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Abstract 

Cysteinyl leukotrienes (cysLTs) are potent lipid mediators derived from the metabolism 

of arachidonic acid through the lipoxygenase pathway. CysLTs (LTC4, LTD4, and LTE4) 

exert their biological actions through four currently known receptor subtypes within the 

GPCR superfamily, cysLT1R, cysLT2R, GPR17 and the recently discovered cysLTER. 

The cysLT2R is shown to mediate pathological function in cardiovascular disease. To 

further characterize this receptor we here describe a high-throughput in vitro assay 

specific for human cysLT2R (hCysLT2R) based on a β-galactosidase complementation 

system. The EC50 values for LTC4 and LTD4 are consistent with previous literature 

values determined based on radio-labelling affinity assays for hCysLT2R. Activity of a 

synthetic analogue of LTC4, N-Methyl LTC4 (NMLTC4), gave an EC50 value of 8.5 nM. 

Also described in this thesis, is the synthesis of a cysLT2R selective antagonist, 3-{[(3-

carboxycyclohexyl)amino]carbonyl}-4-{3-{4-(4-phenoxybutoxy)phenyl}-

propoxy}benzoic acid. Through the in vitro assay system, this selective antagonist 

showed a dose-dependent inhibition (IC50 value of 86 nM) when CysLT2R was 

stimulated with 30 nM of LTD4. Both the selective agonist (NMLTC4) as well as the 

selective cysLT2R antagonist were also tested in vivo in a localized vascular ear 

inflammation assay. Results show NMLTC4 is able to promote vascular leakage through 

stimulation of cysLT2R, and this extravasation can be significantly attenuated by the 

cysLT2R antagonist.  
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Chapter 1: Introduction 

1.1 Arachidonic acid 

Eicosanoid (eicosa = 20 in Greek), is a term describing an important class of lipid 

mediators derived from 20-carbon polyunsaturated fatty acids [2, 3]. In mammals, 

arachidonic acid is the quintessential eicosanoid precursor [2], giving rise to 

prostaglandins and leukotrienes as the major downstream derivatives. Arachidonic acid is 

often referred to as an ω6 fatty acid, by physiology notation, indicating that the first 

double bond starts on the 6th carbon when counting from the methyl end (-CH3) or the ω 

position. Alternatively, 20:4 is the chemical notation for arachidonic acid, highlighting 

the 20-carbon nature of the fatty acid as well as the 4-cis double bonds present in the 

structure. By convention the numbering system in this notation starts on the carboxyl end 

(-COOH) or the α position. The chemical structure of arachidonic acid is shown in Figure 

1-1. 

 

Figure 1-1: Arachidonic Acid Structure 

 

 

 

 

 

 

Structure showing arachidonic acid with blue lettering and green lettering 
indicating biological and chemical numbering system, respectively. 
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Arachidonic acid is an essential fatty acid found mainly in red meat [4]. It is often 

incorporated to the sn2 position of the glycerol backbone in phospholipids, through 

esterification [5]. When required, arachidonic acid is released from the phospholipid 

membrane by cytosolic phospholipase A2 (cPLA2) and becomes the substrate for distinct 

enzymes giving rise to either prostaglandins or leukotrienes [6, 7]. The biosynthesis of 

these two classes of downstream lipid mediators are described below. 

 

1.1.1 Prostaglandins 

Prostaglandins are the derivatives of cyclooxygenase-1 and-2, COX-1 or COX-2 for 

short. The enzymes are also known as prostaglandin endoperoxide H synthase-1 and -2, 

or PGHS-1 and PGHS-2, respectively. The COX enzymes catalyze the first committed 

step in prostaglandin synthesis, and are the pharmacological targets of common 

analgesics, NSAIDs (non-steroidal anti-inflammatory drugs) [8, 9]. The COX-2 isoform 

is also the target of the coxibs or COX-2 selective inhibitors [10]. COX enzymes are 

heme-containing proteins, active when homodimerized or heterodimerized [11]. They are 

anchored in the endoplasmic reticulum (ER) and nuclear membrane, as their site of 

biological function, by an α-helical membrane binding domain [8, 12].  

 

The main intermediate of prostaglandin biosynthesis is prostaglandin H2 (PGH2), which 

is produced by either isoform of the COX enzyme. COX catalyzes two distinct chemical 

reactions for the formation of PGH2 from arachidonic acid. The first reaction is a 

cyclooxygenation that converts arachidonic acid to a prostaglandin endoperoxide, 

prostaglandin G2 (PGG2). This is followed by a reduction reaction (PGG2) to give the  
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Arachidonic acid through the COX pathway generates the hydroperoxide PGH2. A 
hydrogen abstraction on carbon 13 and followed by the first oxygen insertion on 
carbon 11 allows for the formation of the exo ring through two simultaneous radical 
cyclization reactions. Through the second oxygenation reaction on carbon 15, the 
endoperoxide PGG2 is generated, which quickly gets reduced to give PGH2. Adapted 
from Schneider et al. [5]. 
 

Figure 1-2: Mechanism for COX 
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secondary alcohol, PGH2. The cyclooxygenase activity of COX can be further broken 

down into two separate oxygenation reactions: first oxygenation is initiated by a 

hydrogen-abstraction on carbon 13, allowing for the insertion of the first molecular 

oxygen on carbon 11; this is quickly followed by two radical cyclization reactions to 

form the ‘endo’ ring; the second oxygenation reaction occurs on carbon 15 to give the 

peroxide functional group of PGG2 [5, 13]. The chemical mechanism of this reaction is 

illustrated in Figure 1-2, adapted from Schneider et al. 2007 [5]. It has also been shown 

recently that the COX enzyme homodimer functions in a ‘half-of-site’ reactivity, in that 

when one monomer is substrate-bound, it destabilizes the companion monomer such that 

no productive binding of substrate or inhibitor can occur in the binding pocket [12, 14]. 

The mechanism in generation of PGH2 is believed to be conserved within the two 

isoforms due to the near identical protein fold, seen in crystal structures [15, 16]. As 

PGH2 is formed it can be further metabolized into a plethora of lipid mediators, 

responsible for both pro- as well as anti-inflammatory responses [17]. Some of these lipid 

mediators are listed briefly below.  

 

Using PGH2 as the precursor, various cell types are able to generate different 

prostaglandin metabolites, shown in Figure 1-3, for an array of functions [2]. In platelets, 

with thromboxane synthase (TxS), PGH2 is converted into TxA2, a potent platelet 

aggregator [18]. In the uterus, PGF2α, is synthesized by PGF synthase (PGFS) to 

facilitate muscle contraction [19]. Prostacyclin (PGI2) is produced by the endothelial 

layer through prostacyclin synthase (PGIS) [20, 21]. In the brain and mast cells, PGD2 is 

produced by two types of PGD2 synthases (PGDS) [22, 23]. PGE2 is formed by several
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From PGH2 a large variety of metabolites can be derived through specific synthases. 
These metabolites can mediate both pro as well as anti-inflammation processes in a 
tissue specific manner.  
 

 

Figure 1-3: Prostaglandins 
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PGE synthases (PGES) for various functions including bone remodeling [24] and fever 

induction [25]. In general, it is believed that COX-1 is responsible for the basal 

prostaglandin level, whereas COX-2 is induced and upregulated under inflammatory 

conditions. Each of the different prostaglandins has their own corresponding G protein-

coupled receptor (GPCR) to exert downstream signaling, reviewed in Smyth et al. [26]. 

 

1.1.2 Leukotrienes 

Leukotrienes, unlike prostaglandins, are mainly produced by inflammatory cells [2]. As a 

response to immune complexes, lipopolysaccharide (LPS), chemokines, and other 

physiological stimuli, arachidonic acid is released from the plasma or nuclear membrane 

[2, 27, 28]. The increased intracellular calcium level during the inflammatory response 

facilitates the translocation of cPLA2 and 5-LO to the ER and nuclear membrane [29, 30]. 

Once arachidonic acid is released, it is shuttled to 5-LO by the membrane-embedded 

protein FLAP (5-Lipoxygenase-Activating Protein). FLAP belongs to the MAPEG 

(membrane-associated proteins in eicosanoid and glutathione metabolism) superfamily, 

which also includes another member of the leukotriene biosynthetic pathway, LTC4 

synthase. FLAP selectively shuttles arachidonic acid to 5-LO in order to increase 

catalytic efficiency [31, 32]. FLAP function is pivotal for leukotriene biosynthesis, as 

pharmacological inhibition of FLAP completely abolishes LTA4 production [2, 29, 33, 

34]. 
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Once LTA4 is synthesized two main branches of metabolites can be derived, namely 
LTB4 and the cysLTs (LTC4, LTD4 and LTE4). The cysLTs are terms as such for the 
thiol bond formed between the lipid backbone and the cysteine moiety of glutathione. 
Leukotrienes are mostly pro-inflammatory in function.  
 

Figure 1-4: Leukotrienes 
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5-LO along with FLAP is able to catalyze two enzymatic reactions, converting 

arachidonic acid to the highly unstable intermediate LTA4 [28]. The initial reaction in the 

biosynthesis is the oxygenation of arachidonic acid to yield the intermediate 5-HpETE 

(5(S)-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid). This reaction is prompted 

by a hydrogen-abstraction on carbon 7 of arachidonic acid, followed by the insertion of 

molecular oxygen on carbon 5. 5-HpETE is then stereospecifically converted by 5-LO 

and FLAP, together, to the allylic epoxide, LTA4 [5]. LTA4 provides a bifurcation point 

in the biosynthetic route, illustrated in Figure 1-4. Metabolism of LTA4 by LTA4 

hydrolase (LTA4H) gives the potent phagocyte chemotactic agent, LTB4 [28]. 

Conversely, LTA4 can be conjugated to a molecule of glutathione to give the first of the 

three different cysteinyl leukotrienes (cysLTs), LTC4, by the enzyme LTC4 synthase 

(LTC4S) [35, 36]. LTC4 can be exported from the cell by the multidrug resistance-

associated protein 1 (MRP1) [2, 36-38]. Through sequential cleavage of the glutathione 

moiety of LTC4 — first the glutamic acid, by γ-glutamyl transpeptidase, followed by the 

glycine residue, by dipeptidases —LTD4 and LTE4 are produced, respectively [2, 36]. 

 

1.2  Cysteinyl leukotrienes 

Discovered as potent bronchial constrictive agents, the slow-reacting substance of 

anaphylaxis (SRS-A) was determined to be a mixture of cysLTs [39-41]. These cysLTs 

are characterized by the 3 conjugated double bonds shared by all leukotrienes, as well as 

the distinguishing feature of being conjugated to a glutathione moiety. The reduced 

glutathione is linked to carbon 6 of LTA4 through a stereospecific nucleophilic epoxide 
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ring-opening, initiated by the thiol of the cysteine moiety [31, 42]. This reaction is 

catalyzed in vivo by LTC4 synthase (LTC4S). The biosynthesis of cysLTs can occur 

through transcellular metabolism [30, 43, 44]. The precursor LTA4 can be produced in 

one cell, released into the extracellular medium where it is stabilized by binding to 

albumin [45, 46], and eventually internalized by an alternative cell and metabolized to 

LTC4. LTC4 is often released and sequentially cleaved by γ-glutamyl transpeptidase and 

dipeptidase to give LTD4 and LTE4, respectively [2]. Secreted primarily by inflammatory 

cells such as mast cells [47], basophils [48], eosinophils [49] and macrophages [2], 

cysLTs induce pro-inflammatory responses in autocrine or paracrine manners, in vivo. 

CysLTs exert their biological function through four different GPCRs (G Protein-Coupled 

Receptors) identified to date: cysLT1R, cysLT2R, GPR17 [50], and cysLTER [51]. Of the 

four GPCRs, cysLT1R and cysLT2R are the most extensively characterized.  

 

1.2.1 Early pharmacological studies 

Cysteinyl leukotriene function have been studied prior to receptor cloning, in lung 

parenchyma [52], trachea [53], and pulmonary smooth muscles [54] for their 

spasmogenic effects . It was observed that response to cysLTs depended on the choice of 

cysLTs used (LTC4, LTD4 or LTE4) as well as route of administration. These early 

studies hinted to the possibility of at least two different receptors expressed in a tissue-

specific manner [53-56]. Through studies with early cysLT antagonists, it was confirmed 

that two different types of cysLT receptors exist. MK571 [57], one such cysLT antagonist 

[58, 59], showed efficacy against LTC4 and LTD4 effects in airway but was unable to 

block contractile response in the pulmonary vein in human [55]. In the same study it was 
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observed that LTE4, the most stable cysLT, when administered 30 min ahead of LTC4 

and LTD4, shows an inhibitory effect for the receptor population found in the pulmonary 

vein [55]. Eventually, the receptors were classified into two different subtypes based on 

their sensitivity to the known antagonists at that time: cysLT1R, is sensitive to inhibition 

by the classical antagonists, and cysLT2R, which includes receptor(s) insensitive to the 

antagonists but still responds to cysLTs [60].  

 

Numerous cysLT1R antagonists have since become available, such as SKF 104353 [61, 

62], ICI 198615 [62], and MK 571 [63], which greatly benefited the characterization of 

the receptor, several which have since been marketed as anti-asthmatic medicines. There 

has, however, not been any cysLT2R selective antagonist until recently [64], making 

pharmacological characterization of the receptor difficult. The only agent shown to 

attenuate the cysLT2R activity was the dual antagonist Bay u9773 [65-67]. The Bay 

u9773 compound was shown to antagonize cysLT1R as well as cysLT2R activity, it was 

termed a dual antagonist. The Bay u9773 compound was synthesized based on LTE4 and 

was shown to also be a partial agonist on human bronchus and pulmonary vein, in the 

absence of indomethacin (NSAID) [55]. Expression patterns of the two receptor subtypes 

are also tissue dependent but not mutually exclusive. Higher expression of the cysLT1R is 

observed in the bronchial airways, while cysLT2R is best characterized in the vasculature. 

