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GPCR   G protein-coupled receptor 

HA    hemagglutinin 

HEK293   human embryonic kidney 293 

ICL    intracellular loop 

PDE    phosphodiesterase 

PKA    protein kinase A 

pLDDT   predicted local distance difference threshold 

SILAC   stable isotope labeling by amino acids in cell culture 

SPH    superecliptic pHluorin 

YFP    yellow fluorescent protein 
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Abstract 

The emerging picture of G protein-coupled receptor function suggests that the global 

signaling response is an integrated sum of a multitude of individual receptor responses, each 

regulated by their local protein environment. The beta 2 adrenergic receptor (B2AR) has long 

served as an example receptor in the development of this model. But the mechanism and the 

identity of the protein-protein interactions that govern the availability of receptors competent for 

signaling remains incompletely characterized. To address this question, we characterized the 

interactome of agonist-stimulated B2AR in HEK293 cells using FLAG co-immunoprecipitation 

coupled to SILAC labeling and mass spectrometry. Our B2AR cross-linked interactome 

identified 190 high-confidence proteins, including almost all known interacting proteins and six 

out of seven isoforms of the 14-3-3 family of scaffolding proteins. Inhibiting 14-3-3 proteins with 

the peptide difopein enhanced isoproterenol-stimulated adrenergic signaling via cAMP 

approximately three-fold, and increased both miniGs and arrestin recruitment to B2AR more 

than two fold each, without noticeably changing EC50 with respect to cAMP signaling or effector 

recruitment upon stimulation. Our results show that 14-3-3 proteins negatively regulate 

downstream signaling by inhibiting access of B2AR to effector proteins. We propose that 14-3-3 

proteins maintain a dynamic pool of B2AR that has reduced signaling efficacy in response to 

acute agonist stimulation, limiting the amount of signaling-competent receptors at the plasma 

membrane. 
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Significance Statement 

 This study presents a new interactome of the agonist-stimulated beta 2 adrenergic receptor 

(B2AR), a paradigmatic GPCR that is both a model system for members of this class and an 

important signaling protein in respiratory, cardiovascular, and metabolic regulation. We identify 

14-3-3 proteins as responsible for restricting B2AR access to signaling effectors and 

maintaining a receptor population that is insensitive to acute stimulation by agonists. 
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Introduction 

The beta 2 adrenergic receptor (B2AR)–a prototypical member of the G protein-coupled 

receptor (GPCR) family–has long been a physiologically relevant in our understanding of GPCR 

function. GPCRs recognize and respond to a variety of extracellular signals, and initiate multiple 

intracellular signaling pathways that integrate to generate a physiological response (Pierce et 

al., 2002). Because of the variety and specificity of GPCRs they have been historically used as 

a major target for drug development, and a large percentage of available drugs target aspects of 

their signaling (Sriram and Insel, 2018). B2AR was among the first GPCRs identified and has 

long been used as a canonical example (Bylund, 2006; Lefkowitz, 2007).  

 

Our understanding of how B2AR agonists generate a complex downstream cellular response 

is still evolving. The primary pathway initiated by B2AR activation increases the second 

messenger cAMP via activation of adenylyl cyclase by Gαs protein (Johnson, 1998). B2AR can 

also activate several other pathways, such as the MAP Kinase pathway, presumably by multiple 

mechanisms independent of cAMP (Shenoy et al., 2006; O’Hayre et al., 2017; Kwon et al., 

2022).  Emerging evidence reveals that the global cellular response to B2AR activation is the 

summation of a large number of tightly controlled responses from individual receptors, each of 

which could be different in efficacy, specificity, and timing, depending on the immediate 

environment of the receptor (Anton et al., 2022).  

 

One interesting aspect of B2AR activation is that agonists can generate maximal activation of 

second messengers, as measured by traditional assays, despite activating only a subset of 

available receptors (Terasaki et al., 1979; Venter, 1979; Drury et al., 1998; Giembycz, 2009). 

This saturation could be caused by fundamental properties of the receptor signaling cascade at 

multiple levels. It is well established that signal amplification, in a system where downstream 
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components are limiting, could generate maximal cellular or tissue-level effects even if only a 

fraction of receptors are activated (Buchwald, 2019). In addition, variations in the intrinsic 

efficacy of individual drug-receptor complexes could also contribute to saturation, if a portion of 

receptors are held in a state that is not capable of initiating signaling cascades. However, 

whether and how B2AR can be sequestered into signaling-incompetent pools at the plasma 

membrane is not fully understood. 

 

The most likely possibility is that variations in signaling efficacy and outputs of individual 

receptors are determined by different arrays of effector and regulatory proteins that are present 

in the immediate environment of individual receptors. Subsets of B2AR could therefore interact 

with different proteins, with their particular protein interactions regulating the ability of the 

receptor to respond to stimuli, as well as the particular signaling pathways through which they 

do so. To better understand the mechanisms of B2AR activation and regulation, and to 

determine the downstream effectors of B2AR-mediated signaling pathways, it is important to 

identify the receptor interactome and how the interactome determines signaling outputs by 

B2AR. 

 

 Here we focused on the interactome of B2AR by taking an unbiased, exploratory approach. 

We used stable isotope labeling by amino acids in cell culture (SILAC) coupled to cross-linked 

co-immunoprecipitation and quantitative mass spectrometry to identify proteins associated with 

activated B2AR. This approach was validated by identification of previously-characterized B2AR 

interactors, as well as a substantial number of novel interactions with known functions in the 

endosomal system and receptor trafficking. We identified 14-3-3 proteins as agonist-regulated 

B2AR interacting proteins that negatively regulate the amplitude of B2AR-initiated cAMP 

production and association with arrestin, without affecting ERK signaling. Our results provide a 

rich dataset of B2AR interacting proteins, and suggest a model where 14-3-3 could regulate the 
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availability of signaling-competent B2AR. 
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Materials and Methods 

Plasmids 

SSF-B2AR is human B2AR preceded by a signal sequence and FLAG epitope, as has been 

described previously (Lauffer et al., 2010). SSF-B2AR-APEX and SSF-B2AR-LgBit were 

created by restriction enzyme cloning using EcoR1 and Not1 sites to insert APEX2 or LgBit into 

the B2AR C-terminus after P385, flanked by GSGG linkers. SpH-B2AR is B2AR preceded by 

the pH-sensitive GFP superecliptic pHluorin (SpH), as has been described previously (Yudowski 

et al., 2006). HA-14-3-3ε (Addgene,116886) was a gift from Drs. Feng-Qian Li and Ken-Ichi 

Takemaru (Li et al., 2008). SmBit-miniGs was produced from mVenus-miniGs by replacing 

mVenus with SmBit using site-directed insertion mutagenesis with Q5 polymerase (NEB), 

according to the manufacturer’s instructions. β-arrestin-SmBit was produced from β-arrestin-

GFP by replacing GFP with SmBit using site-directed insertion mutagenesis with Q5 

polymerase. YFP-R18 K-mutant and YFP-Difopein have been previously described under the 

names pSCM138 and pSCM174, respectively (Masters and Fu, 2001). These plasmids were 

generously provided by Drs. Haian Fu and Qiankun Niu (Emory University School of Medicine). 

The YFP tag was replaced with mCherry using Gibson assembly cloning to create mCherry-R18 

K-mutant and mCherry-Difopein for experiments with SpH, to avoid spectral overlap, and 

NanoBit experiments where NanoBit bioluminescence could result in resonant energy transfer 

to YFP. 

 

Cell maintenance and reagents 

HEK293 cells were purchased from American Type Culture Collection and maintained in 

Dulbecco’s Modified Eagles Medium, High Glucose (Hyclone, SH3024301) supplemented with 

10% fetal bovine serum (Gibco, 26140079) in a 37˚C incubator at 5% carbon dioxide. HEK293 

cells stably expressing FLAG-B2AR and SpH-B2AR have been described previously (Yudowski 
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et al., 2006; Lauffer et al., 2010). All transfections were conducted using Effectene (Qiagen, 

301425) as recommended by the manufacturer and with a plasmid DNA (ng):enhancer 

(µL):effectene (µL) ratio of 1:8:25. A clonal cell line stably-expressing SSF-B2AR-APEX was 

produced by transfecting HEK293 cells in a 12-well dish with 750 ng of the SSF-B2AR-APEX 

plasmid, then passing cells to 15 cm dishes such that individual cells were sparsely distributed. 

Cells were treated with 400 µg/mL Zeocin (Invitrogen, R25001) for approximately 14 days, with 

selection media changed every three days. Once colonies were visible by eye, individual 

colonies were isolated with plastic cloning rings, cultured, and assayed for construct expression 

using confocal microscopy. 

 

Isoproterenol hydrochloride (Sigma Aldrich, I5627) was prepared fresh as a 100 mM stock in 

water and diluted to 100x final concentration in water prior to treatment. For concentration-

response curves in cAMP GloSensor and NanoBit assays, isoproterenol treatment was 

prepared by 10x serial dilution in the relevant assay medium. Forskolin (Sigma Aldrich, F3917) 

was prepared as a 10 mM stock solution in DMSO before being aliquoted and frozen at -20˚C. 

Individual aliquots were thawed and diluted to the noted concentration in the relevant assay 

medium. 

 

Microscopy 

All imaging was done using an Andor Dragonfly microscope with a Yokugawa spinning disk 

confocal unit. Samples excited at the indicated wavelength using direct modulation lasers 

passing through a 405/488/561/640 quad excitation dichroic and imaged with a 60x 1.49 NA 

Apochromat TIRF objective using a Nikon Eclipse Ti2 inverted microscope. Images were 

collected using a iXon Life 888 electron-multiplying charge-coupled device camera (Andor). All 

cells were maintained during imaging in Leibovitz’s L15 media without phenol red (Thermo 

Fisher, 21083027) supplemented with 1% fetal bovine serum (hereafter ‘imaging media’). The 
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microscope is outfitted with a temperature-controlled chamber, and all imaging was conducted 

at 37˚C. 

