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CHAPTER 3:  RESULTS

3.1 The position of ECL1 significantly affects the pore gating of CFTR
NOTE: the data in this section are published in (Infield et al., 2015).
As discussed in Section 1.5, several recent reports have provided evidence that the conformational changes intrinsic to CFTR channel gating mirror those of the transport cycle of evolutionarily-related ABC transporters (Bai et al., 2011; Gadsby et al., 2006; Mense et al., 2006; Wang et al., 2014).  Particularly, ATP-mediated CFTR channel opening is proposed to entail an inward- to outward-facing transition of TMDs that is driven by ATP-mediated dimerization of the NBDs (Figure 1.5).  In crystal structures of both homodimeric and monomeric ABC exporters, a structural hallmark of this transition is the separation of two apposing extracellular loops:  extracellular loop 1 and extracellular loop 4 (ECL1 and ECL4) (Dawson and Locher, 2007; Li et al., 2014; Ward et al., 2007).  We and others had previously studied several disease-relevant residue positions on ECL1 and found that mutation of several of these residues caused profound effects on the gating of the channel pore (Cui et al., 2014; Hammerle et al., 2001), highlighting a vital functional role of this region of the channel.     In parallel, molecular dynamics simulations of ABC-transporter based homology models of CFTR suggested that if CFTR gating “looks like” ABC transport, the N-terminal end of ECL1 of CFTR may be closely positioned to ECL4 in a closed state (Rahman et al., 2013).  
3.1.1 DTT reduces a putative disulfide bond between D110C and K892C, highly potentiating channel activity.  I initially asked whether linking a substituted cysteine residue in ECL1 to one in ECL4 (expected to lie across the channel pore) would stabilize the channel’s closed state in whole oocytes, using a protocol designed to minimize chloride depletion-mediated rundown during long experiments.  When co-expressed in Xenopus laevis oocytes with the beta-2 adrenergic receptor (β2AR), D110C/K892C-CFTR was activated with a saturating concentration of isoproterenol (10 µM ISO) to reach a conductance plateau, typically within 5-10 minutes. Addition of 1 mM of the reducing agent DTT after maximal activation by ISO elicited a large increase in conductance that failed to reach plateau even after 5 minutes of continued perfusion (13.0 +/- 3.2 fold increase,  n=10; Figure 3.1A).  Wild type CFTR channels activated in the same way were not apparently potentiated by DTT (n=6; Figure 3.1B), in agreement with reports from our lab and others (Beck et al., 2008; Cui et al., 2014; Liu et al., 2006), nor were K892C-CFTR channels potentiated by DTT (n=4; Figure 3.1C).  There was no apparent effect of DTT or ISO on the conductance of uninjected oocytes (n=4; not shown).  Interestingly, D110C-CFTR single mutant channels were stably potentiated 2.87 +/- 1.05 fold by DTT (n=18; Figure 3.1D), typically reaching plateau within 5 minutes.  D110A-CFTR channels were unaffected by DTT, directly implicating the reactive cysteine substitution in the potentiation of D110C-CFTR by DTT (n=4; Figure 3.1E).  Lack of significant potentiation of D110C/K892C-CFTR by 500 μM of the potent metal chelator EGTA in pilot experiments indicated that the effect of DTT was due to cysteine reduction rather than metal chelation (n=2; Figure 3.1F).  These experiments, summarized in Figure 3.1G, provide  evidence  that  D110C and K892C form a spontaneous disulfide in CFTR, and 	the 


Figure 3.1.  D110C/K892C-CFTR macroscopic currents were highly potentiated by DTT.  Traces show change in whole-cell conductance (G) over time, during activation of CFTR by stimulation of coexpressed β2AR using isoproterenol (ISO), and subsequent exposure to DTT in the continuing presence of ISO.  A) D110C/K892C-CFTR, B) WT-CFTR, C) K892C-CFTR,  D) D110C-CFTR, E) D110A-CFTR,  all activated by 10 µM ISO and then exposed to 1 mM DTT for 5 minutes.  F) Treatment with the metal chelator EGTA neither potentiated D110C/K892C-CFTR nor affected its subsequent potentiation by DTT. Quantification of fold increase of conductance (G; slope between Vm = -40 mV and 0 mV) after 5 minutes of DTT application for all variants tested, with N-values for each variant as indicated.  The dashed line indicates level of no change (i.e., “fold change of 1”).  An asterisk (*) indicates p < 0.05 between groups.


presence of this close linkage between ECL1 and ECL4 markedly perturbs channel activity.  
3.1.3 D110C/K892C-CFTR channels rapidly coordinate cadmium, which inhibits channel macroscopic conductance.  Since cysteine residues are engineered via coding into the protein of interest, it is possible that a disulfide bond between them could irreversibly form at any time between protein expression/folding and performing the experiment—a time course of multiple days.  For this reason, it has been suggested that engineered disulfide bonds can “trap” residues into rare and otherwise unnatural conformations (El Hiani and Linsdell, 2014).  To better understand the kinetics of the C110-C892 linkage, I performed metal bridging experiments using acute applications of the soft metal cadmium, as successfully used to probe cysteine proximity in previous studies of CFTR (El Hiani and Linsdell, 2014; Linsdell, 2015; Wang and Linsdell, 2012) and many other types of ion channels.  Note that, consistent with the idea that the vast majority of D110C/K892C-CFTR channels form a disulfide bond between C110 and C892 in cells, this mutant was negligibly inhibited in the presence of a high concentration (2 mM) of cadmium, until after incubation with 1 mM DTT liberated the cysteine residues (Figure 3.2).  Therefore, in all subsequent experiments using cadmium, all variants were first treated with DTT to ensure that engineered cysteine residues of these channels were free to coordinate metals.  
Cells were clamped to Vm  = -40 mV, exposed to ISO, and at current plateau, 20 µM cadmium was applied for 30 seconds, followed by 30 seconds of cadmium washout in  the  continuing  presence of ISO.  D110C/K892C-CFTR channels were  rapidly 	inhibited 



Figure 3.2 D110C/K892C-CFTR is inhibited by cadmium after reduction of cysteine residues with DTT.  Traces show change in macroscopic current (µA) over time, during activation by stimulation of coexpressed β2AR using isoproterenol (ISO).  A) Example trace showing minimal inhibition by 2 mM cadmium before DTT and high inhibition after DTT.  B) Quantification of inhibition in both conditions. 






by cadmium, with negligible reversibility in the subsequent 30 seconds of ISO alone (Figure 3.3A).  By contrast, D110C-CFTR channels were reversibly inhibited by 20 µM cadmium (Figure 3.3B).  There were no apparent significant effects of cadmium on WT-CFTR (Figure 3.3C), in agreement with previous studies using millimolar (Beck et al., 2008) or micromolar (Wang and Linsdell, 2012) extracellular cadmium; nor was there an apparent effect on K892C-CFTR channels (Figure 3.3D).  The difference in extent of recovery after removal of cadmium (quantified in Figure 3.3E) between D110C-CFTR and D110C/K892C-CFTR suggested a large apparent difference in the affinity for cadmium in these mutants.  
Consistent with these results, dose response experiments carried out over a seven log10 range of cadmium concentrations revealed that the affinity of D110C/K892C-CFTR for cadmium was approximately 1000-fold higher than that of D110C-CFTR (Figure 3.4 A,B).  A saturating cadmium concentration (20 µM) reversed a large fraction of the increase elicited in D110C/K892C-CFTR upon exposure to DTT (Figure 3.4C), consistent with the idea that linkage of C110 and C892 via cadmium may inhibit channel activity in a similar way to linkage via a disulfide.  The data in Figure 3.4 also indicate that the previously observed slow recovery of D110C/K892C-CFTR from cadmium inhibition upon washout (Figure 3.3A) is due to high affinity coordination of the metal in the double mutant, relative to the single mutant.  Therefore, the washout data in Figure 3.3 demonstrate that within the time scale of a 30-second application of 20 µM cadmium to D110C/K892C-CFTR, essentially all of the cadmium that bound to the variant bound to a high  affinity  site  contributed  to  by  both C110 and C892, as opposed to the low 	affinity 


Figure 3.3. Inhibition of D110C-CFTR and D110C/K892C-CFTR by cadmium demonstrated differences in reversibility. Traces show change in macroscopic current (µA) over time, during activation by stimulation of coexpressed β2AR using isoproterenol (ISO).  All cells were preincubated with 1 mM DTT for five minutes.  A) D110C/K892C-CFTR, B) D110C-CFTR, C) WT- CFTR, D) K892C-CFTR, all with 30-second exposures to 20 µM cadmium followed by 30 seconds of cadmium washout in the presence of ISO.  Current reported at Vm = -40 mV; increased activation results in downward deflection.  N = 4 to 7 per variant.  E) Comparison of D110C-CFTR and D110C/K892C-CFTR percentage current recovery after 30 seconds of washout of cadmium in the continuing presence of ISO.  An asterisk (*) indicates p  <  0.05 between groups.









Figure 3.4. Dose response experiments for D110C-CFTR and D110C/K892C-CFTR after DTT and in the constant presence of 10 µM isoproterenol demonstrate that D110C-K892C-CFTR was   ̴ 1000-fold more sensitive to cadmium.  A) Representative records for D110C-CFTR (top) and D110C/K892C-CFTR (bottom) wherein cadmium was applied in the constant presence of 10 µM ISO after 4 minutes of 1 mM DTT. The electrophysiological protocol was identical to that used in Figure 3.1.   B) Plot of cadmium dose response; Kd for cadmium in the single mutant D110C-CFTR = 4.49 +/- 1.65 µM; Kd in the double mutant was ≈ 2 nM.  C) Quantification of percent of DTT-induced increase that was reversed by maximal cadmium concentration for both D110C-CFTR (2 mM cadmium) and D110C/K892C-CFTR (20 µM cadmium).  N-values for each variant as indicated.  




(reversible) site contributed only by C110 whose reversibility is observed in the D110C-CFTR traces (Figure 3.3B).  These data therefore suggest that, at least in this mutant, ECL1 and ECL4 frequently come within close enough proximity in actively gating channels to enable the coordination of cadmium.       
3.1.4 K892C in ECL4 fails to form spontaneous disulfide bonds or coordinate cadmium with two substituted cysteine residues near D110.  I next asked whether cysteine linkages could be formed between K892C and other ECL1 cysteine substitutions via either disulfide formation or cadmium coordination.  In Figure 3.5A, E115C/K892C-CFTR is shown first exposed to 1 mM DTT, and  next to 20 µM  cadmium.  There was no  significant  effect of either chemical on macroscopic currents (Figure 3.5B).  There also was no significant effect of either DTT or cadmium on D112C/K892C-CFTR (Figure 3.5B,C).  Since D110C/K892C-CFTR was sensitive to DTT and cadmium but D112C/K892C- and E115C/K892C-CFTR were sensitive to neither chemical, these results suggest that ECL1 of CFTR is oriented such that N-terminal end positioned closer to ECL4 than the C-terminal end (Figure 3.5D).	
3.1.5 A loss-of-charge mutation at D110 affects CFTR open pore stability, but not single channel amplitude.  To better understand the mechanisms of potentiation and inhibition of the DTT and cadmium-sensitive CFTR variants, I aimed to record the behavior of single channels in the excised inside-out patch configuration.  In order to characterize the effect of loss of the native aspartic acid at D110 on single channel behavior, I first recorded the cystic fibrosis-related mutant, D110H-CFTR.  Channels in excised  patches  were  directly  activated by bath application of 1 mM ATP and 127 	U/ml 

Figure 3.5. Neither 1 mM DTT nor 20 µM cadmium significantly affected the function of other ECL1/ECL4 cysteine double mutants. A) Example trace showing that neither 1 mM DTT nor 20 µM cadmium significantly affected E115C/K892C-CFTR.  B) Quantification of inhibition of current by cadmium at Vm = -60 mV after 60 seconds of treatment; an asterisk (*) indicates p < 0.05.  C) Quantification of potentiation of current at Vm = -60 mV by 1 mM DTT after 3 min of treatment.  N-values for each variant as indicated.  D) Snapshot at 2.5 ns of a molecular dynamics simulation from our recent study (Rahman et al., 2013) with D110, D112, E115, and K892 highlighted, demonstrates that the orientation of ECL1 is such that D112 and E115 are further from K892 than is D110. 


