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Cystic fibrosis transmembrane conductance regulator (CFTR) is activated by cAMP-dependent phosphorylation, and functions as an ATP-dependent chloride channel involved predominantly in the movement of chloride ions to maintain cellular ionic homeostasis.  Mutations in this channel cause cystic fibrosis, the most common lethal autosomal recessive disease in caucasians.  The regulation of CFTR forms a large body of research; this thesis investigated the role of three potential components of the regulatory machinery – nucleoside diphosphate kinase B (NDPK-B), tyrosine phosphorylation and G proteins.

This thesis aimed to:

1. Describe the functional relationship between NDPK-B and CFTR.
2. Describe the effect of altered tyrosine phosphorylation in 16HBE14o- cells on CFTR function.
3. Identify the tyrosine phosphatases involved in CFTR regulation.
4. Explain how alterations in tyrosine phosphorylation change CFTR function.
5. Describe the effect of G protein stimulation on CFTR channels which have already been activated by an increase in cellular cAMP.

The whole cell patch clamp technique was used to examine ion channel function in two cell types - human bronchial epithelial cells (16HBE14o-) and baby hamster kidney cells (BHK-21).

Due to alterations in the function of cultured cells, it was not possible to describe the functional relationship between the histidine kinase NDPK-B and CFTR.  Further work is required in this area to elucidate the role of this protein in CFTR regulation.

The use of general tyrosine phosphatase inhibitors resulted in a significant decrease in the CFTRinh-172-sensitive conductance in 16HBE14o- cells, and specific inhibitors ruled out the involvement of PTP1B and Shp1/2 phosphatases.  Further work is required to explain how tyrosine phosphatase inhibition alters CFTR function.

Finally, G protein stimulation in 16HBE14o- after increasing intracellular cAMP had no significant effect on channel function.  This suggested that the cAMP-dependent activation of the channel is the predominant mechanism for stimulating channel function.



Summary
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	Src
	Proto-oncogene tyrosine protein kinase, short for “sarcoma”

	TMD
	Transmembrane domain

	VEGF
	Vascular endothelial growth factor

	V
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	VO4
	Vanadate

	WT
	Wild type

	[γ32P]ATP
	Radiolabelled ATP with radioactive phosphate

	μL
	Microlitre

	μM
	Micromolar

	µm
	Micrometre

	μS
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1.1 [bookmark: _Toc303604673][bookmark: _Toc303609846][bookmark: _Toc343428307][bookmark: _Toc343447571][bookmark: _Toc347056783]Cystic fibrosis transmembrane conductance regulator

The cystic fibrosis transmembrane conductance regulator (CFTR) is an ATP-dependent chloride channel activated by cAMP-dependent phosphorylation (Gadsby et al. 2006).  It is located at the apical membrane of polarised epithelial cells (Denning et al. 1992b) and is involved in the movement of chloride ions to maintain cellular ionic homeostasis.  Mutations in this channel result in cystic fibrosis (CF), the most common lethal autosomal recessive disease in caucasians (Riordan et al. 1989); a disease characterised by impaired ion transport, resulting in body-wide problems.

1.2 [bookmark: _Toc303604674][bookmark: _Toc303609847][bookmark: _Toc343428308][bookmark: _Toc343447572][bookmark: _Toc347056784]Function of CFTR

One of the main systems for the study of CFTR regulation is the respiratory airways, where sodium and chloride homeostasis is important for maintaining the composition of airway surface liquid (ASL).  ASL is the liquid layer that covers the apical surface of airway epithelial cells and is composed of the pericilliary layer (PCL) and a mucous layer.  The PCL covers the apical cilia and the height of this layer is important for maintaining their proper function.  The mucous layer traps bacteria, dust and respiratory pathogens and is cleared from the airway by the beating of the cilia.  The optimum height of the PCL is 7μm and is maintained by the combination of Cl- secretion and Na+ reabsorption (Tarran et al. 2006), which allows the cilia to beat rhythmically and to move the mucous layer.  

In CF, the loss of CFTR function/presence at the membrane results not only in a decrease in Cl- and hence fluid secretion, but also an increase in Na+ reabsorption due to the regulatory interactions between CFTR and the epithelial sodium channel, ENaC (Konstas et al. 2003; Stutts et al. 1995).  This reduces the height of the pericilliary layer and impairs mucous clearance by the cilia, facilitating the formation of a mucous plug.  This plug produces a hypoxic environment and allows the formation of bacterial microcolonies, resulting in chronic infection, inflammation and damage to the lung tissue, eventually leading to respiratory failure. 

While the airway symptoms are the main cause of death in this disease, mutations in CFTR also have additional effects in the sweat ducts, gastrointestinal tract including the pancreas and the liver, and in the male reproductive system.  Meconium ileus, obstruction of the bowel in newborn babies, is associated with CF, while mutations in CFTR also result in impaired bicarbonate (HCO3-) and pancreatic enzyme secretion (Ahmed et al. 2003).  As a result, people with CF are unable to digest food properly due to a lack of enzymes (notably carbohydrases and lipases) and require synthetic enzymes to be taken with every meal to avoid malnutrition.  In the male reproductive tract, mutations in CFTR are associated with congenital bilateral absence of the vas deferens (CBAVD) (Dumur et al. 1996) and therefore male infertility.  While it is possible that CFTR may play a developmental role in the male reproductive tract, it is widely believed that CFTR mutations result in an accumulation of mucus and blockage of the fragile tubes, which ultimately progresses to ductal atrophy (Patrizio and Zielenski 1996).   The interaction between CFTR and HCO3- transporters also has implications for sperm function, mainly capacitation (Chen et al. 2009) should they reach an egg artificially.  Therefore CFTR should not be considered solely as a chloride channel, but also as a regulator of other proteins and potentially developmental processes as well.

1.3 [bookmark: _Toc303604675][bookmark: _Toc303609848][bookmark: _Toc343428309][bookmark: _Toc343447573][bookmark: _Toc347056785]CFTR gene
The gene responsible for CF was localised to chromosome 7 through genetic linkage studies using DNA sequence polymorphisms (Tsui et al. 1985).  By coupling this with the observations that chloride transport was impaired in respiratory epithelia (Knowles et al. 1983) and sweat glands (Quinton and Bijman 1983), as analysed through electrophysiological techniques, it allowed the investigations to focus on the possibility that the gene product was a chloride channel.  By using cDNA isolated from the sweat ducts of CF patients and healthy patients to produce large cDNA libraries, the cDNA clones (Tsui et al. 1985) could be screened and verified.  Subsequent sequencing of these isolated cDNA clones identified the most common mutation pertaining to CF, the ΔF508 mutation (Riordan et al. 1989).  To provide further evidence that this cDNA was indeed the CF gene, called the cystic fibrosis transmembrane conductance regulator, of the 200 CF genes analysed 70% contained the ΔF508 mutation, which did not appear in any normal chromosomes (Kerem et al. 1989).

1.4 [bookmark: _CFTR_protein_-][bookmark: _Toc303604676][bookmark: _Toc303609849][bookmark: _Toc343428310][bookmark: _Toc343447574][bookmark: _Toc347056786]CFTR protein – structure and function
The CFTR protein is 1480 amino acids long with a molecular weight of 168kDa (Riordan et al. 1989).  It is a member of the ATP-binding cassette (ABC) family of proteins and maintains a number of structural features common to this superfamily – two membrane-spanning domains (MSDs), each containing six transmembrane segments, and two nucleotide-binding domains (NBDs) (Riordan et al. 1989) (Figure 1.1).  What is unique about the CFTR protein is its ability to function as an ion channel (Gadsby and Nairn 1999) and the presence of an intracellular regulatory domain known as the R domain; this domain is not only absent in the other members of the ABC protein family but no homologous domain has been found in any other protein.  


Figure 1.1 Domain organisation of CFTR.  The ΔF508 and G551D mutations lie within NBD1; N1303K lies within NBD2 (Sheppard and Welsh 1999).  Printed with permission from the American Physiological Society. 

The CFTR ion channel has a small, ohmic conductance of 5 – 10pS (Kartner et al. 1991) and is anion selective with a selectivity sequence of bromide (Br-) > chloride (Cl-) > iodide (I-) > fluoride (F-) (Anderson et al. 1991).  It shows time- and voltage-independent gating, shown by linear current-voltage relation (Cliff and Frizzell 1990).  Channel activity is coupled with ATP hydrolysis (Li et al. 1996) and is regulated by cAMP-dependent phosphorylation by PKA (Berger et al. 1991).

The transmembrane segments of the MSDs form the channel pore, with the first and sixth segments (found in MSD1) predominantly involved over their MSD2 counterparts, the seventh and twelfth segments (Ge et al. 2004; Gupta et al. 2001)).  Positive residues inside the pore help the passage of Cl- ions (Smith et al. 2001), and channel selectivity is regulated by residues in the centre of the pore (Linsdell 2006), notably T338, S341 and F337; mutations in these diminish the channel’s ability to distinguish between anions and therefore reduce channel selectivity ((Linsdell et al. 2000; Linsdell et al. 1998).  These residues lie in the sixth transmembrane segment, again highlighting the importance of this region in pore formation.

The R domain contains a large number of consensus motifs for phosphorylation (Riordan et al. 1989), the key ones being a number of serine residues that are targeted by protein kinase A (PKA).  The R domain is phosphorylated predominantly by PKA, but Ca2+-dependent and independent isoforms of protein kinase C (PKC) and cGMP-dependent kinase (Berger et al. 1993) have been implicated in R domain phosphorylation and subsequent activation of the CFTR channel.  Phosphorylation by the tyrosine kinase p60c-src has also been implicated in the regulation of CFTR function (Fischer and Machen 1996), although it is currently unclear whether this is through R domain phosphorylation or by phosphorylating residues in other domains.  Phosphorylation of the R domain is necessary, but not sufficient, for CFTR activation, and may also rely on the activity of Ca2+-independent phosphorylation by PKC (Jia et al. 1997).  Phosphorylation of the R domain by PKC alone was only able to activate the channel to ~15% of the PKA-mediated activity; however it did potentiate the effect of subsequent PKA-mediated phosphorylation (Jia et al. 1997).  In the complete absence of PKC, PKA alone is also unable to activate the channel, suggesting a functional relationship between the two kinases.

There are eight potential dibasic PKA phosphorylation sites in CFTR ((R/K)(R/K)X(S*/T*)), where X refers to any amino acid and S* and T* represent the phospho-acceptors (Seibert et al. 1995).  Site directed mutagenesis of the four in vivo PKA phosphorylation sites (Ser-660, 737, 795 and 813) did not abolish CFTR activity, although the open probability (Po) was substantially decreased (Rich et al. 1993).  Phosphorylation was still detected when all 8 serines were mutated, suggesting that alternative phosphorylation sites were available.  Seibert et al. (1995) identified S753 as an additional site through the use of [γ-32P]ATP labelling of CFTR R domain fragments and systematic removal of serine residues.   Channel activity is not solely dependent on the phosphorylation of a single serine, as mutation of any one of the in vivo phosphorylated key residues did not abolish channel activity (Cheng et al. 1991).  Indeed, two serines were identified as potential inhibitory residues (Ser-737 and 768), as mutation of these to alanine increased CFTR chloride currents in Xenopus oocytes (Wilkinson et al. 1997).  Moreover, an increase in R domain phosphorylation led to an increased Po of the channel, suggesting that a multitude of phosphorylated residues may interact in a complex regulatory arrangement to facilitate channel opening by promoting the interaction of ATP with the NBDs.  Following phosphorylation by various kinases, the R domain is dephosphorylated by protein phosphatase (PP) 2A and PP2C (Berger et al. 1993; Luo et al. 1998), resulting in channel rundown in excised patches, and highlighting the importance of R domain phosphorylation in channel activation.  Regulation by protein phosphatases is cell-type specific, in contrast to regulation by PKA (Gadsby and Nairn 1999); for example, while okadaic acid, an inhibitor of PP2A, maintained CFTR current in isolated sweat duct preparations, it had no effect in human airway cell monolayers or T84 intestinal cells (Gadsby and Nairn 1999).

Phosphorylation of the R domain activates the channel and increases the affinity of the NBDs for ATP (Ma et al. 1997; Winter and Welsh 1997).  The subsequent binding and hydrolysis of ATP at NBD1 and NBD2 control channel gating – hydrolysis at NBD1 results in channel opening whereas hydrolysis at NBD2 results in channel closing.  Mutations that prevent ATP hydrolysis at NBD2 prolong channel opening, therefore increasing the Po of the channel, and vice versa for hydrolysis mutations at NBD1 (Sheppard and Welsh 1999).

The importance of the NBDs is apparent due to the large number of cystic fibrosis mutations present in these regions.  The most common mutation pertaining to CF, the ΔF508 mutation, results in the loss of a phenylalanine residue at position 508 in NBD1 and produces a misfolded protein that does not undergo full maturation and is targeted for degradation.  However, there are a number of other NBD mutations that allow full processing of the channel and delivery to the plasma membrane, but perturb extremely channel function.  Examples of these are the G551D and G1349D mutation located in NBD1 and NBD2 respectively (Bompadre et al. 2007).  These mutations are associated with normal R domain phosphorylation (Chang et al. 1993) but have a much lower Po compared to wild-type CFTR (Cai et al. 2006).  

CFTR is an ATP-dependent channel, where ATP binding and hydrolysis is required for channel gating (Li et al. 1996).  Initially it was noted that an increase in intracellular ATP resulted in an increased rate of channel opening without impacting channel closure, and site-directed mutagenesis of the NBDs showed that ATP directly interacts with these domains (Anderson and Welsh 1992).  Both NBDs contain a Walker A motif (GXXGXGKT/S), within which the lysine residue is conserved across all members of the ATP-binding cassette (ABC) family (Mimura et al. 1991).  Mutations of this lysine residue in either one or both NBDs resulted in altered channel gating through alterations in ATP hydrolysis (Carson et al. 1995).  To further support the role of ATP hydrolysis in channel gating, Dousmanis et al. (2002) showed that the absence of intracellular Mg2+ prevented channel opening, and addition of Mg2+ restored channel activity.  Mg2+ was also involved in channel closure, as removal of Mg2+ once the channels were open prolonged channel opening time (Dousmanis et al. 2002), highlighting the need for ATP hydrolysis not only in channel opening by also in closure.

While both NBDs are involved in ATP binding and hydrolysis there are distinct differences in the interaction of ATP with the two domains (Szabo et al. 1999).  Using various ATP analogues is was shown that ATP binding to NBD1 was Mg2+-independent and this domain showed little ATP hydrolysis upon addition of divalent cations, whereas NBD2 displayed rapid, Mg2+-dependent binding and hydrolysis of ATP (Aleksandrov et al. 2002).  ADP, the hydrolysis product, was also shown to dissociate rapidly from NBD2, but was retained for longer time periods by NBD1 (Aleksandrov et al. 2002).  The NBDs appear to work independently of one another, as shown by lysine mutations in the Walker  motif – mutations in one domain did not impact on the function of the other in terms of ATP binding and hydrolysis (Aleksandrov et al. 2002).  These differences in NBD function must be taken into account when elucidating the control of channel gating by ATP.

In order to understand the role of ATP binding and hydrolysis in CFTR channel activity it was important to identify ATP binding sites within the protein.  Elucidation of the crystal structure of murine CFTR (mCFTR) NBD1 provided information as to the structure of the ATP binding domain and highlighted the dimerization of NBD1 and NBD2 to form functional ATP binding domains (Lewis et al. 2004).  Analysis of CFTR and related ABC transporters suggested the formation of ATP binding sites between NBD1 and NBD2 involved head-to-tail dimers between the two domains (Lewis et al. 2004), established through interactions between two sites - site 1, comprised of the Walker A and B motifs of NBD1 and the LSGGQ motif of NBD2 and site 2, comprised of the Walker A and B of NBD2 and LSGGQ of NBD1 (Vergani et al. 2005).  The dimerisation and subsequent conformational change also impacts on the rest of the protein structure, notably that of the TM domains that form the channel pore, and lead to the opening or closing of the channel.  The differences in NBD affinity for ATP binding and subsequence hydrolysis (Aleksandrov et al. 2002) are again recognised in the head-to-tail dimerisation model; while ATP remains bound for longer periods of time at NBD1, the rapid hydrolysis of ATP and NBD2 is thought to be the primary determinant of channel gating, with the cycles of ATP binding and hydrolysis resulting in NBD dimerization and subsequent changes in the arrangement of the pore-forming MSDs (Vergani et al. 2005).  Figure 1.2 illustrates dimer formation and the ATP binding and hydrolysis cycle involved in channel gating.
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[bookmark: _Toc343447576][bookmark: _Toc343447876][bookmark: _Toc343606402][bookmark: _Toc343672598][bookmark: _Toc343428312][bookmark: _Toc343440771]Figure 1.2 The association between ATP binding and hydrolysis, NBD dimerization and channel opening.  C0, in the absence of ATP the NBDs are separate and the channel is closed; C1, ATP binds to site 1 on NBD1; C2, ATP binds to site 2 on NBD2; O, the binding of two ATP molecules facilitates NBD dimerization and channel opening; O2, the rapid hydrolysis of ATP at NBD2 begins the process of channel closure, and the rapid dissociation of ADP from NBD2 reverts the channel back to C1 (Vergani et al. 2005).  Printed with permission from Nature Publishing Group.

Application of phosphate analogues such as vanadate (VO4) have been shown to lock the channel in an open state, presumably by maintaining the ATP-bound state of NBD1 and preventing subsequent binding and hydrolysis of ATP at NBD2 (Baukrowitz et al. 1994).

While PKA and PKC-dependent phosphorylation and ATP hydrolysis are the main mechanisms for channel activation and gating, CFTR also exists in large multiprotein complexes at the plasma membrane and is therefore subjected to a wide range of regulatory events (Guggino and Stanton 2006).  Components of these complexes include both inhibitory molecules, for example PP2A (Thelin et al. 2005; Vastiau et al. 2005) and AMP kinase (AMPK) (Hallows et al. 2000), whereas others have a stimulatory effect, for example the Na+/H+ exchanger regulatory factor isoform-1 (NHERF1) (Guerra et al. 2005).  Not only could these components orchestrate regulatory events that alter CFTR activity and gating at the membrane, but they may also impact previous to membrane delivery and modify channel trafficking to the membrane.

1.5 [bookmark: _Toc303604677][bookmark: _Toc303609851][bookmark: _Toc343428313][bookmark: _Toc343447577][bookmark: _Toc347056787]Trafficking of CFTR to apical membrane
CFTR is first assembled in the endoplasmic reticulum (ER), which initially produces a core-glycosylated, immature protein.  On SDS-PAGE gel, this immature form produces a band at 135 – 140kDa known as band B (Cheng et al. 1990).  Immature CFTR is exported from the ER via conventional coat protein complex II (COPII) (Yoo et al. 2002), but can be processed to form the mature, glycosylated version through cell-type specific mechanisms; for example, in baby hamster kidney (BHK) cells, Chinese hamster ovary (CHO) cells and epithelial tissues CFTR bypasses the early Golgi network and is instead delivered to the late Golgi or endosomal system (Yoo et al. 2002).  It can then be recycled back to the Golgi to complete glycosylation and become the mature form of CFTR, which is identified on SDS-PAGE gel as band C with a molecular weight of 150kDa (Cheng et al. 1990).  The presence of band C is used to monitor the maturation of CFTR, as an absence of this band suggests a defect with protein synthesis or trafficking from the ER to the Golgi network; for example, cells transfected with ΔF508 CFTR fail to show the mature band C (Cheng et al. 1990).

The CFTR protein is located at the apical membrane of polarised epithelial cells (Denning et al. 1992b) and undergoes rapid recycling through clathrin-mediated endocytosis; it is removed into the endosomes and then into recycling vesicles for re-insertion into the plasma membrane, as shown by immunolabelled CFTR and biotinylation experiments (Bertrand and Frizzell 2003; Cholon et al. 2009).  CFTR has been associated with numerous members of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein family.  SNAREs are involved in the trafficking and delivery of CFTR to the plasma membrane and in modulating channel gating (Tang et al. 2011), including syntaxin 1A (Naren et al. 1997; Naren et al. 1998), syntaxin 8 (Bilan et al. 2004)), syntaxin 6 (Cheng et al. 2010) and syntaxin 16 (Gee et al. 2010).  Syntaxin 1A interacts with CFTR ((Naren et al. 1997; Naren et al. 1998), and over-expression of this protein inhibited CFTR currents in Xenopus oocytes through alterations in CFTR plasma membrane expression (Peters et al. 2001; Peters et al. 1999).  However, there appears to be cell-type specific differences in the mechanism of regulation of syntaxin 1A on CFTR; in human bronchial epithelial cells (16HBE14o-), syntaxin 1A was shown to decrease CFTR Po (Chang et al. 2002).  Over-expression of syntaxin 8 resulted in the accumulation of CFTR in recycling endosomes, suggesting an impaired vesicle delivery mechanism (Bilan et al. 2004).  The regulation of CFTR by SNARE proteins may therefore be dependent on the cell complement of specific proteins.  cAMP also plays a role in the delivery of CFTR to the plasma membrane.  In Xenopus oocytes stimulation with cAMP resulted in an increase in membrane capacitance and in the presence of flag-tagged CFTR at the plasma membrane (Peters et al. 1999).  This was inhibited by expression of syntaxin 1A, indicating that cAMP-dependent delivery of channels to the plasma membrane is dependent on SNARE complex proteins, although the exact mechanism for cAMP-dependent regulation of CFTR trafficking is currently unknown.  

Whereas SNARE proteins are involved in CFTR delivery to the membrane (Tang et al. 2011), clathrin-mediated endocytosis is the main mechanism for channel retrieval from the membrane (Lukacs et al. 1997; Prince et al. 1994).  G proteins have been implicated in this process (Carter et al. 1993), and will be discussed later in this chapter.  Clathrin-mediated endocytosis also involves a YXXΨ motif in CFTR, where Ψ represents a large, hydrophobic residue, in the C-terminus of CFTR (Prince et al. 1999; Weixel and Bradbury 2000).  This motif is conserved across species within CFTR and is also found in other membrane proteins that are rapidly internalised from the membrane, highlighting its importance.  This motif binds to AP-2, a membrane endocytic adaptor complex, and is dependent on the integrity of the tyrosine residue, tyrosine 1422 CFTR (Prince et al. 1999).  Mutations in this residue prevented the association of AP-2 with CFTR and resulted in defective CFTR endocytosis (Peter et al. 2002).  While this motif does not conform to classical PKA phosphorylation motifs, it may be that the phosphorylation state of surrounding serines could influence association of AP-2 with CFTR and therefore alter the rate of retrieval from the membrane.  

As well as playing a major role in channel activation and gating, the R domain and NBD1 may also play a role in CFTR trafficking to the apical membrane, although the mechanisms behind this are currently unknown and have not been clearly demonstrated in native tissue.  Expression of channels lacking the R domain in Xenopus oocytes resulted in spontaneous currents but no further regulation by cAMP, with no change in channel activity and no change in membrane capacitance indicating a lack of insertion of channels into the membrane (Lewarchik et al. 2008).  In COS-7 cells transiently transfected with WT or ΔF508 NBD1 constructs the fragments were targeted to the membrane correctly (Clancy et al. 1998).  This suggested that NBD1 may be involved in more than channel gating by ATP and may also play a role in CFTR membrane trafficking.  

1.6 [bookmark: _Toc303604678][bookmark: _Toc303609852][bookmark: _Toc343428314][bookmark: _Toc343447578][bookmark: _Toc347056788]CF mutations
Nearly two thousand mutations have been identified in the CFTR gene (Cystic Fibrosis Mutation Database 2012), most commonly occurring at the NBDs and the R domain (Mercier et al. 1994).  There are five main mutations that display frequency above 1%, G542X, N1303K, G551D, W1282X and ΔF508, the latter being the most common with a frequency of approximately 70% (Kerem et al. 1989).  CFTR mutations were originally characterised into four classes (Welsh and Smith 1993), which was expanded by Zielenski and Tsui (1995) to five classes – biosynthesis, protein maturation, channel regulation, chloride conductance and reduced synthesis.  Figure 1.3 illustrates the different mechanisms by which the mutations result in altered or a loss of CFTR function.
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[bookmark: _Toc343447579][bookmark: _Toc343447877][bookmark: _Toc343606403][bookmark: _Toc343672599][bookmark: _Toc343428315][bookmark: _Toc343440772]Figure 1.3 Mechanisms by which CF mutations alter or result in the loss of CFTR channel function.  Class I, altered biosynthesis; Class II, altered protein maturation; Class III, altered channel regulation; Class IV, altered channel conductance; Class V, resuced synthesis (Zielenski and Tsui 1995).  Diagram modified from Vankeerberghen et al. 2002 and used with permission from Elsevier.

1.6.1 [bookmark: _Toc343428316][bookmark: _Toc343447580][bookmark: _Toc347056789]Class I – Altered biosynthesis
The most severe mutations are those that produce unstable proteins or truncated proteins due to the presence of a premature stop codon, as seen with the G542X mutation (Rowntree and Harris 2003).  Gene replacement therapy would be an obvious choice to correct these class I mutations; alternatively it has been shown that aminoglycoside antibiotics such as gentamicin and G418 are able to partially rescue these proteins due to their ability to suppress stop codons (Howard et al. 1996).  Administration of these antibiotics to CF patients has also been shown to produce a small increase in chloride conductance in vivo (Wilschanski et al. 2003).  Premature stop codons produced by nonsense mutations result in truncated proteins and mRNA degradation and instability through nonsense-mediated mRNA decay (NMD) (Mendell and Dietz 2001).  Alterations of the processes involved in NMD could therefore promote the read-through of such nonsense mutations, with the goal of producing functional proteins at the end (Welch et al. 2007).  Using high through-put screening techniques, PTC124 was identified as a non-aminoglycoside nonsense-suppressing agent that could be used at much lower concentrations that gentamicin to promote nonsense-mediated suppression (Welch et al. 2007).  Due to the otic toxicity and high concentrations required for gentamicin to be effective, identification of an alternative therapy is of extreme importance (Welch et al. 2007).

Nonsense mutations leading to premature stop codons cause approximately 10% of CFTR mutations worldwide (Bobadilla et al. 2002).  Gentamicin promotes complete protein synthesis by allowing ribosomes to continue through a premature stop codon and therefore produce a full-length, functional protein (Du et al. 2002).  The development of PTC124 has allowed possible toxic side-effects of aminoglycoside antibiotics to be avoided, and has been shown to promote full-length CFTR expression in a murine model (Du et al. 2008), making it an attractive candidate as a therapy for not only class I CFTR mutations, but other genetic diseases caused by nonsense mutations such as Duchenne muscular dystrophy, which is caused by a premature stop codon in the dystrophin gene (Welch et al. 2007).

1.6.2 [bookmark: _Toc303604680][bookmark: _Toc303609854][bookmark: _Toc343428317][bookmark: _Toc343447581][bookmark: _Toc347056790]Class II mutations – altered protein maturation
Class II mutations include the most common ΔF508 mutation located in NBD1 of the CFTR protein.  In the case of ΔF508 the protein is incorrectly folded and is unable to progress passed the ER (Cheng et al. 1990).  Therefore the protein is targeted for degradation rather than delivery to the plasma membrane.  Unlike the class I mutations, some class II mutant channels may make it to the plasma membrane where they are able to function as wild-type (Bronsveld et al. 2001; Kalin et al. 1999), although ΔF508 is not one of these.  CFTR can exist in three forms, which represent different degrees of glycosylation and maturity (O'Riordan et al. 2000).  Cells transfected with ΔF508 cDNA failed to show the fully glycosylated and mature form of CFTR (Cheng et al. 1990), and it was identified that CFTR was not present at the apical membrane in CF primary airway cells, but was present in normal airway cells (Denning et al. 1992c).  It has been shown that the ΔF508 mutation is temperature-sensitive (Denning et al. 1992a), and that it may be possible to promote apical membrane expression using a variety of chemicals, for example curcumin (Egan et al. 2004), taurine (Zhang et al. 2003a), glycerol (Sato et al. 1996) and deoxyspergualin (Jiang et al. 1998).  However, even with low temperature incubations or small molecule interventions, ΔF508 still exhibited a significant gating defect at the cell surface, with reduced response to cAMP resulting in decreased Po (Dalemans et al. 1991).  Due to the high frequency of the ΔF508 mutation in CF patients, identification of modifiers of membrane expression of class II mutant channels would be of great benefit in the treatment of CF, as would CFTR correctors that can promote normal function at the membrane.

VX-809 was identified through a high throughput screen on the basis of its ability to promote ΔF508 expression and function at the membrane (Van Goor et al. 2011).  It improved the maturation of ΔF508 and allowed progression of the protein from the ER to the cell surface by maintaining protein stability and preventing proteolytic cleavage of the full-length protein (Van Goor et al. 2011).  VX-809 also improved channel function at the membrane by increasing Po to approximately wild-type (Van Goor et al. 2011), and could be further potentiated by another compound, VX-770 (Van Goor et al. 2009), which has been shown to improve the function of CFTR channels containing the G551D mutation.  Encouragingly, the magnitude by which VX-809 was able to improve ΔF508 function has allowed it to be taken further into clinical trials as both a solo treatment and in conjunction with VX-770 (Van Goor et al. 2011).  Results of phase IIa clinical trials in homozygous ΔF508 patients identified that while VX-809 improved the function of CFTR in the sweat gland, there was no significant changes in CFTR function in nasal epithelium or in lung function (Clancy et al. 2012), indicating that further work is required on this corrector to fully understand its mechanisms and its usefulness as a clinical treatment.

Small molecule screening using iodide efflux as a measure of ΔF508 function identified additional compounds that improved ΔF508 glycosylation and maturation, folding of the protein in the ER and retention at the cell surface (Pedemonte et al. 2005).  An example of one of these molecules is corr-4a, a bisaminomethylbithiazole corrector (Pedemonte et al. 2005).  Corr-4a was able to improve ΔF508 folding, possibly by aiding the folding of NBD2 or the transmembrane segments (Chen et al. 2004; Du et al. 2005).  It also promoted retention of the protein at the cell surface, presumably by improving the stability of the newly folded protein and therefore avoiding premature ubiquitination and targeting for degradation, a phenomenon that is still seen with low temperature-rescued ΔF508 that shows expression at the cell surface but still maintains the original folding defect (Sharma et al. 2004).


1.6.3 [bookmark: _Toc303604681][bookmark: _Toc303609855][bookmark: _Toc343428318][bookmark: _Toc343447582][bookmark: _Toc347056791]Class III mutations – altered channel gating and regulation
Channels that possess a class III mutation are correctly processed and trafficked to the plasma membrane, but they lack the responses to known stimuli such as ATP and cAMP that are seen in the wild-type channels (Rowntree and Harris 2003).  These channels may have altered binding and hydrolysis of ATP at the NBDs, with the mutation potentially altering the ability of ATP binding to produce a conformational change in the protein required for channel opening.  Examples include the G551D and G1349D mutations, with G551D being the third most common mutation pertaining to CF (http://www.genet.sickkids.on.ca/app) and produces a severe disease phenotype (Bompadre et al. 2007).  Both mutants produce the mature band C and are located at the plasma membrane, indicating that biosynthesis and protein trafficking are unaltered (Bompadre et al. 2007; Gregory et al. 1991).  However, both mutants alter dramatically channel activity – both prolong the closed periods of the channel and shorten the duration of open periods (Cai et al. 2006).  Further analysis of the mutant proteins identified that while G551D abolished ATP-dependent channel opening, G1349D was still able to bind ATP but it still displayed a lower Po compared to wild-type (Bompadre et al. 2007).  These two different effects reiterate the importance of the distinct roles of the two NBDs in channel opening – G551D is located in the LSGGQ motif in NBD1, which forms a dimer with the Walker A and B motifs of NBD2 to form the second ATP-binding pocket, whereas G1349D is located in the corresponding motif in NBD2 which dimerises with the Walker A and B motifs of NBD1, forming the first ATP binding pocket (Vergani et al. 2005).  As shown in figure 1.2, the second ATP-binding pocket (in which G551D resides) is predominantly responsible for ATP hydrolysis and conformational changes resulting in channel opening – therefore it is unsurprising that mutations in this region have such a profound effect on channel gating.

CFTR potentiators can be used in the treatment of class III, IV and V mutations.  These chemicals, rather than altering channel trafficking or folding as seen with CFTR correctors, improve channel function at the membrane by increasing the Po of activated channels at the membrane (Ramsey et al. 2011).  The isoflavonoid genistein is an example of a CFTR potentiator (Sheppard et al. 2011), which is able to enhance ΔF508 activity at the membrane by increasing the Po of the channel when subjected to low-temperature rescue to promote membrane expression (Hwang et al. 1997).  Genistein is also able to improve the function of G551D mutants (Illek et al. 1999), but it is not suitable for clinical applications due to the need for high concentrations and a lack of specificity.

In order to provide clinically viable CFTR potentiators the problems of potency and specificity needed to be addressed.  The identification of VX-770 through a high through-put screen provided a viable option for CF therapy (Van Goor et al. 2009).  VX-770 has the ability to improve the Po of both ΔF508 and G551D mutant channels and improve chloride secretion in CF epithelial cells to approximately 50% of that seen in non-CF cells.  Encouragingly, VX-770 possesses desirable characteristics for further clinical trials – it is orally bioavailable and has a high potency, and has shown to improve CFTR and lung function in CF patients with the G551D mutation (Accurso et al. 2010).


1.6.4 [bookmark: _Toc303604682][bookmark: _Toc303609856][bookmark: _Toc343428319][bookmark: _Toc343447583][bookmark: _Toc347056792]Class IV mutations – altered chloride conductance
This class of CFTR mutations includes the R117H mutation and results in channels that produce the expected response to ATP and cAMP but have a reduced chloride conductance (Sheppard et al. 1993).  The majority of class IV mutations reside in the membrane spanning domains of the protein (Rowntree and Harris 2003), the residues required to form the pore and therefore mediate chloride conductance and selectivity.  As with class III mutations, CFTR potentiators similar to VX-770 would be beneficial for patients with these mutations, and trials are underway to identify ways to specifically target the R117H mutation (Ledford 2012).

1.6.5 [bookmark: _Toc343428320][bookmark: _Toc343447584][bookmark: _Toc347056793]Class V mutations – reduced synthesis
These mutations are predominantly associated with alternative mRNA splicing of CFTR, although some mutations can be found in promoter regions or result in amino acid substitutions that prevent full glycosylation and maturation of the protein (Zielenski and Tsui 1995).  Examples of class V mutations are P574H and A455E (Zielenski and Tui 1995), and are associated with milder CF phenotypes as they are associated with pancreatic sufficiency (Kristidis et al. 1992), where the function of pancreas is not altered sufficiently to cause digestive problems.  This milder phenotype corresponds to the functional activity of these two mutants.  Although they display decreased current magnitudes, they show equal (A455E) or greater (P574H) Po and similar regulation by phosphorylation and ATP compared to wild-type (Sheppard et al. 1995).  Analysis of the glycosylation state of A455E and P574H showed that they had reduced glycosylation compared to wild-type, but greater than seen with ΔF508 (Sheppard et al. 1995).  Therefore there is still some residual function that manifests as a milder CF phenotype in comparison to other mutations.  Interestingly, both A455E and P574H also exhibit temperature sensitivity similar to ΔF508, where temperature reduction to 26oC promoted protein maturation (Ostedgaard et al. 1999).  These similarities to ΔF508 suggested that these mutations may also be targeted by CFTR correctors such as corr-4a; however, it was shown that P574H was insensitive to corr-4a treatment (Pedemonte et al. 2005), indicating differences in processing between mutations and highlighting the specificity of corr-4a.

1.7 [bookmark: _Toc303604683][bookmark: _Toc303609857][bookmark: _Toc343428321][bookmark: _Toc343447585][bookmark: _Toc347056794]CFTR as a regulatory molecule
While this thesis focused on the regulation of the CFTR channel itself, it is also important to discuss the role of CFTR as a regulatory protein in its own right.  This is of particular importance when examining the effect of altered CFTR function on other channels that contribute to airway cell homeostasis, notably ENaC and the DIDS-sensitive outwardly rectifying chloride channel (ORCC).
 
1.7.1 [bookmark: _Toc303604684][bookmark: _Toc303609858][bookmark: _Toc343428322][bookmark: _Toc343447586][bookmark: _Toc347056795]Regulation of ENaC
ENaC is formed from three subunits, α, β and γ (Canessa et al. 1994).  The α subunit is capable of forming a functional channel on its own, while the β and γ subunits regulate and gate the α-formed channel.  It is well documented that CFTR and ENaC are involved in a complex regulatory relationship; for example, CFTR activity is required in order for ENaC to function, showing the dependence of the sodium channel on CFTR (Reddy et al. 1999).  In absorptive cells, the activation of CFTR is paralleled by the activation of ENaC, resulting in the reabsorption of NaCl.  As CFTR is activated by cAMP, a similar activation of ENaC would be expected.  Elevation of cAMP with the addition of forskolin, an adenylyl cyclase activator, to H441 alveolar cells resulted in the translocation of enhanced green fluorescent protein (EGFP)-tagged ENaC (EGFP-ENaC) to the membrane, coupled with an increase in amiloride-sensitive ENaC conductance (Woollhead and Baines 2006).  To further elucidate the intracellular components of this phenomenon, genistein (Niisato et al. 2000) and KT5720 (Mustafa et al. 2008), inhibitors of protein tyrosine kinases (PTK) (Akiyama and Ogawara 1991) and protein kinase A (PKA) respectively, were used.  Inhibition by these two compounds decreased the stimulation of ENaC by cAMP, highlighting a potential role for PKA and PTK in the intracellular pathway.  Similar results have been obtained in other studies, and have shown that the translocation of ENaC to the surface was brefeldin A sensitive (Itani et al. 2002; Ramminger et al. 2004).  Brefeldin A blocks the transport of proteins to the Golgi and causes accumulation of proteins in the endoplasmic reticulum (ER) (Fujiwara et al. 1988) indicating that the increase in ENaC surface expression is due to increased vesicle trafficking.

In secretory cells, the activation of CFTR is coupled with the inhibition of ENaC in order to maintain the driving force for Cl- secretion.  The cAMP-dependent activation of CFTR inhibits ENaC without altering its surface expression (Konstas et al. 2003).  In contrast to the increased surface expression seen in absorptive epithelia (Itani et al. 2002; Ramminger et al. 2004; Woollhead and Baines 2006), the inhibition of ENaC by CFTR appears to be due to changes in Po and therefore gating of the channel.  Recent work in human embryonic kidney 293T (HEK293T) cells identified that the ΔF508 mutation altered the proximity of the two proteins at the plasma membrane (Qadri et al. 2012), indicating that mutated CFTR may alter the association between the two channels and result in over-activity of the ENaC channel.

1.7.2 [bookmark: _Toc303604685][bookmark: _Toc303609859][bookmark: _Toc343428323][bookmark: _Toc343447587][bookmark: _Toc347056796]Regulation of the DIDS-sensitive ORCC
The identity of the DIDS-sensitive ORCC is currently unknown, and yet it is a major component of cAMP-stimulated whole-cell chloride currents (Schwiebert et al. 1994a).  Recent work has identified a role anoctamins, putative chloride channels, as an essential component of the ORCC (Martins et al. 2011).  The anoctamins possess similar characteristics to the ORCC, including expression in the majority of, if not all, cell types and sensitivity to same blockers such as 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) (Martins et al. 2011); therefore it was hypothesised that the ORCC contained a component consisting of a member of the anoctamin family.  It was shown that a lack of anoctamin 6 (Ano6) expression abolished ORCC function, and conversely over-expression of Ano6 induces ORCC activity, and both produce similar channel properties (Martins et al. 2011).  These experiments have provided the first evidence as to the molecular identity of the ORCC.  

Prior to the identification of CFTR and the demonstration that it formed a chloride channel, the ORCC was believed to be the channel mutated in CF due to the absence of the large, outwardly rectifying current in CF cells (Hwang et al. 1989).  The identification of CFTR was coupled with the assumption that it was responsible for the large, outwardly rectifying current; however, expression of CFTR in a variety of cell types consistently produced a small, linear current (Bear et al. 1991; Drumm et al. 1991; Rommens et al. 1991).  It is now appreciated that there are two distinct profiles mediated by CFTR and the ORCC (Cliff et al. 1992).  In the presence of CFTR, the ORCC is able to function under PKA stimulation; in the absence of the CFTR channel (for example in CF airway cell lines such as IB3-1 CF bronchial epithelial cells) PKA was unable to stimulate the ORCC channel in excised patches (Egan et al. 1992).  Over-expression of wild-type CFTR restored this ORCC current, highlighting a stimulatory relationship between the two proteins (Egan et al. 1992; Schwiebert et al. 1994a).

1.8 [bookmark: _Toc303604686][bookmark: _Toc303609860][bookmark: _Toc343428324][bookmark: _Toc343447588][bookmark: _Toc347056797]CFTR in multiprotein signalling complexes
How can CFTR be involved in the stimulation of the ORCC and at the same time inhibit other channels such as ENaC?  Both NBD1 and the R domain are involved in the regulation of both channels by CFTR (Kunzelmann et al. 1997; Schwiebert et al. 1998); therefore there must be additional components involved in the transduction of regulatory signals from CFTR to produce such polar opposite responses in different ion channels.  One possible explanation for this is the association of multiprotein complexes with the CFTR channel, where the involvement of numerous additional proteins adds an extra level of complexity and control into the regulatory role of CFTR.

There are a number of potential candidates for components of these complexes (Guggino and Stanton 2006), including the β2-adrenergic receptor (β2-AR), the adenosine 2b receptor (A2b-R), PSD-95/DLG/ZO-1 (PDZ)-domain-containing proteins such as the Na+/H+ exchanger regulatory factor (NHERF) and the CFTR-associated protein with a molecular mass of 70kDa (CAP70) (Wang et al. 1998b), as well as annexin2-S100A10 (Borthwick et al. 2007), nucleoside diphosphate kinase (NDPK) proteins, notably NDPK-B (Muimo, unpublished data), and G proteins (Naren et al. 2003).

1.8.1 [bookmark: _Toc303604687][bookmark: _Toc303609861][bookmark: _Toc343428325][bookmark: _Toc343447589][bookmark: _Toc347056798]PDZ-domain-containing proteins e.g. NHERF, CAP70
PDZ domains are important for the binding of regulatory elements, and it has been shown that CFTR contains a consensus sequence for this domain in its C terminal tail (Hall et al. 1998).  NHERF has been shown to interact with CFTR (Schreiber et al. 2004), and the use of anti-sense oligonucleotides against NHERF have been shown to decrease CFTR function and subsequently relieve the inhibition on ENaC.  CAP70 is thought to facilitate the dimerisation of CFTR and the potentiation of CFTR-induced currents, again through binding to this C terminal domain (Wang et al. 2000).

It is possible that these proteins are acting as scaffolds, although the presence of CFTR as monomers or dimers is unclear.  While these proteins may not exert a direct regulatory influence on CFTR or other channels, they may aid in the formation of larger protein complexes and regulatory micro-domains at the plasma membrane.

1.8.2 [bookmark: _Toc343428326][bookmark: _Toc343447590][bookmark: _Toc347056799]CFTR signalling complexes – β2-adrenergic receptor (β2-AR)
It has been shown that CFTR can be activated by cell surface receptors that increase adenylyl cyclase activity and therefore intracellular cAMP (Chan et al. 1997).  One example of these cell surface receptors is the β2-AR, a G protein coupled receptor (GPCR) that is activated by the catecholamines adrenaline and noradrenaline (Johnson 2006).  An interaction between CFTR and β2-AR was demonstrated by the activation of the β2-AR with isoprotenerol, a non-specific β receptor agonist, which resulted in CFTR-dependent chloride secretion in human airway mucosa (Walker et al. 1997).  Both β2-AR and CFTR possess PDZ binding motifs (Hall et al. 1998), which are important for protein-protein interactions.  It was shown that as well as functionally interacting, β2-AR and CFTR are also physically linked through ezrin/radixin/moesin-binding phosphoprotein 50 (EBP50), also known as the Na+/H+ exchanger regulator factor isoform 1 (NHERF1) (Naren et al. 2003).  Removal of the PDZ binding motif in CFTR prevented the interaction with β2-AR and reduced CFTR-mediated chloride efflux (Naren et al. 2003), indicating that the PDZ binding motif is crucial for the physical and functional interactions between the two proteins.  NHERF1 co-immunoprecipitated with both proteins and it was shown that β2-AR, CFTR and NHERF1 exist in a multiprotein complex (Naren et al. 2003).  Other likely components of this signalling complex are ezrin, PKA, G proteins and A-kinase anchor protein (AKAP) (Brdickova et al. 2001; Davare et al. 2001; Naren et al. 2003), forming a large regulatory complex which is shown in figure 1.4.

