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Abstract Recently, we demonstrated that the Kv2.1 channel plays a role in regulated exocytosis of dense-core
vesicles (DCVs) through direct interaction of its C terminus
with syntaxin 1A, a plasma membrane soluble NSF
attachment receptor (SNARE) component. We report here
that Kv2.1 interacts with VAMP2, the vesicular SNARE
partner that is also present at high concentration in neuronal
plasma membrane. This is the first report of VAMP2
interaction with an ion channel. The interaction was
demonstrated in brain membranes and characterized using
electrophysiological and biochemical analyses in Xenopus
oocytes combined with an in vitro binding analysis and
protein modeling. Comparative study performed with wildtype and mutant Kv2.1, wild-type Kv1.5, and chimeric
Kv1.5N/Kv2.1 channels revealed that VAMP2 enhanced
the inactivation of Kv2.1, but not of Kv1.5, via direct
interaction with the T1 domain of the N terminus of Kv2.1.
Given the proposed role for surface VAMP2 in the
regulation of the vesicle cycle and the important role for
the sustained Kv2.1 current in the regulation of dendritic
calcium entry during high-frequency stimulation, the
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interaction of VAMP2 with Kv2.1 N terminus may
contribute, alongside with the interaction of syntaxin with
Kv2.1 C terminus, to the activity dependence of DCV
release.
Keywords Kv2.1 . VAMP2 . Inactivation . T1 domain

Introduction
The Shab subfamily of the voltage-gated K+ (Kv) channels,
including Kv2.1 and Kv2.2 members [20, 24], are major
molecular determinants of a slow-inactivating delayed
rectifier current in neuronal [45], neuroendocrine, and
endocrine cells [41, 51]. Specifically, Kv2.1 channels are
located mainly on the soma and dendrites of hippocampal
neurons [14, 23], and their sustained current regulates spike
duration and, consequently, dendritic calcium entry during
high-frequency stimulation, suggesting a role for Kv2.1 in
the fidelity of high-frequency synaptic transmission [13].
To date, there is a constantly growing list of experimental
data indicating interaction of syntaxin 1A (Syx) and SNAP25, the two plasma-membrane-associated protein components of the soluble NSF attachment receptor (SNARE)
complex (t-SNAREs) that is essential to the exocytotic
process [5], with various voltage-gated calcium (for review,
see [15]) and potassium channels. Regarding Kv channels,
it was previously shown that Kv1.1 interacts with Syx in
brain synaptosomes and in oocytes [17], and Kv2.1 and
Kv2.2 interact with Syx and SNAP-25 in PC12 cells, islet
β-cells, and Xenopus oocytes [26, 36, 41, 44, 58, 62]. The
physical interactions of Kv2.1 with Syx and the t-SNARE
complex have distinct effects on Kv2.1 gating [44, 58],
whereas Kv2.2 gating is affected only by Syx [62].
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VAMP2 (synaptobrevin), the neuronal-vesicle-associated
partner (v-SNARE) of the SNARE complex [8, 52] plays
essential role in synaptic vesicles exocytosis [53] and is
also important in secretion from endocrine cells (e.g.,
pancreatic β-cells; [6]). Similarly to the t-SNAREs that
network with various proteins, VAMP2 participates in
different protein–protein interactions [19, 47, 48]. In
contrast to the t-SNAREs, to date, no evidence has been
presented concerning interaction of VAMP2 with ion
channels. However, taking into account its participation in
protein–protein interactions together with its now wellestablished presence at high concentration on axonal
surface [16, 56], forming a steady-state reservoir [12], it is
not inconceivable that VAMP2 may interact either directly
or indirectly, through its protein partners, with ion channels.
In this study, we report physical and functional interactions
of plasma membrane VAMP2 with Kv2.1 and Kv2.2,
affecting mainly the steady-state and kinetic properties of
their inactivation. These results suggest a role for the Kv2.1–
VAMP2 interaction in dense-core vesicles (DCVs) release of
hormones, neuropeptides, or neurotrophins from dendrites
and endocrine cells where the channels are localized.
Notably, Kv2 channels undergo slow U-shaped inactivation from preferentially closed state [30, 31], which
differs in several parameters from classical C-type inactivation, characterized in Shaker channels (reviewed in [34]).
To date, structure–function studies have provided little
insight into the structural basis for Kv2.1 ‘U-type’
inactivation, although several structural manipulations
within the N-terminal tetramerization T1 domain and
association with modulatory α-subunits implicate both the
N terminus and the S6 segment in this inactivation [28, 29]
(for review, see [34]). Using various Kv2.1 truncated
channels and a Kv1.5-Kv2.1 chimeric channel, we show
in this study that in contrast to the interaction with either
Syx or the t-SNARE complex, the interaction with VAMP2
does not involve the C terminus of Kv2.1. Rather, it
requires the N terminus of the channel, specifically an
extension of a docking loop within the T1 domain that is
absent in Kv1.5. These results extend our knowledge of the
structural determinants that confer K+ channel inactivation.

