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Distinct domains within the SNARE (soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor) proteins,
STX1A (syntaxin 1A) and SNAP-25 (synaptosome-associated
protein-25 kDa), regulate hormone secretion by their actions on
the cell’s exocytotic machinery, as well as voltage-gated Ca2+

and K+ channels. We examined the action of distinct domains
within SNAP-25 on Kv2.1 (voltage gated K+ 2.1) channel gating.
Dialysis of N-terminal SNAP-25 domains, S197 (SNAP-251–197)
and S180 (SNAP-251–180), but not S206 (full-length SNAP-
251–206) increased the rate of Kv2.1 channel activation and slowed
channel inactivation. Remarkably, these N-terminal SNAP-25
domains, acting on the Kv2.1 cytoplasmic N-terminus, potentiated
the external TEA (tetraethylammonium)-mediated block of
Kv2.1. To further examine whether these are effects of the
channel pore domain, internal K+ was replaced with Na+ and

external K+ was decreased from 4 to 1 mM, which decreased
the IC50 of the TEA block from 6.8 +− 0.9 mM to >100 mM.
Under these conditions S180 completely restored TEA sensitivity
(7.9 +− 1.5 mM). SNAP-25 C-terminal domains, SNAP-25198–206

and SNAP-25181–197, had no effect on Kv2.1 gating kinetics. We
conclude that different domains within SNAP-25 can form distinct
complexes with Kv2.1 to execute a fine allosteric regulation of
channel gating and the architecture of the outer pore structure in
order to modulate cell excitability.

Key words: Kv2.1 gating, K+ channel, soluble N-ethyl-
maleimide-sensitive fusion protein attachment protein receptor
(SNARE), synaptosome-associated protein-25 kDa (SNAP-25),
tetraethylammonium (TEA).

INTRODUCTION

The plasma membrane SNARE (soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor) proteins, STX1A (syn-
taxin 1A) and SNAP-25 (synaptosome-associated protein-
25 kDa), are critical in co-ordinating the spatial and temporal
actions of vesicular exocytosis [1]. Moreover, they have been
shown to be physically associated with voltage-gated Ca2+

channels [2,3], tethering the Ca2+ channels to the immediate
vicinity of exocytosis [4]. This results in formation of a multi-
molecular complex with the secretory granule bound to the
SNARE protein, synaptotagmin, and has been referred to as the
excitosome [5]. The excitosome complex serves to regulate Ca2+

influx precisely at the site of exocytosis [1–5]. We have sub-
sequently shown that the membrane-repolarizing Kv2.1 (voltage-
gated K+ 2.1) channel [6] can also be physically bound and
regulated by STX1A and SNAP-25 [7–9] in order to further
modulate membrane excitability and insulin secretion.

Much is known about the structure–function relationship of
STX1A in modulating different steps in exocytosis [10,11] and the
gating of voltage-gated Ca2+ [2,3,5,12] or Kv channels [2,9,13].
Specifically, the C-terminal H3 domain of STX1A [14] modulates
the exocytic steps and voltage-gated Ca2+ or Kv channels [8,10–
12], whereas the N-terminal HABC domain plays a negative
regulatory role [14,15]. In fact, we have recently reported that
there is interaction between these STX1A domains and the islet
β-cell and cardiac KATP channels [16–18]. SNAP-25, the cog-

nate partner of STX1A, has independent inhibitory actions
on voltage-gated Ca2+ [19] or Kv2.1 channels [20]. SNAP-25
interacts with STX1A to form a complex, which profoundly
modulates both voltage-gated Ca2+ [5] or Kv2.1 channels [20]
in a manner quite distinct from either SNARE protein acting
alone. It therefore appears that the STX1A–SNAP-25 complex
assembly and disassembly that occurs during the secretory process
could reveal distinct functional domains within each SNARE
protein which function to modulate the different exocytotic steps
and gating of the different membrane ion channels involved in
secretion.

