
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 10972–10977, September 1998
Physiology

Syntaxin 1A inhibits CFTR chloride channels by means of
domain-specific protein–protein interactions

ANJAPARAVANDA P. NAREN*†‡, MICHAEL W. QUICK‡§, JAMES F. COLLAWN†¶, DEBORAH J. NELSONi,
AND KEVIN L. KIRK*†**
*Department of Physiology and Biophysics, ¶Department of Cell Biology, and †Gregory Fleming James Cystic Fibrosis Research Center, University of Alabama at
Birmingham, Birmingham, AL 35294-0005; §Department of Neurobiology, University of Alabama at Birmingham, Birmingham, AL 35294-0021; and iDepartment
of Neurology, University of Chicago, Chicago, IL 60637

Edited by William A. Catterall, University of Washington School of Medicine, Seattle, WA, and approved July 13, 1998 (received for review
March 9, 1998)

ABSTRACT Previously we showed that the functional
activity of the epithelial chloride channel that is encoded by
the cystic fibrosis gene (CFTR) is reciprocally modulated by
two components of the vesicle fusion machinery, syntaxin 1A
and Munc-18. Here we report that syntaxin 1A inhibits CFTR
chloride channels by means of direct and domain-specific
protein–protein interactions. Syntaxin 1A stoichiometrically
binds to the N-terminal cytoplasmic tail of CFTR, and this
binding is blocked by Munc-18. The modulation of CFTR
currents by syntaxin 1A is eliminated either by deletion of this
tail or by injecting this tail as a blocking peptide into
coexpressing Xenopus oocytes. The CFTR binding site on
syntaxin 1A maps to the third predicted helical domain (H3)
of this membrane protein. Moreover, CFTR Cl2 currents are
effectively inhibited by a minimal syntaxin 1A construct (i.e.,
the membrane-anchored H3 domain) that cannot fully sub-
stitute for wild-type syntaxin 1A in membrane fusion reac-
tions. We also show that syntaxin 1A binds to and inhibits the
activities of disease-associated mutants of CFTR, and that the
chloride current activity of recombinant DF508 CFTR (i.e., the
most common cystic fibrosis mutant) can be potentiated by
disrupting its interaction with syntaxin 1A in cultured epi-
thelial cells. Our results provide evidence for a direct physical
interaction between CFTR and syntaxin 1A that limits the
functional activities of normal and disease-associated forms of
this chloride channel.

The cystic fibrosis transmembrane conductance regulator
(CFTR) is an epithelial chloride channel that is defective or
lacking in patients with cystic fibrosis (1, 2). This polytopic
membrane protein is composed of five major cytoplasmic
domains (3): the N- and C-terminal tails, two nucleotide-
binding domains (NBDs), and a regulatory domain (R do-
main) with multiple consensus sites for phosphorylation by
protein kinase A (PKA) and protein kinase C. Channel
activation requires both phosphorylation of the R domain
(principally by PKA) and ATP binding and hydrolysis by the
NBDs (4, 5). The extent to which CFTR Cl2 channels are
regulated by other mechanisms (e.g., protein–protein interac-
tions) is largely unknown.

Recently we showed that CFTR-mediated chloride currents
are inhibited by syntaxin 1A (6), a member of the syntaxin
family of membrane fusion regulators (7, 8) that is expressed
highly in neurons and to a lesser extent in intestinal epithelial
cells (6). Syntaxin 1A regulates CFTR currents both in Xeno-
pus oocytes that heterologously express these molecules and in
epithelial cells that normally produce CFTR and syntaxin 1A

(6). This functional interaction is syntaxin 1A-specific, requires
the C-terminal membrane anchor of syntaxin 1A, and can be
blocked by Munc-18, a soluble syntaxin-binding protein (9, 10).
At the neuronal synapse syntaxin 1A is a component of a large
molecular complex that controls the docking andyor fusion of
synaptic vesicles with the presynaptic plasma membrane (11,
12). Interestingly, the N-type calcium channel is among the
multiple syntaxin 1A-binding proteins within this synaptic
protein complex (13–15), and several groups have reported
that syntaxin 1A negatively modulates the gating of these
channels (16–18). These latter observations, coupled with our
own studies of the CFTR–syntaxin 1A interaction in gut
epithelial cells, indicate that this syntaxin isoform may have the
capacity to regulate ion channel function in several tissues.