Materials and methods
Constructs and antibodies The antibodies used were:
polyclonal antibodies against Kv2.1 C terminus or Kv2.1
N terminus (Alomone Labs, Jerusalem, Israel) and polyclonal antibody against VAMP2 (Abcam, Cambridge, UK).
Kv2.1 wild-type and its C-terminal (ΔC318 and ΔC416)
and N-terminal (ΔN119) truncation mutants (kindly provided by Prof. R. Joho, The University of Texas Southwestern Medical Center, Dallas, TX, USA) complementary
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DNAs (cDNAs) were cloned in pBluescript. Kv1.5 (kindly
provided by Prof. B. Attali, Tel-Aviv University, Israel)
Kv1.5N/Kv2.1 (kindly provided by Prof. David Fedida,
University of British Columbia, Vancouver, Canada),
Kv2.1ΔN139, and BoNT/C (kindly provided by Dr. H.
Gaisano, University of Toronto, Ontario, Canada) cDNAs
were cloned in pCDNA3. To generate Kv2.1ΔN70–73
(deletion of four amino acids), oligonucleotide primers: 5′
CGACTCCCTGCTCCAGGTGTGCCTTGAGGACAAC
GAGTACTTC and 5′ GAAGTACTCGTTGTCCT
CAAGGCACACCTGGAGCAGGGAGTCG were used to
amplify wild-type Kv2.1 by QuikChange® site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA), according
to the manufacturer’s instruction manual. Kv2.2 (kindly
provided by Prof. O. Pongs, Zentrum fur Molecular
Neurobiologie, University of Hamburg, Germany) cDNA
was cloned in pGEMHE. Kv2.1/Kv2.3T1-S1 (Kv2.1/
Kv2.3NRD) cDNA (kindly provided by Prof. José LópezBarneo, Universidad de Sevilla, Seville, Spain) was cloned
in p513 eukaryotic expression vector (derivative of pSG5,
Stratagene). Preparation of messenger RNAs (mRNAs) was
as described [37]. The degenerate phosphorothioate antisense oligodeoxynucleotides targeted against syntaxins
(AS-Syx) was created as described [43]. DNAs of Kv2.1
fragments for generation of GST fusion proteins were
constructed as described [44]. His-6-tagged VAMP-2
(kindly provided by Dr. Michael Veit, Free University,
Berlin, Germany) was cloned to pQE30 and purified as
described [27].
Electrophysiological recording in oocytes Preparation of
Xenopus laevis oocytes was performed as described [37].
Typically, for the electrophysiological assays, oocytes were
injected with the following concentrations of mRNA
(further detailed in the figure legends): 0.025–0.1 ng/oocyte
of Kv2.1 and its C-terminal deletion mutants; 0.05 ng/
oocyte of Kv1.5; 2.5 ng/oocyte of Kv2.1ΔN70–73 and
Kv2.1N/Kv1.5; 0.008–0.14 ng/oocytes of Kv2.2; 1.5 ng/
oocyte of VAMP2 and 5–15 ng/oocyte of BoNT/C. Fifty
nanograms per oocyte AS-Syx was injected 2 days before
the electrophysiological assay, which was performed 3 days
after the mRNA injection. Two-electrode voltage-clamp
recordings were performed as described [38]. To avoid
possible errors introduced by series resistance, only current
amplitudes up to 6 μA were recorded. Net current was
obtained by subtracting the scaled leak current elicited by a
voltage step from −80 to −90 mV. Oocytes with a leak
current of more than 3 nA/1 mV were discarded. Experimental protocols and data analyses are described in the
figure legends.
Immunoprecipitation in oocytes For the biochemical
assays, oocytes were injected with 5–15 ng/oocyte of
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Kv1.5, Kv2.1, Kv2.2 and all mutants, and with 0.25–
1.5 ng/oocyte of VAMP2 (further detailed in the Figure
legends). Oocytes were subjected to immunoprecipitation
(IP) as described [38]. Briefly, immunoprecipitates from 1%
Triton X-100 lysates of either plasma membranes (PMs) or
internal fractions (IFs) (separated mechanically, as described [25]) were analyzed by sodium dodecylsulfate–
polyacrylamide gel electrophoresis (SDS-PAGE; both 8%
and 12% of acrylamide). Digitized scans were derived by
PhosphorImager (Molecular Dynamics, Eugene, OR, USA)
and relative intensities were quantitated by ImageQuant.
In vitro binding of GST fusion proteins with His-6-tagged
VAMP2 The fusion proteins were synthesized and reacted
with VAMP2 as described [17]. Briefly, purified GST
fusion proteins (100–200 pmol) immobilized on glutathioneSepharose beads were incubated with 200 pmol (or different
concentrations as denoted in Fig. 6b) of His-6-tagged
VAMP2 in 1ml phosphate-buffered saline (PBS) containing
0.1% Triton X-100. After washing, the GST fusion proteins
were eluted with 20 mM reduced glutathione in 40 μl of
elution buffer (120 mM NaCl, 100 mM Tris–HCl, pH8),
separated by 12% SDS-PAGE, and subjected to Western
blot analysis using the ECL Detection System (Pierce,
Rockford, IL, USA); proteins in nitrocellulose membrane
were stained by Ponceau.
Immunoprecipitation and immunoblotting in rat brain
membranes Crude rat brain membranes (P2 fraction) were
prepared as described [39], stored in aliquots of 150–
200 mg at −80°C, and thawed once right before using.
Aliquots were solubilized in PBS buffer containing 2%
CHAPS and a mixture of protease inhibitors (Boehringer,
Mannheim) and subjected to IP and immunoblotting (IB),
essentially as described previously [17].
“Pull-down” from rat brain membranes GST fusion
proteins (200 pmol) were incubated with 150–200 mg
crude rat brain membranes (P2 fraction) in PBS buffer with
2% CHAPS and a mixture of protease inhibitors (Boehringer)
at 4°C overnight and then immobilized on glutathioneSepharose beads. Samples were washed four times with
PBS containing 0.1% CHAPS then boiled for 10min in SDS
sample buffer. IB and visualization were performed as
described above.
Protein modeling Three-dimensional models for the T1
domains of Kv1.5 and Kv2.1 channels were created using
3Djigsaw prediction algorithm for comparative modeling
[3]. Kv1.2 (PDB 2a79, chain B) was chosen as a structural
template because in pairwise comparison with both Kv2.1
and Kv1.5, it received the highest 100 bit score among
different candidates: 5.38521 with Kv1.5 and 4.85556 with
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Kv2.1 (according to authors’ empirical data, if the bit score
is above 2, then 95% of alignments are accurate). The
obtained models were superimposed in Swiss-PDBViewer
3.7 with Magic Fit (http://www.expasy.org/spdbv/).
Statistical analysis Data are presented as means ± SE. The
statistical significance of differences between the two
groups was calculated by the use of independent sample t
test procedures assuming unequal variance (Mann–Whitney’s
rank-sum test). Multiple group comparisons were done using
one-way analysis of variance (ANOVA) followed by Holm–
Sidak test for multiple comparisons. All the statistical
analyses were performed using SigmaStat 3.1 for Windows
(Systat Software, USA).

