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[bookmark: _GoBack]CHAPTER 1: INTRODUCTION
This chapter introduces the concepts relevant to the studies performed in this dissertation in five sections.  First, I begin with a brief historical account of the fascinating history of the study of the pathophysiology of CF.   Second, I discuss the seminal research that identified and ascertained the function and regulation of CFTR.  I also explain the mechanisms of CFTR dysfunction caused by several types of CF-related mutations.  Third, I discuss several indispensable roles of CFTR function in physiology, with a particular emphasis on those systems where dysfunction directly accounts for pathology in CF patients.  Fourth, I discuss the currently FDA-approved functional modulator of CFTR, Ivacaftor (VX770), which is used in some of the studies in this dissertation.  Fifth, I review relevant research pertaining to the structure-function relationship in CFTR.  To tailor this section (of which an adapted version is in the process of being submitted as a freestanding publication) to this dissertation, I have focused on how the structure, function, and pharmacology of CFTR relates to structural and functional data from evolutionarily-related but functionally-divergent members of the ATP-binding cassette (ABC) superfamily of proteins. Finally, I introduce the three major interrelated research questions pertaining to CFTR structure and function that were asked in the course of this dissertation.



1.1:  A brief history of research on CF pathophysiology
	1.1.1 Earliest indications.  Our history of “research” into CF actually begins as early as medieval times.  In several countries of medieval Europe, there is evidence of a common (and dark) children’s rhyme that “a child will die soon, whose forehead tastes salty when kissed.”(Super, 1992)  With the benefit of hindsight, we now know that this particular rhyme refers to the sweat gland electrolyte imbalance intrinsic to CF, a disease most common in ethnic Caucasians who claim these Europeans as ancestors (Conneally et al., 1973).  Sadly, this pre-scientific society attributed the fact that this disease was often manifest in siblings as evidence of a cursed or “bewitched” family.  As such, many of these CF children suffered perhaps the greatest condemnation of that time period—they were refused baptism (Super, 1992).  In the early 20thcentury, Landsteiner (1905) and Garrod (1910) first recognized the existence of a disease involving concurrent meconium ileus (infantile intestinal blockage) and bronchopneumonia (Dodge, 2015).  In addition, Garrod correctly hypothesized the autosomal recessive nature of the disease, based on patterns of inheritance in affected consanguineous families (Dodge, 2015).  
	1.1.2 Defining the disease.  Major leaps forward occurred in the 1930s, when the French physician Guido Fanconi (1936) and American physician Dorothy Anderson (1938) independently described, in what even today is considered by physicians a high degree of accuracy (Super, 1992), the main pathological components of this disease (Dodge, 2015).  Anderson in fact named the disease “Cystic Fibrosis,” after the pancreatic cysts that were characteristically observed in autopsy of CF patients.  In her very first description, Dorothy Anderson even suggested treatment of using pancreatic enzymes, which would eventually be implemented as standard of care, but not until decades later (Somaraju and Solis-Moya, 2015).  Fanconi and Anderson’s work was followed up by myriad others and within 15 years, the majority of the presently known major systemic abnormalities in CF had been defined (Cutting, 2015).  Figure 1.1 summarizes these effects, which will be revisited in the discussion of the clinical mechanism of a CFTR-directed therapeutic, Ivacaftor (Section 1.4).  In addition, around this time, the historically hypothesized autosomal recessive inheritance of CF was firmly established via large scale genetic studies such as by Lowe et al. (Lowe et al., 1949).
	1.1.3 Missing chloride conductance.  Medieval nursery rhymes notwithstanding, 
the first solid evidence that CF was a disease of electrolytic imbalance came from a study by Paul Di Sant’Agnese et al., who noticed that CF patients were particularly susceptible to heat exhaustion during a heat wave in 1950s New York.  They tested the sweat of CF patients and noted elevated sodium and chloride levels, indicating a defect in electrolyte reabsorption (Di Sant'Agnese et al., 1953).  Approximately thirty years later, physiologist Paul Quinton (himself a CF patient) isolated CF sweat glands and observed an absence of physiological chloride permeability during microperfusion (Quinton, 1983; Quinton and Bijman, 1983).  Around the same time, a lack of physiological chloride conductance (in these cases secretion) was reported in CF nasal epithelia (Knowles et al., 1983a) and airway epithelium (Frizzell et al., 1986; Knowles et al., 1983b; Welsh, 1986a; Welsh, 1986b; Welsh and Liedtke, 1986).     The    	 observation 


Figure 1.1  Systemic Effects of Cystic Fibrosis.   Author’s own work, adapted from a purchased royalty-free stock photo of the internal organs of the human body.  Effects taken from (Cutting, 2015).  The effects that are asterisked have been specifically shown to be improved in G551D patients upon taking the FDA-approved CFTR potentiator Ivacaftor (Section 1.4).






that epithelial tissues from several different organs all featured loss of chloride conductance in led to the intuitive hypothesis that the autosomal recessive disease CF was caused by a genetic defect in a chloride channel.
1.2 Cloning and characterization of the CF gene.
1.2.1 Cloning of CFTR.  With both the genetic and physiological bases of CF reasonably well established by the late 1980s, the “race was on” to identify the gene harboring mutations in CF.  This effort predated the mapping of the human genome, and as such was facilitated by intensive linkage studies that had mapped the CF locus to a particular region of chromosome 7 (Knowlton et al., 1985; Tsui et al., 1985; White et al., 1985).  In 1989, a group led by Francis Collins (now director of the National Institutes of Health), John Riordan, and Lap-Chee Tsui ultimately used gene jumping (concentrating on GC-rich segments of the region that were likely to harbor genes (Rommens et al., 1989)) to discover and publish the sequence of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) (Riordan et al., 1989), as well as localize the most common CF-associated gene mutation, the deletion of phenylalanine 508 (F508del) (Kerem et al., 1989).  Based on hydropathy plots and sequence similarity with exporters of the ATP binding cassette (ABC) protein superfamily, this group proposed that CFTR was a transmembrane protein with 2 major transmembrane domains (each having 6 transmembrane helices) and three major cytoplasmic domains, including two ABC-like nucleotide binding domains, NBD1 and NBD2 (Riordan et al., 1989).  This topology  is  rendered  in  Figure  1.2  as  a  cartoon  layout,  which   is how CFTR has 	been 



Figure 1.2  Cartoon depiction showing the overall organization and topology of CFTR. TMD = transmembrane domain, NBD1 = first nucleotide binding domain, NBD2 = second nucleotide binding domain, R-D = Regulatory “R” domain.   Transmembrane helices are numbered.    