1.8.3 [bookmark: _Toc343428327][bookmark: _Toc343447591][bookmark: _Toc347056800]CFTR signalling complexes – adenosine 2b receptor (A2b-R)
The airways are designed to remove noxious stimuli, and do so through liquid secretion and the beating of cilia to transport mucus (Winters and Yeates 1997).  The ability of the airway to increase fluid secretion in response to a noxious stimuli is a protective mechanism that involved a multiprotein regulatory complex containing CFTR and the adenosine 2b receptor (A2b-R) (Huang et al. 2001).  The A2b-R responds to the ATP metabolite adenosine, and like β2-AR is a GPCR that also activates adenylyl cyclase upon ligand binding (Feoktistov and Biaggioni 1997; Moriwaki et al. 1999).  A complex proposed by Huang et al. (2001) includes A2b-R, adenylyl cyclase, PKA, AKAP and CFTR at the plasma membrane, a similar arrangement to that seen with β2-AR.  Activation of A2b-R by adenosine would therefore increase local cAMP concentration, activating PKA and subsequently CFTR to promote chloride and therefore fluid secretion into the airway in order to remove the noxious stimuli (Huang et al. 2001).  Figure 1.4 illustrates the components and arrangement of the multiprotein complexes formed with A2b-R and β2-AR.


[bookmark: _Toc343447592][bookmark: _Toc343447878][bookmark: _Toc343606404][bookmark: _Toc343672600][bookmark: _Toc343428328][bookmark: _Toc343440773]Figure 1.4 Multiprotein complexes formed around CFTR. 
 A2b-R, adenosine 2b receptor; β2-AR, β2 adrenergic receptor; Gs, stimulatory G protein that activated adenylyl cyclase; AC, adenylyl cyclase; NHERF1, Na+/H+ exchanger regulatory factor isoform-1 (NHERF1).  CFTR associates with NHERF1 via a C-terminal PDZ binding motif.  PKA is tethered to NHERF1 by ezrin, an A-kinase anchoring protein (AKAP) (Guggino and Stanton 2006).  Image used with permission from Nature Publishing Group.

1.8.4 [bookmark: _Toc303604688][bookmark: _Toc303609862][bookmark: _Toc343428329][bookmark: _Toc343447593][bookmark: _Toc347056801]Annexin2-S100A10
Annexin2 and S100A10 form a complex that is involved in the trafficking of vesicles from the Golgi network to the apical membrane in epithelial cells (Jacob et al. 2004).  cAMP and PKA regulate both the annexin2-S100A10 complex and CFTR, and the formation of an annexin2-S100A10/CFTR complex in a cAMP, PKA and calcineurin (protein phosphatase 2B)-dependent manner has been shown (Borthwick et al. 2007), figure 1.5.  When human bronchial epithelial (HBE) cells were stimulated with 3-isobutyl-1-methylxanthine (IBMX)/forskolin to increase cAMP and activate PKA, both components co-immunoprecipitated with CFTR.  This interaction was inhibited by PKI, showing the dependence of this complex formation on the activity of PKA.

In the presence of the ΔF508 mutation there is no formation of the annexin2-S100A10/CFTR complex, even at permissive temperatures to allow ΔF508 to reach the membrane.  This leads to a failure of cAMP-induced Cl- currents through the channel.  The mutation was shown to prevent the activation of calcineurin by PKA, which ultimately attenuated the phosphorylation/dephosphorylation pathway required for the formation of the annexin2-S100A10/CFTR complex (Borthwick et al. 2008).  The association of this complex with wild-type CFTR and the disruption of the complex in the presence of ΔF508 CFTR emphasises these proteins as potential candidates for components of a regulatory complex. 



[bookmark: _Toc343447594][bookmark: _Toc343447879][bookmark: _Toc343606405][bookmark: _Toc343672601][bookmark: _Toc343428330][bookmark: _Toc343440774]Figure 1.5 The formation of the annexin2-S100A10/CFTR complex.  
 CnA, calcineurin; P, phosphorylated form; Anx2, annexin2.  Figure modified from Borthwick et al. (2008) and used with permission from Elsevier.

1.9 [bookmark: _Toc343428331][bookmark: _Toc343447595][bookmark: _Toc347056802]Regulation of CFTR 
While it is important to recognise the role of CFTR as a regulatory molecule, it is also necessary to investigate the regulation of CFTR outside of localised increases in cAMP, as seen with the A2b-R and β2-AR, and the role of scaffolding proteins such as NHERF1, annexin2 and S100A10.  The focus of this thesis is the regulation of CFTR by NDPK-B, tyrosine phosphorylation and G proteins, in order to further the understanding of the complex regulatory interactions that occur to carefully modulate channel function.

[bookmark: _Toc343428332][bookmark: _Toc343447596][bookmark: _Toc347056803]1.9.1 Nucleoside diphosphate kinases
The nucleoside diphosphate kinase (NDPK) proteins are highly abundant and ubiquitously expressed in human tissues.  They are encoded by the Nme gene of which there are 10 known isoforms, Nme1 to Nme10 (Desvignes et al. 2009).  The main focus of this chapter will be on the Nme1 and Nme2 isoforms, which encode the histidine kinases NDPK-A and NDPK-B, respectively.  There have been a number of different nomenclatures surrounding these genes and proteins – for this thesis the genes will be referred to as Nme genes and the proteins as NDPK proteins.

1.9.1.1 [bookmark: _Toc303604736][bookmark: _Toc303609913][bookmark: _Toc343428333][bookmark: _Toc343447597]Gene and protein identification
The gene that is now known to encode NDPK was first identified in 1988 by Patricia Steeg and colleagues through the analysis of gene expression in murine melanoma cell lines displaying varying levels of metastasis (Steeg et al. 1988a).  Through the use of Northern blot hybridisation, the pNM23 clone (for the murine Nme, hereby termed mNme) was found to hybridise to a greater extent with the RNA from two low-metastatic cell lines than the RNA of the remaining five highly metastatic cell lines.  The correlation of high mNme expression with low metastatic potential was confirmed through the use of a chemically-induced model of metastasis, NMU-induced rat mammary carcinomas (Steeg et al. 1988b).  Again, mNme levels were highest in cells with the least metastatic potential.  The human cDNA for Nme (hNme; hereby termed Nme) was identified by a human fibroblast screen using the murine cDNA (Rosengard et al. 1989).  A second human gene was discovered as a result of a second human fibroblast cDNA library screen (Stahl et al. 1991), and this was termed Nme2 due to its high homology to the original human clone (Rosengard et al. 1989).  The Nme gene family is now known to have 10 members, Nme1 to Nme10, and is divided into two distinct groups based on sequence homology – Group I contains Nme1 to Nme4 and group II contains Nme5 to Nme10.  This section will briefly introduce Nme3 and Nme4 from group I followed by a description of the group II members.   The main focus will be on Nme1 and Nme2, which will be described in detail after the initial introductions of the other group members.

1.9.1.1.1 [bookmark: _Toc303604737][bookmark: _Toc303609914][bookmark: _Toc343428334][bookmark: _Toc343440775][bookmark: _Toc343445965][bookmark: _Toc343446415][bookmark: _Toc343446675][bookmark: _Toc343447369][bookmark: _Toc343447598][bookmark: _Toc343447880][bookmark: _Toc343606406][bookmark: _Toc343607006][bookmark: _Toc343672602]Group I – Nme3 and Nme4
Nme3 was identified through screening of a leukaemia cDNA library (Venturelli et al. 1995) and the gene product was termed NDPK-C due to its predicted amino acid sequence homology to the A and B isoforms and the presence of kinase domains.  There is limited information about its cellular function, although it has been shown to be cytoplasmically localised (Martinez et al. 1997) and has the ability to inhibit granulocyte differentiation (Venturelli et al. 1995).

Nme4 was identified by screening a human stomach cDNA library for sequences with homology to the Nme1 sequence (Milon et al. 1997).  The sequence identified contained a predicted NDP kinase domain, and thus the gene product was termed NDPK-D.  As well as containing a kinase domain, NDPK-D is the only human NDPK to contain a mitochondrial-targeting domain at the N-terminus containing multiple positively-charged residues (Lacombe et al. 2000).  It was subsequently shown that NDPK-D is coupled to nucleotide transfer during respiration due to its localisation at the inner mitochondrial membrane and is involved in the supply of nucleotide triphosphatase for nucleic acid and protein synthesis (Tokarska-Schlattner et al. 2008).

1.9.1.1.2 [bookmark: _Toc303604738][bookmark: _Toc303609915][bookmark: _Toc343428335][bookmark: _Toc343440776][bookmark: _Toc343445966][bookmark: _Toc343446416][bookmark: _Toc343446676][bookmark: _Toc343447370][bookmark: _Toc343447599][bookmark: _Toc343447881][bookmark: _Toc343606407][bookmark: _Toc343607007][bookmark: _Toc343672603]Group II
The group II proteins are a highly diverse group – they share 25 – 34% sequence homology with each other, display a lack of conservation in their kinase active site motif and have variable C- and N-terminal lengths (Lacombe et al. 2000).  The most extensively investigated are Nme5 – 8, with Nme9 and Nme10 being more recently identified and explored.

Nme5 was discovered through a GenBank sequence database search looking for homologues to Nme4 (Munier et al. 1998).  Nme5, unlike the ubiquitous expression of the group I Nme gene, is solely expressed in the testes and the predicted amino acid sequence contained a 55 amino acid extension at the C-terminal end (Munier et al. 1998).  It also does not possess NDP kinase activity or undergo autophosphorylation, a key feature of the group I proteins.  The additional amino acids at the C-terminus were predicted to interfere with the formation of trimeric complexes of protein subunits, and it was proposed that the protein would instead form dimers.  The mRNA expression pattern has led to postulations of a role in spermatogenesis, primarily at the first meiotic division, although the location of the protein has not yet been shown; discovery of this may provide further clues as to its role.

The Nme6 protein is ubiquitously expressed (Mehus et al. 1999; Tsuiki et al. 1999) and the amino acid sequence appears to contain all the relevant residues for kinase activity – as a result it is sometimes classified as NDPK-F.  Like NDPK-D, NDPK-F is also predicted to associate with the mitochondria (Tsuiki et al. 1999).  While little is currently known about its cellular function, it has been shown that over-expression of the gene suppresses growth in SAOS2 cells (Tsuiki et al. 1999), a primary cell line originally derived from an osteosarcoma (Fogh et al. 1977).

There is very little information available on Nme7 (Desvignes et al. 2009) and the majority of the information has been obtained from studying zebrafish homologues.  The protein appears to be localised to the gonads, suggesting a similar role to that of Nme5, and like Nme5 it is also believed to lack kinase activity (Yoon et al. 2005).

The Nme8 gene was identified in 1999 and is primarily expressed in testes (Lacombe et al. 2000).  Nme8 shows high sequence homology to a dynein intermediate chain suggesting a role in flagellar movement (Sadek et al. 2001).  Nme9 shows homology to Nme8 and was identified as thioredoxin-like 2 protein associated with microtubules (Sadek et al. 2003).  This protein was shown to have NDP kinase activity and is also found predominantly in the testes and in ciliated lung cells.  These locations and the association of both proteins with dynein and axoneme components suggest a potential role in axonemal organisation and function.

The final member of the family, Nme10, was originally known as X-linked Retinitis Pigmentosa 2 (XRP-2) and is the most recently identified (Yoon et al. 2006).  The protein demonstrates a lack of kinase activity and mutations in the Nme10 gene leads to Retinitis Pigmentosa, but the exact role of this protein is currently unknown.

1.9.1.1.3 [bookmark: _Toc303604739][bookmark: _Toc303609916][bookmark: _Toc343428336][bookmark: _Toc343440777][bookmark: _Toc343445967][bookmark: _Toc343446417][bookmark: _Toc343446677][bookmark: _Toc343447371][bookmark: _Toc343447600][bookmark: _Toc343447882][bookmark: _Toc343606408][bookmark: _Toc343607008][bookmark: _Toc343672604]Group I - Nme1 and Nme2
As described earlier, Nme1 and Nme2 were discovered through analysis of gene expression in murine cells (Steeg et al. 1988a) and screening of a human fibroblast cDNA library (Stahl et al. 1991).  The predicted amino acid sequences of Nme1 and  Nme2 matched the predicted amino acid sequence of the product of Drosophila gene awd (abnormal wing development) (Stahl et al. 1991) and the Nme2 predicted amino acid sequence also shared 97% homology to rat NDPK.  The Nme gene products were confirmed as NDPK proteins through the use of NDPK antibodies against Dictyostelium and Drosophila gene products and the identification of significant amino acid sequence homology to NDPK (Biggs et al. 1990; Wallet et al. 1990).  It is now known that the NDPK proteins from Nme1 and Nme2 (NDPK-A and –B, respectively) share 88% amino acid sequence homology.

1.9.1.2 [bookmark: _Toc303604740][bookmark: _Toc303609917][bookmark: _Toc343428337][bookmark: _Toc343447601]NDPK-A and NDPK-B proteins
The NDPK-A and -B proteins function as histidine kinases and are involved in the maintenance of cellular non-adenine nucleotide triphosphates (mainly GTP) (Hippe et al. 2003) through the transfer of terminal phosphates from ATP onto nucleotide diphosphates via a histidine intermediate (Parks and Agarwal 1973).  The enzyme has a hexameric structure made up of 17 - 21kDa subunits (Wieland 2007).  The active site of the enzyme contains a histidine residue at position 118 (H118) that is involved in the intermediate autophosphorylation step required for the phosphotransferase function, and a nucleotide binding site (Webb et al. 1995).  Both the nucleotide tri- and diphosphates involved in the reaction are held in the binding site and the histidine is temporarily phosphorylated during the transfer of the phosphate group to the diphosphate acceptor (Webb et al. 1995).  Despite the 88% amino acid sequence homology between NDPK-A and B the two proteins have very distinct cellular functions (Bosnar et al. 2004) and this thesis is concerned with the function of NDPK-B.  NDPK-B has been implicated in a number of cellular processes; it has been shown to be identical to the transcriptional activator of the c-myc oncogene (Postel et al. 1993) and has been implicated in the metastatic development of cells (Steeg et al. 1988a).  The functions most relevant to this chapter are the role of NDPK-B in G protein signalling (Hippe and Wieland 2006) and ion channel regulation (Srivastava et al. 2006).  The involvement of NDPK-B in G protein signalling, potential alterations in cellular cAMP levels and its interaction with ion channels all added to the interest in this protein as a regulator of CFTR.

1.9.1.3 [bookmark: _Toc303604741][bookmark: _Toc303609918][bookmark: _Toc343428338][bookmark: _Toc343447602]NDPK-A cellular function
The majority of work investigating the cellular function of NDPK-A has focused on its role in tumourigenesis.  It was initially identified as a tumour suppressor due to its high level of expression in non-metastatic murine cell lines (Steeg et al. 1988a), and subsequent studies have highlighted a negative correlation between NDPK-A expression and tumour metastasis in a number of cancers including breast, ovarian and melanomas (Hartsough and Steeg 2000).  However, recent publications have suggested that the role of NDPK-A in tumourigenesis is dependent on the tissue and therefore tumour type it is expressed in.  Evidence from murine models of neuroblastoma showed that over-expression of NDPK-A enhanced the metastatic potential of the tumour and promotes metastases in the lungs (Almgren et al. 2004).  While the majority of evidence points to NDPK-A as a tumour suppressor it is important to note that its role in tumour progression may be different in specific cancers.

NDPK-A is also believed to be involved in regulation of cellular signalling through its ability to produce ATP.  An association between NDPK-A and the serine/threonine kinase AMP-activated kinase (AMPK) has been shown (Muimo et al. 2006), highlighting a novel mode of regulation of AMPK through NDPK-A-dependent production of ATP.  AMPK is involved in the regulation of cellular metabolism by monitoring the levels of ATP and AMP and altering cellular processes in order to restore ATP levels should they be depleted.  Interestingly, AMPK has been identified as a CFTR interacting partner through yeast two-hybrid screening using the C-terminal tail of CFTR as “bait” with a human testis cDNA library (Hallows et al. 2000), where it was shown that the α1 catalytic subunit interacted with CFTR.  AMPK has been shown to phosphorylate and inhibit CFTR-mediated currents in Xenopus oocytes co-expressing the two proteins (Hallows et al. 2000), presumably due to the ATP-dependence of the CFTR channel – should ATP levels drop, inhibition of CFTR by AMPK would prevent the hydrolysis of ATP by the channel, thereby conserving intracellular stores.  The functional relevance of the CFTR-AMPK interaction was shown in T84 monolayers (Hallows et al. 2003a) where pharmacological stimulation of AMPK resulted in a decrease in CFTR-mediated short-circuit current, indicating that the interaction seen with the yeast two-hybrid screen and the altered CFTR function in Xenopus oocytes was functionally relevant in cells that endogenously express CFTR.  Therefore the interaction between NDPK-A, AMPK and CFTR may provide an alternative mechanism for CFTR regulation and highlights a potential role for NDPK-A in CFTR regulation.

1.9.1.4 [bookmark: _Toc303604742][bookmark: _Toc303609919][bookmark: _Toc343428339][bookmark: _Toc343447603]NDPK-B cellular function
1.9.1.4.1 [bookmark: _Toc303604743][bookmark: _Toc303609920][bookmark: _Toc343428340][bookmark: _Toc343440778][bookmark: _Toc343445968][bookmark: _Toc343446418][bookmark: _Toc343446678][bookmark: _Toc343447372][bookmark: _Toc343447604][bookmark: _Toc343447883][bookmark: _Toc343606409][bookmark: _Toc343607009][bookmark: _Toc343672605]NDPK-B and G proteins
A large portion of NDPK-B research is based on its association with G proteins and its ability to activate G protein signalling independently of G protein coupled receptor (GPCR) activation.  This interaction is limited only to NDPK-B, and does not involve NDPK-A.  NDPK-B transfers a phosphate from its own phosphohistidine intermediate H118 to H266 of Gβ (Cuello et al. 2003).  From here the phosphate is transferred to the GDP molecule bound to inactive Gα, converting it to GTP and therefore activating the G protein independently of GPCR activation.

The activation of G proteins by NDPK-B is particularly interesting in terms of cAMP generation.  The Gs proteins, when stimulated, generally activate adenylyl cyclase and increase the production of cAMP.  The over-expression of Gsα subunit in neonatal rat cardiac myocytes (H10 cells) demonstrated an increase in cAMP production (Hippe et al. 2003); an increase that was exaggerated when coupled with over-expression of NDPK-B (Hippe et al. 2003).  NDPK-B, but not NDPK-A, was also shown to co-immunoprecipitate with Gβ using Gβ-specific antibodies, and an increase in NDPK-B expression resulted in an increase in Gβ phosphorylation (Hippe et al. 2003).  This increase was not seen with the over-expression of NDPK-A or the catalytically inactive form of NDPK-B, the H118N mutant, indicating that the reaction required the enzymatic activity of NDPK-B specifically.  These data suggested that NDPK-B was involved in alternative mechanisms for intracellular generation of cAMP through the activation of G proteins independently of GPCRs.  As CFTR is activated by cAMP-dependent phosphorylation, the ability of NDPK-B to alter cellular cAMP levels through alternative routes makes it an attractive candidate for CFTR regulation.

The generation of a zebrafish model of NDPK-B knockdown using start site morpholinos provided the first living model with depleted NDPK-B expression (Hippe et al. 2009).  Again, NDPK-B and Gβ were shown to co-immunoprecipiate with one another as seen in previous work (Cuello et al. 2003; Hippe et al. 2003).  It was shown that not only did the zebrafish have impaired cAMP production leading to impaired cardiac contractility, but there was also an alteration in the expression levels of Gβ and NDPK-B – knockdown of NDPK-B resulted in a decrease in Gβ expression, and Gβ knockdown caused a reduction in NDPK-B expression.  This suggested that NDPK-B was not only involved in the function of Gβ and in the regulation of adenylyl cyclase through G protein activation, but that the two proteins could mediate the expression of each other.

1.9.1.4.2 [bookmark: _Toc303604744][bookmark: _Toc303609921][bookmark: _Toc343428341][bookmark: _Toc343440779][bookmark: _Toc343445969][bookmark: _Toc343446419][bookmark: _Toc343446679][bookmark: _Toc343447373][bookmark: _Toc343447605][bookmark: _Toc343447884][bookmark: _Toc343606410][bookmark: _Toc343607010][bookmark: _Toc343672606]NDPK-B and ion channels – KCa3.1
As well as playing a role in G protein-mediated signalling, NDPK-B is also involved in the direct regulation of ion channels, most notably the calcium-activated potassium channel KCa3.1 in human CD4 T cells.  NDPK-B was discovered as an interacting partner with KCa3.1 through a yeast two-hybrid screen and has been shown to phosphorylate the C-terminus of KCa3.1 at H358 (Srivastava et al. 2006).  Whole-cell patch-clamp analysis showed that over-expression of NDPK-B in CHO cells co-expressing KCa3.1 resulted in channel activation, and conversely shRNA-mediated knockdown of NDPK-B in human CD4 T cells resulted in a decrease in channel activity (Srivastava et al. 2006).  This provided the first evidence that histidine phosphorylation mediated by NDPK-B could regulate a biological activity in both expression systems and native cells.  The generation of NDPK-B knockout mice has provided a valuable tool to further study the specific role of this protein, and has allowed its function to be isolated from that of the closely related NDPK-A.  Cells from NDPK-B knockout mice have decreased KCa3.1-mediated conductance, as shown by the whole-cell patch-clamp technique and the use of the KCa3.1 inhibitor TRAM-34 (Di et al. 2010).  This could be rescued by introducing NDPK-B, but not the inactive mutant H118N, suggesting that the catalytic activity of NDPK-B is required for this effect (Di et al. 2010).

These data highlight an important role of NDPK-B in ion channel regulation.  Taken with its interaction with G proteins and its potential involvement in cAMP generation it presents itself as an attractive candidate for CFTR regulation.

1.9.1.4.3 [bookmark: _Toc303604745][bookmark: _Toc303609922][bookmark: _Toc343428342][bookmark: _Toc343440780][bookmark: _Toc343445970][bookmark: _Toc343446420][bookmark: _Toc343446680][bookmark: _Toc343447374][bookmark: _Toc343447606][bookmark: _Toc343447885][bookmark: _Toc343606411][bookmark: _Toc343607011][bookmark: _Toc343672607]NDPK-B and CFTR
NDPK-B came to light as a potential player in the regulation of CFTR when the involvement of NDPK proteins in chloride-dependent phosphorylation events was investigated (Muimo et al. 1998; Muimo et al. 2000).  It was shown that in sheep trachea membrane proteins that chloride concentration altered the phosphorylation state of three distinct proteins, p37 (Treharne et al. 1994), p21 and p19 (Muimo et al. 1998) using GTP as the phosphate donor.  The phosphorylation of p19 and p21 transiently preceded the phosphorylation of p37 and there appeared to be a temporal relationship between the phosphorylation and dephosphorylation of p19/21 and the appearance of phosphorylated p37 (Muimo et al. 1998).  p19 and p21 were identified as NDPK proteins through the use of specific antibodies (Muimo et al. 1998), highlighting the potential role of NDPK proteins in the phosphotransfer to p37.  p37 was identified through metal chelate affinity chromatography as annexin I (Muimo et al. 2000), thus providing the first evidence of histidine phosphorylation of an annexin protein.  

The link to CFTR came about in a number of ways - first, annexins share sequence homology to a sequence of 30 amino acids in NBD1 of CFTR (Chap 1991), the region containing ΔF508, the most common mutation pertaining to CF.  Secondly, NDPK-B was seen to translocate and associate with CFTR in a cAMP-dependent manner (Muimo, unpublished data), and ciliated cells from nasal brushings demonstrated an increased association of NDPK-B with CFTR in the presence of IBMX/forskolin.  Both co-immunoprecipitation studies and confocal microscopy have shown this association (Muimo, unpublished data).

In order to investigate the functional role of this cAMP-dependent association, preliminary experiments were carried out using a peptide designed to sequester endogenous NDPK-B and therefore prevent the association with CFTR.  The interaction between NDPK proteins and CFTR is specific for the NDPK-B isoform; as the proteins show 88% amino acid sequence homology (Bosnar et al. 2004), it was hypothesised that the region that showed the least sequence homology between the two proteins would be involved in the specific NDPK-B interaction with CFTR.  If this region were involved in NDPK-B binding to CFTR, the binding of the peptide to this site would prevent it from interacting with CFTR and therefore disrupting the NDPK-B-CFTR complex.  Incubating immunoprecipitation samples with the peptide resulted in the release of NDPK-B into the supernatant, showing that it was capable of disrupting the association with CFTR (Muimo, unpublished data).  Incubating 16HBE14o- cells in the peptide prior to whole-cell patch-clamp experimentation resulted in a decrease in CFTR-mediated currents (Robson, unpublished data), providing the first evidence for a functional interaction between the two proteins.  Work was then begun using a GFP-tagged NDPK-B protein in order to over-express NDPK-B.  It was observed in these preliminary investigations that over-expression of NDPK-B led to an increase in CFTR-mediated currents; the same effect was not seen with NDPK-A (Robson, unpublished data).  Therefore it was hypothesised that the interaction between NDPK-B and CFTR was relevant and required for the function of CFTR, and provides the basis for the work presented in this thesis.


1.9.2 [bookmark: _Toc343428343][bookmark: _Toc343447607][bookmark: _Toc347056804][bookmark: _Toc303604689][bookmark: _Toc303609863]The regulation of CFTR by tyrosine phosphatases
Protein tyrosine phosphorylation is a ubiquitous mechanism for the regulation of proteins through a variety of mechanisms, including the formation or disruption of regulatory complexes (Pawson and Scott 1997).  The tyrosine phosphorylation state of a protein is controlled by the coordinated efforts of both tyrosine kinases and phosphatases (Davis et al. 2001).  The first tyrosine kinase was purified and cloned (Czernilofsky et al. 1980) ten years before the first tyrosine phosphatase (Charbonneau et al. 1989; Guan et al. 1990); therefore research in this area primarily focused on tyrosine kinases (Alonso et al. 2004).  This thesis is concerned with the role of tyrosine phosphorylation in the regulation of CFTR.

1.9.2.1 [bookmark: _Toc303604786][bookmark: _Toc303609989][bookmark: _Toc343428344][bookmark: _Toc343447608]Tyrosine kinases
Tyrosine kinase activity was first discovered in the Rous sarcoma virus (RSV), which contains a gene known as src whose product, pp60src, is a phosphoprotein required for the transformation of cells and the development of sarcomas in birds (Eckhart et al. 1979; Sefton et al. 1979).  It is now known that protein tyrosine kinases are involved in a wide range of cellular signalling pathways and mechanisms, such as cellular proliferation, cell-cell communication, molecular transport and regulation of gene transcription (Alonso et al. 2004).  The protein tyrosine kinases can be divided into two groups (Hunter and Cooper 1985) – the receptor-bound tyrosine kinases, which includes the insulin receptor and growth factor receptors such as epidermal growth factor (EGF) and platelet-derived growth factor (PDGF), and non-receptor protein tyrosine kinases, which includes the Src family and focal adhesion kinases (FAKs) (Schaller et al. 1992).

Receptor tyrosine kinases include growth factor receptors such as the EGF, PDGF and VEGF receptors and the insulin receptor (Davis et al. 2001).  They all share a common structure, comprised of an extracellular ligand-binding domain, a transmembrane domain and an intracellular domain containing the enzymatic kinase domain.  The intracellular domain also acts as a docking site for a host of other accessory proteins responsible for the downstream signalling elicited by these receptors.  The binding of the ligand to the extracellular domains results in receptor dimerisation (Ullrich and Schlessinger 1990) and the subsequent autophosphorylation of the intracellular catalytic domain on tyrosine residues.  These phosphorylated tyrosine residues then provide docking sites for receptor-associated proteins and enable continuation of the signalling cascade inside the cell (Fantl et al. 1993).  Through receptor tyrosine kinases extracellular ligands such as EGF, PDGF and insulin can produce their desired intracellular response.

Non-receptor tyrosine kinases, as the name suggests, are not associated with membrane receptors; instead they are found in the cytoplasm and the nuclei of cells (Davis et al. 2001).  Members of this family include Src, Janus kinase (JAK), Ableson tyrosine kinase (Abl) and FAKs.  The largest family of non-receptor tyrosine kinases is the Src family, encoded by the Rous sarcoma oncogene.  Each member contains a number of conserved domains, including an N-terminal myristalation domain involved in membrane localisation, an SH3 domain that binds proline-rich sequences, an SH2 phosphotyrosine-binding domain and a catalytic domain followed by a small C-terminal tail (Abram and Courtneidge 2000).  The regulation and activation of these kinases is highly conserved throughout the family and involves alterations of the phosphorylation state of two key tyrosine residues at discreet locations in the protein.  The first is an activating residue in the activation loop of the enzyme (tyrosine 416 in chicken Src), whose autophosphorylation is required for full enzyme activity.  The second residue is found in the C-terminus of the protein (tyrosine 527 in chicken Src) (Petrone and Sap 2000), which is phosphorylated by C-Src tyrosine kinase (Csk) and results in a conformational change in the protein and disguises the active site.  The Src family member p60c-src is involved in modulating CFTR channel gating (Fischer and Machen 1996) and has been shown to phosphorylate the CFTR channel in vitro and increase its activity (Jia et al. 1997).

FAKs form another class of non-receptor tyrosine kinases, and these have been implicated in osmoregulation and make them an attractive candidate for ion channel regulation (Marshall et al. 2009).  FAK serves mainly as a scaffold after phosphorylation and allows for the formation of regulatory complexes mainly localised to focal adhesions.

1.9.2.2 [bookmark: _Toc303604789][bookmark: _Toc303609992][bookmark: _Toc343428345][bookmark: _Toc343447609]Protein tyrosine phosphatases
The first protein tyrosine phosphatase (PTP) was purified from human placenta (Charbonneau et al. 1989) and a cDNA clone was isolated from a rat brain cDNA library that shared 97% sequence homology with the placental protein and displayed tyrosine phosphatase activity when expressed in E.coli (Guan et al. 1990).  It is now known that there are over 100 genes encoding PTPs (Alonso et al. 2004), and these genes are also believed to be under the control of alternative promoters and undergo mRNA splicing, therefore increasing the complexity and variation of these proteins (Tonks 2006).

PTPs can be divided into four main classes (Alonso et al. 2004) – classical receptor PTPs, classical non-receptor PTPs, dual specificity phosphatases that also recognise phosphoserine and phosphothreonine residues and low Mr PTPs; this chapter will focus on the classical receptor and non-receptor PTPs as these form the largest group of enzymes and exhibit specificity for phosphotyrosine (Andersen et al. 2004).   Common to all PTPs is the presence of at least one catalytic domain of approximately 280 amino acids with an active site motif of (I/V)HCXAGXXR(S/T)G containing a conserved cysteine that is crucial for enzyme activity (Paul and Lombroso 2003).  PTPs are subject to multiple regulatory mechanisms, including oxidation, dimerisation, alternative mRNA splicing and, especially pertinent to the non-receptor PTPs, differential subcellular localisation (Stoker 2005).

Receptor PTPs are predominantly located at the plasma membrane and usually possess two intracellular catalytic domains, a transmembrane domain and variable extracellular domains containing motifs predicted to be involved in cell adhesion (Paul and Lombroso 2003; Tonks 2006).  The extracellular domains may be involved in ligand-dependent control of the phosphatase, potentially through stimulation of dimerisation similar to that seen with protein tyrosine kinases, although no ligands have so far been identified (Tonks 2006).    

In contrast, non-receptor PTPs lack a transmembrane domain and only contain a single catalytic phosphatase domain (Paul and Lombroso 2003).  The N- and C-termini of the non-receptor PTPs are highly variable and they also contain a regulatory sequences either side of the catalytic domain designed to control enzymatic activity, either through controlling the localisation of the enzyme within the cell or by altering the function of the active site through direct interactions (Tonks 2006).  Protein tyrosine phosphatase 1B (PTP1B) is the founding member of the non-receptor PTP family, and is best known for its role as a negative regulator of insulin signalling in muscle and in the liver (Elchebly et al. 1999), and of leptin signalling in hypothalamic neurones (Cheng et al. 2002).  Src-homology 2 (SH2) domain-containing PTPs Shp1 and Shp2 are also non-receptor PTPs.  Both contain two SH2 domains in the N-terminus, while the C-terminus contains a phosphatase domain and two tyrosine phosphorylation sites that are targeted by both receptor and non-receptor tyrosine kinases (Neel et al. 2003).

Shp1 and Shp2 are themselves regulated by tyrosine phosphorylation on key residues in the C-terminal tail – tyrosine 536 and 564 in Shp1 (Zhang et al. 2003b) and tyrosine 546 and tyrosine 584 in Shp2 (Vogel and Ullrich 1996).  Phosphorylation of these sites potentiates PTP activity (Lu et al. 2001; Zhang et al. 2003b) and provide a binding domain for adaptor proteins such as growth factor receptor binding protein 2 (Grb2) (Minoo et al. 2004; Vogel and Ullrich 1996).

It is important to note that while the main activity of phosphatases is to reverse kinase activity, they may also act on alternative phospho-based systems; for example, the dephosphorylation of ATP into ADP+Pi thereby depleting the energy available for CFTR activity (Ballatori et al. 1995).  Therefore, if the phosphatase inhibitors employed are pan-inhibitors it may be that effects on CFTR are due to depletion of ATP rather than the reversal of a kinase action.

1.9.2.3 [bookmark: _Toc303604792][bookmark: _Toc303609995][bookmark: _Toc343428346][bookmark: _Toc343447610]Regulation of CFTR by tyrosine phosphorylation
Majority of investigations into the role of tyrosine phosphorylation in CFTR function has been based on two compounds – genistein, originally utilised as a tyrosine kinase inhibitor but which now appears to display a myriad of cellular effects, and orthovanadate, a tyrosine phosphatase inhibitor that may also function as a phosphate analogue.  The use of such non-specific pharmacological interventions has complicated the understanding of the role of tyrosine phosphorylation in ion channel regulation, and the use of different cell types (expression systems and natively-expressing cells) and techniques (short-circuit current, whole-cell patch-clamp, cell-attached recordings, excised patches) has made forming concrete opinions about the implications of this regulation very difficult (Schultz et al. 1999).  Nevertheless, these compounds currently provide some of the best tools to study tyrosine phosphorylation away from genetic interference techniques, and have increased our knowledge of this area of regulation, albeit in a slightly confusing manner.  The following sections will outline the current knowledge gained through the use of genistein and orthovanadate, and then explore the use of additional pharmacological agents in furthering this area of research.

Primary investigations into the regulation of CFTR by tyrosine phosphorylation utilised genistein, a plant-derived isoflavonoid (Schultz et al. 1999) that acts as a competitive inhibitor of ATP binding to tyrosine kinases (Akiyama et al. 1987) and has the ability to inhibit both receptor and non-receptor tyrosine kinases (Illek et al. 1995), without affecting serine/threonine kinases (Akiyama et al. 1987).  While some reports state that genistein does not inhibit ATPases (Akiyama et al. 1987), others report that it does possess that ability (Zheng and Ramirez 2000); therefore the role of genistein as an ATPase inhibitor is still in question and may be cell-type specific.  Orthovanadate is a potent inhibitor of the Na+/K+-ATPase (Cantley et al. 1977) and dynein ATPase (Kobayashi et al. 1978) as well as being a non-specific tyrosine phosphatase inhibitor and an inhibitor of alkaline and acid phosphatases (Seargeant and Stinson 1979).  Orthovanadate has also been used to inhibit the ATPase activity of CFTR by acting as a transition-state analogue (Gunderson and Kopito 1994).

By using a variety of techniques, including 125I efflux and whole-cell and excised patch-clamp, numerous studies have shown that exposure to genistein potentiates CFTR channel gating.  This potentiation has been produced in a number of cell types, including NIH-3T3 fibroblasts stably expressing recombinant human CFTR, and also in cells that natively express CFTR such as mouse jejunum and guinea pig ventricular myocytes (Baker and Hamilton 2004; Illek et al. 1995; Shuba and McDonald 1997).  Orthovanadate, a known inhibitor of PTPs (Paul and Lombroso 2003) was able to block the genistein-induced increase in CFTR function in all three studies.  Additionally, genistin, a structurally related but inactive analogue of genistein that is unable to inhibit tyrosine kinases, could not reproduce the stimulatory effect of genistein on chloride secretion by CFTR-like Cl- channels in both intact shark rectal glands and monolayers of primary tubular cells (Lehrich and Forrest 1995). Taken together, this suggested a phosphotyrosine-dependent mechanism of genistein in the regulation of CFTR, where inhibition of tyrosine kinases somehow prevented deactivation of the channel and allowed for increased activity.  While some studies demonstrated a PKA-independent activity of genistein (Illek et al. 1995; Baker and Hamilton 2004) others reported that PKA involvement is required for genistein action (Reenstra et al. 1996; Yang et al. 1997).  These differences have potentially been attributed to differences in basal cAMP levels (Yang et al. 1997). 

The pre-requisite of baseline PKA activity for genistein to exhibit an effect on CFTR proposed an alternative mechanism of genistein action - the regulation of a serine/threonine phosphatase that works in concert with PKA to fine-tune CFTR activity through phosphorylation of the R domain.  This was first suggested when it was identified that calyculin A, a serine/threonine phosphatase inhibitor demonstrated similar results to genistein treatment in NIH-3T3 cells expressing CFTR (Reenstra et al. 1996).  Similar results were obtained by using Hi-5 insect cells stably expressing CFTR (Yang et al. 1997).  These data suggest that genistein is exerting its stimulatory effect on CFTR not through tyrosine kinase inhibition, but through the inhibition of a serine/threonine phosphatase that is involved in the dephosphorylation of the R domain and works alongside PKA to modulate the phosphorylation state of CFTR and the subsequent alteration of ATP binding to the nucleotide binding domains.

Both Illek et al. (1995) and Reenstra et al. (1996) used the NIH-3T3 fibroblast cell line and 50μM genistein to study CFTR regulation.  While both saw a potentiation of CFTR activity, they deduced separate and distinct mechanisms.  Reenstra et al. (1996) did not investigate the role of orthovanadate in genistein-mediated CFTR potentiation seen in their experiments; likewise, Illek et al. (1995) did not investigate the role of calyculin A.  Therefore a direct comparison cannot be made, and neither mechanism can be deemed more reliable than the other.  If genistein were working through a phosphotyrosine-independent pathway, the ability of orthovanadate to block the activation of CFTR (Illek et al. 1995; Shuba and McDonald 1997; Baker and Hamilton 2004) may be due to a coordinated effort between serine/threonine phosphatases and tyrosine phosphatases that converge to fine-tune the regulation of the CFTR channel, which may allow for greater control over channel activity by having two separately controlled pathways.

While the potentiation of CFTR gating by genistein is maintained across studies, a number of different mechanisms have been implicated, even in the same cell type.  In the NIH-3T3 cell line expressing CFTR, in inside-out excised patches genistein activated CFTR and increased the Po of the channel (French et al. 1997).  Through the use of thiophosphorylation, which provides a metabolically stable phosphorylation analogue that is resistant tyrosine phosphatase-mediated dephosphorylation (Parker et al. 2005), French et al. (1997) showed that genistein was still able to exert its effects, suggesting it was not working through a tyrosine phosphatase-dependent pathway.  

By replacing ATP with GTP as the energy source, French et al. (1997) also demonstrated that genistein activity was independent of tyrosine kinase activity, as while CFTR is capable of using GTP for channel gating, tyrosine kinases are only able to use ATP as their phosphate donor.  These experiments indicated that genistein was having a direct effect on the CFTR channel, resulting in its increase in function; it was thought this direct interaction between CFTR and genistein was mediated by NBD2, as this is the region ultimately responsible for channel opening and closing (French et al. 1997; Hwang et al. 1997; Wang et al. 1998a).  The involvement of genistein with NBD2 was supported by the discovery that genistein bound to recombinant NBD2 proteins and was able to inhibit ATP hydrolysis by this domain (Randak et al. 1999).  A more complete mechanism for genistein action as a potentiator of CFTR suggested that genistein bound to first NBD1 and then to NBD2 to stabilise the NBD dimer that is responsible for channel activity (Moran and Zegarra-Moran 2005).  In support of this it was reported that genistein altered the digestion pattern of CFTR by limited proteolysis (Luo et al. 2000), suggesting that the compound was able to induce a conformational change and this may therefore affect its function.  The action of genistein prompted investigations for therapeutically-viable CFTR potentiators and was therefore instrumental in the discovery and development of VX-770 (Van Goor et al. 2009), described in section 1.6.

Genistein is only capable of potentiating CFTR activity after it has been phosphorylated in a PKA-dependent manner (Ai et al. 2004).  Genistein potentiates CFTR activity by affecting the ATP-dependent gating mechanism and NBD dimerization, maintaining the channel in an open state (Ai et al. 2004).  Therefore, while original experiments utilised genistein in terms of its ability to alter tyrosine phosphorylation, it is now becoming clear that its alterations of CFTR function are due to a direct interaction as a potentiator.

Genistein not only works as a potentiator of CFTR, and these additional effects appear to be concentration-dependent.  Additional effects include inhibition of CFTR by both open-channel and allosteric mechanisms (Lansdell et al. 2000), alterations of lipid bilayer mechanics (Hwang et al. 2003) and influencing the processing and intracellular trafficking of the CFTR protein (Schmidt et al. 2008).  At concentrations of 100µM genistein causes a reduction in Po of CFTR through interactions with NBD1 to inhibit channel opening (Lansdell et al. 2000), compared to the potentiation seen with 20µM (Ai et al. 2004).  At 100µM genistein also caused a decrease in single channel current amplitude, which may be due to interactions with the channel pore and blockage of Cl- movement (Lansdell et al. 2000). 

The implication of genistein in alterations in lipid bilayer mechanics may also provide a potential mechanism for its action on not only CFTR but other ion channels as well (Hwang et al. 2003).  Genistein is lipophilic and therefore may possess the ability to alter the properties of lipid bilayers (Hwang et al. 2003).  It is conceivable that alterations in lipid bilayers may alter channel conformation and could facilitate or inhibit the formation of correct conformations required for optimum channel activity (Hwang et al. 2003).

Finally, genistein may impact on the intracellular processing and trafficking of CFTR, thereby altering the expression of functional channels at the membrane (Schmidt et al. 2008).  Again, a concentration-dependent effect was seen, as 30µM genistein accelerated channel maturation, compared to inhibition with 100µM genistein (Schmidt et al. 2008).  Here the ability of genistein to inhibit tyrosine phosphorylation may also be involved, as it exhibited similar effects on CFTR processing as another tyrosine kinase inhibitor, tyrphostin 47; both produced a band of CFTR between the immature band B and mature band C, indicating alterations in protein maturation with these two compounds (Schmidt et al. 2008).  Therefore genistein is not only involved in modulating channel gating and maintaining the open state of the channel (Ai et al. 2004), but it also has additional, concentration-dependent effects which may all coordinate to alter CFTR function.

Orthovanadate is a cell-permeable tyrosine phosphatase inhibitor, with the effects predominantly mediated by the vanadate monomers.  These vanadate monomers are the active tyrosine phosphatase inhibitor component and are produced through the depolymerisation of orthovanadate (Gordon 1991).  Vanadate is believed to inhibit enzymes by acting as a phosphate analogue (Seargeant and Stinson 1979) and inhibits a range of phosphatases including ATPases, alkaline and acid phosphatases and protein tyrosine phosphatases.

As described above orthovanadate has predominantly been used to inhibit the effect of genistein through its main role as a tyrosine phosphatase inhibitor.  Orthovanadate has also been used in its own right in a number of studies to investigate the role of tyrosine phosphatases and general tyrosine phosphorylation in cellular function.  Its effects appear most pronounced at concentrations between 1 – 10mM, although there have been reports of concentrations as low as 200μM having an inhibitory effect on hyposmotic swelling in intestinal 407 cells (Tilly et al. 1993).

Excision of CFTR-containing patches results in channel rundown, which can be prevented by 1mM orthovanadate (Becq et al. 1994).  This suggested that channel rundown was due, in part, to membrane associated phosphatases – excision of the patch may result in the removal of PKA-mediated phosphorylation, allowing phosphatase-mediated dephosphorylation and subsequent deactivation and rundown of the channel.  Inhibition of these phosphatases with 1mM orthovanadate preserved channel activity by maintaining the active phosphorylation state.  This was supported by an increase in the phosphorylation of CFTR in the presence of orthovanadate, PKA and [γ32P]ATP.    Interestingly, vanadate can also activate CFTR channels containing the R117H, G551D and ΔF508 mutations (Becq et al. 1994), described in section 1.6, therefore presenting a phosphatase-based mechanism through which mutated channels could be rescued, at least in Chinese hamster ovary (CHO) cells stably expressing CFTR and human airway epithelial cells.

The use of orthovanadate in CFTR research is complicated by its action as a non-hydrolysable phosphate analogue – as well as being used as a PTP inhibitor orthovanadate has also been employed to investigate the role ATP binding and hydrolysis in channel gating, a function distinct from its role as a tyrosine phosphatase inhibitor.  Therefore the use of orthovanadate to investigate tyrosine phosphatase regulation of CFTR is complicated by any additional effects it may be having directly on channel gating.

