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CHAPTER 4:  DISCUSSION
	
Except for some investigation into the mechanisms of glucose regulation in the airway (Appendix A), my dissertation research has concerned the structure, function, and pharmacology of CFTR.  In the following Discussion, I will contextualize these results towards four main conceptual areas. In the first section, I interpret the data concerning the inhibition of CFTR activity through conformational restriction between ECL1 and ECL4 both in terms of what we know about this aspect of the conformational change in ABC transporters, and in terms of a structural model of the CFTR pore.  Secondly, I interpret the modulation of single channel behavior of the ECL1 pore mutants in context of an energetic model of pore gating.  Third, I discuss the consequence of conformational restriction between ECL1 and 4 with respect to the allosteric modulation of CFTR gating by phosphorylation of its R domain.  Fourth, I discuss the relevant mechanistic implications of the observation that the FDA-approved drug Ivacaftor potentiates a version of CFTR lacking its lineage-specific regulatory R domain.    In conclusion, I take a step back and consider the possibility, supported by results herein and across the literature, that advances in the understanding of the structural, evolutionary, and regulatory relationships between CFTR and related ABC transporters may unlock keys to the pharmacology of these highly medically relevant proteins.


4.1 A structural model of CFTR pore gating that relates it to the transport cycle of ABC exporters
4.1.1 Both CFTR channel opening and ABC transporter function require relative separation between two extracellular loops.  To understand how the conformational changes intrinsic to CFTR gating may relate to ABC transporter function, I conducted cysteine-trapping experiments between regions found to be in close proximity in multiple ATP-free “inward-facing” crystal structures of ABC transporters (ECL1 and 4) (Li et al., 2014; Ward et al., 2007). I found that when D110 in ECL1 and K892 in ECL4 are mutated to cysteine residues, the resulting CFTR variant was highly (>13-fold) potentiated by the reducing agent DTT (Figure 3.1), presumably through breakage of a spontaneous disulfide bond that strongly stabilized a closed state of CFTR.  After liberation of these cysteine residues via DTT, D110C/K892C-CFTR rapidly coordinated low concentrations of the soft metal cadmium (Figure 3.4), suggesting that, at least in this variant, C110 and C892 frequently come in reasonably close proximity in actively gating channels.   At the single channel level, it was shown that inhibition of D110C/K892C-CFTR via disulfide or cadmium entailed modulation of the gating kinetics and subconductance behavior of the channel (Figure 3.8).  A straightforward interpretation of this data is that normal channel opening in CFTR entails some degree of separation between these loops.  If so, this constitutes a fifth major area of conformational change known to be shared by CFTR gating and ABC transporter function, added to the four others discussed in Section 1.5 (Figure 4.1).  


Figure 4.1 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). Five loci of conformational change are boxed, adding in the separation of extracellular loops, as established by the work herein. Images generated with PyMol 0.99.







However, with this interpretation, it is important to also consider the limitations of cysteine trapping to study structural proximity.  First, since the technique requires cysteine residues to be engineered into the protein sequence, there exists the possibility that these mutations themselves will affect channel function in a way that colors the interpretation of the observed effects of chemical treatments.  This is particularly relevant in this study, since D110 is a site of CF mutations D110H and D110E (Van Goor et al., 2014).  However, in the presence of reducing agents, the single channel behavior of both cysteine mutants for which effects of chemicals were investigated (D110C-CFTR and D110C/K892C-CFTR) was similar to WT-CFTR, with the exception of a decrease in open burst duration less severe than the CF mutations (see Section 3.1).  In addition, positive results from this method only directly associate the close proximity of two residues with a particular state; they cannot report the degree or nature of conformational change that occurs between states.  Therefore, the data in this dissertation do not tell us the distance of separation of ECL1 and ECL4 that entails channel opening; only that channel opening is not compatible with the close proximity of ECL1 and ECL4 characteristic of the closed state, and thus that some degree of relative movement must occur between them to allow channel opening. 
By nature, our data support the functional relevance of close proximity between ECL1 and ECL4 in CFTR.  However, I must note that despite having been observed in the crystal structures of P-glycoprotein and MsbA, the physiological relevance of the proximity of these ECLs (and indeed, of the inward-facing ATP-free conformation of ABC exporters as a whole) has been questioned, primarily on the basis that ATP is ever-present in the cell (George and Jones, 2012).  However, recent functional studies have demonstrated that, similarly to CFTR, spontaneous disulfide bonds between ECL1 and ECL4 inhibit the function of both of the above ABC transporters (Doshi et al., 2013; Loo and Clarke, 2014).  These functional studies provide further evidence that these ECLs do come into close proximity in cells and that their relative separation is required for substrate transport.
4.1.2 The orientation of ECL1 in CFTR may match that of ABC exporters. In several crystal structures of ABC exporters with 12 transmembrane helices, the helixes are arranged such that the N-terminal end of the ECL1 loop is facing the substrate pathway (the protein interior), while the C-terminal end is distal to the substrate pathway.  This orientation of ECL1 is observed in both inward- and outward-facing crystal structures of these proteins (Hohl et al., 2012; Hohl et al., 2014; Li et al., 2014; Ward et al., 2007). In the experiments done herein, neither potentiation by DTT nor inhibition by cadmium was observed in double cysteine mutants wherein the ECL1 cysteine residue was engineered in a position C-terminal to D110 (Figure 3.5).  Assuming that these negative results are due to lack of proximity of these pairs and not to the less likely alternative that their proximity is without functional effect, the data suggest that only the N-terminal (pore-facing) end of ECL1 of CFTR ever comes close enough to ECL4 to be linked (Figure 4.2).  This orientation may also explain why, in addition to its possible engagement in a pore-stabilizing electrostatic interaction with E1126 (Section 1.2.4), R117 does not act to electrostatically attract chloride into the pore; it is likely positioned too far from the permeation pathway to elicit a direct effect on permeation (Figure 4.2).


Figure 4.2. Relative position of ECL residues in a homology model of CFTR.  Snapshot at 2.5 ns of a molecular dynamics simulation of CFTR (Rahman et al., 2013) with D110 (dark blue), D112 (magenta), E115 (yellow), R117 (black) and K892 (red) highlighted, suggests that the orientation of ECL1 is such that D112 and E115 are further from K892 than is D110. 






