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G protein-coupled receptors (GPCRs) are seven transmembrane domain proteins accounting for 

~4% of the human genome, and the predicted target of ~30% FDA approved therapeutics. Often, 

drugs compete with endogenous ligands for orthosteric binding sites, giving rise to off-target 

interactions and deleterious side-effects – thus there is a need to identify novel potential ligand 

binding sites with increased specificity. Recent advances in the field suggest that targeting 

protein:protein interaction networks, or post-translational modifications that regulate GPCR 

expression, trafficking, and/or function, may be the key to improving ligand selectivity and 

decreasing unwanted toxicities. To this end, I devoted my Ph.D. studies to studying two unique 

structural features that regulate the function of the 1D-adrenergic receptor (1D-AR) – a GPCR 

vital for myriad peripheral and central nervous processes which has been implicated in the 

development and maintenance of hypertension, benign prostate hypertrophy, schizophrenia, and 

post-traumatic stress disorder – a distal C-terminal Type I PDZ (PSD95/Dlg/ZO-1) ligand and an 

unusual N-terminal domain. 



  
Using yeast two-hybrid and tandem affinity MS/MS assays, the Hague lab previously 

identified that the 1D-AR C-terminal PDZ ligand is responsible for the formation of obligate, 

cell-type specific, macromolecular protein complexes containing syntrophin, utrophin, -

dystrobrevin, -catulin, liprin, phospholipase-Cβ2, and scribble. These complexes enhance 

receptor cell surface expression and function both in vitro and in vivo. Furthermore, a screen of 

23 GPCRs containing Type I PDZ ligands revealed that these interacting partners are unique to 

1D-AR. Thus, these protein:protein interaction networks represent an opportunity to develop 

novel medications with increased specificity for 1D-AR than currently available drugs. 

However, before this can come to fruition, a more thorough understanding of how these 

complexes are organized is necessary.  

Towards mapping 1D-AR complex architecture, biolayer interferometry revealed that 

scribble displays >8x binding affinity compared to other known 1D-AR interactors. 

Complementary in situ and in vitro interaction assays revealed that scribble PDZ domains 1 and 

4 are high affinity 1D-AR PDZ ligand interaction sites. The development of a novel SNAP-GST 

pull-down assay found that scribble is able to bind multiple 1D-AR C-terminal PDZ ligands via 

a cooperative mechanism. Structure-function analyses identified R1110PDZ4 as a unique, critical 

residue dictating the 1D-AR:PDZ4 interaction. A crystal structure of a non-binding mutant, 

PDZ4 R1110G, predicts a spatial shift of the carboxylate-binding loop prevents docking of the 

C-terminal PDZ ligand. Thus, these findings identify scribble PDZ1 and 4 as high affinity 1D-

AR interaction sites, and potential targets to treat diseases associated with aberrant 1D-AR 

function. 

Additionally, 1D-ARs contain two putative N-glycosylation sites within the large N-



  
terminal domain at N65 and N82. However, determining the glycosylation state of this receptor 

has proven challenging. Towards understanding the role of these putative glycosylation sites, 

site-directed mutagenesis and lectin affinity purification identified N65 and N82 as bona fide 

acceptors for N-glycans. Surprisingly, it was revealed that simultaneously mutating N65 and N82 

causes early termination of 1D-AR between transmembrane domain 2 and 3. Label-free 

dynamic mass redistribution and cell surface trafficking assays revealed that single and double 

glycosylation-deficient mutants display limited function with impaired plasma membrane 

expression. Confocal microscopy imaging analysis and SNAP-tag sucrose density fractionation 

assays revealed the dual glycosylation mutant 1D-AR is widely distributed throughout the 

cytosol and nucleus. Based on these novel findings, I propose 1D-AR transmembrane domain 2 

acts as an ER localization signal during active protein biogenesis, and that 1D-AR N-terminal 

glycosylation is required for complete translation of nascent, functional receptor. Taken together, 

the results from these studies identify two promising mechanisms for the development of 

targeted therapeutics to treat diseases and disorders associated with 1D-AR dysfunction. 
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Chapter 1 - Background and Introduction 

1.1 G protein-coupled receptors 

 Cells have evolved elaborate mechanisms of sending and receiving signals – both 

electrical and chemical – to sense changes in their environment. These signals are recognized by 

specialized proteins, known as receptors, which fall into four major classes: nuclear, tyrosine 

kinase, ion channel, and G protein-coupled receptors (GPCRs) (Blumenthal, 2017). The ligands 

and mechanism by which each receptor class transduces external stimuli into internal changes 

within the cell are varied. For example, nuclear receptors typically interact with lipophilic 

hormones to modulate transcription directly (McEwan, 2009). Receptor tyrosine kinases are 

transmembrane proteins that canonically contain intracellular kinase domains and are activated 

by homodimerization upon ligand binding. This subclass of receptors is heavily utilized by cell 

survival, migration, and proliferation pathways (Ferguson, 2008). Ion channels regulate the flow 

of ions ‒ namely Na+, K+, Cl-, and Ca2+ ‒ in and/or out of the cell upon activation by different 

types of signals including chemical ligands (Jegla et al., 2009), mechanical stimuli (Coste et al., 

2010), or voltage changes (Catterall, 2017).  

GPCRs are the largest class of receptors with >800 unique genes in the human genome 

(Lander et al., 2001), and are targets for ~30% of approved therapeutics (Figure 1.1) (Overington 

et al., 2006; Sriram and Insel, 2018). GPCRs respond to myriad endogenous ligands including 

neurotransmitters, peptides, hormones, and lipids. These cell-surface receptors can be 

phylogenetically classified into sub-classes using the GRAFS system: Glutamate, Rhodopsin-

like, Adhesion, Frizzled, and Secretin (Figure 1.2; Fredriksson et al., 2003; Blumenthal, 2017). 

A majority of GPCRs are within the Rhodopsin-like class (Bjarnadóttir et al., 2006). Though 

there is great diversity in the primary structures, receptors within the Rhodopsin-like class share 
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a conserved tertiary structure containing an extracellular N-terminal domain (NTD), seven 

transmembrane alpha helices (TM1-7), three extracellular and three intracellular loops (ECL1-3 

and ICL1-3, respectively), and a cytosolic C-terminal tail (CT) containing an eighth alpha helix 

(Langerström and Schiöth, 2008).  

Some of the first crystal structures within this class of GPCRs have provided invaluable 

insights into the conserved features that confer stability and function (Palczewski et al., 2000; 

Cherezov et al., 2007; Rasmussen et al., 2011a). Namely, interactions of the TM helicies with 

the ECLs, especially a disulfide bridge between cysteine residues in ECL2 and TM3, are thought 

to stablize the receptor and prevent large-scale changes in stability upon ligand activation 

(Palczewski et al., 2000; Rasmussen et al., 2011a; Wheatley et al., 2011). Typically, the 

orthosteric binding site consists of residues within TM3, TM5, TM6, and TM7 (Ring et al., 

2013); however in some cases (i.e. 5HT2B-R:LSD interaction) ECL2 also contributes to ligand 

binding (Wacker et al., 2017). Upon agonist binding, the cytosolic tip of TM6 undergoes large 

multi-angstrom shifts (Ramussen et al., 2011b). 

As the name suggests, GPCRs transduce signals by coupling to heterotrimeric G proteins, 

consisting of , β, and γ subunits (Gilman, 1987). The G subunit sits within a cytosolic facing 

hydrophobic pocket created by TM5 and TM6 of the GPCR, with some additional interactions 

with a conserved DRY motif in ICL3 (Ramussen et al., 2011b). The G subunit is bound to 

GDP in the inactive state, however upon receptor activation, structural changes within the GPCR 

trigger a conformational change in the G subunit leading to decreased GDP affinity, such that it 

is readily displaced by GTP (Rasmussen et al., 2011b; Bang and Choi, 2015). The GTP:G 

complex disassociates from the receptor and the Gβ and Gγ subunits to activate various effectors 

(Figure 1.3) .  
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The effect of GPCR activation is dependent on the Gsubtype it couples: Gs, Gi/o, 

Gq, or G12/13 (Blumenthal, 2017). Gs subtypes lead to increases in cAMP by stimulating 

adenylate cyclases (Figure 1.4A). Gi/o activity opposes that of Gs by inhibiting adenylate 

cyclases and reducing cAMP levels in the cells (Figure 1.4B). Gq and G12/13 are atypical G-

proteins that do not interact with adenylate cyclases (Blumenthal, 2017). Instead, Gq increases 

cytosolic Ca2+ by stimulating the activity of phospholipase C, which hydrolyzes PIP2 to form 

DAG and IP3. IP3 then triggers the release of Ca2+ from the endoplasmic/sacroplasmic reticulum 

via interaction with IP3 receptors (Figure 1.4C; Berridge, 1993). Though the signal transduction 

pathways of the previous three G subtypes are well studied, much less is known about the 

G12/13 subtype, though it plays a role in cytoskeletal rearrangement (Suzuki et al., 2009). 

 

1.2 Adrenergic Receptors 

Adrenergic receptors (ARs) are a family of receptors within the Rhodopsin-like class of 

GPCRs that respond to the endogenous ligands norepinephrine/epinephrine. This family is 

further divided into three subfamilies based on their structural and functional similarities (Hieble, 

et al., 1995). The 1-ARs, which couple to Gq, contain 1A, 1B,and 1D. The -ARs, which 

couple to Gi, consist of the 2A, 2B,and 2C receptors. The  subfamilywhich couple to Gs, 

contain the β1, β2, and β3-ARs.  

All three subfamilies of ARs are key regulators of central and sympathetic nervous 

system function, and are the targets for some of the most prescribed drugs in the US (Piascik and 

Perez, 2001; Fuentes et al., 2018). For example, albuterol – a commonly prescribed drug for the 

treatment of asthma – causes bronchodilation by activating the β2-ARs on lung bronchioles 

(Snider and Laguarda, 1972). β-ARs are also expressed in cardiac and smooth muscle cells 
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(Insel, 1996), microglia (Sugama et al., 2019), and adipose tissue (Collins et al., 1994). In 

addition to asthma, drugs targeting this family of receptors are prescribed to treat heart failure, 

hypertension, arrythmia, and coronary heart disease (Insel, 1996). 2-ARs are typically found in 

the presynaptic terminal of noradrenergic neurons and act as auto-receptors to inhibit the release 

of norepinephrine in these cells (Reid, 1985). Drugs targeting these receptors are used to treat 

hypertension, attention-deficit/hyperactivity disorder, benzodiazepine and alcohol withdrawl 

symptoms, and as adjuncts with anesthetics (Giovannitti et al., 2015). 1-ARs are present in a 

variety of cells including vascular smooth muscle cells, neurons, and smooth muscle cells of the 

prostate (Docherty, 2010). Medications that target the 1-ARs – including the 1-AR 

antagonists, prazosin – are prescribed for the treatment of benign prostate hypertrophy (Fusco et 

al., 2016), hypertension (Perez and Doze, 2011), cardiac hypertrophy (Cotecchia et al., 2015), 

bladder obstruction (Hampel et al., 2002), and post-tramuatic stress disorder (Olson et al., 2011). 

Unfortunately, the use of these medications often times results in deleterious side-effects due to 

off-target interactions (ALLHAT, 2002). Thus, there is a need to develop medications with 

greater receptor subtype specificity. 

 

1.3 The 1D-AR 

The 1D-AR is expressed throughout the central and peripherial nervous systems (Piascik 

et al., 1995; Tanoue et al., 2002; Nalepa et al., 2013; da Silva et al., 2014), thus abberant 

expression and dysfunction of this receptor has been implicated in hypertension (Sever, 1999), 

benign prostate hypertrophy (Walden et al., 1999; Kojima et al., 2011), bladder obstruction 

(Hampel et al., 2002), post-tramuatic stress disorder (Hendrickson and Raskind, 2016; Raskind 

et al., 2018), and schizophrenia (Liu et al., 2015). Unfortunately – though clinically relevant – 
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the 1D-AR remains poorly understood due to technical challenges, namely (A) a cell line 

endogenously expressing functional 1D-AR has yet to be identified; (B) a lack of 1-AR 

subtype selective antibodies (Jensen et al., 2009); (C) functional 1D-ARs are undetectable 

within 24-48 after culturing of primary aortic vasuclar smooth muscle cells (Figure 1.5; Fan et 

al., 2009); and (D) ectopic expression of 1D-AR results in intracellular sequesteration (Hague et 

al., 2004; Petrovska et al., 2005; Garcia-Cazarin et al., 2008).  

Interestingly, the 1D-AR contains two distinct structural features that make it unique 

amongst the other 1-AR subtypes: (A) the presence of a distal C-terminal Type I 

PSD95/Dlg/ZO1 (PDZ) ligand (-RETDI-COOH), and (B) an NTD that is twice as long as the 

average Rhodopsin-like GPCR at 95 amino acids (Wallin and von Heijne, 1995). With the over-

arching goal of identifying potential therapuetic targets, the Hague lab is interested in how these 

structural features affect 1D-AR function and trafficking.  

 

1.4 PDZ domains 

 Protein trafficking and function can be controlled by modular, conserved protein:protein 

interaction domains (Langeberg and Scott, 2015). PDZ domains, found in >350 proteins 

throughout the human genome, are one such interface typically found in proteins involved in 

scaffolding transmembrane proteins (Letunic et al., 2012; Manjunath et al., 2018). There are 

three major subtypes of PDZ domains: Type I, Type II, and Type III – classisified by the 

sequence of the ligands they recognize. Type I PDZ domains canonically interact with C-

terminal PDZ ligands containing the sequence X-[S/T]-X-[Φ]-COOH, Type II domains 

recognize X-[Φ]-X-[Φ]-COOH, and Type III PDZ domains interact with ligands of sequence X-

[D/E]-X-[Φ]-COOH,  where Φ is any hydrophobic amino acid and X is any amino acid 
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(Marchese et al., 2008). Typically, PDZ ligands are numbered with the C-terminal amino acid as 

0, and the upstream residues -1, -2, -3, etc (Mamonova et al., 2017). PDZ ligands are 

characteristically C-terminal ligands, though internal, non-C-terminal ligands have been 

identified (Hillier et al., 1999). 

