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Abstract 

 

 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a transmembrane protein that 

functions as an ion channel. Mutations in this protein cause Cystic Fibrosis. For this reason, it is 

important to study the structure and function of CFTR. In this study, constructs of CFTR (C-terminii), 

a CFTR-interacting protein and full-length CFTR were cloned, expressed and purified for structural 

and functional studies. The purified C-terminal polypeptides of CFTR were soluble and shown to 

interact with NHERF1 PDZ 1 (a CFTR-interacting protein). The CFTR C-terminus and NHERF1 

PDZ 1 domain were co-expressed and co-purified. The purified complex showed a strong interaction 

that might induces a conformational change. Site-directed mutation of the C-terminus of CFTR was 

performed in order to examine the effect of removing a potentially flexible amino acid (Arginine) on 

protein crystallization.  

Pull-down assay experiments with full -length CFTR demonstrated an interaction between CFTR (in 

DDM detergent) and NHERF1 PDZ 1
(+)

. No interaction was observed for CFTR in LPG (a relatively 

denaturing detergent) and NHERF1, implying that the interaction between the PDZ motive of CFTR 

and NHERF1 requires a stable folded structure for both proteins. In addition, full-length CFTR in 

DDM has been studied by electron microscopy and Single Particle Analysis in the presence of 

NHERF1 PDZ 1
(+)

. A 3D structure was generated for the CFTR-NHERF1 PDZ 1
(+)

 complex at a 

resolution of ~ 18 Å. This 3D structure showed a new open conformation of CFTR (V shape). In 

comparable studies with CFTR alone, a 3D structure was generated at a resolution of 27 Å and this 

structure showed a closed state as previously reported. This new data suggest a possible role for 

NHERF1 in terms of CFTR channel gating or activation. 
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SDS Sodium dodecylsulphate 

SDS-PAGE Sodium dodecylsulphate Polyacrylamide Gel 

SPA Single particle analysis 

SPR Surface plasmon resonance 

TAE Tris-acetate-EDTA 

TEM Transmission electron microscopy 

TEMED Tetramethylethylenediamine 

TMD Transmembrane domain  

TNP-ATP Trinitrophenyl-ATP 

TRIS Tris (hydroxymethy) amino methane 

UV Ultraviolet 

XLCA/A X-linked sideroblastosis and anemia 

2D Two dimensional 

3D Three dimensional 
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1. Introduction 

Proteins are macromolecules composed of amino acids which are joined together by peptide bonds. 

They can be found in all living organisms, from the simplest such as viruses to more complex like 

humans. The role of proteins in all cells is complicated. Most biological processes are performed by 

functional and structural proteins inside and outside cells. Antibodies, transporters, receptors, 

enzymes, structural elements and much more are examples of proteins that have functional and 

structural roles. Among protein functions, transport of ions and other substances through the cell 

membrane is considered a worthy target for medical intervention. The mechanism of ion transport is 

related to many diseases. For this reason, capturing the three dimensional structure of transporter 

proteins is important in order to find out the relationship between defective proteins and their clinical 

aspects. In general, there are three main steps that are required to purify proteins to grow 2D or 3D 

crystals. First of all, expression of the targeted protein by adding a plasmid containing the 

corresponding gene sequence to host cells. Secondly, purifying the protein in order to separate it from 

other molecules and cellular substances. Finally, crystallizing the pure protein. All three steps will be 

explained and discussed later. 

1.1 Transmembrane Proteins 

The plasma membrane is a selective biological barrier located between the extracellular and 

intracellular cell fluids. Two main classes of biomolecules form the plasma membrane, proteins and 

lipids as shown in Figure 1. The location of transmembrane proteins usually influences their 

functions. Proteins located on the extracellular membrane surface interact with proteins or molecules 

and serve as active mediators between the cell and its surrounding environment. The proteins which 

are located on the intracellular membrane surface have many functions from anchoring cytoskeleton 

proteins to the membrane to triggering intracellular signaling pathways (Lodish et al, 2000). Proteins 

which are attached or embedded in the plasma membrane have several tasks such as carriers, 

receptors and adhesion sites. Beside these functions, membrane proteins convert the energy of 

sunlight into chemical energy by the contribution to ATP synthesis. Furthermore, membrane proteins 
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play an important role as a signal receptor that receives signals such as neurotransmitters, growth 

factors, hormones, light or chemotactic stimuli (Branden and Tooze, 1998). Because membrane 

proteins are involved in essential biological processes as revealed previously, they are considered as 

major drug targets. The study of this sub-class of proteins could lead to cures for several illnesses 

such as heart disease, cystic fibrosis and depression (Lunn, 2010). 

 

 

 

 

 

 

 

Figure 1: The two main biomolecules (proteins and lipids) found in the plasma membranes. 

Both can also be linked to carbohydrate moieties, as shown.  

 

There are two kinds of protein interacting with the plasma membrane, integral or peripheral. The latter 

can transport ions and molecules across the plasma membrane (Thiriet, 2007). Because of the unique 

and essential physiological role of transporter proteins, mutations in genes encoding these proteins 

result in human diseases (Opella, 2003). Despite the biological importance that 25 % of proteins 

encoded by the genome are membrane proteins, no more than 1 % of the total files in the pdb (Protein 

Data Bank) are membrane proteins (Loll, 2003). According to the recent PDBTM record (Protein 

Data Bank of Transmembrane Proteins); there are 1550 transmembrane structures of 79538 structures. 

PDBTM: http://pdbtm.enzim.hu/? Last accessed 01-02-2012.     

http://pdbtm.enzim.hu/
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1.2 ABC Proteins 

The ATP-binding cassette (ABC) transporters are the largest family of transmembrane proteins. They 

can be found in prokaryotes and eukaryotes as integral proteins embedded in the plasma membrane 

(Dean et al., 2001). Several ABC proteins act as transporters by which many substances, small, large, 

charged and hydrophobic are moved into or-out cells and this explains the diversity of their 

physiological roles (Higgins, 2001). They are divided into two groups as full transporters consisting 

of two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs), or half 

transporters consisting of one TMD and one NBD (Hyde et al., 1990). In the latter case, two half 

transporter proteins must associate in the cell to form an entire transporter. Despite the structural 

similarity among ABC proteins, there are some exceptions. For examples, the MRP (multidrug 

resistance-associated protein) (ABCC) subfamily contains an additional multispanning TMD which is 

found in a high majority of these family members (Hipfner et al, 1999). In addition, many ABC 

proteins have NBD1-TMD2 linker polypeptides of variable length which in some cases is involved in 

regulating gating by phosphorylation (Schwiebert et al., 1999b). This linker is present in CFTR and is 

known as the regulatory domain (R domain) (Senior and Gadsby, 1997). 

This family of proteins is divided into 7 subfamilies (ABCA, ABCBé.ABCG) consisting of 48 

members in humans (Dean, 2005; Kaminski et al., 2006). Furthermore, ABC pseudogenes were 

identified in the human genome (Piehler et al., 2006, 2008). The role of these proteins depends on 

using ATP energy so as to drive the transport of a large number of molecules, such as sugars, lipids, 

peptides, ions, through cell membranes. ABC proteins can be found inside the cells of all living 

organisms. For example, the Escherichia coli genome has nearly 5 % of its genes as ABC protein 

genes (around 70 transporters) (Holland et al., 2003). And this big number of transport proteins 

reflects the need to adapt to a wide range of environments that bacteria live in. One aim of studying 

this family of proteins is to discover the relationship between defective ABC protein genes, 

subsequently their proteins, and many hereditary diseases associated with defective transport 

functions. During the past years, this relationship has been explored and it is known that complex 
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diseases are related to defective ABC proteins (Wenzel et al., 2007). Mutations in 14 human ABC 

transporter genes are the main cause of different inherited diseases (Kaminski et al., 2006). Table 1 

shows ABCs associated with human diseases.  

GENE MONOGENIC  DISORDER COMPLEX DISEASE  

ABCA1 Tangier disease, FHDLD  

ABCA4 Stargardt/FFM, RP, CRD, CD AMD 

ABCB1 Ivermectin susceptibility Digoxin uptake 

ABCB2 Immune deficiency  

ABCB3 Immune deficiency  

ABCB4 PFIC3 ICP 

ABCB7 XLCA/A   

ABCB11 PFIC2  

ABCC2 Dubin-johnson Syndrome  

ABCC6 Pseudoxanthorma elasticum  

ABCC7 Cystic Fibrosis, CBAVD Pancreatitis, bronchiectasis 

ABCC8 FBHHI  

ABCD1 ALD  

ABCG5 Sitosterolemia  

ABCG8 Sitosterolemia  

Table 1: Disease and phenotypes caused by ABC genes. The Table shows the relationship between 

ABC genes (and their proteins as a final product) and diseases. Some diseases can spread their effects 

to other locations as it is with ABCA4, ABCB1, ABCB4 and ABCC7. FHDLD, familial 

hypoapoproteinemia; FFM, fundus flavimaculatis; RP, retinitis pigmentosum 19; CRD, cone-rod 

dystrophy; AMD, age-related macular degeneration; PFIC, progressive familial intrahepatic 

cholestasis; ICP, intrahepatic cholestasis of pregnancy; XLCA/A, X-linked sideroblastosis and 

anemia; CBAVD, congential bilateral absence of the vas deferens; FBHHI, familial persistent 

hyperinsulinemic hypoglycemia of infancy; ALD, adrenoleukodystrophy. The table was obtained 

from (Moitra, 2012).  
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The 48 members of the ABC family are expressed in different locations inside the human body 

(Venter et al., 2001). Despite the fact that some ABC transporters reduce the amount of harmful 

substances, they also reduce some useful substances such as chemotherapeutic drugs (Choudhuri and 

Klaassen, 2006). Physiologically, the absorption, metabolism and toxicity of pharmacological agents 

are balanced via these proteins (Glavinas et al., 2004). The resistance to chemotherapy is a 

physiological process that is related to ABC proteins. Sharom (2008) has studied this process in three 

ABC proteins, P-glycoprotein (ABCB1), MRP1 (ABCC1) and BCRP (breast cancer resistance 

protein) (ABCG2). These transporters, which can be found in overexpressing human tumors, are 

involved in a common physiological process in which tissues are protected from xenobiotics and 

endogenous metabolites. The hydrophobic regions of many cancer drugs interact with the 

hydrophobic and H-bonding regions of any binding sites of theses tranporters. These interactions 

result in transport of the drugs and more resistance to chemotherapy.  P-glycoprotein (Pgp) is one of 

the ABC proteins that transports various xenobiotics (including anticancer drugs) out of cells by 

hydrolysing ATP (Di Pietro et al., 1999).  

1.3  The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

Defective CFTR is the cause of  two major diseases: cystic fibrosis (CF) (Cheng et al, 1990) and 

secretory diarrhea (Gabriel et al, 1994) . In secretory diarrhea, an extremly high CFTR activity due to 

the effects of bacterial toxin (e.g cholera toxin and heat stable E. coli enterotoxin) induces secretory 

diarrhea (Chao et al, 1994). Cystic fibrosis (CF) is an inherited (Mendelian autosomal recessive) 

chronic disease that is more frequent in the caucasian race (Damas et al, 2008) and is associated with 

loss of CFTR activity. CF affects around one in 2500 newborns. There are about 30,000 children and 

adults in the United States (70,000 worldwide) affected by CF. Cystic Fibrosis Foundation [homepage 

on the Internet]. About Cystic Fibrosis. Last update (08-09-12). Available from: 

http://www.cff.org/AboutCF/. Mutations in CFTR gene cause the body to produce thick and sticky 

mucus that prevent the organs from doing their biological functions. The defect CFTR has been 

associated with decreased in chloride ion transport across the apical membrane of the epithelial cells 

http://www.cff.org/AboutCF/
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(Widdicombe et al, 1985). The main organs which can be affected by cystic fibrosis (CF) are the 

lungs, the gastrointestinal tract, liver, exocrine pancreas and the male reproductive tract (Sheppard 

and Welsh, 1999). Patients who are diagnosed with CF-lung, suffer from a serious fatal disease 

compared to other types of CF (Davis, 2006). common symptoms of CF include lung infections 

mainly by Pseudomonas aeruginosa which live in the thick mucus and can cause damage to lung 

tissue. In addition, two-thirds of the patients suffer from pancreatic ducts covered by mucus which 

prevents necessary digestive enzymes reaching the gastrointestinal tract. Mucus also clogs small bile 

ducts and that can cause liver damage and slow down digestion. The reproductive system of male 

patients can also be affected by CF leading to blocking of fine ducts and the vas deferens,  accounting 

for the 95% infertility rates. The blocking of sperm entry to the uterus can lead to infertility in women 

(Gout, 2012). Cystic fibrosis (CF) was first distinguished from celiac disease in 1938 by studies on 

malnourished infants that reported a disease of mucus plugging of the glandular ducts (Andersen, 

1938). Defective sweat glands were linked to CF in 1953 and the sweat test in 1959 opened the 

possibility that CF is not just a disorder of mucus (Davis, 2006). In 1989, The CFTR gene was 

isolated from epithelial cell libraries and then was identified and sequenced (Riordan et al, 1989). 

