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R-Domain Interactions with Distal Regions of CFTR Lead to Phosphorylation and
Activation’
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ABSTRACT. Cystic fibrosis is caused by the aberrant function of the cystic fibrosis transmembrane
conductance regulator (CFTR) protein. We examined whether intramolecular binding interactions involving
the regulatory (R) domain contributed to CFTR regulation and function. When the R-domain (amino
acids 596-836) was coexpressed withl—836 CFTR (a carboxyl hemi-CFTR beginning immediately
after the R-domain), strong binding between the two polypeptides was exhibited. The R-domain that
co-immunoprecipitated witilA1—836 exhibited a slower mobility on SBSAGE that resulted from
phosphorylation of the protein. A larger CFTR polypeptide that included the R-domain (M837X) also
exhibited a phosphorylation-dependent mobility shift when coexpressed Adth836. Moreover,
coexpression of M837X and1—836 led to enhanced halide permeability in living cells. The activity,
unlike in full-length CFTR, was present without forskolin activation, but still sensitive to the PKA inhibitor,
Rp-8-CPT-cAMPS. This PKA inhibition of activity was found to be dependent on the carboxy region of
the R-domain, amino acids 72836. Our results indicate that the R-domain binds CFTR residues after
amino acid 836 and that this binding facilitates phosphorylation and CFTR activation. We have also
characterized a subdomain within CFTR (residues—7&37) that is necessary for PKA-dependent
constitutive activation. Finally, these experiments demonstrate that constitutive CFTR activity can be
accomplished by at least two mechanisms: (1) direct modulation of the R-domain to abrogate PKA
regulation and (2) modifications that increase R-domain susceptibility to steady-state phosphorylation

through PKA.

Cystic fibrosis (CHis a recessive genetic disease caused including transmembrane domains (TMDs) and nucleotide

by abnormal function of the cystic fibrosis transmembrane
conductance regulator (CFTR) proteih, ). CFTR is a
member of the ATP binding cassette (ABC) gene family,

and is composed of domains characteristic of the gene family,

T This work was funded by NIH-NIDDK P50 Grant DK53090
(SCOR) and the CF Foundation R464 (RDP).

* To whom correspondence should be addressed: Director, Gregory
Fleming James Cystic Fibrosis Research Center, University of Alabama

at Birmingham, 1918 University Blvd. (796 MCLM), Birmingham, AL
35294-0005. Phone: (205) 934-9640. Fax: (205) 934-7593. E-mail:
Sorscher@phybio.bhs.uab.edu.

1 Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis trans-
membrane conductance regulator; ABC, ATP binding cassette; NBD,
nucleotide binding domain; TMD, transmembrane domain; R-domain,
regulatory domain; PKA, cyclic AMP-dependent protein kinase A; His
P, NBD of histidine permease; His Q and His M, TMDs of histidine
permease; Mal K, NBD region of the maltose transport system; Mal
F, integral membrane protein of the maltose transport system; AMP,
adenosine monophosphatdR-CFTR, CFTR lacking amino acids 768
835; SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel elec-
trophoresis; DMEM, Dulbecco’s Modified Eagle’s Medium; FBS, fetal
bovine serum; vTF7.3, vaccina virus encoding the T7 polymerase; MOI,
multiplicity of infection; DOC, deoxycholic acid; PVDF, poly-
(vinylidene difluoride); NBT, 4-nitroblue tetrazolium chloride; SPQ,
6-methoxyN-(3-sulfopropyl)quinolonium; BCIP, 5-bromo-4-chloro-3-
indolyl phosphatej3-gal, -galactosidaseA1—836, carboxy hemi-
CFTR beginning immediately after the R-domain; M837X, CFTR
truncation that ends at CFTR position 836, after the R-domain; G723X,
CFTR truncation ending at residue 722 within the R-domain; K593X,
CFTR truncation ending immediately before the R-domain at position
592.

binding domains (NBDs)3). Many prokaryotic members
of this family are translated as discrete polypeptides that self-
assemble through multiple binding interactions to form a
functional protein complex. Domain interactions within ABC
proteins, therefore, form the basis of both assembly and
function @, 5). In the histidine permease, for example, two
NBDs (His P) must bind to the hydrophobic domains, His
Q and His M, to form a membrane protein capable of
histidine transport €. The NBD region of the maltose
permease (Mal K) must interact with another domain (Mal
F) to hydrolyze ATP 7).