depicted essentially since the gene was cloned.  Though CFTR’s kinship to other ABC transporters has ultimately proven useful in elucidating details about its structure and conformational dynamics (see Section 1.5), it led to initial confusion in the understanding the function of the protein.  After all, why would an ion channel, which regulates the passive flow of ions down their electrochemical gradients, need to hydrolyze ATP, as necessary for active transport?  The initial uncertainty as to the function of CFTR is why it was named a “transmembrane conductance regulator” rather than an ion channel at the time of cloning—a name that, however awkward, has stood until the present day.  
1.2.2 CFTR is an anion channel.  Earlier studies done on normal and CF epithelia had shown that CF caused a loss of a phosphorylation-regulated chloride conductance (Schoumacher et al., 1987).  Congruent with this, it was shown that expression of CFTR in CF airway cells (Rich et al., 1990) and in CFTR-less cell lines (Berger et al., 1991) imparted a new PKA-dependent chloride conductance, strongly implying that CFTR functions as a chloride channel.  Ultimately, definitive demonstration that CFTR itself directly mediated the chloride conductance was accomplished using two independent approaches.   The Welsh group showed that point mutations in the putative pore domain of CFTR altered the halide selectivity of the channel (Anderson et al., 1991b) while the Riordan group purified CFTR, reconstituted the protein in a cell-free system, and demonstrated that CFTR alone was sufficient to mediate an ATP and cAMP-dependent chloride conductance (Bear et al., 1992).
It bears mentioning at this juncture that although the vast number of studies of CFTR have concentrated on its physiologically relevant chloride channel activity exclusively, chloride channels are in general notoriously nonselective, so it is not surprising that CFTR has been found to conduct many different (physiological and non-physiological) anions (Linsdell et al., 1997; Yeh et al., 2015).  In part prompted by very early clinical research reports demonstrating that pancreatic bicarbonate (HC03-) secretion is impaired in CF patients (Gaskin et al., 1982), and by the fact that current measurements across airway epithelia could not be fully accounted by chloride as a sole anion (Smith and Welsh, 1992), several groups tested and ultimately confirmed that airway epithelial cells exhibit a cAMP-stimulated, CFTR-dependent HC03- conductance (Choi et al., 2001; Ko et al., 2002; Smith and Welsh, 1992). The list of physiological anionic solutes able to permeate through CFTR has in fact even been reported to include the reducing tripeptide glutathione (GSH) (Linsdell and Hanrahan, 1998).  However, while this promiscuous permeability is interesting and often useful in mechanistic studies of the channel pore (Serrano et al., 2006; Yeh et al., 2015), thus far only CFTR chloride and bicarbonate conductances have been strongly implicated in the pathophysiology of CF, by the mechanisms described in Section 1.3.
1.2.3 CFTR is activated by phosphorylation.  Its identity as a bona fide chloride channel established, intensive electrophysiological and biochemical studies were done to elucidate the molecular mechanisms of CFTR regulation.  It was found that deleting the intracellular R domain eliminated dependence on cAMP, suggesting that CFTR is activated by direct PKA-mediated phosphorylation of this region (Rich et al., 1991).   Specific consensus sites were identified as targets of PKA phosphorylation; it was found that mutation of these sites either to alanine (to eliminate the side chain) (Cheng et al., 1991) or to aspartic acid (to mimic phosphorylation (Rich et al., 1993)) altered the dependence of the channel on cAMP or PKA. The fact that both phosphorylation, and phospho-mimicking at these positions reduced phospho-dependence strongly implied that the unphosphorylated R-domain overall served as an inhibitory domain and that phosphorylation relieved this inhibition.  The above data conjured hypotheses relating the R-domain to that of the inactivation “ball” responsible for inactivation of voltage-gated ion channels (Armstrong and Bezanilla, 1977).  This idea was indirectly supported by the fact that there was redundancy observed in terms of the ability of four main serine residues to inhibit the channel when unphosphorylated (Cheng et al., 1991).  
However, subsequent studies have complicated this model significantly.  First, it was shown that an exogenous unphosphorylated R domain peptide failed to inhibit R domain-less (ΔR-CFTR) channels, while adding a phosphorylated R domain peptide actually stimulated them (Winter and Welsh, 1997).    Second, it was shown via a combination of approaches (electrophysiology, mass spectroscopy, and phospho-western blotting) that specific sites are phosphorylated at different rates (Csanady et al., 2005b) and mediate opposite functions; this is to say, some sites inhibit CFTR when unphosphorylated, while some sites inhibit CFTR when phosphorylated (Csanady et al., 2005b; Wilkinson et al., 1997).  Finally, despite the observed redundancy in terms of functionally validated PKA consensus sites to confer phospho-regulation on CFTR per se, it also has been shown that the degree of phosphorylation (above that necessary to activate the channel at all) affects the activity of CFTR in a graded (rather than binary) fashion (Hwang et al., 1993).  Particularly, partially de-phosphorylated vs. strongly phosphorylated CFTR channels differ at least in terms of their sensitivity to ATP (Csanady et al., 2000) (the gating ligand of CFTR, see below), gating kinetics (Csanady et al., 2010; Vergani et al., 2003), and response to pharmacological modulators (Wang et al., 2005).  Though as-yet poorly understood in terms of its mechanistic or structural basis, this phenomenon is likely highly relevant in the context of epithelial tissues, wherein PKA signaling is highly dynamic (Mutlu and Factor, 2008).  
The complex nature of CFTR regulation by phosphorylation is still not well understood, particularly since it is now thought that in addition to (and in combination with) PKA, CFTR is modulated by PKC (Chappe et al., 2004; Seavilleklein et al., 2008) and tyrosine kinases (Billet et al., 2013) through distinct sites.  However, of these modes, activation of CFTR by PKA alone is the best understood at the molecular level. Intersubunit cysteine cross-linking demonstrated that PKA-mediated phosphorylation of the R domain of CFTR promotes formation of the NBD heterodimer necessary for channel opening in vivo (Mense et al., 2006).  Similar results were found in experiments using purified NBD-R domain fragments (Howell et al., 2004).  More recently, extensive nuclear magnetic resonance studies have mapped the majority of the residues of the R domain and demonstrated that PKA phosphorylation causes the loss of specific secondary helical structures within the domain (Baker et al., 2007) and the loss of inhibitory interactions between the R domain and the rest of the CFTR protein, including at the interface between the two NBDs (Bozoky et al., 2013a; Bozoky et al., 2013b).  Thus, at least one mechanism by which the R domain regulates CFTR activity is to function as an inhibitory “gear” that gets in the way of the conformational changes described below that are necessary for channel opening in the presence of ATP.  However, other mechanisms must also exist, at least to account for the stimulation of ΔR-CFTR channel activity by the fully phosphorylated R domain(Winter and Welsh, 1997) and for the finding that the R-domain still regulates the activity of a truncation mutant of CFTR that is missing NBD2 (Wang et al., 2010).
1.2.4 CFTR is opened by ATP binding and closed by ATP hydrolysis at the NBDs.  Not long after CFTR was shown to function as a chloride channel, excised patch clamp studies demonstrated that nucleoside triphosphates (NTPs, with a strong preference for ATP) are required to open the phosphorylated CFTR channel (Anderson et al., 1991a).  This was consistent with the initial proposal that the cystosolic regions of CFTR conserved with ABC transporters were nucleotide binding domains (Riordan et al., 1989).  In addition, the dose dependence of channel opening as a function of ATP concentration showed negative cooperativity, suggesting that there were two ATP binding sites (ABSs) in the channel, analogous to the two sites in the NBDs of transporters (Anderson et al., 1991a; Gunderson and Kopito, 1994).  The finding that non-hydrolyzable ATP analogs such as AMP-PNP were unable to open CFTR (Anderson et al., 1991a; Carson and Welsh, 1993) initially caused some confusion, because it seemed to implicate not just binding of an ATP ligand but also hydrolysis (consumption) of that ligand to channel opening.   However, it was subsequently demonstrated that while AMP-PNP was unable to open CFTR on its own, it could bind and open the channel if applied in combination with ATP (Baukrowitz et al., 1994; Gunderson and Kopito, 1994) or immediately after washout of ATP (Hwang et al., 1994) .  In these contexts, AMP-PNP has the effect of “locking” the channel open, presumably due to its binding to and disabling one ATP-hydrolyzing pocket of CFTR along with ATP binding to another, structurally distinct site (Gunderson and Kopito, 1994; Hwang et al., 1994).
Strong evidence was attained that ATP hydrolysis was likely not required to open CFTR through mutation of residues in the NBDs that are analogous to ones demonstrated to be important for ATP hydrolysis in other ABC proteins (Gunderson and Kopito, 1995; Vergani et al., 2005).  Far from precluding channel opening, these mutations instead “locked” the channel into open bursts orders of magnitude longer than observed for Wild-type (WT) CFTR (Gunderson and Kopito, 1994; Vergani et al., 2005).  These studies also provided additional evidence that the two predicted ABSs in CFTR are non-equivalent, since mutations of analogous lysine residues abolished channel closure when mutated in NBD2 (K1250A) but not when mutated in NBD1 (K464A) (Berger et al., 2005; Gunderson and Kopito, 1995).   Subsequent biochemical experiments would demonstrate that this non-equivalence was in part due to the fact that the ABS incorporating K464 was already enzymatically “dead” (likely due to the absence of other canonical catalytic residues in this site), while the ABS incorporating K1250 was enzymatically functional (Aleksandrov et al., 2002).  (See section 1.5 for a more detailed discussion of the structural and evolutionary basis for this aspect of CFTR function.)  Overall, these results suggested that WT-CFTR opening is dependent on ATP binding to the channel, while channel closure is dependent on ATP hydrolysis by the channel.  This so-called “non-equilibrium” gating model has been more or less supported by subsequent studies wherein other catalytic residues in the hydrolytic ABS near K1250 have been mutated (Csanady et al., 2010; Kloch et al., 2010; Vergani et al., 2005), although it is important to note that the strictness of dependence of CFTR opening on ATP binding and CFTR closing on ATP hydrolysis is not absolute: highly phosphorylated CFTR channels can open and close (vary rarely) in the absence of free ATP, and even in the absence of the NBD2 domain (Wang et al., 2010).   
1.2.5 Mechanisms of dysfunction in CF-related CFTR mutants.  As discussed above, CF is directly caused by mutations in CFTR.  Consequently, as the field has worked to understand the the WT-CFTR channel, concurrent study has aimed to elucidate the mechanisms by which mutations in CFTR cause channel dysfunction. To date, approximately 1900 different mutations in the CFTR gene have been reported (www.genet.sickkids.on.ca).  Of these, at least 159 occur with enough frequency that they are known to be reliably CF-causing, and they are very diverse in terms of proposed mechanism of dysfunction (Sosnay et al., 2013).  In order to make sense of this diversity, these mutations have been grouped into classes (Cutting, 2015) (Figure 1.3):  Class I mutations disrupt synthesis of the full length protein; Class II affect processing (including trafficking);   Class   III   cause  dysfunction  in  the  channel’s  responsiveness  to 	cellular


Figure 1.3 Mechanistic classes of Cystic Fibrosis-related mutations in CFTR in a schematized epithelial cell. Author’s own work.  Labeled with archetype mutants of Class II, III, and IV discussed in this section.  The CFTR molecule (gray) is purposely drawn drastically out of scale. 






regulation (ATP and PKA); Class IV cause dysfunction in open pore stability and/or anion conduction; and Class V mutations cause transcription of mRNA to be reduced, and Class VI mutations cause defects in plasma membrane stability leading to enhanced endocytosis (Cutting, 2015).  Several different missense, deletion, and nonsense mutations in CFTR genes are found in substantial numbers of CF patients (Sosnay et al., 2013) (Table 1.1).  Since our group is most interested in the structure and function of the channel, we concentrate on mutation classes wherein full-length CFTR protein is made but is dysfunctional (particularly Classes II, III, IV).  Below, I use archetype mutations to explain these three classes.  As will become clear, these classes are not mutually exclusive; this is to say, it is possible for one mutation to cause defects of several class types.
Class II:  F508del-CFTR. The CF-causing mutation F508del-CFTR was identified when the gene was cloned and at that time it was estimated to be present in approximately 70% of all CF patients (Kerem et al., 1989).  It has been shown subsequently that the F508del mutation is present on at least one allele in approximately 90% of American CF patients, making it by far the most common CF-causing CFTR mutation (Sosnay et al., 2013). The first evidence that this mutation alters CFTR processing was generated    by    comparing   glycosylation   patterns   between   WT-   and   F508del-CFTR   (Cheng et al., 1990).  Specifically, glycanase treatment of transfected cells showed  that WT-CFTR is both “core” and “complex” glycosylated, whereas F508del-CFTR is only “core” glycosylated (Cheng et al., 1990).  Since proteins are core glycosylated in the endoplasmic reticulum (ER) and complex glycosylated in the
TABLE 1.1 Prevalence and class overlap in CF-related CFTR mutations  
	Mutation 
	Domain
	Mutation Class1
	Number of Patients5

