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STABLE PROPAGATION OF MODIFIED FULL
LENGTH CYSTIC FIBROSIS TRANSMEMBRANE
CONDUCTANCE REGULATOR PROTEIN
¢DNA IN HETEROLOGOUS SYSTEMS

FIELD OF THE INVENTION
This invention relates to modifications in the cDNA of full length cystic

fibrosis transmembrane conductance regulator protein (CFTR) which

facilitates propagation and/or expression in heterologous systems.

BACKGROUND OF THE INVENTION

Cystic fibrosis (CF) is the most common, life-threatening, autosomal
recessive disease in the Caucasian population. Approximately 1 in 2,500 live
births is affected by this genetic disorder. Obstructive lung disease, pancreatic
enzyme insufficiency and elevated sweat electrolytes are the hallmarks for CF
but the severity of these symptoms vary from patient to patient. Patients with
CF usually die at an early age due to lung infection. With recent advances in
clinical treatments, which are directed against the symptoms, the mean
survival age for patients has increased to 26 years.

Despite intensive research efforts for the past fifty years, the basic
dgefect in CF remains to be speculative. it is generally believed that the heavy
mucus found in the respiratory tracts and the blockage of exocrine secretion
from the pancreas are due to imbalance in water secretion which is the
consequence of a defect in the regulation of ion transport in the epithelial
cells.

The precise localization of the CF locus on the long arm of
chromosome 7, region g31, facilitated the recent isolation of the responsible
gene. The CF gene spans 250 kilobase pairs (kb) of DNA and encode a
mMRNA of about 6,500 nucleotides in length. The CFTR gene is disclosed in
United States Patent No. 5,081,178.
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Expression of this gene could be observed in a variety of tissues that
are affected in CF patients, for example, lung, pancreas, liver, sweat gland
and nasal epithelia. An open reading frame spanning 1480 amino acids could
be deduced from the overlapping cDNA clones isolated. The putative protein
as noted is called “Cystic Fibrosis Transmembrane Conductance Regulator”
or CFTR for short, to reflect its possible role in the cells. The predicted
molecular mass of CFTR is about 170,000.

Based on sequence alignment with other proteins of known functions,
CFTR is thought to be a membrane-spanning protein which can function as a
cyclic AMP- regulated chloride channel. The internal sequence identity

between the first and second half of CFTR resembles the other prokaryotic

- and eukaryotic transport proteins, most notably, the mammalian P-

glycoprotein.

The most frequent mutant allete of the CF gene involves a three base
pair (bp) deletion which results in the deletion of a single amino acid residue
(phenylalanine) at position 508, within the first ATP-binding domain of the
predicted polypeptide. Although this mutation (AF508) accounts for about
70% of all CF chromosomes, there is mérked difference in its proportion
among different populations. The remaining 30% of mutations in the CF gene
appear to be heterogeneous and most of them are rare, with some
represented by only single examples.

The mutation screening study confirms that the ATP-binding domains
detected by sequence alignment is important for CFTR function as multiple,
different mutations have been found for many of the highly conserved amino
acid residues in these regions. The locations of the various mutations also
identified other functionally important regions in CFTR. There is, for example,

a section three bp deletion resulting in the
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omission of an iscleucine residue at position 506 or 507
of the putative protein. While amino acid substitutions
at these positions are apparently not disease~causing,
this observation argues that the length of the peptide is
more critical than the actual amino acid residue in the
506-508 region. Further, the existence of a large number
of nonsense, frameshift as well as mRNA splicing
mutations in the CF gene implies that absence of CFIR is
not incompatible with life.

The varied symptoms among different CF patients

suggest that disease severity is at least in part related

to the mutations in the CF gene. Such association, which
is expected teo be cohcordant'among patients within the
same family, as they should have the same genotype at the
CF locus, is observed for pancreatic function.
Approximately 85% of CF patients are severely deficient
in pancreatic enzyme secretion, thus diagnosed:as
pancreatic insufficient (PI), and the other 15% have
sufficient enzyme, thus pancreatic sufficient {Ps).
Family studies showed that there was almost complete
concordance of the pancreatic status among patients
within the same family, leading to the suggestion that PI
and PS are predisposed by the patients' genofypes.
Subseguent studies showed that patients homozygous for
the AF508 mutation were almost exclusively PI. This
information may be useful in disease prognosis.

There are other mutations that would be classified
in the same group as AF508, the so-called severs mutant
alleles with respect to pancreatic function. In
contrast, patients with one or two copies of other class
(i.e. mild) of alleles are expected to be PS. Meconium
ileus which is cobserved in about 30% of CF patients
appears to be a. clinical variation of PI and not directly
determined by the CF genotype. Other clinical
manifestations are more complicated and no apparent
association has yet been detected.
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With the identification of the CF gene, a better
understanding of the basic defect and pathophysiology of
the disease can now be attained. Progress and advance
are being made in studies of the regulatory mechanisms
governing the expression of this gene, and of the

- biosynthesis and subcellular localization of the protein

(through generation of antibodies against various parts
of the protein). 1In addition, it is important to develop
effective assay systems for the function of CFTR. This
information may be useful in development of ratlonal
therapies, including gene therapy.

In order to obtain a DNA sequence containing the
entire coding region of CFTR, it is necessary to
construct a full-length ¢DNA from overlapping clones
previously isolated. a major difficulty has been
encountered in the brocess, however. As the various
proportions of the full-length cDNA is being linked
together by standard procedures; i.e., restriction enzyme
cutting and ligation, with plasmid vector in Escherichia
eoli, frequent sequence rearrangement has been detected in
the resulting construct.

For purposes of better understanding of the
regulatory functions of the CFTR protein and also for
burposes of gene and drug therapy, it is useful to be
able, in a commercial way, to propagate and express the
normal CFIR gene and various mutant CFTIR genes in a
variety of hosts which include bacteria, yeast, molds,
plant and animal cells and the like.

Although propagation and expression of the cDNa
sequence for the CFTR gene can be achieved in- some
vehicles, there are, however, the aforementionea
dlfflcultles in obtaining stable propagation of the cDNA

in some types of bacteria,- particularly e. coli. It is

thought that the cDNA contains sequence portions which,
when propagated in the bacteria, results in a toxic
effect which is countered by lack of propagation of the

CDNA in the microorganism.
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INVENTI MMARY

We have discovered that a modification of a cDNA repeat sequence in
exon 6 of the CFTR gene without modifying the amino acids encoded by the
changed codons facilitates propagation and/or expression of the CFTR
protein in living cells and in particular bacterial cells.

According to an aspect of the present invention, there is provided a
modified DNA sequence encoding a cystic fibrosis transmembrane
conductance regulator (CFTR) protein, said gene having at least 27 exons of
normal cDNA encoding a CFTR protein of Figure 1, said normal cDNA
including exons 6a and 6b wherein exon 6b includes a 13 bp repeat,

said modified DNA sequence comprising at least one of said 13 bp
repeats of exon 6b having one or more nucleotide substitutions in said 13 bp
repeat wherein the amino acid sequence of the protein encoded by said DNA
sequence is not changed by said one or more substitutions.

According to another aspect of the present invention, a DNA construct
for use in a recombinant vector comprises the modified cDNA.

According to a another aspect of the present invention, a vector which
comprises the DNA construct and a promoter sequence for the DNA
construct.

According to further aspect of the present invention, a host cell for
producing CFTR protein, the host cell comprises the above vector whereby
expression of the vector in the host cell produces CFTR protein.

According to another aspect of the present invention, a CFTR protein
isolated and purified from culture of the host cell.

