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Identification of VAPA and VAPB as Kv2 Channel-Interacting
Proteins Defining Endoplasmic Reticulum–Plasma Membrane
Junctions in Mammalian Brain Neurons
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Membrane contacts between endoplasmic reticulum (ER) and plasma membrane (PM), or ER-PM junctions, are ubiquitous in eukaryotic
cells and are platforms for lipid and calcium signaling and homeostasis. Recent studies have revealed proteins crucial to the formation
and function of ER-PM junctions in non-neuronal cells, but little is known of the ER-PM junctions prominent in aspiny regions of
mammalian brain neurons. The Kv2.1 voltage-gated potassium channel is abundantly clustered at ER-PM junctions in brain neurons and
is the first PM protein that functions to organize ER-PM junctions. However, the molecular mechanism whereby Kv2.1 localizes to and
remodels these junctions is unknown. We used affinity immunopurification and mass spectrometry-based proteomics on brain samples
from male and female WT and Kv2.1 KO mice and identified the resident ER vesicle-associated membrane protein-associated proteins
isoforms A and B (VAPA and VAPB) as prominent Kv2.1-associated proteins. Coexpression with Kv2.1 or its paralog Kv2.2 was sufficient
to recruit VAPs to ER-PM junctions. Multiplex immunolabeling revealed colocalization of Kv2.1 and Kv2.2 with endogenous VAPs at
ER-PM junctions in brain neurons from male and female mice in situ and in cultured rat hippocampal neurons, and KO of VAPA in
mammalian cells reduces Kv2.1 clustering. The association of VAPA with Kv2.1 relies on a “two phenylalanines in an acidic tract” (FFAT)
binding domain on VAPA and a noncanonical phosphorylation-dependent FFAT motif comprising the Kv2-specific clustering or PRC
motif. These results suggest that Kv2.1 localizes to and organizes neuronal ER-PM junctions through an interaction with VAPs.
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Introduction
Voltage-gated potassium (Kv) channels are key determinants of
intrinsic electrical excitability (Trimmer, 2015). The Kv2.1 chan-

nel is the major delayed rectifier Kv channel in mammalian brain
neurons (Murakoshi and Trimmer, 1999; Guan et al., 2007; Liu
and Bean, 2014; Hönigsperger et al., 2017; Palacio et al., 2017)
and de novo mutations in Kv2.1 are associated with devastating
neurological disorders (Torkamani et al., 2014; Thiffault et al.,

Received April 6, 2018; revised June 1, 2018; accepted July 7, 2018.
Author contributions: M.K. wrote the first draft of the paper; M.K., N.C.V., S.P., and J.S.T. edited the paper; M.K.,

N.C.V., S.P., and J.S.T. designed research; M.K., N.C.V., and S.P. performed research; J.S.T. contributed unpublished
reagents/analytic tools; M.K., N.C.V., S.P., and J.S.T. analyzed data.

This work was supported by the National Institutes of Health (Grants R01 NS042225 and U01 NS090581 to J.S.T.
and Grant T32 GM0007377 to M.K.). We thank Ben Johnson, Eamonn Dickson, Karl Murray, Jodi Nunnari, Jon Sack,
and Michael Tamkun for helpful advice and critical discussions; Michelle Salemi and the UC Davis Proteomics Core for
expert advice on proteomics; Camelia Dumitras, Taryn Gillis, and Belvin Gong for assistance with monoclonal anti-

bodies; Michael Paddy and the UC Davis MCB Imaging Facility and Colleen Manning at Zeiss for expert advice on
imaging; Grace Or for help in preparation of cultured hippocampal neurons; and Skip Virgin for RAW 264.7 cells.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. James S. Trimmer, Department of Neurobiology, Physiology and

Behavior, University of California, One Shields Avenue, Davis, CA 95616-5270. E-mail: jtrimmer@ucdavis.edu.
DOI:10.1523/JNEUROSCI.0893-18.2018

Copyright © 2018 the authors 0270-6474/18/387562-23$15.00/0

Significance Statement

Our study identified the endoplasmic reticulum (ER) proteins vesicle-associated membrane protein-associated proteins isoforms
A and B (VAPA and VAPB) as proteins copurifying with the plasma membrane (PM) Kv2.1 ion channel. We found that expression
of Kv2.1 recruits VAPs to ER-PM junctions, specialized membrane contact sites crucial to distinct aspects of cell function. We
found endogenous VAPs at Kv2.1-mediated ER-PM junctions in brain neurons and other mammalian cells and that knocking out
VAPA expression disrupts Kv2.1 clustering. We identified domains of VAPs and Kv2.1 necessary and sufficient for their associa-
tion at ER-PM junctions. Our study suggests that Kv2.1 expression in the PM can affect ER-PM junctions via its phosphorylation-
dependent association to ER-localized VAPA and VAPB.
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2015; de Kovel et al., 2016). Kv2.1 is phosphorylated at more than
three dozen in vivo sites (Park et al., 2006; Trimmer and Misonou,
2015) that affect voltage activation (Murakoshi et al., 1997; Ike-
matsu et al., 2011), plasma membrane (PM) expression (Redman
et al., 2007), and PM clustering (Misonou et al., 2004; Bishop et
al., 2015). Kv2.1 and its paralog Kv2.2 are present in large clusters
on the soma, proximal dendrites, and axon initial segment (AIS)
(Trimmer, 1991; Du et al., 1998; Sarmiere et al., 2008; Kihira et
al., 2010; Bishop et al., 2015), which represent the aspiny regions
of brain neurons (Spruston and McBain, 2007). A short proximal
restriction and clustering (PRC) domain within the extensive
cytoplasmic C terminus is both necessary and sufficient for Kv2-
channel-like clustering (Lim et al., 2000; Bishop et al., 2015; Baker
et al., 2016) and includes four amino acids (three serines and a
phenylalanine) whose individual mutation eliminates clustering;
reversible phosphorylation at some/all of these serine residues
contributes to dynamic modulation of Kv2.1 clustering (Lim et
al., 2000; Bishop et al., 2015; Cobb et al., 2015). Although molec-
ular mechanisms underlying the highly restricted spatial organi-
zation of numerous ion channels at specific sites in brain neurons
have been elucidated (Lai and Jan, 2006; Vacher et al., 2008;
Nusser, 2012; Trimmer, 2015), those underlying the PRC-
mediated clustering of Kv2 channels remain unknown. This in-
formation is crucial to understanding the basis of the exceptional
localization of these abundant neuronal ion channels and to bet-
ter inform using the Kv2.1 PRC domain to direct the restricted
subcellular localization of optogenetic tools (Wu et al., 2013;
Baker et al., 2016).

Neuronal Kv2 channels are clustered at sites where endoplas-
mic reticulum (ER) forms contact sites with PM (Du et al., 1998;
Mandikian et al., 2014; Bishop et al., 2015, 2018), termed ER-PM
junctions (Henne et al., 2015; Gallo et al., 2016; Chang et al.,
2017; Saheki and De Camilli, 2017), which were originally discov-
ered in electron micrographs of brain neurons (Gray, 1959;
Rosenbluth, 1962; Peters et al., 1968) and engaging �10% of
somatic PM area in certain neurons (Wu et al., 2017). ER-PM
junctions are ubiquitous in eukaryotic cells and act as hubs for
lipid exchange and protein trafficking and as specialized Ca 2�

signaling microdomains, and are organized by a set of otherwise
unrelated ER membrane protein tethers that bind PM phospho-
lipids (Henne et al., 2015; Prakriya and Lewis, 2015; Gallo et al.,
2016; Chung et al., 2017; Dickson, 2017). Although many of these
ER tethers have high levels of mRNA expression in brain (Nishi et
al., 2003; Min et al., 2007; Moccia et al., 2015; Takeshima et al.,
2015), their subcellular localization in brain neurons has not
been defined.

Kv2.1 is unique among PM proteins in its ability to organize
ER-PM junctions (Fox et al., 2015). Proteomic analyses have
been crucial in defining protein complexes that mediate synaptic
signaling (Grant, 2012, 2013) and that comprise ER-PM junc-
tions in non-neuronal cells (Prakriya and Lewis, 2015; Dickson,
2017). Here, we undertook a novel and unbiased proteomic ap-
proach to define vesicle associated membrane protein-associated
protein isoforms A and B (VAPA and VAPB) as prominent Kv2-
associated proteins. We characterize Kv2:VAP association at
ER-PM junctions in heterologous cells, cultured hippocampal
neurons (CHNs), and brain. We also define the impact of
CRISPR-mediated KO of VAPA expression on Kv2.1 clustering
and identify a plausible molecular mechanism for PRC domain-
mediated Kv2-VAP interaction that underlies the generation of a
prominent form of neuronal ER-PM junctions.

Materials and Methods
Animals. All procedures involving mice and rats were approved by the
University of California Davis Institutional Animal Care and Use Com-
mittee and were performed in strict accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health.
All mice and rats were maintained under standard light/dark cycles and
allowed to feed and drink ad libitum. Adult male and female mice were
used in proteomic and immunohistochemistry experiments. Kv2.1 KO
mice (RRID:MGI:3806050) have been described previously (Jacobson et
al., 2007; Speca et al., 2014) and were generated from breeding of
Kv2.1�/� mice that had been backcrossed on the C57BL/6J background
(RRID:IMSR_JAX:000664). Kv2.2-KO mice (Hermanstyne et al., 2010,
2013) were obtained from Drs. Tracey Hermanstyne and Jeanne Ner-
bonne. All Kv2.2-KO mice used here were obtained from heterozygotic
crosses in the C57BL/6J background (RRID:IMSR_JAX:000664). Both
male and female mice �12 weeks old were used. Littermates were used
when available. Sprague Dawley rats were used as a source of hippocam-
pal neurons for primary culture.

Antibodies. All primary antibodies used in this study are described in
Table 1. Validation in KO mice has been demonstrated previously for the
anti-Kv2.1 mouse monoclonal antibody (mAb) K89/34 and rabbit poly-
clonal KC antibodies (Misonou et al., 2006; Mandikian et al., 2014; Speca
et al., 2014; Bishop et al., 2015, 2018) and the anti-Kv2.2 mouse mAbs
N372B/60 and N372B/1 (Bishop et al., 2015, 2018). The anti-VAPA
mouse mAbs were generated for this study. In brief, hybridomas produc-
ing these mAbs were generated using standard methods (Trimmer et al.,
1985; Bekele-Arcuri et al., 1996) from BALB/C mice immunized with a
bacterially expressed GST fusion protein containing an N-terminal frag-
ment (aa 1-219) of rat VAPA encoded by pGEX-T-rnVAPA-1-219 (Ad-
dgene plasmid #13395, a gift from Axel Brunger and corresponding to
accession number NP_113819.3) that was originally developed for struc-
tural studies (Kaiser et al., 2005). The anti-VAPA mouse mAbs N479/12
(VAPA-specific, IgG1, RRID:AB_2722707), N479/22 (VAPA-specific,
IgG2a, RRID:AB_2722708), N479/24 (VAPA-specific, IgG2a, RRID:
AB_2722709), and N479/107 (VAPA/B-specific, IgG2b, RRID:AB_2722711)
were selected by a multistep screening and validation procedure (Bekele-
Arcuri et al., 1996; Gong et al., 2016). Briefly, �3000 candidates were
initially screened by ELISA assays against both the immunogen and fixed
heterologous cells expressing full-length VAPA protein. A set of 144
ELISA-positive candidates was then evaluated for specificity on immu-
noblots against rat brain membrane proteins and extracts of transiently
transfected COS-1 cells (which express endogenous VAPs) expressing
GFP-VAPA or GFP-VAPB and immunocytochemistry against the same
set of transfected heterologous cells. A subset of the subcloned mAbs (the
anti-VAPA-specific N479/12, N479/22, N479/24, and VAPA/B-specific
N479/107) were further validated for specificity in fluorescence immu-
nocytochemistry by parallel immunolabeling of fixed WT RAW264.7
mouse macrophage cells (which endogenously express both VAPA and
VAPB) and VAPA KO RAW 264.7 cells (McCune et al., 2017). Controls
included irrelevant mAbs of each mouse IgG subclass (K89/34 IgG1,
K37/89 IgG2a, N372B/60 IgG2b), a positive control anti-mortalin mAb
N52A/42 IgG1, and no primary antibody controls for each mouse IgG
subclass-specific secondary antibody. The extent of immunolabeling was
evaluated by fluorescence microscopy using a Nikon Ti-E inverted mi-
croscope, equipped with an automated stage and a 20�/0.75 numerical
aperture (NA) objective and an Andor Zyla 5.5 scMOS camera controlled
by NIS Elements. Quantification of the immunolabeling signaling inten-
sity in each of 1300 –2800 cells in each sample was determined by high
content analysis. The results of these experiments are shown in Figure 5,
H–L. In summary, whereas we observed no difference in the level of
immunolabeling for the positive control mAb N52A/42 in the WT versus
VAPA KO cells, we observed a sharp reduction in immunolabeling for
each of the N479 mAbs tested. For the three VAPA-specific mAbs, N479/
12, N479/22, and N479/24, we saw a reduction of the immunolabeling
signal in the VAPA KO cells to levels approaching those of subclass-
matched irrelevant primary and no primary control levels and, for the
VAPA/B mAb N479/107, a smaller but still substantial reduction of signal
in the VAPA KO cells.
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Immunopurification and proteomic analyses. Mice were acutely decap-
itated in the absence of anesthesia and brains were rapidly excised and
homogenized in 5 ml of ice-cold homogenization buffer containing 1 mM

