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In recent years a new family of transport proteins called ABC transporters has emerged.
One member of this novel family, called CFTR (cystic fibrosis transmembrane conductance
regulator), has received special attention because of its association with the disease cystic
fibrosis (CF). This is an inherited disorder affecting about 1 in 2000 Caucasians by impairing
epithelial ion transport, particularly that of chloride. Death may occur in severe cases because
of chronic lung infections, especially by Pseudomonas aeruginosa, which cause a slow decline
in pulmonary function. The prospects of ameliorating the symptoms of CF and even curing
the disease were greatly heightened in 1989 following the cloning of the CFTR gene and the
discovery that the mutation (AF508), which causes most cases of CF, is localized within a
putative ATP binding/ATP hydrolysis domain. The purpose of this introductory review in this
minireview series is to summarize what we and others have learned during the past eight years
about the structure and function of the first nucleotide binding domain (NBF1 or NBD1) of
the CFTR protein and the effect thereon of disease-causing mutations. The relationship of
these new findings to the pathogenesis of CF is also discussed.
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INTRODUCTION

The disease cystic fibrosis (CF) is an inherited
disorder that affects approximately 1 in 2000 people
in the United States and Canada.""? Individuals with
severe cases frequently die before the age of 30. The
disease is characterized by lung infections, pancreatic
insufficiency, and increased sweat Cl~ concentration.
In particular, the pathogenesis of lung infections in
CF and the clinical manifestations and microbiology
thereof have been extensively studied and reviewed,
and are generally well known among researchers in
the field.> Briefly, the airways of many people with
CF are colonized early in life with bacteria (Fig. 1)
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and once infection is established it is difficult, if not
impossible, to eradicate. Among those bacteria
involved are Staphylococcus aureus, Hemophilus
influenzae, and Pseudomonas aeruginosa. As the dis-
ease progresses, P. aeruginosa is frequently the major
organism detected in the sputum, and despite the anti-
biotic regimen used for treatment, this organism per-
sists and gains multidrug resistance. Complications
resulting from such chronic infections are coupled to
a slow decline in pulmonary function, often with
fatal consequences.

Although mutations in the protein CFTR (cystic
fibrosis transmembrane conductance regulator) are
known to cause CF, the relationship between these
mutations and the pathogenesis of the disease (e.g.,
lung infections) remains unclear. Nevertheless, tre-
mendous advances have been made in understanding
structure—function relationships in the CFTR protein
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Fig. 1. Relationship of the pathogenesis of cystic fibrosis (CF) to its molecular basis. The left panel compares airway cells from a normal
healthy individual with those derived from a cystic fibrosis patient following infection with Pseudomonas aeruginosa. After 10 h the medium
surrounding the normal lung cells is completely free of bacteria whereas the medium surrounding CF cells contains numerous bacteria.
Some have bound to the cells whereas others have entered. Mutations in the protein called CFTR (upper right panel) cause cystic fibrosis,
with the deletion of phenylalanine residue F508 within the first nucleotide binding fold/domain (called NBF1 or NBD1) causing most cases
(~70%). The AF508 mutation prevents NBF1 from folding properly, resulting in its retention in the endoplasmic reticulum. Failure of
CFTR to traffic to the cell membrane and function as a C1™ channel is believed to either prevent the release of bacterial factors including
antimicrobial peptides contained within airway cells, or to prevent bacterial killing even when antimicrobial factors/peptides have been
released. In the latter case, it is suggested that the bactericidal action of antimicrobial peptides is prevented due to the higher salt content
in the airways of CF patients. The lower panel shows a 3D-model of the two nucleotide binding domains of the CFTR protein, which are
believed to interact, and also the position of F508. (Adapted from figures in Refs. 4, 31, and 100). In addition, a few biochemical data
(68-71) show that the nucleotide binding domain 1 (NBF1) interacts with the cell membrane, implying a dynamic and mobile nature of
this domain inside the cell.

during this last decade of the 20" century, and this tions in the CFTR protein to the pathogenesis of the
information is being translated already into testable disease.
models for the pathogenesis of the disease.

In the first part of this brief review the authors THE CFTR PROTEIN: DOMAINS
summarize some of the advances that have been made PROPOSED FUNCTldN AND ’

in understanding structure—function relationships DISTRIBUTION OF DISEASE-CAUSING

in the CFTR protein, and the effects of disease- MUTATIONS

causing mutations thereon. In the second part, we

review some of the recent models that have been pro- CFTR is an integral membrane protein® com-
posed, which attempt to relate disease-causing muta- prised within a single polypeptide chain of 1480 amino
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acids (Fig. 1). The five major domains include two
nucleotide binding folds (NBF1 and NBF2), a regula-
tory domain (R), and two transmembrane spanning
regions (TMSs). The latter, at least in part, form an
anion channel that is believed to require for optimal
function both ATP binding and ATP hydrolysis medi-
ated by one or both nucleotide binding folds,*® and
phosphorylation of the R domain mediated by protein
kinase A and/or other cellular kinases.*'0

It seems clear from work in many laboratories
(reviewed in Refs. 1 and 2, and in the more recent
minireviews in this volume) that one function of CFTR
is as a Cl™ channel to help regulate CI~ and Na*
conductive pathways in epithelial cells. However, more
recent work indicates that CFTR may also be involved
directly or indirectly in the secretion of ATP!!2
which, upon exiting the cell, may stimulate other C1~
channels via a signal transduction pathway mediated
by purinergic receptors. Thus, CFTR may function to
regulate other Cl™ secretory pathways in addition to
itself conducting CI™.

