
present in the cell cytoplasm, and recently this blocking 
effect has been suggested to play a role in the physio-
logical control of CFTR channel function, in particular as 
a novel mechanism linking CFTR function dynamically 
to the composition of epithelial cell secretions. It has 
also been suggested that future drugs could target this 
same pathway as a way of pharmacologically increasing 
CFTR activity in cystic fibrosis. Studying open channel 
blockers and their mechanisms of action has resulted in 
significant advances in our understanding of CFTR as a 
pharmacological target in disease states, of CFTR chan-
nel structure and function, and of how CFTR activity is 
controlled by its local environment.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core Tip: This review summarizes our understanding 
of small molecules that inhibit the cystic fibrosis trans-
membrane conductance regulator (CFTR) by blocking 
the channel pore. It describes how such inhibitors could 
be used in the treatment of diarrhea and hereditary 
kidney disease; how studying these inhibitors’ mecha-
nisms of action has led to advances in our understand-
ing of CFTR channel structure and function; and how 
substances acting via  this mechanism could contribute 
to the physiological control of CFTR function in epi-
thelial cells. Ironically, studying channel inhibitors has 
recently led to the discovery of a new class of CFTR 
potentiators that could be used to treat cystic fibrosis.
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Abstract
Dysfunction of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) chloride channel causes cys-
tic fibrosis, while inappropriate activity of this channel 
occurs in secretory diarrhea and polycystic kidney dis-
ease. Drugs that interact directly with CFTR are there-
fore of interest in the treatment of a number of disease 
states. This review focuses on one class of small mol-
ecules that interacts directly with CFTR, namely inhibi-
tors that act by directly blocking chloride movement 
through the open channel pore. In theory such com-
pounds could be of use in the treatment of diarrhea 
and polycystic kidney disease, however in practice all 
known substances acting by this mechanism to inhibit 
CFTR function lack either the potency or specificity for 
in vivo use. Nevertheless, this theoretical pharmaco-
logical usefulness set the scene for the development 
of more potent, specific CFTR inhibitors. Biophysically, 
open channel blockers have proven most useful as ex-
perimental probes of the structure and function of the 
CFTR chloride channel pore. Most importantly, the use 
of these blockers has been fundamental in developing a 
functional model of the pore that includes a wide inner 
vestibule that uses positively charged amino acid side 
chains to attract both permeant and blocking anions 
from the cell cytoplasm. CFTR channels are also subject 
to this kind of blocking action by endogenous anions 
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INTRODUCTION
Cystic fibrosis (CF) is the most common fatal autosomal 
recessive disease affecting Caucasians, with around 80000 
CF sufferers in the world today. CF is caused by muta-
tions that cause loss of  function of  the CF transmem-
brane conductance regulator (CFTR) protein[1]. Over 
1900 different mutations that affect the transcription, 
synthesis, trafficking, turnover, or function of  CFTR 
have been shown to cause CF. CFTR is expressed in the 
apical membrane of  many different epithelial tissues, 
where it plays a central role in epithelial Cl-, HCO3

-, and 
fluid transport[2]. As a consequence, CF is associated with 
respiratory, pancreatic, gastrointestinal, and reproductive 
disease that results from deficient salt and fluid secretion 
in these epithelia[1,3]. Conversely, inappropriately elevated 
CFTR function results in excessive intestinal fluid secre-
tion in secretory diarrhoeas such as that associated with 
cholera[4]. CFTR-mediated Cl- transport by renal epithe-
lial cells also underlies fluid accumulation and growth 
of  renal cysts in autosomal dominant polycystic kidney 
disease (ADPKD), the most common hereditary kidney 
disease[5]. The involvement of  CFTR in such common 
and serious disease states makes it an attractive target for 
therapeutic intervention. Many different small molecules 
interact directly with the CFTR protein, and these have 
proven useful experimental tools. The therapeutic poten-
tial of  drugs that act directly with CFTR is also receiving 
increasing interest. This review focuses on one class of  
small molecules interacting with CFTR-those that directly 
block Cl- movement through the open channel pore.

OVERVIEW OF CFTR ARCHITECTURE
CFTR is a member of  a large family of  membrane pro-
teins, the adenosine triphosphate (ATP)-binding cassette 
(ABC) proteins, most members of  which function as 
active transport ATPases[6,7]. CFTR appears to be unique 
within the ABC family in functioning instead as an ATP-
dependent Cl- channel[8]. The structure and function of  
CFTR has been reviewed in detail recently[8-12] and will  be 
described only briefly here. In common with other ABC 
proteins, CFTR has a modular architecture, consisting of  
two membrane-spanning domains (MSDs) each compris-
ing six transmembrane α-helices (TMs) (Figure 1). Each 
MSD is followed by a cytoplasmic nucleotide binding do-
main (NBD), and the two MSD-NBD modules are joined 
by a cytoplasmic regulatory domain (R domain) that is 
unique to CFTR. The modular architecture of  CFTR also 
corresponds with its defining functional features. The 
R domain contains multiple consensus phosphorylation 
sites for protein kinase A and protein kinase C, allowing 
the channel to be regulated physiologically by hormones 
that act through these protein kinases. Phosphorylation 

of  the R domain is a prerequisite for channel activity. Fol-
lowing R domain phosphorylation, CFTR channel gating 
(opening and closing) is controlled by ATP binding and 
hydrolysis at a dimer of  the two NBDs. The NBDs also 
make physical contact with the long intracellular loops 
(ICLs) that join individual TMs (Figure 1). The chan-
nel pore that forms the transmembrane pathway for the 
movement of  Cl- ions is formed by a pseudo-symmetrical 
arrangement of  the two MSDs. Recent evidence suggests 
that the ICLs form a functional link that allows a confor-
mational rearrangement initiated by ATP interaction with 
the NBDs to be transmitted to the TMs, controlling the 
opening and closing the channel pore.  

