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Sequence-directed concentration
of G protein-coupled receptors in COPII vesicles

Xin Xu,1 Nevin A. Lambert,1 and Guangyu Wu1,2,*

SUMMARY

G protein-coupled receptors (GPCRs) constitute the largest superfamily of plasma membrane signaling
proteins. However, virtually nothing is known about their recruitment to COPII vesicles for forward deliv-
ery after synthesis in the endoplasmic reticulum (ER). Here, we demonstrate that some GPCRs are highly
concentrated at ER exit sites (ERES) before COPII budding. Angiotensin II type 2 receptor (AT2R) and
CXCR4 concentration are directed by a di-acidic motif and a 9-residue domain, respectively, and thesemo-
tifs also control receptor ER-Golgi traffic. We further show that AT2R interacts with Sar1 GTPase and that
distinct GPCRs have different ER-Golgi transport rates via COPII which is independent of their concentra-
tion at ERES. Collectively, these data demonstrate that GPCRs can be actively captured by COPII via spe-
cific motifs and direct interaction with COPII components that in turn affects their export dynamics, and
provide important insights into COPII targeting and forward trafficking of nascent GPCRs.

INTRODUCTION

Withmore than 800members,G protein-coupled receptors (GPCRs) constitute the largest andmost structurally diverse superfamily of plasma

membrane (PM) signaling proteins; they regulate a wide range of physiological and pathological processes and are actual therapeutic targets

of human diseases.1,2 All GPCRs share similar structural features with seven transmembrane a-helical domains connected with three intracel-

lular loops and three extracellular loops. The extracellular part of the receptor binds to specific ligands, such as hormones, neurotransmitters,

or drugs, which activate the receptor and trigger signal transduction pathways, while the intracellular part of the receptor activates down-

stream signaling molecules, such as G proteins and arrestins,3–5 and interacts with regulatory proteins involved in receptor trafficking, phos-

phorylation, and signaling initiation and termination.6–9

The endoplasmic reticulum (ER) is a network of membranous tubules and flattened cisternae where, similar to many other PM proteins,

GPCRs are synthesized and undergo a complex process of folding, maturation, modification, and assembly before they are exported and

delivered to the cell surface. As compared with the well-characterized internalization process in which GPCRs at the cell surface are trans-

ported to endosomes after agonist stimulation, the molecular mechanisms underlying anterograde transport of GPCRs are relatively

much less well understood. Emerging evidence from the studies in the past 3 decades suggests that GPCR transport from the ER to the

cell surface is a sophisticated, dynamic process which is regulated by many factors, including structural determinants embedded within

the receptors10,11 and various regulatory proteins.12–27

Coat protein complex II (COPII) vesicles exclusively mediate the export of newly synthesized cargoes from the ER to the ER-Golgi inter-

mediate complex (ERGIC). The first step in the formation of COPII vesicles is the activation of the small GTPase Sar1 on the ER exit sites (ERES)

by the transmembrane guanine nucleotide exchange factor Sec12. Once activated, Sar1 inserts its hydrophobic N terminus into the ERmem-

brane and membrane-bound Sar1 then interacts with Sec23 to recruit heterodimeric Sec23-Sec24 complex, the inner layer of COPII vesicles,

to the ERES. The Sec23-Sec24 complex subsequently recruits the Sec13-Sec31 complex, the outer layer of COPII vesicles, forming a lattice or

cage-like structure. This lattice deforms the ER membrane, leading to the formation of a bud that eventually pinches off to form a COPII

vesicle.28–30 The peripheral protein Sec16 acts as a scaffold to associate with multiple components of COPII vesicles, stabilize COPII compo-

nents on the ER membrane, and enhance the formation of ERES and COPII vesicles. More recent studies have revealed a COPII-regulated

tubular network for ER-Golgi protein transport31 and also demonstrated that COPII coat proteins function as a gatekeeper at the boundary

between the ER and the ERES in selecting and concentrating cargo molecules and remain associated with the ER membrane at the ERES

during cargo export.32,33

In order to be efficiently exported in COPII vesicles, some cargo proteins interact with Sec24 isoforms via ER exportmotifs, which are short,

linear sequences presented in the C termini of the cargoes, or ER-localized transmembrane proteins referred to as cargo receptors which

interact with Sec24.34–41 Structural studies have revealed multiple, distinct cargo-binding sites on Sec24 which allows for efficient
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accommodation of diverse cargomolecules.42 Of various ER export motifs identified, the di-acidic motifs (E/DxD/E) are the best studied, and

well-characterized examples have been found in the cytoplasmic C termini of several membrane proteins.38,43–46

Despite some evidence suggesting the possible roles for COPII vesicles in the ER export of some GPCRs,16,47–50 there remains no direct

evidence indicating that nascent GPCRs are actively recruited to and concentrated in COPII vesicles. Although several motifs or sequences

have been shown to be important for GPCR export from the ER,50–61 none of themhave been proven to directly act on receptor recruitment to

COPII vesicles. Here, we have demonstrated that angiotensin II (Ang II) receptors and the chemokine receptor CXCR4 are concentrated at the

ERES and COPII vesicles through distinct motifs and this concentrative process affects receptor anterograde transport from the ER through

the Golgi to the PM. These data reveal for the first time that ER export of some GPCR members is an active process, involving specific motifs

for selective capture by COPII vesicles on the ER membrane.

