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Preface 
 

Cystic Fibrosis (CF) is the most common autosomic recessive 

disorder in the Caucasian population. It affects 1 in every 2500 to 6000 

live births and the carrier frequency is of 1 in 25-30 individuals. The 

disease is characterized by progressive lung dysfunction (the main 

cause of mortality), pancreatic insufficiency, elevated sweat 

electrolytes and male infertility. Although lethal, life expectancy of CF 

patients has been greatly increased over the past decades due to 

better symptomatic treatments.  

The gene responsible for the disease was identified in 1989 and 

encodes the CF transmembrane conductance regulator (CFTR). CFTR 

is a multi-functional protein, mostly know as a cAMP-activated chloride 

(Cl-) channel that is present at the apical membrane of epithelial cells 

of the airways, intestine, sweat glands, pancreas and several other 

exocrine glands.  

More than 1500 CFTR gene mutations have been discovered in 

association with CF, but the predominant mutation is the deletion of a 

trinucleotide resulting in the loss of phenylalanine at position 508 

(F508del) of the polypeptidic chain. F508del occurs in approximately 

70% of CF chromosomes worldwide. Discovery of the CFTR gene has 

improved our understanding of CF pathophysiology and has helped 

diagnosis, but has also shown its complexity and CF has become one 

of the most intensively investigated monogenic disorders.  

Despite the great advances in CF research, further studies on the 

expression, localization and traffic of CFTR are required for a full 

understanding of the mechanisms of the disease, for better diagnosis 

and prognosis and ultimately to achieve a cure. 

The principal motivation when we started the research work now 

included in this thesis was to gain further knowledge on the CF 

pathophysiology through a contribution to the elucidation of its 
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biogenesis, processing and trafficking. The proposed studies aimed to 

focus mostly on the identification of novel roles of protein 

phosphorylation (by Casein Kinase 2 (CK2)) upon the cellular 

processes of trafficking and function. 

 

A detailed overview of the literature is given in Chapter I. It focuses 

briefly on the history and clinical aspects of CF. The current research 

on the structure, function, localization, biosynthesis and trafficking 

pathways of the CFTR protein is also summarized. Finally the 

molecular basis of disease and the objectives and aims of this work 

are presented. 

Chapter II presents the material and methods used in this work, 

mainly production of expression vectors to study CFTR mutant 

proteins and biochemical analysis to characterize the processing and 

trafficking of the produced CFTR variants. 

The results obtained are presented in Chapter III, where we can 

look at the biochemical analysis of CFTR variants with modification in 

putative phosphorylation sites by CK2 or Spleen Tyrosine Kinase 

(SYK). 

Chapter IV, the last of this thesis, provides a general discussion of 

the results, putting them in perspective with state-of-the-art data in this 

field. Perspectives for future work are also highlighted in this chapter. 
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Summary 
 

Cystic Fibrosis (CF) is the most common lethal monogenic 

autosomal recessive disease in the Caucasian population and is 

caused by dysfunction of the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR) protein, usually located at the apical 

membrane of epithelial cells. The most common disease-causing 

mutation, F508del, causes CFTR protein to be retained at the 

endoplasmic reticulum (ER) and targeted to proteasomal degradation. 

Despite great efforts to elucidate the mechanisms and the 

molecular partners involved in CFTR biogenesis, intracellular 

localization, trafficking and function, many processes are not fully 

understood. Protein kinases and phosphatises are known for long to 

regulate CFTR function (and possibly localization). However, the role 

of phosphorylation in CFTR biogenesis and trafficking remains 

uncertain. 

CFTR processes several CK2 phosphorylation sites (namely one at 

S511 and another at T1471) and one SYK consensus site at Y512. 

We produced CFTR mutants in which the consensus residues 

S511, Y512 and T1471 were substituted by either a neutral (alanine, 

A) or an acidic residue (aspartic acid, D) in both wt and F508del-CFTR 

backgrounds and used them to stable transfect BHK cells. Pulse-

chase experiments followed by CFTR immunoprecipitation and 

western blot were performed in the produced cell lines. After 

quantification of bands B and C of CFTR, results show that whereas 

substitution of S511 does not affect the turnover or processing of either 

wt- or F508del-CFTR, mutation of T1471 completely impairs 

processing of wt-CFTR without affecting significatively F508del-CFTR 

turnover. However, treatment of cells with 20 μM TBB 

(tetrabromobenzotriazole, a specific inhibitor of CK2) shows a 

significant decrease in processing efficiency of wt-CFTR. 
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Furthermore, mutation of putative SYK target Y512 also reduces 

the steady-state levels of fully processed CFTR without a major impact 

on F508del-CFTR. 

Altogether, our data indicate that CK2 and SYK may have a 

stabilizing role upon wt-CFTR. This effect seems to be independent on 

residue S511 (or on the putative charge added by aspartic acid 

replacement at this residue) but apparently dependent on residues 

Y512 and T1471. However, the effects observed for replacement of 

these residues suggest that the role of CK2 or SYK is not by direct 

phosphorylation of CFTR at these positions. 

 

 

Key words: CFTR, Cystic Fibrosis, Phosphorylation, CK2, SYK. 
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Resumo 
 

A Fibrose Quística (FQ) é a doença autossómica recessiva letal 

mais comum na população Caucasiana com uma incidência de cerca 

de 1 em 2500-6000 nascimentos e com uma frequência de portadores 

de 1 em 25 indivíduos. Esta doença é caracterizada pela grave 

disfunção pulmonar causada pela acumulação de muco que tende a 

obstruir as vias respiratórias, resultando em infecções bacterianas 

recorrentes (descrito para >95 % dos pacientes). Para além destes 

ciclos de infecção característicos, que são a principal causa de morte, 

os sintomas incluem frequentemente insuficiência pancreática (~85 % 

dos pacientes), ileus meconial (5-10% dos pacientes), infertilidade 

masculina quase universal e elevadas concentrações salinas no suor. 

Esta última característica era já utilizada como principal método de 

diagnostico antes de ser conhecida a causa genética da doença, 

mantendo-se ainda hoje como método de diagnóstico inicial indicativo 

de doença. 

Desde a sua identificação em 1989, mais de 1500 mutações 

causadoras de doença foram já identificadas, embora o efeito celular 

molecular da maior parte dessas mutações seja ainda desconhecido.  

A FQ é causada por mutações no gene CFTR (do inglês Cystic 

Fibrosis Transmembrane Conductance Regulator) que codifica para a 

proteína com o mesmo nome. A proteína CFTR é um membro da 

família dos transportadores ABC (ATP-Binding Cassette) e a sua 

função principal é o transporte de iões Cl- na membrana apical das 

células epiteliais de vias respiratórias, intestino, pâncreas e  glândulas 

de suor. 

Tal como os outros membros da família de transportadores ABC, a 

CFTR é uma proteína complexa, com múltiplos domínios. A cadeia 

polipeptídica é constituída por 1480 resíduos de aminoácidos que se 

agrupam em: (i) dois domínios transmembranares, cada um com seis 
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hélices α que atravessam a membrana, responsáveis pela formação 

do poro do canal através do qual passam os iões Cl-, (ii) dois domínios 

de ligação a nucleótidos com capacidade de heterodimerização, que 

controlam a função do canal, e (iii) um domínio regulador (que a torna 

única na família de transportadores ABC) que contém numerosos 

resíduos fosforiláveis, mecanismo necessário para a activação da 

CFTR. 

A função da proteína CFTR como canal de iões Cl- é regulada 

pelos níveis de ATP disponíveis no meio intracelular e pelo seu estado 

de fosforilação pelo proteína cinase A (PKA), cuja actividade é 

regulada pelos níveis de cAMP.  

A mutação mais comum na FQ, encontrada em ~70 % dos 

pacientes, consiste na delecção de três nucleótidos, resultando assim 

na perda de um único resíduo de fenilalanina na posição 508 da 

cadeia polipeptídica (F508del). A proteína mutada é retida no retículo 

endoplasmático, provavelmente devido à dificuldade em adquirir a sua 

conformação nativa e por isso em ultrapassar os mecanismos de 

controlo de qualidade que avaliam o estado de folding no retículo 

endoplasmático (RE). Esta retenção no retículo endoplasmático leva à 

sua rápida degradação pelo sistema ubiquitina-proteasoma. 

Uma vez que a proteína F508del-CFTR é parcialmente funcional 

quando consegue alcançar a membrana, um dos principais objectivos 

consiste em tentar ultrapassar o defeito de tráfego da proteína mutada, 

sobretudo através da identificação dos componentes moleculares 

responsáveis pela sua retenção no RE. A regulação do tráfego 

intracelular e da actividade da proteína normal e mutada implica uma 

complexa rede de proteínas, que incluem chaperones moleculares, 

glicosidases, cinases, transportadores e canais bem como a 

maquinaria basal de tráfego (GTPases, SNAREs e proteínas PDZ). 
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Foi recentemente posto em evidência que, junto à posição da 

mutação F508del, o domínio NBD1 da proteína CFTR possui um local 

de consensus para fosforilação pelo cinase II da caseína (CK2), um 

cinase pleiotrópico que fosforila mais 300 alvos diferentes. Este cinase 

pode então ter um papel preponderante no tráfego da proteína até à 

membrana. Para além disto poderá haver outros cinases que 

influenciem a actividade da CK2, nomeadamente o cinase SYK 

(cinase de tirosina do baço) para o qual existe também um local 

consensus de fosforilação no domínio NBD1 da CFTR. 

 

Com o objectivo final de esclarecer o papel da CK2 como 

interruptor molecular da CFTR, começamos por realizar experiências 

na presença de um inibidor específico do cinase CK2 (TBB). Na 

presença do inibidor há um decréscimo na eficiência de 

processamento da proteína wt-CFTR, sugerindo um efeito (directo ou 

indirecto) deste cinase sobre o processamento de CFTR. 

Com vista a caracterizar a dependência deste efeito em relação 

aos locais consensus de CK2 e SYK presentes na CFTR, foram 

produzidas variantes da proteína CFTR mutada nesses locais 

consensus de fosforilação. 

Foram então identificados todos os locais consensus de 

fosforilação pela CK2 na CFTR dos quais foram seleccionados, para 

uma primeira abordagem, os locais S422, S511 e T1471. Quanto aos 

locais consensus de fosforilação pela SYK, foi seleccionado um único 

local presente na sequência da proteína CFTR. 

Por mutagénese dirigida, foram então produzidos os mutantes da 

proteína CFTR nos locais S511, T1471 e Y512. Os resíduos originais 

foram substituídos por um resíduo neutro (Alanina, A) ou por um 

resíduo acídico (ácido aspártico, D), tanto para o cDNA CFTR normal 

como para o cDNA CFTR contendo a mutação F508del.  
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Os cDNA produzidos foram utilizados para transfectar 

estavelmente a linha celular utilizada como modelo neste trabalho. O 

modelo celular utilizado foi uma linha de fibroblastos imortalizados a 

partir de rim de hamster, com a designação Baby Hamster Kidney 

(BHK). Estas células foram escolhidas pela sua elevada taxa de 

proliferação, fácil manuseamento, por não expressarem CFTR 

endogenamente e por terem sido amplamente descritas em estudos 

prévios da proteína CFTR.  

Na caracterização bioquímica destas variantes da proteína CFTR, 

foram utilizados ensaios para avaliação de níveis proteicos em estado 

estacionário (Western-BIot) e avaliação de taxas de turnover e 

maturação por marcação radioactiva, seguindo o destino da proteína 

ao longo do tempo, e imunoprecipitação da proteína CFTR (pulse-

chase).  

 

Os resultados obtidos mostram que a substituição do resíduo 

S511 por um resíduo de alanina ou de aspartato não tem qualquer 

efeito na taxa de turnover e processamento de ambas wt- e F508del-

CFTR. No que se refere à substituição do resíduo T1471, a mutação 

para um resíduo de aspartato impede o aparecimento da forma 

madura da proteína CFTR enquanto que a mutação deste mesmo 

resíduo para alanina aparentemente não afecta o tráfego normal da 

proteína até à membrana, aqui avaliado pela presença de forma 

madura (com formas de glicosilação complexa). 

Da substituição do resíduo Y512 por um resídido de alanina de 

ácido aspártico, verifica-se que, embora o turnover da proteína normal 

ou mutada com F508del não seja alterado, a eficiência de 

processamento da proteína normal é reduzida. 

 

Estes resultados indicam a possibilidade de os cinases CK2 e 

SYK assumirem um papel de estabilização da proteína CFTR normal. 
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Este efeito parece ser independente do resíduo S511 mas 

aparentemente dependente dos resíduos Y512 e T1471. Contudo, os 

efeitos observados pela substituição destes resíduos sugerem que o 

papel da CK2 e da SYK não passa pela fosforilação directa da CFTR 

nessas posições. 

 

 

 
Palavras-chave: CFTR, Fibrose Quística, Fosforilação, CK2, SYK. 
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Chapter I – General Introduction  
 

1. Cystic Fibrosis – Overview  
The first detailed clinical description of Cystic Fibrosis (CF) came 

out in the 1930’s, but many aspects related with CF had been already 

described for centuries (Welsh & Smith, 1995). “Woe to that child 

which when kissed on the forehead tastes salty. He is bewitched and 

soon must die.” This is one of the most known sentences in the “CF 

world” and it comes from the Northern European medieval folklore. 