 

B2AR internalization was visualized using HEK293 cells stably expressing FLAG-B2AR, 

passed to PDL-coated 25 mm #1.5 cover slips (Thor Labs, 0117650). Cells were incubated for 

10 minutes at 37˚C with 1:2000 M1 mouse anti-FLAG mAb (Sigma Aldrich, F3040) that had 

been pre-conjugated to Alexa Fluor 647 dye using an Alexa Fluor 647 Protein Labeling Kit 

(Invitrogen, A20173). Cover slips were then mounted on an imaging chamber in 700 µL imaging 

media, illuminated with a 637 nm laser, and fluorescence collected through a  700/75 nm 

bandpass filter. Images were taken every 30 seconds for 1 minute of baseline, then cells treated 

with isoproterenol in 100 µL imaging media to a final concentration of 10 µM and imaged for 10 

minutes of internalization. 

 

For SpH-B2AR internalization and recycling assays, HEK293 cells stably expressing SpH-

B2AR were passed to 6-well plates containing PDL-coated 25 mm cover slips and reverse-

transfected with 150 ng mCherry-difopein or mCherry-R18 K-mutant negative control peptide for 

24 hours. Cover slips were sequentially illuminated with 488 and 561 nm lasers and imaged 

every 30 seconds for 1 minute of baseline measurements using 540/30 and 600/50 nm 

bandpass filters, respectively. We then added isoproterenol in 100 µL imaging media to a final 

concentration of 10 µM and imaged for 10 minutes. We then manually removed the 

isoproterenol-containing media, replaced it with 800 µL imaging media containing 40 µM 

alprenolol, and imaged for another 20 minutes. Surface B2AR fluorescence was quantified 

using an automated macro in ImageJ. We blurred the images using a Gaussian function (σ=1) 

to reduce variability, subtracted the background fluorescence from all images, then used 

automated thresholding to create a mask of the cell membrane in cells expressing both SpH-

B2AR and mCherry. We then applied this mask to the background-subtracted images and 
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measured the integrated density of green fluorescence in the resulting regions. Fluorescence is 

shown as a percentage of the average SpH fluorescence values for the two baseline images. 

 

SILAC sample preparation 

SILAC samples were prepared and immunoprecipitated as described previously (Gokhale, 

Larimore, et al., 2012). HEK293 cells stably expressing FLAG-B2AR were grown in ‘heavy’ 

R10K8 or ‘light’ R0K0 SILAC media for seven passages to allow heavy or light amino acid 

incorporation into cellular proteins. Each population was then grown to confluence in 10 15-cm 

dishes. Cells cultured in heavy media were stimulated with 10 µM isoproterenol for 10 minutes 

to induce internalization, then all samples rinsed three times with cold PBS supplemented with 

0.1 M calcium chloride and magnesium chloride (PBS Ca-Mg) and placed on wet ice. Proteins 

were then crosslinked by incubating with 1 mM DSP in PBS Ca-Mg for 1 hour at 4˚C. DSP was 

quenched by incubating the cells with 25 mM Tris pH 7.4 for 15 minutes on ice. Cells were 

washed with PBS Ca-Mg and lysed by incubating for 30 minutes in lysis buffer (150 mM NaCl, 

10 mM HEPES, 1 mM EGTA, 0.1 MgCl2, 0.5% Triton X-100, supplemented with Complete 

Antiprotease [Roche, 11245200]), then scraped from the plates. Lysates were spun down at 

16,000 g for 15 minutes and the supernatant isolated and diluted to 1 mg/mL protein. 500 µL of 

lysate was added to 30 µL Dynabeads coated with sheep anti-mouse IgG that had been 

preloaded with mouse M2 anti-FLAG mAb (Sigma Aldrich, RRID:AB_259529) and incubated on 

a rotator for 2 hours at 4˚C. 340 µM 3xFlag peptide (Sigma Aldrich, F4799) was added to 

lysates from cells grown in ‘light’ culture during incubation to outcompete FLAG-B2AR as a 

negative control. Bound proteins were eluted by incubation in Laemelli sample buffer (Bio-Rad, 

1610737) made up to 1x concentration at 75˚C for 5 minutes. The eluted lysates wer e pooled 

and concentrated by trichloroacetic acid precipitation. 
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Mass spectrometry 

Concentrated proteins from FLAG immunoprecipitation were separated on a 4-12% Bis-Tris 

Novex mini-gel (Invitrogen) using MOPS buffer. 5% of each sample was run on a separate gel 

and silver stained to visualize total protein isolation. The gel destined for mass spectrometry 

was stained with Coomassie and excised into forty equal segments using a grid. Gel pieces 

were processed using a robot (ProGest, DigiLab) to sequentially wash with 25mM ammonium 

bicarbonate followed by acetonitrile and reduction with 10mM dithiothreitol at 60°C. This was 

followed by alkylation with 50mM iodoacetamide at room temperature, digestion with trypsin 

(Promega) at 37°C for 4h, and quenching with formic acid. Supernatant was analyzed directly 

without further processing. The gel digests were analyzed by nano LC/MS/MS with a Waters 

NanoAcquity HPLC system interfaced to a ThermoFisher Orbitrap Velos Pro. Peptides were 

loaded on a trapping column and eluted over a 75 μm analytical column at 350nL/min; both 

columns were packed with Jupiter Proteo resin (Phenomenex). The mass spectrometer was 

operated in data-dependent mode, with MS performed in the Orbitrap at 60,000 FWHM 

resolution and MS/MS performed in the LTQ. The fifteen most abundant ions were selected for 

MS/MS. Data Processing Data were processed through the MaxQuant software v1.3.0.5 

(www.maxquant.org) which was used for recalibration of MS data, filtering of database search 

results at the 1% protein and peptide false discovery rate (FDR), and calculation of SILAC 

heavy/light ratios. Data were searched using a local copy of Andromeda with the following 

parameters: Enzyme = Trypsin; Database = SwissProt Human (concatenated forward and 

reverse plus common contaminants); Fixed modification = Carbamidomethyl (C); Variable 

modifications = Oxidation (M), Acetyl (N-term), 13C6/15N2 (K), 13C6/15N4 (R); Fragment Mass 

Tolerance = 0.5 Da. Pertinent MaxQuant settings were: Peptide FDR = 0.01; Protein FDR = 

0.01; Min. peptide Length = 6; Min. unique peptides = 2; Min. ratio count = 2; Re-quantify = 

TRUE; Keep low-scoring versions of identified peptides = TRUE. Identification of multiprotein 

complexes was conducted using the MCODE algorithm, with clustering performed based on 
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protein-protein interactions documented by the STRING and BioGRID databases (Bader and 

Hogue, 2003; Szklarczyk et al., 2019; Oughtred et al., 2021). 

 

FLAG-B2AR co-immunoprecipitation 

HEK293 cells stably expressing FLAG-B2AR or a non-expressing, parental HEK293 cell line 

were seeded in a T75 or T25 flask and transfected with 3 or 1 µg HA-14-3-3ε, respectively, then 

the transfection-containing media changed after 5 hours. 24-48 hours later, cells were passed to 

PDL-coated 10 cm dishes, with FLAG-B2AR cells split into two plates, and incubated for 24 

hours. FLAG-B2AR dishes were treated with either 10 µM isoproterenol or an H2O vehicle 

control and incubated for 10 minutes at 37˚C, while the HEK293 control dish was treated with 

H2O vehicle. Cells were then placed on ice, washed twice with cold PBS, treated with 500 µL 

immunoprecipitation lysis buffer (as described for SILAC co-IP above), lifted using a cell 

scraper, and lysed by pipetting. Lysates were centrifuged at 13,200 g for 15 minutes at 4˚C and 

the supernatant isolated. Protein concentration was measured using a BCA assay (Thermo 

Fisher Scientific, 23225) and all lysates made up to equivalent concentrations using lysis buffer. 

0.75-1 mg of lysate was incubated for 1 hour at room temperature with Sheep anti-mouse IgG 

Dynabeads preloaded with M2 anti-FLAG mouse mAb. Beads were then washed six times with 

cold IP buffer (150 mM NaCl, 10 mM HEPES, 1 mM EGTA, 0.1 MgCl2) using a magnetic rack, 

then eluted at 95˚C for 10 minutes in 30 µL reducing sample buffer (RSB): 2x Laemmli sample 

buffer made up to a final concentration of 1x with nanopure H2O and supplemented with 

protease inhibitors (1 minitablet dissolved in 1 mL H2O, made up to 1x; Thermo Fisher Scientific, 

A32965), phosphatase inhibitors (1 minitablet dissolved in 1 mL H2O, made up to 1x; Thermo 

Fisher Scientific, A32957), DL-dithiothreitol (50 mM  final concentration; Sigma Aldrich, D9779) 

and 10% 2-mercaptoethanol (Bio-Rad, 1610710). Enough cell lysate to equal 2% of the amount 

of total protein loaded onto the beads was made up to 30 µL in RSB and incubated at 95˚C for 

10 minutes. 
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Immunoblotting 

For FLAG-B2AR co-immunoprecipitation immunoblotting, 30 µL each of elutes and 2% inputs 

were run out on precast 10-well 4-20% BioRad miniProtean gels (4560194) and transferred to 

nitrocellulose membranes. Membranes were blocked with 5% weight by volume milk (Research 

Products International, M17200-500) in Tris-buffered saline with 0.1% Tween (TBST; Thermo 

Fisher Scientific, BP337-500) and labeled with 1:1000 HA-tag rabbit mAb (Cell Signaling 

Technology, RRID:AB_1549585) followed by 1:5000 goat anti-rabbit HRP (Bio-Rad, 1706515). 