Results
VAMP2 affects steady-state and kinetic parameters of
Kv2.1 inactivation In an effort to analyze functional and
physical interactions between VAMP2 and Kv2.1, we
employed the heterologous expression system of Xenopus
oocytes in which biochemical and electrophysiological
analyses were carried out concomitantly. Co-injection of
Kv2.1 with high concentration (≥1.5 ng/oocyte) of VAMP2
mRNAs into oocytes occasionally decreased the outward
K+ current amplitudes and affected the Kv2.1 activation
and inactivation gating, assayed by two-electrode voltageclamp technique. Biochemical analysis demonstrated that
the reduced currents correlated with impaired trafficking of
the channels to the plasma membrane (unpublished results).
Accumulated experimental data demonstrated that the effect
on Kv2.1 activation gating was inconsistent—it was
evident in only a few batches of oocytes. In contrast, the
effect on inactivation was reproducible: It appeared in all
batches of oocytes and was already apparent with lower
VAMP2 mRNA concentrations that did not affect the
current amplitudes, arguing that the effects on current
amplitude and on inactivation gating were independent.
Further, to exclude any possible link between the two
effects that may lead to experimental artifacts, the effect of
co-expressed VAMP2 on gating was always assayed in
oocytes expressing current amplitudes comparable to those
expressed in its absence.
The effect of VAMP2 on Kv2.1 voltage dependence of
steady-state inactivation (SSI) was studied using depolarizing prepulses followed by a test pulse to +50 mV (Fig. 1a,
upper panel). The main characteristic of Kv2.1 inactivation
is U-shaped voltage dependence (see Fig. 1d), with initial
decline of inactivation curve up to about 0 mV followed by
an “upturn” in the voltage dependence at strong depolarization [31]. In our analysis, we referred only to the declining
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phase of the inactivation curve and fitted it with a onecomponent Boltzmann equation (Fig. 1b). As Kv2.1
currents inactivate slowly upon membrane depolarization
(Fig. 1a), we started with 30-s prepulses (Fig. 1b), which
induce maximal inactivation. Co-injection of VAMP2 with
Kv2.1 mRNAs resulted in a negative shift of the halfinactivation voltage (Vi1⁄2) by about 10 mV (Fig. 1b, inset),
with no effect on the slope factor (not shown). For practical
reasons, all subsequent studies of Kv2.1 SSI were done
with 5-s prepulses, which yielded quite similar shifts in Vi1⁄2;
however, an increase in the non-inactivating current fraction became apparent with the short prepulses in oocytes
expressing VAMP2 (Fig. 1c,d), probably due to the effect
of VAMP2 to enhance the rate of inactivation (see below).
These shifts in Vi1/2 showed clear dependence on the
amount of injected VAMP2 mRNA (Fig. 1e,f).
Analysis of the effect of VAMP2 on the kinetic
parameters of Kv2.1 current revealed that whereas VAMP2
did not change the activation time constant, it accelerated
the onset of inactivation [Electronic supplementary material
(ESM), Fig. S1] and decreased the rate of recovery from
inactivation (ESM, Fig. S2) at voltages near or below of
Kv2.1 Va1/2 [44] that favor occupancy of partially activated
closed states. In all, rendering the SSI more sensitive to
depolarization, speeding up the onset of inactivation, and
attenuating the recovery from inactivation, VAMP2 promotes the inactivation state of Kv2.1.
As the effects of VAMP2 on Kv2.1 inactivation were
similar to those previously demonstrated for Syx [44], we
looked into the possibility that VAMP2 exerts its effects
indirectly via interaction with the oocyte’s endogenous Syx.
To this end, we assayed the effects of VAMP2 in oocytes of
which endogenous Syx was knocked down [44, 58] by
injecting an antisense oligodeoxinucleotide, which is
directed against highly conserved stretches of the linker
domain separating the H2B and H3 helixes of Syx (ASSyx; blocks de novo synthesis of Syx) together with mRNA
encoding the light chain of Botulinum neurotoxin C
(BoNT/C; selectively cleaves already synthesized Syx).
Figure 1f demonstrates that the effect of VAMP2 is not
mediated by endogenous Syx.
VAMP2 affects both steady-state and kinetic parameters of
Kv2.2 inactivation similarly to Kv2.1 Previously, we
showed that due to major sequence divergence of the C
terminus of Kv2.2 from that of Kv2.1 [mainly distal to the
C1a region (see Fig. 2a) where Kv2.1 and Kv2.2 exhibit
only 24% sequence identity], the interactions of Kv2.2 with
Syx and with the t-SNARE complex were different from
those of Kv2.1 [62]. Here, we tested the interaction of
Kv2.2 with VAMP2. Co-expression of VAMP2 caused a
significant leftward shift of Vi1/2 (Fig. 2d,e). In addition,
inactivation onset was accelerated at voltages near or below
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Fig. 1 VAMP2 affects the voltage dependence of Kv2.1 steady-state
inactivation. a Representative current traces demonstrating Kv2.1
steady-state inactivation (SSI, leak subtracted) from a single oocyte
injected with Kv2.1 only (Kv2.1) or with 1.5 ng/oocyte VAMP2
(+VAMP) mRNAs. Currents were elicited by 30-s depolarizing
prepulses applied from −80 mV in ascending order (Vprepulse) followed
by a 350-ms test pulse to +50 mV (upper panel). A representative
experiment demonstrating the effects of VAMP2 on Kv2.1 SSI,
performed in a single batch of oocytes (five oocytes per group) using
the 30-s inactivation protocol, is shown in b; normalized current
amplitudes (I/Imax) were plotted as function of Vprepulse. Data from
each oocyte
to the Boltzmann
charge-voltage
sigmoidal
.
 were fitted


