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K™ Channel Facilitation of Exocytosis by Dynamic
Interaction with Syntaxin
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Kv channels inhibit release indirectly by hyperpolarizing membrane potential, but the significance of Kv channel interaction with the
secretory apparatus is not known. The Kv2.1 channel is commonly expressed in the soma and dendrites of neurons, where it could
influence the release of neuropeptides and neurotrophins, and in neuroendocrine cells, where it could influence hormone release. Here
we show that Kv2.1 channels increase dense-core vesicle (DCV)-mediated release after elevation of cytoplasmic Ca**. This facilitation
occurs even after disruption of pore function and cannot be explained by changes in membrane potential and cytoplasmic Ca*".
However, triggering release increases channel binding to syntaxin, a secretory apparatus protein. Disrupting this interaction with
competing peptides or by deleting the syntaxin association domain of the channel at the C terminus blocks facilitation of release. Thus,
direct association of Kv2.1 with syntaxin promotes exocytosis. The dual functioning of the Kv channel to influence release, through its
pore to hyperpolarize the membrane potential and through its C-terminal association with syntaxin to directly facilitate release, rein-

forces the requirements for repetitive firing for exocytosis of DCVs in neuroendocrine cells and in dendrites.
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Introduction

Regulated release of neurotransmitters, neuropeptides, and hor-
mones by neurons and neuroendocrine cells relies on Ca**-
evoked exocytosis (Bennett et al., 1992a,b; Sollner et al., 1993;
Bennett, 1995; Hanson et al., 1997; Hay and Scheller, 1997). Es-
sential to this process are the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins that form
the fusion complex that includes syntaxin 1A (syntaxin),
SNAP25,and VAMP2 (Bennett et al., 1992a,b; Sollner et al., 1993;
Bennett, 1995; Hanson et al., 1997; Hay and Scheller, 1997).
Voltage-gated Ca>* channels, which mediate the influx of Ca®*
that triggers release (Bajjalieh and Scheller, 1995; Bennett, 1995;
Sudhof, 1995; Hanson et al., 1997; Chapman, 2002), interact
physically with protein components of the fusion complex (for
review, see Catterall, 2000; Spafford et al., 2003), and accumulat-
ing evidence indicates that these interactions regulate the efficacy
of neurotransmitter release (Mochida et al., 1996, 1998, 2003;
Rettig et al., 1997; Wiser et al., 1999; Kang et al., 2002; Harkins et
al., 2004). Another class of ion channels that influence exocytosis
is the voltage-gated K™ (Kv) channels, the function of which is
thought to be exerted solely and indirectly through their influ-
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ence on membrane potential (Meir et al., 1999). However, the
possibility that transmitter release is regulated by direct interac-
tion between Kv channels and the exocytotic machinery has not
been investigated.

Recently, we demonstrated interactions of SNAREs with the
Kv channel Kv2.1. Specifically, Kv2.1 channels interact physically
with syntaxin and SNAP25 in PC12 cells, oocytes, and in vitro
(MacDonald et al., 2002; Leung et al., 2003; Michaelevski et al.,
2003), and these interactions modulate Kv2.1 currents in HEK
293 cells, islet B-cells (MacDonald et al., 2002; Leung et al., 2003),
and oocytes (Michaelevski et al., 2003; Tsuk et al., 2005). The
Kv2.1 channel is commonly expressed in the soma and dendrites
of neurons (Hwang et al., 1993; Trimmer, 1993; Rhodes et al.,
1995; Du et al., 1998; Murakoshi and Trimmer, 1999), where it
could influence the release of neuropeptides and neurotrophins,
and in neuroendocrine cells (MacDonald et al., 2001; Yan et al.,
2004; Wolf-Goldberg et al., 2006), where it is well positioned to
regulate hormone release. Indeed, Kv2.1 and SNARE:s are colo-
calized in pancreatic 3-cell membranes in lipid rafts, where re-
lease occurs, and disruption of the rafts shunted the channels and
SNARE:s out of the rafts and affected insulin secretion (Xia et al.,
2004). Thus, data suggest a possible role for Kv2.1 interaction
with SNAREs in regulation of exocytosis.

Here the effect of the interaction of Kv2.1 with syntaxin on
release is investigated in PC12 cells, amenable for optical and
biochemical studies of dense-core vesicle (DCV)-mediated re-
lease and which natively express Kv2.1 channels, albeit at a low
level compared with brain neurons (Sharma et al., 1993). We
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show that the channel regulates the capacity for release indepen-
dent of pore function by interacting directly and dynamically
with syntaxin. Thus, in addition to affecting excitability, Kv chan-
nels influence release by binding a component of the fusion
machinery.

