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Kv2.1 is a major delayed-rectifier voltage-gated potassium channel widely expressed in neurons of the CNS. Kv2.1 localizes in high-
density cell-surface clusters in the soma and proximal dendrites as well as in the axon initial segment (AIS). Given the crucial roles of both
of these compartments in integrating signal input and then generating output, this localization of Kv2.1 is ideal for regulating the overall
excitability of neurons. Here we used fluorescence recovery after photobleaching imaging, mutagenesis, and pharmacological interven-
tions to investigate the molecular mechanisms that control the localization of Kv2.1 in these two different membrane compartments in
cultured rat hippocampal neurons of mixed sex. Our data uncover a unique ability of Kv2.1 channels to use two molecularly distinct
trafficking pathways to accomplish this. Somatodendritic Kv2.1 channels are targeted by the conventional secretory pathway, whereas
axonal Kv2.1 channels are targeted by a nonconventional trafficking pathway independent of the Golgi apparatus. We further identified
a new AIS trafficking motif in the C-terminus of Kv2.1, and show that putative phosphorylation sites in this region are critical for the
restricted and clustered localization in the AIS. These results indicate that neurons can regulate the expression and clustering of Kv2.1 in
different membrane domains independently by using two distinct localization mechanisms, which would allow neurons to precisely
control local membrane excitability.
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Introduction
The axon initial segment (AIS) is an essential neuronal sub-
domain controlling action potential generation and the mainte-
nance of neuronal polarity (Buffington and Rasband, 2011).

These physiological and biological functions are accomplished by
a large assembly of diverse molecules that localize specifically to
the AIS upon development of a neuronal cell. Two classes of
voltage-gated ion channels, voltage-gated sodium (Nav) and po-
tassium (Kv) channels, are highly enriched in the AIS plasma
membrane where they regulate the firing of action potentials. The
significance of the clustering of these ion channels at specific sites
in the AIS is underscored by the fact that disruption of their
localization by mutation, disease, or injury has a major impact on
neuronal excitability. For instance, mutations in the genes encod-
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Significance Statement

Our study uncovered a novel mechanism that targets the Kv2.1 voltage-gated potassium channel to two distinct trafficking
pathways and two distinct subcellular destinations: the somatodendritic plasma membrane and that of the axon initial segment.
We also identified a distinct motif, including putative phosphorylation sites, that is important for the AIS localization. This raises
the possibility that the destination of a channel protein can be dynamically regulated via changes in post-translational modifica-
tion, which would impact the excitability of specific membrane compartments.
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ing AIS-specific Kv7 channels (Pan et al., 2006; Rasmussen et al.,
2007) have been found in newborns with the epileptic disorder
benign familial neonatal convulsions (Lerche et al., 1999). Also,
alterations in the localization of AIS ion channels occur in epilep-
tic (Harty et al., 2013) and injured (Schafer et al., 2009) brain, and
in response to stroke (Hinman et al., 2013).

The Kv2.1 delayed rectifier channel is a Kv channel isoform
highly expressed in the AIS (Sarmiere et al., 2008; King et al.,
2014), and it has recently been shown that de novo mutations in
the KCNB1 gene encoding Kv2.1 are associated with congenital
encephalopathic epilepsy (Torkamani et al., 2014; Saitsu et al.,
2015; Thiffault et al., 2015). Furthermore, a recent study implied
that certain polymorphisms KCNB1 comprise a major risk factor
of schizophrenia (Peltola et al., 2016). Kv2.1 is unique in that it is
expressed in both the somatodendritic membrane (Trimmer, 1991;
Scannevin et al., 1996; Du et al., 1998) and in the AIS (Sarmiere et
al., 2008; King et al., 2014), contrasting the general tendency of
voltage-gated ion channels to exhibit specific localization in ei-
ther the somatodendritic or axonal membranes (Jensen et al.,
2011; Trimmer, 2015). Because Kv2.1 is localized in both the
proximal dendrites and soma, where synaptic potentials are inte-
grated, and at the AIS, precise regulation of the localization of
Kv2.1 at these sites likely contributes to its role in controlling
overall neuronal excitability (Misonou, 2010). In fact, Kv2.1 has
been shown to impact the firing frequencies in a number neuro-
nal cell types including sympathetic neurons (Malin and Ner-
bonne, 2000), neocortical neurons (Guan et al., 2013; Pathak et
al., 2016), substantia nigra dopaminergic neurons (Kimm et al.,
2015), superior cervical ganglion cells, and hippocampal pyramidal
neurons (Liu and Bean, 2014), and Kv2.1 knock-out mice exhibit a
hyperexcitable phenotype (Speca et al., 2014). However, the specific
role of Kv2.1 in the AIS is not fully understood, primarily due to the
difficulty of isolating the function of Kv2.1 in the AIS from that in the
adjacent somatodendritic membrane.

The somewhat atypical dual localization of Kv2.1 raises ques-
tions as to the molecular mechanisms underlying the ability of the
neuron to populate these distinct polarized compartments with
Kv2.1. Here, we investigate the determinants on Kv2.1 responsi-
ble for these distinct subcellular localizations, and the different
trafficking pathways underlying the targeting to these sites. Pre-
vious studies have identified a peptide motif (PRC motif) in the
cytoplasmic C-terminus of Kv2.1 that determines the restricted
and clustered localization on the soma and proximal dendrites
(Lim et al., 2000; Jensen et al., 2014). Here we demonstrate that
upon disruption of this motif, Kv2.1 channel clustering in the AIS
is still apparent, suggesting that the distinct localizations in the
somatodendritic and AIS membranes are differentially regulated,
presumably by different mechanisms. Using mutagenesis, quan-
titative live-cell imaging, and pharmacological interventions, we
provide evidence for a previously unappreciated ability of neu-
rons to sort a specific ion channel protein into two separate in-
dependent trafficking pathways with distinct polarity, resulting
in different compartment-specific localizations.

Materials and Methods
Hippocampal neuronal culture. Primary dissociated rat hippocampal
neurons from embryos of either sex were plated on 25 mm round cover-
slips and grown in coculture with astroglial cells as described in detail
previously (Jensen and Misonou, 2015). All animal use was approved by
the institutional animal care and use committee. Neurons were tran-
siently transfected at 8 –10 d in vitro (DIV) using Lipofectamine 2000
transfection reagent (ThermoFisher Scientific). Neurons were trans-
fected in separate dishes with 0.5 �g cDNA (mixed with 0.4 �g noncod-
ing vector DNA) per coverslip.