RESULTS

Screening for GPCRs that are concentrated in COPII vesicles

As an initial approach to search for GPCRs that are actively recruited to COPII vesicles, we used the retention using the selective hooks (RUSH)

assays27,62 to screen a group of family A GPCRs, including Ang II type 1 and type 2 receptors (AT1R and AT2R), chemokine receptor CXCR4,

adrenergic receptors (a2A-, a2B-, and b2-AR), dopamine D2 receptor (D2R), muscarinic acetylcholine receptor type 3 (M3R), adenosine A2A

receptor (A2AR), d opioid receptor (DOR), 5-hydroxytryptamine receptor 1B (5HT1BR), and vasopressin V2 receptor (V2R). In RUSH assays,

individual GPCRs are conjugated with GFP and a streptavidin-binding peptide (SBP), and the ER retention signal KDEL fused to streptavidin

is used as a hook (Figure 1A). The ER export of the receptors is synchronized after addition of biotin to disrupt SBP-streptavidin interaction. As

vesicular stomatitis virus glycoprotein (VSVG) has been well described to concentrate in COPII vesicles via direct interaction with Sec24 using

the di-acidicmotif DxE in the C terminus,35–41 it was used as a positive control. Indeed, a large number of punctate structures containing VSVG

were visualized in both HeLa and HEK293 cells without incubation with biotin to induce ER export (Figure 1B).

Among the 12 GPCRs studied, AT2R, CXCR4, and AT1R were found to clearly concentrate in puncta in the absence of biotin (Figure 1C).

The numbers of puncta in cells expressing individual cargoes were in the order of VSVG>AT2R>CXCR4>AT1R (Figure 1D). In contrast, very

few or no punctate structures were detected in cells expressing a2A-AR, a2B-AR, b2-AR, D2R, M3R, A2AR, DOR, 5HT1BR, or V2R (Figure 1E).

Similar results were obtained in HeLa andHEK293 cells, albeit the numbers of puncta in HeLa cells were relatively higher than those in HEK293

cells (Figures 1B–1E). As the number of puncta in cells expressing AT1R was relatively low, the formation of puncta containing this receptor

was not studied further.

To confirm that the puncta observed were indeed the ERES, we used Sec24D as a marker of the ERES and determined the effect of inhib-

iting Sar1 function via expression of GTP-bound Sar1H79G mutant on the formation of puncta. Sec24D was strongly co-localized with VSVG

(Figure 2A), AT2R (Figure 2B), and CXCR4 (Figure 2C) in puncta. Expression of Sar1H79G abolished the formation of punctate structures in

cells expressing VSVG, AT2R, or CXCR4 (Figure S1). These data demonstrate that, similar to VSVG, some, but not all, GPCR members are

actively recruited to and highly concentrated at the ERES before COPII vesicle budding from the ER membrane.

AT2R and CXCR4 use different motifs for recruitment to ERES

To define specific motifs that mediate AT2R and CXCR4 recruitment to the ERES and COPII vesicles, we focused on the di-acidic motif ExE in

the membrane-distal, nonstructural portions of the C termini, similar to the location of the DxE motif in VSVG (Figure 2D). As expected, mu-

tation of DxE to AxAmarkedly disrupted VSVG recruitment to the ERES using Sec24D as a marker (Figure 2E). Similarly, mutation of the motif

ExE to AxA disrupted AT2R co-localization with Sec24D, indicative of ineffective targeting to the ERES (Figure 2F). However, the CXCR4

mutant in which the motif ExE was mutated to AxA was transported normally to the ERES (Figure 2G). As basic motifs also play a role in cargo

export from the ER,50,63,64 wemeasured the effect ofmutating three basic residues in theC-terminal sequence KGKRonCXCR4 concentration

at the ERES. Mutation of KGKR to AGAA also did not alter CXCR4 targeting to the ERES (Figure 2H). Quantitative data further showed that

mutation of the di-acidic motifs markedly inhibited VSVG and AT2R recruitment to the punctate structures (Figure 2I) and their co-localization

with Sec24D in the whole cell (Figure 2J) and at the ERES (Figure 2K), whereas mutating the acidic and basic motifs did not affect CXCR4

recruitment and co-localization with Sec24D. These data indicate that AT2R, but not CXCR4, uses the C-terminal ExE motif for its targeting

to the ERES.

We next used a progressive deletion strategy to identify specific sequences responsible for CXCR4 recruitment to the ERES (Figure 3A).

Deletion of the whole C terminus or the last 39 amino acid residues clearly disrupted CXCR4 localization to the ERES, whereas deletion of the

last 30 residues had no apparent effect on CXCR4 transport to the ERES, in RUSH assays in both HeLa (Figures 3B and 3D) and HEK293 cells

(Figures 3C and 3D). These data suggest that the C-terminal fragment QHALTSVSR likely directs CXCR4 capture and concentration at

the ERES.

ERES concentration controls the ER-to-Golgi export kinetics of AT2R and CXCR4

We then determined the role of COPII concentration in the export of AT2R and CXCR4 in both live and fixed cell RUSH assays. We first

compared the ER-to-Golgi transport kinetics of VSVG and AT2R with their mutants lacking the di-acidic motifs by quantifying their

Golgi expression in live cell RUSH assays. AT2R transport to the Golgi compartments via the ERGIC after biotin induction was confirmed

by co-localization with the ERGIC marker p58 (Figure S2A) and the Golgi markers giantin (a cis- and medial-Golgi marker) (Figure S2B)
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and b1,4-galactosyltransferase 1 ( a trans-Golgi and trans-Golgi network marker) (Figures S2C and S2D). After addition of biotin for about

10 min, VSVG was already transported to the Golgi and the strongest VSVG expression was observed at 20 to 30 min. At about 45 min,

