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Kv2.1 cell surface clusters are insertion platforms
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ABSTRACT Voltage-gated K* (Kv) channels regulate membrane potential in many cell types.
Although the channel surface density and location must be well controlled, little is known
about Kv channel delivery and retrieval on the cell surface. The Kv2.1 channel localizes to
micron-sized clusters in neurons and transfected human embryonic kidney (HEK) cells, where
it is nonconducting. Because Kv2.1 is postulated to be involved in soluble N-ethylmaleimide—
sensitive factor attachment protein receptor-mediated membrane fusion, we examined the
hypothesis that these surface clusters are specialized platforms involved in membrane pro-
tein trafficking. Total internal reflection-based fluorescence recovery after photobleaching
studies and quantum dot imaging of single Kv2.1 channels revealed that Kv2.1-containing
vesicles deliver cargo at the Kv2.1 surface clusters in both transfected HEK cells and hip-
pocampal neurons. More than 85% of cytoplasmic and recycling Kv2.1 channels was deliv-
ered to the cell surface at the cluster perimeter in both cell types. At least 85% of recycling
Kv1.4, which, unlike Kv2.1, has a homogeneous surface distribution, is also delivered here.
Actin depolymerization resulted in Kv2.1 exocytosis at cluster-free surface membrane. These
results indicate that one nonconducting function of Kv2.1 is to form microdomains involved
in membrane protein trafficking. This study is the first to identify stable cell surface platforms
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involved in ion channel trafficking.

INTRODUCTION

Voltage-gated potassium (Kv) channels control electrical excitability
in multiple cell types. Although fine control of both channel surface
densities and location is essential to excitable cell physiology, noth-
ing is known concerning the location of Kv channel delivery and re-
trieval on the neuronal cell surface. If fact, little is known with regard
to where endocytosis and exocytosis occur in most cell types, and it
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is generally assumed that, with the exception of synaptic regions in
neurons, these trafficking events in mammalian cells occur randomly
over the cell surface. However, recent live cell imaging work sug-
gests that this assumption may not be accurate. For example, Glut
4 surface clusters in adipose cells may represent membrane inser-
tion and retrieval sites for this transporter (Stenkula et al., 2010), and
clathrin concentrations can transiently appear in the same region of
fibroblastic cells (Kirchhausen, 2009).

The mammalian Kv2.1 delayed rectifier is one of the most
ubiquitously expressed Kv channels and plays many diverse
physiological roles. Within hippocampal neurons Kv2.1 regulates
the action potential waveform, especially during high-frequency
stimulation (Du et al., 2000). In pulmonary vascular smooth mus-
cle Kv2.1 represents a hypoxia-sensitive channel that regulates
the membrane potential and thus smooth muscle contraction
(Patel et al., 1997; Hulme et al., 1999), and in cerebral artery
smooth muscle Kv2.1 regulates myogenic constriction (Amberg
and Santana, 2006). In the myocardium Kv2.1 generates the
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Ikslow current and regulates action potential duration (Kodirov
et al., 2004), and in pancreatic beta cells Kv2.1 plays a central
role in the regulation of membrane potential and insulin release
(Jacobson et al., 2007).

Kv2.1 has also been implicated in nontraditional Kv channel
functions. In cortical neurons and Chinese hamster ovary cells Kv2.1
is required for thiol-oxidant-induced apoptosis (Pal et al., 2003,
2006). Down-regulation of Kv2.1 is neuroprotective, and overex-
pression enhances cell death (Pal et al., 2003). Most relevant to the
present study, Kv2.1 is postulated to play a role in membrane vesi-
cle—trafficking and soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE)-mediated membrane fusion in
both neurosecretory cells and sensory neurons (Feinshreiber et al.,
2009, 2010). Inhibition of Kv2.1 SNARE protein interaction interferes
with dense core vesicle release from PC-12 cells, and overexpres-
sion enhances release via a mechanism independent of ion conduc-
tion (Singer-Lahat et al., 2007). Of interest, Kv2.1 binds to both syn-
taxin and SNAP-25 in vitro and thus has been postulated to be
directly involved in membrane fusion events (MacDonald et al.,
2002; Leung et al., 2003).

Kv2.1 is unusual among voltage-gated potassium channels in
that much of it localizes to micron-sized clusters in hippocampal
and cortical neurons in vitro and in vivo (Sarmiere et al., 2008;
Kihira et al., 2010; Guan et al., 2011). In alpha motor neurons
these microdomains exist at synaptic inputs, where they colocalize
with muscarinic acetylcholine receptors and other proteins in-
volved in cholinergic transmission (Muennich and Fyffe, 2004).
Kv2.1 surface clusters also form in adenoviral infected atrial myo-
cytes (O'Connell et al., 2008) and transfected human embryonic
kidney (HEK) 293 cells (Misonou et al., 2005; O'Connell and
Tamkun, 2005; Tamkun et al., 2007; Mohapatra and Trimmer,
2006). In acutely isolated rat brain slices Kv2.1 declustering occurs
in response to hypoxia and/or ischemia due to astrocytic detec-
tion of the neuronal insult (Misonou et al., 2008; Mulholland et al.,
2008). This transcellular regulation of Kv2.1 localization suggests
these surface microdomains are physiologically important to brain
biology, with the hypoxia-induced declustering being either neu-
roprotective or neurotoxic.

Our previous work using cell-attached patch clamp indicates that
the Kv2.1 channel within the clusters is nonconducting, with whole-
cell Kv2.1 current likely derived from a subpopulation of nonclus-
tered channels (O'Connell et al., 2010). However, the clustered
channels produce gating currents and are therefore capable of sens-
ing membrane potential, potentially linking plasma membrane elec-
trical activity to intracellular events, similar to the function of L-type
Ca®* channels at the skeletal muscle T-tubule/SR junction (Tanabe
et al.,, 1988). One intriguing possibility, given the SNARE protein
interactions described earlier, is that the Kv2.1 clusters couple mem-
brane potential to secretion and/or the delivery of membrane cargo
to the cell surface.

Here we use quantum dot (Qdot) labeling and total internal
reflection fluorescence (TIRF) imaging approaches to test the hy-
pothesis that the Kv2.1 plasma membrane clusters are special-
ized platforms involved in the trafficking of membrane proteins to
and from the cell surface. Hundreds of observations detail the
location of Kv2.1 plasma membrane insertion for both nascent
and recycling Kv2.1 channels, as well as the location of endocyto-
sis from the surface. The data indicate that Kv2.1 clusters repre-
sent platforms for the insertion and endocytosis of not only Kv2.1,
but also the unrelated K* channel Kv1.4. This study is the first to
define stable cell surface sites for Kv channel delivery in mam-
malian cells.
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Kv2.1 localizes to clusters on the neuronal cell surface.
A 3D reconstruction of confocal sections of an 8-d in vitro rat

hippocampal neuron expressing GFP-Kv2.1 (green). The cell was fixed
and labeled with Alexa 594—conjugated anti-MAP2 antibodies (red) to
identify the soma and dendrites. The arrows indicate Kv2.1 clusters
within the MAP2-negative axon initial segment.

RESULTS

Kv2.1 localizes to clusters on the neuronal cell surface

The three-dimensional (3D) reconstruction presented in Figure 1
illustrates the surface distribution of GFP-Kv2.1 after expression in
cultured hippocampal neurons. The clusters are distributed evenly
over the soma, concentrated at the MAP2-negative axon initial seg-
ment and present to a limited extent within the MAP2-positive prox-
imal dendrites as previously described (Sarmiere et al., 2008). This
expression pattern also exists in the intact brain (Misonou et al.,
2005) and in acutely isolated brain slices (Misonou et al., 2008;
Mulholland et al., 2008). Our previous work indicates that the local-
ization mechanism involves the trapping of mobile channels behind
a cytoskeletal-based diffusion barrier, as opposed to individual
channels being statically tethered to submembrane anchors (Tamkun
et al., 2007; Weigel et al., 2011).

