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ABSTRACT OF THE DISSERTATION 

 

N-linked glycosylation regulates protease-activated receptor-1  
trafficking and signaling  

 

by 

Antonio G. Soto 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2013 

Professor JoAnn Trejo, Chair 

 

 G protein-coupled receptors (GPCRs) are a superfamily of seven 

transmembrane receptors that respond to a diverse array of stimuli, regulate a 

multitude of physiological responses and are the targets of most drugs used clinically. 

Activated GPCRs undergo conformational changes, facilitating activation of specific 

heterotrimeric G protein subtypes by functioning as a guanine-nucleotide exchange 

factor (GEF) facilitating exchange of GDP for GTP on the Gα subunit resulting in 

dissociation of βγ subunits and downstream signaling. GPCR signal termination is 

mediated by desensitization and internalization. Interestingly, certain GPCRs have the 

capacity to couple to multiple distinct G protein subtypes even in the same cell.  



 xix 

However, the mechanisms that specify GPCR-G protein coupling to specific subtypes 

remains poorly understood. Many GPCRs are modified by N-linked glycosylation but 

whether this modification contributes to GPCR signal regulation has yet to be fully 

explored. In the work described in the thesis I examined whether N-linked 

glycosylation of protease-activated receptor-1 (PAR1), a GPCR for the coagulant 

protease thrombin, regulated receptor function. I found that PAR1 is extensively 

glycosylated on the N-terminus and extracellular loop two (ECL2), with ECL2 serving 

as the major site for N-linked glycosylation.  I also discovered that N-linked 

glycosylation of PAR1 at the N-terminus is important for transport to the cell surface, 

whereas glycosylation at ECL2 makes important contributions to receptor activation. 

Activation of PAR1 occurs via proteolytic cleavage of the N-terminus resulting in the 

generation of a new N-terminus, which functions as a tethered ligand by binding 

intramolecularly to ECL2 to facilitate transmembrane signaling. I discovered that N-

linked glycosylation at ECL2 regulates G protein coupling specificity. PAR1 wild-

type displayed preferential coupling to G12/13 versus Gq, whereas a PAR1 mutant 

lacking N-linked glycosylation at ECL2 exhibited enhanced coupling to Gq versus 

G12/13. Intriguingly, both PAR1 wild-type and mutant coupled comparably to Gi 

protein. In summary, the work in this thesis describes a function for N-linked 

glycosylation of PAR1 in regulating receptor-G protein coupling specificity and 

provides the first molecular insight into mechanisms that can influence activated 

GPCR biased coupling to specific G protein subtypes.  
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Chapter 1: 

 

An introduction to protease-activated receptor-1, a member of the G protein-coupled 

receptor superfamily 

 



 2 

1.1 Introduction 

The G protein-coupled receptor (GPCR) superfamily is the largest class of 

signaling receptors in the mammalian genome, respond to a variety of extracellular 

stimuli and elicit a diverse array of cellular responses. GPCRs are involved in many 

physiological processes and have been implicated in numerous disease states. Thus, a 

better understanding of the mechanisms that regulate GPCR signaling is critical and 

will aid in the development of new therapeutics to prevent and treat various diseases. 

N-linked glycosylation occurs via the covalent attachment of saccharides to asparagine 

residues during protein translation and is a modification that frequently occurs with 

mammalian GPCRs. The work presented in this thesis is focused on examining the 

function of N-linked glycosylation in the regulation of the G protein-coupled protease-

activated receptor-1 (PAR1) signaling. 

 

1.1.2 PAR1 discovery and mechanism of activation 

The protease-activated GPCR family includes four members: PAR1, PAR2, 

PAR3 and PAR4. PARs are uniquely activated via a proteolytic cleavage mechanism.  

PAR1 was discovered nearly 20 years ago by Coughlin and colleagues in an attempt to 

identify a receptor that conferred thrombin signaling in platelets. These investigators 

employed an expression cloning strategy that utilized mRNA isolated from a 

megakaryocytic cell line and Xenopus oocytes (1). The isolated cDNA encoding a 

functional thrombin receptor contained an LDPR/S sequence present in the N-

terminus that resembled the thrombin cleavage site in the zymogen Protein C 

(LDPR/I). Mutation of the critical arginine (R) within the putative cleavage site of 



 3 

PAR1 ablated thrombin signaling. Moreover, a synthetic peptide that mimicked the 

first six amino acids of the newly generated N-terminus was shown to fully activate 

PAR1 independent of thrombin and receptor cleavage (2). However, thrombin is more 

efficient than synthetic peptide agonist at activation of PAR1. The LDPR/S sequence 

of PAR1 is essential for thrombin recognition and cleavage. Thrombin also contains 

an anion-binding exosite that interacts with an acidic hirudin-like sequence in the N-

terminus of PAR1 (Fig. 1, blue highlight). The hirudin-like sequence is present in 

both PAR1 and PAR3, but not in PAR4 and confers thrombin high affinity binding. 

PAR2 is not cleaved nor activated by thrombin (3). Thus, PAR1 carries its own ligand, 

which is unveiled following thrombin cleavage. The important discovery of PAR1 

provided an explanation for thrombin-induced cellular responses and uncovered a 

novel mechanism for the activation of cells by proteases, which is critical for platelet 

aggregation and other cellular responses implicated in normal physiology and disease.  

 Cleavage of PAR1 results in the generation of a tethered ligand that binds 

intramolecularly to the body of the receptor to promote transmembrane signaling (Fig. 

2). Previous studies using PAR1 chimeric receptors showed that the second 

extracellular loop (ECL2) is important for species-specific ligand docking interactions 

(4, 5). Additional work using PAR1 chimeric receptors and alanine scanning 

mutagenesis revealed that glutamate (E) at position 260 in ECL2 is crucial for ligand 

interaction and receptor activation (6). In the same study further examination of amino 

acids surrounding E260 revealed a possible role for these residues in ligand interaction 

and receptor activation. Of note is the asparagine at position 259, which is part of a 
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NXS/T N-linked glycosylation consensus sequence. These results suggest a potential 

role for PAR1 ECL2 N-linked glycosylation in tethered ligand interactions.  

 

1.1.3 PAR1 activation by multiple proteases 

 Thrombin, while the most efficient at cleaving PAR1, is not the only protease 

that can activate the receptor. In addition to thrombin, plasmin is able to cleave PAR1 

at multiple sites in the N-terminus that either activate or incapacitate the receptor (7) 

(Fig. 1). Certain kallikreins also have the ability to cleave PAR1 at multiple sites 

within the N-terminus (8, 9). Kallikreins have also been shown to induce PAR1 

signaling in various cell types, including cancer cells (10-12). Other proteases, 

although unable to cleave at multiple sites like plasmin and the kallikreins, are also 

able to cleave and activate PAR1. Activated protein C (APC) cleaves PAR1 at R46, a 

distinct site downstream of the R41 thrombin cleavage site and activates signaling 

important for endothelial barrier stability and recovery (13-15) (Fig. 1). Matrix 

metalloprotease-1 (MMP1) cleaves PAR1 after aspartate (D) at position 39 upstream 

of the thrombin cleavage site and induces signaling responses that appear to contribute 

to sepsis and cancer progression (16-19) (Fig.1). In addition, several other proteases 

have been reported to cleave PAR1, but the mechanism of activation and 

consequences on cell signaling is not clearly established (Table 1). The distinct 

cleavage sites of APC and MMP1 result in the generation of unique N-terminal 

tethered ligands that may stabilize different active PAR1 conformations to facilitate 

distinct cellular responses. The ability of distinct ligands to induce different GPCR 

signaling responses is a phenomenon that has been termed “biased agonism” or 
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“functional selectivity” (20, 21). Thus, the expression profile of PAR1 and repertoire 

of activating proteases will dictate how the receptor functions in different cell types 

and tissues. 

 

1.1.4 PAR1 expression and function 

 PAR1 is highly expressed in endothelial cells and platelets and has an integral 

role in vascular biology by mediating responses important for hemostasis, thrombosis, 

inflammation, and embryonic development (3, 22-24). PAR1 is also expressed in 

fibroblasts, smooth muscle cells, epithelial cells, astrocytes and other cell types and 

mediates diverse cellular responses. To assess PAR1 function the gene encoding the 

receptor was deleted in mice. PAR1 knockout mice have severe defects in vascular 

development with 50% lethality occurring by midgestation (25). The expression of 

PAR1 in endothelial cells was able to rescue the embryonic lethality phenotype (24, 

26), indicating that endothelial PAR1 is critical for vascular development. Studies 

using PAR1 knockout fibroblasts showed loss of thrombin signaling, indicating an 

important role for PAR1 in mediating thrombin signaling in this particular cell type.  

However, platelets deficient in PAR1 expression were still able to respond to thrombin 

(24). These results led to the search for and subsequent discovery of PAR3 and PAR4, 

as well as species-specific differences in PAR1 expression in mouse versus human 

platelets. PAR1 is critical for human platelet activation and endothelial barrier 

regulation as well as smooth muscle cell (27) and fibroblast (28) cell proliferation and 

migration . Thus, PAR1 is expressed in many different cell types and plays an 
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important role in cellular responses important for vascular physiology making it an 

important drug target. 

Thrombin activates PAR1 and PAR4 in human platelets, which initiates 

signaling cascades leading to Ca2+ mobilization, secretion of autocrine activators, 

expression of adhesion molecules at the cell surface, and cell shape change, which 

promote platelet aggregation (23). PAR1 is activated by low thrombin concentrations, 

due to the high affinity interaction between the hirudin-like sequence in the N-

terminus and thrombin’s anionic binding exosite, leading to rapid and transient 

signaling responses (29, 30). PAR4 is a low affinity thrombin receptor, lacks a 

hirudin-like sequence within its N-terminus and thus requires high thrombin 

concentrations for activation and leads to prolonged signaling responses (31-33). In 

human endothelial cells, PAR1 and PAR3 are important for endothelial barrier 

regulation (34, 35). A previous study showed that PAR1 and PAR3 form heterodimers 

in endothelial cells, which appears to increase G13 protein coupling versus the PAR1 

protomer (36). In addition, PAR3 coexpression modulated PAR1-activated increase in 

endothelial permeability (36).  

 In addition to its role in the vasculature, PAR1 has been implicated in cancer 

progression. PAR1 is overexpressed in different types of cancer including aggressive 

melanoma, colon cancer, prostate cancer and invasive breast cancer (3, 37). The 

overexpression of PAR1 in NIH 3T3 fibroblasts induces transformation, while 

expression of PAR1 in non-invasive MCF7 breast carcinoma is sufficient to promote 

growth and invasion using mammary fat pad xenografts and immune-deficient mice 

(38, 39). Moreover, antisense or RNAi-mediated reduction of PAR1 expression has 
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been shown to decrease invasiveness of breast carcinoma cell lines in vitro (40). The 

mechanisms by which PAR1 is able to contribute to tumor progression may differ 

depending on tumor type and the tumor microenvironment. For example, PAR1 

promotes cell motility through transactivation of EGFR in renal carcinoma (41), while 

defects in PAR1 trafficking lead to persistent EGFR/ErbB2 tranasctivation and 

prolonged ERK1/2 signaling which promotes breast carcinoma invasion and tumor 

growth in vivo (40). The diversity of PAR1 signaling is partly due to its promiscuous 

nature and ability to couple to multiple different heterotrimeric G protein subtypes. 

 

1.1.5 PAR1 signaling  

PAR1 has the capacity to signal through multiple G-protein subtypes including 

Gq, Gi, and G12/13 (37, 42-46) (Fig. 2). G-proteins are comprised of three different 

subunits including the α, β, and γ subunits. Activated GPCRs function as guanine-

nucleotide exchange (GEFs) and promote the exchange of GDP for GTP on the α 

subunit resulting in dissociation of the βγ subunits and effector coupling. PAR1 

activation of Gq leads to phospholipase C (PLC)-mediated generation of 

phosphoinositides and calcium mobilization (47, 48). Gi activation induced by PAR1 

leads to inhibition of cAMP accumulation (48), whereas G12/13 activation couples to 

Rho GEFs leading to RhoA activation (49, 50). The molecular mechanisms by which 

PAR1 is capable of coupling to distinct G-protein subtypes in the same cell are not 

clearly understood. It is possible that distinct populations of PAR1 exist and each has a 

different preference for certain G-protein subtypes due to location, oligomerization, or 

perhaps differences in posttranslational modifications of the receptor. 
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The capacity of a given receptor to signal through different pathways 

depending on the activating ligand is a processed termed “biased signaling”. In many 

cases, activation of GPCRs with certain ligands has been shown to promote signaling 

through either G-protein or β-arrestin signal transduction pathways (51-53). PAR1 has 

been shown to elicit biased responses depending on the activating protease. In 

endothelial cells, thrombin activation of PAR1 promotes preferential coupling to Gq 

and G12/13 leading to Ca2+ increases and RhoA signaling causing transient disruption of 

the endothelial barrier (23, 54, 55). Conversely, APC stimulated activation of PAR1 

results in Rac1 signaling and promotes endothelial barrier maintenance (55, 56). APC-

activation of PAR1 occurs in caveolar microdomains and involves β-arrestin 

recruitment of dishevelled-2, which promotes Rac1 activation and endothelial barrier 

stabilization (55, 57). The mechanism responsible for segregating PAR1 into distinct 

microdomains is not known. It is possible that PAR1 posttranslational modifications 

contribute to biased signaling and localization to distinct plasma membrane 

microdomains, but this has yet to be fully investigated.  

 

1.1.6 Regulation of PAR1 signaling 

 Due to the irreversible proteolytic activation of PAR1 signaling is tightly 

regulated through rapid desensitization and endocytic trafficking. Similar to other 

GPCRs, activated PAR1 is rapidly phosphorylated and binds β-arrestins, which 

promotes desensitization by uncoupling the receptor from G-protein signaling at the 

plasma membrane (58-61). The major sites of PAR1 phosphorylation occur on 

multiple serine and threonine residues (Fig. 1) within its C-tail domain and 
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phosphorylation is mediated by the G-protein coupled receptor kinase-3 (GRK3) and 

GRK5 (62, 63). A PAR1 mutant in which all serine and threonine residues were 

mutated to alanine displayed major defects in signaling and receptor internalization 

(62). Interestingly, PAR1 phosphorylation cluster mutants, in which only specific 

serines and threonines were mutated to alanine, showed that different sites may 

mediate internalization versus desensitization (62). In contrast to most GPCRs, PAR1 

internalization is not mediated by β-arrestins, although β-arrestins are essential for 

receptor desensitization (58). The mechanistic basis for this phenomenon is not 

known. 

 In addition to desensitization, internalization of activated PAR1 from the cell 

surface is important for removing activated receptor from signaling effectors. After 

internalization, activated PAR1 is then efficiently sorted to lysosomes and degraded 

(37), a process important for preventing previously activated receptors from returning 

to the cell surface and continuing to signal. PAR1 displays constitutive and agonist-

induced internalization. Constitutive internalization of PAR1 is mediated by the 

clathrin adaptor AP-2, rather than β-arrestins (64). In contrast, activated PAR1 

internalization is mediated by the clathrin adaptors AP-2 and epsin-1 (65), which 

recognize distinct phosphorylation and ubiquitination sorting signals. Constitutive 

internalization of PAR1 provides the cell with an intracellular pool of naïve receptors 

that recycle to the cell surface and is important for resensitizing cells to thrombin 

signaling and occurs independent of de novo receptor synthesis (64, 66, 67).  

  In addition to AP-2, constitutive internalization of unactivated PAR1 is 

regulated by ubiquitination. PAR1 contains multiple lysine residues within its 
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cytoplasmic loop and C-tail, which serves as the major site for ubiquitination (Fig. 1). 

Ubiquitin is a 76 amino acid protein that is covalently linked to lysine residues of 

GPCRs and is best known to facilitate receptor lysosomal sorting via interaction with 

ESCRT proteins (68, 69). However, ubiquitination of PAR1 is important for retention 

at the cell surface since an ubiquitination-deficient receptor mutant containing lysine 

to arginine mutations showed enhanced constitutive internalization and this phenotype 

was rescued by an in-frame fusion of a single ubiquitin moiety to the C-tail domain 

(70). Interestingly, the PAR1 lysine-less mutant did not show a defect in agonist-

induced degradation and led to the search for an ubiquitin-independent degradation 

pathway for GPCRs. Recent studies from our lab revealed that ALIX and AP-3 

adaptor proteins mediate PAR1 lysosomal sorting independent of ubiquitination (71, 

72), a pathway that may be applicable to a subset of GPCRs containing ALIX 

recognition motifs.   

In addition to ubiquitination, palmitoylation of PAR1 is important for proper 

trafficking of the receptor. PAR1 contains two highly conserved C-tail cysteines that 

serve as sites for palmitoylation. Palmitoylation is a posttranslational modification in 

which palmitic acid is covalently attached to a cysteine residue of a protein. PAR1 

harbors two highly conserved C-tail cysteines that are located between a proximal and 

distal tyrosine-based motif, which are binding sites for AP-2 and AP-3. The distal 

tyrosine based motif was previously shown to be important for AP-2 interaction with 

PAR1 and essential for constitutive internalization (64). The proximal tyrosine-based 

motif of PAR1 was subsequently shown to be important for AP-3 interaction and 

proper lysosomal sorting and degradation of the receptor (72). A PAR1 mutant 
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defective in palmitoylation displayed aberrant trafficking indicating that this 

posttranslational modification is important for proper utilization of the two tyrosine-

based motifs by AP-2 and AP-3 (73). Thus, palmitoylation of PAR1 is critical for 

appropriate cell surface expression.  

 Phosphorylation, ubiquitination and palmitoylation control PAR1 surface 

expression and signaling following activation of the receptor and occur on cytoplasmic 

regions of the receptor. However, N-linked glcyosylation is a modification that occurs 

at consensus sequences within the extracellular domains of GPCRs. PAR1 contains 

five N-linked glycosylation consensus sites (Fig. 1). Interestingly, two of the N-linked 

glycosylation consensus sites are localized within the second extracellular loop, a 

domain critical for ligand interactions with receptor (4-6). The function of PAR1 N-

linked glycosylation in the regulation of receptor signaling has not been thoroughly 

investigated.  

 

1.1.7 N-linked glycosylation and GPCRs 

 N-linked glycosylation is a posttranslational modification that occurs during 

protein biogenesis. Throughout the endoplasmic reticulum and golgi apparatus 

multiple different enzymes facilitate the covalent attachment of saccharides to proteins 

that contain the NXS/T consensus site (where X is any amino acid except proline). A 

review of multispanning transmembrane protein glycosylation revealed that 

approximately 92%  (211/229) of the GPCRs examined contained at least one N-

linked glycosylation consensus site within the N-terminus of the receptor, and of the 

92% only one-third contained additional sites outside the N-terminus (74). The actual 
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sites that are modified may be attributed partially to the location of the consensus site 

within the GPCR, with sites that are close to the membrane being less likely to be 

modified by glycosylation. Thus, not all consensus sites found within GPCRs may be 

glycosylated. Unlike other posttranslational modifications, N-linked glycosylation of 

GPCR results in a significant increase in the apparent molecular weight of the receptor 

as assessed by SDS-PAGE due to additional mass and charge. PAR1 has been 

reported to migrate as a high ~75 kDa molecular weight protein, although its predicted 

molecular weight based on the number of amino acids is ~38 kDa. However, PAR1 is 

reduced to its predicted molecular weight after glycosidase treatment suggesting that 

the contribution of the N-linked glycans on PAR1 result in a significant increase in 

apparent molecular weight (75, 76). There are six saccharides that are commonly 

found within mammalian N-linked glycosylation of proteins (Table 2).  During 

protein processing the addition of N-linked glycans is heterogenous and can result in 

distinct populations of receptors that are differentially modified.  It is possible that this 

heterogeneity may account for some of the differences seen in PAR1 band pattern 

formation observed in different studies.  

N-linked glycosylation of GPCRs, similar to other transmembrane proteins, is 

important for proper processing and stability. Several studies have shown that 

alteration of N-linked glycosylation either by mutation or use of inhibitors caused a 

decrease in the amount of GPCR surface expression (77-80). Thus, attempts to 

understand the function of GPCR N-linked glycosylation function with mutants that 

exhibit defects in stability or expression is problematic. However, in other studies a 

function for N-linked glycosylation has been linked to GPCR ligand interactions, 
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receptor activation and internalization (81-85). Given substantial contribution of N-

linked glycosylation, it is possible that this modification will impact not only GPCR 

interaction with its ligand but other proteins as well.  Although there are relatively few 

reports on GPCR N-linked glycosylation, the function of this modification remains an 

important topic for the further understanding of GPCR biology. 

  

1.1.8 Rationale and significance 

Most GPCRs contain putative N-linked glycosylation sites, however, studies 

conducted to determine whether N-linked glycosylation affects GPCR coupling to 

specific G-protein subtypes are lacking. While there are reports that N-linked 

glycosylation is important for proper transport of certain GPCRs to the cell surface, 

these studies did not examine the influence on ligand interactions with the receptors. 

All members of the PAR family contain at least one consensus site for N-linked 

glycosylation, however, the function of this modification has not been extensively 

studied in PARs with the exception of PAR2, which is not a thrombin receptor (86). 