VSVG expression at the Golgi begun to decline, indicative of post-Golgi transport (Figures 4A and 4B). AT2R was clearly seen at the Golgi

at about 15min and its strongest Golgi expressionwas observed after 30min of biotin incubation. Themajority of AT2R remained at theGolgi

after biotin induction for 60 min (Figures 4C and 4D). These data suggest that both the ER-Golgi and Golgi-PM transport of AT2R are slightly

slower than VSVG transport. Mutation of the DxE motif in VSVG and mutation of the ExE motif in AT2R markedly impeded their export to the

Golgi and the time-course curves of CXCR4 and AT2R mutants were apparently delayed (Figure 4). Mutated VSVG and AT2R were not obvi-

ously transported to theGolgi until biotin incubation for 30 and 40min, respectively (Figures 4A and 4C; Videos S1 and S2). Themaximal Golgi

expression was attenuated by approximately 50% in cells expressingmutated VSVG and AT2R as compared with their wild-type counterparts

(Figures 4B and 4D).

In fixed cell RUSH assays, VSVG transport wasmeasured at 10 and 20min after biotin incubation, whereas AT2R and CXCR4 transport were

measured at 15 and 30 min. Similar to the results obtained in live cells, the Golgi expression of mutated VSVG and AT2R at both time points

was significantly lower than those of their wild-type counterparts (Figures 5A–5C). For CXCR4, deletion of the last 39 residues (1–313)

Figure 1. Screening for GPCRs that are concentrated at the ERES in RUSH assays

(A) Cartoon of the RUSH system for the expression and recruitment of GPCRs at the ERES.

(B) Representative images showing VSVG concentration in puncta in HeLa and HEK293 cells.

(C) Concentration of AT2R, CXCR4, and AT1R in puncta in HeLa and HEK293 cells.

(D) Quantification of puncta in cells expressing VSVG and GPCRs. The quantitative data are the number of puncta per cell and expressed as meanG SD (n = 30–

50 cells in at least 5 separate experiments).

(E) Representative images showing GPCRs that barely form puncta in HeLa and HEK293 cells.

In (B), (C), and (E), GPCRs or VSVG in RUSH plasmids were expressed in cells and their localization were visualized by confocal imaging without addition of biotin.

Arrows indicate cargo-containing punctate structures. Magnification of boxed areas is shown on the right (B and C) or below (E). The quantitative data shown in

(B) and (C) are the cargo intensities in rectangle boxes. Scale bars, 10 and 2.5 mm (insets).
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significantly reduced the Golgi expression, whereas the deletion mutant lacking the last 30 residues (1–322) was delivered normally to the

Golgi (Figures 5D and 5E).

To address the question of whether GPCR concentration in COPII could affect their transport to the cell surface where is the functional

destination for most GPCRs, we used the HiBit protein tagging system to insert HiBit (11 amino acid peptide) between EGFP and SBP in

Figure 2. GPCR recruitment to the ERES and effects of mutating the acidic and basic motifs

(A–C) Co-localization of VSVG (A), AT2R (B), and CXCR4 (C) with Sec24D in HeLa cells.

(D) Alignment of the di-acidic motifs in the membrane-distal C termini. TM, transmembrane domain; CT, C terminus.

(E–G) Effects of mutating the di-acidic motifs on the concentration of VSVG (E), AT2R (F), and CXCR4 (G) at the ERES using Sec24D as a marker in HeLa cells.

(H) Effect of mutating KxKR to AxAA on CXCR4 expression at the ERES. The cells were transfected with individual GFP-tagged cargoes or their mutants together

with DsRed-tagged Sec24D. Arrows indicate co-localization of cargoes with Sec24D at the ERES. Similar results were obtained in 3–5 repeats. Scale bars, 10 and

2.5 mm (insets).

(I) Quantification of the punctate structures containing individual cargoes and their mutants. The quantitative data are the number of puncta per cell and

expressed as mean G SD (n = 30 cells in 3 separate experiments).

(J and K) Quantification of Pearson’s coefficient between individual cargoes and Sec24D in the whole cell (J) and in the punctate structures (K). The quantitative

data are expressed as mean G SD (n = 16 cells from 3 experiments in J and n = 30 vesicles in 10 cells from 3 experiments in K). ***p < 0.001 vs. respective WT

counterparts.
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the RUSH plasmids of AT2R and its ExE-AxA mutant (Figure 5F). After the cells were transfected with the plasmids and incubated with biotin

for 60min, receptor expression at the cell surface was quantified bymeasuring the luminescence signal after addition of LgBiT (Figure 5F). The

surface expression of mutated AT2R carrying ExE-AxA mutation was reduced by approximately 50% as compared with wild-type AT2R (Fig-

ure 5G). These data demonstrate that the ExEmotif controls not only AT2R recruitment to COPII vesicles but also its export from the ER to the

Golgi and the cell surface.

AT2R interacts with Sar1 GTPase

To explore the mechanisms underlying the function of the ExE motif in AT2R recruitment to COPII vesicles, we determined if the ExE motif

could mediate AT2R interaction with COPII components, including Sec24 A/B/C/D, Sec23 A/B, Sec16, and Sar1 in GST fusion protein pull-

down and co-immunoprecipitation (co-IP) assays. GST fusion proteins containing the C terminus of AT2R (AT2Rct) interacted with both GFP-

tagged Sar1 (Figure 6A) and Myc-tagged Sar1 (Figure 6B). However, mutation of the ExE motif did not influence AT2Rct interaction with Sar1

(Figures 6A and 6B). In contrast, both AT1Rct and its ExE-AxAmutant did not interact with GFP-tagged Sec24, Sec23, and Sec16 in GST fusion

protein pull-down assays (Figure 6A). Similarly, in co-IP assays, full-length AT2R formed a complex with Sar1, but not with Sec24 isoforms, and

Figure 3. Identification of specific domains responsible for CXCR4 recruitment to the ERES

(A) Summary of progressive deletion to identify the sequence QHALTSVSR for CXCR4 inclusion to the ERES. WT, wild type.