The cystic fibrosis transmembrane conductance regulator (CFTR) (Figure 2) is the only member of 

the ABC family that is recognized for its physiological function as an ion channel. CFTR is located 

mostly in the apical membrane of epithelia to function as a gate that controls chloride ion movement 

out and into the cell. CFTR is expressed in different locations, at the apical membrane of polarized 

cells (Dalemans et al., 1992), at random locations in the plasma membrane of non-polarized cells 

(Cheng et al., 1990). CFTR can also be located at endoplasmic reticulum (ER) where it is synthesized 

(Pasyk & Foskett, 1995), at Golgi where it matures, at endosomes where it interchanges with plasma 

membrane (Lukacs et al., 1992) and at lysosomes where it is degraded (Barasch et al., 1991). CFTR 

plays an important role in movement of chloride ions by using the energy of ATP in order to open and 

close its pore (Holland et al., 2003). ). Both phosphorylation of the regulatory domain (R-domain) and 

ATP-binding control the opening and closing of the CFTR channel. Nucleotide binding domain 1 

(NBD1) and NBD2 bind ATP to open the channel. PKA (Protein kinase A) and phosphatases add and 

B 
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remove phosphate to the R-domain making potential conformational changes in the domain which 

leads to regulation of the channel activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The wide distribution of epithelia cells in the organs makes the defective CFTR a cause of several 

physiological problems. In humans, the gene encodes an integral membrane glycoprotein (CFTR) 

Figure 2: The proposed structure of CFTR and the ATP sites on NBD1 and 2 domains. This 

redrawn model is based on a research by Higgins and Linton (2004). A and B show the proposed 

ATP cycle which involves in CFTR gating. A, the closed state of the channel where is no ATP 

binding. B, the binding to ATP makes conformational changes lead to an open channel. TMD is 

transmembrane domain. NBD is nucleotide-binding domain. R-Domain is regulatory domain 
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consisting of 1480 amino acids. Generally, human CFTR mutations number more than 1300 and can 

be categorized into four classes (Welsh and Ramsey, 1998). These are Class I, where the CFTR loses 

its full function because it becomes shorter than usual. Class II, the most common one where 

mutations lead to in-frame amino acids change or deletion of the CFTR. 70 % of CF patients suffer 

from the F508 deletion which is one of the Class II mutations. Class III, causes changes in the 

nucleotide binding fold or regulatory (R) domain of CFTR resulting in errors in the control of channel 

opening. Class IV mutations affect membrane-spanning domains of the protein preventing the correct 

conduction of ions across the pores. In general, class I and II are considered a cause of serious 

medical problems and lead to an irregular pancreatic function (Goodman and Percy, 2005). 

Cystic fibrosis is a disease that has no known cure and the treatments (physiotherapy, exercise, 

nutrition or even medication) are to reduce symptoms and slow the development of the disease. But 

more recently, in January 2012, FDA (The U.S. Food and Drug Administration) has approved 

Kalydeco (ivacaftor previously known as VX-770) for the treatment of a rare form of cystic fibrosis, 

involving patients with the G551D mutation in at least one copy of the gene. CFTR in people with the 

G551D mutation has the ability to locate to the right place in the plasma membrane but it acts like a 

blocked channel. Kalydeco can unlock the defective protein and restore its secretory function (Van 

Goor et al, 2009). WebSite: http://www.cff.org/treatments/Therapies/ provides most recently details 

about CF treatment.  
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1.3.1 CFTR-Interacting Proteins  

A large number of studies reported interactions between CFTR and many proteins, including 

transporters, ion channels, receptors, kinases, phosphatases, signaling molecules, and cytoskeletal 

elements. The main function of CFTR is to transport ions through the plasma membrane. Beside this 

function, CFTR regulates other channels and transporters (Schwiebert et al., 1999b). CFTR can 

perform many physiological roles such as, mediating cAMP regulation of amiloride-sensitive Na
+
 

channel (Stutts et al., 1995), the Cl
-
/HCO3

- 
exchanger (Lee et al., 1999), and the ROMK K

+
 channel 

(renal outer medullary potassium) (Schwiebert et al., 1999a). CFTR interactions with transporters and 

channels affect all epithelial tissues (Kunzelmann, 2001). Table 2 shows some these effects.  

Transport  Interaction NBD1 Required? 

ENaC Inhibition of ENaC Yes 

Na
+
/H

+ 
exchanger Inhibition of Na+/H+ exchanger Unknown 

HCO3
-
/Cl

- 
exchanger Activation of HCO3

-
/Cl

- 
exchanger Unknown 

ICOR Cl
- 
channels Activation of ICOR, conferring glibenclamide sensitivity Yes 

Ca
2+

- and volume-

activated Cl
- 
channels 

Activation/inhibition of Ca
2+

- and volume-activated Cl
- 

channels 

Yes 

ROMK2, Kir6.1 Conferring glibenclamide sensitivity to ROMK2 and Kir6.1 Yes 

KvLQT1 Activation of KvLQT1 in oocytes Yes 

AQP3 Activation of AQP3 Yes 

Gap junction channels Activation of gap junctions Unknown 

Mucus secretion Exocytosis and mucus secretion Unknown 

ATP transport ATP release by epithelial cells Yes 

Glutathione transport Activation of glutathione efflux Unknown 

Table 2: Some effects of the interaction between CFTR with  other transport proteins. The Table 

shows some effects of CFTR-ABC protein interactions on cell functions. NBD1 of CFTR is required 

in some of these interactions. NBD1, nucleotide binding domain; ENaC, epithelial Na
+
 channel; 

ICOR, intermediate-conductance outwardly rectifying Cl
- 
channel; ROMK2, rat distal nephron H

+ 

channel; KvLQT1, delayed activated voltage-dependent N
+
 channel; AQP, aquaporin water channel. 

This table was obtained from (Kunzelmann, 2001). 
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There are several direct interactions between CFTR and other proteins as follows: Syntaxin 1A 

interacts with the cytoplasmic N-terminal domain of CFTR and inhibits channel activity (Naren et al., 

1997). A family of PDZ-binding domain proteins, including the Na
+
/H

+
 exchanger regulatory factor 

(NHERF1) (Hall et al., 1998) and ezrin-binding protein 50 (Short et al., 1998) interact with the C-

terminal region. CFTR is also closely associated with protein phosphatase 2C (Zhu et al., 1999).  

1.3.1.1 CFTR-NHERF Interactions  

PDZ (PSD-95/Dlg/ZO-1) proteins are the most abundant proteins that regulate and maintain 

eukaryotic cell function. There are more than 500 PDZ domain-containing proteins which include at 

least 900 PDZ domains which are involved in this process (Sheng and Sala, 2001). Among all 

proteins that interact with CFTR, PDZ-domain-containing proteins (NHERF family) are the most 

common in mammalian cells (Wang et al., 1998). The NHERF family can be found in colon, renal 

proximal tubules, small intestine (In or near brush border) and other mammalian tissues. It is not 

present in bacteria, plants and yeast. The main role of the NHERF family is the formation of a 

multiprotein signaling complex to regulate the activities of other proteins (Donowitz et al. 2005). This 

family of proteins consists of four related PDZ domain-containing proteins and the total number of 

PDZ domains in the four proteins is 12 domains (PDZ 1 and 2 domains in NHERF 1 and NHERF 2, 

PDZ 1,2,3 and 4 domains in NHERF 3 and NHERF 4) (Donowitz et al. 2005) (As shown in Figure 3). 

Each domain has a length of 80-100 amino acids, (Guggino and Stanton, 2006) and regulates protein-

protein interactions by binding to short peptides, most often in the carboxyl terminal of target proteins 

(Karthikeyan et al., 2001). To date, six PDZ proteins (NHERF1, NHERF2, NHERF3, NHERF4, 

Shank2 and CAL) have been reported to interact with the C-terminus of CFTR. The first five proteins 

interact with CFTR in the apical membrane of epithelial cells, while CAL (CFTR-associated ligand) 

interacts with CFTR in Golgi (Singh et al, 2009; Li  and Naren, 2011). A single PDZ domain can 

target different proteins with different affinities. Moreover, a single PDZ motif can be recognized by 

different PDZ domains. There are four types of PDZ motifs: Type I (S/T-x-ū), Type II (ū-x-ū), Type 

III (Ɋ-x-ū) and Type IV (D-x-V) where x: any amino-acid; ū: hydrophobic amino-acid; Ɋ: 
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hydrophilic amino-acid. The last four amino acids of CFTR (DTRL) are classified under Type I 

(Bossard et al, 2012).  

Figure 3: The four members of NHERF family and their domains. PDZ1 and 2 of NHERF 1 and 

2 interact with the C-terminus (QDTRL) of CFTR (Brône and Eggermont, 2005; Li and Naren, 2010). 

Both NHERF3 and 4 contain four tandem PDZ domains, and PDZ3 and PDZ4 of PDZK1 are reported 

to bind to the C-terminus of CFTR (Wang et al, 2000; Li and Naren, 2010). NHERF1 (NHERF, 

EBP50). NHERF2 (E3KARP, SIP-1, TKA-1). NHERF3 (PDZK1, CLAMP, CAP70, DIPHOR-1, 

NaPi-CaP1). NHERF4 (PDZK2, IKEPP, DIPHOR-2, NaPi-CaP2). ERM, ezrin, radixin and moesin. 

The redrawn Figure was obtained from (Donowitz et al. 2005). NHERF1 PDZ 1 was involved in this 

study.  

 

In this study, the C- terminus of CFTR-NHERF1 PDZ 1 complex was investigated. The last four 

amino acids in the C-terminus of human CFTR have the ability to interact with PDZ-domains in the 

NHERF family (Guggino and Stanton, 2006). A CFTR-NHERF 1 interaction (Figure 4) was reported 

in many studies (Lambright et al, 1996; Hall et al, 1998; Raghuram et al, 2001). Wang et al (1998) 

studied the interaction between NHERF 1 PDZ 1 and 2 with three different peptides (1211 to 1481, 

1387 to 1481 and 1466 to 1481) of the C-terminus of human CFTR. They found that the three 

peptides were able to interact with NHERF 1 PDZ 1 but not to PDZ 2.  
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The interaction between NHERF1 PDZ 1 and many C-terminal sequences allow slight conformational 

changes in NHERF1 structure and this flexibility can explain why NHERF1 (PDZ 1 or 2) binds many 

protein targets (Shenolikar et al, 2004). The solved structure (Figure 5) of QDTRL (C-CFTR) and 

NHERF1 PDZ 1 was reviewed by (Ladias, 2003). As shown in the figure, the NHERF1 PDZ 1 

structure consists of six beta-strands (in brown) and two alpha-helices (in yellow) and this structure is 

identical to other PDZ structures. Two ɓ-sheets form an antiparallel ɓïsandwich (a pocket) where 

QDTRL (revealed as a ball-and-stick model) are inserted in. The core of PDZ 1 is stabilized by 

hydrophobic interactions that were formed between amino acids 17, 26, 28, 39, 53, 59, 76, 79, 86 and 

88. Table 3 gives more details about the chemical bonds between QDTRL-NHERF1 PDZ 1. 

Figure 4: Crystal structure of NHERF1 PDZ1-QDTRL.  Ribbon 

diagram of the human NHERF1 PDZ 1 domains (yellow and green) 

bound to the QDTRL (pink) amino acids of CFTR. NHERF1 PDZ 1 

contains 6 beta strands (in yellow) and two alpha helices (in green). 

The peptide ligand QDTRL is shown in pink. This structure was 

solved by (Karthikeyan et al, 2001). QDTRL which is fused to one 

molecule of NHERF1 PDZ 1 interacts with NHERF1 PDZ 1 from the 

other molecule. (PDB code is 1G9O). 

 

Figure 5: Crystal structure of NHERF1 PDZ1-

QDTRL.  Ribbon diagram of the human NHERF1 

and ball and stick representation of the five amino 

acids of CFTR along with specific interacting 

residues of NHERF1 (Asn22, Glu43,His72, Arg80). 

Gln -4, Asp -3, Thr -2, Arg -1 and Leu 0 are C-CFTR 

residues and the rest of amino acids belong to the 

PDZ 1 domain of NHERF1. Water molecules are 

shown as green spheres and hydrogen bonds as cyan 

dashed lines. The diagram was obtained from (Ladias, 

2003).     
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C-CFTR residue  Bond  Description 

Q (Gln -4)  A hydrogen bond  The carbonyl oxygen interacts with the amide nitrogen of Gly30 

D (Asp -3)  A hydrogen bond The side chain interacts with His27 

A salt bridge  The side chain interacts with Arg40 

T (Thr -2)  A hydrogen bond The amide nitrogen carbonyl oxygen interacts with the amide 

nitrogen carbonyl oxygen of Leu28 

A hydrogen bond The side chain interacts with the imidazole group of His72 

R (Arg -1) Two salt bridges The guanido group interacts with the side chain of Glu43   

Two hydrogen bonds The guanido group interacts with the carbonyl oxygen of Asn22 

L (Leu 0) Hydrophobic contact The side chain and carboxylate group interact with Tyr24, 

Gly25, Phe26, Leu28, Val76 and Ile79  

Hydrophobic contact The isobutyl group interacts with Phe26 and Ile79 

A hydrogen bond The carboxyl oxygen interacts with the amide nitrogen of 

Gly25, Phe26, tyr24 and Arg80 

Table 3:  Specific interactions between QDTRL of C-CFTR and the NHERF1 PDZ 1. The Table 

shows the weak chemical bonds between the last five amino acids of CFTR and NHERF1 PDZ 1. Leu 

and Gln form the strongest and weakest interactions respectively.  

The CFTR C-terminus-NHERF1 PDZ 1 complex was reported as a linker that links CFTR to the 

apical actin cytoskeleton in polarized epithelial cell through ezrin, radixin, or moesin proteins. This 

complex is required for stabilizing CFTR to perform its function (Short et al, 1998; Sun et al, 2000). 

A part of this complex (CFTR- NHERF1 PDZ 1
(+)

) was investigated in this study and a new possible 

conformational change of CFTR was obtained (as revealed in section 3.2.2). In addition, it was 

suggested that CAL protein can reduce CFTR expression at the cell surface. This suppression can be 

disrupted by CFTR-NHERF1 binding by which NHERF1 enhances CFTR expression in the plasma 

membrane. Thus, CFTR is able to interact with at least two PDZ proteins (Cheng et al, 2002) and this 

hypothesis is compatible with SPR data (Appendix A) in which two monomers of NHERF1 PDZ 1 

were observed to interact with CFTR. Moreover, the dimerization of NHERF1 PDZ 1
(+)

 was 

confirmed using multi-angle light scattering (MALS) as shown in section (Appendix B). 
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1.3.1.1.1 Does NHERF-C-terminus of CFTR binding have an important role in CF?  