Materials and Methods

Constructs and antibodies. The primary antibodies used were anti-
Kv1.1-C terminus and anti-Kv2.1-C terminus (Alomone Labs, Jerusa-
lem, Israel), monoclonal anti-HPC-1 (Sigma-Aldrich, Rehovot, Israel),
and anti-synapsin (Calbiochem, La Jolla, CA). The DNAs of Kv1.1 and
Kv2.1 fragments for production of glutathione S-transferase (GST)-
fusion proteins were constructed as described previously (Jing et al.,
1999; Michaelevski et al., 2003). The fusion proteins were synthesized as
described previously (Jing et al., 1999). The Emerald green fluorescent
protein (GFP)-tagged proANF construct was prepared as described pre-
viously (Han et al., 1999). pcDNA3-FLAG Cla was constructed by PCR
amplification with Pfu polymerase (Promega, Madison, WI) using 100
ng of Kv2.1 plasmid as a template for 30 cycles of 1 min at 95°C, 1.5 min
at 70°C, and 30 min at 72°C. The forward primer created an EcoRI site,
followed by an initiation codon, a flag tag, and a Nhel site; the reverse
primer created a stop codon, followed by a NotI site. This fragment was
cloned into EcoRI and Nhel sites of pcDNA3. Two pore mutations (Malin
and Nerbonne, 2002) were introduced into rat wild-type Kv2.1 in a
pBluescript vector using the Quickchange Site-directed Mutagenesis kit
(Stratagene, La Jolla, CA), followed by subcloning into EcoRI and Notl
sites of pcDNA3 (Invitrogen, Carlsbad, CA) to produce pcDNA3-
Kv2.1W365C/Y380T. Kv2.1ACla, a deletion mutant of Kv2.1 lacking
amino acids 421-523 was generated using overlapping PCR, as described
previously (Wurch and Pauwels, 1998). Briefly, in the first reaction, the
first 421 amino acids of Kv2.1 were amplified using the sense primer
5'-ATGCGGAATTCCGGTCGCTGGTCTGGC-3" and the antisense
primer 5'-TACTGTACATGTCTTCCAGGAAGGCGTCC-3'. A second
fragment (amino acids 523—853) was amplified using the sense primer
5'-AAGGACGCCTTCCTGGAAGACATGTACAGT-3" and the anti-
sense primer 5-GCTCTAGAGCGAGCTCAGATACTCTGATCC-3".
These two PCR products were used as templates for a third PCR ampli-
fication using the sense primer from the first reaction and the antisense
primer from the second reaction. The PCR product was subcloned into
EcoRI and Xbal sites of pPGEMH]. All constructs were sequenced in their
entirely at the Tel-Aviv University Sequencing Facility. Restriction en-
zymes were purchased from New England Biolabs (Ipswich, MA), and T4
ligase was purchased from Lucigen Corporation (Middleton, WT).

Immunoprecipitation and pulldown in untreated PCI2 cell proteins.
PC12 cells were grown in DMEM supplemented with 8% horse serum,
8% fetal calf serum, 2 mm L-glutamine, 100 U/ml penicillin, and 0.1
mg/ml streptomycin and were maintained at 37°C in an atmosphere of
5% CO,. Cells were replated every 5 d. Immunoprecipitation from 1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) lysate of 1-3 X 10° PC12 cells was performed with anti-Kv2.1
antibody in the absence (control) or presence of 15 um recombinant
Kv2.1 or Kv1.1 GST-fusion peptides, or the antigen peptide for the Kv2.1
antibody in the incubation buffer [20 mm Tris-HCI, pH 7.5, 100 mm
NaCl, 5 mm EGTA, and 5 mm EDTA supplemented with a mixture of
protease inhibitors (Boehringer Mannheim, Mannheim, Germany)]. Af-
ter incubation at 4°C for 12 h, the immunoprecipitated proteins were
pelletted, washed three times with washing buffer (20 mm Tris-HCI, pH
7.5, and 100 mm NaCl), separated by SDS-PAGE, blotted, and detected
by anti-Kv2.1 and anti-syntaxin antibodies (immunoblot). Glutathione—
Sepharose beads were added to the supernatant to pulldown syntaxin.
Binding reactions were incubated at room temperature for 1 h with
gentle rocking. After washing the beads with the incubation buffer, the
bound GST-fusion proteins were eluted with 15 mm reduced glutathione
in 30 ml of elution buffer (120 mm NaCl and 100 mm Tris-HCL, pH 8),
subjected to SDS-PAGE (12% polyacrylamide), and immunoblotted
with anti-syntaxin antibody or stained with Ponceau S.