Several hundred putative disease-associated
mutations have been reported in the CFTR gene by
the CF Genetic Analysis Consortium.'> Most cause
mild forms of the disease, whereas others like AF508
can result in a severe form of the disease. Unfortu-
nately, about 90% of all cystic fibrosis patients have
been reported to have at least one AF508 CFTR
allele.(!¥ Although disease-causing mutations are dis-
tributed throughout the CFTR protein,'¥ i.e., within
all five domains, their frequency is high within or near
NBF1 and NBF2, implicating important functional
roles of these domains.

Finally, it should be noted that CFTR is a member
of a superfamily of proteins referred to as ABC trans-
porters,(! traffic ATPases,'® or M-type ATPases.!”
This family includes the multidrug resistance confer-
ring protein, MDR1 or P-glycoprotein, which is
involved in drug resistance, the STE-6 protein involved
in yeast mating, the TAP proteins involved in antigen
processing and presentation, and a number of bacterial
permeases.('>'® Common features of these proteins
include much sequence homology particularly within
their nucleotide binding domains, and all predicted
domain types shown in Fig. 1 except the R domain,
which is unique to the CFTR protein. Among those
well-characterized ABC transporter family members,
CFTR is also considered to be unique in functioning
as a gated anion channel rather than as a transporter
per se.\'>% However, the possible role as a transporter
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cannot be excluded and other functions of the CFTR
protein may yet to be discovered.

Nucleotide Binding Domain 1: Structure,
Function, Disease-Causing Mutations, and
Subcellular Location

To understand in molecular and chemical terms
the underlying cause of most cases of cystic fibrosis,
we must first understand the relationship between the
structure of NBF1 (also called NBD1) and its func-
tions, and define its subcellular location. Information
obtained to date is briefly summarized below.

1. Structure. NBF1, defined on the basis of homol-
ogy with other nucleotide binding proteins,® spans
an ~157 amino acid region of CFTR from F433
through S589. It includes a Walker A (GX,GKT/S),
a Walker B (RX4shyD), and a so-called “linker”
or C consensus (LSXGXR/K). The Walker A and
B consensus are found in many nucleotide binding
proteins'® including adenylate kinases, ATP syn-
thases, the Rec A protein, and all members of the ABC
transporter superfamily.”'> The C consensus, however,
appears to be a rather unique feature of the ABC trans-
porter superfamily.(!>

As no 3-dimensional structural data is available
for CFTR, or for any other member of the ABC trans-
porter superfamily, NBF1 has been assumed to fold in
a manner similar to adenylate kinase,?%%? the crystal
and partial NMR structure of which are known,?*-29
Recently, however, because of progress made on the
crystal structures of two ATPases, the Rec A protein®”
and the mitochondrial F;-ATPase,®3% an improved
model for NBF1 (Fig. 2) has been obtained in a collab-
orative study between the authors’ laboratory and the
laboratory of Dr. Mario Amzel and Mario Bianchet
of this institution.®” The improvement over earlier
models derives from the fact that significant amino
acid sequence homology/similarity exists between
NBF1 and the mitochondrial F,-ATPase B-subunit.G"
Moreover, the F|-B subunit, unlike adenylate kinase,
spans the entire NBF1 sequence

The resultant model, presented in simplified form
in Fig. 2A and in greater detail in Ref. 31, includes
CFTR amino acid residues from L441 through K684,
thus comprising >94% of the NBF| core region (F433
through S589) with an additional 95 amino acids at
the C-terminus. (The modeling studies predict that
NBF1 is really a domain of 240-250 amino acids rather



420

A. STRUCTURAL MODEL OF CFTR-NBF1

A = GX,GKT/s [

Ko and Pedersen

B, DISEASE CAUSING MUTATIONS
IN CFTR NBF1

REGION
A

AS559T
[R560T |
| Y563N |

P574H

Fig. 2. Diagrammatic representation of a three-dimensional model of the first nucleotide binding domain
(NBF1 or NBD1) of the CFTR protein. A. the model is based on the known X-ray structures of the F,
moiety of mitochondrial ATP synthase,®*” and is described in great detail in an article in this issue." The
Walker A and Walker B motifs are indicated in blue and green respectively, and the C or linker region, a
signature of ABC transporters, is indicated in orange. The position of phenylatanine 508 (F508), which is
predicted to lie near the ATP binding pocket, is shown in red, at the end of a predicted a-helical region.
Also shown in red is glutamic acid 504 (E504), a predicted catalytic base, i.e., a residue that facilitates
removal of a proton from a water molecule, leaving a hydroxyl ion which attacks the terminal phosphorus
atom of ATP, resulting in its release from ADP. Significantly, NBF1 (NBD1) has been shown to function as
an ATPase (see Ref. 42) B. A list of mutations in NBF1 (NBD1) that cause cystic fibrosis. With the exception
of the C region and the predicted catalytic base (E5S04) it will be noted that mutations that cause CF lie
within or near the nucleotide binding pocket. Mutations within the C region may cause CF either by inducing
a structural change that is transmitted to the catalytic base E504, or by altering interactions of NBF!1 with

other domains within CFTR.

than the 157 amino acids originally predicted.®”’) The
model shows as expected that the Walker A and B
consensus regions reside near ATP and contribute to
the nucleotide binding. Significantly, amino acid resi-
due F508 is predicted to lie within bonding distance
of the purine ring of ATP, and the nearby E504 is
predicted to lie in the same position as the so-called
“catalytic base” in the F\-B subunit.?® In F,-B, the
catalytic base is believed also to be a glutamate, which
promotes ATP hydrolysis by removing a proton from
a water molecule allowing the resultant hydroxide ion
to facilitate the displacement of the y-phosphate of
ATP.? In brief, the catalytic base is one of the most

important functional residues within an ATPase, and
its replacement by mutagenesis with a more neutral
residue is predicted to reduce ATPase activity to very
low levels, as in the case of F,-ATPase.®233 Finally,
it is important to note that the C or “linker region” is
predicted to lie nearer the catalytic base than to the
nucleotide binding pocket per se.