The channel pore itself  has been studied using a 
combination of  structural[10,13], functional[8,14], substituted 
cysteine accessibility[8,15,16] and molecular modeling[17-21] 
approaches. A simple model of  the proposed overall 
functional architecture of  the pore is shown in Figure 
1C. The pore is thought to have a relatively narrow re-
gion over which discrimination between different anions 
is predominantly determined. This region is flanked by 
outer and inner vestibules, with functional evidence sug-
gesting that the inner vestibule is both deeper and wider. 
Of  the 12 TMs (Figure 1), TM6 appears to play a domi-
nant role in determining functional interactions between 
the narrow pore region and permeating anions[15,22]. TM1, 
TM6, TM11 and TM12 all contribute to the inner ves-
tibule[15,23-29], while TM1, TM6, TM11, TM12, and the 
extracellular loops (ECLs) adjacent to these TMs con-
tribute to the outer vestibule[16,30-33]. As described in detail 
below (see “Biophysical Relevance”), residues from TM1 
(K95), TM5 (R303), TM6 (S341) and TM12 (S1141) have 
all been proposed to interact with CFTR open channel 
blockers (Figure 1D and E).

CFTR CHANNEL BLOCKERS
The first kinds of  CFTR inhibitors to be identified were 
those that act as open channel blockers[34,35] (Figure 2). 
These are substances that enter into the open channel 
pore and physically occlude it, temporarily preventing 
the flow of  Cl- ions until the blocker molecule dissoci-
ates from the pore. Many diverse substances share this 
mechanism of  CFTR channel block, the best known (and 
best studied) of  which are sulfonylureas such as gliben-
clamide[36-42] and related substances[36,42-44], arylaminoben-
zoates such as 5-nitro-2-(3-phenylpropylamino) benzoic 
acid (NPPB) and diphenylamine-2-carboxylate[23,45-48], and 
disulfonic stilbenes such as 4,4’-diisothiocyanostilbene-
2,2’-disulfonic acid and 4,4’-dinitrostilbene-2,2’-disulfonic 
acid (DNDS)[49]. Detailed biophysical analysis of  the 
blocking effects of  these groups of  negatively charged 
substances reveal a number of  common features that 
may reflect a common mechanism of  action. In each case 
the blocker enters the pore only from its cytoplasmic end 
to reach its binding site inside the channel pore (Figure 
2); block is voltage-dependent, being stronger at more 
hyperpolarized voltages that favour entry of  negatively 
charged substances into the pore from its cytoplasmic 
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end; and block is sensitive to the extracellular Cl- concen-
tration, being stronger at low Cl- and weaker at higher 
Cl-. Each of  these defining features tells us something 
about the mechanism of  inhibition and the location of  
the blocker binding site. Inhibition from the cytoplasmic 
side of  the membrane was originally used to suggest that 
the open CFTR channel pore is structurally asymmetric, 
with a wide inner vestibule that is easily accessible from 
the cytoplasm[35,49], and a narrower extracellular entrance 
that prevents the entry of  large substances from the ex-
tracellular solution (Figure 2). Voltage-dependent block 
suggests that the blocker binding site is located within the 

transmembrane electric field, such that the blocker appar-
ently experiences at least part (generally about 20%-50%) 
of  this electric field as it moves between the cytoplasm 
and its binding site inside the pore. While the relation-
ship between distance across the transmembrane electric 
field and physical distance across the membrane itself  is 
neither direct nor straightforward, this voltage-depen-
dence is consistent with the blocker moving into the 
membrane-spanning parts of  CFTR to access the blocker 
binding site. Finally, sensitivity of  block to the extracel-
lular Cl- concentration is usually ascribed to repulsive 
electrostatic interactions between Cl- and the negatively 
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Figure 1  Three-dimensional and two-dimensional representations of cystic fibrosis transmembrane conductance regulator structure. A: Atomic homology 
model of cystic fibrosis transmembrane conductance regulator in a so-called “channel like” conformation[20]. Different colours are used to illustrate the approximate 
extent of the extracellular loops (ECLs, red), transmembrane domains (TMs, green), intracellular loops (ICLs, blue), and two nucleotide binding domains (NBD1, cyan; 
NBD2, magenta). The cytoplasmic R domain is not included in this homology model; B: Schematic representation of these different domains (and the R domain), us-
ing the same colour scheme; C: Functional model of pore architecture. As described in the text, experimental evidence suggests that the pore has a narrow region 
that is connected to the cytoplasmic and extracellular solutions by a wide inner vestibule and a narrower outer vestibule, respectively; D: Location of putative blocker-
interacting residues in the TMs (K95-TM1; R303-TM5; S341-TM6; S1141-TM12) within the same homology model shown in A. E: Location of these same residues in 
the same schematic model shown in B.
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charged blocker molecule that take place when both are 
bound simultaneously within the open channel pore. 

