
Syntaxin-1A Interacts with Distinct Domains within
Nucleotide-binding Folds of Sulfonylurea Receptor 1 to
Inhibit �-Cell ATP-sensitive Potassium Channels*□S

Received for publication, January 1, 2011, and in revised form, April 23, 2011 Published, JBC Papers in Press, May 3, 2011, DOI 10.1074/jbc.M111.217950

Nathan Chang‡1, Tao Liang‡1, Xianguang Lin‡1, Youhou Kang‡, Huanli Xie‡, Zhong-Ping Feng‡2,
and Herbert Y. Gaisano‡§¶3

From the Departments of ‡Physiology and §Medicine, University of Toronto and the ¶University Health Network,
Toronto, Ontario M5S 1A8, Canada

The ATP-sensitive potassium (KATP) channel regulates pan-
creatic �-cell function by linking metabolic status to electrical
activity. Syntaxin-1A (Syn-1A), a SNARE protein mediating
exocytotic fusion, binds and inhibits the KATP channel via the
nucleotide-binding folds (NBFs) of its sulfonylurea receptor-1
(SUR1) regulatory subunit. In this study, we elucidated the pre-
cise regions within the NBFs required for Syn-1A-mediated
KATP inhibition, using in vitro binding assays, whole cell patch
clamp and FRET assay. Specifically, NBF1 and NBF2 were each
divided into three subregions, Walker A (WA), signature
sequence linker, and Walker B (WB), to make GST fusion pro-
teins. In vitro binding assays revealed that Syn-1A associates
withWA andWB regions of both NBFs. Patch clamp recordings
on INS-1 and primary rat �-cells showed that Syn-1A-mediated
channel inhibition was reversed by co-addition of NBF1-WB
(not NBF1-WA), NBF2-WA, and NBF2-WB. The findings were
corroborated by FRET studies showing that these truncates dis-
rupted Syn-1A interactions with full-length SUR1. To further
identify the binding sites, series single-site mutations were
made in the Walker motifs of the NBFs. Only NBF1-WA
(K719M) or NBF2-WA (K1385M) mutant no longer bound to
Syn-1A; K1385M failed to disrupt Syn-1A-mediated inhibition
of KATP channels. These data suggest that NBF1-WA (Lys-719)
and NBF2-WA (Lys-1385) are critical for Syn-1A-KATP channel
interaction. Taken together, Syn-1A intimately and functionally
associates with the SUR1-NBF1/2 dimer via direct interactions
with WA motifs and sites adjacent to WB motifs of NBF1 and
NBF2 but transduces its inhibitory actions on KATP channel
activity via some but not all of these NBF domains.

The ATP-sensitive potassium (KATP)4 channel is a key regu-
lator of the pancreatic �-cell, effectively linking metabolic sta-

tus to electrical activity (1). Under restingmetabolic conditions,
the KATP channel is primarily responsible for maintaining the
resting membrane potential. Upon an increase in cytosolic
ATP, as a result of increased glucose uptake and metabolism,
the KATP channel closes, causing the membrane to depolarize.
This consequently activates voltage-gated Ca2� channels and
ultimately triggers insulin exocytosis (2). The KATP channel is
an octameric complex composed of four repeats of two distinct
subunits: the central pore-forming Kir6.2 and the regulatory
SUR1 (3, 4). As the main regulatory subunit, SUR1 is the target
site for various important pharmaceuticals such as sulfony-
lureas and K� channel openers (5–8). Structurally, it is a three-
transmembrane domain protein with two major cytosolic
domains located between the second and third transmembrane
domains and at the C terminus, collectively named the nucle-
otide-binding folds (NBFs) (9). Each NBF (see Fig. 1A) contains
three characteristic motifs: Walker A (WA), linker or signature
sequence, and Walker B (WB). It is primarily through these
motifs that theNBFs are able to coordinatemolecules of ATP, a
process essential to proper nucleotide regulation of the channel
(9–11).
It has been well studied that the SNARE proteins form a

complex necessary for driving the fusion of plasma and vesicle
membranes during exocytosis (for reviews, see Refs. 12–14). In
the context of the pancreatic islet �-cell and insulin exocytosis,
we have previously shown that Syntaxin-1A (Syn-1A), a core
member of this SNARE complex, appears to play multiple roles
during this secretory process, effectively regulating various
channels involved in both the triggering and cessation of mem-
brane fusion (15). To date, Syn-1A has been demonstrated to
regulate �-cell voltage-gated K� channels (16, 17), voltage-
gated Ca2� channels (18), and more recently KATP channels
(19, 20). Syn-1A perhaps possesses a conserved binding pocket
in all of these molecules; or alternatively, Syn-1A could be a
structurally flexible molecule capable of assuming many con-
formations that render specificity to respective ion channels in
the local neighborhood (microdomain) of the plasma mem-
brane. Syn-1A is indeed distributed along the entire plasma
membrane of neurons and neuroendocrine cells (including
�-cells) to be involved in not only the exocytotic apparatus per
se (i.e. synapse) but also ion channels (K�) located more dis-
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tantly from exocytotic sites (15). For �-cell KATP channels, we
had shown that Syn-1A binds SUR1 at both NBF1 and NBF2
andnot theKir6.2 subunit (19, 20). Furthermore, it appears that
at least some Syn-1A is endogenously bound to the �-cell KATP
channels, because botulinum neurotoxin C1 proteolytic cleav-
age of endogenous Syn-1A increased KATP channel activity (19,
21). Moreover, physiologic changes in cytosolic ATP concen-
trations in �-cells could profoundly modulate Syn-1A interac-
tions with KATP channels presumably acting on Walker motifs
(21). These NBFs are large with complex functional domains;
thus this work was directed at examining what putative
domains within SUR1-NBF1 and -NBF2 bind Syn-1A to trans-
duce Syn-1A inhibitory actions on insulin-secreting �-cell
KATP channels.