Kv2.1 exists primarily on the cell surface but rapidly recycles
between membrane and intracellular compartments

Kv2.1 localizes to micron-sized clusters in transfected HEK cells that
are similar to those present in cultured and native hippocampal neu-
rons (Misonou et al., 2005; Mohapatra and Trimmer, 2006; O'Connell
et al., 2006). We chose to initially examine Kv2.1 trafficking in trans-
fected HEK cells since these cells lack endogenous Kv2.1 (O'Connell
et al., 2006, 2010). Therefore all the Kv2.1 in transfected cells is
readily detectable using the attached fluorescent proteins and
epitope tags. HEK cells were transfected with a modified Kv2.1 car-
rying green fluorescent protein (GFP) on its N-terminus and an anti-
hemagglutinin (HA) antibody epitope on the extracellular surface
(GFP-Kv2.1-HA) between the first two transmembrane domains
(O'Connell et al., 2006). Figure 2A shows a 3D reconstruction of the
GFP fluorescence. Note that Kv2.1 also exists outside the clusters
on the cell surface. This construct, as well as all others used in our
work, demonstrates wild-type channel trafficking and function
(O'Connell et al., 2010). Figure 2B illustrates the binding of an Alexa
Fluor 594-conjugated anti-HA antibody to the same live, nonper-
meabilized cell, confirming that the Kv2.1 channel is on the cell sur-
face. Figure 2C shows the same cell in an XYZ format immediately
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Kv2.1 traffics efficiently to the cell surface in transfected
HEK cells and is rapidly internalized. (A) GFP-Kv2.1-HA expression
pattern 16 h posttransfection. The GFP fluorescence in this 3D
reconstruction of confocal sections is illustrated in green.
(B) Detection of cell surface GFP-Kv2.1-HA in the same cell. The red
indicates the binding of Alexa 594—conjugated anti-HA antibody to
the external HA epitope. The image was taken immediately after
antibody binding to live cells. (C) XYZ view of the GFP and anti-HA
antibody localization patterns in the same cell as in A and B. (D) Same
cell as in C after additional 10 min at 37°C. Note the internalization of
the anti-HA antibody, which appears as yellow puncta due to the
overlay of the GFP and Alexa Fluor 594 fluorescence (arrows).

after Alexa Fluor 594 anti-HA antibody labeling. The lack of readily
detectable GFP fluorescence within the cytoplasm demonstrates
that in transfected HEK cells the trafficking of Kv2.1 to the surface is
highly efficient as compared with that of other Kv channels (Vacher
et al., 2007; Vicente et al., 2008; Jenkins et al., 2011). Figure 2D
shows the same antibody-labeled cell 10 min later. Intracellular
Alexa Fluor 594 is now detected (arrows), demonstrating that Kv2.1
is internalized over this time frame. The goal of the following experi-
ments was to test the hypothesis that the Kv2.1 clusters act as cell
surface platforms involved in the transport of Kv2.1, as well as other
membrane proteins, to and from the cell surface.

Intracellular Kv2.1-containing trafficking vesicles dock at the
Kv2.1 cell surface clusters

If Kv2.1 recycles between cell surface and intracellular compart-
ments, we should be able to detect an intracellular Kv2.1 channel
vesicular population using appropriate techniques. We applied a
TIR photobleaching approach to remove the cell surface cluster
fluorescence and allow detection of a weak vesicular intracellular
signal normally masked by the high-intensity surface clusters. As il-
lustrated in Supplemental Video S1, putative trafficking vesicles
were detected after photobleach of the surface yellow fluorescent
protein (YFP)-Kv2.1 in transfected HEK cells. Vesicular movement
was often directed and occurred with rates of 1.4+ 0.5 pm/s, n=13,
consistent with motor-based transport as opposed to random diffu-
sion. We next determined the number of Kv2.1 channels present in
each cytoplasmic vesicle. HEK cells were transfected with GFP-
Kv2.1, and after TIR-photobleach, single GFP molecule fluorescence
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intensity was determined by quantitating the bleach step magni-
tude of single GFP-Kv2.1 channels observed on the cell surface. This
single-step intensity was then compared with that of individual traf-
ficking vesicles fusing with the cell surface to estimate the number
of Kv2.1 channels contained within each vesicle, assuming four GFP
molecules per channel tetramer. As summarized in Supplemental
Figure S1, the mean channel number per vesicle was 34 £ 4, with a
range of 5-90 molecules, n=21.

If the Kv2.1 surface clusters are platforms for Kv2.1 delivery and
retrieval at the plasma membrane, it should be possible to detect
both the tethering of mobile vesicles and cargo delivery to the
plasma membrane. We performed a partial TIR-based photobleach
experiment such that cluster bleach was incomplete. This approach
allowed the cluster itself and adjacent trafficking vesicles to be visu-
alized simultaneously in TIRF since the vesicles are partially or totally
outside of the TIR illumination and thus not significantly bleached.
Figure 3 shows representative results of one such experiment.
Figure 3, A and B, show the clusters on the basal membrane of a
GFP-Kv2.1-transfected HEK cell imaged in TIRF before and imme-
diately after partial photobleaching. Figure 3C is an enlargement of
the region indicated by the larger white square in Figure 3B and
shows bright puncta that we interpret as trafficking vesicles tethered
to the partially bleached clusters, which are outlined in white. The
asterisk indicates an area with neither bleached clusters nor teth-
ered vesicles. In this particular cell 49 of 50 tethered vesicles were
located at the edge of the surface clusters immediately after bleach-
ing, suggesting the clusters and vesicles have a specific interaction,
especially since only 24% of the surface area was occupied by the
Kv2.1 clusters in this cell, but approximately half of the clusters had
associated vesicles. Of the 50 vesicles observed at the beginning of
the FRAP period, 17 remained statically tethered after 4 min. Addi-
tional vesicles appear and deliver Kv2.1 to the cell surface clusters,
as illustrated in Figure 3, D and E. Figure 3D is an enlargement of
partially bleached surface clusters within the smaller white square
indicated in Figure 3B. Quantitation of postbleach fluorescence re-
covery within the four regions of interest (ROI) indicated in Figure
3D is shown in Figure 3E. The two ROls that originally contained
clusters (red and purple) show greater rates of fluorescence recovery
as compared with the two ROls drawn over cluster-free membrane
(blue and yellow). The acquisition of new GFP-Kv2.1 in a stepwise
manner, as seen between 10 and 30 s for the ROIs drawn around
bleached Kv2.1 clusters, is predicted if individual vesicles arrive over
time and dock or deliver cargo within the ROI. The ROIs that are
over cluster-free membrane show a slow but steady increase in fluo-
rescence as nonclustered, freely diffusing channels from the un-
bleached top of the cell diffuse to the basal surface. Delivery over
the 10- to 25-s time frame is illustrated in Supplemental Video S2.
Overall, 87 + 12% of vesicles were cluster associated after the TIR-
based photobleach, even though clusters occupied only 21 + 4% of
the basal surface in the five cells examined. In addition, 75 + 9% of
the clusters gaining GFP-Kv2.1 after photobleach showed stepwise
increases in fluorescence during recovery, as illustrated in Figure 3E.
In summary, these whole-cell photobleach experiments confirm our
previous (O'Connell et al., 2006) but limited observations that the
Kv2.1 clusters are involved in channel delivery to the cell surface.

Detection of single Kv2.1 channels being delivered directly
to the surface clusters

Because we relied on fluorescent protein imaging to observe mul-
tiple Kv2.1 channels being delivered to the cell surface clusters as
illustrated in Figure 3, it remained possible that single Kv2.1 chan-
nels arrived at the cell surface via delivery to Kv2.1 cluster-free
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TIR-based FRAP analysis illustrates vesicle tethering and fusion to Kv2.1 surface clusters in transfected HEK
cells. (A) Surface clusters containing GFP-Kv2.1 imaged using TIRF microscopy before photobleach. (B) TIRF image
immediately after TIR-based photobleach. (C) Higher magnification of the area enclosed by the larger white box in B.
The original cluster positions are outlined in white, and the white arrows point to two adhered vesicles. The asterisk
denotes a Kv2.1 cluster-free membrane region also devoid of adhered trafficking vesicles. (D) Higher magnification of
the area enclosed by the smaller white box in B. Time here is immediately postbleach. (E) Time course of fluorescence
recovery within the four regions indicated in D. This increase in fluorescence is illustrated in Supplemental Video S2.