Many or all of  these features of  the blocking reac-
tion have been observed with other, unrelated blocking 
anions, including substrates of  related ABC proteins[50,51] 
such as the conjugated bile salt taurolithocholate-3-sulfate 
(TLCS) and the conjugated steroid β-estradiol 17-(β-d-
glucuronide), indazole compounds such as lonidam-
ine[52,53], short-chain fatty acids butyrate and 4-phenyl-
butyrate[54], the fluorescein derivative phloxine B[55], and 
even commonly used experimental compounds such as 
the pH buffer 3-(4-morpholino) propane sulfonic acid[56] 
and the negatively charged cysteine-reactive reagent 
(2-sulfatoethyl) methanesulfonate (MTSES)[57]. Together 
these open channel blocking substances represent a large 
and structurally diverse group of  organic anions, suggest-
ing that entry of  anions into the CFTR Cl- channel pore 
from its cytoplasmic end is a process that shows little 
specificity or size discrimination. Furthermore, most of  
these blockers show relatively low potency (dissociation 
constants usually in the micromolar to millimolar range, 
depending on voltage). At the single channel level, these 
blockers may cause discrete “flickers” in the open chan-
nel current (due to resolved individual blocking events)[3

7,38,44,45,47,49,51,52], or an apparent reduction in single channel 
current amplitude where blocking and unblocking are too 

fast to be resolved at the bandwidth used for patch clamp 
recording[44,48,50,54,56-58]. These effects reflect kinetically 
“intermediate” and “fast” blocking and unblocking reac-
tions, respectively, according to the scheme proposed by 
Hille[59]. The low apparent affinity of  CFTR open channel 
blockers limits their potential for use in vivo. Furthermore, 
many of  these substances also block other classes of  Cl- 
channels[34,60], perhaps reflecting some structural similarity 
amongst Cl- channel pores that results in similar sensitiv-
ity to block by organic anions[14].

In more recent years, high-throughput screening tech-
nologies have been used to identify more potent CFTR 
inhibitors[61]. The thiazolidinone CFTRinh-172 inhibits 
CFTR from the cytoplasmic side of  the membrane at 
sub-micromolar concentrations[62], due to a voltage-inde-
pendent effect on channel gating[63,64]. Glycine hydrazides 
such as GlyH-101 cause voltage-dependent block from 
the extracellular side of  the membrane at low micromo-
lar concentrations[65]. These substances appear to inhibit 
CFTR by different mechanisms than that described 
above and in Figure 2 for intracellular open channel 
blockers. CFTRinh-172 has been shown to bind preferen-
tially to open channels, perhaps triggering a conforma-
tional change to an “inactivated” nonconducting state[64]. 
GlyH-101 does appear to act as an open channel blocker, 
however acting from the extracellular side of  the mem-

29WJBC|www.wjgnet.com February 26, 2014|Volume 5|Issue 1|

Linsdell P. CFTR chloride channel blockers

Figure 2  Mechanism of open channel blocker action. A: Chemical structures of three well-known voltage-dependent cystic fibrosis transmembrane conductance 
regulator (CFTR) channel blockers: the sulfonylurea glibenclamide, the aryl amino benzoate 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), and the disulfonic 
stilbene 4,4’-dinitrostilbene-2,2’-disulfonic acid (DNDS). B-D: Characteristic functional properties of block shared by these and other CFTR open channel blockers: 
block is side-dependent, voltage-dependent, and sensitive to extracellular Cl- concentration; B: Blockers enter the pore only from its cytoplasmic end, likely because 
the extracellular entrance to the pore is too small and/or the narrow pore region prevents them from accessing their binding site in the wide inner vestibule; C: Block is 
relatively strengthened at hyperpolarized membrane potentials that favour entry of negative substances into the pore from the cytoplasm, and weakened at depolar-
ized membrane potentials that favour anion retention in the cytoplasm; D: Block is weakened at higher extracellular Cl- concentrations; this is usually ascribed to a 
“knock-off” mechanism whereby Cl- entering the pore from its extracellular end electrostatically repels negatively charged blockers back into the cytoplasm, destabiliz-
ing blocker binding inside the pore.
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brane[65], perhaps becoming lodged close to the narrow 
pore region to occlude Cl- permeation[66]. These two potent 
and relatively selective inhibitors have become drugs of  
choice for experimental inhibition of  CFTR activity; be-
cause of  their different sidedness of  action, CFTRinh-172 
is preferred when applied to the intracellular side of  the 
membrane, and GlyH-101 for extracellular application.

Finally, a 3.7 kDa peptide toxin isolated from scorpion 
venom and named GaTx1 inhibits CFTR channels from 
the cytoplasmic side of  the membrane at sub-micromolar 
concentrations[67]. Although the molecular mechanism of  
GaTx1 inhibition is not well defined, this substance has 
been described as acting as a non-competitive inhibitor 
of  channel gating[67,68], with no demonstrated open chan-
nel blocking action. Currently GaTx1 is the only known 
peptide inhibitor of  CFTR.