DSP [Lomant’s reagent, dithiobis(succinimidyl propionate); Thermo
Fisher Scientific catalog #22585], 320 mM sucrose (Sigma-Aldrich catalog
#S0389), 5 mM Na phosphate, pH 7.4, 0.1 M sodium fluoride, 1 mM

PMSF, and protease inhibitors. Following a 1 h incubation on ice, DSP
was quenched using 1 M Tris pH 7.4 (JT Baker catalog #4109-01: Tris base
and 4103-01: Tris-HCl), added to a final concentration of 0.02 M. Then, 2
ml of this brain homogenate was added to an equal volume of ice-cold
2� radioimmunoprecipitation assay (RIPA) buffer (final detergent con-
centrations: 1% TX-100, 0.5% deoxycholate, 0.1% SDS) and incubated
for 30 min on a tube rotator at 4°C. Following this incubation, insoluble
material was pelleted by centrifugation at 12,000 � g for 10 min at 4°C.
The supernatant was incubated with primary antibodies overnight at 4°C
using either the anti-Kv2.1 rabbit polyclonal antibody KC (Trimmer,
1991) directed against the Kv2.1 C terminus (for KO validation, see
Misonou et al., 2006 and Speca et al., 2014) and the anti-Kv2.2 mouse
monoclonal antibody N372B/60 (Bishop et al., 2015, 2018). This was
followed by the addition 200 �l of protein G beads (GE Life Sciences
catalog #17061802) for 1 h on a tube rotator at 4°C. The beads were then
washed 6 times in 1� RIPA buffer and eluted by boiling in reducing
sample buffer for 5 min. For analysis, immunopurified (IP) eluates were
run on a 9% SDS polyacrylamide gel which was then stained with SYPRO
Ruby (Thermo Fisher catalog #S12000) according to the manufacturer’s
protocol. For preparation of samples for proteomic profiling by tandem
mass spectrometry, IP eluates were run shortly into the resolving gel of a
7.5% SDS polyacrylamide gel and stained with a colloidal Coomassie
stain containing 0.08% Coomassie brilliant blue G250 (JT Baker catalog
#F78903), 1.6% phosphoric acid, 8% ammonium sulfate, and 20% meth-
anol overnight at room temperature. Gels were destained in Milli-Q
(Millipore) water and a single gel band containing all eluted proteins was
excised from each gel. Gel bands were prepared essentially as described
previously (Saveliev et al., 2013). Briefly, gel bands were cut into small �1
mm 3 pieces and washed in 50 mM ammonium bicarbonate. Gel bands
were desiccated using repetitive acetonitrile washes and reduced with 10
mM dithiothreitol in 50 mM ammonium bicarbonate. Gel bands were
further desiccated and alkylated with 55 mM iodoacetamide in 50 mM

ammonium bicarbonate. Proteins were trypsinized in gel overnight at
37°C and extracted the next day with 0.1% trifluoroacetic acid in 60%

acetonitrile. Extractions were lyophilized and resuspended in 0.1% trif-
luoroacetic acid in 60% acetonitrile.

Proteomic profiling of gel band extracts was performed at the Univer-
sity of California–Davis proteomic facility. Digested peptides were ana-
lyzed by LC-MS/MS on a Thermo Fisher Scientific Q Exactive Plus
Orbitrap Mass spectrometer in conjunction Proxeon Easy-nLC II HPLC
and Proxeon nanospray source. The digested peptides were loaded on a
100 �m � 25 mm Magic C18 100Å 5U reverse phase trap where they
were desalted online before being separated using a 75 �m � 150 mm
Magic C18 200Å 3U reverse phase column. Peptides were eluted using a
60 min gradient with a flow rate of 300 nl/min. An MS survey scan was
obtained for the m/z range 350 –1600 and MS/MS spectra were acquired
using a top 15 method in which the top 15 ions in the MS spectra were
subjected to high energy collisional dissociation. An isolation mass win-
dow of 1.6 m/z was for the precursor ion selection and normalized colli-
sion energy of 27% was used for fragmentation. A 15 s duration was used
for the dynamic exclusion.

Tandem mass spectra were extracted and charge state deconvoluted by
Proteome Discoverer (Thermo Fisher Scientific) All MS/MS samples
were analyzed using X! Tandem (the GPM, thegpm.org; version Alanine
2017.2.1.4). X! Tandem was set up to search the UniProt Mouse database
(May 2017, 103089 entries), the cRAP database of common proteomic
contaminants (www.thegpm.org/crap; 114 entries), the ADAR2 catalytic
domain sequence plus an equal number of reverse protein sequences
assuming the digestion enzyme trypsin. X! Tandem was searched with a
fragment ion mass tolerance of 20 ppm and a parent ion tolerance of 20
ppm. The iodoacetamide derivative of cysteine was specified in X! Tan-
dem as a fixed modification. Deamidation of asparagine and glutamine,
oxidation of methionine and tryptophan, sulfone of methionine, trypto-
phan oxidation to formylkynurenin of tryptophan and acetylation of the
N terminus were specified in X! Tandem as variable modifications.

Scaffold (version Scaffold_4.8.4; Proteome Software) was used to val-
idate MS/MS based peptide and protein identifications. Peptide identifi-
cations were accepted if they exceeded specific database search engine
thresholds. X! Tandem identifications required at least �log (expect
scores) scores of �2.0 with a mass accuracy of 5 ppm. Protein identifica-
tions were accepted if they contained at least two identified peptides. Our
threshold for peptide acceptance was �95% probability.

Preparation of mouse brain sections for immunohistochemistry. We used
adult male and female WT mice generated from the breeding of

Table 1. Antibody information

Antibody Immunogen Manufacturer information Concentration used Figure(s)

N479/12 Fusion protein aa 1-219 of rat VAPA Mouse IgG1 mAb, NeuroMab, RRID: AB_2722707 Tissue culture supernatant, 1:5 6A–F, 9
N479/22 Fusion protein aa 1-219 of rat VAPA Mouse IgG2a mAb, NeuroMab, RRID:AB_2722708 Tissue culture supernatant, neat

(Fig. 8), 1:5 (Fig. 6), 1:10
(Fig. 7)

6G–J, 7

N479/24 Fusion protein aa 1-219 of rat VAPA Mouse IgG2a mAb, RRID:AB_2722709 Tissue culture supernatant, 1:5 10
N479/107 Fusion protein aa 1-219 of rat VAPA Mouse IgG2b mAb, NeuroMab, RRID:AB_2722711 Tissue culture supernatant, 1:5 7, 8
KC Synthetic peptide aa 837-853 of rat

Kv2.1
Rabbit pAb, in-house (Trimmer Laboratory), RRID:

AB_2315767
Affinity purified, 1:150 8, 9, 10

K89/34 Synthetic peptide aa 837-853 of rat
Kv2.1

Mouse IgG1 mAb, NeuroMab catalog #73-014,
RRID:AB_10672253

Tissue culture supernatant, 1:10 7

34C Partially purified chicken pectoral
muscle ryanodine receptor

Mouse IgG1 mAb, Thermo Fisher catalog #MA3-925
RRID:AB_2254138

Purified, 1 �g/ml 8

34C Partially purified chicken pectoral
muscle ryanodine receptor

Mouse IgG1 mAb, Developmental Studies Hybrid-
oma Bank, RRID:AB_528457

Concentrated tissue culture
supernatant, 1 �g/ml

9

N106/36 Full-length recombinant human ankG Mouse IgG2b mAb, NeuroMab catalog #75-147,
RRID:AB_10675130

Tissue culture supernatant, 1:5 9

N372B/1 Fusion protein aa 717-907 of rat Kv2.2
long isoform

Mouse IgG1 mAb, NeuroMab catalog #73-369,
RRID:AB_2315869

Tissue culture supernatant, 1:2 7, 8

N372B/60 Fusion protein aa 717-907 of rat Kv2.2
long isoform

Mouse IgG2a mAb, NeuroMab catalog #73-360,
RRID:AB_2315867

Purified, 10 �g/ml 9, 10, 11

Kv1.5E Synthetic peptide aa 271-284 of rat
Kv1.5

Rabbit pAb, in-house (Trimmer Laboratory) RRID:
AB_2722698

Affinity purified, 10 �g/ml 10

2–2.20.14, DyLight
488

HA peptide YPYDVPDYA Mouse IgG1 mAb, Thermo Fisher Scientific catalog
#26183-D488; RRID: AB_2533051

Purified, 0.3 �g/ml 11
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Kv2.1�/� mice. Mice were deeply anesthetized with 90 mg/kg Na-
pentobarbital salt (Sigma-Aldrich catalog #P3761) in 0.9% NaCl solution
through intraperitoneal injections, followed by boosts as needed. Once
mice were completely anesthetized, they were transcardially perfused
with 4.5 ml of ice-cold PBS containing 150 mM NaCl, 10 mM sodium
phosphate buffer (PB), pH 7.4, containing 10 U/ml heparin, followed by
an ice-cold fixative solution of 4% formaldehyde (freshly prepared from
paraformaldehyde, Sigma-Aldrich catalog #158127) in 0.1 M sodium PB,
pH 7.4, using a volume of 1 ml of fixative solution per gram of mouse
weight. Following perfusions, brains were removed from the skull and
cryoprotected in 10% sucrose, 0.1 M PB overnight at 4°C and then trans-
ferred to a solution of 30% sucrose and 0.1 M PB until they sank to the
bottom of the tube (24 – 48 h). Following cryoprotection, all brains were
frozen, and cut on a freezing stage sliding microtome (Richard Allen
Scientific) to obtain 30-�m-thick sagittal sections. Sections were col-
lected in 0.1 M PB and processed for immunohistochemistry as free-
floating sections.