PKA (without co-expression of β2AR).  D110H-CFTR opened to a full conductance similar to that of WT-CFTR (Figure 3.6A), a result consistent with that found by another group recording this mutant in lipid bilayers (Hammerle et al., 2001).  D110H-CFTR displayed a significantly shorter mean burst duration relative to WT-CFTR; interestingly, the mean burst duration of this variant was very similar to what we recently reported for D110E-CFTR (Figure 3.6B) (Cui et al., 2014).   These data, combined with our finding that D110C-CFTR macroscopic currents are unaffected by the positively charged Cys-reactive MTS reagent MTSET (Cui et al., 2014), strongly suggest that D110 does not itself play a direct role in permeation through the CFTR channel.  Since mutations at D110 significantly shortened the open burst duration, the residue is clearly involved in stabilizing the open CFTR pore; however, since both a charge-sparing (D110E) and charge  neutralizing  (D110H)  mutation  appear  to  affect  open  burst  stability  similarly,  there appears to be a specific role for the geometry of the native aspartic acid that is not merely related to charge.  Consistent with this idea, Van Goor and colleagues recently demonstrated that D110H-CFTR and D110E-CFTR are modulated by the FDA-approved CFTR potentiator Ivacaftor with nearly identical potency and efficacy (Van Goor et al., 2014) .  
3.1.6 Potentiation of D110C-CFTR and D110C/K892C-CFTR by DTT and inhibition by cadmium involve modulation of both the mean burst duration and unitary conductance of the channel.  To lay further groundwork for the investigation of the dramatic effects of DTT and cadmium on D110C/K892C-CFTR, we next investigated the mechanism underlying the effects of these chemicals on the single mutant D110C-CFTR via  excised  patch  recordings  with  single channel  resolution.   Once  again, channels 	in 


Figure 3.6.  D110H-CFTR channels exhibited reduced mean burst durations but conductance levels similar to WT-CFTR.  A) Example traces for both WT-CFTR and D110H-CFTR activated by 1 mM ATP and 127 U/ml PKA.  Recordings were made at Vm = -100 mV.  B) Comparison of mean burst duration among D110 variants; an asterisk (*) indicates p < 0.05.  Charge-neutralized D110H-CFTR had a similar mean burst duration to charge-sparing D110E-CFTR (reported in (Cui et al., 2014)).  N-values for each variant as indicated.  c: closed current level; o1 –o3 open current levels for one to three active channels in the patch.

excised patches were directly activated by bath application of 1 mM ATP and 127 U/ml PKA (without co-expression of β2AR).  Naïve D110C-CFTR channels demonstrated a reduced mean burst duration (154.2 ± 6.1 ms; n=5 patches; Figure 3.7 A,B) compared to WT-CFTR (p < 0.05), and a prevalent subconductance of approximately ≈ 80% of full conductance alongside full conductance openings in the same patches (Fig. 3.7A, black vs. gray arrowheads, respectively, in upper trace). When D110C-CFTR channels were recorded in the presence of 1 mM DTT in the pipette, I observed an increase in overall mean open burst duration  (369.5 ± 16.8 ms; n=4 patches; Figure 3.7B).  In addition, the prevalence of the full conductance openings was increased by DTT, as indicated by a comparison of the all-points amplitude histograms.  Since long, full conductance openings are favored in the presence of DTT, we suggest that this single channel behavior is indicative of D110C-CFTR channels in the reduced chemical state.  
I also investigated the mechanism underlying the reversible cadmium-mediated inhibition of D110C-CFTR via multichannel patch recording.  Oocytes were first incubated in 1 mM DTT during shrinking in hypertonic stripping solution with periodic agitation (>10 minutes), then briefly washed in intracellular solution and recorded in the presence of 20 µM cadmium in the patch pipette.  As evidenced in the channel records (Figure 3.7A, bottom two traces) and amplitude histogram, cadmium apparently induced a range of subconductance openings in D110C-CFTR channels.   Additionally, in the presence of cadmium, D110C-CFTR channels displayed a reduced mean burst duration  compared  to that in the presence of DTT (134.5 ± 5.8 ms; n = 5 patches; 	Figure 


Figure 3.7.  D110C-CFTR gating was modulated by DTT and cadmium in a manner consistent with the macroscopic results.  CFTR variants were activated by 1 mM ATP and 127 U/ml PKA, and recordings were made at Vm = -100 mV.  A) Single channel traces of D110C-CFTR activated by intracellular ATP and PKA and either standard pipette solution (top trace),  pipette solution containing 1 mM DTT (middle trace), or pipette solution containing 20 µM cadmium after pre-incubation of the oocyte with 1 mM DTT, all with corresponding amplitude histograms fit to Gaussian distributions.  The bottom trace is an expanded representation of the area in the above trace indicated by a bracket.   In the naïve channels, subconductance (black arrow) and full conductance (gray arrow) openings were observed in the same patches.  B) Quantification of mean open burst duration of D110C-CFTR with each pipette solution condition with N-values for each condition as indicated; an asterisk (*) indicates p < 0.05.





3.7B). In general terms, the effects of the inhibitory cadmium on naïve D110C-CFTR channels appear to be opposite of the effects of DTT, which lengthened the burst duration and increased the prevalence of full conductance openings. 
In whole oocytes, DTT treatment of D110C/K892C-CFTR channels resulted in a large potentiation in macroscopic conductance (Figure 3.1).  When we recorded single D110C/K892C-CFTR channels directly activated by bath application of 1 mM ATP and 127 U/ml PKA (again without co-expression of β2AR)  in the absence of DTT, the mean burst duration of untreated channels (155 ± 7.6 ms, n=4 patches; Figure 3.8A,B) was significantly less than that of WT-CFTR (p < 0.05).  The conductance of the naïve channel varied significantly; there existed full conductance openings, openings of the size of the dominant subconductance from D110C-CFTR channels, and subconductances of lower amplitudes (Figure 3.8A, top trace).  D110C/K892C-CFTR channels were also recorded with solution wherein 1 mM DTT was present throughout the pipette.    These channels displayed an increased mean burst duration (440 ± 44.1 ms; n=4 patches) compared to naïve channels, and typically opened to a full conductance, as seen in the representative record (Figure 3.8A, middle trace) and corresponding amplitude histogram.  Unsurprisingly, these data show that the DTT-treated D110C/K892C-CFTR channels behaved very similarly to DTT-treated D110C-CFTR channels; this is to say, both D110C/K892C- and D110C-CFTR channels opened to a reasonably stable, full conductance state in the presence of DTT, when their cysteine residues were likely reduced.   When, after 1 mM DTT exposure, D110C/K892C-CFTR channels were recorded  with   a  concentration  of  cadmium  in  the  pipette  (20  nM)  that 	selectively 


Figure 3.8.  DTT and cadmium modulated the single channel behavior of D110C/K892C-CFTR channels.  CFTR variants were activated by 1 mM ATP and 127 U/ml PKA, and recordings were made at Vm = -100 mV.  A) D110C/K892C-CFTR channels recorded with standard pipette solution opened briefly and to a variable conductance level (top trace).  D110C/K892C-CFTR channels in the presence of 1 mM DTT opened stably to a full conductance (middle trace).  D110C/K892C-CFTR channels in the presence of 20 nM cadmium opened briefly to a range of subconductances (bottom trace with expanded presentation of bracketed section below).  A corresponding amplitude histogram fit to a Gaussian distribution accompanies each trace.   B)  Quantification of mean open burst duration for each condition with N-values for each condition as indicated; an asterisk (*) indicates p < 0.05.  

inhibits this double mutant (Figure 3.4),  the channels demonstrated a decreased burst duration (122.2 ± 7.0 ms, n = 4 patches) when compared to DTT-treated channels, and exhibited frequent subconductance openings of variable levels (Fig. 3.8A, bottom two traces).  The burst duration results strongly suggest that both DTT and cadmium modulate the pore gating kinetics of D110C/K892C-CFTR.  

3.2 Conformational restriction between ECL1 and ECL4 alters the sensitivity of CFTR to activation by phosphorylation 
Note:  The data in this section are published in (Infield et al., 2015).
3.2.1 Naïve D110C/K892C-CFTR channels display a reduced sensitivity to IBMX stimulation that is countered by breakage of the disulfide bond between C110 and C892.   As described in the Methods, in all of the whole cell experiments mentioned above, CFTR was activated via robust Gαs signaling through the co-expressed beta 2 adrenergic receptor via isoproterenol.   This mode of PKA signaling is highly physiological with respect to CFTR (Bossard et al., 2011; Gonska et al., 2009; Mutlu and Factor, 2008; Quinton et al., 2012; Rowe et al., 2014), but it does require the introduction of another protein and therefore of another variable into the experimental design.  One of the reviewers of my manuscript requested that we provide some data confirming that the large macroscopic potentiation of D110C/K892C-CFTR by DTT is independent of β2AR.  To address this, we aimed to perform TEVC experiments wherein we activated channels with the phosphodiesterase inhibitor IBMX in the continuing presence of 10 µM of the adenylyl cyclase activator forskolin, as done in several previous studies to elicit activation of CFTR channels expressed in oocytes (Drumm et al., 1991; Smit et al., 1993; Wilkinson et al., 1996; Wilkinson et al., 1997).  In this regard, one advantage of the Xenopus oocyte system is that it allows “graded” activation of WT-CFTR in response to increasing concentrations of IBMX in the presence of forskolin (Drumm et al., 1991; Smit et al., 1993), likely due to the higher phosphatase activity in Xenopus oocytes relative to mammalian cells ((Weinreich et al., 1997) vs. (Al-Nakkash and Hwang, 1999)).  I had also recently become aware of data suggesting that mutations disrupting ABC-transporter-conserved tetrahelix bundle formation in CFTR altered the sensitivity of CFTR to PKA (Wang et al., 2014).   These data led me to ask whether, in whole oocytes, a conformational restriction such as that mediated by the engineered disulfide bond between ECL1 and ECL4 might affect the sensitivity of CFTR to phosphorylation stimuli.  
Interestingly, I found that whereas WT-CFTR was nearly maximally activated by 10 µM forskolin and 0.5 mM IBMX (comparable to previous studies; see (Drumm et al., 1991)), naïve D110C/K892C-CFTR channels were potentiated linearly as [IBMX] was increased up to the highest concentration tested (2 mM; Figure 3.9 A,B). This lack of saturation suggested a lower overall sensitivity of this channel population to the activation stimulus, as has been previously observed in some CF-related CFTR mutants (Drumm et al., 1991).  This reduced sensitivity was mirrored by a much faster deactivation rate upon washout of stimuli in naïve D110C/K892C-CFTR channels as opposed to WT-CFTR channels (Figure 3.10). 
Importantly, D110C/K892C-CFTR channels activated by 10 µM forskolin and 2 mM IBMX were still highly potentiated by 1 mM DTT  without reaching plateau after	 five


Figure 3.9.  An intact inhibitory disulfide bond between ECL1 and ECL4 reduces the sensitivity of D110C/K892C-CFTR to phosphorylation stimulus by IBMX.   CFTR currents in whole oocytes were activated by 10 µM forskolin (FSK) and increasing concentrations of IBMX, and 1 mM DTT and 20 µM of the CFTR-specific inhibitor Inh172 were added at the indicated times.  Conductance is calculated as in Figures 3.1 and 3.4.  A) Conductance from naïve D110C/K892C-CFTR channels potentiated by increasing concentrations of IBMX and further potentiated by subsequent application of 1 mM DTT.  B) Conductance from WT-CFTR channels showing saturation above 0.5 mM IBMX and lack of potentiation by 1 mM DTT.  C)  Conductance from DTT-treated D110C/K892C-CFTR channels with increasing concentrations of IBMX.  D)  Quantification of potentiation of each variant normalized to 0.1 mM IBMX + 10 µM forskolin.  N  ≥ 3 for each variant.  An asterisk (*) indicates p < 0.05 between naïve D110C/K892C-CFTR and both DTT-treated D110C/K892C-CFTR and WT CFTR; a pound sign (#) indicates p < 0.05 between naïve D110C/K892C-CFTR and WT-CFTR and p = 0.087 between naïve D110C/K892C-CFTR and DTT- treated D110C/K892-CFTR.



