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Abstract 

G-protein-coupled receptors are grouped into five families of membrane proteins with seven-

transmembrane helix topology. Their interaction with agonists and inverse agonists alters the 

signaling response that regulates the diverse array of intracellular signaling cascades. Nearly 

one third of drugs act by binding to GPCRs and altering the intracellular signaling profile. Since 

GPCRs are involved in mediating cell signaling processes, they are implicated in many diseases 

and are the targets of numerous therapeutic drugs. More than 60% of the drugs in the market 

are targeting GPCRs according to only 64 known structures of GPCRS out of almost 800. 

Therefore, the demand of finding solving new GPCRs structure is indeed increasing in order 

to better develop the drug market. The production of GPCRs suitable for X-ray studies is a 

challenging subject in the field of structural biology due to their low natural abundance and 

conformational heterogeneity. Various fusion partners, including T4 lysozyme (T4L), 

thermostabilized apocytochrome b562 RIL (BRIL), flavodoxin, rubredoxin, and Pyrococcus 

abyssi glycogen synthase (PGS), that have facilitated GPCR crystallization. Interactions 

between fusion proteins and the GPCR can help overcome the disadvantage of the minimal 

polar surface area of GPCRs that is required for protein–protein packing interactions in 

aqueous phase, thus improving the crystallizability of GPCR fusion proteins. Since none of the 

known fusion proteins provides a universal solution for GPCR crystallization, designing new 

fusion partners or engineering currently available ones represents an effective strategy for 

GPCR crystallization and crystal optimization.  

 

The major goal of this project was to develop a new stabilizing and crystallizing tool for GPCRs. 

The tool that was used in this study is a thermostable coiled coil that could provide the 

stability for the protein and the required polar surface for crystal contacts. The coild coil is a 

α-helix that could pack together in a stable oligomerization domain. Coiled coils comprise 

between two and eight helices arranged either parallel or antiparallel to each other. Different 

antiparallel coiled coil candidates that possess high potential for stabilizing a GPCR were 

inserted into the third intracellular loop of GPCR. They were tested for initial expression. 

Different construct designs were also tested, and the best design was used for further 

experiments. The fusion protein variants overcome the hurdles associated with GPCR 

stabilization and crystallization. They showed a high expression level in most of the tested cell 



lines. The coiled-coil-fused variants were expressed in sufficient quantities for biophysical 

characterization and crystallization studies. The coiled coil chimeras were well expressed in a 

wide range of cell lines and could be solubilized in a wide range of detergents. Moreover, they 

showed extremely high stability and crystallization potential. Meanwhile the coiled coil 

maintained its ligand binding activity. We used biophysical and structural approaches to study 

the variants of coiled-coil-soluble domains. The structure of the coiled-coil-T4-lysozyme (CC-

T4L) soluble domain was successfully solved at 2.6Å. The structure confirmed the design and 

the correct folding of the coiled coil as predicted. The thermostable coiled coil is a promising 

fusion protein for the field of GPCR structural biology. It might be interesting to test it with a 

wide range of different GPCRs. In addition, combining a coiled coil with other fusion 

candidates such as T4-lysozyme or thermostabilized cytochrome b562RIL might offer other 

interesting features required for GPCR crystallization. 
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1. Introduction 

 
1.1.  Membrane proteins 

 
Membrane proteins (MPs) are the communicators between a cell’s internal and external 

environments and act as receptors, transporters and ion channels. Most MPs are responsible 

for transducing signals, transporting materials or providing the structural framework for the 

cellular compartments. In the human genome, over 30% is coded for MPs[1, 2]. Over 60% of 

cancer drugs target MPs[1, 3]. Membrane proteins are classified into two groups: peripheral 

MPs and integral MPs, which bind to the membrane through non-covalent interactions and 

hydrophobic forces, respectively [4](Figure 1). Integral MPs are classified into transmembrane 

(TM) proteins (spanning across the membrane bilayer) and anchored proteins (exposed on 

only one side of the membrane) [5]. Transmembrane-spanning proteins that contain both 

extra and intracellular domains as well as TM domains are often involved in transporting 

molecules across the membrane or cell signaling. The extracellular domain of a receptor can 

sense changes in the cell’s environment and convey these changes to the intracellular 

domain, down a signaling pathway, allowing the cell to respond to them. Other TM proteins 

are involved in enzymatic functions to catalyze reactions and allow intracellular signaling 

pathways to be triggered. Some TM proteins are anchoring proteins that hold the 

cytoskeleton in place.  

 

 



 
Figure 1: Structural classification of membrane proteins. Membrane proteins are classified into two families: integral membrane proteins 

and peripheral membrane proteins. Integral membrane proteins are subdivided into transmembrane, such as transporters, receptors and 

even enzymes, and anchored proteins.  

 

Most TM proteins are structurally classified as b-barrel or a-helical bundles[4]. The b-barrel 

proteins can be found in the outer membranes of gram-negative bacteria, mitochondria and 

chloroplasts. Transmembrane b-barrel proteins are further divided into several groups, 

mainly based on their structural similarities, which in most cases also reflect their functional 

similarities[6]. Moreover, an a-helical bundle can be found mainly in the cytoplasmic and 

subcellular compartment membranes. Transmembrane a-helical proteins constitute the 

most important and the most widely studied category of MPs[7]. 

 

Solving MP structures is critical to discovering new drugs and understanding many important 

biological mechanisms. While the first atomic-resolution structure of an MP was solved in 

1985 [8], most MP structures remain unsolved because of several hurdles including low 

abundance of it and the intrinsic hydrophobicity.  Less than 3% of the reported crystal 

structures in the protein Data Bank (PDB) are MPs [9]. There is significant progress in the field 

every year in providing atomic-resolution structures. The MP structural biology field in the 

beginning, focused only on the protein members such as rhodopsin that were available in a 

reasonable amount from a natural source. The majority of MP are low abundant. Therefore, 

it was important to look for expression systems could provide MPs with a higher amount 
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required for structural studies. This was followed by solubilization trials in order to keep the 

MP correctly folded and to retain its functional state outside the lipid bilayer. One of the 

major problems in the field of MP structural biology is the intrinsic hydrophobicity of MPs. 

This causes difficulties at every stage of the protein-production pipeline that require a stable 

functional protein outside the membrane lipid bilayer[10]. Therefore, the expression systems, 

growth media, induction time and duration and construct design are intensively optimized, 

which requires much time and effort in reaching the best expression conditions [11].  

 

 

1.2. G-protein-coupled receptors 

 
G-protein-coupled receptors (GPCRs) are the largest family of membrane receptors in 

humans and numerous other species. They have important roles in various physiological and 

pathological processes, including cell signaling, cell survival, proliferation, differentiation, 

sense of vision, taste and olfaction and chemotaxis[12, 13]. They are grouped into five families 

of MPs with seven-TM helix (7TM) topology [14, 15]. These five families are classified 

according to sequence and structural homology: Rhodopsin (class A), Secretin (class B), 

Glutamate (class C), Adhesion and Frizzled/Taste2. The seven α-helices are separated by 

intracellular and extracellular loops. The amino terminus (N-terminus) of GPCRs is outside the 

membrane, while the carboxyl-terminus (C-terminus) is inside.  The Rhodopsin family (class 

A) is the largest protein family consisting more than ∼90% of all GPCRs. The proteins of class 

A are characterized by conserved motifs in their sequences that emphasize the structural 

features and activation mechanisms of the receptors in this family. A putative palmitoylation 

site in the proximal part of the C- terminus is conserved among class A GPCR. The overall 

homology among all class A receptors is restricted to a limited number of highly conserved 

key residues in helices 3, 5, 6 and 7 like the DRY motif on helix 3 and the NPXXY motif on helix 

V7[16]. Nearly all class A receptors show two conserved cysteine residues that are believed 

to form a disulfide bridge connecting helix 3 and extracellular loop 2. The major difference 

between an active and non-active GPCR is shown in transmembrane helix 3 (TM3) and 

transmembrane helix 6 (TM6)[17]. In their inactive state, TM3 and TM6 are locked by a salt 

bridge, or ionic lock, while in the active state, a noticeable shift is seen in TM6 that is enough 

to increase the distance between TM3 and TM6 required for the salt bridge [12, 16]. The other 



difference between an active and inactive GPCR is the shift in the side chain of the conserved 

W6.48 in TM6 toward TM5, called the transmission switch.  

 

Nearly 34% of drug markets target GPCRs [13, 18], and several GPCR ligands are among the 

top-selling 100 pharmaceutical products worldwide like bronchodilators for asthma, beta-

blockers for high blood pressure, angiotensin receptor blockers for hypertension, H2 blockers 

for acid reflux and antihistamines for allergy. Thus, understanding the receptor dynamics, 

structure and activation of GPCRs is an important research area. The pharmaceutical industry 

is interested in better understanding the drug-active sites, modes of action and reduction in 

nonspecific effects of drug binding in order to provide novel drugs for the market. This is very 

challenging due to many factors hindering structural determination; these include poor 

expression of GPCRs in mammalian systems, the receptor solubilization challenge of obtaining 

a functional and stable receptor in detergent solution and the conformational changes that 

occur after ligand binding. 

 

Although GPCRs bind to almost 1,000 natural ligands varied between biogenic amines, amino 

acids, ions lipids and peptides, they primarily couple to only four major Ga families [19]. 

Ligand-binding modulates a basal activity depending on the ligand type. The maximal 

signaling response occurs when a full agonist is binding, whereas submaximal signaling is 

noticed upon binding to partial agonists and inverse agonists. Upon ligand binding, a GPCR 

interacts with a Gabg that is bound to guanosine triphosphate (GTP) instead and releasing a 

guanosine diphosphate (GDP). Depending on the type of receptor, the GPCR activates one of 

four major G-protein subfamilies: Gas, Gai/o, Gaq/11 or Ga12/13 [20](Figure 2).  

 



 
Figure 2: G-proteins by G-protein-coupled receptors cycle. Activation cycle of G-proteins by G-protein-coupled receptors 1) starts upon ligand 

recognition to the receptor 2) ligand binds to the receptors 3) structural conformational changes happens that disrupt the Gabg complex. 4) 

GTP binds to Ga instead of GDP 5) A complex dissociation occurs leaving Ga away from the rest of the complex. 5)upon ligand removing the 

reverse binding of GDP to Ga occurs 6) The Gabg complex form again and waiting for another signaling cycle. 

 

The a subunit then dissociates from the b and g subunits and targets distinct functional 

signaling proteins. The protein targeted depends on the type of a-subunit. To turn off a 

response or adapt to a signal, activated GPCRs are desensitized by phosphorylation through 

GPCR kinases and subsequent arrestin binding [21]. For instance, receptors coupling with Gas 

stimulate the adenylyl cyclase and then increase Cyclic adenosine monophosphate (cAMP). 

In contrast, coupling to Gai/o activates mitogen-activated protein kinase while inhibiting 

adenylyl cyclase. Coupling to Gaq/11 activates phospholipase C enzymes, which later lead to 

an increase in the intracellular calcium levels and the stimulation of protein kinase C and 

protein kinase D1. Coupling to Ga12/13 is the most poorly characterized subtype; it interacts 

with Rho guanine nucleotide exchange factors (Figure 3). 
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Figure 3: Schematic representation of the G-protein-coupled receptor signaling pathway. Upon stimulation, a conformational change to a 

G protein occurs and allows the G protein to bind to guanosine triphosphate instead of guanosine diphosphate, and the a subunit is released. 

The signaling pathway that is applied depends on the type of G protein. In the case of Gs, adenylyl cyclase is activated and results in an 

increase of cyclic adenosine monophosphate. Gi/o activates the mitogen-activated protein kinas, which in turn inhibits the cyclic adenosine 

monophosphate; Gaq/11 activates phospholipase C, which increases the calcium levels; and Ga12/13 interacts with Rho guanine nucleotide 

exchange factors. 

 

In 2000, the bovine rhodopsin structure was the first GPCR structure to be solved [22], and 

the field remained silent until 2007 when the b2 adrenergic receptor (b2AR) structure was 

solved [23]. Rhodopsin was an easy GPCR to solve the structure compared to b2AR and others 

because it is a very stable receptor once it binds to 11-cis-retinal, and there is a high natural 

abundance and homogeneity of the protein. Solving the b2AR structure was a breakthrough 

in the field due to its difficulties. It required GPCR engineering in order to provide a stable 

receptor in a reasonable amount required for structural studies. Despite the efforts made in 

the last 20 years in the field, more is still required to understand the signaling process itself 

and the activation mechanism.  

 

1.3. Crystallization of GPCRs 

 
To date, there are approximately 64 unique GPCR structures in a range of conformational 

states, including multiple active states, active-intermediate states, active states and arrestin 
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and G-protein complexes (Figure 4) [24]. The majority (54) of the X-ray structures are class A 

GPCRs, with six from class B, two from class C and one from the Frizzled/Taste2 family [24]. 

However, there are still no structures for more than 87% of the GPCRs. 

 

 
Figure 4: Number of unique receptor complexes from GPCRdb [24]. Class A (Rhodopsin) is the most-studied class of GPCRs. It represents 

more than 54 receptors out of 63 receptors in total. The rest are six structures from class B, two from class C and one from the Frizzled/Taste2 

family.  

 

Most of these structures were solved using X-ray crystallography. Recently, cryo-electron 

microscopy (cryo-EM) has facilitated the structural determination of new structures of active-

state GPCRs in complex with heterotrimeric G protein [25] (Figure 5). To obtain these 

structures with X-ray crystallography, protein engineering was intensively applied to the wild-

type (WT) protein. These structures are in both active and inactive forms or even in a complex 

with the corresponding G proteins. 

 



 
Figure 5: G-protein-coupled receptors (class A) cryo-electron-microscopy structures. Ten cryo-electron-microscopy structures were mostly 

solved along with G proteins. All the structures are in the active state except for CCR5, which was solved with glycoprotein, and cluster of 

differentiation 4 (CD4). The receptors from left to right are: muscarinic acetylcholine receptor 2-Go complex (M2) PDB (6IOK) [26], Muscarinic 

acetylcholine receptor 1-G11 protein complex  (M1) PDB (6IOJ) [26], the adenosine A2A receptor bound to a miniGs heterotrimer (A2A) PDB 

(6GDG) [27], the human adenosine A1 receptor-Gi2-protein complex (A1A) PDB (6D9H) [28], the serotonin 5-HT1B receptor binding to 

heterotrimeric Go (5HT1B) PDB (6G79) [29], Cannabinoid Receptor 1-G Protein Complex (CB1) PDB (6N4B) [30], the human Neurotensin 

Receptor 1 (hNTS1) - Gi1 Protein Complex PDB (6OSA) [31], Mu Opioid Receptor-Gi Protein Complex (Opoid µ) PDB (6DDF) [32], Rhodopsin-

Gi complex PDB (6CMO) [33, 34] and chemokine receptor-5 (CCR5) with HIV-1 envelope glycoprotein and primary receptor CD4 PDB (6MET) 

[35]. 

 

 

One of the main hurdles in the field of GPCR structural biology is the purification of enough 

homogenous and stable protein to produce a well-diffracted crystal. Therefore, several 

approaches have been applied to overcoming these challenges at different levels: protein 

expression, protein engineering, partner binding to stabilize specific conformations (ligands) 

and various combinations of these approaches.  

 

1.3.1. Expression systems of GPCRs 

 

Very few GPCRs are naturally abundant in their native membranes; for example, rhodopsin 

has been isolated from reactive oxygen species (ROS) membranes [22]. Each host cell has 

unique factors required for MP biogenesis. Therefore, it is not likely that a GPCR can be easily 

produced in any system. A comparison between different host systems shows that the more 
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closely they are related in evolution to the source of the GPCRs, the more likely the expression 

system is suitable. Even though Escherichia coli (E. coli) is considered one of the easiest, 

fastest and cheapest models in structural biology, many GPCRs cannot be expressed in E. coli. 

E. coli is more suitable for soluble proteins and E. coli’s proteins while mammalian and insect 

cells are more suitable to express mammalian GPCRs. The lipid composition of E. coli is 

different than that of mammalian cells, and this affects the GPCR folding. Despite this, the 

amount of protein at the end is still not sufficient for structural studies. The overexpression 

of the protein is sometimes also not folded properly or not functional or not glycosylated[36].  

 

Despite producing milligrams of GPCRs using mammalian cells such as HEK239, the process is 

expensive, and producing a stable cell line requires approximately 2 months. Therefore, insect 

cell lines also play an important role in GPCR overexpression. The insect cell line systems can 

produce enough milligrams of purified receptors in a less expensive approach. The most 

common are Spodoptera frugiperda SF9 cells, Spodoptera frugiperda SF21 cells and 

Trichoplusia ni High Five cells. The production of such cell lines is based on baculovirus, where 

polyhedron is replaced by the GPCR sequence. These systems provide a higher amount of 

GPCR protein, as the protein expression occurs in a very late stage of infection when the lytic 

virus kills the host cells.  

 

GPCR fusion with green fluorescent protein (GFP) is an approach to clonal selection. The 

quality and stability of a GFP-tagged GPCR can quickly and easily be detected using 

fluorescence-detection size-exclusion chromatography (FSEC) [37].   

 

Expression can occur in either a transient or stable manner. In a transient system, the gene is 

not integrated into the genome of the cells, while in a stable system, it is the reverse. Stable 

cell lines can be selected using a selectable marker such as an antibiotic-resistance gene. This 

provides a homogenous expression from one clone and selects the best-expressing clone for 

a better expression level for GPCRs. In transient expression, the cell population is mixed, and 

with time, the expression level can easily drop because the non-transfected cells will 

dominate the population, which requires transfecting the cells each time. Stable expression 

thus has an advantage over transient expression even if it requires steps to select the best-

expressing clones. The choice of the best promoter is also very important in construct design 



for the overexpression of GPCRs. Inducible promoters have shown advantages over 

constitutive ones, since the protein of interest might be toxic to cells if it is continuously 

produced. 

 

1.3.2. GPCR engineering approaches 

 

Having a GPCR in sufficient amounts and homogeneity remains difficult in the field. Once the 

receptor is produced in sufficient amounts, the next roadblock is the stability of the protein 

in addition to the ability of the receptor to be crystalized[38]. The published GPCR structures 

were typically solved using a combination of different protein-engineering approaches to 

improve the protein stability, provide enough polar surface required for crystallization and 

avoid the flexible regions that might affect the crystallization process (Figure 6). The protein 

engineering approaches [39] varied between: 1) truncation of unstructured N- and/or C-

termini and/or loops[40], 2) use of scanning alanine mutagenesis (SAM)[41], 3) use of fusion 

proteins such as T4-lysozyme (T4L) [23] or thermostabilized cytochrome b562RIL (BRIL)[29], 

4) removal of post-translation modification sites, and 5) stabilization by antibodies and 

nanobodies[42].  

