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Vesicle fusion at the plasma membrane plays an essential role in the release of secretory 

molecules such as neurotransmitters and in the exocytosis of surface proteins such as GPCRs. For 

neurotransmitter release, vesicle fusion is mediated by a multi-protein machinery including the 

SNARE complex consisting of vesicle-localized v-SNAREs, called VAMPs, and their cognate t-

SNAREs. Surprisingly, in contrast to the well-studied neurotransmitter release, it is largely unclear 

how fusion machinery is involved in GPCR exocytosis. GPCRs are signal-transducing receptors 

that sense and respond to extracellular stimuli. To allow for adaptive responses to the everchanging 

extracellular environment, the trafficking of GPCRs is strictly regulated. We sought to investigate 

the missing role fusion machinery plays in GPCR exocytosis by hypothesizing that there might be 

subtype-dependent specificity of v-SNAREs in the exocytosis of different GPCRs. In this 

dissertation, we focused on three receptors including two prototypical GPCRs, MOR and B2AR, 

and a non-GPCR trafficking model TfR. Evidence has shown that these receptors undergo distinct 

exocytic pathways.  

First, we examined the specificity of VAMP2, a prototypical v-SNARE known to mediate 

exocytotic vesicle fusion, in GPCR recycling. Using high-speed multi-channel microscopy to 

visualize VAMP2 and receptors in fusion events simultaneously, we found that VAMP2 was 

preferentially enriched in vesicles that mediated MOR recycling but not B2AR and TfR. VAMP2 

depletion significantly decreased the recycling capacity of MOR on both single cell and population 

levels and from a cell model where VAMP2 was expressed ectopically to neurons where VAMP2 
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was expressed endogenously. By contrast, the recycling of B2AR and TfR were not affected by 

VAMP2 depletion. Interestingly, VAMP2 showed similar subcellular localization on MOR- and 

B2AR-containing endosomes, suggesting that VAMP2 and MOR were co-packaged into vesicles 

from the same endosomes that also contained other receptors. These results indicated that VAMP2 

was cargo-selective and GPCRs might utilize distinct SNARE assemblies for vesicle fusion.  

Next, we sought to address whether B2AR depended on a v-SNARE other than VAMP2 

for recycling. We examined B2AR recycling under the depletion of VAMP4 or VAMP7 and found 

neither of them was required. VAMP1 and VAMP3 were also excluded due to their lack of baseline 

expression. We concluded that there might not be an exclusive v-SNARE involved in B2AR 

recycling.  

Finally, we investigated the underlying mechanism leading to VAMP2’s cargo-selectivity 

by hypothesizing that VAMP2 might possess an unknown sorting sequence through which it was 

co-sorted to endosomal subdomains alongside MOR. Through a series of microscopy studies, we 

found VAMP2 showed a sub-endosomal localization distinct from VAMP7. To follow up on our 

results of VAMP2’s MOR-selectivity, we generated VAMP2 truncation mutants and studied their 

involvement in MOR recycling. Interestingly, both the N-terminus (V2N) and SNARE motif (V2S) 

of VAMP2 were required for the MOR-selectivity. By studying chimeric VAMP7 transplanted 

with VAMP2’s protein sequences, we found that although V2N alone was sufficient to transform 

VAMP7’s sorting, full transformation only occurred when V2S was also transplanted. Moreover, 

V2S was required to maintain VAMP2’s stable surface localization. These data indicated that V2N 

and V2S played critical but distinct roles in the sorting and trafficking of VAMP2.  

Together, our results revealed a previously unclear mechanism in GPCR exocytosis and 

demonstrated another layer of regulation on GPCR trafficking. Moreover, our results provided 



 xiv 

evidence to a novel mechanism of v-SNARE endosomal sorting and contributed to an improved 

understanding of cellular trafficking.  
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Abstract 

Membrane fusion is essential to surface receptor trafficking. Fusion between plasma 

membrane and the membrane of vesicles that carry either recycled or newly synthesized surface 

receptors transfers the receptors onto cell surface. Recently, focus of studies on fusion machinery 

has been expanded from its prominent role in neurotransmitter release to its understudied role in 

receptor trafficking. In this Chapter, we summarize and discuss the current understanding of the 

molecular mechanism underlying membrane fusion and the evident function of fusion machinery 

in receptor exocytosis. Although mostly unclear, the involvement of fusion machinery in GPCR 

trafficking and the potential specificity is particularly discussed. Following endosomal sorting, 

different GPCRs can be trafficked through distinct pathways to allow for regulations tailored to 

their specific functions. The specificity of fusion machinery is likely developed to adapt to these 

distinct pathways. Factors including signaling-trafficking crosstalk, polymorphism, alternative 

splicing, and cell type-dependent heterogeneity might further complicate the relationship between 

fusion machinery and GPCR trafficking. 

Introduction 

Membrane fusion, a fundamental cellular process indispensable for various biological 

functions, has been a prevalent research topic for decades. Among the pioneers of the field, James 

Rothman, Randy Schekman, and Thomas Südhof were jointly awarded the 2013 Nobel Prize in 

Chapter 1: Plasma Membrane Fusion in Surface Receptor Exocytosis 
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Physiology or Medicine for their discoveries and characterizations of the vesicular trafficking 

system and the vesicular fusion machinery (1). Through vesicular trafficking, the intracellular 

lipid-bilayer organelles are connected together, and the intracellular space and the extracellular 

space are bridged between. At the final step of vesicular trafficking, vesicles fuse with the targeted 

membrane to offload their carrying cargoes, which can range from secretory molecules to 

transmembrane receptors.  

Regulated vesicular trafficking and fusion contributes to the normal functions of cells, 

particularly cells with secretory responsibilities such as neurons. Neurons communicate with each 

other through neuroendocrine molecules, including neurotransmitters such as glutamate and 

neuromodulators such as endogenous opioid peptides. In a classical view of synaptic transmission 

(2, 3), neuroendocrine molecules are packaged in the lumen of vesicles and transported to the pre-

synapses, where vesicular fusion releases the molecules to the extracellular space. After diffusing 

through the synaptic junction, these molecules bind to their cognate receptors on the post-synapses, 

therefore transferring the signal to the post-synaptic neurons. Activation of ionotropic receptors, 

such as the ligand-gated ion channels, causes either depolarization or hyperpolarization of the post-

synaptic neurons. On the other hand, activation of metabotropic signal-transducing receptors such 

as the G protein-coupled receptors (GPCRs) fine-tune the response of the post-synaptic neurons 

via signaling of G proteins and second messengers (4–6).  

Besides pre-synaptic neuroendocrine molecules, post-synaptic surface receptors, such as 

GPCRs, are also delivered to the plasma membrane through vesicular trafficking involving 

vesicular fusion machinery. GPCRs are the largest and most pharmacologically targeted receptor 

superfamily in the human body (7, 8). Therefore, the surface levels of GPCRs can dictate the level 

of cellular response to not only endogenous neuroendocrine molecules but also exogenous drug 
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molecules. To precisely govern the level of cellular responses, GPCR trafficking is strictly 

regulated via a complex but organized trafficking network (9, 10); however, we are yet to achieve 

a comprehensive understanding of the molecular mechanism underlying the vesicular delivery of 

GPCRs. 

In this Chapter, we summarize the current understanding of the vesicular fusion machinery 

and discuss recent findings revealing its role in receptor exocytosis. Notably, we focus on the 

potential involvement of vesicular fusion machinery in the exocytosis of GPCRs, and how the 

highly regulated GPCR trafficking network might demand a differential requirement for fusion 

machinery.   

Main 

Molecular mechanism of vesicle fusion at the plasma membrane 

Vesicle fusion at the plasma membrane is mediated by a collective effort of multiple 

proteins and protein complexes in sequential steps: tethering, docking, priming, fusion pore 

opening, and disassembly (11–13).  

First, secretory vesicles derived from intracellular membrane compartments traffic along 

cytoskeletons and are tethered to the plasma membrane upon arrival by the exocyst complex (14–

19). Tethering captures vesicles and restricts their departure from the plasma membrane. Next, 

vesicle docking is mediated by the soluble N-ethylmaleimide-sensitive factor (NSF) attachment 

receptor proteins (SNARE) complex, which is composed of vesicular membrane localized v/R-

SNARE vesicle-associated membrane proteins (VAMPs), cytosolic t/Qbc-SNARE synaptosomal 

nerve-associated proteins (SNAPs) and plasma membrane localized t/Qa-SNARE syntaxins (20–
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24). Interaction between VAMPs, SNAPs, and syntaxins forms a four-a-helix bundle anchoring 

the vesicular membrane to a close contact to the plasma membrane.  

In reconstituted systems or spontaneous neurotransmitter release, the SNARE complex is 

considered the minimal machinery sufficient to mediate fusion (25–27). However, in stimulated 

neurotransmitter release, the function of calcium sensor synaptotagmins is normally required (13, 

28–31). The process of activating synaptotagmins while incorporating it with the SNARE complex 

to form a “matured” pre-fusion machinery is called priming and is mediated by complexins (13, 

32–34). Moreover, complexins can suppress spontaneous neurotransmitter release, thus allowing 

for the dominant presence of triggered release (34, 35). The Ca2+-binding C2 domains of activated 

synaptotagmins are inserted into the plasma membrane.  

To provide a local concentrated field of Ca2+ influx, the active zone protein complex 

composed of scaffolding proteins such as RIM (Rab3 interacting molecules), RIM-BP (RIM-

binding proteins), and Munc-13 is responsible for recruiting voltage-gated calcium channels to the 

assembled fusion machineries (36, 37). Once the calcium channels are activated by excitatory 

membrane potential, the influxed Ca2+ ions bind to membrane embedded C2 domains causing 

disturbance to the local membrane. This disturbance will generate mechanical force to induce a 

trans-to-cis conformational change of the SNARE complex leading to a “zipping” movement, thus 

pulling vesicular and plasma membrane together, resulting in the opening of fusion pore (27, 38–

40). After fusion, NSF catalyzes the disassembly of the fusion machinery, and the disassembled 

components are cycled for the next fusion process (13, 20, 41).   

Exocytosis of surface proteins utilizes divergent SNARE assemblies 

Since the discovery and establishment of the molecular mechanism of fusion machinery in 

neurotransmitter release, the attempt to achieve a comprehensive understanding of the functions 
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of fusion machinery in all aspects of vesicular trafficking has been constantly pursued. One 

research aspect that has drawn quite of interest is to understand the role of the SNARE complex in 

surface protein exocytosis. However, in contrast to neurotransmitter release which utilizes a well-

established universal SNARE assembly of VAMP2-SNAP25-syntaxin1 (reviewed in 13), SNARE 

assemblies utilized for surface protein exocytosis seems to exhibit great divergency.   

The SNARE proteins can have multiple subtypes. To date, eight v/R-SNAREs (VAMP1/ 

2/ 3/ 4/ 5/ 7/ 8 and Vti1a), four Qbc-SNAREs/ SNAP-25-like proteins (SNAP-23/ 25/ 29/ 47), and 

fifteen Qa-SNAREs/ syntaxins (Stx1/ 2/ 3/ 4/ 5/ 6/ 7/ 8/ 10/ 11/ 12/ 16/ 17/ 18/ 19), are reported to 

function in mammalian cells (reviewed in 42). It has long been proposed that the composition of 

the SNARE assemblies by different SNARE protein subtypes can encode specificities toward 

trafficking directionalities (exocytosis or endocytosis), trafficking origins (e.g., Golgi apparatus or 

endosomes), client cargoes, and the specific biological functions (22, 43–45). In this Chapter, we 

focus on discussing the function of SNARE proteins from the perspective of exocytic vesicular 

trafficking (SNARE-mediated vesicle to plasma membrane fusion). From this perspective, the idea 

of cognate SNARE assemblies is elucidated by the specific requirement of SNARE assemblies in 

the exocytosis of surface proteins (e.g., receptors, ion channels, transporters, etc.), as accumulating 

evidence has shown that different surface proteins require distinct SNARE assemblies for their 

exocytosis (summarized in Table 1.1). 

  



 6 

Table 1.1. Examples of reported SNARE assemblies in the exocytosis of surface receptors, ion 
channels, and transporters.   

 
Abbreviations in the table: TfR: transferrin receptor; TCR: T-cell receptor; MOR: µ opioid 
receptor; AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR: 
N-methyl-D-aspartate receptor; TRPC3: transient receptor potential channel 3; GLUT4: glucose 
transporter type 4; NKCC2: Na+/K+/2Cl- co-transporter 2; TeNT: tetanus toxin; APC: antigen-
presenting cell; LTP: long-term potentiation. Note: TeNT-sensitive R-SNAREs include VAMP1/ 
2/ 3. *: see Chapter 2 for details. 
 

However, the molecular mechanism underlying SNARE assemblies’ specificity is still 

largely debatable. Several mechanisms that have been proposed include cell type-dependent 

differential expression, sequence-dependent endosomal sorting, and tethering complex-mediated 

SNARE selection (22, 61–64; the sequence-dependent sorting aspect is additionally discussed in 

a later section of “The potential application and regulation of fusion machinery in GPCR 

exocytosis”).  

In Chapter 2 of this dissertation, as an attempt to uncover the role of fusion machinery in 

GPCR exocytosis, we discuss our findings on VAMP2’s preferential involvement in the stimulated 

exocytosis of the µ opioid receptor (MOR).  

Receptor R-SNARE Qbc-SNARE Qa-SNARE Exocytic mode Reference 

Surface receptors 

TfR VAMP2/ 3/ 4 SNAP-23/25 Non-tested Constitutive & ligand 
(transferrin) present (46–48) 

TCR TeNT-
sensitive SNAP-23 Syntaxin4 Stimulated by APC contact (49, 50) 

MOR VAMP2 Non-tested Non-tested Stimulated by agonist *(51) 

Surface ion channels 

AMPAR VAMP2 SNAP-47 Syntaxin3 Stimulated during LTP (52, 53) 

NMDAR VAMP1 SNAP-25 Syntaxin4 Constitutive (54) 

TRPC3 TeNT-
sensitive Non-tested Non-tested Constitutive & stimulated (55) 

Surface transporters 

GLUT4 VAMP2 Non-tested Syntaxin4 Stimulated by insulin (56–59) 

NKCC2 VAMP2 Non-tested Non-tested Stimulated by cAMP increase (60) 
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Heterogeneity in recycling pathways of different GPCRs 

GPCRs are seven-transmembrane domain (7TM) receptors that transduce signals from a 

large variety of extracellular stimuli, ranging from endogenous hormones, neurotransmitters, 

chemokines, and pH to exogenous odorants, photons, and drug molecules, etc.  

Because of the critical role GPCRs play in orchestrating a complex and diverse signal 

transduction system, both their surface levels and intracellular trafficking are strictly regulated. In 

a classical view of GPCR signaling, the surface levels of GPCRs directly dictate the intensity of 

cellular response (10, 65). In general, cells utilize two major pathways to control the surface levels 

of GPCRs: biosynthesis and recycling (9, 10, 66). The biosynthetic pathway delivers newly 

synthesized GPCRs to the cell surface through vesicles derived from the trans-Golgi network. 

Once the GPCRs are on the cell surface, they can be activated by agonists which will cause an 

acute desensitization cascade to terminate their signaling through phosphorylation by kinases such 

as the GRKs (GPCR kinases) and the subsequent recruitment of b-arrestins (67, 68). b-arrestin-

bound GPCRs are then internalized to endosomes through clathrin-mediated endocytosis (69, 70).  

Endosomes are a collective of functionally and biochemically distinct endomembrane 

organelles serving as the transit centers of the cellular transport system. Although not fully 

understood, the current consensus on endosome biogenesis and development is that endosomes 

initiate as internalized vesicles. And through a series of biochemical modifications including but 

not limited to acidification, Rab GTPase (a family of small G proteins that regulate trafficking) 

conversion, protein recruitment, and fusion with other endomembrane compartments, the 

internalized vesicles gradually remodel and mature into distinct endosome subpopulations (71–

75). Rab GTPases and their effectors are often used to define these subpopulations, e.g., early 

endosomes are defined by the presence of Rab5 and its effector EEA1 (early endosomal antigen 
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1) while recycling endosomes are defined by the presence of Rab11 (76–78). Endosome-anchored 

sorting machineries function to decide the destinies of the internalized GPCRs, which are either 

packaged into vesicles and recycled back to the cell surface or retained for degradation in the 

lysosomes (9, 10, 66).  

The recycling of GPCRs is not regulated by a universal mechanism. Instead, different 

GPCRs utilize different mechanisms and undergo specific recycling pathways (Fig. 1.1 A). For 

instance, the b2 adrenergic receptor (B2AR) is reported to be primarily recycled from actin-

dependent endosomal tubules after isoproterenol-induced internalization (79–82). Sorting of 

B2AR to these specialized tubules allows for regulated recycling. This sorting is mediated by a 

hierarchical mechanism composed of  a protein kinase A (PKA)-mediated double phosphorylation 

(S345/346) at B2AR’s carboxy-terminal (C-term) tail and a distal C-term PSD-95/Dlg/ZO-1 

(PDZ) ligand, where the PKA-mediated double phosphorylation prevents B2AR from entering 

unregulated “bulk” recycling tubules on the endosomes (81), and the PDZ ligand mediates the 

association between B2AR and the actin-sorting nexin 27 (SNX27)-Retromer sorting machinery 

(80, 83, 84; the sorting aspect is additionally discussed in a later section “The potential application 

and regulation of fusion machinery in GPCR exocytosis”). Disruption of B2AR’s PDZ ligand 

largely decreases its recycling capacity, while the introduction of phosphorylation-deficit mutation 

of S345/346 to PDZ-disrupted B2AR relieves it from restricted “bulk” recycling tubule entrance, 

thus increasing its recycling capacity (81). 

Unlike B2AR, MOR is not yet identified to possess a PDZ ligand or interact with any PDZ 

proteins. Instead, evidence has been shown that the recycling of MOR requires a “bi-leucine” 

sequence of LENLEAE on its C-term tail, that either truncation of this sequence or mutation of 

the leucine residuals can largely decrease its recycling capacity (85, 86). However, the exact 
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mechanism of how this sequence functions and whether it requires any interacting patterners to 

function is still unclear. On the other hand, the pathway selectivity of MOR recycling is proposed 

to be primarily regulated by post-translational modifications (PTMs), particularly through the 

phosphorylations of S363, T370, and S375 residues at its C-term tail (87, 88). Activation of MOR 

by DAMGO ([D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin), a full agonist, causes phosphorylation of 

all three sites (89). At this PTM state, MOR is recycled through a Rab5-dependent early endosome 

pathway (86). Interestingly, a MOR mutant with phosphorylation-deficits of all three sites can still 

recycle as long as the LENLEAE sequence is intact, though instead through a Rab11-dependent 

recycling endosome pathway (86), indicating the presence of a hierarchical regulatory mechanism. 

Moreover, T370 phosphorylation is suggested as DAMGO-specific, since morphine-activated 

MOR is not phosphorylated at this site (89). It is rational to speculate that the pathway selectivity 

of MOR recycling is agonist-dependent because of the differential PTM states agonists can lead 

to (Fig. 1.1 B). Nevertheless, there is still not enough evidence to make such conclusion. 

Alternative splicing and polymorphism as other factors governing the recycling pathway 

selectivity of GPCRs 

Although receptor-specific recycling sequences and agonist-dependent PTMs are already 

two powerful demonstrations of the complexity of GPCR trafficking, the story does not end here. 

To date, multiple GPCRs are reported to have genetic variants generated from alternative splicing 

or polymorphism, and the variants may not share the same trafficking patterns as the primary 

isoforms (90, 91).   

Besides MOR-1, the primary isoform, over twenty naturally occurring MOR isoforms are 

found either in mouse, rat, or human (90, 92). Among them, the highly truncated single-TM MOR 

isoforms do not activate G protein signaling but instead act as chaperones to MOR-1 in the 
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endocytic reticulum to stabilize MOR-1 structure and facilitate its production (93). Amino-

terminal (N-term) truncated 6TM MOR variants are mainly studied for their involvement in 

analgesia, with evidence showing that animals lacking all 7TM MOR variants are still responsive 

to certain opiates such as heroin and a novel opiate IBNtxA (94, 95). In contrast, C-term MOR 

variants are 7TM receptors without apparent structural truncations but with varied C-term protein 

sequences: MOR-1B’s 387-KIDLF, MOR-1D’s 387-RNEEPSS, and MOR-1E’s 387-

KKKLDSQRGCVQHPV, all different from the 387-LENLEAE(TAPLP) of MOR-1 as mentioned 

above (92). However, lacking the bi-leucine sequence does not prevent these MOR variants from 

recycling in general since MOR-1B, 1D, and 1E still show recycling activities though seemingly 

of a lower degree compared to MOR-1 (96), indicating that MOR variants can utilize a diversified 

pool of sequences to recycle (Fig. 1.1 C). Whether the difference in recycling dynamics of these 

variants is due to differential recycling pathway selectivity is unclear but can be an exciting topic 

for future investigations.  

GPCR variants resulting from polymorphisms can also display distinct trafficking patterns. 