According to a further aspect of the present invention, a mammalian
cell transfected with the above vector to enhance C1 conductance through a

cell wall.
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DESCRTPTION OF DRAWINGS

Figure 1 is the nucleotide sequence of the CF gene
and the amino acid sequence of the CFTR protein;
Figure 2 is a schematic diagram of the CF gene and
5 its protein product. (A) Gene structure with exons
represented by open boxes; (B) Computer-predicted primary
structure of CFTR; and (C) Model of CFTR showing possible
relationship with cellular membrane and potential
glycosylaticn site (-CHO):
10 ‘Figure 3 is a DNA sequence of exon 6b. The
nucleotide positions (877-1002) for exon 6 correspond to
the previous cDNA numbering scheme (Riordan et al 1989).
The 13 bp direct repeats are underlined. The consensus
prokaryotic transcription signals (at positions -35 and -
15 10) are included for comparison. The modified
nucleotides in pCOF-1; pBR6.2 and pPBR4.7 are shown
underneath. :
Figure 4 is a schematic diagram showing the three
basic steps in the construction of full-length CFTR cDNA.
20 Figure 5 is the generation of the 5' end of CFTR
CDNA for the expression vector PCOF-1. Two overlapping,
oppositely oriented oligonuclectides, Cofl (44-mer) and
Cofz (40—mér); were used in the generation of the exon 1
sequence. A double stranded molecule was synthesized
25 from these two oligonucleotides with the Klenow fragment
of DNA polymerase. An Ncol site was introduced at the
initiation codon to facilitate subsequent cloning. The
PCR-generated fragment was digested with Neor and PvuIl
and ligated to the remaining portions of the CFTR chNA,
30 including the PvuII to Xbarl fragment of cDNA clone 10-1,
the PCR-modified middle fragment and the 3! fragment .
The procedures used to generate the two latter segments
are described with reference to Figures 6 and 7. The
. position of thé human metallothionein IIA promoter, the
35 bacterial ampicillin-resistance gene, the pBR origin of
replication and the SV40 origin of replication are
marked.
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Figure 6 is 3'end construction. The 3’ coding region of the expression
vector (pCOF-1) and pBQ6.2 was constructed in two sequential cloning steps.
First, the 3' most portion, including the end of the coding sequence and the 3’
untranslated region, was prepared by ligating a fragment from T16-4.5
(generated by Bcol partial digestioh) to a fragment from the genomic clone
TE27 (Rommens et al 1989). The resulting fragment was then joined with the
Sphl—BstX! fragment from C1-1/5 (Riordan et al 1989) at the BsXl restriction
site to yield a 4 kb 3’ end fragment.

Figure 7 is a schematic diagram showing the synthesis of the middie
segment containing the modified sequence. Details are described herein.

Figure 8 is propagation vectors pBQ4.7 and pBQ6.2. The construction
of these plasmids are provided in description of the invention. Key restriction
sites are marked. The sizes of the transcripts generated by the T7 RNA
polymerase (from the Pstl site to each of the marked restriction sites ) are
also indicated (in kilobases).

Figure 9 is DNA sequencing ladder showing the maodified sequence in
exon 6b. The sequencing reaction was performed with the use of an
oligonucleotide primer (19-mer) corresponding to a sequence in exon 6a
starting at nucleotide 771 (5-GCTAATCTGGGAGTTGTT-3). The altered
nucleotide in the sequence are underlined.

Figure 10 is in vitro translation of CFTR. The products from in vitro

translation reactions were separated on a 10% polyacrylamide -SDS gel. The
gel was stained by Coomassie Blue after electrophoresis; it was then soaked
in Enhance® (New England Nuclear) and dried at 60°C under vacuum before
exposure to X-Omat™ film (Kodak). Lane 1: no added RNA, lane 2: protein
transiated from the Brome Mosaic Virus RBA (as size and reaction conditions
control); lanes 3 and 4: duplicate samples of capped mRNA prepared by T7
RNA polymerase on template pQB6.2 digested with Hpal. The positions for
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8
the protein molecular weight standards (purchased from BRL Labs) are
indicated on the left in kilodaltons. The expected product of 82.6 kb (from the
RNA generated from the pBQ6.2 plasmid) is marked. Also marked (by arrows)
are the sizes of the BMC protein products.

Figure 11 is DNA hybridization analysis of integrated plasmids.
Genomic DNA samples were prepared from each cell line, digested with
BamHI and separated on a 0.7% agarose gel in Tris-acetate buffer. The DNA
lanes were transferred to Zetabind™ (Bio-Rad Labs) membrane. The
autoradiograph shows the hybridization result with the CFTR ¢DNA prcbe.
Lanes 1 and 2 contain human and mouse genomic DNA, respectively. Lanes
3, 4, 25 and 26 contain non-transfected mouse LTK-cell DNA. Lanes 5to 9
contain DNA from HAT-resistance clones obtained by transfection with pSTK7
only. Lanes 10 to 18 contain DNA from HAT resistant clones obtained by co-
transfection with pSTK7 and pCOF-1 and lanes 19 to 24 with pSTKY7 and
pCONZ. Molecular weight markers are shown on the left (in kb). The two
diagnostic bands are 2.3 kb (the &' end of the CFTR gene plus the expression
vector, promoter sequence) and 2.5 kb (CFTR internal segment); they are
indicated on the right by the arrows.

Figure 12 is RNA hybridization analysis. Total RNA was extracted from
each cell line, purified through CsC1 gradient centrifugation, and separated on
a 1.0% formaldehyde agarose gel in MOPS-acetate buffer. The samples were
transferred to Zetabind (Bio-Rad Labs) membrane and hybridized sequentially
with radioactively labeled CFTR cDNA (panel A) and the TK cDNA probe
(panel B). The samples in lanes 1 and 21 were prepared from the colonic cell
line T84; lane 2 from fresh mouse salivary tissue; and lane 3 from
untransfected LTK-cells. Lanes 4 to 7 contain RNA prepared from
independent clones generated from pSTK7 transfection; lanes 8 to 15 from
cotransfection with pSTK7 and pCOF-|; and lanes 16 to 20 from co-
transfection with pSTK7 and pCONZ. The 28S and
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9
18S rRNA bands are indicated. The position anticipated for the full-length
transcript (6.2 kb) is also marked. The expected transcript for the HSV YK
gene is 2.2 kb.

Figure 13 is Western Blot analysis. Total protein extracts were
prepared from the indicated cell lines, separated on a 7.5% polyacrylamide-
SDS gel and transferred to nitrocellulose as described herein. Lane 1: extract
from line 2a-4A; lane 2: 4a-2D; lane 3: 4a-3I; lane 4:6b-J. The blot was
incubated with a mouse monoclonal antibody and followed by anti-mouse
antibody. The immune complexes were visualized with alkaline phosphatase
as described herein. Protein molecular weight standards are shown on the
left. The arrow on the right marks the 170 kilodalton band.

Figure 14 is expression vector pCOF-1. The complete CFTR coding
region (open boxes) is positioned downstream from the human
metallothionein lla (hMTlla) promoter (hatched box). The human
metallothionein lla initiation codon is joined with that of CFTR at an Nco | site
introduced by the synthetic oligonucleotides.
9'-CACTGCAGACCATGGAGAGGTCGCCTCTGGAAAAGGCCAGCGTT-3
and 5-GACTGCAGCTGAAAAAAAGTTTGGAGACAACGCTGGCCTT-3". The
DNA sequence from exons 2 to 24 and its 3’ flanking region was derived from
clones 10-1 (Pvu lI-Xba 1}}, TI6-1 (Xba |—Sph 1), C1-1/5 (Sph I—BstXl),
T16E4.5 (BstXI-Nco 1), and TE27E2.3 (Nco [-Xho 1), as indicated. In
pCOFAF508, the 1-kilobase (kb) Bamill-Hpa a fragment was replaced with
the corresponding fragment from clone C1-1/5.

