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Agonist dependency of the second 
phase access of β‑arrestin 2 
to the heteromeric µ‑V1b receptor
Nuttawadee Ngamlertwong1, Hiroyoshi Tsuchiya1, Yuta Mochimaru1, Morio Azuma1, 
Takahiro Kuchimaru2 & Taka‑aki Koshimizu1*

During the development of analgesic tolerance to morphine, the V1b vasopressin receptor has been 
proposed to bind to β‑arrestin 2 and the µ‑opioid receptor to enable their interaction. However, direct 
evidence of such a high‑order complex is lacking. Using bioluminescent resonance energy transfer 
between a split Nanoluciferase and the Venus fluorescent protein, the NanoBit‑NanoBRET system, we 
found that β‑arrestin 2 closely located near the heteromer µ‑V1b receptor in the absence of an agonist 
and moved closer to the receptor carboxyl‑termini upon agonist stimulation. An additive effect of 
the two agonists for opioid and vasopressin receptors was detected on the NanoBRET between the 
µ‑V1b heteromer and β‑arrestin 2. To increase the agonist response of NanoBRET, the ratio of the 
donor luminophore to the acceptor fluorophore was decreased to the detection limit of luminescence. 
In the first phase of access, β‑arrestin 2 was likely to bind to the unstimulated V1b receptor in both 
its phosphorylated and unphosphorylated forms. In contrast, the second‑phase access of β‑arrestin 2 
was agonist dependent, indicating a possible pharmacological intervention strategy. Therefore, our 
efficient method should be useful for evaluating chemicals that directly target the vasopressin binding 
site in the µ‑V1b heteromer to reduce the second‑phase access of β‑arrestin 2 and thereby to alleviate 
tolerance to morphine analgesia.

A range of extracellular information, mediated by peptides, small molecules, chemicals, and physical stimuli, 
has been detected by G protein-coupled receptors (GPCRs)1,2. Increasing evidence suggests that in addition to a 
functional monomeric receptor, GPCRs work as multimeric molecular complexes, which contain more than two 
receptor  protomers3. Receptor dimers or higher-order oligomers can be formed by two of the same or different 
types of GPCRs in a constitutive or agonist-dependent  manner4,5. Dimerization can gain functional diversity, 
which is not observed when each receptor is analyzed  separately6,7. In particular, heteromeric receptors are a 
focus of pharmaceutical interest as a new type of drug  target8. However, the difficulty in analyzing receptor 
heteromer-mediated responses partly due to the facts that monomeric and homo-multimeric receptors can 
coexist with receptor heteromers in a cell, and that all receptor types can be stimulated simultaneously. While 
specific tools, such as dual ligands and heteromer-specific antibodies, have been developed for the analysis of 
heteromeric receptors, their generalization remains  challenging6,9,10.

β-arrestin 1 and β-arrestin 2, also known as arrestin 2 and 3,  respectively11, are non-visual arrestins. β-arrestins 
have a low affinity for unstimulated GPCRs. Stimulation of the receptor by an agonist and subsequent phos-
phorylation of the carboxyl- (C-) terminus and/or intracellular third loop of the GPCR by a G protein-coupled 
receptor kinase initiates the access of β-arrestin to the receptor with high  affinity12–15. Receptor-bound β-arrestins 
play important roles in signal transduction, such as desensitization, internalization, and recycling of the stimu-
lated  receptors1. Therefore, the kinetics of the receptor-β-arrestin interaction have been extensively studied. 
Methods to monitor such protein–protein interactions often use fluorescence and/or bioluminescence resonance 
energy transfer (FRET and BRET). Compared with FRET, BRET has the advantage of low background noise, 
but weak donor luminescence and low spatial resolution limit its utility. A bright and small luciferase protein, 
Nanoluciferase (Nluc)16, was developed and utilized as an energy donor for BRET analysis (NanoBRET)17. In 
NanoBRET analysis, the spatial proximity between two molecules, Nluc and an energy acceptor fluorophore, 
can be examined. Additionally, interactions between two molecules can be analyzed by splitting Nluc into two 
complementary parts, a large part (LgBit) and a small part (SmBit), and by connecting them to each protein of 
interest to examine proximity (NanoBit)18. However, biological systems are frequently composed of complexes 
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with multiple  components3. The direct examination and complete elucidation of complexes composed of these 
three molecules, receptor dimers and β-arrestin, remain limited.

Acute pain can be managed by the use of opioid analgesics, such as morphine. However, repeated or continu-
ous use of opioids may lead to tolerance, after which the opioid dose needs to be increased to achieve the same 
analgesic effect. Morphine tolerance is developed by changes at the molecular, cellular, neural network, and 
metabolic  levels19,20. At the receptor level, C-terminal phosphorylation and β-arrestin recruitment are critical 
parameters underlying morphine  tolerance21, although other mechanisms can participate in this  process22. We 
previously reported that the mouse V1b receptor recruited β-arrestin 2 to the leucine-rich segment in the V1b 
C-terminus in the absence of an  agonist23. This V1b-β-arrestin 2 complex was proposed to enhance intracel-
lular signals thereby leading to analgesic tolerance to morphine in cells expressing both V1b and μ-opioid (μ) 
 receptors23–25. However, questions remain regarding the V1b-β-arrestin 2 complex. First, the agonist did not 
change the apparent interaction between V1b and β-arrestin 2 when the BRET efficiency between V1b-Nluc and 
β-arrestin 2-Venus was monitored. In contrast, the other members of the vasopressin receptor family, V1a and V2 
subtypes, recruited β-arrestin 2 in an agonist-dependent  manner26. Second, the formation of a molecular complex 
composed of β-arrestin 2, V1b, and μ receptors has been proposed, but direct evidence has not been obtained.