equation I=Imax ¼ 1 1 þ expðV Vi Þ=a þ C , and mean values of
half inactivation (Vi1/2) drawn from three independent experiments are
shown in the inset. c representative Kv2.1 current traces obtained by
application of a 5-s inactivation protocol (upper panel; same as in
a and b, but with 5-s depolarizing prepulses) from a single oocyte
injected with Kv2.1 only (Kv2.1) or with 1.5 ng/oocyte VAMP2
(+VAMP) mRNAs. d A representative experiment, performed with the
5-s inactivation protocol, demonstrating the full U-shaped inactivation
curves of Kv2.1. e A representative experiment demonstrating the
dependence of Kv2.1 Vi1/2 on the VAMP2 mRNA concentration (two
different concentrations, as denoted). f Summarized Vi1/2 values
obtained from several experiments as in e. Statistical differences
between groups were estimated by the one-way ANOVA analysis, as
described in “Materials and methods”; **P=<0.001 [for the differences in the mean Vi1/2 values among the treatment groups, as
estimated by one-way ANOVA; in pairwise multiple comparison
procedures (Holm–Sidak method), the overall significance level=
0.05]. g Knockdown of the endogenous Syx by injection of a mixture
of AS-Syx and Botulinum neurotoxin C mRNA (+AS-Syx + BoNT/C)
did not impair the effect of VAMP2 on the voltage dependence of
Kv2.1 inactivation. Oocytes injected with Kv2.1 only or together with
VAMP2 mRNAs were either co-injected or not with the mixture. Five
oocytes per group were assayed. In all bar diagrams, numbers within
and without parentheses denote the number of batches and the total
number of oocytes per group, correspondingly; the same batches were
tested for the all groups
prepulse

1=2

Va1/2 (ESM, Fig. S3). Thus, Kv2.1 and Kv2.2 exhibited
similar functional interactions with VAMP2.
VAMP2 associates with Kv2.1 and Kv2.2 Concomitantly
with the functional experiments, we examined the physical
interactions of VAMP2 with Kv2.1 and Kv2.2 proteins in
oocytes. SDS-PAGE analysis of metabolically labeled
proteins in both the IF (consisting of cytoplasm and
intracellular organelles; Fig. 3a) and PM (manually dissected; Fig. 3b) of oocytes, using antibody raised against the
very end of their N termini (IP Kv), showed that VAMP2
co-immunoprecipitated both with Kv2.1 and Kv2.2. Significant associations were detected in a variety of detergents
including 1% CHAPS and in 1% Triton X-100. The
specificity of the interactions was further verified by
reciprocal co-immunoprecipitation of the channels with
VAMP2 using anti-VAMP2 antibody (IP VAMP).
Kv2.1 C terminus is not necessary for the effect of VAMP2
on Kv2.1 inactivation The conservation of the VAMP2
interaction, both functional and physical, in Kv2.2 suggested

b
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that the C-terminal portion distal to C1a did not participate in
this interaction. We aimed to further probe the involvement
of the whole Kv2.1 C terminus in the interaction using the Cterminal deletion mutants Kv2.1ΔC416 and Kv2.1ΔC318
(missing the last 416 and 318 amino acids, respectively;
Fig. 4a) [59]. We compared the effects of VAMP2 on the
SSI of these mutants versus wild-type channels that were
expressed in the same batch of oocytes and assayed on the
same day. The VAMP2 effect was conserved in both
ΔC416 and ΔC318 (Fig. 4b–d), in contrast to the effects
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of both Syx and the t-SNARE complex that were
previously shown to dissipate [58], indicating that Kv2.1
C terminus does not mediate the VAMP2 effect. In parallel,
we examined the direct association of VAMP2 with ΔC416
and ΔC318 in co-immunoprecipitation experiments
(Fig. 4e) and calculated the ratio of the amount of coprecipitated VAMP2 to the amount of precipitated mutant
protein and normalized it to that of Kv2.1 (“normalized
binding”; Fig. 4e, inset). The two C-terminal truncations,
which did not affect the functional interaction with
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Fig. 2 Effects of VAMP2 on
Kv2.2 are similar to those of
Kv2.1. a Schematic presentation
of Kv2.1 and Kv2.2 channels;
numbers denote amino acids.
b Representative Kv2.2 current
traces obtained from single oocyte, injected with Kv2.2 only
(Kv2.2) or with VAMP2
(+VAMP) mRNAs and subjected to the 5-s inactivation
protocol. c, d, Effect of VAMP2
on the voltage dependence of
Kv2.2 inactivation. A representative experiment with five
oocytes per group injected with
Kv2.2 only or with VAMP2
mRNAs is shown in c. The
mean Vi1/2 values, derived as
described in the legend for the
Fig. 1b, are compared in d

