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FORMING DOMAIN REVEAL EVOLUTIONARY DIVERGENCE 
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Dr. Tzyh-Chang Hwang, Dissertation Advisor 

ABSTRACT 

        Cystic Fibrosis Transmembrane conductance Regulator (CFTR) is the culprit behind 

Cystic Fibrosis (CF), a genetic disease highly occurs among Caucasians. Studying the 

structure/function of CFTR chloride channel not only facilitates our understanding of the 

molecular nature of this protein, but also potentially provides cures for the debilitating 

disease. In my study, by adopting site-directed mutagenesis and Patch Clamp as well as 

other various molecular biology techniques, I focused my efforts in CFTR’s pore domain 

and made the following revealing findings: First, the first transmembrane segment 

(TM1) contributes to CFTR’s pore lining with its whole length and the restrictive region 

identified in TM1 confirms that CFTR’s pore is constituted by three main components: a 

narrow region flanked by the internal and external vestibules. Second, while TM1 and 

TM6 contribute to pore lining for CFTR in a relatively symmetrical manner, a lack of 

symmetry between TM6 and its topological counterpart—TM12 suggests the two-fold 

pseudo-symmetry seen with other ABC proteins does not apply in CFTR’s TMDs. At last, 

the gate of CFTR resides in a region (337 – 344 in TM6) that encompasses the above 

mentioned narrow region (338- 341 in TM6) which may also serve as the selectivity filter 
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for this anion channel, challenging the prevailing degraded ABC transporter hypothesis 

that states CFTR evolves from an ABC transporter by simply degenerating the 

intracellular gate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER 1 

Introduction 

1.1. CFTR―the culprit behind Cystic Fibrosis 

        Although the hereditary disease Cystic Fibrosis (CF) became a well-defined illness as 

early as over half century ago (Andersen and Hodges, 1946), the molecular basis for this 

multi-system disorder has been unveiled for just over two decades (Riordan et al., 

1989). From the cloning of Cystic Fibrosis Transmembrane conductance Regulator 

(CFTR) chloride channel to date, more than 2,000 mutations in CFTR have been 

identified as pathogenic. Among them, ∆F508―a deletion of the phenylalanine at 

position 508—is present in at least one allele of 90% of CF patients (Welsh, 2010). As 

CFTR is mainly expressed in the apical membrane of numerous epithelial cells, 

dysfunction of this chloride channel can lead to the dysregulation of chloride transport 

in the airway, the digestive tract, as well as other organs or tissues that involve body 

fluid secretion. While loss-of-function mutations of CFTR cause CF, overly activated 

CFTR, usually resulted from the action of bacterial toxins (e.g., cholera toxin) leads to 

secretory diarrhea (Li et al., 2005). Therefore, a proper regulation of CFTR’s function is 

required for maintaining normal transepithelial transport of water and salt in human 

body.  

        To this date, a cure of CF is still beyond our reach, but discoveries of small 

molecules (e.g., ivacaftor, VX-770; lumacaftor, VX-809) that can help ameliorate CF 
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symptoms, either by enhancing CFTR expression (i.e., correctors such as VX-809) or by 

boosting CFTR’s activity (i.e., potentiators such as VX-770), have shown great potential 

in improving patients’ life quality as well as increasing their life expectancy (Van Goor et 

al., 2009; Wainwright et al., 2015). Thus, to study the structure/function of CFTR may 

not only enrich our understanding of the molecular properties of this channel protein, 

but also bear practical clinical significance in medicine. 

 

1.2. CFTR―a chloride channel classified in a transporter family 

        Channels and transporters are two large categories of membrane proteins that cells 

utilize to uptake or extrude many physiologically important substrates or ions. However, 

different mechanisms are adopted by these two types of biological machines in terms of 

how their corresponding substrates traverse across the membrane (Gadsby, 2009). For 

an active transporter to move its cargoes against an electrochemical gradient, it is 

generally believed that the two gates located at each end of its transmembrane 

domains (TMDs) (i.e., intracellular/extracellular gates, Fig. 1.1) operate alternately so 

that the substrate translocation pathway is never open simultaneously to both sides of 

the membrane (Locher, 2009). Specifically, taking an exporter as an example, in the 

inward-facing conformation where the intracellular gate is open while the extracellular 

gate is closed, the substrate is recruited to its binding site located between the two 

gates from inside of the cell. Then it is proposed that there is an interim state where 

both gates are closed so that the cargo is occluded in the substrate translocation  
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Figure 1.1. Crystal structures of MsbA and Sav 1866 depict the inward-facing or 

outward-facing configurations of ABC exporters. The crystal structure of ABC exporter 

MsbA (Ward et al., 2007) was solved in an inward-facing state in which the extracellular 

gate is closed while its intracellular gate is wide open. Note the two cytoplasmic 

nucleotide binding domains (NBDs) are completely separated from each other in this 

conformation. On the contrary, an outward-facing conformation was captured in the 

crystal structure of Sav 1866 (Dawson and Locher, 2006), which features the opening of 

the extracellular gate and closing of the intracellular gate in its transmembrane domains 

(TMDs). Besides, the two NBDs are in a dimerized form in this conformation. Magenta 

and cyan are used to differentiate the two “TMD + NBD” modules in Sav 1866.  
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pathway for a short time. Subsequently, the extracellular gate opens but the 

intracellular gate remains closed so that the substrate can be released to the outside of 

the membrane because of a lowered affinity of the binding site to the substrate. 

Therefore, such a flip-flop motion of the TMDs prevents the substrate translocation 

pathway from opening simultaneously to both sides of the membrane at any given time 

so as not to result in a futile transport cycle. However, in the case of a channel, this 

alternate-access model does not apply because when a channel opens, a tunnel 

accessible to both side of the membrane must be formed so that millions of selected 

ions can pass through instantly down the electrochemical gradient (Ashcroft et al., 

2009).  

        There is no doubt now that CFTR is an anion channel, but, because of the 

similarities in amino acid sequence and domain topology to ATP binding cassette (ABC) 

proteins, CFTR is classified into the ABC Transporter Superfamily (Riordan et al., 1989; 

Dean and Annilo, 2005). Indeed, CFTR resembles ABC proteins in many ways. First, both 

CFTR and ABC transporters harbor two transmembrane domains (TMDs), each of which 

is fused to one cytoplasmic nucleotide binding domain (NBD) (Fig. 1.1 and Fig. 1.2). In 

addition, the free energy from ATP binding and hydrolysis is harvested by CFTR and ABC 

transporters to power their gating or transport cycle (Locher, 2009) (See section 1.4 for 

details). At last, the conserved ABC protein signature sequence―LSGGQ considered a 

hallmark of ABC proteins―is also present in CFTR’s NBDs (Chen and Hwang, 2008). 

Nonetheless, being the only ion channel in this group, CFTR does distinguish itself from 

its close cousins. On one hand, a unique regulatory domain (R domain) where several  
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Figure 1.2. Cartoon representation of the topological domains of the CFTR chloride 

channel. CFTR possesses five domains: two TMDs, each of which consists of 6 TMs; two 

cytoplasmic NBDs (NBD1 and NBD2) that are fused to the last TM in each TMD (i.e., TM6 

and TM12 respectively); an R domain that connects two ‘TMD + NBD’ complex to 

construct an integral membrane protein.   
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consensus serines and threonines must be phosphorylated first before ATP can gate 

CFTR, is inserted in between the two “TMD + NBD” complexes (Gadsby and Nairn, 

1999). On the other hand, CFTR’s TMDs have to afford a continuous aqueous pathway 

to carry out the function of an ion channel. It is this latter functional divergence 

between CFTR and ABCtransporters that spurs my studies presented in Chapters 2 - 4, 

which I believe shed new light on the evolutionary relationship between CFTR and ABC 

exporters. 

 

1.3. Phosphorylation of R domain activates CFTR  

        Without a prior exposure to protein kinase A (PKA) and ATP, wild type (WT) CFTR 

does not respond to ATP even at millimolar concentration. But such sluggish response of 

the channel to ATP can be drastically boosted once the R domain is phosphorylated, 

indicating that phosphorylation of R domain is a prerequisite for ATP to gate CFTR 

(Gadsby and Nairn, 1999). However, to this date, the molecular mechanism regarding 

how the R domain assumes such a “master-switch” role in CFTR remains poorly 

understood. Sparked by the “ball-and-chain” mechanism demonstrated for K+ channel 

inactivation (Zagotta et al., 1990), some proposed that the R domain could serve as a 

gate for CFTR that is cleared from the permeation pathway once the R domain is 

phosphorylated (Ma et al., 1996). However, direct evidence supporting an interaction 

between the R domain and CFTR’s pore is lacking. Of note, once the R domain is 

removed (i.e., ∆R-CFTR), ATP is still required to elicit a robust activity (Gadsby and Nairn, 
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1999). Biochemical studies with isolated domains lead to the proposition that the R 

domain can directly interact with NBDs where ATP binds and phosphorylation releases R 

domain’s inhibitory effect on the molecular motion of NBDs (Baker et al., 2007). 

However, phosphorylation is still required for the channel activity of a construct whose 

NBD2 is completely removed (Wang et al., 2010). Furthermore, an earlier study showed 

that interactions between ATP and NBDs are not affected by R domain phosphorylation 

(Aleksandrov et al., 2002). Although the specific mechanism regarding the exact role of 

the R domain is not clear at this moment, for whatever mechanism proposed, it has to 

explain a fundamental observation that the opening and closing events observed in 

electrophysiological experiments depend on a prior phosphorylation of CFTR by PKA no 

matter whether normal function of NBDs is preserved or not. More studies are 

definitely needed to tackle this issue especially in light of the fact that hyper-

phosphorylation of CFTR constitutes the foundation for bacteria-induced secretory 

diarrhea.  

 

1.4. NBDs are the engine that powers CFTR gating conformational 

changes  

        While disclosing the action of the R domain seems arduous, studies on NBDs’ roles 

in CFTR gating have been quite fruitful in the past two decades. First, structurally, by 

introducing cysteine pairs into two NBDs and treating the mutants with thiol-reactive 

cross linkers, Mense et al. demonstrated that the cysteines introduced at one NBD’s 
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head region could be cross linked to those in the tail region of its counterpart NBD, and 

vice versa, hence establishing a head-to-tail dimer formed by two NBDs upon ATP 

binding (Mense et al., 2006). In addition, numerous biochemical and biophysical studies 

have provided evidence supporting the idea that the two ATP binding sites are located 

at the above-mentioned dimer interface, with site 1 formed by the Walker A and B 

motifs from NBD1 and the LSHGH motif from NBD2 and site 2 composed of Walker A 

and B motifs from NBD2 and the canonical LSGGQ signature sequence motif from NBD1 

(Hwang and Sheppard, 2009). Once these two sites are occupied by ATP molecules, 

dimerization of the two NBDs will induce a series of conformational changes that are 

transmitted into CFTR’s TMDs where the channel’s gate is located (Csanady and Gadsby, 

1999; Jih et al., 2012a; Gao and Hwang, 2015; Sorum et al., 2015).  

        In addition to these fairly established theories, several recent functional studies 

have provided new insights into how delicately NBDs control motions of TMDs, 

especially in the view of those post-hydrolytic molecular events. For example, by 

applying a phosphate analog pyrophosphate (PPi), which can lock CFTR in the open state 

for tens of seconds, Tsai et al. fished out different closed states after ATP is washed out 

(Tsai et al., 2009). Specifically, as long as PPi is applied soon after ATP washout, the lock 

open effect by PPi is clearly discernable. However, such an effect of PPi disappears 

minutes after ATP washout, indicating that there are at least two different closed states 

that respond to PPi differently. Through a series of structure-guided mutagenesis 

studies, Tsai et al. proposed that a long residence time of ATP at site 1 is responsible for 

the lock-open effect by PPi binding to site 2. Since mutations at the head subdomain of 
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NBD1 as well as the tail subdomain of NBD2 affect this long resident time of ATP in the 

catalysis-incompetent site 1, it is concluded that site 1 remains in a dimerized form for 

tens of seconds even when the channel already has gone through several 

opening/closing cycles. Structure-wise, this conclusion means that channel closure does 

not require a complete separation of NBD dimer, although gate opening is coupled to 

the formation of an NBD dimer (Vergani et al., 2005). Subsequent “ligand exchange 

experiments” (Tsai et al., 2010), where ATP is switched to ATP analogs, independently 

confirm the conclusion drawn from the experimental results with PPi.  

        Another recent development in our molecular understanding of CFTR gating 

concerns the stoichiometry between ATP hydrolysis cycle and the gating cycle. It has 

been long held that ATP hydrolysis at site 2 is involved in determining the closing rate of 

CFTR (Csanady et al., 2013). By analyzing single-channel open-time distributions, 

Csanady et al. found kinetic evidence for a violation of microscopic reversibility and 

proposed that ATP hydrolysis will inevitably lead to channel closure (Csanady et al., 

2010) and thus only one ATP molecule is consumed in each gating cycle (i.e., a one-to-

one stoichiometry between the gating cycle and ATP hydrolysis cycle). However, this 

strict coupling gating model is challenged by findings made by my colleague, Kang-Yang 

Jih. In two reports using two independent methods, he made experimental observations 

that cannot be explained with the strict coupling model. First, he showed that while the 

channel is in the open channel conformation, ATP in site 2 can be substituted by AMP-

PNP, a non-hydrolyzable ATP analog, indicating that ATP in site 2 has been hydrolyzed 

with the hydrolytic products dissociated before gate closure (Jih et al., 2012c). In a 
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second report (Jih et al., 2012a), he found a CFTR mutant (R352C or R352Q) that shows 

two distinct open channel amplitudes (O1 and O2). Close examinations of the gating 

pattern of these mutants reveal a preferred gating transition that not only violates 

microscopic reversibility, but also exhibits an ATP-dependent open-to-open transition. 

While the former observation echoes the elusive data reported two decades ago by for 

WT-CFTR (Gunderson and Kopito, 1995), the latter results corroborates the idea that the 

open channel has a finite time period when site 2 can take a new ligand. Thus, a new 

gating model was proposed (Jih and Hwang, 2012) to champion the idea that NBD 

dimerization/dissociation and gate opening/closing are energetically coupled so that the 

occurrence of one makes the other more likely to happen. This model was further 

supported by the demonstration of an ATP-dependent mean open time for WT-CFTR in 

the presence of VX-770, a compound now used clinically for the treatment of patients 

with CF (Jih and Hwang, 2013).  

   

1.5. Constitution of the anion permeation pathway by CFTR’s TMDs   

        To achieve speedy ion transport across the biological membrane, an ion channel 

has to be equipped with an aqueous pore so that the hydrophilic ions can move through 

the whole length of the pore at a rate that is close to simple diffusion. To this end, the 

membrane-embedded portion of an ion channel is assembled to craft such an ion 

permeation pathway, as seen in those solved crystal structures of potassium channels 

and CLC proteins (Dutzler et al., 2002; Long et al., 2005; Feng et al., 2010). Although 
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crystallographic studies have enabled us to take a glimpse of CFTR’s two NBDs (Atwell et 

al., 2010), such a detailed structural understanding of CFTR’s TMDs remains beyond our 

reach. Therefore, in addition to computational work based on the crystal structures of 

ABC transporters (Dalton et al., 2012; Rahman et al., 2013; Mornon et al., 2015), our 

structure/function insights into CFTR’s TMDs rely mostly on functional characterization 

of CFTR and its variants. 

        For functional studies, site-directed mutagenesis has been a valuable tool that 

allows CFTR investigators to alter specific amino acids of interest and subsequently 

examine the resulting functional perturbations. For example, by substituting several 

original amino acids with alanine, one group successfully identified a region in CFTR’s 

pore that is crucial for anion permeation (McCarty and Zhang, 2001). Nonetheless, 

although being small in size for alanine makes it well tolerated in both soluble and 

integral membrane proteins, the adoption of alanine substitution is limited due to the 

non-reactivity of alanine to most chemical probes. Therefore, substituted cysteine 

accessibility method (SCAM) was invented to overcome such limitations, as it is well 

known that cysteine is reactive to a broad array of probes, ranging from miscellaneous 

organic reagents (e.g., MTSET, MTSES) to inorganic ones (e.g., [Au(CN)2]-, [Ag(CN)2]-), 

and even to several transition metals (e.g., Cu2+, Cd2+, Zn2+) (Akabas et al., 1994; Yellen 

et al., 1994; Wilson and Karlin, 1998; Serrano et al., 2006). This broad reactivity makes 

cysteine an ideal amino acid to be introduced into the region of interests in a channel 

protein since the reactivity of engineered cysteines with the probe can be monitored in 
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real time. Structure/function implications of the interested region can then be inferred 

from both macroscopic and microscopic data (Yellen et al., 1994; Bai et al., 2010).  

        In the CFTR field, studies using SCAM have identified TMs 1, 3, 5, 6, 9, 11 and 12 as 

pore-lining; some of these segments have also been shown to play a role in the gating 

motions of CFTR’s TMDs (Akabas et al., 1994; Alexander et al., 2009; Bai et al., 2010; El 

Hiani and Linsdell, 2010; Bai et al., 2011; Qian et al., 2011; Wang et al., 2011; Gao et al., 

2013; Zhang and Hwang, 2015). Using bulky methanethiosulfonate (MTS) reagents (e.g., 

MTSES) as a size probe, several groups have demonstrated that these reagents cannot 

penetrate through the pore, although intracellular MTSES can travel as deep as to 

position 341 of TM6 while extracellular MTSES can reach position 338 of TM6 (Fig. 1.3) 

(Alexander et al., 2009; Bai et al., 2010). Therefore, the non-penetrable region seems to 

only span about one α-helical turn (338 - 341) if we accept the premise that TM6 

assumes a secondary structure of an α-helix. Coincidentally, when I was cysteine 

scanning TM1, a similar finding echoing such a picture was made. Specifically, I found 

intracellular MTSES could modify cysteines introduced at positions 95, 98 and 102, but 

the same cysteines were non-reactive to MTSES applied extracellularly. On the other 

hand, although extracellular MTSES did modify several cysteines, including 106C, 107C 

and 109C, intracellular MTSES failed to modify these three cysteines (see Chapter 2 for 

more details). Thus, the segment in between 102 to 106, which is also about one helical 

turn, represents the section in TM1 that MTSES cannot pass through (Gao et al., 2013). 

Consequently, a rough picture of the structural roles of CFTR’s TM1 and TM6 in crafting 

CFTR’s pore emerges: a middle narrow region flanked by two wide internal and external  
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Figure 1.3. Proposed architectural roles of TM1 and TM6 in CFTR’s pore. The two 

helices representing the secondary structure of TM1 (red) and TM6 (green) were 

generated at http://zhanglab.ccmb.med.umich.edu/I-TASSER/ (Zhang, 2008). Labeled 

are pore-lining residues from each TM. Region between the two dash lines denotes the 

restrictive segment in CFTR’s pore that prevents MTSES from passing through.  
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vestibules (Fig. 1.3). Detailed studies supporting this alignment between TM1 and TM6 

is presented in Chapter 4 of this dissertation. 

 

1.6. Evolutionary relationship between CFTR and ABC exporters 

        Bearing all the topological hallmarks of a prototypical ABC exporter, CFTR is viewed 

as a bona fide member of ABC proteins superfamily. Since CFTR is the only ion channel 

in this group, it has been proposed that CFTR may evolve from an ABC exporter by 

degenerating one of the two gates seen in ABC transporters (Gadsby et al., 2006; Chen 

and Hwang, 2008). As dimerization of NBDs opens the channel gate, it was further 

speculated that it is the degeneration of the intracellular gate that confers CFTR its 

channel function. Indeed, such a degraded ABC transporter hypothesis was supported 

by recent findings made by my colleague Yonghong Bai that cysteines introduced into 

the cytoplasmic half of TM6 and TM12 could be modified by intracellular MTS reagents 

even before channel opening, implicating a lack an internal gate at the cytoplasmic side 

of CFTR’s TMDs (Bai et al., 2011). However, in Chapters 3 and 4, I will present evidence 

that may confound such an oversimplified evolutionary relationship between CFTR and 

ABC transporters. In brief, by using a channel permeant probe, [Au(CN)2]-, I localized the 

gate of CFTR (337 – 344 in TM6) in a region that encompasses the narrow region (338 – 

341 in TM6) mentioned above (Gao and Hwang, 2015), rather than at the extracellular 

end of the anion permeation pathway predicted by the degraded ABC transporter 

hypothesis. Besides, in Chapter 4, by introducing cysteine pairs between TMs 1, 6, and 
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12, which are the three most extensively studied TMs in our lab, I found TM12 does not 

contribute to pore lining in a symmetrical manner as TM6. Together with another 

finding in our lab that TM1 (See Chapter 2), but not its topological counterpart―TM7 

(Zhang and Hwang, 2015), lines the pore, these experimental data violate the presumed 

two-fold pseudo-symmetry of CFTR’s TMDs. Detailed descriptions of CFTR’s pore 

structure deduced from available data can be found in the following three chapters that 

are adapted from two published reports and one manuscript submitted for publication.    
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CHAPTER 2 

Cysteine Scanning of CFTR’s First Transmembrane Segment 
Reveals Its Plausible Roles in Gating and Permeation 

 

        This chapter has been adapted from my manuscript published in Biophys J. 

104:786-797 by Xiaolong Gao, Yonghong Bai and Tzyh-Chang Hwang. According to their 

website: http://www.cell.com/rights-sharing-embargoes, I retain the copyright for this 

work and am allowed to reuse this work. 

 

2.1. Abstract 
 

        Previous cysteine scanning studies of the Cystic Fibrosis Transmembrane 

conductance Regulator (CFTR) chloride channel have identified several transmembrane 

segments (TMs), including TM1, 3, 6, 9 and 12, as structural components of the pore. 