PAR4 has one N-linked glycosylation site within the N-terminus, PAR3 has two sites 

within the N-terminus and one within ECL3, but the function of N-linked 

glycosylation has not been studied. PAR2 has one N-linked glycosylation within the 

N-terminus and one within ECL2 (87). Compton and colleagues showed through the 

use of sialidase, tunicamycin, and mutatgenesis that N-linked glycosylation plays a 

role in protease specificity. Removal of glycosylation granted tryptase the ability to 

cleave and activate PAR2, while not affecting trypsin cleavage or activation of the 

receptor (87). Previous studies on PAR1 N-linked glycosylation suggest an important 
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role in surface expression. In the study Jurkat cells treated with tunicamycin, which 

globally disrupts N-linked glycosylation, PAR1 expression was drastically reduced 

compared to control (88). In more recent work, mutations of the various N-linked 

glycosylation sites within the N-terminus were shown to govern receptor disarming to 

trypsin, thermolysin, and the neutrophil proteinases elastase and proteinase 3 (89). 

These findings suggest that PAR1 is glycosylated at the N-terminus but precisely how 

this posttranslational modification affects receptor function has not been thoroughly 

examined.  

The work described in this dissertation investigated the role of N-linked 

glycosylation in the regulation of PAR1 signaling and trafficking. I defined for the 

first time that PAR1 is modified by N-linked glycosylation on both the N-terminus 

and ECL2, with ECL2 serving as the major site of N-linked glycosylation (90). I also 

demonstrated that N-linked glycosylation differentially regulates PAR1 signaling and 

trafficking (90). N-linked glycosylation of PAR1 at the N-terminus is important for 

trafficking to the cell surface, whereas N-linked glycosylation at ECL2 affects 

receptor coupling to Gq stimulated phosphoinositide hydrolysis signaling. I also made 

the novel discovery that N-linked glycosylation at ECL2 influences the capacity of 

PAR1 to couple to distinct G protein subtypes. This work provides the first insight 

into the molecular basis of GPCR-G protein coupling specificity (Fig. 4), which may 

be relevant to the molecular basis of biased signaling. 
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1.2 Figures  
 
Table 1.1: PAR1 N-terminus is cleaved by multiple protease 

 
 
+ indicates a protease that cleaves and activates the receptor 
-  indicates a protease that cleaves and disarms the receptor 
APC-ECPR = activated protein C-endothelial protein C receptor, KLK = kallikrein, MMP = 
matrix mettaloproteinase, ADAM = a disintegrin and metalloproteinase domain-containing 
protein. Adapted from: Adams et al. (2011) Pharmacol Ther 3, 248-82.  
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Figure 1.1: Receptor modifications and motifs that are important for PAR1 signal 
regulation. Similar to other GPCRs PAR1 can be modified by numerous different 
posttranslational modifications, which play a role in receptor signal regulation. In additional, 
the tyrosine based motifs within PAR1 C-terminus are known to be important for AP2 
interaction. Highlighted in orange are N-linked glycosylation consensus sequences of which 
PAR1 has five. 
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Figure 1.2: Activation of PAR1 and G protein signaling. After thrombin cleavage the new 
N-terminus acts as a tethered ligand that docks intramolecularly. Extracellular loop 2 is 
thought to play a critical role in ligand docking. After docking of the tethered ligand the 
receptor undergoes a conformational change that initiates G protein signaling. PAR1 couples 
to multiple heterotrimeric G protein subtypes after activation including Gq, Gi, and G12/13 and 
results in diverse cellular responses. 
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Figure 1.3: Common monosaccharides of vertebrate N-linked glycosylation. The five 
monosaccharides that are commonly found in vertebrate N-linked glycosylation are 
represented with the anomeric hydroxyl group in the beta position. Lister below each 
monosaccharide is approximate molecular weight. Glucose is not listed as it is only part of the 
14 saccharide precursor that is transferred to the asparagines and is trimmed later in 
processing. 
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Figure 1.4: Model of PAR1 second extracellular loop amino acids with N-linked glycans. 
Shown is a model of the 28 amino acids of the second extracellular loop of PAR1. N-linked 
glycosylation moieties are highlighted in red. The first N-linked glycan is the 14 saccharide 
“core” structure that is first transferred to the asparagines during biogenesis in the 
endoplasmic reticulum and is composed of 2 N-acetylglucosamie, 9 mannose, and 3 glucose. 
The second N-linked glycan is more representative of a complex N-linked glycan that may be 
found in vertebrates.
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2.1 Abstract 

 N-linked glycosylation is a post-translational modification that occurs on 

GPCRs at the consensus sequence N-X-S/T (where X is any amino acid except 

proline). PAR1 contains five N-linked glycosylation consensus sites: three residing in 

the N-terminus and two localized on the surface of the second extracellular loop 

(ECL2). However, the function of PAR1 N-linked glycosylation is not known. We 

thus sought to determine if PAR1 is glycosylated and the impact of glycosylation on 

receptor trafficking and signaling. Here, we report that PAR1 is extensively modified 

by N-linked glycosylation. We found that both the PAR1 N-terminus and ECL2 serve 

as sites for N-linked glycosylation, with the ECL2 more extensively glycosylated than 

ECL2. However, mutation of the PAR1 N-linked glycosylation sites revealed that N-

terminal glycosylation and ECL2 glycosylation have different functions in the 

regulation of receptor signaling and trafficking. In this chapter, we described the initial 

characterization of PAR1 N-linked glycosylation.  

 

2.2 Introduction 

 The posttranslational modification of nascent proteins by N-linked 

glycosylation occurs via covalent attachment of saccharides to asparagine (N) residues 

of the consensus site N-X-S/T (where X is any amino acid except proline, S is serine 

and T is threonine)(1) . A diverse array of GPCRs are post-translationally modified by 

N-linked glycosylation during biogenesis (2-5). N-linked glycosylation occurs in the 

endoplasmic reticulum and trans-Golgi network concurrent with translation and 

folding of nascent proteins. This process involves numerous enzymes and the 
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attachment of carbohydrate chains to nascent transmembrane proteins and occurs in an 

ordered fashion. During N-linked glycosylation, glycosyltransferases add 

carbohydrates to growing carbohydrate chains, while glycosidases remove 

carbohydrates from the modified protein. Carbohydrates are able to form a variety of 

bonds and branching networks making N-linked glycosylation highly heterogeneous 

(6).  Consequently, GPCRs can be differentially glycosylated in different tissues and 

cell types (7-11), most likely depending on the enzyme expression profile and the 

availability of substrate carbohydrates. This raises the possibility that PAR1 may exist 

as a differentially glycosylated species in different tissues or cell types. Whether this 

could affect PAR1 localization, ligand interactions, G-protein coupling, or other facets 

of receptor function has not been examined. 

Although N-linked glycosylation of GPCRs is critical for biogenesis and 

appropriate trafficking to the cell surface, it has other functions in GPCR regulation.  

N-linked glycosylation within the N-terminus of CD97, an adhesion GPCR, has been 

shown to regulate auto proteolysis of the receptor (12). Internalization of the dopamine 

D2 receptor and the sphingosine 1-phosphate receptor, endothelial differentiation 

gene-1 product (Edg-1), are affected by N-linked glycosylation (13, 14). In addition, 

N-linked glycosylation can also have affects on GPCR signaling, as is the case for the 

prostacyclin receptor and the thromboxane A2 receptor (15, 16). Whereas N-linked 

glycosylation of PAR2, a GPCR related to PAR1 appears to affect protease 

recognition (17, 18). Incubation of PAR2 with tunicamycin, a drug that globally 

inhibits N-linked glycosylation, or mutation of the putative N-linked glycosylation site 

within the N-terminus altered the capacity of trypsin, but not tryptase to cleave and 
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activate the receptor. In addition, treatment of PAR2 with sialidase, an enzyme that 

cleaves terminal sialic acids, resulted in a similar effect.  These findings suggest that 

N-linked glycan modification of PAR1 could modulate receptor function in different 

ways. 

Most GPCRs contain at least one consensus site for N-linked glycosylation 

that resides within the N-terminus (19). However, human PAR1 contains five potential 

N-linked glycosylation consensus sites: three within the N-terminus and two are 

localized in ECL2. Several studies have suggested that PAR1 is highly glycosylated in 

different cell types based on a shift in its apparent molecular weight following 

glycosidase treatment (20-22). In yeast S. cerevisiae, which are unable to glycosylate 

the receptor, PAR1 migrates as a single band close to its predicted molecular weight 

rather than a broad high molecular weight species typically observed in mammalian 

cells (21). Moreover, global disruption of glycoprotein synthesis with the drug 

tunicamycin greatly diminished surface expression of PAR1 in Jurkat T lymphocyte 

cells (23), suggesting that N-linked glycosylation of PAR1 is important for proper 

trafficking to the cell surface. However, the actual sites of PAR1 N-linked 

glycosylation and the importance of such sites in the regulation of receptor signaling 

and trafficking have not been determined. 

In the work presented here we show that PAR1 is highly modified by N-linked 

glycosylation. Both the N-terminus and the ECL2 of PAR1 are targeted for N-linked 

glycosylation, with the ECL2 sites contributing more to the overall glycosylation 

status of the receptor than the N-terminal sites. In addition, we show that N-linked 

glycosylation of PAR1 at the N-terminus is important for the proper processing and 
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export to the cell surface, similar to that observed with most GPCRs.  Intriguingly, 

however, N-linked glycosylation of PAR1 at ECL2 appears to modulate receptor 

signaling. The later finding serves as a foundation for further studies of N-linked 

glycosylation of PAR1 at ECL2 on biased signaling that are described in Chapters 3 

and 4.  

 

2.3 Materials and methods 

Reagents and Antibodies- Human α-thrombin was obtained from Enzyme Research 

Laboratories (South Bend, IN). The PAR1-activating peptide SFLLRN was 

synthesized as the carboxyl amide and purified by reverse phase high-pressure 

chromatography at Tufts University Core Facility (Boston, MA). PNGase F, Sialidase, 

and Endo H were purchased from New England Biolabs, Inc. (Ipswich, MA). 

Tunicamycin and carbachol was obtained from Sigma-Aldrich (St. Louis, MO). Rabbit 

polyclonal anti-FLAG antibody and mouse monoclonal M1 and M2 anti- FLAG 

antibodies were purchased from Sigma- Aldrich. The anti-PAR1 WEDE mouse 

antibody was purchased from Beckman Coulter (Fullerton, CA). Anti-PAR1 rabbit 

polyclonal antibody was previously described (24). Mouse anti-early endosome 

antigen-1 (EEA-1) and trans-Golgi network (TGN) 230 antibodies were purchased 

from BD Transduction Laboratories (Lexington, KY). Goat anti-mouse IgG antibody 

was purchased from Thermo Scientific (Rockford, IL). Horse-radish peroxidase 

(HRP)-conjugated goat anti-mouse and goat anti-rabbit antibodies were purchased 

from Bio-Rad Laboratories (Richmond, CA). 
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cDNAs and Cell lines- A cDNA encoding human PAR1 with an N-terminal FLAG 

epitope sequence cloned into pBJ vector was previously described (25) and used in 

these studies. Mutations were introduced into FLAG-tagged PAR1 by site-directed 

mutagenesis using the QuikChange Mutagenesis kit (Stratagene) and confirmed by 

dideoxy sequencing (Moores Cancer Center Core Facility, La Jolla, CA). HeLa cells 

stably expressing FLAG-tagged PAR1 wild-type and mutants were generated and 

maintained as previously described (25). The human umbilical vein endothelial-

derived EA.hy926 cells were grown and cultured as we previously described (26). 

 HeLa cells were transiently transfected with a total plasmid amount of 0.4 µg 

per 24-well or 2 µg per six-well using Lipofectamine reagent (Invitrogen) according to 

the manufacturer’s instructions and were assayed 48 h after transfection. 

 

PAR1 Sequence Alignment- A sequence alignment was performed using the EMBL-

EBI ClustalW2 program. Rattus norvegicus (NCBI Reference Sequence: 

NM_012950.2), Mus musculus (NCBI Reference Sequence: NM_010169.3), 

Cricetulus longicaudatus (GenBank: X61958.1), Homo sapiens (NCBI Reference 

Sequence: NM_001992.3), Papio hamadryus (GenBank: AF028727.1), Equuas 

caballus (NCBI Reference Sequence: XM_001503957.2), Canis lupis familiaris 

(NCBI Reference Sequence: XM_546059.2), Xenopus laevis (NCBI Reference 

Sequence: NM_001085783.1), Gallus gallus (NCBI Reference Sequence: 
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XM_424799.3), Macaca mulatta (GenBank: EHH26595.1), Sus scrofa (NCBI 

Reference Sequence: NP_001231301.1), Boas taurus (NCBI Reference Sequence: 

NP_001096567.1), Bos grunniens mutus (GenBank: ELR60449.1), Heterocephalus 

glaber (GenBank: EHB00368.1), Mustela putorius furo (GenBank: AER98213.1), 

Danio rerio (NCBI Reference Sequence: NP_001108318.1), Gorilla gorilla gorilla 

(NCBI Reference Sequence: XP_004058710.1), Pongo abelii (NCBI Reference 

Sequence: XP_002815710.1), Pan troglodytes (NCBI Reference Sequence: 

XP_526888.3),  Nomascus leucogenys (NCBI Reference Sequence: 

XP_003261537.1), Papio anubis (NCBI Reference Sequence: XP_003899888.1), 

Cavia porcellus (XP_003470285.1), Callithrix jacchus (NCBI Reference Sequence: 

XP_002744891.1), Cricetulus griseus (NCBI Reference Sequence: XP_003498759.1), 

Saimiri boliviensis boliviensis (NCBI Reference Sequence: XP_003921004.1), 

Loxodonta Africans (NCBI Reference Sequence: XP_003408011.1), Monodelphis 

domestica (NCBI Reference Sequence: XP_001362837.2), Otolemur garnetti NCBI 

Reference Sequence: XP_003785973.1), Felis catus (NCBI Reference Sequence: 

XP_003981132.1), Ovis aries (NCBI Reference Sequence: XP_004010905.1). 

 

PAR1 Immunoprecipitation and Immunoblotting- HeLa cells stably expressing FLAG-

tagged PAR1 wild-type or mutants were plated at 5 X 105 cells per well in 6-well 

culture dishes and grown overnight at 37°C. Cells were washed, incubated with or 

without agonists diluted in DMEM containing 1 mg/ml BSA and 10 mM HEPES, pH 

7.4 for various times at 37°C. Cells were then washed with cold PBS and lysed with 
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Triton X-100 lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 

mM NaF, 10 mM NaPP, 1% Triton X-100) containing freshly added protease 

inhibitors. Cell lysates were solubilized for 1.5 h at 4°C and clarified by centrifugation 

at 14,000 rpm for 20 min at 4°C. The total amount of protein in cell lysates was 

quantified using a Bicinchoninic acid (BCA) Protein Assay Reagent (Thermo 

Scientific) and equivalent amounts of lysates were used for immunoprecipitation with 

the M2 anti-FLAG antibody or goat anti-mouse IgG control. Immunoprecipitates were 

analyzed by SDS-PAGE, transferred to membranes and PAR1 was detected by 

immunoblotting. Immunoblots were developed with Enhanced Chemiluminescence 

(GE Healthcare, Piscataway, NJ), imaged by autoradiography and quantitated with 

ImageJ software.  

 

Cell Surface ELISA- HeLa cells stably expressing FLAG-tagged PAR1 wild-type or 

mutants were plated at 1 X 105 cells per well in a fibronectin coated 24-well culture 

dish and grown overnight at 37°C. Cells were washed in serum- free DMEM, then 

treated with thrombin diluted in DMEM/ BSA/HEPES at 37°C for various times. 

After treatments, cells were placed on ice, washed with PBS and then fixed with 4% 

paraformaldehyde (PFA) for 5 min at 4°C. Cells were washed, and then incubated 

with polyclonal anti-FLAG antibody diluted 1:1000 or rabbit polyclonal anti-PAR1 

C5433 diluted 1:250 in DMEM/BSA/HEPES for 1 h at room temperature. Cells were 

washed and then incubated with secondary HRP-conjugated goat anti-rabbit antibody 

for 1 h at room temperature and washed extensively. The amount of secondary 
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antibody bound was determined by incubation with 1-Step ABTS (2,2-azinobis-3-

ethylbenz-thiazoline-6- sulfonic acid) (Thermo Scientific) substrate for 10 to 20 min at 

25 °C. An aliquot was removed, and the optical density (OD) determined at 405 nm 

using a Molecular Devices SpectraMax Plus microplate reader.  

 

Deglycosylation of PAR1- HeLa cells stably expressing FLAG-tagged PAR1 or 

FLAG-PAR2 wild- type were plated at 5 X 105 cells per well in 6-well dishes or 1.0 X 

105 cells per well in 24-well culture dishes coated with fibronectin and grown 

overnight at 37°C. Cells were washed, and then treated with 0.5 µg/ml tunicamycin 

(diluted in DMSO) or vehicle control in serum-free DMEM for 16 h at 37°C. After 

incubation, cells were either lysed with Triton lysis buffer, processed and 

immunoblotted for PAR1 expression or fixed with 4% PFA and processed for cell 

surface ELISA as described above. 

 

Glycosidase Incubations- For PNGase F treatments, cells stably expressing FLAG-

tagged PAR1 or endogenous PAR1 were plated at 5 X 105 cells per well in a 6-well 

culture dish and grown overnight at 37°C. Cells were lysed with Triton lysis buffer, 

processed and then immunoprecipitated with M2 anti-FLAG antibody, anti-PAR1 

WEDE antibody, or goat anti-mouse IgG as described above. PAR1 

immunoprecipitates were then resuspended in 100 µl of 1X glycoprotein denaturing 

buffer (0.5% SDS, 40 mM DTT), heated at 100°C for 10 min, vortexed, and then 
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centrifuged for 30 sec at 25°C. Beads were resuspended and 20 µl  aliquots were 

added to each reaction tube. PNGase F reaction mixture was prepared using 2 

µl  enzyme per 20 µl sample volume and added to reaction tubes. Samples were 

incubated at 37°C for various times then an equal volume of 2X sample buffer (62.5 

mM Tris-HCl, 10% glycerol, 5% SDS, 0.01% bromophenol blue) was added and the 

analysis of PAR1 was determined by immunoblotting.  HeLa cells stably expressing 

FLAG-tagged PAR1 wild-type or mutant were prepared as described for the PNGase 

F assay. Sialidase, EndoH, and PNGase F reaction mixtures were prepared using 4 µl, 

2 µl, or 2 µl of the enzymes, respectively, per 20 µl sample volume and added to 

reaction tubes. Samples were incubated at 37°C for 16 h and then an equal volume of 

2X sample buffer was added. PAR1 was then analyzed by immunoblotting. 

 

Phosphoinositide Hydrolysis- HeLa cells stably expressing FLAG-tagged PAR1 wild-

type or mutants were plated at 1 X 105 cells per well in a fibronectin coated 24-well 

culture dish and grown overnight at 37°C. Cells were then labeled with 1 µCi/ml of 

myo-[3H]inositol (American Radiolabeled Chemicals, St. Louis, MO) diluted in 

serum- and inositol-free DMEM containing 1 mg/ml BSA overnight. Cells were 

washed, treated with or without agonists in DMEM media containing 20 mM lithium 

chloride (LiCl) for 60 min at 37°C and accumulated [3H]inositol phosphates (IPs) 

were measured as described (24). 
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Data Analysis- Data were analyzed using GraphPad Prism software 4.0, and statistical 

analysis was determined using the Prism data analysis tool as noted. Statistical 

analysis was determined by performing student’s t test, one-way ANOVA and Dunnett 

multiple comparison test, or two-way ANOVA and Bonferroni post-tests. 

 

2.4 Results 

2.4.1 Conservation of PAR1 N-linked glycosylation sites  

There are five consensus sites for N-linked glycosylation of PAR1, three are 

localized in the N-terminus and two reside within the second extracellular loop. We 

first determined whether the five N-linked glycosylation consensus sites of PAR1 

were conserved between species using Clustal W2 alignment (Fig. 2.1A and B). An 

analysis of thirty PAR1 sequences from different species revealed that the N-linked 

glycosylation consensus sites with the most conservation occurred at the third N-

terminal site and the fourth site residing in ECL2 (Fig. 2.1A and B). Interestingly, 

Rattus norvegicus, Mus Musculus, and Gallus gallus all contained three N-linked 

glycosylation sites within their N-terminus although they did not align with the human 

PAR1 N-terminal sites using Clustal W2 alignment analysis. All of the thirty PAR1 

sequences contained N-terminal glycosylation sites and only three had a single site in 

the N-terminus. Only two PAR1 species lacked N-linked glycosylation sites in ECL2 

and five species had only one site in this domain. Intriguingly, the two cold-blooded 

animals Xenopus laevus and Danio rerio had only one N-linked glycosylation site in 

the N-terminus and ECL2, but the physiological relevance of this occurrence remains 
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unknown. Whether the putative N-linked glycosylation sites of PAR1 are each 

modified by glycosylation or have specific functions important for regulation of PAR1 

signaling and trafficking is not known. 