CFTR is composed of a repeated sequence of two domains
common to ABC proteins: a TMD followed by a NBIB)(
CFTR also contains a domain uniqgue among ABC transport-
ers, the regulatory domain (R-domain, amino acids-590
830) which divides the two TMBNBD sequences. The
R-domain contains consensus sites for cyclic AMP-dependent
protein kinase A (PKA) phosphorylation. CFTR functions
as a chloride channel in the epithelial membrane of several
organs B), and stimulation by PKA results in R-domain
phosphorylation and CFTR chloride channel activatidn (
10). The mechanism by which phosphorylation of the
R-domain leads to channel activity is not well understood.

The R-domain contains at least nine PKA consensus sites,
several of which have been shown to augment function upon
phosphorylation (serines at amino acids 660, 670, 700, 737,
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795, and 813) 11, 12). In previous studies, cell-free
phosphorylation of isolated, purified R-domain peptide by
PKA conferred a conformational change and a mobility shift
of the protein as detected by SBSBAGE (13). Circular
dichroism studies have also demonstrated that phosphory-

lation changes the conformation of the purified, recombinant M3837X

R-domain, causing this domain to assume a tedeelical

structure {4). Whether the same change occurs in living

cells is unknown. Past experiments demonstrated that CFTR A1-836

missing amino acids 768335 (AR-CFTR) led to PKA- —{~lifpfyf)
independent activity, indicating that this region of the

R-domain encodes residues necessary for PKA-dependent G723X
activation (L5, 16). Removal of additional portions of the (=== (=0 —
R-domain (i.e., amino acids 68B35) eliminated all activity,

suggesting that the amino-terminal region of the R-domain K593X

(amino acids 68%708) is necessary for chloride channel
activity. Enhanced PKA-independent CFTR activity has also
been achieved through replacement of PKA-targeted serines

Table 1: Summary of CFTR Constructs

&

- ; i . . R-domain
with negatively charged aspartic acid residuEg.(Whether
activation in these experiments results from changes in net
charge distribution or charge-induced conformational changes Key:
is not clear. Cotten et al. recently demonstrated that sulfhy- =
S ; - : X 000000 —=3 000000 EFE
dryl modification of a cysteine within the C-terminal portion )
of the R-domain led to augmented CFTR activity following IMDI  NBDI R-domain TMD2 NBD2

PKA stimulation. These results may suggest that conforma-
tional changes alone (without charge manipulation) can
modulate R-domain regulatory functiohg). M837X was produced by amplifying a segment of CFTR

Recent reports have suggested a new level of complexity With @ primer encoding nucleotides 1562585 (including
in the mechanism by which the R-domain regulates CFTR, the unique SpH restriction site) and a reverse primer
and that the R-domain does not simply mediate PKA- containing nucleotides 249&529 (including a stop codon
reversible CFTR inhibition. In studies by Ma et al. and &t residue 2515 followed by$tu site). The resulting product
Winters et al., the unphosphorylated R-domain expressed inWas inserted between tigph and Stu sites of pTM-CFTR, -
trans with CFTR lacking the R-domaidAR-CFTR) did not 0 place a premature stop codon in place of CFTR amino
inhibit function. Moreover, phosphorylation of the isolated @cid 837. pTM-G723X was constructed using a similar
R-domain in this setting actually increased the chloride Stratégy but with a stop codon in place of the glycine at
transport activity oAR-CFTR, suggesting that the R-domain residue 723. The pTM-R-domain was obtained using a PCR
may interact with other domains within CFTR to enhance Product to engineer a start site at methionine 596 and the
activity (19, 20). These studies highlight the complexity of ~StOP Site from pTM-M837X (leading to a vector expressing
R-domain regulation of CFTR. Understanding the regions the R-domain protein, i.e., amino acids SH#37). pTM-
of the R-domain responsible for modulating conformational A1—836 was cloned with PCR amplification by inserting a
changes following phosphorylation and the relationship of NCd site at methionine 836. The reverse primer (from CFTR
R-domain modification to channel activity may help elucidate 2925 to 2955) included thacd site in CFTR followed by

the role of this unusual domain among members of the ABC @n engineere&pé site. TheNcd to Spé PCR product was
gene family. then ligated into pTM1. This new plasmid was opened with

Acd, and a fragment of CFTR (from nucleotide 2935 to
beyond the stop codon) was inserted to produce p¥M-

836, a plasmid encoding all of CFTR after residue 836. All
constructs (see Table 1) were verified by restriction endo-
following questions. (1) Which regions of the R-domain are nuclease _digestion and by nucleotide sequence z_ana_llys!s of
necessary for a mobility shift on SDSAGE upon phos- key mutations a_tnq P_CR—generated segments usgd in ligations.
phorylation? (2) Does the R-domain bind to other domains MMunoprecipitationCOS7 cells were grown in DMEM
within CFTR? (3) Does this binding influence the phospho- With 10% FBS and 1% penicillin/streptomycin, trypsinized,
rylation of the R-domain? (4) Is PKA-dependent activation and seeded into six-well plqtes. When the cells reached 50
of CFTR modulated by regions within the protein in addition 70%_confluence, the medium was removed and vTF7.3