 
Figure 6: Protein-engineering approaches in G-protein-coupled receptor crystallization. Several protein-engineering approaches have been 

applied in the field of structural biology for G-protein-coupled receptors. They include truncation of unstructured N- and/or C-termini and/or 

loops, scanning alanine mutagenesis, usage of fusion proteins such as T4-lysozyme or thermostabilized cytochrome b562RIL, removal of 

post-translation modification sites and stabilization by antibodies and nanobodies. 
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The most common tools relevant to the project are SAM and fusion proteins. The rationale to 

use SAM is mainly to generate stable GPCRs in detergent while maintaining pharmacological 

activity. Mutants of a GPCR of interest are systematically generated by substituting each 

amino acid in the sequence with Ala (Gly if the WT residue is an Ala). All mutants are then 

individually tested for increased stability and activity in detergent. Typically, the most 

stabilizing mutations are then combined until a combination mutant with the desired stability 

is obtained. This method was successful in solving the structure of the turkey b1 adrenergic 

receptor (b1AR) [43] and chemokine receptor type 9 [41]. The method requires intensive 

screening till finding the best thermostabilized mutations where the protein still be 

functional. The second most common approach is the use of fusion proteins to increase a 

polar surface for forming crystal lattice contacts. Over 40 GPCR receptor structures have been 

solved using the fusion protein approach. The fusion proteins include T4L, thermostabilized 

cytochrome BRIL and others [39] (Figure 7). They were used to determine the crystal structure 

of the b2AR [23], the adenosine A2A receptor [44], the dopamine D3 receptor [45]. This 

method in most cases is combined with a thermostabilized mutations known from previous 

similar structures. In addition to the fact that using fusion protein approach relies also on the 

availability of strong ligands to maintain the structure in one conformational state in order to 

facilitate the crystallization process which is not the case for all GPCRs. It is only providing a 

polar surface enough for crystallization but not necessarily a stable GPCR. 

 



 
Figure 7: Various fusion proteins used in the field of structure determination of G-protein-coupled receptors. Six fusion proteins were 

used to solve various G-protein-coupled receptor structures. T4-lysozyme was used for the b2 adrenergic receptor (b2AR) PDB (2RH1)[23]. 

Cytochrome b562RIL (BRIL) was used for 5-hydroxytryptamine (5HTR2B) PDB (4IB4) [46]. Sialidase NanA was used for chemokine receptor 7 

(CCR7) PDB (6QZH) [47]. Glycogen synthase was used for the orexin receptor (OX2) PDB (4S0V) [48]. Flavodoxin was used as a fusion protein 

for the cannabinoid receptor (CB1) PDB (5TGZ) [49]. Rubredoxin was also used for the chemokine receptor (CCR5) PDB (4MBS) [40]. Fab 

protein was used as a fusion protein for the prostanoid receptor (EP4) structure PDB (5YHL) [50]. 

 

A combination of SAM and fusion proteins is ideal for solving GPCR structures. Many research 

groups have used this combination to solve some GPCR receptor structures, such as the 

neurotensin receptor [51] and the glutamate receptor 5 [52]. The development of new 

methods and the improvement of existing GPCR crystallization tools are of fundamental 

importance to move the field forward. This combination of methods is the most promising 

approach to developing a generally valid technology for the crystallization of GPCRs. It seems 

that the optimal tool would be one that provides stability and increased soluble surface. 

Therefore, the major goal of this project is to develop a new approach to serve as a stabilizing 

and crystallizing agent for GPCRs.  
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1.3.3. The role of detergents and ligands in GPCR crystallizing  

 
The extraction of GPCRs is another obstacle to solve their structures. The cells must break 

without affecting the membranes and by keeping the protein functional. Usually, several 

approaches are used, including a hypotonic buffer with high slat concentrations and cycles of 

freezing and thawing and ultra-centrifugations.  

 

It is important to use detergents during GPCR purification. Conventional solubilization focuses 

on adding detergents so the proteins can be purified under aqueous conditions. The 

detergent used in MP structural studies should be able to extract GPCRs by disrupting the 

phospholipid bilayer without disrupting the protein structure [53]. These amphiphilic 

molecules form micelle structures that can encompass the MPs. The hydrophobic surface 

residue is buried in the core of the micelle, and the protein’s structure is maintained close to 

that present in the natural lipid environment [54]. The detergent’s type (differences in chain 

length and head group), and concentration are factors to be decided for each receptor [55]. 

The solubilization of the membrane into the appropriate detergent is a very crucial step that 

affects the crystallization process. The detergent concentration should be above the critical 

micelle concentration (CMC); otherwise, it forms only monomers[56]. The detergent 

concentration should be two to three times above the CMC to disrupt the membrane and 

form micelles along with monomers. Excess detergent is also not favorable because it can 

remove essential lipids from the protein, which leads to GPCR inactivation. The concentration 

should be mild enough to not destroy the native protein structure while ensuring it remains 

functional. Many eukaryotic MPs do not survive during solubilization, purification and 

aggregation [57]. Therefore, intensive systematic screening for the best detergent had to be 

performed for each receptor, including a wide range of detergents with various physical and 

chemical features. Differences in detergent features directly influence the detergent’s CMC, 

pH sensitivity, protein solubilization efficiency, protein stabilization ability, solubility in water 

and aggregation state. Detergents are classified into three categories according to their 

hydrophilic group: ionic, non-ionic and zwitterionic. Ionic detergents are charged and harsh; 

therefore, they cannot be used in GPCR solubilization. Non-ionic detergents are not charged 

and are commonly used in GPCR solubilization and purification. Zwitterionic detergents 

combine properties of both ionic and non-ionic detergents; they are used more in 



crystallization and nuclear magnetic resonance (NMR) studies. A combination of detergents 

and lipids is more favorable for many receptors. Detergent-soluble cholesterol derivatives 

such as cholesteryl hemisuccinate (CHS) also stabilize GPCRs and help maintain GPCR function 

in a detergent solution [58, 59]. The detergent concentration must be reduced during 

purification in order to not affect the crystallization process. It is not necessary for the 

detergent used in solubilization to be the same as that used in crystallization. Therefore, 

detergent exchange is common in GPCR structural biology; otherwise, there could be empty 

detergent micelles concentrated with protein-detergent complexes. Choosing the correct 

detergent also depends on which crystallization method will be applied.  

 

Most GPCRs are solved using lipidic mesophase (LCP) [60], while few using vapor diffusion 

crystallography, which is usually successful for soluble proteins. The LCP has the ability to 

tolerate contamination in the forms of protein, lipid or other general membrane components. 

It is providing an artificial microenvironment suitable to support the native conformation of 

the membrane protein and allows productive protein–protein interactions during 

crystallization and prevents protein precipitation and phase separation. The nature of 

detergent used and its concentration strongly affect the formation of LCP [61]. Dodecyl 

maltoside (DDM) or lauryl maltose neopentyl glycol (LMNG) [38] in combination with CHS is 

the most common detergent mixture used in solving GPCR structures. These aspects must be 

tested before crystallization in order to achieve the best results during crystallization. 

Replacing detergents is an active research area in the GPCR field. New additives such as 

nanodiscs [62, 63], styrene maleic acid polymers [64], bicelles [65] and lipid-like peptides [66] 

are now emerging to promote crystallization through formation of favorable lattice contact. 

 

The ligands for GPCRs are of a wide variety; they include ions, amines, organic odorants, 

proteins, peptides, lipids, nucleotides and even photons. These various ligands can bind to 

GPCRs and mediate their signal through the cells. Ligands usually bind to the extracellular half 

of the 7TM helical bundle in class A GPCRs. G-protein-couple receptors can be present in 

different conformations in their ligand-free state. In order to increase GPCR stability, mostly 

a high-affinity antagonist or inverse agonist is used during solubilization and purification. This 

drives GPCRs to produce a major conformation population, which in turn promotes 

nucleation during the early steps of the crystallization process. Studies have also concluded 



that the addition of ligands during expression increases the expression level of a functional 

receptor in addition to increasing the stability [67]. Crystals that bind GPCR ligands are 

properly backed, which improves crystal diffraction. To date, most GPCR structures are in a 

complex with a high-affinity ligand. Covalent ligands are often used to assist in the 

crystallization of agonist-bound active conformations, which are less stable, as they cannot 

diffuse away from the protein sample. These conserved changes in the TMs and others hinder 

the crystallization process. Therefore, it is very important to lock the receptor in one major 

conformation in order to have a dominant protein conformation that serves as a nucleation 

point for the crystal.  

 

 

1.4. Coiled coil (CC) as fusion protein for GPCRs 

 

Coiled coil (CC) term was first introduced in 1953 by Crick [68] and Pauling and Corey [69]. 

They found that a large class of fibrous proteins, such as myosin, keratin and fibrinogen, 

mainly consists of CC as the main element structure. It plays oligomerization and structural 

roles[70-72]. These CC structures are stabilized by the hydrophobic interface between the 

helices. When the crystal structure of influenza virus hemagglutinin [73] revealed that it 

consists of three-stranded CC, in the same year, the two-stranded CC in catabolite gene 

activator protein [74] was also identified.  The CC structures is ubiquitous in both fibrous and 

globular proteins. The CC is involved in dimerization domains. It consists of two or more α-

helices wrapped around each other in superhelical form.  

 

The CC are characterized by heptad repeats (abcdefg)n, where n is the number of repeats, and 

a and d are typically hydrophobic amino acids (Figure 8). These hydrophobic amino acids are 

packed together through their own side chain in a knobs-into-holes manner, forming the 

hydrophobic core of the CC domains [75]. This is considered the main hallmark of CCs, where 

a residue from one helix (a knob) packs into the space surrounded by four sidechains of the 

facing helix (holes), directly to the side of the equivalent residue from the facing helix [76]. 

The packing of core residues can determine the number of helices in a CC, and there are many 

geometrical varieties of numbers of helices (two-stranded up to twenty-stranded helices) 

[77]. Moreover, the hydrophobicity of the amino acids at positions e and g also plays a role in 



determining the number of strands in a CC. The size of the residues also likely affects the 

number of strands in the CC [78]. Normal a-helices have approximately 3.6 residues per turn, 

while CCs have a reduced number of residues per turn, 3.5, allowing the position of the 

sidechains to repeat after seven residues (two turns) [76]. The packing interaction of 

hydrophobic and ionic residues is optimized by the supercoiling of the CC [79]. The salt bridge 

is formed between residues in the e and e¢ or g and g¢ positions in the antiparallel CC, while 

it is between e and g¢ or e¢ and g positions in the parallel CC. The packing also differentiates 

between them, where positions a pack against d’ and d’ pack against a’ in the antiparallel CC, 

while positions a pack against a’ and d against d’ in the parallel CC (Figure 8) [79, 80].  

 
Figure 8: Coiled-coil architecture. The canonical coiled coil is characterized by a heptad repeat (abcdefgn)in which hydrophobic residues are 

conserved at positions a and d. A. Knobs-into-holes packing of antiparallel helices exhibit mixed ad layers. B. Knobs-into-holes packing of 

two parallel, supercoiled helices results in a and d layers.  

 

A candidate fusion protein with great potential for stabilizing a GPCR when inserted into 

intracellular loops in addition to providing enough polar surface needed for crystallization is 

the two-stranded, antiparallel left-handed CC. The antiparallel CC has advantages in terms of 

stability. The two-stranded, antiparallel, left-handed CC structure is a very simple CC where 

the same polypeptide chain folds back onto itself once. This makes it a promising fusion 
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protein candidate for GPCRs. This protein fold was selected to fulfill the previously mentioned 

criteria of fusion proteins based on the observation that a similar structure appears to 

stabilize squid rhodopsin [81]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Aim of the thesis  

 

We aimed to further expand the list of GPCR stabilization and crystallization tools. Coiled-coil 

as a fusion protein aims to combine the stability and polar surface required for GPCR 

stabilization and/or crystallization. The method was tested on members of these receptors 

like adrenergic and serotonin and 5-hydroxytryptamine (5-HT), receptors. They mediate the 

peripheral and central actions of catecholamines such as the hormone epinephrine and the 

neurotransmitter norepinephrine [82, 83]. Therefore, it is an important area for drug 

development. The atomic-resolution structures of these receptors provide structural 

information to improve the design of selective drugs and reduce the side effects that may 

result from nonspecific binding of the ligands of their respective targets. Therefore, we aimed 

to produce a stable versions of theses receptors that is suitable for functional and structural 

studies based on a novel coiled coil protein-fusion engineering approach. Furthermore, we 

aimed to improve the workflow of GPCR production in a time-efficient manner and achieve 

the quantity required for structural studies.  

 

 

  



3. Results and discussion 

 

3.1. GPCR-CC chimera design rationale 

 

The design rationale of our variants is based on the observation that at the cytoplasmic site, 

helices 5 and 6 of the b2AR are interacting over a short stretch of residues in a way that is 

very similar to an antiparallel coiled coil. Specifically, residues A226 and F223 of helix 5 that 

can be assigned the hydrophobic heptad-repeat positions d and a, respectively, interact with 

H269 and L272 at positions a’ and d’, respectively, of helix 6 (figure 9A). b3AR was selected 

because it is the closest relative of b2AR for which no high-resolution structure is available. 

The idea behind the design was to replace 3rd ICL of b3AR by antiparallel coiled-coils and 

thereby extend the sequence corresponding to coiled-coil like structure seen in b2AR (figure 

1B). Positions e, e’, g and g’ that flank the hydrophobic a, a’, d and d’ positions are frequently 

occupied by charged residues that frequently form g to g’ and e to e’ type salt bridges that 

can further stabilize a coiled-coil structure. To this end, residues at the junction were chosen 

to optimize attractive electrostatic interactions between helices (figure 9B). The 3rd ICL of 

most GPCRs is unstructured. However, the 3rd ICL of squid rhodopsin forms an extended anti-

parallel structure that is similar to a coiled coil [22]. Indicating that our engineered b3AR-CC 

might still be signaling-competent. This hypothesis is further supported by the crystal 

structure of bovine rhodopsin determined trigonal crystal form which shows an extended 

anti-parallel helical conformation similar to squid rhodopsin [22] (figure 9C). 

 



 
Figure 9: Design rational of b3AR-coiled-coil chimeras. A. b2-adrenergic receptor transmembrane helices 5 and 6 interact in a coiled-coil 

like manner at the cytosolic side [13]. B. Coiled-coil sequence of Thermus thermophilus SRS in yellow and of the human b3-adrenergic receptor 

in blue; amino acids in red are replaced to introduce additional salt bridges in the coiled-coil (CC3) C. Superposition of the crystal structures 

of squid rhodopsin; PDB: 2ZIY (red) and  bovine rhodopsin in a trigonal crystal form; PDB:1GZM (cyan). The protein structure is forming a-

helices extension at the cytosolic side of the membrane, moreover it is still functional and can bind to G-proteins. 

 

Extensive screening of the RCSB Protein Data Bank and the literature was performed, to 

identify suitable antiparallel coiled-coil candidates. The ideal candidate would be a stable 

coiled coil with enough soluble surface for establishing crystal contacts. Based on their 

characteristics, six antiparallel coiled coils were selected (Appendix 1). CC1 is derived from a 

bacteriophage serine integrase that plays a key role in the integration of the viral genome 

[84]. Specifically, self-interactions between the coiled-coil domains appears to regulate the 

directionality of the recombination process, promoting integration and preventing excision in 

the absence of a phage-encoded recombination directionality factor. Based on its small size 

(three heptad repeats), it is not expected to affect G-protein binding of the b3AR chimera. 

CC2 originates from a viral nucleocapsid protein [85] and like CC1 can interact with itself. The 

capability to self-interact makes CC1 and CC2 promising candidates to establish potential 

crystal contacts between chimeric b3AR-CC molecules. Coiled-coils from thermostable 

proteins are potentially extremely stable and attractive candidates to stabilize the b3AR. 

Towards this aim, the antiparallel coiled-coil domains of seryl-tRNA synthetase (SRS) from 

Thermus thermophilus (CC3.1) and Pyrolobus fumarrii (CC3.2), bacteria that can grow in 
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extreme temperature conditions of up to 85°C and 122°C, respectively, were selected[86]. 

Although high-resolution structures of the isolated coiled-coils are not available, the domain 

from E. coli has been characterized in detail [87]. Coiled-coil candidates with a defined 

additional alpha-helical structures instead of the loop connecting the two helices were also 

selected because they provide a larger surface than classical antiparallel coiled-coils. CC4 is 

derived from the pore-forming toxin YaxAB protein [88] and CC5 represents the microtubule-

binding domain from dynein)[89]. Because some of the coiled-coil were potentially not very 

stable, a disulfide bond was introduced to increase the stability [90, 91]. A disulfide bond at 

the C-terminus a/d and N-terminus d’/a’ was reported to increase the stability of the coiled-

coil structure [92, 93]. b3AR chimeric constructs were designed with (b3AR-CC) and without 

disulfide bond (b3AR-CC_SS) at a or d’ positions of C-terminus and N-terminus (figure 10).  

 

 

 
 Figure 10: Construct design of b3-adrenergic-receptor (b3AR) coiled-coil (CC) constructs. Schematic representation of the design and 

structure of CC domains used in the study. From right to left: CC1, CC2, CC3.1 (CC3.2 has no structure available), CC4 and CC5. The constructs 

have an N-terminus FLAG-tag for western blot detection and C-terminus Twin-Strep-tag for protein purification. The third intracellular loop 

of the b3AR was replaced by the selected CC variants. The constructs were designed in two forms, one without a disulfide bond (b3AR-CC) 

and the other with a disulfide bond (b3AR-CC_SS). 

 

The human b3AR chimeric sequence has an N-terminal 25-residues deletion (P3-T27) which 

has two glycosylation sites (residues 8 and 26). C-terminal 40-residues deletion (P369-S408) 
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was also applied which a which aligns approximately with the position of the b2AR C terminus. 

The insertion of CCs into the third intracellular loop was at A231-E286. The b3AR sequence 

was further modified depending on the previous published structure of  b2AR by introducing 

seven rationally designed mutations[94, 95], E36A, M86V, I125V, E126W, Y224A, F341M, and 

Y346L. An HA signal sequence, a FLAG-epitope tag (DYKDDDD) at the N-terminus were added 

to b3AR-CC sequences. They were subcloned into modified mammalian expression vectors 

(pACMV-tetO and pcDNA™4/TO), which contain a thrombin cleavage site (LVPRGS) and HRV 

3C cleavage sequence (Precision Site) 3C (LEVLFQGP), respectively the C-terminus. All of these 

were followed by a Twin-Strep-tag at the C-terminus of the chimera sequence (Figure 11). 

 

 
Figure 11: Schematic representation of b3-adrenergic-receptor chimera. The sequence was modified with an additional N-terminal 
haemagglutinin signal sequence (red) followed by FLAG-tag (dark green) and C-terminal thrombin cleavage site (pink) followed by a Twin-

Strep-tag (bright green). The third intracellular loop is replaced by coiled coil 3.1 amino acids (cyan). The replaced amino acids (magenta) 

were changed on previous structural information from published b1AR and b2AR structures.  



3.2. b3-adrenergic-receptor coiled-coil (b3AR-CC) protein exhibits high expression 

and solubilization levels 

 

3.2.1. Small-scale expression and detergent screening of b3AR-CC chimeras 

 

Sequences of b3AR fused with CC variants at the third intracellular loop were synthesized 

from GENEWIZ as described at the material and methods. The b3AR-CC (1–6) were initially 

inserted into pHeptares-GFP for efficient screening using FSEC. Initial expression was 

performed in HEK293S, and b3AR-CC chimeras were successfully transiently expressed 72 h 

after transfection. The small-scale expression test was performed in six well plates. The 

amount of expression and localization of the proteins was checked with the in-plate screening 

for GFP fluorescence using the FLoid® Cell Imaging Station (data not shown). From this 

expression test, only b3AR-CC3.1 and b3AR-CC3.2 were expressed and could be detected 

using western blot with monoclonal antibodies and FLAG-tag (Figure 12A) and FSEC profile 

(data not shown). The constructs showed different levels of expression. The highest 

expression level was from b3AR-CC3.1.  