2. Function. Consistent with the structural model
depicted in Fig. 2, it has been demonstrated in the
authors’ laboratory,®53% and more recently in other
laboratories,'?2*" that NBF1, or peptide segments
thereof containing the Walker A consensus, bind ATP.
Moreover, mutations within the Walker A consensus
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region of NBF1 have been shown to impair CFTR
function in situ.3839 The structural model and in situ
studies with the nonhydrolyzable ATP analog AMP-
PNPG-7404D predict also that NBF1 may not only bind
ATP, but similar to the F-ATPase  subunit, may
be an ATP hydrolyzing domain. Recently, we have
demonstrated this directly with an overexpressed, puri-
fied preparation of NBF1 in fusion with the maltose
binding protein, MBP.®9 Using three different assays
for ATP hydrolysis, we have shown that MBP-NBF1
does catalyze the hydrolysis of ATP by a reaction
pathway inhibited both by AMP-PNP and by mutations
of the lysine residing in the Walker A consensus
(GX4GKT).“? [It is important to note that neither the
F,-ATPase B-subunit alone®*" nor the NBF1 of
CFTR alone®3% have been shown to catalyze the
hydrolysis of ATP. Although F;-B contains an ATP
binding site and a catalytic base, some interaction with
the a-subunit,® also a nucleotide binding subunit and
analogous to the NBF2 of the CFTR protein, is essen-
tial to effect catalysis. We know that, in the MBP-
NBF]1 fusion protein, MBP is undergoing some inter-
action with NBF1 (36), a stabilizing interaction that
in intact CFTR may be provided by another domain,
e.g., NBF2. See model in Fig. 1 and in Bianchet e al.*

In summary, in situ, in vitro, and modeling studies
carried out to date indicate that the functions of NBF1
are to both bind and hydrolyze ATP in order to promote
normal CFTR channel function. Significantly, Bear
and coworkers“> have demonstrated recently that the
purified CFTR protein reconstituted in liposomes cou-
ples ATP hydrolysis to channel gating. Other
work 4647 indicates that in situ ATP binding/hydroly-
sis by NBF1 opens the CFTR chloride channel while
those events by NBF2 result in its closure.

3. Disease-Causing Mutations. Of the 19 major
mutations within NBF1 that cause cystic fibrosis,'®
it is interesting to note that 13 lie within or near the
nucleotide binding consensus regions (Fig. 2B). The
remaining 6 mutations reside in a centrally located
region consisting of an a-helix that connects to a sharp
loop. F508, the residue which when deleted causes
most cases of cystic fibrosis, lies near the end of the
helix and E504, the predicted catalytic base, lies at the
top of the connecting loop (Fig. 2A). Consistent with
the predicted functional importance of E504 as a cata-
lytic base (see Discussion above), it will be noted that
the inherited mutation E504Q also causes cystic
fibrosis.'¥

The prediction that F508 resides within an ao-
helix is based on the secondary structure observed in
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this region in the crystal structures of known
ATPases®-30 ysed in our recent modeling studies.®"
Interestingly, all predictive programs for secondary
structure indicate that F508 resides within a B-strand
region,®® predictions that are supported by circular
dichroism spectroscopy on a 67 amino acid peptide
fragment (P67) previously synthesized and studied in
the authors’ laboratory.®3*® This suggests, therefore,
that in the folding pathway B-strand/B-sheet formation
may precede the formation of the a-helix in the region
of F508 in the finally folded NBF1 domain. In support
of this view, we have now shown that the B-strand/§3-
sheet structure characteristic of the P-67 peptide stud-
ied earlier® can be converted to an a-helical structure
(unpublished data).

The consequences of the AF508 mutation have
been studied extensively both at the protein
level@232:3648.49) anq at the cellular level®®® and are
generally consistent with the folding hypothesis first
proposed by Thomas and the authors in 1992 (Fig.
3).57 Studies in the authors’ laboratory on wild type
and AF508 peptide segments of CFTR®34849 revealed
that AF508 induces a marked instability in the peptide,
which is accompanied by a significant structural
change in a localized region. Studies conducted in
other laboratories on AF508 CFTR expressed in intact
cells demonstrated that the protein is retained within
the endoplasmic reticulum at 37°C®%3 and unlike
wild type CFTR fails to become fully glycosylated
and traffic to the plasma membrane.® However, upon
lowering the temperature AF508 CFTR was shown to
also traffic to the plasma membrane and function as
a CI™ channel.®+39 More recent studies indicate that
AF508 CFTR when retained in the ER is functional®®
but more readily targeted for degradation,®*® most
likely by one or more chaperones(®!$? that recognize
the localized structural alteration.