 Though the three PDZ domain subtypes recognize distinct peptidic ligands, they share 

structural homology. PDZ domains are small, globular domains of ~90 residues in length, and 

contain six β-strands and two -helicies (Harris and Lim, 2001). Crystal structures (Doyle et al., 

1996) and large peptide library screens (Songyang et al., 1997) have identified a conserved 

ligand binding pocket created by βB, B, and a flexible loop termed the carboxylate-binding 

loop with a conserved R/K-X-X-X-G-L-G-F sequence motif (Figure 1.6; Doyle et al., 1996). 

Upon interacting with the PDZ domain, the PDZ ligand forms a β-strand, with extensive 

hydrogen bonding between the peptide backbone and the binding pocket (Doyle et al., 1996; Lim 

et al., 2017).  

Though they share conserved structures, the three subtypes diverge in a key residue found 

within B. This key amino acid interacts with residue -2 of cognate ligands. In Type I PDZ 

domains, this amino acid is a histidine residue (Doyle et al., 1996); Type II domains substitute 

this histidine for a methionine or leucine residue (Daniels et al., 1998); and Type III domains 

contain a tyrosine residue (Stricker et al., 1997). Ligand specificity of individual PDZ domains is 

largely dictated by a network of hydrogen bonds between the carboxylate-binding loop and the 

distal C-terminal residue of the ligand (Stricker et al., 1997; Harris and Lim, 2001). However, 

recent evidence suggests that hydrophobic interactions outside the orthosteric binding pocket 

may also contribute to differences in ligand binding affinities (Lim et al., 2017). 
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1.51D-AR C-terminal PDZ ligand is required for macromolecular complex formation 

Due to their high level of specificity for their ligands, PDZ domains have emerged as 

promising targets for the development of novel therapuetics (Ritter and Hall, 2009). For 

example, disruption of the nNOS:NMDAR:PSD95:NOS1AP protein complex with small 

molecules has proven to be efficacious in preclinical models for the treatment of neuropathic 

pain (Carey et al., 2017; Lee et al., 2018a; 2018b), depression (Doucet et al., 2013), neuronal 

excitotoxicity (Li et al., 2013), and neuroprotection following cerebral ischemia (Zhou et al., 

2010). Thus, disruption of 1D-AR:PDZ protein interactions has the potential to overcome the 

deleterious side-effects that caused to the early termination of the doxazosin arm of the 

ALLHAT study (ALLHAT, 2002). However, a better understanding of how the 1D-AR C-

terminal PDZ ligand interacts with PDZ proteins is needed before theraputeics can be developed. 

The importance of the 1D-AR C-terminal PDZ ligand was first reported after a yeast 

two-hybrid screen identified the PDZ domain containing protein, -syntrophin, as a selective 

interacting partner (Chen et al., 2006). Preventing this interaction decreases 1D-AR binding site 

density and IP3 accumulation in cultured cells (Chen et al., 2006). Further studies revealed that 

co-expressing 1D-AR and -syntrophin in cultured cells increases plasma membrane 

localization and receptor pharmacological properties (Lyssand et al., 2008). This study also 

found that the 1D-AR:syntrophin interaction is necessary for blood pressure regulation in vivo 

using a pan-syntrophin knockout mouse line (Lyssand et al., 2008). Subsequent Tandem Affinity 

Purification MS/MS (TAP MS/MS) experiments found that syntrophins enhance 1D-AR 

function by recruiting the Dystrophin Associated Protein Complex (DAPC) and other signaling 

effectors, such as -catulin and phospholipase-Cβ (Lyssand et al., 2010; 2011). Advances in 

MS/MS technology allowed for the discovery of a number of features of the 1D-AR:syntrophin 
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complex: (A) Scribble (SCRIB) – a protein containing multiple PDZ domains – is a member of 

the 1D-AR:syntrophin:DAPC complex in multiple human cell lines; (B) 1D-ARs are expressed 

as homodimers with one protomer interacting with SCRIB, and the other interacting with 

syntrophin; (C) the composition of the 1D-AR complex is cell-type specific (Camp et al., 2015; 

Table 1.1); and (D) this large, macromolecular complex is unique to 1D-AR when compared to 

23 of the 30 GPCRs containing Type I PDZ ligands (Camp et al., 2016).  

As shown in Table 1.1, 1D-AR interacts with SCRIB and syntrophins in all human cell 

lines examined, however, in SW480 cells, Discs Large 1 (DLG1), LIN7A, and 

calcium/calmodulin-dependent serine protein kinase (CASK) are also recruited to this complex 

(Camp et al., 2015). Interestingly, all of these proteins, with the exception of syntrophins, are 

involved in the establishment of cell polarity in polarized cells (Stephens et al., 2018), 

suggesting that these complexes are regulating the trafficking of 1D-AR to the correct 

membrane. Furthermore, a unique structural characteristic of SCRIB is the presence of four Type 

I PDZ domains within its C-terminal. Thus, SCRIB may be anchoring multiple 1D-AR at 

lumenal membranes to form ‘microdomains’ of 1D-AR signaling. 

 

1.61D-AR NTD prevents plasma membrane localization 

Another unique structural feature of the 1D-AR is the extralong 95 amino acid 

extracellular NTD, which is >2x the size of the average NTD of Rhodopsin-like GPCRs (Wallin 

and Heijne, 1995). Our lab and others have shown that the 1D NTD is an ER retention signal in 

cultured human cell lines, and full and partial truncation of this domain enhances 1D-AR 

pharmacological properties and plasma membrane insertion (Pupo et al., 2003; Hague et al., 

2004; Kountz et al., 2016). However, why and how this domain retains nascent polypeptide in 
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the ER membrane remains unknown. 

Though still a mystery, few reports provide insight into the mechanism by which this 

occurs. For example, the addition of an N-terminal signal peptide increases the binding site 

density and function of the receptor, presumably due to enhanced exocytosis of 1D-AR from the 

ER or increased protein expression (Petrovska et al., 2005). Other studies found that truncation 

of amino acids 1-79 increases binding site density, IP3 accumulation, and surface expression with 

no change in protein levels (Pupo et al., 2003; Hague et al., 2004). Surprisingly, chimeric 

receptors containing the 1D NTD are also sequestered to the ER and display reduced 

functionality (Hague et al., 2004). Thus, ER sequesteration is a transferable and intrisic property 

of the 1D NTD. 

Recently by harnessing the power of cutting-edge SNAP-epitope tag technology, which 

allows for increased sensitivity and direct visualization of tagged proteins in polyacrylamide 

gels, the Hague lab found that 1D-AR undergoes an endogenous N-terminal domain cleavage 

event between Leu90/Val91 (Kountz et al., 2016). Truncated receptors display enhanced 

pharmacological properties and decreased ER retention. Though, the mechanisms that regulate 

this event were not determined, it is interesting to note that chimeric receptors do not undergo 

this cleavage, suggesting that the cleavage is controlled by sequences downstream of the N-

terminal. 

Another interesting observation from this study (Kountz et al., 2016) was that the N-

terminus consistently migrates as three distinct bands on SDS PAGE electrophoresis (Figure 1.7, 

red square). Discovering if this band pattern represents multiple cleavage products or post-

translational modification states is essential to understand the mechanisms that regulate this 

event. Of note, the 1D-NTD contains nine predicted phosphorylation sites (Figure 1.8) and two 
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putative N-glycosylation sites at N65 and N82 (Perez  et al, 1991). Additionally, multiple bands 

are observed even in 1D-AR mutants with truncations upstream of the cleavage site (Kountz et 

al, 2016). Thus, these data support the hypothesis that this band pattern is due to differential 

post-translational modification states of the 1D NTD. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

              

Abbreviations: GPCR, G protein-coupled receptor; NTD, N-terminal domain; TM, 

transmembrane; ECL, extracellular loop; ICL, intracellular loop; CT, C-terminal tail; AR, 

adrenergic receptor; PDZ, PSD95/Dlg/ZO1; TAP MS/MS, Tandem Affinity Purification Mass 

spectrometry/Mass spectrometry; DAPC, Dystrophin Associated Protein Complex; SCRIB, 

scribble; DLG1, Discs Large 1; CASK, calcium/calmodulin-dependent serine protein kinase; ER, 

endoplasmic reticulum 
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Figures for Chapter 1 

 
Figure 1.1. Percent of drug targets by receptor class. Modified from Overington et al., 2006. 
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Figure 1.2. Dendrogram of GPCRs encoded in the human genome. Branches are color coded 

to denote class of GPCR accordin to GRAFS system. Taste 2 is often considered part of the 

Rhodopsin-like class. Figure is reproduced from Blumenthal, 2017. 
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Figure 1.3. Schematic of G-protein activation. The GPCR:heterotrimeric G protein complex is 

in the inactive state with GDP bound to the Gα subunit (yellow). The GPCR is activated upon 

agonist binding which causes a conformational change in the GPCR and Gα subunit. The Gα 

subunit structural changes promote the GDP → GTP exchange, activating the Gα protein. The 

GTP bound Gα dissociates from the GPCR and Gβ and Gγ subunits and the G proteins interact 

with downstream effector proteins. 
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Figure 1.4. Signaling cascades of G-protein subtypes. A. Upon G-protein activation, Gαs 

activates adenylate cyclase to increase cAMP levels in the cell. B. Gαi subunits inhibit adenylate 

cyclases to prevent the production of more cAMP. C. Gαq subunits activate phosopholipase C to 

hydrolyze PIP2 to DAG and IP3. IP3 triggers the release of Ca2+ stores within the 

endoplasmic/sarcoplasmic reticulum. 
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Figure 1.5. 1D-AR function disappears within 24 hours in primary culture. Calcium 

imaging data from primary vascular smooth muscle cells from mouse aortia. Freshly dissociated 

cells (black trace), but not the same cells after 24 hrs in culture (white trace), show increased 

intracellular calicum levels in response to the 1-AR agonist, phenylephrine (PHE). KCl causes 

intracellular calcium increases in a receptor independent mechanism and is used to show the cells 

are still viable. Modified from Fan et al., 2009. 
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Figure 1.6. Crystal structure of PDZ domain 3 of PSD-95 in complex with a synthetic 

peptide. PDZ domain 3 of PSD-95 (in blue and green) contains 6 β strands (A-F) and 2 

helicies (A-B). The binding pocket consists of βB, B, and the carboxylate binding loop. In 

yellow is a synthetic peptide ligand, which forms a β strand upon binding to the PDZ domain. 

PBID: 1BE9, from Doyle et al., 1996.  
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Figure 1.7. PAGE NIR gel of SNAP-epitope tagged 1-AR subtypes. HEK293 cells were 

transfected with empty vector (SNAP) or indicated SNAP-epitope tagged 1-AR receptor 

subtype. Lysates were labeled with SNAP substrate, BG-782, subjected to SDS PAGE 

electrophoresis, and imaged using a LI-COR imager. Red square indicated 1D-AR N-terminal 

cleavage products. Image modified from Kountz et al., 2016. 
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Figure 1.8. Predicted phosphorylation sites of 1D-AR N-terminus. The 1D-AR N-terminal 

sequence was analyzed for potential phosphorylation potential using NetPhos 3.1 (Blom et al., 

1999).  
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Tables for Chapter 1 

 

Cell Type 1D-AR PDZ proteins Non-PDZ proteins 

Tissue % Cov #UP Name % Cov #UP Name % Cov #UP 

HEK293T 15.4 9 SCRIB 10.7 12 CTNNAL1 1.1 1 

Kidney   SNTB1 27.9 11 DMD 3 10 

   SNTB2 42.4 19 DTNA 17.6 50 

      UTRN 17 50 

HeLa 10.0 4 SCRIB 13.5 8 CTNNAL1 13.6 8 

Cervix   SNTA 6.3 4 DTNA 4 9 

   SNTB1 27.7 13 DTNB 17.3 8 

   SNTB2 37.6 26 UTRN 20.3 62 

A549 2.6 2 SCRIB 2.3 2 DMD 8.5 4 

Lung   SNTB2 32.4 17 DTNB 6.3 4 

      MAPK1 4.7 2 

      UTRN 11.3 36 

MCF-7 9.8 3 SCRIB 4.9 6 DMD 7.4 4 

Breast   SNTB2 27.4 15 DTNA 26.1 9 

      DTNB 7.9 5 

      MAPK1 9.2 4 

      MAPK3 9.8 3 

      UTRN 15.7 48 

A375 2.6 2 SCRIB 2.8 2 DMD 4.5 2 

Skin   SNTB2 9.6 28 DTNA 8.7 4 

      DTNB 5 3 

      UTRN 9.6 28 

SW480 8.6 5 CASK 5.1 4 CTNNAL1 10.9 7 

Colon   DLG1 7.2 5 DTNA 11 3 

   LIN7A 7.7 1 DTNB 17.1 9 

   SCRIB 8.8 12 PPFIA1 11.1 8 

   SNTB1 37 20 PPFIBP1 12.9 9 

   SNTB2 43.9 26 UTRN 22.5 76 
  

Table 1.1. 1D-AR PDZ interactors identified by TAP MS/MS in multiple cell types. Data 

shown include cell type and source tissue; % Cov = percent peptide coverage; #UP = number of 

unique peptides. Data from Camp et al., 2015.  
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Chapter 2 – Scribble cooperatively binds multiple 1D-AR C-terminal PDZ ligands 

2.1 Introduction 

 G protein-coupled receptors (GPCRs) account for ~4% of the human genome and are 

targets for ~30% of FDA approved drugs (Overington et al., 2006). Typically these medications 

compete with endogenous ligands for orthosteric binding sites, hindering drug selectivity due to 

the similarity of binding pockets amongst closely related GPCRs. Thus, there is great interest in 

identifying novel sites to modulate GPCR signaling. To this end, a growing body of research has 

focused on identifying and characterizing the functional roles of GPCR interacting proteins. Two 

prominent examples are the -arrestins (Shukla et al., 2011); and PDZ (PSD95/Dlg/ZO-1) 

domain containing proteins, which typically interact with C-terminal PDZ ligands (Ritter and 

Hall, 2009; Romero et al., 2011). Since the discovery that rhodopsin interacts with inaD 

(Tsunoda et al., 1997) and 2-adrenergic receptor (AR) with NHERF (Hall et al., 1998), 

significant effort has been put forth to understand GPCR:PDZ protein interactions and their 

potential as drug targets (Xu et al., 2001; Gage et al., 2005; Guillaume et al., 2008; Lauffer et 

al., 2010; Dunn and Ferguson, 2015). For example, pharmacological disruption of the 

nNOS:NOS1AP:PSD95:NMDAR protein complex provides an alternative approach to NMDAR 

antagonists for treating neuropathic pain (Carey et al., 2017; Lee et al., 2018a; 2018b) and 

neuronal excitotoxicity (Li et al., 2013), demonstrating the therapeutic potential of targeting PDZ 

protein interactions to selectively modulate membrane protein function.  

