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ABSTRACT 

 

PHOSPHORYLATION INDEPENDENT ACTIVATION OF β-ARRESTIN 2 

AND ΒETA ADRENOCEPTOR TYPE 2 BY MEANS OF SMALL 

MOLECULES 

 

 

Akyol, Ali 

Master of Science, Biochemistry 

Supervisor: Assoc.Prof. Dr. Çağdaş Devrim Son 

Co-Supervisor: Assoc. Prof. Dr. Can Özen 

 

 

September 2021, 102 pages 

 

 

The activities of neurohormones such as epinephrine are mediated by 

Adrenoceptors. In physiological processes, these messengers play an essential role; 

thus, Adrenoceptors are commonly found across the body. Agonist stimulated 

Adrenoceptor type 2 (β-2AR) works primarily by activating adenylyl cyclase 

through the stimulatory G protein (Gs), inducing an increase in the intracellular 

level of cAMP. This second messenger ultimately mediates downstream 

physiological effects.  

After few seconds of agonist stimulation, β-2ARs rapidly get phosphorylated by 

kinases (GRKs, PKA A, and C), resulting in uncoupling from Gs.  High exposure 

to agonist, B2AR undergoes downregulation, mediated by a cytoplasmic adapter 

protein called Beta Arrestin. The magnitude of this interaction is determined by the 

receptor's phosphorylation level. This intensity of interaction influences the fate of 

the receptor, which can either be recycled back to the cell membrane or degraded in 

the cytoplasm, causing its downregulation.  Mutations in the receptor at the amino 
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acid residues that can be phosphorylated could prevent phosphorylation and the 

interaction with Arrestin. Therefore, the signal cannot be terminated.  

In this study, we try to facilitate phospho-deficient (P.D.) B2AR and wild-type β-

Arrestin 2 interaction with the help of small molecules. Our aim is to find such 

compounds that promote the binding of β-Arrestin 2 to P.D.-β-2AR. We used 

Förster Resonance Energy Transfer (FRET) to monitor the interaction between 

P.D. or wild type β-2AR and Beta Arrestin 2. For co-localization and FRET 

studies, C-tail mCherry tagged β-2AR or P.D. β-2AR and 177
th 

aa. position 

mEGFP tagged β–Arrestin 2 and GRK2 co-transfected in N2a cells were imaged 

using a spinning disc confocal microscope. Results showed that one of the tested 

chemicals increased FRET between P.D-β-2AR and β Arrestin 2, suggesting an 

interaction between these proteins.  

The kinetic of this chemical on β-2AR and Arrb2 interaction can be further 

investigated using the techniques optimized in this thesis study. 

Keywords Beta-2 Adrenoceptor, Βeta-Arrestin 2, Phospho-deficient Βeta-2- 

Adrenoceptor, FRET 
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ÖZ 

 

KÜÇÜK MOLEKÜLLERLE FOSFORİLASYONDAN BAĞIMSIZ β- 

ARRESTİN 2 VE ΒETA ADRENERJİK RESEPTÖR 2 NİN 

AKTİVASYONU 

 

 

Akyol, Ali 

Yüksek Lisans, Biyokimya 

Tez Yöneticisi: Doç. Dr. Çağdaş Devrim Son 

Ortak Tez Yöneticisi: Doç. Dr. Can Özen 

 

 

Eylül 2021, 102 sayfa 

 

Adrenoseptörler, epinefrin gibi nörohormonların aktivitelerine aracılık eder. Farklı 

fizyolojik süreçlerde, bu haberciler önemli bir rol oynar; bu nedenle, 

adrenoseptörler yaygın olarak vücudumuzda bulunur. Agonistle uyarılmış Beta 

Adrenoseptör tip 2 esas olarak, uyarıcı G proteini (Gs) aracılığıyla adenilil silazı 

aktive ederek ikincil haberci (cAMP)'nin hücre içi seviyesinde bir artışa neden olur. 

sonrasında ise hücre içinde bazı sinyal yolakları aktive edilmiş olur.  

Agonist stimülasyonundan hemen sonra, β-2AR'lar kinazlarla (GRK'ler, PKA A ve 

C) hızla fosforile olur ve bu olay β-2AR’ın Gs'den ayrılmasına neden olur. 

Agoniste yüksek düzeyde maruz kalma, β-2AR’ün Beta Arrestin adı verilen bir 

sitoplazmik adaptör proteinin aracılık ettiği aşağı regülasyona uğramasına sebep 

olur. Reseptör bağlı arrestin etkileşiminin süreci, reseptörün fosforilasyon seviyesi 

ile belirlenir. Bu etkileşim yoğunluğuna bağlı olarak, Reseptör hücre zarına geri 

dönebilir veya sitoplazmada parçalanabilir (down regulation). Reseptör 
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fosforilasyon bölgesindeki amino asit mutasyonları fosforilasyonu engelleyebilir, 

bu durumda reseptörün Arrestin'e bağlanması engellenir ve sinyal sonlandırılamaz. 

Bu çalışmada, fosforilasyondan yoksun (P.D.) olan β-2AR ve yabanıl tip β-Arrestin 

2 arasındaki etkileşimi küçük moleküller yardımıyla tekrardan sağlamaya 

çalışıyoruz. Amacımız, β-Arrestin 2'nin P.D. β-2AR'a bağlanmayı teşvik edecek bir 

kimyasal bulmaktır. Bu iki protein arasındaki etkileşimi ve β-Arrestin 2 nin 

kolokalizyonunu, C terminal den mCherry işaretli β-2AR veya P.D.-β-2AR, 177. 

aa. pozisyonundan mEGFP etiketli β–Arrestin 2 ve yabanil tip GRK2 N2a 

hücrelerinde birlikte transfekte edilerek, Förster Rezonans Energy Transfer (FRET) 

gibi floresan mikroskopi teknikleri ile izlendi. Sonuç olarak, test edilen 

kimyasallardan birinin P.D-β-2AR ve β Arrestin 2 arasında FRET'i arttırdığı 

dolayısı ile bu iki protein arasında etkileşime yol açtığı görülmüştür. 

Gelecek çalışmalarda bu kimyasalın β-2AR ve Arrb2 etkileşimi üzerindeki kinetiği 

bu çalışmada geliştirilen teknikler ile detaylı bir şekilde araştırılabilecektir. 

 

 

Anahtar Kelimeler: Beta-2 Adrenoceptor, Βeta-Arrestin 2, Fosforilasyondan 

yoksun β-2 Adrenoseptör, FRET 
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CHAPTER 1  

1 INTRODUCTION  

1.1 G-Protein Coupled Receptors  

G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors 

(GPCRs) or 7-transmembrane helical Receptors compose the largest and widely 

distributed membrane proteins. They play crucial roles in the regulation and wide 

range of physiological processes in mammalian and nonmammalian systems 

(Pierce, Premont, and Lefkowitz 2002), including communication among cells. 

Stimulation of these receptors from the extracellular domain trigger G protein 

recruitment in the intracellular carboxyl-terminal. In terms of both, ligands and G 

proteins, GPCRs show high plasticity regarding numerous interacting proteins. 

Therefore, a single GPCR is considered to function in many different signaling 

pathways (Gahbauer and Böckmann 2016). A large number of experimental pieces 

of evidence indicate that the specificity of GPCR signaling is achieved by the 

selective compartmentalization of its components within specific microdomains on 

the cell membrane (Anderson 1998; Chini and Parenti 2004). Based on structural 

predictions, it is estimated that the human genome carries nearly 1000 GPCRs, and 

the biological functions of these are yet to be discovered. Many diseases such as 

psychiatric disorders, cancer, autoimmune diseases, and diabetes are often due to 

one or more GPCR signaling anomalies (Zhang & Eggert, 2013). Therefore, they 

are an important target for drug research, and conceivably nearly 40% of the drugs 

in the market target GPCRs (Schiöth and Lagerström 2008). 
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Figure 1.1. A GPCR and its interaction partners, G protein and Arrestin proteins. 

The ligand-binding site of the receptor may differ, and the allosteric site of the 

receptor can be at any region of the receptor that is distinct from its Orthosteric 

sites. G protein or Arrestin bound receptor activates different pathways. (Taken 

from (Zhang & Eggert, 2013)).  

The 7 of 19 licensed drug products with the greatest sales revenue that reached 

their peak sale up to the year 2013 were targeted towards GPCRs. The Plavix (1 in 

figure 2), an antithrombotic drug reached up to 9 billion $ annual sale that followed 

by Salmeterol (phenylethanolamine) a β-2AR-R agonist that has been used to treat 

asthma with 8 billion $ (2 in figure2). From 2013 to 2015 15 new compounds that 

also target GPCRs, were approved by FDA as new chemical entities (shown in 

figure 2) (Jacobson 2015). 
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Figure 1.2 The most successful small molecular GPCR ligands. (1–7) as of 2013 

and the small molecular GPCR ligands that have been approved between 2013-

2015 (3b, 8–17) taken from (Jacobson, 2015). 

 

1.1.1 Active States of GPCRs  

The remarkable progress in GPCR structural biology has greatly aided our 

understanding of GPCR signaling, including the determination of above 170 

structures from 40 unique GPCR members in active or inactive states and complex 

with Gs or arrestin (Kang et al. 2018). The cytoplasmic part of the seven-

transmembrane-helix domain (TMD) is closed in inactive states (Rosenbaum et al. 

2007; Cherezov et al. 2007; Palczewski et al. 2000), preventing GPCRs from being 

efficient and effectively couple with cellular signaling transducers. Agonist binding 
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results in a conformational change, such as an outward movement of 

transmembrane helix 6 (TM6) at the cytoplasmic end, (Xu et al. 2011; Lebon et al. 

2011; Choe et al. 2011; Funk JL, Frye JB, Oyarzo JN 2014; Standfuss et al. 2011; 

Rosenbaum et al. 2011), which creates a cavity in the TMD that exposed for 

interaction with one or more unique modulator proteins.  This mechanism of action 

was revealed by the Gs-bound β2-adrenergic receptor (β2AR) structure and recent 

cryo-electron microscopy structures of Gs-bound class B GPCRs. As a result of 

these studies, it was found that agonist binding results in a 14–18 Å    outward 

movement of TM6 at the cytoplasmic side (Sǒren G.F. Rasmussen et al. 2011; Li et 

al. 2017; Liang et al. 2017).  

Activated GPCRs by their ligands exist in a wide spectrum of functional states. 

Upon stimuli, depending on the type of ligand may activate more than one isoform 

of G proteins or even specifically activate β-Arrestin, independent from G protein-

mediated pathways. Even without stimulation GPCRs may display basal, agonist 

independent activity towards G protein or β-Arrestin mediated signaling pathways. 

Orthosteric compounds that occupy the native hormone-binding cavity can be 

categorized according to their effect on receptor signaling through a specific 

pathway. A compound that inhibits basal activity is called an Inverse agonist. 

While full agonists activate the receptor at the maximum level, partial agonists 

activate the receptor up to a certain level, which, unlike full agonists, never reach 

maxima even at very high concentrations. 

On the other hand, neutral antagonists sterically block other ligands to bind to the 

receptor while they do not affect the receptor’s basal activity. The existence of the 

receptor’s basal activity suggests that the receptor exhibits a low energy barrier 

between those mentioned conformational states and the possibility of transition 

between those states. Ligands with different effects act through stabilizing one of 

those conformations (Søren G F Rasmussen et al. 2011). 

.  
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1.1.2 The Classical View of GPCR Signal Transduction  

The three components of the most studied transmembrane GPCR signaling are 

GPCRs, G proteins, and adenylyl cyclases (ACs). The classical and yet still widely 

accepted sequential model of GPCR-mediated signal transduction involves AC 

activation. Upon binding of an agonist molecule to the receptor induces to G 

protein coupling in its GDP-bound heterotrimeric Gαβγ form to the receptor then 

triggers guanylyl nucleotide exchange, GDP for GTP, that causes a rapid release of 

Gα from the heterotrimeric complex with its GTP-bound active form. 

Subsequently, it binds to the AC that eventually promotes the production of cAMP. 

Because Gα binding site of AC overlaps with the Gα binding site of Gβγ, suggest 

AC activation requires dissociation of Gα from Gβγ to allow effector activation 

The termination of the signal starts with the hydrolysis of GTP to GDP by Gα 

protein’s GTPase activity, which results in the dissociation of Gα from AC and re-

forming of the free heterotrimeric Gαβγ protein. Since the rate of cAMP production 

is much greater than GTP hydrolysis, multiple cAMP molecules can be produced 

by one agonist-induced GPCR activation per minute (Freeman 2018). 

 

1.1.3 GPCR Biased Agonism  

As the name implies, over decades, GPCRs were thought to couple only to the 

heterotrimeric G proteins, which regulate the activation of phospholipase C or 

adenylyl cyclase, which eventually starts downstream signaling through second 

messengers such as cAMP. Later, it was discovered that GPCRs also trigger G 

protein-independent activation of ERK1/2 and other kinases through β-Arrestin 

pathways (figure 1.3) (McDonald et al. 2000; Luttrell et al. 2001; Charest and 

Bouvier 2003; Beaulieu et al. 2005; Lefkowitz and Shenoy 2005). The discovery of 

this complexity of the GPCR signaling changed the classical view of GPCR signal 

transduction. The unveiling of such molecules that are able to induce a signal only 
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a fraction of these possible responses had led to an update on pharmacological 

terminology. In addition to “balanced agonists” which activate both G protein and 

β-Arrestin mediated signaling equally; now it is well accepted the existence of 

some compounds that preferentially activate only one of these pathways referred to 

as “biased agonists” (Kahsai et al. 2011; Azzi et al. 2003; Audet and Bouvier 2012; 

Lefkowitz and Shenoy 2005; Galandrin, Oligny-Longpré, and Bouvier 2007; 

Kenakin 2007; Drake et al. 2008; Shukla et al. 2008b).  

