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Introduction

K
V
4.2 is a fast transient (A-type) voltage-gated potassium chan-

nel of the Shal subfamily that contributes to transient, voltage-
dependent K+ currents in the nervous system (A currents) and the 
heart (transient outward current).1-4 The physiological functions 
of K

V
4.2 depend not only on the regulation of biophysical chan-

nel properties but also on the fine-tuning of subcellular localiza-
tion and of cell-surface abundance.5 The processes that influence 
trafficking and surface distribution patterns of these channels, 
therefore will affect their ability to contribute to cellular func-
tions. Thus, it is of great interest to understand the subcellular 
organization of these channels in order to fully understand their 
physiological roles, and hence it is important to develop the tools 
necessary to address these questions in living neurons.

The mechanisms that specify channel trafficking and distri-
bution, unfortunately, are not well known due to lack of suitable 

high-affinity probes.6 Current knowledge of the trafficking and 
distribution of K

V
4.2 is based largely on studies using immu-

nohistochemistry techniques, i.e., antibodies against channel 
subunit epitopes in fixed cells,7-10 or recently, with recombi-
nant K

V
4.2-enhanced green fluorescent protein (EGFP) fusion 

or c-Myc-tagged K
V
4.2 constructs in live cells where questions 

remain as to the detailed functionality of the recombinant con-
structs.10-12 In addition, indirect channel tagging by labeling 
proteins that interact with K

V
 channels, has been used to study 

channel trafficking.7,13,14 Even though these approaches have 
been widely used to study channel trafficking, there are severe 
limitations to these techniques. The issue of antibody specificity, 
insufficiently characterized commercial polyclonal antibodies in 
particular, has regained the attention of the neuroscience research 
community.15,16 In addition, when using GFP fusion proteins or 
epitope inserts, it is important to establish how channel function 
is affected by the GFP fusion or epitope insert.
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We report the first successful insertion of an engineered, high-affinity α-bungarotoxin (Bgtx) binding site into a voltage-
gated ion channel, KV4.2, using a short, intra-protein embedded sequence (GGWRYYessLepYpDGG), derived from a 
previously described mimotope peptide, hAp. A major benefit to this approach is the ability to live-image the distribution 
and fate of functional channels on the plasma membrane surface. The Bgtx binding sequence was introduced into the 
putative extracellular loop between the s1 and s2 transmembrane domains of KV4.2. Following co-expression with 
KChIp3 in tsA201 cells, s1-s2 hAp-tagged channels express at levels comparable to wild-type KV4.2, and their activation 
and inactivation kinetics are minimally altered under most conditions. Binding assays, as well as live staining of surface-
expressed KV4.2 channels with fluorescent-Bgtx, readily demonstrate specific binding of Bgtx to hAp-tagged KV4.2 
expressed on the surface of tsA201 cells. similar live-imaging results were obtained with hAp-tagged KV4.2 transfected 
into hippocampal neurons in primary culture suggesting applicability for future in vivo studies. Furthermore, the 
activation kinetics of s1-s2-tagged KV4.2 channels are minimally affected by the binding of Bgtx, suggesting a limited role 
if any for the s1-s2 loop in voltage sensing or gating associated conformational changes. successful functional insertion 
of the hAp sequence into the s1-s2 linker of KV4.2 suggests that other related channels may similarly be amenable to this 
tagging strategy.
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channel in mammalian cells, and that channel 
function is comparable to wild-type K

V
4.2 chan-

nels even in the presence of Bgtx. By using fluo-
rescent Bgtx, we were able to readily detect surface 
expression of K

V
4.2 channels in living cells, includ-

ing transfected primary neurons. The paradigm 
employed here, therefore, can be used as a gen-
eral strategy for the design of chimeras for study-
ing channel trafficking and distribution for other 
members of the K

V
 ion channel family.

Results

Insertion of bungarotoxin recognition sequences 
into the K

V
4.2 S1-S2 loop. Two recognition 

sequences were designed and inserted individu-
ally into the extracellular S1-S2 loop of K

V
4.2. 

One derived from the principal Bgtx binding site 
on the Torpedo nAChR α1 (Tα1) subunit and the 
other from a high affinity peptide (HAP) sequence 
derived from a combinatorial phage-displayed 
library.17,26 These sequences were inserted into a 
location distant from the voltage sensor (S4) and 
ion selectivity filter to minimize perturbation of the 
channel structure and function (Fig. 1). Constructs 
were generated both with (i.e., K

V
4.2-HAP-EGFP) 

and without (i.e., K
V
4.2-HAP) cytoplasmic 

N-terminal EGFP-tags to facilitate visualization of 
K

V
4.2-HAP. Studies of Tα1 chimera were limited 

by the low surface expression of this construct (e.g., 
see Fig. 6A), possibly because native disulfide for-
mation between S1-S2 loop endogenous cysteines 
is disrupted by Tα1 cysteines.

