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The fatal autosomal recessive disease cystic fibrosis (CF) is caused by mutations in the gene
which encodes the cystic fibrosis transmembrane conductance regulator (CFTR). Many of
these disease-causing mutations, including the deletion of F508 (AF508) which accounts for
approximately 70% of the disease alleles, occur in one of the two consensus nucleotide binding
sequences. Peptide studies have directly demonstrated that the N-terminal nucleotide binding
sequences bind adenine nucleotides. Structurally, circular dichroism spectropolarimetry indica-
tes that this region of CFTR assumes a f-stranded structure in solution. The AF508 mutation
causes a diminution in the amount of f-stranded structure and a concomitant increase in the
amount of random coil structure present, indicating that either the mutant peptide has a
different native structure or that the conformational equilibrium is shifted toward a more
disordered form. Furthermore, the mutant peptide is more sensitive to denaturation, indicating
that AF508 is a stability, or protein-folding mutant. Here we review these results and discuss
their implications for interpreting the behavior of AF508 in situ and for the rational design of
new CF drugs.

KEY WORDS: Cystic fibrosis; cystic fibrosis transmembrane conductance regulator; protein folding;
peptides; secondary structure; nucleotide binding; mutant; genetic disease.

INTRODUCTION

Cystic fibrosis (CF) is a common autosomal
recessive disease caused by a variety of mutations
within the gene encoding the cystic fibrosis trans-
membrane conductance regulator protein (CFTR)
(Riordan et al., 1989; Cutting et al., 1990; Kerem et
al., 1990). Nonaffected epithelial cells exhibit a cAMP-
dependent chloride conductance which is absent in
cells isolated from CF patients (Schoumacher ef al.,
1987; Li et al., 1988; Hwang et al., 1989), thereby
accounting for mucus accumulation in the lungs and,
perhaps, the pancreatic and sweat abnormalities that
are phenotypic of the disease. Expression of the wild-
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type CFTR in heterologous cells produces a chloride
conductance responsive to ¢cAMP (Kartner et al,
1991), while in some cases expression of CFTR con-
taining the most common CF-causing mutation,
deletion of phenylalanine 508 (AF508), did not (An-
derson et al., 1991a). Furthermore, expression of the
wild-type, but not of the mutant, CFTR corrected the
defective chloride conductance in CF cells, indicating
that the AF508 mutation is causing CF (Rich ez al.,
1990; Drumm et al., 1990). Moreover, site-directed
mutagenesis of putative membrane-embedded re-
sidues alters the ion selectivity of the cAMP regulated
conductance, providing direct evidence that the
CFTR protein itself catalyzes the chloride movement
(Anderson et al., 1991Db).

The ¢cDNA sequence of CFTR indicates that it is
a protein of 1480 amino acids that is composed of five
functional domains (Riordan et al., 1989). A regula-
tory domain contains serine residues that are required
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Fig. 1. Overview of the basis of CF: Looking into the black box
at a cellular and a molecular level. It is now known that CF is caused
by mutations in the gene that codes for the CFTR protein (Riordan
et al., 1989; Cutting et al., 1990), and, furthermore, that this protein
is responsible for catalyzing a cAMP-dependent chloride efffux that
is deficient in CF cells. However, the cellular and molecular basis for
the effect of CFTR nucleotide binding fold (NBF) mutations on the
phenotype are more obscure (black box). In this review we survey
work from our own laboratory and others on the effects of the
AF508 mutation on the structure, function, and maturation-folding
of CFTR. Stars indicate areas where there is experimental evidence
for mutation-induced alterations, while question marks indicate
areas where little or no experimental information exists.