In the present study we test the hypothesis that syntaxin 1A
regulates CFTR currents by means of direct protein–protein
interactions. This hypothesis is based on the results of indirect
binding experiments which indicated that CFTR and syntaxin
1A can be coimmunoprecipitated from epithelial cells, and
that CFTR can be ‘‘pulled down’’ from cell lysates by immo-
bilized recombinant syntaxin 1A (but not by other syntaxin
isoforms; ref. 6). We report here that syntaxin 1A directly and
stoichiometrically binds to CFTR. We have mapped the in-
teracting domains on each molecule and provide evidence that
the binding of syntaxin 1A to CFTR is essential for the
regulation of CFTR currents by this molecule. We have also
extended our analysis of the syntaxin–CFTR interaction to
include several disease-associated mutants of CFTR, and we
show that the functional activity of the most common mutant
(DF508) can be potentiated by disrupting this interaction in an
epithelial cell line. Our results indicate that syntaxin 1A
directly binds to CFTR and modulates the Cl2 currents
mediated by wild-type and disease-associated forms of this
chloride channel.

MATERIALS AND METHODS

Materials and Constructs. Bacterial expression vectors
were obtained from Pharmacia (pGEX). The syntaxin 1-spe-
cific polyclonal antibody was generated by immunizing a rabbit
with glutathione S-transferase (GST)-syn1ADC (syn1ADC re-
fers to deletion of the C-terminal membrane anchor of syn-
taxin 1A) and was affinity purified by using immobilized
syntaxin 1ADC cleaved free of GST (6). This antibody was
specific for syntaxin 1A in that it did not cross-react with
syntaxins 2, 3, or 4 (6). The CFTR C-terminal antibody was
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obtained from Genzyme (catalog no. 2503-01). Munc-18 was
purified as a GST fusion protein, and the GST was then
removed by thrombin cleavage (6). CFTR-NBDs were purified
as described earlier (19). Munc-18 monoclonal antibody was
obtained from Transduction Laboratories (Lexington, KY).
All other materials were reagent grade and purchased from
common vendors.

The N-terminal deletion mutant of human CFTR (D2–79
CFTR) was generated as follows: The full-length CFTR cDNA
in pGT1 was digested with XmaI and XbaI and the resulting
fragment (containing nucleotides 1–279 of the coding region)
was subcloned into pSK-Bluescript (Stratagene). The region
corresponding to amino acids 2–79 was deleted from this
fragment by oligonucleotide-directed mutagenesis. The result-
ing fragment was then ligated back into pGT1-CFTR that had
been cut with XmaI and XbaI. For expression studies in COS-7
cells and oocytes, the D2–79 CFTR construct was subcloned
into pCDNA3 (Invitrogen).

Transfection of COS-7 Cells. COS-7 cells grown in 6-well
plates to about 70% confluence were washed with Opti-MEM
(GIBCOyBRL) and infected with vaccinia virus at a multi-
plicity of infection of 5. After 40 min, 5 mg of pTM1 plasmid
(4) or pCDNA3 plasmid expressing wild-type or mutant CFTR
was mixed with 20 mg of lipid—N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium chlorideydioleoyl phosphati-
dylethanolamine (DOTAPyDOPE) at 1:1 wtywt ratio—in
Opti-MEM (200 ml) for 20 min, diluted to 1 ml in tissue culture
medium, and then added to the cells. After 24 hr the medium
was removed and the cells were lysed as described below.

Binding Assays. The cDNAs encoding the various syntaxin
1A and CFTR cytosolic domains were amplified by polymerase
chain reaction and subcloned into an appropriate pGEX
bacterial expression vector. These domains were expressed as
GST fusion proteins in Escherichia coli, purified on glutathi-
one-agarose, eluted in 20 mM glutathione, and dialyzed ex-
tensively against PBS. For pairwise binding assays, syntaxin 1A
cytosolic domain (syntaxin 1ADC) was cleaved from GST with
thrombin, dialyzed in binding buffer (0.2% Triton X-100 in
PBS), and mixed with the appropriate GST-CFTR fusion
protein in this buffer for 3 hr at 4°C. The GST fusion protein
was then precipitated with excess glutathione-agarose, washed
extensively in binding buffer, and analyzed for syntaxin 1ADC
binding by immunoblotting using a syntaxin 1-specific poly-
clonal antibody (6).

