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Abstract 36 

 37 

Kv2.1 is a major delayed rectifier voltage-gated potassium channel widely expressed in neurons of 38 

the central nervous system. Kv2.1 localizes in high-density cell surface clusters in the soma and 39 

proximal dendrites as well as in the axon initial segment. Given the crucial roles of both of these 40 

compartments in integrating signal input and then generating output, this localization of Kv2.1 is 41 

ideal for regulating the overall excitability of neurons. Here we used fluorescence recovery after 42 

photobleaching (FRAP) imaging, mutagenesis and pharmacological interventions to investigate the 43 

molecular mechanisms that control the localization of Kv2.1 in these two different membrane 44 

compartments in cultured rat hippocampal neurons of mixed sex. Our data uncover a unique ability 45 

of Kv2.1 channels to utilize two molecularly distinct trafficking pathways to accomplish this. 46 

Somatodendritic Kv2.1 channels are targeted by the conventional secretory pathway, whereas 47 

axonal Kv2.1 channels are targeted by a non-conventional trafficking pathway independent of the 48 

Golgi apparatus. We further identified a new AIS trafficking motif in the C-terminus of Kv2.1, and 49 

show that putative phosphorylation-sites in this region are critical for the restricted and clustered 50 

localization in the AIS. These results indicate that neurons can regulate the expression and 51 

clustering of Kv2.1 in different membrane domains independently by utilizing two distinct 52 

localization mechanisms, which would allow neurons to precisely control local membrane 53 

excitability. 54 

 55 

Significance statement 56 

Our study uncovered a novel mechanism that targets the Kv2.1 voltage-gated potassium channel 57 

to two distinct trafficking pathways and two distinct subcellular destinations: the somatodendritic 58 

plasma membrane and that of the axon initial segment. We also identified a distinct motif, including 59 

putative phosphorylation sites, that is important for the AIS localization. This raises the possibility 60 

that the destination of a channel protein can be dynamically regulated via changes in 61 

posttranslational modification, which would impact the excitability of specific membrane 62 

compartments. 63 
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Introduction 65 

 66 

The axon initial segment (AIS) is an essential neuronal subdomain controlling action potential 67 

generation and the maintenance of neuronal polarity (Buffington and Rasband, 2011). These 68 

physiological and biological functions are accomplished by a large assembly of diverse molecules 69 

that localize specifically to the AIS upon development of a neuronal cell. Two classes of voltage-70 

gated ion channels, voltage-gated sodium (Nav) and potassium (Kv) channels, are highly enriched 71 

in the AIS plasma membrane, where they regulate the firing of action potentials. The significance 72 

of the clustering of these ion channels at specific sites in the AIS is underscored by the fact that 73 

disruption of their localization by mutation, disease or injury has a major impact on neuronal 74 

excitability. For instance, mutations in the genes encoding AIS-specific Kv7 channels (Pan et al., 75 

2006; Rasmussen et al., 2007) have been found in newborns with the epileptic disorder benign 76 

familial neonatal convulsions (Lerche et al., 1999). Also, alterations in the localization of AIS ion 77 

channels occur in epileptic (Harty et al., 2013)  and in injured (Schafer et al., 2009) brain, and in 78 

response to stroke (Hinman et al., 2013).   79 

 The Kv2.1 delayed rectifier channel is a Kv channel isoform highly expressed in the AIS 80 

(Sarmiere et al., 2008; King et al., 2014), and it has recently been shown that de novo mutations in 81 

the KCNB1 gene encoding Kv2.1 are associated with congenital encephalopathic epilepsy 82 

(Torkamani et al., 2014; Saitsu et al., 2015; Thiffault et al., 2015). Furthermore, a recent study 83 

implied that certain polymorphisms KCNB1 comprise a major risk factor of schizophrenia (Peltola 84 

et al., 2016). Kv2.1 is unique in that it is expressed in both the somatodendritic membrane 85 

(Trimmer, 1990; Scannevin et al., 1996; Du et al., 1998) and in the AIS (Sarmiere et al., 2008; King 86 

et al., 2014), contrasting the general tendency of voltage-gated ion channels to exhibit specific 87 

localization in either the somatodendritic or axonal membranes (Jensen et al., 2011; Trimmer, 88 

2015). Because Kv2.1 is localized in both the proximal dendrites and soma, where synaptic 89 

potentials are integrated, and at the AIS, precise regulation of the localization of Kv2.1 at these 90 

sites likely contributes to its role in controlling overall neuronal excitability (Misonou, 2010). In fact, 91 

Kv2.1 has been shown to impact the firing frequencies in a number neuronal cell types including 92 
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sympathetic neurons (Malin and Nerbonne, 2000), neocortical neurons (Guan et al., 2013; Pathak 93 

et al., 2016), substantia nigra dopaminergic neurons (Kimm et al., 2015), superior cervical ganglion 94 

cells, and hippocampal pyramidal neurons (Liu and Bean, 2014), and Kv2.1 knockout mice exhibit 95 

a hyperexcitable phenotype (Speca et al., 2014). However, the specific role of Kv2.1 in the AIS is 96 

not fully understood, primarily due to the difficulty of isolating the function of Kv2.1 in the AIS from 97 

that in the adjacent somatodendritic membrane.  98 

 The somewhat atypical dual localization of Kv2.1 raises questions as to the molecular 99 

mechanisms underlying the ability of the neuron to populate these distinct polarized compartments 100 

with Kv2.1. Here, we investigate the determinants on Kv2.1 responsible for these distinct 101 

subcellular localizations, and the different trafficking pathways underlying the targeting to these 102 

sites. Previous studies have identified a peptide motif (PRC motif) in the cytoplasmic C-terminus of 103 

Kv2.1 that determines the restricted and clustered localization on the soma and proximal dendrites 104 

(Lim et al., 2000; Jensen et al., 2014). Here we demonstrate that upon disruption of this motif, 105 

Kv2.1 channel clustering in the AIS is still apparent, suggesting that the distinct localizations in the 106 

somatodendritic and AIS membranes are differentially regulated, presumably by different 107 

mechanisms. Using mutagenesis, quantitative live-cell imaging, and pharmacological interventions, 108 

we provide evidence for a previously unappreciated ability of neurons to sort a specific ion channel 109 

protein into two separate independent trafficking pathways with distinct polarity, resulting in 110 

different compartment specific localizations.   111 

  112 
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Materials and Methods 113 

 114 

Hippocampal neuronal culture 115 

Primary dissociated rat hippocampal neurons from embryos of either sex were plated on 25-mm 116 

round coverslips and grown in co-culture with astroglial cells as described in detail elsewhere 117 

(Jensen and Misonou, 2015). All animal use was approved by the institutional animal care and use 118 

committee. Neurons were transiently transfected at 8–10 days in vitro (DIV) using Lipofectamine 119 

2000 transfection reagent (Thermo Fischer Scientific, Denmark). Neurons were transfected in 120 

separate dishes with 0.5 μg cDNA (mixed with 0.4 μg non-coding vector DNA) per coverslip.   121 

 122 

Molecular Biology 123 

GFP-Kv2.1 constructs were made from cloning of the 853 amino acid (aa) rat Kv2.1 (Frech et al., 124 