This adage is probably the earlier reference to CF that already reflects 

the association between salty skin (elevated concentration of sodium 

chloride in the sweat of CF patients, a characteristic of CF) and 

premature death (Welsh & Smith, 1995). 

Almost nothing was described from the 17th century until 1938 

when Dorothy Andersen completely described the disease, its 

symptoms and the changes it causes in different organs. She was 

responsible for the naming of the disease as “cystic fibrosis of the 

pancreas”, thus emphasizing the characteristical destruction of the 

pancreatic exocrine function (Collins, 1992). 
In the following years, interest in CF research increased and the 

disease was described to have autosomal recessive inheritance 

(Anderson & Hodges, 1946). In the 1950’s, the elevated chloride and 

sodium concentrations in sweat were described, allowing the 

concomitant introduction of the sweat test as the most common CF 

diagnosis tool (Di Sant'Agnese et al., 1953). 

However, the major step was achieved in 1989, mainly due to the 

identification of the gene responsible for CF. At the same time, the 

F508del mutation was identified as the most common disease-causing 

mutation (Riordan et al., 1989). 
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Since then, research has been focused on the understanding of 

the molecular mechanisms of the disease in order to draw better 

strategies to correct the molecular phenotypic manifestations found in 

CF patients. 

 

1.1. Clinical Description 

Cystic Fibrosis, or mucoviscidosis, is the most common lethal 

autosomic recessive disorder in the Caucasian population. The 

disease frequency is variable among different ethnic groups, being 

higher in Northern Europe. Among Caucasians, CF affects 1 in 2500 

to 6000 live births being the carrier frequency of 1 in 25 to 40 

individuals (Nissim-Rafinia et al., 2006). 

Clinical features of CF are dominated by involvement of the 

respiratory tract, with obstruction of the airways by thick, sticky mucus 

and subsequent bacterial infection, especially with Pseudomonas 

species. The involvement of gastrointestinal tract is also common, with 

85% of the patients presenting pancreatic insufficiency as a result of 

the obstruction of the pancreatic ducts that leads to the destruction. 5 

to 10% of newborns with CF present a form of intestinal obstruction 

called meconium ileus, and 2 to 5% develop liver disease at some 

time during the course of the disease. In adults with CF, infertility is 

almost universal in males and is frequent in females (Collins, 1992). 

Most of the different therapeutic approaches that have been used 

in the last 25 years focus mainly on the amelioration of the symptoms 

of CF. Currently, therapeutic focused research includes a multiplicity of 

approaches: search of candidate modifier proteins to identify new 

potential therapeutic targets and pharmacological therapy to rescue 

the molecular defects responsible for CF are the most important topics 

under development (Bush et al., 2006).  
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2. Cystic Fibrosis Gene 
Cloning of the CF gene began with its mapping to band 31 at the 

long arm of chromosome 7 (7q31). Further linkage analysis using a 

large number of polymorphic DNA markers, as well as chromosome 

jumping and walking approaches, ended in 1989 with the isolation of 

the CF gene, formed to be expressed at very low levels and only in 

epithelial tissues.  

At the time of its cloning, the gene responsible for CF was called 

CFTR, for Cystic Fibrosis Transmembrane Conductance Regulator, a 

designation based on the initial description of the protein that it 

encodes. 

The gene responsible for CF is very long, comprising 27 exons and 

spanning a region of approximately 250 kb.  The gene encodes a 6.2 

kb transcript, responsible for the synthesis of a protein with 1480 

amino acid (aa) residues (Figure 1.1). 

 

 
Figure 1.1: Scheme of CFTR gene (a), CFTR mRNA (b) and CFTR 

protein (c) (Zielenski & Tsui, 1995). 
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2.1. CFTR Mutations that cause CF 

Up to this day, more than 1500 mutations have been reported to 

the CFTR mutation database (http://www3.genet.sickkids.on.ca), 

although a single one for about 70 % of mutant alleles. This mutation, 

named F508del, results from a 3 bp deletion in exon 10, causing the 

loss of the phenylalanine residue at position 508. 

The frequency of CFTR mutations has great variability among 

different ethnic groups. For example, the F508del mutation has 100% 

of incidence in the isolated Faroe Islands of Denmark, but only 18% in 

Tunisia and, in Europe, there is a decreasing gradient in the frequency 

of F508del from the Northeast to the Southwest.  

According to the type of mutation, 48.7% are missense mutations, 

19.5% are frameshifts caused by small insertions or deletions, 15.7% 

are splicing mutations and 12.9% are nonsense mutations (Nissim-

Rafinia et al., 2006). 

 

 

3. CFTR Protein 
CFTR protein functions mainly as a chloride (Cl-) channel at the 

apical membrane of exocrine epithelial cells. According to its structure, 

CFTR is member of the ATP-Binding Cassette (ABC) transporter 

family, which minimal functional unit consists of two nucleotide binding 

domains (NBDs) or cassettes and two membrane-spanning domains 

(MSDs) (Dorwart et al., 2004). 

 

3.1. CFTR Structure 

Similarly to other ABC transporters, CFTR is composed of two 

NBDs, termed NBD1 and NBD2, that contain sequences predicted to 

interact with ATP, and two MSDs, MSD1 and MSD2, each one 
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composed of six transmembrane segments and responsible for the 

formation of the channel pore. The distinctive feature of CFTR is the 

presence of a regulatory domain, termed R domain, between NBD1 

and MSD2, containing multiple consensus phosphorylation sites and a 

large proportion of charged aminoacids (Figure 1.2). 

NBDs of ABC proteins are highly conserved in sequence and 

structure. They contain a typical F1 ATPase core subdomain, which 

consists of an α-helix surrounded by antiparallel β-sheets. This region 

contains the observed Walker A and Walker B motifs that are involved 

in ATP binding (Serohijos et al., 2008). 

MSDs contribute to form the selective pore of the channel. 

Interaction with the NBDS and ATP mediate the channel opening, 

although complete activation is also dependent on R domain 

phosphorylation by Protein Kinase A (PKA). 

MSDs are linked by 6 extracellular (the fourth of which possesses 

two consensus N-glycosylation sites) and 4 intracellular loops. 

 

 
Figure 1.2: Model of the CFTR protein structure at the plasma 

membrane (adapted from (Sheppard & Welsh, 1999)). 
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3.2. CFTR Function 

Even before the cloning of the gene, CF was already associated to 

a defect in Cl- secretion. Since then, CFTR has been described to be 

involved in several other cellular activities, among which Cl- transport 

is still the most relevant (Amaral MD & Barreto, 2001). 

 

3.2.1. CFTR as a Cl- channel 
CFTR plays a critical role in fluid and electrolyte transport across 

epithelial tissues. MSDs assemble to form a transmembrane pore with 

deep intracellular and shallow extracellular vestibules that funnel 

anions towards a selectivity filter, which determines the permeation 

properties of CFTR. Anion flow through the CFTR pore is powered by 

cycles of ATP binding and hydrolysis at two ATP-Binding sites. Stable 

ATP-binding occurs at one ATP-binding site (site1), whereas rapid 

ATP turnover occurs at the other (site2). These ATP-Binding sites are 

located at the interface of the two NBDs, which are themselves 

organized as a head-to-tail dimmer. The R domain, although 

unstructured, contains multiple consensus phosphorylation sites on 

the surface. Phosphorylation of the R domain stimulates CFTR 

function by enhancing ATP-dependent channel gating at the NBDs 

(Chen et al., 2006) (Figure 1.3). 

 

CFTR also plays an important role in HCO3
− secretion because it is 

permeant to the anion and because it probably stimulates Cl−/HCO3
− 

exchangers. The most obvious manifestation of the loss of this 

function is the impaired pancreatic HCO3
− secretion in patients, but 

also a reduction in the pH of the epithelial surface liquid of other 

tissues (Riordan, 2008). 
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Figure 1.3: Simplified model for CFTR-dependent Cl- ion permeation 

through the plasma membrane. The CFTR Cl- channel is regulated by 
phosphorylation and intracellular ATP. This simplified model shows a CFTR 
Cl- channel under quiescent and activated conditions. P- phosphorylation of 
the R domain; Pi- Inorganic phosphate; PKA- cAMP-dependent protein 
kinase; PPase- protein phosphatase (adapted from (Chen et al., 2006)). 

 

 

3.2.2. Other functions of CFTR 
In addition to its well-established function as an ion channel, CFTR 

has been proposed to have many other roles with either direct or 

indirect impact on a variety of other cellular proteins. Although several 

downstream effects in addition to altered anion permeation owing to 

CFTR function and dysfunction are described, it remains a challenge 

to identify at what level a given downstream alteration is connected to 

the CFTR protein itself or the anion conductance that it mediates.  

The most well-known channel regulated by CFTR is the Epithelial 

Na+ Channel (ENaC). ENaC is believed to be involved in the continued 

or enhanced Na+ absorption, primarily responsible for the dehydration 

of the airway surface, which impairs mucociliary clearance (Riordan, 

2008). When CFTR is activated, the expected increase in Cl– 

conductance is paralleled by a fall in the amiloride-sensitive Na+ 

conductance. This suggests that activation of CFTR down-regulates 

ENaC and that this down-regulation is missing in CF. Currently, 

several hypotheses which might account for these findings are being 
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examined: (1) ENaC-CFTR binding; (2) interaction via a third protein 

and (3) regulation by a cytosolic ion sensor (Greger et al., 2001). 

CFTR has also been shown to be involved in the regulation of 

other ion channels, such as the outwardly rectifying CF channel, 

voltage-gated (KvLQT 1) and ROMK (renal outer medullary potassium 

(K+) channel) K+ channels and water channels as aquaporins. Other 

events to which CFTR seem to be somehow related are the regulation 

of exocytosis / endocytosis and the regulation of ATP export (Greger 

et al., 2001). 

 

 

4. CFTR Biogenesis, Processing and 
Trafficking 

As most CF-causing mutations, including F508del, lead to the 

retention of CFTR protein at the endoplasmic reticulum (ER) and to its 

premature degradation at the proteasome, significant efforts have 

been devoted to relocate the mutant, but functional, CFTR to the cell 

surface in an attempt to ameliorate the disease phenotype (Barriere & 

Lukacs GL, 2006). 

 

4.1. Biogenesis and Processing 

Folding of newly synthesized proteins, particularly of large 

multidomain transmembrane proteins like CFTR, in the highly crowded 

macromolecular environment of the cell, is a complex process. Like 

other proteins entering the secretory pathway, CFTR assembly begins 

with synthesis and folding in the ER. The co-translational folding of 

CFTR is an inefficient, slow and complex process whereby the 

nascent polypeptide is concomitantly folded and inserted into the ER 
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lipid bilayer. Not surprisingly, ~55-80% of the newly synthesized wild-

type CFTR protein is improperly folded and targeted to the cytoplasmic 

proteasome for degradation in human cells (Amaral, 2005). 

The folded and ER membrane- inserted CFTR, referred to as the 

immature B-form (~140 kDa), leaves the ER in COPII vesicles. CFTR 

then enters the Golgi Apparatus where two of the Asn-linked glycans 

in the fourth extracellular loop (added cotransductionaly in the ER) are 

converted from immature high-mannose forms to mature complex 

oligosaccharides, thus producing the mature form of CFTR referred to 

as band C (~170kDa) (Turnbull et al., 2007). 

During the co- and posttranslational folding, CFTR binds to several 

cytosolic (Hsc70, Hsp40 and Hsp90) and ER resident (calnexin) 

molecular chaperones as well as ubiquitin ligating (E3) enzymes. 

Interaction with chaperones and co-chaperones not only prevents the 

protein from aggregation, but also facilitates its folding, as well as the 

degradation of nonnative conformers (Barriere & Lukacs GL, 2006).  

A possible model to explain the biogenesis of CFTR protein was 

proposed in 2005 by Farinha and Amaral  and later modified by Roxo-

Rosa et al (Figure 1.4) ((Farinha & Amaral, 2005);(Roxo-Rosa et al., 

2006)).  

 

According to this model, the cell seems to use the interaction with 

Hsc70/Hsp70 as the first checkpoint to assess CFTR conformation, 

being this the major mechanism to discard F508del-CFTR. Prolonged 

retention of unfolded F508del-CFTR by Hsc70 at this point enables 

CHIP to interact with Hsc70/Hsp70 (probably by displacing Hdj-2) and 

causes the mutant to be degraded.  

Contrary to what happens with F508del-CFTR, wt CFTR, for which 

NBD1-R intramolecular interaction and folding is achieved, proceeds 

in the folding pathway through interaction of its N-glycosyl residues 

with calnexin. wt-CFTR acquires its native conformation through 
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successive rounds of release - deglucosylation and rebinding - 

reglucosylation to calnexin, which also constitutes the second ERQC 

checkpoint (Farinha & Amaral, 2005). 