Figure 3.10.  Naïve (disulfided) D110C/K892C-CFTR channels deactivated faster than WT-CFTR channels upon washout of activating stimulus.  A) At current plateau (arrow), 2 mM IBMX + 10 μM Forskolin was washed out in the presence of ND96 Ringer’s solution.  B) Quantification of deactivation rates as the fraction of current deactivated after 180 seconds of agonist washout. An asterisk indicates p < 0.05










minutes of exposure; there was no significant difference in the degree of potentiation compared to when channels were activated via the β2AR (10.3 +/- 2.5 fold vs. 13.0 +/-  3.2 fold, respectively).  This suggested that at least the majority of the channel population remained in the disulfided form prior to DTT; ie. that high phosphorylation stimulus was not able to break the disulfide bond.  
The above results led me to ask whether the sensitivity of this mutant to IBMX would be modulated by DTT.  To this end, I treated D110C/K892C-CFTR cells with 1 mM DTT for 10 minutes and then immediately activated with 10 µM forskolin and IBMX, starting with 0.1 mM IBMX to minimize the amount of time between DTT reduction of the disulfide bond and channel activation.  DTT-treated channels showed an increased IBMX sensitivity relative to naïve channels, as evidenced by the lower degree of potentiation of macroscopic conductance with increasing concentrations of IBMX (Figure 3.9 C,D).  A straightforward interpretation of this normalized IBMX sensitivity relative to WT-CFTR is that the disulfided channels were somehow rendered less sensitive to a given level of phosphorylation stimulus, and that breakage of the disulfide partially restored sensitivity.  Additionally, the apparent change in the IBMX sensitivity of D110C/K892C-CFTR upon DTT treatment is further evidence (along with changes in cadmium sensitivity (Figure 3.2) and single channel behavior (Figure 3.8) of this mutant) that disulfided D110C/K892C-CFTR channels are able to open (however infrequently and briefly), because if all of the current we measured in naïve cells across the IBMX concentrations arose from a fraction of non-disulfided channels in the population, we would not expect their sensitivity to have been altered by DTT.   Altogether, these results demonstrate that the conformational restriction between ECL1 and ECL4 not only affects the frequency and stability of CFTR opening, but also the requirement of phosphorylation stimulus required for opening.  The implications of these data to a model of CFTR regulation are discussed in Section 4.3.

3.3 CFTR lacking the Regulatory R-domain is highly potentiated by the FDA-approved CFTR potentiator Ivacaftor.
Note: the data in this section are not yet published. 	
Our group has recently become interested in investigating the mechanism of action of Ivacaftor, which is currently the only functional modulator of CFTR demonstrated to show efficacy in CF-patients (Accurso et al., 2010). As discussed in detail in Section 1.4, this drug was discovered through high throughput screening, and as a result very little is known about where the drug binds on CFTR or how it works. 
It has been demonstrated that Ivacaftor does not raise cAMP levels in cells (Pyle et al., 2011).  Of course, this was already strongly implied by electrophysiological experiments establishing that the drug potentiates CFTR, rather than activating it (Van Goor et al., 2009). However, the dependence of Ivacaftor on the degree of CFTR phosphorylation is not known.  In the near future, our group intends to perform IBMX dose-response experiments (similar to the ones I performed in collecting the data in Section 3.2), wherein we will test the effect of Ivacaftor and other drugs on WT and mutant CFTR under different levels of stimulation.  These experiments will be coupled to direct biochemical measurements of the phosphorylation status of specific PKA sites under these different levels of stimulation, yielding powerful data to elucidate this aspect of the mechanism of CFTR modulators.
As a first step to inform these future studies, we reasoned it would be highly informative to test, in our system, the effect of Ivacaftor on a version of CFTR wherein the Regulatory R domain has been removed (Csanady et al., 2000).  This so-called “ΔR-CFTR” is still dependent on ATP for gating, but it is not absolutely dependent on PKA-mediated phosphorylation (Chan et al., 2000). Therefore, by using ΔR-CFTR, we can discern what effects the drug may have on the channel that are unrelated to its regulation by the R domain.   	
	To do these experiments, I expressed ΔR-CFTR in Xenopus oocytes over a course of three weeks, to mitigate concerns over oocyte batch-specific effects.  Consistent with its PKA-independent activity, cells expressing ΔR-CFTR displayed a stable and constitutive chloride conductance (Figure 3.11).  Ivacaftor, applied at a concentration of 1 µM, elicited a rapid increase in current that reached plateau in approximately 3 minutes on average (Figure 3.11).  The kinetics of potentiation were consistent with those elicited by Ivacaftor on WT-CFTR in Xenopus oocytes (Cui and McCarty, 2015).  Currents were potentiated 6.35 ± 2.39- fold on average (n=5), and potentiated current was confirmed to be carried by CFTR on the basis of nearly complete inhibition by the CFTR-specific inhibitor Inh172 (Figure 3.11).  These data demonstrate that the effect of Ivacaftor on WT-CFTR is dependent on neither the existence nor phosphorylation of the R domain.  
	




Figure 3.11 Effect of Ivacaftor on an R domain-less version of WT-CFTR.  Currents were potentiated 6.35 ± 2.39 fold (n=5), and potentiated current was inhibited by the specific CFTR inhibitor CFTR INH172.
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Figure 4: A) Neither DTT nor 20 µM Cadmium significantly affect E115C/K892C-CFTR or D112C/K892C-CFTR.  B) Quantification of inhibition of current at Vm -60mV after 60 seconds of treatment. C) Quantification of potentiation of current at Vm -60mV  by DTT after 3 min of treatment.  D) 2.5 ns simulation from our recent study (ref. 16)  with D110, D112, E115, and K892 highlighted.
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Figure 5:  A) D110H-CFTR channels have reduced mean burst duration but similar conductance level to WT CFTR and lack subconductance behavior.  B) Comparison of mean burst duration among D110 variants;  uncharged D110C- and D110H-CFTR have similar mean burst duration to D110E-CFTR.

1



30.479999999999986	0	95.81	-30.479999999999986	0	-95.81	D110H-CFTR (n=5)	D110E-CFTR (from ref. 16)	WT-CFTR (n=8)	205.5	200	667.68000000000052	



image1.emf



image2.emf



oleObject1.bin



oleObject2.bin




image7.emf
0250500

D110C 

(n=5)

D110C + 

DTT (n=4)

D110C + 

Cd2+ post DTT (n=5)

**

2 sec1.0 pA

COCOCO1

D110C-CFTR naïve D110C-CFTR + DTTD110C-CFTR + Cd

2+

after DTT

A

Mean Burst Duration (ms)

O2

2 sec1.0 pA2 sec1.0 pA0.2 sec1.0 pA

CO1

0300600-1.5-0.50.506001200-1.5-0.50.50300600-1.5-0.50.5

# events# events# events

Current (pA)Current (pA)Current (pA)

D110C-CFTR + Cd

2+

after DTT (expanded section)

B

2+


Microsoft_Office_PowerPoint_Presentation7.pptx






*



*



2 sec

1.0 pA

C

O

C

O

C

O1

D110C-CFTR naïve 

D110C-CFTR + DTT

D110C-CFTR + Cd2+ after DTT

A





Mean Burst Duration (ms)

O2

2 sec

1.0 pA

2 sec

1.0 pA

0.2 sec

1.0 pA

C

O1

# events

# events

# events

Current (pA)

Current (pA)

Current (pA)



D110C-CFTR + Cd2+ after DTT (expanded section)

B



2+





0.31500000000000072	0.30500000000000038	0.29500000000000032	0.28500000000000031	0.27500000000000002	0.26500000000000001	0.255	0.24500000000000036	0.23500000000000001	0.22500000000000001	0.21500000000000036	0.20500000000000004	0.19500000000000001	0.18500000000000036	0.17500000000000004	0.16500000000000001	0.15500000000000039	0.14500000000000021	0.13500000000000001	0.125	0.115	0.10500000000000002	9.5000000000000043E-2	8.5000000000000006E-2	7.5000000000000011E-2	6.5000000000000002E-2	5.5000000000000014E-2	4.5000000000000012E-2	3.500000000000001E-2	2.5000000000000001E-2	1.4999999999999998E-2	5.0000000000000114E-3	-5.0000000000000114E-3	-1.4999999999999998E-2	-2.5000000000000001E-2	-3.500000000000001E-2	-4.5000000000000012E-2	-5.5000000000000014E-2	-6.5000000000000002E-2	-7.5000000000000011E-2	-8.5000000000000006E-2	-9.5000000000000043E-2	-0.10500000000000002	-0.115	-0.125	-0.13500000000000001	-0.14500000000000021	-0.15500000000000039	-0.16500000000000001	-0.17500000000000004	-0.18500000000000036	-0.19500000000000001	-0.20500000000000004	-0.21500000000000036	-0.22500000000000001	-0.23500000000000001	-0.24500000000000036	-0.255	-0.26500000000000001	-0.27500000000000002	-0.28500000000000031	-0.29500000000000032	-0.30500000000000038	-0.31500000000000072	-0.32500000000000084	-0.33500000000000096	-0.34500000000000008	-0.35500000000000032	-0.36500000000000032	-0.37500000000000072	-0.38500000000000084	-0.39500000000000096	-0.40500000000000008	-0.41500000000000031	-0.42500000000000032	-0.43500000000000072	-0.44500000000000001	-0.45500000000000002	-0.46500000000000002	-0.47500000000000031	-0.48500000000000032	-0.49500000000000038	-0.505	-0.51500000000000001	-0.52500000000000002	-0.53500000000000003	-0.54500000000000004	-0.55500000000000005	-0.56499999999999995	-0.57500000000000062	-0.58499999999999996	-0.59499999999999997	-0.60500000000000065	-0.61500000000000143	-0.62500000000000155	-0.63500000000000156	-0.64500000000000168	-0.65500000000000191	-0.66500000000000192	-0.67500000000000193	-0.68500000000000005	-0.69499999999999995	-0.70500000000000063	-0.71500000000000064	-0.72500000000000064	-0.73500000000000065	-0.74500000000000144	-0.75500000000000156	-0.76500000000000168	-0.7750000000000018	-0.78500000000000003	-0.79500000000000004	-0.80500000000000005	-0.81499999999999995	-0.82500000000000062	-0.83500000000000063	-0.84499899999999994	-0.85499899999999995	-0.86499900000000218	-0.87499900000000252	-0.88499899999999998	-0.89499899999999999	-0.90499900000000144	-0.91499900000000156	-0.92499900000000168	-0.93499900000000191	-0.94499900000000192	-0.95499900000000193	-0.96499900000000194	-0.97499899999999995	-0.98499899999999996	-0.99499899999999997	-1.0049989999999998	-1.0149989999999998	-1.0249989999999998	-1.0349989999999998	-1.0449989999999998	-1.0549989999999998	-1.0649989999999998	-1.0749989999999998	-1.0849989999999998	-1.0949989999999998	-1.1049989999999998	-1.1149989999999999	-1.1249989999999999	-1.1349989999999999	-1.1449989999999999	-1.1549989999999999	-1.1649989999999999	-1.1749989999999999	-1.1849989999999999	-1.1949989999999999	-1.204998999999997	-1.2149989999999971	-1.2249989999999971	-1.2349989999999971	-1.2449989999999971	-1.2549989999999998	-1.2649989999999998	-1.2749989999999998	-1.2849989999999998	-1.2949989999999998	-1.3049989999999998	-1.3149989999999998	-1.3249989999999998	-1.3349989999999998	-1.3449989999999998	-1.3549989999999998	-1.3649989999999999	-1.3749989999999999	-1.3849989999999999	-1.3949989999999999	-1.4049989999999968	-1.4149989999999968	-1.4249989999999968	-1.4349989999999968	-1.4449989999999968	-1.454998999999997	-1.4649989999999971	-1.4749989999999971	-1.4849989999999971	-1.4949989999999971	7.7488060000000001	7.7600809999999871	7.7822800000000001	7.8249249999999764	7.904833	8.0508580000000016	8.3110590000000002	8.7630950000000034	9.5286149999999985	10.79214	12.824407000000004	16.009049999999945	20.870049000000002	28.095452000000002	38.550820999999999	53.274033000000003	73.442286999999993	100.302925	135.062782	178.73677099999998	231.964111	294.81115699999879	366.58731099999915	445.70843499999916	529.64215099999842	614.96350099999938	697.53747599999997	772.82275399999946	836.27239999999995	883.78314200000159	912.13311799999997	919.34381099999996	904.90850799999998	869.85198999999818	816.61120599999947	748.75561499999947	670.59338400000183	586.72167999999999	501.58816499999915	419.11880500000001	342.45333899999883	273.80679300000003	214.45361299999999	164.814133	124.61105300000018	93.061684000000184	69.073138999999784	51.416850999999994	38.866510000000012	30.294378000000005	24.727375000000031	21.369574	19.600000000000001	18.954784	19.101461999999998	19.811292999999999	20.933405	22.372779999999949	24.072785999999986	26.002077999999987	28.145212999999945	30.496223999999934	33.054343999999993	35.821253000000006	38.799320000000108	41.990505000000013	45.395641000000005	49.013958000000002	52.842766000000005	56.877185999999995	61.109993000000003	65.531455999999991	70.129245999999981	74.888362999999799	79.791115000000246	84.817138999999983	89.943459000000232	95.144585000000006	100.39267	105.65772999999999	110.90784499999999	116.109489	121.227844	126.22716500000018	131.07119800000001	135.72357199999962	140.148293	144.31015000000002	148.17523199999999	151.71133399999999	154.88844300000073	157.67912299999998	160.05894500000036	162.006821	163.50535600000001	164.541	165.104401	165.190414	164.79827900000001	163.931534	162.59806800000001	160.809921	158.583145	155.93751499999999	152.89633200000037	149.485962	145.73554999999999	141.67655199999959	137.3423310000004	132.76768499999972	127.98838000000001	123.04069500000018	117.960976	112.78521000000002	107.54858400000002	102.285133	97.027389999999983	91.806061	86.649787999999958	81.584923000000231	76.635371999999649	71.822440999999785	67.164786999999919	62.678371000000013	58.376476000000004	54.269749000000012	50.366282999999996	46.671728000000002	43.189438000000003	39.920624000000004	36.864529000000005	34.018629000000004	31.378803000000001	28.939601999999987	26.69435700000005	24.635435999999999	22.754424	21.042298999999989	19.489605999999949	18.086615999999989	16.823464999999999	15.690283000000001	14.677312000000001	13.774996	12.974068000000001	12.265617000000002	11.641139999999998	11.092585000000023	10.612376000000001	10.193436000000027	9.8291940000000046	9.5135810000000003	9.2410299999999985	9.0064570000000028	8.8052480000000042	8.6332340000000016	8.4866700000000002	8.3622040000000268	8.2568560000000026	8.1679830000000013	8.0932560000000002	8.0306310000000014	7.9783179999999998	7.9347630000000127	7.8986190000000001	7.868722	7.8440729999999945	7.8238159999999803	7.8072229999999996	7.7936750000000004	7.7826490000000126	7.7737049999999996	7.7664720000000003	7.7606419999999998	7.7559579999999881	7.7522070000000003	7.7492130000000126	7.7468300000000001	7.7449399999999882	7.7434450000000004	7.7422680000000126	7.7413420000000137	