Some of these TMs such as TM6 and 12 may also be involved in gating conformational 

changes. However recent results on TM1 seem puzzling in that the observed reactive 

pattern was quite different from those seen with TM6 and 12. In addition, whether TM1 

also plays a role in gating motions remains largely unknown. Here, we investigated 

CFTR’s TM1 by applying methanethiosulfonate (MTS) reagents from both cytoplasmic 

and extracellular sides of the membrane. Our experiments identified four positive 

positions, E92, K95, Q98 and L102, when the negatively-charged MTSES was applied 

http://www.cell.com/rights-sharing-embargoes
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from the cytoplasmic side. Intriguingly, these four residues reside in extracellular half of 

TM1 in previously defined CFTR topology; we thus extended our scanning to residues 

located extracellularly to L102. We found that cysteines introduced into positions 106, 

107, and 109 indeed react with extracellularly-applied MTS probes, but not to 

intracellularly-applied reagents. Interestingly, whole-cell A107C-CFTR currents were very 

sensitive to changes of bath pH as if the introduced cysteine assumes an altered pKa like 

T338C in TM6. These findings lead us to propose a revised topology for CFTR’s TM1 that 

spans at least from E92 to Y109. Additionally, side dependent modifications of these 

positions indicate a narrow region (L102-I106) that prevents MTS reagents from 

penetrating the pore, a picture similar to what has been reported for TM6. Moreover, 

modifications of K95C, Q98C and L102C exhibit strong state-dependency with negligible 

modification when the channel is closed, suggesting a significant rearrangement of TM1 

during CFTR’s gating cycle. The structural implications of these findings are discussed in 

light of the crystal structures of ABC transporters and homology models of CFTR. 

 

2.2. Introduction 

        CFTR, an integral membrane protein whose dysfunction causes the inherited 

disease cystic fibrosis (Riordan et al., 1989), is a unique member of the ABC transporter 

superfamily in that it serves as an anion channel that allows chloride ions to move 

passively across plasma membranes down their electrochemical gradient (Riordan et al., 

1989; Bear et al., 1992). Like many ABC exporters, CFTR harbors two nucleotide binding 
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domains (NBDs) and two transmembrane domains (TMDs), each of which comprises six 

transmembrane segments. It has long been established that CFTR, although belonging 

to ABCC subfamily (Dean and Annilo, 2005), has several unique molecular properties. 

CFTR distinguishes itself from other ABC transporters first in that, it possesses a 

regulatory domain (R domain) in which several consensus serines can be 

phosphorylated by protein kinase A (PKA). Phosphorylation of the R domain is a 

prerequisite for ATP to gate the channel (Gadsby et al., 2006; Chen and Hwang, 2008; 

Hwang and Sheppard, 2009). Second, although CFTR retains the conserved motion of 

dimerization and partial separation of its NBDs for gating conformational changes (Tsai 

et al., 2009; Tsai et al., 2010; Szollosi et al., 2011; Jih et al., 2012), the structural 

rearrangements of its TMDs must be somewhat different from those adopted by ABC 

transporters since the classical flip-flop movements of the TMDs in ABC transporters 

(Rees et al., 2009) that shuffle the conformation between “inward-facing” and 

“outward-facing” configurations do not afford a contiguous aqueous pathway for ion 

diffusion. Nevertheless, a recent report (Bai et al., 2011) provided evidence supporting 

the degraded transporter hypothesis: CFTR may employ similar conformational changes 

in its TMDs during gating but its cytoplasmic gate is degenerated (see Bai et al., 2011 for 

details, but cf. Wang and Linsdell, 2012a). 

        More than two decades since the CFTR gene was cloned (Riordan et al., 1989), 

numerous structural and functional studies have amassed tremendous knowledge with 

respect to the gating and permeation mechanisms of CFTR (reviewed in Jih and Hwang, 

2012). Among many issues of interest, identifying the structural components for the 
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anion permeation pathway is especially interesting in light of the apparent evolutionary 

relationship between CFTR, an ion channel, and ABC exporters carrying out the function 

of active transport. Based on hydropathy analysis, twelve TMs were assigned to CFTR’s 

TMDs (Fig. 2.1A, Riordan et al., 1989). Substituted cysteine accessibility methods (SCAM) 

have been employed in examining targeted transmembrane segments in numerous 

transporters and channels (Wilson and Karlin, 1998; Engh and Maduke, 2005; Pascual et 

al., 2008; Alexander et al., 2009; Bai et al., 2010; Zhou et al., 2010; Bai et al., 2011; Qian 

et al., 2011). For CFTR, this technique has also been fruitful in recent years in identifying 

several pore-lining segments (Akabas et al., 1994; Beck et al., 2008; Bai et al., 2010; El 

Hiani and Linsdell, 2010; Bai et al., 2011; Qian et al., 2011; Norimatsu et al., 2012), some 

of which are intimately involved in gating motion (Bai et al., 2010; El Hiani and Linsdell, 

2010; Bai et al., 2011; Qian et al., 2011; Wang and Linsdell, 2012c). Lately, crystal 

structures of four ABC exporters, namely Sav1866 (Dawson and Locher, 2006, 2007), 

MsbA (Ward et al., 2007), mouse P-glycoprotein (Aller et al., 2009), and TM287/288 

(Hohl et al., 2012), have been solved. While the field is still waiting for the high-

resolution structure of CFTR, these crystal structures of ABC exporters do provide the 

framework for building homology models that could potentially shed some light on the 

structural attributes of CFTR (Mornon et al., 2008; Serohijos et al., 2008; Alexander et 

al., 2009; Mornon et al., 2009). Furthermore, although bearing some deficiencies (see 

discussion for details), these models indeed provide a handful of predictions that have 

been verified by functional studies (Bai et al., 2010; El Hiani and Linsdell, 2010; Bai et al., 

2011; Qian et al., 2011). 
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Figure 2.1. Traditional topology of CFTR and effects of MTSES on cysteine-substituted 

CFTR mutant channels. (A) Topological map of CFTR based on hydropathy analysis 

shows the domain structure of CFTR: two transmembrane domains (TMDs), two 

nucleotide binding domains (NBDs), and a regulatory domain (R domain). The first 

transmembrane segment (TM1) is colored black with its amino acid sequence shown 

above. Eight residues previously assigned as the first extracellular Loop (ECL1) were 

labeled in grey. The innermost and outermost residues of TM6 and TM12 were also 

marked. (B) Cytoplasmic application of MTSES dramatically reduced ATP-gated 

L102C/Cysless channel currents in an excised inside-out membrane patch. (C) 

Macroscopic current trace showing a lack of effect of MTSES on F87C/Cysless channels.  
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        A general picture emerges from our previous SCAM studies on TM6 and 12: there is 

an accessibility limit in the middle of these two TMs when thiol-reactive, channel 

impermeant probes were applied from the cytoplasmic side of the membrane (Bai et al., 

2010, 2011). Together with data from whole-cell experiments where the engineered 

cysteines were probed from the extracellular end, Alexander et al. (Alexander et al., 

2009) and Norimatsu et al. (Norimatsu et al., 2012) proposed a “bottleneck” region in 

the pore that is composed of amino acids 338 – 341 in TM6 and 1131- 1140 in TM12. By 

contrast, recent data on TM1 (Wang et al., 2011), depict a very different picture as this 

barrier to channel impermeant thio-reagents seems located close to the extracellular 

end of this TM defined originally in Riordan et al. (Riordan et al., 1989). This puzzling 

observation raises at least two possibilities. First, TM1 may not line the pore and the 

reported macroscopic current response to MTS reagents is a result of effects on gating. 

Second, the assigned topology of TM1 (Riordan et al., 1989) may not be accurate so that 

the pore-lining segment of TM1 actually extends into the first extracellular loop. To 

resolve this issue, we decided to carry out more extensive SCAM studies on TM1.  

        In the current study, SCAM experiments were performed with both inside-out 

membrane patches, to which MTS probes were applied from the cytoplasmic side, and 

whole-cell recordings, which allow testing reactivity with extracellular-applied MTS 

reagents. Overall, 7 reactive sites (E92, K95, Q98, L102, I106, A107, Y109) were 

identified. The periodicity of these positive hits suggests that TM1, like the internal part 

of TM6 and TM12 (Bai et al., 2010, 2011), also assumes an -helical structure. More 

importantly, the reactivity patterns toward intracellularly and extracellularly applied 
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MTS probes indeed suggest a 4-amino-acid bottleneck (102 – 106) similar to what has 

been reported for TM6 (Alexander et al., 2009; Bai et al., 2010; Norimatsu et al., 2012). 

However, as positions 103 – 109 were classified as the first extracellular loop in the 

traditional topological map of CFTR’s TMDs (Riordan et al., 1989), our findings suggest a 

different membrane-spanning topology for TM1: instead of being part of a disordered 

extracellular loop, we propose that amino acids 103 – 109 constitute part of a more 

structured ion permeation pathway. Another unique feature of TM1 is the observation 

that modifications of engineered cysteines at position 95, 98, and 102 are strictly state-

dependent—modifications occur nearly exclusively in the open state. Structural 

implications of this finding will be discussed. 

 

2.3. Materials and Methods 

Channel expression 

        To avoid effects of MTS reagents on endogenous cysteines in CFTR, a construct with 

all endogenous cysteines altered (i.e., cysless background) was used. All mutations were 

confirmed with DNA sequence (DNA Core, University of Missouri). Chinese hamster 

ovary (CHO) cells grown at 37 in Dulbecco’s modified Eagle’s medium plus 10% fetal 

bovine serum were used to express the channels. The pcDNA of all mutants were 

transfected into cells together with pEGFP-C3 (Takara Bio Inc.) which encodes green 

fluorescent protein, using PolyFect reagent (QIAGEN, Venlo, Netherlands) according to 

manufacturer’s instructions. After transfection, cells were transferred to 35 mm tissue 
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culture dishes and incubated under 27 for 2-7 days before experiments were 

performed.  

Electrophysiology 

Inside-out mode 

        Glass electrodes were prepared with a two-stage vertical puller (Narishige, Tokyo, 

Japan), and polished with a homemade microforge to yield a resistance between 2-5 

M when placed in the bath solutions containing (in mM): 145 NaCl, 5 KCl, 2 MgCl2, 1 

CaCl2, 5 glucose, 5 HEPES, 20 sucrose, with pH adjusted to 7.4 using NaOH. After the 

patch was excised into an inside-out configuration, the perfusion solution was changed 

to one containing (in mM): 150 NMDG-Cl, 10 EGTA, 10 HEPES, 8 Tris, 2 MgCl2, with pH 

adjusted to 7.4 using NMDG. The pipette solution contained 140 NMDG-Cl, 2 MgCl2, 5 

CaCl2, 10 HEPES, with pH adjusted to 7.4 using NMDG. To achieve fast solution changes, 

the pipette tip was moved to the outlets of a three-barrel glass tubing under the control 

of a fast solution exchange system (SF-77B; Warner Instruments, Hamden, CT). The 

current signal was recorded with a patch clamp amplifier (EPC10; HEKA), filtered at 100 

Hz with a Bessel filter and digitized at 500 Hz using Pulse (V8.80; HEKA). All the 

experiments were performed at room temperature. 

Whole-cell mode 

        Pipettes used in whole-cell experiments were made with the same puller described 

above, but not polished to yield a resistance of ~ 1.5-2.5 M when filled with whole-cell 
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pipette solution containing (in mM): 10 EGTA, 10 HEPES, 20 TEACl, 10 MgATP, 2 MgCl2, 

85 aspartate, 16 pyruvate, 5.8 glucose, with pH adjusted to 7.4 using CsOH. Bath 

solutions of various pH values were adjusted with H2SO4 and cacodylic acid, respectively. 

A voltage ramp of  100 mV over 200 ms was applied every 5 s. The current was 

acquired with a patch clamp amplifier (EPC10; HEKA), filtered at 1 kHz and digitized at 2 

kHz with Pulse software (V8.80; HEKA). Experiments were also conducted at room 

temperature. 

Reagents and Chemical modification        

        MTS reagents (Toronto Research Chemicals Inc., Toronto, Ontario, Canada) were 

stored at -70 as 100 mM stock solutions. Each aliquot was diluted into 1 mM (inside-

out) or 0.5 mM (whole-cell) immediately before application. Due to possible 

spontaneous oxidation of the introduced cysteines (Li et al., 2005; Liu et al., 2006), 

dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO) was added into the cocktail containing 

PKA and ATP to ensure that the engineered cysteines are mostly in the reduced form 

before applications of the MTS reagents. CFTRinh-172 was kindly provided by Dr. Robert 

Bridges with the support from the Cystic Fibrosis Foundation Therapeutics. ATP and PKA 

were bought from Sigma-Aldrich (St. Louis, MO). 

Data analysis 

        To calculate the modification rate by MTS reagents, we first fitted the current decay 

phase in each recording with a single exponential function with Igor program (V4.07; 

WaveMetrics, Portland, OR) to obtain the time constant, . The modification rate 
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constant was computed as 1 / ( [MTSES]) where [MTSES] is the concentration of 

MTSES. Single-channel kinetics analysis was conducted using the program developed by 

L. Csanády (Csanady, 2000) where C-O-B mode was chosen to extract the kinetics 

parameters. Student’s paired and equal variance t test (two-tailed) was conducted with 

Excel (Microsoft). P < 0.05 was considered significant. Data in the text were presented as 

means  SEM. n represents the number of data points for each experiment. 

 

2.4. Results 

Cysteine scanning of TM1 using both internal and external thiol-specific probes  

        To investigate the role of TM1 in CFTR’s pore-forming constituents, individual 

cysteines were introduced into each position (81 – 102) along previously assigned TM1 

(Riordan et al., 1989) under the cysless background as described before (Bai et al., 2010, 

2011). After the channels were expressed in the cell membrane, inside-out patches 

containing cysteine-substituted channels were made to test their reactivity towards 2-

sulfonatoethyl MTS reagents. In all the inside-out recordings, a cocktail containing PKA 

and ATP was first used to maximally activate the channels. Subsequently, chloride 

currents were induced by ATP to a steady-state level before the channels were exposed 

to intracellularly applied MTS reagents in the continuous presence of ATP for at least 1 

minute or until the current reaches a steady level. We then switched the perfusion 

solution back to one with ATP alone to ensure that any reactivity is not reversed by 

removal of the reagent. Fig. 2.1B shows a representative recording of L102C mutant 
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channels in response to the application of MTSES. This observed decrease of 

macroscopic currents is due to covalent modification of the engineered cysteines by the 

reagent as the effect persisted even after a complete removal of MTSES. Similar 

observations were made for K95C- and Q98C-CFTR. We could only obtain microscopic 

current with E92C-CFTR probably due to a poor expression, but the application of MTSES 

decreased the single-channel amplitude of this construct (see below). Strikingly, 

cysteines placed in all other 18 positions did not respond to MTSES. For instance, in the 

case of F87C mutant channel, no obvious changes in the mean current were seen during 

1-minute application of MTSES (Fig. 2.1C). However, one cannot rule out the possibility 

that these channels were modified but without apparent changes in gating or 

permeation.  

        Fig. 2.2 summarizes our results described above. Data on TM6 and 12 from our 

previous reports (Bai et al., 2010, 2011) are presented for comparison. Two differences 

were noted. First, fewer positions show positive response to MTSES (4 in TM1 vs. 6 in 

TM6 and 8 in TM12). Nonetheless, the apparent periodicity with the 4 reactive positions 

on TM1 is consistent with the notion that this part (E92 to L102) of TM1 assumes a 

secondary structure of an -helix, just like the intracellular half of TM6 and TM12 (Bai et 

al., 2010, 2011). Second, most surprisingly, unlike TM6 and TM12, all 4 reactive 

positions on TM1 reside in the extracellular half of this segment according to the 

traditional topology built on hydropathy analysis (Figs. 2.1A and 2.2). Thus, although the 

accessibility limits for TM6 (position 341) and TM12 (position 1140) are located 

approximately in the middle of these TMs, L102 is the outermost residue in the classical  
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Figure 2.2. Summary of SCAM results on TM1 (middle), TM6 and TM12 (left and right). 

The inhibition ratio was calculated as (1-Ia/Ib), where Ia and Ib are mean currents after 

and before application of MTSES, respectively. Those positions colored in grey in the 

middle panel (TM1) represent residues on ECL1 in the traditional topological map (Fig. 

2.1A). Stars marked above positions 85 and 103 indicate no current was detected from 

these two mutants while the dagger (†) on position 92 specifies that the measurement 

was from changes of the single-channel current amplitude by MTSES due to a low 

expression level. The dotted line delineates the extracellular end of each segment in the 

traditional CFTR topology. Data were extracted from 2 - 8 patches for each mutant. 

Results on TM6 and TM12 were obtained from Bai et al. (Bai et al., 2010, 2011).  



35 
 

topological map of TM1 (Riordan et al., 1989). We therefore extended our cysteine 

scanning of TM1 to residues beyond the L102 position. The results were also 

summarized in Fig. 2.2. While we failed to detect any currents from G103C-CFTR, all 

other 7 cysteine-substituted constructs did not respond to cytoplasmic application of 

MTSES to a significant extent (Fig. 2.2). We conclude that the accessibility limit to 

intracellular MTSES is indeed at position 102 as reported by Wang et al. (Wang et al., 

2011).           

     If TM1 indeed constitutes part of the pore-forming domain, the different location of 

the accessibility limit described above between TM1 and TM6 raises an interesting 

possibility that the traditional topological map for TM1 may not be correct. In other 

words, some of the residues external to L102 may actually reside in the pore. To test 

this hypothesis, we performed whole-cell experiments in which MTS reagents could be 

applied from the extracellular side. Replacing each residue from 103 to 110 with 

cysteine results in robust cAMP-dependent whole-cell currents with the exception of 

position 103, where no detectable currents were observed probably due to poor 

expression. Fig. 2.3A shows a continuous whole-cell recording of I106C-CFTR currents. 

Whole-cell CFTR currents were first activated with 10 M forskolin. Once the current 

reached a steady state, application of 0.5 mM MTSES nearly abolished the current 

completely. This inhibition is irreversible since washout of MTSES did not recover the 

current. Further addition of a specific CFTR inhibitor, CFTRinh-172 (Ma et al., 2002; 

Kopeikin et al., 2010), caused a minor decrease of the residual current, indicating a 

drastic reduction of I106C-CFTR currents by external MTSES. Similar results were 
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obtained for A107C- and Y109C-CFTR except that the magnitude of inhibition for A107C-

CFTR is significantly smaller (Fig. 2.3C). In contrast, minimal effects of external MTSES 

were seen with other four positions (R104, I105, S108 and D110). Fig. 2.3B shows an 

example of these negative responders. We next tested the accessibility to external 

MTSES on three positions identified by experiments with inside-out patches, namely 

K95C, Q98C, and L102C, in the same manner and all three positions turned out 

nonreactive (data not shown).  

        Two tentative conclusions can be made based on the results shown so far. First, 

when we consider all 7 positive hits spanning the segment from E92 to Y109, a 

periodicity consistent with a secondary structure of an -helix emerges. Second, the 

observation that L102 constitutes the internal accessibility limit while I106 acts as an 

external accessibility limit indicates a 4-amino-acid “bottleneck” that prevents 6 Å 

MTSES from penetrating the pore from either side of the membrane. This latter 

conclusion bears remarkable resemblance to what has been shown for TM6 (T338 – 

S341, Bai et al., 2010; El Hiani and Linsdell, 2010). 

        The similarity between TM1 and TM6 was reinforced by the following results with 

A107C mutant channels. When recording whole-cell A107C-CFTR current with a chloride 

gradient (24 mM internal and 156 mM external [Cl-]), we found that instead of an 

expected outward rectified I-V curve due to this imposed concentration gradient, the 

observed I-V relationship shows significant inward rectification (Fig. 2.4A). Furthermore, 

the degree of inhibition by MTSES under -80 mV (54.9%  1.4%, n = 4) was significantly  
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Figure 2.3. SCAM experiments with whole-cell recordings. (A) A continuous recording 

of whole-cell I106C/Cysless channel current in response to an external application of 

MTSES. The I-V relationships for net CFTR currents before (b – a) and after (c – a) MTSES 

modification were shown below the trace. (B) The same protocol was adopted for 

S108C/Cysless mutant channels, which exhibit little response to external MTSES. 

However, reversible inhibition by CFTRinh-172 demonstrates that the current observed 

was indeed due to the activation of CFTR. (C) Summary of whole-cell SCAM results on 

the 8 residues, G103C - D110C. Data at  80 mV were presented to illustrate the unique 

voltage-dependent inhibition by MTSES at position 107. The number of cells was labeled 

at the end of each bar. * indicates no detectable current for G103C-CFTR. 
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higher than that under +80 mV (41.6%  3.7%, n = 4) for this mutant (Figs. 2.3C and 

2.4A). These observations can be explained if the introduced cysteine at position 107   

has a pKa that is lower than that of cysteine in the bulk solution (between 8.10 and 8.72, 

Lindley, 1960). At pH 7.4, C107 can then be considered to carry a partial negative 

charge, a scenario analogous to placing a cysteine at position 338 in TM6 (Liu et al., 

2004). We next adopted the similar strategy used in Liu et al. (Liu et al., 2004) to test if 

A107C-CFTR can be modulated with baths of different pH. In Fig. 2.4B, A107C-CFTR 

channel currents were first activated with forskolin in the bath solution with a pH of 7.4; 

after the current level stabilized, the bath was switched to forskolin-containing solution 

with a pH of 6 or 8. As shown in Fig. 2.4B, whole-cell currents at +80 mV increase by 

182.7%  9% (n = 4) as the bath solution is acidified, but decrease by 44.8% ± 3.2% (n = 

4) upon lowering bath [H+]. Switching among bath solutions with different pH allows us 

to determine the pKa value of the cysteine engineered at position 107. As shown in Fig. 

2.S1 in Supporting Material, the pKa value of C107 is 7.25, which is nearly identical to 

that of T338C in TM6 (Liu et al., 2004). These results are consistent with the idea that 

the side chain of the introduced cysteine at position 107 is partially deprotonated 

resulting in a negatively charged thiol group (-S-) that impedes chloride permeation. An 

increase of the bath [H+] then neutralizes this -S-. As a control, neither pH 6 nor pH 8 

bath alters whole-cell cysless channel currents significantly (Fig. 2.4C). These results 

further support the idea that the side-chain of residue 107 lines the pore.     

Modifications by MTSET affect gating and permeation 
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Figure 2.4. Effects of external MTSES and pH on A107C-CFTR. (A) Whole-cell A107C-

CFTR currents in response to external MTSES (left) and I-V curves extracted from the 

whole-cell recording as marked. (B) Effects of acidic or alkaline pH on the whole-cell 

A107C-CFTR currents (left). Corresponding I-V relationships were shown on the right. (C) 

A control experiment on WT/Cysless demonstrating a lack of effect by changes of bath 

pH. 
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        One interesting feature about SCAM studies on TM6 is the dual effects of MTSET 

modification on CFTR gating and permeation (Bai et al., 2010).  Similar but not identical 

observations were made with TM1. For instance, for L102C mutant channels, we found 

that macroscopic currents were increased by 108.5% ± 9.5% (n = 6) after modification by 

MTSET applied to the cytoplasmic side of the channel in excised inside-out patches (Fig. 