1989) (NM_013186) into pEGFP-C1 (Clontech, country) using EcoRI and SalI restriction sites. The 125 

previously described Kv2.1 S586A point mutant (Lim et al., 2000) was subcloned into pEFGP-C1 126 

(Clontech). The GFP-Kv2.1 C-terminal deletion constructs were generated from the GFP-Kv2.1 127 

wild-type (WT) plasmid by introduction of a stop codon using QuickChange mutagenesis (Agilent). 128 

SEP-Kv2.1 WT was made by inserting the super-ecliptic pHluorin (SEP) into the first extracellular 129 

(S1-S2) loop of Kv2.1 using standard overlap PCR. From the SEP-Kv2.1 WT plasmid, deletion 130 

constructs (see Fig. 8) and the T728A/S732A mutant were generated by QuickChange 131 

mutagenesis with primers designed to eliminate different regions of the Kv2.1 C-terminus. The 132 

GFP Kv4.2/Kv2.1 chimera was constructed by overhang PCR to generate Kv4.2 (NM_031730) aa 133 

1-477/Kv2.1 (NM_013186) aa 535-853. HaloTag (Los et al., 2008) was amplified from pFN21K 134 

(Promega) using PCR, and cloned into ApaI and SalI site of pDisplay (Invitrogen) to generate Halo-135 

PDGFR. Halo tagged Kv2.1 (Halo-Kv2.1) was generated by inserting the Halo tag into the first 136 

extracellular loop. Both were then cloned into a tetracyclin-inducible expression vector based on 137 

the pTet-On vector (Clontech). 138 

 139 

Immunofluorescence labeling 140 
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Neurons were fixed in 4 % Paraformaldehyde/PBS for 20 min. Blocking and permeabilization was 141 

done in 0.2% fish skin gelatin/0.1 % Triton X-100/TBS. Primary and secondary antibodies were 142 

diluted in the same buffer and applied in separate incubation steps of 1 h and 45 min, respectively. 143 

Coverslips were mounted on glass microscope slides using ProLong Gold anti-fade reagent 144 

(Thermo Fischer Scientific).  145 

 146 

Brefeldin A experiments 147 

Neurons at nine DIV were transfected with the Halo-PDGFR or Halo-Kv2.1 vector using 148 

Lipofectamine 2000. After a 4-day incubation, transfected neurons (at 13 DIV) were pre-treated 149 

with 0.1 μg/ml Brefeldin A (Nacalai Tesque, Japan) for 2 hours at 37°C. Doxycycline (Sigma 150 

Aldrich, USA) was added to the final concentration of 1 μg/ml, and then incubated for 16 h at 37°C 151 

in the presence or absence of Brefeldin A. Cells were labeled with membrane-impermeable 152 

Alexa488-conjugated HaloTag ligand (Promega) at 500 nM for 15 min at 37°C, washed with fresh 153 

culture medium, and then labeled with membrane-permeable tetramethylrhodamine (TMR)-154 

conjugated HaloTag ligand (Promega) at 500 nM for 15 min at 37°C. Cells were fixed as for the 155 

immunofluorescence labeling (without permeabilization). 156 

 157 

Antibodies 158 

All Kv2.1 constructs tagged with GFP or SEP were immunolabeled with an anti-GFP rabbit 159 

polyclonal antibody (Thermo Fischer Scientific, A-11122, AB_2576216, at 2.5 μg/ml). The AIS was 160 

identified by ankyrin G immunolabeling using an anti-ankyrin G mouse monoclonal IgG2b antibody 161 

(NeuroMab, clone N106/65 supernatant, RRID: AB_10675130, used at a 1:5 dilution). The 162 

monoclonal antibody N106/65 was developed by and/or obtained from the UC Davis/NIH 163 

NeuroMab Facility, supported by NIH grant U24NS050606 and maintained by the Department of 164 

Neurobiology, Physiology and Behavior, College of Biological Sciences, University of California, 165 

Davis, CA 95616. The somatodendritic compartment was identified by immunolabeling for 166 

microtubule associated protein-2 (MAP2) with an anti-MAP2 rabbit polyclonal antibody (Santa Cruz 167 

Biotechnology, H-300, RRID: AB_2250101, at 0.25 μg/ml). All secondary antibodies were Alexa 168 
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fluorophore (488, 555, or 647)-conjugated secondary antibodies used at 2 μg/ml (Thermo Fischer 169 

Scientific).   170 

  171 

Imaging  172 

The steady-state localization of WT and mutant Kv2.1 isoforms were documented using a Olympus 173 

IX73 microscope with a 60x/1.42 NA objective lens and Andor Zyla5.5 camera, a Carl Zeiss 174 

inverted laser scanning microscope (LSM 780) with a 63x /1.4 NA lens, or a Carl Zeiss ApoTome 175 

system with a 63x/1.4 NA lens. Line scan analysis of fluorescence intensities was performed using 176 

ImageJ. Temperature-block experiments were performed as previously reported (Jensen and 177 

Misonou, 2015). 178 

 179 

Fluorescence recovery after photobleaching (FRAP) 180 

Neurons expressing GFP-Kv2.1 S586A were imaged using an Olympus FV-1000 microscope 181 

equipped with a 450 nm diode laser. Images were taken every 5 s. Photobleaching was induced by 182 

applying the 450 nm laser to a circular spot of a fixed diameter (5 μm) at 100% power for 200 ms. 183 

Fluorescence intensity was measured using ImageJ, corrected for background fluorescence and 184 

the overall bleaching due to imaging, and normalized for the maximum and minimum fluorescence 185 

intensities.  186 

 187 

Electrophysiology 188 

Human embryonic kidney (HEK) 293T cells were transiently transfected with the SEP-tagged 189 

Kv2.1 WT or deletion constructs, using Lipofectamine2000 (Thermo Fischer Scientific). The 190 

constructs were evaluated with the whole-cell patch clamp technique, 24h post-transfection, as 191 

previously described (David et al., 2015). HEK293T cells were continuously perfused with 192 

extracellular solution consisting of (in mM): 145 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES and 10 193 

glucose, with the pH adjusted to 7.35 with NaOH. The intracellular solution contained (in mM): 110 194 

KCl, 5 K2ATP, 5 K4BAPTA, 2 MgCl2 and 10 HEPES, with the pH adjusted to 7.2 with KOH. 195 

 196 
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Experimental Design and Statistical Analysis 197 

All statistical analyses were performed on GraphPad Prism software (GraphPad Software, Inc. CA, 198 

USA). Power analysis was performed using G*Power (Faul et al., 2007; Faul et al., 2009) with 199 

parameters taken from previous reports or similar experiments. 200 

 To quantify the degree of clustering at the AIS, we measured the CV of fluorescence 201 

signals (Bishop et al., 2015) in the first 20 μm of the axon in transfected neurons (4 cells each from 202 

two independent cultures) using ImageJ. Axons were identified by its morphology with the cell-fill 203 

mKate2 or as MAP2-negative neurites. For statistical comparison of the mean CV, we designed to 204 

use either Student's t-test for two groups or one-way ANOVA with Sidak post-hoc test for three or 205 

more groups.  206 

 FRAP data were obtained from neurons expressing Kv2.1 S586A in the soma (8 cells) and 207 