An answer for this question was addressed by Mickle et al (1998) who found that a mother and her 

daughter, both heterozygous for CFTR-S1455X and deletion of exon 14a (del14a) (the deletion of the 

last 26 amino acids of CFTR including the PDZ motive) had no effect on CFTR expression and 

activity in lung and pancreas. They also reported that this mutation generated a mild disease as 

detected by high sweat chloride concentrations in the absence of the CF lung disease. The same study 

was reported that a second daughter homozygous for del14a mutant had severe CF. In vitro, CFTR 

constructs with the deletion of the PDZ motif (ȹTRL-CFTR) were studied. Moyer and colleagues 

(1999; 2000) found that the PDZ binding motif is an apical polarization signal and its deletion 

decreases CFTR function in MDCK (Madin-Darby Canine Kidney) epithelial cells. In addition, (Li  

and Naren, 2011) have shown a physiological importance of NHERF-CFTR interactions suggesting 

that NHERF-CFTR binding is not only important in ion transport, but it has multiple roles in 

regulation of other protein`s activities in epithelial cells. On the other hand, other studies suggested 

that the deletion of the PDZ binding  motif has no influence on its apical membrane localization nor 

its activity in several cells such as BHK-21 (Baby Hamster Kidney epithelial cells), COS-1 (African 

green monkey kidney epithelial cells), MDCK, CaCo-2 (adenoCarcinoma of the Colon epithelial 

cells), PANC-1 (Human pancreatic carcinoma epithelial cells) and primary human airway epithelial 

cells (Benharouga et al., 2003; Milewski et al., 2005; Ostedgaard et al., 2003).  

In general NHERF family proteins regulate CFTR by three means. First, they link CFTR to cytosolic 

regulatory proteins. Secondly, NHERF proteins bring other transmembrane proteins closer to CFTR 

for reciprocal regulation. Thirdly, NHERF1, NHERF2 and NHERF3 have the ability to enhance the 

formation of CFTR dimerization. This dimerization may lead to an increase in CFTR activity (Wang 

et al, 2000; Li et al, 2004; J. Li et al, 2005). All these mechanisms used by NHERF proteins to 

regulate CFTR, make the family of NHERF a potential therapeutic target for CF. In 2005, (Guerra et 

al., 2005) found that mouse NHERF1 (but not NHERF2) overexpression increased F508del-CFTR 

plasma membrane expression and activity in human bronchial epithelial cell. Four years later, Bossard 
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et al (2007) reported that F508del-CFTR apical plasma membrane expression and chloride channel 

activity were restored by human NHERF1 overexpression. These and other results make the study of 

NHERF family proteins an important goal  in terms of CF treatment.  

1.4 Structural Biology of Transmembrane Proteins 

Most transmembrane protein structures (and as mentioned in Table 4 for CFTR) have been 

determined by X-ray crystallography, NMR and electron crystallography. X-ray crystallography 

requires a sufficient concentration of the protein (> 10 mg/ml) for crystallization. This requires 

significant amounts of protein to be purified, and as explained before, CFTR has a low level of 

expression because of degradation and misfolding of the protein. Beside this limitation, the presence 

of hydrophobic regions in CFTR is another reason that no 3D crystal of CFTR has been obtained so 

far. NMR techniques also require a high concentration of protein and are usually limited to proteins of 

mass up to about 100 kDa (Wider and Wuthrich, 1999). In addition, detergents that cover 

hydrophobic amino acids in transmembrane proteins can alter the conformation of the protein 

(Frishman and Mewes, 1997). Electron crystallography is considered as a method to determine protein 

structure and with the advantage that transmembrane proteins can be reconstituted into lipid. 

However, there is a lack of large and good quality 2D crystals (several square-micrometers in size and 

one unit cell thick) (Walz and Grigorieff, 1998). In comparison with the three previously mentioned 

protein structure determination techniques (X-ray crystallography, NMR and electron 

crystallography), SPA (single particle analysis) seems to be a faster and less expensive approach 

because it is not necessary to generate 2D crystals and only small amounts of protein are needed. 

1.4.1 Electron Microscpy 

3D structures of the cell components that are created using electron microscopy can be divided into 

two categories. First, cell components in the the size range of 100-1000 nm. These components 

possess a unique structure that differs from one to another. An example of this, is the mitochondria. In 

contrast, macromolecules ranging from 50-500 nm may have identical structures such as folded 
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proteins which can be treated with imaging software to classify them into similar orientations in order 

to create a 3D model. Electron crystallography was established by (Cowley et al, 1957). Later, Hoppe 

et al (1968) used crystallographic methods to obtain structural information from electron micrographs. 

In 1975 the first membrane protein structure was determined at intermediate resolution (7 Å) by 

(Unwin and Henderson). But the first high resolution structure by electron crystallography methods 

was achieved by Henderson et al (1990). They used electron cryo-microscopy to record high 

resolution micrographs of bacteriorhodopsin (2D crystals). As any other techinque, there are some 

advantages and disadvantages in the use of transmission electron microscopy (TEM) in order to image 

transmembrane proteins ( as illustrated in Table 4).  

Advantages Disadvantages 

No need for protein crystals  Non-crystalline samples subject to high vacuum  

Small amount of protein (å 10 ng / µl) is required  Very thin samples are required to allow electrons pass 

through  

Phases are already recoreded on micrographs (no 

phase problem compared to X-ray crystallography) 

Image distortions that are caused by microscope are 

usually corrected (corrections of amplitude and phase) 

Structural data can be obtained rapidly  Significant expertise/training required 

Proteins can be studied in solution at the instant they 

were frozen  

Resolution is usually limited, preventing tracing of the 

polypeptide chain 

Proteins can be stained and labelled prior to imaging Weak scattering of electrons by the the protein atoms 

(proteins contain light atoms e.g C, O and H) 

No upper size limitation for protein complexes  Lower size limit of å 100 kD for SPA 

Electrons interact strongly with matter (10000 greater 

than X-ray) ï individual protein can be imaged 

Electron damage to the sample must be minimised by 

colling the sample or by minimizing the electron dose 

Table 4: Advantages and disadvantages of electron microscopy for structural biology of 

transmembrane proteins. SPA (single particle analysis). This table was adapted from (Ford et al, 

2011).   
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In general, there are two common methods to generate a 3D model of protein by electron microscopy. 

One method requires the formation of 2D crystals with a good quality for image processing. The other 

is to use non-crystalline specimens and SPA (single particle analysis) by which thousands of 

projections are combined by image processing to produce a complete 3D reconstruction at a low, 

medium (or in few cases) high resolution. However, most structures that were obtained by electron 

crystallography were at a resolution around 10 Å (Koeck et al, 2007).  

1.4.1.1 2D Crystals of CFTR 

The formation of 2D protein crystals is still unpredictable (Knol et al, 1998; Ford et al, 1999; Lu et al, 

2012). This is because of the lack of understanding of the background behind the formation of 2D 

crystals. Three requirements have been identified that can lead to successful 2D crystal formation. 

Firstly homogeneous protein. Secondly a high local concentration of protein, and thirdly avoiding any 

condition that can denature the protein (Lu et al, 2012). The production of 2D crystals is achieved by 

many biophysical methods. The most common method is reconstitution by which the protein is 

reconstituted into lipid bilayers at a high local concentration (high protein:lipid ratio) to form 2D 

crystals (Figure 6). A successful reconstitution can be optimised by adjusting several parameters 

including the pH, salt concentration, temperature, types/compositions of lipid and detergents, lipid to 

protein ratio (LPR) and rate of detergent removal (Mosser, 2001). Crystallization is induced by using 

a lipid : protein ratio that is low enough to promote protein/protein interactions. An important aspect 

of this approach is that the solubilized protein must be stable for a period that is sufficient to remove 

detergent by dialysis. A successful 2D crystallization requires trial-and-error attempts to find the 

appropriate lipid:protein ratio. Too high a concentration of lipid will form a high number of lipid 

bilayers that can not be filled by a sufficient concentration of protein and no 2D crystals will be 

induced. On the other hand, too high a concentration of protein causes aggregation of protein on 

removal of the detergent (Yeager et al, 1999). 

Up to the present date, no 3D CFTR crystals have been reported. However, 3D structures of CFTR 

were generated using 2D crystals. Rosenberg et al. (2004) studied purification and crystallization of 
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the protein. This study reported the first crystallization of human CFTR (Figure 7). By using electron 

crystallography for negatively stained 2D crystals of CFTR, the structure of this protein was 

visualised and then analysed for two different conformational states.  

 

 

 

 

 

Figure 6: 2D crystals of photosystem I complexes. The complexes were reconstituted in the 

presence of DMPC lipid (dimyristoylphosphatidylcholine) and MgCI 2. The scale bar is 100 nm. This 

figure was obtained from (Ford et al, 1990).  

 

 

 

 

 

 

 

 

 

 

Figure 7: An atomic model of MsbA protein (blue) is fitted into a three-dimensional map of 

human CFTR (yellow). This comparison between the two proteins showed similar structural features. 

Both show a good match in overall size and shape with small differences that CFTR has additional R-

domain and posttranslational modification (glycosylation of extracellular loop 4). However the MsbA 

model was later corrected (Ward et al., 2007). This figure was obtained from (Rosenberg et al, 2004). 

Left panel, a top view perpendicular to the crystal plane with a slab through the high density region. 

Center panel, an orthogonal view along the crystal plane. The density on the left and right edges of the 

panel are because of the neighboring unit cells. The right panel shows a second side view orthogonal to 

the first.  
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1.4.1.2 Single Particle Analysis of CFTR 

In principle, SPA is designed to perform averaging methods in order to overcome the fact that 

micrographs contain high-resolution information contaminated by a much higher intensity of noise. 

With large soluble proteins, the single particle method is able to obtain information at a medium 

resolution (10ī20 ¡) and to high resolution for some highly symmetric particles (Frank, 2002). With 

transmembrane protein particles, the resolution is usually lower because of a lower signal-to-noise 

ratio that is produced by a nonstructured detergent layers in hydrophobic regions. Single particle 

samples can be imaged in a native-condition (protein embedded in vitreous ice) or with negative 

staining. Negative staining can provide a protection for biological samples from the electron beam and 

improve electron scattering. Also, the negative stain is adsorbed well by biological matter and this 

forms dark (electron-scattering) areas around the sample which enhance the image contrast (Bozzol 

and Russell, 1999). Negative staining is fast and easy and a low resolution (15-20 Å) structure for 

preliminary investigations can be gained, but the resolution is limited by the size of the stain 

granularity. Furthermore, despite the fact that the stain can cause artefacts for the sample due to the 

staining procedure, negative staining is still useful for the analysis of small proteins (50-200 kD) 

which could not be visualized by cryomicroscopy due to the lack of contrast  (Fernández and 

Valpuesta, 2009). For the previous reasons, negative staining is a suitable techinque to investigate 

samples in the early stages followed by cryomicroscopy for a higher resolution structure.  

There are several software packages designed specifically for single-particle reconstructions, 

PHOELIX (Whittaker et al, 1995), SPIDER (Frank et al, 1996), SUPRIM (Schroeter and Bretaudiere, 

1996), IMAGIC (van Heel et al, 1996) and EMAN (Ludtke et al, 1999). EMAN (EMAN 1 v1.9 was 

the software used in this study) is a software package that has a variety of tools for a complete data 

processing with two features. First, EMAN is an accessible software for users with a little experience 

and for those users who are advanced. Second, CTF (contrast transfer function) is nearly fully 

automated. Generally, The creation of a final 3D model by EMAN requires three main steps. The 

selection of particles that are collected by TEM (Transmission electron microscopy) on micrographs. 
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And then the selected particles are used to create an initial 3D model. This preliminary model 

functions as a template for several successive iterations of data to generate the final 3D structure (3D 

map).  

In single particle 3D reconstruction, a critical step is to precisely allocate the correct orientation of 

each single particle. Several methods are used to allocate the view for each particle, including the 

common lines approach  used here (van Heel, 1987; Penczek et al., 1996) and random conical tilt 

(Radermacher, 1988). In the method used in this study, the relative angles (Euler angles) between the 

particle views are assigned using mathematical relationships for different projections of the same 

object. The relative angles in the random conical tilt approach can be determinted by setting up a 

defined data collection geometry. In contrast, angular reconstruction has no restriction on orientation 

determination. The orientations determined using this method are based on the central projection 

theorem (DeRosier and Klug, 1968). This theorem states that two particle iamges of the same object 

share common lines. If the common lines in two particles can be located then the relative angles 

between those two particles can be calaculated. Figure 8 shows the main steps performed by SPA.  

Several 3D structures of ABC proteins have been generated by single particle methods. A P-

glycoprotein (P-gp) structure was determined at 25 Å and was reported as a monomer form 

(Rosenberg et al, 1997). This structure of P-gp was the first structural data for any ABC transporter. A 

viral protein 6 (VP6) was the first protein solved at close to atomic resolution by SPA (Zhang et al. 

2008). The obtained structure at 5 Å was fairly similar to the X-ray crystallography structure at 3.8 Å 

for the same protein (Figure 9) (McClain et al, 2010). In theory, the minimum number of particles that 

are necessary to achieve a 3D structure at a 3-Å resolution ranges between 1,400 and 12,600 

(Henderson, 1995; Glaeser, 1999). To date, no full-length structure of CFTR was obtained using X-

ray crystallography or NMR. The only structures that are available for full-length CFTR were 

generated by 2D Electron crystallography and SPA.  
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Figure 8: The main steps (A-F) of SPA. The diagram was adapted from (Thuman-Commike, 2001).  