Orthovanadate was also used in inside-out patches from cardiac myocytes to investigate channel gating by ATP (Baukrowitz et al. 1994).  Under these experimental conditions orthovanadate was used as an inorganic phosphate analogue which disrupts the ATP hydrolysis cycle and has the ability to lock CFTR in an open state, thereby increasing the Po of the channel and highlighting the importance of ATP hydrolysis in CFTR channel gating.  1mM orthovanadate was used to investigate the role of ATP hydrolysis in CFTR gating, and it was shown that orthovanadate locks the channel in an open state in the presence of ATP, but had no effect alone (Gunderson and Kopito 1994).  

To further complicate matters there appears to be a concentration-dependent action of orthovanadate, as some studies utilising <1mM concentrations showed no effect of orthovanadate on CFTR function.  For example, no effect of 10μM orthovanadate was seen on chloride secretion in native human sweat ducts (Reddy and Quinton 1996), or in CHO cells stably expressing CFTR (Tabcharani et al. 1991).  1mM vanadate has been shown to not alter CFTR activity, but at 10mM it prevented closure of the channel, therefore increasing the Po (Schultz et al. 1996).  

The general nature of orthovanadate as a phosphatase inhibitor and its ability to act as a phosphate analogue make it difficult to fully elucidate its mechanisms for CFTR regulation.  Coupling this with the multiple mechanisms proposed for genistein action on CFTR it is still unclear the exact role of tyrosine phosphorylation in CFTR regulation.

1.9.3 [bookmark: _Toc343428347][bookmark: _Toc343447611][bookmark: _Toc347056805]The regulation of CFTR by G proteins
Heterotrimeric G proteins are comprised of three subunits – Gα, Gβ and Gγ (Lambright et al. 1996).  Under unstimulated conditions, the Gα subunit is bound to GDP, which creates a binding domain for Gβ and subsequently Gγ (Wall et al. 1995); this forms the heteromeric G protein and in this configuration all three subunits are inactive.  Binding of GTP to the Gα subunit reduces the affinity of Gβ for Gα (Clapham 1994), resulting in the dissociation of Gα from Gβγ and subsequent activation of the subunits.  It was originally thought that only Gα could activate downstream effectors due to its responsibility for the binding and hydrolysis of GTP (Noel et al. 1993); however, Gβγ has also been shown to have an activating role and may be involved in ion channel regulation (Ito et al. 1992; Logothetis et al. 1987), rather than solely acting as a regulatory unit (Iiri et al. 1996).

G proteins are divided into four main families – Gi/o, Gs, Gq/11 and G12/13 based on similarities between the Gα subunits (Simon et al. 1991).  Pertinent to CFTR activity, activation of the Gi/o family results in inhibition of adenylyl cyclase and therefore a decrease in intracellular cAMP, whereas activation of the Gs family activates adenylyl cyclase, therefore increasing intracellular cAMP (Clapham 1994) – therefore these two families will be the main focus of this chapter.

1.9.3.1 [bookmark: _Toc303604804][bookmark: _Toc303610075][bookmark: _Toc343428348][bookmark: _Toc343447612]G-protein activation
G proteins can be activated through ligand binding to their associated G protein-coupled receptors (GPCRs), seven transmembrane domain receptors in the plasma membrane (Palczewski et al. 2000).  Ligand binding produces a conformational change in the receptor, allowing for the exchange of GDP for GTP at the Gα subunit and subsequent activation of downstream signalling cascades (Wettschureck and Offermanns 2005).  Signalling is attenuated by the hydrolysis of GTP by the inherent GTPase activity of the Gα subunit, returning it to its GDP-bound state and facilitating the binding of Gα to Gβ and Gγ.

G protein activation can also occur independently of the GPCR.  NDPK-B has been implicated in the GPCR-independent activation of G proteins through the transfer of a phosphate molecule to Gα-bound GDP via a phosphohistidine Gβ intermediate (Cuello et al. 2003), creating a GTP-bound Gα and activating the protein.  This phosphotransfer and subsequent activation of the G protein is especially important in maintaining cellular cAMP levels through the regulation of adenylyl cyclase (Hippe et al. 2009), which is critical for normal cellular function.

1.9.3.2 [bookmark: _Toc303604805][bookmark: _Toc303610076][bookmark: _Toc343428349][bookmark: _Toc343447613]Regulation of CFTR and ORCC by G-proteins
The regulation of CFTR by G proteins may occur in a number of ways.  One mechanism is through changes in intracellular cAMP, which can be achieved by various ligands binding to Gs or Gi/o-coupled GPCRs.  However, G proteins have also been shown to be involved in cAMP-independent activation of CFTR (Reddy and Quinton 2001) and also play a role in vesicle trafficking (Schwiebert et al. 1994b), thereby affecting the delivery of channels to the plasma membrane and subsequently their ability to regulate chloride ion movement.

In airway epithelial cells, G proteins play an inhibitory role in CFTR regulation through the G protein Gαi-2.  Activation of this inhibitory G protein with GTPγS, a non-hydrolysable form of GTP (Haslam and Davidson 1984) that constitutively activates G proteins by stabilising the GTP-bound configuration (Barritt and Gregory 1997), resulted in a loss of cAMP-stimulated CFTR activity (Schwiebert et al. 1992).  The sensitivity of this response to pertussis toxin (PTX), which uncouples heterotrimeric Gi proteins from their receptors, suggested that a Gi family member was involved.  Northern blot analysis provided evidence as to the identity of the G protein, and Gαi-2 was identified as the only PTX-sensitive G protein in human airway cells (Schwiebert et al. 1994b).  Activation of Gαi-2 blocked the cAMP-stimulated delivery of CFTR-containing vesicles to the plasma membrane, resulting in a decrease in CFTR whole-cell chloride conductance (Schwiebert et al. 1994b).

While G proteins regulate CFTR through alterations in channel trafficking (Ismailov et al. 1996) they are also involved in the regulation of the ORCC, the other contributor to whole-cell chloride currents.  CFTR regulates the PKA and ATP-dependent activity of the ORCC; in the absence of functional CFTR there is a loss of ORCC activation by PKA and ATP, as shown in reconstituted planar lipid bilayers from bovine tracheal epithelia (Jovov et al. 1995a; Jovov et al. 1995b) and in nasal epithelial cells from transgenic CFTR knockout mice (Gabriel et al. 1993).  While the regulation of CFTR by G proteins appears to be through alterations in vesicle trafficking and channel delivery to membrane, G protein regulation of the ORCC is suggested to be more of a direct interaction (Ismailov et al. 1996).  It has been demonstrated that the ORCC is also regulated by a PTX-sensitive G protein (Schwiebert et al. 1995), where addition of PTX increased the Po of the channel in excised patches, whereas GTPγS reduced Po.  Addition of purified G protein α-subunits to the excised patches containing activated ORCC identified Giα-2 as the G protein involved, which was also shown to associate with ORCC in immunopurified material from bovine tracheal epithelia (Ismailov et al. 1996).  This was the same G protein that had been shown to regulate CFTR (Schwiebert et al. 1994b); therefore it is reasonable to assume that the regulatory relationship between these two channels may in some way be modulated by Giα-2.

However, the regulation of CFTR by G proteins appears to be cell-type specific – in the airway, G proteins have an inhibitory effect on both CFTR and the ORCC, while in absorptive epithelia such as the sweat duct G proteins appear to stimulate the channel and remove its dependence on cAMP for activation (Reddy and Quinton 2001).  In this system, application of GTPγS resulted in a significant increase in CFTR conductance in basolaterally permeabilised native sweat ducts.  This discrepancy between sweat ducts and airway cells (Schwiebert et al. 1992) may partially be explained by the presence of different families of G proteins in each of the cells types – immunocytochemical labelling of G protein subunits showed apical membrane staining of Gαs in sweat ducts (Reddy and Quinton 2001), compared to the identification of Gαi-2 as the key player in airway cells.  Therefore the differences in response to G protein stimulation may reflect differences in the complement of G proteins in each cell type and highlights the differences in regulatory mechanisms between secretory and absorptive epithelia.

1.10 [bookmark: _Toc343428350][bookmark: _Toc343447614][bookmark: _Toc347056806] Aims and objectives
Despite focusing on three individual components of CFTR regulation (NDPK-B, tyrosine phosphorylation and G proteins), the common theme is the importance of large, multiprotein complexes in the regulation and regulatory role of this protein and the impact of altered cellular trafficking in ion channel function.  While it is important to investigate the contributions of different components in isolation it must be remembered that in vivo these proteins do not act alone – they work in concert with a multitude of other proteins to finely tune the function of epithelial cells.

The work conducted in this thesis aimed to:
1. Describe the functional relationship between NDPK-B and CFTR.
2. Describe the effect of altering the tyrosine phosphorylation state of 16HBE14o- cells on CFTR function.
3. Identify the tyrosine phosphatases involved in regulating CFTR function.
4. Explain how alterations in tyrosine phosphorylation result in a change in CFTR function.
5. Describe the effect of G protein stimulation on CFTR channels that have already been activated by an increase in cellular cAMP.




The aims were addressed as follows:

Aim 1:  Describe the functional relationship between NDPK-B and CFTR
This was addressed through the use of GFP-tagged NDPK-B proteins to over-express NDPK-B, and NDPK-B shRNA to knockdown NDPK-B expression in 16HBE14o- cells.  Over-expression of NDPK-B was also performed in the expression system BHK-21-CFTR cells to provide an additional model for role of NDPK-B in CFTR function.  The effect of these interventions on the DIDS- and CFTRinh-172-sensitive current was investigated using the whole-cell patch-clamp technique.  To further investigate the interaction between NDPK-B and CFTR, Far Western blotting was used to identify the region of CFTR that bound to NDPK-B.

Aim 2:  Describe the effect of altering the tyrosine phosphorylation state of 16HBE14o- cells on CFTR function
This was achieved through the use of general tyrosine phosphatase inhibitors to alter the tyrosine phosphorylation state of 16HBE14o- cells.  The resultant effect on the DIDS- and CFTRinh-172-sensitive currents were  analysed using whole-cell patch-clamp data.  The general tyrosine phosphatase inhibitors used were sodium orthovanadate (Na3VO4) and phenylarsine oxide (PAO).  16HBE14o- cells were exposed to these compounds through three different routes – firstly, by pre-incubating the cells in the tyrosine phosphatase inhibitors prior to stimulation with cAMP agonists; secondly by delivering the tyrosine phosphatase inhibitors to the intracellular compartment through the patch pipette solution; thirdly by delivering the inhibitors acutely to the extracellular surface of the cell through the gravity-driven perfusion system. 

Aim 3:  Identify the tyrosine phosphatases involved in CFTR regulation
To achieve this, the specific tyrosine phosphatase inhibitors BVT.948 and NSC-87877 were used to selectively inhibit PTP1B and Shp1/2 phosphatases, respectively.  The whole-cell patch-clamp technique was used to investigate the effects of inhibiting these tyrosine phosphatases on the DIDS- and CFTRinh-172-sensitive currents recorded.
 
Aim 4:  Explain how alterations in tyrosine phosphorylation result in a change in CFTR function 
To explain any changes in CFTR function, confocal microscopy was employed to investigate changes in CFTR location in human nasal epithelial cells and BHK-21-CFTR cells when cells are treated with PAO to inhibit tyrosine phosphatases.  Cell-surface biotinylation was also used to try and quantify changes in CFTR plasma membrane expression.

Aim 5:  Describe the effect of G protein stimulation on CFTR channels that have already been activated by an increase in cellular cAMP
16HBE14o- cells were stimulated with cAMP agonists and then exposed to GTPγS in the intracellular compartment through the patch-pipette solution.  The effect on the DIDS- or CFTRinh-172-sensitive currents were investigated using the whole-cell patch clamp technique. 





Chapter 1		Introduction


[bookmark: _Toc303604690][bookmark: _Toc303609864][bookmark: _Toc303610700][bookmark: _Toc343428351][bookmark: _Toc343447615][bookmark: _Toc347056807]Chapter 2
[bookmark: _Toc303604691][bookmark: _Toc303609865][bookmark: _Toc343428352][bookmark: _Toc343447616][bookmark: _Toc347056808]Materials and Methods

This chapter details the common protocols used throughout this thesis.  Specific solutions and modifications to these methods are described in the relevant chapters.

2.1 [bookmark: _Toc303604692][bookmark: _Toc303609866][bookmark: _Toc343428353][bookmark: _Toc343447617][bookmark: _Toc347056809] Cell culture
Five cell types were used in this project.  The two main cell lines were the human bronchial epithelial cell line 16HBE14o- and two baby hamster kidney fibroblastic cell lines (BHK-21) - a non-transfected cell line BHK-21-L and one stably expressing wild-type CFTR (BHK-21-CFTR).  MCF-7 cells, a human breast adenocarcinoma cell line, sheep trachea epithelia cells and human nasal epithelium were also used.

The 16HBE14o- cell line is a post-crisis SV40 large T-antigen transformed epithelial cell line originating from human bronchial epithelial cells that has the ability to maintain differentiated epithelia morphology and expresses CFTR at the mRNA and protein level.  It is frequently used in research (Forbes et al. 2003) and originally developed to study CFTR function (Cozens et al. 1994) as they form tight junctions and demonstrate vectorial ion transport.  The 16HBE14o- cells used in this project were kindly gifted by Professor Dieter C. Gruenert, University of California, San Francisco.

BHK cells (full name BHK-21(C13) cells) were originally derived from the kidneys of five, unsexed, one day old hamsters (Macpherson and Stoker 1962).  The cells were continuously cultured for 84 days (with an 8 day interruption for preservation freezing) after which a single cell was isolated and termed clone 13 (C-13).  This cell was then used to propagate future cell lines and acted as a host for transformations.  The BHK-21-L and BHK-21-CFTR cells were kindly gifted by Professor Margarida D. Amaral, Universidade de Lisboa, Lisboa, Portugal.  The BHK-21-L line was a non-transfected control cell line, and the BHK-21-CFTR cells contained the eukaryotic expression vector pNUT containing CFTR and dihydrofolate reductase (DHFR) cDNA driven by SV40 promoter (Haardt et al. 1999).  The presence of the DHFR cDNA permits selection of BHK-21-CFTR cells with the antibiotic methotrexate (Palmiter et al. 1987; Qiu et al. 1994).

MCF-7 cells were derived from a pleural effusion of a patient with breast cancer (Soule et al. 1973).  These metastatic mammary carcinoma cells show characteristics of mammary epithelium, such as the ability to form domes (Soule et al. 1973) and the presence of a specific oestrogen receptor (Brooks et al. 1973), and are widely used in breast cancer research (Lacroix and Leclercq 2004).  The MCF-7 cells used in this project were kindly gifted by Professor Dieter C. Gruenert, University of California, San Francisco.

Sheep trachea epithelial cells were obtained from the tracheas of sheep freshly slaughtered at the local abattoir.  The tracheas were placed in ice-cold phosphate-buffered saline (PBS) immediately after extraction for transportation to the laboratory, where they were incubated in PBS solutions at 37oC containing 10mM D-glucose and 5mM dithiothreitol (DTT) to remove any mucous (Charon et al. 1994).  The cells were obtained by scraping with a glass slide (Muimo et al. 1998) and placed in ice-cold homogenisation buffer containing 250mM glucose and 10mM triethanolamine, Roche protease inhibitor cocktail tablet, pH 7.6 (Muimo et al. 1998).  Aliquots of cells were stored at -80oC and thawed prior to experimentation.

Human nasal epithelial cells were obtained from healthy young adults undergoing surgery unrelated to nasal mucosal disease (Muimo et al. 1998).  Written consent and Ethical Committee approval were obtained (Tayside Medical Ethics Research Committee, reference number 11/91).  The cells were obtained from the inferior turbinate nasal epithelium (Rutland and Cole 1980) and placed into nutrient-rich medium 199 (Treharne et al. 1994).  Subsequence washes removed any contaminating inflammatory cells (Treharne et al. 1994) and cells were then stored in medium 199 for no longer than 24 hours prior to experimentation.

2.1.1 [bookmark: _Toc303604693][bookmark: _Toc303609867][bookmark: _Toc343428354][bookmark: _Toc343447618][bookmark: _Toc347056810]Cell culture conditions
All cell culture procedures were done using sterile plastic and glassware in a flow hood (Jencons Scientific Ltd.) under sterile conditions.  Cells were grown in 25cm2 (T25) or 75cm2 (T75) cell culture flasks (Sarstedt) in a non-humidified incubator (Scientific Laboratory Supplies Galaxy R CO2 incubator) maintained at 37oC, 95% O2, 5% CO2.  Cell culture medium was changed every 3 - 4 days and cells were grown to 80 - 90% confluency before passaging every 7 - 8 days.  16HBE14o- cells were cultured in Medium 199 (Sigma) supplemented with 10% fetal calf serum (FCS) (Sigma), 100U/mL penicillin (Sigma), 0.1mg/mL streptomycin (Sigma) and 2mM L-glutamine (Sigma).  The BHK-21 cell lines were cultured in Dulbecco’s modified Eagle’s medium nutrient mixture F-12 HAM (DMEM/F-12) (Sigma) supplemented with 10% FCS, 100U/mL penicillin and 0.1mg/mL streptomycin, with the BHK-21-CFTR cell line media also containing 500μM methotrexate (Sigma) to allow only the growth of cells containing the CFTR-containing plasmid.

2.1.2 [bookmark: _Toc303604694][bookmark: _Toc303609868][bookmark: _Toc343428355][bookmark: _Toc343447619][bookmark: _Toc347056811]Culture passaging
Cells were passaged at 80 - 90% confluence by removal of media, washing three times with 2mL 1x phosphate-buffered saline (PBS) pH7.4 minus MgCl2 and CaCl2 at 37oC and exposure to 0.5ml (T25) or 1.0mL (T75) trypsin to detach them from the bottom of the flasks.  Once the cells were detached, 3mL media were added to deactivate the trypsin.  0.5mL or 1.0mL of this cell suspension was added to fresh 25cm2 or 75cm2 cell culture flasks plus 9.5mL or 19mL media, respectively.  Cells were passaged five times before a new aliquot of cells was thawed from -80oC. 

2.1.2.1 [bookmark: _Toc303604695][bookmark: _Toc303609869][bookmark: _Toc343428356][bookmark: _Toc343447620]Culture plating for whole-cell patch-clamp experiments
Plastic cover slips (Nunc thermanox 13mm) were placed in 8.8cm2 petri dishes (Nunclon) and washed with 70% ethanol (in PBS) and three times with 1x PBS prior to the addition of cell suspension.  200μL of cell suspension was added to allow cells to be seeded at a low density for patch-clamp analysis.  2mL media was then added to the dish and cells were incubated for 24 hours prior to experimentation.

2.1.2.2 [bookmark: _Toc303604696][bookmark: _Toc303609870][bookmark: _Toc343428357][bookmark: _Toc343447621]Culture plating for cell stimulation and harvesting
0.5mL cell suspension was added to 56.7cm2 petri dishes (Nunclon) along with 9.5mL of the appropriate media.  Cells were incubated for 5 - 7 days until 90% confluent before stimulation and harvesting.

2.1.3 [bookmark: _Toc303604697][bookmark: _Toc303609871][bookmark: _Toc343428358][bookmark: _Toc343447622][bookmark: _Toc347056812]Cell freezing and thawing
Cells were trypsinised and re-suspended in media as described above.  Cell suspension was then centrifuged at 1,000 rpm for 5 minutes at room temperature to pellet the cells.  The supernatant was removed and cells were re-suspended in equal volumes of freezing media (50% FCS, 10% DMSO in medium 199 for 16HBE14o- cells and DMEM/F12 for BHK cells).  Cells were stored in cryotubes (Greiner bio-one) at -80oC.  

To thaw, cells were warmed in a 37oC water bath until defrosted and then placed in T75 flask with fresh, pre-warmed growth medium.

2.1.4 [bookmark: _Toc303604698][bookmark: _Toc303609872][bookmark: _Toc343428359][bookmark: _Toc343447623][bookmark: _Toc347056813]Transfections
Cells were transfected with DNA or short hairpin RNA (shRNA) in order to modify the expression of a protein of interest.  shRNA is produced by endogenous machinery designed to deal with double-stranded RNA, machinery also used to produce small interfering RNA (siRNA).  An advantage of shRNA is its stable expression due to the presence of the hairpin loop, allowing the gene silencing to be passed on to daughter cells (Paddison et al. 2002).    Transfections were performed using the standard Lipofectamine 2000 protocol (Invitrogen).  For whole-cell patch-clamp analysis, cells were first plated onto plastic coverslips (as detailed in 2.1.2.1) and grown for 24 hours prior to transfection.  In order to transfect cells for harvesting they were grown to 80 – 90% confluency prior to transfection.  In each case the cells were washed three times with warm Opti-MEM (a modified version of Eagle’s Minimum Essential Media (EMEM), buffered with HEPES and sodium bicarbonate, supplemented with hypoxanthine, thymidine, sodium pyruvate, L-glutamine, trace elements and growth factors).  The cells were then incubated for 1 hour in Opti-MEM.  3μg DNA or shRNA was diluted in 300μL Opti-MEM and mixed gently.  Lipofectamine 2000 was mixed gently and 9μL was diluted in 300μL Opti-MEM and incubated for 5mins at room temperature.  After 5 minutes incubation, the diluted DNA or shRNA was combined with the diluted Lipofectamine 2000, mixed gently and incubated for 20 - 30 minutes at room temperature.  Cells were then washed twice with Opti-MEM and the DNA/shRNA and Lipofectamine 2000 mixture was added to the cells.   2mL Opti-MEM was added to each petri dish and left for 6 hours before media was changed back to normal growth media and cells were incubated overnight  before whole-cell patch-clamp experiments or  harvesting were performed.

Cells were transfected with pEGFP-C2 vector (Clontech), or GFP-tagged NDPK-B proteins.  The pEGFP-C2 vector was under the control of a CMV promotor and contained a kanamycin bacterial resistance gene to allow for selection of bacteria after transformation (detailed in section 2.2.2).  The GFP-tagged NDPK-B proteins were produced by inserting full-length human NDPK-B cDNA into either a pEGFP-C2 vector between EcoRI and SalI sites at the C-terminal end of EGFP, or a pEGFP-N2 vector between NheI and BamHI sites to produce pEGFP-C2 NDPK-B and pEGFP-N2 NDPK-B, respectively.  The vector maps for both pEGFP-C2 and pEGFP-N2 are shown in appendix 2.  These two pEGFP vectors were used to produce NDPK-B proteins in which the GFP tag was placed at either the N-terminus of NDPK-B (pEGFP-C2 NDPK-B) or the C-terminus of NDPK-B (pEGFP-N2 NDPK-B), figure 2.1.
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[bookmark: _Toc343447624][bookmark: _Toc343447886][bookmark: _Toc343606412][bookmark: _Toc343672608][bookmark: _Toc343428360][bookmark: _Toc343440781]Figure 2.1 Arrangement of GFP and NDPK-B in expression vectors.  A, the arrangement in the pEGFP-C2 NDPK-B vector; B,  the arrangement in the pEGFP-N2 NDPK-B vector.

NME2 shRNA (OriGene; gene ID 4831) was used to knock-down expression of NDPK-B in 16HBE14o- cells.  Four unique shRNA constructs in a retroviral untagged vector were used, which each target multiple splice varients of human NDPK-B, allowing for complete knock-down of protein expression.

Where transfected cells were used for the whole-cell patch-clamp experiments, three separate transfection procedures were conducted.  Throughout this thesis, “n” refers to the number of cells recorded from; where transfected cells were used, the final “n” number of cells contains cells from each of the transfections.

2.1.5 [bookmark: _Toc303604699][bookmark: _Toc303609873][bookmark: _Toc343428361][bookmark: _Toc343447625][bookmark: _Toc347056814]Cell stimulation and harvesting
Once cells had grown to 90% confluency, plates were washed three times with ice-cold 1x PBS and then stimulated 2mL of the desired solutions, detailed in the relevant chapters.  The stimulation solution was then removed and the plates re-washed three times with ice-cold 1x PBS.  A cell scraper (Thermo Scientific) was used to detach cells from the bottom of the plates and the suspension was pipetted into a 50mL falcon tube.  Cells were spun at 1,000 rpm for 5 minutes at 4oC to pellet the cells.  The supernatant was removed and the cells were re-suspended in equal volumes of homogenization buffer (250mM sucrose, 10mM triethanolamine, 50mM sodium fluoride, 1mM EDTA, 1mM benzamidine, 1mM DL-dithiothreitol (DTT), Roche protease inhibitor cocktail tablet). The re-suspended pellet was placed in a 1.5mL eppendorf and subjected to sonication.

2.1.6 [bookmark: _Toc343428362][bookmark: _Toc343447626][bookmark: _Toc347056815][bookmark: _Toc303604700][bookmark: _Toc303609874]Protein concentration assay
The protein concentration of the samples was determined through the use of the Bio-Rad Protein Assay Dye Reagent (Bio-Rad).  BSA standards ranging between 20 - 1.25μg/mL were used to generate a standard curve using an Opsys MR 96-well plate reader (Dynex Technologies) and measuring absorbance at 630nm.  The protein concentration of samples was calculated from the standard curve.   

2.1.7 [bookmark: _Toc343428363][bookmark: _Toc343447627][bookmark: _Toc347056816]Cell sonication
Cells were kept on ice and sonicated using a Soniprep 150 bench top ultrasonic disintegrator (MSE UK Ltd.) using three 5-second pulses each at 10 microns.  This was repeated three times and care was taken not to over-heat the sample.  Once sonication was complete the sample was centrifuged at 13,000 rpm for 20 minutes at 4oC to pellet cellular debris, intact cells and nuclei.  The supernatant was removed, the protein concentration determined as described in section 2.1.6 and was then aliquoted into 1.5mL eppendorfs, snap frozen in liquid nitrogen and then stored at -80oC.

2.1.8 [bookmark: _Toc303604701][bookmark: _Toc303609875][bookmark: _Toc343428364][bookmark: _Toc343447628][bookmark: _Toc347056817]Cell membrane preparation
Post-sonication samples were thawed on ice and placed into 25 x 89mm polycarbonate Beckman centrifuge tubes.  Samples were centrifuged using a Beckman Ultracentrifuge with a 70 Ti rotor for 22,000 rpm for 1 hour at 4oC.  The supernatant containing cytosolic proteins was removed, the protein concentration determined as described in section 2.1.6 and aliquoted into 20μL aliquots, snap frozen in liquid nitrogen and stored at -80oC.  The pellet was re-suspended in 200μL 1x homogenization buffer and spun at 12,400 rpm for 30 minutes.  The supernatant was removed and the pellet re-suspended in 200μL 1x homogenization buffer and spun again at 12,400 rpm for 30 minutes.  This was repeated three times to remove all cytosolic proteins from the membrane-containing pellet.  After the final wash the pellet was re-suspended in 200μL 1x homogenization buffer and the protein concentration determined as described in 2.1.6.  The sample was then aliquoted into 20μL aliquots and snap frozen in liquid nitrogen and stored at -80oC.

2.1.9 [bookmark: _Toc343428365][bookmark: _Toc343447629][bookmark: _Toc347056818]Biotinylation
Cells were plated into petri dishes as described in section 2.1.2.2 and stimulated as described in section 2.1.5 before biotinylation took place.  Plates were washed three times with ice-cold 1x PBS to remove any media and were then incubated for 30 minutes at 4oC with 10mM EZ-Link® sulfosuccinimidyl biotin (Sulfo-NHS-biotin) (Thermo Scientific).  Sulfo-NHS-biotin labels proteins by forming covalent bonds with primary amino groups (-NH2), which are found in the side chain of lysine residues (Diamandis and Christopoulos 1991).  After 30 minutes the cells were washed three times with ice-cold 1x PBS to remove any excess biotin, and cells were scraped, pelleted and sonicated as described in sections 2.1.5 and 2.1.7.  A sample of the supernatant obtained at the end of sonication was used to determine the protein concentration of the sample, as described in section 2.1.6, and the remaining supernatant was incubated for 1 hour at 4oC with end-over mixing with NeutrAvidin beads (Thermo Scientific) to extract the labelled proteins.  The beads were then pelleted by centrifugation at 1,000 rpm and the supernatant aliquoted and stored at -80oC.  The beads were washed 3 times with ice-cold 1x PBS, each time pelleted by centrifugation at 1,000 rpm.  After the final wash, the beads were re-suspended in an equal volume of Laemmli sample buffer (LSB) (62.5mM Tris-HCl pH 8.0, 25% glycerol, 2% SDS, 5% β-mercaptoethanol, bromophenol blue) and incubated at 100oC for 5 minutes to release the proteins from the beads.  The beads were then pelleted by centrifugation at 1,000 rpm and the supernatant was aliquoted into samples containing 10µg of protein and stored at -80oC.  Samples were thawed prior to loading into SDS-PAGE gel, described in section 2.3.3.

2.2 [bookmark: _Toc303604702][bookmark: _Toc303609876][bookmark: _Toc343428366][bookmark: _Toc343447630][bookmark: _Toc347056819] Molecular biology
The following techniques were used to obtain DNA and shRNA required for cell transfections.

2.2.1 [bookmark: _Toc303604703][bookmark: _Toc303609877][bookmark: _Toc343428367][bookmark: _Toc343447631][bookmark: _Toc347056820]Making Luria-Bertani (LB) bacterial growth medium and plates
LB broth was made by dissolving 20g/L LB powder containing 10g/L tryptone, 5g/L yeast extract and 5g/L sodium chloride in deionised H2O.  Tryptone is formed by the digestion of casein by trypsin and provides a source of amino acids for the growing bacteria, while the yeast extract provides vitamins and minerals, particularly B vitamins.  The broth was sterilised by autoclaving at 121oC for 15 minutes.  LB plates were made by the addition of 15% select agar to the LB broth, and this solution was again autoclaved to sterilise.  The LB/agar mixture was allowed to cool to 40 – 50oC before the addition of the antibiotics to avoid denaturing of the compounds.  The plates contained either 50μg/mL sterile filtered kanamycin or 100μg/mL sterile filtered ampicillin antibiotics.  Once the antibiotics had been added the solution was mixed thoroughly and then poured into sterile petri dishes (Thermo Scientific).  The dishes were left to cool and set and any excess plates were then inverted and stored at 4oC.  

2.2.2 [bookmark: _Toc303604704][bookmark: _Toc303609878][bookmark: _Toc343428368][bookmark: _Toc343447632][bookmark: _Toc347056821]Bacterial transformation and growth
α-selectTM competent E.coli cells bronze efficiency (Bioline) were stored at -80oC prior to use.  The bacterial cells were thawed on ice and 50μL were added to a 15mL falcon tube on ice.  1μL of DNA or shRNA was added to the cells and left to incubate on ice for 20 minutes. Care was taken not to incubate for longer than 30 minutes.  The cells were then heat shocked at 42oC in a water bath for 45 seconds and then placed back on ice for a further 2 minutes.  250μL Super Optimum Broth with added glucose (SOC) medium was then added to the cells to encourage bacterial growth and cells were incubated in a shaking incubator at 37oC, 220 rpm for 1 hour.  Cells were then plated onto LB agar plates supplemented with either kanamycin or ampicillin (depending on the antibiotic resistant gene present in the DNA) using methanol and a Bunsen flame to sterilise the inoculation loop.  Plates were incubated overnight at 37oC for bacterial colonies to grow.  A sterile pipette tip was then used to select a single colony of bateria from the LB agar plate and placed in 5mL LB broth containing the appropriate antibiotic in a 15mL falcon tube.  The tubes were then placed in a shaking incubator at 37oC, 220 rpm overnight.  Overnight bacterial cultures were also grown from glycerol stocks.  A sterile pipette tip was used to remove some of the stock, which was then placed in 5mL LB broth containing the appropriate antibiotic in a 15mL falcon tube and grown overnight.

2.2.3 [bookmark: _Toc303604705][bookmark: _Toc303609879][bookmark: _Toc343428369][bookmark: _Toc343447633][bookmark: _Toc347056822]DNA extraction
The extraction of DNA from the bacterial cultures produced in section 2.2.2 was carried out using the ZyppyTM (Zymo Research) mini-prep kit, which employs the alkaline lysis method for retrieval of DNA from inside the bacterial cells.  To lyse bacterial cells, the mini-prep kit utilised the alkaline lysis method.  Cells were first exposed to a hypotonic solution containing glucose, EDTA (to inhibit DNAse-mediated degradation of DNA) and Tris buffer to maintain a constant pH.  This created an osmotic shock and ruptured the cells.  A second buffer was then applied containing sodium hydroxide (NaOH) and sodium dodecyl sulphate (SDS).  The SDS detergent was added to break down the lipid membranes and solubilise proteins, while the NaOH also denatured the DNA into single strands.  The solutions were then neutralised allowing the DNA to re-form double strands.  The neutralisation helped precipitate the SDS and aids the formation of a pellet of chromosomal DNA and cellular debris.  The sample was then spun to pellet this debris and the supernatant was applied to a spin column containing a DNA-binding matrix (silica gel membrane).  The DNA was fully precipitated in a high salt solution, washed to remove any contaminants and then eluted using a low salt solution.

 The mini-prep was carried out according to manufacturer’s protocol.  In brief, 500μL of 5mL overnight bacterial culture was removed and added to 500μL glycerol in a 1.5mL eppendorf tube to make a glycerol stock for future work, and this was stored at -80oC until needed.  The remaining bacteria were pelletted by removing the pipette tip and centrifuging at 6,800 x g for 15 minutes.  The pellet was re-suspended in 600μL of supernatant and placed in a 1.5mL microcentrifuge tube.  100μL lysis buffer was added and the solutions were mixed until a homogeneous solution was achieved.  450μL of neutralisation buffer was added and the solutions were again mixed by inverting the tubes 4 – 6 times.  A precipitate of cellular debris and genomic DNA begins to form and this was pelleted by centrifugation at 14,000 x g for 4 minutes.  The supernatant containing the plasmid DNA was then added to a spin column containing a DNA-binding matrix.  The column was centrifuged at 14,000 x g for 15 seconds to remove any remaining solution and the DNA-binding matrix was then washed with 200μL wash buffer and 400μL wash buffer containing 80% ethanol.  Finally the DNA was eluted using a low salt elution buffer and centrifugation.

2.2.4 [bookmark: _Toc303604706][bookmark: _Toc303609880][bookmark: _Toc343428370][bookmark: _Toc343447634][bookmark: _Toc347056823]DNA diagnostic cuts and sequencing
DNA was checked for identity using various restriction enzymes to cut the plasmid at defined regions to confirm the correct DNA was present in the sample.  The restriction enzyme mixes for checking the GFP-tagged NDPK-B plasmids are shown in table 2.1.  All restriction enzymes and buffers were supplied by Fermentas.






	Mix 1
	Mix 2

	2μL DNA
	2μL DNA

	1μL O+ Orange buffer
	1μL Tango buffer

	0.5μL EcoR1 restriction enzyme 
	0.5μL BamH1 restriction enzyme

	0.5μL Sal1 restriction enzyme
	0.5μL NHE1 restriction enzyme

	6μL RNase-free H2O
	6μL RNase-free H2O


[bookmark: _Toc343428371][bookmark: _Toc343440782][bookmark: _Toc343447376][bookmark: _Toc343447635][bookmark: _Toc343606413][bookmark: _Toc343607013][bookmark: _Toc343672609]Table 2.1 Restriction enzyme mixes for diagnostic cuts.

The two enzyme mixes were used to determine which pEGFP plasmid the NDPK-B had been inserted into - pEGFP-N2, which inserts the NDPK-B sequence at the N-terminus of the GFP protein, or pEGFP-C2, which inserts the NDPK-B sequence at the C-terminus.  The DNA was resolved by electrophoresis in a 2% agarose gel (Fischer Scientific) containing ethidium bromide (BD Biosciences) to allow for DNA visualisation.  Images of the gels were obtained using ultraviolet light and a Polaroid camera.

DNA sequencing was performed by University of Sheffield Core Genomic Facility using stock primers for the pEGFP plasmid.  Sequences are documented in appendix II.

2.2.5 [bookmark: _Toc303604707][bookmark: _Toc303609882][bookmark: _Toc343428372][bookmark: _Toc343447636][bookmark: _Toc347056824]DNA concentration determination
The concentration of DNA present following the mini-prep protocol was determined using a NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific).  The concentration was determined by first calibrating the spectrophotometer with elution buffer and then placing 1μL of DNA suspension (in elution buffer) onto one end of a fibre optic cable.  A second fibre optic cable was then brought into contact with the sample through the sampling arm of the NanoDrop.  The concentration of DNA was determined through the analysis of the light from a xenon lamp that passed through the sample by computer software.  

2.3 [bookmark: _Toc303604708][bookmark: _Toc303609883][bookmark: _Toc343428373][bookmark: _Toc343447637][bookmark: _Toc347056825]Western blot
Western blotting is a technique that is used to detect immobilised proteins on nitrocellulose membranes.  It was used to show the presence of protein in difference cell types and compare protein expression under various experimental conditions.

2.3.1 [bookmark: _Toc303604709][bookmark: _Toc303609884][bookmark: _Toc343428374][bookmark: _Toc343447638][bookmark: _Toc347056826]Sample preparation
Cell samples were prepared through cell stimulation, harvesting, sonication and membrane preparation (see sections 2.1.5 and 2.1.7).  The concentration of protein in each sample was determined through a protein concentration assay, section 2.1.6.  Once the concentration was known, samples were denatured through the addition of equal volumes of LSB, described in section 2.1.8, and boiling for 5 minutes.  10μg of protein was loaded in the SDS-PAGE gel.

2.3.2 [bookmark: _Toc303604711][bookmark: _Toc303609886][bookmark: _Toc343428375][bookmark: _Toc343447639][bookmark: _Toc347056827]SDS-PAGE
Proteins were separated using electrophoresis on sodium dodecyl sulphate polyacrylamide gel (SDS-PAGE).  This resolved the proteins into discreet bands according to protein size through the application of an electrical current.  Two gels are used – the stacking gel that contained 6% acrylamide, 0.15M Tris-HCl pH 6.8, 0.1% SDS, 0.05% ammonium persulphate (APS) and 0.02% tetramethylethylenediamine (TEMED) and the resolving gel.  The percentage acrylamide in the resolving gel differed depending on the samples used, and the composition of the various resolving gels is shown in table 2.2.  The stacking gel was more acidic (pH 6.8) and contained less acrylamide and it was into this gel that the samples are loaded.  As the gel ran the protein samples became concentrated at the interface between the slightly acidic stacking gel and the more alkaline (pH 8.8) resolving gel.  The resolving gel also had a much higher acrylamide concentration, making it less permeable.  This separated the proteins more effectively according to size, with smaller proteins able to move further down the resolving gel and larger proteins staying closer to the top.  10μg protein was run at 100mV through the two gels in running buffer containing 25mM Tris-HCl, 250mM glycine and 0.1% SDS until they reached the bottom of the gel and separation was complete.

	8% resolving gel
	10% resolving gel
	12% resolving gel

	8% acrylamide
	10% acrylamide
	12% acrylamide

	0.3M Tris-HCl pH 8.8
	0.3M Tris-HCl pH 8.8
	0.3M Tris-HCl pH 8.8

	0.1% SDS
	0.1% SDS
	0.1% SDS

	0.1% APS
	0.1% APS
	0.1% APS

	1% TEMED
	1% TEMED
	1% TEMED


[bookmark: _Toc343428376][bookmark: _Toc343440783][bookmark: _Toc343447377][bookmark: _Toc343447640][bookmark: _Toc343606414][bookmark: _Toc343607014][bookmark: _Toc343672610]Table 2.2 Composition of resolving gels for SDS-PAGE

2.3.3 [bookmark: _Toc303604712][bookmark: _Toc303609888][bookmark: _Toc343428377][bookmark: _Toc343447641][bookmark: _Toc347056828]Protein visualisation in the gel
To visualise the proteins in the gel, it was placed in Coomassie Blue solution containing 0.1% Coommassie Brilliant Blue, 50% methanol and 10% glacial acetic acid to be stained.  The excess Coomassie stain was removed using 10% glacial acetic acid.  This provided a visual representation of protein concentration in each lane prior to transfer.

2.3.4 [bookmark: _Toc303604713][bookmark: _Toc303609889][bookmark: _Toc343428378][bookmark: _Toc343447642][bookmark: _Toc347056829]Transfer
Once the protein samples had reached the bottom of the gel and separation was complete, the gels were removed from the running buffer and placed into a “transfer sandwich” containing (in this order) two transfer sponges, two pieces of blotting paper, gel, nitrocellulose (PVDF) membrane, two pieces of blotting paper and two transfer sponges.  All components of the “transfer sandwich” were pre-soaked in transfer buffer containing 5% methanol, 25mM Tris and 192mM glycine for 30 minutes prior to assembly, and the membrane was pre-soaked in 100% methanol.  The sandwich was placed in the tank and covered in pre-cooled transfer buffer and transferred at 130mV for 1 hour at 4oC to ensure all proteins were on the membrane.

2.3.5 [bookmark: _Toc303604714][bookmark: _Toc303609890][bookmark: _Toc343428379][bookmark: _Toc343447643][bookmark: _Toc347056830]Protein visualisation on the membrane
Once transfer was complete, the sandwich was disassembled and the membrane was rinsed with deionised H2O and then placed in Ponceau red solution containing 0.1% Ponceau S and 5% glacial acetic acid to confirm protein transfer.  The membrane was washed with deionised H2O and then 10 minutes in Tris-buffered saline containing 0.1% Tween-20 (TBS-T).  The membrane was then incubated in a 1% bovine serum albumin (BSA) and 5% skimmed milk in TBS-T blocking solution for 1 hour at room temperature to reduce non-specific binding of the antibodies to the membrane.  Primary antibody was diluted to the appropriate concentrations in blocking solution and the membrane was placed in a 50mL falcon tube with 5mL primary antibody solution and placed on a roller overnight at 4oC.  The membrane was then washed three times 15 minutes with TBS-T at room temperature.  The secondary antibody was diluted to the appropriate concentration and the membrane was placed in a 50mL falcon tube with 5mL secondary antibody solution and placed on a rotator for 1 hour at room temperature.  The membrane was then washed 3 times 15 minutes with TBS-T at room temperature before developing using an electrochemiluminescence (ECL) kit (Thermo Scientific SuperSignal® West Pico Chemiluminescent Substrate) and film (Kodak Medical X-ray Film, General Purpose Blue 18 x 24cm).

Tables 2.3 and 2.4 detail the primary and secondary antibody dilutions used for Western blot and Far Western blot analysis, respectively.  The monoclonal anti-NDPK-B antibody (Abcam) recognises amino acids 51 – 153 of human NDPK-B.  The polyclonal anti-GFP antibody (Abcam) is raised in rabbit and is directed against the entire GFP molecule.  The monoclonal anti-CFTR (Abcam) corresponds to amino acids 103 – 117 in the first extracellular loop of human and rabbit CFTR.  The polyclonal anti-actin antibody (Sigma) is raised in rabbit and recognises the C-terminal actin fragment.  The streptavidin HRP conjugate (Thermo Scientific) was used to detect biotinylated proteins.  Both peroxidase-labelled secondary antibodies (Thermo Scientific) were raised in goat.







	Primary antibody
	Dilution

	Monoclonal anti-NDPK-B
	1 in 2000

	Polyclonal anti-GFP
	1 in 2000

	Monoclonal anti-CFTR 
	1 in 2000

	Polyclonal anti-actin
	1 in 3000

	Streptavidin HRP conjugate
	1 in 2000


[bookmark: _Toc343428380][bookmark: _Toc343440784][bookmark: _Toc343447378][bookmark: _Toc343447644][bookmark: _Toc343606415][bookmark: _Toc343607015][bookmark: _Toc343672611]Table 2.3 Primary antibody dilutions for Western blot analysis

	Secondary antibody
	Dilution

	Anti-mouse HRP conjugate
	1 in 25000

	Anti-rabbit HRP conjugate
	1 in 25000


[bookmark: _Toc343428381][bookmark: _Toc343440785][bookmark: _Toc343447379][bookmark: _Toc343447645][bookmark: _Toc343606416][bookmark: _Toc343607016][bookmark: _Toc343672612]Table 2.4 Secondary antibody dilutions for Western blot analysis

2.3.6 [bookmark: _Toc303604715][bookmark: _Toc303609891][bookmark: _Toc343428382][bookmark: _Toc343447646][bookmark: _Toc347056831]Far Western blotting
Far Western blotting was used to investigate protein-protein interactions.  In brief, protein samples, kindly supplied by Drs D. Cassidy and A. Mehta, University of Dundee, were separated by electrophoresis and transferred onto nitrocellulose membrane.  After blocking, the membrane was covered in a solution containing 1mg sheep tracheal membrane proteins for one hour to allow protein binding to occur.  The overlay was then removed and the membrane was washed 3 times 15 minutes with TBS-T to remove any unbound protein.  The membrane was then probed with primary and secondary antibodies as described in section 2.3.6.