AIS (10 cells from four independent cultures), background subtracted, compensated for bleaching 208 

from imaging, and normalized to make the minimum and maximum 0 and 1, respectively. The 209 

recovery phase from the minimum were fitted with the one-phase association model {Y= Y0 + 210 

(Plateau - Y0) x (1 - 10-k x X)}. The difference between the fitted curves in the soma and AIS were 211 

analyzed with F-test for the null-hypothesis that a curve with shared parameters (slope k and 212 

Plateau) fits better than those with different parameters for each data set. To test if the recovery in 213 

the AIS is negligible, the individual data sets were also fitted with the linear function to obtain the 214 

mean slope. This was compared with the mean slope obtained from simulated random values in 215 

the same range as the real data using Student's t-test. 216 

 To quantify the peak fluorescence intensity in neurons treated without or with Brefeldin A (5 217 

cells each from three independent cultures), we first identify the axon in images, of which signals 218 

were intensified to reveal the entire morphology. Then, we performed the line scan analysis over 219 

the axon, the soma, and a dendrite to measure signal intensity. The values were normalized to 220 

either that in the AIS or in the soma. The mean values were compared using Student's t-test. 221 

 To identify the motif involved in AIS localization, 24-33 transfected neurons from ≥3 222 

independent cultures were analyzed per deletion-condition. We distinguished specific axonal 223 

clustering from a rather non-specific clustering by the criterion that neurons should have at least 224 
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four clusters in the AIS that were readily identifiable. From this criterion, we calculated the 225 

percentage of the transfected neurons with Kv2.1 AIS clusters. We designed the results to be 226 

analyzed with one-way ANOVA with Sidak post-hoc test.  227 

 228 

  229 
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Results 230 

 231 

Different molecular mechanisms traffic Kv2.1 to axonal and somatodendritic membranes  232 

The somatodendritic localization and clustering of Kv2.1 is determined by the PRC motif (aa 573-233 

598) within the cytoplasmic C-terminal tail (aa 411-853) of Kv2.1 (Lim et al., 2000). Point mutations 234 

in four critical residues within the PRC motif, such as S586A, were found to completely disrupt the 235 

restricted localization in proximal dendrites, as well as the clustering of Kv2.1, while they are still 236 

efficiently expressed on surface (Lim et al., 2000). We confirmed these findings in neurons 237 

expressing GFP-tagged wild-type (WT) and mutant Kv2.1 isoforms, as shown in Fig. 1A. In 238 

neurons expressing GFP-tagged WT Kv2.1, line scan analysis of fluorescence intensity revealed 239 

somatodendritic and axonal clusters as discrete peaks (Fig. 1C). These peaks were absent in the 240 

somata of neurons expressing the GFP-tagged Kv2.1 S586A mutant. However, GFP-Kv2.1 S586A 241 

still exhibited intact AIS localization, as defined by overlap with immunolabeling for ankyrin G (Fig. 242 

1B). We also evaluated the degree of AIS clustering by quantifying the coefficient of variation (CV) 243 

of fluorescence intensity as a measure of the extent of non-uniformity of the fluorescent signal 244 

(Bishop et al., 2015). Fig. 1D shows the intact clustering of Kv2.1 S586A in the AIS, as evidenced 245 

by the CV of fluorescence intensity comparable to that of WT (Fig. 1D and 1C), suggesting that AIS 246 

localization is determined by a peptide motif(s) outside of the PRC motif. Interestingly, we also 247 

found that truncation of the Kv2.1 C-terminus from aa 536-853 (GFP-Kv2.1 C318) resulted in 248 

disruption of AIS clustering, as evidenced by the significantly decreased CV of AIS fluorescence 249 

signals (Fig. 1D). These results indicate that two different trafficking mechanisms, possibly dictated 250 

by different C-terminal peptide motifs, underlie the distinct localization of Kv2.1 channels in the 251 

somatodendritic and axonal compartment.  252 

 253 

Inefficient lateral diffusion of Kv2.1 from the somatic membrane to the AIS 254 

Polarized localization of membrane proteins such as ion channels and receptors can be achieved 255 

by different neuronal targeting mechanisms (Jensen et al., 2011). To understand how Kv2.1 is 256 

trafficked and localized in the AIS, we first performed fluorescence recovery after photobleaching 257 
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(FRAP) experiments to probe lateral diffusion. We considered two possible scenarios for the 258 

trafficking of Kv2.1 to the AIS. Either Kv2.1 obtains its AIS localization by 1) lateral diffusion from 259 

the somatic membrane to the AIS, or 2) intracellular vesicular trafficking to the AIS membrane. To 260 

test whether lateral diffusion occurs between somatic and axonal membrane, we performed FRAP 261 

experiments with Kv2.1 S586A. Unlike the relatively immobile Kv2.1 WT in the somatic membrane 262 

(O’Connell and Tamkun, 2005), we assumed that this mutant could be used to probe lateral 263 

membrane diffusion between these two compartments. The first scenario would predict that 264 

fluorescence recovery occurs within the AIS for Kv2.1 S586A by recruiting unbleached molecules 265 

from the adjacent somatic membrane, whereas the second scenario predicts no recovery in the 266 

AIS adjacent to the soma.  267 

 To test this, GFP was bleached in two adjacent areas, one in the soma close to the AIS and 268 

the other at the edge of Kv2.1 AIS clusters (Fig. 2A). As expected from its uniform localization in 269 

somata, Kv2.1 S586A in the somatic membrane exhibited robust recovery after photobleaching 270 

(Fig. 2B). In contrast, there was virtually no recovery in the AIS (Fig. 2B). Regression analysis with 271 

the exponential one-phase association model suggested that the recovery curves for the soma and 272 

AIS are significantly different (F (2, 835)= 88.3, p< 0.0001, F-test). When fitted with the linear 273 

function, the slope of the AIS recovery (0.0000265±0.0000039) was not statistically different (t (7)= 274 

1.571, p= 0.1602, t-test) from that of simulated random signals (0.0000063±0.0000109), which is 275 

virtually zero. 276 

 This is not due to the large difference in fluorescence intensities of GFP signals in these 277 

membrane domains, since there was no recovery even to the level of somatic GFP signals in the 278 

AIS (Fig. 2C and 2D). Simultaneous FRAP in the soma and AIS (Fig. 2C) showed that a negligible 279 

level of recovery (from 49% of the somatic level after photobleaching to 50% at 100 s) occurred in 280 

the AIS during the same time period as it was occurring rapidly in the somatic membrane (from 281 

38% to 69%). These results indicate that there is no significant lateral diffusion of GFP-Kv2.1 282 

S586A from the somatic membrane to the AIS, and suggest that the AIS localization of Kv2.1 is 283 

established at the level of intracellular vesicular trafficking.  284 

 285 
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A unique non-conventional trafficking route for AIS-localized Kv2.1 286 

We have previously shown, using a temperature-block and release protocol, that Kv2.1 destined 287 

for somatodendritic localization is sorted into a specific population of transport vesicles in the Golgi 288 

apparatus; a population distinct from those carrying proteins destined for distal dendrites (Jensen 289 

et al., 2014). In this protocol, GFP-Kv2.1 transfected neurons (3 h post-transfection) were 290 

subjected to 19.5°C temperature-block, which leads to trapping of most of the newly synthesized 291 