In the last two decades, three independent groups have shown the existence of 

biased character of some ligands. The first of these was in 2003, Robert 

Lefkowitz’s group published on AngII analog, [Sar1-Ile4-Ile8]-AngII (SII), 

triggers β-Arrestin recruitments to angiotensin AT1 receptor without inducing 

ERK1/2 phosphorylation. Within two months, another group showed that 

previously considered as a β-2AR antagonist, propranolol, was, in fact, a β-Arrestin 

biased agonist (Azzi et al. 2003).  These findings were corroborated by another 

group (Baker, Hall, and Hill 2003). Based on these shreds of evidence, it is 

conceivable that some of the current clinically used drugs, which are mostly 

antagonists, would be a G protein or Arrestin biased agonists. Expected features of 

these compounds could explain the distinct outcomes in patients treated with 

different antagonists, even though they target the same receptor. Drugs in the β-

blocker category can be given as an example. Drugs in this category are generally 

used for myocardial infarction (Kopecky 2006). Surprisingly some β-blockers also 

have beneficial effects on heart failure.  One of which is, carvedilol showed to be 

most efficient (Packer et al. 1996; Poole-Wilson et al. 2003). Further studies 

revealed that carvedilol acts as a β-arrestin biased agonist (Wisler et al. 2007). 

Later on, it was shown that even β–arrestins biased ligands can result in distinct 

patterns of downstream signaling, possibly by inducing different conformations of 

β-arrestins (Santos et al. 2015). These studies reveal the need for further 

characterization of biased compounds because the actions of these compounds may 

comprise highly complex mechanisms and functional selectivity rather than simply 

categorized by G protein or β-arrestins biased ligands (Calebiro et al. 2009).   
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Figure 1.3 Mechanisms of biased GPCR signaling. Several classes of biased 

compounds targeting GPCRs have been revealed. These include orthosteric ligands 

that occupy the binding site of the endogenous ligand,  allosteric modulators that 

bind to a site distinct from the endogenous ligand of the receptor, and bitopic 

ligands that bind at both orthosteric and allosteric sites. Taken from (Wisler, 

Rockman, and Lefkowitz 2018). 

 

1.2 Arrestins  

Arrestins belong to a four-member small homologous protein family  (arrestin 1–

4), that carry out an essential position in regulating GPCR signaling. Arrestin 1 (or 

visual arrestin) and arrestin 4 (or cone arrestin) are only expressed in the visual 

system. In contrast, arrestin 2 (or b-arrestin 1) and arrestin 3 (or β-Arrestin 2) are 

ubiquitously expressed (Park et al. 2016). Arrestin 1 was first named “S- antigen” 

due to its immunogenicity in uveitis (Wacker et al. 1977). The name was revised to 

Arrestin because of the discovery of its involvement in interfering (or “arresting”) 

rhodopsin signaling in further studies (Zuckerman and Cheasty 1986; Wilden et al. 

1986). According to a series of experiments, visual arrestin interacts with light-

activated and phosphorylated rhodopsin, inhibiting rhodopsin signal transduction 

(Kuhn, n.d.; Bennett and Sitaramayya 1988). Soon after, arrestin 2 was discovered 
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to disrupt Beta 2- adrenergic receptor signaling (β-2AR) in a similar way to visual 

arrestin and was given the name β-arrestin (later renamed as β-arrestin 1) (Martin J 

Lohse et al. 2017; Benovic et al. 1987; M. J. Lohse et al. 1990). cDNA homology 

cloning led to the discovery of a new non-visual arrestin (arrestin 3 or β-arrestin 2) 

and a second visual arrestin (arrestin 4, cone arrestin, or X-arrestin) (Craft, 

Whitmore, and Wiechmann 1994; Attramadal et al. 1992; Sterne-Marr et al. 1993; 

Murakami et al. 1993). 

 

Figure 1.4 Crystal structure of β- arrestin 2. PDB code: 3P2D. 

Four members of arrestins typically share over 75 % amino acid sequence 

similarity (Figure 1.5). The 3D structure of these proteins has two distinct lobes (N-

lobe and C-lobe), each composed of mainly β-sandwich protein motif, yet each 

member has significantly different requirements for receptor phosphorylation in 

order to bind to the receptor. While Arr1 shows the most sensitivity to receptor 

phosphorylation β-Arrestin 2 (Arr3) shows less sensitivity. Arr1 can only form a 

high-affinity complex with phosphorylated and activated receptors regardless of 

receptor types. Phosphorylation requirement for β-Arrestin 2  receptor complex 

differs from receptor to receptor. For instance,  β-Arrestin 2  can not bind to 

phosphodeficient (P.D.) β2-AR, yet it forms complex with M2R (Muscarinic 

Receptor) without phosphorylation (Gimenez et al. 2012). 
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Figure 1.5: Crystal structures of Arr1 and Arr3. N-lob and C-lob of the protein are 

shown in purple and orange, respectively. Regions that change upon binding to the 

receptor are shown in different colors. Cα atoms of the polar core are shown in 

black balls. Sequence alignment of Arr1 and Arr3 in the lower panel (Sensoy, 

Moreira, and Morra 2016). 

 

β-Arrestin-Receptor complex forms in a two-step binding mechanism (Pierce et al., 

2002; Freedman &Lefkowitz, 1996; Gurevich et al., 1995; Kovoor, Celver, 

Abdryashitov, Chavkin, & Gurevich, 1999). In the first step N lobe of β-Arrestin 

attaches the phosphorylated amino acids of the receptor, which results in an 

outwards movement of the C lobe from the N lobe leading to a conformational 

change of the protein. This movement releases C-tail from the polar core and three-

element region called the “structural determinants” that are necessary for the 

second step binding of the β-Arrestin to the receptor (Nobles et al. 2007; Shukla et 

al. 2008a; Yun et al. 2015). 
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Figure 1.6 Schematic representation of the 2-steps binding mechanism of Arrestin 

(Top panel) Active and inactive conformations of arrestin shown in yellow and 

blue respectively, the yellow dot represents the agonist the phosphates group on 

receptor shown in the red triangle. The detachment of the C-lobe from the N- lobe 

is shown in the lower panel. Adapted from (Shukla et al. 2013). 

 

1.2.1 Beta 2 Adrenergic Receptor and Beta Arrestin 2 Interaction 

The β-2-adrenoceptor (β-2AR), a member of the GPCR family, is translated by a 

gene on chromosome 5 (Yan et al. 2011). β-2AR is a key target for catecholamine 

hormones in metabolic activities such as vascular and trachea smooth muscle cells' 

relaxation. β-2ARs primarily work by activating adenylyl cyclase via a coupled 

stimulatory G protein (Gs), resulting in an increase in the intracellular level of 

cAMP, a secondary messenger that ultimately facilitates several subsequent 

physiological effects (Moore et al. 1999). Anomalies in β-2AR signaling are often 

associated with diseases such as heart failure and asthma (Fan et al. 2016). 
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Figure 1.7 Crystal structure of agonist (red) bound human β-2AR. Adapted from 

PDB 3P0G. 

Following prolonged agonist stimulation, GRKs phosphorylate β-ARs, causing the 

recruitment of multifunctional β-Arrestins (1, 2) and inhibition of further G protein 

coupling, a mechanism known as desensitization (Rockman, Koch, & Lefkowitz, 

2002; Yan et al., 2011). β-2AR C-tail contains 4 aa (at Ser
355,356,364

 and Thr
360

 

positions) that can be phosphorylated by GRK2. Following phosphorylation, β-

Arrestin binds the receptor and starts internalization (Krasel et al. 2008) into 

endosomes which results in a block of  β-2AR overstimulation (Yan et al. 2011). A 

membrane-associated protein phosphatase 2A- like enzyme may dephosphorylate 

the β2ARs during this trafficking, causing the receptor to return to the membrane at 

a fully sensitized form. The rate of receptor internalization is relatively faster than 

its recycling back to the membrane (t
1/2 

< 3 minutes, and t
1/2 

< 8 minutes, 

respectively) (Moore et al. 1999). 
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Figure 1.8 An overview of GPCR signaling. (taken from Park, Lee, Kim, Seo, & 

Chung, 2016). 

 

1.3 Phosphodeficiency of GPCRs Impair Desensitization 

Anomalies that occur in GPCR’s phosphorylation pattern have been related to 

some diseases such mutations in the cytoplasmic site of the receptors can prevent 

the recognition of these regions by GRKs eventually receptors can not get 

phosphorylated. As a result, arrestin can not bind to the receptor, and the signal can 

not be terminated. An example of this situation is an inherited eye disease “retinitis 

pigmentosa” (night blindness) (Kim et al. 1993; Restagno et al. 1993; Apfelstedt-

Sylla et al. 1993). Most commonly, the disease is seen in the autosomal dominant 

form. The phosphorylable amino acids in the cytoplasmic region of rhodopsin are 

mutated; therefore, the receptor can not be phosphorylated by the kinase, and it can 

not bind to the Arr1. As a result, the signal can not be terminated and leads to cell 

death. In another case, a mutation in the transmembrane region of the GPCR causes 

the receptor to be activated without the agonist. For example, the R137H mutation 

in the transmembrane region of the vasopressin receptor causes the activation of 

the receptor without agonist binding and leads to excessive phosphorylation 

(nephrogenic diabetes insipidus) (Barak et al. 2001). In another case, the amount of 

synthesis of GPCR-kinase in the cell increases in response to the receptor exposed 
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to a high concentration of agonist. This situation is seen in congestive heart disease. 

Over-synthesized GRK2 causes excessive phosphorylation of the β-adrenoceptors. 

Thus, the receptor, which binds strongly to Arrestin, cannot recycle back to the cell 

membrane (Mosteller RD 1987; Ungerer et al. 1994). In both cases, excessive 

phosphorylation of the receptor causes the receptor density in the cell membrane to 

decrease over time (down-regulation) and the cell's inability to respond to the 

relevant stimulus (Rockman et al. 1998; Akhter et al. 1999). 

 

It is sufficient that one of the alleles encoding the mutant protein is faulty. In order 

for the diseases caused by autosomal dominant mutations in the GPCRs mentioned 

above to be seen in the phenotype; the normal allele cannot suppress the effect of 

the faulty allele. These anomalies can be removed with gene therapy. For example, 

a ribozyme for mRNA encoding the faulty allele could be developed, but - given 

point mutations - it would be very difficult to design a ribozyme that could 

distinguish between normal and faulty mRNA. In addition, gene therapy has not a 

therapeutic application yet. Therefore, alternatively, such GPCR-induced 

anomalies have been attempted to overcome by Arrestin, which can bind to the 

non-phosphorylated receptor. Arrestin, which can be activated independently of 

phosphorylation, also prevents the receptor density in the cell membrane from 

decreasing (down-regulation) as it can prevent excessive phosphorylation of the 

receptor (Pan, Gurevich, and Gurevich 2003). The reason behind this can be 

explained by; an arrestin that can be induced independently from receptor 

phosphorylation that competes with GRK for binding to the receptor. Once the 

receptor-arrestin complex is formed and targeted for early endosomes, the bound 

ligand dissociates from the receptor as the ligand-receptor complex faces the low 

pH of the vesicle lumen. This leads to the transformation of the activated receptor 

to its inactive form. Eventually, the receptor can be recycled back to the membrane 

because dissociation of the arrestin-bound inactive and unphosphorylated receptor 

is 30-50 % faster than the inactive phosphorylated receptor (Pan, Gurevich, and 
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Gurevich 2003; Celver et al. 2002; Gurevich et al. 1993, 1995; Kovoor et al. 

1999). 

In the last two decades, there have been several attempts to develop an arrestin that 

can be activated independently from receptor phosphorylation. Some amino acids 

in the triple element and polar core regions of arrestin have been mutated in one of 

these attempts. These mutations led to poor expression of the arrestin and caused 

its degradation in the cytoplasm (Vishnivetskiy, Chen, et al. 2013; Vishnivetskiy, 

Baameur, et al. 2013; Song et al. 2009). Moreover, the application of this strategy 

requires gene manipulation which restricts its therapeutic use. In another study, to 

mimic receptor attached phosphates molecules, heparin or negatively charged 

peptides had been used. This strategy failed due to insufficient transportation of 

these molecules into the cell because of their charges (Palczewski et al. 1991). 

Because of these mentioned issues, there is still no therapeutic method to activate 

arrestin independently from receptor phosphorylation. 

1.4 Protein-Protein Interaction Detection Methods 

Protein-protein interactions (PPI) are biochemical reactions that play crucial roles 

in organisms, and they determine the biological processes, more precisely the 

metabolic pathways. Understanding these phenomena is a must to understand the 

biological systems. Many experimental studies have shown that different PPIs 

involve in response to external stimuli, and they have been related to many 

diseases, including cancer, metabolic disorders, and neurological diseases. 

Therefore the comprehensive description of PPI is necessary to expand our 

understanding of biological phenomena  (Oyama, Kitano, Satou, & Ito, 2002; Joy 

Macalino et al., n.d.).  
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1.4.1 In-Silico Protein-Protein Interaction Detection Methods 

The progression of drug discovery and design has been accelerated with the help of 

in silico techniques and the advancement in hardware and computational power 

(figure 1.9). Even though computation-aided drug discovery (CADD) is in its early 

stage compared to the traditional methods, it brought numerous successes in the 

field. CADD has provided an improvement in terms of both labor and cost in the 

identification of potential therapeutics without intense experimental assays. 

Computational power relies on many parameters and a vast amount of data on 

protein and compound structure and the calculation of intramolecular forces and 

required energies for interaction between any given partners. Computational 

analyses benefit from structure-activity relationship studies, compound 

optimization, and prediction of the pharmacokinetic character of the compound. 

Figure 1.9 summarizes the stages and components of CADD.  

 

Figure 1.9 The components and the stages of In silico strategies for PPI drug 

discovery. Taken from (Joy Macalino et al., n.d.). 
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Nonetheless, in-silico methods by no doubt, are more reliable and valued along 

with the other tools. The most popular targets for drug discoveries are the protein-

protein interactions for over two decades (Joy Macalino et al., n.d.). Although in 

silico techniques are very useful, they are often required to be confirmed with 

experimental methods. Some of the experimental methods for the detection of 

protein-protein interactions are resonance energy transfer-based methods such as 

Förster Resonance Energy Transfer (FRET) and Bioluminescence Resonance 

Energy Transfer (BRET). 