Here, we report the use of a NanoBit split Nluc and NanoBRET to sensitively monitor the access of β-arrestin 2 
to the homodimeric V1b receptor and the heterodimeric μ-V1b receptor. Reducing the receptor-Nluc/β-arrestin 
2-Venus ratio by more than 100-fold markedly increased the BRET signal upon transfection, leading to the 
detection of agonist-dependent V1b activation. The improvement was also achieved in the V1a and μ receptors, 
indicating the broad application of our method to the analysis of β-arrestin 2-dependent signaling pathways.

Results
Agonist‑dependent and ‑independent interactions between the homodimeric V1b receptor 
and β‑arrestin 2. Concentration–response curves constructed from the NanoBRET measurements of 
receptor-Nluc and β-arrestin 2-Venus, revealed marked differences between V1a and V1b (Fig. 1a, left). The 
interaction between V1a-Nluc and β-arrestin 2-Venus was initiated by agonists and was increased in an agonist-
dependent manner. In contrast, the basal NanoBRET signal in the absence of an agonist was already high in 
cells expressing both V1b-Nluc and β-arrestin 2-Venus, indicating that the interaction occurred without agonist 
stimulation (Fig. 1a, left). Furthermore, agonist-dependent increases in NanoBRET were not detected between 
V1b-Nluc and β-arrestin 2-Venus. However, we and others previously reported V1b receptor-initiated increases 
in intracellular  Ca2+ and ERK phosphorylation levels upon arginine vasopressin (AVP)  stimulation26, indicat-
ing that the agonist stimulation of V1b in the cell surface may involve further conformational changes in the 
V1b-β-arrestin 2 complex. Therefore, we explored an experimental condition in which two parts of a split Nluc 
(LgBit and SmBit) were fused to the C-terminus of V1b or V1a, and the interaction between the homodimer 
receptor and β-arrestin 2 was examined using the NanoBit-NanoBRET system. In this system, AVP significantly 
increased the NanoBRET signal in both V1a and V1b homodimers (Fig. 1a, right panel), whereas basal interac-
tion without an agonist was detected only in the V1b homodimer and β-arrestin 2. The C-terminal fusion of 
small or large parts of split Nluc enabled the detection of homodimer receptors (Fig. 1b) and did not affect V1a 
or V1b receptor functions in terms of the intracellular  Ca2+ responses (Fig. 1c,d). Moreover, agonist stimulation 
did not change the luminescence intensity or the BRET 530/480 nm ratio when β-arrestin 2-Venus was excluded 
from the transfected DNA, indicating that the agonist-dependent changes in the NanoBRET signals were not 
caused by changes in the luminescence signals from the receptor dimers (Fig. 1e,f). When cellular localization 
of V1b-GFP and β-arrestin 2HA was visualized, both signals were detected intracellularly, which was consistent 
with a constitutive interaction. V1b-GFP was also detected in the plasma membrane (Fig. 1g). In contrast, V1a-
GFP was mainly distributed in the plasma membrane, while β-arrestin 2HA was distributed in the cytoplasm 
(Fig. 1g). It should be noted that although substantial amounts of V1b receptors were detected intracellularly, 
the cell surface V1b receptors were functional and responded to AVP, when AVP was applied into external buffer 
(Fig. 1a,d).

Figure 1.  NanoBRET analysis detected the agonist-dependent access of β-arrestin 2 to V1a and V1b receptors. 
(a) A whole Nanoluciferase (left panel) or each part of a split Nanoluciferase (right panel) was fused to the 
C-termini of V1a and V1b receptors. The access of β-arrestin 2-Venus to the receptors was monitored by BRET 
measurement after AVP stimulation. ## and ### indicate that differences between V1a and V1b receptors 
are significant. ##, p < 0.01 and ###, p < 0.001. * and ** indicate significant increases due to AVP. *, p < 0.01 
and **, p < 0.001. (b) Large and small NanoBit components (L or S) were fused to the C-termini of V1a, V1b, 
and μ receptors for expression in HEK cells. Only cells that expressed homodimeric receptors showed strong 
luminescence signals. n = 6, 3, and 3 for the V1a, V1b and μ receptors, respectively. (c,d) HEK cells were 
transfected with the indicated plasmid constructs encoding V1a (c) and V1b (d) receptors, and the AVP-
induced intracellular  Ca2+ responses were monitored. (e,f) Neither AVP or DAMGO stimulation (1 μM, A) nor 
buffer treatment (c) changed luminescence signals or the luminescence intensity ratio at 530/480 nm in cells 
expressing receptor-Nluc (e) or the receptor-fused to LgBit or SmBit (f). In (e,f), the cells were not transfected 
with plasmids encoding β-arrestin 2-Venus. (g) Cellular localizations of V1b-GFP and β-arrestin 2. V1b- GFP 
or V1a-GFP was coexpressed with β-arrestin 2-HA in HEK cells. GFP was visualized as green fluorescence, 
while the HA tag was detected by a rat anti-HA antibody followed by an anti-rat Alexa594 secondary antibody. 
Nuclei were stained with DAPI. The scale bars represent 10 mm. The data were obtained from a representative 
experiment that was performed in triplicate. The statistical computer program R version 4.0.3 (R Core Team, 
[2020], Vienna, Austria. https:// www.r- proje ct. org) was used to prepare Fig. 1e.
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In our NanoBRET measurements obtained using Nluc and Venus, the energy transfer was low between 
distinct receptor families, such as between seven-transmembrane μ receptors and two-transmembrane P2X2a 
purinergic receptor channel  subunits27 and between V1a and P2X2a (Supplemental Figure S1), indicating that 
the membrane-limited localization of receptors was not sufficient for positive NanoBRET signals. In cells express-
ing receptor-fused split Nluc, injection of the luminescent substrate into the cellular suspension increased the 
luminescence signal over time (Supplemental Figure S2a). This gradual increase was not caused by limited 
access of the substrate to the intracellular space, because after preparation of the membrane fraction, a recep-
tor dimer, V1a-LgBit or V1a-SmBit, directly accessed the substrate and generated luminescence signals with 
gradually increasing intensity (Supplemental Figure S2b). The luminescence signal was gradually increased after 
the addition of the luminescence substrate in constitutively associated cAMP-dependent protein kinase type 
II-alpha regulatory subunit and catalytic subunit pairs (Supplemental Figure S2c). These results suggested that 
the substrate may have increased the activity of Nluc, which was comprised of LgBit and SmBit. In this study, we 
averaged the luminescence intensities obtained during a measurement period of five min.