PHARMACOLOGICAL RELEVANCE
Because of  the inviolable relationship between loss of  
CFTR function and CF, there is tremendous current 
interest in the identification and development of  small 
molecules that directly interact with the CFTR protein 
to increase its function (known as CFTR “potentia-
tors”)[1,69-72]. On the other hand, it has long been suggest-
ed that CFTR channel blockers could (at least in theory) 
be used in the treatment of  secretory diarrhoea and 
ADPKD[35,73]. CFTR inhibitors have also been suggested 
as potential male contraceptives[53,74]. As described above, 
known intracellular-active open channel blockers lack 
either the potency or the specificity for in vivo use. How-
ever, the higher affintiy CFTR inhibitors CFTRinh-172 
and GlyH-101 have been shown to be effective in in vitro 
and in vivo models of  secretory diarrhea[62,65,75]. Moreover, 
non-absorbable lectin conjugated forms of  GlyH-101 
were active against cholera-induced fluid secretion and 
mortality in mice when administered orally[76]. Similarly, 
CFTRinh-172 and GlyH-101 (or closely related substanc-
es) have been shown to retard cyst growth in in vitro[77,78] 
and in vivo[78] models of  ADPKD. The therapeutic po-
tential of  potent and specific CFTR inhibitors has been 
discussed in several recent reviews[61,79,80].

BIOPHYSICAL RELEVANCE
Since open channel blockers bind to specific sites within 
the channel pore with relatively high affinity (compared 
to Cl- and other permeant anions), they have proven 
invaluable probes of  the structure and function of  the 
Cl- permeation pathway. Mutations in TM6 and TM12 
have been shown to alter the affinity of  block by arylami-
nobenzoates[23,46], sulfonylureas[42,81] and lonidamine[52], 
consistent with functional evidence[25-28,82] and molecular 
models[17-21] that suggest that these two TMs make sub-
stantial contributions to the inner vestibule of  the pore 
where the blocker binding site is thought to reside (Figures 
1 and 2). Because open channel blockers are anions, and 
because positively charged amino acid side chains in the 

CFTR channel pore are known to play important roles in 
electrostatic attraction of  Cl- ions[24,30,31,82,83], much atten-
tion has also been placed on the role of  such fixed posi-
tive charges in interactions with blockers. In particular, 
mutations that remove the positive charge at lysine resi-
due K95 in TM1 (Figure 1D and E) dramatically reduce 
the channel blocking affinity of  glibenclamide, DNDS, 
lonidamine, NPPB and TLCS[24,82]. This finding suggests 
that these structurally diverse open channel blockers 
share a common molecular mechanism of  block - they 
are attracted into the wide inner vestibule by electrostatic 
attraction between the negative charge on the blocker 
molecule and the positive charge on the lysine side chain 
at K95, and once in the inner vestibule they bind tightly 
enough to occlude the pore and temporarily prevent Cl- 
permeation (Figure 3). This model of  blocker binding in 
the pore inner vestibule is also supported by a recent in 
silico investigation of  blocker docking inside the pore of  
an atomic homology model of  CFTR[20]. Neutralization 
of  fixed positive charge in the inner vestibule by muta-
genesis of  K95 also decreases single channel Cl- conduc-
tance by about 85%[22,29,82], suggesting that this positive 
charge also plays an important role in the normal Cl- 
permeation mechanism, most likely due to electrostatic 
attraction of  Cl- ions. The functional importance of  the 
positive charge on the side chain of  K95 may explain 
the sensitivity of  CFTR to broad range of  intracellular 
anionic blockers: a positive charge in the inner vestibule 
is necessary to attract Cl- ions and so maximize the rate 
of  Cl- permeation, however, this fixed positive charge 
also attracts all anions in the cytoplasm, many of  which 
reside within the wide inner vestibule for long enough to 
temporarily block the passage of  Cl- ions beyond into the 
narrow pore region. Mutagenesis of  all positively charged 
lysine and arginine residues within the TMs suggests that 
K95 plays a unique role within the pore inner vestibule in 
attracting permeant and blocking ions[31,83], although other 
positive charges may also play somewhat analogous roles 
in attracting cytoplasmic ions to more superficial parts of  
the pore close to its intracellular mouth.

If  K95 does play a unique role in attracting anions 
into the pore inner vestibule - suggesting that it might be 
the only fixed positive charge located close to the blocker 
binding site within this vestibule[82] then what would 
be the effect of  adding a second positive charge to the 
walls of  this vestibule? This question has been addressed 
by using mutagenesis to introduce additional positively 
charged lysine residues at positions that have been shown 
to donate pore-lining side chains to the pore inner ves-
tibule. Initially it was demonstrated that the unique, im-
portant role played by the positive charge at K95 could 
be “moved” from TM1 to TM12. Thus, while the charge-
neutralizing K95S mutation dramatically decreased both 
Cl- conductance and sensitivity to open channel blockers, 
the double mutant K95S/S1141K showed similar single 
channel conductance and open channel blocker binding 
properties as wild type CFTR[82]. This “rescue” of  chan-
nel function suggests that these two amino acids play 
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interchangeable roles within the pore inner vestibule, in 
that either could effectively host the positive charge that 
supports interactions with Cl- and blocking anions[82] 
(Figure 4). Substituted cysteine accessibility mutagenesis 
and disulfide cross-linking experiments indicated that the 
amino acid side chains at these two positions line the in-
ner vestibule in open channels and that these side chains 
are in close physical proximity[82]. Subsequent experiments 
showed that the positive charge from K95 could similarly 
be transplanted to different pore-accessible positions in 
TM6 (I344, V345, M348, A349), as well as a site closer 
to the extracellular end of  TM1 (Q98)[29]. Thus it appears 
that the exact location of  the positive charge in the pore 
inner vestibule is not critical to support channel function. 
The ability of  other sites in TMs 1, 6 and 12 to accom-
modate the positive charge that normally resides at K95 
then allowed investigation of  the effects of  introducing 
a second positive charge at these sites (by mutagenesis 