Cross-linking and immunoprecipitation in permeable PC12 cells. Cells
were harvested by incubation and pipetting with ice-cold K-glutamate
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(KGlu) buffer (20 mm HEPES, pH 7.2, 120 mMm KGlu, 20 mM potassium
acetate, 2 mMm EGTA, and 0.1% BSA) and were permeabilized by a single
passage through a specific PC12 cell homogenizer designed according to
specifications (Martin, 1989; Martin and Walent, 1989; Hay and Martin,
1992). Permeable cells (1-3 X 10°) were incubated with 11 mm EGTA for
1 h to fully extract soluble components and rinsed three times and resus-
pended in KGlu buffer. Cells were then primed for 15 min at 30°C in the
presence of 2 mM MgATP and 0.5 mg/ml rat brain cytosol [prepared as
described previously (Hay and Martin, 1992)] (see Fig. 1b, primed), or
were primed and triggered for 10 min at 30°C in the presence of 1.6 um
CaCl, (1 um free ionic [Ca®"]) (see Fig. 1b, triggered), or were not
treated (as in Fig. 1a and supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). The cells were then washed three times in
KGlu buffer and treated with 5 mum dithiobis[succinnimidyl-propionate]
(DTSSP; Pierce, Rockford, IL), a water-soluble, homo-bifunctional
cross-linking reagent, for 1 h on ice. Cross-linking was quenched by the
addition of 50 mM glycine for 15 min, followed by washing of the cells
with KGlu buffer. A concentration of 1.6 um CaCl, was present through-
out this process for the triggered samples. The cells were solubilized in
RIPA buffer (50 mm Tris, pH 8, 150 mm NaCl, 1% NP-40, 0.5% deoxy-
cholate, and 0.1% SDS) for 20 min at 4°C. Immunoprecipitates were
collected by centrifugation for 15 min at 16,000 X g after incubation for
12 h with anti-Kv2.1 antibody at 4°C, followed by immobilization on
protein A-Sepharose beads. Immunoprecipitates were eluted from the
beads in boiling sample buffer containing 0.2 m dithiothreitol for analysis
by SDS-PAGE (12% polyacrylamide) and immunoblotting with anti-
Kv2.1 or anti-syntaxin antibodies.

Immunoprecipitation of Xenopus oocyte proteins. A total of 1% CHAPS
or 1% Triton X-100 homogenates of [ **S]Met/Cys-labeled oocytes were
subjected to immunoprecipitation as described previously (Michaelevski
etal., 2003; Tsuk et al., 2005). Oocytes were injected with 0.75 ng/oocyte
syntaxin, 5 ng/oocyte Kv2.1, or 15 ng/oocyte Kv2.1ACla mRNAs, as
indicated in Figure 5¢. Digitized scans were derived by PhosphorImager
(Molecular Dynamics, Sunnyvale, CA), and relative intensities were
quantitated by ImageQuant.

Time-lapse KCl-induced neuropeptide release. PC12 cells were plated
on polylysine-coated glass coverslips and transfected using Lipo-
fectamine 2000 (Invitrogen) with Emerald GFP-tagged proANF (atrial
natriuretic factor) (Han et al., 1999) in combination with Kv2.1 in
pcDNA, pcDNA3-FLAG Cla, or both, or with pcDNA3-Kv2.1W365C/
Y380T. Cotransfection of proANF with the empty vector (pcDNA3; con-
trol) served as a nonspecific control. Imaging experiments were con-
ducted at 25°C 2 d after transfection using a Pentamax cooled, frame-
transfer CCD camera (Photometrics, Tuscon, AZ) attached to a Nikon
(Tokyo, Japan) Diaphot 300 inverted microscope equipped with a 40X
oil-immersion objective. The 512 X 512 pixel images were subjected to
4 X 4 real-time binning and acquired on a Pentium III 833 MHz com-
puter using WinTest Image Acquisition software (Photometrics). Inci-
dent light (~480 nm) was provided by a Lamda DG-4 (Sutter Instru-
ments, Novato, CA) light source containing a 150 W xenon bulb and a
GFP-filter set (Omega Optical, Brattleboro, VT). Incident light exposure
was synchronized with image acquisition to between 200 and 400 ms to
minimize photobleaching. Images were acquired at 40 s intervals. Syn-
chronization and timing of image acquisition with incident light expo-
sure was controlled by an ITC-16 analog/digital converter (Instrutech,
Port Washington, NY) connected to a Macintosh PPC 7600 computer
running Igor Pro 5 (Wavemetrics, Lake Oswego, OR) with an ITC-16
XOP (Instrutech) installed. During the experiment, control solution
containing (in mm) 140 NaCl, 2.8 KCI, 2 CaCl,, 1 MgCl,, and 10 Na-
HEPES, pH 7.4, was superfused through a 1 ml bath at a rate >2 ml/min.
After five consecutive exposures, depolarization-evoked neuropeptide
release was induced by superfusion with (in mm) 70 KCl, 70 NaCl, 10
CaCl,, 1 MgCl,, and 10 Na-HEPES, pH 7.4. Average intensities for a
region of interest (ROI) were calculated by summing the intensity of each
pixel and dividing by the total number of pixels. Background fluores-
cence was quantified from an ROI in each image defined in an area
containing no fluorescent cells. Background-subtracted average fluores-
cence intensities for each ROI at each exposure time point were then
normalized to an average of the same measurement analyzed for time
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points before application of the depolarizing solution. Because these
measurements quantify the amount of fluorescence remaining in the cell
during depolarization, they were subtracted from 1 and multiplied by
100 to obtain the percentage of release at a particular time point. Only
cells that exhibited stable basal fluorescence during the first five expo-
sures were included in the analysis.