(B and C) Representative images showing ERES formation in cells expressing CXCR4 or its deletion mutants in HeLa (B) and HEK293 cells (C). Arrows indicate

CXCR4-containing ERES. Similar results were obtained in 3 repeats. Scale bars, 10 and 2.5 mm (insets).

(D) Quantification of the punctate structures containing CXCR4 or its truncatedmutants. The quantitative data are the number of puncta per cell and expressed as

mean G SD (n = 30–35 cells in 3 separate experiments).
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mutation of the ExE motif did not affect AT2R interaction with Sar1 (Figure 6C). These data suggest that AT2R directly interacts with Sar1

GTPase and the interaction is independent of the ExE motif.

Comparison of the ER-Golgi transport of different GPCR members via COPII vesicles

We next sought to compare the ER-Golgi transport rates of different GPCRs bymeasuring their Golgi expression at 15 and 30min after biotin

incubation in fixed cell RUSH assays. We found that the ER-Golgi transport of 6 GPCRs, including AT2R, CXCR4, a2A-AR, a2B-AR, b2-AR, and

D2R, was largely comparable, whereas the ER-Golgi export of AT1R, DOR, 5HT1BR, and V2R was relatively slower (Figures 7A and 7B). These

data suggest that distinct GPCRs have different ER-Golgi transport rates. Furthermore, expression of Sar1H79G almost abolished the ER-

Golgi transport of all 10 GPCRs studied (Figures 7B and S3). These data demonstrate that COPII vesicles effectively mediate ER-Golgi export

of distinct GPCR members, regardless of their concentration at the ERES and in COPII vesicles.

DISCUSSION

Themost important finding presented in this report is that some, but not all, GPCRmembers are actively recruited to and highly concentrated

in COPII vesicles that are directed by specific motifs or sequences and this selective COPII-loading process controls the ER-Golgi export ki-

netics of the receptors. In particular, we have identified three GPCRs, AT2R, CXCR4, and AT1R, that are concentrated at ERES before COPII

vesicle budding from the ER, whichwas confirmedby using Sec24 as amarker and Sar1 inhibition to block the ERES formation, in RUSHassays.

These data suggest that the nascent cargoGPCRs via the RUSH system are correctly folded and properly assembled before biotin addition to

release streptavidin-SBP interaction and already packaged into the ERES, competent for export from the ER via COPII vesicles. These three

receptors represent the first group of GPCRs that are selectively captured by COPII vesicles (Figure 8A). In contrast, 9 GPCRs, out of 12 stud-

ied, are not evident in selective COPII concentration, suggesting that most GPCRs are recruited to COPII vesicles by other mechanisms, such

as the default bulk flow in which nascent cargoes passively leave from the ER65,66 (Figure 8B). It is worth noting that these 9 GPCRs include a2B-

AR that interacts with Sec24C/D via the RRR motif in the third intracellular loop,50 b2-AR that interacts with Sec23 and Sec24 via the human

cornichon homolog 4 which was proposed to function as a cargo receptor for some GPCRs,16 and 5HT1BR that was shown to be recruited to

secretory vesicles for post-synaptic transport in neurons.67

Multiple ER export motifs have been described to dictate COPII recruitment of cargomolecules, including VSVG, cystic fibrosis transmem-

brane conductance regulator, and potassium channels.38,43–46 Here, we have demonstrated that selective capture of AT2R and CXCR4 by

COPII vesicles is mediated through distinct motifs in the C termini. In particular, the ExE motif directs AT2R concentration at the ERES

andCOPII vesicles which is consistent with the role of thismotif in AT2R export from the ER.51 Interestingly, the ExEmotif in the similar location

does not play amajor role in CXCR4 loading to COPII vesicles. Instead, we have identified a 9-amino acid domain, QHALTSVSR, in themiddle

portion of nonstructural C terminus,68 likely responsible for selective targeting of CXCR4 to COPII vesicles, and this domain is likely unique for

CXCR4.

Figure 4. Mutation of the di-acidic motifs inhibits the ER-Golgi export kinetics of VSVG and AT2R in live cell RUSH assays

(A) Representative images showing ER-Golgi export of VSVG and its DxE-AxA mutant over time in RUSH assays in live cells.

(B) Quantitative data shown in (A).

(C) Representative images showing ER-Golgi export of AT2R and its ExE-AxA mutant in live cells.