In contrast with STX-1A, relatively little is known about the
functional domains within SNAP-25. BoNT (botulinum neuro-
toxin)/A and BoNT/E specifically cleave SNAP-25 and inhibit
insulin secretion [21] and neurotransmitter release [22], thus ac-
ting as invaluable tools with which to examine SNAP-25 func-
tion. BoNT/A and BoNT/E cleave the 206 amino acid SNAP-
25 protein at residues 197–198 and 180–181 respectively [22],
and the resulting N-terminal and C-terminal proteolytic cleavage
products of SNAP-25 have been shown to inhibit exocytosis [23–
26]. We have shown that the S197 (SNAP-251–197) domain played
a positive regulatory role, whereas the C-terminal SNAP-25198−206

domain exhibited inhibitory actions on β-cell voltage-gated Ca2+

channels [19]. Taking these results together, the proteolytic
products of SNAP-25 generated by these neurotoxins have been
revealed to be important functional domains with distinct actions
on exocytosis and ion channel gating.

Abbreviations used: BoNT, botulinum neurotoxin; EGFP, enhanced green fluorescent protein; GST, glutathione S-transferase; HEK, human embryonic
kidney; [K+]o, external K+ concentration; Kv channel, voltage-gated K+ channel; S197, N-terminal SNAP-25 peptide containing amino acid residues 1–197;
S180, N-terminal SNAP-25 peptide containing amino acid residues 1–180; S206, full-length SNAP-25; SNAP-25, synaptosome-associated protein-25 kDa;
SNARE, soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor; STX1A, syntaxin 1A; T1 domain, tetramerization domain; TEA,
tetraethylammonium.
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In the present study, we have postulated that the proteolytic
domains of SNAP-25 may exhibit distinct actions on Kv2.1 chan-
nel gating. We therefore examined the SNAP-25 domains result-
ing from BoNT/A and BoNT/E proteolytic cleavage, including
the N-terminal domain peptides S197 and S180 (SNAP-251–180),
and the C-terminal peptides SNAP-25181–197 and SNAP-25198–206.
We found that the N-terminal SNAP-25 domains modulated Kv2.1
channel gating through interaction with the channel’s N-terminus.
More surprisingly, these domains also induced profound allosteric
changes to the Kv2.1 channel pore, which is located distal to the
channel N-terminus.

MATERIALS AND METHODS

DNA constructs and generation of GST (glutathione S-transferase)
fusion proteins

The rat Kv2.1 and Kv2.1�C416-pBluescript constructs were gen-
erously provided by Dr R. Joho (University of Texas, South-
western Medical Center, Center for Basic Neuroscience, Dallas,
TX, U.S.A.) and the rat Kv2.1�N139-pBluescript construct was
kindly provided by Dr C. Deutsch (University of Pennsylvania,
Department of Physiology, Philadelphia, PA, U.S.A.). Both con-
structs were subcloned into pcDNA3 (Invitrogen, Burlington
ON, Canada). The coding sequences corresponding to the
full-length rat SNAP-25, S197, S180, cytoplasmic N-terminus
(amino acids 1–182) and C-terminus (amino acids 411–853),
C1 (amino acids 412–633) and C2 (amino acids 634–853) of
Kv2.1 were amplified by PCR and cloned into the pGEX-5X-1
expression vector (GE Healthcare, Baie d’Urfe QC, Canada) for
the generation of GST fusion proteins as previously described
[7,8]. GST fusion protein expression and purification were per-
formed according to the manufacturer’s instructions. The plasmid
constructs pcDNA3-SNAP-25-WT, pcDNA3-S180 and pGEX-
4T-1-S180 were generated as described previously [19]. SNAP-
25198–206 and SNAP-25181–197 peptides were synthesized and
purified (>95% purity by HPLC) at the Hospital for Sick
Children of Toronto Biotechnology Center.

Cell culture and transfections

HEK (human embryonic kidney)-293 cells were grown at 37 ◦C
in 5% CO2 in DMEM (Dulbeco’s modified Eagle’s medium)
containing 4.5 g/l glucose supplemented with 10% FBS (foetal
bovine serum) and penicillin/streptomycin. For electrophysio-
logical experiments, when HEK-293 cells were 50% confluent,
they were transiently transfected with Kv2.1, Kv2.1�N139 or
Kv2.1�C416 cDNA, and co-transfected with EGFP (enhanced
green fluorescent protein) (in pcDNA3) using LipofectamineTM

2000 (Invitrogen). For biochemical experiments, HEK-293
cells were transfected with pcDNA3-SNAP25-WT (wild-type),
pcDNA3-S180, or pcDNA3-Kv2.1. The HEK cells reliably take
up multiple plasmids with >90% efficiency. After transfection
(1–2 days), cells were trypsinized and placed in 35 mm dishes for
electrophysiological studies. Transfected cells were identified by
visualization of the fluorescence of the co-expressed EGFP.