CFTR pull-down assays were performed as described pre-
viously (6). Briefly, soluble eluted GST-syn1ADC was added to
a Triton X-100 lysate (1% Triton X-100 in PBS plus 1 mM
phenylmethanesulfonyl f luoride and 1 mgyml each of leupep-
tin, pepstatin, and aprotinin) of HT29-CL19A colonic epithe-
lial cells expressing native CFTR or of COS-7 cells transiently
expressing recombinant CFTR. After diluting the samples in
PBS to bring the final Triton concentration to 0.2%, the
samples were mixed for 3–12 hr at 4°C. The bound proteins
were then precipitated with excess glutathione-agarose,
washed extensively, and analyzed for CFTR by immunoblot-
ting using a monoclonal antibody to the C terminus (Gen-
zyme). Duplicate lysate samples were assayed for CFTR
protein amount by immunoprecipitation followed by immu-
noblotting using the same CFTR antibody. The efficiency of
CFTR immunoprecipitation was greater than 90% for all
CFTR constructs examined. The amount of CFTR was quan-
titated by densitometry and analyzed by using IP lab software
(Signal Analytics, Vienna, VA).

Electrophysiology. Oocyte preparation, injection, and two-
electrode voltage-clamp methods are described in detail else-
where (6, 20). Using the message machine kit (Ambion), we
transcribed complementary RNA (cRNA) in vitro from lin-
earized templates. Unless otherwise noted, final injected
cRNA amounts were wild-type CFTR, 1 ng; DF508 and D2–79
CFTR, 25 ng; syntaxin 1A, syntaxin 3, H3-TMD, and Munc-18,

5 ng. Oocytes were assayed 48–72 hr after cRNA injection.
Peptides and botulinum neurotoxin C1 were injected in 25-nl
volumes 30 min prior to assay. Final concentrations were
estimated assuming an oocyte volume of 1 ml. Oocytes were
voltage clamped at 250 mV and CFTR chloride currents were
activated by using 20 mM forskolin, 100 mM dibutryl-cAMP,
and 100 mM 3-isobutyl-1-methylxanthine (IBMX) (Figs. 1E, 3,
and 4) or 20 mM forskolin, 200 mM dibutryl-cAMP, and 5 mM
IBMX (Figs. 2B and 5C). All currents mediated by wild-type
CFTR or the CFTR mutants were cAMP dependent, exhibited
an approximately linear current–voltage relation, and were
inhibitable by the chloride channel blocker diphenylamine
carboxylate (data not shown).

Whole-cell patch-clamp studies of LLC-PK1 cells stably
transfected with DF508 CFTR (21) were performed as de-
scribed (6, 22), except that 5 mM MgATP was used in the
pipette solution. Cell capacitance was measured by integrating
the current during a 10-mV voltage step and subtracting a
baseline established '15 ms after the step. Currents were
activated with 500 mM 8-(4-chlorophenylthio)-cAMP (cpt-
cAMP) in the pipette. Both the untransfected cells and DF508
CFTR-transfected LLC-PK1 cells were grown in the presence
of 30 mM ZnCl2 for 18 hr prior to patch-clamping to induce
recombinant protein expression under the control of the
metallothionein promoter (21).

RESULTS

To test for a direct physical interaction between CFTR and
syntaxin 1A, we expressed four of the major cytosolic domains
of CFTR as GST fusion proteins in E. coli [i.e., the N- and
C-terminal tails and the two NBDs (Fig. 1A)]. These fusion
proteins were purified and tested for binding to purified
recombinant cytosolic domain of syntaxin 1A (syntaxin 1ADC,
where C refers to deletion of the C-terminal membrane
anchor). In these pairwise binding experiments we observed
saturable and stoichiometric binding of the N-terminal tail of
CFTR (GST-N-CFTR) to syntaxin 1A with an EC50 in the
submicromolar range ('400 nM; Fig. 1 B and C). The binding
of syntaxin 1A to GST-N-CFTR was blocked by Munc-18a
(Fig. 1D), as we observed previously for the interaction of
syntaxin 1A with full-length CFTR (6). Neither of the NBDs
(not shown) nor the C-terminal tail of CFTR (GST-C-CFTR)
bound to syntaxin 1A (Fig. 1B); in addition, GST-N-CFTR did
not bind to a syntaxin isoform that fails to inhibit CFTR
currents in oocytes (i.e., syntaxin 3; ref. 6 and data not shown).
The binding of syntaxin 1A to N-CFTR (but not to C-CFTR)
could also be detected by using less direct binding assays such
as yeast two-hybrid analysis and pull-down assays in which an
N-CFTR transferrin receptor chimera was precipitated by
immobilized syntaxin 1A (data not shown).