6.1034768833944364	16.840579977682289	8.1304203856633759	-6.1034768833944364	-16.840579977682289	-8.1304203856633759	6.1034768833944364	16.840579977682289	8.1304203856633759	-6.1034768833944364	-16.840579977682289	-8.1304203856633759	D110C (n=5)	D110C + DTT (n=4)	D110C + Cd2+ post DTT (n=5)	154.15903614457832	369.46495327102804	137.82608695652263	



0.31500000000000072	0.30500000000000038	0.29500000000000032	0.28500000000000031	0.27500000000000002	0.26500000000000001	0.255	0.24500000000000036	0.23500000000000001	0.22500000000000001	0.21500000000000036	0.20500000000000004	0.19500000000000001	0.18500000000000036	0.17500000000000004	0.16500000000000001	0.15500000000000039	0.14500000000000021	0.13500000000000001	0.125	0.115	0.10500000000000002	9.5000000000000043E-2	8.5000000000000006E-2	7.5000000000000011E-2	6.5000000000000002E-2	5.5000000000000014E-2	4.5000000000000012E-2	3.500000000000001E-2	2.5000000000000001E-2	1.4999999999999998E-2	5.0000000000000114E-3	-5.0000000000000114E-3	-1.4999999999999998E-2	-2.5000000000000001E-2	-3.500000000000001E-2	-4.5000000000000012E-2	-5.5000000000000014E-2	-6.5000000000000002E-2	-7.5000000000000011E-2	-8.5000000000000006E-2	-9.5000000000000043E-2	-0.10500000000000002	-0.115	-0.125	-0.13500000000000001	-0.14500000000000021	-0.15500000000000039	-0.16500000000000001	-0.17500000000000004	-0.18500000000000036	-0.19500000000000001	-0.20500000000000004	-0.21500000000000036	-0.22500000000000001	-0.23500000000000001	-0.24500000000000036	-0.255	-0.26500000000000001	-0.27500000000000002	-0.28500000000000031	-0.29500000000000032	-0.30500000000000038	-0.31500000000000072	-0.32500000000000084	-0.33500000000000096	-0.34500000000000008	-0.35500000000000032	-0.36500000000000032	-0.37500000000000072	-0.38500000000000084	-0.39500000000000096	-0.40500000000000008	-0.41500000000000031	-0.42500000000000032	-0.43500000000000072	-0.44500000000000001	-0.45500000000000002	-0.46500000000000002	-0.47500000000000031	-0.48500000000000032	-0.49500000000000038	-0.505	-0.51500000000000001	-0.52500000000000002	-0.53500000000000003	-0.54500000000000004	-0.55500000000000005	-0.56499999999999995	-0.57500000000000062	-0.58499999999999996	-0.59499999999999997	-0.60500000000000065	-0.61500000000000143	-0.62500000000000155	-0.63500000000000156	-0.64500000000000168	-0.65500000000000191	-0.66500000000000192	-0.67500000000000193	-0.68500000000000005	-0.69499999999999995	-0.70500000000000063	-0.71500000000000064	-0.72500000000000064	-0.73500000000000065	-0.74500000000000144	-0.75500000000000156	-0.76500000000000168	-0.7750000000000018	-0.78500000000000003	-0.79500000000000004	-0.80500000000000005	-0.81499999999999995	-0.82500000000000062	-0.83500000000000063	-0.84499899999999994	-0.85499899999999995	-0.86499900000000218	-0.87499900000000252	-0.88499899999999998	-0.89499899999999999	-0.90499900000000144	-0.91499900000000156	-0.92499900000000168	-0.93499900000000191	-0.94499900000000192	-0.95499900000000193	-0.96499900000000194	-0.97499899999999995	-0.98499899999999996	-0.99499899999999997	-1.0049989999999998	-1.0149989999999998	-1.0249989999999998	-1.0349989999999998	-1.0449989999999998	-1.0549989999999998	-1.0649989999999998	-1.0749989999999998	-1.0849989999999998	-1.0949989999999998	-1.1049989999999998	-1.1149989999999999	-1.1249989999999999	-1.1349989999999999	-1.1449989999999999	-1.1549989999999999	-1.1649989999999999	-1.1749989999999999	-1.1849989999999999	-1.1949989999999999	-1.204998999999997	-1.2149989999999971	-1.2249989999999971	-1.2349989999999971	-1.2449989999999971	-1.2549989999999998	-1.2649989999999998	-1.2749989999999998	-1.2849989999999998	-1.2949989999999998	-1.3049989999999998	-1.3149989999999998	-1.3249989999999998	-1.3349989999999998	-1.3449989999999998	-1.3549989999999998	-1.3649989999999999	-1.3749989999999999	-1.3849989999999999	-1.3949989999999999	-1.4049989999999968	-1.4149989999999968	-1.4249989999999968	-1.4349989999999968	-1.4449989999999968	-1.454998999999997	-1.4649989999999971	-1.4749989999999971	-1.4849989999999971	-1.4949989999999971	16.769924	17.877133999999987	19.458651999999987	21.685471999999987	24.775945	29.003145999999987	34.701151000000003	42.269179000000108	52.172373000000093	64.937733000000023	81.143940000000001	101.40368700000002	126.337692	156.53996299999972	192.534943	234.72789	283.35102800000004	338.40927099999999	399.630066	466.42233299999879	537.85018899999818	612.62683100000004	689.13128699999947	765.45172099999854	839.45416299999818	908.87567100000001	971.43493699999999	1024.9554440000002	1067.48999	1097.4379880000001	1113.6457520000001	1115.4796140000001	1102.8674319999998	1076.303467	1036.8157350000001	985.90033000000005	925.42736799999818	857.52722199999766	784.46624799999756	708.52343800000051	631.87481700000001	556.49585000000002	484.08621199999897	416.019836	353.32156399999963	296.66778599999998	246.40815700000007	202.60353099999998	165.07408099999998	133.45311700000039	107.24144000000018	85.858257000000009	68.68600499999998	55.107161000000005	44.532454000000001	36.420580000000001	30.290168000000001	25.725244999999937	22.375556	19.953131999999989	18.226461	17.013311000000005	16.173102	15.59947	15.213432000000006	14.957405000000023	14.790147000000001	14.682639000000027	14.614827999999999	14.573101000000001	14.548402999999999	14.534841999999999	14.528703999999999	14.527749	14.530744	14.537142999999999	14.546894	14.560315000000001	14.578033	14.600956	14.630276999999998	14.667492000000006	14.714441000000001	14.773345000000001	14.846868000000001	14.938170999999999	15.050988	15.189689000000023	15.359352000000023	15.565847000000025	15.815899000000027	16.11715700000007	16.478259999999949	16.908878999999999	17.419756	18.022715999999956	18.730657000000001	19.557510000000001	20.518169	21.628374999999988	22.904558999999999	24.363647999999941	26.022808000000001	27.899146999999989	30.009361999999999	32.369348000000002	34.993748000000011	37.895481000000004	41.085230000000003	44.570919000000011	48.357182999999999	52.444842999999999	56.830416	61.505651	66.457161000000127	71.6661	77.107947999999979	82.752437999999785	88.563568000000004	94.499793999999994	100.51434300000012	106.555695	112.56819900000002	118.492851	124.26820400000018	129.83135200000001	135.11907199999962	140.06897000000001	144.620712	148.71723900000001	152.30593900000036	155.33976699999999	157.77832000000001	159.58862300000001	160.74600199999998	161.23455799999962	161.04754600000001	160.18756099999999	158.66642800000037	156.50498199999998	153.73255199999963	150.38631400000037	146.51048299999999	142.15531200000001	137.37600700000004	132.231606	126.78373000000001	121.095367	115.22970599999998	109.24899300000018	103.213432	97.180283000000003	91.202987999999948	85.330509000000006	79.606784999999988	74.070312999999814	68.75394399999999	63.684753000000001	58.884109000000002	54.367803999999992	50.146338000000092	46.225269000000011	42.605646	39.284471000000003	36.255226	33.508393000000012	31.031990000000054	28.812082	26.833276000000001	25.079183	23.532831000000005	22.177039999999987	20.994742999999918	19.969259999999945	19.084517999999989	18.325231000000002	17.677023999999999	17.126531999999987	16.661447000000003	16.27054399999993	15.943676	15.671749	