Heterologously expressed K
V
4.2-HAP con-

structs form functional channels. Following co-
expression of K

V
4.2-HAP with its auxiliary binding 

protein KChIP3 in tsA201 cells,27 whole-cell recordings from 
transfected cells showed large, depolarization-activated, rapidly 
inactivating currents that resemble reported wild-type current in 
amplitude (Fig. 2A),28,29 thus demonstrating functional expres-
sion of K

V
4.2-HAP channels on the cell surface. Expression 

of K
V
4.2-HAP constructs in transfected tsA201 cells was also 

validated by western blot analysis using an anti-K
V
4.2 antibody 

(Fig. 2B).
Introduction of HAP tag sequence into S1-S2 is functionally 

silent. To determine the effect of HAP tag on K
V
4.2 function, 

we compared the properties of K
V
4.2-HAP to those of untagged 

K
V
4.2 in tsA201 cells. In Figure 3A, we measured the time 

required for currents to reach peak amplitude in voltage steps 
from -30 mV to +50 mV. The rate of activation for K

V
4.2-HAP 

was statistically different from wild-type K
V
4.2 at more hyper-

polarized potentials ranging from -30 mV to +10 mV (p < 0.05), 
but statistically indistinguishable from wild-type at more depo-
larized potentials ranging from +20 to +50 mV (p > 0.05). Figure 
3B compares the peak conductance-voltage relation (G/G

max
). 

The profiles of the voltage dependence of peak conductance/

In the present study, we have generated and characterized a 
new chimeric construct, K

V
4.2-HAP. HAP, a mimotope peptide 

of 13 amino acids in length, binds Bgtx with nanomolar affin-
ity.17,18 We introduced this Bgtx recognition sequence, bracketed 
at either end by two flexible Gly residues, into the extracellular 
S1-S2 loop of K

V
4.2, presumably far from the critical gating sen-

sor elements of the channel and from the N- and C-terminus 
(Fig. 1). Evidence from other K

V
 channel family members sug-

gests that there is little S1 or S2 movement during voltage sens-
ing and that movement of S1 or S2 does not play a significant 
role in gating.19-21 This small extracellular tag sequence should 
limit potential perturbation of channel structure and function in 
comparison with a GFP tag. Bgtx is a small, soluble protein from 
the venom of the Taiwan banded krait Bungarus multicinctus. 
This unique high affinity ligand of muscle-type and α7 homo-
oligomeric nAChRs (nicotinic acetylcholine receptors) has been 
instrumental in advancing many studies in structure, function 
and synaptic trafficking of nicotinic receptors for more than 3 
decades.22-25 In this study, we demonstrate that the chimeric con-
struct of K

V
4.2-HAP expresses as well as the wild-type K

V
4.2 

Figure 1. schematic representation of the insertion of the hAp and Tα1 tag into the s1-
s2 linker of KV4.2. The diagrams depicting the structure of the neuronal nicotinic recep-
tor (left) next to the structure of alpha-Bgtx (right) and the topology of KV4.2 are shown. 
Two engineered sequences were inserted individually into the extracellular s1-s2 loop. 
One is derived from the principal Bgtx binding site on the Torpedo nAChR α1 subunit 
(Tα1) with sequence of WVYYTCCpDTpYLD. The other is from a high affinity peptide 
(hAp) sequence, WRYYessLLpYpD, derived from a combinatorial phage-displayed 
library. These sequences were inserted into a location distant from the voltage sensor 
(s4) and ion selectivity filter (p loop) to minimize perturbation of the channel structure 
and function.
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with similar characteristics to K
V
4.2. We conclude that insertion 

of the HAP sequence, within the S1-S2 linker, does not disrupt 
protein structure, subunit synthesis, or assembly.

Bgtx binds K
V
4.2-HAP expressed in tsA201 cells. Specific 

binding of Bgtx to living cells was measured in a 125I-Bgtx binding 
assay. Transfected tsA201 cells were incubated with radioactive 

activation of K
V
4.2 and K

V
4.2-HAP are not statistically different 

(p > 0.05). As shown in Figure 4, the overall profile of the voltage 
dependence of K

V
4.2-HAP and wild type K

V
4.2 inactivation are 

similar. Although significantly different at voltages of -30 mV, 
+30 mV, +40 mV and +50 mV (p < 0.05), at voltage steps ranging 
from -20 mV to +20 mV, the means of the inactivation time con-
stants τ for K

V
4.2 and K

V
4.2-HAP are not significantly different 

(p > 0.05). The current decay fit very well with a single-exponen-
tial, and the rate of inactivation increased with strong depolariza-
tion. We also examined the recovery from inactivation (Fig. 5). 
Recovery was characterized using a typical two-pulse protocol 
where the time spent at the interpulse potential was varied to 
characterize the recovery time course. Statistical analysis shows 
the rates of recovery from inactivation for K