 

The same construct design was transferred to pACMV-tetO to be used for stable cell line 

production. The initial expression in HEK293S GntI- showed a reasonable expression levels 

therefore, a stable cell line were produced. The expression increased to three times more 

using both tetracycline (2 μg/ml) and sodium butyrate (5 mM). Small-scale solubilization was 

performed using intensive detergent screening and was followed by purification with the 

corresponding detergents. The b3AR-CC3.1 detergent screening was conducted in the 

presence of detergents covering a wide range of ionic properties. Several non-ionic and 

zwitterionic detergents were used, such as 7-Cyclohexyl-1-Heptyl-β-D-Maltoside, n-Dodecyl-

N,N-Dimethylamine-N-Oxide (LDAO), Undecanoyl-N-Hydroxyethylglucamide, DDM, LMNG, n-

Decyl-β-D-Thiomaltoside (DDTM), n-Decyl-β-D-Thioglucoside (DDTG) and n-Dodecyl-β-D-

Glucoside (BDDG). Triton and sodium dodecyl sulfate (SDS) were used as controls. Each 

detergent was tested for its ability to solubilize b3AR-CC3.1 at a final concentration of 1% 

(w/v), a concentration that is above all the CMC values for the detergents. It has been 

previously reported that the combination of DDM and CHS was very successful in the 



purification of several GPCRs [96, 97]. All the detergents used successfully solubilized the 

receptor.  

 

The protein solubilization was done as mentioned in the material and methods. The 

solubilized proteins were detected by western blotting using a monoclonal antibody against 

a FLAG-tag (Figure 12A). Despite the differences in purity of b3AR-CC3.1, overall, all tested 

detergents successfully solubilized the receptor. 

 

The solubilization screening was followed by small-scale protein purification using the same 

set of detergents as described in the materials and methods. The purified proteins were 

analyzed using SDS-PAGE and. The b3AR-CC3.1 ran as a major single band around 40–45 kDa 

on SDS-PAGE after small scale purification in presence of all the tested detergents except for 

LMNG and BDDG; these ran as two bands (at 40–45kDa and 30–35 kDa, respectively; Figure 

12C). The purified protein in DDM/CHS showed one major band comparable with the purified 

protein in the other detergents (Figure 12C).  Moreover, the protein yield in presence of 

DDM/CHS was higher than the others. We found that DDM/CHS was the best detergent 

combination for b3AR-CC3.1 solubilization and purification of the b3AR-CC3.1. Finally, b3AR-

CC3.1 could be purified at 0.5 mg/ml per 1L shaking flask culture in the presence of DDM/CHS.  

 

 

 



 
Figure 12: Expression and purification of b3-adrenergic-receptor coiled coil (b3AR-CC) chimera. A. The expression of b3AR-CC3.1 and b3AR-

CC3.2. b3-adrenergic-receptor coiled coil 3.1 expression yield was five times more than b3AR-CC3.2. The cell lysate was detected using a 

FLAG-tag. B. Western blotting using a FLAG-tag to test the solubilization (detergent screening) of b3AR-CC3.1. All the tested detergents 

successfully solubilized the receptor. C. Purification of b3AR-CC3.1 using the same detergent set used for the solubilization test. The purified 

protein band appeared in the sodium dodecyl sulfate at the correct size in the presence of all the detergents except for LMNG and BDDG. 

Dodecyl maltoside (DDM) was the best detergent during purification due to the high yield of the purified protein. 

 

 

3.2.2. Large-scale expression of b3AR-CC3.1 

 

A stable cell line of b3AR-CC3.1 was produced using a pcDNA4/TO vector in T-REx-293 cell 

lines in addition to a pACMV-tetO vector for easier handling due to the smaller size of 

pcDNA4/TO. The protein was expressed, and the best-expressing clone was selected using 

western blotting (data not shown). The best expressing clone was expanded gradually as 

following: 24-well blocks are particularly useful for clonal selection, followed by 6-well blocks, 

10cm Petri dishes. The cells were adapted to suspension using a shaker flask that is typically 

used for volumes between 30 ml and 5 liters. The final volume that we used for large-scale 

production was 1-liter flask. The large-scale purification was conducted from 5 Liters culture 

media. The cells were harvested after 3 days after induction using 3-mg/ml tetracycline and 

5-mM sodium butyrate. Total cell pellet was 6 g/L. The protein was captured using a 5 ml 

StrepTrap HP column. The eluted protein fractions from both affinity chromatography (AC) 
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and SEC ran on SDS-PAGE 12% (Figure 13A). This was followed by one-step size-exclusion 

chromatography (SEC; Figure 13B).  

 

  
Figure 13: Large-scale expression and purification of b3-adrenergic-receptor coiled coil 3.1. A. SDS-PAGE elution fractions of b3-adrenergic-

receptor coiled coil 3.1 from affinity chromatography and size-exclusion chromatography. The eluted fractions from affinity chromatography 

showed a major band at 40 kDa with another band around the size of a protein dimer. This could be a sodium dodecyl sulfate effect. The size-

exclusion chromatography fractions ran as one dominant band at approximately 40 kDa, and the higher molecular weight band appears only 

at higher concentrations. B. Size-exclusion chromatogram for b3-adrenergic-receptor coiled coil 3.1 in dodecyl maltoside and cholesteryl 

hemisuccinate. The protein eluted as one major peak with a shoulder around the right molecular weight of the protein and micelle size of 

dodecyl maltoside and cholesteryl hemisuccinate around 100 kDa.  

 

The protein ran on the gel after SEC as one major band at approximately 40 kDa, as expected, 

and two low-abundance bands, one nearly 100 kDa and the other 15 kDa. The eluted fractions 

after SEC were stored at -80°C for further use in biophysical characterization for the protein 

or for crystallization trials. 
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3.3. CC fusion is stabilizing b3AR successfully 

 

3.3.1. Biophysical characterization of b3AR-CC3.1 using size-exclusion 

chromatography 

 

The b3AR-CC was tested for the best purification conditions. To accomplish this, several 

detergents, ligands, temperatures, pH levels and buffers were tested. A combination of the 

best between them was also tested. An SEC profile was the first indication for the 

monodispersity of the protein. Screening was conducted by incubating the purified 

membranes of equal culture amounts with a buffer containing each detergent at three times 

their CMC levels. Since DDM/CHS was the best detergent combination for b3AR-CC3.1, all 

further purifications used DDM/CHS. After the screening, a DDM/CHS combination and DDTM 

were the best detergents for the purification of the protein in a structural biology (Figure 14). 

The DDM/CHS and DDTM reduced the shoulder peak that always appears during purification 

in the SEC profile. Moreover, HEGA11 looked even better on the SEC profile, but it was not 

possible to use it for further purification because it is not soluble at 4°C. The extraction 

efficiency of GPCRs varies dramatically based on the detergent. The b3AR-CC3.1 protein was 

initially purified in 50-mM Tris pH 7.8, 150-mM NaCl, 0.05% DDM, 0.01% CHS and 20-µM 

carvedilol. The tested detergents were added in a concentration enough to overcome the 

DDM/CHS, incubated for 1 hour before running on aSEC columns. This initial purified protein 

was used as a base line for all the other measurements. All measurements were taken the 

using this initial purified protein for comparison. 
 

 

 



 

 
Figure 14: Size-exclusion chromatography profile of b3-adrenergic-receptor coiled coil 3.1 (b3AR-CC3.1) in the presence of different 

detergents. A. Dodecyl maltoside and cholesteryl hemisuccinate (DDM/CHS; blue) and lauryl maltose neopentyl glycol (LMNG; red), where 

another small peak likely represents a small degradation for the protein. B. HEGA11 (red), which reduced the shoulder peak of b3AR-CC3.1 

but introduced a similar degradation peak as LMNG. C. n-Decyl-β-D-Thiomaltoside (red), which behaved quite similarly to DDM/CHS. D. n-

Decyl-β-D-Thioglucoside (red), which increased the shadow peak more than DDM/CHS. E. CYMAL7 (red), also quite similar to the DDM/CHS 

effect but induced the degradation peak. F. n-Dodecyl-β-D-Glucoside (red), which induced the dimer peak of the protein. G. FosCholine-12 

(red), where the protein peak was shifted to a peak with a lower molecular weight. H. n-Dodecyl-N,N-Dimethylamine-N-Oxide (red), the 

worst-tested detergent, where the protein tends to aggregate in its presence. 
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A wide range of pH levels were also tested, from 4 to 10. At a very low pH (4), the protein 

showed a clear third peak appeared after the major peak of b3AR-CC3.1. At a higher pH (10), 

despite the third peak of the protein that is similar to the one at pH 4, the monodisperse peak 

of the protein dominated. It was clear that the b3AR-CC3.1 is more resistant to higher pH 

levels than lower ones. The preferable pH for b3AR-CC3.1 is 7 to 8 as the protein showed a 

third peak with wither lower or higher pH (Figure 15). The best pH is 7.5 and was used later 

for all purifications. 

 

 
Figure 15: Size-exclusion chromatography profile of b3-adrenergic-receptor coiled coil 3.1 at different pH levels. A. pH 7.8 (blue) and pH 4 

(red), where the monodisperse peak transformed into a noticeable degraded peak. B. pH 7.8 (blue) and pH 10 (red), where it also affected 

the monodispersity of the protein, but less harshly than pH 4. 

 

Ligands play a vital role in GPCR purification. Even though ligands are usually only used during 

the purification of receptors, recent studies have shown that supplementing small molecule 

ligands during expression can improve the membrane surface expression of GPCRs [98]. 

Therefore, three different antagonists (carvedilol, L748337 and SR59230A) and one agonist 

(carazolol) were tested for b3AR-CC3.1 binding. The selected ligands were selected because 

they were reported to be a b3AR specific binding over the other two types of beta-adrenergic 

receptors[99]. The SEC peaks compared with b3AR-CC3.1_null that was purified in the 

presence of carvedilol. Carvedilol was the best between the tested antagonists in terms of 

the protein monodispersity (Figure 16). According to the SEC peaks, carazolol showed similar 

behavior to carvedilol and was even slightly better. It was preferable to solve the crystal 

structure in inactive states to avoid the conformational changes that happen upon agonist 
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binding which may not be suitably stabilized to form crystals even when present in 

appreciable quantities. Therefore, carvedilol was the ligand of choice for further tests.  

 

 

 
Figure 16: Size-exclusion chromatography profile of b3-adrenergic-receptor coiled coil 3.1 (b3AR-CC3.1) in presence of different ligands. 

A. Antagonist carvedilol (blue) and antagonist L748337 (red). The L748337 transformed the monodisperse peak of b3AR-CC3.1 to a lower 

molecular peak, which is probably degradation. B. Antagonist carvedilol (blue) and agonist carazolol (red). The carazolol showed no change 

in the monodisperse peak of the protein. C. Antagonist carvedilol (blue) and another antagonist SR59230A (red). The SR59230A behaved in 

a similar way to L748337 and transformed the monodisperse peak of the protein to one of smaller molecular weight. 

 

 

Overall, between all the tested detergents, it seems that DDM/CHS, FosCholine12 (FC12) and 

HEGA11 were the best in terms of the monodispersity of b3AR-C3.1 (Figure 14B and G). 

Moreover, the ligands, whether antagonists or agonists, behaved similarly. Therefore, the 

tested factors were also combined in order to achieve better overall protein behavior. 

Different combinations of detergents and ligands were required before stability of the protein 

and crystallization could be further investigated (Figure 17A–F). HEGA11 showed the best SEC 

profile in the presence of antagonist L748337 (Figure 17E). HEGA11 is not soluble at 4°C, so 

the purification must be conducted at room temperature, which is not suitable for GPCRs that 

requires a 4°C purification conditions. The fact that FC12 efficiently reduces the shadow peak 

of what might be aggregate was not enough to replace the usage of DDM/CHS in b3AR-

CC3.1’s purification. When FC12 was tested in combination with the tested ligands, it 
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introduced a third peak of the protein that is not ideal for crystallization. Purification 

experiments were also conducted without a ligand, but it was not possible to concentrate the 

protein to more than 2 mg/ml. The presence of a ligand during the purification of b3AR-CC3.1 

was required in order to increase the protein solubility. 

 

 

 
Figure 17: Size-exclusion chromatography profile of b3-adrenergic-receptor coiled coil 3.1 in presence of a combination of detergents and 

ligands. A. Dodecyl maltoside and cholesteryl hemisuccinate and carvedilol (blue) with A. FosCholine12 and carazolol (red) B. FosCholine12 

and L748337 (red). C. FosCholine12 and SR59230A (red). D. HEGA11 and carazolol (green). E. HEGA11 and L748337 (green). F. HEGA11 and 

SR59230A (green). The shadow peak is reduced in presence of fosCholine12 more than in presence of HEGA11. The ligands combinations 

with each of the detergents did not show a noticeable variation between them.  
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3.3.2. Thermal-stability analysis 

 

Developing thermal-stability assays for the study of MPs is a crucial task for structural 

biologists in order to have an efficient and quick tool to test the receptor stability which is 

required for structure biology. A popular thermal-stability assay developed especially for the 

study of MPs uses a thiol-specific probe, 7-diethylamino-3-(4-maleimidophenyl)-4-

methylcoumarin (CPM). The assay depends on measuring the fluorescence emission of CPM 

upon forming a covalent bond with the side chain of a free cysteine (Cys). The free Cys 

becomes more readily accessible upon protein thermal denaturation. Interestingly, the 

melting temperatures of MPs determined in literature using the CPM assay are tightly 

clustered in the temperature range 45–55°C for previously described thermostabilized β1AR, 

NTS1 and A2AR [100-102]. The thermal stability of the recombinant receptors was tested with 

different concentrations of ligands and different ligand/detergent combinations. The CPM 

measurement was taken at a ramping rate of 2°C/min within a temperature range of 25°C to 

90°C. The temperature was recorded at different protein concentrations, each in triplicates 

to optimize the assay conditions (protein concentration, dye concentration and buffer) before 

starting the screening (Figure 18). The measured Tm of b3AR-CC3.1 was 67.5°C. Carvedilol was 

reported as a b3AR antagonist that binds to it with a very high affinity 9.4  

pKi [103]. The measured unfolding melting temperatures (Tm) of b3AR-CC3.1 were very high 

in presence of DDM/CHS with carvedilol. The measured Tm was higher by more 20°C than the 

recorded Tm of the stabilized receptors which varied between 40-45 °C. 

 



 
Figure 18: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of carvedilol. The melting temperature was recorded for four 

different protein concentrations: 1 µg (orange), 2.5 µg (purple), 5 µg (green) and 10 µg (blue). A control run was done using a blank (grey) 

consisting of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
 

The initial CPM screening was done in presence of 25-µM carvedilol as antagonist for b3AR-

CC3.1. The GPCR stability might be ligand concentration dependent. Therefore, two higher 

concentrations of carvedilol were tested. The Tm was measured at carvedilol concentration of 

250 µM and 500 µM. The Tm did not change with increased ligand concentration (Figure 19). 

Only a 1°C increase was noticed at concentrations of 500-µM compared to 250-µM carvedilol. 

The CPM profile changed when higher concentrations of carvedilol and this might be due to 

the excess concentration of the ligand. 

 

-0.2

0.3

0.8

1.3

1.8

2.3

25 35 45 55 65 75 85 95

dF
/d

T

Temperature (°C)

b3AR-cc in presence of carvedilol

 10ug/100ul

 10ug/100ul

 10ug/100ul

 5ug/100ul

 5ug/100ul

 5ug/100ul

 2.5ug/100ul

 2.5ug/100ul

 2.5ug/100ul

 1ug/100ul

 1ug/100ul

 1ug/100ul

 Buffer+Dye

 Buffer+Dye

 Buffer+Dye

Conc. tm

1μg 67.5 °C

2.5μg 67.5 °C

5μg 67.5 °C

10μg 67.5 °C



 
Figure 19: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different concentrations of carvedilol. The melting 

temperature was recorded for different carvedilol concentrations: 250 µM (magenta) and 500 µM (blue). A control run was done using a 

blank (grey) consisting of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in 

triplicates. 
 

The other ligands were tested for thermal stability, each at different concentrations. The 

b3AR-CC3.1 was purified in DDM/CHS. L748337 is a selective b3AR antagonist. The binding 

affinity of L748337 to b3AR is 8.4 pKi[103]. The L748337 antagonist was tested at 10 µM, 20 

µM and 30 µM. No thermal shift was noticed with increased L748337 concentrations. The 

overall stability was 64.5°C (Figure 20), as was recorded for b3AR-CC3.1 with carvedilol in 

DDM/CHS. 
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Figure 20: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different concentrations of L748337. The melting 

temperature was recorded for different L748337 concentrations: 10 µM (magenta), 20 µM (green) and 30 µM (blue). A control run was done 

using a blank (grey) consisting of everything except the protein. For comparison, b3-adrenergic-receptor coiled coil 3.1 in dodecyl maltoside 

and cholesteryl hemisuccinate with carvedilol’s thermal profile (orange) is plotted with the rest. The assay was done in a total volume of 25 

µl, and the measurement was done in triplicates. 
 

SR59230A is another potent and selective b3AR antagonist [103]. Its binding affinity to b3AR 

was reported in different publications to vary between 6.9 pKi and 8.4 pKi[103-105]. It was 

tested at concentrations of 10 µM, 20 µM and 30 µM. No thermal shift was noticed with 

increased SR59230A concentrations. The overall stability was 64.5°C (Figure 21), as was 

recorded for b3AR-CC3.1 with carvedilol in DDM/CHS. However, the CPM peak intensity 

increased comparable to the peak intensity in presence of carvedilol. This might be an 

indication of better protein solubility as it was noticed with increasing the protein 

concentration in presence of carvedilol the peak intensity was increasing (Figure 18). This in 

turn could be the explanation for the higher peak intensity in case of SR59230A. it seems that 

the protein is more soluble in case of SR59230A than in presence of carvedilol. Moreover, this 

little higher solubility was not reflected to the thermal stability Tm. 
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Figure 21: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different concentrations of SR59230A. The melting 

temperature was recorded for different SR59230A concentrations: 10 µM (blue), 20 µM (magenta) and 30 µM (violet). A control run was 

done using a blank (grey) consisting of everything except the protein. For comparison, b3-adrenergic-receptor coiled coil 3.1 in dodecyl 

maltoside and cholesteryl hemisuccinate with carvedilol’s thermal profile (orange) is plotted with the rest. The assay was done in a total of 

volume 25 µl, and the measurement was done in triplicates. 
 

Carazolol is a known b3AR agonist. It binds to b3AR with an affinity of 8.7 pKi [106]. It was 

tested at 10 µM, 20 µM and 30 µM. The different concentrations of carazolol did not affect 

the thermal profile. No thermal shift was noticed between the different concentrations. The 

overall stability was 64.5°C (Figure 22). Despite the fact that the protein Tm in presence of 

carvedilol is the same as in carazolol, carazolol seems to be more successful in keeping the 

protein more soluble in solution as it could be seen from the peak intensity.  
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Figure 22: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different concentrations of carazolol. The melting 

temperature was recorded for different carazolol concentrations: 10 µM (violet), 20 µM (blue) and 30 µM (magenta). A control run was done 

using a blank (grey) consisting of everything except the protein. For comparison, b3-adrenergic-receptor coiled coil 3.1 in dodecyl maltoside 

and cholesteryl hemisuccinate with carvedilol’s thermal profile (orange) is plotted with the rest. The assay was done in a total volume of 25 

µl, and the measurement was done in triplicates. 

