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 The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

protein is a member of the ABC transporter superfamily, important for Cl- 

conductance at the apical cell membrane.   Loss-of-function of CFTR 

leads to Cystic Fibrosis  (CF), a fatal genetic disease affecting 70,000 

people worldwide.  There are hundreds of CF causing mutations  with the 
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most common being ΔF508, present in at least one allele in 90% of CF 

patients.  

 CFTR, comprising of 1480 amino acids, folds into five domains 

important for forming the channel through the membrane, and the 

regulation of channel function.  F508 is located in Nucleotide Binding 

Domain 1 (NBD1) and is  predicted to be at the interface with Intracellular 

Loop 4 (ICL4) of Transmembrane Domain 2 (TMD2).  Studies  of the 

isolated NBD1 demonstrate that the ΔF508 mutation impacts the folding 

pathway and stability of the domain.  Misfolding of NBD1 contributes  to the 

trafficking defect of the intact protein and subsequent loss-of-function.  

Conversely, second-site suppressor mutations, which more than 

compensate for defects of the mutant NBD1 domain, only partially rescue 

CFTR trafficking, suggesting that the deletion also affects other steps 

along the folding pathway.  

 The aim of this  work was to identify positions in CFTR critical for 

defining the folding pathway.  We used a computational approach and two 

in vitro folding assays to monitor folding of the isolated NBD1 domain and 

trafficking of full-length CFTR.  These data establish a correlation between 

the folding of the isolated NBD1 domain and maturation of full-length 

CFTR.  Further, NBD1 second-site suppressor mutations in the ΔF508, 

F508K (NBD1/ICL4 interface disrupting mutation), and R1070W (ΔF508 

NBD1/ICL4 interface stabilizing mutation) backgrounds suggest that 

ix



ΔF508 CFTR is defective in two steps of CFTR biogenesis: 1) stability and 

efficiency of folding of the NBD1 domain, and 2) NBD1/ICL4 docking.  We 

demonstrate that efficient rescue of ΔF508 CFTR requires correction the 

two distinct defects.  This work has implications for the discovery and 

development of CF therapeutics by providing a framework for 

understanding the observed ceiling in the efficacy of either suppressor 

mutations or corrector compounds, which likely correct a single defect.  
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Chapter 1:  Introduction to the ABC Transporter Cystic Fibrosis 
Transmembrane Conductance Regulator (CFTR) 

Introduction

 Cystic fibrosis (CF) is a fatal disease affecting the lungs and 

digestive system by impairment of the Cystic Fibrosis Transmembrane 

Conductance Regulator (CFTR). While hundreds of mutations in CFTR 

have been associated with CF, the majority of cases are linked to the 

deletion of phenylalanine 508 (F508). F508 is  located in the first 

nucleotide binding domain (NBD1) of CFTR. This mutation is sufficient to 

impair the trafficking of CFTR to the plasma membrane and, thus, its 

function. As an ABC transporter, recent structural data from the family 

provide a framework on which to consider the effect of the F508 mutation 

on CFTR. There are hundreds of structures of ABC transporters and 

domains thereof. Only 20 structures are of the intact transporters. In 

addition, modern bioinformatic tools provide a wealth of sequence and 

structural information on the family. We will review the structural 

information from the RCSB structure repository and sequence databases 

of the ABC transporters. The available structural information was used to 

construct a model for CFTR based on the ABC transporter homologue, 

Sav1866, and provide a context for understanding the molecular 

pathology of Cystic Fibrosis.
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Domain Organization of ABC Transporters

CFTR is a member of the ABC Transporter family of mechanochemical 

machines that couple ATPase activity to the movement of solutes across a 

membrane. They function as multi-domain proteins in a diverse number of 

configurations. The minimum functional unit of the family consists  of two 

nucleotide binding domains (NBDs) and two transmembrane domains 

(TMDs) (Higgins 1992). ATP binding and hydrolysis at the NBDs transmit 

chemical work to domain rearrangements  in the TMDs that allow for solute 

movement (Dassa and Hofnung 1985; Schmitt and Tampe 2002; Smith et 

al. 2002; Jones and George 2004).

 The largest proteins in the family are the full-length transporters 

such as CFTR with all four domains on a single polypeptide chain (Higgins 

1992). CFTR is 1480 amino acids long with a mass of approximately 170 

kDa. At the N-terminus of the CFTR chain is the first TMD containing 6 

transmembrane spans as typical for the family, followed by the first of the 

two NBDs. Unique to CFTR proteins is the insertion of a regulatory 

domain, the R-domain, following the first NBD. The R-domain is highly 

disordered and interacts with NBD1 in a phosphorylation-dependent 

manner (Baker et al. 2007). Following the R-domain is a second TMD and 

then the second NBD (NBD2) at the C-terminus. This order of domain 

organization is  the most prevalent for ABC transporters, however, there 

are predicted full-length transporters with other domain organizations. In 

these cases, the N-terminus is initiated by a NBD domain and is continued 
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alternating NBDs and TMDs. Half-transporters consist of a single TMD 

and NBD domain translated on a single polypeptide. Both eukaryotic as 

well as some microbial exporters, are arranged in this manner (Dawson et 

al. 2007). In this organization, half-transporters  fulfill the ABC transporter 

minimum functional units by forming either homo or heterodimers. For the 

homodimeric bacterial transporter, Sav1866, the TMD is at the N-terminus 

followed by the NBD at the C-terminus. Similar to most full-transporters, 

half-transporters typically have the TMD at the N-terminus as is the case 

with Sav1866. However, proteins with the reverse TMD/NBD order also 

exist. The greatest number of ABC transporters, found in archae and 

bacteria, contain each domain on a separate chain and are expressed 

modularly. A single microbial operon typically contains the genes for each 

of the domains required to form the functional complex. Additionally, there 

are a small number of ABC transporters, which have two fused NBDs on a 

single polypeptide.

Nucleotide Binding Domains

There are 163,029 sequences from 3,369 species included in the Pfam-A 

component for the NBDs of ABC transporters, PF00005 (Sonnhammer et 

al. 1997).  Pfam reports that there are 233 structures of ATP-binding 

domains solved to date.  The members  which include two NBDs in a 

single polypeptide chain have both NBDs included in the multiple 

sequence alignment (MSA). Both CFTR NBD1 and NBD2 are included in 
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the NBD MSA. Highlighting the high degree of conservation in the NBD 

region, the percent identity of a previously reported representative 

alignment was 26% (Mendoza and Thomas, 2007). The NBDs of ABC 

transporters belong to the α/β class of proteins. Structural classification 

databases such as SCOP and CATH classify the NBDs as homologous 

and members of the P-loop containing nucleotide triphosphate hydrolases 

Superfamily (Murzin et al. 1995; Orengo et al. 1997). SCOP includes 25 

different families including AAA- ATPases, motor proteins, G proteins, and 

several kinase families. The P-loop is also commonly known as the Walker 

A (GXXGXGKS/T) motif (Saraste et al. 1990). This  is  the glycine rich 

region with a conserved lysine and serine, which coordinate ligand binding 

of the ATP phosphates in other ATPases (Leslie et al. 2001). This 

sequence motif, along with the Walker B motif (ɸɸɸɸD, where ɸ is  a 

hydrophobic residue), was one of the first identified and is highly 

conserved in different hydrolases regardless of the family (Walker et al. 

1982; Jones and George 2004).

 As of this  writing, 254 structures of ABC transporters  or their 

domains are available. Most are of the NBDs and of the periplasmic solute 

binding proteins utilized by bacterial import ABC transporters. We do not 

further consider these domains here as they are not found in eukaryotic 

ABC systems including CFTR. The structures available have been solved 

in apo, ligand bound, and mutant forms. The first structure of a core ABC 

transporter domain was published by Hung et al of the HisP NBD protein 
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of the histidine permease (PDB 1B0U) (Hung et al. 1998). The initial 

structure was  of monomeric HisP with ATP bound. The fold was unlike any 

other known structures at the time, but contained a core α/β domain 

similar to RecA (Story et al. 1992; Jones and George 1999). The P-loop is 

found in this subdomain, which also contains the Walker B motif. The 

Signature motif (LSGGQ) that identifies the ABC transporter family was 

located in a smaller α-helical subdomain. The α-helical subdomain also 

contains the F508 residue in CFTR NBD1.

 From biochemical studies, HisP was known to function as a dimer 

and the Signature motif was known to play a vital role in ATP binding and 

hydrolysis (Nikaido et al. 1997; Fetsch and Davidson 2002; Loo et al. 

2002). Yet, in the crystal structure of the monomer, the Signature motif 

was not in contact distance with the single ATP molecule. This left 

unresolved the question as to how the Signature sequence contributed to 

the enzymatic function of NBD proteins. A model that resolved the 

conundrum was  proposed placing the ATP in the interface of an NBD 

dimer (Jones and George 1999). The first suggestion that this model might 

be correct came from a structure of Rad50. A member of the Structural 

and Maintenance of Chromosome (SMC) family of proteins; Rad50 is 

involved in DNA double-stranded break repair. Although, Rad50 is not an 

ABC Transporter, it was believed to be related to ABC transporters due to 

the similarity of fold (Hopfner et al. 2000). Rad50 makes a dimer pairing 

the Signature sequence from one chain to the Walker A and B motifs of 
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the opposing chain with ATP sandwiched in between. In 2002, a structure 

of an ABC transporter NBD dimer (the Methanococcus jannashcii protein, 

MJ0796) was solved (Smith et al. 2002). The dimer was trapped by 

mutating the catalytic base (E171Q) (Moody et al. 2002). This structure 

revealed that the Signature motif was involved in coordinating with the γ-

phosphate of ATP in the dimeric form in a head to tail sandwich, consistent 

with biochemical data (Moody et al. 2002; Fetsch and Davidson 2002). In 

this  sandwich dimer, the Signature motif residues of the second NBD 

complete the active site with the Walker A and B residues of the first NBD 

(Smith et al. 2002). This  arrangement also explains  the positive 

cooperativity of the ATPase.

ICL/NBD Interactions

Alignments of transmembrane regions are more problematic due to the 

low level of conservation. In contrast to the large number of sequences 

available for the NBD alignments in Pfam, only 23,148 transmembrane 

sequences from 2,534 species are in the MSA of ABC transporter TMDs, 

PF00664 (Sonnhammer et al. 1997). The average percent identity of a 

representative set of sequences from an alignment as previously reported 

was only 14% (Mendoza and Thomas, 2007). Thus, even with the most 

robust methodologies, alignments of transmembrane regions  are 

susceptible to inaccuracies and motifs  are more difficult to identify. One 

such sequence in the intercellular loops connecting the TM segments of 
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ABC transporter uptake proteins is the EAA-X(3)-G-X(9)-LP motif (Doige 

and Ames 1993; Saurin and Dassa 1994; Biemans-Oldehinkel et al. 

2006). This motif is not ubiquitous  throughout the family (Dassa and 

Hofnung 1985; Schmitt and Tampe 2002; Biemans-Oldehinkel et al. 2006). 

Thus, quality assessments  of the transmembrane domains are not 

possible due to low conservation across the family in these regions, 

consistent with their role in mediating movement of a wide variety of 

structurally diverse solutes.

 Of the available ABC transporter structures, only 20 structures, 

which include the proteins BtuCD, HI1470/1, ModBC, MsbA, MalEFGK2 

and Sav1866, contain the NBDs in complex with the transmembrane 

domains. One of the early structures of a, MsbA (PDB 1Z2R and 1PF4), 

have been retracted due to software problems in generating the structure 

models  (Chang and Roth 2001; Reyes and Chang 2005; Chang et al. 

2006; Matthews 2007) and has since been replaced by five structures 

(PDBs 3B5W-Z and 3B60). BtuCD is an ABC vitamin B12 importer and 

was the first ABC transporter to be crystallized with both NBD and TMD 

components (PDB 1L7V) (Locher et al. 2002). Unlike other ABC 

transporters, each half of the TMD region of BtuCD has 10 

transmembrane spans with 4 ICLs. Moreover, BtuCD has different ICL/

NBD interactions from the other known intact transporters. A single TMD 

interacts with a single NBD by way of three of the four ICLs (Figure 1-1A). 

In addition, the N-terminus packs against the outside of the α-helical 
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subdomain. The first ICL only has  two residues within contact distance of 

the NBD and contacts the α-helical subdomain. ICL2 is  not in a close 

enough proximity to directly interact with either of the two NBDs. The 

nearest atom of the NBD to ICL2 is approximately 7.7 angstroms. ICL3 

has the greatest amount of interaction surface area and interacts with the 

NBD between both the α-helical and α/β subdomains. In this region of the 

interface, the ICLs and NBDs share both polar and hydrophobic 

interactions. The fourth ICL (ICL4) sits above the α-helical subdomain 

centered between the N and C-termini of the TMD and ICLs 1 and 3.

 More prototypical of the transporter family are ModBC and 

Sav1866. ModBC (PDB 2ONK) is a modular archaeal importer, which has 

6 transmembrane spans and two ICLs in each of the TMDs (Hollenstein et 

al. 2007). Unlike the BtuCD structure in which a single TMD interacts with 

a single NBD, in ModBC, each of the N-termini cross  over to the opposing 

NBD (Figure 1-1B). The N-terminus of each TMD is positioned within 4.4 

angstroms of the outer face of the opposing NBD. ICL1 makes contacts 

with the N and C-termini of the opposing TMD and does not come in 

contact with either of the NBDs. ICL2 is positioned in the groove between 

the α/β and α-helical subdomains. The C-terminus of the ModBC TMDs 

rest above the NBD α-helical subdomains but are not within contact 

distance of the NBDs.
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Release Date PDB Structure Title Resolution Species

CFTR Strucutures Apr-99 1CKW

CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE 
REGULATOR: SOLUTION STRUCTURES OF PEPTIDES 
BASED ON THE PHE508 REGION, THE MOST COMMON 
SITE OF DISEASE-CAUSING DELTA-F508 MUTATION NMR Synthetic

Apr-99 1CKX

Cystic fibrosis transmembrane conductance regulator: 
Solution structures of peptides based on the Phe508 region, 
the most common site of disease-causing Delta-F508 
mutation NMR Synthetic

Apr-99 1CKY

CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE 
REGULATOR: SOLUTION STRUCTURES OF PEPTIDES 
BASED ON THE PHE508 REGION, THE MOST COMMON 
SITE OF DISEASE-CAUSING DELTA-F508 MUTATION NMR Synthetic

Apr-99 1CKZ

CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE 
REGULATOR: SOLUTION STRUCTURES OF PEPTIDES 
BASED ON THE PHE508 REGION, THE MOST COMMON 
SITE OF DISEASE-CAUSING DELTA-F508 MUTATION NMR Synthetic

Jul-03 1Q3H mouse CFTR NBD1 with AMP.PNP 2.50 Mus musculus

Sep-03 1R0W
Cystic fibrosis transmembrane conductance regulator 
(CFTR) nucleotide-binding domain one (NBD1) apo 2.20 Mus musculus

Sep-03 1R0X
Cystic fibrosis transmembrane conductance regulator 
(CFTR) nucleotide-binding domain one (NBD1) with ATP 2.20 Mus musculus

Sep-03 1R0Y
Cystic fibrosis transmembrane conductance regulator 
(CFTR) nucleotide-binding domain one (NBD1) with ADP 2.55 Mus musculus

Sep-03 1R0Z

Phosphorylated Cystic fibrosis transmembrane conductance 
regulator (CFTR) nucleotide-binding domain one (NBD1) 
with ATP 2.35 Mus musculus

Sep-03 1R10

Cystic fibrosis transmembrane conductance regulator 
(CFTR) nucleotide-binding domain one (NBD1) with ATP, 
I4122 space group 3.00 Mus musculus

Sep-04 1XF9 Structure of NBD1 from murine CFTR- F508S mutant 2.70 Mus musculus
Sep-04 1XFA Structure of NBD1 from murine CFTR- F508R mutant 3.10 Mus musculus

Jun-11 3SI7
The crystal structure of the NBD1 domain of the mouse 
CFTR protein, deltaF508 mutant Mus musculus

Oct-04 1XMI Crystal structure of human F508A NBD1 domain with ATP 2.25 Homo sapiens

Oct-04 1XMJ
Crystal structure of human deltaF508 human NBD1 domain 
with ATP 2.30 Homo sapiens

Oct-05 2BBO Human NBD1 with Phe508 2.55 Homo sapiens
Oct-05 2BBS Human deltaF508 NBD1 with three solubilizing mutations 2.05 Homo sapiens
Oct-05 2BBT Human deltaF508 NBD1 with two solublizing mutations. 2.30 Homo sapiens

May-07 2PZE
Minimal human CFTR first nucleotide binding domain as a 
head-to-tail dimer 1.70 Homo sapiens

May-07 2PZF
Minimal human CFTR first nucleotide binding domain as a 
head-to-tail dimer with delta F508 2.00 Homo sapiens

May-07 2PZG
Minimal human CFTR first nucleotide binding domain as a 
monomer 1.80 Homo sapiens

Feb-09 3GD7
Crystal structure of human NBD2 complexed with N6-
Phenylethyl-ATP (P-ATP) 2.70 Homo sapiens

Table 1-1 Representative ABC Transporter Structures in the Research 
Collaboratory for Structural Bioinformatics (RCSB) Database
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(Continued)
TMD/NBD Mar$02 1L7V Bacterial-ABC-Transporter-Involved-in-B12-Uptake 3.20 Escherichia coli

 Complex Structures Aug$06 2HYD Multidrug-ABC-transporter-SAV1866 3.00 Staphylococcus aureus

Oct$06 2NQ2
An-inward$facing-conformation-of-a-putative-metal$chelate-type-
ABC-transporter. 2.40 Haemophilus influenzae

Sep$07 2R6G The-Crystal-Structure-of-the-E.-coli-Maltose-Transporter 2.80 Escherichia coli
May$08 3D31 ModBC-from-Methanosarcina-acetivorans 3.00 Methanosarcina acetivorans