In vitro binding assay

After transfection (2 days), the HEK-293 cells were washed
with 1 × PBS (pH 7.4) and then harvested in binding buffer
[25 mM Hepes (pH 7.4), 100 mM KCl, 1.5 % Triton X-100, 2 µM
pepstatin A, 1 µg/ml leupeptin and 10 µg/ml aprotinin]. The cells
were lysed by sonication and insoluble materials were removed
by centrifugation at 22500 g for 30 min at 4 ◦C. The detergent
extract (0.3 ml, 1.5–2.1 µg/µl protein) of HEK-293 cell lysate was

incubated with GST (as a negative control) or GST–Kv2.1-N, –C1
or –C2 fusion proteins (all bound to glutathione–agarose beads,
450 pmol of protein) at 4 ◦C for 2 h. The beads were then washed
three times with binding buffer and the samples were separated
on SDS/(12%)PAGE, transferred to a nitrocellulose membrane
and identified using a mouse anti-SNAP-25 N-terminus antibody
(1:750). In a reciprocal study, GST, GST–SNAP-25-WT or trunc-
ated fusion proteins (all bound to agarose beads, 550 pmol of
protein) were used in a pulldown assay for overpressed Kv2.1 pro-
tein from a HEK-293 cell lysate extract (0.3 ml, 1.4–1.9 µg of
protein/µl). The precipitated proteins were probed with an anti-
Kv2.1 antibody (1:750; Upstate Biotech, Waltham, MA, U.S.A.).

Electrophysiology

HEK-293 cells were continually perfused with a bath solution
containing (in mM): 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, and
10 Hepes (pH 7.4 with NaOH). Recording pipettes were gen-
erated by stretching 1.5 mm borosilicate glass capillary tubes
(World Precision Instruments, Inc., Sarasota, FL, U.S.A.) using
a pre-programmed pipette puller (Sutter Instrument, Novato, CA,
U.S.A.). Pipettes were heat polished and the tip resistance ranged
from 2–3 M� when filled with the intracellular solution con-
taining (in mM): 140 KCl, 1 MgCl2, 1 EGTA, 10 Hepes and
5 MgATP (pH 7.25 with KOH). In some experiments symmetrical
Na+ solutions were used. The internal solution contained (mM):
140 NaCl, 1 MgCl2, 1 EGTA, 10 Hepes and 5 MgATP (pH 7.25
with NaOH), and the external solution consisted of (in mM):
140 NaCl, 1 KCl, 1 MgCl2, 2 CaCl2, and 10 Hepes (pH 7.4 with
NaOH). Recordings were performed using an EPC-9 amplifier and
Pulse software (HEKA Electronik, Lambrecht, Germany). After
whole-cell configuration was established, membrane potential
was held at −70 mV and the outward current was triggered with a
200 ms depolarizing voltage pulse (−50 to 50 mV, with an incre-
ment of 10 mV). Currents were digitized at 10 kHz and filtered
at 2 kHz. Stock solutions of GST or GST–SNAP-25 protein
constructs were made in the pipette solution, and diluted to the
desired concentration. They were dialysed directly into the cell
via the patch pipette.

Statistical significance was determined using a Student’s
paired t test or ANOVA (analysis of variance) followed by a
post-hoc Student-Neuman-Keuls test. P values of <0.05 were
considered to be statistically significant. Data are shown as the
means +− S.E.M.

RESULTS

Effect of N-terminal SNAP-25 domains on Kv2.1 channel gating

To examine the precise action of the SNAP-25 domain peptides
on the Kv2.1 channel, we expressed Kv2.1 in HEK-293 cells,
which are devoid of Kv2.1 or SNAP-25 proteins. In the present
study, we examined the effects of S197 and S180, which are
the N-terminal fragments resulting from BoNT/A and BoNT/E
cleavage respectively [22], on the Kv2.1 current. As in the case
of full-length S206 (1 nM), which decreased Kv2.1 current by
37 +− 5% compared with controls, 1 nM of either S180 or S197
similarly decreased the Kv2.1 current by 39 +− 2% and 35 +−
3% respectively. The C-terminal peptides SNAP-25198–206 and
SNAP-25181–197, at up to 1 µM, had no effect on Kv2.1 current
amplitude.