MATERIALS AND METHODS

Cell Culture—The INS-1 (832/13) cell line was a gift fromDr.
Christopher Newgard (Duke University Medical Centre, Dur-
ham, NC). The cells were grown at 37 °C in 5% CO2 in RPMI
1640 medium (Invitrogen, Carlsbad, CA) supplemented with 2
mM L-glutamine, 10mMHEPES, 10% FBS, 100 units/ml penicil-
lin, 100�g/ml streptomycin, 1mM sodium pyruvate, and 50�M

2-mercaptoethanol. One day prior to whole cell voltage clamp
recordings, the cells were trypsinized and plated onto glass
coverslips.
For binding studies, we used HEK293 cells infected with

recombinant adenoviruses containing wild type rat Kir6.2 with
a tetracycline-inhibited transactivator, and wild type hamster
SUR1 expressed in a tetracycline-inhibited transactivator-reg-
ulated gene (both gifts from Dr. S. L. Shyng, Oregon Health &
Science University, Portland, OR) (22). The transfected HEK
cells were cultured at 37 °C in 5% CO2 in DMEM high glucose
1�with L-glutamine and sodiumpyruvate (Invitrogen), supple-
mented with 10% FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin. For overexpression of Syn-1A, the HEK cells
were transfected with pcDNA3-Syn-1A using Lipofectamine
2000 (Invitrogen) according to themanufacturer’s instructions.
For FRET imaging studies, HEK293 cells were co-transfected

with Syn-1A-mCherry and SUR1-EGFP (gift from Dr. C. G.
Nichols,Washington University, School ofMedicine, St. Louis,
MO) plus Kir6.2 (gift from Dr. S. Seino, Chiba University,
Chiba, Japan) by using Lipofectamine 2000 (Invitrogen). The
cells were examined 2 days post-transfection.
Pancreatic Islet �-Cell Isolation—Islets were isolated from

male Wistar rats by collagenase digestion as described previ-
ously 0.015% trypsin (17). Dispersed single �-cells for electro-
physiological recordings were obtained by islet treatment with
0.015% trypsin in Ca2�- and Mg2�-free phosphate-buffered
saline. The cells were plated on glass coverslips and cultured in
2.8 mM glucose (with 7.5% fetal calf serum, 0.25% sodium, and
100 g/ml streptomycin) prior to recordings.
RecombinantGSTFusion Proteins—ThepGEX4T-1-Syn-1A

plasmidwas a gift fromW.Trimble (TheHospital for SickChil-
dren, Toronto, Canada). The constructs (see Fig. 1A) express-
ing truncated SUR1-NBF1 and -NBF2 containing WA (NBF1,
amino acids 696–731; NBF2, amino acids 1358–1397), linker
(NBF1, amino acids 732–841; NBF2, 1398–1493), or WB
(NBF1, amino acids 842–894; NBF2, amino acids 1494–1536),

respectively, were generated using the PCR method and ham-
ster SUR1 as template (a gift from Dr. Lydia Aguilar-Bryan,
Pacific Northwest Diabetes Research Institute, Seattle, WA).
Mutants on WA and WB motifs in these truncated NBF1
(K719M and D854N, respectively) and NBF2 (K1385M and
D1506N, respectively) regions were also generated (see Fig. 5A)
usingQuikChange� site-directedmutagenesis according to the
manufacturer’s instructions (Stratagene, La Jolla, CA). All of
the constructs were confirmed by sequencing (ACGT Corp.,
Toronto, Canada). The resulting PCR products were subse-
quently cloned into the pGEX 4T-1 vector for expression as
GST fusion proteins. GST fusion protein expression and puri-
fication were performed following the manufacturer’s instruc-
tions (Amersham Biosciences). Syn-1A was obtained by cleav-
age of GST-Syn-1A immobilized on agarose beads using
thrombin (Sigma).
In Vitro Binding Assays—In vitro binding assays were per-

formed as described previously (19). Briefly, the GST fusion
proteins were bound to glutathione-agarose beads and incu-
bated with thrombin-cleaved Syn-1A (10 �g) in 250 �l of bind-
ing buffer (25 mM HEPES, pH 7.4, 50 mM NaCl, 1.2 mM MgCl2,
0.1% gelatin, 0.1% Triton X-100, 0.1% bovine serum albumin,
0.2%�-mercaptoethanol) at 4 °C for 2 hwith constant agitation.
The beads were then washed twice with washing buffer (20 mM

HEPES, pH7.4, 150mMKOAC, 1mMEDTA, 1.2mMMgCl2, 5%
glycerol, 0.1% Triton X-100). The precipitated proteins were
separated on 15% SDS-PAGE, transferred to nitrocellulose
membrane, and identified with specific antibody against
Syn-1A (1:2000; Sigma). For binding assays using overex-
pressed Syn-1A cell lysate, the transfected HEK293 cells were
washed with ice-cold PBS and harvested in lysis buffer (15 mM

MES plus 15mMHEPES, 100mMKCl, 1.5% Triton X-100, 2�M

pepstatin A, 1 �g/ml leupeptin, and 10 �g/ml aprotinin). The
cells were sonicated on ice (30 s/1ml) and then left on ice for 30
min before removal of insoluble material by centrifugation at
55,000 � g at 4 °C for 40 min. GST fusion proteins bound to
glutathione agarose beads (400 pmol each) were each individu-
ally incubated with cell lysate extract (300 �g) at 4 °C for 2 h.
The samples were then washed with lysis buffer, separated on
15% SDS-PAGE, and probed for Syn-1A by Western blot
analysis.
Electrophysiology—Whole cell patch clamping recordings

(ruptured) were made from INS-1 and �-cells using an EPC-9
amplifier and Pulse software (HEKA Electronik, Lambrecht,
Germany). Pipettes were pulled from 1.5-mm borosilicate glass
capillary tubes and were fire-polished to a tip resistance of 3–5
M�. Pipettes were filled with intracellular solution containing
140mMKCl, 1mMMgCl2, 1mM EGTA, and 10mMHEPES (pH
7.3 adjusted with KOH). External bath solution contained 138
mMNaCl, 5.6 mM KCl, 1.2 mMMgCl2, 2.6 mM CaCl2, and 5 mM