Multiplexed fluorescence immunohistochemistry. For a list of antibodies
used in this study, see Table 1. Multiplex immunofluorescence labeling of
mouse brain sections was performed essentially as described previously
(Manning et al., 2012). Briefly, free-floating sections were washed 3� in
0.1 M PB and 10 mM sodium azide at room temperature with slow agita-
tion. All subsequent incubations and washes were at room temperature
with slow agitation unless stated otherwise. Sections were incubated in
blocking buffer (10% goat serum in 0.1 M PB, 0.3% Triton X-100, and 10
mM sodium azide) for 1 h. Immediately after blocking, sections were
incubated with primary antibody combinations (diluted in blocking buf-
fer) overnight at 4°C. Following incubation, sections were washed 3 � 10
min each in 0.1 M PB and incubated for 1 h in blocking buffer containing
affinity-purified goat anti-rabbit and/or goat anti-mouse IgG-subclass-
specific Alexa Fluor-conjugated secondary antibodies (all secondary an-
tibodies from Thermo Fisher Scientific) at a dilution of 1:1500 (for Alexa
Fluor 647 conjugates) and 1:2000 (for Alexa Fluor 488 and 555 conju-
gates) and the DNA-specific dye Hoechst 33258 at 200 ng/ml. After 3 �
10 min washes in 0.1 M PB, sections were mounted and dried onto
gelatin-coated slides, treated with 0.05% Sudan black (EM Sciences cat-
alog #21610) in 70% ethanol for 1.5 min, extensively washed in water,
and mounted with ProLong Gold (Thermo Fisher Scientific catalog
#P36930). All immunolabeling reported is representative of three ani-
mals (biological replicates). Brain sections from all biological replicates
were labeled, treated, and mounted in parallel.

Low-magnification wide-field images were acquired on a Zeiss Ax-
ioObserver Z1 microscope with an X-Cite 120 lamp as the fluorescent
light source and equipped with an AxioCam MRm digital camera. A
10�/0.5 NA Fluar objective was used and images were reconstructed as
tiled mosaics using Axiovision version 4.8.2 acquisition software
(Carl Zeiss, RRID:SciRes_000111). Image processing was performed in
Axiovision (Carl Zeiss) and NIH Fiji version 2.0.0-rc-43/1.51 (Schindelin
et al., 2012). For superresolution light microscopy (N-SIM, Nikon) im-
aging of brain immunohistochemistry samples, images were acquired
using a Hamamatsu ORCA-ER CCD camera installed on a SIM/wide-
field equipped Nikon Eclipse Ti microscope using an EXFO X-Cite metal
halide light source and a 100� PlanApo total internal reflection fluores-
cence (TIRF)/1.49 objective run with NIS Elements software (Nikon).
SIM images postprocessing was also performed in NIS Elements software
(Nikon). Exposure time was optimized for every image independently.

Culture and transfection of rat hippocampal neurons. Hippocampi were
dissected from embryonic day 18 rat embryos and dissociated enzymat-
ically for 20 min at 37°C in 0.25% (w/v) trypsin (Thermo Fisher Scientific
catalog #15050065) in HBSS and dissociated mechanically by triturating
with glass-polished Pasteur pipettes. Dissociated cells were suspended in
plating medium containing Neurobasal medium (Thermo Fisher Scien-
tific catalog #21103049) supplemented with 10% FBS (Invitrogen catalog
#16140071), 2% B27 (Invitrogen catalog #17504044), 2% GlutaMAX
(Thermo Fisher Scientific catalog #35050061), and 0.001% gentamycin
(Invitrogen catalog #15710064) and plated at 60,000 cells per dish in glass
bottom dishes (MatTek catalog #P35G-1.5–14-C) coated with poly-L-
lysine (Sigma-Aldrich catalog #P2636). At 7 d in vitro (DIV), cytosine-D-
arabinofuranoside (Millipore catalog #251010) was added to inhibit

non-neuronal cell growth. Neurons were transiently transfected at DIV
7–10 using Lipofectamine 2000 (Invitrogen catalog #11668019) for 1.5 h
as described previously (Lim et al., 2000). Neurons were imaged 40 – 48 h
after transfection.

Cell culture, reagents, and transfection. HEK293T cells were maintained
in DMEM supplemented with 10% Fetal Clone III (HyClone catalog
#SH30109.03), 1% penicillin/streptomycin, and 1� GlutaMAX (Thermo
Fisher Scientific catalog #35050061) in a humidified incubator at 37°C and
5% CO2. RAW 264.7 WT and VAPA KO cells were identically main-
tained in DMEM supplemented with 10% FBS, 1% penicillin/streptomy-
cin, 10 mM HEPES, and 1� GlutaMAX in a humidified incubator at 37°C
and 5% CO2. HEK293T and RAW264.7 cells were transfected as de-
scribed previously (Bishop et al., 2018). Briefly, cells were split to 15%
confluence on glass bottom dishes (MatTek catalog #P35G-1.5-14-C) or
number 1.5 glass coverslips coated with poly-L-lysine and then tran-
siently transfected using Lipofectamine 2000 following the manufactur-
er’s protocol. Cells were transiently transfected in DMEM without
supplements and then returned to regular growth medium 4 h after
transfection. Cells were used 40 – 48 h after transfection.

Plasmid constructs. For clarity and consistency with most previous
studies, we used the original (Frech et al., 1989) amino acid numbering of
rat Kv2.1 (accession number NP_037318.1) throughout. DsRed-Kv2.2
and GFP-Kv2.2 were generated using Gibson assembly to insert full-
length rat Kv2.2 (accession number NP_446452.2), also termed Kv2.2long

(Kihira et al., 2010), into the DsRed-C1 or EGFP-C1 vectors (ClonTech),
respectively, resulting in fusion of DsRed or EGFP to the N terminus
of full-length rat Kv2.2. GFP-Kv2.2 S605A was generated using
QuikChange PCR-based mutagenesis of GFP-Kv2.2, as described previ-
ously for generation of Kv2.2 S605A in the RBG4 vector (Bishop et al.,
2015). DsRed-Kv2.1 S586A and DsRed-Kv2.1 P404W were generated
using QuikChange PCR-based mutagenesis using DsRed-Kv2.1 (Bishop
et al., 2018) as a template. GFP-Kv2.1 S586A and GFP-Kv2.1 P404W
were similarly generated using GFP-Kv2.1 (Antonucci et al., 2001) as a
template. The generation of rat Kv2.1 truncation, internal deletion, and
point mutants, as well as Kv1.5N-Kv2.1C chimeras, has been described
previously (Lim et al., 2000; Mohapatra and Trimmer, 2006). Mutations
were confirmed with sequencing. Plasmids encoding GFP-VAPA (Add-
gene plasmid #18874) and GFP-VAPA K87D/M89D (Addgene plasmid
#18875) were a generous gift from Dr. Alex Brunger. The plasmid encod-
ing DsRed2-ER5 was a generous gift from Dr. Michael Davidson (Add-
gene plasmid #55836). The plasmid encoding GFP-VAPB was generated
by amplifying mouse VAPB (Origene catalog #MR203021) by PCR using
primers to introduce a KpnI site upstream of the start codon and an AgeI
site on the 3� end of VAPB. The isolated PCR product was then digested
with KpnI and AgeI and inserted into the corresponding sites in
pEGFP-N1 (Clontech), producing pEGFP-N1-VAPB, the sequence in-
tegrity of which was confirmed by sequencing. The plasmid encoding
BFP-SEC61� was a generous gift from Dr. Jodi Nunnari (University of
California–Davis). The plasmid encoding mCherry-Esyt3 was a generous
gift from Dr. Pietro De Camilli (Yale University School of Medicine). The
plasmid encoding mCherry-Junctophilin 4 (JP4) was a generous gift
from Dr. Yousang Gwack (University of California–Los Angeles).

Cell fixation, immunocytochemistry, and fixed-cell imaging. For a list of
antibodies used in this study, see Table 1. Briefly, HEK293T cells were
fixed in 3.2% formaldehyde (freshly prepared from paraformaldehyde;
Sigma-Aldrich catalog #158127) and 0.1% glutaraldehyde (Ted Pella,
catalog #18426) for 30 min at room temperature, washed 3 � 5 min in
PBS, and quenched with 1% sodium borohydride in PBS for 15 min at
room temperature. RAW 264.7 cells were fixed in ice cold 4% formalde-
hyde in PBS for 15 minutes at 4°C. Cells were blocked and permeabilized
in 4% nonfat milk powder in TBS containing 0.1% Triton X-100. Neu-
rons were fixed in ice-cold 4% formaldehyde/4% sucrose in PBS for 15
min at 4°C, washed 3 � 5 min in PBS, and blocked and permeabilized in
4% nonfat milk powder in TBS containing 0.1% Triton X-100. Primary
antibody incubation was performed in blocking solution for 1 h at room
temperature. Following primary antibody incubation and 3 � 5 min
washes in blocking solution at room temperature, coverslips were immu-
nolabeled in blocking solution with species- and or mouse IgG subclass-
specific Alexa Fluor-conjugated goat anti-mouse IgG subclass-specific
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(Manning et al., 2012) or goat anti-rabbit IgG secondary antibodies (all
secondary antibodies from Thermo Fisher Scientific) at a 1:1500 dilution
and Hoechst 33258 (Thermo Fisher Scientific catalog #H1399) at 200
ng/ml for 1 h, washed 3 � 5 min in PBS, and mounted onto microscope
slides using Prolong gold (Thermo Fisher Scientific, catalog #P36930) or,
for samples prepared for TIRF, imaged in imaging saline.

For conventional fluorescence imaging (used in Fig. 10 A, B) images
were acquired with an AxioCam MRm digital camera installed on a Zeiss
AxioImager M2 microscope or with an AxioCam HRm digital camera
installed on a Zeiss AxioObserver Z1 microscope with a 63�/1.40 NA
plan-Apochromat oil-immersion objective or a 20�/0.8 NA plan-
Apochromat objective and an ApoTome coupled to Axiovision software
(Zeiss). For TIRF imaging of fixed cells, imaging was identical to that
used in live-cell TIRF experiments but in the absence of a heated stage/
objective heater. Images were obtained with an Andor iXon EMCCD
camera installed on a TIRF/wide-field equipped Nikon Eclipse Ti micro-
scope using a Nikon LUA4 laser launch with 405, 488, 561, and 647 nm
lasers and a 100� PlanApo TIRF/1.49 NA objective run with NIS Ele-
ments software (Nikon). Images were collected within NIS Elements as
ND2 images. For superresolution light microscopy (N-SIM; Nikon) im-
aging of fixed cells, images were acquired using a Hamamatsu ORCA-ER
CCD camera installed on a SIM/wide-field equipped Nikon Eclipse Ti
microscope using an EXFO X-Cite metal halide light source and a 100�
PlanApo TIRF/1.49 objective run with NIS Elements software (Nikon).
Images were collected within NIS Elements as ND2 images. SIM analysis
was performed in NIS Elements. For superresolution light microscopy
(Airyscan; Zeiss) imaging of fixed cells, images were acquired with a Zeiss
LSM 880 confocal laser scanning microscope (Carl Zeiss) equipped with
an Airyscan detection unit and a Plan-Apochromat 63�/1.40 Oil DIC
M27 objective.