SNAP-25 N-terminal peptides also affected Kv2.1 channel
gating. S197 (1 nM) increased the rate of channel activation as
measured by fitting the currents at +50 mV to a monoexponential
function. The time constants for channel activation decreased

c© 2006 Biochemical Society



SNAP-25 domains regulate Kv2.1 gating 365

Figure 1 Effect of N-terminal SNAP-25 domains on Kv2.1 channel gating

(A) S180 and S197 accelerate the rate of current activation compared with control SNAP-25. Whole-cell normalized Kv2.1 current traces in HEK-293 cells in the absence and presence of GST (control),
S180 or S197 (1 nM) are shown. Activation rates were measured from currents evoked by a 200 ms stepwise depolarization to +50 mV from a holding potential of −70 mV. Currents were fit with the
monoexponential function I = A*exp−t/τ , where A is the amplitude, t is time and τ is the time constant. Summarized activation time constants (activation τ ) of Kv2.1 using control, S180, S197 and
S206 are shown in panel (B). (C) S180 and S197 but not S206 slow Kv2.1 current inactivation. Inactivation rates were determined from current evoked by a 10 s stepwise depolarization to +50 mV
from a holding potential of −70 mV, and fit with a monoexponential function. (D) The summarized inactivation time constants (inactivation τ ). (E) The voltage dependence of channel activation. Tail
currents were measured at −70 mV following the 200 ms stepwise depolarizations from −70 to +70 mV. Data were fit with the Boltzmann function I/Imax = 1/{1 + exp[(V − V 1

2
)/k ]}, where V 1

2

is the half-maximal inactivation potential and k is the slope factor. *, P < 0.05.

from 6.9 +− 0.6 ms (GST control, n = 27) to 4.1 +− 0.4 ms (S197,
n = 15; P < 0.05) (Figures 1A and 1B) measured after 10 min of
dialysis. S180 (1 nM) similarly accelerated the rate of channel
activation to 4.8 +− 0.7 ms (n = 19; P < 0.05) compared with con-
trol. A more prominent change was the slowing of the rate of chan-
nel inactivation. Current decay was fit with a monoexponential
function to derive the time constants of channel inactivation. The
time constants increased from 4.2 +− 0.3 s (n = 20) in the GST
control to 6.1 +− 0.7 s (S197, n = 12; P < 0.05) and 10.0 +− 2.4 s
(S180, n = 15; P < 0.05) (Figures 1C and 1D). In stark con-
trast, full-length S206 (1 nM S206) did not affect either the rate
of activation (6.0 +− 1.2 ms; n = 4) or current inactivation (4.4 +−
0.6 s; n = 4). Neither S180, S197 or S206 had any significant
effects on the voltage-dependence of channel activation (Fig-
ure 1E) or inactivation (results not shown). Because S197 and
S180 exhibit very similar effects on Kv2.1 channel gating, we
conclude that the active domain must be the S180 fragment, and
gating is not dependent on the SNAP-25181–197 region.

Binding of SNAP-25 domains to Kv2.1 channels

We determined that the effects of the N-terminal S180 domain are
mediated through a direct interaction with the Kv2.1 channel, by
GST pulldown assay. First, we examined whether S180 can bind
to the full-length Kv2.1 channel. Figure 2(A) demonstrates that
both full-length SNAP-25 (SNAP-25-WT) and S180 can physi-

cally interact with Kv2.1 and can pull down the channel from
a HEK-293 cell lysate. An unexpected outcome was that S180
pulled down less Kv2.1 protein (38.6 +− 13.6%) compared with
WT SNAP-25.

We performed the converse experiment whereby we determined
the presence of binding of both WT SNAP-25 and S180 with
GST fusion proteins containing the cytoplasmic N- and C-termini
(C1, amino acids 412–633, C2, amino acids 634–853) of Kv2.1
(Figure 3A). As previously shown [9], SNAP-25 interacts with
both the N and C-terminal domains of Kv2.1 (Figure 3A). S180
also bound to both the cytoplasmic N- and C-termini; however,
we again observed significantly less binding compared with full-
length SNAP-25.