The heterogeneous receptor population and the lack of selective antagonists for cysLT2R 

remain problematic for conclusive pharmacological characterizations, and fuelled the 

push for molecular cloning of both cysLT receptors.  
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1.2.2 Cloning the cysteinyl leukotriene receptors 

The first cysLT receptor cloned was the human cysLT1R, by Lynch et al. in 1999 [68], 

followed by the human cysLT2R [69] and the two corresponding murine receptors [70-

72]. After receptor cloning, recombinant expression systems in various cell types were 

established. Radioligand competitive binding assays, along with intracellular calcium 

release assays, were conducted to determine the rank order potency of the individual 

cysLTs for the different receptors. The general consensus in the literature shows a rank 

order of LTD4 > LTC4 >> LTE4 for cysLT1R, and LTC4 = LTD4 >> LTE4 for cysLT2R 

[68-70, 73]. The expression profile in tissue of the receptors was also examined more 

closely following molecular cloning. Consistent with previous data, cysLT1R was highly 

expressed in the spleen, airway smooth muscles, and peripheral blood leukocytes [74], 

while the cysLT2R is expressed in leukocytes, heart, and brain [36].  

 

1.3 Cysteinyl leukotriene type 1 receptor 

The cysLT1R is expressed in the spleen, peripheral blood leukocytes, and airway smooth 

muscle, has nanomolar affinity for LTD4, and couples to the heterotrimeric G protein 

Gq/11 to promote Ca++ flux [75-77]. LTC4 is also a full agonist for the cysLT1R but is 

less potent. CysLT1R is part of the rhodopsin subfamily of GPCRs. CysLT1R is highly 

relevant under asthmatic settings [78, 79]. The mouse cysLT1R has two different 

isoforms, designated as long and short isoform, unseen in humans. Both isoforms are 

functional, and can elicit intracellular Ca++ release after stimulation by cysLTs (LTC4 and 

LTD4) [71].  
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1.4 Cysteinyl leukotriene type 2 receptor 

Cysteinyl Leukotriene Type 2 receptor in humans is a 347 amino acid, putative 7 

Transmembrane (7TM) GPCR. It shows classical GPCR characteristics such as enhanced 

ligand binding ability in the presence of divalent cations, and inhibitory action by non-

hydrolysable GTP analogues [36, 70]. The human cysLT2R shares 38% identity to the 

human cysLT1R in amino acid sequence, and is also 65% homologous to the mouse 

cysLT2R . Based on primary sequence analysis, the C-terminus of the human cysLT2R is 

relatively distinct to that of human cysLT1R [69, 80]. Numerous potential PKC/PKA 

phosphorylation sites are located near the C-terminus, as well as in the 3rd intracellular 

loop region [69]. Phosphorylation sites in this region are important for receptor regulation 

through desensitization mechanisms by β-arrestin [81]. The focus of the work in this 

thesis pertains to the human Cysteinyl Leukotriene Type 2 Receptor (cysLT2R). 

 

1.4.1 Cysteinyl leukotriene type 2 receptor signaling 

The signal transduction mechanism of the cysLT2R, like most GPCRs, is believed to be 

reliant on coupling/decoupling to the trimeric G-protein complex of Gα, Gβ and Gγ 

subunits, leading to release of secondary messengers. Experiments were conducted 

through various heterologous expression systems, most of which used the release of 

intracellular Ca++ as a measure of receptor activation. Due to the insensitivity to pertussis 

toxin, it is likely that cysLT2R is coupled to Gq/11, rather than Gi/o, in certain cell 

systems [36, 82, 83]. However this can also be an artifact as availability of G proteins 

may vary between cell types [69]. High levels of cysLT2R are found in Human Umbilical 
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Vein Endothelial Cells (HUVEC) [84, 85], which can be used as a model system for 

studying cysLT2R function as a measurement of intracellular Ca++. When stimulated with 

LTC4 or LTD4, HUVECs show a rapid initial calcium release, followed by a delayed 

lingering calcium oscillation as seen in Figure 1-5 (adapted from Lötzer et al. 2003 [86]). 

The initial larger spike of calcium release subsided after 50 seconds, followed by baseline 

calcium levels, the oscillatory peaks then persisted for 100 seconds from 75 seconds to 

175 seconds. The magnitude of the oscillatory peaks were smaller compared to the initial 

spike, but carried on for almost twice as long in duration. On the other hand, in 

macrophages, which express mainly cysLT1R, stimulation by LTC4 or LTD4 only showed 

an initial calcium spike without the oscillations [87]. 

 

 

Calcium signal determined using HUVEC and macrophages loaded with Fluo-4-AM. 
A) In HUVEC, stimulation with 1 µM of LTC4 showed an initial peak followed by 
secondary oscillations. B) Same conditions did not elicit secondary oscillation in 
macrophages. Figure adapted from Lötzer et al. 2003 [86,87]. 

Figure 1-5: Oscillating calcium signal from cysLT2R in HUVEC 
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Transcription regulation downstream of cysLT2R has also been explored in expression 

systems. Under the pretense of increased cysLT2R expression post myocardial infarction 

and reperfusion (myocardial I/R) injury [88], Thompson et al. [89] looked at the 

transcriptional regulation following cysLT2R activation in HEK293 cells. HEK293 cells 

transfected with cysLT2R showed an increase in IL-8 expression through NF-κB and AP-

1 transcription factors, shown in Figure 1-6 [89]. Increased IL-8 production would 

augment chemokine production, which might lead to exacerbated damage following 

myocardial I/R injury.  

1.4.2 Cysteinyl leukotriene type 2 receptor expression in vivo 

Work conducted in our lab recently has highlighted some novel physiological and 

pathological importance of the cysLT2R function. Genetic manipulation in mice has 

paved the way for both knockout and tissue-specific overexpressing mouse models [88, 

90]. The LacZ-cysLT2R knockout mice have the genetic sequence of the mouse cysLT2R 

disrupted by insertion of the E. coli gene encoding β-Galactosidase, such that expression 

of cysLT2R protein results in coordinate expression of the transgene. By monitoring the 

functional activity of β-Galactosidase it is possible to extrapolate the expression of the 

cysLT2R. Conversely, the endothelial cells (EC) overexpression model of EC-CysLT2R 

transgenic mice has multiple copies of the human cysLT2R coding sequence under the 

control of the Tie2 promoter [91] inserted into a gene-sparse region of chromosome 6 

[88, 90, 92]. Promoter and enhancer regions of the mouse Tie2 gene drive transgene 

expression specifically in endothelial cells [91, 93]. 
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Schematic, adapted from Thompson C et al. [89], representation of cysLT2R 
signaling mechanisms involved in LTC4-induced chemokine production. LTC4 
binding to the cysLT2R results in activation of the AP-1 and NF-κB pathways, 
involving PKC family kinases. LTC4 induces an AP-1 complex composed of c-
Jun and c-Fos, which binds to the TRE (AP-1) site to induce chemokine 
transcription. 

Figure 1-6: Signaling of cysLT2R determined in recombinant HEK cells 
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Transgenic animal models provide an alternative avenue to studies of receptor’s function 

in vivo [94] during the absence of selective agonist and/or antagonist. Using the 

transgenic mice, a LAD (left anterior descending artery) ligation model was used to 

mimic an acute heart attack with both ischemic and reperfusion (I/R) phase of injury. 

Post myocardial I/R injury (48 hours), an upregulation of the cysLT2R was observed in 

infarct and peri-infarct zones of mouse heart [88]. This was examined in KO mice 

through functional staining of the β-galactosidase enzyme using X-Gal. In the 

endothelium-specific overexpression mice, an exacerbated vascular leakage was seen 

following exogenous LTC4 and LTD4 application using a cremaster muscle intravital 

microscopy model [90]. The extravasation of albumin was hypothesized to be dependent 

on the calcium oscillations, and could promote further damage through inflammatory 

pathways [95].  

 

1.4.3 Novel tissue expression sites of cysLT2R 

Continuing efforts through RNA isolation and quantitative RT-PCR have been employed 

to identify novel expression sites of cysLT2R. As seen in animal models the expression of 

cysLT2R can be induced by inflammatory response. However, the specific cell type that 

expresses this receptor after inflammatory injury still remains an unanswered question. 

The increase in cysLT2R expression seen in the KO mice in the infarction model can 

stem from two different sources: one being the myocardium as a result of the ischemia or 

alternatively from invasive cells such as macrophages or neutrophils recruited to resolve 

the ischemia. This however, does not detract from the vascular permeability function of 
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cysLT2R in the endothelial layer. It is more likely that the expression of the receptor can 

have various functions in specific niches. Evidence of cysLT receptor involvement in 

edema has been shown in mice using a blunt force trauma injury to the brain [36, 96, 97]. 

A pharmacological blockage of the cysLT1R was only able to partially attenuate edema 

formation, hinting to signs of cysLT2R involvement [44, 97].  

 

Other chronic inflammatory diseases can also provide clues to possible sites of 

expression for the cysLT2R. Two novel sites discovered in the lab recently involve the 

colon, as well as retina, in models for inflammatory bowel disease and retinopathy 

associated with diabetes, respectively [Unpublished Data].  

 

1.5 GPCR signaling 

Being the largest class of receptors and the target of 40% of all current therapeutics, 

GPCR signaling and regulation is an attractive field of research. Canonical signaling of 

GPCR dictates that upon ligand binding, the receptor adopts the activated conformation 

where the C-terminus and the 3rd intracellular loop region, together, serve as a GEF (GTP 

exchange factor) for the associated Gα subunit [98]. The Gα is one part of the 

heterotrimeric G-protein complex of Gα, Gβ and Gγ, known to regulate secondary 

messengers such as cAMP and Ca++. By exchanging the GDP to GTP, the Gα subunit 

dissociates from the trimeric complex activating downstream signaling. Termination of 

the signal starts with the phosphorylation of the intracellular loop and C-terminal tail of 

the GPCR, by a specific family of kinases, the GRKs (GPCR kinases). The specific 

phosphorylation pattern recruits the scaffolding protein, β-arrestin. The receptor, bound 
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to β-arrestin can subsequently be desensitized and internalized through clathrin-coated 

pits [99]. β-arrestin provides steric hindrance to further association of G-proteins, while 

also signals for receptor sequestering into intracellular vesicles. This sequential set of 

events emphasizes ‘activation’ as signaling through the dissociation of the Gα/Gβγ, while 

the ‘termination’ of that signal is the association of β-arrestin to the phosphorylated 

receptor mediated by the GRKs [99-101].  

 

Once the phosphorylated receptor is bound to β-arrestin and internalized, it can either be 

recycled back to the plasma membrane or be targeted for lysosomal degradation by 

ubiquitination [102]. The eventual fate of the receptor can vary depending on the strength 

of the β-arrestin association, illustrated in Figure 1-7 [103, 104]. Recycling of the GPCR, 

or resensitization as it is sometimes referred to, requires β-arrestin to dissociate from the 

internalized receptor [105]. If the receptor is tightly bound to the β-arrestin it is often 

targeted for degradation rather than resensitization. The small GTPase family of Rab 

proteins regulates the intracellular trafficking and recycling of GPCR [104]. These Rab 

GTPases have been shown to regulate the movement of endocytic vesicles and its fusion 

to the early endosome structures [104-107]. 

 

A growing list of proteins show specific binding interactions with β-arrestin, many of 

which have signaling potential. This scaffolding ability has recently become better 

appreciated. Rather than simply a linear negative regulator in G-protein activation, 

signaling through β-arrestin in its own right is now in the limelight.  
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Two different fates of GPCR can occur after internalization through β-arrestin 
association. Receptor can be rapidly recycled back to the cell surfaces (I) or it can 
be targeted for degradation in the lysosome (II). The specific determinant for the 
separate receptor fate is not yet determined. 

Figure 1-7: Rapid recycling or degradation of internalized receptors 
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There is an emerging view parallel to the canonical GPCR signaling pathway, where the 

fluidity of the GPCR structure dictates an entire spectrum of signaling potentials 

depending on the bound ligand [107-109]. Key to this divergent nature of signaling is β-

arrestin. The biased signaling for GPCR through β-arrestin is illustrated in Figure 1-8. 

Ligand-bound receptor can adopt a conformation that will favour G-protein signaling, or 

a conformation favouring β-arrestin signaling [110]. Many groups have demonstrated 

ligand-dependent GPCR signaling in various well-characterized receptors, two such 

examples are mentioned below.  

 

Early work on the β2-adrenergic receptor (β2-AR) showed that the β-agonist, albuterol, 

augments airway relaxation in β-arrestin2 knockout mice in comparison to wildtype 

littermates [111]. In pulmonary arteries, the activation of β2-AR leads to smooth muscle 

relaxation. Under asthmatic settings, complications often arise through tolerance build up 

towards traditional β-agonists. Over time, an increased dose is needed to attain the 

necessary bronchodilation [110]. Tolerance build-up, or tachyphylaxis is hypothesized to 

be the result of over desensitization of the receptor due to increased stimulation [111]. 

Albuterol, therefore, was able to dampen the effect of desensitization and achieve greater 

smooth muscle relaxation, presumably through biasing towards the G-protein signaling 

[111].  

 

The µ-opioid receptor, of the large opioid receptor family, also showed biased signaling. 