1.4.2 Resonance Energy Transfer 

Traditionally, immunofluorescent microscopy had been a popular technique that is 

used in fixed samples for the investigation of PPIs in situ. The drawback of this 

technique is the axial- resolution of fluorescent microscopy, which is over 200 nm. 

while most protein-protein interactions occur around a few nm diameters (Piston 

and Kremers 2007). The reason for the limited resolution is a physical phenomenon 

called the diffraction limit that determines the resolution of any light microscope, 

practically can not be less than 200 nm. and defined by the equation λ/(2NA), 

where λ is denoting the light’s wavelength and NA, the numerical aperture of the 

lens (Willig et al. 2007).  

Since many cell signaling events occur in common cellular compartments such as 

clathrin-coated pits, many receptors internalize using this pathway, fluorescent 

imaging can only suggest at best and mostly misleading regarding a real 

interaction. Therefore, simple fluorescent imaging gives no information on any 

given two proteins under investigation that are in fact, interacting. To conclude that 

two proteins indeed interact rather than being in close vicinity to each other 

requires more reliable measurements. To that extent, electron microscopy provides 

a better resolution, yet it has its own limitations such as the lack of specific labeling 

and its requirement of a sample fixation. Multicolor fluorescent imaging with FPs 

allows the real-time imaging of live cells, which is crucial for the investigation of 
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transient interactions, yet the desired resolution cannot be reached with simple 

fluorescent imaging (Piston and Kremers 2007). Resonance energy transfer (FRET, 

Förster resonance energy transfer, BRET, Bioluminescence resonance energy 

transfer or electronic energy transfer, EET) is a physical process that comes as a 

solution to this problem, where a portion of the excited donor energy is transferred 

to the acceptor molecule via dipole-dipole couplings (Calçada et al. 2019). Förster 

developed a theoretical explanation and improved his theory of energy transfer. He 

found that the energy transfer via dipole-dipole couplings depends on two major 

factors, one of which is the spectral overlap of the two molecules and the other is 

the distance between them. He discovered the now well-known R
-6

 distance-

dependence of RET, and this prediction was verified later on. Because of this 

characteristic of RET, it has been used as a “spectroscopic ruler” to measure the 

distance between two chromophores (Calçada et al. 2019). Since RET occurs 

between two molecules that are in close vicinity (less than 10 nm) makes it ideal 

for the study of PPI which occurs on a similar scale (Piston and Kremers 2007). 

Despite the fact that the FRET technique has been widely used in protein-protein 

interaction studies, it has several drawbacks, including autofluorescence, detector 

noise, optical noise, and photobleaching. More importantly, spectral bleedthrough 

(SBT), which is the fluorescent leak of the donor and acceptor fluorescence 

emission into the FRET channel, is a severe problem that results in the observed 

FRET signal is larger than the actual FRET intensity. Nevertheless, some 

approaches and techniques have been developed to tackle these issues. First, a 

technique was developed to correct SBT and the effect of donor and acceptor 

concentration on FRET signal and applied to wide-field fluorescent microscopy 

(Gordon et al. 1998; Kraynov et al. 2000; Xia and Liu 2001). Later another 

approach, a new algorithm, was developed, in which correction of SBT and the 

concentration dependence of the FRET signal for all wide-field, confocal, and 

multiphoton intensity-based FRET methods. The algorithm calculates percent 

FRET efficiency by pixel by pixel and gives an estimated distance from the FRET 

partners from the mathematical calculations of SBT and the concentration effects 
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of both individual FRET partners. The SBT is evaluated from each donor or 

acceptor samples, and each partner’s contributions on the raw FRET are calculated 

and eliminated from the raw FRET signal to obtain a net (or precise) FRET signal 

(Elangovan et al. 2003). 

1.5 Aim of the Study 

Some mutations in the phosphorylation sites of the GPCRs prevent their 

recognition by kinases (PKA, GRK2). These mutant receptors – called phospho-

deficient-, cannot be internalized by arrestin; therefore, the induced signal upon 

stimuli cannot be terminated. These anomalies cause diseases; several examples 

have been identified including Rhodopsin and Vasopressin receptors. 

Our aim is to activate arrestin independently from receptor phosphorylation with 

the help of small chemicals that can induce a conformational change in β-Arrestin 2 

to its active form. Therefore, it can bind to unphosphorylated receptors. For this 

purpose, several chemicals were selected from the ZINC database and tested using 

in silico methods by our collaborators at Istanbul Medipol University. 

In this study, the selected chemicals were tested in vivo using β-2AR-β-Arrestin 2 

system. FRET and live-cell fluorescent imaging techniques were used to track the 

interaction between these two proteins in the presence and absence of the selected 

compounds. As a result, it was found that one of the compounds facilitates 

interaction between phospho-deficient β-2AR and β-Arrestin 2. 
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Bacterial Culture, Media and Conditions 

LB medium was prepared according to the instruction given in Appendix B. First, 

all the ingredients were dissolved in 900 mL deionized water, then pH was adjusted 

to 7.0 with dilute NaOH. After the pH adjustment volume is completed to 1 L. 

Sterilization was performed with Nüve OT 40 L autoclave at 121 °C for 20 

minutes. For selection purposes, Ampicillin was added to the medium at 100 

µg/mL final concentration. Bacterial cultures were grown either on LB containing 

2 % agar at 37 °C in Nüve
®
 brand incubator or liquid LB at 37 °C 200 rpm shaking 

speed in Zheiheng shaker incubator. 

2.1.2 N2a Cell Line and Media 

To express and visualize fluorescent protein-tagged β-2AR and Arrb2 proteins via 

transient transfection method, the N2a cell line was chosen. N2a cells were also 

used in MTT assays. The cell line was purchased from American Tissue and Cell 

Culture (ATCC). 

For maintenance and growing the cell growth medium was prepared from 44.5 % 

v/v DMEM with L-glutamine (see appendix A) (Gibco, REF 41966-029), 44.5 % 

v/v Optimem
®
 reduced serum medium with L–glutamine, (Gibco, REF 11058-

021), 10 % v/v FBS, (Biological Industries REF 04-127-1B), 1 % v/v 
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Penicillin/Streptomycin solution, (Biological Industries REF 03-031-1B). After 

mixing the solutions, complete media was filtered through the Millipore Stericup
®
 

Filter unit. For removing cell debris and waste, PBS solution was used (see 

appendix C). For detaching the cells TrypLE
™

 (Gibco REF 12605-028) 

dissociation reagent was used. 

2.1.3 HEK 293 Cell Line and Media 

For MTT assays and fluorescent microscope imaging of 2s chemical, HEK 293 

cells were used. HEK cell line was a kind gift from Erson Lab. METU.   

For maintenance and growing the cell growth medium was prepared from 90 % v/v 

DMEM with L-glutamine (see appendix A) (Gibco, REF 41966-029), 10 % v/v 

FBS , (Biological Industries REF 04-127-1B), 1 % v/v Penicillin/Streptomycin 

solution, (Biological Industries REF 03-031-1B). After mixing the solutions, 

complete media was filtered through a 0.22 µm Millipore Stericup
®

 Filter unit. For 

removing cell debris and waste, a phenol-free D-MEM solution was used (see 

appendix A). For detaching the cells TrypLE
™

 (Gibco REF 12605-028) 

dissociation reagent was used. 

2.1.4 N2a and HEK 293 cell Culture Conditions 

Both cell lines were incubated at 37 °C with 5% CO2 in Nüve
®
 EC160 CO2 

incubator with 5% CO2 atmosphere. All the cell culture studies were carried out in 

a Laminar flow cabinet with a Hepa filter. 

2.1.5 Other Chemicals and Materials 

DNA Polymerases, T4 Ligases, GeneRuler 1kb (#SM0313) and GeneRuler 1kb plus 

DNA Ladder (Cat. Num. #SM0311) DNA ladders used in the procedures were 

purchased from Thermo Scientific (MA, USA). New England BioLabs Inc. (MA, 
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USA) restriction enzymes used in cloning experiments. DNA gel extraction Kits 

were supplied from Bioteke (#DP1503). Plasmid Miniprep Kit (#K0503) used in 

plasmid isolation was supplied from Thermo Scientific (MA, USA). Transfection 

chemicals Lipofectamine® LTX and Plus™ Reagent from Invitrogen (CA, ABD). 

(#15338-100) used in transfection of N2a and HEK cells. 

T-75 and T-25 flasks that were used in mammalian cell culture were obtained from 

Greiner (Frankfurt Germany). SPL Life sciences Korea, Sterile serological pipettes 

were also used in cell culture. For live-cell imaging and transfection two types of 

35 mm petri dishes were used. Glass bottom ones from In vitro Scientific (CA, 

USA). Plastic bottom ones were purchased from Corning incorporated NY (USA). 

Primer sets used in this study were synthesized by the Oligomer Biotechnology 

company (Ankara, Turkey). Tagged phosphorylation deficient and wild type-

tagged receptors were from previous studies completed in our laboratory. mEGFP 

and mCherry cDNAs were gifted by Prof. Dr. Henry Lester from the California 

Institute of Technology (CA, USA). 

All the other chemicals used in this work were supplied by Sigma-Aldrich (NY, 

USA). 

Leica Microsystems CMS GmBH’s DMI4000B confocal microscope with Andor 

DSD2 spinning disc confocal device used in fluorescent live-cell imaging. For 

FRET and other image analyses, Image J software was used for FRET efficiency 

calculations PixFRET plug-in for Image J was used. 

2.2 Methods 

2.2.1 Polymerase Chain Reaction 

To confirm tagging β-Arrestin 2 from 177
th 

positions and observed 2 separate 

bands after digestion of β-Arrestin 2 -177-mEGFP is a single gene fragment the 
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whole insert amplified with Taq polymerase with PcDNA F (binds to T7 promoter) 

and PcDNA R (binds to poly A signal) the sequence of these primers shown in 

Appendix E. PCR conditions are given Table 2.1. 

Table 2.1 Optimised PCR set-up and thermal Cycling Steps for Taq polymerase. 

Components Volume Final Concentration 

Nuclease Free Water Up to 50 µL - 

Template DNA 100 ng  

Primer Forward 1.25 µL 0.5 µM 

Primer Reverse 1.25 µL 0.5 µM 

Taq polymerase 0,25 µL  

MgCl2 ( 25 mM) 2 µL 1 mM 

Taq buffer  5X 5 µL  

dNTP ( 10 mM) 1 µL 200 µM 

Steps Temperature Time Repeat 

Initial Denaturation 95 °C 3 min - 

Denaturation 95 °C 30 sec 

33 Annealing * 60 °C 30 sec 

Extension 72 °C 45 sec/kb 

Final Extension 72 °C 4 min - 

 

2.2.2 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was performed for size control of PCR products or 

confirmation of inserted DNA fragments to the plasmids by a ligation reaction. For 

this purpose, agarose gel was prepared 1 % or 0.8 % w/v (depends on the expected 

sizes) in 1X TAE buffer (Appendix C), then 0.5 µg/mL final concentration 

Ethidium Bromide was added. Samples were mixed with 1x final concentration 
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DNA loading dye (New England Biolabs cat # B7024S), and the gel was run in 1X 

TAE at 100-110 V for 45 minutes. 

2.2.3 Extraction of DNA from Agarose Gel 

PCR products or any insert that has been used in ligation were extracted from the 

agarose gel electrophoresis by a commercial Bioteke gel extraction kit (cat# DP 

1503). After confirming the size of the DNA upon UV excitation, extraction of the 

DNA was performed according to the user manual. 

2.2.4 Quantification of DNA Amount 

The amount of isolated plasmids and DNA fragments from PCR amplification and 

agarose gel electrophoresis were determined by Biodrop µLITE spectrophotometer. 

1.5 µL sample was loaded on the device then measurement was performed 

according to the user’s manual. Results were given as ng/µL. 

2.2.5 Restriction Enzyme Digestion 

All DNA restriction enzymes used in this study were purchased from New England 

Biolabs (NEB). After adding recognition sequence for each enzyme by PCR, 

samples were double digested with each enzyme for generating sticky ends to 

ensure sample annealing to plasmids with the correct orientation.  

Two different digestion protocols were used for different purposes. For ligation, 27 

µL plasmids and samples were added in different reaction tubes then 3.3 µL of 10X 

cutsmart
®
 buffer and 15 units of each enzyme were added. For confirmation insert 

ligation to plasmids reaction component chanced as follows; 200 ng plasmids were 

used, 2.5 units of each enzyme, and 1.5 µL cutsmart was used. Reaction volume 

adjusted to 15 µL in insert confirmation restriction. All digestion reactions were 
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performed at 37 °C for 1.5 hours. Except Dpn1 digestion was performed at 37 °C 

for 2 hours. 

 

2.2.6 Ligation 

After quantification of restricted vector and DNA fragments were ligated in vitro 

using 1 µL T4 DNA Ligase (NEB, Cat#0202T) in 1X T4 DNA ligase buffer 

(Appendix C) provided by NEB. For ligation 1:5 vector-insert ratio was chosen. 

After calculation of vector and insert volumes, the reaction mixture was left at 

room temperature for 2.5 hours before the transformation of E. Coli XL1 blue 

strain.  