 

The ligand screening revealed that all the tested b3AR ligands behaved similarly in terms of 

thermostabilization. Either the ligands bind in a similar way or the binding specificity of the 

tested ligands affected the assay. Moreover, it was important to determine the best 

combination of ligands and detergents. Therefore, the best three detergents (FosCholine12, 

HEGA11 and DDM/CHS) were tested in the presence of the different ligands (carazolol, 

carvedilol, SR59230A and L748337). When carvedilol was tested in the presence of the three 

detergents, DDM/CHS showed the best thermal stabilization effect. The recorded Tm was 64°C 

in presence of DDM/CHS, followed by HEGA11, nearly 8°C less stable at 56°C, and 

FosCholine12, nearly 10°C less stable at 54°C (Figure 23). While FosCholine12 had the lowest 

Tm between the three detergents but it seems it is the most detergent between them that 

could maintain the protein soluble in solution followed by HEGA11 and then carvedilol as the 

peak intensity of the FosCholine12 is the higher between them while carvedilol is lower one.  
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Figure 23: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different ligands. The melting temperature was recorded for 

different ligands with carvedilol: FosCholine12 (green), HEGA11 (magenta) and DDM/CHS (orange). A control run was done using a blank 

(grey) consisting of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 

 

HEGA11 did not show a reasonable variation in thermal profile along the different ligands. It 

was more stabilizing in the case of antagonist SR59230A, 1°C higher than the others at 61°C. 

It is less stable than DDM/CHS with carvedilol at 64°C (Figure 24). 

 
Figure 24: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different HEGA11/ligand combinations. The melting 

temperature was recorded for different detergent/ligand combinations: Dodecyl maltoside/carvedilol (orange), HEGA11/carazolol (violet), 

HEGA11/SR59230A (red) and HEGA11/L748337 (blue). A control run was done using a blank (grey) consisting of everything except the protein. 

The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
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The last detergent tested with all the ligands was FC12. The FC12/ligand combination was the 

worst of all combinations (Figure 25). The temperature dropped by nearly 19°C with the three 

ligands compared to DDM/CHS in the presence of carvedilol. The lowest temperature was 

recorded in the presence of antagonist L748337 at 55°C, followed by agonist carazolol at 56°C, 

while the best was recorded in the presence of antagonist SR59230A 57°C.  

 
Figure 25: CPM profile of b3-adrenergic-receptor coiled coil 3.1 in presence of different FosCholine12/ligand combinations. 

The melting temperature was recorded for different detergent/ligand combinations: Dodecyl maltoside/carvedilol (orange), 

FosCholine12/carazolol (blue), FosCholine12/SR59230A (magenta) and FosCholine12/L748337 (green). A control run was 

done using a blank (grey) consisting of everything except the protein. The assay was done in a total volume of 25 µl, and the 

measurement was done in triplicates. 
 

Both FC12 and HEGA11 showed a good SEC profile and improved the monodispersity of the 

protein. The thermal stability had to be tested for both detergents in the same way as for the 

SEC experiment. This was followed by detergent/ligand combinations. HEGA11 reduced the 

stability of the protein comparably to the DDM/CHS (Figure 24) with 4°C. The same was 

noticed for the ligands. All the tested ligands with HEGA11 also did not improve the stability 

of b3AR-CC3.1 more than did carvedilol. FosCholine12 was even worse than HEGA11 in terms 

of the stability of b3AR-CC3.1 (Figure 25). The stability dropped by over 9°C with all the 

FC12/ligand combinations compared to DDM/CHS with carvedilol. The overall outcomes from 

CPM study of b3AR-CC3.1 showed that the best detergent/ligand combination is DDM/CHS 

and carvedilol. In presence of other detergents/ligands combinations the measured Tm was 

always lower than what recoded in presence of DDM/CHS with carvedilol. Therefore, this 

combination was kept for the further purifications and crystallization trials in the study.  

-0.8

-0.3

0.2

0.7

1.2

1.7

2.2

2.7

3.2

3.7

4.2

25 35 45 55 65 75 85 95

dF
/d

T

Temperature (℃)  

 B3AR Null DDM+Carvediolol

 B3AR Null DDM+Carvediolol

 B3AR Null DDM+Carvediolol

 B3ARcc+FosCholine+Carazolol

 B3ARcc+FosCholine+Carazolol

 B3ARcc+FosCholine+Carazolol

 B3ARcc+FosCholine+SR59230A

 B3ARcc+FosCholine+SR59230A

 B3ARcc+FosCholine+SR59230A

 B3ARcc+FosCholine+L748337

 B3ARcc+FosCholine+L748337

 B3ARcc+FosCholine+L748337

 Dye+Buffer

 Dye+Buffer

 Dye+Buffer

Conc. tm

FC12+Carazolol 56.5 °C

FC12+SR59230A 57.5 °C

FC12+L748337 55.5 °C

DDM/CHS +Carvedilol 64.5 °C



3.4. Crystallization of b3AR chimera recombinant proteins  

 

Crystallization trials were conducted for the purified b3AR-CC3.1 using either the vapor 

diffusion (VD) method or lipidic mesophase (LCP). The protein was purified in the presence of 

carvedilol and DDM/CHS. Initial screening was conducted with a monodisperse protein after 

purification with AC using StrepTrap columns. This was followed by SEC. The eluted fractions 

were concentrated (Figure 26) to 12.5 mg/ml.  

 

 
Figure 26: Large-scale expression and purification of b3-adrenergic-receptor coiled coil 3.1 for crystallization. A. Size-exclusion 

chromatography for b3-adrenergic-receptor coiled coil 3.1 in dodecyl maltoside and cholesteryl hemisuccinate. The protein was eluted as 

one major peak at the correct corresponding size of 100 KDa. B. SDS-PAGE of b3-adrenergic-receptor coiled coil 3.1 elution fraction from SEC 

after concentration. The protein ran on SDS as one major band at the correct molecular weight and another band corresponding to a higher 

molecular weight.  

 

The purified protein was used for LCP trials at high concentrations, 20 mg/ml. The protein was 

mixed with monoolein at a ratio of 4:6 (protein: lipid) as recommended[107-109]. Different 

crystals appeared in different conditions. Several other screens were tested from different 

b3AR-CC3.1 patch. The spherical crystals appeared after 7 days in 0.1M Na Acet pH 4.5, 17% 

v/v PEG400 (Figure 27.A) and after 7 days also in 0.2M-NaCl, 0.1-M HEPES pH 7 and 22% v/v 

PEG 550 MME (Figure 27.B). The diamond-shaped crystals appeared after 3 days in 0.1-M 

NaCl, 0.1-M LiSO4, 0.1-M Na3 Citrate pH 5 and 40% v/v PEG200 (Figure 27.C). Moreover, 

plate-shaped crystals appeared after 3 days in 0.1-M MES pH 6.5 and 40% v/v 14ButD (Figure 

27.D). The crystals were collected at the Swiss Light Source (SLS) using PX-I, but no diffraction 
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was detected for any of them. The crystals had weak UV signals under the microscope. This 

might be why there was no obvious diffraction.  

 

Figure 27: Lipidic cubic phase crystal hits from b3-adrenergic-receptor coiled coil 3.1. Protein concentration 20 µg for all the tests. A. First 

crystal hits appeared after 7 days in 0.1-M Na Acetate pH 4.5, 17% v/v PEG400. B. Spherical crystals appeared in 7 days in 0.2-M NaCl, 0.1-

M HEPES pH 7 and 22% v/v PEG 550 MME. C. The diamond crystals appeared after 3 days in 0.1-M NaCl, 0.1-M LiSO4, 0.1-M Na3 Citrate pH 

5 and 40% v/v PEG200. D. The plates were noticed again after 3 days in 0.1-M MES pH 6.5 and 40% v/v 14ButD. 

The concentrated protein was also used for the VD screening at two different concentrations, 

7 mg/ml and 12 mg/ml. Vapor diffusion crystallization was conducted at 22°C. The first crystal 
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hits were 30–70-μm needle-like crystals of b3AR-CC3.1 grown in 0.2-M MgCl2 (salt), 0.1-M Na 

Cacodylate pH 6.5 (buffer) and 50% v/v PEG 200 (precipitant). Crystals grew within 2 h and 

took 3–4 days to reach their maximum size. The crystals were harvested, and flash frozen in 

liquid nitrogen, then stored in liquid nitrogen until data collection. X-ray diffraction data were 

measured at the SLS beamline PXI using a beam size of 10 μm × 10 μm. Crystals initially 

displayed diffraction to approximately 50Å (Figure 28). Intensive optimization for this 

crystallization condition was conducted using different buffers, protein concentrations, pH 

levels, additive screening, salt types and concentrations and different types of PEGs and PEG 

concentrations. Seeding was attempted, but this did not yield crystals that could be used for 

diffraction testing as it was micro-crystals that is difficult to be collected. The best crystals 

from VD were diffracted to 22Å with optimization in the PEG200 concentration to 52% instead 

of 50% and lower total protein concentration 7.5 µg instead of 12.5 µg (Figure 28). Moreover, 

the crystals were not adequate for solving the structure, but we could clearly see that it was 

a protein crystal as the diffracted pattern was very close to the beam stopper which is a 

protein characteristic. It seemed that CC alone was able to initiate a crystal contact, but it was 

not sufficient to have perfect crystal contacts required for crystallization. Therefore, more 

focus on providing an additional polar surface for b3AR chimera was done. In order to get the 

best protein design that can successfully crystalize the b3AR chimera. 

 



 

 
Figure 28: Vapor diffusion of b3-adrenergic-receptor coiled coil 3.1 crystals and X-ray diffraction. A. First crystal hits from JSCG+ screen. 

The needles grew at protein concentration 12.5 µg in 0.2-M MgCl2, 0.1-M Na Cacodylate 6.5 pH and 50 % v/v PEG 200. B. The crystals grew 

after intensive optimization. The needles grew at protein concentration 7.5 µg in 0.2-M MgCl2, 0.1-M Na Cacodylate 6.5 pH and 52 % v/v PEG 

200. C. The diffraction pattern of the initial needles at A. The diffraction reached only 50Å. D. Diffraction pattern of the optimized needles at 

B. The diffraction hit 22Å. 
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3.5. Design improvements for the fusion protein  

 

Coiled coil fusion was very successful in stabilizing the b3AR. However, it was not sufficient to 

obtain well-ordered crystals good enough to solve the structure. Therefore, the design 

required further improvements. A possible solution was providing an additional polar surface 

for crystallization to the CC. polar-polar interactions is essential for a three-dimensional 

crystal lattice while hydrophobic and hydrophilic crystals contact often results in high 

anisotropic diffraction pattern. Therefore, it was necessary to provide enough polar surface 

sufficient to for polar-polar interactions in the crystal[110]. It seems that the hydrophobic 

residues in the coiled coil is reducing this polar-polar interaction resulting in not a well-

ordered crystal. Therefore, T4L was chosen to provide this polar surface as the additional 

protein to the coiled coil. Therefore, several constructs were designed in order to answer two 

important questions: Is T4L sufficient to provide an additional polar surface alongside the CC? 

What is the best position for T4L fusion? The three different sets of constructs varied as 

follows: T4L could facilitate crystallogenesis of b3AR in addition to the third ICL CC or in the 

absence of a CC (Figure 29). To answer the second question, N-terminal fusion of T4L was one 

of the sets, as it was used successfully to solve GPCRs such as b2AR [111]. Therefore, the T4L-

b3AR-CC was designed ad following: an HA signal sequence, a 6× FLAG-tag (DYKDDDD) and 

TwinStrep-Tag followed by TEV cleavage site at the N-terminus. This was followed by b3AR-

CC chimera sequence (CC insertion at the 3rd ICL) where b3AR sequence was further modified 

depending on the previous published structure of  b2AR. This was done by introducing six 

rationally designed mutations, M277V, I316V, E317W, Y415A, F550M, Y555L (appendix 9.5). 

The second set of receptors was designed to have CC-T4L in the third ICL of b3AR, where T4L 

replaced the CC-connecting loop (Appendix 9.3). The construct design was the same as it was 

for b3AR-CC except the T4L was added at K264-433E. T4L replaced the CC connecting loop by 

introducing an N-terminus amino acids motif (KRQL) and C-terminus amino acid motif 

(KFCLKE) that assign a coiled coil alpha helices similar structure. The last set of constructs was 

designed in the same way that was originally used to solve the first crystal structure of b2AR 

[23], where T4L was fused in the third ICL of the receptor instead of the CC using C-terminus 

amino acid motif (KFCLKE) as connection to the coiled coil alpha helices. Therefore, the b3AR-

T4L was designed by inserting T4L at N236-402C followed by precision cleavage site and 



TwinStrep-tag at C-terminus. The b3AR sequence was further modified by introducing 

mutation A231C (Appendix 9.4). 

 
Figure 29: Different designs for b3-adrenergic-receptor (b3AR) chimeras. A. N-Terminal T4-lysozyme (T4L) insertion with b3AR coiled-coil 

(CC) construct design (T4L-b3AR-CC). B. CC-T4L insertion in the third intracellular loop of b3AR where T4L replaces the CC-connecting loop 

(b3AR-CCT4L). C. T4L insertion into the third intracellular loop of b3AR (b3AR-T4L).   

 

The sequences were synthesized and inserted into pcDNA4/TO backbone. The protein 

expression test was conducted in a transient expression in T-REx-293 and T-REx-CHO cell lines. 

The expression was tested using western blotting (Figure 30.A). The expression of T4L-b3AR-

CC was only possible in T-REx-CHO cells, while b3AR-CCT4L expression was possible in T-REx-

293 at a very low level that was not sufficient to move further. Moreover, b3AR-T4L did not 

express at both cell lines. Small-scale purification was conducted for T4L-b3AR-CC using 

StrepTactin beads (Figure 30.B). The protein can be well purified. The expression was tested 

from both adherent and suspension cells in order to achieve the most efficient expression. 

The best expression could be achieved from suspension cells (10 times more than adherent). 

T-REx-CHO cells expressing T4L-b3AR-CC were not successfully growing in suspension. The 

cells died before reaching one million cell density, and the purified protein was degraded. In 

the end, the required protein quantity for crystallization studies could not be achieved from 

T-REx-CHO cells. It has been reported that the expression of b3AR significantly increases the 

lipid production in CHO/K1 cells [112]. This might be a reason for the difficulties of CHO 

expressing b3AR culture longevity. Confluent T-REx-CHO cells that express b3AR-CC-T4L could 

survive despite suspension T-REx-CHO cells that express b3AR-CC-T4L. The suspension cells 
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showed a very high rate of toxic metabolism with time because of lactate and ammonium, 

and this may be a second reason for scaling-up of T-REx-CHO cells that express b3AR-CC-T4L 

[113, 114]. We tried to propagate the T-REx-CHO cells that express b3AR-CC-T4L attached not 

in suspension. We used different plate sizes 100mm (cell growth area 55 cm2) and 150mm 

diameter (cell growth area 152 cm2) but the cells also did not grow efficiently. It could only 

grow in 100mm plates then start to stop growing before being confluent.  

 

The b3AR-CC-T4L purified protein was used for further thermal-stability measurement using 

CPM as previously described with the other constructs. The b3AR-CC-T4L showed Tm of 

approximately 75°C with DDM/CHS and carvedilol, while b3AR-CC recorded Tm of 

approximately 64°C with DDM/CHS and carvedilol. The CPM profile from b3AR-CC-T4L 

confirms that the protein was very stable and that replacing the native connecting loop of the 

CC3.1 with T4L did not affect the overall stability as suspected. It was reported that the 

connection loop of the CC is very important to the stability of the structure[115-117]. As the 

closure of longer loops is suggested to require more energy than shorter loops and therefore 

result in protein destabilization[117]. Interestingly, b3AR-CC-T4L was stable with almost 9°C 

higher than b3AR-CC. Using T4L in addition to CC with GPCR improved the stability of the 

receptor. 

 
Figure 30: Expression, purification and thermal stability of different b3-adrenergic-receptor (b3AR) chimera designs. A. Western blotting 

expression test for T4L-b3AR-T4L, b3AR-CC-T4L and b3AR-CC, where T4L is T4-lysozyme and CC is coiled coil. B. Small-scale purification test 

from attached T-REx-CHO, where the protein was eluted in two different fractions (A1 and A2), and from suspension T-REx-CHO, where two 

fractions were again collected (S1 and S2). C. Thermal-stability profile of b3AR-CC-T4L. The pink curves represent replicated measurements 

of b3AR-CC (5 µg) in solution with DDM/CHS bound to carvedilol, while the cyan curves represent replicate measurements of b3AR-CC-T4L (5 

µg) in solution with DDM/CHS bound to carvedilol. The green curves represent the buffer without any protein. The b3AR-CC Tm was estimated 

to be 64°C, while it is 75°C for b3AR-CC-T4L. 



3.6.  CC-maintained b3AR ligand-binding activity 

 
The ligand-recognition profile of b3AR differs from the others. Despite the fact that the 

signaling of the b3AR occurs via the Gs cAMP pathway, coupling to Gi-proteins has also been 

reported [118, 119]. Many b1AR and b2AR selective antagonists are not considered selective 

for b3AR. Many agonists and antagonists classically considered to be b3-selective are not, 

including BRL 37,344 and SR 59,230. Studies have shown that the b3AR binds to its ligands in 

a lower affinity at concentrations much higher than those that block the b1AR and b2AR. 

Moreover, the b3AR lacks the phosphorylation sites involved in agonist-induced 

desensitization of the other two subtypes. Thus, it exhibits down-regulation and/or 

desensitization in only some but not other cell types and tissues.  

 

It was very important to see the effect of CC insertion on the ligand binding of the receptor. 

We investigated the effect of some b3AR ligands on the thermal stability of the receptors and 

of the accessibility of the ligands. Therefore, isolated HEK-239S-GntI- membranes that express 

b3AR-CC were used. HEK-239S-GntI- membranes displayed saturated antagonist binding to 

[3H] dihydroalprenolol with a KD value of 70%-specific binding at 100 nM (Figure 31). A CC-

fused receptor variant was capable of binding to an antagonist ligand. 

 
Figure 31: Saturation binding of agonist [3H] dihydroalprenolol to membranes from HEK293 cells stably expressing b3-adrenergic-

receptor coiled coil 3.1. Data shown are from two independent experiments, each data point measured in triplicates. 
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Carvedilol was also used for ligand-binding experiments. The receptor could bind in this case, 

but we could not reach saturation. Even when the concentration of carvedilol was increased 

to 300 nM. Therefore, it was not possible to determine the nonspecific binding with 

carvedilol. The saturation binding with [3H] carvedilol was done at different concentrations. 

(Figure 32).  

 

 
Figure 32: Comparison of b3-adrenergic-receptor coiled-coil radioligands [3H] dihydroalprenolol and [3H] carvedilol. Data shown are 

from two independent experiments, each data point measured in triplicates. The specific binding was seen at 80 nm of [3H] 

dihydroalprenolol, while almost no specific binding was seen in the case of carvedilol, even at 300 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.7. Expanding the list of GPCRs fused with CC 

 
A CC fused with the b3AR improved the stability of the receptor. It was also important to 

attempt the CC as a fusion protein for other GPCRs. Therefore, two GPCRs were chosen from 

the class A rhodopsin family: serotonin receptor (5HTR2C) and adenosine A2B receptor 

(A2BAR). Both of the receptors are important therapeutic targets, therefore, providing a 

stable version of the receptors would facilitate the receptors functional or structural studies. 

They are from the same protein family as b3AR. Thus, the coiled coil could be applied to them 

in a similar way as it was done for b3AR.  