The impact of polymorphisms on trafficking is often linked to the consequent alterations in PTMs 

(88, 97). One interesting example is the OPRM1 c.118A>G single nucleotide polymorphism 

(rs1799971) -correlated MOR variant p.N40D, which has been extensively linked to substance 

abuse disorders and addiction (98–101). Studies to gain mechanistic insights on this variant reveal 

that, compared to wildtype MOR-1, MOR p.N40D shows lower cell surface localization at steady 

state in vitro (102), decreased potency to a subset of opioid agonists without apparent binding 

affinity differences (98, 102), and attenuated regulatory effects on synaptic transmission in neurons 

(103). Fundamentally, the MOR p.N40D variant loses a site for N-glycosylation, a critical PTM in 

receptor synthesis and trafficking shown by other GPCRs including a1D adrenergic receptor (104) 
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and glucagon-like peptide 1 receptor (105). Therefore, the defective N-glycosylation may have 

also impaired the biosynthetic trafficking of MOR p.N40D, leading to the phenotypes of decreased 

cell surface localization and loss of function in response to agonists, at least to membrane-

impermeant agonists such as DAMGO (Fig. 1.1 D). However, when MOR p.N40D is ectopically 

overexpressed in cells to a similar level as wildtype MOR-1, neither its function nor its intracellular 

trafficking shows noticeable differences (106). Nevertheless, the relationship between N-

glycosylation and MOR’s trafficking and signaling is not yet thoroughly investigated. Given now 

we realize from d and k opioid receptors that subtle differences in subcellular localization is 

enough to generate diversified signaling outputs (107–109), the impact of N40D on MOR should 

be more carefully looked at.  
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Figure 1.1. Schematics depicting GPCR’s complex exocytic trafficking paradigm with multiple 
layers of regulations, and the relationship between trafficking and vesicle fusion.   
A. Different GPCRs prefer different recycling pathways. The b2 adrenergic receptor (B2AR) is 
primarily recycled through the actin-SNX27-Retromer-tubular (ASRT) subdomains on the early 
endosomes. The sorting of B2AR to the specialized subdomains is mediated by its PDZ ligand, a 
distal C-terminal amino acid sequence of DSLL. On the other hand, the µ opioid receptor (MOR) 
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does not have an identified PDZ ligand. MOR is thought to be recycled via a different pathway or 
at least from a different kind of endosomal subdomains, through a mechanism depending on its C-
terminal bi-leucine sequence of LENLEAE. Even for an individual GPCR the trafficking itinerary 
can still be diversified depending on the context. For examples: B. agonists-induced differential 
post-translational modifications of MOR may lead to diversified pathway selectivity; C. variants 
of MOR resulted from alternative splicing of exon 4 possessing different recycling sequences can 
exhibit different recycling dynamics; D. variants of MOR resulted from polymorphism such as the 
N40D variant that lacks an essential N-glycosylation site may have altered biosynthetic exocytosis. 
However, regardless of where the vesicles carrying exocytic GPCRs are originated from, (E.) they 
have to package v-SNARE(s) for the proper docking and fusion at the plasma membrane. Fusion 
machinery, especially the minimal machinery of SNARE complex, plays an indispensable role in 
the exocytosis of GPCRs as to mediate their plasma membrane insertion. 

The potential application and regulation of fusion machinery in GPCR exocytosis 

To summarize, GPCR trafficking is convoluted yet regulated. The choice of a trafficking 

pathway can be receptor-specific, agonist-specific, isoform-specific, or cellular context-specific. 

However, regardless of which endomembrane compartment the trafficking is originated from and 

which direction the trafficking is targeting to, fusion machinery will always be required to mediate 

the final step of vesicular fusion and subsequently the translocation of trafficked receptors onto 

the target membrane. Therefore, the vesicles are always packaged with some kind of v-SNARE(s) 

for proper docking (Fig. 1.1 E). The question is, does GPCR trafficking utilize the same sets of 

v/t-SNAREs as for neurotransmitter release, or is there specificity encoded in the convoluted 

GPCR trafficking network? 

Although at current stage we have limited information to provide a comprehensive answer 

to this question, there are still several interesting aspects worth of discussion. The first aspect is 

the crosstalk between GPCR signaling and vesicle fusion. It is well-known that the Gbg subunit of 

Gai/o coupled GPCRs can activate pre-synaptic G protein-coupled inward rectifying potassium 

channels (110–112) and inhibit post-synaptic voltage-gated calcium channels (113, 114) through 

direct interactions to decrease neuronal excitability and neurotransmitter release (reviewed in 115). 

Interestingly, recent studies have identified that, both in vitro and in vivo, Gbg can also compete 
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with synaptotagmin by directly interacting with SNAP-25 to suppress vesicle fusion, which is 

proposed to be an additional mechanism of Gbg-mediated inhibition on neurotransmission (116, 

117). However, it has also been shown that DAMGO-activated MOR, a Gai/o coupled GPCR, 

undergoes robust recycling and plasma membrane insertion under the requirement of S363 

phosphorylation mediated by a Gbg-phospholipase C-PKC mechanism (118). How does the 

activated Gbg not inhibit the membrane insertion of MOR? One hypothesis of many to reconcile 

this contradiction is perhaps different sets of SNARE assemblies are utilized in the transport of 

MOR and neurotransmitters, and that Gbg-mediated inhibition is specific to the SNARE 

assemblies for neurotransmitter release.  

The second interesting aspect is the potential co-sorting of v-SNAREs and GPCRs. Similar 

to endosomal sorting leading to differential sub-endosomal localization of GPCRs, v-SNAREs or 

VAMP proteins may also undergo sorting alongside their client receptors, thus contributing to the 

receptor specificity of SNARE assemblies. Recent studies have identified two major endosomal 

sorting machineries, the Retromer (composed of Vps29, Vps35, and Vps26) and Retriever 

(composed of Vps29, Vps35L, and Vps26C) complexes, to be responsible for the sorting of 

cargoes targeting recycling pathways (reviewed in 119). Both the Retromer and Retriever 

complexes function through their diversified interacting proteins, besides the common WASH 

(Wiskott-Aldrich syndrome protein and SCAR homolog) complex, including but not limited to 

cargo adaptor SNX27 for Retromer, or SNX17 and the CCC (COMMD/CCDC93/CCDC22) 

complex for Retriever (119–121). As mentioned above, the sorting of B2AR to actin-dependent 

tubules for recycling is mediated by the Retromer complex through the interaction between 

B2AR’s PDZ ligand and SNX27, a PDZ protein (83, 84). Whether these machineries also mediate 

the sorting of VAMP proteins and whether the sorting is mediated via direct protein-protein 
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interaction is currently unclear. However, evidence has shown that VAMP proteins do possess 

signal sequences for proper subcellular and vesicular targeting, where VAMP4’s distant N-

terminal (beyond the SNARE motif) is both required and sufficient for trans-Golgi network 

targeting (62), and VAMP2’s amino acid sequence (AA) 41-50 of amphipathic nature is required 

for its vesicular targeting while its AA 61-70 can putatively autoinhibit this targeting process (61).  

Currently, the understanding of v-SNARE sorting is still uncoupled from a meaningful 

impact on cellular functions, and the mechanistic detail of sorting is still not comparable to what 

has been resolved for receptor cargoes. In Chapter 3 of this dissertation, we discuss our attempt to 

use the known specificity of VAMP2 in MOR recycling (Chapter 2) to reveal the molecular basis 

of v-SNARE sorting. 

Discussion 

Fusion machinery is surprisingly understudied despite being a critical component for 

GPCR exocytosis. Studying fusion machinery involved in GPCR exocytosis is beneficial from 

both a basic biology and a translational standpoint.   

From the basic biology standpoint, identifying the fusion machinery, particularly the 

SNARE assemblies, for different GPCRs at varied trafficking conditions can help characterize 

trafficking pathways systematically. Based on the assumption of SNARE proteins’ pathway-

selective assignment, the SNARE assemblies’ identity can potentially serve as a pathway origin 

marker for each fusing vesicle. By simultaneously visualizing the exocytosis of GPCRs and v-

SNAREs (ref. 80, 81, 108, 118, 122, 123 for examples of GPCR exocytosis visualization, and ref. 

48, 124–126 for examples of v-SNARE exocytosis visualization), we can start answering long-

standing questions on a whole new level. Such a method can be useful to characterize the overall 

exocytic profiles of GPCRs and detect the changes in exocytic pathways caused by certain 



 16 

manipulations. In detail, instead of qualifying exocytic pathways through colocalization analysis 

of GPCRs and endosomal markers (80, 86, 108, 127), we can use the presence or absence (or the 

level of enrichment) of a v-SNARE to analyze for real-time information of the involved pathways 

at a subendosomal resolution (due to v-SNARE endosomal sorting) on a scale of large fusion event 

populations. With this method we can achieve a precise characterization of the pathway and an 

accurate identification of the impact of the manipulations (ref. 48, 51, 128 as novel examples). 

From the translational standpoint, fusion machinery may become a valuable drug target if 

we have gained a better understanding to its specificity (toward cargo, tissue, cellular context, etc.). 

Universally targeting fusion machinery, just as the mechanism of actions of tetanus and botulinum 

neurotoxins, leads to detrimental outputs (129). However, if we can modulate the function of the 

fusion machinery in a restricted manner (e.g., specifically inhibiting a syntaxin subtype that would 

function only for a subset of receptors or secretory molecules in a tissue-dependent manner), we 

might be able to modify the surface/release levels of this subset of receptors/molecules without 

causing severe side effects. These modifications can be useful in at least two clinical scenarios: (i). 

to decrease the surface localization of pathological receptors that are primarily activated by cell-

impermeant ligands for the treatment of cancers, such as protease-activated receptors (PARs) and 

chemokine receptors that have been implicated for cancer cell proliferation (reviewed in 130); (ii). 

to limit the abnormal release of neurotransmitters in specific brain regions for psychiatric disorders, 

such as the tonic dopamine release in the mesolimbic region in schizophrenia (reviewed in 131).  

In summary, fusion machinery in surface receptor exocytosis is an exciting perspective for 

future studies with many unknowns open for discoveries. As we gain more insights, we will not 

only have a better understanding of GPCR biology and protein trafficking, but it may also help to 

develop novel therapeutics for a better treatment of diseases.     
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Abstract 

Vesicle fusion at the plasma membrane is critical for releasing hormones and 

neurotransmitters and for delivering the cognate G protein-coupled receptors (GPCRs) to the cell 

surface. The SNARE fusion machinery that releases neurotransmitters has been well characterized. 

In contrast, the fusion machinery that delivers GPCRs is still unknown. Here, using high-speed 

multi-channel imaging to simultaneously visualize receptors and v-SNAREs in real time in 

individual fusion events, we identify VAMP2 as a selective v-SNARE for GPCR delivery. 

VAMP2 was preferentially enriched in vesicles that mediate the surface delivery of µ opioid 

receptor (MOR), but not other cargoes, and was required selectively for MOR recycling. 

Interestingly, VAMP2 did not show preferential localization on MOR-containing endosomes, 

suggesting that v-SNAREs are co-packaged with specific cargo into separate vesicles from the 

same endosomes. Together, our results identify VAMP2 as a cargo-selective v-SNARE and 

 
1 Besides the contents related to Fig. 2.10, this chapter is published as: H. Chen, Z. Y. Weinberg, 
G. A. Kumar, M. A. Puthenveedu. Vesicle-associated membrane protein 2 is a cargo-selective v-
SNARE for a subset of GPCRs. J. Cell Biol. 222(7), e202207070 (2023).  
Note: Fig. 2.2 E (as Fig. 2 E in the original publication) is modified from its original appearance, 
as part of the data are moved to Fig. 2.10 A to avoid duplication. 
Statement of contribution: Computational analysis for Fig. 2.2 G and H is mainly contributed by 
Weinberg, Z. Y.; flow cytometry experiments for Fig. 2.5 I and J are mainly contributed by Kumar, 
G. A.; part of the immunoblot experiment for Fig. 2.10 C is contributed by Luo, Y. 

Chapter 2: VAMP2 Is a Cargo-Selective v-SNARE for a Subset of GPCRs1 
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suggest that surface delivery of specific GPCRs is mediated by distinct fusion events driven by 

distinct SNARE complexes. 

Introduction 

Membrane fusion at the plasma membrane is critical for many aspects of neuroendocrine 

physiology. Vesicle fusion releases neuroendocrine molecules such as hormones and 

neurotransmitters to the extracellular environment and delivers the receptors that recognize these 

molecules to the surface of cells (1, 2). A large fraction of neuroendocrine molecules binds 

receptors of the G protein-coupled receptor (GPCR) family of signaling receptors (3–5). Delivery 

of GPCRs to the cell surface is therefore critical for determining the cellular responses to these 

signaling molecules (6, 7). 

The machinery that mediates the release of neuroendocrine molecules has been well 

studied. In neuronal cells, vesicles that carry secreted neuroendocrine molecules contain the v-

SNARE vesicle-associated membrane protein 2 (VAMP2, also called synaptobrevin 2), which 

binds a t-SNARE complex on the target membrane (8–14). A subsequent conformational change 

in the SNARE complex provides the force to induce membrane fusion (15, 16).  

In contrast to the mechanisms mediating neuroendocrine molecules’ release, the 

mechanisms mediating the delivery of GPCRs to the plasma membrane, including the identities of 

the SNARE proteins, are not well known. For many GPCRs, the primary mechanism of surface 

delivery is via the recycling pathway: after activation by their ligands, GPCRs are internalized into 

endosomes, from where many GPCRs are sorted into the recycling pathway and delivered back to 

the plasma membrane (7, 17). Different GPCRs, however, can be sorted into different pathways 

with distinct molecular requirements and regulatory mechanisms (18–21). Which SNARE proteins 
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mediate delivery of GPCRs during recycling in neuroendocrine cells, and whether different 

GPCRs use different SNARE proteins, are fundamental questions that are still unanswered. 

In this study, we addressed these questions by attempting to identify the v-SNARE that 

mediates GPCR recycling. We developed a high-resolution multi-channel total internal reflection 

fluorescence (TIRF) microscopy method to directly visualize individual plasma membrane fusion 

events of vesicles containing receptors and to simultaneously visualize the presence of VAMP2 at 

these fusion sites. We used two physiologically relevant GPCRs – the μ opioid receptor (MOR) 

and the β2 adrenergic receptor (B2AR) – as prototypes. We show that VAMP2 is enriched 

specifically in the vesicles that deliver MOR, but not B2AR or the nutrient receptor transferrin 

receptor (TfR), to the surface of HEK293 cells. Depletion of endogenous VAMP2 significantly 

reduced the rates of recycling of MOR in PC12 cells and rat striatal neurons. VAMP2 did not 

preferentially co-localize with MOR in specific endosomes, suggesting that VAMP2 was 

specifically packaged into recycling vesicles that preferentially contained MOR and not B2AR at 

the level of individual endosomes. Lastly, through a low-throughput screening, we did not find a 

VAMP subtype that was specific to B2AR recycling. Our results identify VAMP2 as the v-SNARE 

that mediates fusion specifically of recycling vesicles that contain MOR. Further, our results 

suggest that distinct v-SNAREs are co-packaged into vesicles with specific GPCRs from the same 

endosome. 

Results 

VAMP2 is detected preferentially in fusion events that mediate MOR recycling 

We first asked whether VAMP2 was present in the cargo-containing vesicles that fuse to 

the plasma membrane, by designing a high-resolution imaging method to directly and 

simultaneously visualize VAMP2 and cargoes during individual fusion events at the plasma 



 29 

membrane. We tagged a pH sensitive GFP mutant, called super ecliptic pHluorin (SpH; 22), to the 

extracellular terminus of three different cargo molecules – MOR (SpH-MOR), B2AR (SpH-

B2AR), and TfR (TfR-SpH). SpH fluorescence is quenched inside the acidic intracellular 

compartments (pH=4.5-6.5) but exerts high fluorescence once it is inserted into the plasma 

membrane and exposed to the neutral extracellular environment (pH=7.4; Fig. 2.1 A; 19, 20, 23–

28). This change in fluorescence can be visualized under TIRF microscopy where only 

fluorophores within 100 nm of the plasma membrane are excited (29). 

 

Figure 2.1. Individual vesicle fusion events delivering GPCRs to the cell surface can be resolved 
by TIRF microscopy.   
A. Schematic of change in SpH fluorescence during a fusion event in SpH-cargo expressing cells. 
The fluorescence intensity of SpH-cargo increases upon exposure to the neutral extracellular 
environment. B. Montage of a SpH-MOR expressing cell showing a typical fusion event (black 
square) and an endocytic cluster event (gray square) post 5 min 12.5 µM DAMGO treatment at 37 
oC. Scale bar = 8 µm. C and D. Enlarged montages (top panels) of a fusion event (C) and an 
endocytic cluster event (D) shown in B. The fusion event showed an instantaneous increase in 
fluorescence intensity followed by a rapid (<0.4 sec) diffusion that was visualized as a “puff” of 
fluorescence. On the other hand, the endocytic cluster event showed sustained fluorescence (~8 
sec) followed by an exponential decay. Surface plots of fluorescence are shown in the bottom 
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panels. Scale bar = 2 µm. E and F. Traces of changes in maximum fluorescence (Max fluo.) of the 
fusion event (E) and the endocytic cluster event (F) shown in B. Time 0 represents the onset of 
image acquisition. Horizontal scale bar = 5 sec and vertical scale bar = 2000 count of fluorescence 
intensity (arbitrary unit, a.u.). 

To induce internalization and subsequent exocytic events for imaging, HEK293 cells stably 

expressing SpH-MOR or SpH-B2AR were treated with saturated concentration of agonists (12.5 

µM), [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO) and isoproterenol (Iso), respectively. 

We chose DAMGO and Iso as standards, as these are the primary agonists that have been used to 

study MOR and B2AR trafficking characteristics, including using assays that resolve recycling at 

single-event resolution (19, 20, 24–26, 30–32). HEK293 cells transiently expressing TfR-SpH 

were imaged at baseline since they exhibited constitutive exocytosis. When imaged at high speed 

under TIRF microscopy, individual exocytic fusion events that deliver SpH-cargo to the cell 

surface were observed as bursts or “puffs” of fluorescence. These events show an instantaneous 

increase in fluorescence intensity (Fig. 2.1 B, C and E), followed by a characteristic diffusion of 

fluorescence to the surrounding area (Fig. 2.1 B and C). These events (which we term “puffs” in 

this manuscript) were distinct from endocytic clusters based on their different time scales 

(milliseconds for puffs, and seconds to minutes for clusters), and on the characteristic diffusion of 

fluorescence that was not seen in endocytic clusters (Fig. 2.1 B, D and F). We and others have 

extensively characterized these puffs previously as individual vesicle fusion events mediating 

recycling of receptors from endosomes, by showing that GPCR puffs are rarely observed without 

prior agonist-mediated internalization of the receptors, that mutation of receptor sequences that are 

required for B2AR and MOR recycling abolishes the puffs, that pharmacological treatments that 

increase or decrease recycling causes a corresponding change in puffs, and that cycloheximide 

treatment does not significantly reduce the number of puffs (19, 20, 24–27, 33).  
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To test whether the receptor cargoes and VAMP2 were present in the same vesicle fusion 

events, we co-expressed VAMP2 tagged with a pH-sensitive RFP pHuji to the extracellular 

terminus (VAMP2-pHuji; 34, and SpH-tagged receptors in HEK293 cells (Fig. 2.2 A). We 

visualized vesicle fusion events using simultaneous rapid acquisition in two channels by TIRF 

microscopy to detect both SpH and pHuji. In a subset of fusion events, detected as puffs of SpH-

cargo fluorescence, VAMP2-pHuji fluorescence showed similar characteristics as their 

corresponding SpH-cargo, i.e., a rapid increase in fluorescence and subsequent diffusion (Fig. 2.2 

B and C). In another subset of fusion events detected as SpH-cargo puffs, VAMP2-pHuji 

fluorescence did not increase above baseline fluctuation (Fig. 2.2 D). To quantify the fraction of 

puffs with detectable changes of VAMP2-pHuji fluorescence, we developed a method to globally 

quantify VAMP2 enrichment in puffs based on the fold change of pHuji fluorescence over baseline 

standard deviation calculated as:  

VAMP2 enrichment = #𝐹!" − 𝐹!#&	/	𝑆𝐷$%&'()*' 

where, 𝐹!" and 𝐹!# are the bleedthrough-corrected fluorescence in the VAMP2-pHuji channel at 

the peak of a puff and at the baseline, respectively, and 𝑆𝐷$%&'()*' is the standard deviation of the 

baseline fluorescence fluctuation. As an initial parameter, we used 1x𝑆𝐷$%&'()*' as the cutoff to 

classify whether a puff had detectable VAMP2-pHuji. Puffs were classified as VAMP2-positive 

(VAMP2+) if the peak VAMP2-pHuji fluorescence difference was higher than 1x𝑆𝐷$%&'()*' . 

Using this criterion, about 83% of SpH-MOR puffs were VAMP2+. SpH-MOR puffs showed a 

median VAMP2 enrichment of 5x𝑆𝐷$%&'()*' (Fig. 2.2 E). In contrast, TfR-SpH and SpH-B2AR 

showed no preference of VAMP2+ puffs, with median VAMP2 enrichments being within 

1x𝑆𝐷$%&'()*' (p<0.0001; Fig. 2.2 E), indicating that VAMP2 was preferentially present in fusion 

vesicles containing SpH-MOR, but not the other two SpH-cargoes. Importantly, this conclusion 
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was valid regardless of the cutoffs (fold change over standard deviation) we used to define 

VAMP2+ puffs. When cutoffs of 1x𝑆𝐷$%&'()*' to 4x𝑆𝐷$%&'()*' were used to define VAMP2+ puffs 

with increasing confidence (~68% to >99%), VAMP2 was always enriched in puffs containing 

MOR compared to the other cargoes (Fig. 2.2 F).  

