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Abstract 

Many GPCRs initiate a second phase of G protein-mediated signaling from endosomes, which 

inherently requires an increase in G protein activity on the endosome surface. Gs-coupled GPCRs 

are thought to achieve this by internalizing and allosterically activating cognate G proteins again 

on the endosome membrane. Here we demonstrate that the μ-opioid receptor (MOR), a Gi-

coupled GPCR, increases endosomal G protein activity in a different way. Leveraging 

conformational biosensors, we resolve the subcellular activation dynamics of endogenously 

expressed MOR and Gi/o-subclass G proteins. We show that MOR activation triggers a transient 

increase of active-state Gi/o on the plasma membrane that is followed by a prolonged increase on 

endosomes.  Contrary to the Gs-coupled GPCR paradigm, however, we show that the MOR-

induced increase of active-state Gi/o on endosomes requires neither internalization of MOR nor 

activation of MOR in the endosome membrane. We propose a distinct and additional cellular 

mechanism for GPCR-triggered elevation of G protein activity on endosomes that is mediated by 

regulated trafficking of the activated G protein rather than its activating GPCR. 

 

Introduction 

 

G protein-coupled receptors (GPCRs) comprise the largest family of signaling receptors and 

integral membrane proteins in animals. In response to a biologically relevant stimulus, GPCRs 

increase the activity of heterotrimeric GTP-binding proteins (G proteins), which act as transducers 

to relay biological information downstream of the activated receptor.  Individual GPCRs 

differentially elevate the activity of homologous G protein subclasses (Gs/olf, Gi/o, Gq/11, and G12/13), 
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and these differ, in turn, in their functional regulation of downstream effector systems in the cell 

(1, 2).  

 

Physiological signaling through this biochemical framework is now recognized to be organized 

across multiple subcellular compartments (3, 4). In particular, GPCR signaling initiated from 

endosomes has been linked to distinct outcomes compared to signaling initiated from the plasma 

membrane, indicating that compartmentalized signaling can impact the downstream cellular 

consequences of ligand-induced GPCR activation, reviewed in (5, 6). This fundamentally requires 

an activated GPCR to trigger an increase in G protein activity at the appropriate membrane 

location. G proteins are activated on the plasma membrane through an allosteric coupling reaction 

that requires the membrane-tethered G protein to transiently contact its activating GPCR 

embedded in the membrane bilayer (7, 8).  While this activation mechanism has been well 

described at the plasma membrane for all G protein subclasses, it is less clear how G protein 

activity is increased on the endosome membrane. The present understanding has been 

developed largely through the study of Gs-coupled GPCRs. Gs-coupled GPCRs are thought to 

increase G protein activity on endosomes by internalizing and mediating a second round of 

allosteric coupling to cognate G proteins on the endosome limiting membrane. This model is 

supported by experiments that demonstrate that endosomal G protein-mediated 

signaling  requires receptor internalization (9–15) and that its strength depends on the degree or 

duration of receptor activation in the endosome limiting membrane (16–20).  

 

Here we show that endosomal G protein activation mediated by the μ-opioid receptor (MOR), a 

Gi-coupled GPCR, is not compatible with this paradigm. Our results reveal the existence of a 

distinct and additional cellular mechanism for increasing cognate G protein activity on 

endosomes that does not depend on receptor internalization or activation in the endosome 
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membrane. Instead, our results reveal a cellular mechanism of endosomal signaling that is 

mediated by trafficking of activated G proteins rather than their activating GPCRs.  

 

Results 

 

Endosomal localization of Gi/o increases following activation by MOR 

 

As a first step toward delineating the spatiotemporal organization of G protein activation by MOR, 

we examined the subcellular localization of fluorescently-labeled Gi/o-subclass isoforms by live-

cell confocal microscopy. mNeonGreen was inserted into the αb-αc loop of Gi1α, a tagging 

strategy previously demonstrated to preserve protein function (21).  Gi1-mNeonGreen, an 

endosome marker (FYVE-mApple), and a FLAG-tagged MOR construct (SSF-MOR) were co-

expressed in HEK293 cells in which all endogenous Gi/o α-subunit genes (GNAI1, GNAI2, GNAI3, 

