dishes. After 24 h, cells were transfected with about 0.5 
μg of dopamine receptor construct using Omicsfect (Omics 
Bio, New Taipei City, Taiwan) in antibiotic-free DMEM for 40-
48 h according to the manufacturer’s instructions. After fixing 
cells with 4% paraformaldehyde for 15 min at room tempera-
ture and washed three times for 5 min in PBS. To permeabilize 
cells, cells were incubated for 5-10 min with 0.1% Triton-X100 
in PBS and washed three times with PBS. The non-perme-
abilized or permieablilized cells were blocked with 5% BSA 
in PBS for 1 h at room temperature. Cells were labeled with 
anti-FLAG antibody (Sigma Aldrich, St. Louis, MO, USA) at a 
1:500 dilution for 2 h at room temperature. After three washes 
with PBS, cells were incubated with Rhodamine Red-X- or 
Alexa488-labeled secondary antibodies (Invitrogen, CA, USA) 
at a 1:500 dilution for 1 h at room temperature. After a further 
three washes in PBS, cells were viewed under a laser scan-
ning confocal microscope (LSM 710, Carl Zeiss, Jena, Germa-
ny). To visualize nucleus of the permeabilized cells, the cells 
were stained with DAPI (1 μg/mL, Sigma Aldrich) for 10 min.

Analysis of cell surface expression of D1R
15,000 cells were seeded on the 96 well plate, and on the 

next day the cells are transiently transfected with different 
amounts of WT D1R-containing plasmid as described above. 
Approximately 44-48 h after transfection, cells were washed 
with ice-cold PBS and then fixed in 4% formaldehyde, followed 
by three washes with PBS for 5 min. Cells were blocked with 
5% BSA in PBS, washed once with PBS, and then labeled with 
anti-FLAG antibody (Sigma Aldrich) at a 1:500 dilution for 2 h 
at room temperature. After three washes with PBS, cells were 
incubated with anti-mouse-HRP at a 1:10,000 dilution (Bethyl, 
TX, USA) for 1 h, followed by an extensive wash. We added 
100 μl ECL solution (GE Healthcare, IL, USA), and lumines-
cence was measured for 1 s using a microplate reader (Tris-
tar2 LB942, Berthold Technologies, Bad Wildbad, Germany). 

Generation of HEK293 stably expressing 22F  
(HEK293-p22F)

HEK293 cells were cultivated in DMEM medium supple-
mented with 1% penicillin-streptomycin solution (Wellgene, 
Gyeongsan, Korea) and FBS (10% v/v) at 37°C in a humidified 
atmosphere with 5% CO2. Early passage HEK293 cells were 
seeded in a 6-well plate, and cells were transfected with 1 μg 
of 22F plasmid (Promega, WI, USA). Positive clones were se-
lected using hygromycin B (200 μg/mL), and stable expression 
of 22F was determined using the Glo-SensorTM cAMP assay 
kit (Promega) according to the manufacturer’s instructions. 

Glo-SensorTM cAMP assay to measure Gs signaling 
HEK293-p22F cells were transiently transfected with do-

pamine receptor constructs as described above. After 40-48 
h, intracellular cAMP accumulation was measured using the 
Glo-SensorTM cAMP assay (Promega) according to the manu-
facturer’s instructions. Briefly, on the day of assay, culture me-
dia was removed, and cells were pre-equilibrated for 120 min 
with 2% v/v of GloSensor cAMP reagent in reaction medium 
(90% CO2-independent medium, 10% FBS) at 37°C and 5% 
CO2. Cells were then treated with various concentrations of 
dopamine for 5 min at room temperature, and luminescence 
was measured for 20 min using a microplate reader. Forskolin 
(10 μM) was used as a positive control. All experiments were 
performed at least three times independently.

Luciferase reporter gene assay for Gs and Gq signaling 
CHO cells were plated in a 96-well white plate (Corning, NY, 

USA) in DMEM (Hyclone, GE Healthcare Life Sciences, UT, 
USA) containing 10% FBS and 1% penicillin at a concentra-
tion of 1.5×104 cells/well. After a 24-h incubation, SRE plas-
mid (pGL4.33[luc2P/SRE /Hygro]) (Promega) or CRE plasmid 
(pGL4.29[luc2P/CRE /Hygro]) (Promega) was co-transfected 
with D1R WT or D1R-K8.52A plasmid using Lipofectamine 
2000 (Invitrogen). After 3 h of incubation, transfected CHO 
cells were treated with various concentrations of dopamine. 
Control cells were treated with 1% DMSO. After a 24-h incuba-
tion, firefly luciferase activity was measured using the Bright-
GloTM assay system (Promega) following the manufacturer’s 
instructions. 