Molecular biology. GFP-Kv2.1 constructs were made from cloning of
the 853 aa rat Kv2.1 (Frech et al., 1989; NM_013186) into pEGFP-C1
(Clontech) using EcoRI and SalI restriction sites. The previously de-
scribed Kv2.1 S586A point mutant (Lim et al., 2000) was subcloned into
pEFGP-C1. The GFP-Kv2.1 C-terminal deletion constructs were gener-
ated from the GFP-Kv2.1 wild-type (WT) plasmid by introduction of a
stop codon using QuikChange mutagenesis (Agilent). SEP-Kv2.1 WT
was made by inserting the super-ecliptic pHluorin (SEP) into the first
extracellular (S1–S2) loop of Kv2.1 using standard overlap PCR. From
the SEP-Kv2.1 WT plasmid, deletion constructs (see Fig. 8) and the
T728A/S732A mutant were generated by QuikChange mutagenesis with
primers designed to eliminate different regions of the Kv2.1 C-terminus.
The GFP Kv4.2/Kv2.1 chimera was constructed by overhang PCR to
generate Kv4.2 (NM_031730) aa 1-477/Kv2.1 (NM_013186) aa 535–
853. HaloTag (Los et al., 2008) was amplified from pFN21K (Promega)
using PCR, and cloned into ApaI and SalI site of pDisplay (Invitrogen) to
generate Halo-platelet-derived growth factor receptor (PDGFR). Halo-
tagged Kv2.1 (Halo-Kv2.1) was generated by inserting the Halo tag into
the first extracellular loop. Both were then cloned into a tetracyclin-
inducible expression vector based on the pTet-On vector (Clontech).

Immunofluorescence labeling. Neurons were fixed in 4% paraformal-
dehyde/PBS for 20 min. Blocking and permeabilization was done in 0.2%
fish skin gelatin/0.1% Triton X-100/TBS. Primary and secondary anti-
bodies were diluted in the same buffer and applied in separate incubation
steps of 1 h and 45 min, respectively. Coverslips were mounted on glass
microscope slides using ProLong Gold anti-fade reagent (ThermoFisher
Scientific).

Brefeldin A experiments. Neurons at 9 DIV were transfected with the
Halo-PDGFR or Halo-Kv2.1 vector using Lipofectamine 2000. After a 4 d
incubation, transfected neurons (at 13 DIV) were pretreated with
0.1 �g/ml Brefeldin A (BFA; Nacalai Tesque) for 2 h at 37°C. Doxycycline
(Sigma-Aldrich) was added to the final concentration of 1 �g/ml, and
then incubated for 16 h at 37°C in the presence or absence of BFA. Cells
were labeled with membrane-impermeable AlexaFluor 488-conjugated
HaloTag ligand (Promega) at 500 nM for 15 min at 37°C, washed with
fresh culture medium, and then labeled with membrane-permeable tetra-
methylrhodamine-conjugated HaloTag ligand (Promega) at 500 nM for 15
min at 37°C. Cells were fixed as for the immunofluorescence labeling
(without permeabilization).

Antibodies. All Kv2.1 constructs tagged with GFP or SEP were immu-
nolabeled with an anti-GFP rabbit polyclonal antibody (ThermoFisher
Scientific, A-11122, AB_2576216; 2.5 �g/ml). The AIS was identified by
ankyrin G immunolabeling using an anti-ankyrin G mouse monoclonal
IgG2b antibody (NeuroMab, clone N106/65 supernatant, RRID:
AB_10675130; 1:5 dilution). The monoclonal antibody N106/65 was
developed by and/or obtained from the UC Davis/NIH NeuroMab Fa-
cility (supported by NIH Grant U24NS050606 and maintained by the
Department of Neurobiology, Physiology, and Behavior, College of Bio-
logical Sciences, University of California, Davis, CA). The somatodendritic
compartment was identified by immunolabeling for microtubule-associated
protein-2 (MAP2) with an anti-MAP2 rabbit polyclonal antibody (Santa
Cruz Biotechnology, H-300, RRID:AB_2250101; 0.25 �g/ml). All secondary
antibodies were AlexaFluor 488-, 555-, or 647-conjugated secondary anti-
bodies used at 2 �g/ml (ThermoFisher Scientific).

Imaging. The steady-state localization of WT and mutant Kv2.1 iso-
forms were documented using a Olympus IX73 microscope with a 60�/
1.42 NA objective lens and Andor Zyla5.5 camera, a Carl Zeiss inverted
laser scanning microscope (LSM 780) with a 63�/1.4 NA lens, or a Carl
Zeiss ApoTome system with a 63�/1.4 NA lens. Line-scan analysis of
fluorescence intensities was performed using ImageJ. Temperature-
block experiments were performed as previously reported (Jensen and
Misonou, 2015).

Fluorescence recovery after photobleaching. Neurons expressing GFP-
Kv2.1 S586A were imaged using an Olympus FV-1000 microscope
equipped with a 450 nm diode laser. Images were taken every 5 s. Photo-
bleaching was induced by applying the 450 nm laser to a circular spot of
a fixed diameter (5 �m) at 100% power for 200 ms. Fluorescence inten-
sity was measured using ImageJ, corrected for background fluorescence
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and the overall bleaching due to imaging, and normalized for the maxi-
mum and minimum fluorescence intensities.

Electrophysiology. Human embryonic kidney (HEK) 293T cells were
transiently transfected with the SEP-tagged Kv2.1 WT or deletion con-
structs, using Lipofectamine2000 (ThermoFisher Scientific). The con-
structs were evaluated with the whole-cell patch-clamp technique, 24 h
post-transfection, as previously described (David et al., 2015). HEK293T
cells were continuously perfused with extracellular solution containing
the following (in mM): 145 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and
10 glucose, with the pH adjusted to 7.35 with NaOH. The intracellular solu-
tion contained the following (in mM): 110 KCl, 5 K2ATP, 5 K4BAPTA, 2
MgCl2, and 10 HEPES, with the pH adjusted to 7.2 with KOH.

Experimental design and statistical analysis. All statistical analyses were
performed on GraphPad Prism software . Power analysis was performed
using G*Power (Faul et al., 2007, 2009) with parameters taken from
previous reports or similar experiments.

To quantify the degree of clustering at the AIS, we measured the coef-
ficient of variation (CV) of fluorescence signals (Bishop et al., 2015) in
the first 20 �m of the axon in transfected neurons (4 cells each from 2
independent cultures) using ImageJ. Axons were identified by its mor-
phology with the cell-fill mKate2 or as MAP2-negative neurites. For
statistical comparison of the mean CV, we designed to use either Stu-
dent’s t test for two groups or one-way ANOVA with Sidak post hoc test
for three or more groups.

Fluorescence recovery after photobleaching (FRAP) data were ob-
tained from neurons expressing Kv2.1 S586A in the soma (8 cells) and
AIS (10 cells from 4 independent cultures), background subtracted, com-
pensated for bleaching from imaging, and normalized to make the min-
imum and maximum 0 and 1, respectively. The recovery phase from the
minimum were fitted with the one-phase association model [Y� Y0 �
(Plateau - Y0) � (1 � 10 �k � X)]. The difference between the fitted
curves in the soma and AIS were analyzed with F test for the null-
hypothesis that a curve with shared parameters (slope k and Plateau) fits
better than those with different parameters for each dataset. To test
whether the recovery in the AIS is negligible, the individual datasets were
also fitted with the linear function to obtain the mean slope. This was
compared with the mean slope obtained from simulated random values
in the same range as the real data using Student’s t test.