GFP-Kv2.1 in the Golgi apparatus (Jensen and Misonou, 2015), as shown here in Fig. 3A. 292 

However, we found that a subpopulation of GFP-Kv2.1 escaped from this temperature-block and 293 

formed clusters in the AIS (Fig. 3A). These distinct Kv2.1 populations were also evident when 294 

neurons were co-transfected with the ARF1 I71Q mutant (Dascher and Balch, 1994), which blocks 295 

the formation of transport vesicles at the Golgi apparatus. Expression of this mutant blocked the 296 

expression of GFP-Kv2.1 in the somatodendritic membrane, but a subpopulation of GFP-Kv2.1 297 

was still able to traffic to and from clusters in the AIS (Fig. 3A). From these results, we 298 

hypothesized that Kv2.1 destined for the AIS bypasses the Golgi apparatus (Fig. 3B), a non-299 

canonical trafficking pathway that has been implicated for a small subset of other transmembrane 300 

proteins (Grieve and Rabouille, 2011).  301 

 Since Kv2.1 is not subjected to N-linked glycosylation (Shi and Trimmer, 1999), processing 302 

of a glycan chain cannot be used as readout of Kv2.1 trafficking though ER and the Golgi 303 

apparatus. Instead, we used pharmacological block of the Golgi-dependent trafficking pathway 304 

employing Brefeldin A (BFA) (Helms and Rothman, 1992). This fungal toxin has been widely used 305 

to disrupt the Golgi apparatus, owing to its ability to suppress ARF1 activity by inhibiting GTP-306 

exchange factors. We verified that BFA (0.1 μg/ml) exhibited the expected (Wisco et al., 2003; 307 

Leterrier et al., 2006) disruption of the neuronal Golgi apparatus within 2 h (Fig. 3C). The disruption 308 

was reversible, such that neurons recovered normal Golgi structures 16 h after BFA washout (Fig. 309 

3C). We then used an in-house generated probe, Halo-PDGFR, which allows us to monitor the 310 

conventional secretory pathway (Fig. 3D). Halo-PDGFR comprises an N-terminal extracellular 311 

domain HaloTag fused to the transmembrane region and the C-terminal tail of the platelet-derived 312 

growth factor receptor (PDGFR). The 34 kD HaloTag (Los et al., 2008) is fused with the leader 313 
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sequence of IgK, which directs the probe into the secretory pathway (Coloma et al., 1992). 314 

Therefore, Halo-PDGFR should be trafficked through the secretory pathway and then expressed in 315 

the plasma membrane, as detected using a membrane-impermeable HaloTag ligand. The 316 

intracellular Halo-PDGFR pool could subsequently be labeled using a membrane-permeable 317 

HaloTag ligand. Halo-PDGFR was constructed in a doxycycline-inducible plasmid vector to 318 

precisely control the timing of expression. To ensure that the Golgi apparatus was fully disrupted 319 

before the expression of Halo-PDGFR, we pre-incubated neurons with BFA for 2 h and then 320 

induced the expression of the probe in the absence (Control) or the presence of BFA for 16 h (Fig. 321 

3E). In control neurons, Halo-PDGFR was detected on the cell surface, as well as in perinuclear 322 

structures, presumably the Golgi apparatus (Fig. 3F), indicating that the Golgi apparatus restores 323 

its function during the recovery period. However, in the presence of BFA, there was no detectable 324 

Halo-PDGFR on the cell surface, whereas the intracellular pool was readily detected (Fig. 3F). 325 

These results suggest that in our hands BFA treatment blocks the neuronal secretory pathway. 326 

 Next, we tested whether Kv2.1 can traffic to the AIS in the presence of BFA. We again used 327 

the HaloTag, but this time inserted into the first extracellular (S1-S2) loop of Kv2.1 to generate 328 

Halo-Kv2.1 (Fig. 4A). We verified that under control conditions Halo-Kv2.1 is expressed on the cell 329 

surface of neurons in large discrete clusters, similar to WT Kv2.1 (Fig. 4B). Brefeldin A greatly 330 

reduced the level of cell surface Halo-Kv2.1 in the somatodendritic region (Fig. 4C). However, the 331 

cell surface expression of Halo-Kv2.1 in the AIS remained relatively intact in BFA -treated neurons 332 

(Fig. 4C). As shown in the line scans in Fig. 4D, while somatodendritic and AIS surface clusters of 333 

Halo-Kv2.1 were present in control cells, in neurons treated with BFA clusters were only apparent 334 

in the AIS. The expression level of Halo-Kv2.1 in the somatodendritic region relative to that in the 335 

AIS was significantly reduced in BFA-treated cells (t (6)= 12.86, p< 0.0001, t-test) (Fig. 4E). Also, 336 

the degree of clustering in BFA-treated neurons, as quantified by the CV of fluorescence intensity, 337 

was comparable to that in control neurons (t(6)= 1.613, p= 0.1578, t-test) (Fig. 4E). Taken together 338 

with the results from the FRAP experiments with Kv2.1 S586A, and from the temperature-arrest 339 

experiments, these results collectively suggest that Kv2.1 channels that are localized in the AIS 340 
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can traffic independently of somatodendritic Kv2.1 channels, through a Golgi-independent pathway 341 

used for AIS but not somatodendritic Kv2.1. 342 

 343 

Identification of the peptide motif for the AIS localization of Kv2.1 344 

The data showing the distinct AIS localization of the Kv2.1 S586A and C318 mutants indicated 345 

that the localization and clustering of Kv2.1 in the AIS is determined by a region in the cytoplasmic 346 

C-terminal tail outside of the PRC motif. To test whether the C-terminal tail of Kv2.1 is sufficient for 347 

the AIS localization, we generated a chimeric protein (Kv4.2-Kv2.1C), with another Kv channel, 348 

Kv4.2, which has a subcellular localization in neurons distinct from Kv2.1 (Fig. 5B) (Jensen et al., 349 

2014). Kv4.2-Kv2.1C has the cytoplasmic N-terminus, transmembrane segments and proximal C-350 

terminus of Kv4.2 followed by the region of the Kv2.1 C-terminus deleted in the C318 mutant (aa 351 

536-853). The Kv4.2-Kv2.1C chimera exhibited a Kv2.1-like subcellular localization, including AIS 352 

localization and clustering, further supporting the notion that the determinant for AIS localization is 353 

located within the C-terminal tail of Kv2.1 (Fig. 5A).  354 

 To identify the putative AIS localization motif, we generated a series of internal deletion 355 

mutants that lacked parts of the cytoplasmic C-terminal tail. We generated these mutants in a SEP-356 

Kv2.1 construct, in which superecliptic phluorin (SEP) was inserted into the first extracellular (S1-357 

S2) loop of Kv2.1, and mCherry fused to the cytoplasmic N-terminus (Fig. 5C). This construct 358 

allowed us to distinguish Kv2.1 WT and mutant Kv2.1 isoforms delivered to the cell surface by 359 

either the intrinsic pH-sensitive fluorescence of SEP (Sankaranarayanan et al., 2000) or through 360 

cell surface immunolabeling of SEP. Fig. 5D-F shows a neuron expressing SEP-Kv2.1 WT in which 361 

the extracellular SEP fluorescence reveals cell surface localized Kv2.1, whereas pools positive for 362 

mCherry fluorescence and negative for SEP represent intracellular Kv2.1 channels. Patch clamp 363 

analysis showed that the SEP-Kv2.1 channel generated robust outward currents when 364 

heterologously expressed in HEK293T cells, similar to those obtained from expression of GFP-365 