Electrophysiology. Whole-cell voltage-clamp recordings were con-
ducted using a Multiclamp 700A patch-clamp amplifier (Molecular De-
vices, Foster City, CA) on PC12 cells. Ca?™ currents were eliminated by
omitting Ca®" from the extracellular solution and adding Cd**. The
extracellular solution contained the following (in mm): 120 NaCl, 2.5
KCl, 2 MgCl,, 10 HEPES, 10 p-glucose, and 0.5 CdCL,. pH was titrated to
7.4, and osmolarity was adjusted with sucrose to 325 mOsm. The intra-
cellular solution contained the following(in mm): 100 potassium glu-
conate, 11 EGTA, 10KCl, 1 MgCl,, and 2 MgATP,. pH was titrated to 7.2,
and osmolarity was adjusted to 310-315 mOsm. Currents were acquired
through an ITC-16 analog/digital converter using Synapse electrophysi-
ological data acquisition software (Synergy Research, Ekero, Sweden)
running on a Macintosh G3 computer. Currents were filtered at 2 kHz
and digitized at 5 kHz. Currents were evoked with a series of 80 ms test
pulses from a holding potential of —70 to +35 mV (15 mV increments).
Cell capacitance was determined from cancellation of capacitance tran-
sients from 5 mV voltage steps using the Multiclamp Commander con-
trolling software of the Multiclamp patch-clamp amplifier. Steady-state
current amplitudes at the various potentials were measured relative to
baseline and normalized to cell capacitance to yield current densities.
Current densities were further normalized to the maximal density at +35
mV in a given cell. Conductance ( G) values were derived from the cor-
responding current densities, assuming a reversal potential of —92.8 mV
for K™ ions. For resting membrane potential measurements, PC12 cells
were subjected to whole-cell current clamp with no holding current, and
the membrane potential was measured immediately after patch mem-
brane disruption in control and high-potassium solutions used in the
neuropeptide release assays. Analyses were performed using Igor Pro 5
software (Wavemetrics) and custom-written macros.

Simultaneous measurements of [Ca’" |, and neuropeptide release. PC12
cells were incubated with 4 um fura-4 acetoxymethyl ester (AM) (In-
vitrogen, Eugene, OR) for 45 min in the 37°C incubator before being
used for experiments (Groffen et al., 2006). To facilitate loading of the
AM ester indicators, the mild detergent pluronic F-127 was added to
fura-AM in a 1:1 ratio and vortexed thoroughly with 1 ml of DMEM
(Invitrogen) immediately before incubation. PC12 cells loaded with the
fura indicator were transferred to an inverted Olympus (Tokyo, Japan)
IX-70 microscope for simultaneous measurement of calcium and GFP
(TILL Photonics, Munich, Germany). Time-lapse imaging was per-
formed with a CoolSNAP HQ camera (Photometrics) controlled by
MetaFluor software (Molecular Devices, Downingtown, PA). A set of
three images was acquired at 3.3 s intervals at incident light wavelengths
0f 488 nm to quantify the amount of GFP-tagged ANF protein and of 350
and 380 nm for fura-4 ratio imaging to determine intracellular Ca**
concentrations. Exposure times were 500 ms for 488 nm wavelengths and
100 ms for 350 and 380 nm wavelengths. During the experiments, the
cells were perfused continuously with external solution containing 140
mu NaCl, 3 mm KCl, 2 mm CaCl,, 10 mm HEPES, and 2 mg/ml glucose,
pH 7.2-7.4, 300-320 mOsm. After recording for 35 s, the cells were
stimulated by 70 mwm KCl, which was applied locally through a four-
barrel-like pipette for 15 s. After the application, the cells were washed
with external solution. Between applications, the amount of calcium was
allowed to decline to basal calcium levels. For calibration of the free
intracellular calcium concentration, a series of BAPTA-buffered solu-
tions containing defined concentrations of free calcium was calculated
using Igor Pro with custom-written macros. Fura-4F (20 um) was added
to each of the calibration solutions (containing calcium concentrations
of 0, 400, 800, or 10 mm), 10 ul of each solution was placed on a coverslip
and imaged, and the ratios were determined for each solution. Ratiomet-
ric values could then be determined from the equation of Grynkiewicz et
al. (1985) using Meta analyst software of the MethaMorph program
(Molecular Devices) and were used to calculate the Ca *? concentrations.
Background fluorescence was measured at 350 and 380 nm and sub-
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Figure 1. In situ interaction of Kv2.1 with syntaxin is dynamic. a, Syntaxin coimmunopre-
cipitates with Kv2.1 from permeable PC12 cells only after cross-linking of the cells with DTSSP.
Permeable PC12 cells, either cross-linked (4 DTSSP) or not (— DTSSP), were solubilized under
stringent conditions in RIPA buffer (see Materials and Methods), immunoprecipitated by Kv2.1
or synapsin antibodies as indicated above the lanes, and detected by Western blotting with
anti-syntaxin antibody. The left and right panels are two separate experiments. The experi-
ments shown are representative of three similar experiments. b, Interaction of Kv2.1 with
syntaxin is enhanced after Ca2™ triggering of primed cells. Permeable PC12 cells (3 X 10°
cells) underwent priming only (primed) or priming followed by triggering (triggered) and were
cross-linked with 5 mum DTSSP. Proteins were detected by Western blotting with the correspond-
ing antibodies, as indicated on the right. Lysate (noimmunoprecipitation was performed) from
1 10° cells was loaded (lysate). IP, Inmunoprecipitated; Syx, syntaxin antibody.

tracted from the corresponding 350 and 380 nm images of the cells. Ratio
images of the fluorescence intensities were obtained by dividing the sub-
tracted 350 nm image by the subtracted 380 nm image. The intensity of
the GFP fluorescence was quantitatively analyzed using Meta analyst
software of the MethaMorph program (Molecular Devices). To measure
the GFP, we analyzed the fluorescence intensity of ROIs.