(D) Quantitative data shown in (C). HeLa cells were transfected with RUSH plasmids for 20 h and the ER export was induced by addition of biotin at 0 min. The

Golgi expression of individual cargoes after biotin incubation for different time periods was measured by the fluorescence intensity in the area containing highly

concentrated cargoes (yellow lines) using ImageJ. The quantitative data are expressed as the ratio of theGolgi expression to the total expression. TheGolgi/total

ratio at each time point was subtracted from the ratio at time 0 and then normalized to the ratio of wild-type cargoes. The data shown aremeanG SD (n = 5–8 cells

in 3 experiments). Scale bars, 10 mm.
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It is well known that the function of ER export motifs in cargo recruitment to COPII vesicles is mediated through direct interaction with

Sec24.35–41 Here, we found that only Sar1 GTPase, but not other COPII components, binds AT2R, and Sar1 interaction with AT2R is indepen-

dent of the ExE motif in the receptor. These data suggest that the function of the motif ExE in directing AT2R recruitment to COPII is unlikely

mediated through interaction with COPII components. These data also imply two possible mechanisms for AT2R recruitment to COPII ves-

icles. One is that AT2R interacts with Sar1 to facilitate its concentration in COPII vesicles (Figure 8A). Indeed, Sar1 has been shown to interact

with glycosyltransferases to regulate their ER export via COPII vesicles.63 The other is that AT2R uses the motif ExE to interact with yet iden-

tified cargo receptors or other regulatory proteins involved in AT2R recruitment to COPII vesicles (Figure 8A). This possibility is supported by

the facts that a number of regulatory proteins have been identified to enhance GPCR biosynthetic export10,11 and AT2R-interacting protein 1

(also known as ATBP50) regulates AT2R transport from the Golgi to the PM.69

There are several interesting points regarding the role of selective COPII concentration in GPCR biosynthetic forward trafficking. First, we

have demonstrated that mutation of the ExEmotif markedly decelerates the ER-Golgi export of AT2R and diminishes its maximal transport to

the Golgi and cell surface. Similarly, deletion of the domain QHALTSVSR impedes CXCR4 export from the ER to the Golgi. However, whether

or not this domain affects CXCR4 transport to the cell surface is unknown. These data indicate that motif-directed concentration of nascent

GPCRs at the ERES and COPII vesicles controls the ER-Golgi export kinetics of the receptors. Second, different GPCRs may have different

Figure 5. Mutation or deletion of the motifs responsible for ERES concentration impedes the ER-Golgi transport of AT2R and CXCR4

(A, B, and D) Representative images showing ER-Golgi transport of VSVG (A), AT2R (B), and CXCR4 (D) in RUSH assays in fixed cells. HeLa cells were transfected

with RUSH plasmids for 20 h and fixed at 15 and 30 min after addition of biotin. The Golgi expression of individual cargoes after biotin incubation was measured

by the fluorescence intensity in the area containing highly concentrated cargoes (yellow lines).

(C) Quantitative data shown in (A) and (B).

(E) Quantitative data shown in (D). The highly concentrated cargo molecules in the perinuclear region were measured as their expression at the Golgi. The

quantitative data are expressed as the ratio of the Golgi expression to the total expression.

(F) Cartoon of the modified RUSH system for measurement of the cell surface expression of AT2R.

(G) Effect of mutating the ExE motif on the cell surface expression of AT2R. HEK293 cells were transfected with RUSH plasmids for 20 h and then incubated with

biotin for 1 h. The surface expression of AT2R was quantified by measuring the luminescence signal after addition of LgBiT and substrate. The quantitative data

shown aremeanG SD (n = 30–36 cells in at least 3 individual experiments in C and E; n = 3 in G). WT, wild type. ***p < 0.001 vs. respectiveWT counterparts. Scale

bars, 10 mm.
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ER-Golgi transport kinetics and expression of SarH79G almost abolishes all GPCR transport. These data suggest that COPII-mediated ER

export is sufficient for distinct GPCR members, regardless of whether they are concentrated in COPII vesicles. These data also imply that

motif-direct selective capture and bulk flowmechanism for GPCR recruitment to COPII vesicles are equally important for effectively delivering

the receptors from the ER to the Golgi. Third, it is apparent that the abilities of GPCRs for concentration in the ERES and COPII vesicles are

largely variable and all of them as studied here are less than VSVG. As such, it is quite possible that most GPCRs utilize both selective capture

and bulk flow mechanisms for their COPII recruitment and the dominant mechanism utilized by individual receptors may be determined by

the nature of specific structure and functional requirement of the receptors. It should be pointed out that although GPCRs in family A were

investigated here, the conclusions of the study can be applied to other GPCR families.

It is becoming increasingly clear that nascent GPCR export from the ER represents a crucial step in dictating their forward trafficking to the

functional destinations which in turn controls the magnitude and duration of receptor-elicited cellular response, and defects in GPCR export

from the ER are directly associated with the pathogenesis of human diseases.11,70–73 AT2R and AT1R mediate the function of Ang II which

plays an important role in the maintenance of blood pressure and fluid homeostasis.74 Although AT1R has been thought to mediate the

most physiological actions of Ang II and AT2R is a counter-regulator of AT1R actions, recent studies indicate that AT2R has protective func-

tions in a variety of diseases and is a potential therapeutic target for hypertension and obesity.74 CXCR4 regulates a wide range of cellular

processes, such as migration, tumor growth, metastasis, and homing of immune cells to the sites of inflammation and injury, and its antag-

onists inhibit cancer progression.75–77We have demonstrated here that Ang II receptors andCXCR4 are actively recruited to COPII vesicles via

specific motifs and this process plays an important role in receptor forward delivery. However, physiological and/or pathological functions of

COPII-mediated concentration of these receptors need further investigation. Nevertheless, our data presented in this paper reveal the mo-

lecular mechanisms of nascent GPCR targeting to COPII vesicles and provide important insights into regulation of GPCR transport along the

biosynthetic pathways, as well as regulation of general vesicle-mediated membrane trafficking.

Limitations of the study

Future work needs to study the COPII vesicle targeting of GPCRs at endogenous levels in cell lines.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

Figure 6. AT2R interaction with COPII components

(A) Interaction of AT2Rct and its mutant ExE-AxA with GFP-tagged Sar1, Sec24 A/B/C/D, Sec23 A/B, and Sec16 in GST fusion protein pull-down assays.