2.4 [bookmark: _Toc303604717][bookmark: _Toc303609892][bookmark: _Toc343428383][bookmark: _Toc343447647][bookmark: _Toc347056832] Cell staining for confocal microscopy
Confocal microscopy was used to visualise changes in protein location or protein modifications with various cell stimulations.  Slides were examined by laser confocal microscopy (LSM-510, Zeiss) using a 63x/1.4 oil immersion lens (Zeiss) and images were acquired and analysed using Zeiss software (Borthwick et al. 2007).  The confocal images were kindly acquired by Dr Richmond Muimo, University of Sheffield.

2.4.1 [bookmark: _Toc343428384][bookmark: _Toc343447648][bookmark: _Toc347056833][bookmark: _Toc303604718][bookmark: _Toc303609893]Cell stimulation protocols for confocal microscopy
To investigate whether alterations in tyrosine phosphorylation affected the location of CFTR channels, BHK-21-CFTR cells and human nasal epithelial cells were incubated first in either a 0.01% DMSO solution or 10µM PAO solution, both made up in NaCl bath solution (described in table 2.5) for 15 minutes followed by 30 minutes in either DMSO/100μM IBMX/10μM forskolin solution or PAO/100μM IBMX/10μM forskolin solution depending on the first incubation solution.  The 0.01% DMSO solution was used because DMSO is the vehicle for the PAO stock solution, and the amount of PAO stock added to the NaCl bath solution resulted in 0.01% DMSO in the 10µM PAO solution.

2.4.2 [bookmark: _Toc343428385][bookmark: _Toc343447649][bookmark: _Toc347056834]BHK-21-CFTR cell staining
BHK-21-CFTR cells were used for the confocal experiments due to their rapid rate of growth and ease of staining.  Cells were plated onto plastic coverslips that had been pre-treated with poly-lysine to increase cell adhesion.  Cells were washed three times with 2mL ice-cold 1x PBS prior to stimulation with the desired solutions, described in section 2.4.1.  After stimulation cells were washed three times with 2mL ice-cold 1x PBS and fixed for 30 minutes in 2mL 4% paraformaldehyde at 4oC.  The cells were washed twice with 2mL ice-cold 1x PBS to remove excess paraformaldehyde and then incubated for 30 minutes in 2mL 100mM glycine at room temperature to quench the fixative.  Excess glycine was removed by washing twice with 2mL ice-cold 1x PBS and cells were then permeabilised with 2mL 0.1% Triton X-100 in 1x PBS for 30 minutes at room temperature.  The permeabilised cells were washed twice with 2mL ice-cold 1x PBS and then blocked for one hour at room temperature in 2mL 5% BSA in 1x PBS.  The primary monoclonal CFTR antibody, described in section 2.3.6, was diluted to 1:50 concentration in 5% BSA in 1x PBS and care was taken to use antibodies with different secondary fluorescent conjugates if co-localisation experiments were being performed.  Cells were incubated in primary antibody overnight at 4oC.  The primary antibody was removed by three 5 minute washes with 2mL 0.2% Tween 20 in 1x PBS followed by one wash in 2mL ice-cold 1x PBS to remove any excess Tween 20.  The Dylight 549 Affinipure anti-mouse secondary was diluted to 1:50 concentration in 5% BSA in 1x PBS and cells were incubated in secondary antibody for 1 hour at room temperature.  The secondary antibody was removed and the cells were washed five times for 5 minutes in 2mL 0.2% Tween 20 in 1x PBS followed by one wash in 2mL ice-cold 1x PBS.  If the 4',6-diamidino-2-phenylindole (DAPI) nuclear stain was not present in the mounting media then DRAQ5 (Cell Signalling Technology), an alternative nuclear marker, was added in between the washes.   Excess 1x PBS was removed from the coverslips and they were mounted onto slides (Thermo Scientific microscope slides 76 x 26mm) using Permafix-1 high refractive index (HRF) solid mounting media (Citifluor).  Slides were covered in cling film and foil and stored at room temperature overnight to fully dry before being stored at -20oC.

2.4.3 [bookmark: _Toc303604719][bookmark: _Toc303609894][bookmark: _Toc343428386][bookmark: _Toc343447650][bookmark: _Toc347056835]Nasal brushing staining
Nasal brushings were kindly supplied by Dr. Anil Mehta, University of Dundee from healthy volunteers with written consent and Ethical Committee approval.  Samples were taken in Dundee and sent to the University of Sheffield, where cells were stimulated within 24 hours of isolation.  The cells were pelleted through centrifugation at 3,000 x g for 4 minutes at room temperature and the media was aspirated off.  Cells were re-suspended in PBS containing 6mM DTT and incubated for 30 minutes to remove the mucous.  The cells were then stimulated in the desired solutions, described in section 2.4.1 before fixation in 4% paraformaldehyde for 30 minutes at room temperature.  The fixative was quenched using 100mM glycine, which binds to paraformaldehyde and therefore ceases the fixation, for 30 minutes at room temperature, prior to cell permeabilisation with 0.1% Triton X-100 in PBS to allow the primary CFTR antibody and secondary antibody, detailed in 2.4.1, access to the internal environment of the cell.  Triton X-100 is a detergent that increases the permeability of the cell membrane, allowing larger proteins such as antibodies to enter the cell.  Excess Triton X-100 was removed through washing the cells in PBS, followed by one hour incubation in 5% BSA in PBS to block unspecific binding.  Primary antibodies were then added and incubated with the cells overnight at 4oC to allow ample time for antibody-antigen binding to occur.  The primary antibody was removed and excess washed away with PBS.  The cells were then incubated with either a fluorescently-tagged Alexa-fluor 488 donkey anti-rabbit or Dylight 594 Affinipure anti-mouse secondary antibody for one hour at room temperature to label the primary antibody and allow visualisation.  The cells were then washed to remove excess secondary antibody and exposed to the nuclear stain DRAQ5 for 5 minutes before mounting on glass coverslips in Permafix 1 (HRF) solid mounting media (Citifluor).  The slides were stored at 4oC to dry thoroughly before visualisation or storage at -20oC.

2.5 [bookmark: _Toc303604720][bookmark: _Toc303609895][bookmark: _Toc343428387][bookmark: _Toc343447651][bookmark: _Toc347056836]Whole-cell patch-clamping
The whole-cell patch-clamp technique (Hamill et al. 1981) was utilised to record the total current generated across the cell membrane of both 16HBE14o- cells and BHK-CFTR cells plated on coverslips (as detailed in section 2.1.2.1).  From this the total whole-cell conductance could be calculated.  The contributions of the ion channels of interest were isolated using the channel blockers 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS) and CFTRinh-172.  DIDS is an open channel blocker, meaning it blocks the open pore of the channel and prevents the movement of ions (Schultz et al. 1999).  Stilbene derivatives such as DIDS are potent inhibitors of band 3 anion exchangers (Schultz et al. 1999), and in this work it was used to isolate the contribution of the ORCC to the whole-cell conductance.  However, it is important to note that the DIDS-sensitive conductance is not solely mediated by the ORCC, as DIDS is not a specific blocker of the channel.  CFTRinh-172 was discovered through a high through-put screen designed to identify compounds that altered cAMP-stimualted chloride transport in cells expressing wild-type CFTR (Ma et al. 2002).  It is a potent, specific inhibitor of CFTR (Ma et al. 2002), which binds allosterically to the channel to alter channel conformation and prevent ion movement through the pore without blocking the pore itself (Li and Sheppard 2009), and was used to isolate the contribution of CFTR.

Whole-cell currents were recorded from 16HBE14o- and BHK-CFTR cells using  standard patch-clamp techniques (Hamill et al. 1981) using a recording electrode housed within a glass patch-pipette.  Briefly, the patch-pipette containing the electrode was brought into contact with the cell membrane and by applying gentle suction a tight seal was made between the tip of the pipette and the membrane.  With further application of suction the patch of membrane underneath the tip of the pipette was ruptured, allowing the recording electrode access to the inside environment of the cell.  The patch-pipette also contained a cesium chloride pipette solution which dialysed the intracellular solution of the cell and made it continuous with the inside of the pipette, allowing for control of both the intracellular (through the pipette solution) and extracellular (through the bath solutions) environments.  A schematic is shown in figure 2.2.  The membrane of the cell was clamped at various potentials ranging from +100 to -100mV and currents were recorded using a 20mV step protocol with an interpulse interval of 1 second.  Various solutions were then applied to the cells through a gravity-driven perfusion system that allowed for a constant flow of solutions into the bath covering the cells.  The currents generated with each application of new solutions were recorded until steady state was achieved, where the current showed no change over time, before applying another solution.  All experiments were carried out at room temperature (approximately 20oC) and all solutions were warmed to room temperature prior to cell exposure.



[bookmark: _Toc343447652][bookmark: _Toc343447891][bookmark: _Toc343606417][bookmark: _Toc343672613][bookmark: _Toc343428388][bookmark: _Toc343440786]Figure 2.2 Formation of the whole-cell patch-clamp configuration.  Figure reproduced from Hamill et al. (1981) with permission from Springer.

2.5.1 [bookmark: _Toc303604721][bookmark: _Toc303609897][bookmark: _Toc343428389][bookmark: _Toc343447653][bookmark: _Toc347056837]Gravity-driven perfusion system
A gravity-driven perfusion system was used to change the solutions bathing the cells in the recording bath.  Solutions were held in syringes attached to a thin piece of tubing at the top of the Faraday cage.  The individual tubes from each syringe were all held together at a single input tube into the bath.  The tubes were closed using bulldog clips – to start the flow of the desired solution the bulldog clip was removed.  The flow was started once the pipette had been sealed onto the cell and the whole-cell configuration was achieved.  The starting bath solution (in which the whole-cell patch-clamp configuration was achieved) was filtered using a 20mL syringe and a 0.2μm filter (Whatman) to ensure no particles were present in the bath, which may hinder the rate of attaining a seal.  The other solutions were not filtered.  The tubes were primed prior to experimentation to ensure that the solutions were ready to enter the bath when the bulldog clip was released – this also helped to remove air bubbles from the system, which would disrupt the experiments.  Solutions were removed from the bath using a glass pipette (SLS) with the rate of outflow equalling the rate of inflow.  This allowed for a non-turbulent and complete change of bath solutions.  The bath volume was 400μL with an exchange time of approximately 0.8mL/min.

2.5.2 [bookmark: _Toc303604722][bookmark: _Toc303609898][bookmark: _Toc343428390][bookmark: _Toc343447654][bookmark: _Toc347056838]Patch-pipettes
The pipettes were made daily from hard glass micro-haematocrit tubes (SLS) using a pipette puller (Narishige PC-10 Digitimer).  Firstly, the ends of the tubes were fire polished to make the ends smooth – this ensured that there were no rough edges that may have damaged the chloride coating of the silver wire used to make the recording electrode.  The tubes were then placed in a pipette puller and clamped into place, making sure there was approximately a 1cm gap between the top of the tube and the top clamp.  The bottom clamp was then raised and tightened into place.  The pipette puller was programmed to the desired primary and secondary heats required to produce the desired pipette diameter.  The pipette puller used a two-step process to form the correct pipette size and shape.  The first heat setting elongated the pipette, while the second setting caused the tip of the pipette to be formed at the correct diameter.  The first heat setting remained constant throughout the experiments, whereas the second heat setting was altered in order to produce the correct pipette size.  The pipettes were not fire polished after they were pulled.  Once pulled, the pipettes were kept in a box to ensure they did not get broken or contaminated by dust and other particles.  The pipette resistance was 5MΩ. 

The patch-pipettes were filled with a cesium chloride pipette solution (as detailed in 2.5.6) just prior to experimentation.  The pipette solution was added into the pipette using a 10mL Syringe and filtered through a 0.2μm filter (Whatman) and through a small piece of tubing into the pipette.  Air bubbles were removed from the pipette by gently flicking it – this ensured that the electrical signal had continuous access through the pipette and cell.

The pipette was then mounted onto a patch-pipette holder containing the recording electrode on the head stage (List EPC-7, Heka Elektronik).  The patch-pipette holder was screwed tightly in order to hold the patch-pipette in place.  The patch-pipette holder was connected to a H2O manometer.  This allowed for the application of positive and negative pressure into the pipette, providing a means to apply the necessary suction to form the whole-cell configuration.  The manometer was set to positive pressure by gently blowing into the attached mouthpiece prior to experimentation, so that this could be released later and negative pressure applied to create the seal and rupture the membrane patch via suction.

The head stage was attached to coarse and fine micromanipulators (Narishige), which allowed for the movement of the patch-pipette into the correct position for the whole-cell patch-clamp experiments to take place.

2.5.3 [bookmark: _Toc303604723][bookmark: _Toc303609899][bookmark: _Toc343428391][bookmark: _Toc343447655][bookmark: _Toc347056839]Electrodes
Both the recording and reference electrodes were made from chloride-coated silver wire (Clarke Electromedical).  The chloride coating was achieved by submerging the required length of silver wire overnight in bleach.  The recording electrode was attached to the amplifier head stage by soldering the wire to a gold pin located inside.  The reference electrode was made in a similar way by soldering the wire to a gold pin which was then attached to the head stage through a wire.  The tip of the reference electrode sat in the bath solution and provided a reference for the head stage to measure change in current.  The reference electrode did not have an agar bridge as there were no changes in bath Cl- concentration.

2.5.4 [bookmark: _Toc303604724][bookmark: _Toc303609900][bookmark: _Toc343428392][bookmark: _Toc343447656][bookmark: _Toc347056840]Electronics
The head stage was the first part of the electronic circuit required to successfully record whole-cell currents in this set up and formed the connection between the patch-pipette and the amplifier.  The signal travelled from the head stage to the amplifier (List EPC-7, Heka Elektronik) and was then filtered through a low-pass Bessel response filter (BioLogic Science Instruments AF 180) at 5 kHz to optimise the signal-to-noise ratio.  Filtering is required to extract the relevant signal by removing extraneous frequencies outside a pre-determined range (Molleman 2003) and the Bessel filter is the most commonly used for analogue signals.  The filtered signal was digitised by an interface board (Digidata series 1200, Axon Instruments) to allow a digital form of the signal to be viewed.  Care was taken to ensure that sampling of the analogue signal occurred at the appropriate  rate (ideally twice the frequency of filtering, therefore setting the sampling at 10 kHz) and at appropriate time intervals to faithfully represent the analogue signal in digital form and avoid distortion of the trace or the appearance of artefacts (aliasing) (Molleman 2003).  The digital output was visualised on the computer (Dell, Inc.).  Signal acquisition was performed using the pClamp6 program (Axon Instruments).  The signal was also displayed on a Hameg HM 205-2 oscilloscope (Hameg Instruments) to monitor any changes throughout the experiment.

2.5.5 [bookmark: _Toc303604725][bookmark: _Toc303609901][bookmark: _Toc343428393][bookmark: _Toc343447657][bookmark: _Toc347056841]Other equipment – microscope, air table, Faraday cage
Cells were visualised using an inverted Olympus 1X70 microscope (Olympus).  This was mounted onto an air table (Ealing) designed to reduce vibrations through the system, and all equipment was housed in an aluminium Faraday cage to reduce interference from extraneous electrical noise.  The perfusion tubes were grounded and care was taken to ensure that all spillages were cleaned up immediately to prevent the salt solutions causing additional electrical circuits and generating noise that would interfere with the recordings.
2.5.6 [bookmark: _Toc303604726][bookmark: _Toc303609902][bookmark: _Toc343428394][bookmark: _Toc343447658][bookmark: _Toc347056842]General whole-cell patch-clamp solutions

2.5.6.1 [bookmark: _Toc343428395][bookmark: _Toc343447659]General extracellular bath solutions
The general extracellular bath solutions are shown in table 2.5. 

	
	Sodium chloride (NaCl) (mM)
	HEPES pH 7.4 (NaOH) (mM)
	Calcium chloride (CaCl2) (mM)
	Magnesium chloride (MgCl2) (mM)
	Final volume (mL)

	NaCl bath solution
	140
	10
	2
	1
	500

	100μM IBMX/10μM forskolin solution
	140
	10
	2
	1
	100

	500μM DIDS solution
	140
	10
	2
	1
	100

	500μM DIDS/10μM CFTRinh-172 solution
	140
	10
	2
	1
	100


[bookmark: _Toc343428396][bookmark: _Toc343440787][bookmark: _Toc343447381][bookmark: _Toc343447660][bookmark: _Toc343606418][bookmark: _Toc343607018][bookmark: _Toc343672614]Table 2.5 Whole-cell patch-clamp solutions

DMSO was the vehicle used to make stock solutions of forskolin and CFTRinh-172.  Ethanol was used as the vehicle to make stock solutions of IBMX.  The stock solution of forskolin was stored at room temperature, encased in foil due to its sensitivity to light.  CFTRinh-172 and IBMX were stored at -20oC, with the CFTRinh-172 also protected from light due to its photosensitivity.  The concentration of DMSO in experimental solutions was less than 0.1%, and ethanol was less that 0.2%.  Preliminary experiments showed that these concentrations of vehicles had no effect on the ORCC- and CFTR-mediated currents (Robson, unpublished).

Cells were incubated for 30 minutes in 100μM IBMX/10μM forskolin solution prior to whole-cell patch-clamp experiments.  This was done to increase intracellular cAMP, as IBMX is an inhibitor of phosphodiesterase enzymes (Essayan 1999), and forskolin activates adenylyl cyclase (Seamon et al. 1981), and therefore produces the cAMP-dependent phosphorylation required to activate the CFTR channel.

The osmolalities of the solutions were measured using a Roebling osmometer (CamLab) and recorded as 280 mOsm/kgH2O.

2.5.6.2 [bookmark: _Toc343428397][bookmark: _Toc343447661]Pipette solutions
A general cesium chloride (CsCl) pipette solution containing 135mM CsCl, 10mM HEPES pH 7.4 (CsOH), 2mM MgCl2, 2mM EGTA and 1mM Na2ATP was used for all experiments.

Some compounds were delivered into the intracellular side of the membrane by dialysis by adding them to the pipette solution.  This technique was used to expose the intracellular side of the membrane to 1mM and 10mM Na3VO4 and to 100μM GTPγS.  These experimental solutions were achieved by dissolving the Na3VO4 and GTPγS directly into the CsCl pipette solution.

The time taken for solutions to diffuse between the pipette solution and the cell depends on the diffusional constant of the substance, the resistivity of the pipette solution, the volume of the cell and the pipette tip resistance (Marty and Neher 1995).  The time constant for GTPγS to diffuse from the pipette solution was calculated to be 100 seconds (Hescheler 1994), meaning that it takes approximately 4 minutes for 90% of maximal concentration to be achieved inside the cell (Hescheler 1994).  As the molecular weight of Na3VO4 is approximately half that of GTPγS it is estimated that the time required to reach 90% maximal concentration would be in the order of 2 – 3 minutes.

2.5.6.3 [bookmark: _Toc343428398][bookmark: _Toc343447662]Specific extracellular solutions – investigating the role of tyrosine phosphorylation
To investigate the role of tyrosine phosphorylation in the regulation of CFTR, cells were exposed to compounds designed to alter the tyrosine phosphorylation state of the cell.  These compounds were Na3VO4 (Sigma), PAO (Sigma), BVT.948 (Sigma) and NSC-87877 (Calbiochem).

PAO is a membrane-permeable arsenic compound that reacts with and catalyses the oxidation of vicinal –SH groups at the active site of tyrosine phosphatases, thereby inhibiting them (Fischer et al. 1991).  It has been used in a number of different cell types, for example lymphocytes (Ling et al. 1996), macrophages and human fibroblasts (Krutetskaia et al. 1997) and in Lymneaea neurons (Pafford et al. 1995) to investigate the role of tyrosine phosphorylation in a variety of cellular processes.  As it exhibits specificity to tyrosine phosphatases and does not interfere with serine/threonine phosphatases (Oetken et al. 1992) it has been utilised in preference to orthovandate.  

BVT.948 catalyses the hydrogen peroxide-dependent oxidation of protein tyrosine phosphatases and inhibits them.  A cell permeable tyrosine phosphatase inhibitor, it was identified as PTP1B inhibitor in a high through-put screen (Liljebris et al. 2004).  It has mainly been used as a modulator of insulin signalling due to its selectivity for PTP1B.

The other compound available was NSC-87877, a potent inhibitor of Shp2, a non-receptor tyrosine phosphatase involved in growth factor signalling with potential oncogenic role.  NSC-87877 was identified through screening the National Cancer Institute (NCI) Diversity Set chemical library (Chen et al. 2006).  Through site-directed mutagenesis studies, molecular modelling and the use of chimeric proteins it was determined that NSC-87877 bound to the active site of Shp2.  NSC-87877 can also inhibit the closely-related phosphatase Shp1, but its action is predominantly based around Shp2 inhibition.  NSC-87877 has been used to study the regulation of acetylcholine receptor localisation (Zhao et al. 2007) and the role of tyrosine phosphorylation in human platelet activation (Redondo et al. 2007).

To produce the Na3VO4 solutions the compound was dissolved directly into the bath solution.  The Na3VO4 compound was stored at room temperature and solutions were made fresh before all experiments.  A 100mM stock solution of PAO was produced by dissolving PAO in DMSO, which was aliquoted and frozen at -20oC.  A 50mM stock solution of BVT.948 was produced by dissolving it DMSO, which was also aliquoted and stored at -20oC.  NSC-87877 was prepared as a 10mM stock solution in deionised water and stored at -20oC.

2.5.6.3.1 [bookmark: _Toc343428399][bookmark: _Toc343440788][bookmark: _Toc343445978][bookmark: _Toc343446428][bookmark: _Toc343446688][bookmark: _Toc343447382][bookmark: _Toc343447663][bookmark: _Toc343447893][bookmark: _Toc343606419][bookmark: _Toc343607019][bookmark: _Toc343672615]Pre-incubation experiments
To investigate whether alterations in tyrosine phosphorylation affected the ability of cAMP-dependent phosphorylation to activate CFTR channels, cells were pre-incubated in solutions containing 1mM Na3VO4, 10mM Na3VO4, 10μM PAO or 25μM BVT.948 made up in standard NaCl bath solution.  Cells were first exposed to the phosphotyrosine-altering compounds for 15 minutes, followed by 30 minutes in 100μM IBMX/10μM forskolin solution.  This order was reversed when the role of phosphotyrosine after 100μM IBMX/10μM forskolin stimulation was investigated with 10μM PAO.  For pre-incubation with NSC-87877 cells were incubated for 3 hours in 10μM NSC-87877 solution followed by 30 minutes in 100μM IBMX/10μM forskolin solution.  The 10μM NSC-87877 solution was made up in medium 199 to maintain cell viability during the long incubation times.

2.5.6.3.2 [bookmark: _Toc343428400][bookmark: _Toc343440789][bookmark: _Toc343445979][bookmark: _Toc343446429][bookmark: _Toc343446689][bookmark: _Toc343447383][bookmark: _Toc343447664][bookmark: _Toc343447894][bookmark: _Toc343606420][bookmark: _Toc343607020][bookmark: _Toc343672616]Bath inhibitor experiments
For bath inhibitor experiments cells were first stimulated with 100μM IBMX/10μM forskolin, the whole-cell patch-clamp configuration was achieved and cells were then exposed to the control NaCl solution.  Once steady state was obtained cells were exposed to 1 or 10mM Na3VO4 or 10μM PAO in the bath solution through the gravity-driven perfusion system. 

2.5.6.3.3 [bookmark: _Toc343440790][bookmark: _Toc343445980][bookmark: _Toc343446430][bookmark: _Toc343446690][bookmark: _Toc343447384][bookmark: _Toc343447665][bookmark: _Toc343447895][bookmark: _Toc343606421][bookmark: _Toc343607021][bookmark: _Toc343672617]Pipette solution experiments
To deliver compounds to the intracellular compartment of the cell they were added to the pipette solution and delivered when the membrane patch was ruptured to achieve the whole-cell configuration.  1 and 10mM Na3VO4 and 25mM mannitol were delivered in this manner.  Cells were stimulated with 100μM IBMX/10μM forskolin prior to achieving the whole-cell patch-clamp configuration, and upon membrane rupture the compounds were delivered to the intracellular compartment.
2.5.7 [bookmark: _Toc303604727][bookmark: _Toc303609904][bookmark: _Toc343428401][bookmark: _Toc343447666][bookmark: _Toc347056843]Patch-clamp protocol
Whole-cell patch-clamp experiments were conducted using standard techniques (Borthwick et al. 2007; Hamill et al. 1981).  All patch-clamp experiments began with a holding potential of -40mV and the pipette offset was set to zero.  The pipette was filled and attached to the headstage, the bath filled with bath solution and the gain on the amplifier set to 5mV/pA.  The H2O manometer was used to apply positive pressure to the pipette before coming into contact with the bath solution.  This helped to achieve a tight seal between the pipette tip and the membrane.   The coarse manipulator was used to lower the pipette tip into the bath, and the corresponding deflection on the oscilloscope was noted and the trace reset to zero using the offset on the amplifier.  The coarse manipulator was used to bring the tip of the pipette into focus above the cells, and then a single cell was selected for experimentation.  The tip of the pipette was brought into contact with the cell membrane using the micromanipulator – once contact had been made the positive pressure was released and the manometer was isolated so there was direct access to the pipette through the mouthpiece.  Gentle suction was applied to the pipette in order to form a tight seal between the tip of the pipette and the cell membrane.  The trace on the oscilloscope flattened and fast capacity transients appeared – these were due to the patch-pipette material, diameter and also the height of the bath.  These were cancelled out using fast capacitance compensation controller (C-fast) on the amplifier.  Further suction was applied to rupture the patch of membrane underneath the patch-pipette to achieve the whole-cell configuration.  This was determined by a large increase in the amplitude of the trace and the appearance of large capacitance spikes.  These were an effect of the membrane surface area and were corrected using C-slow and G-series functions on the amplifier.  The set up was then ready to begin the voltage step protocol, where the voltage was stepped between +100 and -100mV in 20mV steps.  Only non-confluent, single cells were used for analysis to avoid contributions from adjacent cells in which the internal environment was not being controlled by the pipette solution.  The 16HBE14o- cells used for whole-cell patch-clamp experiments were non-polarised and it is not possible to identify whether the seal was formed on the apical or basolateral membrane.

The Gs of the 16HBE14o- cells used during this work ranged from 0.13 – 0.21 µS.  The series resistance of the BHK-L-21 cells ranged from 0.08 – 0.18 µS and the series resistance of the BHK-21-CFTR cells ranged from 0.1 – 0.23 µS

The standard current sign conventions were used in this thesis.  The movement of anions from the intracellular to extracellular solutions (and the movement of cations from the extracellular to the intracellular solutions) produces a negative current; the movement of anions from the extracellular to the intracellular solutions (and the movement of cations from the intracellular to the extracellular solutions) produces a positive current.

2.5.8 [bookmark: _Toc303604728][bookmark: _Toc303609905][bookmark: _Toc343428402][bookmark: _Toc343447667][bookmark: _Toc347056844]Data analysis
Whole-cell patch-clamp data were obtained and analysed using pClamp8.1 (Axon Instruments), Origin 7 (Origin) and Excel (Microsoft).  The average whole-cell current (pA) at each 20mV voltage step in membrane potential between +100 and -100mV was calculated between two set points at steady state within 10 ms of the end step.  This was normalised to cell size by using the slow capacity transient correction applied through C-slow.  The capacitance of the cell membrane was assumed at 1μF/cm2.  The currents were neither leakage nor capacitance subtracted.  Normalised whole-cell currents (pA/pF) were plotted against membrane potential (mV) onto an “I/V plot” and the reversal potential (Vrev; where the current is equal to zero) was calculated using linear or polynomial regression analysis.  The slope or chord conductance was calculated from the slope of the I/V plot using Ohm’s Law and normalised to the area of the cell:
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G = conductance (μS)
I = normalised current (pA)
V = membrane potential (mV)

The same equation was used to calculate conductance of ohmic and rectifying currents.  The conductance is termed slope conductance when the data points lie on the slope of the line.  The conductance is termed chord conductance when the slope of the line bisects the data points.  Slope and chord conductances are referred to solely as “conductance” throughout this thesis. 

2.5.8.1 [bookmark: _Toc303604729][bookmark: _Toc303609906][bookmark: _Toc343428403][bookmark: _Toc343447668]Nernst equation
The Nernst equation was used to calculate the Nernst potential of a given ion in order to determine the theoretical reversal potential (Vrev) (mV).  The reversal potential is where there is no net current flow through a channel.  Under physiological conditions channels are not solely permeable to only one ion, but they do display degrees of selectivity.  The closer the measured Vrev is to the Nernst potential, the more selective the channel for that particular ion.











The full Nernst equation is as follows:



E = equilibrium potential for the ionic species X (mV)
R = universal gas constant (8.314 J.K-1.mol-1)
T = absolute temperature in Kelvin (oC + 273.15)
F = Faraday’s constant (96485 C.mol-1)
z = the valence of the ionic species X
[X]o = concentration of X in the bathing solution (mM) 
[X]i = concentration of X in the pipette solution (mM). 

To calculate the Nernst potential of a monovalent cation (such as Na+) at 20oC the equation was simiplified to:



For a monovalent anion (such as Cl-) at 20oC the equation was rearranged to:



ENa was calculated at +107 mV and ECl was calculated at -1 mV (appendix I). 

Calculations of Vrev were used to identify whether there was activation of an addition current during the experiments, as this would result in a shift in Vrev away from the theoretical Vrev for each ion as calculated by the Nernst equation.  Another method is to calculate the ratio of anion to cation selectivity (Pcation:Panion), which provides the relative selectivity.  The experimental solutions in this thesis contain Na+ and Cs+ as the cations, and Cl- as the anion.  As it is not known what the relationship is between Cs+ and Na+ selectivity, it is not possible to calculate an accurate relative cation:anion selectivity ratio due to similarities between cation and anion Vrev.  Therefore the calculation of Pcation:Panion was not performed as it could not provide an accurate value for relative selectivity.

2.5.9 [bookmark: _Toc303604730][bookmark: _Toc303609907][bookmark: _Toc343428404][bookmark: _Toc343447669][bookmark: _Toc347056845]Statistical analysis
Statistical analysis was the one-way ANOVA with Dunnett’s post test or the Student’s t test, paired and unpaired when appropriate.  Significance was assumed at the 5% level (p <0.05) and all data are expressed as mean ± standard error of the mean (SEM) and n equals number of cells.  Error bars on graphs represent SEM.

2.5.10 [bookmark: _Toc303604731][bookmark: _Toc303609908][bookmark: _Toc343428405][bookmark: _Toc343447670][bookmark: _Toc347056846]Current profiles
The outward and inward conductances were analysed in order to determine the current profile of the DIDS- and CFTRinh-172-sensitive currents.  When the outward conductance was statistically significantly greater than the inward conductance the current was deemed to have an outwardly-rectifying profile; when there was no significant difference between the outward and the inward conductance the current was termed ohmic.

2.6 [bookmark: _Toc303604732][bookmark: _Toc303609909][bookmark: _Toc343428406][bookmark: _Toc343447671][bookmark: _Toc347056847]General solutions
All reagents used were of analytical grade and obtained from Sigma, Calbiochem, Invitrogen or Lonza unless otherwise stated.  All solutions were prepared using deionised H2O.

Chapter 2		Materials and Methods


[bookmark: _Toc303604733][bookmark: _Toc303609910][bookmark: _Toc303610739][bookmark: _Toc343428407][bookmark: _Toc343447672][bookmark: _Toc347056848]Chapter 3
[bookmark: _Toc303604734][bookmark: _Toc303609911][bookmark: _Toc343428408][bookmark: _Toc343447673][bookmark: _Toc347056849]Role of NDPK-B in CFTR function
2 [bookmark: _Toc343425770][bookmark: _Toc343425931][bookmark: _Toc343426244][bookmark: _Toc343426930][bookmark: _Toc343427071][bookmark: _Toc343428232][bookmark: _Toc343428409][bookmark: _Toc343429357][bookmark: _Toc343447674][bookmark: _Toc343606906][bookmark: _Toc343672500][bookmark: _Toc347056850][bookmark: _Toc303604735][bookmark: _Toc303609912]
3 [bookmark: _Toc343425771][bookmark: _Toc343425932][bookmark: _Toc343426245][bookmark: _Toc343426931][bookmark: _Toc343427072][bookmark: _Toc343428233][bookmark: _Toc343428410][bookmark: _Toc343429358][bookmark: _Toc343447675][bookmark: _Toc343606907][bookmark: _Toc343672501][bookmark: _Toc347056851]
3.1 [bookmark: _Toc343428411][bookmark: _Toc343447676][bookmark: _Toc347056852]Introduction
The aim of this chapter was to describe the functional relationship between NDPK-B and CFTR using two different cells types – 16HBE14o- and BHK-21-CFTR cells.  Based on previous unpublished observations it was hypothesised that over-expression of NDPK-B would increase CFTR function, whereas knock-down of NDPK-B expression would decrease the activity of CFTR.     

In order to achieve this, 16HBE14o- and BHK-21-CFTR cells were transfected with GFP, GFP-tagged NDPK-B proteins or shRNA designed to knock down NDPK-B expression.  The whole-cell patch-clamp technique was used to record whole-cell currents from the cells and the results were analysed to determine whether the interventions altered the DIDS- or CFTRinh-172-sensitive currents.
     
3.2 [bookmark: _Toc303604747][bookmark: _Toc303609924][bookmark: _Toc343428412][bookmark: _Toc343447677][bookmark: _Toc347056853]Methods
In this chapter the whole-cell patch-clamp technique was employed to examine the role of NDPK-B in the regulation of CFTR.  For all experiments the standard whole-cell patch-clamp bath and pipette solutions were used, as described in the Materials and Methods chapter.  Western blot analysis was used to confirm the expression of GFP-tagged NDPK-B proteins and to identify regions of CFTR which bound to NDPK-B.  Details of the antibodies used and the dilutions can be found in the Materials and Methods chapter.

3.3 [bookmark: _Toc303604751][bookmark: _Toc303609930][bookmark: _Toc343428413][bookmark: _Toc343447678][bookmark: _Toc347056854]Results
3.3.1 [bookmark: _Toc343428414][bookmark: _Toc343447679][bookmark: _Toc347056855][bookmark: _Toc303609931]General 16HBE14o- whole-cell patch-clamp characteristics
In order to identify changes in channel function, it was first important to determine the general characteristics of the cells used.  Figure 3.1 shows the basal whole-cell currents in 16HBE14o- cells recorded in the absence of stimulation with cAMP agonists.  This was recorded to show any baseline activity prior to channel stimulation.  Subsequent figures show the total whole-cell current, which is the total current produced by cells after stimulation with the cAMP agonists 100μM IBMX and 10μM forskolin.  The basal current has not been subtracted from the total whole-cell current.

16HBE14o- cells were incubated in 100μM IBMX and 10μM forskolin solution for 30 minutes prior to the achievement of the whole-cell configuration and recording of total cAMP-stimulated currents.  Steady-state currents were achieved within 1 minute of achieving the whole-cell configuration, after which 500μM DIDS was applied through the gravity-driven perfusion system.  The bath exchange time was approximately 30 seconds, and steady-state currents were achieved in the presence of DIDS within 2 minutes.  The same time frame is applicable to the CFTRinh-172.

While run-down of CFTR Cl- currents has been reported using the whole-cell configuration (Gray et al. 1993), no run down was recorded under these experimental conditions in the absence of DIDS and CFTRinh-172 (Robson, unpublished).

Currents were recorded in the presence of the following solutions – control NaCl bath solution, 500μM DIDS solution and 500μM DIDS/10μM CFTRinh-172 solution.  The addition of 10μM CFTRinh-172 was coupled with 500μM DIDS to maintain the inhibition of the DIDS-sensitive channels.  Without this, the DIDS may have been washed out, and re-activation of DIDS-sensitive channels may have masked any inhibition achieved by the CFTRinh-172.
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[bookmark: _Toc343447680][bookmark: _Toc343447896][bookmark: _Toc343606422][bookmark: _Toc343672618][bookmark: _Toc343428415][bookmark: _Toc343440791]Figure 3.1 Basal whole-cell current generated by 16HBE14o- cells in the absence of stimulation with cAMP agonists.  A, basal whole-cell current (n = 7).  B, typical trace from a single, unstimulated 16HBE14o- cell.  Arrow indicates zero current.

The magnitude of the DIDS-sensitive current was determined by calculating the difference between the total whole-cell current and the current generated in the presence of 500μM DIDS, shown in figure 3.2.  Changes in the DIDS-sensitive current would indicate a change in the activity of channels sensitive to DIDS.

The magnitude of the DIDS-sensitive conductance was calculated from the total whole-cell conductance and the conductance in the presence of 500μM DIDS, as shown in figure 3.3.

The CFTRinh-172-sensitive current was determined by calculating the difference between the current generated in the presence of 500μM DIDS and the current generated in the presence of 500μM DIDS/10μM CFTRinh-172, figure 3.4.  The CFTRinh-172-sensitive conductance was calculated the same as described above for the DIDS-sensitive conductance and is shown in figure 3.5.  For the remainder of the thesis, the DIDS-and CFTRinh-172-sensitive currents will be shown on their own, without the I/V plots of the total current, current in the presence of 500μM DIDS or 500μM DIDS/10μM CFTRinh-172 from which they were calculated.
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[bookmark: _Toc343447681][bookmark: _Toc343447897][bookmark: _Toc343606423][bookmark: _Toc343672619][bookmark: _Toc343428416][bookmark: _Toc343440792]Figure 3.2 Current-voltage plots to show the calculation of magnitude of the DIDS-sensitive current.  A, squares, total whole-cell current (n = 17); circles, current in the presence of 500μM DIDS (n = 17).  B, DIDS-sensitive current (n = 17).



[bookmark: _Toc343447682][bookmark: _Toc343447898][bookmark: _Toc343606424][bookmark: _Toc343672620][bookmark: _Toc343428417][bookmark: _Toc343440793]Figure 3.3 Whole-cell conductance graphs to show the calculation of DIDS-sensitive conductance.  A, whole cell conductance; black bars, total whole-cell conductance (n = 17); grey bars, whole-cell conductance + 500µM DIDS (n = 17).  B, DIDS-sensitive conductance (n = 16).
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[bookmark: _Toc343447683][bookmark: _Toc343447899][bookmark: _Toc343606425][bookmark: _Toc343672621][bookmark: _Toc343428418][bookmark: _Toc343440794]Figure 3.4 Current-voltage plots to show the calculation of CFTRinh-172-sensitive current.  A, squares, current in the presence of 500μM DIDS (n = 17); circles, current in the presence of 500μM DIDS/10μM CFTRinh-172 (n = 17).  B, CFTRinh-172-sensitive current (n = 17).


[bookmark: _Toc343447684][bookmark: _Toc343447900][bookmark: _Toc343606426][bookmark: _Toc343672622][bookmark: _Toc343428419][bookmark: _Toc343440795]Figure 3.5 Whole-cell conductance graphs to show the calculation of CFTRinh-172-sensitive conductance.  A, whole cell conductance; black bars, whole-cell conductance + 500µM DIDS (n = 16); grey bars, whole-cell conductance + 500µM DIDS/10µM CFTRinh-172 (n = 16).  B, CFTRinh-172-sensitive conductance (n = 16).

The average 16HBE14o- cell capacitance was 8.21 ± 0.12pF (n = 101).  There was no significant difference in capacitance between control cells and test cells in the 16HBE14o- cells.

3.3.2 [bookmark: _Toc343428420][bookmark: _Toc343447685][bookmark: _Toc347056856]Effect of GFP in 16HBE14o- cells
The initial experiments were designed to assess whether the use of a GFP tag to identify transfected cells would be appropriate and whether GFP itself had an effect on the whole-cell chloride currents in 16HBE14o- cells.  Cells were transfected either with a pEGFP-C2 vector (GFP cells) or were subjected to the transfection procedure in the absence of any DNA (control cells).  In order to obtain a sufficient number of cells for statistical analysis (n), three transfection procedures were carried out (N = 3).

Both control and GFP cells exhibited a decrease in current in response to 500μM DIDS and 500μM DIDS/10μM CFTRinh-172, as shown by the typical traces in figure 3.6.  
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[bookmark: _Toc343447686][bookmark: _Toc343447901][bookmark: _Toc343606427][bookmark: _Toc343672623][bookmark: _Toc343428421][bookmark: _Toc343440796]Figure 3.6 Typical traces from single 16HBE14o- cells. A, control cell. B, GFP cell.  Arrows indicate zero current.

There was no significant difference in the total whole-cell current or conductance between control and GFP cells, figure 3.7.  The reversal potential for control cells was -5.59 ± 1.11 mV (n = 17), which was not significantly different from the reversal potential of GFP cells of -5.40 ± 0.99 mV (n = 19).  The reversal potential of control cells was significantly more negative than ECl, and there was no significant difference between ECl and the reversal potential of GFP cells.
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[bookmark: _Toc343447687][bookmark: _Toc343447902][bookmark: _Toc343606428][bookmark: _Toc343672624][bookmark: _Toc343428422][bookmark: _Toc343440797]Figure 3.7 Effect of GFP on total whole-cell current and conductance.  A, total whole-cell current; squares, control cells (n = 17); circles, GFP cells (n = 19).  B, total whole-cell conductance; black bars, control cells (n = 17); grey bars, GFP cells (n = 19).
 
 

Although there was no significant effect of GFP on the total whole-cell current or conductance, it was also important to determine whether there were any changes in the response to DIDS or CFTRinh-172, which would indicate a change in the function of DIDS-sensitive channels or CFTR. 

The application of 500μM DIDS caused a significant decrease in the whole-cell conductance in control and GFP cells, figure 3.8.  In control cells, the DIDS-sensitive current displayed an outwardly rectifying profile and a reversal potential of -10.64 ± 2.73 mV (n = 17), figure 3.8 which was significantly more negative than ECl.  In GFP cells, the DIDS-sensitive current profile was also outwardly rectifying and had a reversal potential of -9.23 ± 2.65 mV (n = 19), figure 3.8, which did not differ significantly from the control reversal potential, but was also significantly different from ECl.  There was no significant difference in DIDS-sensitive conductance between control and GFP cells, figure 3.9. 
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[bookmark: _Toc343447688][bookmark: _Toc343447903][bookmark: _Toc343606429][bookmark: _Toc343672625][bookmark: _Toc343428423][bookmark: _Toc343440798]Figure 3.8 The effect of 500μM DIDS on whole-cell conductance and the DIDS-sensitive current in control and GFP cells.  
 A, effect of DIDS on whole-cell conductance in control cells.  Black bars, total whole-cell conductance; grey bars, + 500μM DIDS (n = 17).   B, DIDS-sensitive current, control cells (n = 17).  C, effect of DIDS on whole-cell conductance in GFP cells.  Black bars, total whole-cell conductance; grey bars, + 500μM DIDS (n = 19).  D, DIDS-sensitive current, GFP cells (n = 19).   * indicates significant difference from total whole-cell conductance, paired Student’s t-test.


















[bookmark: _Toc343447689][bookmark: _Toc343447904][bookmark: _Toc343606430][bookmark: _Toc343672626][bookmark: _Toc343428424][bookmark: _Toc343440799]Figure 3.9 Effect of GFP on DIDS-sensitive conductance.  
 Black bars, control cells (n = 17); grey bars, GFP cells (n = 19).  

Treatment of cells with CFTRinh-172 produced an ohmic CFTRinh-172-sensitive current in both control and GFP cells, and resulted in a significant decrease in whole-cell conductance, figure 3.10.  The reversal potential of control cells was -4.16 ± 1.29 mV (n = 17), figure 3.10, which was not significantly different from the reversal potential of GFP cells of -4.16 ± 1.61 mV (n = 19), and neither were significantly different from ECl.  There was no significant difference in CFTRinh-172-sensitive conductance between control cells and GFP cells, figure 3.11.
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[bookmark: _Toc343447690][bookmark: _Toc343447905][bookmark: _Toc343606431][bookmark: _Toc343672627][bookmark: _Toc343428425][bookmark: _Toc343440800]Figure 3.10 The effect of 10µM CFTRinh-172 on whole-cell conductance and CFTRinh-172-sensitive current in control and GFP cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS; grey bars, + 500μM DIDS/10μM CFTRinh-172 (n = 17).   B, CFTRinh-172-sensitive current, control cells (n = 17).  C, effect of CFTRinh-172 on whole-cell conductance in GFP cells.  Black bars, + 500μM DIDS; grey bars, + 500μM DIDS/10μM CFTRinh-172 (n = 17). D, CFTRinh-172-sensitive current, GFP cells (n = 19).  * indicates significant difference from whole-cell conductance + 500µM DIDS, paired Student’s t-test.





[bookmark: _Toc343447691][bookmark: _Toc343447906][bookmark: _Toc343606432][bookmark: _Toc343672628][bookmark: _Toc343428426][bookmark: _Toc343440801]Figure 3.11 Effect of GFP on CFTRinh-172-sensitive conductance. 
 Black bars, control cells (n = 17); grey bars, GFP cells (n = 19).  