We tested the functional relevance of the binding of syntaxin
1A to the N-terminal tail of CFTR in two ways: (i) by
performing peptide blocking experiments in Xenopus oocytes
(Fig. 1E) and (ii) by examining a CFTR deletion mutant that
lacks the N-terminal tail (Fig. 2). In the peptide blocking
experiments we exploited the fact that CFTR can be acutely
rescued from inhibition by membrane-anchored syntaxin 1A
by microinjecting soluble GST-syntaxin fusion proteins into
coexpressing oocytes within 30 min of current recording. Fig.
1E shows that microinjection of GST-N-CFTR acutely blocked
the inhibition of CFTR currents by syntaxin 1A in a dose-
dependent manner (IC50 of '300 nM), whereas the C-CFTR
and NBD fusion proteins had no effect. GST-N-CFTR peptide
had no effect on CFTR currents in the absence of coexpressed
syntaxin 1A, which confirms that this peptide stimulates CFTR
currents by disrupting the syntaxin–CFTR interaction.

Fig. 2 shows that deletion of the N-terminal tail from CFTR
greatly inhibited the physical and functional interactions be-
tween CFTR and syntaxin 1A. Like many CFTR mutants, the
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N-terminal deletion construct (D2–79 CFTR) is an endoplas-
mic reticulum (ER) processing mutant that inefficiently ma-
tures from the ER form (band B) to the fully processed form
(band C) when expressed in mammalian cells (e.g., COS cells;
Fig. 2A.) Even so, this deletion mutant generated cAMP-
dependent chloride currents when expressed in Xenopus oo-
cytes [like other CFTR processing mutants such as DF508
CFTR (Figs. 2B and 5; ref. 23)]. However, the currents
mediated by D2–79 CFTR were insensitive to inhibition by
syntaxin 1A, unlike those mediated by wild-type CFTR and
DF508 CFTR (see also Fig. 5C). Consistent with our inability
to detect a functional interaction between the N-terminal
deletion mutant and syntaxin 1A, we observed that the binding
of this mutant at a relatively high concentration of GST-
syn1ADC (1 mM) was inhibited by greater than 95% as
compared with the binding of the band B forms of either
wild-type CFTR or the DF508 CFTR processing mutant. In
contrast, a CFTR deletion mutant that lacked the C-terminal
tail exhibited wild-type levels of syntaxin 1A binding, and its
Cl2 current activity was inhibited by syntaxin 1A to the same
degree as wild-type CFTR (results not shown). Collectively,
our binding results and functional data indicate that syntaxin
1A binds directly and stoichiometrically to the N-terminal tail
of CFTR (Fig. 1), and that this domain of CFTR is important

for the negative regulation of CFTR currents by syntaxin 1A
(Figs. 1E and 2).

Using a similar strategy, we identified a minimal cytoplasmic
domain of syntaxin 1A that is both necessary and sufficient for
CFTR binding (Fig. 3). Four major domains constitute syn-
taxin 1A (7): three putative helical domains (H1–H3) and a
C-terminal membrane anchor (Fig. 3A). The H3 domain is
necessary but not sufficient for syntaxin 1A to participate fully
in the membrane fusion reaction cycle [i.e., SNARE complex
assembly and disassembly (24, 25)]. Deletion of the H3 domain
eliminated the binding of both CFTR (Fig. 3A) and Munc-18a
(Fig. 3A and ref. 25) to syntaxin 1A. Interestingly, the H3
domain itself (GST-syn1AH3) exhibited saturable binding to
CFTR (Figs. 3 A and B), although the apparent affinity of this
interaction (EC50 of 1 mM) was somewhat lower than that for
intact cytoplasmic syntaxin 1A (EC50 of 0.3 mM; ref. 6). In
contrast, Munc-18 was unable to bind to the isolated H3
domain (Fig. 3A and ref. 25). Microinjection of GST-syn1AH3
into oocytes that were coexpressing CFTR and full-length
syntaxin 1A blocked the inhibition of CFTR currents by
membrane-anchored syntaxin 1A, as we observed for GST-N-
CFTR (Fig. 1E) and for intact cytoplasmic syntaxin 1A (Fig.
3C and ref. 6). The syntaxin 1A fusion protein that lacked the
H3 domain (GST-syn1ADH3) was unable to block the inhibi-
tion of CFTR currents by membrane-anchored syntaxin 1A
(Fig. 3C), as expected on the basis of our binding data. Neither

