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Abstract GPCRs are increasingly recognized to initiate signaling via heterotrimeric G proteins as

they move through the endocytic network, but little is known about how relevant G protein

effectors are localized. Here we report selective trafficking of adenylyl cyclase type 9 (AC9) from

the plasma membrane to endosomes while adenylyl cyclase type 1 (AC1) remains in the plasma

membrane, and stimulation of AC9 trafficking by ligand-induced activation of Gs-coupled GPCRs.

AC9 transits a similar, dynamin-dependent early endocytic pathway as ligand-activated GPCRs.

However, unlike GPCR traffic control which requires b-arrestin but not Gs, AC9 traffic control

requires Gs but not b-arrestin. We also show that AC9, but not AC1, mediates cAMP production

stimulated by endogenous receptor activation in endosomes. These results reveal dynamic and

isoform-specific trafficking of adenylyl cyclase in the endocytic network, and a discrete role of a

heterotrimeric G protein in regulating the subcellular distribution of a relevant effector.

Introduction
G protein-coupled receptors (GPCRs) comprise nature’s largest family of signaling receptors and an

important class of therapeutic targets (Lefkowitz, 2007; Rosenbaum et al., 2009). GPCRs are so-

named because a major mechanism by which they mediate transmembrane signaling is through

ligand-dependent activation of heterotrimeric G proteins that act as intracellular signal transducers

(Gilman, 1987; Hilger et al., 2018; Spiegel, 1987; Stryer and Bourne, 1986; Sunahara et al.,

1996). This conserved signaling cascade invariably requires one additional component, an ‘effector’

protein which is regulated by the G protein to convey the signal downstream (Dessauer et al.,

1996; Gilman, 1987; Rosenbaum et al., 2009). Ligand-activated GPCR - G protein - effector cas-

cades were thought for many years to be restricted to the plasma membrane, with endocytosis con-

sidered only in the context of signal termination and homeostatic down-regulation of receptors. This

view has expanded over the past several years, driven by accumulating evidence that ligand-depen-

dent GPCR and G protein activation processes can also occur from internal membrane compart-

ments including endosomes (Di Fiore and von Zastrow, 2014; Irannejad et al., 2015; Jong et al.,

Lazar et al. eLife 2020;9:e58039. DOI: https://doi.org/10.7554/eLife.58039 1 of 24

RESEARCH ARTICLE

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.58039
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access


2018; Lobingier and von Zastrow, 2019; Lohse and Calebiro, 2013; Lohse and Hofmann, 2015;

Vilardaga et al., 2014).

The beta-2 adrenergic receptor (b2AR) provides a clear example, and is generally considered a

model for the GPCR family more broadly (Lefkowitz, 2007; Rosenbaum et al., 2009). b2ARs initiate

signaling in response to binding of an agonist ligand by activating (’coupling’ to) the stimulatory het-

erotrimeric G protein, Gs, at the plasma membrane. b2ARs then internalize through agonist-depen-

dent accumulation into clathrin-coated pits, efficiently recycle and transit continuously between the

plasma membrane and endosomes in the prolonged presence of agonist (von Zastrow and Kobilka,

1994; von Zastrow and Kobilka, 1992). Agonist-induced clustering of b2ARs into coated pits, the

process initiating this cycle, is promoted by receptor phosphorylation and binding to b-arrestins at

the plasma membrane (Ferguson et al., 1996; Goodman et al., 1996). These events were shown

previously to inhibit b2AR coupling to Gs (Lohse et al., 1990), and b2AR inactivation was recognized

to precede removal from the cell surface even before this mechanistic elucidation (Harden et al.,

1980). Accordingly, it was believed for many years that b2ARs are unable to engage G proteins

once internalized. This view changed with the finding that b2ARs reacquire functional activity shortly

after arriving in the limiting membrane of early endosomes, and then activate Gs again from this

location (Irannejad et al., 2013). A number of GPCRs have now been shown to activate Gs after

endocytosis, initiating a discrete ‘second wave’ of downstream signaling which varies in magnitude

and duration depending (in part) on the residence time of activated receptors in the endocytic net-

work (Irannejad et al., 2015; Lohse and Calebiro, 2013; Thomsen et al., 2016; Tian et al., 2016;

Varandas et al., 2016; Vilardaga et al., 2014).

Gs transduces downstream signaling by stimulating adenylyl cyclases (ACs) to produce cyclic

AMP (cAMP), an important diffusible mediator (Lohse and Hofmann, 2015; Sutherland, 1971;

Taylor et al., 2013), and studies of cAMP signaling provided much of the initial evidence supporting

eLife digest Cells sense changes in their chemical environment using proteins called receptors.

These proteins often sit on the cell surface, detecting molecules outside the cell and relaying

messages across the membrane to the cell interior. The largest family of receptors is formed of ‘G

protein-coupled receptors’ (or GPCRs for short), so named because they relay messages through so-

called G proteins, which then send information into the cell by interacting with other proteins called

effectors. Next, the receptors leave the cell surface, travelling into the cell in compartments called

endosomes. Researchers used to think that this switched the receptors off, stopping the signaling

process, but it is now clear that this is not the case. Some receptors continue to signal from inside

the cell, though the details of how this works are unclear.

For signals to pass from a GPCR to a G protein to an effector, all three proteins need to be in the

same place. This is certainly happening at the cell surface, but whether all three types of proteins

come together inside endosomes is less clear. One way to find out is to look closely at the location

of effector proteins when GPCRs are receiving signals. One well-studied effector of GPCR signaling

is called adenylyl cyclase, a protein that makes a signal molecule called cAMP. Some G proteins

switch adenylyl cyclase on, increasing cAMP production, while others switch it off.

To find out how GPCRs send signals from inside endosomes, Lazar et al tracked adenylyl cyclase

proteins inside human cells. This revealed that a type of adenylyl cyclase, known as adenylyl cyclase

9, follows receptors as they travel into the cell. Under the influence of active G proteins, activated

adenylyl cyclase 9 left the cell surface and entered the endosomes. Once inside the cell, adenylyl

cyclase 9 generated the signal molecule cAMP, allowing the receptors to send messages from inside

the cell. Other types of adenylyl cyclase behaved differently. Adenylyl cyclase 1, for example,

remained on the cell surface even after its receptors had left, and did not signal from inside the cell

at all.

Which cell behaviors are triggered from the membrane, and which are triggered from inside the

cell is an important question in drug design. Understanding where effector proteins are active is a

step towards finding the answers. This could help research into diseases of the heart, the liver and

the lungs, all of which use adenylyl cyclase 9 to send signals.
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the potential of GPCRs to mediate ligand-dependent signaling via G proteins after endocytosis

(Calebiro et al., 2009; Clark et al., 1985; Ferrandon et al., 2009; Kotowski et al., 2011;

Mullershausen et al., 2009; Slessareva et al., 2006). Nine transmembrane AC isoforms are con-

served in mammals, each stimulated by Gs but differing in regulation by other G proteins and signal-

ing intermediates, and multiple AC isoforms are typically coexpressed in tissues (Sadana and

Dessauer, 2009; Sunahara et al., 1996; Wang et al., 2019). Biochemical and structural aspects of

Figure 1. b2AR activation promotes redistribution of AC9 but not AC1. (A) Representative confocal imaging of

HEK293 cells coexpressing HA-b2AR and Flag-AC1 after treatment with 10 mM isoproterenol or control for 30 min.

Scale Bar is 8 mm. (B) Representative confocal images of HEK293 cells coexpressing HA-b2AR and Flag-AC9 after

treatment with 10 mM isoproterenol or control for 30 min. Scale Bar is 8 mm. (C) Quantification of internal puncta

that are b2AR or AC1/9 positive, taken from wide field images (see Figure 1—figure supplement 1D and E)

[mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed t-test. (D)

Quantification of cells with >10 internal puncta that are b2AR or AC1/9 positive, taken from wide field images (see

Figure 1—figure supplement 1D andE) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells per

condition]. **p<0.01 by two-tailed t-test. (E–F) Representative confocal imaging of HEK293 cells expressing Flag-

AC1 (E) or Flag-AC9 (F) after treatment with 10 mM isoproterenol or control for 30 min. Scale Bar is 8 mM. (G–H)

Representative confocal imaging of HEK293 cells expressing Flag-AC1 (G) or Flag-AC9 (H). Cells were stimulated

with 100 nM isoproterenol for 30 min with or without 15 min of pretreatment with 10 mM alprenolol. (I)

Representative confocal images of primary culture human airway smooth muscle cells immunostained for

endogenous AC9 after treatment with 10 mM isoproterenol or control for 30 min. Scale Bar is 16 mm.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Functional validation of Flag-tagged AC9 and quantification of isoform-specific localization

to endosomes.
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regulated cAMP production by ACs have been extensively studied but much less is known about the

cellular biology of ACs.