HEPES (pH 7.3 with NaOH). Recombinant proteins were pre-
mixed with intracellular pipette solution (1 �M or as indicated)
and delivered to cell cytosol through the patch pipette after
whole cell configuration was made. Current was evoked by a
series of 250-ms step voltage protocols of�110mV stimulating
potential from a holding potential of �70 mV. Maximum cur-
rent was verified by the recording of 10 consecutive pulses with
no further increase after a suspected maximum to ensure no
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larger current was observed. Tolbutamide (0.3 mM) was added
to the bath solution following maximum current to verify the
current identity. Current density (pA/pF), as a means of nor-
malization across different cells, was calculated by dividing the
current over cell membrane capacitance. The data are pre-
sented as the means � S.E. All of the recordings were per-
formed at room temperature.
FRET Imaging—FRET imaging was performed as we recently

reported (21). Transfected cells were plated on autoclaved glass
coverslips overnight and then imaged in intracellular buffer con-
taining 20mMHEPES, 5 mMNaCl, 140mM potassium gluconate,
and 1 MgCl2, and pre-equilibrated with 95:5 O2:CO2, pH 7.4) at
37 °C using an Nikon TE-2001U inverted microscope fitted with
anargon laser unit (480�10nm;Spectra-Physics), a helium-neon
laser units (545 � 10 nm; Melles Griot), and a Quantum 512SC
charge-coupled device camera (Photometrics, Tucson, AZ) con-
trolled by NIS software (Nikon). For FRETmeasurements, a Plan
apo�60 oil immersion objective (1.65 NA), a Dual-View imaging
system (Optical Insights, Tucson, AZ) containing a EGFP/
mCherry dual band dichroic splitter (565dcxr), and an emission
filter (HQ530/30 for EGFP and HQ630/50 for mCherry) were
combined together to allow simultaneous two-channel monitor-
ing of emission fluorescence. The imageswere acquired at 900-ms
exposure time. The cells were permeabilized by incubation in
intracellular buffer containing digitonin (50�M) for 5min at 37 °C
and subsequently maintained in intracellular buffer. For FRET
image analysis, EGFP fused with SUR1 was used as FRET donor
and mCherry fused with Syn-1A as FRET acceptor. Four images
including donor excitation/donor emission (Dd), donor excita-
tion/acceptor emission (Da), acceptor excitation/acceptor emis-
sion (Aa), and acceptor excitation/donor emission (Ad) were
acquired in the same condition in each FRET experiment. In
addition, donor-only sample and acceptor-only sample were
acquired as part of the FRET protocol before each experi-
ment for calculation of bleedthrough. FRET efficiency was
used to indicate the interaction of the two proteins, calcu-
lated as FRETcorr � FRETraw � (CoB � DdFRET) � (CoA �
AaFRET)). FRET efficiency% � (FRETcorr/DdFRET)*100%.
CoB means the amount of donor bleedthrough in the absence
of an acceptor, and CoA means the amount of acceptor bleed-
through in the absence of a donor. To examine only the molec-
ular interactions of Syn-1A and SUR1 on the surface of the
plasma membrane and avoid contamination from intracellular
FRET signals, we used total internal reflection fluorescence
microscopy to optically isolate the plasmamembrane, enabling
high spatial image resolution of the protein interactions on
entire surfaces of the plasmamembrane. This advantage of total
internal reflection fluorescence microscopy is attributed to the
exponentially decaying evanescent wave that enables illumina-
tion of only the fluorescent signal within a thin layer (�200 nm)
at and beneath the plasma membrane and thus significantly
reduces out-of-focus background fluorescence. For statistical
analysis of FRET efficiency, we draw regions of interest around
the entire area of the plasma surface expressing any FRET signal
(in blue, green, and red; see pseudocolor bar) as indicated and
do not include the purple areas where there is no FRET signal.
For example, see Fig. 4A(i). From these regions of interest, we
calculated the average FRET efficiency and then tracked the

change of FRET efficiency in the same region of interest under
the indicated different conditions.
Data Analysis—The data are presented as the means � S.E.

Statistical analysis of electrophysiology and FRET data were
carried out using SigmaStat v3.1 (Systat Software Inc.). Differ-
ences between experimental groups were evaluated using one-
way analysis of variance followed by Tukey post hoc test with
p � 0.05 considered as statistically significant.

RESULTS

Syntaxin-1A Binds SUR1 at WA and WB Domains of Both
NBF1 and NBF2—We reported previously that NBF1 and
NBF2 of SUR1 appear to encode the binding domains for
Syn-1A to inhibit insulin secreting islet �-cell KATP channels
(19, 20). Therefore, we postulated that Syn-1A must require
specific putative subdomainswithin eachNBFs to coordinatepro-
tein assembly and transduce channel regulation onto the
pore-forming Kir6.2 subunit. To further identify the putative
regions in each NBF critical for this interaction, NBF trunca-
tions were constructed and expressed as GST fusion proteins.
Specifically, each NBF was divided into three individual sec-
tions (Fig. 1A), each containing a characteristic motif: WA
(NBF1, amino acids 696–731; NBF2, amino acids 1358–1397),
linker (NBF1, amino acids 732–841; NBF2, amino acids 1398–
1493), and WB (NBF1, amino acids 842–894; NBF2, amino
acids 1494–1536). Each set of the three truncated domains pro-
teins would encompass the full-length region of NBF1 (amino
acids 696–894) and NBF2 (amino acids 1358–1536). When
applied to in vitroGST-binding assays, the truncated fragments
containing NBF1-WA, NBF1-WB, NBF2-WA, and NBF2-WB
bound to agarose beads were all individually able to pull down
thrombin-cleaved recombinant Syn-1A (Fig. 1, B and C). Simi-
lar results were obtained when using cell lysate of HEK293 cells
overexpressing Syn-1A (data not shown), that these NBF frag-
ments pulled down expressed Syn-1A. In contrast, NBF1-linker
and NBF2-linker containing fragments were unable to pull
down Syn-1A. Full-length NBF1 and NBF2 were included as
positive controls, each of which bound to Syn-1A as previously
reported (19).
Syntaxin-1AInhibitionof�-CellKATPChannelActivityatNBF1