4.1.3 A potential structural mechanism for the impact of ECL1 positioning on pore gating.  Inhibition of CFTR by constriction of ECL1 and ECL4 allows us to draw analogies between the conformational dynamics of CFTR and ABC exporters.  But from a structural standpoint, but it is not immediately obvious how modulating the position of an extracellular loop, from a residue position (110) neither intrinsically important for permeation nor appreciably affected by single residue modification (Cui et al., 2014; Gao et al., 2013), so profoundly affects pore gating.  It is possible, but hard to envision, that one linkage formed between apposing extracellular loops could alone preclude the gross transition from inward- to outward-facing TMDs proposed to occur as a result of ATP binding and NBD dimerization (Figure 4.1).
A clue into the specific role of ECL1 may be found in the recent characterization of transmembrane helix 1 (TM1) residues positioned immediately cytoplasmic to D110.  Specifically, Gao and coworkers (Gao et al., 2013) found that the conductance of  A107C-CFTR was sensitive to pH,  a trait normally characteristic of cysteine substitutions of residues intimately involved in chloride permeation through CFTR, such as T338C (Liu et al., 2004).  If the pH sensitivity of A107C-CFTR is similarly indicative of an important role of A107 in the permeation pathway through CFTR, then a perturbation of the position of this part of TM1, perhaps as modulated by the position of the adjacent ECL1, may be expected to significantly affect the state of the pore.  Therefore, it is certainly reasonable that introducing a strong interaction between nearby C110 and another amino acid, particularly C892 across the pore, would perturb the pore in such a way as to disrupt chloride flux (Figure 4.3).  


Figure 4.3.  Structural interpretation of cross-linking results in model of pore gating.  The structural model is built from the coordinates of a 2.5 ns snapshot of a molecular dynamics simulation of CFTR previously published by our group (Rahman et al., 2013).  This study suggests that close proximity between cysteine substituted residues at positions 892 and 110 (red circle) stabilizes a closed state of the pore, while we previously demonstrated that close proximity between cysteine residues at positions 104 and 116 (green circle) stabilizes an open state of the pore.  Both linkages modify pore gating behavior via impacting the position of the extracellular end of the first transmembrane helix of CFTR, possibly by altering the position of A107 (black), an amino acid predicted to lie in the permeation pathway for chloride ions.







Further, in our 2014 study, we found that a spontaneous disulfide bond between R104C and E116C resulted in R104C/E116C-CFTR channels being “locked open” unless the disulfide bond was broken with DTT (Cui et al., 2014); these residues are located in TM1 and ECL1, respectively.  Considering that these residues likely participate in an electrostatic interaction in the WT-channel (as suggested by charge-swapping experiments (Cui et al., 2014)), one structural consequence of the substitution of the interaction between the large endogenous side chains with a cysteine disulfide would be to bring the associated regions of the protein closer together, with the functional effect of “pinning the pore open.”  Overall, the antagonistic effects of a disulfide or cadmium linkage between C110 and C892 (Figure 4.3; red circle) stabilizing a closed state of CFTR, versus a disulfide between C104 and C116 (Figure 4.3; green circle) stabilizing an open state of CFTR, support a pore gating model wherein the position of the ECLs and the extracellular end of TM1 serves as a critical determinant of permeation through the CFTR pore. 
Finally, note also that in general, the results for the single mutant D110C-CFTR (mild potentiation by DTT and reversible inhibition by cadmium) also independently support the importance of the position of this region of ECL1 on CFTR pore gating and architecture, since both treatments affected the mean open burst duration and incidence of subconductances in this variant (Figure 3.7).  The potentiation of D110C-CFTR by DTT is not likely due to an interaction between C110 and an endogenous cysteine residue, as experimentally supported alignments fail to locate any endogenous cysteine residues near the extracellular side of the CFTR channel (Alexander et al., 2009; Rahman et al., 2013).  It is important to note that the effects of these chemicals on D110C-CFTR were quantitatively different to that on D110C/K892C-CFTR (see Figure 3.1 and 3.4).  As such, they do not confound the interpretation of the double mutant data discussed above.  But since we were unable to conclusively determine (among many chemical possibilities (Eiamphungporn et al., 2009; Lee et al., 2007; Liu et al., 2006; Zhou et al., 2009)) the nature of the modulation of D110C-CFTR by DTT, nor in exploratory experiments to identify any endogenous amino acids participating in these effects, we limit the structural interpretation of the effects of DTT and cadmium on the single mutant to the conservative suggestion that in the absence of the K892C mutation, an interaction between C110 and an as yet unidentified part of the protein destabilizes the channel open state and distorts the pore.  

4.2. Integrating the present studies into an energetic model of CFTR pore gating.
4.2.1 The behavior of CFTR ECL1 mutants is characterized by equilibrium gating of an unstable pore.  The gating behavior of ligand-gated ion channels has been modeled in terms of reversible transitions between open and closed conformations at given free energy levels (G°) (Grosman et al., 2000).  Figure 4.4 shows a plot of an idealized energy landscape for a ligand-gated channel in the presence of agonist and the presence, or absence, of a structural perturbation (such as that introduced by a positive allosteric modulator) that stabilizes the open state relative to the closed state of the channel.  Although electrophysiology cannot generate information as to the absolute energy   levels  of   different  channel  states,  several  observable  parameters  of  single 


Figure 4.4.  Energy landscape of equilibrium ion channel gating in the presence and absence of structural perturbation.  Adapted from (Grosman et al., 2000).  G°CL = free energy of closed state, G°O = free energy of open state, G°TS = free energy of transition state.   APO = absence of perturbation, PER = presence of perturbation.  ΔGCLOSING= free energy change for channel closure; proportional to closing rate, which, in turn, is proportional to the observed open burst duration of the channel.  ΔGOPENING = free energy change for channel opening; proportional to the observed opening rate of the channel.