We then incubated the membranes with SuperSignal West Dura Chemiluminescent Substrate 

(Thermo Fisher Scientific, 34075) for 5 minutes and imaged chemiluminescence using an 

Invitrogen iBright FL1000.  Membranes were then stripped using Restore Western Blot Stripping 

Buffer (Thermo Fisher Scientific 21059) for 30 minutes, reblocked in milk in TBST, labeled with 

1:2000 M2 anti-FLAG followed by 1:5000 goat anti-mouse HRP (Bio-Rad, 170-6516), then 

developed and imaged as previously. We calculated densitometry using ImageJ. 

 

For blots assessing ERK phosphorylation, HEK293 cells stably expressing FLAG-B2AR were 

reverse transfected with 150 ng of the described plasmids in PDL-coated 12 well plates and let 

settle overnight. The following day, cells were starved for 4 hours in serum-free DMEM to 

decrease basal ERK phosphorylation. Wells were incubated with 10 µM isoproterenol for the 

reported time, then washed twice with cold PBS and lysed in Laemmli sample buffer 

supplemented with protease inhibitors, phosphatase inhibitors, and 10% 2-mercaptoethanol. We 

then added DL-dithiothreitol to a final concentration of 25 mM and incubated lysates at 95˚C for 

10 minutes. Lysates were run on 12-well 4-20% BioRad miniProtean gels (4560195) and 

transferred to nitrocellulose membranes. For measuring phosphorylated ERK, membranes were 

blocked in 5% weight by volume BSA (Thermo Fisher Scientific, BP1600-100) in TBST to avoid 

dephosphorylation by phosphatases present in milk and labeled with 1:1000 rabbit phospho-
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MAPK Y202/Y204 mAb (Cell Signaling Technology, RRID:AB_331772). All imaging conditions 

were the same as above, except chemiluminescence was developed using SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Fisher Scientific, 34580) due the higher expected 

signal. Total ERK was probed using with 1:1000 mouse p44/42 MAPK mAb (Cell Signaling 

Technology, 4696). Data are presented as the band density of phosphorylated ERK divided by 

that of total ERK as a percentage of the peak value for cells expressing YFP-R18 K-mutant. 

 

APEX proximity labeling 

Proximity labeling with APEX2 was conducted as has been described previously (Hung 

et al., 2016), with minor modifications. HEK293 cells stably expressing FLAG-B2AR-APEX were 

plated in 6-well plates coated with PDL and let grow to 90% confluence. Biotin phenol (Sigma-

Aldrich, SML2135) was added to cells as a 100x concentrated stock in DMSO (or an equivalent 

volume of DMSO vehicle) to a final concentration of 50 µM and the plates incubated for 30 

minutes at 37˚C. We then added 100 mM hydrogen peroxide in water to a final concentration of 

1 mM (or water vehicle), incubated the plates for 1 minute at room temperature, then aspirated 

the media and replaced with a reaction quenching buffer (Dulbecco’s PBS supplemented with 

10 mM sodium ascorbate [Sigma-Aldrich, A4034], 5 mM Trolox [Sigma-Aldrich, 238813], and 10 

mM sodium azide [Thermo Fisher Scientific, BP922I]). Cells were washed twice more with 

quenching buffer, then scraped from the plates and transferred into centrifuge tubes and spun 

down to pellet cells. Cell pellets were lysed in RIPA buffer (Thermo Fisher Scientific, 89900) 

supplemented with protease inhibitors (1 minitablet dissolved in 1 mL H2O, made up to 1x; 

Thermo Fisher Scientific, A32965), 10 mM sodium ascorbate, 5 mM Trolox, and 10 mM sodium 

azide (hereafter ‘lysis buffer’), then clarified via centrifugation. We measured protein 

concentration using the Pierce 660 assay and made up all lysates for a given experiment to 

equal concentrations. 
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Cell lysates were rotated for one hour at room temperature or overnight at 4˚C with 

Pierce magnetic streptavidin beads (Thermo Fisher Scientific, 88816) that had been blocked in 

0.1% bovine serum albumin for one hour at room temperature. Beads were washed twice with 

RIPA buffer, once with 1 M KCl (EMD, PX1405), once with 0.1 M Na2CO3 (Sigma Aldrich, 

S5761) once with 2 M urea (Thermo Fisher Scientific, U15) in 10 mM Tris base (Avantor, 4099-

06) made up to pH 8.0 using HCl, and twice again with RIPA buffer, all kept cold on wet ice. 

Lysates were eluted by incubating in Laemmli sample buffer (Bio-Rad, 1610737) made up to 3x 

concentration with water and supplemented with 2 mM biotin (Sigma-Aldrich, B4501) and 20 

mM DL-dithiothreitol (DTT; Sigma Aldrich, D9779) for 10 minutes at 95˚C. Immunoblotting was 

conducted as described above except that membranes were blocked by incubation for 1 hour at 

room temperature in Intercept (TBS) Blocking Buffer (LI-COR Biosciences, 927-60001), then 

biotinylated proteins labeled with 1:1000 IRdye 800CW Streptavidin (LI-COR, 926-32230) in 

Intercept buffer for 1 hour at room temperature while protected from light. Biotinylation was 

imaged using the infrared fluorescence detection mode on an Invitrogen iBright FL1000. 

 

NanoBit 

NanoBit protein-protein interaction assays were performed in 96-well, solid bottom white 

plates coated with poly-D-lysine. 6x104 HEK293 cells were passed to each well and reverse 

transfected for 24 hours with 10 ng of each noted plasmid, unless otherwise noted. Wells were 

washed twice with PBS, then incubated for 10 minutes with 10 µM furimazine in 100 µL 

Leibovitz’s L-15 media supplemented with 1% FBS at 37˚C. NanoBit luminescence was 

measured on a Varioskan LUX multimode microplate reader once every one minute for ten 

minutes, then the plate was removed, treatment added, and readings taken again for 30 or 60 

minutes. All traces were normalized to the average baseline value, then corrected for substrate 

decay by fitting an exponential curve to the vehicle-treated condition and multiplying all curves 

by the inverse of the resulting function. 
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AlphaFold Multimer structural predictions 

AlphaFold Multimer was used to predict the structure of full-length B2AR in complex with full 

length 14-3-3ε and 14-3-3ζ/δ. AlphaFold Multimer has been previously described and was used 

without modification through the gateway COSMIC2 (Cianfrocco et al., 2017; Evans et al., 

2022). Five models were developed with the following parameters: db_preset_ = full_dbs, 

max_template_date = 2023-05-30, model_preset_ = multimer, model_to_relax_ = none, 

num_multimer_predictions_per_model_ = 1. All data shown is from the first, highest-ranked 

model. Structures were visualized and annotated using UCSF ChimeraX (Pettersen et al., 

2021). The first 20 amino acids of the B2AR N-terminus were removed from visualization for 

spatial concision, but were included in structural predictions and do not interact with 14-3-3 

proteins in this model. 

 

cAMP GloSensor 

Cyclic AMP in live HEK293 cells was measured using the luminescent cAMP sensor 

Promega cAMP GloSensor 22F. Luminescence measurements were performed in 96-well, solid 

bottom white plates (Costar Corning, 3917) coated with poly-D-lysine to promote cell adherence 

(Sigma Aldrich, #P6407). 5x104 HEK293 cells were passed to each well and reverse transfected 

for 24 hours with 20 ng each of cAMP GloSensor and any noted test plasmids. Cells were 

washed twice with PBS, then incubated for 2 hours with 500 µg/mL D-luciferin (Goldbio, LUCK-

1G) in 100 µL Leibovitz’s L-15 media supplemented with 10% fetal bovine serum at room 

temperature. Luminescence was measured on a Varioskan LUX multimode microplate reader at 

either 250 or 500 ms exposure time once per minute for ten minutes, the plate was removed, 

treatment added, then readings taken again once per minute for one hour. All treatments were 

diluted to 10-fold concentrated stocks in Leibovitz’s L-15 media supplemented with 10% FBS at 
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room temperature and added to the final concentration described. Traces were normalized to 

the average value prior to treatment and then represented as a percent of the peak value for the 

R18 K-mutant negative control peptide or empty vector transfected condition at 10 µM 

treatment. 

 

Statistics and figure production 

 All statistics were performed and data graphs produced using GraphPad Prism 10, except for 

gene ontology analysis. Due to the exploratory nature of this study, all statistical tests represent 

a description of the data presented, rather than a test of a hypothesis formulated prior to the 

commencement of the investigation. Experiments comparing two means were analyzed using a 

two-tailed Student’s t-test, while those comparing three or more means were analyzed using a 

one-way analysis of variance (ANOVA), with Dunnet’s multiple comparisons test where 

individual comparisons were made. These tests were conducted with pairing when individual 

data points were produced from the same immunoblot or assay plate. Concentration-response 

curves were fit to a three-parameter nonlinear regression. The resulting curves were analyzed 

using an extra sum-of-squares F-test, comparing the bottom, top, and logEC50 of the individual 

curves to a global fit model to determine whether the curves are best fit by a single model or by 

multiple, different fits. Gene ontology analysis (Ashburner et al., 2000; The Gene Ontology 

Consortium et al., 2023) was conducted and graphs produced using WebGestalt (Liao et al., 

2019) with the following parameters: Enrichment method = ORA, Enrichment categories = 

geneontology_Biological_Process_noRedundant, Reference Set = genome, IDtype = 

genesymbol, Minimum IDs/category = 5, Maximum IDs/category = 2000, FDR method = BH, 

Significance level =  top 10. Experimental schematic and model figure panels were created with 

BioRender.com. All figures were produced using Adobe Illustrator 28.0. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 23, 2024 as DOI: 10.1124/molpharm.124.000939

 at A
SPE

T
 Journals on D

ecem
ber 29, 2024

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


 20 

Results 

SILAC-based immunoprecipitation identifies the B2AR interactome with high fidelity.  