 

2.2.7 Preparation of Competent E.coli cells by RbCl2 Method 

E. coli XL1 blue strain was used for making competent cells according to the 

protocol follows; 

First, E. coli XL1 blue cells were seeded on an agar plate and left for incubation for 

16 hours at 37 °C. The next day a single colony was selected and inoculated in a 

2.5 mL LB growth medium, then placed in a shaker incubator with 200 rpm 

shaking speed for 16 hours at 37 °C. The following day, 1 mL of the cell 

suspension was transferred into sterile Erlenmeyer containing 100 mL LB medium 

and 0.2 mM MgSO4 then incubated shaker incubator with the same setting until 

OD590 reaches 0.5-0.6. Then the whole suspension was divided into two sterile 

falcon tubes. Tubes were centrifuged at 4000 rpm for 5 minutes at 4 °C. After 

discarding the supernatant, cell pellets were resuspended in 40 mL ice-cold TFB1 

solution then left in ice for 5 minutes. Next, the solution was centrifuged again with 

the same settings. The supernatant was replaced with 4 mL ice-cold TFB2 solution 
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then incubated on ice for 45 minutes. After this final incubation, cells were 

aliquoted in ice-cold 1.5 mL sterile eppendorf tubes then kept at -80 °C for further 

use.  

 

2.2.8 Transformation of Competent E. Coli cells with Plasmids 

E. coli cells were taken from the -80 °C freezer, kept on ice for 15 minutes, then 

nearly 50 ng DNA sample that needs to be amplified was added on E. coli 

suspension. Then the solution was incubated at 42 °C for 45 seconds to heat shock 

the cells. Then the solution was kept on ice for another 5 minutes. Next, the volume 

of the solution was completed 1 mL with LB medium before incubating in an 

orbital shaker for 30 minutes at 37 °C with 200 rpm shaking speed. Finally, after a 

portion of the suspension (varying 5 % to 50 %) was seeded on an agar plate that 

containing ampicillin or kanamycin (for selecting), plates were incubated at 37 °C 

for 16 hours.    

The next day, three selected colonies from agar plates were transferred into a 5 mL 

LB liquid medium with appropriate selective antibiotic and incubated in an orbital 

shaker at 200 rpm shaking speed at 37 °C for 16 hours. The following day plasmids 

were isolated with a commercially available Bioteke plasmid miniprep kit by 

following the user’s manual. 

 

2.2.9 Restriction Free Cloning 

Restriction-free cloning or ligation independent cloning is a PCR method that 

allows insertion of any sequence into any plasmid without needing restriction 

enzymes. To tag Arrb2 from 177 Glu position RFC was performed. First, a pair of 

hybrid primers that are complementary to both target sequence and plasmid that 
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has the protein to tag with fluorescent proteins were designed. Fluorescent proteins 

or any other sequence was amplified first with these primers. Then the PCR 

product was extracted from an agarose gel after confirming size, these products 

were used as a “mega primer” in the second PCR. Dpn1 restriction enzyme was 

used to get rid of the parental plasmids before transforming E. coli cells.  

Table 2.2 Optimised first PCR set-up and thermal Cycling Steps for Phire green 

and Pfu Ultra HS 2  polymerase.   

Components Volume Final Concentration 

Nuclease Free Water Up to 50 µL - 

5x Phire Reaction Buffer 10 µL 1x 

10 mM dNTPs 1 µL 200 µM 

Primer Forward 1.25 µL 0.5 µM 

Primer Reverse 1.25 µL 0.5 µM 

Template DNA 50 ng  

Phire Hot Start II DNA 

Polymerase 
1 µL  

Steps Temperature Time Repeat 

Initial 

Denaturation 
98 °C 3 min - 

Denaturation 98 °C 30 sec 

33 Annealing * 55-60 °C 30 sec 

Extension 72 °C 30 sec/kb 

Final Extension 72 °C 4 min - 
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Table 2.3 optimized second PCR set up and thermal cycling steps for tagging β-

Arrestin 2 from 177
th

 aa. Position. 

Components Volume 

Nuclease Free Water Up to 20 µL 

5x Phire Reaction Buffer 4 µL 

10 mM dNTPs 1,25 µL 

Mega primer 
50 molar ratio of the 

template 

Template DNA 20-30 ng 

Phire Hot Start II DNA 

Polymerase 
1 µL 

 

 

 

 

 

 

 

 

 

Steps Temperature Time Repeat 

Initial 

Denaturation 
98 °C 3 min - 

Denaturation 98 °C 30 sec 

18 Annealing * 54-56 °C 30 sec 

Extension 69 °C 2 min. /kb 

Final Extension 69 °C 14 min - 
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Figure 2.1 Schematic representation of Restriction Free Cloning (RFC). (taken 

from https://www.rf-cloning.org/QandA.php). 

 

2.2.10 Passage of the N2a and HEK-293 cell Lines 

Passaging is necessary to remove cell debris, changing cell media, and provide new 

space for the cell to proliferate. When cells reach 70 % confluency within 3- or 4-

days cells were passaged according to the protocol below,  

First cells media aspirated, then N2a Cells washed with PBS, HEK-293 cells 

washed with DMEM solution. Then washing solutions were removed. For 

detaching cells from the surface, 0.5 ml TrypLE
™

 was added directly on top of the 

cells, then left for incubation for 5 minutes in a 37°C incubator containing 

humidified air and 5% CO2. 

8 ml fresh media was added to the new T-25 flask. After incubation, the old flask 

was taken from the incubator then 8 ml fresh media was added. To make a uniform 

cell suspension, media was added by pipetting several times. Finally, 0.2 ml of N2a 

https://www.rf-cloning.org/QandA.php
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suspension or 0.5 ml HEK-293 suspension was transferred into new flakes and then 

placed in the incubator. 

 

2.2.11 Transfection of N2a cells with Mammalian Expression Vectors 

After passaging 70000 N2a cells were counted via hematocytometer, and they were 

seeded on 35 mm plastic or glass-bottom petri dishes. Then volume was completed 

to 2 mL with a growth medium. Petri dishes were placed in the cell culture 

incubator (37 °C, 5 % CO2, humidified air) for 24 hours. The following day, cells 

were chemically transfected with 400 ng of each plasmid by using Lipofectamine 

LTX and Plus™ reagent according to the protocol below, 

First, plasmids were diluted in 75 μL of OptiMEM
®

I. For 3 plasmids transfection 4 

μL, for 2 plasmids transfection 3 µL, for single plasmid transfection 1 µL of Plus™ 

reagent was added and the mixture was incubated for 15 minutes at room 

temperature. In another eppendorph tube, 4 μl of Lipofectamine LTX was diluted 

in 75 μl of Opti-MEM
®
 then both tubes were combined. The final mixture was 

incubated at room temperature for 15 minutes. During this incubation, media in the 

sample dish was aspirated and washed with 1 ml of 1X PBS, and 850 µL of 

OptiMEM
®
 was added to the dish. After the incubation time was over, the 

transfection mixture was added to the dish. Cells were incubated at 37°C with 5% 

CO2 for 3 hours, and then 2 ml of 37°C growth medium was added. The dish was 

incubated at 37°C with 5% CO2 for 24 hours; then, the media was replaced with a 2 

ml fresh growth medium. Cells were grown at 37°C incubator with 5% CO2 for 

another one day before imaging. 
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2.2.12 Transfection of HEK-293 cells with Mammalian Expression Vectors  

After passaging 150000 N2a cells were counted via hematocytometer, and they 

were seeded on 35 mm plastic or glass-bottom petri dishes. Then volume was 

completed to 2 mL with a growth medium. Petri dishes were placed in the cell 

culture incubator (37 °C, 5 % CO2, humidified air) for 24 hours. The next day cells 

were chemically transfected with 400 ng of each plasmid by using Lipofectamine 

LTX and Plus
™

 reagent according to the protocol explained in section 2.2.11.   

2.2.13 Imaging of Transiently Transfected N2a and HEK-293 Mammalian 

cells with Spinning Disc Confocal Microscope 

For β-Arrestin 2 colocalization to cell membrane experiments, 80.000 N2a cells 

were seeded on 35 mm glass-bottom petri dishes. Twenty-four hours later, cells 

were transfected with 400 ng each Arrb2-177-mEGFP, B2AR–mCh/B2AR P.D.-

mCh. And GRK2 carrying PCDNA 3.1-/PcDNA 3. For imaging of 2s chemical and 

pH calculation of Golgi organelle in HEK cells, confocal microscopy imaging was 

performed using Leica DMI 4000 equipped with Andor DsD2 spinning disc 

confocal microscopy with Leica 63x/1,32 HCX PL APO oil DIC objective or 

100x/1.40 HCX APO oil DIC objective. Cells were excited at 365 ± 20 nm 

emission collected at 470 ± 20 nm (DAPI channel), 480 ± 10 nm emission 

collected at 525 ± 15 nm (EGFP channel), excitation at 480 ± 10 and emission at 

630 ± 20 nm (FRET channel) and excitation at 585 ± 15 nm and emission 630 ± 20 

nm (mCherry (mCh.) Channel). 
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Figure 2.2 Spinning Disc Confocal microscopy configuration (Adapted from 

LMCF, Duke University). 

 

2.2.14 Image Analysis with ImageJ Pix-FRET Plug-in 

The fluorophore pair chosen for this study is mEGFP-mCh. The reason for that is 

this pair has minimum donor spectral bleed-through (DSBT) and acceptor spectral 

bleed-through (ASBT).  

DSBT is a signal that leaks into the FRET channel, while ASBT is the acceptor 

emission signal caused by the excitation of the acceptor at the wavelength used for 

donor excitation. These mentioned signal leaks can be higher when both 

fluorophore emission maximums are closed to each other. 
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Since these signals create false FRET, they must be calculated and subtracted from 

the total FRET signal. Pix FRET (Feige, Sage, Desvergne, & Gelman, 2005) is an 

image J plug-in that uses an algorithm that calculates this by pixel by pixel in three 

stacks of microscope images. To use Pix-FRET, 3 separate samples must be 

prepared. 

1. Donor sample to calculate DSBT  

It contains only donor-tagged gene transfected cells. Images need to be taken from 

both the FRET channel (donor excitation and acceptor emission) and the donor 

channel (donor excitation donor emission).  

2. Acceptor sample to calculate ASBT 

This sample plate has the cells that express the acceptor-tagged FRET partner. 

Images from this sample are taken from both the FRET channel and acceptor 

channel (acceptor excitation acceptor emission). 

3. FRET sample  

In this sample, cells express both FRET partners to calculate FRET in the tested 

system. Images from the sample are taken from all three-channel. Both 

fluorophore’s excitation and emission spectrums can be seen in Figure 2.3. 
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Figure 2.3 mEGFP- mCh. Excitation emission spectrums at 470 nm mEGFP 

excitation percent is 77.7 while mCh. excites 3.4 %. At 620 nm mCh emission is 

87.1 % and mEGFP emission is 1.8 % (taken from https://www.fpbase.org/fret/). 

 

2.2.15 Fluorescence Measurement and FRET Calculation with Multimode 

Plate Reader 

For investigation of the effect of each chemical on FRET, 125 000 N2a cells were 

seeded on PDL-coated 35 mm plastic petri dishes 24 hours before transfection. A 

blank plate was prepared for each experiment that was transfected with an empty 

vector, and sample plates were transfected with either β-2AR-mCh. or P:D. β-2AR-

mCh, β-Arrestin 2, and GRK2. After 24 hours transfected cells were washed with 

PBS then lifted by 140 µL TrypLE™ cells were resuspended in 1.8 mL complete 

medium then counted. 20 000 N2a cells were seeded each well of PDL coated opac 

bottom black 96 well plates (SPL Life Sciences F bottom 96 well immunoplate 

#31496). After 24 hours cells were washed twice with 200 µL HBSS buffer then 

the final volume was adjusted to 150 µL with HBSS containing either 100 µM each 

tested chemical or 1 % DMSO (except control groups (Negative). Each chemical 

was also added to each chemical’s blank group. After adding the ligands 96 well 

https://www.fpbase.org/fret/
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plates were incubated at 37 °C for 30 minutes at incubator then measured for 30 

minutes wavelengths as follow mEGFP; 470 ± 15/510 ± 25 FRET; 470 ± 15/610 ± 

25 mCherry (mCh.); 570 ± 15/610 ± 25 FRET calculated as the ratio of 

FRET/Donor. Molecular Device Spectramax ID3 was used for measurement. 

 

2.2.16 MTT Standard Curve 

MTT assay was performed to investigate the toxicity of the ligands and to 

determine the highest concentration to use in further assays. MTT assay is a 

colorimetric assay that measures the effect of the test compounds on cell 

metabolism. Through the metabolic activity yellow-colored tetrazolium salt (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT) converts to 

purple color formazan crystals. The assay measures the absorbance of this color at 

570 nm. 

First, 25 mg of the MTT reagent was dissolved in 5 mL PBS and filtered through a 

0.22 µm filter to be sterilized. The detergent solution was prepared by dissolving 

SDS (Sodium Dodecyl Sulfate) in 0.01 M HCl with the final concentration of 10 % 

w/v. 

To plot the MTT standard curve, 2500, 5000, 7500, 10000, 12500, 15000 N2a cells 

were plated on plastic clear F bottom 96 well microplate (Sarstedt AG&Co. KG, 

Germany REF: 83.3924) with the final volume of 100 µL and incubated at 37 °C 

for 24 h in humidified 5 % CO2 incubator. The next day plate was taken out and 10 

µL MTT reagent (5 mg/mL dissolved in PBS) was added, then moved back to the 

incubator for another 4 hours of incubation. After incubation, 100 µL of the 

detergent solution was added (10 % SDS in 0.01 M HCl), shaken for 15 minutes in 

an orbital shaker, then incubated at room temperature for 16 hours. The next day 

absorbance was measured with a Thermo Scientific Varioscan Lux microplate 

reader at 570 nm. 
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2.2.17 MTT Toxicity Assay 

N2a and HEK cells were seeded in clear F bottom plastic 96 well microplates with 

the density of 10.000 and 20.000 for each cell line respectively, at 100 µL final 

volume in complete medium, then incubated in cell culture incubator for 20 hours 

then test compound were added at 50 and 100 µM concentrations then incubated 

another 4 hours. After that plate was removed from the incubator 10 µL MTT 

solution was added to each well and incubated for another 4 hours. Finally, 100 µL 

detergent solution (10 % SDS in 0,01 M HCl) was added to each well to dissolve 

the formed formazan. The plates were shaken for 5 minutes and incubated at 

ambient conditions for 16 hours. Absorbance measured at 570 nm. with Thermo 

Scientific Varioskan Lux microplate reader. 