0.31500000000000072	0.30500000000000038	0.29500000000000032	0.28500000000000031	0.27500000000000002	0.26500000000000001	0.255	0.24500000000000036	0.23500000000000001	0.22500000000000001	0.21500000000000036	0.20500000000000004	0.19500000000000001	0.18500000000000036	0.17500000000000004	0.16500000000000001	0.15500000000000039	0.14500000000000021	0.13500000000000001	0.125	0.115	0.10500000000000002	9.5000000000000043E-2	8.5000000000000006E-2	7.5000000000000011E-2	6.5000000000000002E-2	5.5000000000000014E-2	4.5000000000000012E-2	3.500000000000001E-2	2.5000000000000001E-2	1.4999999999999998E-2	5.0000000000000114E-3	-5.0000000000000114E-3	-1.4999999999999998E-2	-2.5000000000000001E-2	-3.500000000000001E-2	-4.5000000000000012E-2	-5.5000000000000014E-2	-6.5000000000000002E-2	-7.5000000000000011E-2	-8.5000000000000006E-2	-9.5000000000000043E-2	-0.10500000000000002	-0.115	-0.125	-0.13500000000000001	-0.14500000000000021	-0.15500000000000039	-0.16500000000000001	-0.17500000000000004	-0.18500000000000036	-0.19500000000000001	-0.20500000000000004	-0.21500000000000036	-0.22500000000000001	-0.23500000000000001	-0.24500000000000036	-0.255	-0.26500000000000001	-0.27500000000000002	-0.28500000000000031	-0.29500000000000032	-0.30500000000000038	-0.31500000000000072	-0.32500000000000084	-0.33500000000000096	-0.34500000000000008	-0.35500000000000032	-0.36500000000000032	-0.37500000000000072	-0.38500000000000084	-0.39500000000000096	-0.40500000000000008	-0.41500000000000031	-0.42500000000000032	-0.43500000000000072	-0.44500000000000001	-0.45500000000000002	-0.46500000000000002	-0.47500000000000031	-0.48500000000000032	-0.49500000000000038	-0.505	-0.51500000000000001	-0.52500000000000002	-0.53500000000000003	-0.54500000000000004	-0.55500000000000005	-0.56499999999999995	-0.57500000000000062	-0.58499999999999996	-0.59499999999999997	-0.60500000000000065	-0.61500000000000143	-0.62500000000000155	-0.63500000000000156	-0.64500000000000168	-0.65500000000000191	-0.66500000000000192	-0.67500000000000193	-0.68500000000000005	-0.69499999999999995	-0.70500000000000063	-0.71500000000000064	-0.72500000000000064	-0.73500000000000065	-0.74500000000000144	-0.75500000000000156	-0.76500000000000168	-0.7750000000000018	-0.78500000000000003	-0.79500000000000004	-0.80500000000000005	-0.81499999999999995	-0.82500000000000062	-0.83500000000000063	-0.84499899999999994	-0.85499899999999995	-0.86499900000000218	-0.87499900000000252	-0.88499899999999998	-0.89499899999999999	-0.90499900000000144	-0.91499900000000156	-0.92499900000000168	-0.93499900000000191	-0.94499900000000192	-0.95499900000000193	-0.96499900000000194	-0.97499899999999995	-0.98499899999999996	-0.99499899999999997	-1.0049989999999998	-1.0149989999999998	-1.0249989999999998	-1.0349989999999998	-1.0449989999999998	-1.0549989999999998	-1.0649989999999998	-1.0749989999999998	-1.0849989999999998	-1.0949989999999998	-1.1049989999999998	-1.1149989999999999	-1.1249989999999999	-1.1349989999999999	-1.1449989999999999	-1.1549989999999999	-1.1649989999999999	-1.1749989999999999	-1.1849989999999999	-1.1949989999999999	-1.204998999999997	-1.2149989999999971	-1.2249989999999971	-1.2349989999999971	-1.2449989999999971	-1.2549989999999998	-1.2649989999999998	-1.2749989999999998	-1.2849989999999998	-1.2949989999999998	-1.3049989999999998	-1.3149989999999998	-1.3249989999999998	-1.3349989999999998	-1.3449989999999998	-1.3549989999999998	-1.3649989999999999	-1.3749989999999999	-1.3849989999999999	-1.3949989999999999	-1.4049989999999968	-1.4149989999999968	-1.4249989999999968	-1.4349989999999968	-1.4449989999999968	-1.454998999999997	-1.4649989999999971	-1.4749989999999971	-1.4849989999999971	-1.4949989999999971	46.530720000000002	46.530868999999996	46.531326	46.532683999999996	46.536579000000003	46.547278999999996	46.575562000000012	46.647385	46.822685	47.233746000000011	48.159740000000006	50.163288000000001	54.326180000000001	62.630249000000006	78.529201999999998	107.73630199999998	159.19813900000037	246.12652600000001	386.82159399999915	604.8661189999973	928.15911899999946	1386.2749019999999	2005.8447269999967	2804.1359859999998	3781.6635740000002	4915.375	6154.4262700000054	7420.5317379999997	8614.1611329999851	9626.5	10355.456055000001	10722.530273	10686.725586	10252.083008000012	9466.9296880000002	8415.0380860000005	7200.9204100000006	5932.8403320000007	4707.3203130000002	3598.1130370000064	2651.066649999992	1884.6979979999999	1295.0244139999998	862.61566199999947	559.90527300000008	357.33657799999878	227.62889100000001	148.09645800000001	101.36987199999982	75.055785999999785	60.851142999999993	53.506596000000002	49.879578000000002	48.184466999999998	47.457115000000002	47.203068000000002	47.182552000000108	47.287338000000013	47.474364999999999	47.732010000000123	48.063896	48.481635999999995	49.001839000000004	49.645050000000012	50.435543000000003	51.401404999999997	52.574760000000005	53.991997000000005	55.693916000000108	57.725842000000092	60.137608	62.983405999999995	66.321503000000007	70.213751000000002	74.724916000000007	79.921790999999999	85.872058999999695	92.642945999999981	100.29962900000031	108.90341900000018	118.50975800000001	129.166042	140.90933600000037	153.76401499999992	167.73944900000001	182.82773600000056	199.00162499999999	216.21272999999999	234.39007599999999	253.43907199999998	273.24111899999883	293.65364100000073	314.51100199999922	335.62586999999996	356.79159499999878	377.78491199999928	398.36969000000073	418.30102499999964	437.329926	455.20831299999878	471.69439699999964	486.55810499999922	499.58627299999915	510.58776899999964	519.39825399999938	525.88415499999996	529.94598399999938	531.52102699999818	530.58490000000052	527.15209999999843	521.27569599999993	513.04599000000007	502.58816499999915	490.05911299999963	475.64355499999999	459.54950000000002	442.00320399999993	423.243988	403.51886000000002	383.07702599999999	362.16494799999998	341.02137799999883	319.87321499999922	298.93167099999897	278.38922100000002	258.41719099999915	239.16413900000001	220.754829	203.28992499999998	186.84634400000004	171.47811900000036	157.21771199999998	144.077698	132.05305499999992	121.12293099999975	111.25326500000018	102.39907599999998	94.506755999999982	87.516294000000215	81.363315999999998	75.980961000000022	71.301518999999999	67.257857999999999	63.784599	60.819079999999992	58.302063000000004	56.178288000000002	54.396790000000003	52.911086999999974	51.679230000000011	50.663719000000093	49.831347999999998	49.152981000000004	48.603260000000006	48.160305000000101	47.805393000000002	47.522617000000011	47.298576000000146	47.122063000000011	46.983767999999998	46.876015000000002	46.792526000000116	46.72819500000017	46.678894	46.641323	46.612846000000005	46.591385000000002	46.575291	46.563293000000002	46.554397999999999	46.547836000000004	46.543026000000005	46.539516000000013	46.536968000000002	46.535130000000116	46.533810000000003	46.532866999999996	46.532200000000003	46.531727000000004	46.531395000000003	46.531166000000006	46.531002000000001	



image1.emf



image2.emf



image3.emf



image4.emf



oleObject1.bin



oleObject2.bin



oleObject3.bin



oleObject4.bin










image8.emf
0100200300400500

D110C/K892C 

(n=4)

D110C/K982C 

+ DTT (n=4)

D110C/K892C 

+ Cd2+ post DTT (n=4)

D110C/K892C-CFTR  (naïve)D110C/K892C-CFTR  + DTT

COCO

2 sec0.4 pA

CO

D110C/K892C-CFTR + 20nM cadmium (after DTT)

A

2 sec0.4 pA2 sec0.4 pA0.25 sec0.4 pA

CO

0100200-1.5-0.50.50100200-1.5-0.50.5

# events# events# events

010002000-1.5-0.50.5Current (pA)Current (pA)Current (pA)

D110C/K892C-CFTR + 20nM cadmium after DTT (expanded section)

Mean Burst Duration (ms)

**

B

2+


Microsoft_Office_PowerPoint_Presentation8.pptx








D110C/K892C-CFTR  (naïve)

D110C/K892C-CFTR  + DTT

C

O

C

O

2 sec

0.4 pA

C

O

D110C/K892C-CFTR + 20nM cadmium (after DTT)

A

2 sec

0.4 pA

2 sec

0.4 pA

0.25 sec

0.4 pA

C

O

# events

# events

# events

Current (pA)

Current (pA)

Current (pA)

D110C/K892C-CFTR + 20nM cadmium after DTT (expanded section)

Mean Burst Duration (ms)