Is throughWB but NotWADomain—We next examined whether
the domains on NBF1 that bind Syn-1A would transduce Syn-1A
inhibitory actions on KATP channels. This was examined through
whole cell patch clamp analysis on the rat insulinoma INS-1 cell
line (23). As per our previous study (19), recombinant proteins
were introduced into the cell interior via patchpipette duringdial-
ysis, which also allowed for washout of cytosolic ATP and thus
maximization of KATP channel current. We first compared the
effect of GST-syn-1A (positive control) with GST-only (negative
control) on the current to confirm the inhibitory effect of Syn-1A
on KATP, as previously reported (19). As shown in Fig. 2, the cur-
rent density (pA/pF) recorded fromGST-Syn-1A (1 �M) dialyzed
INS-1 cells (97.9� 3.3 pA/pF;n� 20)was 36% less than that from
GST (1 �M) control cells (151.9 � 4.6 pA/pF; n � 19). Having
established the base level of the Syn-1A-induced current inhibi-
tion, we then proceeded to investigate combinations of GST-
Syn-1A with single truncated proteins. GST-Syn-1A was pre-
mixed with a NBF truncate in equal concentrations (1 �M) in the
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pipette solution before loading and establishment of whole cell
configuration. This allowedGST-Syn-1A to prebind the recombi-
nantNBFtruncateprotein first (assuming interaction), thusblock-

ing the ability of Syn-1A to functionally interact with endogenous
SUR1. Co-dialysis of GST-Syn-1A with NBF1-WA (112.2 � 5.6
pA/pF;n�15)orNBF1-linker (112.6�5.9pA/pF;n�10)yielded
currentdensities similar to thatof theSyn-1Apositivecontrol (p�
0.05), indicative of the fact that neitherNBF1-WAnor linker could
interrupt Syn-1A action onKATP channel activity. In contrast, the
NBF1-WB significantly reduced Syn-1A blockade of KATP chan-
nels (133.5�10.7pA/pF;n�9;p�0.05) (Fig. 2). Because Syn-1A
inhibition remained despite co-dialysis withWA or the linker, we
dialyzed these NBF truncates into the cells alone to ensure that
they were not able to inhibit current activity. Indeed, when dia-
lyzed alone, both NBF1-WA (150� 4.9 pA/pF; n� 7) andNBF1-
linker (148.7� 5.7 pA/pF; n� 8) yielded current densities similar
to GST control cells.
Because cell lines, although excellent surrogate models, may

not completely represent the true physiological model, we pro-
ceeded to confirm our results on freshly isolated rat pancreatic
islet �-cells (Fig. 3A). Similar to that seen in INS-1 cells, GST-
Syn-1A reduced current activity by 39% (75.5 � 3.2 pA/pF; n �
6) when compared with GST control currents (123.7 � 8.2
pA/pF; n � 6, p � 0.05) (left traces in Fig. 3A and summary in
Fig. 3B). The addition of NBF1-WB (middle bottom trace) sig-
nificantly reversed Syn-1A-mediated inhibition with resulting
current activity of 114.2� 2.5 pA/pF (n� 5, p� 0.05), whereas

FIGURE 1. Syntaxin-1A binds SUR1 at WA and WB regions of NBF1 and NBF2. A, SUR1-NBF1 and -NBF2 sequence alignment. The vertical lines indicate the
truncation segments that we generated (see “Materials and Methods”) for each NBF, with each truncate containing WA, linker, or WB motifs. Horizontal dashes
within sequences indicate a lack of residue for the respective NBF. Characteristic motifs are labeled above the sequence with horizontal lines. Notice that there
is one motif in each truncated region, for a total of three truncated sections per NBF. The gray boxes indicate the specific sites we chose to mutate (see Fig. 5).
B, binding of Syn-1A to SUR1-NBF1-WA and -WB domains. GST-SUR1-NBF1 (as a positive control), GST-SUR1-NBF-WA, -WB, and -linker (all bound to glutathione
agarose beads, 400 pmol of protein each) were used to pull down thrombin-cleaved Syn-1A (300 �g of protein). Thrombin-cleaved Syn-1A (15 �g of protein)
was used as a positive control. The precipitated proteins were separated on 15% SDS-PAGE, and the protein of interest was probed with mouse anti-Syn-1A
antibody. C, binding of Syn-1A to SUR1-NBF2-WA and -WB domains. The same binding assay was performed as described in B, but WT GST-SUR1-NBF2 and
truncates were used to replace WT GST-SUR1-NBF1 and truncates.

FIGURE 2. Syntaxin-1A inhibits KATP channel activity in INS-1 cells via Walker
regions of NBF1 and NBF2 of SUR1. The bar graph (means � S.E.) of the effects
of syntaxin-1A (1 �M) co-dialyzed with truncated NBF proteins (1 �M) containing
NBF1-WA (n � 16), NBF1-linker (n � 10), NBF1-WB (n � 9), NBF2-WA (n � 10),
NBF2-linker (n � 10), and NBF2-WB (n � 10) regions alone with KATP currents
normalized to cell capacitance (pA/pF). Positive (Syn-1A, n � 26) and negative
controls (GST, n � 19) are shown. The cells were held at a resting potential of �70
mV and stimulated to �110 mV to elicit inward currents. *, significant difference
when compared with Syn-1A-positive control (p � 0.05).
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NBF1-WA (middle top trace, 84.5� 5.2 pA/pF; n� 5) orNBF1-
linker (middle trace, 89.4 � 6.7 pA/pF; n � 5) did not affect the
Syn-1A block.
Taken together, our data showed that although Syn-1A bound

tobothNBF1-WAand -WBdomains in SUR1 (Fig. 1B), its binding
of WB domain transduces Syn-1A inhibition of KATP channel
activity. The WA domain of NBF1 thus appears to play a more
important role in stabilizing the binding of Syn-1A without actu-
ally transducing Syn-1A actions.
Syntaxin-1A Inhibits KATP Channel Activity at NBF2 through

WA andWB Domains—We next examined the functional roles
of NBF2 domains in Syn-1A-mediated blockade effect on KATP
channels, using the similar approaches forNBF1. In INS-1 cells,
co-dialysis of GST-Syn-1Awith NBF2-WA (153.5� 9.6 pA/pF;

n � 10) and NBF2-WB (149.7 � 8.8 pA/pF; n � 10) yielded
currents significantly different from the Syn-1A but not the
GST control cells (Fig. 2). Similar to NBF1, NBF2-linker
(105.3� 6.6 pA/pF;n� 10)was unable to significantly suppress
Syn-1A-mediated channel inhibition. Once again, to ensure
that theNBF2-linker truncate was unable to inhibit the channel
alone,we dialyzed it into cells alone and yielded currents similar
to GST control cells (151.1 � 4.8 pA/pF; n � 8).