Individual and combined effects of a stimulating heterodimer by both agonists on Nano-
BRET. We next examined the access of β-arrestin 2 to a heteromer receptor. The V1b or μ receptors was fused 
to LgBit or SmBit. Since these split Nluc components have asymmetrical structures, the NanoBRET efficiency 
was compared by swapping the two components that were fused to the receptors. As shown in Fig. 2a,b, the com-
bination of V1b-LgBit and μ-SmBit was more efficient at detecting NanoBRET between the heteromer receptor 
and β-arrestin 2 than the opposite combination of V1b-SmBit plus μ-LgBit upon agonist stimulation of either 
the V1b receptor or the μ receptor. The basal NanoBRET signals were consistently increased in the absence of 
an agonist independent of the fused Nluc component when μ was coexpressed with V1b (Fig. 2a,b). After we 
confirmed that V1b-LgBit/μ-SmBit combination induced agonist-dependent NanoBRET signals upon stimula-
tion with either one of the protomers, we examined the stimulation of both receptors simultaneously. Increased 
concentrations of both AVP and DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin) contributed to increases 
in the NanoBRET signal intensity (Fig. 2c). The formation of a specific μ-V1b heteromer receptor was exam-
ined according to a previously published  method28. Reduction of μ-Nluc donor luminescence relative to V1b-
Venus fluorescence while keeping the total expression constant, resulted in an increase in NanoBRET efficiency 
 (BRETeff, Fig. 2d), and the values fitted well to the hyperbolic equation. A modified μ-receptor, which was fused 
to Venus and Nluc sequentially at the C-terminus (μ-Venus-Nluc), was used as a positive control. The maximum 
BRET value attained using μ-Venus-Nluc was 2.62 ± 0.003 (n = 10), which was set as the  BRETmax

28. Regarding 
receptor pairs with low levels of interaction, P2X2a-Venus and μ-Nluc were examined. The  BRETeff value of 
μ-V1b was significantly higher than that obtained from cells coexpressing P2X2a-Venus and μ-Nluc (Fig. 2d). 
When receptor heteromers fused to split Nluc were expressed in the absence of β-arrestin 2-Venus, the lumi-
nescence intensities were significantly higher than the background level, indicating constitutive dimer forma-
tion. The luminescence intensities of μ-LgBit + V1b-SmBit and μ-SmBit + V1b-LgBit were 171,286 ± 19,255 and 
116,108 ± 2319, respectively (n = 5). However, the luminescence intensity ratio at 530/480 nm was not changed 
following agonist stimulation (Fig. 2e). Therefore, the NanoBRET levels in cells expressing the μ-V1b heteromer 
and β-arrestin 2 likely reflected changes in the interaction between the heteromer receptor and β-arrestin 2 upon 
agonist stimulation.

The combination of μ receptor-Nluc and the native V1b receptor or the opposite combination of V1b-Nluc 
plus the native μ receptor possibly resulted in the combination of the heteromeric receptor with whole Nluc. 
However, costimulation with AVP and DAMGO did not change the NanoBRET responses (Supplemental Fig-
ure S3) when receptor-Nluc was used under the same transfection conditions employed in the experiments 
shown in Fig. 2.

Reduced receptor‑Nanoluciferase expression resulted in the sensitive detection of BRET sig-
nals generated by β‑arrestin 2‑Venus. Initially, transient transfection was optimized to generate a suf-
ficient luciferase signal; therefore, 1.5 μg and 0.75 μg of the β-arrestin 2-Venus and V1b-Nluc plasmids, respec-
tively, were transfected into  105 cells plated in a 35 mm dish. However, agonist stimulation of V1b-Nluc with 
1–100 nM AVP did not change the NanoBRET signal under these conditions, as reported  previously23. There-
fore, we looked for more sensitive conditions for detecting probable changes in NanoBRET signals between 
β-arrestin 2-Venus and V1b-Nluc.

