ABCC7/CFTR
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Abstract The cystic fibrosis transmembrane conductance regulator (CFTR), also
known as ABCC7, is an unusual member of the ATP-binding cassette family in that
it is an ion channel rather than a transporter. Here, ATP binding is thought to initiate
channel opening, with hydrolysis of the nucleotide being associated with channel
closure. Loss of CFTR function through mutation leads to the life-threatening and
-shortening condition known as cystic fibrosis. Recently, the importance of external
factors affecting CFTR function has also been reported. In this chapter I have
focussed on the basic structural biology and biochemistry of the protein but
have also attempted to link this knowledge with the understanding of the disease.
I have employed a bottom-up approach, starting with what can be learned from the
primary structure of the protein, leading on to an examination of the secondary and
tertiary structure of CFTR. The mapping of common CF-causing missense muta-
tions within the CFTR 3D structure will also be addressed here. Lastly, the chapter
finishes with some discussion of the prospects for future research on CFTR and
how data for the channel function of CFTR can inform the ATP-binding cassette
field of study in general.
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DDM Dodecyl maltoside

EM Electron microscopy

ECL  Extracellular loop

GPCR G-protein coupled receptor
ICL Intracytoplasmic loop

N Amino-terminal

NBD Nucleotide-binding domain
PDB  Protein data bank

PM Plasma membrane
RI Regulatory insertion
R Regulatory (region or domain)

SCA  Statistical coupling analysis
TMD  Transmembrane domain

Introduction

As discussed at the end of this chapter, ABCC7 (hereafter termed CFTR) is one of
the best-studied ABC transporters. It should be stated from the outset that, as far as
we know, CFTR is not a transporter, but rather a channel allowing the flux of
negatively charged anions such as chloride and bicarbonate. However, the fact that
we know so much about it means that it sits quite comfortably in this book
alongside more robust, active transporters that do a serious haulage job—trans-
porting molecules out of, or into the cell. There is a wealth of data on CFTR and an
abundance of excellent reviews available to the interested PhD student or
researcher. This makes the job of doing justice to the breadth and depth of CFTR
research well beyond the capacity of the author. Instead, the challenge of reviewing
a relatively narrow window of CFTR research was chosen. In so doing there are
hopefully some original insights in this chapter, or at least something to provoke the
reader into a new direction of thought. As a structural biologist particularly inter-
ested in membrane proteins, the ABC transporter field is an ideal playground. With
the exception of the GPCR family, the ABC transporter field is perhaps the most
richly endowed with structural data for full-length transmembrane proteins. If one is
allowed to count structures for the (mostly) water-soluble nucleotide-binding and
substrate-binding domain structures of ABC transporters, then the ABC family
dominates at the pinnacle of structural data for membrane proteins. This chapter
will spend some time examining the primary structure (i.e. the amino acid
sequence) of CFTR and some recent bioinformatics analyses. It is with good reason
that we should start a review of CFTR with its primary structure: Not only do we
have outstanding databases for CFTR missense mutations that set this ABC family
member apart from its sibs, but also because in CFTR significant portions of its
polypeptide chain are disordered. Hence primary structure is directly linked to
function for these regions. The chapter then looks at the secondary and tertiary
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structure of CFTR and finally tries to place the mutational information within the
context of the tertiary structure.

I wish to thank colleagues in the CFF CFTR 3D structure consortium who have
contributed hugely to ideas and insights into this chapter via discussions and with
the sharing of reagents, in particular: Jack Riordan (University of North Carolina),
John Hunt (Columbia University), Julie Forman-Kay (University of Toronto),
Christie Brouillette, Larry DeLucas, John Kappes (University of Alabama), Ina
Urbatsch (Lubbock University), Patrick Thibodeau (University of Pittsburgh) and
Hanoch Senderowitz (Bar-Ilan University). I also thank my colleagues here in
Manchester who have provided advice and help, in particular Natasha Cant, Mark
Rosenberg and Naomi Pollock. Much of the structural biology research on CFTR
done in the laboratory of RCF is and was funded by the CFF.

CFTR and Disease

Loss of CFTR channel function as a result of mutations in the cfir gene can cause the
disease cystic fibrosis (Cant et al. 2014; Sosnay et al. 2013). This life-threatening and
life-shortening condition affects mainly people of European origins, though why this
population in particular is affected remains a mystery. Presumably at some point in
human evolution, being a heterozygote with one mutated copy of the cfir gene carried
a selective advantage. There have been many attempts to explain this, including
theories around the past high mortality rates in children due to poor hygiene and
intestinal infections. However no single explanation has yet been accepted by the
majority of the cystic fibrosis (CF) research community (Cant et al. 2014).

CFTR dysfunction affects many organs in the body, but is arguably most serious
in the lungs, where the lack of chloride efflux from the apical surface of epithelial
airway cells causes shrinkage of the airway surface liquid layer and a rise in the
viscosity of the mucus. The subsequently sticky mucus becomes the site of per-
sistent bacterial and fungal infections, leading to inflammation and eventual
remodelling and fibrosis of the airways (Riordan 2008). After many rounds of
infection and inflammation, the lungs become more and more inefficient at oxygen
exchange and have less capacity for inhaling air, leading to serious life-threatening
disability. CFTR dysfunction has also been associated with other diseases where it
is thought that CFTR activity is inhibited by external factors. For example, cigarette
smoking has been associated with CFTR dysfunction (Clunes et al. 2012).