2.5A). Also similar to what has been reported for position I344 and M348 in TM6, 

following MTSET modification of L102C-CFTR, robust activity was observed even in the 

complete absence of ATP. This dramatic effect on CFTR gating was readily reversed by 

the reducing reagent DTT. For Q98C and K95C mutant channels, the increases in the 

mean current amplitude following MTSET modification were ~ 2 and 6 folds, 

respectively. Since the single-channel conductance was drastically decreased in K95C-

CFTR, we were not able to assess the gating effect of MTSET modification. Fig. 2.S2, 

however, demonstrates that MTSET modification of Q98C-CFTR increases both the open 

probability and the single-channel amplitude.   

        The remarkable effects of MTSET on L102C-CFTR currents shown in Fig. 2.5A 

prompted us to examine this effect more closely with single-channel recordings. Fig. 

2.5B shows single-channel traces before and after MTSET modification of L102C-CFTR. 

Several intriguing findings were made. First, before MTSET modification, each opening 

burst was interrupted by many flickery closings (compare Fig. 2.7A below). Although 

previous studies have provided evidence that these short-lived closures are ATP-

independent (Zeltwanger et al., 1999; Vergani et al., 2003) and could result from  
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Figure 2.5. Gating of MTSET-modified L102C/Cysless channel. (A) A continuous current 

recording of L102C/Cysless channels showing that MTSET modification increases the 

macroscopic current and renders the current ATP-independent. (B) Single-channel 

recording of the L102C/Cysless-CFTR. Note the unusually numerous flickery closings in 

each opening burst before MTSET modification (compare Fig. 2.7A below). The single-

channel amplitude was decreased by MTSET modification, but the Po was increased to 

near unity. The reducing reagent, DTT, effectively reversed the effect of MTSET 

modification. 
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voltage-dependent block of the pore by large anions from the cytoplasmic side of the 

channel (Zhou et al., 2001), it is noted that these events are abundantly present in the 

double mutant L102C/E1371Q at both negative and positive membrane potentials in the 

absence of ATP (see Fig. 2.S3). If we accept the premise that the NBDs of this hydrolysis-

deficient channel remained in a dimeric configuration throughout the recording, these 

transitions could then represent autonomous opening and closing of the gate while the 

NBDs are dimerized. Thus the L-to-C mutation at position 102 somehow destabilizes the 

gate of the channel. Second, after modification by MTSET, the single-channel current 

amplitude decreases by 46.4%  1.3% (n = 4), but the Po increases dramatically (Fig. 

2.5B). In fact, the modified channel remains nearly always open even after removal of 

ATP. Like what we observed for I344C- and M348C-CFTR (16), this robust ATP-

independent gating was seen following modification by MTSET but not by MTSEA (Fig. 

2.S4).    

State dependent modification of E92C-, K95C-, Q98C- and L102C-CFTR  

        The observation that MTSET modification of Q98C and L102C alters CFTR gating 

suggests that TM1 indeed participates in gating motions of CFTR. However, since only 

one position in each helical turn of the segment from E92 to L102 reacts with MTS 

reagents, it seems hard to envision that similar rotational movements proposed for TM6 

and 12 can be applied to TM1. To better understand the molecular motion TM1 may 

undergo during gating transitions, we adopted the protocol originally designed by 

Yellen’s group (Liu et al., 1997) and lately applied to SCAM studies of CFTR (Bai et al., 
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2011). In these experiments, channels were first activated by PKA plus ATP; after ATP 

washout, two brief pulse applications of ATP were implemented to ensure a stationary 

recording condition is fulfilled. Subsequently, we applied ATP for 3 seconds until the 

current reached a steady state, followed by an 8-s washout phase to allow channel 

closure; MTSES was then applied for 3 seconds in the absence of ATP followed by a 2-s 

washout of MTSES. The same cycle would be repeated for 12 times. As this series of 

experiments requires macroscopic currents, we could not test the E92C mutants, which 

express poorly (see Discussion for details). However, Fig. 2.6A shows a representative 

recording of current response for K95C-CFTR mutants. Strikingly, the macroscopic 

current amplitude remains fairly constant over a recording time longer than 3 minutes. 

Similar results were obtained from experiments on L102C (Fig. 2.6B) and Q98C mutants. 

These data suggest that the modification rate of cysteines on these positions is 

exceedingly low, if at all, when the channels are in the closed state.  

        On the contrary, in the presence of ATP when the channels stay in the open state 

for a significant amount of time, the introduced cysteine at these all positions can be 

readily modified by MTSES (e.g., Figs. 2.1B and 2.6B). We measured the modification 

rate in the presence of ATP by fitting the current decay with a single exponential 

function and the resulting time constant was converted to the second order rate 

constant as described previously (Bai et al., 2011). Fig. 2.6C summarizes these results. 

Thus, these positions in TM1 are accessible to MTSES when channels are open but not 

when they are closed, hinting at a gating-associated structural rearrangement of TM1 

relative to other parts of CFTR.  
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Figure 2.6. State dependent modification by MTSES at position 95, 98 and 102. (A) A 

representative recording for MTSES modification in the absence of ATP for K95C/Cysless 

channels. (B) A real time recording with a similar protocol shown in (A) for 

L102C/Cysless channels. While very little current was affected by application of MTSES 

in the absence of ATP, exposure of the same patch to MTSES in the presence of ATP 

readily diminished the current. (C) Summary of the modification rates for K95C, Q98C, 

and L102C in the presence of ATP (solid squares). The modification rates in the absence 

of ATP (crossed circles), were all set at 1 because the modification, if at all, was too slow 

to be quantified accurately. n = 5 for each construct. 
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2.5. Discussion  

        SCAM studies on CFTR's TM1 in the current manuscript are consistent with the 

hypothesis that portions of this segment could line the anion-conducting pore. The 

reactivity of cysteines substituted in the presumed, pore-lining region of TM1 toward 

internally-applied, polar, thiol-specific reagents is strikingly favored in the open state of 

the channel. This result suggests that conformational changes underlying channel 

closing can restrict the accessibility of cysteines substituted in this region of TM1 to 

reagents that enter the pore from the cytoplasmic side. Furthermore, a direct 

comparison of the reactivity of cysteines substituted into TM1 toward externally- and 

internally-applied, thiol-directed reagents is consistent with previous studies that 

identify a "bottleneck" in the pore that restricts the permeation of MTS reagents and 

may be rate-limiting for anion conduction (Norimatsu et al., 2012).  

        With the completion of cysteine scanning on TM1, we now have two TMs (1 and 6) 

thoroughly investigated with channel impermeant probes applied from both 

extracellular and intracellular end of the CFTR pore (Alexander et al., 2009; Bai et al., 

2010; El Hiani and Linsdell, 2010; Wang et al., 2011). Although some differences exist 

between these two sets of data, they do share remarkable similarities. In the following 

sections, we will not only elaborate the structure/function implications of the data on 

TM1 in its own right, but also discuss how these differences and similarities between 

TM1 and TM6 may shed light on the evolutionary relationship between CFTR and ABC 

exporters. 



46 
 

        But, we need to first point out a few puzzling differences between current results 

and those published by others (Wang et al., 2011). First, the four positions identified by 

cytoplasmic application of MTSES are not exactly the same (E92, K95, Q98 and L102 in 

the current study but K95, Q98, P99, and L102 in Wang et al., 2011). Second, while we 

failed to detect any reactivity to extracellular or intracellular application of MTSES at 

position 104, Zhou et al. (Zhou et al., 2008) reported that a cysteine placed at this 

position does react with external MTS reagents (see Fig. 2.S5 for detail). Third, in the 

report by Wang et al. (Wang et al., 2011), K95C, but not Q98C, P99C or L102C, can react 

with internal MTSES even before the channel is activated by PKA and ATP, implying a 

“regulated barrier” between positions 95 and 98. However, we found all four positions 

appear to be only accessible to internal MTS probes in the open state.  

        Notably, these discrepancies are not limited to data on TM1, numerous differences 

between our results on TM6 and 12 (Bai et al., 2010, 2011) and those reports by the 

same group (El Hiani and Linsdell, 2010; Qian et al., 2011) were observed. Though the 

exact reasons behind these discrepancies are unknown to us for the time being, here we 

discuss several technical differences in experimental design and data presentation. First, 

whenever possible, we presented real time recordings of our data that offer our readers 

a direct view of the time course of current responses to the applied reagents. This kind 

of detailed, long-lasting current recording also allows our readers to more readily 

discern any unusual changes of the recorded current as well as the baseline leakage 

current. Second, a fast solution change system used in our experiments is essential for 

accurately assessing the reaction rate of the introduced thiols to MTS reagents as the 
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solution change itself does not impose a rate-limiting step. Third, to determine the 

state-dependency of those reactive cysteines to MTSES, we adopted a method similar to 

that designed by Yellen’s lab (Liu et al., 1997). In contrast, Linsdell’s group routinely 

used the pre-incubation method (see Wang et al., 2011 for details), which negated any 

opportunity to monitor either the time course or the extent of the reaction, or to test its 

reversibility, leaving some room for undesirable effects.  Lastly, different expression 

systems were used (baby hamster kidney cells in Linsdell’s group vs. Chinese hamster 

ovary cells in our study).  

Cysteine scanning on TM1 confirms a “bottleneck” region in the CFTR pore 

        Previous studies have come to a general consensus that the whole ion permeation 

pathway of CFTR consists of an inner vestibule and an outer vestibule flanking a rate 

limiting region (Smith et al., 1999; Liu et al., 2004; Linsdell, 2006). SCAM experiments 

using channel impermeant MTS reagents have specified the relative locations of each of 

these components in TM6 (Alexander et al., 2009; Bai et al., 2010). By identifying the 

accessibility limits of intracellularly- and extracellularly-applied MTS reagents, one can 

safely conclude that residues 338 – 341 in TM6 constitutes the “bottleneck” region of 

the pore (Alexander et al., 2009; Bai et al., 2010). Interestingly, the present studies also 

pinpoint a similar 4-amino-acid region (102 – 106) in TM1 that prevents MTS reagents 

from passing through the pore. Since the residues on either side of this presumed 

narrow region of the pore can be readily accessed by the bulky MTS reagents, it appears 

that the physical dimensions of both internal and external vestibules need to be at least 
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6 Å wide. As 4 amino acids are only sufficient to span ~ 1 helical turn of an -helix, if 

both TM1 and TM6 assume this type of secondary structure, the CFTR pore indeed looks 

like an hourglass (Smith et al., 1999) with a narrow region of ~5 - 6 Å in length. 

Considering the diameter of 3.6 Å for a chloride ion, we reckon that this narrow region 

can only accommodate one chloride ion at a time.  

         Is this bottleneck region CFTR’s anion selectivity filter? Although alanine 

substitution experiments with residues in TM6 do support a role of this region in 

discriminating monovalent and divalent anions (McCarty and Zhang, 2001), it is 

questionable if a well-defined selectivity filter exists in the CFTR pore (Smith et al., 

1999). Recent MD simulations of a CFTR homology model (Norimatsu et al., 2012) reveal 

potential candidates near this region that may coordinate the chloride ion in the pore 

(namely, S341 in TM6, T1134 in TM12 and K95 in TM1), but the current study suggests 

that K95 may be positioned too far to make significant contributions to the role of this 

presumed “bottleneck” for chloride permeation. It is nonetheless interesting to note 

that although CFTR is an anion channel, positively-charged MTSET, just like negatively-

charged MTSES, can reach position 102 from the cytoplasmic side as well as position 106 

from the external side of the channel (see Fig. 2.S6). Thus, neither internal nor external 

vestibule seems to impose a strict anion-over-cation selectivity. Nevertheless, many 

positively charged amino acids scattered in TM1, TM5, and TM6 have been proposed to 

serve to concentrate chloride ions in both internal and external vestibules (Aubin and 

Linsdell, 2006; Linsdell, 2006; Lamichhane-Khadka et al., 2008; Zhou et al., 2008). One 

needs to caution that the existence of positively charged amino acids in the pore-
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forming segments does not guarantee that the side-chains of these amino acids actually 

protrude into the ion permeation pathway. R347 in TM6 is a good example. Although 

early work suggests a pivotal role this residue plays in chloride binding in the pore 

(Tabcharani et al., 1993), subsequent studies indicate otherwise (Cotten and Welsh, 

1999; Bai et al., 2010; El Hiani and Linsdell, 2010). For TM1, R104 has been implicated in 

assuming a similar role in chloride selectivity (Zhou et al., 2008), but the present work 

did not find corroborating evidence.  

A revised topology for TM1 

        Hydropathy analysis has been the method of choice for assigning membrane 

spanning segments of an integral membrane protein without any prior knowledge about 

the structure (Kyte and Doolittle, 1982; White and Wimley, 1999). CFTR’s TMD topology 

was first determined by such means more than two decades ago (Riordan et al., 1989). 

Research based on this topology has provided ample mechanistic insights into pore 

architecture, ion selectivity and gating motions. Lately, computational studies of CFTR 

based on crystal structures of ABC transporters (Mornon et al., 2008; Serohijos et al., 

2008; Mornon et al., 2009; Norimatsu et al., 2012) also shed light on the 

structure/function relationship of this molecule. However, while a gross picture of 

CFTR’s TMDs seems consistent in different CFTR models, detailed structures of each TM 

could differ considerably (Mornon et al., 2008; Norimatsu et al., 2012). We thus chose 

the original TM1 topology as our starting point.  
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        Our experimental results demonstrate that cysteines introduced at 3 positions 

external to L102, the outermost residue in traditional TM1, can be modified by 

extracellularly-applied MTS reagents (Fig. 2.3C). These data, together with the 

observation that titrating the cysteine introduced at position 107 can affect ion 

permeation (Figs. 2.5 and 2.S1), support the idea that residues 103 – 109 form part of 

the external pore. We thus propose a revised topology for TM1:  two helical turns 

formed by residues 103 to 109 are part of the more structured ion permeation pathway. 

The idea that this segment constitutes part of the pore predicts that mutations of some 

of these residues may alter ion permeation. Fig. 2.7 indeed shows that cysteine 

substitution at several of these positions decreases the single-channel amplitude. 

(Previous results on TM6 are presented for comparison). It is noted that those positions 

of which mutations alter the single-channel conductance include not only the 

aforementioned “bottleneck” region, but also areas flanking this segment. Interestingly, 

if we align TM 1 and TM6 using the outermost position whose mutation affects the 

single-channel amplitude as the extracellular end for each TM (Y109 in TM1 and R334 in 

TM6), we also successfully align the intracellular accessibility limits (i.e., L102 in TM1 

and S341 in TM6) as well as the extracellular accessibility limit (i.e., I106 in TM1 and 

T338 in TM6).  

        After this adjustment, L102 will be located close to the middle of the newly defined 

TM1 (cf. Wang et al., 2011). It follows that the three other positive hits (C92, C95 and 

C98) will reside within 3 helical turns down from L102. Incidentally, since S341 and 

M1140 are the internal accessibility limit for TM6 and TM12 respectively, the other  
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Figure 2.7. Effects of cysteine substitution on the single-channel current amplitude. (A) 

Representative single-channel traces for WT/Cysless, A96C/Cysless, I106C/Cysless, and 

P99C mutant channels. (B and C) Summary of single-channel current amplitudes for 

WT/Cysless and all cysteine-substituted mutant channels in TM1 (B) or TM6 (C). Single 

star specifies no channel activity was detected for G103C. The daggers indicate that the 

single channel current amplitude is too small or too variable to be measured accurately. 

Double stars indicate positions where cysteine substitution alters the single channel 

current amplitude significantly (p<0.05, student’s t test). Data were acquired from 3 - 4 

patches for each mutant. Results on TM6 were obtained from Bai et al. (Bai et al., 2010). 
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positive hits in these two TMs are also vested within 3 - 4 helical turns from the 

referenced positions. Based on this revised TM1, we reason that residues internal to E92 

may not be important for ion permeation, a conjecture consistent with the observations 

that cysteines introduced into these positions are not reactive to MTSES (Fig. 2.2) or 

reactive to MTSES but without any effects on chloride permeation, and that almost 

none of the cysteine substitutions at these positions significantly affects the single-

channel amplitude (Fig. 2.7). Of note, a different alignment between TM1 and TM6 was 

deduced based on cross-linking experiments for paired cysteines introduced into these 

two TMs (Wang et al., 2011).  

Possible gating motions of TM1 revealed by state dependent modifications and crystal 

structures of ABC exporters 

        Our previous work on TM6 and TM12 provides data supporting the hypothesis that 

CFTR evolves from a primordial ABC exporter by degenerating its cytoplasmic gate ((Bai 

et al., 2011), but cf. Wang and Linsdell, 2012a). Specifically, we showed that cysteines 

placed at positions 344, 348 in TM6 and 1141, 1148 in TM12 can react readily with 

cytoplasmic Texas Red MTSEA (~13 Å wide for its head group) even when the channel is 

closed. We were therefore surprised to observe negligible modification of cysteines 

introduced at positions 95, 98 and 102 in the absence of ATP. Although we were not 

able to measure the modification rate for E92C because of poor expression, in 5 patches 

yielding microscopic current, MTSES appears to modify the introduced cysteine when 
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the channel is opened (see Fig. 2.S7). Thus, all four positive hits for cytoplasmic 

application of MTSES exhibit strict state dependency (cf. Wang et al., 2011).  

        Many of the data presented in our previous SCAM studies on TM6 and TM12 are 

consistent with a helix rotational movement during CFTR’s gating cycle (Bai et al., 2010, 

2011). However, this scenario is unlikely applicable to TM1 since those four reactive 

positions are aligned on one face of the helix but none of the neighboring positions are 

reactive. We therefore reasoned that at least the intracellular half of TM1 may undergo 

conformational rearrangements between lining the pore in the open state and hiding 

behind other parts of the protein in the closed state.  

        As the crystal structure of CFTR is not yet available, we decided to resort to 

homology models built on the template of CFTR’s close cousin, ABC exporters, to gain 

some insights into this unique state-dependency of introduced cysteines in the 

cytoplasmic side of TM1. Several such models of CFTR have been published in recent 

years (Mornon et al., 2008, 2009; Norimatsu et al., 2012). We first examined the 

homology model of CFTR in the presumed open conformation based on the crystal 

structure of the outward-facing configuration of Sav1866. The modeled structure clearly 

shows that TM1, TM6 and TM12 line the open pore (Fig. 2.8A) (Mornon et al., 2008). On 

the other hand, if we accept the premise that the inward-facing structures of ABC 

exporters may share some resemblances with the closed state of CFTR, they may shed 

some light on the plausible orientation of TM1 in the closed conformation of CFTR. We 

then examined the homology model based on the inward-facing configuration of MsbA 
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(Mornon et al., 2009). Interestingly, TM1 now moves to a position where its 

contribution to pore-lining is extremely limited (Fig. 2.S8).  

        As the resolution of the inward-facing structure of MsbA is not ideal, we also turned 

to the crystal structure of recently solved TM287-TM288 in an inward-facing 

conformation (Hohl et al., 2012). Fig. 2.8B shows that the first transmembrane segment 

of TM287-TM288 is located mainly in the periphery of the whole structure. Looking into 

the substrate translocation pathway from the cytoplasmic side, we see very minor 

contribution of TM1 in the inner contour of the pore (Fig. 2.8B). Similar observations 

were made with the crystal structure of the inward-facing configuration of another ABC 

exporter, P-glycoprotein (Aller et al., 2009). If, and we admit that it is a big if, CFTR and 

these ABC exporters share similar conformational changes during the gating/transport 

cycle, CFTR’s TM1 does undergo a fairly large-scale rearrangement during gating 

transitions. 

        Once we accept the possibility that TM1 undergoes major conformational changes 

during gating transitions, it is not surprising to see alterations in gating by the mutation 

itself (e.g., L102C), as well as by subsequent chemical modifications (Fig. 2.5). It is 

nevertheless interesting to note that in L102C/E1371Q-CFTR, the gate can open and 

close repeatedly even when the NBDs are in a dimeric configuration (Fig. 2.S3). On the 

other hand, modification of L102C by MTSET literally renders the channel permanently 

open even long after ATP is removed and presumably NBDs have been separated. In 

other words, what these manipulations reveal is the potential autonomy of CFTR’s gate  
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Figure 2.8. Relative orientations of TM1 in a homology model of CFTR and positions of 

TM1 in the crystal structure of an ABC exporter, TM287-TM288. (A) Surface views of 

TMDs in the homology model of CFTR based on the outward configuration of Sav1866 

(Mornon et al., 2008). Domains and segments were presented in different colors as 

indicated. (B) Surface views of the crystal structure of TM287-TM288 (Hohl et al., 2012) 

in an inward-facing conformation. Two NBDs were removed for a better view from the 

intracellular side. Detailed cross-section views can be found in Fig. 2.S9. Figures were 

prepared with PyMol (V0.99; Schrödinger). 
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in TMDs irrespective of the status of its NBDs, an assertion echoing a revised gating 

model featuring an energetic coupling between CFTR’s NBDs and TMDs (Jih et al., 2012). 

        In summary, the data presented in the present work support the idea that contrary 

to TM6 and TM12, at least the cytoplasmic half of TM1 contributes to pore-lining only in 

the open channel conformation. That only one face of TM1 helix lines the ion 

permeation pathway suggests that even in the open state, side-chains of the majority of 

amino acids in TM1 remain concealed by other parts of the CFTR protein or membrane 

lipids. We contend that these structural implications from our functional studies should 

be taken into consideration for future computer modeling of the CFTR protein. 
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2.6. Supplemental Materials 

 

Figure 2.S1. Effects of changes in pH on whole-cell A107C-CFTR currents. Whole-cell 

current amplitudes in different pH baths were measured at +80 mV membrane potential 

and normalized to that of pH 6. To fit the data points, a modified Henderson-

Hasselbalch equation (I (pH) = Imax/(1+10^(pH-pKa))) was used, where Imax was 

operationally set as 1. The fitting results in a pKa value of 7.25.  
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Figure 2.S2. Alterations in permeation and gating of Q98C/Cysless channels by MTSET. 