As a control to test the specificity of VAMP2’s presence in SpH-MOR puffs, we examined 

VAMP4, a related VAMP subtype that had been previously shown to mediate recycling of receptor 

cargoes (35). When VAMP4-pHuji was co-expressed and imaged with SpH-MOR using identical 

conditions, VAMP4 showed no preferential enrichment in SpH-MOR puffs, with a median 

enrichment smaller than 1x𝑆𝐷$%&'()*'  (see below at Fig. 2.10 A). These results indicate that 

VAMP2, but not VAMP4, is specifically enriched in vesicles that recycle MOR.  

Because the population of puffs showed a wide distribution of VAMP2 enrichment (Fig. 

2.2 E), we next tested whether this population represented a single population or a mixture of 

multiple populations. We performed Gaussian mixture model fitting simulation with AIC/BIC loss 

metrics validation to identify the number of classes that best fit the distribution. The best fit model 

suggested that there were three classes of puffs based on VAMP2 enrichment – a “no VAMP2” 

class with mean = -0.24, a “VAMP2+” class with mean = 5.54, and a “high VAMP2” class with 

mean = 22.32 (Fig. 2.2 G). Importantly, when the fraction of puffs in each class was estimated for 

each SpH-cargo, SpH-MOR showed a noticeably larger fraction of VAMP2+ puffs (classes of 

“VAMP2+” and “high VAMP2”) compared to SpH-B2AR, while TfR-SpH showed a distribution 

that was in between SpH-MOR and SpH-B2AR (Fig. 2.2 H).  
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Figure 2.2. VAMP2 is detected preferentially in fusion events (puffs) delivering MOR to the 
surface.   
A. Schematic of a VAMP2 positive (VAMP2+) puff in SpH-cargo and VAMP2-pHuji co-
expressing cells. When a vesicle carrying both SpH-cargo and VAMP2-pHuji fuses to the plasma 
membrane, the fluorescence intensity increases in both the SpH channel and the pHuji channel. B. 
Montage of a SpH-MOR puff co-localizing with VAMP2-pHuji (SpH-MOR in green and 
VAMP2-pHuji in magenta) from a SpH-MOR and VAMP2-pHuji co-expressing cell 5 min after 
DAMGO treatment at 37 oC. Scale bar = 2 µm. C. Representative time-course traces of mean SpH-
MOR (cyan) and the corresponding mean VAMP2-pHuji fluorescence (magenta) from a VAMP2+ 
puff of the SpH-MOR expressing cells. D. Representative time-course traces of mean SpH-B2AR 
(red) and the corresponding mean VAMP2-pHuji fluorescence (magenta) from a VAMP2- puff of 
the SpH-B2AR expressing cells. E. Quantification of VAMP2 enrichment in the population of 
puffs for each SpH-cargo. VAMP2 enrichment of individual puff event was calculated as the fold 
change of VAMP2-pHuji fluorescence at the peak of the event over baseline standard deviation, 
as described in the text (median ± 95% CI; TfR-SpH: 2 cells, puff=85; SpH-B2AR: 3 cells, 
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puff=85; SpH-MOR: 3 cells, puff=59; all conditions from 2 independent experiments). SpH-MOR 
puffs showed significantly more enrichment of VAMP2 compared to other cargoes (One-way 
ANOVA, post-hoc Kruskal-Wallis test: TfR vs. B2AR: p=0.4560; TfR vs. MOR: p<0.0001; B2AR 
vs. MOR: p<0.0001). F. The fraction of VAMP2+ puffs (%population) as defined by different 
folds of VAMP2 enrichment over baseline standard deviation (cutoff) show a consistent 
enrichment of VAMP2 preferentially in MOR puffs across all cutoffs. G. Kernel density estimation 
of the pooled population of all puffs to estimate subclasses. The best fit predicted three subclasses 
based on VAMP2 enrichment. Three Gaussian mixture model of the actual distribution (solid line) 
and predicted subclasses (dashed lines) are shown. H. Fraction of puffs in each predicted subclass 
shows distinct population composition of different SpH-cargoes and a preferential enrichment of 
VAMP2+ subclasses in SpH-MOR puffs. 

As mentioned above, overwhelming evidence points to puffs as being derived from the 

recycling pathway, especially for GPCRs. Consistent with this idea, we observed very few to no 

SpH-MOR or SpH-B2AR puffs in the absence of agonist-mediated internalization. However, 

because VAMP2+ TfR puffs were present at steady state, we tested whether this fraction of 

VAMP2+ puffs were predominantly derived from biosynthetic delivery. To do so, we blocked 

biosynthesis by 2 hr 10 µm cycloheximide (CHX) pre-treatment to cells prior to imaging, to clear 

biosynthetic TfR-SpH stores that might be delivered to the cell surface, and asked whether the 

fraction of VAMP2+ TfR-SpH puffs changed under this condition. The fraction of VAMP2+ TfR-

SpH puffs of CHX-treated cells was almost identical to the fraction of VAMP2+ TfR-SpH puffs 

of the non-treated cells (Fig. 2.3 A and B), indicating that VAMP2+ puffs were not predominantly 

derived from the biosynthetic pathway. CHX blocked biosynthesis of proteins under these 

conditions, as it caused about 40% reduction in total levels of GRK3, a protein that turns over fast 

(Fig. 2.3 C and D; 36, 37). Consistent with the lack of a role for VAMP2 in the biosynthetic 

pathway, VAMP2 did not colocalize with canonical Golgi markers, including trans-Golgi network 

marker TGN38 and cis-Golgi marker GM130 (Fig. 2.3 E and F). These data indicated that VAMP2 

is not enriched on the Golgi, unlike in endosomes (see Fig. 2.8 below). Taken together, our data 

show that, among the cargo group of MOR, B2AR and TfR, VAMP2 is enriched preferentially in 

vesicles that mediate surface delivery of MOR from the recycling pathway. 
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Figure 2.3. VAMP2 is not involved in delivery of receptors from the biosynthetic pathway.   
A. VAMP2 enrichment (left) in TfR puffs in cells co-expressing TfR-SpH and VAMP2-pHuji co-
expressing cells pre-treated with 10 µM cycloheximide (CHX) for 2 hr before imaging (+CHX, 
median ± 95% CI, puff=67, 2 cells from 1 experiment). Proportion of puffs > or ≤ cutoff 
=1(x𝑆𝐷$%&'()*' ) is shown in the pie chart (right). B. Proportion of puffs from TfR-SpH and 
VAMP2-pHuji co-expressing cells non-treated with CHX (-CHX). Proportion > cutoff 
=1(x𝑆𝐷$%&'()*') is almost identical for cells treated or non-treated with CHX. C. Representative 
Western-blot probing a fast turnover protein GRK3 with GAPDH as internal control in whole cell 
lysates prepared from cells either treated with vehicle (EtOH) for 2 hr or 10 µM CHX for indicated 
time. D. Quantification of relative GRK3 levels by first normalizing to GAPDH levels then to 
vehicle control (±SD, n=3 independent experiments). E and F. Representative confocal slices of 
PC12 cells immunostained for endogenous VAMP2 and cis-Golgi marker GM130 (E) or tran-
Golgi network marker TGN38 (F). Scale bar = 10 µm. Denoted sections (yellow squares and 
enlarged) were analyzed by pixel-by-pixel fluorescence correlation between the VAMP2 channel 
and the Golgi marker channels. Pixel fluorescence intensity was normalized to the maximum 
fluorescence and plotted in scatter plots on the right. The dashed diagonal line indicates perfect 
co-localization, and VAMP2 shows very little to no co-localization with GM130 or TGN38. 

VAMP2 is specifically required for MOR recycling in PC12 cells and in primary neurons 

To test whether VAMP2 was required for MOR recycling, we depleted VAMP2 and 

measured MOR recycling at the level of single recycling events and total surface levels. We used 

a doxycycline-inducible shRNA-tagBFP system to deplete VAMP2 first in PC12 cells, a rat 

neuroendocrine cell line that endogenously expressed high level of VAMP2 (Fig. 2.4 A and B). 

We chose PC12 cells because they are good models for studying opioid receptor trafficking, as the 
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mechanistic insights have held up previously in neurons and in animal models (27, 38–40), and 

because rat VAMP2 shows close similarity to human VAMP2 isoform1 which is coded by the 

VAMP2-pHuji construct (Fig. 2.4 C). 

 

Figure 2.4. PC12 cells express detectable endogenous VAMP2, but (our) HEK293 cells do not.   
A. Immunoblot of VAMP2 from the whole cell lysates of un-transfected HEK293 cells (plain 
HEK), HEK293 cells transfected with VAMP2-pHuji (HEK+VAMP2), and un-transfected PC12 
cells (plain PC12). Whole cell lysates were each prepared from one well of confluent 6-well plate. 
Three replicates of lysates preparation are shown. B. Representative confocal images showing that 
there is no VAMP2 immunostaining in plain HEK293 cells. The images in the VAMP2 channels 
of PC12 and HEK293 were acquired under similar conditions and were adjusted to the same levels. 
DAPI staining shows the nuclei to confirm that there are many cells in the field. Scale bar = 10 
µm. C. Protein sequence alignment between human VAMP2 isoform1 (hVAMP2 isoform1) and 
rat VAMP2 (rVAMP2) shows close similarity. 

Expression of shRNA against rat VAMP2 (shVAMP2) decreased VAMP2 protein level by 

~66% compared to non-targeting shRNA construct generated using the same backbone 
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(shScramble), as observed by single-cell confocal imaging of VAMP2 immunostaining following 

48 hr 200 ng/mL doxycycline (Dox) treatment (p<0.0001; Fig. 2.5 A-C). We then measured the 

rate of recycling of SpH-cargoes by quantifying the number of puffs per cell per minute, in cells 

expressing shVAMP2 or shScramble, or in Dox-treated control cells not expressing the shRNA 

constructs. We confirmed shRNA expression by tagBFP fluorescence in each cell using confocal 

microscopy before imaging puffs in TIRF microscopy. When the number of puffs per cell per min 

was counted across SpH-cargoes, shVAMP2 expression significantly decreased the number of 

SpH-MOR puffs (p=0.0033 compared to Dox alone and p=0.0001 compared to shScramble), but 

did not significantly decrease the number of TfR-SpH or SpH-B2AR fusion events (Fig. 2.5 D-F). 

Consistent with our results that VAMP4-pHuji was not enriched in SpH-MOR puffs (Fig. 2.5 E), 

depletion of VAMP4 using the same shRNA system (see Fig. 2.6 for knockdown verification) did 

not significantly decrease the number of SpH-MOR puffs per cell per min (p=0.8898 compared to 

shScramble; Fig. 2.5 G), indicating that VAMP2 but not VAMP4 was required for MOR recycling.  

To test whether this decrease in the rate of individual fusion events decreased surface 

recycling of MOR at a whole-cell level, we measured MOR recycling using flow cytometry in 

PC12 cells co-expressing FLAG-tagged MOR (FLAG-MOR) and shVAMP2. We adapted an 

assay (Fig. 2.5 H) that we have used before to measure the amount of internalization and recycling 

of FLAG-MOR (32). Briefly, we compared three conditions: (i). non-treated cells (NT) 

representing baseline, (ii). agonist-treated cells (T, 20 min 10 µM DAMGO at 37 oC) representing 

internalization, and (iii). cells in which agonist was washed out (WO, 20 min 10 µM DAMGO 

followed by 20 min 10 µM MOR antagonist Naltrexone at 37 oC) representing recycling. After the 

treatments, cells were immediately transferred onto ice to terminate any residual trafficking 

activities and then labeled live with fluorescent anti-FLAG antibody (M1-Alexa-647) to label 
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surface MOR. Surface MOR levels were then measured using flow cytometry. Expression of 

shVAMP2 did not change MOR internalization, as FLAG-MOR cells co-expressing shVAMP2 

showed similar decrease in surface fluorescence before and after 48 hr pre-treatment of 200 ng/mL 

Dox (Fig. 2.5 I and J). In contrast, expression of shVAMP2 significantly reduced MOR recycling, 

as FLAG-MOR cells co-expressing shVAMP2 showed a lower recovery of surface fluorescence 

after Dox treatment compared to before (p=0.0224; Fig. 2.5 I and J).  

 

Figure 2.5. VAMP2 depletion inhibits the recycling of SpH-MOR but not that of SpH-B2AR and 
TfR-SpH.   
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A. Representative confocal image of PC12 cells expressing scrambled shRNA (shScramble-
tagBFP, blue) immunostained for endogenous VAMP2 (magenta) after 48 hr of doxycycline (Dox) 
treatment. B. Representative confocal image of PC12 cells expressing VAMP2 shRNA 
(shVAMP2-tagBFP, blue) immunostained for endogenous VAMP2 (magenta) after 48 hr of Dox 
treatment, showing depletion of VAMP2. Scale bar = 20 µm. C. Scatter plots of normalized 
integrated density over threshold (IDoT) of VAMP2 immunostaining in shScramble-tagBFP 
(shScramble) or shVAMP2-tagBFP (shVAMP2) expressing cells (median ± 95% CI, n=45 or 46 
cells, respectively, from 2 independent experiments), showing depletion of VAMP2 in the latter 
(p<0.0001, unpaired two-tailed t-test). D. The number of TfR-SpH puffs per cell per minute (/cell 
• min) in cells expressing either TfR-SpH alone (Dox alone), or in cells co-expressing shScramble 
or shVAMP2, treated with 48 hr of Dox, show no significant difference (Dox alone: n=11; 
shScramble: n=10; shVAMP2: n=10, from 2 independent experiments; One-way ANOVA, post-
hoc Tukey test). E. A similar comparison shows no difference in the numbers of SpH-B2AR puffs 
across the three conditions (Dox alone: n=27; shScr+Dox: n=24; shVam+Dox: n=36, from 3 
independent experiments, One-way ANOVA, post-hoc Tukey test). F. A similar comparison 
shows significant reduction in the number of SpH-MOR puffs in cells co-expressing shVAMP2 
compared to the other two conditions (Dox alone: n=27; shScramble: n=23; shVAMP2: n=28, 
from 3 independent experiments, One-way ANOVA, post-hoc Tukey test). G. A similar 
comparison but in cells co-expressing SpH-MOR and shScramble or VAMP4 shRNA 
(shVAMP4), shows no difference in the numbers of SpH-MOR puffs (shScramble, n=15; 
shVAMP2, n=13, from 1 experiment, unpaired two-tailed t-test). Cells from E-G were treated with 
agonists 5 min at 37 oC before imaging. Filled dots in red from E-G represented outliers identified 
by the Tukey plot that were included in the statistical analysis. “+” in the Tukey plots from D-G 
represented mean. H. Schematic of the treatment and labeling conditions for the flow cytometry 
assay. Cells were labeled with M1-Alexa-647 (M1-647) antibody at the endpoint of treatment 
conditions to measure surface MOR levels: at baseline (Non-treated, NT), after DAMGO for 20 
min at 37 oC (Treated, T), or after washing out DAMGO and incubating in Naltrexone for 20 min 
at 37 oC (Washout, WO). I. Representative histograms of PC12 cells co-expressing FLAG-MOR 
and shVAMP2, either without (shVAMP2 −Dox) or with (shVAMP2 +Dox) pre-treatment of Dox 
for 48 hr. J. Quantification of mean (left panel) and geometric mean (geomean, right panel) of 
surface MOR levels normalized to unlabeled baseline (±SEM, 3 samples each condition from 1 
experiment). 
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Figure 2.6. shVAMP4 knocks down VAMP4 expression in PC12 cells across varied tagBFP 
expression levels.   
 A. Representative confocal slices of PC12 cells expressing shScramble-tagBFP immunostained 
for endogenous VAMP4 (anti-VAMP4) and tag-BFP (anti-tagBFP) post 48 hr Dox treatment. 
Cells with different levels of tagBFP staining all show an intracellular pool of VAMP4 (yellow 
arrows). B. Representative confocal slices of PC12 cells expressing shVAMP4-tagBFP under 
similar experimental conditions as A. Compared to the cells with no anti-tagBFP staining (far-left 
panel), cells with varied levels of tagBFP staining all lose the VAMP4 pool. Corresponding 
channels of all images are contrasted to the same. Scale bar = 20 µm. 

To directly measure the internalization and recycling of surface MOR without the potential 

confounding effects of newly synthesized receptors, we adapted a quantitative ratiometric 

fluorescence assay that followed the internalization and recycling of a pre-labeled pool of surface 

MOR (Fig. 2.7 A). Briefly, FLAG-MOR expressing cells were pre-labeled with M1-Alexa-647 to 

label the surface pool of MOR. Cells were exposed to the same treatment conditions as described 

in the flow cytometry assay and then labeled live with an Alexa Fluor 488-conjugated secondary 

antibody (Alexa-488 secondary), to label the M1-Alexa-647 selectively on the surface. The M1-
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Alexa-647 primary labeling served as a control for total surface expression of FLAG-MOR at 

baseline, and the Alexa-488 secondary labeling indicated the post-treatment surface level of 

FLAG-MOR from the same pool of the primary labeling that either remained on the surface or 

being recycled (Fig. 2.7 B). The ratios of fluorescence intensity of Alexa-488 secondary labeling 

over M1-Alexa-647 primary labeling (488 / 647) in cells were calculated to measure the amount 

of pre-labeled surface receptors that were internalized at baseline (NT), after endocytosis (T), and 

after recycling (WO). This gave us a quantitative estimate of the amount of pre-existing surface 

receptors that were internalized in response to agonist, and the fraction of internalized receptors 

that recycled after washout, without the potential confounding effects of new receptor 

biosynthesis.  

To optimize expression of the shRNA constructs and receptors, we generated lentiviruses 

for expression. PC12 cells infected with lentiviral particles of FLAG-MOR (Lenti-FLAG-MOR) 

and shVAMP2 (Lenti-shVAMP2) were either treated with 200 ng/mL 48 hr Dox (+Dox) or left 

untreated (−Dox). When the internalization and recycling of MOR was quantitatively measured, 

although baseline expression (NT) and the degree of internalization (T) of FLAG-MOR were 

similar for +Dox and −Dox cells, FLAG-MOR recycling was significantly lower in +Dox cells, 

as seen by lower 488 / 647 values compared to −Dox cells in the WO condition (p=0.0073; Fig. 

2.7 C). These results further strengthen our conclusion that VAMP2 is required for MOR recycling. 

To validate the requirement of VAMP2 in MOR recycling in a physiologically relevant 

system, we used an identical recycling assay in primary striatal neurons expressing MOR. Primary 

E18 rat striatal neurons infected with Lenti-FLAG-MOR and Lenti-shVAMP2. Lenti-shVAMP2 

showed ~57% knockdown in neuronal cell bodies compared to Lenti-shScramble control (Fig. 2.7 

D, E and F). When an identical paradigm as above was used to measure MOR recycling, +Dox 
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neurons showed significantly lower FLAG-MOR recycling compared to −Dox neurons, although 

both baseline expression and the degree of internalization of FLAG-MOR were similar (p<0.0001; 

Fig. 2.7 G and H). Together, our data strongly indicate that VAMP2 is required for MOR recycling 

in multiple cell models including physiologically relevant neurons.  

 

Figure 2.7. VAMP2 depletion in PC12 cells and striatal neurons decreased MOR recycling.   
A. Schematic of the treatment and labeling conditions for the ratiometric recycling assay, as 
described in the text. B. Representative confocal images of PC12 cells co-expressing FLAG-MOR 
and shVAMP2 either treated with (top panel, +Dox) or without (bottom panel, −Dox) 200 ng/mL 
Dox for 48 hr prior to the ratiometric recycling assay. Scale bar = 15 µm. C. Quantification of 
ratios between 488 nm fluorescence and 647 nm fluorescence (488 / 647) calculated using 
integrated density (ID) for PC12 cells of indicated conditions (NT, T, WO: −Dox: n=20, 20, 33 
cells; +Dox: n=20, 21, 29 cells, from 2 independent coverslips). +Dox cells showed significantly 
lower MOR recycling compared to −Dox cells (Two-way ANOVA, post-hoc Šidák test, +Dox vs 
−Dox: NT: p=0.9929; T: p=0.9173; WO: p=0.0073). D and E. Representative confocal images of 
E18 rat striatal neurons expressing shScramble (D) or shVAMP2 (E) after 48 hr of Dox treatment, 
fixed and immunostained for endogenous VAMP2 (anti-VAMP2, magenta) and tagBFP (anti-
tagBFP, blue). Scale bar = 20 µm. F. Scatter plots of mean fluorescence intensity of VAMP2 
immunostaining in the cell bodies of shScramble or shVAMP2 expressing neurons (median ± 95% 
CI, n=12 or 15 cells, respectively, from 1 experiment), showing depletion of VAMP2 in the latter 
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(p<0.0001, unpaired two-tailed t-test). G. Representative confocal images of rat striatal neurons 
co-expressing FLAG-MOR and shVAMP2 either treated with (top panel, +Dox) or without 
(bottom panel, −Dox) 48 hr Dox prior to the ratiometric recycling assay. Scale bar = 15 µm. H. 
Similar quantification of ratios as in C for rat striatal neurons of indicated conditions (NT, T, WO: 
−Dox: n=27, 33, 41 neurons; +Dox: n=22, 39, 46 neurons, from 2 independent neuronal cultures). 
+Dox neurons showed significantly lower MOR recycling compared to −Dox neurons (Two-way 
ANOVA, post-hoc Šídák test, +Dox vs −Dox: NT: p=0.9624; T: p=0.9949; WO: p<0.0001). 