After CFTR successfully passes the two initial ER folding 

checkpoints, it is assessed for its native conformation at a third ER 

quality control checkpoint. This is a retention mechanism that 

recognises arginine-framed tripeptide (AFTs) motifs at the ER exit 

sites, sorting correctly folded proteins into coat protein complex II 

(COPII) coated vesicles (Roxo-Rosa et al., 2006). Upon successful 

folding, CFTR exits the ER proceeding through the secretory pathway. 

 

 
Figure 1.4: Model of CFTR Biogenesis into ER membrane. Legend: 

CFTR- MSDs, green line; NBDs, dark green line; RD, pink line; AFTs, 
arginine-framed tripeptide motifs; other proteins indicated. See text for more 
details (adapted from (Farinha & Amaral, 2005)) 
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4.2. Trafficking 

The secretory pathway of eukaryotic cells involves the movement 

of proteins sequentially from the ER though cis, medial and trans Golgi 

compartments.  

The newly synthesized membrane-bound cargo proteins in the ER 

are sorted from resident proteins and selectively concentrated for 

export by interacting with components of the COPII coat machinery. 

The COPII coat machinery consists of the small GTPase Sar1, and 

two cytosolic coat protein complexes, Sec23:24 and Sec 13:31, as 

well as integral membrane-associated factors. The sequential activities 

of these components promote the formation of carrier vesicles that bud 

from the ER membrane (Bannykh et al., 2000).  

 

Following export from the ER, COPII vesicles generate pre-Golgi 

intermediates that will fuse with cis Golgi. The proteins are then 

transferred through the medial Golgi compartments to the trans Golgi. 

At the trans Golgi compartment, proteins are sorted to multiple 

destinations including the lysosome, as well as the basolateral and 

apical surfaces in polarized epithelial cells. 

In the secretory pathways components that are not ready to go to 

the plasma membrane, such as non-mature protein forms, or resident 

ER proteins that escape from the ER, are recycled by retrograde 

transport involving vesicles formed by the COPI protein complex. 

 

CFTR trafficking to the plasma membrane can be envisaged by 

different mechanisms (Figure 1.5). 
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Figure 1.5: Models of CFTR trafficking from the ER to the cell 

surface. Each of the panels illustrates a possible pathway for movement of 
CFTR from the ER through the early secretory pathway. Wild-type CFTR is 
shown by the green (folded, mature form) or red (misfolded form) (Bannykh et 
al., 2000). 

 

One possibility (Figure 1.5, Model 1) is that wild-type CFTR is 

inefficiently selected for export to the Golgi by the COPII machinery, 

and then proceeds to the cell surface as described above. The non-

selected CFTR is sent directly for degradation. 

A second model (Figure 1.5, Model 2) is that the total wild-type 

CFTR pool (misfolded and properly folded) can be captured equally 

efficiently by the COPII machinery, but only CFTR protein that has 

undergone a degree of maturation will reach the cis Golgi, while the 

rest is recycled back to the ER in COPI vesicles.  

In a third (Figure 1.5, Model 3), and more speculative model, an 

attempt is made to explain the reduced levels of CFTR in pre-Golgi 

elements and its unique, peripheral association with cis and trans 

elements of the Golgi. This model propose a direct transport of mature 

CFTR to the trans Golgi and even to the endosomes compartment, 
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from where it is inserted to the plasma membrane (Bannykh et al., 

2000). 

 

Many membrane transport proteins are rapidly recycled between 

intracellular vesicles and the cell surface, whereas others have a long 

residence on the plasma membrane. Recycling of membrane proteins 

serves several functions: (i) it allows receptors to internalize ligands, 

such as nutrients, hormones and toxins, (ii) recycling also allows cells 

to regulate the steady-state levels of proteins by altering the relative 

rates of endocytosis and exocytosis and (iii) recycling of membrane 

proteins also protects them from degradation and allows them to 

undergo multiple rounds of endocytosis and recycling. 

One of the most important endocytosis mechanism that have been 

studied is the one that involves clathrin-coated vesicles (Figure 1.6). In 

clathrin-dependent endocytosis, CFTR is endocytosed from the apical 

plasma membrane in a clathrin dependent process that requires 

dynamin (for vesicle fission), the μ subunit of the AP-2 adaptor 

complex that mediates interaction between the YDSI endocytic motif 

on CFTR and the clathrin lattice. The endocytosis of CFTR also 

requires myosin-VI, a molecular motor that drives cargo to the minus 

end of F-actin (i.e., inwardly directed).  

Several members of the RabGTPase family have also been shown 

to modulate CFTR trafficking, as well as PDZ binding proteins that 

have been described to inhibit CFTR endocytosis from the plasma 

membrane, and to facilitate recycling of internalized CFTR from early 

endosomes (Ameen et al., 2007). 

Mature CFTR is exported to the plasma membrane to function as a 

chloride ion channel. As was already shown CFTR protein levels at the 

plasma membrane are regulated by sub-apical vesicles delivering 

CFTR protein for either lysosomal degradation or recycling. 
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The degradation of the membranar forms of CFTR is mediated by 

RAB 7 GTPase that brings CFTR from the early endossome to the 

lysosome (Figure 1.6) (Ameen et al., 2007). 

 

 
Figure 1.6: Model showing involvement of various proteins in CFTR 

(brown rectangle) endocytosis and recycling (Ameen et al., 2007). 
 

4.3. Degradation 

Degradation of the misfolded proteins is carried out by the ubiquitin 

proteasome system (UPS), where substrates are polyubiquitylated and 

then degraded by the cytosolic proteasome. Ubiquitylation refers to the 

addition of ubiquitin, a small monomeric 76 amino acid polypeptide, by 

covalent linkage to lysine residues on the substrate molecules 

(Turnbull et al., 2007). 

Misassembled CFTR mutants appear to be detected during the 

folding process via two distinct systems in human cells: one that 

senses defects located within the cytoplasm and the other within the 

ER membrane. The UPS complexes located in the ER membrane 
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(Derlin-1, RMA1, Ubc6e and p97) and cytoplasm (Hsp70 and CHIP) 

appear to recognize misassembled substrates at CFTR folding 

checkpoints (Turnbull et al., 2007). 

After the recognizing of the unfolded proteins, p97 and possibly 

other associated factors are thought to participate in the extraction and 

delivery of CFTR from the ER membrane to the cytosolic proteasome. 

However, it is unknown whether the CFTR protein is extracted from 

the membrane in one piece or degraded into smaller domains before 

retrotranslocation (Turnbull et al., 2007). 

 

4.4. Phosphorylation of CFTR 

Phosphorylation of CFTR (mainly at the RD) is known for long to 

be required for its activity and it involves protein kinases A (PKA) and 

C (PKC). Together with PDZ-domain containing proteins, 

phosphorylation is responsible for the formation of multiprotein 

signalling complexes that provide spatial and temporal specificity to 

CFTR function. 

Despite the recent advances in the CF field, there are still major 

issues to be solved. Several CFTR interacting partners are to be 

identified and some of these are bound to affect CFTR activity by 

events encompassing protein phosphorylation and dephosphorylation. 

Recently, the close proximity with 508 residue and a candidate 

phosphoacceptor residue, S511, located within a consensus sequence 

for the protein kinase CK2, was observed. This protein kinase has 

many unusual features and a diverse range of targets making it an 

attractive candidate for study in CF cells. Ostedgaard et al. have also 

described one more CK2 putative phosphorylation site, T1471, as an 

important site for CFTR phosphorylation by CK2 (Ostedgaard et al., 

2006). Recently Pagano et al have also shown that CK2 effectively 
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phosphorylates CFTR human NBD1 (hNBD1) at serine residue at 

position 422 (Pagano et al., 2008). 

Other possibility, observed by Pinna (Pinna, 2006), is the existence 

of the consensus sequence for the Spleen Tyrosine Kinase, SYK, at 

position 512 - a kinase that may influence CK2 activities by 

hierarchical phosphorylation (Brunati et al., 1995). 

 

CK2 – Casein Kinase 

 

CK2 is a pleiotropic protein kinase which recognizes a serine or 

threonine residues specified by an acidic side chain at position n + 3 

(S/T-x-x-E/D/pS). CK2 has a complex structure (Figure 1.7).  

 

 
Figure 1.7: Ribbon diagram illustrating the high-resolution structure 

of tetrameric CK2. The catalytic CK2α subunits are illustrated in magenta. One 
regulatory CK2β subunit is illustrated in yellow and the other CK2β subunit is 
illustrated in blue. AMPPNP -  nonhydrolysable ATP analogue adenosine, present in 
the ATP binding site of only one of the catalytic CK2α subunits (i.e. the one shown on 
the left) within the CK2 tetramer (Litchfield, 2003). 

 

In general, CK2 catalytic subunits (α and/or α′) are active either 

alone or when combined with a dimer of two regulatory β-subunits that 

give rise to its hetrotetrameric holoenzyme, which is the most common 
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form of CK2 found in the cell. CK2 is invariably elevated in tumors, and 

it appears to play a global antiapoptotic role, suggesting that it might 

represent a valuable target for anticancer agents (Pagano et al., 

2008). 

 

SYK – Spleen Tyrosine Kinase 

 

SYK recognizes a tyrosine following two negative residues (Y-E/D-

E/D-X). A common structural feature of the SYK family is the presence 

of two N-terminal SH2 domains located in tandem and a C-terminal 

catalytic region. These three domains are separated physically by 

intervening aa sequences that are usually referred to as interdomain A 

(located between the two SH2 regions) and B (located between the 

second SH2 and the kinase domain) (Figure 1.8).  

 

 
Figure 1.8: Schematic representation of the domain organization of 

SYK, highlighting some of the tyrosines that can become phosphorylated. 
Atomic structure of the regulatory domains of SYK bound to an ITAM 
(immunoreceptor tyrosine-based activating motif) peptide and the kinase 
domain (Arias-Palomo et al., 2007). 
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5. Molecular basis of CFTR dysfunction  
The majority of the studies including CFTR have been focused on 

its function as a Cl- channel. According to the cellular phenotype 

resulting from disease-caring mutations, these have grouped in 

several classes (Figure 1.9). 

The first classification, 

proposed in 1993 by Welsh 

and Smith, divided CF-

causing mutations into 4 

different classes: Class I, 

defective protein synthesis; 

Class II, defective protein 

processing; Class III, 

defective protein regulation; 

and Class IV, altered 

conductance (Welsh & 

Smith, 1993). This initial 

classification was later 

extended to five different 

classes. This fifth class, 

introduced by Wilschanski, 

aggrupates mutations that 

leads to reduced CFTR 

protein level (Wilschanski et 

al., 1995). 

Specific therapeutic 

approaches are being 

developed for each of these 

mutation classes and are 

summarized below.  

Figure 1.9 – Classification of CFTR 
mutation into five different classes, 
according to the functional defect at the 
biochemical and cellular levels. 
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Class I – Defective Protein Synthesis 

This class include nonsense and frameshift mutations, which lead 

to the appearance of premature termination codons (>30%). Mutations 

from this class as R553X and G542X (nonsense mutations), 394delTT 

and 3905insT (frameshift mutations) and 1717-1G (splicing mutation) 

are expected to produce a truncated protein, predicted to be very 

instable and thus immediately sent to degradation (Nissim-Rafinia et 

al., 2006). 

Aminoglycoside antibiotics have been reported to suppress 

premature termination codons, thus allowing translation to continue 

until the normal termination of the transcript. A clinical trial with 

gentamycin is currently underway for CF-patients carrying stop 

mutations (Amaral & Kunzelmann, 2007). 

 
Class II – Defective Protein Processing 

Mutations from this class cause impairment of the normal 

processing of CFTR, leading to the degradation of the abnormally 

processed protein. This class includes F508del, but also many 

missense mutations such as A561E and N1303K (Nissim-Rafinia et al., 

2006). 

Chemical, molecular or pharmacological chaperones, generally 

called “correctors”, were reported to stabilize protein structure and 

promote folding, enabling the rescue of the intracellular retention and 

resulting in cell-surface expression of processing mutants (Amaral & 

Kunzelmann, 2007). 

 

Class III – Defective Protein Regulation 

Mutations from this class result in the production of proteins which 

reach the plasma membrane, but fail to produce a Cl- channel that is 

properly regulated and activated by cAMP or ATP. Some mutations 

cause complete loss of function (G551D) whereas others result in a 
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decrease in response to cAMP activation (S1255P) or diminished 

function (G1244E) (Nissim-Rafinia et al., 2006). 

CFTR activators such as alkylxanthines (CPX) or the flavonoid 

genistein are able to overcome these class III defects, acting as 

channel “potentiators” (Amaral & Kunzelmann, 2007). F508-del, the 

most common mutation, can also be classified as a class III mutation 

as, once rescued to the membrane, it fails to exhibit normal gating 

properties.  

 

Class IV – Altered Conductance  

This class includes mutations that result in diminished Cl- secretion 

through CFTR. Some examples of mutations from this class showing 

residual function are R347P, R117H and D1152H (Nissim-Rafinia et 

al., 2006). 