V
4.2 and K

V
4.2-HAP 

are not significantly different at all voltage steps (p > 0.05).
The functional analysis of K

V
4.2-HAP shows that the inser-

tion of HAP tag into the S1-S2 loop of K
V
4.2 does not interfere 

with formation of functional channels. The expressed K
V
4.2-

HAP currents displayed fast inactivation and rapid inactivation 

Figure 2. heterologous expression of wild-type KV4.2, hAp-tagged 
KV4.2 (KV4.2-hAp) and eGFp plus hAp-tagged KV4.2 (KV4.2-hAp-eGFp) 
in tsA201 cells. (A) K+ currents in tsA201 cells were elicited by voltage 
clamp steps delivered at 10-mV increments from a holding potential 
of -80 mV to step depolarization from -30 mV to +50 mV (A, inset). 
each voltage step was 600 ms long. Representative traces are from 
mock-transfected cells, or cells transfected with KV4.2, KV4.2-hAp or 
KV4.2-eGFp-hAp as indicated. (B) Western blotting of KV4.2 vs. KV4.2-hAp 
and KV4.2-hAp-eGFp vs. KV4.2-eGFp. All constructs were detected with 
anti-KV4.2 antibody.

Figure 3. Activation kinetics for KV4.2 (■) and KV4.2-hAp (●). (A) Time to 
peak current analysis. Representative current traces of inactivation for 
KV4.2 and KV4.2-hAp are shown in Figure 1A. The upper panel shows de-
tailed superimposed peak currents for KV4.2 (black) and KV4.2-hAp (red) 
in response to step membrane depolarization. student’s t test analysis 
showed that for voltage steps +20 mV to +50 mV the mean times to 
peak for KV4.2 and KV4.2-hAp were not significantly different (p > 0.05). 
In contrast, for the -30 to +10 mV range, the results are significantly dif-
ferent (p < 0.05). (B) Normalized peak conductance-voltage relations for 
KV4.2 and KV4.2-hAp. Normalized conductance (G/Gmax, conductances at 
the indicated potential divided by Gmax, the maximum conductance, at 
+50 mV) plotted as a function of voltage for the currents expressed by 
KV4.2 and KV4.2-hAp. peak conductance (G) was calculated as G = Ip/(Vm - 
Veq), where Ip, Vm and Veq are the peak current, the test potential and the 
K+ equilibrium potential, respectively. The continuous lines across the 
data points are the best-fits to Boltzmann functions. Values represent 
the Mean ± s.e.M of three to four cells. Normalized peak conductance-
voltage relations for KV4.2 and KV4.2-hAp at all voltage steps are not 
significantly different by the student’s t test (p > 0.05).
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Whole cell recordings were performed to measure the effect 
of Bgtx on K

V
4.2-HAP channel function. The toxin had no sig-

nificant effect on channel opening (Fig. 6B), suggesting that the 
bound toxin has limited functional effect when bound to the 
S1-S2 extracellular linker. Visualization of Bgtx bound to K

V
4.2-

HAP demonstrated the utility of HAP-tagged K
V
4.2 for local-

ization and membrane trafficking studies (Fig. 7). tsA201 cells 
transfected with either wild-type K

V
4.2 or HAP-tagged K

V
4.2, 

Bgtx, washed to remove unbound toxin, and then the cell asso-
ciated radioactivity was determined (Fig. 6A). Specific Bgtx 
binding was observed for HAP-tagged K

V
4.2 (p < 0.05), but not 

for Tα1-tagged channels (p > 0.05). Negative controls included 
untransfected cells and cells transfected with wild-type K

V
4.2. 

Cells were transfected with muscle-type nAChR for a positive 
control. The binding results support the suitability of the HAP 
tag for tracking and visualizing surface expressed K

V
4.2 channels 

in intact cells.
Bgtx binding affinity for K

V
4.2-HAP was calculated by mea-

suring association and dissociation with K
V
4.2-HAP using the 

same 125I-Bgtx binding protocol as that used for the basic binding 
assay. Association measurements over a 60 minute period yielded 
an apparent k

on
 value of 8.01 x 105 M-1 min-1. An apparent dis-

sociation rate k
off

 was measured by displacement of 125I-Bgtx with 
excess unlabeled Bgtx and calculated as 7.4 x 10-3 min-1. The ratio 
of k

off
 to k

on
 translates into an apparent equilibrium dissociation 

constant of 9.2 x 10-9 M.

Figure 4. Inactivation time constants τ KV4.2 (■) and τ KV4.2-hAp (●). 
The upper panel shows inactivation kinetics of currents in response 
to step membrane depolarization. The time course of fast inactivation 
fits mono-exponentially. The continuous lines in red overlaid represent 
single exponential fits. Note that, the rate of inactivation increases with 
strong depolarization. Rate of inactivation decreased in the voltage 
range from -30 mV to 0 mV and increased from 0 mV to +50 mV. Values 
represent the Mean ± s.e.M of three to four cells. student’s t test analy-
sis showed that the means of inactivation time constants τ for KV4.2 and 
KV4.2-hAp at voltage steps ranging from -20 mV to +20 mV are not sig-
nificantly different (p > 0.05). In contrast, they are significantly different 
at voltage steps of -30 mV, +30 mV, +40 mV and +50 mV (p < 0.05).