Statistical analysis. Data are presented as mean + SEM. Student’s ¢ test
was used to calculate the statistical significance of differences between
two populations.

Results

In situ interaction of Kv2.1 with syntaxin is enhanced after
triggering release

Previous immunoprecipitation studies indicate that Kv2.1 inter-
acts with syntaxin 1A in PC12 lysates (Michaelevski et al., 2003).
Here we set out to ensure that the channel-syntaxin interaction is
authentic by excluding that binding between the proteins only
occurs after detergent solubilization of concentrated extracts.
Therefore, before solubilization and immunoprecipitation, per-
meable PC12 cells were treated with DTSSP, a membrane-
impermeant, homo-bifunctional, reversible cross-linking re-
agent. Solubilization was performed under stringent conditions
(RIPA buffer) and in very dilute conditions (up to 0.1 mg/ml total
protein; see Materials and Methods) that minimize possible in-
teractions in the lysate itself. Under these conditions, syntaxin
immunoreactivity was coprecipitated by a Kv2.1 antibody and
was detected in a monomeric form after reduction in the DTSSP
thiol groups (Fig. 1a, IP Kv2.1 —DTSSP). As expected, in control
experiments, in which the cross-linker was not present
(—DTSSP) or in which DTSSP-treated cells were immunopre-
cipitated using an antibody directed at synapsin (that does not
bind syntaxin: IP synapsin), little or no syntaxin was detected
(Fig. la). Thus, cross-linking experiments verify that native
Kv2.1 and syntaxin interact in situ.

Our next objective was to determine whether the interaction
of the Kv channel with syntaxin is dynamic (i.e., whether it de-
pends on the physiological state of the cells with regard to exocy-
tosis). In permeable PC12 cells, DCV-mediated release is pre-
ceded by an ATP-dependent priming step, followed by a Ca**-
triggered fusion step (Hay and Martin, 1992; present study; and
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data not shown). Therefore, cells were a
subjected to cross-linking either just at the
end of the priming phase or later, after the
Ca**-triggering phase. Coimmunopre-
cipitation analysis using the Kv2.1 anti-
body (Fig. 1b) revealed a fourfold increase
(425 = 68%; n = 5 p < 0.001) in the
amount of syntaxin that associated with
Kv2.1 in primed cells that underwent trig-
gering by Ca*", compared with cells that
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were only primed. However, the addition
of Ca®" ions to permeable cells that did
not undergo priming did not increase the

amount of coprecipitated syntaxin (n = 2)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material),
excluding the possibility that the increased
association is caused by the mere presence

of Ca’". Because membrane potential
cannot change in permeable cells, the in-
crease in syntaxin binding cannot reflect a
difference in voltage-dependent gating.
Therefore, these results are consistent with
the hypothesis that Kv2.1 has highest af-
finity for syntaxin assembled into the
SNARE complexes that mediate exocyto-
sis. Yet, one cannot exclude other hypoth- 140
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Pore-independent facilitation of release

by Kv2.1

To gain insight into how the Kv2.1-syntaxin
interaction may functionally affect exocyto-
sis in living cells, depolarization-induced re-
lease of GFP-tagged prohormone was opti-
cally monitored (Han etal., 1999). Although
Kv2.1 expression levels are very low in un-
differentiated PC12 cells compared with na-
tive brain tissue (Sharma et al., 1993), we
were able to detect Kv2.1 by immunoprecipitation from millions of
cells (Fig. 1). However, the effects of Kv2.1-syntaxin interaction on
release from single cells should be tested under conditions in which
the density of Kv2.1 channels is similar to what is found in neurons.
Overexpression of Kv2.1 in PC12 cells by transfection can result in
current density and voltage dependence of activation (Fig. 2a—c)
similar to those found in hippocampal neurons (Murakoshi and
Trimmer, 1999; Du et al., 2000). Depolarization-induced release was
quantified in cells transfected with a Kv2.1-containing vector and
was compared with an empty vector control. Although Kv channels
were thought to only inhibit exocytosis, release evoked by K*-
induced depolarization was enhanced with additional expression of
Kv2.1 (Fig. 2d).