Findings from the INS-1 cell line were again verified in pri-
mary rat islet�-cells (Fig. 3A, right traces), which yielded results
identical to those of INS-1 cells. NBF2-WA (103.2� 3.7 pA/pF;
n� 5) andNBF2-WB (118.8� 6.7 pA/pF; n� 5) were both able
to significantly reverse Syn-1A-mediated inhibition but not
NBF2-linker (86.1 � 10.2 pA/pF; n � 5) (Fig. 3B). As with

FIGURE 3. Syntaxin-1A inhibits rat pancreatic islet �-cell KATP channel activity via Walker regions of NBF1 and NBF2 of SUR1. A, representative whole
cell currents after dialysis of indicated proteins. Tolbutamide (0.3 mM) was perfused through the extracellular solution. B, bar graph (mean � S.E.) of the effects
of syntaxin-1A (1 �M) co-dialyzed with truncated NBF proteins (1 �M) containing NBF1-WA (n � 5), NBF1-linker (n � 5), NBF1-WB (n � 5), NBF2-WA (n � 5),
NBF2-linker (n � 5), and NBF2-WB (n � 5) regions alone with KATP currents normalized to cell capacitance (pA/pF). Positive (Syn-1A, n � 6) and negative controls
(GST, n � 6) are shown. The cells were held at a resting potential of �70 mV and stimulated to �110 mV to elicit inward currents. *, significant difference when
compared with the Syn-1A positive control (p � 0.05).
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NBF1, the NBF2-linker truncate was not predicted to have a
functional effect on Syn-1A inhibition of channel activity based
on GST binding assay results. Therefore, for NBF2, it appears
that Syn-1A interaction with both WA and WB regions are
required for functional inhibition of the KATP channel. Based
on binding and functional data, Syn-1A is able to coordinate at
NBF1/NBF2 via the WA and WB domains; however, it would
appear that only three of four of these Walker domains are
critical for transducing channel inhibition.
In Vivo Syntaxin-1A Complex Formation with Full-length

SUR1—SUR1 exists in highly complex intramolecular interac-
tions, including the formation of the NBF1 and NBF2 dimer,
and intermolecular interactions with the Kir6.2 subunit. It is
possible that Syn-1A intimately binds to the NBF1/2 dimer
along with the existing SUR1/Kir6.2 complex and thus regu-
lates the KATP channel properties. We thus explored this pos-
sibility to test whether each of these small Syn-1A-bindingNBF
subdomains is sufficient to disrupt this intimate association of
this tri-protein complex in vivo. Here, we employed FRET anal-
ysis in living cells expressing these three interacting proteins in
their physiological configuration and targeted to their native
compartment, the plasma membrane, as we had recently
reported (21). Specifically, HEK293 cells expressed with Kir6.2
subunit were co-transfected with SUR1 tagged with EGFP as a
donor and Syn-1A tagged with mCherry as an acceptor (see
“Materials and Methods”).
NBF1 or NBF2 Alone Is Sufficient to Disrupt Syn-1A-SUR1

Interactions—To examine the FRET signal between SUR1-
EGFP and Syn-1A-mCherry co-expressed with Kir6.2 in
HEK293 cells, a 488-nm laser was applied to excite EGFP, and
mCherry signal (FRET) was recorded with 605–655-nm band
pass filter. The FRET efficiency, described as the mean value of
[FRETcorr/DdFRET], indicates this very close proximity
between SUR1 and Syn-1A and thus their presumed interac-
tions (Fig. 4A). Under control conditions (HEK cells permeabi-
lized with 50 �M digitonin in intracellular buffer for 5 min),
FRET efficiency was 58.20 � 3.41 (n � 15) (Fig. 4A, panels (i)
and (ii)). When 1 �M NBF1 truncate was applied to the same
HEK cell for 3 min (Fig. 4A, panel (i), top images), we observed
a dramatic decrease in FRET signal (purple indicating no FRET)
precisely at the same high FRET area (compare the top images
in Fig. 4A, panel (i)), indicating that NBF1 interrupted the pro-
tein interaction at the cell membrane. The FRET efficiency
decreased by 52.2% from 58.20 � 3.41 to 27.8 � 2.82 (Fig. 4A,
panel (ii), top graph), before and after application of NBF1,
respectively. When 1 �M NBF1 and 1 �M NBF2 were added
together, the FRET signal recorded in the same cell did not
show further decrease; FRET efficiency was 25.3 � 1.88 (p �
0.05). These findings indicate that NBF1 can disrupt Syn-1A
interactions with SUR1 independent of NBF2. We next exam-
ined the role of NBF2 (Fig. 4A, panel (i), bottom images) by
adding the truncated proteins in opposite sequence: NBF2 and
then NBF1, and a similar phenomenon was observed; FRET
efficiency (50.3 � 3.95; Fig. 4A, panel (ii), bottom graph) was
reduced by 56.1% after 1 �M NBF2 truncate was added (22.1 �
1.82, n � 15). The addition of NBF1 to NBF2 did not show
further disruption of protein interaction (FRET efficiency:
21.4 � 2.52, n � 15; p � 0.05).