to lysine) while retaining the positive charge at K95 - in 
effect, increasing the number of  positive charges lo-
cated deep in the pore inner vestibule from one to two 
(Figure 4). Interestingly, at no site tested (Q98K, I344K, 
V345K, M348, A349K, S1141K) did the addition of  a 
second positive charge increase single channel conduc-
tance[29,82]. This suggests that, while the presence of  one 
positive charge is essential for normal Cl- conductance, 
a second positive charge provides no additional benefit. 
However, a second fixed positive charge (in S1141K) 
increased the strength of  block by cytoplasmic NPPB, 
and also induced apparent voltage-dependent channel 
block by polyvalent anions present in the experimental 
solutions (ATP, pyrophosphate)[82], suggesting that the 
number of  positive charges was correlated with open 
channel blocker potency (Figure 4). This suggestion was 
most strongly supported using the small divalent anion 
Pt(NO2)4

2-, which also causes voltage-dependent open 
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Figure 3  Location of amino acid residues key for blocker interactions in the pore inner vestibule. A: The positively charged side chain of lysine residue K95 
is essential for block, due to electrostatic attraction between this positive charge and the negatively charged blocker. However, this important charge can also be sup-
ported by other amino acid side chains that line the pore inner vestibule. B, C: Sites that have been shown to host positive charge that can support block are shown in 
an atomic homology model of the whole cystic fibrosis transmembrane conductance regulator protein (B) and in a detailed view of the central portions of TMs 1, 6 and 
12 (C) the area highlighted in (B). The endogenous positively charged side chain of K95 is shown in red; those residues that were deemed best able to support this 
functionally important positive charge in orange (V345, S1141) or yellow (I344); and those that were able to host this positive charge to a lesser extent in blue (Q98, 
S341, M348) or green (A349). The homology model used here is the “channel like” conformation presented by ref[20] and shown in Figure 1A; other models give similar 
relative positions of these pore-lining side chains.

Figure 4  Importance of the number of fixed positive charges in the pore inner vestibule. The importance of electrostatic interactions with the pore inner ves-
tibule is demonstrated by the finding that the strength of block can be decreased or increased by mutations that decrease or increase, respectively, the number of 
positively charged amino acid side chains in the pore inner vestibule area shown in Figure 3C. A: Block is relatively weak in when the endogenous positive charge is 
removed, for example as in the K95Q mutation; B: Block is of similar strength to that observed in wild type cystic fibrosis transmembrane conductance regulator when 
the positive charge is “transplanted” to other, nearby sites, for example as in the double mutants K95Q/I344K, K95Q/V345K, and K95S/S1141K; C: Block is relatively 
strong when a second positive charge is introduced, for example as in I344K, V345K and S1141K.
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channel block in a K95-dependent manner[84,85]. Addition 
of  a second positive charge to nearby pore-lining sites in 
TM6 (I344K, V345K) or TM12 (S1141K) led to a dra-
matic (40-100 fold) increase in the apparent affinity of  in-
tracellular Pt(NO2)4

2- block[29,82], suggesting that increasing 
the number of  positive charges in the pore has a greater 
impact on interactions with multivalent anions (such as 
Pt(NO2)4

2- and ATP) than monovalent anions such as 
Cl-. Positive charges introduced at other sites within the 
pore inner vestibule (Q98K, S341K, M348K, A349K) 
also supported strengthened Pt(NO2)4

2- block, albeit to 
a lesser extent. These findings, summarized in Figure 4, 
led to the hypothesis that one positive charge in the inner 
vestibule (as in wild type CFTR) was optimum for CFTR 
channel function[82]. Thus, removal of  the one endog-
enous positive charge (as in K95Q or K95S) decreases 
channel function due to reduced electrostatic attraction 
of  Cl- ions and a resulting dramatic decrease in channel 
conductance. This effect can be “rescued” by introducing 
a positive charge at other, nearby positions (as in K95S/
S1141K and K95Q/V345K). Conversely, addition of  a 
second positive charge (as in I344K, V345K, S1141K and 
other lysine substitutions) results in no further increase in 
Cl- conductance but increases the electrostatic attraction 
of  multivalent anions that block the pore, resulting in an 
overall decrease in channel function. Thus the greatest 
importance of  a single fixed positive charge in the inner 
vestibule may be in conferring preference for monovalent 
anions, including the physiological channel transport sub-
strates Cl- and HCO3

-.
If  one is the optimum number of  positive charges in 

the inner vestibule to maximize channel function, where 
is the optimal location for this charge? Since normal 
channel function can be rescued by moving the positive 
charge to other, nearby sites in TM1, TM6 or TM12, the 
exact location of  this charge does not appear to be criti-
cal[29]. Of  all sites tested as hosts of  the positive charge 
(K95, Q98 in TM1; S341, I344, V345, M348, A349 in 
TM6; S1141 in TM12), K95 appears optimal in terms 
of  maximizing single channel conductance[29]. In terms 
of  both single channel conductance and blocker binding 
properties, I344, V345 and S1141 appeared to be the best 
locations for a positive charge to reproduce wild type 
properties, with Q98, S341, M348 and A349 also being 
able to host this positive charge to some extent[29]. Simi-
larly, a second positive charge at I344, V345 or S1141 had 
the greatest impact on divalent Pt(NO2)4