Dec$08 3FH6
Crystal-structure-of-the-resting-state-maltose-transporter-from-E.-
coli 4.50 Escherichia coli

Dec$10 3PUV
Crystal-Structure-of-an-outward$facing-MBP$Maltose-transporter-
complex-bound-to-ADP$VO4 2.40 Escherichia coli

Dec$10 3PUW
Crystal-Structure-of-an-outward$facing-MBP$Maltose-transporter-
complex-bound-to-ADP$AlF4 2.30 Escherichia coli

Dec$10 3PUX
Crystal-Structure-of-an-outward$facing-MBP$Maltose-transporter-
complex-bound-to-ADP$BeF3 2.30 Escherichia coli

Dec$10 3PUY

Crystal-Structure-of-an-outward$facing-MBP$Maltose-transporter-
complex-bound-to-AMP$PNP-after-crystal-soaking-of-the-
pretranslocation-state 3.10 Escherichia coli

Dec$10 3PUZ
Crystal-Structure-of-a-pre$translocation-state-MBP$Maltose-
transporter-complex-bound-to-AMP$PNP 2.90 Escherichia coli

Apr$11 3RLF

Crystal-structure-of-the-maltose$binding-protein/maltose-
transporter-complex-in-an-outward$facing-conformation-bound-to-
MgAMPPNP 2.20 Escherichia coli

Jul$07 2QI9
ABC$transporter-BtuCD-in-complex-with-its-periplasmic-binding-
protein-BtuF 2.60 Escherichia coli

Jan$07 2ONJ
Structure-of-the-multidrug-ABC-transporter-Sav1866-from-
Staphylococcus-aureus-in-complex-with-AMP$PNP. 3.40 Staphylococcus aureus

Jan$07 2ONK
ABC-transporter-ModBC-in-complex-with-its-binding-protein-
ModA 3.10 Archaeoglobus fulgidus

Oct$07 3B5W Crystal-Structure-of-Eschericia-coli-MsbA 5.30 Eschericia coli 
Oct$07 3B5X Crystal-Structure-of-MsbA-from-Vibrio-cholerae 5.50  Vibrio cholerae

Oct$07 3B5Y
Crystal-Structure-of-MsbA-from-Salmonella-typhimurium-with-
AMPPNP 4.50 Salmonella typhimurium

Oct$07 3B5Z
Crystal-Structure-of-MsbA-from-Salmonella-typhimurium-with-
ADP-Vanadate 4.20 Salmonella typhimurium

Oct$07 3B60
Crystal-Structure-of-MsbA-from-Salmonella-typhimurium-with-
AMPPNP,-higher-resolution-form 3.70 Salmonella typhimurium
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Figure 1-1 TMD/NBD interactions in intact ABC transporter structures 
(PDB 1L7V, 2ONK and 2HYD). (A) The structure of BtuCD. NBDs are 
represented in surface models in light gray and dark gray. Ribbon 
representations of  the TMDs with their ICLs cyan and green. Each of  the 
BtuC TMDs contain ten transmembrane spans and four ICLs. Three of the 
four ICLs are within contact distance of the proximal NBD. In this structure, 
ICLs from one TMD interact with a single NBD. Left Top view  from the 
perspective of the membrane. Center Rotation by 90° in the plane of  the 
page from the prior view. Right Side view  of the prior view  by rotating 90° out 
of the plane of the page. (B) The structure of ModBC. NBDs are represented 
in surface models in light gray and dark gray. Ribbon representations of the 
TMDs are in cyan and green. Each of the ModB TMDs contain six 
transmembrane spans with 2 ICLs. In this structure, two ICLs from one TMD 
interact with a single NBD and the N-terminus of each of the TMDs “swap” 
and are within contact distance of the distal NBD. Left Top view  from the 
perspective of the membrane. Center Rotation by 90° in the plane of  the 
page from the prior view. Right Side view  of the prior view  by rotating 90° out 
of the plane of the page. (C) The structure of Sav1866. NBDs are 
represented in surface models in light gray and dark gray. Ribbon 
representations of the TMDs are in cyan and green. Each of the Sav1866 
TMDs contain six transmembrane spans with 2 ICLs. In this structure, both 
ICLs from one TMD interact with each of  the two NBDs. Left Top view  from 
the perspective of  the membrane. Center Rotation by 90° in the plane of the 
page from the prior view. Right Side view  of the prior view  by rotating 90° out 
of the plane of the page.

Sav1866 TMD has six transmembrane spans located at the
N-terminus of the protein. The NBD is at the C-terminus. In
the Sav1866 homodimer structure, ICLs form interactions
with both NBDs (Fig. 1c). Thus, each of the NBDs are
contacted by both the TMDs. ICL1 sits directly above the
P-loop interacting with its own NBD at the !/" subdomain.
The interface has approximately 132 angstroms2 of surface

area with a near equal number of polar and non-polar
atoms, 56% and 44%, respectively. The ATP adenine ring is
within 4.2 angstroms of ICL1. Additionally, ICL1 interacts
with the opposing NBD above the !-helical subdomain
near the Signature motif. This interface has approximately
187 angstroms2 of surface area with nearly equal number of
polar to non-polar atoms, 46% and 54%, respectively. ICL2

90o

90o

a

!-helical 
subdomain  

!-helical 
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!/" core
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90o
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Fig. 1 TMD/NBD interactions in intact ABC transporter structures
(Pdb: 1L7V, 2ONK and 2HYD). a. The structure of BtuCD. NBDs are
represented in surface models in light gray and dark gray. Ribbon
representations of the TMDs with their ICLs cyan and green. Each of
the BtuC TMDs contain ten transmembrane spans and four ICLs.
Three of the four ICLs are within contact distance of the proximal
NBD. In this structure, ICLs from one TMD interact with a single
NBD. Left Top view from the perspective of the membrane. Center
Rotation by 90° in the plane of the page from the prior view. Right
Side view of the prior view by rotating 90° out of the plane of the
page. b. The structure of ModBC. NBDs are represented in surface
models in light gray and dark gray. Ribbon representations of the
TMDs are in cyan and green. Each of the ModB TMDs contain six
transmembrane spans with 2 ICLs. In this structure, two ICLs from

one TMD interact with a single NBD and the N-terminus of each of
the TMDs “swap” and are within contact distance of the distal NBD.
Left Top view from the perspective of the membrane. Center Rotation
by 90° in the plane of the page from the prior view. Right Side view of
the prior view by rotating 90° out of the plane of the page. c. The
structure of Sav1866. NBDs are represented in surface models in light
gray and dark gray. Ribbon representations of the TMDs are in cyan
and green. Each of the Sav1866 TMDs contain six transmembrane
spans with 2 ICLs. In this structure, both ICLs from one TMD interact
with each of the two NBDs. Left Top view from the perspective of the
membrane.Center Rotation by 90° in the plane of the page from the prior
view. Right Side view of the prior view by rotating 90° out of the plane of
the page
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A third arrangement is seen in Sav1866 (2HYD PDB), a bacterial multi-

drug transporter containing a single TMD and NBD on a single polypeptide 

(Dawson and Locher 2006). Of the four, structures  with the complex of 

TMD and NBDs, Sav1866 is the only half-transporter.  The Sav1866 TMD 

has six transmembrane spans located at the N-terminus of the protein. 

The NBD is  at the C-terminus. In the Sav1866 homodimer structure, ICLs 

form interactions with both NBDs (Figure 1-1C). Thus, each of the NBDs 

are contacted by both the TMDs. ICL1 sits directly above the P-loop 

interacting with its own NBD at the α/β subdomain. The interface has 

approximately 132 angstroms2 of surface area with a near equal number 

of polar and non-polar atoms, 56% and 44%, respectively. The ATP 

adenine ring is within 4.2 angstroms of ICL1. Additionally, ICL1 interacts 

with the α-helical subdomain of the opposing NBD near the Signature 

motif. This interface has approximately 187 angstroms2 of surface area 

with nearly equal number of polar to non-polar atoms, 46% and 54%, 

respectively. ICL2 solely interacts with the NBD of the opposing dimer 

chain. The nidus of the ICL2/NBD interaction occurs  at the groove 

between the α/β and α-helical subdomains of the dimer NBD chain. There 

are approximately 725 angstroms2 of surface area at the ICL2/NBD 

interface. Furthermore, this interface is strongly characterized by a 

hydrophobic interface with a 32% and 68% polar to non-polar atoms, 

respectively. Sav1866 is the closest homologue of CFTR for which a 

structure is available.
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A Model for CFTR

The large majority of CF patients have the disease linked to the deletion of 

phenylalanine 508 in the N-terminal NBD1 of CFTR. The F508 CFTR 

misfolds at physiological conditions and does not traffic efficiently beyond 

the endoplasmic reticulum as monitored by complex glycosylation (Cheng 

et al. 1990). The mutant also affects the isolated NBD1 (Thibodeau et al. 

2005). In the cell, F508 CFTR is targeted for degradation (Lukacs et al. 

1994). Notably, electrophysiological studies indicate that when F508 CFTR 

is  temperature-rescued the channel has activity (Denning et al., 1992). 

Thus, the primary cause of this form of CF disease is due to the disruption 

of the folding pathway of CFTR (Thomas et al., 1992). Understanding the 

structural perturbations which occur due to the deletion of F508 is of great 

interest and practical importance, as correcting CFTR’s inability to reach 

the plasma membrane should be of therapeutic benefit. Because there is 

no structure of full-length CFTR, models provide important insight into 

elucidating the interactions within CFTR and the effect of disease-causing 

mutations.

 At present there are structures  for the first NBD (NBD1) of CFTR 

(Table 1-1). Also available are F508 NBD1s containing mutants that 

enable folding. Six years after the first NBD1 structure was solved, NBD2 

was solved in 2009 by Atwell et al.  A structure of the NBD1/2 heterodimer 

has yet to be determined. However, like other ABC transporters, the two 

NBDs of CFTR are expected to interact and bind two molecules of ATP 

13
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solely interacts with the NBD of the opposing dimer chain.
The nidus of the ICL2/NBD interaction occurs at the
groove between the α/β and α-helical subdomains of the
dimer NBD chain. There are approximately 725 angstroms2

of surface area at the ICL2/NBD interface. Furthermore, this
interface is strongly characterized by a hydrophobic interface
with a 32% and 68% polar to non-polar atoms, respectively.
Sav1866 is the closest homologue of CFTR for which a
structure is available.

A model for CFTR

The large majority of CF patients have the disease linked to
the deletion of phenylalanine 508 in the N-terminal NBD1
of CFTR. The ΔF508 CFTR misfolds at physiological
conditions and does not traffic efficiently beyond the
endoplasmic reticulum as monitored by complex glycosyl-
ation (Cheng et al. 1990). The mutant also affects the
isolated NBD1 (Thibodeau et al. 2005). In the cell, ΔF508
CFTR is targeted for degradation (Lukacs et al. 1994).
Notably, electrophysiological studies indicate that when
ΔF508 CFTR is temperature-rescued the channel has
activity. Thus, the primary cause of this form of CF disease
is due to the disruption of the folding pathway of CFTR.
Understanding the structural perturbations, which occur due

to the deletion of F508 is of great interest and practical
importance as correcting CFTR’s inability to reach the
plasma membrane should be of therapeutic benefit. Because
there is no structure of full-length CFTR, models provide
important insight into elucidating the interactions within
CFTR and the effect of disease-causing mutations.

At present there are structures for the first NBD (NBD1)
of CFTR (Table 1). Also available is a ΔF508 NBD1
containing mutants that enable folding. The structure of
NBD2 has yet to be determined. However, like other ABC
transporters, the two NBDs of CFTR are expected to
interact and bind two molecules of ATP (Vergani et al.
2005). If NBD1/NBD2 forms such a sandwich dimer then
only one of these two sites will be enzymatically active,
because the catalytic glutamate is absent in the Walker B
motif in CFTR NBD1 (Lewis et al. 2004). Mutations at
three positions (G550, R553, and R5550) in NBD1 have
been found to correct the folding defect of ΔF508
solubility (Dork et al. 1991; Teem et al. 1993, 1996;
DeCarvalho et al. 2002). All three second site suppressor
mutations are located in the α-helical subdomain. A crystal
structure has been solved of ΔF508 NBD1 containing these
three suppressor mutations (Lewis et al. 2005). Comparison
of the structures for wild type NBD1 and the ΔF508 NBD1
with the three solubilizing mutations do not reveal any
significant rearrangements. Alignments of the mutant
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Fig. 2 Model of TMD and NBD interactions in CFTR (Based on:
1R0W and 2HYD). a. Structure of CFTR NBD1 looking from the
perspective of the membrane plane. Left Ribbon representation of the
CFTR NBD1. The N-terminal region is colored in green. The Walker
A and B motifs are located in the α/β-core subdomain orange. The
Signature “LSGGQ” and F508 residue red are located in the α-helical
subdomain dark blue. Right Electrostatic surface representation with
negative-red and positive-blue. The hydrophobic-white 508 position is
exposed and is indicated by the yellow circle. b. The Sav1866
structure was used to produce a working model for CFTR. The
relative interactions of the NBDs, the ICLs, and specific CFTR

residues are indicated. The two NBDs dimerize with the two ATPs
(not shown) sandwiched between the interface, analogous to the
MJ0796 sandwich dimer structure. Left The NBD sandwich dimer is
shown stripped of the TMDs and connecting ICLs. The surfaces
covered by the ICLs are shown in black and the surface exposed
positions of F508 and P1306 (predicted) are shown in red. Right Same
view with the ICLs in place. ICL4 sits in a groove on the surface of
NBD1 between the α-helical subdomain and the α/β-core and near
the F508 position (partially hidden). c. A side view of the CFTR
model

J Bioenerg Biomembr

Figure 1-2 Model of TMD and NBD interactions in CFTR (Based on: 1R0W 
and 2HYD). (A) Structure of  CFTR NBD1 looking from the perspective of  the 
membrane plane. Left Ribbon representation of the CFTR NBD1. The N-terminal 
region is colored in green. The Walker A and B motifs are located in the α/β-core 
subdomain orange. The Signature “LSGGQ” and F508 residue red are located in 
the α-helical subdomain dark blue. Right, electrostatic surface representation 
with negative-red and positive-blue. The hydrophobic-white 508 position is 
exposed and is indicated by the yellow  circle. (B) The Sav1866 structure was 
used to produce a working model for CFTR. The relative interactions of the 
NBDs, the ICLs, and specific CFTR residues are indicated. The two NBDs 
dimerize with the two ATPs (not shown) sandwiched between the interface, 
analogous to the MJ0796 sandwich dimer structure. Left The NBD sandwich 
dimer is shown stripped of  the TMDs and connecting ICLs. The surfaces covered 
by the ICLs are shown in black and the surface exposed positions of F508 and 
P1306 (predicted) are shown in red. Right Same view  with the ICLs in place. 
ICL4 sits in a groove on the surface of NBD1 between the α-helical subdomain 
and the α/β-core and near the F508 position (partially hidden). (C) A side view  of 
the CFTR model.
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(Vergani et al. 2005). If NBD1/NBD2 forms such a sandwich dimer then 

only one of these two sites will be enzymatically active, because the 

catalytic glutamate is absent in the Walker B motif in CFTR NBD1 (Lewis 

et al. 2004). 

 Mutations at three positions (G550, R553, and R5550) in NBD1 

have been found to correct the folding defect of F508 solubility (Dork et al. 

1991; Teem et al. 1993, 1996; DeCarvalho et al. 2002). All three second-

site suppressor mutations are located in the α-helical subdomain. A crystal 

structure has been solved of F508 NBD1 containing these three 

suppressor mutations (Lewis et al. 2005). Comparison of the structures for 

wild-type NBD1 and the F508 NBD1 with the three solubilizing mutations 

do not reveal any significant rearrangements. Alignments of the mutant 

structure against wild-type NBD1 are within 0.6 angstroms RMS deviation. 

In addition to the effect of the disease causing mutation on isolated NBD1 

folding, the structures place the F508 mutation on the surface of the 

domain in a position predicted to interact with the ICLs in other ABC 

transporters. In this regard, Lewis et al propose that one effect of F508 

CFTR is the disruption of interdomain interactions  with the membrane 

spans (Lewis et al. 2004).

 A current open question is  what is  the nature of this interface. That 

is, how do the ICLs interact with the NBDs in CFTR? If CFTR is arranged 

like the exporter, Sav1866, CFTR ICL2 (predicted 242 to 307) and ICL3 
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(predicted 930 to 990) would interact with NBD2 (Seibert et al. 1996; 

Wigley et al. 1998). CFTR ICLs 1 (predicted 141–194) and 4 (predicted 

1037 to 1095) would interact with NBD1 (Cotten et al. 1996; Wigley et al. 

1998) (Figure 1-2). In this model, CFTR ICL4 makes contacts  with the 

F508 position of NBD1, whereas ICL2 makes contacts with the equivalent 

P1306 position in NBD2. The Sav1866-based model predicts CFTR ICL4 

will have the largest contribution to the ICL/NBD interaction surface area 

of NBD1. Consistent with this prediction, biochemical studies showed CF- 

causing mutations in ICL4 altered the gating of the channel in response to 

stimuli (Cotten et al. 1996).