fected with proANF-GFP cDNA (top) and a cell cotrasfected with proANF-GFP and Kv2.1 cDNAs (bottom). Currents were evoked by
a series of steps to different potentials (noted adjacent to trace) from a holding potential of —70 mV. b, Averaged current
density—voltage relationships for control and Kv2.1 cells (n = 5 and 7, respectively). ¢, Activation curve for Kv2.1 cells. Normalized
conductance (G/G,,,,)—potential relationships were fitted to a Boltzmann equation, 6/G,,,, = 1/(1 + exp ((Va,,, — V)/a),and
yielded a Va, , (half-activation voltage) of 5.8 == 2.26 mV and an a (slope factor) of 11.8 = 0.42. d, Time course of release induced
by depolarization with high 70 mm extracellular KCl from PC12 cells cotransfected with proANF-GFP and either Kv2.1 (Kv2.1; open
circles; n = 19) or empty vector (control; filled circles; n = 17). Results are the summary of eight independent experiments. e, A
pore mutant channel enhances release induced by depolarization. Cells were transfected with the mutant (Kv2.1W365C/Y380T;
open circles; n = 10) or with the empty vector (control; filled circles; n = 11). *p << 0.05; **p << 0.001.

The above experimental conditions supposedly clamp the
membrane potential near the reversal potential for K™ and
thereby should minimize the impact of the Kv channel pore (i.e.,
minimize K" currents). To determine directly whether Kv2.1
pore function is involved in the facilitation of depolarization-
evoked release, a pore mutant (Kv2.1W365C/Y380T) that abol-
ishes ion conduction (Malin and Nerbonne, 2002) was used.
Control experiments conducted in Xenopus oocytes showed that
this Kv2.1 mutant binds syntaxin to the same extent as wild-type
channels and is expressed at the cell surface (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). After
expression in PC12 cells, Kv2.1W365C/Y380T enhanced release
to the same degree as the wild-type channel (Fig. 2e) (specifically,
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Figure3.  Kv2.1enhancement of release does not arise from differences in membrane potential or intracellular free Ca** . a,
Membrane potential, measured from GFP-expressing cells using the whole-cell current clamp. Increased depolarizations were
observed when cells were bathed in 70 mm KCl solution (KCI) compared with control solution (rest); however, membrane poten-
tials were similar for Kv2.1- and empty vector-transfected cells (control; 15 and 11 cells per group, respectively). b, Both resting
and evoked Ca*™* levels are similar in Kv2.1-transfected and control cells. Left, In a single cell, intracellular Ca®* concentration
(ICa**1; filled circles) and depletion of proANF-GFP fluorescence (fluorescence; open circles) were measured during two extra-
cellular applications of 70 mm KCl (bars). An increased rate of fluorescence depletion indicating proANF-GFP release coincides with
theriseinintracellular Ca® . Right, Bar graph showing that resting [Ca* ], (left bars) and peak values during KCl application are
similar for Kv2.1 and control cells (n = 13 and 14, respectively).
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Figure4. TheKv2.1-C1a peptide competes with Kv2.1 for association with syntaxin to inhibit facilitation of release by Kv2.1.a,

Schematic illustration of the Kv2.1 protein. Dashed segments are domains that bind syntaxin and were used in this study. b,
Immunoprecipitation (IP) from PC12 cells was performed with anti-Kv2.1 antibody in the absence (control) or presence of recom-
binant Kv2.1 or Kv1.1 GST-fusion peptides, or the antigen (Ag) peptide for the Kv2.1 antibody, as indicated above the lanes. The
immunoprecipitated Kv2.1and the coimmunoprecipitated syntaxin (Kv2.1and co-IPed Syx) proteins were detected by antibodies
(IB), asindicated on the left side of the blots of the top panel. Molecular weights are also marked on the left. Glutathione-Sepharose
beads were added to the supernatant to pulldown syntaxin (Pulled down Syx). Precipitated proteins were immunoblotted with
anti-syntaxin antibody (IB Syx) or stained with ponceau S, as indicated on the left side of the bottom panel. ¢, f, g, Release induced
by depolarization with 70 mm extracellular KCl concentration was assessed from PC12 cells (as in Fig. 2) that were transfected with
empty vector (control; n = 9;c), with Kv2.1-Cla peptide (C1a; n = 15;¢), with Kv2.1alone (Kv2.1;n = 7; f) orwith Kv2.1 together
withKv2.1-C1a (Kv2.1 + Cla; n = 6; ). *p << 0.05. Normalized release at 10 min after the onset of KCl application s shown in the
bar diagram (g). In all cells the molar concentration of total transfected DNA was adjusted to be equal by the empty vector. d,
Averaged current density at +35 mV in cells expressing Kv2.1 + CTa (n = 9) compared with those of control and Kv2.1 cells (the
latter taken from Fig. 2b). e, The normalized conductance—voltage relationship from cells expressing Kv2.1 + C1a is superim-
posed on that of Kv2.1 (the latter taken from Fig. 2¢).
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there was no statistical difference in the
release measured after 12 min of depolar-
ization). Thus, a functional pore was not
required for the Kv2.1-mediated facilita-
tion of depolarization-evoked release.
Follow-up experiments verified that
Kv2.1 enhancement of release did not
arise from effects on membrane potential
or cytoplasmic Ca*". First, membrane po-
tential before stimulation was identical in
cells overexpressing Kv2.1 and control
cells expressing empty vector (Fig. 3a).
Likewise, during KCI superfusion, depo-
larization was indistinguishable in both
experimental groups (Fig. 3a). In addi-
tion, simultaneous monitoring of
proANF-GFP and cytoplasmic Ca*" tran-
sients indicated a correlated release of flu-
orescent ANF with a rise in intracellular
free Ca®" ([Ca®"];) (see a representative
cell in Fig. 3b, left panel). Note that the
basal level of [Ca®"], in cells transfected
with Kv2.1 was similar to control cells
(Fig. 3b, right panel). Moreover, superfu-
sion of single cells with two consecutive
30 s pulses of 70 mm KCl solution elicited
similar Ca®" transients in both groups of
cells (Fig. 3b). Together, these findings
show that the observed facilitation of re-
lease by Kv2.1 was not attributable to dif-
ferences in membrane potential or bulk
intracellular Ca2", in accordance with a
pore-independent mechanism.