GNAO, GNAZ and GNAT) were knocked out using CRISPR-Cas9 (Gi-KO cells) (22). Receptors 

present in the plasma membrane were labeled by preincubation with an anti-FLAG antibody 

conjugated to AlexaFluor 647 (M1-647). In cells not exposed to opioid agonist, Gi1-mNeonGreen 

localized primarily to the plasma membrane but was also observed on internal puncta, many of 

which were identified as endosomes by colocalization with FYVE-mApple (Figure 1A). Upon 

application of the opioid full agonist DAMGO we observed a qualitative increase in Gi1-

mNeonGreen fluorescence in SSF-MOR-containing endosomes (Figure 1A). Similar results were 

observed using mNeonGreen-labeled versions of Gi2, Gi3, GoA, GoB, and Gz (Figure S1). To confirm 

this increase and quantify relocalization to endosomes across a large number of cells, we used a 

luciferase protein complementation assay (NanoBiT). In this assay, MOR or Gi1 were fused to 

LgBit (MOR-LgBiT or Gi1-LgBiT), and accumulation on endosomes was measured by protein 

complementation with an endofin derived FYVE domain fused to SmBiT (FYVE-mApple-SmBiT) 
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that localizes on the endosome limiting membrane.  Application of DAMGO promoted MOR 

accumulation in endosomes (Figure 1B) with the expected time course based on receptor 

internalization measured previously using other methods (23). DAMGO also promoted Gi1-LgBiT 

accumulation on endosomes (Figure 1C), consistent with the microscopy results (Figure 1A). 

Interestingly, this assay revealed that Gi1-LgBiT accumulation on endosomes occurs with distinct 

and generally faster kinetics than endosomal accumulation of MOR-LgBiT. 

 

MOR and Gi/o are sequentially activated on the plasma membrane followed by endosomes   

 

Having observed endosomal accumulation of Gi/o triggered by agonist-induced activation of MOR, 

we next tested for the presence of active-state MOR and Gi/o at each membrane location. To 

detect active-state MOR, we utilized a receptor-binding nanobody (Nb33) validated previously as 

an active-state biosensor by fluorescence microscopy (24) and adapted it for NanoBiT assays by 

fusion to SmBiT (Figure 2A). We measured recruitment of Nb33-SmBiT to LgBiT tethered to the 

plasma membrane (LgBiT-CAAX) or to the endosome membrane (FYVE-LgBiT). In HEK293 cells 

expressing SSF-MOR, DAMGO promoted sequential phases of Nb33-SmBiT recruitment, first to 

the plasma membrane and then to endosomes (Figure 2A-B), with a similar dependence on 

agonist concentration at each location (Figure 2C). To detect active-state Gi/o, we chose an 

engineered Gi/o effector domain derived from RAP1GAP that was shown previously to specifically 

detect active-state Gi/o in intact cells (Gi-ED, (25)), and we similarly adapted this protein for the 

NanoBiT assay. Gi-ED-SmBiT detected sequential DAMGO-induced phases of endogenous Gi/o 

activation on the plasma membrane followed by endosomes. Verifying specificity for Gi/o-subclass 

proteins, both signals were blocked by pretreatment of cells with pertussis toxin (Figure 2D-E, 

orange points). Each phase of DAMGO-induced Gi/o activation had a similar dependence on 

agonist concentration at each location (Figure 2F) and the concentration-dependence of Gi/o 
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activation was left-shifted relative to MOR activation at both locations as expected (Figure 2C,F). 

Further verifying the location-specificity of biosensor detection, no recruitment signal was 

observed using either sensor in control experiments in which LgBiT was targeted to the 

mitochondrial outer membrane (Figure S2).  

 

We additionally confirmed specificity of Gi-ED-SmBiT in detecting activation of endogenous Gi/o 

genetically by demonstrating that DAMGO-induced activation of SSF-MOR failed to produce any 

detectable recruitment at either the plasma membrane or endosomes in Gi-KO cells (Figure S3, 

mock condition). Moreover, the recruitment signal was rescued at both locations by reexpression 

of the Gi/o constructs used in Figure 1 and Figure S1. Gi-ED-SmBiT detected activation at both 

the plasma membrane and endosomes in Gi-KO cells upon rescue with Gi1, Gi2, Gi3, GoA or GoB. 

The only exception was Gz, where we failed to observe rescue at either location (Figure S3). 

Together, these data indicate that the observed sequential elevation of active-state Gi/o on the 

plasma membrane followed by endosomes is specific and widespread across Gi/o isoforms.   