 Due to the lack of efficient expression systems to yield large 

amounts of CFTR, and the presence of large disordered regions  in the R-

domain; CFTR has proven to be a difficult target for structural analysis. In 

spite of this difficulty, significant progress has been made in understanding 

the molecular pathology. The availability of CFTR NBD1 structures in 

addition to structures of intact homologous transporter proteins, allows 

construction of structural models suggesting specific interactions  between 

the ICLs and NBDs. Zolnerciks et al. have recently reported biochemical 

experiments providing for Sav1866-like TMD/ NBD interactions with 

another human ABC transporter, the multi-drug transporter P-glycoprotein 

(Zolnerciks et al. 2007). Thus, models built on structural and biochemical 

studies can generate testable hypotheses that lead to a deeper 

understanding of the mechanism of CF-causing mutations.
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Biophysical Methods to Approach CFTR Structure 

Inefficient folding of CFTR into a functional three-dimensional structure is 

the basic pathophysiologic mechanism leading to most cases of cystic 

fibrosis. Knowledge of the structure of CFTR and placement of these 

mutations into a structural context would provide key information for 

developing targeted therapeutic approaches for cystic fibrosis. As a large 

polytopic membrane protein containing disordered regions, intact CFTR 

has been refractory to efforts to solve a high-resolution structure using X-

ray crystallography. The chapters in the text Cystic Fibrosis Methods and 

Protocols summarize current efforts to circumvent these obstacles by 

utilizing NMR, electron microscopy, and computational methodologies and 

by development of experimental models of the relevant domains of CFTR.  

 Mutations in the cystic fibrosis transmembrane conductance 

regulator (CFTR) lead to the development of cystic fibrosis  (CF), one of 

the most common, fatal autosomal-recessive diseases (Cutting, 1993; 

Riordan et al., 1989). CFTR is a large membrane protein composed of at 

least five individual domains: two nucleotide-binding domains (NBDs), two 

transmembrane domains (TMDs), and a regulatory domain (RD). The 

NBDs and TMDs are common to the ABC transporter supergene family, of 

which CFTR is a member of the C subfamily (ABCC7). These domains 

(Mendoza and Thomas, 2007; Riordan, 2008) allow CFTR to mediate 

chloride conductance (Choi et al., 2007; Devor et al., 2000; Quinton and 

Reddy, 1992) and regulate the activity of several other critical transport 
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systems in the apical membrane of epithelial cells  (Ko et al., 2004; 

Kunzelmann et al., 1997; Mall et al., 1999; Schreiber et al., 1999). 

Detailed structural information at a variety of resolutions is  critical for 

understanding how the protein functions. The presence of disease-

causing mutations in the CFTR gene leads to an absence of function. 

Such loss-of-function effects can arise from one or more of several distinct 

mechanisms including, direct effects  on channel function (Linsdell et al., 

1998; McCarty, 2000; Sheppard et al., 1993), effects on regulation (Fulmer 

et al., 1995), or effects that cause aberrant folding (Qu et al., 1997; 

Thomas et al., 1992) and trafficking (Gregory et al., 1991) or a 

combination of these. Whereas  the primary sequence of a protein contains 

the information required for achieving a functional, native conformation, it 

is  not surprising that defective CFTR folding is the most common of the 

mechanisms leading to dysfunction (Qu et al., 1997; Thomas et al., 1992). 

Again, structural information can provide critical insight into the molecular 

pathogenesis of these mutations  and the means to counter the aberrant 

steps.

Information about the structure of the CFTR molecule can be 

generated at several different levels  of detail. First, biochemical and 

immunochemical methods can reveal the presence of post-translational 

modifications that reflect the enzymes CFTR has come in contact with, 

and, thus, its history in a cell. The cell has its own intricate methods for 

distinguishing and sorting aberrant protein molecules from those that 
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continue on to a functional native structure, which are reflected in these 

changes (Hutt et al.; Wang et al., 2006; Younger et al., 2005). This 

information indicates, at an extremely reliable, albeit gross level; whether 

or not CFTR has folded into a native structure. These approaches are 

covered in great detail in a number of chapters within Part III of Cystic 

Fibrosis Methods and Protocols. At the next level of detail, studies of full-

length CFTR can provide information about the state of individual domains 

by combining limited proteolysis and electrophoretic separation with 

identification of domains using antibodies with known CFTR epitopes. In 

this  manner, the effects of specific mutations on domains can be assessed 

by comparisons to the wild-type protein (Awayn et al., 2005; Cui et al., 

2007; Kleizen et al., 2005). Low-resolution approaches have greatly 

informed our understanding of the structure and function of CFTR and the 

molecular pathology of many of the disease-causing mutations. However, 

a desire to understand function and dysfunction at a structural level 

motivates the difficult goal of determining higher-resolution structures  of 

CFTR and its domains that are summarized in Chapters 22-25 in the text 

Cystic Fibrosis Methods and Protocols.

The structure of full-length CFTR at a resolution that allows for 

determining the relative apposition of the domains can be elucidated 

experimentally using incisive biophysical approaches such as electron 

microscopy and electron crystallography as described in Chapter 18 of 

Cystic Fibrosis Methods and Protocols by Ford et al (Awayn et al., 2005; 
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Rosenberg et al., 2004; Zhang et al., 2009). These approaches require 

significant amounts of purified full-length CFTR and are sample 

preparation, data collection and computationally intensive. The structures 

produced to date provide information about the identity of domains in the 

structure and changes in their relationship that correlate with alterations in 

nucleotide content and phosphorylation state, two parameters known to 

regulate the activity of CFTR. These methods hold great promise for the 

future in that resolution in the single digit Ångstrom level can be achieved 

and the presence of disordered regions in CFTR do not interfere as much 

as they might in the case of X-ray crystallography.

While full-length CFTR has proven refractory to X-ray 

crystallography to date, structures of other members of the ABC 

transporter family have been solved to high-resolution utilizing this 

approach (Aller et al., 2009; Dawson and Locher, 2006; Locher et al., 

2002). While these homologues lack some important features  of CFTR, for 

example the R-domain and regulatory insertion (RI) and regulatory 

extension (RE) within NBD1, they share the four fundamental domains 

and, can thus, act as a starting point for producing structural models of 

CFTR. This approach, described in Chapter 19 of Cystic Fibrosis Methods 

and Protocols by Serohijos et al., can provide molecular models useful for 

formulating specific hypotheses for experimental testing (Huang et al., 

2009; Mendoza and Thomas, 2007; Moran; Mornon et al., 2009; Serohijos 

et al., 2008). More sophisticated computational approaches that calculate 
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the folding trajectories of CFTR-NBD1 have been developed and utilized 

to identify differences  between wild type and F508del and residues 

important in these differences (Serohijos et al., 2008). This  work points the 

way to novel therapeutic interventions by small molecules to circumvent 

the differences in the mutant and wild type folding.

An ultimate goal remains, however, the solution of high-resolution 

structures of the intact CFTR and mutants thereof in a variety of states 

that define the functional and pathogenic mechanisms. In particular, 

structures in the low Ångstrom resolution range will be required to reveal 

the conformation of the side chains as would be required for defining the 

binding mode of CFTR ligands. Also, information about the structural 

dynamics is also likely to be key and will come from NMR, as discussed in 

Chapter 21 of Cystic Fibrosis Methods and Protocols by Kanelis et al, and 

related experiments. A dissect and build approach has been utilized in the 

absence of technology to produce and analyze the full-length CFTR at this 

resolution at the present time. The assumption underlying this operation is 

that the domains of CFTR can be isolated as independent units  that retain 

structure and at least partial function. This dissection has proven valid for 

the case of the NBDs and the R-domain. The second half of the operation 

is  to build by recombining the high-resolution information garnered from 

the component domains, perhaps as directed by electron microscopy 

results.
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To date, high-resolution structures have been produced for the 

NBD1 domains  from murine and human CFTR (Atwell et al.; Lewis  et al., 

2004; Lewis et al.; Thibodeau et al., 2005) and human NBD2 (in fusion 

with a portion of the related bacterial NBD, MalK) (PDB 3GD7). These 

structures have provided important insight into the fold of the CFTR NBDs, 

the details of how they interact with nucleotide ligands, and the position of 

the critical F508 residue and other positions mutated in CF (Lewis et al., 

2004). The B-factors for these structures point to increased dynamics of 

particular regions when specific mutations or phosphorylations are 

introduced (Lewis et al.). Methods for producing and characterizing these 

domains are presented in Chapter 19, 20 and 21. Chapter 20 of Cystic 

Fibrosis Methods and Protocols focuses on the history of development of 

systems for producing CFTR-NBD1 as an illustrative example.

Dynamical changes in the conformation of CFTR are important at a 

variety of levels. Changes in conformation and in the relative orientation of 

the domains define the mechano-chemical reaction cycle of gating. Order-

disorder transitions and conformational rearrangements underlie control of 

these domain rearrangements and, thus, the mechanisms by which 

nucleotide binding and hydrolysis and CFTR phosphorylation regulate the 

activity of the channel (Baker et al., 2007; Kanelis  et al.). Folding is by 

definition the dynamic changes in conformation that occur as the native 

state is assembled. Where static structural information is difficult, dynamic 

structural information requires temporal information about the structure 
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over many different time scales. Chapter 21 of Cystic Fibrosis Methods 

and Protocols, by Kanelis et al, summarizes the use of NMR spectroscopy 

to address many of the critical questions about the regulation of CFTR and 

the effects of mutations on the dynamics of the domains.

Structural information relevant to the function and dysfunction of 

CFTR forms the basis of a rational approach to therapeutic discovery and 

development. However, CFTR is an integral membrane protein that is 

produced in cells  in low abundance creating significant obstacles to 

structural studies. Moreover, it contains significant regions of disorder 

even when it is in its  native state--disorder that is central to its function, but 

that impedes many structural experiments--obviating a need for 

information about the dynamics of these structures. Finally, in several 

cases, including the prevalent F508del mutation, the mutant protein does 

not fold efficiently into the final structure. Since many of these disease-

causing folding mutants retain at least partial function when they are 

induced to fold in vitro or in cell culture systems (Brown et al., 1996; 

Denning et al., 1992), a critical challenge is to produce structural 

information relevant to these partially folded or misfolded states. 

Computational methods have a key advantage for directing work in this 

difficult area. Several chapters in Cystic Fibrosis Methods and Protocols 

provide a primer on current experimental and computational methods for 

structural work on full-length CFTR, its  domains and the dynamical states 

central to folding and function. Understanding the structural details of 
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function and the folding process may provide not only fundamental 

knowledge, but also have practical application in the development of 

future treatments for the disease.

*This chapter is adapted and updated from Mendoza and Thomas 2007 

and Mendoza, Schmidt, and Thomas 2011.
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Chapter 2:  Analyses of Evolved Sequences and Structure Reveal the 
Requirements for Efficient Corrected Folding of  ΔF508 CFTR

Introduction

  Cystic fibrosis (CF) is a lethal, monogenic disease caused by 

dysfunction of the Cystic Fibrosis  Transmembrane Conductance Regulator 

(CFTR). CFTR is a member of the ATP-Binding Cassette (ABC) 

transporter sub-family class C that functions as a chloride channel. This 

polytopic integral membrane protein is composed of five domains: two 

transmembrane domains (TMDs) which form the channel through the 

membrane, two nucleotide binding domains (NBDs) which gate the 

channel through ATP binding and hydrolysis reactions, and a regulatory 

region (R) which mediates kinase dependent regulation of channel activity 

(Figures 2-1A and 2-1B) (Berger et al., 2005; McCarty, 2000; Mendoza 

and Thomas, 2007; Riordan et al., 1989; Vergani et al., 2005). The 

majority of CF cases are associated with the deletion of a single amino 

acid, phenylalanine 508, located in the first NBD (NBD1) of CFTR (Figures 

2-1A, 1B, and 1C) (Riordan et al., 1989). Upon deletion of this amino acid, 

CFTR fails  to fold properly and does  not efficiently traffic to the plasma 

membrane (Cheng et al., 1990) resulting in a loss-of function (Rich et al., 

1990) (Figure 2-2). However, the mutant CFTR is active when induced to 

fold and traffic to the membrane (Denning et al., 1992; Teem et al., 1993) 

indicating that compounds that correct the folding defect may have 

therapeutic benefit.
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  Studies of the NBD1 of CFTR, and portions thereof, containing 

the F508 position indicate that the deletion reduces the folding efficiency 

(Qu and Thomas, 1996; Thibodeau et al., 2005b) and stability (Hoelen et 

al., 2010; Protasevich et al., 2010; Thibodeau et al., 2010b; Thomas et al., 

1992; Wang et al., 2010) of the model poypeptides (Figure 2-3A-B). 

Consistent with the observed defects  in yield, computational folding 

dynamics studies predict an altered folding pathway of NBD1 upon 

deletion of F508 (Serohijos et al., 2008).  Crystal structures of the isolated 

CFTR-NBD1 domains reveal that F508 is partially exposed on the surface 

(Lewis et al., 2004) and that deletion of the residue causes only local 

rearrangements in the loop following the 508 residue in the context of 

stabilizing mutations that facilitated crystallization (Atwell et al., 2010; 

Lewis et al., 2005a) (Figure 2-3C).

 

 Several lines of evidence suggest that ΔF508 CFTR can be targeted 

to improve folding and restore function. Sequencing identified a patient 

with a less severe form of CF with the genotype ∆F508-R553Q on one 

allele and a nonsense mutation on the other allele (Dork et al., 1991). A 

genetic screen in yeast utilizing a CFTR - Ste6 chimera that supports 

mating, identified the same R553Q mutation as a suppressor of the loss-of 

mating ΔF508 phenotype (Teem et al., 1993). Additional second-site 

revertant mutations  I539T, G550E, R553M, and R555K, within the portion 

of CFTR NBD1 near F508 that was included in the chimera, were also 
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Figure 2-1. Predicted Relationship of CFTR Domains to the F508 Position. 
(A) CFTR is 1480 amino acids in length and contains two transmembrane 
domains (TMDs, orange and pink) and four intracellular loops (labeled ICL1-4, 
cyan, orange, blue, and yellow), two nucleotide binding domains (NBDs, grey and 
charcoal) and a predicted highly disordered region Regulatory region (R, purple). 
F508, green is located within the NBD1 domain. (B) The Sav1866 based 
homology model of CFTR sans R-region (PDBs 2HYD, 1R0W, and 3GD7). (top) 
View  of the NBDs and ICLs of CFTR parallel to the membrane. The two NBDs 
associate in a head-to-tail fashion. ICL1 (cyan ribbon) and ICL4 (yellow  ribbon) 
interact with NBD1 and ICL2 (orange ribbon) and ICL3 (blue ribbon) interact with 
NBD2. F508 (green surface) is at the predicted interface with ICL4. NBD1 surface 
residues predicted to be within 6 A of ICL1, ICL4 or both are highlighted in cyan, 
yellow  or light green respectively. (bottom) View  of the CFTR model looking down 
from the membrane as previously described in the top panel and rotated by 90° 
along the x-axis. (C) Ribbon representation of NBD1 (PDB 1R0W) showing 
relationship of  F508 (green sticks) to the predicted interface with ICL4 yellow 
outline.
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CFTR ∆F508 Fails to Traffick 
to the Plasma Membrane

Modified from Southern et al. Arch Dis Child (1997)

Band B

Band C

Band B Band C

150 kD

175 kD

WT ΔF

Figure 2-2.  ΔF508 CFTR is a Misfolding Mutation and is Unable to Traffic to 
the Plasma Membrane.  CFTR folds co-translationally in the ER and is inserted 
into the ER membrane where it is core glycosylated approximately 150 kDalton 
band as visualized on a western blot of  SDS PAGE (Band B).  If the protein is 
properly folded, it traffics to the Golgi where it is further post-translationally 
modified and is complexly glycosylated and finally is trafficked to the plasma 
membrane where it is required for function.  The complexly glycosylated form is 
visualized on WB as an approximate weight of 175 kDaltons denoted as Band C.
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Impact of ∆F508 on NBD1 Folding
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Figure 2-3.  Characterization of ΔF508 NBD1 Reveals that the Mutation 
Affects Folding of NBD1.  (leftmost panel) The predicted structure of  human 
CFTR as described in Figure 2-1B,C.  The F508 position is at the predicted 
interface of NBD1 and ICL4.  (Solubility of NBD1) Western blot of SDS PAGE of 
bacterially expressed wild-type and ΔF508 NBD1 reveals the mutation decreases 
the solubility of  NBD1.  The difference in solubility is not due to protein production 
as suggested by western blot of the whole cell lysate (Thibodeau et al., 2010).  
(Kinetics) Expression of  NBD1 at a lower temperature suggests that folding 
kinetics of the domain is also altered by the deletion mutation as the difference in 
solubility between wild-type is diminished (Thibodeau et al., 2010).  Again, as the 
WB of the WCL suggests, this is not due to protein production.  (Stability) 
Thermal denaturation studies of  purified NBD1 demonstrate that ΔF508 
decreases the Tm of NBD1 by nearly 6°C (Hoelen et al., 2010).
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identified using this approach (DeCarvalho et al., 2002; Teem et al., 1993; 

Teem et al., 1996a) (Figure 2-4). The R553M, I539T and the combination 

of G550E-R553M-R555K (3M) mutations have been shown to correct the 

folding and stability defects of the ∆F508 NBD1 domain in isolation 

(DeCarvalho et al., 2002; Hoelen et al., 2010; Pissarra et al., 2008; Qu et 

al., 1997; Thibodeau et al., 2010a), but only partially restore maturation of 

the full-length mutant protein (Hoelen et al., 2010; Pissarra et al., 2008; 

Thibodeau et al., 2010a) (Figure 2-5). These data indicate that correction 

of the NBD1 folding defect alone only incompletely restores maturation of 

ΔF508 CFTR.

  Based on the hypothesis  that compounds that effectively 

improve the folding of ΔF508 CFTR would be of therapeutic benefit, 

several cell-based high-throughput screens have been performed 

(Pedemonte et al., 2005; Robert et al., 2010; Robert et al., 2008; Van 

Goor et al., 2006). While some of the compounds identified bind to and 

stabilize NBD1 (Sampson et al., 2011); the mechanism of action of most 

remains unknown. None of the reported ΔF508 correctors have potency 

much less than 1 µM and, like the single intragenic second site-

suppressor mutants, efficacy above about 15% of wild-type levels. There 

is  reasonable concern that this degree of correction will not have 

significant therapeutic benefit based on the promising results with the 

more potent and efficacious potentiator of the rarer CF-causing G551D 
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Figure 2-4.  Second-Site Suppressor Mutations Identified by the Genetic 
Screen are Distal to the F508 Position.  The structure of human NBD1 (PDB 
2BBO) with the three suppressor mutations reveal that the mutations are not 
in contact with the F508 position.  Structural analysis predicts changes in 
hydrogen bonds between I539T, R555K, and R5553(M/Q) and backbone 
carbonyls of neighboring residues.  The G550E position is predicted to be 
near the γ-phosphate of ATP at this pocket.  G550E is known to alter the 
gating characteristics of CFTR (Roxo-Rosa et al., 2006).