Of the three 1-AR GPCR subtypes (1A, 1B, 1D) that respond to the endogenous 

catecholamines epinephrine and norepinephrine, only the 1D-AR subtype contains a C-terminal 

Type I PDZ ligand. Yeast 2-hybrid (Chen et al., 2006) and tandem-affinity purification/mass 

spectrometry (Lyssand et al., 2010) screens initially revealed the 1D-AR PDZ ligand interacts 
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with the syntrophin family of PDZ domain containing proteins. Syntrophins enhance 1D-AR 

function via recruiting the Dystrophin Associated Protein Complex (DAPC) and signaling 

effectors, -catulin, liprin and phospholipase-C (Lyssand et al., 2011). Improved proteomic 

analyses subsequently revealed that, in addition to syntrophins, 1D-ARs also interact with the 

multi-PDZ domain containing protein scribble (SCRIB); and that 1D-ARs are expressed as 

modular homodimers, with one 1D-AR protomer bound to SCRIB, the other to syntrophin, in all 

human cell lines examined to date (Camp et al., 2015). Strikingly, the 1D-

AR:SCRIB:syntrophin complex is highly unique – no other GPCRs containing C-terminal Type I 

PDZ ligands have been shown to interact with both SCRIB and syntrophins (Camp et al., 2016). 

Without significant expression of necessary PDZ proteins, 1D-ARs are retained intracellularly 

and produce weak functional responses (Hague et al., 2004; Petrovska et al., 2005; Garcia-

Cazarin et al., 2008), suggesting this protein:protein interaction site has the potential for 

pharmacological modulation. Indeed, numerous diseases are associated with aberrant 1-AR 

function, including hypertension (Server, 1999), benign prostate hypertrophy (Walden et al., 

1999), bladder obstruction (Hampel et al., 2002), schizophrenia (Liu et al., 2015), and post-

traumatic stress disorder (Olson et al., 2011; Raskind et al., 2018). Unfortunately, deleterious 

side effects (i.e. orthostatic hypotension, reflex tachycardia) are frequently observed with chronic 

use of non-selective 1-AR antagonists. For example, the doxazosin portion of the ALLHAT 

anti-hypertensive study was prematurely halted due to increased morbidity (Miller, 2011). Thus, 

selectively targeting the 1D-AR:SCRIB:syntrophin complex may provide therapeutic benefit, 

minus the toxicities associated with non-selective 1-AR ligands. 

Herein, we employed a combination of biophysical, biochemical and cell-based approaches 

to acquire structural insights into the 1D-AR:PDZ protein complex. Together, our data implicate 
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SCRIB PDZ domains 1 and 4 as the primary anchor sites for the 1D-AR. We further highlight 

differences in 1D-AR:PDZ1 versus 1D-AR:PDZ4 interactions by identifying unique residues in 

PDZ4 that are critical for 1D-AR binding.  

 

2.2 Materials and Methods 

Plasmids and Chemicals. Molecular cloning was performed using inFusion HD cloning 

technology (Clontech/Takara Biotech, Mountain View, CA). Constructs used for bacterial 

expression were sub-cloned into a modified pGEX vector to add GST-tags. For mammalian 

expression, constructs were inserted into pGLUE to add streptavidin binding 

protein/TEV/calmodulin binding protein tags; or pSNAPf to add SNAP-epitope tags; or 

pcDNA3.1 to fuse MYC tags. BG-782 SNAP substrate was from New England Biolabs 

(Ipswich, MA). PageRuler Prestained NIR Protein Ladder was used for all PAGE NIR (Thermo 

Fisher Scientific, Waltham, MA). 

 

Cell Culture. Human embryonic kidney (HEK) 293 cells were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 2 mM L-glutamine. 

Cells were transfected with 1 mg/ml polyethyleneimine (PEI) and used ~48h post-transfection. 

For the development of the SNAP-1D-AR stable cell line, G418 was added to the media 24h 

post-transfection. [3H]-Prazosin saturation radioligand binding (data not shown) and PAGE NIR 

(Kountz et al., 2016) were used to verify SNAP-1D-AR protein expression. 

 

Label-free Dynamic mass redistribution (DMR) assays. DMR assays were performed in 384 well 

Corning Epic sensor microplates (Corning, Corning, NY) using the protocol described 
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previously (Kountz et al, 2016). Data were analyzed with GraphPad Prism software (La Jolla, 

CA). 

 

Recombinant Protein Expression & Purification. Recombinant proteins were expressed in 

Rosetta™ (DE3) competent cells (EMD Millipore, Burlington, MA) in Miller LB supplemented 

with 100 μg/mL Ampicillin and 34 μg/mL Chloramphenicol at 37°C until an OD600 = 0.6 – 1.0 

was reached; followed by induction with IPTG (1 mM) at 18°C for 18h. Cells were harvested by 

centrifugation and lysed (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM DTT, Protease 

inhibitors). GST-tagged protein was immobilized on Pierce® glutathione agarose beads (Thermo 

Scientific, Waltham, MA) and washed (20 mM Tris-HCl pH 8.0 and 200 mM NaCl). Bound 

protein was eluted from the beads in wash buffer supplemented with 10 mM glutathione and 

concentration was determined using Bradford assay. Immobilized protein for crystallography 

was incubated with TEV at 4°C for 18h and subjected to size exclusion chromatography using a 

Superdex 75 Increase 10/300 GL (GE Healthcare, Chicago, IL) on an AKTA FPLC (GE 

Healthcare, Chicago, IL) in lysis buffer. The peak 215 nm fractions were collected. SDS-PAGE 

analysis was employed to determine purity, and protein was flash frozen and stored at -80°C 

until needed.  

 

SNAP GST-pulldown Assay. SNAP-1D-C terminal domain (SNAP-1D-CT) was created by 

subcloning cDNA encoding the distal 16 amino acids of the human 1D-C terminal domain into 

the 3’ MCS of pSNAP. SNAP and SNAP-1D-CT were then subcloned into a modified pGEX 

vector to add N-terminal GST tags, expressed in, and purified from E. coli using the previously 

described method (Figure 2.4B). Following TEV cleavage and ion exchange chromatography, 



24  

SNAP-1D-CT was reacted with BG-782 (1 M) for 30 min @ 37°C in the dark. Serial dilutions 

of BG-782:SNAP-1D-CT were subjected to SDS-PAGE and near infrared fluorescence (NIR:  

= 800 nm) was quantified with the LI-COR Odyssey CLx (Figure 2.4C; LI-COR, Lincoln, NE). 

Fluorescence intensity standard curves for SNAP-1D-CT were generated to calculate protein 

concentrations (Figure 2.4D). For GST-pulldown, 25 μL of 1 μM GST-tagged SCRIB proteins 

and 25 μL of BG-782:SNAP-1D-CT were incubated with 25 μL of packed Pierce® glutathione 

agarose beads and rotated in the dark for 1 h at 4°C. Samples were centrifuged @ 500 RPM at 

4°C for 5 min. Supernatant was discarded and beads were washed 3x (20 mM Tris-HCl pH 8.0, 

200 mM NaCl, and 0.05% NP-40). Samples were boiled in SDS-sample buffer, and 10 L 

aliquots were subjected to PAGE NIR. 

 

Affinity Purification/Co-immunoprecipitation. TAP purification was performed using the 

protocol described previously (Camp et al., 2015; 2016). 5 L of 25 M BG-782 was included in 

the 1st overnight solubilization step with 0.5% digitonin to label SNAP-1D-ARs. PAGE NIR 

was used to observe SNAP-1D-AR protein levels. Gels were then transferred to nitrocellulose 

and blotted for anti-HA (#2367, Cell Signaling Technology, Danvers, MA) or anti-MYC (#9B11, 

Cell Signaling Technology, Danvers, MA), then anti-mouse Alexa-Fluor 2° antibodies in the 

700-800 nm range (Invitrogen, Carlsbad, CA). Gels and blots were imaged with the LI-COR 

Odyssey CLx.  

 

Biolayer interferometry (BLI). BLI was performed using the Octet Red 96 system (Pall Forte 

Bio, Fremont, CA). All steps were performed in 20 mM Tris-HCl pH 8.0, 200 mM NaCl, and 

0.1% bovine serum albumin. 50 nM of biotin labeled peptide containing the last 20 amino acids 
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of the 1D-CT (BioMatik, Cambridge, ON) was immobilized to streptavidin coated probes, 

followed by biocytin. The immobilized peptide was incubated in serial dilutions of target 

proteins until steady-state binding was reached. Biocytin was used to determine non-specific 

binding. For reverse BLI, GST-SCRIB was immobilized using anti-GST probes, and then 

incubated in serial dilutions of biotin labeled 1D-CT.  

 

Cell Surface Assay. HEK293 cell surface expression of SNAP-1D-AR was quantified with cell 

impermeable SNAP-substrate BG-782 using the method described previously (Kountz et al., 

2016). TO-PRO-3 nuclear stain was used to normalize samples according to cell number. Data 

were analyzed with GraphPad Prism software. 

 

X-ray crystallography. SCRIB PDZ4 R1110G was concentrated to 11 mg/mL in 20 mM Tris at 

pH 8.0, 200 mM NaCl, and 5 mM DTT and screened against crystallization conditions using a 

Mosquito Liquid Handler (TTP Labtech, Cambridge, MA). Final crystals were obtained in 21% 

PEG 3,350 and 0.25 M Ammonium Nitrate. Crystals were flash frozen in mother liquor 

supplemented with 15% glycerol. All diffraction data was collected at the Advanced Light 

Source at Berkeley on beam line 8.2.1, integrated with XDS (Kabsch, 2010), and scaled with 

AIMLESS (Evans, 2006; Winn et al., 2011). Phases were determined by molecular replacement 

using Phaser (McCoy et al., 2007) and SCRIB PDZ4 (Ren et al., 2015; PDB ID: 4WYT) as a 

search model. The Phaser solution was manually rebuilt over multiple cycles using Coot 

(Emsley and Cowtan, 2004) and refined using PHENIX (Adams et al., 2010). All images were 

generated using the PyMOL Molecular Graphics System, Version 1.74 Schrödinger, LLC. 

Coordinate files have been deposited in the Protein Data Bank under the accession code 6EEY.  
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Molecular Docking. The distal 6 amino acids of the 1D-AR C-terminus, LRETDI, was modeled 

into the canonical B and B binding pocket of Scribble PDZ4 (Ren et al., 2015) using PyMOL 

and submitted to FlexPepDock server (Raveh et al., 2010; London et al., 2011). Models with 

scores greater than -131 were analyzed for hydrogen bonding (1.5-2.5Å) between peptide and 

PDZ4. Only interactions identified in greater than 5 models are reported. 

 

2.3 Results and Discussion 

1D-AR preferentially binds SCRIB PDZ domains 1 and 4 

We previously discovered the 1D-AR interacts with multiple PDZ proteins with cell-type 

specificity: scribble (SCRIB), 1-syntrophin (SNTA), human discs large MAGUK scaffold 

protein 1 (DLG1), and calcium/calmodulin-dependent serine protein kinase (CASK) (Camp et 

al., 2015). With the goal of elucidating the molecular architecture of this unique, modular 

GPCR:PDZ protein complex, we employed BioLayer Interferometry (BLI) to quantify 

equilibrium dissociation constants (KD) for 1D-AR PDZ ligand:PDZ protein interactions (Table 

2.1). cDNAs encoding for the PDZ domains of these proteins were subcloned into a modified 

pGEX vector (pCOOL), expressed in E. coli and purified. Immobilized biotin-labeled peptides 

containing the distal 20 amino acids of 1D-AR (1D-CT) were incubated with purified PDZ 

proteins and subjected to BLI analysis (Figure 2.1A). We first compared 1D-CT binding to 

SCRIB and 1-syntrophin (SNTA), as 1D-ARs were found to interact with both PDZ proteins in 

all human cell lines examined (Camp et al., 2015). Remarkably, 1D-CT bound SCRIB (KD = 70 

± 20 nM; Figure 2.1B) with ~8 higher affinity than SNTA (KD = 0.56 ± 0.14 μM; Figure 2.1C). 

DLG1 (KD = 0.79 ± 0.21 μM; Figure 2.1D) and CASK (KD = 1.15 ± 0.21 μM; Figure 2.1E), 
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similar to SNTA, bind 1D-CT with lower affinity than SCRIB. MPP7, a known interactor of 

DLG1 and CASK (Stucke et al., 2007), displayed negligible 1D-CT binding (Figure 2.1F). The 

combined rank order of affinity for 1D-CT interactions with known PDZ proteins is SCRIB >>> 

SNTA > DLG1 > CASK >>> MPP7 (Figure 2.1G). 1D-CT:SCRIB binding affinity was 

validated by performing reverse BLI on GST-SCRIB probes incubated in serial dilutions of 

biotinylated 1D-CT (KD = 76 ± 20 nM; Figure 2.1H).  