 

We also noted that the increase of active-conformation Gi/o level on endosomes, detected by Gi-

ED-SmBiT, occurred more rapidly than the accumulation of active-conformation MOR detected 

by Nb33-SmBiT (Tmax= 23 min for Nb33-SmBiT, Tmax= 8 min for Gi-ED-SmBiT, Figure 2C,F). This 

observation, together with the generally faster kinetics of G protein trafficking to endosomes 

relative to MOR (Figure 1), motivated us to investigate the ligand-dependent regulation of 

endosomal G protein activity in more detail. 

  

Endosomal Gi/o activity does not depend on MOR activation in the endosome membrane 

We began by examining the reversibility of MOR and Gi/o activation. We activated MOR by bath 

application of a moderate concentration of DAMGO (100 nM) and then reversed this by applying 
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antagonist in excess (10 µM), using either naloxone, a membrane-permeant alkaloid antagonist, 

or CTOP, an antagonist peptide that is membrane-impermeant. Both antagonists fully reversed 

MOR activation at the plasma membrane, detected by Nb33-SmBiT, within 1 minute (Figure 3A), 

the temporal resolution limit of our assay, and the effects of each antagonist were 

indistinguishable in an area under the curve (AUC) analysis (Figure 3B). Naloxone also rapidly 

reversed the DAMGO-induced increase of active-state MOR in endosomes but CTOP, consistent 

with its membrane-impermeant nature, reversed the endosomal activation signal much more 

slowly (Figure 3C). This resulted in a significant difference when assessed by AUC analysis 

(Figure 3D). The slower time course of CTOP-induced loss of active-state MOR in endosomes 

(t½ > 5 min) is consistent with the kinetics of MOR recycling (26), so we interpret the slow decrease 

in NanoBiT signal produced by CTOP as a result of receptor exit from endosomes for the recycling 

pathway.  

 

Both antagonists also rapidly reversed the DAMGO-induced increase of active-state Gi/o detected 

by Gi-ED-SmBiT at the plasma membrane (Figure 3E-F). Based on the present model of 

endosomal G protein activation, and the results described above, we expected naloxone to 

reverse the DAMGO-induced increase of active-state Gi/o on endosomes more quickly than 

CTOP. Surprisingly, this was not the case. Rather, both naloxone and CTOP reversed the Gi/o 

activation signal on endosomes with an indistinguishable time course (Figure 3G), and no 

difference was detected by AUC analysis (Figure 3H).  A simple interpretation of these results is 
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that the MOR-mediated elevation of active-state Gi/o on endosomes does not depend on the 

presence of active-state MOR in the endosome membrane.  

  

Endosomal activation of Gi/o does not require MOR internalization 

 

If this is the case, we predicted that the MOR-triggered production of active-conformation Gi/o on 

endosomes should also be insensitive to experimental manipulations that suppress MOR 

internalization. We tested this using compound 101, a chemical inhibitor of GRK2/3 activity that 

strongly suppresses regulated endocytosis of MOR (27). As expected, compound 101 

significantly suppressed the DAMGO-induced accumulation of active-state MOR in endosomes 

detected by Nb33-SmBiT (Figure 4C-D). Importantly, in contrast, compound 101 had no 

detectable effect on the elevation of active-state Gi/o on endosomes detected by Gi-ED-SmBiT 

(Figure 4G,H).  

 

To test this hypothesis in a different way, we compared the effects of three chemically distinct 

agonists that differ in their ability to promote MOR internalization: DAMGO, a full agonist that 

robustly internalizes MOR; morphine, a partial agonist that weakly internalizes MOR (28); and 

PZM21, a less efficacious and G protein-biased partial agonist with minimal endocytic activity 

(29). The reduced agonist efficacies of morphine and PZM21 were reflected in differences in the 

level of Nb33-SmBiT recruitment that they produce on the plasma membrane at saturating 

concentration (Figure 4I-J). Also as expected, based on partial agonists stimulating MOR 

internalization poorly, morphine and PZM21 produced much less accumulation of active-state 

MOR in endosomes than DAMGO (Figure 4K-L). Remarkably, each agonist elevated active-state 
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Gi/o on the plasma membrane and endosomes to comparable levels (Figure 4M-P). This 

suggested to us that MOR internalization is not required for Gi/o activation on endosomes. 

 

Endogenous MOR triggers endosomal Gi/o activation specifically from the plasma membrane 

 

An alternative explanation for the above observations is that the expression level of recombinant 

MOR used in HEK293 cells produced such a high level of receptor reserve that effects of MOR 

internalization were simply missed. Therefore, we next sought to assess the role of MOR 

internalization in endosomal Gi/o activation in a cell model expressing endogenous receptors at a 

low level.  