Figure 15 is RNA and protein analysis of mouse L cell lines expressing
human CFTR. (A) Total RNA from Caco2 (5 pg, lane 1), LTK (10 ug, lane 2),
6B-1 (10 pg, lane 3), 4a-31 (10 pg, lane 4), and 5-2D (10 pg, lane 5) cell lines
were electrophoresed on a 1% formaldehyde/agarose gel, transferred to
Hybond™-N (Amersham), an hybridized with 3?P-labelled cDNA probe. The
6.2-kb CFTR mRNA of the Caco? cell line is indicated with the arrow. The

relative positions of the 28S and
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188 rRNAs as indicated (B) Protein fractions from nuclei
and mitochondria (lanes A) and curde light membranes
(lanes B) from the cell lines T84, LTK", 6B-I, 4a-~3T and
5=-2D. Bands were visualized by 'I-labelled rabbit anti-
mouse antibody. Molecular mass in kDa are indicated.
Figure 16 is video microscopic detection of C1°
permeability in single L cells, SPQ fluorescence
intensities (F) are expressed reltive to SPQ fluorescence
intensity in the absence of C1° quenching (F,; the
direction of changes in F,/F reflect parallel changes in
intracellular Cl° concentration. (A-C) Single éells, each
indicated by a different symbol, are shown containing a
frameshift construct leading to a predicted truncated
CFTR (A): a mutant construct CFTRaF508 (B); and an intact
econstruct, CFTR (C). Forskolin (10 uM) and NO'y medium
were perfushed over the cells for the periods indicated
by solid bars: Time scale in C applies to A-C. (D) A
single CFTR cell was repeatedly pulsed with NO’; medium.
Rate of fluorescence chage as well as peak response
during constant bPulses (1 min) was unchanged over the
time course of exposure to forskolln, indicating that the
CAMP-induced Cl1° permeability is sustained. (E)
Simultaneous determinations of C1° concentrations (Fo/F)
{open and solid squares) and cell volume, eXpressed as
relative area of constant optical section (open and solid
circles), in a single cell expressing CFTR (solid squavres
and circles)) and a single cell expfessing truncated CFTR
(open sguares and circles). as indicated, the cells were
exposed to 5 uM gramicidin and to 10 uM forskolin.
Figure 17 is whole-cell c1- currents in transfected L
cell: (A) Time course of whole=-cell currents measured
from cells transfected with the frame-shift CFTR control
construct (solid diamonds) and the intact CFIR construct
{open squares) after the addition of a'SOlutlon
containing 10 uM forskelin, 1 mM 1sobuty1methylxanth1ne,
and 100 uM N°, 0*'-gibutylyladenosine 3! ,5'=cyelic
monophosphate. The arrow indicates the time of solution
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addition. Outward currents were measured at E, = +20 mV. (B) Whole cell
current-voltage relationships for a CFTR-expressing cell before (Left) and 3
min after (Right) induced activation. The current scale for the nonstimulated
cells is shown enlarged as indicated. The dashed line indicates the zero-
current level. (C) Mean current-voltage relationships for CFTR cells (n = 10}
before and after activation (solid circles and open squares, respectively).
Replacement of bath NaC1 with sodium gluconate resulted in a shift in

reversal protention of cAMP-activated currents (open triangle) (n = 4).

DETAIL RIPTION OF THE PREFERR DIMENTS

The normal CFTR gene sequence and protein sequence is shown in
Figure 1. The sequence consists of cDNA identified and isolated from
chromosome of mammalian cells in accordance with the procedure identified
in United States Patent No. 5,981,178. It is believed that the cDNA of CFTR
is made up of at least 27 exons as identified in applicant’s pending Canadian
patent application serial number 2,066,204 published March 7, 1991.

The exact cause of the sequence instability is unknown, but the region
frequently involved in this rearrangement is a 13 bp direct repeat in exon 6a of
the CFTR gene as shown in Figure 3. This region also shows sequence
identity with consensus regulatory sequences in E. coli as noted in Figure 3. it
is possible that transcription initiates from this sequence, resulting in a product
which is toxic to the bacterial host. It is also possible that the DNA sequence
itself elicits an inhibitory response. In consequence, the transformaticn
frequency and growth of the desired plasmid construct become extremely
poor. The rearrangement of this sequence detected in the recovered plasmids
may have alleviated its toxicity in bacteria. Thus, the inability to obtain a full-
length CFTR cDNA in the criginal cloning experiment (Rommens et al, 1989)

may aiso be explained.
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Since most of the spontaneous sequence
rearrangements detected disrupts the open reading frame
of the full-length cDNA, none of the resulting clones are
expected to be useful in functional complementation
studies. Although it is possible to use alternative
host/vector systems to overcome this problem, the
convenience of the &. coli/pBR322~based cloning system

required a better system.

The region of interest with respect to enhancing
propagation of the cDNA in microorganisms and in
particular in . eoli is in exon 6. A 13 base pair repeat
has been found in exon 6. With reference to Pigure 1, the
region of exon 6 is identified. More specifically,
within exon 6 the repeat sequences occur at positions 923
through 935 and at 981 through 993. These repeat
seéuences are separated by approximately 44 base pairs.

It has been discovered that by modifying ohe or more
of the base pairs in region 924 through 936 or 982
through 992 without changing the amino acid encoded by
the respective codon results quite surprisingly in the
propagation of the cDNA in a suitable microorganism, such
as E. coli. The modified cDNA, in ocne of the repeat base
pairs sections, does not produce a toxic effect in the
microorganism so that a stable propagation of the chNa
can proceed. The benefit in the stable propagation of
CDNA is not only from the standpoint of expression of the
gene to produce the protein, but also for producing
multiple coples of the ¢DNA for the CFTR gene to enable
other uses of the gene, such as in drug and gene therapy
for correcting the effects of CF.

Co ction of Full Length cPNA

Two types of full length cDNA clones have been
constructed -to evaluate the modified cDMA. One of them
is for efficient propagation in e. cli and the other one
for expression in mammalian cells.

Since the entire coding region of CFIR is present in
multiple overlapping clones, it is necessary to construct
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thejfull—length CDNA in three separate steps (Figure 4):
construction of the 5'end of the cDNA (froﬁ the beginning
of the coding region to the XbaI site in exon 5),
(Rommens et al, 1989) generation of the middle segment
(from the XBal site to the SphI site in exon 10)
including the critical region by the polymerase chain
reaction (PCR: Saiki et al, 1985), and (Riordan et al,
1989) construction of the 3'end of the cDNA from
different existing clones (from SphI site to exon 24).
The starting clones of this work have been described
previously (Riordan et al, 1989).

To construct the 5'end of the cDNA in the mammalian
exXpression vector, oligonucleotides were used to
synthesize the open reading frame between the initiation
codon and the end of exon 1 (the Pvull site). This
fragment was inserted between.the promotor of vector
P5G3X and exon 2 of cDNA clone 10-1 (see Figure 5). A
single nucleotide modification (C to G) was introduced at
the position immediately after the initiation codon to
facilitate subsequent manipulation. The alteration also
introduced an amino acid change from Glutamine to
Glutamate.

To construct the 3' end of the CDNA, DNA fragments
were obtained from three existing clones (Figure 6): SphI
to BstXI (exons 10-20) from Cl—l/5 (Riordan et al, 1989),
BstXI to Ncol (exons 20-24) from T16~4.5 (Riordan et al,
1989), and Ncol to EcoRI (exon 24 te about 100 bp
downstream from the polyadenylation signal) from TE27
(Rommens et al, 1985). The genomic DNA fragment included
at the end of this construct to ensure proper

- transcription termination and mRNA processing,  This

3'end construct was used for both the expression and
bropagation vectors.. _

The cDNA clone Ti16-1 (Riordan et al, 1989) was used
as the template for generatlcn of the middle segment,
which was used for both vector systems. To introduce a
sequence modification in one of the 13 bp repeat region
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of exon 6, the in vitro mutagenesis procedure based
cligonucleotide~directed PCR (Higuchi et al, 1988; Ho et
al, 1989) was used. Briefly, two overlapping segments,
spanning exons 3 to 6 (536 bp) and exon 6 to 17 (867 bp),
were generated from T16~1 by PCR with two sets of
oligonucleosides (see Figure 7). The two overlapping
segments were joined by the PCR procedure with the
outermost, ‘flanking oligonucleotide primers. The
product, 1.38 kb in size, was then digested with XbaI and
SphI to generate the modified middle segment.

The pBluescript® vector from Stratagene was used as
the basis propagation vector. The 5! end of the full~-
length cDNA in this vector was derived from ¢DNA clone
10-1 (between the PstI and Xbal sites). The resulting
clones were named pBQ4.7 and pPBQ6.2 (Figure 8).

The plasmid pSGM3X was used as the basic mammalian
expression vector. It is similar to P SGM1l previously
reported by Meakin et al (1987), except that the human
metallothionein promoter was inserted in an oppasite
orientation and that a XhoI site was inserted in the KpnI
site within the Ecogpt gene. The resulting expression
vector was named pCOF-1 (Figure 5).

S8equence Verifieation

Since errors are often introduced into PCR products
due to infidelity of the Tag polymerase, the middle
segment of the cDNA clones were first verified by DNA
sequencing. The procedure of dideoxy termination was
used according to the US Biochemical Sequenase® kit,
Consequently, 1t was necessary to replace a amall segment
(the Xbal site in exon 6 to the FspI site in exon 7) of
the clone with the corresponding segment from T1601.
Overlapping DNA sequencing was then performed for the
entire open reading frame of each of the completed .full-
length cDNA constructs.