VAMP2, exhibited a substantial reduction of VAMP2
binding (by 55% and 65%).
Kv2.1 N terminus is essential for the effect of VAMP2 on
Kv2.1 inactivation The N terminal T1 domain of K+
channels has been implicated in several important functions, including inter-subunit interactions during channel
assembly, binding to other domains of the full-length
channel or to other proteins and participation in channel
gating (see “Discussion”). Recently, it was demonstrated
that the Kv2.1 T1 domain is a regulatory site for the U-type
inactivation [35], suggesting it as a potential candidate that
is involved in the effect of VAMP2 on Kv2.1 inactivation.
However, before examining the involvement of T1, we
excluded the possible involvement of the linker which
connects T1 to the first transmembrane segment (S1). The
T1–S1 linker (amino acids 148–186; termed NRD [10])
was implicated in Kv2.1 gating and interaction with the
auxiliary subunit Kv2.3 (or Kv8.1). Thus, we tested the
effect of VAMP2 on Kv2.1/Kv2.3T1-S1 (Fig. 5a), a chimeric
Kv2.1 channel in which the T1–S1 linker was replaced by

the corresponding Kv2.3 sequence (these two sequences
share < 20% identity). As expected, the replacement of the
T1–S1 linker did not affect significantly the response of
the channel to VAMP2 (Fig. 5b,c) and did not impair the
association of the channel with VAMP2 (Fig. 5g).
To study the involvement of the T1 domain in the
VAMP2 effect, we could not use T1 deletion mutants
(ΔN119 or ΔN139; lacking the first 119 or 139 amino
acids, correspondently; see Fig. 5a), which did not express
K+ currents (both truncations are within the T1 domain that
is important for channel assembly and gating). To circumvent this problem, we took advantage of our finding that
Kv1.5 does not interact functionally or physically with
VAMP2 (Fig. 5d and g, respectively). Thus, we used a
chimeric channel, Kv1.5N/Kv2.1, in which the whole N
terminus of Kv2.1 was replaced with that of Kv1.5 (see
Fig. 5a; [35]). Kv1.5N/Kv2.1 interacted neither functionally
(Fig. 5e,f) nor physically (Fig. 5g) with VAMP2. These
results indicated that Kv2.1 N terminus, which by itself
modulates Kv2.1 U-shaped inactivation [33, 35], also
mediates the modulation of this inactivation by VAMP2.
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Fig. 3 Kv2.1 and Kv2.2
channels interact physically with
VAMP2 in Xenopus oocytes.
a, b Digitized PhosphorImager
scans of SDS-PAGE analysis of
reciprocal co-immunoprecipitation of [35S]Met/Cys-labeled
Kv2.1, Kv.2.2 and VAMP2 proteins from 1% CHAPS lysates
of internal fractions (IF) (a) or
plasma membranes (PM) (b) of
oocytes. Relevant proteins were
co-immunoprecipitated by
Kv2.1 (IP Kv) or VAMP2
(IP VAMP) antibodies. Oocytes
(from a single batch) were
injected with Kv2.1 or Kv2.2
only (Kv2.1; Kv2.2), co-injected
with VAMP2 (+VAMP), or
injected with VAMP2 only
(VAMP), as indicated above the
lanes. An additional experiment
performed with 1% Triton
X-100 lysates is presented in
a. To demonstrate that the total
amount of proteins was similar
in all relevant groups of oocytes
used in the reciprocal analysis of
PM (b, upper panels), the complement analysis of IF is also
presented (lower panels).
Numbers on the right refer to the
mobility of pre-stained molecular mass standards. Arrows on
the left indicate the migration of
the denoted proteins (also
marked with asterisks on the gel
scans)

A clear correlation between the functional and physical
interactions with VAMP2 emerged from the analyses of the
C-terminal (Fig. 4) and N-terminal (Fig. 5) mutant
channels: Those that responded to VAMP2 also bound it
(albeit the binding was reduced in the case of the Cterminal truncated channels, possibly due to conformational
changes induced by the major truncations), whereas the one
that did not bind VAMP2 was unaffected by VAMP2. This
correlation prompted us to investigate the possible existence of a causative relationship between the physical and
the functional interactions of VAMP2 with Kv2.1 (see in
the following).
Physical interaction between Kv2.1 and VAMP2 in plasma
membranes mediates the effect on inactivation: a critical
role for the N terminus The failure of VAMP2 to interact