Agonists for the receptor, enkephalin, etorphine, and morphine, showed different abilities 
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to internalize the µ-opioid receptor. While enkephalins, as well as etorphine, are able to 

promote receptor internalization, morphine was not able to elicit such effects [112]. 

 

Here, the internalization of the receptor is viewed as the readout for agonist binding, 

rather than the traditional release of secondary messengers. This is evidence of morphine 

being a G protein-biased agonist, while enkephalin and etorphine are more traditional in 

the sense of signaling bias [112].  

 

Given that much of the pharmacological and molecular approaches to characterize a 

GPCR still rely on activation of the G protein-mediated signaling as an output, the 

potential of β-arrestin-dependent signaling is still largely unexplored [113]. Studies on 

the angiotensin II receptor type 1A (Ang II) show a distinct kinetic difference in signaling 

mediated through either G-protein or β-arrestin2 [114]. Though signaling through the 

same pathway, activation of ERK1/2, G-protein dependent activation was earlier and 

more rapid in comparison to β-arrestin2 signaling [115, 116]. The functional knockout of 

β-arrestin2 was achieved through siRNA in these experiments. The study also highlights 

more intricate regulation of the signaling pertaining to the spatial control of activated 

ERK1/2 [114, 115]. Studies like this are uncovering the fine control of GPCR signaling 

and the possibility of β-arrestin-dependent signaling adds another layer of complexity and 

regulatory control.  
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Canonical GPCR signaling dictates that association with β-arrestin follows receptor 
activation and phosphorylation. However recent evidence shows that some GPCR, 
depending on specific ligand, selectively signal through either trimeric G proteins or β-
arrestin independently. 

Figure 1-8: GPCR Signaling 
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Adding to the new level of regulation afforded by β-arrestin, it is no longer enough to 

solely monitor the changes in secondary messenger levels activated by G-proteins, 

signaling mediated by β-arrestin also needs to be considered. The exact signaling 

pathways through β-arrestin are not yet well established, but these pathways are 

predicated on the association of β-arrestin with phosphorylated receptor. Under this 

pretext many functional assays have been developed recently to monitor such association.  

 

1.6 β-arrestin assay systems 

Recently, many assays have been established to uncover novel β-arrestin-dependent 

signaling. Two main approaches have been taken for these assays; a more direct 

fluorescence-based assay, or an indirect complementation assay. By utilizing fluorescent 

tags such as GFP (green fluorescent protein) it is possible to monitor protein trafficking 

in vitro. Alternatively, fragments of proteins can be fused to both receptor and β-arrestin 

and upon receptor activation the protein fragments complement restoring the biological 

function. Subsequent assessment of the restored function will allow for extrapolation of 

receptor-β-arrestin association.  

 

1.6.1 Fluorescence-based assay systems 

Incorporation of GFP or its many variants allows for visualization of receptor trafficking 

in vitro. These experiments can provide precise information in terms of spatial and 

temporal movement of the receptor. Techniques such as FRET (fluorescence resonance 

energy transfer) also make it possible to monitor the association of the receptor-β-arrestin 
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complex in vitro [116, 117]. By tagging the receptor and β-arrestin with CFP and YFP 

respectively, one can monitor the proximity by means of fluorescence quenching. 

 

Advanced techniques, developed by Lohse et al. [117, 118], monitor intracellular 

movement of GPCR through FRET. By tagging specific regions of the receptor, usually 

the third intracellular loop region, as well as the C-terminus region with CFP and YFP 

respectively, one can monitor the energy transfer dictated by the conformational change 

after agonist binding. This technique is valuable in establishing the fluidity of the 

receptor conformations. Intracellular FRET coupled with monitoring secondary 

messengers can help link the different conformations of a GPCR with the difference in 

signaling downstream. The same set of experiments can also be conducted but with 

monitoring β-arrestin specific signaling.  

 

1.6.2 Functional assays looking at β-arrestin signaling 

β-Arrestin-mediated desensitization is specific to GPCRs that are activated by a ligand. 

This is different from PKC/PKA (protein kinase C/A)-mediated desensitization, which 

can initiate internalization for non-ligand bound receptors [119]. Taking advantage of this 

level of specificity functional-based assay systems are developed. Most of these assay 

systems follow the thought process of yeast two-hybrid assays. By utilizing two 

fragments of a functional protein that upon complementation can restore biological 

activity, one can monitor the association of receptor-β-arrestin complex. One such protein 

is β-galactosidase and was used by von Degenfeld et al. [120]. 
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GPCR activation was monitored by von Degenfeld et al. (2007) using the β-

galactosidase-β-arrestin assay. The signal in this assay requires the receptor to be 

phosphorylated and interact with β-arrestin2. In the study, receptors were engineered to 

have the α* fragment of β-galactosidase incorporated at its C-terminus, while β-arrestin2 

was engineered to have the ω domain of β-galactosidase incorporated at its C-terminus 

[120]. Upon receptor binding to an activating ligand, presumably GRK-mediated 

phosphorylation would promote β-arrestin2 binding. Once the receptor-β-arrestin 

complex is formed the two fragments of β-galactosidase are within close enough 

proximity to compliment thus restoring biological function. The assay then takes 

advantage of a chemiluminescent agent, to assess the β-galactosidase activity [121, 122]. 

A depiction of this assay system is shown in Figure 1-9.  

 

This assay system is specific to the activated receptor, due to inherent specificity 

associated with GRK phosphorylation, and has immense high throughput potential, as 

experiments are conducted in a 96-well format. Albeit, an indirect way of assessing 

receptor activation, this assay system provides an excellent avenue for drug discovery.  

 

1.7 Closer look at β-galactosidase 

β-Galactosidase is one of the most widely used enzymes in the hands of molecular 

biologists and biochemists alike; from the blue/white plaque screening assay to the 

assessment of gene expression in genetic-knockout animals. The popularity of this 
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enzyme can be attributed partly to its unperturbed activity under many conditions but 

more importantly it is very well characterized in terms of structure and function.  

 

The functional β-galactosidase enzyme is made up of 4 monomers that form two distinct 

surfaces termed the ‘activating’ and the ‘long’ interface [123]. Each of the monomers 

shares two surfaces with the adjacent monomeric units. One can think of this as four non-

equilateral right angle triangles forming a parallelogram, such that the short diagonal is 

the ‘activating’ interface and the long diagonal is the ‘long’ interface, as shown in Figure 

1-10. The interaction along the ‘activation’ surface allows for the formation of the 

homotetramer, following the homo-dimerization of two monomers.  

 
β-Galactosidase is well known to exhibit a phenomenon called α-complementation [124]. 

A naturally occurring mutant strain of E. coli, M15 mutant, expresses a form of β-

galactosidase devoid of enzyme activity but retains the ability to dimerize [125]. The 

activity can be restored by artificially introducing a small peptide fragment missing from 

the N-terminus. The M15 mutant lacks amino acid residues 11 to 41, and the rescue 

peptide encodes for these missing amino acids. Once introduced, the rescue peptide, 

termed the α-fragment, can restore native β-galactosidase activity. Crystal structures of β-

galactosidase show that the α-fragment is essential for the tetramerization process, which 

gives rise to the ‘activation’ interface [124]. The folding and association of β-

galactosidase monomers is illustrated in cartoon form in Figure 1-11, while the M15 

mutant with α-fragment rescue is depicted in Figure 1-12. The Figures are depictions of 

work conducted by Nichtl et al. [126] 
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β-galactosidase is functional in a homotetramer, this illustration depicts in cartoon 
fashion the tetramer complex. There are two interfaces for each homotetramer, the 
long interface and the activating interface. The interaction of two monomers along 
the long interface is independent of the α-fragment, while the interaction along the 
activating interface is dependent on the α-fragments. The M-15 mutants lacking 
the α-fragment are functionally inactive, but are still able to form dimers through 
the long interface. This functional inactivity can be rescued by the addition of the 
α-fragments in situ. Color scheme in cartoon reflects the colors used in the 
crystallography in the top right panel. The little right angle triangles represent the 
α-fragment while the larger triangles represent the ω-fragment of β-galactosidase. 
This color scheme will be used in Figure 10 as well 11.  

Figure 1-10: β-galactosidase enzyme 
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Experiment conducted with wildtype β-galactosidase in vitro show folding of β -
galactosidase occurs through a “bi-uni-molecular” mechanism, where 4 unfolded 
monomers (Mu) very quickly rearrange to 4 fully folded monomers (M), which then 
dimerize to give a pseudo dimer (D’). These pseudo dimers reorganize to give a more 
conformationally stable dimer (D). Finally, two stable dimers come together very 
quickly to give the functional tetramer (T). Rate equations are adapted from Nichtl et 
al. The two rate determining steps are the bi-molecular dimerization step (k2), as well 
as the unimolecular conformational (k1) change. The monomers are shown in Blue 
and Yellow to correspond to Figure 9, small triangles indicate α-fragment while the 
larger triangles indicate ω-fragment in each monomer. Figure adapted from Nichtl et 
al [126] 
 

Figure 1-11: β-galactosidase folding mechanism 

 



 30 

The functionally inactive M
15 m

utant has a 15 am
ino acid deletion in the N

-term
inus (term

ed α fragm
ent) preventing the 

dim
erization along the activating interface. H

ow
ever the long interface dim

ers betw
een tw

o M
15 m

onom
ers (each term

ed 
ω

-fragm
ent) can still form

. N
ichtl et al. w

as able to show
 in a rescue experim

ent, w
hen dim

ers of the ω
-fragm

ents (ω
2 ) are 

in solution w
ith α-fragm

ents, it is able to generate the pseudo dim
er, show

n as (ω
2 α

2 )’, at equilibrium
. The pseudo dim

er 
(ω

2 α
2 )’ here in the M

15 m
utants is analogous to D

’ in w
ildtype show

n previously in Figure 10. A
gain the pseudo dim

er w
ill 

reorganize to form
 the stable dim

ers, (ω
2 α

2 ), and eventually giving the functional tetram
er (ω

2 α
2 )2 . Figure adapted from

 
N

ichtl et al. [126] 
 

Figure 1-12. M
15 m

utant folding m
echanism

 



 31 

 

1.8 Objective of the project 

The objective of this thesis project was to characterize the human cysLT2R receptor 

through a two-pronged approach.  Firstly, to generate a specific assay system based on 

von Degenfeld [120]; secondly to synthesize a specific antagonist targeting the cysLT2R 

based on a Bayer pharmaceutical patent [1]. The availability of a novel assay system for 

the human cysLT2R can pave the way for high-throughput drug screening, and a well-

characterized cysLT2R antagonist will greatly facilitate the characterization of this 

receptor in vivo. The cysLT2R is believed to play a pathological role in the inflammatory 

injury settings such as myocardial infarction, by mediating vascular leakage upon 

activation. The attenuation of this damage will not only provide valuable information 

about the receptor itself, but might also lead to therapeutic agents in the future. The 

antagonist will be characterized using the new assay system as well as a local 

inflammatory model in the ear vasculature.  
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Chapter 2:  Methods 

2.1 Retroviral plasmids 

Two retroviral plasmids were received as gifts from the Blau laboratory (Stanford 

University), pMFG-YFP-H31Rα*-IRES-CD8 and pWZL-βARR2-ω-IRES-hygro. 

pMFG-YFP-H31Rα*-IRES-CD8, pMFG-CD8 for short, was previously cloned with a 

YFP cassette as an intracellular tracking marker and CD8 as a selectable cell surface 

marker [122]. The pMFG-CD8 construct contains MfeI-XhoI restriction enzyme cut sites 

allowing for the insertion of a GPCR encoding sequence. Human β-arrestin2 coding 

sequence was previously inserted into pWZL-ω-IRES-hygro vector to create pWZL-

βArr2-ω-IRES-hygro (referred to as pWZL-βArr2). This vector has antibiotic resistance 

for hygromycin. Upon receiving the two vectors, the sequence integrity of each plasmid 

was confirmed through DNA sequence determination (StemCore Laboratories) [127].  

Illustration showing plasmid pMFG and pWZL with hCysLT2R-YFP-α* and βarrestin-ω, 
inserts respectively. The presence of the IRES-Hygro in the pWZL vector allows for antibiotic 
selection using Hygromycin after transduction in order to establish stable clones. YFP tag 
following the hCysLT2R also allowed for the visualization of receptor through fluorescence 
imaging after transduction. Both the pMFG and pWZL vectors are using the MMLV 
(Moloney murine leukemia virus) promoter. 

Figure 2-1: Plasmid Construction 
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2.2 Cloning of human cysLT2R cDNA 

To insert hCysLT2R sequence into the pMFG vector, EcoRI and XhoI restriction sites 

were added to the flanking regions of human cysLT2R coding squence through 

polymerase chain reaction (PCR) with Phusion DNA polymerase kit (Finnzymes) using 

oligonucleotide primers: F: 5’-TAGAATTCGCCATGGAGAGAAAATTTATGTCCTT 

G -3’ and R: 5’-TACTCGAGTACTCTTGTTTCCTTTCTCAACC-3’. The original 

human cysLT2R coding sequence was already available from previous work done in the 

lab. Restriction enzymes MfeI-XhoI were then used to cut pMFG-YFP-H31Rα*-IRES-

CD8 plasmid, and the human cysLT2R insert was ligated, to generate pMFG-hCysLT2R-

YFP-H31Rα*-IRES-CD8 (pMFG-hCysLT2R for short). After insertion, sequence 

accuracy of the construct was verified by StemCore Laboratories [127]. The two 

retroviral plasmid, in completed form is shown in Figure 2-1.  

