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Phosphorylation of the regulatory (R) domain initiates cystic fibro-
sis transmembrane conductance regulator (CFTR) CI- channel ac-
tivity. To discover how the function of this domain is determined
by its structure, we produced an R domain protein (R8) that
spanned residues 708-831 of CFTR. Phosphorylated, but not un-
phosphorylated, R8 stimulated activity of CFTR channels lacking
this domain, indicating that R8 is functional. Unexpectedly, this
functional R8 was predominantly random coil, as revealed by CD
and limited proteolysis. The CD spectra of both phosphorylated
and nonphosphorylated R8 were similar in aqueous buffer. The
folding agent trimethylamine N-oxide induced only a small in-
crease in the helical content of nonphosphorylated R8 and even
less change in the helical content of phosphorylated R8. These
data, indicating that the R domain is predominantly random coil,
may explain the seemingly complex way in which phosphorylation
regulates CFTR channel activity.

ystic fibrosis (CF) transmembrane conductance regulator

(CFTR) is a phosphorylation-regulated Cl~ channel that
provides a pathway for CI~ movement across epithelial mem-
branes in the airways, sweat gland, intestine, and pancreas (1, 2).
Loss of CFTR function causes the genetic disease CF. CFTR Cl~
channel activity is regulated by cAMP-dependent protein kinase
(PKA) and protein kinase C phosphorylation of the regulatory
(R) domain (3-8). After phosphorylation of the R domain, ATP
binding and hydrolysis by the two nucleotide-binding domains
(NBDs) gate the channel (7, 8).

The R domain has a unique primary sequence with no
homology to any known protein (1). The R domain was originally
defined as those residues encoded by exon 13 (residues 590-830)
(1). However, the N-terminal half of exon 13 shares sequence
similarity with the NBDs of other ATP-binding cassette (ABC)
transporters (9, 10). Compelling evidence that the N-terminal
portion of exon 13 is actually part of NBD1 came from the crystal
structure of HisP, the NBD of the histidine permease ABC
transporter (11). In CFTR, an NBD structure analogous to that
of HisP would extend to approximately residue 660. The C-
terminal half of exon 13 appears to be the functional R “regu-
latory” domain (9, 10). Consistent with this, deletion of residues
708-835 produces a CFTR channel with properties like those of
wild-type CFTR, suggesting that residues 708-835 form a func-
tional R domain that can be deleted (9, 12-14). More extensive
deletions (residues 590-835, 656—835, 676-835, or 681-835)
disrupted function (9), probably because they disrupt a portion
of NBD1.

Exon 13 contains eight serines in consensus motifs for PKA
phosphorylation; five of these serines, S660, S700, S737, S795,
and S813, are phosphorylated in cells (15-17). The contribution
of the various phosphoserines to channel activity is complex. No
one serine is required for activity; mutation of single or multiple
serines decreases, but does not abolish, phosphorylation-
stimulated activity (6, 13, 15, 18-21). Phosphorylation of several
different serines can stimulate channel activity, although not all
of the serines have the same quantitative effect on channel

activity. Mutating the consensus serines to aspartate, to mimic
the negative charge imposed by phosphorylation, stimulated
channel activity in the absence of phosphorylation (19), suggest-
ing that negative charge plays a role in channel stimulation.
Earlier work suggested that phosphorylation of the R domain
stimulates channel activity by increasing the binding and/or
hydrolysis of ATP by the NBDs (13, 22).

Additional clues to the mechanism by which the R domain
regulates channel activity came from studies in which parts of the
R domain were deleted and/or synthesized as separate proteins
and then added back to the channel. An example is CFTR-AR/
S660A, in which residues 708—835 are deleted and Ser-660 is
mutated to alanine (12, 19, 23). CFTR-AR/S660A lacks the
serines (660, 737, 795, and 813) shown to be responsible for the
majority of PKA-stimulated channel activity (6, 15, 16, 19). This
channel differs from wild-type CFTR in two important ways: it
has a low level of constitutive Cl~ channel activity in the absence
of PKA-dependent phosphorylation, and its activity is not
altered by addition of PKA (9, 12-14).