Correction of this reduced conductance can be achieved by 

increasing the overall cell-surface content of these mutants (promoting 

their traffic) and/or through increase stimulation of the existing 

channels potentiators (Amaral & Kunzelmann, 2007). 

 

Class V – Reduced CFTR Protein Level 

This class includes promoter mutations that decrease transcription 

rates and aa substitutions that cause inefficient protein maturation. 

Most of the mutations are splicing mutations, such as G576A, that lead 

to variable levels of correctly spliced transcripts among different 

patients or among different organs of the same patient (Nissim-Rafinia 

et al., 2006). 

The use of splicing factors to promote normal exon inclusion is a 

strategy to increase levels of properly spliced transcripts. Potentiators 

are also useful for these mutants because they enhance the activity of 

normal channels already at the cell surface (Amaral & Kunzelmann, 

2007). 
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6. Objectives and Aims 
As a summary, in the CFTR “life cycle”, there are four groups of 

events that can be identified (Figure 1.10): (i) CFTR is translated in the 

endoplasmic reticulum (ER) where core sugars are added to the 

protein. Most F508del-CFTR is recognized as misfolded by the ER 

quality control and targeted for proteosomal degradation (v).Wild-type 

CFTR traffics to the trans Golgi network where the core sugars are 

modified into complex carbohydrates, and then trafficked to the apical 

plasma membrane. (ii) CFTR is efficiently removed from the cell 

surface by clathrin mediated endocytosis using trafficking signals 

embedded in the amino acid sequence of CFTR. (iii) From 

endosomes, CFTR can recycle back to the cell surface in a direct 

manner, or via recycling endosomes. (iv) Internalized CFTR can be 

directed to lysosomes for degradation. 

 
Figure 1.10 : Model showing main trafficking pathways taken by wild-type 

and ∆F508-CFTR (Ameen et al., 2007). 
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Many processes related with CFTR are not fully understood. So, 

our aim is to elucidate and characterize the molecular mechanisms 

that govern the biogenesis and trafficking of CFTR and how these 

events can be regulated by phosphorylation in particular by CK2.  

To achieve this general objective, we propose to fulfil the following 

objectives: 

− To characterize the intracellular localization of CK2 and its 

relationship with wt- and mutant CFTR 

− To identify a possible role of CK2 in the traffic of CFTR  

− To identify the role of CK2 in relation to that of SYK kinase on 

membrane protein trafficking 

 

Overall, the study of these processes will lead to the identification 

of novel roles of protein phosphorylation (by CK2) upon the cellular 

processes of trafficking and function of CFTR, and possibly other 

membrane proteins. 
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Chapter II – Methods and Materials 
 

1. Production of Expression Vectors to 
Study CFTR Mutant Proteins 

 

1.1. Characterization of the Biological material 

1.1.1. Bacterial strain 
The bacterial strain used for cloning and DNA amplification was 

XL10-Gold (Stratagene, La Jolla, CA, USA). These Escherichia coli 

(E.coli) cells have tetracyclin and cloranfenicol resistance and exhibit 

the Hte phenotype, which increases the transformation efficiency of 

ligated and large DNA molecules. XL10-Gold cells are deficient in all 

known restriction systems [∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173]. 

The strain is endonuclease deficient (endA), greatly improving the 

quality of miniprep DNA, and recombination deficient (recA), helping to 

ensure insert stability. The lacIqZDM15 gene on the F´ episome allows 

blue-white screening for recombinant plasmids. 

 

Genotype: TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 

thi-1 recA1 gyrA96 relA1 lac Hte [F´ proAB lacIqZΔM15 Tn10 (Tetr) 

Amy Camr]. 

 
1.1.2. Plasmid vectors 

Wt- and F508del-CFTR cDNA were introduced into pNUT vector 

(Appendix I) by ligation into Sma I restriction site. All the other variants 

were produced by site-directed mutagenesis. 
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1.2. Competent Bacteria – Production and 

Transformation 

1.2.1. Production of competent bacteria 
Bacteria were plated in LB-agar medium and a single colony was 

used to inoculate a small volume of LB medium overnight at 37°C with 

vigorous shaking (220 rpm). This pre-inoculum was then used to 

inoculate a larger volume of LB medium, typically 100 ml, which was 

also grown at 37°C (220 rpm) to final concentration of 5 x 107 

bacteria/ml (corresponding to an absorvance of 0.3 at 600 nm). 

Bacteria were transfered to ice and pelleted by centrifugation (1000 g 

for 15 min at 4°C). The bacterial pellet was then ressuspended, 

incubated on ice for 15 min in RF1 buffer (100 mM RbCI, 50 mM 

MnOH, 30 mM KCH3CO2, 10 mM CaOH, pH 7.5, 15 % (w/v) glycerol, 

pH 5.8; all from Sigma-Aldrich, St. Louis, MO, USA)  - 1/3 of initial 

volume - and re-pelleted by centrifugation (1000 g for 15 min at 4°C). 

This second pellet was ressuspended and incubated on ice for 15 min 

in RF2 buffer (10 mM RbCI, 75 mM CaOh, 10 mM MOPS, 15 % (w/v) 

glycerol, pH 6.5; all from Sigma-Aldrich) – 1/12 of initial volume. 200 μl 

aliquots were then rapidly frozen with liquid nitrogen and stored at - 

80°C.  

 

1.2.2. Transformation of competent bacteria 
Bacteria were transformed by incubating 200 μl aliquot of 

competent cells with DNA (~100 ng of ligation products or ~1 ng of 

purified plasmids) for 30 min on ice, performing a heat-shock (90 s at 

42°C), further incubating the mixture for 2 min on ice and then allowing 

antibiotic resistance to be expressed by growth in antibiotic-free LB 

medium for 45 min at 37°C at 220 rpm. Bacteria were then pelleted 

(5000 g for 2 min), the supernatant was discarded and the pellet was 

ressuspended in the remaining supernatant medium. This suspension 
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was then plated into LB-agar supplemented with the appropriate 

antibiotic (100 μg/ml ampicillin, Sigma-Aldrich, for pNUT) and left to 

grow overnight.  

Transformed bacterial colonies were grown in LB medium 

supplemented with the appropriate antibiotic and used to extract 

plasmid DNA, which was screened by automatic DNA sequencing. 

After screening, positive clones were stored in liquid LB medium 

supplemented with 15 % (w/v) glycerol (Sigma-Aldrich) at - 80°C.  
 

1.3. DNA Extraction 

Small scale plasmid DNA was purified with commercial kit 

JETQUICK Plasmid Miniprep Spin Kit (Genomed, Lohne, Germany). 

This protocol is based on an alkaline lysis of the bacterial DNA in the 

presence of SDS, to denature bacterial proteins, followed by a 

centrifugation step to remove cellular debris, genomic DNA and 

denatured proteins and adsorption of the plasmid DNA in the 

supernatant to an anionic exchange matrix in the presence of high 

saline concentrations. After adsorption, the DNA is washed and eluted 

in water or TE buffer (10mM Tris/HCl, pH8).  

DNA concentration was determined by measurement of the 

absorbance at 260 nm (one absorbance unit corresponding to 50 

μg/ml of dsDNA) and its purity was evaluated by assessment of the 

ratio A260/A280. 
 

1.4.  Mutagenesis 

Point mutations were introduced into pNUT-wt or F508del-CFTR, 

using a combination of the QuickChange® Site-Directed Mutagenesis 

Kit (Stratagene) and the KOD Hot Start Kit (Novagene, Darmstadt, 

Germany) with complementary pairs of the custom designed HPLC-
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purified mutagenic primers (Thermo Electron Corporation, Waltham, 

MA, USA). 

The amplification was confirmed by agarose gel electrophoresis 

and the resultant mutant plasmid was digested with DpnI (Invitrogen, 

Carlsbad, CA, USA), a restriction enzyme that specifically hydrolyzes 

methylated and hemi-methylated DNA, thus removing all parental 

bacterial DNA.  

After bacteria transformation (section 1.2.2 from this Chapter) and 

plasmid DNA extraction (section 1.3 from this Chapter), the presence 

of each mutation was verified by automatic DNA sequencing (section 

1.5 from this Chapter). 

The primers used in the mutagenesis reactions are presented in 

the following table. (Table 1.1) 
 

Table 1.1: Primers for mutagenesis reaction. The table presents only 
the “sence” primers. For each, a complementary anti-sence primer was also 
used. 

 

Name Sequence 
Annealing 

temperature/ 
number of 

cycles 

S422A s 5’- CAATAACAATAGAAAAACTGCTAATGGTGATGACAGCC -3’ 52ºC / 24 cycles 

S422D s 5’- CAATAGAAAAACTGATAATGGTGATGAC -3’ 52ºC / 24 cycles 

Wt S511A s 5`- TCATCTTTGGTGTTGCCTATGATGAATAT -3` 49ºC / 18 cycles 

Wt S511D s 5`- ATATCATCTTTGGTGTTGACTATGATGAATATAG -3` 49ºC / 18 cycles 

Df S511A s 5`- ATATCATTGGTGTTGCCTATGATGAATATAG -3` 49ºC / 18 cycles 

Df S511D s 5`- ATATCATCGGTGTTGACTATGATGAATATAGA -3` 49ºC / 18 cycles 

Wt Y512A s 5’-CATCTTTGGTGTTTCCGCTGATGAATATAGATACAGAAGCGTC-3’ 55ºC / 20 cycles 

Wt Y512D s 5’-CGCTTCTGTATCTATATTCATCATCGGAAACACCAAAGATG-3’ 55ºC / 20 cycles 

Df Y512A s 5’-CGGTGTTTCCGCTGATGAATATAGATACAGAAGCGTCATC-3’ 55ºC / 20 cycles 
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Df Y512D s 5’-CATCGGTGTTTCCGATGATGAATATAGATACAGAAGCG-3’ Not optimized 

T1471A s 5’-GCTGCTCTGAAAGAGGAGGCAGAAGAAGAGGTGCAAG-3’ 42ºC / 24 cycles 

T1471D s 5’-CTGCTCTGAAAGAGGAGGACGAAGAAGAGGTGCAAG-3’ 55ºC / 24 cycles 

 

1.5.  DNA Sequencing  

Plasmid DNAs were purified with the JETquick Plasmid Miniprep 

(Genomed). The sequencing reactions were performed using the ABI 

Prism BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, 

Foster City, CA, USA) according to the manufacturer’s instructions. 

The products were analyzed in the automatic sequencer 3130 XL 

Genetic Analyzer (Applied Biosystems).   

Normally, only forward primers were used in the sequencing 

reactions. The following table summarizes the primers for the 

sequencing reactions (Table 1.2). 

 
Table 1.2: Primers for DNA sequencing reaction. 

 

Name Sequence 
Annealing 

position in CFTR 
mRNA 

CF-5'NC-f 5’- GCA TTA GGA GCT TGA GCC CA -3’   72-96 

CF Ex5.F 5’- CTC CTT TCC AAC AAC CTG AAC -3’ 679-699   

B3R 5’- AAT GTA ACA GCC TTC TGG GAG -3’   1318-1338 

C2R 5’- AGC AGT ATA CAA AGA TGC TG -3’   1812-1831 

D1R 5’- GAC AAC AGC ATC CAC ACG AA -3’   2490-2509 

E1R 5’- AGA TTC TCC AAA GAT ATA GC  -3’   3055-3074 

Ex18.F 5’- AAC TCC AGC ATA GAT GTG G  -3’   3574-3592 

Ex 22.F 5’- AGC AGT TGA TGT GCT TGG C -3’   4184-4202 
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For sequence analysis, the sequences obtained were analysed 

through comparison with the reference CFTR sequence (Genebank 

accession number: M26886). This comparative analysis was done 

using the softwares ChromasPro (http://www.technelysium.com.au) 

and Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). 

 

2. Biochemical Analysis 

2.1. Characterization, Culture and Maintenance 

of cell lines 

The BHK 21 (Baby Hamster Kidney) cell line is a quasi-diploid 

established line of variant hamster cells, descendent from a clone of 

an unusually rapidly growing primary culture of new-born hamster 

kidney tissue (Stoker & Macpherson, 1964). BHK 21 (normally 

abbreviated to BHK) cells are usually described as fibroblasts and 

BHK are also widely used in cell physiology studies, being easy to 

grow and transfect.  

BHK mutants (BHK wt CFTR and F508del CFTR) used in this 

study were obtained by stable transfection with pNUT wt-CFTR or 

pNUT F508del-CFTR respectively. These cell lines were gently 

provided by Dr. Gergely Lukacs (Toronto, Canada). 
 

BHK cells were cultured in a 1:1 mixture of Dulbecco’s Modified 

Eagle Medium (DMEM) and Ham’s F-12 nutrient medium 

supplemented with 5 % (v/v) fetal calf serum, 100 U/ml penicillin and 

100 mg/ml streptomycin (all from Invitrogen). The medium to the stable 

transfected cells also contained 500μM methotrexate (AAH 

Pharmaceuticals Ltd., Coventry, UK). Cultures were maintained at 

37°C in a humidified atmosphere of 5% (v/v) CO2.  
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Continuous growth was permitted by pre-confluence enzymatic 

dissociation with trypsin (Invitrogen), an enzyme that hydrolyzes 

proteins in the extracellular matrix. After dissociation, cells were 

ressuspended and redistributed in new flasks or plates. Cell lines were 

stored in aliquots of cells frozen in 90 % (v/v) FCS (Invitrogen) and 

10 % (v/v) DMSO (Sigma-Aldrich), a cryoprotectant that prevents the 

formation of ice crystals during the freezing process.  