 

2.2.18 Investigation of the Photochemical Properties of the Test 

Compounds 

Fluorescent emission and Excitation spectrums of the chemicals were measured by 

Molecular Device Spectramax ID3 at 100 µM concentration of each chemical in 

SPL life sciences 96 well black imminoplates at 150 µL volume. 

Uv-Vis spectrum of the chemicals obtained at 50/100 µM concentration in quartz 

cuvettes by ThermoFisher Multiskan Go.  
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2.2.19 Statistical Analysis 

All the graphs are plotted in Graphpad Prism version 8.0.1. All experiments were 

performed in duplicates or triplicates, and the results were presented as mean 

±SEM. All the statical analyses were carried out in Graphpad Prism. For a single 

experiment with 2 or 3 replicas, two-way ANOVA followed by the Tukey test, to 

analyze two independent experiments Nested t-test was used. Line graphs were 

tested with the Pearson r correlation test. 
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CHAPTER 3  

3 RESULTS 

The experimental flow of this study starts with tagging of β-Arrestin 2 with 

mEGFP and mCherry fluorescent proteins followed by imaging and colocalization 

analysis of β-Arrestin 2 to the cell membrane upon stimulation of β-2 Adrenergic 

Receptor, microplate reader FRET optimization, characterization, and the toxicity 

assays of the test compounds, and finally, the interaction between phospho-

deficient β-2 Adrenergic Receptor and β-Arrestin 2 in the presence of the test 

compounds via FRET analysis.  

3.1 Tagging of β Arrestin-2 from 177
th

 aa. Position with mEGFP and 

mCherry Fluorescent Proteins 

The coding sequence of β Arrestin 2 (Arrb2) was kindly provided by Mark Scott 

(CNRS research Associate, Paris, France). Arrb2 is a 1230 bp. long gene. First, it 

was cloned into PcDNA 3.1- mammalian expression vector (data not shown). Since 

the Arrestin activation mechanism involves a release of the C tail from the polar 

core and the three-element region, it 3was decided to tag from alternative positions. 

Therefore, 2 loops in the C lobe of Arrestin were chosen for tagging. To tag β-

Arrestin 2 with mEGFP and mCherry fluorescent protein from 177
th 

aa. and 265
th

 

aa. Positions, restriction-free cloning was used with phire green and Pfu Ultra HS 2 

polymerases. After Dpn1 digestion, and following agar plate seedings and 

inoculation to Lb liquid medium, double enzymes digestion was performed to 

confirm tagging. Results are shown in figure 3.1. 



 

 

38 

 

Figure 3.1 0.8 % agarose gel image of double digested Arrb2-177 mEGFP/mCh. in 

PcDNA 3.1- vector with BamH1 and HindIII. GeneRuler 1 kb plus DNA Ladder 

was used as a reference (L). 

Table 3.1 Layout of Gel in figure 3.1 

Enzyme Pfu Ultra HS 2 

Line L 1 2 3 4 5 6 L 7 8 

 
Gene 

Ruler 1 

kb plus 

Arrb2 177 

mEGFP 

in PcDNA 

(1) 

Arrb2 177 

eGFP in 

PcDNA 

(2) 

Arrb2 177 

eGFP in 

PcDNA 

(3) 

Arrb2 177 

mCh in 

PcDNA 

(1) 

Arrb2 177 

mCh. in 

PcDNA 

(2) 

Arrb2 177 

mCh. in 

PcDNA 

(3) 

Gene 

Ruler 1 

kb plus 

Arrb2 265 

mCh. İn 

PcDNA 

(1) 

Arrb2 265 

mCh. İn 

PcDNA 

(2) 

Enzyme Phire Green 

Line 9 10 11 12 L      

 

Arrb2 177 

eGFP in 

PcDNA 

(1) 

Arrb2 177 

eGFP in 

PcDNA 

(2) 

Arrb2 177 

eGFP in 

PcDNA 

(3) 

Arrb2 177 

mCh in 

PcDNA 

(1) 

Gene 

Ruler 1 

kb plus 
     

 

The size of tagged arrestin either mEGFP or mCh fluorescent proteins is around 

1950 bp. According to the results, the insertion of the fluorescent proteins to Arrb2 

from 265. aa. was not successful. (lines 7 and 8). Positive results have been seen on 

Arrb2 177 mEGFP and also insertion of mCh. the 177
th

 position was successful 

(lines 4 and 6). Unexpectedly, there have been 3 bands for these constructs (Arrb2 
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177 mEGFP, shown in circles). It was concluded that one of these restriction 

enzymes may cut the mEGFP gene from one position. To confirm that these two 

fragments are a single gene, 3 colonies (line 2, 3, 9) were selected, then the whole 

insert was amplified with Taq polymerase enzyme using PcDNA F (anneals to T7 

promoter in PcDNA 3.1-) and PcDNA R primers (anneals to poly-A signal in 

PcDNA 3.1-). After PCR samples were loaded on an agarose gel. The gel image is 

shown in Figure 3.2. 

 

Figure 3.2 1 % agarose gel image of confirming PCR for β-Arrestin 2-177 meGFP 

constructs with Taq polymerase. GeneRuler 1 kb plus DNA Ladder was used as a 

reference. 

For all Arrb2-177 mEGFP bands are seen between 2000 and 3000 more close to 

2000. Later, the HindIII cut site was confirmed in the mEGFP gene via Sanger 

sequencing.  
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3.2 Microscope Imaging of β-Arrestin-2 177 mEGFP and β-Arrestin-2 177 

mCh. Transfected N2a cells 

Tagged Arrestins were sequenced via sanger sequencing. No additional mutations 

were observed other than the one silent mutation in mEGFP (which creates a 

HindIII enzyme cut site), and two silent mutations in Arrb2. After that both 

mEGFP and mCh. tagged arrestins were transfected to N2a cells to confirm 

localization. As seen in Figure 3.3, both constructs were cytosolicly expressed in 

the N2a cell line. 

 

 

Figure 3.3 Spinning disc confocal microscopy images of Arrb2 tagged with 

fluorescent proteins from 177
th 

aa. positions. A) Image of N2a cell transfected with 

Arrb2-177- mEGFP was taken from the microscope’s EGFP channel. B) Image of 

N2a cell transfected with Arrb2-177- mCh. taken from microscope’s mCh.channel. 

(Magnification 63X, scale bars are 10 µm). 

 

3.3 Colocalization of β-Arrestin-2 with β-2AR Upon Stimulation of β-2 

Adrenergic Receptor 

Both β-2AR-mCh. and β-2AR P.D.-mCh. were constructed in a previous study 

(Evci 2019). After confirming the sequence and localization of Arrb2-177- 

mEGFP, the interaction of  Arrestin with either P.D. or wt β-2AR was tested in 

N2a cells. 10 µM Isoproterenol (iso) was used as a β-AR agonist to induce 
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colocalization of β- Arrestin 2 with β-2AR. Since this interaction requires the 

phosphorylation of the receptor, GRK2 was also added to the system. As a result, 

while colocalization of Arrestin occurs in positive test system (β-2AR –mCh., β- 

Arrestin 2- 177 mEGFP, and GRK2) in Figure 3.4, it was not observed in the 

negative system (β-2AR –P.D.-mCh., β- Arrestin 2- 177 mEGFP, and GRK2) 

(Figure 3.5).  

 

Figure 3.4 Spinning disc confocal microscopy images of N2a cells transfected with 

β-2AR- mCh., Arrb2-177 mEGFP, and GRK2. A) Taken from mCh. channel after 

30-second iso stimulation. B) Taken from EGFP channel after 30-second iso 

stimulation. C) Overlay of A and B. D) Taken from mCh. channel after 5-minute 

iso stimulation E) Taken from EGFP channel After 5-minute iso stimulation. 

Yellow arrows show β-Arrestin 2 colocalization with β-2AR. F) Overlay of D and 

E. (Magnification 63X, scale bars are 10 µm). 
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Figure 3.5 Spinning disc confocal microscopy images of N2a cells transfected with 

β-2AR- P.D.-mCh., Arrb2-177-mEGFP, and GRK2. A) Taken from mCh. channel 

after 30-second iso stimulation. B) Taken from EGFP channel after 30-second iso 

stimulation. C) Overlay of A and B. D) Taken from mCh. channel after 5-minute 

iso stimulation E) Taken from EGFP channel After 5-minute iso stimulation. F) 

Overlay of D and E. (Magnification 63X, scale bars are 10 µm). 

These results suggest that tagged β-2AR and β-Arrestin 2 behave like the wt. of 

these proteins and the phospho-deficient mutant of the β-2AR impairs the 

colocalization of β-Arrestin 2 with β-2AR upon stimuli. The FRET analysis of 

these interactions was shown in section 3.7.   

3.4 Microplate Reader Optimization for FRET Analysis 

β-2AR and β-Arrestin 2 interaction with or without test compounds and iso, 

analyzed via FRET method in further experiments. These measurements were 

performed in a microplate reader. FRET measurement by a microplate reader 

requires a different FRET calculation method than the 3 cube method, which was 

used in the fluorescent microscope. For that purpose Gap43-mCh.-meGFP 

construct was used as a positive FRET control to adapt FRET analysis to 

microplate reader to use a new FRET calculation in further experiments. Gap43 is a 

membrane-targeting sequence that fused with mEGFP and mCh. fluorescent 
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proteins are linked together. First, the FRET efficiency of this construct was 

calculated from confocal images and compared with the plate reader FRET 

calculations. Gap43-mEGP and Gap43-mCh. trasfected N2a cells are also imaged 

and used for bleedthrough calculations (data not shown). 

 

 

Figure 3.6 Spinning disc confocal microscopy images of N2a cells transfected with 

Gap43 mCh.-mEGFP. A) Taken from the EGFP channel. B) Taken from mCh. 

Channel. C) Taken from FRET channel. D) image of FRET efficiency calculated 

by Image J pixFret plug-in. (Magnification 63X, scale bars are 10 µm). 

Figure 3.6 shows the confocal images of Gap43-mCh.-mEGFP and calculated 

FRET efficiencies via image J pix FRET plug-in. (figure 3.6 D). figure 3.6 A, B, 

and C shows the membrane localization of this construct in mEGFP, FRET, and 

mCh. channels, respectively. As a result the FRET efficiency of Gap43 mEGFP-

mCh. calculated between 10 and 15 %.         

Later on, the same construct was used for FRET calculation in the microplate 

reader. First, to determine the cell density to use in further experiments, 10000, 
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15000, and 20000 were tested, and FRET was calculated as FRET intensity/Donor 

intensity (Figure 3.7).  

 

 

Figure 3.7 Gap 43-mCh –mEGFP FRET calculation in the microplate reader. A) 

intensty in 470/510 (mEGFP) B) intensty in 570/610 (mCh.) C) intensty in 470/610 

(FRET) D) FRET/Donor. **p<0.005, statistically significant differences. ns: no 

significant differences. Data Mean ± SEM   

According to the results increased cell density increase the intensity of each 

mEGFP, FRET and mCh. Channels (Figure 3.7 A, B, C) but the FRET/Donor ratio 

does not get affected by the cell density (Figure 3.7 D). FRET/Donor ratio 

calculated as 0.125, which correlates with the calculated FRET efficiency in a 

confocal microscope (around 12 % in Figure 3.6 D). 20000 cells for each well in 

the 96 well plate decided to use in further FRET experiments in the microplate 

reader. 
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3.5 Characterization of the Tested Chemicals 

In-silico part of this work was conducted by Asst. Prof. Dr. Özge Şensoy and her 

students at İstanbul Medipol University as a part of the TUBİTAK 117Z245 1001 

project. The chosen compounds were taken from the ZINC database and were 

tested by in-silico molecular dynamics simulations. Then selected four compounds 

were tested by in-vivo FRET analysis during this work.   

All the chemicals were dissolved in 100 % DMSO at 10 mM concentration, then 

aliquoted at 10 µL in PCR tubes, and kept in a -80 °C freezer for further use.  

Following experiments were performed to characterize the compounds, such as 

photochemical properties and the toxicity of each chemical. 

The below figure shows the chemical structures of the chemicals and their names 

along with ZINC codes. 
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Figure 3.8 Chemical structures of tested molecules (Taken from ZINC database). 

CAS Registry numbers for 2s, 3s, 4s, and 6s chemicals are as follows 384367-09-3, 

1386112-75-9, 1309319-17-2, 1214645-87-0, respectively. Each chemical’s 

absorbance spectrum is shown in figure 3.9. 
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Figure 3.9 Absorbance spectrums of the tested chemicals and acetic acid.  

A) 2s; B) 3s; C) 4s; D) 6s; E) 25 % Acetic acid (v/v).  2s absorption peak was 

observed around 240 nm. 3s; peak was observed around 250 nm.  4s; peak was 

observed around 250 nm. 6s; two peaks were observed, one is around 250 nm. The 

other one is approximately 290 nm. Acetic acid absorbance spectrum was obtained 

as a control since all the tested compounds have at least one carbonyl group. Acetic 

acid absorption peak was observed around 250 nm. 
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Fluorescent properties of the chemicals were also investigated to have an idea of 

the chemical’s interference in the further FRET experiments. Figure 3.10 shows the 

fluorescent spectrum of the 3s, 4s, and 6s chemicals.    

 

Figure 3.10 Fluorescent excitation and Emission spectrums of the test compounds. 

A) 3s B) 4s C) 6s the experiment was performed in duplicate with 100 µM of each 

chemical in HBSS. Data ± SEM 

As a result, it was found that all the tested compounds have a fluorescent character. 

For 3s chemical two excitation peaks were observed first around 276 nm., second 

excitation peak 320 nm. and emission peak 470 nm. For 4s the excitation maximum 

for this chemical is determined as 358 nm. and the emission maximum was 

detected at 450 nm. 6s chemical has an emission peak at around 473 nm and an 

excitation peak around 320 nm. 