Kv2.1, which carries GFP on the N-terminal cytoplasmic domain. The macroscopic voltage-366 

dependent activation, and the activation and deactivation kinetics of SEP-Kv2.1 were similar to 367 

GFP-Kv2.1 (Fig. 5G) and to untagged WT Kv2.1 (data not shown), suggesting that SEP-Kv2.1 is 368 
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efficiently expressed at the cell surface and forms functional channels. Lastly, we confirmed the 369 

cell surface expression of SEP-Kv2.1 in the AIS (Fig. 5H).   370 

 We then tested a series of C-terminal deletion mutants generated in the SEP-Kv2.1 371 

background for their localization and clustering in the AIS. Since deletion of the bulk of the 443 aa 372 

C-terminal tail (aa 411-853) and the C318 mutant (deletion of aa 536-853) disrupted the AIS 373 

localization of Kv2.1 (Fig. 1A), we dissected this region of the C-terminus by a series of internal 374 

deletion mutants. We found that a large deletion of SEP-Kv2.1 from aa 521 to 745 significantly 375 

disrupted AIS localization (Figs. 6A and B). Since a point mutation (S586A) in the PRC motif itself 376 

(aa 573-598) did not affect AIS localization (see Fig. 1A), we speculated that an internal deletion 377 

( 601-745) removing the Kv2.1 region from just beyond the PRC domain to aa 745 would exhibit a 378 

loss of clustering phenotype similar to the 521-745 mutant. Surprisingly, this mutant exhibited 379 

normal AIS localization, as well as somatodendritic clustering typical of WT Kv2.1, as expected  380 

(Lim et al., 2000) for any internal deletion and truncation mutants containing the PRC domain (Fig. 381 

6A and B). We therefore hypothesized that the region containing the PRC motif acts in conjunction 382 

with an additional downstream motif to establish the AIS localization of Kv2.1. As the 521-745 383 

mutant showed a slight, but significant reduction of AIS clustering, and because the 521-720 384 

mutant retained the robust AIS localization typical of WT Kv2.1, we concluded that a motif located 385 

within aa 720-745 is important to establish the AIS localization of Kv2.1. To address this possibility, 386 

we generated a double internal deletion mutant lacking both the bulk of the PRC motif (aa 583 to 387 

599) as well as aa 720-745. This double deletion mutant exhibited uniform cell surface localization 388 

throughout the axon, but was not clustered in the AIS (Figs. 6A, B, and C). Consistent with the 389 

SEP fluorescence signal that suggested robust cell surface expression of the double deletion 390 

mutant, expression of this mutant in heterologous HEK293T cells yielded functional channels (Fig. 391 

6D). Taken together, these results reveal that a novel motif in the C-terminus of Kv2.1, 392 

downstream of the previously characterized PRC motif, is involved in the localization and clustering 393 

of Kv2.1 in the AIS but not the somatodendritic compartment. 394 

 We then tested whether the double mutant fails to enter the Golgi-independent trafficking 395 

pathway to the AIS and rather takes the default secretory pathway to the surface. We generated a 396 
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double deletion construct with the Halo-tag inserted in the first extracellular loop of the channel 397 

subunit as done for the wild-type Kv2.1 (Fig. 7A) and used the BFA approach as in Fig. 3. This 398 

Halo-tag mutant exhibited a uniform distribution similar to the SEP-tagged channel, when the 399 

expression was induced in the absence of BFA (Fig. 7B and 7C). When the expression was 400 

induced in the presence of BFA, which blocked the expression of Halo-Kv2.1 in the soma but not 401 

the AIS (Fig. 7D), the double mutant failed to be expressed on surface in most transfected neurons 402 

(Fig. 7E). Even in a few neurons exhibiting surface labeling (Fig. 7F), the signal levels were low, 403 

and the distribution was uniform, as evidenced by the line scan analysis (Fig. 7G). This is 404 

presumably because the mutant is trafficked by promiscuous trafficking pathways largely through 405 

the Golgi apparatus. We also measured the peak fluorescence intensity in the AIS relative to that 406 

in the somatodendritic area in cells treated without or with BFA. The relative intensity was not 407 

statistically different between control and BFA-treated neurons (0.83±0.09 in control vs 0.91±0.16 408 

in BFA, t (8)= 0.4619, p= 0.66, t-test), suggesting that the surface expression of the double mutant 409 

was inhibited equally in the AIS and the somatodendritic region by BFA. This is distinct from the 410 

wild-type channel, for which expression in the AIS was preferentially affected (see Fig. 4E). These 411 

results indicate that the identified motifs are important to route the channel protein to the Golgi-412 

independent trafficking pathway. 413 

 414 

Putative phosphorylation sites critical for the clustered localization of Kv2.1 at the AIS 415 

Finally, in the identified AIS localization motif (aa 720-745), we noticed the presence of two 416 

conserved putative phosphorylation sites (T728 and S732), which scored highly in the 417 

phosphorylation site prediction algorithms ExPASy and NetPhos 2.0 (Fig. 8A). We therefore 418 

considered the possibility that sorting of Kv2.1 into the two distinct trafficking pathways, 419 

presumably at the endoplasmic reticulum, is regulated by the phosphorylation state of the AIS 420 

motif. To test whether these sites are critical for the clustered localization of Kv2.1 in the AIS, we 421 

mutated the threonine and serine residues to alanine (expected to be dephosphorylation mimetic), 422 

in SEP-Kv2.1 583-599 lacking the PRC motif, a mutant background that exhibits an AIS 423 

localization similar to Kv2.1 S586A (Fig. 1A) and Kv2.1 521-720 (Fig. 8B). We chose this mutant 424 
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as a backbone for the mutagenesis because the presence of the PRC motif would complicate 425 

interpretation due to its cooperative action on the AIS localization of Kv2.1. 426 

 We found that, in contrast to the clustered and restricted localization of Kv2.1 583-599 in 427 

the AIS, Kv2.1 583-599 T728A/S732A exhibited a uniform distribution and non-restricted 428 

localization in the axon (Fig. 8C), which is similar to that of the double PRC and AIS motif mutant 429 

(see Fig. 6B). Quantitative analysis of the CV of fluorescence intensity and line scan analysis also 430 

revealed that Kv2.1 583-599 T728A/S732A does not form discrete clusters (Fig. 8D), and that it 431 

distributes uniformly in the axon beyond the ankyrin G-positive AIS (Fig. 8E). These results 432 

indicate that the putative phosphorylation sites in the AIS motif are critical for the clustered 433 

localization of Kv2.1 in the AIS.  434 

  435 
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Discussion 436 

 437 

The localization of Kv2.1 in both the proximal somatodendritic membrane and in the AIS is an 438 

exceptional feature, since ion channels have almost exclusively been found to exhibit 439 

compartment-specific localization (i.e., either a somatodendritic or axonal localization) (Lai and 440 