 

2.2. Transfection using cationic lipossomes 

BHK cells were stably transfected with 2 μg of plasmid DNA using 

the Lipofectin® reagent (Invitrogen), a cationic liposome formulation 

that forms DNA complexes that fuse with the cell membrane, and 

selected, 48 h after transfection, for stable transfectants with 

methotrexate (500 μM) in the culture medium. Individual clones were 

isolated at 10-15 days in the selection medium. 

 

2.3. RT-PCR 

Total RNA was isolated using the RNeasy extraction kit (Qiagen, 

Hilden, Germany) according to the manufacturer's instructions. Total 

RNA concentration was determined by measurement of A260 and was 

treated with 1 U of RNAse-free DNAse I (Invitrogen) for 1h min at 37ºC 

to eliminate contamination with genomic DNA. RNA was annealed to 

100 pmol of random hexamers (Invitrogen) and the mixture was 

incubated 10 min at 60°C and then chilled on ice. Following the 

addition of 5x first strand buffer (250 mM Tris-HCI pH 8.3, 375 mM KCI, 

15 mM MgCI2) (Invitrogen), 0.1 M DTT (Invitrogen), 25 mM dNTP mix 

(Amersham Biosciences, Uppsala, Sweden) and 20 U RnaseOut 

(Invitrogen), contents were incubated 2 min at 42°C. SuperScript II 

RNaseH- reverse transcriptase (200 U; Invitrogen) was added and the 
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final mixture was incubated 60 min at 42°C. The reaction was stopped 

by heating at 70°C for 15 min. The PCR amplification of the cDNA 

products was carried out in a reaction that contained 5 μI of cDNA, 

PCR buffer (100 mM Tris-HCI pH 8.3, 500 mM KC1, 15 mM MgCl2, 

0.01 % (w/v) gelatin) (Perkin Elmer, Norwalk, CT, USA), 25 mM dNTP 

mix (Amersham), 10 pmol of each primer and 1 U Taq polymerase 

(Perkin Elmer) or 1.5 U Pfu turbo polymerase (Stratagene). 

 

Two sets of primers were used for the PCR amplification, namely: 

− human CFTR primers amplifying a fragment spanning from 

exon 8 to 10 (391 bp fragment): forward primer B3R 5’-AATGTAACA 

GCCTTCTGGGAG-3’ (1318-1338 of human CFTR mRNA) and 

reverse primer C16D 5’-GTTGGCATGCTTTGATGACGCTTC-3’ 

(1685-1708); 

− human β-actin primers amplifying a fragment spanning from 

exon 8 to 10 (227 bp fragment): forward primer 5'-

GCACTCTTCCAGCCTTCC-3’ (positions 852-869 of human β-actin 

mRNA, GenBank Accession Number BC014861) and reverse primer 

5’-GCGCTCAGGAGGAGCAAT-3’ (1079-1062). 

 

For the mammalian CFTR and human β-actin set of primers, cDNA 

samples were heated at 94°C for 5 min and then subjected to 30 

amplification cycles of denaturation at 94°C for 1 min, primer annealing 

at 60°C for 1 min, and extension at 72ºC for 2 min. To compare 

expression of CFTR in the different clones in relation to that of β-actin, 

samples were collected at the exponential phase of the PCR reaction. 

For the reactions with human CFTR, samples were collected at 16, 18, 

20, 22 and 24 cycles, followed by a final extension at 72°C for 12 min. 

For the reactions with human β-actin, samples were collected at 24, 26, 

28 and 30 cycles, followed by a final extension at 72°C for 12 min. 

DNA fragments were visualized after agarose gel electrophoresis 
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separation and by staining of the gels with ethidium bromide. The 

following negative controls were included: water instead of RNA, no 

reverse transcriptase.  

  

2.4. Preparation of total protein extracts 
 
 For Western blot (WB), protein extracts were prepared by cell lysis 

with sample buffer (1.5 % (w/v) SDS; 5 % (v/v) glycerol; 0.01 % (w/v) 

bromophenol blue; 0.05 mM dithiotreitol; 0.095 M Tris pH 6.8) and 

DNA was sheared by passing the sample first through a 22G and then 

a 27G needle until viscosity decreased or sheared by enzymatic action 

of 5U of benzonase (Sigma-Aldrich) in the presence of MgCl2 2.5mM. 

 Total protein concentration in different samples was assessed by a 

modified Lowry protein assay. Proteins were solubilized with 0.15% 

(w/v) sodium deoxycholate for 10 min at RT. Samples were then 

precipitated with 72% (w/v) trichloroacetic acid and centrifuged at 

14000 g for 5 min. The supernatant was removed and the pellet was 

resuspended in water and Reagent A (0.1 g/l CuSO4.5H20; 0.2 g/l 

potassium tartarate; 10 g/l Na2CO3; 2.5% (w/v) SDS; 0.2 M NaOH) 

followed by 10 min incubation at RT. Finally, Reagent B (Folin-

Ciocalteau Reagent diluted 5-fold in water) was added followed by 

incubation for 30 min. Protein concentration was determined by 

measurement of A750 and comparison with regression line obtained for 

protein standards. 

 

2.5. Western blot  
 Total protein was quantified by modified Lowry method (see above) 

and protein extracts were separated by SDS-polyacrylamide gel 

electrophoresis (PAGE) on 7 % (w/v) mini-gels, followed by transfer 

onto nitrocellulose filters (Schleicher & Schuell, Dassel, Germany). 
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After blocking with 5 % (w/v) skimmed milk in PBS containing 0.1% 

(v/v) Tween (PBST) for 2 h, the filters were probed with M3A7 anti-

CFTR monoclonal antibody (Cat No. MAB 3480; Chemicon, Temecula, 

Ca, USA), diluted 1:3000 for 2 h at RT in 5% (w/v) milk-PBST or with 

the A4700 anti-actin monoclonal antibody (Sigma-Aldrich), diluted 

1:1000 for 2 h at RT in 5% (w/v) milk-PBST, and a secondary 

horseradish peroxidase-conjugated anti-mouse IgG antibody at 1:3000 

(Amersham) for 1 h at RT in 5% (w/v) milk-PBST. Blots were 

developed using the SuperSignal® West Pico Chemiluminescent 

Substrate detection system (Pierce, Rockford, IL, USA). 

 

2.6. Pulse-Chase and Immunoprecipitation 
 For pulse-chase experiments, BHK cells were starved for 30 min in 

methionine-free α-modified Eagle’s medium (Invitrogen). Cells were 

then pulse-labelled in the same medium supplemented with 150 μCi/ml 

[35S]-methionine (PerkinElmer, Boston, MA, USA). After chasing for 

times indicated in the figures in DMEM-F12 medium(Invitrogen) 

supplemented 1 mM non-radioactive methionine (Sigma-Aldrich), cells 

were lysed in 1 ml RIPA buffer (1% (w/v) deoxycholic acid (Sigma-

Aldrich), 1% (v/v) Triton X-100 (Pharmacia Biotech, GE Healthcare, 

Chalfont St. Giles, UK); 0.1% (w/v) SDS (Invitrogen); 50 mM Tris, pH 

7.4 (Sigma-Aldrich) and 150 mM NaCl (Sigma-Aldrich)) supplemented 

with a cocktail of protease inhibitors (Roche, Basel, Switzerland). 

Immunoprecipitation was performed on samples after centrifugation at 

14000 g for 30 min: The supernatant was incubated overnight (o/n) 

with 1.5 μg of anti-CFTR M3A7 antibody and Protein-G agarose beads 

(25 μg) (Roche) at 4 ºC. Beads were washed 3 times using 1 ml RIPA 

buffer and protein was eluted by adding 60 μl sample buffer (see 

above) for 1 h at RT. Samples were electrophoretically separated on 

7% (w/v) polyacrylamide gels. Gels were pre-fixed (30% (v/v) methanol, 
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10% (v/v) acetic acid) for 30 min, washed thoroughly in water and then 

soaked in 1 M sodium salicylate for 1 h for fluorography. After drying at 

80ºC under vacuum for 2 h, gels were exposed to X-ray films (Fuji, 

Tokyo, Japan).  

 Densitometry was performed on fluorograms of gels by 

digitalization (Sharp JX-330, Amersham) and integrated peak areas 

were determined using ImageQuant TL software (GE Healthcare, 

Uppsala, Sweden). 

 Quantitative results are shown as means ± SEM of n observations. 

To compare two sets of data, we used Student’s t test. Differences 

were considered as significant for p values < 0.05. 

 

2.7. Immunocytochemistry  

Cells were grown on 8-well chamber slides (Nalgen Nunc, Roskilde, 

Denmark) at 37ºC for 48h, rinsed twice with cold PBS and fixed in 4% 

(v/v) formaldehyde, 3.7% (w/v) sucrose in PBS for 30 min at 4°C. After 

two washes with PBS, cells were permeabilized with 0.2% (v/v) Triton 

X-100 in PBS for 20 min, washed 3 times in PBS, and incubated for 1h 

at RT or overnight at 4°C with 24-1 anti-CFTR monoclonal antibody 

(R&D Systems, Minneapolis, MN, USA). Cells were then washed 3 

times with PBS and incubated with FITC-conjugated anti-mouse IgG 

(Jackson ImmunoResearch Laboratories, Baltimore, MD, USA) diluted 

at 1:100 for 45 min at RT. The slides were mounted with Vectashield 

(Vector Laboratories, Burlingame, CA, USA) containing DAPI (Sigma-

Aldrich). Immunofluorescence staining was observed in microscope 

Leica TCS SPE (Leica, Jenha, Germany). 
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Chapter III – Results  
 

1.   Analysis of the role of the Casein Kinase 
II in the Biogenesis and Trafficking of 
CFTR 

 

 The physiological relevance of phosphorylation in CFTR trafficking 

has been a recent subject of interest. In particular, the presence of 

putative phosphorylation sites for CK2 at residues S422, S512 and 

T1471 have been mentioned in the studies that predict a possible role 

of CK2 in the traffic of CFTR. 

In 2005, Treharne et al propose that the presence of a CK2 site in 

the close vicinity S511 could have a special importance in the structure 

and processing of CFTR (Treharne et al., 2005). However, more 

recently, Pagano et al, using in vitro experiments,  failed to detect the 

phosphorylation of S511 residue by CK2 either in wt or F508del-CFTR 

NBD1 (Pagano et al., 2008). Alternatively, Pagano describe other 

putative phosphorylation site, S422, in hNBD1 that is effectively 

phosphorylated by CK2 catalytic α-subunit (Pagano et al., 2008). 

Furthermore, the C-terminus of CFTR contains a well-conserved 

cluster of acidic residues immediately upstream of the PDZ-binding 

motif. In 2006, Ostedgaard showed that in this acidic cluster exists a 

consensus motif for phosphorylation by CK2, T1471 (Ostedgaard et al., 

2006).  

For these reasons, substitution of these consensus residues for 

phosphorylation by either a neutral residue (alanine) or a negatively-

charged one (aspartate) can be of valuable help in the clarification of 

CK2 role upon early events of CFTR traffic. Although both these 

substitutions correspond to non-phosphorylatable residues, the 
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presence of an alanine mimics the non-phosphorylated state whereas 

the negative charge of the aspartate residue mimics the 

phosphorylated serine residue. 

 

With this approach, we expect firstly to elucidate if CK2 play an 

important role for CFTR trafficking and to clarify how these residues 

affect the efficiency of CFTR processing on a wt- background.  

We also expect to clarify whether the substitution of residues 

affects the retention of F508del-CFTR at the ER and its conversion 

into a mature protein, or vice-versa. 

 

The effect of the mutation of these putative CK2 sites on full-length 

CFTR turnover and processing was studied by metabolic pulse-chase 

experiments. 
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1.1. CFTR Turnover and Processing under CK2 

Inhibition 

Firstly, we assessed the effects of CK2 inhibition in CFTR 

trafficking to the plasma membrane. For this, cells were incubated for 

90 min with the CK2 inhibitor TBB (4,5,6,7-tetrabromobenzotriazole) 

before performing pulse-chase experiment always in the presence of 

the inhibitor. The results are shown in the following figure (Figure 3.1). 
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Figure 3.1 – Inhibition of CK2 by TBB. BHK cells stably expressing wt- 
and F508del-CFTR, previously incubated with TBB (20μM) for 90 min,  were 
radiolabelled with [35S]-methionine and chased for 0h, 0.5h, 1h, 2h and 3h 
followed by immunoprecipitation with anti-CFTR M3A7 antibody. Following 
electrophoretic separation and fluorography, immature (band B) and mature 
(band C) forms of CFTR were quantified with the ImageQuant software. 
Turnover of the core-glycosylated form (band B) of wt- (panel C and D) is 
shown as the ratio between P, the amount of band B at time t, and P0, the 
amount of band B at the start of the chase (i.e. at the end of pulse). The 
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efficiency of conversion of the core-glycosylated form (band B) into the fully-
glycosylated form of wt-CFTR (band C) was also estimated for wt-CFTR 
(panel C) and determined as the percentage of band C at time t relative to the 
amount of band B at the start of the chase (P0). Symbols and error bars are 
means ± standard deviation of n=3 values at each time point [This data were 
obtained by Carlos Farinha, included with permission]. 