VAMP2 is not selectively enriched in MOR-containing endosomes 

We next addressed whether the differential VAMP2 requirement reflected the segregation 

of MOR from other cargoes into specific endosomes that were competent to generate VAMP2+ 

vesicles. To test this question, we first addressed whether VAMP2 was preferentially localized in 

a subset of endosomes. For objective quantification, we developed and implemented an automated 

object-based method to analyze co-localization in immunofluorescence microscopy images. To 

standardize the co-localization method, we performed a positive control experiment in cells 

expressing MOR doubly tagged with FLAG and SpH (FLAG-SpH-MOR). FLAG-SpH-MOR 

expressing cells were treated with 12.5 µM DAMGO for 20 min to induce receptor internalization 

to endosomes, and then fixed and stained with M1-Alexa-647. This allowed us to compare FLAG 

staining with SpH fluorescence, and gave us an experimental measurement of co-localization from 

a system that should theoretically be fully co-localized. Confocal imaging revealed almost perfect 

co-localization between FLAG staining and SpH fluorescence (Fig. 2.8 A). Using the automated 

object-based analysis, we obtained average co-localizations of 77.49% when normalized to total 

FLAG spots, and 55.77% when normalized to total SpH spots (Fig. 2.8 E). This allowed us to 

calibrate our co-localization to account for limitations in antibody labeling and the algorithm used 

for analysis, and confirmed that automated analysis provided good dynamic range to analyze co-

localization.  
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We next used immunofluorescence microscopy to study the co-localization between 

endogenous VAMP2 and early (EEA1), recycling (Rab11), and late (Rab7) endosomal markers 

(41) in PC12 cells. Objective automated analysis of the confocal images showed detectable co-

localization between VAMP2 and all three endosomal markers (Fig. 2.8 B-D), although to varying 

degrees. VAMP2 co-localized with Rab11 and EEA1 to comparable amounts (36.34% and 

35.25%, respectively) and less with Rab7 (21.03%; Fig. 2.8 F-H). This distribution is consistent 

with a role for VAMP2 primarily in recycling. 

 

Figure 2.8. Endogenous VAMP2 localizes predominantly to EEA1 or Rab11 compartments.   
A. Representative confocal slice of a FLAG-SpH-MOR expressing cell showing co-localization 
of FLAG (magenta) and SpH (green) after 20 min 12.5 µM DAMGO treatment. Scale bar = 10 
µm. And a line plot across a denoted section (yellow square and enlarged) of the representative 
slice. B-D. Representative confocal slices of PC12 cells immunostained for VAMP2 (magenta) 
and EEA1 (B), Rab11 (C) or Rab7 (D) (all in green). Example spots showing co-localization are 
marked with yellow arrows. Scale bar = 10 µm. Corresponding line plots across the denoted 
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sections (yellow squares and enlarged) of the representative slices are shown for each image. E. 
Percentage co-localization (%co-localization) calculated using an automated object-based method, 
shown as co-localized spots normalized to either total SpH spots (/SpH) or total FLAG spots 
(/FLAG) from multiple image stacks (±SD, n=20 from 2 independent coverslips). F-H. %Co-
localization calculated as above for EEA1 (F), Rab11 (G) or Rab7 (H) are shown as co-localized 
spots normalized to total VAMP2 spots (/ VAMP2) from multiple image stacks (±SD, n=10 from 
2 independent coverslips for each marker). “+” in the Tukey plots from E-H represented mean. 

To test whether VAMP2 was enriched specifically in a subset of MOR-containing 

endosomes, we performed three-channel co-localization of VAMP2, SpH-cargoes, and endosomal 

markers. SpH-MOR and SpH-B2AR expressing PC12 cells were treated with agonist at identical 

conditions as used to image SpH-cargo fusion events as above. Confocal images showed partial 

co-localization of SpH-cargoes, VAMP2 and endosomal markers across all conditions (Fig. 2.9 A 

and B). To quantify co-localization, we first measured the co-localization between SpH-cargoes 

and endosomal markers (Fig. 2.9 C, outer columns and Fig. 2.9 D, circular pie charts). SpH-B2AR 

showed highest co-localization with EEA1 (22.73%), moderate level with Rab11 (17.44%), and 

least with Rab7 (11.68%). SpH-MOR showed higher levels of co-localization with EEA1 

(24.15%) and Rab7 (22.50%), and lower co-localization with Rab11 (17.01%). Next, we measured 

what fraction of the cargo in each endosomal compartment also co-localized with VAMP2 (Fig. 

2.9 C, inner columns and Fig. 2.9 D, stacked columns). As expected, we found the highest co-

localization between VAMP2 and Rab11, and lowest with Rab7, consistent with our two-channel 

co-localization study (Fig. 2.8). Surprisingly, however, VAMP2 did not preferentially localize to 

Rab11 endosomes that co-localized with SpH-MOR, compared to the ones that co-localized with 

SpH-B2AR (VAMP2+Rab11+SpH-MOR: 6.32% of total SpH-MOR; VAMP2+Rab11+SpH-

B2AR: 6.27% of total SpH-B2AR). Together, our data suggest that VAMP2 is co-packaged into 

recycling vesicles only with MOR, and not with B2AR, even though they might localize to the 

same endosomes. 
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Figure 2.9. VAMP2 is not specifically co-localized with SpH-MOR-containing endosomes.   
A. Representative confocal slices of cells expressing SpH-B2AR (light green) immunostained for 
VAMP2 (orange) and EEA1, Rab11 or Rab7 (purple) after 15 min of agonist treatment. B. 
Representative confocal slices of cells expressing SpH-MOR (light green) immunostained for 
VAMP2 (orange) and EEA1, Rab11 or Rab7 (purple) after 15 min of agonist treatment. Scale bars 
= 6 µm. C. %Co-localization between the three labels calculated using an automated object-based 
method. %Co-localization was first analyzed between SpH-B2AR (left) or SpH-MOR (right) and 
the endosomal markers (outer columns, ±SD), then the co-localized spots were further analyzed 
for the presence of VAMP2 (VAMP2+, inner dashed columns, ±SD, SpH-B2AR: EEA1: n=10, 
Rab11: n=11, Rab7: n=10; SpH-MOR: EEA1: n=12, Rab11: n=10, Rab7: n=10, samples of all 
conditions were from 2 independent coverslips). D. Pie charts and stack columns showing the 
summary statistics of C. show no enrichment of VAMP2 in SpH-MOR-containing endosomes. E. 
Schematic of a proposed model of VAMP2’s specificity in GPCR recycling. VAMP2 is 
preferentially co-packaged into vesicles from endosomal microdomains or tubules that contain a 
certain subset of GPCR cargoes, such as MOR but not B2AR, allowing it to mediate fusion in a 
cargo-selective manner. TfR on the other hand, can enter both microdomains or tubules (and other 
pathways if present), allowing redundant mechanisms of recycling. 
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The recycling of B2AR is not exclusively mediated by a singular VAMP subtype 

Since VAMP2 showed cargo-selectivity to MOR, but not B2AR, we hypothesized that 

there might be a different VAMP subtype that was specific to B2AR’s recycling. To find this 

VAMP subtype, we screened through all VAMPs other than VAMP2 that had been reported to 

function in exocytosis, namely VAMP1/ 3/ 4, and 7 (35, 42–44).   

Starting with VAMP4, we performed the two-channel TIRF microscopy assay in HEK293 

cells co-expressing SpH-cargoes and VAMP4-pHuji to measure the levels of VAMP4 enrichment 

in puff events using the same method as described above. Interestingly, in comparison to SpH-

MOR and SpH-B2AR, TfR-SpH puffs showed significantly lower levels of VAMP4 enrichment 

with a median score of −1.43x𝑆𝐷$%&'()*', indicating a depletion of pre-existing VAMP4-pHuji at 

the plasma membrane fusion sites from the TfR-SpH puffs (p=0.0002 vs SpH-B2AR and p=0.0003 

vs SpH-MOR; Fig. 2.10 A). On the other hand, SpH-MOR and SpH-B2AR puffs showed neither 

enrichment nor depletion of VAMP4 with median scores both close to 0x𝑆𝐷$%&'()*', indicating 

that these subsets of fusion vesicles were not carrying substantially different levels of VAMP4-

pHuji as compared to the fusion sites’ pre-existed levels (Fig. 2.10 A). Moreover, similar to MOR 

(Fig. 2.5 G), knockdown of VAMP4 using shVAMP4 did not significantly altered the frequency 

of Iso-induced SpH-B2AR puffs per unit time in PC12 cells (p=0.7234; Fig. 2.10 B). Together, 

we concluded that besides MOR, VAMP4 was also not mediating the recycling of B2AR.  

Next, we tested the possibility of VAMP1 or VAMP3 being the specific VAMP subtype 

that mediates B2AR recycling. However, we found minimal protein expression of both VAMP1 

and VAMP3 in baseline PC12 cells, in which we could robustly observe a plenty amount of B2AR 

recycling fusion events, either through immunoblots with PC12 cell whole cell lysates (Fig. 2.10 

C) or with immunofluorescence staining (Fig. 2.10 D and E). Interestingly though, PC12 cells that 
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underwent nerve growth factor (NGF) -induced differentiation showed an apparent increase in the 

expression level of VAMP1 but not VAMP3 as detected using immunoblots (Fig. 2.10 C). We 

further confirmed this result using immunofluorescence staining and found that different from 

baseline PC12 cells, differentiated PC12 cells showed a higher fluorescence intensity of VAMP1 

staining which appeared as intracellular puncta localized on compartmentalized organelles, while 

the staining of VAMP3 remained to be non-specific labeling across whole cell regions similar to 

we observed in baseline cells (Fig. 2.10 D, E, and F). These results suggested that at least in 

baseline PC12 cells, VAMP1 and VAMP3 were not involved in the recycling of B2AR. 

Lastly, we tested whether VAMP7 was required for B2AR recycling. Immunofluorescence 

staining showed that VAMP7 was endogenously expressed at a high level in baseline PC12 cells 

with a similar endosomal localization as endogenous VAMP2 (Fig. 2.10 G; refer to Fig. 2.8 A-D 

for VAMP2 localization). We generated two shRNAs of different pairing sequences targeting rat 

VAMP7 using the same Dox-inducible shRNA-tagBFP system as described above, namely 

shVAMP7-1 and shVAMP7-2. We tested the shVAMP7s post varied amount of 200 ng/mL Dox 

treatment time and found that compared to shScramble, cells expressing shVAMP7-1 post 48 hr 

Dox treatment elicited the highest knockdown efficiency measured as ~49% reduction in VAMP7 

immunostaining fluorescence intensity (Fig. 2.10 G and H). Under this knockdown condition, we 

tested the recycling capacity of B2AR using two different methods. VAMP7 depletion did not 

significantly alter SpH-B2AR’s Iso-induced puff frequency, even though a trend was noticed 

(p=0.1420; Fig. 2.10 I). To verify if this trend was meaningful, we performed a ratiometric 

recycling assay in cells co-expressing FLAG-B2AR and shVAMP7-1 treated or non-treated with 

48 hr Dox. In this assay, 10 µM Iso was used as agonist and 10 µm alprenolol was used as 

antagonist during washout. Consistent to the puff frequency data, the +Dox cells showed similar 
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levels of internalization and recycling as the −Dox cells (+ vs −Dox: internalization/ T: p=0.9372, 

recycling/ WO: p=0.9668; Fig. 2.10 J), confirming that VAMP7 was not required for the recycling 

of B2AR.  

 

Figure 2.10. Besides VAMP2, neither VAMP1/ 3/ 4/ 7 is required for the recycling of B2AR.   
A. VAMP4 enrichment in the population of puffs for each SpH-cargo measured and quantified 
using the same method as described above, except that all SpH-cargoes and VAMP4-pHuji were 
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transiently expressed in HEK293 cells (median ± 95% CI; TfR-SpH: 2 cells, puff=79; SpH-B2AR: 
4 cells, puff=62; SpH-MOR: 4 cells, puff=44, from 2 coverslips, 1 experiment). Although none of 
the puff populations showed enrichment of VAMP4-pHuji, the TfR-SpH puff population showed 
significant deprivation of VAMP4-pHuji at the fusion sites (One-way ANOVA, post-hoc Kruskal-
Wallis test: TfR vs. B2AR: p=0.0002; TfR vs. MOR: p=0.0003; B2AR vs. MOR: p>0.9999). B. 
The frequency of SpH-B2AR puffs per cell per minute (per cell×min) in PC12 cells co-expressing 
shScramble or shVAMP4, treated with 48 hr of 200 ng/mL Dox, showed no significant difference 
(shScramble and shVAMP2: 12 cells each, from 2 coverslips of 1 experiment; p=0.7234, unpaired 
two-tailed t-test). C. Representative immunoblot images showing the endogenous level of VAMP1 
and VAMP3 in PC12 cell whole cell lysates at baseline (without any manipulation, Base.) or after 
NGF-induced differentiation (cells were treated with 100 ng/mL NGF for 9 days, Diff.) with 
GAPDH as an internal control. The activity of anti-VAMP3 antibody was confirmed using whole 
cell lysate of PC12 cells transiently expressing VAMP3-pHuji (Trans.). D and E. Representative 
confocal images of the vertical sections (left to right: 1 µm steps from cell bottom to top) of 
baseline PC12 cells immunostained for VAMP1 (D) or VAMP3 (E) showing only background 
fluorescence. Scale bars = 50 µm. F. Representative max-projected confocal images of 
differentiated PC12 cells immunostained for VAMP1 (top panel) or VAMP3 (bottom panel) with 
VAMP1 staining showing compartmentalized signal. Scale bars = 50 µm. G. Representative 
confocal slices of PC12 cells expressing shVAMP7-tagBFP with different pairing sequences 
(shVAMP7-1/ 2) immunostained for VAMP7 (anti-VAMP7) and tagBFP (anti-tagBFP) after 24, 
48, or 72 hr of 200 ng/mL Dox treatment. Scale bars = 40 µm. H. Quantification of VAMP7 
staining for images in G with whole cell mean fluorescence normalized to shScramble-expressing 
cells showing the knockdown efficiencies of shVAMP7s post varied amount of Dox treatment 
time (24, 48, 72 hr: shVAMP7-1: 25, 20, 23 cells; shVAMP7-2: 20, 21, 17 cells, from 2 coverslips 
of 1 experiment). shVAMP7-1 expression induced by 48 hr 200 ng/mL Dox treatment showed the 
highest VAMP7 knockdown level. I. The frequency of SpH-B2AR puffs (per cell×min) in cells 
co-expressing shScramble or shVAMP7-1, treated with 48 hr of 200 ng/mL Dox, showed no 
significant difference (shScramble and shVAMP7: 45 cells each, from 3 independent experiments; 
p=0.1420, unpaired two-tailed t-test). J. Similar ratiometric recycling assay as described above, 
but with 647 nm labeling surface FLAG-B2AR and 488 nm labeling total FLAG-B2AR, in cells 
co-expressing shVAMP7-1 +/− 48 hr 200 ng/mL Dox treatment. Ratios between surface and total 
fluorescence (647 / 488) were calculated using integrated density as described above (NT, T, WO: 
−Dox: 34, 41, 40 cells; +Dox: 38, 40, 40 cells, from 2 coverslips of 1 experiment). No significant 
difference in B2AR recycling capacity was noticed between + and −Dox cells (Two-way ANOVA, 
post-hoc Šídák test, +Dox vs −Dox: NT: p=0.2622; T: p=0.9372; WO: p=0.9668). 

Discussion 

In this study, we identify VAMP2 as a cargo-selective v-SNARE that is required for the 

fusion of recycling vesicles that contain MOR but not B2AR (Fig. 2.9 E). VAMP2 specificity is 

maintained across multiple different cell types, from HEK293 cells where both MOR and VAMP2 

are ectopically expressed, to primary striatal neurons endogenously expressing MOR and VAMP2.  
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VAMP2 likely has broad but distinct roles in secretory vesicle release and in the delivery 

of signaling receptors. The canonical role of VAMP2 in mediating fusion of synaptic vesicles has 

been well studied (8, 13, 14, 45, 46). VAMP2 is also expressed in many secretory cells where it 

regulates the release of soluble hormones as well as GLUT4 from storage compartments (47, 48). 

Given that neurotransmission and MOR membrane insertion both use VAMP2, specificity in 

fusion and regulation might be provided by the t-SNAREs. The best studied interactions of 

VAMP2 with t-SNAREs are for neurotransmitter release, where VAMP2 uses SNAP-25 and 

syntaxin1 as t-SNAREs to mediate fusion (2). However, during AMPA receptor membrane 

insertion in long term potentiation, VAMP2, interacts with SNAP-47 and syntaxin3 (49). It's 

unclear if VAMP2's role in GPCR delivery relies on either of these sets of t-SNAREs or an as yet 

unidentified set. As we continue to identify the components of specific fusion machinery that 

mediates the delivery of different GPCRs, we will be able to map specific SNARE complexes to 

specific pathways and cargo molecules.  

In the broader context of trafficking, our data provide key evidence for the emerging idea 

that functionally distinct recycling pathways originate from the same endosomes, where each 

endosome is organized as a set of discrete microdomains from which biochemically distinct 

tubules extend to generate vesicles destined for the plasma membrane (20, 50). B2AR is recycled 

via tubules from endosomal microdomains that are distinct from tubules that recycle TfR (20, 32). 

Because we see little VAMP2 localization in B2AR or TfR fusion events, MOR is likely recycled 

via a third pathway distinct from these two. This idea is consistent with the different biochemical 

requirements that have been identified for the recycling of these different cargoes. B2AR uses a 

C-terminal PDZ ligand, which binds an actin-based machinery localized to a specific tubular 

microdomain on the endosome, to recycle (20, 51–54). TfR, on the other hand, is sorted via 
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geometric sorting, seemingly independent of specific biochemical requirements (55). MOR does 

not have an identified PDZ ligand. Instead, it uses a bi-leucine sequence to recycle (56, 57). The 

mechanism through which this motif acts has still not been identified. Importantly, the biochemical 

sequences on B2AR and MOR are transplantable, suggesting that the recycling characteristics are 

encoded in the sequences (56, 58).  

Our results support a model where specific components of the fusion machinery are 

selectively co-packaged into vesicles along with cargo at the endosomes. The specific enrichment 

and requirement of VAMP2 for MOR fusion could reflect two possibilities: (i). different GPCRs 

are localized to distinct endosomal compartments, with MOR specifically localized to endosomes 

containing VAMP2, or (ii). VAMP2 is co-packaged specifically into vesicles that contain specific 

cargoes even though VAMP2 and multiple cargoes are present on the same endosome. In our 

experiments, MOR and B2AR both co-localized with VAMP2 on early endosomes and recycling 

endosomes, from both of which cargo can be recycled to the surface (Fig. 2.8 and Fig. 2.9). MOR 

did not show preferential localization at an organellar level with VAMP2, suggesting that MOR 

and VAMP2 are sorted into vesicles at a sub-organellar level, supporting the second model that 

distinct v-SNAREs are co-packaged with specific GPCRs into distinct vesicles, all originating 

from the same set of endosomal compartments.  

The exact mechanisms by which cargoes are sorted into these domains is an exciting area 

of future work, especially as these pathways could actively vary based on a variety of factors. 

Many cargo molecules themselves could be modified by alternative splicing, which could change 

functionally important sequences and alter sorting. For example, MOR is alternatively spliced, 

generating multiple isoforms expressed in vivo, including some that lack the canonical bi-leucine 

recycling sequence (59, 60). We focused on the major isoform of MOR, which has been the 
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canonical version used to study the mechanisms and functional consequences of MOR trafficking 

and signaling. At present, how alternative splicing affects the trafficking of MOR, and whether 

and how all isoforms of MOR recycle, are not well studied. It is possible that different splice 

isoforms could engage different trafficking machinery, including SNAREs, based on the specific 

sequences that they use to recycle. In addition, different opioid agonists can drive differential 

sorting of opioid receptors in the endosome (27, 61). In this context, one protein family that is of 

interest in mediating this process is the sorting nexin family (SNXs), which can interact with cargo 

molecules and drive localized membrane changes that allow vesicle formation from specific 

domains of endosomes. TfR recycling is mediated by SNX3 or SNX4 (62, 63), while B2AR 

recycling requires SNX27 (53, 64). A specific SNX protein required for MOR recycling has not 

been identified. How agonists can selectively drive different sorting fates is not known, but it is 

possible that specific agonist-bound conformations drive receptor interactions with specific sorting 

complexes that also co-package VAMPs and other fusion machineries.  