Jan, 2006; Trimmer, 2015). Growing evidence points to the fact that the AIS acts as a filter to 441 

separate axonal from somatodendritic proteins (Rasband, 2010). Kv2.1 is a prime exception to this 442 

model. It can enter both dendrites and the axon and form clusters in both neuronal cell surface 443 

membranes. Our results suggest that the mechanisms dictating these specific localizations of 444 

Kv2.1 are distinct, since mutations in the motif responsible for its somatodendritic localization and 445 

clustering (the PRC motif) alone do not affect the localization and clustering of the Kv2.1 in the 446 

AIS. In this study, we defined a novel peptide motif (aa 720-745) located in the cytoplasmic C-447 

terminal tail of Kv2.1 distal to the PRC motif, which works in conjunction with the PRC motif to 448 

ensure the AIS localization of Kv2.1 channels. Deletion of both of the PRC motif and this new 449 

motif, which we term “the AIS motif”, completely disrupts the AIS specific localization and clustering 450 

of Kv2.1, without impairing its cell surface expression. We do not know why Kv2.1 needs two 451 

separate localization signals for its AIS localization, but speculate that having two distinct motifs 452 

would provide an opportunity for an additional layer of independent regulation of the specific 453 

population of Kv2.1 in the AIS, relative to the population in the somatodendritic membrane. In fact, 454 

we have previously shown that Kv2.1 clusters in the AIS are refractory to Ca2+-dependent 455 

modulation of localization, whereas somatodendritic clusters of Kv2.1 disperse, in both cultured 456 

neurons (Misonou et al., 2004) and intact brains (King et al., 2014). The AIS motif is highly 457 

conserved (Fig. 8A) across species from human (96% identity) to Xenopus (78% identity), similar 458 

to the extent of the conservation of the PRC motif. This underscores its importance in the 459 

physiological role of Kv2.1, and is consistent with the AIS localization of Kv2.1 observed in diverse 460 

mammalian species (King et al., 2014).  461 

 To understand how Kv2.1 traffics to the AIS, we performed FRAP experiments with the 462 

Kv2.1 localization mutant S586A. While this mutant is localized and clustered in the AIS, it also 463 



 

21 
 

exhibits a uniform somatodendritic distribution and significant diffusion in the somatodendritic 464 

membrane. However, the diffusible somatic Kv2.1 S586A did not diffuse into the AIS membrane, 465 

although it could diffuse within the adjacent somatic membrane. These results indicate that Kv2.1 466 

is trafficked directly to the AIS through an intracellular trafficking mechanism, as opposed to 467 

arriving there from the somatodendritic domain via lateral diffusion. It has been proposed that 468 

Kv2.1 is directly trafficked into the somatic surface clusters via an intracellular vesicular trafficking 469 

pathway (Deutsch et al., 2012). Our results are consistent with such a model as proposed for 470 

somatic Kv2.1 channels, and extend it to suggest that axonal Kv2.1 channels cluster via a 471 

mechanism that involves directed intracellular trafficking.  472 

 We also provided evidence that Kv2.1 destined to the AIS utilizes a non-conventional 473 

trafficking pathway largely independent of the Golgi apparatus, whereas that targeted to the 474 

somatodendritic membrane takes the canonical secretory pathway. This model is supported by 475 

evidence obtained in experiments employing temperature block of protein export from the Golgi 476 

apparatus, blockade of COP I-dependent vesicle budding from the Golgi apparatus by the Arf1 477 

Q61I mutant, and pharmacological disruption of the Golgi apparatus by BFA treatment, which 478 

yielded altogether consistent results. Under all of these conditions, Kv2.1 was still readily localized 479 

and clustered in the AIS membrane. Furthermore, the Kv2.1 mutant lacking both the PRC and AIS 480 

signals failed to localize in the AIS and became sensitive to BFA treatment for cell surface 481 

expression. Collectively, these results suggest that AIS Kv2.1 is trafficked through a Golgi bypass 482 

route, distinct from the pathway taken by somatodendritic Kv2.1, and that trafficking via this 483 

alternate route requires both the PRC and AIS dual signals. 484 

 Golgi bypass trafficking routes have been described in a number of cell types, including 485 

polarized cells such as MDCK cells (Grieve and Rabouille, 2011). A number of cargo proteins have 486 

been reported to be trafficked though a Golgi bypass route, including the receptor tyrosine 487 

phosphatase CD45 (Baldwin and Ostergaard, 2002), and the cystic fibrosis transmembrane 488 

conductance regulator or CFTR (Yoo et al., 2002). Although the role and significance of Golgi 489 

bypass routes have not been fully addressed, especially in neurons, these alternative "secretory" 490 

pathways have been shown to provide distinct glycosylation characteristics on these other 491 
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transmembrane N-linked glycoproteins (Baldwin and Ostergaard, 2002) (Yoo et al., 2002). 492 

However, Kv2.1 lacks N-linked glycosylation (Shi and Trimmer, 1999), and as such should not be 493 

similarly affected, although other Golgi specific posttranslational modifications, such as 494 

phosphorylation and tyrosine sulfation, would likely be impacted. Kv2.1 is extensively 495 

phosphorylated at up to 31 distinct sites (Trimmer and Misonou, 2015), primarily on the C-496 

terminus, although whether any of these phosphorylation events occur in the Golgi apparatus is not 497 

known.  Grieve and Rbouille suggested that Golgi bypass routes may provide faster and more 498 

efficient trafficking of proteins to the cell surface (Grieve and Rabouille, 2011). We did observe that 499 

the surface expression of Kv2.1 destined for the AIS is relatively fast and efficient as compared to 500 

that targeted to the somatodendritic membrane, consistent with the previous finding by Sarmiere et 501 

al. (Sarmiere et al., 2008). Precise timing of ion channel expression in distinct membrane 502 

compartment might be of importance to plasticity of intrinsic excitability, especially during neuronal 503 

development, where neuronal excitability and Ca2+ transients play crucial roles (Spitzer, 2006). 504 

Therefore, sorting Kv2.1 into the two distinct trafficking pathways defined here may allow neurons 505 

to independently regulate the cell surface expression of Kv2.1 channels in these two distinct 506 

membrane compartments. A recently published report suggested a role for a Golgi bypass route in 507 

the trafficking of another class of ion channels, ionotropic glutamate receptors, to dendritic spines 508 

and excitatory synapses of neurons (Hanus et al., 2016).   509 

In addition to the finding that the AIS trafficking of Kv2.1 can occur independently of the 510 