for the cAMP-dependent activation of the protein
(Cheng et al., 1991). Two membrane domains, each
containing six predicted transmembrane helices, con-
tain residues involved in specifying the ion selectivity
of CFTR (Anderson et al., 1991b). Finally, the protein
contains two nucleotide-binding consensus sequences
(Walker et al., 1982). The ability of the N-terminal
nucleotide-binding domain to interact with adenine
nucleotides has been directly demonstrated (Thomas
et al., 1991, 1992a; Hartman er al., 1992). Despite
these advances there are many deficiencies in our
understanding of the CFTR protein. For example,
how these domains interact to perform their cellular
function and whether there are other, as yet not
described, solutes for CFTR remain unknown.
Studies directed at elucidating the effects of mutations
in the CFTR protein on its structure, and subsequently
its function, are of particular interest as the cascade of
events leading from mutation to structural change to
functional alteration to the disease phenotype con-
stitute the molecular basis of CF (Fig. 1). The
nucleotide-binding domains are especially interesting
in this regard as many prevalent CF-causing muta-
tions are clustered within these domains, including
AF508. We have focused our attention on the N-
terminal nucleotide-binding domain with the goal of
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answering four fundamental questions: (1) what is the
final native structure of the domain, (2) what is the
function that it performs in the context of CFTR, (3)
how is the final structure attained, that is how does the
protein domain fold into an intricate three-dimensional
shape, and (4) what are the effects of disease-causing
mutations on the structure, function, and folding of
the domain. The answers to these questions are both
necessary and fundamental to understanding the
disease at a molecular level, and, thus, for the rational
design of new pharmaceuticals. This review is intended
to summarize briefly the progress that has been made
toward answering these questions and to identify likely
areas of future advance.

STRUCTURAL ASPECTS

The original proposal that CFTR contained
nucleotide-binding sites (Riordan, 1989) was based
upon the presence of A and B type consensus sequen-
ces, which are found in many other nucleotide-binding
proteins (Walker ez al., 1982). CFTR contains two sets
of A and B consensus sequences, one set in the N-
terminal half and one in the C-terminal half, indicat-
ing that the protein binds at least two moles of nucleo-
tide. Typically, proteins that contain the A and B
domains do cellular work at the expense of ATP hyd-
rolysis or catalyze phosphate transfer reactions. High-
resolution structures derived by X-ray crystallography
exist for several of these enzymes and the related GTP
binding proteins (for example, see Story and Steitz,
1992; La Cour et al., 1985; Schultz, 1987; Tong et al.,
1991; Jurnak, 1985). Structurally, this class of
nucleotide-binding proteins are in a Rossman fold
(Rossman et al., 1975) conformation in the crystal
state. Although the folding pattern is not necessarily
conserved, the general fold consists of a five- to eight-
stranded, predominantly parallel f-sheet sandwiched
between several a-helices lying across the face of the
B-sheet (Story and Steitz, 1992). The A consensus
sequence, Gx,GKT, forms a loop between a $-strand
and an o-helix in these structures in which the lysine
residue interacts with the pyrophosphate moiety of the
nucleotide (Thomas et al., 1992b).

In addition to the A and B consensus regions,
there are three other regions of sequence homology
observed when the N-terminal nucleotide-binding
domain of CFTR is compared to the nucleotide-bind-
ing sequences of the ATP synthase a and f subunits
and the human P-glycoprotein or mdr (Thomas et al.,
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Fig. 2. Structure of the synthetic peptides. (A) Primary structure
of the wild-type (P-67) and AF508 (P-66) synthetic peptides. The A
Motif (Walker et al., 1982) and the predicted f-strand sequence that
is terminated by an acidic residue at each end, here called AES, are
shaded. (B) Secondary structure of P-67 predicted by four indepen-
dent algorithms. The secondary structure was predicted from the
primary sequence by the methods of Novotny and Auffray (1984),
N; Chandrasegaran and Smith (1990), C-S; Chou and Fasman
(1978), C-F; and Garnier e¢ al. (1978), G. Panel B was redrawn from
Science (Thomas et al., 1991) with permission [Copyright 1991
AAAS].

1991). The homology region nearest to the A consen-
sus region is particularly interesting as it contains
F508. Furthermore, this region contains the dicy-
clohexylcarbodiimide reactive acidic residues that are
responsible for the inhibitory effects of this compound
on the activity of the ATP synthase (Vignais and
Lunardi, 1985) (Fig. 2A). Four different secondary
structure prediction algorithms place this region in a
p-strand (Thomas et al., 1991) (Fig. 2B), and, thus, it
has been designated here as the acidic-ended S-strand
or AEf region. Although these residues have been
proposed to be essential to the catalytic mechanism of
the ATP synthase, their role in CFTR is unknown.
Two peptides corresponding to the A and the
AEP region of CFTR and the AF508 mutant were
chemically synthesized and purified for structural and
functional characterization (Thomas er al., 1991,
1992a). The sequence of the two peptides is shown in
Fig. 2A and the predicted secondary structure for the
wild-type peptide is shown in Fig. 2B. The wild-type
peptide (P-67) consists of 67 amino acids extending
from R450 to R516 in the CFTR sequence. The
AF508 peptide (P-66) is identical except for the lack of
a phenylalanine residue at position 508. Significantly,
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Fig. 3. f-Stranded structure of the synthetic peptides. CD spectra