Micrograph  contains particles 

with different views. The real 

data (on right) mimic the cartoon 

representation (on left). The real 

data was obtained from CFTR-

NHERF PDZ 1
(+) 

SPA.  

Selected particle images. The particles were 

selected from micrograph A and they were 

carefully selected so the centre of each particle is 

near the centre of the box.  

Aligned particle images. Each particle  is 

positioned to a common view.   

Classified particle images.  The views 

that were present in Micrograph A have 

resulted in many particle image classes. 

Oriented class averages. Determined 

orientations. In the cartoon, the orientations 

correspond to Side, Top and Front of the 

object but in real data, all classes in D will be 

used.  

3D structure. Combination of the oriented 

images results in a 3D structure of the house (left) 

and CFTR-NHERF1 complex (right).   
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Figure 9: A comparison between the same region of two density maps. A, the map was generated 

by X-ray crystallography (PDB code is 3KZ4). B, the map was generated by SPA. Both maps were 

fitted by an atomic model. This figure was obtained from (Zhang et al. 2008).  

1.4.2 The Structure of CFTR Domains 

All identified ABC transporters consist of two nucleotide-binding domains (NBDs) and two 

transmembrane domains (TMDs) so that they can perform their physiological functions (Higgins, 

1992). In bacterial ABC transporters, the four domains are mostly encoded by different genes whilst 

NBDs and TMDs of CFTR are expressed by a single gene (Gadsby and Nairn, 1999). Basically, the 

structure of CFTR is different from the other ABC proteins in the presence of the R-domain. This 

domain has several sites in which phosphorylation by cAMP-dependent protein kinase (PKA) and 

protein kinase C occur. Both terminal sides of CFTR, the NH2- and COOH-terminal halves, include a 

TMD comprising 6 supposed membrane-spanning Ŭ helices linked to the NBDs which are located in 

the cytoplasm and connected to a regulatory (R) domain (Gadsby and Nairn, 1999). A large portion of 

CFTR is found in the cytoplasm (77 %) while smaller portions of the protein are found in the plasma 

membrane (19 %) and 4 % in extracellular loops, which (with exception for the M1-M2 and M7-M8 

loops) are extremely small (Akabas, 2000).   
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The diameter of the CFTR channel has been determined by many studies. Linsdell et al. (1997) 

reported that the minimum channel diameter is ~5.3 Å estimated by comparison to the size of the 

largest permeant anion. Another study by Linsdell and Hanrahan (1998) has suggested that the 

diameter of the channel can be as large as 10-13 Å based on a slight transport of large anions (sized, 

10-13 Å in diameter) across the channel pore. There are six positively charged amino acids within the 

TMDs, K95 (M1), R134 (M2), R334, K335, R347 (M6) and R1030 (M10) (Riordan et al, 1989) 

which have been proposed to line the pore. This basic region of the CFTR pore suggests that there is 

an interaction between the six positively charged amino acids and anions and this interaction 

facilitates anions movement through the channel.  

The Walker A, Walker B and LSGGQ (or signature) motifs are located in each NBD (Figure 10). 

They are highly conserved sequences that can be found in many nucleotide-binding proteins. Many 

functional studies suggested that the three motifs play a key role of binding to ATP and consequently 

controling the opening and closing of the ion channel (Sheppard and Welsh, 1999).  

 

 

Figure 10: The three conserved motifs in NBDs of CFTR. The Walker A (red lined box), Walker B 

(blue dashed box) and LSGGQ motif (green dashed box). The alignment of the NBD1 (452 ï 594 

residues) and NBD2 (1238 ï 1380 residues). BLASTP 2.2.26+ (online tool) was used for alignment 

(Altschul et al, 1997). 

NBD1 and NBD2 form a a head-to-tail dimer in order to control the CFTR gating (Lewis et al, 2004). 

This dimerization is required to compose the ATP binding pockets in which the Walker A and B 

motifs from one NBD interact with the signature motif from the partner NBD as shown in Figures 11 

and 12.  
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Figure 11: NBD dimerization. Two ATP binding pockets are formed. ATP binding pocket 1 is 

formed by an interaction of Walker A and B motifs of NBD1 and signature sequence of NBD2. ATP 

binding pocket 2 is formed by an interaction of Walker A and B motifs of NBD2 and signature 

sequence of NBD1.  

 

 

 

 

 

 

 

 

 

A list of the available structures of CFTR domains is shown in Table 5. To date, human and mouse 

CFTR cytoplasmic domains have been crystallized and their structures determined. All the protein 

sequences of solved NBD1, NBD2 and R-domain structures were mutated for successful expression 

and purification. The full length solved structure (2D crystal of human CFTR) was achieved by a 

combination of 2D protein crystallization (with low resolution) compared to 3D high resolution 

Figure 12: A model of a heterodimer of NBD1 and 2 of human CFTR. NBD1 is colored in cyan 

and NBD2 is in green. The Walker A (blue), Walker B (magenta) and LSGGQ (red) motifs are shown 

as well as the Q loop (yellow). ATP molecules (pink) are represented in stick mode. The model was 

obtained from (Hwang and Sheppard, 2009). The two domains are linked by an interaction between 

two amino acid, R555 (NBD1)/ T1246 (NBD2). A hydrogen bond is formed between Arg 555 and Thr 

1246 when the CFTR gate is open or in the transition state (Vergani et al, 2005).  
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structure (Sav1866). The NMR (nuclear magnetic resonance) data of R-domain has confirmed that 

most of the domain structure was disordered. Last update: 02-10-2012. 

 Table 5: The existing CFTR structures in the protein data bank (PDB). No full-length of CFTR 

structure was obtained by X-ray crystallography or NMR to the present date. In contrast, SPA and 2D 

electron crystallography provided low-medium 3D structure of CFTR. These structures could fill gaps 

in our knowledge about CFTR.  

Protein Experiment Length PubMed PDB 

F508 mutation region (human) (Massiah et al, 1999). NMR 498-523 10360942 1CKX 

Residues from the carboxyl-terminal peptide 

(human) (Karthikeyan et al, 2001). 

X-RAY 1476-1480 11304524 1G9O 

NBD1 of mouse CFTR was determined in 

unliganded, ADP- and ATP-bound states, with and 

without phosphorylation (Lewis et al, 2004).  

X-RAY 389-673 14685259 1Q3H 

1R0Z 

1R0W 

1R0X 

1R0Y 

1R10 

Residues from the amino-terminal peptide (human) 

(Cormet-Boyaka et al,  2004) 

NMR 30-63 15141088 not available 

 

NBD1 of human CFTR with the F508 and F508A 

mutations (in ATP-bound state) (Lewis et al, 2005). 

X-RAY 389ï673 

389ï678 

15528182 1XMJ 

1XMI 

NBD1 of mouse CFTR with F508R and F508S 

mutation (Thibodeau et al, 2005). 

X-RAY 389ï673 

 

15619636 1XF9 

1XFA 

NBD1 of human CFTR with solubilizing mutations 

(Lewis et al, 2010). 

X-RAY 389-678 19944699 2BBO 

2BBS 

2BBT 

Minimal NBD1 of human CFTR with (del405-436) 

and (del405-436, delF508) mutations (Atwell et al, 

2010).  

X-RAY 387-646  

375-646 

387-646  

20150177 2PZE 

2PZG 

2PZF 

R-domain of human CFTR (Baker et al, 2007). NMR 654-838 17660831 not available 

Residues from the first extracellular domain of 

human CFTR (human) (Balakrishna et al, 2009). 

X-RAY 103ï117 19626704 3FHV 

Residues from the amino-terminal peptide (human) 

(Smith et al, 2010).  

X-RAY 5-22 20351101 3ISW 

NBD2 of human CFTR with N6-Phenylethyl-ATP 

(P-ATP) (Atwell et al, to be published). 

X-RAY 1193-1427 not 

available 

3GD7 

2D crystal of human CFTR (Rosenberg et al, 2011). Electron 

crystallography 

Full 21931164 4A82 

NBD1 of mouse CFTR with F508 mutation. 

(Mendoza et al, 2012). 

X-RAY 389-673 22265409  3SI7 
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1.4.2.1 Prediction of CFTR Topology (and the location of C-terminus) 

As a result of the complexity of crystallizing large membrane proteins, only a few three-dimensional 

structures of ABC transporters are currently available. Several online protein tools are available to 

predict transmembrane topology. Tusnády et al. (2006) summarized the currently available 

information on the membrane topology of some members of the human ABC protein subfamilies. 

These topology predictions were created depending on biochemical experiments or the homology 

modeling of the existing crystal structure of ABC transporters. Generally, the topology of ABC 

transporters consists of four domains (mentioned before). The predicted structure for the membrane 

topology of CFTR has been confirmed experimentally by insertional mutagenesis (Chang et al., 

1994). They found that CFTR contains two transmembrane-spanning domains and each domain 

consists of 6 membrane-spanning helix regions. The proposed structure of another ABC transporter 

(P-glycoprotein) has been suggested to be similar to CFTR topology by Gros et al. (1986) and Chen et 

al. (1986) and was confirmed by X-ray crystallography (Aller et al, 2009). Several predicted 

topologies of CFTR were published and all of them suggested that the C-terminus of CFTR is located 

out of the membrane and on the inside of the cell (as shown in Figure 13). As revealed in Figure 6, 

CFTR is predicted to have 12 transmembrane segments. The N- and C-terminii are located inside the 

cell. Both N- and C-terminal peptides are expected to act as soluble proteins because they are not 

embedded inside the cell membrane. TOPCONS, an online topology membrane protein prediction 

tool, was used to predict the location of C-terminus within the CFTR topology. The tool can be found 

on this website: http://topcons.cbr.su.se/index.php.  
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Figure 13: The predicted topology of CFTR by TOPCONS. SCAMPI-seq, SCAMPI-msa, 

PRODIV, PRO and OCTOPUS are individual topology prediction methods that were used to predict 

the locations of CFTR domains. Red lines indicate amino acids of CFTR which are located inside the 

cell (in the cytoplasm). Blue lines (in the top section of the figure) locate amino acids outside the cell, 

while gray lines locate amino acids buried in the membrane. Black lines locate turns between CFTR 

domains. The blue curve (in the bottom section of the figure) indicates the change of free energy for 

each amino acid. Amino acids with low free energy indicate that they are located into the plasma 

membrane and vice versa. The green curve (in the bottom section of the figure) indicates the distance 

(Å) between amino acids locations and the plasma membrane. Amino acids with low value indicate 

that they are located very close to the plasma membrane and vice versa. TOPCONS combines these 

methods into one consensus prediction (Bernsel et al, 2009).  

1.4.2.2 The C-terminus of CFTR 

Determination of the length of the C-terminus of CFTR (and by definition, the end of the NBD2 

domain) is an important goal in order to investigate its structural and functional roles. As NBD2 of 
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CFTR is a domain that at its C-terminal end is linked to the N-terminal start of C-CFTR, the 

functional C-terminal boundary of NBD2 (as determined by structural studies) can be used as a guide 

to determine the C-CFTR length. Based on this idea, Gentzsch et al (2002) designed an experiment to 

investigate 8-azido-ATP binding dependence on CFTR sequence (1380-1440). Truncation of the 

protein at residues close to the C-terminus was carried out by site-directed mutagenesis. They found 

that 8-azido-ATP binding was detectable in the CFTR mutated samples truncated from 1425-1440. 

On the other hand, CFTR truncations from 1380 to 1420 were not labeled with azido-ATP indicating 

that they were not able to bind ATP and theses also lacked channel gating. This interesting result 

suggested that the start of the CFTR C-terminus and the C-terminal end of NBD2 is probably located 

between residues 1424 and 1420. The location of the C-terminus in the cytoplasm and within the 

overall architecture of the full-length protein was studied by single-particle electron microscopy using 

a C-terminal 6-Histidine tag (Nanogold labeled). The gold was located in a region predicted to be 

between the NBD1 and NBD2 domains of CFTR. This unique location between the two domains 

suggests a possible role for The C-terminus in CFTR gating activity (Zhang et al, 2011). A new NMR 

study was performed by (Bozoky et al, 2011a) (poster presentation NACFC 2011, Anaheim CA, 

USA) which suggested a strong interaction between the C-terminus
42aa

 and the phosphorylated R-

domain. Previously, many other studies highlighted the importance of C-CFTR. The C-terminus of 

CFTR has two conserved motifs (
1424

YDSI) (Prince et al, 1999) and (
1430

LL) (Hu et al, 2001) which 

appear to function as endosomal targeting signals. The interaction between NHERF1 PDZ 1 and the 

last four amino acids (DTRL) of CFTR is required for the localization of the ion channel to the correct 

membrane of polarized epithelia. Also, amino acids (1370-1394 ï which are probably in NBD2) and 

(1404-1425) are required for apical localization (Milewski et al, 2001). Several CF-related mutations 

in the C-terminus of CFTR were reported: Arg1422Trp, Tyr1424Stop, Ser1426Pro, Ser1426Phe, 

Ile427Thr , Asn1432Lys , Ser1435Gly, Arg1438Trp, Ala1440Ala, Asp1445Asn, Arg1453Trp, 

Ser1455X, Ser1456Asn, Lys1459Lys, Gln1463His, Lys1468Asn, Glu1473X, Gln1476X, 

Leu1480Pro. C-terminus of CFTR mutations implying that this region of the protein is crucial for 
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CFTR function within the cell and within the whole organism. The mutation data were obtained from: 

Cystic Fibrosis Mutation Database.: http://www.genet.sickkids.on.ca/cftr/SearchPage,$Form.direct.  