Data analysis
Experimental data were analyzed and graphically pro-

cessed using GraphPad Prism 5 (GraphPad Prism Software 
Inc., CA, USA). Data are expressed as mean ± SEM.
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RESULTS

Effects of helix 8 on coupling selectivity of D1R-Gs and 
D2R-Gi 

A few studies suggested that helix 8 is involved in G protein 
signaling; site-directed mutagenesis revealed that helix 8 is 
important for agonist-induced activation of histamine H3 recep-
tor (Kuramasu et al., 2011); helix 8 is important for odorant 
receptor-mediated G protein signaling (Kawasaki et al., 2015); 
Alanine substitution mutations showed that helix 8 of che-
mokine receptors CCR2a and CCR2b mediates Gq coupling 
(Markx et al., 2019); Scanning mutagenesis of M1 muscarinic 
acetylcholine receptor helix 8 delineated G protein recogni-
tion sites (Kaye et al., 2011); Moreover, an NMR study with 
μ-opioid receptor suggested that helix 8 might be the initial 
interface between a GPCR and G protein implying that the 
initial interface may determine receptor-G protein selectivity 
(Sounier et al., 2015). However, there has been no systemic 
bioinformatics analysis of the relationship between helix 8 and 
GPCR-G protein selectivity. 

To gain insight into the role of helix 8 in GPCR-G protein 
pair selectivity, we analyzed and compared the sequence of 
helix 8 of all class A GPCRs with known coupling G proteins 
according to the database GPCRdb (http://gpcrdb.org/) (Fig. 
1E) (Pandy-Szekeres et al., 2018). We adopted the modified 
Ballesteros-Weinstein numbering scheme to identify specific 
residues on receptors (Isberg et al., 2015). Within helix 8, con-

served residue 8.50 is mostly a bulky hydrophobic amino acid 
such as Phe, Leu, Val, or Tyr because this residue interacts 
with the plasma membrane (Fig. 1D, 1E). Similarly, 8.54 and 
8.58, which are residues facing the plasma membrane, are 
composed of hydrophobic amino acids (Fig. 1D, 1E). In con-
trast, residues facing the cytosol tend to be hydrophilic amino 
acids, and residues 8.51 and 8.52 are generally positively 
charged (approximately 75% and 50% of analyzed GPCRs, 
respectively) (Fig. 1D, 1E). When we analyzed and grouped 
residues on helix 8 depending on the coupling G protein, we 
found that residue 8.49 is more frequently negatively charged 
in Gs-coupling receptors (approximately 60% of Gs-coupling 
receptors), while residue 8.56 is more frequently positively 
charged in Gi-coupling receptors (approximately 60% of Gi-
coupling receptors) (Fig. 1E). Therefore, we hypothesized that 
helix 8 may be involved in GPCR-Gs or GPCR-Gi coupling 
selectivity. 

To test this hypothesis, we generated chimeric constructs in 
which helix 8 of D1R and D2R was swapped (Fig. 1F). Based 
on GPCRdb, although many receptors can couple to more 
than one type of G protein, D1R and D2R couple exclusively 
to Gs and Gi, respectively. Therefore, these receptors are not 
only important drug targets but also good model systems to 
study the Gs- or Gi-coupling mechanism. Although both D1R 
and D2R have negatively charged amino acids at position 
8.49 (i.e., Asp for D1R and Glu for D2R), residue 8.56 is posi-
tively charged in D2R (i.e., Thr for D1R and Lys for D2R) (Fig. 
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1F). We reasoned that, if helix 8 has a crucial role in D1R-Gs 
and D2R-Gi coupling selectivity, we would observe reversed 
coupling selectivity when we swapped helix 8 between D1R 
and D2R.

Wild type (WT) and chimeric constructs localized correct-
ly at the plasma membrane (Fig. 2A), but expression levels 
differed despite transfecting the same amount of DNA (data 
not shown). Therefore, we adjusted expression levels prior 
to measuring G protein activation efficiency. We generated 
a standard curve with surface-expression level of D1R on 
the x-axis and dopamine-induced cAMP generation plotted 
on the y-axis (Fig. 2B). After measuring surface expression 
level of each construct (i.e., D1R-D2H8, D2R, D2R-D1H), we 
calculated the expected cAMP accumulation level using the 
equation in Fig. 2B. This calculated level (i.e., cAMP accumu-
lation level assuming that the surface-expressed receptor is 
WT D1R) was compared to experimentally derived levels (Fig. 
2C). This strategy has been successfully used in a previous 
study (Schonegge et al., 2017). 