Cysteine substitution of Q98 lowers the single-channel amplitude to 0.32 ± 0.01 pA (n = 

10) from 0.46 ± 0.01 pA (n = 3) of the WT/Cysless channel (Fig. 2.3B). The Po of 

Q98C/Cysless-CFTR is also decreased (0.20 ± 0.04, n = 4, 0.67 ± 0.06 for WT/Cysless, n = 

2). MTSET modification increases the single-channel amplitude by 13.6% ± 2.0% (n = 4) 

and the Po by 167% ± 46% (n = 4).  
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Figure 2.S3. Flickery closures in L102C/E1371Q-CFTR. Single-channel traces at  50 mV 

membrane potentials demonstrate numerous short-lived transitions, which cannot be 

accurately quantified due to the limited bandwidth of our recordings. The dashed line 

marks the closed current level. Similar observations were made in 9 patches. 
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Figure 2.S4. Modification of L102C/Cysless channels by MTSEA. Before modification, 

the channels exhibit flickery closings in each opening burst (magnified in black, also see 

Fig. 2.5B). After the channels are exposed to MTSEA, the single channel current 

amplitude is decreased (magnified in red). Although MTSEA carries a positive charge as 

MTSET does, the MTSEA-modified channels do not show significant openings in the 

absence of ATP (see Fig. 2.5 for comparison).   
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Figure 2.S5. Summary of SCAM results on TM1 from different laboratories. Positions 

labeled with MTS (inside/outside) denote those tested as reactive to internally or 

externally applied MTS reagents. Positions marked by () represent residues which show 

no significant response to MTS reagents. Blank positions are those not tested in the 

corresponding study. 
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Figure 2.S6. Modification of I106C by MTSET. Whole-cell recording of I106C/Cysless-

CFTR demonstrates that both MTSET (red) and cadmium (green) could reach the 106 

position from the extracellular side and cause a reduction of the whole-cell current. In 

this particular case, the pipette solution contained 125 mM [Cl-]. 
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Figure 2.S7. Modification of E92C mutant channel by MTSES. In 5 patches where MTSES 

was applied for an extended period of time, we continuously monitored the single-

channel amplitude. If the modification does occur when the channel is closed, we expect 

to see a stretch of openings with a larger conductance level followed by an opening into 

a smaller conductance level. However, what we observed in all cases is opening into a 

larger conductance and an abrupt reduction of the single-channel amplitude without 

prior closure of the gate (blue magnified square). After that transition, subsequent 

openings all show smaller conductance. These results suggest that, like C95, C98 and 

C102, the cysteine at this position is also preferentially modified in the open state. 
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Figure 2.S8. Cross-section views of a homology model of CFTR based on the crystal 

structure of inward facing MsbA. (A) Side views of TMDs in modeled structure of CFTR 

show that TM1 is concealed away from the pore by other parts of the molecule in the 

presumed closed state of CFTR. (B) Intracellular views demonstrate that TM1 makes 

negligible contribution to pore-lining in this conformation. 
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Figure 2.S9. Cross-section views of the crystal structure of TM287-TM288’s TMDs in 

the inward-facing conformation. (A) A side view of TMDs of TM287-TM288 and three 

cross sections demonstrate that TM1 (red) is located to the periphery of the TMD 

complex. (B) Intracellular view of the TMDs in TM287-TM288 and three cross sections 

show that TM1 (red) does not participate in lining the substrate translocation pathway. 

In contrast, both TM6 (green) and TM12 (blue) can be seen through the whole stretch of 

the pore.  
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CHAPTER 3 

Localizing a Gate in CFTR 

 

        This chapter has been adapted from my manuscript published in Proc Natl Acad Sci 

U S A. 112:2461-2466, by Xiaolong Gao and Tzyh-Chang Hwang. According to their 

website: http://www.pnas.org/site/aboutpnas/rightperm.xhtml, I retain the copyright for 

this work and am allowed to reuse this work. 

 

3.1. Abstract 

        Experimental and computational studies have painted a picture of the chloride 

permeation pathway in Cystic Fibrosis Transmembrane conductance Regulator (CFTR) as 

a short narrow tunnel flanked by wider inner and outer vestibules. While these studies 

also identified a number of transmembrane segments (TMs) as pore-lining, the exact 

location of CFTR’s gate(s) remains unknown. Here, using a channel-permeant probe, 

[Au(CN)2]-, we provide evidence that CFTR bears a gate that coincides with the predicted 

narrow section of the pore defined as residues 338 – 341 in TM6. Specifically, cysteines 

introduced cytoplasmic to the narrow region (i.e., positions 344 in TM6 and 1148 in 

TM12) can be modified by intracellular [Au(CN)2]- in both open and closed states, 

corroborating the conclusion that the internal vestibule does not harbor a gate. 

However, cysteines engineered to positions external to the presumed narrow region 

http://www.pnas.org/site/aboutpnas/rightperm.xhtml
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(e.g., 334, 335 and 337 in TM6) are all non-reactive towards cytoplasmic [Au(CN)2]- in 

the absence of ATP; whereas they can be better accessed by extracellular [Au(CN)2]- 

when the open probability is markedly reduced by introducing a second mutation 

G1349D. As [Au(CN)2]- and chloride ions share the same permeation pathway, these 

results implicate a gate that situates between amino acid residues 337 and 344 along 

TM6, encompassing the very segment that may also serve as the selectivity filter for 

CFTR. The unique position of a gate in the middle of the ion translocation pathway 

diverges from those seen in ABC transporters and thus distinguishes CFTR from other 

members of the ABC transporter family. 

 

3.2. Introduction 

        To maintain cellular homeostasis and to exchange information between two sides 

of the plasma membrane that acts as an effective barrier for most hydrophilic 

molecules, two large classes of transport proteins—ion channels and active 

transporters—evolve to catalyze transmembrane movements of biologically important 

molecules. For both types of catalysts, this transport function requires a translocation 

pathway that spans the lipid bilayer. In the case of an ion channel, the transmembrane 

domain(s) affords a continuous permeation pathway once the gate opens, through 

which millions of selected ions can pass rapidly down their electrochemical gradient 

(Jayaram et al., 2008; Ashcroft et al., 2009). However, such an open pore model is 

unlikely to be adopted by active transporters as these proteins have to move their 
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substrates against a concentration gradient (Rees et al., 2009). Therefore, the 

alternating-access mechanism has been proposed for active transporters wherein an 

intracellular and an extracellular gates open and close alternately (Jardetzky, 1966), 

hence avoiding a dissipation of the established concentration gradient. Recent 

crystallographic studies (Dawson and Locher, 2006; Ward et al., 2007; Aller et al., 2009; 

Hohl et al., 2012), by revealing detailed molecular structures of several active 

transporters, indeed support this flip-flop mode of action. Despite such dramatic 

differences in their modus operandi, at least two families of membrane proteins—ABC 

Protein superfamily and CLC transporter/channel family—espouse both ion channels 

and active transporters, suggesting evolutionary transformations between channels and 

transporters (Chen and Hwang, 2008).  

        Although classified into the ABC transporters superfamily (Dean and Annilo, 2005), 

most members of which harness the energy from ATP hydrolysis to actively transport 

their substrates across the membrane, CFTR, whose malfunction leads to the genetic 

disease cystic fibrosis, is a phosphorylation-activated, but ATP-gated chloride channel 

(Riordan et al., 1989). Like many other members of this superfamily, CFTR possesses two 

transmembrane domains (TMD1 and TMD2), each of which comprises six 

transmembrane segments (TMs). At the end of each TMD lies a nucleotide binding 

domain (NBD1 and NBD2, respectively), which play a critical role in controlling channel 

gating via ATP-induced NBD dimerization and hydrolysis-triggered separation of the 

dimer (Hwang and Sheppard, 2009; Jih and Hwang, 2012). In addition, a regulatory 

domain (R domain), linking two TMD/NBD complexes, harbors multiple consensus sites 
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for protein kinase A (PKA)-dependent phosphorylation (Gadsby and Nairn, 1999). 

Decades of biochemical and biophysical studies of CFTR have provided exquisite insights 

into not only how the molecular events in NBDs are coupled to opening and closing of 

the gate in TMDs (13), but also how different TMs craft CFTR’s ion-conducting pore 

(McCarty and Zhang, 2001; Alexander et al., 2009; Bai et al., 2010; El Hiani and Linsdell, 

2010; Bai et al., 2011; Qian et al., 2011; Wang et al., 2011; Norimatsu et al., 2012a; Gao 

et al., 2013; Wang et al., 2014). Specifically, studies employing the substituted cysteine 

accessibility method (SCAM) have demonstrated that TM1, 3, 6, 9, 11, and 12 contribute 

to pore lining with TM1, 6, and 12 intimately involved in gating motions of the TMDs 

(Bai et al., 2010, 2011; Gao et al., 2013; El Hiani and Linsdell, 2014). Although the 

molecular structure of CFTR’s TMDs remains to be solved, both electrophysiological 

studies (Alexander et al., 2009; Bai et al., 2010; Gao et al., 2013) and computational 

modeling (Norimatsu et al., 2012a; Rahman et al., 2013; Mornon et al., 2015) support 

the view that CFTR’s pore is made up of a narrow tunnel flanked by an inner- and an 

outer-vestibule (Fig. 3.1A). Despite much advance being made in the past decade from 

detailed structure/function studies of CFTR’s TMDs, the location of its gate(s), defined as 

the part in the pore where ion flow stops when the channel closes, remains elusive.   

        As phylogenetic studies have grouped CFTR into the ABCC subfamily (Dean and 

Annilo, 2005), whose members are mostly exporters, it is long speculated that CFTR 

could evolve from a primordial exporter by degenerating one of the two gates (i.e., 

intracellular gate and extracellular gate) (Chen and Hwang, 2008; Gadsby, 2009). Since 

NBD dimerization triggers gate opening in CFTR, it is further proposed it is the 
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Figure 3.1. Current understanding of CFTR’s pore architecture and thiol-specificity of 

[Au(CN)2]-. (A) A cartoon depicting the essence of the pore of CFTR based on previous 

cysteine scanning studies (15, 17, 19-21). TM1 and TM6 are shown as these two 

segments likely span the entire pore axis. Labeled positions mark the residues that 

actually contribute to pore-lining. (B) Reversible block of cysless WT-CFTR by 1 mM 

[Au(CN)2]-. (C) Reaction between I344C-CFTR and 1 mM [Au(CN)2]- in the presence or 

absence of ATP (see text for details). Note a two-step current decay when [Au(CN)2]- 

was applied with ATP. (D) State-independent reactivity of I344C-CFTR to [Au(CN)2]-. Data 

extracted from (C). Red squares represent normalized current amplitudes obtained from 

the first part of the trace shown in (C) where [Au(CN)2]- was applied without ATP while 

the grey trace is the second phase (ligand exchange phase) of the current decay when 

[Au(CN)2]- was applied in the presence of ATP. Fitting these data with a single 

exponential function resulted in similar secondary reaction rates. 
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intracellular gate that is degraded to convert an exporter to a channel (Gadsby, 2009). It 

follows that CFTR’s gate is expected to reside at the external end of the pore, 

resembling the extracellular gate of its close cousins (Ward et al., 2007; Aller et al., 

2009; Hohl et al., 2012). Indeed, recent cysteine scanning studies did demonstrate a lack 

of an internal gate for CFTR (Bai et al., 2011; Qian et al., 2011), but evidence supporting 

the presence of an external gate is scant. In an attempt to understand the molecular 

basis of CFTR gating, we decided to carry out more extensive SCAM studies using a 

channel-permeant probe [Au(CN)2]-. 

        To localize the gate of CFTR, we targeted mainly TM6 as this TM has been shown to 

span the whole length of the anion permeation pathway (i.e., the inner and outer 

vestibules as well as the predicted narrow region, Fig. 3.1A) (Alexander et al., 2009; Bai 

et al., 2010; El Hiani and Linsdell, 2010; Norimatsu et al., 2012a). Cysteines introduced 

cytoplasmic to the predicted narrow region (e.g., residue 344) can be modified by 

intracellular [Au(CN)2]- in both the open and the closed states, suggesting the lack of a 

“gate” cytoplasmic to this position. On the other hand, when cysteines were engineered 

at positions 334, 335 and 337 in the outer vestibule, they were preferentially accessed 

in the closed state by externally applied [Au(CN)2]- while they were non-reactive 

towards internally applied [Au(CN)2]- in the absence of ATP, implicating a physical 

barrier between positions 344 and 337 along TM6 in the closed state. Taking our current 

understanding of the pore architecture and these new data together, we conclude that, 

contrary to predictions based on the degraded ABC transporter hypothesis, the 
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predicted narrowest section close to the middle of the pore could serve the role of a 

gate for CFTR.  

 

3.3. Results 

        Since the presumed restricted region (residues 338 -341 in TM6) depicted in Fig. 

3.1A effectively prevents bulky MTS reagents from passing through the pore (Alexander 

et al., 2009; Bai et al., 2010; Norimatsu et al., 2012a), in order to define the location of 

CFTR’s gate, a channel-permeant probe that can traverse this part of the pore is needed. 

We chose pseudohalide anion [Au(CN)2]- (dicyanoaurate) for the following reasons:  

First, although [Au(CN)2]- is a linear molecule with a length of ~10 Å (Smith et al., 1999), 

the estimated cross-section diameter (3.4 Å) is slightly smaller than that of chloride (3.6 

Å), enabling it to reside in the narrowest section of the pore (Smith et al., 1999; Fatehi 

et al., 2007), and even cross the entire pore as a charge carrier (Gong et al., 2002). 

Second, using [Au(CN)2]- as a thiol-reactive probe, Serrano et al. demonstrated that 

[Au(CN)2]- can “irreversibly” modify an engineered cysteine in CFTR’s anion permeation 

pathway (see Serrano et al., 2006 for detailed chemistry between [Au(CN)2]- and 

cysteine). To ensure the effectiveness and specificity of [Au(CN)2]- in our system, we first 

tested its effect on wild type (WT) cysless channels as a control. As shown in Fig. 3.1B, 

after macroscopic current of WT cysless channels in an inside-out patch was elicited 

with 2 mM ATP, the application of 1 mM [Au(CN)2]- in the presence of ATP immediately 

decreased the current to a significant extent. The current readily resumed once 
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[Au(CN)2]- was removed as predicted by the well-documented reversible blocking effect 

of [Au(CN)2]- on CFTR (Smith et al., 1999; Fatehi et al., 2007; Alexander et al., 2009). This 

result also reassures us that any residual effects after removal of [Au(CN)2]- are due to 

the ligand exchange reaction between the introduced cysteines and the probe. 

Exclusion of an internal gate for CFTR 

        Two previous reports (Bai et al., 2010, 2011) demonstrated that cysteines 

engineered in the internal vestibule part of TM6 or TM12 can be modified by bulky MTS 

reagents in both the open state and the closed state. Here using [Au(CN)2]-, we obtained 

similar results. With a cysteine engineered at position 344, which is one helical turn 

below the intracellular end of the predicted narrow region (Fig. 3.1A), reaction rates in 

the absence and presence of ATP were measured by the following experimental 

protocols: In inside-out patches, after CFTR channels were fully activated by PKA and 

ATP, the patches were first exposed to two 3-s ATP pulses to ensure no obvious 

rundown or dephosphorylation before [Au(CN)2]- was applied (Fig. 3.1C). Then the ATP 

was washed out for 8 seconds to allow channel closure. In the absence of ATP, the 

channels were subsequently exposed to 1 mM [Au(CN)2]- for 3 seconds, followed by a 2-

s washout of [Au(CN)2]-. Another 3-s ATP pulse was applied to activate the channels and 

the mean current amplitude was measured. 12 such cycles were performed in each 

recording so that we were able to quantify the reaction rate of 344C by [Au(CN)2]- in the 

absence of ATP by measuring the mean current induced by ATP each time (Fig. 3.1D, red 

squares). In the same patch, a later exposure of the channels to 1 mM [Au(CN)2]- in the 
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presence of ATP decreased the current in two distinct phases. The fast one was 

interpreted as the blockade phase, similar to that observed with WT channels (Fig. 

3.1B). On the other hand, the second phase which took much longer time to reach the 

steady state was interpreted as the ligand exchange phase from which the reaction rate 

between 344C and [Au(CN)2]- in the presence of ATP could be estimated (Fig. 3.1D, grey 

trace). The calculated reaction rates of 344C by [Au(CN)2]- in the absence and presence 

of ATP are 37 ± 4 /M/s (n = 8) and 32 ± 5 /M/s (n = 14) respectively. Moreover, we 

carried out similar experiments on a mutant with a cysteine engineered at position 1148 

in TM12 that has also been previously demonstrated to line the inner vestibule (Fig. 

3.S1), (Bai et al., 2011; Qian et al., 2011). Interestingly, the reaction rate of 1148C 

without ATP (2089 ± 130 /M/s, n = 6) was much faster than that with ATP (437 ± 66 

/M/s, n = 9), suggesting a better access of 1148C in the closed state. Taken together, 

these results corroborate the conclusion that CFTR’s gate does not reside in the internal 

vestibule (Bai et al., 2011). 

State-dependent reactivity of T338C, F337C, and R334C implicates the location of a 

gate for CFTR 

        The data presented above suggest that CFTR’s gate(s) is located external to position 

344. We next extended our experiments to cover positions external to I344 on TM6. 

Consistent with previous report (Alexander et al., 2009), internal [Au(CN)2]- failed to 

react with the cysteine placed at position 341 (see Fig. 3.S2 for details). We then moved 

on to introduce a cysteine at position 338, which lies at the external edge of the 
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predicted narrow region (Fig. 3.1A). (Of note, this empirically defined external 

accessibility barrier is not subject to temperature changes. See Liu and Dawson, 2011 for 

details). As shown in Fig. 3.2A, the application of just 50 μM [Au(CN)2]- in the presence 

of ATP abolished over 90% of T338C-CFTR current in an inside-out patch and this 

reduction of the current is attributed to the stable coordination between 338C and the 

probe because removal of [Au(CN)2]- from the solution failed to recover the current. 

Fitting the current decay with a single exponential function yields a reaction rate of 752 

± 59 /M/s (n = 7). In addition, lowering cytoplasmic [Cl-] further speeds up this reaction 

rate (Fig. 3.S3), hence suggesting that [Au(CN)2]- and chloride may compete for the same 

pathway before reaching 338C. To the contrary, the macroscopic current of T338C-CFTR 

remained almost constant when [Au(CN)2]- was perfused to the patch in the absence of 

ATP (Fig. 3.2B). Similar observations were made for F337C-CFTR and R334C-CFTR (Fig. 

3.S4A-D). For reasons unclear at this juncture, application of 1 mM [Au(CN)2]- to inside-

out patches containing K335C-CFTR only resulted in reversible block, although this 

residue has been previously implicated as pore-lining (Fig. 3.S4E), (21). In addition, 1 

mM [Au(CN)2]- applied in the absence of ATP also hardly altered K335C-CFTR current in 

inside-out patches (Fig. 3.S4F). Here we considered two possible explanations for our 

experimental results. First, a physical barrier (“gate”) for [Au(CN)2]- exists between 

position 338 and internal vestibule when the channel is closed. Second, side chains of 

residues 334, 335, 337 and 338 are not freely accessible to the probe in the closed state 

due to local steric interference, while the gate is located somewhere else.  
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Figure 3.2. State-dependent reactivity of T338C-CFTR to internal [Au(CN)2]-. (A) In the 

presence of ATP, internal [Au(CN)2]- irreversibly decreases T338C-CFTR currents. The 

time constant  was obtained by fitting the current decay with a single exponential 

function. (B) Contrary to that seen in (A), T338C-CFTR currents were not significantly 

altered when the same concentration [Au(CN)2]- was applied in the absence of ATP for a 

total of 36 seconds.   
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Localization of a gate for CFTR in between I344 and F337 

        We reasoned that if the side chains of residues 334, 335, 337 and 338 indeed 

become inaccessible to the probe in the closed state due to some local conformational 

changes, lowering the open probability (Po) will decrease the reaction rate when 

[Au(CN)2]- is applied from the extracellular side of the channel. Our previous studies 

demonstrated that a disease-associated mutation G1349D could decrease the Po of 

CFTR by ~ 10 folds (Bompadre et al., 2007) without affecting trafficking of the channel 

(Gregory et al., 1991; Bompadre et al., 2007); we thus engineered this mutation into 

R334C, K335C, F337C, and T338C backgrounds. As shown in Fig. 3.S5, indeed, 

introducing the G1349D mutation into T338C-CFTR lowered the Po and decreased the 

reaction rate by ~10 folds, which can be interpreted as a limited accessibility of the side 

chain of 338C in the closed state. However, the reaction rate of extracellularly applied 

[Au(CN)2]- for 337C/G1349D mutant is slightly but noticeably faster than that of 337C 

mutant (Fig. 3.S5B), suggesting that the 337C side chain is better exposed in the closed 

state. 

        This slight difference in reaction rates between single and double mutants was also 

seen for R334C, which is one helical turn external to positions 337. As shown in Fig. 