 

2.4.2 PAR1 is modified by N-linked glycosylation 

 Next, we examined the glycosylation status of human PAR1 ectopically 

expressed in HeLa cells by examining its susceptibility to cleavage by PNGase F, an 

enzyme that cleaves all N-linked glycosylation except for those with an alpha-(1,3)- 

linked core fucose modification. HeLa cells expressing FLAG-tagged PAR1 were 

lysed and immunoprecipitated with M2 anti-FLAG antibody or IgG control and then 

incubated with PNGase F for various times at 37°C. In untreated control cells, PAR1 

migrated as a broad band between ~64 and 98 kDa (Fig. 2.2A, lane 3), consistent with 

that observed previously (25), but significantly greater than the predicted molecular 

weight of ~40 kDa. In contrast, after incubation with PNGase F, PAR1 migrated 

comparable to its predicted molecular weight of ~40 kDa (Fig. 2.2A, lanes 4-6), 

suggesting that PAR1 is modified extensively by N-linked glycosylation. We then 

examined N-linked glycosylation of endogenous PAR1 expressed in human 

endothelial EA.hy926 cells. Endogenous PAR1 immunoprecipitated from human 

endothelial cells also migrated as a high molecular broad band that was reduced to its' 

predicted molecular weight after PNGase F treatment (Fig. 2.2B, lanes 2-4). Thus, 

PAR1 is glycosylated in two different cell types that express the receptor exogenously 

and endogenously.  
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To further confirm that PAR1 is modified by N-linked glycosylation, we 

examined the mobility of PAR1 following treatment with tunicamycin, a drug that 

blocks the first step of glycoprotein synthesis and functions as a global inhibitor of N-

linked glycosylation. In cells treated with tunicamycin, PAR1 migrated at ~40 kDa 

(Fig. 2.2C, lane 4) similar to that observed with PNGase F treatment (Fig. 2.2A), and 

distinct from the broad high molecular weight band observed with untreated PAR1. 

These findings strongly suggest that PAR1 is extensively glycosylated, and is 

consistent with that previously reported (20-22). 

 

2.4.3 N-linked glycosylation of PAR1 is required for export to the cell surface  

N-linked glycosylation of many transmembrane proteins, including GPCRs, is 

important for proper folding during translation and export to the cell surface (27, 28). 

Thus, we determined whether global disruption of PAR1 N- linked glycosylation 

affected receptor export to the cell surface using tunicamycin. PAR1 cell surface 

expression was substantially reduced in tunicamycin treated cells compared to 

untreated control cells (Fig. 2.3), suggesting that global disruption of PAR1 N-linked 

glycosylation affects transport of the receptor to the cell surface as previously reported 

(23). To control for pleiotropic effects of tunicamycin on protein transport, we 

examined cell surface expression of PAR2. In contrast to PAR1, PAR2 surface 

expression was surprisingly unaffected in tunicamycin treated HeLa cells (Fig. 2.3). 

Immunoblot analysis confirmed efficient degylcosylation of PAR2 after tunicamycin 

treatment (Fig. 2.3, inset). These findings suggest that glycosylation of PAR1, but not 
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PAR2, is important for export to the cell surface in HeLa cells. However, whether N-

linked glycosylation of PAR1 occurs largely at the N- terminus, second extracellular 

loop or both is not known.  

 

2.4.4 The N-terminus and ECL2 of PAR1 are modified by N-linked glycosylation    

In order to determine which sites of PAR1 are modified by N-linked 

glycosylation, we first individually mutated the critical asparagine (N) to alanine (A) 

of each of the N-linked glycosylation consensus sites in the PAR1 N-terminus and 

ECL2 (Fig. 2.4A). We used an N-terminal FLAG-tagged human PAR1 construct for 

our studies. However, insertion of the N-terminal FLAG tag into PAR1 inadvertently 

disrupted the first N-linked glycosylation site.  Therefore, we re-created the site by 

inserting an asparagine at position 35 (N35) to determine if this site contributes to 

PAR1 N-linked glycosylation (Fig. 2.4A). An alanine was also introduced into PAR1 

at this site (N35A) and used as a control. We transiently expressed PAR1 variants 

containing single site mutations in HeLa cells and used immunoblot analysis to 

determine which mutants, if any, showed a shift in mobility compared to wild-type 

receptor. Neither the FLAG-tagged PAR1 N35 nor N35A mutations displayed affects 

on receptor mobility compared to wild-type PAR1 (Fig. 2.4B, lanes 3-5). Other 

individual point mutants of the N-terminus caused minimal changes in PAR1 mobility 

assessed by immunoblot (Fig 2.4B, lanes 4,6-7), however, when all N-terminal sites 

were mutated together in a mutant designated NA NTer we observed a shift in 

receptor mobility (Fig 2.4C, lane 6) consistent with a defect in glycosylation. These 
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data indicate that N-linked glycosylation of PAR1 occurs at the N-terminus. 

Interestingly, a PAR1 mutant in which the two asparagine residues of the consensus 

sites in extracellular loop 2 were mutated to alanine (NA ECL2) exhibited the greatest 

shift in mobility (Fig 2.4C, lane 7). Thus, PAR1 appears to be modified by N-linked 

glycosylation at both the N-terminus and ECL2, however the ECL2 serves as the 

major site for N-linked glycosylation. We next examined the function of PAR1 NA 

NTer and NA ECL2 PAR1 mutants, since single site mutations appeared to have 

minimal affects on PAR1 overall glycosylation status. 

 

2.4.5 Glycosylation of the N-terminus of PAR1 is important for export to the cell 

surface    

To ascertain the function of N-terminal versus ECL2 glycosylation of PAR1, 

we first determined whether mutants were expressed at the cell surface comparable to 

wild-type PAR1 by quantifying the amount of cell surface receptor with ELISA. 

Interestingly, cells expressing the NA NTer PAR1 mutant showed significantly less 

cell surface expression compared to PAR1 wild-type (WT) or NA ECL2 mutant (Fig. 

2.5A), suggesting that glycosylation of the PAR1 N-terminus facilitates export to the 

cell surface. To confirm whether PAR1 NA NTer transport is aberrant we examined 

the subcellular distribution of PAR1 at steady state by immunofluorescence 

microscopy. Both PAR1 wild-type and mutants localized to the cell surface in 

unpermeabilized cells (Fig. 2.5B, top panels). Interestingly, however, a substantial 

amount of PAR1 NA NTer mutant was retained in an intracellular compartment 
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compared to wild-type or NA ECL2 mutant (Fig. 2.5B, lower panels). We next 

examined the localization of PAR1 NA NTer to specific intracellular compartments. 

Confocal microscopy studies revealed that intracellular PAR1 NA NTer localized 

primarily to the trans Golgi network indicated by marked co-localization with 

TGN230 and minimally to endocytic vesicles co-stained with EEA1 (Fig. 2.5C). 

These findings suggest that glycosylation of the PAR1 N-terminus is critical for 

efficient export to the cell surface. 

 

2.4.6 PAR1 NA NTer and ECL2 mutants are partially glycosylated    

We next evaluated the sensitivity of PAR1 NA NTer and ECL2 mutants to 

cleavage by various glycosidases to determine whether the mutant receptors indeed 

retained N-linked glycosylation and the nature of the glycosylation modifications. The 

mobility of PAR1 wild-type and mutants were unchanged after incubation with 

sialidase (Fig. 2.6A lanes 2, 6 and 2.6B lanes 6, 10). Treatment with endoglycosidase 

H (Endo H) caused a shift in the mobility of the immature receptor form that appears 

as a minor species migrating below the fully glycosylated PAR1 wild-type and 

mutants (Fig. 2.6A lanes 3, 7 and 2.6B lanes 7, 11). Interestingly, incubation with 

PNGase F caused a dramatic shift in mobility of PAR1 wild-type, NA NTer and NA 

ECL2 mutants to the predicted molecular weight of the unmodified receptor (Fig. 

2.6A lanes 4, 8 and 2.6B lanes 8, 12). These findings lend further support to the idea 

that the PAR1 N-terminus and ECL2 domains are both functional targets for 
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modification with N-linked glycosylation. 

 

2.4.7 PAR1 NA NTer and ECL2 exhibit similar rates of thrombin cleavage 

compared to wild-type receptor  

To determine whether glycosylation affects the capacity of thrombin to cleave 

PAR1, we examined the kinetics of thrombin-mediated cleavage of the PAR1 NA 

NTer and NA ECL2 mutants. HeLa cells stably expressing similar surface levels of 

either FLAG-tagged PAR1 wild-type or mutants were incubated with a low (1 nM) 

and a high (10 nM) concentration of thrombin for various times at 37°C, and the rate 

of PAR1 cleavage was monitored by measuring the loss of FLAG epitope by ELISA. 

PAR1 wild-type, NA ECL2 and NA NTer mutants were efficiently cleaved with 

similar kinetics at maximal and sub-maximal doses of thrombin  (Fig 2.7A and Fig 

2.7B). While the rates of thrombin cleavage of PAR1 were unchanged by the 

mutations there was still the possibility of differences in tethered ligand docking 

interactions with the receptor that could lead to changes in signaling.  

 

2.4.8 PAR1 NA ECL2 signaling is markedly enhanced compared to wild-type 

receptor  

To determine whether N-linked glycosylation of PAR1 of the N-terminus or 

the ECL2 has a function in receptor signaling we examined the capacity of activated 
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wild-type and mutant receptors to stimulate phosphoinositide (PI) hydrolysis. 

Activated PAR1-stimulated PI hydrolysis occurs predominantly by Gαq coupling to 

PLC-β, as well as G α12/13 and PLC-ε, mediated hydrolysis of phosphoinositides (5, 

29, 30). Cells expressing comparable surface levels of either PAR1 wild-type, NA 

NTer or NA ECL2, were incubated with a saturating concentration of thrombin for 1 h 

at 37°C and total [3H]IPs were measured. After 60 min of thrombin exposure, a ~2.5- 

fold increase in PI hydrolysis was detected in wild-type PAR1 expressing cells, 

whereas a significantly greater ~4.2-fold increase in signaling was measured in cells 

expressing the PAR1 NA ECL2 mutant lacking N-linked glycosylation in the second 

extracellular loop (Fig. 2.8A). In cells expressing similar amounts of both PAR1 wild- 

type and NA ECL2 mutant, stimulation of endogenous muscarinic acetylcholine 

receptors with carbachol resulted in comparable changes in PI hydrolysis (Fig. 2.8A), 

indicating that there are no cell clone specific defects in G protein signaling. 

Moreover, the activation of PAR1 with the peptide agonist SFLLRN also caused 

enhanced signaling of PAR1 NA ECL2 compared to wild-type PAR1 (Fig. 2.8A). In 

contrast to PAR1 NA ECL2 mutant, thrombin-activation of PAR1 NA NTer caused a 

significant but modest increase in signaling compared to wild-type receptor (Fig. 

2.8B). Together these data suggest that N-linked glycosylation of PAR1 at ECL2 has a 

predominant effect on receptor stimulated G-protein signaling. 

 

2.5 Discussion 
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In the present study, we sought to characterize N-linked glycosylation of PAR1 

by identifying the major sites of glycosylation and the function of receptor 

glycosylation. We found that PAR1 is extensively glycosylated in transfected cells and 

native cell systems. The glycosylation of PAR1 was shown to occur mainly at ECL2 

via two consensus sites, whereas the sites in the N-terminus contributed less overall to 

the glycosylation status of the receptor. Glycosylation of PAR2 at the N-terminus has 

been shown to modulate export to the cell surface (17) and specificity of distinct 

proteases to cleave and activate the receptor (18), however, virtually nothing is known 

about the function of PAR1 N-linked glycosylation. The studies presented in this 

chapter now indicate that glycosylation of PAR1 is required for efficient trafficking to 

the cell surface, similar to that reported for other GPCRs (31-33). In addition, 

glycosylation of PAR1 at ECL2 appears to make important contributions to activated 

receptor stimulation of G protein signaling, which cannot be attributed to defects in 

the ability of thrombin to cleave the receptor. These findings suggest that N-linked 

glycosylation of PAR1 at the N-terminus versus ECL2 serve distinct function in 

regulation of receptor function. 

Most mammalian GPCRs harbor N-linked glycosylation sites within their N- 

terminal extracellular domain, whereas glycosylation occurs less commonly on the 

extracellular loops linking the transmembrane helices. Despite the presence of three 

N-linked glycosylation consensus sites in the N-terminus, we found that modification 

of the PAR1 N- terminus with glycosylation does occur, but contributes minimally to 

the overall glycosylation status of the receptor. However, like many other mammalian 
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GPCRs, our findings suggest that N- linked glycosylation of the PAR1 N-terminus is 

important for receptor trafficking through the biosynthetic pathway and export to the 

cell surface. Calnexin and calreticulin are chaperone proteins that retain unfolded or 

unassembled N-linked glycoproteins in the endoplasmic reticulum and may be 

important for proper trafficking of PAR1 through the endoplasmic reticulum and 

Golgi apparatus but this remains to be determined. We also show that mutations in N-

linked glycosylation sites at the N-terminus or ECL2 of PAR1 does not completely 

abrogate glycosylation of the receptor, indicating that these receptor mutants are still 

capable of being processed by the diverse set of enzymes involved in N-linked 

glycosylation formation in the endoplasmic reticulum and Golgi. 

In addition to thrombin, many other proteases including serine, cysteine and 

metalloproteases can cleave and activate PARs (26, 34-36). These proteases can 

function as soluble enzymes similar to thrombin or require membrane-associated 

cofactors that facilitate membrane localization and/or allosterically modulate protease 

activity. Interestingly, an N-linked glycosylation site present in the N-terminus of 

PAR2 appears to regulate signaling by the serine protease tryptase but not trypsin or 

synthetic peptide agonist (17, 18), suggesting that glycosylation of PARs at the N-

terminus can dictate protease specificity. Thrombin binds to and cleaves PAR1 with 

exquisite specificity and recognizes both the N-terminal LDPR/S cleavage site and an 

acidic region C-terminal to the cleavage site termed the hirudin-like sequence (37). 

Our results indicate that PAR1 is glycosylated at the N-terminus albeit considerably 

less than that observed at ECL2. In addition, the PAR1 NA NTer mutant lacking all 
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potential sites of N-linked glycosylation in the N-terminus was cleaved by thrombin as 

efficiently as wild-type receptor. These findings suggest that N-linked glycosylation is 

not critical for thrombin cleavage of PAR1, but whether N-linked glycosylation of the 

PAR1 N-terminus affects the capacity of other proteases, such as activated protein C 

or matrix metalloprotease-1, to cleave and activate PAR1 is not known. However, a 

recent study reported that N-terminal glycosylation of PAR1 affected the capacity of 

trypsin, thermolysin and neutrophil proteinases to cleave the receptor at non-activating 

sites (38), suggesting that N-linked glycosylation within the N-terminus may protect 

PAR1 from aberrant cleavage by certain proteases.  

Our studies also identified for the first time the major sites of PAR1 N-linked 

glycosylation and suggest a function for N-linked glycosylation of ECL2 in regulation 

of receptor signaling. In contrast, the glycosylation of the PAR1 N-terminus appears to 

function primarily in proper processing and trafficking of the receptor through the 

biosynthetic pathway to the cell surface. The modest affect observed with PAR1 NA 

NTer mutant on signaling may also suggest that glycosylation at these sites may have 

a role in signal regulation as well, but perhaps through a distinct mechanism than 

glycosylation at ECL2. It remains to be determined whether PAR1 is differentially 

modified by N-linked glycosylation at the N-terminus and/or ECL2 in different 

tissues, distinct cell types or perhaps in disease states. 
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2.7 Figures 

Figure 2.1A: Conservation of PAR1 N-linked glycosylation sites within the N-terminus. 
Thirty N-terminal sequences of PAR1 from different species were aligned using Clustal W2 
alignment analysis. The conserved N-linked glycosylation sites are highlighted in yellow. N-
linked glycosylation sites not conserved in the human PAR1 sequence are highlighted in grey. 
See Materials and methods section for NCBI accession numbers.  
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Figure 2.1B: Conservation of PAR1 second extracellular loop N-linked glycosylation 
sites.  Thirty PAR1 ECL2 sequences from different species were aligned. The conserved N-
linked glycosylation sites are highlighted in yellow. See Materials and methods section for 
NCBI accession numbers.  
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Figure 2.2: PAR1 is highly glycosylated in HeLa and endothelial cells. (A) HeLa cells 
stably expressing FLAG-tagged wild-type PAR1 were lysed and immunoprecipitated with 
either M2 anti-FLAG antibody or IgG control. Immunoprecipitates were treated with PNGase 
F for the indicated times at 37°C. Samples were then processed and immunoblotted with 
rabbit polyclonal anti-FLAG antibody to detect PAR1. Similar findings were observed in three 
independent experiments. The asterisk indicates the detection of a non-specific FLAG positive 
band. (B) Endogenous PAR1 was immunoprecipitated from lysates prepared from EA.hy926 
human endothelial cells, treated with PNGaseF, processed and detected by immunoblotting 
with an anti-PAR1 polyclonal antibody.  (C) HeLa cells stably expressing FLAG-tagged wild-
type PAR1 and untransfected (UT) control cells were treated with DMSO (-) or tunicamycin 
(+, 0.5 µg/ml) for 16 h in serum-free media at 37°C. Total cell lysates were immunoblotted 
with rabbit polyclonal anti-FLAG antibody to detect PAR1. The membranes were then 
stripped and re-probed for actin to control for equal loading. Similar findings were observed in 
three independent experiments. 
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Figure 2.3: N-linked glycosylation is important for PAR1 but not PAR2, surface 
expression. HeLa cells stably expressing FLAG-tagged wild-type (WT) PAR1 or PAR2 were 
left untreated or treated with either DMSO or tunicamycin (TNC) (0.5 µg/ml) for 16 h in 
serum-free media at 37°C. The amount of receptor expressed on the cell surface was detected 
by ELISA. The secondary antibody (2’ Ab) control represents cells not incubated with 
primary antibody. The data shown (mean ± S.D.; n=3) are expressed as the fraction of 
untreated control and are the averages of three independent experiments. The inset shows the 
mobility of PAR2 in control (-) and tunicamycin (+) treated cells. 
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Figure 2.4: PAR1 N-linked glycosylation mutants. (A) Nomenclature and corresponding 
amino acid sequence of FLAG-PAR1 N-linked glycosylation mutants. (B and C) HeLa cells 
were transiently transfected with the various FLAG-tagged PAR1 constructs as indicated. 
After 48 h, cells were lysed and immunoprecipitated with M2 anti-FLAG antibody. Samples 
were then processed and immunoblotted with rabbit polyclonal anti-FLAG antibody to detect 
PAR1. UT = untransfected. Ctrl = PBJ vector. 
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Figure 2.5: PAR1 harboring mutations in the N terminus or ECL2 N-linked 
glycosylation consensus sites are differentially transported to the cell surface. (A) HeLa 
cells were transiently transfected with FLAG-tagged PAR1 wild-type (WT), NA NTer, NA 
ECL2 mutant, or pBJ vector, and the amount of cell surface expression was determined by 
ELISA. The data shown (mean± S.D.; n_3) are expressed as the absorbance (OD) values 
measured at 405 nm. Similar findings were observed in three independent experiments. A 
significant difference between PAR1 WT and NA NTer cell surface expression was detected 
(*, p <0.01) by Dunnett’s multiple comparison tests. (B) HeLa cells expressing FLAG-tagged 
PAR1 WT, NA NTer, or NA ECL2 were fixed and either left alone (unpermeabilized) or 
treated with 10 nM thrombin, which cleaves off the FLAG epitope from cell surface PAR1, 
and then permeabilized (Perm), processed, and immunostained for PAR1 using a polyclonal 
anti-FLAG antibody. Under these conditions only PAR1 present in intracellular compartments 
protected from thrombin cleavage will be detected with the anti-FLAG antibody. The cells 
were imaged by confocal microscopy. Scale bar, 10 µm. (C), PAR1 NA NTer-expressing 
HeLa cells were fixed, permeabilized, and immunostained for PAR1 NA NTer or endogenous 
EEA1 or TGN230 and examined by confocal microscopy. The images shown are 
representative of many cells examined. Co-localization of PAR1 NA NTer with endogenous 
TGN230 is indicated by the yellow color in the merged image.  
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Figure 2.6: NA NTer and NA ECL2 PAR1 mutants are glycosylated. HeLa cells stably 
expressing FLAG-tagged PAR1 wild-type (WT), NA NTer mutant (A), NA ELC2 mutant (B) 
or untransfected (UT) control cells were lysed, processed and PAR1 immunoprecipitated 
using M2 monoclonal anti-FLAG antibody. Immunoprecipitates were treated with the 
indicated enzyme for 16 h at 37°C. Immunoprecipitates were resolved by SDS-PAGE and 
PAR1 was detected by immunoblotting with rabbit polyclonal anti-FLAG antibody. Similar 
findings were observed in multiple independent experiments. The single asterisk indicates the 
detection of a nonspecific FLAG-positive band, and the double asterisks denote a nonspecific 
FLAG-positive band only detected in samples treated with endoglycosidase H (Endo H).  
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Figure 2.7: PAR1 NA NTer and NA ECL2 mutants display similar thrombin cleavage 
rates. HeLa cells stably expressing similar amounts of FLAG-tagged PAR1 wild-type (WT) 
or NA NTer (A) or NA ECL2 (B) mutant were serum starved for 30 min then treated with 
media containing 1 nM or 10 nM thrombin (α-Th) for various times at 37°C. After 
incubations, cells were washed, fixed and uncleaved PAR1 was detected with anti-FLAG 
antibody by cell surface ELISA. The data shown (mean ± S.D.; n=3) are expressed as the 
percent of receptor cleaved = 100* (average untreated value -value at x min)/(average 
untreated value) and are the averages from three independent experiments performed in 
triplicate. 