 
 

3.7.1. Serotonin receptor 

 
One of the most widely studied chemical messengers is 5-HT, or serotonin. The 5-HT2C 

receptor is a therapeutic target for treating schizophrenia, obesity, depression and drug abuse 

[120-122]. The 5HTR2C structure was already solved from a thermostabilized receptor version 

[108]. Therefore, it is a promising candidate to test the CC fusion approach and compare it 

with the previously most thermostabilized receptor versions.  

 

3.7.1.1. Construct design 
 
The serotonin receptor fused with the CC3.1 (5HTR2C-CC; Mus musculus) construct has N-

terminal 42-residue deletion (including one glycosylation site) and insertion of CC3.1 into the 

third intracellular loop R243-307N. The 5HTR2C gene was further modified by introducing ten 

rationally designed mutations from a previous trial of generating a thermostabilized 5HTR2C 

in our lab that were not still not enough the stabilize the receptor: G43A, M94A, S111A, 

S142A, M144W, N204Q (glycosylation site), N205Q (glycosylation site), V241A, S312L and 

V361A. An HA signal sequence and a 6× FLAG-tag (DYKDDDD) at the N-terminus were added 

to the 5HTR2C-CC sequence. These were subcloned into modified mammalian expression 

vectors GFP-pHeptares and pACMV-tetO, which contain a thrombin cleavage site (LVPRGS). 

The 5HTR2C-CC chimera sequence was followed by a Twin-Strep-tag before the C-terminus 

(Figure 33). 

 



 
Figure 33: Schematic representation of serotonin receptor fused with coiled coil. The sequence was modified with an additional N-terminal 
haemagglutinin signal sequence (red) followed by a FLAG-tag (dark green) and C-terminal thrombin cleavage site (pink) followed by a Twin-

Strep-tag (bright green). The third intracellular loop is replaced with coiled coil 3.1 amino acids (cyan). The replaced amino acids (magenta) 

were changed to previous structural information from published class A structures.  
 

3.7.1.2. Protein expression, solubilization and purification of serotonin receptor fused 
with CC 

 
Initial expression was achieved in HEK293S, and 5HTR2C-CC was successfully transiently 

expressed 72 h after transfection. The small-scale expression test was performed using the 

GFP-pHeptares backbone in six well plates. The amount of the expression and the localization 

of the proteins were checked with the in-plate screening for GFP fluorescence using FLoid® 

Cell Imaging Station (data not shown). The 5HTR2C-CC expressed and could be detected using 



western blot using a monoclonal antibody FLAG-tag as one major band around 45kDa (Figure 

34A).  

 

 
Figure 34: Expression and purification of chimera of serotonin receptor fused with coiled coil (5HTR2C-CC) affinity elution off StrepTactin 

chromatography A. Expression test of 5HTR2C-CC in HEK293S GntI- cells (transient expression) using a FLAG-tag antibody. The protein ran 

as one major band at the expected molecular weight. B. Solubilization (detergent screening) of 5HTR2C-CC. All the tested detergents could 

solubilize 5HTR2C-CC in the same way, except that triton was the worst. Sodium dodecyl sulfate was used as a control. C. Purification of 

5HTR2C-CC in the same detergents used for solubility screening. The protein was well purified again in all the tested detergents except for 

triton.  

 

 

The 5HTR2C-CC construct in pACMV-tetO was used for stable cell line generation. The initial 

expression was done in HEK293S GntI- followed by stable cell line was generation from the 

best-expressing clone. Small-scale solubilization with intensive detergent screening was 

conducted then followed by small-scale purification (Figure 34). 

 

The 5HTR2C-CC detergent screening was done in the presence of detergents covering a wide 

range of different properties, as was done for b3AR-CC3.1 with the same detergent list. Each 

detergent was tested for its ability to solubilize 5HTR2C-CC at a final concentration of 1% 

(w/v), a concentration that is above all the CMC values for the detergents. The protein was 

analyzed using SDS-PAGE and western blotting using a monoclonal antibody against FLAG-tag 

antibody (Figure 34B). Despite that 5HTR2C-CC protein ran as one significant single band (45 

A.

Solubilization

37kDa

50kDa

Purification

37kDa

50kDa

WB WB SDS

M
ar

ke
r

5H
TR

2C
-c

c

M D
D

M

LM
N

G

H
EG

A
11

D
D

TM

D
D

TG

C
YM

A
L7

B
D

D
G

Tr
it

o
n

SD
S

M D
D

M

LM
N

G

H
EG

A
11

D
D

TM

D
D

TG

C
YM

A
L7

B
D

D
G

Tr
it

o
n

SD
S

B. C.

Expression  

37kDa

50kDa



kDa) on western blots before solubilization, it ran differently in the presence of detergents. It 

ran as three major bands in the presence of all the tested detergents at approximately 45 

kDa, 37 kDa and 35 kDa (Figure 34B). The protein in presence of detergent might tend to form 

higher and lower order oligomeric states.  

 

A small-scale purification was performed as described in the material and methods section in 

the presence of all the tested detergents in the solubilization screening. The protein was 

purified in all the tested detergents except in the presence of triton. It ran on 12% SDS as two 

major bands, one at approximately 37 kDa and the other at approximately 35 kDa (Figure 

34C). These two different bands might be a folded (upper band) and unfolded protein (the 

lower band). It could be purified in any of the tested detergents. Only DDM showed a peak 

on SEC corresponding to the protein molecular weight on the large-scale purification 100kDa 

that could be separated from the others (Figure 35). The SEC peak represents different 

oligomeric states of the purified 5HTR2C. Therefore, DDM was used for further purification 

experiments. The protein could be purified at 0.2 mg/ml per 1-l shaking flask culture in the 

presence of DDM.  

 

 
Figure 35: Large-scale purification of serotonin receptor fused with coiled coil. A. Size-exclusion chromatography of serotonin receptor 

fused with coiled coil in 0.05% dodecyl maltoside. The protein was eluted as three overlapping peaks. The correct peak, according to the 

molecular weight of the protein, is the third peak.   
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3.7.1.3. CC-stabilizing fusion-protein domain for serotonin receptor fused with CC 
 
 
The purified protein (5HTR2C-CC) in the presence of DDM/CHS was used for thermal-stability 

measurements. A CPM assay was used as described for b3AR-CC3.1. The recombinant 

receptor 5HTR2C-CC was tested with different concentrations of ligands and different 

ligand/detergent combinations. The temperature was recorded at different protein 

concentrations, each in triplicates to optimize the assay before the screening. The reported 

Tm for the WT protein was 51.25°C [108]. The measured unfolding Tm of 5HTR2C-CC was very 

high, reaching 82.5°C in the presence of DDM (Figure 36). This Tm was 23.25°C higher than the 

most stabilized version of 5HTR2C that was used to solve the structure where stabilized 

mutations were introduced and tested [108]. The thermostabilized mutations they 

introduced according to tool for GPCR stabilization mutation prediction. The prediction tool 

depends on knowledge about previously characterized stabilizing mutations transferable 

between GPCRs, sequence and structural based information of closely related GPCRs in 

addition to machine-learning algorithms trained on all known mutations in GPCRs.  They 

ended up with 40 candidate point mutations that were analyzed for improvement of receptor 

monodispersity and thermal stability. Finally, they managed to find 8 different mutations 

could increase the thermal stability by more than 2 degree (Tm is 59.25°C). While using coiled 

coil as fusion protein with 5HTR2C was able to increase the thermal stability of the receptor 

by more than 23°C (Tm is 82.5°C) of their thermostabilized 5HTR2C in much time efficient 

protocol.  

 



 
Figure 36: CPM profile of serotonin receptor fused with coiled coil in presence of dodecyl maltoside. The melting temperature was recorded 

in the presence of dodecyl maltoside. The protein began to unfold at 82.5°C. A control run was done using a blank consisting of everything 

except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 

 

The measured unfolding Tm of 5HTR2C-CC was reduced by 18°C when LMNG and DDTM were 

the detergents. The recorded Tm in the presence of both the detergents was 64.5°C (Figures 

37 and 38).  
 

 
Figure 37: CPM profile of serotonin receptor fused with coiled coil in presence of lauryl maltose neopentyl glycol. The melting temperature 

was recorded in the presence of lauryl maltose neopentyl glycol. The protein began to unfold at 64.5°C. A control run was done using a blank 

consisting of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
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Figure 38: CPM profile of serotonin receptor fused with coiled coil in presence of n-Decyl-β-D-Thiomaltoside. The melting temperature was 

recorded in the presence of n-Decyl-β-D-Thiomaltoside. The protein began to unfold at 64.5°C. A control run was done using a blank consisting 

of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
 

The second group of detergents that decreased the stability of the 5HTR2C-CC by almost 25°C 

from that in the presence of DDM was HEGA11, CYMAL7 and DDT. The measured Tm were 

57.5°C, 57.5°C and 56.5°C, respectively (Figures 39–41). Despite the variety of their chemical 

compositions, they reduced the Tm of the purified 5HTR2C-CC to the same level. The three 

detergents stabilized the receptor with a similar temperature as the thermostabilizing 

mutations used to solve the structure by Liue et al. [108].  
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Figure 39: CPM profile of serotonin receptor fused with coiled coil in presence of HEGA11. The melting temperature was recorded in the 

presence of HEGA11. The protein began to unfold at 57.5°C. A control run was done using a blank consisting of everything except the protein. 

The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 

 

 
Figure 40: CPM profile of serotonin receptor fused with coiled coil in presence of CYMAL7. The melting temperature was recorded in the 

presence of CYMAL7. The protein began to unfold at 57.5°C. A control run was done using a blank consisting of everything except the protein. 

The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
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Figure 41: CPM profile of serotonin receptor fused with coiled coil in presence of n-Decyl-β-D-Thioglucoside. The melting temperature was 

recorded in presence of n-Decyl-β-D-Thioglucoside. The protein began to unfold at 56.5°C. A control run was done using a blank consisting of 

everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
 

The lowest Tm was recorded in the presence of BDDG. The Tm dropped to half of that recorded 

in the presence of DDM (42°C less). The protein was recorded at 40.5°C in BDDG (Figure 41). 

The CC is a powerful tool to highly increase protein stability quickly and easily. The detergent 

screening using CPM showed that the detergent can strongly affect the overall stability of the 

protein. While a CC increased the stability of 5HTR2C, the proper detergent to be used is 

nonetheless important and might destabilize a stable receptor.  

 

Detergent Tm

DDTG 56.5 °C

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

25 35 45 55 65 75 85 95

dF
/d

T

Temperature (℃)

5HTR2C-cc

DDTG

DDTG

DDTG

Blank

Blank

Blank



 

 
Figure 42: CPM profile of serotonin receptor fused with coiled coil in presence of n-Dodecyl-β-D-Glucoside. The melting temperature was 

recorded in the presence of n-Dodecyl-β-D-Glucoside. The protein began to unfold at 40.5°C. A control run was done using a blank consisting 

of everything except the protein. The assay was done in a total volume of 25 µl, and the measurement was done in triplicates. 
 

 

There were previous crystallization trials done using this receptor in our lab. They could 

manage to have needle crystals (data not shown), but it was not enough to solve the 

structure. Therefore, the coiled coil fusion was not only extremely stabilizing the 5HTR2C but 

also could provide a polar surface for crystallization.  
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3.7.2. Alpha-2B adrenergic receptor 

 
Extracellular adenosine is a ubiquitous signaling molecule that modulates a wide array of 

biological processes. There are three subtypes of adenosine receptors: A2A, A2B and A2C, 

each of which presents a unique effector coupling, pharmacological profile and tissue 

distribution. Numerous studies have demonstrated the critical role of the A2BAR in the 

regulation of blood pressure, vasoconstriction, heart failure and development of salt-

sensitive hypertension[123-125].  Fewer binding partners have been reported for the A2BAR 

than for other AR subtypes. Therefore, identification of A2BAR-binding proteins and their 

structures would undoubtedly help enhance our understanding of the molecular and cellular 

functions of A2BAR. Therefore, we included A2BAR in our study of CC fusion for physical 

characterization and crystallization of the receptor.  

 

 
3.7.2.1. Construct design 

 
 

The human A2BAR chimera sequence (A2BAR-CC) gene was further modified by introducing 

one rationally designed mutation: V99W. The coiled-coil was inserted into the third 

intracellular loop at N202-E304. An HA signal sequence and a FLAG tag (DYKDDDD) at the N-

terminus were added to the A2BAR sequence. They were subcloned into modified 

mammalian expression vectors GFP-pHeptares and pACMV-tetO, which contain a thrombin 

cleavage site (LVPRGS). The A2BAR-CC sequence was followed by a Twin-Strep-tag before the 

C-terminus (Figure 43). 

 



  
Figure 43: Schematic representation of the A2B adrenergic receptor chimera sequence. This sequence was modified with an additional N-

terminal haemagglutinin signal sequence (red) followed by a FLAG-tag (dark green) and C-terminal thrombin cleavage site (pink) followed 

by Twin-Strep-tag (bright green). The third intracellular loop is replaced by coiled coil 3.1 amino acids (cyan). The replaced amino acids 

(magenta) were changed to previous structural information from published class A structures.  
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3.7.2.2. Protein expression, solubilization and purification of A2B adenosine receptor 
chimera sequence 

 
 
Initial expression was conducted in HEK293S, and A2BAR-CC was successfully transiently 

expressed 72 h after transfection. The small-scale expression test was performed using the 

GFP-pHeptares backbone in six well plates. The amount of the expression and the localization 

of the proteins were checked with the in-plate screening for GFP fluorescence using FLoid® 

Cell Imaging Station (data not shown). From this expression test, A2BAR-CC expressed and 

could be detected using western blot using a monoclonal antibody FLAG-tag (Figure 44).  

 

 
Figure 44: Expression and purification of the A2B receptor (A2BAR-CC) chimera affinity elution off StrepTactin chromatography. A. 

Expression test of A2BAR-CC in HEK293S GntI- cells (stable cell line). The protein ran as one major band at the expected molecular weight. B. 

Solubilization (detergent screening) of A2BAR-CC. All the tested detergents solubilized A2BAR-CC in the same way, except that triton was the 

worst. C. Purification of A2BAR-CC was only possible in decyl maltoside, dodecyl maltoside and FosCholine12. The protein was nicely purified 

to a reasonable amount in decyl maltoside, dodecyl maltoside and FosCholine12, as one major band at the correct molecular weight, another 

small band at the molecular weight of a dimer and one more as a possible small aggregate.  

 

The initial transient expression in HEK293S GntI- showed a noticeable expression on western 

blot (Figure 44A). The stable cell line was produced from the best-expressing clone. Small-

scale solubilization with intensive detergent screening was conducted from the best stable 

cell lines. All the tested detergents showed almost the same behavior. The protein was 

solubilized efficiently (Figure 44B) in the presence of all the detergents (DM, DDM, FC12, 
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LDAO, C12E9, C12E8 and UDM). The small-scale purification for the protein was done using 

the same list of detergents. Only DM, DDM and FC12 manage to purify the protein (Figure 

44C).  

 

Size-exclusion chromatography analysis was performed for A2BAR in DM, DDM and FC12. The 

protein peak appeared in the void of the column as aggregates in the case of DM and DDM. 

Using FC12 showed a shadow peak for the protein. The protein tended to aggregate heavily. 

The protein purification was optimized using different SEC column beads in order to reduce 

this aggregation, but it did not work. The best results were obtained using Superdex 200 

columns (Figure 45). The peak is in the void of the column. This is probably an indication of 

aggregation of the protein. The work stopped for this protein at this stage due to the time 

limit of the thesis. It would be interesting to investigate it further for better results in order 

to continue biophysically and structurally characterizing the protein.  

 

 
Figure 45: Large-scale purification of the A2B adenosine receptor. A. Size-exclusion chromatography of A2B adenosine receptor in 0.05% 

FosCholine12. The protein was eluted as two overlapping peaks. The correct peak according to the molecular weight of the protein is most 

likely the second peak, which represents the aggregation of the protein. 
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3.8. CC3.1 soluble domain characterization 

 

3.8.1. CC construct design 

 

Despite the b3AR-CC3.1 chimera being stable, the structure was not yet solved. Therefore, it 

was important to understand the structure of the CC3.1 (CC) and CC3.1-T4L (CC-T4L) soluble 

domain. Understanding how it behaves as a soluble domain would help to improve the fusion 

design through introducing possibly needed structural elements or introducing possibly 

required point mutations for crystallization improvement. Therefore, different constructs of 

CC3.1 fusion protein (CC, CC-T4L) were tested for expression, thermal stability and 

crystallization in the bacterial expression system BL21(DE3). The CC core positions a and d 

contain non-polar residue. The a/d’ layer at the N-/C-terminus of the CC was replaced with 

Cys L1C and L68C in order to stabilize the CC by introducing a disulfide bond (Figure 46A). This 

was intended to simplify the study of the soluble domain of CC alone [115, 126], as we 

believed that without the disulfide bond at the soluble domain of CC, the structure might be 

quite different than what we expected. The helices 5 and 6 of b3AR force the CC to be intact 

and connect the two helices of the CC. In the case of the soluble CC, the helices could be 

arranged as an open rather than closed structure (Figure 46) because there is no structure 

element to maintain the distance between two helical in the antiparallel form. The amino 

acids of the coiled coil might tend to form a kind of dimer parallel coiled coil-similar structure 

with a loop in the middle as it is illustrated at figure 46B. This might hinder the crystallization 

process because of non-homogeneity of the sample. Therefore, the disulfide bond should 

maintain the homogeneity of the sample. 

 



 
Figure 46: The design rationale for the coiled-coil soluble domain. A. The coiled-coil design with the heptad repeats of amino acids. This 

shows the replacement of a/d’ positions with a cysteine to maintain the entire structure of the coiled coil. B. The different forms of structures 

that might form with this soluble domain in the crystal. It could be one coiled coil, or it could be two coiled-coil molecules joining to form that 

structure forming a parallel coiled coil similar structure. The disulfide bond could maintain only one form of molecules in the mixture of the 

purified protein.  

 

The constructs expressing CC3.1 wild type (CC_WT) have additional thioredoxin at N-terminus 

because its small size that might be difficult during the purification process (7 kDa) (Figure 

47). The CC3.1 constructs were two; one without Cys which is referred to as CC_WT and one 

with Cys which is referred to as CC_WT+Cys. In the case of CC3.1-T4L (CC-T4L), there was no 

need for thioredoxin because it is 27 kDa. Again, two constructs were designed for CC3.1-T4L; 

one without Cys (CC-T4L_WT) and one with Cys (CC-T4L_WT+Cys). The constructs have an N-

terminus 6x His-tag for the purifications.  
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Figure 47: The construct design of the coiled-coil soluble domain. A. The coiled-coil construct design. A coiled-coil wild type  

(CC_WT) was fused at the N-terminus with a 6x His-tag followed by thioredoxin and coiled oil. The construct has two versions: one with Cys 

and one without Cys. The other two constructs with and without Cys are for coiled-coil-T4 lysozyme. B. The constructs have an N-terminus 6x 

His-tag. B. The 3D predicted structure of all four constructs.  

 

 

3.8.2. CC expression 

 

The CC soluble protein variants were expressed in competent BL21(DE3) E. coli. The 

constructs (CC_WT and CC_WT+Cys) were highly expressed (20 mg/ml per 1 L culture) but 

insoluble after purification. The CC_WT protein was centrifuged to remove of the insoluble 

fractions, and then the 6x His-tag was removed using thrombin overnight in a dialysis bag. 