Live-cell TIRF imaging. TIRF microscopy was performed at the Uni-
versity of California–Davis MCB Imaging Facility as described previously
(Bishop et al., 2018). Live transfected HEK293T cells cultured on glass-
bottom dishes were imaged in a physiological saline solution containing
the following (in mM): 4.7 KCl, 146 NaCl, 2.5 CaCl2, 0.6 MgSO4, 1.6
NaHCO3, 0.15 NaH2PO4, and 20 HEPES, pH 7.4, containing 8 mM glu-
cose and 0.1 mM ascorbic acid or, in the case of experiments involving
ionomycin (Inm) treatment, HBSS (Invitrogen catalog #14025076).
Cells were maintained at 37°C during the course of imaging with a heated
stage and objective heater. For experiments involving Inm (Millipore
catalog #56092– 82-1), Inm was diluted to 4 �M in HBSS and added by
pipette to glass-bottom dishes already containing HBSS to a final con-
centration of 2 �M. Images were obtained with an Andor iXon EMCCD
camera installed on a TIRF/wide-field equipped Nikon Eclipse Ti micro-
scope using a Nikon LUA4 laser launch with 405, 488, 561, and 647 nm
lasers and a 100� PlanApo TIRF, 1.49 NA objective run with NIS Ele-
ments software (Nikon). Images were collected within NIS Elements as
ND2 images. Fixed cells were imaged identically in the absence of a stage
heater.

Experimental design and statistical analysis. For all datasets presented in
this study for which statistical analyses were performed, measurements
were imported into GraphPad Prism for presentation and statistical anal-
ysis as noted in each figure legend. Data were summarized as mean � SD
and these values are noted in each figure legend. Exact p-values are also
noted in each figure legend. Results reported from experiments involving
proteomics on brain samples from WT and Kv2.1 KO mice were ob-
served in three independent sets of sex- and age-matched adult litter-
mates (mice used in trial 1 were female and mice used in trials 2 and 3
were male). Results reported from experiments involving proteomics on
brain samples from WT and Kv2.2 KO mice were observed in one set of
age-matched adult male littermates. Results reported from experiments
involving immunohistochemistry on brain sections were observed in
samples from at least three independent adult animals (both male and
female mice were used in this study). For experiments involving
HEK293T cells and mixed-sex cultured rat hippocampal neurons, the
number of samples (n) indicates the number of cells analyzed and is
noted in each figure legend.

All colocalization analyses were performed within Nikon NIS Ele-
ments using ND2 files. A region of interest (ROI) was drawn within a

cell and Pearson’s correlation coefficient (PCC) and Mander’s overlap
coefficient values were collected. Measurements of structure sizes were
quantified automatically within Fiji essentially as described previously
(Dickson et al., 2016). ND2 files of BFP-SEC61�, DsRed-Kv2.1, GFP-
VAPA, or immunolabeling of endogenous VAPs collected in TIRF were
imported directly into Fiji, background subtracted, converted into an
8-bit image, and automatically converted into a binary mask using auto
local thresholding. An ROI with identical dimensions was drawn within
each cell analyzed. The number of individual ER-PM junctions, average
ER-PM junction size, and percentage PM occupancy were quantified
automatically using the “analyze particles” function in Fiji. Signals
smaller than 0.04 �m 2 were excluded from this analysis. An identical
approach was taken in whole-cell analysis.

Statistical analyses of the normalized Kv2.1 isoform-dependent fold
increases in VAPA fluorescence intensity were performed on log-
transformed data. Quantification of intensity was also performed within
ImageJ. ND2 or ZVI (Zeiss) files were imported directly into Fiji and an
ROI of identical dimensions was used to collect mean intensity measure-
ments of VAP labeling intensity from images of cells expressing various
Kv2 isoforms or control cells. Coefficient of variation is defined as SD of
intensity divided by mean intensity as described previously (Bishop et al.,
2015; Jensen et al., 2017). Quantification of coefficient of variation and
intensity measurements were collected in Fiji. An ROI was drawn around
a cell and SD of intensity and mean intensity values were collected. For
line scan analysis of intensity, raw intensity values were collected within
Fiji and normalized to the maximum value collected.

Results
Kv2 channels and VAPs associate in mouse brain
Neuroproteomic characterization of the supramolecular com-
plex at the postsynaptic density (Husi et al., 2000) provided a
foundation for important insights into the dynamic signaling
events mediated by the constituent proteins in normal synaptic
function and plasticity (Frank and Grant, 2017) and how this is
disrupted in disease (Grant, 2012). Previous attempts (Chung
and Li, 2005 and our unpublished data) to use this approach to
identify Kv2.1-interacting proteins using the nonionic detergent
Triton X-100 (TX-100) did not yield candidate proteins that de-
fined the clustered localization of Kv2.1. We therefore took a
novel proteomics-based approach to identify candidate interact-
ing proteins at Kv2-containing ER-PM junctions in mammalian
brain neurons. Although similar to previous attempts in using IP
using KO-validated anti-Kv2.1 and Kv2.2 antibodies, in this case,
we instituted three modifications to these earlier approaches.
First, we used as starting material brain homogenates that had
been subjected to DSP-mediated chemical cross-linking (Lomant
and Fairbanks, 1976) during homogenization. Second, we ex-
tracted these cross-linked brain homogenates under harsher de-
tergent conditions (1% TX-100, 0.5% deoxycholate, and 0.1%
SDS) than used in these previous studies. Importantly, we also
performed side-by-side IPs on paired samples from WT mice and
from KO littermates lacking either expression of Kv2.1 (Speca et
al., 2014) or Kv2.2 (Hermanstyne et al., 2013) to rigorously define
the specificity of proteins co-IPing with Kv2.1 and Kv2.2. Figure
1A shows an SDS gel analysis of the outcome of one such IP
reaction, in this case for Kv2.1, for which staining for total protein
reveals the presence of a band with the characteristic electro-
phoretic mobility of Kv2.1 (�120 kDa) in the sample from the
brain of a WT mouse. Importantly, this band was not present
in an identically prepared sample from a Kv2.1 KO mouse
(Fig. 1A). Immunoblot analyses of IP product supported that
Kv2.1 was present in the IP from the WT mouse brain starting
material (Fig. 1B).

We subjected the products of three successive rounds of par-
allel Kv2.1 IP reactions performed on samples prepared from
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three pairs of WT and Kv2.1 KO mice (i.e., six mice total) to
proteomic analysis of constituent proteins by liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS). The specificity
of these analyses was revealed by the robust presence of Kv2.1-
derived tryptic peptide spectra in the independent Kv2.1 IP sam-
ples from the brains of three WT mice and their absence in the
parallel samples from the Kv2.1 KO mice (Fig. 1C). The Kv2.1
paralog Kv2.2, which colocalizes and associates with Kv2.1 in a
subset of brain neurons (Kihira et al., 2010; Bishop et al., 2015,
2018), was also specifically present in Kv2.1 IPs performed on the
WT but not Kv2.1 KO samples (Fig. 1C). Most prominent among
all other proteins that were found specifically in the Kv2.1 IPs
(Fig. 1C) were the VAP isoforms A (VAPA; UniProt Q9WV55)
and B (VAPB; UniProt Q9QY76). Overall sequence coverage of
VAPA and VAPB (Fig. 1D) from these Kv2.1 IPs was extensive
(39.3% and 28.0%, respectively). No other proteins that repre-
sent apparent intermediaries for association of Kv2.1 with the
VAP proteins were found, although we note that the amphoterin-
induced protein 1 (AMIGO-1) auxiliary subunit of Kv2 channels
(Peltola et al., 2011; Bishop et al., 2018) was also not detectably
present in the purified material. The importance of the parallel
analysis of the Kv2.1 KO samples is demonstrated by the robust
and reproducible signals from a large number of nonspecific pro-
teins present in the Kv2.1 IP products from both WT and Kv2.1
KO mouse brain samples, the values for the most abundant of
which (ROA2, GRP75, ATPB, and HSP7C) are shown in Figure
1C. Signals from these abundant cytoplasmic and nuclear pro-
teins is well in excess of the signals from the target Kv2.1 P.M. ion
channel and the ER-localized VAP membrane proteins.

We undertook a similar approach to IP Kv2.2 from cross-
linked samples from WT and Kv2.2 KO mice. In addition to
Kv2.2 and Kv2.1, a small number of peptides from VAPB were
specifically returned. Importantly, both VAPA and VAPB were
also present in Kv2.1 IPs performed on samples from Kv2.2 KO
brains demonstrating that Kv2.1 is associated with the VAP pro-
teins in the absence of Kv2.2. These data demonstrate that both
VAPA and VAPB biochemically associate with Kv2 channels in
chemically cross-linked mouse brain homogenate.

Kv2.1 recruits coexpressed VAP proteins to Kv2.1-containing
ER-PM junctions
To begin to define the impact of the association of Kv2.1 with
VAP proteins identified in the proteomic analyses described
above, we coexpressed these proteins in HEK293T cells, which
although of the neuronal lineage (Shaw et al., 2002), lack endog-
enous Kv2 channel expression (Yu and Kerchner, 1998), and in
which Kv2.1 is clustered at ER:PM junctions (Fox et al., 2015;
Bishop et al., 2018). To selectively visualize exogenous VAPs
present at ER-PM junctions in live HEK293T cells, we made use
of TIRF microscopy, in conjunction with expression of the gen-
eral ER marker BFP-SEC61� as described previously (Fox et al.,
2015; Besprozvannaya et al., 2018; Bishop et al., 2018). In
HEK293T cells expressing VAPA in the absence of Kv2.1, VAPA
was apparent in TIRF imaging as a ramified system of near-PM
puncta and tubules that colocalized with the SEC61� ER marker
(Fig. 2A) and that represent ER-PM junctions (Fox et al., 2015;
Besprozvannaya et al., 2018; Bishop et al., 2018). The subcellular
localization of VAPA was fundamentally altered by coexpression
with Kv2.1. In HEK293T cells in which Kv2.1 was coexpressed,
VAPA colocalized with Kv2.1 at the enlarged ER-PM junctions
mediated by Kv2.1 overexpression (Fig. 2B). To quantify these
observations, we analyzed the “TIRF footprint” of VAPA and
found that Kv2.1 expression yielded a significant increase in both
VAPA puncta size (Fig. 2E) and the surface area of the PM that
VAPA occupied (Fig. 2F) compared with cells lacking Kv2.1 ex-
pression. As we showed previously (Bishop et al., 2018), the lo-
calization of SEC61� was also altered in cells expressing Kv2.1,
consistent with an increase in ER-PM junction size mediated by
Kv2.1 expression (Fig. 2). Similar results were obtained from cells
coexpressing GFP-tagged VAPB instead of VAPA (data not
shown). Despite the overall extensive overlap between Kv2.1,
VAPA, and SEC61� in TIRF, the distinct relationship between
Kv2.1 and VAPA was apparent in that they exhibited significantly
higher colocalization with one another, as measured with PCCs,
than did Kv2.1 and SEC61� in the same cells (Fig. 2G).