 60 

 
 
Figure 2.8: PAR1 N-linked glycosylation mutants display markedly enhanced PI 
hydrolysis signaling compared to the wild-type receptor. HeLa cells stably expressing 
similar surface levels of FLAG-tagged PAR1 wild-type (WT), NA NTer (A) or NA ECL2 (B) 
mutant labeled with myo-[3H]inositol were incubated with media containing LiCl alone (Ctrl) 
or media containing LiCl and 100 µM SFLLRN, 10 nM thrombin (α−Th), or 500 µM 
carbachol (CARB) for 60 min at 37°C. The amounts of accumulated [3H]IPs were then 
measured. The data shown (mean ± S.D.; n=3) are expressed as the fold increase in [3H]IPs 
accumulation over basal amounts and are the averages from three independent experiments 
performed in triplicate. The difference in agonist-induced signaling at PAR1 WT and NA 
ECL2 mutant was significant (***, p < 0.001) by two-way ANOVA and Bonferroni post-tests. 
The amounts of PAR1 WT, NA NTer and NA ECL2 mutant expressed at the cell surface was 
determined by ELISA. 
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Chapter 3: 

 

N-linked glycosylation of PAR1 ECL2: A critical determinant for ligand-induced 

receptor activation and internalization 
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3.1 Abstract 

PAR1 is cleaved by thrombin, revealing a new N-terminus that acts as a 

tethered ligand that binds intramolecularly to the second extracellular loop (ECL2) of 

the receptor to elicit transmembrane signaling. Once activated, PAR1 undergoes 

conformational changes that exposes cytoplasmic surfaces to facilitate interaction with 

heterotrimeric G proteins. Activated PAR1 is then phosphorylated and ubiquitinated 

and recruited to clathrin-coated pits by the endocytic adaptor proteins AP-2 and epsin-

1, which are critical for receptor internalization. In the present chapter we examined 

whether N-linked glycosylation of PAR1 at ECL2 affects receptor-stimulated PI 

hydrolysis, an effect attributed mainly to Gq coupling, and internalization. Here, we 

report that N-linked glycosylation of PAR1 enhances the capacity of the receptor to 

efficiently couple to Gq-stimulated PI hydrolysis and impairs the ability of the receptor 

to engage the endocytic machinery, which resulted in slowed agonist-induced receptor 

internalization.  

 

3.2 Introduction 

PAR1 is activated when the N-terminus is cleaved by thrombin, which creates 

a new N-terminus that acts as a tethered ligand that binds intramolecularly to the 

receptor to initiate transmembrane signaling (1). Activated PAR1 signals through 

multiple heterotrimeric G-protein subtypes including Gq, Gi/o and G12/13 to promote 

diverse cellular responses in various cell types (2-5). The current model for activation 
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of GPCR signaling posits that agonist binding within the receptor helical core triggers 

rearrangements of transmembrane helices that exposes cytoplasmic domains to initiate 

G protein activation (6, 7). However, for the class B GPCRs whose natural ligands are 

peptide hormones, the extracellular domains have a critical role in ligand binding (8). 

In addition, recent studies of class A GPCRs also indicate that ligands interact with 

their extracellular domains (9-14). PAR1 is a class A Rhodopsin-like GPCR that is 

activated through peptide agonist interaction with the receptor extracellular surface 

domains. Specifically, the PAR1 second extracellular loop (ECL2) is critical for 

species-specific ligand interactions and peptide agonist recognition (15, 16). Indeed 

the recent high-resolution X-ray structure of PAR1 is consistent with tethered ligand 

interactions with the surface of ECL2 (17). An interesting feature of the ECL2 of 

human PAR1 is the inclusion of two N-linked glycosylation consensus sites, however, 

the function of glycosylation in regulation of PAR1 signaling and trafficking has not 

been thoroughly examined.  

After activation, PAR1 is rapidly desensitized from G protein signaling by 

phosphorylation and β-arrestin binding (18, 19). In addition to desensitization, PAR1 

internalization and lysosomal degradation are critical for termination of G protein 

signaling (20, 21). PAR1 displays two modes of internalization that proceed through a 

clathrin- and dynamin-dependent pathway independent of β-arrestins (18). 

Constitutive internalization of unactivated PAR1 is mediated by the clathrin adaptor 

protein complex-2 (AP-2), which binds directly to a tyrosine-based motif localized 

within the receptor C-tail domain (22). However, AP-2 depletion only partially 
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inhibited agonist-induced internalization of PAR1, suggesting a function for other 

clathrin adaptors in this process. Indeed, activated PAR1 internalization is mediated by 

AP-2 and epsin-1, which bind to discrete phosphorylation and ubiquitination endocytic 

signals (23). Constitutive internalization of PAR1 is important for generating an 

intracellular pool of receptor that can replenish the cell surface and is essential for 

resensitizing cells to thrombin signaling (22, 24, 25). Internalization and lysosomal 

degradation of activated PAR1 is critical for termination of signaling, since a PAR1 

mutant that internalizes and recycles can continue to signal even in the absence of 

thrombin (20, 21). Whether signaling by PAR1 can modulate the endocytic machinery 

to affect receptor internalization or lysosomal sorting has not been previously 

examined.  

In the present work, we examine for the first time the function of N-linked 

glycosylation of the PAR1 ECL2 in the regulation of receptor signaling and trafficking. 

PAR1 NA ECL2 mutant displays impaired agonist-induced internalization, whereas 

constitutive internalization remained intact. In addition, proteolytic activation of PAR1 

NA ECL2 mutant exhibited a marked increase in Gq-stimulated PI signaling that is not 

due to defects in desensitization or signal termination. Rather, the PAR1 NA ECL2 

mutant exhibits a greater efficacy in activation of Gq protein mediated signaling 

response. In addition, impaired PAR1 internalization was not a result of enhanced PI 

hydrolysis, since perturbation of PI hydrolysis by phospholipase C (PLC) inhibition 

with edelfosine or Gq siRNA knockdown failed to rescue the phenotype. These 

findings suggest that glycosylation of PAR1 at ECL2 influences tethered ligand 
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interactions with the surface of ECL2 that enhances the stabilization of an active 

receptor conformation.  

 

3.3 Materials and methods 

Reagents and Antibodies- Human α-thrombin was obtained from Enzyme Research 

Laboratories (South Bend, IN). The PAR1-activating peptide, SFLLRN, was 

synthesized as the carboxyl amide and purified by reverse phase high-pressure 

chromatography at Tufts University Core Facility (Boston, MA). Cycloheximide, 

carbachol, epidermal growth factor (EGF), and hirudin were obtained from Sigma-

Aldrich (St. Louis, MO). Edelfosine (ET-18-O-CH3; 1-octadecyl-2-O-methyl-glycero-

3-phophocholine) was obtained from Calbiochem (San Diego, CA). Rabbit polyclonal 

anti-FLAG antibody and mouse monoclonal M1 and M2 anti- FLAG antibodies were 

purchased from Sigma-Aldrich. The anti-PAR1 WEDE mouse antibody was 

purchased from Beckman Coulter (Fullerton, CA). Anti-PAR1 rabbit polyclonal 

antibody was previously described (22). The mouse monoclonal AP-50 (µ2) antibody 

was obtained from BD Biosciences. The mouse monoclonal anti-EGFR LA22 

antibody was from Upstate Cell Signaling Solutions (Billerica, MA). The Rabbit 

polyclonal anti-Gq and anti-epsin-1 (H130) antibodies were from Santa Cruz 

Biotechnology. Goat anti-mouse IgG antibody was purchased from Thermo Scientific 

(Rockford, IL). Horse-radish peroxidase (HRP)-conjugated goat anti-mouse and goat 

anti-rabbit antibodies were purchased from Bio-Rad Laboratories (Richmond, CA).  
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Cell lines- HeLa cells stably expressing FLAG-tagged PAR1 wild-type and mutants 

were generated and maintained as previously described (26, 27).  

 

PAR1 Immunoprecipitation and Immunoblotting- HeLa cells stably expressing FLAG-

tagged PAR1 wild-type or mutants were plated at 5 X 105 cells per well in 6-well 

culture dishes and grown overnight at 37°C. To assess PAR1 degradation, cells were 

pretreated with 10 µΜ cycloheximide for 30 min at 37°C, and then incubated with or 

without agonists in serum-free media containing 10 µΜ cycloheximide for various 

times at 37°C. Cells were washed, solubilized with Triton X-100 lysis buffer (50 mM 

Tris-HCl pH 7.4, 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 10 mM NaPP, 1% Triton 

X-100) containing freshly added protease inhibitors. Cell lysates were solubilized for 

1.5 h at 4°C and clarified by centrifugation at 14,000 rpm for 20 min at 4°C. The total 

amount of protein in cell lysates was quantified using a Bicinchoninic acid (BCA) 

Protein Assay Reagent (Thermo Scientific) and equivalent amounts of lysates were 

used for immunoprecipitation with the M2 anti-FLAG antibody or goat anti-mouse 

IgG control. Immunoprecipitates were analyzed by SDS-PAGE, transferred to 

membranes and PAR1 was detected by immunoblotting with anti-PAR1 antibody. 

Immunoblots were developed with Enhanced Chemiluminescence (GE Healthcare, 

Piscataway, NJ), imaged by autoradiography and quantitated with ImageJ software.  
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Cell Surface ELISA- HeLa cells stably expressing FLAG-tagged PAR1 wild-type or 

mutant were plated at 1 X 105 cells per well in a fibronectin coated 24-well culture 

dish and grown overnight at 37°C. Cells were washed in serum-free DMEM, then 

treated with agonists, 100 µΜ SFLLRN or 10 nM thrombin, diluted in DMEM/ 

BSA/HEPES at 37°C for various times. After treatments, cells were placed on ice, 

washed with PBS and then fixed with 4% paraformaldehyde (PFA) for 5 min at 4°C. 

Cells were washed, and then incubated with polyclonal anti-FLAG antibody diluted 

1:1000 or rabbit polyclonal anti-PAR1 C5433 diluted 1:500 in DMEM/BSA/HEPES 

for 1 h at room temperature. Cells were washed and then incubated with secondary 

HRP-conjugated goat anti-rabbit antibody for 1 h at room temperature and washed 

extensively. The amount of secondary antibody bound was determined by incubation 

with 1-Step ABTS (2,2-azinobis-3-ethylbenz-thiazoline-6- sulfonic acid) (Thermo 

Scientific) substrate for 10 to 20 min at 25 °C. An aliquot was removed, and the 

optical density (OD) determined at 405 nm using a Molecular Devices SpectraMax 

Plus microplate reader. 

 

Phosphoinositide Hydrolysis- HeLa cells stably expressing FLAG-tagged PAR1 wild-

type or mutant were plated at 1 X 105 cells per well in a fibronectin coated 24-well 

culture dish and grown overnight at 37°C. Cells were then labeled with 1 µCi/ml of 

myo-[3H]inositol (American Radiolabeled Chemicals, St. Louis, MO) diluted in 

serum- and inositol-free DMEM containing 1 mg/ml BSA overnight. Cells were 

washed, treated with or without agonists in DMEM media containing 20 mM lithium 
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chloride (LiCl) for various times at 37°C and accumulated [3H]inositol phosphates 

(IPs) were measured as described (18). To determine whether recycling of activated 

PAR1 continued to signal, cells labeled with myo-[3H]inositol were treated with 

DMEM with or without 10 nM thrombin for 1 h at 37°C. Cells were washed, and 

medium was replaced with new media containing 20 mM LiCl and cells were 

incubated for 1 h at 37°C and accumulated [3H]IPs were measured as described (18).  

  In edelfosine experiments, HeLa cells stably expressing FLAG-tagged wild-

type or mutant were plated in fibronectin coated 24-well culture dish and grown 

overnight. Cells were pretreated with 10 µM edelfosine for 90 min at 37°C then 

treated with DMEM media containing agonist and edelfosine or edelfosine alone for 5 

min. Cells were then processed for PI hydrolysis or cell surface ELISA as described 

above. 

 

Gq siRNA knockdown- HeLa cells stably expressing FLAG-tagged PAR1 wild-type or 

mutant were plated in fibronectin coated 24-well culture dish and grown overnight. 

Cells were then transfected with 100 nM nonspecific or Gq/11 specific siRNAs using 

Lipofectamine 2000 or Oligofectamine according to the manufacturer’s instructions 

(Invitrogen) and knockdown allowed to proceed for 72 h before assaying cell surface 

ELISA or PI hydrolysis as described above. The nonspecific siRNA 5’-

CUACGUCCAGGAGCGCACC-3’ and Gq/11 specific siRNA 5’-

GAUGUUCGUGGACCUGAAC-3’ were synthesized by Dharmacon (Lafayette, CO).  
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Immunofluorescence Microscopy – HeLa cells stably expressing FLAG-PAR1 wild-

type and mutant were plated at a density of 1.5 X 105 cells per well on fibronectin 

coated glass coverslips in 12-well dishes. Cells were labeled with rabbit polyclonal 

anti-FLAG antibody for 1 h on ice, washed and then treated with or without agonist 

and then chilled on ice. Cells were fixed with 4% PFA for 5 min on ice then 

permeabilized with 100% methanol, washed and immunostained with anti-AP-2 or 

anti-epsin-1 antibodies and processed for confocal microscopy as described (26). 

Images were collected using an Olympus DSU spinning disk confocal microscope 

configured with a PlanApo 60X oil objective and a Hamamatsu ORCA-ER digital 

camera. Fluorescent images of X-Y sections at 0.28 µm were collected using 

Intelligent Imaging Innovations Slidebook 4.2 software and composite configured 

using Adobe Photoshop CS3. 

 

Data Analysis- Data were analyzed using GraphPad Prism software 4.0, and statistical 

analysis was determined using the Prism data analysis tool as noted. Statistical 

analysis was determined by performing student’s t-test, one-way ANOVA and 

Dunnett multiple comparison test, or two-way ANOVA and Bonferroni post-tests. 

 

3.4 Results  
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3.4.1 PAR1 NA ECL2 mutant signals with greater efficacy compared to wild-type 

receptor   

We previously showed that the PAR1 NA ECL2 mutant displays enhanced PI 

hydrolysis after a 60 min incubation with thrombin compared to wild-type receptor 

(see Fig 2.8). To further delineate the signaling phenotype of the NA ECL2 mutant we 

compared the time-course of thrombin–induced PI hydrolysis in HeLa cells stably 

expressing similar amounts of PAR1 wild-type and NA ECL2 mutant on the cell 

surface (Fig 3.1A). Cells were incubated with a saturating concentration of thrombin 

for various times at 37°C and total [3H]IPs were measured. Interestingly, the PAR1 

NA ECL2 mutant displayed a significant difference in the amounts of inositol 

phosphate accumulation over time compared to wild-type receptor (Fig 3.1B). Next, 

we examined whether the initial coupling of activated PAR1 wild-type and NA ECL2 

mutant to G protein-stimulated PI hydrolysis was affected. The concentration effect 

curves for thrombin at PAR1 wild-type and mutant deficient in N-linked glycosylation 

at ECL2 were determined by incubating cells labeled with myo-[3H]inositol and 

varying concentrations of thrombin for 5 min at 37°C, and accumulation of [3H]IPs 

was measured. The effective concentration of thrombin needed to stimulate half-

maximal response after 5 min was significantly different for PAR1 wild-type (1.61 ± 

0.14 nM) versus NA ECL2 mutant (0.99 ± 0.12) (p < 0.001) (Fig. 3.1C and D). 

Moreover, activation of PAR1 NA ECL2 mutant caused enhanced maximal signaling 

response compared with wild-type receptor (Fig. 3.1C). Thus, each activated PAR1 

mutant lacking N-linked glycosylation in the ECL2 domain appears to couple longer 

and more robustly to PI hydrolysis before receptor signaling is shut off. These findings 
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indicate that each activated PAR1 deficient in ECL2 N-linked glycosylation is more 

efficacious at coupling to G-protein activation than wild-type receptor. 

 

3.4.2 PAR1 NA ECL2 mutant exhibits a distinct desensitization rate compared to 

wild-type receptor  

 We next determined whether differences in PAR1 NA ECL2 signaling are due 

to affects on receptor desensitization. To assess PAR1 desensitization rates, HeLa cells 

expressing similar surface amounts of PAR1 wild-type and NA ECL2 mutant were 

exposed to saturating concentrations of thrombin for 10 min at 37°C. The extent of 

PAR1 signaling activity remaining after various times of thrombin incubation was 

then determined by the addition of lithium chloride and the amounts of [3H]IPs formed 

were then measured. Thrombin-induced IP formation is not detectable in the absence 

of lithium chloride. In PAR1 NA ECL2 mutant-expressing cells the rate of 

desensitization actually occurred more rapidly compared to cells expressing wild-type 

receptor (Fig. 3.2). These findings suggest that despite PAR1 NA ECL2 increased rate 

of desensitization, activated receptor is still able to induce robust activation of G 

protein signaling. 

 

3.4.3 PAR1 NA ECL2 mutant enhanced signaling is not due to constitutive 

activation or impaired signal termination  

It is conceivable that proteolytically activated PAR1 NA ECL2 mutant can 
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continue to signal if it remains on the cell surface or if it is internalized and recycled 

back to the cell surface with its tethered ligand intact (20, 28). Therefore, we examined 

whether proteolytic activation of PAR1 lacking ECL2 N-linked glycosylation with 

thrombin induced persistent signaling by assaying the accumulation of [3H]IPs after 

thrombin removal. HeLa cells expressing comparable amounts of PAR1 wild-type and 

NA ECL2 mutant labeled with myo-[3H]inositol were stimulated with saturating 

concentrations of thrombin for 1 h at 37°C. In the presence of LiCl, thrombin-

stimulated significant increases in [3H]IPs in both PAR1 WT and NA ECL2 

expressing cells compared to untreated control cells (Fig. 3.3). In cells treated with 

thrombin the absence of LiCl, PI hydrolysis is stimulated, but [3H]IPs are rapidly 

metabolized and do not accumulate. To detect ongoing PAR signaling, thrombin was 

removed and then LiCl was added together with hirudin (a thrombin inhibitor) to 

allow accumulation of any IPs generated by ongoing phosphoinositide hydrolysis. If 

receptor signaling were terminated, no IPs would be detected. In cells expressing 

PAR1 wild-type or NA ECL2 mutant, phosphoinositide hydrolysis in response to 

thrombin incubation was virtually abolished after agonist removal indicating that 

receptor signaling was substantially shut-off (Fig. 3.3). Thus, PAR1 NA ECL2 mutant 

enhanced signaling is not due to constitutive activation or impaired signal termination. 

 

3.4.4 PAR1 NA ECL2 displays a modest decrease in agonist-induced 

internalization but not constitutive internalization  
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To determine the role of PAR1 ECL2 N-linked glycosylation in receptor 

trafficking, we examined both constitutive and agonist-induced internalization. HeLa 

cells expressing PAR1 wild-type and NA ECL2 mutant were incubated with the M1 

anti-FLAG antibody for 1 h at 4°C. Under these conditions only the receptor cohort at 

the cell surface binds antibody. Cells were washed and then warmed to 37°C for 

various times to facilitate PAR1 constitutive internalization. Both PAR1 wild-type and 

NA ECL2 mutant showed a similar slow rate of constitutive internalization with ~12% 

of the surface receptor cohort being internalized by 20 min (Fig. 3.4A). These findings 

are consistent with our previously published studies (22, 29) and indicate that PAR1 

constitutive internalization occurs independent of N-linked glycosylation of ECL2. In 

contrast, activation of PAR1 NA ECL2 mutant with either peptide agonist or thrombin 

caused a marked delay in activated receptor internalization compared to wild-type 

receptor (Fig. 3.4B and C). To exclude the possibility of a global defect in receptor-

mediated endocytosis, we also examined internalization of the endogenous epidermal 

growth factor receptor (EGFR) in the same HeLa cell lines. Activated EGFR showed 

robust internalization in both PAR1 wild-type and NA ECL2 expressing cell lines 

indicating that the endocytic machinery is intact and functional (Fig. 3.4D). Thus, 

impaired agonist-induced PAR1 NA ECL2 mutant internalization suggest that N-

linked glycosylation of the second extracellular loop is important for stabilizing an 

active receptor conformation that is efficiently engaged by the endocytic machinery. 