	P67L
	N-terminus
	IV
	238

	G85E
	N-terminus
	II
	580

	D110H2,4
	TMD1
	IV
	57

	R117H2,3
	TMD1
	IV
	2042

	R117C3
	TMD1
	IV
	141

	Y122X	
	TMD1
	I
	75

	L206W
	TMD1
	II
	330

	R334W
	TMD1
	IV
	404

	T338I
	TMD1
	IV
	51

	R347P
	TMD1
	IV
	512

	R347H
	TMD1
	IV
	191

	R352Q
	TMD1
	IV
	99

	A455E
	NBD1
	II, V
	495

	I507del
	NBD1
	II
	629

	F508del2
	NBD1
	II, II, IV
	64868

	V520F
	NBD1
	II
	155

	G542X
	NBD1
	I
	3474

	S549R
	NBD1
	III
	61

	S549N
	NBD1
	III
	184

	G551D2
	NBD1
	III
	2915

	R553X
	NBD1
	I
	1298

	A559T
	NBD1
	II
	85

	R560T
	NBD1
	II
	340

	R1066C
	TMD2
	II
	212

	L1077P
	TMD2
	II,III
	93

	M1101K
	TMD2
	II
	176

	D1152H
	TMD2
	IV
	555

	R1162X
	TMD2
	I
	611

	D1270N
	NBD2
	III
	52

	W1282X
	NBD2
	I
	1552


Data culled from CFTR2 database:  www.genet.sickkids.on.ca
1. Mutation class for a given mutant is that ascertained thus far from the functional experiments or genetics.  This categorization will likely expand over time: for example, many class II mutants (like F508del) may also have functional defects observable after correction of trafficking.
2. Mutations discussed as archetypes of a class
3. Most common mutations in a region of CFTR (ECL1) whose structure was investigated as part of this dissertation (Section 3.2).
4. This mutation was specifically investigated as a part of this dissertation (Section 3.1)
5. This is the number of patients ever recorded to have a given mutation.
Golgi apparatus, this discrepancy indicated that the absence of F508 causes F508del-CFTR to fail to exit the ER.  Immunofluorescence (Cheng et al., 1990) and biotinylation (Denning et al., 1992c) data showed that the consequence of this trapping is that most if not all of F508del-CFTR fails to localize to the plasma membrane and is eventually targeted for proteasomal degradation (Jensen et al., 1995; Ward et al., 1995).  
Encouragingly, studies contemporary to these demonstrated that F508del-CFTR does generate current when expressed in non-mammalian expression systems, such as Xenopus oocytes (Drumm et al., 1991).  It was hypothesized these currents were enabled by the lower culturing temperature for these cell types, and in agreement with this, subsequent studies demonstrated that F508del-CFTR trafficking could be “corrected” in mammalian cells by lowering the culturing temperature below 37° C (Denning et al., 1992a).  It is, however, also well established that the function of temperature-corrected F508del-CFTR is impaired (regardless of expression system); therefore, F508del must be thought of as both a Class II and a Class III mutant.  In particular, at room temperature, a given level of activation requires higher levels of PKA for F508del-CFTR than for WT-CFTR (Drumm et al., 1991; Wang et al., 2000), and even when fully phosphorylated, the mutant has an approximately 40-fold lower opening frequency in response to ATP (Miki et al., 2010).  More recently, it has been shown that activity is essentially eliminated when temperature-corrected F508del-CFTR recorded in excised patches is raised from room temperature to 37°C (Liu et al., 2012; Wang et al., 2011b).  
Nevertheless, the demonstration that trafficked F508del-CFTR retains marginal function has led to efforts to develop pharmacological “correctors” capable of increasing the pool of plasma membrane-localized F508del-CFTR in patients.  These efforts have been supported by intensive mechanistic work on the structural defects caused by deletion of F508.  These studies have essentially all converged on two main structural phenotypes caused by this mutation.  First, deletion of this residue renders the domain in which it is found (NBD1) structurally distorted and biochemically unstable (Ko et al., 1993; Mendoza et al., 2012; Rabeh et al., 2012).   Second, loss of F508 disrupts an interaction between NBD1 and intracellular loop 4 (ICL4) that is critical to both the folding and subsequent gating of the channel (He et al., 2008; Rabeh et al., 2012; Serohijos et al., 2008).  In the context of the whole protein, these defects can be distinguished via second-site suppressor mutations that repair either one defect or the other (Mendoza et al., 2012).  Similarly, it is thought that some pharmacological correctors act on the NBD1 stability defect, while others (including the most promising pharmacological corrector of F508del, Lumacaftor (VX809)) act by helping to repair the NBD1-ICL4 interaction defect (Okiyoneda et al., 2013). 
Class III: G551D-CFTR. The relatively common G551D mutation is associated with severe disease (Cutting et al., 1990).  As opposed to mutations like F508del, the G551D mutation does not apparently affect protein trafficking or stability.  Rather, this mutant has a profound defect in its opening rate in response to activating stimuli—approximately 100-fold lower than that of WT-CFTR (Bompadre et al., 2005; Miki et al., 2010).  Since G551D is one of several disease-related mutations localized to one of the previously-described ATP binding pockets of the NBDs of CFTR (Cutting et al., 1990; Smit et al., 1993), it has been hypothesized that the mutation alters ATP binding to these domains.  In support of this, biochemical assays with purified NBD proteins demonstrated that G551D NBD1 binds ATP with an approximately four-fold lower affinity as compared to WT-NBD1 (or F508del NBD1) (Logan et al., 1994).  However, in excised patches, the activity of G551D-CFTR is dependent on PKA phosphorylation at the R domain, but essentially independent of ATP concentration (Bompadre et al., 2007).  Therefore, either the G551D mutation more profoundly impairs ATP binding in the context of the whole protein than in isolated NBD1, or a more complex, as yet undescribed mechanism accounts for the anomalous behavior of G551D-CFTR.  
Class IV:  ECL1 mutants.  A group of missense mutations found in the pore domains of CFTR have been found to affect CFTR function through defects in gating of or conductance through the pore (Table 1.1).  Many of these mutations affect pore stability, as evidenced by diminished open burst durations and subconductances in their single channel behavior (Cotten and Welsh, 1999).  At the structural level, one hypothesized mechanism by which some Class IV mutants cause dysfunction in the CFTR channel is by disrupting an electrostatic “salt-bridge” interaction necessary for maintenance of pore architecture and stability.  
For example, in the first extracellular loop (ECL1) of CFTR, mutations at six different positions have been associated with CF disease, including D110H and D110E (Van Goor et al., 2014).  Characterization of some CF-causing mutations in this region, including R117H (Hammerle et al., 2001; Sheppard et al., 1993), as well as studies using multi-species CFTR chimeras (Price et al., 1996),  had ascribed to ECL1 an important role in maintaining the stability of the open pore of the channel.  We recently investigated the functional role of three charged residues (D110, E116, and R117), wherein mutations cause mild CF disease (Cui et al., 2014).  Charge-reversed (D110R- and E116R-CFTR) or neutralized (R117A-CFTR) mutants displayed very brief mean burst durations compared to WT-CFTR ( ̴ 700 ms) and significant subconductance behavior.  Interestingly, though, when the full conductance was observed in these mutants, it was similar in amplitude to WT-CFTR (Cui et al., 2014).  For R117A-CFTR, this result was suggestive that this basic residue was likely not involved in the electrostatic attraction of anions into or through the pore, as had been suggested by another group (Zhou et al., 2008).  As discussed above, poorly-hydrolyzable ATP analogs such as AMP-PNP “lock” WT-CFTR open (when applied concurrently with ATP) by disallowing ATP hydrolysis necessary for channel closure (Gunderson and Kopito, 1994).  However, the mean burst durations of D110R-, E116R, and R117A-CFTR were not increased by ATP + AMP-PNP, further suggesting that their defects are in “pore gating” – that is, regulation of the CFTR gate kinetically downstream of ATP binding and NBD dimerization.  The failure of these ECl1 mutants to be locked open by AMP-PNP, combined with their diminished burst duration, strongly suggests that channel closure is primarily the result of instability of the channel pore, as opposed to ATP hydrolysis (as in WT-CFTR) (Section 1.2.4).
Mutations of these three residues that spared native charge partially rescued mean open burst durations, perhaps pointing to a role of residue charge at these positions in maintaining open pore stability (Cui et al., 2014).  Electrophysiological evidence from single channel recording of charge-swapped mutants suggested that E116 may interact with R104 of TM1, while R117 may interact with E1126 of ECL6 (Cui et al., 2014).  Outside of ECl1, at least two other electrostatic interactions involving positions of Class IV mutation have been identified, one involving R347 (Cotten and Welsh, 1999) and the other involving R352 (Cui et al., 2008) (Table 1.1).   
1.3 Physiological roles of CFTR
1.3.1 Epithelial and exocrine physiology: roles of chloride and bicarbonate permeation through CFTR.  As discussed above, even before the discovery of CFTR, the pathophysiology of the multisystem disease CF had already been somewhat consolidated around the idea of secretory defects in epithelia (Knowles et al., 1983a; Knowles et al., 1983b; Quinton, 1983; Quinton and Bijman, 1983; Welsh, 1986a; Welsh, 1986b; Welsh and Liedtke, 1986). This pathophysiological characterization therefore provided retroactive mechanistic insight into the physiological roles of CFTR in those tissues after CFTR was cloned and functionally characterized as a chloride and bicarbonate channel.  
 CFTR is expressed on the luminal sides of polarized epithelial cells (Denning et al., 1992b).  Both the function of apical CFTR and that of important basolateral anion transporters are regulated by PKA (McCann and Welsh, 1990), which allows for the vectorial transport of anions to occur in response to adrenergic signaling elicited by physiological secretagogues such as epinephrine (Bossard et al., 2011; Frizzell et al., 1986; Quinton et al., 2012).  Ionic transport in turn directly modulates the physiological secretion and reabsorption of other ions and water due to electrogenic and osmotic forces (Figure 1.4).  In the airway, CFTR dysfunction causes loss of chloride efflux into the airway surface liquid (Rich et al., 1990).  This loss of chloride efflux is accompanied by increased sodium absorption through the Epithelial Sodium Channel, or ENaC, as evidenced by increased amiloride-sensitive current in CF epithelia (Knowles et al., 1983a; Knowles et al., 1983b).  In order to maintain isotonicity in the airway surface liquid (ASL) (Knowles et al., 1997), these alterations in ionic flux to the lumen would be expected to impair the physiological secretion of water and therefore dehydrate the ASL.  In support of this, it was found that when airway epithelial cells from CF patients are cultured to form polarized epithelia in vitro, the depth of liquid maintained at the air-surface interface is only half of that of cells from normal controls, or less, but it is isotonic (Matsui et al., 1998; Tarran et al., 2001). This dehydration has been traditionally proposed to underlie the basis for the mucovicidosis (thickened mucous) in CF, which impairs mucocilliary clearance (Matsui et al., 1998) and ultimately contributes to the vicious pathophysiological cycle of persistent bacterial and viral lung infection, inflammation from a futile immune response, and ultimate airway remodeling and destruction (Rowe et al., 2005).  
However, there is also evidence that loss of CFTR’s physiological bicarbonate permeation (Smith and Welsh, 1992) is a major contributor to pathophysiology in the CF lung.  The ASL of patients (and CF animal models) has been shown to be approximately 0.6  pH  units  more  acidic  than  normal controls (even in the absence of overt 	bacterial 