 

 To identify the stable interactome of agonist-stimulated B2AR, composed of direct and 

indirect interactors of the receptor, we opted to use immunoprecipitation of B2AR tagged with an 

N-terminal FLAG epitope (FLAG-B2AR) expressed in HEK293 cells. This engineered receptor 

has the key advantage of leaving the intracellular domains of B2AR unmodified. We and others 

have extensively characterized the trafficking, signaling, and biochemical characteristics of this 

tagged B2AR (Cao et al., 1999; Lauffer et al., 2010; Puthenveedu et al., 2010; Irannejad et al., 

2013). Consistent with previous data, live imaging of surface FLAG-B2AR with an M1 anti-FLAG 

antibody conjugated to Alexa Fluor 647 (M1-647) showed agonist-mediated internalization upon 

addition of 10 µM isoproterenol and localized primarily at endosomes within ten minutes (Fig. 

1A). To minimize variability between experimental conditions during the mass spectrometry 

process and allow direct, quantitative comparison between samples, we opted to use a SILAC-

based approach comparing the agonist-stimulated B2AR interactome with a negative control 

sample to filter out non-specific proteins. This experimental protocol has previously been used 

to identify protein interactomes with high fidelity (Gokhale, Perez-Cornejo, et al., 2012; Perez-

Cornejo et al., 2012; Ryder et al., 2013a; b; Gokhale et al., 2016). HEK293 cells stably 

expressing FLAG-B2AR were grown in media containing either arginine and lysine with “light” 

12C and 14N (R0K0) or “heavy” 13C and 15N (R10K8) for more than six passages to ensure 

equilibrium labeling of the proteome. Using this method, we can reliably achieve steady labeling 

of >98% of the proteome with R10K8 in HEK293 cells (Gokhale, Larimore, et al., 2012; Perez-

Cornejo et al., 2012). We used “light” labeled cells as our negative control condition and “heavy” 

labeled cells as our ligand-stimulated B2AR immunoprecipitation condition. 
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 HEK293 FLAG-B2AR cells labeled with “heavy” isotopes were treated with 10 µM 

isoproterenol for 10 minutes to induce internalization, then both experimental and negative 

control cells placed on ice to stop further trafficking and incubated with DSP to cross-link B2AR 

with associated proteins. We opted to crosslink to ensure that we capture the a greater 

proportion of larger, multi-subunit complexes where not all components might directly bind to the 

receptor (Gokhale, Perez-Cornejo, et al., 2012; Perez-Cornejo et al., 2012; Ryder et al., 2013b; 

Gokhale et al., 2016). We isolated FLAG-B2AR and interacting proteins using Dynabead 

magnetic beads conjugated to sheep anti-mouse IgG and incubated with mouse M2 anti-FLAG 

antibodies. As a negative control, samples labeled with “light” isotopes were incubated with an 

excess of FLAG peptide to outcompete FLAG-B2AR binding. This control identified proteins that 

nonspecifically bound the magnetic beads. Silver stained SDS page of whole-cell lysate and 

anti-FLAG immunoprecipitated proteins shows isolation of a small subset of the total proteins 

present (Fig. 1B). Pooled FLAG-B2AR and negative control samples were analyzed using mass 

spectrometry. 

 

 We used fold enrichment and the number of peptides detected as criteria to identify proteins 

associated with ligand-activated B2AR. We identified 190 proteins (not including B2AR itself) in 

pooled samples that were enriched at least two fold in the stimulated FLAG-B2AR 

immunoprecipitation condition over the excess FLAG peptide negative control and after curation 

with a library of proteins that spuriously interact with FLAG antibody-coated magnetic beads 

(Fig. 1C-D). The B2AR interactome is enriched in proteins annotated to membrane trafficking 

terms (Fig. 2A). For example, the B2AR interactome was enriched more than 10-fold in proteins 

annotated to the gene ontology (GO) term ‘endosomal transport’ (q < 2.2x10-16, GO: 0016197) 

and more than 9-fold in proteins annotated to the GO term ‘membrane fusion’ (q < 3.45x10-9, 

GO: 0061025; Fig. 2A, Supplementary Table 1, Extended Data 1). Among the proteins 

belonging to these ontological terms, we found most known B2AR binding partners and proteins 
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previously shown to associate with B2AR throughout the receptor trafficking itinerary. These 

proteins include beta arrestin 2, clathrin heavy and light chains, and accessory protein 2 

subunits alpha, beta, and mu, which are all essential elements of the B2AR internalization 

machinery and enriched at least 4-fold over the negative control (Wolfe and Trejo, 2007). Also 

present and highly enriched (8- to 15-fold over negative control) are well-characterized B2AR-

binding proteins such as NSF and the PDZ domain-containing proteins NHERF1, NHERF2, and 

SNX27 (Hall et al., 1998; Cong et al., 2001; He et al., 2006; Lauffer et al., 2010). All Retromer 

core components (VPS26A/B, VPS29 and VPS35) and three of five members of the WASP and 

SCAR Homologue (WASH) complex (WASHC2/FAM21A, WASHC4/KIAA1033, and 

WASHC5/strumpellin), which interact with the PDZ-domain proteins, were likewise detectable 

and at least 4-fold enriched (Fig. 1D, Extended Data 2) (Gomez and Billadeau, 2009; Varandas 

et al., 2016). Proteins with previously-described roles in endosomal sorting and cargo recycling, 

including EEA1, Rab5, Rab11 (5- to 10-fold), and cortactin (2.6-fold), were also enriched in this 

pool (Ullrich et al., 1996; Christoforidis et al., 1999; Moore et al., 2004; Puthenveedu et al., 

2010; Zeigerer et al., 2012; Vistein and Puthenveedu, 2014). These data show that our 

approach was able to identify, with high confidence, members of large protein complexes that 

interact with B2AR. We also identified many members of the CORVET and CCC complexes, 

which are both known to play roles in endosomal cargo sorting, but which have not previously 

been shown to interact with B2AR (Beek et al., 2019; Singla et al., 2019; Boesch et al., 2023). 

Clustering using the Molecular Complex Detection (MCODE) algorithm based on previously-

reported protein-protein interactions compiled in the STRING and BioGRID databases revealed 

identified multiple complexes involved in endosomal cargo sorting, including WASH, CORVET, 

and the CCC-Retriever complexes (Fig. 2B) (Bader and Hogue, 2003; Szklarczyk et al., 2019; 

Oughtred et al., 2021). Overall, we determined via literature search that 16 of the 190 proteins 

identified as part of the B2AR cross-linked interactome (8.4%) have been reported previously to 

bind B2AR directly, while a further 39 (20.5%) are known to form complexes with direct B2AR 
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binding partners or colocalize closely with the receptor in fluorescence microscopy (Extended 

Data 2). These include several proteins for which association with B2AR has been reported, but 

for which little is known about their functional role in receptor activity (Karoor et al., 1998; 

Maïssa et al., 2017; Pons et al., 2017). 

 

B2AR binds to 14-3-3 proteins in the absence of agonist stimulation. 

 

 We focused on the 14-3-3 family of proteins to follow up on functionally, as they have been 

shown to play numerous roles in regulating intracellular signaling pathways (Masters and Fu, 

2001; Tutor et al., 2006; Thompson and Goldspink, 2022; Yang et al., 2023). We identified six of 

the seven human 14-3-3 protein isoforms enriched at least 3-fold over the negative control 

condition, with the most enriched isoforms (14-3-3ε, ζ/δ, and θ) enriched more than 5-fold. This 

enrichment is within the range of subunits of the WASH complex and the adaptor complex AP-2, 

both well-established interactors of B2AR (4.5- to 8-fold enrichment). The only isoform not 

detected was sigma, which is expressed only at very low levels or not at all in HEK293 cells. 14-

3-3σ (gene name SFN) mRNA has been reported at only 5.0 transcripts per million, compared 

to 873.8 for YWHAE, the gene encoding 14-3-3ε (Uhlén et al., 2015; Cell line - SFN - The 

Human Protein Atlas, n.d.; Cell line - YWHAE - The Human Protein Atlas, n.d.). On a protein 

level, 14-3-3 proteins other than 14-3-3σ are generally expressed at high levels in HEK293, with 

intracellular concentrations ranging from 3 µM for 14-3-3η to 14 µM for 14-3-3ε, and displaying a 

broadly cytoplasmic localization (Cho et al., 2022). 14-3-3 proteins are a versatile class of 

scaffolding proteins that have been previously reported to associate with various G protein-

coupled receptors, including B2AR (Tazawa et al., 2003; Tutor et al., 2006; Grant et al., 2011; Li 

et al., 2016; Yuan et al., 2019), but how 14-3-3 proteins regulate receptor signaling and 

trafficking have not been well characterized. 
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To confirm our proteomics data and to test whether 14-3-3 interactions were agonist-

regulated, we first sought to identify 14-3-3 protein association with FLAG-B2AR by 

immunoprecipitation and direct detection. When B2AR was immuno-isolated with an anti-FLAG 

antibody in HEK293 cells stably expressing FLAG-B2AR and transfected with HA-14-3-3ε (the 

most abundant 14-3-3 isoform in our SILAC co-IP with 13 total spectra, alongside 14-3-3ζ/δ with 

an equal number), 14-3-3ε was isolated along with B2AR, confirming that B2AR associated with 

14-3-3ε (Fig. 3A). This association was observed in the absence of cross-linking agents in this 

experiment, indicating that the B2AR-14-3-3 complex is capable of surviving cell lysis and 

stringent washes during immunoprecipitation. As a negative control, an identical protocol in the 

parental HEK293 cell line not expressing FLAG-B2AR did not pull down 14-3-3ε (Fig. 3A-B). 