Following up on the suggestion by Thomas and
the authors™® that chemical agents that stabilize pro-
tein structure may restore wild type function to AF508
CFTR, two different laboratories®>%¥ demonstrated
that glycerol, when added to cultured cells bearing the
AF508 mutation in CFTR, resuited in normal traffick-
ing behavior of the mutant protein. Glycerol referred
to in these studies by Welch and colleagues®® as a
“chemical chaperone” has recently been studied in
depth together with other chemical agents for their
relative capacities to restore normal trafficking behav-
ior of the AF508 CFTR protein in intact cells.®

4. Subcellular Location. There is very little pub-
lished work about the subcellular location of NBF1.
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Fig. 3. Comparison of the folding pathways of wild type and AF508 CFTR. The figure is from Ref. 57 in
which Thomas and the authors first indicated, on the basis of biochemical and biophysical studies on CFTR
peptide models,*>*349 that AF508 cystic fibrosis results from a problem in protein folding. More details
about this aberrant folding pathway and chemical chaperones that correct it are found in back-to-back articles
in the minireviews by Thomas and colleagues'®" and Welch and colleagues.®

The original model and a more recent version®®

from which Fig. 1 was adapted places both NBF1 and
NBF2 within the cytosol. However, other published
models depict both nucleotide binding domains as
being directly attached to the membrane.'%6" The first
published evidence for an interaction of either domain
with the membrane was derived from a study con-
ducted with purified NBF1 reconstituted into a planar
lipid bilayer.®® A second report®® suggested that an
a-helical region within NBF1, similar to a comparable
membrane binding region in the ATP binding domain
of the bacterial His P protein, may interact with the
membrane. Significantly, in two other recent stud-
ies®1) direct evidence has been obtained that NBF1
can interact with the membrane when expressed in
vivo. It is important to note that NBF1 is predicted to
be connected to the anion channel via amino acids
extending only from its N-terminus (Fig. 1). Signifi-
cantly, the cluster of exons 9 through 12, within the
CFTR gene originally implicated as NBF1,™® encodes
not only the core NBF1 region (F433-S589), but 29

additional amino acids (G404-N432) extending from
the N-terminus of NBF1. Although to date, little is
known about this “connecting” region, it seems likely
that it plays a critical role in CFTR function.

Nucleotide Binding Domain 2 (Called NBF2 or
NBD2) and the R Domain: Relationship to NBF1
and to CFTR Function

A significant number of mutations that cause cys-
tic fibrosis occur also within the NBF2 domain and
the R domain.!'>? Therefore, the relationship of these
two domains to NBF1 and to each other is of consider-
able interest and of potential importance in understand-
ing structure—function relationship within the CFTR
protein,

Significantly, NBF2 exhibits considerable amino
acid sequence homology to NBF1.%9 Moreover, both
domains contain the three consensus sequences A, B,
and C mentioned above for NBF1. For these reasons,
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NBF2 is predicted according to our recent three-dimen-
sional modeling studies®? to fold in a manner very
similar to NBF1.GD Relative to the mitochondrial F-
ATPase, NBF1 is predicted to be more similar to the
F;-B subunit and NBF2 more similar to the F;-a sub-
unit.® Moreover, just as in the F,-ATPase where the
catalytic base, a glutamate amino acid residue, 39 is
present in the B-subunit but replaced with a glutamine
residue in the o-subunit, the same applies to CFTR
where E504 is predicted to be the catalytic base in
NBF1 but is replaced in NBF2 with glutamine,
Q1291.4Y This suggests that NBF2 may hydrolyze
ATP at a much lower rate than NBF1, or not hydrolyze
ATP at all.

Recent work focused on the function of NBF?2 is
flavored both with areas of agreement and apparent
discrepancies. There is good agreement with the origi-
nal report from the authors’ laboratory™® demonstra-
ting directly that a 51 amino acid segment of NBF2
containing the Walker A consensus can bind ATP. In
fact, two different laboratories®>’® have now shown
that purified recombinant preparations of NBF2 bind
ATP. To date, however, none of these NBF2 prepara-
tions have been reported to hydrolyze ATP, leading to
the suggestion that NBF2 may play a regulatory
role.” However, on the basis of patch clamp studies
with CFTR mutated in its nucleotide binding domains
a different conclusion was reached, i.e., ATP hydroly-
sis at NBF1 initiates a burst of C1~ channel activity
and hydrolysis at NBF2 terminates the burst.® In sup-
port of a requirement for NBF1 in channel function is
the finding that the N-terminal half of CFTR alone
exhibits channel activity in the presence of ATP.7

Recent studies of PKA-dependent C1~ channel
activity indicate that there is significant interdepen-
dency and “cross-talk” among NBF1, NBF2, and the
R domain, Thus, PKA-dependent activation of Cl1~
channel function mediated through the R domain was
shown to be inhibited by mutations in the C consensus
region of either NBF1 or NBF2.%? In contrast, muta-
tions in the A and B consensus regions of NBF1 inhib-
ited channel function but those in the same region of
NBF2 produced an activation. Finally, ADP was shown
to inhibit channel function by a mechanism that could
be relieved by mutations in the A and B consensus
regions of NBF2.%® Although there may be several
possible interpretations of these findings, it is difficult
to rationalize them without implicating direct interac-
tions of NBF1 and NBF2 with each other and/or with
the R domain. For example, phosphorylation of the R
domain may induce NBF?2 to release ADP causing a

423

conformational change transmitted by direct interac-
tion to NBF1 activating its ATP hydrolytic activity,
which in turn induces a conformational change trans-
mitted to the R domain. This final change may then
remove blockage of the Cl~ channel by the R domain.
Consistent with the above views, NBFI and NBF2 are
predicted to interact,®" and a conformational change
in the R domain upon phosphorylation by protein
kinase A has been demonstrated directly."® Also,
recent work in the authors’ laboratory has demon-
strated that the [NBF1 + R] combined domain does
interact with the NBF2 domain in vitro."

Finally, the possibility remains open that all PKA-
dependent phosphorylation events do not target exclu-
sively the R domain but may be directed to sites on
NBF1 and/or NBF2. Such phosphorylation events
might also be important in regulating the functions of
these domains, their interaction with one another, and
their interaction with other CFTR domains. Consistent
with this view is the earlier report™® that PKA depen-
dent C1~ channel activity still occurs even when the 10
PKA consensus phosphorylation sites of the R domain
have been mutated.