2- block[29]. These 
ideas are presented graphically, within the framework of  
a recent atomic homology model of  CFTR, in Figure 
3C. Within this model, the side chains of  I344, V345 and 
S1141 appear to be at approximately the same “depth” 
into the channel pore as K95; with Q98 and S341 being 
located more deeply into the pore from its cytoplas-
mic end, and M348 and A349 closer to the cytoplasmic 
mouth of  the pore. This relative location of  amino acids 
is also supported by experimental evidence that disulfide 
bonds can be formed between cysteine side chains sub-
stituted for K95 and S1141[82], as well as between K95C 

and I344C and between Q98C and I344C[86]. This model 
suggests that it is location along the axis of  the channel 
pore that is most important in defining the functional 
effects of  a positive charge in the pore inner vestibule: 
residues close to the endogenous site at K95 are best able 
to substitute and rescue pore function, while residues 
either further from, or closer to, the cytoplasmic entrance 
of  the pore are less able to host this important positive 
charge. This is consistent with molecular modeling stud-
ies that show open channel blockers docked within the 
pore inner vestibule and with their negative charges close 
to the positive charge of  K95[20].

As described above, interaction with the positive 
charge at K95 and occlusion of  the pore inner vestibule 
appears to be the molecular mechanism of  many dif-
ferent kinds of  CFTR open channel blockers, including 
those shown in Figure 2. However, a second blocker 
binding site was identified using the large, polyvalent or-
ganic anion suramin[87]. Suramin causes potent, voltage-
independent block of  CFTR channels exclusively from 
the intracellular side of  the membrane[87,88]. Furthermore, 
block by intracellular suramin is independent of  extra-
cellular Cl- concentration, and completely unaffected by 
removal of  the key positive charge in the inner vestibule 
in the K95Q mutant[87]. This suggests that suramin does 
not enter deeply enough into the pore inner vestibule to 
experience electrostatic interaction with K95, perhaps 
because the suramin molecule is simply too big to pass 
into this restricted pore region. In contrast, suramin 
block was weakened in an electrostatic fashion by muta-
genesis of  another positively charged amino acid, R303 
at the cytoplasmic end of  TM5[87] (Figure 1D and E). 
This result was consistent with the previous finding that 
the positive charge of  R303 attracts intracellular Cl- ions 
to the cytoplasmic entrance of  the pore[83] and suggests 
that the large suramin molecule may be able to occlude 
the cytoplasmic mouth of  the pore to prevent Cl- move-
ment into or out of  the pore. As shown in Figure 5, this 
proposed molecular mechanism of  suramin action is 
consistent with observed biophysical differences between 
suramin block and block by other (smaller) open chan-
nel blockers that interact with K95 (see above). Because 
of  its size, suramin does not penetrate deeply into the 
inner vestibule; as a result, it does not traverse enough 
of  the transmembrane electric field to generate measur-
able voltage-dependence of  block, it does not reside in 
close proximity to Cl- ions bound within the channel pore 
(perhaps in the narrow pore region or close to the outer 
extent of  the inner vestibule) and so does not experience 
the kind of  repulsive electrostatic interactions that are 
thought to underlie extracellular Cl- dependence, and it 
does not approach close enough to K95 to experience 
attractive electrostatic interactions with this positively 
charged residue (Figure 5). Electrostatic interaction with 
R303 near the cytoplasmic mouth of  the pore may also 
contribute to the inhibitory effects of  other substances 
on CFTR, for example arachidonic acid[89].
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PHYSIOLOGICAL RELEVANCE
CFTR channel currents are routinely studied in excised, 
inside-out membrane patches, where the current-voltage 
relationship is uniformly linear[90,91] (Figure 6). Conversely, 
CFTR channel currents in intact cells, including native 
epithelial cells[92-94], cardiac myocytes[95,96], and many dif-
ferent heterologous expression systems[82,97-99], exhibit 
outward rectification of  the current-voltage relation-
ship, such that outward currents (carried by Cl- influx) 
show greater conductance than inward currents (carried 
by Cl- efflux) (Figure 6). This rectification - and its dis-
appearance in cell-free membrane patches - led to the 
longstanding suggestion that CFTR channels in intact 
cells are subject to voltage-dependent block by unknown 
cytosolic anions[58,97,100]. This appears to reflect predomi-
nantly a voltage-dependent flickery block by cytosolic 
anions that is lost when the membrane patch is excised 
from the cell[94,97,98,100], although differences in single chan-
nel conductance in cell-attached and excised patches have 
also been reported[92,95,97]. Detailed single channel record-
ing experiments from cell-attached membrane patches 
suggested that the flickery blocking mechanism was 
functionally analogous to that generated by exogenous 
voltage-dependent blocking anions with intermediate 
blocking and unblocking kinetics[100]. Open channel block 
as the mechanism of  outward rectification was further 