Sorting of GPCRs into separate pathways that contain distinct fusion machineries could 

provide a mechanism for cells to selectively control the surface delivery of individual GPCRs, 

even though they all traverse the same endocytic pathways. The recycling of B2AR and MOR are 

regulated by distinct signaling pathways. B2AR recycling is inhibited by protein kinase A (PKA), 

via Gas activation, providing a mechanism for feedback regulation (25). MOR recycling is 

independent of PKA but is increased by protein kinase C via activation of either Gbg signaling 

downstream of MOR or Ga signaling downstream of co-expressed neurokinin-1 receptors (26, 

32). Importantly, these phosphorylation mechanisms modify sorting of the receptor cargo into 

recycling pathways, but should not regulate the pathway as a whole or the core components that 

mediate the fusion of these vesicles. The exact mechanism by which SNAREs are regulated 
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downstream of receptors is not clear, but this could involve direct regulation by G protein 

interactions. For example, Gbg downstream of activated Gi/o coupled GPCRs can bind the 

SNARE complex, compete with synaptotagmin 1, and inhibit membrane fusion (65, 66). Although 

MOR is a Gai/o coupled GPCR, it does not autoinhibit its own membrane insertion. Therefore, it 

is possible that the modulation of SNAREs by Gbg interaction follows a higher organizational 

principle, where specific VAMP/t-SNARE complexes are regulated differentially by G proteins 

derived from different receptor signaling pathways. Importantly, cargo molecules that mediate 

nutrient uptake, like TfR, typically can enter multiple trafficking pathways (67–69). The ability to 

enter multiple pathways allows TfR recycling to be mediated by multiple VAMP subtypes (35, 42, 

70), making the v-SNARE requirements redundant. Consistent with this idea, although a subset of 

TfR fusion events were VAMP2-enriched (Fig. 2.2 H), depletion of VAMP2 did not cause a 

significant reduction in TfR delivery to the cell surface (Fig. 2.5 D). Such specificity and 

redundancy in the use of fusion machinery in surface delivery could allow cells to selectively 

control GPCR recycling, and therefore sensitivity to signaling, without affecting nutrient uptake 

or transport of other essential cargoes. 

Nevertheless, we were unable to identify an exclusive v-SNARE that was specifically 

required for B2AR recycling (Fig. 2.2, 2.5, and 2.10). However, since we have not examined every 

v-SNAREs, possibility still remains for VAMP5, VAMP8, or Vti1a. One alternative model could 

be that the B2AR-containing vesicles were packaged with multiple functionally redundant v-

SNAREs and the fusion of these vesicles did not depend on a singular v-SNARE. This hypothesis 

can be tested using multiple depletions. It is also possible that one of the tested v-SNAREs was 

actually specific to B2AR recycling, but a knockdown was insufficient to cause a detectable 
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inhibitory effect, as this v-SANRE could still function even at a low level. This hypothesis can be 

tested in v-SNARE knockout cells. 

Materials and Methods 

Plasmid cloning and lentivirus production 

TfR-SpH plasmid was cloned by replacing mCherry on the mCherry-TfR-20 plasmid (a 

gift from Michael Davidson, Addgene, #55144) with a SpH-tag, using the AgeI and NotI sites. 

SpH-B2AR, SpH-MOR, FLAG-B2AR, and FLAG-MOR plasmids were all previously described 

(24, 57, 71). FLAG-SpH-MOR plasmid was cloned on a pcDNA3.1 backbone with FLAG 

sequence (GAC TAC AAG GAC GAT GAT GAC) inserted in between a signal sequence and an 

alanine spacer (GCC) followed by SpH-tag and MOR. All MOR-expressing constructs encode 

mouse MOR-1, the major MOR isoform. VAMP2-pHuji plasmid expressing human VAMP2 

isoform1 was a gift from Justin Taraska (Addgene, #105289). VAMP4-pHuji plasmid expressing 

human VAMP4 was cloned by first replacing VAMP2 sequence of VAMP2-pHuji with a VAMP4 

sequence from pEGFP-VAMP4 (a gift from Thierry Galli, Addgene, #42313), using XhoI and 

BamHI sites, then the stop codon and original linker were replaced by VAMP2-pHuji’s linker. 

Lentivirus-compatible FLAG-MOR plasmid was cloned by recombing pENTR-FLAG-MOR with 

pLenti-CMV-Puro-DEST (a gift from Eric Campeau and Paul Kaufman, Addgene, #17452) 

through LR reaction following a published protocol (72).  

The doxycycline-inducible shRNA backbone pLKO-tagBFP-TetOn was a gift from Paul 

Jenkins (73). shVAMP2 pairing sequence targeting rat VAMP2 was previously described (43), 

and the shVAMP2 sequence was designed as: 5’- CCG GAA CAA GTG CAG CCA AGC TCA 

ACT CGA GTT GAG CTT GGC TGC ACT TGT TTT TTT G -3’(sense) and 5’- AAT TCA AAA 

AAA CAA GTG CAG CCA AGC TCA ACT CGA GTT GAG CTT GGC TGC ACT TGT T -

3’(antisense). shVAMP4 pairing sequence targeting rat VAMP4 was previously described (35), 

and the shVAMP4 sequence was designed as: 5’- CCG GGG ACC ATC TGG ACC AAG ATT 

CTC GAG AAT CTT GGT CCA GAT GGT CCT TTT TG -3’ (sense) and 5’- AAT TCA AAA 

AGG ACC ATC TGG ACC AAG ATT CTC GAG AAT CTT GGT CCA GAT GGT CC -3’ (anti-

sense). shVAMP7 pairing sequences targeting rat VAMP7 were previously described (74). The 

shVAMP7-1 sequence was designed as: 5’- CCG GGA AGA GGT TCC AGA CCA CAC TCG 
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AGT GTG GTC TGG AAC CTC TTC TTT TTG -3’(sense) and 5’- AAT TCA AAA AGA AGA 

GGT TCC AGA CCA CAC TCG AGT GTG GTC TGG AAC CTC TTC -3’(antisense). The 

shVAMP7-2 sequence was designed as 5’- CCG GGT GGA GGA AAC TTC CTG GAG CTC 

GAG CTC CAG GAA GTT TCC TCC ACT TTT TG -3’(sense) and 5’- AAT TCA AAA AGT 

GGA GGA AAC TTC CTG GAG CTC GAG CTC CAG GAA GTT TCC TCC AC -3’(antisense). 

A universal non-targeting shScramble sequence was designed based on a published sequence (75): 

5’- CCG GCC TAA GGT TAA GTC GCC CTC GCT CGA GCG AGG GCG ACT TAA CCT 

TAG GTT TTT G -3’ (sense) and 5’- AAT TCA AAA ACC TAA GGT TAA GTC GCC CTC 

GCT CGA GCG AGG GCG ACT TAA CCT TAG G -3’ (antisense). The shRNA sequences were 

cloned into the pLKO-tagBFP-TetOn backbone following a published protocol (76). 

Lentiviral particles for FLAG-MOR (Lenti-FLAG-MOR), shVAMP2 (Lenti-shVAMP2), 

and shScramble (Lenti-shScramble) expression were produced following The RNAi Consortium 

protocol (Broad Institute). Briefly, LentiX-293 cells (gift from Adam Courtney) were transfected 

with plasmids of interest alongside psPAX2 (packaging) and pMD2.G (envelope) using TransIT-

LT1 transfection reagent (MIR 2300, Mirus). Two batches of virus harvest were pooled together, 

and the pooled viral media were used for infection. 

Cell culture and reagents 

HEK293 and PC12 cells were purchased from American Type Culture Collection. SpH-

B2AR and SpH-MOR stably expressing HEK293 cell lines were described previously (24, 57). 

HEK293 cells were maintained in Dulbecco’s modified eagle medium high glucose (SH3024301, 

Cytiva) supplemented with 10% fetal bovine serum (FBS, 26140079, Gibco) at 37 oC and 5% CO2. 

VAMP2-pHuji was transiently transfected into the HEK293 stables or co-transfected with TfR-

SpH into plain HEK293 cells using Effectene transfection reagent (301425, Qiagen) following the 

manufacturer’s protocol. VAMP4-pHuji was transiently co-transfected with SpH-MOR into plain 

HEK293 cells using Effectene.  

PC12 cells were maintained in Ham’s F-12K (Kaighn’s) medium supplemented with 10% 

horse serum (16050122, Gibco) and 5% FBS at 37 oC and 5% CO2 in tissue culture flasks coated 

with Collagen IV (C5533, Sigma-Aldrich). Differentiation of PC12 cells was achieved by 

incubating the cells in 100 ng/mL nerve growth factor (NGF) added media for more than 8 days, 

with alternately media change or cell passing every two days depending on the cell confluency. 
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Plasmids were transiently transfected into PC12s using Lipofectamine 2000 transfection reagent 

(11668027, Invitrogen) following manufacturer’s protocol.  

Saturated concentrations (10/ 12.5 µM) of [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin 

(DAMGO; E7384, Sigma-Aldrich) were used to trigger the internalization and recycling of SpH-

MOR, FLAG-MOR, and FLAG-SpH-MOR. 10/ 12.5 µM isoproterenol (Iso; I5627, Sigma-

Aldrich) was used to trigger the internalization and recycling of SpH-B2AR and FLAG-B2AR. 

FLAG-tag was visualized using M1-Alexa-647 antibody (M1-647): anti-FLAG-M1 antibody 

(F3040, Sigma-Aldrich) conjugated with Alexa Fluor 647 (A20186, Invitrogen). In ratiometric 

recycling assays, 10 µM Naltrexone (N3136, Sigma-Aldrich) or Alprenolol (A0360000, Sigma-

Aldrich) was used in medium to ensure sufficient washout of agonists and induce recovery of 

surface MOR or B2AR, respectively. All treatments intended to induce trafficking was done at 37 
oC. Cycloheximide (CHX; C1988, Sigma-Aldrich) dissolved in ethanol (EtOH) was used to block 

biosynthesis. For live cell imaging, cells were pre-treated with 10 µM CHX for 2 hr at 37 oC and 

the same concentration of CHX was kept in the media during imaging to prevent effect turnover. 

To induce shVAMP2, shVAMP4, shVAMP7, and shScramble expressions, cells were pre-

treated with 200 ng/mL doxycycline (Dox, D43020, Research Products International) for 48 hr 

except otherwise stated before experiments. FLAG-MOR and shVAMP2 or shScramble co-

expressing PC12 mixed population stable cell lines were generated with 10 days of 500 µg/mL 

G418 (10131035, Gibco) selection post transfection. After the selection the stable cells were 

cultured in PC12 cell maintenance media as described above.  

Rat striatal neurons were dissociated from E-18 rat striatum obtained from TransnetYX 

Tissue using 2 mg/mL papain (NM100200, Genlantis), cultured on poly-D-lysine (PDL, P6407, 

Sigma-Aldrich) coated glass coverslips in Neurobasal media (21103049, Gibco) supplemented 

with B-27 (17504044, Gibco), 1% GlutaMAX (35050061, Gibco) and 1% Pen-Strep (15140122, 

Gibco) at 37 oC, 5% CO2.  

TIRF microscopy for fusion events imaging 

All total internal reflection fluorescence (TIRF) microscopy was conducted using an Andor 

Dragonfly multimodal microscopy system (Andor) in TIRF mode. SpH-cargo expressing cells 

were passed to #1.5 25 mm glass coverslips (7222510, Electron Microscopy Sciences) one day 

post-transfection and imaged two days after the passing. Especially, SpH-cargo expressing PC12 

cells were passed to PDL-coated glass coverslips. Coverslips were mounted in an imaging chamber 



 58 

and imaged in CO2-independent Leibovitz’s L-15 medium (21803027, Gibco) with 1% FBS. The 

cells were visualized live using a 60X 1.49 NA Apochromat TIRF objective (Nikon Instruments) 

on a Nikon Eclipse Ti2 inverted microscope outfitted with a 37 oC temperature controlling 

chamber. Movies of fusion events were taken after 5 min of agonist-induced internalization at 37 
oC for SpH-MOR and SpH-B2AR or immediately for TfR-SpH at 50 Hz (two-channel) or 10 Hz 

(single-channel) for 1 min. All recycling movies were collected within 20 min of agonist treatment.  

Cells were excited using direct modulation lasers (Andor ILE) at the indicated wavelength 

passed through a 405/488/561/640 quad excitation dichroic. For two-channel simultaneous 

acquisition, SpH-cargoes and VAMP2-pHuji were simultaneously excited using 488 nm and 561 

nm lasers, and the emission was split using a 565 longpass (LP) dichroic beamsplitter. SpH-cargo 

emission was collected through a 525/50 bandpass emission filter. VAMP-pHuji emission was 

collected through a 579/34 bandpass emission filter. For single channel imaging of fusion events, 

SpH-cargoes were excited using 488 nm light and collected through a 540/30 bandpass emission 

filter. All emission filters and dichroics were purchased from Semrock. All images were collected 

using iXon Life 888 electron-multiplying charge-coupled device (EMCCD) cameras (Andor) with 

one camera for each channel run simultaneously. 

Immunoblots 

For GRK3 CHX chase blot, whole cell lysates of plain HEK293 cells post 0.5 to 4 hr of 10 

µM CHX treatment or post 4 hr of vehicle treatment were prepared from 90% confluent 6-well 

plates of cells. The cells were directly lysed and scraped in the plates with 2x diluted Laemmli 

Sample Buffer (1610747, Bio-Rad) supplemented with 10% b-mercaptoethanol (1610710, Bio-

Rad), 50 mM dithiothreitol (1610611, Bio-Rad) and 10% protease inhibitor solution (1 tablet 

dissolved in 1 mL of water, A32965, Thermo Scientific). Lysates were then incubated at 95 oC for 

5 min. Right after sonication, the lysates were run on 10% polyacrylamide gel and then transferred 

to nitrocellulose membrane. Membranes were blocked with 5% milk Tris-buffered saline Tween-

20 (TBST), then probed for GRK3 (1:1000; monoclonal mouse; sc-365197, Santa Cruz 

Biotechnology) and then developed using chemiluminescence. After imaging, the membranes 

were stripped for 20 min in stripping buffer (21059, Thermo Scientific), then reblocked in 5% milk 

TBST and probed for GAPDH (1:1000; monoclonal rabbit; 14C10, #2118, Cell Signaling 

Technology (CST) as an internal control. For VAMP2 blots, whole cell lysates were prepared from 

90% confluent 6-well plates of HEK293 cells, VAMP2-pHuji expressing HEK293 cells and plain 
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PC12 cells. VAMP2-pHuji expressing HEK293 cells were lysed 48 hr post-transfection. All 

procedures of blotting were the same, except the samples were run on 4-20% gradient 

polyacrylamide gel and the membranes were first probed for VAMP2 (1:1000; monoclonal mouse; 

104211, Synaptic Systems) before stripping and reprobing for GAPDH. For VAMP1 and VAMP3 

blots, whole cell lysates were prepared from 90% confluent 6-well plates of plain PC12 cells or 

differentiated PC12 cells as described above. All procedures of blotting were the same as the 

VAMP2 blot, except the membrane was cut before antibody labeling to avoid cross-reaction of the 

secondary antibody. Anti-VAMP1 (polyclonal rabbit; 104022, Synaptic Systems) and anti-

VAMP3 (polyclonal rabbit; 104103, Synaptic Systems) antibodies were used at 1:1000.  

Sample preparation for immunofluorescence microscopy 

To prepare samples for immunofluorescence microscopy, PC12 or HEK293 cells were 

passed to PDL-coated #1.5 12 mm glass coverslips (1254580P, Fisher Scientific). The cells were 

first fixed with 4% formaldehyde (FB002, Invitrogen) for 20 min at room temperature and then 

were permeabilized and blocked by incubating in phosphate-buffered saline (PBS) with 0.75% 

Triton-X-100, 5% FBS, 5% glycine, 1.25 mM magnesium chloride, and 1.25 mM calcium chloride 

(blocking buffer). Primary and secondary antibody labeling was performed in blocking buffer for 

1 hr at room temperature. VAMP2 was stained by the same antibody as above at 1:1000. VAMP1 

and VAMP3 were stained with the same antibodies as above at 1:500. For endosomal staining, 

anti-EEA1 (C45B10, #3288, CST), anti-Rab11 (D4F5, #5589, CST), and anti-Rab7 (D95F2, 

#9367, CST) monoclonal rabbit antibodies were used at 1:50. All fluorophore-conjugated 

secondary antibodies were used at 1:1000. For two-channel co-localization study, anti-VAMP2 

was labeled with goat anti-mouse IgG (H+L)-Alexa Fluor 647 (A21235, Invitrogen) while anti-

endosomal markers were labeled with goat anti-rabbit IgG (H+L)-Alexa Fluor 488 (A11008, 

Invitrogen). For three-channel co-localization study, anti-VAMP2 was labeled with goat anti-

mouse IgG (H+L)-Alexa Fluor 568 (A11004, Invitrogen) while endosomal markers were labeled 

with goat anti-rabbit IgG (H+L)-Alexa Fluor 647 (A21244, Invitrogen). For shRNA knockdown 

verifications, anti-VAMP4 antibody (polyclonal rabbit; 136002, Synaptic Systems) was used at 

1:500 and anti-VAMP7 antibody (monoclonal mouse; 232011, Synaptic Systems) was used at 

1:250. For certain shRNA knockdown verifications, tagBFP signal was amplified using an anti-

tagBFP nanobody conjugated to 2 ×  Alexa Fluor 647 at 1:500 (N0502-AF647, NanoTag 

Biotechnologies). After the labeling, coverslips were mounted on glass slides (12550123, Fisher 
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Scientific) using Prolong Diamond Antifade Mountant (P36961, Invitrogen). DAPI staining was 

introduced using Prolong Diamond Antifade Mountant with DAPI (P36962, Invitrogen). 

Confocal microscopy 

Confocal imaging of immunofluorescence microscopy samples was conducted using an 

Andor Revolution multimodal microscopy system in confocal mode. Glass slides with mounted 

coverslips were imaged using a 100X 1.49 NA Apochromat TIRF objective (Nikon Instruments) 

on a Nikon Eclipse Ti inverted microscope. Excitation was conducted using solid-state lasers 

(Andor ALC-500) at the indicated wavelength with light filtered through acousto-optic tunable 

filter. Alexa-488 was excited with 488 nm light and collected through a 525/50 bandpass emission 

filter. Alexa-568 was excited with 561 nm light and collected through a 620/60 bandpass emission 

filter. Alex-647 was excited with 640 nm light and collected through a 700/75 bandpass emission 

filter. All emission filters were from Chroma. Light of different wavelengths were collected using 

an iXon + 897 EMCCD camera (Andor) sequentially. Images were acquired in Z-stacks for 3D-

quantification. For shRNA tagBFP confirmation before single channel puff imaging, cells were 

imaged live using the same Andor Dragonfly system as described in TIRF microscopy section but 

in confocal mode. tagBFP was excited using 405 nm light and collected through a 450/50 bandpass 

emission filter.  

Flow cytometry 

shVAMP2 and FLAG-MOR co-expressing PC12 cells (double-stables) were either treated 

with 200 ng/mL Dox for 48 hr (+Dox) or non-treated (−Dox) before experiments. Before flow 

cytometry analysis, the cells were either left untreated, treated with 10 µM DAMGO, or treated 

with 10 µM DAMGO and then 10 µM Naltrexone. All treatment conditions were 20 min at 37 oC 

to allow for trafficking. Next, the cells were immediately transferred onto ice (0 oC) to terminate 

trafficking and labeled with M1-647 antibody for 45 min. After labeling, the cells were scraped in 

the well and resuspended in 1% FBS supplemented Dulbecco’s PBS (14040133, Gibco). Last, data 

from 1 x 105 cells for each sample were acquired using a BD LSRFortessa flow cytometer (BD 

Biosciences). Plain PC12 cells were used to gate for cell size, granularity, and background tagBFP 

fluorescence. Double-stables not labeled with M1-647 were used to gate for background Alexa-

647 fluorescence. tagBFP was excited using 405 nm light and collected through a 450/50 bandpass 

emission filter. Events representing the top 10% of tagBFP fluorescence were gated to select for 

cells expressing shVAMP2. Relative changes in FLAG-MOR levels on the plasma membrane were 
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analyzed using mean fluorescence intensities of Alexa-647 excited by 640 nm light and collected 

through a 670/14 bandpass emission filter.  

Ratiometric recycling assay 

This assay was adapted from a published work by our group (32). To measure recycling of 

MOR, PC12 cells or neurons were infected with Lenti-FLAG-MOR and Lenti-shVAMP2 for 24 

hr with 10 µg/mL polybrene. To measure recycling of B2AR, PC12 cells were transfected with 

FLAG-B2AR and shVAMP7 using Lipofectamine 2000. Cells were then either applied with 200 

ng/mL Dox for 48 hr (+Dox) or not applied (−Dox). Particularly, neurons were infected on day 4 

after plating and Dox was applied on day 7 after plating. During treatments, cells were first live 

labeled with M1-647 [M1-488 for FLAG-B2AR, following [] all indicate conditions for B2AR] 

for 10 min at 37 oC, then either left untreated, treated with 10 µM DAMGO [Iso], or treated with 

10 µM DAMGO [Iso] and then 10 µM Naltrexone [Alprenolol]. All treatment conditions were 20 

min at 37 oC to allow for trafficking. After, cells were second live labeled with goat anti-mouse 

IgG (H+L)-Alexa Fluor 488 (A11001, Invitrogen) [goat anti-mouse IgG (H+L)-Alexa Fluor 647] 

for 15 min at 4 oC followed by 4% formaldehyde fixation for 20 min and 0.1 M glycine PBS 

blocking for 10 min, both at room temperature. Prepared samples were imaged with confocal 

microscopy as described above.  

Image registration and data processing 

All the images were processed with Fiji, ImageJ (77). Representative images and montages 

were made with ImageJ integrated functions and plugins.  