While obtaining 2s chemical’s fluorescent spectra, it was found that the fluorescent 

character of this chemical changes over time in HBSS solutions. Later, the reason 

for this observation was found to be due to pH change. Both absorption and 

fluorescent spectrum of 2s chemicals were obtained in pH 4.0 (50 mM Acetic 
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acid), 7.0 (50 mM Tris-HCl), and 10.0 (50 mM Glycine -NaOH) with or without 30 

minutes incubation in 37 °C. Figure 3.11 shows the absorption spectrum of the 

chemical.  

 

Figure 3.11 The UV-Visible absorbance spectrum of 2s chemical at pH 4.0, 7.0, 

and 10.0 

The chemical showed absorbance maximum at 232 nm. in all conditions tested. 

Additionally, a second peak was observed at around 315 nm. in pH 4.0 buffer but 

not at higher pHs. 

 

Figure 3.12 Fluorescence excitation spectrum of 2s (1H-Pyrazole-3-carboxylic 

acid, 4-(2-benzothiazolyl)-5-(2,4-dihydroxy-3-methylphenyl)) at 30 °C in pH 4.0, 

7.0 and 10.0  and time. Emission was fixed to 540 nm. The experiment was 

performed in duplicate with 100 µM chemical in HBSS.   
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According to figure 3.12, increasing pH improves fluorescence and changes the 

excitation spectra. At low pH, two separate peaks were observed, one at around 

250 nm other at around 340 nm. At neutral pH, the first peak increases 

significantly. At high pH, both of these peaks increase while another peak emerges 

at 450 nm. Incubation time does not affect the intensity of the first two peaks while 

it dramatically increases the third peak around 450 nm. at pH 10.0.  

 

Figure 3.13 Fluorescent emission spectrum of 2s chemical. (1H-Pyrazole-3-

carboxylic acid, 4-(2-benzothiazolyl)-5-(2,4-dihydroxy-3-methylphenyl)- at pH 

4.0, 7.0, and 10.0. A) Excitation wavelength was set to 310 nm. B) Excitation 

wavelength was set to 360 nm. C) Excitation wavelength was set to 450 nm.    

The emission spectrum for all these excitation peaks was obtained separately 

(figure 3.13A, 3.13B, 3.13C, respectively). At pH 4.0 relatively low emission 

intensities were observed in all excitation wavelengths, while at 360 and 450 nm, 

excitation wavelength pH 10.0 results in higher fluorescence intensity compared to 

310 nm excitation wavelength in which pH 7.0 shows higher intensity. At 450 nm 

excitation wavelength emission peak was observed at 520 nm, while at 310 and 

450 nm excitation results in emission max at 450 nm incubation for 30 minutes at 

pH 10.0 significantly improves fluorescence at emission 520 nm wavelength. 

 

 



 

 

51 

3.6 Toxicity of the Test Compounds 

To measure the toxicity of the tested chemicals, an MTT test was performed. First, 

to determine the density of the cells that are going to be used, MTT standard curves 

were plotted for each N2a and HEK cell line. For N2a cells calibration curve was 

plotted with 2500, 5000, 7500, and 10000 cell densities. The graph fits a linear 

curve between absorbance values ranging 0.2 - 0.8 figure 3.14A. For HEK cell line 

calibration curve plotted with the density of 4000, 8000, 12000, 16000, 20000, and 

24000. The graph fits a linear curve between absorbance values ranging 0.5 – 0.9 

figure 3.14B. As a result, 10.000 for N2a, and 20.000 for HEK cell density were 

decided to be used in further assays. 

 

 

Figure 3.14 MTT toxicity assay standard curves. A) N2a cells MTT Toxicity assay 

standard curve B) HEK cells MTT Toxicity assay standard curve.  

Toxicity of each chemical tested at 50 and 100 µM concentration, the aim here was 

to determine the maximum non-toxic concentration to use in the FRET experiment. 

Since each chemical dissolved in 100 % DMSO additional test group, 1 % DMSO, 

was added to the assay (Control DMSO/ veh.) and each chemical test group 

compared with control veh. Figure 3.15 shows the toxicity of the chemicals in N2a 

cells.  
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Figure 3.15 Toxicity test of the chemicals in N2a cells. The final DMSO 

concentration is 1 % in all groups except the control. *p<0.05, **P<0.005, 

****p<0.0001 statistically significant differences. ns: no significant differences. 

Data Mean ± SEM 

According to MTT test results, 1% DMSO results in nearly 25 % toxicity 

(compared to the control group).  2s compound increase cell viability by about 70 

% at 50 µM and nearly 90 % at 100 µM concentration (compared to control veh.).  

3s chemical does not affect cell viability at the 50 µM concentration but increases 

nearly 80 % at 100 µM concentration (compared to control veh.). 4s chemicals do 

not affect cell viability at either concentration.  6s chemical does not affect cell 

viability at 50 µM where areas increase nearly 35 % at 100 µM concentration 

(compared to control veh.).  

After observing this data, another control experiment was performed to determine 

the observed increased cell viability of some of the tested compounds is not due to 

nonenzymatic oxidation of the MTT reagent with the test compounds. For this 

purpose, an MTT test was performed in a noncell containing N2a media and a 

control group with untreated N2a cells added to the test group. Figure 3.16 shows 

that there is no such interaction.  
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Figure 3.16 Bar graph representation of MTT reagent and chemicals interaction 

test. 2s, 3s, 4s, and 6s compounds without cells in N2a cell media and control 

group. ns: no significant differences. Data Mean ± SEM 

All the test groups compared with the NC (No cell media) veh. As a result, no 

significant differences were observed. These results confirm that there is no 

interaction between the MTT reagent and the test compounds.  

To determine key components of this observed increased cell viability effect of the 

2s, 3s, and 6s chemicals, MTT assay was performed in N2a cells that transiently 

transfected with empty vector, β-2AR, Arrb2, or co-transfected with β-2AR and β-

Arrestin 2 together. To use the same amount of DNA in each test group, the empty 

vector test group was transfected with 800 ng. PcDNA 3.1- vector, single protein-

expressing test groups were transfected with 400 ng. either of the β-2AR or β-

Arrestin 2 carrying plasmids, and 400 ng PcDNA3.1- vector, and β-Arrestin 2 and 

β-2AR co-expressing N2a cells were transfected with 400 ng. of each protein’s 

gene carrying plasmids. The results are shown in figure 3.17. 
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Figure 3.17 The effects of the compounds on cell viability in N2a cells 

overexpress β-2AR, Arrb2, or β-2AR and Arrb2. Transfected samples were 

compared to corresponding empty vector samples. The final DMSO concentration 

is 1 % in all groups except the control group. *P < 0.05, ***p<0.001, 

****p<0.0001 statistically significant differences. ns: no significant differences. 

Data Mean ± SEM 

Empty vector-transfected N2a cells treated with 100 µM each chemical show 

increased cell viability except 6s (compared to vector-DMSO). This data correlates 

with the data shown in figure 3.15. In cells overexpressing β-2AR, 2s chemical 

effect on increased cell viability decreases significantly. This effect becomes more 

severe in the presence of β-Arrestin 2 protein. Moreover, in the N2a cells co-

express these 2 proteins, 2s chemical’s effect on increased cell viability almost 

vanishes. 3s chemical’s effect on cell viability does not change in the N2a cells 

either transfected with β-Arrestin 2 and β-2AR or co-transfected with those 2 

genes. 6s chemical does not chance cell viability in the cells that overexpress either 

these proteins alone, but this chemical shows toxic effect in the cells overexpresses 

these 2 proteins.  

MTT test of the compounds was also performed in the HEK cell line figure 3.18 

shows the toxicity of these chemicals significantly different for 2s and 3s 
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chemicals, yet it is similar for 4s and 6s chemicals. According to MTT test results, 

1% DMSO results in nearly 30 % toxicity (compared to the control group).  2s, 4s, 

and 6s chemicals do not affect cell viability at both concentrations (compared to the 

control vehicle).  3s compound increased cell viability by about 35 % at both tested 

concentrations. (compared to control vehicle).  

 

Figure 3.18 Bar graph representation of the effect of tested chemicals on cell 

viability in HEK cells. *p<0.05, **p<0.005, statistically significant differences. ns: 

no significant differences. Data Mean ± SEM 
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Figure 3.19 Bar graph representation of MTT reagent and test compounds 

interaction test.2s, 3s, 4s, and 6s ligands without cells in HEK cell media and 

control group. ns: no significant differences. Data Mean ± SEM 

Figure 3.19 shows that there is no interaction between the MTT reagent and the test 

compounds in HEK cell media. After the MTT test, it was decided to use 100 µM 

of each chemical in the FRET experiments.  

 

3.7 FRET Analysis of the Iso Response and Test Compounds in β-2AR, β-

Arrestin-2 System 

3.7.1 FRET Analysis of the Iso response in Negative and Positive system 

In the previous sections, plate reader FRET analysis was done, and FRET/Donor 

was chosen to be used for microplate reader FRET calculations. Before testing the 

chemicals in the P.D. β-2AR system, β-2AR-β-Arrestin 2 and P.D. β-2AR-β-

Arrestin basal FRET levels (before stimuli) and iso response measured. 20 µM iso 

used for stimulation. 
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Figure 3.20 shows that there is a significant difference in basal FRET levels 

between the negative and positive systems. 

 

Figure 3.20 Calculated basal FRET levels in N2a cells transfected with B2AR P.D 

mCherry, Arrb2 177-mEGFP, GRK2 (negative), or β-2AR-mCh., Arrb2-177-

mEGFP, GRK2 (positive wt.). B) calculated FRET levels in N2a cells before and 

after 20 µM iso stimulation. *p<0.05 ****p<0.0001 statistically significant 

differences. ns: no significant differences. Data Mean ± SEM 

For the negative system, the basal FRET/Donor value was calculated as 0.04 and 

for the positive system, it was found to be 0.07. Figure 3.20 B shows the iso 

response of both negative and positive systems. While iso stimulation increases 

FRET/Donor value in the positive system, it does not change in the negative 

system. These results correlate with the results shown in 3.4 in which it was shown 

that iso stimulation triggers β-Arrestin 2 co-localization with the β-2AR.  
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3.7.2 FRET Analysis of the Test Compounds in Negative System 

The FRET analysis of the test compounds was performed in a plate reader at 100 

µM of each chemical. The experimental setup of FRET analysis is shown in figure 

3.21 

 

Figure 3.21 Experimental setup for testing each chemical in P.D. β-2AR system. 

EV: empty vector, Neg.:  P.D. β-2AR-mCh., β-Arrestin 2-177-mEGFP, GRK2. 

Since all the chemicals have fluorescent character, 3 different blanks were prepared 

with 1200 ng PcDNA 3.1- vector, and the samples were transfected with 400 ng. of 

each P.D. β-2AR-mCh., β-Arrestin 2-177-mEGFP, and GRK2 constructs. Each 

blank was used in the subtraction of corresponding samples in all channels. 

First, the FRET analysis was conducted after adding each chemical then measured 

for 30 minutes. In this first trial of the experiments, no differences were found. 

After this observation, it was reasoned to incubate the samples for 30 minutes and 

measure for 30 minutes.  

In FRET experiments it was observed that the 2s chemical has huge interference in 

both mEGFP and FRET channels, and in the first trial of the experiment, no 

significant differences were observed. For this reason, 2s chemical was not 

included in the results. Figure 3.22 shows the FRET measurement of the 3s, 4s, and 

6s chemicals. Each of these compounds was tested twice in separate experiments.      
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Figure 3.22 FRET analysis of the test chemicals in the Negative system. Each 

chemical was tested in two separate experiments n=6. **p<0.005, ***p<0.001 

statistically significant differences. ns: no significant differences. 

According to the results shown in figure 3.22 FRET/Donor values for Negative and 

Negative veh. (1 % DMSO) calculates as 0.038, and 0.044, respectively, and no 

significant differences were observed between these samples. FRET/Donor values 

for 3s, 4s, and 6s were found to be 0.033, 0.030, and 0.064 respectively. It was 

observed that 3s and 4s decreased FRET 25 and 30 %, respectively, the 6s 

chemical increased FRET by nearly 50 %, which strongly suggests that 6s chemical 

initiate interaction between P.D. β-2AR and β-Arrestin 2. 

To confirm that the results shown in figure 3.22 were not due to an interference of 

the test chemicals, all 3 chemicals were tested in a membrane-targeted positive 

FRET construct (Gap43 mCh-mEGFP). N2a cells were transfected with Positive 

FRET construct, and before FRET measurement in a microplate reader, 96 well 

plate was incubated for 1 hour with each chemical (100 µM) in cell culture 

incubator then measured. Results are shown in figure 3.23.    
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Figure 3.23 Chemical interaction with membrane targetting sequence fused mCh. 

and mEGFP transfected N2a cells. Data Mean ± SEM ***p<0.001, statistically 

significant differences, ns: no significant differences. Chemical treated samples 

were compared with Gap 43 veh. (1% DMSO).  

Results indicate that 3s and 6s chemical does not interfere with the positive 

construct while 4s chemical decreases FRET over 25 %. 

3.8 Further Characterization of 2s Chemical 

After the observation of the 2s chemical’s fluorescent character is shifted to green 

from blue by increased pH, it was reasoned that this compound might be a pH 

sensor. To test this possibility several experiments were performed. First, the pKa 

value of the chemical was calculated from over the intensity of λex: 450/360 nm. 

λem: 520 nm. (I450/360). The rationale for choosing these wavelengths is that most of 

the fluorescence microscope has light sources around these wavelengths and 

avoiding exposing living cells to intense UV light (275 nm.). 
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Figure 3.24 Plot of pH versus I450/360 λem = 520 nm. data mean ± SEM experiment 

performed duplicate. 

The ratio over 450/ 360 increases from 0.05 to 0.6 between pH: 4.8 and 9.40 (± 

0.02). The pKa value is calculated to be 7.45 (figure 3.24) and it has an over 2-fold 

increase between pH 7.0 and 8.0.  