plasma membrane. In addition, the TIRF imaging of Figure 3 does
not confirm true cell surface insertion, showing instead that the
GFP-Kv2.1 is within the TIR field. To address these issues, we ex-
panded our previous Qdot-based detection of single Kv2.1 chan-
nels (O'Connell et al., 2006; Tamkun et al., 2007; Weigel et al.,
2011). Qdot labeling is extremely specific, since streptavidin-conju-
gated Qdots are attached to the extracellular surface of Kv2.1 via
channel-specific biotinylation. In addition, Qdots do not photo-
bleach, and so channels can be tracked for hours. Our Qdot-based
insertion-site assay to detect the location of Kv2.1 cell surface inser-
tion with single-molecule sensitivity involved first incubating live
cells expressing biotinylated GFP-Kv2.1-loopBAD (BAD, biotin ac-
ceptor domain) with 1 pM NeutrAvidin for 5 min to saturate biotiny-
lated surface channels and hence prevent streptavidin-conjugated
Qdot labeling. After extensive washes to remove unbound NeutrA-
vidin, the cells immediately were imaged in the presence of 1 nM
Qdot 605 using a spinning-disk confocal microscope. Freely diffus-
ing Qdots move too rapidly to be effectively detected under our
imaging conditions. As Kv2.1 channels that were synthesized de
novo or were intracellular during NeutrAvidin binding insert into the
cell surface, they become Qdot labeled. Thus spontaneous Qdot
appearance during the continuous imaging represents Qdot bind-
ing to a recently inserted channel. Supplemental Figure S2 shows
that the NeutrAvidin block is highly effective and that Qdot binding
after this block requires temperatures allowing intracellular traffick-
ing. Supplemental Figure S3 indicates that Qdots bind cell surface
Kv2.1 soon after being added to the culture dish, with 75 s required
to reach 50% binding. Qdot binding during the insertion site assay
is likely to occur much faster, since the cells are continuously bathed
in a Qdot solution (as opposed to the dots being added to dish as
in Supplemental Figure S3, where diffusion is delayed). Because the
median distance covered by a nonclustered Kv2.1 channel in 40 s
is 375 nm (Weigel et al., 2011), the inserted Kv2.1 channels are
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unlikely to diffuse far from their site of membrane insertion before
being bound by a Qdot. If single channels were inserted at locations
outside of the GFP-Kv2.1 clusters, more Qdots should first appear
off cluster. In contrast, if the clusters are the predominant insertion
sites, even for single molecules, then Qdot appearance should favor
the clusters themselves. Qdots appearing within 0.5 um of the clus-
ter perimeter were defined as appearing at that cluster.

Figure 4 shows the results of a representative experiment in
which Qdot binding to newly inserted Kv2.1 channels was used to
determine the location of channel insertion. As outlined in Figure
4A, HEK cells expressing GFP-Kv2.1-loopBAD that was biotinylated
intracellularly via cotransfection with biotin ligase (BirA) were Neu-
trAvidin blocked and then imaged in the presence of Qdots as de-
scribed here earlier. Figure 4B shows the lack of detectable Qdots
at the beginning of the time series. Figure 4C shows that by 5 min,
eight Qdots are observed, six within and confined to the Kv2.1 clus-
ters as visualized via their GFP fluorescence and two freely diffusing
outside of the clusters. By 15 min, 19 cluster-associated Qdots are
seen, along with six off-cluster dots (Figure 4D). Figure 4E summa-
rizes the locations at which Qdots appear over the entire 18-min
time series. Twenty Qdots appeared at a cluster perimeter with sub-
sequent trapping within the cluster. Two Qdots appeared at a clus-
ter border but were not retained within the cluster, instead diffusing
away to be trapped in a cluster 3 and 4 min later. These events ex-
plain how channel insertion at the clusters can still contribute to
freely diffusing Qdots. In addition, we observed single Kv2.1 chan-
nels leaving one cluster only to be trapped in an adjacent one within
a few minutes (unpublished data). Thus single Kv2.1 molecules are
continuously exchanging between the cluster and noncluster mem-
brane compartments even though the clusters are preferred inser-
tion sites and individual Kv2.1 channels can reside within the cluster
for >1 h. The first 3.5 min of the Qdot incubation time series is
shown in Supplemental Video S3. In this particular cell 22 of
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Transfect HEK cells  Saturate surface Spinning disk Qdot binding
with biotinylated — channels with —) imaging in the —-indicates channel
GFP-Kv2.1- neutravidin and presence of Qdots  delivery to cell
wash surface

Detection of single channel insertion sites in transfected HEK cells. Basal membrane
GFP-Kv2.1-loopBAD clusters are shown in green and Qdot 605 in red. (A) Outline of the
Qdot-based insertion-site protocol. (B) Qdot labeling immediately after NeutrAvidin block of
surface GFP-Kv2.1-loopBAD. (C, D) Qdot labeling observed at the indicated times. (E) Summary
of sites at which Qdots were first detected. The 20 red asterisks indicate the appearance at a
cluster perimeter and subsequent trapping within the cluster. The two yellow asterisks indicate
channels arriving at a cluster border that were not retained within the cluster but diffused away
to be confined to different clusters 3 and 4 min later. The cyan asterisks represent Qdots first
observed off cluster that then become confined within a Kv2.1 cluster. Images were obtained
during continuous spinning-disk imaging at 37°C in the presence of 1 nM Qdot-containing
imaging saline with 1% BSA.

24 Qdots (?1%) appeared at a cluster, and only two were not re-
tained within the cluster next to which they were inserted.

In summary, this Qdot binding-based insertion assay supports
the hypothesis that the Kv2.1 surface clusters are the preferred sites
for Kv2.1 insertion into the cell surface in HEK cells. Additional ex-
periments are summarized on a per-cell basis in Supplemental Table
S1. Analyzing eight cells indicated that 84.7 + 8.4%, n= 223, of the
Qdots spontaneously appearing on the cell surface were cluster as-
sociated, appearing within 0.5 pm of the GFP-defined cluster bor-
der. In these cells the cluster surface area represented 17.2 + 9.5%
of the basal surface, indicating that Kv2.1 insertion does not occur
at random sites.

surface (Tamkun et al., 2007; Weigel et al.,
2011). Therefore we examined whether
Kv2.1 endocytosis and reinsertion into the
plasma membrane occurs at the surface
clusters. HEK cells expressing biotinylated
GFP-Kv2.1-loopBAD were labeled with
Qdots at low efficiency, unbound Qdots
were removed, and the cells were returned
to the incubator for 1-2 h to allow Qdot re-
cycling to begin. TIRF imaging was then
used to detect Qdot removal and appear-
ance, that is, endocytosis and reinsertion
into the plasma membrane, respectively.
Cytoplasmic Kv2.1 vesicles with a single
Qdot were transported at the same rate
as Qdot-free vesicles (1.3 + 0.6 vs. 1.4 +
0.5 pm/s, respectively; unpublished data),
suggesting that Qdot-bound Kv2.1 chan-
nels traffic normally. In addition, Petrini
et al. (2009) found that Qdot-labeled «-
amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid receptors undergo normal clath-
rin-based endocytosis, and Zhang et al.
(2007) followed the exocytosis of Qdots
confined within synaptic vesicles to demon-
strate complete vesicle fusion with the
plasma membrane without the Qdot mass
altering vesicle delivery or fusion. Thus lim-
ited Qdot labeling is unlikely to alter mem-
brane protein internalization and subse-
quent trafficking.

Representative results for recycling
Kv2.1 channels are shown in Figure 5.
Figure 5, A-C, shows the surface distribu-
tion of Qdot-labeled Kv2.1 channels at the
indicated times after a 1-h incubation to al-
low recycling to begin. Note the changing
Qdot/GFP relationship at the three selected
time points. Dots both appear and disap-
pear during this 30-min period, reflective of
exocytosis and endocytosis, respectively,
whereas total Qdot number remains rela-
tively constant at 16 in this particular cell.

Over 30 min of TIRF imaging there were four Qdots appearing at
cluster perimeters and six instances of Qdots disappearing at clus-
ter perimeters. In two cases, when the Qdots disappeared GFP
fluorescence intensity was also lost, suggesting that multiple chan-
nels were endocytosed (unpublished data). During most of this se-
quence there were on average 14 cluster-confined Qdots and two
freely diffusing Qdots not associated with a cell surface cluster.
Figure 5D shows the Qdot fluorescence over time within the ROI
indicated in Figure 5C. Note the sudden increase in the Qdot sig-
nal, representing two Qdots approaching the membrane and being
inserted into the GFP-Kv2.1 cluster. The intensity decrease is con-
sistent with the sequential endocytosis of the two recently inserted

Qdot-labeled channels. Supplemental Video S4 illustrates Qdot-

Recycling Kv2.1 channels arrive at and depart from

the plasma membrane at the cell surface clusters

During our previous work examining Kv2.1 diffusion, in which a low
number of Qdots were tracked over 15-45 min, we often observed
fluctuations in the number of Qdots on the cell surface, suggesting
that Kv2.1 is constantly being internalized and recycled to the cell
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labeled Kv2.1 channel addition at the cluster within the white box
of Figure 5C (the first 360 s of the Figure 5D time series). Note that
in this video the Qdot fluorescence gradually intensifies as the
Qdots enter the TIR field. Supplemental Video S5 illustrates the
Qdot loss from the same cluster (the last 600 s of the Figure 5D
time series). The Qdots are lost due to internalization, as indicated
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Recycling GFP-Kv2.1-loopBAD channels are targeted to surface clusters. HEK cells
expressing biotinylated GFP-Kv2.1-loopBAD were labeled with streptavidin-conjugated Qdot
605, unbound Qdots were removed, and the tissue culture dish was then returned to the tissue
culture incubator for 1 h to allow Qdot-bound channel recycling to reach steady state. The basal
membrane was then continuously imaged in TIRF at 2 Hz and 37°C for 30 min. (A) Qdots (red)
bound to GFP-Kv2.1-loopBAD channels (green) at the beginning of the imaging period.