We were surprised by the outcomes of the experiments shown
in Figures 2(A) and 3(A), as the N-terminal SNAP-25 fragments
were effective at modulating Kv2.1 channel gating, whereas S206
had no effect. It is possible that the C-terminal region of SNAP-25
is an important contributor to SNAP-25 binding to the channel.
An alternative explanation is that simultaneous binding of S180 to
both Kv2.1 N- and C-termini in vivo may occur to a much greater
extent than S180 interactions with the individual cytoplasmic
domains of the channel in vitro. Similar results were recently
reported by Tsuk et al. [27] who demonstrated a greater extent
of in vitro physical interaction of full-length SNAP-25 with both
the N- and C-termini of Kv2.1 compared with when either Kv2.1
cytoplasmic domain was present alone.
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Figure 2 Kv2.1 binds SNAP-25 and S180

GST, GST–SNAP-25-WT or GST–S180 fusion proteins (all bound to glutathione–agarose beads,
550 pmol of protein each) were used to pull-down overexpressed Kv2.1 from an HEK-293 cell
lysate extract. (A) Top panel shows a representative blot from three separate experiments.
Cell lysate extracts from HEK-293 cells were used as a positive control. Bottom panel, a
summary of three experiments is shown, in which the values (means +− S.E.M.) are expressed
as a percentage of the maximal binding (GST–SNAP-25-WT). (B) Ponceau S staining of the
blot in order to demonstrate that the same amount of GST proteins was loaded.

SNAP-25 N-terminal domains potentiate TEA blockade

The observed effects of S180 and S197 on Kv2.1 current decay
described above are reminiscent of a slowing in C-type inactiv-
ation [28,29]. A unique feature in the development of C-type
inactivation is the sensitivity to external TEA or K+, resulting
from their interference with the structural alterations in the outer
pore vestibule of the Kv channel protein [30–32]. Specifically, an
increase in extracellular K+ retards C-type inactivation [31,33]
and enhances the external TEA block of the Kv channel pore
[34]. This suggested the possibility that the N-terminal SNAP-
25 fragments might conceivably alter the Kv2.1 channel pore
region in a manner that would influence the TEA channel block.
We dialysed a minimally active concentration of N-terminal
GST–SNAP-25 domain proteins (1 pM for 5 min) or GST (con-
trol) into Kv2.1 channel-expressing HEK-293 cells, and then
externally perfused the cell with increasing concentrations of
TEA (Figure 4). Remarkably, both S180 and S197 produced a
significant enhancement of external TEA block compared with
WT SNAP-25. Specifically, the dose response for the TEA
block showed a significant leftward shift in the IC50 from 4.9 +−
0.8 mM (GST control, n = 10) to 1.6 +− 0.6 mM (S180, n = 7) and
1.5 +− 0.8 mM (S197, n = 8) (P < 0.05) (Figure 4).

We performed additional experiments on the cytoplasmic
N- and C-terminal truncation mutants, Kv2.1�N139 and

Figure 3 SNAP-25 and S180 bind Kv2.1 cytoplasmic domain proteins

Binding assays were performed using GST, GST–Kv2.1-N, –C1, or –C2 fusion proteins (all bound
to glutathione–agarose beads, 450 pmol of protein) to pull-down overexpressed SNAP-25-WT
or S180 from an HEK-293 cell lysate extract. (A) Top panel shows a representative Western
blot of the precipitated SNAP-25 (lanes 1–4) and S180 proteins (lanes 5–8). The HEK-293
cell lysate extract-1 contained overexpressed SNAP-25-WT protein (lane 9), and -2 contained
overexpressed S180 protein (lane 10). Bottom panel, a summary of the quantitative densitometric
scanning of blots from three separate experiments. The values (means +− S.E.M.) are expressed
as a percentage of the maximum. (B) Representative Ponceau S staining of the blot shows that
equal amounts of GST proteins were loaded.