1.4.2.3 Expression and Purification of CFTR  

In order to obtain structural information for a protein it is necessary to over-express it in large 

quantities in a native or foreign host cell (Roth, 1994). The over-expressed target must then be 

purified (ideally to homogeneity) for subsequent structural analysis. The first successful trial to 

construct a complementary DNA (cDNA) encoding the CFTR gene was in 1990. Gregory et al used 

E. coli cells to produce a high number of cDNA encoding the full-length CFTR in order to express the 

CFTR protein in cell lines. CFTR has a low expression level in its natural sources and this can be a 

limitation to obtain adequate CFTR protein for biochemical and structural studies (Riordan, 1993). 

The biogenesis of CFTR includes its insertion into the ER (endoplasmic reticulum) membrane in 

which CFTR interacts with the cytosolic chaperones Hsc70/Hdj-2 and Hsp90, and with the ER 

chaperone calnexin (Yang et al, 1993). These chaperones are involved in CFTR maturation but only 

Ḑ30% of the immature wild-type (wt) CFTR is released by the chaperones and placed in the plasma 

membrane (Lukacs et al., 1994). The low expression level of CFTR does not just exist in its natural 

sources but is also noticed in cells that do not naturally produce the protein such as yeast cells. In a 

yeast expression system, Kiser et al (2001) created mutations that prevented CFTR degradation in the 

ER but the expression level of the protein was still low compared to other proteins. CFTR was 

expressed in Chinese Hamster Ovary (CHO) cells and it was purified with low yield because it was 

degraded by the ER quality control system (O'Riordan et al, 1995). A higher level of the CFTR 

expression in baculovirus-infected insect cells was reported by (Kartner et al, 1991) and (Bear et al, 

1992) but CFTR was solubilised with detergents that are probably not suitable for crystallization 

studies. Furthermore, CFTR was expressed in bacteria cells (E. coli) (Gregory et al, 1990) and 

(Lactococcus lactis) (Steen et al, 2011). The protein was detectable in the bacteria membrane with a 

very low yield (< 0.1% of membrane proteins) and with misfolding problems.  
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CFTR is an integral membrane protein that consists of hydrophilic and hydrophobic regions. One 

approach is to cover hydrophobic regions with detergents to allow purification and crystallization. An 

alternative solution for the crystallization of membrane proteins is to study only the soluble domains 

of the protein. Many successful experiments to express and purify such constructs of CFTR were 

made. A plasmid encoding amino acid sequences of NBD1 and 2 was expressed in E. coli. The 

majority of CFTR mutations are within or near these two nucleotide-binding domains (NBDs) (Ko et 

al., 1993). Additionally, some studies showed that the interaction of ATP with NBDs is essential for 

opening and closing the chloride channel (Anderson et al., 1991). Lu and Pedersen (2000) also 

examined the relationship between CFTR's soluble domains (which included the two nucleotide 

binding domains NBD1 and NBD2) and the regulatory domain (R). They found that the C-terminus of 

NBD2, which is located within the C-terminal section of CFTR, may have two important roles. The 

first role is its ability to control CFTR function including opening and closing of the channel pore. 

The second role is its capability to interact with other proteins that can affect CFTR activities. A short 

carboxyl-terminal peptide of CFTR (QDTRL) fused to NHERF1 PDZ 1 was expressed in BL21 

(DE3) cells and its structure was solved (Karthikeyan et al, 2001). Therien et al (2002) have studied 

small constructs of CFTR (74-146 and 194-241 amino acids) in E.coli and purified them by affinity 

chromatography with a high yield of protein for crystallization studies. The C-terminal residues 1377-

1480 of CFTR was expressed in BL21 (DE3) cells and a soluble protein was obtained and used for 

biochemical experiments (Wolde et al, 2007). And more recently, NBD1 of CFTR (T389-A655) was 

expressed and purified in BL21 (DE3) as a soluble protein (Faria et al, 2011).  

1.5 Characterization of Protein Using Circular Dichroism 

Circular dichroism (CD) is being increasingly considered as a valuable tool to provide complementary 

structural information about proteins. Secondary structure and tertiary structure are detectable by far 

UV CD (160-280 nm) and near UV CD (260-320) (Kelly et al, 2005). The basic idea behind the CD 

technique depends on measuring the absorption difference (that occurs in a chiral chromophore of 

protein) between two components of plane polarised light, the left (L) and right (R) circularly 
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polarised components of radiation. Both components have equal magnitude in unpolarised light.. If 

the polarised components of light are absorbed by protein to different extents, this difference in light 

absorption creates elliptical polarisation of radiation. The right and left polarised light are not 

combined together by CD. In practice, they are measured as two separated components and then it 

will be displayed as either the difference in absorbance of the two components (æA = AL - AR) or as 

the ellipticity in degrees (ɗ) in which CD instruments (known as spectropolarimeters) measure the 

minor and major axes that are formed by the ellipticity (ɗ) (Figure 14).  

 

 

 

 

 

 

 

Figure 14: Plane polarised light (brown is directed to Left and blue is directed to Right) is 

absorbed by a chiral chromophore of protein. The dashed green line is the elliptical radiation that 

results from the differential absorption of left and right polarised light.  

 

The obtained CD signal from most biological samples is small (measured in millidegrees) So it is 

clear that experimental conditions must be optimized to obtain a good signal: noise CD spectrum 

(Kelly and Price, 2000). Secondary structure composition (helix, sheet and random coil) can be 

determined from CD spectra as their peptide bonds absorb left and right circularly polarised radiation 

differently in the range from 190-220 nm. Also, some information on tertiary structure of proteins can 
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be determined by the CD signal in the region 260ï320 nm that arises from the aromatic amino acids. 

The three amino acids (Phe, Tyr and Trp) have unique wavelength signatures. When protein is folded 

(containing secondary or tertiary structure), the peptide bonds and aromatic side chains are placed in 

chiral environments, and consequently they give rise to CD (Berova et al, 2000).  

Several studies were performed on CFTR by CD. A construct of hNBD2 of CFTR was studied by CD 

in 1994 by (Ko et al). Important structural data were delivered by this experiment before the first 

structure of NBD2 was obtained in 2010 by X-ray crystallography. Ko et al (1994) found that the 

construct of 51 amino acids of hNBD2 (1228-1278) had secondary structural elements of ( 20-28% Ŭ-

helix, 6-11% ɓ-strand, 18-20% turns, and 43-53% random coil). Furthermore, a 51-NBD2 construct 

was able to bind to TNP-ATP (Trinitrophenyl-ATP), but not in the presence of urea (denaturation 

state of the protein) and this gave evidence that the peptide tertiary structure was essential for 

nucleotide binding. This experiment was the first direct data that showed an interaction between the 

second nucleotide-binding domain (hNBD2) and ATP. Therien et al (2001) have studied the effect of 

SDS (Sodium dodecylsulphate) and LPC (lysophosphatidylcholine) detergents on the secondary 

structure of TM 3ï4 constructs of CFTR. The CD spectra of these experiments had a minima at 208 

and 222 nm, respectively, indicating an Ŭ-helix structure and the protein was denatured by SDS but 

not by LPC. The effect of thermal unfolding on the secondary and tertiary structures of human NBD1 

CFTR (with and without F508del) was investigated by far- and near-UV CD. No significant 

difference was noticed between the two constructs in terms of their CD spectrum (ie overall secondary 

structure composition) (Protasevich et al, 2010). And this result agreed with the X-ray crystallography 

results that the mutation of F508 creates only limited conformational changes near the site of the 

deleted amino acid in the crystal structures of several human NBD1 constructs (Thibodeau et al, 

2005). 
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The CD spectrum of NHERF1 PDZ 1 (Figure 15) reported by (Sun and Mierke, 2005) showed that 

the protein consisted of a small percentage of Ŭ-helix (16.8%) and a higher percentage of ɓ-strand 

(approximately 40%) and this result is a compatible with the X-ray crystallography structure of 

NHERF1 PDZ 1 which has a six-stranded antiparallel ɓ-barrel capped by two a-helices (Ladias, 

2003). 

 

 

 

 

 

 

 

 

 

Figure 15: Circular dichroism signal of the PDZ 1 of NHERF1 protein. The CD signal was 

collected in 10 mM PBS (phosphate-buffered saline) at a pH 7.0 at 25
o
C. 
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1.6 Characterization of Protein by MALDI -TOF Mass Spectrometry 

Mass spectrometry is an important technique for the characterization of proteins and matrix-assisted 

laser desorption/ionization-time of flight (MALDI -TOF) is one of the most common mass 

spectrometry methods used to investigate protein function and structure. There are two approaches to 

study proteins by mass spectrometry. In the first, whole proteins (undigested) are ionized and then 

subject to a mass analyser. In the second, proteins (in solution or isolated from SDS-PAGE gel) are 

digested into smaller peptides using proteases such as trypsin or pepsin (other proteolytic agents are 

also used). The digested proteins are ionized and analysed the same way as for undigested proteins. 

The final stage is to use peptide identification online software to match the masses of digested 

peptides with known protein sequences. MALDI -TOF (the technique that was used in this study) was 

introduced as an analytical technique for large biomolecules (> 10000 Dalton) in 1988 by (Karas and 

Hillenkamp). Protein samples in MALDI-TOF are mixed with organic compounds (matrix) to form a 

mixture of protein-matrix. The mixture is then illuminated by a nanosecond laser pulse in the range of 

266 to 337 nm. Most of laser energy is absorbed by the matrix and this prevents fragmentation of 

protein sample. The vaporised and ionized protein is accelerated in an electric field and enters the 

flight tube. Different protein samples (or peptides) are separated according to their mass to charge 

ratio during the flight in the tube. The small ionized molecules with greater charge reach the detector 

faster than the big ones. So, MALDI-TOF detects different Mass/Charge ratios as signal peaks 

(Jurinke et al, 2004) representing different size and charge states of the protein. Singly charge or 

doubly charged protein ions are usually detectable. The study of protein-protein or protein-ligand 

interactions is important because there are many biological processes which are related to these 

interactions (Figeys et al, 2001). CFTR interactions were studied by MALDI-MS (Matrix-assisted 

laser desorption/Mass spectrometry) to draw a wider picture of CFTR roles. In 1997, the 

phosphorylated amino acids of full -length CFTR were identified by MALDI-MS (Neville et al, 1997). 

They reported, for the first time, phosphorylation of serine 753 which was not identified in the study 

by (Townsend et al, 1996) in which 13 serine residues (with at least one arginine residue) were 

phosphorylated by PKA (cAMP-dependent protein kinase). The reaction catalysed by PKA at serine, 
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threonine or tyrosine residues causes the addition of phosphate groups to the theoretical mass of 

unphosphorylated peptides. This comparison between phosphorylated and unphosphorylated peptide 

allows the detection of phosphorylation sites on protein (Townsend et al, 1996). Another interaction 

was detected by MALDI-MS in which filamin-A (actin-binding proteins) bound directly to the N-

terminus of CFTR (1-25 amino acids). This interaction has a critical role in that CFTR is stabilized at 

the cell surface (Thelin et al, 2007). MALDI -MS was used to identify the interaction between CFTR 

and several further proteins. Wild-type CFTR, F508del-CFTR and F4RK-CFTR (substitution of 

arginine by lysine at positions R29, R516, R555 and R766 that allows escape from the Endoplasmic 

Reticulum quality control machinery and functioning of CFTR at the cell surface) were expressed in 

Baby Hamster Kidney (BHK) cells. The cell lysates were subjected to Western blotting and protein 

spots were analyzed by MALD-MS.  71 protein spots recognized as differentially expressed between 

the three cell lines (Gomes-Alves et al, 2010).  
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1.7 Aims and Objectives of this Study 

Defective CFTR can cause the loss of ion transport function. As a result, many patients die at young 

ages. So, attempts to visualize the 3D structure of this protein are worthy from both a basic and 

applied science perspective since knowledge of the 3D structure could lead to the development of new 

drugs to treat the condition. Successful crystallization of transmembrane proteins is limited by the 

presence of hydrophobic regions. These regions cause protein to aggregate when they are exposed to 

aqueous solution so no crystals can be formed. Crystallization of predicted hydrophilic portions of a 

protein is an alternative solution to deal with aggregation problems.  

As revealed in Table 5, the structures of NBD1 and 2, R-domain and some small portions of CFTR 

have been published. The aim of this study was to investigate the structure and function of the last 42 

amino acids (later extended to 61 aa). This fragment of the protein has no structural data (except for 

the last four residues in complex with NHERF1 PDZ1). Secondly, it contains a PDZ motif which has 

structural and functional importance. Thirdly, it is a soluble polypeptide (a hydrophilic region located 

in the cytoplasm) that can be studied and potentially crystallized with fewer expected problems 

compared to the full-length protein. Later, the C-terminus of killifish and shark CFTR were also 

investigated in terms of their expression and purification as a comparative study to the human CFTR 

C-terminus.  

Another aim of this study was to explore the effect of the interaction between the C-terminus of CFTR 

and NHERF1 PDZ 1 on the structure of CFTR. For this, the 3D structure of full-length CFTR- 

NHERF1 PDZ 1
(+)

 was generated by Single Particle Analysis. In addition, the full-length human, 

killifish and shark CFTR-NHERF1 PDZ 1
(+)

 interactions were studied in different conditions by using 

a pull-down assay. These biochemical studies confirmed the binding of NHERF1 PDZ 1 to full-length 

CFTR, under the conditions used for the structural studies. 
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This study is divided into two main themes:  

(i) Studying Partial Sequences of CFTR Including: 

- Cloning of the plasmid containing these sequences into host cells, for example, E.coli followed by 

large-scale expression and purification of the polypeptide.  

- Following protein expression and purification, many protein characterization methods are used 

including SDS-PAGE, Mass spectrometry and Circular Dichroism.   

- Crystallization trials performed in order to obtain 3D crystals by using techniques such as, sitting 

drop (Vapor Diffusion). 