Figure 5. Rate of recovery from inactivation. (A) Representative current 
traces of the recovery from inactivation for KV4.2, KV4.2-hAp and KV4.2-
eGFp-hAp respectively are shown. A paired pulse protocol shown as an 
insert was applied to transfected tsA201 cells. each cell was depolar-
ized from -80 to +50 mV by two steps, varying the inter-step intervals 
(∆t) from 5 ms to 245 ms in 10 ms increments. The membrane potential 
during the interval was also -80 mV. This set of paired pulses was ap-
plied once every 15 s. (B) The time course of recovery from inactivation 
is analyzed by normalizing the peak current amplitude of the second 
pulse to that of the first pulse and plotting as a function of inter-pulse 
duration. KV4.2-hAp (●) recovers slightly more slowly from inactivation 
than wild-type KV4.2 (■). Values represent the Mean ± s.e.M of data 
obtained from three to four cells. Applying the student’s t test, the rate 
of recovery from inactivation for KV4.2-hAp is not significantly different 
(p > 0.05) from that of KV4.2.
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and co-transfected with a GFP construct to identify expressing 
cells, were incubated with Alexa Fluor-Bgtx for 1 h at room tem-
perature, washed and fixed. Fluorescent Bgtx was bound to cells 
expressing HAP-tagged K

V
4.2 and was competed off in the pres-

ence of excess unlabeled Bgtx. No binding was observed with 
wild-type K

V
4.2. Taken altogether, these results suggest that the 

insertion of the HAP sequence for Bgtx binding can offer a reli-
able method for tracking and isolating K

V
4.2-HAP channels in 

living cells.
Bgtx binds K

V
4.2-HAP and GluR2-HAP expressed in intact 

cultured hippocampal neurons. Although the HAP tag with 
Alexa Fluor-Bgtx enabled the visualization of K

V
4.2 channels in 

living tsA201 cells, it was important to demonstrate a similar 
utility for this method in living neurons, to provide important 
validation that this tool could be used for the study of channel 
localization and mobility. Therefore, we studied the expression 
and subcellular distribution of HAP-tagged K

V
4.2 in transfected 

rat hippocampal cultured neurons (Fig. 8). Cells were transfected 
with a construct encoding K

V
4.2 with both a GFP fusion and the 

HAP insertion and treated with Bgtx (tagged with either Alexa 
Fluor or rhodamine). In order to avoid Bgtx binding to endog-
enous nicotinic ACh receptors, cells were preincubated with the 
nicotinic antagonist tubocurarine (2 µM) prior to application 
of Bgtx. To highlight perimembrane fluorescently-tagged mol-
ecules, total internal reflection fluorescence (TIRF) excitation 
mode was used. Images were obtained 18–36 hours after trans-
fection using two fluorescence channels, green for GFP (excita-
tion 488 nm, emission around 530 nm) and red for Bgtx-Alexa 
or Bgtx-rhodamine (excitation 532 nm, emission above 560 nm). 
Under this imaging configuration, the GFP image represents all 
recombinant K

V
4.2 molecules independently of their membrane 

insertion, while the rhodamine-Bgtx image reveals membrane-
inserted K

V
4.2 molecules capable of binding extracellular Bgtx 

(Fig. 8A). We found that K
V
4.2-HAP-

GFP channels were distributed broadly 
along neuronal somata and dendrites 
(Fig. 8A and GFP clusters), but much 
fewer K

V
4.2-HAP-GFP channels were 

located in the plasma membrane (Fig. 
8A, rhodamine-Bgtx clusters). Analyses 
of cluster size yielded a significantly 
decreased value for clusters of mem-
brane-inserted K

V
4.2 channels, presum-

ably due to aggregation of intracellular 

Figure 6. Binding of 125I-Bgtx to KV4.2-hAp and effect of Bgtx on KV4.2-
hAp currents. (A) Binding of 125I-Bgtx to KV4.2-hAp. tsA201 cells were 
incubated with 125I for 2 h. specific Bgtx binding was observed for KV4.2-
hAp as well as muscle-type nAChR (p < 0.05; denoted by asterisk,*), but 
not for KV4.2 or KV4.2-Tα1. Values represent the Mean ± s.e.M. The data 
shown are representative of three experiments. (B) effect of Bgtx on 
KV4.2-hAp currents. The current traces were recorded in the absence 
(black) or in the presence of 100 nM Bgtx (red). The presence of Bgtx 
had little effect on the activation of the channels.