 

We focused on SH-SY5Y neuroblastoma cells because this neuronally derived cell line expresses 

endogenous MOR in much lower amount (~100 fmol/mg (30)) than achieved by recombinant 

expression in HEK293 cells (typically > 1 pmol/mg) (31, 32). We found both Nb33-SmBiT and Gi-

ED-SmBiT sufficiently sensitive to detect sequential phases of endogenous receptor and G 

protein activation, respectively, in this native cell model (Figure 5). Compound 101 did not prevent 

MOR activation in the plasma membrane, detected by Nb33-SmBiT recruitment, but it blocked 

the accumulation of active-state receptors in endosomes (Figure 5A-D). Further, compound 101 

increased and prolonged the endogenous MOR-mediated activation of G proteins on the plasma 

membrane, detected by Gi-ED-SmBiT, consistent with compound 101 suppressing both MOR 

desensitization and internalization (Figure 5E-F). Remarkably, despite these effects, compound 

101 actually enhanced the MOR-induced increase of active-state G protein accumulation on 

endosomes (Figure 5G-H). These data provide additional support for the interpretation that Gi/o 

activation at endosomes does not depend on coupling to activated MOR in endosomes. Rather, 
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they suggest that the second phase of endosomal Gi/o activation is initiated by MOR activation of 

Gi/o on the plasma membrane.  

 

To further test this interpretation, we compared the effects of the three MOR agonists in SH-SY5Y 

cells. Only DAMGO produced a detectable accumulation of active-state MOR on the plasma 

membrane and endosomes (Figure 5I-L). However, all three agonists clearly increased the level 

of active-state Gi/o both on the plasma membrane and endosomes (Figure 5M-P). The initial level 

of G protein activity increase produced on the plasma membrane by morphine and PZM21 was 

lower than that produced by DAMGO and only the DAMGO-induced increase rapidly desensitized 

(Figure 5M-N). In contrast, all three agonists increased Gi/o activity on endosomes and did so to 

a comparable level (Figure 5O-P). These data are consistent with our results in HEK293 cells 

(Figure 4) and provide additional support for the interpretation that MOR increases cognate G 

protein activity on endosomes irrespective of the presence of activated MOR in the endosome 

membrane. 

 

Discussion  

 

Over the past two decades, the cell biological understanding of GPCR signaling has evolved to 

include a second phase of G protein activity on endosomes. However, the present mechanistic 

understanding of the endosomal activation phase has been elucidated largely through the study 

of Gs-coupled GPCRs. Gi-coupled GPCRs are also known to promote signaling after 

internalization (24, 33–35), and recent advances in biosensor development have made it possible 

to spatiotemporally resolve both active-state Gi-coupled GPCRs (24) and their cognate G proteins 

(25, 36) in intact cells. Here we apply this approach to delineate the subcellular landscape of 

cognate G protein activation triggered by MOR, a Gi-coupled GPCR prototype. By doing so, we 
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reveal the operation of a distinct and additional cellular mechanism for receptor-triggered 

elevation of cognate G protein activity on endosomes. Importantly, we demonstrate that this 

mechanism functions in cells with endogenous expression of both receptor and G protein. 

 

Numerous Gs-coupled GPCRs increase endosomal G protein activity by mediating a second 

round of agonist-dependent allosteric coupling to G proteins on the endosome membrane. This 

model is supported by multiple lines of evidence, including that endosomal G protein-mediated 

signaling requires receptors to internalize (9–15) and depends on the presence of activated 

receptors in the endosome membrane (16–20). There is particularly strong support for this model 

for receptors that form a stable complex containing receptor, active-state Gs and β-arrestin in 

endosomes (19, 37, 38). Here we show that MOR triggers an elevation of active-state Gi/o-

subclass G proteins on the endosome membrane, but that neither MOR internalization nor MOR 

activation in endosomes is required. This is not compatible with the current Gs-coupled GPCR 

paradigm and reveals the operation of a fundamentally different cellular mechanism for elevating 

endosomal G protein activity by a Gi-coupled GPCR. In this second mechanism, we propose that 

allosteric coupling on the plasma membrane is sufficient to drive an elevation of G protein activity 

on endosomes without requiring additional allosteric coupling at the endosome. Essentially, the 

proposed model utilizes trafficking of the activated G protein, rather than of its activating GPCR, 

to communicate ligand-dependent activation to endosomes (Figure 6).  