As expected, dopamine did not induce cAMP accumulation 
when WT D2R was activated because D2R couples to Gi (Fig. 
2C). If helix 8 determines D1R-Gs or D2R-Gi coupling selec-
tivity, cAMP accumulation level of the chimeric construct D1R-
D2H8 or D2R-D1H8 was expected to decrease or increase 
relative to the WT receptor, respectively. However, contrary 
to our expectations, cAMP accumulation was enhanced for 
D1R-D2H8 relative to WT D1R, and there was no difference 
in cAMP accumulation between D2R-D1H8 and WT D2R (Fig. 
2C). These results suggest that helix 8 of D1R and D2R does 
not determine Gs or Gi coupling selectivity, but rather that D2R 
helix 8 improves the coupling efficiency of D1R to Gs. 

Effect of increasing the number of hydrophobic residues 
in helix 8 on D1R signaling

In addition to residues 8.50, 8.54, and 8.58, other residues 
may also be hydrophobic (Fig. 1E). Approximately 50% and 
80% of class A GPCRs contain hydrophobic amino acids at 
residues 8.53 and 8.57 (Fig. 1E); D1R and D2R also contain 
hydrophobic amino acids at these positions (Fig. 1F). Resi-
dues 8.52, 8.55, and 8.56 are hydrophobic in approximately 
20, 40, and 50% of class A GPCRs, respectively (Fig. 1E). 
Interestingly, the number of hydrophobic residues within helix 
8 increases as the number of G proteins that a receptor can 
couple increases (Fig. 3A). Therefore, we hypothesized that 
the greater the number of hydrophobic residues in helix 8, the 
more promiscuous the receptor coupling with G proteins. 

To test this hypothesis, we generated a mutant construct in 
which Lys at 8.52 was switched to Ala (Fig. 3B, D1R-K8.52A) 
and measured Gq activation by using luciferase reporter gene 
assay (Fig. 3D). D1R-K8.52A localized at the plasma mem-
brane (Fig. 3C) but failed to induce Gq activation (Fig. 3D). 
Unexpectedly, D1R-K8.52A showed higher Gs signaling than 
WT D1R with higher potency (LogEC50 of –1.184 ± 0.06294 
vs. –1.883 ± 0.1178) and efficacy (100 vs. 140.51 ± 5.9) (Fig. 
3D); therefore, we performed cAMP accumulation analysis as 
described in Fig. 2 and confirmed that D1R-K8.52A showed 
enhanced Gs signaling relative to WT D1R (Fig. 3E). To test if 
replacement of non-hydrophobic with hydrophobic residues in 
the C-terminal part of helix 8 would have a similar effect (i.e., 
enhanced Gs signaling), we generated another mutant con-
struct in which residues Thr8.56 and Gly8.59 were switched 
to Ala and Leu, respectively (Fig. 3B). This mutant localized at 

the plasma membrane (Fig. 3C) and induced more Gs signal-
ing than WT D1R (Fig. 3E). Together with Fig. 2, these results 
suggest that helix 8 of D1R does not regulate Gs coupling 
selectivity. 
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Involvement of helix 8 in arrestin-mediated 
desensitization of D1R-Gs signaling

The increased Gs signaling in D1R-D2H8, D1R-K5.82A, 
and D1R-T5.86A/G5.89L (Fig. 2C, 3E) could be due to in-
creased Gs coupling or decreased desensitization. To test if 
increased Gs signaling was due to decreased sensitization, 
we used β-arrestin-1/2 knockdown HEK293 cells. When D1R 
was activated in control and β-arrestin-1/2 knockdown cells, 
the efficacy of Gs signaling was higher in the β-arrestin-1/2 
knockdown cells compared to the control cells (126 ± 38 
vs. 251 ± 11) although the potency was similar (LogEC50 of 
–7.587 ± 0.322 vs. –7.383 ± 0.176) (Fig. 4A), showing that 
D1R-mediated Gs signaling is desensitized by a β-arrestin-1/2-
mediated mechanism in control cells. In contrast, there was no 
difference in Gi signaling between control and β-arrestin-1/2 
knockdown cells when D2R was activated (Fig. 4B), suggest-
ing that D2R-mediated Gi signaling is not desensitized by a 
β-arrestin-1/2-mediated mechanism, consistent with previous 
reports (Westrich and Kuzhikandathil, 2007; Namkung et al., 
2009; Min et al., 2013). 

When D1R-D2H8 was activated, we did not observe en-
hanced Gs signaling in β-arrestin-1/2 knockdown cells com-
pared to the control cells (Fig. 4D). β-Arrestin-1/2-mediated 
desensitization was also abolished in D1R-K8.52A and D1R-
T8.56A/G8.59L (Fig. 4E, 4F), suggesting that the enhanced 
Gs signaling observed for these mutant constructs compared 
to WT D1R is potentially due to lack of β-arrestin-1/2-mediated 

desensitization. On the other hands, there were no differences 
in Gi signaling between control and β-arrestin-1/2 knockdown 
cells upon D2R-D1H8 activation (Fig. 4C) suggesting that helix 
8 of D1R alone would not trigger the β-arrestin-1/2-mediated 
desensitization but needs other regions of the receptor as dis-
cuss below. 