channel behavior relate proportionally to ΔG° values that characterize the energy required for the channel to transition between states (Figure 4.4).  Studies utilizing these models have provided insights into the conformational dynamics intrinsic to ion channel gating (Grosman et al., 2000; Mitra et al., 2005a; Mitra et al., 2005b), which may be altered by mutations and drugs.
As mentioned in the introduction, one of the ways that the gating of CFTR is unique is that, at least in the WT channel, closure is highly dependent on the hydrolysis of bound ATP at the competent ABS2 site (Section 1.2.4, Section 1.5.2).  It has been emphasized throughout this dissertation that the dependence of CFTR NBD de-dimerization and channel closure on ATP hydrolysis has provided a useful basis for relating the structures and conformational changes between CFTR and ABC Transporters. However, the enzymatic closure CFTR has also complicated analyses of the energetics of CFTR function. Since CFTR channel closing is dependent on the enzymatic process of ATP hydrolysis, channel gating cannot be thought of as a truly equilibrium process compatible with free energy modeling.
Recently, Sorum and Csanady overcame this hurdle to studying the energetics intrinsic to CFTR gating by recording from CFTR channels wherein ATP hydrolysis was abolished via a mutation in the NBDs (Sorum et al., 2015).  In order to be able to observe channel closure in the absence of competent hydrolysis, they made a mutation (D1370N) that both abolished ATP hydrolysis and destabilized the NBD dimer relative to WT-CFTR (Sorum et al., 2015).   Despite this caveat, Sorum and Csanady’s study provided very interesting evidence of a longitudinal conformational wave intrinsic to CFTR opening that begins in the intracellular NBDs and is transmitted to the TMDs (Sorum et al., 2015), first suggested by computational work in the McCarty lab (Rahman et al., 2013).  However, it also highlighted the utility of a complementary approach wherein CFTR gating may be converted to equilibrium in the context of normal NBD function.
Many mutants of CFTR display very brief open burst durations as compared to WT-CFTR.  We previously found that application of the poorly-hydrolyzable ATP analog AMP-PNP increases the overall open probability of ECL1 mutants D110R-, E116R, and R117A-CFTR, without lengthening their brief burst durations (Cui et al., 2014). These data suggest that, in these mutants, the NBDs dimerize as normal, but that most observed closures are not dependent on (or due to) ATP hydrolysis.  Therefore, in channel variants wherein open burst durations are brief compared to WT-CFTR (due to defects in pore stability), it seems reasonable to argue that the gating observed is in fact at equilibrium (Figure 4.5B) between an unstable open pore and a relatively more stable closed pore.  It is therefore possible to model the dominant reversible gating behavior of these mutants in terms of an energy landscape.   
4.2.2 Modeling the changes in the energetics of pore gating induced by conformational restriction at ECL1/ECL4.  Figure 4.6 shows proposed energy landscapes of D110C/K892C-CFTR in both its cysteine-reduced state and disulfided state.  Since I observed changes in the gating kinetics of this variant in the presence and absence of DTT,  we  know  that in both conformations, it is possible for this mutant to open; i.e.,	 to 


Figure 4.5 Schemes of hydrolytic vs. non-hydrolytic pore gating in CFTR.  A) Non-equillibrium, hydrolytic gating of WT-CFTR, as supported by the studies discussed in Section 1.2.3.  B)  In mutants with unstable pores, nucleotides bind the NBDs of the channel, which elicits dimerization and pore opening, but these openings are unstable (even in the presence of non-hydrolyzable analogs), so the majority of closures are independent of hydrolysis.  







inhabit free energy minima corresponding to both the open and closed states (Figure 4.6, G°CL and G°O). An intact disulfide between C110 and C892 renders the open pore more unstable relative to the reduced channel, as evidenced by the reduced open burst durations in single channel recordings of DTT-naïve channels (Figure 3.8).  I can model this behavior in terms of the energy barrier that must be overcome for pore closure; this change is smaller in disulfided versus reduced channels (Figure 4.6, ΔGCLOSING, S=S vs. ΔGCLOSING, RED).
In addition, consider that the observed >13-fold increase of macroscopic D110C/K892C-CFTR conductance in the presence of DTT cannot be accounted for solely by changes observed in the open channel behavior between naïve and DTT-treated channels (an approximately 3-fold increase in open burst duration and 25% increase in single channel conductance), especially when one considers that the effects of DTT upon macroscopic currents reported here were limited to that elicited by 5 minutes of exposure (Figures 3.1 and 3.9).  In a previous report, we found that when D110C/K892C-CFTR channels were exposed to DTT backfilled in the pipette of a multichannel patch, the number of channel openings observed in the presence of ATP and PKA was significantly increased late in the recording (upon DTT presumably reaching the channels) (Cui et al., 2014).  In combination, these results strongly suggest that in addition to destabilizing the open state of D110C/K892C-CFTR, a disulfide between C110 and C892 significantly lowers the opening rate of the variant relative to that observed after the  disulfide  is  broken  with  DTT.   This  is  expressed  in  the  model  by  a 	larger 


Figure 4.6.  Energy landscape of D110C/K892C-CFTR in the presence and absence of conformational restriction between ECL1 and ECL4.  G°CL = free energy of closed state, G°O = free energy of open state.  S=S = disulfided, RED = reduced.  ΔGCLOSING= free energy change for channel closure. ΔGOPENING = free energy change for channel opening.







for disulfided channels than for reduced channels (Figure 4.6, ΔGOPENING, S=S vs. ΔGOPENING, RED).  It is more difficult and less important to determine where the two curves are positioned relative to each other overall on the Y-axis, because we do not know what effect the disulfide bond has in stabilizing the overall conformation of the protein.  One might argue that the extra disulfide bond might increase the overall stability of the protein, bringing the entire curve down somewhat (similar to that of the allosteric modulator in the model in Figure 4.4).  However, this is an engineered rather than endogenous disulfide bond, and it is possible that its introduction destabilizes another area of the protein, which would raise G° overall.  Therefore, to express both curves on the same axes, I am assuming a negligible difference in the free energy of the closed states of the disulfided and reduced channels (Figure 4.6, G°CL, S=S vs. G°CL, RED). Putting all of this together allows us to express the effect of conformational restriction at ECL1 and ECL4 in terms of the energetics of the pore gating of CFTR.
A major consideration to studying CFTR gating via methods that may require making additional mutations into a background of a channel with an unstable pore is that the information gained may be specific to the (defective) pore gating of the background and may not be easily translatable to the wildtype channel; but considering the abundance of class IV mutants known to cause disease that display defective pore gating (Table 1.1), this is not a crippling limitation.  Although the model above relates to a cysteine cross-linking experiment, there is no reason why a similar approach could not be used to investigate the energetic signaling inherent to the pore gating of CF-related CFTR mutants such as D110H-CFTR (Figure 3.6) or R117H-CFTR, as well as to investigate the modulation of these mutants as elicited by drugs such as Ivacaftor (Van Goor et al., 2014).