 

The present results, by revealing a distinct cellular mechanism of endosomal G protein activation, 

fundamentally expand our understanding. As our study is limited to MOR, it remains to be 

determined if this mechanism applies to other Gi-coupled GPCRs or more broadly to other 

receptor and G protein subclasses. In the latter regard, we note that Gq-coupled GPCRs increase 

G protein activity on endosomes by a mechanism that is dependent on both receptor 
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internalization and the presence of activated receptors in the endosome membrane, consistent 

with the Gs-coupled GPCR paradigm Interestingly, a small amount of endosomal Gq activity 

remained when receptor internalization was suppressed, suggesting that this dependence may 

not be absolute (39). The present results are unique in demonstrating a cellular mechanism of 

endosomal G protein activation that is dependent solely on receptor activation in the plasma 

membrane. 

 

Our results strongly support the ability of MOR to increase endosomal G protein activity without 

requiring receptor activation in the endosome membrane, but they do not rule out the possibility 

that MOR directly activates Gi/o in the endosome membrane to some degree or under some 

conditions. We observe the presence of activated MOR in the endosome membrane, as reported 

previously (24), and we now demonstrate this with endogenously expressed receptors. We note 

that direct activation of endosomal delta opioid receptors has been shown to promote analgesia 

(34), supporting the importance of receptor activation in endosomes. In addition to increasing G 

protein activity on endosomes, there is evidence for endosomal GPCR signaling via G protein 

independent mechanisms (40, 41). Whether endosomal opioid receptors produce physiological 

effects via G protein dependent or independent mechanisms remains an open question. 

 

Our results raise several additional questions for future investigation. Foremost among these, 

what is the mechanistic basis for active-state Gi/o accumulation on endosomes? Heterotrimeric G 

proteins are well known to dynamically redistribute in cells (42–44), but it remains unclear how 

this produces active-state G proteins on endosomes in the absence of local activation by a GPCR. 

Our antagonist reversal experiments indicate that the active-state lifetime of Gi/o is longer on 

endosomes than on the plasma membrane, as reversal of the Gi/o activation signal occurred more 

slowly on endosomes than the plasma membrane after application of either antagonist (Figure 
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3E,G). We anticipate that this difference likely involves location-specific differences in regulator 

of G protein signaling (RGS) proteins that accelerate Gi/o inactivation. However, the presently 

estimated active-state lifetime on endosomes exceeds that measured using purified G proteins in 

the absence of any RGS protein activity (45). This suggests the existence of additional differences 

in the biochemical environment of G proteins on endomembranes that enable them to persist in 

an active conformational state during trafficking, or to be reactivated in transit, but how this occurs 

is presently unknown.  

 

A second, broader question regards the functional consequences of the MOR-mediated Gi/o 

activity on endosomes. Previous studies indicate that endocytic inhibitors suppress cellular cAMP 

regulation by Gi-coupled GPCRs, including opioid receptors, implying the presence of Gi/o-

sensitive adenylyl cyclase(s) on the endosome membrane (24, 35). Gi/o-subclass G proteins can 

also regulate many other effectors, in addition to adenylyl cyclase, reviewed in (46). We anticipate 

that identifying specific Gi/o-sensitive effectors on endosomes will contribute to a more 

comprehensive understanding of GPCR signaling selectivity.  

 

In closing, we propose a second cellular mechanism mediating endosomal G protein activation 

triggered by Gi-coupled GPCRs. As Gi-coupled GPCRs comprise the largest GPCR subfamily in 

mammals (25, 47), we anticipate that these findings will prove broadly relevant to understanding 

GPCR physiology and help to inform the future development of location-biased therapeutics. 

 

Materials and Methods 

 

Cell culture 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 11, 2024. ; https://doi.org/10.1101/2024.10.07.617095doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.07.617095
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

14 

 

HEK293 (ATCC CRL-1573) and Gi-KO HEK239A cells (22) were cultured in DMEM (Gibco 

1196511) supplemented with 10% FBS (UCSF Cell Culture Facility). Gi-KO HEK293A were grown 

and plated on dishes coated with collagen (Corning 354236). SH-SY5Y cells were cultured in 

DMEM:F12 (Gibco 11320082) supplemented with 10% FBS. 