In the study presented here, we investigated the biochemi-
cal mechanics of R-domain phosphorylation in living cells,
and the binding relationships between the R-domain and
other regions within CFTR. In particular, we asked the

to the regulatory domain? vaccina virus encoding the T7 polymerase was added at an
MOI of 5—10 in Opti-MEM (Gibco BRL) @1, 22). One hour
EXPERIMENTAL PROCEDURES later, 5ug of pTM1 plasmid expressing all or part of CFTR

was mixed with 20ug of a 1:1 DOTAP/DOPE mixture
Plasmid ConstructionAll plasmids used in these experi- (Avanti Polar Lipids, Birmingham, AL) in Opti-MEM, and
ments were based on pTM1, a plasmid in which the T7 RNA added to the cells. After 4 h, the medium was replaced with
polymerase promoter regulates expression of inserted genesresh DMEM and 10% FBS. After 24 h, cells were lysed
The pTM-CFTR has been previously describ2d)( pTM- with RIPA buffer [150 mM NaCl, 50 mM Tris-HCI, 1% NP-
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40, 0.5% DOC, 0.1% SDS, and the protease inhibitor cocktail Immunoprecipitated Immunoprecipitated
Complete (Boehringer Mannheim)] for at least 20 min. The with antibody to the  with antibody to the
lysates were then spun for 5 min at 14 000 rpm to remove R-domain C-terminal half

debris, and the soluble fraction was incubated with protein
G or A agarose fo 1 h to remove nonspecific proteins
binding to the beads. The precleared lysates were added to

lane:

protein A beads with a polyclonal (rabbit) antibody specific A)

to CFTR NBD1 @2), or protein G beads with a monoclonal -

antibody specific to either the C-terminal tail or the regulatory Protein g

domain of CFTR (Genzyme Corp., Cambridge, MA). Three expressed: .3

hours later, beads were pelleted and washed three times in 2

RIPA buffer (5 min per wash). Protein sample buffer . -
Immunoprecipitated Immunoprecipitated

containing SDS was added; the beads were incubatec at 50 . h . h

. ¥ ; s th antibody to th th antibody to th
C for 15 min, and the eluted proteins were studied by 8, 10, gl_te::;:i,',af hilfo ¢ E]_dozna:nu yiote
or 16% SDS-PAGE. The proteins were then transferred to |
PVDF membrane, and the membrane was blocked with 3%

dry milk in PBS for 20 min, stained with primary antibody B) A1-836
for 2—4 h, and then washed three times with PBS containing

0.1% Tween 20. An alkaline phosphatase-conjugated sec- o =

ondary antibody (Southern Research Inc., Birmingham, AL) Protein & 3

was administered for 1 h. The blot was then washed three ~ ¢XPressed: 5

times with PBS and 0.1% Tween 20, and developed with
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 4-ni- FIGURE 1: R-Domain binding toA1—836. The R-domainAl-—-

troblue tetrazolium chloride (NBT) in carbonate buffer (pH 836, or both were expressed in COS?7 cells, and immunoprecipitated
proteins were studied by Western transfer. The R-domain was

8.8) (acc;ording to the manl.!facturer's protocol, Boehring_er detected in association with1—836 (panel A, lane 4, and panel
Mannheim). In some experiments, cells were treated with B, lane 4). The asterisk denotes the shifted mobility form of the
20 uM forskolin (Calbiochem) 20 min prior to lysis to  R-domain; see the text. The antibody used in Western blotting is

stimulate PKA activity in the cells. Removal of phosphates defined on the far right side of the figure. For simplicity, the

from immunoprecipitated proteins was performed by treat- 2ntibody used to detet1-836 is called an antibody directed
. - . against the “C-terminal half’ of CFTR.

ment with alkaline phosphatase (Sigmaj foh at 37°C

prior to SDS-PAGE.