(B) Interaction of AT2Rct and its mutant ExE-AxA with Myc-tagged Sar1 in GST fusion protein pull-down assays.

(C) Interaction of full-length AT2R and its mutant ExE-AxA with GFP-tagged Sar1 and Sec24 in co-IP assays. HEK293 cells were transfected with HA-AT2R or its

mutant together with GFP (as control), GFP-Sar1, or GFP-Sec24 and subjected to IP with mouse HA antibodies. In immunoblotting, rabbit GFP antibodies were

used in Sar1 and Sec24 A/B/C co-IP experiments, whereas mouse GFP antibodies were used in Sec4D co-IP and Ig was detected. In each panel, similar results

were obtained in at least 3 replicates. Input contains 3% of the total proteins used in the experiments.

ll
OPEN ACCESS

8 iScience 26, 107969, October 20, 2023

iScience
Article



B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT

B Cell culture

d METHOD DETAILS

B Plasmids and constructions

BA

α2A-AR
Others 

Other mechanismsActive capture AT2R
CXCR4

ER
ERES

Vesicle

Sar1

ExE

GPCRs GPCRs

Sec23
Sec24

Cargo receptor

Vesicle

Figure 8. Models of GPCR recruitment to the ERES for export from the ER via COPII vesicles

(A) Some GPCR members, such as AT2R and CXCR4, are actively captured by COPII vesicles. AT2R recruitment to COPII vesicles may be directed by interaction

with Sar1 and the C-terminal ExE motif that may mediate receptor interaction with yet identified regulatory proteins or a cargo receptor.

(B) Most GPCRs, such as a2A-AR, use other mechanisms for loading to COPII vesicles.

Figure 7. Comparison of the ER-Golgi export of different GPCRs and the effect of Sar1H79G

(A) Representative images showing the ER-Golgi export of GPCRs.

(B) Quantitative data of the ER-Golgi transport of GPCRs as shown in (A) and Sar1H79G inhibition. HeLa cells were transfected with RUSH plasmids expressing

individual GPCRs for 20 h and then incubated with biotin for 15 and 30 min. The highly concentrated cargomolecules in the perinuclear region were measured as

their expression at the Golgi. The quantitative data are expressed as the ratio of the Golgi expression to the total expression. The data are meanG SD (n = 40–50

cells in at least 4 experiments). Scale bars, 10 mm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP (clone B-2) Santa Cruz Biotechnology Cat# sc-9996; RRID: AB_627695

Rabbit monoclonal anti-HA Cell Signaling Technology Cat# 3724; RRID: AB_1549585

Mouse monoclonal anti-HA (clone 12CA5) Roche Cat# 11583816001; RRID: AB_1549585

Chemicals, peptides, and recombinant proteins

D-biotin Thermo Fisher Scientific Cat# AC230090010

Cycloheximide Thermo Fisher Scientific Cat# AAJ6690103

Polyethylenimine Polysciences Cat# 23966

Dynabeads� protein G Invitrogen Cat# 10004D

ProLong gold antifade mountant with DAPI Invitrogen Cat# P36931

MagneGST� glutathione particles Promega Cat# V8611

Nano-Glo HiBiT Extracellular Detection System Promega Cat# N2420

Dulbecco’s modified Eagles medium HyClone Cat# SH30243.01HI

Fetal bovine serum HyClone Cat# SH30396.03HI

QuikChange II XL site-directed mutagenesis kit Agilent Cat# 200521

Experimental models: Cell lines

HEK293 ATCC Cat# CRL-1573

HeLa ATCC Cat# CRM-CCL-2

Recombinant DNA

Str-KDEL_SBP-EGFP-Ecadherin Addgene Cat# 65286

Str-KDEL_SBP-EGFP-VSVG This paper N/A

Str-KDEL_SBP-EGFP-VSVG-DxE-AxA This paper N/A

Str-KDEL_SBP-EGFP-AT2R This paper N/A

Str-KDEL_SBP-EGFP-AT2R -ExE-AxA This paper N/A

Str-KDEL_SBP-EGFP-AT1R This paper N/A

Str-KDEL_SBP-EGFP-CXCR4 This paper N/A

Str-KDEL_SBP-EGFP-CXCR4-ExE-AxA This paper N/A

Str-KDEL_SBP-EGFP-CXCR4-KxKR-AxAA This paper N/A

Str-KDEL_SBP-EGFP-CXCR4(1–322) This paper N/A

Str-KDEL_SBP-EGFP-CXCR4(1–313) This paper N/A

Str-KDEL_SBP-EGFP-CXCR4(1–302) This paper N/A

Str-KDEL_SBP-EGFP-a2A-AR Xu and Wu27 N/A

Str-KDEL_SBP-EGFP-a2B-AR This paper N/A

Str-KDEL_SBP-EGFP-b2-AR Xu and Wu27 N/A

Str-KDEL_SBP-EGFP-D2R Xu and Wu27 N/A

Str-KDEL_SBP-M3R-EGFP This paper N/A

Str-KDEL_SBP-EGFP-A2AR This paper N/A

Str-KDEL_SBP-EGFP-DOR This paper N/A

Str-KDEL_SBP-EGFP-5HT1BR This paper N/A

Str-KDEL_SBP-EGFP-V2R This paper N/A

Str-KDEL_SBP-mCherry-AT2R This paper N/A

Str-KDEL_SBP-HiBiT-EGFP-AT2R This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Guangyu Wu

(guwu@augusta.edu).

Materials availability

Reagents generated in this study are available from the lead contact upon request.