  

Drugs 

 

Chemicals were purchased from commercial sources as follows: DAMGO (Sigma-Aldrich, 

E7384), morphine sulfate (Sigma-Aldrich, 1448005), naloxone (Tocris, 05-991-00), CTOP (Tocris, 

1578), compound 101 (HelloBio, H2840), pertussis toxin (Sigma-Aldrich, P7208). PZM21 was 

generously provided by Aashish Manglik (UCSF).  

  

cDNA constructs 

  

Constructs for pCAGGS-SE-SSF-MOR (24), LgBiT-CAAX (48), and FYVE-LgBiT (48) were 

previously published. DNA encoding human Gαi/o/z subunits with the internal linker 

SGGGGTRSGTGGGGS containing restriction sites for KpnI and MluI were synthesized by Twist 

Bio and cloned into pCAGGS-SE at the KpnI site (site destroyed) by In Fusion cloning (Takara 

638946). The insertion sites for each subtype can be found in Table S1. DNA encoding 

mNeonGreen (Twist Bio) or LgBiT (amplified from LgBiT-CAAX) was further subcloned at the 

KpnI and MluI sites by In Fusion to create pCAGGS-SE-Gα-mNeonGreen constructs and 

pCAGGS-SE-Gi1-LgBiT, respectively. pcDNA-SSF-MOR-LgBiT was constructed by In Fusion 

insertion of a fragment containing MOR and LgBiT separated by a flexible linker into pcDNA-SSF-

MOR digested with BamHI and XbaI. Mitochondria-target LgBiT was constructed by fusing the 

first 35 amino acids of human Tom20 plus a flexible linker upstream of LgBiT (synthesized by 
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Twist Bio). FYVE-mApple-SmBiT was constructed by inserting SmBiT into pmApple-N1 at the C-

terminus of mApple using the Q5 site directed mutagenesis kit (NEB M0492 and M0054) and then 

inserting the FYVE domain from FYVE-LgBiT at the N-terminus of mApple. pcDNA3-FYVE-

mApple was formed by amplifying FYVE-mApple from FYVE-mApple-SmBiT and moving to 

pcDNA3 at the BamHI site. Nb33-SmBiT and Gi-ED-SmBiT were formed by substituting Nb33 or 

Gi-ED for miniGs in pcDNA3.1-miniGs-SmBiT (15) at BamHI/HindIII sites. Nb33 was amplified 

from Nb33-EGFP (24) while Gi-ED was synthesized by Twist Bio. Gi-ED is the first 442 amino 

acids of human RAP1GAP1 with residues S437, S439, and S441 mutated to alanine as described 

in (25). 

    

Live cell confocal microscopy 

  

Image series were acquired using a Nikon Ti inverted microscope controlled by NIS Elements HC 

v.5.21.03 (Nikon) and fitted with a CSU-22 spinning disk unit (Yokogawa), custom laser launch 

(100 mW at 405, 488, 561 and 640 nm, Coherent OBIS), Sutter emission filter wheel, 

Photometrics Evolve Delta EMCCD camera and a temperature- and humidity-controlled chamber 

(Okolab). 

  

Gi-KO HEK293A cells were plated on collagen-coated 35mM glass-bottom dishes (Cellvis) and 

transfected 24 hours prior to imaging with 1 µg SSF-MOR, 500 ng Gα-mNeonGreen and 200 ng 

FYVE-mApple. To surface label SSF-MOR, cells were incubated with anti-FLAG M1 antibody 

(Millipore Sigma F3040) labeled with Alexa Fluor 647 (Thermo Fisher A20186) for 10 minutes at 

37°C and 5% CO2. Cells were imaged in imaging media (DMEM, no Phenol Red, 30 mM HEPES, 

pH 7.4) at 37°C using an Apo TIRF ×100/1.49 numerical aperture oil objective (Nikon). Images 
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were acquired at a 20s frame rate over a 22-minute period with 10 µM DAMGO added at 2 

minutes. Images for figures were processed using FIJI software. 