According to the present understanding, GPCR-stimulated cAMP production requires all three

‘core’ components of the signaling cascade – the GPCR, Gs and AC – to be in the same membrane

bilayer (Gilman, 1989). Whereas GPCRs and Gs are well known to undergo dynamic redistribution

between the plasma membrane and endocytic membranes (Allen et al., 2005; Hynes et al., 2004;

Irannejad et al., 2015; Marrari et al., 2007; von Zastrow and Kobilka, 1992;

Wedegaertner et al., 1996), the subcellular localization and trafficking properties of transmembrane

ACs remain largely unknown. Nevertheless, adenylyl cyclase activity was noted on intracellular mem-

branes many years ago (Cheng and Farquhar, 1976) and more recent studies have implicated sev-

eral AC isoforms in GPCR-regulated cAMP production from endomembrane compartments

(Calebiro et al., 2009; Cancino et al., 2014; Ferrandon et al., 2009; Inda et al., 2016;

Kotowski et al., 2011; Vilardaga et al., 2014). Key knowledge gaps at the present frontier are how

ACs localize to relevant internal membranes, if the subcellular localization of ACs is selective

between isoforms, and if this localization is regulated. Here we report initial inroads into this frontier

by demonstrating the dynamic and isoform-specific endocytic trafficking of AC9, and its ligand-

dependent regulation through Gs.

Results

Regulated and isoform-selective trafficking of AC9 to endosomes
Human embryonic kidney (HEK293) cells comprise a well established model system for investigating

GPCR signaling via the cAMP cascade, particularly signaling initiated by b2ARs which are endoge-

nously expressed in these cells (Violin et al., 2008). The b2AR stimulates cAMP production primarily

from the plasma membrane, with endosomal activation contributing a relatively small but function-

ally significant fraction (Irannejad et al., 2013; Tsvetanova and von Zastrow, 2014). In a similar

vein, AC3 and AC6 are the most highly expressed AC isoforms and are major producers of global

cAMP in these cells, while AC1 and AC9 transcripts are expressed at only moderately reduced levels

and comparable to one another (Soto-Velasquez et al., 2018). This prompted us to ask whether

AC1 and/or AC9 might be relevant to generating the fraction of cellular cAMP produced by b2AR

activation in endosomes.

As a first step to investigate this hypothesis,

we examined the subcellular localization of AC1

and AC9 using a recombinant epitope tagging

strategy, beginning with AC1 because this iso-

form was shown previously to tolerate an N-ter-

minal Flag tag (Chen et al., 1997). When

expressed in HEK293 cells, Flag-tagged AC1

(Flag-AC1) localized primarily to the plasma

membrane, similar to a co-expressed HA-tagged

b2AR construct (HA-b2AR). Application of the b-

adrenergic agonist isoproterenol promoted HA-

b2ARs to redistribute within minutes to cyto-

plasmic punctae, as described previously, but

Flag-AC1 remained at the plasma membrane

(Figure 1A). While clearly resolved in confocal

sections, this difference in localization was suffi-

ciently strong to be evident in lower-magnifica-

tion widefield images surveying many

cotransfected cells (Figure 1—figure supple-

ment 1D). We assessed reproducibility of this

effect in two ways. First, we determined the

number of internal punctae per cell in which HA-

b2AR and Flag-AC1 colocalized. Second, we

determined the fraction of cells visualized in

Video 1. This movie shows a confocal image series of

AC9-EGFP overexpressed in a HEK293 cell. Cell was

treated with 10 mM isoproterenol added at t = 0 in the

time stamp. AC9 recruitment to internal puncta is

observed over the course of 30 min.

https://elifesciences.org/articles/58039#video1

Lazar et al. eLife 2020;9:e58039. DOI: https://doi.org/10.7554/eLife.58039 4 of 24

Research article Cell Biology

https://elifesciences.org/articles/58039#video1
https://doi.org/10.7554/eLife.58039


each microscopic field that contained at least 10 such punctae. Both metrics verified selective inter-

nalization of the b2AR but not AC1 (Figure 1C and D, left set of bars).

We applied a similar tagging strategy to AC9 and verified that Flag tagging also does not disrupt

the functional activity of AC9 (Figure 1—figure supplement 1A,B). Flag-AC9 localized predomi-

nantly in the plasma membrane in the absence of agonist, similar to Flag-AC1. However, after appli-

cation of isoproterenol, Flag-AC9 redistributed to intracellular punctae, the majority of which also

contain internalized HA-b2AR (Figure 1B). Punctate redistribution of both Flag-AC9 and HA-b2AR

was also evident in lower-magnification widefield images (Figure 1—figure supplement 1E) and

was verified quantitatively (Figure 1C and D, right set of bars). AC9 labeled in its C-terminal cyto-

plasmic domain with GFP (AC9-GFP) also redistributed, enabling live-cell confocal imaging which

revealed mobile AC9-containing endosomes (Video 1). These results indicate that AC9 traffics

dynamically to endosomes containing b2ARs, this trafficking is isoform-specific because AC1 remains

in the plasma membrane, and it is regulated because AC9 accumulation in endosomes is increased

by b2AR activation.

Isoproterenol also stimulated selective internalization of Flag-AC9 in the absence of recombinant

b2AR overexpression (Figure 1E and F, Figure 1—figure supplement 1C) and this effect was

blocked by the b-adrenergic antagonist alprenolol (Figure 1G and H, Figure 1—figure supplement

1C). These results indicate that endogenous b2AR activation is sufficient to stimulate AC9 trafficking

and this is not an off-target drug effect. AC9, and ACs in general, are naturally expressed in low

abundance. We were unable to reliably detect endogenous AC9 in HEK293 cells using available anti-

bodies, but endogenous AC9 was detectable in primary human airway smooth muscle cells that nat-

urally coexpress b2ARs (Billington et al., 1999). Endogenous AC9 immunoreactivity localized in

these cells primarily to the plasma membrane under basal conditions, and its localization to internal

punctae increased after isoproterenol application (Figure 1I). These results suggest that the traffick-

ing behavior revealed by study of recombinant, tagged AC9 is relevant to the native protein.

AC9 traffics via a similar pathway as b2AR but is differentially regulated
Internalized b2ARs accumulate in endosomes marked by Early Endosome Antigen 1 (EEA1) and ago-

nist-dependent activation of Gs by the b2AR occurs on this compartment (Irannejad et al., 2013).

We verified isoform-specific localization of Flag-AC9 but not Flag-AC1 to EEA1-marked endosomes

by confocal microscopy (Figure 2A and B) and then applied anti-EEA1 immunoisolation

(Cottrell et al., 2009; Hammond et al., 2010; Temkin et al., 2011) to purify these endosomes and

probe their composition. Coexpressed HA-b2AR and Flag-AC9 were enriched in the endosome frac-

tion prepared from isoproterenol-treated cells, as detected by immunoblot analysis and verified

quantitatively across multiple experiments. In contrast, HA-b2AR but not Flag-AC1 was enriched in

parallel isolations from cells co-expressing HA-b2AR and Flag-AC1, with similar levels of overall

expression across both cell populations verified in cell lysates (Figure 2C,D, and Figure 2—figure

supplement 1B). Documenting separation efficiency and fraction purity, the endosome fraction

recovered ~34% of total cellular EEA1 but <5% of Golgi, endoplasmic reticulum, or plasma mem-

brane markers (Figure 2—figure supplement 1A).

As a distinct and additional biochemical approach to verify these trafficking properties, we used

cell surface biotinylation to assess protein depletion from the plasma membrane (Flesch et al.,

1995; Whistler and von Zastrow, 1998). Isoproterenol produced a marked reduction of Flag-AC9

in the surface-biotinylated fraction but Flag-AC1 was unchanged, and surface HA-b2AR decreased

after isoproterenol application irrespective of whether AC1 or AC9 was coexpressed (Figure 2E,F,

and Figure 2—figure supplement 1C). These observations independently demonstrate isoform-spe-

cific trafficking of AC9 from the plasma membrane to endosomes, regulated coordinately with endo-

cytosis of the b2AR.