Figure 7. Alexa Fluor-Bgtx binds KV4.2-
hAp expressed in tsA201 cells. DIC, image 
of differential interference contrast; GFp, 
fluorescent image of GFp (detecting co-
transfected GFp, green); Alexa Fluor-Bgtx, 
fluorescent image of Alexa Fluor-Bgtx 
(detecting KV4.2-hAp, red). Wild-type KV4.2 
or hAp-tagged KV4.2 was co-transfected 
with GFp in tsA201 cells. Fluorescent 
Bgtx bound hAp-tagged KV4.2 and was 
competed off in the presence of excess un-
labeled Bgtx. No fluorescent Bgtx binding 
was observed for wild-type KV4.2.
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Bgtx as a high affinity ligand for muscle 
type and α7 nAChRs, has been extensively 
used more than 30 years to study the struc-
ture, function, distribution and trafficking of 
the receptor.22-25 Recent studies using the Bgtx 
binding sequence have been very successful for 
ligand-gated ion channels,24,25,30,31 as well as 
GPCRs,32 but the use of this sequence in volt-
age-gated ion channels has not been previously 
reported. In most cases, including AMPA30 and 
GABA

A
 receptors,33 as well as GABA

B
 recep-

tors,32 the Bgtx binding sequence was placed 
at the N-terminus. Where the Bgtx binding 
site has been placed near the ion selectivity 
filter, as in the inositol 1,4,5-trisphosphate 
receptor (IP3R), Bgtx binding was observed 
to modulate IP3R single channel properties.31 
As binding of Bgtx has no observable effect on 
macroscopic K

V
4.2 channel activation (Fig. 

6B), we can conclude that with the HAP inser-
tion site in K

V
4.2 located in the extracellular 

S1-S2 loop, there is minimal if any interaction 
of bound Bgtx with the ion pore region. This 
in turn provides important structure-function 
information suggesting that the S1-S2 loop 
does not likely interact directly with residues 
contributing to the pore region.

Given that all currently commercially 
available antibodies against K

V
4.2 label intra-

cellularly located epitopes,7-10 our extracellular 
HAP tag offers several advantages in that: (i) 
It facilitates labeling of surface expressed mem-
brane protein in live cells, as reported here. (ii) 
The relatively small size of Bgtx (∼8 kDa) and 
its flat shape as compared with globular anti-
bodies (∼150 kDa) should offer advantages in 
tissue penetration and accessibility. The cor-

responding Fab fragments and scFv chains of such antibodies, 
if available and as highly specific as the whole antibody, would 
still be larger in size and shape than Bgtx. (iii) The HAP tag 
offers advantages over conventional tags, such as HA and myc. 
Conventional tags are detected by antibodies, which raise con-
cerns about the specificity and quality of the antibody reagent, 
especially because these reagents are often polyclonal and dif-
ferent laboratories use antibody reagents from different sources. 
Moreover, commercial polyclonal antibody production is often 
insufficiently controlled for quality or validated from batch to 
batch. These are significant concerns for the scientific community 
as it relies on dissemination of reliable and reproducible data. In 
comparison, Bgtx is highly specific for the HAP tag, as reported 
here and by others. Bungarotoxin is also in effect a “monoclo-
nal” reagent of high homogeneity. It is a monogenic gene product 
from the snake Bungarus multicinctus that is purified from venom 
and has undergone rigorous characterization over 35 years in its 
native and labeled states by hundreds of independent laborato-
ries. Because not all proteins can be tagged in easily accessible 

K
V
4.2 channels (Fig. 8B). Finally, we found that the cellular 

and surface distributions of K
V
4.2-HAP-GFP expressed in hip-

pocampal neurons appeared similar to those previously described 
for GluR2-HAP-GFP (Fig. 8C).30

Discussion

We have presented electrophysiological evidence that the func-
tional parameters of K

V
4.2-HAP channels closely resemble that of 

wild type K
V
4.2. Furthermore, Bgtx binds K

V
4.2-HAP specifically 

and with high affinity, and we were able to detect and image the 
tagged channels in live cells including in cultured neurons by using 
fluorescent Bgtx. Interestingly, although the HAP sequence intro-
duces Bgtx binding, it produces no detectable pharmacological 
activity in the K

V
4.2 background. Taken together, the successful 

introduction of the HAP binding sequence into the extracellular 
S1-S2 loop of K

V
4.2 demonstrates that the HAP construct may 

serve as a flexible technique for labeling and visualization of ion 
channel trafficking in transfected primary neurons.