CFTR Primary Structure

CFTR (ABCC7) is a 1480-residue membrane protein, with the typical ABC
transporter domain architecture of two transmembrane domains (TMDs), and two
nucleotide-binding domains (NBDs) that are all fused in a single polypeptide chain



322 R.C. Ford

(Higgins 1992). This is described elsewhere in detail in this book and will not be
re-worked here. Unique features to CFTR are an additional long (circa 200-residue)
regulatory (R) region, as well as N- and C-terminal regions about 80 and 40
residues in length, respectively (Hunt et al. 2013). These regions are arranged in
order from N- to C-terminus: N-term-TMD1-NBD1-R-TMD2-NBD2-C-term. It
is important to recognise that having a long linker region between NBDI1 and
TMD?2 is not unique to CFTR in the ABC transporter family. In plants, for example,
the first member of the ABCA family also has a linker region between NBD1 and
TMD? that is over 150 residues long. However, it displays no significant sequence
homology with the CFTR R region. Similarly, the ABCC family in mammals has
several members with an additional transmembrane domain, often called the
TMDO. This TMD of 3-5 transmembrane helices is joined to the standard TMD1
domain by a cytoplasmic linker that is also quite long (120 residues). From phylo-
genetic analysis, CFTR must have evolved from the ABCC subfamily, although there
is little evidence to suggest any residual ABCC-type function in the present-day
protein (Dean and Allikmets 2001). This ‘C’ family consists of several drug trans-
porters with wide-ranging substrates. Glutathione transport is often associated with
this family, and glutathione-conjugated drugs are common substrates.

Co-evolution of CFTR Residues

Given that CFTR has diverged from the ABC transporter family as a channel, then
some insights into its channel function may be derived by bioinformatics analysis of
its primary structure and the co-evolution of residues. A few attempts have been made
to carry out such a bioinformatics analysis. A study of 2000 ABC transporter
sequences that were extracted (by BLAST) on the basis of similarity to the CFTR
sequence was carried out after filtering and processing by multiple sequence align-
ment. The data can be downloaded at http://cftrfolding.org/Mendoza_Thomas_Cell_
2012/Mendoza_Thomas_Cell_2012.html (Mendoza et al. 2012). The resulting
matrices show correlations between positions separated in the sequence but likely
linked in terms of functional interactions or closely linked in terms of 3D space. The
authors also employed the data to look for residues that could be mutated to rescue the
effects of the most common disease-causing mutation in CF patients (F508 deletion).

Figure 1 gives an illustration of a subset of data from the 2D matrix employing
one of the four statistical tests (statistical coupling analysis, SCA) (Lockless and
Ranganathan 1999) used by the authors. Here, the numerical score provides a
quantitation of the degree to which the probability of finding an individual residue
at position i in the sequence is dependent on a given perturbation at a separate
position j in the sequence. Correlation between three residues likely involved in
CFTR channel properties in the sixth transmembrane helix of TMD1 (R334, 1336,
T338) and all other residues in the CFTR sequence is plotted. Regions of very low
correlation (co-evolution) correspond to unique parts of the CFTR primary struc-
ture, as discussed above, as well as the C-terminal region which also shows little
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Fig. 1 Linear representation of the CFTR sequence with the major domains indicated above. The
plot shows the SCA score for three selected residues in transmembrane helix 6 versus every other
residue (see main text), (Mendoza et al. 2012). Key: R334 (blue), 1336 (red), T338 (green). Regions
with low scores correspond to regions that are likely to be specialised in CFTR channel and
maturation functions, hence showing little or no conservation with other ABC proteins. Some of
these regions are also likely to be structurally disordered. Interestingly the N-terminal region is
thought to be disordered, but does not display scores close to zero hence may show more homology
with other ABC proteins. The TMD-NBD linker regions are not disordered in available ABC
protein exporter structures, but the CFTR linkers are quite different from other ABC proteins in
terms of length as well as sequence (Hunt et al. 2013). In the first half of the protein, the TMD-NBD
linker is closely followed by a disordered region in NBD1, the so-called regulatory insertion (RI)

similarity to any other ABC transporter. Interestingly, peaks in the SCA scores are
distributed throughout the primary structure of CFTR and there are no immediately
obvious clues as to the evolution of CFTR as a channel except in the regions of very
low SCA score. Regions with low scores correspond to regions that are likely to be
specialised in CFTR channel and maturation functions, and show little or no
conservation with other ABC proteins. As mentioned above, a significant propor-
tion of CFTR contains regions that are also likely to be structurally disordered and
these all fall into low SCA score regions shown in Fig. 1. Interestingly the
N-terminal region is an exception to this: It is thought to be disordered, but it does
not display scores close to zero, implying more homology with other ABC proteins
and that it may not be specialised for CFTR function. The opposite applies to the
TMD-NBD linker regions, which are not disordered in the available high-
resolution ABC protein exporter structures (where the TMD and NBD are fused).
Here, the low SCA scores probably relate to the observation that CFTR linkers are
quite different from those of other ABC proteins in terms of length as well as
sequence (Hunt et al. 2013). This specialisation of the linkers in CFTR may be
related to their location, which is along the ‘shoulders’ of the NBDs close to the
inner leaflet of the membrane. Structural data for CFTR imply that this region may
also be important as a location for the unique regulatory (R)—region of CFTR.
Hence the linkers may have evolved to interact with the CFTR regulatory
machinery and perhaps to act as a loose binding site for this otherwise disordered
part of the CFTR structure. In the first half of the protein, the TMD-NBD linker
region is closely followed by a disordered region in NBD1, the so-called regulatory
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insertion (RI). This region seems to be specialised to CFTR, but deletion of the RI
results in a NBD1 that behaves better in terms of solubility (Lewis et al. 2005;
Protasevich et al. 2010).