A critical determinant for detecting agonist dependency in NanoBRET between V1b-Nluc and β-arrestin 
2-Venus was the expression level of V1b-Nluc. Reducing the amount of V1b-Nluc plasmid transfected to 0.7% 
of that in the initial reaction significantly increased the agonist-dependent NanoBRET signal (Fig. 3a). Agonist-
dependent access of β-arrestin 2-Venus to V1a-Nluc was detected at even higher expression levels, and the 
amplitude of the response increased after the expression level of V1a-Nluc was reduced (Fig. 3a). The lowest 
amount of the receptor-Nluc plasmid for transfection was set to produce a detectable level of specific luciferase 
signal. Under our expression conditions, the luminescence intensity increased as the receptor-Nluc expression 
level increased (Fig. 3b). When the expression levels of receptor-Nluc were examined by western blot analysis, 
specific signals of HA-tagged μ-Nluc were detected in cells transfected with the second largest amount of the 
plasmid (Supplemental Figure Fig. S4, lane 5). The HA-tagged μ-Nluc exhibited the expected molecular weight 
of 72.3 kDa as determined by western blot analysis. The calculated ratio of the Nluc luminescence intensity to the 
Venus fluorescence intensity increased as the amounts of plasmid transfected increased (Fig. 3c). These results 
indicated that our expression conditions did not reach saturation and that the expression levels were controlled by 
the amount of the receptor-Nluc plasmid transfected. We used a fixed amount of the β-arrestin 2-Venus plasmid 
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Figure 2.  Agonists for μ and V1b receptors stimulated the access of β-arrestin 2 to μ-V1b receptors. NanoBit components, LgBit (L) 
and SmBit (S), were fused to the μ and V1b receptors. Plasmid DNAs (0.75 μg for each receptor construct) were coexpressed in HEK 
cells together with 3 μg of β-arrestin 2-Venus and the cells were stimulated with the indicated concentrations of (a) DAMGO (n = 8), 
(b) AVP (n = 6–7) and (c) DAMGO plus AVP (n = 6). In (c), V1b-LgBit and μ-SmBit were used. *in (a,b) indicates a significant 
increase in the NanoBRET from the lowest agonist concentration (p < 0.05). # in (a) and (b) indicates a significant increase in the 
basal NanoBRET signal intensity (p < 0.05). *and # in (c) indicate that AVP and DAMGO were significant determinants of the 
NanoBRET values (p < 0.05). (d) A reduction of donor luminescence increased the NanoBRET signal in μ-V1b receptors. HEK cells 
were cotransfected with V1b-Venus (open circle) or P2X2a-Venus (closed circle) together with μ-Nluc at different ratios (1:0.08–39). 
The NanoBRET values, the fluorescence at 530 nm, and the luminescence at 480 nm, were measured. For  BRETmax, Venus and 
Nluc were sequentially fused to the C-terminus of the μ-receptor. The μ-Venus-Nluc construct was expressed in HEK cells, and 
NanoBRET signals were measured without agonist stimulation. The NanoBRET efficiency  (BRETeff) was calculated as BRET/
BRETmax

28. Representative data from a single experiment are shown. Experiments were repeated three times and yielded similar 
results. *indicates that the transfected plasmids were significant determinants of  BRETeff values (p < 0.05). (e) Agonists did not change 
the luminescence of the split Nanoluciferase, which was fused to the μ-V1b receptors. μ-LgBit + V1b-SmBit or μ-SmBit + V1b-LgBit 
was expressed in HEK cells and the luminescence was measured in the presence of buffer, 100 nM AVP or 100 nM DAMGO. The 
NanoBRET ratio at 530/480 nm was calculated. The statistical computer program R version 4.0.3 (R Core Team, [2020], Vienna, 
Austria. https:// www.r- proje ct. org) was used to prepare Fig. 2a–c,e.
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in the experiment shown in Fig. 3a. However, the fluorescence intensities of β-arrestin 2-Venus decreased as the 
receptor-Nluc expression increased (Fig. 3d).

In V1a-Nluc-expressing cells, the NanoBRET values by 0.1 nM AVP gradually increased as the expression of 
V1a-Nluc decreased (Fig. 3a). β-Arrestin 2-Venus was necessary for the increased NanoBRET intensity in these 
cells (Fig. 4). Reduced expression of V1a-Nluc and increased expression of β-arrestin 2 increased the NanoBRET 
levels (Fig. 4). The BRET ratio at 530/480 nm did not change over a wide range of expression levels when the 
plasmid for β-arrestin 2-Venus was not included in transient expression (Fig. 4, left panel).

Reduced expression of µ‑V1b receptor enabled the sensitive detection of an agonist‑induced 
increase in NanoBRET between the receptor and β‑arrestin 2. In addition to receptors fused to 
whole Nluc, the expression levels of homomeric and heteromeric receptors fused to split Nluc were also key 
to successfully monitor agonist-induced access of β-arrestin 2. Reduced expression of the homomeric V1a or 
V1b receptor increased the amplitude of AVP-dependent NanoBRET (Fig. 5a). The luminescence intensities 
and receptor expression levels of V1a were higher than those of V1b when equal amounts of the plasmids were 
transfected. At the lowest amount of transfection plasmid (0.025 μg/35 mm dish), the V1b homomeric dimer 
did not emit a specific luminescence signal, and these conditions were excluded from the analysis. When we 
examined NanoBRET upon the transfection of various amounts of the V1a or V1b plasmids, a fixed amount of 
the β-arrestin 2-Venus plasmid (1.5 μg/35 mm dish) was used. However, Venus fluorescence intensity tended 
to be higher when the receptor dimer was cotransfected at a low level (Fig. 5b). These results indicated that the 
relative amounts of the receptor and β-arrestin 2 expressed might have substantial influence on the efficiency of 
NanoBRET. The importance of the expression levels of the receptor fused to split Nluc was not limited to V1 type 