Figure 1.4  Consequences of CFTR dysfunction on physiology of an idealized epithelial cell.   A.  Author’s own work, depicting the changes in ionic fluxes.   Note that Chloride and Bicarbonate efflux are depicted as significantly impaired (smaller arrows) rather than absent in the CF cell because many epithelial tissues (including in the airway) also contain Ca2+  - dependent chloride and bicarbonate conductances that are independent of CFTR (Smith and Welsh, 1992).
infection (Pezzulo et al., 2012; Song et al., 2006)), presumably as a result of the loss of the flux of this important base into the lumen.  This acidity is proposed to not only underlie the viscous nature of CF mucous (Tang et al., 2016; Yang et al., 2013) but also directly render several proteins of the innate immune system in the ASL less effective in killing bacteria (Pezzulo et al., 2012; Shah et al., 2016; Tang et al., 2016).  
These mechanisms are closely paralleled in the intestinal and pancreatic epithelium.  As in the lung, these organs are affected with mucovicidosis, although in these internal organs, the effect of the sticky mucous is not to incur infection but rather to block pancreatic exocrine function (ultimately leading to pancreatic remodeling) and nutrient absorption through the ileum (Quinton, 2010).  As with the airway, acidity in these organ systems suggests that bicarbonate transport is also impaired (Gelfond et al., 2013).  The pancreas is the main bicarbonate-secreting organ in the body, and, as discussed previously, it has been long known that bicarbonate levels are abnormally low in pancreatic secretions from CF patients (Gaskin et al., 1982; Quinton, 2010).  It is therefore highly likely that defects in CFTR-mediated bicarbonate transport are important (if not predominant) causes of dysfunction in these internal organs, particularly in light of recent studies demonstrating that mutations that predominantly affect bicarbonate permeation through CFTR are more highly associated with pancreatitis than with Cystic Fibrosis (LaRusch et al., 2014).  Finally, note that an important exception to the directionality of ion transport as discussed in the epithelial tissues above is found in the unique electrochemical environment of the sweat gland, wherein CFTR channels expressed on both the apical and basolateral sides of cells lining the reabsorptive duct (Kartner et al., 1992) primarily mediate transcellular chloride absorption (Reddy and Quinton, 1992). Impairment by CFTR dysfunction therefore leads directly to hypertonicity of the sweat, as initially observed by Di Sant’Agnese and colleagues so many decades ago (Di Sant'Agnese et al., 1953). 
1.3.2 Pancreatic beta cell (endocrine) function.  Diabetes mellitus is the most common co-morbidity with CF, occurring in approximately 50% of CF patients over the age of 30 (Brennan and Beynon, 2015).  This co-morbidity is tied both to acceleration in the rate of lung function decline and to increased mortality in patients (Marshall et al., 2005); as such, it has become increasingly important to address as the lifespan of CF patients has improved.  So-called Cystic Fibrosis Related Diabetes (CFRD) shares similarity with both type I and type II diabetes—there is evidence of impairment of both insulin secretion in nearly all patients with CFRD (Cano Megias et al., 2015; Cucinotta et al., 1994; De Schepper et al., 1992) and of insulin resistance in some patients with CFRD (Cano Megias et al., 2015; Elder et al., 2007; Hardin et al., 2001; Tofe et al., 2005) and in CF mice (Fontes et al., 2015).  The cellular mechanism of insulin resistance in CFRD is poorly understood (see Appendix A for data that I collected as a part of a study on possible defects in insulin responsiveness in CF airway cells).
Abnormalities in insulin secretion have conventionally been attributed to the pancreatic destruction resulting from exocrine pathway blockage, as discussed above (Gibson-Corley et al., 2016).  However, recent clinical data have established that CF patients have impaired insulin secretion even if they are pancreatic exocrine sufficient (Cano Megias et al., 2015; Wooldridge et al., 2015).  Moreover, the CF pigs have been shown to have impaired insulin secretion from the pancreas in the absence of detectable pathology in the islet cells (Uc et al., 2015).  These data suggest that at least some degree of defect of insulin secretion may be due to pancreatic beta cell dysfunction.  To this end, several very recent studies have suggested that CFTR is functionally expressed in pancreatic beta cells.  CFTR (Guo et al., 2014; Ntimbane et al., 2016) (or possibly a calcium-activated chloride channel regulated by the activity of CFTR (Edlund et al., 2014)) appears to play a role in maintaining the physiological membrane potential of the beta cell.  When absent or inhibited, intracellular chloride (Cli) is raised, which in turn hyperpolarizes the resting membrane potential for the cell relative to beta cells with functional WT-CFTR (Guo et al., 2014). This counteracts the effect of inhibition of KATP channels by ATP, which normally depolarizes the membrane potential of the beta cell and ultimately leads to insulin secretion (Edlund et al., 2014; Guo et al., 2014).  This novel and direct role for CFTR channel activity in endocrine physiology has opened the possibility that fixing CFTR in CF patients may repair physiological defects including and beyond those related to epithelial cells.
Relevant to this, it is notable that CFTR has been found to be transcribed in a wide variety of cell types (Ott and Harris, 2011).  However, in many of these tissues, the question of whether CFTR protein is actually made is highly controversial, and/or the proposed roles of CFTR are poorly understood (Cook et al., 2015; Divangahi et al., 2009; Haggie and Verkman, 2007; Lamhonwah et al., 2010; Michoud et al., 2009; Norez et al., 2014; Pohl et al., 2014).   In fact, quantitative studies of mRNA levels in these tissues indicate that CFTR is transcribed at a rate approximately 400-fold lower than that of epithelial tissues—near the limit of reliable detection by reverse transcription polymerase chain reaction (RT-PCR) in many cases (Yoshimura et al., 1991).  Nevertheless, although I decided in the preceding section to focus on systems where convincing evidence has been generated implicating CFTR function to the mechanism of a life-threatening aspect of CF pathophysiology, in so doing, I do not intend to exclude the possibility of roles of CFTR in the physiology of other systems.  
1.4 Discovery and characterization of a clinically efficacious potentiator of CFTR.  
As discussed above, although CF is caused by mutations in a single chloride channel, it is a multisystem disease.  As a result, in the absence of a silver bullet therapeutic that could completely replace or repair mutant CFTR, physicians have historically treated the symptoms of the disease in isolation.  For example, the nutritional aspects of the disease have been substantially addressed through the administration of pancreatic enzymes overcome the pancreatic insufficiency of the digestive system, as well as through vitamin supplementation and customization of the diet (Solomon et al., 2016).  The persistent infections in CF have been treated with antibiotics (oral, intravenous, and inhaled (Stephens et al., 1983)); however, it is important to note that by and large, these antibiotics do not prevent the eventual stable colonization of the lungs by opportunistic bacteria such as Pseudomonas Aeuriginosa (Bianconi et al., 2015).  More recently, treatments were introduced that more directly targeted pathophysiological features of CF, most specifically the mucovicidosis in the lung.  For example, it was found that a major and exceptionally large constituent of CF mucous is DNA from dead human and bacterial cells (Eisenberg et al., 1997; Fuchs et al., 1994).  Nebulized recombinant DNAse has therefore proved an effective mucolytic agent and is currently prescribed for most patients over the age of 6 (Eisenberg et al., 1997).  In addition, the administration of nebulized hypertonic saline was been found to improve mucous clearance and lung function in CF patients (Donaldson et al., 2006), presumably by modulating the osmotic gradient in the ASL described in Section 1.3.1.
	All this being said, significant research effort also has been expended to identify positive modulators of CF-related mutants of CFTR, with the hope of treating the underlying cause of the disease.  In this regard, the first undeniable success has been achieved by Vertex Pharmaceuticals, who in 2009 reported the discovery of VX770 (Ivacaftor), a small molecule potentiator of CFTR (Van Goor et al., 2009).  The lead compound was discovered through a cell-based high throughput screen using NIH 3T3 cells stably expressing mutant CFTR and a halide-sensitive variant of yellow fluorescent protein (YFP) that functions as an indicator of anionic channel function (Van Goor et al., 2009). While displaying unimpressive potency (EC50 ≈ 2 µM), this lead was attractive because it showed higher in vitro efficacy than a benchmark investigational CFTR potentiator (genistein), and it was able to potentiate both G551D- and temperature-corrected F508del-CFTR currents from human bronchial epithelial cells (Hadida et al., 2014).  A 48-step optimization process significantly improved the potency (EC50 to 20 nM) and the pharmacokinetic properties of the drug (Hadida et al., 2014).  In phase 3 clinical trials, the drug met its primary endpoint goals, improving lung function >10% on average in G551D patients (Accurso et al., 2010), leading to its initial approval for G551D patients over the age of 6.  Subsequent studies have demonstrated that, at least in G551D patients, the increase in lung function upon taking Ivacaftor appears to be stable over time (> 3 years) (McKone et al., 2014).  
Follow-up clinical studies of patients receiving Ivacaftor have shown, perhaps more powerfully than ever before, the broad physiological consequences of CFTR function and dysfunction. For example, in addition to increases in lung function and decreases in bacterial infection (Accurso et al., 2010), treatment of G551D patients with Ivacaftor thus far has been associated with increased nutrient absorption and weight gain (Accurso et al., 2010; Borowitz et al., 2016), improved insulin secretion and glucose tolerance (i.e. improved pancreatic beta cell function (Bellin et al., 2013; Tsabari et al., 2015)), normalization of gastrointestinal pH (Rowe et al., 2014), and reversal of chronic sinusitis (a symptom resulting from CFTR dysfunction in the nasal epithelia) (Chang et al., 2015)  (Figure 1.1, asterisked effects).  To the ion channel investigator, it is inspiring to see the many ways in which one drug has validated years of effort into understanding the molecular basis for CF disease.
	How does Ivacaftor work?  The drug potentiates, rather than activates, CFTR (Van Goor et al., 2009); i.e., the drug does not increase the concentration of cAMP in cells to activate PKA and phosphorylate the channel (Pyle et al., 2011).   At the single channel level, the drug increases the frequency and duration of channel openings, rather than increasing the unitary conductance of the channel (Van Goor et al., 2009).  An in vitro study using purified and reconstituted G551D-CFTR protein generated data suggesting that Ivacaftor is able to open CFTR in the absence of ATP (Eckford et al., 2012), which has led to the hypothesis that the drug opens CFTR via an ATP-independent mechanism.  However, the plausibility of this mechanism to explain the physiological action of this drug has been challenged by a recent study from our group showing that the drug is unable to potentiate phosphorylated CFTR in excised patches wherein ATP has been thoroughly washed out of the recording chamber (Cui and McCarty, 2015).
And while it has been reasonably well established that Ivacaftor can bind CFTR directly (Eckford et al., 2012), the mechanism of this drug is not well understood at the structural level—its binding site on the protein is not known.  In this regard, we know certain useful things; for example, in vitro, Ivacaftor potentiates WT-CFTR and CFTR variants harboring mutations in diverse locations (Van Goor et al., 2014).  Therefore, while the drug was discovered via screening of one CFTR particular mutant (dF508-CFTR), this mutation does not confer upon CFTR a binding site for Ivacaftor.  We have also recently observed that VX770 potentiates non-human CFTR orthologs including murine CFTR (Cui and McCarty, 2015) and Xenopus CFTR (Cui, et al., Submitted 2016).  In the work described herein, I take another step towards understanding the structural determinants of the binding and activity of Ivacaftor by testing the effect of the drug on a version of the protein lacking the CFTR-specific R-domain important for channel regulation (Section 3.3), and in the discussion I relate these and other results from our group in the context of a hypotheses of the drug’s mechanism of action.
1.5 CFTR: the evolution of structure and function