 

2.3 Retroviral transfection/transduction 

Phoenix retroviral packaging cells were a gift from Dr. Alan Mak (Queen’s University). 

The calcium phosphate precipitation method was used to transfect the retroviral plasmid 

into Phoenix cells. The 2 M calcium chloride solution was prepared by dissolving 5.88 g 

of CaCl2•2H2O in 20 mL dH2O and filter sterilized through a 0.22 µm filter. The 2 X 

Hepes-buffered saline (2 X HBS) solution was prepared according to a standard recipe, 

then the pH set to 7.05 with 10 N NaOH and filter sterilized: 
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Phoenix packaging cells were plated in 10 cm tissue culture plates with DMEM + 10 % 

FBS (culture medium) and allowed to grow to 60 % confluency (approximately 5 x 106 

cells) for transfection.  

 

Solution A for calcium phosphate transfection was prepared with 388 µL dH2O, 62 µL 

2M CaCl2, and 50 µL of plasmid DNA (< 20 µg depending on DNA concentration), 

while Solution B was 500 µL of 2x HBS. Solution A was then slowly added into Solution 

B and mixed by introducing bubbles with the pipette. The mixture was then added to the 

Phoenix cell media and gently swirled to mix evenly. 12 Hours after the initial 

transfection process, 10 mM (final concentration) sodium butyrate was added to the 

media. Sodium butyrate-containing media was replaced after 12 hours (24 hours after 

initial transfection) with fresh culture media for viral particle harvesting.  

 

Target cells, C2C12 myofibroblasts, were plated in a 10 cm tissue culture plate and were 

transduced when ~70% confluent. Media containing viral particles were collected and 

transferred to target cells 36 hours after initial transfection: this process was repeated 

twice in the next 12 hours (in 6 hour intervals). Viral-containing media was first filtered 

through a 0.45µm filter (Millipore, Millex) per round of transduction, along with 4 

µg/mL of polybrene (hexadimethrine bromide, Sigma) in dH2O. After three rounds of 

transduction, cells were washed with 1x PBS and changed to complete media (DMEM + 

10 % FBS + 1 % Pen/Strep) for at least 24 hours, before antibiotic selection. Cells 

transduced with pWZL-βARR2 plasmid were cultured in complete media with 500 

µg/mL hygromycin, and eventually tapered to 100 µg/mL.  
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The second plasmid pMFG-hCysLT2R was transduced into the hygromycin-competent 

cells using the same protocol. After each round of transfection/transduction the cells were 

serial diluted to establish single cell colonies. Growth was carried out in 96 well plates in 

complete media with hygromycin [127]. A simple illustration, Figure 2-2, shows the 

steps of generating the assay competent cells. 

 

2.4 Selection for assay-competent cell colonies 

YFP fluorescence, combined with hygromycin resistance, was used to verify expression 

of both constructs. In order to determine which of the colonies had the highest expression 

after double transduction, the relative intensity of the YFP signal was compared. The 

intensity of the YPF signal should correlate to the expression of the vector containing 

human cysLT2R. To monitor fluorescence, coverslips (12 mm #1; Fisher Scientific), were 

placed in 24-well tissue culture plates and coated with 100 µL of fibronectin (Athena 

Enzyme Systems). C2C12-hCysLT2R-βArr cells (40 to 50,000 / coverslip) were grown 

overnight in a 37oC incubator with 5% CO2 in complete media. The next day, cells were 

washed with 1x PBS and fixed in fresh ice-cold paraformaldehyde (2 %; Fisher 

Scientific) for 5 min before mounting with Mowiol (Merck Biosciences Ltd., Beeston, 

Nottingham, UK) onto slides for microscope (Leica DMIRB) viewing. The YFP signal 

was observed with a Green filter (515-560 nm) and analyzed with OpenLab 2 

(Improvision, Lexington, MA) for Mac. It was determined out of the colonies isolated 
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The two retroviral plasmid constructs were introduced separately into Phoenix retroviral 
packaging cells by a standard calcium phosphate method. The culture medium (DMEM + 10 
% FBS) was replaced after another 12 h with fresh complete media (DMEM + 10 % FBS + 1 
% Pen/Strep) to harvest retroviruses. C2C12 cells were first transduced with the pWZL-
βARR2 viral medium and select with Hygromycin B for 1 week. Hygromycin-resistant cells 
were then transduced with retroviruses expressing the pMFG-hCysLT2R fusion using the same 
experimental protocols. C2C12 cells transduced with both constructs were then subjected to 
single cell colony selection by serial dilution. 
 

Figure 2-2: Retroviral transfection/transduction procedure 
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 after single cell dilution that colony 2 showed highest fluorescence. All assays conducted 

in this study used cells originating from colony 2; C2C12-hCysLT2R-βArr denotes cells 

so derived. Fluorescence intensity of C2C12-hCysLT2R-βArr cells was also monitored as 

passage number increased using the same protocol. It was observed that fluorescence 

intensity decreased as passage number increased above 30. All assay results were 

produced with cells between passages 9 to 25 for consistency [127]. 

 

2.5 RNA extraction 

To examine the relative expression of the two constructs in C2C12 cells, total RNA was 

extracted using the Trizol/Chloroform technique (Sigma-Aldrich). RNA quality was 

checked with an Agilent 2100 Bioanalyzer using RNA-Nano chips before conducting 

reverse transcription-PCR following the manufacturer’s protocols. After cDNA synthesis, 

oligonucleotide primers designed to anneal and amplify the junction regions of the fusion 

proteins were used to verify viral transduction efficacy. Targeting the junction region 

eliminates ambiguity associated with endogenous expression, since high homology is 

shared between mouse and human β-arrestin2. The relative expression level of the two 

fusion proteins was assessed by qPCR with the same primer sets, normalized to GAPDH 

gene expression. qPCR was conducted in triplicate for each gene of interest with iTaq 

Fast SYBR Green Supermix with ROX (BioRad) kits, according to the manufacturer’s 

protocol. Alternatively regular PCR was used as a qualitative check for transduction 

success.  
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2.6 Assay conditions and procedure 

Once the C2C12-hCysLT2R-βArr cells were fully assay ready, three sets of experiments 

were designed to determine specific characteristics of the receptor. The assay will be 

referred to as the β-Galactosidase-β-Arrestin Complementation Assay, or β-arrestin assay 

for short. Agonist potency for activation, antagonist potency for inhibition and time 

course stimulation were examined for various agonists and antagonists. Terminology 

such as assay plate, stimulation plate, and luminescent substrate are introduced in the first 

agonist potency assay and are kept for consistency through out the three assay conditions. 

In each 96-well plate, duplicate or sometimes triplicate assays were conducted to insure 

reproducibility and minimize error. These repetitions were then averaged and taken as a 

single n value. Each set of results presented is representative of n = 4 or 8 [127]. 

 

2.6.1 Agonist potency with β-arrestin assay 

The three endogenous cysLTs, LTC4, LTD4, and LTE4 were used along with a synthetic 

agonist N-Methyl-LTC4 (NMLTC4 for short). C2C12-hCysLT2R-βArr cells were plated 

in a white opaque bottom 96-well tissue culture plate (Corning), at 25,000 cells/well in 

150 µL complete media. This plate was incubated overnight in a 37oC incubator and is 

called the assay plate. The following morning another 96-well tissue culture plate (not 

opaque) was used to set up a “stimulation” plate with various concentrations of the 

different agonists dissolved in DMEM only. Agonist concentrations of 1x10-10 M to 

1x10-5 M, as well as 3x10-10 M to 3x10-6 M, were generated through 10-fold serial 

dilutions in a total volume of 50 µL (45 µL plus 5 µL). The overnight complete media 
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from the assay plate was removed with a multipipette (Ependorff), and 50 µL of DMEM 

containing stimulus was transferred from the stimulation plate on to the cells. Stimulus 

was allowed to remain on the cells for 1 hour at 37oC before 50 µL Tropix Gal-Screen 

(Applied Biosystems) reagent mix was added to each well. Tropix Gal-Sreen is the 

luminescent substrate dissolved in a detergent-based buffer designed to lyse the cells. The 

manufacturer’s protocol indicates that the substrate-buffer mix should be in a 1:25 

volume ratio. Cells were allowed to incubate in the Gal-Screen substrate mix for 1 hour at 

28oC, before recording luminescence with a plate reader (FluoStar Optima, Fisher 

Scientific) [127]. A simplified illustration of the time lines for all assay conditions is 

shown in Figure 2-3.  

2.6.2 Antagonist inhibition with β-arrestin assay 

For inhibition, Bay-u9773, and the newly synthesized selective antagonist C11.14  were 

used. A detailed synthetic route for C11.14  is described in Section 2.13. To conduct the 

inhibition assays, again C2C12-hCysLT2R-βArr cells were plated at 25,000 cells/well in 

the assay plate overnight. The following day, in a stimulation plate, a fixed concentration 

of agonist (LTD4) and also various concentrations of antagonist ranging from 1x10-11 M 

to 1x10-5 M, was set up. The complete media was removed from the assay plate, and 50 

µL of antagonist was first placed on the cells for 15 min. Then the fixed concentration of 

agonist was added into the assay plate, without removal of the antagonist. This mixture of 

agonist-antagonist remained on the cells for 1 hour at 37oC, after which 50 µL of 

luminescent substrate was added. Finally, the luminescent readout was recorded after 1 

hour incubation at 28oC. Two concentrations of LTD4 were used in these assays, 3x10-7 
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M and 3x10-8 M, which correlates approximately to the 10 x EC50 and EC50 values, 

respectively. 

 

To assess if this inhibitor is competitive or allosteric in nature an alternative inhibition 

assay was conducted. Inhibitor was added to the cells for 15 min alone but this time at a 

fixed concentration of 1 x 10-7 M. Subsequently, various concentrations of LTD4 were 

added after and the readout was recorded as described above. The shape of the inhibition 

curve was compared to that of agonist stimulation. Changes in EC50 as well as maximal 

response gave indication of the mode of inhibition. The two different antagonist assay 

conditions are depicted in Figure 2-3. 

 

2.6.3 Time course stimulation with β-arrestin assay 

For the time course stimulation assay, LTD4, LTE4, and NMLTC4 were used as agonists. 

The time line for this assay condition is also illustrated in Figure 2-3. The time course 

lasted 100 min, with determinations at 10 min intervals. Similar to before, C2C12-

hCysLT2R-βArr cells were plated at 25,000 cells/well in the assay plate and incubated 

overnight. In the stimulation plate, fixed concentrations of the three agonists were 

prepared. In the time course assay each of the agonists had three fixed concentrations 

corresponding to their individual 1/3 EC50, EC50, and 3x EC50 values determined through 

previous radioligand competitive binding assays. Starting with the 100 min time point 

and each subsequent 10 min interval, a new lane was transferred from the stimulation 

plate to the assay plate. During the 10 min intervals, the assay plate was placed back in 

the 37oC incubator to minimize cell perturbations. The luminescent substrate was added 
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to all wells immediately after the agonist was added for the zero min time point lanes 

[127].  
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2.7 Modeling and analysis of β-galactosidase complementation dynamics 

In an effort to explore the discrepancy in regards to the LTE4 response seen in previous 

Ca++ assays versus the current β-arrestin assay (see Results), a computer model was 

generated. The model was built on the premise of both GPCR-β-arrestin interactions, as 

well as the intrinsic folding mechanism of β-galactosidase. The modeling was performed 

using the Berkeley Madonna software package version 8.0.4 (Berkeley Madonna, 

Berkeley, CA). Time course data were imported for LTD4, LTE4, and NMLTC4. GPCR 

activation was monitored with the β-arrestin assay based on β-galactosidase activity, as 

described in Nichtl et al [126]. The signal in this assay requires that the receptor be 

phosphorylated and interact with β-arrestin2. The receptor is engineered to have the α* 

fragment of β-galactosidase incorporated at its C-terminus, while β-arrestin2 is 

engineered to have the ω domain of β-galactosidase incorporated at its C-terminus. As 

shown by Nichtl et al (1998) [126] the α and ω domains initially form a monomer that 

then dimerizes, after which two dimers form a tetramer to comprise the fully active β-

galactosidase. Thus, in this model, the agonist, ‘a’, interacts with the engineered receptor 

‘r’ to form the ‘ar’ complex. This then interacts with the engineered β-arrestin2, ‘b’, to 

form the ‘arb’ monomeric agonist-receptor-β-arrestin complex. The monomers 

eventually associate to form the dimer (arb)2 and the corresponding tetramer (arb)4. 
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All on rate constants are denoted by k, while the off rate constants are denoted by j. The 

k1 and j1 values are determined exclusively by the dynamics of the agonist receptor 

interactions. The k2, and perhaps j2 values for the second step will depend on the 

phosphorylation state of the ligand-receptor complex. Rate constants for the last two 

steps of the mechanism, generation of dimer (k3 and j3) and the functional tetramer (k4 

and j4), should reflect intrinsic association properties of β-galactosidase and be 

independent of agonist used. The rate equation for each species is shown below.  
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The modeling yielded agonist activation time courses. The time course data of β-

galactosidase activity for the 3 agonists, LTD4, LTE4, and NMLTC4 were fit 

simultaneously. Separate on and off rate constants for steps 1 and 2 were optimized 

independently for each agonist, while the rate constants for dimer and tetramer formation 

were the same for all agonists, since these steps should be independent of the identity of 

the agonist. In addition, a common scale factor for converting tetramer concentration to 

luminescence output was used, since this parameter should reflect the properties of the 

luminescent substrate. The fit of the model to the experimental data was optimized by 

non-linear regression using the simplex algorithm with on and off rate constants and the 

scale factor as best fit parameters. 