Figure 3.  A reduction of receptor-Nluc expression increased the agonist-dependent BRET signals. (a) Plasmid 
DNAs encoding V1a-Nluc and V1b-Nluc were separately transfected at the indicated amounts together with 
1.5 µg of β-arrestin 2-Venus into  105 cells in a 35 mm dish. After the cells were allowed to grow for 36 to 48 h, 
the AVP-stimulated increase in the BRET levels was monitored. Each concentration–response curve was 
constructed from 5 to 9 independent experiments. *indicates a significantly increased response compared 
with that induced by 0.1 nM AVP (p < 0.05). (b) Increases in the transfection amount of V1a-Nluc and V1b-
Nluc increased the luminescence intensities. (n = 6–9) (c) The ratio of Nluc luminescence/Venus fluorescence 
increased as the transfection amounts of the V1a- Nluc and V1b-Nluc plasmids increased. (n = 6–9) In (b,c), 
*indicates a significant increase compared with the response elicited by 0.005 μg of receptor-Nluc (p < 0.05). 
(d) Relationship between the luminescence and fluorescence intensities during the experiments shown in (a). 
(n = 6–9) The statistical computer program R version 4.0.3 (R Core Team, [2020], Vienna, Austria. https:// 
www.r- proje ct. org) was used to prepare Fig. 3.

https://www.r-project.org
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vasopressin receptors. The expression levels of homomeric μ-receptor and heteromeric μ-V1b receptor critically 
regulated the NanoBRET responses (Fig. 5c).

The β‑arrestin 2 expression level also determines the amplitude of the NanoBRET signal. We 
next examined the effect of increasing the expression level of β-arrestin 2-Venus while fixing the transfection 
amounts of the receptor-LgBit and receptor-SmBit plasmids. Increasing the expression of β-arrestin 2 increased 
the maximum BRET responses in cells expressing homomeric V1a or V1b receptors (Fig. 6a). The basal Nano-
BRET levels in cells expressing the homomeric V1b receptor were higher than those in cells expressing homo-
meric V1a receptor in the absence of AVP. This result indicated that the V1b homodimers were more likely to 
bind with β-arrestin 2 under basal conditions. The luminescence intensities of receptor dimers tended to be low 
if the expression of β-arrestin 2-Venus was high (Fig. 6b,c), resulting in a high amplitude of the agonist-induced 
NanoBRET signal.

Discussion
In this study, we demonstrated the formation of a three-molecule complex, composed of the μ, V1b receptors 
and β-arrestin 2, using NanoBit and NanoBRET technologies. Two types of agonists for μ and V1b receptors 
additively increased this interaction. Furthermore, for two types of donor luminophores, whole and split Nluc, 
the agonist-induced response in NanoBRET was increased by decreasing the protein expression ratio of receptor-
donor/βarrestin 2-acceptor. Because activation of the μ-V1b receptor heteromer and β-arrestin 2 was suggested to 
drive adenylate cyclase sensitization and morphine  tolerance23, our new method for analyzing the three-molecule 
NanoBRET could be useful for screening therapeutic candidates capable of alleviating morphine tolerance.

The increase in the agonist-mediated NanoBRET signals upon decreasing the donor luminophore is a novel 
finding of our study. This increase in the agonist effect was likely due to specific interactions between the donor 
luminophore and the acceptor  fluorophore28. Because luciferases and fluorescent proteins were fused to the C- or 
N-terminal ends of the proteins examined, we were detecting only interactions between these parts of the mol-
ecules. GPCR dimers are formed through interactions between transmembrane domains or between C-termini 
in a case of class C GPCRs. Our new finding is that though the monitoring C-terminal interactions between V1b 
and μ receptors, agonist effect of recruiting β-arrestin was detected from simultaneous stimulation of both sides 
of the receptor agonists. It is not known at present whether μ and V1b receptors form a receptor dimer though 
the transmembrane domains. To achieve a better NanoBRET response, the amount of receptor-Nluc plasmid 
transfected was decreased to 0.7% of the optimum expression. The brightness of Nluc made it possible to detect 
even a low expression under this condition. The intensity of the luminescence increased in relation to a wide 
range of expression levels in this study. When we performed radioligand binding studies on cells expressing the 
lowest levels of V1b-Nluc, specific binding was not detectable, probably due to the low expression levels (data 
not shown). The high β-arrestin 2 level relative to that of V1b in our experiment might not correctly simulate the 
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Figure 4.  β-arrestin 2 was necessary for increasing the NanoBRET signal in cells expressing V1a-Nluc. Cells 
growing on a 35 mm dish were transfected with different amounts of the V1a-Nluc plasmid with or without the 
β-arrestin 2-Venus plasmid (1.5 µg). The NanoBRET signals were measured after treatment with 1 µM AVP or 
buffer. (n = 10) *indicates that the basal BRET level was increased by V1a-Nluc (0.01 µg) plus β-arrestin 2-Venus 
(1.5 µg; p < 0.05). # indicates that the NanoBRET was increased following AVP stimulation (p < 0.05). The 
statistical computer program R version 4.0.3 (R Core Team, [2020], Vienna, Austria. https:// www.r- proje ct. org) 
was used to prepare Fig. 4.
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Figure 5.  Reduced expression levels of the heteromeric receptors increased the intensity of the NanoBRET signals between 
heteromeric receptors and β-arrestin 2. (a) NanoBRET measurements were performed to monitor a complex formation 
among receptor homodimer and β-arrestin 2. Cells were transfected with the indicated amounts of receptor-LgBit and 
receptor-SmBit plasmids and a fixed amount (1.5 μg) of β-arrestin 2-Venus. Reduced plasmid amounts of the receptor-LgBit 
and receptor-SmBit significantly increased the NanoBRET signals. (n = 10) *indicates that the plasmid amount of receptor 
constructs was a significant determinant in the BRET responses (p < 0.001). (b) Relationship between the luminescence from 
receptor-homomer-NanoBit and the fluorescence from β-arrestin 2-Venus. The plasmid amounts of the receptor constructs in 
a 35 mm dish are indicated. (n = 10) (c) The homodimeric μ-receptor and heterodimeric μ-V1b receptor recruited β-arrestin 
2-Venus with a large NanoBRET signal when the expression levels of the receptors were reduced. The indicated amounts of the 
receptor plasmids were cotransfected with 1.5 μg of β-arrestin 2-Venus into cells growing in a 35 mm dish. (n = 10) *indicates 
that reduced amounts of the receptor plasmids significantly increased the BRET responses (p < 0.001). The statistical computer 
program R version 4.0.3 (R Core Team, [2020], Vienna, Austria. https:// www.r- proje ct. org) was used to prepare Fig. 5.
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conditions in native tissues. However, our sensitive method for measuring NanoBRET signals is clearly advan-
tageous for screening partial agonists and antagonists that target the AVP binding site in the μ-V1b receptor.