Reverse immobilized-metal affinity chromatography (IMAC) was conducted after thrombin 

digestion to retrieve the uncut protein. The protein was loaded to SEC column. The coiled coil 

wild type construct (CC_WT) resulted in three peaks after gel filtration (Figure 48). This might 

be due to the absence of the disulfide bond at the a/d’ position that form different forms of 

the protein in solution. The CC_WT protein ran on 15% tricine gel before and after cutting. 

The expected monomer of CC_WT was 21.53 kDa, and without thioredoxin and His-tag, it was 

expected to be 6.2 kDa. The purified protein showed dimerization behavior after digestion in 

tricine gel. The CC_WT ran as two different bands, one at nearly 6.5 kDa (monomer) and the 

second at approximately 13 kDa (it could be a CC dimer along with the thioredoxin). 

Thioredoxin was necessary to maintain the protein solubility as it turns to be totally insoluble 
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after removing it. The protein was tested in different buffer conditions to improve its 

solubility, but it did not improved. The purified protein with thioredoxin was used for 

crystallization studies. The protein did not produce any crystals in all the tested screens.  

 

 
Figure 48: Expression and purification of coiled-coil wild type (CC_WT). A. Size-exclusion chromatography profile of CC_WT after thrombin 

cleavage. The protein forms a strong dimer and a small amount of monomer. B. The purified protein from before and after thioredoxin 

cleavage had run on tricine gel (15%). The protein elution after His-tag purification was loaded as CC_WT. The protein after thioredoxin 

cleavage and reverse IMAC (flow through) was loaded as CC_WT CUT. 

 

The CC_WT+Cys protein was purified without β-mercaptoethanol (BME) to not break the 

disulfide bond. The solubility of CC_WT+Cys was again an issue. Most of the protein 

precipitated after gel filtration. Interestingly, the protein’s SEC profile shows a peak at the 

expected elution volume. The protein ran on tricine gel (15%) as one band at the expected 

size of 21.7 kDa (Figure 49). We believe this occurred because of the disulfide bond that was 

introduced to this construct. The protein was cleaved using thrombin overnight. A reverse 

IMAC was conducted for the sample and run on tricine gel (15%) as one major band at the 

desired size of 7.7 kDa. The problem was that after removal of thioredoxin, the protein 

precipitated heavily. The heavy precipitation of the protein was a burden for further 

crystallization and secondary structure determination. Moreover, it was critical to the effect 

of the disulfide bond at the a/d’ position. This was confirmed to be required to maintain the 

CC, as it was designed from a structural perspective.  
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Figure 49: Expression and purification of coiled-coil wild type with cysteine (CC_WT+Cys) A. Size-exclusion chromatography profile of 

CC_WT+Cys after thrombin cleavage. The protein has only one peak at the expected elution volume. B. The purified protein from before and 

after thioredoxin cleavage had run on tricine gel (15%). The protein elution after His-tag purification was loaded as CC_WT+Cys in the first 

lane. The second lane has the protein after reverse IMAC labeled as CC_WT+Cys. 

 

The CC-T4L protein variants (CC-T4L_WT and CC-T4L+Cys) were highly expressed and purified 

at 18 mg/ml per 1 L  culture media. Unlike CC_WT and CC_WT+Cys, the solubility of CC-T4L 

was not an issue. The protein was well purified with a 6x His-tag. The purified protein was 

reinjected into an SEC column. The protein showed one peak at the correct elution volume 

corresponding to the molecular weight of 27 kDa (Figure 50). The protein ran on SDS as one 

major band at 27 kDa (monomer). The protein quality was good enough for secondary 

structure analysis and even crystallization. 
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Figure 50: Expression and purification of coiled coil-T4 lysozyme wild type. A. Size-exclusion chromatography profile of coiled coil wild type. 

The protein has only one peak at the expected elution volume. B. The purified protein ran one SDS-PAGE (12%) as one major band at 27 kDa 

and a small, faint band at almost 12 kDa that might be misfolded protein.  

 

 

The CC-T4L+Cys protein was also purified without BME. The protein SEC profile was adequate 

with one peak at the expected elution volume around 27 kDa (Figure 51). The sample ran on 

SDS-PAGE as one major band at the size of the monomer. The protein was concentrated and 

used later for further studies. The protein was pure enough for crystallization studies. The 

slight lower band noticed for CC-T4L_WT was not noticed for CC-T4L+Cys.  

 
Figure 51: Expression and purification of coiled coil-T4 lysozyme +Cys. A. Size-exclusion chromatography profile of coiled coil-T4 lysozyme 

+Cys. The protein has only one peak at the expected elution volume. B. The purified protein ran one SDS-PAGE (12%) as one band at 27 kDa.  

 

 

In order to validate the presence of the disulfide bond in the protein, the protein was reduced 

using 10% BME for 30 min. and ran together with the non-reduced protein at non-reducing 

SDS-PAGE (Figure 52). The reduced form showed an observed shift on the gel corresponding 

to the breaking of the disulfide bond. Both reduced and non-reduced forms were used for 

crystallization trials. The reduced form of the protein forms a dimer in high concentrations. 

This is an indication that the disulfide bond might help to form a dimer between two CC-T4Ls. 
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This dimer might be from the a/d’ position of the CC or another disulfide from the interaction 

between the two CC-T4L molecules in space as we mentioned before that we introduced a C-

terminus motif after T4L (KFCLKE) to register a coiled coil similar alpha helix. This motif is 

having Cys that might interact with the same Cys in another molecule and forming a dimer. 

 

 

 

 

 
Figure 52: SDS-PAGE of reduced and non-reduced coiled coil-T4 lysozyme + Cys. The purified protein was incubated in SDS dye containing 

β-mercaptoethanol (10%) for 30 min. It was then loaded in non-reducing SDS-PAGE. The shift of approximately 2Da is clear in the non-reduced 

form of the protein. 
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3.8.3. CC secondary structure determination 

 

The secondary structure and thermal profile of the purified proteins were determined using 

circular dichroism (CD) spectroscopy. The purified proteins were used at a concentration of 

0.2 µg. We performed the analysis for CC-T4L and CC-T4L+Cys only. The insolubility of CC_WT 

and CC_WT+Cys was a limiting factor to further studies. circular dichroism spectrum 

indicating high a-helical content of CC-T4L_WT and CC-T4L+Cys, with large molar ellipticity 

minima values at 222 and 208 nm. The α-helical content of the CC-T4L_WT was estimated 

from the observed molar ellipticity at 222 nm to be approximately 85%, while that of CC-

T4L+Cys was estimated to be around 85%. The CD analysis confirms that the purified CC-T4L 

and CC-T4L+Cys are predominately α-helical (Figure 53). It was reported before that highly 

coiled coil peptides report a maximum [q]222/[q]208 ratio of 1.03 for highly coiled two-stranded 

α-helical coiled coil in aqueous buffer solution[127-129]. The [q]222/[q]208 for CC-T4L_WT was 

1.16 and for CC-T4L+Cys was 1.11 which suggests that the peptides assumes a coiled coil 

structure in aqueous buffer. 

 

 
Figure 53: Circular dichroism spectroscopy of coiled coil-T4 lysozyme + Cys and coiled coil-T4 lysozyme. The minima at 208 and 222 nm 

indicate that the peptides form helical structures. A. Circular dichroism profile of different CC-T4L+Cys. CC-T4L+Cys shows 85% a-helix 

content and 1% b-sheets. B. Circular dichroism profile of different CC-T4L. CC-T4L shows 85% a-helix content and 1% b-sheets.   
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The CC-T4L+Cys results in a significant change in the thermal profile. The CC-T4L Tm was 

estimated to be 45°C, while for CC-T4L+Cys, it was estimated to be 65°C. We found that the 

thermal unfolding transition was not reversible, as the α-helical content recovered by only 

∼10–15% when the temperature was lowered back to 10°C, as the spectra did not overlap 

with the initial measurements at 10°C (Figure 54). 

 

 

 
Figure 54: Circular dichroism thermal-unfolding profile of coiled coil-T4 lysozyme + Cys and coiled coil-T4 lysozyme. Temperature 

dependence of ellipticity at 222 nm in PBS buffer, pH 7.0, total peptide concentration 0.2µg. A. coiled coil-T4 lysozyme + Cys melting 

temperature is 65°C. B. coiled coil-T4 lysozyme melting temperature is 45°C.  
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3.8.4. CC crystallization and structure determination  

 

The purified proteins of CC-T4L and CC-T4L+Cys were concentrated, and crystallization trials 

were begun. First, CC-T4L did not produce any crystals. This might be because the protein 

sample contains different isoforms of the protein due to the lack of an a/d’ disulfide bond at 

the CC N-/C-terminus. Several crystals appeared for CC-T4L+Cys. The crystals are from 

different conditions of the PACT screen. They appeared within 2–8 days (Figure 55). The 

crystals were collected and tested with PXI beam of SLS. The diffraction pattern was collected 

from all crystals and analyzed in order to solve the structure. The best crystals diffracted to 

2.9Å. The crystals grew in 20% w/v PEG 3350, 0.1-M BIS_TRIS propane pH 8.5 and 0.2-M Na3 

citrate. The crystals were anisotropic and data quality was bad. Therefore, it was not easy to 

solve the structure. 

 



 
Figure 55: Coiled coil-T4 lysozyme + Cys crystallization PACT screen. Coiled coil-T4 lysozyme + Cys crystals obtained within 2–8 days in 

different reservoir conditions. The best crystals diffracted at 2.9Å from the Swiss Light Source, labeled with a red triangle.  
 

Another protein patch produced crystals from Morpheus II screens at a protein concentration 

of 20 µg/µl (Figure 56). The crystals were a different set of crystals from a different reservoir 

condition.  
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Figure 56: coiled coil-T4 lysozyme + Cys crystallization Morpheus II screen. Coiled coil-T4 lysozyme + Cys crystals obtained within 2–8 days 

in different reservoir conditions. 

 

Protein crystals appeared from Morpheus I screens at a protein concentration of 30 µg/µl. 

The crystals were a different set of crystals from a different reservoir condition. The best 

crystal from Morpheus I screens diffracted to 2.7Å. It was produced from 0.1M MB6 pH 8.5, 

50% v/v MPM5 and 0.002-M Lanthan (Figure 57). The dataset was cut to 2.6Å and used for 

molecular replacement. The best structure solution was found and taken for further 

refinement and analysis. 
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Figure 57: coiled coil-T4 lysozyme + Cys crystallization Morpheus I screen. Coiled coil-T4 lysozyme + Cys crystals obtained within 2–8 days 

in different reservoir conditions. The best crystals diffracted at 2.6Å from the Swiss Light Source, labeled with a red triangle. 
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3.8.4.1. Data collection and processing 
 

The dataset collected from the crystals grown in 0.1-M MB6 pH 8.5, 50% v/v MPM5 and 0.002-

M Lanthan was checked for data quality. Data collection, processing and phasing for CC-

T4L+Cys were conducted as described in Chapter 4. The dataset used to solve the structure 

was cut at 2.6Å (Table 1).  

 
Table 1: Coiled coil-T4 lysozyme + Cys XDS processing cutoff scores. The dataset resolution is 2.6Å with I/sigma equal to 1 and data 

completeness of 100%. 

 
 

 

Data analysis indicates four chains per asymmetric unit as the most probable composition 

(unit cell constants: 89.7Å, 95.8Å, 315.2Å; 90.0°, 90.0°, 90.0°). Automated model building and 

refinement generated an initial model with and Rwork/Rfree of 0.30/0.33. Further refinement 

and manual model building improved the Rwork/Rfree to 0.22/0.26. The final structure was as 

expected. The final structure was as expected: a CC attached to T4L in an inverted T-shape 

(Figure 58). The CC is well characterized in the structure as a T-shape arm. The disulfide C and 

N terminus of the coiled coil did not solve in the structure. Moreover, the effect of the 

disulfide is observed in the structure as it kept the assigned CC as required. This is probably 

due to the flexibility of the His-tag. The T4L appeared clearly in the structure as the base of 

the inverted T-shape (Figure 59). From the structure, the connection between CC and T4L 

appears to be sufficient to maintain the structure without being too long or introducing 

flexibility.  

 

 



 
Figure 58: Coiled coil-T4 Lysozyme +Cys construct design and crystal structure. A. The coiled coil-T4 lysozyme +Cys construct design that 

was used for crystallization. The His-tag was not removed during crystallization. B. The crystal structure of one domain of coiled coil-T4 

lysozyme +Cys obtained after refinement at 2.6Å. The structure appears as an inverted T-shape. The coiled coil is well structured as the arm 

of the T-shape, while the T4L represents the bottom of the T-shape. The connection between the coiled coil and T4L appears in the 

structure. The His-tag flexibility hinders the disulfide bond from being solved in the structure.   

 

The final structure contains two dimers in the asymmetric unit (Figure 59.A), forming a two-

stranded, antiparallel and in-register CC structure with a disulfide bond between Cys203 in 

one coiled coil and Cys203 in the other coiled coil (Figure 59.B). Though the protein construct 

ranged from amino acids 1–236 of CC-T4L+Cys, only residues 11–231 could be resolved. This 

is most likely due to an increased flexibility in the His-tag peptide that affected the nearby 

area. 
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Figure 59: Coiled coil-T4 lysozyme +Cys asymmetric unit. A. The coiled coil-T4 lysozyme +Cys asymmetric unit is formed from two units of 

the coiled coil-T4 lysozyme +Cys dimers. B. The two-stranded, antiparallel and in-register coiled-coil structure forms a disulfide bond 

between Cys203 and Cys203 of the adjacent coiled coil. This disulfide bond is responsible for forming this the coiled coil-T4 lysozyme +Cys 

dimer.  

 
The crystal contact in the CC-T4L+Cys structure comes mainly from T4L contribution. 

Moreover, CC contributes through the intermolecular disulfide bond between the CC dimers 

(Figure 60). The crystal structure of the CC-T4L+Cys that we have solved confirms the 

hypothesis that CC is a well crystallizable protein domain. It is not likely the best domain to 

use for GPCR crystallization alone. More crystallizable surface might be required in order to 

provide a larger and easier crystallizable surface, as with the T4L. Other proteins might be 

interesting and connected to the CC in a similar way as we did for CC-T4L+Cys. This might offer 

a better opportunity for the optimization of our tool. 
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Figure 60: The coiled coil-T4 lysozyme +Cys crystal contact. The coiled coil-T4 lysozyme +Cys crystal contact is achieved through both 

coiled coil and T4L. The coiled-coil contribution is mainly through the intermolecular disulfide bond that generates the The coiled coil-T4 

lysozyme +Cys dimers. The T4L contribution comes from a T4L–T4L interaction.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4. Materials and methods 

 

4.1. Reagents 

 

The chemicals used in the buffer preparation were from Sigma-Aldrich and Gerbu. 

Mammalian cell culture media, protein expression medium (PEM) and dulbecco's modified 

eagle medium (DMEM), were from Thermo Fischer Scientific and BioConcept, respectively. 

Fetal Calf Serum was from Seraglob. Lysogeny broth (LB) broth was from Conda. Antibiotics 

were from Gibco and Sigma. Detergents used were purchased from Anatrace Sol-grade. cDNA 

constructs were custom synthesized (Genewiz). Crystallization reagents, including salt, buffer 

and precipitant stocks, were purchased from Hampton Research. 

 

4.2. Construct design  

 
4.2.1. Coiled-coil–GPCR chimeras  

 
The coding sequence of the full-length b3AR, 5HTR2C and A2BAR were synthesized 

(GENEWIZ). The DNA for each receptor was cloned into pACMV-tetO [130] and pcDNA™4/TO 

(Thermo Fisher Scientific). The b3AR (Homo sapiens), 5HTR2C (Mus musculus) and A2BAR 

(Gorilla) sequences were modified as described in Chapter 3. The b3AR-CC, 5HTR2C-CC and 

A2BAR-CC constructs have an HA signal sequence, a FLAG-tag and 6× FLAG-epitope tag 

(DYKDDDD) at the N-terminus. They were subcloned into modified mammalian expression 

vectors (pACMV-tetO and pcDNA™4/TO), which contain HRV 3C cleavage sequence (Precision 

Site) 3C (LEVLFQGP) and thrombin cleavage site (LVPRGS), respectively. The Twin-Strep-tag 

was added after the C-terminus of the chimera sequence. The same constructs designed with 

green fluorescent protein (eGFP) instead of the Twin-Strep-tag at the C-terminus were used 

for small-scale expression and FSEC studies. The expression constructs described in this 

manuscript are mainly derived from the tetracycline-inducible mammalian cell expression 

vectors pACMV-tetO [130]. While pACMV-tetO showed low toxicity, and the overexpression 

of GPCR did not affect the cell viability, its large size was a limitation for other designs to be 

tested. Therefore, pcDNA™4/TO was our transferable backbone for the sake of its smaller size 

and easier handling. The T-REx™ System provided higher yields of induced expression with 



better control for the tetracycline-induced expression. It has a two-tetracycline operator 

(TetO2), and when the tetracycline repressor protein (TR) is present, it binds to TetO2 to block 

the transcription. With the addition of tetracycline, conformational changes occurred to TR 

that led to releasing TR from the TetO2 site. This gave more control for the expression of the 

receptors.  

 

4.2.2. CC and CC-T4-lysozyme soluble domain  
 

The CC and CC-T4L domains without b3AR were inserted into a pET15 vector in order to be 

used for thermal-stability studies and crystallization of the soluble domain. All constructs 

were tagged by an N-terminal 10x His-tag separated by thrombin cleavage site (LVPRGS).   

 

 

4.3. Cell culture and membrane preparation 

 
4.3.1. CC–GPCR chimeras 

 

Different cell lines were used in the study depending on their purpose. Embryonic kidney 

HEK293 cells were used, varying based on the purpose between HEK293T, HEK293S GntI- (cells 

lacking N-acetylglucosaminyltransferase I) and T-REx™-293. In addition to Chinese hamster 

ovary, T-REx™-CHO and SF9 were used to test the expression of b3AR-CC-T4L. HEK293T was 

used to test the expression of pHeptares constructs (with eGFP), while HEK293S GntI- was 

used to produce stable cell lines for the pACMV-tetO constructs. Moreover, T-REx™ cell lines 

were used for pcDNA4 constructs. Cells were transiently or stably transfected using 25-kDa 

branched polyethylenimine (PEI), following an established protocol [131, 132]. The cells were 

grown adherently and maintained in Dulbecco’s Modified Eagle’s Medium containing 10% 

fetal calf serum (FCS), penicillin (100U/ml), streptomycin (100 µg/ml) and L-glutamine (2 mM) 

at 37°C in 5%-carbon-dioxide air.  

 

Cell lines stably transfected with the constructs were selected using geneticin (G-418, 0.2 

mg/ml) or hygromycin for pACMV-tetO and pcDNA4, respectively. Individual colonies (24 per 

construct) grown within 10–14 days were isolated and expanded as previously described 



[133]. The cells were supplemented with growth medium containing both tetracycline (2 

µg/ml) and sodium butyrate (5 mM) for induction for 72 h. For each clone, the expression 

levels were assessed by western blotting, and the best clones were selected for further large-

scale expression in suspension. Stably transfected cells were grown in suspension in a final 

volume of 5 l of media (PEM, 5% FCS, PSA, Glutamax). Upon reaching the cell density of ~3 x 

106 cells/ml, expression was induced as described above. Cells were harvested after 72 h by 

centrifugation at 2,500 g, FIOS 6x500y rotor (HiCenXL), for 30 min at 4°C, then frozen in liquid 

nitrogen and stored at -80°C until purification. Cells were then washed twice with phosphate-

buffered saline (PBS), and membranes were prepared, or cells were frozen for later 

preparation of membranes. The resulting membrane pellets were thawed and incubated on 

ice for 30 min. The cells were lysed in 20-mM Tris/HCl pH 8, 500-mM NaCl, 15% glycerol, 50-

mg/l DNase I, two tablets EDTA-Free Protease Inhibitors and 20-µM carvedilol. Cells were 

lysed with a continuous flow cell disruptor EmulsiFlex-C3 (Avestin). The cell lysate was 

centrifuged at 10,000 rcf for 30 min at 4°C followed by high-speed centrifugation (Beckman) 

at 100,000 rcf for 1 h at 4°C. The membranes were flash frozen with liquid nitrogen and stored 

at -80°C for further use.  