 (ii) Studying Full -length CFTR Including:  

- Single particle analysis of full -length human CFTR in the presence of NHERF1 PDZ 1
(+) 

(or 

isolated CFTR)
 
was performed. 3D structures are compared with high resolution 3D 

structures of homologous proteins. 

- Protein-protein interactions investigated by pull-down assay. Human, killifish and mouse 

CFTR (with 10His tags) are allowed to interact with NHERF1 PDZ 1
(+)

 (No tag) and results 

are analysed by SDS-PAGE. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Source of Given Proteins 

1- Full-length human CFTR: For experiments that required full -length human CFTR, the samples 

were received from our collaborator, Professor John R Riordan (CF/Pulmonary Research & Treatment 

Center, School of Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-

7248, USA).  

2- Full-length mouse and killifish CFTR: Mouse and killifish CFTR samples (å 0.3 mg/mL) were 

kindly provided by Natasha Cant, another PhD student in the Ford laboratory at the University of 

Manchester and expression and purification of these proteins have been partly described recently 

(O'Ryan et al, 2012). The purity of all the three proteins can be assessed from the SDS-PAGE data 

shown in section 3.2.1. Human CFTR had a higher purity because it was purified by two affinity 

chromatography steps. Mouse and killifish protein samples have a lower purity as they were obtained 

from a single affinity chromatography step (Talon immobilized metal affinity chromatography 

(IMAC) purification).   

2.1.2. Growth Media 

LB Broth was used for the growth of recombinant E.coli strains. This medium is prepared using the 

Miller formula (Miller, 1972). Enzymatic Digest of Casein 10 g, Yeast Extract 5 g and Sodium 

Chloride 10 g. Formula / Liter. Final pH: 7.3 ± 0.2 at 25 °C. 

2.1.3 Antibiotics 

Kanamycin (50 mg/ml in MQ water that was obtained by using a Milli-Q Purification System) was 

prepared fresh and sterilized by 0.20 µm filter, and stored at -20 °C. The final concentration in the 

media is 50 µg/mL.  
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Ampicillin (200 mg/ml in MQ water) was prepared fresh and sterilized by filtration using a 0.20 µm 

filter, and stored at -20 °C. The final concentration in the media is 200 µg/mL. 

2.1.4 Inducers 

A 1M stock of IPTG (Isopropyl ɓ-D-1-thiogalactopyranoside) was prepared in MQ water. The 

mixture was sterilized by filtration using a 0.20 µm filter, and stored at -20 °C. The final 

concentration in the media is 1 mM. 

2.1.5 Buffers and Solutions 

2.1.5.1 Buffer A (Unbound Materials Washing Buffer): 500 mM NaCl, 50 mM HEPES pH 7.0, 

0.01 % Sodium Azide (NaN3) and 1 mM 2-Mercaptoethanol. 

2.1.5.2 Buffer B (Elution Buffer) : 500 mM NaCl, 50 mM HEPES pH 7.0, 0.01 % Sodium Azide 

(NaN3), 1 mM 2-Mercaptoethanol, 250 mM Imidazol.  

2.1.5.3 Buffer C (Sonication Buffer): 500 mM NaCl, 50 mM HEPES pH 7.0, 0.01 % Sodium Azide 

(NaN3), 1 mM 2-Mercaptoethanol, 0.1 % TritonX-100, 100mg/ml Lysozyme. 

2.1.5.4 Dialysis Buffer: 100 mM NaCl, 50 mM Tris pH 7.9, 0.01 % Sodium Azide (NaN3), 1 mM 2-

Mercaptoethanol, 1 mM EDTA , 2 mM Cacl2. 

2.1.5.5 GST (the glutathione S-transferase) tag Purification Buffers: 

- Extraction buffer: 140 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.1 % TritonX-100, 

100mg/ml Lysozyme. Wash buffer: 140 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4. Elution 

buffer: 33 mM Glutathione in 50 mM Tris-HCl pH 8.  

2.1.5.6 Gel Filtration Buffer:  100 mM NaCl, 50 mM Tris pH 7.5, 0.01 % Sodium Azide (NaN3), 1 

mM 2-Mercaptoethanol, 1 mM EDTA. 

2.1.5.7 CFTR Buffer (DDM): 150 mM NaCl, 40 mM Tris pH 7.5, 0.01 % sodium azide (NaN3), 0.05 

% n-dodecyl- ɓ- D- maltoside (DDM), 5 mM 2-mercaptoethanol. 
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2.1.5.8 CFTR Buffer (LPG): 50 mM NaCl, 20 mM HEPES pH 7.5, 0.05 % 

Lysophosphatidylglycerol (LPG). 

2.1.5.9 Phosphate Buffer:  10 mM Na/K phosphate pH 7.5 (80.2 ml of 1 M K2HPO4 was mixed with 

19.8 ml of 1 M KH2PO4 and the solution was made up to 1L with MQ water) , 1 mM EDTA, 1 mM 2-

mercaptoethanol. 

2.1.5.10 Thrombin Buffer:  50 mM Tris-HCl pH 7.7, 300 mM Potassium Acetate, 7 mM Magnesium 

Acetate, 10 % (v/v) Glycerol.  

2.1.5.11 TFB1 Buffer:  30 mM potassium acetate pH 5.8, 100 mM RbCl, 50 mM MnCl2, 10 mM 

CaCl2 and 15 % (v/v) Glycerol. 

2.1.5.12 TFB2 Buffer:  10 mM PIPES pH 6.8,10 mM RbCl, 75 mM CaCl2, 15 % (v/v) Glycerol. 

2.1.5.13 Uranyl Acetate Solution:  4 % (w/v) Uranyl Acetate (Agar Scientific, UK) was prepared in 

MQ water. 

2.1.5.14 Super Blue Coomassie Stain: 10 % Acetic Acid, 45 % MQ water, 45 % Ethanol, 0.25 % 

Coomassie blue, made up to 500 ml.  

 2.1.5.15 15 % Tricine Gel Buffers  

 

 

Table 6: Materials that were used for preparation  of 15 % Tricine gels.  

Materials Resolving gel buffer Stacking gel buffer 

H2O 

30 % (w/v) Acrylamide  

3X Gel Buffer 

APS 

TEMED  

1.5 mL 

2.5 mL 

2 mL 

20 µL 

20 µL 

1.6 mL 

0.4 mL 

1.0 mL 

20 µL 

20 µL 
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3X Gel Buffer: 3M TRIS pH 8.45, 0.3 % SDS. 10X Top Buffer: 1M TRIS pH 8.25, 1M Tricine, 1 % 

SDS. 10X Bottom Buffer: 2M TRIS pH 8.9. 

2.1.5.16 Agarose Gel Buffers  

TAE Buffer (50X): Tris-Base 142 g, Glacial acetic acid 57 g, EDTA 50 mL of 0.5 M, pH 8.0, Total 

Volume 1 Liter. DNA Loading Buffer (6X): 0.25 % (w/v) Bromophenol Blue, 0.25% (w/v) Xylene 

Cyanol, and 30 % (v/v) Glycerol, 50 mM EDTA. Ethidium Bromide: 10 mg/mL (w/v) in Ethanol. 

DNA Marker (100 bp Ladder and 1K Ladder): DNA markers were purchased from Fermentas (UK).  

2.1.5.17 M9 / Minimal Media for  NMR (Nuclear Magnetic Resonance) Analysis 

Solution A: Na2HPO4 anhyd 2.5 g, KH2PO4 anhyd 7.5 g, 1 L was made in dH2O at pH 7.2 and then 

was autoclaved. 

Solution B: Glucose 4 g, NH4Cl 1 g, MgSO4.7H2O 0.24 g, CaCl2.2H2O 0.02 g, Thiamine 0.01 g, 

Antibiotic 0.1 g. ~20 ml was dissolved dH2O and sterilized by filtering through a 0.2 ɛm filter. 

Trace elements were prepared up to a total volume of 100 ml . CaCl2.2H2O 550  mg, MnSO4.H2O 140 

mg, CuSO4.5H2O 40  mg, ZnSO4.7H2O 220  mg, CoCl2.6H2O 45  mg, Na2MoO4.2H2O 26 mg, 

H3BO440   mg, KI  26  mg. The previous chemicals were added to 70 ml dH2O and adjusted to pH 8.0 

and then 500 mg of EDTA was added and readjusted the pH to 8.0. A 375 mg of FeSO4.7H2O was 

added and the solution was made up to 100 mls and was autoclaved. 
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2.1.6 E. coli Strains and Vectors  

Strains Genotype Source Function 

DH5Ŭ F
-
 ű80lac lacZYA-argF)U169 recA1 

endA1 hsdR17(rk
-
, mk

+
)phoA supE44 thi-1 gyrA96 

relA1 ɚ
-
 

Invitrogen Minipreparation 

of DNA 

XL1-Blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 

F'[ ::Tn10 proAB+ lacIq ȹ(lacZ)M15] hsdR17(rK- 

mK+) 

Stratagene Ligation 

T7 miniF-lacIq(CamR) / fhuA2 lacZ::T7 gene1 [lon] 

ompT gal sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] 

R(zgb-210::Tn10--TetS) endA1 D(mcrC-

mrr)114::IS10 

New England 

Biolabs 

Protein 

Expression 

BL21(DE3) Fï ompT gal dcm lon hsdSB(rB- mB-) ɚ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]) 

Novagen Protein 

Expression 

Table 7: E.coli strains used in this study. 

Vectors Tag Source 

pET 24(a) N-terminal His-Tag, Thrombin site, T7 promoter, Kanamycin 

resistance.  

Geneart 

pET 52(b) N-terminal Strep-Tag II followed by a recognition site for the human 

rhinovirus (HRV) 3C protease, T7 promoter, Ampicillin resistance. 

Novagen 

pGEX-2TJL1 Thrombin or factor Xa protease sites to cleave protein from fusion, tac 

promoter, N-terminal T7-Tag, an optional C-terminal His-Tag, T7 

promoter, Ampicillin  resistance. 

Pharmacia 

pGA4 N-terminal His-Tag, Thrombin site, T7 promoter, Ampicillin 

resistance. 

Geneart 

Table 8: Vectors used in this study. 

Two vectors were used in this study to express NHERF1 PDZ 1. The pGEX-2TJL1 vector contains 

the gene for NHERF1 PDZ 1
(+)

. The pET 52(b) vector contains the gene for NHERF1 PDZ 1. The 

sequences for the two forms of NHERF1 (NHERF1 PDZ 1
(+)

 and NHERF1 PDZ 1) are in Appendix 

C. Both forms of NHERF1 proteins are human. All the vectors maps can be found in Appendix C. 
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2.1.7 PCR Primers (Oligonucleotides) 

Table 9 shows the PCR primers that were designed for amplifying selected regions of the CFTR gene. 

Name Sequence Description Vector 

P1For 5` CGTGGATCGTCTACCATGGGGCTGCCCCGG 3` Forward pET-52b 

P2Rev 5` GAATTGTCAGGATCCTCATTACAGCAGAGAGTCGTTC 3 ̀ Reverse 

Shark For 5` CGTGGCAGCATGCAGGTCTTTGGACATTTGGACCGTGC 3  ̀ Forward pGA4 

Shark Rev 5` GTTCTTTCTCGAGTTATAACCTTGTTTCTTGAAGGTCTTCC 3  ̀ Reverse 

Killifish For 5` CGAGATGTCTCACCGCATGCAATTTCCTCC 3  ̀ Forward pGA4 

Killifish Rev 5` GATGATGCTCGAGTTATTAAAGTCTGGTATCCTG 3  ̀ Reverse 

P R-A For 5` GAAGTGCAGGATACCGCTCTGTAATAACTCGGGCACCAC 3` Forward pET-24a 

P R-A Rev 5` GTGGTGCCCGAGTTATTACAGAGCGGTATCCTGCACTTC 3` Reverse 

Table 9: Primers used in this study. 
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2.2 Methods 

2.2.1 Designing Primers 

2.2.1.1 P1For and P2Rev Primers:  

These two primers (Table 9) are designed for sub-cloning NHERF1 PDZ 1 (91 amino acids) from a 

pGEX-2TJL1 plasmid to a new plasmid (pET-52b). The new plasmid does not contain a tag (No 

thrombin site, no 6His.). The reason for this was to co-express the gene with pET24a 6-His tagged 

1438-1480 C-terminus
42aa

 and co-purify them together. Two restriction enzyme sites were chosen, 

these are Nco I (CCATGG) which is present in P1For and BamH I (GGATCC) which is present in 

P2Rev. A successful PCR reaction will give rise to a 236 bp band. Digestion of this fragment (after 

using QIAGEN`s PCR cleaning-up kit) with BamH I / Nco I and subsequent ligation of this into a 

BamH I / Nco I cleaved pET-52b vector will give rise to a fragment amenable to co-expression trials.  

2.2.1.2 R-AFor and R-ARev Primers:  

This Primer R-A (Table 9) was designed for site-directed mutation in which Arginine at position 1479 

of the C-terminus
42aa

 of CFTR is replaced with Alanine. The purposes of this mutation are the 

replacement of a big, flexible amino acid, Arginine with a small amino acid, Alanine, in order to try to 

enhance the crystallization of the C-terminus
42aa

. An XhoI restriction site was destroyed by the 

mutation which then could be used for checking the construct. 

2.2.1.3 Shark and Killifish Forward and Shark Reverse Primers:  

The two primers (Table 9) were designed to sub-clone shark CFTR C-terminus (1436 ï 1480) by 

introducing a SphI site and an XhoI site into the primers for efficient cloning. An additional 

methionine was added to the sequence. The aim of studying shark CFTR C-terminus was to perform a 

comparative study among human, shark and killifish CFTR C-terminii in terms of expression and 

purification.  
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2.2.2 Recombinant DNA Processing and Manipulation 

General procedures for cloning and DNA manipulation were performed as described by Sambrook, et 

al., (1989) and according to product manufacturerôs instructions. All initial/basic DNA manipulations 

and vector construction experiments were performed using E. coli DH5Ŭ cells. 