Fluorescence Measurements of Anion Permeabli®S7
cells were seeded onto glass coverslips. Whenr A%
confluent, the cells were infected, and then transfected asResyLTS
described above. Twelve to sixteen hours post-transfection,
the coverslips were washed with PBS and loaded with 10 The R-Domain Interacts with Distal CFTR Regions, and
mM SPQ N-methyoxyl(6-propyl)quinolonium, a halide This Interaction Promotes R-Domain Phosphorylatidfhen
sensitive, nonpermeable fluorescent dye] by hypotonic shockthe R-domain, amino acids 59&36 (Table 1), was coex-
[50% Opti-MEM and 50% water for 10 min as previously pressed withA1-836 CFTR (the carboxyl half of CFTR
described 22)]. The cells were then incubated for 5 min in  beginning at amino acid 837, Table 1), a strong interaction
an iodide solution [buffer A being 130 mM Nal, 4 mM between the two peptides could be detected (Figure 1). COS7
KNOs, 1 mM Ca(NQ)z, 1 mM Mg(NGs)2, 10 mM glucose, cells expressing either the R-domain aloné,-836 alone,
and 20 mM HEPES] that quenches SPQ fluorescence.or the R-domain andA1-836 (“both”) were lysed and
Coverslips were mounted on a fluorescence microscope, andmmunoprecipitated with antibodies directed against the
individual cellular fluorescence was monitored every 20 s. R-domain orA1-836. The R-domain, when expressed alone,
After 3 min, the iodide quenching buffer was replaced with could be immunoprecipitated with an antibody specific to
a nitrate dequenching buffer (buffer B has 130 mM NaNO the R-domain, but not with the C-terminal antibody. When
replacing the Nal in buffer A). At 8 min, buffer B with a 20  the R-domain was coexpressed wikth—836, the R-domain
uM forskolin/100uM IBMX mixture was added to activate ~ could be co-immunoprecipitated with an antibody against
PKA in the cells. After 13 min, buffer A was returned. the carboxy terminus of CFTR (Figure 1A, lane 4). When

To test the effect of a PKA inhibitor, the above protocol both proteins were expressefi1—836 could also be co-
was modified so that measurements of fluorescence wereimmunoprecipitated with an antibody to the R-domain
limited to the last quenching step. Shortening the protocol (Figure 1B, lane 4). Th&1-836 construct was detected as
was performed since (1) the final quenching step was found & doublet by Western blotting (Figure 1B) as the glycosy-
to be the most sensitive indicator of halide permeability and lation sites for CFTR are located within1-836 (CFTR
(2) limiting the duration of the experiment minimized residues 894 and 900). Endo H treatment caused the collapse
washout of the inhibitor. Cells on coverslips were treated as of the higher-molecular weight form of1-836 into the
described above except 10M Rp-8-CPT-cAMPS (Biolog, lower-molecular weight nonglycosylated protein (data not
La Jolla, CA) @3), a type | specific kinase inhibitor, was shown).
added to cells for 45 min prior to the experiment. Cells were A portion of the R-domain which bound #1—836 also
placed in buffer B (see above) and the coverslips mounted exhibited a mobility shift toward a higher apparent molecular
on a fluorescence microscope. Measurements of cellularweight (Figure 1A, lane 4 with *). Since phosphorylation of

R-domain

fluorescence were taken every 20 s, and after approximately
1 min, buffer B was replaced with buffer A (see above).
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R domain expressed alone and either the R-domain oA1—-836 were performed. Thes{
immunoprecipitated with gal) control protein was expressed at levels approximately
antibody to the R-domain equal to those of the recombinant CFTR polypeptides.
I - . 31 Neither the R-domain noA1—836 co-immunoprecipitated
with -gal (data not shown).
i e - hIntelra_ctionfs rt])et\F/eve[;an\l—_836da'r&d .l\/.l837;(|_|Cc|?(rj1felrE fI;:’Ihos—
A e — phorylation of the R-Domain and Agtition of Halide Efflux.
) o ﬂ To ascertain whether phosphorylation of the R-domain is
_ R-dom enhanced by expression of the complete CFTR amino acid
Forskolin - * * sequence, we transfected cells with bo¥i—836 and
Alk. Phos. - _ + M837X (CFTR truncated at the end of the R-domain, Table
1). Coexpression of these two portions of CFTR is equivalent
R domain and A1-836 coexpressed to a full-length molecule that has been cleaved at residue
and immunoprecipitated with 837. Interactions between the two halves of CFTR were

antibody to the C-terminal half demonstrated using amino- and carboxy-terminal specific

| 1 antibodies. Immunoprecipitates from COS7 cells expressing
4 5 M837X, A1—836, or both were studied by Western blotting,
as shown in Figure 3. The M837X protein was pulled down