 
 
Results in Figure 3.1 show that the TBB treatment increases the 

turnover of immature wt-CFTR and decreases its efficiency of 

processing into the mature form (Figure 3.1 A, C and E). On the other 

hand, CK2 inhibition by TBB does not produce any detectable effect 

upon the turnover of immature F508del-CFTR. 

 

1.2. Consensus Sites in CFTR for CK2 

Phosphorylation 

As we have found that CK2 inhibition affects wt-CFTR processing, 

our following aim was to investigate the molecular mechanism for this 

effect. 

For this, we first screened CFTR sequence in order to identify 

consensus sites for CK2 phosphorylation. 

As shown before, the consensus phosphorylation site for CK2 is 

composed by a serine or threonine residue specified by an acidic side 

chain at position n + 3 (S/T-x-x-E/D/pS) (Figure 3.2).  

 

With this analysis, we detected the presence of 21 putative 

phosphorylation sites for CK2 in CFTR: S4; T360; T386; S422; T501; 

S511; T582; S605; T629; S678; T803; T816; T990; T1121; T1149; 

T1211; T1263; S1311; S1326; S1442; S1471. 
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Figure 3.2 – Putative CK2 phostorylation sites in CFTR 

 

From this identification of putative phosphorylation sites, we chose 

four specific sites for the first approach: 

− The S511 residue was chosen due to its close vicinity to the 

site of the most common CF-causing mutation, and assuming 

that CK2 may be involved in the cascade of events that 

recognize and target the mutant to ER-associated 

degradation; 

− The T1471 residue was chosen due to its proximities to the C-

terminus of CFTR, described as one of the hot-spots for 

protein interactions in its structure; 

− The S422 was chosen as it was recently described as 

effective targets for Ck2 phosphorylation in hCFTR-NBD1 

(Pagano et al., 2008). 

 

The following step was to mutate CFTR sequence at these 

specific sites to an alanine (A) or an aspartic acid (D) as mentioned 

before, these two aminoacids were used because the neutral alanine 

   1 mqrsplekas vvsklffswt rpilrkgyrq rlelsdiyqi psvdsadnls eklerewdre 
  61 laskknpkli nalrrcffwr fmfygiflyl gevtkavqpl llgriiasyd pdnkeersia 
 121 iylgiglcll fivrtlllhp aifglhhigm qmriamfsli ykktlklssr vldkisigql 
 181 vsllsnnlnk fdeglalahf vwiaplqval lmgliwellq asafcglgfl ivlalfqagl 
 241 grmmmkyrdq ragkiserlv itsemieniq svkaycweea mekmienlrq telkltrkaa 
 301 yvryfnssaf ffsgffvvfl svlpyalikg iilrkiftti sfcivlrmav trqfpwavqt 
 361 wydslgaink iqdflqkqey ktleynlttt evvmenvtaf weegfgelfe kakqnnnnrk 
 421 tsngddslff snfsllgtpv lkdinfkier gqllavagst gagktsllmv imgelepseg 
 481 kikhsgrisf csqfswimpg tikeniifgv sydeyryrsv ikacqleedi skfaekdniv 
 541 lgeggitlsg gqrarislar avykdadlyl ldspfgyldv ltekeifesc vcklmanktr 
 601 ilvtskmehl kkadkililh egssyfygtf selqnlqpdf ssklmgcdsf dqfsaerrns 
 661 iltetlhrfs legdapvswt etkkqsfkqt gefgekrkns ilnpinsirk fsivqktplq 
 721 mngieedsde plerrlslvp dseqgeailp risvistgpt lqarrrqsvl nlmthsvnqg 
 781 qnihrkttas trkvslapqa nlteldiysr rlsqetglei seeineedlk ecffddmesi 
 841 pavttwntyl ryitvhksli fvliwclvif laevaaslvv lwllgntplq dkgnsthsrn 
 901 nsyaviitst ssyyvfyiyv gvadtllamg ffrglplvht litvskilhh kmlhsvlqap 
 961 mstlntlkag gilnrfskdi ailddllplt ifdfiqllli vigaiavvav lqpyifvatv 
1021 pvivafimlr ayflqtsqql kqlesegrsp ifthlvtslk glwtlrafgr qpyfetlfhk 
1081 alnlhtanwf lylstlrwfq mriemifvif fiavtfisil ttgegegrvg iiltlamnim 
1141 stlqwavnss idvdslmrsv srvfkfidmp tegkptkstk pykngqlskv miienshvkk 
1201 ddiwpsggqm tvkdltakyt eggnaileni sfsispgqrv gllgrtgsgk stllsaflrl 
1261 lntegeiqid gvswdsitlq qwrkafgvip qkvfifsgtf rknldpyeqw sdqeiwkvad 
1321 evglrsvieq fpgkldfvlv dggcvlshgh kqlmclarsv lskakillld epsahldpvt 
1381 yqiirrtlkq afadctvilc ehrieamlec qqflvieenk vrqydsiqkl lnerslfrqa 
1441 ispsdrvklf phrnsskcks kpqiaalkee teeevqdtrl 
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residue will mimic an un-phosphorylated state whereas the negative 

aspartic acid residue well mimic the phosphorylated state.  

 

1.3. Site Directed Mutagenesis 

The mutagenesis reactions were performed using the Quick 

Change sit directed mutagenesis method (Chapter 2, section 1.4). 

After bacterial transformation and plasmid DNA purification, the full 

coding reference of CFTR was screened for the presence of the 

specific mutations to be introduced and the absence of any others. 

 

 

 
 

 

Figure 3.3: Results from sequencing analysis CFTR exon 9 from 
pNUT wt bearing S422A or S422D mutations. The red inset highlights the 
mutation site. The presented region corresponds to the one of the specific 
mutation to be inserted. 
 

wt S422A 

wt S422D 



Results 
 

45 

 

 
 

 
 

 
 

 
Figure 3.4: Results from sequencing analysis CFTR exon 10 from pNUT 
wt or F508del bearing S11A or S511D mutations. The red inset highlights 

the mutation site and the black bar localize F508del mutation. The presented 

region corresponds to the one of the specific mutation to be inserted. 

wt S511A 

F508 del S511A 

wt S511D 

F508 del S511D 
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Figure 3.5: Results from sequencing analysis CFTR exon 24 from pNUT 
wt or F508del bearing T1471A or T1471D mutations. The red inset 
highlights the mutation site. The presented region corresponds to the one of 
the specific mutation to be inserted. 

wt T1471A 

F508 del T1471A 

wt T1471D 

F508 del T1471D 
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Figures 3.3 confirm the introduction of the S422A and S422D 

mutation in wt-CFTR cDNA. Additionally, figures 3.4 and 3.5 confirm 

the introduction of the S511A, S511D, T1471A and T1471D mutation 

in both wt- and F508 del-CFTR cDNA. Analysis of the full sequence 

confirmed the absence of any other mutations (data not shown). 

 

1.4.  Production of stable cell lines 

After production of CFTR cDNA bearing the mutation under study, 

these were used to stable transfect BHK cells in order to produce new 

cell lines stably expressing the new CFTR variants. Expression of 

CFTR in methotrexate selected clonal cells was analysed by western 

blot. Figure 3.6 and 3.7 present the result of western blot analysis of 

the stable transfectants. Clones with higher levels of expression were 

chosen for further analysis. 

 

Clone 4 for S511A-CFTR expressing cells (figure 3.6, panel A, lane 

5), clone 5 for F508del-S511A-CFTR expressing cells (figure 3.6, 

panel B, lane 6), clone 2 for S511D-CFTR expressing cells (figure 3.6, 

panel C, lane 3) and clone 8 for F508del-S511D-CFTR expressing 

cells (figure 3.6, panel D, lane 9), clone 3 for T1471D-CFTR 

expressing cells (figure 3.7, panel A, lane 6) and clone 3 for F508del-

T1471D-CFTR expressing cells (figure 3.7, panel B, lane 6) were 

chosen for further analysis. 
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Figure 3.6:  CFTR protein analysis in different clones of BHK cell 
lines stable expressing S511A (panel A), F508del-S511A- (panel B), 
S511D (panel C), F508del-S511D-CFTR(panel D). WB was performed with 
M3A7 (Chemicon) antibody. Panel A: lane 1 – BHK wt-CFTR; lanes 2 to 8 – 
clones expressing S511A-CFTR (clones 1 to 7 respectively); lane 9 – pool of 
the clones expressing S511A-CFTR. Panel B: lane 1 – BHK wt-CFTR; lanes 
2 to 7 – clones expressing F508del-S511A-CFTR (clones 1 to 6 respectively); 
lane 8 – pool of the clones expressing F508del-S511A-CFTR; lane 9 – BHK 
F508del-CFTR. Panel C: lane 1 – BHK wt-CFTR; lanes 2 to 11 – clones 
expressing S511D-CFTR (clones 1 to 10 respectively); lane 12 – pool of the 
clones expressing S511D-CFTR. Panel D: lane 1 – BHK wt-CFTR; lanes 2 to 
9 – clones expressing F508del-S511D-CFTR (clones 1 to 8 respectively); lane 
10 – pool of the clones expressing F508del-S511D-CFTR; lane 11 – BHK 
F508del-CFTR. [This data were obtained by Carlos Farinha, included with 
permission]. 
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Figure 3.7:  CFTR protein analysis in different clones of BHK cell 
lines stable expressing T1471D (panel A) and F508del-T1471D-CFTR 
(panel B). WB was performed with M3A7 (Chemicon) antibody. Panel A: lane 
1 – BHK wt-CFTR; lane 2 – BHK F508del-CFTR; lanes 3 – pool of the clones 
expressing T1471D-CFTR; lane 4 to 7 – clones expressing T1471D-CFTR 
(clones 1 to 4 respectively). Panel B: lane 1 – BHK wt-CFTR; lane 2 – BHK 
F508del-CFTR; lanes 3 – pool of the clones expressing F508del-T1471D-
CFTR; lane 4 to 11 – clones expressing F508del-T1471D-CFTR (clones 1 to 
8 respectively). 

 

 

Choice of the clones to be used in subsequent studies was also 

validated by analysis of expression of mRNA CFTR. For this, mRNA 

was isolated from the cell lines and used as a template for cDNA 

synthesis. PCR for CFTR was performed at exponential phase along 

with amplification of actin cDNA as internal control. 

 

Observation of figures 3.8 confirm that equivalent levels of CFTR 

mRNA were being expressed among BHK cells stably expressing 

S511A-, S511D-, F508 del-S511A- and F508 del-S511D-CFTR. 
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Figure 3.8 – RT-PCR with RNA samples from the 4 stable transfected 

cell lines expressing S511A- (Lane 1), S511D- (Lane 2), F508del-S511A- 
(Lane 3) or F508del-S511D-CFTR (Lane 4). Amplification of both CFTR 
(391bp) and β-actin (359bp) was performed at the exponential phase of the 
PCR. Lane 5– negative control. [This data were obtained by Carlos Farinha, 
included with permission]. 

 
 
 

1.5. Analysis of CFTR Proteins bearing 

S511A/D and T1471A/D mutations 

 
1.5.1. Steady-state levels of CFTR 

Steady-state levels of CFTR protein in the new cell lines were 

analysed by Western blot. From this approach, we can perceive 

whether the presence of the inserted mutation affects or not the total 

expression of the protein when compared with BHK-wt or BHK-

F508del cell lines, as well the relative amounts of the two forms for the 

protein detected. Figure 3.9 presents the results from WB analysis. 

 

When WB is used to investigate the steady-state levels and/or 

processing of CFTR, two different forms of wt-CFTR protein are 

visualized (Figure 3.9, panel A, lane 1) – the immature form (band B) 

and the mature fully-processed one (band C).  
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Figure 3.9- Steady-state levels of CFTR protein determined by 

Western blot analysis (for wt-CFTR based proteins, 30 μg of total protein 
were loaded and for F508del-CFTR expressing lines, 60 μg were loaded). 
Panel A – Western blot to analyse BHK cells expressing wt or F508del CFTR 
bearing either S511A or S511D mutations: lane 1 – BHK wt-CFTR; lane 2 and 
3 – BHK wt S511A and S511D -CFTR, respectively; lane 4 – BHK F508del 
CFTR; lane 5 and 6 – BHK F508del S511A and S511D -CFTR, respectively. 
Panel B – Western blot to analyse BHK cells expressing wt or F508del CFTR 
bearing either T1471A (only wt-) or T1471D mutations: lane 1 – BHK wt-
CFTR; lane 2 – BHK F508del CFTR; lane 3 – BHK wt T1471A-CFTR; lane 4 – 
BHK wt T1471D-CFTR; lane 5 – BHK F508del T1471D-CXFTR. [Panel A data 
were obtained by Carlos Farinha, included with permission]. 