Secondary and Tertiary CFTR Structure

To date, there is no high-resolution X-ray crystal structure of full-length CFTR nor
for any other ABCC family member. However, electron crystallography method-
ology has been used to generate a Coulomb density map for CFTR at 9 A resolution
(or more correctly 1/9 A™") (Rosenberg et al. 2011), and single-particle analysis has
been used to solve a number of low-resolution structures (Mio et al. 2008; Zhang
et al. 2009, 2010). The electron crystallography methodology has also revealed the
structure of another ABCC family member (ABCC1/MRP1) (Rosenberg et al.
2010), and single-particle analysis combined with electron microscopy has pro-
vided structural data for the hetero-octameric ABCC8/SURI1 complex (Mikhailov
et al. 2005). A number of computational atomic models of CFTR have been gen-
erated, based on similarity at the primary structure level with a bacterial homologue
Sav1866 or the eukaryotic P-gp/ABCB1 (Mornon et al. 2008; Rahman et al. 2013;
Serohijos et al. 2008). Structures of the isolated soluble domains of CFTR have also
been reported, with the X-ray crystal structures of NBD1 (Lewis et al. 2004) and
NBD2 (PDB: 3GD7, unpublished). Nuclear magnetic resonance (NMR) structures
of NBD1 (Baker et al. 2007; Bozoky et al. 2013a, b; Hudson et al. 2012; Kanelis
et al. 2010) and the (mostly disordered) isolated R region have also been reported
(Baker et al. 2007).

The greatest detail in current CFTR structural knowledge comes from the X-ray
structures of its NBDs, as reviewed recently (Hunt et al. 2013). Overall, the NBDs
of CFTR have similar structural folds to those of other ABC proteins, including the
common Walker A, Walker B and signature motifs and this is covered elsewhere in
this book in detail (Lewis et al. 2004). The NBDs of CFTR also have a few unique
features compared to other ABC proteins: Firstly, CFTR NBD1 has an additional
~ 35-residue regulatory insertion (RI) and the NBD1 structure probably includes a
short extension that represents the first segment of the regulatory (R) region. Note
that the atomic coordinates are available for NBD2 of CFTR (PDBID = 3GD7),
however there is currently no publication describing the work behind the structural
analysis. The NBDs of CFTR are not very symmetrical in terms of their primary
structure, with less than 30 % identity between NBD1 and NBD2 sequences (Klein
et al. 1999), compared to above 70 % identity in other ABC proteins (Higgins
1992). CFTR has changes in the signature sequence in NBD2 (LSGGQ to LSHGH)
resulting in only one active ATP hydrolytic site, although both sites still have the
ability to tightly bind ATP (Aleksandrov et al. 2002; Lewis et al. 2004; Thibodeau
et al. 2005). Such strong NBD asymmetry is found with several other ABC pro-
teins, e.g. MRP1/ABCC1 (Hou et al. 2000; Jones and George 2004). Structural and
biophysical studies have suggested that the NBDs of CFTR form the same
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ATP-dependent head-to-tail sandwich dimer conformation as other ABC proteins
(Aleksandrov et al. 2009; Jones and George 2004; Mense et al. 2006; Rosenberg
et al. 2011; Vergani et al. 2005).

The two TMDs of CFTR each consist of the usually encountered six trans-
membrane o-helices with three extracellular loops (ECLs) and two long intracellular
loops (ICLs). The longest ECL is ECL4 in TMD2 which is also N-glycosylated
(Chang et al. 2008). In contrast to other ABC transporters, the TMDs of CFTR are
expected to form a continuous pore through which ions can pass passively (Gadsby
et al. 2006; Riordan 2008). For other ABC transporters the TMDs form a binding site
(or binding sites) for the transported substrates that can be alternately exposed to the
outside or inside milieu via conformational changes (Jardetzky 1966). Comparison
of the CFTR electron crystallography map to the X-ray crystal structure of a
homologous bacterial ABC transporter Sav1866 has revealed a lozenge-shaped
density between TM helices 3, 6, 9 and 12 that may account for the location of a
channel pore-regulating gate (Rosenberg et al. 2011). This position correlates with
the expected locations of biochemically identified pore-lining residues (Linsdell
2005; Smith et al. 2001) in CFTR structural models (Mornon et al. 2008; Serohijos
et al. 2008). The pore appears to have a deep, wide vestibule on the extracellular
side, which may be at least partially accessible via the outer leaflet of the lipid
bilayer.