3.3.3 [bookmark: _Toc303604755][bookmark: _Toc303605325][bookmark: _Toc303609938][bookmark: _Toc343428427][bookmark: _Toc343447692][bookmark: _Toc347056857]Summary of the effect of GFP in 16HBE14o- cells
These results show that the expression of GFP had no effect on the total, DIDS- or CFTRinh-172-sensitive current or conductance in 16HBE14o- cells, indicating that there was no change in channel function compared to control cells.

[bookmark: _Toc303609939][bookmark: _Toc343428428][bookmark: _Toc343447693][bookmark: _Toc347056858]3.3.3  Effect of NDPK-B in 16HBE14o- cells
In order to investigate the role of NDPK-B in CFTR function in 16HBE14o- cells, two NDPK-B constructs were used.  The first, pEGFP-C2-NDPK-B (C2 cells) placed the GFP tag at the N-terminus of the NDPK-B protein; the second, pEGFP-N2-NDPK-B (N2 cells) placed the GFP tag at the C-terminus of the NDPK-B protein.  The presence of the GFP tag allowed easy identification of transfected cells.  Four transfection procedures (N = 4) were completed to provide the results for this section.

GFP, C2 and N2 cells all exhibited a decrease in current in response to 500μM DIDS and 500μM DIDS/10μM CFTRinh-172, as shown in the typical traces in figure 3.12.
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[bookmark: _Toc343447694][bookmark: _Toc343447907][bookmark: _Toc343606433][bookmark: _Toc343672629][bookmark: _Toc343428429][bookmark: _Toc343440802]Figure 3.12 Typical traces taken from single control, C2 and N2 16HBE14o- cells.  
 A, GFP cell (control for C2 cells); B, C2 cell; C, GFP cell (control for N2 cells); D, N2 cell.  Arrows indicate zero current.

The over-expression of NDPK-B using either construct had no significant effect on the total current or conductance, figure 3.13.  The reversal potential of C2 cells was -5.06 ± 1.01 mV (n = 21), which did not differ significantly from the reversal potential of the GFP cells for this group of -4.12 ± 1.05 mV ( n = 17).  The reversal potential of N2 cells was -5.66 ± 1.47 mV (n = 13), which again was not significantly different from the GFP reversal potential for this group of -5.88 ± 1.71 mV (n = 12).  However, all reversal potentials were significantly more negative than ECl.
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[bookmark: _Toc343447695][bookmark: _Toc343447908][bookmark: _Toc343606434][bookmark: _Toc343672630][bookmark: _Toc343428430][bookmark: _Toc343440803]Figure 3.13 Effect of NDPK-B over-expression on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, GFP cells (n = 17); circles, C2 cells (n = 21). B, total whole-cell conductance.  Black bars, GFP cells (n = 17); grey bars, C2 cells (n = 21).  C, total whole-cell current.  Squares, GFP cells (n = 12); circles, N2 cells (n = 13). D, total whole-cell conductance.  Black bars, GFP cells (n = 12); grey bars, N2 cells (n = 13).  




The C2 cells, N2 cells and their respective controls all showed a significant decrease in whole-cell conductance in the presence of 500μM DIDS and exhibited outwardly rectifying DIDS-sensitive currents, figure 3.14 and 3.15.  The reversal potential of the DIDS-sensitive current of C2 cells was -8.59 ± 1.63 mV (n = 21), which did not differ significantly from that of the GFP cells of -5.02 ± 1.14 mV (n = 17).  The reversal potential of the DIDS-sensitive current of N2 cells was -8.75 ± 1.23 mV (n = 13), which did not differ significantly from GFP cells of -9.69 ± 2.20 mV (n = 12) nor from the DIDS-sensitive reversal potential of C2 cells.  However, all DIDS-sensitive reversal potentials were significantly more negative than ECl.  There was no significant difference in DIDS-sensitive conductance with NDPK-B over-expression, figure 3.16.
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[bookmark: _Toc343428431][bookmark: _Toc343447696][bookmark: _Toc343447909][bookmark: _Toc343606435][bookmark: _Toc343672631][bookmark: _Toc343440804]Figure 3.14 The effect of 500µM DIDS on whole-cell conductance and the DIDS-sensitive current – GFP and C2 cells.  
 A, effect of 500μM DIDS on total whole-cell conductance in GFP cells.  Black bars, total whole-cell conductance (n = 17); grey bars, + 500μM DIDS (n = 17).  B, DIDS-sensitive current, GFP cells (n = 17).  C, effect of 500μM DIDS on total whole-cell conductance in C2 cells.  Black bars, total whole-cell conductance (n = 21); grey bars, + 500μM DIDS (n = 21).  D, DIDS-sensitive current, C2 cells (n = 21). * indicates significantly different from total whole-cell conductance, paired Student’s t-test.
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[bookmark: _Toc343447697][bookmark: _Toc343447910][bookmark: _Toc343606436][bookmark: _Toc343672632][bookmark: _Toc343428432][bookmark: _Toc343440805]Figure 3.15 The effect of 500µM DIDS on whole-cell conductance and the DIDS-sensitive current – GFP and N2 cells.  
 A, effect of 500μM DIDS on total whole-cell conductance in GFP cells.  Black bars, total whole-cell conductance (n = 12); grey bars, + 500μM DIDS (n = 12).  B, DIDS-sensitive current, GFP cells (n = 12). C, effect of 500μM DIDS on total whole-cell conductance in N2 cells.  Black bars, total whole-cell conductance (n = 13); grey bars, + 500μM DIDS (n = 13). D, DIDS-sensitive current, N2 cells (n = 13).  * indicates significantly different from total whole-cell conductance, paired Student’s t-test.
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[bookmark: _Toc343447698][bookmark: _Toc343447911][bookmark: _Toc343606437][bookmark: _Toc343672633][bookmark: _Toc343428433][bookmark: _Toc343440806]Figure 3.16 Effect of NDPK-B over-expression on DIDS-sensitive whole-cell conductance.  
 A, black bars, GFP cells (n = 17); grey bars, C2 cells (n = 21).  B, black bars, GFP cells (n = 12); grey bars, N2 cells (n = 13).

The C2 cells, N2 cells and their respective controls also showed a significant decrease in whole-cell conductance in response to 500µM DIDS/10μM CFTRinh-172 and displayed ohmic CFTRinh-172-sensitive currents, figure 3.17 and 3.18.  The reversal potential of C2 cells was -2.37 ± 1.22 mV (n = 21), which was not significantly different from the reversal potential of GFP cells of -3.15 ± 1.38 mV (n = 17).  The reversal potential of N2 cells was -4.04 ± 2.25 mV (n = 13), which did not differ significantly from the reversal potential of GFP cells of -4.85 ± 2.48 mV (n = 12).  None of the reversal potentials were significantly different from ECl.  Over-expression of NDPK-B using either construct had no effect on the CFTRinh-172-sensitive conductance, figure 3.19.
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[bookmark: _Toc343447699][bookmark: _Toc343447912][bookmark: _Toc343606438][bookmark: _Toc343672634][bookmark: _Toc343428434][bookmark: _Toc343440807]Figure 3.17 The effect of 10µM CFTRinh-172 on whole cell conductance, and the CFTRinh-172-sensitive current – GFP and C2 cells.  
 A, effect of 10μM CFTRinh-172 on total whole-cell conductance in GFP cells.  Black bars, +500μM DIDS (n = 17); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 17).  B, CFTRinh-172-sensitive current, GFP cells (n = 17). C, effect of 10μM CFTRinh-172 on total whole-cell conductance in C2 cells.  Black bars, + 500μM DIDS (n = 21); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 21). D, CFTRinh-172-sensitive current, C2 cells (n = 21).  * indicates significantly different from +500μM DIDS, paired Student’s t-test.
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[bookmark: _Toc343447700][bookmark: _Toc343447913][bookmark: _Toc343606439][bookmark: _Toc343672635][bookmark: _Toc343428435][bookmark: _Toc343440808]Figure 3.18 The effect of 10µM CFTRinh-172 on whole cell conductance, and the CFTRinh-172-sensitive current – GFP and N2 cells.  
 A, effect of 10μM CFTRinh-172 on total whole-cell conductance in GFP cells.  Black bars, + 500μM DIDS (n = 12); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 12).  B, CFTRinh-172-sensitive current, GFP cells (n = 12).  C, effect of 10μM CFTRinh-172 on total whole-cell conductance in N2 cells.  Black bars, +500μM DIDS (n = 13); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 13).  D, CFTRinh-172-sensitive current, N2 cells (n = 13).  * indicates significantly different from +500μM DIDS, paired Student’s t-test.
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[bookmark: _Toc343447701][bookmark: _Toc343447914][bookmark: _Toc343606440][bookmark: _Toc343672636][bookmark: _Toc343428436][bookmark: _Toc343440809]Figure 3.19 Effect of NDPK-B over-expression on CFTRinh-172-sensitive whole-cell conductance.  
 A, black bars, GFP cells (n = 17); grey bars, C2 cells (n = 21).  B, black bars, GFP cells (n = 12); grey bars, N2 cells (n = 13).

3.3.4 [bookmark: _Toc303609948][bookmark: _Toc343428437][bookmark: _Toc343447702][bookmark: _Toc347056859]Summary of the effect of NDPK-B in 16HBE14o- cells
Over-expression of NDPK-B had no effect on total, DIDS- or CFTRinh-172-sensitive current or conductance, irrespective of construct orientation.

3.3.5 [bookmark: _Toc303604759][bookmark: _Toc303605329][bookmark: _Toc303609949][bookmark: _Toc343428438][bookmark: _Toc343447703][bookmark: _Toc347056860]Expression and localisation of GFP-tagged NDPK-B
Due to the lack of effect of both NDPK-B constructs, Western blot analysis using a NDPK-B-specific antibody was used to confirm the expression of the pEGFP-C2 and pEGFP-N2 NDPK-B constructs in BHK-21-CFTR cells.  Both the endogenous NDPK-B and the GFP-tagged protein from both constructs were expressed at the expected molecular weights in BHK-21-CFTR cells, figure 3.20.  Three transfection procedures (N = 3) were carried out to provide the cells for these experiments.
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[bookmark: _Toc343447704][bookmark: _Toc343447915][bookmark: _Toc343606441][bookmark: _Toc343672637][bookmark: _Toc343428439][bookmark: _Toc343440810]Figure 3.20 Western blot analysis showing the expression of GFP-tagged NDPK-B in BHK-WT cells. 
 Lanes 1 and 3, BHK-21-CFTR cells transfected with pEGFP-C2 NDPK-B.  Lanes 2 and 4, BHK-21-CFTR cells transfected with pEGFP-N2 NDPK-B.  A, primary antibody anti-GFP, secondary antibody anti-rabbit HRP.  B, primary antibody anti-NDPK-B, secondary antibody anti-mouse HRP (n = 3).
	
Confocal imaging performed by M. Kerbirou showed that the pEGFP-C2-NDPK-B did not translocate to the membrane with cAMP stimulation in 16HBE14o- cells, shown by a diffused GFP signal throughout the cytoplasm, figure 3.21. 








[bookmark: _Toc343447705][bookmark: _Toc343447916][bookmark: _Toc343606442][bookmark: _Toc343672638][bookmark: _Toc343428440][bookmark: _Toc343440811]Figure 3.21 Confocal imaging of the location of pEGFP-N2 NDPK-B construct in 16HBE14o- cells.  
 Transfected cell is indicated with an arrow (n = 3).  Image courtesy of Dr M. Kerbirou.

3.3.6 [bookmark: _Toc303604760][bookmark: _Toc303605330][bookmark: _Toc303609952][bookmark: _Toc343428441][bookmark: _Toc343447706][bookmark: _Toc347056861]Summary of NDPK-B over-expression in 16HBE14o- cells
These data show that over-expression of NDPK-B, irrespective of construct orientation, had no effect on the total, DIDS- or CFTRinh-172-sensitive currents or conductances compared to GFP control cells.  The Western blot analysis confirmed expression of the GFP-tagged NDPK-B protein, but confocal imaging highlighted a trafficking defect with the tagged protein, rendering it unable to act like the endogenous protein had previously been seen to.

3.3.7 [bookmark: _Toc303604761][bookmark: _Toc303605331][bookmark: _Toc303609953][bookmark: _Toc343428442][bookmark: _Toc343447707][bookmark: _Toc347056862]Effect of CFTR expression in BHK-21 cells
Baby hamster kidney (BHK-21) cells stably expressing CFTR were used as an alternative cell model to further investigate the the role of NDPK-B in CFTR regulation.  

The average BHK-21-L capacitance was 11 ± 1.78pF (n = 12) and the average BHK-21-CFTR capacitance was 5.8 ± 0.11pF (n = 34) under stimulate conditions with 100μM IBMX/10μM forskolin.  There was no significant difference in capacitance between control cells and test cells in the BHK-21-CFTR cells.


The stimulated BHK-21-L cells (with 100μM IBMX/10μM forskolin) showed robust whole-cell currents that are unaltered by 500µM DIDS or 500µM DIDS/10µM CFTRinh-172, whereas the BHK-21-CFTR cells showed a decrease in whole-cell current in the present of both inhibitors, figure 3.22.
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[bookmark: _Toc343447708][bookmark: _Toc343447917][bookmark: _Toc343606443][bookmark: _Toc343672639][bookmark: _Toc343428443][bookmark: _Toc343440812]Figure 3.22 Typical traces from single BHK-21-L and BHK-21-CFTR cells after stimulation with 100μM IBMX/10μM forskolin.  
 A, BHK-21-L cell.  B, BHK-21-CFTR cell.  Arrows indicate zero current.

The total whole-cell current and conductance in BHK-21-CFTR cells was significantly greater than BHK-21-L cells, figure 3.23.  The reversal potential for BHK-21-L cells was -3.49 ± 1.89 mV (n = 12), which did not differ significantly from ECl; the reversal potential of BHK-21-CFTR cells showed a significant negative shift to -9.41 ± 1.30 mV (n = 16) away from ECl and from the reversal potential of BHK-21-L cells.  
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[bookmark: _Toc343428448][bookmark: _Toc343447709][bookmark: _Toc343447918][bookmark: _Toc343606444][bookmark: _Toc343672640][bookmark: _Toc343440813]Figure 3.23 Effect of CFTR expression in BHK-21 cells on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, BHK-21-L cells (n = 12); circles, BHK-21-CFTR cells (n = 16).  B, total whole-cell conductance.  Black bars, BHK-21-L cells (n = 12); grey bars, BHK-21-CFTR cells (n = 16).  * indicates significant difference from BHK-21-L cells, unpaired Student’s t-test.

The DIDS- and CFTRinh-172-sensitive currents were calculated for the BHK-21-CFTR cells in the same manner as the 16HBE14o- cells.  As the BHK-21-L cells did not show a response to neither DIDS nor the CFTRinh172, the current-voltage plots have not been shown, only the conductance graphs (figure 3.25 and figure 3.27, respectively).  Figure 3.24 shows the total whole cell current and the current in the presence of 500µM DIDS in BHK-21-CFTR cells.  The current in the presence of 500µM DIDS was subtracted from the total whole cell current to produce the DIDS-sensitive current, figure 3.25 and the total whole-cell current and the current in the presence of 500µM DIDS were used to calculate total whole-cell conductance and the conductance in the presence of DIDS, figure 3.25. 


[bookmark: _Toc343447710][bookmark: _Toc343447919][bookmark: _Toc343606445][bookmark: _Toc343672641][bookmark: _Toc343428444][bookmark: _Toc343440814]Figure 3.24 The current-voltage plot used to calculate the DIDS-sensitive current in BHK-21-CFTR cells.  
 Squares, total whole cell current (n = 16); circles, current in the presence of 500µM DIDS (n = 16).

There was no significant difference in the whole-cell conductance with the addition of 500μM DIDS in the BHK-21-L cells, figure 3.25.  In contrast the BHK-21-CFTR cells demonstrated a significant decrease in total whole-cell conductance in the presence of 500μM DIDS.  The DIDS-sensitive current had an ohmic profile, figure 3.25, with a reversal potential of -11.76 ± 1.53 mV (n = 16), which was significantly different from ECl.
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[bookmark: _Toc343447711][bookmark: _Toc343447920][bookmark: _Toc343606446][bookmark: _Toc343672642][bookmark: _Toc343428445][bookmark: _Toc343440815]Figure 3.25 Effect of 500μM DIDS in BHK-21-L and BHK-21-CFTR cells.  
 A, effect of DIDS on total whole-cell conductance in BHK-21-L cells.  Black bars, total whole-cell conductance (n = 12); grey bars, + 500μM DIDS (n = 12).  B, effect of DIDS on total whole-cell conductance in BHK-21-CFTR cells.  Black bars, total whole-cell conductance (n = 16); grey bars, + 500μM DIDS (n = 16).  C, DIDS-sensitive current, BHK-21-CFTR cells (n = 16). * indicates significant difference from total whole-cell conductance, paired Student’s t-test.

Similarly, the CFTRinh-172-sensitive current was calculated by subtracting the current generated in the presence of 500µM DIDS/10µM CFTRinh-172 from the current generated in the presence of 500µM DIDS, figure 3.26.  The current-voltage plots were also used to calculate the whole-cell conductance, figure 3.27.


[bookmark: _Toc343447712][bookmark: _Toc343447921][bookmark: _Toc343606447][bookmark: _Toc343672643][bookmark: _Toc343428446][bookmark: _Toc343440816]Figure 3.26 The current-voltage plot used to calculate the CFTRinh-172-sensitive current.  
 Squares, current in the presence of 500µM DIDS (n = 16); circles, current in the presence of 500µM DIDS/10µM CFTRinh-172 (n = 16)

The BHK-21-L cells also showed no significant decrease in the whole-cell conductance with the addition of 10μM CFTRinh-172, figure 3.27.  However, the BHK-21-CFTR cells demonstrated a significant decrease in whole-cell conductance with 500µM DIDS/10μM CFTRinh-172.  The CFTRinh-172-sensitive current displayed an outwardly-rectifying profile with a reversal potential of -7.53 ± 1.70 mV (n = 16), which was significantly different from ECl, figure 3.27.















 (
A
)








 (
C
) (
B
)








[bookmark: _Toc343447713][bookmark: _Toc343447922][bookmark: _Toc343606448][bookmark: _Toc343672644][bookmark: _Toc343428447][bookmark: _Toc343440817]Figure 3.27 Effect of 10μM CFTRinh-172 in BHK-21-L and BHK-21-CFTR cells.  
 A, effect of CFTRinh-172 on total whole-cell conductance in BHK-21-L cells.  Black bars, + 500μM DIDS (n = 12); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 12).  B, effect of CFTRinh-172 on total whole-cell conductance in BHK-21-CFTR cells.  Black bars, + 500μM DIDS (n = 16); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 16).  C, CFTRinh-172-sensitive current, BHK-21-CFTR cells (n = 16). * indicates significant difference from + 500μM DIDS, paired Student’s t-test.

3.3.8 [bookmark: _Toc303604764][bookmark: _Toc303605334][bookmark: _Toc303609958][bookmark: _Toc343428449][bookmark: _Toc343447714][bookmark: _Toc347056863]Summary of the effect of CFTR expression in BHK-21 cells
Expression of CFTR in BHK-21-CFTR cells produced a DIDS- and CFTRinh-172-sensitive current that was not present in the non-transfected BHK-21-L cells.

3.3.9 [bookmark: _Toc303604765][bookmark: _Toc303605335][bookmark: _Toc303609959][bookmark: _Toc343428450][bookmark: _Toc343447715][bookmark: _Toc347056864]Effect of NDPK-B over-expression using pEGFP-N2-NDPK-B in BHK-21-CFTR cells
As with the 16HBE14o- cells, BHK-21-CFTR cells were transfected either with a pEGFP-C2 vector (GFP cells) or with the pEGFP-N2 NDPK-B construct (NDPK-B cells).  The pEGFP-N2 NDPK-B construct was used as it was the more stable construct in terms of expressing the full-length tagged proteins.  Both GFP and NDPK-B cells showed a decrease in current in the presence of 500μM DIDS and 10μM CFTRinh-172, figure 3.28.  Three transfection procedures (N = 3) were carried out to obtain the results from this section.
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[bookmark: _Toc343428451][bookmark: _Toc343447716][bookmark: _Toc343447923][bookmark: _Toc343606449][bookmark: _Toc343672645][bookmark: _Toc343440818]Figure 3.28 Typical traces taken from single GFP and NDPK-B BHK-21-CFTR cells.  
 A, control cell.  B, NDPK-B cell.  Arrows indicate zero current.

Over-expression of NDPK-B in BHK-21-CFTR cells had no significant effect on the total whole-cell current or conductance, figure 3.29.  The reversal potential of GFP cells was -6.29 ± 1.56 mV (n = 10) which was not significantly different from the reversal potential of N2-NDPK-B cells of -9.00 ± 1.92 mV (n = 8).  Both reversal potentials showed a significant negative shift away from ECl.
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[bookmark: _Toc343428452][bookmark: _Toc343447717][bookmark: _Toc343447924][bookmark: _Toc343606450][bookmark: _Toc343672646][bookmark: _Toc343440819]Figure 3.29 Effect of NDPK-B over-expression on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, GFP cells (n = 10); circles, NDPK-B cells (n = 8).  B, total whole-cell conductance.  Black bars, GFP cells (n = 10); grey bars, NDPK-B cells (n = 8).

In the presence of 500μM DIDS neither the GFP nor the N2-NDPK-B cells showed a significant decrease in whole-cell current, figure 3.30.  4 out of 10 GFP cells did not respond to DIDS; however, analysis of the remaining 6 cells still did not show a significant decrease in whole-cell current from total.  5 out of 8 NDPK-B cells responded to DIDS but this was not a great enough sample size to warrant further statistical analysis.
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[bookmark: _Toc343428453][bookmark: _Toc343447718][bookmark: _Toc343447925][bookmark: _Toc343606451][bookmark: _Toc343672647][bookmark: _Toc343440820]Figure 3.30 Effect of DIDS on total whole-cell current.  
 A, GFP cells.  Squares, total whole-cell current (n = 10); circles, + 500μM DIDS (n = 10).  B, NDPK-B cells.  Squares, total whole-cell current (n = 8); circles, +500μM DIDS (n = 8).

Both GFP and NDPK-B cells produced a CFTRinh-172-sensitive current and exhibited a significant decrease in whole-cell conductance with 500µM DIDS/10μM CFTRinh-172, figure 3.31.  The CFTRinh-172-sensitive current in GFP cells showed an outwardly rectifying profile with a reversal potential of -6.55 ± 2.44 mV (n = 10), while the NDPK-B cells produced an ohmic CFTRinh-172-sensitive current with a reversal potential -9.29 ± 2.76 mV (n = 8),  which was not significantly different from GFP.  However, both reversal potentials were significantly more negative than ECl.  There was no significant difference in CFTRinh-172-sensitive conductance between GFP and NDPK-B cells, figure 3.32.
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[bookmark: _Toc343447719][bookmark: _Toc343447926][bookmark: _Toc343606452][bookmark: _Toc343672648]Figure 3.31 The effect of 10µM CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in BHK-21-CFTR cells.
[bookmark: _Toc343440821] A, effect of 10μM CFTRinh-172 on whole-cell conductance in GFP cells.  Black bars, + 500μM DIDS (n = 10); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 10).  B, CFTRinh-172-sensitive current, GFP cells (n = 10). C, effect of 10μM CFTRinh-172 on whole-cell conductance in NDPK-B cells.  Black bars, + 500μM DIDS (n = 8); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 8).  D, CFTRinh-172-sensitive current, NDPK-B cells (n = 8).  * indicates significant difference from + 500μM DIDS, paired Student’s t-test.
 



[bookmark: _Toc343428455][bookmark: _Toc343447720][bookmark: _Toc343447927][bookmark: _Toc343606453][bookmark: _Toc343672649][bookmark: _Toc343440822]Figure 3.32 Effect of pEGFP-N2-NDPK-B on CFTRinh-172-sensitive conductance in BHK-21-CFTR cells.  
 Black bars, GFP cells (n = 10); grey bars, NDPK-B cells (n = 8).

3.3.10 [bookmark: _Toc303604768][bookmark: _Toc303605338][bookmark: _Toc303609965][bookmark: _Toc343428456][bookmark: _Toc343447721][bookmark: _Toc347056865]Summary of the effect of NDPK-B over-expression in BHK-21-CFTR cells
Over-expression of NDPK-B using the pEGFP-N2-NDPK-B construct had no effect on the total, DIDS- or CFTRinh-172-sensitive conductance in BHK-21-CFTR cells.

3.3.11 [bookmark: _Toc303604769][bookmark: _Toc303605339][bookmark: _Toc303609966][bookmark: _Toc343428457][bookmark: _Toc343447722][bookmark: _Toc347056866]Effect of NDPK-B knockdown on NDPK-B expression in 16HBE14o- cells
The over-expression of NDPK-B using GFP-tagged proteins did not appear to alter the CFTR channel function in 16HBE14o- or BHK-21-CFTR cells.  In order to continue investigating the role of NDPK-B in CFTR regulation, shRNA against NDPK-B was employed to determine whether knockdown of the endogenous protein altered the activity of CFTR in 16HBE14o- cells.  Cells were transfected with either scrambled shRNA (control cells) or NDPK-B shRNA (NDPK-B shRNA cells).  Three transfection procedures (N = 3) were carried out to provide the cells for the Western blot analysis, and a further four transfections (N = 4) provided the cells for the whole cell patch clamp experiments.

Western blot analysis performed by M. Kerbirou, figure 3.33, showed that at 72 hours post-transfection with NDPK-B shRNA very little NDPK-B could be detected, with complete knockdown occurring at 96 hours post-transfection.  There was no effect of scrambled shRNA, which acted as a control, or the level of the endogenous protein in untreated 16HBE14o- cells.  This showed that 72 – 96 hours post-transfection provided the greatest knockdown of NDPK-B expression and therefore the optimum time to conduct the whole-cell patch-clamp experiments to determine the effect of the knockdown on CFTR function.  However, the cells were not viable at this time point for patch-clamp experiments, therefore, cells were used at approximately 48 - 52 hours post-transfection.


[bookmark: _Toc343428458][bookmark: _Toc343447723][bookmark: _Toc343447928][bookmark: _Toc343606454][bookmark: _Toc343672650][bookmark: _Toc343440823]Figure 3.33 Effect of shRNA-mediated knockdown of NDPK-B expression in 16HBE14o- cells.  
 Lanes 1 - 3 transfected with NDPK-B shRNA; lanes 4 - 6 transfected with control (scrambled) shRNA; lanes 7 - 9 non-transfected. Lanes 1, 4 and 7 NDPK-B expression 96 hours post-transfection; lanes 2, 5 and 8 NDPK-B expression 72 hours post-transfection; lanes 3, 6 and 9 NDPK-B expression 48 hours post-transfection. 100μg protein/well.  Primary antibody monoclonal NDPK-B 1 in 5000; secondary antibody anti-mouse 1 in 10,000.  Western blot courtesy of Dr M. Kerbirou (n = 3).

3.3.12 [bookmark: _Toc303604770][bookmark: _Toc303605340][bookmark: _Toc303609968][bookmark: _Toc343428459][bookmark: _Toc343447724][bookmark: _Toc347056867]Effect of NDPK-B knockdown in 16HBE14o- cells
Both sets of cells exhibited a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 3.34.
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[bookmark: _Toc343428460][bookmark: _Toc343447725][bookmark: _Toc343447929][bookmark: _Toc343606455][bookmark: _Toc343672651][bookmark: _Toc343440824]Figure 3.34 Typical traces taken from single control and NDPK-B shRNA cells.  
 A, control cell.  B, NDPK-B shRNA cell.  Arrows indicate zero current.

Knockdown of NDPK-B did not appear to alter total whole-cell current or conductance, figure 3.35.  The reversal potential of control cells was -7.68 ± 0.75 mV (n = 33), which did not differ significantly from the reversal potential of NDPK-B shRNA cells of -5.51 ± 1.21 mV (n = 24); however both the control and shRNA reversal potentials demonstrated a significant negative shift away from ECl. 
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[bookmark: _Toc343428461][bookmark: _Toc343447726][bookmark: _Toc343447930][bookmark: _Toc343606456][bookmark: _Toc343672652][bookmark: _Toc343440825]Figure 3.35 Effect of NDPK-B shRNA on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, control cells (n = 33); circles, NDPK-B shRNA cells (n = 24).  B, total whole-cell conductance.  Black bars, control cells (n = 33); grey bars, NDPK-B shRNA cells (n = 24).

The addition of 500μM DIDS resulted in a significant decrease in whole-cell conductance, figure 3.36, and the DIDS-sensitive current for both control and NDPK-B shRNA cells had an outwardly-rectifying profile.  The reversal potential of control cells was -15.49 ± 1.80 mV (n = 33), which was significantly more negative than the reversal potential of NDPK-B shRNA cells of  -9.43 ± 1.32 mV (n = 24), and both were more negative than ECl.  There was no significant difference in DIDS-sensitive conductance between the control and NDPK-B shRNA cells, figure 3.37.
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[bookmark: _Toc343428462][bookmark: _Toc343447727][bookmark: _Toc343447931][bookmark: _Toc343606457][bookmark: _Toc343672653][bookmark: _Toc343440826]Figure 3.36 The effect of 500µM DIDS on whole-cell conductance, and the DIDS-sensitive current.  
 A, effect of DIDS on whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 33); grey bars, + 500μM DIDS (n = 33).  B, DIDS-sensitive current, control cells (n = 33).  C, effect of DIDS on whole-cell conductance in NDPK-B shRNA cells.  Black bars, total whole-cell conductance (n = 24); grey bars, + 500μM DIDS (n = 24).  D, DIDS-sensitive current, NDPK-B shRNA cells (n = 24).  * indicates significant difference from total whole-cell conductance, paired Student’s t-test.



[bookmark: _Toc343428463][bookmark: _Toc343447728][bookmark: _Toc343447932][bookmark: _Toc343606458][bookmark: _Toc343672654][bookmark: _Toc343440827]Figure 3.37 Effect of NDPK-B shRNA on DIDS-sensitive whole-cell conductance.  
 Black bars, control cells (n = 33); grey bars, NDPK-B shRNA cells (n = 24).

The addition of 500µM DIDS/10μM CFTRinh-172 to both sets of cells resulted in a significant decrease in whole-cell conductance, figure 3.38.  In control cells, the CFTRinh-172-sensitive current had an ohmic profile with a reversal potential of -5.06 ± 1.17 mV (n = 33), which was significantly different from ECl.  NDPK-B shRNA cells showed an ohmic CFTRinh-172-sensitive current with a reversal potential of -3.55 ± 1.74 mV (n = 24), which was not significantly different from the reversal potential of control cells or from ECl.  There was no significant difference in the CFTRinh-172-sensitive conductance between the two groups, figure 3.39.
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[bookmark: _Toc343428464][bookmark: _Toc343447729][bookmark: _Toc343447933][bookmark: _Toc343606459][bookmark: _Toc343440828]

[bookmark: _Toc343672655]Figure 3.38 The effect of 10µM CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 33); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 33).  B, CFTRinh-172-sensitive current, control cells (n = 33). C, effect of CFTRinh-172 on whole-cell conductance in NDPK-B shRNA cells.  Black bars, + 500μM DIDS (n = 24); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 24).  D, CFTRinh-172-sensitive current, NDPK-B shRNA cells (n = 24).  * indicates significant difference from + 500μM DIDS, paired Student’s t-test.



[bookmark: _Toc343428465][bookmark: _Toc343447730][bookmark: _Toc343447934][bookmark: _Toc343606460][bookmark: _Toc343672656][bookmark: _Toc343440829]Figure 3.39 Effect of NDPK-B shRNA on CFTRinh-172-sensitive whole-cell conductance.  
 Black bars, control cells (n = 33); grey bars, NDPK-B shRNA cells (n = 24).

3.3.13 [bookmark: _Toc303604773][bookmark: _Toc303605343][bookmark: _Toc303609975][bookmark: _Toc343428466][bookmark: _Toc343447731][bookmark: _Toc347056868]Summary of the effect of NDPK-B knockdown in 16HBE14o- cells
These data show that knockdown of NDPK-B expression by shRNA had no effect on the total, DIDS- or CFTRinh-172-sensitive current or conductance.

3.3.14 [bookmark: _Toc303604774][bookmark: _Toc303605344][bookmark: _Toc303609976][bookmark: _Toc343428467][bookmark: _Toc343447732][bookmark: _Toc347056869]CFTR and NDPK-B interaction
Preliminary Far Western blot analysis identified regions of CFTR potentially involved in the binding of NDPK-B.  In order to elucidate the key residues involved, His-tagged fragments of NBD1 were kindly generated by Dr Diane Cassidy at Dundee University and subjected to Far Western blotting, figure 3.40.  Preliminary results suggested that NDPK-B bound to amino acids 351 – 500 of NBD1.


[bookmark: _Toc343428468][bookmark: _Toc343447733][bookmark: _Toc343447935][bookmark: _Toc343606461][bookmark: _Toc343672657][bookmark: _Toc343440830]Figure 3.40 Far Western blot of NDPK-B fragments (n = 1).  
 BL21, whole-cell lysate; His 2-1, full-length nucleotide binding domain 2 (NBD2); His 1-1, truncated NBD1; His 1-2, full-length NBD1; His 351-650 to 351-450, NBD1 fragments.

3.4 [bookmark: _Toc343428469][bookmark: _Toc343447734][bookmark: _Toc347056870][bookmark: _Toc303604775][bookmark: _Toc303609978]Conclusion
The aim of this chapter was to describe the functional relationship between NDPK-B and CFTR.  This was addressed through the use of transfected 16HBE14o- and BHK-21-CFTR cells over-expressing pEGFP-C2 and –N2 NDPK-B proteins, and transfection of 16HBE14o- cells with NDPK-B shRNA to knock-down NDPK-B expression.  Western blot analysis was used to confirm the expression of the GFP-tagged NDPK-B protein, and to identify the optimum time frame for knock-down of NDPK-B.  The whole-cell patch-clamp technique was used to investigate the DIDS- and CFTRinh-172-sensitive currents in these different cells.  Far Western blotting was used to identify regions of CFTR that bound to NDPK-B to further the understanding of the physical interaction between the two proteins.

The results obtained from over-expression of NDPK-B in both 16HBE14o- cells and BHK-21-CFTR cells suggested that NDPK-B was not involved in CFTR regulation under these experimental conditions.  However, subsequent investigations identified a trafficking defect with the pEGFP-N2 NDPK-B protein, potentially due to the large size of the GFP protein relevant to the NDPK-B protein.  This therefore rendered the over-expression protocol ineffective as a tool to investigate the role of NDPK-B in CFTR function.

The use of shRNA to knock-down NDPK-B expression also originally suggested that NDPK-B was not involved in CFTR regulation.  However, shRNA proved to be a difficult tool to use, as it was not possible to identify cells in which the knock-down had been successful.  Western blot analysis showed that 72 – 96 hours post-transfection was when the expression of NDPK-B was at its lowest; however, it was not possible to perform whole-cell patch-clamp experiments at that time due to reduced viability of the cells.  Therefore the experiments took place at an earlier time point of 48 – 52 hours, when the expression of NDPK-B was reduced but not abolished.  This may account for the lack of effect on CFTR function, as the knockdown of NDPK-B may not have been sufficient at this time point to alter channel function.  Under these experimental conditions shRNA was not a useful tool for investigating the role of NDPK-B in CFTR function.    

It was previously identified that NDPK-B binds to NBD1 of CFTR (Kerbirou, Muimo, unpublished observations).  Preliminary Far Western blotting using fragments of CFTR overlaid with sheep tracheal proteins suggests that NDPK-B interacts with CFTR at amino acids 351 – 500 of NBD1.  However, due to degradation of samples these results could not be confirmed by repetition.


Chapter 3		NDPK-B and CFTR


[bookmark: _Toc303604782][bookmark: _Toc303609985][bookmark: _Toc303610773][bookmark: _Toc343428470][bookmark: _Toc343447735][bookmark: _Toc347056871]Chapter 4
[bookmark: _Toc303604783][bookmark: _Toc303609986][bookmark: _Toc343428471][bookmark: _Toc343447736][bookmark: _Toc347056872]Investigating the role of tyrosine phosphorylation in CFTR regulation

4.1 [bookmark: _Toc303604784][bookmark: _Toc303609987][bookmark: _Toc343428472][bookmark: _Toc343447737][bookmark: _Toc347056873] Introduction
This chapter focused on the role of tyrosine phosphatases in the regulation of CFTR through the use of pharmacological inhibitors of protein tyrosine phosphatases.  The experiments were designed to elucidate the role of these enzymes in the function of CFTR in the human bronchial epithelial cell line 16HBE14o- and the heterologous expression system baby hamster kidney cell line BHK-21 stably expressing wild-type CFTR (BHK-21-CFTR).  The aims of this chapter were to describe the effect of altering the tyrosine phosphorylation state of 16HBE14o- cells on CFTR function, identify the tyrosine phosphatases involved in regulating CFTR and to explain how changes in tyrosine phosphorylation resulted in altered CFTR activity.

To achieve the above aims, various tyrosine phosphatase inhibitors were used and delivered to the cells using different methods, as described in section 2.5.6.3.1.  The initial experiments used orthovanadate as the tyrosine phosphatase inhibitor.  However, the general nature of orthovanadate as a phosphatase inhibitor and its ability to act as a phosphate analogue made it difficult to fully reveal its mechanisms of CFTR regulation.  Coupling this with the multiple mechanisms proposed for genistein action on CFTR it is still unclear the exact role of tyrosine phosphorylation in CFTR regulation.  To this end it was important to consider alternative pharmacological inhibitors of tyrosine phosphorylation, therefore this chapter also used the tyrosine phosphatase inhibitors phenylarsine oxide (PAO), BVT.948 and NSC-87877.

The whole-cell patch-clamp technique was used to record whole-cell currents and to determine whether there was a change in channel function with these inhibitors.  To explain the changes in CFTR activity, confocal microscopy and cell surface biotinylation were used to determine whether changes in CFTR plasma membrane expression were responsible for the change in channel activity.  Based on published work (Baukrowitz et al. 1994; Becq et al. 1994; Gunderson and Kopito 1994), it was hypothesised that treatment with tyrosine phosphatase inhibitors would result in an increase in CFTR activity. 

4.2 [bookmark: _Toc303604794][bookmark: _Toc303609997][bookmark: _Toc343428473][bookmark: _Toc343447738][bookmark: _Toc347056874] Methods
4.2.1 [bookmark: _Toc303604795][bookmark: _Toc303609998][bookmark: _Toc343428474][bookmark: _Toc343447739][bookmark: _Toc347056875]Brief methods
In this study the whole-cell patch-clamp technique was employed to examine the role of tyrosine phosphorylation in the regulation of CFTR.  This was achieved through the analysis of cells that were grown on plastic cover slips at 37oC as described in Materials and Methods, and subsequently exposed to compounds designed to alter the tyrosine phosphorylation state of the cell.  These compounds were Na3VO4, PAO, BVT.948 and NSC-87877.

For pre-incubation experiments using 1 and 10mM Na3VO4, 10μM PAO and 25μM BVT.948 cells were first exposed to the phosphotyrosine-altering compounds for 15 minutes, followed by 30 minutes in 100μM IBMX/10μM forskolin solution (described in Materials and Methods).  This order was reversed when the role of phosphotyrosine after 100μM IBMX/10μM forskolin stimulation was investigated with PAO.  For pre-incubation with NSC-87877, cells were incubated for 3 hours in 10μM NSC-87877 solution followed by 30 minutes in 100μM IBMX/10μM forskolin solution.  Cells that were treated in this manner (with pre-incubation) will hereby be termed “pre-incubated cells”.   

Cells were also incubated for 10 minutes in 10μM PAO solution after stimulation with cAMP agonists 100μM IBMX/10μM forskolin for 30 minutes.  These cells will hereby be termed “incubated cells”

For bath inhibitor experiments cells were first stimulated with 100μM IBMX/10μM forskolin, the whole-cell patch-clamp configuration was achieved and cells were then exposed to the control NaCl solution.  Once steady state was obtained cells were exposed to 1 or 10mM Na3VO4 or 10μM PAO in the bath solution through the gravity-driven perfusion system.  Cells that have been treated in this manner will hereby be termed “treated cells”.

For pipette solution experiments cells were first stimulated with 100μM IBMX/10μM forskolin for 30 minutes and 1 or 10mM Na3VO4 was delivered intracellularly via the pipette solution as whole-cell configuration was achieved.  Cells that have been treated in this manner will hereby be termed “dialysed cells”.

The whole-cell patch-clamp protocol was carried out as described in the Materials and Methods.  

4.2.2 [bookmark: _Toc303604796][bookmark: _Toc303609999][bookmark: _Toc343428475][bookmark: _Toc343447740][bookmark: _Toc347056876]Experimental solutions for whole-cell patch-clamp experiments
Na3VO4, PAO and BVT.948 solutions were made up using standard whole-cell patch-clamp bath and pipette solutions as detailed in Materials and Methods.  NSC-87877 was made up in 16HBE14o- growth media due to the long pre-incubation time of 3 hours.  For pre-incubation experiments, 10mL of NaCl bath solution was used to make up the desired pre-incubation solution.  For bath inhibitor experiments the volume was increased to 100mL NaCl bath solution.  For Na3VO4 experiments when the compound was delivered via the pipette solution, 5mL of standard CsCl pipette solution was used to make up the desired Na3VO4 pipette solution.  For the mannitol control, the shift in osmolality of the solutions in the presence of 10mM Na3VO4 was calculated as 25mOsm; therefore 25mM mannitol was added to the standard bath or pipette solution to produce a suitable osmolality control for 10mM Na3VO4.

4.2.3 [bookmark: _Toc343428476][bookmark: _Toc343447741][bookmark: _Toc347056877][bookmark: _Toc303604797][bookmark: _Toc303610000]Experimental solutions for cell stimulation
Cells were grown on petri dishes as described in section 2.1.5 prior to stimulation.  Cells were pre-incubated in a solution containing tyrosine phosphatase inhibitors or the relevant vehicle control for 15 minutes (Na3VO4, PAO or BVT.948) or 3 hours (NSC-87877), followed by stimulation with cAMP agonists IBMX and forskolin still in the presence of the tyrosine phosphatase inhibitor or vehicle for 30 minutes.  Stimulation solutions were made up in NaCl bath solution (Na3VO4, PAO or BVT.948) or medium 199 (NSC-87877), as described in section 2.5.6.3.  Table 4.1 details the solutions used for these experiments.

	Pre-incubation solution
	30 minutes stimulation with cAMP agonists

	1mM Na3VO4
	1mM Na3VO4/100μM IBMX/10μM forskolin

	10mM Na3VO4 
	10mM Na3VO4/100μM IBMX/10μM forskolin 

	25mM mannitol (control for 10mM Na3VO4)
	25mM mannitol/100μM IBMX/10μM forskolin 

	10μM PAO
	10μM PAO/100μM IBMX/10μM forskolin 

	0.01% DMSO (control for 10μM PAO)
	0.01% DMSO/100μM IBMX/10μM forskolin 

	25µM BVT.948
	25µM BVT.948/100μM IBMX/10μM forskolin

	0.025% DMSO (control for 25µM BVT.948)
	0.025% DMSO/100μM IBMX/10μM forskolin

	10µM NSC-87877
	10µM NSC-87877 /100μM IBMX/10μM forskolin


[bookmark: _Toc343440831][bookmark: _Toc343447425][bookmark: _Toc343447742][bookmark: _Toc343606462][bookmark: _Toc343607062][bookmark: _Toc343672658]Table 4.1 Solutions used for cell stimulation.

4.2.4 [bookmark: _Toc343428477][bookmark: _Toc343447743][bookmark: _Toc347056878]Antibody dilutions for Western blot analysis
Table 4.2 and 4.3 detail the primary and secondary antibody dilutions used for Western blot analysis, respectively.

	Primary antibody
	Dilution

	Monoclonal anti-CFTR 
	1 in 2000

	Polyclonal anti-actin
	1 in 3000

	Streptavidin HRP conjugate
	1 in 2000


[bookmark: _Toc303610001][bookmark: _Toc343428478][bookmark: _Toc343440832][bookmark: _Toc343447426][bookmark: _Toc343447744][bookmark: _Toc343606463][bookmark: _Toc343607063][bookmark: _Toc343672659]Table 4.2 Primary antibody dilutions for Western blot analysis


	Secondary antibody
	Dilution

	Anti-mouse HRP conjugate
	1 in 25000

	Anti-rabbit HRP conjugate
	1 in 25000


[bookmark: _Toc303610002][bookmark: _Toc343428479][bookmark: _Toc343440833][bookmark: _Toc343447427][bookmark: _Toc343447745][bookmark: _Toc343606464][bookmark: _Toc343607064][bookmark: _Toc343672660]Table 4.3 Secondary antibody dilutions for Western blot analysis

4.2.5 [bookmark: _Toc303604798][bookmark: _Toc303610003][bookmark: _Toc343428480][bookmark: _Toc343447746][bookmark: _Toc347056879]Confocal slide preparation
Cells were stimulated and prepared for confocal imaging as described in the Materials and Methods chapter.  