were collected as previously described (Thomas et al., 1992a). The

spectra for P-67 (———) and P-66 ( ) are reprinted here with

permission from the J. Biol. Chem. The difference spectrum (———)
was derived by subtraction.

in agreement with the predicted secondary structure,
the wild-type P-67 peptide assumed a f-stranded like
conformation in solution according to circular dichro-
ism (CD) spectropolarimetry (Thomas et al., 1991)
(Fig. 3). Although the CD spectrum of the mutant
P-66 peptide also indicates some f-stranded structure,
the appearance of a shoulder near 200 nm and the blue
shift in the maximum indicates an increase in the
random coil structure in the mutant. In fact, the differ-
ence spectrum between the mutant and the wild-type
peptide approximates the shape of a random coil spec-
trum (Fig. 3). These results demonstrate that there is
more random coil structure present in the mutant
peptide sample, possibly due to a shift in a conforma-
tional equilibrium toward a less ordered form and/or
to a disruption of the mutant native structure (Tho-
mas et al., 1992a).

In agreement with these results, a peptide frag-
ment of CFTR overexpressed in bacteria containing
the A and B consensus sequences also is in a B-strand-
ed conformation (Hartman et al., 1992). However, in
this case no significant difference in the structure of
the AF508 mutant peptide was observed. These seem-
ingly conflicting results can be best explained by
differences in the stability of the two peptide systems
(see Peptide Stability—Protein Folding below). In
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Fig. 4. Effect of a deletion mutation upon a f-sheet structure. One
possible effect of the AF508 mutation on the f-sheet is illustrated;
other possibilities are discussed in the text. (A) Schematic repre-
sentation of a two stranded p-sheet, drawn after Rossman et al.
(1975). Spheres and squares represent amino acid side chains. (B)
When F508 (hexagon) is removed from the structure, in order to
maintain a true f-sheet structure, amino acid side chains (square
and sphere on right end of the near f-strand) must be reoriented
from one face of the sheet to the other.

brief, whereas the chemically synthesized mutant pep-
tide may be close to the transition between the native
and denatured states under the conditions used, the
bacterially expressed AF508 peptide was perhaps
under conditions where the conformational equi-
librium favors the native state.

Previously, it was pointed out that the AF508
mutation might be expected to have large effects on
the structure and/or stability of CFTR because it may
reside in a crucial f-strand (Thomas et al., 1991,
1992a). This proposal is supported by genetic evidence
that the F508C mutation is benign (Kobayashi et al.,
1990) and that the AI5S06/7 mutation causes CF
(Kerem et al., 1990). Examination of a model of a
two-stranded B-sheet indicates why deletion muta-
tions may be particularly disruptive in regions of
repetitive secondary structure (Fig. 4). Removal of an
amino acid residue can be accommodated in a -sheet
structure by the formation of a f-bulge which distorts
the B-sheet, a register shift in which residues are
reoriented from one face of the f-sheet to the other
(Fig. 4B), or by a destablization of the region preclud-
ing formation of the native secondary structure under
physiological conditions. Thus, conservative model
building of this type predicts that the AF508 mutation
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would effect the f-sheet structure of the P-67 peptide
(Thomas et al., 1991), a prediction that has been
experimentally verified (Fig. 3) (Thomas ef al., 1992a).