2.2.2.1 PCR Amplification of DNA Segments of Interest. 

For amplifying the desired segments of DNA using the PCR technique, a PCR mixture was prepared 

as described in Table 10. Failsafe
TM

 PCR premix kit was purchased from Epicentre Biotechnologies. 

Materials Volume 

Genomic DNA 1 mL 

Primer-F (125 ng) 1 mL 

Primer-R (125 ng) 1 mL 

Failsafe PCR 2X Premix G 23 mL 

Failsafe PCR enzyme Mix 1.25Units 0.5  mL 

MQ water 23.5 mL 

Table 10: PCR reaction mixture. 

Three different temperatures were applied to the mixture for 30 cycles of: denaturation at 94
 
°C for 

30s, annealing at 50 °C for 20s and extension at 70 °C for 30s. The PCR products were purified from 

unwanted enzymes and buffers using Qiagen PCR purification kit. The final concentration of the 

purified PCR product was 50 mL.   

2.2.2.2 Insert Restriction Digestion 

The amplified PCR products were mixed with the appropriate restriction enzymes to make sticky 

ends. The mixture was prepared as followed: 50 mL DNA, 6.5 mL Enzyme Buffer, 2 mL MQ water, 
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3.23 mL Enzyme A, 3.23 mL Enzyme B. The mixture was centrifuged at 13,000 rpm in a benchtop 

Eppendorf microfuge for a few seconds and incubated at 37 °C for 4 hrs, before being loaded onto 1 

% agarose DNA mini gels (TAE) and subsequently purified by the Qiagen gel extraction kit protocol. 

2.2.2.3 Vector Restriction Digestion 

Matching restriction enzymes were used to cut the vector in order to create compatible sticky ends 

with the insert sticky ends. Identical amounts and materials of the insert restriction digestion mixture 

were used. Then, the vector was gel purified by the Qiagen gel extraction kit protocol. 

2.2.2.4 Ligation and Transformation 

After preparing the insert and vector, the ligation of the two pieces of DNA was done. The ligation 

mixture was prepared as follows: Mixture1: 7 mL vector, 1 mL insert, 2 mL 10X reaction buffer, 10 mL 

MQ water and 1 mL T4 DNA ligase. (T4 DNA ligase and reaction buffer purchased from New 

England Biolabs). Mixture2: 4 mL vector, 4 mL insert, 2 mL 10X reaction buffer, 10 mL MQ water and 

1 mL T4 DNA ligase. Mixture3: 1 mL vector, 7 mL insert, 2 mL 10X reaction buffer, 10 mL MQ water 

and 1 mL T4 DNA ligase. Mixture4: 4 mL vector, No insert, 2 mL 10X reaction buffer, 14 mL MQ 

water and 1 mL T4 DNA ligase. The mixtures were left at 16 ÁC for 2 hrs. 3 ɛL of ligation mixture 

was transformed directly into a 50 ɛL aliquot of library efficient competent cells (E.coli DH5Ŭ strain, 

Invitrogen). The cells were incubated on ice for 30 minutes, followed by heat-shock at 42 °C for 45 

seconds. Subsequently, 500 ɛL of LB Broth was added to the cells and incubated at 37 ÁC for 1hr.  

200 µl of resulting cell suspension was plated onto LB agar plates containing the relevant antibiotic. 

The plates were incubated at 37 °C overnight. On the following day, individual colonies were picked 

from the plates and inoculated into 5 ml of LB Broth medium in Falcon tubes. The cultures were 

grown overnight at 37 °C.  
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2.2.2.5 Site-Directed Mutagenesis (Quick Change) 

Two primers (section 2.2.1.2) were used for making the R-A mutation and for amplifying the desired 

segments of DNA. Site-Directed Mutagenesis mixture was prepared (1 mL DNA template, 1 mL 10× 

buffer, 5 mL dNTP mix, (10 mM each), 1 mL primer A, 1 mL primer B, 31 mL MQ and 1 mL high-

fidelity DNA polymerase (Phusion). Three different temperatures were applied to the mixture for 18 

cycles of denaturation at 98
 
°C for 30s, annealing at 55 °C for 30s and extension at 72 °C for 3.5 

minutes. Following the PCR reaction, the PCR products were checked by 1% Agarose gel. 2 mL of 

DpnI restriction enzyme were added to the PCR products to destroy the methylated wild-type 

template DNA (samples were left for 2 hrs at 37 °C). The non-methylated nicked mutant DNA was 

transformed into XL1 Blue super competent E. coli cells (Stratagene). The new mutated plasmid was 

obtained using mini-prep. Kit (Invitrogen).      

2.2.2.6 Gel Electrophoresis 

Agarose gel electrophoresis was used for checking DNA size and for separation of DNA fragments, 

all agarose gel buffers and solutions were as described in 2.1.5.16. 1 % agarose gels was prepared by 

dissolving agarose (0.5 g) in TAE buffer (50 mL), in a 250 mL conical flask via melting in a 

microwave.  After allowing it to cool slightly, ethidium bromide (2.5 ɛL of 0.35 ɛg /mL solution) was 

added, and agarose solution was poured into a casting tray of the desired size.  After inserting a comb, 

the gel was allowed to solidify for at least 30 min, and then it was placed in an electrophoresis tank 

and submerged in TAE buffer.  DNA samples and marker DNA mixed with DNA loading buffer were 

loaded into the gel wells. Gels were electrophoresed at a constant voltage in the range of 80-100 V for 

40 minutes to 1hr and then visualized and photographed under UV light using a transilluminator.  The 

amount of DNA in the samples was estimated by comparing its intensity with the known amounts of 

marker DNA. Two DNA ladders were used, 100 bp and 1 kb (NEW ENGLAND Biolabs).  
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2.2.3 Preparation of Competent E. coli 

Luria-Bertani agar plates (LB agar) were inoculated with the commercially available cell lines, Table 

1. E. coli cells were streaked onto LB agar plates containing 50 µg/µl kanamycin (or 200 µg/µl 

ampicillin). The plates were inverted and incubated at 37 °C for 16 hours. A single colony from each 

was used to inoculate 50 ml of LB broth containing 10 mM of sterile MgSO4 (LB broth, with 

appropriate antibiotics) and grown overnight with shaking at 200 RPM and 37 °C. The next day, 1 ml 

of the saturated overnight cultures was added to a sterilised conical flask containing 100 ml of LB 

broth (containing 10 mM MgSO4). The cultures were maintained under the same conditions as the 

overnight cultures until the optical density at 600 nm reached 0.6 OD units. At this point the cells 

were divided equally between two pre-cooled (on ice) sterile 50 mL centrifuge tubes. The cells were 

pelleted at 3000 rpm for 10 minutes at 4 °C in a JS-25.50 rotor (Beckman centrifuge J6-HC). The 

supernatant was discarded and the cells were resuspended with gentle pipetting with 17 ml of ice-cold 

TFB1 (as described 2.1.5.11) that had been filter sterilised using a 0.2 µm pore syringe filter. The cell 

suspension was left on ice for 1hr and the cells re-pelleted under the same conditions as above, at 

2000 rpm for 15 minutes. Cells were then resuspended in 4 ml of sterile ice-cold TFB2 (as described 

2.1.5.12). The mixture was left to incubate on ice for 15 minutes. Cells were aliquoted (200 µl per 

chilled 1.5 ml microfuge tubes) and then snap frozen using an ethanol/dry ice bath and stored at ï80 

°C until required. 

2.2.4 Expression and Purification 

2.2.4.1 Small-Scale Expression of Targets.  

DH5Ŭ and BL21 (DE3) E.coli cells were used for transformation of the desired plasmids as explained 

in section 2.2.2.4. For preparing small-scale expression of targets in LB Broth medium, on the next 

day, individual colonies were picked from the plates and inoculated into 250 mL of LB Broth medium 

in autoclaved flask.  The cultures were grown overnight at 37 °C. 
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2.2.4.2 Large-Scale Expression of Targets.  

50 mL of overnight cultures was inoculated into 1L of autoclaved LB broth containing an appropriate 

antibiotic (4 flasks were prepared). The 4L cultures were incubated in a shaker at 37 °C at 200 RPM. 

The reading of OD600 was monitored every hour. When the OD600 reached 0.6 ï 0.8, the expression 

of the target was induced by addition of IPTG at a final concentration of 1mM. Before the induction, 

the four flasks were incubated on ice for 5 minutes to reduce the temperature to nearly 25 °C and the 

shaker was adjusted to the same temperature. The induced cultures were left to grow for 4 hrs at 25 °C 

and cells were then pelleted by centrifugation at 10000 rpm (F10BCI-6x500Y Rotor, Beckman), at 4 

°C for 15 minutes and the spent LB Broth poured off. The pellet was kept at ï 20 °C.    

2.2.4.3 Protein Purification Using Metal Affinity Chromatography 

Talon resin (CLONTECH) was used for purifying the Histidine tagged proteins. First, the bacterial 

pellet was thawed on ice. Buffer C (described in section 2.1.5.3) was added to the pellet, 20 mL of 

Buffer C was added per 1L of LB Broth starting culture. A serine protease inhibitor, PMSF (phenyl 

methane sulphonyl fluoride) was added to the pellet at a concentration of 20 mg/mL (20 mg/mL stock 

solution prepared in propan-2-ol). The thawing process took about 30 minutes. The pellet was 

resuspended by gentle aspiration with an automatic pipette before transferring the mixture into 50 mL 

Falcon tubes for sonication (2 Falcon tubes were used for 4L of the cultures). Each sample was 

sonicated for 5 seconds, allowing 10 seconds cooling period with each cycle repeated 10-15 times at 

30 % amplitude (Sonics Vibra Cell).  PMSF was added again as above. The sonicated samples were 

transferred to centrifugation tubes and centrifuged at 16000 rpm using a JA-17 Rotor, Beckman, for 

20 minutes at 4 °C. After this step, Protamine Sulfate (Sigma) was added at a concentration of 1 

mg/mL in order to bind and precipitate DNA, and the two tubes were re-centrifuged for 20 minutes. 

Finally, the pH was adjusted to 7 by adding of sodium hydroxide (0.002M). The supernatants were 

added to Talon cobalt resin in Falcon tubes as described below. Talon immobilized metal affinity 

chromatography (IMAC) resin was equilibrated with buffer B before mixing with the supernatants. 

Two Falcon tubes containing Talon resin were prepared. Typically 0.2 ml bed volume was used per 4 
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L of starting LB Broth. The Talon/supernatant mix was left at 4 °C for 1 hour with gentle rotation. 

Three steps followed the incubation in the cold room. First of all, the contents of two Falcon tubes 

were loaded into a 20 mL gravity flow column (Biorad), and unbound material that passed through the 

column and was collected and kept in a 200 mL beaker. Then, the resin was washed with Buffer A (as 

described 2.1.5.1) (10 times the volume of resin used) to remove unbound proteins. The final step was 

the elution of the desired protein by adding Buffer B (as described in 2.1.5.2) to the resin. The protein 

was eluted from Talon resin using 20 mL of Buffer B and collected in a 50 ml Falcon tube. The purity 

was checked by SDSïPAGE. The purified protein was pipetted into a 5000 MWCO dialysis 

membrane (purchased from BDH chemicals Ltd). The membrane was sealed with plastic clips at its 

two ends and placed into 1L of dialysis buffer (described in 2.1.5.4) and incubated at 4 °C overnight 

with movement by a small stirrer bar at low speed. If cleavage of the purified protein with thrombin 

was required, 100 µL of thrombin was added to the protein sample before it was placed into the 

dialysis membrane and 2mM CaCl2 was added to the protein sample and dialysis buffer. After the 

dialysis step, the mixture that was placed into the dialysis membrane was loaded into a new Falcon 

tube that contained the same amount of Talon resin as before. The resin was equilibrated using 

dialysis buffer. The Falcon tube was incubated on a 1RPM rotator in the cold room (4 °C) for 1 hr. 

The three purification steps (described above) were repeated again in order to obtain the protein. Into 

the first falcon tube, unbound materials including the cleaved protein were collected by gravity flow. 

Into the second falcon tube, the remaining resin was washed with buffer A. Into the third falcon tube, 

unwanted materials were eluted by adding Buffer B. SDS PAGE analysis followed the purification. 

Three chemicals, 0.01 % Sodium azide (10 % stock solution), 10 mM ɓ-mercaptoethanol and 2mM 

EDTA (ethylenediaminetetraacetic acid), were added to the purified protein in order to promote 

stability.  

2.2.5 Protein Concentration 

Following the above purification scheme, the purified protein was filtered through a 50kDa cutoff 

filter and then concentrated using a 3kDa cutoff filter (Centricon Centrifugal Filter Units, 3 and 50 
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KDa microconcentrator devices, from Millipore). The two concentrators were washed with dH2O and 

equilibrated with Buffer A before use. The protein was concentrated to the volume of 0.5 ï 0.8 mL at 

4 °C at 6000 rpm and then transferred into a 3kDa Micron tube (Millipore) for further concentration to 

the volume of 0.1 mL. The concentrated protein was subsequently stored at ï20 °C.   

2.2.6 SDS-PAGE Analysis 

SDS-PAGE was used for determining the purity and yield of proteins and for determining the 

concentration of the purified protein by comparison with known protein concentrations. 15 % 

TRICINE gels were prepared as described in 2.1.5.15. 2X SDS gel loading buffer was added to 

protein samples, spun and heated at 90 °C for 5 minutes. The samples were then loaded onto the gel 

and run at 200 V for 40 minutes. After this, the gels were stained with Instant Blue (Generon Ltd) and 

were left on a rotator for 10 minutes. The stain was kept for reuse while the gel was destained with 

dH2O. The protein molecular mass markers were purchased from FERMENTAS. 