CFTR, the protein genetically linked to the devastating disease Cystic Fibrosis, is the only member of the ATP-Binding Cassette Transporter superfamily so far demonstrated to bear ion channel activity.  Thanks to 25 years of intensive biophysical study, many structural features important to CFTR’s channel function have been identified, but the mechanisms by which CFTR uniquely evolved this function remain poorly understood.  To lay groundwork to understanding these mechanisms, here I compare the sequence of CFTR to related ABC transporters at different evolutionary distances in the context of recently published functional data, to identify determinants of both conservation and divergence in the structure and function of these proteins.  The analyses demonstrate several ways in which the ABCC subfamily of ABC transporters provided a unique opportunity for emergence of a chloride channel.  They also allow me to propose the molecular mechanisms and chronological order by which CFTR evolved the structural features necessary for regulated channel activity. 
1.5.1 CFTR evolved from a family of efflux transporters.  CFTR is located in the C subfamily of the ABC transporter superfamily of proteins (ABCC7) (Jordan et al., 2008; Stratford et al., 2007).   ABC transporters are transmembrane proteins that use the energy of ATP binding and hydrolysis to accomplish the active import or export of various substrates across membranes (Rees et al., 2009).  Indeed, CFTR also bears ATPase activity (Li et al., 1996; Stratford et al., 2007); but despite this similarity, biophysical methods have firmly demonstrated that CFTR uniquely functions as a phosphorylation-activated and ATP-gated ion channel (Anderson et al., 1991a; Anderson et al., 1991b; Bear et al., 1992; Berger et al., 1991; Sheppard et al., 1993), whereas its ABCC relatives described here function as multi-specific exporters.  There is some evidence that CFTR may directly mediate flux of glutathione (Kogan et al., 2003; Linsdell and Hanrahan, 1998), a transport substrate of close ABCC relatives MRP1 (ABCC1) (Mao et al., 1999) and MRP4 (ABCC4) (Ritter et al., 2005). However, in CFTR, the continuous flux of glutathione is not dependent ATP hydrolysis (Kogan et al., 2003), so it does not appear that this permeability mirrors ATP hydrolysis-powered transport function per se.  Instead, glutathione may be conducted through the promiscuous channel pore of CFTR, which conducts not only halides but also bicarbonate (Choi et al., 2001; Ko et al., 2002) and gold dicyanate (Serrano et al., 2006).  
In general, ABC exporters have proven resistant to crystallization.  However, several structures of efflux transporters have been solved in recent years, including several representatives of the nucleotide-free “inward-facing” conformation (Hohl et al., 2012; Lee et al., 2014; Li et al., 2014; Ward et al., 2007) and the nucleotide-bound “outward-facing” conformation (Choudhury et al., 2014; Dawson and Locher, 2006; Dawson and Locher, 2007; Ward et al., 2007).  The modular subunit layout found in these ABC-protein structures matches that predicted for CFTR, and experimental studies have demonstrated that CFTR contains inter-subunit connections analogous to those in other ABC proteins that are required for folding and function (He et al., 2008; Serohijos et al., 2008). Helical packing also appears analogous, in as much as the helices lining the pore of CFTR also appear to line the substrate pathway in a crystal structure of the bacterial transporter Sav1866 (Norimatsu et al., 2012a; Norimatsu et al., 2012b).  
A high resolution structure of CFTR (or of any other ABCC) remains elusive.  Therefore, many groups have applied homology modeling and molecular dynamics simulations to generate structural hypotheses (Belmonte and Moran, 2015; Corradi et al., 2015; Dalton et al., 2012; Norimatsu et al., 2012a; Rahman et al., 2013; Serohijos et al., 2008). But homology models are only as relevant as the templates used are similar to the target molecule; this is especially complicated for CFTR, which functions as a channel, whereas even its closest relatives function as transporters.  Moreover, CFTR contains entire stretches of amino acid sequence important for channel phospho-regulation (Cheng et al., 1991; Csanady et al., 2005a; Lewis et al., 2004; Rich et al., 1993) that are not found in other ABC proteins (Sebastian et al., 2013) (see further on this topic below).  
Nevertheless, several structural features of outward-facing ABC transporter crystal structures (Dawson and Locher, 2006; Dawson and Locher, 2007; Ward et al., 2007) have been verified experimentally in the extensively-studied open state of CFTR (Figure 1.5).  First (Figure 1.5, magenta boxes), it has been shown via cysteine cross-linking experiments that the open state of CFTR entails the tight, head-to-tail dimerization between NBD1 and NBD2 (Mense et al., 2006), perhaps involving an inter-subunit hydrogen bond between R555 and T1246 (Vergani et al., 2005).  Second (Figure 1.5, orange boxes), the open pore has been associated with the  close proximity of 	ICL2 


Figure 1.5 Conformational changes shared between gating in CFTR and transport in ABC Transporters.   The inward-facing (closed) CFTR model is based on the ATP-free mouse P-glycoprotein structure (Li et al., 2014; Rahman et al., 2013), and the outward-facing (open) CFTR model is based on the substrate-occluded structure of McjD (Choudhury et al., 2014; Corradi et al., 2015). Four loci of conformational change are boxed, with relevant studies cited in the text.  Images generated with PyMol 0.99.





and ICL4 (Wang et al., 2014b), at a region that forms an intracellular tetrahelix bundle critical to function of ABC transporters (Doshi et al., 2013).  Third (Figure 1.5, dark blue boxes), it has been shown that access to the intracellular vestibule of CFTR by large (> 13 Ȧ diameter) probes is slowed in the open state relative to the closed state (Bai et al., 2011), suggesting that channel opening entails constriction of the intracellular vestibule.  Conversely, it has been shown that access to pore-lining residues in the extracellular vestibule (such as T338) is faster in the open state than in the closed state, suggesting that channel opening involves at least some degree of dilation in this region (Figure 1.5, salmon boxes) (Beck et al., 2008; Norimatsu et al., 2012b).  Crystal structures from related transporters have therefore proven to be valuable guides to understanding the structure and function of CFTR.  
Motivated by these recent studies, here I have performed sequence comparisons among CFTR and well-aligning ABC proteins of increasing phylogenetic distance in light of relevant biophysical data.  For the purpose of this analysis, I have grouped together several orthologs of CFTR which have been functionally characterized (human, mouse, chicken, frog, and shark) as “jawed vertebrate consensus” CFTR.  This consensus CFTR is aligned and compared to a recently published sequence of the distant CFTR ortholog from Sea lamprey (Ren et al., 2015) and to sequences of transporter homologs including ABCC4 (Ritter et al., 2005), ABCC5 (Jansen et al., 2015), ABCC1 (Cole, 2014), and ABCB1 (P-glycoprotein) (Kartner et al., 1983) (Figure 1.6).  To view these alignments in their entirety,   please  refer   to    Appendix   B.   Analysis  is   divided  into  four  sections	 that 



Figure 1.6:  ABCC subfamily dendrogram.  Adapted from two previous studies on CFTR evolution (Jordan et al., 2008; Sebastian et al., 2013).  Proteins discussed in this section are indicated with an asterisk.  