A defining structural characteristic of SCRIB includes the presence of four clustered PDZ 

domains in the C-terminal portion of the polypeptide. Thus, we questioned if 1D-CT selectively 

associates with targeted PDZ domains on SCRIB. Individual PDZ domains were purified as 

GST-fusion proteins from E.coli and subjected to BLI analysis. SCRIB PDZ1 (KD = 1.93 ± 0.49 

μM; Figure 2.2A) and SCRIB PDZ4 (KD = 1.14 ± 0.23 μM; Figure 2.2D) bind 1D-CT with the 

highest affinity, followed by SCRIB PDZ2 (KD = 14.9 ± 5.44 μM; Figure 2.2B) and SCRIB 

PDZ3 (KD = 44.16 ± 13.52 μM; Figure 2.2C).  

Next, SCRIB containing all 4 PDZ domains (WT), SCRIB mutants containing single-PDZ 

domains (PDZ1, PDZ2, PDZ3, PDZ4), and SCRIB lacking all 4 PDZ domains (PDZ) were 

subcloned into the pGlue vector to add N-terminal tandem affinity purification (TAP) epitope 

tags. Next, constructs were transiently transfected into HEK293 cells stably expressing SNAP-

1D-AR. Cell lysates were affinity purified with streptavidin beads. Samples were labeled with 

BG-782 to detect SNAP-1D-AR and imaged with PAGE NIR. As shown in Figure 2.2E, SNAP-

1D-AR co-immunoprecipitated robustly with SCRIB WT, PDZ1, PDZ4, and to a lesser extent, 

with PDZ3. As expected SCRIB PDZ produced no significant SNAP-1D-AR binding. Thus, in 

vitro analysis of 1D-AR:SCRIB interactions concurs with prior in situ BLI results. 

Taken together, these data implicate SCRIB PDZ1 and PDZ4 as the central scaffolds of the 
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1D-AR complex. Based on our discovery that CASK and DLG1 bind with relatively low affinity 

to the 1D-AR PDZ ligand, and that previous studies have reported SCRIB can interact with 

additional PDZ proteins (Stephens et al., 2018), we suspect CASK and DLG1 are recruited to the 

1D-AR complex indirectly by SCRIB. For example, DLG1 can be indirectly recruited to SCRIB 

via GUKH, which interacts with SCRIB PDZ2 in Drosophila synaptic boutons (Mathew et al., 

2002), or LGL  a known interactor with both DLG1 and SCRIB (Kallay et al., 2006; Zhu et al., 

2014). Additionally, DLG1, CASK, and LIN-7A are expressed as a tripartite complex in vitro 

and in vivo (Butz et al., 1998; Borg et al., 1998; Lee et al., 2002), suggesting DLG1 may be 

recruiting CASK and LIN-7A to the 1D-AR complex via indirect interactions with SCRIB. 

 

1D-CT:SCRIB binding is co-operative  

A key finding from BLI studies was the notable difference in 1D-CT binding affinity for 

SCRIB containing all 4 PDZ domains (70 nM) relative to each individual SCRIB PDZ domain 

(1.14 - 44.16 M). The divergent 1D-CT:SCRIB binding affinities are suggestive of a co-

operative binding mechanism, in that the binding of a single 1D-CT PDZ ligand to SCRIB 

enhances the affinity of subsequent intramolecular 1D-CT:SCRIB PDZ binding events. We 

tested this model by quantifying the affinity of SCRIB C-terminal truncation mutants missing 

PDZ4 (PDZ4) or PDZ3 and PDZ4 (PDZ34) with BLI. 1D-CT bound SCRIB PDZ4 (KD = 

0.14 ± 0.02 μM; Figure 2.3A) and SCRIB PDZ34 (KD = 0.16 ± 0.01 μM; Figure 2.3B) with 

~2x lower affinity than SCRIB WT (not significant, One-way ANOVA with Tukey’s post-hoc 

test), but ~6x higher affinity than SCRIB PDZ1 (p = 0.001, One-way ANOVA with Tukey’s 

post-hoc test) or PDZ4 alone (p = 0.07, One-way ANOVA with Tukey’s post-hoc test). In the 

reverse experiment, 1D-CT bound SCRIB PDZ3 and PDZ4 (PDZ34) with substantially lower 
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affinity (KD = 0.34 ± 0.09 μM; Figure 2.3C; not significant, One-way ANOVA with Tukey’s 

post-hoc test) than SCRIB WT, but greater than SCRIB PDZ4 (not significant, One-way 

ANOVA with Tukey’s post-hoc test). Thus, these findings are suggestive of a co-operative 1D-

CT:SCRIB binding modality, and provide additional support for previous studies suggesting 

SCRIB PDZ34 forms a “supramodule” binding site for PDZ ligands (Ren et al., 2015).  

We then tested the ability of SCRIB truncation mutants to co-immunoprecipitate with full 

length 1D-AR in mammalian cell culture. TAP-SCRIB mutants were co-transfected with myc-

1D-AR into HEK293 cells, digitonin-solubilized as cell lysates, immunoprecipitated with 

streptavidin beads and probed for anti-HA (TAP-SCRIB; Figure 2.3D, upper panel) and anti-

myc (1D-AR; Figure 2.3D, lower panels). As shown, successive C-terminal SCRIB deletions 

produced progressive decreases in 1D-AR monomer (Figure 2.3D, bottom panel, 68 kDa) and 

multimer (Figure 2.3D, middle panel, ~250 kDa) signal, whereas SCRIB PDZ produced no 

detectable 1D-AR interaction. Of note, the most dramatic decrease in 1D-AR binding was 

observed with SCRIB containing only PDZ1 (Figure 2.3D, lane PDZ1).  

Next, SNAP GST-tag pulldown assays were used to test the proposed co-operative model of 

1D-AR:SCRIB binding. The experimental approach involved the creation of a novel reporter 

construct: a SNAP-epitope tag adjacent to the N-terminus of the distal 16 amino acids of the 1D-

CT (SNAP-1D-CT). PAGE near infrared (NIR) analysis of HEK293 cell lysates transfected with 

SNAP-1D-CT displayed protein bands of expected size 21.7 kDa (Figure 2.4A). Next, GST-

SNAP-1D-CT was expressed in and purified from E. Coli, then eluted via TEV cleavage (Figure 

2.4B). SNAP-1D-CT was pre-labeled with 1 M SNAP-substrate BG-782 and subjected to 

PAGE NIR/LICOR Odyssey NIR imaging (Figure 2.4C) to generate a standard curve (Figure 

2.4D). Glutathione agarose beads were incubated with previously described GST-SCRIB 



30  

constructs, mixed with serial dilutions of labeled SNAP-1D-CT, eluted, and analyzed with 

PAGE NIR. 10 M BG-782 pre-labeled SNAP-1D-CT was included in each gel as a 

normalization control (Figure 2.4E, F, G, denoted as INPUT). In accordance with previous BLI 

experiments, SCRIB WT bound SNAP-1D-CT in a concentration-dependent manner (Figure 

2.4E), with higher avidity than PDZ4 (Figure 2.4F; p < 0.0001, One-way ANOVA with Tukey’s 

post-hoc test) or PDZ1 (Figure 2.4G; p < 0.0001, One-way ANOVA with Tukey’s post-hoc test). 

Interestingly, SCRIB PDZ4 (~48% of SCRIB WT; p < 0.0001, One-way ANOVA with 

Tukey’s post-hoc test) and PDZ34 (~34% of SCRIB WT; p < 0.0001, One-way ANOVA with 

Tukey’s post-hoc test) produced maximal SNAP-1D-CT binding responses that were less than 

SCRIB WT, yet greater than single SCRIB PDZ domain constructs (<10% of SCRIB WT, 

Figure 2.4H; p < 0.0001, One-way ANOVA with Tukey’s post-hoc test). Taken together, our 

findings support the model that multiple 1D-AR CT PDZ ligands bind a single molecule of 

SCRIB via a co-operative mechanism.  

A similar model has been proposed for numerous proteins containing multiple PDZ domains 

(Grootjans et al., 2000; Long et al., 2003; Grembecka et al., 2006; Dicks et al., 2019). For 

example, PDZ domains 1 and 2 of PSD-95 exhibit greater affinity for binding partners Kv1.4, 

NR2B, and CRIPT when expressed in tandem (Long et al., 2003). The PDZ domains of syntenin 

also work co-operatively to bind syndecan dimers – syntenin PDZ2:syndecan interaction is a pre-

requisite for syntenin PDZ1:syndecan binding (Grootjans et al., 2000; Grembecka et al., 2006). 

A recent study similarly found that PDZ domains 2 and 3 of PTPN13 show enhanced binding for 

the PDZ ligand of APC when expressed together compared to individual domain constructs 

(Dicks et al., 2019). These previously characterized interactions further support our findings that 

the 1D-CT:SCRIB interaction is co-operative. 
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Structure-function analyses identify R1110PDZ4 as a selectivity determinant for 1D-CT binding 

We next compared 1D-CT:SCRIB binding parameters to previously identified SCRIB PDZ1 

and PDZ4 interactors. SCRIB PDZ1 interacts with >20 proteins (Stephens et al., 2018), whereas 

PDZ4 interacts with NOS1AP (Richier et al., 2010), APC (Takizawa et al., 2006), p22phox 

(Zheng et al., 2016), NMDA receptor subunits GluN2A and GluN2B (Piguel et al., 2014), and 

DLC3 (Hendrick et al., 2016). Remarkably, 1D-CT has the highest reported affinity to date of 

all reported SCRIB PDZ4 interactors. For example, the PDZ ligand of p22phox binds SCRIB 

PDZ4 with KD = 40 μM (Zheng et al., 2016), whereas the NMDA receptor PDZ ligands bind 

SCRIB PDZ4 with KD > 150 μM (Piguel et al., 2014). Thus, targeting SCRIB PDZ4 may 

provide the highest opportunity to disrupt 1D-AR function without perturbing other SCRIB 

complexes. 

We first investigated the impact of SCRIB PDZ4 on 1D-AR functional responses. Label-free 

dynamic mass redistribution (DMR) signaling assays were performed using HEK293 cells stably 

expressing SNAP-1D-AR alone or transiently co-expressing SCRIB WT, SCRIB PDZ4 or 

SCRIB PDZ4. Concentration-response curves were generated for the selective 1-AR agonist 

phenylephrine to facilitate efficacy comparison between transfection conditions. As shown, 

phenylephrine efficacy was enhanced by all SCRIB constructs with rank order WT > PDZ4 > 

PDZ4 > pGLUE vector control (Figure 2.5A). Next, the ability of SCRIB mutants to promote 

1D-AR plasma membrane trafficking were assessed using a 96-well plate near infrared imaging 

cell surface assay. The rank order of SCRIB constructs for promoting 1D-AR plasma membrane 

trafficking was WT > PDZ4 > PDZ4 > pGlue (Figure 2.5B, C). We have previously reported 

that -syntrophin interacts with 1D-AR in the endoplasmic reticulum (Lyssand et al., 2008), and 
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that SCRIB and syntrophin co-localize and compete for the PDZ ligand of 1D-CT (Camp et al., 

2015). Therefore, we propose the 1D-AR:SCRIB interaction occurs in the endoplasmic 

reticulum to facilitate trafficking to the plasma membrane. However, further studies are 

warranted to determine the precise mechanism and machinery by which this complex formation 

is regulated. 

Functional studies indicate targeting SCRIB PDZ4 alone may be a useful approach to 

modulate 1D-AR processes in vivo. However, this requires a thorough understanding of the 

structural determinants governing selectivity of the 1D-CT PDZ ligand for SCRIB PDZ4. 

Molecular docking that employed the solved crystal structure of SCRIB PDZ4 (PDB ID: 4WYT; 

Raveh et al., 2010; London et al., 2011; Ren et al., 2015) was used to predict 1D-CT:SCRIB 

PDZ4 interactions. Our model identified D5711D-AR:R1110PDZ4 of the carboxylate binding loop 

and T5701D-AR:H1170PDZ4 of -helixB as possible 1D-CT PDZ ligand interaction sites within 

SCRIB PDZ4 (Figure 2.5D). SCRIB PDZ domain sequence alignment revealed that R1110, but 

not H1170, is unique to PDZ4, suggesting that this residue may be responsible for the specificity 

of 1D-AR to PDZ4 (Figure 2.5E). In support of our structural prediction, purified PDZ4 

harboring either R1110G or H1170A mutations ablates 1D-CT binding (Figure 2.5F).  

Previous structural and biophysical studies have identified homologous histidine residues 

within Type I PDZ domains that control ligand specificity (Doyle et al., 1996; Songyang et al., 

1997; Babault et al., 2011; Mamonova et al., 2017). However, the structural role of R1110 is 

unknown. To resolve the mechanistic underpinnings of this interaction, the crystal structure of 

PDZ4 R1110G was solved to 1.15 Å resolution (Figure 2.5G; Table 2.2). A superposition of the 

R1110G mutant with WT PDZ4 reveals a 4.5 Å shift of the carboxylate binding loop (Figure 

2.5H). We predict this shift creates steric hindrance that prevents the interaction between 
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I5721D-AR and PDZ4. Previous studies have found PDZ ligand:PDZ domain interactions are 

dictated by interactions of the C-terminal residue of the PDZ ligand (Doyle et al., 1996; Stricker 

et al., 1997; Babault et al., 2011). For example, in situ peptide library screens revealed 89% of 

peptides interacting with the PDZ domain of nNOS contain a C-terminal valine (Stricker et al., 

1997). Thus, we propose that preventing I5721D-AR from interacting with PDZ4 is sufficient to 

inhibit 1D-CT binding. 

Finally, we leveraged the information gathered from our structural studies to understand how 

mutations in either PDZ1 and/or PDZ4 affect the 1D-CT interaction in context of the core 

binding protein, SCRIB. This involved introducing H793A PDZ1 and H1170A PDZ4 mutations 

into GST-SCRIB (Figure 2.6A, schematic) and subjecting to 1D-CT BLI analysis. As shown, 

SCRIB H1170A retains significant 1D-CT binding with affinity (KD = 0.32 ± 0.08 μM; Figure 

2.6A) similar to the SCRIB PDZ34 construct (Figure 2.3D). Mutating the equivalent amino acid 

in SCRIB PDZ1, H793A, produced a species that retains 1D-CT binding, with ~20x lower 

affinity (KD = 7.34 ± 4.53 μM; Figure 2.6B) than SCRIB PDZ4 H1170A. Strikingly, introducing 

both H793A and H1170A mutations into SCRIB abolished 1D-CT binding as measured by BLI 

(Figure 2.6C).  