G550E
R553M/Q

F508

Identification of Second-Site 
Suppressors (SSS)

PDB 1R0W
deCarvalho et al, JBC (1996); Teem et al. Cell (1993)

I539TR555K

SSS = G550E/R553M/R555K
SSS = G550E-R553M-R555K
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Full-length 

Second-Site Suppressors (SSS) 
Overcome the ΔF508 NBD1 Defect

Thibodeau et al. JBC 2010

Isolated NBD1Isolated Domain

WT
SSS

ΔF
50

8

SSS ΔF

-5

0

5

10

      
      

      
    Δ

Tm
 (C

°)

A. Schmidt; Hoelen et al. PloS One (2010)

Figure 2-5.  Second-Site  Suppressor Mutations Correction of ΔF508 
Mediated Misfolding.  (A) (top panel) Western blot of SDS PAGE of SSS on 
WT and ΔF508 NBD1 of soluble fraction and whole-cell lysate of protein 
expressed in a bacterial expression system.  Triple suppressor mutations 
(G550E-R553M-R555K) improve the solubility of NBD1 in both the wild-type and 
ΔF508 NBD1 backgrounds (Thibodeau et al., 2010).  The increase in soluble 
protein levels of NBD1 with the SSS mutations are not due to protein production 
(Thibodeau et al., 2010) (bottom panel).  The triple suppressor mutation 
increases the thermal stability of NBD1 by approximately 8°C in both wild-type 
and ΔF508 backgrounds such that ΔF508 NBD1 is more stable than wild-type as 
reflected in the soluble fraction of the proteins (Hoelen et al., 2010).  (B) Western 
blot of  SDS page of  wild-type, ΔF508, SSS-ΔF508 CFTR (Thibodeau et al., 
2010).  The triple suppressor mutations partially restore trafficking to the plasma 
membrane despite more than compensating for the folding defects of  ΔF508 
NBD1 as shown in panel A) (Thibodeau et al., 2010).
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gating mutant (Accurso et al., 2010; Van Goor et al., 2009). This 

potentiator compound, VX-770, clearly demonstrates that pharmacological 

improvement of mutant CFTR function in adult patients provides a 

measurable clinical benefit (Accurso et al., 2010), further stimulating the 

search for effective correctors of ΔF508 folding and function. 

Understanding the molecular basis of the apparent correction ceiling and 

the mechanism of action of corrector compounds would provide critical 

insight for development of more effective corrector compounds.

 The identification of positions coupled to F508, provided by the Ste6-

CFTR chimera revertant mating screen, has  provided critical insights into 

CFTR folding and the effect of ΔF508, but was necessarily limited to 

residues immediately proximal to the F508 position in NBD1 by the 

methodology (Teem et al., 1993; Teem et al., 1996b). Extending such a 

second-site analysis to the whole of CFTR might be reasonably expected 

to provide critical new information about the folding and maturation of 

CFTR and the effect of the ΔF508 mutation thereon—information critical 

for revealing the mechanism of action of extant correctors, for developing 

methods capable of identifying better compounds, and for a fundamental 

understanding of the process of integral membrane protein folding. In the 

absence of a conveniently assessed phenotype for CFTR function as 

required to evaluate millions of individual genetic perturbations, the 

information nature has provided in the sequences of the ABC supergene 

family offer an alternative. Multiple algorithms have been developed that 
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can identify residues coupled to specific positions, for example F508, in 

the evolved sequences of protein homologues (Fodor and Aldrich, 2004; 

Goh et al., 2000; Kass and Horovitz, 2002; Lockless and Ranganathan, 

1999; Pazos and Valencia, 2008; Socolich et al., 2005). The set of 

residues statistically coupled to the F508 position would be expected to be 

enriched for positions that interact directly or allosterically in the final 

structures or transiently during the process of folding. Such interactions 

should be evident in the stability and folding yield of NBD1 and the 

maturation of CFTR, which reflects the association of folded NBD1 with 

ICL4. In the present work we identified positions coupled to F508 in CFTR 

and determined their effect on both NBD1 folding and CFTR maturation. 

The results  reveal the quantitative effect of the ΔF508 mutation on two 

distinct steps of folding and, further, suggest mechanistically defined 

methodologies for identifying compounds targeting either or both steps 

defective in the mutant protein.

Results

Identification of positions coupled to 508 in the ABC transporter 

supergene family.

CFTR is  a member of the C subgroup of the large ABC transporter 

supergene family (Dean and Annilo, 2005). Over 2,000 full-length 

sequences of eukaryotic ABC Transporters (containing two NBDs and two 

TMDs on a single polypeptide) were obtained from two iterations of a PSI-
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Blast default search using the human CFTR protein sequence as the seed 

(gi 90421313). Four multiple sequence alignments (MSA) were generated 

using ClustalW (Larkin et al., 2007). After quality assessment of the MSA 

using the three highly conserved Walker A and B, and Consensus motifs 

(Dean and Allikmets, 1995; Dean and Annilo, 2005; Jones and George, 

2004; Walker et al., 1982), the total number of sequences to be queried 

was reduced by half. After removing additional sequences that had greater 

than 90% identity to any other sequence within the alignment, the final 

alignment contains 493 full-length sequences (MSA available for download 

at http://cftrfolding.org, Figure 2-6). The two NBD domains have the 

highest number of conserved positions, with the three ATP Binding 

cassette motifs having the highest conservation scores in the MSA. Four 

positions in CFTR are invariant in the alignment, K464 and G1244 in the 

Walker A motifs  of NBD1 and NBD2, respectively, Q1292, the Q-loop 

residue in NBD2, and D1370 of the NBD2 Walker B motif. The TMDs have 

positions of high conservation clustered at or near the ICLs. The 

conservation scores in the R-domain approach randomness (conservation 

score of -1). Phenylalanine is the most common amino acid at the 508 

position followed by tyrosine at frequencies of 0.86 and 0.11, respectively.

Matrices of the pairwise correlation scores were calculated using the MSA 

by four independent, statistical methods; Statistical Coupling Analysis 

(SCA), Explicit Likelihood of Co-variation (ELSC), OMES, and McBASC 

(Figures 2-7A, 2-8A, and S1) (Matlab file available for download at http://
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TMD1 NBD1 TMD2  NBD2RDomains

Entropy Based Conservation of 493 Sequences

MSA generated with Promals3D http://prodata.swmed.edu/promals3d/promals3d.php
Conservation scores calculated with Al2CO http://prodata.swmed.edu/al2co/al2co.php

Walker A Walker B
Consensus

14801000

Conservation in the MSA of 
Eukaryotic ABC Transporters

Figure 2-6.  Positional Conservation Scores in Human Numbering in the 
MSA of 493 ABC Transporters.  Entropy based conservation scores were 
calculated for the Multiple Sequence Alignment of  493 full-length ABC transporter 
and plotted with human CFTR numbering.  Approximate boundaries of each of 
the five domains of CFTR are shown below  the plot.  The two NBDs have the 
highest level of conservation.  Amongst the most conserved positions are those 
important for ATP binding and hydrolysis and identified as the Walker A/B and 
Consensus motif for NBD1 for reference.  In contrast, the R-domain approaches 
randomness (a entropy conservation score of -1).  The two TMDs while largely 
not conserved, have several positions with a high degree of conservation.  These 
positions correspond to or are near to, the ECLs and ICLs.

http://cftrfolding.org
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cftrfolding.org) (Dekker et al., 2004; Fodor and Aldrich, 2004; Lockless  and 

Ranganathan, 1999). The top 20 statistical 508-coupled positions for the 

four methods formed a set of 45 positions (Table 2-1). A sample set of 16 

of these 45 508-coupled positions, including those most common and 

unique to all methods (Table 2-1 and Figure S3), were selected for 

experimental assessment of impact on CFTR folding. The 16 positions 

represent ~78% coverage of the top ten 508-coupled positions for all four 

methods, and include 6 positions common among all 4 methods, 2 

positions in common among 3 methods, 6 positions common among 2 

methods, and 2 positions  unique to a single method (Table 2-1 and Figure 

2-9). The 6 coupled positions common among all 4 methods are located in 

the α-helical subdomain (Table 2-1 and Figure S3). Ten of the 16 positions 

are surface exposed, F490L and W496, like F508, are predicted to be at 

the ICL4 interface (Table 2-1 and Figures 2-9 and S3). Additional positions 

reside within the coupling helix boundaries of ICL1 and ICL4 (Figure 

2-7B). The amino acid at each of the 16 positions in CFTR was changed 

to the most common non-CFTR amino acid (Table 2-1) and the effect on 

both NBD1 folding and CFTR maturation was assessed.

37

http://cftrfolding.org
http://cftrfolding.org


38

 

 

0

0.2

0.4

0.6

0.8

1

508

TMD1 NBD1 R TMD2 NBD21 1480

TM
D

1
N

B
D

1
R

TM
D

2
N

B
D

2

Coupling Matrix of the ABC 
Transporter Family

F508, 86%

Y508, 11%

Figure 2-7. CFTR Inter-Residue Coupling Matrix Calculated from an ABC 
Transporter Sequence Alignment. (left) Heat map of the 1480 x 1480 matrix 
representing a linear combination of four statistical methods (SCA, ELSC, 
OMES, McBASC). The color scale is located on the right side of the panel with 
statistical scores approaching zero represented by dark blue and scores of high 
statistical significance in red. The diagonal denotes identity. Coupling of each of 
the five domains of CFTR to NBD1 are shown in squares with TMD1 in orange, 
NBD1 coupling to itself in light gray, the R-region in purple, TMD2 in pink, and 
NBD2 in dark gray. (right) The 508-coupling scores in ICL1 (residues 
158-184) and ICL4 (residues 1050-1080) of the CFTR model (Figure 
2-1B).  The surface corresponding to the F508 position is colored in green 
and is predicted to be in contact with ICL4.
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508-Coupled Positions in NBD1
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Figure 2-8. NBD1 Inter-Residue Coupling Matrix Calculated from  an ABC 
Transporter Sequence Alignment. (left) Heat map of  the 285 x 285 matrix 
representing a linear combination of  four statistical methods (SCA, ELSC, 
OMES, McBASC). The color scale is located on the right side of  the panel with 
statistical scores approaching zero represented by dark blue and scores of high 
statistical significance in red. The diagonal denotes identity. NBD1 coupling to 
itself  in light gray, the R-region in purple, TMD2 in pink, and NBD2 in dark gray. 
(right)  A view  of NBD1 (pdb 1R0W) colored with normalized scores from heat 
map, left and top left.   The F508 position is shown in green.  
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Table 1  Top 20 508-coupled positions within 
NBD1 using four independent statistical 
methods 

ELSC mcBASC Omes SCA
435

453
460

S466T S466T
468

470
472

473 473
474 474

L475Y L475Y L475Y
F490L F490L

W496V W496V W496V W496V
503
505
507
509

512
513

Y517I Y517I Y517I Y517I
520 520

521
C524A C524A C524A C524A
L526A L526A L526A L526A
D529F D529F D529F D529F
D537F D537F

543
Y563V Y563V Y563V Y563V
A566P A566P

569 569
S573E

P574A P574A P574A
F575T F575T

578
582

E583G E583G
587

591
595
598
602

604 604 604
H609T

617
630 630
640

Table 2-1. Identification of NBD1 Positions Coupled to F508 Using Four 
Independent Statistical Methods. The alignment of  493 sequences was used to 
calculate pairwise coupling scores using each method (ELSC, SCA, McBASC, 
and OMES). The top ten highest scoring positions are shown in bold for each 
method. The representative set of  sixteen 508-coupled positions and the 
missense mutations selected for experimental analysis are underlined.
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Sixteen Representative 
508-Coupled Positions

PDB 1R0W

# of Methods # of Positions
4 6
3 2
2 6
1 2

Structural
Location # of Positions

Interface (ICLs) 2
Surface 10

Core 4

Statistics

Figure 2-9. Statistics and Structural Context of the  16 Representative 
Coupled Positions in NBD1 Structure. (A) (top) Table summarizing coverage 
of the representative 16 coupled positions.  The 16 coupled positions sample 
positions in common among each of the four methods as well as including 
positions unique to a single method. (bottom)  The 16 positions are distributed 
throughout  the NBD1 structure as summarized in the table. (B) Structural 
context of the 16 coupled positions in NBD1 (PDB 2R0W) and as summarized in 
Table 2-1 (green sticks).



Effects of 508-Coupled Positions on NBD1 Folding

Each of the 16 508-coupled positions, as  well as the previously identified 

second-site suppressor mutations  and combinations  thereof, were 

evaluated for effects on the folding of the isolated human CFTR NBD1 

using a structural complementation assay for folding as previously 

described (Thibodeau et al., 2010a; Wigley et al., 2001) (Figure 2-10). In 

the current implementation of the assay, the folding signal of ΔF508 NBD1 

was 0.43 ± 0.03 relative to wild-type NBD1, 1.00 ± 0.03. All 16 508-

coupled and second-site suppressor mutations had a significant effect on 

the folding of the isolated domain relative to wild-type (Figure 2-11) 

suggesting that the statistical analyses identified a set enriched for 

biological relevance. Fourteen of the 508-coupled mutations  interfered 

with NBD1 folding (Figure 2-11, green bars). The significance of the 

decrease in folding was less than 6E-6 for 13 of the mutants and 0.002 for 

the least significant, E583G. Two 508-coupled mutants, D529F and 

S573E, dramatically increased the relative folding yield of NBD1 by 3.07 ± 

0.13 and 1.85 ± 0.06 fold, respectively, a level comparable to that of the 

second-site suppressors identified in the STE6 chimera screen (Figure 

2-11).

 Thermal denaturation of purified D529F and S573E NBD1 revealed  

that S573E raised the Tm by 2 to 5 °C relative to wild-type depending on 

ATP concentration (Figures 2-12 and S4), indicating that the improved 

folding yield reported by the structural complementation assay could be 
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accounted for by increased stability of the native state (Figure 2-12). In 

stark contrast, D529F had no measureable effect on Tm indicating the 

structural complementation folding assay reflects changes in yield and 

pathway as well as changes in stability or solubility. D529 is located in the 

α-helical sub-domain of NBD1 near the NBD1/NBD2 interface (Figure 

2-13). Analysis of the human NBD1 crystal structures (PDB 2BBO and 

1XMI) reveals that this aspartic acid side chain forms a salt bridge with 

R555. The R555 side chain also makes a hydrogen bond with the 

backbone carbonyl of Q525 (Figure 2-13). The R555K missense mutation 

has been one of the well-characterized intragenic second-site suppressors 

of ΔF508 NBD1 mediated misfolding (Roxo-Rosa et al., 2006; Teem et al., 

1996a). The R555K mutation increases the folding yield of NBD1, 3.26 ± 

0.07 fold over wild-type (Figure 2-12). The Tm of R555K NBD1 was 6.4 °C 

higher than wild-type in 2 mM ATP. A glutamate or aspartic acid at the 

CFTR equivalent 573 position is the catalytic base in the highly conserved 

Walker B motif in the ABC Transporter family (Jones and George, 2004; 

Mendoza and Thomas, 2007; Walker et al., 1982). The serine present in 

CFTR at this  position accounts for the lack of ATP hydrolysis at this  site as 

central to the mechanochemistry of the gating cycle (Figure 2-13) (Vergani 

et al., 2003).
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Wigley et al. Nat Biotechnol (2001) 

Figure 2-10. Representation of the β-galactosidase Complementation 
Assay. The β-galactosidase enzyme is fragmented into two pieces, α and ɷ.  
The α fragment is tagged on the C-terminus of NBD1.  When the NBD1 fusion 
protein is co-expressed with a plasmid containing the ɷ fragment in mammalian 
cells, the two fragments can complement to make an active enzyme.  Previous 
work has shown, when a mutation, such as ΔF508, causes NBD1 to misfold, 
the fusion protein is either targeted for degradation or forms insoluble 
aggregates, both of which to lead to a decrease in measured enzymatic activity 
monitored by fluorescence signal.

adapted from
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Impact of 508-Coupled & SSS 
Mutations on NBD1 Folding

Random Screens: .03% improve folding of T4 lysozyme screen Pjura et al., Protein Science (1993); 20% misfold with 
2 mutations in Hen lysozyme Kunichika et al.  Protein Engineering (2002)

W
T ΔF

S4
66

T
L4

75
Y

F4
90

L
W

49
6V

Y5
17

I
C

52
4A

L5
26

A
D

52
9F

D
53

7F
Y5

63
V

A
56

6P
S5

73
E

P5
74

A
F5

75
T

E5
83

G
H

60
9T

0

1

2

3

R
el

at
iv

e 
Yi

el
d 

N
B

D
1 

(β
-g

al
.)