 

3.4.5 PAR1 NA ECL2 mutant colocation with the endocytic adaptors AP-2 and 
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epsin-1   

We next examined whether activation of PAR1 NA ECL2 mutant resulted in 

redistribution to clathrin-coated pits containing endocytic adaptors AP-2 and epsin-1 

similar to that observed with wild-type receptor (23). HeLa cells expressing FLAG-

tagged PAR1 wild-type and NA ECL2 mutant were incubated with anti-FLAG 

antibody for 1 h 4°C. Under these conditions only the surface PAR1 cohort is labeled 

with antibody. (Fig 3.5A and B). Cells were then washed to remove unbound 

antibody and incubated with 100 µM SFLLN for 2 min at 37°C, cells were fixed, 

processed, immunostained for endogenous AP-2 or epsin-1 and then imaged by 

confocal microscopy. Activation of wild-type PAR1 for 2 min resulted is substantial 

colocalization with endogenous AP-2 and epsin-1 (Fig 3.5A and B), consistent with 

our previously published studies (23). In contrast, however, activation of PAR1 NA 

ECL2 mutant resulted in less punctae formation and minimal co-localization with 

either AP-2 or epsin-1 (Fig 3.5A and B). These data provide support for the idea that 

activated PAR1 NA ECL2 mutant has the capacity to internalize and to associate with 

AP-2 and epsin-1 but does so less efficiently than wild-type receptor. The mechanism 

responsible for delayed internalization of activated PAR1 NA ECL2 mutant is not 

known.  

 

3.4.6 Internalization of PAR1 NA ECL2 is not affected by inhibition of PLC-

stimulated PI hydrolysis  
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Activated PAR1 couples to Gq to stimulate PLC-β-mediated hydrolysis of PIP2 

to generate IPs, but can also utilize a G12/13 and PLC-ε pathway for IP generation (30-

32).  Clathrin-coated pits form at sites enriched in PIP2 and are the major route for 

GPCR internalization (33). To determine whether the defect in PAR1 NA ECL2 

mutant internalization was related to its capacity to stimulate enhanced PI hydrolysis 

compared to wild-type receptor, we utilized edelfosine, a pharmacological inhibitor of 

PLC and examined receptor internalization by ELISA. To ensure that edelfosine was 

effective at inhibiting PLC we first examined activated PAR1-stimulated PI hydrolysis 

in HeLa cells labeled with myo-[3H]inositol. The expression of PAR1 at the cell 

surface in edelfosine treated cells was comparable to control cells as determined by 

ELISA (Fig 3.6A).  As expected, pretreatment with edelfosine resulted in virtual 

ablation of agonist-induced accumulation of [3H]IPs measured after 5 min of agonist 

stimulation compared to control cells (Fig 3.6B), indicating that edelfosine inhibits 

PLC activity. To assess internalization, HeLa cells were pretreated with or without 10 

µM eldofosine for 90 min at 37°C. Cells were washed and then incubated in the 

presence or absence of 100 µM SFLLRN or 10 nM thrombin for 5 min at 37°C. 

Despite the inhibition of PI hydrolysis by edelfosine, agonist-induced internalization 

of PAR1 wild-type or NA ECL2 mutant were not affected (Fig 3.6C and D), 

suggesting that receptor-stimulated PI hydrolysis is not linked to internalization.  

 

3.4.7 Internalization of PAR1 NA ECL2 is not affected by inhibition of Gq- 

mediated PI hydrolysis  
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To further examine the role of PI hydrolysis in PAR1 internalization we 

examined the function of Gq, which is the major effector of PLC-stimulated PI 

hydrolysis induced by activation of PAR1 (5, 34, 35), using siRNA-targeted depletion 

of endogenous Gq. HeLa cells expressing PAR1 wild-type and NA ECL2 mutant were 

transfected with 100 nM non-specific siRNA or siRNA targeting Gq for 72 h at 37°C.  

Cell surface ELISA showed no difference in PAR1 expression in either NS siRNA or 

Gq siRNA treated cells (Fig 3.7A), however, the immunoblot analysis indicated that 

expression of endogenous Gq was substantially reduced (Fig 3.7A, insert). Cells 

labeled with myo-[3H]inositol were then stimulated with thrombin for 60 min. Cells 

lacking Gq expression showed substantial inhibition of thrombin-induced [3H]IPs 

accumulation compared to control cells  (Fig 3.7B). In contrast to receptor signaling, 

depletion of Gq expression had no effect on either PAR1 wild-type or NA ECL2 

mutant agonist-induced internalization (Fig 3.7C), suggesting that PI hydrolysis is not 

the driver of receptor internalization.  Together with the PLC inhibitor data, these 

findings suggest differences in activated PAR1 wild-type and NA ECL2 mutant 

induced PI hydrolysis is not responsible for modulating receptor internalization. 

 

3.4.8 PAR1 wild-type and NA ECL2 mutant display similar rates of agonist-

induced degradation  

To determine whether N-linked glycosylation of PAR1 mediates endocytic 

sorting of the receptor, we compared the rates of agonist-induced PAR1 wild-type and 

NA ECL2 mutant degradation. HeLa cells expressing FLAG-tagged PAR1 wild-type 
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and NA ECL2 mutant were incubated with or without agonist for various times at 

37°C, and the amount of receptor protein remaining was determined by immunoblot 

analysis. In cells exposed to agonist for 45 min, a significant decrease in the amount of 

PAR1 wild-type protein was observed and the detection of receptor protein was 

virtually abolished at 90 min (Fig. 3.8A, lanes 3-5 and 3.8B), consistent with that 

previously reported. Interestingly, PAR1 NA ECL2 mutant displayed a rate of agonist-

induced degradation comparable to wild-type receptor (Fig. 3.8A, lanes 6-8 and 

3.8B). These findings suggest that N-linked glycosylation of PAR1 ECL2 is not 

important for endocytic sorting and lysosomal degradation of activated PAR1.  

 

3.5 Discussion 

Unlike most classic reversibly activated GPCRs, PAR1 is irreversibly activated 

through an unusual proteolytic mechanism that results in the formation of a tethered 

ligand that binds intramolecularly to the receptor to elicit transmembrane signaling 

(1). The precise mechanism by which the newly formed tethered ligand interacts with 

the extracellular surface of PAR1 to induce a signaling response remains poorly 

understood. GPCRs that belong to class B family of receptors bind peptide hormones 

presumably through critical interactions with the extracellular portions (36, 37). In 

addition, the extracellular domains of other non- peptide hormone binding GPCRs 

belonging to the large class A Rhodopsin-like family of GPCRs have been reported to 

influence ligand interactions (9-14). In the case of the dopamine, cannabinoid, and 

adenosine receptor the second extracellular loop was found to participate in ligand 
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binding, while other extracellular domains participated in ligand recognition of the 

CCR3 receptor. A more recent study using NMR spectroscopy showed that small 

molecules that bind within the transmembrane core and display different efficacies 

towards G protein activation stabilize different conformations of the 

β2−adrenergic receptor extracellular surface formed by a salt bridge between ECL2 

and ECL3 (38). These findings suggest that the extracellular surface of GPCRs is 

dynamic and can alter receptor conformation and G-protein activation. 

Previous studies have shown that the second extracellular loop of PAR1, a 

class A GPCR, is critical for ligand recognition and signal propagation (15, 16). In 

these studies, PAR chimera’s were generated by substituting various extracellular 

portions of different species and used to examine species-specific receptor ligand 

interaction requirements. The results from these studies indicate that the second 

extracellular loop is a critical portion of the receptor dictating ligand docking and 

receptor activation. The recent high-resolution structure of PAR1 is consistent with 

tethered ligand interaction with the surface of extracellular loop 2 (17). Our findings 

reported here now suggest that glycosylation of the second extracellular loop of PAR1 

is also a critical determinant for ligand-induced receptor activation and the fidelity of 

thrombin signaling. Indeed, in the absence of N-linked glycosylation, activation of 

PAR1 either proteolytically with thrombin or by the addition of synthetic peptide 

agonist caused a marked increase in signaling compared to wild-type receptor. 

Remarkably, enhanced signaling by the PAR1 NA ECL2 mutant was not due to a 

defect in thrombin cleavage of the receptor or desensitization. Thus, our findings 
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support the idea that a lack of PAR1 N- linked glycosylation allows the tethered ligand 

or synthetic peptide agonist to bind the receptor in a manner that induces an active 

receptor conformation that is more efficient at coupling to G-protein signaling. 

In malignant cancer, altered glycosylation of proteins is common and various 

forms of N-linked glycosylation can be present. The expression of PAR1 is 

upregulated in many types of invasive cancers including breast cancer due in part to 

defective receptor trafficking, which leads to persistent signaling, transactivation of 

ErbB receptors and breast cancer progression (28, 39, 40). Whether defective 

glycosylation of PAR1 occurs in malignant tumors and contributes to persistent 

signaling and breast cancer invasion and metastasis has not been examined. 

In addition to rapid desensitization, trafficking of PAR1 is critical for the 

fidelity of receptor signaling. PAR1 displays constitutive internalization, a process 

important for cellular resensitization (22, 24, 25), and agonist-induced internalization, 

which is critical for receptor signal termination (20, 21). Interestingly, we found that 

the initial rate of agonist-induced PAR1 NA ECL2 mutant internalization is impaired 

compared to wild-type receptor, whereas constitutive internalization remained intact. 

Moreover, the defect in PAR1 NA ECL2 mutant internalization was observed with 

thrombin, the physiological relevant agonist, as well as with the synthetic peptide 

agonist. These findings raise the possibility that glycosylation is important for 

maintaining distinct active conformations of the receptor that are able to engage the 

endocytic machinery differently. Both constitutive and agonist-induced PAR1 

internalization occur through clathrin-coated pits independent of β−arrestins (18, 26). 
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Interestingly, constitutive internalization of PAR1 requires the clathrin adaptor AP-2 

(22), whereas agonist internalization is specified by both AP-2 and epsin-1 (23). Using 

confocal microscopy studies we observed that the PAR1 NA ECL2 mutant was still 

able to interact with both AP-2 and epsin-1, albeit less efficiently than wild-type 

receptor. The mechanistic basis for delayed internalization of PAR1 NA ECL2 is not 

known but does not appear to involve differences signaling to PI hydrolysis since 

perturbation of signaling has no effect on receptor internalization.  In contrast to the 

defects in PAR1 NA ECL2 internalization, we failed to observe any difference 

between agonist-induced PAR1 wild-type and NA ECL2 mutant lysosomal 

degradation, suggesting that receptor trafficking through the endocytic pathway occurs 

independent of receptor glycosylation. 

Our studies reveal for the first time a function for PAR1 N-linked 

glycosylation of the second extracellular loop in regulation of receptor signaling and 

trafficking. We speculate that N-linked glycosylation of PAR1 influences the active 

conformation of the receptor following tethered ligand binding that results in less 

efficient coupling to Gq signaling. The studies described above focused on PAR1 

coupling to Gq signaling.  However, activated PAR1 is promiscuous and can couple to 

Gi as well as G12/13 proteins in the same cell. Thus, it will be important to determine 

whether N-linked glycosylation of PAR1 has similar effects on PAR1 coupling to 

distinct G proteins subtypes and is the topic of Chapter 4.  
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3.7 Figures 

 

Figure 3.1: PAR1 NA ECL2 mutant signals with greater efficacy compared to wild-type 
receptor. (A) The amounts of PAR1 wild-type (WT) and NA ECL2 mutant expressed at the 
cell surface was determined by ELISA. (B) HeLa cells stably expressing FLAG-tagged PAR1 
WT or NA ECL2 mutant labeled with myo-[3H]inositol were incubated with 10 nM thrombin 
(α−Th) for various times at 37°C in media containing LiCl. The data shown (mean ± S.D.; 
n=3) are expressed as the fold increase in [3H]IPs accumulation over basal counts/min and are 
from one experiment that is representative of multiple independent experiments performed in 
triplicate. The difference in thrombin-stimulated signaling at PAR1 WT and NA ECL2 mutant 
at various times was significant (**, p < 0.01; ***, p < 0.001) by two-way ANOVA and 
Bonferroni post-tests. (C) HeLa cells stably expressing FLAG-tagged PAR1 wild-type (WT) 
or NA ECL2 mutant labeled with myo-[3H]inositol were incubated with media containing 
various concentrations of thrombin (α−Th) for 5 min at 37°C in media containing LiCl. The 
data shown (mean ± S.D.; n=3) are expressed as the counts/min and are from one experiment 
that is representative of multiple independent experiments performed in triplicate. The 
difference in thrombin-stimulated signaling at PAR1 WT and NA ECL2 mutant at various 
concentrations was significant (***, p < 0.001) by two-way ANOVA and Bonferroni post-
tests. (D) EC50 values (mean ± S.D.; n=3) for thrombin signaling at PAR1 WT and NA ECL2 
mutant was determined from three independent experiments. The difference in thrombin-
stimulated EC50 was significant (***, p < 0.001) by Student’s t test. 



 87 

 
Figure 3.2: PAR1 NA ECL2 mutant exhibits a distinct desensitization rate compared to 
wild-type receptor. HeLa cells stably expressing similar amounts of FLAG-tagged 
PAR1 wild-type (WT) or NA ECL2 mutant labeled with myo-[3H]inositol were incubated with 
10 nM α-thrombin for 10 min at 37°C. Lithium chloride was added after various times of 
thrombin exposure, and the amounts of [3H]IPs formed were then measured. The data shown 
(mean ± S.D.; n=3) are representative of three independent experiments performed in 
triplicate. 
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Figure 3.3: PAR1 NA ECL2 mutant enhanced signaling is not due to constitutive 
activation or impaired signal termination. HeLa cells stably expressing similar amounts of 
FLAG-tagged PAR1 wild-type (WT) or NA ECL2 mutant labeled with myo-[3H]inositol were 
incubated with media alone or media containing 10 nM α−thrombin (α-Th) in the presence of 
lithium chloride (LiCl) for 1 h at 37°C (left bar graphs). Alternatively, cells were incubated 
for 1 h at 37 °C in the absence of LiCl with or without 10 nM α-thrombin. These cells were 
then washed and incubated in new media containing LiCl with 0.5 unit/ml hirudin (thrombin 
inhibitor) for an additional 1 h at 37°C (right bar graphs). The amounts of accumulated 
[3H]IPs were then measured. The data shown (mean ± S.D.; n=3) are expressed as the fold 
increase in [3H]IP accumulation over basal counts/min and are the averages from three 
independent experiments. The difference between thrombin-induced signaling in PAR1 WT 
versus NA ECL2 mutant-expressing cells was significant (***, p < 0.001) by two-way 
ANOVA and Bonferroni post-tests.  
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Figure 3.4: PAR1 NA ECL2 displays a modest decrease in agonist-induced 
internalization but not constitutive internalization. (A) HeLa cells stably expressing 
FLAG-tagged PAR1 wild-type (WT) or NA ECL2 mutant were labeled with M1 anti-FLAG 
antibody for 1 h at 4°C, washed, and incubated in media without agonist for various times at 
37°C. After incubations, cells were stripped of remaining surface bound antibody, and ELISA 
quantitated internalized antibody. The data shown (mean ± S.D., n=3) are expressed as the 
fraction of initial cell surface receptor-bound antibody corrected for background = ((value at 
time x – average 0 minute value)/(average untreated value – average 0 minute value)) and are 
the averages from three independent experiments performed in triplicate. HeLa cells stably 
expressing similar amounts of FLAG-tagged PAR1 wild-type (WT) or NA ECL2 mutant were 
serum starved for 30 min then treated with media containing 100 µM SFLLRN (B) or 10 nM 
thrombin (C) for various times at 37°C. After incubation cells were washed, fixed and ELISA 
determined the amount of PAR1 remaining on the cell surface. The data shown (mean ± S.D.; 
n=3) are expressed as the fraction of surface antibody bound of untreated control and are the 
averages of three separate experiments performed in triplicate. The difference between 
agonist-induced PAR1 WT and NA ELC2 mutant internalization at various times was 
significant (***, p < 0.001). (D) HeLa cells stably expressing PAR1 wild-type or NA ECL2 
mutant were serum-starved for 30 min then incubated in media alone (untreated) or media 
containing 100 ng/ml EGF for 1 h at 37°C and remaining surface EGFR assayed by ELISA. 
The data shown (mean ± S.D.; n=3) are from three independent experiments performed in 
triplicate. 
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Figure 3.5: PAR1 NA ECL2 mutant colocation with the endocytic adaptors AP-2 and 
epsin-1. HeLa cells stably expressing FLAG-tagged PAR1 wild-type (WT) or NA ECL2 
mutant were labeled with M1 anti-FLAG antibody for 1 h at 4°C, washed, and either 
incubated in media with 100 µM SFLLRN for 2 min at 37°C or left on ice (untreated). Cells 
were washed, fixed with 4% PFA, permeabilized with MeOH and then stained for either AP-2 
(A) or epsin-1 (B) and imaged by confocal microscopy. Colocalization is revealed by the 
yellow color in the merged images. The images are representative of multiple cells imaged 
from multiple different experiments. Insets represent magnification of the boxed areas. 
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Figure 3.6: Internalization of PAR1 NA ECL2 is not affected by inhibition of PLC-
stimulated PI hydrolysis. (A) The amounts of PAR1 wild-type (WT) and NA ECL2 mutant 
expressed at the cell surface after 90 min pretreatment with 10 µM edelfosine (Ede) was 
determined by ELISA. (B) HeLa cells stably expressing similar amounts of FLAG-tagged 
PAR1 WT or NA ECL2 mutant labeled with myo-[3H]inositol were pretreated with 10 µM 
edelfosine for 90 min at 37°C, then were incubated with either 100 µM SFLLRN (SF) or 10 
nM α−thrombin (Th) for 5 min at 37°C in media containing LiCl and edelfosine. The data 
shown (mean ± S.D.; n=3) are expressed as the fold increase in [3H]IPs accumulation over 
basal counts/min and are from one experiment that is representative of three independent 
experiments performed in triplicate. The difference in agonist-stimulated signaling at PAR1 
WT and NA was significant (***, p < 0.001) by two-way ANOVA and Bonferroni post-tests. 
HeLa cells stably expressing similar amounts of FLAG-tagged PAR1 WT or NA ECL2 were 
pretreated with 10 µM edelfosine for 90 min at 37°C, then were incubated with either 100 µM 
SFLLRN (C) or 10 nM α−thrombin (D) for 5 min at 37°C and remaining surface receptor was 
determined by ELISA. The data shown (mean ± S.D.; n=3) are from three independent 
experiments performed in triplicate. The difference in agonist-induced internalization at PAR1 
WT and NA ECL2 at 5 min was significant (***, p < 0.001) by two-way ANOVA and 
Bonferroni post-tests. 
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Figure 3.7: Internalization of PAR1 NA ECL2 is not affected by inhibition of Gq-
mediated PI hydrolysis. (A) The amounts of PAR1 wild-type (WT) and NA ECL2 mutant 
expressed at the cell surface after 72 h siRNA knockdown was determined by ELISA. (B) 
HeLa cells stably expressing similar amounts of FLAG-tagged PAR1 WT or NA ECL2 
mutant labeled with myo-[3H]inositol were treated with non specific (NS) siRNA or siRNA 
against Gq at 37°C for 72 h, then were incubated with 10 nM α−thrombin (Th) for 60 min at 
37°C in media containing LiCl. The data shown (mean ± S.D.; n=3) are expressed as counts 
per min and are from one experiment that is representative of three independent experiments 
performed in triplicate. The difference in agonist-stimulated signaling at PAR1 WT and NA 
was significant (***, p < 0.001) by two-way ANOVA and Bonferroni post-tests. (C) HeLa 
cells stable expressing similar amounts of FLAG-tagged PAR1 WT or NA ECL2 were treated 
with non specific (NS) siRNA or siRNA against Gq at 37°C for 72 h, then were incubated with 
10 nM α−thrombin (Th) for 5 min at 37°C and remaining surface receptor was determined by 
ELISA. The data shown (mean ± S.D.; n=3) are from three independent experiments 
performed in triplicate. The difference in agonist-induced internalization at PAR1 WT and NA 
ECL2 at 5 min was significant (***, p < 0.001) by two-way ANOVA and Bonferroni post-
tests. 
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Figure 3.8: PAR1 wild-type and NA ECL2 mutant display similar rates of agonist-
induced degradation. (A) HeLa cells stably expressing PAR1 wild-type (WT) or NA ECL2 
mutant were incubated with 100 µM SFLLRN for various times at 37°C. Cells were lysed and 
PAR1 immunoprecipitated with M2 anti-FLAG antibody or IgG control. Immunoprecipitates 
were resolved by SDS-PAGE and transferred to membranes. PAR1 was detected by 
immunoblotting with rabbit polyclonal anti-FLAG antibody. Similar findings were observed 
in three independent experiments.  (B) The amount of PAR1 remaining after agonist treatment 
detected in immunoblot analysis were quantified using ImageJ software and the data shown 
(mean ± S.D.; n=3) are expressed as the fraction of untreated control and are the averages of 
three separate experiments. 
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An N-linked glycosylation switch for GPCR-G protein coupling specificity 
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4.1 Abstract 

 PAR1 is capable of coupling to multiple distinct G-protein subtypes within the 

same cell including Gq, Gi, and G12/13. The mechanisms that contribute to PAR1’s 

ability to signal through different G-protein subtypes are not known. Thus, we 

examined whether N-linked glycosylation of PAR1 affects receptor-G protein 

coupling specificity. In these studies we focused on the function of N-linked 

glycosylation at the PAR1 second extracellular loop (ECL2), which is important for 

ligand docking interactions and assessed G protein coupling by co-

immunoprecipitation and bioluminescence resonance energy transfer (BRET) assays. 