4.3 Evidence for allosteric modulation of CFTR activity by R domain phosphorylation.  
As compared to our understanding of how CFTR is gated by ATP, the mechanism of regulation of CFTR by the R domain remains poorly understood, despite its vital physiological role.  In experiments presented in Section 3.2 of the results, I observed an apparent reduction in the sensitivity of naïve D110C/K892C-CFTR channels to IBMX relative to WT-CFTR.  Interestingly, after treatment with DTT, the channels were rendered apparently more sensitive to stimulation by IBMX (Figure 3.9).   IBMX is thought to elicit CFTR current by inhibiting phosphodiesterases and therefore raising levels of cAMP in cells, leading to stimulation of endogenous PKA (Drumm et al., 1991), although it also may inhibit the phosphatases that dephosphorylate CFTR (Becq et al., 1993).  The net effect of both of these functions of IBMX is to increase the phosphorylation of the channel.  Of note, IBMX has been demonstrated to block and possibly directly potentiate CFTR, although neither effect is significant at IBMX concentrations wherein differences between variants were observed in the present study (Schultz et al., 1999; Wilkinson et al., 1996) (Figure 3.9).
The difference in IBMX sensitivity could be due to a difference in propensity of the WT-, disulfided D110C/K892C-, and DTT-treated D110C/K892C-CFTR conformations to be phosphorylated.  This possibility can only be truly tested via direct biochemical measurement of the extent of R domain phosphorylation elicited in each variant at different concentrations of compounds such as IBMX.  But lacking evidence of any kind that mutations in the pore of CFTR affect the propensity of the channel to be phosphorylated, we interpret the data in light of CFTR’s “graded” activation by phosphorylation (Section 1.2.2) in that disulfide-mediated restriction of ECL1 and ECL4 alters the degree of phospohorylation (i.e., fraction of sites phosphorylated) that is necessary to reach a given level of activity.  A concordant interpretation was advanced in a recent study by the Kirk group, wherein they observed that molecular disruption of an important electrostatic interaction in another area of CFTR (the intracellular loops) rendered the channel far less sensitive to PKA than WT-CFTR (Wang et al., 2014).

4.4 Insights into the mechanism of action of Ivacaftor enabled by WT-ΔR-CFTR
As discussed in Section 3.3, the data I collected implicating an effect of conformational restriction between ECLs on sensitivity to PKA-mediated activation led me to investigate the literature regarding allosteric models of CFTR regulation by phosphorylation of its R domain.   Several contemporary reports had suggested that the efficacy of several related drugs was observed to be greater in weakly-phosphorylated as opposed to strongly-phosphorylated channels (Wang et al., 2005; Wang et al., 2014). Moreover, a member of our group had recently found that this also appeared to be characteristic of the mechanism of action of two investigational CFTR potentiators (Cui et al., 2016 submitted).  I became interested in characterizing the phosphorylation dependence of the action of the FDA-approved CFTR potentiator Ivacaftor, and as a first step I decided to test the effect of this drug on a version of CFTR lacking the R-domain.
4.4.1 Mechanistic implications of the potentiation of ΔR-CFTR by Ivacaftor.  I found that ΔR-CFTR was indeed potentiated by Ivacaftor (Figure 3.11).  This observation has two straightforward implications.  First, the R domain is likely not required to mediate binding between Ivacaftor and CFTR and therefore likely not a significant contributor to the binding site of the drug in the channel.  Secondly, wherever Ivacaftor does bind (on the rest of the protein), it likely does not function to alter (block or facilitate) the previously described phospho-sensitive interactions between the R domain and the rest of the protein proposed to be involved in channel regulation (Baker et al., 2007; Bozoky et al., 2013).  This is an important point, because it suggests that the proposed allosteric effects of Ivacaftor and of high phosphorylation of the R-domain (Wang et al., 2014; Wang et al., 2010) are likely complementary, rather than redundant.
4.2.3 Degree of potentiation of ΔR-CFTR by Ivacaftor suggests that the efficacy of the drug may be dependent on the initial activity of the CFTR variant.
Two related factors led me to initially hypothesize that ΔR-CFTR would be, at best, very weakly potentiated by Ivacaftor.  First, both our group and others had previously reported that highly phosphorylated human WT-CFTR channels were only weakly potentiated by Ivacaftor (1.1 to 1.45-fold), either when recorded from cells (Cui and McCarty, 2015; Van Goor et al., 2014) or excised patches (Cui and McCarty, 2015).   Second, it had been previously shown that ΔR-CFTR channels mimic phosphorylated WT-CFTR channels in that they are essentially constitutively active and their activity is only very weakly stimulated by PKA (Bompadre et al., 2005; Csanady et al., 2000).  Contrary to my hypothesis, I observed that ΔR-CFTR channels were highly (as much as 7-fold) potentiated by Ivacaftor (Figure 3.11); this was much higher than we or others had previously observed for WT-CFTR.  What accounts for this difference?  At least in oocytes, although ΔR-CFTR activity is essentially independent of PKA, its maximum open probability is still significantly lower than that of WT-CFTR (Csanady et al., 2000).  The reduction in open probability appears to be the result of defective pore stability in ΔR-CFTR relative to WT-CFTR, because while the maximal opening rate of the variants is equivalent, ΔR-CFTR displays a reduced mean burst duration and ability to be locked open by AMP-PNP (Csanady et al., 2000).  Therefore, whereas ΔR-CFTR reasonably mimics PKA phosphorylated WT-CFTR, its gating is still impaired.  
The data demonstrating that the gating-impaired ΔR-CFTR is more highly potentiated than WT-CFTR by Ivacaftor suggests on its surface that the efficacy of Ivacaftor may be inversely related the open probability of a CFTR variant in the absence of the drug.  This idea is supported by data from two recent studies of the effect of Ivacaftor on macroscopic currents of 44 relatively normally-processed CF-related missense mutants of CFTR expressed in Fisher Rat Thyroid (FRT) cells (Van Goor et al., 2014; Yu et al., 2012).  In Figure 4.7, I have plotted the data collected in these studies with the degree of potentiation by Ivacaftor as a function of the initial activity level of a given mutant.  A pattern is seen to emerge wherein mutants with lower initial activity were, in general, more highly potentiated than those whose initial activity was observed to be closer to WT-CFTR.  In fact, if one considers as a group the all the mutants for a given  initial  activity  level  wherein  Ivacaftor  is  reportedly most efficacious (Figure 4.7, 