FIG. 1. Syntaxin 1A directly binds to the N-terminal cytoplasmic
tail of CFTR. (A) Schematic view of the major CFTR domains and the
locations of the GST fusion proteins used in this study. TM, trans-
membrane. (B) Binding of syntaxin 1A cytosolic domain (0.35 nmol)
to increasing concentrations of GST-N-CFTR (Inset and h) in a 0.2-ml
reaction volume. No syntaxin 1A binding to GST-C-CFTR was
observed (■). Results are representative of four different experiments.
(C) syn1ADC binds to GST-N-CFTR with an approximately 1:1
stoichiometry. syn1ADC (350 pmol) was mixed with 0.3 pmol of
GST-N-CFTR, and the amount of syn1ADC that bound was estimated
by immunoblotting using known amounts of syn1ADC as standards.
(D) Munc-18a blocks the binding of GST-N-CFTR to syn1ADC.
GST-N-CFTR at the indicated concentrations was mixed with 0.1 mg
of syn1ADC in the absence or presence of 0.2 mg of Munc-18a in a
0.2-ml reaction volume. (E) GST-N-CFTR peptide blocks the inhibi-
tion of CFTR currents by membrane-anchored syntaxin 1A. Oocytes
(10–12 oocytes per condition) that were expressing CFTR with or
without full-length syntaxin 1A were microinjected with the indicated
GST-CFTR fusion proteins (units: mM) 30 min prior to current
recording (see text and ref. 6 for details). Error bars represent SEMs.
The dose dependence of the block of the CFTR–syntaxin 1A inter-
action by GST-N-CFTR is shown in the Inset (five oocytes per
concentration).

FIG. 2. The N-terminal tail of CFTR is required for the regulation
of chloride currents by syntaxin 1A. (A) CFTR deletion mutant that
lacks the N-terminal tail (D2–79) exhibits poor binding to syntaxin 1A.
The indicated CFTR constructs were expressed in COS-7 cells and
assayed for binding to GST-syn1ADC at a nearly saturating concen-
tration for the binding of wild-type band C (1 mM; ref. 6). Equal
volumes of lysates were assayed for CFTR protein amount by immu-
noprecipitation (IP) using a monoclonal antibody to the C terminus
(Genzyme). (B) D2–79 CFTR Cl2 currents are insensitive to the
coexpression of membrane-anchored syntaxin 1A in oocytes (13–18
oocytes per condition). Currents are normalized to those measured in
the absence of syntaxin 1A. Absolute cAMP-stimulated currents in the
absence of syntaxin 1A were 875 6 67 nA and 180 6 23 nA for
wild-type CFTR and D2–79 CFTR, respectively (see Materials and
Methods for technical details). Note that the D2–79 CFTR currents
were similar in absolute magnitude to the DF508 currents shown in Fig.
5C, which were inhibited by syntaxin 1A. A subset of oocytes were
injected with 0.8 mM GST-N-CFTR 30 min before current recording.
Error bars represent SEM.
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GST-syn1AH3 nor GST-syn1ADH3 affected CFTR currents in
the absence of membrane-anchored syntaxin 1A (not shown).
In addition, the blocking effects of GST-syn1AH3 and of
GST-N-CFTR on the CFTR–syntaxin interaction could be
canceled by mixing these proteins at equimolar ratios prior to
microinjection (Fig. 3D). The effects of these peptides could
not be cancelled either by mixing GST-syn1AH3 with GST-
C-CFTR or by mixing the GST-N-CFTR peptide with the
syntaxin 1 fusion protein lacking the H3 domain (GST-
syn1ADH3; not shown). These latter results verify the speci-
ficity of the syn1AH3 and N-CFTR fusion proteins in disrupt-
ing the CFTR–syntaxin interaction in oocytes, and they sup-
port our biochemical evidence for a 1:1 stoichiometric
interaction between these protein domains (Fig. 1).