To quantify the peak fluorescence intensity in neurons treated without
or with BFA (5 cells each from 3 independent cultures), we first identify
the axon in images, of which signals were intensified to reveal the entire
morphology. Then, we performed the line-scan analysis over the axon,
the soma, and a dendrite to measure signal intensity. The values were
normalized to either that in the AIS or in the soma. The mean values were
compared using Student’s t test.

To identify the motif involved in AIS localization, 24 –33 transfected
neurons from �3 independent cultures were analyzed per deletion con-
dition. We distinguished specific axonal clustering from a rather nonspe-
cific clustering by the criterion that neurons should have at least four
clusters in the AIS that were readily identifiable. From this criterion, we
calculated the percentage of the transfected neurons with Kv2.1 AIS clus-
ters. We designed the results to be analyzed with one-way ANOVA with
Sidak post hoc test.

Results
Different molecular mechanisms traffic Kv2.1 to axonal and
somatodendritic membranes
The somatodendritic localization and clustering of Kv2.1 is de-
termined by the PRC motif (573–598 aa) within the cytoplasmic
C-terminal tail (411– 853 aa) of Kv2.1 (Lim et al., 2000). Point
mutations in four critical residues within the PRC motif, such as
S586A, were found to completely disrupt the restricted localiza-
tion in proximal dendrites, as well as the clustering of Kv2.1,
although they are still efficiently expressed on the surface (Lim et
al., 2000). We confirmed these findings in neurons expressing
GFP-tagged WT and mutant Kv2.1 isoforms, as shown in Figure
1A. In neurons expressing GFP-tagged WT Kv2.1, line-scan anal-
ysis of fluorescence intensity revealed somatodendritic and ax-

onal clusters as discrete peaks (Fig. 1C). These peaks were absent
in the somata of neurons expressing the GFP-tagged Kv2.1 S586A
mutant. However, GFP-Kv2.1 S586A still exhibited intact AIS
localization, as defined by overlap with immunolabeling for
ankyrin G (Fig. 1B). We also evaluated the degree of AIS cluster-
ing by quantifying the CV of fluorescence intensity as a measure
of the extent of nonuniformity of the fluorescent signal (Bishop et
al., 2015). Figure 1D shows the intact clustering of Kv2.1 S586A in
the AIS, as evidenced by the CV of fluorescence intensity compa-
rable to that of WT (Fig. 1C,D), suggesting that AIS localization is
determined by a peptide motif(s) outside of the PRC motif. Interest-
ingly, we also found that truncation of the Kv2.1 C-terminus from
aa 536 – 853 (GFP-Kv2.1 �C318) resulted in disruption of AIS
clustering, as evidenced by the significantly decreased CV of AIS
fluorescence signals (Fig. 1D). These results indicate that two
different trafficking mechanisms, possibly dictated by different
C-terminal peptide motifs, underlie the distinct localization of
Kv2.1 channels in the somatodendritic and axonal compartment.

Inefficient lateral diffusion of Kv2.1 from the somatic
membrane to the AIS
Polarized localization of membrane proteins such as ion channels
and receptors can be achieved by different neuronal targeting
mechanisms (Jensen et al., 2011). To understand how Kv2.1 is
trafficked and localized in the AIS, we first performed FRAP ex-
periments to probe lateral diffusion. We considered two possible
scenarios for the trafficking of Kv2.1 to the AIS. Either Kv2.1
obtains its AIS localization by (1) lateral diffusion from the so-
matic membrane to the AIS, or (2) intracellular vesicular traffick-
ing to the AIS membrane. To test whether lateral diffusion occurs
between somatic and axonal membrane, we performed FRAP
experiments with Kv2.1 S586A. Unlike the relatively immobile
Kv2.1 WT in the somatic membrane (O’Connell and Tamkun,
2005), we assumed that this mutant could be used to probe lateral
membrane diffusion between these two compartments. The first
scenario would predict that fluorescence recovery occurs within
the AIS for Kv2.1 S586A by recruiting unbleached molecules
from the adjacent somatic membrane, whereas the second sce-
nario predicts no recovery in the AIS adjacent to the soma.

To test this, GFP was bleached in two adjacent areas, one in the
soma close to the AIS and the other at the edge of Kv2.1 AIS
clusters (Fig. 2A). As expected from its uniform localization in
somata, Kv2.1 S586A in the somatic membrane exhibited robust
recovery after photobleaching (Fig. 2B). In contrast, there was
virtually no recovery in the AIS (Fig. 2B). Regression analysis with
the exponential one-phase association model suggested that the
recovery curves for the soma and AIS are significantly different
(F(2,835) � 88.3, p � 0.0001, F test). When fitted with the linear
function, the slope of the AIS recovery (0.0000265 � 0.0000039)
was not statistically different (t(7) � 1.571, p � 0.1602, t test) from
that of simulated random signals (0.0000063 � 0.0000109), which is
virtually zero.

This is not due to the large difference in fluorescence intensi-
ties of GFP signals in these membrane domains, since there was
no recovery even to the level of somatic GFP signals in the AIS
(Fig. 2C,D). Simultaneous FRAP in the soma and AIS (Fig. 2C)
showed that a negligible level of recovery (from 49% of the so-
matic level after photobleaching to 50% at 100 s) occurred in the
AIS during the same time period as it was occurring rapidly in the
somatic membrane (38 – 69%). These results indicate that there is
no significant lateral diffusion of GFP-Kv2.1 S586A from the
somatic membrane to the AIS, and suggest that the AIS localiza-
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tion of Kv2.1 is established at the level of intracellular vesicular
trafficking.

A unique nonconventional trafficking route for
AIS-localized Kv2.1
We have previously shown, using a temperature-block and re-
lease protocol, that Kv2.1 destined for somatodendritic localiza-
tion is sorted into a specific population of transport vesicles in the
Golgi apparatus; a population distinct from those carrying pro-
teins destined for distal dendrites (Jensen et al., 2014). In this
protocol, GFP-Kv2.1 transfected neurons (3 h post-transfection)
were subjected to a 19.5°C temperature block, which leads to
trapping of most of the newly synthesized GFP-Kv2.1 in the Golgi
apparatus (Jensen and Misonou, 2015), as shown here in Figure
3A. However, we found that a subpopulation of GFP-Kv2.1 es-
caped from this temperature-block and formed clusters in the
AIS (Fig. 3A). These distinct Kv2.1 populations were also evident
when neurons were cotransfected with the ARF1 I71Q mutant
(Dascher and Balch, 1994), which blocks the formation of trans-
port vesicles at the Golgi apparatus. Expression of this mutant
blocked the expression of GFP-Kv2.1 in the somatodendritic
membrane, but a subpopulation of GFP-Kv2.1 was still able to

traffic to and from clusters in the AIS (Fig. 3A). From these re-
sults, we hypothesized that Kv2.1 destined for the AIS bypasses
the Golgi apparatus (Fig. 3B), a noncanonical trafficking pathway
that has been implicated for a small subset of other transmem-
brane proteins (Grieve and Rabouille, 2011).