3.3A, in the presence of forskolin, 20 μM external [Au(CN)2]- readily abolished whole-cell 

R334C-CFTR currents. This effect was caused by reaction of 334C with the probe, since 

DTT, but not removal of [Au(CN)2]-, recovered the current. Similar experiments were 

performed with the double mutant R334C/G1349D (Fig. 3.3B). Fitting the current decays 
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Figure 3.3. Reaction of cysteines placed at positions 334 and 335 with external 

[Au(CN)2]-. (A) External application of 20 µM [Au(CN)2]- diminished over 80% of forskolin 

(Fsk)-activated R334C-CFTR currents. After DTT reversed the effect brought by 

[Au(CN)2]-, the second application of the reagent abolished the current in a similar 

manner. The residual current after [Au(CN)2]- is sensitive to a specific CFTR inhibitor 

(Inh-172). (B) [Au(CN)2]- reacted with R334C/G1349D at a faster rate than that with 

R334C. Note a small current increase immediately after the removal of DTT. As reported 

by Liu et al (Liu et al., 2006), this may be due to reactions of the thiol in a small fraction 

of the channels with trace metals, or non-specific oxidation. (C) Reaction of K335C-CFTR 

channels with [Au(CN)2]-. For this construct, 1 mM [Au(CN)2]- was applied because of a 

much slower reaction rate. The addition of 1 mM [Au(CN)2]- led to a biphasic decay of 

forskolin-activated K335C-CFTR currents: a faster phase of blockade and a slower phase 

of ligand exchange reaction. (D) Reaction of K335C/G1349D-CFTR with [Au(CN)2]-. Fifty 
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micromolar [Au(CN)2]- was used since the reaction rate for this double mutant is fast 

(see main text for details). Current decays in (A) and (D) were fitted with a single 

exponential function while those in (B) and (C) with a double exponential function (red 

solid lines). Reaction time constants were indicated in each panel. (E) Comparisons of 

the mean current amplitude between R334C-CFTR and R334C/G1349D-CFTR, and 

between K335C-CFTR and K335C/G1349D-CFTR in excised inside-out patches. Note a 

~10-fold difference in the mean current amplitude—hence a ~10-fold change in Po—was 

seen with the introduction of the G1349D mutation as shown previously for WT-CFTR 

(see main text). Number of patches is indicated above each bar. 
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upon addition of [Au(CN)2]- yielded the reaction rates of 403 ± 20 /M/s (n = 7) and 537 ± 

56 /M/s (n = 6) for R334C and R334C/G1349D, respectively. Although the Po of R334C-

CFTR cannot be assessed due to a greatly reduced single-channel amplitude, by 

comparing macroscopic current amplitudes in a large number of patches (Fig. 3.3E), we 

verified a more than 10-folds decrease of the Po by introducing the G1349D mutation. 

Thus, these results suggest that the side chain of 334C is in fact more accessible to 

externally applied [Au(CN)2]- in the closed state.  

        A more drastically preferential reactivity for a closed channel was observed with the 

cysteine placed at position 335. When 1mM [Au(CN)2]- was applied to the external side 

of the cell expressing K335C-CFTR mutants, the whole cell current decreased in two 

steps (Fig. 3.3C). Fitting the current decay with a double exponential function yields the 

reaction time constant, from which the reaction rate was estimated as 56 ± 9 /M/s (n = 

5). These results, together with only blocking effect of 1 mM [Au(CN)2]- being seen on 

K335C-CFTR in inside-out patches in the presence of ATP (Fig. 3.S4E), indicate that the 

side chain of 335C is not well exposed in the open state. However, after G1349D was 

introduced into K335C-CFTR to lower its Po, 50 μM [Au(CN)2]- could readily react with 

335C with a reaction rate of 1809 ± 201 /M/s (n = 5), (Fig. 3.3D). Since the Po of the 

double mutant is almost 11 folds lower than that of the single mutant (Fig. 3.3E), the 

simplest interpretation of these results is that 335C is much more accessible to external 

[Au(CN)2]- in the closed state (also see data from inside-out patches on this double 

mutant, Fig. 3.S6). This preferential reactivity of 334C, 335C, and 337C to external 

[Au(CN)2]- in closed channels is in stark contrast to that they are virtually inaccessible 
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towards internally applied [Au(CN)2]- in the absence of ATP. Therefore, considering the 

side chain of 344C is accessible by intracellular [Au(CN)2]- no matter the channel is open 

or closed (Fig. 3.1C and D), we propose a gate residing in between positions 337 and 344 

along TM6 for CFTR (Fig. 3.1A). 

 

3.4. Discussion 

Current understanding of CFTR’s pore architecture 

        Both functional and computational studies have led to a consensus that the CFTR 

pore is composed of three main compartments, namely an internal vestibule, an 

external vestibule and a narrow tunnel in between (Fig. 3.1A) (Smith et al., 1999; Bai et 

al., 2011; Norimatsu et al., 2012a; Gao et al., 2013; Rahman et al., 2013; Linsdell, 2014; 

Mornon et al., 2015). While the field is awaiting the crystal structure of the whole CFTR 

protein, experiments using chemical probes of variable sizes have provided some 

insights into the dimensions of these three components. For the inner vestibule, it has 

been demonstrated that Texas red MTSEA with a head diameter of 13Å can react with 

cysteines placed at positions as deep as near the narrow region in the closed state of 

CFTR (Bai et al., 2011). On the other hand, a strong voltage-dependent blockade of the 

open CFTR by sizable channel blockers such as glibenclamide (21.4Å × 13.6Å ×11.6Å) 

further supports the notion that the inner vestibule of an open CFTR channel is large 

enough to accommodate those gigantic molecules (Sheppard and Robinson, 1997). 

While the inner vestibule has been extensively explored, much less is known for the 
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outer vestibule. Besides MTS reagents (Alexander et al., 2009; El Hiani and Linsdell, 

2010), few probes were reported to interact with the channel from the external side. 

Recently, GlyH-101, a high-affinity CFTR inhibitor (Muanprasat et al., 2004), was 

reported to block the pore by lodging in the external vestibule close to positions 337 

and 338 in TM6 (Norimatsu et al., 2012f). Interestingly, in the current study, we found 

that externally applied bulky Texas red MTSEA can modify the cysteine placed at 

position 338 (Fig. 3.S7). Thus, the outer vestibule or at least the external pore entrance 

must be also spacious enough to accommodate the head group of this molecule. Quite 

contrary to these two vestibules, the bridging region has been proposed to be very 

narrow since MTS reagents with a size of ~ 6Å cannot pass through this section of the 

pore from either side of the membrane (Alexander et al., 2009; Bai et al., 2010; Gao et 

al., 2013). Furthermore, by measuring the permeability ratio among different anions, 

Linsdell et al. proposed a size limit of ~ 5.3Å for the CFTR pore (Linsdell et al., 1997). 

Collectively, a rough picture of the CFTR pore emerges: two spacious electropositive 

vestibules attract anions to readily traverse a restricted tunnel that at a minimum serves 

as a size filter for CFTR’s anion permeation pathway. 

        It is also interesting to note that both positively charged and negatively charged 

probes (e.g., MTSET and MTSES respectively) have been shown to modify cysteines 

placed at positions 341 from intracellular side and position 338 from extracellular side 

(Fig. 3.1A) (Alexander et al., 2009; Bai et al., 2010), suggesting that neither internal nor 

external vestibule could serve as an effective charge discriminator for CFTR. This 

immediately raises the possibility that the predicted narrow tunnel spanning residues 



91 
 

338 - 341 may provide some sort of ion-selection mechanism. From the evolutionary 

point of view, CFTR may not need a stringent selectivity filter like the one seen in K+ 

channels (Morais-Cabral et al., 2001), since chloride ions are the predominant 

physiological anions. Indeed, it has been proposed that, by providing a non-specified 

anion binding site against a background of dielectric polarizability, CFTR can effect a 

selectivity preference that is mostly determined by the size of permeant anions (Smith 

et al., 1999). Nonetheless, that both S341 and T338 whose side chains contain a 

hydroxyl group dwell in this very region raises the possibility for these two residues to 

coordinate chloride in CFTR’s pore—a strategy emulating the chemistry seen in the CLC 

proteins (Dutzler et al., 2002). While mutations of T338 or S341 indeed significantly alter 

the permeation properties of CFTR (Linsdell et al., 1998; Linsdell, 2001; McCarty and 

Zhang, 2001), more studies seem warranted to tackle this important issue.  

Identification of a gate in the middle of CFTR’s pore and its implications 

        Current cysteine scanning experiments on TM6 using a channel-permeant probe, 

[Au(CN)2]- pinpoint a gate of CFTR to a segment that coincides with previously predicted 

narrow region of the pore for the following reasons. By measuring the reaction rates 

between engineered cysteines and [Au(CN)2]- in different states as well as from different 

sides (data summarized in Fig. 3.4), we found: First, the cysteine placed at the position 

close to the intracellular end of the narrow region (e.g., position 344) can be accessed 

by cytoplasmic [Au(CN)2]- irrespective of the gating state of the channel (Fig. 3.1C), 

supporting the conclusion that the internal vestibule does not harbor a gate. Second,  
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Figure 3.4. Summary of the reaction rates in Response to intracellular and 

extracellular [Au(CN)2]-. Residues located extracellularly (extra.) to the predicted region 

are in red, and residues in blue represent positions intracellularly (intra.) to this region. 

The reaction rates are presented as mean ± SEM (n = 4-14). 
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334C, 337C, and 338C engineered in the extracellular vestibule exhibit reactivity 

towards internal [Au(CN)2]- only in the presence of ATP, implicating a physical barrier at 

the narrow region in the closed state of CFTR (Figs. 3.2 and 3.S4). Third, three cysteines 

placed in the external vestibule (334C, 335C, and 337C) are all preferentially labeled in 

the closed state by external [Au(CN)2]- (Figs. 3.3 and 3.S5B), suggesting that the side 

chains of these three residues are still accessible when the channel closes. Collectively 

these results can be explained by a minimal model depicting a gate located external to 

position 344 but internal to position 337.  

        Of note, by measuring the reaction rates of external [Au(CN)2]- applied before and 

after cAMP-dependent activation of whole-cell CFTR channels, Norimatsu et al. reported 

a similar closed-state preference of accessibility for 334C (Norimatsu et al., 2012f). 

However, the state-dependent accessibility pattern of 337C in the current study strays 

from their results. It is worth to note that the strategies adopted in the current report—

removing ATP in inside-out experiments and introducing a second mutation for whole-

cell recordings—are meant to manipulate ATP-dependent gating of CFTR, rather than to 

alter the phosphorylation status of the channel as employed in Norimatsu et al. It will be 

interesting to investigate in the future if this technical difference may account for this 

discrepancy. Nevertheless, our observation that F337 is the innermost position wherein 

an introduced cysteine can be reached in the closed state by external [Au(CN)2]- 

suggests that T338 should constitute the external end of the gate defined in the current 

study. On the other hand, if one accepts the idea that TM6 assumes an α-helical 

structure (Alexander et al., 2009; Bai et al., 2010), the cytoplasmic end of this gate can 
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be further stipulated at position 341, since C344, located one helical turn internal to 

position 341, is equally accessible to intracellular [Au(CN)2]- in the open and closed 

states. Then, the gate identified in the current study (T338 – S341) coincides precisely 

with the predicted narrow region defined previously by SCAM studies with bulky MTS 

reagents (Alexander et al., 2009; Bai et al., 2010). That T338 is part of the gate can also 

explain why 338C shows open-state favored reactivity towards [Au(CN)2]- applied from 

either side of the channel. While the current results are consistent with an economic 

one-gate model for CFTR, with a limited structural understanding of this molecule, we 

cannot rule out the possibility of the presence of other gate(s). Especially, in view of the 

evolutionary relationship between CFTR and ABC transporters, whether there exists a 

gate in the external vestibule awaits further experimental explorations.  

        The picture that CFTR possesses a gate close to the middle of its ion-conducting 

pathway departs markedly from those well-appreciated structures of ABC proteins: two 

separate gates located at either end of a conduit where the substrate binds and 

traverses. Although the exact gating motion of CFTR’s TMDs remains unclear, recent 

studies do provide evidence for a significant rearrangement of different TMs (Gao et al., 

2013; El Hiani and Linsdell, 2014) in addition to possible translational and rotational 

movements of individual TMs (Bai et al., 2010, 2011; Wang and Linsdell, 2012). Here, we 

propose that CFTR’s pore-lining TMs may clog around the narrow region to craft a gate 

that ceases the chloride flow in the closed state. “Opening” of the channel involves 

rearrangements of TMs to grant a patency of this region for anion flow. This picture, 

albeit overtly simplified, not only explains why 338C shows strict open state-dependent 
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modifications towards both internal and external Au[(CN)]2
-, but also goes along with 

the results from computational simulations carried out by Norimatsu et al. In their 

study, while the same bottleneck region is wide enough to accommodate various 

anions, it can also pinch off to sever the continuous open pore (Norimatsu et al., 2012). 

Evidently, more studies are needed to elucidate the molecular basis of CFTR gating. 

However, the notion that one single structural component may serve as both a gate and 

the selectivity filter distinguishes CFTR from other ABC proteins, and therefore should 

be taken into account for future computational modelings of CFTR. 

 

3.5. Materials and Methods 

Mutagenesis and Channel Expression 

        All mutations were made in a cysless background construct and confirmed by DNA 

sequencing (DNA core, University of Missouri). Together with pEGFP-C3 (Takara Bio Inc.) 

that encodes the green fluorescent protein, the constructs were transfected into 

Chinese hamster ovary cells grown in Dulbecco’s modified Eagle’s medium with 10% 

fetal bovine serum for channel expression, using PolyFect reagent (QIAGEN) according 

to manufacturer’s instructions. Electrophysiological experiments were performed 2 – 7 

days after transfection.  

Electrophysiology 

Inside-out mode 
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        Pipettes were pulled with a two-step vertical puller (Narishige, Japan) and polished 

using a homemade microforge to yield a resistance of 2 - 4 M when placed in our bath 

solution. Before experiments, cells expressing different CFTR mutants were transferred 

into a chamber filled with bath solution containing (in mM): 145 NaCl, 5 KCl, 2 MgCl2, 1 

CaCl2, 5 glucose, 5 HEPES and 20 sucrose, with pH adjusted to 7.4 using NaOH. After a 

G seal was made, the patch was excised into the inside-out configuration and the 

perfusion solution was changed to an inside-out perfusate containing (in mM): 150 

NMDG-Cl, 8 Tris, 10 EGTA, 2 MgCl2, 10 HEPES, with pH adjusted to 7.4 using NMDG. In 

all inside-out experiments, pipettes were filled with a solution containing (in mM): 140 

NMDG-Cl, 2 MgCl2, 5 CaCl2, 10 HEPES, with pH adjusted to 7.4 using NMDG. To measure 

modification rates, a fast solution change system (SF-77B; Warner Instruments) was 

used to efficiently switch pipette tips among the outlets of a three-barrel glass, thus, 

minimizing the delay in solution changes. All modification experiments were carried out 

after CFTR variants were fully activated with PKA and ATP. The membrane potential was 

held at -50 mV; downward deflections of the current trace represent channel opening. 

All the data were recorded with a patch-clamp amplifier (EPC 10; HEKA, Germany), 

filtered with an 8-pole low-pass Bessel filter (100 Hz) and digitized at 500 Hz using Pulse 

software (V8.80; HEKA).  

Whole-cell mode 

        Pipettes used for whole-cell recordings were pulled as described above. But for an 

easier breaking-in to achieve the whole-cell mode, pipettes were not polished. The 
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pipette resistance ranged between 1.5 M and 3 M when filled with a solution 

containing (in mM): 10 EGTA, 10 HEPES, 20 TEACl, 10 MgATP, 2 MgCl2, 85 aspartate, 16 

pyruvate and 5.8 glucose, with pH adjusted to 7.4 using CsOH. The bath solution used 

was the same as the one used in inside-out experiments. After breaking in, cells were 

lifted from the bottom of the chamber and moved to the outlets of the three-barrel 

glass. The membrane potential was held at 0 mV; upward deflections of the current 

trace represents channel opening. Whole-cell CFTR currents were activated with 

forskolin before the application of [Au(CN)2]-. The signal was filtered at 100 Hz and 

digitized at 2 kHz. All experiments were performed at room temperature.  

Reagents  

        Stock solutions of [Au(CN)2]- (Sigma-Aldrich) were prepared as 10 mM. Before use, 

it was diluted into different concentrations (20 μM – 1 mM) subject to different 

mutations. MTS reagents (Toronto Research Chemicals, Canada) were stored at -70 as 

100 mM stock solutions. Each aliquot was diluted into 10 μM – 2 mM for immediate 

use. All tubings for [Au(CN)2]- and Texas red MTSEA were wrapped with tin foil due to 

light-sensitivity of the reagents. To ensure most cysteines are in the reduced form 

before each experiment, dithiothreitol (DTT; Sigma-Aldrich) was added into the PKA/ATP 

cocktail for channel activation. CFTRinh-172 (inh-172) was kindly provided by Dr. Robert 

Bridges with support from the Cystic Fibrosis Foundation Therapeutics. PKA and ATP 

were purchased from Sigma-Aldrich. 

Data analysis  
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        To obtain the modification time constant , in recordings where the CFTR current 

decays in one phase upon the application of [Au(CN)2]-, we fitted the current decay with 

a single exponential function using Igor program (V4.07; WaveMetrics). A double 

exponential function was used to fit the current decay in recordings where a distinct 

two-phase current decay was seen. The secondary modification rate was calculated as 1 

/ ( * concentration of [Au(CN)2]-). All data are presented as means ± SEM, n = number 

of patches for each experiment. 
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3.6. Supplemental Materials 

 

Figure 3.S1. Reactivity of N1148C (in TM12) to internal [Au(CN)2]- in the presence or 

absence of ATP. (A) In the presence of ATP, 50 μM [Au(CN)2]- inhibited N1148C-CFTR 

currents to a significant extent. Note the current recovered completely by DTT, but not 

by simple washout of [Au(CN)2]-, indicating that the ligand exchange reaction did occur 

between the cysteine and the probe. Fitting the current decay phase with a single 

exponential function (red line) yields a time constant of 26.7 s. (B) [Au(CN)2]-, when 

applied in the absence of ATP, diminished N1148C-CFTR currents even faster. (C) 

Comparison of the reaction rates for N1148C-CFTR with and without ATP. Red squares 

mark normalized current amplitudes extracted from (B) and the grey trace represents 

the expanded current decay from (A). Green and blue lines represent fits of the data 

with single exponential function. In this particular case, the reaction rate of N1148C-

CFTR in the absence of ATP is ~3 times faster than that with ATP.  

1.0

0.8

0.6

0.4

0.2

0.0

6000400020000

2 mM ATP

50M [Au(CN)2]-

10 mM DTT

1
0

 p
A

200 s

N1148C/Cysless

A C

Cumulative [Au(CN)
2
] - Exposure (M s)

N1148C/Cysless

B

2 mM ATP for 3 s

50M [Au(CN)2]-

20 s

4
0

 p
A

N1148C/Cysless

for 3 s

N
o

rm
a

liz
e

d
 C

u
rr

e
n

t

RATP = 749 /M/s

Rno ATP = 2312 /M/s

 = 26.7 s



100 
 

 

Figure 3.S2. [Au(CN)2]- fails to react with S341C in the presence of ATP. (A) In an inside-

out patch, the application of 1 mM [Au(CN)2]- only resulted in a reversible inhibition, 

which was immediately relieved upon removal of [Au(CN)2]-. In the same patch, a later 

application of 2 mM MTSES caused irreversible current decay (blue line: single 

exponential fit of the current decay), indicating that this cysteine was either not reactive 

towards [Au(CN)2]- or reactive but the response is subject to the continuous presence of 

[Au(CN)2]-. This latter scenario can be differentiated by adding CN- to the [Au(CN)2]-

_containing solution. As CN- is a product of the reaction between cysteine side-chain and 

[Au(CN)2]-, the addition of CN- is expected to reverse the reaction and hence recover the 

current inhibited by [Au(CN)2]- (Serrano et al., 2006). However, CN- did not restore the 

inhibited current (B), suggesting that the cysteine placed at position 341 is not 

susceptible to [Au(CN)2]- (n = 3). Note a similar observation was made when 341C was 

probed with extracellularly applied [Au(CN)2]- with or without CN- (Alexander et al., 

2009).  
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Figure 3.S3. Measurement of the reaction rate for T338C in response to cytoplasmic 

[Au(CN)2]- at 30 mM internal [Cl-]. (A) A real-time current trace of T338C-CFTR in an 

inside-out patch showing rapid current decay upon the addition of 50 µM [Au(CN)2]-. To 

maintain osmolarity and to avoid blockade of the pore by large organic anions, chloride 

in the perfusate was replaced by sucrose. The ranges of time constants estimated from 

curve fitting of the current decay with a single exponential function (red line) are: 22.2 

to 38.5 s at 154 mM [Cl-] and 1.4 to 6.4 s at 30 mM [Cl-]. Unpaired student’s t test 

showed significant difference between these two groups of data (p < 0.001). The 

calculated reaction rate at 30 mM [Cl-] (7647 ± 1563 /M/s, n = 6) is ~ 10-fold faster than 

that with 154 mM [Cl-] (752 ± 59 /M/s, n = 7), suggesting that intracellular [Au(CN)2]- and 

chloride compete for the same binding site in the pore, probably at the presumed 

narrow region since 338C resides right on the extracellular brink of this region. (B) Since 

the macroscopic current amplitude of T338C-CFTR is dramatically reduced due to the 

low [Cl-], to reassure our readers that the rate we measured were accurate, we summed 

up all the current traces in 6 patches to build an ensemble current decay. Fitting this 

ensemble current decay with a single exponential function (red line) resulted in a 

current decay time constant of 3.1 seconds, equivalent to ~6452 /M/s. 
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Figure 3.S4. Effects of internal [Au(CN)2]- on F337C-CFTR, R334C-CFTR and K335C-CFTR 

with and without ATP. (A) – (D) F337C and R334C were reactive to internal [Au(CN)2]- 

only in the presence of ATP. However, internal [Au(CN)2]- failed to react with K335C in 

the presence (E) or absence (F) of ATP.  
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Figure 3.S5. Effects of the G1349D mutation on the mean current amplitude in inside-

out patches and the reaction rates for cysteines introduced to positions 337 and 338. 