Other, more ambitious, attempts have been made
in the past to build molecular models of the entire
nucleotide-binding fold (Hyde ef al., 1990; Mimura et
al., 1991; Shyamala et al., 1991). These models are
based upon secondary structure predictions, known
high-resolution crystal structures of related proteins,
and the dubious assumption that CFTR folds in the
same pattern as AdK, an assumption that does not
hold true for Rossmann-fold proteins of known crys-
talline structure (Schultz, 1987; Story and Steitz,
1992). Neither of these hypothetical models place
F508 within the Rossman fold. Until a high-resolution
structure is solved, both molecular models should be
viewed with extreme caution.

FUNCTIONAL ASPECTS

One function of the nucleotide-binding domain
has been directly demonstrated with CFTR peptides
(Thomas et al., 1991, 1992a; Hartman et al., 1992).
Nucleotide binding to the synthetic peptides P-67 and
P-66 is shown in Fig. 5. Measurement of the binding
constants for TNP-ATP, TNP-ADP, and TNP-AMP
were determined from the fluorescence enhancement
observed when these analogues interact with the pep-
tide. The respective K;s for the nucleotides for P-67
and P-66 were 410 and 490 nM for TNP-ATP, 320 and
580nM for TNP-ADP, and 1260 and 830nM for
TNP-AMP. The apparent K;s for ATP corrected for
competition with TNP-ATP were 590 uM for P-67
and 830 uM for the P-66 mutant peptide. All of the
dissociation constants were within approximately one
standard deviation for the two peptides, indicating
that under the conditions employed the AF508 muta-
tion did not effect nucleotide binding, and thus, F508
is not directly involved in the nucleotide-binding func-
tion (Thomas et al., 1992a). However, a small but
reproducible reduction in the fluorescence maximum
of the mutant peptide may reflect a shift in the confor-
mational equilibrium to a less ordered nonfunctional
form (Fig. 5).

These affinities are in good agreement with the
half-maximal ATP concentration required for cAMP-
activated chloride conductance (Anderson et al.,
1991c¢). Experiments with the N-terminal nucleotide-
binding peptide overexpressed in bacteria and nucleo-
tide affinity probes also show that the AF508 mutant
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Fig. 5. Nucleotide-binding function of P-67 and P-66. Adenine nucleotide binding as reflected in the enhancement by

5uM P-67 (~— ) or P-66 (

) of (A) TNP-ATP, (B) TNP-ADP, and (C) TNP-AMP fluorescence in 50 mM Tris-Cl,

pH 7.4. Fluorescence enhancement was measured by exciting at 410 nm and measuring the emission at 540 nm (Thomas
et al., 1992a). (D) ATP competition with 5 uM TNP-ATP for the binding site on P-67 (dashed line) or P-66 (solid line).
Panels A and D were reprinted with permission from J. Biol. Chem (Thomas et al., 1992a).

interacts with nucleotides in a manner similar to the
wild-type, although in these studies the reported affin-
ity for ATP is reduced (Hartman et al., 1992). This
preparation has also been reported to form anion
channels when reconstituted into planar lipid bilayers
(Arispe et al., 1992). Thus, although it is clear that the
region is capable of binding adenine nucleotides, this
domain of CFTR may have other functions as well.
However, it is not clear if these activities are mutually

exclusive. Unfortunately, nucleotide-binding experi-
ments were not reported for the full-length CFTR
recently purified from expressing Sf9 cells (Bear e¢ al.,
1992a). Hydrolysis was not detected in either the wild-
type or mutant synthetic peptides (Thomas et al.,
1991, 1992a) and was not reported for the bacterially
expressed domain (Hartman et al., 1992; Arispe ef al.,
1992) or the purified CFTR from Sf9 cells (Bear et al.,
1992a).
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Examination of other CF-causing mutations
indicate that some are not only in regions of homology
but are changes of conserved residues. These muta-
tions may be altering the function of CFTR in the
absence of large conformational changes since these
residues, unlike F508, may be directly interacting with
the ligand. For example, the G458V (Cuppens ef al.,
1990) and G1244E (Devoto et al., 1991) mutations
which change the first glycine residue in the Gx, GKT
sequence of the A homology region and the R560T
(Kerem et al., 1990) mutation in the Rxggh,D
sequence of the B homology region are known to
cause CF. Moreover, if the importance of the AEfS
region proposed here holds true, along with the
known deletion mutations, it might be predicted that
mutation of the conserved acidic residues ES04, D513,
and E514 (Thomas ef al., 1991) may cause CF as well.