Treatment with isoproterenol decreased mean HA-14-3-3ε association with FLAG-B2AR by 

more than 50%. FLAG-B2AR cells treated with 10 µM iso for 10 minutes showed an average of 

41.21% of the amount of HA-14-3-3ε pulled down by the same cells treated with an H2O vehicle 

(95% confidence interval: -4.42-86.84%). We also observed a decrease in FLAG 

immunolabeling in cells treated with iso following immunoprecipitation, possibly due to impaired 

solubilization of the receptor after internalization. However, this decrease was smaller than the 

decline seen in HA-14-3-3ε pulldown, indicating that the reduced FLAG-B2AR isolation does not 

fully explain the decreased amount of 14-3-3ε. 

 

We used proximity labeling with APEX2 and NanoBit-based luciferase complementation as 

orthogonal methods for establishing agonist-dependence of B2AR interactions with 14-3-3 

proteins that does not rely on receptor immunoisolation. APEX is an engineered ascorbic acid 

peroxidase that produces reactive biotin phenol radicals when activated with hydrogen peroxide. 

These radicals irreversibly biotinylate adjacent proteins, allowing the isolation and identification 

of the local protein environment. We inserted APEX2 into the B2AR C-terminal tail after proline 

382. This construct (B2AR-APEX) was modeled off one that has been used previously to 
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investigate the B2AR interactome (Lobingier et al., 2017). B2AR-APEX is expressed at the 

plasma membrane in HEK293 cells and internalizes in response to stimulation with 

isoproterenol (Supplementary Fig. 1A). HEK293 cells stably expressing B2AR-APEX show a 

substantial increase in biotinylation upon APEX activation with hydrogen peroxide, and 

biotinylated proteins can be isolated using streptavidin beads (Supplementary Fig. 1B). 

Overexpressed HA-14-3-3ε in B2AR-APEX cells is biotinylated in response to APEX activation, 

with reduced biotinylation apparent when cells were pretreated with isoproterenol (Fig. 3D). We 

then employed a NanoBit  assay, using B2AR with the Large Bit (LgBit) inserted at the same 

site in the receptor C-terminal tail as used for APEX and 14-3-3 protein tagged on the N 

terminus with Small Bit (SmBit) (Fig. 3E). Transfection of HEK293 cells with B2AR-LgBit and 

increasing amounts of SmBit-14-3-3ε results in increased basal luminescence compared to 

expression of B2AR-LgBit alone, supporting the conclusion that these proteins associate prior to 

receptor stimulation (Fig. 3F). Stimulation of B2AR with isoproterenol results in a general trend 

towards decreased luminescence–consistent with dissociation of 14-3-3 proteins from B2AR 

after receptor activation–although occurring over a longer time period using this assay and not 

reaching statistical significance (Fig. 3G). 

 

Seeking to determine whether 14-3-3 is likely to bind B2AR directly and–if so–identify 

specific, structural information about this association, we used Alphafold Multimer to predict the 

structure of B2AR bound to a dimer composed of 14-3-3ε and ζ/δ. AlphaFold is a machine 

learning-based method for predicting protein structure; AlphaFold-Multimer extends these 

predictions to multi-protein complexes (Jumper et al., 2021; Evans et al., 2022). We chose the ε 

and ζ/δ isoforms as these were the two most abundant in our SILAC co-IP. 14-3-3 proteins can 

act as both homo- or heterodimers, but the ε isoform preferentially forms heterodimers, making 

this combination a likely candidate for specific association with B2AR (Chaudhri et al., 2003; 

Yang et al., 2006).  
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The top five predicted structures each showed association between the intracellular 

domains of B2AR and the canonical 14-3-3 protein substrate binding sites (Fig. 3H). All 

predicted B2AR ICL3 insertion into one 14-3-3 binding groove, with the other occupied by the 

receptor’s distal C-terminus (Fig. 3H, Supplementary Fig. 2A-B). The transmembrane regions of 

B2AR showed an average predicted local distance difference test (pLDDT) score of 89.0 for the 

top structural model, scoring these domains as well-modeled (Fig. 3I) (Mariani et al., 2013; 

Tunyasuvunakool et al., 2021). Non-transmembrane regions were modeled with lower 

confidence, with a mean pLDDT score of just 39.7, consistent with previous structural 

information indicating that the B2AR termini and intracellular loop 3 are largely disordered (Heng 

et al., 2023). 14-3-3 proteins were generally well-modeled, with average pLDDT scores of 87.9 

and 91.2 for 14-3-3ε and ζ/δ, respectively. Both showed good predicted accuracy around the 

canonical binding sites–with pLDDT for all sites greater than 90–and low confidence predictions 

only at the distal termini, especially the C-terminus, which is not involved in substrate binding 

(Yang et al., 2006). 

 

14-3-3 proteins regulate cAMP production downstream of B2AR activation 

 

 We first wanted to ask whether 14-3-3 proteins play a previously-undiscovered role in 

regulating second messenger signaling following B2AR activation. If our AlphaFold structural 

prediction is correct, and unstimulated B2AR does bind to 14-3-3 proteins via engagement of 

both the third intracellular loop and C-terminus, we would expect that 14-3-3 proteins would 

sterically block association with immediate signaling effectors. We began testing this hypothesis 

first by investigating cyclic AMP (cAMP) signaling activated by B2AR stimulation of Gαs. To 

measure total cAMP production and signaling dynamics in live cells, we transiently transfected 

HEK293 cells with pGloSensor 22F (hereafter GloSensor), a genetically-encoded, 
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bioluminescence-based cAMP sensor. GloSensor is composed of a circularly-permutated firefly 

luciferase into which a protein kinase A (PKA) regulatory domain has been inserted (Binkowski 

et al., 2011). cAMP binding to this regulatory domain induces a conformational change that 

increases luminescence when incubated with the substrate luciferin. 

 

 We used YFP-difopein, a peptide inhibitor of 14-3-3 proteins, to determine the role of 14-3-3 

proteins in regulating B2AR signaling. Difopein is composed of two consecutive R18 peptide 

segments, derived from the 14-3-3 binding motif of Raf-1, separated by a short linker region. 

Unlike the parent Raf-1 motif, R18 does not need to be phosphorylated to bind and inhibit 14-3-

3 proteins due to the replacement of serine residues with negatively-charged aspartic and 

glutamic acid. We used a YFP-R18 peptide with these phosphomimetic residues mutated to 

positively charged lysines (R18 K-mut) as a negative control. This charge-swapping mutation 

abolishes R18 binding to 14-3-3 proteins (Masters and Fu, 2001). 

 

 HEK293 cells endogenously express B2AR and initiate cAMP production when treated with 

isoproterenol (Tsvetanova and von Zastrow, 2014). Total cAMP production was defined as the 

area under the curve (AUC) of the luminescence traces for the first 30 minutes after agonist 

addition; data are shown as a percentage of the 10 µM isoproterenol treatment condition for 

cells transfected with the R18 K-mut negative control peptide. cAMP production followed a 

standard, sigmoidal concentration-response curve, albeit with a small decrease at 

supersaturating isoproterenol concentrations (above 1 µM; Fig. 4A-B). 

 

Transfecting HEK293 cells with difopein resulted in substantially greater total cAMP 

production after stimulation with isoproterenol when compared to transfection with the R18 K-

mut negative control peptide (Fig. 4A-B). A concentration-response curve fit to the mean total 

cAMP production of cells transfected with difopein resulted in a non-linear model with a 
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response plateau at 329.6% (95 percent confidence interval: 255.8-406.9%) of the average 

cAMP production after treatment with 10 µM iso for cells transfected with R18 K-mut (Fig. 4B). 

There was no statistically significant difference in EC50 between parameters derived from best-

fit curves fit to cells expressing R18 K-mut (EC50=9.063 nM, 95 percent confidence interval: 

4.554-17.52 nM) and those expressing difopein (EC50=9.647 nM, 95 percent confidence 

interval: 1.779-45.38 nM). 14-3-3 proteins are versatile scaffolds with a large number of 

substrates (Aghazadeh and Papadopoulos, 2016; Pennington et al., 2018). As such, we wished 

to see whether their impact on cAMP signaling in this system is entirely due to their interaction 

with B2AR, or whether they may play roles at multiple points in this pathway. Total cAMP 

production in response to direct adenylyl cyclase activation with forskolin was also enhanced by 

14-3-3 inhibition with difopein (Fig. 4C). HEK293 cells transiently transfected with GloSensor 

and difopein showed a mean total cAMP production of 208.0% (95% confidence interval: 107.9-

308.2%) of the response in cells transfected with the negative control peptide after stimulation 

with 10 µM forskolin (Fig. 4D). The mean raw luminescence AUC values and 95% confidence 

intervals for cells expressing the control peptide were comparable upon treatment with 10 µM of 

either isoproterenol or forskolin (7284560 ± 448705 and 772759 ± 517868 arbitrary 

luminescence units for iso and forskolin respectively), showing that the effect was not due to 

differences in cAMP generated by the two treatments. As 14-3-3 binds to phosphodiesterases 

and protects them from dephosphorylation and inactivation (Pozuelo Rubio et al., 2005; Palmer 

et al., 2007; Vandeput et al., 2013), this may indicate that B2AR forms macromolecular 

signaling complexes that include 14-3-3 proteins and phosphodiesterases (Fraser et al., 2000; 

Perry et al., 2002; Bauman et al., 2006).  