I5
39
T

G
55
0E

R
55
3M

R
55
5K 3M

Figure  2-11. Effects of 508-Coupled Mutations and Second-Site 
Suppressors on NBD1 Folding. (A) The relative yield of NBD1 folding was 
determined using an in vitro folding assay. All mutations altered the relative yield 
relative to wild-type NBD1 as shown in the bar chart (+/-SEM, n=9 except for WT, 
ΔF508, D529F, and S573E where n=18). Two of the 508-coupled positions, 
D529F and S573E, increase the yield of  NBD1. The remaining mutations 
decrease the yield of soluble NBD1. 
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Folding Assay Reports On Both 
Stability & Folding Pathway
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Figure 2-12. S573E Increases the Stability of NBD1, D529F Does Not.  (A) 
(top panel) Thermal denaturation of  5 µM purified recombinant WT, D529F, and 
S573E NBD1 in the presence of  2 mM ATP. By contrast to the increased NBD1 
folding yield, the D529F mutation (yellow  circles) has no observable effect on 
thermal stability relative to WT (black circles). S573E (magenta circles) increased 
the melting temperature 2° C relative to WT. (lower panel) Correlation between 
thermal stability of bacterially expressed and purified NBD1 and NBD1 folding 
yield as measured by the mammalian in vitro folding assay. For mutants on either 
WT (circles) or ΔF (triangles) backgrounds, the correlation between stability and 
folding yield, R, is 0.94 when D529F is excluded (yellow  circle). While D529F 
increases the folding yield of  NBD1 on the WT background, it has no effect on 
the thermal stability as shown in the upper graph.
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Structural Context of D529 and 
S573 

F508

S573

Q525

F508

D529R555K

Q525

F508

D529R555

PDB 1R0W

PDB 2BBO

PDB 1XMI

Figure 2-13. Structural Context of D529F and S573E Suppressor Mutations. 
The mutations D529F and S573E increase the folding efficiency of  NBD1 by 
different mechanisms (Figure 3). (A) View  of the helical subdomain of human NBD1 
(PDB 1XMI), F494-A566, from the perspective of the NBD1/NBD2 domain interface. 
Left panel, D529 is shown in yellow, F508 in green, R555, one of the previously 
identified second-site suppressor mutations is shown in orange sticks, and Q525 is 
shown in grey sticks. R555 makes a salt bridge with D529 as well as a hydrogen 
bond with the carbonyl backbone of Q525. Right, structure of  human NBD1 with 
second-site suppressors (PDB 2BBO). Identical view  as left panel but contains the 
R555K suppressor mutation. (B) Left, the S573 position, shown in magenta, is 
typically an Asp or Glu residue, serving as the catalytic base, in the vast majority of 
the Walker B motifs in the ABC transporter superfamily. This is a canonical view  of 
the α/β core of  human NBD1 (PDB 1XMI) from the perspective of the membrane. 
The adenosine head group of  ATP is shown in grey and the three phosphates of 
ATP are shown in orange. Mg2+ is represented as a green sphere while F508 is 
shown in a green stick representation. Right panel, Tm of human WT and S573E as 
a function of  ATP concentration. For every ATP concentration assessed (40 µM – 
100 mM), the Tm is higher for S573E.



Effects of 508-Coupled Positions on CFTR Maturation

To examine the relationship of NBD1 folding and stability to full-length 

CFTR folding, the mutant CFTRs were expressed in HeLa cells and CFTR 

maturation was determined by two methods. As CFTR folds, it traffics  from 

the ER to the Golgi where it attains complex glycosylation prior to reaching 

the plasma membrane. The resulting increase in molecular mass can be 

detected by western blotting of SDS-PAGE (Figure 2-14). The slower 

migrating complex glycosylated Band C reflects the folded, mature CFTR 

while the more rapidly migrating Band B reflects core glycosylated CFTR 

that has not reached the Golgi (Cheng et al., 1990). These data have 

been utilized in several ways to monitor the effect of mutations and 

compounds on CFTR folding. The ratio of Band C to Band B is  linear with 

both CFTR at the surface as monitored by biotinylation and with Band C 

itself (Figure S5C). By contrast the ratio of Band C over total CFTR has a 

nonlinear relationship, with mature surface CFTR being more sensitive to 

changes at low folding yields (Figure S5B). In these analyses  it was noted 

that none of the mutants tested had a significant effect on the amount of 

Band B and thus, the total CFTR was linear with the amount at the surface 

(Figure S5C). An ELISA assay for total CFTR quantitation was  developed 

and used to monitor CFTR maturation. The signal from this  method is 

linear with the relevant process, the procedure is less  cumbersome and 

the methods produces lower noise data than prior methods (Figure S5C). 

The influence of all the 508-coupled mutants on CFTR folding was 
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assessed by ELISA western blot analysis (Figure 2-14). All sixteen of the 

508-coupled mutations and second-site suppressor mutations  altered the 

yield of full-length CFTR relative to wild-type. The same 14 mutations that 

reduced the yield of NBD1 folding, reduced the maturation of full-length 

CFTR (Figure 2-14, green bars). The P-value for all is less than 0.04. The 

same two mutations that improved NBD1 folding yield, D529F and S573E, 

increased the maturation efficiency of CFTR (Figure 2-14, yellow and 

magenta bars, respectively). The previously identified second-site 

suppressor mutants also improved CFTR maturation in a manner 

consistent with their effects  on NBD1 folding. The correlation between 

NBD1 folding and CFTR maturation is  formalized in Figure 2-15. The data 

indicate a linear relationship of good correlation (R 0.85) with a slope of 

0.75. Thus, NBD1 folding is necessary for CFTR folding and for every fold 

change in NBD1 yield a concomitant change of 0.75 in CFTR yield is 

observed. The position along the x axis  thus reflects the amount of folded 

NBD1 and the slope of the line likely reflects  later steps in folding during 

which folding NBD1 associates with other parts of the CFTR protein.
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Figure 2-14. Effects of 508-Coupled and Second-Site Suppressor Mutations 
on CFTR Maturation and Correlation with NBD1 Folding Yield. Effects of  508-
coupled mutations (green, yellow, and magenta) and second-site suppressors 
(orange) on the maturation of full-length CFTR and correlation with NBD1 folding 
yield. (A) The efficiency of  full-length CFTR maturation was determined by 
ELISA (+/- SEM, n=6 for WT, ΔF508, D529F, and S573E, n=3 for other mutants). 
A representative western blot for one of  the experiments is shown above the bar 
graph. All mutations altered maturation relative to wild-type CFTR. The two 508-
coupled positions that increased NBD1 folding yield, D529F and S573E, also 
increased the maturation yield of CFTR (yellow and magenta bars, respectively). 
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Figure 2-15. Effects of 508-Coupled and Second-Site Suppressor Mutations 
on CFTR Maturation and Correlation with NBD1 Folding Yield.  The influence 
of the 508-coupled mutations (green circles), four individual second-site 
suppressor mutations (I539T, G550E, R553M, and R555K) and three 
suppressors in combination (G550E, R553M, and R555K) (orange circles) on 
F508 background on relative maturation of full-length CFTR and on relative 
NBD1 folding yield is directly correlated (green line, m = 0.75, R = 0.85). The two 
F508 coupled position mutations, D529F and S573E, are colored in yellow  and 
magenta circles, respectively.



Quantitative Influence of ΔF508 on NBD1 Folding and Later Steps in 

CFTR Maturation. 

To determine whether in addition to its  known effects on NBD1 folding and 

stability, ΔF508 interferes with later steps in CFTR folding, the differential 

effects of the NBD1 suppressor mutations  on the wild-type and ΔF508 

NBD1 folding yield and CFTR maturation yield were measured and 

correlated (Figure 2-16). Interestingly, the two suppressors identified by 

the coupling analysis, D529F and S573E, had much more modest effects 

on NBD1 yield in the presence of the ΔF508 mutant, as might be 

expected. Taken together, the six suppressors  and the combination define 

a line (m = 0.10, R = 0.36) in the context of ΔF508 indicating the mutation 

interferes with a later step in CFTR folding in addition to its  defect in NBD1 

folding yield. Thus, the mutation decreases NBD1 folding yield 

approximately three fold and later CFTR folding steps by approximately 

seven fold.

 Extant structures  of CFTR ΔF508 NBD1 contain a series  of the 

previously identified second-site mutations that improve folding and 

solubility of the model domain. To simplify structural interpretation of the 

current results, a high resolution structure of murine ΔF508 NBD1 without 

any mutations or deletions was solved (Table S1).

 Comparison of the backbones of the murine wild-type (PDB 1R0W) 
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and ΔF508 NBD1 (PDB 3SI7) structures  reveal nearly identical structures, 

RMS 0.249 Å, with backbone shifts immediately following the 508 position 

(Figure 2-17). The largest shift in Cα between the two structures is G509 

shifting by 3.5 Å followed by a 1.5 Å shift for V510 before the ΔF508 

backbone converges with WT. Analysis of a surface view of the two 

structures further suggests local changes to the surface near the site of 

the deletion (Figure S1) similar to the structures containing the second-site 

mutations (Lewis et al., 2010; Lewis et al., 2005b). The absence of the 

F508 side chain creates a significant pocket on the surface of NBD1 at the 

predicted interface between ICL4 and NBD1 (Figure S1B). Additionally, the 

V510 side chain rotates outwardly 3.6 Å (Cβ) from the core in the mutant 

structure, further increasing the size of the pocket. 

 

 To better understand the molecular basis of the later step in folding 

effected by the ΔF508 mutation, we built upon earlier work indicating that 

most missense mutations at the 508 position do not have dramatic effects 

on NBD1 but rather interfere with CFTR maturation (Du et al., 2005; 

Thibodeau et al., 2005a), the current assay battery was applied to a set of 

these mutations alone or in combination with the NBD1 suppressors 

(Figure 2-18). When F508 is replaced by lysine very little CFTR maturation 

is  observed regardless of the ability of the NBD1 to fold (m = 0.03, R = 

0.38) (Figure 2-18). The model of CFTR (Mendoza and Thomas, 2007) 

based on alignment with Sav1866 (Dawson and Locher, 2007) places 
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Figure 2-16. ΔF508 and 508 Missense Mutations Influence the  Correlation of 
CFTR Maturation with NBD1 Folding Yield by Disrupting the ICL4/NBD1 
Interface. (A) View  of  the CFTR NBD1 ICL1/4 interface, as described in Figure 
1C. (B) Deletion of  the F508 residue creates a pocket on the NBD1 surface near 
the predicted ICL4 interface (compare ΔF508 Figure 5B, PDB 3SI7, to wild-type 
Figure 1C, PDB 1R0W). Previously identified second-site suppressor (I539T, 
G550E, R553M, R555K, and 3M) but not the 508-coupled mutants (D529F and 
S573E), increase the yield of ΔF508 NBD1. The correlation between increased 
NBD1 yield and relative yield of  ΔF508 CFTR is shallower (red line, m = 0.10, R= 
0.36) than on the wild-type background (green line, m = 0.75, R = 0.85). 
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Figure 2-17. Structure of Unmodified Murine ΔF508 NBD1 Shows Changes 
in the Backbone Local to the Site of the Deletion.  Structural alignment of 
murine wild-type and ΔF508 NBD1 solved for this study (PDB 1R0W and 3S17) 
show  nearly identical structures (RMS 0.249 Å).  The solved structure is 
complete in the domain boundaries (389-673) and is without mutations present in 
other ΔF508 NBD1 structures needed to stabilize or improve solubility facilitating 
crystallization.

F508

∆F508
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Figure 2-18. ΔF508 and 508 Missense Mutations Influence the Correlation of 
CFTR Maturation with NBD1 Folding Yield by Disrupting the ICL4/NBD1 
Interface. (A) View of the CFTR NBD1 ICL1/4 interface, as described in Figure 
2-1C. (B) Deletion of the F508 residue creates a pocket on the NBD1 surface 
near the predicted ICL4 interface (compare ΔF508 Figure 5B, PDB 3SI7, to wild-
type Figure 1C, PDB 1R0W). Previously identified second-site suppressor (I539T, 
G550E, R553M, R555K, and 3M) but not the 508-coupled mutants (D529F and 
S573E), increase the yield of ΔF508 NBD1. The correlation between increased 
NBD1 yield and relative yield of ΔF508 CFTR is shallower (red line, m = 0.10, R= 
0.36) than on the wild-type background (green line, m = 0.75, R = 0.85). 
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F508 (or the ΔF508 pocket) near R1070 in ICL4 (I218 in ICL2 of Sav1866) 

(Figure 2-19, left). Residues  in ICL4 coupled to the 508 position exhibit a 

helical pattern consistent with the structural model. To assess  the NBD1 

ICL4 interface from the ICL4 side of the interface, a large tryptophan side 

chain replaced the native arginine. The bulk of the R1070W sterically 

clashes with the F508 position in the structural model (Figure 2-19, left) a 

prediction consistent with fact that this is a CF-causing mutation (Krasnov 

et al., 2008) and the observation that it inhibits CFTR maturation when 

F508 is present (open circle, Figure 2-19, right). By contrast, the 

introduction of the larger side chain at 1070 is  accommodated by the 

ΔF508 pocket in the mutant NBD1, and, in fact may allow for better 

packing (Figure 2-19, left) that promotes improvement in folding (open 

triangle, Figure 2-19, right) due to correction of the ICl4 - ΔF508 NBD1 

interface defect.  

 The ability of the R1070W mutation to counteract the ICL4 - NBD1 

interface defect caused by the ΔF508 mutation, allowed assessment of the 

quantitative effects of suppression of both defects concurrently. When 

NBD1 suppressor mutations  were introduced on top of R1070W and 

ΔF508, the slope was restored (m = 0.77, R = 0.47) (Figure 2-20). Thus, 

correction of the two defects  results  in near total rescue of the mutant 

folding phenotype. A three-fold improvement in ΔF508 NBD1 folding yield 

alone, correcting the NBD1 to wild-type levels, is reflected as a more 

57



modest improvement in CFTR maturation (0.10 slope). Similarly the 

R1070W interface mutant, which produces an approximately seven fold 

increase in the slope, produces a more modest improvement in CFTR 

maturation. However, when the two effects  are combined, they have a 

multiplicative effect on folding.

 In order to determine whether the dual correction of ΔF508 CFTR 

restores function in a synergistic manner reflective by maturation yields, 

two independent functional studies were performed of cells  transiently 

expressing CFTR; conductance measurements of Fischer Rat Thyroid 

(FRT) cell monolayers and single cell patch clamp measurements of HeLa 

TetOn cells. FRT cells  were transfected and grown on Transwell 

permeable supports. Conductance responses to agonists (forskolin plus 

IBMX) and Inhibitor 172 were measured for wild-type, R1070W, ΔF508, 

single suppressor mutants (I539T and R555K) on both ΔF508 and ΔF508-

R1070W CFTR backgrounds. R1070W decreases function in the wild-type 

background while increasing function in the ΔF508 background (Figure 

2-21A, top, open bar, right side of graph) reflecting protein levels as shown 

in Figure 2-20, .47 ± .03 and .48 ± .07 relative conductance to wild-type 

(1.0 ± .1), respectively. Single mutants on the ΔF508 background were 

limited in their correction of function with maximum conductance achieved 

by ΔF508-R1070W CFTR (Figure 2-21A, top, red and open bars). 

Correcting both ΔF508 CFTR folding defects had a synergistic effect on 
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Figure 2-19. R1070W Improves ΔF508, Interferes with WT Maturation. Right, 
CFTR maturation yield as a function of NBD1 folding yield for wild-type, ΔF508, 
and the ICL4/NBD1 interface mutants are shown as green, red and dark blue 
lines for comparison. The R1070W (open triangle) mutation in ICL4 modestly 
improves the relative yield of ΔF508 CFTR maturation and decreases the relative 
yield for CFTR wild-type (open circle) consistent with he predicted steric clash 
with the F508 side-chain (top left). By contrast, in the model tryptophan is 
accommodated by the pocket formed by the ΔF508 mutant (PDB 3SI7) (bottom 
left). 



function with measured condunctance of I539T and R555K on ΔF508-

R1070W measuring at 1.71 ± .23 and 1.90 ± .42 relative conductance 

(Figure 2-21A, top, cyan bars). The measured function for all constructs 

was ablated by the presence of Inh. 172 (Figure 2-21A, bottom). Patch 

clamp studies of transiently expressing HelaTetOn cells further 

demonstrate the synergistic effects of correcting both NBD1 folding and 

the ICL4/NBD1 interface defects  of the aberrant ΔF508 CFTR protein.  

Upon agonist stimulation by Forskolin, I539T and R555K on the ΔF508-

R1070W CFTR background restore current density to wild-type levels, 88 

± 8, 76 ±5, and 82 ± 2 pA/pF, respectively.  This study establishes a direct 

correlation between maturation and agonist-stimulated CFTR function 

(Figure 2-21B, black line, R= 0.94, m= 101). The change in the slope of 

the dotted line in the presence of antagonist, Inh.-172, demonstrates 

measured currents are due, specifically, to CFTR function (Figure 2-21B, 

R= 0.68, m =1). Trace of the R555K-R1070W dual corrected ΔF508 CFTR 

protein has a wild-type-like response to Forskolin and Inh.-172 (Figure 

2-21B, inset).  A detailed table of NBD1 folding, Maturation, and functional 

values for single and double mutant studies is summarized in Table S2.