B) “ o in association witlA1—836 (Figure 3A). The complementary
‘1 experiment showed that1—836 could also be co-immuno-
) R-dom precipitated in association with M837X (Figure 3B, lane 6).
Forskolin - - Neither M837X norA1—836 bound to a controlf¢gal)

protein (Figure 3C). Interestingly, the M837X protein that
co-immunoprecipitated witth1—836 was greatly enriched
Ficure 2: Forskolin treatment or coexpression witkl—836 ~ for an apparent higher-molecular weight conformation
produces an apparent higher-molecular weight R-domain protein (Figure 3A, lane 4 with *). Direct immunoprecipitation of

that is sensitive to alkaline phosphatase. Immunoprecipitates from - -
cells expressing the R-domain or the R-domain with-836 were M837X indicated that the total level of shifted M837X

studied as described in the legend of Figure 1. Some of the Protein was negligible when expresse(_j alone (Figure_ 3A, lane
immunoprecipitated samples were incubated with alkaline phos- 1). When M837X was coexpressed witll—836, the higher

phatase (Alk. phos.) prior to gel electrophoresis. The R-domain protein band could be more readily detected, and was
from cells treated with forskolin and the R-domain bound\tb- dramatically enriched bound tA1—836 (Figure 3A, lane
836 resulted in an apparent higher-molecular weight R-domain T heth h horvlati ible for th
protein band (*, lanes 2 and 4). The higher-molecular weight 4)- TO test whether phosphorylation was responsible for the
R-domain protein band was eliminated by treatment with alkaline mobility shiftin M837X, cells expressing M837X alone were
phosphatase (lanes 3 and 5). treated with forskolin prior to lysis. Forskolin treatment
reproduced the slower molecular weight migration in M837X
the R-domain predicts a conformational change and a higher(Figure 4A, lane 1). Alkaline phosphatase treatment of
molecular weight, we carried out experiments to determine immunoprecipitated M837X protein abolished the higher-
whether the shift in electrophoretic mobility was secondary molecular weight band seen following either PKA stimulation
to phosphorylation. Forskolin treatment of cells expressing or coexpression witth1—836 (Figure 4A, lanes 2 and 4).
the R-domain alone elicited a shift in R-domain migration These results indicate that the expressiotf-836 with
comparable to that observed following coexpression of the M837X confers a phosphorylation-dependent reduction in
R-domain withA1—-836 (approximately 35 kDa, Figure the mobility of M837X. Forskolin treatment did not cause
2A, lane 2). However, the addition of phosphate groups to phosphorylation of all the expressed R-domain or M837X.
the R-domain would not be expected to elicit a mobility shift We speculate, therefore, that R-domain phosphorylation may
of this size solely on the basis of molecular mass. The alteredbe relatively restricted to certain cellular subcompartments.
migration through SDSPAGE, therefore, may be attribut-  Previous experiments reported by our laborat@4) have
able to a less globular conformation of the R-domain elicited suggested the cellular localization of portions of the first half
by phosphorylation (rather than to the addition of phosphatesof CFTR may depend on several factors, including coex-
per se). A similar change in R-domain migration following pression with the second half of the protein. If this were so,
phosphorylation has been previously reported in a cell-free only a subfraction of the R-domain or M837X might be
system {4). To further confirm that phosphorylation was situated within the cell in a position suitable for efficient
the cause of the shift in the apparent molecular weight, the phosphorylation by PKA. Additional studies will be required
immunoprecipitated proteins were treated with alkaline to examine this possibility.
phosphatase. Dephosphorylation of the R-domain caused the The CFTR chloride channel is activated by PKA-depend-
collapse of the apparent higher-molecular weight protein to ent phosphorylation of the R-domai®, (10). Since we
the lower-molecular weight form (Figure 2B, lanes 4 and observed that binding between M837X and—836 aug-
5). The results in Figures 1 and 2 therefore suggest aments CFTR phosphorylation, we tested the functional
biochemical consequence (phosphorylation-dependent mobil-consequences of this binding interaction. M837AX,—836,
ity shift) in living cells due to coexpression of the R-domain or both were expressed in COS7 cells, and anion efflux was
with A1—836 CFTR. To further verify the specificity of the measured using the halide sensitive dye SPQ. Coexpression
co-immunoprecipitation of the R-domain with1—836, of M837X and A1—836 led to augmented cellular halide
experiments using-galactosidasesfgal) coexpression with  permeability (Figure 5@), while no halide efflux above