We also examined the consequences of PAR1 differential coupling by examining Gq-

stimulated phosphoinositide hydrolysis and G12/13-induced RhoA activation and stress 

fiber formation. Here, we report for the first time that N-linked glycosylation 

influences PAR1-G protein coupling specificity.  We show that PAR1 wild-type 

preferentially couples to G12/13 compared to Gq, whereas a PAR1 mutant lacking N-

linked glycosylation at ECL2 preferentially couples Gq versus G12/13. Intriguingly, 

however, both PAR1 wild-type and NA ECL2 mutant deficient in N-linked 

glycosylation coupled to Gi comparably. Taken together these findings suggest that N-

linked glycosylation of PAR1 is a critical determinant for GPCR-G protein coupling 

specificity.  

 

4.2 Introduction 

 Many activated GPCRs can couple to multiple distinct heterotrimeric G protein 

subtypes that lead to diverse downstream cellular responses (1, 2). In addition to G 
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proteins, activated GPCRs are able to interact directly with non-G protein signaling 

effectors. The studies from Lefkowitz and colleagues, using the angiotensin II receptor 

as a prototype, showed that GPCRs could signal through β-arrestins independently of 

G proteins (3, 4). This revelation led to the search and discovery of “biased ligands” or 

ligands that selectively activate only one of the GPCR promoted signaling pathways 

and not others (5, 6). The ability to pharmacologically and selectively modulate which 

GPCR signaling pathway is activated opened new possibilities for drug design. It 

made it possible to determine which signaling pathways were important for 

therapeutic benefits versus unwanted side effects. Thus, a drug can be better tailored 

for specific treatments. This idea was recently supported by work done with the 

angiotensin II type 1 receptor in rats with the β-arrestin bias agonist TRV120027 (7). 

It was shown that TRV120027, similar to unbiased antagonists losartan and 

telmisartan, was able to reduce mean arterial pressure. Unlike the unbiased antagonist, 

which decreased cardiac performance, TRV120027 actually increased cardiac 

performance and preserved cardiac stroke volume (7). The concept of bias signaling 

strongly supports the idea that GPCRs are able to adopt multiple distinct active 

conformations that facilitate interaction with their downstream signaling and 

trafficking components in a unique manner. However, whether GPCR 

posttranslational modifications or other factors influence the stability of different 

GPCR active conformations has not been previously examined. 

 PAR1 has been shown to display biased signaling as described in studies 

examining thrombin versus APC signaling in endothelial cells. Thrombin cleaves at 

arginine 41, which reveals the SFLLRN tethered ligand and promotes RhoA activation 
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and endothelial barrier disruption (8).  Protein C is a zymogen that circulates in plasma 

and is activated by thrombin bound to thrombomodulin when Protein C is associated 

with the endothelial protein C receptor on the surface of endothelial cells (9, 10). APC 

is a serine protease and mediates anticoagulant activities by cleaving and inactivating 

Factors V and VIII, upstream coagulant proteases important for thrombin generation 

(11). In addition, APC can cleave PAR1 at arginine 46 resulting in the generation of a 

distinct tethered ligand which activates a Rac1 signaling pathway important for 

endothelial barrier stability (12, 13). Recent work from our lab revealed that the APC-

induced Rac1 signaling pathway important for cytoprotection is mediated by β-

arrestin recruitment and activation of the dishevelled-2 scaffold and appears to occur 

preferentially in caveolar microdomains (14, 15). 

 GPCR biased signaling has been best described for G protein versus β-arrestin 

signaling, however it can also pertain to how GPCRs are able to couple to different G 

proteins within the same cell. In most cases bias signaling is dictated by different 

ligands, with each ligand able to promote the stability of a unique active conformation. 

However, there are also examples of the same ligand promoting different signaling 

even in the same cells. An example of PAR1 Go protein bias was recently reported in 

work done with mice examining neuronal plasticity and fear (16). The study showed 

mice that underwent fear conditioning shifted PAR1-G protein subtype coupling to 

favor Go compared to Gq. The shift in G protein subtype coupling to preference Go 

resulted in inhibition of neuronal excitability, activity, and synaptic plasticity (16). 

These studies involved cells from the amygdala, but such switches in G protein 
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preference are likely to occur in other cell types as well. However, the mechanisms 

that allow for the dynamic switch in G protein preference are not known.  

 In the present work, we examined for the first time the function of N-linked 

glycosylation in mediating GPCRs biased coupling to specific G protein subtypes. The 

PAR1 NA ECL2 mutant deficient in N-linked glycosylation at ECL2 showed 

preferentially coupling to Gq versus G12/13 signaling, whereas wild-type receptor 

exhibited an opposite phenotype. In contrast, both PAR1 wild-type and NA ECL2 

mutant coupled similarly to Gi protein as assessed by coimmunoprecipitation and 

BRET. These findings suggest that glycosylation of a GPCR can influence G protein 

subtype coupling.  

 

4.3 Materials and methods 

 Reagents and Antibodies- Human α-thrombin was obtained from Enzyme Research 

Laboratories (South Bend, IN). The PAR1-activating peptide, SFLLRN, was 

synthesized as the carboxyl amide and purified by reverse phase high-pressure 

chromatography at Tufts University Core Facility (Boston, MA). Rabbit polyclonal 

anti-FLAG antibody, mouse monoclonal M2 anti- FLAG antibody, TRITC-conjugated 

phalloidin, and mouse anti-β-actin antibody were purchased from Sigma- Aldrich. The 

anti-PAR1 WEDE mouse antibody was purchased from Beckman Coulter (Fullerton, 

CA). Anti-PAR1 rabbit polyclonal antibody (C5433) was previously described (17). 

RhoA, Gαq11, Gαq12, and Gαq13 antibodies were from Santa Cruz Biotechnology. The 

mouse Renilla Luciferase antibody was purchased from Millipore. Horse-radish 

peroxidase (HRP)-conjugated goat anti-mouse and goat anti-rabbit antibodies were 
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purchased from Bio-Rad Laboratories (Richmond, CA). Glutathione-Sepharose 4B 

beads and protein A-Sepharose CL-4B beads were from GE Healthcare.  

 

cDNAs and Cell lines- A cDNA encoding human PAR1 with an N-terminal FLAG 

epitope sequence cloned into pBJ vector was previously described (18) and used for 

transient transfections. Mutations were introduced into FLAG-tagged PAR1 by site-

directed mutagenesis using the QuikChange Mutagenesis kit (Stratagene) and 

confirmed by dideoxy sequencing (Moores Cancer Center Core Facility, La Jolla, 

CA). HeLa cells stably expressing FLAG-tagged PAR1 wildtype and mutants were 

generated and maintained as previously described (18). HA-Gαq was from Dr. Philip 

Wedegaertner (Thomas Jefferson University, Philadelphia, PA). Gα12-EE and Gα13-

EE constructs were a gift from Dr. John R. Hepler (Emory University, Atlanta, GA). 

Gαi-Rluc, Gα12-Rluc, Gα13-Rluc, and PAR1-YFP was generously provided by Dr. 

Jean-Philippe Pin (Montpellier University, Montpellier, France). Mutations were 

introduced into PAR1-YFP by site-directed mutagenesis using the QuikChange 

Mutagenesis kit (Stratagene) and confirmed by dideoxy sequencing (Moores Cancer 

Center Core Facility, La Jolla, CA). COS-7 and HeLa cells were grown in DMEM 

containing 10% (v/v) fetal bovine serum.  

 

Cell Transfections- Cells were transiently transfected with various cDNA plasmids 

using 6 µl 1mg/ml Polyethylenimie (Polysciences Inc.) per µg plasmid. COS-7 cells 
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were transfected with plasmids using FuGENE 6 (Roche Applied Science) as 

recommended by the manufacturer for bioluminescence resonance energy transfer 

(BRET) assays.  

 

Gα12/13 siRNA knockdown- HeLa cells stably expressing FLAG-tagged PAR1 wild-

type or mutant were plated in a 12-well culture dish or fibronectin coated 24-well 

culture dish and grown overnight. Cells were then transfected with 50 nM nonspecific 

(NS) or specific Gα12 and Gα13 siRNAs using Oligofectamine according to the 

manufacturer’s instructions (Invitrogen) and knockdown allowed to proceed for 72 h 

before assaying cell surface ELISA or RhoA activation. The nonspecific siRNA 5’-

CUACGUCCAGGAGCGCACC-3’ was synthesized by Dharmacon (Lafayette, CO). 

The Gα12 siRNA 5’-GGAUCGGCCAGCUGAAUUATT-3’ and Gα13 siRNA 5’-

CGACUGCUUACCAAAUUAATT-3’ were synthesized by Qiagen. 

 

PAR1 Immunoprecipitation and Immunoblotting- COS-7 cells or HeLa cells stably 

expressing FLAG-tagged PAR1 wild-type or mutants were plated in 6-well culture 

dishes and grown overnight at 37°C. The next day cells were transiently transfected 

with plasmid and allowed to express for 48 hrs prior to immunoprecipitation. To 

assess PAR1 coupling to G protein subtypes, cells were serum starved and then 

incubated with or without agonists in serum-free media at 37°C. Cells were washed, 

solubilized with Triton X-100 lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 
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mM EDTA, 50 mM NaF, 10 mM NaPP, 1% Triton X-100) containing freshly added 

protease inhibitors. Cell lysates were solubilized for 1.5 h at 4°C and clarified by 

centrifugation at 14,000 rpm for 20 min at 4°C. The total amount of protein in cell 

lysates was quantified using a Bicinchoninic acid (BCA) Protein Assay Reagent 

(Thermo Scientific) and equivalent amounts of lysates were used for 

immunoprecipitation with anti-PAR1 WEDE mouse antibody, M2 anti-FLAG 

antibody, or IgG control. Beads were washed with lysis buffer and proteins eluted with 

2x SDS-sample buffer [125 mM Tris-HCl (pH 6.8), 20% (v/v) glycerol, 5% (wt/v) 

SDS, 200 mM DTT, 0.01% (wt/v) bromophenol blue]. Samples were analyzed by 

SDS- PAGE, transferred to membranes and G protein subtype association with PAR1 

was detected by immunoblotting with G protein specific antibodies or mouse anti-

Renilla Luciferase antibody for Gαi-Rluc. Membranes were stripped and PAR1 was 

detected by immunoblotting with anti-PAR1 antibody. Immunoblots were developed 

with Enhanced Chemiluminescence, imaged by autoradiography and quantitated with 

ImageJ software (National Institutes of Health).  

 

Cell Surface ELISA- COS-7 cells or HeLa cells stably expressing FLAG-tagged PAR1 

wild-type or mutant were plated in a fibronectin coated 24-well culture dish and grown 

overnight at 37°C. Cells were transfected with various plasmids or they were 

transfected with various siRNAs prior to assay. After transfections, cells were placed 

on ice, washed with PBS and then fixed with 4% paraformaldehyde (PFA) for 5 min at 

4°C. Cells were washed, and then incubated with polyclonal anti-FLAG antibody 
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diluted 1:1000 or rabbit polyclonal anti- PAR1 C5433 diluted 1:500 in 

DMEM/BSA/HEPES for 1 h at room temperature. Cells were washed and then 

incubated with secondary HRP-conjugated goat anti-rabbit antibody for 1 h at room 

temperature and washed extensively. The amount of secondary antibody bound was 

determined by incubation with 1-Step ABTS (2,2′-azinobis-3-ethylbenz-thiazoline-6- 

sulfonic acid) (Thermo Scientific) substrate for 10–20 min at 25 °C. An aliquot was 

removed, and the optical density (OD) determined at 405 nm using a Molecular 

Devices SpectraMax Plus microplate reader. 

 

Phosphoinositide Hydrolysis- COS-7 cells transiently expressing FLAG-tagged PAR1 

wild-type or mutant were plated in a fibronectin coated 24-well culture dish and grown 

at 37°C. Cells were labeled with 1 µCi/ml of myo-[3H]inositol (American 

Radiolabeled Chemicals, St. Louis, MO) diluted in serum- and inositol-free DMEM 

containing 1 mg/ml BSA overnight. Cells were washed, treated with or without 

agonists in DMEM media containing 20 mM lithium chloride (LiCl) for 30 min at 

37°C and accumulated [3H]inositol phosphates (IPs) were measured as described (19).  

 

BRET assays- COS-7 cells were transfected for 48 h, detached with CellstripperTM 

(Mediatech), washed with PBS, and resuspended in PBS containing 0.5 mM MgCl2 

abd 0.1% glucose at a density of 5 X 105 cells/ml. An aliquot (80 µl) of cells was 

added to a 96-well microplate in triplicate, and 10 µl of coelentrazine h substrate was 
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added at a final concentration of 5 µM. After an 8 min delay, signals were determined 

with a TriStar LB 941 plate reader (Berthold Biotechnologies) using two filter settings 

(480 nm for Rluc and 530 nm for YFP). The BRET ratio was calculated as emission at 

530 nm/emission at 480 nm, and net BRET was determined by subtracting the 

background BRET ratio (BRET ratio from cells expressing the Rluc construct only) 

using MicroWIN 2000 software (Berthold Technologies). The YFP signal was 

determined by excitation at 485 nm, and emission was detected at 535 nm. Total 

luminescence was measured by integrating the signal for 1 s/well without filter 

selection.  

 

RhoA Activity Assay- GST-rhotekin Rho-binding domain fusion proteins were 

transformed into BL21 (DE3) Escherichia coli; fusion proteins were induced and 

purified using standard techniques, and assays were conducted as previously described 

(15). Briefly, HeLa cells were grown in 6-well or 12-well culture plates. Cells were 

starved overnight and were then treated with agonist or left untreated for various 

times, or for 1 min with various concentrations of agonist at 37°C. Cells were lysed in 

buffer containing 50 mM Tris-HCl (pH 7.4), 100 mM sodium chloride, 2 mM MgCl2, 

1% (v/v) triton X-100, 10% (v/v) glycerol, and freshly added protease inhibitors. 

Equivalent amounts of lysates were used in pull-down assays with GST ctrl and GST 

Rhotekin-RBD bound to glutathione-Sepharose beads for 45 min at 4 °C. Beads were 

washed with lysis buffer, and GTP bound RhoA was eluted in 2x SDS samples buffer. 

Samples were resolved by SDS/PAGE, transferred to PVDF membranes, and 
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immunoblotted with an anti RhoA antibody. Immunoblots were developed with 

enhanced chemiluminescence and analyzed with ImageJ software. 

 

Immunofluorescence Microscopy- HeLa cells stably expressing FLAG-PAR1 wild-

type and mutant were plated on fibronectin coated glass coverslips in 12-well dishes. 

Cells were serum starved overnight and then treated with or without agonist. Cells 

were then placed on ice and washed with ice cold PBS, then fixed with ice cold 4% 

PFA for 30 min. Cells were washed with PBS then permeabilized with 0.5% (v/v) 

Triton X-100 in PBS for 5 min. Cells were washed then non-specific binding was 

blocked using 7% (v/v) fetal bovine serum in PBS for 30 min. After blocking cells 

were washed with PBS and stress fibers stained with Phalloidin-TRITC diluted 

1:1,000 in 7% (v/v) fetal bovine serum in PBS for 1 h. Cells were washed multiple 

times and then mounted and processed for confocal microscopy as described (18). 

Images were collected using an Olympus DSU spinning disk confocal microscope 

configured with a PlanApo 60x oil objective and a Hamamatsu ORCA-ER digital 

camera. Fluorescent images of X-Y sections at 0.28 µm were collected using 

Intelligent Imaging Innovations Slidebook 4.2 software and composite configured 

using Adobe Photoshop CS3. For each of three experiments four fields of cells for 

each condition were imaged and a mask created and mean fluorescence obtained using 

Slidebook 4.2 software.  
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Data Analysis- Data were analyzed using Prism software, and statistical analysis was 

determined using the Prism data analysis tool as noted. Statistical analysis was 

determined by performing student t-test, one-way ANOVA and Dunnett multiple 

comparison test, or two-way ANOVA and Bonferroni post-tests. 

 

4.4 Results 

4.4.1 PAR1 NA ECL2 mutant associates with more Gαq under basal conditions 

compared to wild-type 

 We previously showed that a mutant of PAR1 incapable of being modified by 

N-linked glycosylation at the second extracellular loop (NA ECL2) displays enhanced 

PI hydrolysis (see Fig. 2.8 and Fig. 3.1). The PI hydrolysis is PLC and Gαq-

dependent (see Fig. 3.6 and 3.7) and the enhanced signaling by mutant receptor is not 

due to differences in thrombin cleavage, desensitization, or constitutive activation (see 

Fig. 2.7, Fig. 3.2, and Fig. 3.3 respectively). To further explore Gαq interaction with 

PAR1 wild-type and NA ECL2 mutant we examined the capacity of the receptor to 

form a complex with Gαq. HeLa cells stably expressing similar amounts of PAR1 

wild-type and NA ECL2 mutant at the cell surface were co-transfected with varying 

amounts of HA-tagged Gαq and association was examined by co-

immunoprecipitation. Cell surface ELISA indicates that expression levels of PAR1 

wild-type and NA ECL2 mutant were unaltered by overexpression of Gαq (Fig. 4.1A). 

We did detect an increase in the amount of Gαq associated with receptor over 
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increasing HA-Gαq amounts transfected, for both the wild-type and NA ECL2 mutant. 

Surprisingly, at 3.0 µg HA-Gαq transfected there was a significantly larger signal for 

Gαq association with the NA ECL2 mutant compared to wild-type (Fig. 4.1B, C).  

We next determined whether there were any differences in Gαq association 

after thrombin stimulation. HeLa cells were co-transfected with 3.0 µg HA-Gαq and 

the amount of Gαq associated with receptor after 1 min thrombin stimulation was 

determined by co-immunoprecipitation. We were able to replicate the unstimulated 

results seen previously as NA ECL2 mutant gave a larger signal compared to wild-

type. Interestingly, the wild-type PAR1 displayed a higher signal upon thrombin 

stimulation, while there was no change in the NA ECL2 mutant (Fig. 4.1D, E). These 

results suggest a difference in PAR1 wild-type versus NA ECL2 mutant interaction 

with Gαq protein.  

 

4.4.2 PAR1 NA ECL2 enhanced PI hydrolysis and basal Gαq association are not 

cell type specific 

 To ensure that PAR1 NA ECL2 mutant enhanced Gαq coupling and Gαq 

associated PI hydrolysis signaling was not a cell type specific phenomena we 

performed additional experiments in COS-7 cells. We first determined whether PAR1 

was glycosylated in COS-7 similar to HeLa and Endothelial cells (see Fig. 2.2 and 

2.6). COS-7 cells transiently transfected with FLAG-tagged PAR1 wild-type were 

lysed and a similar protocol as we used for HeLa cells was performed to confirm 
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PAR1 glycosylation (Fig. 4.2A). Next, we assayed for PI hydrolysis in cells 

transiently transfected to express similar surface levels of either FLAG-tagged PAR1 

wild-type or NA ECL2 mutant (Fig. 4.2B). COS-7 cells were labeled with myo-

[3H]inositol and incubated with thrombin for 30 min at 37ºC and the accumulation of 

total [3H]inositol phosphates (IPs) were measured. After 30 min of thrombin 

stimulation, an ~3-fold increase in PI hydrolysis was detected in cells expressing wild-

type PAR1, whereas a significantly greater ~4.5-fold increase in signaling was 

observed in cells expressing the PAR1 NA ECL2 mutant (Fig. 4.2C). Consistent with 

a marked increase in PI hydrolysis, PAR1 NA ECL2 also displayed a greater capacity 

to assemble with Gαq compared to wild-type receptor in COS-7 cells (Fig. 4.2D,E). 

These data suggest that PAR1 lacking N-linked glycosylation at ECL2 stabilizes a 

receptor conformation that preferentially preassembles with Gαq and exhibits a greater 

efficiency to couple to Gαq signaling effectors following activation. 

 

4.4.3 PAR1 wild-type and NA ECL2 mutant associate with Gαi in a similar 

manner  

 PAR1 is promiscuous and couples to multiple heterotrimeric G protein 

subtypes including Gq, Gi and G12/13 even in the same cell (2, 8). To examine whether 

N-linked glycosylation of PAR1 at ECL2 functions globally to affect PAR1 coupling 

to other heterotrimeric G protein subtypes, we examined association with Gαi using 

bioluminescence resonance energy transfer (BRET) in living cells. To assess PAR1 



 112 

association with Gαi by BRET a PAR1 wildtype and NA ECL2 mutant fused to YFP 

at the C-terminus and a Gαi construct containing Rluc inserted within the helical 

domain were utilized. PAR1 wild-type and NA ECL2 mutant fused to YFP are 

expressed similarly, assessed by cell surface ELISA (Fig. 4.3A) and western blot (Fig. 

4.3B) and PAR1-YFP signals normally (20). We initially examined the capacity of 

PAR1 wild-type and NA ECL2 mutant to specifically associate with Gαi using a 

BRET saturation assay. COS-7 cells were transfected with a constant amount of Gαi-

Rluc and increasing amounts of wild-type or NA ECL2 PAR1-YFP and the net BRET 

signal was determined.  As expected, increasing amounts of PAR1-YFP with a fixed 

amount of Gαi-Rluc resulted in a corresponding increase in the net BRET signal that 

reached a plateau (Fig. 4.3C), indicating that Gαi-Rluc and PAR1-YFP interaction is 

specific. Intriguingly, increased expression of PAR1 NA ECL2-YFP with a constant 

amount of Gαi-Rluc also yielded a hyperbolic increase in the net BRET signal (Fig. 