Previous studies have identified a large, macromolecular complex containing PDZ proteins 

and non-PDZ proteins (Chen et al., 2006; Lyssand et al., 2008; Lyssand et al., 2010; Camp et al., 

2015). However, the presence of a PDZ ligand on the distal C-terminal of 1D-AR is essential for 

complex formation. Thus, the purpose of this study was to identify the primary PDZ domain 

interaction which anchors this complex. Using Octet BLI, we were able to identify Scribble, 

specifically PDZ domains 1 and 4, as the primary interface for the 1D-AR PDZ ligand. We also 

developed a novel semi-quantitative in vitro GST pulldown assay by harnessing the power and 
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sensitivity of the SNAP-epitope tag. From this assay, we were able to establish a relative 

stoichiometry which suggests that Scribble is able to anchor multiple 1D-AR PDZ ligands in a 

cooperative mechanism. Using structural modeling and x-ray crystallography, we identified a 

unique side-chain interaction at D5711D-AR:R1110PDZ4. We further show that mutating R1110 to 

disrupt this interface inhibits 1D-CT binding. Therefore, we posit that disrupting this interaction 

is a potential drug target to specifically modulate 1D-AR signaling in disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________________________________________________________________ 

Abbreviations: GPCR, G protein-coupled receptor; FDA, Food and Drug Administration; PDZ, 

PSD95/Dlg/ZO-1; AR, adrenergic receptor; NHERF, Na+/H+ exchanger regulatory factor; 

nNOS, neuronal nitric oxide synthase; NOS1AP, nitric oxide synthase 1 adaptor protein; PSD95, 

post-synaptic density 95; NMDAR, N-methyl-D-aspartate receptor; DAPC, dystophin associated 

protein complex; SCRIB, scribble; ALLHAT, Antihypertensive and Lipid-Lowering Treatment 

to Prevent Heart Attack Trial; GST, glutathione S-transferase; HEK, human embryonic kidney; 

DMR, dynamic mass redistribution; BLI, biolayer interferometry; SNTA, 1-syntrophin; DLG1, 

human discs large MAGUK scaffold protein 1; CASK, calcium/calmodulin-dependent serine 

protein kinase; KD, equilibrium dissociation constants; 1D-CT; C-terminal of 1D-AR; MPP7, 

Membrane Palmitoylated Protein 7; TAP, tandem affinity purification; GUKH, GUK holder; 

LGL, lethal giant larvae 
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Figures for Chapter 2 

Figure 2.1. In situ affinity determination of 1D-adrenergic receptor C-terminal PDZ 

ligand:PDZ protein interactions. (A) Real-time biolayer interferometry (BLI) 

association/dissociation curve measuring binding of 1D C-terminus (1D-CT) to purified 

scribble (SCRIB). Biotin-labeled 1D-CT was immobilized to streptavidin probes. Indicated 

concentrations of SCRIB were used as analytes. (Bio. = Biocytin, Diss. = Dissociation). (B-F) 

Quantified BLI binding data for biotin labeled 1D-CT binding to (B) SCRIB, (C) 1-syntrophin 

(SNTA), (D) human discs large MAGUK scaffold protein 1 (DLG1), (E) calcium/calmodulin 

dependent serine protein kinase (CASK), and (F) membrane palmitoylated protein 7 (MPP7). (G) 

Comparative analysis of BLI concentration-response curves for 1D-CT:PDZ protein association 

binding. (H) Reverse BLI assay of purified 1D-CT (analyte) bound to immobilized biotin-

labeled SCRIB (probe). Data are presented as mean ± SEM, n = 3. 
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Figure 2.2. In situ and in vitro analysis of 1D-adrenergic receptor C-terminal PDZ 

ligand:SCRIB single PDZ domain interactions. (A-D) Biolayer interferometry (BLI) analyses 

of immobilized biotin-labeled 1D-CT binding to (A) SCRIB PDZ domain 1 (PDZ1), (B) SCRIB 

PDZ domain 2 (PDZ2), (C) SCRIB PDZ domain 3 (PDZ3) and (D) SCRIB PDZ domain 4. BLI 

data are presented as mean ± SEM, n = 3. (E) Top panel, PAGE NIR of BG-782 labeled SNAP-

1D-AR co-immunoprecipitated with TAP-SCRIB containing all 4 PDZ domains (WT), PDZ 

domain 1 (PDZ1), 2 (PDZ2), 3 (PDZ3) or 4 (PDZ4), or no PDZ domains (ΔPDZ) from HEK293 

cell lysates. Bottom panel, Anti-HA western blot of upper gel for listed TAP-SCRIB constructs. 

◄ indicates SNAP-1D-AR monomer band.  
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Figure 2.3. In situ and in vitro analysis of 1D-AR C-terminal PDZ ligand:SCRIB 

truncation mutant interactions. (A-C). Biolayer interferometry (BLI) analyses of 1D-CT 

binding to SCRIB PDZ4 (A), SCRIB PDZ34 (B) and SCRIB PDZ34 (C). BLI data are 

presented as mean ± SEM, n = 3. (D)  Co-immunoprecipitation of myc-1D-AR with transfection 

vehicle (- vector), empty pGlue vector (+ vector), TAP-SCRIB containing all 4 PDZ domains 

(WT), or sequentially truncated at the C-terminus (CT), PDZ domain 4 (PDZ4), PDZ domain 3 

(PDZ34), PDZ domain 2 (PDZ1) or PDZ domain 1 (PDZ) from HEK293 cell lysates. Shown 

are western blots of TAP-SCRIB constructs (top panel), myc-1D-AR multimers (middle panel) 

and monomers (bottom panel). 
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Figure 2.4. SNAP-1D-AR C-terminal PDZ ligand:GST-SCRIB pulldown assays indicate a 

co-operative binding model. (A) PAGE NIR of HEK293 cell lysates transfected with vehicle 

alone (- vector), pSNAP vector (SNAP), N-terminal SNAP-tagged 1D-AR C-terminus (1D-

CT), 1A, 1B and 1D-AR. (B) Coomassie stain of GST-SNAP-1D-CT purification ± IPTG 

induction, unbound (FT), bound to beads (B), following TEV cleavage (+TEV) and anion 

exchange chromatography (AEX). (C) PAGE NIR of purified SNAP-1D-CT pre-labeled with 

BG-782. (D) SNAP-1D-CT standard curve plotting concentration of BG-782 labeled SNAP-

1D-CT versus fluorescence quantified at  = 800 nm. (E-G) Representative PAGE NIR gels of 

SNAP-1D-CT pulldowns with GST-SCRIB (E), GST-PDZ4  (F), or GST-PDZ1 (G).  (H) 

Concentration-response curves quantifying SNAP-1D-CT bound to GST-SCRIB, SCRIB 

truncated before PDZ domain (PDZ4), before PDZ domain 3 (PDZ34), SCRIB PDZ1, or 

SCRIB PDZ4 (mean ± SEM, n = 3-4). *** = p < 0.001, One-way ANOVA with Tukey’s post-

hoc test. 
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Figure 2.5. Structure-function analysis of the 1D-CT:SCRIB PDZ4 interaction. (A) 

Dynamic mass redistribution assays quantifying phenylephrine efficacy in HEK293 cells stably 

expressing SNAP-1D-AR alone, or transfected with SCRIB WT, PDZ4, or SCRIB containing 

only PDZ domains 1, 2 and 3 (PDZ4). Data are the mean of 12 replicates ± SEM. (B) Cell 

surface expression of SNAP-1D-AR in HEK293 cells transfected with vector control (pGlue), 

ΔPDZ4, PDZ4, or SCRIB WT (top panel, green); nuclear stain TO-PRO-3 was used to 

normalize for cell number (bottom panel, red). (C) Quantification of data from B (mean ± SEM, 

n = 3, 6 replicates; *** = p < 0.001 from pGLUE, One-way ANOVA with Tukey’s post-hoc 

tests). (D) Molecular docking model of 1D-CT:SCRIB PDZ4 interaction (purple = PDZ4, green 

= 1D-CT, PDB ID = 4WYT used for model). (E) Sequence alignment of SCRIB PDZ domains 

(boxes indicate residues identified in D). (F) Biolayer interferometry (BLI) analysis of SCRIB 

mutations H1170A and R1110G on 1D-CT binding (mean ± SEM, n = 3). (G) X-ray 

crystallography structure of SCRIB PDZ4 R1110G (mutation highlighted in blue; PDB ID = 

6EEY). (H) R1110G (orange) causes a 4.5 Å shift in carboxylate binding loop, as determined by 

superposition with WT PDZ4 (purple).  
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Figure 2.6. Biolayer interferometry analysis of 1D-AR C-terminal PDZ ligand:SCRIB 

H793A/H1170A interactions. Biolayer interferometry (BLI) was used to quantify 1D-CT 

binding to full length SCRIB containing point mutations H1170A (A), H793A (B),  or both 

H793A and H1170A (C). ▼ indicate the SCRIB PDZ domain harboring the denoted H→A 

mutation. Data are presented as mean ± SEM, n = 3. 
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Tables for Chapter 2 

 

Analyte KD (uM) SEM 

SCRIB 0.07 0.024 

PDZ1 1.93 0.49 

PDZ2 14.9 5.44 

PDZ3 282.7 543 

PDZ4 1.144 0.2332 

Δ34 0.16 0.01 

Δ4 0.1399 0.016 

1D-CT 0.076 0.02 

H1170A NB NB 

R1110G NB NB 

hDLG1 0.79 0.21 

Syntrophin 0.5644 0.14 

Cask 1.151 0.212 

MPP7 NB NB 

Lin7a 75.19 42.36 

Scrib PDZ34 0.3475 0.09245 

SCRIB H793A/H1170A NB NB 

SCRIB H793A 7.34 4.53 

SCRIB H1170A 0.32 0.08 

Table 2.1. Binding affinities as determined by BLI. Data represents average of 2-3 

experiments. 
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 SCRIB PDZ4 R1110G 

Data collection  

Space group P 1 21 1 

Cell dimensions  

    a, b, c (Å) 27.29, 40.24, 32.26 

 ()  90, 97.85, 90 

Resolution (Å) 31.96 - 1.145 (1.186 - 1.145)* 

Rmerge 0.06674 (0.07563)* 

I / I 12.82 (3.48)* 

Completeness (%) 82.58 (3.40)* 

Redundancy 4.4 (1.0)* 

  

Refinement  

Resolution (Å) 31.96 - 1.145 (1.186 - 1.145)* 

No. reflections 20613 (85)* 

Rwork / Rfree 0.1571 (0.1385)/ 0.1818 

(0.1574)* 

No. atoms 1646 

    Protein 692 

    Ligand/ion -- 

    Water 131 

B-factors  

    Protein 7.36 

    Ligand/ion -- 

    Water 16.20 

R.m.s. deviations  

    Bond lengths (Å) 0.008 

    Bond angles () 1.35 

Table 2.2. Data collection and refinement statistics for Scribble PDZ4 R1110G mutant 

(molecular replacement). 
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Chapter 3 - N-glycosylation of 1D-AR N-terminal domain is required for correct 

trafficking, function, and biogenesis 

3.1 Introduction 

G protein-coupled receptors (GPCRs) are essential membrane proteins that regulate the vast 

majority of physiological functions in the human body. As a result, GPCRs have been estimated 

to be targeted by approximately one third of all currently approved medications (Overington et 

al., 2006). Adrenergic receptors (ARs) are a clinically relevant subfamily of GPCRs. Activated 

by the endogenous sympathetic neurotransmitters epinephrine and norepinephrine, adrenergic 

GPCRs consist of three major subtypes: 1, 2, and β. The 1 sub-family – containing 1A, 1B, 

and 1D subtypes (Docherty, 2010) – are targets for medications that regulate blood pressure 

(Tanoue et al., 2002; Lyssand et al., 2008), bladder (Hampel et al., 2002; Bouchelouche et al., 

2005), prostate (Walden et al., 1991; Kojima et al., 2011), and central nervous system function 

(Olson et al., 2011; Perez and Doze, 2011; Raskind et al., 2013). Thus, understanding the 

molecular and cellular mechanisms regulating 1-AR function will help spur the development of 

new medications associated with aberrant 1-AR signaling, such as hypertension, PTSD, 

schizophrenia and benign prostatic hypertrophy (Cotecchia et al., 2015; Fusco et al., 2016; 

Hendrickson and Raskind, 2016; Akinaga et al., 2019). 

Among the three 1 subtypes, the 1D-AR remains poorly understood due to technical 

challenges. Relative to the closely related 1A and 1B-AR subtypes, 1D-AR displays limited 

functional responses and minimal plasma membrane expression when expressed in heterologous 

cell culture (Hague et al., 2004; Petrovska et al., 2005; Garcia-Cazarin et al., 2008). Although 

pharmacologically detectable in intact isolated aortae in organ-tissue bath assays (Piascik et al., 

1995), 1D-AR functional expression rapidly disappears in primary vascular smooth muscle cell 
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cultures within 24-48 hours (Fan et al., 2009). Also, immortalized cell lines that endogenously 

express 1D-ARs have yet to be discovered. Combined, these experimental clues indicate the 

molecular and cellular mechanisms governing 1D-AR functional expression in cells are unique 

amongst the 1-AR subtypes, and thus may be targeted by novel drugs to exogenously regulate 

1D-AR signaling in human disease. 