 

2.8 Simulated EC50 calculations from fitted time course data 

After fitting the experimental time course data though the model, a theoretical EC50 value 

was calculated. The simulated time course data extends to 100 min, while experimentally 

the EC50 values from the agonist potency assay were recorded at 60 min. By using the 

optimized parameters from the model, a set of time courses for each agonist was 

generated for concentrations of 10-5 M to 10-10 M. From these simulated time course data, 

the 60 min output signal was manually plotted to generate a dose response curve for the 

range of agonist concentrations. The simulated EC50 values were then tabulated for the 

individual agonists and correlated back to the experimental EC50 values obtained through 

the β-arrestin assay. 
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2.9  Sensitivity analysis for modeling 

In order to evaluate which of the parameters have the greatest impact on the final output 

of the model a sensitivity analysis was conducted for each of the 8 different parameters 

(k1, j1, k2, j2, k3, j3, k4, and j4). Each parameter was changed individually by 0.1% to see 

the extent of this change on the computed output values (relative light units) of the 

model. Sensitivity values for every 10 minutes was calculated and Table 4 shows the 

average sensitivity of each parameter over the course of 100 minutes.  

 

2.10 Animals 

All mice were housed and treated in accordance with Canadian Council for Animal Care 

(CCAC) guidelines under animal protocols approved by the Queen’s University Animal 

Care Committee (UACC). Mice were housed in microisolator cages on microisolator 

racks under a 12-hour light/dark cycle with food and water provided ad libitum. 

Transgenic mice expressing the E. coli LacZ gene in place of the mouse Cysltr2 gene 

were generated as previously described, and will be referred to as LacZ-cysLT2R. 

Transgenic mice overexpressing the human cysLT2R in endothelial cells specifically 

were generated as previously described [90, 92, 95], and are referred to as EC-hCysLT2R. 

All transgenic mice were on C57BL/6 background, and experiments were conducted with 

mice between the weight of 18 to 32 g regardless of age and sex.  

2.10.1  Mouse diets 

All animals described here have been fed with the Pico Mouse #20 irradiated chow diet 

from PicoLabs. The formula provides 20% protein for mouse colonies that require extra 
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levels of energy in post-partum breeding. Irradiation treatment ensures bacteria-free 

dietary control.  

 

2.10.2 DNA extraction for genotyping 

Tail clips were first placed in lysis buffer with Proteinase K in 1.5 mL Ependorff tubes 

and set in a thermo-shaker for 2 h at 58oC. After lysis, the mixture was centrifuged for 10 

min at 13,000 rpm (accuSpin Micro R, Fisher Scientific), after which the supernatant was 

mixed with an equal volume of 100% isopropanol. The precipitate, after an isopropanol 

wash, was dried and dissolved in 300 µL water. Specific primers for determining various 

genotypes are listed along with the number of PCR cycles required for suitable 

amplification.  

 

2.10.3 LacZ-cysLT2R mouse genotyping 

Primer sequences: 

CysLT2- F(common)  5' AAC TCC ACA TCA GAA ATG GAA GTA AC 3'  

LacZ-R1  5' GTA ATG GGA TAG GTT ACG TTG GTG TA 3'  

CysLT2-R2  5' CAG GAG ACT TTT AAA CTT TTG AGG AC 3'  

 

PCR amplification:  

Starting with a 3 min heating denaturing period at 96 oC, 35 cycles of 94 oC (10 

sec denaturing), 56 oC (10 sec annealing), and 72 oC (45 sec elongation) were 
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carried out. A final 7 min 72oC elongation is at the end of the 35 cycles followed 

by a 4 oC hold period.  

 

Band sizes: 

Wildtype mice will display a 564 bp band while homozygous mice have a 478 bp 

band.  

 

2.10.4 EC-hCysLT2R mouse genotyping 

Primer sequences: 

Forward  5'TGC TCC TGG ACA GTG GCT CTG AG 3'  

Reverse  5'GCT CCT TAT ACT CTT GTT TCC TTT CTC AAC A 3'  

 

PCR amplification: 

Starting with a 1 min heating denaturing period at 90 oC, 35 cycles of 94 oC (30 

sec denaturing), 64 oC (30 sec annealing), and 72 oC (60 sec elongation) were 

carried out. A final 7 min 72oC elongation is at the end of the 35 cycles followed 

by a 4 oC hold period.  

 

Band sizes: 

No band is amplified from wildtype DNA, while transgenic mice display a 525 bp 

band.  
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2.11 In vivo vascular ear permeability assay with NMLTC4 

To obtain in vivo data for the synthetic agonist NMLTC4, a vascular ear permeability 

assay was conducted. For this experiment both the genetic knock out, as well as the tissue 

specific overexpressing mice, were used, LacZ-cysLT2R and EC-hCysLT2R, 

respectively. This protocol is based on Hui et al. [70]. In short, mice were anesthetized i.p 

with ketamine/xylazine (0.1 mL per 10 g body weight; from 100 mg/mL and 20 mg/mL 

stocks of ketamine (Vetalar) and xylazine (Rompun), respectively). Mice received 200 

µL of 2% Evan’s Blue dye in 1x PBS via tail vein injection. Immediately thereafter, the 

right ear was injected intradermally with 5 ng NMLTC4 in 10 µL saline containing 0.5% 

ethanol vehicle, whereas the left ear was injected with vehicle control. Animals were 

euthanized 15 min later. A 6 mm ear biopsy was removed and soaked in formamide (750 

µL) overnight (~18 h) at 55oC, and absorbance of the extracted Evans Blue dye was 

measured at 610 nm with a Beckman DU-600 spectrophotometer. Readouts were 

averaged for each experimental group and the relative increase was calculated by 

comparing ears injected with NMLTC4 with ears injected with vehicle. Student t-tests 

were conducted with Graph-Pad Prism software using “two-tail, unpaired” conditions.  

 

2.12 Antagonist inhibition of vascular ear leakage 

To determine the inhibitory ability of the synthesized antagonist in vivo, a similar 

vascular ear permeability assay was conducted. The antagonist is initially dissolved in 

DMSO and then given to each mouse at dose of 3 mg/kg in 200 µL of 1 X PBS through 

intra-peritoneal (IP) injection. 15 min after IP injection of antagonist, the animal was 
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anesthetized with ketamine/xylazine as described before. After another 15 min a 2% 

solution of Evans Blue was injected in to the tail vein. Once the antagonist has been in 

the circulation for 45 min, the right ear was injected with 5 ng of agonist while the left 

was injected with a vehicle solution of 0.5% ethanol/saline solution. The ears were then 

excised and Evans Blue dye extracted as described previously. The time line for the 

antagonist in vivo assay, per mouse, is illustrated in Figure 2-4. To conduct multiple 

assays simultaneously injections were staggered 15 min apart. Both the wildtype as well 

as the EC mice were used for this experiment, as well as a cysLT1R selective antagonist 

MK571. Five groups of mice are used in this experiment in total, at n=4 per group. Two 

groups of EC mice, one received IP injection of C11.14  while the other did not, were 

injected intradermally with LTD4. Another two groups of WT mice, one received IP 

injection of C11.14  while the other received IP injection of MK571, were also injected 

intradermally with LTD4. A final group of WT mice were IP injected with C11.14  while 

receiving intradermal injection of NMLTC4. Readouts were averaged for each 

experimental group and the relative increase was calculated by comparing ears injected 

with agonist with ears injected with vehicle. Student t-tests were conducted with Graph-

Pad Prism software using “two-tail, unpaired” conditions. 
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2.13 Synthesis of patented antagonist 

All reagents were purchased from commercial sources and used without further 

purification. Column chromatography was carried out using Silica-P Flash silica gel (60 

Å 40-63 µm, 500 m2/g) from Silicycle. 1HNMR were recorded at 25 °C on a Bruker 

Avance Spectrometer at 300 MHz. The final target compound, 3-(((3-

carboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-phenoxybutoxy)phenyl)-propoxy)benzoic 

acid, is a patented antagonist from Bayer pharmaceuticals (Bayer patent US 7,498,460 

B2; Mar, 3rd 2009) [1]. For simplicity this compound will be referred to as C11.14  here 

in. An illustration of the entire synthetic scheme is shown in Figure 2-5. The compound 

C11.14  was synthesized from four starting compounds (C11.01, C11.03, C11.07, and 

C11.10) were purchased individually. C11.01, 3-(4-hydroxylphenyl) propionic acid; was 

purchased from TCI America (501-97-3); C11.03, 4-phenoxy-1-butyl bromide, was 

Time line depiction showing the injection times for the 
vascular ear permeability assay with antagonists. To increase 
efficiency, animals were injected with antagonist at 15 min 
intervals. 

Figure 2-4: Time line depiction of in vivo antagonist assay 
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purchased from Alfa Aesar (1200-03-9); C11.07, 4-hydroxyisophthalic acid, was 

purchased from TCI America (636-46-4); and C11.10, 3 aminocylcohexane-1-carboxylic 

acid, was purchased from TCI America (25912-50-9).  
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Figure 2-5: Synthetic Scheme of C11.14 
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Methyl 3-(4-hydroxyphenyl) propanoate (C11.02). After 3h at room temperature, a 

solution of 3-(4-hydroxyphenyl) propionic acid (1.5 g) (C11.01) in acidified methanol 

gave its corresponding methyl ester C11.02. The solvent was evaporated, and the residue 

was dissolved in EtOAc. The solution was washed with saturated NaHCO3, dried over 

MgSO4, and concentrated in vacuo to give a yellow oil. The reaction gave quantitative 

yield [128]. 

 

Methyl-3-(4-(4-phenoxybutoxy)-phenyl) propanoate (C11.04). A solution of methyl-3-(4-

hydroxyphenyl) propanoate (1 g) (C11.02) and 4-phenoxy-1-butyl bromide (1.5 g) 

(C11.03) in acetonitrile was mixed with 11.5 g of potassium carbonate and heated to 

reflux for 15 h. Solvent was removed and the residue taken up in EtOAc/H2O for work 

up. The aqueous phase was washed with excess EtOAc and brine solution, while the 

organic phase (EtOAc) was extracted and dried over MgSO4 and filtered through a silica 

plug. The solution was concentrated in vacuo and passed through a silica column with a 

mobile phase of Cyclohexanes:EtOAc (19:1). Fractions showing a single spot on TLC 

were combined to give title compound, 1.5g at 81 % yield. 

 

3-(4-(phenoxybutoxy)phenyl)-1-propanol (C11.05). 1 M LiAlH4 in THF was introduced 

dropwise, while stirring, to a solution of methyl-3-(4-(4-phenoxybutoxy)-phenyl) 

propanoate (1.5 g) (C11.04) in minimal THF. The solution was stirred at room 

temperature for 30 min. 1mL of MeOH was cautiously added to the suspension in order 

to remove excess LiAlH4. The mixture was then added to 1M HCl and extracted with 
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EtOAc. The organic phase was washed with brine solution and dried with sodium sulfate 

and the extract was filtered and evaporated to give quantitative yield of C11.05.  

 

1-(3-bromopropyl)-4-(4-phenoxybutoxy)benzene (C11.06). 3-(4-(phenoxybutoxy) 

phenyl) -1-propanol (1.4 g) (C11.05) was first dissolved in 4 mL THF followed by 

triphenylphosphine addition along with solid tetrabromomethane. The reaction became 

cloudy after 5 min, and was complete after 4 h. The precipitate was filtered off and the 

filtrate was concentrated with a rotory vacuum, and passed through a silica column with 

mobile phase of Cyclohexane:EtOAc (19:1). Fractions showing a single spot on TLC 

were combined to give title compound, 1.23 g at 69 % yield. 

 

2-hydroxy-5-(methoxycarbonyl)benzoic acid (C11.08). 4-hydroxyisophthalic acid (1 g) 

(C11.07) was refluxed in methanol and concentrated sulfuric acid for 6 h. The mixture 

was then cooled by pouring into ice water. NaHCO3 was added to adjust the pH to 8, the 

solution was filtered and the precipitate retained. The insoluble precipitates were 

dissolved in EtOAc and passed through a silica column with a mobile phase of 15:1 

Cyclohexane:EtOAc and trace amounts of glacial acetic acid. Two spots on TLC 

corresponded to starting material and desired product. The filtrate was washed with 

EtOAc and the organic layer was concentrated and passed through a silica column with 

19:1 Cyclohexane:EtOAc with trace amounts of glacial acetic acid. Three spots on TLC 

correlated to starting material and desired product, as well as a complete di-ester dimethyl 

4-hydroxyisophthalate (C11.09), which was the major product at 0.6 g [129]. Fractions of 

desired mono-ester (C11.08) were pooled and concentrated to give 0.23 g. The undesired 
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di-ester (C11.09) was subjected to pyridine hydrolysis according to Coutts et al. 1981 

[130]. In short, the di-ester was dissolved in wet pyridine and allowed to reflux for 18h. 

Monitoring reaction progress was done with periodic TLC spot checks. Due to the 

overwhelming amount of pyridine it was necessary to keep the spotted TLC plate under 

vacuum prior to chromatography with the mobile phase of 19:1 Cyclohexane:EtOAc, to 

remove the pyridine. The hydrolysis reaction was selective to the methyl ester ortho to 

the hydroxyl group, most likely due to the stability afforded through the hydrogen bond 

of the pseudo 6-member ring in the product. The reaction mixture was cooled by pouring 

onto ice, acidified with HCl, and extracted with chloroform. The chloroform phase was 

washed with water and NaHCO3, and concentrated. The crude product was kept under 

vacuum overnight to remove any residual pyridine. The mono-ester was generated in 0.45 

g at 80 % yield after silica filtration with 19:1 Cyclohexane:EtOAc as mobile phase.  