4.3C). In addition, PAR1-YFP and NA ECL2-YFP coexpressed with Gαi-Rluc 

yielded similar maximal BRET responses and BRET50 values (Fig. 4.3D), suggesting 

that Gαi interacts with PAR1 wild-type and NA ECL2 in a similar manner. Thus, in 

contrast to Gαq, N-linked glycosylation does not affect PAR1 basal association with 

Gαi protein. 

 

4.4.4 Gα i association and recruitment after thrombin stimulation is similar in 

PAR1 wild-type and NA ECL2 mutant 
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We next examined whether N-linked glycosylation affected the kinetics of 

PAR1-Gαi protein interaction after thrombin stimulation using BRET. COS-7 cells 

expressing comparable amounts of PAR1-YFP or NA ECL2-YFP and Gαi-Rluc (Fig. 

4.4A, inset) were treated with or without 10 nM thrombin for various times at 37ºC 

and the net BRET signal was determined. In cells expressing PAR1-YFP and Gαi-

Rluc, thrombin caused a rapid and transient increase in net BRET that peaked at 

approximately 1 min and returned to basal levels after several minutes of agonist 

stimulation (Fig. 4.4A). These findings indicate that agonist induces a change in 

PAR1-Gαi coupling that is efficiently uncoupled within minutes of activation as 

reported previously (20).  Interestingly, thrombin-activation of PAR1 NA ECL2-YFP 

resulted in a similar rapid and transient increase in the net BRET response that nearly 

overlapped with wild-type PAR1-YFP (Fig. 4.4A), suggesting that activated PAR1-

Gαi coupling is not regulated by N-linked glycosylation. To determine whether the 

change in net BRET induced by thrombin correlates with recruitment of Gαi we 

examined PAR1 association with Gαi by co-immunoprecipitation using the same 

constructs and conditions. To ensure that overexpression of Gαi-Rluc didn’t affect 

surface expression an ELISA was run in parallel with the co-immunoprecipitation 

experiments (Fig. 4.4C, inset). In the absence of agonist, both PAR1-YFP and NA 

ECL2-YFP mutant displayed a modest association with Gαi-Rluc compared to control 

cells (Fig. 4.4B, C). Whereas incubation with thrombin caused a significant ~4-fold 

increase in Gαi-Rluc association with both activated PAR1 wild-type and NA ECL2 

mutant (Fig. 4.4B, C). At face value, these data suggest that activated PAR1 coupling 
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to Gαi is insensitive to the glycosylation status of the receptor and is likely regulated 

by distinct molecular determinants compared to PAR1-Gαq coupling.  

 

4.4.5 PAR1 NA ECL2 associates with Gα12 to a lesser degree than PAR1 wild-

type  

To determine whether N-linked glycosylation preferentially regulates PAR1 

coupling to Gαq signaling only, we examined PAR1 association with Gα12/13 family 

proteins by BRET and co-immunoprecipitation experiments. PAR1 is known to signal 

through Gα12/13 to stimulate RhoA signaling in multiple cell types (2, 8, 21). We first 

examined wild-type PAR1-YFP and NA-ECL2-YFP association with Gα12-Rluc in 

COS-7 cells expressing equivalent amounts of receptor together with Gα12-Rluc. 

Unlike Gαi and PAR1-YFP which resulted in a basal net BRET value of ~0.12, co-

transfection of PAR1-YFP constructs and Gα12-Rluc resulted in a significantly lower 

basal net BRET of ~0.007 (Fig. 4.5A), the lower Gα12-Rluc versus Gαi-Rluc basal net 

BRET is consistent with previously published results (22). However, upon activation 

of wild-type PAR1 by thrombin there was a moderate increase net BRET signal. 

While there was no statistical difference in the BRET data generated for the Gα12-

Rluc construct there was clearly a trend for wild-type PAR1 induced BRET values to 

be larger after thrombin treatment compared to buffer only controls, which was not 

observed with the PAR1 NA ECL2 mutant. These results suggest that the wild-type 

PAR1 may interact with Gα12-Rluc differently than the glycosylation-deficient NA 

ECL2 mutant.  
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To further explore Gα12 interaction with PAR1 wild-type and NA ECL2 

mutant we examined receptor association with Gα12 by co-immunoprecipitation. HeLa 

cells stably expressing similar amounts of FLAG-tagged PAR1 wild-type and NA 

ECL2 mutant at the cell surface were co-transfected with varying amounts of EE-

tagged Gα12 and association was examined by co-immunoprecipitation. Cell surface 

ELISA indicates that PAR1 wild-type and NA ECL2 mutant expression is comparable 

in Gα12 expressing cells (Fig. 4.5B). We observed an increase in the amount of Gα12 

associated with receptor as the amounts of Gα12 were increased for both the PAR1 

wild-type and NA ECL2 mutant. However, at 0.2 µg transfected there was a smaller 

signal for Gα12 association with the PAR1 NA ECL2 mutant compared to wild-type 

receptor (Fig. 4.1C, D). In addition, there was a difference in the apparent amount of 

Gα12 associated with PAR1 wild-type versus NA ECL2 mutant after thrombin 

treatment. These findings support the idea that PAR1 NA ECL2 mutant may exhibit a 

distinct conformation compared to wild-type receptor that interacts differently with 

distinct heterotrimeric G protein subtypes.  

 

4.4.6 PAR1 NA ECL2 associates with Gα13 to a lesser degree than PAR1 wild-

type 

To next assessed whether Gα13 also differentially associates with PAR1 wild-

type versus NA ECL2 mutant. The basal net BRET was significantly lower than that 

of the Gαi experiments. Moreover, activation of PAR1 wild-type elicited no 
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significant change in net BRET detected between PAR1-YFP-Gα13-Rluc consistent 

with previously published data (22), whereas activation of PAR1 NA ECL2-YFP 

resulted in a modest but significant increase in the net BRET signal after prolonged 

agonist stimulation (Fig. 4.6A). These results could be indicative of the NA ECL2 

mutant interacting with Gα13 in a different manner than wild-type receptor. To confirm 

that Gα13 association with NA ECL2 mutant is different compared to wild-type we 

performed co-immunoprecipitation experiments. We ensured that surface levels of 

PAR1 wild-type and NA ECL2 were similar in cells overexpressing of EE-tagged 

Gα13 protein (Fig. 4.6B). Interesting, we found that PAR1 NA ECL2 mutant displayed 

lower signal for association with Gα13 compared to wild-type receptor (Fig. 4.6C,D). 

Similar to Gαq, N-linked glycosylation appears to modulate PAR1 association with 

Gα12/13 proteins. 

 

4.4.7 Gα12/13 associated RhoA activation is diminished in the PAR1 NA ECL2 

mutant compared to wild-type receptor 

To determine whether N-linked glycosylation functions to regulate PAR1-

promoted Gα12/13 effector signaling, we examined activation of endogenous RhoA in 

HeLa cells. HeLa cells expressing similar amounts of FLAG-tagged PAR1 wild-type 

or NA ECL2 on the cell surface (Fig. 4.7A, inset) were incubated with thrombin for 

various times at 37°C and activation of RhoA was determined using GST-Rhotekin 

pull-down assays as we described (14, 15). In cells expressing PAR1 wild-type, 
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thrombin-induced a rapid and robust increase in RhoA signaling at 2.5 min, which 

substantially declined after 15 min of agonist stimulation. In striking contrast, 

activation of PAR1 NA ECL2 with thrombin resulted in a significantly weaker RhoA 

signaling response compared to wild-type receptor examined over a similar time 

course (Fig. 4.7A). To assess whether there were any differences in signaling through 

Gα12 versus Gα13 for wild-type and NA ECL2 mutant we employed siRNAs to 

specifically knockdown either Gα12 or Gα13 proteins. We found that RhoA activation 

in Gα12, Gα13, or Gα12/13 knockdown cells was completely abolished for both wild-

type (Fig. 4.7C) and NA ECL2 mutant (Fig. 4.7D), indicating that both Gα12 and 

Gα13, contribute to activated PAR1 stimulated RhoA activation. Thus, thrombin-

stimulated RhoA activation requires Gα12 and Gα13, however, PAR1 NA ECL2 mutant 

is less able to elicit a full Gα12/13 response compared to wild-type receptor. 

 

4.4.8 PAR1 NA ECL2 diminished RhoA activation is not due to kinetics of 

activation, generation of ligand, clonal or cell type differences 

 To further evaluate Gα12/13 mediated RhoA activation by PAR1 wild-type and 

NA ECL2 mutant we assayed earlier times of activation, activation by the peptide 

agonist SFLLRN, in a different HeLa PAR1 NA ECL2 clone and COS-7 cells. 

Thrombin induced RhoA activation by PAR1 wild-type and NA ECL2 mutant at 

earlier times yielded similar results as that examined at later times, suggesting that 

differences in RhoA activation are not due to changes in the kinetics of effector 
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activation by the PAR1 wild-type versus mutant receptor (Fig. 4.8A). To ensure that 

differences observed with PAR1 wild-type and NA ECL2 mutant RhoA signaling are 

not due to defects in generation of the N-terminal tethered ligand, cells were 

stimulated with the synthetic peptide agonist SFLLRN which represents the naturally 

occurring tethered ligand sequence of PAR1. SFLLRN-induced a significantly greater 

increase of RhoA activation in cells expressing PAR1 wild-type compared to NA 

ECL2 mutant (Fig. 4.8B), whereas untransfected cells failed to elicit a response, 

indicating that SFLLRN-stimulated RhoA signaling is PAR1 dependent. We next 

assessed whether the differences in RhoA activation could be due to a clonal or cell 

specific phenomena. To this end we tested a different PAR1 NA ECL2 clone in HeLa 

cells with comparable cell surface expression to wild-type receptor  (Fig. 4.8C, inset) 

and obtained comparable results (Fig. 4.8C). Furthermore, PAR1 wild-type and NA 

ECL2 mutant expressing similar surface levels in COS-7 cells (Fig. 4.8D, inset) also 

exhibited significant differences in RhoA activation (Fig. 4.8D). These results further 

support that idea that activated PAR1 NA ECL2 exhibits a distinct active 

conformation compared to wild-type receptor that facilitates differences in G protein 

coupling specificity.   

 

4.4.9 EC50 for RhoA activation is similar in PAR1 wild-type and NA ECL2 

expressing cells 

We next examined whether the initial coupling of activated PAR1 wild-type 
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and NA ECL2 mutant to Gα12/13-stimulated RhoA activation was affected. The 

concentration effect curves for thrombin at PAR1 wild-type and the mutant lacking N-

linked glycosylation at ECL2 were determined by incubating cells with varying 

concentrations of thrombin for 1 min at 37°C. Interestingly, the effective 

concentration of thrombin to stimulate half-maximal response after agonist stimulation 

was similar for both PAR1 wild-type and NA ECL2 mutant (Fig. 4.9). However, 

activation of PAR1 wild-type resulted in a significantly greater increase in RhoA 

activation compared to NA ECL2 mutant (Fig. 4.9). These data suggest that N-linked 

glycosylation stabilizes an active PAR1 conformation that favors Gα12/13 coupling and 

effector signaling, but is markedly less favorable and efficacious at coupling to Gαq 

signaling. Together our findings indicate that N-linked glycosylation stabilizes a 

unique active GPCR conformation that displays preferential signaling to distinct 

heterotrimeric G protein subtypes. 

 

4.4.10 Stress fiber formation in PAR1 NA ECL2 mutant expressing cells is 

altered compared to PAR1 wild-type expressing cells 

 We next examined whether the difference in PAR1 wild-type versus NA ECL2 

mutant ability to couple to Gα12/13 signaling was sufficient to affect a cellular response 

such as stress fiber formation which is modulated by RhoA signaling (23, 24). HeLa 

cells stably expressing similar levels of FLAG-tagged PAR1 wild-type or NA ECL2 

mutant were serum starved overnight. Cells were left untreated or were treated with 10 
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nM thrombin for 5 min at 37°C. After agonist stimulation cells were fixed, 

permeabalized, blocked and then stained for stress fibers with Phalloidin-TRITC. 

Unstimulated cells showed some background staining for both wild-type and NA 

ECL2 mutant expressing cells, however, upon stimulation with thrombin Phalloidin 

staining significantly increased for both receptors (Fig. 4.10A, B). Intriguingly, the 

fluorescence intensity of F-actin staining observed in thrombin treated PAR1 wild-

type expressing cells was significantly different compared to thrombin treated PAR1 

NA ECL2 mutant expressing cells, which suggest that differences observed between 

PAR1 wild-type and NA ECL2 mutant are sufficient to affect important cellular 

responses.  

  

4.5 Discussion 

 Many GPCRs signal through multiple different G protein subtypes and non-G 

protein signaling pathways (5, 25, 26). The precise mechanism(s) by which a receptor 

is able to dictate which signaling effector it couples to and signals through remains 

poorly understood. One contributing factor is the nature of the activating ligand. Each 

ligand can interact with its receptor in a unique manner and stabilize a distinct active 

conformation of the receptor and promote distinct downstream signaling responses. 

Our knowledge of the mechanisms that control GPCR activation has evolved greatly. 

From the idea of simply being “on” or “off” state, to having agonist, partial agonist, 

and antagonist, to finally what it is now with the discovery of “biased ligands” and the 

ability of ligands to elicit distinct signaling profiles. The discovery of biased ligands 
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further supports the concept that is now generally accepted of GPCRs existing in 

multiple different conformations. In addition, with the first GPCR structure solved in 

2000 (27) followed by the first high-resolution crystal structures of a GPCR published 

in 2007 (28), and additional structures in the years that followed we have learned a 

great deal of GPCR activation mechanisms (29, 30). Of note, is the finding that while 

the transmembrane domains of various GPCRs are closely related and seem to have 

very distinct structure, the extracellular and intracellular portions are dynamic. Thus, 

the dynamic portions of the GPCRs are more likely to contribute to a receptors ability 

to couple to multiple signaling and trafficking proteins.  

In addition to being more dynamic, phosphorylation, ubiquitination, 

plamitoylation, glycosylation, and others modify the extracellular and intracellular 

domains of GPCRs. These various modifications could play a role in G protein 

subtype coupling and signal regulation. In one review on β2AR ERK activation, the 

author comes to the conclusion that phosphorylation might regulate GPCR coupling to 

different G proteins (31). PAR1 phosphorylation and its affects on subtype specific 

coupling of G proteins have not been thoroughly studied. A recent paper on PAR1 

implicated that palmitoylation may play a role in Gαq but not Gα12 signaling through 

the use of an allosteric modulator (32). More studies will be required on GPCR 

modifications to determine their specific involvement with G protein subtype bias. We 

report here that N-linked glycosylation of PAR1 extracellular loop 2 affects G protein 

subtype coupling through the use of co-immunoprecipitation experiments, as well as, 

the live cell assay BRET. These results suggest that PAR1 unable to undergo N-linked 
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glycosylation at extracellular loop 2 may adopt a different conformation with a distinct 

G protein coupling profile.  

To date only a handful of GPCRs have been crystallized, recently a high-

resolution structure for PAR1 bound to the antagonist, vorapaxar, was published (33). 

The results revealed highly structured transmembrane domains with more dynamic 

extracellular portions. The PAR1 crystal structure and previous publications using 

mutagenesis and chimeras strongly suggests that the extracellular loop 2 plays an 

important role in ligand interactions (34-36). Interestingly, we found that a PAR1 

mutant unable to undergo glycosylation at ECL2 (NA ECL2) displayed enhanced PI 

hydrolysis signaling after either peptide mimetic or thrombin activation (37). In 

addition, we report here that the PAR1 NA ECL2 mutant has a diminished ability to 

activate Gα12/13 dependent RhoA activation (Fig. 4.7, 4.8, and 4.9) that leads to a 

difference in stress fiber formation (Fig. 4.10).   

 Our studies reveal for the first time a function for extracellular loop two N-

linked glycosylation in regulation of G protein subtype coupling and signaling. We 

speculate that N-linked glycosylation of PAR1 influences the active conformation of 

the receptor following tethered ligand binding that results in less efficient coupling to 

Gq signaling while promoting Gα12/13 signaling. Interestingly, we also observed a 

difference at basal G protein association, which could help explain the differences in 

signaling. Taken together the results found with the PAR1 NA ECL2 mutant suggests 

that N-linked glycosylation can influence active conformation of a GPCR and 

ultimately G protein biased signaling. Intriguingly, it has been shown that N-linked 

glycosylation of proteins can be different in various cell and tissue types (38-42), 
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suggesting the possibility that N-linked glycosylation may be utilized by cells to bias 

signaling in specific cell types. Whether this could play an important role in general 

signaling and GPCR biology has not been studied. Altered glycosylation status is 

commonly seen in cancers (43, 44) and may also be playing a role in signal regulation. 

Whether GPCR glycosylation in cancers influences differential signaling in metastatic 

versus benign tumors is an area of research that remains unexplored.   
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4.7 Figures 
 

 
Figure 4.1: PAR1 NA ECL2 mutant associates with more Gαq under basal conditions 
compared to PAR1 wild-type. (A) HeLa cells expressing equivalent amounts of FLAG-
tagged PAR1 wild-type (WT) or NA ECL2 mutant were transiently transfected with HA-
tagged Gαq (HA-Gαq) and surface levels determined by ELISA. The data shown (mean± S.D.; 
n=3) are expressed as the fraction of untransfected WT signal measured as the absorbance at 
405 nm and are the averages from three independent experiments performed in triplicate. (B-
E) HeLa cells stably expressing equivalent amounts of FLAG-tagged PAR1 WT or NA ECL2 
mutant were transiently transfected with increasing amounts of HA-Gαq (B,C) or a fixed 
amount of HA-Gαq (D,E). Cells were either left untreated (B, D lanes 1,2,and 4) or were 
treated with 10 nM thrombin for 1 min (D lanes 3 and 5), lysed, processed and PAR1 
immunoprecipitated. Immunoprecipitates were resolved by SDS-PAGE and Gαq was detected 
by immunoblotting with rabbit polyclonal anti-Gαq antibody. (C) The data shown (mean± 
S.D.; n=3) are expressed as the fraction of 3 µg HA-Gαq transfected WT signal and are from 
three independent experiments. The difference in Gαq association was significant (**, p < 
0.01) by two-way ANOVA and Bonferroni post-tests. (D) The data shown (mean± S.E.M; 
n=4) are expressed as the fraction of 3 µg HA-Gαq transfected WT signal and are from four 
independent experiments (UT values from 3 experiments). The difference in Gαq association 
was significant (*, p < 0.05) by two-way ANOVA and Bonferroni post-tests. 
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Figure 4.2: Enhanced PI hydrolysis and basal Gαq association of PAR1 NA ECL2 is not 
cell type specific. (A) COS-7 cells were transiently transfected with FLAG-tagged PAR1 
wild-type or pCDNA (ctrl). After 48 hours cells were lysed, processed and PAR1 
immunoprecipitated. Immunoprecipitates were treated with PNGaseF overnight (16 h) at 
37°C. Samples were resolved by SDS-PAGE and PAR1 detected by immunoblotting with 
polyclonal anti-PAR1 antibody (C5433). Similar findings were observed in multiple 
independent experiments. (B) COS-7 cells transiently transfected with FLAG-tagged PAR1 
WT or NA ECL2 mutant, with comparable surface expression (B, inset), labeled with myo-
[3H]inositol were incubated with media containing LiCl alone (unstimulated) or media 
containing LiCl and 10 nM thrombin for 30 min at 37°C. The amounts of accumulated [3H]IPs 
were then measured. The data shown (mean ± S.D.; n=3) are expressed as the fold increase in 
[3H]IPs accumulation over basal amounts and are the averages from three independent 
experiments performed in triplicate. The difference in agonist-induced signaling at PAR1 WT 
and NA ECL2 mutant was significant (***, p < 0.001) by two-way ANOVA and Bonferroni 
post-tests. (C,D) COS-7 cells transiently transfected with FLAG-tagged PAR1 WT or NA 
ECL2 mutant and HA-Gαq, with comparable surface expression (D, inset), were lysed, 
processed and PAR1 immunoprecipitated. Immunoprecipitates were resolved by SDS-PAGE 
and Gαq was detected by immunoblotting with rabbit polyclonal anti-Gαq antibody. The data 
shown (mean± S.D.; n=3) are expressed as the fraction of WT signal and are from three 
independent experiments. The difference in Gαq association was significant (*, p < 0.05; **, p 
< 0.01; ***, p < 0.001) by one-way ANOVA and Tukey’s multiple comparison post-tests. 
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Figure 4.3: PAR1 wild-type and NA ECL2 mutant associate with Gα i in a similar 
manner. (A, B) COS-7 cells were transiently transfected with PAR1 YFP-tagged wild-type 
(WT) or NA ECL2 mutant and surface expression measured by ELISA (A) or total protein 
detected by immunoblot (B). (C) Net BRET data were determined from COS-7 cells 
transiently transfected with a constant amount of PAR1 YFP-tagged wild-type (WT) or NA 
ECL2 and an increasing amount of Gαi-Rluc protein measured in triplicate at 37°C. These 
data are representative of at least three independent experiments. (D) BRETmax (left bars) and 
BRET50 (right bars) are shown (mean ± S.D.; n=3) and are from three independent 
experiments measured in triplicate. 