In vitro Translation

To produce large quantities of RNA from the

propagation vector (pBQ4.7 and PBQ6.2) for the purpose of
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in vitro translation, the mcap® mRNA capping kit from
Stratagene was used.
Since the open reading frame predicts a protein of
170,999 kilodaltons (kd), it would be difficult to
produce a product of this size in vitro. It was

therefore necessary to use differently prepared templates
to examine various segments of the open reading frame.
To prepare these templates, the propagation vector
PBQ6.2) was digested with FspT, EcoRI, Hpal and XhoI,
accordingly. .

in vitro translation was performed with a rabbit

reticulocyte lysate kit from Promega Corporation and Yc-
labelled leucine from Amersham.
Transfection Studies in Mouse LTK cells

The calcium phosphate co-precipitation procedure for
introduction of plasmid DNA into mouse LTK-cells has been
described previously (Mezxin et al, 1987). The plasmid
PSTK? was used for cotransfectlon with the expression
vector pCOF~1 As a control vector, a Plasmid construct
similar to pCOF—l, except for the deletion of a singie
base pair in exon 1 was used; this deletion was expected
to result in premature termination of translation.

The mouse LTK-cells were passaged in «-MEM medium
supplemented with glutanine, 10% fetal bovine serum and
antibiotics. Biochemical selection for TK positive cells
was achieved in medium containing hypoxanthine,
aminopterin and thymidine (HAT wedium) .

DNA and RNA Analyses

Plasmid and DNA samples were prepared from the
bacterial cells and genomic DNA from transfected mouse I,
Cells. Total RNA was extracted from mammalian cells for
examination of gene expression. Standard procedures,
essentially as described by Sambrock et al (1989), for
DNA and RNA analyses were used.

Protein Analysis

Animal cells were harvested in TEN. buffer (40 mM

Tris~HCl, pH 7.5, 1 mM EDTA, 150 mM), after the cells
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ware washed in phosphate-buffered saline. Cells were
collected by scraping, resuspended in 2560 mM Tris-HC1
(pH 8), and stored in -80°C ready for total protein

' extraction. For SDS-polyacrylamide gel electrophoresis,

the frozen cells were resuspended in the loading buffer
and boiled for 5 min prior to electrophoresis according
to the procedure of Laemmli et al (1970).

Transfer of protein from polyacrylamide gel to
nitrocellulose was performed overnight at 0.4 ma
according to the procedure of Towbin et al (19279). The
membrane was baked at 80°C for 90 min. Detection of CFTR
was accomplished with the use of a monoclonal antibody
{gift of N. Kartner and J. Riorgan) bPrepared against a
portion of the predicted protein (amino acid residues
347-698) and. the ProtoBlot® AP System according to
pProcedures recommended by the supplier (Promega
Corporation) with 1% BAS as a blocking agent.

Vector Construction

Three plasmid constructs were made in this study =~
PBQ4.7; pBQ6.2 and pCOF-1 as described in the previous
section. pBQ4.7 is a full-length cDNA clone contained in
the Bluescript® vector; it contains the entire coding
region except the 3' untranslated region. pBQ6.2 contains
the same sequence as in pBW4.7 plus the 3! untranslated
region. Both of these plasmids contain modification in
the first 13 bp direct repeat in exon 6b (Figure 3). fThe
full-length cDNA construct in PCOF-1 is inserted
downstream from the human metallothionein IIA promoter in
the vector pSGM3X and the coding region is flanked by
CFTR genomic DNA sequence at the 3' end. In addition to
the modification introduced into the' exon 6b region of
the cDNA, as in the two previous constructs, pCOF-1 has
another modification (C to G) in the first micleotide
after the presumptive initiation (ATG) codon in exon 1.

As the first step in examining their integrity,
restriction enzyme digestions were used to derive a map
for each of these full-length ¢DNA constructs. The
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results showed that all of them produced a set of DNA
fragments as expected. It is, however, of interest to
note that there was one DNA fragment in each of the
digestions which appeared to have a different mobility
when compared to the pattern of the corres sponding
parental cDNA clones displayed on polyacrylamide gel.
The mapping data located the fragments with the altered
mebility to those containing the 13 bp direct repeats.

To ensure the DNA sequence was intact as designed,
the middle segment containing the modified segment was
examined by DNA sequencing. The result showed that 3 bp
were altered in the region. While two of the
modifications (T to C at position 930 and A to ¢ at 933)
were inserted as expected, an additional change {T to C
at position 936) was found (Figure 9). This
unanticipatad alteration was found in all five clones
examined, suggesting that it was intreduced by an error
in the synthesis of the oligonucleotide primer.
Nevertheless, this error was located outside of the "-35n
prokaryotic consensus sequence (Hawley and McClure 1983)
and did not alter the encoded amino acid (Figure 3).

. Two other undesired nucleotide changes were detected
in the middle cDNA segment. Since these latter
substitutions, probably introduced durlng PCR, would
change the encoded amino acids, it was necessary to
replace the region containing these changes with a
segment from the original plasmid.

The DNA sequence in all three resulting clones
appeared'to be stable after long term propagation in :.
coli, Their entire coding region was sequenced and no
additional changes were detected. It was noted that the
transformation efficiency of these constructs in bacteria
increased substantially (100 times higher than the
unmodified cDNA)‘éhd that the copy number of Plasmids (as
reflected by the yleld in DNA preparation) also
increased.
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Protein synthesis by in vitro Translation .

To ensure that the open reading in the full-length
cDNA was uninterrupted, the in vitro translation method
was performed. Accordingly, the pPropagation vector was
linearized at an appropriate restriction site in the
circular plasmid and used as the template for preduction
of RNA suitable for translation in vitre. Since the
entire CFTR protein would be Probably too large to be
translated in vitro, the experiment also included shorter
transcripts preoduced from templates interrupted within
the coding region.

An example of the result is shown in Figure 10. The
template used for this experiment was pBQ6.2 linearized
at the Hpal site; the in vitro translation product was
expected to be 86.2 kd. As shown in Figure 10, a band

migrating at the position of the expected molecular
weight is clearly visible, indicating that translation
initiates at the aTG codon as predicted and continues
through the Hpal site in exon 13. The identity of this
protein is also confirmed by its ability to react with a
monoclonal antibody against CFTR. The other, smaller
pProteins observed in the products are probably resulte of
premature termination or intenal initiation of
translation. ‘ ) ’

Similar experiments were performed with the plasmiq
treated with Xbal and EcoRI. Protein bands corresponding
to the expected translation pProducts 19 and 77.5 ka,
respectively, were readily detectable on the
polyacrylamide gel. These results, therefore, provided
further confirmation that the predicted open reading
frame was correct and intact in the fullalength cDNa
constructs. B - 7
Expression in Mouse L Cells _— e

To examine if CFTR could be produced in heterologous
mammalién cells, the deF-l plasmid was used to transfect
mouse LTK-cells. Another plasmid containing the herpes
simplex virus TK gene was included in the transfection to
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allow biochemical selection of cells that were
successfully transfected. A plasmid (pCONZ) which
suffered a single base pair deletion immediately adjacent
to the 3' initiation codon was used in a parallel '
transfection experiment as a negative control (as the
frameshift would result in neo CFTR products).
DNA Analysis

HAT-resistant L cell colonies were isolated and
expanded into individual mass cultures and genomic DNA
were isclated from these cuitures for characterization of
integrated plasmid DNA. as expected, all of the HAT~
resistant L cell lines was found to contain an intact HSV
TK gene (as demonstrated by gel-blot hybridization
analysis). In addition, the copy number for the
integrated plasmid DNA was found to vary among different

‘lines, an anticipated from the calcium phosphate co-

precipitation protocol. Gel-blot hybridizatiop analysis
was then performed for the cell cultures transfected with
PCOF~1 and pCONZ. The full-length cDNA clone (a 6.2 kb
PstI fragment from pBQ6.2) was used as proof to examine
the CFTR sequence.