4.3 [bookmark: _Toc303604799][bookmark: _Toc303610004][bookmark: _Toc343428481][bookmark: _Toc343447747][bookmark: _Toc347056880] Results
4.3.1 [bookmark: _Toc303610005][bookmark: _Toc343428482][bookmark: _Toc343447748][bookmark: _Toc347056881]Effect of Na3VO4 pre-incubation
Pre-incubating cells with 1 or 10mM Na3VO4 prior to IBMX/forskolin was designed to alter the tyrosine phosphorylation state of the cells in order to investigate its role in the regulation of CFTR.  All cells exhibited a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.1 and 4.2.  The average 16HBE14o- cell capacitance was 9.88 ± 0.08pF (n = 295).
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[bookmark: _Toc343428483][bookmark: _Toc343447749][bookmark: _Toc343447939][bookmark: _Toc343606465][bookmark: _Toc343672661][bookmark: _Toc343440834]Figure 4.1 Typical traces taken from single control and 1mM Na3VO4 pre-incubated 16HBE14o- cells.  
 A, control cell. B, 1mM Na3VO4 pre-incubated cell.  Arrows indicate zero current.

















 (
+ 500µM DIDS/
10μM CFTR
inh
-1
72
) (
+ 500μM DIDS
) (
Total
)

 (
A
)



 (
B
)



[bookmark: _Toc343428484][bookmark: _Toc343447750][bookmark: _Toc343447940][bookmark: _Toc343606466][bookmark: _Toc343672662][bookmark: _Toc343440835]Figure 4.2 Typical traces taken from a single control and 10mM Na3VO4 pre-incubated 16HBE14o- cells. 
 A, control cell. B, 10mM Na3VO4 pre-incubated cell.  Arrows indicate zero current.

The difference in current size between control cells in figures 4.1 and 4.2 are due to different cells being used as controls for each set of incubations.  The same cells were not used as controls for both 1mM and 10mM Na3VO4 pre-incubation experiments as these experiments were done at different times with different aliquots of cells.


Pre-incubation in 10mM Na3VO4, but not 1mM Na3VO4, significantly decreased the total whole-cell current and conductance, figure 4.3.  The reversal potential of control cells (for 1mM Na3VO4 pre-incubated cells) was -8.12 ± 0.91 mV (n = 11), which was significantly more negative than the reversal potential of 1mM Na3VO4 pre-incubated cells of -5.07 ± 0.98 mV (n = 9).  However, both reversal potentials were significantly more negative than ECl.   The reversal potential of control cells (for 10mM Na3VO4 pre-incubated cells) was -2.52 ± 1.78 mV (n = 18), which did not differ significantly from the reversal potential of 10mM Na3VO4 pre-incubated cells of 0.82 ± 1.42 mV (n = 21), and neither reversal potentials were significantly different from ECl.    
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[bookmark: _Toc343428485][bookmark: _Toc343447751][bookmark: _Toc343447941][bookmark: _Toc343606467][bookmark: _Toc343672663][bookmark: _Toc343440836]Figure 4.3 Effect of 1mM and 10mM Na3VO4 pre-incubation on total whole-cell chloride current and conductance.  
 A, total whole-cell current.  Squares, control cells (n = 11); circles, 1mM Na3VO4 pre-incubated cells (n = 9).  B, total whole-cell conductance.  Black bars, control cells (n = 11); grey bars, 1mM Na3VO4 pre-incubated cells (n = 9).  C, total whole-cell current.  Squares, control cells (n = 18); circles, 10mM Na3VO4 pre-incubated cells (n = 21).  D, total whole-cell conductance.  Black bars, control cells (n = 18); grey bars, 10mM Na3VO4 pre-incubated cells (n = 21).  * indicates significant difference from total whole-cell conductance, unpaired Student’s t-test.

The DIDS- and CFTRinh-172-sensitive currents and conductances were calculated in the same manner as was described in Chapter 3 Results.

In the presence of 500μM DIDS, all cells exhibited a DIDS-sensitive current and a significant decrease in whole-cell conductance, figure 4.4 and 4.5.  The DIDS-sensitive current in both sets of control cells (for 1mM and 10mM Na3VO4 pre-incubated cells) showed an ohmic profile with reversal potentials of -9.66 ± 0.91 mV (n = 11) and -10.80 ± 1.36 mV (n = 18), respectively.  In both 1mM and 10mM Na3VO4 pre-incubated cells the DIDS-sensitive current was outwardly rectifying with reversal potentials of -14.33 ± 1.95 mV (n = 9) and -10.13 ± 2.43 mV (n = 21), respectively.  The reversal potential of 1mM Na3VO4 pre-incubated cells was significantly more negative than the control reversal potential, and all were more negative than ECl.  There was no significant difference in DIDS-sensitive conductance with 1mM or 10mM Na3VO4 pre-incubated cells, figure 4.6.























 (
B
) (
A
)






 (
D
)
 (
C
)








[bookmark: _Toc343428486][bookmark: _Toc343447752][bookmark: _Toc343447942][bookmark: _Toc343606468][bookmark: _Toc343672664][bookmark: _Toc343440837]Figure 4.4 The effect of 500μM DIDS on whole-cell conductance, and the DIDS-sensitive current in control and 1mM Na3VO4 pre-incubated cells.  
 A, effect of DIDS on whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 11); grey bars, + 500μM DIDS (n = 11).  B, DIDS-sensitive current in control cells (n = 11). C, effect of DIDS on whole-cell conductance in 1mM Na3VO4 pre-incubated cells.  Black bars, total whole-cell conductance (n = 9); grey bars, + 500μM DIDS (n = 9).  D, DIDS-sensitive current in 1mM Na3VO4 pre-incubated cells (n = 9). * indicates significant difference from total whole-cell conductance, paired Student’s t-test.
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[bookmark: _Toc343428487][bookmark: _Toc343447753][bookmark: _Toc343447943][bookmark: _Toc343606469][bookmark: _Toc343672665][bookmark: _Toc343440838]Figure 4.5 The effect of 500μM DIDS on whole-cell conductance, and the DIDS-sensitive current in control and 10mM Na3VO4 pre-incubated cells.  
 A, effect of DIDS on whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 18); grey bars, + 500μM DIDS (n = 18).  B, DIDS-sensitive current in control cells (n = 18).  C, effect of DIDS on whole-cell conductance in 10mM Na3VO4 pre-incubated cells.  Black bars, total whole-cell conductance (n = 21); grey bars, + 500μM DIDS (n = 21).  D, DIDS-sensitive current in 10mM Na3VO4 pre-incubated cells (n = 21).  * indicates significant difference from total whole-cell conductance, paired Student’s t-test.
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[bookmark: _Toc343428488][bookmark: _Toc343447754][bookmark: _Toc343447944][bookmark: _Toc343606470][bookmark: _Toc343672666][bookmark: _Toc343440839]Figure 4.6 Effect of 1mM and 10mM Na3VO4 pre-incubation on DIDS-sensitive conductance.  
 A, black bars, control cells (n = 11); grey bars, 1mM Na3VO4 pre-incubated cells (n = 9).  B, black bars, control cells (n = 18); grey bars, 10mM Na3VO4 pre-incubated cells (n = 21).

All cells exhibited a CFTRinh-172-sensitive current and a decrease in whole-cell conductance in response to 500µM DIDS/10μM CFTRinh-172, figure 4.7 and 4.8.  The CFTRinh-172-sensitive current of the control group for 1mM Na3VO4 pre-incubation, 1mM and 10mM Na3VO4 pre-incubated cells showed an ohmic profile, while the control group for 10mM Na3VO4 pre-incubated cells showed a weakly outwardly rectifying profile.  The reversal potential of control cells for 1mM Na3VO4 pre-incubated cells was -6.13 ± 1.27 mV (n = 11), which did not differ significantly from the reversal potential of 1mM Na3VO4 pre-incubated cells of -2.52 ± 1.35 mV (n = 9).  In control cells for 10mM Na3VO4 pre-incubated cells the reversal potential was 0.84 ± 2.43 mV (n = 18), which did not differ significantly from the reversal potential of 10mM Na3VO4 pre-incubated cells of 2.79 ± 1.18 mV (n = 21).  Only the reversal potentials of control cells for 1mM Na3VO4 pre-incubated cells and 10mM Na3VO4 pre-incubated cells were significantly different from ECl.  There was no significant difference in CFTRinh-172-sensitive conductance with 1mM Na3VO4 pre-incubation; however, 10mM Na3VO4 pre-incubation caused a significant decrease in CFTRinh-172-sensitive conductance, which was comparable to the decrease in total whole-cell conductance seen in figure 4.9. 
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[bookmark: _Toc343428489][bookmark: _Toc343447755][bookmark: _Toc343447945][bookmark: _Toc343606471][bookmark: _Toc343672667][bookmark: _Toc343440840]Figure 4.7 The effect of 500µM DIDS/10μM CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in control and 1mM Na3VO4 pre-incubated cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 11); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 11).  B, CFTRinh-172-sensitive current in control cells (n = 11).  C, effect of CFTRinh-172 on whole-cell conductance in 1mM Na3VO4 pre-incubated cells.  Black bars, + 500μM DIDS (n = 9); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 9).  D, CFTRinh-172-sensitive current in 1mM Na3VO4 pre-incubated cells (n = 9).  * indicates significant difference from +500µM DIDS, paired Student’s t-test.
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[bookmark: _Toc343428490][bookmark: _Toc343447756][bookmark: _Toc343447946][bookmark: _Toc343606472][bookmark: _Toc343672668][bookmark: _Toc343440841]Figure 4.8 The effect of 500µM DIDS/10μM CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in control and 10mM Na3VO4 pre-incubated cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 18); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 18). B, CFTRinh-172-sensitive current in control cells (n = 18).  C, effect of CFTRinh-172 on whole-cell conductance in 10mM Na3VO4 pre-incubated cells.  Black bars, + 500μM DIDS (n = 21); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 21).  D, CFTRinh-172-sensitive current in 10mM Na3VO4 pre-incubated cells (n = 21).  * indicates significant difference from +500µM DIDS, paired Student’s t-test.
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[bookmark: _Toc343428491][bookmark: _Toc343447757][bookmark: _Toc343447947][bookmark: _Toc343606473][bookmark: _Toc343672669][bookmark: _Toc343440842]Figure 4.9 Effect of 1mM and 10mM Na3VO4 pre-incubation on CFTRinh-172-sensitive conductance.  
 A, black bars, control cells (n = 11); grey bars, 1mM Na3VO4 pre-incubated cells (n = 9).  B, black bars, control cells (n = 18); grey bars, 10mM Na3VO4 pre-incubated cells (n = 21).  C, comparison of the decrease in total whole-cell conductance with the decrease in CFTRinh-172-sensitive conductance with 10mM Na3VO4 pre-incubation.  Black bars, reduction in total conductance with 10mM Na3VO4 pre-incubation (n = 21); grey bars, reduction in CFTRinh-172-sensitive conductance with 10mM Na3VO4 pre-incubation (n = 21).  * indicates significant difference from control cells, unpaired Student’s t test.

Preliminary Western blot analysis on whole-cell lysates from cells either pre-incubated in control solution or 10mM Na3VO4 followed by IBMX/forskolin stimulation showed an increase in tyrosine phosphorylation in the Na3VO4-treated cells compared to control cells, figure 4.10.


[bookmark: _Toc343428492][bookmark: _Toc343447758][bookmark: _Toc343447948][bookmark: _Toc343606474][bookmark: _Toc343672670][bookmark: _Toc343440843]Figure 4.10 Preliminary Western blot analysis of whole-cell lysates pre-incubated with control or 10mM Na3VO4 solution followed by IBMX/forskolin stimulation.  
 Lanes 1 and 3, 10mM Na3VO4 pre-incubated cells; lanes 2 and 4, control cells.  Lanes 1 and 2, 2.5μg protein loaded/lane.  Lanes 3 and 4, 1μg protein loaded/lane.  Primary antibody, monoclonal anti-phosphotyrosine 1 in 2000 dilution; secondary antibody anti-mouse 1 in 1000 dilution.

4.3.2 [bookmark: _Toc303610016][bookmark: _Toc343428493][bookmark: _Toc343447759][bookmark: _Toc347056882]Summary of the effect of Na3VO4 pre-incubation
There was no effect of 1mM Na3VO4 pre-incubation on the total, DIDS- or CFTRinh-172-sensitive conductance, whereas 10mM Na3VO4 pre-incubation resulted in a significant decrease in total and CFTRinh-172-sensitive current and conductance, with no effect on the DIDS-sensitive component.  Preliminary work also suggested that 10mM Na3VO4 pre-incubation increased the general tyrosine phosphorylation state of cells, although repetition of these experiments would be required to confirm this result.

4.3.3 [bookmark: _Toc303610017][bookmark: _Toc343428494][bookmark: _Toc343447760][bookmark: _Toc347056883]Effect of Na3VO4 as a bath inhibitor
The previous experiments using Na3VO4 utilised a pre-incubation protocol in order to identify any changes in cellular function.  It was assumed that the pre-incubation would allow Na3VO4 time to cross the plasma membrane as it is a cell-permeable compound, and that any effects it exerted would be due to intracellular effects.  In order to rule out an extracellular effect, for example Na3VO4 acting as a direct channel blocker, cells were first stimulated with IBMX/forskolin and 1mM and 10mM Na3VO4 were added to the bath in the same manner as the addition of DIDS or CFTRinh-172.  The cells exposed to 1mM or 10mM Na3VO4 as a bath inhibitor are termed “treated cells”. 

Both 1mM and 10mM Na3VO4 treated cells showed a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.11 and 4.12.
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[bookmark: _Toc343428495][bookmark: _Toc343447761][bookmark: _Toc343447949][bookmark: _Toc343606475][bookmark: _Toc343672671][bookmark: _Toc343440844]Figure 4.11 Typical traces taken from a single 1mM Na3VO4 treated cell.  
 A, control NaCl bath solution; B, + 1mM Na3VO4; C, + 500μM DIDS; D, + 500µM DIDS/10μM CFTRinh-172.  Arrows indicate zero current.
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[bookmark: _Toc343428496][bookmark: _Toc343447762][bookmark: _Toc343447950][bookmark: _Toc343606476][bookmark: _Toc343672672][bookmark: _Toc343440845]Figure 4.12 Typical traces from a single 10mM Na3VO4 treated cell.  
 A, control NaCl bath solution; B, + 10mM Na3VO4; C, + 500μM DIDS; D, + 500µM DIDS/10μM CFTRinh-172.  Arrows indicate zero current.

Addition of 1mM Na3VO4 to the bath had no significant effect on total whole-cell current or conductance, figure 4.13.  However, addition of 10mM Na3VO4 caused a significant decrease in total whole-cell conductance and produced an outwardly rectifying Na3VO4-sensitive current, figure 4.13.  The reversal potential of the total whole-cell current before the addition of 1mM Na3VO4 was -9.37 ± 2.30 mV (n = 9), which did not differ significantly from the reversal potential after 1mM Na3VO4 addition of -8.94 ± 2.46 mV (n = 9).  The reversal potential of the 10mM Na3VO4-sensitive current was -14.62 ± 2.37 mV (n = 14); all reversal potentials showed a significant negative shift from ECl.  The effect of 10mM Na3VO4 on total whole-cell current and conductance could not be reversed when standard NaCl bath solution was used to wash away the 10mM Na3VO4, figure 4.14.  The reversal potential of the total whole-cell current before 10mM Na3VO4 addition was -10.05 ± 1.20 mV (n = 14); with 10mM Na3VO4 the reversal potential was -7.88 ± 1.57 mV (n = 14), and after washout the reversal potential was -8.18 ± 1.37 mV (n = 14), figure 4.14, which did not differ significantly from the reversal potential before 10mM Na3VO4 addition or in the presence of 10mM Na3VO4 as a bath inhibitor; all reversal potentials were significantly more negative than ECl.
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[bookmark: _Toc343428497][bookmark: _Toc343447763][bookmark: _Toc343447951][bookmark: _Toc343606477][bookmark: _Toc343672673][bookmark: _Toc343440846]Figure 4.13 Effect of Na3VO4 on total whole-cell current and conductance.  
 A, effect of 1mM Na3VO4 on total whole-cell current.  Squares, total whole-cell current (n = 9); circles, + 1mM Na3VO4 (n = 9).  B, effect of 1mM Na3VO4 on total whole-cell conductance.  Black bars, total whole-cell conductance (n = 9); grey bars, + 1mM Na3VO4 (n = 9).  C, effect of 10mM Na3VO4 on total whole-cell conductance.  Black bars, total whole-cell conductance (n = 14); grey bars, + 10mM Na3VO4 (n = 14).  D, 10mM Na3VO4-sensitive current (n = 14).  * indicates significant difference from total whole-cell conductance, paired Student’s t-test. 
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[bookmark: _Toc343428498][bookmark: _Toc343447764][bookmark: _Toc343447952][bookmark: _Toc343606478][bookmark: _Toc343672674][bookmark: _Toc343440847]Figure 4.14 Effect of 10mM Na3VO4 washout on total whole-cell current and conductance.  
 A, effect of 10mM Na3VO4 and washout on total whole-cell current.  Squares, total whole-cell current (n = 14); circles, + 10mM Na3VO4 (n = 14); triangles, washout (n = 14).  B, effect of 10mM Na3VO4 on total whole-cell conductance.  Black bars,  total whole-cell conductance (n = 14); grey bars, + 10mM Na3VO4 (n = 14); white bars, washout (n = 14).  * indicates significant difference from total whole-cell conductance, one-way ANOVA with Dunnett’s post test.

Both control and 1mM Na3VO4 treated cells showed a DIDS-sensitive current and significant decrease in whole-cell conductance with the addition of 500μM DIDS, figure 4.15.  The DIDS-sensitive current in control and 1mM Na3VO4-treated cells was weakly outwardly rectifying.  There was no significant difference in the reversal potential between control cells (-16.11 ± 1.18 mV (n = 9)) and 1mM Na3VO4 treated cells (-15.23 ± 5.12 mV (n = 9)), although both were significantly more negative than ECl.  There was no significant difference in DIDS-sensitive conductance between the two groups, figure 4.16.
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[bookmark: _Toc343428499][bookmark: _Toc343447765][bookmark: _Toc343447953][bookmark: _Toc343606479][bookmark: _Toc343672675][bookmark: _Toc343440848]Figure 4.15 Effect of 500µM DIDS in control and 1mM Na3VO4 treated cells.  
 A, effect of DIDS on total whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 9); grey bars, + 500μM DIDS (n = 9).  B, DIDS-sensitive current, control cells (n = 9).  C, effect of DIDS on total whole-cell conductance in 1mM Na3VO4 treated cells.  Black bars, total whole-cell conductance (n = 9); grey bars, + 500μM DIDS (n = 9).  D, DIDS-sensitive current, 1mM Na3VO4 treated cells (n = 9).  * indicates significant difference from total whole-cell conductance, paired Student’s t-test.

















[bookmark: _Toc343428500][bookmark: _Toc343447766][bookmark: _Toc343447954][bookmark: _Toc343606480][bookmark: _Toc343672676][bookmark: _Toc343440849]Figure 4.16 Effect of 1mM Na3VO4 on DIDS-sensitive conductance.  
 Black bars, control cells (n = 9); grey bars, 1mM Na3VO4 treated cells (n = 9).

In control cells for 10mM Na3VO4 treated cells the application of 500μM DIDS resulted in a significant decrease in whole-cell outward conductance and a DIDS-sensitive current, figure 4.17, that displayed significant outward rectification and had a reversal potential of -8.58 ± 1.49 mV (n = 14), which was significantly different from ECl.  After exposure to 10mM Na3VO4 500μM DIDS produced a significant decrease in whole-cell outward conductance, figure 4.15.  The DIDS-sensitive current also displayed a significant outwardly rectifying profile with a reversal potential of -9.55 ± 3.44 mV (n = 14), figure 4.17, which did not differ significantly from the reversal potential of control cells but which still showed a significant negative shift compared to ECl.  There was a significant decrease in DIDS-sensitive conductance after 10mM Na3VO4 addition, figure 4.18.  However, once washout of 10mM Na3VO4 had been performed there was no significant difference in DIDS-sensitive conductance compared to control cells, figure 4.18
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[bookmark: _Toc343428501][bookmark: _Toc343447767][bookmark: _Toc343447955][bookmark: _Toc343606481][bookmark: _Toc343672677][bookmark: _Toc343440850]Figure 4.17 Effect of DIDS in control and 10mM Na3VO4 treated cells. 
 A, effect of DIDS on total whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 14); grey bars, + 500μM DIDS (n = 14).  B, DIDS-sensitive current, control cells (n = 14).  C, effect of DIDS on total whole-cell conductance in 10mM Na3VO4 treated cells.  Black bars, total whole-cell conductance (n = 14); grey bars, + 500μM DIDS (n = 14).  D, DIDS-sensitive current, 10mM Na3VO4 treated cells (n = 14).  * indicates significant difference from total whole-cell conductance, paired Student’s t-test.







 (
B
) (
A
)

 (
C
) (
D
) 










[bookmark: _Toc343447768][bookmark: _Toc343447956][bookmark: _Toc343606482][bookmark: _Toc343672678][bookmark: _Toc343428502][bookmark: _Toc343440851]Figure 4.18 Effect of 10mM Na3VO4 treatment and washout on DIDS-sensitive conductance.
 
 A, no washout.  Squares, control cells (n = 14); circles, 10mM Na3VO4 treated cells (n = 14).   B, after washout.  Squares, control cells (n = 14); circles, cells after 10mM Na3VO4 washout (n = 14).    C, no washout.  Black bars, control cells (n = 14); grey bars, 10mM Na3VO4 treated cells (n = 14).  D, after washout.  Black bars, control cells (n = 14); grey bars, cells after 10mM Na3VO4 washout (n = 14).  * indicates significant difference from control, unpaired Student’s t-test.


In control cells, the addition of 500µM DIDS/10μM CFTRinh-172 caused a significant decrease in whole-cell conductance, figure 4.19.  In 1mM Na3VO4 treated cells the CFTRinh-172-sensitive current showed an ohmic profile and again there was a significant decrease in whole-cell conductance upon application of 500µM DIDS/10μM CFTRinh-172, figure 4.19.  The reversal potential of control cells was -7.45 ± 2.18 mV (n = 9), which did not differ significantly from 1mM Na3VO4 treated cells of -6.51 ± 2.89 mV (n = 9); however, the control reversal potential was significantly more negative than ECl.  There was no significant difference in CFTRinh-172-sensitive conductance between control and 1mM Na3VO4 treated cells, figure 4.20.
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[bookmark: _Toc343428503][bookmark: _Toc343447769][bookmark: _Toc343447957][bookmark: _Toc343606483][bookmark: _Toc343672679][bookmark: _Toc343440852]Figure 4.19 Effect of CFTRinh-172 in control and 1mM Na3VO4 treated cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 9); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 9).  B, CFTRinh-172-sensitive current, control cells (n = 9).  C, effect of CFTRinh-172 on whole-cell conductance in 1mM Na3VO4 treated cells.  Black bars, + 500μM DIDS (n = 9); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 9).  D, CFTRinh-172-sensitive current, 1mM Na3VO4 treated cells (n = 9).  * indicates significant difference from + 500μM DIDS, paired Student’s t-test.












[bookmark: _Toc343428504][bookmark: _Toc343447770][bookmark: _Toc343447958][bookmark: _Toc343606484][bookmark: _Toc343672680][bookmark: _Toc343440853]Figure 4.20 Effect of 1mM Na3VO4 on CFTRinh-172-sensitive conductance.  
 Black bars, control cells (n = 9); grey bars, 1mM Na3VO4 treated cells (n = 9).

In contrast to the lack of effect of 1mM Na3VO4, 10mM Na3VO4 addition as a bath inhibitor resulted in a significant decrease in the CFTRinh-172-sensitive conductance, which could be reversed with 10mM Na3VO4 washout, figure 4.21.  The CFTRinh-172-sensitive current in both control and 10mM Na3VO4 treated cells showed an ohmic profile, figure 4.22, with reversal potentials of -2.52 ± 1.65 mV (n = 14) and -0.37 ±1.67 mV (n = 14), respectively; neither differed significantly from each other or from ECl.  500µM DIDS/10 μM CFTRinh-172 also produced a significat decrease in whole-cell conductance in both control and 10mM Na3VO4 treated cells, figure 4.22.
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[bookmark: _Toc343428505][bookmark: _Toc343447771][bookmark: _Toc343447959][bookmark: _Toc343606485][bookmark: _Toc343672681][bookmark: _Toc343440854]Figure 4.21 Effect of 10mM Na3VO4 treatment as a bath inhibitor and washout on CFTRinh-172-sensitive conductance. 
 A, no washout.  Squares, control cells (n = 14); circles, 10mM Na3VO4 treated cells (n = 14).  B, after washout.  Squares, control cells (n = 14); circles, cells after 10mM Na3VO4 washout (n = 14).  C, no washout.  Black bars, control cells (n = 14); grey bars, 10mM Na3VO4 cells (n = 14).  D, after washout.  Black bars, control cells (n = 14); grey bars, cells after 10mM Na3VO4 washout (n = 14).  * indicates significant difference from control, unpaired Student’s t-test.
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[bookmark: _Toc343428506][bookmark: _Toc343447772][bookmark: _Toc343447960][bookmark: _Toc343606486][bookmark: _Toc343672682][bookmark: _Toc343440855]Figure 4.22 Effect of CFTRinh-172 in control and 10mM Na3VO4 treated cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 14); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 14).  B, CFTRinh-172-sensitive current, control cells (n = 14).  C, effect of CFTRinh-172 on whole-cell conductance in 10mM Na3VO4 treated cells.  Black bars, + 500μM DIDS (n = 14); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n =14).  D, CFTRinh-172-sensitive current, 10mM Na3VO4 treated cells (n = 14).  * indicates significant difference from + 500μM DIDS, paired Student’s t-test.

4.3.4 [bookmark: _Toc303610030][bookmark: _Toc343428507][bookmark: _Toc343447773][bookmark: _Toc347056884]Summary of Na3VO4 as a bath inhibitor
10mM Na3VO4 but not 1mM Na3VO4 acted as a direct inhibitor when added to the bath solution; however, this effect was reversed when the 10mM Na3VO4 was washed out, indicating that this was a reversible block.
4.3.5 [bookmark: _Toc303610031][bookmark: _Toc343428508][bookmark: _Toc343447774][bookmark: _Toc347056885]Effect of 25mM mannitol
The addition of 10mM Na3VO4 to a solution altered the osmolality by 25mOsm.  To determine whether the change in osmolality was responsible for the inhibition of total and CFTRinh-172-sensitive current and conductance when cells were pre-incubated in 10mM Na3VO4 prior to IBMX/forskolin stimulation, 25mM mannitol was used to mimic the change in osmolality.  Mannitol is an inert solute that provides a means to alter the osmolality of a solution without altering the ionic composition.

The same pre-incubation protocol was employed, with cells being exposed to 25mM mannitol prior to stimulation with IBMX/forskolin.  The 25mM mannitol pre-incubated cells were inhibited by both 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.23
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[bookmark: _Toc343447775][bookmark: _Toc343447961][bookmark: _Toc343606487][bookmark: _Toc343672683][bookmark: _Toc343428509][bookmark: _Toc343440856]Figure 4.23 Typical traces taken from a single 25mM mannitol pre-incubated cell showing the effect of 500µM DIDS and 500µM DIDS/10µM CFTRinh-172.  
 Arrows indicate zero current.

There was no significant difference in total, DIDS- or CFTRinh-172-sensitive conductance between control cells and 25mM mannitol pre-incubated  cells, figure 4.24.  However, there was a significant difference in total and CFTRinh-172-sensitive conductance between 25mM mannitol pre-incubated cells and 10mM Na3VO4 pre-incubated cells, which mimicked the difference between 10mM Na3VO4 pre-incubated cells and control cells, figure 4.24.  There was no significant difference in DIDS-sensitive conductance between 25mM mannitol pre-incubated cells and 10mM Na3VO4 pre-incubated cells, which was also seen with control and 10mM Na3VO4 pre-incubated cells, figure 4.24.
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[bookmark: _Toc343447776][bookmark: _Toc343447962][bookmark: _Toc343606488][bookmark: _Toc343672684][bookmark: _Toc343428510][bookmark: _Toc343440857]Figure 4.24 Effect of 25mM mannitol pre-incubation and 10mM Na3VO4 pre-incubation.
 A, total whole-cell conductance; B, DIDS-sensitive whole-cell conductance; and C, CFTRinh-172-sensitive whole-cell conductance.  Black bars, pre-incubation in control NaCl bath solution (n = 18); grey bars, pre-incubation in 10mM Na3VO4 solution (n = 22); hatched bars, pre-incubation in 25mM mannitol solution (n = 28).  * indicates significant difference from mannitol cells, one-way ANOVA with Dunnett’s post test.

4.3.6 [bookmark: _Toc303610034][bookmark: _Toc343428511][bookmark: _Toc343447777][bookmark: _Toc347056886]Summary of 25mM mannitol
There was no significant effect of 25mM mannitol pre-incubation on total, DIDS- and CFTRinh-172-sensitive current or conductance.  The use of 25mM mannitol provided evidence that the 25mOsm shift in osmolality produced by 10mM Na3VO4 addition to the NaCl bath solution was not responsible for the decrease in total and CFTRinh-172-sensitive conductance.

4.3.7 [bookmark: _Toc303610035][bookmark: _Toc343428512][bookmark: _Toc343447778][bookmark: _Toc347056887]Effect of Na3VO4 in the pipette solution
To mimic published data (Schultz et al. 1996) using the excised patch technique but using the whole-cell configuration 1 and 10mM Na3VO4 were applied to the intracellular surface through the pipette solution, and the resulting effect on CFTR function was determined.  This was also designed to determine whether 1mM Na3VO4 had an effect on CFTR function when acutely delivered to the intracellular surface of the cell.  All groups showed a decrease in current upon application of 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.25.
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[bookmark: _Toc343428513][bookmark: _Toc343447779][bookmark: _Toc343447963][bookmark: _Toc343606489][bookmark: _Toc343672685][bookmark: _Toc343440858]Figure 4.25 Typical traces taken from single cells either exposed to control, 1mM Na3VO4, mannitol or 10mM Na3VO4 pipette solutions.  
 A, control pipette solution.  B, 1mM Na3VO4 pipette solution.  C, mannitol pipette solution.  D, 10mM Na3VO4 pipette solution.  Arrows indicate zero current.



The presence of 1 or 10mM Na3VO4 in the pipette had no effect on the total whole-cell current or conductance, figure 4.26.  The reversal potential of 1mM control cells was -3.71 ± 1.71 mV (n = 16), which did not differ significantly from ECl.  The reversal potential of 1mM Na3VO4 cells was -8.70 ± 0.91 mV (n = 17), which was significantly different from both the control reversal potential and ECl.  The reversal potential of mannitol cells was -8.93 ± 1.06 mV (n = 15), which was not significantly difference from the 10mM Na3VO4 reversal potential of -11.06 ± 1.23 mV (n = 14); however, both were significantly more negative than ECl.
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[bookmark: _Toc343428514][bookmark: _Toc343447780][bookmark: _Toc343447964][bookmark: _Toc343606490][bookmark: _Toc343440859]
[bookmark: _Toc343672686]Figure 4.26 Effect of 1 and 10mM Na3VO4 pipette solution on total whole-cell current and conductance.  
 A, effect of 1mM Na3VO4 on total whole-cell current.  Squares, control pipette solution (n = 16); circles, 1mM Na3VO4 pipette solution (n = 17).  B, effect of 1mM Na3VO4 on total whole-cell conductance.  Black bars, control pipette solution (n = 16); grey bars, 1mM Na3VO4 pipette solution (n = 17).  C, effect of 10mM Na3VO4 on total whole-cell current.  Squares, mannitol pipette solution (n = 15 ); circles, 10mM Na3VO4 pipette solution (n = 14).  D, effect of 10mM Na3VO4 on total whole-cell conductance.  Black bars, mannitol pipette solution (n = 15); grey bars, 10mM Na3VO4 pipette solution (n = 14).

The addition of 500μM DIDS produced an outwardly rectifying current profile in all groups, figure 4.27 and 4.28.  The reversal potential of control cells was -5.59 ± 2.02 mV (n = 16), which was significantly different the reversal potential of 1mM Na3VO4 cells of -13.33 ± 1.82 mV (n = 17), and both were significantly different from ECl.  In mannitol cells the reversal potential was -16.64 ± 2.09 mV (n = 15), which did not differ significantly from the reversal potential of 10mM Na3VO4 of -15.46 ± 1.76 mV (n = 14); however, both were also significantly more negative than ECl.  The presence of 1 or 10mM Na3VO4 in the pipette had no effect on the DIDS-sensitive conductance, figures 4.27 and 4.28.
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[bookmark: _Toc343428515][bookmark: _Toc343447781][bookmark: _Toc343447965][bookmark: _Toc343606491][bookmark: _Toc343672687][bookmark: _Toc343440860]Figure 4.27 Effect of DIDS in control and 1mM Na3VO4 cells.  
 A, DIDS-sensitive current in control cells (n = 16).  B, DIDS-sensitive current in 1mM Na3VO4 cells (n = 17).  C, effect of 1mM Na3VO4 pipette solution on DIDS-sensitive conductance.  Black bars, control pipette solution (n = 16); grey bars, 1mM Na3VO4 pipette solution (n = 17).
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[bookmark: _Toc343428516][bookmark: _Toc343447782][bookmark: _Toc343447966][bookmark: _Toc343606492][bookmark: _Toc343672688][bookmark: _Toc343440861]Figure 4.28 Effect of DIDS in mannitol and 10mM Na3VO4 cells.  
 A, DIDS-sensitive current in mannitol cells (n = 15).  B, DIDS-sensitive current in 10mM Na3VO4 cells (n = 14).  C, effect of 10mM Na3VO4 pipette solution on DIDS-sensitive conductance.  Black bars, mannitol pipette solution (n = 15); grey bars, 10mM Na3VO4 pipette solution (n = 15).

1mM Na3VO4 also had no effect on the CFTRinh-172-sensitive current or conductance, figure 4.29.  The CFTRinh-172-sensitive current in both control and 1mM cells had an ohmic profile, with reversal potentials of -0.87 ± 2.06 mV (n = 16) and -8.86 ± 1.36 mV (n = 17) respectively, with the 1mM Na3VO4 reversal potential showing a significant negative shift away from the control and ECl.  In contrast to this, the presence of 10mM Na3VO4 in the pipette resulted in a significant decrease in CFTRinh-172-sensitive conductance, figure 4.30.  Both mannitol and 10mM Na3VO4 CFTRinh-172-sensitive currents showed a weakly outwardly rectifying profile, figure 4.30, with reversal potentials of -7.05 ± 1.02 mV (n = 15) and -8.62 ± 1.21 mV (n = 14), respectively; these did not differ significantly from each other, but they both demonstrated a significant negative shift away from ECl.
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[bookmark: _Toc343428517][bookmark: _Toc343447783][bookmark: _Toc343447967][bookmark: _Toc343606493][bookmark: _Toc343672689][bookmark: _Toc343440862]Figure 4.29 Effect of 1mM Na3VO4 on CFTRinh-172-sensitive current and conductance.  
 A, CFTRinh-172-sensitive current, control cells (n = 16); B, CFTRinh-172-sensitive current, 1mM Na3VO4 cells (n = 17); C, effect of 1mM Na3VO4 on CFTRinh-172-sensitive conductance.  Black bars, control cells (n = 16); grey bars, 1mM Na3VO4 cells (n = 17).
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[bookmark: _Toc343428518][bookmark: _Toc343447784][bookmark: _Toc343447968][bookmark: _Toc343606494][bookmark: _Toc343672690][bookmark: _Toc343440863]Figure 4.30 Effect of 10mM Na3VO4 on CFTRinh-172-sensitive current and conductance.  
 A, CFTRinh-172-sensitive current, mannitol cells (n = 15); B, CFTRinh-172-sensitive current, 10mM Na3VO4 cells (n = 14); C, effect of 10mM Na3VO4 on CFTRinh-172-sensitive conductance.  Black bars, mannitol cells (n = 15); grey bars, 10mM Na3VO4 cells (n = 14).  * indicated significant difference from mannitol cells, unpaired Student’s t test.

4.3.8 [bookmark: _Toc303610042][bookmark: _Toc343428519][bookmark: _Toc343447785][bookmark: _Toc347056888]Summary of Na3VO4 in the pipette solution
1mM Na3VO4 had no effect on total, DIDS- or CFTRinh-172-sensitive current or conductance; however, 10mM Na3VO4 in the pipette solution mimicked the pre-incubation results and showed a significant decrease in both total and CFTRinh-172-sensitive current and conductance.

4.3.9 [bookmark: _Toc303610043][bookmark: _Toc343428520][bookmark: _Toc343447786][bookmark: _Toc347056889]Effect of 10μM PAO pre-incubation
To continue investigating the role of tyrosine phosphorylation in CFTR regulation the more specific tyrosine phosphatase inhibitor PAO was employed to determine whether the effects of 10mM Na3VO4 were mediated by its ability to inhibit tyrosine phosphatases.  Both control and PAO pre-incubated cells exhibited a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.31.
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[bookmark: _Toc343428521][bookmark: _Toc343447787][bookmark: _Toc343447969][bookmark: _Toc343606495][bookmark: _Toc343672691][bookmark: _Toc343440864]Figure 4.31 Typical traces taken from single control and PAO 16HBE14o- cells.  
 A, control cell. B, PAO cell.  Arrows indicate zero current.

Pre-incubation with 10μM PAO resulted in a significant decrease in total whole-cell current and conductance, figure 4.32.  The reversal potential of control cells was -8.62 ± 1.08 mV (n = 20) compared to -4.32 ± 1.37 (n = 17) in PAO cells, which demonstrated a significant positive shift away from the control reversal potential; however, both were significantly different from ECl.  
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[bookmark: _Toc343428522][bookmark: _Toc343447788][bookmark: _Toc343447970][bookmark: _Toc343606496][bookmark: _Toc343672692][bookmark: _Toc343440865]Figure 4.32 Effect of 10μM PAO pre-incubation on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, control cell (n = 20); circles, PAO cells (n = 17).  B, total whole-cell conductance.  Black bars, control cells (n = 20); grey bars, PAO cells (n = 17). * indicates significant difference from control, unpaired Student’s t test.

In both control and PAO cells the addition of 500μM DIDS produced an outwardly rectifying DIDS-sensitive current and a significant decrease in the whole-cell conductance, figure 4.33.  The reversal potential of control cells was -14.58 ± 2.50 mV (n = 20), which was significantly more negative than the reversal potential of PAO cells of -8.41 ± 1.79 mV (n = 17); however, both were significantly more negative than ECl.  Pre-incubating cells with 10μM PAO had no effect on the DIDS-sensitive conductance, figure 4.34.
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[bookmark: _Toc343428523][bookmark: _Toc343447789][bookmark: _Toc343447971][bookmark: _Toc343606497][bookmark: _Toc343672693][bookmark: _Toc343440866]Figure 4.33 The effect of 500µM DIDS on whole-cell conductance, and the DIDS-sensitive current in control and PAO cells.  
 A, effect of DIDS on whole-cell conductance in control cells.  Black bars, total whole-cell conductance (n = 20); grey bars, + 500μM DIDS (n = 20).  B, DIDS-sensitive current, control cells (n = 20).  C, effect of DIDS on whole-cell conductance in PAO cells.  Black bars, total whole-cell conductance (n = 17); grey bars, + 500μM DIDS (n = 17).  D, DIDS-sensitive current, PAO cells (n = 17).  * indicates significant difference from total whole-cell conductance, paired Student’s t test.















[bookmark: _Toc343428524][bookmark: _Toc343447790][bookmark: _Toc343447972][bookmark: _Toc343606498][bookmark: _Toc343672694][bookmark: _Toc343440867]Figure 4.34 Effect of 10μM PAO pre-incubation on DIDS-sensitive whole-cell conductance.  
 Black bars, cells pre-incubated in the absence of 10μM PAO (n = 20); grey bars, cells pre-incubated in 10μM PAO (n = 17).

In response to 500µM DIDS/10μM CFTRinh-172 control cells produced an outwardly rectifying CFTRinh-172-sensitive current, compared to the ohmic current in PAO cells, and both groups exhibited a significant decrease in whole-cell conductance, figure 4.35.  The reversal potential of control cells was -8.74 ± 1.96 mV (n = 20), which showed a significant negative shift from ECl.  The reversal potential of PAO cells was -3.09 ± 2.42 mV (n = 17), which did not differ significantly from control cells or ECl.  Pre-incubation with 10μM PAO resulted in a significant decrease in CFTRinh-172-sensitive conductance, figure 4.36.
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[bookmark: _Toc343428525][bookmark: _Toc343447791][bookmark: _Toc343447973][bookmark: _Toc343606499][bookmark: _Toc343672695][bookmark: _Toc343440868]Figure 4.35 The effect of CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in control and PAO cells.  
 A, effect of CFTRinh-172 on whole-cell conductance in control cells.  Black bars, + 500μM DIDS (n = 20); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 20).  B, CFTRinh-172-sensitive current, control cells (n = 20).  C, effect of CFTRinh-172 on whole-cell conductance in PAO cells.  Black bars, + 500μM DIDS (n = 17); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 17).  D, CFTRinh-172-sensitive current, PAO cells (n = 17).  * indicates significant difference from + 500μM DIDS, paired Student’s t test.













[bookmark: _Toc343428526][bookmark: _Toc343447792][bookmark: _Toc343447974][bookmark: _Toc343606500][bookmark: _Toc343672696][bookmark: _Toc343440869]Figure 4.36 Effect of 10μM PAO pre-incubation on CFTRinh-172-sensitive conductance.  
[bookmark: _Toc303610050][bookmark: _Toc343428527] Black bars, control cells (n = 20); grey bars, PAO cells (n = 17).  * indicates significant difference from control cells, unpaired Student’s t test.
4.3.10 [bookmark: _Toc343447793][bookmark: _Toc347056890]Summary of 10μM PAO pre-incubation
Like 10mM Na3VO4 pre-incubation with 10μM PAO resulted in a significant decrease in total and CFTRinh-172-sensitive current and conductance, with no effect on the DIDS-sensitive component.

4.3.11 [bookmark: _Toc303610051][bookmark: _Toc343428528][bookmark: _Toc343447794][bookmark: _Toc347056891]Effect of 10μM PAO as a bath inhibitor
To determine whether, like 10mM Na3VO4, PAO had the ability to act as a direct and irreversible channel block it was added to the extracellular surface of the cells as a bath inhibitor after cells had been stimulated with IBMX/forskolin.  The addition of 10μM PAO to the bath solution had no significant effect on the total whole-cell current or conductance, figure 4.37 and 4.38.  Prior to addition of PAO the reversal potential was -13.02 ± 2.99 mV (n = 6), which was not significantly different from the reversal potential after PAO addition of -12.58 ± 3.00 mV (n = 6), although both were significantly more negative than ECl.
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[bookmark: _Toc343428529][bookmark: _Toc343447795][bookmark: _Toc343447975][bookmark: _Toc343606501][bookmark: _Toc343672697][bookmark: _Toc343440870]Figure 4.37 Typical traces taken from a PAO-treated 16HBE14o- cell. 
 A, control NaCl bath solution; B, + 10μM PAO bath solution.  Arrows indicate zero current.

 (
B
) (
A
)








[bookmark: _Toc343428530][bookmark: _Toc343447796][bookmark: _Toc343447976][bookmark: _Toc343606502][bookmark: _Toc343672698][bookmark: _Toc343440871]Figure 4.38 Effect of 10μM PAO as a bath inhibitor on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, before PAO addition (n = 6); circles, after PAO addition (n = 6).  B, total whole-cell conductance.  Black bars, before PAO addition (n = 6); grey bars, after PAO addition (n = 6).

[bookmark: _Toc303610054][bookmark: _Toc343428531][bookmark: _Toc343447797][bookmark: _Toc347056892]4.3.12 Effect of 10μM PAO after IBMX/forskolin stimulation
Ruling out a direct and irreversible channel block, the effect of PAO was also investigated on cells that had been pre-stimulated with IBMX/forskolin.  Both control and PAO cells exhibited a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.39.
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[bookmark: _Toc343428532][bookmark: _Toc343447798][bookmark: _Toc343447977][bookmark: _Toc343606503][bookmark: _Toc343672699][bookmark: _Toc343440872]Figure 4.39 Typical traces taken from single control and PAO-treated 16HBE14o- cells.  
 A, control cell.  B, PAO cell.  Arrows indicate zero currents.