Data and code availability

� All data reported in this paper will be available from the lead contact upon request.
� This paper does not report original code.
� Any additional information reported in this paper will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT

Cell culture

HeLa and HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 100 units/ml peni-

cillin and 100 mg/mL streptomycin.

METHOD DETAILS

Plasmids and constructions

GPCR plasmids in PRESTO-Tango kits were from Addgene (#1000000068) as described.81 The 3HA-tagged human AT2R and its ExE-AxA

mutant in pcDNA3.1 vectors, GFP-tagged Sec24 in pEGFP-C3 vectors and the RUSH plasmids of a2A-AR, b2-AR and D2R were generated

as described previously.27,50,51 To generate the RUSH plasmid Str-KDEL_SBP-EGFP-VSVG, VSVG without signal peptide was amplified by

PCR using primers (Table S1), digestedwith Fsel and Xbal enzymes and then ligated to the plasmid Str-KDEL_SBP-EGFP-Ecadherin (Addgene

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

3HA-AT2R Zhang et al.51 N/A

3HA-AT2R-ExE-AxA Zhang et al.51 N/A

GST-AT2Rct This paper N/A

GST-AT2Rct-ExE-AxA This paper N/A

GFP-Sec24A Dong et al.50 N/A

GFP-Sec24B Dong et al.50 N/A

GFP-Sec24C Dong et al.50 N/A

GFP-Sec24D Dong et al.50 N/A

GFP-Sec23A Li et al.6 N/A

GFP-Sec23B Li et al.6 N/A

GFP-Sec16 Addgene Cat# 36155

GFP-Sar1 This paper N/A

DsRed-Sar1H79G This paper N/A

Myc-Sar1 This paper N/A

DsRed-Sec24D This paper N/A

p58-YFP Ward et al.78

Venus-giantin Lan et al.79

YFP-GalT Cole et al.80

pmTurquoise2-GalT Khater et al.76

Software and algorithms

ImageJ NIH ImageJ.nih.gov/ij/

Las X 4.3.0 Leica Microsystems Leica-microsystems.com
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#65286)62 which was digested with the same enzymes to release ecadherin. The similar strategy was used to generate the RUSH plasmids

expressing AT2R, AT1R, CXCR4, a2B-AR, A2AR, DOR and 5HT1BR using primers. To generate the RUSH plasmid Str-KDEL_SBP-M3R-

EGFP,M3R-EGFP in pEGFP-N1 vectors was first mutated to remove the Sdal restriction site by QuickChange site-directedmutagenesis using

primers, amplified by PCR using primers, digested with Sdal and Xbal and ligated into the plasmid Str-KDEL_SBP-EGFP-Ecadherin which was

digested with the same enzymes to release ecadherin. To generate Str-KDEL_SBP-V2R-EGFP, V2R was amplified by PCR using primers, di-

gested with Sdal and BamHl and ligated into the plasmid Str-KDEL_SBP-M3R-EGFP which was digested with the same enzymes to release

M3R. The RUSH plasmids expressing cargo mutants were generated by QuickChange site-directed mutagenesis kits using wild type RUSH

plasmids as templates, including VSVG DxE-AxA mutant, CXCR4 ExE-AxA mutant and CXCR4 KxKR-AxAA mutant. To generate the RUSH

plasmid expressing AT2R ExE-AxA mutant, 3HA-tagged AT2R ExE-AxA mutant in pcDNA3.1 vectors was amplified by PCR using primers

and then cloned into Str-KDEL_SBP-EGFP-AT2R after digestion with Fsel and Xbal enzymes to release AT2R. To generate the RUSH plasmids

containing truncatedCXCR4, CXCR4 fragments (1–322, 1–313 and 1–302) were amplified by PCR using primers and ligated to the plasmid Str-

KDEL_SBP-EGFP-CXCR4 after digestion to release CXCR4. To insert HiBit between SBP and EGFP in the RUSH plasmids expressing AT2R or

its EXE-AxA mutant, double-stranded DNA coding SBP and HiBiT (GAATTCCGACGAGAAGACCACTGGTTGGCGAGGTGGACACG

TTGTTGAAGGACTGGCTGGGGAACTTGAACAACTTCGTGCACGACTGGAGCATCACCCACAAGGTCAACGTGAACCAGGCGGAGTGTC

CGGCTGGCGGCTGTTCAAGAAGATTTCTGGAGGCCCTGCAGG) was synthesized, digestedwith EcoRl and Sdal, and then cloned into the

plasmids after digestion with the same enzymes. To generate GST fusion protein constructs coding AT2Rct and its ExE-AxA mutant, the

C-terminus was amplified by PCR using full length AT2R and its ExE-AxA mutant in pcDNA3.1 vectors as templates and primers and then

cloned into pGEX-4T-1 vectors at BamHl and Xhol restriction sites. GFP-Sar1 and DsRed-Sar1H79G were generated in pEGFP-C1 and

pDsRed-Monomer-C1 vectors, respectively, by PCR to amplify Sar1 and Sar1H79G using primers which were then cloned at Xhol and Kpnl

sites. To generate Myc-Sar1, Sar1 was amplified by PCR and cloned into the pCMV-Myc vector at EcoRl and Kpnl sites. To generate

DsRed-tagged Sec24D, Sec24D was amplified by PCR using primers and cloned into pDsRed-Monomer-C1 vectors at Xhol and Kpnl sites.

All constructs used in the present study were verified by nucleotide sequence analysis.