Given that the isolated H3 domain of syntaxin 1A is capable
of binding CFTR, we examined the possibility that CFTR
currents could be inhibited by a minimal syntaxin construct
that is composed solely of the membrane-anchored H3 domain
(syn1AH3-TMD). Fig. 4A shows that, like wild-type syntaxin
1A, expression of this minimal construct from cRNA effec-
tively inhibited CFTR currents in a dose-dependent manner.
As a control for specificity we also coinjected CFTR cRNA
with the cRNA encoding the corresponding region of syntaxin
3 (syn3 H3-TMD). This latter construct had negligible effects
on CFTR current activity. The inhibition of CFTR currents by
the membrane-anchored H3 domain of syntaxin 1A could be
acutely reversed by microinjecting either botulinum neuro-
toxin C1 (i.e., a protease that cleaves syntaxin from the
membrane; ref. 12) or the GST-syn1AH3 and GST-N-CFTR
fusion proteins (Fig. 4B), just as we observed for full-length

syntaxin 1A (6). However, CFTR currents could not be
rescued from this inhibition by Munc-18a, which completely
blocks the inhibition of CFTR currents by full-length syntaxin
1A when coexpressed with these molecules in oocytes (Fig. 4C
and ref. 6). The results of our experiments with membrane-
anchored H3 domain indicate that (i) this minimal syntaxin 1A
construct can effectively regulate CFTR currents, even though
it cannot replace wild-type syntaxin 1A in the membrane
fusion reaction cycle (25), and (ii) the regulation of CFTR by
this construct is Munc-18 independent, which is consistent with
the biochemical evidence that the N-terminal region of syn-
taxin 1A is required for Munc-18 binding (Fig. 3A and ref. 25).

We next determined whether syntaxin 1A binds to and
inhibits the activities of disease-associated mutants of CFTR,
many of which are partial-loss-of-function mutants whose
residual activity may be limited by this interaction. Those
CFTR mutants that produce full-length translation products
can be classified into three categories (2): (i) ER processing
mutants that inefficiently traffic to the Golgi apparatus (e.g.,
the most common allele, DF508); (ii) regulation mutants that
mature normally but are refractory to activation by ATP (e.g.,
G551D); and (iii) conduction mutants that also mature nor-
mally but exhibit reduced single-channel conductances (e.g.,
R117H). We observed that CFTR mutants from each of these
classes are capable of binding syntaxin 1A, as determined in
pull-down assays performed on lysates prepared from trans-

FIG. 3. The H3 domain of syntaxin 1A is necessary and sufficient
for binding CFTR. (A) Schematic view of the major domains of
syntaxin 1A and locations of GST fusion proteins used in this study.
Right shows binding to these fusion proteins (50 mg each) of native
CFTR or native Munc-18 in pull-down assays performed on lysates of
HT29-CL19A colonic epithelial cells. (B) Dose-dependent binding of
CFTR to isolated H3 domain (GST-syn1AH3) in pull-down assay
performed on COS 7 cell lysates expressing recombinant wild-type
CFTR. (C) Block of the CFTR–syntaxin 1A interaction in oocytes
(8–14 oocytes per condition) by GST-syn1AH3 (units: mM). (D) The
blocking effects of the GST-syn1AH3 and GST-N-CFTR peptides on
the CFTR–syntaxin 1A interaction in oocytes (6 oocytes per data
point) are canceled by premixing these fusion proteins at equimolar
ratios (total fusion protein concentration: 2 mM).

FIG. 4. CFTR currents are inhibited by the membrane-anchored
H3 domain of syntaxin 1A. (A) The syntaxin 1A H3-TMD construct
inhibits CFTR currents in oocytes (5–9 oocytes per data point) as
effectively as does full-length syntaxin 1A (CFTR cRNA: 1 ng
throughout). (B) The inhibition of CFTR currents by the syntaxin 1A
H3-TMD construct in oocytes (6–12 oocytes per condition) is acutely
blocked by microinjecting botulinum neurotoxin C1, GST-syn1AH3,
or GST-N-CFTR into coexpressing oocytes 30 min before current
recording (units: mM). (C) The inhibition of CFTR by the syntaxin 1A
H3-TMD construct in oocytes (6 oocytes per condition) cannot be
reversed by coexpression with Munc-18a (amounts of the injected
cRNAs (ng) are shown as indicated).
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fected COS cells (Fig. 5A and results not shown). Interestingly,
however, the ER glycosylated forms (band B) of the processing
mutants consistently exhibited less efficient binding at sub-
saturating concentrations of syntaxin 1A (0.13 and 0.27 mM)
than the ER forms of wild-type CFTR and the nonprocessing
mutants (Fig. 5 A and B and legend). This decrease in the
efficiency of binding is probably because of altered protein
conformation or because of protein–protein interactions
within the ER that hinder binding to exogenous syntaxin 1A,
rather than because of the mutations per se. In this regard, we
could recover wild-type levels of binding for both the band B
and band C forms of DF508 CFTR by promoting maturation
of this temperature-sensitive mutant by growing the COS
fibroblasts at reduced temperature (Fig. 5B and ref. 26).