 

Methyl 3-aminocyclohexane–carboxylate hydrochloride (C11.11). 1 g of 3-

aminocyclohexane -1-carboxylic acid hydrochloride (C11.10) was stirred together with 

trimethylsilyl chloride in methanol at room temperature overnight to give the methyl 

ester. This compound was a viscous oil, which under vacuum became a spongy foam. In 

order to continue the subsequent step of synthesis, the foam was frozen in -70oC, and 

amounts were chiseled out once hardened. Yield at this step was 36% and 0.5 g.  

 

Methyl 4-hydroxy-3-(((3-(methoxycarbonyl-cyclohexyl)amino)carbonyl benzoate  

(C11.12). Entire yield of Methyl 3-aminocyclohexane – carboxylate hydrochloride 

(C11.11), EDC, HOBt, were dissolved in Et3N; this mixture was added carefully to a 
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solution of 2-hydroxy 5-carbomethoxy benzoic acid (0.5 g) (C11.08) in CH2Cl2. After 15 

h at room temperature, 250 mL of H2O was added to the reaction mixture, and the 

organic phase was separated. Aqueous phase was extracted with EtOAc, combined 

organic phase and washed with brine solution, dried over magnesium sulfate, and 

concentrated. The crude product was then purified on a silica column with a mobile phase 

of Cyclohexanes:EtOAc (4:1). An actual yield of 0.5 g was achieved at a 63% yield. 

 

Methyl 3-(((3- (methoxycarbonyl) cyclohexyl) amino) carbonyl) -4-(3-(4-(4-

phenoxybutoxy) phenyl) propoxy) benzoate (C11.13). A solution of 1-(3-bromopropyl) 4- 

(4-phenoxybutoxy) benzene (1.5 g) (C11.06) and methyl-4-hydroxy-3-(3-

(methoxycarbonyl) cyclohexyl) amino carbonyl benzoate (0.5 g) (C11.12) in butylnitrile 

with potassium carbonate, was heated to reflux for 15 h. The 1-(3-bromopropyl) 4-(4-

phenoxybutoxy) benzene  (C11.06) was added throughout the reaction as excess until the 

C11.12 spot visualized on TLC disappeared. The 5% solution of monosodium phosphate 

was then added to the reaction mixture. Phase separation with EtOAc was performed with 

a separation funnel. The organic phase was washed with brine solution and dried with 

magnesium sulfate and purified on a silica column with Cyclohexanes:EtOAc (2:1) as the 

mobile phase. Reaction gave 0.15 g of product at 17% yield.  

 

3-(((3-carboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-phenoxybutoxy)phenyl)-

propoxy)benzoic acid, Target Compound (C11.14). Methyl 3-(((3- (methoxycarbonyl) 

cyclohexyl) amino) carbonyl) -4-(3-(4-(4-phenoxybutoxy) phenyl) propoxy) benzoate 

(C11.13) was dissolved in THF and 4 mL of methanol was added together with 4 mL of 
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2M NaOH. The mixture was heated to 60oC for 4 h then was acidified and extracted with 

EtOAc and the final product was precipitated with diethyl ether with a final mass of 0.14 

g at quantitative yields. 
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Chapter 3: Results  

This chapter is organized into four sections. The first is on the verification of cells for the 

β-arrestin assay; the second is focused on the synthesis of the antagonist; the third section 

is focused on the results from the β-arrestin assays; and the final section is focused on the 

modeling experiments, as well as the in vivo experiments. 

 

3.1 Generation of assay competent cells 

This section contains results during and up to the generation of the assay competent cells 

as well as various verification steps.  

3.1.1 Verification of hCysLT2R insertion into the pMFG retroviral 

vector: 

The pMFG vector, originally based on the Moloney murine leukemia virus, is able to 

produce transduction competent viral particles without co-transfection of helper plasmids 

in the Phoenix retroviral packing cells. The human cysteinyl leukotriene 2 receptor 

coding sequence (cDNA) was cloned into the pMFG vector to generate pMFG-

hCysLT2R. A series of PCR amplifications across the cysLT2R-YFP, and YFP-α* 

junction regions were conducted to confirm the correct insertion of our gene of interest. 

The completed vector of pMFG-hCysLT2R was sequenced and sequence flanking the 

hCysLT2R, YFP, and α* cassettes were confirmed. The hCysLT2R and the YFP cassettes 

in the vector lacked their stop codons, giving respective lengths of 1038 bp and 717 bp. 
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The α* peptide in the vector contained 126 bases immediately followed by the stop codon 

TGA. 

 

3.1.2 Quantitative PCR to determine highest β-arrestin2-ω expressing 

colony 

After the first round of transduction with the pWZL-βARR2 retroviral vector, C2C12-

βArrestin cells were generated and single cell colonies were established under 

hygromycin conditions. By using primers targeting the junction region between β-

arrestin2 and β-galactosidase ω, quantitative PCR (qPCR) was conducted on the 

individual C2C12-βArrestin colonies. Total RNA was first extracted from each colony 

and converted to cDNA, and a preliminary PCR was done using the housekeeping gene 

GAPDH. The RNA quality was also checked using Agilent RNA nano chips to ensure 

degradation is at a minimum. Of the various colonies checked, colony G had the highest 

expression of the βArrestin-ω mRNA, normalized to GAPDH as the internal control. The 

colony G cells are referred herein simply as C2C12-βArrestin. 

 

3.1.3 Reverse transcription-PCR to verify doubly transduced cells 

The second round of transduction with pMFG-hCysLT2R retroviral vector on the C2C12- 

βArrestin cells gave C2C12-hCysLT2R-βArrestin cells. Single cell colonies were again 

generated through serial dilution. RNA extracted from each C2C12-hCysLT2R-βArrestin 

colony was reverse transcribed into cDNA and amplified to check for expression of the β-
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arrestin2-ω and hCysLT2R-α* fusion. The pWZL-βARR2 and pMFG-hCysLT2R 

plasmids were also amplified using the same primer sets as positive controls.  

 

3.1.4 YFP fluorescence signal used to determine highest pMFG-

hCysLT2R expressing colony 

From doubly transduced single cell colonies, 40 to 50,000 cells were seeded on 

coverslips and the fluorescence intensity of the protein was used as a marker of 

hCysLT2R expression. The highest intensity of YFP signal was observed for colony 2 

cells and is referred to simply as C2C12-hCysLT2R-βArrestin cells. All in vitro 

experiments in this thesis were conducted with this cell line. Periodic monitoring of the 

fluorescence signal showed a gradual decrease with increasing passage number. This 

decrease in fluorescent signal correlated to the lowering of the total RLU output in the β-

arrestin assay. Figure 3-1 shows two sets of fluorescent imagines taken of cells 15 

passages after establishing clonal population. YFP signal is distributed through out the 

plasma membrane. All experimental data shown here are from C2C12-hCysLT2R-

βArrestin cells between the passages of 9 to 25.  
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3.2 Antagonist synthesis results 

The antagonist was synthesized according to the methods section and Table 1 shows the 

yield per step of reaction. For all synthesized compounds, the NMR peaks were 

referenced backed to the given peaks in the patent. Figure 3-2 shows the NMR spectrum 

of the final product C11.14  before used in the β-arrestin and in vivo assays taken on the 

300 MHz.  

 

Table 1. Percent and actual yield of C11.14 synthesis 

 

Compound  Percent Yield (%) Actual Yield (g) 
C11.01 Starting Material  
C11.02 Quantitative 1.5 
C11.03 Starting Material  
C11.04 81 1.5 
C11.05 Quantitative 1.4 
C11.06 69 1.23 
C11.07 Starting Material  

C11.08* 30/100 0.33/ 0.50 
C11.09 50 0.57 
C11.10 Starting Material  
C11.11 36 0.4 
C11.12 63 0.5 
C11.13 17 0.15 

C11.14 Quantitative 0.14 
*C11.08 was obtained in two different reactions, the first is the methylation of isophthalic 
acid, which gave C11.08 as the minor product, and subsequently the pyridine catalyzed 
hydrolysis of C11.09 gave quantitative yields of C11.09. More detailed procedure is 
described in the Methods section (2.12).  
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3.3 β-Arrestin assay results 

Due to the inherent promiscuous nature of secondary messengers such as intracellular 

calcium [120], a β-galactosidase complementation assay involving β-arrestin2 binding 

was developed for the human cysLT2R. Interactions of the human cysLT2R with β-

arrestin2 have not previously been assessed. This assay takes advantage of homologous 

desensitization to indirectly assess the activation of the human cysLT2R. Results from 

this assay add a layer of specificity, either downstream or parallel to the Ca++ signaling, 

for human cysLT2R. C2C12 myofibroblasts transduced with retroviral constructs 

expressing both human cysLT2R and β-arrestin2 were generated and deemed assay 

competent based on fluorescence intensity from the YFP fusion of the receptor and 

hygromycin resistance. The assay follow the steps illustrated in Figure 1-9. LTB4, a non-

cysLT product, was devoid of agonist activity as were nucleotides (ATP, ADP, UDP and 

UTP, data not shown)`.  

 

3.3.1 LTC4 and LTD4 are full agonists for human cysLT2R in the β-

arrestin assay 

Both LTC4 and LTD4 have are full agonists for the cysLT2R with equipotent activity 

measured through intracellular Ca++ release assays. It has also been shown that the two 

endogenous ligands have similar binding affinity for the receptor through radio-ligand 

competitive binding. In the β-arrestin assay both LTC4 and LTD4 were potent in eliciting 

β-galactosidase signaling and more importantly, show dose dependency. The EC50 values 
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for LTC4 and LTD4 were 55 nM and 36 nM, respectively. These experimental EC50 

values compare favorably to the EC50 values obtained through Ca++ assays.  

 

3.3.2 LTE4 is not an agonist for human cysLT2R in the β-arrestin assay 

Traditionally referred to as a partial agonist for cysLT2R, LTE4 did not elicit significant 

readout above baseline in the β-arrestin assay. A partial agonist will normally produce 

lower maximum response at full receptor occupancy compared to that of a full agonist, 

and in the specific case of LTE4 the response should be approximately 50% of LTC4 and 

LTD4 response based on both Ca++ as well as radio-ligand binding assays. When co-

administered with either LTC4 or LTD4, LTE4 exhibits inhibitory action due to 

competition for the receptor binding pocket. When stimulated with 10-10 M up to 10-5 M 

LTE4 the signal output from the β-arrestin assay did not increase above baseline. The 

baseline values for the β-arrestin assay were recorded 100 µL of DMEM only; this value 

accounted for an estimated 10 % of the maximum RLU obtained from the full agonists 

and had an absolute value of approximately 8000 units.  

 

3.3.3 NMLTC4 is a full agonist for human cysLT2R in the β-arrestin 

assay 

NMLTC4 is a synthetic analogue of the endogenous agonist LTC4 [131] where the amino 

tail of the glutathione moiety is methylated, the chemical structure of NMLTC4 can be 

found in the List of Chemical Compounds section. The methylation prevents enzymatic 

cleavage to give derivative products. C2C12-hCysLT2R-βArr cells were stimulated with 
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various concentrations of NMLTC4 and the results indicate that NMLTC4 is slightly more 

potent than both LTC4 and LTD4, in physiologically relevant concentrations. It is also 

note worthy that data gathered here in the lab shows that NMLTC4 is a selective agonist 

for both human as well as mouse cysLT2R [127]. Figure 3-3 illustrates the potency assay 

for all four agonists used, and a summary table of EC50 values is shown in Table 2.  
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Figure 3-3. Results for agonist potency assay with β-arrestin assay 

NMLTC4 is a full and potent agonist at the human cysLT2R in the β-galactosidase-β-
arrestin assay. The relative luminescence units (RLU) response to LTC4, LTD4, LTE4 
and NMLTC4 were plotted as a function of their concentration. Results were analyzed 
with GraphPad Prism 4, with ‘dose response curve’ settings, upper constraint set to 
“equal to 100” and bottom constraint set to “less than 10”. Average of duplicate 
assays with multiple cell preparations (n=6-8) for each sample are shown. 
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Table 2. EC50 determined through β-arrestin assay 

Agonist Potency (nM) 
EC50 ± SEM (n = 6 - 8) 

LTC4 54.4 ± 9.6 

LTD4 34.7 ± 5.7 

LTE4 - 
NMLTC4 8.7 ± 4.5 

 

3.3.4 LTD4 and NMLTC4 signal readouts were also time dependent 

In the time course assays with constant concentrations of agonists (1/3 EC50, EC50, and 3x 