correspond to regions of CFTR that mediate the protein’s catalytic activity, inter-domain energetic signaling, actuation of function, and phospho-regulation.  
1.5.2 A degenerate ATP binding site in the NBDs of CFTR shows evidence of unique functional divergence.  In ABC transporters, ATP binds at two sites (ABS 1 and 2) that incorporate several conserved motifs from nucleotide-binding domains (NBDs) positioned in a head-to-tail arrangement (Smith et al., 2002).  The top of Figure 1.7 depicts a simplified model of these sites wherein each ABS is shown to consist of the so-termed Walker A, Walker B, and Histidine regions from one NBD, and the ABC Signature and D loops from the other NBD.  ATP binding to an ABS promotes NBD dimerization, which “powers” active transport by driving conformational changes in the transmembrane domains (TMDs); in ABC exporters this flips the TMD conformation from inward- to outward-facing (Rees et al., 2009).   Conversely, ATP hydrolysis at these sites is proposed to lead to dissociation of the NBD dimer, which allows re-adoption of the inward-facing conformation to bind new intracellular substrates (Zoghbi et al., 2012), although it is important to note that there is significant disagreement as to the degree of dissociation undergone at the NBDs to accomplish this (George and Jones, 2012; Hohl et al., 2014; Puljung, 2015). 
Many ABC transporters feature homodimeric NBDs that together form two ABS sites with equivalent functions.  However, the ABCCs contain significant divergence in one site (ABS1) in the functional motifs introduced above (Gadsby et al., 2006).  A sequence alignment of these motifs demonstrates major points of divergence in ABCCs as compared to P-glycoprotein, an ABCB subfamily member  (ABCB1) with	 homodimeric 


Figure 1.7:  Schematic (top) and homology model (below)(Corradi et al., 2015) of the CFTR NBD dimer with regions of NBDs that comprise ATP binding sites (ABS 1 and 2) highlighted.   Homology model image generated via PyMol 0.99.









NBDs (Figure 1.8).  Note that the ABCC family shows divergence adjacent to the NBD1 Walker B loop that is integral to ABS1.  At the asterisked position in the alignment in Figure 1.8, a critical catalytic glutamate conserved in canonical ABS sites (Orelle et al., 2003) is substituted in most ABCCs with an aspartate, and the following alanine is substituted with a proline (Payen et al., 2003).  In ABCC1, these two substitutions may be responsible for increased ATP affinity to and significantly slowed ATP hydrolysis at ABS1 (the so-called “incompetent” site) as compared to the canonical ABS2 site (the “competent” site) (Gao et al., 2000; Hagmann et al., 1999; Hou et al., 2000; Payen et al., 2003; Qin et al., 2008).  In addition, the NBD2 Signature sequence contributing to ABS1 is F/LSVGQ, in most ABCCs, as opposed to the canonical LSGGQ seen in ABCB1 (Figure 1.8).  The functional consequence of this valine substitution is not known, but it would be expected to distort the ATP binding pocket since the canonical glycine at this position is predicted to directly interact with the γ-phosphate of ATP (Smith et al., 2002).
In human CFTR, ATP hydrolysis at ABS1 is essentially absent (Aleksandrov et al., 2002; Basso et al., 2003).  Interestingly, additional, lineage-specific divergence exists in this region.  In NBD1, instead of the conservative ABCC aspartate substitution for the catalytic glutamate adjacent to the Walker B region (Figure 1.8, asterisked position), all CFTRs have a serine residue (S573).  In addition, a critical catalytic histidine (Kloch et al., 2010) in the nearby His region is uniquely substituted with a serine (S605) in all CFTRs.  The NBD2 Signature sequence integral to ABS1 of CFTR is also unique among ABCCs.  In CFTR from jawed vertebrates, the sequence of this motif is LSHGH—more divergent from consensus than ABCC homologs in its substitution of the  C-terminal glutamine 	that 

Figure 1.8 Multiple sequence alignment of catalytic regions of ABC transporter NBDs.  Residue numbering along the top corresponds to NBD1 of human CFTR.  JvCFTR is consensus jawed vertebrate CFTR.  slCFTR is sea lamprey CFTR.








interacts directly with the ribose moiety of ATP bound in canonical ABSs (Smith et al., 2002).  Interestingly, uniquely among CFTRs, the NBD2 Signature sequence from the sea lamprey ortholog retains this canonical glutamine (LSEGQ).  Considering the early divergence of this ortholog (Figure 1.6), this discrepancy gives insight into the timing and order of evolutionary changes in ABS1 that ultimately led to the composition found in the human channel.  
As of this writing, we know very little about the role that degeneration in ABS1 plays in the context of the overall function of ABCC proteins, and still less how additional divergence that is found to be conserved within CFTR orthologs may contribute to any unique function(s).  The absolute ATP turnover rate for human CFTR is 0.5-1/s, as measured by both biochemistry and electrophysiology (Li et al., 1996).  This hydrolysis rate, which governs channel closure (Gunderson and Kopito, 1995), is 10 to 20-fold slower than the substrate-induced ATP turnover achieved by ABC exporters with two competent ATPase sites, such as P-glycoprotein (Senior et al., 1998; Sharom et al., 1995; Urbatsch et al., 1994).  Comparing the above ATPase rates to those of the transporter ABCCs is more difficult:  wide ranges are reported in the literature, but they generally fall between those of CFTR and P-glycoprotein (Bakos et al., 2000; Hagmann et al., 1999; Malofeeva et al., 2012; Sauna et al., 2004).  Overall, it seems reasonable to implicate the degeneration in ABS1 and the overall slow ATP hydrolysis of CFTR in the long (~0.6 s), stable openings that characterize the gating behavior of the channel.  Whether the unique composition of the CFTR ABS1 is necessary for this gating behavior (either through direct effects on ABS1 or cross talk to the competent ABS2) is a question that necessitates future study. 
There is also some evidence that the conformational changes driven by ATP binding differ between transporters bearing heterodimeric vs. homodimeric NBDs.  One recent spectroscopic study observed that binding of a non-hydrolyzable ATP analog AMP-PNP to the heterodimeric exporter BmrCD elicited partial NBD closure and minimal movement in the TMDs.  ADP + vanadate (which models post-hydrolytic ATP) elicited tighter dimerization of the NBDs and conformational changes in the TMDs consistent with an outward-facing state (Mishra et al., 2014).   Similar results were reported in a study of the heterodimeric protein complex TM287-288 (Hohl et al., 2014).  This is in contrast to transporters with homodimeric NBDs, wherein both the formation of a tight NBD dimer and the transition to outward-facing TMDs are accomplished by AMP-PNP and thus without ATP hydrolysis (Dawson and Locher, 2007; Ward et al., 2007).
However, these results are somewhat difficult to relate to CFTR, considering that ATP hydrolysis is not required to reach the open state of the channel, which structurally resembles AMP-PNP-bound, outward-facing transporter structures (Figure 1.5). In fact, abolishing ATP hydrolysis (for example through mutation of catalytic residues in the competent ABS2) leads to channels “trapped” open in long bursts (Gunderson and Kopito, 1995; Vergani et al., 2005).  In this regard, it is worth mentioning that AMP-PNP, used to mimic ATP in many structural studies, is unable to open CFTR on its own (Gunderson and Kopito, 1994), but instead must be applied concurrently with ATP.  This nucleotide mixture locks CFTR open (Baukrowitz et al., 1994; Gunderson and Kopito, 1994) presumably as a result of AMP-PNP binding to the competent ABS2 site and ATP binding to the incompetent ABS1 site (Hwang et al., 1994).  The simplest explanation of this observation is that AMP-PNP does not bind to the degenerate ABS1 site in CFTR in a manner native enough to fully replicate the binding and tight NBD dimerization accomplished by physiological ATP.  If so, the spectroscopic and structural studies using nucleotide analogs as ATP mimics should be interpreted with caution, at least with respect to CFTR.  Moreover, the difference in the effect of ATP vs. AMP-PNP in CFTR but not in homodimeric transporters supports the idea that divergence in ABS1 may have an important structural consequence, even if neither modeling (Huang et al., 2009) nor functional studies (Chaves and Gadsby, 2015; Mense et al., 2006) have yet to note a large difference in the arrangement of the ATP-bound NBD1/2 heterodimer of CFTR as compared to that of other ABC proteins.  
This being said, it is quite possible that the TMDs of the pre-hydrolytic and post-hydrolytic states of ABC transporters are in fact conformationally distinct.  Indeed, when recorded in lipid bilayers, WT-CFTR displays a slight increase in single-channel conductance in parts of the open burst associated with a post-hydrolyzed state of ATP (Gunderson and Kopito, 1995).   This behavior can also be observed in certain CFTR mutants wherein transitions between conformational substates are slowed (Cui et al., 2008; Zhang et al., 2005).  
In terms of the conformational changes induced by ATP hydrolysis,  data from a recent study strongly suggests that the NBDs of CFTR fully dissociate upon ATP hydrolysis (Chaves and Gadsby, 2015), as proposed for homodimeric transporters (Zou et al., 2009).  This dissociation may be initiated by hydrolysis at the hydrolysis competent site, as suggested by spectroscopic studies done with nucleotide binding domain fragments from other heterodimeric ABC proteins (Zoghbi et al., 2012).  Future structural studies directly probing NBD dynamics in whole heterodimeric transporters (ideally using several different means of controlling state) may therefore identify interesting differences in conformational dynamics intrinsic to the function of homodimeric transporters, heterodimeric transporters, and CFTR.
1.5.3 Regions mediating inter-subunit energetic signaling are conserved in ABCCs. Both CFTR channel gating and ABC transport activity involve harnessing the conformational energy of ATP-driven NBD dimerization to actuate a function in the TMDs.  Therefore, CFTR and related transporters have a similar need to energetically (and therefore physically) connect these domains by way of inter-subunit interactions. Hence, it is not surprising that, despite their functional divergence, CFTR and its closest transporter homolog ABCC4 share high identity and similarity in most of the intracellular loops (ICLs) understood to mediate this connection (Table 1.2). Intuitively, when NBD-ICL interactions are disrupted in CFTR through mutation (including through the common CF-disease mutation F508del), folding abnormalities result that adversely affect protein trafficking (Cheng et al., 1990; Cotten et al., 1996; Serohijos et al., 2008).  Functionally, disruption of NBD-ICL interactions via interfering peptides or mutations predominantly affects the opening rate of CFTR; i.e., the frequency of the conformational transition in the TMDs that gates the pore (Cotten et al., 1996; Ehrhardt et al., 2015; He et al., 2008; Serohijos et al., 2008).  Considering the structural evidence closely relating CFTR channel 
Table 1.2:  Sequence comparison in intracellular loops (ICLs) of CFTR and ABCC4 (residue numbers correspond to hCFTR)
	