  

NanoBiT luciferase complementation assays 

  

Cells grown in 6-well dishes were transfected with the appropriate constructs 24 hours before the 

experiment using Lipofectamine 2000. For HEK293 and Gi-KO HEK293A cells, the amount 

transfected was as follows: 100 ng of CAAX-LgBiT, FYVE-LgBiT or FYVE-mApple-SmBiT, 500 

ng of Nb33-SmBiT or Gi-ED-SmBiT, 250 ng SSF-MOR, and 250 ng tagged Gα constructs where 

appropriate. For SH-SY5Y cells, the amount of LgBiT constructs was increased to 200 ng and 

SmBiT constructs to 1 µg. On the day of the assay, cells were lifted using TrypLE (Gibco 

12604021) and centrifuged at 500 x g for 3 minutes. Cells were resuspended in assay buffer (in 

mM: 135 NaCl, 5 KCl, 20 HEPES, 5 D-glucose, 1.8 CaCl2, 0.4 MgCl2, pH 7.4) supplemented with 

5 µM coelenterazine-H (Research Products International) to a concentration of 1 x 106. 100 µL of 

cells were plated into untreated white 96-well plates (Corning 3912). In experiments with PTX, 

cells were treated overnight with 100 ng/mL PTX prior to assay set up. In experiments with 

Compound 101 pretreatment, the assay buffer used to plate cells and drug solutions contained 

30 µM Compound 101 or DMSO. Total pretreatment time for Compound101 was 20 minutes. 

Receptor ligands were diluted in assay buffer with 5 µM coelenterazine-H and 50 µL was added 

during the experiment. 

  

Prior to the start of the assay, the plate was equilibrated for 10 minutes within a platereader 

warmed to 37°C. Experiments in Figure 2 were performed on a Synergy H4 platereader (Gen5 

v.2.05, Biotek). All other experiments were performed on a Tecan Spark platereader. 

Luminescence values were acquired at 1-minute intervals with an integration time of 500 ms. After 
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a 5-minute baseline, vehicle or drug was added and luminescence was read for an additional 30 

minutes. For each well, luminescence was first normalized to the average luminescence during 

the baseline period. The average luminescence for vehicle treated wells was then subtracted from 

the drug treated wells at each time point. Each condition was performed as 2-3 technical 

replicates, which were subsequently averaged. AUC was calculated as the sum of all averaged 

data points following the drug add. 

  

Statistical analysis 

  

All data points represent the mean +/- SEM from at least three independent experiments. 