(B, C) Qdot localization at the indicated times. (D) Qdot fluorescence intensity over time within
the white ROI of C. The increase in intensity represents the delivery of two Qdot-labeled
channels to the cluster, which is followed by endocytosis. This delivery and retrieval are
illustrated in Supplemental Videos S4 and S5, respectively. (E) Algorithm-based detection of
Qdot-bound Kv2.1 appearance and subsequent single-molecule diffusion. Sites of Qdot
appearance, that is, Kv2.1 exocytosis, are indicated by the yellow crosses. Note that the
subsequent single-particle tracks shown in red are confined to the Kv2.1 clusters.

by the progressively weaker intensity, as opposed to diffusion out
and away from the cluster. Overall, 96%, n = 146, of Qdot-bound
Kv2.1 channels appeared on the surface at the cluster perimeter,
whereas 97%, n = 42, of the Qdots were internalized at this loca-
tion. Although Qdots can enter a stable, long-lived dark state last-
ing up to 500 s (Yao et al., 2005), the frequency of such a long-lived
state is very low, as indicated in Supplemental Figure S4. Only 14 of
460 long-lived dark events exceeded 60 s in a total observation
time of 22,000 s. Therefore long-lived dark states >60 s should not
interfere with our data analysis, and Qdot blinking behavior is not
responsible for the observed endocytosis and exocytosis activity
illustrated in Supplemental Videos S4 and S5, especially since two
Qdots are being observed.

Manual inspection of our image files to determine where Qdots
appear at the cell surface is both labor-intensive and prone to investi-
gator bias. Therefore we also used a multiple-target tracing algorithm
(MTT; Sergé et al., 2008a,b) to detect the appearance of Qdots and
track them until they were endocytosed. Figure 5E presents an ex-
ample of this analysis, in which the sites of membrane delivery of
three Qdots bound to Kv2.1 are indicated by the yellow crosses. The
single-particle tracks starting at the insertion points show the Qdots
remain confined within the cluster over the next 876 frames (126 s).
Note that each Kv2.1 channel was confined to the cluster at which
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perimeter it is first observed. Using this algo-
rithm, we found that 78%, n = 130, of recy-
cling Qdot-labeled Kv2.1 channels appear at
a cluster perimeter, and 87% of these re-
mained trapped in the cluster for the dura-
tion of imaging or until endocytosis. Estima-
tion bias can be presentin both an automated
algorithm and a human-based approach, but
the bias in the two methods is very different
(for a discussion of this topic, see Stitka,
1999). Therefore the use of both tools further
substantiates the validity of the results. Man-
ual and algorithm-based detection and track-
ing of recycling Kv2.1 channels indepen-
dently support our hypothesis that the Kv2.1
surface clusters are sites for membrane inser-
tion of Kv2.1 channels.

Kv2.1 insertion requires an intact actin

cytoskeleton

We previously demonstrated a role for the
actin cytoskeleton in Kv2.1 surface cluster
maintenance (Tamkun et al., 2007). To ex-
amine the role of cortical actin in Kv2.1 de-
livery to the cell surface, we repeated the
recycling experiments illustrated in Figure 5
in the presence of either 5 pM cytochalasin
D or 125 nM swinholide A, 20 min each (un-
published data). Only 5% of Qdot-labeled
Kv2.1 channels were delivered to clusters
after swinholide A and 17% after cytochala-
sin D treatments, n=58 and 41, respectively.
In both cases the Qdots showed noncon-
fined diffusion immediately after appear-
ance at the cell surface and were not trapped
into a cluster. These experiments with actin
inhibitors indicate that the trafficking ma-
chinery associated with Kv2.1 clusters is de-
pendent on an intact actin cytoskeleton.
The role of actin in exocytosis, although studied extensively, is not
completely clear. In neuroendocrine cells the cortical actin appears
to interfere with or restrict chromaffin granule fusion (Oheim and
Stuhmer, 2000; Trifard et al., 2008). In contrast, in PC12 cells actin
polymerization enhances stimulated secretion (Ory and Gasman,
2011). Additional experiments are required to determine whether
f-actin has a direct role in Kv channel exocytosis or whether the actin
serves simply as a scaffold assembling the exocyst machinery. More
important, these actin disruption experiments indicate that ran-
domly occurring, long-lived Qdot dark states do not simply create
the impression of delivery at a Kv2.1 surface cluster.

Kv1.4 also traffics to and from the Kv2.1 surface clusters

We next examined whether other membrane proteins also traffic to
and from the cell surface at the Kv2.1 surface clusters. We studied
membrane insertion and retrieval of Kv1.4, since this K* channel can
also be specifically biotinylated on the extracellular surface and la-
beled with a streptavidin-conjugated Qdot (Weigel et al., 2011). In
contrast to Kv2.1, Kv1.4 has a homogeneous cell surface expression
pattern with no apparent localization (Tamkun et al., 2007). When
Kv1.4 is coexpressed with Kv2.1 it ignores the Kv2.1 surface clus-
ters, being found at equal densities inside and outside these do-
mains and freely diffusing across the Kv2.1 cluster perimeter
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Trafficking of Kv1.4 channels. (A) Qdot number over time.
Note that Qdot number slowly cycles as expected if there is
continuous insertion and retrieval at the cell surface. The high-
frequency fluctuations are derived from the Qdot blinking, and the
low-frequency fluctuations are from the insertion-retrieval events
since the surface residence is >100 s. (B) Locations of Qdot arrival and
removal at the surface. The red asterisks indicate points of Kv1.4
insertion near a Kv2.1 cluster perimeter, and the white asterisks
indicate where Kv1.4 internalization occurred. (C) Algorithm-based
detection of membrane insertion site for Kv1.4 (yellow cross) and
subsequent single-molecule diffusion track (red). Unlike the Kv2.1
channels, which usually are retained within the cluster, Kv1.4 rapidly
diffuses away.

(Tamkun et al., 2007). Thus, a priori, there is no reason to expect
Kv1.4 to have any trafficking association with the Kv2.1 clusters.

HEK cells were transfected with GFP-Kv2.1, GFP-Kv1.4-loop-
BAD, and BirA biotin ligase, labeled with Qdots, returned to the
incubator for 1 h after unbound Qdot removal, and then continu-
ally imaged with TIRF microscopy. As illustrated in Figure 6A, Qdot
number slowly cycles as expected if there is continuous insertion
and retrieval at the cell surface. Figure 6B indicates that the GFP-
Kv2.1 clusters are readily detected against a background of the
homogeneous GFP-Kv1.4 fluorescence and summarizes the ap-
pearance and disappearance of Kv1.4-bound Qdots in this one
cell. The red asterisks indicate points of Kv1.4 insertion at a Kv2.1
cluster perimeter, and the white asterisks indicate where Kv1.4 in-
ternalization occurred. In this particular cell eight Qdots appeared
and two Qdots disappeared at the cluster perimeter. Unlike the
Kv2.1 channels, which usually become trapped within the cluster,
Kv1.4 rapidly diffuses away, as is expected, given its homogeneous
cell surface pattern. Manual analysis of Kv1.4-bound Qdot recy-
cling in 11 cells indicated 91 £ 12% of Kv1.4-bound Qdots ap-
peared at a cluster perimeter (n = 44), whereas 90 + 14% of Kv1.4
Qdots were lost from the cell surface at the cluster perimeter (n =
11). Among this group of cells, only 20 £ 9.3% of the basal cell
surface was occupied by the Kv2.1 clusters, again indicating that
Kv1.4 delivery to the surface at the Kv2.1 clusters cannot be attrib-
uted to chance.