 

While some portion of the impact of 14-3-3 proteins on B2AR-initiated cAMP signaling may 

be due to effects downstream of adenylyl cyclase activation, we sought to determine whether 

there exists also a proximal impact on G protein recruitment to the receptor using a NanoBit 
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luciferase complementation assay (Fig. 5A). The reconstituted NanoBit dimer has a peak 

emission wavelength of 460 nm (Dixon et al., 2016). This is similar to the parent NanoLuc 

protein, which can form a BRET pair with YFP (Besson et al., 2022). To avoid any spectral 

complications from co-expression of these proteins, we replaced the YFP on our YFP-difopein 

and negative control plasmids with mCherry. These plasmids produced a similar result to our 

YFP-tagged versions when tested in the cAMP GloSensor assay, with a greater increase in total 

mean cAMP apparent upon B2AR stimulation when expressing mCherry-difopein compared to 

the negative control (Supplementary Fig. 3). Coexpression of B2AR-LgBit with SmBit-miniGs 

and stimulation with isoproterenol results in a rapid increase in luminescence, indicative of 

miniGs recruitment to the receptor, followed by sustained signal without obvious miniGs 

dissociation from B2AR (Fig. 5B). 14-3-3 inhibition with mCherry-difopein increases SmBit-

miniGs recruitment to the receptor compared to expression of the mCherry-tagged control 

peptide, as shown by fitting of concentration-response curves to the peak luminescence values 

after isoproterenol treatment (Fig. 5C). The response plateau for cells expressing difopein was 

significantly greater (379.2% of peak luminescence in the control peptide condition treated with 

10 µM isoproterenol, 95% confidence interval: 310.2-454.0%) than in cells expressing the 

control peptide (110.8% of the 10 µM isoproterenol peak, 95% confidence interval: 104.1-

117.6%). There was no difference in the EC50 values when 14-3-3 proteins were inhibited (37.0 

nM, 95% confidence interval: 7.24-164.3 nM) compared to the control condition (32.1 nM, 95% 

confidence interval: 18.2-56.0 nM), consistent with the lack of any change in isoproterenol 

potency in cAMP signaling. The increase in peak miniGs recruitment was also accompanied by 

an increase in basal association, as indicated by an increase in luminescence prior to treatment 

from 22.69% of the control peptide condition peak at 10 µM for cells expressing the control 

peptide (95% confidence interval: 14.38-31.00%) to 66.13% for cells expressing difopein (95% 

confidence interval: 35.92-96.34%; Fig. 5D). 
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Overexpressing HA-14-3-3ε did not impact total cAMP production upon stimulation with 

isoproterenol compared to transfections with an empty vector control (Supplementary Fig. 4A-

B). This was true with respect to both maximum cAMP response (AUC concentration-response 

plateau of 121.5% of empty vector AUC at 10 µM, 95% confidence interval: 111.0-132.2%) and 

EC50 (8.272 nM, 95% confidence interval: 4.443-14.97 nM) compared to the empty vector 

(concentration-response plateau=112.3% of AUC at 10 µM, 95% confidence interval: 105.0-

119.8%; EC50=10.72 nM, 95% confidence interval: 6.813-16.79 nM) when analyzing 

parameters produced by fitting the mean AUC values for each condition to a three-parameter 

non-linear regression. Similarly, there was no clear effect of overexpressing 14-3-3ε on miniGs 

recruitment to B2AR, as measured by the NanoBit assay (Supplementary Fig. 4C). We 

hypothesize that this is due to the high endogenous expression of 14-3-3 proteins saturating 

their impact on cAMP signaling. 

 

14-3-3 proteins regulate arrestin recruitment to activated B2AR 

 

After showing that 14-3-3 proteins regulate the magnitude of B2AR signaling via cAMP and 

impair G protein recruitment to the receptor, we hypothesized that 14-3-3 proteins act by 

altering the amount of the receptor available to engage with protein partners. Alongside G 

proteins, arrestins are the second major class of effectors through with B2AR can act, with 

recruitment leading to receptor internalization and possibly contributing to initiation of signaling 

cascades (Kahsai et al., 2023). We used a NanoBit assay to determine whether 14-3-3 proteins 

impact arrestin recruitment to B2AR, co-expressing B2AR-LgBit with a β-arrestin 2 construct 

tagged with SmBit on the C-terminus (β arrestin 2-SmBit; Fig. 6A). β-arrestin 2-SmBit is rapidly 

recruited to B2AR-LgBit after receptor stimulation with isoproterenol, as shown by an increase in 

total luminescence (Fig. 5B). This response peaks at two minutes post-agonist, then declines to 

a plateau above the baseline value.  
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 Inhibiting 14-3-3 proteins by overexpressing mCherry-difopein increases β-arrestin 2-SmBit 

recruitment to B2AR-LgBit compared to a negative control peptide (Fig. 6B-C). Arrestin 

recruitment to B2AR-LgBit cells transfected with mCherry-difopein follows a similar time-course 

to those expressing the negative control peptide, but with a statistically significantly higher peak 

luminescence signal of 194% of the negative control peak (95 percent confidence interval: 

172.9-217.1%), when comparing best-fit parameters of a three-parameter non-linear regression 

fit to the mean peak luminescence signal across concentrations of isoproterenol. 14-3-3 

inhibition also lead to a statistically significant increase in mean baseline arrestin-B2AR NanoBit 

signal, with a basal luminescence of 44.67% of the negative control post-agonist peak in 

mCherry-difopein overexpressing cells (95 percent confidence interval: 22.29-67.04%), 

compared to 20.26% of the peak in cells transfected with the negative control peptide (95 

percent confidence interval: 10.26-30.26%; Fig. 6D). There was no statistically significant 

difference between the concentration of isoproterenol necessary to recruit arrestin to B2AR in 

cells overexpressing the 14-3-3 inhibitory peptide (EC50=73.5 nM, 95 percent confidence 

interval: 28.12-177.6 nM) and those overexpressing the negative control peptide (EC50=77.65 

nM, 95 percent confidence interval: 12.07-120.7 nM). We conclude that 14-3-3 proteins impair 

both agonist-stimulated arrestin recruitment and basal arrestin association with the receptor. 

Similar to the role of 14-3-3 proteins in regulating cAMP signaling, this acts by increasing the 

total response, rather than shifting the receptor’s sensitivity to agonist. 

 

 

14-3-3 proteins do not regulate ERK activation downstream of B2AR or receptor 

trafficking 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 23, 2024 as DOI: 10.1124/molpharm.124.000939

 at A
SPE

T
 Journals on D

ecem
ber 29, 2024

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


 32 

In addition to initiating cAMP production, B2AR stimulation promotes activation of the MAP 

kinase cascade, including ERK1/2. The signaling pathways responsible are not entirely clear, 

with studies variously attributing B2AR-mediated ERK activation to action through Gαs, Gβγ, 

and beta arrestins, and originating from either the plasma membrane or the endosome (O’Hayre 

et al., 2017; Luttrell et al., 2018; Kwon et al., 2022). Having seen that 14-3-3 proteins act as 

negative regulators of both G protein and arrestin recruitment, we wanted to determine whether 

14-3-3 proteins additional effects on signaling through the MAP kinase pathway as well. 

 

We treated HEK293 cells stably overexpressing FLAG-B2AR with 10 µM isoproterenol for 2, 

5, 10, 15, or 20 minutes, then assessed ERK phosphorylation using Western blot with phospho-

specific antibodies. Previous reports have demonstrated that B2AR stimulation with 

isoproterenol causes a rapid increase in ERK phosphorylation which then declines to a plateau 

(O’Hayre et al., 2017). Our findings were consistent with this literature. HEK293 cells expressing 

FLAG-B2AR and transfected with the negative control peptide show a peak in ERK 

phosphorylation two minutes after stimulation with 10 µM isoproterenol, with the mean ratio of 

phosphorylated to total ERK reaching approximately ten times the basal level (Fig. 7A-B; 

baseline pERK/ERK ratio of 10.115% of the peak response, 95% confidence interval: 5.405-

14.825). ERK phosphorylation then declined to an average plateau of approximately 30% of the 

maximum value (30.507% of the mean peak value at 20 minutes, 95% confidence interval: 

20.733-40.280). Inhibiting 14-3-3 proteins produced no change in either the magnitude nor 

dynamics of ERK phosphorylation. Cells transfected with difopein showed mean maximal ERK 

phosphorylation of 107.941% of the negative control maximum (95% confidence interval: 

63.736-152.147) at 2 minutes post-isoproterenol treatment (Fig. 7C). There was no statistically 

significant difference in mean peak phosphorylated to total ERK ratio in cells expressing 

difopein when compared to the negative control peptide. Based on these data we conclude that, 
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despite regulating cAMP production after B2AR stimulation, 14-3-3 proteins do not have a 

comparable effect on B2AR-initiated ERK signaling.  

 

Alongside possibly regulating ERK phosphorylation, arrestin’s major role in B2AR function is 

to promote receptor endocytosis. As such, we wanted to see whether the impact of 14-3-3 

proteins on arrestin recruitment leads to alteration in bulk B2AR trafficking. To quantify B2AR 

internalization and surface recycling in the presence of 14-3-3 inhibition, we used HEK293 cells 

stably expressing B2AR conjugated on the N-terminus to superecliptic pHluorin (SpH), a pH-

sensitive version of GFP. This SpH-B2AR construct fluoresces when present at the plasma 

membrane and SpH is exposed to the neutral extracellular medium, but is quenched upon 

receptor internalization and trafficking to the more acidic environments of the early and late 

endosomes (Yudowski et al., 2006). By measuring the total fluorescence, we can track the total 

amount of SpH-B2AR present at the plasma membrane over time. 