A characteristic property of the conserved, clathrin-dependent pathway mediating b2AR endocy-

tosis is that it also requires dynamin, an endocytic GTPase which can be acutely inhibited by the cell-

permeant small molecule DYNGO-4a (Irannejad et al., 2013; Macia et al., 2006; McCluskey et al.,

2013). Whereas isoproterenol promoted both Flag-b2AR and AC9-GFP to accumulate in endosomes

in the vehicle (0.1% DMSO) control condition (Figure 2G,H, and Figure 2—figure supplement 1D),

endosomal accumulation of both proteins was blocked in the presence of DYNGO-4a (Figure 2I and

J, and Figure 2—figure supplement 1E). These results further support the hypothesis that
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regulated AC9 trafficking to endosomes utilizes a shared membrane pathway and mechanism rela-

tive to regulated endocytosis of the b2AR, and many other GPCRs.

Despite these similarities, AC9 and b2AR were found to traffic independently. An early clue to

this distinction was that brief exposure of cells outside of the tissue culture incubator (see Materials

and methods) inhibits AC9 trafficking but b2AR trafficking is resistant to this environmental stress.

Figure 2. AC9 undergoes dynamin-dependent endocytosis and accumulates in endosomes marked by EEA1. (A–B) Representative confocal images of

HEK293 cells expressing Flag-AC1 (A) or Flag-AC9 (B) after treatment with 10 mM isoproterenol or control for 30 min and stained for endogenous EEA1.

Scale bar is 8 mm. (C) Representative western blot of a fraction isolated using antibodies to EEA1. Lanes 1–2 correspond to control HEK293 cells, lanes

3–4 to cells coexpressing Flag-AC9 and HA-b2AR, and lanes 5–6 to cells coexpressing Flag-AC1 and HA-b2AR. (D) Quantification of recovery of HA-b

2AR, Flag-AC9 and Flag-AC1 in the endosome fraction relative to cell lysate. [mean ± SEM; n = 7 experiments]. **p<0.01 by two-tailed t-test. (E)

Representative western blot of the surface exposed fraction isolated by surface labeling with Sulfo-NHS-biotin and purified with streptavidin. Lanes 1–2

correspond to cells coexpressing Flag-AC9 and HA-b2AR, and lanes 3–4 to cells coexpressing Flag-AC1 and HA-b2AR. (F) Quantification of recovery of

HA-b2AR, Flag-AC9 and Flag-AC1 in the surface biotinylated fraction relative to total cell lysate. [mean ± SEM; n = 7 experiments]. **p<0.01 by two-

tailed t-test. (G) Representative confocal images of HEK293 cells coexpressing HA-b2AR and Flag-AC9 after treatment with 10 mM isoproterenol or

control for 30 min. Cells were treated with DMSO for 15 min prior to agonist exposure. (H) Quantification of internal puncta that are b2AR or AC9

positive, taken from wide field images (see Figure 2—figure supplement 1D and E) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells

per condition]. **p<0.01 by two-tailed t-test. (I) Representative confocal images of HEK293 cells coexpressing HA-b2AR and Flag-AC9 after treatment

with 10 mM isoproterenol or control for 30 min. Cells were treated with DYNGO-4a for 15 min prior to agonist exposure. (J) Quantification of cells

with >10 internal puncta that are b2AR or AC1/9 positive, taken from wide field images (see Figure 2—figure supplement 1D and E) [mean ± SEM;

n = 3 experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed t-test.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Assessment of endosome fraction purity and wide field images of DYNGO-4a effect.
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While we still do not fully understand the basis for this difference, it focused our attention on investi-

gating the mechanism of AC9 traffic control in detail.

AC9 trafficking is stimulated by GPCRs coupled to Gs but not Gi
We first asked if the b2AR is unique in its ability to stimulate endosomal accumulation of AC9 or if

AC9 trafficking can be stimulated by another Gs-coupled GPCR. To do so we focused on the vaso-

pressin-2 receptor (V2R), a Gs-coupled GPCR which also undergoes agonist-induced trafficking to

early endosomes but is not endogenously expressed in HEK293 cells (Birnbaumer, 2000). The V2R

is of particular interest because this GPCR, unlike the b2AR, has been shown to produce a sustained

cAMP response via Gs that is associated with slow recycling and binding to b-arrestin in endosomes

(Innamorati et al., 1998, Feinstein et al., 2013; Klein et al., 2001; Oakley et al., 1999;

Thomsen et al., 2016). When examined in cells not transfected with recombinant V2Rs, Flag-AC9

remained in the plasma membrane irrespective of the presence of the V2R agonist arginine vaso-

pressin (AVP) as expected (Figure 3—figure supplement 1A). However, in cells coexpressing HA-

V2R, AVP stimulated the redistribution of both Flag-AC9 and HA-V2R to a shared population of

endosomes (Figure 3A,D,E, Figure 3—figure supplement 1D). AVP-stimulated endocytosis of both

proteins was confirmed by surface biotinylation (Figure 3F,G, Figure 3—figure supplement 1B).

These results indicate that the ability of GPCR activation to promote trafficking of AC9 to endo-

somes is not unique to the b2AR. Rather, it appears to be a shared property of GPCRs which activate

Gs.

We next asked if the ability to stimulate AC9 trafficking extends to GPCRs that couple to other

heterotrimeric G proteins. We focused on the m-opioid receptor (MOP-R or MOR) because this

GPCR transits a similar early endocytic pathway as the b2AR (Keith et al., 1998) but activates Gi

rather than Gs (Kieffer and Evans, 2009), and because opioid receptors have been shown explicitly

to undergo ligand-dependent activation in endosomes (Stoeber et al., 2018). Application of the m-

opioid agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) stimulated transfected HA-MOR to

accumulate in endosomes, as shown previously, while Flag-AC9 remained in the plasma membrane

(Figure 3B,D,E, Figure 3—figure supplement 1E). We verified selective internalization of HA-MOR,

but not Flag-AC9, by surface biotinylation (Figure 3F,G, Figure 3—figure supplement 1C). These

results suggest that the ability to stimulate AC9 trafficking to endosomes is a property specific to

GPCRs which couple to Gs relative to Gi.

We then returned to the V2R, coexpressing a mutant version truncated in its C-terminal cyto-

plasmic tail. This mutant V2R (HA-V2R-T) retains the ability to activate Gs at the plasma membrane

but internalizes less efficiently after agonist-induced activation, promotes b-arrestin recruitment to

endosomes less strongly and recycles more rapidly (Innamorati et al., 1998; Innamorati et al.,

1997; Oakley et al., 1999). Despite visibly reduced internalization of HA-V2R-T after agonist appli-

cation (Figure 3C,D,E), Flag-AC9 internalization was still observed (Figure 3C,D,E and Figure 3—

figure supplement 1F) and this was confirmed by surface biotinylation (Figure 3F,G). These results

suggest that Gs-coupled GPCRs share the ability to stimulate AC9 trafficking, irrespective of differ-

ences in receptor trafficking kinetics or binding to b-arrestin in endosomes.

AC9 trafficking is not dependent on cytoplasmic cAMP or adenylyl
cyclase activity
A possible basis for such shared control of AC9 trafficking is through cAMP elevation that occurs

downstream of Gs activation. To test this, we applied the diterpene drug forskolin (FSK) to stimulate

cytoplasmic cAMP production independently from the receptor or Gs. While AC9 is relatively insen-

sitive to activation by FSK, other AC isoforms that are major contributors to cAMP production in

HEK293 cells (such as AC3 and AC6) are sensitive, making FSK an effective stimulus of overall cAMP

elevation (Baldwin et al., 2019; Soto-Velasquez et al., 2018). FSK did not cause detectable inter-

nalization of either HA-b2AR or Flag-AC9 assessed by imaging (Figure 4—figure supplement 1A,C,

D,I) or surface biotinylation (Figure 4—figure supplement 1E,F). Further, as expected, Flag-AC1

remained in the plasma membrane irrespective of the presence of FSK (Figure 4—figure supple-

ment 1B–F,J). This was also true in the combined presence of 3-isobutyl-1-methylxanthine (IBMX), a

phosphodiesterase inhibitor which enhances FSK-induced cAMP elevation in the cytoplasm (Fig-

ure 4—figure supplement 1H).
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As an independent approach, and to consider the possibility that cAMP exerts local rather than

global control, we asked if endosomal accumulation of AC9 requires its own catalytic activity. To

test this, we mutated a conserved aspartic acid residue that coordinates a catalytic magnesium in

the active site, and which is essential for activity of AC6 (Gao et al., 2011; Tesmer, 1997). We veri-

fied that mutating the equivalent residue in AC9 (Flag-AC9-D442A) blocked cAMP production (Fig-

ure 1—figure supplement 1B), but found that regulated trafficking of Flag-AC9-D442A still

occurred (Figure 4—figure supplement 1G). Together, these results indicate that the ability of

GPCR-Gs activation to regulate AC9 trafficking is not a consequence of global cytoplasmic cAMP

elevation, nor does it require local cAMP production by AC9.