RELATIONSHIP OF THE ABOVE STUDIES
TO THE PATHOGENESIS OF CYSTIC
FIBROSIS

As indicated in the introduction, the airways of
many patients with CF are colonized early in life with
bacteria (Fig. 1), and once established the bacterial
infection is difficult or impossible to eradicate. This
is particularly the case with AF508 CF. Special atten-
tion has been given to lung infections by Pseudomonas
aeruginosa as this organism persists and eventually
results in a slow decline in pulmonary function.
Although considerable effort has been devoted to
understanding how well-known components of the
immune system, eg., T and B lymphocytes, neutro-
phils, macrophages, IgG, and complement deal with
bacterial infections in CF,® a molecular and chemical
understanding of why normal heaithy individuals do
not acquire chronic lung infections while many CF
patients do has escaped our notice. Nevertheless, valu-
able insights into this intriguing mystery are gradually
being synthesized, both by taking lessons from how
lower life forms defend themselves against invading
predators and competitors,%2 and how components
of our own immune system, particularly phagocytic
cells, kill bacteria.®**" The common denominator
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among the chemical weapons used are that they are Of particular interest among those chemical
small molecules which are stored inside the host cell weapons used in biological warfare are small peptides.
until an “inducer” from the invading predator or com- Thus, it is now well known that “melittin,” the main
petitor effects their release.” toxic component of honey bee venom, is a 26 amino

CFIR P. aeruginosa

NORMAL
AIRWAY CELL

Clearance/ Killing
of P.a.

CFTR

CF AIRWAY
CELL

Binding of
P.a. to the
cell surface

Multiplication and
Entrance of P.a.

Fig. 4. A working model depicting the possible relationship between the pathogenesis of
AF508 cystic fibrosis and the CFTR protein. (Adapted from Ref. 100.) P. aeruginosa that
invade the human lungs of normal healthy people are depicted as being readily killed by
antimicrobial peptides (APs) secreted from normal airway cells via a CFTR-dependent
mechanism. B, In contrast to the scenario in A, P. aeruginosa that invade the lungs of
CF patients bearing the AF508 mutation in the CFTR protein readily multiply, surround,
and bind to the airway cells, with some even entering. One view!!™ in the field of CF
research is that, in the AF508 cells, antimicrobial peptides cannot be secreted because
secretion is dependent on a functional CFTR on the plasma membrane surface. The
alternative view'”%® is that antimicriobial peptides are secreted in AF508 cells, but because
CFTR is defective, the external salt concentration is high, and this high salt prevents the
antimicrobial peptide from interacting effectively with the invading bacteria.
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acid hemolytic peptide,®*3® that the “magainins” iso-
lated from the skin of the African toad Xenopus laevis,
are antimicrobial peptides of only 23 amino acids,®*%
and that the “defensins” of phagocytic cells of animals
and humans are a family of small peptides (MW =
3500-4000).%387 Although the detailed mechanism by
which these peptides exert their effect is still being
resolved, it seems clear that they all have the capacity
to “punch” holes in the membranes of their enemies
by forming channels.®49299 Consequently, membrane
potentials cannot be established, energy (ATP) cannot
be generated, nor can ions be pumped, the net result
being either a quick death for the invader, or a severe
crippling effect.

Recently, several laboratories have taken on the
challenge of better understanding how normal and CF
cells respond to bacterial infection. Prince®® and Al-
Awquati and colleagues® provide evidence that P.
aeruginosa interact directly with normal and CF cells
via asialoganglioside 1, the postulated receptor, and
that increased amounts of this receptor in CF cells may
help explain the pathogenesis. Studies by Pier et al.®®
led to the suggestion that normal epithelial cells combat
bacterial infections by a phagocytic mechanism involv-
ing engulfment of bacteria via CFTR as the receptor,
a mechanism proposed to be impaired in CF epithelial
cells. Finally, studies by Welsh and colleagues®” and
Wilson and colleagues®® implicate bactericidal fac-
tors, presumably released by normal epithelial cells,
as responsible for killing P. aeruginosa, and suggest
that the release or potency of such factors by CF cells
may be impaired because of a high salt concentration.
The bactericidal factor identified by Wilson and col-
leagues®® is called human B-defensin-1 and shows
homology to the bovine protein TAP, previously shown
to be located in bovine lungs and to kill Pseudomo-
nas aeroginosa.®”

The authors of this minireview have also exam-
ined in great detail the CF pathogenesis problem as it
relates to lung infections.'® Using an in vitro assay
to examine the capacity of normal and CF tracheal
epithelial cells to kill P. aeruginosa, the following three
key observations were made. First, P. aeruginosa do
not multiply when planted onto tracheal epithelial cells
from healthy humans but do so profusely on cells from
AF508 CF patients. Second, some bacteria bind, and
gain entrance into CF cells, even at a physiological
salt concentration (104 mM). Third, human tracheal
epithelial cells express an ~4kDa peptide (hTAP),
which is known in its bovine form to exhibit bacteri-
cidal action against P. aeruginosa.®® To account for
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these results a plausible working model is depicted in
Fig. 4. Thus, one or more antimicrobial peptides (APs)
may play arole as part of a first line defense mechanism
in a CFTR-dependent manner, functioning outside of,
or if necessary inside of, tracheal epithelial cells. This
role may be dramatically compromised in diseased
(AF508) cells.