Among the 15 pCOF-1/pSTK7 co-transfected cell lines,
14 were found to contain at least a portion of the CFTR
CDNA, as judged by the hybridization pattern of EcoRI-
digested DNA from these lines. Five of these lines shows
a 1.5 kb and 2.5 kb band, as predicated for an intact
GDNA. For the remaining lines, the size of the EcoRI
fragment was different from those predicted, indicating
rearrangement or integration occurred through this region
of the cDNA. Upon further analysis with BamHI and NecoIl
digestion, however, only four of the five llnes showed
intact 5' and 3! ends of the cDNA (see Figure 11). The
apparently .intact clones were 4a-2C, 4a-3I, 4a-3K, and.
4a-45, ‘

Similar DNA analysis was performed for cell lines
co-transfected with pCONZ and pSTK7. Among the 10 clones
examined, nine appeared to contain CFTR sequence and
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eight of them showed the Predicted 1.5 kb and 2.5 kb
EcorI fragments (see Figure 12). Further analysis with
BamHI and NeoI on five of them revealed that four (6a-1D;
6a-2F: 6b-J and 6b-K) contained intact 5' and 3' endgs.

5 RNA Analysis

Expression of CFTR in the transformed mouse cell
lines was next examined by RNA blot hybridization
analysis. Two of the pCOF-1 transfected lines (4a-3I ang
4a-3K) were found to express high levels of Rua {see

10 Figure 12a) but the remaining two lines 4a-1C and 4a~4Q)
were low. In addition to the 6.2 kb band expected for
correctly initiated and terminated CFTR RNA in these
lines; however, hybridizing sequences were also detected

. at the 9-10 kb range, suggesting improper initiation or

15 termination. A similar, high expression pattern was
observed for three of the lines transfected with pcoNg
(6a=-1A; 6a-1D and 6b-J) (Figure 12a). For clone 6a-2F,
only a low level of the 6.2 kb species was detected. ©No
RNA could be found for clone 6b=K, despite the presence

20  of an apparent intact CFTR sequence.

The level of CFTR-derived RNA present varied among
the cell lines mentioned above, with tbe strongest
signals seen in clones 4a-3T and 6b-J. The variation was
not due to poor sample preparation, as confirmed by

25 hybridization analysis of the same blot‘with the TK probe
(Figure 12B). '
Protein Analysis A

Total protein was then extracted from several
representative cell lines and "examined for'the presence

30 of CFTR~related products. 'The interpretation of the
results of this experiment was complicated by the
pPresence of cross-reactive materials bresent in the mouse
L cell, -although no CFTR-related RNA was detectable.
Figure 13 is an illustration in drawing format- of the

35 TWestern blot results. These results are based on a .
monoclonal antibody (L1234) prepared against CFTR which
is able to detect faint bands (at regions 170, 90, and 74
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kd) in all cell extracts. Nevertheless, the intensity of
the 170 kd band, the one expected for the CFTR protein,
was clearly much stronger in 4a-3I, the cell line
containing an intact full~length CFTR cDNA. only
background bands were detected for 2a-4a (containing
PSTK7 only), 4a-2D (incomplete pcor-1 Sequence), and 6b-J
(PCONZ). The presence of the CFIR protein in 4a-3I was
also confirmed in partially purified membrane fractions.

1) A single 170kdalton band was cbserved in the
extract from the cell line 4a-3rT. This cell had been
demonstrated by DNA analysis to contain multiple copies
of the intact promoter of the expression vector and of
the CFTR gene. RNA analysis also indicated expression of
high levels of mRNA for this clone.

2) In contrast, the cell line 6b-J, generated with
the mutant gene does not express a reacting 170kdalton
band. This line generated by co-transfection with the
PCONZ plasmid was shown to have an intact promoter and
gene portion. In addition, high levels of RNA were
detected. 1Identical results for these samples weré

. obtained even when the extracts were not subjectad to

heating prior to gel loading.

3) 170kdalton bands were not observed in the cell
line 4a~2D generatedq by the transfection experiment with
the pCOF-1 plasmid and the cell line 2a-4A generated by
the transfection with the PTK7 plasmid only. Genomic DNA
analysis of the cell line 4a-2D indicated that only '
portions of the CFTR gene had been incorporated. aAs
expected, no CFTR RNA could be detected.

In conclusion, the cell line 4a~31 appears to be
producing a 170kdalton CFTR Protein as expected from the
open reading frame of the PCOF~1 plasmid. For
comparison, also shown on the Protein analysis figure are
crude membrane preparations of the cell lines.Pancf1~(a
negative control) and T84 (provided by N. Kartner ang 7.
Riordan). Multiple bands are observed in the T84
pPreparation. These differences suggest that post-
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translational medification includlng glycosylation and/or
phosphorylations have occurred to the CFTR protein in T84
cells. \

A CAMP~inducible chloride permeability has been
detected in mouse fibroblast (L cell) lines upon stable
integration of a full-length cDNA encoding the human
cystic fibrosis transmembrane conductance regulator
(CFTR). As indicated by a Cl -indicator dye, the €1
permeabjlity of the plasma membrane increases by 10-to
30-fold within 2 min after treatment of the cells with
forskelin, an activator of adenylyl cyclase. The
properties of the conductance are similar to those
described in secretory epithelial cells; the whole~cell
current—voltage relationship is linear and there is no
evidence of voltage-dependent inactivation or activation.
In contrast, this cAMP-dependent Cl° flux is undetectable
in the untransected cells or cells harboring defective
CDNA constructs, including one with a phenylalanine
deletion at amino acid position 508 (AoF508), the most
common mutation causing cystic fibrosis. Those
ocbservations are consistent with the hypothesis that the
CFIR is a cAMP dependent C1' channel. The availability of
a heterologous (nbnepithelial) cell type expressing the
CFTR offers an excellent system to understand the ba51c
mechanisnms underlying this CFTR-associated ion
permeability and to study the structure and function of
the CFTR.

We describe the construction and use of a mammalian
expression vector to produce human CFTR in a long-term
mouse fibroblast culture. We show that expression of ‘
CFIR induces a cAMP-dependent C1° conductance, which is
normally not observed in these cells., This expression
system is suitable for study of the C1° conductance
pathway and its regulation and to provide medical
treatment for CF.
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Plasmid Vectors

The mammalian expression vector PCOF-1 is a -
derivative of pSGM3X, which is similar to psMGl {Meakin
et al), except that the human metallothionein ITa
promoter (Karin et al, 1982) was inserted in the opposite
orientation and a Xho I site was inserted in the Kpn 1
site within the Ecogpt gene. To reconstruct the
full-length CFTR cDNA in PCOF~-1 (Fig. 14), the bulk of
the coding region (exons 2<24) was obtained from partial
CDNA clones (Riordan et al, 1989), except that the three
silent nucleotide substitutions (T - ¢ at position 930, A
= G at position 933, an@ T - ¢ at position 936) were
introduced into the exon 6b region with cligonuciestige-
mediated mutagenesis by the pPolyrerase chain reaction
(19, 20). The 3! untranslated region of CFTR in pCOF=-1
was derived from the genomic DNA cione TE27E2.3 (Rommens
et al, 1989). The entire coding region of exon 1 (from
the initiation codon to the Pvu IT site) was generated by
two complementary synthetic oligonuclectides and the
Klenow fragment of DNA polymerasé I, where a single
nuclieotide éubstitutioh (C = G) was introduced
immediately after the initiation codon (underlined in the
legend to Fig. 14) to create a Nco I site for ligation to
the human metallothicnein Ita promoter. The latter
substitution changed the encoded amine acid glutamine to

glutamic acid. The construction of control pPlasmid pconz

was similar to that of pCOF-1, except that a single
nucleotide was deleted 35 base pairs dowhstream from the
initiation codon. 2 truncated protein would be predicted
from this frameshift canstruét. The plasmid pCOFAF508
was generated by replacing Sequences of exons 9-13 in
pCOF-1 with the corresponding fragment from Cl-1/5, a
CDNA containing the aF508 mutation, The full-length.cDNA
clone pBN6.2 contained a 6.2 kb Pst I fragment in
pBluescript (Stratagene) and was constructed similarly to
PCOF-1 except that the exon 1 region was derived from
clone 10-1. The integrity of the CFTR CDNA inserts in
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PBQ6.2, pCOF-1, and the critical regions in the other
Plasmid@ constructs were verified by DNA sequencing. The
Plasmid vector (PSTK7) containing the herpes simplex
virus thymidine kinase gene, used in the cotransfection
experiments, has been described (Meakin et al).
Bacterial cell cultures and plasmid DNA samples ware
Prepared according to standarg brocedures (Sambrook et
al, 1989).
Cell Culture and DNA Transfaction