2.2.7 MALDI -TOF-MS Analysis 

Protein samples at 0.02 mg/ml were buffer exchanged into 50 mM Tris, pH 7.5 using a Microcon 

centrifugal filter (3 kDa cut-off). 0.005 g of CHCA (Ŭ-Cyano-4-hydroxycinnamic acid, MALDI 

matrix, Sigma) was dissolved into 250 µL of 100% acetonitrile and then 25 µL of 2 % (v/v) formic 

acid and 225 µL of HPLC grade water were added to the mixture. 1 µL of protein and 1 µL of the 

matrix solution were loaded onto a 96 × 2 MALDI plate and were allowed to dry for few minutes. The 

protein mass spectra were acquired with a Kratos Analytical Mass Spectrometer operated in linear 

mode under 70,000 V accelerating voltage. The machine was calibrated (external calibration) with 

ProteoMass Peptide and Protein MALDI-TOF-MS Calibration Kit from Sigma including bradykinin 

(a fragment 1-7, human), angiotensin II (human), ACTH (a fragment 18-39, human) and insulin 

(bovine). In order to prepare the protein samples for mass-fingerprinting analysis, protein at 25 µg/µL 

was added to 0.5 µg/µL of trypsin (in 50 mM ambic buffer) and was left overnight at 37 °C. 1 µL of 
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the digested protein was mixed with 1 µL of CHCA and then was scanned using the same machine 

and parameters that were used for undigested sample but without calibration proteins.  

2.2.8 Circular Dichroism Analysis  

The protein sample (0.5 mg/ml) for the circular dichroism measurement was prepared by exchanging 

the protein buffer into 10 mM Phosphate buffer in the presence of 1mM of EDTA and 1 mM of 2-

mercaptoethanol, pH 7.5 using a Microcon centrifugal filter (3 kDa cut-off). The circular dichroism 

scan was carried out with a spectropolarimeter (JASCO, J-810). A 2 mm quartz cuvette with 0.2 nm 

path length was used and the signals were obtained in the range 190-260 nm, at 20 
o
C. Each spectrum 

was the average of 15 scans.  

2.2.9 NMR Spectroscopy Analysis 

For labeling of the human CFTR C-terminus
42aa

, expression was carried out using M9 minimal media 

supplemented with 
15

N ammonium chloride and 
13

C glucose (CK gas, Hampshire, U. K.). Briefly, E. 

coli containing the pET24a CFTR C-terminus was grown in Luria Bertani media to an optical density 

of 0.7 and then centrifuged at 4000 RPM for 15 minutes. The pellets were resuspended in minimal M9 

media (as described 2.1.5.17) and shaking at 200 RPM resumed for 1 hour before induction with 

1mM IPTG, as described. Purification of induced proteins was as for the non-labeled material but 

with NMR buffers: Sonication Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0, 0.01 % 

sodium azide (NaN3), 1 mM 2-mercaptoethanol, 0.1 % tritonX-100, 100 mg/ml lysozyme). Wash 

Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0, 0.01 % sodium azide (NaN3), 1 mM 2-

mercaptoethanol, 50 mM imidazol). Elution Buffer (500 mM NaCl, 20mM sodium phosphate pH 7.0, 

0.01 % sodium azide (NaN3), 1 mM 2-mercaptoethanol, 250 mM imidazol). Dialysis buffer (100 mM 

NaCl, 20mM sodium phosphate pH 7.9, 0.01 % sodium azide (NaN3), 1 mM 2-mercaptoethanol). The 

purified protein was concentrated to 5 mg/ml for the NMR analysis.  
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2.2.10 Histidine-tag Pull -down Assay 

Talon immobilized metal affinity chromatography (IMAC) resin was equilibrated with 15 µL of 

CFTR buffer (DDM) (as described in 2.1.5.7) for human CFTR and buffer (LPG) (as described in 

2.1.5.8) for killifish and mouse CFTR. Deca-His-tagged CFTR and non-tagged NHERF1 PDZ 1
(+)

 

were added to Talon resin (15 µL) in a 1.5 ml Eppendorf tube. For phosphorylation experiments, 

CFTR (or CFTR- NHERF1 PDZ 1
(+)

) was mixed with 7 mM ATP, 7 nM catalytic unit of PKA 

(Protein kinase A) and 10 mM MgCl2. The mixture was incubated for 2 hr at RT with gentle rotation. 

After the incubation step, the mixture was centrifuged at 13,000 rpm for 2 min at 4 °C and the 

supernatant collected. The Talon resin was washed 4-6 times with 15 µL of CFTR buffer (DDM or 

LPG). The final step was the elution of CFTR (or CFTR- NHERF1 PDZ 1
(+)

) with two washes with 

CFTR elution buffer (DDM or LPG including 400 mM Imidazol). An additional wash step was 

performed by the addition of 1 % of Sodium dodecylsulphate (SDS) to remove any remaining proteins 

that were not eluted. All wash and elution steps were performed by centrifugation at 13,000 rpm for 2 

min at 4 °C. A sample (15 µL) was collected after each centrifugation step. SDS-PAGE was used to 

check supernatant, wash and elution samples. The gels were stained using Silver staining kit (Thermo, 

FERMENTAS). Human, mouse and killifish protein samples were as described in section 2.1.1.  

2.2.11 Gel Filtration  of NHERF1 PDZ 1
(+)

 

A Superdex 200 column was used on an AKTA FPLC fitted with a fraction collector (Frac-950). For 

purifying protein by size exclusion chromatography a method was created in the Unicorn software 

suite (GE Healthcare) and then the column was equilibrated with gel filtration buffer (described in 

2.1.5.6) before loading the respective protein onto it. Protein samples were injected into a sample loop 

(500 µl) in volumes no more than half the volume of loop. The flow rate was adjusted to 0.5 

ml/minute and 0.5 ml fractions were collected and the desired samples were analyzed by SDS-PAGE.  
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2.2.12 Vapour Diffusion Method (sitting drop)  

After purifying the C-terminus
42aa

 of CFTR (or C-terminus
42aa

-NHERF1 PDZ 1), the protein was 

entered into 3D crystallization trials using the sitting drop technique. The wizard I and II (Emerald 

BioSystems) and Screen 1 and 2 (Hampton) crystallization solutions were used as reservoir solutions. 

The crystallization tray consisted of 96 wells, with wizard I or Screen 1 in wells 1 ï 48 while wizard 

II or Screen 2 filled the wells 49 ï 96. Crystallization solutions were prepared from crystallants, 

buffers and salts with different concentrations. The sitting drop vapor diffusion technique is a popular 

method for the crystallization of macromolecules. The principle of vapor diffusion is straightforward. 

A drop composed of a mixture of a protein and reservoir solution (100 nl of C-terminus of CFTR, 5 

mg/ml + 100 nl of reservoir solution) is placed in vapor equilibration with the reservoir solution. 

Drops of C-terminus (each 2 µl) were loaded into strips that were placed into an Automatic Protein 

Crystallization Robot. After loading the protein and screens into 96-well plates, the trays were sealed 

with sticky tape and checked using a light microscope. The drop contains a lower precipitant 

concentration than the reservoir. To achieve equilibrium, water vapor leaves the drop and eventually 

ends up in the reservoir. As water leaves the drop, the sample undergoes an increase in concentration 

leading to an approach to supersaturation. Both the protein sample and precipitant increase in 

concentration as water leaves the drop for the reservoir. Equilibration is reached when the reagent 

concentration in the drop is approximately the same as that in the reservoir. Two plates were prepared 

for a single trial. One was incubated at 4 
o
C and the other was at 20 °C.  

2.2.13 Vapour Diffusion Method (hanging drop) 

The purified C-terminus
42aa

-NHERF1 PDZ 1 complex was entered into 3D crystallization trials using 

the hanging drop vapor diffusion method. Six different conditions were prepared as crystallization 

sparse matrices. Condition1: 50 mM potassium sodium tartrate, 60 mM sodium citrate,2 M 

ammonium sulfate pH 5.9, 20 mM MnCl2. Condition2: 50 mM potassium sodium tartrate, 60  mM 

sodium citrate, 2 M ammonium sulfate pH 7.5, 20 mM MnCl2. Condition3: 50 mM potassium sodium 

tartrate, 60  mM sodium citrate, 2 M ammonium sulfate pH 5.9, 60 mM MnCl2. Condition4: 50 mM 
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potassium sodium tartrate, 120  mM sodium citrate, 2 M ammonium sulfate pH 5.9, 20 mM MnCl2. 

Condition5: 50 mM potassium sodium tartrate, 60  mM sodium citrate,  M ammonium sulfate pH 7.5, 

20 mM MnCl2. Condition6: 100 mM potassium sodium tartrate, 120 mM sodium citrate,2 M 

ammonium sulfate pH 6.5, 20 mM MnCl2. Drops of 5 mg/ml C
42

-NHERF1 PDZ 1 complex (each 1 

µl) were placed on a siliconized coverslip (22 × 22 mm). Drops of reservoir solutions (each 1 µl) were 

mixed with the protein at the ratio of 1:1. The coverslip was immediately placed onto the well of a 

VDX plate (Hampton research) containing 1ml of a reservoir solution and was sealed with 

SANTOVAC 5 oil, taking care not to trap air bubbles. The plate was incubated at 20 °C.  

 2.2.14 Single Particle Analysis Electron Microscopy     

2.2.14.1 Glow Discharging and Negative Staining of Samples 

For the study of macromolecular complexes using an electron microscope, carbon coated grids were 

used. These grids are hydrophobic but glow discharging is performed to increase their hydrophilicity 

so that protein complexes can adhere to the surface of the grid. Copper grids 400 mesh (Agar 

Scientific, UK) with the shiny surface facing up were put on a parafilm wrapped glass slide. Glow 

discharging was performed in a Cressington carbon coater at 0.1 Torr for 30 seconds. The glow 

discharged grids were used within half an hour after glow discharging as the hydrophilicity of the 

grids decreases with the passage of time. 4 %( w/v) uranyl acetate (Agar Scientific) was prepared in 

advance and centrifuged in a microfuge at full speed (12,000 rpm) for 5-10 minutes immediately 

before use. A 3 µl protein drop containing 50-100 ng of protein, two 3 µl drops of filtered Milli-Q 

water and one 3 µl drop of freshly prepared uranyl acetate were placed onto a parafilm sheet in 

advance of glow discharging. The shiny surface of the grid was touched to the protein sample for 1 

minute and excess liquid was blotted onto Whatman filter paper (no. 1 or 4). The same surface of grid 

was then touched to the drops of Milli-Q water for 10 seconds each and excess liquid was blotted 

away. Finally the same surface was touched to uranyl acetate for 30-45 seconds and excess stain was 

removed by blotting with the Whatman filter paper. 
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2.2.14.2 Electron Microscopy 

Images were recorded on a Jeol electron microscope JEM-1220 which has a Gatan CCD camera for 

recording the images. Grids were placed in the specimen holder, and inserted into the microscope. 

Images were recorded at different defocus values in the range 1.5µm to 2.5 µm. Exposure time was 

kept at 1 second. A live FFT was used to check for any astigmatism and drift and to adjust the 

defocus. All the images were recorded at 100 K nominal magnification with an acceleration voltage of 

100 kV. 

2.2.14.3 Single Particle Analysis and 3D Reconstruction 

Three-dimensional structures of proteins can be obtained by image processing using the technique of 

single particle analysis and 3D reconstruction. Briefly, many images of the protein oriented randomly 

on EM grids are obtained. The images are 2D projections of the 3D structure and theoretically, if the 

projection angle of each particle can be determined, it is possible to obtain the 3D structure by 

projecting the 2D images back along their projections angles (back-projection) (Saibil, 2000; 

Ruprecht and Nield, 2001). Consequently, the entire analysis starts with selecting single particles of 

the protein (i.e.  native CFTR, or CFTR-NHEF1 PDZ 1
(+) 

complex). 

2.2.14.4 Particle Selection 

The initial data sets of a few thousand particles were interactively selected using the graphical 

interfaces of EMAN 1.9 (Boxer). Homogenous particles that were not overlapping or in close contact 

with other particles were interactively selected using a box size of (48 x 48 pixel) and Å/pix = 5.2 for 

all of the micrographs. The choice of the box size was made in such a way as to reduce as much 

background noise as possible and at the same time allow sufficient space for molecular rotation and 

translation during averaging and reconstruction to take place. After particle selection, the contrast 

transfer function CTF for each micrograph in the dataset was determined using the program ctfit from 

EMAN package and CTF correction was applied to the selected images of the particles. 
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2.2.14.5 Classification of Particles 

The fact that images represent different orientations means that they might be classified according to 

orientation similarities. This means that images with the closest similarities are averaged together, the 

consequences of which is that the noise at any position varies from image to image and averages out 

but the signal from the molecules is the same and is reinforced. This classification procedure increases 

the signal of the projection while random noise is greatly suppressed. The overall implication is that 

class averages have high signal to noise ratio compared to the raw image data and are therefore more 

easily interpretable. Therefore, sets of reference-free class averages were generated representing 

different characteristic views or orientations of single particles using the EMAN 1.9 program. A 

montage of different orientation classes produced by the single particle averaging was displayed to 

enable recognition of distinct views. 20 to 30 characteristic views of the classes representing top, side 

and partial views were selected and used for the reconstruction of a preliminary 3D model (Figure 16 

and 17). 

Figure 16: Typical projection classes with C2 symmetry that were generated for CFTR- 

NHERF1 PDZ 1
(+)

 3D structure.   

 

 

 

 

Figure 17: A side view (A) and a top view (B) of a preliminary 3D model with C2 symmetry. It 

was calculated from the classes in Figure 16. This preliminary 3D model was generated for CFTR- 

NHERF1 PDZ 1
(+)

 3D structure. The scale bar is 50 Å.   
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