Alk. Phos. - +
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Immunoprecipitated Immunoprecipitated Immunoprecipitated
with antibody against  with antibody against Immunoprecipitated with  with antibody to the
M837X the C-terminal half antibody to M837X C-terminal half
[ 1 | O | 7
lane: 1 2 3 4 lane: 1 2 3 4
A} : = & . @ .
M837X E \
- = = MB837X
l + + . e Fe = =
Protein [ % < <] Protein P = 2 32
expressed: E" 3 e 3; 5 @ Expressed: % §
=4 =4
Forskolin + + - -
- + - +
Immunoprecipitated Immunoprecipitated Alk. Phos. ] ] )
with antibody against with antibody against Ficure 4: Forskolin treatment or coexpression witkil—836
the C-terminal half MS83TX produces an apparent higher-molecular weight, alkaline phosphatase
sensitive form of M837X. Lysates from cells expressing M837X,
lane: [ 5 [ [ 6 7 | alone or together witth1—836 (“both™), were immunoprecipitated
: as described in the legend of Figure 3. Half of the immunopre-
B) ‘l - <« A1-836 cipitated proteins were incubated with alkaline phosphatase prior
: —— to Western blotting. M837X from cells treated with forskolin and
. > + 4 M837X coexpressed with1—836 resulted in an apparent higher-
Protein % e % molecular weight M837X-CFTR protein band (*, lanes 1 and 3).
expressed: 3 @% 9F The higher-molecular weight M837X protein band was eliminated
=3 4 by treatment with alkaline phosphatase (lanes 2 and 4).
- - 250 - requench
TZ EBis=
=5 S92
2% &%= 200
g5 gT= -
= 2 =2 s =
== ZEC £ 150 1 .
2 = s EE & 2 15 stimulate
3 e 2 E A
E=m E =l Immunoprecipitated with = ]
EEZEES antibody against B-gal £ 100
\G
lane:” 1 2 3 4 50
Q) { d] Lo <— [-gal o a7 T
Co oo e o @ P @
+ + + + -]
e o ﬁ o e T N o I~ ®
Protein T BT vE 2R3 seconds
d: KPR L5 =3 ;
expressed: A da 20 doa Ficure 5: M837X andA1—836 coexpression produces elevated

basal halide efflux. CFTRI), M837X (@O), A1-836 ©), or
M837X andA1—836 @) were expressed in COS7 cells, and halide
efflux was assayed using the halide sensitive intracellular dye SPQ.
The cells were bathed in an iodide buffer to quench SPQ
fluorescence. Then at 200 s, the iodide buffer was replaced with
nitrate buffer (dequench); at 500 s, forskolin and IBMX were added
to the nitrate buffer (stimulate), and at 800 s, the iodide buffer was
returned (requench). Enhanced basal halide efflux following the
switch to the dequench buffer was detected in cells coexpressing

. . . M837X andA1—836 ( < 0.001), and regulated halide efflux was
background was detected in cells expressing either M837X seen with expression of CFTR upon forskolin stimulatipn<(

or A1-836 alone (Figure 50 and O). Coexpression of  0.001). No enhanced halide movement was detected when either
M837X andA1—836 produced predominantly constitutive M837X or A1—836 was expressed alone. %inc. F. basal

; : o represents the percentage increase in fluorescence above the base
function of the reconstituted CFTR, similar to that reported flourescence in quenching buffer (average between 100 and 200

previously for CFTR lacking a portion of the R-domaitR- ) "Error bars represent the standard error of the mean. More than
CFTR) (5, 19). Previous coexpression studies of the first 250 cells were studied per condition.

and second halves of CFTR in eukaryotic cells have been

reported to form a PKA-regulated halide chanr2&) (Unlike The increased halide efflux conferred by M837X axit-

this previous report, the activity shown in Figure 5 was 836 could be either due to the loss of PKA-dependent
predominantly basal (with little additional response to PKA). regulation of CFTR [as demonstrated fAR-CFTR (L5)]
While addition of forskolin did not produce significant or a result of enhanced R-domain basal PKA phosphoryla-
increases in activity, minor increases in halide permeability tion. To determine the role of PKA on the basal activity, we
could occasionally be detected, suggesting there may bestudied the effects of PKA inhibition. When cells coexpress-
differences between COS7 cells (used in these studies) andng M837X and A1—836 were treated with Rp-8-CPT-
Hela cells (used in the previous report) in the endogenouscAMPS, a PKA antagonist, a significant decrease in the
levels of PKA activity. halide efflux was detected compared to that in untreated cells

FiGure 3: M837X bindsA1—836. M837X,A1—836, or both were
immunoprecipitated using an antibody specific to M837X, or to
the C-terminal half. M837X co-immunoprecipitated witi—836
(panel A, lane 4). The\1—-836 was also detected following co-
immunoprecipitation with M837X (panel B, lane 6). Neither portion
of CFTR bound3-gal (panel C). The asterisk denotes the shifted
mobility form of M837X; see the text. The antibody used in Western
blotting is defined at the right of each panel.
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Ficure 6: Halide permeability produced by M837X and —836
is PKA-dependent. M837X&) or M837X andA1—836 @) were
expressed in COS7 cells. Cells expressing M837X Ade-836
were treated with Rp-8-CPT-cCAMP®Y), a PKA antagonist. Halide

movement was assayed using SPQ. At 80 s, the nitrate buffer was

replaced with iodide buffer, and the rate of flourescence quenching
was monitored. Rp-8-CPT-cAMPS dramatically inhibited the halide
permeability of M837X andA1—-836 (p < 0.05). Permeability
coefficients (average changes in flourescence per 20 s from 80 to
120 s) were—2.2 (M837X), —12.3 (M837X andA1—836), and
—3.9 (M837X andA1-836, with Rp-8CPT-cAMPS treatment).
More than 150 cells were studied per condition.