Each of the three test Plasmids (20 ugq), pPCOF-1,
PCONZ, ang PCOFaF508, was cotransfected with PSTK7 (1 ug)
into mouse ITK cells by calcium phosphate éoprecipitation

24

(Meakin et al). Biochemical selection for thymidine
kinase-positive cell was achieved in minimal esséntial
medium supplemented with '
hypoxanthine/aminopterin/thymidine (HAT;gibao/brl). In
sSome experiments, the test Plasmids were linearized at
the unique Sfi T site (Fig. 14). High molecular weight
DNA was isolated from each clonal cell line (Miller et
al, 198s), digested with restriction enzymes ECORI,
BamHI, and Nco I, and analyzed by agarose~gel-blot
hybridization (sambrook et al, 1989) with the full-length
CDNA (insert from PBQ6.2) as probe. Total RNA was
extracted (MacDonald et al, 1987) and analyzed by
agarose—gel-hlot hybridizétion.(Sambrook et al, 1989),
Protein Analysis '

Cells were homogenized in a hypotonic buffer
containing 10 mM Kel, 1.5 mM MgCl,, and 10 mM Tris-HCl (pH
7.4). Nucleic and mitochodria were collected by

- centrifugation at 4000 x g for 5 min (fraction A), A

crude membrane fraction was then collected by
centrifugation at 2000 x g for 15 min (fraction B).
Membrane pellets were dissolved in loading buffer and
Separated on a NaDodSOm/polyacrylamide (6%) gel (Laemmli,
1970). Proteins werejtrahsferred to nitrocellulose as
described (Towbin et al, 1979) and ihmunodetected with
monoclonal antibody M3A7 (Kartner et al, 1991),



WO 92/05252 2081807 PCT/CA91/00341

10

15

20

25

30

35

25

s-aethoxy-l-(3-au1f0natopropyl)quinolinium {BPGQ)
Fluorescence assay
L cells grown on glass Coverslips for 1-2 days were

uniformly loaded with the ¢1° -indicator dye SPQ by
incubation in hypotonie (1:2 dilution) medium containing
20 mM SPQ at room temperature for 4 min. The mounted
coverslip was perfused continucusly at room temperature
with medium containing 138 mM NaCl, 2.4 mM KHPO,, 0.8 mM
KHaPO,, 10 mM Hepes, 1 mM Cac1;, 10 mM glucose, and 10 LM
bumetanide (pH 7.4) on the stage of an‘inverted
microscope. NO'; medium was identical except that NO-
sreplaces all but 10 mM C1°. To minimize Cl" fluxes
through nonconductive pathways, we performed the
experiments in the absence of HCO3; and in the presence of
bumetanine, inhibiting the anion exchanger and Cl"/cation
cotransporters, respectively, Fluorescence and the N
differential interference contrast imagine were performed
simultaneously (25-27). spPQ flﬁorescence intensities (F)
were normalized to total spQ fluorescence ¥, determined
as F measured in the absence of intracellular Ci‘, since
autofluorescence was negligihle, Calibration (n = 7
cells) were performed essentially as described-(Foskett,
1990). The effective quenching constant K was 15 ¥'';
the testing intracellular c1° concentration was x 70 mM,
Cell volume changes were cbtained by planimetry of
differential interference contrast images (26, 27) ang
are presented as relative changes in the areas of the
measured optical sections. By exposure of the cells ta
media of various osmolarities, we observed that
differential interference contrast imaging of a single
optical section can detect volume changes. @ -
Whole~Cell Current Recordings

' Membrane currents were measured at room température
12-24 hr after plating cells-with’whole-cell batch-clamp
techniques (Hamill et al, 1981). The patch pipet _
contained 110 mM sodium gluconate, 25 mM Nacl, 8 mM MgCl;,
10 mM hepes, 4 mM Na,ATP, and 5 mM Na;EGTA (pH 7.2). The
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bath contained 135 mM Nacl, 2.4 mM KHPO;, 0.8 mM DHPO,, 3
mM MgCl,, 1 mM CaCla, 10 mM Hepes, and 10 uM glucose (pH
7.2). To examine the time course of a cAMP-evoked
conductance changes, membrane potentials were alternately
5 clamped at -30 and +20 mV for 600 and 400 ms,
respectively. Current-voltage relationships were
determined by measuring the currents at the end of 400 -
ms voltage steps from 0 mV to t 70 mV (10 nv increments).
Cell capacitance was compensated using cancellation
10 circuitry of the EPCY patch-clamp amplifier,
DNA Transfecticon
Stable mouse fibroblast cell lines containing full-
length CFTR or mutant oDNA, as well as cell lines with
the pSTK7 plasmid alone, were established. Four cell
15 lines with pCOF-1 (4a~2C, 4a-3I, 4a-3K, and 4a-5)
contained an intact human metallothionein IIa pfomoter
and the CFTR coding region, as judged by DNa analysis
(data not shown). Similarly, four cell lines (6a-1D, 6a-
2F, 6b-I, and 6b-K) for PCONZ control cDNA with the
20 frame-shift mutation three for PCOFAF508 (5-2cC, 5-1A, and
5-2D) cDNA with the major CF mutation and two for pSTK7
(2a-4A and 2a-3C) were identified). '
RNA Analysis ,
Abundant levels of RNA transcripts of = 10 kb in
25 size were detected in CDNA' transected cells Fig. 1saA.
Although their size was larger than the anticipated 6.2
kb, the result appeared to be consistent among all cell
lines. It seemed probable that an alternative
Polyadenylylation site(s) instead of those contained in
30 the cDNA constructs were utilized. Thymidine kinase~
specific transcripts were detected in all HAT —resistant
cell lines tested. ' |
Protein Analysis e Lo -
‘Cells expressing CFTR mRNA (as represented by the
35 cell line 4a=-3I) contained an antibody-reacting protein
band that was indistinguishable from mature.CFTR
expressed endogenously in membranes of the colonic
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carcinoma cell line T~84 (Fig. 15B). The amount of
protein was within the range of that observed for T-84
cells, with a significant portion in the light membrane
fraction. Readting bands were not detected in
untransfected LTK cells or in cell transfected with CFTR
gene predicted to produce a truncated product (line
6B-I). The latter result was expected as the antibody
was directed against the C terminus of the protein. No
immunoreactive material was observed for CFTRaF508 in the
examined fractions (line 5-2D) (Cheng et al, 1990). It
was therefore uncertain if the mutated protein was
produced in these transfected cells.
8PQ Fluorescence Assay

To investigate if expression of CFTR affected Cl1°
conductance, a single-cell assay based on quantitative
fluorescence intensity measurements of the Cl° indicator
dye SPQ was performed. The basic protocel involved
exposing cells to NO'; medium followed by return to normal

‘C1l” medium. Since NO; is generally permeable through ©1-

channels but, unlike Cl°, does not gquench sSpdq, CHANGES IN
spq fluorescence intensities due to these anion
substitutions measure unidirectional ¢1° fluxes; the rate
of change measures cell C1° permeability. 10 pM forskolin
was added subsequently to increase intracellular levels
of CAMP. After a 2-min exposure to forskolin, the medium
was again switched to the NO'; medium, in the continued
presence of forskolin. Thus each cell was used as its
own control to evaluate the C1° permeability induced by
CAMP,

Only slow changes in SPQ fluorescence intensity
were observed in cells with the frame-shift DFTR
construct (as represented) by line 6B-I) upon ‘exposure to
NO'3 medium (Fig. 16a), indicating that these cells
maintained a low resting C1- permeability. Exposure of
these transfected control cells to forskolin did not have
any effect (n = 41 cells from four passages). Similar
results were obtained from cells transfected with the
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thymidine kinase gene only (line 2a-4A, n = 22 cells) and
from untransfected cells {n = 18 cells),

Exposure of cells expressing CFTR to NO's medium
similarly elicited little or no change in spPQ
fluorescence intensity (as Tepresented by line 4a-3I in
Fig. 1s0), indicating that CFTR expression per se did not
enhancg c1” permeability. In contrast, a second exposure
to NO3, during forskelin stimulation, caused a rapid loss
of intraéellular Cl” (Fig. 16C). ‘This response was highly
reproducible; there was a 20- to 30-fold increase of
unidirectional €1° flux (Illsley et al, 1987) from =~ 0,03
mM/s to 0.9 mM/s for each of the 10 cells in the
microscopic field (Fig. 16C). Of 106 cells examined from
eight passages, all responded similarly. similar results
wWere obtained from another cell line expressing CFTR
(clone 4a=~3K, n = 23 cells). 1In the continued pPresence
of forskelin (Fig. 16D), C1° permeability remained
enhances at near maximal levels for as long as 30 min (n
= 12 cells).