The following points were evaluated when NanoBit and NanoBRET technologies were applied to the analysis 
of three-molecule interactions. First, the intrinsic affinity between LgBit and SmBit was reported to be 190 μM, 
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Figure 6.  Increasing the expression level of β-arrestin 2-Venus increased the NanoBRET signals in cells 
expressing the homodimeric V1a or V1b receptor. (a) Indicated amounts of the β-arrestin 2-Venus plasmids 
were cotransfected with V1a-LgBit plus V1a-SmBit or V1b-LgBit plus V1b-SmBit. NanoBRET signals were 
examined after AVP stimulation at the indicated concentrations. (n = 8 and 6 for the V1a and V1b dimers, 
respectively) *indicates that the β-arrestin 2-Venus plasmid amounts were significant determinants for the 
BRET responses (p < 0.05). (b,c) A fixed amount (0.05 μg) of V1a-LgBit plus V1a-SmBit (b) or V1b-LgBit plus 
V1b-SmBit (c) was cotransfected with the indicated amount of β-arrestin 2-Venus. The luminescence and 
fluorescence intensity ratios were examined from 36 to 48 h after transfection. (n = 20 and 8 for the V1a and V1b 
dimers, respectively) The statistical computer program R version 4.0.3 (R Core Team, [2020], Vienna, Austria. 
https:// www.r- proje ct. org) was used to prepare Fig. 6.
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and its effect was  evaluated18. To prevent the detection of artificial interactions, we first evaluated interactions 
between two constructs fused to Nluc and Venus in a preliminary experiment and in a previous  study23 because 
intrinsic affinity was not reported for this pair of molecular tags. Second, during agonist stimulation and recep-
tor-receptor interactions, the wavelength of luminescent light and the BRET signal at 530/480 nm may change 
even without β-arrestin 2-Venus. However, this was not the case in our experiments. The interactions between 
the receptor C-termini were stable in homomeric V1a, V1b, and μ receptors and heteromeric μ-V1b receptors. 
Therefore, the agonist-induced changes in the cellular NanoBRET levels indicated interactions between the 
receptor and β-arrestin 2. Third, ligand-dependent β-arrestin recruitment to GPCRs could be followed by the 
bystander BRET  method29, in which membrane-anchored GFP is used as a luminescence acceptor. We evaluated 
this possibility by expressing a two-transmembrane P2X ion channel fused to Venus as a  bystander30. However, 
the NanoBRET values between V1a-Nluc or μ-Nluc and P2X2a-Venus were very low levels compared to those 
between μ-Nluc and V1b-Venus. In addition, although cellular autofluorescence might have an influence on basal 
NanoBRET, the effect of such autofluorescence should be equal in all experimental conditions.

Both types of the heteromeric μ-V1b receptor agonists enhanced the access to β-arrestin 2, indicating that 
antagonists acting on the binding sites of opioid and vasopressin in the μ-V1b receptor could reduce further 
access and signal of β-arrestin 2. Therefore, our study highlighted the usefulness of antagonists specific to the 
heteromeric μ-V1b receptor, if available. Such antagonists can spare the μ receptor monomers and homomultim-
ers, which function as receptors for the morphine  analgesia31. Another strategy for reducing the development of 
tolerance is an antagonist or partial agonist that can block the binding of AVP to the μ-V1b receptor. A previous 
study highlighted the importance of the signaling pathway downstream of the μ-V1b  receptor23. Genetic dele-
tion of the whole V1b or specific deletion of the V1b C-terminus, knockdown of β-arrestin 2, and inhibition of 
ERK phosphorylation reduced morphine tolerance in both in vivo and in vitro models. Moreover, administra-
tion of a V1b antagonist to the rostral ventromedial medulla of mice effectively increased morphine analgesia 
and delayed the development of morphine  tolerance23. Therefore, the V1b receptor in the μ-V1b dimer is an 
effective drug target.