EC50), NMLTC4 and LTD4 display time dependent profiles. It is also shown through the 

time course assay that signal output above baseline starts at 30 or 40 min and reached 

maximum at 60 to 70 min. The time dependency increase was also consistent throughout 

the three chosen concentrations for LTD4 and NMLTC4, this is noteworthy since the 

signal is not dependent on the total population of ligand-bound receptors. These 

compounds are potent and full agonists for the cysLT2R as determined by the agonist 

potency assay and previous literature, the saturation of receptor at the three 

concentrations by each of the compounds should be similar. The signal output of 

NMLTC4 as well as LTD4 at the respective 1/3 EC50’s are still noticeably above the 

baseline readouts after 60 min stimulation. The experimental time course data is shown as 

points in Figure 3-5. 
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3.3.5 LTE4 failed to generate signal above baseline in the time course 

assay 

Consistent with results from the agonist potency assay, LTE4 again did not evoke 

significant β-galactosidase signal output even with stimulation periods up to 100 min 

with µM concentrations. The highest concentration used for LTE4 was 6.9 µM (3x EC50 

based on Ca++ assays) for the 100 min duration (shown in Figure 3-5). The lack of signal 

above baseline, with the prolonged stimulation at high concentration, indicates that LTE4 

is unable to elicit β-arrestin association. However, this baseline signal from LTE4 can 

also be a result of the intrinsic property of the assay. If the assay, reliant on the 

tetramerization of β-galactosidase for an output, requires a minimum threshold of 

receptor-β-arrestin complex prior to any signal output then it is conceivable that LTE4, 

being a partial agonist, is unable to achieve the minimal activation needed to surpass this 

threshold. Since theoretically, any functional activation of β-galactosidase in this assay 

should result from the close proximity of several ligand-bound receptors, LTE4 might not 

be able to activate enough of the total receptor population in a local environment to 

obtain the clustering needed for signal output. To state with more certainty that LTE4 

does not promote β-arrestin2 binding to ligand-bound receptors a computer simulation 

was generated to model the theoretical steps of the β-arrestin assay.  
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3.3.6 C11.14 is a more potent inhibitor for cysLT2R than Bay u9773 

C11.14  is patented by Bayer pharmaceuticals as part of a library of compounds 

specifically targeting cysLT2R [1]. Wunder et al. [64] have recently tested a related 

antagonist from the patent. The compound used, which was termed HAMI3779, is 

structurally very similar to C11.14 . In the β-arrestin assay, with 15 min preincubation of 

the C11.14  compound followed by stimulation with 3 x 10-8 M LTD4, the IC50 value 

was calculated to be 53 nM. Increasing the stimulus concentration 10 fold to 3 x 10-7 M 

LTD4, the IC50 increased to 274 nM. Compared to Bay u9773, which gave an IC50 of 4.6 

µM, C11.14  is approximately 20 fold more potent as an inhibitor for the cysLT2R in the 

β-arrestin assay. It is interesting to note that when Bay u9773 was replaced with LTE4, a 

very similar inhibition profile was obtained with an identical IC50 value, which confirms 

that LTE4 is able to compete for the cysLT2R binding pocket. Results are shown in Figure 

3-4. 

 

3.3.7 C11.14 is a competitive antagonist of cysLT2R binding  

To assess the nature of antagonism, another assay was conducted with the concentration 

of C11.14  held constant while the LTD4 concentration was increased. By comparing the 

inhibition curve with a normal stimulation curve with LTD4, one can deduce the mode of 

antagonist inhibition between competitive versus allosteric. In the presence of antagonist, 

a maximum response was not reached (Figure 3-4). Sufficiently high concentration of 

agonist should be able to completely surmount the effect of a fixed concentration of 

antagonist. However, this concentration of agonist needed to reach the maximum 
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response is higher. With the stock LTD4, it was impossible to reach such high 

concentrations and ensuring accuracy. Therefore, the EC50 value could not be calculated 

due to the lack of this plateau region in the curve. The points in the inhibition curve 

resemble more of the linear portion of a saturation curve, which would indicate 

competitive inhibition for C11.14 . If the C11.14  compound were an allosteric inhibitor 

the maximum readout signal would be lower and would most likely be reached at 10 µM 

concentration of LTD4 used. There should be more of a sigmoidal curvature, rather than a 

linear increase of signal to agonist concentration if the antagonist was allosteric. This 

agonist concentration dependent increase in signal output shown in Figure 3-4 should 

speak to the competitive nature of the C11.14 .  
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3.4 Computational and in vivo assay results 

The computational modeling was conducted as a way of rationalizing the differences 

between the conventional Ca++ results existing in literature with the β-arrestin assay 

results here, specifically with LTE4. The in vivo data show specific activation by the 

NMLTC4 compound as well a specific inhibition of the C11.14  compound towards 

cysLT2R mediated vascular leakage.  

 

3.4.1 Computational modeling of β-arrestin assay 

Modeling simulation of CysLT2R-β-Arrestin interaction in β-arrestin time course assays: 

The β-arrestin time course data for LTD4, LTE4, and NMLTC4, each at concentrations of 

1/3 EC50, EC50, and 3x EC50, are shown in Figure 3-5. The lines in Figure 3-5 are 

regression lines obtained through modeling. NMLTC4 and LTD4 gave much higher levels 

of β-galactosidase activity (as measured by luminescence) and their time courses were 

also clearly dose-dependent. In addition, the model simulated the experimental results 

reasonably well, especially with NMLTC4 and LTD4. The fit with LTE4 was not as good, 

indicating that the signal output from the assay is nearing the detection limit. The 

simulation yielded rate constants for each of the steps in the model, as listed in Table 3. 

Agonist dose responses at 60 minutes were simulated to determine whether the model 

could yield consistent EC50 values as with experimental data (as determined through 

agonist potency assay). The simulated β-galactosidase values at 60 minutes were fitted to 

the equation:  
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Where ‘Y’ is the simulated β-galactosidase activity. The simulations fit the experimental 

data very well, and yield estimated EC50 values of 9.9 nM, 54.8 nM and 2268 nM for 

NMLTC4, LTD4 and LTE4, respectively (Figure 3-6). These compared favorably with the 

experimentally measured β-arrestin values of 8.5 nM, and 36 nM for NMLTC4 and 

LTD4, respectively. LTE4 was previously determined to have an EC50 of 2300 nM by 

Ca++ functional assay [69]. The similarity between the simulated EC50 values and the 

actual experimental results lend to the added confidence towards the computational 

modeling, and the equilibrium rate equations describing each interaction. 

The model indicates that the dynamics of the β-galactosidase response in this assay 

system is determined primarily by the on rate constant at step two (k2) (Shown in Table 

3). The k2 values for NMLTC4 and LTD4 are 4.33x105 M-1 sec-1 and 1.06x106 M-1 sec-1, 

respectively, while the k2 value for LTE4 is remarkably smaller at 7.57x103 M-1 sec-1. 

This is worth noting as it might point towards a slower phosphorylation step by G protein 

receptor kinases (GRKs) after receptor activation, which could not be measured directly 

in the assay conditions. It is important to point out that this computer modeling is not a 

mechanistic interpretation, but rather provides a rationale for the low readout for LTE4 in 

the β-arrestin assay.  
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Table 3. Rate constants fitted to experimental data in silico  

 

 

 NMLTC4 LTE4 LTD4 

k1   1.06E+06 1.06E+04 8.28E+05 

j1  

€ 

(sec−1)  9.51E-02 9.47E-03 1.12E-01 
Kd1  89.76 891.9 135.0 

k2*  4.33E+05 7.57E+03* 1.06E+06 

j2 

€ 

(sec−1)  1.00E-04 1.41E-03 7.39E-02 
Kd2  0.2 186.2 69.8 

    

k3  2.72E+07 2.72E+07 2.72E+07 

j3 

€ 

(sec−1)  1.04E-05 1.04E-05 1.04E-05 
Kd3  3.82E-13 3.82E-13 3.82E-13 

k4  2.98E+07 2.98E+07 2.98E+07 

j4 

€ 

(sec−1)  2.83E-05 2.83E-05 2.83E-05 
Kd4  9.52E-13 9.52E-13 9.52E-13 

    

Scale Factor 58801.8 58801.8 58801.8 



 81 

Using the computer model it was then possible to generate a dose 
dependent curve using the “batch run” function in Berkeley Madonna was 
generated. The calculated EC50 values for LTD4, and NMLTC4, are 54.8 
nM, 9.9 nM, respectively. The calculated EC50 values are remarkably 
similar to the β-arrestin assay results for the agonists. 

Figure 3-6. Model simulated agonist potency result 
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3.4.2 Sensitivity analysis 

Each of the 8 parameters was independently adjusted by 0.1 % to see the effect on the 

computed values of output (relative light units). This sensitivity analysis is tabulated in 

Table 4. In general, the final output was most sensitive to the on rate constant for the β-

arrestin binding (k2) for all compounds at all concentrations. The result of the sensitivity 

analysis hints that k2 plays a pivotal role in determining the final output of the assay.  

 

 

Table 4. Sensitivity analysis of parameters in computer model 

 

 

 

 

 

 

 

 NMLTC4 LTD4 LTE4 
k1   0.4304 0.3907 0.0279 

j1   -0.4187 -0.3915 -0.2199 
k2*  0.4949 0.9779 1.8652 

j2  -0.0122 -0.3461 -0.7647 
k3  0.0734 0.2647 0.6489 

j3  -0.0002 -0.0067 -0.0113 
k4  0.0660 0.1096 0.3064 

j4  -0.0050 -0.0115 -0.0152 
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3.4.3 NMLTC4 is a selective agonist for the hCysLT2R in vivo 

NMLTC4 was injected into the ears of transgenic mice overexpressing the hCysLT2 

receptor in vascular endothelial cells (TG-EC) [92] and in the ears of cysLT2R knockout 

(KO) mice [95]. NMLTC4 elicited a large, statistically significant increase in Evans Blue 

dye leakage in the TG-EC mice when compared to vehicle-treated ears (Figure 3-7). In 

KO mice, on the other hand, NMLTC4 did not increase vascular leakage, indicating a 

cysLT2R-mediated leakage and selectivity of the agonist in vivo. 

 

 

 

 

NMLTC4 is a potent selective agonist at the cysLT2R in vivo. TG-EC mice 
showed a 22-fold increase in vascular leakage upon NMLTC4 administration 
compared to vehicle control (set to 1.0) as measured by O.D. at 610 nm. Mice 
lacking the cysLT2R showed no statistically significant response to NMLTC4 
compared to vehicle-treated ears. Average absorbencies were: 0.012±0.01 (TG-
EC, vehicle; n=8), 0.26±0.13 (TG-EC, NMLTC4; n=8), 0.063±0.07 (KO, vehicle; 
n=3), and 0.034±0.01 (KO, NMLTC4; n=3) 
 

Figure 3-7: In vivo vascular permeability assay with NMLTC4 
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3.4.4 C11.14 is a selective antagonist in vivo 

The in vivo antagonist results were obtained through the same local ear inflammation 

model previously described. C11.14  was able to attenuate vascular leakage induced on 

by LTD4 in EC mice; as well as leakage by LTD4 and NMLTC4 in WT mice (Figure 3-8). 

The WT mice express both cysLT1R as well as cysLT2R, therefore to ensure that the 

inhibitory affects were results of blocking the cysLT2R, we employed the cysLT1R 

specific antagonist MK571 to the WT mice. When LTD4 is administered to mice injected 

with MK571 there was a ≈3-fold increase in extravasation of Evans Blue dye compared 

to vehicle ear. This increase in Evans Blue was significantly attenuated with pretreatment 

with C11.14  (i.p. injection). Alternatively, we also administered NMLTC4 in 

conjunction with C11.14  in WT mice and saw similar levels of decrease in 

extravasation. By blocking the cysLT1R with MK571 and stimulating with LTD4, we see 

that the majority of the vascular leakage was due to cysLT2R activation. Conversely, 

when we selectively activated cysLT2R in WT mice with NMLTC4, C11.14  was able to 

attenuate the leakage to near vehicle treatment level. This provides support to the 

selectivity of C11.14  compound towards cysLT2R.  
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Chapter 4: Discussion 

The importance of cysLTs as potent lipid mediators has been recognized in chronic 

inflammatory disorders such as asthma and cardiovascular diseases. The cysLTs exert 

their biological activity through four GPCRs, namely cysLT1R, cysLT2R, GPR17 and 

cysLTER. In asthma cysLT1R is recognized as a key receptor for signal transduction as 

high concentrations of cysLT are present in the sputum of chronic asthmatic patients. 

Selective antagonists of cysLT1R, such as Singulair, are effective therapeutic agents and 

characterization of the role of cysLT1R in asthma has been greatly aided by the 

availability of such small molecule antagonists. Characterization of cysLT2R on the other 

hand, has been hampered due to the lack of a selective agonists or antagonists. The 

studies described in this thesis have contributed to bettering this situation through the 

synthesis of a selective cysLT2R antagonist and the generation of a high-throughput assay 

system.  

 

Studies in the Funk laboratory, until recently, have relied primarily on transgenic mice 

models for valuable functional information on the cysLT2R. One such model is the whole 

animal knockout (KO), with the mouse Cysltr2 gene replaced by the E. coli LacZ gene. 

The second model is an endothelial specific overexpression model of the human cysLT2R 

termed EC-hCysLT2R (EC). Both models have been explored extensively in recent years 

[88, 92, 95]. It is important to note that in both animal models the mouse Cysltr1 gene is 

not altered, and in the EC animals the mouse Cysltr2 gene is also not manipulated. 

Studies in our lab indicate that vascular leakage is severely exacerbated in EC mice and 
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attenuated in KO mice after administration of cysLTs [90, 95]. In another study, an 

induced myocardial infarction model through LAD ligation, showed a pathological role 

of cysLT2R during ischemia-reperfusion injury [88]. Using X-gal staining in the KO 

animals, an up-regulation of the receptor post-myocardial infarction was observed [88]. 

 

Here in this thesis two main areas were examined to enhance our understanding of 

cysLT2R; the first was to generate an in vitro assay system that can be used to determine 

the dose response activation of the human cysLT2R, and the second was to synthesize a 

selective cysLT2R antagonist. An available cysLT2R assay system allows for high-

throughput screening of potential agonists and/or antagonists, while selective antagonists 

will allow for further characterization of the receptor in vivo.  