(A) Mean current amplitudes of F337C-CFTR and F337C/G1349D-CFTR in inside-out 

patches were 11.1 ± 2.8 pA and 1.4 ± 0.3 pA, respectively. This ~8 folds difference in 

macroscopic current amplitudes likely reflects an 8-fold difference in Po between F337C-

CFTR and F337C/G1349D-CFTR (see main text). Similarly, introducing the G1349D 

mutation into T338C also caused a ~9-fold decrease of the Po. Mean current amplitudes 

of T338C-CFTR and T338C/G1349D-CFTR were 18.3 ± 4.5 pA and 2.1 ± 0.5 pA, 

respectively. (B) Reaction rates of F337C and T338C by external [Au(CN)2]- assessed in 

whole cell experiments. Note a minor difference between F337C-CFTR (20 ± 3 /M/s) and 

F337C/G1349D-CFTR (32 ± 6 /M/s). However, the reaction rate for T338C (1135 ± 166 

/M/s) is ~10-fold higher than that of T338C/G1349D-CFTR (118 ± 18 /M/s), suggesting 

cysteine introduced at position 338 is preferentially modified in the open state. Number 

of data points is shown on the top of each bar.  
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Figure 3.S6. A lack of reactivity of K335C/G1349D double mutant CFTR towards 

internal [Au(CN)2]-. When 1 mM [Au(CN)2]- was applied internally to K335C/G1349D-

CFTR, only reversible blockade was observed (n = 4), in great contrast to a rapid reaction 

between this cysteine and external [Au(CN)2]- in whole-cell experiments (cf. Fig. 3.3D), 

corroborating the idea that there is a physical barrier intracellular to this position in 

CFTR’s closed state. 
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Figure 3.S7. Modification of T338C by external Texas Red MTSEA. (A) In whole cell 

experiments, 10 μM Texas Red MTSEA irreversibly decreased CFTR current by covalently 

modifying the cysteine introduced at position 338 (n = 5). A major fraction of the 

residual current following the application of Texas Red MTSEA is sensitive to a specific 

CFTR inhibitor (Inh-172). (B) I-V relationship extracted from (A). In this particular 

experiment, pipette [Cl-] was 125 mM with aspartate and pyruvate replaced with CsCl to 

maintain the normal osmolarity. Ramp voltage pulses over -100 mV to 100 mV were 

applied every 5 s.   
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CHAPTER 4 

Spatial Positioning of Pore-lining Residues Affirms an 
Asymmetrical Contribution of CFTR’s Transmembrane Segments 

to its Anion Permeation Pathway 

 

        This chapter has been adapted from a manuscript that had been submitted to J Gen 

Physiol., by Xiaolong Gao and Tzyh-Chang Hwang. 

 

4.1. Abstract 

        The structural composition of CFTR’s anion permeation pathway has been mostly 

disclosed by virtue of systematic cysteine scanning studies of its predicted 

transmembrane segments (TMs). With the identification of numerous pore-lining 

residues and their accessibility to bulky MTS reagents applied from either side of the 

membrane, these investigations revealed a pore structure consisting of a short narrow 

region flanked by two wide inner and outer vestibules. However, the 

structural/functional roles of each pore-lining TM await clarifications; likewise, how 

different pore-lining TMs interact with each other remains unclear. Here we introduced 

cysteine pairs in several key pore-lining positions in TM 1, 6 and 12, and used Cd2+ as a 

probe to gauge the relative location of these residues in the pore. We found that 

inhibition of single cysteine CFTR mutants such as 102C in TM1 or 341C in TM6 by 

intracellular Cd2+ is readily reversible upon simple removal of the metal ion, but the 
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inhibitory effect of Cd2+ on the double mutant 102C/341C can only be reversed rapidly 

by the reducing reagent DTT, indicative of a tight coordination of Cd2+ by 102C and 341C 

together. These results place 102 and 341, two positions that define the internal edge of 

the narrow region, in a close proximity. Similar observations were made with 

extracellular Cd2+ on TM1/TM6 cysteine pairs 106C/337C, 107C/337C and 107C/338C, 

corroborating the idea that these paired residues are physically close to each other at 

the external edge of the narrow region. While these data paint a picture of equivalent 

contributions to CFTR’s pore by TM1 and TM6, introducing cysteine pairs between TM6 

and TM12 or between TM1 and TM12 yields results that contests the long-held two-fold 

pseudo-symmetry seen in the assembly of ABC transporters’ TMDs. Collectively, these 

findings advance current understanding of the architecture of CFTR’s pore and could 

serve as a guide for future computational modeling.   

 

4.2. Introduction 

        Regulated ion movement across the cell membrane by transport proteins partakes 

in a broad array of physiological functions in human body; hence it is not surprising that 

disruptions of this process could lead to many disease states (Cooper and Jan, 1999). 

Among them, Cystic Fibrosis (CF) ails the suffered from their birth because of a defective 

chloride transport across the epithelial cells in the airway, the gastrointestinal tract and 

the reproductive system (Riordan et al., 1989). Although CFTR―the culprit behind CF – 

is a bona fide anion channel, topological analysis of its amino-acid sequence (Dean and 
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Annilo, 2005) places CFTR in the superfamily of the ABC Transporter (Riordan et al., 

1989). Like most exporter members of this superfamily, CFTR possesses the prototypical 

architecture of two transmembrane domains (TMD1 and TMD2), each followed by a 

cytoplasmic nucleotide-binding domain (NBD1 and NBD2). Each TMD consists of 6 

transmembrane segments (TMs), and some of the overall 12 TMs have been shown to 

craft an anion-selective pore (Akabas et al., 1994; Alexander et al., 2009; Bai et al., 2010; 

El Hiani and Linsdell, 2010; Bai et al., 2011; Qian et al., 2011; Wang et al., 2011; Gao et 

al., 2013; Wang et al., 2014; Zhang and Hwang, 2015). On the other hand, the two NBDs 

play a key role in controlling opening/closing of the gate in TMDs. Specifically, following 

ATP binding to the two binding pockets formed by NBDs, dimerization of the two NBDs 

facilitates gate opening; whereas gate closure is greatly accelerated by ATP hydrolysis-

induced disruption of the NBD dimer (Csanady and Gadsby, 1999; Gadsby and Nairn, 

1999b; Jih and Hwang, 2012). In addition to these characteristic domains shared by 

other ABC proteins, CFTR distinguishes itself from its peers in this superfamily by 

harboring a unique intracellular regulatory domain (R domain) where several conserved 

serine/threonine residues must be phosphorylated in order for ATP to gate the channel 

(Gadsby and Nairn, 1999a).  

        Along with the aforementioned topological similarities between CFTR and ABC 

exporters, functional resemblance that NBD dimerization triggers the gate(s) in the 

TMDs to open has led to the proposition that CFTR may evolve from a primordial ABC 

exporter by degrading its cytoplasmic gate (Gadsby et al., 2006; Chen and Hwang, 2008). 

Studies on CFTR’s pore-lining TM6 and TM12 indeed lend support to such a degraded 



116 
 

ABC transporter hypothesis by demonstrating that cysteines introduced into the 

cytoplasmic portion of these two pore-lining TMs could be accessed by intracellular 

methanethiosulfonate (MTS) reagents in both the open and the closed states (Bai et al., 

2011). However, more recent data confound such a simple picture. First, while several 

reports assure a pore-lining role for TM1 in CFTR (Akabas et al., 1994; Wang et al., 2011; 

Gao et al., 2013), overwhelming evidence argues against such a role for TM7 (Wang et 

al., 2014; Zhang and Hwang, 2015), the counterpart of TM1, in pore construction, 

countering the long-held two-fold pseudo-symmetry in the TMDs of ABC exporters. 

Furthermore, our recent discovery that CFTR’s gate does not reside at the extracellular 

end of its anion permeation pathway also strays from the default prediction based on 

the degraded ABC transporter hypothesis (Gao and Hwang, 2015). Instead, our data 

suggest that CFTR’s gate (between positions 337 and 344 in TM6) coincides with the 

previously identified narrow region of the pore that spans a short segment in TM6 

(positions 338 to 341) (Alexander et al., 2009; Bai et al., 2010). Interestingly, our 

previous cysteine scanning studies on TM1 also identified a narrow region confined in 

between L102 to I106, which prevents bulky MTS reagents from passing through the 

channel (Gao et al., 2013). Therefore, the narrowest section in CFTR’s pore could be as 

short as just one α-helical turn in length if both TM1 and TM6 indeed, as proposed, 

assume a secondary structure of an α-helix (Fig. 4.1A) (Alexander et al., 2009; Bai et al., 

2010; El Hiani and Linsdell, 2010; Gao et al., 2013). In addition to this narrow segment, 

the pore of CFTR comprises two flanking compartments known as internal and external 
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Figure 4.1. Contributions of TM1, 6 and 12 to CFTR’s pore and control experiments on 

WT cysless CFTR channels with Cd2+. (A) Ribbon representation of CFTR’s TM1 (red), 6 

(green) and 12 (blue) adopted from a homology model (Mornon et al., 2015) depicting 

CFTR’s anion permeation pathway in the open state. Labeled positions mark pore-lining 

residues summarized from many SCAM studies (Akabas et al., 1994; Alexander et al., 

2009; Bai et al., 2010; El Hiani and Linsdell, 2010; Bai et al., 2011; Qian et al., 2011; 

Wang et al., 2011; Gao et al., 2013). (B and C) Responses of WT cysless channels to 5 µM 

or 1 mM intracellular Cd2+ in inside-out patches. Dashed lines mark the zero current 

levels (also applicable to all figures). (D) 1 mM Cd2+ applied from the extracellular side 

did not alter whole-cell forskolin-activated CFTR currents. (E) Comparison of effects of 

intracellular Cd2+ on WT cysless CFTR channels. Number in parenthesis indicates number 

of data points (also applicable to all figures). 
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vestibules (Liu et al., 2003; Linsdell, 2014; Gao and Hwang, 2015), which are relatively 

wide based on the observations that many bulky reagents, like MTS reagents or channel 

blockers (e.g., glibenclamide) can be accommodated in these regions (Sheppard and 

Robinson, 1997; Zhou et al., 2002; Bai et al., 2010, 2011; Gao et al., 2013).  

        As described above, our molecular understanding of CFTR’s pore and gate has been 

fostered immensely by a plethora of functional studies, but the relative positions of the 

pore-lining residues as well as the alignment between individual TMs remain unclear 

lacking a high-resolution structure of CFTR’s TMDs. Some recent studies employing the 

cross-linking strategy by engineering cysteine pairs do provide some insights into the 

positional relationship between pore-lining residues in the spacious internal vestibule (El 

Hiani and Linsdell, 2014). Surprisingly however is a lack of studies tackling the regions 

close to the narrow region, which could be ideal for cross-linking experiments because 

of the physical constraints. Of note, while our previous report has proposed a revised 

topology for TM1 that places L102 residue at the internal edge of the narrow region, 

and hence close to S341 the corresponding position in TM6 (Gao et al., 2013), a quite 

different picture was depicted by another study (Wang et al., 2011). To fill these 

knowledge gaps, we employed the paired-cysteine strategy and carried out more 

extensive studies on TMs 1, 6, and 12, the three most extensively investigated pore-

lining TMs with a special emphasis on the residues just internal or external to the 

narrowest segment of the pore.  
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        We introduced cysteine pairs to several positions in those three TMs and used 

Cd2+as our probe to test the formation of any “tight” Cd2+-binding sites by the 

introduced paired thiol groups. We found that while Cd2+-induced inhibition on all 

mutants carrying one single cysteine (except for 344C) could be reversed rapidly upon 

simple removal of Cd2+ from the perfusate, this inhibitory effect on mutants with 

cysteine pairs 102C/341C, 106C/337C, 107C/337C and 107C/338C becomes nearly 

irreversible. The observation that DTT, a reducing reagent, can rapidly reverse the 

effects brought by Cd2+ implicates the formation of a metal bridge between these paired 

cysteines. These results are consistent with our previous cysteine scanning studies and 

hence support the notion that TM1 and TM6 contribute to all three components of the 

pore. When we used the same approach to examine the relation between TM6 in TMD1 

and its counterpart in TMD2, TM12, surprisingly, our data suggest that the previously-

defined middle section of TM12 (e.g., position 1141) does not align with that in TM6 

(i.e., position 341). Instead, 1141C forms a tight Cd2+-binding site with the engineered 

cysteine at position 348 in TM6, which is two helical turns internal to the S341 residue. 

A similar Cd2+-binding site was implicated between 1141C and 95C, the latter of which 

again is two helical turns cytoplasmic to the inner edge of the narrow region in TM1 

(i.e., position 102). Collectively, the current study not only assigns specific amino-acid 

residues that confine the functionally-important region of the pore, but also provides 

experimental evidence echoing the idea of an asymmetrical construction of CFTR’s pore 

by the two TMDs. 
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4.3. Materials and Methods 

Mutagenesis and channel expression 

        The cysless background construct used in the current study was first made where 

16 out of the overall 18 endogenous cysteines in CFTR were mutated to serines with the 

rest 590C and 592C mutated to leucines (Mense et al., 2006). As described in Wang et 

al., an additional V510A mutation was introduced to all constructs in order to boost 

channel expression (Wang et al., 2007). Subsequently, site-directed mutagenesis was 

performed under this cysless background to engineer cysteines at positions of interest. 

All mutations were confirmed by DNA sequencing (DNA core, University of Missouri). 

        Chinese hamster ovary (CHO) cells grown in Dulbecco’s modified Eagle’s medium 

with 10% fetal bovine serum were used to express CFTR channels. Together with pEGFP-

C3 which encodes the green fluorescence protein, all constructs were transfected into 

CHO cells using PolyFect reagent (QIAGEN), according to the instructions from the 

manufacturer. Electrophysiological data were collected 3-7 days after transfection. 

Electrophysiology 

Inside-out mode 

        Pipettes were made by pulling the borosilicate capillary glass using a vertical puller 

(Narishige). After fire polishing with a home-made microforge, the resistance of pipettes 

is between 1.5 MΩ and 2.5 MΩ when filled with the inside-out pipette solution which 

contains (in mM): 140 NMDG-Cl, 2 MgCl2, 5 CaCl2, 10 HEPES, with pH adjusted to 7.4 
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using NMDG. Before every experiment, cells expressing certain mutants were 

transferred into a chamber which was initially filled with a bath solution containing (in 

mM): 145 NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 5 glucose, 5 HEPES and 20 sucrose, with pH 

adjusted to 7.4 using NaOH. After a tight GΩ seal was made, yet before our excising the 

patch into the inside-out mode, the background flow was switched to the standard 

inside-out perfusate containing (in mM): 150 NMDG-Cl, 8 Tris, 10 EGTA, 2 MgCl2, 10 

HEPES, with pH adjusted to 7.4 using NMDG. In addition, to ensure most of the cysteines 

in the patch are in their reduced form, DTT was added into the PKA/ATP cocktail used 

routinely to activate the channels. All experiments with Cd2+ were carried out after CFTR 

currents had been activated to a steady state with PKA and ATP. Since this phase of 

channel activation could take tens of minutes to complete, it is not included in our data 

presentations. Solution changes were achieved with a fast solution change system (SF-

77B; Warner Instruments). The membrane potential was held at -50 mV for all inside-

out experiments and downward deflection indicates CFTR current. All the currents were 

recorded with a patch-clamp amplifier (EPC 10, HEKA), filtered with an 8-pole low-pass 

Bessel filter (Warner Instruments) at 50 Hz and digitized at 500 Hz using Pulse (V8.80; 

HEKA) into a PC hard drive. 

 Whole-cell mode 

        Pipettes used for whole-cell experiments are the same with those used for inside-

out experiments except that they were not polished for an easier breaking-in. The 

pipette resistance in whole-cell experiments is between 1.5 MΩ and 2.5 MΩ when filled 
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with the whole-cell pipette solution containing (in mM): 10 EGTA, 10 HEPES, 20 TEACl, 

10 MgATP, 2 MgCl2, 85 aspartate, 16 pyruvate and 5.8 glucose, with pH adjusted to 7.4 

using CsOH. The bath solution is the same as that used in inside-out experiments. After 

breaking in, the cell at the pipette tip was lifted from the bottom of the chamber to the 

outlets of the three-barrel glass where the reagents could be immediately perfused to 

the whole cell. The membrane potential was held at 0 mV throughout the whole 

recording and upward deflections represent whole-cell CFTR currents. The whole-cell 

signals were filtered at 50 Hz and digitized at 2 kHz. All electrophysiological experiments 

were done at the room temperature.  

Reagents 

        PKA, ATP and cadmium chloride were purchased from Sigma-Aldrich. Cadmium 

chloride was first prepared as 10 mM stock solution. Upon use, it was diluted into 

different concentrations using bath or the standard inside-out perfusate (without EGTA) 

subject to mutants under test. CFTR inhibitor-172 was kindly provided by Dr. Robert 

Bridges from Department of Physiology and Biophysics at Rosalind Franklin University, 

Chicago, with support from the Cystic Fibrosis Foundation Therapeutics.  

Data analysis 

        Figure preparations and curve fittings to generate the time constant―τ, were done 

with Igor Pro 6 (WaveMetrics). Cartoon depicting TM1, 6 and 12 in Fig. 4.1A was 

prepared with PyMol (Schrödinger). The second order reaction rates were calculated as 

1 / (τ * [Cd2+]). Student’s paired or unpaired t tests were performed with Excel 
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(Microsoft) with p < 0.05 considered as significant. All data were presented as mean ± 

SEM. n denotes the number of patches for each experiment. 

 

4.4. Results 

        Although all of our experiments were done under the cysless background where all 

18 endogenous cysteines in CFTR were mutated to serine or leucine (see Materials and 

Methods), as Cd2+ can interact with amino acids other than cysteine (Rulisek and 

Vondrasek, 1998; Choi et al., 2013), we first tested its effect on the wild type (WT) 

cysless CFTR channels. As shown in Fig. 4.1B, after phosphorylation-activated 

WT/cysless CFTR channels were opened by 2 mM ATP in an excised inside-out patch, 5 

µM Cd2+ applied intracellularly reduced the macroscopic current by 22.8% ± 2.8% (n = 5) 

(Fig. 4.1E) that was readily reversed upon removal of the metal ion from the solution. 

Even at a concentration as high as 1 mM, this inhibitory effect of Cd2+ vanished within 

seconds once Cd2+ was washed out from the perfusion solution, an observation similar 

to that in Fig. 4.1B except for a slightly higher inhibition of the CFTR current (32.2% ± 

9.6%; n = 5) (Fig. 4.1C and E). While we did not know how and where Cd2+ binds to exert 

this effect, its speedy reversibility within seconds of solution changes indicates a loose 

binding and allows inferences of the formation of a tight Cd2+ binding site by our 

engineered cysteine pairs, should we observe any Cd2+-dependent inhibition that 

reverses much more slowly. Similar control experiments were carried out in whole-cell 

experiments with WT/cysless channels: in the presence of forskolin, 1 mM Cd2+ applied 
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from the extracellular side only induced negligible inhibition of the CFTR current, but the 

specific CFTR inhibitor-172 (Ma et al., 2002) abolished nearly all the current (Fig. 4.1D) . 

It is due to such high tolerance of CFTR to external Cd2+ that all our following whole-cell 

experiments adopted this concentration, which helped shorten the recording time so as 

to maintain a good patch quality.  

Equivalent contributions of TM1 and TM6 to the pore’s narrow region     

        As our previous SCAM studies using bulky MTS reagents place L102 of TM1 and 

S341 of TM6 at the intracellular edge of the narrow region in the pore (Gao et al., 2013), 

we first tested if introducing cysteines at these two positions can craft a tight Cd2+-

binding site. As a control, the effectiveness of Cd2+ on 102C single mutant was 

quantified. Fig. 4.2A shows a continuous recording of 102C currents elicited with 2 mM 

ATP; application of 5 µM Cd2+ in the continuous presence of ATP decreased 102C 

current by 42.8% ± 2.7% (n = 5), which is slightly higher than that seen on WT/cysless 

channels (Fig. 4.1E), suggesting that, in addition to interacting with some unknown 

endogenous amino acids, Cd2+ can bind to 102C to further perturb the chloride flow. 

However, subsequent removal of Cd2+ in the solution instantly recovered the current to 

the control level, indicating a relatively weak interaction between Cd2+ and 102C. For the 

construct with a single engineered cysteine at position 341 in TM6, 5 µM Cd2+ caused a 

similar degree of inhibition (38.5% ± 3.2%; n = 3), which was also readily reversible upon 

removal of Cd2+ from the perfusion solution (Fig. 4.2B and D). In stark contrast, when a 

double mutant with both 102C and 341C was put to test, 5 µM Cd2+ abolished virtually 
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Figure 4.2. Cross-linking 102C and 341C with Cd2+. (A and B) Reversible inhibition of 

102C (A) or 341C (B) CFTR currents by internal Cd2+. (C) In contrast to those shown in (A) 

and (B), Cd2+ at the same concentration nearly abolished all 102C/341C currents, which 

recovered at an indiscernible rate upon washout of Cd2+. DTT, however, readily restored 

the currents. (D) Comparison of Cd2+-induced inhibition for 102C, 341C and 102C/341C. 

***, p < 0.001.  
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all the current (95.6% ± 3%; n = 3) in the presence of ATP and very little current 

recovered even after tens of seconds of washout in a Cd2+-free solution (Fig. 4.2C and 

D). We interpreted this result as a tight coordination of one Cd2+ ion by the two thiol 

groups in 102C and 341C respectively, an idea also supported by the observation of a 

fast and full recovery of the current by the reducing reagent DTT. Since, in order for Cd2+ 

to be coordinated concurrently by two cysteines, the distance between two thiols needs 

to be less than 6.5 Å (Jalilehvand et al., 2009), these results place 102C and 341C in a 

close vicinity of each other at the intracellular edge of the narrow region in the pore 

(see Discussion for more detailed elaborations). 

        Next we tested if 102C can form a tight binding site with a cysteine introduced at 

position 344, a pore-lining residue located one helical turn cytoplasmic to S341 in TM6. 

To our surprise, while 50 µM Cd2+ abolished over 80% (86.4% ± 1.7%; n = 14) of 344C 

currents (Fig. 4.3A), the recovery of currents was exceedingly slow. Fitting the time 

course of current recovery upon removal of Cd2+ with a single exponential function 

yielded an average time constant of 198 ± 21 s (n = 8). Interestingly, DTT was able to 

expedite the recovery process with a significantly (p < 0.005) shorter time constant of 58 

± 11 s (n = 5). Since a single cysteine is not expected to afford such a slow off rate for 

Cd2+ (Choi et al., 2013), these results suggest that 344C may coordinate Cd2+ with some 

endogenous moieties yet to be identified. Nonetheless, if 102C could contribute to this 

coordination, we would expect an even tighter binding of Cd2+ for the double mutant 

102C/344C. However, following a nearly full abolition (95.9% ± 1.8%; n = 7) of 

102C/344C currents by 50 µM Cd2+ (Fig. 4.3B), upon removal of Cd2+, currents recovered 
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Figure 4.3. Effect of Cd2+ on double mutant 102C/344C resembles that on 334C single 

mutant. (A) Inhibition of 344C currents by Cd2+ and slow but discernable recovery from 

inhibition by Cd2+ washout. Note DTT could speed up the recovery process. Current 

relaxations were fitted with a single exponential function (red & blue solid curves), 

yielding the corresponding time constants, τ. (B) Inhibition of 102C/344C currents by 50 

µM Cd2+. The current relaxation after removal of Cd2+ was fitted with a single 

exponential function (red curve), which yielded a similar time constant as that in the 

first part in (A). (C) Effects of DTT on the current recovery from Cd2+-induced inhibition 

of 102C/344C. In contrast to the recovery phase in the absence of DTT (B), the 

relaxation time constant generated by the single exponential fitting (blue curve) is much 

shorter. (D) Effects of 50 µM Cd2+ on 102C. (E) Summary of current relaxation time 

constants for 344C and 102C/344C in the presence or absence of DTT. In both 

constructs, DTT significantly (p < 0.005) decreases τ. While the relaxation time constants 
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for 102C/344C are slightly smaller than those of 344C, the differences are not 

statistically significant (p > 0.1).  
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with a time constant of 168 ± 24 s (n = 5) that is not significantly different from the 

recovery time constant for the 344C single mutant (p = 0.57) (Fig. 4.3E). In addition, DTT 

also significantly (p < 0.001) shortened the time course of current recovery with an 

averaged time constant of 43 ± 8 s (n = 4) (Fig. 4.3C and E), which is again not different 

from that measured with 344C single mutant (p = 0.36). Since the inhibition (77.6% ± 

5.5 %; n = 4) on 102C current by 50 µM Cd2+ is readily reversible within seconds (Fig. 