Two-channel simultaneous acquisition images were processed with channel alignment 

using ImageJ plugin NanoJ-Core (78), global background subtraction using an ImageJ macro, and 

post-hoc bleedthrough correction. For channel alignment, fiducial images were taken by imaging 

TetraSpeck fluorescent microspheres slide (T14792, Invitrogen) with the same two-channel TIRF 

configurations as described above. For global background subtraction, mean fluorescence intensity 

within a cell region without either cluster or puff event was calculated and subtracted from each 

corresponding frame of the analyzed images. For bleedthrough correction, bleedthrough images 

were acquired using the same two-channel TIRF configurations as described above but with cells 

expressing SpH-cargo alone. Calculation of bleedthrough coefficient (kBt) and generation of 

related graphs were done by a pixel-by-pixel analysis macro in ImageJ. Bleedthrough correlation 

between SpH channel and pHuji channel was examined using all three SpH-cargoes and was found 
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linear with an average slope of 0.043 (Fig. 2.11). Given that bleedthrough was an intrinsic property 

decided solely by the fluorophore’s spectrum, 0.043 was used as a uniform kBt across all analysis.  

 
Figure 2.11. SpH bleedthrough into the pHuji channel is linearly correlated and therefore can be 
corrected.   
A. Pixel-by-pixel fluorescence correlation plots between SpH and pHuji values fitted with simple 
linear regressions generated by analyzing TIR-FM images (256x256 pixels) of cells expressing 
SpH-cargoes alone, simultaneously acquired in both SpH and pHuji channels under identical 
conditions as in Figure 2.2. This panel shows the first frame (fr1) of a movie of TfR-SpH 
expressing cell post-background subtraction (post-bs) without Gaussian blur (pre-gb). B. Similar 
analysis post-Gaussian blur (post-gb, s=2). C. Frame 500 (fr500) of the same movie as in A and 
B post-bs and post-gb (s=2). 

Population analysis of fusion events was performed using scikit-learn in Python (79, 80). 

We established the number of components for the Gaussian mixture fitting via calculating 

AIC/BIC loss metrics for 1000 bootstrapped samples drawn all puff events from all SpH-cargoes. 

In the distributions from these samples, AIC minima were identified commonly at 3 and 9, and 

BIC minima were primarily seen at 3. Based on these metrics, we fit a Gaussian mixture model of 

3 components to the pooled puff population. Using this model, we predicted component 

membership for the puff events for each SpH-cargo.  

For VAMP2/ 7 knockdown efficiency analysis, we calculated integrated density of 

VAMP2/ 7 immunostaining over a uniform threshold (IDoT) established by averaging the auto-

threshold values (method=default) of all cells. Particularly for shVAMP2, the shRNA expressing 

levels were approximated by calculating tagBFP IDoT using the same method. Then the 

shVAMP2-expressing cells were ranked by tagBFP IDoT and a hard cutoff (~50%) was applied 

to separate the cells into low-BFP and high-BFP groups. VAMP2 IDoT of high-BFP cells were 

first normalized to the mean of the low-BFP cells then double normalized to the mean of 

shScramble high-BFP cells to calculate the knockdown efficiency. For the shVAMP7-expressing 

cells, the IDoT of VAMP7 immunostaining were directly compared between conditions since the 

high-BFP cells were unambiguously marked out by the anti-tagBFP nanobody.  
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For ratiometric recycling assays, we first calculated the integrated density of the two 

channels in raw images within cell masks generated through automatically thresholding (method 

= triangle) the corresponding gaussian-blurred images (s=2), then calculated the integrated density 

ratio of 488 nm over 647 nm [647 nm over 488 nm for B2AR], as the quantification of recycling.  

Automated co-localization analysis was performed using Imaris software (Andor). 

Fluorescence-labeled endosomal compartments were automatically identified as 200 nm diameter 

spheres (spots) using the Imaris “Spots” function. Co-localization between two spots were 

calculated as proximity ≤ 200 nm using Imaris MATLAB-based extension “colocalize spots”. 

%Co-localization was calculated per field.  

Flow cytometry related histograms and statistics were generated using FlowJo (BD 

Biosciences). Raw data were processed using Excel (Microsoft) while statistical tests and graphs 

were generated using Prism 9 (GraphPad Software). All data distributions were assumed to be 

normal when subjected to parametric tests, although normality was not formally tested, except for 

the data of fusion events population which was established as a mixture of multiple Gaussian 

distributions as described above. Model schematics were made using BioRender. 
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Abstract 

In the previous Chapter, we discussed that the finding of VAMP2’s specificity towards 

MOR recycling was likely resulted from co-sorting of MOR and VAMP2 on the endosomes. 

However, whether and how v-SNAREs are sorted is still mostly unknown. Here, by performing a 

series of high- to super-resolution microscopy assays, we provide evidence for the existence of 

sub-endosomal sorting of v-SNAREs and propose a sequence-directed sorting mechanism of 

VAMP2. First, using SRRF-deconvolved confocal imaging reaching super-resolution, we showed 

that VAMP2 and VAMP7 exhibited sub-endosomal segregation on distinct tubular structures. 

Next, through monitoring the colocalization between sequence-truncated VAMP2 mutants and 

MOR in fusion events in real-time, we found that VAMP2’s endosomal sorting required both its 

distant N-terminal sequence as well as its SNARE coiled-coil motif. Finally, by transplanting 

VAMP2’s N-terminus and SNARE motif to VAMP7, we showed that these two sequences were 

sufficient to restore VAMP2’s sorting itinerary in a hierarchical manner. These results reveal novel 

mechanistic insights on v-SNAREs’ sorting and trafficking.  

Introduction 

Endosomal sorting plays a crucial role in cellar trafficking by determining the destiny of 

in-traffic cargo molecules. Plasma membrane proteins internalized to the endosomes through the 

endocytic pathways are sorted to be either retained for degradation later in the lysosomes, further 

Chapter 3: Molecular Basis of VAMP2’s Cargo-Selectivity 
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trafficked to other intracellular compartments such as the Golgi apparatus, or recycled back to the 

plasma membrane (1–3). For plasma membrane-resident G protein-coupled receptors (GPCRs), 

endosomal sorting enables spatiotemporal regulation of their trafficking and signaling (4–7). 

Canonical GPCRs such as the b2 adrenergic receptor (B2AR) and the µ opioid receptor 

(MOR) are recycled following sorting onto specific sub-endosomal microdomains. Recycling of 

B2AR is regulated by a hierarchical mechanism. Once on the endosomes, protein kinase A-

mediated phosphorylation of serine-345 and -346 of B2AR’s C-terminal tail prevents it from 

entering the “fast” recycling pathway (8, 9).	Next, the interaction between B2AR’s distal C-

terminal PSD95-Dlg-ZO-1 (PDZ) ligand and endosomal PDZ protein sorting nexin 27 (SNX27) 

sorts B2AR to actin-rich, retromer-presented tubules called the ASRT (actin-SNX27-retromer 

tubular) domains (10–13). And from the ASRT domains B2AR is packaged into vesicles and 

trafficked back to the plasma membrane. On the other hand, MOR does not possess a PDZ ligand 

but instead depends on a C-terminal bi-leucine sequence (Leu-Glu-Asn-Leu-Glu-Ala-Glu) for its 

recycling (14). Although both B2AR and MOR are recycled from Rab4-dependent early 

endosomes (13, 15, 16), presumably MOR is recycled from a different subset of microdomains 

other than ASRT due to its lack of PDZ ligand. In contrast to the GPCR cargoes undergoing 

strictly-regulated sorting and trafficking, the single-pass nutrient receptor transferrin receptor 

(TfR) is well-established to be recycled from multiple pathways including the “fast” recycling 

pathway of early endosomes and the “slow” recycling pathway of Rab11-dependent recycling 

endosomes (9, 11, 17–19). 

To allow for proper fusion with the targeted membrane, vesicles must be packaged with 

fusion proteins from the endosomes. And the vesicular fusion proteins might have also undergone 

sorting just as the cargo molecules. One group of fusion proteins that have vesicular localization 
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are the v-SNAREs, or vesicular- soluble N-ethylmaleimide-sensitive factor (NSF)-attachment 

receptor proteins, which in the human body include eight members with seven from the vesicle-

associated membrane protein (VAMP) family (20, 21). Through a strong interaction with the other 

two counterparts of the SNARE complex, synaptosome nerve associated proteins and syntaxins, 

v-SNAREs serve as the vesicular-side anchor that dock the vesicles in close contact (<1 nm) to the 

plasma membrane (22, 23). Interestingly, multiple v-SNAREs including canonical VAMP2 and 

uncanonical VAMP1/ 3/ 4/ 7 and Vti1a have all been reported to function in exocytic vesicular 

trafficking, while showing subtype-dependent specificity for different cargo molecules in distinct 

biological settings (19, 24–30). The molecular mechanism underlying this cargo-oriented subtype 

specificity of v-SNAREs, or in general, SNARE assemblies, is still largely unknown. However, 

one mechanism can potentially be attributed to the endosomal sorting of v-SNAREs, particularly 

the co-sorting of v-SNAREs and cargo molecules, consequently allowing the cells to assign 

specific v-SNAREs for specific trafficking pathways. 

In the previous Chapter, we showed that VAMP2 was preferentially associated with the 

vesicular fusion of recycling MOR in HEK293 cells and was required for a full recycling capacity 

of MOR in PC12 cells and in rat striatal neurons, but was neither associated with nor required for 

the recycling of B2AR and TfR (30). In this Chapter, we performed a series of high- to super-

resolution microscopy assays on multiple VAMP2 truncation and chimeric mutants to test both 

the requirement and the sufficiency of various VAMP2 protein sequences for this cargo-selectivity 

and found evidence of a sequence-directed endosomal sorting mechanism of VAMP2. 

Results 

Subcellular localization of v-SNAREs varies on both organellar and sub-organellar levels  
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We first sought to verify if different v-SNARE subtypes have different subcellular, and 

more importantly, sub-organellar localization in our cell systems. In HEK293 cells, we found both 

endogenous VAMP4 (Fig. 3.1 A) and transiently expressed pHuji (a pH-sensitive red fluorescent 

protein/ RFP mutant with pKa of ~7.6) -tagged VAMP4 (VAMP4-pHuji; Fig. 3.1 B) showed 

colocalization with the trans-Golgi network (TGN) marker TGN38. On the other hand, in PC12 

cells, both endogenous VAMP2 and VAMP7, particularly VAMP7, showed subcellular 

localization patterns that were distinct from VAMP4 (Fig. 3.1 C and D). To quantify the level of 

colocalization, we calculated Pearson’s coefficient (𝑃) between corresponding channels from auto-

thresholded confocal images (Fig. 3.1 F). Images of cells expressing doubly tagged MOR (FLAG-

SpH-MOR; SpH: super ecliptic pHluorin, a pH-sensitive green FP/ GFP mutant with pKa of ~7.1) 

post-agonist induced internalization (20 min treatment of 10 µM [D-Ala2, N-Me-Phe4, Gly5-ol]-

enkephalin, DAMGO, a full agonist of MOR, at 37 ℃; Fig. 3.1 E) was introduced as a positive 

control to test the upper limit of this quantification metrics, resulted in an average 𝑃 (𝑃-)= 0.671 

between anti-FLAG antibody labeling and SpH fluorescence (Fig. 3.1 F). The 𝑃-  between 

transiently expressed VAMP4-pHuji and TGN38 appeared to be higher than the 𝑃-  between 

antibody-labelled VAMP4 and TGN38 (𝑃-= 0.327 vs 0.167; Fig. 3.1 F), which can be due to an 

enhanced colocalization caused by VAMP4 overexpression or a dilution of colocalization caused 

by background signal from unspecific VAMP4 antibody labeling, or both. Interestingly, compared 

with the lack of co-localization between endogenous VAMP7 and VAMP4 (𝑃-= 0.050), a moderate 

co-localization level of 𝑃-= 0.115 was observed between endogenous VAMP2 and VAMP4. These 

results indicate a differential subcellular distribution of v-SNAREs and are in consistent with 

previous reports, that VAMP2 and VAMP7 are endosomal/ vesicular-localized v-SNAREs (28, 

30, 31), and VAMP4 primarily functions in TGN-to-endosome trafficking (32, 33).  
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Figure 3.1. The subcellular localization of VAMP4 is different from VAMP2 and VAMP7s’.   
Representative confocal images showing immunostaining of A. TGN38 (green; marking trans-
Golgi network) and endogenous, endo., VAMP4 (magenta) in HEK293 cells; B. TGN38 (green) 
in HEK293 cells transiently expressing VAMP4-pHuji (magenta); C. endo. VAMP2 (green) and 
endo. VAMP4 (magenta) in PC12 cells; D. endo. VAMP7 (green) and endo. VAMP4 (magenta) 
in PC12 cells. Enlarged views of the regions highlighted by yellow squares are shown in the bottom 
“Zoom” panels. Scale bars = 30 µm. E. Representative confocal image of a PC12 cell expressing 
doubly-tagged MOR, FLAG-SpH-MOR, post-20 min 10 µM DAMGO treatment at 37 ℃ with 
SpH fluorescence shown in green and anti-FLAG labeling shown in magenta, as a positive control 
condition for quantifying colocalization. Scale bar = 15 µm. F. Colocalization between channels 
from A-E (conditions indicated on the x-axis) quantified as Pearson’s coefficient post-Costes’ 
auto-threshold per field (FLAG / SpH control: 20 fields; TGN38 / VAMP4 in HEK293 cells: 11 
fields; TGN38 / VAMP4-pHuji in HEK293 cells: 10 fields, VAMP4-pHuji non-expressing cells 
were excluded from quantification; VAMP2 / VAMP4 in PC12 cells: 9 fields; VAMP7 / VAMP4 
in PC12 cells: 9 fields; from 1 experiment). “+” symbols indicate mean. 
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Given that VAMP2 and VAMP7 showed similar endosomal localization, we then tested 

whether they would have different localization on a sub-endosomal level. To visualize the sub-

diffraction-limit endosomal microdomains, we implemented a microscopy method called super 

resolution radial fluctuations (SRRF) and acquired real-time deconvolved confocal images with a 

theoretical resolution of ~90 nm in fixed cell samples (34, 35). SRRF imaging of HEK293 cells 

transiently expressing EGFP-VAMP7 and VAMP2-pHuji revealed a unique distribution pattern of 

partially colocalizing on ring-like intracellular compartments (Fig. 3.2 A, left panel). This 

distribution pattern was not observed in SRRF images of HEK293 cells either expressed of EGFP-

VAMP7 and labeled by anti-VAMP7 antibody or expressed of VAMP2-pHuji and labeled by anti-

VAMP2 antibody, both instead showing a pattern of overall colocalization (Fig. 3.2 A, middle and 

right panel, respectively). Next, to mark the endosomal region while visualizing EGFP-VAMP7 

and VAMP2-pHuji, we introduced fluorescent-labeled FLAG-MOR post agonist-induced 

internalization (20 min treatment of 10 µM DAMGO at 37 ℃) as an endosomal marker. In this set 

of SRRF images, we observed that the internalized FLAG-MOR predominantly colocalized with 

VAMP2-pHuji (Fig. 3.2 B, orange region of interest, ROI) compared with EGFP-VAMP7 (Fig. 

3.2 B, cyan ROI), and these two sets of ROIs were discrete even on intracellular compartments 

with continuous fluorescence. Finally, to confirm that the compartments we observed were indeed 

endosomes, we incubated the cells with fluorophore-conjugated Dextran for a limited period of 

time (20 min at 37 ℃ before fixation), so that through endocytosis Dextran would be loaded into 

endosomal lumen (but not yet reaching lysosomes) and therefore marking the outlines of the 

endosomes (see “Cell culture and reagents” in Materials and Methods section of this Chapter for 

details). SRRF images of HEK293 cells pulsed with Alexa Fluor 647 (AF647) -conjugated Dextran 

showed endosomal microdomains that exclusively contained either EGFP-VAMP7 or VAMP2-
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pHuji (Fig. 3.2 C), providing additional evidence of the differential sub-endosomal localizations 

of these two v-SNAREs. Together, these results suggest that although VAMP7 and VAMP2 both 

resided on endosomes, they are associated with different microdomains potentially because of 

endosomal sorting. 

 

Figure 3.2. The sub-endosomal localization of VAMP2 is different from VAMP7’s.   
A. Representative super resolution radial fluctuation (SRRF)-deconvolved images of HEK293 
cells of different expression and labeling conditions: left: a cell expressing EGFP-VAMP7 (green) 
and VAMP2-pHuji (magenta) showing different sub-endosomal localizations; middle: a cell 
expressing VAMP2-pHuji (green) immunostained with anti-VAMP2 antibody (magenta); right: a 
cell expressing EGFP-VAMP7 (green) immunostained with anti-VAMP7 antibody (magenta), 
with the latter two conditions not showing resolvable sub-endosomal localization differences. 
Scale bars = 10 µm. B. Representative SRRF image of a HEK293 cell expressing EGFP-VAMP7 
(green), VAMP2-pHuji (blue), and FLAG-MOR (immunostained by Alexa Fluor 647-conjugated 
M1 antibody, called MOR-AF647; magenta) post-20 min 10 µM DAMGO treatment at 37 ℃. 
Cyan-colored region of interest (ROI) marks the fluorescence overlap between EGFP-VAMP7 and 
internalized FLAG-MOR. Orange-colored ROI marks the fluorescence overlap between VAMP2-
pHuji and internalized FLAG-MOR. Scale bar = 10 µm. C. Representative SRRF images of 
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HEK293 cells expressing EGFP-VAMP7 (green) and VAMP2-pHuji (magenta) with endosomal 
lumen marked by pulsing 1 mg/mL AF647-conjugated Dextran (blue with white outlines) into the 
cells for 20 min at 37 ℃. Scale bars = 10 µm, inset scale bars = 1 µm. 

The N-terminus and SNARE motif of VAMP2 are both required for its preferential association 
with MOR fusion events 

Next, we asked the question of whether the endosomal sorting of v-SNAREs onto different 

microdomains leads to their cargo-selectivity. We approached this question by examining two sets 

of VAMP2-pHuji truncation mutants in an experimental setting where wildtype VAMP2 (VAMP2 

or VAMP2-WT, used interchangeably) would show preferential association with the fusion events 

of MOR-containing vesicles during recycling as thoroughly discussed in Chapter 2 (30). Briefly, 

we performed two-channel simultaneous acquisition total internal reflection fluorescence (TIRF) 

microscopy on HEK293 cells co-expressing SpH-MOR and VAMP2-pHuji. After treating the cells 

with saturating concentration of DAMGO (12.5 µM), we looked for agonist-induced recycling 

fusion events of SpH-MOR containing-vesicles and found a robust enrichment of VAMP2-pHuji 

in those fusion events (median enrichment score >1; enrichment was calculated as fold change of 

pHuji fluorescence at the peak of a fusion event over baseline fluorescence fluctuation).  

Here, we performed the same microscopy assay with VAMP2-pHuji as a positive control 

alongside two sets of C-terminally pHuji-tagged VAMP2 truncation mutants: ①  large motif 

truncation mutants (Fig. 3.3 A) without either N-terminus (amino acid, AA, 2-30; VAMP2-NtT), 

SNARE coiled-coil motif (AA 31-91; VAMP2-ScmT), or both (AA 1-91, only transmembrane 

domain and C-terminus were left intact; VAMP2-CtOnly); ② restricted N-terminal truncation 

mutants (Fig. 3.3 D) without either AA 2-10 (VAMP2-N2-10T), AA 11-20 (VAMP2-N11-20T), 

or AA 2-20 (VAMP2-N2-20T). We chose these two sets of truncation mutants to focus on the 

cytoplasmic protein region of VAMP2. 
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Right before the two-channel TIRF imaging for fusion events, we monitored the change of 

surface SpH-MOR fluorescence of cells on the same coverslips before and after the addition of 

12.5 µM DAMGO. A continuous decrease in surface SpH fluorescence across time post-DAMGO 

treatment was observed in the VAMP2-pHuji co-expressing cells, and no significant differences 

in either rates or end-point magnitudes of decrease were noticed for the cells that co-expressed 

VAMP2 truncation mutants, including both the large and the restricted truncation mutants (Fig. 

3.3 B and E, respectively). These data indicated that the expression of VAMP2 mutants did not 

alter the internalization of SpH-MOR. Moreover, no significant inhibition of SpH-MOR’s 

recycling capacity was noticed across all conditions, as we obtained similar total count of fusion 

events from each condition out of similar sampling size and imaging duration (1 min acquisition 

per cell; Fig. 3.3 C and F). However, while the high enrichment of VAMP2-pHuji in SpH-MOR 

fusion events was consistent with that previously observed, neither of the truncation mutants 

maintained this phenotype, that their median enrichment was around or even below 0 (Fig. 3.3 C 

and F), indicating that both the SNARE motif and the full sequence of the N-terminus of VAMP2 

were required for its association with MOR fusion events. Interestingly, different truncations 

seemed to cause different degrees of effect, that VAMP2-CtOnly (Fig. 3.3 C; median enrichment 

scores of VAMP2-WT, -NtT, -ScmT, and -CtOnly, respectively, = 2.645, 0.498, 0.402, and 0.153) 

and VAMP2-N2-10T (Fig. 3.3 F; median enrichment scores of VAMP2-WT, -N2-10T, -N11-20T, 

and -N2-20T, respectively, = 0.426, -0.559, -0.062, and -0.115) showed the smallest enrichment 

scores within their corresponding cohorts of mutants.  