Kv2.1-derived syntaxin-binding
peptides inhibit the facilitation of
release by the channel

Previous in vitro binding of GST-fusion
peptides corresponding to the major cyto-
plasmic parts of Kv channels with the re-
combinant cytoplasmic portion of syn-
taxin or the *°S-labeled full-length
syntaxin synthesized in reticulocyte lysate
showed that syntaxin binds the C1 and
Cla domains of the cytoplasmic C termi-
nus of Kv2.1 (Fig. 4a) but not to the C
terminus of Kvl.1 (Fili et al., 2001I;
Michaelevski et al., 2003; Tsuk et al,
2005). Therefore, we examined whether
the Kv2.1 syntaxin-binding peptides
could be used to compete for the in vivo
association of syntaxin with Kv2.1. Coim-
munoprecipitation experiments in PC12
cells were performed in the presence or
absence of GST-fused Kv2.1 peptides.
These studies showed that the amount of
syntaxin that was coimmunoprecipitated
with Kv2.1 (Fig. 4b, Co-1Ped Syx, control)
was considerably reduced in the presence
of Kv2.1-C1 and Kv2.1-Cla peptides. In
contrast, the amount of coprecipitated
syntaxin was considerably larger in the
presence of the GST-fused Kvl.1-C-
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terminus peptide (Kv1.1-C), which does not bind syntaxin (Fig.
4b). Therefore, the Kv2.1-derived syntaxin-binding peptides spe-
cifically disrupt interaction of syntaxin with native Kv2.1
channels.

This finding led us to examine the impact of the Kv2.1-Cla
peptide on channel facilitation of depolarization-evoked release.
Expression of Cla (which was verified by FLAG tag immuno-
staining) in the absence of exogenous Kv2.1 did not inhibit basal
release (Fig. 4¢). In addition, expression of Kv2.1-Cla peptide did
not alter Kv current density or voltage dependence of activation
(Fig. 4d,e). However, the Kv2.1-dependent enhancement of
depolarization-evoked release was markedly inhibited in cells co-
expressing the Kv2.1-Cla peptide (Fig. 4f,g), consistent with a
role for the Kv2.1-syntaxin interaction in facilitation of release.

The syntaxin association domain is required for Kv2.1
facilitation of release.

The peptide competition experiment could reflect disruption of
syntaxin binding to Kv2.1 or to another protein with homology
to the Cla domain. To distinguish between these possibilities, the
Cla domain was deleted from the wild-type channel. This dele-
tion did not affect gross channel behavior because the current
density and the voltage dependence of activation were similar to
wild-type Kv2.1 (Fig. 5, compare a, b). However, coimmunopre-
cipitation analysis of proteins expressed in Xenopus oocytes (see a
representative experiment in Fig. 5¢) showed that the ratio of the
immunostained intensities of syntaxin (coprecipitated by the
Kv2.1 antibody) to the deletion mutant (Kv2.1ACla) was re-
duced to 15.7 £ 1.3% (n = 4; p < 0.0005) of the wild-type
controls. Hence, deleting the Cla domain crippled syntaxin
binding without apparently altering channel gating, permeation,
and expression.

Furthermore, the loss of the syntaxin association domain cor-
related with a loss of the Kv2.l1-induced enhancement of
depolarization-evoked release (Fig. 5d). Kv2.1ACla produced a
small statistically significant inhibition of release compared with
empty vector control. Thus, eliminating the capacity of Kv2.1 to
interact with syntaxin abolished the facilitation of release seen
with the wild-type channel. Moreover, the small but statistically
highly significant inhibition by Kv2.1ACla may be ascribed,
along two scenarios, to a dominant-negative function of this sub-
unit with regard to the interaction of the Kv2.1 channel with
syntaxin. First, during biosynthesis, the Kv2.1ACla subunits may
coassemble with the newly synthesized endogenous wild-type
subunits to form heterotetramers with possibly reduced syntaxin
binding capacity (the stoichiometric relationship between chan-
nel subunits and syntaxin molecules in a syntaxin-sensitive chan-
nel has not been determined yet). Alternatively, or in addition,
homotetrameric mutant channels that do not bind syntaxin may
scavange an endogenous channel-binding protein(s) other than
syntaxin that forms, together with syntaxin and endogenous
wild-type channels, an exocytosis-enhancing complex at the
plasma membrane. These release results, along with the protein
association experiments, support the conclusion that direct in-
teraction between Kv2.1 and syntaxin is required for pore-
independent enhancement of release.