We also imaged live HEK293T cells in conventional wide-field
mode to allow for visualization of the populations of VAPA and

Figure 1. VAPA and VAPB associate with Kv2 channels in mouse brain. A, SYPRO Ruby-stained SDS-polyacrylamide gel of protein recovered from IPs using WT and Kv2.1 KO mouse brain. Arrow
points to a band that is likely Kv2.1 based on electrophoretic mobility and absence from Kv2.1 KO IP. B, Immunoblot analysis of input, output, and depleted fractions from a single trial of Kv2.1 IPs
performed using WT mouse brain. Note the presence of Kv2.1 in the output fraction. C, Total spectral counts from proteins recovered from three separate trials of Kv2.1 IPs from WT and Kv2.1 KO
mouse brain, from a Kv2.1 IP from a Kv2.2 KO brain sample, and from a Kv2.2 IP. Note the specific presence of VAPA and VAPB in the Kv2.1 IP samples from WT but not in Kv2.1 KO brain. D, Sequence
coverage of VAPA and VAPB from the Kv2.1 IPs.
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Figure 2. Kv2 channels colocalize with and redistribute VAPA in coexpressing HEK293T cells. A, Representative images of a single live HEK293T cell coexpressing GFP-VAPA (green) and
BFP-SEC61� (blue) and imaged with TIRF. Line scan analysis of selection indicated in merged image shown to the right. Scale bar, 5 �m for A and B. Line scan analysis of selection indicated in merged
image shown to the right. B, Representative images of a single live HEK293T cell coexpressing GFP-VAPA (green), DsRed-Kv2.1 (red), and BFP-SEC61� (blue) and imaged with TIRF. Line scan analysis
of selection indicated in merged image shown to the right. C, Representative wide-field images of VAPA and SEC61� expression in live HEK293T cells coexpressing (Figure legend continues.)
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SEC61� throughout the cell. In these wide-field images, we ob-
served that expression of Kv2.1 was sufficient to induce a redis-
tribution of the whole-cell VAPA signal from bulk ER to
prominent clusters that colocalized with Kv2.1 (Fig. 2C). This
fundamental change in the subcellular localization of VAPA in-
duced by Kv2.1 coexpression was not seen for the ER protein
SEC61� in the same cells (Fig. 2C) or for DsRed2-ER5, another
marker of bulk ER (data not shown), showing that this is not a
general change in ER morphology but a specific recruitment of
VAPA to Kv2.1 clusters. Coexpression with Kv2.2 also led to this
prominent change in VAPA localization (Fig. 2C). Conversely,
the generation of enhanced ER-PM junctions by expression of
JP4 (Fig. 2C) or Extended-Synaptotagmin 3 (data not shown) did
not result in recruitment of VAPA to these sites, showing that the
formation of ER-PM junctions in itself is not sufficient to recruit
VAPA, but rather is specific to Kv2 channels, and demonstrating
that this phenomenon is a unique and conserved feature of the
Kv2 family.

To begin to define the molecular requirements of Kv2-
mediated redistribution of VAPs, we expressed mutant Kv2 iso-
forms with VAPA in the same assay. Interestingly, a distinct point
mutant (P404W), which leads to expression of Kv2.1 channels
that no longer conduct K� (Lee et al., 2003) but have an intact
PRC motif, remains capable of recruiting VAPA into large puncta
that colocalized with this mutant Kv2.1 isoform (Fig. 2D), indi-
cating that ion channel conduction is not necessary for the ability
of Kv2.1 to redistribute VAPA. Importantly, a point mutation
within the PRC motif (S586A) that eliminates clustering of Kv2.1
(Lim et al., 2000) also eliminates the ability of Kv2.1 to mediate
this profound redistribution of VAPA (Fig. 2D), indicating that
an intact PRC domain within the Kv2.1 C terminus is necessary
for the ability of Kv2.1 to redistribute VAPA. To determine
whether the Kv2.1-C terminus is also sufficient to recruit VAPA
to these near-PM clusters, we examined a chimeric protein in
which the entire Kv2.1 C terminus (including the PRC motif) is
appended onto the unrelated Kv1.5 channel. Unlike Kv1.5, this
Kv1.5N-2.1C chimera exhibits Kv2.1-like clustering in CHNs
(Lim et al., 2000) and HEK293T cells (Mohapatra and Trimmer,
2006). We found that this chimera is able to recruit exogenous
VAPA from bulk ER to the sites of Kv1.5N-2.1C clustering (Fig.
2D), demonstrating that the Kv2.1 C terminus is sufficient to
induce Kv2.1-like remodeling of VAPA. Finally, because VAPs
associate with numerous proteins that form the so-called
“VAPome,” many but not all of which contain a “FFAT” motif

that binds to an FFAT-binding domain present on the VAP cyto-
plasmic N terminus (Murphy and Levine, 2016), we examined a
double point mutant of VAPA (K87D/M89D) that is deficient in
binding FFAT motifs (Kaiser et al., 2005). We found that this
mutant was significantly reduced in its recruitment to Kv2.1-
containing ER-PM junctions (Fig. 2D). To quantify these
observations, we measured PCC values between VAPA and
Kv1.5N-2.1C or Kv2.1 P404W and found no significant differ-
ence between colocalization relative to WT Kv2.1 and VAPA (Fig.
2H). We did find significantly lower colocalization between
Kv2.1 S586A and WT VAPA and WT Kv2.1 and VAPA K87D/
M89D relative to that seen for the WT isoforms of Kv2.1 and
VAPA (Fig. 2H).

These data together demonstrate that expression of PM Kv2
ion channels results in a specific and profound redistribution of
VAPA to Kv2-mediated EPJs in HEK293T cells and that the PRC
domain contained within the Kv2.1 C terminus is both necessary
and sufficient for this activity. We also found that an intact FFAT-
binding domain contained on the VAPA N terminus is also nec-
essary for this activity, but K� conduction by Kv2.1 is not.

Kv2.1 recruits coexpressed VAP proteins to Kv2.1-containing
ER-PM junctions in cultured hippocampal neurons
Similar to our imaging experiments in HEK293T cells, we
performed parallel experiments in CHNs. In CHNs in which
GFP-tagged VAPA or VAPB was exogenously expressed with
BFP-SEC61�, TIRF imaging revealed that the VAPs were present
as a ramified system of near-PM reticules and tubules on the
soma and proximal processes that colocalized with SEC61�
(VAPA: Fig. 3A,E; VAPB: Fig. 3C,G). Upon expression of exog-
enous DsRed2-Kv2.1, the exogenous VAPs underwent a dra-
matic redistribution such that they were now present in large,
near-PM clusters at which they were colocalized with Kv2.1 at the
enhanced ER-PM junctions mediated by Kv2.1 overexpression
(VAPA: Fig. 3B,F; VAPB: Fig. 3D,H), demonstrating that, sim-
ilar to our results in HEK293T cells, exogenously expressed
VAPA and VAPB are recruited to and colocalize with Kv2.1 at
ER-PM junctions in CHNs.

Dispersal of Kv2.1 clusters results in a coordinated dispersal
of associated VAPA from ER-PM junctions
Kv2.1 clustering (Misonou et al., 2004, 2005b, 2006; Mohapatra
and Trimmer, 2006; Cerda and Trimmer, 2011; Bishop et al.,
2015) and localization to ER-PM junctions (Fox et al., 2015) in
both HEK293T cells and CHNs is disrupted in response to stimuli
that elevate intracellular calcium leading to calcineurin-dependent
dephosphorylation of Kv2.1. To determine whether such treat-
ments would coordinately affect the Kv2.1-mediated redistribu-
tion of VAPA, we treated HEK293T cells coexpressing DsRed-Kv2.1,
GFP-VAPA, and BFP-SEC61� with the calcium ionophore Inm.
Before Inm treatment, TIRF imaging revealed that near-PM
VAPA was present in large clusters in which it colocalized with
Kv2.1 (Fig. 4A). Upon Inm addition, we observed a simultaneous
and coordinate dispersal of VAPA and Kv2.1 from ER-PM junc-
tions (Fig. 4B) and a significant reduction in ER-PM junction
size as revealed by the near-PM SEC61� signal (Fig. 4C). This
was accompanied by a significant and coordinate reduction in
the sizes of the near-PM VAPA and PM Kv2.1 (Fig. 4C)
puncta. The responses of the near-PM SEC61� and VAPA
puncta to Inm treatment were distinct such that there was a
significant difference in the sizes of the near-PM SEC61� and
VAPA puncta after ( p 	 0.0044), but not before ( p 	 0.1281),
Inm treatment (Fig. 4C).

4

(Figure legend continued.) BFP-SEC61� and GFP-VAPA alone (control) or coexpressing
Kv2.1, Kv2.2, or JP4 as indicated. Note the redistribution of GFP-VAPA, but not BFP-SEC61�, in
cell coexpressing Kv2.1 relative to control cell. Note the redistribution of GFP-VAPA in cells
coexpressing Kv2.1 or Kv2.2, but not JP4, relative to control cell. Scale bar is 5 �m and holds for
panels C and D. D, Representative wide-field images of VAPA expression in live HEK293T cells
coexpressing GFP-VAPA and mutant Kv2.1 isoforms as indicated or GFP-VAPA K87D/M89D and
WT Kv2.1. Note the redistribution of GFP-VAPA in cells coexpressing Kv2.1 P404W and Kv1.5N-
Kv2.1C but not Kv2.1 S586A. Note that coexpression of Kv2.1 with VAPA K87D/M89D does not
lead to redistribution of VAPA K87D/M89D to the same extent as WT VAPA. E, Summary graph
of VAPA puncta size measured from cells coexpressing GFP-VAPA and DsRed-Kv2.1 (�Kv2.1) or
expressing GFP-VAPA alone (***p 	 0.0001996, n 	 10 cells, two-tailed unpaired t test). F,
Summary graph of PM coverage measured from same cells as in E (***p 	 0.0001392, n 	 10
cells, two-tailed unpaired t test;). G, PCC measurements between Kv2.1 and VAPA or Kv2.1 and
BFP-SEC61� from the same cells (**p 	 0.003276, n 	 9 cells, two-tailed paired t test). H,
Summary graph of PCC measurements between VAPA and various Kv2 isoforms as indicated (ns,
p 	 0.8827, n 	 8 cells; ns, p 	 0.7205, n 	 9 cells; ****p 	 0.0000009074, n 	 10 cells;
***p 	 0.0001768, n 	 10 cells; two-tailed unpaired t test vs Kv2.1:VAPA) Note the significant
reduction in colocalization in Kv2.1 S586A and VAPA K87D/M89D.
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We next analyzed the time course of these responses by mea-
suring fluorescence intensity normalized to initial fluorescence
intensity (F/F0) in the near-PM TIRF imaging field, which for
Kv2.1 decreases upon lateral dispersion of the high-density PM
clusters into a more uniform distribution (Misonou et al., 2004,
2006), and for the ER proteins upon retraction from their
near-PM localization in the TIRF imaging field resulting from
their localization at ER-PM junctions (Fox et al., 2015). After a
transient increase in the F/F0 values of all three proteins just after
Inm addition, the basis of which remains unknown, we found
that the responses of VAPA and Kv2.1 to Inm in terms of a grad-
ual decrease in F/F0 were overlapping and distinct from the more
prominent decrease in in F/F0 for SEC61� (Fig. 4D). This coor-
dinate regulation of VAPA and Kv2.1 provides further support
for a specific association of these ER and PM proteins which
colocalize at ER-PM junctions.