supported by the more recent finding that inhibition of  
currents in intact cells was reduced in K95Q-CFTR and 
(to a lesser extent) R303Q-CFTR[101]. This indicates that 
the unknown cytosolic blocking anions interact with 
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Figure 5  Two distinct proposed mechanisms of block by cytoplasmic 
anions. A: The effects of most blockers are voltage- and Cl- dependent (as 
described in Figure 2) and are sensitive to mutations that remove the positive 
charge at K95; B: The large multivalent anion suramin blocks the channel in a 
voltage- and Cl- independent fashion, and its effects are dependent on a posi-
tive charge at R303 but independent of K95. This is interpreted as the large 
suramin molecule blocking the cytoplasmic entrance to the pore; at a site that 
does not involve entering significantly into the transmembrane electric field or 
approaching close enough to Cl- ions inside the pore to experience repulsive 
electrostatic interactions.

Figure 6  Channel block by cytoplasmic anions in intact cells and its 
dependence on extracellular anions. A: During patch clamp recording from 
intact cells, cystic fibrosis transmembrane conductance regulator (CFTR) chan-
nels in the cell membrane are subject to block anions present in the cytoplasm 
of the cell (left). This blocking effect is lost when the patch of membrane is 
excised into the inside-out patch configuration (right); B: Example of this effect 
during macroscopic CFTR current recording from a baby hamster kidney cell 
expressing human CFTR, as described in detail[82]. Currents were recorded 
before (red) and after (black) excision of the patch from the cell, during voltage 
steps to between -100 mV and +100 mV in 20 mV increments from a holding 
potential of 0 mV. Dotted line represents the zero current level; C: Current-
voltage relationships for the currents shown in (B). Note the outward rectifica-
tion of the relationship in cell-attached recording (red) due to voltage-dependent 
channel block, and loss of this blocking effect following patch excision (black); 
D: Similar example current-voltage relationships from baby hamster kidney cell 
membrane patches when the extracellular solution contained 150 mmol/L NaCl 
(left) or 150 mmol/L NaHCO3- (right), as described in detail[101]. Note that the 
apparent degree of block in cell attached patches (red) is stronger when the ex-
tracellular solution contains HCO3- compared to Cl-, an effect quantified in detail 
in ref. [101]. 

A B

Voltage
dependence:

[Cl]
dependence:

Sensitivity to
mutations: K95 R303

A

B

C

D

Cell attached Excised patch

2 nA

100 ms

Chloride out Bicarbonate out

Cell attached
Excised patch

I (pA)

V (mV)

10000

5000

0

-5000

-10000

-120 -80  -40   0    40   80  120

I (pA)

V (mV)

I (pA)

-100 -50 50

1000

0

-1000

-2000

-3000

-100 -50 50

-500

-1000

-1500

Linsdell P. CFTR chloride channel blockers



34WJBC|www.wjgnet.com February 26, 2014|Volume 5|Issue 1|

these positively charged residues in the CFTR pore in 
intact cells, much as had previously been shown for exog-
enous channel blockers. 

While outward rectification of  CFTR currents in 
intact cells-and the weak form of  voltage-dependence it 
confers on CFTR channel currents (Figure 6) has long 
been recognized, only recently has it been suggested 
that the voltage-dependent channel block that underlies 
this voltage-dependence might fulfil some kind of  chan-
nel regulatory role. Just as block by exogenously applied 
open channel blockers is sensitive to extracellular Cl- 
(Figure 2D), so too is block by endogenous cytosolic 
anions in intact cells[82,100,101] (Figures 6D and Figure 7). 
This is not surprising if, as described above, these two 
intracellular voltage-dependent blocking effects share a 
common molecular mechanism. Recently it was proposed 
that this Cl- dependence might be one mechanism that 
allows CFTR conductance to be regulated by the com-
position of  secreted fluid bathing the extracellular face 
of  epithelial cells[101]. Most CFTR-expressing epithelia 
secrete substantial amounts of  Cl- and HCO3

- (up to 
140 mmol/L HCO3

- in the case of  the pancreas[102]) in a 
CFTR-dependent fashion[2,103,104]. Furthermore, in many 
epithelia the concentrations of  Cl- and HCO3

- in secreted 
fluid vary greatly under physiological conditions[102,104-110]. 
Interestingly, it was shown that voltage-dependent block 
of  CFTR in intact cells was significantly stronger under 
high extracellular (HCO3

-) conditions than under high 
extracellular Cl- conditions[101]. This suggests that extra-
cellular HCO3

- is unable to substitute for Cl- in relieving 
the blocking effects of  endogenous cytoplasmic blocking 

anions. As a result, overall CFTR activity will be increased 
under high extracellular Cl- conditions (i.e., during peri-
ods of  epithelial Cl- secretion) and decreased under high 
HCO3

- conditions (i.e., during periods of  secretion of  rel-
atively HCO3

--rich fluid)[101] (Figure 7). These findings led 
to the suggestion that endogenous cytoplasmic blocking 
anions are physiologically relevant regulators of  CFTR 
channel function, in that they confer upon the channel 
sensitivity to physiologically relevant changes in extracel-
lular fluid composition[101]. In epithelial cells, this may be 
one mechanism by which CFTR channel function is fine-
tuned by the concentration of  its transport substrates Cl- 
and HCO3