Because the most common disease-associated mutant of
CFTR (DF508) is capable of binding syntaxin 1A, we asked
whether the functional activity of this mutant is limited by its
interaction with syntaxin 1A. This is an important question,
given the great interest in devising strategies to improve the
functional activity of this CFTR mutant. Fig. 5C shows that
syntaxin 1A inhibited the chloride current activity of DF508
CFTR in oocytes. This inhibition was blocked by GST-N-
CFTR and GST-syn1ADC fusion proteins and by botulinum
neurotoxin C1, as we observed for wild-type CFTR (6). We
next determined whether the functional activity of DF508
CFTR in epithelial cells could be enhanced by disrupting its
interaction with endogenous syntaxin 1A. For this purpose we

introduced syntaxin fusion proteins that block the syntaxin–
CFTR interaction through a whole-cell patch pipette into
LLC-PK1 epithelial cells transfected with recombinant DF508
CFTR and monitored the effects of these peptides on whole-
cell chloride currents mediated by the DF508 mutant (Fig. 5D).
LLC-PK1 cells express native syntaxin 1A at approximately the
same level as colonic epithelial cell lines such as T84, as
determined by immunoblotting (results not shown). The ex-
pression of recombinant DF508 CFTR in these cells is under
the control of a zinc-inducible promoter: i.e., after zinc induc-
tion these cells produce enough mature DF508 CFTR protein
to generate small cAMP-activated currents (ref. 21; we chose
this approach to generate mature DF508 protein because it is
more effective than growing epithelial cells at reduced tem-
perature; unpublished observations). Fig. 5D shows that in-
clusion of GST-syn1ADC or GST-syn1AH3 in the patch pi-
pette acutely and markedly potentiated the macroscopic cur-
rents carried by DF508 CFTR, as we had observed previously
for native CFTR in colonic epithelial cells (6). These fusion
proteins had no effect on whole cell currents in untransfected
LLC-PK1 cells that express no DF508 CFTR, nor were the
DF508 CFTR currents affected by the syntaxin 1A fusion
protein that lacks the H3 domain [GST-syn1ADH3, which is
unable to block the CFTR–syntaxin interaction in oocytes (Fig.
3)]. Thus, the functional activity of the DF508 mutant can be
potentiated by reagents that disrupt its interaction with native
syntaxin 1A in cultured epithelial cells.

DISCUSSION

We have provided evidence for a direct interaction between
syntaxin 1A and CFTR that limits the functional activities of
both normal and disease-associated forms of CFTR. Syntaxin
1A binds directly and stoichiometrically to the N-terminal
cytoplasmic tail of CFTR. The interaction between syntaxin
1A and this region of CFTR is blocked by Munc-18, which itself
binds to syntaxin 1A and prevents the physical and functional
interactions between CFTR and syntaxin 1A (6). Our func-
tional data indicate that the binding of membrane-anchored
syntaxin 1A to the N-terminal tail of CFTR is essential for the
inhibition of CFTR currents by this molecule. However, our
results do not exclude additional interactions between syntaxin
1A and other CFTR domains that may modulate this mode of
CFTR regulation. Conceivably, syntaxin 1A regulates CFTR
activity by influencing interactions between the N-terminal tail
and domains that are involved in channel activation and gating
(i.e., the NBDs and regulatory domain; refs. 4 and 5). It is also
possible that syntaxin 1A modulates the numbers of CFTR
molecules at the cell surface, although our results indicate that
such an effect would be mediated by the physical interaction
between these proteins rather than by a generic effect of
syntaxin 1A on membrane traffic. These different modes of
CFTR channel regulation are not mutually exclusive. Clarify-
ing the mechanistic details of the syntaxin 1A–CFTR interac-
tion will require detailed studies of the single channel prop-
erties and surface expression of CFTR in the presence and
absence of membrane-anchored syntaxin 1A.