Because Kv2.1 is not subjected to N-linked glycosylation (Shi
and Trimmer, 1999), processing of a glycan chain cannot be used
as readout of Kv2.1 trafficking though ER and the Golgi appara-
tus. Instead, we used pharmacological block of the Golgi-
dependent trafficking pathway using BFA (Helms and Rothman,
1992). This fungal toxin has been widely used to disrupt the Golgi
apparatus, because of its ability to suppress ARF1 activity by in-
hibiting GTP-exchange factors. We verified that BFA (0.1 �g/ml)
exhibited the expected (Wisco et al., 2003; Leterrier et al., 2006)
disruption of the neuronal Golgi apparatus within 2 h (Fig. 3C).
The disruption was reversible, such that neurons recovered nor-
mal Golgi structures 16 h after BFA washout (Fig. 3C). We then
used an in-house generated probe, Halo-PDGFR, which allows us
to monitor the conventional secretory pathway (Fig. 3D). Halo-
PDGFR comprises an N-terminal extracellular domain HaloTag
fused to the transmembrane region and the C-terminal tail of the
PDGFR. The 34 kDa HaloTag (Los et al., 2008) is fused with the

Figure 1. Distinct molecular mechanisms underlie the somatodendritic and AIS localizations of Kv2.1. A, Localization of GFP-tagged WT Kv2.1, the Kv2.1 S586A point mutant, and the Kv2.1
�C318 deletion mutant, lacking the last 318 aa of Kv2.1 (536 – 853) in cultured hippocampal neurons at 14 DIV. Arrowheads indicate the AIS. Scale bar, 20 �m. B, Colocalization of Kv2.1 S586A with
endogenous ankyrin G. C, Line-scan analysis of the fluorescence signals in the neurons shown in A. Segmented lines were drawn over the somatic membrane and into the axon. The border between
these two regions was defined by ankyrin G immunolabeling and is indicated by a gray line. D, Quantification of CV of fluorescence intensity in the AIS. Data are the mean � SEM. *F(2,9) � 6.405,
p � 0.0186, ANOVA.
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leader sequence of IgK, which directs the probe into the secretory
pathway (Coloma et al., 1992). Therefore, Halo-PDGFR should
be trafficked through the secretory pathway and then expressed
in the plasma membrane, as detected using a membrane-imper-
meable HaloTag ligand. The intracellular Halo-PDGFR pool
could subsequently be labeled using a membrane-permeable
HaloTag ligand. Halo-PDGFR was constructed in a doxycycline-
inducible plasmid vector to precisely control the timing of ex-
pression. To ensure that the Golgi apparatus was fully disrupted
before the expression of Halo-PDGFR, we preincubated neurons
with BFA for 2 h and then induced the expression of the probe in
the absence (Control) or the presence of BFA for 16 h (Fig. 3E). In
control neurons, Halo-PDGFR was detected on the cell surface,
as well as in perinuclear structures, presumably the Golgi appa-
ratus (Fig. 3F), indicating that the Golgi apparatus restores its
function during the recovery period. However, in the presence of
BFA, there was no detectable Halo-PDGFR on the cell surface,
whereas the intracellular pool was readily detected (Fig. 3F).
These results suggest that in our hands BFA treatment blocks the
neuronal secretory pathway.

Next, we tested whether Kv2.1 can traffic to the AIS in the
presence of BFA. We again used the HaloTag, but this time
inserted into the first extracellular (S1–S2) loop of Kv2.1 to gen-
erate Halo-Kv2.1 (Fig. 4A). We verified that under control con-
ditions Halo-Kv2.1 is expressed on the cell surface of neurons in
large discrete clusters, similar to WT Kv2.1 (Fig. 4B). BFA greatly
reduced the level of cell surface Halo-Kv2.1 in the somatoden-
dritic region (Fig. 4C). However, the cell-surface expression of

Halo-Kv2.1 in the AIS remained relatively intact in BFA-treated
neurons (Fig. 4C). As shown in the line scans in Figure 4D, al-
though somatodendritic and AIS surface clusters of Halo-Kv2.1
were present in control cells, in neurons treated with BFA clusters
were only apparent in the AIS. The expression level of Halo-Kv2.1
in the somatodendritic region relative to that in the AIS was
significantly reduced in BFA-treated cells (t(6) � 12.86, p �
0.0001, t test; Fig. 4E). Also, the degree of clustering in BFA-
treated neurons, as quantified by the CV of fluorescence inten-
sity, was comparable to that in control neurons (t(6) � 1.613, p �
0.1578, t test; Fig. 4E). Together with the results from the FRAP
experiments with Kv2.1 S586A, and from the temperature-arrest
experiments, these results collectively suggest that Kv2.1 channels
that are localized in the AIS can traffic independently of somato-
dendritic Kv2.1 channels, through a Golgi-independent pathway
used for AIS but not somatodendritic Kv2.1.

Identification of the peptide motif for the AIS localization
of Kv2.1
The data showing the distinct AIS localization of the Kv2.1 S586A
and �C318 mutants indicated that the localization and clustering
of Kv2.1 in the AIS is determined by a region in the cytoplasmic
C-terminal tail outside of the PRC motif. To test whether the
C-terminal tail of Kv2.1 is sufficient for the AIS localization, we
generated a chimeric protein (Kv4.2-Kv2.1C), with another Kv
channel, Kv4.2, which has a subcellular localization in neurons
distinct from Kv2.1 (Fig. 5B; Jensen et al., 2014). Kv4.2-Kv2.1C
has the cytoplasmic N-terminus, transmembrane segments