Figure 4.7.  Maximal efficacy of Ivacaftor on a panel of missense mutants with activity below WT-CFTR in the absence of the drug.   The data used in this graph were culled from two studies of Ivacaftor wherein multiple missense mutants of CFTR were expressed in FRT cells and recorded in Ussing chambers (Van Goor et al., 2014; Yu et al., 2012).  CFTR was activated by 10 μM forskolin in all cases (Van Goor et al., 2014; Yu et al., 2012).  A) Entire view of range of potentiation elicited by various mutants, with data points corresponding to most highly potentiated mutants at a given initial activity level (black) fit to a rational function.  B) Same data as in A, but the ordinate is truncated to better visualize weakly potentiated variants.  Variants whose potentiation by Ivacaftor is suboptimal relative to other variants with similar initial activity level are colored as red points and are listed in Table 4.1.  

black data points), these data fit very well to a simple rational function that would be expected to characterize an inverse relationship between drug efficacy and intrinsic activity (Figure 4.7, black line, R2 = 0.965).  
This observation has two possible implications.  First, Ivacaftor may bind to a (more or less) common site in all mutants and promote the adoption or stabilization of a similar open state conformation in those mutants.  If so, efficacy may be theoretically dependent on the dynamic range established by the severity of the gating defect in each mutant.  Second, some of the mutants that display efficacy lower than predicted by their initial activity level (Figure 4.7, red data points) may feature structural defects that preclude them from being “fully repaired” by the drug.  These mutants still apparently bind Ivacaftor (Table 4.1), and thus may inform future studies of drug binding and modulation of the single channel behavior of CFTR. In this regard, most informative would be variants like D110H-CFTR, wherein mutation affects neither single channel conductance (Figure 3.6) nor protein processing (Hammerle et al., 2001).

4.5 Conclusions:
[bookmark: _GoBack]The experimental studies in this dissertation began with a question pertaining to the structural relationship between CFTR and related ABC transporters (Section 3.1).  The results of the experiments testing that question ultimately led to other insights pertaining to the regulation (Section 3.2) and pharmacology (Section 3.3) of CFTR.  In part  motivated  by  my  own  experience,  I  would  like  to  conclude with a	 “big picture” 
Table 4.1  Binding affinities of suboptimally potentiated CFTR mutants for Ivacaftor  
	Variant
	EC50 for Ivacaftor (nM) a

	R1070Q
	162 +/- 12

	D110E
	164 +/- 20

	D110H
	249 +/- 59

	R1070W
	158 +/- 48

	P67L
	195 +/- 40

	E56K
	123 +/- 33

	F1074L
	141 +/- 19

	A455E
	170 +/- 44

	S945L
	181 +/- 36

	S977F
	283 +/- 36

	R347H
	280 +/- 35

	L206W
	101 +/- 13

	R117C
	380 +/- 136

	R352Q
	287 +/- 75

	R1066H
	390 +/- 179

	T338I
	334 +/- 38

	R334W
	259 +/- 103

	I336K
	735 +/- 204

	H1054D
	187 +/- 20

	F508del
	129 +/- 38b

	E92K
	198 +/- 46

	L927P
	313 +/- 66


a. All data values culled from (Van Goor et al., 2014).
b. F508del-CFTR was the variant of CFTR that Ivacaftor was screened and optimized against.  This affinity may therefore be thought of as the “ideal” for the drug.






discussion of why approaching the study of proteins such as CFTR from the perspective of their evolution is more than a purely academic exercise and is useful in a biomedical context. 
Although the research in this dissertation focuses on only one member of the ABC transporter family, CFTR (ABCC7), many others have been implicated in disease, including close relatives, such as P-glycoprotein (ABCB1), and multidrug resistance proteins 1, 4, and 5 (ABCC1, 4, 5) which confer life-threatening resistance to therapeutics when overexpressed (Chen and Tiwari, 2011).   The extent to which structural and functional information gained about one ABCC can be ported to another is an important consideration in both the discovery and mechanistic understanding of therapeutics directed against these proteins. 
As no high resolution structures of any ABCC protein currently exist, one obvious application of this knowledge is in the construction and refinement of ABC Transporter-based homology models that will be used as templates for in silico drug screening.  Indeed, by screening against the critical NBD1-ICL4 interaction thought to be disrupted by deletion of F508 in CFTR, a homology model based on Sav1866 has been used to identify chemicals that correct the aberrant trafficking of F508del-CFTR in vitro (Kalid et al., 2010).  Of course, the high conservation across ABC proteins in the NBD-ICL interactions mediating protein folding and energetic signaling is fortuitous for modeling and screening related to these regions.  By contrast, screening for functional modulators, such as potentiators of CFTR or inhibitors of ABCCs, may be more dependent on refinement of these models, as aided by subfamily or protein-specific functional data such as that discussed in Section 1.5.  
However, the utility of improved understanding of the structural relationships between these groups is not limited to computational approaches, but may also be relevant to the investigation of the mechanisms of action of drugs discovered through high throughput screening. In fact, related non-channel transporters may potentially help define the mechanisms and binding sites of both of the FDA-approved CFTR-directed therapeutic compounds, Lumacaftor (VX809) and Ivacaftor (VX770).  Despite data suggesting that many pharmacological agents correct the folding of trafficking mutants of both CFTR (ABCC7) and P-glycoprotein (ABCB1) (Loo et al., 2012), Lumacaftor (which appears to bind MSD1 of CFTR (Loo et al., 2013)) is unable to correct P-glycoprotein (Loo et al., 2012).  However, the drug is able to correct trafficking mutants of ABCA4 associated with macular degeneration (Sabirzhanova et al., 2015).  Comparative pharmacology approaches may therefore reveal details on the structural determinants of the binding and action of these “corrector” drugs.  
The mechanism of the clinically efficacious CFTR gating potentiator Ivacaftor is poorly understood.  It has been shown to potentiate (and therefore likely directly bind) CFTR from multiple species, including human, murine (Cui and McCarty, 2015; Van Goor et al., 2009) and Xenopus (Cui et al., submitted 2016) orthologs. In studies reported herein, I have now also shown that Ivacaftor potentiates a version of CFTR lacking its lineage-specific R-domain (Section 3.3). Interestingly, it also has been reported that Ivacaftor may inhibit P-glycoprotein (ABCB1) with high affinity in vitro (Robertson et al., 2015), although the molecular mechanism of inhibition has not been elucidated. All of these data, combined with findings that VX770 increases the opening rate of CFTR especially strongly (≈ 50 fold) in mutants wherein the transporter-conserved energetic signaling network (Section 1.5.3) is selectively disrupted (Wang et al., 2014; Wei et al., 2015), lead to an intriguing and motivating possibility.  Potentiators of CFTR, which, like Ivacaftor, stabilize the open state of the channel (Van Goor et al., 2009), may also bind bona fide ABC transporters and inhibit them by preventing the conformational transitions necessary to the process of alternating access.  Conversely, inhibitors of ABC transporters that stabilize one particular conformation of their TMDs may function as modulators, even potentiators, upon binding CFTR.   Looking forward, the study of the molecular evolution of function in ABC proteins may therefore lead to exciting advances in the pharmacological and structural understanding of these highly medically relevant proteins.