We again applied the MTT algorithm-based approach to inser-
tion-site detection and subsequent single-particle tracking, as illus-
trated in Figure 6C. As expected, Kv1.4-bound Qdots appeared on
the cell surface at the Kv2.1 cluster boundary. In contrast to the
Kv2.1 mobility illustrated in Figure 5E, the postdelivery Kv1.4 diffu-
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TIR-based FRAP analysis detects vesicular tethering and
Kv2.1 delivery to Kv2.1 surface clusters in cultured hippocampal
neurons. (A) Surface clusters before photobleach. The arrows
highlight Kv2.1 clusters potentially in the axon initial segment.
(B) Tethered vesicles (arrows) detected at the end of incomplete
cluster photobleach within the white box shown in A. Note the three
vesicles within the white outline of the large cluster present before
bleach. (C) Fluorescence pattern after 19 min, 15 s of recovery.
(D) Time course of fluorescence recovery within the regions indicated
in C. The fluorescence recovery with the neurite cluster highlighted in
red is contained in Supplemental Video S7.

sion track indicates free diffusion as opposed to trapping within the
adjacent Kv2.1 cluster. Seventy-eight percent, n= 170, of the Kv1.4
channels appeared on the cell surface at the Kv2.1 cluster perimeter
even though these two channels have no common localization pat-
tern on the cell surface. Taken together, these data show that Kv1.4
is delivered to the same cell surface sites as Kv2.1 but lacks cluster
retention. When Qdot-labeled Kv1.4 disappeared from the surface,
endocytosis also occurred at the cluster perimeter just as described
for Kv2.1. Thus two distinct Kv channels are trafficked to and from
the cell surface at the same locations, suggesting that the Kv2.1
surface clusters represent general sites for membrane insertion and
retrieval in HEK cells.

Trafficking vesicles associate with and deliver Kv2.1 cargo
to Kv2.1 surface clusters in hippocampal neurons

Whereas Kv2.1 expression and regulation are similar in HEK cells,
cultured hippocampal neurons, and brain slice preparations (com-
pare Figures 1 and 2; also see Misonou et al., 2004, 2005, 2008;
Mohapatra and Trimmer, 2006), we confirmed that our findings in
HEK cells were applicable to neurons. We detected numerous intra-
cellular vesicles within neuronal soma and neurites, as illustrated in
Supplemental Video S6. To determine whether these vesicles as-
sociated with the cell surface Kv2.1 clusters, we performed a TIR-
based FRAP experiment with GFP-Kv2.1-transfected hippocampal
neurons, as illustrated in Figure 7. Figure 7A shows soma- and neu-
rite (arrow)-localized Kv2.1 clusters before the TIR-based partial
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Detection of single channel insertion sites in hippocampal
neurons. (A) Qdot labeling immediately after NeutrAvidin block of
surface GFP-Kv2.1-loopBAD. (B, C) Qdot labeling observed at the
indicated times during continuous spinning-disk imaging at 37°C and
1 Hz in the presence of a 1 nM Qdot solution. (D) Summary of sites at
which Qdots first bound. The red asterisks indicate Qdot appearance
at a cluster border and immediate confinement within the cluster. The
yellow asterisks indicate channels arriving at cluster borders where
they were not retained but diffused away to be trapped later.

photobleach. The boxed area within Figure 7A is enlarged in Figure
7B and shows tethered vesicles at the surface clusters after the par-
tial photobleach (arrows). Note the large cluster on the soma out-
lined in white, which has three bound trafficking vesicles. Time-
lapse imaging was then performed, and the recovery after 19 min is
illustrated in Figure 7C. Quantitation of the fluorescence within the
ROls indicated in Figure 7C showed that delivery to cluster-contain-
ing regions occurred more rapidly, and in a stepwise pattern, as
compared with fluorescence recovery within cluster-free soma or
neurite membrane (see Figure 7D). As with HEK cells, this off-cluster
recovery likely represents the unrestricted diffusion of nonclustered
Kv2.1 from the top, and thus unbleached, region of the cell. The
recovery occurring within what is likely the axon initial segment
(Sarmiere et al., 2008) illustrates both transient vesicle tethering at
450 s and delivery of GFP Kv2.1 to the bleached cluster at 800 s.
These events are also illustrated in Supplemental Video S7. Taken
together, the data of Figure 7 and Supplemental Video S7 suggest
that the Kv2.1 surface clusters on the neuronal soma and axon initial
segment are preferred vesicle-docking and membrane fusion sites
for cytoplasmic vesicles containing Kv2.1 and that Kv2.1 remains
within these domains after delivery to the surface.

Detection of single channel insertion sites

in hippocampal neurons

The NeutrAvidin block approach with the GFP-Kv2.1-loop BAD con-
struct to detect single channel insertion sites was repeated in neu-
rons, as illustrated Figure 8. Figure 8A shows the lack of detectable
Qdots at the beginning of the time series, indicative of little to no
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Recycling GFP-Kv2.1-loopBAD channels are targeted to
surface clusters in the soma of cultured hippocampal neurons.
Neurons expressing biotinylated GFP-Kv2.1-loopBAD (green) were
labeled at low density with Qdot 605 (red), 1 nM for 5 min at 37°C,
rinsed, and returned to the tissue culture incubator for 1 h to allow
Qdot-bound channel recycling to reach a steady state. The basal
membrane was then continuously imaged in TIRF at 2 Hz and 37°C for
30 min. Qdots that were internalized during the first hour are now
likely recycling back to the cell surface. (A) GFP-Kv2.1-loopBAD
channel clusters partially labeled with Qdots at the beginning of the
imaging series. The inset shows a differential interference contrast
image of this neuron, with the yellow box indicating the area imaged
in TIRF. Bar, 5 pm. (B-D) Qdot localization at the indicated times. Note
that by almost 8 min some Kv2.1 clusters have accumulated multiple
Qdots, whereas others remain Qdot-free, indicating that Kv2.1
recycling back to the surface does not occur equally at all clusters.

channel insertion at this time. One and a half minutes later, one
bound Qdot was detected, as shown in Figure 8B. Figure 8C shows
that by 11 min, 44 s, seven Qdots were observed, six within, and
confined to, the Kv2.1 clusters visualized via the GFP fluorescence
and one freely diffusing off clusters. Figure 8D summarizes the loca-
tion of Qdot appearance over this time series. The red asterisks in-
dicate Qdot appearances at cluster perimeters where the Qdot was
immediately trapped within the Kv2.1 cluster. The yellow asterisks
indicate appearances at a cluster perimeter where the Qdot was not
retained within the cluster. Part of the Qdot incubation time series is
contained within Supplemental Video S8. Examination of 59 Qdot
appearances in seven neurons indicated that 90 + 11% of insertion
events per cell occurred at the Kv2.1 cluster perimeter.

Recycled Kv2.1 channels also insert at the surface clusters

in hippocampal neurons

Neurons expressing biotinylated GFP-Kv2.1-loopBAD were labeled
with a subsaturating concentration of Qdots, washed, and returned
to the tissue culture incubator for 1-2 h to allow recycling to prog-
ress. The neurons were then continuously imaged in TIRF for up to
1 h. Representative results are shown in Figure 9. Figure 9, A-D,
shows the surface distribution of Qdot-labeled Kv2.1 channels at
the indicated imaging times after Qdot labeling and the following
1-h incubation during which internalization occurs. Many of these
internalized Qdots reappeared on the cell surface during the
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FIGURE 10: Summary of Kv channel membrane insertion. The
percentage of total insertions that occurred at a Kv2.1 cluster is
indicated. The gray bars represent neuronal insertions, and the black
bars summarize the data from HEK cells. The insertion percentages
determined by manual and automated detection were averaged. The
numbers above each bar refer to the total number of surface
insertions observed for the indicated condition.

illustrated time series. Note that some Kv2.1 clusters accumulated
multiple Qdots, whereas others are Qdot-free, suggesting that
Kv2.1 recycling back to the surface may prefer specific clusters.
Supplemental Video S9 illustrates Qdot-bound Kv2.1 channels re-
turning to the cell surface during a 2.5-min time span. Analysis of
Kv2.1 recycling in seven neurons indicated that 45 of 53 Qdot-la-
beled Kv2.1 channels (85%) arrived back at the cell surface at a clus-
ter perimeter. Three of these 45 Qdots were not retained within the
cluster at which they arrived. In addition, eight Qdots were observed
undergoing endocytosis at the Kv2.1 surface cluster perimeter.