 

 

Figure 3.9 panel A shows that CFTR protein bearing either S511A 

or S511D is processed to band C. The relative amounts of the two 

forms seem to be unaffected by the presence of the mutations. 

Additionally, the presence of either mutation in cis with F508del does 

not lead to the appearance of mature protein (Figure 3.9, panel A lane 

5 and 6). Curiously the presence of the S511A either on the wt- or the 

F508 del background significantly (and consistently) decreases the 

steady-state levels of CFTR (as compared with the levels of β-actin 

used here as a loading control). 

 

However, the presence of T1471D, although not affecting the 

steady-state levels on the processing of F508 del-CFTR, completely 

impairs the processing of wt-CFTR, as can be observed in Figure 3.9, 

panel B lane 4. Interestingly, presence of T1471A mutation in the wt 



Chapter III 
 

52 

background does not affect appearance of band C (mature) CFTR 

(Figure 3.9, panel B lane 3). 

 

 

1.5.2. Turnover and processing of CFTR bearing 

S511 and T1471 mutants 
To assess the effects of these additional mutations upon the 

turnover of CFTR band B and its efficiency of processing into band C, 

pulse-chase experiments followed by CFTR IP were used (see 

Chapter 2).   

 

S511 Mutants 

Data from pulse-chase experiment with CFTR variants bearing 

S511 mutations are presented in Figure 3.10 (over page). 

 

Analysis of results show that no significant changes were observed 

neither in the turnover rate of band B for wt-CFTR variants nor in the 

efficiency of processing into band C. 

The same approach was used for CFTR carrying the S511 mutants 

in cis  with F508del (Figure 3.11, page 54). 

 

As observed for wt-CFTR based variants, results show that there 

are no significant changes in the turnover rate of band B for either 

F508del-CFTR variants. 
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Figure 3.10: Turnover and processing of CFTR bearing the S511A/D 

mutations. BHK cells stably expressing wt-, S511A- or S511D-CFTR  were 
radiolabelled with [35S]-methionine and chased for 0h, 0.5h, 1h, 2h and 3h 
followed by immunoprecipitation with anti-CFTR M3A7 antibody. 
Electrophoresis, fluorography and (B and C) quantification were performed as 
previously describe.Symbols and error bars are means ± standard deviation 
of n=3 values at each time point. [This data were obtained by Carlos Farinha, 
included with permission]. 
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Figure 3.11: Turnover and processing of CFTR bearing the S511A/D 

mutations. BHK cells stably expressing F508del, F508del-S511A- or 
F508del-S511D-CFTR (A) were radiolabelled with [35S]-methionine and 
chased for 0h, 0.5h, 1h, 2h and 3h followed by immunoprecipitation with anti-
CFTR M3A7 antibody. Electrophoresis, fluorography and (B and C) 
quantification were performed as previously describe. Symbols and error bars 
are means ± standard deviation of n=3 values at each time point. [This data 
were obtained by Carlos Farinha, included with permission]. 

 

T1471 Mutants 

Pulse-chase experiments were also performed for CFTR variants 

with T1471 mutation in F508del background (Figure 3.12). 

 

Results in Figure 3.12 show that presence of T1471D slightly 

increases the turnover of F508 del-CFTR. 
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Figure 3.12: Turnover and processing of F508del-CFTR bearing the 

T1471D mutation. BHK cells stably expressing F508del or F508del-T1471D-
CFTR were radiolabelled with [35S]-methionine and chased for 0h, 0.5h, 1h, 
2h and 3h followed by immunoprecipitation with anti-CFTR M3A7 antibody. 
Electrophoresis, fluorography and (B) quantification were performed as 
previously describe. Symbols and error bars are means ± standard deviation 
of n=5 values a each time point. 

 

 

 

In conclusion, the substitution of serine at position S511 to either 

aspartic acid (phosphomimic) or alanine (nonphosphomimic) does not 

affect the turnover of either wt- or F508del-CFTR nor the processing of 

wt-CFTR. However the substitution of a threonine at position 1471 to 

aspartic acid slightly increases the turnover of F508 del-CFTR. 
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1.5.3. Intracellular localization of CFTR variants 
Intracellular localization of CFTR bearing S511 or T1471 mutations 

either alone or in cis with F508 del-CFTR was assessed by 

immunocytochemistry of BHK cells stably expressing each variant 

(Figure 3.13).  

 

Observation of Figure 3.13 shows that the localization of the CFTR 

variants analysed is in agreement with the steady-state CFTR protein 

levels. 

BHK cells stably expressing S511A- (B), S511D- (C), and T1471A-

CFTR (E) have the same immunolocalization pattern as wt-CFTR (A) 

showing the typical membrane staining. F508del-S511A- (G), F508del-

S511D (H), T1471D- (D) and F508del-T1471D-CFTR (I) present the 

typical perinuclear staining pattern typical of F508del-CFTR(F). 
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2. Analysis of the role of the Spleen Tyrosine 
Kinase in the Biogenesis and Trafficking 
of CFTR 

 

In addition to the studies that were performed to characterize a 

hypothetical role of CK2 in the traffic of CFTR. 

L Pinna showed that there is a very interesting putative target for 

SYK located in position 512 of CFTR sequence, Y512. This possible 

phosphorylation will create a negative charge close to F508. The 

presence of this negative charge also weakens the possible interaction 

of this region with CK2. In this way, cross-talks between CK2 and SYK 

may have a role in CFTR trafficking ((Brunati et al., 1995);(Pinna, 

2006)). 

 

So, we expect to determine how phosphorylation of CFTR by SYK 

affects CFTR trafficking or eventually the relation between CFTR and 

CK2. For the analysis of this putative SYK phosphorylation site, we 

used the same approach that was used for the analysis of CK2 sites. 

 

 

 

A
B

C
D

E

I
H

G
F



Results 
 

59 

2.1. Consensus Sites in CFTR for SYK 

Phosphorylation 

We first screened CFTR sequence in order to identify consensus 

sites for SYK phosphorylation. 

As shown before the consensus phosphorylation site for SYK is 

composed by a tyrosine following to tow negative residues (Y-E/D-E/D-

X) (Figure 3.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 – Putative SYK phosphorylation site in CFTR 
 

From this identification of putative phosphorylation sites, we only 

found one putative phosphorylation site for SYK in CFTR sequence 

thus correspond to threonine residue at position 512 once more in 

clone vicinities to the F508 residue. 

The following step was to mutate CFTR sequence at this specific 

site to either an A or a D. 

 

   1 mqrsplekas vvsklffswt rpilrkgyrq rlelsdiyqi psvdsadnls eklerewdre 
  61 laskknpkli nalrrcffwr fmfygiflyl gevtkavqpl llgriiasyd pdnkeersia 
 121 iylgiglcll fivrtlllhp aifglhhigm qmriamfsli ykktlklssr vldkisigql 
 181 vsllsnnlnk fdeglalahf vwiaplqval lmgliwellq asafcglgfl ivlalfqagl 
 241 grmmmkyrdq ragkiserlv itsemieniq svkaycweea mekmienlrq telkltrkaa 
 301 yvryfnssaf ffsgffvvfl svlpyalikg iilrkiftti sfcivlrmav trqfpwavqt 
 361 wydslgaink iqdflqkqey ktleynlttt evvmenvtaf weegfgelfe kakqnnnnrk 
 421 tsngddslff snfsllgtpv lkdinfkier gqllavagst gagktsllmv imgelepseg 
 481 kikhsgrisf csqfswimpg tikeniifgv sydeyryrsv ikacqleedi skfaekdniv 
 541 lgeggitlsg gqrarislar avykdadlyl ldspfgyldv ltekeifesc vcklmanktr 
 601 ilvtskmehl kkadkililh egssyfygtf selqnlqpdf ssklmgcdsf dqfsaerrns 
 661 iltetlhrfs legdapvswt etkkqsfkqt gefgekrkns ilnpinsirk fsivqktplq 
 721 mngieedsde plerrlslvp dseqgeailp risvistgpt lqarrrqsvl nlmthsvnqg 
 781 qnihrkttas trkvslapqa nlteldiysr rlsqetglei seeineedlk ecffddmesi 
 841 pavttwntyl ryitvhksli fvliwclvif laevaaslvv lwllgntplq dkgnsthsrn 
 901 nsyaviitst ssyyvfyiyv gvadtllamg ffrglplvht litvskilhh kmlhsvlqap 
 961 mstlntlkag gilnrfskdi ailddllplt ifdfiqllli vigaiavvav lqpyifvatv 
1021 pvivafimlr ayflqtsqql kqlesegrsp ifthlvtslk glwtlrafgr qpyfetlfhk 
1081 alnlhtanwf lylstlrwfq mriemifvif fiavtfisil ttgegegrvg iiltlamnim 
1141 stlqwavnss idvdslmrsv srvfkfidmp tegkptkstk pykngqlskv miienshvkk 
1201 ddiwpsggqm tvkdltakyt eggnaileni sfsispgqrv gllgrtgsgk stllsaflrl 
1261 lntegeiqid gvswdsitlq qwrkafgvip qkvfifsgtf rknldpyeqw sdqeiwkvad 
1321 evglrsvieq fpgkldfvlv dggcvlshgh kqlmclarsv lskakillld epsahldpvt 
1381 yqiirrtlkq afadctvilc ehrieamlec qqflvieenk vrqydsiqkl lnerslfrqa 
1441 ispsdrvklf phrnsskcks kpqiaalkee teeevqdtrl 
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2.2. Site Directed Mutagenesis 

The mutagenesis reactions were performed using the Quick 

Change sit directed mutagenesis method (Chapter 2, section 1.4). 

After bacterial transformation and plasmid DNA purification, the full 

coding reference of CFTR was screened for the presence of the 

specific mutations to be introduced and the absence of any others 

(Figure 3.15). 

 

 
 

 
 

 
Figure 3.15: Results from sequencing analysis CFTR exon 10 from pNUT 
wt or F508del bearing Y512A or Y512D mutations. The red inset highlights 
the mutation site and the black bar localize F508del mutation. The presented 
region corresponds to the one of the specific mutation to be inserted. 

wt Y512A 

F508 del Y512A 

wt Y512D 
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Figure 3.15 confirms the introduction of the Y512A and Y512D 

mutation in wt-CFTR cDNA and of the Y512A mutation in the F508del 

CFTR-cDNA. Analysis of the full sequence confirmed the absence of 

any other mutations. 

 

2.3.  Production of stable cell lines 

After production of CFTR cDNAs bearing the mutation under study, 

once again these were used to stable transfect BHK cells in order to 

produce new cell lines expressing the new CFTR variants. Expression 

of CFTR in methotrexate selected clonal cells was analysed by 

western blot. Figure 3.16 (over page) presents the results of western 

blot analysis of the stable transfectants. Clones with higher levels of 

expression were chosen for further analysis.  

 

Clone 8 for Y512A-CFTR expressing cells (Figure 3.16, panel A, 

lane 11), clone 5 for Y512D expressing cells (Figure 3.16, panel C, 

lane 8) and clone 4 for F508del-Y512A-CFTR expressing cells (Figure 

3.16, panel B, lane 7) were chosen for further analysis.  
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Figure 3.16: CFTR protein analysis in different clones of BHK cell 

lines stable expressing Y512A (panel A), F508del-Y512A-CFTR (panel B) 
and Y512D (panel C). WB was performed with M3A7 (Chemicon) antibody. 
Panel A: lane 1 – BHK wt-CFTR; lane 2 – BHK F508del-CFTR; lanes 3 – pool 
of the clones expressing Y512A; lane 4 to 12 – clones expressing Y512A 
(clones 1 to 9 respectively). Panel B: lane 1 – BHK wt-CFTR; lane 2 – BHK 
F508del-CFTR; lanes 3 – pool of the clones expressing F508del-Y512A-
CFTR; lane 4 to 12 – clones expressing F508del-Y512A-CFTR (clones 1 to 9 
respectively). Panel C: lane 1 – BHK wt-CFTR; lane 2 – BHK F508del-CFTR; 
lanes 3 – pool of the clones expressing Y512D-CFTR; lane 4 to 11 – clones 
expressing Y512D-CFTR (clones 1 to 8 respectively). 
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2.4. Analysis of CFTR Proteins bearing 

Y512A/D mutations 

 
2.4.1. Steady-state levels of CFTR 

As for analysis of CFTR proteins bearing the mutations in the 

putative CK2 phosphorylation sites, steady-state levels of CFTR 

protein in the new cell lines were analysed by western blot. Figure 3.17 

presents the results from WB analysis. 
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Lane 1        2         3        4         5
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Figure 3.17- Steady-state levels of CFTR protein determined by 

Western blot analysis of BHK cells expressing wt or F508del CFTR 
bearing Y512A and bearing wt-Y512D-CFTR mutations (for wt-CFTR 
based proteins, 30 μg of total protein were loaded and for F508del-CFTR 
expressing lines, 60 μg were loaded). Legend: lane 1 – BHK wt-CFTR; lane 2 
and 3 – BHK wt Y512A and Y512D -CFTR, respectively; lane 4 – BHK 
F508del CFTR; lane 5 – BHK F508del Y512A -CFTR.  