Figure 3. Gs but not Gi -coupled GPCRs promote AC9 trafficking. (A–C) Representative confocal imaging of

HEK293 cells coexpressing Flag-AC9 and HA-V2R (A), HA-MOR (B), or HA-V2R-trunc (C), after treatment with 10

mM agonist (AVP or DAMGO) or control for 30 min. Scale Bar is 8 mm. (D) Quantification of internal puncta that are

V2R, MOR, V2R-T, or AC1/9 positive, taken from wide field images (see Figure 3—figure supplement 1D, E and

F) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed t-test. (E)

Quantification of cells with >10 internal puncta that are V2R, MOR, V2R-T or AC1/9 positive, taken from wide field

images (see Figure 3—figure supplement 1D, E and F) [mean ± SEM; n = 3 experiments, 10 visual fields and 200

+ cells per condition]. **p<0.01 by two-tailed t-test. (F) Representative western blot of the surface biotinylated

fraction from HEK293 cells coexpressing HA-V2R and Flag-AC9 (lanes 1–2), HA-V2R-T and Flag-AC9 (lanes 3–4), or

HA-MOR and Flag-AC9 (lanes 5–6). (G) Recovery of tagged protein in the surface biotinylated fraction relative to

the total cell lysate as seen in (F) [mean ± SEM; n = 7 experiments]. **p<0.01 by two-tailed t-test.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Validation that V2R and V2R-T activation stimulate AC9 trafficking.

Lazar et al. eLife 2020;9:e58039. DOI: https://doi.org/10.7554/eLife.58039 8 of 24

Research article Cell Biology

https://doi.org/10.7554/eLife.58039


Gs activation is sufficient to promote AC9 trafficking
We next investigated whether AC9 internalization is regulated by Gs itself, and did so by introducing

a point mutation into the alpha subunit (HA-Gs-Q227L) that renders Gs constitutively active by

reducing its rate of intrinsic GTP hydrolysis (Masters et al., 1989). Flag-AC9 localized to the plasma

membrane in the absence of agonist when coexpressed with wild type HA-Gs, but coexpression

with activated HA-Gs-Q227L resulted in both proteins localizing to internal punctae (Figure 4A,C,D,

Figure 4—figure supplement 2E). This effect was specific to AC9 because AC1 remained at the

plasma membrane when coexpressed with either HA-Gs or HA-Gs-Q227L (Figure 4B,C,D,

Figure 4. Gs activation is sufficient to promote AC9 internalization. (A) Representative confocal imaging of

HEK293 cells cells coexpressing Flag-AC9, Gsb, Gsg and either HA-Gsa (HA-Gs) or HA-Gsa-CA (HA-GsCA). (B)

Representative confocal imaging of HEK293 cells coexpressing Flag-AC1, Gsb, Gsg and either HA-Gsa (HA-Gs) or

HA-Gsa-CA (HA-GsCA). (C) Quantification of internal puncta that are Gs or AC1/9 positive, taken from wide field

images (see Figure 4—figure supplement 2C and D) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+

cells per condition]. **p<0.01 by two-tailed t-test. (D) Quantification of cells with >10 internal puncta that are Gs or

AC1/9 positive, taken from wide field images (see Figure 4—figure supplement 2C and D) [mean ± SEM; n = 3

experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed t-test. (E) Representative

western blot of an EEA1+ fraction from HEK293 cells coexpressing Flag-AC9 and HA-Gs (lanes 1 and 3) or Flag-

AC9 and HA-GsCA (lanes 2 and 4) and after treatment with 10 mM isoproterenol (lanes 1–2) or control (lanes 3–4)

for 30 min. (F) Quantification of the fraction of Flag-AC9 and HA-Gs/HA-GsCA recovered in the EEA1+ fraction (E)

relative to total cell lysate. [mean ± SEM; n = 3 experiments] *p<0.05 **p<0.01 by two-tailed t-test.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Confirmation that forskolin does not promote AC9 trafficking.

Figure supplement 2. Gs accumulation in endosomes and verification that mutational activation of Gs is sufficient

to stimulate AC9 trafficking.

Figure supplement 3. Effect of cholera toxin on AC9 trafficking.
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Figure 4—figure supplement 2F). We verified by immunoisolation that both HA-Gs-Q227L and

Flag-AC9 accumulate in EEA1-positive endosomes when coexpressed (Figure 4—figure supple-

ment 2A,B), whereas coexpression of HA-Gs-Q227L with Flag-AC1 failed to produce endosome

enrichment of either protein (Figure 4—figure supplement 2C,D). Independently supporting a dis-

crete regulatory effect of Gs, application of cholera toxin (CTX) to activate the endogenous cellular

complement of Gs resulted in receptor-independent accumulation of Flag-AC9, but not Flag-AC1, in

endosomes (Figure 4—figure supplement 3).

The immunoisolation analysis also indicated that constitutive activation of Gs produced a degree

of endosomal enrichment of AC9 similar to that produced in response to endogenous b2AR activa-

tion with isoproterenol. Further, application of isoproterenol to cells which coexpress HA-Gs-Q227L

did not detectably increase the degree of endosomal enrichment observed for either Gs or AC9

(Figure 4E,F). Together, these results suggest that Gs activation mediated by endogenous b2ARs is

fully sufficient to stimulate AC9 trafficking to endosomes, without requiring additional effects of

upstream receptor activation or downstream cAMP signaling.

Regulation of AC9 trafficking requires Gs but not b-arrestin
Because Gs activation is sufficient to stimulate accumulation of AC9 in endosomes, we next asked if

it is necessary to regulate this trafficking process. To do so, we utilized previously described Gs-

knockout (GsKO) cells which lack Gs due to CRISPR-mediated editing of the alpha subunit (GNAS)

gene (Stallaert et al., 2017). Flag-b2AR and AC9-EGFP localized to the plasma membrane of GsKO

as well as wild type HEK293 cells. However, AC9-GFP internalization was blocked in GsKO cells while

Flag-b2AR still internalized. Moreover, AC9 trafficking was rescued by expression of recombinant

HA-Gs (Figure 5A-D, Figure 5—figure supplement 1A,B). These results indicate that Gs is neces-

sary for regulated trafficking of AC9 but not b2AR.

Stimulation of b2AR endocytosis by agonists is known to depend on b-arrestins (Ferguson et al.,

1996; Goodman et al., 1996). Accordingly, we asked if this is also true for AC9. To test this, we

used gene-edited HEK293 cells lacking both b-arrestin isoforms (Arrestins 2 and 3, or b-arrestin-1

and b-arrestin-2) (O’Hayre et al., 2017). Isoproterenol-stimulated internalization of HA-b2AR was

lost in b-arrestin double-knockout (Arr DKO) cells, as expected, but AC9-EGFP internalization was

still observed. Further, expressing recombinant Arrestin 3 (b-arrestin-2) rescued the HA-b2AR traf-

ficking defect without a noticeable change in AC9-EGFP trafficking (Figure 5E-H, Figure 5—figure

supplement 1C,D). These results indicate that AC9 and GPCR trafficking are regulated coordinately

but through distinct mechanisms– with AC9 requiring Gs but not b-arrestin, and the GPCR requiring

b-arrestin but not Gs.