 

Cells stably expressing SpH-B2AR were transfected with mCherry-difopein or the negative 

control peptide. In both populations, total membrane fluorescence showed a steady decrease 

after cells were treated with 10 µM isoproterenol, which recovered after the agonist-containing 

media was replaced with media containing 40 µM alprenolol, a B2AR antagonist, causing the 

B2AR trafficking itinerary to become dominated by receptor recycling (Supplementary Fig. 5A-

B). SpH-B2AR cells expressing the control peptide declined to a minimum of 73.05% of baseline 

fluorescence (95% confidence interval: 53.97-92.14%) 11 minutes after addition of isoproterenol 

and cells expressing difopein reaching 73.01% of baseline fluorescence (95% confidence 

interval: 65.04-80.99%) after the same amount of time (Supplementary Fig. 5B). After agonist 

removal and treatment with alprenolol, SpH-B2AR fluorescence in cells expressing the control 

peptide recovered to 92.91% of the initial fluorescence over 20 minutes (95% confidence 

interval: 85.83-99.99%), while fluorescence in cells transfected with difopein recovered to 
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92.68% of the baseline in the same time (95% confidence interval: 89.53-95.83%). There was 

no significant difference in the extent of either fluorescence loss after agonist treatment or 

recovery after washout and antagonist treatment (Supplementary Fig. 5C). Despite promoting 

arrestin recruitment to the receptor, 14-3-3 inhibition increases neither the rate nor extent of 

B2AR internalization in response to isoproterenol, nor does it impact receptor recycling back to 

the plasma membrane. 
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Discussion 

 Using our SILAC-based approach to identify proteins associated with activated, 

intracellularly-unmodified B2AR, we have generated a B2AR cross-linked interactome that 

captures most previously-identified B2AR interactors impacting receptor signaling and 

trafficking. We also identified 14-3-3 proteins as components of the B2AR cross-linked 

interactome that act as modifiers of adrenergic signaling via cAMP. 

 

 The dataset provided by our approach complements much of the previous work identifying 

B2AR interactors. Previous studies using immunoprecipitation have focused on candidate-

based approaches, probing interactions with individual or small numbers of proteins (Cong et 

al., 2001; Shenoy et al., 2006; Yang et al., 2010; Tian et al., 2016). These characterize 

predicted interactions with high fidelity, but are limited in identifying new interactions. Previous 

unbiased screens using co-IP or protein arrays have primarily used the B2AR tail on its own 

(Heydorn et al., 2004; He et al., 2006). Such studies have generated good candidates that have 

been validated in our paper and others, but they may miss interactions which rely on association 

with multiple portions of the receptor by focusing on interactions of the tail alone. Co-IP 

screening using the full receptor has been attempted, but was focused on the receptor in 

compartments not associated with canonical signaling and agonist-stimulated trafficking (Roy et 

al., 2013). Proximity labeling screens (Lobingier et al., 2017; Paek et al., 2017) have generated 

a rich dataset of the B2AR local interactome. It is important to distinguish that this approach 

requires modification of the receptor’s cytoplasmic domains by inclusion of a biotinylating 

enzyme, which may mask interactions via steric disruption of normal protein-protein interactions 

(Hung et al., 2016; Lobingier et al., 2017). Further–while highly sensitive–the short, nonspecific 

labeling radius enriches proximal components, at the potential expense of components of large 

multiprotein complexes that are distant but still associated with the receptor. DSP cross-linking, 
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on the other hand, can connect successive units of large complexes, potentially increasing 

fidelity at capturing these types of interactions, particularly for distal components. 

 

 Comparing available datasets generated by proximity labeling to our IP-based interactome 

highlights the complementarity of these methods. We were able to isolate the majority of 

members in large complexes (Fig. 1D; Extended Data 2). These include the core retromer 

complex (VPS26A/B, VPS29 and VPS35) and the associated WASH complex 

(WASHC2/FAM21A, WASHC4/KIAA1033, and WASHC5/strumpellin), the entire CORVET 

complex (Beek et al., 2019), and eight out of twelve members of the CCC complex (Singla et al., 

2019). In comparison, APEX-based proximity labeling of B2AR identified one member of WASH 

complex, four out of six members of CORVET, and three out of twelve CCC components (Paek 

et al., 2017). The detection of these particular subunits by B2AR-APEX may indicate that they 

are oriented more closely to the receptor than other components, while cross-linked co-IP 

informs us that the rest of the subunits are likely present as part of a large, multi-protein 

complex. Therefore, it is possible that comparing results from cross-linked co-IP and proximity 

labeling strategies would provide structural information about the relative orientation of cargo 

with large sorting complexes, at least when the complex size is similar to or greater than the 

enzymatic labeling radius (Boesch et al., 2023). While a careful structural interpretation of the 

interactions is outside the scope of this study, focused comparison of co-immunoprecipitiation 

and proximity labeling under more controlled conditions would be useful to explore the 

complementarity of these two approaches. 

 

 The decreased association of 14-3-3 proteins with B2AR after isoproterenol treatment was 

surprising and interesting. B2AR undergoes phosphorylation by multiple kinases, specifically G 

protein coupled receptor kinases and PKA. Based on the well-established role of 14-3-3 

proteins as phosphopeptide binding partners and previous reports (Fu et al., 2000; Li et al., 
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2016), we expected that 14-3-3 proteins are recruited to B2AR after receptor activation. 

However, some prior work has suggested phosphorylation-independent 14-3-3 interactions with 

and phosphorylation-induced dissociation from target proteins including GPCRs (Tazawa et al., 

2003; Yuan et al., 2019). Our demonstration of agonist-induced dissociation of 14-3-3ε from 

B2AR (Fig. 3A-B) indicates that the 14-3-3 protein binding identified in our crosslinked co-IP of 

agonist-stimulated B2AR (Fig. 1D) is a residual association, likely from B2AR remaining at or 

recycled to the plasma membrane. This dissociation and negative impact of 14-3-3 proteins on 

cAMP signaling also suggest a 14-3-3-based catecholamine signaling feedback loop.  B2AR 

activation initiates cAMP production, which stimulates PKA. PKA can phosphorylate multiple 

phosphodiesterase (PDE) isoforms, promoting their activity (Degerman et al., 1990; Sette et al., 

1994; Sette and Conti, 1996; MacKenzie et al., 2002). 14-3-3 proteins then bind to 

phosphorylated PDEs and protect them from dephosphorylation, increasing cAMP degradation 

and reducing PKA activation (Pozuelo Rubio et al., 2005; Palmer et al., 2007; Vandeput et al., 

2013). Considering the emerging model that the global cAMP response is an integrated 

response of multiple discrete cAMP signaling nanodomains generated by high concentrations of 

active PDE in the cytoplasm, 14-3-3 proteins bound to B2AR and released upon receptor 

activation could contribute to sharper cAMP gradients by locally modifying PDE activity (Anton 

et al., 2022).  

 

 The selective effect of 14-3-3 on cAMP, but not on ERK, downstream of B2AR further 

demonstrates the potential for pathway-dependent regulation. The exact signaling pathways by 

which B2AR activation promotes ERK phosphorylation are still being debated, and could 

depend on the cell types and culture conditions used. ERK activation downstream of B2AR has 

been variously attributed to arrestin-mediated activation of components of the MAP Kinase 

pathway and to Gi-mediated activation (Shenoy et al., 2006; O’Hayre et al., 2017; Luttrell et al., 

2018; Kahsai et al., 2023). However, recent evidence shows that at least a portion of B2AR-
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induced ERK signaling requires activation of Gαs at endosomes following agonist-induced 

internalization, suggesting a pathway involving Gαs association with Raf1 (Kwon et al., 2022). It 

is possible that ERK activation could be via direct receptor interactions with downstream 

activators of the pathway. It is also possible that the amplification steps make it difficult to detect 

smaller changes when endogenous elements are saturating in this system. Taken together our 

study indicates B2AR-stimulated that ERK activation is less sensitive than cAMP production to 

14-3-3 proteins. 

 

Overall, our results support a model where 14-3-3 proteins regulate adrenergic signaling by 

establishing a sequestered population of receptors at the cell surface (Fig. 8). The biggest 

change we see upon 14-3-3 inhibition is an increase in total cAMP accumulation, with minimal 

shift in the concentration-response curve. Further, we also see an increase in total miniGs and 

arrestin recruitment, with similar shift in the concentration-response. These imply that 14-3-3 

proteins act by reducing the total amount of B2AR available to interact with effectors, 

establishing an inactive reserve: a population of receptors unavailable for signaling upon acute 

agonist stimulation. Our results at this stage cannot distinguish whether this insensitivity is 

because 14-3-3 proteins keep receptors in a conformation incapable of binding ligands, or 

because the receptor cannot interact with effectors even when bound to ligand. Because the 

canonical role for 14-3-3 proteins is to act as a scaffold to occlude binding effectors, it is likely 

that 14-3-3 acts by occluding G protein binding via steric hindrance, irrespective of ligand 

binding. When the non-reserve B2AR is internalized upon activation, the equilibrium at the 

plasma membrane shifts toward 14-3-3 dissociation, freeing up B2AR for binding to effectors 

once activated. Such a mechanism would prevent overstimulation in response to acute 

increases in agonist and ensure that prolonged stimulation causes a persistent signal, as 

opposed to an acute spike followed by a prolonged period of cellular desensitization. A 14-3-3-

dependent inactive pool could therefore dampen the amplitude and lengthen the temporal 
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response of B2AR activation. 