	ICL1 (148-192)
	ICL2 (241-306)
	ICL3 (931-990)
	ICL4 (1030-1099)

	Identity
	50%
	24%
	42%
	50%

	Similarity
	86%
	67%
	76%
	76%





















opening to the inward-to-outward transition undergone in ABC exporter function  (Figure 1.5),  one  might regard the opening rate of CFTR as a transporter-analogous process: one dependent on relaying the movement from NBD dimerization to the actuation domain located in the TMDs.  As such, it is perhaps not surprising that these evolutionarily conserved regions mediate transporter-analogous roles, as opposed to channel-specific roles in anion conduction or pore stability.  
Strikingly, high conservation in energetic signaling exists between CFTR and other ABC transporters in several residues along the longitudinal axis of the TMDs where mutations increase the unliganded (ATP-independent) opening rate of CFTR. These residues (F337, P355, K190, and K978 (Wang et al., 2010; Wei et al., 2014; Wei et al., 2015)) are proposed to contribute to setting the energy barrier to channel opening, and are all biochemically conserved with ABCC4 and ABCC5. Although these residues have not yet been studied in mammalian ABCCs, mutations of conserved equipositional residues have been shown to rescue function of ATP-insensitive mutants of the yeast multidrug resistance protein Yor1p, suggesting that residues integral to energetic signaling in CFTR may play similar roles in bona fide transporters (Wang et al., 2014b; Wei et al., 2014; Wei et al., 2015).  However, not all residues and motifs involved in this process are so tidily conserved between CFTR and related transporters.  A notable exception is the recently described ICL2-ICL4 electrostatic pair E267-K1060 in human CFTR (Wang et al., 2014b).  There is compelling evidence that breakage of this electrostatic interaction increases the energetic input required to open the channel, yet this pair (which is conserved in all CFTRs) is absent in other ABCCs.  Interestingly enough, the E267-K1060 interaction was identified on the basis of an equipositional electrostatic pair that mediates intracellular tetrahelix bundle formation in the bacterial ABC exporter MsbA (Doshi et al., 2013).    Neutral, polar residues compatible with hydrogen bonding are found in the same positions in other ABCCs, and these residues may interact, as observed in the crystal structure of the ABC exporter Sav1866 (Dawson and Locher, 2007)).  But even if they do, one wonders why CFTR evolved an important interaction to be chemically different from its closest relatives, but concordant with that found in distantly related ABC exporters such as MsbA.  
1.5.4 Transmembrane pathways in ABCCs employ conserved and divergent residues towards distinct functions.  The transmembrane pathways mediating functions in CFTR and its relatives mediate unmistakably different functional roles.  Conceptually, the divergence in these pathways most directly targets the principal difference between channels and transporters:  only channels contain a pore that allows uninterrupted permeation across the plasma membrane (Gadsby, 2009).  With this in mind, what degree of conservation is found between CFTR and bona fide transporter relatives in residues in the TMDs confirmed to be relevant to channel function in CFTR? 
Significant effort has been expended to map the chloride conduction pathway through CFTR.  Many studies have mutated putative pore residues and characterized channel behavior and modulation (Linsdell et al., 1997; McCarty et al., 1993; McDonough et al., 1994; Tabcharani et al., 1997).  Recently, several groups have employed the substituted cysteine accessibility method (SCAM) to this end.  This approach probes the environment of specific residues by mutating them to cysteine and characterizing their reaction to sulfhydryl-specific chemicals (Karlin and Akabas, 1998).  Figure 1.9 shows a model of CFTR (Corradi et al., 2015) based on the ABC transporter McjD (Choudhury et al., 2014), wherein I colored residues shown by this method to line the pore (Akabas, 1998; Alexander et al., 2009; Aubin and Linsdell, 2006; Bai et al., 2010; Bai et al., 2011; El Hiani and Linsdell, 2015; El Hiani et al., 2015; Fatehi and Linsdell, 2009; Gao et al., 2013; Liu et al., 2004; Norimatsu et al., 2012a; Norimatsu et al., 2012b; Qian et al., 2011; Rubaiy and Linsdell, 2015; Serrano et al., 2006; Wang et al., 2011a; Wang et al., 2014a; Zhang and Hwang, 2015; Zhou et al., 2008) according to conservation between CFTR and the organic anion transporter ABCC4, the closest transporter relative to CFTR (dark blue = conserved, gray = similar, magenta = divergent).  To allow visualization of the permeation pathway, I have removed some helical regions which have not been shown thus far to be pore-lining, including parts of TM helices 2, 7 and 11.  In the process of going through the channel to exit the cell, the chloride ion first encounters pore-lining residues on the ICLs (Figure 1.9, black arrows).  These residues are predominantly basic (including K190, R248, R303, K370, R1030, K1041, and R1048), and are proposed to play roles in attracting chloride ions into the pore, since charge-eliminating mutations reduce single channel conductance (Aubin and Linsdell, 2006; El Hiani and Linsdell, 2015; Zhou et al., 2008).  Some homology models suggest that a subset of these residues may comprise an intracellular “lateral portal” for chloride entry into the pore (Corradi et al., 2015; Mornon et al., 2015).  


Figure 1.9.  Conservation with ABCC4 in residues lining the CFTR channel pore.  A) CFTR homology model based on McjD (Corradi et al., 2015), with sections of non-pore lining helices removed in order to visualize the chloride ion permeation pathway.   Dark blue residues = identical in consensus mammalian ABCC4, gray residues = biochemically similar, and magenta = biochemically divergent.  The highly divergent pore-lining TM6 is circled in yellow, while the highly conserved pore-lining TM1 is circled in red.  Black arrows indicate residues highly conserved and proposed to attract chloride ions to the intracellular mouth of the CFTR pore.  






Considering that they mediate anion conduction, it is initially surprising that this group of residues is very highly conserved in transporter ABCCs: all 7 residues listed above are basic in ABCC4 and most (5/7) are basic in ABCC5.  To our knowledge, the effect of mutations at these positions on the function of ABCC4 or 5 has not been directly tested.  However, functional studies of Multidrug Resistance Protein 1 (ABCC1) have specifically implicated several basic residues in analogous regions in the binding of organic anionic substrates (Conseil et al., 2006; Haimeur et al., 2004), which are transported by the majority of ABCCs, including ABCC4 and 5 (Jansen et al., 2015; Ritter et al., 2005).  ABCC1 does not align particularly well to CFTR, ABCC4 or ABCC5.  However, at least one region in ICL4 is highly conserved across ABCCs (Figure 1.10).  In this alignment, the pore-lining and chloride-attracting K1041 of CFTR (El Hiani and Linsdell, 2015) aligns with K1141 of ABCC1, a residue whose positive charge plays an important role in the binding of organic anionic substrates (Conseil et al., 2006).  These data intrigue us because they suggest that one mechanism by which CFTR evolved chloride channel activity was to appropriate residues already functionally important in transport of anionic substrates towards the novel function of conducting anions.   In support of this, it has been shown that several substrates of ABCC transporters inhibit CFTR by blocking the pore from the intracellular side (Linsdell and Hanrahan, 1999).  Might these residues contribute to a vestigial binding site for these substrates within CFTR? 
As the ion travels further up the pore, it encounters pore lining residues contributed by TM helices 1, 5, 6, 9, 11, and 12 (Alexander et al., 2009; Bai et al., 2010; Bai et al., 2011; Gao et al., 2013; Wang et al., 2014a; Zhang and Hwang, 2015).   Strikingly, the pore-lining residues of TM1, 5, 9, 11, and 12 are highly conserved between CFTR and ABCC4; consider in particular the example of TM1 (bounded in red in Figure 1.9), wherein 6 of 7 pore-lining residues in CFTR are identical in the transporter homolog.  This is also the case when one considers residues wherein mutation to cysteine strongly affects single channel conductance (Figure 1.11, underlined residues).  Though we do not know what role these conserved residues may play in substrate transport, we know that they are compatible with transport activity based on their conservation in ABCC4. In this regard, TM6 is the obvious outlier—it alone accounts for a majority (11/19) of all highly divergent pore-lining residues thus far identified in the TMDs of CFTR (see region bounded in yellow in Figure 1.9).  It is unlikely that this perceived divergence is an artifact of poor alignment in this region; recall from above that the two TM6 residues in this region wherein mutations alter energetic signaling in CFTR (F337 and P355) are conserved with other ABCCs.  TM6 is also unique in that its substituted cysteine reactivity pattern is anomalous for an alpha helix in a membrane protein; multiple reports agree that the stretch of residues from L331 to V345 is nearly uninterrupted in terms of accessibility of membrane-impermeant reagents (Figure 1.11) (Alexander et al., 2009; Bai et al., 2010).   These  data  are generally not well accounted for in homology models of CFTR based on ABC transporter structures, since these structures are helical in this region (Corradi et al., 2015; Rahman et al., 2013).  This is also  in  contrast  to  more  conserved   helices  such  as  TM1  and  11,  wherein	 reactivity 


Figure 1.10 Multiple sequence alignment of ICL4, identifying the pore-lining residue K1041, which aligns to a residue responsible for anionic substrate binding in ABCC1 (K1141).