There were no volunme changes during exposufe of
forskolin-stimulated CFTR cells to No.3, indicating that
the substantial changes in the intracellular
concentration of ¢l were not associated with changes in
cell salt content. Therefore, the Cl° fluxes were likely
to be associated with equal fluxes of NO's in the opposite
direction. The lack of changes in intracellular c1-
concentration or cell volume during forskolin stimulation
in €1’ medium demonstrates that neither CFTR expression
nhor cAMP conferred enhanced cation conductance. Together
with the enhanced c1- permeability, cell shrinkage or
swelling would have been observed if‘there were a high ¥*
conductance or high Na* conductance, respectively.

.€1" permeability was also examined in cells:
containing a CFTRAFS508 construct. These cells (as
represented by clone 5-2D, n = 15 Cells) exhibited low c1l-
bermeability under resting conditions and the
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permeability could not be enhanced by forskolin (Fig.
16B) .

To establish that the cAMP-induced C1° permeability
in the CFTR-expressing cells was due to activation of a
Cl" conductance, gramicidin was included in the normal C1°
medium to increase cation conductance of the plasma
membrane. Under these conditions, the presence of c1°
channel would result in a substantial influy of both Na*
and Cl°, causing extensive cell swelling., Exposure to
graricidin had nc effect on SPQ fluorescence or cell
volume in cells with the frame-shift CFTR construct (n =
13 cells) or an intact CFTR construct {n = 33 cells)
(Fig. 16E), supporting our conclusion {above) that
resting C1° conductance was negligible in both the control
and CFTR cells., After the addition of forskolin,
however, there was a marked rapid cell swelling, after a
lag period of from 30 to 90 s, accompanied by elevated
intracellular Cl° concentration in the cells expressing
CFTR but not in control cells (Fig. 16E). These results
demonstrated that the basis of cAMP-induced C1°
permeability observed in CFTR-expressing cells was a Cl1°
channel. '
cAMP~Stimulated Cl1l° Currents in the CFTR-Expressing Cells

COrroborating the results of the fluorescence assay,
whole-cell current was stimulated in cells expressing
CFTR (Fig. 17A). After a lag period of %~ 30 s, outward
current in 11 of 11 cells increased dramatically to a
plateau, which was sustained for 2-5 min before
decreasing toward control values. This "run down"
contrasts with findings using the SPQ assay,\possibly
reflecting a depletion of cytosolic factors necessary for
sustained activation in the whole-cell patch~-clamp
configuration. - currents evoked by the activation
cocktail did not display any time-dependent voltage
effects (Fig. 17B) contrast to the expressing cells, none
of the 9 cells containing the frame-shift CFTR construct
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exhibited a response to the activation cocktail (Fig.
173).

Current-voltage relations were essentially linear in

both cell transfected with the intact CFTR and the frame-

5 shift CFTR constructs (now shown). Slope conductances of
1.8 % 0.4 nS and 1.9 + 0.5 ns (n = 9) were calculated in
control cells before and after treatment with the
activation mixture, respectively. The slope conductance
in CFTR-expressing cells was similar (1.6 £ 0.1 nS) but

10 treatment with the activation mixture induced an ~ 13-
fold increase to 20.1 % 1.7 ns (n = 10) (Fig. 17C).

The reversal potential of the cAMP-~activated current
in cells expressing CFIR was -17 + 5 mV, approaching the
equilibrium potential for C1° under standard conditions

15 (B¢, = =32 mV). From this measurement, the calculated
anion versus cation permeability was ~ 5:1, Anion
selectivity was assessed in cAMP-activated cells by
replacing bath Nacl (135 mM)} with sodium gluconate (135
mM). This manipulation resulted in a shift in reversal

20 potential to +33 + 8 mv (n = 4), toward the predicted By
of +41 mv (Fig. 17C).

The inability to construct a full-length CFTR cDNA
has hampered progress in understanding the structure and
function of the protein. The difficulty is mainly due to

25 the instability of the full-length sequence in . coli,
where there was sequence rearrangement often associated
with a short (13 bp) direct repeat in exon 6b. Through
the modification of DNA sequence within the first capy of
the repeat, however, we have succeeded in the

30 construction of three different plasmids each containing
the entire coding Sequence. These plasmids replicate
efficiently in =z coii (DH5a), and are .intact after
prolonged- propagation. Although -this particular
modification involves the first repeat, it 'is understood

35 that this second repeat can also be similarly modified
instead of, or in addition to, the first repeat to
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achiéve_similar success in the propagation of the CFTR
cDNA.

In addition to verification by direct DNA
sequencing, the plasmids have alsoc been examined for
their ability to product proteins of expected sized in
vitre and in _vivo. Based on the longest open reading
frame of the consensus cDNA sequence (Riordan et al
1989), a protein of 170 kd (1480 amino acids) has been
predicted as the CFTR gene product. The fact that a 170
kd band was detectable in the product translated ;g_g;;;g
and in cells transfected with the full- -length CFTR cDNA
confirms the original prediction. '

The availability of a full-length CFTR cDNA that can
be expressed in mammalian and hon~mammalian cells offers
the opportunity to perform a detailed structure and
function analysis of CFTR. The vectors described here
are excellent tools for this purpose. With appropriate
regulatory sequences inserted upstream of the coding
region, it is understood that large gquantities of CFTR
may be produced throﬁgh different kinds of heterologous
gene expression systems, whereby various biochemical and
biophysical studies can be performed.

The ability to express the full-length cDNA also
allows development of functicnal assays for CFTR. In
this context, Drumm et al {1280) have demonstrated
through a retrovirus-intermediate that the modified full-
length cDNA described here was ablg to confer the
function of CFTR in a pancreatic carcinoma cell line
(CPFAC~1) derived from a CF patient. Upon proper
expression of the cDNA, the cAMP-mediated chloride
transport activity was restored in this cell line,
providing the first example of functional complementation
of CFTR activity.. The ability to confer CFTR expression
in heterologous cells is an important step towards the
pOSSlblllty of ‘'gene therapy in the 1ung and pancreas of
CF patients.
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In order to understand the role of individual amino
acid residues as well as regions of the protein, site-
directed mutagenesis may be used to introduce additional
mutations into the coding region of CFTR. The functional
assay may also be used to confirm if the sequence
alterations detected in CF patients are bona fide
disease-causing mutations. The latter consideration is
important if broad scale disease diagnosis and carrier
screening based on DNA information are to be implemented.
Further, since there is a general lack of genotypes,
bPermanent cell lines in which the CF phenotype resists,
the ability to generate heterologous cell lines capable
of expressing various defective CFTR offers an
alternative approach in understanding the function of
CFIR and in development of rational therapy. In the
latter regard, procedures can be devised for screening of
compounds that would interact with the defective protein
and restore its function.

To introduce additional mutations into the coding
region of CFTR, it is pbssible to replace regions of the
CDNA with altered Sequences, as demonstrated by the
examples described abova. The procedure is difficult,
however, because many of the restriction-enzyme‘sites
involved are present in more than one vector. For this
reascon, it is desirable to include unique restriction
sites_in the coding region of the cDNA. For example, by
introducing a silent change (T to C) at position 1944 in
exon 13, a novel BstEIT site is created at the end of the
Sequence corresponding to the first NBF1 is probably the
most interesting region in CFTR because about one-third
of the disease-causing mutations reside in the region.

In combination withranother unique site, -such as SphI, it
becomes extremely easy to replace Sequences for NBF1.