Figure 2. Restricted diffusion of Kv2.1 S586A in the AIS. A, Neurons expressing GFP-Kv2.1 S586A were imaged live and subjected to FRAP. FRAP laser was applied to the AIS and nearby somatic
membrane as indicated by gray circles. Scale bar, 5 �m. B, FRAP of GFP-Kv2.1 S586A. The signals were fit with a curve defined by a single exponential. The data are the mean � SEM from 8 (soma)
or 10 (AIS) cells from four independent cultures. C, Neurons were subjected to simultaneous FRAP in the AIS and in the somatic membrane, at the sites indicated by the arrow and arrowhead,
respectively. Images of a representative cell are shown before bleaching, immediately after bleaching (Bleach), and 100 s after bleaching. Scale bar, 10 �m. D, Line-scan analysis of fluorescence
intensity before and after photobleaching. A line was drawn over the two bleached areas. The arrow and arrowhead indicate the locations of the AIS and somatic bleached areas, respectively. The
dotted line denotes the level of recovery in the somatic membrane FRAP site 100 s after bleaching. Note that there was no detectable recovery in the AIS.
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Figure 3. Golgi-independent trafficking pathway of Kv2.1 to the AIS. A, Localization and clustering of GFP-Kv2.1 in the AIS when the secretory trafficking pathway is inhibited. Left, The
steady-state localization of GFP-Kv2.1, particularly in the Ankyrin G-positive AIS indicated by arrowheads. Middle, The neuron was transfected with GFP-Kv2.1 for 3 h and then subjected to
temperature-block at 19.5°C for 3 h. This procedure trapped most of GFP-Kv2.1 in the perinuclear Golgi apparatus in the soma and prevented its expression in somatodendritic clusters. GFP-Kv2.1
can still be found clustered in the AIS. Right, The ARF1 I71Q mutant, which inhibits the formation of transport vesicles at the Golgi apparatus, was coexpressed with GFP-Kv2.1 for 3 h. GFP-Kv2.1 was
still detected in the AIS. Scale bars, 10 �m. B, Schematic diagram of the model whereby Kv2.1 destined to the AIS takes an alternative intracellular trafficking route bypassing the Golgi apparatus.
C, Effect of BFA on the Golgi apparatus in neurons. Neurons were incubated for 2 h with BFA at 0.1 �g/ml and immediately fixed, or fixed following a 16 h recovery period without BFA, and
immunolabeled for MAP-2 (red) and a Golgi marker, GM130 (green), to assess the neuronal morphology and the structure of the Golgi apparatus, respectively. Scale bar, 10 �m. D, Diagram of the
Halo-PDGFR reporter construct used to monitor secretory pathway trafficking in neurons. HaloTag and PDGFR regions are not shown to scale. E, Schematic of the BFA experiments. Neurons were
preincubated with 0.1 �g/ml BFA for 2 h, and then incubated with 1 �g/ml doxycycline for 16 h in the absence (Control) or presence of BFA. F, Trafficking of Halo-PDGFR in control as reported by
membrane impermeant (green) and membrane permeant (red) HaloTag ligands. Scale bar, 10 �m. G, Effect of BFA on the trafficking of Halo-PDGFR. The images in E and F were captured using the
same exposure time for each fluorophore. Scale bar, 10 �m.
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and proximal C-terminus of Kv4.2 followed by the region of
the Kv2.1 C-terminus deleted in the �C318 mutant (536 –
853aa). The Kv4.2-Kv2.1C chimera exhibited a Kv2.1-like
subcellular localization, including AIS localization and clus-
tering, further supporting the notion that the determinant for
AIS localization is located within the C-terminal tail of Kv2.1
(Fig. 5A).

To identify the putative AIS localization motif, we generated a
series of internal deletion mutants that lacked parts of the cytoplas-
mic C-terminal tail. We generated these mutants in a SEP-Kv2.1
construct, in which SEP was inserted into the first extracellular
(S1–S2) loop of Kv2.1, and mCherry fused to the cytoplasmic
N-terminus (Fig. 5C). This construct allowed us to distinguish
Kv2.1 WT and mutant Kv2.1 isoforms delivered to the cell surface

by either the intrinsic pH-sensitive fluorescence of SEP (Sankara-
narayanan et al., 2000) or through cell-surface immunolabeling
of SEP. Figure 5D–F shows a neuron expressing SEP-Kv2.1 WT in
which the extracellular SEP fluorescence reveals cell-surface lo-
calized Kv2.1, whereas pools positive for mCherry fluorescence
and negative for SEP represent intracellular Kv2.1 channels.
Patch-clamp analysis showed that the SEP-Kv2.1 channel gener-
ated robust outward currents when heterologously expressed in
HEK293T cells, similar to those obtained from expression of
GFP-Kv2.1, which carries GFP on the N-terminal cytoplasmic
domain. The macroscopic voltage-dependent activation, and
the activation and deactivation kinetics of SEP-Kv2.1 were
similar to GFP-Kv2.1 (Fig. 5G), suggesting that SEP-Kv2.1 is
efficiently expressed at the cell surface and forms functional

Figure 4. Effect of inhibiting the secretory pathway on the expression of Kv2.1 in the AIS. A, Diagram of the Halo-Kv2.1 reporter construct used to monitor Kv2.1 trafficking in neurons. HaloTag
and Kv2.1 are not shown to scale. B, Surface expression of Halo-Kv2.1 in the absence of BFA, as reported by membrane impermeant (green) and membrane-permeant (red) HaloTag ligands.
Arrowheads indicate the AIS, identified by the morphology. Scale bar, 10 �m. C, Effect of BFA on the trafficking of Halo-Kv2.1. The images in B and C were captured using the same exposure time
for each fluorophore. Scale bar, 10 �m. D, Line-scan analysis of the fluorescence signals in the neurons shown in B and C. Segmented lines were drawn over the somatic membrane and into the axon.
The border between these two regions is indicated by a gray line. E, Quantification of the relative peak fluorescence intensity in the somatodendritic region (right bars and y-axis) and CV of
fluorescence intensity in the AIS (left bars and y-axis). The relative somatodendritic intensity was significantly reduced in BFA-treated neurons (*t(6) � 12.86, p � 0.0001, t test). However, the CV
values from control and BFA-treated cells were not significantly different (n.s.) using Student’s t test (t(6) � 1.613, p � 0.16). Data are the mean � SEM.
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channels. Last, we confirmed the cell-surface expression of
SEP-Kv2.1 in the AIS (Fig. 5H ).

We then tested a series of C-terminal deletion mutants gener-
ated in the SEP-Kv2.1 background for their localization and clus-
tering in the AIS. Because deletion of the bulk of the 443 aa
C-terminal tail (aa 411– 853) and the �C318 mutant (deletion of
aa 536 – 853) disrupted the AIS localization of Kv2.1 (Fig. 1A), we
dissected this region of the C-terminus by a series of internal
deletion mutants. We found that a large deletion of SEP-Kv2.1
from aa 521 to 745 significantly disrupted AIS localization (Fig.
6A,B). Because a point mutation (S586A) in the PRC motif itself
(aa 573–598) did not affect AIS localization (Fig. 1A), we specu-

lated that an internal deletion (�601–745) removing the Kv2.1
region from just beyond the PRC domain to aa 745 would exhibit
a loss of clustering phenotype similar to the �521–745 mutant.
Surprisingly, this mutant exhibited normal AIS localization, as
well as somatodendritic clustering typical of WT Kv2.1, as ex-
pected (Lim et al., 2000) for any internal deletion and truncation
mutants containing the PRC domain (Fig. 6A,B). We therefore
hypothesized that the region containing the PRC motif acts in
conjunction with an additional downstream motif to establish
the AIS localization of Kv2.1. As the �521–745 mutant showed a
slight, but significant reduction of AIS clustering, and because the
�521–720 mutant retained the robust AIS localization typical of