The ICLs are predicted to form part of the typical ABC protein coupling helices
that form the interface between TMDs and NBDs (Serohijos et al. 2008). The
isolated R region is a highly dynamic and disordered structure that is mostly pre-
dicted to be random coil and with around 5 % o-helical secondary structure,
measured by NMR studies (Baker et al. 2007; Ostedgaard et al. 2000). NMR
methods have also detected interactions between the R region and NBD1, NBD2
and the C-terminus when the R region is mixed with the other domain in vitro
(Baker et al. 2007; Bozoky et al. 2013b; Kanelis et al. 2010). Electron microscopy
studies have tentatively assigned at least part of the R region to a location on the
‘shoulder’ of one NBD and close to the lipid bilayer (Rosenberg et al. 2011; Zhang
et al. 2010). The R region is highly charged and contains several target sites for
protein kinase A (PKA) phosphorylation (Cheng et al. 1991; Csanady et al. 2005;
Riordan et al. 1989), as well as being a substrate for other kinases (Chappe et al.
2003; French et al. 1995). Phosphorylation of the R region regulates CFTR channel
function (Csanady et al. 2005; Dahan et al. 2001; Gregory et al. 1990; Seibert et al.
1999), but no single phosphorylation site seems to be indispensible. The disordered
structure of the R region is likely to be important to maximise accessibility of
kinases for phosphorylation (Chong et al. 2013), however how phosphorylation of a
region that is disordered then goes on to promote the activity of the channel is not
well understood.

Electron microscopy studies of full-length CFTR showed that the protein is
homologous to X-ray crystal structures of other ABC exporters, in particular
Sav1866 (Dawson and Locher 2006). Such data have also shown that CFTR can
display an outward-facing conformation in the absence of ATP (Rosenberg et al.
2004, 2011; Zhang et al. 2009, 2010). This is somewhat at odds with the idea that
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the inward- and outward-facing conformations of CFTR represent the closed and
open channel configurations, respectively (Vergani et al. 2005) and (Wang and
Linsdell 2012). At first sight, therefore, the structural data seem to indicate a
structural miscoupling in CFTR between ATP binding and hydrolysis and switching
between outward-facing and inward-facing conformations, respectively. However,
other structural studies of ABC transporters have also revealed a slightly less than
obligatory coupling between nucleotide status and conformation. For example,
inward-facing conformations of the mitochondrial ABC transporter ABCB10 have
been observed in the presence of nucleotide (Shintre et al. 2013). Similarly,
outward-facing conformations in a pretranslocation state have been reported for a
nucleotide-free state of the maltose ABC transporter MalFGK (Oldham et al. 2013).

The quaternary structure of CFTR has also been inferred from biophysical data.
CFTR monomers were crystallised in two-dimensional arrays that were two
molecular layers thick (Rosenberg et al. 2011). Conversely, single-particle analysis
revealed dimeric CFTR particles (Awayn et al. 2005; Mio et al. 2008; Zhang et al.
2009) in the same detergent, whilst more recent studies of CFTR in novel facial
detergent showed a monomeric state (Hildebrandt et al. 2014). It is important to
note that all these structures were obtained for CFTR in different detergent micelles
and may not reflect the oligomeric status of the protein in a biological membrane.
The quaternary structure of CFTR in vivo still remains a matter of debate, espe-
cially as both monomers (Chen et al. 2002; Haggie and Verkman 2008;
Ramjeesingh et al. 2001) and dimers (Eskandari et al. 1998; Ramjeesingh et al.
2001; Schillers et al. 2004) have been proposed for CFTR that was integrated into a
lipid membrane environment.

CFTR Tertiary Structure Explored by Electron
Crystallography

The highest resolution experimentally determined structure for the full-length
CFTR protein has been derived from electron crystallography of two-dimensional
crystals. These are crystals that are a single or few molecules thick, hence are very
fragile and must be supported on a flat surface provided by the carbon film of an
electron microscopy grid. The spatial resolution of the CFTR map derived from
these crystals was reported to be at about 1/9 A™" (i.e. densities about 9 A apart can
just be resolved from each other). The thickness of the crystals (circa 300 A,
composed of two CFTR molecular layers) as well as the low symmetry (C1
symmetry) required a lengthy and painstaking data collection and processing.
Nevertheless, at this level of resolution (1/9 Afl), domains should be readily
identifiable and some long transmembrane helices should also be distinguishable
(especially if they are well separated from the main helical bundle). For reference, a
theoretical study using the ABC transporter BtuCD (Ford and Holzenburg 2008)
showed that even with the usual signal: noise and missing cone defects in electron
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crystallography data, it should be possible to resolve transmembrane helices at
about 1/8 A™" and that at 1/10 A" well-separated and long helices in the BtuCD
structure could still be discerned. On the other hand, beta strands and short helices
in the NBD region could not be discerned—even at 1/8 A~ resolution.