*



*

B







2+





Figure 7:  DTT and cadmium modulate the single channel behavior of D110C/K892C-CFTR channels.  A) D110C/K892C-CFTR naïve channels open briefly and to a variable conductance level.  D110C/K892C-CFTR channels in the presence of 1mM DTT open stably to a full conductance. D110C/K892C-CFTR channels in the presence of 20nM cadmium open briefly to subconductances.  B). Quantification of mean open burst duration for each condition.  C) Amplitude histogram comparing D110C/K892C-CFTR channels in varying conditions. 
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conductance (mS)	5.8249999999999655	15.805000000000026	25.824999999999999	35.83	45.805	55.844999999999999	65.83	75.83	85.845000000000013	95.84	105.85	115.85	125.85	135.83000000000001	145.85000000000107	155.845	165.85000000000107	175.845	185.83500000000001	195.85000000000107	205.84	215.845	225.845	235.83500000000001	245.845	255.845	265.85000000000002	275.84500000000008	285.85000000000002	295.85000000000002	305.84500000000008	315.85000000000002	325.84500000000008	335.85	345.85	355.85	365.85	375.85	385.85	395.85	405.85	415.85	425.85	435.85	445.84500000000008	455.85	465.85	475.85	485.85	495.85	505.85	515.84999999999798	525.84999999999798	535.84999999999798	545.84499999999946	555.84999999999798	565.84999999999798	575.84999999999798	585.84999999999798	595.84999999999798	605.84999999999798	615.84999999999798	625.84999999999798	635.84999999999798	645.84499999999946	655.84999999999798	665.84999999999798	675.84999999999798	685.84999999999798	695.83999999999946	705.83999999999946	715.84999999999798	725.84999999999798	735.84999999999798	745.84999999999798	755.84999999999798	765.84999999999798	775.84999999999798	785.84499999999946	795.84499999999946	805.84999999999798	815.84999999999798	825.84499999999946	835.84999999999798	845.84499999999946	855.84999999999798	865.84499999999946	875.84999999999798	885.84999999999798	895.84999999999798	905.84999999999798	915.84999999999798	925.84999999999798	935.84999999999798	945.84499999999946	955.84999999999798	965.84999999999798	975.84499999999946	985.84999999999798	995.84999999999798	1005.8499999999979	1015.8499999999979	1025.8499999999999	1035.8499999999999	1045.8499999999999	1055.8499999999999	1065.8399999999999	1075.8499999999999	1085.8499999999999	1095.8499999999999	1105.845	1115.8499999999999	1125.845	1135.8499999999999	1145.845	1155.8499999999999	1165.845	1175.845	1185.845	1195.8499999999999	1205.8499999999999	1215.8499999999999	1225.8499999999999	1235.8499999999999	1245.8499999999999	1255.8499999999999	1265.8499999999999	1275.8499999999999	1285.845	1295.8499999999999	1305.8499999999999	1315.85	1325.845	1335.84	1345.85	1355.85	1365.845	1375.845	1385.85	1395.83	1405.835	1415.85	1425.825	1435.85	1445.845	1455.84	1465.825	1475.85	1485.85	1495.835	1505.8150000000001	1515.81	1525.835	1535.835	1545.8050000000001	1555.835	1565.82	1575.845	1585.85	1595.81	1605.8150000000001	1615.82	1625.8150000000001	1635.8150000000001	1645.825	4.2724500000000431E-3	4.1961500000000001E-3	3.9673000000000564E-3	1.3580325000000216E-2	5.3482050000000426E-2	9.5748900000000067E-2	0.12382507500000088	0.142822275	0.15579222500000153	0.16616822500000097	0.17341615000000207	0.17936705000000044	0.18371580000000179	0.18737794999999999	0.18989565000000044	0.19264222500000044	0.19485475000000024	0.19607545000000126	0.19775390000000126	0.19920350000000109	0.20019532499999998	0.20172119999999999	0.20256042499999999	0.20362854999999988	0.203475975	0.20484925000000176	0.20492555000000001	0.19042970000000109	0.21789552500000001	0.23689270000000001	0.25657655000000001	0.27442932500000256	0.29052735000000002	0.30570985000000001	0.31906127500000392	0.34278870000000439	0.35339355	0.36331175000000032	0.37239075000000038	0.37986755000000255	0.38673400000000002	0.3914642500000029	0.39649962500000335	0.40145875000000031	0.40588380000000335	0.40908815000000032	0.41206360000000031	0.41458130000000032	0.41671755000000005	0.41893005	0.42167662500000375	0.42213440000000002	0.42350770000000032	0.42495727500000335	0.42633055000000031	0.41976930000000001	0.42137145000000031	0.42190552500000267	0.42579652499999998	0.42785645000000255	0.4311371	0.43258667500000608	0.4358673000000029	0.43792725000000032	0.44151305000000002	0.44364930000000002	0.44570922500000032	0.44799805000000031	0.44990540000000206	0.4453277750000057	0.44334412500000292	0.44181825000000241	0.44151305000000002	0.44212342500000207	0.44258117500000388	0.44448852500000513	0.445938100000002	0.44586182500000354	0.44731140000000252	0.44807435000000206	0.44616697500000513	0.44815062500000252	0.44914247500000365	0.44830322500000275	0.44845580000000235	0.44876097500000484	0.43777467500000511	0.44456482500000394	0.44670105000000004	0.44845580000000235	0.4510498	0.45181275000000032	0.45364380000000004	0.45486450000000289	0.45501710000000006	0.45684812500000038	0.45532227500000494	0.45578002499999998	0.45410154999999996	0.44868467500000569	0.45082090000000336	0.45181272500000352	0.452041625	0.45082092500000448	0.44799805000000031	0.44418335000000031	0.44036865000000291	0.43449402500000284	0.43052672500000494	0.42564392499999998	0.41816710000000001	0.41221620000000031	0.40534972500000038	0.39741515000000038	0.38948060000000573	0.37879942500000002	0.36994935000000001	0.35987855000000335	0.34843445000000206	0.33699037500000562	0.32546995000000289	0.31311035000000031	0.30021667500000454	0.2875518750000029	0.27442932500000256	0.26191712499999997	0.24902342500000021	0.23551942500000148	0.2233886749999999	0.21003722499999999	0.19706725000000197	0.18508910000000153	0.17295837500000041	0.1611328249999999	0.15007017500000003	0.139541625	0.1296234	0.11962890000000077	0.11032105000000055	0.10139465000000022	9.3154900000001692E-2	8.4228525000001109E-2	7.6827999999999994E-2	6.9580075000000033E-2	6.2789925000000524E-2	5.6610100000000003E-2	5.0888075000000033E-2	4.5852675000000599E-2	4.0664650000000024E-2	3.6239625000000393E-2	3.2196050000000004E-2	2.8457650000000001E-2	2.4795524999999978E-2	2.1972675000000285E-2	1.9378675000000001E-2	1.6860950000000208E-2	1.4648450000000104E-2	1.274107500000019E-2	1.1444100000000177E-2	1.0223375000000149E-2	8.7738000000000208E-3	8.0871500000000048E-3	7.247925000000043E-3	6.6375749999999997E-3	6.0272249999999998E-3	



9.5180000000000007	19.559999999999999	29.54	39.542000000000002	49.546000000000006	59.548000000000002	69.468000000000004	79.592000000000013	89.474000000000004	99.52	109.492	119.59	129.60999999999999	139.62800000000001	149.58200000000087	159.63800000000001	169.61399999999998	179.494	189.566	199.61199999999999	209.608	219.624	229.47	239.53	249.57599999999999	259.57	269.572	279.53199999999691	289.62799999999999	299.48999999999899	309.47599999999869	319.62	329.50599999999969	339.61200000000002	349.54399999999993	359.50200000000001	369.61599999999999	379.46799999999899	389.608	399.48599999999863	409.46799999999899	419.52199999999863	429.49599999999691	439.57599999999923	449.56200000000001	459.46999999999969	469.53799999999899	479.46799999999899	489.50200000000001	499.50400000000002	509.46799999999899	519.51	529.61400000000003	539.476	549.56599999999946	559.53800000000001	569.48599999999999	579.49199999999996	589.47	599.46799999999746	609.46799999999746	619.49400000000003	629.46799999999746	639.56599999999946	649.476	659.47	669.476	679.46799999999746	689.47199999999998	699.47199999999998	709.47400000000005	719.49800000000005	729.58199999999999	739.46799999999746	749.55599999999947	759.52	769.47799999999938	779.48199999999997	789.48800000000051	799.47400000000005	809.48	819.572	829.54	839.52199999999948	849.47	859.48400000000004	869.46799999999746	879.46799999999746	889.51400000000001	899.47	909.47	919.61599999999999	929.46799999999746	939.53800000000001	949.50199999999938	959.58	969.572	979.51599999999996	989.46799999999746	999.48800000000051	1009.472	1019.502	1029.47	1039.566	1049.4780000000001	1059.47	1069.482	1079.55	1089.4680000000001	1099.5360000000001	1109.4780000000001	1119.472	1129.4960000000001	1139.598	1149.4739999999999	1159.4939999999999	1169.4860000000001	1179.5039999999999	1189.482	1199.6219999999998	1209.4680000000001	1219.4860000000001	1229.5319999999999	1239.5260000000001	1249.4780000000001	1259.4739999999999	1269.4680000000001	1279.53	1289.492	1299.5239999999999	1309.5439999999999	1319.6	1329.4680000000001	1339.52	1349.568	1359.4960000000001	1369.4739999999999	1379.472	1389.4760000000001	1399.5719999999999	1409.568	1419.556	1429.498	1439.4760000000001	1449.61	1459.5239999999999	1469.578	1479.4680000000001	1489.518	1499.492	1509.5339999999999	1519.626	1529.4860000000001	1539.576	1549.636	1559.5139999999999	1569.5619999999999	1579.5439999999999	1589.4680000000001	1599.5039999999999	1609.538	1619.498	1629.4839999999999	1639.5839999999998	1649.4780000000001	1659.492	1669.4780000000001	1679.47	1689.6119999999999	1699.558	1709.482	1719.48	1729.48	1739.4739999999999	1749.528	1759.47	1769.6019999999999	1779.4760000000001	1789.51	1799.52	1809.57	1819.482	1829.4880000000001	1839.5219999999999	1849.4839999999999	1859.5219999999999	1869.58	1879.6139999999998	1889.4680000000001	1899.59	1909.5219999999999	1919.502	1929.6119999999999	1939.47	1949.62	1959.4880000000001	1969.4760000000001	1979.502	1989.6299999999999	1999.56	2009.4680000000001	2019.5039999999999	2029.558	2039.5239999999999	2049.5700000000002	2059.5859999999998	2069.5340000000001	2079.5	2089.576	2099.5459999999998	2109.5219999999999	2119.482	2129.6379999999999	2139.6239999999998	2149.5940000000001	2159.4740000000002	2169.48	2179.4960000000001	2189.59	2199.62	2209.596	2219.6039999999998	2229.62	2239.56	2249.5059999999999	2259.636	2269.59	2279.6059999999998	2289.5459999999998	2299.5679999999998	2309.538	2319.6019999999999	2329.6279999999997	2339.6279999999997	2349.6179999999999	2359.5819999999999	2369.5940000000001	2379.6059999999998	2389.6120000000001	2399.6259999999997	2409.5639999999999	2419.4720000000002	2429.5419999999999	2439.48	2449.6219999999998	2459.5160000000001	2469.5239999999999	2479.5619999999999	2489.556	2499.538	2509.5720000000001	2519.5839999999998	2529.6059999999998	2539.62	2549.6039999999998	2559.5700000000002	2569.56	2579.5720000000001	2589.5639999999999	2599.4899999999998	2609.5859999999998	2619.5479999999998	2629.4760000000001	2639.636	2649.4859999999999	2659.5540000000001	2669.4700000000012	2679.4879999999998	2689.58	2699.57	2709.5259999999998	2719.558	2729.5419999999999	2739.576	2749.5079999999998	2759.5839999999998	5.5639749999999988E-3	5.7165500000000034E-3	5.6402749999999984E-3	5.7928249999999997E-3	6.1743249999999996E-3	6.4794750000000774E-3	6.6320749999999986E-3	6.708375000000052E-3	6.8609750000000001E-3	7.0898500000000581E-3	7.0135500000000003E-3	7.2424249999999994E-3	7.3950250000000013E-3	7.3950250000000013E-3	7.4713250000000989E-3	7.5476000000000562E-3	7.6239000000000012E-3	7.7764750000000743E-3	7.6239000000000012E-3	7.6239000000000012E-3	7.7002000000000789E-3	7.929074999999999E-3	7.6239000000000012E-3	7.8528000000000018E-3	7.8528000000000018E-3	7.7002000000000789E-3	7.2424249999999994E-3	7.0135500000000003E-3	7.0898249999999993E-3	7.1661500000000013E-3	7.6239000000000012E-3	8.1579500000000041E-3	8.8446000000000028E-3	9.3023750000000068E-3	9.9890250000000246E-3	1.0751949999999998E-2	1.15149E-2	1.2048949999999998E-2	1.2811899999999999E-2	1.3574850000000104E-2	1.4261475000000129E-2	1.5253299999999996E-2	1.5939924999999994E-2	1.6626575000000251E-2	1.7236950000000001E-2	1.8152475000000154E-2	1.8991700000000021E-2	1.9678325000000121E-2	2.005982500000001E-2	2.0975324999999996E-2	2.1661975000000298E-2	2.2424924999999998E-2	2.2959000000000011E-2	2.3569324999999978E-2	2.4332275000000011E-2	2.5171499999999999E-2	2.5324099999999978E-2	2.6010750000000006E-2	2.8070674999999996E-2	2.9367674999999989E-2	3.0435800000000332E-2	3.1427599999999993E-2	3.2114250000000004E-2	3.2953499999999997E-2	3.3563849999999999E-2	3.4021624999999993E-2	3.455565E-2	3.4937124999999999E-2	3.5318599999999985E-2	3.554750000000001E-2	3.6005250000000016E-2	3.6386724999999995E-2	3.6539300000000316E-2	3.6997075000000011E-2	3.6997075000000011E-2	3.7149649999999999E-2	3.7073375000000568E-2	3.7378550000000003E-2	3.7454850000000005E-2	3.783630000000042E-2	3.7683725000000348E-2	3.783630000000042E-2	3.783630000000042E-2	3.7912599999999998E-2	3.7454824999999997E-2	3.783630000000042E-2	3.7302250000000002E-2	3.7454824999999997E-2	3.7988899999999999E-2	3.7683700000000396E-2	3.6234124999999999E-2	3.6768200000000001E-2	3.6768175E-2	3.6691900000000374E-2	3.669190000000036E-2	3.669190000000036E-2	3.6386725000000002E-2	3.6005250000000016E-2	3.6081550000000011E-2	3.5928975000000002E-2	3.5471175000000438E-2	3.5547475000000002E-2	3.5471200000000418E-2	3.5242300000000212E-2	3.5013449999999995E-2	3.493715E-2	3.4708249999999989E-2	3.4479375000000451E-2	3.4326774999999997E-2	3.4250499999999989E-2	3.4250499999999989E-2	3.4250474999999996E-2	3.4326774999999997E-2	3.4250500000000003E-2	3.4250474999999996E-2	3.4174200000000002E-2	3.4097900000000042E-2	3.3792724999999975E-2	3.3792724999999975E-2	3.3716424999999967E-2	3.3640125E-2	3.3640125E-2	3.3716424999999967E-2	3.3716424999999967E-2	3.3792724999999975E-2	3.3640124999999993E-2	3.3487549999999998E-2	3.341127499999999E-2	3.3334974999999996E-2	3.3563849999999999E-2	3.3640150000000001E-2	3.3792724999999975E-2	3.3716424999999967E-2	3.4021599999999999E-2	3.386902499999999E-2	3.3869000000000003E-2	3.3640124999999993E-2	3.3640150000000001E-2	3.3563824999999999E-2	3.3487549999999998E-2	3.3258649999999994E-2	3.3411275000000212E-2	3.3029774999999997E-2	3.3106074999999999E-2	3.2953475000000051E-2	3.2724625E-2	3.2572024999999998E-2	3.2495724999999996E-2	3.2419424999999995E-2	3.2266824999999992E-2	3.2114274999999998E-2	3.1885375000000479E-2	3.1885375000000493E-2	3.096985E-2	3.1351324999999999E-2	3.096985E-2	3.0740975000000052E-2	3.0740949999999996E-2	3.0817275000000349E-2	3.1351324999999999E-2	3.1046150000000002E-2	3.0893550000000002E-2	3.1046150000000002E-2	3.1046150000000002E-2	3.1046150000000002E-2	3.096985E-2	3.0893550000000002E-2	3.1198725000000004E-2	3.1351324999999999E-2	3.1122424999999967E-2	3.1351324999999999E-2	3.1503924999999995E-2	3.1656499999999997E-2	3.1732799999999999E-2	3.1809075000000388E-2	3.1961674999999995E-2	3.1885375000000493E-2	3.1961674999999995E-2	3.1885375000000493E-2	3.1885375000000493E-2	3.1961650000000001E-2	3.1732774999999998E-2	3.1580199999999996E-2	3.1656474999999996E-2	3.1275025000000296E-2	3.0893550000000002E-2	3.096985E-2	3.0893550000000002E-2	3.0664674999999988E-2	3.0664674999999988E-2	3.01306E-2	3.005432500000001E-2	2.9520249999999998E-2	2.9596549999999978E-2	2.8986200000000004E-2	2.8375850000000001E-2	2.8070699999999997E-2	2.7841800000000399E-2	2.7231450000000056E-2	2.700255E-2	2.6392199999999998E-2	2.5476699999999998E-2	2.5095224999999992E-2	2.4484875000000052E-2	2.3798224999999968E-2	2.3340474999999968E-2	2.2424924999999998E-2	2.1738275000000216E-2	2.1280500000000001E-2	2.0593874999999998E-2	1.9678325000000121E-2	1.8991700000000021E-2	1.8533925000000003E-2	1.7923575000000209E-2	1.7313225000000002E-2	1.6550300000000007E-2	1.6092525000000166E-2	1.5787374999999999E-2	1.5329600000000001E-2	1.4871825000000111E-2	1.4414049999999998E-2	1.4032599999999999E-2	1.3422224999999999E-2	1.2354125000000007E-2	1.2277825000000001E-2	1.2125250000000002E-2	1.1667475000000184E-2	1.1285999999999999E-2	1.1285999999999999E-2	1.0904525000000179E-2	1.0599374999999999E-2	1.0599349999999978E-2	1.0141600000000001E-2	1.0141600000000001E-2	9.9890250000000246E-3	9.4549500000000227E-3	9.7601500000000004E-3	9.4549750000000026E-3	9.7601250000000014E-3	9.6075250000000004E-3	9.6838250000000018E-3	1.0217875000000001E-2	9.6838250000000018E-3	9.5312500000000015E-3	9.6075250000000004E-3	9.6075500000000046E-3	9.7601250000000014E-3	9.6838500000000025E-3	9.7601250000000014E-3	9.7601250000000014E-3	9.8364250000000028E-3	9.6838500000000025E-3	9.6838500000000025E-3	9.6075500000000046E-3	9.6075500000000046E-3	9.6075500000000046E-3	9.6075500000000046E-3	1.0294200000000002E-2	9.5312500000000015E-3	9.1498000000000048E-3	9.3023750000000068E-3	8.6157250000000046E-3	8.7683000000000014E-3	8.6920250000000008E-3	8.5394500000000248E-3	8.4631500000000547E-3	8.2342500000000002E-3	8.4631500000000547E-3	8.4631500000000547E-3	8.5394250000000067E-3	8.4631500000000547E-3	8.3868500000000568E-3	8.2342500000000002E-3	8.4631500000000547E-3	8.2342500000000002E-3	8.2342500000000002E-3	