(Figure 6). These results indicate that enhanced PKA-
dependent phosphorylation of M837X is responsible for the
high basal halide efflux produced following coexpression of
M837X andA1—836.

The Carboxy Region of the R-Domain Is Necessary for
the Phosphorylation-Dependent M837X Mobility Shift and
PKA-Dependent Halide Efflud.o examine R-domain resi-
dues that are necessary for the phosphorylation of M837X
elicited byA1—836, we tested shortened CFTR truncations
missing part or all of the R-domain for functional and
biochemical interactions with1—836. G723X (missing the
114 C-terminal amino acids of the R-domain, Table 1) was
tested for the phosphorylation-dependent mobility shift
following coexpression withA1—836. While G723X co-
immunoprecipitated witlA1—836 in a manner similar to
that of M837X, this interaction did not result in a mobility
shift of the G723X protein (Figure 7A, compare lanes 3 and
4). Furthermore, no molecular weight shift of G723X could
be detected when cells were treated with forskolin prior to
lysis (Figure 7B, lane 4). G723X and1—836 expressed
together produced constitutive (unregulated) activity (Figure
8A). However, in marked contrast to the results shown in
Figure 6, this activity could not be inhibited by a PKA
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Ficure 7: G723X bindsA1—836, but this interaction does not
elicit a mobility shift of G723X. (A) CFTR polypeptides were
studied as described in the legend of Figure 3. While both G723X
and M837X bindA1—-836 (lanes 3 and 4), only the interaction of
M837X with A1—836 produced a higher-molecular weight phos-
phorylated protein (*, lane 3). (B) Cells expressing M837X or
G723X were treated with forskolin prior to lysis (as described in
the legend of Figure 4). M837X from cells treated with forskolin
appeared as an apparent higher-molecular weight M837X-CFTR
protein band (*, lane 2). However, forskolin treament of cells
expressing G723X did not result in a higher-molecular weight
protein (lane 4).

with distal regions of the protein, and to determine whether
these interactions play a role in CFTR regulation. When
COS7 cells expressing the CFTR R-domain (amino acids
596—-837) were treated with forskolin, a mobility shift in
the protein to a higher apparent molecular weight was
observed (Figure 2). The shift was due to phosphorylation,
and could be eliminated by alkaline phosphatase treatment.
When the R-domain was coexpressed with downstream
elements of CFTR (residues 83%480), physical binding

antagonist (Figure 8B). Additional deletion of R-domain petween these two portions of CFTR was established by co-
residues produces substantial functional consequences. KS93Xmmunoprecipitation (Figure 1). Coexpression/f—836

(CFTR truncated immediately before the R-domain, Table
1) co-immunoprecipitated with1—836 in a manner similar
to that of M837X or G723X (data not shown), but coex-

with the R-domain also conferred a mobility shift of the
R-domain on SDSPAGE that was very similar to that
observed with the R-domain alone following treatment with

pression of KS93X withA1—836 failed to produce enhanced  foskolin, and was again abrogated by alkaline phosphatase.
halide efflux (Figure 8A). These studies, therefore, demon- £nnanced phosphorylation of the R-domain was also ob-

strate that interactions occurring between the R-domain andgepyed when the first half of CFTR. M837X (CFTR truncated
downstream portions of CFTR result in enhanced phospho-immediately after the R-domain), was treated with forskolin
rylation and PKA-dependent activity that is dependent on o coexpressed with1—836. These results therefore indicate
amino acids 723837. that the R-domain binds to distal regions of CFTR, and this
binding has biochemical consequences (Figure€)l A
DISCUSSION shorter amino truncation (G723X) also tightly bound\b—

The experiments presented here were designed to test th&36. In contrast to M837X, G723X failed to exhibit a reduced
interaction of the regulatory domain (R-domain) of CFTR mobility on SDS-PAGE after either coexpression wittl—
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A) also produced high basal halide efflux when it was coex-
pressed witlA1—836 (Figure 8A). However, in contrast to
M837X, the activity could not be inhibited by PKA
antagonists (Figure 8B), a result similar to the activity
reported forAR-CFTR. On the basis of the observations that
(1) the level of the phosphorylation-dependent higher-
molecular weight M837X was dramatically increased when
it was bound taA1—836, (2) a high basal halide permeability
was produced by coexpression of M837X withi—836, and

(3) this activity was suppressed by PKA inhibitors, we
conclude that R-domain phosphorylation and CFTR activa-
tion were promoted by R-domain interactions with down-
stream elements of CFTR. The increased susceptibility of
the R-domain to PKA phosphorylation in the two-subunit
model of CFTR (M837X and\1—836) may reflect greater
accessibility of the R-domain to endogenous PKA, or
blockade of phosphatase action. In either case, the results
presented here offer a means by which R-domain function
in living cells can be monitored biochemically, and mutations
that disrupt PKA regulation of CFTR can be better character-
ized.