Finally as it concerns the relationship between
structure~function based studies on the CFTR protein
and the pathogenesis of lung infections, the following
scenario appears to occur. First, the AF508 mutation
prevents the NBF1 from folding properly within the
F508 region. Consequently, AF508 is retained in the
endoplasmic reticulum by the quality control machin-
ery and targeted for degradation. Second, failure of
AF508 CFTR to traffic to the plasma membrane either
prevents release of antimicrobial peptides from the
lung cells as implicated in Fig. 4, or results in an
abnormal salt concentration within the airway fluid
which interferes with bacterial killing. Further work
will be necessary to distinguish between these two
possibilities.

In summary, it seems clear that much progress
has been made in the past 7 years resulting in a much
better understanding of the molecular and chemical
basis of CF and its relationship to the pathogenesis of
the disease. Testable models are now available, and it
seems likely that results obtained therefrom will soon
lead to new improved therapies for treating lung infec-
tions in CF patients.

ACKNOWLEDGMENT

This work was supported by the NIDDK and the
Cystic Fibrosis Foundation.

REFERENCES

—

. Collins, F. S. (1992). Science 256, 774-779.

2. Caroll, T. P, Schiebert, E. M., and Guggino, W. B. (1993).
Cell Physiol. Biochem. 3, 388-399.

3. Welsh, M. I, Tsuyi, L.-C., Boat, T. G., and Beaudet, A. L.
(1995). In: The Metabolic Basis of Inherited Diseases
(Schriber et al.) eds. McGraw-Hill, New York, pp. 3799-3876.

4. Riordan, J. R., Rommens, J. M., Kerem, B., Alon, N., Rozma-
hel, R., Grzelczak, Z., Zielenski, J., Lok, S., Plausic, N., and
Chow, J. L. (1989). Science 245, 1066~1073.

5. Anderson, M. P, Berger, H. A, Rich, D. P, Gregory, R. J,,
Smith, A. E., and Welsh, M. J. (1991). Cell 67, 775-784.

6. Nagel, G., Hwang, T. C., Nastiuk, K. L., Nairn, A. C,, and

Gadsby, D. C. (1992). Nature 360, 81-84.



426

© o N

11,

12.

13.
14.

15.
16.
17.
18.
19.

20.

21.

22,

23.

24.

25.
26.
28.

29.

30.
31
32,

33
34.
35.
36.
37.

38.

. Gunderson, K. L., and Kopito, R. R. (1994). J. Biol. Chem.

269, 19349-19453.

Carson, M. R, Travis, S. M., and Welsh, M. J. (1995). J.
Biol. Chem. 270, 1711-1717.

Tabcharani, J. A., Chang, X.-B., Riordan, J. R., and Hanrahan,
J. W. (1991). Nature 352, 628-631.

. Cheng, S. H., Rich, D. P.,, Marshall, J., Gregory, R. J., Welsh,

M. ], and Smith, A, E. (1991). Cell 66, 1027-1036.

Resin, L. L., Prat, A, G., Abraham, E. H., Amara, J. E, Gregory,
R. J, Ausiello, D. A,, and Cantiello, H. F. (1994). J. Biol.
Chem. 269, 20582-20591.

Schwiebert, E. M., Egan, M. E., Hwang, T.-H., Fulmer, S.
B., Allen, S. S., Cutting, G. R., and Guggino, W. B. (1995).
Cell 81, 1063-1073.

Tsui, L.-C. (1992). Trends Genet. 8, 392-398.

Kerem, E., Corey, M., Kerem, B. S., Rommens, J., Mariewicz,
D., Levison, H., Tsui, L.-C., and Durie, P. (1990), New Engl.
J. Med. 323, 1517-1522,

Higgins, C. F. (1992). Annu. Rev. Cell. Biol. 8, 67-113.
Doige, C. A., and Ferro-Luzzi Ames, G. (1993). Annu. Rev.
Microbiol. 47, 291-319.

Pedersen, P. L., and Amzel, L. M. (1993). J. Biol. Chem.
268, 9937-9940.

Walker, J. E., Saraste, M., Runswick, M. I,, and Gay, N. J.
(1982). EMBO J. 1, 945-951.

Shyamala, V., Baichwal, V., Beall, E., and Ames, G. F.-L.
(1991). J. Biol. Chem. 266, 18714-18719.

Hyde, S., Emsley, P., Hartshorn, M. J., Mimmack, M. M.,
Gileadi, U., Pearce, S. R., Gallagher, M. P, Gill, D. R., Hub-
bard, R. E., and Higgins, C. F. (1990). Nature 346, 362-365.
Mimura, C. S., Holbrook, S. R., and Ames, G. F-L. (1991).
Proc. Natl. Acad. Sci. USA 88, 84-88.

Logan, J., Hiestrand, D., Daram, P., Huang, Z., Muccio, D.
D., Hartman, J., Haley, B., Cook, W. J., and Sorscher, E. J.
(1994). J. Clin. Invest. 94, 228-236.

Schulz, G. E., Elzinga, M., Marx, F,, and Schirmer, R. H.
(1974). Nature 250, 120-123.

Sachsenheimer, W., and Schulz, G. E. (1977). J. Mol. Biol.
114, 23-36.

Fry, D. C., Kuby, S. A., and Mildvan, A. S. (1986). Proc.
Natl. Acad. Sci. 83, 907-911.

Mildvan, A. S. (1989). FASEB J. 3, 1705-1714.
. Story, R. M., and Steitz, T. A. (1992). Nature 355, 374-376.

Bianchet, M., Ysern, S., Hullihen, J., Pedersen, P. L., and
Amzel, L. M. (1991). J. Biol. Chem. 266, 21197-21201.
Abrahams, J. P., Leslie, A. G. W,, Lutter, R., and Walker, J.
E. (1994). Nature 370, 621-628.