Constitutive activity of CFTR-AR/S660A suggests that the
unphosphorylated R domain might have an inhibitory function
(12). In support of this idea, application of an unphosphorylated
R domain protein (residues 588-855) to wild-type CFTR in lipid
bilayers was reported to inhibit activity (23). However, another
study observed no effect of the unphosphorylated R domain
protein R1 (residues 645-834) on wild-type CFTR channels in
excised cell-free patches of membranes (13). Moreover, neither
unphosphorylated R1 nor the unphosphorylated 588—-855 pro-
tein had an effect on CFTR-AR/S660A (13, 14). Furthermore,
if the function of the R domain were primarily inhibitory, the
activity of CFTR-AR/S660A would be expected to be equal to
or greater than that of the phosphorylated wild-type channels. In
contrast to this prediction, the activity of CFTR-AR/S660A is
approximately one-third that of phosphorylated wild-type CFTR
(13, 19). Thus whether the R domain has an inhibitory role
remains uncertain.

Other evidence indicates that the phosphorylated R domain
has a stimulatory role. Recombinant protein containing residues
645-835 stimulated CFTR-AR/S660A activity in excised mem-
brane patches and residues 588-855 stimulated CFTR-AR/
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S660A in lipid bilayers (13, 14). Phosphorylation was required
for channel activation; the unphosphorylated R domain had no
stimulatory effect.

All these data suggest that the R domain forms a unique
structural and functional domain with boundaries from about
residue 708 to approximately residue 830. The goal of this work
was to determine the structure of an R domain construct
comprising residues 708—831 (R8), which closely complements
the deletion in CFTR-AR/S660A. We were encouraged by the
finding that R8 retains stimulatory activity, suggesting that if the
R domain has a specific structure, it is retained in this protein.

Experimental Procedures

Site-Directed Mutagenesis and Plasmids. We amplified the R do-
main of wild-type CFTR and ligated the resultant fragment into
the pET21d vector (Novagen). Vector splice sites and the insert
coding sequence were verified by sequencing (University of lowa
DNA Core Facility). The amino acid sequence of R8 is MG-
CFTR residues 708—-831-LEHHHHHH.

Bacterial Expression and Purification. pET plasmids and pDC952
(encoding arginine tRNA) (a gift of James Walker, University of
Texas, Austin, TX) were cotransformed into BL21 (DE3)
(Novagen) on LB plus carbenicillin/chloramphenicol plates. We
used the parental BL21 (DE3) cell line and not the derivative
BL21 (DE3) pLysS, because the pLysS cells, but not the parental
cells, produce sufficient levels of chloramphenicol acetyltrans-
ferase to interfere with subsequent purification of R8. Cultures
were grown at 37°C to 0.6 OD at 600 nm, induced with 0.1 mM
isopropyl-D-thiogalactoside, and grown for 3 h at 37°C. Cells
were centrifuged at 3,500 X g, resuspended in binding buffer
(BB) (20 mM Tris'HCI, pH 7.9/0.5 M NaCl/1 mM imidazole)
and sonicated. After sonication, inclusion bodies were isolated
by centrifugation at 39,000 X g for 20 min. The inclusion bodies
were resuspended in BB with 6 M urea, solubilized overnight at
4°C, and centrifuged at 39,000 X g for 20 min to separate the
urea-soluble and urea-insoluble pellet.

Proteins in the urea-soluble fraction were bound to Talon
cobalt columns (CLONTECH) in BB and purified by using a step
gradient of imidazole (10 mM to 500 mM) in BB. Protein
concentrations were determined by the Bradford assay (Bio-Rad).

Identification of R8. R8 was analyzed by SDS/PAGE under
nonreducing conditions. The composition of R8 was confirmed
by amino acid analysis, sequencing of proteolytic fragments, and
reactivity with the anti-CFTR antibody 13-1 (Genzyme).