Although the R-domain has been defined as a single
discrete domain derived from CFTR exon 13, Dulhanty and
Riordan suggested that the R-domain might be divided into
two functionally distinct subregions, RD1 (amino acids 587

requench
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FicurRe 8: G723X coexpression with1—836 produces enhanced 672) and RD2 (amino acids 67998) (26). The amino-
halide efflux, while K593X does not. (A) G723X arkil—836 @) : . ) .
or K593X andA1—-836 @) were expressed in COS7 cells, and terminal third of the R-domain, RD1, appears to be necessary

halide efflux was assayed as described in the legend of Figure 5.for chloride channel function. This region exhibits strong
G723X produced high basal halide permeability when coexpressedhomology between CFTRs from several different species,

with A1—836 (p < 0.01) similar to that of M837X withA1—836
(Figure 5). K593X, missing the complete R-domain, failed to
increase halide permeability when coexpressed wth-836.
Stimulation with forskolin had no effect on halide permeability for

and also exhibits sequence homology to the linker region of
another ABC polypeptide, the multidrug resistant (MDR)
protein. In this study, we show that the carboxy-terminal

either condition (data not shown). More than 150 cells were studied Portion of the R-domain (RD2), while not necessary for

per condition. (B) M837X and\1—836 (1) or G723X andA1—

channel activity, plays a critical role in CFTR inhibition

836 (O) were expressed in COS7 cells and assayed for halide ynder basal conditions. If the carboxy terminus of the

movement as described in the legend of Figure 6. Rp-8-CPT-

cAMPS inhibited the enhanced halide permeability of M837X and

R-domain (the last 114 amino acids) is omitted, PKA-

dependent activation is lost, although channel activity is
readily detected. This portion of the R-domain is therefore
required to biochemically alter the structure of the R-domain
836 or forskolin treatment (Figure 7). This result demon- upon phosphorylation in cells, and is likely to comprise the
strates the importance of the last 114 amino acids of the “switch” regulating initial PKA-dependent CFTR activation.
R-domain in the phosphorylation-dependent mobility shift Recent experiments have illustrated binding of the amino
of the R-domain (Figures-14 and 7). portion of the R-domain to the amino tail of CFTR7.

Intramolecular interactions within CFTR have been de- Naren et al. demonstrated the importance of this interaction
scribed previously between the two membrane-spanningin maintaining an open state conformation. R-Domain
domains of CFTR 25). The experiments presented here interactions therefore subserve complex regulatory functions
establish that binding also occurs between the R-domain andthat contribute to both initial (PKA-dependent) activation and
other regions of CFTR, and that this binding has functional subsequent maintenance of the CFTR open state.
consequences. M837X coexpressed wAth—836 resulted In summary, the study presented here provides new
in high-level CFTR activity (as detected by SPQ, Figure 5) biochemical evidence for a PKA-dependent structural change
in the absence of additional PKA stimulation, indicating that in the R-domain as a direct result of phosphorylation in living
R-domain interactions with downstream domains can aug- cells. This change correlates with CFTR activation, and is
ment R-domain phosphorylation and directly regulate CFTR strongly facilitated by binding between the R-domain and
function. High-level, PKA-independent activity has been CFTR residues after amino acid 836. Moreover, we have
reported for a CFTR lacking amino acids 70835 of the characterized a subdomain within the regulatory domain of
R-domain AR-CFTR). In contrast ta\R-CFTR, the basal CFTR (residues 723837) that is necessary for PKA-
activity of M837X with A1—836 reported in this study was dependent activation. Finally, these experiments demonstrate
PKA-dependent, and could be inhibited by the PKA antago- that constitutive CFTR activity can be accomplished by at
nist Rp-8-CPT-cAMPS. Therefore, whilkR-CFTR func- least two mechanisms: (1) direct modulation of the R-domain
tions independently of PKA, the high basal activity conferred (by serine mutations or partial R-domain deletions) or (2)
by coexpression of M837X witlA1—836 results from a  enhanced susceptibility of CFTR to steady-state PKA phos-
different, phosphorylation-dependent mechanism. G723X phorylation.

A1—-836 @, p < 0.05), but not that of G723X and1—836 @).
(») Negative control with T7 polymerase (no CFTR).
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