Discussion

This study establishes that the Kv2.1 channel acts via its cytoplas-
mic syntaxin association domain to increase release after Ca**
elevation. This effect is independent of the potassium ion flow
through the channel pore, which tends to hyperpolarize the
membrane potential to indirectly limit the opening of voltage-
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Figure 5. A Kv2.1 mutant with impaired syntaxin-binding capacity does not enhance re-
lease. a, Averaged current densitiy—voltage relationships in PC12 cells transfected with the
mutant channel (Kv2.1 AC1a; n = 6), derived as in Figure 2b. Note that the current densities of
the mutant channel are similar to those of the wild-type channel (compare with Fig. 2b). b,
Normalized conductance (G/G,,,,)-voltage relationship of Kv2.1 AC1a superimposed on that
of Kv2.1 (from Fig. 2¢). ¢, Physical interaction of the Kv2.1AC1a channel with syntaxin in Xeno-
pus oocytes isimpaired. Digitized Phosphorlmager scans of SDS-PAGE analysis of [ **S]Met/Cys-
labeled Kv2.1, Kv2.1A(1a, and syntaxin proteins coprecipitated by either anti-Kv2.1 antibody
(IP Kv2.1) or anti-syntaxin antibody (IP Syx) from oocytes that were injected with Kv2.1 or
Kv2.1ACTa together with syntaxin (+Syx), or injected with syntaxin alone (Syx) are shown.
Arrows indicate the relevant proteins. The scans show that the amount of syntaxin coprecipi-
tated with mutant channel (see IP Kv2.1) is significantly smaller than that coprecipitated with
the same amount wild-type channel, although expression of syntaxin in oocytes expressing the
mutant channel was not smaller than that of the wild type (see IP Syx). The results shown are
from one of four independent experiments. d, Kv2.1AC1a overexpression does not enhance
neuropeptide release induced by depolarization with high external KCI concentration. Cells
were transfected with the mutant (Kv2.1A(1a) or with empty vector (control) (n = 12 and 10,
respectively). *p << 0.05.

gated Ca** channels. The actions of the Kv channel pore and
syntaxin-binding domains might seem antagonistic, but in com-
bination the two mechanisms reinforce the known activity de-
pendence of DCV exocytosis. Single action potentials will not
produce maximal exocytosis because membrane potential hyper-
polarization from Kv channel pore activity will indirectly limit
Ca*" influx through voltage-gated Ca** channels. However, re-
lease in response to repetitive firing that produces sustained Ca*™
elevation will be facilitated by the biochemical interaction of the
channel with a key SNARE protein.

DCVs containing hormones, neuropeptides, or neurotro-
phins and Kv2.1 channels are colocalized in neuroendocrine cells
and neuronal dendrites. Furthermore, Kv channels in nerve ter-
minals also biochemically interact with syntaxin (Fili et al., 2001).
Thus, the sculpting of release by direct interaction of Kv channels
with secretory machinery may be widespread. In fact, the en-
hancement in release by the Kv2.1 syntaxin-binding domain is
comparable to the effect of cAMP in PC12 cells (Ozaki et al.,
2000) and the enhancement of transmitter release mediated by
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brain-derived neurotrophic factor (Li et al., 1998; Wardle and
P00,2003), which is thought to play an important role in activity-
induced long-term potentiation in the hippocampus (Tyler et al.,
2002; Lu, 2003); for review see (Kovalchuk et al., 2004). Thus, the
pore-independent enhancement of sustained release is an unex-
pected novel action of Kv channels that could be physiologically
significant.

We suggest three possible mechanisms that could underlie the
facilitation of exocytosis by the association of syntaxin with the
Kv channel. First, DCVs undergo kiss-and-run exocytosis in neu-
roendocrine cells and dendrites (Scalettar, 2006). It has also been
proposed that syntaxin lines the fusion pore (Jackson and Chap-
man, 2006). Therefore, it is possible that channel association with
syntaxin promotes full-collapse fusion, which induces complete
release, in place of the incomplete release associated with kiss-
and-run exocytosis. Second, it is known that syntaxin function is
affected by its structural conformation state. It has been shown in
HEK293 cells that the functional interaction of the mutant open
form of syntaxin (L165A, E166A) with Kv2.1 is stronger than that
of wild-type syntaxin (Leung et al., 2005). Hence, the channel
might influence the equilibrium between the closed and open
conformations of this SNARE protein. Finally, many docked
DCVs do not readily undergo release. Perhaps, the channel-syn-
taxin association influences whether a vesicle is in the reserve or
releasable pool. Of course, more than one of these mechanisms
may be relevant, and other possibilities abound. Regardless of the
specifics, the physiological significance of Kv channels has been
expanded: they act biochemically, as well as electrically, to control
exocytosis.
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