CRISPR-mediated KO of VAPA reduces Kv2.1 clustering
We next investigated the impact of reducing VAP expression on
Kv2.1 clustering. VAPA KO mice exhibit embryonic lethality
(McCune et al., 2017), preventing studies in brain. We instead
took advantage of a recently generated mammalian cell line
(mouse macrophage RAW 264.7 cells) in which VAPA expres-
sion was eliminated via CRISPR-mediated gene editing (McCune
et al., 2017). We first expressed a recombinant isoform of Kv2.1
tagged with cytoplasmic mCherry and an extracellular pHluorin
as a reporter of cell surface Kv2.1 termed SEP-Kv2.1 (Jensen et al.,
2017) in WT RAW 264.7 cells. We found that SEP-Kv2.1 was
efficiently expressed on the cell surface, where it was present in
prominent clusters (Fig. 5A). WT RAW 264.7 cells expressing
GFP-Kv2.1 exhibited robust GFP-Kv2.1 clusters including at the
basal membrane visible in TIRF imaging (Fig. 5B). These clusters
were present at ER-PM junctions as visualized by their colocal-

Figure 3. VAPA and VAPB colocalize with Kv2.1 at ER-PM junctions in overexpressing cultured hippocampal neurons. A, Representative images of a live CHN coexpressing GFP-VAPA (green) and
BFP-SEC61� (blue) and imaged with TIRF. Scale bar indicates 10 �m and also holds for low-magnification panels in B. Magnified view of selection indicated in merged image shown in lower panels.
Scale bar is 2.5 �m and also holds for magnified panels of B. Pixel overlap analysis shown in bottom right panel. B, Representative images of a live CHN coexpressing GFP-VAPA (green), DsRed-Kv2.1
(red), and BFP-SEC61� (blue) and imaged with TIRF. Magnified view of selection indicated in merged image shown in lower panels. Pixel overlap analysis shown in bottom right panel.
C, Representative images of a live CHN coexpressing GFP-VAPB (green) and BFP-SEC61� (blue) and imaged with TIRF. Scale bar is 10 �m and also holds for low-magnification panels of D. Magnified
view of selection indicated in merged image shown in lower panels. Scale bar is 2.5 �m and also holds for magnified panels of D. Pixel overlap analysis shown in bottom right panel. D, Representative
images of a live CHN coexpressing GFP-VAPB (green), DsRed-Kv2.1 (red), and BFP-SEC61� (blue) and imaged with TIRF. Magnified view of selection indicated in merged image shown in lower
panels. Pixel overlap analysis is shown in bottom right panel. E, Line scan analysis of selection indicated in merged image of A. F, Line scan analysis of selection indicated in merged image of B. G,
Line scan analysis of selection indicated in merged image of C. H, Line scan analysis of selection indicated in merged image of D.
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ization with the near-PM SEC61� signals visible in TIRF (Fig.
5B,C). In the CRISPR-edited VAPA KO RAW 264.7 cells, clus-
tering of GFP-Kv2.1 was reduced (Fig. 5B), resulting in reduced
colocalization with SEC61� (Fig. 5D) and in a significant reduc-
tion in the CV values of GFP-Kv2.1 signal intensity (Fig. 5F). In
contrast, there was no apparent change in the subcellular distri-
bution of GFP-Kv1.4, a related Kv channel that is not localized to
ER-PM junctions in neurons (Trimmer, 2015), in WT versus
VAPA KO RAW 264.7 cells (Fig. 5E) and no significant change in
the extent of GFP-Kv1.4 clustering, as reported by CV (Fig. 5G).
These data demonstrate that VAPA KO in mammalian cells re-
sults in a specific and significant reduction in Kv2.1 clustering
and consistent with the Kv2:VAP interaction underlying the co-
clustering of these proteins at ER-PM junctions.

Kv2.1 expression recruits endogenous VAPs to
Kv2.1-containing ER-PM junctions
Given the effects of Kv2.1 expression on recruiting coexpressed
VAP proteins to Kv2.1-containing ER-PM junctions, we next
addressed the impact of Kv2.1 on endogenous VAPs that are

expressed (Geiger et al., 2012; Huttlin et al., 2015) in HEK293T
cells. We expressed GFP-Kv2.1 and immunolabeled endogenous
VAPA using a recently developed anti-VAPA mouse monoclonal
antibody (N479/12). We found that Kv2.1 expression led to a
significant increase in signal intensity of the near-PM population
of endogenous VAPA that was visible in TIRF imaging (Fig.
6A,D). The size of near-PM puncta of endogenous VAPA was
also significantly increased upon Kv2.1 expression (Fig. 6E). In
optical sections (Apotome; Zeiss) taken through the center of
these cells, Kv2.1 clusters could be found juxtaposed to projec-
tions of endogenous VAPA that terminated at the cell cortex
underneath Kv2.1 clusters (Fig. 6B). To complement the TIRF
imaging results in Figure 6, A, D–E, we also used optical section-
ing to image the basal PM, the site of robust Kv2.1 clustering in
cultured cells (Antonucci et al., 2001; Mohapatra and Trimmer,
2006). We found that Kv2.1 expression was sufficient to recruit
endogenous VAPA (labeled with mAb N479/22) to this subcellu-
lar location (Fig. 6C). This was seen in the larger structures that
matched the morphology of Kv2.1 clusters (Fig. 6C). We addi-
tionally found a significant increase in endogenous VAPA signal

Figure 4. Dispersal of Kv2.1 from ER-PM junctions via elevation of intracellular Ca 2� results in a coordinated reduction in ER-PM junction and VAPA puncta size. A, Representative images of a
single live HEK293T cell coexpressing GFP-VAPA (green), DsRed-Kv2.1 (red), and BFP-SEC61� (blue), imaged with TIRF, before 2 �M Inm treatment (Rest). Scale bar is 5 �m and holds for all panels.
B, Same cell as in A after 30 min incubation in 2 �M Inm. C, Summary graph of the impact of Inm treatment on the sizes of ER-PM junctions (****p 	 4 � 10 �15), VAPA puncta size (****p 	
5.254 � 10 �12), and Kv2.1 cluster size (****p 	 2 � 10 �14). All comparisons were with two-tailed unpaired t tests of values before versus after Inm treatment from n 	 3 cells each. The changes
in the sizes of ER-PM junctions and VAP clusters are significantly different (**p 	 0.0044). D, Normalized peak fluorescence intensity measurements of GFP-VAPA (green), DsRed-Kv2.1 (red), and
BFP-SEC61� (blue) over the course of Inm treatment. Note the significant difference between VAPA and SEC61� intensity following Inm treatment for all time points following 900 s (0.005969 �
*p � 0.0333, n 	 3 cells, two-tailed paired t test).
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Figure 5. CRISPR-mediated KO of VAPA expression affects Kv2.1 localization in RAW264.7 cells A. Representative TIRF images of SEP-Kv2.1 expression in a live WT RAW264.7 cell expressing
SEP-Kv2.1 (green is cell surface pHluorin fluorescence, magenta is total cellular mCherry fluorescence). Scale bar is 5 �m and holds for all panels in figure. B, Representative TIRF images of GFP-Kv2.1
(green) and BFP-SEC61� (magenta) in live WT (left) or VAPA KO (right) RAW264.7 cells coexpressing GFP-Kv2.1 and BFP-SEC61�. Note the reduction in clustered Kv2.1 expression in the VAPA KO
cell. C, Line scan analysis of selection indicated in merged image of WT RAW264.7 cell coexpressing GFP-Kv2.1 and BFP-SEC61�. D, Line scan analysis of selection indicated in merged image of VAPA
KO RAW264.7 cell coexpressing GFP-Kv2.1 and BFP-SEC61�. E, Representative TIRF image of live WT (left) or VAPA KO (right) RAW264.7 cells expressing GFP-Kv1.4. F, Summary graph of CV
measurements of GFP-Kv2.1 in WT and VAPA KO RAW264.7 cells (****p 	 6.648 � 10 �9, n 	 29 cells, two-tailed unpaired t test). G, Summary graph of CV measurement of GFP-Kv1.4 in WT and
VAPA KO RAW264.7 cells (ns, 0.5603, n 	 10 cells, two-tailed unpaired t test). H-K. Images of WT (left) or VAPA KO (right) RAW264.7 cells used for high-content analysis of immunolabeling
(magenta) and with Hoechst labeling of nuclei (green). H, No primary (anti-IgG2b secondary antibody). I, Positive control anti-mortalin mAb N52A/42 (IgG1). J, Anti-VAPA mAb N479/22 (IgG2a).
K, Anti-VAPA/B mAb N479/107 (IgG2b). Scale bar in H is 65 �m and holds for H–K. L, Mean immunolabeling intensity of all samples across 1300 –2800 individual cells in each sample. See Materials
and Methods for further details of these antibody validation results.
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intensity in the basal PM of cells expressing GFP-Kv2.1 relative to
control (nontransfected) cells (Fig. 6F). These data together
demonstrate that expression of Kv2.1 is sufficient to recruit en-
dogenous VAPs to Kv2.1-containing ER-PM junctions.

Endogenous Kv2 channels and VAPs colocalize in
mammalian brain neurons
To extend our results that VAPA and VAPB copurify with Kv2.1
and Kv2.2 from mouse brain, and that Kv2.1 or Kv2.2 expression
in CHNs and HEK293T cells affects VAP localization, we next
examined the localization of endogenous Kv2 channels and VAPs
in intact/native neurons. In low-magnification imaging of brain
sections from adult mice, we found that VAPA and VAPA/B
immunolabeling was similar in neocortex (Fig. 7A), suggesting
that VAPA immunoreactivity dominates in this brain region. As
expected for abundant ER proteins with numerous and diverse
functions (Murphy and Levine, 2016), the anti-VAPA and anti-
VAPA/B immunoreactivity in neocortex and hippocampus was
present as a dense somatic signal in numerous cell types (Fig. 7).

Immunolabeling for VAPs exhibited extensive overlap with that
of Kv2.1 and Kv2.2 in both neocortex (Fig. 7B,C) and hippocam-
pus (Fig. 7D). In high-magnification/superresolution optical sec-
tions taken through the center of layer 5 cortical neurons, Kv2.1
and Kv2.2 clusters could be found juxtaposed to projections of
VAPA/B that terminated at the cell cortex underneath Kv2.1 clus-
ters (Fig. 8A,B).

To gain further insights into the spatial relationship between
VAPs and Kv2 channels endogenously expressed in neurons, we
used three different imaging modalities (Airyscan: Zeiss; N-SIM,
TIRF: Nikon) to image immunolabeled CHNs. Airyscan super-
resolution imaging (Kolossov et al., 2018) of immunolabeled
CHNs revealed found prominent co-clusters of VAPs with both
Kv2.1 and Kv2.2 on the soma and proximal processes in CHNs
(Fig. 9A). We also observed VAP puncta (red signals in the
merged panels of Figs. 9A) that did not specifically colocalize with
clusters of Kv2 channels.

We also immunolabeled endogenous VAPs in CHNs for ry-
anodine receptor (RyR) intracellular calcium-release channels,

Figure 6. Kv2.1 colocalizes with and recruits endogenous VAPs to Kv2.1-mediated ER-PM junctions in HEK293T cells. A, TIRF image of a pair of fixed HEK293T cells, the left of which is coexpressing
DsRed-Kv2.1 (red) and BFP-SEC61� (blue), fixed, and immunolabeled for endogenous VAPA (green). Scale bar, 5 �m. Surface plot of VAPA intensity shown in right panel. Note the difference in
VAPA intensity in left versus right cell. Line scan analysis of selection indicated in merged image of F is shown to the far right. B, Single optical section (Apotome; Zeiss) taken through the center of
a fixed HEK293T cell expressing GFP-Kv2.1 (green) and immunolabeled for endogenous VAPA (magenta). Note the presence of PM Kv2.1 clusters overlaying projections of VAPA toward the cell
cortex. Scale bar, 5 �m. Line scan analysis of selection indicated by arrows in merged image of B is shown to the far right. C, Single optical section (Apotome) of a pair of fixed HEK293T cells, the left
of which is expressing GFP-Kv2.1 (green) and immunolabeled for endogenous VAPA (magenta). Note the difference in VAPA intensity in left versus right cell. Scale bar, 5 �m. Surface plot of VAPA
intensity shown in right panel. Line scan analysis of the merged image in C is shown to the far right. D, Summary graph of VAPA intensity (TIRF) measurements from Kv2.1-expressing versus
nontransfected cells (**p 	 0.001659, n 	 10 cells, two-tailed unpaired t test). E, Summary graph of VAPA puncta size (TIRF) measurements from Kv2.1-expressing versus nontransfected cells
(**p	0.001894, n	10 cells, two-tailed unpaired t test). F, Summary graph of VAPA intensity (Apotome) measurements from the basal PM of Kv2.1-expressing versus nontransfected cells (**p	
0.001659, n 	 10 cells, two-tailed unpaired t test). ***p 	 0.000166, ****p 	 1.312 � 10 �8.
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Figure 7. Cellular expression of Kv2 channels and VAPs in mouse brain. A, Representative images of mouse cortex stained with Hoechst (blue) and immunolabeled for VAPA/B (red) and VAPA
(green). Scale bar, 75 �m. B, Representative images of mouse cortex stained with Hoechst (blue) and immunolabeled for VAPA/B (red) and Kv2.1 (green). C, Representative images of mouse cortex
stained with Hoechst (blue) and immunolabeled for VAPA/B (red) and Kv2.2 (green). D, Representative images of mouse hippocampus stained with Hoechst (blue) and immunolabeled for VAPA/B
(red) and Kv2.1 (green). Scale bar, 150 �m.
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which are prominent components of ER-PM junctions in many
neuronal and non-neuronal cell types (Carrasco and Meyer,
2011), including Kv2.1-containing ER-PM junctions in certain
classes of brain neurons (Antonucci et al., 2001; King et al., 2014;
Mandikian et al., 2014). Airyscan superresolution imaging

revealed overlap of immunolabeling for VAPs and RyRs at a sub-
set of Kv2.1 clusters (Fig. 9B). We again observed VAP puncta
(red signals in the merged panel of Fig. 9B, also apparent in the
corresponding line scan) that did not colocalize with clusters of
Kv2 channels. Optical sections taken through the center of a