Statistical tests noted in the figure legends were performed using Prism (Graphpad, v10). 
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Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. Gi1 relocalizes to endosomes upon activation by MOR. A) Live imaging by confocal 
microscopy of Gi-KO HEK293A cells expressing Gi1-mNeonGreen, the endosome marker FYVE-
mApple and SSF-MOR labeled with ⍺-FLAG M1-647. Images depict frames before and after 20-
minute treatment with 10 µM DAMGO. Magenta arrows indicate endosomes positive for Gi1 -
mNeonGreen. Representative images from 3 independent experiments. Scale bar = 10 µm. B) 
NanoBiT luminescence signal over time for cells expressing SSF-MOR-LgBiT + FYVE-mApple-
SmBiT upon addition of 1 µM DAMGO. C) NanoBiT luminescence signal over time for cells 
expressing Gi1-LgBiT + FYVE-mApple-SmBiT upon addition of 1 µM DAMGO. For NanoBiT 
assays, N=3 independent experiments. Error bars represent ± SEM. 
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Figure 2. Sequential phases of MOR and Gi/o  activation on the plasma membrane and 
endosomes. A) Nb33-SmBiT recruitment to the plasma membrane labeled with LgBiT-CAAX 
following addition of 1 µM DAMGO. B) Nb33-SmBiT recruitment to endosomes labeled with 
FYVE-LgBiT following addition of 1 µM DAMGO.  C) Concentration response curves for Nb33-
SmBit recruitment to each LgBiT construct. EC50 values noted in parentheses. D) Gi-ED-SmBiT 
recruitment to the plasma membrane labeled with LgBiT-CAAX following addition of 1 µM 
DAMGO. E) Gi-ED-SmBiT recruitment to endosomes labeled with FYVE-LgBiT following addition 
of 1 µM DAMGO. In panels D and E, orange curves represent cells pretreated with 100 ng/mL 
pertussis toxin (PTX). F) Concentration response curves for Gi-ED-SmBiT recruitment to each 
LgBiT construct. EC50 values are noted in parentheses. N=3 independent experiments. Error bars 
represent ± SEM. 
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Figure 3. Endosomal Gi/o activation does not depend on active MOR in the endosome 
membrane. A) Nb33-SmBiT recruitment to the plasma membrane (LgBiT-CAAX) with addition of 
100 nM DAMGO at 5 minutes followed by addition of 10 µM antagonist (naloxone or CTOP) at 15 
minutes. B) Quantification of data in panel A. AUC was calculated from data collected after the 
antagonist add (15-35 min).  C)  Nb33-SmBiT recruitment to endosomes (FYVE-LgBiT) with 
addition of 100 nM DAMGO at 5 minutes followed by addition of 10 µM antagonist at 15 minutes. 
D) Quantification of data in panel C. AUC was calculated from data collected after the antagonist 
add (15-35 min).  E)  Gi-ED-SmBiT recruitment to the plasma membrane (LgBiT-CAAX) with 
addition of 100 nM DAMGO at 5 minutes followed by addition of 10 µM antagonist at 15 minutes. 
F) Quantification of data in panel E. AUC was calculated from data collected after the antagonist 
add (15-35 min).  G)  Gi-ED-SmBiT recruitment to endosomes (FYVE-LgBiT) with addition of 100 
nM DAMGO at 5 minutes followed by addition of 10 µM antagonist at 15 minutes. H) Quantification 
of data in panel G. AUC was calculated from data collected after the antagonist add (15-35 min). 
One-way ANOVA with Tukey’s multiple comparisons, ***p<0.001, ****p<0.0001. N=3 independent 
experiments. Error bars represent ± SEM. 
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Figure 4. Endosomal Gi/o activation does not require MOR internalization. A) Nb33-SmBiT 
recruitment to the plasma membrane (LgBiT-CAAX) or C) to endosomes (FYVE-LgBiT) by 1 µM 
DAMGO with and without 20-minute pretreatment with 30 µM Compound 101. B,D) Quantification 
of AUC in A and C, respectively. E) Gi-ED-SmBiT recruitment to the plasma membrane (LgBiT-
CAAX) or G) to endosomes (FYVE-LgBiT) by 1 µM DAMGO with and without pretreatment with 
30 µM Compound 101. F,H) Quantification of AUC in E and G, respectively. I) Nb33-SmBiT 
recruitment to the plasma membrane (LgBiT-CAAX) or K) to endosomes (FYVE-LgBiT) by 1 µM 
DAMGO, morphine or PZM21. J,L) Quantification of AUC in I and K, respectively. M) Gi-ED-
SmBiT recruitment to the plasma membrane (LgBiT-CAAX) or O) to endosomes (FYVE-LgBiT) 
by 1 µM DAMGO, morphine or PZM21. N,P) Quantification of AUC in M and O, respectively. One-
way ANOVA with Tukey’s multiple comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
N=3-5 independent experiments. Error bars represent ± SEM. 
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Figure 5. Surface MORs drive Gi/o activity on endosomes in SH-SY5Y cells. A) Nb33-SmBiT 
recruitment to the plasma membrane (LgBiT-CAAX) or C) to endosomes (FYVE-LgBiT) by 1 µM 
DAMGO with and without pretreatment with 30 µM compound 101. B,D) Quantification of AUC in 
A and C, respectively. E) Gi-ED-SmBiT recruitment to the plasma membrane (LgBiT-CAAX) or 
G) to endosomes (FYVE-LgBiT) by 1 µM DAMGO with and without pretreatment with 30 µM 
compound 101. F,H) Quantification of AUC in E and G, respectively. I) Nb33-SmBiT recruitment 
to the plasma membrane (LgBiT-CAAX) or K) to endosomes (FYVE-LgBiT) by 1 µM DAMGO, 
morphine or PZM21. J,L) Quantification of AUC in I and K, respectively. M) Gi-ED-SmBiT 
recruitment to the plasma membrane (LgBiT-CAAX) or O) to endosomes (FYVE-LgBiT) by 1 µM 
DAMGO, morphine or PZM21. N,P) Quantification of AUC in M and O, respectively. One-way 
ANOVA with Tukey’s multiple comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. N=3-4 
independent experiments. Error bars represent ± SEM. 
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Figure 6. Two distinct models of endosomal G protein activation by GPCRs. In model A, 
endosomal G protein activity is increased by trafficking of the activated receptor (R*) to 
endosomes followed by allosteric coupling (~) on the endosome membrane to generate active-
conformation G protein (G*). This model is supported by experimental evidence from Gs-coupled 
GPCRs. In model B, supported by the present study, active-conformation G protein (G*) arrives 
on the endosome membrane following allosteric coupling (~) with active receptor (R*) on the 
plasma membrane. These two models differ fundamentally according to 1) whether information 
is “carried” to endosomes by the GPCR or G protein and 2) the location where allosteric coupling 
is required.   
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