Important clues towards solving why 1D-ARs are poorly expressed in cell culture include 

two structural features distinct to the 1D-AR: (A) a C-terminal PSD-95/Dlg/ZO-1 (PDZ) ligand 

that ensures the formation of a modular, homodimeric macromolecular complex via binding to 

PDZ-domain containing proteins Scribble and syntrophin (Chen et al., 2006; Lyssand et al., 

2010; Lyssand et al., 2011; Camp et al., 2015; Janezic et al., 2019); and (B) an atypical 

extracellular N-terminal domain (NTD). The average NTD for class A GPCRs is 40 amino acids 

(Wallin and von Heijne, 1995), making the 95 amino acid 1D NTD unusually long. We, and 

others, have previously demonstrated the 1D-AR NTD contains an endoplasmic reticulum (ER) 

retention signal (Pupo et al., 2003; Hague et al., 2004; Petrovska et al., 2005), and that the NTD 

undergoes an endogenous cleavage event that enhances 1D-AR plasma membrane trafficking 

and agonist-stimulated functional responses (Kountz et al., 2016). Unfortunately, the 

mechanisms by which the NTD regulates 1D-AR trafficking and function are unknown. 

GPCR trafficking is a highly complex process that is regulated in part by multiple factors, 

including Rab GTPases (Wu, 2012; Li et al., 2017), TBC domain-containing proteins (Wei et al., 

2019), GPCR oligomerization (Balasubramanian et al., 2004; Uberti et al., 2005), N-terminal 

cleavage (Nordström et al., 2006; Dunham et al., 2009; Hakalahti et al., 2010; Mattila et al., 

2016), and N-terminal translocation and glycosylation in the ER lumen (Petäjä-Repo et al., 2000; 

Andersson et al., 2003; Van Craenenbroeck et al., 2005; Chitwood et al., 2018). Previous studies 
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employed WGA lectin and deglycosylating enzymes to demonstrate endogenous -ARs are 

glycosylated in rat brain (Sawutz et al., 1987), but were unable to determine if individual 1-AR 

subtypes were glycosylated due to technical limitations (Jensen et al., 2009). Subsequent studies 

have produced conflicting results (Björklöf et al., 2002; Vicentic et al., 2002; Pupo et al., 2003; 

Lopez-Gimenez et al., 2007), and as a result, it remains unclear how NTD glycosylation 

regulates 1-ARs physiological function. Interestingly, the 1D-AR NTD contains two putative 

N-glycosylation sites located at N65 and N82 (Perez et al., 1991). In this study, we leverage 

SNAP-epitope tag labeling and label-free dynamic mass redistribution technology to show, for 

the first time, that the 1D-AR NTD is dual glycosylated, thereby ensuring proper biosynthesis 

and trafficking of nascent receptors. 

 

3.2 Materials and Methods 

Plasmids and Chemicals. Molecular cloning was performed using inFusion HD cloning 

technology (Clontech/Takara Biotech, Mountain View, CA). The pSNAPf and pCLIP vector, as 

well as SNAP substrates, BG-782 and Alexa Fluor 488, and CLIP substrate, BC-680 were 

purchased from New England Biolabs (Ipswich, MA). PageRuler Prestained NIR Protein Ladder 

was used for all PAGE NIR analyses (Thermo Fisher Scientific, Waltham, MA). 

 

Cell culture. Human Embryonic Kidney (HEK) 293 cells were grown in Dulbecco’s Modified 

Eagle’s Medium (Corning, Corning, NY) supplemented with 10% fetal bovine serum and 2 mM 

L-glutamine at 37°C in 5% CO2. Cells were used ~48 hrs post-transfection with 

polyethyleneimine.  
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Lentil Lectin Affinity Purification. Cells were lysed in 20 mM Tris-HCl (pH 8), 200 mM NaCl, 5 

mM DTT, and 1% NP-40 on ice for 20 min. with vortexing every 5 min, followed by 14K RPM 

centrifugation at 4°C for 10 min. The soluble fraction was incubated with Lentil Lectin 

Sepharose 4B beads (GE Healthcare, Chicago, IL) and 1 μL of 25 μL BG-782 for 1 hr at room 

temperature. Beads were pelleted and washed 3X in excess lysis buffer. Bound protein was 

eluted with lysis buffer supplemented with 200 mM methyl--D-mannopyranoside at 37°C 

shaken at 300 RPM for 10 min. Elutant was collected and subjected to SDS-PAGE 

electrophoresis, followed by PAGE NIR analysis using a Li-COR Odyssey CLx (LI-COR, 

Lincoln, NE; Kountz et al., 2016; Camp et al., 2016; Janezic et al., 2019). 

 

Tunicamycin Treatment. HEK293 cells were transfected with WT SNAP-1D. 24 hr after 

transfection, cells were washed 3X with PBS, and incubated with media containing 5 ug/mL of 

tunicamycin or 95% EtOH vehicle for 16 hr. Following incubation, cells were washed 3X with 

ice cold PBS, lysed, subjected to SDS PAGE, and analyzed by PAGE NIR as described above.  

 

Bortezomib Treatment. HEK293 cell were transfected with either S-WT-C or S-NQQ-C. 24 hr 

after trransfections, cells were treated with 1 μM of bortezomib or DMSO vehicle for 24 hr. 

Following treatment, cells were lysed and lysate analyzed via PAGE NIR. 

 

Protease Inhibitor Treatment. HEK293 cell were transfected with either S-WT-C or S-NQQ-C. 

24 hr after trransfections, cells were treated with of Pierce™ Protease Inhibitor cocktail (Thermo 

Scientific, Rockford, IL) using a 1:200 dilution or vehicle for 24 hr. Cells were then lysed and 

lysates were analyzed using PAGE NIR analysis. 
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SNAP MS/MS. HEK293 cells were transiently transfected with either WT or NQQ SNAP-1D for 

48 hrs. Cells were collected and lysed as above, with the addition of end-over-end rocking for 2 

hrs. at 4°C prior to centrifugation to remove insoluble fraction. Each condition was divided into 

4 1.5 mL tubes for 16 hr. incubation with 20 μL of packed SNAP-Capture pull-down resin (New 

England Biolabs, Ipswich, MA) at 4°C with end-over-end rocking. Beads were washed 3X with 

lysis buffer, transferred to new 1.5 mL tubes and washed 3X with 20 mM Tris-HCl pH 8.0 and 2 

mM CaCl2. After the final wash the saturated beads were incubated with 20 mM Tris-HCl pH 8.0 

supplemented with 5 mM DTT for 30 min at 60°C with agitation, followed by incubation with 

15 mM iodoacetamide for 10 min at RT. Denatured protein was then incubated with 1.5 μg of 

Trypsin (Sigma, St. Louis, MO) and 1.5 μg of Glu-C endoprotease (Thermo Fisher Scientific, 

Waltham, MA) for 16 hr at 37°C with vigorous agitation. Peptides were collected and acidified 

using formic acid (FA) to a final concentration of 1% FA and desalted using StageTips  

(Schindelin et al., 2012). Peptides were eluted from StageTips using elution buffer (40% 

acetonitrile, 1% FA), dried down and re-suspended in 8% acetonitrile, 1% FA. Samples were 

then loaded on a self-pulled 360 µm OD x 100 µm ID 15 cm column with a 7 µm tip packed 

with 3 µm Reprosil C18 resin (Dr. Maisch, Germany). Peptides were analyzed by nanoLC-MS in 

a 90 minutes linear gradient from 6% to 38% buffer B (buffer A: 0.1% acetic acid; buffer B: 

0.1% acetic acid, 80% acetonitrile) (Thermo EASY nLC 1200) on an Orbitrap Fusion Lumos 

Tribrid Mass Spectrometer. Orbitrap FTMS spectra (R = 60 000 at 200 m/z; m/z 350–1600; 7e5 

target; max 20ms ion injection time) and Top Speed data-dependent acquisition with 3 second 

cycle time; HCD MS/MS spectra (R = 30 000 at 200 m/z; 31% CE; 5e4 target; max 100 ms 

injection time) were collected with an intensity filter set at 2.5e4 and dynamic exclusion for 45 
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second. Mass spectra were searched against the UniProt human reference proteome downloaded 

on February 20th, 2020 with the addition of SNAP-tag-ADRA1D sequence using MaxQuant 

v1.6.10.43. Detailed MaxQuant settings: samples were set to fraction 1 and 5 for NQQ mutant 

and WT, respectively, to allow within-group “match between run”; Trypsin/P and Glu-C were 

selected in digestion setting. Other settings were kept as default.  

 

Label free dynamic mass redistribution (DMR) assay. DMR assays were performed in 384-well 

Corning Epic microsensor plates (Corning, Corning, NY) using previously described protocols 

(Camp et al., 2016; Kountz et al., 2016; Harris et al., 2017; Janezic et al., 2019). Data were 

analyzed using GraphPad Prism (La Jolla, CA).  

 

Cell surface assay. Cell surface assay was performed as described previously (Kountz et al., 

2016; Camp et al., 2016; Janezic et al., 2019). 

 

Sucrose Density Centrifugation. Cells (~6.7M cells/mL) were suspended in detergent-free lysis 

buffer (1 mM Tris-HCl pH 7.4, 140 mm NaCl, 10% sucrose) on ice for 20 min with vortexing 

every 5 min. 19 μL of lysate (~125,000 cells) was labeled with BG-782 at 37°C. Reacted lysate 

was gently layered on top of a discontinuous sucrose gradient. Gradient consisted of equal 

volumes of 65%, 62.5%, 60%, 57.5%, 55%, 52.5%, 50%, and 15% sucrose dissolved in 1 mM 

Tris-HCl pH 7.4 and 140 mM NaCl. Samples were centrifuged at 134,633 x g at 4°C for 65 min 

using a TH-660 rotor (Thermo Fisher Scientific, Waltham, MA). 400 μL fractions were collected 

and subjected to PAGE NIR analysis. Fluorescence of each fraction was quantified (NIR: λ = 

800 nm) using Image Studio software (LI-COR, Lincoln, NE) and analyzed using area under the 
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curve (AUC) analysis with a cut-off of 10% and minimum change in height of 5% from 

minimum to maximum in GraphPad Prism (La Jolla, CA). 

 

Confocal Microscopy. 48 hours after transfection, cells were fixed with 4% 

paraformaldehyde/PBS solution for 10 min at room temperature, washed with PBS, and 

permeabilized in 0.1% TritonX-100/PBS for 1 min. Cells were incubated with 1 μM of SNAP 

Surface Alexa Fluor 488 (New England BioLabs #S9129S) and 1:1000 ER Staining Kit-Red 

Fluorescence- Cytopainter (Abcam #139482, Cambridge, MA) at 37°C for 30 minutes protected 

from light. Hoechst 33342 was used for nuclear staining. Cover slips were mounted using 

ProLong Glass antifade reagent (ThermoFisher #P36982). Confocal fluorescence microscopy 

was performed using Leica SP8X laser scanning confocal microscope equipped with a 40x oil 

immersion objective (Leica Camera, Wetzlar, Germany). The detection pinhole was set to 1 Airy 

unit, light collection configuration was optimized according to the combination of chosen 

fluorochromes (Alexa Fluor 488, Texas Red, and Hoechst), and sequential channel acquisition 

was performed to minimize the risk of bleed-through. The intensity gain was adjusted for each 

channel before capture in order to avoid saturated pixels. 8 bit, 1024x1024 pixel images were 

collected as Z-stack acquisition. All microscopy was performed in collaboration with the W.M. 

Keck Microscopy center on the University of Washington School of Medicine campus. 

 

Colocalization analysis. The Alexa Fluor 488 (SNAP) and Texas Red (ER) channels were 

analyzed for colocalization using Coloc2 plugin for Fiji (Schindelin et al., 2012). Pearson’s 

coefficients for a cell were averaged over each slice in a Z-stack. Data were analyzed using 

GraphPad Prism (La Jolla, CA). 
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3.3 Results and Discussion 

N-terminal glycosylation is required for complete 1D-AR biogenesis 

The 1D-AR N-terminal contains two putative N-glycosylation sites (N65, N82) with both 

serving as theoretical acceptors for N-glycans within the ER lumen (Perez et al., 1991). N-

glycosylation is the covalent attachment of an N-glycan sugar moiety to an asparagine residue 

within the consensus sequence N-X-S/T, where X is any amino acid except proline (Helenius et 

al., 1994; Imperiali et al., 1999). Thus, we first sought to examine the glycosylation state of full 

length 1D-AR using lentil lectin affinity purification. Lentil lectin recognizes complex glycans 

containing -(1→6)-linked fucose on the core GalNAc as well as glucose and/or -mannose 

residues (Kornfeld et al., 1981; Debray et al., 1981). To test this possibility, HEK293 cells were 

transiently transfected with N-terminal SNAP-epitope tagged 1D-AR cDNA constructs (SNAP-

1D). We have previously demonstrated the SNAP epitope-tag facilitates visual analysis of 

GPCR protein bands directly within polyacrylamide gels, and do not require nitrocellulose paper 

transfer or antibody staining, thus removing all potential false positive bands (Kountz et al., 

2016; Camp et al., 2016; Janezic et al., 2019). Incorporating this powerful technology, HEK293 

cell lysates expressing SNAP-1D were incubated with lentil lectin sepharose beads. Samples 

were eluted and subjected to polyacrylamide gel electrophoresis, followed by near infrared 

imaging (PAGE NIR). Shown in Figure 3.1 are the results. In agreement with our previous 

studies (Kountz et al., 2016; Janezic et al., 2019), the input lane demonstrates full length SNAP-

1D is robustly expressed as a monomeric band at ~80 kDa, a larger, more intense band at ~90 

kDa (Figure 3.1A, arrow), as higher order oligomers (MW > 180 kDa), and as multiple NTD 

cleavage products (MW = ~30-35 kDa). Remarkably, the larger ~90 kDa monomeric and 
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multimeric SNAP-1D species were detected in the lectin bound lane (Figure 3.1A, bound). 

Although faint, the largest 1D NTD cleavage product (Kountz et al., 2016) was also observed in 

the lectin-bound sample. Thus, this experiment clearly demonstrates, for the first time, that the 

1D NTD is N-glycosylated. 