*Data was taken from Thibodeau et al. 2010, Hoelen et al. 2010, and Mendoza et 

al. 2011. Contributions to this study: C. Brautigam solved the structure of murine 

ΔF508 NBD1 (PDB 3SI7) which was purified by E. Caspa.  A. Schmidt purified 

and performed thermal denaturation studies of D529F, S573E, and R555K 

NBD1.  T. Barrett cloned D529F NBD1.  Q. Li measured whole-cell Cl− current 

using the patch-clamp technique.
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Figure 2-20. Correction of the ΔF508 NBD1/ICL4 Interface Defect is 
Synergistic with Correction of the ΔF508 NBD1 Folding Yield Defect.  By 
contrast to the wild-type model, the larger tryptophan side chain can be 
accommodated by the NBD1 pocket formed by the ΔF508 mutant (pdb 3SI7) 
and the attendant local conformational changes in the model (left).  When 
R1070W is combined with  mutations that improve ΔF508 NBD1 folding yield, 
I539T, G550E, R553M, R555K, and 3M (open triangles), the correlation 
between NBD1 folding and CFTR maturation in the wild type protein is restored 
(m = 0.77, R = 0.47, black line) (Right). 
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Figure 2-21. Correction of the ΔF508 NBD1/ICL4 Interface Defect is 
Synergistic with Correction of the ΔF508 NBD1 Function. (A) CFTR-
dependent transepithelial conductance.  Monolayers of  FRT cells transiently 
expressing CFTR were stimulated with 10µM Forskolin + 100µM IBMX and 
transepithelial conductance measured (top, =/-SE, n=3, average conductance for 
wild type = 1.24 mS).  The CFTR dependence of conductance is indicated by the 
sensitivity to 20 µM Inh-172 (bottom) (B) Forskolin stimulated, Inh-172 sensitive 
whole cell currents of  HeLa cells transiently expressing CFTR reveal a 
correlation between Current Density after activation (10 µM forskolin + 100 µM 
IBMX) with relative yield of CFTR (black line, n = 5-6) and in the presence of 
Inhibitor 172 (10 µM) dotted line (n=4-6). A representative trace of the corrected 
mutant, ΔF508-R555K-R1070W CFTR (cyan triangles) is more like wild type 
(filled circles) than ΔF508 (filled triangles) (inset).
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Discussion

It is well established that the most common cystic fibrosis  causing 

mutation, ΔF508, disrupts the normal folding pathway of CFTR leading to 

the loss of function that underlies  pathogenesis (Cheng et al., 1990). The 

fact that the mutant protein is produced and is active when induced to fold 

(Denning et al., 1992; Teem et al., 1993) suggests  a novel 

pharmacological approach to treating CF. Small molecules that bind to and 

counteract the folding ΔF508 defect would provide a means of repairing 

the protein (Thomas et al., 1992) and maintaining normal regulation and 

expression patterns. Multiple efforts to identify such compounds have 

been reported (Pedemonte et al., 2005; Robert et al., 2010; Robert et al., 

2008; Sampson et al., 2011; Van Goor et al., 2006), but the identified 

molecules are typically not very potent and almost invariably unable to 

correct mutant CFTR folding to more than 15% of the wild-type levels. 

Understanding the basis of the observed efficacy ceiling would provide 

information critical for determining the feasibility of the corrector approach 

and guide any future discovery efforts. Although it is  known that CFTR 

folding is  a hierarchical process that occurs partially during translation (Du 

et al., 2005; Hoelen et al., 2010; Thibodeau et al., 2005a) and that the 

ΔF508 mutation interferes with NBD1 folding (Hoelen et al., 2010; 

Protasevich et al., 2010; Thibodeau et al., 2005a; Thomas et al., 1992) 

and the changes are reflected in other CFTR domains  (Du et al., 2005), 

fundamental details of the folding pathway and its disruption are lacking.
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 To gain insight into the folding process, we identified residues 

coupled to the 508 position utilizing a computational approach. Several 

methods have been developed to use evolutionary sequence analysis to 

identify networks of residues within proteins important for function, to 

improve native intermolecular contact prediction algorithms, and to identify 

hot spots  of ligand binding or protein-protein interactions (Dekker et al., 

2004; Goh et al., 2000; Lockless and Ranganathan, 1999; Madaoui and 

Guerois, 2008; Pazos and Valencia, 2008; Socolich et al., 2005). We 

sought to use the evolutionary record of the ABC transporter family to 

identify positions related to F508 and its important role in folding. Multiple 

independent evolutionary coupling algorithms were utilized to improve the 

chance of finding relevant positions. Remarkably, the 16 508- coupled 

mutants  selected and tested all affect the folding of both the isolated 

domain and the full-length proteins. Fourteen mutations  made folding 

worse and two improved the folding. These results are not likely to occur 

by random chance. For example, two examples of random mutant library 

folding screens found 0.03% of clones in the library improved folding, 

while, 20% of mutants misfolded with an average of two mutations per 

clone, demonstrating the inherent mutational robustness of proteins 

(Kunichika et al., 2002; Pjura et al., 1993) and the utility of the 

computational methods. In comparison to the random screens, we were 

400 times more likely to identify mutations which improve folding and 4 
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times more likely to identify mutations which result in misfolding.

Identified from the evolutionary sequence analysis in this study, D529F 

and S573E improve folding of NBD1 in isolation and maturation of full-

length CFTR in the wild- type background. The human CFTR 573 position 

corresponds to a highly conserved glutamic acid, the catalytic base, of the 

Walker B motif in other members of the ABC transporter family and in the 

second NBD of CFTR (Walker et al., 1982). However, CFTR proteins have 

evolved to have a serine at this  position, a major contributing factor to the 

loss of ATPase activity at this site. However, reversion to Glu alone does 

not restore catalytic activity at this site as there are likely other changes 

important in the evolution of CFTR as a channel from a family of 

transporters (Stratford et al., 2007; Vergani et al., 2003). In this work, we 

found the wild-type protein is less stable than the mutant containing the 

conserved residue; the S573E mutation increases the thermal stability of 

NBD1 (Figure 2-12).

 In the structure of human NBD1, there is a salt bridge observed 

between D529 and R555. R555K is one of the second-site suppressors 

identified by a genetics screen  (Teem, Carson et al. 1996).  The R555 

residue has been suggested to play a role as a retention motif (Roxo-

Rosa, Xu et al. 2006; Thibodeau, Richardson et al. 2010).  In this work we 

demonstrate the R555K mutation increases the stability of the isolated 

domain and, thus, providing a mechanism by which it most likely corrects 
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the ΔF508 NBD1 folding defect.  Interestingly, the D529F mutation does 

not have a measurable impact on the stability of the domain, yet, 

significantly improves the folding yield of both NBD1 and full-length CFTR 

in the WT background (Figures 2-11, 2-12, and 2-14).  However, it is 

unable to rescue maturation of ΔF508 CFTR to a detectable level by 

western blot analysis.  One explanation is that the D529F mutation alters 

the recognition by the quality control machinery of the cell via the retention 

motif, however, it is most Likely, this mutation acts on the folding 

pathway, .as phenylalanine is not expected to be a solubilizing mutation.    

 Analysis  of the coupled mutations identified in the wild-type and 

ΔF508 backgrounds, utilizing methodologies to facilitate the large number 

of samples, demonstrated that there are two steps in CFTR folding in 

which ΔF508 is defective; NBD1 folding and an association step between 

NBD1 and ICL4, specifically an interaction with R1070. The correction of 

only one of the defects  by either suppressor mutations or compounds are 

limited in efficacy as is reflected in the partial maturation of ΔF508 CFTR 

to less than 20% of wild-type, the previously observed “ceiling”. In plots of 

CFTR folding yield against NBD1 folding yield, the position along the x 

axis reflects the first step in folding and the slope of the line reflects  the 

later step of formation of the NBD1/ICL4 interface.

 As demonstrated by the experiments with the second-site suppressor 

mutations on the F508K background, regardless of how well NBD1 folds, 
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CFTR is unable to mature if the NBD1/ICL4 is disrupted; likewise, CFTR 

cannot mature if NBD1 is unable to form a native structure. These findings 

predict that screens for compounds that improve CFTR along the y axis 

might be biased against compounds that act specifically against either 

individual folding defect as they would produce improved position on the x 

axis or a steeper slope, but little actual improvement of CFTR folding yield 

on the y axis. Unless single compounds can correct both steps, the set of 

highest hits  in such screens are likely to be significantly populated with 

compounds that do not directly act on CFTR. Thus, these findings have 

significant implications for the discovery and development of CF 

therapeutics. Compounds, or combinations of compounds, that correct 

both defective steps would provide both specificity and efficacy of action. 

The assay systems and second-site mutants developed may also find 

utility in establishing a mechanism of action of extant correctors  and aid in 

the identification of new compounds.

Experimental Procedures 

Bioinformatics 

The human CFTR protein sequence (gi|90421313) was used as a seed for 

PSI-Blast (Altschul et al., 1997) and run against the non-redundant 

database. Sub-alignments were performed using ClustalW and quality 

was assessed (Larkin et al., 2007), where sequences lacking any of the 

conserved ABC Transporter motifs (Walker A, B, and/or Consensus motifs) 
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(Walker et al., 1982) were removed from the alignment. The final 

alignment was generated online using the Promals 3D web server (Pei et 

al., 2008a; Pei et al., 2008b). Proteins with greater than 90% identity to 

any other protein in the alignment were removed prior to statistical 

analyses. The final alignment contains 493 sequences and has 1480 

columns, numbered to the human CFTR sequence. Positional entropy 

based conservation scores were calculated using AL2CO (Pei and 

Grishin, 2001) and frequencies of the most common amino acid position 

identified and calculated via Perl scripting.

 The multiple sequence alignment was used to calculate pairwise 

correlation matrices using Statistical Coupling Analysis (Lockless and 

Ranganathan, 1999), Explicit Likelihood Subset of Co-variation (Dekker et 

al., 2004), OMES (Kass and Horovitz, 2002; Larson et al., 2000)(Fodor 

and Aldrich, 2004; Kass and Horovitz, 2002), and McBASC (Gobel et al., 

1994; Olmea et al., 1999). Pairwise correlation scores for SCA were 

calculated in Matlab (The MathWorks Inc.) using the SCA algorithm 

provided by R. Ranganathan. ELSC, OMES, and McBASC scores were 

calculated using the downloaded package from A. Fodor (afodor.net). 

Missense mutations at each of the positions were selected utilizing amino 

acid distribution profiles complementing correlated changes at the 508 

position. 
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NBD1 Folding Yield 

The pcDNA 3.1(+) constructs containing human WT and ΔF508 CFTR 

NBD1 (residues 389-673) were used as previously described (Thibodeau 

et al., 2010a; Wigley et al., 2001). Site directed mutagenesis  was used to 

introduce missense mutations  onto the WT and ΔF508 backgrounds 

(Stratagene). HeLa TetOn (Clontech Laboratories  Inc.) cells were 

transiently transfected using Lipofectamine 2000 (Invitrogen Corp.) 

following recommended protocols at a cell density of 320,000 cells/ml. 

After transfection, cells were grown at 37°C for 18-24 hours. Media was 

aspirated from each well and 50 λ of a 2.5 mM fluorescein-di-β-D-

galactopyranoside (FDG) (Sigma-Aldrich Corp.) substrate in Reporter lysis 

buffer (Promega Corp.) was added. Fluorescence measurements were 

made every minute for 24 hours  on a BIOTEK Synergy MX (BioTek USA), 

a Spectramax M5 or a Gemini (Molecular Devices  Inc.). Enzymatic rates 

were determined from the linear portions of the time course data. 

Reported P-values were determined using the Student’s T-test with a two-

tail distribution of a two-sample heteroscedastic test. 

CFTR Maturation Yield

Site-directed mutagenesis  was used to introduce missense mutations 

(Stratagene) on WT and ΔF508 pCMV-CFTR, a gift from J. Rommens. 

HeLa TetOn (Clontech) cells were transiently transfected in suspension 

using Lipofectamine 2000 (Invitrogen) using manufacturer recommended 
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conditions and incubated at 37°C for 24 hours. Effects of the mutations on 

maturation of CFTR was visualized by western blot analysis  and 

quantitated by a sandwich ELISA utilizing A596 (provided by J. Riordan, 

UNC) as the capture antibody and 3G11 (provided by W. Balch, Scripps) 

as the detection antibody. Characterization of the ELISA maturation assay 

and detailed methods are included in the Extended Experimental 

Procedures and Figure S5. 

Protein Expression, Purification, and Characterization

Murine ΔF508 NBD1 with no additional mutations, 389-673 human 

numbering, was expressed and purified as previously described except 

bacterial pellets were not frozen (Lewis  et al., 2004). Quickchange 

mutagenesis was used to introduce the D529F, S573E, and R555K 

mutations onto human wild-type NBD1 in the expression system and 

expressed and purified as previously described (Lewis et al., 2004; 

Thibodeau et al., 2005a). The temperature melts were performed at 2 mM 

ATP as previously described (Hoelen et al., 2010).

Measurements of CFTR Function

HeLa TetOn (Clontech) cells were transfected with the plasmids used for 

the CFTR maturation experiments. 1 µg of CFTR plasmids and 100 ng of 

PCMV GFP were co-transfected using 2 λ of Lipofectamine 2000 

(Invitrogen) in a 6-well format.  24 hours post-transfection, the whole-cell 
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configuration of the patch-clamp technique was used to measure the Cl− 

current. The pipette solution contained (mM) 145 NMDG+-Cl−, 1 MgCl2, 2 

EGTA, 5 ATP, and 10 HEPES (pH 7.3 with Tris).  The bath solution was 

(mM) 145 NMDG+-Cl−, 1 MgCl2, 1 Ca Cl2, 10 HEPES and 10 Glucose (pH 

7.4 with Tris).  The current was recorded with an Axopatch 200B patch-

clamp amplifier and digitized at 2 kHz. The membrane conductance was 

probed by stepping the membrane potential from a holding potential of 0 

mV to membrane potentials −40 and +40 mV steps for 200 ms.   Pipettes 

had resistance between 3 and 5 MΩ when filled with pipette solution and 

seal resistance was always more than 8 GΩ.  Current recording and 

analysis was performed with pClamp 9.2 software and analyzed with 

Origin 8 software.

 FRT cells were transfected with the plasmids as previously 

described with Lipofectamine LTX with Plus solution.  1 µg of plasmids 

were complexed with 1.2 λ of Plus solution and 1.5 λ of Lipofectamine LTX 

transfection reagent in 100 λ of Optimem (Gibco) solution.  500 λ of cells 

at a concentration of 600,000 cells/mL were combined with the DNA 

complexes and 200 λ plated in transwell with 750 λ of growth media in the 

outer well.  72 hours  post-transfection, resistance measurements were 

conducted using an Epithelial.  The plate was incubated for 15 minutes 

prior to measuring baseline resistance on a peltier set at 37°C.  

Resistance was measured 10 minutes  after treatment with final 
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concentration of 10 µM Forskolin (Sigma) + 100 µM IBMX (Sigma) and 

after 5 minutes addition of 20 µM Inhibitor 172 (CFFT).  Conductance, 

where I = 1/R, was calculated from resistance measurements before and 

after treatments and adjusting for the surface area of the well.

ΔF508 NBD1 Crystallization and Structure Determination

Crystals of murine CFTR NBD1 ΔF508 were grown using the vapor-

diffusion method by mixing 1 µL of 10 mg/ml of the murine ΔF508 NBD1 

protein with 1 µL of the well solution (containing 3.5-4 M sodium acetate, 

pH 7.5) as previously described (Lewis et al., 2004; Thibodeau et al., 

2005a). The crystals used for data collection were flash-cooled by 

suspending in a nylon loop directly out of their mother liquor and then 

plunging into liquid propane. X-ray diffraction data were acquired at 

beamline 19-ID at the Structural Biology Center of the Advanced Photon 

Source at Argonne National Laboratories. Statistical details of the final 

model are found in Table S1.
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Homology Model of CFTR

A model of CFTR was constructed as previously described (Mendoza and 

Thomas, 2007). Either, murine NBD1 or ΔF508 (PDB 1R0W or 3SI7) and 

human NBD2 (PDB 3GD7) were docked onto the Sav1866 structure (PDB 

2HYD) (Dawson and Locher, 2007; Lewis et al., 2004). A set of sequences 

containing of the ICL4 segments of CFTR proteins and Sav1866 ICL2 was 

used to generate an alignment using the JalView ClustalW function 

(Clamp et al., 2004; Waterhouse et al., 2009). On either the WT or ΔF508 

CFTR models, F508K, R1070, R1070W residues were modeled using the 

Pymol (Schrodinger, 2010) mutagenesis function. Contact distances 

between CFTR ICL1 and ICL4 residues and murine WT or ΔF508 NBD1 

residues were calculated via a Perl script using the atomic coordinates 

from these CFTR homology models.

ΔF508 NBD1 Structure Determination 

The crystals had the symmetry of space group P4212, and they diffracted 

X-rays to a dmin value of 2.25 Å.  The diffraction data were indexed, 

integrated, and scaled using HKL2000 (Otwinowski and Minor, 1997).  

Statistics regarding the data set are found in Table S1.  Negative 

intensities were corrected using the TRUNCATE procedure (French and 

Wilson, 1978).  The crystal appeared to be isomorphous with that used to 

determine the structure of wild-type murine NBD1 (Lewis et al., 2004a) 

(PDB accession code 1R0W).  The 1R0W model, stripped of waters  and 
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heterogens, was  therefore used as  the starting model for the current 

structure.  To eliminate statistical bias and allow for a random assignment 

of reflections to the “free” set for the calculation of Rfree, the starting 

coordinates were “shaken” such that they adopted new positions, resulting 

in a coordinate rms deviation between the starting and shaken coordinates 

of 0.5 Å.  The shaken coordinates were then subjected to the rigid-body, 

simulated annealing, individual ADP, and TLS refinement protocols 

available in PHENIX (Adams et al., 2010).  Coot (Emsley and Cowtan, 

2004) was used to manipulate the model between rounds of refinement.  

The statistics from the final model are found in Table S1.

Homology Model of ΔF508 CFTR

The crystal structures of murine WT (PDB 1R0W) and ΔF508 (PDB 3SI7) 

NBD1 were docked onto the Sav1866 (2HYD) structure as described in 

the main text using Pymol (Schrodinger, 2010).  Contact distances were 

calculated from the atomic coordinates of the homology models  using Perl 

scripts.

Analyses of Evolved Sequences

The coupling matrices for each of the four independent methods SCA 

(Lockless and Ranganathan, 1999), ELSC (Dekker et al., 2004), McBASC 

(Fodor and Aldrich, 2004; McLachlan, 1971), and OMES (Fodor and 
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Aldrich, 2004; Olmea and Valencia, 1997) were calculated as described in 

the main text.