Bianchet, M. A., Hullihen, J., Pedersen, P. L., and Amzel, L.
M. (1997). Submitted.

Bianchet, M. A,, Ko, Y. H., Amzel, L. M,, and Pedersen, P.
L. (1997). J. Bioenerg. Biomembr. 29, 503-523.

Ohtsubo, M., Yoshida, M., Ohta, S. Kagawa, Y., Yohda, M.,
and Date, T. (1987). Biochem. Biophys. Res. Commun. 146,
705-710.

Parsonage, D., Wilke-Mounts, S., and Senior, A. E. (1988).
FEBS Lett. 232, 111-114.

Manavalin, P., Dearborn, D. G., McPherson, J. M., and Smith.
A. E. (1995). FEBS Let. 366, 87-91.

Thomas, P. J., Shenbagamurthi, P., Ysern, X., and Pedersen,
P. L. (1991). Science 251, 555-557.

Ko, Y. H., Thomas, P. J., and Pedersen, P. L. (1993). J. Biol.
Chem. 268, 24330-24338.

Hartman, J., Huang, Z., Rado, T. A., Peng, S., lJilling, T.,
Muccio, D. D., and Sorscher, E. J. (1992). J. Biol. Chem.
267, 6455-6458.

Anderson, M. P, and Welsh, M. J. (1992). Science 257,
1701-1704.

39.
40.
. Bell, C. L., and Quinton, P. M. (1993). Am. J. Physiol.
42,
43,
44,
45.

46.
47.
48.
49,
50.

51.
52.
53.

54.

55.

56.
57.
58.
59.
60.

61.
62.
63.
64.
63.
66.

67.
68.

69.
70.

Ko and Pedersen

Smit, L. S., Wilkinson, D. J., Mansoura, M. K,, Collings, F.
S., and Dawson, D. C. (1993). Proc. Natl. Acad. Sci. USA
90, 9963-9967.

Quinton, P. M., and Reddy, M. M. (1992). Nature 360, 79-81.

264, C925-C931.

Ko, Y. H., and Pedersen, P. L. (1995). J. Biol. Chem. 268,
24330-24338.

Pedersen, P. L., Hullihen, J., Bianchet, M., Amzel, L. M., and
Lebowitz, M. S. (1995). J. Biol. Chem. 270, 1775-1784.
Al-Shawi, M. K., Parsonage, D., and Senior, A. E. (1990). J.
Biol. Chem. 265, 5595-5601.

Bear, C. E,, Li, C., Galley, K., Wang, Y., Garami, E., and
Ramjeesingh, M. (1997). J. Bioenerg. Biomembr. 29,
465-474.

Carson, M. R., and Welsh, M. I. (1995). Biophys. J. 69,
2443-2448.

Gadsby, D. C., and Nairn, A. C. (1994), Trends Biochem. Sci.
19, 513-518.

Thomas, P. J., Shenbagamurthi, P., Sondek, J., Hullihen, J.
M., and Pedersen, P, L. (1992). J. Biol. Chem. 267, 5727-5730.
Thomas, P. J., and Pedersen, P. L. (1993). J. Bioenerg. Bio-
membr. 28, 11-19,

Rich, D. P, Anderson, M. P.,, Gregory, R. J., Cheng, S. H,,
Paul, S. Jefferson, D. M., McCann, J. D., Klinger, K. W,
Smith, A. E., and Welsh, M. J. (1990). Nature 347, 358-363.
Anderson, M, P, Rich, D. P, Gregory, R. J., Smith, A. E,,
and Welsh, M. J. (1991). Science 251, 679-682.

Denning, G. M., Ostedguard, L. S., and Welsh, M. J. (1992).
J. Cell Biol. 118, 551-559,

Cheng, S. H,, Gregory, R., Marshall, J., Paul, 8., Souza, D.
W., White, G. A,, O’Riordan, C. R., and Smith, A. E. (1990).
Cell 63, 827-834,

Li, C., Ramjeesigh, M., Reyers, E., Jensen, T., Chang, X.,
Rommens, J. M., and Bear, C. E. (1993). Nature Genet. 3,
311-316.

Drumm, M. L., Wilkinson, D. J., Smit, L. S., Worrell, R. T,,
Strong, T. V., Frizzell, R. A., Dawson, D. C., and Collins, F.
S. (1991). Science 254, 1797-1800.

Denning, G. Anderson, M. P, Amara, J. F, Marshall, J.,
Smith, A. E., and Welsh, M. J. (1992). Nature 358, 761-764.
Thomas, P. J., Ko, Y. H., and Pedersen, P. L. (1992). FEBS
Lent. 312, 7-9.

Pasyk, E. A., and Foskett, J. K. (1995). J. Biol. Chem. 270,
12347-12350.

Ward, C. L., and Kopito, R. R. (1994). J. Biol. Chem. 269,
25710-25718.

Lukacs, G. L., Mohamed, A., Kartner, N., Chang, X.-B.,
Riordan, J. R., and Grinstein, S. (1994). EMBO J. 13,
6076-6086.

Yang, Y., Janich, S., Cohn, J., and Wilson, J. M. (1993). Proc.
Natl, Acad. Sci. USA 90, 9480-9484.,

Strickland, E., Qu, B.-H., Millen, L., and Thomas, P.J. (1997).
J. Biol. Chem. 272, in press.

Brown, C. R., Hong-Brown, L. Q., and Welch, W. J. (1997).
J. Clin. Invest., in press.