with Kv1.5N/Kv2.1 implicated the participation of the N
terminus in VAMP2 binding. To further substantiate this
notion, we performed an in vitro binding assay using
immobilized GST fusion protein corresponding to the
whole N terminus (GST-N1-184) with recombinant His6tagged VAMP2 (Fig. 6a). The results of both settings were
similar and demonstrated a direct in vitro binding between
VAMP2 and Kv2.1 N terminus. Further, using different
concentrations of VAMP2, we estimated that under our
binding conditions, the binding was half-maximal at 0.07–
0.08 μM of VAMP2 and that about 10 pmol of VAMP2
were bound per 20 pmol of GST-N at a saturating VAMP2
concentration (Fig. 6b).
Next, taking advantage of the fact that the GST-N1-184
peptide bound well VAMP2 and could probably compete
well with the binding of VAMP2 to the channel expressed
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Fig. 4 Partial deletions of the
Kv2.1 C terminus do not abolish
the effect of VAMP2 on inactivation and reduce, but do not eliminate the association of VAMP2
with Kv2.1. a Schematic presentation of two Kv2.1 C-terminal
deletion mutants; numbers denote amino acids. b–d Effects of
VAMP2 on ΔC318 (b) and
ΔC416 (c) inactivation. Representative experiments with five
oocytes per group derived as in
Fig. 2b are shown. Bar diagrams
in d show the mean ΔC318 and
ΔC416 Vi1/2 values derived from
two independent experiments
and compared with the wild-type
Kv2.1 Vi1/2 values from the same
batches of oocytes; *p<0.05.
e Digitized Phosphorimager scan
of SDS-PAGE analysis of coimmunoprecipitation of [35S]
Met/Cys-labeled Kv2.1, ΔC318,
ΔC416, and VAMP2 proteins
from 1% CHAPS lysates of
whole oocytes of a single batch.
The proteins were immunoprecipitated by an antibody raised
against the N terminus of Kv2.1
(IP Kv2.1). Oocytes were
injected with the channels together with VAMP2 mRNAs or
injected with VAMP2 mRNA
only (as denoted above the
lanes). The bar diagram below
the scan presents relative
intensity quantification of coprecipitated VAMP2 normalized
to the precipitated channel. Molecular weight markers are
shown on the right. Arrows on
the left indicate the migration of
the denoted proteins (also
marked with asterisks). The
results shown are from two independent experiments

in oocytes, we investigated the possible existence of a
causative relationship between the binding of VAMP2 to
Kv2.1 and its effect to enhance inactivation. Thus, we tried
to acutely rescue the channel from the functional effects of
VAMP2 by microinjection of the GST-N1-184 peptide into
oocytes already expressing Kv2.1 with VAMP in the
plasma membrane. As a control, we used GST, which did
not bind VAMP2. As shown in Fig. 7, the leftward shift in the
steady-state inactivation curve caused by co-expressed
VAMP2 could indeed be reversed by GST-N1-184. GST itself
had no effect, confirming that GST-N1-184 attenuates the
effect of VAMP2 by disrupting its interaction with Kv2.1.
The results of this experiment point to a link between the

effect of VAMP2 on inactivation and its physical interaction
with the functional channel in the plasma membrane.
Moreover, they further highlight the binding at the N
terminus as critical for the VAMP2 interaction.
An extension of a docking loop at the lateral part of T1
could be important for the interaction with VAMP2 The
above results suggested that the T1 domain of Kv2.1, but
not of Kv1.5, mediates VAMP2 binding and effect on
inactivation. To explore the differences between the T1
domains of Kv2.1 and Kv1.5 that may be responsible for
their different interactions with Kv2.1, we created 3D
models for the T1 domains of both channels (Fig. 8a). The
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Fig. 5 Interactions of different Kv2.1 N-terminal chimeric channels
with VAMP2. a Schematic presentation of N-terminal chimeric
channels; numbers denote amino acids. b, c VAMP2 affects Kv2.1/
Kv2.3T1-S1 inactivation. A representative experiment with 5-s
inactivation protocol (b) and mean Vi1/2 values (c) compared with
those of WT Kv2.1 in the same batches of oocytes, derived from two
independent experiments;*p<0.05. d VAMP2 did not affect inactivation of wild-type Kv1.5 in a representative experiment. e, f VAMP2
did not affect the inactivation of Kv1.5N/Kv2.1. A representative
experiment with 30-s (e) and 5-s (f) inactivation protocols and mean
Vi1/2 values (f, inset) compared with those of WT Kv2.1 in the same

batches of oocytes, derived from two independent experiments; *p<
0.05. g Digitized Phosphorimager scan of SDS-PAGE analysis of
[35S]Met/Cys-labeled Kv2.1/Kv2.3T1-S1, Kv1.5, and Kv1.5N/Kv2.1
channels injected with VAMP2 and immunoprecipitated by an
antibody raised against the N terminus of Kv2.1 or Kv1.5,
correspondingly (IP Kv). The bar diagram below the scan demonstrate relative intensity quantification of co-precipitated VAMP2
normalized to the precipitated channel. Molecular weight markers
are shown on the right. Arrows on the left indicate the migration of the
denoted proteins (also marked with asterisks). The results shown are
from two independent experiments

predicted structures are almost identical except for a ten
amino acid extension in Kv2.1 (from Leu66 to Asp76;
Fig. 8b,c) of a docking loop at the lateral part of T1 (in
Kv1.4, it is a site of interaction with Kv1β [21]). To test the
possibility that the extension of the docking loop mediates
the Kv2.1 interaction with VAMP2, we created the
Kv2.1ΔN70-73 mutant (Fig. 9a) by deleting four amino
acids at the central part of the extension (Asp70 to Ser73;
marked with asterisks in Fig. 8c) and tested its ability to
interact with VAMP2. The functional interaction of this
mutant with VAMP2 was impaired; namely, the shift of Vi1/2
by VAMP2 was small and statistically insignificant
(Fig. 9b–d). Concomitant reduction by almost fourfold in
the binding of VAMP2 was observed (Fig. 9e). These
results indicated that the binding of VAMP2 to the N
terminus, at or near a site comprising the Kv2.1 extended
docking loop, is essential for the effect of VAMP2 on
Kv2.1 inactivation.