 

4.1 β-arrestin assay system 

The in vitro assay system is based on a β-galactosidase complementation system, and 

monitors the association between phosphorylated GPCR with β-arrestin [120]. The 

system is not limited by the traditional monitoring methods of GPCR activation, much of 

which revolves around secondary messengers such as cAMP and Ca++. These secondary 

messenger systems can be more susceptible to off-target effects by the compounds tested, 

since the release of the messengers can result from activation of any receptor coupled to 

the right Gα subunit. The β-galactosidase-β-arrestin system requires the receptor of 

interest (containing α-subunit of β-galactosidase) to interact specifically with the β-

arrestin fusion protein (containing ω-subunit of β-galactosidase). This interaction will 

only occur with the specific binding of the compound to the receptor of interest. Off-
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target effects of the compound will not be seen in this assay system, since the off-target 

receptor will not have the β-galactosidase subunit needed to generate an output signal. 

The information gained through this assay system will greatly complement the traditional 

secondary messenger assays, especially since the realization of biased ligands in GPCR 

signaling.  

 

With the β-arrestin assay system, it was determined that the endogenous ligands, LTC4 

and LTD4, were able to elicit β-arrestin binding to the receptor in both a time- and dose-

dependent fashion. These results are consistent with the traditional Ca++ release, as well 

as radio-ligand competitive binding assays. A synthetic analogue of LTC4, NMLTC4, was 

tested and an experimental EC50 of 8.7 nM was determined. Additionally, as determined 

through Ca++ release assays, NMLTC4 is a selective agonist for the cysLT2R with 

equipotent activity comparable to LTD4, the preferred endogenous agonist for cysLT2R 

[127]. NMLTC4 is also resistant to enzymatic degradation by γ-glutamyl transpeptidase 

[131], therefore it offers an advantage over endogenous cysLTs (LTC4 and LTD4) for in 

vivo characterization of cysLT2R. 

 

LTE4, in the β-arrestin assay, was unable to elicit luminescence readout above baseline 

controls, containing only DMEM. A lack of dose- and time- dependency was seen even 

with high concentrations (>50 µM) with up to 100 min of stimulation. This was 

unexpected, as LTE4 is more traditionally known as a partial agonist for both cysLT1R, as 

well as cysLT2R. A partial agonist is a compound that acts as a weak agonist when 

administered alone, but an inhibitor when administered in conjunction with a full agonist. 
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By increasing the concentration of LTE4 following preincubation with [3H]LTD4, a 

decrease in radio-ligand binding was seen from membrane fractions expressing cysLT2R 

[69, 70, 72]. This study showed LTE4 had an IC50 of 2600 nM [69]. In intracellular Ca++ 

release assays, LTE4 showed lower maximum levels of Ca++ released, as well as a higher 

EC50 value [69, 127]; a saturation profile expected for partial agonists. The difference 

between the Ca++ and the β-arrestin assay can hint at selective signaling by LTE4 through 

the cysLT2R, or alternatively, the lack of signaling above baseline can be an inherent 

fault of the assay system due to the dependency of β-galactosidase complementation.  

The signaling output of the entire β-arrestin assay hinges on two key parameters, one 

being the association between the cysLT2R and β-arrestin and the second being the 

generation of a β-galactosidase homotetramer, which gives biological function. The 

prerequisite of both interactions speaks to the high incubation period needed for the assay 

system. Using direct FRET assays, GPCR interaction with β-arrestin is in the order of 

minutes and is fairly dynamic with fast dissociation following PBS wash [132-134]. If 

this is true for the human cysLT2R as well, the limiting interaction falls to the 

tetramerization step of β-galactosidase. If a partial agonist such as LTE4 is unable to bind 

and “activate” a cluster of cysLT2R in close vicinity due to the low binding affinity, then 

this assay system may be unfit for partial agonists. Others have shown with similar 

systems that for partial agonists a longer incubation period, of up to 90 min, is needed to 

obtain signal output [135]. To address the differences in the LTE4 result, a computer 

simulation was generated to model the experimental time course data.  
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Rationale for the computer simulation is described in the results sections 3.4. The 

computer model optimized several rate parameters accounting for the interaction between 

ligand and receptor (k1 and j1), β-galactosidase fragment complementation (k2 and j2), and 

finally the tetramerization process (k3, j3, k4, and j4). Using 1/3 x EC50, EC50, and 3 x 

EC50 concentrations for the three different ligands (LTD4, NMLTC4 and LTE4), the 

saturation of the total membrane receptor population at equilibrium should be similar. 

Through a sensitivity analysis of the 8 different parameters, it was shown that small 

changes to k2 had the most profound effect on the final output. Specifically related to 

LTE4, the on rate for the fragment complementation, k2, was approximately 100-fold 

slower than the k2 value of NMLTC4 and LTD4. An assumption is made such that the rate 

of complementation between the α and ω fragments is dependent on the phosphorylation 

state of the ligand bound receptor. The phosphorylation of GPCR is largely dependent on 

a specific family of kinases called GRKs, but evidence also supports alternative PKA- or 

PKC-dependent phosphorylation. The cysLT1R is internalized in a PKC-dependent 

manner [80], and putative phosphorylation sites are also predicted in the C-terminus 

region of the cysLT2R [36, 69]. More work is still needed to determine if the β-arrestin 

binding to cysLT2R is PKC- or GRK-dependent.  

 

Since β-arrestin is part of the internalization machinery, the LTE4 results could indicate 

that LTE4 bound cysLT2R persist longer on the cellular membrane in comparison to 

LTC4 or LTD4 bound receptor; however a more direct method such as FRET is needed to 

confirm. Growing evidence suggests an inherent bias nature of GPCR signaling towards 

either trimeric G-protein or β-arrestin, depending on the receptor in question, as well as 
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the agonist [113]. Future experiments can also explore possible signaling differences 

downstream of cysLT2R, when bound to a full agonist (LTD4, LTD4 or NMLTC4) vs. 

LTE4. Assays monitoring the interaction of GPCR and β-arrestin are necessary in the 

future for a complete understanding of GPCR signaling, with great implications in 

designing therapeutic agents.  

 

Compared to non-transfected control cells, the β-arrestin assay cells had an inherent 

baseline signaling of nearly 9,000 RLU. This baseline signal indicates complementation 

of α- and ω-fragments of β-galactosidase can occur independent of stimulation; however 

this baseline noise is present in all assay conditions. The association between α- and ω-

fragment, independent of stimulation of the receptor, can be expected since affinity 

between the two fragments is needed for the complementation. Previous studies 

conducted in Dr. Blau’s lab addressed this situation through a point mutation at amino 

acid 31 of the α fragment, Arginine to Histidine [122]. Shown by von Degenfeld et al. 

[120], this mutation decreases the affinity for the ω-fragment compared to the wild type 

α-fragment [121, 122]. This decreased affinity helps minimize receptor-independent 

fragment complementation while still allowing for possible signal output. 

 

Taken together, the β-arrestin assay offers distinct specificity and low background noise 

by monitoring the desensitization pathway. The study also demonstrates a specific but 

ligand-dependent interaction between the human cysLT2R with β-arrestin. This biased 

nature of signaling can afford a new avenue of cysLT2R research. 
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4.2 CysLT2R selective antagonist 

For the second objective of this study, a patented cysLT2R antagonist was synthesized 

and characterized in the β-arrestin assay as well as an in vivo model of localized 

inflammation.  

 

The synthesis of the patented compound, C11.14 , largely followed the scheme provided 

in the patent, with a few exceptions. During the synthesis of the mono methyl-ester, 2-

hydroxy 5-carbomethoxy benzoic acid (C11.08) from 4-hydoxyisophthalic acid 

(C11.07), the di-methyl-ester (dimethyl 4-hydroxyisophthalate (C11.09)) was the major 

product. By using acidified methanol conditions it is difficult to stop the reaction at the 

mono-ester stage. The esterification at the desired position, para to the hydroxyl 

functional group of isophthalic acid, is likely to occur following the ortho esterification. 

This is due to the pseudo 6-membered ring structure formed by the beta hydroxyl and the 

carboxylic acid functional group of the isophthalic acid through hydrogen bonding. This 

pseudo 6-member ring structure provides intramolecular protonation of the carboxylic 

acid group, making an electron deficient carbon center, allowing for nucleophilic attack 

by methanol. The second esterification (at the para position) is also acid catalyzed, but 

protonation depends on the acidic protons in solution. It is this slower intermolecular 

protonation that explains the kinetics of the two esterification processes. In the 

subsequent hydrolysis reaction, where the di-methyl-ester is converted to the desired 

mono-methyl-ester in wet pyridine, is also aided by the intramolecular protonation of the 

ortho-methyl-ester. The pseudo 6-membered increases the electrophilicity of the ortho 
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carbon substitute, allowing for selective nucleophilic attack by pyridine. Once the 

pyridine moiety is generated hydrolysis can occur and gives the desired methyl ester.  

 

Following the synthesis of the antagonist, its inhibitory activity was characterized with 

the β-arrestin assay. By preincubating with the antagonist for 15 min at various 

concentrations, then stimulating cysLT2R with a constant concentration of agonist the 

IC50 value was obtained for C11.14 . Compared to the past-characterized dual antagonist, 

Bay u9773, C11.14  was approximately 20-fold more potent. Changing the parameters of 

the experiment, by preincubation with a constant concentration of the antagonist and 

increasing the concentration of agonist, the nature of the antagonist action can be 

determined. With increasing concentrations of the agonist, the output signal increased, 

indicating C11.14  is a competitive inhibitor and capable of binding to the binding 

pocket of cysLT2R. The selectivity of C11.14  could not be assessed in the β-arrestin 

assay alone, but when used in a localized inflammatory assay in vivo, there seems to be 

selectivity for the cysLT2R. In the patent the selectivity of the antagonist was assessed in 

a Ca++ release assay and showed a selective inhibition for cells transfected with the 

cysLT2R compared to cysLT1R (EC50 of 35 nm vs. >10 µM).  Studies in our lab also 

show attenuation of myocardial infarct size in the LAD ligation model, when animals are 

administered C11.14  prior to heart attack [unpublished data].  

 

The results show C11.14  is a potent antagonist of cysLT2R assessed through a β-arrestin 

assay. In vivo results obtained through a localized inflammatory model in the vasculature 

of the ear, also indicate C11.14  is able to attenuate vascular leakage mediated by the 
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cysLT2R. More rigorous in vitro experiments can confirm the selectivity of C11.14  

towards cysLT2R.  

 

In future experiments it would be interesting to explore the various enantiomers of 

C11.14  in greater detail. The cyclohexane ring moiety, highlighted in Figure 4-1, 

provides 4 possible enantiomers for C11.14 , each may have their own distinct IC50 

value. Therefore, by selecting for the most potent enantiomer it may be possible to 

decrease the dose while increasing the efficacy of the drug in vivo. The structural 

difference and the increased inhibitory effects of HAMI3779 compared to C11.14 (shown 

in Figure 4-2) is also worth investigation. 

 

With the presence of transgenic models, as well as the selective agonist NMLTC4 and the 

selective antagonist C11.14 , physiological and pathological activities of the cysLT2R 

can be further characterized. Of the cysLTs, especially pertaining to LTE4, there was a 

differential response in the various assays, whereby in Ca++ assays LTE4 behaved as a 

partial agonist but was unable to elicit a signal above baseline in the β-arrestin assay. 

Through computer modeling, a possible explanation of the observation is that LTE4 

activates Ca++ signaling through Gq/11 but is unable to induce a tight enough association 

between the ligand-bound receptor and β-arrestin, possibly due to weak receptor 

phosphorylation induced by this cysLT. The bias nature of agonist signaling through one 

receptor is not without precedence [110, 112, 113]; the µ-opioid receptor [112] being one 

well-characterized example. These results with LTE4 are significant given the recent 
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The cyclohexane moiety of C11.14  highlighted by the blue box allows for 4 
different enantiomers. The stereo specific nature of the cysLTs might hint to a 
selective binding pocket on cysLT receptors. Therefore it will be worthwhile 
to explore the inhibition activity of the individual enantiomers. As the 
C11.14  tested in this project is a racemic mixture of the 4 enantiomers the 
IC50 value might be inflated due to variations in activity between isomers. 

 

 

Figure 4-1. Enantiomers of C11.14 
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determination of a (putative) LTE4-selective receptor (cysLTER) and that LTE4 can 

apparently act via non-GPCR pathways (e.g. PPAR-γ) [136]. LTE4 signaling via the 

human cysLT2R apparently displays preference towards trimeric G-protein signaling 

rather than via β-arrestin pathways, as evident in the calcium activity but lack of β-

arrestin association. This signaling bias may afford a novel means to study the cysLT 

receptors. 

A small structural difference is seen between C11.14  and HAMI3779, 
highlighted by the red box. The change from a benzene moiety to a cyclohexane 
moiety increased the potency as well as the selectivity of the HAMI3379 
compound for cysLT2R, as reported by Wunder et al. [64], and the Bayer 
pharmaceutical patent [1]. 

Figure 4-2: C11.14 compared to HAMI3779 
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Chapter 5:  Conclusion 

In summary, this study demonstrates NMLTC4 as a potent agonist for the cysLT2R both 

in vitro and in vivo. Additionally the selective antagonist C11.14  shows potent 

inhibition compared to the Bay u9773 compound. A recently described [64] selective 

cysLT2R antagonist, HAMI3379, derived from the same pharmacophore has higher 

selectivity, as well as a lower IC50 than the C11.14  compound. With these compounds 

now made available the physiological and pathophysiological roles that the cysLT2R 

plays can be better understood. The addition of the new in vitro tools such as the β-

arrestin assay not only affords a high throughput method of screening for possible small 

molecules but also adds valuable information for GPCR signaling.  
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