References

Alexander C, Ivetac A, Liu X, Norimatsu Y, Serrano JR, Landstrom A, Sansom M and Dawson DC (2009) Cystic fibrosis transmembrane conductance regulator: using differential reactivity toward channel-permeant and channel-impermeant thiol-reactive probes to test a molecular model for the pore. Biochemistry 48(42): 10078-10088.
Baker JM, Hudson RP, Kanelis V, Choy WY, Thibodeau PH, Thomas PJ and Forman-Kay JD (2007) CFTR regulatory region interacts with NBD1 predominantly via multiple transient helices. Nature structural & molecular biology 14(8): 738-745.
Becq F, Fanjul M, Merten M, Figarella C, Hollande E and Gola M (1993) Possible regulation of CFTR-chloride channels by membrane-bound phosphatases in pancreatic duct cells. FEBS letters 327(3): 337-342.
Bompadre SG, Ai T, Cho JH, Wang X, Sohma Y, Li M and Hwang TC (2005) CFTR gating I: Characterization of the ATP-dependent gating of a phosphorylation-independent CFTR channel (DeltaR-CFTR). The Journal of general physiology 125(4): 361-375.
Bozoky Z, Krzeminski M, Muhandiram R, Birtley JR, Al-Zahrani A, Thomas PJ, Frizzell RA, Ford RC and Forman-Kay JD (2013) Regulatory R region of the CFTR chloride channel is a dynamic integrator of phospho-dependent intra- and intermolecular interactions. Proceedings of the National Academy of Sciences of the United States of America 110(47): E4427-4436.
Chen ZS and Tiwari AK (2011) Multidrug resistance proteins (MRPs/ABCCs) in cancer chemotherapy and genetic diseases. The FEBS journal 278(18): 3226-3245.
Choudhury HG, Tong Z, Mathavan I, Li Y, Iwata S, Zirah S, Rebuffat S, van Veen HW and Beis K (2014) Structure of an antibacterial peptide ATP-binding cassette transporter in a novel outward occluded state. Proceedings of the National Academy of Sciences of the United States of America 111(25): 9145-9150.
Corradi V, Vergani P and Tieleman DP (2015) Cystic Fibrosis Transmembrane Conductance Regulator (CFTR): CLOSED AND OPEN STATE CHANNEL MODELS. The Journal of biological chemistry 290(38): 22891-22906.
Csanady L, Chan KW, Seto-Young D, Kopsco DC, Nairn AC and Gadsby DC (2000) Severed channels probe regulation of gating of cystic fibrosis transmembrane conductance regulator by its cytoplasmic domains. The Journal of general physiology 116(3): 477-500.
Cui G and McCarty NA (2015) Murine and human CFTR exhibit different sensitivities to CFTR potentiators. American journal of physiology Lung cellular and molecular physiology 309(7): L687-699.
Cui G, Rahman KS, Infield DT, Kuang C, Prince CZ and McCarty NA (2014) Three charged amino acids in extracellular loop 1 are involved in maintaining the outer pore architecture of CFTR. The Journal of general physiology 144(2): 159-179.
Doshi R, Ali A, Shi W, Freeman EV, Fagg LA and van Veen HW (2013) Molecular disruption of the power stroke in the ATP-binding cassette transport protein MsbA. The Journal of biological chemistry 288(10): 6801-6813.
Drumm ML, Wilkinson DJ, Smit LS, Worrell RT, Strong TV, Frizzell RA, Dawson DC and Collins FS (1991) Chloride conductance expressed by delta F508 and other mutant CFTRs in Xenopus oocytes. Science 254(5039): 1797-1799.
Eiamphungporn W, Soonsanga S, Lee JW and Helmann JD (2009) Oxidation of a single active site suffices for the functional inactivation of the dimeric Bacillus subtilis OhrR repressor in vitro. Nucleic acids research 37(4): 1174-1181.
Gao X, Bai Y and Hwang TC (2013) Cysteine scanning of CFTR's first transmembrane segment reveals its plausible roles in gating and permeation. Biophysical journal 104(4): 786-797.
George AM and Jones PM (2012) Perspectives on the structure-function of ABC transporters: the Switch and Constant Contact models. Progress in biophysics and molecular biology 109(3): 95-107.
Grosman C, Zhou M and Auerbach A (2000) Mapping the conformational wave of acetylcholine receptor channel gating. Nature 403(6771): 773-776.
Hammerle MM, Aleksandrov AA and Riordan JR (2001) Disease-associated mutations in the extracytoplasmic loops of cystic fibrosis transmembrane conductance regulator do not impede biosynthetic processing but impair chloride channel stability. The Journal of biological chemistry 276(18): 14848-14854.
Hohl M, Briand C, Grutter MG and Seeger MA (2012) Crystal structure of a heterodimeric ABC transporter in its inward-facing conformation. Nature structural & molecular biology 19(4): 395-402.
Hohl M, Hurlimann LM, Bohm S, Schoppe J, Grutter MG, Bordignon E and Seeger MA (2014) Structural basis for allosteric cross-talk between the asymmetric nucleotide binding sites of a heterodimeric ABC exporter. Proceedings of the National Academy of Sciences of the United States of America 111(30): 11025-11030.
Kalid O, Mense M, Fischman S, Shitrit A, Bihler H, Ben-Zeev E, Schutz N, Pedemonte N, Thomas PJ, Bridges RJ, Wetmore DR, Marantz Y and Senderowitz H (2010) Small molecule correctors of F508del-CFTR discovered by structure-based virtual screening. Journal of computer-aided molecular design 24(12): 971-991.
Lee JW, Soonsanga S and Helmann JD (2007) A complex thiolate switch regulates the Bacillus subtilis organic peroxide sensor OhrR. Proceedings of the National Academy of Sciences of the United States of America 104(21): 8743-8748.
Li J, Jaimes KF and Aller SG (2014) Refined structures of mouse P-glycoprotein. Protein science : a publication of the Protein Society 23(1): 34-46.
Liu X, Alexander C, Serrano J, Borg E and Dawson DC (2006) Variable reactivity of an engineered cysteine at position 338 in cystic fibrosis transmembrane conductance regulator reflects different chemical states of the thiol. The Journal of biological chemistry 281(12): 8275-8285.
Liu X, Zhang ZR, Fuller MD, Billingsley J, McCarty NA and Dawson DC (2004) CFTR: a cysteine at position 338 in TM6 senses a positive electrostatic potential in the pore. Biophysical journal 87(6): 3826-3841.
Loo TW, Bartlett MC and Clarke DM (2013) Corrector VX-809 stabilizes the first transmembrane domain of CFTR. Biochemical pharmacology 86(5): 612-619.
Loo TW, Bartlett MC, Shi L and Clarke DM (2012) Corrector-mediated rescue of misprocessed CFTR mutants can be reduced by the P-glycoprotein drug pump. Biochemical pharmacology 83(3): 345-354.
Loo TW and Clarke DM (2014) Cysteines introduced into extracellular loops 1 and 4 of human P-glycoprotein that are close only in the open conformation spontaneously form a disulfide bond that inhibits drug efflux and ATPase activity. The Journal of biological chemistry 289(36): 24749-24758.
Mitra A, Cymes GD and Auerbach A (2005a) Dynamics of the acetylcholine receptor pore at the gating transition state. Proceedings of the National Academy of Sciences of the United States of America 102(42): 15069-15074.
Mitra A, Tascione R, Auerbach A and Licht S (2005b) Plasticity of acetylcholine receptor gating motions via rate-energy relationships. Biophysical journal 89(5): 3071-3078.
Rahman KS, Cui G, Harvey SC and McCarty NA (2013) Modeling the conformational changes underlying channel opening in CFTR. PloS one 8(9): e74574.
Robertson SM, Luo X, Dubey N, Li C, Chavan AB, Gilmartin GS, Higgins M and Mahnke L (2015) Clinical drug-drug interaction assessment of ivacaftor as a potential inhibitor of cytochrome P450 and P-glycoprotein. Journal of clinical pharmacology 55(1): 56-62.
Sabirzhanova I, Lopes Pacheco M, Rapino D, Grover R, Handa JT, Guggino WB and Cebotaru L (2015) Rescuing Trafficking Mutants of the ATP-binding Cassette Protein, ABCA4, with Small Molecule Correctors as a Treatment for Stargardt Eye Disease. The Journal of biological chemistry 290(32): 19743-19755.
Schultz BD, Frizzell RA and Bridges RJ (1999) Rescue of dysfunctional deltaF508-CFTR chloride channel activity by IBMX. The Journal of membrane biology 170(1): 51-66.
Sorum B, Czege D and Csanady L (2015) Timing of CFTR pore opening and structure of its transition state. Cell 163(3): 724-733.
Van Goor F, Hadida S, Grootenhuis PD, Burton B, Cao D, Neuberger T, Turnbull A, Singh A, Joubran J, Hazlewood A, Zhou J, McCartney J, Arumugam V, Decker C, Yang J, Young C, Olson ER, Wine JJ, Frizzell RA, Ashlock M and Negulescu P (2009) Rescue of CF airway epithelial cell function in vitro by a CFTR potentiator, VX-770. Proceedings of the National Academy of Sciences of the United States of America 106(44): 18825-18830.
Van Goor F, Yu H, Burton B and Hoffman BJ (2014) Effect of ivacaftor on CFTR forms with missense mutations associated with defects in protein processing or function. Journal of cystic fibrosis : official journal of the European Cystic Fibrosis Society 13(1): 29-36.
Wang W, Li G, Clancy JP and Kirk KL (2005) Activating cystic fibrosis transmembrane conductance regulator channels with pore blocker analogs. The Journal of biological chemistry 280(25): 23622-23630.
Wang W, Roessler BC and Kirk KL (2014) An electrostatic interaction at the tetrahelix bundle promotes phosphorylation-dependent cystic fibrosis transmembrane conductance regulator (CFTR) channel opening. The Journal of biological chemistry 289(44): 30364-30378.
Wang W, Wu J, Bernard K, Li G, Wang G, Bevensee MO and Kirk KL (2010) ATP-independent CFTR channel gating and allosteric modulation by phosphorylation. Proceedings of the National Academy of Sciences of the United States of America 107(8): 3888-3893.
Ward A, Reyes CL, Yu J, Roth CB and Chang G (2007) Flexibility in the ABC transporter MsbA: Alternating access with a twist. Proceedings of the National Academy of Sciences of the United States of America 104(48): 19005-19010.
Wei S, Roessler BC, Icyuz M, Chauvet S, Tao B, Hartman JLt and Kirk KL (2015) Long-range coupling between the extracellular gates and the intracellular ATP binding domains of multidrug resistance protein pumps and cystic fibrosis transmembrane conductance regulator channels. FASEB journal : official publication of the Federation of American Societies for Experimental Biology.
Wilkinson DJ, Mansoura MK, Watson PY, Smit LS, Collins FS and Dawson DC (1996) CFTR: the nucleotide binding folds regulate the accessibility and stability of the activated state. The Journal of general physiology 107(1): 103-119.
Yu H, Burton B, Huang CJ, Worley J, Cao D, Johnson JP, Jr., Urrutia A, Joubran J, Seepersaud S, Sussky K, Hoffman BJ and Van Goor F (2012) Ivacaftor potentiation of multiple CFTR channels with gating mutations. Journal of cystic fibrosis : official journal of the European Cystic Fibrosis Society 11(3): 237-245.
Zhou P, Tian F, Lv F and Shang Z (2009) Geometric characteristics of hydrogen bonds involving sulfur atoms in proteins. Proteins 76(1): 151-163.