A good example of the restriction of resolution on the interpretation of the CFTR
map is shown in Fig. 2. Elongated segments of density from the experimental
CFTR map can be fitted with transmembrane alpha helices. In this case the helices
are shown well separated from surrounding densities. Interpretation of the map
using a published homology model for CFTR (Mornon et al. 2009, 2014) assigns
the longest helical density to the seventh transmembrane helix, residues 860-891.
This helix and the nearby transmembrane helix 8 could be more confidently
assigned because they extend much further on the extracellular side of the protein
than the other transmembrane helices. The large extracellular loop that links these

(b)

Fig. 2 a Experimental outward-facing CFTR structure derived from electron crystallography
(yvellow mesh, left) with gaping TMDs at the top and closely contacting NBDs at the bottom. The
map is at a resolution where long and well-separated transmembrane helices can be distinguished,
as shown in the 1-nm thick slice through the map (right). CFTR closely resembles other structures
for ABC transporters in the outward-facing state, and the map can be interpreted using a homology
model based on the Sav1866 transporter (Dawson and Locher 2006; Mornon et al. 2009) shown in
the left. The blue ribbon trace is from the N-terminal half of the model, green trace is from the
C-terminal half. Potential flexible regions (N-terminal 80 residues, R region, RI region) were
removed from the model before fitting to the map. The final correlation coefficient between the
CFTR map and a suitably resolution-adjusted map calculated from the model was about 0.65
(where 1.0 would be perfect correspondence, and Sav1866 fitting gave 0.56), reflecting the
systematic deviation from the symmetric Sav1866 structure during evolutionary timescales.
Models can be further refined with some local flexible fitting (Senderowitz, Bar-Ilan University,
unpublished data) with a correlation coefficient approaching 0.9. b Illustration of the pivotal
position occupied by F508 (red space-filling atoms) in the model. It sits at the interface between
ICL4 in TMD?2 (green ribbon) and NBD1 (blue ribbon, bottom). The position of F508 in the
model corresponds to a small cavity in the experimental map, again pointing to the local
discrepancies between the Sav1866-based homology model and CFTR, as discussed below
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two transmembrane helices (ECL4) is the site of glycosylation in CFTR (arrows,
centre panel, Fig. 2, see also Fig. 1). In contrast, short helices, closely packed
helices and beta sheets are not easily distinguishable at this resolution (see Fig. 2,
all panels, for examples of this).

CFTR Mutations

To date, there are over 2000 different CFTR mutations that are logged as
CF-causing. However, a high proportion of CF patients have protein with deletion
of phenylalanine at position 508 (F508del) on at least one chromosome (Cystic
Fibrosis Mutations Database, available at http://www.genet.sickkids.on.ca/cftr/).
All heterozygotes with one WT copy of the gene display no disease (Cutting 2005;
Riordan et al. 1989). CFTR mutations are functionally classified into several groups
(Prickett and Jain 2013): Class 1 mutations cause a defect in CFTR protein syn-
thesis, such as the premature stop codon W1282X, that results in little or no CFTR
at the plasma membrane (PM). Class 2 mutations, including the common F508del,
are translated into full-length nascent polypeptide chains but are defective in folding
and are thus targeted for degradation rather than trafficked to the PM. Class 3
mutants of CFTR are able to reach the PM but have channel gating defects that
decrease channel open time and decrease chloride flux, e.g. the second most
commonly encountered mutation, G551D. Class 4 mutants reach the PM, but with
decreased channel conductance. Class 5 mutants represent a fully functional CFTR
at the PM but with reduced levels due to defective mRNA splicing. Classes 1-3 are
associated with more severe disease phenotypes, whereas classes 4 and 5 are
thought to be milder disease-causing mutations. It should be noted that some CFTR
mutations may have more than one effect, for example the F508del mutation has
reduced channel activity and shorter PM half-life in addition to the maturation and
processing defects (Hwang et al. 1997).

As the vast majority of patients harbour F508del CFTR, this mutation has
received the most attention. The AF508 mutation destabilises CFTR structure and
folding (Lewis et al. 2005) and during protein synthesis, most of the expressed
F508del CFTR is targeted by the endoplasmic-reticulum-associated protein
degradation (ERAD) pathway for degradation by the proteasome, with only 1 % of
translated protein reaching the PM (Kopito 1999; Ward et al. 1995). The small
amount of AF508-CFTR that reaches the PM is a functional channel, although
operating with slightly altered gating, namely with more time spent in the closed
state (Cui et al. 20006). Significant levels of misfolding might cause gross changes in
the overall F508del-CFTR structure, which could be detected by e.g. increased
susceptibility to limited proteolysis (Hoelen et al. 2010; Peters et al. 2011), see also
(Zhang et al. 1998). Surprisingly, however, the X-ray crystal structures of isolated
F508del-NBD1 showed little structural differences compared to wild-type CFTR
(Lewis et al. 2005, 2010). This has led to the hypothesis that F508 is important in
inter-domain stabilisation and assembly, rather than the folding of NBD1 itself
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(Lewis et al. 2005, 2010; Loo et al. 2010; Rabeh et al. 2012; Serohijos et al. 2008;
Thibodeau et al. 2005). The F508 residue lies on the surface of the NBD1 in an area
that, in the X-ray crystal structures of other ABC proteins, forms crucial interactions
with the second intracytoplasmic loop of the opposing TMD region (Aller et al.
2009; Dawson and Locher 2006). Hence the F508-mediated interaction in CFTR is
between NBD1 and ICL4 of TMD2 (Cui et al. 2007; Lewis et al. 2010; Loo et al.
2010; Rabeh et al. 2012; Serohijos et al. 2008; Thibodeau et al. 2005). It has also
been suggested that the peptide backbone at position 508 is important for CFTR
folding but that the phenyalanine side chain is necessary for inter-domain contacts
and stability of the folded protein (Thibodeau et al. 2005).