Kv2.1 protein interacts physically with VAMP2 in rat
brain Finally, we aimed to demonstrate the interaction
between Kv2.1 and VAMP2 in native tissues using two
approaches. First, a “pull-down” assay, using immobilized
GST-N1-184 and brain membrane lysates, revealed a
prominent VAMP2-immunoreactive band pulled down
from the brain membranes by GST-N1-184, as compared
with GST itself (Fig. 10a). A reciprocal assay revealed a
prominent Kv2.1-immunoreactive band pulled down from
the brain membranes by GST-VAMP, as compared with
GST itself (Fig. 10b). Second, VAMP2 was co-precipitated
with Kv2.1 using an antibody against the C terminus of
Kv2.1 (Fig. 10c). To verify the specificity of this interaction, we blocked the co-precipitation by pre-incubation of
the antibody with the peptide (+pep) against which the
antibody was raised and performed a reciprocal experiment
where Kv2.1 was co-precipitated with VAMP2 using an
antibody against VAMP2.
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Fig. 6 VAMP2 binds recombinant Kv2.1 N terminus. a Purified
His6-tagged VAMP2 binds the GST fusion protein corresponding to
the N terminus of Kv2.1 (GST-N1-184) in vitro. b Stoichiometry of the
binding of VAMP2 to the N terminus of Kv2.1, derived from binding
curves that show saturation. His-6-tagged VAMP2 at the indicated
concentrations was bound to immobilized GST-N1-184 (20 pmol).

Bound VAMP2 was determined by IB with VAMP2 antibody (inset),
and GST-N1-184 was determined by Ponceau staining (data not
shown). ECL signal intensities were quantified with TINA software
and converted to picomoles by the use of standard curves for the
corresponding proteins. Numbers on the right refer to the mobility of
pre-stained molecular mass standards

Discussion

proposed role for the N terminus of the channel in the Ushaped inactivation (see “Introduction”), we identified the
possible site for VAMP2 interaction in the N terminus near
the extended docking loop in the lateral part of the T1
domain of Kv2.1. Given the proposed role for plasma
membrane VAMP2 in the regulation of the vesicle cycle
[12], the VAMP2 interaction may be important for

Plasma membrane VAMP2 interacts physically and functionally with Kv2 channels In this study, strong evidence is
presented indicating direct interaction between plasma
membrane VAMP2 and Kv2 channels that mediates
enhancement of their inactivation. In accord with the
Fig. 7 GST-N1-184, injected 30
to 40 min before the electrophysiological assay of Kv2.1
currents, reverses the effect of
co-expressed VAMP2 on Kv2.1
inactivation. a–c Representative
experiments with oocytes
expressing Kv2.1 alone or together with VAMP2 that were
either injected before the assay
with 3 μM GST-N1-184 (b) or
with GST itself (c), or were not
injected (a). d Mean Vi1/2 values
are shown in *p<0.05
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Fig. 8 Identification of “extended docking loop” in the lateral
part of Kv2.1 T1 domain.
a Structural models of Kv2.1
(red) and Kv1.5 (gray) T1
domains based on the crystal
structure of Kv1.2 [40] were
fitted with each other and
superimposed with the model of
Kv1.2 tetramer (depicted in
dimmed gray color). This view
illustrates the relative placement
of predicted T1 domains within
the channel tetramer. The S1–T1
linkers are omitted; dashed lines
represent the approximate
boundaries of the lipid bilayer.
b Structure alignment of Kv2.1
(red) and Kv1.5 (blue) T1 models reveals extension in the
docking loop in the lateral part
of Kv2.1 N terminus. c Predicted Kv2.1 docking loop is
about ten amino acids longer
than the corresponding structure
at the N terminus of Kv1.5.
Amino acids deleted in
Kv2.1ΔN70–73 are marked with
asterisks

regulation of release in neuroendocrine cells and neuronal
dendrites where DCVs containing hormones, neuropeptides, or neurotrophins and Kv2.1 channels are co-localized.
This interaction, occurring at the N terminus, could
possibly occur concomitantly with the interaction of Syx
at the C terminus; the latter interaction has been recently
shown to enhance the release of DCVs [54, 55]. Thus,
alongside with the Syx interaction [55], the VAMP2
interaction may contribute to the activity dependence of
DCV release (see below).
Effect of VAMP2 on Kv2 inactivation Kv2 channels
undergo slow U-shaped inactivation from preferentially
partially activated closed states [31]. We found that VAMP2
regulates the steady-state and kinetic parameters of both
Kv2.1 and Kv2.2 inactivation. The channels inactivate at
more hyperpolarizing potentials with accelerated inactivation onset and slowed down recovery from inactivation. In

all, interaction with VAMP2 renders the inactivation state
more favorable, downregulating the potassium current,
which could serve an important physiological purpose
(see below).
Kv2.1 N terminus mediates the effect of VAMP2 on the
U-type inactivation: a possible mechanism The tetramerization (T1) domain of K+ channels has been found to adopt
BTB/POZ folding motif. This conserved protein–protein
interaction motif, observed in various protein complexes,
provides multiple binding faces for other proteins found
within this fold [2]. Proteins with BTB/POZ organization
usually mediate homomeric and, in some instances, heteromeric dimerization and also serve as receptors for different
regulatory proteins. It was already demonstrated that T1
domains of Kv channels can interact with the GTPase
protein RhoA [7], a tyrosine phosphatase [57], Kvβs [21],
and a variety of accessory subunits, including KChIPs and
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Fig. 9 Partial deletion of the
Kv2.1 “extended docking loop”
abolished the effect of VAMP2
on Kv2.1 inactivation. a Schematic presentation of N-terminal
deletion mutants. Representative
experiments with 30-s (b) and
5-s (c) inactivation protocols,
demonstrating the effect of
VAMP2 on Kv2.1ΔN70–73 inactivation. d Mean Vi1/2 values
obtained from four independent
experiments using 5-s inactivation protocol; numbers without
parentheses denote the total
number of oocytes per group.
e Digitized Phosphorimager
scan of SDS-PAGE analysis of
the [35S]Met/Cys-labeled
mutants injected with VAMP2
and immunoprecipitated by an
antibody raised against the C
terminus of Kv2.1 (IP Kv2.1).
The bar diagram below the scan
demonstrate normalized VAMP2
to channel binding. **p<0.001;
ns difference is statistically not
significant