 

 14-3-3 proteins are widely distributed, and could be part of a general mechanism for 

controlling receptor availability for signaling. Because 14-3-3 proteins typically act as dimers, 

they could form functionally-distinct complexes specific for different receptors, a possibility 

supported by reports of a particular role for 14-3-3γ in extended kappa opioid receptor inhibition 

(Wedemeyer et al., 2022). 14-3-3ε was the most abundant isoform in our dataset, and is known 

almost exclusively to form heterodimers with other isoforms (Chaudhri et al., 2003; Yang et al., 

2006). It is possible that 14-3-3ε acts through association with ζ/δ and θ–the other two most 

abundant isoforms in our dataset. This is consistent with our data that overexpressing ε alone 

does not change B2AR signaling, possibly due to the high endogenous expression of 14-3-3 

proteins saturating the receptors available for sequestration (Supplementary Fig. 4). Together, 

our results reveal a mechanism where 14-3-3 or analogous proteins keep GPCRs in an inactive 

pool, controlling the amplitude and temporal characteristics of receptor activation at population 

levels, without specifically modifying activation kinetics of individual receptors. As receptor 

sequestration would be expected to regulate adrenergic signaling in important physiological 

systems, our findings offer a new point for modulating B2AR response to stimulation. By 

demonstrating that 14-3-3 proteins act as important regulators of B2AR signaling, we also gain 

confidence that the additional novel or understudied B2AR-interacting proteins identified by our 

proteomic screen represent legitimate partners with meaningful roles that have yet to be 

revealed. 
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Legends for Figures 

Figure 1 

SILAC co-immunoprecipitation identifies 14-3-3 proteins as B2AR interacting proteins. A) FLAG-

B2AR labeled with anti-FLAG-AlexaFluor 647 is present at the plasma membrane in HEK293 

cells and internalizes in response to treatment with 10 µM isoproterenol for 10 minutes, as 

visualized using confocal microscopy. B) Silver stain of proteins from the whole cell lysate/input 

(left) and FLAG mAb co-immunoprecipitation elute (right) with HEK293 cells stably expressing 

FLAG-B2AR. B) Schematic showing the procedure used for SILAC co-immunoprecipitation and 

preliminary processing of the results. D) Cross-linked co-immunoprecipitation with anti-FLAG 

antibodies in HEK293 cells stably expressing FLAG-B2AR identify many known B2AR-

interacting proteins enriched over samples pulled down in the presence of an excess of 

antigenic FLAG peptide. Multiple 14-3-3 isoforms are identified as preferentially associating with 

FLAG-B2AR over the negative control.   

 

Figure 2 

Co-IP identifies B2AR-interactors involved in cargo sorting and trafficking. A) Gene ontology 

analysis using WebGestalt identifies overrepresentation of identified B2AR-interacting proteins 

in biological pathways related to protein and membrane trafficking. B) The protein-protein 

interaction algorithm Molecular Complex Detection (MCODE) was used to identify proteins 

clustered based on previously-established interactions compiled by STRING and BioGRID. 

Multiple complexes involved in cargo sorting at endosomes were identified. 

 

Figure 3 

14-3-3 protein interaction with B2AR is decreased by receptor stimulation. A) Co-

immunoprecipitation of HA-14-3-3ε with FLAG-B2AR in HEK293 cells expressing stably 
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expressing FLAG-B2AR in the presence of 10 µM iso or H2O vehicle and in a parental control 

HEK293 cell line. B) Quantification of Fig. 3A. Data are shown as the ratio of HA-14-3-3ε in the 

sample elute to input, displayed as a percent of the amount in the FLAG-B2AR cells treated with 

H2O vehicle (mean ± 95% confidence interval, n=3, Paired, one-way ANOVA with Dunnet’s 

correction for multiple comparisons; FLAG-B2AR vehicle vs. iso: p=0.0479; FLAG-B2AR vehicle 

vs. non-expressing control: p=0.0016). C) Schematic of B2AR-APEX proximity labeling. APEX 

irreversibly biotinylates proteins adjacent to the B2AR-APEX construct in living cells. D) 

Biotinylation of transfected HA-14-3-3ε in HEK293 cells stably expressing FLAG-B2AR-APEX 

treated with 10 µM isoproterenol or vehicle for 10 minutes followed by 1 mM H2O2 or vehicle for 

1 minute. E) Schematic of the NanoBit luciferase complementation assay. Association of B2AR-

LgBit and SmBit-14-3-3ε leads to an increase in luminescence. F) Baseline luminescence in 

HEK293 cells transfected with 5 ng B2AR-LgBit and increasing concentrations of SmBit-14-3-

3ε, shown as a fold change over cells transfected with 1 ng SmBit-14-3-3ε (n=3). G) Timecourse 

of corrected luminescence in cells expressing B2AR-LgBit and SmBit-14-3-3ε treated with 10 

µM isoproterenol (Iso; blue) or a media vehicle (grey). Traces represent mean values of 6 

independent experiments (±standard deviation), shown as a percentage of the average value 

before treatment. H) AlphaFold Multimer top structural prediction of B2AR (blue) bound to 14-3-

3ε (orange) and 14-3-3ζ/δ (gold). The first twenty amino acids of the B2AR N-terminus have 

been removed for spatial concision, but were included during structure prediction. I) Predicted 

local distance difference test (pLDDT) values for all residues of the top predicted structure 

shown in A for B2AR, 14-3-3ε, and 14-3-3ζ/δ. Values below 50 (dotted line) are very low 

confidence predictions or intrinsically disordered. Plots are annotated to show the location of the 

intracellular loops (ICLs), extracellular loops (ECLs), and N- and C-termini for B2AR and 

canonical 14-3-3 binding residues.  
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Figure 4 

14-3-3 protein inhibition increases cAMP levels after B2AR stimulation. A) HEK293 cells 

transfected with cAMP GloSensor and YFP-difopein (blue) or a YFP-R18 K-mutant negative 

control peptide (grey) show an increase in luminescence after treatment with 10 µM 

isoproterenol (Iso, dotted line; n=4, mean ± standard deviation). B) Concentration-response 

curve of GloSensor luminescence area under the curve (AUC) for the first 30 minutes after 

isoproterenol or media vehicle (Veh) treatment in HEK293 cells transfected with difopein or the 

control peptide. Values are shown as a percent of the response for cells expressing the control 

peptide treated with 10 µM iso (n=4, mean ± 95% confidence interval, values fit to a three-

parameter non-linear regression, Extra sum-of-squares F-test: p<0.0001). C) HEK293 cells 

expressing difopein or the control peptide show an increase in GloSensor luminescence in 

response to treatment with 10 µM forskolin (Fsk, dotted line; n=4, mean ± standard deviation) D) 

Bar charts showing AUC for the first 30 minutes of treatment with 10 µM fsk in cells expressing 

difopein or the control peptide (n=4, mean ± 95% confidence interval, paired, two-tailed 

Student’s t-test: p=0.0415). 

 

Figure 5 

14-3-3 proteins impair miniG protein recruitment to B2AR. A) Schematic demonstrating the 

NanoBit assay for miniGs recruitment to B2AR. Association of SmBit-miniGs with B2AR-LgBit 

increases NanoBit luminescence. B) Traces showing corrected NanoBit signal in HEK293 cells 

transfected with B2AR-LgBit, SmBit-miniGs, and either mCherry-difopein (blue) or the mCherry-

tagged R18 Kmut control peptide before and for the first 30 minutes after stimulation with 10 µM 

isoproterenol (Iso; dotted line). Mean traces ± standard deviation of 4 independent experiments 

scaled to the peak of the control peptide condition. C) Concentration-response curve showing 

peak luminescence at increasing concentrations of isoproterenol (iso) or media vehicle (Veh) for 

cells expressing mCherry-difopein or the control peptide (mean ± 95% confidence interval, n=4). 
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Mean peak luminescence values were fit to a three-parameter non-linear regression (Extra sum-

of-squares F-test comparing whether the two data sets are best fit by a single or by different 

curves: p<0.0001). D) Bar graph comparing baseline NanoBit luminescence values in cells 

expressing mCherry-difopein and the control peptide (mean ± 95% confidence interval, n=4, 

paired Student’s t-test, p=0.0182). 

 

Figure 6 

Inhibiting 14-3-3 proteins promotes arrestin recruitment to B2AR. A) Recruitment of β-arrestin 2-

SmBit to B2AR-LgBit after stimulation with an agonist results in an increase in NanoBit 

luminescence. B) NanoBit signal in HEK293 cells transfected with B2AR-LgBit, β-arrestin 2-

SmBit, and either mCherry-difopein (blue) or an mCherry-R18 Kmut control peptide (grey). 

Luminescence rapidly increases following addition of 10 µM isoproterenol (dotted line) then 

declines. Mean traces ± standard deviation of 3 independent experiments scaled to the peak of 

the control peptide condition. C) Concentration-response curve of peak luminescence with 

increasing concentrations of isoproterenol or media vehicle (Veh) for cells expressing difopein 

or control peptide fit to a three-parameter non-linear regression (mean ± 95% confidence 

interval, n=3, Extra sum-of-squares F-test comparing whether the two data sets are best fit by a 

single or by different curves: p<0.0001). D) Bar chart showing baseline B2AR-arrestin NanoBit 

signal in cells transfected with difopein or control peptide (mean ± 95% confidence interval, n=3, 

paired, two-tailed Student’s t-test: p=0.026). 

 

Figure 7 

14-3-3 proteins do not regulate B2AR-stimulated ERK phosphorylation. A) Western blot of 

phosphorylated ERK (pERK) and total ERK in FLAG-B2AR stably-expressing HEK293 cells 

transfected with either YFP-difopein or YFP-R18 K-mut control peptide stimulated with 10 µM 
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isoproterenol for 2-20 minutes or no treatment (NT). B) Quantification of the ratio between 

phosphorylated ERK and total ERK by treatment time, shown as a percent of the peak response 

for cells expressing the control peptide (n=4, mean ± standard deviation). C) Phosphorylated 

ERK to total ERK ratio after two minutes of treatment with isoproterenol (n=4, mean ± 95% 

confidence interval, paired, two-tailed t-test, p=0.608). 

 

Figure 8 

Proposed model of 14-3-3 regulation of B2AR function. 14-3-3 proteins bind to B2AR at the 

plasma membrane and impair interaction with effectors such as G proteins and arrestin, 

enforcing a sequestered reserve unavailable for immediate activation. Unbound B2AR is 

available to be activated and produce downstream signaling. Internalization following stimulation 

removes B2AR from the plasma membrane and reduces interaction with 14-3-3 proteins. 
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