ATP Dependence on Stability of NBD1

Human WT and S573E NBD1 proteins were expressed and purified as 

described in the main text.  Additionally, each Tm for the two proteins  was 

determined as a function of ATP concentration from 40 µM to 100 mM.

Quantification Methods for Mature CFTR

Plasmids that express each of the sixteen 508-coupled mutants were used 

to transfect HeLa TetOn cells (Clonetech).  The sandwich ELISA was 

performed as follows:  100 λ of capture anti-body, A596 (provided by J. 

Riordan, UNC) was bound to Nunc Immobilizer plates  (Nalgene Nunc Intl.) 

at a dilution of 1:1000 in binding buffer (100 mM Phosphate buffer, pH 

8.0).  After 24 hours, the cells were lysed using CRIPA buffer, a modified 

RIPA, (20 mM Tris  pH 7.5, 150 mM NaCL, 0.5% CHAPS w/v, 0.5% DOCA, 

0.1% SDS, and Complete Mini Protease Inhibitor tablet (Roche Applied 

Science) for one hour at 4°C.  The antibody bound plates were washed 

three times with TBST and loaded with 100 λ of lysate clarified by 

centrifugation at 16,000 rcf and normalized to total protein.  After an 

overnight incubation, the plates  were washed three times with TBST and 

incubated for two hours with 100 λ of detection primary (3G11, W. Balch, 

Scripps) at a 1:1000 dilution in blocking buffer (3% BSA in PBS and 
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sodium azide), washed three times with PBST, and then incubated for two 

hours with 100 λ of diluted (1:2000 in blocking buffer) HRP conjugated α-

rat secondary (The Jackson Laboratory).  The plates were then washed 

three times with PBST and 100 λ of HRP colorogenic o-Phenylenediamine 

(OPD) substrate was added (Sigma-Aldrich Corp.).  After 30 minutes, the 

reaction was stopped by adding 100 λ of 2.5 M Sulfuric Acid and 

absorbance read at 490 nm on either a Spectramax M5 or a Gemini plate 

reader (Molecular Devices  Inc.).  Western blot analysis  of samples  was 

performed as previously described (Thibodeau et al., 2005; Thibodeau et 

al., 2010) using the A596 antibody (provided by J. Riordan, UNC) at 

1:5000 dilution.

 Cell surface biotinylation experiments were performed using EZ-

Link Sulfo-NHS-SS-Biotin and NeutrAvidin Agarose Resin as 

recommended by the manufacturer (Thermo Scientific).  The samples 

were then analyzed by western blot analysis as previously described.  

Densitometry measurements from western blots of Band B and Band C 

from three independent experiments of whole cell lysate samples or 

samples derived from cell surface biotinylation experiments were 

performed using ImageJ (NIH).  Ratio of Band C/Band B and Band C/Total 

were calculated, normalized to the respective WT CFTR ratio for each 

transfection set, and plotted against relative Band C using Prism (Prism 

76



Software Corp.).  Band C/Band B was  fit to a straight line and Band C/

Total was fit to the equation y=x/(x+C), where C is a constant.  

 ELISA measurements, Total CFTR (Band B + Band C), cell surface 

biotinylation (CSB) were plotted against the relative intensity of Band C 

from WT CFTR and all fit to a linear equation.  Comparison of the five 

quantification methods (ELISA, Band C, Total CFTR, Band B, and Band C/

Total) was performed using a Student’s T-test (two tail, heteroscedastic) 

between three independent experiments.  The p-values for each of the 

methods and mutants  were calculated against ΔF508.  The p-values for 

the Student’s  T-test between ΔF508 and W496V and each of the five 

methods was plotted
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Chapter 3:  Perspectives and Future Directions

Introduction

  While the ΔF508 is by far the most prevalent mutation in the 

population of people living with Cystic Fibrosis, there are hundreds of 

Cystic Fibrosis mutations which are associated with the disease (http://

www.genet.sickkids.on.ca/CftrDomainPage.html).  Some of the more 

common mutations  have been previously classified by the molecular 

defect (Welsh and Smith, 1993).  Class I mutations are either a nonsense, 

frameshift or splicing mutant that results in the failure of the protein being 

produced (Table 3-1).  Class II mutants, includes the ΔF508 mutation, are 

defined as processing mutations (Table 3-1) (Cheng et al., 1990).  In the 

third class of mutations, regulation mutants, the protein is produced and is 

processed meaning it reaches the plasma membrane but fails  to function, 

such as G551D (Chang et al., 1993).  Finally, the class IV CF causing 

mutants  are termed ion conductance mutants such as R117H, R334W and 

R347P (Table 3-1) (Sheppard et al., 1993).  This  class of mutation alters 

the pore of the channel rather than causing a defect in gating, as with the 

class III mutants.

 

 For the class II set of mutations, the mutant CFTR proteins are 

produced but fail to mature, thus, causative for the loss-of function.  When 

comparing ΔF508 and F508K by maturation alone, these two mutations 

have the same outcome, defective maturation. However, as reported in 

78

http://www.genet.sickkids.on.ca/CftrDomainPage.html
http://www.genet.sickkids.on.ca/CftrDomainPage.html
http://www.genet.sickkids.on.ca/CftrDomainPage.html
http://www.genet.sickkids.on.ca/CftrDomainPage.html


the previous chapter, F508K NBD1 folds better than wild-type NBD1 but 

the full-length proteins  with the second-site suppressor mutations mature 

even less well then in the ΔF508 CFTR background reflected in the slopes 

of the blue and red lines, respectively (Figures 2-16 and 2-18).  In this 

example, the F508K mutation does not effect NBD1 folding, x-axis, but the 

mutation has a large impact on maturation by disrupting the NBD1/ICL4 

interface.  For the case of ΔF508 CFTR, the work in the previous chapter 

provides evidence that the deletion mutation affects both domain folding in 

addition to impacting the NBD1/ICL4 domain stability.  Finally, it is 

conceivable within the class II set of mutations, some mutations may alter 

interactions between various quality control machinery thereby impacting 

trafficking.  For example, a mutation could be within the NBD1 boundaries, 

distal from predicted inter-domain interfaces but still result in defective 

processing.  Again, this  information is lost when only monitoring the gross 

impact of mutations on maturation.  Thus, monitoring only the impact of 

mutations along the y-axis may not be fully informative in understanding 

the class II mutations as there are likely to exist subclasses of molecular 

defects.  The molecular defects  of specific CF-causing mutations are 

important in understanding the molecular pathology so directed 

pharmacological compounds  can be developed in an individualized 

manner.
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 In this chapter, we will be utilizing the step-wise specific assays 

developed for the studies of ΔF508 defects on the CFTR folding pathway 

to more accurately classify NBD1 mutants.  Additionally from these 

studies, we have three mutations  suppressor mutations (R555K, D529F, 

and S573E) which may  informative in understanding other mutations in  

NBD1.  R555K and S573E are both stabilizing mutations, however, each 

of the mutations are located in different subdomains  of NBD1, α-helical 

and α/β core, respectively.  One question to ask: must a second-site 

suppressor mutation be located on the same sub-domain as the 

misfolding mutation in order to corrector a folding defect or can 

suppressors act as global stabilizers irrespective of the domain in which 

the suppressor and misfolding mutations reside.  In our studies, while 

R555K was able to rescue ΔF508 mediated misfolding, the 

computationally identified S573E suppressor did not have a significantly 

measurable effect suggesting linkage to the presence of Phe at the 508 

position.  Similarly, D529F is a folding pathway mutant in the α-helical sub-

domain and also does not have a significantly measurable rescue either 

on ΔF508 NBD1 or CFTR folding. By utilizing double mutant studies in the 

background of some of the 19 CF-causing mutations, we may be able 

define the specific defect(s) of each of the mutations, the mechanism of 

rescue of different suppressor mutations, and gain useful information in 

developing individualized  and effective therapeutics for specific mutations 

or classes of mutations.

80



Results

Impact of 19 NBD1 CF Associated Mutations on CFTR folding.

19 CF-causing mutations  were introduced into CFTR using a full-length 

mammalian expression vector, and maturation was measured by both 

ELISA and western blot of SDS PAGE.  Of the 19 mutant CFTR proteins 

within the NBD1 domain boundaries (389-673), 5 mutants mature better 

than wild-type (M470V, S549N, G551D, R668C and G576A) and 14 

mutants  mature less than wild-type (S492F, A455E,  A559T, V520F,  

ΔI507, ΔF508, R560T, L558S, S549R, L467P, D614G, Y569D, and 

D579G) (Figure 3-1).  In the group of mutants which fold better than wild-

type, M470V and G551D are included and have been previously classified 

as a class III mutations (Chang et al., 1993, Wei et al., 2000). 

 In order to understand the molecular defects  of the mutants with a 

decrease in the maturation of CFTR, further analysis is required by looking 

at folding of NBD1.  All 19 CF associated mutations were introduced in the 

β-galactosidase assay vector for mammalian expression and folding was 

monitored as previously described.  The five mutants which mature better 

than wild-type (M470V, S549N, G551D, R668C, and G576A) the mutant 

NBD1s also fold better than wild-type. Of the 14 mutant CFTRs which 

matured less well than wild-type, five mutant NBD1s folded equal to or 

better than wild-type NBD1 (L558S, L467P, D614G, Y569D, and D579G) 
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Classification Defect Mutations

I Protein Production Frameshift and Nonsense 
mutations

II Protein Processing ΔF508

III Regulation G551D

IV Conduction R117H, R334W, and R347P
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Table 3-1 Classification of CF-causing Mutations by Molecular Defect
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Figure 3-1.  Effect of 19 NBD1 CF-Causing Mutations on Maturation.  19 
mutations associated with causing CF were analyzed by ELISA and western blot 
of SDS PAGE.  While most mutations decrease the efficiency of CFTR folding 
and maturation, as would be expected, five mutations, M470V, S549N, G551D, 
G576A, and R668C, increase the relative quantity of mature CFTR.  These 
results are consistent between both biochemical assays and suggest a loss-of-
function by another mechanism other than misfolding. *Mutations from CFTR2 
(G. Cutting, Johns Hopkins University and Consortium and data is from L. Millen)

(L.$Millen)$

389$ 673$NBD1$

Impact$of$CF>causing$mutaBons$on$trafficking$of$CFTR$



(Figure 3-2).  The remaining 9 mutant NBD1s folded less efficiently than 

wild-type (ΔI507, ΔF508, R560T/K, S492F, A455E, V520F, S549R, and 

A559T) (Figure 3-2).  A559T NBD1 folding is  not significantly different from 

wild-type NBD1. 

 In order to visualize the impact of each of the 19 CF-causing 

mutations on NBD1 folding and maturation, maturation was  plotted against 

relative folding of NBD1.  This plot reveals the mutations lie within the 

boundaries of three quadrants, Quadrant a bounded by 0<x<1 and 

0<y<1, Quadrant b bounded by x>=1 and y<1, and Quadrant c bounded 

by x>1 and y>1 (Figure 3-3).  Quadrant a consists of mutations  in which 

there is a decrease in NBD1 folding efficiency, thus, impacting the ability of 

the mutant proteins to mature.  The ΔF508 and eight other  mutations lie in 

this  quadrant.  Mutant proteins in Quadrant b have NBD1 folding equal to 

or better than wild-type NBD1 but are deficient in maturation.  These 

mutations include D614G, Y569D, D579G, and L467P.  L558S and V520F, 

while they lie within Quadrant a, may also be similar to the mutations in 

Quadrant b as the NBD1 folding is  similar to wild-type fall of the line 

formed, m=.75, defined by 16 coupled mutations in NBD1 background 

(Chapter 2).  Mutations in Quadrant c have both improved NBD1 folding 

and maturation relative to wild-type.  Mutations  in this quadrant include  

M470V, S549N, G551D, G576A, and R668C.
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Figure 3-2.  Effects of 19 CF-Causing Mutations on NBD1 Folding.  
Maturation studies of the 19 mutations in CFTR results showed 14 of the 19 
mutations led to mistrafficking.  NBD1 folding studies using the β-galactosidase 
folding assay reveals only ten of  the mutants impact NBD1 folding, two had no 
measureable difference while eight mutations improved folding. *M. Fuller and J. 
Mendoza
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Figure 3-3.  Evidence Leading to a New  Mutation Sub-Classification.  The plot of 
Total CFTR vs NBD1 Folding reveals three main classes of  mutations as 
previously described in addition to new  sub-classes of mutations.  As previously 
classified, Class IV, mutations such as G551D do not decrease folding efficiency 
with most improving maturation.  Several of the mutations in this quadrant of the 
graph are known to have altered function thus leading to the loss-of-function.  For 
the class III set of  mutants, including ΔF508, inefficient folding correlates with 
reduced trafficking.  A new  classification system is required to classify mutations 
which do not affect NBD1 folding but have reduced maturation.  Additional, 
ΔF508 is one mutation also which is a subclass of misfolding mutation as this 
mutation is know  to alter domain-domain interactions. *L. Millen, M. Fuller, and J. 
Mendoza
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 Rescue of the nine mutants in Quadrant a was assessed by two 

experiments in context of the isolated NBD1 domain.  First, the mutants 

were expressed at a low temperature, 30°C, to identify mutations which 

could be improved.  Second, an initial screen of the three second-site 

suppressor mutations in the background of some of these nine mutants as 

this  is a work in progress.  In the low temperature rescue experiment, the 

experiment was repeated once in triplicate where n=9.  The results 

indicate four mutations have NBD1 yields significantly different when 

expressed at 30°C vs 37°C.  Three fold better (ΔF508, S492F, and R560T) 

and one folds  worse (L558S).  If temperature rescue is capable of partially 

correcting folding pathway or stability defects, as  has  been shown with 

ΔF508 (Denning et al., 1992), these data suggest a differentiation in the 

molecular defects  of CF-causing mutations in the class II set of mutations 

as some mutations are not amenable to correction by temperature.

 In the second battery of experiments, the three suppressor mutations 

D529F, S573E and R555K were tested for their ability to rescue each of 

the 9 NBD1 mutants with less efficient folding than wild-type.  Eight of 

these 9 mutations  were available at the time of the experiment which 

excluded S492F.  R555K had a significant improvement in the NBD1 

folding yield of five of the eight tested (A455E, ΔI507, ΔF508, R560K, and 

R560T).  This suppressor mutation did not improve folding of the V520F, 

L558S, and A559T NBD1 mutants.  Four of the 9 mutations (S492F, 
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ΔF508 modestly, V520F, and R560T) were tested for rescue by S573E 

with all four mutants being improved.  Finally, D529F was tested in the 

ΔF508 and V520F backgrounds.  D529F had no impact on ΔF508 while 

markedly improving the NBD1 folding yield of V520F.  These data further 

demonstrate that D529F and S573E are coupled to Phe at the 508 

position, consistent with experiments and analyses of evolved sequence 

presented in Chapter 2. These data further provide evidence that D529F 

and S573E are coupled to F508 and lose their effect on folding in the 

absence of the position as with ΔF508 mutation.

*Contributions to this study: G. Cutting and the CFTR2 consortium 

provided the curated list of CF-causing mutations.  L. Millen performed the 

cloning and full length maturation studies of the 19 CF mutations and 

Western Blot of FRT cells transiently expressing CFTR.  M. Fuller and J. 

Mendoza performed mutagenesis and NBD1 folding experiments utilizing 

the β-galactosidase assay. 
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Figure 3-4  Temperature Rescue of Quadrant a  Mutations with Reduced NBD1 
Folding.  Nine mutations which altered NBD1 efficiency were expressed at lower 
temperatures to identify mutations that can be rescued.  Low  temperature rescue had a 
positive impact on three mutations, negatively had an impact on a mutation, with no effect 
on the remaining five.
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Figure 3-5.  Rescue of misfolding mutants by second-site suppressors.  
Nine mutations which were previously shown to cause NBD1 to misfiled were 
attempted to be rescued by suppressor mutations (stabilization mutants R555K 
and S573E, and the D529F pathway mutant.  D529F increased the yield of 
V520F by ~1.5 fold but has no effect on ΔF508.  S573E had a significant 
improvement of NBD1 folding yield of two mutants, R560T and V520F.  R555K 
improved the yield of most mutants but did not effect on the yield of  three 
misfolding mutants, V520F, L558S and A559T.
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Discussion

Cystic Fibrosis is a loss-of-function disease.  There are three types of 

mutations which lead to dysfunction: 1) loss of protein production (class I 

mutants), 2) defective protein processing (class II mutants), or 3) 

mutations which do not affect protein production or processing but alter 

function (class III and IV mutants).  Methods to distinguish between class 

II-IV mutants  involves a combination of quantification of protein levels ie 

western blot analysis of mammalian expression systems and functional 

assays either requiring generating a stable cell line, or transient 

expression of CFTR for functional studies  in patch clamp or single channel 

measurements.  For the class II mutants, contributions or domain folding, 

domain-domain associations, or CFTR-protein interactions have not been 

differentiated and would require step-specific assays.  The correlative 

studies presented in the previous chapter presents  a systematic study 

linking folding of a single domain, NBD1, to maturation of the full length 

protein, CFTR.  This step-wise assay system is informative especially 

when utilizing intragenic manipulations to alter/correct specific defects.  

Using this  methodology, the two defects of ΔF508 CFTR folding were 

defined and the defects corrected by demonstrating the restoration of 

corrected maturation and function.  Thus, it is likely, mutations previously 

categorized as class II mutants may have multiple defects contributing to 

the protein misfolding, like ΔF508.
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Perspectives

 Beginning with traditional methods to look at protein levels, we 

identified five mutants increased levels  of mature protein relative to wild-

type CFTR. 14 mutants  altered the ability for CFTR to mature.  Location of 

the mutations in the primary structure, literature reviews, quantification of 

mature levels of protein along with functional analysis would classify the 

five mutant CFTRs (M470V, S549N, G551D, G576A, D579G, and R668C) 

as class III mutants (Chang et al., 1993, Wei et al., 2000).  Under the 

previous classification system as described by Welsh and Smith, the 

remaining 14 mutations would be labeled as class II or processing 

mutants.  However, NBD1 folding studies suggest this classification 

system does not fully classify the mutations by molecular defects.  The 

plot of maturation versus NBD1 folding yields  of each of the mutant 

proteins reveals different subclasses of mutations leading to a decrease in 

mature CFTR.  From this plot we defined three quadrants (Quadrants a-

c) in which the mutant proteins are located.  Proteins falling in Quadrant c 

have improved NBD1 folding and maturation relative to wild-type CFTR 

but have altered function.  Mutant proteins in Quadrants a and b by 

previous observations would be simply classified as class  II mutants.  