PEPTIDE STABILITY-PROTEIN FOLDING

The most dramatic altertion of any characteristic
of the CFTR polypeptide by the AF508 mutation
directly observed is the reduction in the stability of the
P-66 peptide when contrasted with the P-67 peptide
(Fig. 6) (Thomas et al., 1992a,c). When the denaturant
urea was used to unfold the peptides, the mutant
peptide reached the midpoint of the transition
between the folded native and unfolded denatured
states at 2.7M (Fig. 6A). Significantly, the wild-type
peptide required nearly a 30% increase in the urea
concentration to reach the same point. The difference
in stability of the two peptides may account for the
observation that P-66 precipitates from solution at
high concentration as the pH approaches 7 and the
wild-type peptide P-67 does not (Thomas et al.,
1992a). The decreased resistance to denaturation was
also reflected in the nucleotide-binding function of the
AF508 peptide (Fig.6B). At 2.5M urea, P-66 retained
only one-third of its ability to bind TNP-ATP, while
the wild-type P-67 peptide retained one-half of its
binding capacity. At 4 M urea P-66 no longer bound
the nucleotide, while P-67 retained a small but signifi-
cant binding capacity. This reduced structural stabil-
ity, and consequently function, may indicate that de-
fective protein folding is the basis of most cases of CF.

When considered in the context of protein fold-
ing, several disparate experimental observations can
be readily understood. First, defective protein folding
due to the AF508 mutation could certainly be the basis
of the defective trafficking of this mutant observed in
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Fig. 6. Stability of the peptides. Peptide folding was assessed as the
stability of the mutant and wild-type peptides in the denaturant
urea. (A) Stability curves for P-67 (— ——) and P-66 (- were
derived by determining the secondary structure of the peptides in
the CD spectropolarimeter as a function of denaturant concentra-
tion. The amount of f-stranded structure present in each peptide
was determined at several different concentrations of urea by moni-
toring the mean residue molar ellipticity at 218 nm as previously
described (Thomas et al., 1992a). An increase in the ellipticity at this
wavelength toward a less negative value indicates a transition from
a f-stranded structure to a random coil. The fraction folded was
taken to be one under nondenaturing conditions and zero where no
further change was observed at high urea concentrations. (B) Stabil-
ity was also determined by measuring the relative binding function
of the peptides in urea. Nucleotide binding of P-67 (closed bars) and
P-66 (open bars) was determined as previously described (see Fig.
5). The fluorescence maximum under each condition was calculated
as a percentage of the P-67 maximum in the absence of urea.

several heterologous expression systems (Cheng et al.,
1990; Gregory et al., 1991). Second, altered CFTR
stability can explain the observations that AF508
CFTR is not functional when expressed in some cell
types (Rich ez al., 1990), has reduced but wild type-like
functional activity in other cell types (Dahlmanns e?
al., 1991; Drumm ef al., 1991), and is wild-type both
quantitatively and qualitatively in other cells (Bear et
al., 1992b). Wild-type activity and levels of CFTR are
observed when Sf9 cells express the AF508 mutant
(Bear et al., 1992b). It is important to note that these
cells are grown at 27°C and low temperature is one
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obvious way to stabilize a protein. The cell types that
express AF508 CFTR at reduced or nondetectable
levels are all grown at higher temperature. In these
cases the differences between functional expression
and lack of activity are small and may be explained by
slight differences in the intracellular milieu in these
cells, some being more stabilizing than others. Finally,
defective protein folding may account for the differen-
ces in the CD spectra for the synthetic and bacterially
expressed peptides, as discussed above.

PERSPECTIVES AND CONCLUSIONS

In this review we have attempted to consider the
structure, function, and maturation of CFTR within
the context of the biochemical and biophysical data
from studies of peptides corresponding to the N-
terminal nucleotide-binding domain. The work of
several laboratories indicates that CFTR binds
nucleotides, is responsible for c¢AMP-dependent
chloride conductance, and may have other functions
and solutes not presently known. For example, in the
case of CFTR, whereas the chloride conductance is
mediated by a channel-like activity, it is not clear why
ATP hydrolisis would be required. However, such
dependence upon ATP hydrolysis has been demon-
strated (Anderson e al., 1991c). Furthermore, the
familial resemblance to other traffic ATPases, which
by definition require ATP hydrolysis, is strong, per-
haps arguing for active transport of a second solute.
Other possibilities are that the nucleotide-binding
domain and/or the AES region are directly involved in
the maturation of CFTR.