image2.emf
NBD1

NBD2

TMD2

TMD1


Microsoft_Office_PowerPoint_Presentation2.pptx










NBD1

NBD2

TMD2

TMD1





image1.png









iped






image3.emf
K892

D110

E116

A107

TMD1

TMD2

R104

CFTR pore model with discussed 

residues labeled (structure from 

Rahman et al., 2013)


Microsoft_Office_PowerPoint_Presentation3.pptx


K892

D110

E116

A107









TMD1

TMD2



R104

CFTR pore model with discussed residues labeled (structure from Rahman et al., 2013)















image1.png














image4.emf
Channel Opening

Energy

G°

CL, APO

G°

CL, PER

G°

O, APO

G°

O, PER

G°

TS, APO

G°

TS, PER

ΔG

OPENING

,

rel. to 

Opening Rate

ΔG

CLOSING

, 

rel. to Burst Duration


Microsoft_Office_PowerPoint_Presentation4.pptx




Channel Opening

Energy

G°CL, APO

G°CL, PER

G°O, APO

G°O, PER

G°TS, APO

G°TS, PER

ΔGOPENING, 

rel. to 

Opening Rate

ΔGCLOSING, 

rel. to Burst Duration







“Channel Opaning





image5.emf
C

0

WT-CFTR (non-equillibrium gating dominant)

C

1

O

1

O

2

Pore gating mutants of CFTR (equillibrium gating dominant)

C

0

C

1

O

1

C

2

C

2

ATP

ATP

ATP

ATP

Hyd.