DISCUSSION

The present study investigated the role of helix 8 in dopa-
mine receptor signaling by swapping helix 8 between D1R 
(a Gs-coupling receptor) and D2R (a Gi-coupling receptor). 
The results suggest that helix 8 does not determine the Gs 
or Gi selectivity of the dopamine receptors but rather affects 
the intensity of D1R-mediated Gs signaling by regulating the 
arrestin-dependent desensitization of D1R signaling. 

Previously, a few studies reported that helix 8 is involved 
in G protein coupling selectivity. For example, helix 8 of the 
thyrotropin receptor regulates G protein coupling selectivity 
(Kleinau et al., 2010). However, another study reported that 
helix 8 of β2AR is not involved in G protein coupling selectivity 
(Liggett et al., 1991). Therefore, it is possible that the involve-
ment of helix 8 in the GPCR-G protein coupling selectivity is 
dependent on receptor type. We showed that, in D1R and 
D2R, helix 8 dose not regulate Gs or Gi-coupling selectivity.

Only a few studies have proposed a potential role for helix 
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8 in GPCR-arrestin interactions or GPCR-mediated G protein 
signaling desensitization (Okuno et al., 2003; Feierler et al., 
2011; Kirchberg et al., 2011). A previous study with rhodop-
sin suggested that the dynamic mobility and bulkiness of he-
lix 8 affect its interaction with visual arrestin (Kirchberg et al., 
2011). In the present study, we showed for the first time that 
helix 8 of D1R has a crucial role in β-arrestin-1/2-mediated 
desensitization of the receptor by domain swapping and intro-
ducing hydrophobic residues in the helix 8. 

We observed abolished β-arrestin-1/2-mediated desensiti-
zation in D1R-D2H8, and therefore it is tempting to suggest 
that a specific sequence of helix 8 is necessary for β-arrestin-
1/2-mediated desensitization of D1R. However, helix 8 alone 
was not sufficient to trigger β-arrestin-1/2-mediated desensiti-
zation, as we did not observe β-arrestin-1/2-mediated desen-
sitization in D2R-D1H8. Interestingly, D1R has a C-tail that 
can be phosphorylated by GRK and interact with arrestins, 
whereas D2R does not (Fig. 1F); instead, D2R has a large 
ICL3 that has been reported to interact with β-arrestin-1/2, but 
the role of this interaction in receptor desensitization is un-
known (Macey et al., 2004; Lan et al., 2009; Namkung et al., 
2009). Thus, helix 8 of D1R regulates β-arrestin-1/2-mediated 
desensitization in aid of other regions of D1R (e.g. phosphory-
lated C-terminal tail), and it is possible that D2R helix 8 (Fig. 
1F) or mutant helix 8 (Fig. 3B) has different conformational 
dynamics than WT D1R helix 8, resulting in defective arres-
tin interactions even though the mutants has intact C-terminal 
tail. As a next step, a precise molecular mechanism of helix 8 
involvement in D1R desensitization needs to be further inves-
tigated by using purified receptor systems; for example, we 
need to analyze the conformational dynamics of D1R helix 8 in 
WT, D1R-D2R, and D1R-K8.52A or D1R-T8.56A/G8.59L and 
also analyze the conformation of D1R-arrestin complexes to 
seek the involvement of D1R helix 8 in D1R-arrestin complex 
formation. 

In conclusion, we evaluated the role of helix 8 in D1R and 
D2R signaling and verified that helix 8 does not determine 
D1R-Gs or D2R-Gi coupling selectivity but rather regulates 
β-arrestin-1/2-mediated desensitization. We did not evalu-
ate if this is due to interaction of D1R helix 8 with GRK or 
β-arrestin-1/2. Nevertheless, helix 8 could be a good drug 
target site for biased ligand development targeting D1R. In 
addition to desensitization or internalization of GPCRs, re-
ceptor-activated arrestin triggers signaling cascades different 
from those triggered by G protein-mediated signaling, which 
can result in different physiological and pathological outcomes 
(Rankovic et al., 2016; Smith et al., 2018). For this reason, se-
lective regulation of G protein- or arrestin-mediated signaling 
through biased ligands has been suggested as a new strata-
gem for more effective and/or safer drug development. The 
findings of the present study suggest that D1R helix 8 could 
be a potential drug target site to selectively inhibit arrestin-
mediated signaling without affecting Gs coupling.
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