Figure 8. Rhodamine-Bgtx binds KV4.2-hAp-GFp and GluR2-hAp-GFp expressed in pri-
mary rat hippocampal neurons. (A) A neuron transfected with KV4.2-hAp-GFp. Bright Field, 
bright-field image of the neuron; GFp, fluorescence image of GFp (detecting all KV4.2-hAp-
GFp channels); Rhod.-Bgtx, fluorescence image of rhodamine-Bgtx (detecting membrane-
inserted KV4.2-hAp-GFp). (B) Cumulative curves and histograms of KV4.2-hAp-GFp cluster 
size distribution obtained for green and red clusters (n = 6 cells). (C) A neuron transfected 
with GluR2-hAp-GFp. Bright Field, bright-field image of the neuron; GFp, fluorescence image 
of GFp (detecting both perimembrane and membrane-inserted GluR2-hAp-GFp channels); 
Rhod.-Bgtx, fluorescence image of rhodamine-Bgtx (detecting only membrane-inserted 
GluR2-hAp-GFp). (D) Cumulative curves and histograms of GluR2-hAp-GFp cluster size distri-
bution obtained for green and red clusters (n = 3 cells). scale bars: 5 µm.
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high affinity Bgtx binding is conferred in the absence of phar-
macological sensitivity, such constructs would be of considerable 
utility for studies of channel localization and trafficking given 
the variety of commercially available reporter group derivatives 
of Bgtx.25

Materials and Methods

Preparation of K
V
4.2 mammalian expression constructs. HAP 

and Tα1 sequences were introduced into the K
V
4.2 S1-S2 extra-

cellular loop by oligonucleotide-directed mutagenesis using the 
Quikchange Mutagenesis kit (Stratagene). Mutant sequences 
were authenticated by DNA sequencing.

The introduced sequences are in bold italics and underlined.
S1-S2-loop-HAP chimera:
ETV PCG SSP GHI KEL GGW RYY ESS LEP YPD GGP 

CGER
S1-S2-loop-Talpha1 chimera:
ETV PCG SSP GHI KEL GGW VYY TCC PDT PYL DGG 

PCG ER
S1-S2-loop: ETV PCG SSP GHI KEL PCG ER.
Culture and transfection of tsA201 cells. tsA201 cells are 

derived from a human embryonic kidney cell line containing a 
neomycin resistance gene and expressing T-antigen and were gen-
erously provided by Dr. William Green (University of Chicago, 
Chicago, IL). In our hands, the tsA201 cell line yielded 50% 
greater levels of cell surface Bgtx binding to Torpedo nAChR 
than the parental HEK 293 cells.41 tsA201 cells were maintained 
at 37°C, 10% CO

2
 in Dulbecco’s modified essential medium 

(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 
serum, 10 µg/ml penicillin, and 10 units/ml streptomycin (all 
supplements obtained from Invitrogen).

Cells were transfected with K
V
4.2 constructs, in combina-

tion with KChIP3 (K
V
4.2:KChIP3 3:1), using Lipofectamine 

2000 (Invitrogen). For non-EGFP-tagged proteins, GFP was 
co-expressed with the channel to assess transfection efficiency 
and to identify expressing cells for patch clamp experiments. 
Heterologous gene expression was driven off a CMV promoter 
on a pcDNA3.1 background.

For fluorescence imaging, tsA201 cells were seeded on poly-
L-lysine-coated cover slips and stained following transfection, as 
described below. For electrophysiology experiments, cells were 
resuspended, washed and replated in a recording chamber 36–48 
h after transfection. GFP-positive cells were patch clamped, as 
described below.

Preparation and transfection of primary rat hippocampal 
neurons. All studies were performed in full compliance with 
the standards of the University of Helsinki Institution Animal 
Care and Use Committee. Cultured neurons were prepared from 
embryonic day 18 rat hippocampi. Hippocampi were dissociated 
with Papain solution (10 U/mL). The cells were plated at a density 
of 3 x 104 cells per cm2 on glass bottomed Petri dishes (MatTek) 
pre-treated with poly-L-lysine and laminin (1–2 µg/cm2). 
Cultures were maintained in 5% CO

2
/95% air atmosphere at 

37°C in Neurobasal medium (Invitrogen, pH 7.4) supplemented 
with B27 (Invitrogen), 0.5 mM L-glutamine, 100 units/mL 

regions for structural or functional reasons, a versatile tag detec-
tion system is advantageous. (iv) Moreover, a recent application of 
affinity purification with Bgtx-conjugated beads combined with 
mass spectrometry based proteomic analysis has identified an 
interactome for α7 nAChRs in the mouse brain.34 Similar meth-
odologies could be used to investigate K

V
4.2 interactomes using 

HAP-tagged K
V
4.2. (v) Fluorescent conjugates of Bgtx allow live 

staining of postsynaptic receptors in sympathetic ganglia from 
mice engineered with replacement of the native α3 nicotinic 
receptor subunit with one sensitive to Bgtx.35 Live staining of the 
wild-type α3 nicotinic receptor subunit in any sympathetic or 
other neuronal preparation has not been possible with subunit-
specific antibodies. (vi) Finally, quantum dots have increasingly 
been used for single-particle tracking studies of receptors and 
ion channels36 by indirect detection of a peptide tag involving 
a biotinylated antibody and a streptavidin-quantum dot conju-
gate. The use of a Bgtx quantum dot conjugate for detection of 
K

V
4.2 HAP ion channels and other membrane receptors offers 

the advantage of direct tag detection for higher-resolution single-
molecule imaging.