We found that β-arrestin 2 binds to the μ-V1b dimer prior to agonist stimulation and that β-arrestin 2 access 
was further promoted by agonist stimulation. Results from structural and biochemical studies suggests that 
the access of β-arrestin to GPCRs is achieved via multistep  processes32,33. Previous reports also indicated that 
β-arrestin 2 binds to GPCRs without receptor activation or  phosphorylation34–38. As we observed that some 
of the V1b receptors were phosphorylated without  agonists23, β-arrestin 2 bound to both phosphorylated and 
unphosphorylated V1b receptors without agonists, leading to high basal NanoBRET values. In contrast, cells 
expressing the V1a and μ receptors showed relatively low basal NanoBRET values, which might have been due to 
β-arrestin 2 binding to unphosphorylated receptors. The vasopressin stimulation of V1b receptors likely increased 
the phosphorylated and activated forms of V1b receptors and β-arrestin access. Constitutive activity represents 
one possible explanation for the phosphorylation of V1b receptors without agonists. Constitutively active mutant 
V2 receptors have been shown to be phosphorylated and internalized without  agonist39. We demonstrated the 
intracellular localization of V1b receptors without agonist stimulation in this study and in previous  studies40. 
However, the hypothesis that the V1b receptor has constitutive activity requires experimental proof. Agonist-
independent GPCR phosphorylation represents another possibility by which V1b phosphorylation is achieved 
without stimulation, as this phenomenon can occur in transfected HEK cells expressing GRK4/5/6 subfamily 
 members41. However, Li et al. showed that the endogenous expression levels of GRK 5 and 6 in HEK293 cells 
were not sufficiently high to phosphorylate inactive receptors. When inactive rhodopsin in retinal rod disks was 
phosphorylated by GRK1, an initial interaction between activated rhodopsin and GRK1 was required. Dense 
expression of rhodopsin and diffusion of GRK1 resulted in inactive rhodopsin phosphorylation around the 
activated  rhodopsin42. In the case of unstimulated V1b, we previously reported that deletion of the receptor 
C-terminus revealed an overlap between the amino acids necessary for phosphorylation and those necessary 
for interaction with β-arrestin  223, indicating the importance of phosphorylation of the receptor C-terminus for 
β-arrestin 2 recruitment. The chemokine receptor CC1R and decoy receptor D5 were reported to constitutively 
bind with β-arrestin without  agonists37,43.

Structural and functional characterization of GPCRs and arrestins suggests that one receptor possibly 
interacts with one arrestin molecule in rhodopsin, M2 muscarinic, NT1 neurotensin, and mutant β1 adrener-
gic  receptors14,15,33,44–46. The central “finger” loop of the arrestin molecule inserts into the central cavity of the 
 receptor33. The bulkiness of β-arrestin relative to the shallow cytoplasmic face of the GPCR monomer indicates 
that only one protomer of the receptor dimer can interact with β-arrestin. In this configuration arrestin interac-
tion with two GPCR protomers in a receptor dimer at the same time seems impossible. From our previous results, 
deletion of V1b C-terminus resulted in a loss of basal BRET between μ-Nluc and β-arresin-Venus23. Therefore, in 
the case of μ-V1b- m heteromer, we assume that β-arrestin binds to the V1b C-terminus constitutively, but not 
to the μ receptor. We directly demonstrated, using asymmetrical components of split Nluc, that LgBit should be 
connected to the V1b receptor C-terminus to have a large NanoBRET signal, which was generated by interac-
tion with β-arrestin 2-Venus. Furthermore, the effect of the two types of agonists on the V1b-LgBit-μ-SmBit 
dimer indicated that both vasopressin and opioid agonists enabled the movement of β-arrestin 2 closer to the 
V1b-LgBit. Our previous data on NanoBRET signals between μ-Nluc and β-arrestin 2-Venus in the presence 
of a native V1b receptor also suggested an indispensable role of the V1b C-terminus; when the V1b receptor 
C-terminus was deleted to remove a stretch of a leucine-rich segment, the NanoBRET between μ and β-arrestin 
2 was significantly  suppressed23.

In summary, the NanoBit and NanoBRET analysis described herein revealed a three-molecule complex made 
by agonist-induced access of β-arrestin 2 to the μ-V1b receptor. A similar method was recently reported to dem-
onstrate the interaction between the Gi-β-arrestin 2 complex and the V2  receptor47. Agonist-dependent Nano-
BRET responses between homomeric or heteromeric receptors were increased by reducing the luminescence 
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donor/acceptor ratio. Such sensitive measurements should be useful in the search for antagonists targeting V1b 
in the μ-V1b receptor heteromer. Even under the condition of constitutive β-arrestin 2 access to the V1b recep-
tor, competitive or noncompetitive antagonists of V1b can be selected by monitoring the enhanced NanoBRET 
response. Moreover, partial agonists of the μ-V1b-β-arrestin 2 pathway can be searched under the high maximum 
response of the full agonist AVP. Therefore, this study provides versatile methods for screening chemicals that 
can reduce morphine tolerance.

Methods
Materials. The Venus fluorescent protein gene was provided by Dr. A. Miyawaki (RIKEN, Japan)48. Mor-
phine hydrochloride was purchased from Takeda Pharmaceutical.  [Arg8]-Vasopressin was purchased from Pep-
tide Institute, Inc. (Osaka, Japan). DAMGO was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fluo-4 
acetoxymethyl ester was purchased from Thermo Fisher Scientific (Tokyo, Japan). The FuGENE HD, NanoGlo 
Luciferase Assay System, pNL1.1[Nluc] vector, and NanoBit PPI Starter System were purchased from Promega 
(Tokyo, Japan). The Plasmid Midi Kit was obtained from QIAGEN. Escherichia coli DH5α competent cells were 
obtained from Takara Bio (Kusatsu, Japan). Restriction enzymes were obtained from Takara Bio and New Eng-
land Biolabs Japan, Inc. (Tokyo, Japan). The anti-HA antibody was purchased from Sigma-Aldrich. All other 
chemicals were of reagent grade (Wako Pure Chemical Industries, Osaka, Japan).