Functional evidence for AC9 signaling from endosomes
Both AC1 and AC9 are known physiological effectors of b-adrenergic signaling (Sadana and Dessa-

uer, 2009; Small et al., 2003; Tantisira et al., 2005) and both are endogenously expressed in

HEK293 cells, despite neither being the primary contributor to global cAMP elevation produced by

b2AR activation in this cell type. Nevertheless, analysis by isoform-specific knockdown using siRNA

indicated that both AC1 and AC9 make a small but statistically significant contribution to the overall

cAMP elevation elicited by activation of endogenous b2ARs. AC1 but not AC9 depletion reduced

the FSK-induced cAMP response (Figure 6—figure supplement 1), consistent with AC9 being rela-

tively insensitive to stimulation by FSK (Baldwin et al., 2019) and verifying specificity of the knock-

down approach. Considering that AC9 selectively accumulates in endosomes relative to AC1, we

next investigated the hypothesis that AC9 also selectively contributes to the endosome-initiated

component of the b2AR-elicited cellular cAMP response.

We tested this hypothesis using a pharmacological approach based on the ability of the mem-

brane-impermeant b2AR antagonist CGP12177 (CGP) to access receptors selectively at the plasma

membrane, whereas the membrane-permeant antagonist alprenolol accesses receptors both at the

plasma membrane and endosomes (Staehelin et al., 1983). This approach has been used success-

fully in previous studies to isolate effects of endosomal activation (Irannejad et al., 2013;

Thomsen et al., 2016). We validated it in the present study using a conformational biosensor,

Nb80-EGFP, which is recruited specifically and reversibly by activated b2ARs in living cells

(Irannejad et al., 2013). Isoproterenol application promoted recruitment of Nb80-GFP both to the
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Figure 5. Regulation of AC9 internalization requires Gs but not beta-arrestin. (A–B) Representative confocal

imaging of Gs-knockout (GsKO) HEK293 cells coexpressing Flag-b2AR, AC9-EGFP, and either pcDNA3 (A) or wild-

type HA-Gs rescue (B). (C–D) Representative confocal imaging of Arrestin2/3 (b-arrestin �1 and 2) double

knockout (Arr DKO) cells coexpressing Flag-b2AR, AC9-EGFP, and either pcDNA3 (C) or HA-Arrestin three rescue

(D). (E) Quantification of internal puncta that are b2AR or AC9 positive, taken from wide field images (see

Figure 5—figure supplement 1A and B) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells per

condition]. **p<0.01 by two-tailed t-test. (F) Quantification of cells with >10 internal puncta that are b2AR or AC9

positive, taken from wide field images (see Figure 5—figure supplement 1A and B) [mean ± SEM; n = 3

experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed t-test. (G) Quantification of

internal puncta that are b2AR or AC9 positive, taken from wide field images (see Figure 5—figure supplement

1C and D) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+ cells per condition]. **p<0.01 by two-tailed

t-test. (H) Quantification of cells with >10 internal puncta that are Gs or AC1/9 positive, taken from wide field

images (see Figure 5—figure supplement 1C and D) [mean ± SEM; n = 3 experiments, 10 visual fields and 200+

cells per condition]. **p<0.01 by two-tailed t-test.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Wide field images supporting distinct trafficking effects of Gs KO and Arr DKO.
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plasma membrane and endosomes, and application of excess alprenolol rapidly reversed this activa-

tion readout at both locations (Figure 6A, Video 2). Application of CGP, in contrast, reversed

Nb80-GFP recruitment only at the plasma membrane but not endosomes (Figure 6B, Video 3).

We next applied this approach to probe the contribution of endosomal b2AR activation to the

overall cellular cytoplasmic cAMP response. Both CGP and alprenolol markedly inhibited the isopro-

terenol-induced cAMP elevation measured at 37 ˚C in living cells. This verifies that a large fraction of

the overall cAMP elevation elicited by endogenous b2AR activation in these cells is initiated from

the plasma membrane. However, we also consistently observed a more pronounced inhibition of cel-

lular cAMP elevation following application of alprenolol compared to CGP (Figure 6C, left set of

bars, and Video 4). We interpret this difference as a readout of the component of cAMP production

initiated from endosomes. Remarkably, this CGP-resistant ‘signal gap’ was lost after AC9 knockdown

but it remained in cells depleted of AC1 (Figure 6C,D, Figure 6—figure supplement 1C–H).

As another test of this hypothesis, and to investigate selectivity under conditions of recombinant

AC overexpression (which were necessary for the trafficking studies), we asked if similar selectivity

can be observed also using tagged AC isoforms. To do so we utilized gene-edited HEK293 cells

lacking both AC3 and AC6 (AC3/6 DKO), which were shown previously to provide a reduced back-

ground useful for assessing effects of recombinant AC expression on cellular cAMP (Soto-

Velasquez et al., 2018). The increment of isoproterenol-induced cAMP accumulation produced by

overexpressing Flag-AC9 in these cells (‘AC9 cAMP response’) was blocked by alprenolol but not

CGP (Figure 6E). In contrast, the corresponding increment produced by overexpressing Flag-AC1

(‘AC1 cAMP response’) was blocked by both alprenolol and CGP (Figure 6F). This verifies that AC9

selectively contributes to cellular cAMP production initiated by b2AR activation in endosomes using

recombinant, as well as endogenous AC9.

Discussion
The endocytic network is a dynamically regulated system critical for homeostatic integrity of the cell.

From the point of view of GPCR-G protein signaling, this network was believed for many years to be

silent, functioning only in signal termination and longer-term modulation of surface receptor number.

Such homeostatic effects indeed occur, but an accumulating body of evidence supports an

expanded view in which internalized GPCRs reacquire the ability to activate G proteins after endocy-

tosis and initiate a second wave of signaling from endomembrane sites (Irannejad et al., 2015;

Lohse and Calebiro, 2013; Vilardaga et al., 2014). Endosomal signaling depends on the presence

of a G protein-regulated effector, but whether or how effectors localize to relevant internal mem-

brane locations has remained a relatively unexplored frontier.

We approached this frontier by focusing on ACs as important effectors of signaling initiated by

GPCR - Gs activation. We demonstrate dynamic and regulated trafficking of AC9 to early endo-

somes. This compartment is known to accumulate a wide variety of GPCRs, and it has been explicitly

shown to be a site of Gs activation by the b2AR (Irannejad et al., 2013). AC9 is widely expressed

(Premont et al., 1996), is a physiologically and clinically relevant effector of b2AR-Gs signaling in

particular (Small et al., 2003; Sunahara et al., 1996; Tantisira et al., 2005) and is endogenously

expressed in the HEK293 model system used in the present study. We also show that AC9, while

contributing only a minor fraction to the overall cellular cAMP response elicited by b2AR activation

in this system, is necessary to produce a specific endosome-initiated component of the endogenous

b2AR-elicited cAMP response. Further, we demonstrate that AC9 is sufficient to increase cAMP pro-

duction from endosomes when expressed as a recombinant protein. Moreover, we show that AC

trafficking is isoform-specific because AC1 does not detectably accumulate in endosomes, nor does

AC1 contribute detectably to the endosome-initiated component of cellular cAMP signaling

(Figure 6G).

An important future goal is to identify structural and biochemical determinants of isoform-specific

AC trafficking. We note that various isoform-specific protein interactions which impact other aspects

of AC organization and function are already known, with AC9 being a particularly well-studied exam-

ple (Baldwin et al., 2019). Another important question for future investigation is whether regulated

intracellular trafficking is unique to AC9 or more widespread. We favor the latter possibility because

a distantly related AC isoform was previously localized to a multivesicular intracellular compartment

in D. discoideum (Kriebel et al., 2008). However, in this case, AC trafficking appears to occur
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Figure 6. AC9 selectively contributes to the b2AR-mediated cAMP response from endosomes. (A) Recruitment of

conformational biosensors to b2AR-containing endosomes is reversed by application of the membrane permeable

antagonist alprenolol for 20 min. Scale Bar is 8 mm. See Video 2 for full image series. (B) Recruitment of

conformational biosensors to b2AR-containing endosomes is unaffected by application of the membrane

impermeable antagonist CGP12177 for 20 min. Scale Bar is 8 mm. See Video 3 for full image series. (C)

Quantification of the maximum cAMP response in control and in AC9 siRNA knockdown HEK293 cells pretreated

with 100 nM isoproterenol and exposed to supersaturating conditions of membrane permeable antagonist (10 mM

alprenolol) or membrane impermeable antagonist (10 mM CGP12177). [mean ± SEM; n = 4 experiments] (D)

Quantification of the maximum cAMP response in control in AC1 siRNA knockdown HEK293 cells pretreated with

100 nM isoproterenol and exposed to supersaturating conditions of membrane permeable antagonist (10 mM

alprenolol) or membrane impermeable antagonist (10 mM CGP12177). [mean ± SEM; n = 4 experiments] (E)

Quantification of the maximum cAMP response in AC3/6KO HEK293 cells due to AC9 overexpression as the delta

between the Flag-AC9 and pcDNA3 conditions. Cells were pretreated with 100 nM isoproterenol and exposed to

supersaturating conditions of membrane permeable antagonist (10 mM alprenolol) or membrane impermeable

antagonist (10 mM CGP12177). [mean ± SEM; n = 4 experiments] (F) Quantification of the maximum cAMP

response in AC3/6KO HEK293 cells due to AC1 overexpression as the delta between the Flag-AC1 and pcDNA3

conditions. Cells were pretreated with 100 nM isoproterenol and exposed to supersaturating conditions of

membrane permeable antagonist (10 mM alprenolol) or membrane impermeable antagonist (10 mM CGP12177).