As well as the destabilisation of NBD1-TMD?2 interactions, F508del-NBD1
itself appears to be globally destabilised. Recombinant isolated F508del-NBD1 has
a thermal unfolding transition about 6 °C lower than its wild-type counterpart
(Protasevich et al. 2010). The F508del mutation is proposed to thermodynamically
favour the formation of a molten-globule state that is prone to aggregation (Wang
et al. 2010). The thermal destabilisation effect of the F508del mutation is also
inferred from in vivo experiments showing that low temperature growth conditions
are able to rescue F508del CFTR allowing it to progress to the PM (Denning et al.
1992). Molecules that can bind and thermostabilise F508del NBD1 in vitro have
also been effective in correcting full-length F508del CFTR in cells (Sampson et al.
2011). However, there is some controversy over whether F508del CFTR can be
rescued by stabilising NBD1 alone (Aleksandrov et al. 2012), or whether the
correction of NBDI-TMD?2 interactions is also required (Rabeh et al. 2012).
A combination of both may be required.

Mapping of Common CF-Causing Missense Mutations
Within the CFTR Structure

The large majority of mutations catalogued in the CF mutation database have not
been well characterised in terms of their functional effects on the protein, and the
rarer mutations inevitably occur in combination with a more commonly occurring
mutation on the other copy of the cftr gene. In response to this deficit in our
knowledge, the most commonly encountered mutations in CF patients have been
included in a study of their effects at the cellular level—the so-called CFTR2 study
(http://www.cftr2.org/). The common missense mutations in this study can be
readily mapped on to the existing CFTR homology models and within the electron
crystallography-derived Coulomb density map as shown in Fig. 2, hence it is
possible for the first time to begin to correlate the functional effects of mutations
with their likely structural context.

F508del is the most common disease-causing mutation by far. Does the CFTR
structure explain why the loss of this single residue causes such a major
temperature-dependent defect on the protein? Panel b in Fig. 2 shows the location of
F508 in the density map (arrow). This view emphasises the importance of the F508
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residue in mediating interactions between the first NBD (blue) and the second TMD,
in particular ICL4 (green). Loss of the F508 residue would remove a contact point
between the domains, which lies in a narrow bridge of density with little surrounding
density. Removal of this bridging residue would be predicted to destabilise the
tertiary structure of CFTR to a greater extent than its local effects on the stability of
the isolated NBD1 (Protasevich et al. 2010). It is also interesting to note that the
expected position of F508 in the CFTR density map corresponds approximately with
a small cavity in the map that would not be expected to be there from the homology
model. Such density voids in experimental maps may arise for the obvious reason—
that this part of the map is filled with solvent rather than protein. However, voids can
also occur if there are variable conformations for the protein in this particular region.
This arises because the map is derived from the summation of data from many
millions of molecules. Hence a region where the protein contributes density but
where each molecule has a slightly different configuration could result in a lower
(but not zero) density. Since maps such as the one shown in Fig. 2 are generally
‘binary’ in the sense that a given density threshold is chosen as a cut-off for dis-
playing the map, such subtleties in the map can often be lost and a solvent-filled void
may not be distinguishable from a region of disorder. On the other hand, use of a low
density threshold runs the risk of including noisy features in the interpretation of the
map. Tentative inspection of the map in this region with a lower density threshold
implies that there is still a small cavity formed between F508 and residues that would
contribute density in this region from ICL4 of CFTR, hence arguing for better
homology models as well as better experimental data.

Of the well-characterised missense mutations listed in the CFTR2 database, there
are more disease-causing mutations in the first half of the protein and especially in
NBDI, but none in the linking regulatory region. It would seem reasonable that
missense mutations in the less ordered R region could be tolerated with little impact
on the functioning of the protein. Perhaps unsurprisingly, there is a clustering of
disease-causing missense mutations in the three-dimensional structure, which may
provide insights into the likely consequences of these mutations as well as into the
most crucial regions of CFTR for its function. For example, if just the 30 most
common disease-causing missense mutations in humans are considered, then two
discrete clusters become obvious (Fig. 3a, b): One cluster, mostly in NBDI,
probably relates to the previously discussed sensitive position of the ICL4/NBD1
interface where F508 is positioned. However, the homology model based on a
bacterial transporter may not completely reflect the arrangement of residues in the
CFTR structure, hence it is useful to superimpose the experimental map for CFTR
on to the model. For example, Fig. 3c displays the map around the cluster of
missense mutations close to FS08, which is composed of F508, 1507, V520, A559
and R560 in NBD1 and R1066, L1065 and L1077 in ICL4. As mentioned above,
F508 sits close to a cavity in the map, suggesting contacts in this region between
NBDI and ICL4 in CFTR are much less robust than in the Sav1866 structure
(Dawson and Locher 2006; Mornon et al. 2009, 2014).