DISCUSSION

Even though it is critical that ion channel surface densities and loca-
tion be well controlled, little is known concerning the location of Kv
channel delivery and retrieval on the cell surface. The Kv2.1 delayed
rectifier channel regulates electrical activity in nerve and muscle
(Vacher et al., 2008) and is unusual among voltage-gated K* chan-
nels in that it localizes to micron-sized clusters on the cell surface of
neurons and transfected HEK cells (Trimmer and Rhodes, 2004). Sur-
prisingly, within these surface microdomains Kv2.1 is nonconducting
at depolarized potentials. Because in neuroendocrine cells Kv2.1 is
postulated to play a nonconducting role in SNARE-mediated mem-
brane fusion, we tested the hypothesis that the surface clusters are
specialized platforms involved in membrane trafficking to and from
the cell surface. The TIR-based FRAP studies indicated that GFP-
Kv2.1-containing cytoplasmic vesicles tether to and deliver cargo in
a discrete manner at the Kv2.1 surface clusters in both transfected
HEK cells and cultured hippocampal neurons. Qdot-based single-
molecule imaging indicated that the delivery and surface retrieval of
Kv2.1 occurs at the perimeter of the surface clusters. Overall, the
majority of nascent and continuously recycling Kv2.1 channels in
HEK cells and hippocampal neurons arrive at the cell surface within
0.5 pm of the cluster perimeter and are immediately confined within
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the cluster. The majority of Kv2.1 channel endocytosis in HEK cells
occurred within this same region even though the clusters repre-
sented <20% of the cell surface. The nonclustering Kv1.4 channel
also traffics to and from the plasma membrane at the Kv2.1 cluster
perimeter, demonstrating that the Kv2.1 clusters represent cell sur-
face platforms for the insertion and retrieval of other Kv channels.
Taken together, these results, which are summarized in Figure 10,
indicate that Kv2.1 clusters function as specialized cell surface mi-
crodomains involved in membrane protein trafficking.

Why use Kv2.1 clusters as cell surface trafficking platforms for Kv
channels? We previously showed that although the Kv2.1 channels
within the clusters are nonconducting, they are capable of sensing
membrane voltage, in that the clustered channels produce gating
currents in response to depolarization (O’Connell et al., 2010). Thus
the Kv2.1 clusters could serve as voltage-sensing domains that link
membrane fusion and/or endocytosis to neuronal electrical activity.
Alternatively, the cluster-based trafficking could be influenced by
extracellular events. For example, in a-motoneurons Kv2.1 clusters
on the soma colocalize with large cholinergic synaptic inputs, sug-
gesting that muscarinic receptor activation could modulate traffick-
ing at these sites (Muennich and Fyffe, 2004). Most recently, a Kv2.1
beta subunit has been proposed that has the characteristics of a cell
surface adhesion molecule (Peltola et al., 2011). Because this adhe-
sion protein is concentrated within the Kv2.1 clusters on the neu-
ronal surface, extracellular matrix interactions could also potentially
modulate membrane protein delivery and retrieval. In addition, as
noted earlier, the Kv2.1 clusters are regulated by ischemia in the in-
tact brain, where ischemia blocks glutamate uptake by adjacent as-
trocytes, thereby activating extrasynaptic N-methyl-p-aspartate re-
ceptors, with the resulting Ca?* influx inducing Kv2.1 declustering
(Misonou et al., 2008; Mulholland et al., 2008). Altered neuronal
membrane trafficking after an ischemic insult could be either dam-
aging or neuroprotective.

The use of stable, reusable sites for exocytosis is not a commonly
accepted idea. Notable exceptions are neuronal and immunological
synapses, budding yeast, and polarized epithelium (Spiliotis and
Nelson, 2003). However, exocyst localization has obvious advan-
tages. 1) Static localization avoids the energy and time required to
constantly reassemble the exocyst protein complex. 2) Trafficking
vesicles can be delivered to stable sites along relatively static micro-
tubules and then handed off to the cortical actin network. 3) Such
localization should also provide for enhanced regulation, since
GTPases, kinases, and so on can be stably incorporated into the
exocyst complex. In adrenal chromaffin cells exocytic release does
occur at specific reusable sites (Schroeder et al., 1994; Robinson
et al., 1995, 1996; Wick et al., 1997). Of interest, Kv2.1 has been
implicated in SNARE-mediated exocytosis in these neuroendocrine
cells (Feinshreiber et al., 2009). Recent studies of Glut 4 trafficking
suggest that specialized plasma membrane domains in adipose
cells are used for Glut 4 delivery to the cell surface (Stenkula et al.,
2010). Under control conditions the majority of vesicular Glut 4 is
delivered to Glut 4 clusters on the cell surface, where it remains
confined. The surface delivery that does occur at cluster-free mem-
brane has the delivered Glut 4 being rapidly dispersed. Similar to
what we describe here for Kv2.1, endocytosis of Glut 4 occurs pri-
marily at the surface Glut4 clusters. Although in the past it was often
assumed that endocytosis outside presynaptic membranes was ran-
domly distributed over most cell surfaces (Ehrlich et al., 2004), the
existence of stable "hot spots” for clathrin-mediated endocytosis is
now accepted for many cell types (Spiliotis and Nelson, 2003; Bellve
et al., 2006; McNiven, 2006; Cao et al., 2011). In agreement with
this idea, clathrin puncta localize adjacent to the Kv2.1 clusters
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in transfected hippocampal neurons and HEK cells, as shown in
Supplemental Figure S5, A and B. This association is especially
strong in the neurons, where 76 + 15% of the clathrin puncta were
within 0.5 pm of the cluster perimeter, whereas the perimeter occu-
pied only 8 + 2% of the basal cell surface. Caveolae are involved in
certain types of endocytic trafficking (Hayer et al., 2010), and caveo-
lin 1 and 3 puncta also prefer the cluster perimeter, as illustrated in
Supplemental Figure S5, C and D. In summary, localized sites for
membrane protein insertion and retrieval may be much more com-
mon than previously believed, especially in neuronal cells.

Conclusion

Kv2.1 clusters represent ~20% of the soma cell surface in hippocam-
pal neurons, where their existence is regulated by neuronal activity
and insult, even though the clustered channels are nonconducting
(Misonou et al., 2004, 2005, 2008; O'Connell et al., 2010). In alpha
motor neurons these microdomains exist at synaptic inputs, where
they colocalize with muscarinic acetylcholine receptors and other
proteins involved in cholinergic transmission (Muennich and Fyffe,
2004). The present work indicates that in transfected HEK cells and
hippocampal neurons these structures are trafficking platforms in-
volved in Kv channel movement to and from the cell surface.
Whether a nonconducting function of Kv2.1 is to actually form these
specialized cell surface microdomains involved in membrane pro-
tein trafficking is an area requiring further study. Nonetheless, the
present work is the first to define stable cell surface sites for ion
channel delivery and retrieval at the cell surface.