Figure 4 N-terminal domains of SNAP-25 sensitize Kv2.1 channels to TEA
inhibition

HEK-293 cells transiently transfected with Kv2.1 were perfused externally with TEA from 0.01
to 30 mM in the presence of internally dialysed GST (1 pM, n = 6), S180 (1 pM, n = 5),
S197 or S206 (1 pM, n = 5). Currents evoked are as described in Figure 1 and were
measured at +50 mV. The current in the presence of TEA was normalized to pre-drug values,
and expressed as the fraction of the current that was blocked. Data were fit with the Hill
equation I/Io = 1/{1 + (IC50

h/[TEA]h)}, where I/Io is the fraction of current blocked, IC50 is the
concentration at which 50 % of the current is blocked by TEA, and h is the Hill coefficient.
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Kv2.1�C416, which lack the first 139 residues (1–139) and distal
416 amino acids (438–853) respectively. Dialysis of S180 (1 nM)
into HEK-293 cells expressing Kv2.1�N139 had no effect on
the TEA sensitivity of either Kv2.1�N139 (IC50 1.2 +− 0.5 mM
for GST control versus 1.2 +− 0.9 mM for S180; n = 5) or
Kv2.1�C416 channels (IC50 2.1 +− 1.2 mM for GST control versus
2.6 +− 1.1 mM for S180; n = 6–7). As observed in the binding
results above, these data suggest the alteration in the external TEA
block of Kv2.1 by the N-terminal SNAP-25 domains is dependent
on functional association with both the N- and C-termini of Kv2.1.

K+ dependency of the external TEA blockade of Kv2.1 is
due to conformational rearrangements in the outer vestibule
produced by changes in K+ ion occupancy in the selectivity filter
[34,35]. Specifically, in the absence of external and internal K+

(Na+ substitution), Kv2.1 channels become insensitive to TEA
blockade even up to 100 mM, but are still capable of allowing
Na+ permeation [34,35] (as shown in Figure 5B). Since S180 was
able to increase the sensitivity to the TEA block (Figure 4A),
we examined whether S180 could increase and even possibly
restore the TEA block of the Kv2.1 channel under conditions of
absent or low external and internal K+ concentration. The IC50

of the TEA block of Kv2.1 channels recorded in the presence of
a normal 4 mM [K+]o (external K+ concentration) was 6.8 +−
0.9 mM (n = 5) (Figure 5D). TEA (100 mM) did not inhibit out-
ward Kv2.1 currents in HEK-293 cells in the absence of external
K+ (equimolar 140 mM Na+ replacement; results not shown).
When the [K+]o was decreased to 1 mM, 10 mM TEA elicited
only a small decrease in Kv2.1 currents (Figure 5B) as expected.
The IC50 for the TEA block under these recording conditions
was >100 mM (Figures 5B and 5D). However, in the presence
of 1 mM [K+]o and S180 (1 pM) inside the cell, the IC50 for
the TEA block was shifted to the left to values that were indist-
inguishable from those in the control K+ and Na+ concentra-
tions (7.9 +− 1.5 mM, n = 6) (Figures 5C and 5D). Thus at a low
[K+]o (1 mM), S180 was able to sensitize Kv2.1 channels to TEA
blockade to similar extent as in control [K+]o (4 mM). These
results suggest that S180 may induce a long-range allosteric
rearrangement of the outer pore regions leading to enhanced
sensitivity to an external TEA channel block.

DISCUSSION

In the present study, we have demonstrated novel functions for the
N-terminal SNAP-25 domains on Kv2.1 channels. First, the N-
terminal cleavage products, S180 and S197, bound to both the
cytoplasmic N- and C-termini of Kv2.1 to modulate channel ac-
tivation and C-type inactivation. Second, S180 and S197 increased
the sensitivity of the Kv2.1 channel pore to external TEA block-
ade. We postulate that the N-terminal SNAP-25 domains modulate
channel activation and C-type inactivation via long-range
allosteric alterations of the outer pore vestibule in Kv2.1 channels
through their interaction with the cytoplasmic Kv2.1 N- and
C-terminal regions. Neither the full-length SNAP-25 nor the C-
terminal SNAP-25 peptides alone had any effect on Kv2.1 gating
or on TEA sensitivity.