Golgi apparatus, the mechanism also appears to be different from the “selective-retention” 511 

mechanism reported for axonal Nav1.2 channels (Garrido et al., 2002). Although this is still largely 512 

unexplored, it is interesting that the complete machinery for protein translation and cell surface 513 

expression has been found in axons (Brittis et al., 2002; González et al., 2016). Together with our 514 

data, this suggests that local synthesis and plasma membrane expression of Kv2.1 on the AIS 515 

could occur without the need of the axonal Golgi apparatus. In fact, it has recently been proposed 516 

that Kv2.1 cell surface clusters, both in the somatodendritic and AIS membranes, are associated 517 

with intracellular ER membranes, at sites at which the ER comes into close proximity to the plasma 518 

membrane to form specialized ER-plasma membrane junctions (Fox et al., 2015). Neuronal ER-519 
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plasma membrane junctions are present in somata (Rosenbluth, 1962), and on the AIS, where the 520 

specialized ER of the AIS, termed the cisternal organelle, comes into close apposition to the 521 

plasma membrane (Peters et al., 1968). Kv2.1 clusters in the AIS are found at these sites, which 522 

are also highly enriched in ryanodine receptors and synaptopodin, and that occur at sites deficient 523 

in the specialized ankyrin G-associated cytoskeleton (King et al., 2014), which plays a prominent 524 

role in localizing Nav and Kv7 channels to the AIS (Zhang and Rasband, 2016). Sites of Kv2.1 525 

clustering have also been proposed as an insertion platform for plasma membrane proteins, 526 

including Kv2.1 (Deutsch et al., 2012). Therefore, the possibility that Kv2.1 is locally synthesized in 527 

the AIS can at this point not be excluded, nor can the possibility that Kv2.1 sorting to 528 

somatodendritic or axonal compartments involves the smooth ER membranes associated with the 529 

ER-plasma membrane junctions at which Kv2.1 is clustered.  530 

Our results demonstrate that there are two distinct pools of Kv2.1 that are sorted into the 531 

two different trafficking pathways and regulated independently thereafter. These pools are 532 

presumably identical in primary structure. However, posttranslational modifications such as 533 

phosphorylation may act as a molecular tag to determine the fate of Kv2.1. We found two putative 534 

highly conserved phosphorylation sites in the AIS, and mutating these sites to alanine (in 535 

conjunction with deletion of the PRC motif), completely disrupted the restricted and clustered 536 

localization of Kv2.1 in the AIS. Recent studies have shown that there exist distinct mechanisms to 537 

confer activity-dependent plasticity to AIS structure and function (e.g., Grubb and Burrone, 2010; 538 

Kuba et al., 2010; Evans et al., 2015, etc.). It is intriguing to speculate that differences in 539 

phosphorylation could provide a tag for directing Kv2.1 to one or the other pathway during its 540 

biosynthetic trafficking. Such a mechanism would allow neurons to deliver Kv2.1 and perhaps other  541 

protein species into the AIS in a regulated manner, and provide precise compartment-specific 542 

regulation of AIS structure and function, and, for ion channels such as Kv2.1, control of local 543 

membrane excitability.  544 

 545 

 546 

  547 
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Figure Legends 690 

 691 

Figure 1. Distinct molecular mechanisms underlie the somatodendritic and AIS localizations of 692 

Kv2.1. A, Localization of GFP-tagged WT Kv2.1, the Kv2.1 S586A point mutant, and the Kv2.1 693 

C318 deletion mutant, lacking the last 318 aa of Kv2.1 (536 to 853) in cultured hippocampal 694 

neurons at 14 days in vitro (DIV). Arrowheads indicate the AIS. Scale bar, 20 μm. B, Colocalization 695 

of Kv2.1 S586A with endogenous ankyrin G. C, Line scan analysis of the fluorescence signals in 696 

the neurons shown in A. Segmented lines were drawn over the somatic membrane and into the 697 

axon. The border between these two regions was defined by ankyrin G immunolabeling and is 698 

indicated by a grey line. D, Quantification of CV of fluorescence intensity in the AIS. F (2, 9)= 699 

6.405, p= 0.0186, ANOVA. 700 

 701 

Figure 2. Restricted diffusion of Kv2.1 S586A in the AIS. A, Neurons expressing GFP-Kv2.1 702 

S586A were imaged live and subjected to FRAP. FRAP laser was applied to the AIS and nearby 703 

somatic membrane as indicated by grey circles. Scale bar, 5 μm. B, FRAP of GFP-Kv2.1 S586A. 704 

The signals were fit with a curve defined by a single exponential. The data are the mean ± SEM 705 

from 8 (soma) or 10 (AIS) cells from four independent cultures. C. Neurons were subjected to 706 

simultaneous FRAP in the AIS and in the somatic membrane, at the sites indicated by the arrow 707 

and arrowhead, respectively. Images of a representative cell are shown before bleaching, 708 

immediately after bleaching (Bleach), and 100 s after bleaching. Scale bar, 10 μm. D, Line scan 709 

analysis of fluorescence intensity before and after photobleaching. A line was drawn over the two 710 

bleached areas. The arrow and arrowhead indicate the locations of the AIS and somatic bleached 711 

areas, respectively. The dotted line denotes the level of recovery in the somatic membrane FRAP 712 

site 100 s after bleaching. Note that there was no detectable recovery in the AIS.  713 

 714 

Figure 3. Golgi-independent trafficking pathway of Kv2.1 to the AIS. A, Localization and clustering 715 

of GFP-Kv2.1 in the AIS when the secretory trafficking pathway is inhibited. The left panel shows 716 

the steady-state localization of GFP-Kv2.1, particularly in the Ankyrin G-positive AIS indicated by 717 
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arrowheads. The neuron in the middle panel was transfected with GFP-Kv2.1 for 3 h and then 718 

subjected to temperature-block at 15°C for 3 h. This procedure trapped most of GFP-Kv2.1 in the 719 

perinuclear Golgi apparatus in the soma and prevented its expression in somatodendritic clusters. 720 

GFP-Kv2.1 can still be found clustered in the AIS. In the neuron on the right panel, ARF1 I71Q 721 

mutant, which inhibits the formation of transport vesicles at the Golgi apparatus, was coexpressed 722 

with GFP-Kv2.1 for 3 h. GFP-Kv2.1 was still detected in the AIS. Scale bars, 10 μm. B, Schematic 723 

diagram of the model whereby Kv2.1 destined to the AIS takes an alternative intracellular 724 

trafficking route bypassing the Golgi apparatus. C, Effect of Brefeldin A on the Golgi apparatus in 725 

neurons. Neurons were incubated for 2 h with Brefeldin A at 0.1 μg/ml, fixed, and immunolabeled 726 

for MAP-2 (red) and a Golgi marker, GM130 (green), to assess the neuronal morphology and the 727 

structure of the Golgi apparatus, respectively. Scale bar, 10 μm. D, Cartoon of the Halo-PDGFR 728 

reporter construct used to monitor secretory pathway trafficking in neurons. HaloTag and PDGFR 729 

regions are not shown to scale. E, Schematic of the Brefeldin A experiments. Neurons were 730 

preincubated with 0.1 μg/ml Brefeldin A for 2 h, and then incubated with 1 μg/ml doxycycline for 16 731 

h in the absence (Control) or presence of Brefeldin A. F, Trafficking of Halo-PDGFR in Control as 732 

reported by membrane impermeant (green) and membrane permeant (red) HaloTag ligands. Scale 733 

bar, 10 μm. G, Effect of Brefeldin A on the trafficking of Halo-PDGFR. The images in E and F were 734 

captured using the same exposure time for each fluorophore. Scale bar, 10 μm. 735 

 736 

Figure 4. Effect of inhibiting the secretory pathway on the expression of Kv2.1 in the AIS. A, 737 

Cartoon of the Halo-Kv2.1 reporter construct used to monitor Kv2.1 trafficking in neurons. HaloTag 738 

and Kv2.1 are not shown to scale. B, Surface expression of Halo-Kv2.1 in the absence of Brefeldin 739 