K
V
4.2 plays an important role in the modulation of neuronal 

function through formation of multi-protein complexes with sig-
naling molecules and auxiliary proteins.4,8,10,37 Although the use 
of tagged K

V
4.2 binding proteins (i.e., KChIP, filamin or PSD95) 

has led to important insights about channel localization and traf-
ficking,7,38,39 those tags may indirectly affect K

V
4.2 participation 

in functionally important multi-protein complexes. Thus, it is 
important to be able to visualize the tagged K

V
4.2 channel itself.

The N- and C-termini of K
V
4.2 channel are important for 

channel expression and interactions with channel signaling mol-
ecules and binding proteins.4,13,37,40 Thus, modification of the 
N- and C-termini of the channel may complicate interpretation 
of the findings with these constructs. In particular, the GFP 
fusion protein, with its bulky N- or C-terminal tag could per-
turb important cellular functions. Therefore, it is significant that 
our engineered HAP insertion site is extracellular (S1-S2 loop) 
and far removed from the intracellular N- and C-termini. Our 
observation that application of Bgtx to HAP-tagged K

V
4.2 has 

minimal effect on channel activation (Fig. 6B) further demon-
strates that the S1-S2 loop can be sterically constrained with little 
apparent functional affect. Although the S1-S2 loop of K

V
4.2 

had previously been modified with an eight tandem repeat Myc 
tag insertion following Cys221, the effect of antibody binding 
on channel activity was not reported.11 It is also of interest that 
the Tα1 sequence was poorly tolerated after insertion into the 
S1-S2 region of K

V
4.2, while the HAP insertion into the same 

region, immediately after L219, was well tolerated. It is likely that 
the vicinal cysteines within the Tα1 sequence may interact with 
an extracellular disulfide involving the two endogenous cysteine 
residues in S1-S2 of K

V
4.2. The HAP sequence, in contrast, lacks 

the native vicinal cysteines and would not be expected to alter the 
endogenous disulfide pattern of K

V
4.2.

Finally, our findings offer the possibility that Bgtx recognition 
sequences can be similarly inserted into the extracellular domains 
of other K

V
 channels or, more broadly, into other membrane pro-

teins for which appropriate probes are lacking. In cases in which 
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y = y
0
 + A

1
ext1 + A

2
ext2

with the second exponential term negligible because of the rapid 
reduction in 125I-Bgtx binding upon addition of unlabeled Bgtx. 
Bgtx binding association data collected over a 60 minute period  
were fit according to:

y = A
1
 - A

2
e-kob x

to calculate an observed k
ob

, from which the apparent k
on

 was 
calculated according to:

Western blot. From tsA201 cells transfected with K
V
4.2, 

K
V
4.2-HAP and KChIP cDNAs, total cell lysates were pre-

pared (lysis buffer: 150 mM NaCl, 50 mM Hepes pH 7.4, 0.5% 
Triton) and insoluble matter pelleted. Equal amounts of the 
supernatant were separated by 4–15% gradient SDS-PAGE fol-
lowing heat denaturation at 37°C for one hour in SDS-gel load-
ing buffer. Separated proteins were transferred to nitrocellulose 
membranes. Following a blocking incubation (PBS; 0.05% 
Tween; 5% non-fat milk powder), K

V
4.2-antibody (Alomone 

Labs) was diluted 1:200 and incubated at room temperature for 
two hours. After washing the membrane, horseradish-peroxi-
dase-conjugated goat anti-rabbit IgG antibody (1:10,000) was 
incubated for 1 h. Enhanced chemiluminescence reagents were 
used for signal detection.

Fluorescence imaging. To assess K
V
4.2-HAP protein expres-

sion in live tsA201 cells, cultures were mounted on glass slides 
and washed with PBS and incubated with Alexa Fluor-Bgtx for 
1 h at room temperature. Cells were washed with PBS and fixed 
with 4% paraformaldehyde to stabilize the preparation for view-
ing. In all cases, fluorescent Bgtx binding was prevented by co-
incubation with an excess of unlabeled Bgtx. Cells were imaged 
using a Zeiss Axiovert 200M Fluorescence Imaging microscope 
(Carl Zeiss, Inc.,) equipped with a Roper CoolSnap CF color 
camera and a Roper CoolSnap HQ monochrome camera (Roper 
Scientific, Inc.,) controlled by MetaMorph 6.0 software.