KChAPs (reviewed in [49]). In spite of the fact that four T1
domains are attached to the corresponding gate-forming
transmembrane segments as a structurally separated cytoplasmic “hanging gondola” [32], it has been demonstrated
in a number of studies that structural and conformational
changes in the T1 domain can dramatically affect Kv
channels activation and inactivation gating. As for inacti-

vation gating, it was demonstrated that the Kv2.1 T1
domain is important for the U-shaped inactivation, and
when transferred to Kv1.5, it conveys U-shaped inactivation to Kv1.5 [35]. Relevant to our study, two regulatory
proteins, Kvβs and KChIPs, were shown to affect the
inactivation gating of various target voltage-gated K+
channels by binding to distinct sites via docking loops at
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Fig. 10 Kv2.1 protein could associate with VAMP2 in native tissues.
GST-N1-184 (a) and GST-VAMP2 (b) fusion proteins pull down
VAMP2 and Kv2.1, correspondingly, from rat brain membranes.
Proteins were immunoblotted (IB) with either anti-VAMP antibody (IB
VAMP) or anti-Kv2.1/anti-GST antibodies (IB Kv2.1 + IB GST).
c Kv2.1 interacts with VAMP2 in rat brain membranes. Proteins were
immunoprecipitated (IP) by Kv2.1 (in the absence and presence of
antigen peptide (+pep; 1:1 ratio) or VAMP2 antibodies, as indicated

above the lanes. The precipitated proteins were separated by SDSPAGE, blotted, and detected by antibodies (IB), as indicated on the left
side of the blot; HC heavy chain of the antibodies used. For each IP
reaction, we used 200 mg of lysate; 1 mg of lysate was loaded on
Total lane (no immunoprecipitation was performed). Molecular weight
markers are shown on the right. Arrows indicate the migration of the
denoted proteins (also marked with asterisks on the gel scan)

the lateral parts of their T1: Kvβs interact with Kv1.x
(reviewed in [42]), Kv4.x [46], and Kv2.2 [18], and
KChIPs interact with Kv4.x [1, 9]. Although the action of
both regulatory proteins involves N-terminal association,
their mechanisms to regulate inactivation are different. In
the case of Kvβ, one monomer binds one T1 domain right
from below the gondola [21] and confers rapid inactivation
by its N terminus, inactivating ball [50] that accesses the
pore through entering a lateral opening between the T1 and
the membrane-spanning domains [21]. In the case of
KChiP, one molecule binds two neighboring T1 domains
[61], clamping their N termini, resulting in substantial
slowing of inactivation and acceleration of recovery from
inactivation [4, 22]. The mechanism of KChIPs to regulate
inactivation most likely involves interference with voltagedependent gating rearrangements in the intracellular T1–T1

interface of a K+ channel [9, 60], which are coupled, either
allosterically or directly, to conformational changes in the
gate-forming transmembrane domains. As KChIP clamps
T1 domains, it also obstructs the movement of the gateforming transmembrane domain and therefore could stabilize either the open or the closed state of the channel [63].
That VAMP2 enhances Kv2.1 U-type inactivation via
interaction with T1 domains and that inter-subunit T1
domain interactions were shown to influence Kv2.1 U-type
inactivation [35] may provide a potential mechanism,
somewhat similar to the mode of action of KChIP for the
interaction of VAMP2 with Kv2.1. In such a scenario, while
the C terminus of VAMP is anchored into the plasma
membrane, the N-terminal or SNARE domains of VAMP2
may bind near or at the docking loop, rendering the T1
domain less mobile and consequently interfering with
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voltage-dependent T1–T1 rearrangements to impair full
opening of the channels which inactivate from partially
activated closed state.
Physiological relevance of the interaction between VAMP2
and Kv2.1 Significant amount of VAMP has been observed
in the plasma membrane in various neuronal cells. The
main source of this VAMP pool is fusion of vesicles with
the plasma membrane [12]. This surface VAMP pool is
determined by the rates of exocytosis and endocytosis and
consequently correlates with recent synaptic activity [12].
Recently, it was demonstrated that the sustained current
carried by Kv2.1 plays a major role during high-frequency
stimulation in regulating spike duration and consequent
regulation of calcium entry in dendrites of CA1 pyramidal
neurons [13]. Given the activity dependence of VAMP2
surface abundance [11], upon intense activity, VAMP2 can
associate with Kv2.1 channels to trim down the sustained
K+ currents, leading to membrane depolarization and
subsequent rise in intracellular Ca2+ concentration. This
rise in intracellular Ca2+ could work as positive feedback,
contributing to Ca2+-dependent refilling of the readily
releasable pool of synaptic vesicles and, alongside with
the established effect of VAMP2 to recycle exocytosed
vesicles by fast endocytosis [11], could contribute to the
activity dependence of DCV release from dendrites.
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