Phosphorylation of R8. Purified protein was phosphorylated with
40 nM PKA/1 mM MgATP/3 mM MgCl, in 10 mM potassium
phosphate (KP;), pH 6.8, at 30°C.

Proteolysis of R8. R8 dialyzed into Hepes/NMDG-CI buffer [in
mM: 140 N-methyl-D-glucamine (NMDG), 3 MgCly/1
CsEGTA/10 Hepes (pH 7.3 with HCl; Cl~ concentration, 140
mM)] was incubated at room temperature for the indicated time
with either trypsin or papain (sequencing grade; Boehringer-
Mannheim) (1:100, w:w, protease:R8). At each time point, 1
volume of X2 sample buffer (62.5 mM Tris, pH 6.8/4% SDS/100
mM DTT/20% glycerol/0.005% bromophenol blue) was added
to an aliquot of the reaction and boiled immediately for at least
3 min to inactivate proteases (24). For some experiments, 1 mM
PMSF was added before sample buffer. Results did not differ
with or without PMSF. After completion of the last time point,
samples were electrophoresed on SDS/PAGE and stained with
Coomassie blue. For sequencing, proteolytic fragments of RS
were quantitatively transferred to ProBlot nitrocellulose (IBI)
(25) and sequenced by Edman degradation.
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Patch-Clamp Analysis. We expressed CFTR-AR/S660A in HeLa
cells by using the vaccinia virus/T7 hybrid expression system
(19). Methods for excised inside-out patches were as previously
described at 37°C and —40 mV (13). Pipette solution contained
(in mM): 140 NMDG/2 MgCl,/5 CaCl,/100 L-aspartic acid/10
Hepes (pH 7.3 with HCI; CI~ concentration, 50 mM). Bath
solutions were: Hepes/NMDG-CI buffer or 10 KP;, pH 7.3, with
100 NaCl. Similar results were obtained with both solutions.
PKA (75 nM) and 1 mM ATP were present throughout patch
recording. Data points are mean current during successive 10-s
intervals.

Analytical Ultracentrifugation. Sedimentation equilibrium was
conducted at 25°C on a Beckman XL-I ultracentrifuge (Beckman
Coulter) equipped with an An-60 Ti rotor. Concentrations of R8
were 40, 20, and 10 uM in 10 mM glycine and 0.1 M NaCl, pH
9.0, similar to conditions used for some CD studies.

Samples were centrifuged at 17,000, 24,000, and 35,000 rpm.
Absorbance was monitored at 236 nm. Data were analyzed by
using ORIGIN software (Ver. 3.78, Microcal Software,
Northampton, MA). The partial specific volume, v, of R8 was
calculated to be 0.711 ml/g on the basis of amino acid compo-
sition (26). The calculated solution density, p, for the samples
was 1.004 g/ml (27). The apparent molecular weight of RS, M,
was determined by the equation for an ideal solution containing
a single species (28):

A(r) = A(rg)exp[M(1 — vp)w*(r? — 14%)/2RT] + A,. [1]

CD Analysis. CD spectra were recorded on an Aviv CD Model
62DS (Aviv Associates, Lakewood, NJ) in an 0.2-cm pathlength
quartz cuvette (Hellma, Forest Hills, NY) thermostated at 22°C.
Spectra were collected from 260 to 210 nm at a bandwidth of 1
nm every 0.25 nm with a 2-s averaging time. Each spectrum is the
result of three summed spectra corrected for solute buffer.

R8 was phosphorylated as described above in 1 mM glycine,
pH 9.0, with 1 mM ATP, dialyzed to remove ATP and MgCl,,
and centrifuged at 200,000 X g. Parallel incubations and dialyses
were carried out in the absence of PKA for nonphosphorylated
R8. Spectra were obtained from nonphosphorylated and phos-
phorylated R8 diluted in the following buffers: (i) 1 mM glycine,
pH 9; (ii) 10 mM KP;, pH 7.3; or (iii) 10 mM KP;, 100 mM NaCl,
pH 7.3. Similar CD spectra were obtained with each buffer. The
inclusion of 5 mM MgCl, or MnCl, had no effect on the
spectrum. To analyze the effect of lipid, R8 was incorporated
into a sonicated phospholipid mixture (PC/PS, 3:1).