Figure 1.11 Conservation with ABCC4 in residues demonstrated via cysteine substitution to line the CFTR pore.  Residues listed have been reported in the literature to line the CFTR pore on the basis of  > 20% block of cysteine-substituted mutants by real time application of MTSES or Au(CN)2. Conserved residues = blue, biochemically similar residues = black, and divergent residues = magenta.  Residues wherein cysteine substitutions have been reported to alter single channel conductance are underlined.






follows a predictable helical pattern (every three or four residues; Figure 1.11).  Divergence in this region of TM6, a highly discriminatory region of the CFTR pore (McCarty and Zhang, 2001), may therefore be responsible for profound differences in the conformation of this region as compared to functionally divergent ABC transporters.  
Previously, in an effort to begin to identify important loci of divergence between CFTR and transporters of the ABCC family, we performed Type II divergence analysis between CFTR and ABCC4 sequences among vertebrates and mammals (Jordan et al., 2008).  This analysis identifies residues maximally conserved within groups and maximally biochemically divergent between groups.  Intuitively, many residues identified as Type II divergent across vertebrate sequences were previously shown to play important channel-specific roles in CFTR, such as selectivity (T338 (Linsdell et al., 1998), R352 (Guinamard and Akabas, 1999)) and electrostatic attraction of anions (R334, K335 (Smith et al., 2001)).  We also found that two salt bridges that stabilize the open pore architecture of CFTR (R347-D924 (Cotten and Welsh, 1999) and R352-D993 (Cui et al., 2008)) consist of one residue that is highly conserved with ABCC4 (R347 in TM6 and D993 in TM9) and one that is Type II divergent (D924 in TM8 and R352 in TM6) (Jordan et al., 2008).  
More recently, in our study on the first extracellular loop of CFTR (ECL1), we demonstrated that R117, a relatively common site of mutation in patients with mild CF (Sheppard et al., 1993), may engage in an electrostatic interaction with E1126 in ECL6 that is also critical to maintaining open pore stability and architecture (Cui et al., 2014).  R117 was classified as a Type II divergent amino acid with respect to mammalian sequences of CFTR and ABCC4 (Jordan et al., 2008), while E1126 is biochemically similar among closely related ABCCs (Figure 1.12).  Here I note that in all three of these salt bridge interactions, the residue that is biochemically conserved between CFTR and ABCC4 is divergent in ABCC5 (Figure 1.12).  Therefore, in each pair, the first residue emerged in a common ancestor of CFTR and ABCC4, and was fixed when the other emerged in CFTR.  Notably, the R117-E1126 pair appears not to have been fixed until after the split between jawed and jawless vertebrates, since R117 is conserved within CFTR sequences from jawed vertebrates but absent in that from sea lamprey (Figure 1.12).
1.5.5 CFTR incrementally evolved tight regulation by phosphorylation of its R-domain. Phosphorylation is a form of post-translational modification that is common across cell types and important to a wide range of cellular processes.  CFTR is activated by PKA-mediated phosphorylation at consensus sites in the intracellular regulatory “R” domain coded between NBD1 and TMD2 (Hunt et al., 2013).  The structural mechanism for phosphorylation-mediated regulation of CFTR is still not completely understood, but evidently involves dynamic, phospho-sensitive interactions between R domain helices and nearby domains of CFTR, including NBD1 and NBD2 (Baker et al., 2007; Bozoky et al., 2013b). Interestingly, although the fully dephosphorylated R domain absolutely precludes channel opening by ATP binding (Rich et al., 1991), biophysical studies strongly suggest that channel activity depends on the degree of PKA-mediated phosphorylation,  and  that  consensus  sites  play specific roles in “graded” activation 	of 



Figure 1.12:  Conservation in residue pairs that maintain CFTR open pore architecture. jvCFTR represents the consensus sequences in CFTR from jawed vertebrates, while slCFTR represents CFTR from sea lamprey.  












the channel (Csanady et al., 2005a; Csanady et al., 2000; Csanady et al., 2005b; Wilkinson et al., 1997).     
The phosphorylation of ABC proteins other than CFTR has not been extensively studied; however, there is some evidence that several members, including P-glycoprotein (ABCB1) (Mellado and Horwitz, 1987), are phosphorylated in cells.  (See (Stolarczyk et al., 2011) for a comprehensive review on this subject.)  There is evidence that several ABCB and ABCC proteins are phosphorylated in a region connecting NBD1 and TMD2, a similar location to the R domain in CFTR (Stolarczyk et al., 2011).  However, one should be careful not to analogize these regions too closely to the CFTR R-domain for two reasons.  First, there is no clear evidence that mutation or phosphorylation of this region significantly affects the function of transporters, as it profoundly does in CFTR (Stolarczyk et al., 2011).  Second, the functionally-relevant PKA consensus sites in the CFTR R-domain are located in an approximately 200 amino acid region that is completely absent in other ABC transporters (including other ABCCs) (Sebastian et al., 2013).  This region apparently arose as a result of a lineage-specific intron-to-exon transition in the CFTR gene (Sebastian et al., 2013).  
The unique functional phospho-regulation of CFTR by the R domain may directly relate to its identity as the sole ion channel in the ABC superfamily.  In the case of many bona fide ABC transporters, the activity of the protein, including hydrolysis of ATP (Senior et al., 1998), is highly dependent on the availability of substrates.  These substrates, which include xenobiotics (Chen and Tiwari, 2011), are typically present at low concentrations in the cell, resulting in low ATPase activity.  By contrast, CFTR always has access to chloride.   Since ATP is present in the cell at concentrations well above the EC50  for channel opening (Csanady et al., 2000), without some other means of regulation, CFTR would allow uninterrupted chloride flow down the electrochemical gradient—in either direction with respect to the cell.  By coupling the R-domain-mediated regulation of the channel to PKA-mediated phosphorylation, the CFTR-expressing epithelial cell ensures that chloride is brought to the appropriate electrochemical potential by the coordinated action of basolateral chloride transporters, which are also regulated by PKA (McCann and Welsh, 1990).  
The overall sequence of the R domain is poorly conserved across CFTRs, but the PKA consensus sites shown to be functionally relevant in human CFTR are highly conserved across jawed vertebrate orthologs (Sebastian et al., 2013).  However, three of nine sites are missing in sea lamprey CFTR, and two more are altered and thus do not match consensus (Figure 1.13).  Since several of the sites that are present in sea lamprey CFTR have been shown by themselves to be capable of mediating some degree of phospho-regulation in human CFTR (Hegedus et al., 2009), it is unlikely that sea lamprey CFTR is completely unregulated.  Instead, the additional sites may have evolved in jawed vertebrate CFTR as a means of fine tuning the graded PKA-mediated activation inherent to human CFTR. 
	1.5.6 Conclusions How did CFTR evolve its indispensible channel function?  The analyses herein demonstrate that many of the amino acid residues and motifs that bestow on CFTR its overall architecture, inter-subunit energetic signaling, impaired ATPase  activity,  anion  conductance,  and  phospho-regulation  were already present to 


Figure 1.13.  Lamprey CFTR uniquely lacks three PKA consensus sites that are functionally relevant to the regulation of human CFTR.  Amino acids highlighted in red show deviance from the PKA consensus site R(R/K/H)XSΦ, where Φ is a hydrophobic residue.












different degrees in functionally divergent ancestors.  Because of this, it is possible to compare the sequence of CFTR to that of increasingly distant homologs, infer what features are common, and, for the first time, describe the molecular evolution of CFTR function in a chronological order (Figure 1.14).  From such analysis, I suggest that residues underpinning inter-subunit energetic signaling, partial degeneration of the ATPase activity in ABS1, and intracellular basic residues critical to future CFTR chloride channel activity were present in a common ancestor of the ABCC family (Figure 1.14, point 1).   An ancestor of ABCC4 and CFTR retained these features and added to them: at this point, many residues that would eventually line and stabilize the chloride channel pore of CFTR emerged, possibly in use to bind and transport anionic substrates (point 2).  Critical channel-specific residues in TM6, pore-stabilizing salt bridges, and some degree of phospho-regulation were present in a common CFTR ancestor (point 3) and fixed in all descendants.  Fine tuning of channel regulation and pore architecture continued after the ancient split between jawless and jawed vertebrate CFTR (point 4), but was functionally consolidated before significant additional speciation in jawed vertebrates.
As highlighted in this section, there are many questions that have yet to be answered with respect to the structure-function relationships in CFTR and related true transporters.  To the willing and able, many of these questions can be answered through the biochemical and electrophysiological study of revertant mutants between groups.  The results of these studies have the potential to shed light on the structures of both channel and non-channel ABC proteins and may also reveal channel-specific features in 


Figure 1.14 Chronology of molecular evolution of CFTR function.  A) Dendrogram from Figure 1.6 adapted from two previous studies on CFTR evolution (Jordan et al., 2008; Sebastian et al., 2013).  B) Chronology of emergence of functional features of jawed vertebrate CFTR, as supported by the analyses in this review.  Ancestors labeled with circled numbers correspond to the dendrogram points in A.




CFTR that may serve as levers for pharmacological repair of mutant channels in CF patients.
1.6 Statement of research questions
In the results chapter, I state the relevant experimental questions pertaining to each experimental section in the context of specific rationale.  But since all of the necessary concepts that intersect with these questions have been introduced by this juncture of the Introduction, I believe it helpful to briefly state (as a group) the main questions that are asked via experimentation in this dissertation.  
First, as a way to learn more about the structure and evolution of CFTR, I asked if CFTR channel opening entails relative separation between two extracellular loops (ECL1 and ECL4) that are predicted by crystal structures to separate in ABC transport as part of the transition between inward- and outward-facing TMDs.   The second question, which follows directly from the results from the first, was to ask whether and how inhibition of CFTR via conformational restriction of ECL1 may affect the modulation of the channel by phosphorylation of the R domain. Finally, the data above as well as findings from contemporary studies of CFTR pharmacology by our group and others, led me to ask whether and how and removal of the regulatory R domain of CFTR may affect the sensitivity of the CFTR to channel to potentiation by the FDA-approved potentiator Ivacaftor.
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