However, the data presented in this chapter suggest this method of 

classification is not necessarily straight forward.  Analysis of the 

maturation vs NBD1 folding plot reveals the apparent difference between 

mutations which may affect NBD1 folding, maturation, or both.  Loss-of-
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function of the mutants in Quadrant c, class III, are most likely due to 

Regulatory defects alone.

 From the maturation and NBD1 folding studies in this chapter, there 

is  an opportunity to make sub-classifications for the class  II set of mutants. 

Based on the preliminary data, structural analyses, and coordinates of 

each of the mutants on the maturation vs NBD1 folding plot, we have 

classified the 19 mutations in Table 3-2, thereby, extending the sub-

classification.  Furthermore, this classification methodology allows for 

complexing of classes and sub-classes  as is the case for ΔF508 CFTR.  A 

mutant which alters the folding of the domain, local to the site of the 

mutation, would be classified as a class IIa mutant which includes ΔF508 

CFTR.  Mutations which alter association of two or more domains is 

defined as a class IIb mutation, ΔF508 CFTR is part of this subclass.  

Under the new classification of ΔF508 CFTR would be class IIab.  

Combining information from the step-wise folding assays, we can begin to 

define more of the complex mutants; for example, if the rescued ΔF508 

CFTR protein exhibited a defect in Regulation (gating), we would propose 

such a mutation should be classified as class III,IIab.

 Structural analyses of the mutations in context of the homology 

model of CFTR and folding data assist in the formulation of hypotheses on 

some of the other mutations.  First, we can inspect the location of the 9 

mutants  in Quadrant a, for example, L558S and V520F.  Both of these 

mutations only slightly alter NBD1 folding but have a very large impact on 
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maturation.  Analysis of the CFTR model, places these mutations in the 

core of the α-helical subdomain but also one layer away from the NBD1/

ICL4 interface (Figure 3-6A).  One possibility is  that the NBD1 may be 

able to repack to accommodate the mutations in context of the isolated 

domain, however, this may also alter the topology at the NBD1/ICL4 

interface.  In turn, these mutations have a large effect on maturation.  

Based on these observations, we have classified these mutations as class 

IIb.  

 D579G from Figure 3-3, we see this mutation actually improves 

folding of NBD1 as seen in the improvement along the x-axis, however, 

this  mutation is  located at the predicted interface of NBD1 and NBD2 near 

the site of ATP binding and has a lower than expected detectable quantity 

of Band C (Figure 3-6B).  Examination of the preliminary functional data 

suggest there is a decrease in forskolin dependent activation and no 

response to Inh172.  This mutation may be classified as IIb,III.  

 

 Y569D and D614G greatly impact the ability of the full-length protein 

to mature despite NBD1 folding significantly more efficiently than wild-type 

NBD1.  Analysis of the CFTR homology model locates these positions  on 

the surface of NBD1 distal from any predicted NBD1-domain interfaces.  

However, these two positions are near the diacidic motif important for the 

COPII dependent exit of CFTR from the ER (Figure 3-6C) (Stagg et al., 

2008).  It is possible these mutations either alter the topology or 
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electrostatics at the surface which is important for trafficking and thus 

leading to a decrease in maturation.  The preliminary functional data, loss 

of-function, reflects the inability of the mutant proteins to traffic to the 

plasma membrane. Thus, we have classified these mutants as type 

IIc.  

  Based on the currently available information using the step-wise 

folding assays, functional transepithilial conductance data, literature 

review, and structural context of the mutations, we have extended the 

classification of the 19 CF-causing mutations as summarized in Table 3-2.  

Revisiting the classification of the mutations may find utility in 

understanding the molecular mechanism of the ultimate loss-of-function 

leading to Cystic Fibrosis.  Furthermore, the work presented in Chapter 3 

and 4 demonstrate the complexity and diversity of the defects.  

Quantification of Band C is not sufficient in describing the defects of the 

large number of mutations resulting in decreased levels of CFTR at the 

membrane.  This work establishes the groundwork to identify and develop 

individualized CF therapeutics where one size fits  all model is not 

appropriate.  As an example, VX-770 which has profound improvements in 

patients with the class  III mutant, G551D, has little clinical benefit for 

patients with ΔF508, a class IIa,b mutant.  Patient genotyping efforts, 

extension of the mutation classification, and the stepwise specific assays 
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developed in this body of work, we hope future screens for CF 

therapeutics and patients will benefit from these new perspectives.
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Table 3-2  Extending the Classification of CF-causing Mutations

Class Defect Mutations Quadrant

I Protein 
Production

Nonsense mutations NA

II Protein 
Processing

General Misfolding

IIa Domain 
Folding

ΔI507, ΔF508, S492F, A455E, 
R560K, A559T, S549R, R560T

a

IIb Domain-
Domain 

Association

ΔF508, D579G, L558S, L467P, 
V520F

a,b

IIc Protein-
Protein

D614G, Y569D a,b

III Regulation M470V, S549N, G551D, G576A, 
D579G, R668C

c

IV Conduction R117H, R334W, and R347P NA

*NA = Not Applicable
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Figure 3-6. Structural Context of a Select number of Mutants.  (A) Figure 9 
L558S and V520F predicted to disrupt the NBD1-ICL4 interface. The L558 and 
V520 positions are very close to the interface between NBD1 and the fourth 
intracellular loop (ICL4), which forms part of the physical ion channel of CFTR. 
Disrupting the interface could change the conformation of the full-length protein, 
limiting maturation. (PDBs 2PZE, 2HYD). (B) D579G predicted to disrupt the 
NBD1-NBD2 interface. The D579 position is right at the interface between the 
two nucleotide binding domains and is likely necessary for proper interactions 
between them. If these two domains do not interact normally, it could disrupt the 
conformation of  the whole protein, limiting the amount of CFTR that traffics to the 
plasma membrane. (PDB 2PZE) (C) Y569D and D614G predicted to disrupt 
crucial trafficking signal. These mutations are positioned very close to the 
sequence necessary for binding with trafficking machinery (COPII). This 
machinery is involved in vesicle formation in the ER, and disruption of  this 
interaction could limit maturation (PDB 2PZE).  (D)  Structural context of  the 
three mutants which folding yields are unaffected by R555K.  View  of NBD1 
(PDB 1R0W) looking down from the NBD1/NBD2 interface.  The mutations 
which had improved folding yields (A455E, R560T/K, ΔF508) in the presence of 
the R555K are shown in red sticks.  Three mutations (L558S, A559T, and V520F, 
green sticks) are unaffected by the presence of  the R555K suppressor mutation 
(purple sticks).  These three mutations are proximal to the interface of the two 
helices on which there is a hydrogen bond between R555 and Q525 (purple and 
yellow sticks, respectively).



Future Directions

The data presented in this  chapter is from ongoing work and requires 

additional experiments to establish a more well defined classification of 

the 19 CF-causing mutations in NBD1 as examined.  Specifically, folding 

studies of the all three suppressor mutations  (R555K, D529F, and S573E) 

in the background of the 9 NBD1 misfolding mutations should be 

completed both in the NBD1 folding assay and in context of full-length 

CFTR.  By acquiring this data, we can better understand the vectorial 

change of the corrected mutants.  For example, R555K moves ΔF508 far 

along the x-axis but with little improvement along the y-axis.  If other 

mutants  fail to improve along the y-axis as they do along x-axis, this would 

be an indication of more than one defect.  An example of this, are the 

three mutations L558S, V520F, and A559T in the NBD1 folding assay are 

not affected by the stabilzing effects of the R555K mutation (Figures 3-5 

and 3-7D).  In addition, functional studies should also be performed to 

identify any possible problems with gating.

 D614G are Y569D are near the diacidic motif important for the COPII 

dependent trafficking of CFTR.  We are currently working to produce 

mutants  D614A, D614E, and D614S to further establish a more detailed 

understanding of this hypothesis.  Cross-linking experiments may be 

useful in identifying altered interactions with the trafficking machinery in 

response to the identity of the amino acid at 614 and 569.
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Experimental Procedures

Measuring the Impact of CF-causing Mutations on NBD1 Folding, 

Maturation, and Function.

Briefly, the ELISA, western blot analysis, NBD1 folding, and conductance 

experiments were conducted as detailed in Chapter 2 with the following 

changes:

 The full-length CFTR expression vector used in these studies was 

pBI-CMV2 (Clontech).  Maximal CFTR conductance was measured 30 

minutes after activation with 10 µM forskolin which includes a 15 minute 

treatment with 10 µM of the potentiator 2-(2-(1H-indol-3-yl)-N-

methylacetamido)-N-(4-isopropylphenyl)-2-phenylacetamide (PG01) 

(CFFT).  Inhibition of CFTR dependent conductance was measured 15 

minutes after the addition of 10 µM Inh.172. 

 For low temperature expression of 9 NBD1 mutants, the cells were 

incubated at 37°C for 24 hours post-transfection followed by a 24-hour 

incubation at 30°C before analysis.
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Appendices

The following figures and tables provide additional information to the main 
text in Chapter 2.
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Figure S1.  ΔF508 Forms a Cavity at the NBD1/ICL4 Interface in CFTR.   
(A) View  of ICL4 NBD1 interface in the model of  WT CFTR as described in 
Figure 2-1B.  (B) Murine ΔF508 NBD1 (pdb 3SI7) docked on the CFTR model 
as described in Figure 1B.   Comparison of  the surface between the WT and 
ΔF508 reveals changes local to F508 forming a pocket and perturbation of the 
ICL4 interaction surface (Figures 2-1B and S1A).
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Figure S2.  Independent Coupling Matrices for Each of the Four Methods. 
Four heat maps of coupling values for each statistical method are shown 
without normalization as described in Figure 2-7A.  (A)  Upper left matrix is from 
Statistical Coupling Analysis (SCA), (B) upper right is from Explicit Likelihood 
Subset of Covariation (ELSC), (C) lower left is OMES, and (D) lower right is 
from McBASC.  



Figure S3.  Positions in NBD1 Coupled to F508, Related to Table 2-1.  (A)  
The structure of murine NBD1 (pdb 1R0W, grey ribbon) is shown with the side 
chains of fourteen 508-coupled positions from Table 1 indicated in green and two 
positions, D529 and S573, indicated in yellow and magenta, respectively.  The 
four NBD1 previously identified second-site suppressor positions (I539, G550, 
R553, and R555) are indicated in orange.  (Top) Canonical view of NBD1 looking 
from the perspective of the membrane.  (Bottom) A 90° rotation about the x-axis.  
(B)  Plot of coupling scores to the 508 position from SCA versus the frequency of 
the most common amino acid for every position in NBD1 (389-673).  The sixteen 
representative 508-coupled positions (green, yellow, and magenta circles) 
account for 60% of the top 20 scoring positions in SCA.  Positions in NBD1, 
which are dominated by a single amino acid, frequency > 0.75, have low coupling 
scores, right most side of plot.  The abrupt drop in coupling scores for these 
positions is not evident when a similar plot is produced using traditional 
conservation scores.  The four second-site suppressor positions were not 
identified through the coupling analysis, since these positions have a single 
amino acid frequency > 0.75 and are thus above the drop off.  (C)  Plot of 
coupling scores to the 508 position from ELSC versus the frequency of the most 
common amino acid in NBD1.  (D)  Plot of coupling scores to the 508 position 
from OMES versus the frequency of the most common amino acid in NBD1.  (E)  
Plot of coupling scores to the 508 position from OMES versus the frequency of 
the most common amino acid in NBD1.
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Figure S4. Structural Context of S573E Suppressor Mutations. The mutation 
S573E increases the folding efficiency of NBD1 (Figure 2-11). Left, the S573 
position, shown in magenta, is typically an Asp or Glu residue, serving as the 
catalytic base, in the vast majority of the Walker B motifs in the ABC transporter 
superfamily. This is a canonical view  of the α/β core of human NBD1 (PDB 1XMI) 
from the perspective of the membrane. The adenosine head group of  ATP is 
shown in grey and the three phosphates of  ATP are shown in orange. Mg2+ is 
represented as a green sphere while F508 is shown in a green stick 
representation. Right panel, Tm of  human WT and S573E as a function of  ATP 
concentration. For every ATP concentration assessed (40 µM – 100 mM), the Tm 
is higher for S573E.
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Figure S5. Comparison of Various Methods for Quantification of Maturation 
of CFTR. (A) Representative western blot (mAb 596) of  WT, ΔF508, and sixteen 
508-coupled positions as described in Figure 2C. Band C and Band B from three 
independent experiments were quantified by densitometry and plotted using 
common methods for comparisons of mature CFTR. (B) Plot of  normalized ratios 
Band C/Band B red filled circles and linear fit, and of  Band C/Total (Band B + 
Band C) blue filled circles and fit. (C) Total CFTR as measured by ELISA linearly 
correlates with relative quantity of Band C, as do total CFTR as measured by 
densitometry and mature CFTR protein as measured by cell surface biotinylation. 
(D) Statistical parameters for the five. W496V CFTR has the lowest quantity of 
Band C, and is significantly different from ΔF508 CFTR, p-value < 0.05, for three 
of the five methods; Band C/Band B, Band C/Total, and ELISA.
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Table S1.  Crystallographic and Refinement Data for the Murine DF508 Structure. 

Parameter Value 

Space Group P4212 

Unit cell dimensions (Å)  

a 

170.5 

b 170.5 

c 109.4 

a, b, g (°) 90, 90, 90 

Resolution (Å) 

 

44.9-2.25 

(2.28-2.25)* 

Completeness (%) 100 (100) 

Multiplicity 11.2 (11.3) 

Unique reflections 76,676 (2,535) 

Rmerge † 0.074 (0.858) 

I/sI  34.4 (2.7) 

Wilson B (Å2) 45.7 

Refinement 

Resolution (Å) 

49.8-2.25 

No. non-solvent atoms 8,505 

No. solvent atoms 291 

Cutoff Fo/sFo 0 

Avg. B-factors 

non-solvent (Å2) 

52.8 
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solvent (Å2) 45.3 

R-values 

Rwork  

0.181 

Rfree  0.227 

Ramachandran 

statistics§ 

outliers (%) 

0.0 

most favored region (%) 96.9 

r.m.s. deviations 

Bonds (Å) 

0.007 

Angles (°) 1.1 

*Values in parentheses are for the highest resolution shell. 

† ∑ ∑∑ ∑ −=
h i ihh i hihsym IIIR ,, where the outer sum (h) is over the unique 

reflections and the inner sum (i) is over the set of independent observations of each 

unique reflection. 

§From MolProbity (Davis et al., 2007). 
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Table S2. Impact of Suppressor Mutations on ΔF508 NBD1 Folding, Maturation. 

 

  
Relative Yield 
NBD1 (β-gal.) 

(n) 

Relative Yield 
CFTR (ELISA) 

(n) 

Relative 
Conductance    

(10 µM 
Forskolin + 100 
µ IBMX) (n=3) 

Relative 
Conductance    

(10 µM 
Forskolin + 100 
µM IBMX + 20 
µM Inh-172) 

(n=3) 

Current 
Density 

(pA/pF) (10 µM 
Forskolin + 
100 µ IBMX) 

(n) 

Current 
Density 

(pA/pF) (10 µM 
Forskolin + 100 
µM IBMX + 10 

µM Inh-172) (n) 

W
T 

WT 1.00 ± .03 (18) 1.00 ± .03 (6) 1.00 ± 0.05 0.18 ± 0.13 82 ± 2 (5) 1.1 ± 0.1 (5) 
ΔF508 0.43 ±.03 (18) 0.11± .01 (6) 0.17 ±  0.03 0.22 ± 0.03 1.7 ± 0.1 (5) 0.4 ± 0.2 (4) 

R1070W N/A 0.22 ± .02 (3) 0.47 ± 0.03 0.21 ± 0.10   

Δ
F5

08
 

I539T 0.79 ± .03 (9) 0.14 ± 0.01 (3) 0.21 ± 0.08 0.29 ± 0.10 0.38 ± 0.03 (6) 0.23 ± 0.05 (6) 
G550E 0.78 ± .03 (9) 0.17 ± 0.02 (3)     
R553M 0.59 ± .06 (9) 0.11 ± 0.01 (3)     
R555K 1.03 ± .06 (9) 0.18 ± 0.01 (3) 0.25 ± 0.05 0.22 ± 0.03 18 ± 6 (6) 0.46 ± 0.05 (6) 
G550E-
R553M- 

R555K (3M) 
0.67 ± .0 (9) 0.16 ± 0.01 (3)     

R1070W N/A 0.17 ± 0.03 (3) 0.48 ± 0.07 0.21 ± 0.10 27 ± 9 (5) 1.1 ± 0.2 (5) 

Δ
F5

08
- R

10
70

W
 I539T N/A 0.76 ± 0.03 (6) 1.71 ± 0.23 0.35 ± 0.10 88 ± 8 (6) 1.2 ± 0.1 (6) 

G550E N/A 0.35 ± 0.03 (6)     
R553M N/A 0.20 ± 0.02 (6)     
R555K N/A 0.62 ± 0.04 (6) 1.90 ± 0.42 0.31 ± 0.06 76 ± 5 (6) 0.8 ± 0.2 (6) 
G550E-
R553M- 

R555K (3M) 
N/A 0.84 ± 0.06 (6)     
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