For CD spectra in trimethylamine oxide (TMAO), concen-
trated R8 dialyzed into 1 mM glycine was diluted to 0.15 mg/ml
in 10 mM KP;, pH 7.3, or into 2.8 M recrystallized TMAO.
Titration curves with TMAO were carried out at 220 nm, the
wavelength of greatest difference between the RS spectra in KP;
and TMAO.

Results
Expression and Purification of R8. We expressed and purified R8 by
using the pET vector system and metal-affinity chromatography.
To alleviate the problem of poor expression and protein trun-
cation caused by the infrequent usage of the arginine codons
AGA and AGG by Escherichia coli, we coexpressed R8 with the
tRNA synthase for the AGA codon (29). R8 contains no
cysteines, thus preventing dimerization and aggregation of the
purified protein in the absence of reducing agents. We partially
purified R8, which was sequestered in inclusion bodies, by
isolating the inclusion body pellet (Fig. 1). After solubilization of
the inclusion bodies in urea (lane 4), R8 was purified by
metal-affinity chromatography (lanes 6—8). Typical 500-ml cul-
tures yielded =10 mg R8 that was 94-97% pure.

After affinity purification, we dialyzed R8 to remove urea and
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Fig. 1.  Purification of R8. Coomassie-stained gel. Lane 1 (Ul): before induc-
tion by IPTG. Lane 2 (Total): 3 h after IPTG. Lane 3 (Sup): supernatant from
induced culture. Lane 4 (Urea Sol): urea-soluble fraction from inclusion bodies.
Lane 5 (Urea Insol): urea-insoluble pellet. Lane 6 (FT): flow through from
metal-affinity column. Lane 7 (Wash): wash with 1 mM imidazole. Lane 8
(Imid): elution with 200 mM imidazole. Arrow indicates R8.

imidazole and to promote protein folding. R8 was soluble (3—4
mg/ml) in 1 mM glycine or 10 mM Tris at pH 9 and (5-6 mg/ml)
in Hepes/NMDG-CI buffer (pH 7.3).

Functional Studies of R8. R§ was phosphorylated by PKA in vitro
as indicated by the shift in electrophoretic migration of R8 on
SDS/PAGE (Fig. 2). This shift is similar to that seen in other
studies of R domain proteins (16, 30).

Earlier work showed that R1 (CFTR residues 645-834) stim-
ulated CFTR-AR/S660A channel activity in excised membrane
patches (13). Fig. 3 shows that adding phosphorylated R8 to the
cytosolic surface of CFTR-AR/S660A reversibly stimulated
current 33.4 * 3.7% (n = 9). This stimulation is similar to that
which we previously reported with the R1 construct (43.2 *
3.4%) (13). The small difference may be caused by the presence
of Ser-660 in R1. Like wild-type CFTR, current depended on
ATP (Fig. 3). Nonphosphorylated R8 had no effect, consistent
with an earlier study showing no effect of nonphosphorylated R1
(13). Similar results were obtained with both NMDG-CI and
NaCl buffers. These data indicate that purified recombinant
RS retains stimulatory activity and that stimulation requires
phosphorylation.

Structural Studies of R8. Sedimentation equilibrium showed that
soluble R8 was a monomer, both phosphorylated and nonphos-
phorylated (Fig. 4).