The interference of a redox species, H2O2 at 100 µM, and the most abundant 

elements in cell Na
+
, K

+
, Ca

2+
, and Mg

2+
 were tested at 50 mM, 150 mM, 1 µM, 

and 1 mM respectively. The chosen concentrations are based on free intracellular 

concentrations of these elements. Also, we tested some of the trace elements Al
3+

, 

Cu
2+

, Fe
3+

, Ni
2+

 at 1 µM (above intracellular concentrations). Results indicated that 

Ni
2+

and Cu
2+

 showed a little decreasing effect on the I450/360 while other elements 

have no such interference (Figure 3.25). We also investigated the concentration of 

the probe does not alter the I450/360 ratio. 3 different concentrations, 25, 50, and 75 

µM of the probe investigated at pH 7.20 and I450/360 ratio compared to each other 

(Figure 3.26).  
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Figure 3.25 The interference of some metal ions and molecules on ThiAKS Green 

at different concentrations in 250 mM Tris HCl buffer solution (pH=7.35) 150 mM 

K
+
, 1 µM Ca

2+ 
, 1 mM Mg

2+ 
, 1 µM Cu

2+ 
, 1 µM Al

3+
 50 mM Na

+
,
 
 1 µM Ni

2+ 
, 1 

µM Fe
3+ 

 and 100 µM H2O2. *p<0.05, statistically significant differences, ns: no 

significant differences. Data Mean ± SEM experiment performed duplicate 

replicas. 

 

Figure 3.26 Concentration effect of the 2s chemical on I450/360 ratio at pH 7.20. The 

experiment was performed in triplicate. ****p<0.0001 statistically significant 

differences. ns: no significant difference. Data Mean ± SEM experiment performed 

triplicate replicas. 

The intracellular localization of the chemical was determined by the fluorescent 

microscope using HEK cells transfected with the nucleus targeted mCh. After 1.5 

hours of exposure to 50 µM of the probe or 0.5 %, DMSO samples were imaged in 

Bright-Field, DAPI, EGFP, and mCh. channels (Figure 3.26). The results show that 

the chemical is mainly localized in the cytoplasm.  
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Figure 3.27 Fluorescent microscope image of HEK 293 cells treated with 0.5 % 

DMSO (A-E) or 50  µM ThiAKS Green (F-K) for 1.5 hours. A) Bright-field image 

B) DAPI channel. C) EGFP channel.  D)  mCh. channel E) overlay of A and D. F) 

Bright-field image G) DAPI channel. H) EGFP channel.  I)  mCh. channel J) 

overlay of F and I. K) overlay of G and I. (Magnification 100X, scale bars are 5 

µm). 

After observing the cell-penetrating character of the chemical, it was also tested for 

pH measurement in live cells. To measure intracellular pH, HEK 293 cells were 

used as a model system to measure the pH of the Golgi by using fluorescent 

microscopy. For that purpose, a modified excitation and emission wavelength 

compared to I450/360 had to be used as most of the fluorescent microscopes lack light 

sources and filters suitable for these wavelengths. First, calibration studies were 
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performed and a curve plotted that is suitable for our microscope and making 

comparative measurements with a plate reader.  

 

Figure 3.28 Calibration curve EGFP 450-510 DAPI 360-470 excitation bandwidth 

is 15 nm emission bandwidth is 25 nm. 

Results indicate DAPI and EGFP channels (360-470, 450-510, respectively) are the 

most suitable settings in the microscope for this purpose.  The plotted linear curve 

(R
2 

= 0.9546) between pH 5.9 and 8.0 using EGFP/DAPI ratio in a plate reader 

(Figure 3.28) had good agreement with the microscope readings. However, our 

microscope has different light sources and filters for DAPI and EGFP channels. 

The intensity of the light coming out of the objective lens (both LUX and Photon 

count) was measured with the help of a luminometer for each channel. To make 

each channel's intensity comparable, the excitation power of each line was adjusted 

accordingly.  
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Figure 3.29 Fluorescent images of HEK cells transfected with Golgi targeted mCh. 

and treated with 50 µM 2s chemical. A) Bright Field image B) DAPI channel C) 

EGFP Channel D) image from mCh. Channel. E) overlay of B and D. F) calculated 

pH values of intermembrane space and Golgi (Magnification 100X, scale bars are 5 

µm). *p<0.005 statistically significant differences. Data Mean ± SEM  

Using above mentioned corrections, to measure the pH of cellular organelles such 

as the Golgi (taking advantage of a Golgi-targeted mCh. fluorescent protein for 

localization purposes) with 50 µM of the 2s compound following the necessary 

background calculations (from DMSO treated Golgi marker transfected HEK cells, 

figure 3.30), the value of IEGFP/DAPI was calculated and extrapolated with the 

equation of the calibration curve (Fig. 3.28). Our calculated results showed that the 

pH of Golgi was 6.75 the pH for the intermembrane space was also calculated as 

6.38 (Fig. 3.29). 
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Figure 3.30 Fluorescent images of HEK cells transfected with Golgi targeted mCh. 

and treated with 0.5% DMSO. A) Bright Field image B) DAPI channel C) EGFP 

Channel D) image from mCh. Channel. E) overlay of A and D. (Magnification 

100X, scale bars are 5 µm).  
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CHAPTER 4  

4 DISCUSSION 

In order to study interactions of β-Arrestin 2 with the receptors in live cells, 

fluorescent protein tagging was preferred in our laboratory. As the fluorescent 

protein has the potential to disrupt the function and localization of the tagged 

protein we select several tagging positions and test the functionality of the tagged 

protein and compare it with wild-type untagged protein before starting our 

interaction analysis. In this study tagging at 177
th 

and 265
th 

aa. positions were 

chosen to tag β-Arrestin 2. Tagging from the 265
th 

aa. position was not successful. 

After observing the colocalization of β-Arrestin 2- 177-mEGFP with the β-2AR-

mCh. upon stimulation, this construct was preferred to be used in further assays 

and tagging from 265
th 

aa. position was not pursued.       

The test compounds were partially characterized during this thesis work. 

Absorbance spectrums of the compounds showed that when dissolved in HBSS 

solution none of the chemicals have absorbance at wavelengths longer than 400 

nm. This ensures us that these compounds will not interfere with the MTT assay 

(which requires 570 nm. excitation) due to their absorbance.   

MTT assay was performed to assess the toxicity of the test chemicals and to 

determine the maximum non-toxic concentrations that can be used in further 

experiments. In N2a cells none of the chemicals were determined to be toxic and 

three of the chemicals resulted in increased cell viability at 100 µM concentration. 

In the presence of β-2AR or β-Arrestin 2, these chemicals show a reduced cell 

viability effect, which suggests a possible alternative pathway competing with the 

β-2AR and β-Arrestin 2 interaction. With the overexpression of β-2AR or β-

Arrestin 2, 2s compounds preference through these possible pathways decreased. 

To further evaluate this possibility, an MTT assay was also performed in second 
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cell culture (HEK293 cells). Results in HEK cells suggest that the 4s chemical does 

not increase the cell viability as in the N2a cells, yet 2s does not activate that 

suggested pathway in N2a cells. While 3s chemical still activates this pathway 

slightly. 6s chemical showed neither increased cell viability nor toxicity in this cell 

line. These results suggest that this mentioned pathway’s components may be less 

active (or not expressed) in the HEK cell line.   

FRET calculation by the three cube method in confocal microscopy is a well-

adapted technique in our laboratory. Nevertheless, it requires an image process and 

some corrections. The main drawback is microscope imaging allows gathering only 

a few cell images at a time. On the other hand, FRET calculation in a microplate 

reader allows measuring the fluorescent of the samples on a larger scale (thousands 

of cells in a much shorter time). And it does not require image processing also 

minimizes the environmental effect on the fluorescent such as reflection of 

daylight. The chosen fluorophores (mEGFP and mCh.) have good spectral overlap 

and minimum fluorescent leakage to each other's spectrum. The total leakage of 

this FRET pair at chosen wavelengths is around 8 %. By the three cube method, the 

FRET is calculated as % FRET efficiency which gives the percentage energy 

transferred from the donor to acceptor fluorophore and it is independent of the 

concentration of the fluorophores. Because of this low bleed trough noise, very 

similar data could be obtained when the FRET is calculated as FRET/Donor in a 

microplate reader compared to a microscope image processing. Similar to 

microscope results, plate reader results are also independent of the concentration of 

fluorophores.         

Colocalization analysis of β-Arrestin 2 with P.D. β-2AR-mCh. and β-2AR-mCh. 

show that agonist stimulation induces the colocalization of β-Arrestin 2 only with 

wt. β-2AR-mCh. Although, these results alone cannot prove the interaction 

between these two proteins, further evaluation of this interaction, by FRET analysis 

using both microscopy and plate reader systems was tested. The basal FRET levels 

between wt. and P.D. with β-Arrestin 2 was found to be significantly different. Our 

results suggest that basal activity between these two proteins is higher than 
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expected. Similar results have been shown in the literature. It was shown that some 

GPCRs exhibit basal activity towards G protein or β-Arrestin mediated pathways 

without a stimulus. Iso stimulation of the wt. system increases FRET only around 

15%. This observed result might be due to several reasons. First, the basal activity 

indicates that some of the β-2AR on the cell membrane is already occupied with β-

Arrestin 2. Second, the agonist used in this study (iso) is a balanced agonist that 

induces G protein and Arrestin mediated pathways equally. Moreover, it is not a 

specific ligand for β-2AR. It also activates the β-1AR and β-3AR. When the cells 

are exposed to this ligand it may induce the interaction of β-Arrestin 2 with all the 

endogenous β-ARs.        

Chemical FRET assays in the P.D. β-2AR system were performed after 30 minutes 

of incubation. In the first trial of experiments, FRET analysis was conducted 

without incubation. In these experiments, it was observed that none of the 

chemicals affect the FRET level of the P.D. β-2AR system. This may suggest that 

the transportation of the chemicals into the cells takes nearly 30 minutes and we do 

not know how much of the chemicals get inside the cells. After increasing the 

incubation to 30 minutes in HBSS solutions, only 6s chemical resulted in an 

increase on the FRET by 50% while 2s and 4s compounds decrease it.  

To evaluate the chemical's interference with mEGFP and mCh. fluorescent 

proteins, another FRET experiment performed with the test compounds in positive 

FRET construct (Gap43-mCh.-mEGFP) the results suggest 3s and 6s effect seen in 

figure 3.22 is not due to such interaction and confirms 6s increases FRET by 

bringing the tested two proteins closer to each other. The decreasing effect of 3s 

might be due to a pathway suggested in MTT results. Interestingly 4s decreases 

FRET 25 % as seen in figure 3.22 indicating that this decrease might be caused by 

blocking energy transfer between the fluorescent proteins.      

2s chemical spectrums in different pH solutions suggest that high pH induces a 

conformational change that results in a red-shifted fluorescence and this 

transformation seems to be slow because it reaches equilibrium between 1 and 1.5 
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hours. For that reason, all the experiments on further characterization of this 

compound were conducted after 1.5 hours of incubation. After showing that 2s 

chemical (later named as ThiAKS Green) has a pH-dependent fluorescent 

emission, it was hypothesized that it may be used as a pH probe for intracellular pH 

measurement. First, the cell penetration capability of the probe was investigated in 

HEK cells. This cell line was chosen for this experiment as a model system because 

this chemical does not increase cell viability in this cell line. 

HEK cells were exposed to the probe then imaged by fluorescent microscopy the 

probe exhibit cytoplasm and membrane localization. The localization of the probe 

seems to be not uniform and high intensities observed around the membrane may 

suggest that the probe accumulates around the membrane. To show that the 

property of this probe does not impair pH measurement the I450/360 ratio was 

calculated at pH=7.20 in three different concentrations. This pH was chosen 

because it reflects the pH of the cell cytoplasm. As a result, it was shown that 

I450/360 value is independent of the concentration of the probe.  

Later the probe was used to measure the pH of the intracellular pH measurement 

and Golgi organelle was chosen for this purpose. Because the I450/360 ratio was not 

compatible with our microscope, an alternative calibration graph had to be plotted. 

DAPI and EGFP channels of our microscope were chosen and a calibration curve 

was plotted from the intensity ratio EGFP/DAPI channels. Finally, the pH of the 

Golgi was calculated as 6.75 which agrees with the literature. 
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CONCLUSION 

The aim of this work was to facilitate the interaction between P.D. β-2AR, β-

Arrestin 2 with the help of small compounds. In the literature to achieve this 

interaction, several strategies were tested. Our strategy differs from the previous 

attempts. We hypothesized that changing the confirmation of arrestin to its active 

form by small chemicals could initiate the interaction with β-2AR. To that extent, 

four molecules were chosen by computational tools then tested by in-vitro FRET 

analysis during this work.  

The chosen compounds were partially characterized and it was found that all the 

chemicals have fluorescent character around the blue and green spectrum. The 

toxicity of the chemicals was also investigated by MTT assay. The results show 

that all the chemicals were non-toxic at 50 and 100 µM concentrations. Moreover, 

2 of the chemicals show increasing cell viability effects by unknown mechanisms.  

Further characterization of 2s chemical revealed that this molecule can be used as a 

pH probe later named “ThiAKS Green” is suitable for intracellular pH 

measurements. This new probe has no cell toxicity and good cell-penetrating 

properties. Moreover, its pKa value (7.45) makes it ideal for intracellular pH 

measurement. Another advantage of the probe is that it allows not only the 

intracellular pH but also the pH of the intermembrane space, which indicated that 

the probe could also be used for cancer research. The flexibility of the ratios that 

could be used to calculate pH changes makes this probe suitable for various 

instruments that could have limited excitation and emission capabilities. 

After characterization studies, the chemicals were tested in fluorescent protein-

tagged P.D. β-2AR and β-Arrestin 2, and untagged GRK2 transfected N2a cells. 