MATERIALS AND METHODS

Plasmid constructs, cell culture, and transfections

Fluorescent protein-tagged caveolins 1 and 3 have been used by
other investigators (McEwen et al., 2008). Human clathrin light chain
A subcloned into the mRFP-C1 and eGFP-C1 expression vectors
was kindly provided by Santiago Di Pietro (Department of Biochem-
istry and Molecular Biology, Colorado State University, Fort Collins,
CO). Fluorescent protein— and BAD-tagged Kv channel constructs
have been used in the Tamkun laboratory (O’Connell and Tamkun,
2005; O'Connell et al., 2006, 2010; Tamkun et al., 2007) and are
based on the Living Colors vector system (Clontech, Mountain View,
CA). The BAD sequence is contained within the extracellular do-
main between the first and second transmembrane domains of
both Kv1.4 and Kv2.1 (Tamkun et al., 2007; Weigel et al., 2011).
When necessary, the BirA biotin ligase in the pSec vector was
cotransfected with the Kv channels to achieve biotinylation during
channel biosynthesis, presumably within the endoplasmic reticulum
lumen (Tamkun et al., 2007). HEK 293 cells (passage 38-45; Ameri-
can Type Culture Collection, Manassas, VA) were transfected with
1-3 pg of Kv2.1-expressing DNA and 1 pg of pSec BirA using a Bio-
Rad Genepulser Xcell (Bio-Rad Laboratories, Hercules, CA) with a
0.2-cm-gap cuvette and a single 110-V, 25-ms pulse. Transfected
cells were plated on glass-bottom 35 mm dishes (MatTek, Ashland,
MA) that had been previously Matrigel coated and covered in
DMEM plus 10% fetal bovine serum. HEK cells were imaged within
24 h of electroporation in HEK physiological imaging saline consist-
ing of (in mM) 146 NaCl, 4.7 KCI, 2.5 CaCl,, 0.6 MgSO,, 1.6
NaHCOs3, 0.15 NaH;POy,, 0.1 ascorbic acid, 8 glucose, and 20
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4
(imaging saline). Neurons from cryopreserved E18 rat hippocampal
dissociations were plated at a density of ~15,000-30,000 cells/cm?
on poly-p-lysine—coated glass-bottom dishes (MatTek) and cultured
in glial cell-conditioned neurobasal medium containing B27 sup-
plement (Invitrogen, Carlsbad, CA) as previously described
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(O’'Connell et al., 2006). Animals were deeply anesthetized with
isoflurane and killed by decapitation according to a protocol ap-
proved by the Institutional Animal Care and Use Committee of
Colorado State University. Transfections were performed after 6-8 d
in culture with 2.0 pl of Lipofectamine 2000 (Invitrogen) and 0.75 pg
of Kv2.1-expressing plasmid DNA in 100 pl of OptiMem (Invitrogen)
according to the manufacturer’s directions. When necessary, 0.5 pug
of pSec BirA-expressing DNA was cotransfected. Two hours after
transfection, the culture medium was replaced with fresh neu-
robasal/B27 media. Neurons were imaged 24-48 h posttransfection
in neuronal imaging saline consisting of (in mM) 126 NaCl, 4.7 KCl,
2.5 CaCly, 0.6 MgSQy, 0.15 NaH,POy, 0.1 ascorbic acid, 8 glucose,
and 20 HEPES, pH 7.4.

Antibody and quantum dot labeling

Neurons expressing GFP-Kv2.1 were fixed in 4% formaldehyde and
4% sucrose in phosphate-buffered saline (PBS) for 15 min, incubated
in 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonate in PBS for 5 min, blocked in 5% nonfat milk and 1% goat se-
rum in PBS for 1 h, and labeled with the indicated antibody diluted
in PBS containing 1% bovine serum albumin (BSA). A mouse mono-
clonal anti-MAP-2 antibody (1:2000 dilution, Sigma-Aldrich, St.
Louis, MO) was used in conjunction with a goat anti-mouse second-
ary antibody conjugated to Alexa 594 (Molecular Probes, Invitro-
gen) diluted 1:1000 in 1% BSA PBS. Live HEK cells expressing GFP-
Kv2.1-HA were labeled with Alexa 594—conjugated anti-HA antibody
(1:1000 dilution in 1% BSA containing HEK imaging saline) in order
to detect and monitor internalization of surface GFP-Kv2.1-HA. HEK
cells were labeled for 5-10 min at 37°C before being rinsed and im-
aged at 37°C.

For quantum dot labeling, cells expressing either BAD-contain-
ing Kv1.4 or Kv2.1 constructs were first incubated in 1% BSA
(immunoglobulin G/fatty acid-free; Sigma-Aldrich) in imaging sa-
line for 5 min and then incubated for 5 min with 0.1 nM streptavi-
din-conjugated quantum dots (Qdot 605 or Qdot 655 from Invitro-
gen) in imaging saline containing 1% BSA. The BSA was essential
to minimize nonspecific Qdot absorption to the cell surface and
coverslip. The Qdot concentration and incubation time were em-
pirically determined to minimize both nonspecific and specific
Qdot binding, for it is increasingly difficult to track individual Qdots
as the cell surface Qdot number increases. The cells were then
rinsed extensively with imaging saline and either returned to the
tissue culture incubator or placed on a heated microscope stage.
All incubations were performed at 37°C. Controls for nonspecific
Qdot binding included imaging cells expressing GFP-Kv2.1-HA
that had been carried through the entire Qdot labeling protocol or
using cells expressing GFP-Kv2.1-loopBAD that were not cotrans-
fected with the BirA biotin ligase.

Confocal and TIRF microscopy

HEK cells and neurons expressing fluorescent protein-tagged con-
structs were imaged with one of five microscope systems, depend-
ing on the experiment performed. Standard 3D imaging, 0.3-um z-
steps, was performed with an Olympus FV1000 confocal microscope
(Olympus, Tokyo, Japan) equipped with spectral detectors and the
SIM Scanner. GFP was excited using the 488-nm line of an argon
laser, and emission was collected using the variable bandpass filter
set at 500-530 nm. Alexa 594 fluorophores were detected using a
543-nm HeNe laser with the variable bandpass filter set at 600
630 nm. A 60x/1.4 numerical aperture (NA) oil immersion objective
was used for imaging, and the pinhole diameter was set for the ap-
propriate Airy unit when using one laser. An intermediate pinhole
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diameter was used when two fluorophores were being detected
simultaneously. For each image, the detector voltage was adjusted
as necessary to utilize the full 12-bit range.

Experiments examining the insertion sites of intracellular, as op-
posed to recycling, channels were performed on one of two Olym-
pus microscope systems, each equipped with a Yokogawa CSU-22
spinning-disk head. The confocal nature of these systems, com-
bined with the charge-coupled device (CCD) camera sensitivity, was
required to image cells bathed in the 1 nM Qdot solution required
by the insertion site assay described later. The first system is built
around an Olympus IX81 stand using a 100x/1.4 NA Plan Apo
objective and a 1024 x 1024 Cascade electron-multiplying CCD
(EMCDD) camera (Princeton Instruments, Trenton, NJ) operated at
—-80°C, 2 x 2 binning, and maximum electronic gain. Temperature
control was via a forced air incubation chamber surrounding the
stage and objectives. The second spinning-disk confocal scope is
built around an Olympus IX71 stand equipped with an Olympus
100x/1.45 NA, TIRFM Plan Apo objective and an Andor 512 x 512
iXon DU-897 EMCCD camera (Andor South Windsor, CT) operated
at —85°C and an electronic gain of 300. Temperature control here
was via a Zeiss/PeCon stage-heating insert and objective heater
(PeCon, Erbach, Germany). Both systems use acousto-optic tunable
filter (AOTF)—controlled lasers and standard dichroic mirror and filter
sets for detecting fluorescent proteins and Qdots. Exposure times
varied between 20 and 100 ms, using frame rates of 0.5-20 Hz.

Two different TIRF imaging systems were used to detect Qdots
bound to Kv2.1 and Kv1.4 channels. The first is an Olympus IX71
inverted microscope using a 100x/1.45 NA, Plan Apo TIRFM objec-
tive and a custom-designed TIRF illuminator with laser light deliv-
ered into the microscope through free space. A 473-nm laser line
with 2.5 mW of power after the objective was used to excite both
GFP and Qdots. An Andor 1024 x 1024 iXon DU-888 EMCCD cam-
era was operated at —85°C and an electronic gain of 300. Simultane-
ous two-color imaging was achieved by optically splitting the image
into two halves, each corresponding to a separate color, using an
Optosplit (Cairn, Ireland). Both the tissue culture dish and the objec-
tive were maintained at 37°C using heating elements from Bioptechs
(Butler, PA). Videos (>5000 frames) were acquired using Andor 1Q
software at an average frame rate of eight frames/s. The second
TIRF system is an Eclipse Ti Perfect-Focus—equipped TIRF/widefield
fluorescence microscope (Nikon, Melville, NY) equipped with AOTF-
controlled 405-, 488-, and 543-nm diode lasers, 100 mW each, and
an Intensilight widefield light source. A 100x/1.49 NA PlanApo TIRF
objective was used for image acquisition. Emission was collected
through a Lambda 10-3 filter wheel (Sutter, Novato, CA) containing
the appropriate bandpass filters. The stage and objective are tem-
perature controlled via a Zeiss/PeCon stage-heating insert and ob-
jective heater at 37°C. This microscope is equipped with the Andor
512 x 512 iXon DU-897 EMCCD camera,. For all imaging experi-
ments, the cells were imaged for <1 h. However, no changes in the
Kv2.1 surface expression were observed after up to 3 h in imaging
saline at 37°C.