Figure 5. Determinants for AIS localization and clustering in the cytoplasmic C-terminal tail of Kv2.1. A, Localization of a chimeric Kv subunit containing the cytoplasmic N-terminal tail,
membrane spanning regions and proximal C-terminus of Kv4.2, and a cytoplasmic C-terminal tail fragment (aa 536 – 853) of Kv2.1. This GFP-tagged chimera exhibited a subcellular localization
typical of WT Kv2.1 (Fig. 4A) including clustering in the AIS (arrowheads). Scale bar, 10 �m. B, Localization of GFP-Kv4.2 in the same culture as A. KChIP2 was also exogenously expressed in neurons
in A and B. Scale bar, 10 �m. C, Diagram of the reporter construct generated to report the surface expression of Kv2.1 and its deletion mutants, with a cytoplasmic mCherry tag, and SEP inserted in
the first extracellular loop of Kv2.1. D, SEP fluorescence in neurons transfected for 16 h. Fluorescence signals are intensified to show the overall distribution of SEP-Kv2.1 and the morphology of the
neuron. Scale bar, 20 �m. E, Same neuron as in C. The images were taken in the soma in a single z-plane where more centrally located intracellular signals can be separated from the plasma
membrane-delimited signals. At this early time point after transfection, a large portion of SEP-Kv2.1 is intracellular, as evidenced by mCherry signals in the absence of SEP fluorescence in the more
central regions of the soma, and SEP fluorescence specific to the peripheral edge of the soma. Scale bar, 10 �m. F, Line-scan analysis of the images in E. G, Functional channels formed by SEP-Kv2.1.
Whole-cell patch-clamp recordings from HEK293T cells expressing either GFP-Kv2.1 or SEP-Kv2.1. Representative whole-cell currents from cells in which the membrane potential was held at �80
mV and increased to �80 mV in 10 mV increments for 200 ms to evaluate activation, followed by a step to �30 mV to evaluate deactivation, of Kv2.1 channels. H, Cell-surface expression of
SEP-Kv2.1 in the AIS membrane. Neurons transfected with SEP-Kv2.1 were immunolabeled with an anti-GFP antibody, which recognizes SEP, without permeabilization, followed by permeabiliza-
tion and immunolabeling for Ankyrin G. Scale bar, 5 �m.
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WT Kv2.1, we concluded that a motif located within aa 720 –745
is important to establish the AIS localization of Kv2.1. To address
this possibility, we generated a double internal deletion mutant
lacking both the bulk of the PRC motif (aa 583–599) as well as aa
720 –745. This double-deletion mutant exhibited uniform cel-
surface localization throughout the axon, but was not clustered in
the AIS (Fig. 6A–C). Consistent with the SEP fluorescence signal
that suggested robust surface expression of the double-deletion
mutant, expression of this mutant in heterologous HEK293T
cells yielded functional channels (Fig. 6D). Together, these results
reveal that a novel motif in the C-terminus of Kv2.1, downstream

of the previously characterized PRC motif, is involved in the
localization and clustering of Kv2.1 in the AIS but not the soma-
todendritic compartment.

We then tested whether the double mutant fails to enter the
Golgi-independent trafficking pathway to the AIS and rather
takes the default secretory pathway to the surface. We generated a
double deletion construct with the Halo-tag inserted in the first
extracellular loop of the channel subunit as done for the WT
Kv2.1 (Fig. 7A) and used the BFA approach as in Figure 3. This
Halo-tag mutant exhibited a uniform distribution similar to the
SEP-tagged channel, when the expression was induced in the

Figure 6. Identification of the peptide motif important for the AIS localization of Kv2.1. A, Schematic diagrams on the left illustrate the internal deletion mutants used in the study. The PRC motif
is indicated by the black circle. Note that the sizes of deletions are not to scale in the diagrams. Neurons were transfected with wild-type Kv2.1 and these deletion mutants and immunolabeled for
SEP without permeabilization, and scored for AIS clustering. The overall difference was statistically significant (F(6,179) � 49.19, p � 0.0001, ANOVA) with multiple comparisons (*p � 0.05, Sidak
post hoc tests). B, Representative images of neurons expressing Kv2.1 �521–745, �521–720, �601–745, and the double PRC and AIS motif mutant, as indicated. Arrowheads denote the AIS as
defined by Ankyrin G immunolabeling (data not shown). Scale bar, 5 �m. C, Line-scan analysis of the images shown in B. Gray bars indicate the border between the soma and the axon. D, Whole-cell
patch-clamp recordings from HEK293T cells expressing the double PRC and AIS motif mutant, using the protocol described in Figure 5G (legend).
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absence of BFA (Fig. 7B,C). When the expression was induced in
the presence of BFA, which blocked the expression of Halo-Kv2.1
in the soma but not the AIS (Fig. 7D), the double mutant failed to
be expressed on surface in most transfected neurons (Fig. 7E).
Even in a few neurons exhibiting surface labeling (Fig. 7F), the
signal levels were low, and the distribution was uniform, as evi-
denced by the line-scan analysis (Fig. 7G). This is presumably
because the mutant is trafficked by promiscuous trafficking path-
ways largely through the Golgi apparatus. We also measured the
peak fluorescence intensity in the AIS relative to that in the so-
matodendritic area in cells treated without or with BFA. The
relative intensity was not statistically different between control
and BFA-treated neurons (0.83 � 0.09 in control vs 0.91 � 0.16
in BFA; t(8) � 0.4619, p � 0.66, t test), suggesting that the surface
expression of the double mutant was inhibited equally in the AIS
and the somatodendritic region by BFA. This is distinct from the
WT channel, for which expression in the AIS was refractory to
BFA (Fig. 4E). These results indicate that the identified motifs are
important to route the channel protein to the Golgi-independent
trafficking pathway.

Putative phosphorylation sites critical for the clustered
localization of Kv2.1 at the AIS
Finally, in the identified AIS localization motif (aa 720 –745), we
noticed the presence of two conserved putative phosphorylation
sites (T728 and S732), which scored highly in the phosphoryla-
tion site prediction algorithms ExPASy and NetPhos 2.0 (Fig.
8A). We therefore considered the possibility that sorting of Kv2.1
into the two distinct trafficking pathways, presumably at the en-

doplasmic reticulum, is regulated by the phosphorylation state of
the AIS motif. To test whether these sites are critical for the clus-
tered localization of Kv2.1 in the AIS, we mutated the threonine
and serine residues to alanine (expected to be dephosphorylation
mimetic), in SEP-Kv2.1 �583–599 lacking the PRC motif, a mu-
tant background that exhibits an AIS localization similar to Kv2.1
S586A (Fig. 1A) and Kv2.1 �521–720 (Fig. 8B). We chose this
mutant as a backbone for the mutagenesis because the presence of
the PRC motif would complicate interpretation due to its coop-
erative action on the AIS localization of Kv2.1.

We found that, in contrast to the clustered and restricted lo-
calization of Kv2.1 �583–599 in the AIS, Kv2.1 �583–599 T728A/
S732A exhibited a uniform distribution and nonrestricted
localization in the axon (Fig. 8C), which is similar to that of the
double PRC and AIS motif mutant (Fig. 6B). Quantitative anal-
ysis of the CV of fluorescence intensity and line-scan analysis also
revealed that Kv2.1 �583–599 T728A/S732A does not form dis-
crete clusters (Fig. 8D), and that it distributes uniformly in the
axon beyond the ankyrin G-positive AIS (Fig. 8E). These results
indicate that the putative phosphorylation sites in the AIS motif
are critical for the clustered localization of Kv2.1 in the AIS.