We used limited proteolysis to determine whether portions of
R8 would be inaccessible to proteases, suggesting conforma-
tional protection. We chose proteases with multiple potential
consensus sites within RS, trypsin (10 sites), and papain (3 sites),
which are evenly distributed throughout the protein. The tryptic
patterns of phosphorylated and nonphosphorylated RS (Fig. 54)
show that most of the protein is susceptible to trypsin. Similar

| o .
0 05 1 2 4 8 16
Phosphorylation time (min)

Fig. 2. Effect of phosphorylation on electrophoretic mobility of R8.
R8 was phosphorylated with PKA and ATP at 30°C for time indicated and
electrophoresed on SDS/PAGE. Arrows indicate nonphosphorylated and
phosphorylated R8.
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Fig. 3. R8 stimulation of CFTR-AR/S660A Cl~ channel activity. (A) Current

from excised inside-out patch containing many channels. Bars indicate expo-
sure to ATP (1 mM) and phosphorylated R8 (1.5 uM). PKA (75 nM) was present
throughout. (B) Change in current produced by unphosphorylated (n = 4) and
phosphorylated R8 (n = 9).

results were found after papain digestion (Fig. 5B). In addition,
the tryptic pattern after an 80-min digestion was similar in
phosphorylated and nonphosphorylated R8 after correcting for
the size difference because of phosphorylation. We sequenced
proteolytic fragments from nonphosphorylated R8 and found
fragments that corresponded to most of the predicted proteolytic
sites. For example, trypsin cut at R810/811, R792, and R764/
765/766. We also sequenced three proteolytic fragments from
phosphorylated R8 that corresponded to nonphosphorylated R8
(Fig. 5). These data suggest that most of R8 was accessible to
both proteases and that phosphorylation did not induce a global
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Fig. 4. Sedimentation equilibrium ultracentrifugation of R8. Smooth lines
(Middle) are fit of data to Eq. 1. Fitted molecular weight for nonphosphory-
lated R domain is 16,640 + 680 and Ay = 0.022; that for phosphorylated R
domain is 15,250 + 470 and Ao = —0.003. Predicted molecular weight of
nonphosphorylated R8 based on amino acid composition is 15,270. Residuals
of fit are shown (Top and Bottom) for phosphorylated and nonphosphory-
lated R8, respectively.
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A. Trypsin
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Fig.5. Proteolytic patterns of R8. Equal amounts of R8 were incubated with
either trypsin or papain for indicated times. Lanes 1-5 are nonphosphorylated
and lanes 6-10 are phosphorylated R8. Arrow indicates intact R8. Sequences
of indicated proteolytic fragments are: (®) GIRKFS1; (*)RQSVLNLM; and
(O)SVNQGQNI.

conformational change in RS, but they do not eliminate the
possibility of small discrete changes undetectable by these methods.

CD was used to examine the conformation of R8. Fig. 64
shows that R8 was a random coil with little well-ordered
secondary structure. The results were the same irrespective of
whether spectra were obtained in high pH, low salt, or the buffers
used for patch clamp. The negative ellipticity at 222 nm is
consistent with a helical content of about 5% (31) with the
balance being random coil. Phosphorylated and nonphosphory-
lated R8 had similar CD spectra in the aqueous buffers (Fig. 6A4),
suggesting that phosphorylation did not induce a large structural
change in RS.

We considered the possibility that interaction of R8 with lipid
components of the plasma membrane might alter its conforma-
tion. To test this, we incorporated R8 in phospholipid micelles.
This did not alter the CD spectrum.

To test whether R8 has the potential to fold, we examined the
effect of TMAO. TMAO is a natural osmolyte that promotes
folding of proteins; many unfolded proteins have been shown to
adopt their native structure in TMAO (32). As shown in Fig. 6B,
TMADO altered the CD spectra of nonphosphorylated RS (com-
pare Fig. 6 4 and B), consistent with a small decrease in random
coil and a modest increase in helical content to about 10%. This
relatively small TMAO-induced increase in helical content was
saturated at 2.8 M as shown by the TMAO titration curve (Fig.
6C). Interestingly, the helical content of phosphorylated R8 was
only slightly increased in TMAO and was less than the change
observed for nonphosphorylated R8 in TMAO. Thus, TMAO
had only minimal effects on the secondary structure of R8; R8
retained a predominantly random coil conformation, whether
phosphorylated or not.