To view the activity of submembranous Kv2.1-containing traffick-
ing vesicles, we used a TIR-based photobleach approach with the
Nikon TIRF system. GFP-Kv2.1- or YFP-Kv2.1-expressing HEK cells
or hippocampal neurons in close contact with the bottom of the dish
were bleached in TIRF to decrease the intensity of the cell surface
Kv2.1-containing clusters. A 1-min bleach at 100% 488-nm laser
power was performed in triplicate with a 1-min delay between each
bleach. These three steps reduced the intensity of both the immo-
bile Kv2.1 clusters and the free, nonclustered Kv2.1 diffusing into
the basal surface from the top of the cell. The bleached cells were
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imaged at 1-3% 488-nm laser power for up to 45 min to capture
vesicular activity. Because intracellular vesicles are mobile and thus
not consistently within the TIRF field, they are less susceptible to
bleach than are the cell surface clusters. Image sequences were ana-
lyzed in Volocity 6.0 (PerkinElmer, Waltham, MA), and ROl-specific
fluorescence intensity changes over time were quantitated and
background subtracted. Cytoplasmic vesicles were defined by their
size, fluorescence intensity, and trafficking motility (see Supplemen-
tal Figure S1 and Supplemental Videos S1 and S6).

Detection of intracellular channel insertion into

the plasma membrane

The Qdot-based assay to detect the location of Kv2.1 cell surface
insertion with single-molecule sensitivity involved first incubating
cells expressing biotinylated GFP-Kv2.1-loop BAD with 1 uM
NeutrAvidin for 5 min in imaging saline containing 1% BSA.
NeutrAvidin was used to saturate the biotinylated Kv2.1 channels
on the surface because it has less nonspecific binding activity than
streptavidin, and thus the excess NeutrAvidin is easier to remove in
the following washes. After four or five washes in imaging saline
containing 1% BSA, the cells were imaged in the presence of 1 nM
Qdot 605 using a spinning-disk confocal microscope. This Qdot
concentration was required to minimize nonspecific binding during
the relatively long imaging periods. Unbound, freely diffusing
Qdots move too rapidly to be effectively detected under our imag-
ing conditions. As Kv2.1 channels that were intracellular at the time
of NeutrAvidin binding insert into the cell surface, they become
Qdot labeled, and the immobilized Qdot is now detected. Thus
spontaneous Qdot appearance during the continuous imaging rep-
resents Qdot binding to a recently inserted channel. Supplemental
Figure S2 shows that the 1 pM NeutrAvidin block is highly effective
and that Qdot binding after this block requires temperatures that
permit intracellular trafficking and exocytosis (Vizi, 1998; Zhang and
Jackson, 2008; Hewlett et al., 2011). Supplemental Figure S3 indi-
cates that Qdots bind cell surface Kv2.1 soon after being added to
the culture dish, with ~75 s required to reach 50% binding. Qdot
binding during the insertion site assay is likely to occur much faster
since the cells are continuously bathed in a Qdot solution as op-
posed to the dots being added to dishes as in Supplemental Figure
S3. Because the median distance covered by a nonclustered Kv2.1
channel in 40 s is 375 nm, the inserted Kv2.1 channels are unlikely
to diffuse far from their site of membrane insertion before being
bound by a Qdot (Weigel et al., 2011).

Detection of channel recycling

The dissociation rate of biotin-streptavidin binding is relatively slow,
with 4 and 25% dissociation over 1 h at 37°C for biotin conjugates
or biotin, respectively (Howarth et al., 2006; Chivers et al., 2010).
This slow dissociation rate, combined with the lack of photobleach-
ing and low potential for biological degradation (Jaiswal et al., 2004;
Jaiswal and Simon, 2004), makes Qdot labeling useful for tracking
individual Kv channels to and from the cell surface. HEK cells and
neurons expressing biotinylated channels were labeled with Qdots
at low efficiency as described earlier and then returned to the tissue
culture incubator for 1-2 h to allow endocytosis and recycling to the
cell surface to approach steady state. The cells were then removed
from the incubator and imaged using one of the TIRF systems de-
scribed previously. Spontaneous Qdot appearance represents a cy-
toplasmic channel previously on the cell surface now entering the
100-nm TIRF field, that is, approaching or inserting into the mem-
brane. Spontaneous loss of a cell surface Qdot represents a channel
undergoing endocytosis.
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Quantitation of Qdot blinking behavior

Blinking is a well-known characteristic of semiconductor nanocrys-
tals. In our previous single-channel-tracking work trajectories of the
same dot were connected when the particle positions before and
after blinking did not change by more than a set value (Weigel et al.,
2011). Less appreciated, and more problematic for the present
study, is the fact that Qdots can enter relatively long-lived dark
states during which no light emission is detected (Yao et al., 2005).
Because many of the experiments presented here rely on Qdot ap-
pearance or disappearance as an indication of exocytosis or endo-
cytosis, the possibility of Qdots entering or exiting such a dark state
was a serious concern. To address this issue, we examined the dis-
tribution of dark-state lifetimes under our imaging conditions and
with the Qdot reagents used in this study. Because Qdot blinking
behavior is sensitive to the environment (Yao et al., 2005), we chose
to immobilize Qdots on the HEK cell surface as opposed to glass.
HEK cells were incubated with a 1 nM Qdot imaging saline solution
for 5 min at 37°C. This solution lacked the 1% BSA used to inhibit
nonspecific binding as described earlier. Therefore the cells had im-
mobile Qdots adhered nonspecifically to the cell surface, and imag-
ing these over time provided a quantitative measurement of Qdot
blinking behavior and dark-state lifetimes under the imaging condi-
tions used. The nonspecifically bound Qdots were imaged for 30
min at 2-10 Hz using laser intensities typical for the experiments
presented here. The distribution of dark-state durations is presented
in Supplemental Figure S4 in addition to three examples of blinking
and/or dark-state behavior. Dark states lasting >60 s were rare,
representing only 3% (14 of 460) of total blinking events of >3 s
(22,458 s of total Qdot imaging).

Actin disruption

The actin-depolymerizing agents cytochalasin D and swinholide A
were used to disturb the cytoskeletal network. Both actin inhibitors
were dissolved in dimethyl sulfoxide (Sigma-Aldrich) and added
while imaging to a final concentration of 125 nM or 5 uM for swin-
holide A and cytochalasin D, respectively. Cells were imaged up to
20 min after drug application.

Image presentation and data analysis
Images were imported into Volocity 6.0 software for contrast en-
hancement, 3D reconstruction, object detection/tracking, and
quantitative analysis. Numerical data were exported into OriginPro
8.5 (OriginLab, Northampton, MA) for further analysis and curve fit-
ting. Image sequences were analyzed for the location of Qdot ap-
pearance, that is, membrane insertion, or disappearance, that is,
endocytosis, by both manual inspection and an automated analysis.
In the case of the manual analysis, Qdots that appeared or disap-
peared within 2 pm of the cell perimeter were not counted due to
concerns that they might be just entering or leaving the basal cell
surface. Qdots were classified as entering or leaving the surface at a
Kv2.1 cluster if the appearance or disappearance occurred within
0.5 pm of the cluster perimeter. Potential dark states of <60 s were
deemed most problematic and were dealt with as follows. Only
Qdot appearances that occurred >60 s after the disappearance of a
Qdot within a 1-pm radius were counted as indicating surface inser-
tion, as opposed to representing detection of the same Qdot
emerging from a dark state. The same logic applied to Qdots that
disappeared only to be followed by reappearance in <60 s at <1 um
away, that is, these Qdots were not counted as being internalized by
the cell.

For the automated detection and tracking of Qdot-labeled
Kv2.1 and Kv1.4 channels we used an MTT approach based on the
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algorithm developed by Sergé et al. (2008a,b). This analysis pro-
vides the positions and intensities for each frame of targets through-
out the entire video duration, allowing for determination of the time
and location of newly arriving channels to the cell surface. Using the
results of the MTT algorithm, we categorized Qdot-tagged Kv1.4
and Kv2.1 channels that arrived at the cell surface after a delay rela-
tive to the start of the image sequence (to allow for potential Qdot
dark states) as arriving at a cluster or not. This classification was de-
termined by overlaying the individual Qdot-tagged channel signal
with the ensemble GFP channel signal along with the MTT algo-
rithm trajectories. If the channel arrived within one pixel of cluster
perimeter (1 pixel = 130 nm), it was categorized as arriving at a clus-
ter, and similarly for channels not arriving at a cluster. Channels that
appeared to diffuse from the side of the cell to the basal surface
were discarded. The percentages of recycling Kv2.1 channels insert-
ing at a Kv2.1 cluster perimeter were 75 and 76% for the 25- and
60-s delays, respectively. Because these numbers are similar, Qdot
dark states are unlikely to contribute significantly to this automated
insertion-site detection.
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