Towards our goal of addressing the importance of each NTD glycosylation site for 1D-AR 

function, we created single (N65Q or N82Q) and double (NQQ) glycosylation deficient SNAP-

1D mutants using PCR site-directed mutagenesis (see Figure 3.1B for schematic). To ensure 

each 1D-AR NTD mutant was expressed as protein, cDNA constructs were transfected into 

HEK293 cells and subjected to PAGE NIR analysis. Both the N65Q and N82QSNAP-1D NTD 

mutants display equivalent protein band patterns as SNAP-1D (Figure 3.1C). Unexpectedly, the 

NQQ SNAP-1D double mutant did not produce monomeric or higher order oligomeric bands. 

Instead, NQQ SNAP-1D was primarily expressed as a single, robust band of ~43 kDa in size. 

Subtracting the size of the SNAP-epitope tag plus linker (25 kDa) yields a polypeptide of 18 

kDa, ‒ roughly equivalent in size to the 1D NTD, transmembrane domain (TM) 1, intracellular 

loop 1, and TM2. To ensure this unexpected NQQ product was due to inhibition of 

glycosylation, and not a by-product of mutation, cells expressing WT SNAP-1D were treated 

with tunicamycin – an inhibitor of N-glycosylation (Guillemette et al., 2011). 24 hours after 

transfection with WT SNAP-1D, HEK293 cells were treated with fresh media supplemented 

with 5μg/mL tunicamycin or EtOH vehicle followed by PAGE NIR (Figure 3.1D). Interestingly, 

though faint, the same ~43 kDa species observed in the NQQ SNAP-1D is also present in the 

tunicamycin treated samples (Figure 3.1D; circle). Thus, this initial round of experiments 

demonstrates that (A) 1D-AR is glycosylated at N65 and N82; (B) only a single glycosylation 
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site needs to be available for the NTD to become glycosylated and full length 1D protein 

processing to occur; and (C) removal of both 1D NTD glycosylation sites not only prevents 

glycosylation, but produces an abnormally short, previously unreported 1D-AR peptide species. 

We next tested two potential explanations for this serendipitous, intriguing result: (A) the 

NQQ double mutation introduces a destabilizing effect, causing the 1D-AR to be targeted for 

degradation, with the observed 43 kDa band representing the major degradation product; or (B) 

NQQ is inhibiting proper translation of 1D-AR, causing an early termination after TM2. These 

hypotheses were tested using a dual epitope-tagging approach. InFusion PCR was used to add C-

terminal CLIP-epitope tags to WT SNAP-1D (S-WT-C) and NQQ SNAP-1D (S-NQQ-C). CLIP 

is a homolog of SNAP that covalently interacts with benzylcytosine conjugates, displaying no 

cross-reactivity for the SNAP substrate, benzylguanine (Schultz and Köhn, 2008). We reasoned 

that if A is true, CLIP substrate fluorescence in the 700 channel (red) would be observed in both 

the S-WT-C and S-NQQ-C PAGE NIR lanes. Conversely, we would expect to detect no 700 

signal in the S-NQQ-C lane if B were true, as the CLIP tag would not be transcribed if 1D-AR 

translation was halted at TM2. Thus, S-WT-C and S-NQQ-C 1D-AR cDNA constructs were 

expressed in HEK293 cells and subjected to PAGE NIR analysis. Figure 3.1E shows that 

overlapping CLIP (red) and SNAP (green) substrate signals are detectable in the S-WT-C lane 

(left). Contrarily, no CLIP signal is observed in the S-NQQ-C lane, and only the previously 

observed 43 kDa SNAP-1D species.  

As an orthogonal approach, HEK293 cells expressing either S-WT-C or S-NQQ-C were 

incubated with bortezomib (BTZ) ‒ a proteasomal inhibitor (Figures 3.1F,G) ‒ or protease 

inhibitor (PI) cocktail (Figures 3.1I, J) for 24 hours followed by PAGE NIR analysis. As 

expected, significant increases of S-WT-C and S-NQQ-C protein bands were observed with BTZ 



53  

treatment (Figure 3.1H; S-WT-C = 166.3 ± 4.3%, mean ± SEM of vehicle; S-NQQ-C = 186.3 ± 

6.0% mean ± SEM of vehicle; Unpaired t test; p < 0.001), but not with PI cocktail treatment 

(Figure 3.1K; S-WT-C = 96.7 ± 0.3%, mean ± SEM of vehicle; S-NQQ-C = 97.0 ± 2.5%, mean 

± SEM of vehicle; Unpaired t test, p > 0.05). However, neither BTZ nor PI cocktail had any 

discernable effect on the molecular weight of the NQQ band; nor were CLIP signals observed in 

either condition. Taken together, these findings indicate that the NQQ 1D-AR species is not 

created by proteolytic cleavage and/or degradation of full-length 1D-AR. 

To further confirm the identity of this unexpected NQQ species, HEK293 cells were 

transiently transfected with either WT SNAP-1D or NQQ SNAP-1D, lysed, and SNAP-fusion 

proteins were isolated with SNAP-Capture beads. Due to the covalent nature of the SNAP-

Capture:SNAP-tag, an on-bead digest was performed using Trypsin and Glu-C proteases. 

Samples were subjected to MS/MS analysis (SNAP MS/MS). As shown in Figure 3.2A, 

identified peptides spanned the entirety of the WT SNAP-1D (Figure 3.2A, underlined). 

Contrarily, only peptides in the N-terminal domain were identified in NQQ SNAP-1D samples 

(Figure 3.2B, underlined). Furthermore, previously reported 1D-AR interactors syntrophin 

(Chen et al., 2006; Lyssand et al., 2011; Camp et al., 2015), members of the dystrophin-

associated protein complex (Lyssand et al., 2010), and scribble (Camp et al., 2015; Janezic et al., 

2019) were identified in the WT, but not NQQ samples (Table 3.1). Together, these data provide 

compelling evidence that glycosylation of both N65 and N82 are necessary for proper biogenesis 

of full-length 1D-AR, and disruption of these essential glycosylation sites results in early 

termination of 1D-AR processing after TM2. 
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Glycosylation imparts 1D-AR function and plasma membrane insertion  

The effects of NTD glycosylation on GPCR function and trafficking are highly divergent. 

Mutating N-terminal glycosylation sites decreases functional responses of the FSH (Davis et al., 

1995), dopamine D2 (Cho et al., 2012), and neurokinin 1 receptor subtypes (Tansky et al., 2007), 

while loss of glycosylation has no effect on the function of the histamine H2 receptor 

(Fukushima et al., 1995). Conversely, blocking N-terminal glycosylation increases binding site 

density of the human oxytocin receptor (Kimura et al., 1997), and signaling efficacy of the 

vasopressin 1A receptor (Hawtin et al., 2001). To understand how N-glycosylation impacts 1D-

AR function, label-free dynamic mass redistribution (DMR) assays were used to quantify the 

efficacy of the 1-AR agonist phenylephrine for stimulating 1D NTD glycosylation site mutants. 

HEK293 cells expressing WT, N65Q, N82Q, or NQQ SNAP-1D were seeded in 384-well DMR 

plates and incubated with increasing concentrations of phenylephrine to facilitate concentration-

response curve analysis (Figure 3.3A; Table 3.2). Surprisingly, phenylephrine maximal 

responses for N65Q (24.99 ± 11.35 pm, mean ± SEM; Table 3.2), N82Q (46.64 ± 9.96 pm, mean 

± SEM), and NQQ (45.20 ± 8.35 pm, mean ± SEM) were significantly lower than WT SNAP-

1D (112.5 ± 9.27, mean ± SEM; p < 0.01, One-way ANOVA with Tukey’s multiple 

comparisons post-hoc test).  

Glycosylation has been shown to facilitate plasma membrane trafficking of the angiotensin II 

type 1 (Lanctôt et al., 1999), GPR30 (Gonzalez de Valdivia et al., 2019), rhodopsin 1 (Webel et 

al., 2000), δ-opioid receptor (Petäjä-Repo et al., 2000; Markkanen et al., 2008; Lackman et al., 

2014), and P2Y2 receptor subtypes (Nakagawa et al., 2007). Therefore, one possible explanation 

for the reduced function of 1D NTD glycosylation mutants may be aberrant cellular trafficking, 

leading to a decrease in cell surface expression. This was examined by quantifying WT, N65Q, 
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N82Q and NQQ SNAP-1D plasma membrane expression levels in fixed HEK293 cells treated 

with the cell-impermeable SNAP substrate, BG-782 (Figure 3.3B, C; Camp et al., 2016; Kountz 

et al., 2016; Janezic et al., 2019). Cells were also treated with nuclear stain TO-PRO-3 to 

normalize for cell number. We observed significant reductions in N65Q (13.40 ± 4.65%, mean ± 

SEM change from SNAP), N82Q (9.49 ± 5.95%, mean ± SEM change from SNAP), and NQQ 

(13.64 ± 5.76%, mean ± SEM change from SNAP) cell surface expression in comparison to WT 

SNAP-1D (46.13 ± 5.61%, mean ± SEM change from SNAP; p < 0.01, One-way ANOVA with 

Tukey’s multiple comparisons post-hoc test). Combined, these data strongly indicate both N65 

and N82 must be glycosylated to facilitate 1D-AR plasma membrane insertion and agonist-

stimulated functional responses in cultured human cells.  

 

TM2 of 1D-AR triggers ER translocation during protein synthesis 

TM1 domain is thought to provide the ER localization signal for myriad polytropic integral 

membrane proteins ‒ including GPCRs ‒ during protein synthesis (Chitwood et al., 2018). 

Though, synthesis of TM2 has also been shown to trigger ribosomal translocation to the ER for 

some multi-pass transmembrane proteins, such as Cig30 (Monné et al., 1999; Monné et al., 

2005) and ProW (Nilsson et al., 2000). Because the 1D-AR NQQ mutant appears to cause early 

termination after TM2 (Figure 3.1C, E, G, J, Figure 3.2), we hypothesized that TM2 acts as the 

ER localization signal for 1D-ARs. To test this, we utilized two orthogonal, but complementary, 

approaches: sucrose density gradient and confocal imaging. 

 Previous studies examining 1-AR subcellular localization used cell fractionation/sucrose 

density gradient to sequester distinct cellular compartments, and then radioligand binding to 

quantify the number of receptors present in each compartment sample (Hague et al., 2004). 
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Although useful, this method is only able to detect properly folded, functional receptors that are 

able to bind ligand; and has non-optimal signal-to-noise ratios (Hague et al., 2004). Thus, 

sucrose density centrifugation protocols were modified to incorporate the sensitivity of SNAP-

epitope tag PAGE NIR imaging analysis. This novel experimental approach allows accurate 

detection of poorly expressing 1D-AR peptide species, regardless of their structural or 

functional state. Furthermore, the use of the SNAP epitope tag displays increased sensitivity 

compared to traditional immunoblotting techniques, which can be limited by the inability of 

antibodies to detect low expression levels of endogenous protein markers (Cole, 2013). Thus, 

HEK293 cells were transfected with SNAP-1A-AR, which we have previously shown expresses 

readily at the plasma membrane (Hague et al., 2004), or SNAP-Sec61β, an ER integral 

membrane protein (Kopito, 1997). Cells were lysed in detergent free buffer then conjugated to 

SNAP substrate BG-782. Labelled lysates were then fractionated in a discontinuous gradient, 

collected, and subjected to PAGE NIR analysis. In each case, the detectable SNAP signal from 

each isolated fraction was normalized to input. Data were analyzed by area under curve (AUC) 

to quantify the distribution of each SNAP protein in specific fractions. Figure 3.4 displays the 

PAGE NIR band pattern for SNAP-1A (Figure 3.4A) and SNAP-Sec61β (Figure 3.4B). 

Subsequent AUC analysis revealed SNAP-Sec61 to be primarily distributed in fractions 1 

through 4 with a peak in fraction 2 (91.50% total AUC; Figure 3.4C), which is considered to be 

the ER fraction (Hague et al., 2004). Conversely, SNAP-1A is significantly concentrated in 

fractions 6 through 9 with the maximum signal in fraction 7 (100% total AUC).  

Next, WT, N65Q, N82Q and NQQ SNAP-1D cDNA constructs were examined (Figure 

3.5A-D). As expected based on the findings of previous studies performed by us and others 

(Hague et al., 2004; Petrovska et al., 2005; Garcia-Cazarin et al., 2008), WT SNAP-1D (Figure 
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3.5A) displayed a similar distribution pattern as SNAP-Sec61β, with a major peak spanning from 

fractions 1 to 4 (92.47% total AUC; Figure 3.5E) and a minor peak in fractions 6 to 8 (7.53% 

total AUC). Similarly, N65Q SNAP-1D (Figure 3.5B) was bi-modally distributed, with peaks in 

fractions 1 to 3 (46.33% total AUC) and fractions 5 to 7 (53.67% total AUC; Figure 3.5E). N82Q 

SNAP-1D (Figure 3.5C) was largely concentrated in fractions 1 through 4 with the maximum 

signal in fraction 2 (89.13% total AUC). A minor peak was also observed in fractions 6 to 7 

(10.87% AUC; Figure 3.5E). Remarkably, NQQ SNAP-1D (Figure 3.5D) formed a single, 

strong peak spanning fractions 1 to 3, with the majority of the protein concentrated to the first 

fraction (100% total AUC; Figure 3.5E), which corresponds with a primarily cytosolic 

localization.  

These findings were subsequently corroborated with confocal microscopy imaging analysis. 