Sato, S., Ward, C. L., Krouse, M. E., Wine, I. J., and Kopito,
R. R. (1996). J. Biol. Chem. 271, 635-638.

Brown, C. R., Hong-Brown, L. Q., and Welch, W. J. (1997).
J. Bioenerg. Biomembr. 29, 491-502.

Chang, S.-B., Hou, Y.-X., Jensen, T. J., and Riordan, J. R.
(1994). J. Biol. Chem. 269, 18572-18475.

Welsh, M. J., and Smith, A, E. (1993). Cell 73, 1251-1254.
Arispe, N., Rojas, E., Hartman, J., Sorscher, E. J., and Pollard,
H. B. (1992). Proc. Natl. Acad. Sci. USA 89, 1539-1543.
Baichwal, V., Liu, D., and Ames, G. F.-L. (1993). Proc. Nati.
Acad. Sci. USA 90, 620-624.

Ko, Y. H., Delannoy, M., and Pedersen, P. L. (1997). Biochem-
istry 36, 5053-5064.



Frontiers in Research on Cystic Fibrosis

71.

72.
73.

74.

75.
76.

77.
78.

84.
85.

86.

Gruis, D. B., and Price, E. M. (1997). Biochemistry 36,
7739-7745.

Cutting, G. R. (1993). J. Bioenerg. Biomembr. 25, 7-10.
Ko, Y. H., Thomas, P. J., and Pedersen, P. L. (1994). J. Biol.
Chem. 269, 14584-14588.

Randak, C., Roscher, A. A., Hadorn, H.-B., Assfalg-Mach-
leidt, 1., Averswald, E. A., and Machleidt, W. (1995). FEBS
Lerr. 363, 189-194.

Sheppard, D. N., Ostergaard, L. S., Rich, D. R., and Welsh,
M. J. (1994). Cell 76, 1091-1098.

Dulhanty, A. M., and Riordan, J. R. (1994). Biochemistry
33, 4072-4079.

Lu, T. N., and Pedersen, P. L. (1997). To Be Submitted.
Chang, X. B., Tabcharani, J. A., Hou, Y. X,, Jensen, T. J,,
Kartner, N., Alan, N., Hanrahan, J. W,, and Riordan, J. R.
(1993). J. Biol. Chem. 268, 11304-11311.

. Eisner, T., and Meinwald, I. (1996). Proc. Natl. Acad. Sci.

USA 92, 1-8.

. Daly, J. W. (1995). Proc. Natl. Acad. Sci. USA 92, 9-18.
. Boeman, H. G. (1991). Cell 65, 205-207.
. Bevins, C. L., and Zasloff, M. (1990). Annu. Rev. Biochem,.

59, 395-414.

. Lehrer, R, I, Lichtenstein, A. K., and Ganz, T. (1993). Annu.

Rev. Immunol. 11, 105-128.

Kagan, B. L., Selsted, M. E., Ganz, T., and Lehrer (1990).
Proc. Natl. Acad. Sci. USA 87, 210-214.

Lehrer, R. 1., Ganz, T., Selsted, M. E., Babior, B. M., and
Curnutte, J. T. (1988). Ann. Intern. Med. 109, 127-142.
Ganz, T., Selsted, M. D., Szklarek, D., Harwig, S. S. L., Daher,
K., and Lehrer, R, 1. (1985). J. Clin. Invest. 76, 1427-1435.

87.

88.
89.

90.
91.

92.
93.
94.
95.
96.

97.
98.

99.

100.
101.

427

Selsted, M. E., Brown, D. M., DeLange, R. J.,, and Lehrer,
R. L. (1983). J. Biol. Chem. 258, 14485-14489,
Habermann, E. (1972). Science 177, 314-322,

Kaiser, E. T., and Kezdy, F. J. (1987). Ann. Rev. Biophys.
Chem. 16, 561-581.

Zasloff, M. (1987). Proc. Natl. Acad. Sci. USA 88, 910-913.
Zasloff, M., Martin, B., and Chen, H.-Ch. (1988). Proc. Natl,
Acad. Sci. USA 85, 910-913,

Sessa, G., Freer, J. H., Colacicco, G., and Weismann, G.
(1969). J. Biol. Chem. 244, 3575-3582.

Ludthe, S. J., He, K., Heller, W. T. Harroun, T. A., Yang, L.,
and Huang, H. W. (1996). Biochemistry 35, 13723-13728.
Zar, H., Saiman, L., Quittell, L., and Prince, A. (1995). J.
Pediatrics 126, 230-233.

Imundo, L., Barasch, J., Prince, A., and Al-Awquati, Q.
(1995). Proc. Natl. Acad. Sci. USA. 92, 3019-3023.

Pier, G. B., Grout, M., Zaidi, T. S., Olsen, J. C. Johnson, L.
G. Yankaskas, J. R., and Goldberg, J. B. (1996). Science
271, 64-67.

Smith, J. J., Travis, S. M., Greenberg, E. P,, and Welsh, M.
1. (1996). Cell 85, 229-236.

Goldman, M. J., Anderson, G. M., Stolzenberg, E. D., Prasad
Kari, U., Zasloff, M., and Wilson, J. M. (1997). Cell 88,
553-560.

Diamond, G., Zasloff, M., Eck, H., Brasseur, M., Maloy, W.
L., and Bevins, C. L. (1991). Proc. Natl. Acad. Sci. USA
88, 3952-3956.

Ko, Y. H., Delannoy, M., and Pedersen, P. L. (1997). FEBS
Lett. 405 200-208.

Bao-He, Q., Strickland, E., and Thomas, P. J. (1997). J. Bioen-
erg. Biomembr. 29, 483-490.