The peptide results discussed here in detail pro-
vide clear evidence that the AF508 mutant is a protein-
folding mutant. Thus, if under intracellular conditions
the AF508 mutant is near the transition from dena-
tured to native (Fig. 7A), simple equilibrium argu-
ments can explain the altered maturation of mutant
CFTR observed in different cell types (Rich er al.,
1990; Cheng et al., 1990; Drumm et al., 1991; Dahl-
manns et al., 1991; Bear et al., 1992b). However, it
should also be considered that during the process of
CFTR maturation the protein most likely passes
through several intermediate states. These states share
characteristics of both the native and denatured states,
such as considerable secondary structure and exposed
hydrophobic surfaces. Hydrophobic interactions
between the intermediates could lead to aggregation,
thereby kinetically trapping the immature protein in
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Fig. 7. Perspectives on the effects of the AF508 mutation on
CFTR maturation and function. (A) Defective folding of CFTR
leading to protein aggregation and/or proteolysis. It is clear from
peptide studies that the AF508 mutation destabilizes this region of
CFTR. The simplest interpretation of this finding is that the mole-
cular basis of CF is an inability of the mutation protein to reach its
final native state. The mutant folding pathway may involve inter-
mediates that are particularly susceptible to aggregation and/or
proteolysis, thereby accounting for the reduced levels of AF508
CFTR observed in the membranes of many expression systems. (B)
Alteration of nucleotide interactions with CFTR. Although under
conditions that favor the native state, no difference is observed in
the nucleotide-binding ability of the AF508 mutant peptide (Tho-
mas et al., 1992a; Hartman et al., 1992), the possibility remains that
the nucleotide is not bound in a functional manner; for instance, the
putative hydrolytic activity may be defective, accounting for qua-
litative differences observed in AF508 CFTR activity (Dahlmanns et
al., 1991; Drumm et al., 1991). It is also possible that the binding
domain itself plays some role in the proper maturation of CFTR.
(C) Alteration of interdomain interactions in CFTR. Once again,
these interactions may play a role in CFTR maturation and func-
tion. It is important to note that domain destabilization could
compromise any of these processes.

an off pathway form or increasing its sensitivity to
intracellular proteolysis. Typically, chaperonins pre-
vent these interactions, allowing the nascent protein to
proceed to the functional native state (Flynn ef al.,
1991). If altered stability of a folding intermediate is
indeed involved, treatments that reduce aggregate for-
mation and limit proteolysis may prove useful.
Regardless of whether the altered protein stabil-
ity is an equilibrium or a kinetic problem in situ,
knowledge of the structural basis of this defect is
crucial to understanding the development of the AF508
form of CF. In this regard, identification of second-
site mutations which alleviate the CF phenotype of
AF508 mutants may be particularly instructive. It is
also possible that the defective folding of CFTR is not
a global process but rather is limited to the local
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N-terminal nucleotide-binding domain. Thus, AF508-
altered stability of the domain may compromise the
ability of CFTR to interact with nucleotide in a pro-
ductive manner (Figs. 6, 7B) or may alter the ability of
the nucleotide-binding domain to interact function-
ally with other domains of CFTR (Fig. 7C).

When considering the molecular basis of human
genetic disorders, there are three general classes of
mutations: mutation of functional residues, mutation
of crucial structural residues that indirectly effect
function, and mutation of structural residues that
effect ability of the protein to reach the functional
native state. Here, we have reviewed data and presented
arguments that CF caused by the AF508 mutation is
an example of the third class of mutation that alters
the ability of the protein to reach its final functional
structure in the membrane. Furthermore, along with
evidence that the mutant protein retains wild type-like
function when it reaches the membrane (Dahlmanns
et al., 1991; Drumm et al., 1991; Bear et al., 1992b),
this finding indicates that conditions and compounds
that stabilize AF508 CFTR may alter the pathological
course of the disease.
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