The results show that while the 6s compound increases FRET, 3s and 4s 

compounds decrease it. 6s compound does not alter the FRET of Gap43-mCh.-

mEGFP which strongly suggests that the 6s compound initiates the interaction 
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between P.D. β-2AR and β-Arrestin 2. This observed effect seems much slower 

than iso stimulation. This might be because of the slow rate of transportation of this 

compound into the cell. Because this chemical has two carboxylic acid groups that 

can donate protons under physiologic pH. Also, it is yet unknown how 6s initiates 

this interaction.  

Together these data indicate 6s chemical might be a potential drug for such 

diseases caused by anomalies in the desensitization of GPCRs. 
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FUTURE PERSPECTIVES 

FRET calculation in microplate reader can be further improved by calculation of 

the fluorescent leakage into FRET channel in different concentrations of each 

fluorophore and by subtracting this leakage, % FRET efficiency can be calculated 

in a microplate reader.  

2s and 3s chemicals increase cell viability by an unknown pathway, which seems to 

compete with β-2AR and β-Arrestin 2 signaling. The function of β-Arrestin 2 and 

the proteins involved in this pathway are unknown. These proteins can be identified 

by proximity ligation assay by tagging β-Arrestin 2. 

6s compound seems to be a potential drug for P.D. β-2AR and β-Arrestin 2 

interaction. In further studies, the activation mechanism of this interaction and the 

co-localization of the receptor-arrestin complex in early endosomes can be 

analyzed. Furthermore, the Kd value of the chemical can be investigated. Further 

characterization of the 6s compound is also needed. EC50 and LD50 values of this 

compound can be assessed to evaluate its therapeutic index. Kd value of the 6s 

compound can be found by in-vitro and in-vivo experiments. For in-vitro analysis 

β-Arrestin 2 protein must be purified and a titration curve may be plotted by 

calorimetric measurements. Also, the conformational change induced by the 6s 

chemical can be monitored by a β-Arrestin 2 FRET sensor.               

Intermembrane localization of the ThiAKS Green pH probe can be detected by co-

localization analysis of the probe with intermembrane space markers. 
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APPENDICES 

A. MAMMALIAN CELL CULTURE SOLUTIONS 

Table A 1 Composition of D-MEM with high glucose 

Components Concentration ( mg/L ) 

Amino Acids  

Glycine 30 

L-Arginine.HCl 84 

L- Cysteine.2HCl 63 

L-Glutamine 580 

L- Histidine Hydrochloride-H2O 42 

L-Isoleucine 105 

L-Leucine 105 

L-Lysine.HCl 146 

L-Methionine 30 

L-Phenylalanine 66 

L-Serine 42 

L-Threonine 95 

L-Tryptophan 16 

L-Tyrosine 72 

L-Valine 94 

Vitamins  

Choline Chloride 4 

D-Calcium Pantothenate 4 

Folic acid 4 

Niacinamide 4 

Pyridoxine hydrochloride 4 

Riboflavin 0,4 
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Thiamine hydrochloride 4 

I-İnositol 7,2 

Inorganic salts  

Calcium Chloride 264 

Ferric Nitrate 0,1 

Magnesium Sulfate 200 

Potassium chloride 400 

Sodium bicarbonate 3700 

Sodium chloride 6400 

Sodium phosphate monobasic 141 

Other components  

D-Glucose (dexrose) 4500 

Phenol Red 15 

Sodium pyruvate 110 

 

Table A 2 Composition of 1X PBS Solution  

NaCl 8 g/L 

KCl 0,2 g/L 

Na2HPO4 1,44 g/L 

KH2PO4 0,24 g/L 

All the components dissolved in 900 mL deionized water then pH adjusted to 7,4 

by adding diluted HCl, after pH adjustment final volume was completed to 1 L then 

the solution was autoclaved. 
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Table A 3 Composition of HBSS Solution 

NaCl 8 g/L 

KCl 400 mg/L 

Na2HPO4.2H2O 60 mg/L 

KH2PO4.2H2O 60 mg/L 

CaCl2 140 mg/L 

MgCl2.6H2O 100 mg/L 

MgSO4.7H2O 100 mg/L 

Glucose anhydrous 1 g/L 

NaHCO3 350 mg/L 

 

All the components were dissolved in 800 mL of deionized water then pH adjusted 

to 7,4 by adding 1 M HCl, after pH adjustment final volume was completed to 

1000 mL then the solution was filtered through a PES membrane 0,22 µm filter. 

B. PREPARATION OF BACTERIAL CULTURE MEDIUM 

LB Medium 

10 g Tryptone (enzymatically digested) 

5 g yeast extract 

5 g NaCl 

The components are dissolved in deionized water 20g/L agar was added for solid 

agar plate preparation, After adjustment of pH to 7,0 solution was autoclaved. 
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C. COMPOSITION OF BUFFERS AND SOLUTIONS  

1X NEB CutSmart ™ Buffer 

50 mM Potassium Acetate 

20 mM Tris-acetate 

10 mM Magnesium Acetate 

100 µg/mL BSA 

 

1X T4DNA Ligase Reaction Buffer 

50 mM Tris-HCl 

10 mM MgCl2  

1 mM ATP 

10 mM Dithiothreitol  

 

6x Loading Dye 

10 mM Tris-HCl  

003 % Bromophenol Blue 

003 %  Xylene Cyanol FF 

60 % glycerol 

60 mM EDTA 
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1x TAE (Tris Acetic acid EDTA) Buffer 

40 mM Tris base 

20 mM Acetic acid (From Glacial Acetic acid) 

1 mM EDTA  

 

Table C 1 Composition of TFBI and TFBII. 

TFB1 
Final 

 Concentration 
Prepared Stock 

For 100 mL 

Solution take from 

prepared Stock 

KOAc 30 mM 300 mM 10 mL 

RbCl 100 mM 1000 mM 10 mL 

CaCl2 10 mM 1000 mM 1 mL 

MnCl2 50 mM 1000 mM 5 mL 

Glycerol 15 % 87 % 17,2 mL 

TFB2 Final Concentration Prepared Stock 

For 10 mL 

Solution take from 

prepared Stock 

MOPS/PIPES 10 mM 1000 mM 0,1 mL 

RbCl 10 mM 1000 mM 0,1 mL 

CaCl2 75 mM 1000 mM 0,75 mL 

Glycerol 15 % 87 % 1,7 mL 

 

The TFB1 solution completed to 100 mL, the TFB2 solution was completed to 10 

mL with deionized water and the pH adjusted to 5,8. After pH adjustment both 

solutions filtered through a 0,22 µm filter. 
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Table C 2 Composition of 50 mM Acetic Acid/ Acetate (pH 4.0, 4.8, 5.5) Buffers 

pH CH3COONa.3H2O Glacial Acetic Acid Deionised Water 

4.0 76.7 mg 110,5 µL 

Up to 50 mL 4.8 49.05 mg 46.7 µL 

5.5 305 mg 14.7 µL 

 

Table C 3 Composition of 50 mM Glycine/NaOH (pH 8.25, 8.50, 8.95, 9.40 and 

10.0) Buffers 

pH Glycine NaOH ( 1M ) Deionized water 

8.25 

187.5 mg 

X µL 

Up to 50 mL 

8.50 X µL 

8.95 X µL 

9.40 X µL 

10.0 X µL 

 

Table C 4 Composition of 1X PBS  (pH 5.8, 6.2, 6.8) Buffers 

pH 1X PBS 1 M HCl 

5.8 50 mL X µL 

6.2 50 mL X µL 

6.8 50 mL X µL 

 

Table C 5 Composition of 50 mM Tris / HCl (pH 7.05, 7.20, 7.50, 7.75 and 8.05) 

Buffers 

pH Trizma Base HCl ( 1M ) Deionised water 

7.05 

303 mg. 

X µL 

Up to 50 mL 

7.20 X µL 

7.5 X µL 

7.75 X µL 

8.05 X µL 
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D. PLASMID MAPS 

 

Figure D 1 Plasmid map of PcDNA 3.1- (from Snapgene) 
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E. PRIMERS 

Table E 1 RFC primers used in tagging of Arrb2 from 177
th

 amino acid position 

Cloning method 

and description 
Primer name Pimer Sequence 5’-3’ 

RFC 

 

Arrb2_177_mEGFP_F 

 

Ggtgatccgaaaggtgcagttcgccccggag 

ATGGTGAGCAAGGGCGAGGAG 

RFC 
Arrb2_177_mEGFP_R 

 

Tggtttcggctgaaggctgggggccgggttt 

CTTGTACAGCTCGTCCATGCCG 

 

Green letters represent the sequences that anneal the mEGFP and mCh. Fluorescent 

proteins. 

Table E 2 primers that used in confirmation of tagging of Arrb2 from 177
th

 amino 

acid position 

Description Primer name Pimer Sequence 5’-3’ 

Sequencing primer PcDNA F GTGTACGGTGGGAGGTCTAT 

Sequencing primer PcDNA R TTCCAGGGTCAAGGAAGGC 
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F. CODING SEQUENCES OF FUSION PROTEINS 

Coding Sequence of β-Arrestin 2 

atgggggagaaacccgggaccagggtcttcaagaagtcgagccctaactgcaagctcaccgtgtacttgggcaagc

gggacttcgtagatcacctggacaaagtggaccctgtagatggcgtggtgcttgtggaccctgactacctgaaggacc

gcaaagtgtttgtgaccctcacctgcgccttccgctatggccgtgaagacctggatgtgctgggcttgtccttccgcaaa

gacctgttcatcgccacctaccaggccttccccccggtgcccaacccaccccggccccccacccgcctgcaggaccg

gctgctgaggaagctgggccagcatgcccaccccttcttcttcaccataccccagaatcttccatgctccgtcacactgc

agccaggcccagaggatacaggaaaggcctgcggcgtagactttgagattcgagccttctgtgctaaatcactagaag

agaaaagccacaaaaggaactctgtgcggctggtgatccgaaaggtgcagttcgccccggagaaacccggccccca

gccttcagccgaaaccacacgccacttcctcatgtctgaccggtccctgcacctcgaggcttccctggacaaggagct

gtactaccatggggagcccctcaatgtaaatgtccacgtcaccaacaactccaccaagaccgtcaagaagatcaaagt

ctctgtgagacagtacgccgacatctgcctcttcagcaccgcccagtacaagtgtcctgtggctcaactcgaacaagat

gaccaggtatctcccagctccacattctgtaaggtgtacaccataaccccactgctcagtgacaaccgggagaagcgg

ggtctcgccctggatgggaaactcaagcacgaggacaccaacctggcttccagcaccatcgtgaaggagggtgcca

acaaggaggtgctgggaatcctggtgtcctacagggtcaaggtgaagctggtggtgtctcgaggcggggatgtctctg

tggagctgccttttgttcttatgcaccccaagccccacgaccacatccccctccccagaccccagtcagccgctccgga

gacagatgtccctgtggacaccaacctcattgaatttgataccaactatgccacagatgatgacattgtgtttgaggacttt

gcccggcttcggctgaaggggatgaaggatgacgactatgatgatcaactctgctag 

 

ggc and agt are silent mutations, gag tagged position. 
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Coding Sequence of Arrb2 177 mEGFP:  

atgggggagaaacccgggaccagggtcttcaagaagtcgagccctaactgcaagctcaccgtgtacttgggcaagc

gggacttcgtagatcacctggacaaagtggaccctgtagatggcgtggtgcttgtggaccctgactacctgaaggacc

gcaaagtgtttgtgaccctcacctgcgccttccgctatggccgtgaagacctggatgtgctgggcttgtccttccgcaaa

gacctgttcatcgccacctaccaggccttccccccggtgcccaacccaccccggccccccacccgcctgcaggaccg

gctgctgaggaagctgggccagcatgcccaccccttcttcttcaccataccccagaatcttccatgctccgtcacactgc

agccaggcccagaggatacaggaaaggcctgcggcgtagactttgagattcgagccttctgtgctaaatcactagaag

agaaaagccacaaaaggaactctgtgcggctggtgatccgaaaggtgcagttcgccccggagATGGTGAGC

AAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTG

GACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG

GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG

GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGG

CGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTC

TTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCT

TCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGG

GCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG

AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCC

ACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGA

ACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCG

ACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGC

CCGACAACCACTACCTGAGCACCCAGTCCAAGCTGAGCAAAGACCCCA

ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCG

GGATCACTCTCGGCATGGACGAGCTGTACAAGaaacccggcccccagccttcagccga

aaccacacgccacttcctcatgtctgaccggtccctgcacctcgaggcttccctggacaaggagctgtactaccatggg

gagcccctcaatgtaaatgtccacgtcaccaacaactccaccaagaccgtcaagaagatcaaagtctctgtgagacagt

acgccgacatctgcctcttcagcaccgcccagtacaagtgtcctgtggctcaactcgaacaagatgaccaggtatctcc

cagctccacattctgtaaggtgtacaccataaccccactgctcagtgacaaccgggagaagcggggtctcgccctgga

tgggaaactcaagcacgaggacaccaacctggcttccagcaccatcgtgaaggagggtgccaacaaggaggtgctg

ggaatcctggtgtcctacagggtcaaggtgaagctggtggtgtctcgaggcggggatgtctctgtggagctgccttttgt

tcttatgcaccccaagccccacgaccacatccccctccccagaccccagtcagccgctccggagacagatgtccctgt

ggacaccaacctcattgaatttgataccaactatgccacagatgatgacattgtgtttgaggactttgcccggcttcggct

gaaggggatgaaggatgacgactatgatgatcaactctgctag 

 

green letter sequence represents the mEGFP sequence ggc and agt are silent 

mutation 

 



 

 

101 

G. FILTERS USED IN SPINNING DISC CONFOCAL FLUORESCENT 

MICROSCOPY 

 

 

Figure G 1 Excitation and emission ranges of EGFP filter used in Leica DMI4000 B 

with Andor DSD2 Confocal device. 

 

 

Figure G 2 Excitation and emission ranges of FRET configuration (EGFP excitation, 

mCherry emission) used in Leica DMI4000 B with Andor DSD2 Confocal device 



 

 

102 

 

Figure G 3 Excitation and emission ranges of mCherry filter used in Leica DMI4000 

B with Andor DSD2 Confocal device 

 