A second cluster of more common missense mutations causing the CF disease is
found mainly in TMDI1 and appears to relate to pore-lining or gating residues that
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Fig. 3 a Location of residues in the N-terminal half of CFTR that, when mutated to other residues,
causes CF. Of the 20 most commonly encountered mutations, 18 are displayed. P67 and R74 are
N-terminal residues missing from the fitting, but present in the originally published model, and
probably reside in the ‘elbow’ helix that lies parallel to the surface of the cytoplasmic side of the
membrane. Residues in the first half of CFTR are coloured light blue and disease-causing mutated
residues in space filling/dark blue. b Location of residues in the C-terminal half of CFTR that
when mutated causes disease. The 10 most commonly encountered are shown as space-filling
representations in yellow. ¢ Zoom into the cluster of residues related to disease at the interface
between NBD1 and ECL4 in TMD?2 close to F508 (space filling) within the context of the
experimental map (red surface with slice plane transparent grey). Note the small cavity in the map
in the region of the F508 residue that is discussed in the text. d Focus on residues associated with
disease-causing missense mutations in ICL2 in TMDI that are close to N1303 in NBD2. e Stereo
image looking down the central pore formed by the TMDs and from the extracellular side, with
residues associated with disease-causing mutations shown as space-filling representations.
A cluster of residues associated with channel gating dysfunction (when mutated) is present top
left. The experimental map shows a cleft on the right-hand side that is not present on the left

follow a path from one side of the membrane to the other. This cluster is composed
of R334, 1336 and T338 on the extracellular side and L206, R347, R352 towards
the centre of the membrane whilst D1152 in TMD?2 is further on the cytoplasmic
side of the membrane. A stereo image is included to be able to visualise this
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pathway through the CFTR channel (Fig. 3e). Note that the majority of the
disease-causing mutations are on the left-hand side of the figure and cluster in
TMD1 (blue residues). Few commonly occurring missense mutations appear on the
right (TMD?2, yellow residues). The experimental map shows a more significant
deviation from twofold symmetry than the homology model (which is biased by the
twofold symmetry of the Sav1866 transporter used as the model). The most obvious
manifestation of this asymmetry is the lack of a pronounced gap on the left-hand
side of the protein. In the Sav1866 structure, gaps communicating to the extra-
cellular leaflet of the lipid bilayer exist on both sides of the transporter and these
gaps have been reported for other ABC transporters (Ward et al. 2007). This
asymmetry in the CFTR structure may be a reflection of the evolution from a
transporter to a channel, and may explain why common disease-causing mutations
cluster on one side of the transmembrane region rather on the side that resembles
more closely the Sav1866 transporter.

Is there a structural and functional equivalent of F508 in NBD2 or is the
asymmetry in CFTR sufficient to distinguish between the interaction sites at
NBD1/ICL4 versus NBD2/ICL2? The most obvious analogue for F508 in NBD?2 is
an asparagine residue, N1303. Mutation of this residue to lysine (N1303 K) is the
third most common missense mutation, present in 1200 patients worldwide, or
about 1.5-2 % of alleles. Like F508del, N1303K leads to failure of maturation of
the mutated protein (Sosnay et al. 2011). N1303 deletion does not appear in the CF
mutation database, however. There are several residues in ICL2 of TMDI1 that are
predicted to pack closely with N1303 and these also result in disease when mutated
or deleted. Methionine 281 is most closely associated with N1303 in the modelling
(Fig. 3d). The M281T mutation has been associated with pancreatitis (de Cid et al.
2010), but because of its rarity, is not one of the mutations studied so far in the first
sweep of the CFTR2 study (Sosnay et al. 2013). Nearby residues in ICL2 have also
been reported as CF-causing (W277R, 1285F) and their locations with respect to
N1303 are shown in Fig. 3d. A deletion of a residue in this region of CFTR can also
be disease-causing (E278del), although in this case the deleted residue is found in
ICL2 rather than in NBD2 and a glutamate residue is much less bulky than
phenylalanine. These ICL2/NBD2 interface residues lie in regions that show a
significant co-evolution in ABC proteins (Mendoza et al. 2012) as shown in Figs. 1
and 4 panels a and c. Interestingly, two of the main peaks in the co-evolution
scoring for N1303 correspond to residues that become disease-causing when
mutated to other residues (e.g. W277R, M281T—but not S269). Worthy of mention
is the striking period of 4 oscillation that is displayed when several residues
flanking N1303 are included in the correlation plots versus ICL2. This probably
arises because of the helical secondary structure flanking ICL2 and reflects the
likelihood that every fourth residue in a helix will occupy the same position,
approximately, along the length of the helix.