4.3D), the little difference in the effect of Cd2+ between 344C and 102C/344C supports 

the notion that it is 344C with its unknown partner, rather than 102C, that may largely 

account for the slow recovery seen in 102C/344C double mutant. Thus, despite a 

confounding effect from a yet-to-be-identified binding partner for Cd2+ binding to 344C, 

these data suggest little contribution of the free energy of binding from 102C to the 

interaction between Cd2+ and the double mutant 102C/344C. 

        Compared with the complicated interaction between Cd2+ and 344C, V345, a 

neighboring pore-lining residue in TM6, offers another opportunity to address the same 

issue: whether cysteines placed one helical turn intracellular to S341 are close to 102C 

in TM1. As shown in Fig. 4.S1, 5 µM Cd2+ in the ATP solution caused inhibitions of the 

345C (29.7% ± 9.7%, n = 4) and 102C/345C (54.8% ± 0.6%; n = 3) currents that are both 

recovered immediately upon cadmium’s removal. Although Cd2+-induced inhibition on 

the double mutant is somewhat higher than that seen with single mutants 102C and 

345C (Fig. 4.S1C), this is perhaps not surprising since the sheer presence of two thiol 

groups increases the probability of occupancy of the double mutant by Cd2+ to disturb 

the chloride flow in the pore. More important is the fast recovery of the 102C/345C 
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current upon Cd2+ washout (Fig. 4.S1), which led to a tentative conclusion that these 

two cysteines may not be close enough to coordinate one Cd2+ ion (see Discussion for 

details).   

        To this point, our data suggest that L102 and S341 are aligned closely to each other 

at the intracellular edge of the narrow region, whereas 344C and 345C in TM6 may not 

be close enough to 102C. This idea of how TM 1 and TM6 are aligned at the intracellular 

end of the narrow segment of the pore is further supported by the finding that the 

addition of 98C, one helical turn cytoplasmic to position 102, does not strengthen Cd2+ 

binding to 341C. As shown in Fig. 4.4, other than that Cd2+ induced a similar degree of 

inhibition for single mutant Q98C (50.4% ± 8.2%; n = 4), and the double mutant 

Q98C/S341C (46.4% ± 5.6%; n = 4), a complete recovery from inhibition took place 

within seconds following Cd2+ washout for both constructs (Fig. 4.4A and B). It is thus 

safe to conclude that the distance between 98C and 341C is larger than that required for 

a bidentate Cd2+ binding site. 

        Now that two residues at the intracellular edge of the narrow region―position 102 

in TM1 and position 341 in TM6―are shown to be aligned closely to each other, under 

the premise that TM1 and TM6 share a similar secondary structure (Alexander et al., 

2009; Bai et al., 2010; El Hiani and Linsdell, 2010; Wang et al., 2011; Gao et al., 2013), 

residues at the extracellular edge of the narrow region in TM1 could also be close to 

their counterparts in TM6 as the narrowest section in the pore spans only 3-4 amino 

acids along both TM1 and TM6 (Gao et al., 2013). To test this idea, we introduced 
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Figure 4.4. Comparison of Cd2+-induced inhibition between 98C and 98C/341C. (A and 

B) The inhibitory effect of Cd2+ on 98C and 341C currents dissipated in seconds upon 

removal of Cd2+ from the perfusate. (C) Summary of the inhibitory effect of Cd2+ on 98C, 

341C and 98C/341C. Note a lack of statistically significant difference in % inhibition 

between the double mutant and either single mutant (p > 0.3). 
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cysteines to positions at the extracellular edge of the narrow region in these two 

segments and assessed their reactivity to Cd2+. We set out first with 106C/338C as these 

two individual positions are extracellularly closest to the narrow region. But 

unfortunately, this mutant did not yield any measurable current for our whole-cell 

experiments (n > 10). Therefore, we moved the cysteine in TM6 from position 338 to 

position 337 to construct a double mutant 106C/337C. As controls, we first tested the 

effect of extracellular Cd2+ on the two single mutants, 106C and 337C. As shown in Fig. 

4.5A, after whole-cell 106C current was elicited by 10 µM forskolin to a steady state in 

the presence of DTT, external application of 1 mM Cd2+ nearly abolished all of the 106C 

current (96.2% ± 0.4%; n = 4, Fig. 4.5D), which was immediately recovered upon 

exclusion of Cd2+. Subsequent inhibition of the recovered current by a specific CFTR 

inhibitor (Inh-172, Ma et al., 2002) confirmed that the restored current was indeed from 

CFTR. As for 337C, Cd2+ induced a lower (33.2% ± 2.6%; n = 7) but still reversible 

inhibition (Fig. 4.5B and D) and the effect of Inh-172 on this mutant also seemed 

reduced when compared with that in other whole-cell experiments. These results 

suggest Cd2+ do not bind tightly to either 106C or 337C. However, very interesting 

experimental results were obtained with the double mutant 106C/337C: First, as shown 

in Fig. 4.5C, in the presence of forskolin, Cd2+ applied right after DTT caused an inhibition 

(90.7% ± 4%; n = 4) that was not reversed to an appreciable extent even after washout 

of the metal ion for tens of seconds, but DTT could readily reverse this inhibition, 

suggesting that Cd2+ is tightly coordinated by 106C and 337C. Second, although forskolin 

alone could elicit 106C/337C CFTR current, DTT further enhanced this current. 
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Figure 4.5. Cross linking Cd2+ by 106C in TM1 and 337C in TM6. Reversible inhibition of 

whole-cell 106C (A) and 337C (B) currents by 1 mM extracellular Cd2+. Note the effect of 

CFTR inhibitor 172 on 337C is much weaker than that seen with 106C (A). (C) Inhibition 

of whole-cell 106C/337C current by external Cd2+ and DTT-dependent recovery. The red 

rectangle encloses a part of the recording where currents decay by itself when DTT is 

not present, suggesting possible spontaneous formation of a disulfide bond between 

106C and 337C (see text for details). (D) Averaged current inhibition ratios by external 

Cd2+ for 106C, 337C and 106C/337C.  
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Moreover, once DTT was removed, the current started to decay by itself as shown in the 

red rectangle in Figs. 4.5C and 4.S2. One simple explanation for the spontaneous current 

decay in the absence of DTT is that these two cysteines form a disulfide bond in a 

relatively oxidizing extracellular environment, especially in view of the observation that 

106C and 337C can be close enough to coordinate a Cd2+ ion. Of note, susceptibility of 

these two cysteines to possible contaminating metals could also diminish the double 

mutant current (See Liu et al., 2006 for more detailed discussions.) 

        As the A107 residue that neighbors I106 in TM1 also lines the pore, we next tested 

if 107C could duplicate what we observed with 106C/337C (Fig. 4.5). When 1 mM Cd2+ 

was applied together with forskolin to cells expressing 107C (Fig. 4.6A) or 338C (Fig. 

4.6B), no matter right after forskolin plus DTT or forskolin alone, the whole-cell current 

was greatly diminished with an averaged inhibition ratio of 93.5% ± 6.6% (n = 3) for 

107C and 77.1% ± 2.7% (n = 7) for 338C (Fig. 4.6E). Besides, this current inhibition was 

only seen in the continuous presence of Cd2+. Thus, we conclude that Cd2+ binds loosely 

to both 107C and 338C. Interestingly, along with these observations, we noticed that 

whole-cell 107C current seemed easily to decay in the presence of forskolin alone as 

shown in Fig. 4.6A. Of note, similar DTT-dependent enhancement of forskolin-activated 

currents was reported for 338C expressed in Xenopus oocytes (Liu et al., 2006), as well 

as in our system (Fig. 4.6B). These data suggest that perhaps 107C and 338C are more 

susceptible to spontaneous oxidation or contaminating metal ions (Liu et al., 2006) 

possibly due to a similar local environment, especially when taking our previous finding  
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Figure 4.6. 107C in TM1 can form a multi-liganded Cd2+-binding site with either 337C or 

338C from TM6. Extracellular Cd2+ inhibited 107C (A) and 338C (B) currents to a 

significant extent, no matter whether the channels were pretreated with DTT or not. 

Note a slow but noticeable decay of 107C currents in the absence of DTT (A), and a small 

enhancement of forskolin-activated 338C currents by DTT (B) (see Results for detailed 

descriptions). Recovery of Cd2+-induced inhibition of 107C/337C (C) and 107C/338C (D) 

currents is dramatically accelerated by DTT. (E) Summary of cadmium’s inhibitory effects 

on 107C, 337C, 338C, 107C/337C and 107C/338C currents. The over 100% inhibition 

with 107C/337C results from the observations that in some experiments where the 

current level in the presence of Cd2+ is even lower than that at the beginning of the 

recording or under CFTR inhibitor-172.  
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that 107C assumes a similar pKa value to that of 338C into consideration (Gao et al., 

2013). Regardless of the mechanism responsible for the current decay in the absence of 

DTT observed for 107C and 338C mutants, the reversal of Cd2+-induced inhibition of the 

double mutants 107C/337C or 107C/338C was exceedingly slow, but was dramatically 

expedited by DTT (Fig. 4.6C and D), indicating a formation of the cysteine-metal-cysteine 

complex in these two constructs. Therefore, the three testable cysteine 

pairs―106C/337C, 107C/337C and 107C/338C―can all craft a tight binding site for Cd2+, 

corroborating the idea that these residues from TM1 and TM6 nestle in a close 

proximity at the extracellular edge of the narrow region. Together with data on 

102C/341C (Fig. 4.2), we conclude that the narrow region of the pore is flanked 

internally by L102 and S341, and externally by I106, A107, F337 and T338, a picture 

consistent with our previous results (Gao et al., 2013; Gao and Hwang, 2015, but cf. 

Wang et al., 2011).   

Asymmetrical contributions to the internal vestibule of CFTR’s pore by TM6 and TM12 

        The degraded ABC transporter hypothesis (Gadsby et al., 2006; Chen and Hwang, 

2008) predicts that TM12 in TMD2 should contribute to pore construction in a similar 

way as its topological counterpart, i.e., TM6 in TMD1. Indeed, our previous SCAM study 

(Bai et al., 2011) did support such a notion by showing that the cytoplasmic half of both 

TM6 and TM12 line the pore and also assume a similar secondary structure. Moreover, 

all homology CFTR models portray a pore so constructed that TM6 and TM12 play a 

symmetrical structural role (Serohijos et al., 2008; Dalton et al., 2012; Norimatsu et al., 
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2012; Rahman et al., 2013; Mornon et al., 2015). However, such an over-simplified 

picture is contested by the following observations: First, unlike that of TM6, the 

extracellular half of TM12 has been questioned as pore-lining (Norimatsu et al., 2012). 

Second, when carrying out cysteine scanning studies on TM6 and TM12, Bai et al. found 

that cysteines introduced in the middle of TM12 (e.g. 1141C) could be modified by 

intracellular MTS reagents much faster than those placed in the middle of TM6 (e.g. 

341C) (Bai et al., 2011), suggesting that amino acids in the middle of TM12 may reside in 

a relatively wider space. We therefore extended our paired-cysteine approaches to 

examine the relative position between TM6 and TM12.   

        We first tested the cysteine pair 341C/1141C, as previous SCAM data suggest these 

two positions define the internal access limits in TM6 and TM12 respectively (Alexander 

et al., 2009; Bai et al., 2010, 2011). However, inhibition of the double mutant 

341C/1141C by internal application of 5 µM Cd2+ is only slightly larger (54.9% ± 4.5%; n = 

4) than those on single mutants 341C (38.5% ± 3.2%; n = 3) or 1141C (44.4% ± 3.5%; n = 

5) (Fig. 4.7E). More importantly, washout of Cd2+ resulted in an immediate recovery of 

the current for either single or double mutant (Fig. 4.7A and B). In contrast, Cd2+-

induced inhibition was much greater (88.6% ± 2.7%; n = 5) for a construct containing a 

pair of cysteines at positons 1141 and 348, the latter of which is two helical turns 

cytoplasmic to S341 (Fig. 4.7D and E). More interestingly, the recovery of currents upon 

simple removal of Cd2+ was exceedingly slow, but the time course was greatly shortened 

by DTT (Fig. 4.7D), implicating the formation of a tight binding site for Cd2+ by 1141C and 

348C, presumably due to their physical closeness. 
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Figure 4.7. 348C, but not 341C, of TM6 can tightly coordinate Cd2+ with 1141C of TM12. 

The inhibitions of 1141C (A), 341C/1141C (B) and 348C (C) currents were all subject to 

the continuous presence of Cd2+ in the solution. (D) Contrary to that shown in (A) – (C), 

for the double mutant 348C/1141C, the current inhibition brought by Cd2+ was reversed 

extremely slowly by simple washout, but DTT rapidly restored the current. The current 

decay phase was fitted with a single exponential function (see Fig. 4.S5 for more 

details). (E) Summary of percentage inhibition of 341C, 348C, 1141C, 341C/1141C and 

348C/1141C currents by 5 µM Cd2+. 
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        While above data put M348 in the close vicinity of S1141, a position close to the 

middle of TM12, examination of 348C/1144C and 348C/1145C with Cd2+ provided 

further insights into the relative alignment between TM6 and TM12. As shown in Fig. 

4.8A, while 1144C currents could be readily inhibited by 5 µM Cd2+, a fast relief of the 

inhibition was also seen upon washout. However, this is not the case for 348C/1144C 

(Fig. 4.8B). Besides a higher inhibition ratio of the mean current induced by Cd2+ (Fig. 

4.8E), the recovery from the inhibited state takes a long time (hundreds of seconds) to 

reach its steady state. Fitting the recovery time course with a single exponential 

function yielded a time constant of 182 ± 30 s (n = 5), which is significantly shortened by 

DTT (40 ± 7 s; n = 4) (Fig. 4.8B and C), suggesting that 348C and 1144C can coordinate a 

single Cd2+ ion, but 348C-Cd2+-1144C complex is not as strong as 348C-Cd2+-1141C metal 

bridge. On the other hand, although 1145C was reversibly inhibited by Cd2+ (Fig. 4.8D), 

results with 348C/1145C double mutant were very similar to those of 348C/1141C (Figs. 

4.7D and 4.8E). Taken together, these data suggest that pore-lining residues identified 

by SCAM studies on the cytoplasmic half of TM12 may play different structural roles 

from those in TM6 by contributing to the inner vestibule one helical turn cytoplasmic to 

the narrow region of the pore (see Discussion for details).  

 

4.5. Discussion 

        Site-directed mutagenesis offers investigators a unique tool to study the spots of 

interest in an ion channel protein by allowing them to replace original amino acids with 
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Figure 4.8. 348C of TM6 forms a tight Cd2+-binding site with either 1144C or 1145C of 

TM12. (A) Effects of 5 µM Cd2+ on 1144C currents. (B) Acceleration of current recovery 

from Cd2+-induced inhibition of 348C/1144C currents by DTT. Although 348C/1144C 

currents could recover from the Cd2+-inhibited state irrespective of the presence of DTT, 

comparison of the time constants generated by fitting both current relaxations with a 

single exponential function (red & blue solid curves) indicates DTT can accelerate such a 

process. (C) Comparison of 348C/1144C current relaxation time constants indicates 

there is significant difference when DTT is in the solution. (D) Effects of 5 µM Cd2+ on 

1145C current. (E) DTT-dependent recovery of 348C/1145C current after Cd2+ 

application implicates a tight Cd2+-binding site constructed by these two cysteines. (F) 

Summary of effect of Cd2+ on each mutant as indicated in panel. 
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others and examine post hoc the functional consequences of these mutation-induced 

perturbations with single-molecule patch-clamp techniques. Substituted cysteine 

accessibility method (SCAM) has supplemented this already powerful combination due 

to a rapid reaction of cysteine’s thiol group with swaths of thiol-specific modification 

reagents (Wilson and Karlin, 1998; Serrano et al., 2006). In the past two decades, this 

method has been implemented successfully in the studies of structure/function of CFTR. 

Especially, because of the known molecular sizes of these bulky reagents, one can also, 

to some extent, use them to gauge the physical dimension of the pore. Consequently, a 

rough picture of an hourglass-shaped pore for CFTR has subsequently emerged (see 

Introduction). On the other hand, reducing the size of the probe to approximate that of 

a permeating anion (e.g., [Au(CN)2]-) can afford “chemical scanning” along the whole ion 

permeation pathway (Serrano et al., 2006). Such an effective application of the 

permeant thiol-specific reagents enabled our latest localization of a gate in CFTR (Gao 

and Hwang, 2015).  

        Moreover, by engineering cysteine pairs, one can not only take advantage of the 

potential for disulfide bond formation between two thiol groups in a close proximity, 

but also utilize a broad array of soft metals (e.g., Cd2+) as a tool to cross link two 

cysteines that may not be close enough to form a disulfide bond. Indeed, a series of 

elegant studies by Yellen’s group on potassium channels and HCN channels showed that 

Cd2+ could be tightly coordinated by multiple physically close cysteines or histidines to 

irreversibly alter channel’s gating or permeation properties (Yellen et al., 1994; Liu et al., 

1997; Holmgren et al., 1998; del Camino and Yellen, 2001; Rothberg et al., 2002; 
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Rothberg et al., 2003; Webster et al., 2004; Ryu and Yellen, 2012). Similar strategies of 

engineering cysteine pairs have also been adopted by several groups in the CFTR field 

with fruitful results. For example, by engineering cysteine pairs in the head, central, and 

tail regions of CFTR’s two NBDs, Mense et al. demonstrated that the two NBDs in CFTR 

can form a head-to-tail ‘heterodimeric’ complex upon ATP binding, which likely 

resembles those observed in other ABC proteins (Mense et al., 2006). Guided by a 

homology model built using the crystal structure of Sav 1866 as the template, Riordan’s 

group introduced cysteine pairs into the cytoplasmic-membrane domain interface and 

successfully identified several potential contact sites between NBDs and TMDs (He et 

al., 2008; Serohijos et al., 2008). In addition, a recent report, by engineering cysteine 

pairs in the extracellular loop, provided evidence for electrostatic interactions at the 

outer mouth of the pore (Cui et al., 2014).  

        However, we were surprised that very few reports actually implement this strategy 

to tackle CFTR’s TMDs especially because a low sequence homology between CFTR’s 

TMDs and those of other ABC proteins should pose a tremendous challenge to rely 

solely on computational approaches to gain a molecular understanding of the 

structure/function relation for CFTR’s TMDs. We therefore adopted the paired-cysteine 

method to investigate TM-TM interactions with a focus on the three most extensively 

studied pore-lining TMs in our lab―TM1, 6, and 12 (Bai et al., 2010, 2011; Gao et al., 

2013). Of note, a recent study has provided evidence for positive interactions among 

these three TMs (El Hiani and Linsdell, 2014). While their primarily interested candidates 

are those residues lining the inner vestibule of CFTR’s pore, we made a deliberate 
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decision to place an emphasis on residues around the narrow region for the following 

reason. It is generally accepted that the inner and outer vestibules in CFTR’ pore are 

spacious, but the narrow region in between should bear a width that is less than 5.3 Å 

based on the permeability ratio measured among different anions (Linsdell et al., 1997), 

making Cd2+ an ideal cross linker at the two edges of this restrictive region.  

        To our delight, 102C in TM1 and 341C in TM6 indeed form a tight binding site for 

Cd2+ applied from the intracellular side of the membrane (Fig. 4.2C). The inferred 

physical proximity between these two positions corroborates our previous conclusion 

(Gao et al., 2013) that L102, originally assigned to define the external end of CFTR’s TM1 

based on hydropathy analysis (Riordan et al., 1989), should instead be placed at the 

internal edge of the narrow region similar to S341 in TM6 (Bai et al., 2010). The 

observation that cysteine pairs (including 106C/C337C, 107C/337C, and 107C/338C) 

introduced 3 – 5 residues external to L102 and S341 respectively can tightly coordinate 

Cd2+ applied from the extracellular side of the membrane further strengthens our 

propositions that the narrow region may span only one helical turn along both TM1 and 

TM6 (Alexander et al., 2009; Bai et al., 2010; Gao et al., 2013), and that TM1 and TM6 

play equivalent roles in defining this segment that could serve as a selectivity filter as 

well as a gate (Gao and Hwang, 2015).  