 

4.3.2. CC soluble domains 

 
A competent BL21(DE3) E. coli strain was used for expression. The cells grown in LB medium 

and the expression were induced with 0.3-mM IPTG at OD: 0.4–0.6. The cell pellets were lysed 

with Ultra-Turrax homogenizer using 5x lysis buffer containing 50-mM Tris pH 7.5, 500-mM 

NaCl, 10-mM Imidazole, 50-mg/l DNaseI and two tablets EDTA-Free Protease Inhibitors. This 

was followed by centrifugation at 25,000 rcf for 1h at 4°C. The cleared cell lysate was used 

directly for protein purification.  

 

 

4.4. Protein purification  

 
4.4.1. CC–GPCR chimeras  

The membranes were thawed at room temperature and solubilized using 1% (w/v) DDM 

(Anatrace), 0.2% (w/v) CHS (Sigma-Aldrich), 50-mM Tris pH 7.5, 150-mM NaCl and 20µM 



carvedilol (TOCRIS) for b3AR-CC and 20-µM mianserine (TOCRIS) for 5HTR2C-CC for 45 min at 

4°C on a roller shaker. The insolubilized material was separated through high-speed 

centrifugation (Beckman) at 100,000 rcf for 1h at 4°C. The supernatant was run through 

StrepTrap sepharose high-performance column prewashed with 20 column volumes of 50-

mM Tris pH 7.8, 150-mM NaCl, 0.05% DDM, 0.01% CHS and 20-µM carvedilol for b3AR-CC and 

20-µM mianserine for 5HTR2C-CC. The proteins were eluted with four column volumes of 50-

mM Tris pH 7.8, 150-mM NaCl, 0.05% DDM, 0.01% CHS, 20-µM carvedilol for b3AR-CC and 

20-µM mianserine for 5HTR2C-CC and 2.5-mM Desthiobiotin. The protein yield and 

monodispersity were measured using SEC. The proteins were concentrated and injected into 

HiLoad 10/30 Superdex-200 column (Life Sciences); the column was calibrated using the 

BioRad Gel Filtration Standard. The buffer used for SEC was 50-mM Tris pH 7.8, 150-mM NaCl, 

0.05% DDM and 0.02% CHS. The protein samples were concentrated to 30 mg/ml for b3AR-

CC and 20 mg/ml for 5HTR2C-CC using 100 kDa molecular weight cut-off (MWCO) 

concentrator Amicon Ultra (Millipore) for crystallization trials and further analysis. 

 

4.4.2. CC domains 

All proteins were purified using NiNTA AC using standard procedures. The clear cell lysates 

were passed through NiNTA resin, washed with 10 column volumes of wash buffers each (W1 

Buffer 20: 50-mM Tris pH 7.5, 150-mM NaCl, 20-mM Imidazole; W2 Buffer 40: 50-mM Tris pH 

7.5, 150-mM NaCl, 40-mM Imidazole). The proteins were eluted using four column volumes 

50-mM Tris pH 7.5, 150-mM NaCl and 500-mM Imidazole. The proteins were concentrated 

and injected into HiLoad 10/30 Superdex-75 column (Life Sciences); the column was 

calibrated using the BioRad Gel Filtration Standard. The buffer used for SEC was 50-mM Tris 

pH 7.5, 150-mM NaCl and 10-mM Imidazole. Protein quality was assessed using SDS-PAGE, 

followed by staining with Coomassie Brilliant Blue R-250, 0.5% (10% acetic acid, 40% ethanol). 

The proteins were concentrated using a 10-kDa MWCO concentrator Amicon Ultra (Millipore) 

at 3,000 g for 10 min intervals (40 µl). The proteins were flash frozen for thermal-stability 

studies or used immediately for crystallization trials.  

 

 

 



4.5. SDS-PAGE and immunoblotting  

 

Protein samples were mixed with SDS sample loading buffer (5% β-Mercaptoethanol, 0.02% 

bromophenol blue, 30% glycerol, 10% SDS and 250-mM Tris HCl pH 6.8), separated on 12% 

SDS-PAGE at 110 volts and stained with Coomassie blue dye. For western blotting, proteins 

were transferred before staining to nitrocellulose membranes using Trans-Blot Turbo semi-

dry blotting system (BioRad) for 12 min. The membranes were probed with monoclonal FLAG 

M2, His-tag or Strep-tag alkaline phosphatase antibody (depending on the construct; Sigma) 

for 1 h. The membranes were treated with several washing steps using TTBS buffer (10-mM 

Tris HCl pH 7.5, 500-mM NaCl, 0.05% Tween20 and 0.2% Triton X-100) and TBS buffer (10-

mM Tris HCl pH 7.5 and 10-mM NaCl) buffers. This was followed by membrane-developing 

using 5-Bromo-4-chloro-3-indolyl-phosphate (BCIP; 15-mg/ml in 100% di-methyl-Formamid 

[DMF]) and Nitrotetrazolium Blue chloride (NBT; 20-mg/ml NBT in 85% DMF) at a ratio of 100 

µl/100 µl added to alkaline phosphatase (AP) substrate buffer (100-mM Tris pH 9.5, 100-mM 

NaCl and 5-mM MgCl2). 

 

 

4.6. Protein crystallization in lipidic cubic phase and vapor diffusion  

 

4.6.1. Lipid cubic phase crystallization 

The b3AR-CC3.1 protein was reconstituted into LCP by mixing them with molten lipid (90% 

[w/v] monoolein and 10% [w/v] cholesterol) at a protein/lipid ratio of 2:3 (v/v) using a 

mechanical syringe mixer. Trials for LCP crystallization were performed using a TPP-Mosquito 

LCP robot. The 96-well glass sandwich plates were incubated and imaged at 20°C using an 

automatic incubator/imager (Rock Imager 1000, Formulatrix).  

 
4.6.2. Vapor diffusion crystallization 

Protein crystallization using VD was conducted at 20°C for b3AR-CC3.1, CC-T4l+Cys and 

cysteine-free CC-T4L. Initial crystals were obtained in a 96-well plate using a commercial 

crystallization screen generated by Formulatrix. Crystals for b3AR-CC3.1 were obtained from 

a protein concentration of 10 mg/ml. The 200-nl protein was mixed with 200 nl of reservoir 

solution containing 0.2-M MgCl2, 0.1-M sodium cacodylate pH 6.5 and 50% v/v PEG 200. 



Crystals grew to a final size of nearly 10 × 5 × 3 μm within 2 days of incubation. Following 

confirmation of initial protein microcrystals by diffraction at the PXI beamline (SLS), b3AR-

CC3.1’s crystals were optimized using manually set VD trials at a 15-mg/ml protein 

concentration. After intensive crystal optimization, the crystals grew to a final size of 14 × 5 × 

3 μm. 

 

The crystals for CC-T4L+Cys were obtained from a protein concentration of 30 mg/ml. The 

200-nl protein was mixed with 200 nl of reservoir solution containing 0.1-M MB6 pH 8.5, 50% 

v/v MPM5 and 0.002-M Lanthan. The crystals were mounted onto a crystal loop (Hampton 

Research) and flash frozen in liquid nitrogen.  

 

 

4.7. X-ray data collection 

 
4.7.1. CC-T4-lysozyme data collection and processing 

 
Data collection was performed at the PXI beamline of the SLS, at Paul Scherrer Institute, 

Villigen, Switzerland, where it had a Pilatus detector. Data processing was performed using X-

ray detector software (XDS) [134]. The best dataset obtained from crystals in the C222 space 

group was collected using a 2Å X-ray beam. Measurements were performed in steps of 0.1° 

at a speed of 1°/s with the Pilatus detector. Based on the preliminary data statistics resulting 

from the automated processing pipeline installed at the beamline, which is based on XDS and 

XSCALE[134], datasets were selected for further processing. Data reduction, integration and 

scaling were performed with the programs XDS and XSCALE [134]. The scaled data were 

converted into a compressed MetaStream scene file (MTZ) format using XDSCONV [135]. The 

R-free test dataset was generated using the reflection file editor from the PHENIX suite [136]. 

The fraction of reflection in the set was chosen to be 10% (PHENIX default value). 

 
 

4.7.2. Model building and refinement  
 

The phasing of the dataset was obtained through molecular replacement using Phaser [137] 

with the T4L (PDB code 2LZM) and CC domain (PDB code 1SRY) as search models. Manual 

model building and geometry optimization were performed in Coot [138]. The data were 



scaled to 2.6Å and refined using PHENIX [136]. Additional refinement steps were done with 

Refmac5 in the CCP4 program suite [139]. Final figures were prepared using PyMol (PyMOL 

Molecular Graphics System). 

 

4.8. Radioligand binding for CC receptor 

 

The stable cell line expressing b3AR-CC was maintained as previously mentioned and split 2–

3 times weekly. Cells were washed twice using cold PBS and resuspended in 1-ml ice-cold 1x 

HME buffer pH 7.4 (100-mM HEPES pH 7.4 + 8-mM MgCl2 + 4-mM EDTA [10-ml 1-M HEPES + 

0.8-ml 1-M MgCl2 + 0.8-ml 0.5-M EDTA + 88.4-ml ddH2O]). Cell suspension was sonicated and 

homogenized for 15 s using a rod sonicator (Sonics Vibra cell VCX 600; 0.5 s on, 0.5 s off; 

microtip; 40%) at 4°C. The sonicated samples were centrifuged for 30 min at 15,000 rcf at 4°C. 

The sonicated membranes were resuspended in 500-µl ice-cold 1x HME buffer and passed 

several times through a 0.6-mm syringe for further homogenization. Total protein 

concentration was determined with a Bradford assay (BioRad). Aliquots of 150 µl with 

concentration of 8–10 mg/ml were flash frozen in liquid nitrogen and stored at -80°C for later 

use.  

 

The radioligand-binding experiments were performed with membranes prepared as 

previously described. Assays were done in a volume of 200 µl (50-µl assay buffer [HBSS + 20-

mM HEPES, 0.1% BSA, pH 7.4], 25-µl antagonist or assay buffer [according to the experiment 

saturation or competition assay], 50-µl membrane solution [final conc. 5 µg], 50-µl 

scintillation proximity assay (SPA) solution [Perkin Elmer], and 25-µl carvedilol [methyl-3H], 

American Radiolabeled Chemicals, Inc. or dihydroalprenolol hydrochloride, Levo-[Ring, 

Propyl-3H(N)], PerkinElmer). For saturation-binding experiments, we used up to 30 nM of 

with [3H]-carvedilol and up to 300 nM with [3H]-Alprenolol. Nonspecific binding was 

determined in the presence of 10-µM L748337 (TOCRIS). Membranes were incubated for 2 h 

at 25°C with the ligands in 96 well plates, sealed with transparent top seal and centrifuged at 

500 rpm. Samples were centrifuged for 10 min at 1,500 rpm before being counted in a b-

counter (Wallac 1480 Wizard 3”).  

 



4.9. Thermal-stability measurement 

 

4.9.1. Thermostability assay based on 7-diethylamino-3-(4-maleimidophenyl)-4-

methylcoumarin 

 

For CC-fused receptors, the thermal stability of b3AR-CC3.1 and 5HTR2C-CC was assessed 

using different ligands, detergents and concentrations. This was conducted using 

fluorescence-based assays, with cysteine-reactive dye CPM (Invitrogen) as previously 

reported [140]. This CPM dye becomes strongly fluorescent when covalently bound to 

exposed thiol groups. The dye was dissolved in dimethyl sulfoxide (DMSO) (Sigma) at 3-mg/ml 

stock solution. The stock solution was stored at -80°C for further use and diluted to 1:40 

before being used in the dilution buffer (50-mM Tris pH 7.8, 150-mM NaCl, 0.05% DDM, 0.01% 

CHS). The total protein concentration used per assay was 5–10 µg diluted in the same assay 

buffer. The assay was performed with total volume of 100 μl. The mixed solution was 

incubated for 30 min at 4°C in darkness. Thermal unfolding was monitored using Qiagen 

Rotor-Gene Q instrument with excitation at 387 nm, emission recorded at 464 nm and 

temperature range 25°C to 90°C with ramping rate of 2°C/min. Data analysis was performed 

using Rotor-Gene software. The results from the three measurements were averaged.  

 

4.9.2. Circular dichroism–based thermostability assay 

 

For soluble CC constructs, CC-T4L, CC and T4L with and without Cys, thermal stability was 

assessed using CD assay with a Chirascan-Plus instrument (Applied Photophysics Ltd.) 

equipped with a computer-controlled Peltier element. Protein samples were analyzed at 0.5 

mg/ml in 50-mM Tris pH 7.5, 150-mM NaCl and 10-mM Imidazole. Thermal unfolding was 

monitored between temperatures of 5°C and 94°C with ramping rate of 1°C/min. The CD 

signal was monitored at 208-nm and 222-nm spectra. Midpoints of thermal unfolding, Tm 

values, were calculated using the Glob3 program (Applied Photophysics Ltd, United Kingdom). 

Mean values from multiple experiments (n = 3) were calculated using GraphPad Prism 6. 

 

 



5. Conclusions and Outlook 

 

In this thesis, we introduced a new effective stabilization and promising crystallization tool 

for GPCR functional and structural studies. We were able to find a thermostabilized coiled coil 

that works as a fusion protein for GPCR. This was done through intensive screening of several 

coiled coil candidates that were initial putative stabilization and crystallization fusion protein. 

The six coiled coil fusion proteins were initially fused with beta 3 adrenergic receptor at the 

3rd intracellular loop to test the expression of the chimeric receptor. The initial expression 

reveals that only the thermostable coiled coil could be used as a fusion protein for GPCR. We 

were able to produce a stable cell line expressing the b3AR chimera (b3AR-CC3.1) in different 

cell lines HEK 293 GnTi-, T-REx-293, and T-REx-CHO. All of the cell lines have been proven to 

be a suitable expression system that assures a consistent expression of the protein. I have 

shown that proteins express in the range of 2-6mg of protein/ L of suspension culture. 

However, the extent of expression mainly depends on the specific protein and can vary from 

cell line to the other. Therefore, it cannot be generalized. We showed that the b3AR chimera 

(b3AR-CC3.1) could be solubilized and purify in a wide range of detergents. We showed that 

the protein could be purified in the presence of DDM/CHS in a range of 0.5-1 mg of protein/L. 

We studied the effect of different temperatures, detergents, ligands, and pH on the protein 

monodispersity using analytical SEC in a time-efficient protocol.   

 

We tested the thermal stability of the b3AR chimera (b3AR-CC3.1) using CPM. The CPM assay 

could be used for quick and efficient testing for several detergents, ligands, pH, and 

temperatures in a reasonable time. We showed that b3AR chimera (b3AR-CC3.1) thermal 

stability varied according to which detergents were used. The best detergents used were 

DDM/CHS, HEGA11, and FosCholine12. The Tm varied between 64.5°C, 56.5°C, and 54.5°C, 

respectively. We showed that the thermal stability is increased in the presence of the ligands 

range from 5-7 degrees than without ligand. We could prove that the coiled coil did not affect 

the ligand binding of the receptor using a radioligand binding assay.  

 

We investigated the effect of coiled coil fusion to facilitate the crystallization of GPCRs. The 

b3AR chimera (b3AR-CC3.1) crystallization trials imply that the coiled coil engineering 



approach is a promising tool. That can provide the polar surface that is required for 

crystallization. The produced crystals were reproducible and was diffracted to 22Å. We 

further improved the design of the coiled coil fusion tool though introducing additional fusion 

protein like T4L to enhance the crystallization and provide a bigger polar surface. We 

suggested different construct designs, and they were tested initially for expression. They 

showed that the best option would be replacing the connecting loop of the thermostabilized 

coiled coil with a T4L. This resulted in increasing the thermal stability of the b3AR-CC-T4L 

chimera with 11 degrees more than a b3AR-CC chimera. This is a promising fusion protein 

design that might help in improving the crystallization of the GPCRs. 

 

We further expanded the GPCRs list to test the coiled coil fusion tool. We showed that two 

more different receptors (5HTR2C and A2BAR) could be expressed using the coiled coil as a 

fusion tool. Moreover, we showed the 5HTR2C-CC was extremely stable than the most 

stabilized version of the receptor that reported before by almost more than 23 degrees. These 

findings are very promising to use the coiled coil for functional and structural studies of 

GPCRs.   

 

Besides, we studied the coiled coil soluble and the coiled coil-T4L soluble domains alone 

without the GPCR. As a proof of concept, we showed that the coiled coil and coiled coil-T4L 

are well-structured a-helical domains according to the 222 and 208nm of CD spectrum. We 

also showed that the coiled coil-T4L is a very stable domain through CD thermal folding 

measurements. We solved the structure of the coiled-coil-T4L at 2.6Å, where the coiled coil 

was well characterized in the structure where it forms a T-shaped structure along with the 

T4L. 

 

In general terms, in this thesis, we have investigated the design rationale for an effective GPCR 

stabilization and crystallization tool that depends on a CC. Using the CC-based approach, we 

were able to stabilize several GPCRs. We confirmed that thermostable CC is an effective 

stabilization fusion protein. Due to the high stability of CC, it improved the stability of GPCRs. 

We developed a promising workflow to express and purify several GPCRs for functional 

studies. The CC-fused receptors are expressed in a wide range of cell lines. Purification and 



solubilization are easy tasks with GPCR-CC receptors in the presence of a wide range of 

detergents.  

 

Furthermore, CC provides a crystallizable surface for GPCR crystallization. Importantly, these 

data provide a rational path to GPCR engineering. Coiled-coil fusion is an efficient tool for 

improving the expression and solubilization of GPCRs. Moreover, it is helpful in functional 

assays of GPCRs. The data presented in this thesis imply that this new engineering approach 

may be valid for many GPCRs, which would give insights into the feasibility of expression, 

purification and stabilization of a wide range of GPCRs. This would in turn make it easier for 

functional studies and ligand-binding screening.  

 

However, crystal structures of b3AR have not yet been solved. Several options could be 

investigated to determine the best design to crystalize it. Many GPCR structures were solved 

only by switching the protein species. This might be interesting to try with b3AR. In this study, 

only the human b3AR was used. It may be interesting to expand the list of closely related 

species of b3AR. In the case of b1AR, the structuring was only possible when it came from a 

turkey, while the human version was not successful. This might also be the case for b3AR. The 

data found in this study could be used to design a modified version of GPCR-CC with additional 

fusion for better crystallization in order to solve the structure. The results from b3AR-CC-T4L 

might be useful in terms of better crystallization by using other fusion proteins instead of T4L. 

Another fusion protein to be used with CC for the continuation of the project is BRIL. 

Additionally, it would be interesting to further expand the method to other GPCRs. Since b3AR 

was the major GPCR used in this study in addition to 5HTR2C and A2BAR, other types of GPCRs 

might behave differently.  