For NBF1, WB but Not WA Domain Could Disrupt Syn-1A-
SUR1 Interactions—To further identify the functional domains
in NBF that are responsible for Syn-1A-SUR1 interaction, we
investigated the role of single truncated proteins from sec-
tioned regions of NBF1 and NBF2. First, we tested the effect of
WA, linker, and WB domains of NBF1 (Fig. 4B). Sequential
application of 1�MWA and linker domains into the cell did not
significantly decrease FRET efficiency (Fig. 4B, panel (i), top
images; analysis in panel (ii), top graph:WA: 44.14� 2.29;WA�
linker: 41.37 � 3.06; control: 50.97 � 2.75, n � 5; p � 0.05).
Subsequent addition of WB domain reduced the FRET to
20.69 � 1.72 (n � 5, p � 0.001). This indicated that the WB
domain of NBF1 disrupted Syn-1A interaction with SUR1. To
confirm this, we added the WB domain to the permeabilized
HEK cells first (Fig. 4B, panel (i), bottom images), resulting in a
dramatic decrease of FRET efficiency (20.67 � 2.45; Fig. 4B,
panel (ii), bottom graph) from the control (48.59 � 3.1; n � 5,
p � 0.001). No further effect was observed upon sequential
addition of linker (WB � linker: 18.19 � 2.32) and WA (WB �
linker � WA: 15.49 � 2.2, n � 5, p � 0.05). Because the WA
domain binds to Syn-1A (Fig. 1B), the inability ofWA to disrupt
Syn-1A-SUR1 interactions and Syn-1A blockade of KATP chan-
nel (Figs. 2 and 3) might be due to low concentrations of WA
domain (1 �M) used in these experiments. We thus per-
formed dose-response assays of WA domain of up to 10 �M

for FRET (supplemental Fig. S1A) and also tested the highest
concentration of WA domain (10 �M) in the patch clamp
study (INS-1, supplemental Fig. S1B). We found that the
high concentrations of WA did not cause significant disrup-
tion of either the FRET signal or reversal of Syn-1A inhibi-
tion of KATP channels.
For NBF2, Either WA or WB Could Disrupt Syn-1A-SUR1

Interactions—Similar experiments were performed to test the
function of NBF2 subdomains (Fig. 4C). First, 1�MWAdomain
applied into the cell (Fig. 4C, panel (i), upper images) caused a
45.1% decrease of FRET efficiency (Fig. 4C, panel (ii), top graph;
WA: 24.79 � 1.32; control: 45.18 � 3.21; n � 6, p � 0.001).
Subsequent addition of linker did not further disrupt FRET effi-
ciency (WA � linker: 21.71 � 3.4; n � 6, p � 0.05). Following
the linker domain, the addition of WB domain resulted in a
further decrease in FRET (WA� linker � WB: 17.22 � 0.98
versusWA� linker: 21.71� 3.4, n� 6, p� 0.05). To ensure that
prebinding of one region did not influence binding of additional
regions, we performed the same experiment in reverse
sequence:WB, linker thenWA (Fig. 4C,panel (i),middle images,
and panel (ii),middle graph). A decrease of FRET efficiency of
47% was recorded upon addition of WB alone (WB: 22.87 �
1.6; control: 42.77 � 0.75; n � 6, p � 0.001), but no further
significant decrease was recorded upon subsequent addition
of linker (WB � linker: 20.92 � 1.6) and WA (WB � linker �
WA: 18.5� 1.3; n� 6, p� 0.05). To confirm the lack of linker
disruption in NBF2, we added the linker first in a final com-
bination (Fig. 4C, panel (i), bottom images, and panel (ii),
bottom graph). Predictably, no effect on the FRET efficiency
was observed (linker: 45.3 � 2.2; control: 47.9 � 3.4; n � 6,
p � 0.05). Subsequent addition of WA domain resulted in a
significant decrease in FRET (linker � WA: 25.1 � 2.1; n � 6,
p � 0.001). A further slight but significant decrease was
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observed when WB domain was subsequently added (linker �
WA�WB: 19.77� 1.7; n� 6, p� 0.01). It therefore appears that
for NBF2, WA, and WB domains seem to interact intimately
with each other and with Syn-1A such that either one was suf-
ficient to disrupt Syn-1A interactions with SUR1.
Assessment of Whether Syn-1A Binding and KATP Channel

Signal Transduction Is through WA and WB Motifs per se in
NBF1 andNBF2 of SUR1—Our studies above showed that large
truncated segments of NBFs containing Walker motifs bind
and/or transduce Syn-1A inhibition ofKATP channels. The next
step was to examine whether it is the Walker motifs per se in
these NBF domain proteins that affect these actions of Syn-1A.
We thus introduced single mutations into conserved sites
withinWA (lysine) andWB (aspartic acid) in each of these NBF
subdomains (Fig. 5A) previously reported. The mutations were
made by substitutions of lysine in WA and aspartic acid in WB
with methionine and asparagine, respectively, and the conse-
quent constructs are GST-NBF1-WA (K719M) (24), GST-
NBF1-WB (D854N) (24, 25), GST-NBF2-WA (K1385M) (26),
and GST-NBF2-WB (D1506N) (27). Of note, these Walker
motif mutations had been reported to be major binding and
transduction sites for magnesium and adenine nucleotides
(24–27).
The WA motif mutations in NBF1-WA (K719M) (Fig. 5B,

panel (i)) and NBF2-WA (K1385M) (Fig. 5B, panel (ii)) did not
bind Syn-1A in contrast to its respective wild type proteins (Fig.
1B). Because NBF1-WA (wt) domain did not disrupt Syn-1A/
SUR1 interactions on our FRET or patch clamp studies (Figs.
2–4 and supplemental Fig. S1), we did not further examine
NBF1-WA (K719M). Nonetheless, these results demonstrate
that the WA motif per se in NBF1 is a binding site for Syn-1A.
Remarkably, GST-NBF2-WA (K1385M) did not disrupt Syn-
1A-SUR1 interactions in the FRET assay (Fig. 5C, panels (i) and
(ii): NBF2-WA (K1385M): 35.28 � 3.9; control: 41.7 � 4.8, n �
7; p � 0.05), and further addition of the wild type NBF2-WA
domain would do so (20.65 � 2.6, n � 7, p � 0.001). Consis-
tently, GST-NBF2-WA (K1385M) co-dialyzed with Syn-1A did
not block Syn-1A inhibition of KATP channel in INS-1 cells
(NBF2-WA (K1385M) � Syn-1A: 134.1 � 17.2 pA/pF (n � 7)
versus Syn-1A alone: 137.8 � 7.2 pA/pF; n � 13) in contrast to
WT NBF2-WA (195.4 � 12.9 pA/pF, n � 5), which blocked
Syn-1A inhibition. Representative traces of these experiments
are in supplemental Fig. S2. These results indicate that theWA
motif in NBF2 is both a binding and transduction site for
Syn-1A in inhibiting �-cell KATP channels.