[mean ± SEM; n = 4 experiments] (G) Model: Ligand binding causes initial signaling event at the PM followed by

arrestin-dependent endocytosis of b2AR. AC1 is restricted to the PM but AC9 is dynamically redistributed by a

distinct Gs regulated process, and contributes to the b2AR-mediated cAMP response from the endosome.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Verification that AC9 selectively contributes to cAMP production stimulated by

endogenous receptor activation in endosomes.
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through the biosynthetic pathway and it is not

known if the AC-containing compartment also

contains a relevant GPCR or G protein. We also

note that several other transmembrane AC iso-

forms have been implicated previously in endo-

membrane cAMP signaling by mammalian GPCRs

(Calebiro et al., 2009; Cancino et al., 2014;

Ferrandon et al., 2009; Kotowski et al., 2011;

Mullershausen et al., 2009; Vilardaga et al.,

2014), and that a distinct AC isoform which lacks

any transmembrane domains (‘soluble’ AC or

AC10) has been implicated as well (Inda et al.,

2016). Thus we anticipate that AC9 is not the

only isoform to exhibit discrete trafficking behav-

ior, and that much remains to be learned along

this line. In particular, we note that the localiza-

tion and trafficking properties of AC3 and AC6–

which are major contributors to overall cAMP production stimulated by b2ARs in HEK293 cells

(Soto-Velasquez et al., 2018)– have yet to be delineated.

One possible mechanism of AC9 trafficking to GPCR-containing endosomes is by physical associ-

ation with the receptor or receptor-G protein complex, and there is previous evidence indicating

that AC5 can form a complex including GPCRs (Navarro et al., 2018). However, our results provide

two lines of evidence indicating that AC9 traffics independently, despite trafficking via a similar

dynamin-dependent membrane pathway as the b2AR and in a coordinated manner. First, activation

of Gs is sufficient to promote the accumulation of AC9 but not b2AR in endosomes. Second, AC9

trafficking requires Gs but not b-arrestins, whereas the converse is true for trafficking of the b2AR.

Accordingly, AC trafficking is likely subject to different modulatory input(s) relative to the trafficking

of GPCRs. This is consistent with the difference in environmental sensitivity between AC9 and b2AR

trafficking which initially motivated our investigations. However, additional studies will be required

to fully elucidate the mechanistic basis for differential control of AC9 trafficking, and to delineate

physiological inputs into regulated AC trafficking more broadly. The physiological significance of iso-

form-specific AC trafficking also remains to be determined, but we note that there is already signifi-

cant evidence that cAMP produced internally can mediate different downstream signaling effects

relative to cAMP produced from the plasma

membrane (O’Banion et al., 2019;

Tsvetanova and von Zastrow, 2014).

In closing, to our knowledge the present

study is the first to delineate the dynamic endo-

cytic trafficking of a functionally relevant AC iso-

form, and to identify a role of Gs in regulating

Video 2. This movie shows a confocal image series of

b2AR (red) and Nb80-EGFP (green) from a HEK293 cell

pre-incubated for 20 min with 100 nM isoproterenol. 10

mM alprenolol, added at t = 0 time point indicated in

the time stamp, reverses Nb80-EGFP recruitment to

b2ARs at both the plasma membrane and endosomes.

https://elifesciences.org/articles/58039#video2

Video 3. This movie shows a confocal image series of

b2AR (red) and Nb80-EGFP (green) from a HEK293 cell

pre-incubated for 20 min with 100 nM isoproterenol. 10

mM CGP12177, added at t = 0 indicated in the time

stamp, reverses Nb80-EGFP recruitment to b2ARs at

the plasma membrane but not at endosomes.

https://elifesciences.org/articles/58039#video3

Video 4. This movie shows an image series of the

luminescence-based cAMP biosensor from HEK293

cells that have been treated with control siRNA

(columns 1 and 2) or AC9 siRNA (columns 3 and 4).

Cells were preincubated with 100 nM isoproterenol for

20 min prior to imaging, and 10 mM CGP12177 or 10

mM alprenolol were added immediately before

imaging, where indicated.

https://elifesciences.org/articles/58039#video4
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the trafficking of a defined AC separately from its catalytic activity. The finding that such AC traffick-

ing is isoform-specific, and regulated separately from its activating GPCR, reveals a new layer of

specificity and control in the cAMP system.

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Cell line
(Homo sapiens)

HEK293 ATCC CRL-1573;
RRID:CVCL_0045

Human embryonic
kidney (female)

Cell line
(Homo sapiens)

GNAS-knockout Stallaert et al., 2017 HEK293 parental

Cell line
(Homo sapiens)

Arrestin 2 and
3 double knockout

O’Hayre et al., 2017 HEK293 parental

Cell line
(Homo sapiens)

ADCY 3 and 6
double knockout

Soto-Velasquez et al., 2018 HEK293 parental

Biological sample
(Homo sapiens)

Human smooth
airway muscle
cells (HSAMs)

Prepared from
lung biopsy
(Tsvetanova et al., 2017)

Primary cell culture

Antibody Mouse anti-FLAG (M1) Sigma-Aldrich F-3040;
RRID:AB_439712

(1:1000)

Antibody Rabbit anti-Flag Sigma-Aldrich F7425;
RRID:AB_439687

(1:1000)

Antibody Mouse anti-HA Biolegend 16B12;
RRID:AB_2820200

(1:1000)

Antibody Goat anti-AC9 Santa Cruz Biotech sc-8576;
RRID:AB_2223286

(1:50)

Antibody Mouse anti-EEA1 Fisher Scientific 610457;
RRID:AB_397830

(1:1000)

Antibody Mouse anti-Golgin-97 Thermo A-21270;
RRID:AB_221447

(1:1000)

Antibody Rabbit anti-calnexin Cell Signaling 2679P;
RRID:AB_2228381

(1:1000)

Antibody Mouse anti-Sodium/
Potassium ATPase

Novus Biologicals NB300-540SS;
RRID:AB_306023

(1:1000)

Recombinant DNA
reagent (human)

Flag-AC9 (plasmid) Paterson et al., 2000 pcDNA3 backbone

Recombinant DNA
reagent (human)

Flag-AC1 Chen et al., 1997 pcDNA3 backbone

Recombinant DNA
reagent (human)

Flag-AC9-D442A This study pcDNA3 backbone

Recombinant DNA
reagent (human)

AC9-EGFP This study EGFP-C1 backbone

Recombinant DNA
reagent (human)

HA-B2AR von Zastrow and Kobilka, 1992 pcDNA3 backbone

Recombinant DNA
reagent (human)

HA-V2R Rochdi et al., 2010 pcDNA3 backbone

Recombinant DNA
reagent (mouse)

HA-MOR Whistler and von Zastrow, 1998 pcDNA3 backbone

Recombinant DNA
reagent (human)

HA-V2R-T Rochdi et al., 2010 pcDNA3 backbone

Recombinant
DNA reagent

Nb80-EGFP Irannejad et al., 2013 EGFP-C1 backbone

Recombinant DNA
reagent (human)

HA-G(alpha)s Irannejad et al., 2013 pcDNA3 backbone

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Recombinant DNA
reagent (human)

G(beta-1) Irannejad et al., 2013 pcDNA3 backbone

Recombinant DNA
reagent (human)

G(gamma-2) Irannejad et al., 2013 pcDNA3 backbone

Recombinant DNA
reagent (human)

HA-G(alpha)s
-Q227L

Masters et al., 1989 pcDNA3 backbone

Recombinant
DNA reagent

pGloSensor-20F Promega E1171

Transfected
construct (human)