As discussed in Chapter 2, even though HEK293 cells lack endogenous expression of 

VAMP2, we could still observe SpH-MOR’s agonist-induced fusion events without the exogenous 

introduction of VAMP2, indicating the presence of functional compensation of other v-SNARE(s). 
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Therefore, regardless of whether VAMP2 and the truncation mutants were functioning as part of 

the fusion machinery for SpH-MOR-containing vesicles or not, the VAMP2 truncation mutants’ 

lack of enrichment, or their absence in vesicles, still suggested that they were not sorted into SpH-

MOR-containing vesicles.  
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Figure 3.3. Truncation of VAMP2’s N-terminus or/and SNARE motif disrupts its preferential 
association with MOR fusion events.   
A. Schematics depicting the protein sequences of pHuji-tagged wildtype rVAMP2 and whole 
region truncated VAMP2 mutants. The wildtype VAMP2 protein sequence was segmented into 
N-terminus (amino acid, AA, 2-30; N-term/ Nt), SNARE coiled-coil motif (AA 31-91; Scm), 
juxta-membrane domain (AA 92-94; JMD), transmembrane domain and C-terminus (AA 95-114; 
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TMD and C-term/ Ct). pHuji tags were fused to the C-term (lumenal) of VAMP2 proteins via a 12 
AA linker. B. Time course traces of baseline-normalized surface SpH-MOR mean fluorescence 
intensity prior to fusion event imaging. HEK293 cells stably expressing SpH-MOR and transiently 
expressing pHuji-tagged wildtype VAMP2 (VAMP2-WT)/ whole N-term truncated VAMP2 
(VAMP2-NtT)/ whole SNARE motif truncated VAMP2 (VAMP2-ScmT)/ VAMP2 left with JMD, 
TMD, and C-term (VAMP2-CtOnly) were treated with 12.5 µM DAMGO at 37 ℃ after 60 
seconds of baseline imaging under TIRF microscopy and tracked for additional 6 min before 
starting fusion event imaging on cells from the same coverslips (±SEM; 3, 4, 4, 4 cells for WT, 
NtT, ScmT, CtOnly, respectively; from 1 experiment). C. Enrichment quantification of the 
VAMP2 whole region truncation variants in SpH-MOR fusion events with VAMP2-WT as a 
positive control. Enrichment score of individual fusion event was calculated as the fold change of 
pHuji fluorescence at the peak of the event over baseline standard deviation (median ±95% CI; 
WT: 5 cells, 31 events; NtT: 7 cells, 34 events; ScmT: 6 cells, 30 events; CtOnly: 6 cells, 44 events; 
from 2 coverslips of 1 experiment). D. Schematics depicting the protein sequences of restricted N-
term truncation VAMP2-pHuji variants. E. Similar time course traces as in B showing the 
baseline-normalized surface SpH-MOR mean fluorescence of HEK293 cells co-expressing SpH-
MOR and AA 2-10 truncated VAMP2 (VAMP2-N2-10T), AA 11-20 truncated VAMP2 (VAMP2-
N11-20T), or AA 2-20 truncated VAMP2 (VAMP2-N2-20T) following the same treatment and 
imaging schemes (±SEM; 9, 9, 8, 12 cells for WT, N2-10T, N11-20T, N2-20T, respectively; from 
2 experiments). F. Similar enrichment quantification as in C but for VAMP2 restricted N-term 
truncation variants (median ±95% CI; WT: 19 cells, 69 events; N2-10T: 16 cells, 49 events; N11-
20T: 16 cells, 63 events; N2-20T: 14 cells, 64 events; from 2 experiments). 

VAMP7 gains VAMP2’s sorting itinerary only after transplanted with both VAMP2’s N-
terminus and SNARE motif 

Since we concluded that both the N-terminus and the SNARE motif were required for 

VAMP2’s normal endosomal sorting, we then asked whether these two protein regions were 

sufficient to transform other v-SNAREs into a VAMP2-like phenotype. We chose VAMP7 as the 

major chimeric candidate because VAMP7 and VAMP2 showed different sub-endosomal 

localization (Fig. 3.1 D and F, Fig. 3.2) and association with MOR recycling fusion events (Fig. 

3.4 A and Fig. 3.3 C and F; median enrichment score of VAMP7-pHuji in SpH-MOR fusion events 

= 0.109). Interestingly, VAMP7-pHuji exhibited a relative preference for transferrin receptor’s 

(TfR) fusion events (Fig. 3.4 A; median enrichment score in TfR-SpH fusion events = 0.780), 

confirming the involvement of VAMP7 in exocytosis in our cell system.  
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We generated three C-terminally pHuji-tagged chimeric constructs by swapping VAMP7’s 

protein regions with the ones from VAMP2 (Fig. 3.4 B): VAMP7 with VAMP2’s N-terminus 

(VAMP2 AA 1-30 replacing VAMP7 AA 1-124, with the rest of the protein sequence from 

VAMP7, same applied to following chimeras; V2N-VAMP7); VAMP7 with VAMP2’s SNARE 

motif (VAMP2 AA 31-91 replacing VAMP7 AA 125-185); VAMP7 with both VAMP2’s N-

terminus and SNARE motif (VAMP2 AA 1-91 replacing VAMP7 AA 1-185; V2NS-VAMP7). 

Next, we asked the question of whether these chimeras would display similar sub-endosomal 

localization as VAMP2. Using VAMP2-EGFP (C-terminally tagged) as a marker for normal 

VAMP2 localization, we co-expressed HEK293 cells with pHuji-tagged chimeras and analyzed 

for their colocalization levels, alongside the expression of VAMP2-WT as a positive control and 

VAMP7-WT as a negative control. SRRF-deconvolved confocal images of the co-expressing cells 

revealed high colocalization levels between VAMP2-EGFP and pHuji-tagged VAMP2-WT or 

V2NS-VAMP7, low levels with VAMP7-WT or V2S-VAMP7, and a moderate level with V2N-

VAMP7 (Fig. 3.4 C). These observations were recapitulated by the quantification of 𝑃- (Fig. 3.4 

D; = 0.4543, -0.0074, 0.1655, -0.0058, 0.3005 for VAMP2-WT, VAMP7-WT, V2N-VAMP7, 

V2S-VAMP7, and V2NS-VAMP7, respectively), suggesting that VAMP2’s N-terminus alone was 

sufficient to convert VAMP7 into VAMP2’s sub-endosomal localization, potentially due to change 

in endosomal sorting. Moreover, VAMP7’s sub-endosomal localization was further converted at 

the co-transplantation of VAMP2’s SNARE motif, indicating the SNARE motif could facilitate 

the potential sorting process when the N-terminus was present (Fig. 3.4 E).  
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Figure 3.4. VAMP2’s N-term is sufficient to mediate sorting, and the SNARE motif facilitates.   
A. Enrichment quantification of VAMP7-pHuji in fusion events of different receptor cargoes. 
Fusion events of SpH-tagged transferrin receptor (TfR) were recorded at baseline. Fusion events 
of SpH-tagged b2 adrenergic receptor (B2AR) or SpH-MOR were recorded after 6 min treatment 
of 12.5 µM isoproterenol or DAMGO, respectively, at 37 ℃. All SpH-tagged receptor cargoes and 
VAMP7-pHuji were expressed in HEK293 cells transiently. Enrichment scores were calculated as 
described above. VAMP7-pHuji showed preferential association with TfR but not with B2AR or 
MOR (median ±95% CI; TfR: 3 cells, 91 events; B2AR: 12 cells, 46 events; MOR: 12 cells, 60 
events; from 1 experiment). B. Schematics depicting the protein sequences of pHuji-tagged 
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VAMP2-WT, wildtype hVAMP7 (VAMP7-WT), and VAMP2-VAMP7 chimeras. Similar to 
VAMP2, wildtype VAMP7 protein sequence was segmented into N-term (AA 1-124), SNARE 
motif (AA 125-185), and the rest of the sequence in together referred as C-term. 3 chimeras were 
generated: VAMP7 with VAMP2’s N-term (V2N-VAMP7), VAMP7 with VAMP2’s SNARE 
motif (V2S-VAMP7), and VAMP7 with VAMP2’s N-term and SNARE motif (V2NS-VAMP7). 
pHuji tags were fused to the C-term of VAMP proteins through a 12 AA linker. C. Representative 
SRRF-deconvolved confocal images of HEK293 cells transiently expressing VAMP2-EGFP (C-
term EGFP) and pHuji-tagged VAMP proteins and chimeras as depicted in B. Enlarged views of 
the regions highlighted by yellow squares are shown in the bottom “Zoom” panels. Scale bars = 
15 µm. D. Colocalization between VAMP2-EGFP and pHuji-tagged VAMP proteins and chimeras 
(indicated on the x-axis) from images of C quantified as Pearson’s coefficient post-Costes’ auto-
threshold per field (10 fields for all conditions; from 1 experiment; One-way ANOVA, post-hoc 
Tukey test). “+” symbols indicate mean. E. Schematics of a proposed model on the sequence 
requirement of VAMP2’s endosomal sorting. VAMP2’s N-term is sufficient to partially drive 
VAMP7 into a VAMP2-like endosomal sorting itinerary. And this transformation is more 
prominent when VAMP2’s SNARE motif is also present, indicating that VAMP2’s SNARE motif 
can potentially facilitate the sorting process. 

Since VAMP2 is an exocytosis-mediating v-SNARE and can be delivered to the plasma 

membrane following endosomal sorting, we then asked whether the chimeras could be delivered 

to the plasma membrane as well. Through confocal and TIRF imaging of HEK293 cells expressing 

pHuji-tagged VAMP proteins and chimeras at baseline equilibrium state, we found that while 

VAMP2-WT and V2NS-VAMP7 showed both intracellular and plasma membrane localization, 

VAMP7-WT, V2N-VAMP7, and V2S-VAMP7 showed exclusive intracellular localization (Fig. 

3.5 A). Next, we chased the plasma membrane localized VAMP proteins through live-labeling the 

cells with AF647-conjugated anti-RFP antibody for 10 min at 37 ℃. This method allowed us to 

only label plasma membrane localized VAMP proteins with their C-terminal pHuji-tags exposed 

to the extracellular antibody. Consistent with our baseline data, confocal imaging of the live-

labeled cells showed that VAMP2-WT and V2NS-VAMP7 were both abundantly labeled by the 

anti-RFP antibody, showcasing their exocytic activities (Fig. 3.5 B). On the other hand, VAMP7-

WT and V2S-VAMP7 showed minimal anti-RFP labeling, despite the fact that the protein 

expression levels across variants were comparable, indicating their lack of constitutive exocytosis 

(Fig. 3.5 B). Surprisingly, V2N-VAMP7 expressing cells were also abundantly labeled, even 
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though most of the labeling appeared as intracellular puncta (Fig. 3.5 B). This result suggested that 

V2N-VAMP7 was delivered to the plasma membrane during the labeling period, but presumably 

due to rapid internalization it did not form a stable pool on the plasma membrane.  

To confirm that the anti-RFP labeling of V2N-VAMP7 was due to its constitutive cycling 

between intracellular compartments and plasma membrane, in parallel to 37 ℃ we also performed 

the same labeling scheme but at 4 ℃ to achieve a condition where during the labeling period both 

the exocytic and endocytic activities of the cells were inhibited. Confocal imaging of HEK293 

cells expressing pHuji-tagged VAMP proteins live-labeled by anti-RFP antibody for 15 min at 4 

℃ showed that the labeling of VAMP2-WT and V2NS-VAM7 were restricted to the stable plasma 

membrane pools and no intracellular puncta were observed, indicating the successful inhibition of 

trafficking (Fig. 3.5 B). We quantified the anti-RFP labeling levels across conditions using mean 

AF647 fluorescence and found that in comparison to 37 ℃, the labeling level of V2N-VAMP7 at 

4 ℃ was significantly lower (Fig. 3.5 B and C; p=0.0040), indicating that the relatively high level 

of labeling we observed for V2N-VAMP7 at 37 ℃ was indeed due to its transient cycling. On the 

other hand, we found no significant difference in the labeling levels of V2NS-VAMP7 compared 

between labeling temperatures (Fig. 3.5 C; p=0.8402), indicating that the additional introduction 

of VAMP2’s SNARE motif could stabilize VAMP proteins’ plasma membrane localization. These 

data in together suggested that the sorting mediated by VAMP2’s N-terminus was sufficient to 

target VAMP7 proteins for exocytosis, but without the presence of VAMP2’s SNARE motif the 

VAMP7 proteins could not stably reside on the plasma membrane due to higher internalization 

rate (Fig. 3.5 D).  
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Figure 3.5. Chimeric VAMP7 with VAMP2’s N-term and SNARE motif can stably localize on 
the plasma membrane.   
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A. Representative confocal (upper panels; fixed cells) and TIRF (bottom panels; live cells) images 
of HEK293 cells transiently expressing pHuji-tagged VAMP2-WT, VAMP7-WT, and VAMP2-
VAMP7 chimeras acquired at baseline, showing that only VAMP2-WT and V2NS-VAMP7 were 
stably localized on the plasma membrane (PM). Scale bars = 30 µm for confocal images, and 5 
µm for TIRF images. Images were background-subtracted and contrasted. B. Representative 
confocal images of HEK293 cells with the same expression conditions as in A but were incubated 
with AF647-conjugated anti-RFP antibody for either 10 min at 37 ℃ (top panels) or 15 min at 4 
℃ (bottom panels) to label pHuji-tags at the PM before fixation, showing that V2N-VAMP7 could 
only be labelled by anti-RFP antibody at 37 ℃ when trafficking was not inhibited. Images were 
background-subtracted, corresponding channels of same fluorescence were equally contrasted. 
Scale bars = 20 µm. C. PM levels of the pHuji-tagged VAMP proteins (indicated on the x-axis) 
from B quantified as mean anti-RFP fluorescence intensity per field (arbitrary unit, a.u.; for 
VAMP2-WT, VAMP7-WT, V2N-VAMP7, V2S-VAMP7, and V2NS-VAMP7, respectively: 37 
℃ labeling: 22, 19, 20, 19, 21 fields; 4 ℃ labeling: 19, 20, 20, 20, 20 fields; from 1 experiment), 
showing that the labeling temperature significantly impacted the anti-RFP labeling levels of  V2N-
VAMP7 but not V2NS-VAMP7 (Two-way ANOVA, post-hoc Šídák test, 37 vs 4 ℃: VAMP2-
WT: p<0.0001, VAMP7-WT: p=0.6275, V2N-VAMP7: p=0.0040, V2S-VAMP7: p>0.9999, 
V2NS-VAMP7: p=0.8402). “+” symbols indicate mean. D. Schematics of a proposed model on 
VAMP2’s PM localization. The endosomal sorting driven by VAMP2’s N-term targets VAMP 
proteins to the PM. However, if the VAMP protein only has VAMP2’s N-term, like the case of 
V2N-VAMP7, the delivered protein cannot stably localize on the PM due to rapid internalization. 
Only when VAMP2’s SNARE motif is also present, like the case of VAMP2-WT or V2NS-
VAMP7, the VAMP proteins can stably localize on the PM.      

Discussion 

In this Chapter, we have shown that the VAMP proteins not only show subcellular 

localization differences but also sub-endosomal localization differences. Further investigation 

using truncated and chimeric mutants reveals that the full sequence of N-terminus and SNARE 

motif of VAMP2 (AA 2-91) are not only required for its proper sorting, but also sufficient to 

transform VAMP7 into a similar sorting itinerary. Moreover, VAMP2’s SNARE motif can both 

facilitate the N-terminus-mediated sorting and stabilize VAMP2 on the cell surface. 

It is well-known that VAMP subtypes can display subcellular localization differences in 

correspondence to their functions (30, 32, 33 and Fig. 3.1), and it is also known that VAMPs can 

mediate exocytic trafficking in a cargo-specific manner even when they share similar subcellular 

localization (26, 29, 30, 36). We hypothesize that one of the mechanisms contributing to such 
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specificity is through spatial regulation, that VAMPs can be differentially sorted onto endosomal 

sub-structures of distinct biochemical compositions and properties (11, 13, 37–39). However, due 

to the technical difficulties of accurately imaging endosomal sub-structures, data regarding the 

sub-endosomal segregation of VAMPs are rarely found. We attempt to solve these challenges by 

enhancing microscopy resolution using SRRF and by marking endosomes using multiple methods. 

Our data provide evidence showing that the endosome-localized VAMP2 and VAMP7 (Fig. 3.1) 

indeed reside on different sub-structures (Fig. 3.2), proving truth to our hypothesis.  

Previous studies have shown that through swapping the entire cytoplasmic domain between 

Golgi-localized VAMP4 and endosome- and plasma membrane-localized VAMP5 can 

bidirectionally interchange their subcellular localization (33), and the addition of VAMP2’s 

cytoplasmic domain (AA 1-93) to TfR’s N-terminal end can retarget the nonpolarized TfR to an 

axonal distribution in primary hippocampal neurons (40), indicating that the cytoplasmic domains 

of VAMPs possess subcellular-targeting functions. The question remains whether the cytoplasmic 

domains are also responsible for sub-endosomal sorting. Our results indicate that the full 

cytoplasmic domain of VAMP2, including the full range of N-terminus (AA 2-30) and the SNARE 

motif (AA 31-91), are both indispensable for VAMP2’s proper sub-endosomal sorting. 

 Interestingly, although the truncation of either N-terminus or SNARE motif abolished 

VAMP2’s preferential association with MOR fusion events (Fig. 3.3 C), transplantation of N-

terminus alone was sufficient to induce a VAMP2-like endosomal sorting itinerary for VAMP7, 

while the transplantation of SNARE motif alone could not (Fig. 3.4 C and D). It is possible that 

the sub-endosomal sorting and vesicle-targeting are two separate processes, with the latter still 

requiring the presence of the SNARE motif. This means that even when VAMP2 has the right sub-

endosomal localization, without the SNARE motif it is still not assured to be co-packaged into 
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vesicles alongside the cargoes. An early study on the sequence requirement for VAMP2’s vesicle-

targeting in PC12 cells identified two impactful sequences in the SNARE motif, AA 41-50 and 

61-70, that the truncation of AA 41-50 significantly decreased VAMP2’s vesicle-targeting, while 

the truncation of AA 61-70 elicited opposite effect of significant enhancement (41). This auto-

inhibitory effect of AA 61-70 was also reported in hippocampal neurons (40). Nevertheless, due 

to technical limitations, these previous reports did not have the resolution to distinguish between 

endosomal sorting and vesicle biogenesis. Therefore, to confidently draw the conclusion on the 

hierarchical functionality of VAMP2’s N-terminus and SNARE motif, future studies of careful 

design are required.  

It was also interesting to observe that V2N-VAMP7 was also able to be labeled by the anti-

RFP antibody (Fig. 3.5 B and C), given that at baseline it did not seem to localize to the plasma 

membrane to a similar degree as VAMP2-WT and V2NS-VAMP7 (Fig. 3.5 A and B). The fact 

that most of the anti-RFP labeling was inside the cells (Fig. 3.5 B) indicated V2N-VAMP7 was 

delivered to the plasma membrane at certain point during the labeling process but was rapidly 

internalized afterwards. It has been previously reported that VAMP2 might play a critical role in 

the exocytosis-coupled fast retrieval of vesicles at neuronal synapses for the cycling of fusion 

machinery, though the exact molecular mechanism of this process is still unknown (42–44). Our 

data support this model as we could also observe internalized anti-RFP labeling for VAMP2-WT 

and V2NS-VAMP2 (Fig. 3.5 B). However, there seemed to be major dynamic differences between 

the internalization rate of V2N-VAMP7 and VAMP2-WT or V2NS-VAMP7, as the latter two 

showed stable plasma membrane anti-RFP labeling which was absent for the former (Fig. 3.5 B). 

This difference can be explained if endocytosis mediation is a common property of v-SNAREs 

and can be regulated by their SNARE motifs. It is possible that the SNARE complex formed by 
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VAMP7 produces a weaker membrane clamping in comparison to the SNARE complex formed 

by VAMP2, leading to a lower retention burden and faster internalization rate.  