Discussion

The data show that R8 (residues 708-831 of CFTR) is func-
tional; it stimulated CFTR-AR/S660A channel activity. Surpris-
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Fig.6. CDspectraofR8.(A)R8(0.15mg/ml)in 10 mM KP;, pH7.3.(B)R8(0.15
mg/ml) dialyzed into 2.8 M TMAO. Other conditions were similar to those in
A. Spectra extend only to 210 nm because TMAO interferes with signal below
210 nm. (C) Equal concentrations of phosphorylated and nonphosphorylated
R8 (0.15 mg/ml) in 1 mM glycine, pH 9.0, were diluted into increasing con-
centrations of TMAO and ellipticity measured at 220 nm.

ingly, R8 is predominantly unstructured, exhibiting a CD spec-
trum characteristic of random coil, both when phosphorylated
and nonphosphorylated. Because RS, like wild-type CFTR, must
be phosphorylated before it can activate CFTR-AR/S660A,
either the phosphorylated R8 binds and stimulates CFTR while
it is a random coil, or R8 adopts a more ordered structure on
contact with the rest of CFTR. Interestingly, TMAO that
promotes folding of other unstructured proteins had only min-
imal effects on R8.

The conclusion that the functional R domain is predominantly
random coil is consistent with three other observations. First, we
evaluated R8 with three structural prediction algorithms: Chou
and Fasman (33), Profile Network Prediction of Secondary
Structure (34, 35), and JPRED (36). The programs did not agree
in the assignment of a-helix and B-sheet secondary structure.
Second, the sequence of R8 is not well conserved in CFTR from
different species (refs. 9 and 10 and unpublished work). Most
highly structured proteins show substantial sequence conserva-
tion; examples are the NBDs of CFTR. Moreover, many of the
conserved residues in such proteins have hydrophobic side
chains buried within the protein core, where they help maintain
structure (37). In contrast, the conserved sequences in R8 are the
consensus PKA phosphorylation motifs, which are expected to
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be solvent exposed where they can serve a functional rather than
a structural role. Third, although more than 850 mutations have
been reported in the CFTR gene [http://www.genet.sickkids.
on.ca (1999) Website], there are relatively few missense muta-
tions in the region encoding R8. Within exon 13, missense
mutations have been observed in 17% of the codons in residues
590-708, but in only 6% of the codons in residues 708—830. From
this region, the mutations R792G, A800G, E822K, and E826K
increase or decrease current, but have not been reported to alter
channel properties (38, 39). These observations are consistent
with the notion that an amino acid change in a region that is
predominantly random coil may be less likely to disrupt function
and thereby cause CF.

Earlier studies of larger R domain proteins had suggested that
the R domain adopts an ordered structure (30, 40). The CD
spectrum of a construct (595-831) encoding most of exon 13
suggested a structural content of 10% «-helix and 30% B-sheet
(40). A study of an even larger construct (404-830) predicted
19% a-helix and 43% p-sheet (30). Both of those constructs
include significant portions of NBD1 based on sequence com-
parisons and the crystal structure of HisP (see Introduction and
ref. 11). Therefore, it seems likely that the a-helices and B-sheets
were localized in NBD1 and the random coil was localized in the
R domain. Thus, the results of those studies may not be so
different from those reported here.

If phosphorylation does not increase R8 structure, how does
it activate the channel? Phosphorylation might induce a confor-
mational change only in discrete regions of RS, resulting in small
spectral shifts masked by the larger signal from the random coil.
Such discrete structural changes might be sufficient for a func-
tional effect. Second, phosphorylation might simply introduce
negative charge into R8. This interpretation would be consistent
with the finding that mutation of phosphorylatable serines to
aspartate activated the channel (19). Finally, phosphorylation
may not directly change the conformation of R8, but may simply
be required for an interaction of R8 with other sites within
CFTR. Perhaps the regions immediately surrounding the con-
served PKA phosphorylation sites are involved in interaction
with and stimulation of CFTR.