Discussion
The localization of Kv2.1 in both the proximal somatodendritic
membrane and in the AIS is an exceptional feature, because ion
channels have almost exclusively been found to exhibit com-
partment-specific localization (i.e., either a somatodendritic or
axonal localization; Lai and Jan, 2006; Trimmer, 2015). Growing
evidence points to the notion that the AIS acts as a filter to sepa-

Figure 7. Golgi-dependent trafficking of a mutant lacking the PRC and AIS motifs. A, Diagram of the Halo-Kv2.1 double mutant lacking aa 583–599 and 720 –745. B, Uniform surface localization
of the Halo-Kv2.1 double mutant in the AIS in the absence of BFA. Arrowheads indicate the AIS. C, Line-scan analysis of the fluorescence signals in the neurons shown in B. Segmented lines were
drawn over the somatic membrane and into the axon. The border between these two regions is indicated by a gray line. D, Surface expression of Halo-Kv2.1 in the presence of BFA. Note that only
signals in the AIS are apparent as shown in Figure 4. E, Effect of BFA on the trafficking of Halo-Kv2.1 double mutant. The arrow indicates a neuron without the transgene. F, A neuron exhibiting
detectable surface expression of the Halo-Kv2.1 double mutant in the presence of BFA. Arrowhead indicate the AIS. G, Line-scan analysis of the fluorescence signals in the neurons shown in F.
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rate axonal from somatodendritic proteins (Rasband, 2010).
Kv2.1 is a prime exception to this model. It can enter both den-
drites and the axon and form clusters in both neuronal cell-
surface membranes. Our results suggest that the mechanisms
dictating these specific localizations of Kv2.1 are distinct, because
mutations in the motif responsible for its somatodendritic local-
ization and clustering (the PRC motif) alone do not affect the
localization and clustering of the Kv2.1 in the AIS. In this study,
we defined a novel peptide motif (aa 720 –745) located in the
cytoplasmic C-terminal tail of Kv2.1 distal to the PRC motif,
which works in conjunction with the PRC motif to ensure the AIS
localization of Kv2.1 channels. Deletion of both of the PRC motif
and this new motif, which we term “the AIS motif”, completely
disrupts the AIS specific localization and clustering of Kv2.1,

without impairing its cell-surface expression. We do not know
why Kv2.1 needs two separate localization signals for its AIS lo-
calization, but speculate that having two distinct motifs would
provide an opportunity for an additional layer of independent
regulation of the specific population of Kv2.1 in the AIS, relative
to the population in the somatodendritic membrane. In fact, we
have previously shown that Kv2.1 clusters in the AIS are refrac-
tory to Ca 2�-dependent modulation of localization, whereas
somatodendritic clusters of Kv2.1 disperse, in both cultured neu-
rons (Misonou et al., 2004) and intact brains (King et al., 2014).
The AIS motif is highly conserved (Fig. 8A) across species from
human (96% identity) to Xenopus (78% identity), similar to the
extent of the conservation of the PRC motif. This underscores its
importance in the physiological role of Kv2.1, and is consistent

Figure 8. Critical role of conserved putative phosphorylation sites in the clustered localization of Kv2.1 in the AIS. A, Sequence alignment of the AIS motif across different species. Vertical lines
between sequences indicate location of identical amino acid residues, and colons indicate similar residues. Two putative phosphorylation sites (T728, S732) in the motif are colored in red. B, Axonal
localization of Kv2.1 �583–599 lacking the core sequence of the PRC motif. Neurons were immunostained for surface SEP and ankyrin G. Scale bar, 10 �m. C, Uniform localization of Kv2.1
�583–599 with T728A and S732A mutations in the axon. Scale bar, 10 �m. D, Quantification of CV of fluorescence intensity in the AIS. The difference between the values from transfected with Kv2.1
�583–599 or Kv2.1 �583–599 T728A/S732A was statistically significant (*t(16) � 7.839, p � 0.0001) using Student’s t test. E, Line-scan analysis of the fluorescence signals in the neurons shown
in B and C for Ankyrin G (light gray line) and Kv2.1 (black line). Segmented lines were drawn over the somatic membrane and into the axon.
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with the AIS localization of Kv2.1 observed in diverse mamma-
lian species (King et al., 2014).

To understand how Kv2.1 traffics to the AIS, we performed
FRAP experiments with the Kv2.1 localization mutant S586A.
Although this mutant is localized and clustered in the AIS, it also
exhibits a uniform somatodendritic distribution and significant
diffusion in the somatodendritic membrane. However, the
diffusible somatic Kv2.1 S586A did not diffuse into the AIS mem-
brane, although it could diffuse within the adjacent somatic
membrane. These results indicate that Kv2.1 is trafficked directly
to the AIS through an intracellular trafficking mechanism, as
opposed to arriving there from the somatodendritic domain via
lateral diffusion. It has been proposed that Kv2.1 is directly trafficked
into the somatic surface clusters via an intracellular vesicular traf-
ficking pathway (Deutsch et al., 2012). Our results are consistent
with such a model as proposed for somatic Kv2.1 channels, and
extend it to suggest that axonal Kv2.1 channels cluster via a mecha-
nism that involves directed intracellular trafficking.

We also provided evidence that Kv2.1 destined to the AIS uses
a nonconventional trafficking pathway largely independent of
the Golgi apparatus, whereas that targeted to the somatodendritic
membrane takes the canonical secretory pathway. This model is
supported by evidence obtained in experiments using tempera-
ture block of protein export from the Golgi apparatus, blockade
of COP I-dependent vesicle budding from the Golgi apparatus by
the Arf1 Q61I mutant, and pharmacological disruption of the
Golgi apparatus by BFA treatment, which yielded altogether con-
sistent results. Under all of these conditions, Kv2.1 was still read-
ily localized and clustered in the AIS membrane. Furthermore,
the Kv2.1 mutant lacking both the PRC and AIS signals failed to
localize in the AIS and became sensitive to BFA treatment for
cell-surface expression. Collectively, these results suggest that
AIS Kv2.1 is trafficked through a Golgi bypass route, distinct
from the pathway taken by somatodendritic Kv2.1, and that
trafficking via this alternate route requires both the PRC and
AIS dual signals.

Golgi bypass trafficking routes have been described in a num-
ber of cell types, including polarized cells such as MDCK cells
(Grieve and Rabouille, 2011). A number of cargo proteins have
been reported to be trafficked though a Golgi bypass route, in-
cluding the receptor tyrosine phosphatase CD45 (Baldwin and
Ostergaard, 2002), and the cystic fibrosis transmembrane con-
ductance regulator (Yoo et al., 2002). Although the role and sig-
nificance of Golgi bypass routes have not been fully addressed,
especially in neurons, these alternative “secretory” pathways have
been shown to provide distinct glycosylation characteristics
on these other transmembrane N-linked glycoproteins (Baldwin
and Ostergaard, 2002; Yoo et al., 2002). However, Kv2.1 lacks
N-linked glycosylation (Shi and Trimmer, 1999), and as such
should not be similarly affected, although other Golgi specific
posttranslational modifications, such as phosphorylation and ty-
rosine sulfation, would likely be impacted. Kv2.1 is extensively
phosphorylated at up to 31 distinct sites (Trimmer and Misonou,
2015), primarily on the C-terminus, although whether any of
these phosphorylation events occur in the Golgi apparatus is not
known. Grieve and Rabouille, (2011) suggested that Golgi bypass
routes may provide faster and more efficient trafficking of pro-
teins to the cell surface. We did observe that the surface expres-
sion of Kv2.1 destined for the AIS is relatively fast and efficient
compared with that targeted to the somatodendritic membrane,
consistent with the previous finding by Sarmiere et al. (2008).
Precise timing of ion channel expression in distinct membrane
compartment might be of importance to plasticity of intrinsic

excitability, especially during neuronal development, where neu-
ronal excitability and Ca 2� transients play crucial roles (Spitzer,
2006). Therefore, sorting Kv2.1 into the two distinct trafficking
pathways defined here may allow neurons to independently reg-
ulate the cell-surface expression of Kv2.1 channels in these two
distinct membrane compartments. A recently published report
suggested a role for a Golgi bypass route in the trafficking of
another class of ion channels, ionotropic glutamate receptors, to
dendritic spines and excitatory synapses of neurons (Hanus et al.,
2016).