It has been long proposed that the SNARE complex could only mediate fusion when 

forming the “correct” assemblies (45–48). Although it is not clear what the cognate t-SNAREs of 

VAMP7 are in HEK293 cells, the data of V2N-VAMP7 successfully being delivered to the plasma 

membrane at least indicated the overexpression of v-SNARE protein containing VAMP7’s 

SNARE motif was not inhibiting membrane fusion. These data, together with the positive 

association VAMP7-pHuji exhibited with TfR-SpH fusion events (Fig. 3.4 A), showcased the 

fusion capability of VAMP7 in HEK293 cells. Accordingly, the absence of plasma membrane 

localization of VAMP7-WT and V2S-VAMP7 (Fig. 3.5 A and B) could only be explained as they 

were not sorted onto a releasable pathway. Therefore, we propose that the N-terminus of VAMP2 

is the primary sorting sequence governing its endosomal sorting. As to how VAMP2’s SNARE 

motif could seemingly facilitate the transformation of VAMP7’s sorting itinerary, (Fig. 3.4 C and 

D) we provide three potential explanations: ① based on the hierarchical functionality model, with 

the presence of VAMP2’s SNARE motif, the chimeric v-SNARE was packaged into a distinct 

pool of exocytic vesicles characteristically closer to the pool VAMP2-WT are packaged into, thus 

providing additional vesicular colocalization; ② based on the stronger plasma membrane retention 

model, the increased colocalization was due to additional plasma membrane localization; ③	the 

SNARE motif is an auxiliary sorting sequence that it was also able to interact with the unknown 

sorting complex, and by providing structural integrity to facilitate sorting. Unfortunately, our 

current knowledge cannot exclude any of the possibilities and this question is open for future 

investigations.	
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Materials and Methods 

Plasmid cloning 

Wildtype VAMP2-pHuji, SpH-MOR, FLAG-SpH-MOR, TfR-SpH, and SpH-B2AR 

plasmids are described in “Plasmid cloning and lentivirus production” in Materials and Methods 

section of Chapter 2. EGFP-VAMP7 plasmid expressing human VAMP7 was a gift from Thierry 

Galli (Addgene, #42316). VAMP7-pHuji plasmid was cloned by ligating a VAMP7-pHuji DNA 

fragment (synthesized by Twist Bioscience) with pmCherry-N1 backbone of VAMP2-pHuji 

between NheI and NotI sites. All plasmids encoding pHuji-tagged VAMP2 truncation mutants 

(including both the whole motif truncations and N-terminal restricted sequence truncations) were 

cloned by site-directed mutagenesis on the VAMP2-pHuji plasmid using Q5 DNA polymerase 

(M0492, NEB). Primer pairs used to generate these plasmids are summarized in Table 3.1. All 

plasmids encoding pHuji-tagged VAMP2-VAMP7 chimeric mutants were cloned by ligating the 

chimeric DNA fragments (synthesized by GenScript) with the VAMP2-pHuji backbone between 

SacI and AgeI sites. VAMP2-EGFP plasmid was cloned by swapping pHuji from the VAMP2-

pHuji plasmid with EGFP from the EGFP-VAMP7 plasmid between AgeI and NotI sites, where 

the NotI site was introduced to EGFP via PCR reaction. 

Table 3.1. Primers used to generate plasmids encoding VAMP2 truncation mutants.   

Plasmid Forward primer (5’-3’) Reverse primer (5’-3’) 

VAMP2-NtT AGACTGCAGCAGACC CATGGTGGCAAGCTTG 

VAMP2-ScmT AACCTCAAGATGATGATC CCTGTTACTGGTAAGATTTG 

VAMP2-CtOnly AACCTCAAGATGATGATCATC CATGGTGGCAAGCTTG 

VAMP2-N2-10T GCCGCCCCGGCCGG CATGGTGGCAAGCTTGAGCTC
GAGATCTG 

VAMP2-N11-20T GCACCTCCTCCAAATCTTACC AGGCGGGACGGTGG 

VAMP2-N2-20T GCACCTCCTCCAAATC CATGGTGGCAAGCTTG 

 

Cell culture and reagents 

The culture of HEK293, PC12, and SpH-cargoes stably expressing HEK293 cells are the 

same as described in “Cell culture and reagents” in Materials and Methods section of Chapter 2. 
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EGFP-VAMP7, VAMP2-EGFP, and all VAMP-pHuji plasmids were transiently transfected into 

HEK293 cells using Effectene transfection reagent (301425, Qiagen) following manufacturer’s 

protocol. To trigger internalization and subcellular re-localization of SpH-MOR and FLAG-SpH-

MOR for confocal imaging, the cells were treated with 10 µM of [D-Ala2, N-Me-Phe4, Gly5-ol]-

enkephalin (DAMGO; E7384, Sigma-Aldrich) for 20 min at 37 ℃. To trigger internalization and 

subsequent recycling of SpH-MOR or SpH-B2AR for fusion event imaging, the cells were treated 

with 12.5 µM of DAMGO or Isoproterenol (I5627, Sigma-Aldrich), respectively, for 6 min at 37 

℃ before the onset of imaging. To label endosomal lumen, Alexa Fluor 647-conjugated Dextran 

(AF647-Dextran; D22914, Invitrogen) was used at 1 mg/mL and was pulsed into cells for 20 min 

at 37 ℃ before fixation following a previously published protocol (49). 

Sample preparation for confocal microscopy 

The procedures to prepare fixed cell samples for confocal microscopy, including samples 

subjected to super resolution radio fluctuation (SRRF) deconvolution, were essentially the same 

as described in “Sample preparation for immunofluorescence microscopy” in Materials and 

Methods section of Chapter 2. Note that sample coverslips from Fig. 3.2, 3.4, and 3.5 with cells 

expressing pH-sensitive fluorophores of SpH or pHuji and did not require post-fixation antibody 

labeling were washed thrice with phosphate buffered saline (PBS) after 4% formaldehyde (FB002, 

Invitrogen) fixation (20 min at room temperature) prior to mounting. AF647-conjugated FluoTag-

X4 anti-RFP nanobody (N0404, NanoTag Biotechnologies) was used to live-label surface VAMP-

pHujis at 1:200 for 10 min at 37 ℃ or 15 min at 4 ℃ before fixation. In contrast, sample coverslips 

from Fig. 3.1 and 3.2 that were labeled by antibodies post-fixation were blocked and washed using 

specialized blocking (with 1.25 ‰ Triton X-100) and washing buffers as described in Chapter 2. 

Primary antibodies used: anti-TGN38 mouse monoclonal antibody (MmAb, sc-166594, Santa 

Cruz Biotechnology) was used at 1:50; anti-VAMP2 MmAb (104211, Synaptic Systems) was used 

at 1:1000; anti-VAMP4 rabbit polyclonal antibody (136002, Synaptic Systems) was used 1:100; 

anti-VAMP7 MmAb (232011, Synaptic Systems) was used at 1:200. All fluorophore-conjugated 

secondary antibodies were used at 1:1000. AF647-conjugated M1 anti-FLAG antibody (F3040, 

Sigma-Aldrich) was used to label FLAG-SpH-MOR at 1:1000. All post-fixation antibody labeling 

was done in blocking buffer for at least 1 hour. 

Confocal microscopy and SRRF deconvolution 
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Confocal microscopy was performed using an Andor Dragonfly multimodal microscopy 

system equipped with a Nikon Eclipse Ti2 inverted microscope outfitted with a 37 ℃ temperature-

controlling chamber. Specifically, images of Fig. 3.1 A and B and Fig. 3.5 A and B were acquired 

through a 60× 1.49 NA Apochromat TIRF objective (Nikon), while images of Fig. 3.1 C and D, 

Fig. 3.2, and Fig. 3.4 C were acquired through a 100× 1.49 NA Apochromat TIRF objective 

(Nikon). Excitation was conducted using direct modulation lasers (Andor ILE) at the indicated 

wavelength passing through a 405/ 488/ 561/ 640 quad excitation dichroic. Fluorophores including 

DAPI and Cascade Blue were excited using 405 nm laser, and the emission was collected through 

a 450/50 emission filter. Fluorophores including AF488 (secondary antibody), SpH, and EGFP 

were excited using 488 nm laser, and the emission was collected through a 540/30 emission filter. 

Fluorophores including AF561 (secondary antibody) and pHuji were excited using 561 nm laser, 

and the emission was collected through a 600/50 emission filter. AF647 was excited using 640 nm 

laser, and the emission was collected through a 700/75 emission filter. Dichroic and emission 

filters were purchased from Semrock. Multi-channel images were collected using an iXon Life 

888 electron-multiplying charge-coupled device (EMCCD) camera (Andor) in sequential manner. 

Super resolution radial fluctuation (SRRF)-deconvolved confocal images were acquired 

using the same Andor Dragonfly microscopy system but in SRRF-Stream mode. Detailed SRRF 

settings used are as following: 100 frame count, 4× radiality magnification, 2-pixel ring radius, 

temporal analysis using mean, and 100 frame count for fixed pattern noise correction.  

TIRF microscopy for fusion events imaging 

The experimental procedures and settings for two-channel simultaneous acquisition total 

internal reflection fluorescence (TIRF) microscopy to visualize fusion events of SpH-cargoes and 

VAMP-pHujis as for Fig. 3.3 C and F and Fig. 3.4 A were the same as described in “TIRF 

microscopy for fusion events imaging” in Materials and Methods section of Chapter 2.  

Image registration and data processing 

All images are processed using Fiji, an ImageJ derivative software (50). Representative 

images were made using Fiji integrated functions and plugins.  

For Fig. 3.1 F and Fig. 3.4 D, colocalization was analyzed using ImageJ plugin JACoP 

(51). Briefly, Pearson’s coefficient of image fields were calculated on single slice confocal images 

applied with Costes’ automatic threshold. For Fig. 3.5 C, the mean anti-RFP fluorescence of image 
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fields that were background-subtracted (rolling ball radius = 20 pixels) were quantified over 

automatic thresholds (method = triangle).   

Methods to analyze VAMP-pHujis’ enrichment in MOR fusion events were the same as 

described in Chapter 2: the image pre-processing procedures were described in “Image registration 

and data processing” in Materials and Methods section; and the quantification metrics was 

described in “VAMP2 is detected preferentially in fusion events that mediate MOR recycling” in 

Results section. Note that for Fig. 3.3 C and F and Fig. 3.4 A, the representative frame used for 

analyzing VAMP enrichment was the same as previously described as the second frame (fr2) of 

the onset of SpH-MOR fusion events. 

Raw data were processed using Excel (Microsoft). Graphs were generated using Prism10 

(GraphPad Software). Model schematics were made using BioRender.  
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The work presented in this dissertation contributes to an improved understanding of the 

mechanism of G protein-coupled receptor (GPCR) trafficking by unveiling the involvement and 

the specificity of the soluble NSF attachment receptor proteins (SNARE)-mediated fusion 

machinery. Through studying the recycling of µ opioid receptor (MOR) and b2 adrenergic receptor 

(B2AR), two clinically relevant prototypical GPCRs that are evidenced to undergo distinct 

trafficking regulation (1–10), we find that vesicle-associated membrane protein 2 (VAMP2), a 

canonical vesicular-SNARE (v/R-SNARE) that primarily mediates vesicle to plasma membrane 

fusion (11–16), functions in a cargo-selective manner and is specifically required for the recycling 

of MOR (Chapter 2). And with further studies, we find that the cargo-selectivity of VAMP2 is 

encoded in its cytoplasmic domain (Chapter 3). 

The phenotype of VAMP2-exclusivity in MOR recycling did not seem to be cell type-

dependent since we had successfully reproduced the same conclusion in multiple different cell 

lines. However, this mechanistic connection between VAMP2 and MOR might not be 

generalizable to other receptor cargoes such as B2AR. In PC12 cells and primary rat striatal 

neurons, depletion of endogenous VAMP2 decreased the degree of MOR recycling in response to 

the full agonist DAMGO ([D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin; Fig. 2.5 F and J for PC12 

cells and Fig. 2.7 H for neurons), but depletion of endogenous VAMP4 in PC12 cells showed no 

significant impact (Fig. 2.5 G). However, in HEK293 cells where endogenous VAMP2 expression 

was undetectable (Fig. 2.4 A and B), MOR still displayed normal recycling activity (Fig. 2.1 and 

Chapter 4: Overall Discussion and Future Directions 
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2.2; 9, 17), indicating a potential mechanism of functional compensation by other v-SNAREs 

presenting at baseline. Nevertheless, VAMP2 still showed a preferential correlation with MOR 

recycling fusion events in HEK293 cells when it was ectopically expressed (Fig. 2.2 E-H), 

indicating the sorting hierarchy leading to VAMP2’s preference for MOR was somehow conserved 

in HEK293 cells. These results make us wonder: To what extent is this hierarchy conserved across 

cell types? Among the five VAMP subtypes we have tested for B2AR recycling in baseline PC12 

cells, VAMP1 and 3 were not endogenously expressed (Fig. 2.10 C-E). However, we could 

robustly observe B2AR recycling fusion events in these cells (Fig. 2.5 E). Therefore, VAMP1 and 

3 were not exclusively required for B2AR recycling. On the other hand, although VAMP2, 4, and 

7 were endogenously expressed in baseline PC12 cells (Fig. 2.4 B and Fig. 3.1 D), none of them 

were correlating with or required for B2AR recycling (Fig. 2.2 E-H and Fig. 2.5 E for VAMP2, 

Fig. 2.10 A and B for VAMP4, and Fig. 2.10 I and J for VAMP7). Based on these results, we 

conclude that B2AR either exclusively utilizes an untested v-SNARE for recycling or has a 

promiscuous v-SNARE selectivity. However, could this be a biased view resulted from the limited 

cell models we tested? And is there an unidentified biological system where B2AR’s recycling 

would also be exclusively dependent on a particular v-SNARE? We can approach this question by 

testing B2AR’s v-SNARE requirement in a cell model where B2AR is endogenously expressed.    

Nevertheless, the finding of fusion machinery specificity in GPCR recycling showcases 

another level of complexity coded in the endosomal trafficking network. As discussed in previous 

Chapters, the specificity of v-SNAREs likely originated from their co-sorting with receptor 

cargoes on the endosomes. However, given that the molecular mechanism underlying endosomal 

sorting of v-SNAREs and most of the GPCRs, including MOR, are both still largely unknown, it 

is a field open for novel discoveries. Whether the sorting of GPCR cargoes and v-SNAREs are 
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correlated or independent is one of the questions worth future investigations. Although it has been 

reported that the Gbg subunit of heterotrimeric Gai/o complex could interact with target-SNAREs 

(t/Q-SNAREs) to inhibit neurotransmitter release (18–20), there is yet any evidence of a direct 

interaction between any receptor cargoes and v-SNAREs. Therefore, if the endosomal sorting of 

MOR and VAMP2 are correlated they are likely mediated by a common sorting machinery such 

as the Retromer or Retriever sorting complexes which have promiscuous protein-binding 

capability (21–25). However, even though the co-sorting is spatially correlated it can still be 

temporally two separate processes since MOR’s sorting into recycling pathways only happens after 

agonist-induced internalization, but VAMP2’s sorting would presumably happen at any given time 

to accommodate its wide range of client cargoes (Table 1.1). How do these two seemingly 

temporally distinct processes reconcile to produce vesicles that contain the right protein content? 

Hopefully studying the underlying sorting mechanism of MOR and VAMP2 will help to set a 

starting point to further look into this question.  

We initiated the investigation into VAMP2’s sorting mechanism by first confirming the 

endosomal tubule hypothesis we proposed in Chapter 2 (Fig. 2.9 E), that through sorting VAMP2 

would localize on specific endosomal tubules of distinct biochemical compositions. A series of 

immunofluorescence studies showed that VAMP2 primarily localized on EEA1-marked early 

endosomes and Rab11-marked recycling endosomes (Fig. 2.8; 26), but not on TGN38 or GM130-

marked Golgi apparatus (Fig. 2.3 E and F). On the other hand, VAMP4 showed primary Golgi-

localization (Fig. 3.1 A, B, and F), which was apparently different from VAMP7’s (Fig. 3.1 D and 

F), suggesting that VAMP7 shared similar endosomal localization like VAMP2. Simultaneous 

SRRF (super-resolution radial fluctuation) imaging of VAMP2 and 7 on endosomes labeled using 

different strategies provided evidence supporting their sub-endosomal segregation onto distinct 
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tubular structures (Fig. 3.2). However, this set of SRRF imaging still bore two limitations: (i). the 

resolution of SRRF (~90 nm) was not high enough to resolve endosomes of below-average sizes 

(<100 nm); (ii). the endosomal labeling was ambiguous and was not optimal to cover the whole 

membrane area and all endosomal structures. We propose two advanced imaging methods to 

resolve these limitations for future attempts to image endosomal tubules. The resource-friendly 

method is expansion microscopy (27, 28), where the fluorescently labeled proteins in fixed cell 

samples are crosslinked to polyacrylamide gels that can be isotropically expanded, so that after 

physical expansion the relative distance between proteins is multiple times larger (3-10×), making 

the imaging of sub-endosomal ultrastructures using conventional light microscopy feasible (~200 

nm with NA=1.49 objectives). A more sophisticated but technically demanding method is super-

resolution correlative light and electron microscopy (CLEM; 29), where the super-resolution 

images of fluorescently labeled proteins can be overlapped with EM images revealing membrane 

ultrastructures so that every endosome and their tubules can be precisely marked, allowing for an 

accurate interpretation on proteins’ sub-endosomal localization. 

It is important to note that there is still a long way ahead to uncover the whole picture of 

the fusion machinery associated with GPCR exocytosis. As discussed in Chapter 1: “Molecular 

mechanism of vesicle fusion at the plasma membrane”, vesicle fusion is mediated by a collective 

of proteins from different families. From this perspective, the most intuitive question to follow-up 

on might be what the cognate t-SNAREs from VAMP2-mediated MOR recycling are? And would 

the t-SNAREs also exhibit specificity? However, in comparison to the relatively small number of 

v-SNARE proteins, one of the t-SNARE, syntaxin, has twice the number of subtypes. If we are to 

implement the same shRNA knockdown strategy as for studying v-SNAREs to study t-SNAREs, 

it would be unreasonably tedious. Additionally, is the fusion of vesicles that carry receptor cargoes 
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also calcium-dependent similar to neurotransmitter release (15)? Intuitively the answer should be 

no since, unlike neurotransmitter release, the exocytosis of receptors is not always paired with an 

excitatory membrane potential to activate the voltage-gated calcium channels that causes calcium 

influx. Previous in vitro studies had shown that although the SNARE complex on its own was 

capable of mediating membrane fusion, the incorporation of calcium-sensing synaptotagmin-1 

could increase fusion kinetics even in the absence of calcium, indicating that synaptotagmins might 

still play critical roles in fusion events that were calcium-independent (30, 31). Moreover, is the 

plasma membrane tethering complex exocyst also involved in receptor exocytosis (32, 33)? And 

does the exocyst complex have any functions beyond tethering in this context? These questions 

leave us more candidates-of-interest to look at in future studies. 

The ultimate goal of this work is to determine the trafficking regulation of GPCRs in the 

hope of classifying them into different trafficking subclasses. Through searching for the common 

ground underlying different GPCRs’ trafficking pathways, we would be able to understand their 

biological properties further, explain their cellular and physiological behaviors better, and 

eventually utilize their pharmacological potentials in a more precise manner. Studying fusion 

machinery using prototype GPCRs as demonstrated in this dissertation is merely a starting point 

toward the goal. To move forward efficiently, we need to develop a reliable high-throughput screen 

that can cover most of the trafficking-related proteins while maintaining the ability to adapt to 

various of receptors. In the future, we can design and perform a ratiometric recycling assay-based 

CRISPR (clustered regularly interspaced short palindromic repeats) knock-out screen that, instead 

of targeting the whole genome, only focuses on a concentrated pool of trafficking proteins (Table 

4.1). The ratiometric recycling assay has been proven to work robustly across multiple cell lines 

and receptors (Fig. 2.7 C for MOR in PC12 cells, H for MOR in rat striatal neurons; Fig. 2.10 J 
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for B2AR in PC12 cells) and can be used to analyze both endocytosis and recycling in a single set 

of experiments. Compared to a genome-wide screen, using a concentrated pool of CRISPR targets 

can have multiple benefits: (i). fewer non-specific effects caused by knock-out of housekeeping 

genes; (ii). greater time-efficiency due to the significantly shorter cell culture cycle to reach an 

adequate representation; (iii). higher confidence compared to expenditure since, for a given 

number of oligonucleotides, more copies of single guide RNAs can be allocated to each individual 

gene-of-interest. Nonetheless, the obvious drawback of this method is that valuable targets with 

undiscovered function in trafficking might be left untested, and this caveat should be taken into 

consideration when designing and performing the assay. 

Table 4.1. Major protein targets for customized library CRISPR knock-out screen to study GPCR 
trafficking classified by function and complex ascription.   

Function Protein complex Examples 

Membrane fusion SNARE complex VAMPs, SNAPs, Syntaxins 
Calcium sensing  Synaptotagmins 
Calcium influx  Voltage-gated calcium channels 

Calcium channel recruitment and 
scaffolding Active zone protein complex RIM, RIM-BP, Munc13, etc. 

Plasma membrane tethering Exocyst complex Exo70, Exo84, Sec8, etc. 

Miscellaneous 
 Rab small GTPases 
 Phosphoinositide-related enzymes 

Endosomal sorting for cargo 
recycling 

Retromer complex VPS35, VPS26, VPS29, etc. 
Retriever complex C16orf62, DSCR3, etc. 

CCC complex CCDC22, CCDC93, COMMDs 
 Sorting nexins 
 PDZ proteins 

Actin polymerization WASH complex WASHC1, Fam21, CCDC53, etc. 
Actin-associated proteins  Arp2/3, Coronin, Cortactin, etc. 

Endosomal sorting for cargo 
degradation ESCRT complex ESCRT-I/II/III complexes, etc. 

Lysosomal tethering and fusion 
CORVET complex VPS3, VPS8, etc. 

HOPS complex VPS39, VPS41, etc. 
Vesicle transport Adaptor protein complexes AP2/3 complexes, etc. 

Vesicle movement  Kinesins and Dyneins 
Golgi transport  COPI/II complexes, etc. 
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Note: different protein groups might have overlapped members. Notable abbreviations: WASH: 
WASP (Wiskott-Aldrich syndrome protein) and SCAR (suppressor of cAR) homologue; ESCRT: 
endosomal sorting complexes required for transport; CORVET: class C core endosomal vacuole 
tethering; HOPS: homotypic fusion and vacuole protein sorting. 
 

We believe that through dedication we shall solve every unknown noted in this Chapter. 

And with the answers we shall build a heathier and brighter future.  
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