A, as reported by membrane impermeant (green) and membrane permeant (red) HaloTag ligands. 740 

Arrowheads indicate the AIS, identified as a MAP2-negative neurite (not shown). Scale bar, 10 μm. 741 

C, Effect of Brefeldin A on the trafficking of Halo-Kv2.1. The images in B and C were captured 742 

using the same exposure time for each fluorophore. Scale bar, 10 μm. D, Line scan analysis of the 743 

fluorescence signals in the neurons shown in B and C. Segmented lines were drawn over the 744 

somatic membrane and into the axon. The border between these two regions is indicated by a grey 745 
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line, the AIS boundary was determined by ankyrin G immunolabeling. E, Quantification of the 746 

relative peak fluorescence intensity in the somatodendritic region (right bars and Y-axis) and CV of 747 

fluorescence intensity in the AIS (left bars and Y-axis). The relative somatodendritic intensity was 748 

significantly reduced in BFA treated neurons (t (6)= 12.86, p< 0.0001, t-test). However, the CV 749 

values from control and Brefeldin A-treated cells were not significantly different (n.s.) using 750 

Student's t-test (t (6)=1.613, p= 0.16). 751 

 752 

Figure 5. Determinants for AIS localization and clustering in the cytoplasmic C-terminal tail of 753 

Kv2.1. A, Localization of a chimeric Kv subunit containing the cytoplasmic N-terminal tail, 754 

membrane spanning regions and proximal C-terminus of Kv4.2, and a cytoplasmic C-terminal tail 755 

fragment (aa 536-853) of Kv2.1. This GFP-tagged chimera exhibited a subcellular localization 756 

typical of WT Kv2.1 (see Figure 4A) including clustering in the AIS (arrowheads). Scale bar, 10 μm. 757 

B, Localization of GFP-Kv4.2 in the same culture as A. KChIP2 was also exogenously expressed 758 

in neurons in A and B. Scale bar, 10 μm. C, Cartoon of the reporter construct generated to report 759 

the surface expression of Kv2.1 and its deletion mutants, with a cytoplasmic mCherry tag, and 760 

super-ecliptic pHluorin (SEP) inserted in the first extracellular loop of Kv2.1. D, SEP fluorescence 761 

in neurons transfected for 16 h. Fluorescence signals are intensified to show the overall distribution 762 

of SEP-Kv2.1 and the morphology of the neuron. Scale bar, 20 μm. E, Same neuron as in C. The 763 

images were taken in the soma in a single z-plane where more centrally located intracellular 764 

signals can be separated from the plasma membrane-delimited signals. At this early time point 765 

after transfection, a large portion of SEP-Kv2.1 is intracellular, as evidenced by mCherry signals in 766 

the absence of SEP fluorescence in the more central regions of the soma, and SEP fluorescence 767 

specific to the peripheral edge of the soma. Scale bar, 10 μm. F, Line scan analysis of the images 768 

in C. G, Functional channels formed by SEP-Kv2.1. Whole-cell patch clamp recordings from 769 

HEK293T cells expressing either GFP-Kv2.1 or SEP-Kv2.1. Representative whole cell currents 770 

from cells in which the membrane potential was held at -80 mV and increased to +80 mV in 10 mV 771 

increments for 200 ms to evaluate activation, followed by a step to +30 mV to evaluate 772 

deactivation, of Kv2.1 channels. H, Cell surface expression of SEP-Kv2.1 in the AIS membrane. 773 
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Neurons transfected with SEP-Kv2.1 were immunolabeled with an anti-GFP antibody, which 774 

recognizes SEP, without permeabilization, followed by permeabilization and immunolabeling for 775 

Ankyrin G. Scale bar, 5 μm. 776 

 777 

Figure 6. Identification of the peptide motif important for the AIS localization of Kv2.1. A, 778 

Schematic diagrams on the left illustrate the internal deletion mutants used in the study. The PRC 779 

motif is indicated by the black circle. Note that the sizes of deletions are not to scale in the 780 

diagrams. Neurons were transfected with wild-type Kv2.1 and these deletion mutants and 781 

immunolabeled for SEP without permeabilization, and scored for AIS clustering. The overall 782 

difference was statistically significant (F (6, 179)= 49.19, p<0.0001, ANOVA) with multiple 783 

comparisons (asterisks represents p<0.05 with Sidak posthoc tests). B, Representative images of 784 

neurons expressing Kv2.1 521-745, 521-720, 601-745, and the double PRC and AIS motif 785 

mutant, as indicated. Arrowheads denote the AIS as defined by Ankyrin G immunolabeling (not 786 

shown). Scale bar, 5 μm. C, Line scan analysis of the images shown in B. Grey bars indicate the 787 

border between the soma and the axon. D, Whole-cell patch clamp recordings from HEK293T cells 788 

expressing the double PRC and AIS motif mutant, using the protocol described in the Figure 5G 789 

legend.  790 

 791 

Figure 7. Golgi-dependent trafficking of a mutant lacking the PRC and AIS motif. A, Cartoon of the 792 

Halo-Kv2.1 double mutant lacking 583-599 and 720-745. B, Uniform surface localization of the 793 

Halo-Kv2.1 double mutant in the AIS in the absence of Brefeldin A. Arrowheads indicate the AIS. 794 

C, Line scan analysis of the fluorescence signals in the neurons shown in B. Segmented lines were 795 

drawn over the somatic membrane and into the axon. The border between these two regions is 796 

indicated by a grey line. D, Surface expression of Halo-Kv2.1 in the presence of Brefeldin A. Note 797 

that only signals in the AIS are apparent as shown in Fig. 4. E, Effect of Brefeldin A on the 798 

trafficking of Halo-Kv2.1 double mutant. The arrow indicates a neuron without the transgene.  F, A 799 

neuron exhibiting detectable surface expression of the Halo-Kv2.1 double munant in the presence 800 
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of Brefeldin A. Arrowhead indicate the AIS. G, Line scan analysis of the fluorescence signals in the 801 

neurons shown in F. 802 

 803 

Figure 8. Critical role of conserved putative phosphorylation sites in the clustered localization of 804 

Kv2.1 in the AIS. A, Sequence alignment of the AIS motif across different species. Vertical lines 805 

between sequences indicate location of identical amino acid residues, and colons indicate similar 806 

residues. Two phosphorylation sites (T728, S732) in the motif are colored in red. B, Axonal 807 

localization of Kv2.1 583-599 lacking the core sequence of the PRC motif. Neurons were 808 

immunostained for surface SEP and ankyrin G. Scale bar, 10 μm. C, Uniform localization of Kv2.1 809 

583-599 with T728A and S732A mutations in the axon. Scale bar, 10 μm. D, Quantification of CV 810 

of fluorescence intensity in the AIS. The difference between the values from transfected with Kv2.1 811 

583-599 or Kv2.1 583-599 T728A/S732A was statistically significant (t (16)= 7.839, p<0.0001) 812 

using Student's t-test. E, Line scan analysis of the fluorescence signals in the neurons shown in B 813 

and C for Ankyrin G (light grey line) and Kv2.1 (black line). Segmented lines were drawn over the 814 

somatic membrane and into the axon.  815 
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