        However, the almost irreversible binding of Cd2+ with the cysteine pairs discussed 

above is, on the other hand, puzzling as such tight binding of a Cd2+ ion is reserved for a 

preferred tetrahedral coordination seen in numerous metalloproteins (Rulisek and 
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Vondrasek, 1998). Indeed, the formation of a quadruple Cd2+-binding site of covalent 

bond strength with 4 cysteines has been shown in several ion channel studies (Yellen et 

al., 1994; Webster et al., 2004). Noticeably, a recent study by Choi et al reported an off 

rate constant (koff) of 3.5 × 10-2 s-1 for two cysteines that are cross-linkable in 

staphylococcal α-hemolysin (αHL) transmembrane pore (Choi et al., 2013), which 

corresponds to a dissociation time constant of ~29 s. Thus, although the pore structure 

of CFTR is different from that of αHL, it is likely that the positive pairs we identified (e.g., 

102C/341C) borrow some additional help from some yet to be identified elements in the 

pore so that they can together construct a binding site that has a much higher affinity 

for Cd2+ than one constructed by two lone cysteines. Moreover, the idea that other 

chemical moieties in CFTR’s pore may participate in coordinating Cd2+ may also explain 

the observation that recovery of the single cysteine mutant 344C currents from Cd2+-

induced inhibition takes hundreds of seconds to complete (Fig. 4.3A), which is in stark 

contrast to that shown in Choi et al. (a time constant of < 0.08 s for single cysteine in 

αHL). Notwithstanding, introduction of an additional cysteine―102C―did not seem to 

alter coordination of Cd2+ by 344C and its yet-to-be identified partners, suggesting that, 

unlike positions 102 and 341, 102C and 344C may not be close enough to coordinate 

one Cd2+ ion. Interestingly, if we accept the premises that the diameter of the narrow 

region is ~ 5.3 Å as indicated above and that both TM1 and TM6 assume the same α-

helical structure with a pitch of 5.4 Å, then the diagonal distance (>7.5 Å assuming a 

vertical triangle formed by residues 102, 341, and 344) between 102C and 344C should 

exceed that required for a multi-liganded Cd2+-binding site. Same geometric predictions 
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can be made for cysteine pairs 102C/345C and 98C/341C. Indeed, our data (Figs. 4.3, 4.4 

and 4.S1) show no evidence for a cooperative binding of Cd2+ by any of these three 

paired cysteines. In contrast, we found experimental evidence for a close proximity 

among four positions at the external end of the narrow region along TM1 and TM6 (i.e., 

106C/337C, 107C/337C and 107C/338C). Thus, the very region defining the narrowest 

section of the pore is made of partly by TM1 and TM6 over a distance of one helical 

pitch or 5.4 Å.  

        Although the well-known coordination chemistry of Cd2+ with the cysteine thiols 

affords a more exquisite structural interpretation for a relatively compact environment 

where the space between each party is constrained, this favorable attribute of physical 

constraint is lost once we move our discussion focus to a more spacious compartment 

of CFTR’s pore―the inner vestibule. Nonetheless, we were surprised by the extremely 

slow off rates of Cd2+ in several of engineered cysteine pairs (e.g., 348C/1141C and 

348C/1145C), indicative of the presence of binding partners other than the introduced 

thiols in the inner vestibule. Although more extensive future studies on the mechanism 

of this apparent tight Cd2+ binding are needed, the current data do reveal an 

unexpected role played by TM12 in the pore. Specifically, our data in Fig. 4.7 place 

1141C of TM12 in a close vicinity of 348C, contradicting the proposition that position 

1141 in TM12, like its counterpart S341 in TM6, may be close to the internal brink of the 

narrow region (Bai et al., 2010, 2011). Then, results in Fig. 4.8 further suggest 348C may 

straddle between 1141C and 1144C (or 1145C) that may line on the same face of two 

adjacent helical turns. This geometrical constrain subsequently predicts that S1141 
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should be located 1 – 2 helical turn away from the narrow region of the pore. 

Interestingly, 1141C indeed contributes to Cd2+ binding to 95C (see Figs. 4.S3 and 4.S4 

for more details), a position two helical turns internal to L102 of TM1 that defines the 

internal edge of the narrow region. Taken together, these data lead to a surprising role 

of CFTR’s TM12: the cytoplasmic half of TM12 may largely line the inner vestibule of 

CFTR’s pore without contributing to the narrow region.  

        Before we wrap up our discussion, a few subjects should be revisited and/or 

inspected in a more critical manner so that the readers are fully aware of the potential 

caveats in our approach. First, although the marker used in the current study to judge 

the formation of a tight Cd2+-binding site is the sluggishness of current recovery after 

washout of Cd2+, a fast recovery from the Cd2+-inhibited state for several double mutant 

currents (e.g., 102C/345C) may not necessarily indicate a physical alienation between 

the two cysteines involved, especially when a higher inhibition for double mutant was 

observed as in the case of 102C/345C. One possible scenario is that even though the 

two cysteines in the double mutant are close to each other, a lack of support from 

aforementioned unidentified partner(s) could render the Cd2+-binding site as weak as 

undetectable in our experiments.  

        Second, we need to point out that our measurements of Cd2+-induced current 

reductions and current recovery afterwards with or without DTT do not tell if the effect 

of Cd2+ is on gating or ion conduction, or both. Since all the residues examined in the 

current study have been shown to line the pore, we prefer a simple pore-plugging 
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effect. Of note, this distinction becomes murkier when dealing with positions close to 

the narrow region of the pore because of a possible dual function for this segment (Gao 

and Hwang, 2015). However, even if the effect of Cd2+ in some of our mutants is 

attributed to gating perturbation, the identification of positive pairs still attests a 

physical proximity for the introduced cysteine pair during certain states of the gating 

cycle. On the other hand, since Cd2+ was always applied in the presence of ATP for an 

extended period of time during which the channel can virtually visit all possible gating 

states, negative results obtained in our experiments suggest that the two residues under 

study are not close at any given point in a gating cycle, thence excluding certain 

structural configurations for the channel. Moreover, as many of our double mutant 

constructs exhibit extremely slow off rates of Cd2+, we need to be concerned by the 

possibility that this strong force may actually allow the formation of the inferred metal 

bridge in conformations in fact rarely visited during normal gating transitions. 

Nevertheless, this worse scenario is probably avoided as most of the inhibition occurred 

within seconds of Cd2+ applications and the gating cycle of CFTR is ~1 s-1. 

        Third, except for the 348C/1141C pair, most of the double mutants were not able to 

generate large enough currents in inside-out patches for us to test state-dependent 

effects of Cd2+. However, the authors do realize that the state-dependent data could 

shed more light as channel gating is a dynamic process. Therefore, whenever possible, 

we also directed our efforts to provide our audience with a sliver of this kind of 

structural insights. For example, the second order rate constant for Cd2+-reactivity with 

348C/1141C mutant in the absence of ATP is ~3-fold higher than that with ATP (Figs. 4.7 



148 
 

and 4.S5), possibly suggesting these two cysteines may be either in a more accessible 

location or better orientated to coordinate Cd2+ in the closed state. Besides, we also 

observed, in our whole-cell recordings of 106C/337C channels, a biphasic current 

response to forskolin application: current increase followed by a decrease, which could 

suggest that these two cysteines are close to each other only in the open state of CFTR 

(see Fig. 4.S2 legend for more details). 

        Bearing nearly all the topological hallmarks of an ABC exporter, CFTR is a bona fide 

member of this superfamily as previous phylogenetic study has suggested (Dean and 

Annilo, 2005). Many functional data on CFTR’s NBDs and TMDs also support the 

hypothesis that CFTR evolves from an ABC exporter by degenerating its intracellular 

gate (Bai et al., 2011). Several latest studies, however, seem to contradict such an 

oversimplified picture. With data presented in the current study that TM1, rather than 

TM12, plays a similar role as TM6 in crafting the narrowest section of the pore, the two-

fold pseudo-symmetry seen in the TMDs of ABC exporters seems violated in CFTR. 

Nonetheless, we noticed that, due to CFTR’s kinship with ABC transporters, nearly all 

homology models of CFTR were built using the crystal structures of ABC exporters as 

templates (Serohijos et al., 2008; Dalton et al., 2012; Norimatsu et al., 2012; Rahman et 

al., 2013; Mornon et al., 2015). Unsurprisingly, while many models are able to account 

for those identified pore-lining components in individual TMs, few could achieve a 

satisfaction from all examining eyes partly because of their confinement to the two-fold 

pseudo-symmetry inherited in ABC transporters. Therefore, by providing some physical 
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constraints between well-defined, paired positions in different TMs, data presented 

here could provide an effective guide for future efforts in modeling CFTR’s TMDs. 
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4.6. Supplemental Materials 

 

Figure 4.S1. Effects of Cd2+ on 345C and 102C/345C. (A and B) Cd2+-induced inhibition of 

both 345C (A) and 102C/345C (B) was readily relieved after the metal ion was washed 

out. (C) Summary of cadmium’s inhibitory effect on 102C, 345C and 102C/345C. Note a 

statistically significant difference between the ratio of inhibition on double mutant and 

that on each single mutant. *, p < 0.05; **, p < 0.01. (See Results for detailed 

explanations.) 

  



151 
 

 

Figure 4.S2. Possible spontaneous formation of a disulfide bond between 106C and 

337C. In some of our whole-cell experiments with 106C/337C, the channel activation 

process exhibited a biphasic time course: a current rise followed by a spontaneous 

decay. The initial current increase phase reflects more and more channels being 

activated. As the current decay could be almost completely restored by DTT, we 

deduced that this phase may result from the formation of a disulfide bond between 

these two cysteines, which disturbs gating or chloride conduction. Coincidentally, since 

our previous study (Gao et al., 2013) indicated that TM1 which harbors 106C may only 

moves into the pore in the open state, such formation of a disulfide bond between 106C 

and 337C is therefore more likely to occur also in the open state. Note subsequent 

application of Cd2+ to the cell immediately abolished the DTT-rescued current.  
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Figure 4.S3. Positive contribution of 95C in TM1 to Cd2+ binding to 1141C in TM12. (A) 

Reversible inhibition of 95C currents by Cd2+. In 7 patches, 34.6% ± 4.2% inhibition of 

95C currents, which is not very different from that of WT/cysless channels (p = 0.06), 

was observed, suggesting a weak binding of Cd2+ to 95C. (B) After Cd2+-induced 

inhibition (92.9% ± 2.1%; n = 7), 95C/1141C currents can recover at a discernable rate 

back to the pre-inhibition level by simple Cd2+ removal; in the same patch, current 

recovery is dramatically accelerated by DTT, as reflected by the two different relaxation 

time constants generated from fitting both current relaxations with a single exponential 

function (red and blue curves). (C) Summary of the relaxation time constants for current 

recovery in the presence or absence of DTT. **, p < 0.01. Here we need to point out 

that, although another study drew the same conclusion that position 95 is close to 
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position 1141 in the pore (El Hiani and Linsdell, 2014), observations made between 

current study and that report are somewhat different. Specifically, in El Hiani and 

Linsdell (2014), both 95C and 95C/1141C currents were increased upon Cd2+ exposure, 

opposite to what we observed. The reason behind this discrepancy is unclear, but 

numerous differences in SCAM results have been noted before in the literature (Bai et 

al., 2010; El Hiani and Linsdell, 2010; Bai et al., 2011; Qian et al., 2011; Wang et al., 

2011; Gao et al., 2013). Regardless, since the interaction between Cd2+ and the binding 

site constructed by 95C and 1141C is relatively weak judged from a relatively faster 

relaxation time constant, when compared with other positive pairs in the current study 

(e.g., 102C/341C), we wondered if moving the cysteine at position 1141 to its 

neighboring positions (i.e., 1140C or 1142C) could potentially identify a tighter binding 

site for Cd2+ with the 95C background. Unfortunately, while 95C/1142C double mutant 

failed to yield any current in our experiments (n > 10), 95C/1140C seems less likely to 

compose such a tight binding site we sought (see Fig. 4.S4).  
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Figure 4.S4. Inhibition of 1140C and 95C/1140C currents by Cd2+. Note a fast recovery 

of 1140C (A) or 95C/1140C (B) currents from Cd2+-inhibited state upon simple removal 

of Cd2+. (C) Summary of current inhibition for 95C, 1140C and 95C/1140C. The degree of 

inhibition for the double mutant is not significantly different from that of either single 

mutant (p > 0.05).   
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Figure 4.S5. Measurement of second order reaction rate for Cd2+-induced inhibition of 

348C/1141C in the absence of ATP. Taking advantage of the large current generated by 

348C/1141C double mutants, we estimated the reaction rate between Cd2+ and this 

double mutant in the absence of ATP. In this series of experiment, we first applied two 

3-s ATP pulses to make sure there is no apparent channel rundown or 

dephosphorylation in the patch. Then after 8-s washout of ATP, we applied 1 µM Cd2+ in 

the presence of ATP for 3 seconds. Subsequently, Cd2+ was washed out for 2 seconds 

before application of another 3-s ATP pulse which is used to assess the mean current of 

the patch. The inset shows data extracted from twelve cycles performed in the 

recording. Fitting the data with a single exponential function yields a time constant of 

6.1 seconds, which corresponds to a secondary reaction rate of 163934 M-1s-1 (132063 ± 

14904 M-1s-1, n = 4). On the other hand, to obtain the reaction rate in the presence of 

ATP, current decays like that in Fig. 4.7D were fitted with a single exponential function 

to generate time constants (5.8 ± 1.1; n = 6) that were used to calculate the second 

order reaction rate with the equation described in the Materials and Methods. Of note, 

1.0

0.8

0.6

0.4

0.2

3020100

2 mM ATP for 3 s

1 M Cd2+ for 3 s

100 s
1

0
 p

A

M348C/S1141C/Cysless (s)

 = 6.1 s

N
o

rm
a

liz
e

d
 C

u
rr

e
n

t



156 
 

since 5 µM Cd2+ can also induce inhibition on WT cysless CFTR (time constant of 13.8 ± 

4.8 s, n = 4; Fig. 4.1B), inhibition of 348C/1141C currents in the presence of ATP upon 

addition of Cd2+ inevitably contains two components. However, we found curve fitting 

was not improved with a double exponential function. We reason that the shorter 

measured time constant (5.8 ± 1.1 s; n = 6) and a much higher inhibition ratio seen with 

348C/1141C (Fig. 4.7E) indicate the main components in the 348C/1141C current decay 

phase reflect the faster reaction between Cd2+ and the two cysteines, rather than the 

relatively slow reaction between Cd2+ and those non-specific moieties in the WT 

background. Therefore, the almost 3-fold slower rate (40551 ± 6943 M-1s-1; n = 6) 

estimated in the presence of ATP could somewhat accurately suggest that Cd2+ reacts 

faster with 348C/1141C in the closed state. 
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CHAPTER 5 

Future Directions 

5.1. Overview 

        The past several years have witnessed a rapid progress in the structural and 

functional studies of the CFTR molecule. Before I launched my research projects, three 

of my fellow graduate students Mingfeng Tsai, Kangyang Jih and Yonghong Bai have 

made significant contributions to our current understanding of the role of NBDs and 

TMDs in CFTR gating as well as pore construction (Tsai et al., 2009; Bai et al., 2010; Tsai 

et al., 2010; Bai et al., 2011; Jih and Hwang, 2012; Jih et al., 2012; Jih and Hwang, 2013). 

Their elegant experimental designs, execution, and subsequent mechanistic insights 

extracted from their data have paved the way for many of the works presented in this 

dissertation. Built upon their work as well as those by several other groups, the 

experimental findings presented in Chapters 2 - 4 have provided further insights into the 

constitution, architecture and gating mechanism of CFTR’s anion permeation pathway. 

Nevertheless, many lingering issues await further explorations. I will in the next two 

sections propose a few directions that may lead us to a more in-depth understanding of 

this chloride channel.   
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5.2. How Cd2+ bridges are stabilized in the two electropositive 

vestibules? 

        As shown in Chapter 4 that introduction of two cysteines at some specific positions 

(e.g., 102C/341C) in CFTR’s pore can construct a binding site at which the Cd2+ binds 

extremely tightly. Specifically, while the tight coordination of a Cd2+ ion suggests a 

physical closeness between the two cysteines involved, what is puzzling is why only two 

lone cysteines can afford a binding site that can retain Cd2+ for such a long time 

(hundreds of seconds) usually only seen for a multi-liganded binding geometry rather 

than a bi-dentate site. A tight Cd2+-binding site with tetrahedral coordination is best 

exemplified in K+ channels where four thiol groups, each contributed from one subunit, 

coordinate a Cd2+ ion with strength close to a covalent bond (Yellen et al., 1994). One 

difference that clearly stands out is the fact that CFTR, contrary to K+ channels, is an 

anion-selective channel. In view of the observation that such tight binding of Cd2+ to the 

sites constructed by paired cysteines is present in multiple spots (both the internal and 

external vestibules) in CFTR’s pore, I ponder whether the charge carrier, chloride, lends 

support to such tight binding of Cd2+.  

        Experimentally, if the chloride ion does play a role as the additional party 

contributing to the affinity of the Cd2+-binding site constructed by any two close 

cysteines, lowering the [Cl-] in the buffer where this site is exposed may decrease the 

affinity of the binding site to Cd2+ due to a lowered chance that chloride can wedge in to 

stabilize the Cd2+ trapped between the two thiols. As a result, the current relaxation rate 
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after washout of Cd2+ in the buffer will be accelerated. For instance, under the condition 

that the intracellular [Cl-] is ~150 millimolar, 102C/341C current restored at such a slow 

rate that is impossible to measure upon removal of Cd2+ in the intracellular solution (Fig. 

4.2C in Chapter 4). However, one may be able to see a shortened current relaxation 

time constant once the intracellular or extracellular [Cl-] is lowered drastically. Similarly, 

those positive pairs identified in the whole-cell experiments conducted in Chapter 4 can 

also serve as the candidates to test this hypothesis. Should this appealing hypothesis 

turn out to be incorrect, it seems still worthwhile to identify the unknown binding 

partner as this line of efforts could potentially provide similar structural information 

because of the same physical constraint imposed for cys-metal bridge formation. To this 

end, mutating histidine or negatively charged aspartate and glutamate in CFTR’s TMs 

could be fruitful.        

 

5.3. Identification of the anion selectivity filter for CFTR 

        In the long history of ion channel studies, two fundamental issues have been 

constantly intriguing and enticing for biophysics-oriented investigators: gating and ion 

permeation. In Chapter 3, I have shown my experimental results that lead to the 

localization of CFTR’s gate in TM6. Since this same area also defines the narrowest 

segment in CFTR’s ion permeation pathway, I hypothesized that this region functioning 

as CFTR’s gate may also assume a role of the anion selectivity filter for CFTR. Supporting 

this idea is the fact that two conserved residues T338 and S341, defining respectively 
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the external and internal brink of the narrow region, contain a hydroxyl group that is 

used to coordinate the passing chloride ion in the crystal structures of the solved CLC 

proteins (Dutzler et al., 2002). In addition, mutations on either position reduce the 

single-channel conductance of CFTR (Bai et al., 2010). If the side chains of these two 

amino acids indeed play a role in binding of the permeating anions, one expects an 

alteration of anion selectivity with the mutations (McCarty and Zhang, 2001). In 

addition, the hypothesis that this same segment also constitutes CFTR’s gate predicts 

perturbations of gating with mutations at these two functionally critical positions in the 

pore.  

        As CFTR is an anion-selective channel, it has to be equipped with the capability of 

differentiating anions from cations. In Chapter 4, I showed that the divalent cation 

cadmium can reach 341C from the intracellular side, and 338C from the extracellular 

side of the pore. Thus, the task of anion-over-cation selectivity likely also falls into the 

reign of this very segment of the pore. I have carried out some preliminary experiments 

using oppositely charged thiol-reactive probes to test this idea. As shown in Figs. 5.1 and 

5.2, while the negatively charged [Ag(CN)2]- can pass through the narrow region from 

extracellular side to reach a cysteine introduced in the internal vestibule at position 

1141 in TM12, Ag+, which has a smaller size compared with chloride, does not alter the 

current generated by the same mutant, indicating that either the narrow region serves 

as a charge filter for the channel, or the interaction between silver and 1141C does not 

induce apparent gating or permeation effects. More studies are definitely needed to  
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Figure 5.1. Penetration of negatively charged [Ag(CN)2]- through the narrow region in 

CFTR’s pore. (A) In whole-cell experiments, 50 µM extracellular [Ag(CN)2]- hardly 

altered current generated by WT/Cysless CFTR channels in the presence of the channel 

agonist―forskolin, but a CFTR pore blocker―GlyH-101 (Norimatsu et al., 

2012)―significantly abolished the current. (B) Contrary to that shown in (A), 50 µM 

[Ag(CN)2]- applied from the extracellular side effectively inhibited 1141C (TM12) current 

to a great extent, indicating an interaction of 1141C and [Ag(CN)2]-, although later 

removal of the probe relieved the inhibition. Note a higher current level was achieved 

after washout of [Ag(CN)2]- for reasons unclear and an instant current decrease upon 

application of the channel blocker, GlyH-101.  
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Figure 5.2. Responses of cysteine introduced at different positions in CFTR’s pore 

suggest possible location of CFTR’s selectivity filter. (A) Together with 10 µM forskolin, 

1 µM extracellular Ag+ did not apparently inhibit WT/Cysless CFTR current, which was 

subsequently blocked by GlyH-101. (B) After a biphasic inhibition by 1 µM Ag+, 338C 

whole-cell current was slowly but completely restored by simply excluding the metal ion 

from the bath solution, indicating that the Ag+ did bind to 338C, which excludes a 

selectivity filter for CFTR extracellular to position 338 in TM6. Note GlyH-101 readily 

abolished the restored current. (C) Similar experimental protocol to that in (A) and (B) 

was performed on the 1141C that is located in the internal vestibule. However, the 

1141C current was not altered at all during ~ 2 minutes’ application of 1 µM 
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extracellular Ag+. Again, GlyH-101 diminished almost all of 1141C current at the end of 

the recording.    
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differentiate these two scenarios to elucidate the physicochemical mechanism of CFTR’s 

selectivity filter.  

 

5.4. Concluding remarks   

        Collectively, the experimental results presented in this dissertation have greatly 

advanced our understanding of CFTR’s pore domain, significance of which can be better 

appreciated when they are used to examine the potential evolutionary relationship 

between this unique channel protein and its brethren in the ABC transporter family. 

Moreover, while there are still many more questions concerning the structural 

mechanisms of CFTR function to address, I believe my studies, taking full advantages of 

the unique chemistry of cysteine’s thiol group, have spawned a unified picture of CFTR’s 

pore-forming domain. It seems safe to say that my investigations of the 

structure/function relationship of CFTR’s TMDs, together with previous extensive work 

on the NBDs (Jih and Hwang, 2012), have ushered us one step closer to a 

comprehensive understanding of the molecular mechanism of CFTR function. With a bit 

of luck, these mechanistic insights into CFTR’s function as a transporter-turned chloride 

channel could serve as a conceptual basis for future development of pharmaceutical 

reagents for the treatment of CF and secretory diarrhea.  
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