A

B


Microsoft_Office_PowerPoint_Presentation5.pptx
C0

WT-CFTR (non-equillibrium gating dominant)

C1

O1

O2

Pore gating mutants of CFTR (equillibrium gating dominant)

















C0

C1

O1













C2





C2





ATP

ATP

ATP

ATP

Hyd.

A

B







G0, 0,

[OREIPER P





image6.emf
Channel Opening

Energy

G°

CL

G°

O, RED

ΔG

OPENING, S=S

ΔG

OPENING, RED

ΔG

CLOSING, S=S

ΔG

CLOSING, RED

G°

O, S=S

Disulfided

Reduced

D110C/K892C-CFTR


Microsoft_Office_PowerPoint_Presentation6.pptx
Channel Opening

Energy

G°CL

G°O, RED

ΔGOPENING, S=S 





ΔGOPENING, RED 

ΔGCLOSING, S=S 

ΔGCLOSING, RED 

G°O, S=S

Disulfided

Reduced

D110C/K892C-CFTR







D110C/KER2CCFTR

L





image7.emf
0

20

40

60

80

0 20 40 60 80 100

0

5

10

15

0 20 40 60 80 100

Fold 

potentiation

by 

Ivacaftor

Fold 

potentiation

by 

Ivacaftor

Initial activity level (% of WT-CFTR)

Initial activity level (% of WT-CFTR)

B.

A.

WT-CFTR

WT-CFTR


Microsoft_Office_PowerPoint_Presentation7.pptx
Fold potentiation by Ivacaftor

Fold potentiation by Ivacaftor

Initial activity level (% of WT-CFTR)

Initial activity level (% of WT-CFTR)

B.

A.

WT-CFTR

WT-CFTR





100	86	79	57	54	48.4	43.5	42.5	32.9	30	27.3	21.4	20.6	11	10.5	9.7000000000000011	9.1	8.1	7.8	7.7	6.9	6.3	6	5.5	5.3	5	3.9	2.9	2.9	2.7	1.7000000000000004	1.6	1.6	1.5	1.4	1.3	1	0.9	0.8	0.8	0.4	0.4	0.3000000000000001	0.1	1.5	2.2999999999999998	2.2000000000000002	2.4	1.9	2.2000000000000002	2.7	2.2999999999999998	4.0999999999999996	6.1	2.9	3.3	1.6	4.0999999999999996	8.9	16	6.2	6.2	5.6	4	3.1	2.8	12.6	3.8	9.8000000000000007	3.6	25	5.7	30	15.2	47	59	31	2.6	5.6	3.8	55.3	4	5.3	73	14.8	8	130	52	100	86	79	57	54	48.4	43.5	42.5	32.9	30	27.3	21.4	20.6	11	10.5	9.7000000000000011	9.1	8.1	7.8	7.7	6.9	6.3	6	5.5	5.3	5	3.9	2.9	2.9	2.7	1.7000000000000004	1.6	1.6	1.5	1.4	1.3	1	0.9	0.8	0.8	0.4	0.4	0.3000000000000001	0.1	1.5	2.2999999999999998	2.2000000000000002	2.4	1.9	2.2000000000000002	2.7	2.2999999999999998	4.0999999999999996	6.1	2.9	3.3	8.9	16	25	30	47	59	31	55.3	73	130	



100	86	79	57	54	48.4	43.5	42.5	32.9	30	27.3	21.4	20.6	11	10.5	9.7000000000000011	9.1	8.1	7.8	7.7	6.9	6.3	6	5.5	5.3	5	3.9	2.9	2.9	2.7	1.7	1.6	1.6	1.5	1.4	1.3	1	0.9	0.8	0.8	0.4	0.4	0.3000000000000001	0.1	1.5	2.2999999999999998	2.2000000000000002	2.4	1.9000000000000001	2.2000000000000002	2.7	2.2999999999999998	4.0999999999999996	6.1	2.9	3.3	1.6	4.0999999999999996	8.9	16	6.2	6.2	5.6	4	3.1	2.8	12.6	3.8	9.8000000000000007	3.6	25	5.7	30	15.2	47	59	31	2.6	5.6	3.8	55.3	4	5.3	73	14.8	8	130	52	100	86	79	57	54	48.4	43.5	42.5	32.9	30	27.3	21.4	20.6	11	10.5	9.7000000000000011	9.1	8.1	7.8	7.7	6.9	6.3	6	5.5	5.3	5	3.9	2.9	2.9	2.7	1.7	1.6	1.6	1.5	1.4	1.3	1	0.9	0.8	0.8	0.4	0.4	0.3000000000000001	0.1	1.5	2.2999999999999998	2.2000000000000002	2.4	1.9000000000000001	2.2000000000000002	2.7	2.2999999999999998	4.0999999999999996	6.1	2.9	3.3	8.9	16	25	30	47	59	31	55.3	73	130	










image1.emf
3.    Constriction of intracellular vestibule

2.     Formation of ICL tetrahelix bundle

1.   Tight dimerization of  NBDs

ATP Binding 

CFTR model based on

P-glycoprotein

(Rahman et al., 2013)

CFTR model based 

on McjD

(Corradi et al., 2015)

Opening

ATP Hydrolysis 

Closing

4.    Access to extracellular vestibule

MSD

NBD1

NBD2

OUT

IN

5.     Separation of extracellular loops 


Microsoft_Office_PowerPoint_Presentation1.pptx










3.    Constriction of intracellular vestibule

2.     Formation of ICL tetrahelix bundle

1.   Tight dimerization of  NBDs









ATP Binding 

CFTR model based on

P-glycoprotein

(Rahman et al., 2013)

CFTR model based 

on McjD

(Corradi et al., 2015)

Opening

ATP Hydrolysis 

Closing





4.    Access to extracellular vestibule







MSD

NBD1

NBD2

OUT

IN





5.     Separation of extracellular loops 





image1.png







image2.png