Our results also indicate that CFTR binds to the H3 domain
of syntaxin 1A and that this domain is important for the
syntaxin-dependent regulation of CFTR currents. Since the
H3 domain is essential for the participation of syntaxin 1A in
membrane fusion reactions (25), the binding of CFTR to this
domain raises the possibility that the CFTR–syntaxin 1A
interaction could influence the functional properties of syn-
taxin as well [i.e., the functional interaction may be bidirec-
tional, as argued for the interaction between syntaxin 1A and
calcium channels in brain (16–18, 27)]. For example, the CFTR
chloride channel may mask this domain and thereby regulate
the availability of syntaxin 1A for participating in membrane
fusion reactions in certain cell types and intracellular com-

FIG. 5. Syntaxin 1A binds to and limits the functional activities of
disease-associated CFTR mutants. (A) Binding of CFTR constructs
expressed in COS-7 cells at subsaturating concentrations of GST-
syn1ADC. Equal volumes of lysates were assayed for CFTR protein
amount by immunoprecipitation (IP). The efficiency of binding of
band B (i.e., binding normalized to the IP signal) at 0.13 mM syn1ADC
was 38.4%, 36.1%, and 5.7% for wild-type CFTR, G551D CFTR, and
DF508 CFTR, respectively. (B) DF508 CFTR binds efficiently to
GST-syn1ADC when this mutant is processed at reduced temperature
(see text for details). (C) DF508 CFTR is reversibly inhibited by
coexpression with full-length syntaxin 1A in oocytes (8–14 oocytes per
condition). Absolute cAMP-stimulated DF508 CFTR currents in the
absence of syntaxin 1A were 230 6 17 nA. (D) DF508 CFTR currents
in LLC-PK1 epithelial cells are potentiated by fusion proteins that
block the CFTR–syntaxin 1A interaction. Shown are peak cAMP-
activated Cl2 currents 5–10 min after seal formation in the absence or
presence of the indicated fusion protein in the patch pipette. Holding
potential was 1110 mV. GST-syn1A, cytosolic domain of syntaxin 1A
(0.35 mM); GST-syn1ADH3, truncated cytosolic domain lacking the
H3 domain (0.35 mM); H3 domain, GST-syn1AH3 fusion protein (0.6
mM). cAMP-dependent currents were also potentiated by GST-syn1A
in LLC-PK1 cells transfected with wild-type CFTR (results not shown).
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partments. This could explain in part the emerging evidence
that CFTR can fine tune membrane traffic in epithelial cells
(28–30).

We have also shown that syntaxin 1A physically and func-
tionally interacts with disease-associated mutants of CFTR
including the most common mutant, DF508 CFTR. Interest-
ingly, we consistently observed that the ER forms of the
processing mutants (e.g., DF508) bound to syntaxin 1A with
somewhat lower efficiency than did the ER forms of wild-type
CFTR or nonprocessing mutants. The physiological signifi-
cance of this observation is unclear, since the acute regulation
of CFTR currents in oocytes and epithelial cells by syntaxin 1A
indicates that the functional interaction between these mole-
cules occurs at least in part beyond the biosynthetic pathway
(as is consistent with the primarily apical location of syntaxin
1A in colonic epithelial cells; data not shown). The apparently
reduced affinity for syntaxin 1A that was exhibited by the ER
processing mutants most likely reflects altered protein con-
formation or stable interactions with ER resident proteins
(e.g., chaperones such as calnexin or Hsp70; refs. 31 and 32)
that hinder in vitro binding to exogenous syntaxin 1A. The
more physiologically significant finding was that the functional
activity of DF508 CFTR is limited by its interaction with
syntaxin 1A when this mutant is allowed to escape the ER and
proceed to the cell surface. Moreover, DF508 currents in
oocytes and cultured epithelial cells can be acutely and mark-
edly potentiated by fusion proteins that block the syntaxin–
CFTR interaction. Whether or not syntaxin 1A also limits the
function of wild-type and mutant forms of CFTR in vivo
remains to be determined. If so, maneuvers that relieve CFTR
from syntaxin 1A inhibition may be therapeutically beneficial
for those many cystic fibrosis patients with partial-loss-of-
function mutants that traffic normally to the cell surface or, in
the case of patients with ER processing mutants, when used in
combination with methods to release these mutant proteins
from the ER.
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