Figure 8. Endogenous Kv2 channels, VAPs, and RyRs colocalize in mouse brain neurons. A, Single optical section taken through the center of the soma of a single mouse brain cortical (layer 5)
neuron immunolabeled for Kv2.1 (green), Kv2.2 (blue), and VAPA/B (red), and imaged with superresolution (N-SIM; Nikon) microscopy. Scale bar, 5 �m. B, Magnification of selection indicated in
merged image of A. Arrows point to associated Kv2.1, Kv2.2, and VAPA/B immunolabeling. Scale bar, 0.625 �m. C, Single optical section taken through the center of multiple neurons within the CA1
region of mouse brain hippocampus immunolabeled for Kv2.1 (green), RyR (blue), and VAPA/B (red) and imaged with superresolution (N-SIM; Nikon) microscopy. Arrows point to associated Kv2.1,
RyR, and VAPA/B immunolabeling. Scale bar, 5 �m.
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Figure 9. Endogenous VAPs colocalize with Kv2 channels and RyRs at ER-PM junctions in cultured hippocampal neurons. A, Representative image of a single fixed CHN immunolabeled for
endogenous Kv2.1 (green), Kv2.2 (blue), and VAPA (red), and imaged with superresolution (Airyscan; Zeiss) microscopy. Scale bar, 5 �m. Magnified view of selection indicated in merged image
shown in lower panels with arrows pointing at associated puncta of Kv2 and VAPA immunolabeling. Scale bar, 2.5 �m (also applies to B). Line scan analysis of selection indicated in merged image
of A shown to right. B, Representative image of the soma of a single fixed CHN immunolabeled for endogenous Kv2.1 (green), RyR (blue), and VAPA/B (red) and imaged with superresolution
(Airyscan) microscopy. Arrows point to associated Kv2.1, RyR, and VAPA/B immunolabeling. Line scan analysis of selection indicated in merged image of B shown to right. C, Single optical section
taken through the center of the soma of a fixed CHN immunolabeled for endogenous Kv2.1 (green), RyR (blue), and VAPA/B (red) and imaged with superresolution (N-SIM; Nikon) microscopy. Arrows
point to associated puncta of Kv2.1, RyR, and VAPA/B immunolabeling. Scale bar, 5 �m. Line scan analysis of selection indicated with arrows in merged image of C shown to right. D, Representative
images of the soma of a single fixed CHN immunolabeled for endogenous Kv2.1 (green) and VAPA/B (magenta) and imaged with TIRF. Arrows point to puncta of associated Kv2.1 and VAPA/B
immunolabeling. Scale bar, 10 �m (also holds for E). E, Representative images of the soma of a single fixed CHN immunolabeled for endogenous Kv2.1 (green) and VAPA (magenta) and imaged with
TIRF. Arrows point to puncta of associated Kv2.1 and VAPA/B immunolabeling. F, Summary graph of PCC measurements between Kv2.1 and VAPA and Kv2.1 and VAPA/B (ns, p 	 0.5719, n 	 14
neurons, two-tailed unpaired t test).
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CHN using N-SIM superresolution imaging showed co-clusters
of PM Kv2.1 overlaying RyR-containing VAP projections (Fig.
9C). Similar spatial distributions of Kv2.1 and RyR clusters and
VAPA/B puncta were observed in superresolution imaging of
hippocampal CA1 neurons in mouse brain sections (Fig. 8C).
These data demonstrate that endogenous Kv2 clusters, including
those that contain RyRs, colocalize with endogenous VAPs, in
CHNs.

Finally, we used TIRF imaging to restrict our analysis to
near-PM immunolabeling of endogenous neuronal VAPs. We
found large puncta or reticular projections of VAPs that colocal-
ized with the large clusters of endogenous Kv2.1 present in these
CHNs (Fig. 9D,E), although VAP puncta that did not colocalize
with clusters of Kv2 channels were also seen (magenta signals in
the merged panel of Fig. 9D,E). There were no significant differ-
ences in the colocalization of the immunolabeling obtained with
VAPA-specific versus VAPA/B-specific antibodies with Kv2.1
(Fig. 9F). These experiments together demonstrate that, in mam-
malian brain neurons, endogenous VAPs are localized to Kv2
containing ER-PM junctions that can also contain RyRs.

Sites of VAP-Kv2 colocalization represent specialized
domains within the cortical actin cytoskeleton
In addition to its prominent localization on the soma and prox-
imal dendrites, Kv2.1 is also present in robust clusters on the AIS
(Sarmiere et al., 2008; King et al., 2014). These Kv2.1 clusters on
the AIS are present at sites deficient in the actin-associated scaf-
folding protein ankyrinG or ankG (King et al., 2014) and that
represent locations at which the ER present in the AIS, termed the
cisternal organelle, comes into close apposition to the PM
(Sánchez-Ponce et al., 2011; King et al., 2014; Schlüter et al.,
2017). Kv2.1 clusters are also expressed in “voids” in the cortical
actin cytoskeleton when exogenously expressed in Madin–Darby
Canine Kidney (MDCK) cells (Scannevin et al., 1996) and in
HEK293 cells (Tamkun et al., 2007). Both Airyscan (Fig. 10A,B)
and N-SIM (Fig. 10C) superresolution imaging revealed that en-
dogenous VAP puncta on the AIS were often present at sites of
Kv2.1 clustering and that these sites were deficient in ankG im-
munolabeling, as evident in the corresponding line scans (Fig.
10G,H). Similar results were obtained from cortical neurons in
brain sections (Fig. 10F, J).

We also investigated the relationship between the actin cyto-
skeleton and the clusters of endogenous VAPs that were gener-
ated upon expression of Kv2.1 in HEK293T cells. We found by
SIM imaging that the sites to which VAP was recruited by Kv2.1
expression were, like Kv2.1, located in zones depleted for F-actin
(Fig. 10D,E), as is also evident in the corresponding line scan
analysis of these cells (Fig. 10 I, J). These data further support the
concordance of the highly restricted spatial distributions of Kv2
channels and endogenous VAPs in neurons and heterologous
cells.

Kv2.1-mediated recruitment of VAPs is dependent on the
phosphoserine- and phenylalanine-containing PRC motif of
the Kv2.1 C terminus
VAPs associate with numerous proteins that form the so-called
“VAPome,” many but not all of which contain a FFAT motif that
binds to an FFAT-binding domain present on the VAP cytoplas-
mic N terminus (Murphy and Levine, 2016). Our observation
that the VAPA FFAT-binding domain mutant VAPA K87D/
M89D (which lacks the FFAT motif-binding capacity of WT
VAPA) had significantly reduced recruitment to Kv2.1 clusters
relative to WT VAPA (Fig. 2) suggested that the recruitment of

VAPs by Kv2.1 is FFAT motif dependent. Although Kv2.1 has no
canonical FFAT motifs, the PRC motif that is required for clus-
tering of Kv2 channels and that is sufficient to confer Kv2.1 clus-
tering to other proteins (Lim et al., 2000) may represent a
noncanonical FFAT motif of the type present on other VAP bind-
ing proteins (Murphy and Levine, 2016). Within the PRC motif
are four amino acids whose single mutation eliminates Kv2.1
clustering (Lim et al., 2000), including phenylalanine F587, and
serine residues S583, S586, and S589 (highlighted in Fig. 9A).
Both S586 (Park et al., 2006; Cobb et al., 2015) and S589 (Ike-
matsu et al., 2011) have been shown to be phosphorylated in vivo,
which would provide an acidic context to these otherwise un-
charged amino acids. Because of these considerations, we tested
whether the colocalization of VAPs with Kv2 channels required
an intact PRC motif.

On the basis of our observation that Kv2.1 expression was
sufficient to significantly redistribute endogenous VAPs, which
are otherwise distributed throughout bulk ER, to Kv2.1 clusters
located in the basal PM in HEK293T cells (Fig. 6C,F), we assayed
a battery of internal deletion, truncation, and point mutations in
the Kv2.1 C terminus for their ability to colocalize with or redis-
tribute endogenous VAPA in HEK293T cells (representative im-
ages are shown in Fig. 11A–E). From these cells, we measured
PCC values between Kv2.1 and endogenous VAPA as well as
VAPA fluorescence intensity in the basal PM (values summarized
in Fig. 11G,H). We found that an intact PRC domain was neces-
sary for VAPA recruitment such that elimination of the PRC (in

C318 or 
536 – 665) or mutation of residues within the PRC
that are critical for Kv2.1 clustering (including phenylalanine
F587 and serine residues S586 and S589) resulted in a significant
reduction in both VAPA:Kv2.1 colocalization (Fig. 11G) and the
VAPA fluorescence intensity (Fig. 11H). Similarly, Kv2.2 expres-
sion was also sufficient to recruit VAPA to Kv2.2 clusters and a
mutant isoform of Kv2.2 harboring the analogous PRC mutation
as Kv2.1 S586A (Kv2.2 S605A) had no impact on VAPA mor-
phology relative to nontransfected cells (Fig. 11F–H). Similar to
our findings with exogenous VAPA (Fig. 2D), expression of the
Kv1.5N-2.1C chimera was sufficient to redistribute endogenous
VAPA (Fig. 11G,H). Interestingly, expression of another Kv1.5–
2.1 chimeric channel in which a shorter fragment of the Kv2.1 C
terminus (aa 536 – 600) including the PRC domain is appended
onto Kv1.5 [termed Kv1.5N-2.1 (PRC) was also sufficient to re-
distribute endogenous VAPA (Fig. 11B,G,H). These data to-
gether demonstrate that the Kv2 PRC domain is both necessary
and sufficient for the unique ability of Kv2.1 (and Kv2.2) to re-
cruit endogenous VAPA to ER-PM junctions in HEK293T cells
and that mutation of a single phenylalanine present within an
acidic tract constituted by phosphorylated serine residues or of
the phosphorylated serine residues themselves is sufficient to
abolish this activity.