Plasmid construction. The coding sequence of LgBit was amplified from the pBiT1.1-C[TK/LgBiT] vector 
by PCR and inserted into the KpnI/HindIII site of the pcDNA3.1(-) vector to generate pcDNA-LgBit. Oligonu-
cleotides containing the SmBit sequence 5′-CGT GAC CGG CTA CCG GCT GTT CGA GGA GAT -3′ and 5′-AGC 
TTA TCG ATT TAC AGA ATC TCC TCG AAC -3′ were synthesized for linker ligation. Their 5′ ends were phos-
phorylated and the linker was inserted into the KpnI/HindIII site of pcDNA3.1(-), generating pcDNA-SmBit. 
The LgBit and SmBit sequences in the pcDNA vector were fused to the C-termini of the mouse μ, V1a and V1b 
receptors, by inserting the receptor coding sequences without a stop codon into the EcoRI/KpnI, EcoRI/BamHI, 
and EcoRI/BamHI sites,  respectively23. When V1b-LgBit was prepared, the stop codon was removed, and an 
additional glycine sequence, encoded by GGT, was inserted. All nucleotide sequences were confirmed using 
PCR. The method for constructing the β-arrestin 2-Venus expression plasmid was previously  described23.

Cell culture and transfection. Human embryonic kidney (HEK) cells were obtained from the RIKEN 
BioResource Center (Ibaraki, Japan) and grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% heat-inactivated fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin. The cells 
were cultured at 37 °C in 5%  CO2 in an air-ventilated humidified incubator and passaged using 0.05% trypsin 
and 0.53 mM EDTA. For BRET measurements, 1 ×  105 cells were seeded in a 35 mm tissue culture dish. Two 
days after seeding the cells, the medium was supplemented with a mixture of 0.2 mL of serum-free DMEM, 6 
μL of FuGene HD transfection reagent (Promega, Tokyo, Japan), and 0.75 μg of the plasmid for receptor-LgBit 
and receptor-SmBit and 1.5 μg of β-arrestin 2-Venus. BRET measurements were performed at 36–48 h after 
transfection.

BRET measurements. Energy transfer from Nluc to Venus was measured as previously  described23,30. 
Approximately 36–48  h after the transfection, the cells were washed once with the assay buffer, containing 
137 mM NaCl, 5 mM KCl, 1.2 mM  CaCl2, 1 mM  MgCl2, 10 mM HEPES (pH 7.4), and 10 mM glucose, sus-
pended in 1 mL of the same buffer, and aliquoted into a 96-well plate at 90 µL/well. Ten microliters of agonist 
was added to the wells, and the plate was gently mixed and incubated for 5 min at ambient temperature. After 
incubation, 90 µL of a luminescence substrate was added to achieve a final dilution factor of 100. Luminescence 
intensities were measured at 480 and 530 nm using a fluorescence/luminescence microplate reader (SpectraMax 
M3; Molecular Devices, Sunnyvale, CA, USA) after the addition of the luciferase substrate (Promega). The BRET 
signal was calculated as follows: (light intensity at 530 nm)/(light intensity at 480 nm).

Measurement of intracellular calcium responses. Single-cell intracellular calcium ion measurements 
were performed as previously described, with slight  modifications27. Briefly, cells on a 35 mm glass-bottom plate 
were incubated with 3 μM Fluo-4 AM in the assay buffer at 37 °C for 40 min. The cells were washed once with 
the assay buffer. The glass-bottom dish containing cells in 0.5 mL of assay buffer was mounted on the stage of 
a fluorescence microscope (Nikon ECLIPSE TI-U, Tokyo). The cells were stimulated with vasopressin at a final 
volume of 1 mL. Calcium responses were examined under a 40 × objective during exposure to blue light, and the 
intensities of light emission at 480 and 520 nm were measured every 300–500 ms. The responses were analyzed 
using the computer program ImageJ (version 1.5.0i, National Institute of Health, USA).

Immunocytochemistry. HEK cells on 35 mm glass-bottom dishes were transfected with cDNAs encoding 
V1a-GFP or V1b-GFP and β-arrestin 2HA, and cultured for 48 h. Immunological detection of β-arrestin 2HA 
and fluorescence detection using confocal microscopy (Olympus 1000 FV, Japan) were performed as previously 
 described40.

Statistics. All values in the text are reported as the mean ± S.E.M. Concentration–response curves were fitted 
to Hill’s four-parameter logistic equation using the nonlinear curve-fitting computer program Igor Pro 8 (Wav-
eMetrics, Lake Oswego, OR, USA). Significant differences were determined by Student’s t-test or an ANOVA 
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followed by a multiple comparison test with Holm’s adjustment. Statistical analysis was performed using the 
statistical computer program R version 4.0.3 (R Core Team, [2020], Vienna, Austria. https:// www.r- proje ct. org).

Data availability
The datasets generated during and/or analyzed during this study are available from the corresponding author on 
reasonable request. All unique/stable reagents generated in this study are available from the Lead Contact upon 
the completion of a Materials Transfer Agreement.
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