WB motif mutations in NBF1-WB (D854N) and NBF2-WB
(D1506N) remained able to bind Syn-1A (Fig. 5B). Both
NBF1-WB (D854N) and NBF2-WB (D1506N) were also as

effective as their wild type proteins in blocking Syn-1A inhibi-
tion of INS-1 �-cell KATP channels (Fig. 5D and representative
traces in supplemental Fig. S2) and in disrupting Syn-1A inter-
actions with full-length SUR1 in the FRET assay (supplemental
Fig. S3). These results indicate that the binding and transduc-
tion domains within the WB regions of NBF1 and NBF2 are
actually not at theWBmotifs per se but rather at domains adja-
cent to the WB motifs.

DISCUSSION

In this work, we employed complementary strategies (pro-
tein binding assays, patch clamp electrophysiology, and FRET
imaging analysis) to gain further insight into how Syn-1A may
coordinate with theNBFs of SUR1 tomediate inhibition of islet
�-cell KATP channels. Collectively, our results indicate that
Syn-1A favors the WA and WB regions of NBF1 and NBF2
because suppression of channel activity can be transduced
through three of four regions: NBF1-WB, NBF2-WA, and
NBF2-WB. Within these regions in NBF1 and NBF2, Syn-1A
binds the WA motifs per se but binds to as yet undefined
domains adjacent to the WB motifs.
Our binding data predicted that the linker regions of both

NBF1 and NBF2 would not functionally inhibit Syn-1A,
because no physical interaction was observed between the
linkers and Syn-1A. Indeed, this prediction was verified
through whole cell dialysis of the NBF1-linker and NBF2-
linker into both INS-1 and primary rat pancreatic islet
�-cells, as well as FRETmicroscopy of transfected HEK cells.
We have found that Syn-1A binds to NBF1-WA motif but
peculiarly would not reverse Syn-1A inhibition of KATP
channel, indicating that this a putative Syn-1A binding site
but that would not transduce Syn-1A actions on KATP chan-
nel. The fact that NBF1-WA domain would not disrupt
Syn-1A interaction with SUR1 indicates that other domains
in NBF1 and NBF2 are sufficient to stabilize binding to Syn-
1A. In contrast to NBF1-WA, NBF2-WAmotif is the putative
binding domain that could both bind and transduce Syn-1A
inhibition on KATP channels. Although both WB regions of
NBF1 and NBF2 could bind and transduce Syn-1A inhibition
KATP channel, the binding sites are likely to be adjacent to
the Walker motifs and not the motifs per se. These binding
sites in NBF1 and NBF2 could bind and relay the signal or
transduce conformational changes required to induce chan-
nel closure.
The level of syntaxin-1A expression is uneven along the

plasma membrane: higher at the exocytotic sites and lower at
nonexocytotic sites. Regulation of KATP channels is nonexocy-
totic; thus it is likely that recombinant Syn-1A applied into the

FIGURE 4. NBF1 and NBF2 truncated proteins containing Walker domains can disrupt Syn-1A interaction with SUR1 in live cells. A, NBF1 and NBF2 can
inhibit Syn-1A interaction with SUR1. Panel (i), representative recording of FRET signals on the plasma membrane of HEK cell expressing Syn-1A-mCherry,
SUR1-EGFP, and Kir6.2 before and after addition of 1 �M truncated NBF1/NBF2 proteins to the permeabilized cells in the reverse sequences (NBF1 then NBF2;
or NBF2 then NBF1). The excitation wavelength was 488 nm, and fluorescence emission was measured at 605– 655 nm. The scale bar indicates 5 �m. The vertical
scale bar indicates FRET efficiency in pseudocolor. Panel (ii), summary of FRET efficiency before and after addition of different NBF truncations. The bar graph
shows the means � S.E., n � 15. ***, p � 0.001. B, WB but not WA domain of NBF1 can inhibit the interaction between Syn-1A and SUR1. Panel (i), representative
recordings of the FRET signal on the plasma membrane of one same HEK cell before and after addition of 1 �M NBF1 truncations in different sequence (WA,
linker then WB; or WB, linker then WA). Panel (ii), bar graph (means � S.E.), n � 5. ***, p � 0.001. C, both WA and WB domains of NBF2 can inhibit the interaction
between Syn-1A and SUR1. Panel (i), representative recordings of the FRET efficiency on the plasma membrane of one same HEK cell before and after addition
of 1 �M NBF2 truncations in different sequence (WA, linker, and then WB; or WB, linker, and then WA; or linker, WA, and then WB). Panel (ii), corresponding bar
graph (means � S.E.), n � 7. ***, p � 0.001; *, p � 0.05.
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cell even at a low concentration has inhibitory effects on KATP
channels. Although Syn-1A is distributed all along the entire
plasma membrane, the KATP channels may not be all colocal-
ized andboundtoendogenousSyn-1A,althoughsomearebound;

as our previous work shows, BoNT/C1 cleavage of endoge-
nous Syn-1A could increase KATP channel activity (19, 21).
Based on our data, we asked: If Syn-1A transduces its