We observed accelerated kinetics in channel opening in the
absence of any change in the voltage dependence of channel activ-
ation using both S180 and S197, but not S206. SNAP-25 N-
terminal domains may be modulating the inner Kv2.1 channel
pore that is involved in channel opening. The lack of an effect on
voltage-dependent activation suggests that there is no influence
from S180 or S197 on the voltage sensitivity of S4 domain move-
ment or stability of the closed and open states. Ju et al. [36] have
demonstrated similar results when comparing rat with human

Figure 5 S180 enhances the TEA block under low [K+]o

(A) Representative Kv2.1 currents recorded under normal (4 mM) or decreased (1 mM) [K+]o,
in the absence (left panel) or presence of 10 mM TEA (right panel) with either GST or S180 in
the pipette. Currents were elicited as described in Figure 1(A) with external 140 mM
NaCl and 4 mM KCl (140 mM KCl in the pipette), or (B) and (C) under symmetrical
140 mM NaCl with decreased [K+]o (1 mM). (D) Dose-dependent blockade of Kv2.1
current measured under normal [K+]o (4 mM) (IC50 6.8 +− 0.9 mM), decreased [K+]o (1 mM)
(IC50 > 100 mM), or when internally dialysed with 1 pM S180 in the presence of 1 mM
[K+]o (IC50 7.9 +− 1.5 mM). n = 5 or 6 cells.

Kv2.1 isoforms. The rat isoform was found to be activated much
faster than human Kv2.1, but no difference was observed in the
voltage dependence of channel activation between the two Kv2.1
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channels. The authors further revealed that both the cytoplasmic
N- and C-termini physically interact to regulate the kinetics of
channel activation. Interestingly, we observed that the SNAP-
25 N-terminal domains bind to both the cytoplasmic N- and C-
terminal regions of Kv2.1, which we suggest induces conform-
ational changes in these coupled channel domains that further
influence channel gating.

C-type inactivation results from structural rearrangements of
the outer pore region of Kv channels, which is influenced by
pore residues [31,32,37], as well as in the S6 transmembrane seg-
ment [29] and the cytoplasmic C-terminus [28]. Increased K+ oc-
cupancy within the pore region slows the development of C-
type inactivation [31]. In Kv2.1 channels, an increase in K+

occupancy of the external pore accelerates channel activation [38],
slows inactivation [39] and increases TEA sensitivity [35], which
is remarkably similar to the effects of the N-terminal SNAP-
25 domains that we observed. How does the binding of these
SNAP-25 domains elicit changes in C-type inactivation through
conformational alterations in the structure of the Kv2.1 pore? The
N-terminal SNAP-25 domains bind to both the N- and C-termini
of Kv2.1. Both the cytoplasmic N- and C-termini of Kv2.1 are
important for determining channel activation and inactivation kin-
etics [28,40]. Kv2.1�N139 displays slower activation kinetics
and a small amount of C-type inactivation, whereas truncation
of C-terminal residues hastens channel activation and retards
inactivation compared with WT Kv2.1 [28]. The T1 (tetramer-
ization) domain within this Kv2.1 N-terminus also interacts
with the distal portion of the cytoplasmic C-terminus of Kv2.1
leading to faster activation kinetics [40]. The T1 domain has been
suggested to lie under the inner conduction pathway and to interact
directly with the C-terminal cytoplasmic domain [36,40]. Binding
of the N-terminal SNAP-25 domain proteins to the cytoplasmic
N-terminus of Kv2.1 may result in partial occlusion of the inner
conduction pathway leading to a decrease in outward currents. The
SNAP-25 N-terminal domains may also provide stronger coupling
between the N- and C-termini. Such conformational changes have
been observed in the C-terminus of the Shaker K+ channels
upon binding of the Kvβ subunit to the N-terminal T1 domain
[41]. Further studies will be required to dissect out these possib-
ilities.

We have recently shown that SNAP-25 decreased Kv2.1 current
in rat β-cells by acting on the Kv2.1 cytoplasmic N-terminal do-
main [9]. In the present study, we demonstrated that the S180
domain of SNAP-25 contains a putative active site for inhibiting
Kv2.1 current, and have further showed its action in the fine
modulation of channel activation and inactivation gating kinetics.
The C-terminal SNAP-25 domains did not have any primary ef-
fects on Kv2.1, but this may explain the inability of the full-length
SNAP-25 protein to influence the gating kinetics of the Kv2.1
channel, by negating the effects of the SNAP-25 N-terminus in
modulating channel gating. These results demonstrate that the
SNAP-25 protein contains both positive and negative regulatory
domains, which may be revealed following proteolytic cleavage
of SNAP-25 by BoNT/A and BoNT/E. Taken together with the
results of previous work, our present study supports the idea that
different domains within SNAP-25 (and STX1A) exert distinct
actions on both voltage-gated Ca2+ and Kv2.1 channels.
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