 

We attempted to test the CC as a fusion tool for GPCRs with unknown structures, but it might 

be useful to attempt CC or the CC-T4L as a fusion protein on GPCRs that have known 

structures. This might be a proof of concept for the validity of the method and might show 

insights on how the CC or the CC-T4L appears in the structure along with GPCR. In turn, this 

will improve the design of the CC and provide more opportunities for better development. 

 



Cryo-EM has been successfully used in the last few years in GPCR crystallization. Coiled coils 

might be a useful tool to the GPCR structural field in embellishing the GPCR-CC with larger 

fusion proteins instead of T4L. This could overcome the size limitation of the cryo-EM and 

be used in combination with the easy approach of generating stable GPCRs in a wide variety 

of detergents and ligands as shown in this study.  
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5HT1B the serotonin 5-HT1B receptor 
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A1A the human adenosine A1 receptor 

A2A the adenosine A2A receptor  

A2BAR A2B adenosine receptor   
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b2AR Beta 2 adrenergic receptor  

b3AR Beta-3 adrenergic receptor  

BDDG n-Dodecyl-β-D-Glucosid 

BME β-mercaptoethanol 
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cAMP Cyclic adenosine monophosphate 

CAP catabolite gene activator protein  

CB1 Cannabinoid Receptor 1 
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CCR5 chemokine receptor-5 
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ICL intracellular loop  
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M2 muscarinic acetylcholine receptor 2 
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NBT Nitotetrazolium blue chloride 

NMR nuclear magnetic resonance 

Opoid µ Mu Opioid Receptor 

OX2 orexin receptor  

PBS Phosphate-buffered saline 

PDB Protein Data Bank 

PEI polyethylenimine 

PEM protein expression medium  

PyMol PyMOL Molecular Graphics System 

ROS reactive oxygen species 

SAM Scanning alanine mutagenesis  

SDS sodium dodecyl sulfate 

SEC size exclusion chromatography  

SLS Swiss Light Source  

SPA scintillation proximity assay  

SRS seryl-tRNA synthetase 

T4L T4lysozyme   

tb1AR Turkey beta 1 adrenergic receptor  

TetO2 tetracycline operator  

TH transmembrane helices  

TM Transmembrane protein 

Tm melting tempertaure  

Tni Trichoplusia ni  

TR tetracycline repressor protein  

VD vapour diffusion  

WT Wild-type 

XDS X-ray detector software  



 

9. Appendix 

 

9.1 Coiled-coils protein sequences 
 
Table 2: Coiled-coil variants sequences.  

 

Name Sequence PDB ID Resolution 

CC1* CKIEHAKKKRLFDLYINGSYEVSELDSMMNDIDAQINYC  5UDO 2.5 Å 

CC2 LKEVQDNITLHEQRLVTTRQKLKDAERAVELDPDDVNKS

TLQSRRAAVSALETKLGELKRELADL 

2IC6 1.15 Å 

 

CC3.1*** 

 

LLALDREVQELKKRLQEVQTERNQVAKRVPKAPPEEKEA

LIARGKALGEEAKRLEEALREKEARLEAL 

1SRY 2.5 Å 

 

CC3.2*** VRELDELWRKKLQEVNEVRHKHNVVTRMIAKARDPEE

RKRLIEEARRLLKLREELEKELKRIEEEREKL 

NA NA 

CC4 LKEEQERKAEIQADIAQQEKNKAKLVVDRNKIIESQDVIR

QYNLADMFKDYIPNISDLDKLDLANPKKELIKQAIKQGV

EIAKKILGNISKGLKYIELADARAKLDERINQINKDCDDLKI

QLKGVEQRIAGI 

6EK4 2.8 Å 

 

CC5 LLALLAVDEQLHKQQEVIADKQMSVKEDLDKVEPAVIEA

QNAVKSIKKQHLVEVRSMANPPAAVKLALESIALLLGES

TTDWKQIRSIIMRENFIPTIVNFSAEEISDAIREKMKKNY

MSNPSYNYEIVNRASLAAGPMVKWAIAQLNYADMLKR

VEPLRNELQKLEDDAKDNQQKLEAL 

3ERR 2.2 Å 

 

*The C replaced the original L amino acid in this CC ti stabilize it. 

** underlines amino acids are replaced with C in the constrcut versions of b3AR-cc_SS. 

*** This is part of the structure not the whole protein. 
 

 

 

 

 

 



 

9.2 b3AR-CC protein sequence 
 

NheI/Kozak site, HA (hemagglutinin), Flag-Tag, SRS_coiled-coil, Cleavage Site (Thrombin) and 

TwinStrep/Stop Codons (TGATAA) 

 

ASATMKTIIALSYIFCLVFADYKDDDDAAADASGLPGVPWAAALAGALLALAVLATVGGNLLVIVAIAWT

PRLQTMTNVFVTSLAAADLVVGLLVVPPAATLALTGHWPLGATGCELWTSVDVLCVTASVWTLCALAV

DRYLAVTNPLRYGALVTKRCARTAVVLVWVVSAAVSFAPIMSQWWRVGADAEAQRCHSNPRCCAFAS

NMPYVLLSSSVSFYLPLLVMLFVAARVFVVAERELLALDREVQELKKRLQEVQTERNQVAKRVPKAPPEE

KEALIARGKALGEEAKRLEEALREKEARLEALRQEHRALCTLGLIMGTFTLCWLPFFLANVLRALGGPSLVP

GPAFLALNWLGYANSAMNPLILCRSPDFRSAFRRLLCRCGRRLPLVPRGSAAASAWSHPQFEKGGGSGG

GSGGSAWSHPQFEK-- 

 

 

 

9.3 b3AR-CC-T4L protein sequence 
 

NheI/Kozak, HA (hemagglutinin), Flag-Tag, Coiled-coil, T4Lysozyme, Cleavage Site (Precision) 

and TwinStrep/Stop Codons (TGATAA) 

 

ASATMKTIIALSYIFCLVFADYKDDDDAADASGLPGVPWAAALAGALLALAVLATVGGNLLVIVAIAWTP

RLQTMTNVFVTSLAAADLVVGLLVVPPAATLALTGHWPLGATGCELWTSVDVLCVTASVWTLCALAVD

RYLAVTNPLRYGALVTKRCARTAVVLVWVVSAAVSFAPIMSQWWRVGADAEAQRCHSNPRCCAFASN

MPYVLLSSSVSFYLPLLVMLFVAARVFVVAERELLALDREVQELKKRLQEVQTERNQVAKRVKRQLNIFE

MLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKDEAEKLFNQDVDAAVRG

ILRNAKLKPVYDSLDAVRRAALINMVFQMGETGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTP

NRAKRVITTFRTGTWDAYKFCLKELIARGKALGEEAKRLEEALREKEARLEALRQEHRALCTLGLIMGTFTL

CWLPFFLANVLRALGGPSLVPGPAFLALNWLGYANSAMNPLILCRSPDFRSAFRRLLCRCGRRLPLEVLF

QGPAAASAWSHPQFEKGGGSGGGSGGSAWSHPQFEK-- 

 

 



9.4 b3AR-T4L protein sequence 
 

NheI/Kozak, T4Lysozyme, Cleavage Site (Precision) and TwinStrep/Stop Codons (TGATAA) 

 

ASATMAPWPHENSSLAPWPDLPTLAPNTANTSGLPGVPWAAALAGALLALAVLATVGGNLLVIVAIAW

TPRLQTMTNVFVTSLAAADLVMGLLVVPPAATLALTGHWPLGATGCELWTSVDVLCVTASIWTLCALA

VDRYLAVTNPLRYGALVTKRCARTAVVLVWVVSAAVSFAPIMSQWWRVGADAEAQRCHSNPRCCAFA

SNMPYVLLSSSVSFYLPLLVMLFVYARVFVVCKRQLNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSL

NAAKSELDKAIGRNTNGVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAALINMVFQMGE

TGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKFCLKECRALCTLGL

IMGTFTLCWLPFFLANVLRALGGPSLVPGPAFLALNWLGYANSAFNPLIYCRSPDFRSAFRRLLCRCGRRL

PPEPLEVLFQGPAAASAWSHPQFEKGGGSGGGSGGSAWSHPQFEK-- 

 

 

9.5 T4L-b3AR-CC protein sequence 
 

NheI/Kozak, HA (hemagglutinin), Flag-Tag, TwinStrepII, Cleavage site (TEV), T4Lysozyme and 

Coiled-coil. 

 

ASATMKTIIALSYIFCLVFADYKDDDDASAWSHPQFEKGGGSGGGSGGSAWSHPQFEKENLYFQGNIFE

MLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKDEAEKLFNQDVDAAVRGI

LRNAKLKPVYDSLDAVRRAALINMVFQMGETGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTPN

RAKRVITTFRTGTWDAYAADEVWVVGMGALLALAVLATVGGNLLVIVAIAWTPRLQTMTNVFVTSLAAA

DLVVGLLVVPPAATLALTGHWPLGATGCELWTSVDVLCVTASVWTLCALAVDRYLAVTNPLRYGALVTKRC

ARTAVVLVWVVSAAVSFAPIMSQWWRVGADAEAQRCHSNPRCCAFASNMPYVLLSSSVSFYLPLLVML

FVAARVFVVAERELLALDREVQELKKRLQEVQTERNQVAKRVPKAPPEEKEALIARGKALGEEAKRLEEAL

REKEARLEALRQEHRALCTLGLIMGTFTLCWLPFFLANVLRALGGPSLVPGPAFLALNWLGYANSAMNPLI

LCRSPDFRSAFRRLLCRCGRRLP-- 
 

 

 

 



9.6 5HTR2C-CC protein sequence 
 

NheI/Kozak site, HA (hemagglutinin), Flag-Tag, SRS_coiled-coil, Cleavage Site (Thrombin) and 

TwinStrep/Stop Codons (TGATAA) 

 

ASATMKTIIALSYIFCLVFADYKDDDDAGRLFQFPDGVQNWPALSIVVIIIMTIGGNILVIMAVSMEKKLH

NATNYFLASLAIADMLVGLLVMPLALLAILYDYVWPLPRYLCPVWISLDVLFSTAAIWHLCAISLDRYVAIR

NPIEHSRFNSRTKAIMKIAIVWAISIGVSVPIPVIGLRDESKVFVQQTTCVLNDPNFVLIGSFVAFFIPLTIMV

ITYFLTIYALERELLALDREVQELKKRLQEVQTERNQVAKRVPKAPPEEKEALIARGKALGEEAKRLEEALRE

KEARLEALRQEKKALKVLGIVFFVFLIMWCPFFITNILSVLCGKACNQKLMEKLLNVFVWIGYACSGINPLV

YALFNKIYRRAFSKYLRCDYKPDKKPLVPRGSAAASAWSHPQFEKGGGSGGGSGGSAWSHPQFEK-- 

 

9.6 CC_WT protein sequence 
 

HisTag, Thioredoxin, Cleavage Site (Thrombin), and CC 

 

HHHHHHGSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLN

IDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGLVPRGSLLALDREVQEL

KKRLQEVQTERNQVAKRVPKAPPEEKEALIARGKALGEEAKRLEEALREKEARLEAL** 

 
9.7 CC_WT +Cys protein sequence 

 
HisTag, Thioredoxin, Cleavage Site (Thrombin), and CC 

 

HHHHHHGSGMSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLN

IDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGLVPRGSCLALDREVQEL

KKRLQEVQTERNQVAKRVPKAPPEEKEALIARGKALGEEAKRLEEALREKEARLEAC** 

 
 
 
 
 
 
 
 
 



9.8 CC-T4L protein sequence  
 
 
HisTag, Cleavage Site (Thrombin), CC and T4L 

 
HHHHHHLVPRGSLLALDREVQELKKRLQEVQTERNQVAKRVKRQLNIFEMLRIDEGLRLKIYKDTEGYYTI

GIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAA

LINMVFQMGETGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKFC

LKELIARGKALGEEAKRLEEALREKEARLEAL** 

 
 

9.9 CC-T4L+Cys protein sequence  
 
HisTag, Cleavage Site (Thrombin), CC and T4L 

 
HHHHHHLVPRGSCLALDREVQELKKRLQEVQTERNQVAKRVKRQLNIFEMLRIDEGLRLKIYKDTEGYYTI

GIGHLLTKSPSLNAAKSELDKAIGRNTNGVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDSLDAVRRAA

LINMVFQMGETGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWDAYKFC

LKELIARGKALGEEAKRLEEALREKEARLEAL** 

 
9.10 pACMV-tetO DNA sequence 

 

XbaI, NheI, HindII, NotI,  XhoI, BamHI and Twin Strep 

 

TTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAA

TGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGC

GGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAG

TGCCACCTGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTG

ACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTC

GCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCA

CCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT

TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACT

CAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAA

TGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTCCATTCGCC

ATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGC

GAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTG



TAAAACGACGGCCAGTGCCAAGCTGACTTGGTCAGCGGCCATCGATTCGACCAATTCTCATGTTTGA

CAGCTTATCATCGCAGATCCGGGCAACGTTGTTGCCATTGCTGCAGGCGCAGAACTGGTAGGTATG

GAAGATCTATACATTGAATCAATATTGGCAATTAGCCATATTAGTCATTGGTTATATAGCATAAATCA

ATATTGGCTATTGGCCATTGCATACGTTGTATCTATATCATAATATGTACATTTATATTGGCTCATGTC

CAATATGACCGCCATGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTA

GTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGC

CCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTT

CCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCAT

ATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACA

TGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATG

CGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACC

CCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAA

CCCCGCCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCT

CCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCGTCGACGAGCTCGTTTAGTGAACCGT

CAGATCTCTAGAAGCTGGGTACCAGCTGCTAGCAAGCTTGCTAGCggccgcaTCCGCCTGGTCCCACC

CCCAGTTCGAGAAAGGCGGAGGATCTGGCGGCGGAAGCGGAGGCTCTGCTTGGAGCCACCCTCAG

TTTGAAAAATGATAAggccGCTCGAGGCCGGCAAGGCCGGATCCGACGTTAACTTGTTTATTGCAGCT

TATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTC

TAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCTACTAGTTCTAGCTAGAAG

ACTCTAGGGTGTGACTTCTGAAGAGAAGAAGGAAGAGGAAGGGTGGAGGTTAGGAAACAGTGAG

TCGGGCTTGTGGGTCTCTCCTGGTGATCTGACAGCTTCTGGGTCAGAACTCGGAGTCACCACGACAA

ACTGCTCTCTGTCTGCAGCACAGGGTTCAGGCAAAGTCTTGGTTGCCAGGCGGTGAGGTCAGGGGT

GGGGAAGCCCAGGGCTGGGGATTCCCCATCTCCTCAGTTTCACTTCTGCACCTAACCTGGGTCAGGT

CCTTCTGCCGGGACACTGATGACGCGCTGGCAGGTCTCACTATCATTGGGTGGCGAGATTCCAGGA

GCCAATCAGCGTCGCCGCGGACGCTGGTTATAAAGTCCACGCAACCCGCGGGACTCAGACACCCGG

GATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTT

CTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTG

ATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGG

TGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTG

CGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGG

GGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCG

GCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGA



GCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTC

GCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACC

CATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTG

GCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGC

TTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCAT

CGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAG

CGACGCCCAACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGG

AATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCC

CACCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAAT

AAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGG

ATCCTAGAAGATCATACACTCCGCTATCGCTACGTGACTGGGTCATGGCTGCGCCCCGACACCCGCC

AACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACC

GTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGTGG

AATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATG

CATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAA

AGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCC

GCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCG

CCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAA

GCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCG

TTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTAT

AACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTT

ATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAA

GACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAA

CGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGAT

GTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTC

AGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCC

CCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGT

TCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGAT

GAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGTTGCTAC

GCCTGAATAAGTGATAATAAGCGGATGAATGGCAGAAATTCGCCGGATCTTTGTGAAGGAACCTTA

CTTCTGTGGTGTGACATAATTGGACAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAA

TTTTTAAGTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTTTAGATTCCAACCTATGGA



ACTGATGAATGGGAGCAGTGGTGGAATGCCTTTAATGAGGAAAACCTGTTTTGCTCAGAAGAAATG

CCATCTAGTGATGATGAGGCTACTGCTGACTCTCAACATTCTACTCCTCCAAAAAAGAAGAGAAAGG

TAGAAGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCTGTGTTTAGTAATAGA

ACTCTTGCTTGCTTTGCTATTTACACCACAAAGGAAAAAGCTGCACTGCTATACAAGAAAATTATGGA

AAAATATTCTGTAACCTTTATAAGTAGGCATAACAGTTATAATCATAACATACTGTTTTTTTCTTACTC

CACACAGGCATAGAGTGTCTGCTATTAATAACTATGCTCAAAAATTGTGTACCTTTAGCTTTTTAATTT

GTAAAGGGGTTAATAAGGAATATTTGATGTATAGTGCCTTGACTAGAGATCATAATCAGCCATACCA

CATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATG

AATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCAC

AAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATC

TTATCATGTCTGGATCGATCTTCCGGAACTTGGCCAAATTCGTAATCATGTCATAGCTGTTTCCTGTG

TGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGG

GTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAA

CCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG

CTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC

ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCA

AAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGC

CCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAA

AGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGG

ATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCA

GTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTG

CGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCA

GCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTG

GCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTC

GGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTT

GCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGT

CTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTT

CACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGT

CTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATA

GTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTG

CAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAA

GGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGA



AGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTG

GTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACAT

GATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTT

GGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAA

GATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAG

TTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATACAGAACTTTAAAAGTGCTCATCA

TTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTA

ACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCG 

 

 

9.11 pCDNA4/TO DNA sequence 
 

HindIII, NheI, BamHI, NotI, SacI, XbaI and TwinStrepTag 

 

ACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAG

TTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAAAATTTAAG

CTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCT

GCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCA

ATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCC

CGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAAC

GCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTA

CATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGC

ATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCT

ATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGA

TTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGAACCAAAATCAACGGGACTTTCC

AAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTA

TATAAGCAGAGCTCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATCGTCGACGAGCT

CGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCCATAGAAGACACC

GGGACCGATCCAGCCTCCGGACTCTAGCGTTTAAACTTAAGCTTGCTAGCGGATCCGCAACGGCGG

CCGCATCCGCCTGGTCCCACCCCCAGTTCGAGAAAGGCGGAGGATCTGGCGGCGGAAGCGGAGGC

TCTGCTTGGAGCCACCCTCAGTTTGAAAAATGATAAGCTCGAGTCTAGAGGGCCCGTTTAAACCCGC

TGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTG



ACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGA

GTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGA

CAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGG

GCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGC

GCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCG

CCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCT

TTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGAT

AGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGA

ACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGG

TTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGG

GTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGC

AACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTA

GTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATT

CTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTA

TTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGT

ATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTA

TAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCG

CGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAG

GACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTG

GTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTC

GGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGC

CGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAG

CAGGACTGACACGTGCTACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAA

TCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCA

CCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATA

AAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTA

TACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTAT

CCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA

GTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCC

AGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTT

CCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGC

GGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGC



AAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACG

AGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGG

CGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCC

GCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTA

GGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCC

GGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTA

ACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACG

GCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGT

TGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTTTTTTTGTTTGCAAGCAGCAGATT

ACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGA

ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTA

AATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATG

CTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGT

CGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGA

CCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAG

TGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTT

CGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTT

GGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCA

AAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT

CATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTG

GTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTC

AATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCG

GGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCA

ACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGC

CGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTAT

TGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAAC

AAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 
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