action through the NBFs, how can nucleotide binding acti-
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vate the channel while Syn-1A inhibits it? In an attempt to
answer this, we propose a mechanism by which Syn-1A
would serve to stabilize the NBFs in an open dimer confor-
mation, opposite that of the closed dimer required for coor-
dination of ATP. NBF dimerization has been strongly sup-
ported as a conserved mechanism across various ABC family
members (9, 28–30). It is thought that ATP binding and
subsequent hydrolysis provides the regulatory powerstroke
required to elicit conformational change in the ABC protein.
For example, the CFTR Cl� channel activates upon ATP
binding to the NBF dimer but is thought to close upon
hydrolysis, dimer disruption, and subsequent release of the
nucleotide (30). Stabilization of ATP requires tight packing
of the NBFs, to which we refer as the closed dimer confor-
mation. In contrast, electron microscopy has revealed that in
the absence of ATP, the NBFs of KATP channels appear much
less intimate with each other (31). In fact, the NBFs are
spread in such a manner that they appear to interact more
with neighboring NBFs of adjacent SUR subunits.We believe
that this open dimer conformation of the NBFs may be how
and where Syn-1A clamps onto the channel (Fig. 6). It should
be noted that the KATP channel in the electron microscopy

study was assumed to be in a closed state because PIP2, pri-
marily responsible for endogenous KATP activation, was
excluded from the solutions used for purification and struc-
tural measurement (31). Based on protein sizes obtained from
the Misura et al. study of the three-dimensional structure and
crystallization of Syn-1A (32), the putative Syn-1AH3 interact-
ing domain (	9 nm in length) would have clear access to the
NBFs (	5 nm in height), even when tethered to the plasma
membrane (Fig. 6). This would allow Syn-1A to effectively
“clamp” onto the channel. Although a previous report indicates
the HABC domain does not bind to SUR1 (20), initial H3 attach-
mentmay facilitate HABC binding to further clamp the channel.
Our results provide important pieces to this model by identify-
ing the interacting NBF domains, including the WA motifs per
se in NBF1 and NBF2.
The FRET signal in our assay is generated between two

fluorescent proteins: the GFP and mCherry pair of the inter-
acting proteins in living �-cells. The GFP-mCherry pair gen-
erates the FRET signal when the pair molecules are less than
10 nm apart and thus extremely sensitive in picking up very
small intermolecular disruptions. Our data showed that
Walker domains (NBF1-WB, NBF2-WA, and NBF2-WB), but
not the linkers, sufficed to inhibit the FRET signals gener-
ated between EGFP-SUR1 subunit and mCherry-Syn-1A,
indicating that a tight interaction of Syn-1A to SUR1 is medi-
ated through the Walker domains. These findings further
support the model that the NBF-1/2 dimer constrains the
open conformation and snugly binds/interacts intimately
with Syn-1A, leading to a close conformation (Fig. 6). A
slight disruption within a putative Walker motif can suffi-
ciently reduce this fit as to disrupt the FRET signal; thus it is
likely that these two Walker domains of the same NBF may
prefer a conformation in which they rely on each other for
stable binding to Syn-1A. However, the linker regions are not
required for stabilization of the NBF1/2 dimer to Syn-1A
binding.
Overall, this work has provided valuable insight into the

structure-function relationship between Syn-1A and the KATP

channel. Although further work is necessary to reveal addi-
tional residues of interaction located on both the NBFs and
Syn-1A, we have established a strong starting point for these
prospective studies. The foreseeable crystallization of the KATP

structure in the futurewill be essential tomodeling howSyn-1A

FIGURE 5. Assessment of whether Syn-1A binding and KATP channel signal transduction is through WA and WB motifs per se in NBF1 and NBF2 of SUR1.
A, anatomy of SUR1-NBF1 and -NBF2, and their respective WA and WB motifs. Conserved lysine residues in WA motifs were substituted with methionine,
generating NBF1-WA (K719M) and NBF2-WA (K1385M) truncated proteins. Conserved aspartic acid residues were substituted with asparagines, generating
NBF1-WB (D854N) and NBF2-WB (D1506N) truncated proteins. B, binding of Syn-1A to Walker motifs in NBF1 and NBF2 (as described for Fig. 1). Panel (i), NBF-1:
WA motif mutant NBF1-WA (K719M) could not bind Syn-1A, whereas WB motif mutant NBF1-WB (D854N) remained able to bind Syn-1A. Full-length NBF1, WT
NBF1-WA, and WT NBF1-WB are positive controls. Panel (ii), NBF-2: WA motif mutant NBF1-WA (K1385M) could not bind Syn-1A, whereas WB motif mutant
NBF2-WB (D1506N) remained able to bind Syn-1A. Full-length NBF2 is positive control. C, NBF2 WA motif mutant NBF2-WA (K1385M) could not disrupt Syn-1A
interaction with SUR1 in live cells by FRET assay (as described in Fig. 4). Panel (i), representative recordings of FRET signal on the plasma membrane of the same
HEK cell before and after addition of 1 �M GST-NBF2-WA (K1385M) followed by WT NBF2-WA. The scale bar indicates 5 �m. The vertical scale bar indicates FRET
efficiency in pseudocolor. Panel (ii), summary of FRET efficiency change in seven experiments. The bar graph (means � S.E.). ***, indicates p � 0.001. FRET
studies shown in supplemental Fig. S3 demonstrated that WB motif mutants including NBF1-WB (D854N) and NBF2-WB (D1506N), like their corresponding wild
type proteins, disrupted Syn-1A interactions with SUR1. D, NBF2-WA (K1385M), unlike its wild type protein, could not block Syn-1A inhibition of KATP channel
activity in INS-1 cells (as in Fig. 2; cells were held at a resting potential of �70 mV and stimulated to �110 mV to elicit whole cell inward currents). WB motif
mutants NBF1-WB (D854N) and NBF2-WB (D1506N), like their WT proteins, remained able to block Syn-1A inhibition of KATP channels. Positive (Syn-1A alone)
and negative controls (GST) are shown. The bar graph shows the means � S.E. *, significant difference when compared with Syn-1A alone (p � 0.05).
Representative traces are in supplemental Fig. S2.

FIGURE 6. Modeling syntaxin-1A interaction with specific Walker
domains of NBF1 and NBF2. A tight NBF-1/2 dimer supports the open
conformation of the KATP channel, where NBF1 binds to ATP, whereas
NBF2 binds to MgADP (33). During the closed conformation, syntaxin-1A
is sandwiched inside the NBF-1/2 dimer, interacting only with Walker
domain regions. Various Walker and linker motifs are labeled, as well as
NBFs and syntaxin-1A.
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fits into the channel and, more importantly, how this channel
truly works.
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