As with the PAO pre-incubation protocol, incubating cells with PAO after stimulation with IBMX/forskolin (PAO cells) caused a significant decrease in the total whole-cell current and conductance, figure 4.40.  The reversal potential of control cells was -8.21 ± 1.06 mV (n = 13), which did not significantly differ from the reversal potential of PAO cells of -5.07 ± 1.21 mV (n = 12); however both reversal potentials were significantly different from ECl.  
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[bookmark: _Toc343428533][bookmark: _Toc343447799][bookmark: _Toc343447978][bookmark: _Toc343606504][bookmark: _Toc343672700][bookmark: _Toc343440873]Figure 4.40 Effect of 10μM PAO treatment after IBMX/forskolin stimulation on total whole-cell current and conductance.  
 A, total whole-cell current.  Squares, control cells (n = 13); circles, PAO cells (n = 12).  B, total whole-cell conductance.  Black bars, control cells (n = 13); grey bars, PAO cells (n = 12).  * indicates significant difference from control cells, unpaired Student’s t test.

The addition of 500μM DIDS resulted in a DIDS-sensitive current and a significant decrease in whole-cell outward conductance in both control and PAO cells, figure 4.41.  The DIDS-sensitive current in control cells showed an outwardly rectifying profile with a reversal potential of -9.44 ± 1.84 mV (n = 13), compared to the ohmic profile in PAO cells with a reversal potential of -10.89 ± 2.12 mV (n = 12), figure 4.41; there was no significant difference in reversal potentials between control and PAO cells, but both were significantly different from ECl.  There was no significant difference in DIDS-sensitive conductance between the two groups, figure 4.42.
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[bookmark: _Toc343428534][bookmark: _Toc343447800][bookmark: _Toc343447979][bookmark: _Toc343606505][bookmark: _Toc343672701][bookmark: _Toc343440874]Figure 4.41 The effect of DIDS on whole-cell conductance, and the DIDS-sensitive current in control and PAO cells.  
 A, effect of DIDS on whole-cell conductance, control cells.  Black bars, total whole-cell conductance (n = 13); grey bars, + 500μM DIDS (n = 13).   B, DIDS-sensitive current, control cells (n = 13).  C, effect of DIDS on whole-cell conductance, PAO cells.  Black bars, total whole-cell conductance (n = 12); grey bars, + 500μM DIDS (n = 12).  D, DIDS-sensitive current, PAO cells (n = 12).  * indicates significant difference from total whole-cell conductance, paired Student’s t test.
















[bookmark: _Toc343428535][bookmark: _Toc343447801][bookmark: _Toc343447980][bookmark: _Toc343606506][bookmark: _Toc343672702][bookmark: _Toc343440875]Figure 4.42 Effect of 10μM PAO post-IBMX/forskolin on DIDS-sensitive whole-cell conductance.  
 Black bars, control cells (n = 13); grey bars, PAO cells (n = 12).

In the presence of 500µM DIDS/10μM CFTRinh-172 both control and PAO cells produced an ohmic CFTRinh-172-sensitive current and showed a significant decrease in whole-cell conductance, figure 4.43.  The reversal potential of control cells was -7.81 ± 1.35 mV (n = 13), which was significantly more negative than ECl and the reversal potential of PAO cells of -1.04 ± 1.38 mV (n = 12), which did not differ significantly from ECl.  In contrast to the lack of effect on the DIDS-sensitive whole-cell conductance, PAO cells exhibited a significant decrease in CFTRinh-172-sensitive conductance compared to control cells, figure 4.44.
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[bookmark: _Toc343428536][bookmark: _Toc343447802][bookmark: _Toc343447981][bookmark: _Toc343606507][bookmark: _Toc343672703][bookmark: _Toc343440876]Figure 4.43 The effect of CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in control and PAO cells.  
 A, effect of CFTRinh-172 on whole-cell conductance, control cells.  Black bars, + 500μM DIDS (n = 13); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 13).  B, CFTRinh-172-sensitive current, control cells (n = 13).  C, effect of CFTRinh-172 on whole-cell conductance, PAO cells.  Black bars, + 500μM DIDS (n = 12); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 12).  D, CFTRinh-172-sensitive current, PAO cells (n = 12).  * indicates significant difference from + 500μM DIDS, paired Student’s t test.




[bookmark: _Toc343428537][bookmark: _Toc343447803][bookmark: _Toc343447982][bookmark: _Toc343606508][bookmark: _Toc343672704][bookmark: _Toc343440877]Figure 4.44 Effect of 10μM PAO post-IBMX/forskolin on CFTRinh-172-sensitive whole-cell conductance.  
 Black bars, control cells (n = 13); grey bars, cells exposed 10μM PAO (n = 12).  * indicates significant difference from control cells, unpaired Student’s t test.

4.3.12 [bookmark: _Toc303610061][bookmark: _Toc343428538][bookmark: _Toc343447804][bookmark: _Toc347056893]Summary of 10μM PAO after IBMX/forskolin stimulation
As with the pre-incubation with 10μM PAO, application of the compound after IBMX/forskolin also inhibited the total and CFTRinh-172-sensitive current and conductance with no effect on the DIDS-sensitive component.

4.3.13 [bookmark: _Toc343428539][bookmark: _Toc343447805][bookmark: _Toc347056894][bookmark: _Toc303610062]Biotinylation to identify whether 10μM PAO altered CFTR plasma membrane location 

In an attempt to quantify the change in membrane expression of CFTR, western blot analysis was performed on membrane fractions of control or PAO-treated cells isolated by ultracentrifugation, figure 4.45.  This did not appear to show a difference in membrane expression of CFTR; however, the ultracentrifugation method of separating membranes would not have distinguished between intracellular membranes and plasma membrane, therefore accounting for the lack of change in CFTR expression.  Therefore, surface biotinylation was employed to separate the plasma and intracellular membranes in order to try and visualise and quantify changes in the distribution through Western blot analysis to complement the confocal images.  However, the result seen in the confocal images could not be recapitulated with biotinylation experiments.  Western blot analysis detected CFTR in the intracellular membrane fraction with no expression in the biotinylated sample that represented the plasma membrane, figure 4.46.  


[bookmark: _Toc343428540][bookmark: _Toc343447808][bookmark: _Toc343447985][bookmark: _Toc343606511][bookmark: _Toc343672705][bookmark: _Toc343440880]Figure 4.45 Detection of CFTR in DMSO/IBMX/forskolin and PAO/IBMX/forskolin treated membrane fractions, sheep tracheal membrane cells and MCF-7 cells.  
 Lane 1, DMSO/IBMX/forskolin, cytosolic fraction.  Lane 2, PAO/IBMX/forskolin, cytosolic fraction.  Lane 3, DMSO/IBMX/forskolin, membrane fraction.  Lane 4, PAO/IBMX/forskolin, membrane fraction.  Lane 5, MCF-7 whole cell lysate.  Lane 6, sheep tracheal membrane whole cell lysate.  Primary antibody anti-CFTR; secondary antibody anti-mouse HRP conjugate (n = 3).
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[bookmark: _Toc343428541][bookmark: _Toc343447809][bookmark: _Toc343447986][bookmark: _Toc343606512][bookmark: _Toc343672706][bookmark: _Toc343440881]Figure 4.46 Detection of CFTR in the intracellular membrane fraction of DMSO/IBMX/forskolin and PAO/IBMX/forskolin treated cells.  
 Lane 1, DMSO/IBMX/forskolin whole cell lysate.  Lane 2, PAO/IBMX/forskolin whole cell lysate.  Lane 3, DMSO/IBMX/forskolin biotinylated plasma membrane.  Lane 4, PAO/IBMX/forskolin biotinylated plasma membrane.  Lane 5, DMSO/IBMX/forskolin cytosolic fraction.  Lane 6, PAO/IBMX/forskolin cytosolic fraction.  Lane 7, DMSO/IBMX/forskolin intracellular membrane.  Lane 8 PAO/IBMX/forskolin intracellular membrane. A, probed with anti-CFTR primary antibody, anti-mouse HRP conjugate secondary antibody (n = 2).  B, probed with anti-actin primary antibody, anti-rabbit HRP conjugate secondary antibody (n = 2). 

As the whole cell patch clamp experiments recorded CFTRinh-172-sensitive currents, therefore indicating CFTR presence at the plasma membrane it was thought that the failure to detect CFTR in the biotinylated sample may have been due to problems with the biotinylation protocol.  Subsequent Western blot analysis showed there was a lack of biotin (detected by streptavidin HRP conjugate) in the lanes corresponding to the biotinylated plasma membrane samples, figure 4.47.  

[bookmark: _Toc343428542][bookmark: _Toc343447810][bookmark: _Toc343447987][bookmark: _Toc343606513][bookmark: _Toc343672707][bookmark: _Toc343440882]Figure 4.47 Lack of biotin detection in plasma membrane samples.  
 Lane 1, DMSO/IBMX/forskolin whole cell lysate.  Lane 2, PAO/IBMX/forskolin whole cell lysate.  Lane 3, DMSO/IBMX/forskolin biotinylated plasma membrane.  Lane 4, PAO/IBMX/forskolin biotinylated plasma membrane.  Lane 5, DMSO/IBMX/forskolin cytosolic fraction.  Lane 6, PAO/IBMX/forskolin cytosolic fraction.  Lane 7, DMSO/IBMX/forskolin intracellular membrane.  Lane 8 PAO/IBMX/forskolin intracellular membrane.    Detected with anti-streptavidin HRP conjugate (n = 1).

4.3.14 [bookmark: _Toc343428543][bookmark: _Toc343447811][bookmark: _Toc347056895]Effect of BVT.948 and NSC-87877
To try and determine which tyrosine phosphatases were involved in the regulation of CFTR, BVT.948 and NSC-87877 were used with the pre-incubation protocol.  All groups showed a decrease in current in the presence of 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 4.48.
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[bookmark: _Toc343428544][bookmark: _Toc343447812][bookmark: _Toc343447988][bookmark: _Toc343606514][bookmark: _Toc343672708][bookmark: _Toc343440883]Figure 4.48 Typical traces taken from single control, BVT.948 and NSC-87877 cells.  
 A, control cell for BVT.948.  B, BVT.948 cell.  C, control cell for NSC-87877.  D, NSC-87877 cell.  Arrows indicate zero current.

Pre-incubating cells in either 25μM BVT.948 or 10μM NSC-87877 prior to IBMX/forksolin stimulation had no effect on the total whole-cell current or conductance, figure 4.49.  The reversal potential of BVT.948 control cells was -11.61 ± 0.84 mV (n = 21) and for BVT.948 cells the reversal potential was -11.38 ± 1.10 mV (n = 24) which did not differ significantly from the control reversal potential.  The reversal potential of NSC-87877 control cells was -7.18 ± 2.02 mV (n = 7), which did not differ significantly from the reversal potential of NSC-87877 cells of -5.83 ± 1.44 mV (n = 8).  All reversal potentials were significantly more negative than ECl.
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[bookmark: _Toc343428545][bookmark: _Toc343447813][bookmark: _Toc343447989][bookmark: _Toc343606515][bookmark: _Toc343672709][bookmark: _Toc343440884]Figure 4.49 Effect of BVT.948 and NSC-87877 on total whole-cell current and conductance.  
 A, effect of BVT.948 on total whole-cell conductance.  Squares, control cells (n = 21); circles, BVT.948 cells (n = 24).  B, effect of BVT.948 on total whole-cell conductance.  Black bars, control cells (n = 21); grey bars, BVT.948 cells (n = 24).  C, effect of NSC-87877 on total whole-cell conductance.  Squares, control cells (n = 7); circles, NSC-87877 cells (n = 8).  D, effect of NSC-87877 on total whole-cell conductance.  Black bars, control cells (n = 7); grey bars, NSC-87877 cells (n = 8).  

In the presence of 500μM DIDS, the BVT.948 control cells showed an ohmic DIDS-sensitive current compared to the outwardly rectifying profile of BVT.948 cells, and both groups showed a significant decrease in whole-cell conductance, figure 4.50.  The reversal potential of control BVT.948 cells was -15.38 ± 1.79 mV (n = 21), which was not significantly different from the BVT.948 reversal potential of -14.85 ± 1.92 mV (n = 24); however, both were significantly more negative than ECl.  There was no significant difference in DIDS-sensitive whole-cell conductance between control and BVT.948 cells, figure 4.51.  The addition of 500μM DIDS in NSC-87877 cells did not have a significant effect on the whole-cell conductance in either group.  In the NSC-87877 control cells, three out of seven cells showed a response to DIDS; in NSC-87877 cells, four out of eight cells showed a response to DIDS.  However, these small sample numbers did not support further statistical testing.
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[bookmark: _Toc343428546][bookmark: _Toc343447814][bookmark: _Toc343447990][bookmark: _Toc343606516][bookmark: _Toc343672710][bookmark: _Toc343440885]Figure 4.50 The effect of DIDS on whole-cell conductance and the DIDS-sensitive current in control and BVT.948 cells.  
 A, effect of DIDS on whole-cell conductance, control cells.  Black bars, total whole-cell conductance (n = 21); grey bars, + 500μM DIDS (n = 21).   B, DIDS-sensitive current, control cells (n = 21). C, effect of DIDS on whole-cell conductance, BVT.948 cells.  Black bars, total whole-cell conductance (n = 24); grey bars, + 500μM DIDS (n = 24).  D, DIDS-sensitive current, BVT.948 cells (n = 24).  * indicates significant difference from total whole-cell conductance, paired Student’s t test.



[bookmark: _Toc343428547][bookmark: _Toc343447815][bookmark: _Toc343447991][bookmark: _Toc343606517][bookmark: _Toc343672711][bookmark: _Toc343440886]Figure 4.51 Effect of 25μM BVT.948 on DIDS-sensitive whole-cell conductances.  
 Black bars, control cells (n = 21); grey bars, BVT.948 cells (n = 24).

Application of 500µM DIDS/10μM CFTRinh-172 produced an ohmic CFTRinh-172-sensitive current in all groups, and resulted in a significant decrease in whole-cell conductance, figure 4.52 and 4.53.  The reversal potential of BVT.948 control cells was -9.14 ± 1.41 mV (n = 21), which was not significantly difference from the reversal potential of BVT.948 cells of -9.84 ± 1.35 mV (n = 24); however both were significantly more negative than ECl.  In NSC-87877 control cells the reversal potential was -5.93 ± 2.42 mV (n = 7), which did not differ significantly from ECl or the reversal potential of NSC-87877 cells of -4.82 ± 1.13 mV (n = 8); however, the NSC-87877 reversal potential was significantly difference from ECl.  There was no significant difference in CFTRinh-172-sensitive conductance with either BVT.948 or NSC-87877 pre-incubation, figure 4.54.







 (
B
) (
A
)








 (
D
) (
C
)










[bookmark: _Toc343428548][bookmark: _Toc343447816][bookmark: _Toc343447992][bookmark: _Toc343606518][bookmark: _Toc343672712][bookmark: _Toc343440887]Figure 4.52 The effect of CFTRinh-172 on whole-cell conductance and the CFTRinh-172-sensitive current in control and BVT.948 cells.  
 A, effect of CFTRinh-172 on whole-cell conductance, control cells.  Black bars, + 500μM DIDS (n = 21); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 21).  B, CFTRinh-172-sensitive current, control cells (n = 21); C, effect of CFTRinh-172 on whole-cell conductance, BVT.948 cells.  Black bars, + 500μM DIDS (n = 24); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 24).  D, CFTRinh-172-sensitive current, BVT.948 cells (n = 24).  * indicates significant difference from + 500μM DIDS, paired Student’s t test.
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[bookmark: _Toc343428549][bookmark: _Toc343447817][bookmark: _Toc343447993][bookmark: _Toc343606519][bookmark: _Toc343672713][bookmark: _Toc343440888]Figure 4.53 The effect of 10µM CFTRinh-172 on whole-cell conductance, and the CFTRinh-172-sensitive current in control and NSC-87877 cells.  
 A, effect of CFTRinh-172 on whole-cell conductance, control cells.  Black bars, + 500μM DIDS (n = 7); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 7).   B, CFTRinh-172-sensitive current, control cells (n = 7).  C, effect of CFTRinh-172 on whole-cell conductance, NSC-87877 cells.  Black bars, + 500μM DIDS (n = 8); grey bars, + 500µM DIDS/10μM CFTRinh-172 (n = 8).  D, CFTRinh-172-sensitive current, NSC-87877 cells (n = 8).  * indicates significant difference from + 500μM DIDS, paired Student’s t test.
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[bookmark: _Toc343428550][bookmark: _Toc343447818][bookmark: _Toc343447994][bookmark: _Toc343606520][bookmark: _Toc343672714][bookmark: _Toc343440889]Figure 4.54 Effect of 25μM BVT.948 and 10μM NSC-87877 on CFTRinh-172-sensitive whole-cell conductance.  
 A, effect of BVT.948.  Black bars, control cells (n = 21); grey bars, BVT.948 cells (n = 23).  B, effect of NSC-87877.  Black bars, control cells (n = 7); grey bars, NSC-87877 cells (n = 8).

4.3.15 [bookmark: _Toc303610070][bookmark: _Toc343428551][bookmark: _Toc343447819][bookmark: _Toc347056896]Summary of the effect of BVT.948 and NSC-87877
There was no significant difference in total, DIDS- or CFTRinh-172-sensitive current or conductance with either compound.
4.4 [bookmark: _Toc343428552][bookmark: _Toc343447820][bookmark: _Toc347056897]Conclusion
The results presented in this chapter are summarised in table 4.2.  In light of these results, the original hypothesis that tyrosine phosphatase inhibition would result in an increase in CFTR activity is rejected.  This chapter aimed to describe the effect of tyrosine phosphatase inhibition on CFTR activity, identify the phosphatase involved and to explain changes in CFTR activity.  As the results show, inhibition of tyrosine phosphatases resulted in a decrease or no change in CFTR activity.  The use of pharmacological interventions was inadequate to identify the phosphatase involved, although PTP1B and Shp1/2 phosphatases were ruled out through the use of BVT.948 and NSC-87877, respectively.  Biotinylation was employed in an attempt to determine whether the change in CFTR activity was due to a reduction in CFTR presence at the plasma membrane, these results were inconclusive and as a result, the mechanism behind the decrease in CFTR activity with Na3VO4 and PAO is currently unknown.






























	Compound
	Method of delivery
	Effect on total whole-cell conductance
	Effect on DIDS-sensitive conductance
	Effect on CFTRinh-172-sensitive conductance

	1mM Na3VO4
	Pre-incubation (pre-incubated cells)
	No effect
	No effect
	No effect

	
	Bath inhibitor (treated cells)
	No effect
	No effect
	No effect

	
	Pipette solution (dialysed cells)
	No effect
	No effect
	No effect

	10mM Na3VO4
	Pre-incubation (pre-incubated cells)
	Decrease
	No effect
	Decrease

	
	Bath inhibitor (treated cells)
	Decrease
	Decrease
	Decrease

	
	Pipette solution (dialysed cells)
	No effect
	No effect
	Decrease

	10µM PAO
	Pre-incubation (pre-incubated cells)
	Decrease
	No effect
	Decrease

	
	Bath inhibitor (treated cells)
	No effect
	-
	-

	
	Incubation after stimulation with IBMX/forskolin (incubated cells)
	Decrease
	No effect
	Decrease

	25µM BVT.948
	Pre-incubation (pre-incubated cells)
	No effect
	No effect
	No effect

	10µM NSC-87877
	Pre-incubation (pre-incubated cells)
	No effect 
	-
	No effect


[bookmark: _Toc343440890][bookmark: _Toc343447484][bookmark: _Toc343447821][bookmark: _Toc343606521][bookmark: _Toc343607121][bookmark: _Toc343672715]Table 4.2 Summary of results for tyrosine phosphatase inhibitors and the effects on total, DIDS- and CFTRinh-172-sensitive conductances.


Chapter 4		Tyrosine phosphorylation and CFTR


[bookmark: _Toc303604801][bookmark: _Toc303610072][bookmark: _Toc303610803][bookmark: _Toc343428553][bookmark: _Toc343447822][bookmark: _Toc347056898]Chapter 5
[bookmark: _Toc303604802][bookmark: _Toc303610073][bookmark: _Toc343428554][bookmark: _Toc343447823][bookmark: _Toc347056899]Role of G proteins in CFTR regulation

5.1 [bookmark: _Toc343428555][bookmark: _Toc343447824][bookmark: _Toc347056900]Introduction
[bookmark: _Toc303604807][bookmark: _Toc303610078]The aim of this chapter was to determine the effects of G protein stimulation on cAMP-dependent CFTR activity.  While previous published work (Schwiebert et al. 1994b; Schwiebert et al. 1992) stimulated G proteins first followed by channel activation with cAMP, the effects of G protein stimulation after cAMP-dependent activation of CFTR have not been investigated.  To alter G protein function, GTPγS was added to the cytosolic surface through the pipette solution in the whole-cell patch-clamp configuration after cells were stimulated with IBMX/forskolin to increase intracellular cAMP.  It was hypothesised that application of GTPγS would activate Giα-2 resulting in a decrease in ORCC function due to the direct interaction between G proteins and the channel, but would not alter the function of CFTR as its regulation by G proteins is due to vesicle trafficking rather than direct interaction (Ismailov et al. 1996).
5.2 [bookmark: _Toc343428556][bookmark: _Toc343447825][bookmark: _Toc347056901][bookmark: _Toc343426982][bookmark: _Toc343427123][bookmark: _Toc343428284][bookmark: _Toc343428557][bookmark: _Toc343429409][bookmark: _Toc343447826][bookmark: _Toc343426983][bookmark: _Toc343427124][bookmark: _Toc343428285][bookmark: _Toc343428558][bookmark: _Toc343429410][bookmark: _Toc343447827][bookmark: _Toc343426984][bookmark: _Toc343427125][bookmark: _Toc343428286][bookmark: _Toc343428559][bookmark: _Toc343429411][bookmark: _Toc343447828][bookmark: _Toc303604808][bookmark: _Toc303610079]Methods
5.2.1 [bookmark: _Toc343428560][bookmark: _Toc343447829][bookmark: _Toc347056902]Brief methods

The whole-cell patch-clamp technique was employed to examine the role of G proteins in the regulation of cAMP-stimulated CFTR chloride currents.  This was achieved through the analysis of cells that were grown on plastic cover slips at 37oC, as described in the Materials and Methods chapter, stimulated with 100μM IBMX/10μM forskolin to activate the CFTR channel and subsequently exposed to GTPγS through the patch-pipette.  The whole-cell patch-clamp protocol was carried out as described in the Materials and Methods chapter.


5.2.2 [bookmark: _Toc303604809][bookmark: _Toc303610080][bookmark: _Toc343428561][bookmark: _Toc343447830][bookmark: _Toc347056903]Experimental solutions

All whole-cell patch-clamp solutions used were the standard solutions detailed in the Materials and Methods chapter.  The pipette solution was modified to contain 100μM GTPγS by dissolving the GTPγS compound directly into the standard pipette solution.

5.3 [bookmark: _Toc303604810][bookmark: _Toc303610081][bookmark: _Toc343428562][bookmark: _Toc343447831][bookmark: _Toc347056904] Results
5.3.1 [bookmark: _Toc303610082][bookmark: _Toc343428563][bookmark: _Toc343447832][bookmark: _Toc347056905]Effect on total whole-cell current and conductance
Both control and GTPγS cells exhibited a decrease in current in response to 500μM DIDS and 500µM DIDS/10μM CFTRinh-172, figure 5.1.  The average 16HBE14o- cell capacitance was 16.04 ± 1.86 pF (n = 38).
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[bookmark: _Toc343447833][bookmark: _Toc343447996][bookmark: _Toc343606522][bookmark: _Toc343672716][bookmark: _Toc343440891][bookmark: _Toc343428564]Figure 5.1 Typical traces from single 16HBE14o- cells.  
 A, control cell.  B, GTPγS cell.  Arrows indicate zero current.

There was no significant difference in total whole-cell current or conductance between cells with a control pipette solution and 100μM GTPγS pipette solution, figure 5.2.  The reversal potential of control cells was 0.26 ± 1.06 mV (n = 20) which did not differ significantly from the reversal potential of GTPγS cells of -1.56 ± 1.56 mV (n = 18).  Neither reversal potential was significantly difference from ECl.

 (
B
) (
A
)









[bookmark: _Toc343428565][bookmark: _Toc343447834][bookmark: _Toc343447997][bookmark: _Toc343606523][bookmark: _Toc343672717][bookmark: _Toc343440892]Figure 5.2 Effect of GTPγS pipette solution on total whole-cell current and conductance.  
 A, total whole-cell current; squares, control pipette solution (n = 20); circles, 100μM GTPγS pipette solution (n = 18).  B, total whole-cell conductance; black bars, control pipette solution (n = 20); grey bars, 100μM GTPγS pipette solution (n = 18)

5.3.2 [bookmark: _Toc347056906]Effect on DIDS-sensitive whole-cell current and conductance

Both control and GTPγS cells exhibited an outwardly rectifying DIDS-sensitive current, figure 5.3.  The reversal potential of control cells was 0.24 ± 1.71 mV (n = 20), which did not differ significantly from the reversal potential of GTPγS cells of 3.13 ± 4.46 mV (n = 18).  Neither reversal potential was significantly different from ECl.  There was no significant difference in the DIDS-sensitive conductance between control pipette solution and GTPγS pipette solution, figure 5.3.




 (
B
) (
A
)







 (
C
)









[bookmark: _Toc343428566][bookmark: _Toc343447835][bookmark: _Toc343447998][bookmark: _Toc343606524][bookmark: _Toc343672718][bookmark: _Toc343440893]Figure 5.3 DIDS-sensitive current and conductance in control and GTPγS cells.  
 A, DIDS-sensitive current, control pipette solution (n = 20). B, DIDS-sensitive current, GTPγS pipette solution (n = 18). C, DIDS-sensitive conductance.  Black bars, control pipette solution (n = 20); grey bars, GTPγS pipette solution (n = 18)

5.3.3 [bookmark: _Toc347056907]Effect on CFTRinh-172-sensitive current and conductance

Both control and GTPγS cells showed ohmic CFTRinh-172-sensitive currents, figure 5.4.  The reversal potential of control cells was -1.53 ± 2.04 mV (n = 20), which was not significantly different from the reversal potential of GTPγS cells of 0.81 ± 1.80 mV (n = 18).  Neither reversal potential was significantly different from ECl.  There was no significant difference in CFTRinh-172-sensitive conductance between the two groups, figure 5.4.
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[bookmark: _Toc343428567][bookmark: _Toc343447836][bookmark: _Toc343447999][bookmark: _Toc343606525][bookmark: _Toc343672719][bookmark: _Toc343440894]Figure 5.4 CFTRinh-172-sensitive current and conductance in control and GTPγS cells. 
 A, CFTRinh-172-sensitive current, control pipette solution (n = 20). B, CFTRinh-172-sensitive current, GTPγS pipette solution (n = 18). C, CFTRinh-172-sensitive conductance.  Black bars, control pipette solution (n = 20); grey bars, GTPγS pipette solution (n = 18)

5.3.4 [bookmark: _Toc303610087][bookmark: _Toc343428568][bookmark: _Toc343447837][bookmark: _Toc347056908]Summary
Both control and GTPγS cells exhibited a reduction in whole-cell conductance in response to DIDS and CFTRinh-172.  There was no significant difference in the total, DIDS- or CFTRinh-172-sensitive whole-cell conductance between control and GTPγS cells.

5.4 [bookmark: _Toc343428569][bookmark: _Toc343447838][bookmark: _Toc347056909] Conclusion
There was no significant difference in total, DIDS-sensitive or CFTRinh-172-sensitive current or conductance between control pipette solution and 100μM GTPγS pipette solution.  Therefore activation of G proteins using GTPγS had no effect on the function of the DIDS-sensitive ORCC or CFTR.
Chapter 5		Role of G proteins in CFTR regulation

[bookmark: _Toc343447839]
[bookmark: _Toc347056910]Chapter 6
[bookmark: _Toc343447840][bookmark: _Toc347056911]Discussion

[bookmark: _Toc343447841][bookmark: _Toc347056912]6.1 Introduction
CFTR is involved in the regulation of a variety of different channels, including the ORCC and ENaC, and is also closely regulated itself to provide the Cl- homeostasis required for the correct function of a number of tissues, including the airway, gut and reproductive system.  The need for CFTR to transduce such a variety of regulatory signals, and for its own function to be so finely tuned, highlighted the role of multiprotein complexes in this regulation.  There are many proteins now thought to be involved in the regulation of CFTR, including NHERF, G proteins, scaffolding proteins such as annexin2 and S100A10, and NDPK proteins.  Given the importance of CFTR function in human airway epithelia and the devastating effect mutations and malfunctions of CFTR have in CF, further understanding of the regulation of this protein would be beneficial in identifying potential therapeutic targets to help moderate channel function in CF cells.

The aims of this thesis were to describe the functional relationship between NDPK-B and CFTR, to describe the effect of altering the tyrosine phosphorylation state of 16HBE14o- cells on CFTR function, to identify the tyrosine phosphatases involved in regulating CFTR function, to explain how alterations in tyrosine phosphorylation resulted in a change in CFTR function and to describe the effect of G protein stimulation on CFTR channels that have already been activated by an increase in cellular cAMP. The whole-cell patch-clamp technique was used to investigate the functional properties of DIDS- and CFTRinh-172-sensitive channels in 16HBE14o- and BHK-21-CFTR cells, while Western blot analysis and confocal microscopy were used to investigate the location of CFTR in BHK-21-CFTR cells.

Investigations into the role of NDPK-B in CFTR regulation were hindered by alterations in function of the endogenous NDPK-B protein in 16HBE14o- cells, which prevented this area of research from progressing further.  The main focus of this thesis was on the role of tyrosine phosphorylation on CFTR function, which showed that inhibition of tyrosine phosphatases resulted in a decrease in CFTR activity.    Finally, the role of G proteins was a smaller area of research that showed that once CFTR was activated by cAMP, the subsequent activation of G proteins using GTPγS did not alter channel function in 16HBE14o- cells.

This chapter will begin by addressing some of the broader issues raised in this thesis, such as the characteristics of the currents recorded using the whole-cell patch-clamp technique and further information about the pharmacological agents used.  The discussion will then focus on the work from each chapter, and conclude with suggestions for improvements and future work.

[bookmark: _Toc343447842][bookmark: _Toc347056913]6.2 General characteristics of the currents recorded using the whole-cell patch-clamp technique
Analysis of current profiles provides information about channel gating and function.  While a small subset of currents were time-dependent, this was not representative of the overall population where the currents were time-independent.  The time-dependent or –independent nature of the current depends on the contributions from the different channels activated in that cell at the time of recording.  Some cells showed time-dependent currents due to cell-to-cell variation – in some cells the dominant channels had a time-dependent current profile, and therefore this was recorded in the whole-cell configuration.  However, these were a small population of cells, with the vast majority of cells exhibiting time-independent currents.  The DIDS-sensitive current shows outward rectification and therefore may be voltage dependent, however it is not possible to determine whether the channel is showing voltage-dependent changes in Po or whether it is due to a voltage-dependent block.  The CFTRinh-172-sensitive current is ohmic and therefore may be classified as voltage-independent.

DIDS may act as a voltage-dependent blocker, as it blocks more readily at positive potentials due to its negative charge at pH 7.4 (Robson and Hunter 1997).  Therefore the DIDS-sensitive current may show voltage-dependency due to the nature of the channel blocker.  CFTRinh-172 is a voltage-independent blocker (Ma et al. 2002), which may contribute to the ohmic, voltage-independent current profile.  However, without the information about the Po of the channels, which cannot be achieved through the whole-cell configuration, it is not possible to comment on the voltage-dependency of the currents.

The BHK-L-21 cells still exhibited robust whole-cell currents when stimulated with 100μM IBMX/10μM forskolin to increase intracellular cAMP.  This is in contrast to responses seen by Schmidt et al. (2008) who failed to see a response to cAMP agonists in BHK-21-L cells not expressing CFTR.  While both the studies performed by Schmidt et al. and myself share some similarities, there are key differences which may provide some idea as to why there are such differences in BHK cell activity.  The primary difference is the electrophysiological techniques employed in both studies; while this thesis used the whole-cell patch-clamp technique, Schmidt et al. used the excised inside-out technique.  The excised patch technique can be used to record at the single channel level, whereas the whole-cell technique records the movement of ions across the entire cell membrane.  An advantage of the whole-cell patch clamp technique is that it can easily be used on cells expressing endogenous levels of a protein; single channel work may benefit from using expression systems over-expressing the channel of interest to ensure there are enough channels in the membrane from which to record (Trapani and Korn 2003).  This is of particular importance with CFTR, as it is proposed to be located in lipid rafts in the membrane (Kowalski and Pier 2004; Zaidi et al. 2008) rather than spread equally around the cell, which reduces the chances of obtaining a patch containing the channel in endogenously-expressing cells.  The disadvantages of using expression systems will be discussed later in this chapter.  In terms of the role of small, intracellular proteins, both the whole-cell and excised patch-clamp techniques are at risk of altering the levels and association of regulatory molecules that may help to govern channel function (Ogden and Stanfield 1987; Penner 2009).  One of the main differences between the work performed in this thesis and the studies by Schmidt et al. (2008) is the composition of the experimental solutions.  The first difference is that Schmidt et al. used intracellular and extracellular solutions that both contained 140mM N-methyl-D-glucamine (NMDG), a Na+ substitute.  Although the experimental solutions in Schmidt et al. maintained the high intracellular Cl- and low extracellular Cl- levels as seen under physiological conditions, the concentrations of Cl- were different to those used in this thesis and lacked the contribution of Na+ in the extracellular solution.  These differences could have altered the resting membrane potential of the cells and may have affected ion channel activity; for example, changes in intra- and extracellular Cl- concentrations have been shown to alter the gating of ClC-0 channels (Chen and Miller 1996; Pusch et al. 1999).  In addition to the differences in ionic composition of the experimental solutions, this thesis used a pipette solution containing adenosine triphosphate (ATP), which was not used in the corresponding intracellular solution in Schmidt et al..  The presence of ATP in the pipette solution could account for the apparent activation of channels in the BHK-21-L cells, which was not seen in Schmidt et al. (2008).  Examples of ATP-sensitive channels include ATP-sensitive K+ channels, which are involved in metabolic sensing in a variety of tissues including heart (Noma 1983), brain (Amoroso et al. 1990) and skeletal muscle (Spruce et al. 1985), and capsaicin-regulated channels, which are nonselective cation channels (Kwak et al. 2000) in dorsal root ganglion neurons.  Under the experimental conditions used in this thesis, it is unlikely that either of these channels is responsible for the current generated by cAMP stimulation in BHK-21-L cells; the pipette solution contained cesium chloride, which acts as a K+ channel blocker, and there are no reports of capsaicin-regulated channels in BHK-21-L cells.  The possibility remains that an as yet uncharacterised ATP- and cAMP-sensitive channel present in BHK-21-L cells is responsible for current generated upon stimulation with 100μM IBMX/10μM forskolin.  The current profile shows a reversal potential of -3.49 ± 1.89 mV (n = 12), which did not differ significantly from ECl, suggesting that this channel may be a chloride channel.  However, it did not demonstrate sensitivity to DIDS or the CFTRinh-172.  To investigate this uncharacterised current in BHK-21-L cells it would be interesting to determine its sensitivity to other chloride channel blockers such as diphenylamine-2-carboxylate (DPC), which has been shown to reduce chloride conductance in canine tracheal epithelial cells (Stutts et al. 1990) and has been previously used to block CFTR-mediated currents in BHK cells (Linsdell and Hanrahan 1999).

The studies performed by Schmidt et al. (2008) also used genistein and forskolin as the cAMP agonists, compared to the use of forskolin and IBMX in this thesis.  The difference in stimulatory approaches may have also accounted for differences in channel activation; while IBMX is a potent PDE inhibitor, genistein has the ability to activate adenylyl cyclase at low concentrations (1µM) and at higher concentrations also acts as a PDE inhibitor, although not to the same extent as IMBX (Liu et al. 2005).  These alterations in experimental approach may also account for differences in channel activity, as it may be possible that PDE inhibition by IBMX could provide an additional pathway for channel activation in BHK-21-L cells that is yet to be investigated.  However, this is solely presented as a suggestion for the differences in channel activity between the two studies, and future work into the function of endogenous channels in this frequently used expression system would be beneficial.  The more that is known about the baseline activity of these cells prior to over-expression of channels of interest would allow the distinction to be made between the activity and function of the over-expressed channels, and what is due to the activity of the BHK-21-L cells.

[bookmark: _Toc343447843][bookmark: _Toc347056914]6.3 Pharmacological agents

[bookmark: _Toc343447844][bookmark: _Toc347056915]6.3.1 DIDS and CFTRinh-172
Throughout the project, two inhibitors have been used to distinguish the contributions of the ORCC (and, as will be discussed, other DIDS-sensitive channels) and CFTR to the whole-cell current – the stilbene derivative DIDS and CFTRinh-172.

Stilbene derivatives such as DIDS are inhibitors of band-3 mediated anion exchangers such as the Cl-/bicarbonate (HCO3-) exchanger in human red blood cells (Knauf and Rothstein 1971).  DIDS is not a specific blocker of the ORCC, as it has been shown to inhibit a wide range of Cl- channels in a variety of cell types (Ackerman et al. 1994; Bakhramov et al. 1995; Ballatori et al. 1994; Kinard and Satin 1995), but it is the most widely used inhibitor of that channel (Schultz et al. 1999).  DIDS covalently and irreversibly binds to its targets (Cabantchik and Rothstein 1974) and acts as an open-channel blocker of the ORCC (Schultz et al. 1999).  Under the conditions used in these experiments it is possible that the DIDS-(sensitive current is being mediated not only by the ORCC but other DIDS-sensitive channels as well.  These include volume-activated Cl- channels (Kirk et al. 1992; Sanchez-Olea et al. 1995) and calcium (Ca2+)-activated Cl- channels (Hogg et al. 1994).  Under the experimental conditions used, the contribution of Ca2+-activated Cl- channels would be minimal due to the presence of the Ca2+ chelating agent EGTA in the pipette solution and very low Ca2+ concentrations in the bath solution compared to Na+ and Cl-; therefore the DIDS-sensitive current is unlikely to contain contributions from Ca2+-activated Cl- currents.  Volume-activated Cl- channels are involved in the regulatory volume decrease (RVD) mechanism in response to hypotonic shock and cell swelling (Fernandez-Fernandez et al. 2002) and are also DIDS-sensitive. In order to prevent swelling-induced damage, volume-sensitive channels are activated, resulting in the secretion of osmolytes and therefore water (Fernandez-Fernandez et al. 2002).  DIDS-sensitive outwardly-rectifying chloride currents can be activated by hypotonic shock (Kelly et al. 1994) and these may form part of the DIDS-sensitive current seen in 16HBE14o- cells.  Preliminary experiments conducted to investigate osmotic gradients between the bath solution and pipette solution showed there was no difference in osmolality (Robson, unpublished), therefore the cells were not experiencing a difference in osmolality and therefore it would not be expected that volume-activated channels would contribute to the DIDS-sensitive current. Therefore there is the potential for the DIDS-sensitive current to be comprised not solely of contributions from the ORCC, but additional DIDS-sensitive channels as well.

CFTR is insensitive to extracellular DIDS (Tabcharani et al. 1990), but can be inhibited by thiazolidinone derivatives such as CFTRinh-172 (Ma et al. 2002).  CFTRinh-172 is able to inhibit CFTR at high concentrations without altering the function of Ca2+- or swelling-activated Cl- channels (Ma et al. 2002), making it a selective CFTR inhibitor.  CFTRinh-172 alters channel gating (Taddei et al. 2004) rather than acting as an open channel blocker, as seen with other CFTR inhibitors such as glibenclamide (Sheppard and Robinson 1997) or diphenylamine-2-carboxylate (DPC) (McDonough et al. 1994).  However, CFTRinh-172 has also been implicated in other functions independently of CFTR inhibition, such as disruption of reactive oxygen species (ROS) production, alterations in mitochondrial function and activation of immune system signalling pathways such as nuclear factor (NF)-κβ transcription factor signalling (Kelly et al. 2010).  Activation of immune responses results in the release of mediators such as ATP (Bodin and Burnstock 1998).  Extracellular ATP activate P2 purinoreceptors (Burnstock 1990), which are either ligand-gated ion channels (Bean and Friel 1990) known as P2X receptors, or GPCRs (Barnard et al. 1994) known as P2Y receptors.  Activation of these could produce a myriad of cellular signals; therefore it is important to consider these additional effects of the inhibitors used in these experiments.

[bookmark: _Toc343447845][bookmark: _Toc347056916]6.3.2 DMSO
Throughout this project, DMSO has been used as a vehicle for producing stock solutions of the pharmacological agents used to alter cellular function.  This raises some important issues about the effect of DMSO on channel location and function, as this must be taken into account when interpreting results.  The effect of DMSO on CFTR has been studied, for example Bebok et al. (1998) investigated the effect of DMSO on the maturation of ΔF508 CFTR in nasal epithelium from patients who were homozygous for the ΔF508 mutation.  It was demonstrated that DMSO increased the maturation of the ΔF508 protein (Bebok et al. 1998), shown by the appearance of band C staining through Western blot analysis, suggesting an ability to alter the folding or trafficking of the mutated protein.  In support of this, DMSO has also been used in various studies as an epithelial differentiating agent, for example in human colonic epithelial cells (Omary et al. 1992).  The effect of DMSO is concentration-dependent - Bebok et al. (1998) used DMSO at concentrations of 0, 2, 5 and 10% and found that treatment for 48 hours with 2% DMSO had the most effect on CFTR maturation.  In an alternative set of experiments investigating changes in CFTR channel activity, it was noted that 0.4% DMSO had no effect on CFTR Cl- channel activity (Sheppard and Robinson 1997).  The concentrations of DMSO used in this thesis were 0.01 – 0.1%, therefore no effect on CFTR channel function was expected, and this was supported by previous work in our laboratory (Robson, unpublished).


[bookmark: _Toc343447846][bookmark: _Toc347056917]6.4 The role of NDPK-B in CFTR function

NDPK-B has been implicated in a number of biological processes, most significantly for this work in the activation of G proteins and the regulation of KCa3.1 (Hippe et al. 2003; Srivastava et al. 2006).  Its role in the regulation of CFTR first came to light when the phosphorylation state of NDPK-B was shown to be dependent on chloride concentrations (Muimo et al. 1998).  Unpublished work from our laboratory showed that in nasal brushings from healthy volunteers, NDPK-B translocated to the apical, ciliated membrane when intracellular cAMP levels were raised through stimulation with IBMX/forskolin.  The movement of NDPK-B was also seen in 16HBE14o- cells and co-immunoprecipitation experiments from cell membranes using both anti-CFTR and anti-NDPK-B antibodies showed an increase in NDPK-B association with CFTR when samples were stimulated with IBMX/forskolin.  This interaction was disturbed by the PKA inhibitor PKI and also by various peptides mimicking regions of interest on NDPK-B designed to prevent the binding of NDPK-B to CFTR.  The application of these peptides also decreased the function of CFTR in 16HBE14o- cells when analysed through the whole-cell patch-clamp technique.   The translocation of NDPK-B to the membrane with cAMP stimulation and its association with CFTR highlighted it as a potential regulator of the channel.

[bookmark: _Toc343429426][bookmark: _Toc343447847][bookmark: _Toc343606974][bookmark: _Toc343429427][bookmark: _Toc343447848][bookmark: _Toc343606975][bookmark: _Toc343429428][bookmark: _Toc343447849][bookmark: _Toc343606976][bookmark: _Toc343429429][bookmark: _Toc343447850][bookmark: _Toc343606977][bookmark: _Toc343429430][bookmark: _Toc343447851][bookmark: _Toc343606978][bookmark: _Toc343429431][bookmark: _Toc343447852][bookmark: _Toc343606979][bookmark: _Toc343429432][bookmark: _Toc343447853][bookmark: _Toc343606980][bookmark: _Toc303604776][bookmark: _Toc303605346][bookmark: _Toc303609979][bookmark: _Toc303610767]The aim of the work presented here was to describe the functional relationship between NDPK-B and CFTR.  To achieve this, the whole-cell patch-clamp technique was employed to investigate the effects of NDPK-B over-expression and knockdown on the DIDS- and CFTRinh-172-sensitive currents in two different cell types – 16HBE14o- cells and BHK-21-CFTR cells.