 

Figure 3.17 shows that CFTR protein bearing either Y512A or 

Y512D is processed to band C. However, the relative amounts of the 

mature form seem to be affected by the presence of the mutations, 

showing a decrease in the steady-state levels of fully processed CFTR 

(as compared with the levels of β-actin used here as a loading control). 

Additionally, the presence of Y512A mutation in cis with F508del does 

not lead to the appearance of mature protein nor affects steady-state 

levels of immature CFTR (Figure 3.17, lane 5).  
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2.4.2. Turnover and processing of CFTR bearing 

Y512 and mutants 
To assess the effects of these additional mutations upon the 

turnover of  CFTR band B and its efficiency of processing into band C, 

a pulse-chase followed by CFTR IP was used (see Chapter 2).  

Data from pulse-chase experiment with CFTR variants bearing 

Y512 mutations are presented in Figure 3.18 
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Figure 3.18: Turnover and processing of CFTR bearing the Y512A/D 

mutations. BHK cells stably expressing wt-, Y512A- or Y512D-CFTR  were 
radiolabelled with [35S]-methionine and chased for 0h, 0.5h, 1h, 2h and 3h 
followed by immunoprecipitation with anti-CFTR M3A7 antibody. 
Electrophoresis, fluorography and (B and C) quantification were performed as 
previously described. Symbols and error bars are means ± standard deviation 
of n=4 values at each time point. 

 

 

Analysis of results shows that no significant changes were 

observed in the turnover rate of band B for wt-CFTR variants. However, 

the presence of either the Y512A or the Y512D mutation strongly 
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reduces the efficiency of processing into band C from ~50% to 20% or 

less. 

The same approach was used for CFTR carrying the Y512A 

mutation in cis  with F508 del (Figure 3.19). 
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Figure 3.19: Turnover and processing of F508del-CFTR bearing the 

Y512A mutation. BHK cells stably expressing F508del or F508del-Y512A-
CFTR were radiolabelled with [35S]-methionine and chased for 0h, 0.5h, 1h, 
2h and 3h followed by immunoprecipitation with anti-CFTR M3A7 antibody. 
Electrophoresis, fluorography and (B) quantification were performed as 
previously described. Symbols and error bars are means ± standard deviation 
of n=5 values a each time point. 
 

 

As observed for wt-CFTR based variants, results show that there 

are no significant changes in the turnover rate of band B for F508del-

Y512A- when compared in F508del-CFTR. 
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In conclusion, the substitution of Tyrosine at position Y512 to either 

aspartic acid (phosphomimic) or alanine (nonphosphomimic) does not 

affect the turnover of immature CFTR. However, it affects the 

efficiency of processing of wt-CFTR. 

 

 

2.4.3. Intracellular localization of CFTR variants 
Intracellular localization of CFTR bearing Y512 mutation either 

alone or in cis with F508 del-CFTR was assessed by 

immunocytochemistry of BHK cells stably expressing each variant 

(Figure 3.20).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.20 – Immunolocalization of CTTR in  BHK cells stably 

expressing  wt- (A), Y512A- (B), Y512D- (C), F508del- (D) and F508del-
Y515A-CFTR (E). Arrow indicate the presence of CFTR at the membrane. 
Bar= 30 μm. 
 

Results of CFTR immunolocalization are in agreement with the 

steady-state analysis. BHK cells stably expressing F508del-Y512A-

CFTR (E) show the same staining pattern of F508del-CFTR (D). 
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However BHK cells stably expressing Y512A- (B) or Y512D-CFTR (C) 

seems to be between wt- (A) and F508del-CFTR immunostaining.  

These two variants of CFTR are distributed all over the cell, without 

a clear staining at the membrane but with a more disperse pattern 

when compared to that of F508del-CFTR.  
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Chapter IV – Discussion and Perspectives  
 

In an attempt to understand the molecular mechanisms that govern 

the partioning of CFTR between the folding and degradative pathways, 

we focused here on the role of protein phosphorylation in CFTR 

biogenesis and trafficking. 

 Proteins are controlled by a vast and dynamic array of post-

translational modifications (PTM), many of which may direct specific 

protein-protein interactions (Seet et al., 2006). Among them, protein 

phosphorylation is the most common form and has been extensively 

studied and reported to be involved in processes so diverse as signal 

transduction, regulation of ion channel, metabolism or trafficking. 

Protein phosphorylation has been also implicated as playing an 

important role in the regulation of exocytosis and endocytosis. For 

example, synapsin I and dynamin I seem to undergo dynamic 

phosphorylation and dephosphorylation cycles during exo/endocytosis 

(Liu, 1997). 

CFTR phosphorylation has been known for long to occur and to be 

involved mainly in the regulation of its function as a Cl- channel. In 

particular, the regulatory domain undergoes phosphorylation catalysed 

by protein kinase A (PKA) and protein kinase C (PKC) and this 

phosphorylation not only regulates the gating of CFTR but may also 

enhance interactions of CFTR with other proteins (Zhu et al., 2002). 

As phosphorylation regulates so diverse processes, the presence 

of a putative phosphorylation site by CK2 in CFTR NBD1 at S511, very 

close to the site of the most common disease-causing mutation, was a 

major argument suggesting a linkage between CFTR trafficking and its 

phosphorylation by this specific kinase. 
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Firstly our studies focused on the evaluation of the effects of CK2 

inhibition upon CFTR turnover and processing. To this study, we used 

the CK2 specific inhibitor TBB and a pulse-chase approach. 

CFTR inhibition by TBB increases wt-CFTR turnover and decrease 

its processing efficiency without a major impact upon F508del-CFTR. 

This suggests that the kinase requires the F508 residue within its 

target phosphorylation motif to exert its action or alternatively that the 

absence of the F508 residue abolishes a protein-protein interaction 

that may be hypothesized to be critical for CFTR trafficking and 

somehow dependent on CK2 activity. 

This impairment of CFTR processing by TBB is in agreement with 

the observation of Ostedgaard et al according to which TBB acutely 

inhibits cAMP- stimulated CFTR currents in Calu-3 cells and CF airway 

epithelia expressing wt-CFTR (Ostedgaard et al., 2006). 

To investigate the molecular mechanism for this effect, we 

identified the putative CK2-phosphorylation sites in CFTR sequence 

and studied the effects of abolishing some of these sites. We started 

with consensus residues S511 and T1471 (reported here) as well as 

S422 (in progress). These residues were mutated into either an 

alanine (A) or an aspartic acid (D) thus inserting a neutral or a negative 

charged residue, respectively. 

From the analysis that we have done in the S511 mutants, we 

observe that the substitution of serine at position S511 to either A or D 

does not affect the turnover of either wt- or F508del-CFTR nor the 

processing of wt-CFTR. These results corroborate the in vitro analysis 

made by Pagano et al (Pagano et al., 2008) where they failed to detect 

any trace of CK2-phosphorylation at S511, despite the fact that this is 

the most “obvious” consensus sequence in CFTR. 

The steady state analysis of the T1471 mutants shows that the 

substitution of the threonine at the position T1471 by aspartic acid 

impairs the processing of wt-CFTR. However, the substitution of this 
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threonine by alanine does not affect the appearance of fully processed 

wt-CFTR.  

Substitution of T1471 residue into an aspartic acid mutations in the 

F508del background have no effect on the steady sate levels of the 

protein but increase its turnover, rendering the immature form of 

F508del-CFTR more unstable. The data presented here suggests a 

putative stabilizing role for CK2 upon wt-CFTR in the cellular model 

used. Inhibition of the kinase renders CFTR processing less efficient – 

this effect may in fact result from the participation (direct or indirect) of 

CK2 in the complex pathways that regulate CFTR folding and 

trafficking. 

However, analysis of CFTR mutants suggests that this possible 

role of CK2 is indirect. 

On the first side, results from S511 mutants show that the effect 

observed under CK2 inhibition are not dependent on residue 511 (nor 

on the putative charge added by the kinase on this residue), which is in 

agreement with the absence of in vitro phosphorylation of CFTR NBD1 

at S511. Curiously, the absence of effect of this S511 alteration also 

shows that this serine side chain is not a critical residue in the overall 

folding of either NBD1 or full length CFTR. 

On the other hand, mutations at T1471 have an effect that may 

reflect the important role of CFTR C-terminus in the trafficking of the 

protein. Several proteins (including NHERF1, NHERF2, CAL, AMPK 

RACK1, PKC and ezrin) have been shown to regulate CFTR trafficking 

and anchoring at the membrane through interaction with its C-terminus 

PDZ-interacting domain (Guggino & Stanton, 2006). Recently, it was in 

fact shown that association of NHERF1 relies not only on the TRL 

motif (consensus for PDZ interactions) but also on the adjacent 

sequence – the greater the peptide used for the association NHERF1–

CFTR C-terminus peptides, the stronger the observed association 



Chapter IV 
 
 

74 

(Cushing et al., 2008). Thus, introduction of a negative charge in this 

region (that corresponds in fact to a strong acidic cluster) may 

somehow affect the protein-protein interactions and disturb CFTR 

trafficking. This interference is less prone to occur when the T1471 

residue is replaced by an alanine residue, this is in agreement with the 

published observations that the T1471 mutation does not alter channel 

open-state probability and furthermore that the observed inhibition of 

wt-CFTR Cl- current by TBB occurs to the same extent with the 

T1471A mutant (Ostedgaard et al., 2006). 

 

Other residue that has been studied here was the putative 

phosphorylation site for SYK, Y512. Possible phosphorylation of this 

site will create a negative charge close to F508. The presence of this 

negative charge may also weaken a possible interaction of this region 

with CK2. Analysis of this putative SYK phosphorylation site was made 

using the same approach used for the analysis of CK2 sites. 

From the analysis of the results, we observe that the substitution of 

serine at position Y512 to either A or D does not affect the turnover of 

either wt- or F508del-CFTR (F508del-CFTR analysed only for A 

mutation). However it affects the efficiency of processing of wt-CFTR. 

These results show that either a neutral or a negative residue 

replacing tyrosine 512 cause the same effect. This suggests that the 

presence of a negative change is not beneficial for CFTR trafficking 

and thus unfavours the possibility of this being a target for SYK 

phosphorylation. 

The following figures show the alterations in NDB1 structure with 

the substitution of the tyrosine in wt and F508del-CFTR by A or D. 

(Figure 4.1) 
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D E F

A B C

D E F

 
 
Figure 4.1:  NBD1 structure from wt (2BBO) and F508del-CFTR 

(1XMJ) with and without mutations in Y512 residue. A and D – NBD1 from 

wt and F508del-CFTR, respectively; B and E - NBD1 from wt and F508del-

CFTR, respectively, bearing Y512A mutation; C and F - NBD1 from wt and 

F508del-CFTR, respectively, bearing Y512D mutation. Green residue 

represents Y512 and orange F508. The structures presented in B, C, E and F 

figures are not with the correct folding. 

 

From these images (Figure 4.1), we observe that replacement of 

tyrosine 512 in either wt and F508del-CFTR represents only a slight 

change in NDB1 structure corresponding probably to an alteration that 

is not so dramatical to the overall structure but mainly to the residues 

exposed in its surface. These changes in the surface of NBD1 can be 

responsible for destabilizing the folding of full-length CFTR. In fact, 

Wang et al described that this residue is part of one of the epitopes in 
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NBD1 that bind R-domain (Wang et al., 2002). Therefore, absence of 

Y512 (and replacement with residues with smaller side chains) may 

compromise domain-domain interaction, thus slowering the overall 

folding and making the protein more susceptible to ERAD at the 

proteassome.  

 

Altogether, results presented in this study suggest that although 

CK2 inhibition affects wt-CFTR processing, this effect seems not to be 

mediated by either S511 or T1471. Furthermore, mutation of Y512 also 

suggest that phosphorylation by SYK is not a critical factor in CFTR 

trafficking.  

More data are however needed to complement this work. 

Interesting follow-ups of this work will be to complete the experiments 

with T1471 mutants to make more clear the influence of these 

mutations in CFTR trafficking as well as to analyse the in vivo effect of 

S422 mutation, as it was described as an in vitro phosphorylation site 

by CK2. Functional analysis of these mutants as well as 

immunofluorescence experiments with co-staining of CFTR and CK2 

will also contribute to the elucidation of these aspects of CFTR function 

and trafficking. 
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Appendix I 

 
pNUT 

 
 

 pNUT plasmid map showing its relevant elements (Palmiter 
et al., 1987): a MT (metallothionein) promoter to drive the expression 

of the cloned gene upstream of a SmaI site and a hGH (human growth 

hormone) polyA element downstream from the cloned gene. The pUC 

backbone includes ampicillin resistance for bacterial selection and the 

mGHFR (mutant dihydrofolate reductase) gene, driven by the SV4O 

early promoter, confers methotrexate resistance for eukaryotic 

selection ((Gasser et al., 1982);(Simonsen et al., 1988)). 
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