This study also has some limitations. First, in the Introduction,
we described the rationale for choosing the boundaries of R8. It
could be that the actual boundaries of the R domain extend
beyond residues 708—831. Importantly, however, more extensive
deletions could not be made without destroying channel func-
tion. The ability to delete residues 708-831 and yet retain
channel function, coupled with the ability of these same residues
to partially restore phosphorylation-regulated activity, suggests
that R8 represents a “functional” domain. Second, whereas our
data indicate that R8 is primarily random coil even under
conditions designed to allow folding, it is possible that R8 could
adopt a more structured conformation in the presence of the rest
of CFTR.

The advantages of unfolded proteins for signaling or regula-
tion are becoming more apparent (41, 42). Examples include the
cell-cycle kinase inhibitor p21%fl/Cipl/Sdil (43) the FlgM flagellar
protein of Salmonella typhimurium (44), and the fibronectin
receptor-binding protein (45). The fast inactivation domain of
the Shaker B K* channel acts in a structure-independent manner
(46, 47). An R domain composed predominantly of random coil
has an analogy in the kinase-inducible domain (KID) of the
cAMP-responsive element-binding protein (CREB). Several
structural parameters indicate that KID is unstructured (48-51).
Like RS, serine phosphorylation of KID does not increase
structure (48, 51). However, just as phosphorylation allows R8
to activate the Cl~ channel, phosphorylation allows KID to bind
and activate CREB-binding protein (CBP). This binding induces
a conformational change in KID that is limited to the phospho-
serine and a few neighboring amino acids (51, 52).
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Fig.7. Models of interaction of R domain with the rest of CFTR (in gray). See
text for details.

An R domain that is predominantly random coil with a few
conserved phosphorylation sites may explain some seemingly
puzzling aspects of CFTR function. Earlier studies have shown
that no single phosphorylation site is required for stimulation,
that phosphorylation of several different sites can stimulate, and
that not all phosphorylated sites have the same effect (6-8, 13,
15, 18-21). Fig. 7 shows some speculative models of how the R
domain might stimulate CFTR and emphasize the functional
advantages of an R domain with few structural constraints.

Model A shows the unphosphorylated R domain as random
coil. Without phosphorylation, it does not stimulate activity.

Model B shows a phosphorylated R domain. Although we
show three phosphoserines in the R domain, the actual number
phosphorylated in an individual CFTR molecule is not certain.
Because the R domain is unstructured, any of several different
phosphoserines could interact with the single site shown on
CFTR to stimulate channel activity. Model B could also explain
the ability of multiple different phosphoserines to stimulate,
possibly with quantitatively different effects on activity. How-
ever, this model does not explain how phosphorylation of more
than one serine would give a graded increase in activity.

Model C shows multiple phosphoserines interacting with
multiple sites in the rest of the protein. This model can account
for increasing activity with increasing phosphorylation. Model C
predicts that if there are three or four or five phosphoserines in
the R domain, there must be three or four or five interaction sites
for those phosphoserines. This model could also account for
quantitatively different effects generated by phosphorylation of
different serines.

Model D is the one we favor. This model shows multiple
phosphoserines in the R domain interacting with multiple bind-
ing sites in CFTR. Although we do not know the number of sites
with which the R domain interacts, here we show two, suggesting
the possibility of at least one interaction site at each NBD.
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However, there may be more interaction sites, as evidenced by
the observation that regions within the R domain and the N
terminus interact (53). Irrespective of the number of interaction
sites, model D could account for the apparent promiscuous
relationship between phosphorylation sites and stimulation of
activity. In such a model, a relatively unstructured R domain
would allow multiple different phosphoserines to stimulate, no
one phosphoserine would be required, different phosphoserines
could have quantitatively different effects, and the greater the
degree of phosphorylation, the greater the activity.

The finding that the R domain is predominantly random coil
is consistent with the evolving recognition that many protein
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domains and full length proteins are intrinsically unstructured
(41, 42). It is also consistent with the emerging appreciation that
unstructured proteins and domains hold certain advantages for
signaling functions.
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