For TIRF imaging experiments on primary neurons, cell-
containing MatTek dishes were transferred to the CellR imag-
ing system (Olympus Europe, Hamburg, Germany). The 
system was equipped with an automated filter wheel for excita-
tion filters and with 488 nm (20 mW) and 532 nm (50 mW) 
DPSS lasers (Melles Griot, CA, USA) for TIRF imaging. For 
improved recording stability, the microscope frame and all opti-
cal elements were maintained at 34°C using the temperature 
control incubator (Solent Scientific, Segensworth, UK). Images 
were collected with a CCD camera (Orca, Hamamatsu, Japan). 
In TIRF mode, fluorescent molecules are excited by the thin 
evanescent field formed above the glass substrate due to total 
internal reflection of the laser beam (attenuated to 5–10%). 
To block binding of tagged Bgtx to any endogenous nicotinic 
receptors, the transfected neurons were preincubated for at least 
30 minutes with the nicotinic receptor antagonist tubocurarine 

penicillin and 100 µg/mL streptomycin. Medium was changed 
twice per week. Neurons were transfected after 7–10 days in vitro 
with K

V
4.2-HAP-GFP construct using Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions. Cells 
were analyzed 18–36 hours after transfection.

Electrophysiology. Whole-cell patch clamp technique was 
used to assess the functional expression of K

V
4.2, K

V
4.2 HAP, and 

(EGFP-tagged) in transfected tsA201 cells. An Axopatch 200B 
amplifier (Axon Instruments, Foster City, CA) was used to record 
ionic currents with the whole cell voltage-clamp technique.42 
Current stimulus protocols and data collection were performed 
using pClamp 9.0 software (Axon Instruments, Foster City, CA). 
Pipettes were pulled on a multiple stage puller (Sutter Instruments, 
Novato, CA) from borosilicate tubing and polished to a resistance 
of 3–4 MΩ. Cells were bathed in standard extracellular solution 
containing (in mM): 140 NaCl, 5.4 KCl, 2.8 CaCl

2
, 0.18 MgCl

2
, 

10 HEPES, 5.6 Glucose, 2 Glutamine (pH 7.4). The pipette solu-
tion contained (in mM): 140 KCl, 5 NaCl, 1 MgCl

2
, 10 EGTA, 

10 HEPES (pH 7.4). Leak-subtraction was performed before each 
recording. Series resistance (5–15 MΩ) was compensated (80–
90%) manually and regularly monitored. Data were filtered at 5 
kHz, sampled at 10 kHz and stored online. For the activation phase 
of K

V
4.2-mediated currents the 10–90% rise time was determined. 

Conductance values (G) at a given test potential (V
m
) were calcu-

lated from the measured peak amplitude (I) and the mean reversal 
potential for K

V
4.2 (V

rev
 ≈ -40 mV; n = 4) using the equation G 

= I/(V
m
 - V

rev
). The obtained data were further processed using 

Origin7.5 (Microcal Software, Inc., Northampton, MA). The volt-
age dependencies of activation and inactivation were fitted with the 
Boltzmann function. Data are expressed as original traces and/or 
as mean ± S.E.M. Student’s t test was used for statistical analysis. 
Probabilities of p < 0.05 were considered statistically significant. 
Co-transfected cells were identified by fluorescence microscopy 
using an inverted Axiovert 25 microscope (Carl Zeiss, Germany) 
equipped for fluorescence detection. All recordings were conducted 
at room temperature (22–25°C).

Binding experiments. Surface expression of tagged K
V
4.2 

channels was measured in a 125I-Bgtx binding assay. 125I-Labeled 
Bgtx (5 nM) was incubated in the presence or absence of unla-
beled Bgtx with transfected cells in high-K Ringer’s buffer for 
2 h at room temperature. Following the incubation, cells were 
captured on Whatman GF/C filters (25 mm) and washed 4 
times with 5 mL of high-K Ringer’s buffer. Bound 125I-Bgtx was 
measured in a γ counter. All measurements were done in tripli-
cate, averaged and standard error calculated. Student’s t test was 
used for pairwise comparisons with p < 0.05 considered statis-
tically significant. Controls included cells not transfected and 
cells transfected with wild-type K

V
4.2 and muscle-type nAChR. 

Specific Bgtx binding was calculated by subtraction of non-spe-
cific binding, as measured by 125I-Bgtx binding in the presence 
of 2.5 µM unlabeled Bgtx, from total binding. For binding dis-
sociation measurements, Bgtx was displaced by addition of 2.5 
µM unlabeled Bgtx, following pre-incubation with 125I-Bgtx to 
equilibrium over 2 h. Remaining bound toxin was measured over 
multiple points during a 60 minute period. Data were fit accord-
ing to a two-component dissociation using:
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(2 µM) prior to incubation with 5 µg/ml rhodamine- or 
AlexaFluor-conjugated Bgtx to label the K

V
4.2-HAP channels. 

Fluorescence of tagged Bgtx was excited at 532 nm and col-
lected above 560 nm, and fluorescence of GFP was excited at 
488 nm and collected between 515 and 545 nm.
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