In addition to the finding that the AIS trafficking of Kv2.1 can
occur independently of the Golgi apparatus, the mechanism also
appears to be different from the “selective-retention” mechanism
reported for axonal Nav1.2 channels (Garrido et al., 2003). Al-
though this is still largely unexplored, it is interesting that the
complete machinery for protein translation and cell-surface ex-
pression has been found in axons (Brittis et al., 2002; González et
al., 2016). Together with our data, this suggests that local synthe-
sis and plasma membrane expression of Kv2.1 on the AIS could
occur without the need of the axonal Golgi apparatus. In fact, it
was recently proposed that Kv2.1 cell-surface clusters, both in the
somatodendritic and AIS membranes, are associated with intra-
cellular ER membranes, at sites where the ER comes into close
proximity with the plasma membrane to form specialized ER–
plasma membrane junctions (Fox et al., 2015). Neuronal ER–
plasma membrane junctions are present in somata (Rosenbluth,
1962), and on the AIS, where the specialized ER of the AIS,
termed the cisternal organelle, comes into close apposition to the
plasma membrane (Peters et al., 1968). Kv2.1 clusters in the AIS
are found at these sites, which are also highly enriched in ryano-
dine receptors and synaptopodin, and that occur at sites deficient
in the specialized ankyrin G-associated cytoskeleton (King et al.,
2014), which plays a prominent role in localizing Nav and Kv7
channels to the AIS (Zhang and Rasband, 2016). Sites of Kv2.1
clustering have also been proposed as an insertion platform for
plasma membrane proteins, including Kv2.1 (Deutsch et al.,
2012). Therefore, the possibility that Kv2.1 is locally synthesized
in the AIS can at this point not be excluded, nor can the possibility
that Kv2.1 sorting to somatodendritic or axonal compartments
involves the smooth ER membranes associated with the ER–
plasma membrane junctions at which Kv2.1 is clustered.

Our results demonstrate that there are two distinct pools of
Kv2.1 that are sorted into the two different trafficking pathways
and regulated independently thereafter. These pools are presum-
ably identical in primary structure. However, posttranslational
modifications such as phosphorylation may act as a molecular tag
to determine the fate of Kv2.1. We found two putative highly
conserved phosphorylation sites in the AIS signal, and mutating
these sites to alanine (in conjunction with deletion of the PRC
motif), completely disrupted the restricted and clustered local-
ization of Kv2.1 in the AIS. Recent studies have shown that there
exist distinct mechanisms to confer activity-dependent plasticity
to AIS structure and function (Grubb and Burrone, 2010; Kuba et
al., 2010; Evans et al., 2015). It is intriguing to speculate that
differences in phosphorylation could provide a tag for directing
Kv2.1 to one or the other pathway during its biosynthetic traf-
ficking. Such a mechanism would allow neurons to deliver Kv2.1
and perhaps other protein species into the AIS in a regulated
manner, and provide precise compartment-specific regulation of
AIS structure and function, and, for ion channels such as Kv2.1,
control of local membrane excitability.
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B (2003) Uncovering multiple axonal targeting pathways in hippocam-
pal neurons. J Cell Biol 162:1317–1328. CrossRef Medline

Yoo JS, Moyer BD, Bannykh S, Yoo HM, Riordan JR, Balch WE (2002)
Non-conventional trafficking of the cystic fibrosis transmembrane con-
ductance regulator through the early secretory pathway. J Biol Chem
277:11401–11409. CrossRef Medline

Zhang C, Rasband MN (2016) Cytoskeletal control of axon domain as-
sembly and function. Curr Opin Neurobiol 39:116 –121. CrossRef
Medline

11536 • J. Neurosci., November 29, 2017 • 37(48):11523–11536 Stampe Jensen et al. • A Novel Trafficking Pathway of Kv2.1 to the Axon

http://dx.doi.org/10.1083/jcb.39.3.604
http://www.ncbi.nlm.nih.gov/pubmed/5699934
http://dx.doi.org/10.1038/nrn2852
http://www.ncbi.nlm.nih.gov/pubmed/20631711
http://dx.doi.org/10.1242/jcs.03396
http://www.ncbi.nlm.nih.gov/pubmed/17311847
http://dx.doi.org/10.1083/jcb.13.3.405
http://www.ncbi.nlm.nih.gov/pubmed/14493991
http://dx.doi.org/10.1038/srep15199
http://www.ncbi.nlm.nih.gov/pubmed/26477325
http://dx.doi.org/10.1016/S0006-3495(00)76468-X
http://www.ncbi.nlm.nih.gov/pubmed/11023924
http://dx.doi.org/10.1186/1471-2202-9-112
http://www.ncbi.nlm.nih.gov/pubmed/19014551
http://dx.doi.org/10.1083/jcb.135.6.1619
http://www.ncbi.nlm.nih.gov/pubmed/8978827
http://dx.doi.org/10.1523/JNEUROSCI.3376-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19846712
http://dx.doi.org/10.1007/s002329900515
http://www.ncbi.nlm.nih.gov/pubmed/10191360
http://dx.doi.org/10.1111/gbb.12120
http://www.ncbi.nlm.nih.gov/pubmed/24494598
http://dx.doi.org/10.1038/nature05300
http://www.ncbi.nlm.nih.gov/pubmed/17151658
http://dx.doi.org/10.1085/jgp.201511444
http://www.ncbi.nlm.nih.gov/pubmed/26503721
http://dx.doi.org/10.1002/ana.24263
http://www.ncbi.nlm.nih.gov/pubmed/25164438
http://dx.doi.org/10.1073/pnas.88.23.10764
http://www.ncbi.nlm.nih.gov/pubmed/1961744
http://dx.doi.org/10.1016/j.neuron.2014.12.042
http://www.ncbi.nlm.nih.gov/pubmed/25611506
http://dx.doi.org/10.1083/jcb.200307069
http://www.ncbi.nlm.nih.gov/pubmed/14517209
http://dx.doi.org/10.1074/jbc.M110263200
http://www.ncbi.nlm.nih.gov/pubmed/11799116
http://dx.doi.org/10.1016/j.conb.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27203619

	Trafficking of Kv2.1 Channels to the Axon Initial Segment by a Novel Nonconventional Secretory Pathway
	Introduction
	Materials and Methods
	Results
	Discussion
	References