AC9-siRNA This study See Materials
and methods
for sequence

Transfected
construct (human)

AC1 siRNA This study See Materials
and methods
for sequence

Chemical
compound, drug

Isoprenaline (iso) Sigma-Aldrich 51-30-9

Chemical
compound, drug

Arginine-
vasopressin (AVP)

Sigma-Aldrich 113-79-1

Chemical
compound, drug

DAMGO, [D-Ala2,
N-Me-Phe4, Gly5-ol]-
Enkephalin
acetate salt

Sigma-Aldrich E7384

Chemical
compound, drug

DYNGO-4a Abcam
Biochemicals

ab120689

Chemical
compound, drug

Alprenolol Sigma 3707-88-5

Chemical
compound, drug

CGP12177 Tocris 1134

Chemical
compound, drug

Forskolin Sigma-Aldrich 66575-29-9

Chemical
compound, drug

3-isobutyl-1-
methylxanthine (IBMX)

Sigma-Aldrich 28822-58-4

Chemical
compound

D-Luciferin,
sodium salt

Gold Biosciences LUCNA-1G

Chemical
compound

Anti-mouse IgG
Magnetic microbeads

Miltenyi 130-047-101

Chemical
compound

EZ-link
Sulfo-NHS-biotin

Pierce 21425

Commercial
assay or kit

Alexa Fluor 647
Protein Labeling Kit

Thermo
Fisher Scientific

A20173

Commercial
assay or kit

Alexa Fluor 488
Protein Labeling Kit

Thermo
Fisher Scientific

A20181

Commercial
assay or kit

Direct cAMP ELISA Enzo
Life Sciences

ADI-900–066

Software, algorithm Prism GraphPad 8.1.1

Software, algorithm ImageJ Imagej.net 2.0.0-rc-69/1.52 p

Software, algorithm MATLAB MathWorks R2014b

Cell culture, expression constructs, and transfections
HEK 293 cells (CRL-1573, ATCC, mycoplasma-tested) were cultured in complete growth Dulbecco’s

modified Eagle’s medium (DMEM, Gibco) and supplemented with 10% fetal bovine serum (UCSF

Cell Culture Facility). HA-b2AR (Tang et al., 1999; von Zastrow and Kobilka, 1992), HA-V2R

(Rochdi et al., 2010), HA-MOR (Whistler and von Zastrow, 1998), HA-V2R-T (Charest and Bouv-

ier, 2003; Rochdi et al., 2010), all described previously, were sub-cloned from Flag-tagged
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constructs. Nb80-EGFP was previously described (Irannejad et al., 2013). HA-G(alpha)s, G(beta-1),

G(gamma-2) were gifts from Philip Wedegaertner. HA-G(alpha)s-Q227L, a previously described

point mutant of Gs that is constitutively active (Masters et al., 1989), was made from the original

construct using the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) with the for-

ward primer 5’-CGATGTGGGCGGCCTGCGCGATGAACGCCGC-3’. Flag-AC1, Flag-AC9 from the

Dessauer Lab, were originally described by Hacker et al., 1998; Krupinski et al., 1989;

Paterson et al., 2000; Premont et al., 1996. Flag-AC9-D442A (Catalytic inactive mutant) was also

made from the original construct using QuikChange Kit with the forward primer 5’-CCACTAG

TCCAGTGTGGTGGAATTCGCCATGGACTACAAAGACGATGACGAC-3’. Transfections were carried

out using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s protocol. Cells

were transfected 48 hr before experiments. siRNA knockdown of AC1 and AC9 expression in

HEK293 cells was carried out using Lipofectamine RNAiMAX (Life Technologies) according to the

manufacturer’s protocol. Cells were transfected 72 hr before experiments. Knockdown of AC1 used

the siRNA CCGGGCGGTTCAGACCTTCAA and AC9 knockdown used CTGGGCATGAGGAGG

TTTAAA.

Primary cultures of human airway smooth muscle cells were prepared as described previously

(Tsvetanova et al., 2017). Cells were passaged no more than five times using Trypsin-EDTA (Life

Technologies) and maintained in 10% FBS in DMEM.

Gs knockout (Stallaert et al., 2017) and beta-arrestin-1/2 double knockout (O’Hayre et al.,

2017) HEK293 cells were previously described. AC3/AC6 double knockout HEK293 cells were also

described previously (Soto-Velasquez et al., 2018) and were provided as a generous gift by Drs.

Monica Soto-Valasquez and Val Watts (Purdue University). Cells were passaged using PBS-EDTA and

maintained in 10% FBS in DMEM.

Cholera Toxin (Sigma) was administered to cells for 16 hr overnight treatment at 10 ng/ml con-

centration in 10% FBS in DMEM.

We found AC9 trafficking to be environmentally sensitive. Specifically, exposure of cells outside

of the incubator for more than 2 min tended to reduce the degree of isoproterenol-stimulated inter-

nalization of AC9, without affecting internalization of b2AR. Accordingly, this restriction was consis-

tently adhered to in the present study.

Antibodies
Antibodies used were rabbit anti-Flag (Sigma), mouse anti-Flag M1 (Sigma), mouse anti-Flag M2

(Sigma), mouse anti-HA 16B12 (Biolegend), rat anti-HA (Roche), goat anti-AC9 (Santa Cruz Biotech),

mouse anti-Golgin-97 (Thermo), rabbit anti-calnexin (Cell Signaling), mouse anti-Sodium/Potassium

ATPase (Fisher).

Fixed cell confocal imaging
Cells were transfected with the indicated construct(s) and then plated on glass coverslips coated

with poly-L-lysine (0.0001%, Sigma) 24 hr later. For antibody feeding assays, cells were: (1) placed on

ice and rinsed with ice-cold phosphate-buffered saline (PBS), (2) labeled by the addition of antibod-

ies diluted 1:1000 in DMEM for 10 min, and (3) rinsed with room temperature PBS and allowed to

traffic for 30 min by the addition of 37˚C fresh media (DMEM + 10% fetal bovine serum) with or with-

out a saturating concentration of b2AR agonist (10 mM isoproterenol, Sigma), V2R agonist (10 mM

arginine-vasopressin, Sigma), MOR agonist (10 mM DAMGO, Sigma), or forskolin (10 mM, Sigma).

For all assays, cells were rinsed with cold PBS and fixed by incubation in 3.7% formaldehyde (Fisher

Scientific) diluted in modified BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM CaCl2, pH 6.8) for 20

min at room temperature. Cells were then blocked in 2% Bovine Serum Albumin (Sigma) in PBS with

permeabilization by 0.2% triton X-100 (Sigma). Primary antibody labeling was performed by the

addition of antibodies diluted 1:1000 in blocking/permeabilization buffer for one hour at room tem-

perature. Secondary labeling was performed by addition of the following antibodies diluted at 1:500

in blocking/permeabilization buffer for 20 min at room temperature: Alexa Fluor 555 or 488 donkey

anti-mouse (Invitrogen), Alexa Fluor 555 or 488 donkey anti-rabbit (Invitrogen), Alexa Fluor 488 or

555 goat anti-rat (Invitrogen), or Alexa Fluor 488 donkey anti-sheep (Life Technologies). Specimens

were mounted using ProLong Gold antifade reagent (Life Technologies).
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Fixed cells were imaged by spinning disc confocal microscope (Nikon TE-2000 with Yokogawa

confocal scanner unit CSU22) using a 100X NA 1.45 objective. A 488 nm argon laser and a 568 nm

argon/krypton laser (Melles Griot) were used as light sources.

Microscope image acquisition and image analysis
Spinning disc images were collected using an electron multiplying CCD camera (Andor iXon 897)

operated in the linear range controlled by Micro-Manager software (https://www.micro-manager.

org). Images were processed at full bit depth for all analysis and rendered for display by converting

to RGB format using ImageJ software (http://imagej.nih.gov/ij) and linear look up table. The number

of endosomes was quantified by thresholding images and the ParticleTracker ImageJ plugin.