conductance (mS)	5.7649999999999855	15.835000000000004	25.72	35.730000000000011	45.81	55.755000000000003	65.804999999999993	75.825000000000003	85.795000000000002	95.774999999999991	105.79	115.815	125.815	135.815	145.84	155.81	165.815	175.82500000000007	185.81	195.82500000000007	205.8	215.83	225.785	235.82500000000007	245.83500000000001	255.815	265.83499999999964	275.82499999999999	285.8	295.79499999999899	305.8	315.81	325.815	335.81	345.83499999999964	355.78	365.82499999999999	375.84000000000032	385.815	395.80500000000001	405.82	415.8	425.84000000000032	435.82	445.815	455.82	465.83499999999964	475.815	485.83499999999964	495.8	505.84000000000032	515.81499999999949	525.82499999999948	535.83499999999947	545.81499999999949	555.82499999999948	565.82999999999947	575.79000000000053	585.81999999999948	595.78500000000054	605.83499999999947	615.83499999999947	625.79500000000053	635.80999999999949	645.80499999999938	655.81	665.80499999999938	675.81	685.83499999999947	695.78500000000054	705.81999999999948	715.79500000000053	725.82999999999947	735.83999999999946	745.80499999999938	755.81999999999948	765.78000000000054	775.80499999999938	785.81499999999949	795.83499999999947	805.83999999999946	815.82999999999947	825.78000000000054	835.82999999999947	845.73500000000001	855.79500000000053	865.82999999999947	875.79000000000053	885.80499999999938	895.83499999999947	905.8	915.82999999999947	925.83999999999946	935.83499999999947	945.83499999999947	955.81499999999949	965.81	975.8	985.82499999999948	995.81499999999949	1005.8	1015.8299999999994	1025.82	1035.8150000000001	1045.79	1055.825	1065.7950000000001	1075.8399999999999	1085.83	1095.8150000000001	1105.82	1115.83	1125.79	1135.81	1145.83	1155.835	1165.79	1175.82	1185.8150000000001	1195.78	1205.825	1215.8	1225.8399999999999	1235.825	1245.83	1255.79	1265.8050000000001	1275.7750000000001	1285.7950000000001	1295.79	1305.7750000000001	1315.82	1325.8	1335.82	1345.84	1355.7750000000001	1365.79	1375.825	1385.78	1395.8	1405.73	1415.79	1425.7850000000001	1435.7650000000001	1445.7850000000001	1455.8150000000001	1465.7349999999999	1475.82	1485.7049999999999	1495.7950000000001	1505.8150000000001	1515.76	1525.7149999999999	1535.7349999999999	1545.79	1555.7550000000001	1565.7349999999999	1575.74	1585.75	1595.7249999999999	1605.71	1615.79	1625.8	1635.7249999999999	1645.825	1.0910025000000123E-2	1.0757449999999998E-2	1.1596674999999999E-2	1.51062E-2	2.15149E-2	2.7847300000000463E-2	3.3187849999999998E-2	3.77655E-2	4.1580199999999977E-2	4.5242325E-2	4.7988875E-2	5.0354000000000024E-2	5.2795400000000686E-2	5.4702775000000724E-2	5.6381225E-2	5.8059674999999998E-2	5.9967050000000133E-2	6.1340324999999987E-2	6.2637324999999994E-2	6.355284999999998E-2	6.4620974999999997E-2	6.5536500000000011E-2	6.6223149999999856E-2	6.7062375000000021E-2	6.8054199999999995E-2	6.8435675000000001E-2	6.9122325000000012E-2	6.9885249999999996E-2	7.0343025000000003E-2	7.080077500000001E-2	7.1487425000000021E-2	7.1487425000000021E-2	7.2021500000000002E-2	7.2784425000000194E-2	7.2937000000000113E-2	7.3547374999999998E-2	7.4005125000000019E-2	7.1563725000000009E-2	7.217407499999999E-2	7.1868899999999999E-2	7.2097775000000114E-2	7.2097775000000114E-2	7.2250375000000006E-2	7.2555549999999996E-2	7.2479249999999995E-2	7.2326675000000534E-2	7.2631850000000012E-2	7.2860725000000112E-2	7.293702500000003E-2	7.2631850000000012E-2	7.2784425000000194E-2	7.2860725000000112E-2	7.3089600000000018E-2	7.3394775000000023E-2	7.3089600000000018E-2	7.3394775000000023E-2	7.3318475000000133E-2	7.2937000000000113E-2	7.3089600000000018E-2	7.3242174999999993E-2	7.3318475000000133E-2	7.3318475000000133E-2	7.3165875000000005E-2	7.3089600000000018E-2	7.3013325000000004E-2	7.316590000000002E-2	7.2097800000000031E-2	7.369995E-2	7.3776250000000029E-2	7.4615475000000014E-2	7.5683575000000003E-2	7.6293949999999999E-2	7.6599100000000003E-2	7.6904300000000009E-2	7.7285775000000001E-2	7.7514649999999991E-2	7.7590950000000034E-2	7.8048699999999999E-2	7.7972425000000123E-2	7.8048724999999999E-2	7.7972399999999997E-2	7.8277575000000002E-2	7.8353900000000032E-2	7.7667249999999993E-2	7.5607300000000002E-2	7.4844350000000004E-2	7.5073250000000022E-2	7.5225824999999996E-2	7.5225824999999996E-2	7.4615475000000014E-2	7.4615475000000014E-2	7.4233999999999994E-2	7.3928825000000004E-2	7.3394775000000023E-2	7.3242200000000007E-2	7.2860725000000112E-2	7.2402949999999994E-2	7.1868899999999986E-2	7.1563725000000009E-2	7.0953375000000013E-2	7.0419300000000004E-2	7.0037825000000012E-2	6.9732650000001048E-2	6.965635000000002E-2	7.0190425000000084E-2	7.0190425000000084E-2	7.0419325000000019E-2	7.0495599999999992E-2	7.0495599999999992E-2	7.080077500000001E-2	7.1258549999999948E-2	7.1182250000000002E-2	7.1105950000000001E-2	7.1182250000000002E-2	7.102965E-2	7.0877074999999998E-2	7.072450000000001E-2	7.080077500000001E-2	7.0877074999999998E-2	7.1334825000000004E-2	7.0266725000000002E-2	7.0266725000000002E-2	7.0343025000000003E-2	6.9656374999999993E-2	6.8893425000000133E-2	6.7596450000000752E-2	6.5765375000000001E-2	6.3858024999999999E-2	6.1492925000000524E-2	5.8212300000000022E-2	5.5084225000000014E-2	5.1803599999999991E-2	4.8522949999999995E-2	4.5242299999999999E-2	4.2190550000000014E-2	3.9443975000000464E-2	3.6697375000000518E-2	3.4408574999999997E-2	3.234865E-2	3.0670150000000052E-2	2.8915399999999997E-2	2.7160649999999998E-2	2.5634750000000001E-2	2.441405E-2	2.3498524999999923E-2	2.227782500000039E-2	2.1209724999999999E-2	2.0294200000000002E-2	1.9607550000000248E-2	1.8844600000000003E-2	1.8081675000000179E-2	1.7623925000000023E-2	1.7013549999999999E-2	1.6632075000000184E-2	1.6098000000000001E-2	1.5563950000000003E-2	1.5182475000000186E-2	1.4801025000000146E-2	1.4648425000000001E-2	1.4190675000000003E-2	1.3732925000000003E-2	1.3656625000000021E-2	1.3732925000000003E-2	1.3275150000000003E-2	1.3198850000000003E-2	