Similar co-evolution scoring patterns exist for F508 and ICL4 residues (see
panel b, Fig. 4). In this case, the main peak in the scoring corresponds to L1065
(can be mutated to F/R/P) and R1066 (can be mutated to C/S/H/L). Both of these
residues when mutated can cause CF. The second noticeable peak corresponds to
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Fig. 4 Co-evolution of residues in ICL2 versus N1303 in NBD2 (panel a) and in ICL4 versus
F508 in NBD1 (panel c¢). Mutations of W277 and M281 in ICL2 are CF-causing (see main text).
Panel ¢ Correlation scores for several residues in the vicinity of N1303 versus residues in ICL2.
A period of 4 oscillation is apparent in the SCA scores (cylinders) that is probably reflecting the
helical secondary structure flanking the linking non-helical connecting loop (double headed
arrow). A similar profile is observed for residues in ICL4 versus residues around F508 in NBD1
(panels b, d), although with a less clear-cut pattern, perhaps reflecting the relative looseness of this
interface as discussed in the main text. Data extracted from the database is described in (Mendoza
et al. 2012)

G1061 which is also disease-causing when mutated to arginine. Surprisingly,
R1070 does not score highly, despite it being a common disease-causing locus. For
example, R1070 W is disease-causing on its own, but when in combination with
F508del, W at position 1070 can alleviate the effects of the nearby phenylalanine
loss. The period of 4 oscillation in the correlation with ICL4 residues for corre-
sponding residues around F508 del is also apparent in panel d of Fig. 4, but the
oscillation is noticeably weaker. This may be a reflection of deviation of a strict
helical secondary structure in this region of the protein. It is also possible that this is
a reflection of the weaker density in this region of the experimental CFTR density
map (Figs. 2 and 3) and the apparent void close to F508 and ICL4. It has been
speculated that this region of CFTR is the ‘Achilles Heel’ of the CFTR protein
(Rosenberg et al. 2011).
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Conclusions

CFTR is one of the best-studied ABC transporters (but with the caveat that it is not
a transporter). The intense research efforts on CFTR are being driven in response to
the devastating effects of mutations in the CFTR gene and their relative frequency
in one part of the human population. Fortunately, these large-scale efforts into
understanding CFTR have been generously funded by charities such as the US—
based Cystic Fibrosis Foundation. Encouragingly, there are now some new drugs
that have proven to be very effective at treating the basic defect in the disease—and
at least for some mutations and patients, a cure seems very likely (Sosnay et al.
2013; Van Goor et al. 2009, 2011).

It could be argued that CFTR can give us a unique insight into structure—
function relationships for ABC transporters and so merits a place in this book
despite its lack of transport activity. The huge database that exists for CF-causing
mutations is invaluable in the ABC transporter field,—see http://www.genet.
sickkids.on.ca—and the work of the CFTR2 consortium will build on that
knowledge with more direct functional data for disease-causing mutations (Sosnay
et al. 2013). We should also not forget that, uniquely in the ABC transporter field,
the activity of CFTR could be monitored at the single molecule level and with very
high temporal resolution (Aleksandrov et al. 2007; Hwang and Sheppard 2009).
This has allowed a detailed dissection of some aspects of its function that are the
envy of researchers working on other ABC transporters.

In some other areas, however, progress in CFTR research has been very difficult
compared to other ABC proteins. Expression levels of CFTR in normal epithelial
cells are quite low. The most enriched source of CFTR has been reported to be from
the rectal gland of sharks (Riordan et al. 1994) and, perhaps not too surprisingly,
isolation of the protein from naturally expressing cells has been a highly specialized
activity. Overexpression of the protein in stably- or transiently transformed cells has
been the main approach for the subsequent physical isolation of the protein. In these
cell types a high proportion of even the wild-type protein is degraded before it can
reach the plasma membrane, and the large flexible regions of CFTR such as the
regulatory region (see Fig. 1) are prime targets for intrinsic proteases. The inherent
instability of the protein is compounded by a lack of solubility in many detergents.
Some detergents based on lysolipids have been reported to efficiently solubilise the
protein (Huang et al. 1998; Matar-Merheb et al. 2011; Pollock et al. 2014), but
these may be too harsh for the full preservation of CFTR activity (Matar-Merheb
et al. 2011; Pollock et al. 2014).

As a result of the difficulties in biochemical isolation, only a few studies have
been carried out on the (relatively modest) ATPase activity of purified CFTR and
our understanding of how it correlates with channel opening is still sketchy. Unlike
other ABC transporters, there is no substrate-induced stimulation of ATPase
activity in CFTR that would allow one to distinguish its activity from contaminating
ATPases. There is some evidence that phosphorylation of the protein by protein
kinase A (PKA) stimulates the ATPase activity of CFTR, and this would make
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some sense in terms of the prerequisite of phosphorylation for channel opening (and
subsequent closing) (Eckford et al. 2012). However PKA is, itself, a good ATPase
and hence must be removed from CFTR before the latter protein’s activity can be
assayed. This adds to the difficulty of the assay. Like many other ABC transporters,
the ATPase activity of CFTR preparations is strongly influenced by the detergent
employed in the purification scheme and depends on whether the protein is recon-
stituted into proteoliposomes or not (Pollock et al. 2014). Despite these difficulties,
there has been significant progress over the last few years. New yeast expression
systems for the protein have been reported to yield milligram quantities of the
purified protein (Pollock et al. 2014) and these reagents have been made available
to the general CF research community. Technology for mammalian cell expression
continues to improve, making it possible to use these systems for production of
significant quantities of the protein. Thus it seems promising that CFTR bio-
chemistry will soon become a standard approach in many laboratories around the
world, leading to a much better understanding of its function and of the evolution of
the ABC transporter family in general.
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