Transient transfection

Transient transfection of cells was carried out by using linear polyethyleneimine (PEI, MW 25,000). For each transfection of cells cultured on

12-well plates, 500 ng of plasmids were diluted into 21 mL of NaCl (0.15M). In another tube, 4 mL of PEI (7.5mM) was dilutedwith 17 mL of NaCl.

After 5 min, the two solutions were combined and incubated for additional 15 min. The mixture was added to each well containing 1 mL of

DMEM plus FBS and the medium was changed after 6 h.

RUSH assays

RUSH assays were essentially carried out as described.27,62 To study the ERES, cells were seeded on 12-well plates with coverslips overnight

and transfected with 500 ng of RUSH plasmids with or without co-transfection with Sec24D or Sar1H79G (500 ng) for 20 h. The cells were then

fixed with 4% paraformaldehyde and 4% sucrose in phosphate-buffered saline (PBS) for 15 min. The numbers of puncta or the ERES were

quantified by using NIH ImageJ and the co-localization of cargoes with Sec24D at the ERES was determined by Pearson’s coefficient using

the ImageJ JaCoP plugin.

To study cargo transport from the ER to the Golgi in fixed cells, cells were transfected with RUSH plasmids with or without Sar1H79G as

above. The cells were then incubated with biotin at a final concentration of 40 mM for different time periods as indicated in each figure before

fixation. To study the co-localization of AT2Rwith differentGolgi markers after biotin induction, the cells were transfectedwith RUSHplasmids

expressing mCherry-AT2R together with p58-YFP (ER-Golgi intermediate compartment marker), venus-giantin (cis- and medial-Golgi

marker), b1,4-galactosyltransferase 1 (GalT)-YFP or pmTurquoise2-GalT (trans-Golgi and trans-Golgi network markers) for 20 h and then incu-

bated with biotin for 30 min (Figure S2). For live cell RUSH assays, HeLa cells grown on 35 mm Petri dishes with glass bottom were transfected

with 1 mg of RUSH plasmids. After washing twice with Dulbecco0s PBS (DPBS) and addition of 1 mL of DMEM (no phenol red) containing 10%

FBS, 1 mL of biotin (80 mM, dissolved in no phenol red DMEMwith 10% FBS) plus CHX (800 mg/mL) was added to induce receptor export. The

Golgi expression of cargo proteins in both live and fixed cell RUSH assays was defined by the fluorescence intensity in the area containing

highly concentrated receptors. The ER-Golgi transport was expressed as the ratio of theGolgi expression to the total expression asmeasured

by using NIH ImageJ. In live cells, the Golgi/total ratio at each time point was subtracted from the ratio at time 0 and then normalized to the

highest ratio which was defined as 100%.

Fluorescence microscopy

All images were captured using LAS X software on a Leica Stellaris 5 confocal microscope equipped with anOkolab UNO stage top incubator

with a 63x objective.27 In live cell assays, images were captured at an interval of 10 s and the cells with low receptor expression without ag-

gregation were chosen to be studied.

Nano-Glo HiBiT extracellular detection assays

The cell surface expression of AT2R and its ExE-AxAmutant was quantified by using theNano-GloHiBiT extracellular detection system (Prom-

ega). Briefly, HEK293 cells were cultured in 6-well plates and transfected with the plasmid Str-KDEL_SBP-HiBiT-EGFP-AT2R (500 ng/well) for 6
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h. The cells were than split into 12-well plates and cultured for additional 20 h. The cells were washed twice with 1 mL of DPBS and suspended

in 350 mL of DPBS. After 100 mL of cells were transferred into white 96-well plates and incubatedwith 50 mL of LgBiT protein (1:1000 dilution) for

10 min at 37�C, 50 mL of substrate (1:1000 dilution) were added into the plates and luminescence was measured in a Mithras LB940 photon-

counting plate reader (Berthold Technologies).

GST fusion protein pulldown assays

GST fusion protein pulldown assays were carried out using the MagneGST pulldown system (Promega) as described essentially.6,22 Briefly,

HEK293 cells were cultured on 10-cm dishes and transfected with 10 mg of GFP-tagged COPII components for 24 h. After the cells were lysed,

the expression of individual COPII components was estimated by immunoblotting. GST fusion proteins were incubated with the cell homog-

enates in a total volume of 400 mL binding buffer containing 20 mM Tris-HCl (pH 7.4), 140 mMNaCl, 1% Nonidet P-40 and 10% glycerol over-

night at 4�C. After washing 3 times with binding buffer, the bound proteins were solubilized in SDS gel loading buffer and detected by immu-

noblotting using GFP antibodies.

Co-IP

Co-IP assays were carried out as described previously.6 Briefly, HEK293 cells were cultured on 10-cm dishes and transfected with HA-AT2R

together with GFP, GFP-Sar1 or GFP-Sec24 constructs (10 mg each) for 24 h. The cells were harvested and lysed with 500 mL of lysis buffer

containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS and 1% protease inhibitors for

1 h. After centrifugation, the supernatants were incubated with 2 mg of HA antibodies overnight at 4�C, followed by incubation with 30 mL

of protein G dynabeads for 1 h at 4�C. The beads were collected and washed 3 times with lysis buffer. Immunoprecipitated proteins were

solubilized with SDS gel loading buffer and detected by immunoblotting using antibodies against HA or GFP.

QUANTIFICATON AND STATISTICAL ANALYSIS

Details regarding the quantification of receptor expression, the ERES number and co-localization of cargo proteins with Sec24D in cells are

provided in the method details section. All data were calculated and presented as meanG SD. Statistical analysis was performed using one-

way ANOVA test. Significance levels are *p < 0.05, **p < 0.01 and ***p < 0.001.
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