- at the apical face of  these cells[111-113].
While extracellular Cl- may be an endogenous sub-

stance regulating CFTR channel function via modula-
tion of  the blocking effects of  cytoplasmic anions, this 
mechanism of  channel regulation may also be subject to 
pharmacological manipulation. Thus, millimolar concen-
trations of  extracellular multivalent psuedohalide anions 
(Co(CN)6

3-, Co(NO2)6
3-, Fe(CN)6

3-, IrCl6
3-, Fe(CN)6

4-) 
were shown to mimic the effects of  high extracellular 
Cl- on channel block in intact cells, leading to an overall 
stimulation of  CFTR channel function[114] (Figure 7). It 
was suggested that these anions represent the founder 
members of  a new class of  CFTR potentiators, and that 
their effects identify a novel mechanism by which CFTR 
function could potentially be increased therapeutically 
in the treatment of  CF. Interestingly, these pseudohalide 
anions do not enter into the CFTR channel pore[114] and 
as such presumably do not interact electrostatically with 
blocking anions inside the channel pore; such an electro-

Figure 7  Interactions between cytoplasmic blocking anions and extracellular anions. Cytoplasmic block is modified by extracellular anions by different mecha-
nisms, leading to different degrees of block under different conditions. A: Block is strong in the absence of modulation of block by extracellular anions; physiologically, 
such a condition may occur during periods of epithelial HCO3- secretion, leading to strong block of cystic fibrosis transmembrane conductance regulator (CFTR) chan-
nel currents under these conditions[101]; B: Block is weakened by extracellular anions that can enter the channel pore, such as Cl-, due to an electrostatic “knock-off” 
mechanism. This may lead to increased CFTR channel currents during periods of epithelial Cl- secretion[101]; C: Block is weakened by extracellular anions that interact 
with an extracellular part of the protein involving extracellular loop 4. This is presumed to result in a long-range conformational change in CFTR that decreases the af-
finity of the cytoplasmic blocker binding site. This mechanism may allow pharmacological manipulation of CFTR activity by compounds that interact with the extracel-
lular anion binding site[114]. Note that Cl- ions may also interact with intracellular blocking anions by the non-pore mediated effect shown in (C)[114].
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static “knock off ” mechanism is commonly proposed to 
underlie the effect of  extracellular Cl- ions on intracel-
lular open channel blockers[115,116] (Figure 7), as well as 
permeant ion effects on blocker binding in many other 
ion channel types[59]. Instead, pseudohalide anions were 
shown to exert their effects via interation with extracel-
lular parts of  CFTR, in particular ECL4[114,117]. The mo-
lecular mechanism of  action of  these substances, acting 
on extracellular parts of  the protein, is therefore distinct 
from those of  known CFTR potentiators, perhaps al-
lowing additive or synergistic effects with other types of  
potentiators. Furthermore, the suggestion that a novel 
potentiator “binding site” might exist on ECL4 raises 
the possibility that this externally-accessible part of  the 
CFTR protein could in future be targetted by drugs that 
can manipulate CFTR function therapeutically. 

CONCLUSION 
The architecture and Cl- permeation mechanism of  
CFTR likely results in a susceptibility to relatively low 
affinity, voltage dependent open channel block by a 
very broad range of  structurally diverse organic anions, 
including unidentified anions that the channel normally 
encounters in the cytoplasm of  the cell. Because the 
channel is normally involved in the secretion of  Cl- and 
HCO3

- ions at hyperpolarized cell membrane potentials, 
the channel has a relatively large intracellular vestibule 
that contains fixed positive charges to allow it to capture 
these anions from the cytoplasm by the process of  elec-
trostatic attraction. As the vestibule narrows toward the 
centre of  the pore (Figure 1C and D), a single, function-
ally unique positive charge (K95 in TM1) ensures efficient 
attraction of  monovalent anions (Figure 3). Beyond this 
point, permeating anions pass into a narrow, uncharged 
pore region that may allow some level of  discrimination 
between different anions, and also acts as a size selectivity 
filter to prevent larger organic anions from escaping the 
cell. While this architecture appears efficient at maximiz-
ing channel Cl- conductance (Figure 4), it also probably 
results in some degree of  channel inhibition by cytoplas-
mic anions that are attracted by the positive charge at 
K95, but which are too large to pass into the narrow pore 
region (Figures 2, 3, 4 and 5). CFTR experimentalists 
have long taken advantage of  these voltage dependent 
blocking anions to investigate CFTR-dependent process-
es, to think about the possible advantages of  inhibiting 
CFTR function in disease states associated with inappro-
priately elevated CFTR function, and as relatively high-
affinity probes to investigate the structure and function 
of  the wide inner vestibule of  the channel pore. This has 
allowed the development of  functional (Figures 3, 4 and 
5) and structural[20] models of  the pore. More recently, it 
has been suggested that endogenous substances that act 
in this fashion may in fact play a role in tying CFTR func-
tion to the content of  epithelial cell secretions (Figures 6 
and 7), perhaps allowing CFTR activity to be fine-tuned 
directly by the amount of  its substrate(s) being secreted 

from epithelial cells. In the future, this mechanism of  
CFTR regulation could be targetted by new drugs that act 
at an extracellular site on the CFTR protein to reduce the 
voltage-dependent blocking effects of  endogenous cyto-
plasmic anions and so increase overall CFTR function in 
CF patients. 
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