 128 

 

Figure 4.4: Gα i association and recruitment after thrombin stimulation are similar in 
PAR1 wild-type and NA ECL2 mutant. (A) COS-7 cells transiently transfected with similar 
amounts of PAR1 YFP-tagged wild-type (WT) or NA ECL2 mutant and Gαi-Rluc (A, inset) 
were processed for BRET, treated with thrombin and net BRET measured in triplicate. The 
data shown (mean ± S.D.; n=3) are graphed as net BRET over time and is representative of 
three independent experiments. (B, C) COS-7 cells were transfected similar to experiments in 
A and surface expression measured by ELISA (C, inset) or basal and 1-minute thrombin 
stimulated Gαi-Rluc association measured by co-immunprecipitation and immunblotting (B, 
C). Data shown (mean ± S.D.; n=3) are expressed as fold over basal WT signal and are from 
three independent experiments. The difference in Gαi-Rluc association with PAR1 WT-YFP 
and NA ECL2-YFP mutant was significant (***, p < 0.001) by two-way ANOVA and 
Bonferroni post-tests. 
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Figure 4.5: PAR1 NA ECL2 associates with Gα12 to a lesser degree than PAR1 wild-type. 
(A) COS-7 cells transiently transfected with similar amounts of PAR1 YFP-tagged wild-type 
(WT) or NA ECL2 mutant and Gα12-Rluc were processed for BRET, treated with thrombin 
and net BRET measured in triplicate. The data shown (mean ± S.D.; n=3) are graphed as net 
BRET and are the averages from three independent experiments performed in triplicate. (B) 
HeLa cells expressing similar amounts of FLAG-tagged PAR1 wild-type (WT) or NA ECL2 
mutant were transiently transfected with Gα12-EE and surface levels determined by ELISA. 
The data shown (mean± S.D.; n=3) are expressed as the fraction of untransfected WT signal 
measured as the absorbance at 405 nm and are the averages from three independent 
experiments performed in triplicate. (C, D) HeLa cells stably expressing similar amounts of 
FLAG-tagged PAR1 WT or NA ECL2 mutant were transiently transfected with increasing 
amounts of Gα12-EE. Cells were either left untreated (C lanes 1-5,and 7-9) or were treated 
with 10 nM thrombin for 1 min (C lanes 6 and 10), lysed, processed and PAR1 
immunoprecipitated. Immunoprecipitates were resolved by SDS-PAGE and Gα12 was 
detected by immunoblotting with rabbit polyclonal anti-Gα12 antibody. (D) The data shown 
(mean± S.D.; n=3) are expressed as the fraction of 2 µg Gα12-EE transfected WT signal and 
are from three independent experiments. The difference in Gα12 association was significant (*, 
p <0.05; **, p < 0.01) by two-way ANOVA and Bonferroni post-tests. 
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Figure 4.6: PAR1 NA ECL2 associates with Gα13 to a lesser degree than PAR1 wild-type. 
(A) COS-7 cells transiently transfected with similar amounts of PAR1 YFP-tagged wild-type 
(WT) or NA ECL2 mutant and Gα13-Rluc were processed for BRET, treated with thrombin 
and net BRET measured in triplicate. The data shown (mean ± S.D.; n=3) are graphed as net 
BRET and are the averages from three independent experiments performed in triplicate. The 
difference in Gα13 net BRET was significant (**, p < 0.01) by two-way ANOVA and 
Bonferroni post-tests. (B) HeLa cells expressing similar amounts of FLAG-tagged PAR1 wild-
type (WT) or NA ECL2 mutant were transiently transfected with Gα13-EE and surface levels 
determined by ELISA. The data shown (mean± S.D.; n=3) are expressed as the fraction of 
untransfected WT signal measured as the absorbance at 405 nm and are the averages from 
three independent experiments performed in triplicate. (C, D) HeLa cells stably expressing 
similar amounts of FLAG-tagged PAR1 WT or NA ECL2 mutant were transiently transfected 
with increasing amounts of Gα13-EE. Cells were either left untreated (C lanes 1-5,and 7-9) or 
were treated with 10 nM thrombin for 1 min (C lanes 6 and 10), lysed, processed and PAR1 
immunoprecipitated. Immunoprecipitates were resolved by SDS-PAGE and Gα13 was 
detected by immunoblotting with rabbit polyclonal anti-Gα13 antibody. (D) The data shown 
(mean± S.D.; n=3) are expressed as the fraction of 2.5 µg Gα13-EE transfected WT signal and 
are from three independent experiments. The difference in Gα13 association was significant (*, 
p <0.05; **, p < 0.01) by two-way ANOVA and Bonferroni post-tests. 
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Figure 4.7: Gα12/13 associated RhoA activation is diminished in the PAR1 NA ECL2 
mutant compared to wild-type. (A) HeLa cells expressing similar amounts of FLAG-tagged 
PAR1 wild-type (WT) or NA ECL2 mutant (A,inset) were treated with 10 nM thrombin for 
various times, lysed and processed for GST-RBD pulldown. Samples were resolved by SDS-
PAGE and activated RhoA was detected by immunoblotting with mouse monoclonal anti-
RhoA antibody. The data shown (mean± S.D.; n=3) are expressed raw ImageJ signal and are 
from three independent experiments. The difference in RhoA activation was significant (*, p 
<0.05; **, p < 0.01; ***, p < 0.001) by two-way ANOVA and Bonferroni post-tests. (B-D) 
HeLa cells expressing similar amounts of FLAG-tagged PAR1 wildtype (C) or NA ECL2 
mutant (D) were treated with indicated siRNA for 72 h, lysed and processed for GST-RBD 
pulldown. Samples were resolved by SDS-PAGE and activated RhoA was detected by 
immunoblotting with mouse monoclonal anti-RhoA antibody. The data shown (mean± S.D.; 
n=3) are expressed as the fraction of 1 min Thrombin (Th) treated WT signal and are from 
three independent experiments. The difference in RhoA activation was significant (*, p <0.05; 
**, p < 0.01; ***, p < 0.001) by one-way ANOVA and Tukey’s multiple comparison post-
tests. 
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Figure 4.8: The diminished RhoA activation of PAR1 NA ELC2 is not due to kinetics of 
activation, generation of ligand, clonal or cell type differences. (A, B) HeLa cells 
expressing similar amounts of FLAG-tagged PAR1 wild-type (WT) or NA ECL2 mutant were 
treated with 10 nM thrombin (A) or 100 µM SFLLRN (B) for various times, lysed and 
processed for GST-RBD pulldown. Samples were resolved by SDS-PAGE and activated 
RhoA was detected by immunoblotting with mouse monoclonal anti-RhoA antibody. The data 
shown (mean± S.D.; n=3) are expressed as raw ImageJ signal and are from three independent 
experiments. The difference in RhoA activation was significant (*, p <0.05; ***, p < 0.001) by 
two-way ANOVA and Bonferroni post-tests. (C) A different NA ECL2 clone expressing 
similar surface levels of receptor (C, inset) was used to perform similar experiments as in A. 
The data shown (mean± S.D.; n=3) are expressed as raw ImageJ signal and are from three 
independent experiments. The difference in RhoA activation was significant (*, p <0.05; **, p 
< 0.01) by two-way ANOVA and Bonferroni post-tests. (D) COS-7 cells transiently 
transfected with FLAG-tagged PAR1 WT or NA ECL2 mutant, with comparable surface 
expression (D, inset), were treated with 10 nM thrombin for various times, lysed and 
processed for GST-RBD pulldown. Samples were resolved by SDS-PAGE and activated 
RhoA was detected by immunoblotting with mouse monoclonal anti-RhoA antibody. The data 
shown (mean± S.D.; n=3) are expressed as raw ImageJ signal and are from three independent 
experiments. The difference in RhoA activation was significant (**, p <0.01) by two-way 
ANOVA and Bonferroni post-tests. 
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Figure 4.9: EC50 for RhoA activation is similar in PAR1 wild-type and NA ECL2 
expressing cells. HeLa cells expressing similar amounts of FLAG-tagged PAR1 wild-type 
(WT) or NA ECL2 mutant were treated with increasing concentrations of thrombin for 1 min, 
lysed and processed for GST-RBD pulldown. Samples were resolved by SDS-PAGE and 
activated RhoA was detected by immunoblotting with mouse monoclonal anti-RhoA antibody. 
The data shown (mean± S.D.; n=3) are expressed as raw ImageJ signal and are from three 
independent experiments. The difference in RhoA activation was significant (**, p <0.05; ***, 
p < 0.001) by two-way ANOVA and Bonferroni post-tests. 



 134 

 
 
Figure 4.10: Stress fiber formation in PAR1 NA ECL2 mutant expressing cells is altered 
compared to PAR1 wild-type expressing cells. (A) HeLa cells expressing similar amounts of 
FLAG-tagged PAR1 wild-type (WT) or NA ECL2 mutant were left untreated or were treated 
with 10 nM thrombin for 5 minutes, fixed, permeabilized, stained with Phalloidin-TRITC and 
processed for immunofluorescence. Samples were imaged using Slidebook 4.2 and masks 
created and applied consistent through each slide and experiment. Shown are representative 
images from one experiment of multiple different experiments. (B) The data shown (mean± 
S.D.; n=3) are expressed as relative F-actin fluorescence and are the averages from 4 slides 
per experiment and 3 different experiments. The difference in stress fiber staining was 
significant (*, p < 0.05; **, p < 0.01; ***, p < 0.001) by two-way ANOVA and Bonferroni 
post-tests. 
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Protease-Activated Receptor 1 (PAR1) was discovered nearly 20 years ago in a 

search for cell surface receptors that confer thrombin signaling on human platelets (1). 

PAR1 is a G-protein coupled receptor (GPCR) that has a unique mode of activation, 

functions in many aspects of vascular biology and is an important drug target (2, 3). 

Previous studies revealed that the second extracellular loop of PAR1 is a critical 

determinant for receptor-specific and species-specific ligand recognition as well as 

receptor activation (4-6). Additional studies on other GPCRs have confirmed the 

importance of the second extracellular loop in ligand interactions and receptor 

activation (7, 8). An interesting feature of the second extracellular loop of PAR1 is the 

inclusion of two consensus sites for N-linked glycosylation. Prior to the studies 

presented in this dissertation, the function of PAR1 N-linked glycosylation was largely 

unknown. Given the existence of N-linked glycosylation sites in the second 

extracellular loop of PAR1, we sought to examine the hypothesis that distinct PAR1 

N-linked glycosylation regulates receptor signaling. I first conducted work to 

characterize PAR1 N-linked glycosylation by determining which sites were modified. 

Next, I utilized a PAR1 mutant which has the two critical asparagine residues (N) 

mutated to alanine (A) in the two extracellular loop two N-linked glycosylation 

consensus sites (NA ECL2). I used this mutant to examine the role of PAR1 N-linked 

glycosylation in signaling and trafficking. The conclusions and discussion of the work 

performed are briefly discussed in the following sections. 

 

5.1 PAR1 is modified by N-linked glycosylation at both its N-terminus and second 

extracellular loop with complex glycans 
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Previous to this dissertation, the only experiments that had been performed on 

PAR1 N-linked glycosylation demonstrated that the receptor was modified by N-

linked glycans (9) and that global disruption of N-linked glycosylation with 

tunicamycin caused a drastic reduction in surface expression (10). There were no 

detailed studies using mutagenesis to determine which of the five consensus sites 

contributed to the glycosylation status of PAR1. Thus, I generated PAR1 mutants 

lacking each of the N-linked glycosylation sites and determined that the main sites of 

receptor glycosylation were within the second extracellular loop (Fig. 2.4). Through 

the course of my thesis work I was able to confirm that the PAR1 NA ECL2 mutant 

consistently displayed a significant shift in apparent weight by immunoblot in multiple 

cell lines, including HeLa, COS-7, HEK293, and mouse knockout lung fibroblasts. 

Further characterization of PAR1 glycosylation was performed using different 

glycosidases to determine the nature of the glycosylation (Fig. 2.6). The results 

support the conclusion that PAR1 wild-type receptor, NA ECL2 mutant, and a mutant 

with the three N-terminus sites mutated (NA NTer) are modified with complex N-

linked glycans.  

It was interesting that the glycosidase experiment did not result in a detectable 

shift after treatment with sialidase. Most vertebrate N-linked glycans are modified 

with terminal sialic acids (11) and methods that are more sensitive should be used to 

follow up these experiments. The work presented here was a limited study on the 

nature of PAR1 N-linked glycans. It would be interesting to further pursue the glycan 

structures through the use of mass spectrometry, a newer method to research N-linked 

glycan composition (12). How the glycan structures differ at the PAR1 N-terminus 
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versus the extracellular loop two, how glycosylation of PAR1 differs in various cell 

lines, and how glycosylation of PAR1 differs in highly invasive versus non-invasive 

breast carcinoma are important questions that remain to be answered.  

 

5.2 N-linked glycosylation of the N-terminus is important for proper PAR1 

processing and export to the cell surface 

A review of transmembrane receptors reported that approximately 90% of 

GPCRs contain at least one N-linked glycosylation consensus site within the N-

terminus (13). Of the ~90% only one third of these contained additional sites within 

the extracellular domains. Thus, many GPCRs utilize this modification, but whether it 

serves a function is not known for the majority of GPCRs. Numerous studies have 

reported that GPCR N-linked glycosylation is important in proper processing and 

expression (14-16). Through the use of cell surface ELISAs (Fig. 2.5A) and 

immunofluorescence microscopy (Fig. 2.5B), I showed that the N-terminal N-linked 

glycosylation sites are critical for PAR1 processing and expression at the cell surface. 

I observed a decrease in PAR1 NA Nter surface expression compared to wild-type 

PAR1, and extensive co-localization of PAR1 NA NTer mutant the with golgi marker 

TGN230, suggesting that the PAR1 NA NTer mutant is retained in the biosynthetic 

pathway. Additional IMF studies examining co-localization with an endoplasmic 

reticulum marker, or perhaps calnexin and calreticulin could be used to further 

confirm our conclusion that glycosylation of the PAR1 N-terminus is critical in 

receptor processing within the biosynthetic pathway.  
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5.3 PAR1 ECL2 N-linked glycosylation affects agonist-induced internalization 

Due to the unique mode of activation, whereby a protease cleaves the N-

terminus of PAR1 revealing a tethered ligand, internalization and lysosomal 

degradation are critical for signal termination. A previously activated PAR1 mutant 

that aberrantly recycles is capable of signaling persistently even in the absence of 

thrombin (17, 18). Thus, I examined agonist-induced internalization, constitutive 

internalization, and degradation of the PAR1 NA ECL2 mutant. We observed by cell 

surface ELISA (Fig. 3.4B and C) and IMF (Fig. 3.5) that the PAR1 NA ECL2 mutant 

undergoes agonist-induced internalization, but with a modest defect. Compared to 

wild-type PAR1, there was less PAR1 NA ECL2 internalized after initial agonist 

treatment, however, following a longer stimulation, there were comparable amounts of 

receptor internalized. Interestingly, PAR1 NA ECL2 constitutive internalization (Fig. 

3.4A) and degradation (Fig. 3.8) remained intact. In addition, co-localization of PAR1 

NA ECL2 with the clathrin adaptors AP-2 and epsin-1 was delayed compared to wild-

type receptor, suggesting that glycosylation of PAR1 is required for rapid recruitment 

of endocytic machinery. However, these studies confirmed that the mutant receptor is 

capable of associating with the endocytic components required for agonist-induced 

PAR1 internalization.  

 The finding that PAR1 NA ECL2 mutant is still able to associate with AP-2 

and epsin-1 albeit less efficiently compared to wild-type receptor suggest that the 

PAR1 NA ECL2 mutant may adopt a different conformation less able to recruit the 

endocytic machinery. Additional experiments examining the defect in agonist-induced 

PAR1 NA ECL2 internalization should be considered using sophisticated live cell 
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imaging capable of assessing the dynamics of receptor recruitment to clathrin-coated 

pits. The use of live cell TIRF microscopy would allow for data collection and 

analysis of the dynamics of receptor recruitment from the addition of agonist to 

recruitment of adaptors and ultimately internalization from the plasma membrane.     

 

5.4 PAR1 ECL2 N-linked glycosylation plays a role in G protein subtype coupling 

and signaling 

PAR1 is a promiscuous GPCR with the ability to couple and signal through 

multiple heterotrimeric G protein subtypes (3, 19). The mechanisms responsible for 

dictating GPCR-G protein coupling specificity remain poorly understood. The studies 

in this dissertation are the first to show that N-linked glycosylation of a GPCR can 

contribute to biasing receptor coupling to distinct G protein subtypes. Co-

immuneprecipitation studies performed with the PAR1 NA ECL2 mutant displayed a 

statistically significant difference in Gαq association compared to wild-type receptor 

(Fig. 4.1 and 4.2). In addition, Gαq (Fig. 3.7B) and PLC dependent (Fig. 3.6B) PI 

hydrolysis was enhanced in the PAR1 NA ECL2 mutant (Fig. 2.8 and Fig. 3.1). These 

results raised the question of whether coupling and signaling of other G proteins was 

altered in the PAR1 NA ECL2 mutant. To this end additional experiments were 

performed and revealed that in addition to Gαq that Gα12/13 coupling (Fig. 4.5 and 

4.6) and signaling (Fig. 4.7, 4.8, and 4.9) was also affected. Surprisingly, while the 

PAR1 NA ECL2 mutant displayed enhanced Gαq coupling and signaling the opposite 

response was observed for Gα12/13. These data suggest a role for N-linked 

glycosylation in GPCR-G protein coupling bias and we conclude that PAR1 N-linked 
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glycosylation at ECL2 plays an important role in G protein subtype coupling and 

signaling.  

It is important to note that we performed many of our experiments using 

ectopic expression of PAR1 and signaling proteins. To the best of our ability we 

examined cells that exhibited PAR1 expression that were deemed comparable, as 

assess by cell surface ELISA. However, future experiments are important to validate 

the findings within this dissertation by examining endogenous proteins, as well as cell 

lines in which PAR1 plays important physiological roles. Experiments with 

knockdown-rescue constructs of the PAR1 NA ECL2 mutant in endothelial cell lines 

would be of particular interest, since RhoA signaling is known to cause disruption of 

the endothelial barrier (19-21). In addition, experiments examining whether N-linked 

glycosylation of PAR1 impacts signaling by other proteases, such as APC which is 

important for endothelial barrier stability, would be an important pursuit (22, 23).  

 

5.5 Concluding Remarks 

All together the data presented in this thesis suggest that modification of PAR1 

with glycosylation at its second extracellular loop regulates distinct active 

conformation states of the receptor. Consequently, activated PAR1 differentially 

interacts with signaling and trafficking proteins that result in distinct cellular 

responses. In contrast to wild-type PAR1, PAR1 NA ECL2 mutant couples 

preferentially through Gαq rather than Gα12/13, indicating the N-linked glycosylation 

controls GPCR-G protein coupling specificity. However, it remains to be determined 

whether other factors also influence the capacity of the PAR1 mutant deficient in N-
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linked glycosylation at ECL2 to switch G protein coupling specificity. As an example, 

is has not been determined if N-linked glycosylation of PAR1 affects 

homodimerization or heterodimerization with other PARs or GPCRs.  In pilot studies 

using BRET, I found that PAR1 NA ECL2 mutant displayed a lower affinity to 

homodimerize compared to wild-type PAR1. In future experiments it will be 

important to confirm these findings using multiple approaches. The apparent 

differences in PAR1 NA ECL2 homodimerization suggest that there may also be 

differences in PAR1 heterodimerization. We recently showed that PAR1 and PAR2 

form heterodimers constitutively and is important for thrombin-induced β-arrestin 

recruitment (24). It is possible that heterodimerization with other GPCRs and the NA 

ECL2 mutant is altered and further studies should be considered. 

In addition to N-linked glycosylation, PAR1 is phosphorylated, ubiquitinated 

and palmitoylated (25-28).  It is clear that PAR1 function is tightly controlled by these 

posttranslational modifications. Thus it is important to also determine whether the 

PAR1 NA ECL2 mutant has defects in phosphorylation, ubiquitination and/or 

palmitoylation. Based on the observation that the NA ECL2 mutant and the wild-type 

receptor having distinct rates of desensitization I predict that there is a difference in 

receptor phoshporylation. It is possible that the different conformation of the receptor 

due to lacking glycosylation not only affects how trafficking and signaling proteins 

interact with the receptor, but other proteins as well. This could also lead to 

differences in other post-translational modifications. 

Finally, the work described within this thesis provides a basis to investigate 

other GPCRs that contain extracellular loop N-linked glycosylation consensus sites. It 
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is possible that glycosylation may regulate the G-protein specificity of other GPCRs, 

by regulating ligand binding and receptor conformational change. To start, GPCRs 

with similar functions and number of N-linked glycosylation sites as PAR1 should be 

taken into consideration. N-linked glycosylation is a highly heterogeneous 

modification that controls cell surface expression and, with my study, is critical for 

modulating the ability of GPCRs to signal to different intracellular pathways.  
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