HEK293 cells were transiently transfected with WT (Figure 3.6A-D), N65Q (Figure 3.6E-H), 

N82Q (Figure 3.6I-L), NQQ (Figure 3.6M-P) SNAP-1D, or empty pSNAP vector (SNAP; 

Figure 3.6Q-T). Cells were fixed with paraformaldehyde and detergent-permeabilized, then 

incubated with SNAP substrate Alexa Fluor 488 to label SNAP proteins and red fluorescence-

Cytopainter stain to label the ER. Visual analysis reveals robust puncta of WT (Figure 3.6D), 

N65Q (Figure 3.6H), and N82Q (Figure 3.6L) SNAP-1D within the ER. Contrarily, both NQQ 

SNAP-1D (Figure 3.6P) and SNAP (Figure 3.6T) are diffuse throughout the cell cytosol and 

nucleus. Colocalization quantification analysis (Figure 3.6U) revealed a significant correlation 

between WT (Pearson’s coefficient = 0.72 ± 0.03, mean ± SEM, p < 0.001 from SNAP, p < 0.01 

from NQQ), N65Q (Pearson’s coefficient = 0.70 ± 0.04, mean ± SEM, p < 0.001 from SNAP, p 

< 0.01 from NQQ), and N82Q (Pearson’s coefficient = 0.53 ± 0.07, mean ± SEM, p < 0.001 

from SNAP, p < 0.01 from NQQ) SNAP-1D constructs with ER stain CytoPainter, when 
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compared with NQQ SNAP-1D (Pearson’s coefficient = 0.19 ± 0.03, mean ± SEM, p = 0.12 

from SNAP) and SNAP (Pearson’s coefficient = 0.03 ± 0.05, mean ± SEM). Together, our cell 

fractionation and confocal microscopy data support the hypothesis that 1D-AR requires the 

synthesis of TM2 prior to ER localization, where the N-terminal translocates into lumen, 

becomes glycosylated, and translation continues. If this does not occur, translation is prematurely 

terminated and the non-functional polypeptide is likely degraded via the ER-associated 

degradation (ERAD) pathway (Kopito, 1997; Huang et al., 2006; Brodsky, 2012; Neal et al., 

2018). Further studies are necessary to determine the extent to which this mechanism is involved 

in the turnover of nascent 1D-AR and other GPCRs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________________________________________________________________ 

Abbreviations: GPCR, G protein-coupled receptor; AR, adrenergic receptor; PTSD, post-

traumatic stress disorder; PDZ, PSD-95/Dlg/ZO-1; NTD, N-terminal domain; ER, endoplasmic 

reticulum; WGA, Wheat germ agglutinin; HEK, human embryonic kidney; RPM, rotations per 

minute; DMR, dynamic mass redistribution; PBS, phosphate buffered solution; WT, wild-type; 

TM, transmembrane domain; FSH, follicle stimulating hormone; AUC, area under the curve; 

ERAD, endoplasmic reticulum-associated degradation 
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Figures for Chapter 3 

 
Figure 3.1. Site-directed mutagenesis and lectin affinity purification analyses reveal 1D-AR 

is dually glycosylated at N65 and N82. (A) Lysate from HEK293 cells expressing WT SNAP-
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1D (input) was incubated with lentil lectin sepharose beads to isolate glycosylated proteins. 

Bound protein was eluted with methyl--D-mannopyranoside (bound), and analyzed using 

PAGE NIR. SNAP-1D monomers (►) and higher order oligomers, as well as the previously 

described N-terminal cleavage product, are present in the elutant. (B) Schematic and (C) PAGE 

NIR of HEK293 cell lysate expressing WT, single glycosylation mutants (N65Q and N82Q), and 

double glycosylation mutant (NQQ) SNAP-1D species. (D) HEK293 cells expressing WT 

SNAP-1D were incubated for 16 hr with vehicle (-) or tunicamycin (TUN, +), and analyzed with 

PAGE NIR. A signal at 43 kDa was observed in the tunicamycin treated samples (○). (E) PAGE 

NIR of HEK293 cell lysate transfected with N-terminal SNAP-epitope ( 800 nm, green) and 

C-terminal CLIP-epitope (700 nm, red) dual tagged WT (S-WT-C) and NQQ (S-NQQ-C) 

1D-AR constructs. (F, I) PAGE NIR of HEK293 cell lysate expressing S-WT-C or (G, J) S-

NQQ-C following 24 hr bortezomib (BTZ) (F, G) or protease inhibitor (PI) treatment (I, J). (H) 

Quantitation of signals from F and G normalized to vehicle. (K) Quantitation of fluorescent 

signals from I and J normalized to vehicle. All gels are representative images from n = 3 

experiments. For F and G, data are represented as mean ± SEM; Unpaired t tests, *** = p < 

0.001. 
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Figure 3.2. SNAP MS/MS analysis identifies distal peptides in WT, but not NQQ SNAP-1D 

lysates. (A) WT or (B) NQQ SNAP-1D was purified from HEK293 lysate using SNAP-Capture 

pull-down resin, then subjected to on-bead double-enzymatic digestion, and MS/MS analysis. 

Red text indicates SNAP-epitope tag. Blue text indicates transmembrane domains. Peptides 

identified in MS/MS analysis are underlined. 
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Figure 3.3. 1D-AR function and plasma membrane insertion is glycosylation dependent. 

(A) Dynamic mass redistribution assays quantifying phenylephrine efficacy in HEK293 cells 

transfected with WT, N65Q, N82Q, or NQQ SNAP-1D. Data are the mean of 8 replicates ± 

SEM; ** = p < 0.01 Emax from WT. (B) Cell surface expression of WT, N65Q, N82Q, or NQQ 

SNAP-1D in fixed HEK293 cells labeled with the cell impermeable SNAP substrate, BG782 

(top panel, green); nuclear stain, TO-PRO-3 was used to normalize for cell numbers (bottom 

panel, red). (C) Fluorescence intensity of data from B was normalized to cells expressing SNAP 

alone. Data are mean of 6 replicates ± SEM; One-way ANOVA with Tukey’s multiple 

comparisons post-hoc tests, ** = p < 0.01 from WT SNAP-1D; ### = p < 0.001 from empty 

SNAP. 
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Figure 3.4. Sucrose density centrifugation of SNAP-epitope tagged plasma membrane and 

endoplasmic reticulum markers. HEK293 cell lysates expressing (A) SNAP-1A-AR (plasma 

membrane) or (B) SNAP-Sec61β (endoplasmic reticulum) were labeled with SNAP substrate, 

BG-782, fractionated by discontinuous sucrose density gradient centrifugation, and analyzed 

using PAGE NIR. I = input. (C) Quantification of fluorescence signal from A and B normalized 

to respective inputs. Data are mean of 2 experiments ± SEM. 
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Figure 3.5. Sucrose density centrifugation of WT and glycosylation deficient SNAP-1D 

constructs. Representative PAGE NIR of HEK293 cell lysates transfected with (A) WT, (B) 

N65Q, (C) N82Q, or (D) NQQ SNAP-1D following sucrose density centrifugation. I = input. 

(E) Quantification of band intensity from A-D normalized to respective inputs. Data are 

presented as mean of 3 experiments ± SEM. 
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Figure 3.6. Confocal imaging reveals NQQ SNAP-1D is localized to cytosol and nucleus in 

HEK293 cells. HEK293 cells transfected with (A-D) WT, (E-H) N65Q, (I-L) N82Q, (M-P) 
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NQQ SNAP-1D, or (Q-T) empty pSNAP vector were fixed, stained for Hoechst 33342 (blue), 

fluorescence-Cytopainter stain (red), and SNAP-epitope tag (BG-488; green), and imaged using 

confocal microscopy. Right panels are merged images of three channels. Scale bar = 10 μm. (U) 

Pearson’s coefficients of SNAP and ER fluorescence signals were computed to measure the 

extent of colocalization. Data are mean of 5-6 cells ± SEM; One-way ANOVA with Tukey’s 

multiple comparisons post-hoc tests, ### = p < 0.001 compared to empty SNAP; ** = p < 0.01 

compared to NQQ SNAP-1D, n.s = p > 0.05. 
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Tables for Chapter 3 

Protein NQQ 1 NQQ 2 NQQ 3 WT 1 WT 2 WT 3 

DMD -- -- -- 9385000 20429000 7117900 

DLG1 -- -- -- 573890 896640 457710 

SCRIB -- -- -- 1.44E8 1.55E8 93057000 

SNTB1 -- -- -- 12735000 41530000 17520000 

DTNB -- -- -- 15780000 24201000 6457700 

UTRN -- -- -- 5873000 89238000 46644000 

SNTB2 -- -- -- 87584000 1.25E8 66987000 

CTNNAL1 -- -- -- 1037700 1612800 726370 

DTNA -- -- -- 2523400 4069500 1048900 

 

Table 3.1. Previous reported 1D-AR PDZ interactors identified by SNAP MS/MS. Data 

shown include protein gene name and intensity for each replicate. 
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1D-AR Construct Maximal DMR Response (pm) 

WT 112.5 ± 9.27 

N65Q 24.99 ± 11.35 

N82Q 46.64 ± 9.96 

NQQ 45.20 ± 8.35 

 

Table 3.2. Maximal phenylephrine stimulated DMR response in 1D-AR glycosylation 

mutants. Data is shown as the average of 8 replicates ± SEM.
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Chapter 4 – Final Conclusions 

4.1 Scribble PDZ domains 1 and 4 anchor multiple 1D-AR homodimers 

The data presented in Chapter 2 strongly suggests that 1D-CT is capable of binding each 

SCRIB PDZ domain, but preferentially interacts with SCRIB PDZ1 and PDZ4. Also, the 1D-

CT:SCRIB interaction appears to be co-operative, potentially driving multiple 1D-AR PDZ 

ligands to bind one molecule of SCRIB. Though further studies are necessary, we predict that 

binding to PDZ1 increases the affinity of PDZ2 for the 1D-AR PDZ ligand. Similarly, we 

hypothesize that interacting with PDZ4 of Scribble increases the ability of PDZ3 to bind 1D-

AR. We previously reported 1D-ARs can be expressed as modular homodimers in human cells, 

with one 1D-AR protomer bound to SCRIB, the other to syntrophin and the DAPC (Camp et al., 

2015). Based on the results of the present study, it is possible that 1D-AR homodimers interact 

simultaneously with both SCRIB PDZ1 and PDZ4, with at least one 1D-AR protomer 

interacting with the syntrophin:DAPC via the non-SCRIB bound PDZ ligand, and the other 

bound to a second syntrophin:DAPC module, or the DLG:CASK:LIN-7A tripartite complex 

(Butz et al., 1998; Borg et al., 1998; Lee et al., 2002; hypothetical schematic of 1D-

AR:SCRIB:DAPC shown in Figure 4.1). Alternatively, an 1D-AR protomer may bind another 

SCRIB, anchoring interconnected 1D-AR:SCRIB:DAPC complexes at the plasma membrane in 

human cells. If true, this would mean Scribble can potentially anchor up to four 1D-AR 

homodimers at the cell membrane creating a ‘micro-domain’ of 1D-AR signaling. Finally, we 

demonstrate that SCRIB R1110PDZ4 serves as a unique 1D-CT interface site that could be 

targeted to modulate 1D-AR pharmacodynamics. 
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4.2 Transmembrane domain 2 of 1D-AR triggers ribosomal translocation 

Our findings presented in Chapter 3 support a model in which TM2, not TM1, triggers 

ribosomal translocation to the ER during 1D-AR synthesis (Monné et al., 1999; Nilsson et al., 

2000; Monné et al., 2005; Öjemalm et al., 2012). Upon docking with the ER, the N-terminus is 

translocated into the ER lumen – possibly via the ER protein complex (Chitwood et al., 2018; 

Guna and Hegde, 2018; Guna et al., 2018; Chitwood and Hegde, 2019) – where glycosylation 

occurs. This event prevents the N-terminus from retrotranslocating back to the cytosol, which 

anchors the nascent peptide in the ER membrane in the proper membrane topology, such that the 

N-terminal will be within the extracellular matrix upon plasma membrane insertion. This event is 

required before complete translation of the nascent polypeptide continues. However, if 

glycosylation is prevented, the immature receptor does not anchor in the ER membrane, thus 

terminating receptor translation after TM2 (Figure 4.2 for schematic); and presumably this 

degenerate polypeptide is degraded via ERAD (Brodsky, 2012) or other cytosolic degradation 

mechanisms (Petäjä-Repo et al., 2000; 2001). Furthermore, we show that glycosylation of both 

N65 and N82 is required for proper function and plasma membrane expression of 1D-ARs. 

 

4.3 1D-AR is a stress receptor 

 The above studies provide insight into mechanisms regulating function and trafficking of 

the 1D-AR, but why this receptor is so tightly regulated remains mysterious. However, 

examining the conditions in which this receptor is studied – along with diseases associated with 

its dysfunction – may provide some clues. For example, a seminal study identifying the role of 

1D-AR in aortic contractions utilized organ tissue bath experiments (Piascik et al., 1995). This 

requires extraction of the target tissue immediately following sudden death – which is arguably a 
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stressful event (Tsunoda et al., 1989). Furthermore, the link between hypertension – a disease of 

increased sympathetic nervous system activity – and stress has been known for >30 years (Heine 

and Weiss, 1987). Post-traumatic stress disorder arises from heightened sympathetic nervous 

system activity due to repeated exposure to stress, and is often treated with 1-AR antagonists 

(Hendrickson and Raskind, 2016). Thus, I posit that the 1D-AR is a ‘stress-receptor’ and the 

intricate regulatory mechanisms (i.e. complex formation, N-terminal cleavage, and 

glycosylation-dependent biogenesis) allow for a quick mobilization of 1D-AR signalosomes to 

and from the plasma membrane in response to a stress signal.   
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Figures for Chapter 4 

 

Figure 4.1. Hypothetical model of the 1D-AR:SCRIB:DAPC macromolecular complex in 

human cells.  
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Figure 4.2. Model of proposed role for N-terminal glycosylation on 1D-AR biosynthesis. 

Top, WT: (1) Nascent 1D-AR peptide is translated in the cytoplasm through TM2. (2) 

Translation is halted as polypeptide, mRNA, and ribosomal complex translocate to the ER, 

where the N-terminal translocates into the ER lumen. (3) N-glycans anchor the immature 

receptor into the proper topology and ER membrane. (4) Translation continues. Bottom, NQQ: 

(1) Nascent 1D-AR peptide is translated in cytoplasm through TM2. (2) The translation is halted 

and the ribosome, mRNA, and peptide complex translocates to ER where N-terminal enters ER 

lumen. (3) Lack of glycosylation causes N-terminal to retrotranslocate. (4) Translation of 1D-

AR is terminated and peptide dissociates from ER to likely be degraded. 
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