conductance (mS)	5.7949999999999955	15.835000000000004	25.734999999999999	35.71	45.809999999999995	55.730000000000011	65.669999999999987	75.669999999999987	85.679999999999978	95.669999999999987	105.66999999999999	115.66999999999999	125.67499999999998	135.68	145.67499999999998	155.67499999999998	165.67	175.67	185.67499999999998	195.67	205.67	215.67499999999998	225.67499999999998	235.685	245.68	255.685	265.67	275.67	285.67	295.67500000000001	305.67	315.67	325.67	335.67	345.67500000000001	355.67	365.67	375.67500000000001	385.67	395.67	405.67500000000001	415.67	425.67	435.68	445.67	455.67	465.68	475.67	485.67	495.67	505.67	515.66999999999996	525.67499999999995	535.66999999999996	545.66999999999996	555.66999999999996	565.67999999999995	575.66999999999996	585.66999999999996	595.66999999999996	605.66999999999996	615.66999999999996	625.67499999999995	635.67499999999995	645.66999999999996	655.68499999999995	665.67499999999995	675.67000000000053	685.68000000000052	695.67000000000053	705.67000000000053	715.67000000000053	725.67000000000053	735.67000000000053	745.67000000000053	755.67499999999995	765.67499999999995	775.67000000000053	785.67000000000053	795.67499999999995	805.67000000000053	815.67000000000053	825.67000000000053	835.67499999999995	845.67499999999995	855.67000000000053	865.67000000000053	875.67499999999995	885.67000000000053	895.67000000000053	905.67000000000053	915.67000000000053	925.67000000000053	935.67000000000053	945.67499999999995	955.67000000000053	965.67499999999995	975.67000000000053	985.67000000000053	995.67000000000053	1005.6700000000005	1015.6700000000005	1025.675	1035.6699999999998	1045.6699999999998	1055.675	1065.675	1075.6699999999998	1085.675	1095.6699999999998	1105.6799999999998	1115.6699999999998	1125.6799999999998	1135.6699999999998	1145.6699999999998	1155.6699999999998	1165.675	1175.675	1185.675	1195.6949999999877	1205.675	1215.7049999999999	1225.6699999999998	1235.6799999999998	1245.6699999999998	1255.8	1265.675	1275.7249999999999	1285.6799999999998	1295.7550000000001	1305.74	1315.73	1325.6799999999998	1335.7449999999999	1345.6799999999998	1355.7049999999999	1365.7449999999999	1375.79	1385.6799999999998	1395.8050000000001	1405.675	1415.8050000000001	1425.6849999999877	1435.78	1445.7550000000001	1455.6849999999877	1465.7950000000001	1475.835	1485.7950000000001	1495.7349999999999	1505.6949999999877	1515.6799999999998	1525.7550000000001	1.0223399999999999E-2	1.0376E-2	1.02997E-2	1.1520400000000158E-2	1.8539425000000043E-2	2.8915399999999997E-2	3.7689225000000423E-2	4.4097900000000717E-2	4.9057000000000024E-2	5.3863525000000023E-2	5.6915275000000001E-2	5.9967050000000133E-2	6.2713625000000967E-2	6.4849850000000001E-2	6.7138675000000023E-2	6.9046025000000039E-2	7.0495625000000034E-2	7.2479249999999995E-2	7.4005125000000019E-2	7.4844350000000004E-2	7.6370225E-2	7.7362075000000766E-2	7.8430175000000005E-2	7.9421999999999993E-2	8.0261225000000005E-2	8.1253050000000021E-2	8.1558225000000067E-2	8.2168575000000008E-2	8.3236700000000025E-2	8.3618175000000225E-2	8.4075925000001148E-2	8.4609975000000268E-2	8.4915175000000065E-2	8.5449200000000017E-2	8.5601800000000047E-2	8.5983274999999984E-2	8.6517325000000728E-2	8.6517325000000728E-2	8.6364750000000004E-2	8.4991450000000066E-2	7.5454700000000013E-2	7.4005125000000019E-2	7.0877074999999998E-2	6.9503775000000004E-2	6.8206799999999998E-2	6.6986099999999993E-2	6.629945000000001E-2	6.5917975000000004E-2	6.5765375000000001E-2	6.5536500000000011E-2	6.5307625000000133E-2	6.5383900000000134E-2	6.5460199999999996E-2	6.5460199999999996E-2	6.5460199999999996E-2	6.5536500000000011E-2	6.5841675000000002E-2	6.6375749999999969E-2	6.6375724999999997E-2	6.7062375000000021E-2	6.6299424999999995E-2	6.6452025000000012E-2	6.6680900000000001E-2	6.6757200000000003E-2	6.6909799999999992E-2	6.6757200000000003E-2	6.7138675000000023E-2	6.6757199999999989E-2	6.6757200000000003E-2	6.7901624999999993E-2	6.9808950000000022E-2	7.1182250000000002E-2	7.2784425000000194E-2	7.3623649999999999E-2	7.4386600000001094E-2	7.4462875000000123E-2	7.5225824999999996E-2	7.5683600000000004E-2	7.5836174999999992E-2	7.5912475000000132E-2	7.6675424999999992E-2	7.5988775000000008E-2	7.5988775000000008E-2	7.5836199999999993E-2	7.5912475000000132E-2	7.5607300000000002E-2	7.5531000000000001E-2	7.4691775000000002E-2	7.1792600000000914E-2	7.1868899999999986E-2	7.1411150000000007E-2	7.102965E-2	7.072450000000001E-2	6.9808950000000022E-2	6.9198600000000735E-2	6.8511974999999989E-2	6.8893425000000133E-2	6.9046000000000024E-2	6.8969725000000009E-2	6.9732650000001034E-2	7.011415E-2	7.0648175000000007E-2	7.1258549999999948E-2	7.1334849999999977E-2	7.1716300000000024E-2	7.1640024999999996E-2	7.1487425000000021E-2	7.1640024999999996E-2	7.1563725000000009E-2	7.1792600000000914E-2	7.0953374999999999E-2	7.0343025000000003E-2	6.9046025000000039E-2	6.7367549999999998E-2	6.5307625000000133E-2	6.256102500000002E-2	5.9432975000000728E-2	5.5923475000000014E-2	5.2108750000000002E-2	4.7760025000000532E-2	4.3182375000000002E-2	3.8909924999999998E-2	3.5018924999999999E-2	3.1280524999999997E-2	2.838135000000001E-2	2.5405875000000393E-2	2.3498549999999997E-2	2.1209725000000002E-2	1.9912725000000221E-2	1.8157949999999999E-2	1.708985E-2	1.6098024999999998E-2	1.51062E-2	1.4266974999999999E-2	1.3427725000000149E-2	1.3198850000000003E-2	1.24359E-2	1.2130750000000001E-2	1.1672975000000129E-2	1.1062625000000137E-2	1.0910050000000001E-2	1.0299674999999998E-2	1.0147100000000001E-2	1.0147100000000001E-2	9.9945250000000006E-3	9.4604500000001375E-3	9.6130250000000007E-3	9.3078750000000036E-3	9.3841750000000015E-3	9.0026750000000207E-3	8.9263750000000003E-3	8.8500750000000267E-3	8.8500750000000267E-3	



Conductance	5.7639999999999985	15.716000000000001	25.736000000000001	35.696000000000012	45.712000000000003	55.75	65.697999999999993	75.754000000000005	85.818000000000012	95.831999999999994	105.82199999999999	115.82	125.842	135.84800000000001	145.82000000000087	155.81800000000001	165.82600000000087	175.84200000000001	185.80800000000067	195.84	205.83	215.83	225.83	235.846	245.81200000000001	255.804	265.84399999999999	275.82599999999923	285.834	295.83999999999969	305.81400000000002	315.80399999999969	325.81200000000001	335.82799999999969	345.81799999999993	355.81799999999993	365.84399999999999	375.81	385.834	395.81	405.82799999999969	415.83	425.81799999999993	435.82599999999923	445.82799999999969	455.83	465.84800000000001	475.82400000000001	485.84000000000032	495.83	505.81200000000001	515.82799999999747	525.84399999999948	535.84399999999948	545.84199999999748	555.80799999999749	565.81599999999946	575.84799999999746	585.82999999999947	595.83599999999797	605.80999999999949	615.84199999999748	625.83199999999749	635.82399999999996	645.80799999999749	655.82599999999798	665.80199999999797	675.84599999999796	685.82999999999947	695.81399999999996	705.82199999999796	715.84799999999746	725.80599999999947	735.80599999999947	745.83199999999749	755.83999999999946	765.83199999999749	775.702	785.80599999999947	795.80599999999947	805.83199999999749	815.73199999999997	825.83999999999946	835.73199999999997	845.75599999999997	855.72199999999998	865.81399999999996	875.79800000000353	885.81599999999946	895.72799999999938	905.80199999999797	915.79800000000353	925.82999999999947	935.82399999999996	945.80199999999797	955.68200000000002	965.68400000000054	975.77200000000005	985.71600000000001	995.69600000000003	1005.672	1015.7840000000035	1025.7360000000001	1035.76	9.918200000000002E-3	1.6403200000000003E-2	1.2893675000000005E-2	1.8310550000000161E-2	2.9983525E-2	3.6621100000000052E-2	5.3482075000000004E-2	7.3471074999999997E-2	8.9721675000000264E-2	0.10795594999999999	0.113906875	0.12634277499999988	0.13793945000000257	0.13931275000000001	0.14976500000000187	0.15289305000000164	0.15686035000000192	0.15731812500000164	0.16677857499999987	0.16654967500000001	0.17021180000000041	0.1738739	0.17265320000000001	0.17494200000000218	0.16830444999999999	0.16723632500000021	0.165863025	0.16578675000000001	0.16563414999999998	0.167770375	0.17189027500000001	0.16433714999999999	0.15625000000000044	0.16227722500000002	0.15655517499999999	0.15319825000000187	0.16250610000000001	0.15022277499999998	0.15800477499999999	0.14961245000000187	0.14671325000000252	0.15480042499999999	0.153656025	0.14984130000000206	0.15022280000000021	0.15464782499999999	0.14984132500000041	0.15052794999999999	0.15464782500000004	0.15533447500000044	0.14518737500000001	0.14381407500000001	0.14724732500000212	0.15640260000000164	0.15228269999999999	0.14320374999999999	0.148391725	0.14823915000000212	0.14350892499999998	0.15037537500000001	0.15235902500000001	0.15083315000000044	0.14495847500000164	0.14625547500000041	0.15113830000000164	0.14801025000000195	0.15037537500000001	0.14526367499999998	0.146560675	0.14198305000000044	0.14038087500000002	0.13946535000000229	0.137481675	0.13504027499999999	0.131988525	0.12428282500000012	0.11894227500000012	0.115	0.10604860000000002	9.5443724999999993E-2	8.9111325000000047E-2	8.3999625000000244E-2	7.5454725E-2	6.4239500000000019E-2	6.6452025000000012E-2	4.9362200000001133E-2	4.9209599999999999E-2	3.0899050000000001E-2	3.4179699999999993E-2	3.4332275000000002E-2	2.5176999999999998E-2	1.8539425000000043E-2	1.5487675000000149E-2	1.8386825000000252E-2	1.2664800000000021E-2	3.8909749999999992E-3	9.1552750000000026E-3	-1.83105000000002E-3	6.1798000000000434E-3	5.4931500000000334E-3	7.6300000000001231E-5	3.6621000000000457E-3	6.3324000000000123E-3	2.4414250000000014E-3	
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