Finally, the full-length’ cDNA construct contained in
the pBQ4.7 and pBW6.2 may be excised in its entirety by a
single PstI digestion or a double digestion with a
combination of saII, XhoI, Smal or EcoRI. This
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versatility allows the cDNA to be transferred from the
current vector to other host-vector systems.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A modified DNA sequence encoding a cystic fibrosis
transmembrane conductance regulator (CFTR) protein, said gene having at
least 27 exons of normal cDNA encoding a CFTR protein of Figure 1, said
normal cDNA including exons 6a and 6b wherein exon 6b includes a 13 bp
repeat,

said modified DNA sequence comprising at least one of said 13 bp
repeats of exon 6b having one or more nucleotide substitutions in said 13 bp
repeat wherein the amino acid sequence of the protein encoded by said DNA
sequence is not changed by said one or more substitutions.

2. A modified cDNA sequence of claim 1 wherein said one or more
normal nucleotides are at positions 930 and 933 and said substitutions are C
for T at 930 and G for A at 933.

3. A DNA construct for use in a recombinant vector comprising
said modified cDNA of claim 1.
4. A vector comprising a DNA construct of claim 3, and a promoter

sequence for said DNA construct.

9. A vector of claim 4 wherein said vector comprises a restriction
map of Figure 5 and 8.

6. A host cell for producing CFTR protein, said host cell comprising
a compatible vector of claim 4 whereby expression of said vector in said host
cell produces CFTR protein.

7. A host cell of claim 6 selected from the group consisting of

bacterial and mammalian cells.

8. A CFTR protein isolated and purified from culture of a host cell
of claim 6.
9. A mammalian cell transfected with a vector of claim 4 to

enhance C1 conductance through cell wall.
10. A modified cDNA sequence of claim 1 further comprising a

nucleotide substitution at position 936, said substitution being C for T.
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AATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAANAGGGTTGAGCGGCAGGCACCCA

GAGTAGTAGGTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGC

M ¢ R S P L E K A S5 Vv VvV 8 K L F
GCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTITT

F W T R P I L R K 6 ¥ R Q R L E L § D
TTCAQCTGGACCAGACCAATTTTGAGGAAAGGATACAGACAGCGCCTGGAATTGTCAGAT

*
I ¥ @ I P 8 VvV D 8 A DN L 8 E K L E E
ATATACCAAATCCCTTCTGTTGATTCTGCTGACAATCTATCTGAAAAATTGGAAACAGAA

[
W DR E LA S K X NP K L I NA L R RC
TGGCGATAGAGAGCTGGCTTCARAGAAAAATCCTAAACTCATTAATGCCCTTCGGCGATGT

F F w rRLr M F v 6 1 F 1. v . GglE Vv T K Al
TTTTTCTGGAGATTTATGT TCTATGGAATCTTTTTATATTTAGGGGAAGTCACCAAAGCA

v o p B 1. Ll R I I A S ¥ D P D N K E E
GTACAGCCTCTCTTACTGGGAAGAATCATAGCTTCCTATGACCCGGATAACAAGGAGGAA

RLsS I A 1 Y L. ¢ 1 ¢ v ¢ £ L P I ¥ R T L1
CGCTCTATCGCGATTTATCTAGGCATAGGCTTATGCCTITCTCTTTATTGTGAGGACACTG

H P A I F G L H H I G M Q M R I A M
CTCCTACACCCAGCCATTTTTGGCCTTCATCACATTGGAATGCAGATGAGAATAGCTATG

* *
F 8 L I ¥ K K|T L XK L 5 8 R VvV L D K I s
TTTAGTITGATTTATAAGAAGRCTT TARAGCTGTCAAGCCGTGTTCTAGATAAAATAAGT

I 6 Q L v 5 L L S N N L N XK F D EJ|G
ATTGGACAACTTGTTAGTCTCCTTTCCAACAACCTGAACAAATTTGATG GACTTGCA

LA H F V W I A P L O V A L L M G L Ilw
TTGGCACATTTCGTGTIGGATCGCTCCTTTGCAAGTGGCACTCCTCATGGGGCTAATCTGS

E L L olA S A F ¢ 6 L G F L I VvV L A L Fl
GAGTTGTTACAGGCGTCTGCCTTCIGTGGACTTGGTTTCCTGATAGTCCTTGCCCTITTTT

[
R M M M X Y R D Q R A G K I S5
CAGGCTGGGCTAGGGAGAATGATGATGAAGTACAGAGATCAGAGAGCTGGGAAGATCAGT

-
E R L v I T S E M I BE N I Q@ 8 V K A Y C
GAAAGACTTGTGATTACCTCAGAAATGATTGAAAATATCCAATCTGTTAAGGCATACTGC

.
W E E A M E KM I E N L R T E L X L T
TGGGAAGAAGCAATGGARAAAATGATTGAAAACTTAAGA CAGAACTGAAACTGACT

R K A A Y V R Y F N s{s A F F F s G F Fl|
CGGAAGGCAGCCTATGTGAGATACTTCAATAGCTCAGCCTTICTTCTTCTCAGGGTTCTTT

ly v F L s ¥ 1 P Y A L 3VHd ¢ 1 I L R K 1
GTGGTGTTTTTATCTGTGCTTCCCTATGCACTAATCAAAGGAATCATCCTCCGGAAAATA

{F T T 1 s F ¢ I Vv L R M A VIT R Q F P W
TTCACCACCATCTCATTCTGCATTGTTCTGCGCATGGCGGTCACTCGGCAATTTCCCTGG

A VvV Q T W ¥ D 8 L G A I N K I QD F L Q
GCTGTACAAACATGGTATGACTCTCTTIGGAGCAATAAACARAATACAGGATTTCTTACAA

K ¢ E ¥ K T L EJYNULTTTTE V V M E N
AAGCAAGAATATAAGACATTGGAATATAACTTAACGACTACAGAAGTAGTGATGGAGAAT

vV T A F W E EJG F G E L F E K A X Q N N
GTAACAGCCTITCTGGGAGGAGEGATTTCGGGAATTATTTCAGAAAGCAARAACAAAACAAT
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FlG1(con‘c'd)

N N R K T S N G DD S L F F S N ¥ 8 L
AACAATAGAAAAACTTCTAATGGTGATGACAGCCTCTTCTTCAGTAATTTCTCACTTCTT

G T P VvV L K D I W F K I E R G Q L L A V
GGTACTCCTIGTCCTGAAAGATATTAATTICAAGATAGAAAGAGGACAGTTGTTGGCGGTT

A G 8 T G A G KI T 8 L L M M ¥ M G E L B
GCTGGATCCACTGGAGCAGGCAA ACTTCACTTCTAATGATGATTATGGGAGAACTGGAG

P $ E G XK I XK B 3 G R I S F C S OF S W
CCTTCAGAGGGTAAAATTAAGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGG

O
I M P G T I K E_ N I I F G V. 8 ¥ D E Y R
ATTATGCCTGGCACCAT TAAAGAARATATCATCTTTGGTGT TTCCTATGATGAATATAGA

Y R 8 v I X A Cc Q9 L % EID I 38 X F A x x
TACAGAAGCGTCATCAAAGCATGCCAACTAGAAGAGGACATCTCCAAGT TTGCAGAGARR

D N I V I G 8

GACAATATAGTTCTTGGAGAAGGTGGAATCACACTGAGTGGAGGTCAACGAGCAAGAATT

8 L. A R A VYV ¥ X D A DL Y L L D 3 P Fr e

TCTTTAGCAAGhGCAGTATACAAAGATGCTGATTTGTATTTATTAGACTCTCCTTTTGGA
®
Y L b vV L T E X E I F E ‘C vV €C K L M A

TACCTAGATGTTITTAACAGAAAAAGAAATATTTGAAAGQCTGTGTCTGTAAACTGATGGCT

N K T R I L VvV T 8§ K M E H L X K A P K I
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CAGGGTTAGTATTIGTCCAGGTCTACCAAAAATCTCAATATTTCAGATAATCACAATACAT
CCCTTACCTGGGAAAGGGCTGTTATAATCTTTCACAGGGGACAGGATGGTTCCCTTGATG
AAGAAGTTGATATGCCTTTTCCCAACTCCAGAAAGTGACAAGCTCACAGACCTTITGAACT
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