Live-cell confocal imaging
Live cell imaging was carried out using Yokagawa CSU22 spinning disk confocal microscope with

a � 100, 1.4 numerical aperture, oil objective and a CO2˚C and 37˚C temperature-controlled incuba-

tor. A 488 nm argon laser and a 568 nm argon/krypton laser (Melles Griot) were used as light sour-

ces for imaging EGFP and Flag signals, respectively. Cells expressing both Flag-tagged receptor

and the indicated nanobody–EGFP were plated onto glass coverslips. Receptors were surface

labelled by addition of M1 anti-Flag antibody (1:1000, Sigma) conjugated to Alexa 555 (A10470, Invi-

trogen) to the media for 30 min, as described previously. Indicated agonist (isoprenaline, Sigma) or

antagonist (CGP-12177, Tocris) (alprenolol, Sigma) were added and cells were imaged every 3 s for

20 min in DMEM without phenol red supplemented with 30 mM HEPES, pH 7.4 (UCSF Cell Culture

Facility). Time-lapse images were acquired with a Cascade II EM charge-coupled-device (CCD) cam-

era (Photometrics) driven by Micro-Manager 1.4 (http://www.micro-manager.org).

Endosome immunoisolation
Cells were transfected with the indicated construct(s) 48 hr before lysis and plated onto 60 mm cell

culture dishes 24 hr before lysis. Cells were allowed to traffic for 30 min by the addition of 37˚C fresh

media (DMEM + 10% fetal bovine serum) with or without a saturating concentration of the indicated

agonist. Cells were then placed on ice, washed with ice-cold PBS, and scraped into an isotonic

homogenization buffer (10 mM HEPES, 100 mM KCl, 25 mM sucrose, Complete protease inhibitor

(Roche), pH 7.2) and passaged 20 times through a 22 G BD PrecisionGlide Needle. Whole cell

lysates were then spun down at 1000 G for 10 min at 4˚C and the pellets discarded. The supernatant

was then bound to Early Endosome Antigen one mouse antibody (1:250, Fisher Scientific) and anti-

mouse IgG magnetic microbeads (Miltenyi Biotech) overnight. Endosomes were then bound to mag-

netic columns which were blocked with 3% BSA and washed with PBS. Proteins in the isolated frac-

tion were eluted with 0.1% Triton-X and characterized by western blot.

Surface biotinylation
Cells were transfected with the indicated construct(s) 48 hr before lysis and plated onto 60 mm cell

culture dishes coated with poly-L-lysine (0.0001%, Sigma) 24 hr before lysis. Cells were allowed to

traffic for 30 min by the addition of 37˚C fresh media (DMEM + 10% fetal bovine serum) with or with-

out a saturating concentration of the indicated agonist. Cells were then placed on ice, washed with

ice-cold PBS, and then surface labeled with EZ-link Sulfo-NHS-biotin (Pierce) for 30 min, rocking at 4˚

C. Reaction was then quenched with tris buffered saline (TBS) twice for 10 min. Cells were then

placed on ice, washed with ice-cold PBS, and scraped into an isotonic homogenization buffer (10

mM HEPES, 100 mM KCl, 25 mM sucrose, Complete protease inhibitor (Roche), pH 7.2) and pas-

saged 20 times through a 22 G BD PrecisionGlide Needle. Cell lysate was then bound to streptavidin

agarose resin (Thermo) overnight. Resin was spun down and the supernatant discarded, resus-

pended and washed in ice-cold PBS, and characterized by western blot.

Real-time cAMP assay in living cells
Real-time analysis of cAMP elevations were carried out in living HEK293 cells and in the absence of

phosphodiesterase inhibitors using a were transfected with a plasmid encoding a cyclic-permuted

luciferase reporter construct, based on a mutated RIIbB cAMP-binding domain from PKA (pGloSen-

sor-20F, Promega), which produces rapid and reversible cAMP-dependent activation of luciferase
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activity in intact cells and is capable of detecting cAMP elevations in the absence of phosphodiester-

ase inhibitors. Cells were plated in 24-well dishes containing approximately 200,000 cells per well in

500 ml DMEM without phenol red and no serum and equilibrated to 37˚C in a light-proof cabinet. An

image of the plate was focused on a 512 � 512 pixel electron multiplying CCD sensor (Hamamatsu

C9100-13), cells were equilibrated for 1 hr in the presence of 250 mg ml�1 luciferin (Gold bioscien-

ces), and sequential luminescence images were collected every 10 s to obtain basal luminescence

values. The camera shutter was closed, the cabinet opened and the indicated concentration of iso-

prenaline was bath applied, with gentle manual rocking before replacing in the dark cabinet and

resuming luminescence image acquisition. In endocytic manipulation experiments, cells were pre-

incubated with 30 mM Dyngo-4a (abcam Biochemicals) for 15 min. Every 10 s, sequential images

were acquired using Micro-Manager (http://www.micro-manager.org) and integrated luminescence

intensity detected from each well was calculated after background subtraction and correction for

vignetting using scripts written in MATLAB (MathWorks). In each multiwell plate, and for each exper-

imental condition, a reference value of luminescence was measured in the presence of 5 mM forsko-

lin, a manipulation that stimulates a moderate amount of receptor-independent activation of

adenylyl cyclase. The average luminescence value—measured across duplicate wells—was normal-

ized to the maximum luminescence value measured in the presence of 5 mM forskolin.

Biochemical assay of cAMP accumulation
A biochemical assay of cAMP accumulation was used to determine the effects of AC mutation on

catalytic activity, with high sensitivity and without dependence on subcellular location due to inhibi-

tion of cellular phosphodiesterases. Briefly, cells were pre-incubated in the presence of 1 mM IBMX

(Sigma) for 30 min at 37˚C in Dulbecco’s modified Eagle’s medium followed, and then incubated for

an additional 10 min in absence or presence of isoproterenol (in the continued presence of IBMX), as

indicated. Cells were quickly washed with ice-cold PBS and lysed by exposure to 0.1 M HCl for 10

min at room temperature. The cAMP concentration in lysates was determined using a commercial

immunoassay (Direct cAMP ELISA kit, Enzo Life Sciences, Farmingdale, NY) according to the manu-

facturer’s instructions.

Statistical analysis
Results are displayed as the mean of results from each experiment or data set, as indicated in figure

legends. The statistical significance between conditions for experiments with two conditions was cal-

culated using paired, two tailed t-tests. All statistical calculations were performed using Excel (Micro-

soft Office) or Prism (GraphPad). The threshold for significance was p<0.05 and the coding for

significance is reported as follows: (n.s.) p>0.05, (*) p�0.05, (**) p�0.01.
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Stoeber M, Jullié D, Lobingier BT, Laeremans T, Steyaert J, Schiller PW, Manglik A, von Zastrow M. 2018. A
genetically encoded biosensor reveals location Bias of opioid drug action. Neuron 98:963–976. DOI: https://
doi.org/10.1016/j.neuron.2018.04.021, PMID: 29754753

Stryer L, Bourne HR. 1986. G proteins: a family of signal transducers. Annual Review of Cell Biology 2:391–419.
DOI: https://doi.org/10.1146/annurev.cb.02.110186.002135, PMID: 3103658

Sunahara RK, Dessauer CW, Gilman AG. 1996. Complexity and diversity of mammalian adenylyl cyclases. Annual
Review of Pharmacology and Toxicology 36:461–480. DOI: https://doi.org/10.1146/annurev.pa.36.040196.
002333

Sutherland EW. 1971. Nobel Lectures in Physiology or Medicine. In: Lindsten J (Ed). Studies on the Mechanism
of Hormone Action. World Scientific Publishing Co. p. 5–22.

Tang Y, Hu LA, Miller WE, Ringstad N, Hall RA, Pitcher JA, DeCamilli P, Lefkowitz RJ. 1999. Identification of the
endophilins (SH3p4/p8/p13) as novel binding partners for the beta1-adrenergic receptor. PNAS 96:12559–
12564. DOI: https://doi.org/10.1073/pnas.96.22.12559, PMID: 10535961

Tantisira KG, Small KM, Litonjua AA, Weiss ST, Liggett SB. 2005. Molecular properties and pharmacogenetics of
a polymorphism of adenylyl cyclase type 9 in asthma: interaction between beta-agonist and corticosteroid
pathways. Human Molecular Genetics 14:1671–1677. DOI: https://doi.org/10.1093/hmg/ddi175, PMID: 1587
9435

Taylor SS, Zhang P, Steichen JM, Keshwani MM, Kornev AP. 2013. PKA: lessons learned after twenty years.
Biochimica Et Biophysica Acta (BBA) - Proteins and Proteomics 1834:1271–1278. DOI: https://doi.org/10.1016/
j.bbapap.2013.03.007
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