6.4.1 [bookmark: _Toc343447854][bookmark: _Toc347056918]Effect of GFP in 16HBE14o- cells
In order to easily identify cells over-expressing NDPK-B, a GFP-tagged version of the protein was used.  Due to the 40% transfection efficiency (judged by the number of green fluorescent cells in a population) the presence of the GFP tag made it very easy to detect the transfected cells and allowed the data set to contain a pure population of cells over-expressing NDPK-B.  At approximately 30kDa, GFP is nearly twice the size of NDPK-B at 17kDa; therefore it was crucial to ensure that GFP alone did not alter chloride channel function prior to experimentation with the GFP-tagged NDPK-B proteins.  The reversal potential of the DIDS-sensitive current for both control and GFP cells was significantly more negative than ECl.  This may have been due to the activation of an alternative ion pathway with a negative Nernst potential.  In the experimental solutions used Cs+ was the sole candidate ion, as it had a high intracellular concentration with no extracellular Cs+.  Therefore the negative shift away from ECl may have been due to the presence of a Cs+-permeable pathway that was inhibitable by DIDS.  However, the identity of this pathway under these experimental conditions is unknown.  Despite the negative reversal potentials these data showed that GFP alone did not alter the chloride channel function in 16HBE14o- cells as there was no significant difference in DIDS-sensitive or CFTRinh-172-sensitive conductance between the two groups; therefore GFP alone provided a stable control for the GFP-tagged NDPK-B proteins.

4 [bookmark: _Toc343672569][bookmark: _Toc347056919][bookmark: _Toc303604777][bookmark: _Toc303605347][bookmark: _Toc303609980][bookmark: _Toc303610768][bookmark: _Toc343447855]
5 [bookmark: _Toc343672570][bookmark: _Toc347056920]
6 [bookmark: _Toc343672571][bookmark: _Toc347056921]
6.1 [bookmark: _Toc343672572][bookmark: _Toc347056922]
6.2 [bookmark: _Toc343672573][bookmark: _Toc347056923]
6.3 [bookmark: _Toc343672574][bookmark: _Toc347056924]
6.4 [bookmark: _Toc343672575][bookmark: _Toc347056925]
6.4.1 [bookmark: _Toc343672576][bookmark: _Toc347056926]
6.4.2 [bookmark: _Toc347056927]Effect of NDPK-B over-expression in 16HBE14o- cells
The orientation of the pEGFP-C2 NDPK-B construct placed the GFP tag at the N-terminus of the NDPK-B protein.  It was originally thought that this arrangement may have resulted in expression of a truncated protein comprised of GFP alone; there may have been a mutation in the sequence that prevented the translation of the construct into the full length tagged protein, which may have accounted for the lack of effect seen with this construct.  Although the sequence appeared correct the pEGFP-N2-NDPK-B construct was also used to eliminate problems associated with plasmid orientation. As this construct also failed to alter cellular function it was originally concluded that NDPK-B was not involved in the regulation of CFTR under these experimental conditions, despite previous unpublished observations.

Due to the size of the GFP tag it is possible that the addition of this protein on either end of the small NDPK-B protein could have altered its function (Tavare et al. 2001).  GFP also has a tendency to form dimers (Tsien 1998), which could have implications for the localisation and function of tagged proteins, as the formation of GFP dimers could impact on the association of the tagged protein with other components of a signalling cascade.   However, the GFP reporter system has been well used in a wide number of cell types such as human head and neck tumours (Bosnar et al. 2004), CHO cells (Srivastava et al. 2006) and CD4 Th0 cells (Di et al. 2010) to investigate protein localisation and function, suggesting it is a suitable system to use.  Limited research has been done in 16HBE14o- cells using this construct, therefore the effect of the GFP-tag under these conditions is still largely unknown.    Future experiments could include investigating the different sub-cellular localisations of NDPK-B in 16HBE14o- cells using plasma membrane isolation, Western blotting and different fluorescent tags for confocal microscopy to gain a better understanding of NDPK-B location in 16HBE14o- cells.  To investigate its role in CFTR function, different variants of fluorescent tag could be used, such as enhanced blue variant (eBFP) or DsRed, a fluorescent protein isolated from the coral Discosoma (Matz et al. 1999).  However, these proteins are not without their potential drawbacks – for example, DsRed has a tendency to form tetramers with other DsRed proteins, and therefore perturb extremely the function of the protein it is adhered to by causing it to aggregate (Baird et al. 2000).  Therefore while the use of fluorescently-tagged proteins is beneficial and allows for easy identification of transfected cells, it is worth approaching the results with caution, as the unknown effect of the fluorescent tag on protein localisation and function must be taken into account.

For these experiments, each construct (pEGFP-C2 NDPK-B and pEGFP-N2 NDPK-B) had separate control groups.  This was because the experiments conducted with each construct were done at different times with different frozen aliquots of cells, therefore it was thought prudent to include controls from the same batch of cells rather than as a single control group.

6.4.3 [bookmark: _Toc303604778][bookmark: _Toc303605348][bookmark: _Toc303609981][bookmark: _Toc303610769][bookmark: _Toc343447856][bookmark: _Toc347056928]Effect of NDPK-B over-expression in BHK-21-CFTR cells
By using the alternative cell type, BHK-21-CFTR cells, it was possible to produce a higher transfection efficiency and determine whether cell type-specific differences were responsible for the lack of effect seen in the 16HBE14o- cells.  BHK-21-CFTR cells not only displayed the expected CFTRinh-172-sensitive currents, but also exhibited DIDS-sensitive currents, which were not seen in the non-transfected BHK-21-L cells.  This may have been due to a quiescent, DIDS-sensitive channel that required the expression of CFTR in order to become active.  The identity of this channel is unknown; in 16HBE14o- cells the DIDS-sensitive current shows an outwardly rectifying profile and is attributed to the ORCC that forms a major component of cAMP-stimulated whole-cell chloride currents (Schwiebert et al. 1994a).  In airway cells the presence of CFTR was required for the activation of the ORCC with PKA stimulation; in the absence of the CFTR channel (for example in CF airway cell lines such as IB3-1 CF bronchial epithelial cells) PKA was unable to stimulate the ORCC channel in excised patches (Egan et al. 1992).  Over-expression of wild-type CFTR restored this ORCC current, highlighting a stimulatory relationship between the two proteins (Egan et al. 1992; Schwiebert et al. 1994a).  This suggested that the presence of CFTR may have provided the necessary regulation to allow the otherwise dormant DIDS-sensitive channel in BHK-21 cells to become active.  In comparison to the outwardly rectifying DIDS-sensitive current in 16HBE14o- cells, BHK-21-CFTR cells showed an ohmic DIDS-sensitive current, and the CFTRinh-172-sensitive current showed an outwardly rectifying profile.  This could be because BHK-21 cells did not express the same DIDS-sensitive channel as 16HBE14o- cells, and that DIDS was inhibiting a different channel that displayed ohmic currents.  For example, DIDS inhibits Ca2+-activated chloride channels (Anderson et al. 1992), proposing these channels as potential candidates.  However there is currently no evidence for the presence of these channels in BHK-21 cells.

The differences in profiles may have been due to the absence of associated regulatory proteins in this expression system that were responsible for modulating the gating and function of the channels.  The role of associated proteins in channel function has been documented in potassium (K+) channels and Cl- channels.  In voltage-gated K+ channels (Kv) (Li et al. 2006) numerous subunits have been identified that interact with the pore-forming α-subunits of Kv channels.  These include Kβ subunits (Rettig et al. 1994), which alter the inactivation phase of channel gating; K+ channel interacting proteins (KChIP) (An et al. 2000), which alter channel inactivation and K+ channel accessory proteins (KChAP) (Abriel et al. 2000) that act as chaperones to determine the functional expression of Kv channels at the membrane.  The KCNQ K+ channel is associated with regulatory KCNE proteins, and mutations in both KCNQ and KCNE underlie long Q-T (LQT) syndrome (Liu et al. 2002; Sanguinetti et al. 1996). 

In chloride channels, barttin is a prime example of an accessory protein.  Barttin is required for the maximal activity of ClC-K chloride channels in renal tubular epithelium and the stria vascularis of the inner ear (Estevez et al. 2001).  When either subtype of the ClC-K channel (ClC-Ka and ClC-Kb) or barttin were expressed individually in Xenopus oocytes they were unable to produce a chloride current; however, co-expression of both ClC-Ka and –Kb with barttin resulted in a significant increase in current generation.  This highlighted the importance of barttin as a regulatory β subunit in ClC-K chloride channel function; without its expression, the ClC-K channel is non-functional.  The importance of this subunit is also emphasised by the presence of Bartter’s syndrome-associated mutations in barttin (Janssen et al. 2009).

Despite the use of BHK-21-CFTR cells as an alternative cell type and their high transfection efficiency, over-expression of NDPK-B again had no effect.  Interestingly there was no DIDS-sensitive current or conductance in either set of cells.  Closer inspection of the data revealed a subpopulation of cells that did not exhibit a response to DIDS, which accounted for the lack of effect in the whole population.  The lack of effect of NDPK-B over-expression in both 16HBE14o- and BHK-21-CFTR cells originally suggested that NDPK-B was not involved in CFTR regulation.  However, further investigation identified a trafficking defect with the GFP-tagged protein, potentially due to the large size of the GFP relative to the NDPK-B protein.  While GFP-tagged NDPK proteins have been utilised before (Bosnar et al. 2004; Srivastava et al. 2006) it appeared that under these experimental conditions the GFP-tagged protein was unable to traffic to the membrane in the same manner as the endogenous protein, therefore rendering it ineffective as a tool to alter NDPK-B expression in a functionally relevant manner.
[bookmark: _Toc303604779][bookmark: _Toc303605349][bookmark: _Toc303609982][bookmark: _Toc303610770]
6.4.4 [bookmark: _Toc343447857][bookmark: _Toc347056929]Effect of NDPK-B knockdown in 16HBE14o- cells
The use of shRNA to knockdown NDPK-B expression was equally as ineffective as the over-expression at altering the function of CFTR.  One problem with using shRNA transfected cells was the identification of cells that had undergone successful knockdown.  While the over-expression studies had the advantage of the GFP tag to identify transfected cells, there was no way to determine which cells had first been successfully transfected with NDPK-B shRNA and secondly in which cells the expression of NDPK-B had been successfully knocked down.  As whole-cell patch-clamp experiments rely on single cells, large sample sizes were required in order to eliminate the inclusion of cells that may not have had NDPK-B expression knocked down.  To try and aid identification of the shRNA-transfected cells, a co-transfection with GFP and shRNA was attempted; however, the cells did not survive the transfection procedure making this approach ineffective.

The Western blot analysis indicated that 72 – 96 hours post-transfection was when the expression of NDPK-B was at its lowest.  However, it was not possible to perform whole-cell patch-clamp experiments at that time due to reduced viability of the cells.  Therefore the experiments took place at an earlier time point of 48 – 52 hours, when the expression of NDPK-B was reduced but not abolished.  This may account for the lack of effect on CFTR function, as the knockdown of NDPK-B may not have been sufficient at this time point to alter channel function.  Under these experimental conditions shRNA was not a useful tool for investigating the role of NDPK-B on CFTR function.    

6.4.5 [bookmark: _Toc303604780][bookmark: _Toc303605350][bookmark: _Toc303609983][bookmark: _Toc303610771][bookmark: _Toc343447858][bookmark: _Toc347056930]Interaction with CFTR and NDPK-B localisation
The failure of both NDPK-B over-expression and knockdown to alter CFTR function was unexpected in light of previous work that identified a cAMP-dependent association of the two proteins and the ability of the NDPK-B blocking peptide to disrupt this interaction and decrease CFTR function.  It was previously identified through Far Western blotting that NDPK-B bound to the first nucleotide binding domain of CFTR (NBD1) (Kerbirou and Muimo, unpublished observations).  The Far Western blotting used sheep tracheal protein for the overlay rather than a human airway cell protein and therefore may not truly represent the interaction in native cells.  However, sheep trachea has been shown to be a good model for the study of NDPK-B (Muimo et al. 1998), exhibiting similar characteristics to the human airway chloride transport system and by providing a large source of material.

 The inability of the GFP-tagged NDPK-B to translocate to the membrane with cAMP stimulation highlighted a potential trafficking problem within the cells.  Subsequently it was shown through Western blot analysis and confocal microscopy that although native ciliated nasal cells still exhibited the cAMP-dependent translocation of endogenous NDPK-B to the plasma membrane (Muimo, unpublished data), cultured 16HBE14o- cells no longer displayed this movement (Le, Muimo, unpublished data).  Therefore the endogenous protein no longer behaved as it previously did, rendering these 16HBE14o- cells a poor model for the study of the functional interaction between NDPK-B and CFTR.

The change in 16HBE14o- cell activity correlated with the arrival of a new batch of cells, and all subsequent batches also displayed the same problem.  It has been documented that changes in cell culture conditions or increased passage numbers can alter cell characteristics.  This is particularly prevalent in stem-cell type cultures (Terasaki et al. 1986) but the effect of passage numbers and cell culture conditions has also been shown in epithelial cell types.  For example at increased passage numbers Caco-2 cells show altered transport properties and changes in the expression of transport proteins (Yu et al. 1997).  The 16HBE14o- cell line is a transformed epithelial cell line designed to divide indefinitely and as a result of this it may have lost a number of the original in vivo characteristics throughout this process.  This could account for the change in NDPK-B function in the new batches of cells, or may indicate a change in culture conditions with the original suppliers.

While investigations into the role of NDPK-B in the regulation of CFTR were unsuccessful in 16HBE14o- and BHK-21-CFTR cells, the work of other groups into the role of NDPK proteins in tumour metastasis and angiogenesis provided some insight into the other regulatory elements investigated in this thesis – tyrosine phosphorylation and G proteins.  While preliminary work from our group provided the initial impetus for studying tyrosine phosphorylation and G proteins in the regulation of CFTR, further research into the literature has provided additional information about the links between these seemingly disconnected areas of research.  An example of this is the interaction between NDPK proteins, Src tyrosine kinase and G protein-coupled P2Y1 receptors in breast cancer cell lines (Yokdang et al. 2011).  Breast cancer cell lines secrete extracellular NDPK-A and –B, which stimulates endothelial cell proliferation and migration (Yokdang et al. 2011).  Inhibition of the tyrosine kinase activity of Src or the activity of G protein-coupled P2Y1 receptors prevented NDPK-mediated ATP production from inducing extracellular signal regulated kinase/mitogen-activated protein (ERK/MAP) signalling and therefore prevents metastatic angiogenesis (Yokdang et al. 2011).

While majority of the evidence for a complex interaction between NDPK proteins, components of the tyrosine phosphorylation machinery and G proteins comes from metastatic cancer cell lines, there is potential for these relationships to also be present in non-cancerous cell lines such as human airways or expression systems.  The work presented in this thesis shows three separate areas of study; however it is entirely possible that once further information has been obtained, connections between each one will become more apparent.  As additional interacting partners and regulatory mechanisms come to light, it may well show a complex interaction between these three areas of interest, despite their apparent disconnection at the present time.

6.5 [bookmark: _Toc343447859][bookmark: _Toc347056931]The role of tyrosine phosphorylation in CFTR function

The aims of chapter 4 were to describe the effect of altering the tyrosine phosphorylation state of 16HBE14o- cells on CFTR function, to identify the tyrosine phosphatases involved in regulating CFTR function and to explain how alterations in tyrosine phosphorylation result in a change in CFTR function.  To achieve this, the whole-cell patch-clamp technique was used to analyse changes in the DIDS- and CFTRinh-172-sensitive currents when cells were treated with a variety of pharmacological agents designed to alter tyrosine phosphorylation.

6.5.1 [bookmark: _Toc343447860][bookmark: _Toc347056932]Use of Na3VO4
The lack of effect seen with 1mM Na3VO4 pre-incubation originally suggested that tyrosine phosphorylation was not involved in the regulation of CFTR.  However, subsequent experiments utilising 10mM Na3VO4 pre-incubation showed a robust inhibitory effect on CFTR.  By using alternative methods of Na3VO4 delivery it was concluded that at 1mM Na3VO4 the concentration was not sufficient to elicit a response, whereas 10mM Na3VO4 consistently inhibited CFTR function.  A number of published works (Baker and Hamilton 2004; Becq et al. 1994; Illek et al. 1995; Shuba and McDonald 1997) have seen an effect of 1mM Na3VO4 on CFTR activity; however, it has also been reported that 1mM Na3VO4 had no effect, whereas 10mM resulted in a rapid and large increase in the Po of CFTR (Schultz et al. 1996).  The inhibitory effect of 10mM Na3VO4 reported here contrasted with the published stimulatory effect and may have reflected the use of non-respiratory cell types, such as guinea pig atria (Shuba and Macdonald 1997), a mouse fibroblast expression system (Illlek et al. 1995) and mouse jejunum (Baker and Hamilton 2004) and different experimental techniques, notably the excised patch-clamp technique (Shultz et al. 1996) compared to the whole-cell patch-clamp technique used in this work.  The excision of patches from the membrane may have disrupted the binding of channels to cytoskeletal elements or membrane-bound regulators that could then alter channel function (Fernandez et al. 1984).  The results presented here suggested that the inhibitory action of 10mM Na3VO4 on CFTR may involve an additional factor required for a phosphotyrosine-dependent mechanism of CFTR regulation that is lost with patch excision.  However, the identity or the role of this factor is unknown.  The study of CFTR in expression systems such as the 3T3 mouse fibroblast line (French et al. 1997; Illek et al. 1995) may have resulted in altered channel activity due to protein over-expression.  CFTR is present in native cells at very low concentrations, approximately 20 – 100 copies/cell (Mohammad-Panah et al. 1998), which is greatly increased in an expression system (Mohammad-Panah et al. 1998).  Hyperexpression of CFTR has been shown to alter the Po of the channel, making it permanently open and insensitive to cAMP stimulation (Mohammad-Panah et al. 1998), while cells over-expressing CFTR showed a depolarised membrane potential (Stutts et al. 1993) and exhibited clustering of CFTR to such an extent that inter-channel interactions resulted in altered regulation and ultimately function of the protein (Larsen et al. 1996).  Therefore the channel was not functioning as seen in native cells; coupled with the use of different investigative techniques this may help explain the difference in response to orthovanadate seen in this work compared to published observations.

Na3VO4 is a non-specific tyrosine phosphatase inhibitor and at the 10mM concentration also had an effect on the osmolality of the solutions.  Cell shrinkage in response to hyperosmotic shock has been shown to trigger phosphorylation events and alter the activity of a number of transporters, including the K-Cl co-transporter and the Na-K-2Cl cotransporter (Jennings and al-Rohil 1990; Klein et al. 1993).  However, the effect of altered osmolality was ruled out by the 25mM mannitol experiments, as was the role of 10mM Na3VO4 as a direct and irreversible channel blocker through the washout experiments.  

Although Na3VO4 is a known inhibitor of PTPs (Paul and Lombroso 2003), its mechanism of action is through acting as a phosphate analogue, allowing it to not only inhibit PTPs but also ATPases and alkaline and acid phosphatases (Seargeant and Stinson 1979).  Therefore the inhibition of CFTR by Na3VO4 cannot be solely attributed to alterations in tyrosine phosphorylation, despite preliminary Western blot analysis showing an increase in tyrosine phosphorylation with 10mM Na3VO4 treatment.  To identify whether the effect of Na3VO4 was due to tyrosine phosphatase inhibition, alternative tyrosine phosphatase inhibitors were used to see if their effects mimicked those of Na3VO4. 

[bookmark: _Toc343447861][bookmark: _Toc347056933]6.5.2 Use of PAO

The first inhibitor was PAO, a membrane-permeable arsenic compound that reacts with and catalyses the oxidation of vicinal –SH groups at the active site of tyrosine phosphatases, thereby inhibiting them (Fischer et al. 1991).  As the results show, pre-incubating cells with 10μM PAO inhibited CFTR comparable to the effect of Na3VO4, providing evidence that tyrosine phosphorylation may play a role in the regulation of CFTR.

The positive shift in reversal potential in the PAO pre-incubation cells suggested that PAO was able to activate a pathway for an ion that had a positive Nernst potential – the two ions available in the experimental solutions that would generate a positive Nernst potential were Na+ with ENa = +107.02 mV and Ca2+ with ECa = +∞ due to the lack of Ca2+ in the intracellular solution.  This positive shift was also seen with 1mM Na3VO4 pre-incubation.  One candidate for this alternative ion pathway was ENaC, activation of which would allow the influx of Na+ and therefore result in a positive shift in reversal potential.  However, ENaC activity was inhibited with 100μM Na3VO4 (Pochynyuk et al. 2007b), therefore it would be unlikely that 1mM would have a stimulatory effect on the channel.  This inhibitory effect was predicted to occur through the depletion of phosphatidylinositol 4,5-bisphosphate (PIP2) (Tong and Stockand 2005).  Interestingly, other candidate channels, the transient receptor potential (TRP) channels, are also regulated by depletion of PIP2, notably the TRPV1 Ca2+- and Na+-permeable channel (Prescott and Julius 2003).  TRPV1 channels are activated by PIP2 reduction (Prescott and Julius 2003) and TRPV1 channels are present at the mRNA and protein level in 16HBE14o- cells (Gkoumassi et al. 2009).  TRPV1 channels have been found to be sensitive to PAO treatment due to the additional role of PAO as an inhibitor of phosphoinositide (PI) 4-kinases (PI4K) (Sorensen et al. 1998; Wiedemann et al. 1996), which are involved in the synthesis of PIP2 (Nakanishi et al. 1995).  Therefore the positive shift in the reversal potential of PAO and Na3VO4 treated cells may be due to the activation of a small Ca2+ current through these TRPV1 channels due to inhibition of PI4-K and depletion of PIP2.  

Depletion of PIP2 through PI4-K inhibition by PAO also inhibits the function of cold- and menthol-sensitive TRPM8 channels (Liu and Qin 2005).  TRPM8 is believed to be present in the airway, but this presence has yet to be verified at the mRNA or protein level and is based on activation of Ca2+-dependent chloride secretion in canine airway epithelia in response to menthol, an activator of TRPM8 (Chiyotani et al. 1994).  This suggested an alternative mechanism for PAO action on CFTR, as CFTR has also been shown to be activated by PIP2 (Himmel and Nagel 2004); therefore PAO-induced PI4-K inhibition may have reduced PIP2 availability and produced a decrease in CFTR activity.  Therefore PI4-K inhibition may play a role in CFTR regulation by Na3VO4 and PAO.  However, CFTR can also be activated by cAMP/PKA, a pathway that does not involve PIP2 (Himmel and Nagel 2004).  If PAO is solely working through the PIP2 pathway then stimulation of cells with IBMX/forskolin to increase cAMP and activate PKA would have presumably masked the inhibitory effect of PIP2 depletion by activating CFTR through a PKA-mediated mechanism.  Therefore the substantial inhibition of CFTR by 10mM Na3VO4 and 10µM PAO suggested that it was not working solely, if at all, through a PIP2 depletion pathway under these experimental conditions.

PAO has also been shown to affect the function of the small GTPase Rho.  Rho has been implicated in vesicle trafficking of CFTR to the plasma membrane (Cheng et al. 2005), and stimulation of Rho increases CFTR membrane expression.  Rho GTPases, but not Rac GTPases, contain vicinal cysteine residues in the GTP-binding domain of the protein, the same residues that are targeted by PAO resulting in inactivation (Gerhard et al. 2003).  Therefore inactivation of Rho may be responsible for the PAO-induced decrease in CFTR conductance rather than alterations in tyrosine phosphorylation.  Although a link between Rho GTPase function and tyrosine phosphorylation has been proposed (Luo 2000) there is no evidence so far that links Na3VO4 with Rho or Rac function.  Therefore it is unclear whether Na3VO4 and PAO are working through the same, phosphotyrosine-based pathway or two separate pathways that converge as a common effect.  The ability of PAO to inhibit CFTR after cAMP stimulation suggested that PAO may be activating an inhibitory pathway that competed with the cAMP pathway of CFTR activation.

There are three ways in which the current generated through an ion channel can be reduced – one is through a decrease in the Po of the channel, the second is a decrease in the number of channels at the membrane and the final way is a change in the individual channel current.  While attempts were made using biotinylation to determine whether the change CFTR activity was due to a decrease in channel presence at the plasma membrane, the results were inconclusive and it is currently unknown whether this is the mechanism by which Na3VO4 and PAO resulted in a decrease in CFTRinh-172-sensitive current.  It is possible that tyrosine phosphorylation may be involved in an inhibitory pathway that prevents channel delivery to the membrane; inhibition of the phosphatases through PAO and Na3VO4 treatment would have maintained this inhibitory phosphorylation state, resulting in decreased expression at the membrane.  It is unknown whether this is due to a decrease in channel delivery to or an increase in channel retrieval from the membrane.  A proposed mechanism was the removal of CFTR channels from the membrane due to the presence of a tyrosine-based internalisation motif in the C-terminal tail of CFTR (Peter et al. 2002; Prince et al. 1999; Weixel and Bradbury 2000).  The E3 ubiquitin ligase c-Cbl has been linked to CFTR internalisation through a phosphotyrosine-based mechanism (Ye et al. 2010), as this protein interacts with CFTR and aids in its rapid internalisation and appears to be dependent on the presence of a tyrosine kinase motif.  Arsenic has recently been shown  to enhanced the ubiquitinylation and degradation of CFTR in human airway epithelial cells, and its mechanism of action involved the stimulation of c-Cbl activity through enhanced tyrosine phosphorylation of the c-Cbl protein (Bomberger et al. 2012).  This increase in c-Cbl tyrosine phosphorylation ultimately led to increased ubiquitinylation and degradation of CFTR.  Therefore it could well be the case that inhibition of tyrosine phosphatases by PAO maintained the phosphorylated state of c-Cbl, which enhanced the ubiquitinylation and subsequent degradation of CFTR. 

As well as channel degradation, CFTR internalisation and recycling from the membrane is partially controlled by clathrin-mediated endocytosis. AP-2 (assembly polypeptide-2 complex) is involved in the recruitment of proteins using the YXXΨ tyrosine-based motif  (Prince et al. 1999; Weixel and Bradbury 2000).  Disabled-2 (Dab2) is a clathrin-associated sorting protein which does not play a role in CFTR endocytosis in intestinal epithelial cells, but both Dab2 and AP-2 are involved and indeed facilitate CFTR endocytosis in human airway epithelial cells (Cihil et al. 2012; Hu et al. 2001).  Interestingly, in polarised human epithelial cells, Dab2 is involved in AP-2-independent  recruitment of CFTR to clathrin-coated vesicles and facilitates CFTR endocytosis and reduced stability at the membrane without AP-2.  It is interesting to see how diversely different cell types behave, and the variety of mechanisms involved in the control of CFTR membrane expression.

There is also potential for tyrosine kinase and phosphatase inhibitors to also influence the single channel current as well as altering Po or the number of channels at the membrane.  An example of this is the casein kinase 2 (CK2) inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB), which when used with the excised inside-out patch-clamp technique acts as an open-channel blocker of CFTR (Treharne et al. 2009).  Therefore it is also possible that PAO and Na3VO4 may have been acting as direct CFTR channel blockers.  The results presented in this thesis showed that delivery of 10mM Na3VO4 through the pipette solution indeed decreased the total and CFTRinh-172-sensitive current, which may be attributed to a direct channel blockage and therefore a decrease in single channel current.  Future work into the mechanisms of Na3VO4 mechanisms of action on CFTR could include more in-depth analysis using excised inside-out patch-clamp techniques and single channel recordings to focus in greater detail on the mechanisms behind the CFTR inhibition by this compound.

The problems with the biotinylation protocol meant that it was not possible to separate the plasma membrane and therefore quantify the change in CFTR expression at the plasma membrane.  As the biotinylation was unsuccessful the remaining sample still contained plasma and intracellular membrane as well as the cytosolic fraction.  Therefore the subsequent membrane preparation using high-speed ultracentrifugation produced a membrane pellet that instead of being a sample of intracellular membrane also contained plasma membrane.  This would explain why CFTR appeared to be present at a high concentration in what was believed to be the intracellular membrane – it was instead a concentrated sample of both intracellular and plasma membrane.  Due to the problems with the biotinylation it was not possible to quantify the decrease in CFTR plasma membrane expression through cell surface biotinylation and Western blot analysis.  

6.5.2 [bookmark: _Toc343447862][bookmark: _Toc347056934]Use of BVT.948 and NSC-87877

BVT.948 and NSC-87877 were used to identify the PTP involved.  BVT.948 catalyses the hydrogen peroxide-dependent oxidation of protein tyrosine phosphatases and inhibits them.  A cell permeable tyrosine phosphatase inhibitor, it was identified as PTP1B inhibitor in a high through-put screen (Liljebris et al. 2004).  It has mainly been used as a modulator of insulin signalling due to its selectivity for PTP1B, and it was used in these experiments to determine whether PTP1B was involved in the regulation of CFTR; the lack of effect suggested that it was not. 

The other compound available was NSC-87877, a potent inhibitor of Shp2.  As the data showed, there was no significant effect of NSC-87877 on total or CFTRinh-172-sensitive conductance, indicating that Shp1/2 were not involved in the regulation of CFTR.  The lack of effect of DIDS in both groups may have been due to the relatively small sample size; the contribution of the DIDS-sensitive current to the total whole-cell current is not as great as that of CFTR, therefore it is not as apparent and may take a larger sample size to become statistically significant.

6.6 [bookmark: _Toc343447863][bookmark: _Toc347056935]The role of G proteins in CFTR function

The aim of chapter 5 was to describe the effect of G protein stimulation on CFTR channels that have already been activated by an increase in cellular cAMP.  To achieve this, cells were stimulated with IBMX and forskolin to increase intracellular cAMP, and then stimulated with GTPγS to stimulate G protein activity.  As the data showed there was no significant difference in the DIDS- or CFTRinh-172-sensitive current with the addition of 100μM GTPγS.  

It may have been possible that the method of GTPγS delivery was not suitable to reach adequate concentrations inside the cell to elicit an effect.  As discussed in section 2.5.6.2, it was estimated that it would take approximately 4 minutes for the GTPγS to reach 90% of maximal concentration inside the cell (Hescheler 1994).  Therefore it is possible that a longer period of time may have been required for the concentration of GTPγS to reach the required concentration, and the lack of response could have been due to insufficient concentrations of the compound inside the cell.

There are two main mechanisms that determine the length of time a channel is present at the membrane – the first is the rate of delivery from intracellular vesicle pools, and the second is the rate of retrieval, which in the case of CFTR occurs through clathrin-dependent endocytosis (Lukacs et al. 1997; Prince et al. 1994).  In airway cells heterotrimeric G protein activation is associated with inhibition of CFTR through the prevention of vesicle delivery to the plasma membrane (Schwiebert et al. 1994b) due to the activity of Gαi-2.  It is unclear whether the activation of this heterotrimeric G protein is also involved in the retrieval of CFTR channels from the membrane, or whether it is mainly associated with intracellular vesicle trafficking and vesicle delivery to the membrane.  In the airway, cAMP increases the delivery of CFTR-containing vesicles to the plasma membrane through a SNARE complex-dependent mechanism (Peters et al. 1999).  G proteins, specifically Gβγ of Gi proteins, have been shown to interact with SNARE complex proteins and inhibit vesicle delivery (Blackmer et al. 2005).  A number of SNAREs have been identified that regulate the plasma membrane expression of CFTR, including syntaxins 3, 7, 8 and 16 (for review see Tang et al. 2011), but further investigations would improve the understanding of this area.

So far heterotrimeric G proteins have only been investigated in respect to their function in the prevention of cAMP-dependent vesicle delivery to the membrane (Schwiebert et al. 1994b).  The data presented in this chapter suggested that once cAMP had stimulated vesicle delivery and activated CFTR there was no further role of heterotrimeric G proteins in the regulation of CFTR.  Therefore stimulation with GTPγS had no effect, as vesicle delivery had already been stimulated by cAMP.  This would correlate with the role of G proteins not in the direct regulation of the channel, but in the determination of channel density at the membrane.  

However, if heterotrimeric G proteins were also involved in the retrieval of channels then GTPγS stimulation could decrease the half-life of CFTR at the membrane.  G proteins have been implicated in clathrin-mediated endocytosis (Carter et al. 1993); through the use of GTPγS and AlF4- to stimulate G proteins it was shown that heterotrimeric G proteins were involved in the assembly and budding of clathrin-coated pits.  However these experiments documented that stimulation of heterotrimeric G proteins with GTPγS prevented clathrin-mediated endocytosis.  This would not correlate with the inhibitory effect on CFTR function – G protein stimulation decreased CFTR function (Schwiebert et al. 1992), which was unlikely to be achieved by promoting channel expression at the membrane.  The experiments performed were conducted in a cell-free assay designed to investigate individual events in clathrin-mediated endocytosis (Carter et al. 1993) and may not be representative of the role of G proteins in airway cells.

As well as activating heterotrimeric G proteins, GTPγS can also activate small GTPase proteins such as the Rho and Rab family members.  Small GTPases are monomeric G proteins that cycle between an inactive GDP-bound state and an active GTP-bound state (Pochynyuk et al. 2007a), similar to the activation of heterotrimeric G proteins.  The Rho and Rab families have been implicated in the regulation of CFTR, predominantly through alterations in the trafficking of channels to the plasma membrane.  The Rho family GTPase TC10 has been shown to increase the plasma membrane expression of CFTR (Cheng et al. 2005), whereas the Rab family member Rab4 inhibited CFTR-mediated currents through decreased plasma membrane expression of the channel (Saxena et al. 2006).  Rab5, 7, 9 and 11 have also all been implicated in CFTR trafficking (Gentzsch et al. 2004), with Rab5 and 7 involved in CFTR internalisation, whereas Rab9 and 11 promoted plasma membrane expression of the channel.  Therefore it appears that a coordinated effort by small GTPase proteins is required to finely tune the plasma membrane expression of the CFTR channel.

While the regulation of CFTR by G proteins appeared to be through alterations in vesicle trafficking and channel delivery to the plasma membrane, G protein regulation of the ORCC is suggested to be more of a direct interaction (Ismailov et al. 1996).  The ORCC forms part of the whole-cell chloride current recorded in 16HBE14o- cells (Schwiebert et al. 1994a) and therefore the effect of G protein stimulation on these channels should also be investigated.  As the data showed there was no significant difference in DIDS-sensitive current or conductance in the presence of GTPγS after cAMP stimulation.  This suggested that activating G proteins with GTPγS after cAMP stimulation also had no additional effect on ORCC function.  When G proteins were stimulated with GTPγS prior to cAMP stimulation there was a significant decrease in the function of the ORCC (Schwiebert et al. 1995); however, as shown here, when G proteins were stimulated after cAMP stimulation there were no changes in channel function.  Therefore under these conditions stimulation by cAMP appeared to be the dominant regulator of the ORCC and CFTR with no additional input from G proteins.

6.7 [bookmark: _Toc343447864][bookmark: _Toc347056936]Additional CFTR interacting proteins

6.7.1 [bookmark: _Toc343447865][bookmark: _Toc347056937]AMPK and NDPK-A
It is important to note that this thesis has focused on a small subset of potential CFTR interacting proteins, and that the field includes a vast number of candidates involved in the regulation of this channel.  Of note, it is worth discussing the involvement of NDPK-A and AMPK in CFTR regulation.  AMPK is involved in altering cellular function in times of metabolic stress to reduce the consumption of ATP in response to an increase in cellular AMP (Hardie et al. 2012), and has been shown to regulate CFTR through binding to the C-terminal tail, phosphorylation and alterations in channel Po (Hallows et al. 2003b; Hallows et al. 2000; King et al. 2009; Kongsuphol et al. 2009); a logical association due to the ATP-dependent nature of the CFTR channel.  Muimo et al. (2006) showed an association between NDPK-A and AMPK, and it is hypothesised that the three proteins exist in a multiprotein complex involved in CFTR regulation (Treharne et al. 2009).  Through the use of mutant and WT NDPK-A proteins, it was also shown that the catalytic activity of NDPK-A was required for CFTR regulation by AMPK (King et al. 2012).  Therefore NDPK-A as well as NDPK-B appears to be important in the finely tuned regulation of this channel, and provides another candidate along with AMPK for a multiprotein complex surrounding CFTR.

6.7.2 [bookmark: _Toc343447866][bookmark: _Toc347056938]Chaperone proteins
CFTR is also associated with a number of chaperone proteins to ensure it is correctly folded; the most well-known of these chaperone proteins include the heat shock proteins (HSP), HSP70 and 90 (Sun et al. 2008; Wang et al. 2006).  The proteostasis network (PN) is also involved in protein folding, and HSP90 is a key member of the PN (Balch et al. 2008).  FK506-binding protein (FKBP) isoform 8 (FKBP8) is a member of the CFTR interactome that interacts predominantly with ΔF508 (Wang et al. 2006), which suggests that it plays a role in CFTR folding, but it is also required for the trafficking of WT CFTR (Banasavadi-Siddegowda et al. 2011).  Silencing of FKBP8 using siRNA resulted in the accumulation of both ΔF508 and WT CFTR as a misfolded intermediate, resulting in a loss of channel activity (Hutt et al. 2012).  This work has highlighted FKBP8 as a key component of the trafficking and folding machinery for CFTR and may be a potential therapeutic target in the future.

6.7.3 [bookmark: _Toc343447867][bookmark: _Toc347056939]Novel CFTR interacting proteins
Novel CFTR interacting proteins are being rapidly discovered, and some are identified through their interactions not with WT CFTR, but through interactions with common CFTR mutants.  One example of this is calumenin, a Ca2+-binding protein located in the ER (Yabe et al. 1997).  Calumenin was identified as a CFTR binding protein through immunoprecipitation with G551D-CFTR, followed by resolution using 2-dimensional gel electrophoresis and analysis using Mass Spectrometry (Teng et al. 2012).  Interestingly, co-immunoprecipitation experiments showed that more calumenin bound to G551D-CFTR than to WT CFTR, which is thought to explain the differences in maturation and trafficking between G551D-CFTR and WT CFTR (Teng et al. 2012).

6.8 [bookmark: _Toc343447868][bookmark: _Toc347056940]Overall conclusion

In conclusion, the results in this thesis have highlighted a number of important factors to consider for further research into the regulation of CFTR in human airway epithelia.  The difficulties encountered with the use of GFP-tagged proteins and siRNA-mediated knockdown of NDPK-B expression provided valuable insight into these techniques, especially in cells destined to be used for delicate procedures such as patch-clamping.  The work performed for this thesis on the role of tyrosine phosphorylation provided novel data on the regulation of CFTR by tyrosine phosphatases in 16HBE14o- cells, and the surprising results also highlighted the importance of considering the cell-type specific effects; the original hypothesis for the tyrosine phosphorylation work was based on published findings in a variety of cell types, but not 16HBE14o- cells, and was subsequently rejected.  The data obtained on the effect of Na3VO4 and PAO on the CFTRinh-172-sensitive current has provided a strong baseline for further work into identifying the tyrosine phosphatases involved.  Finally, the investigations into the role of G proteins in CFTR regulation once the channel has been activated showed that there was no effect of G protein stimulation with GTPγS on CFTR activity, although as discussed, changes in experimental technique to allow greater time for the compound to diffuse into the intracellular compartment of the cell may have been required.

6.9 [bookmark: _Toc343447869][bookmark: _Toc347056941]Improvements and future work

6.9.1 Chapter 3 – NDPK-B and CFTR

To improve this work, confocal imaging could have been used to thoroughly investigate the location of GFP-tagged and endogenous NDPK-B in 16HBE14o- cells to complement the whole-cell patch-clamp experiments.

Future work could focus on the use of nasal brushings from healthy volunteers, as these still displayed the previously identified movement of NDPK-B to the apical membrane and association with CFTR.  Continued use of the whole-cell patch-clamp analysis, the GFP-tagged proteins and shRNA in these cells would provide further insight into the functional interaction between NDPK-B and CFTR, especially with the use of tagged shRNA to allow for easy identification of transfected cells.  The nasal brushings would also provide a native human airway cell model, allowing the investigation of CFTR function in its native environment rather than in an expression system, where over-expression of the protein may cause aberrant function not only of CFTR, but of associated proteins as well (Widdicombe 2000).  It would also be informative to investigate the function of CFTR in an animal model, for example the zebrafish Danio rerio.  The availability of NDPK-B knockout zebrafish (Hippe et al. 2009) and investigations into CFTR function already taking place in this model organism (Bagnat et al. 2010)  make this a very attractive model for future work in this area.

 Further investigation into the binding sites on both NDPK-B and CFTR responsible for the co-localisation and co-immunoprecipitation of the two proteins would also provide further insight into the relationship between these proteins.  To this end, production of more NBD1 fragments for Far Western blot analysis would be beneficial to determine which residues in NBD1 are responsible for NDPK-B binding.  To determine key regions of NDPK-B involved in CFTR binding, fragments of NDPK-B could also be produced, primarily in the region that shows the least sequence homology to NDPK-A, as this isoform does not interact with CFTR; because the two proteins are very similar, any regions where this similarity is lost would be an optimum starting point for CFTR-NDPK-B interaction investigations.

6.9.2 Chapter 4 – tyrosine phosphorylation and CFTR
To improve this work, cell-surface biotinylation could have been used more effectively and the experiments repeated once it was established that the original work was inadequate.  In addition to this, confocal images could have been obtained using human nasal epithelial cells and 16HBE14o- cells to identify whether there were changes in the location of CFTR.  The staining for confocal imaging could have been done with a plasma membrane marker, for example using antibodies against alkaline phosphatase (Denning et al. 1992c) to allow co-localisation studies to be performed.  Actin markers could also have been used to provide a marker for the amount of protein loaded in each gel for Western blot analysis to allow any apparent changes in CFTR staining to be quantified.

Future work in this area could determine whether the effect of PAO on CFTR was due to inhibition of PTPs or whether it was due to another PAO target.  Due to the lack of information about PTPs involved in CFTR function and a paucity of specific PTP inhibitors there was only a finite amount of work that could be done in this area.  To determine whether the effect of PAO was mediated instead by Rho or PI4-K it would be necessary to use alternative inhibitors of these two enzymes to determine whether the effect of PAO could be mimicked.  However the similarity between the response to PAO and the response to Na3VO4 suggested that tyrosine phosphorylation may well be playing a role in the regulation of CFTR. Na3VO4 and PAO inhibit PTPs through separate mechanisms; while PAO disrupts the active site, Na3VO4 works as a competitive inhibitor by binding to the active site as a phosphate analogue (Huyer et al. 1997).  As they both mediated the same effects through two separate pathways it strengthens the argument for the involvement of PTPs in CFTR regulation.

Due to the lack of chemical inhibitors the role of specific PTPs in CFTR regulation could not be thoroughly investigated using that method.  Future work could focus on the role of PTPμ, which has been shown to interact with the scaffold protein RACK1 (Mourton et al. 2001).  RACK1 was originally identified as an anchoring protein for PKC (Ron et al. 1994) and has been shown to interact with NHERF1 (Liedtke et al. 2002), which subsequently interacts with CFTR (Hall et al. 1998).  Therefore PTPμ, RACK1, NHERF and CFTR may all co-exist in a multiprotein regulatory complex, although the impact of this has not yet been fully determined and the role of PTPμ in the regulation of CFTR is still to be investigated.  Due to the lack of specific chemical inhibitors of PTPμ, alternative approaches such as siRNA-mediated knockdown of PTPμ expression (Sui et al. 2005) or over-expression of recombinant PTPμ would need to be employed.  Preliminary co-immunoprecipitation experiments have shown that PAO treatment disrupts the binding of PTPμ to CFTR (Le, unpublished) therefore making it an attractive candidate for further investigation.

To determine the mechanisms by which PAO and Na3VO4 decreased CFTR function further investigation into the effect on CFTR membrane expression would be beneficial.  Additional confocal images and completion of biotinylation experiments would provide further evidence as to whether the decrease in CFTR whole-cell conductance was due to a decreased number of channels at the plasma membrane.  Determining whether this is due to decreased channel delivery could be achieved through membrane capacitance recordings, or whether the effects of Na3VO4 and PAO could be mimicked by brefeldin A, which blocks the transport of proteins to the Golgi and causes accumulation of proteins in the endoplasmic reticulum (ER) (Fujiwara et al. 1988).  To investigate channel retrieval from the membrane it would be interesting to determine whether the effect of the phosphatase inhibitors was still intact in the presence of a mutated CFTR channel with alterations in the predicted tyrosine-based internalisation motif in the C-terminus.  Alterations in the expression of c-Cbl would also provide clues as to the mechanisms involved in the inhibition of CFTR function by tyrosine phosphatases.

6.9.3 Chapter 5 – G proteins and CFTR
Clathrin exists in heterogeneous populations at the plasma membrane, with some populations internalising in approximately four minutes while others are more stable and persist for approximately thirty minutes (Rappoport et al. 2006). Should heterotrimeric G proteins be involved in endocytosis the effect may not have been recorded using the whole-cell patch-clamp technique, as the time course of experiments may have been too short for sufficient CFTR internalisation to take place to produce a change in channel function.  To address this in the future membrane capacitance recordings could be incorporated into the technique to determine whether the application of GTPγS had an effect on cell surface area, which would give an indication as to whether G protein-mediated retrieval of channels from the plasma membrane was occurring.


Chapter 6		Discussion
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pEGFP-C2 vector map (BD Biosciences Clontech).  Restriction sites highlighted with red boxes.

pEGFP-N2 vector map (BD Biosciences Clontech).  Restriction sites highlighted with red boxes.
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In order to calculate the equilibriumpotential for monovalent anions at 20°C, this equation

was rearranged accordingly.
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