Discussion
Previous attempts to use an IP-based proteomics approach to
identify Kv2.1-interacting proteins yielded quantities of Kv2.1
sufficient for phosphorylation site identification (Park et al.,
2006; Ikematsu et al., 2011; Song et al., 2012), but did not yield
candidate associated proteins. Here, we used chemical cross-
linking from WT and KO brain samples and harsher detergent
extraction conditions to identify VAPA and VAPB as proteins
associated with brain Kv2 channels. Chemical cross-linking, al-
though not free of artifacts (Middaugh et al., 1983), has allowed
for identification of numerous bona fide interacting partners.
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That VAPA and VAPB were selectively copurified with Kv2.1
from brain samples prepared from WT but not KO mice, and that
our subsequent analyses revealed their extensive association and
colocalization supports that they are likely associated with Kv2-
containing ER-PM junctions. Our results provide valuable in-
sights into the composition of native ER-PM junctions, especially
prominent in brain neurons (Rosenbluth, 1962; Wu et al., 2017)

in aspiny regions such as the soma, proximal dendrites and AIS
(Spruston and McBain, 2007). That VAPA and VAPB were the
most abundant Kv2.1-associated proteins copurified from whole
brain suggests that the Kv2:VAP association is abundant and
widespread. VAPA and VAPB mRNA are expressed throughout
the brain (e.g., Allen Mouse Brain Atlas, http://mouse.brain-
map.org/), which was expected because VAP proteins are ubiq-

Figure 10. Endogenous complexes of Kv2.1 and VAPs represent specialized domains within the cortical actin cytoskeleton. A, Representative image of a single fixed CHN immunolabeled for Kv2.1
(green), VAPA (red), and ankG (blue) and imaged with superresolution (Airyscan; Zeiss) microscopy. Arrowhead denotes region of AIS enlarged in B. Scale bar, 5 �m. B, Magnified view of axon initial
segment indicated in A. Arrows point to sites of colocalized Kv2.1/VAPA in “voids” in ankG. Scale bar, 3 �m. C, AIS of a distinct fixed CHN immunolabeled for Kv2.1 (green), VAPA (red), and ankG
(blue) and imaged with superresolution (N-SIM; Nikon) microscopy. Scale bar, 1.5 �m. D, Representative image of a single fixed HEK293T cell expressing GFP-Kv2.1 (blue) immunolabeled for
endogenous VAPA (red) and phalloidin stained for filamentous actin (green). Scale bar, 1.25 �m. E, Magnified view of selection indicated in D. Scale bar, 1.25 �m. F, Representative images of
cortical neurons (layer 5) from intact mouse brain sections immunolabeled for Kv2.1 (green), VAPA/B (red), and ankG (blue). Arrows point to sites of associated Kv2.1 and VAPA/B puncta in “voids”
in ankG. Scale bar, 5 �m. G, Line scan analysis of intensity of selection indicated in A. H, Line scan analysis of intensity of selection indicated in merged image of C. I, Line scan analysis of intensity
of selection indicated in D. J, Line scan analysis of intensity of merged image of F.
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uitously present in mammalian cells (Murphy and Levine, 2016)
and exhibit prominent overlap with Kv2.1 in forebrain neurons
that express high levels of Kv2.1 (Trimmer, 1991; Maletic-Savatic
et al., 1995; Bishop et al., 2015, 2018; Palacio et al., 2017). There
likely exists heterogeneity in ER-PM junctions in different types
of brain neurons in the extent to which Kv2.1 and Kv2.2 are
associated with VAPA and VAPB. Moreover, the relationship
between the overall molecular composition and function of these
ER-PM junctions in brain neurons relative to those extensively
characterized in non-neuronal cells (Henne et al., 2015; Prakriya
and Lewis, 2015; Gallo et al., 2016; Chung et al., 2017; Dickson,
2017) remains to be elucidated.

That VAPs are critical ER resident proteins for clustering of
PM Kv2 channels at ER-PM junctions is supported by our find-
ings that Kv2.1 clustering and expression is diminished in
CRISPR-edited VAPA KO cells. The parallel CRISPR-edited
VAPA KO mice exhibited embryonic lethality (McCune et al.,
2017) such that there is no currently available model for studying
the impact of VAPA KO on Kv2 clustering in brain neurons in
situ. The fact that Kv2.1 clustering is significantly reduced in the
VAPA KO cells suggests that the VAPB expressed in these cells
(McCune et al., 2017) does not compensate for the loss of VAPA.
That mutations in the FFAT-binding domain of VAPA that elim-
inate binding to other VAP interactors significantly reduced the

Figure 11. The Kv2 channel PRC domain is both necessary and sufficient for VAPA recruitment to Kv2-mediated ER-PM junctions. A–F, Representative optical sections (ApoTome; Zeiss) taken
through the basal PM of fixed HEK293T cells expressing the indicated WT, mutant and chimeric Kv2.1 and Kv2.2 isoforms and immunolabeled for the Kv2.1 and Kv2.2 isoforms (green) and
endogenous VAPA (red). The merged panels also show Hoechst nuclear staining (blue). Scale bar, 5 �m. G, Summary graph of PCC measurements taken between Kv2.1 and Kv2.2 isoforms and VAPA
(****p 	 0.0001; **p 	 0.0021; n 	 7–34 cells; one-way ANOVA followed by Dunnett’s test vs Kv2.1 S586A for Kv2.1 isoforms, or versus Kv2.2 S605A-GFP for Kv2.2 isoforms). H, Summary graph
of the fold increase in normalized fluorescence intensity of VAPA in the basal PM of Kv2.1 and Kv2.2 isoform-expressing cells relative to nontransfected cells. (Kv2.1 WT: ***p 	 0.00017; Kv2.1

521–573: ***p 	 0.00046; Kv2.1 
609 – 665: ***p 	 4.49 � 10 �6; Kv2.1 
C247: **p 	 0.0053; Kv1.5N-2.1C: ***p 	 0.00013; Kv1.5N-2.1C (PRC): ****p 	 1.12 � 10 �7; Kv2.1 I584A:
****p 	 1.74 � 10 �6; Kv2.1 I588: *p 	 0.024; Kv2.1 C590A: ****p 	 1.09 � 10 �5; Kv2.2: ****p 	 2.88 � 10 �5; Kv2.2-GFP, ****p 	 1.59 � 10 �8; n 	 6 –38 cells; two-tailed unpaired
t test versus nontransfected cells).
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Kv2-VAP association at ER-PM junctions
further supports the necessity of this in-
teraction for Kv2 clustering at these sites.

Our findings support a model whereby
the PRC domain that is necessary and suf-
ficient for clustering of Kv2 channels
binds to the FFAT-binding domain of
VAPs. This model posits that their respec-
tive extended cytoplasmic domains (the
VAP N terminus and the Kv2 C terminus)
would need to span the 7–30 nm cleft be-
tween ER and PM to mediate this binding
(Fig. 12A). This is plausible given that
the low-resolution cryo-EM structure of
Kv2.1 suggests a 7- to 9-nm-long cyto-
plasmic domain (Adair et al., 2008) and
the VAPA structure a cytosolic N termi-
nus length of 8 –30 nm, depending on the
exact nature of unstructured linker do-
mains (Kaiser et al., 2005; Murphy and
Levine, 2016). That VAPs form dimers
that bind two FFAT motifs in vitro (Kaiser
et al., 2005) suggests a plausible mecha-
nism for why certain protein backbones
engineered to contain a PRC domain do
not exhibit clustered localization at neu-
ronal ER-PM junctions when expressed in
CHNs (Lim et al., 2000), whereas oligo-
meric backbones such as Kv1.5 support
both association with VAPs and PRC-
mediated clustering at ER-PM junctions
(Lim et al., 2000; Mohapatra and Trim-
mer, 2006). The model that emerges from
these studies is that phosphorylation of
the otherwise uncharged serine residues
(S583, S586, and S589) within the PRC
confers the negative charges that define
the “acidic tract” adjacent to F587 in this
noncanonical FFAT motif to constitute
the minimal interaction motif with VAPs,
thereby providing the molecular basis for
Kv2.1 clustering and organization of
ER-PM junctions via a conditional inter-
action with VAPs (Fig. 12A). Association
of other proteins with VAPs is modulated
by their phosphorylation state, although
in regions outside of the FFAT domain
itself (Goto et al., 2012; Kumagai et al.,
2014). Interestingly, cytoplasmic domains
outside of the PRC are involved in
phosphorylation-dependent regulation of
the PRC-mediated clustering of Kv2.1
(Mohapatra and Trimmer, 2006; Jensen et
al., 2017) such that phosphorylation at

Figure 12. The putative noncanonical FFAT motif in the Kv2 channel PRC domain is highly conserved. A, Illustration depicting
the proposed phosphorylation-dependent interaction of the Kv2.1 PRC domain with VAPA/B, enabling recruitment of VAPs to Kv2
clusters and ER-PM junction formation (*necessity of S583 for Kv2.1 clustering has previously been described but was not explicitly
tested for a role in recruiting VAPA/B in the present study; see text for details). B, Plot of nonsynonymous genic variation in the
coding region of the human KCNB1 gene derived from genome and whole exome sequences from �61,000 individuals in the

4

Broad Institute ExAC database. Note the lack of variation in the
core S1-S6 and PRC domains of Kv2.1. C, Protein sequence
alignments of the putative FFAT motif in vertebrate Kv2.1 and
Kv2.2 channel PRC domains. Residues highlighted in red cor-
respond to the critical S583, S586, F587, and S589 residues of
rat Kv2.1, and the corresponding S602, S605, F609, and S611
of rat Kv2.2.
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distinct sites within and outside of the PRC domain may underlie
the dynamic regulation of Kv2-VAP association and, subse-
quently, ER-PM junctions. Future studies of the structure of the
VAP-Kv2 complex, as accomplished for VAPA with other inter-
actors (Kaiser et al., 2005; Furuita et al., 2010), will provide crit-
ical details of how changes in Kv2.1 phosphorylation state affect
its localization at ER-PM junctions.

To gain further insights into the Kv2-VAP interaction, we
analyzed functional variation in the human KCNB1 (Kv2.1) gene
in genomic and whole exome sequences from �61,000 unrelated
individuals (http://exac.broadinstitute.org/). In general, there is a
lack of variation (i.e., genic intolerance) in regions of exomes
encoding critical functional domains of proteins, which are sites
of most disease-causing mutations (Gussow et al., 2016). We
found that the Kv2.1 N-terminal subunit assembly and core re-
gions are highly invariant in humans (Fig. 12B). Mutations
within the S1-S6 “core” domain profoundly affect voltage sensing
and ion conductance of Kv channels (Swartz, 2004; Jan and Jan,
2012) and the bulk of disease-associated mutations are also in the
S1–S6 region (Torkamani et al., 2014; Saitsu et al., 2015; Thiffault
et al., 2015). In contrast, the Kv2.1 C terminus has a high degree
of variation (Fig. 12B), with the exception of the highly invariant
PRC domain. It is intriguing that three disease-associated de novo
nonsense mutations have been identified (de Kovel et al., 2016;
Marini et al., 2017) that truncate the cytoplasmic C terminus just
upstream of the PRC domain in locations similar to truncation
mutants that have been well characterized in vitro (VanDongen et
al., 1990; Scannevin et al., 1996; Murakoshi et al., 1997; Park et al.,
2006) and that disrupt Kv2.1 clustering but have little effect on its
expression and function. The PRC domain is also exceptional
within the C terminus of Kv2 channels as being highly conserved
across diverse species (Fig. 12C), including the four positions (in
red) at which single point mutations disrupt clustering. Together,
these considerations support the importance of the Kv2-specific
PRC domain, which is both necessary and sufficient for Kv2
channel-like clustering at ER-PM junctions and association with
VAPs.

The association of Kv2 channels with VAPs expands the al-
ready extensive “VAPome” (Murphy and Levine, 2016) to now
include PM proteins. VAPs were originally identified as VAMP-
associated proteins, but their prominent biological roles com-
prise interaction with FFAT-containing proteins important in
regulation of ER structure, the unfolded protein response, and
lipid transport and metabolism (Murphy and Levine, 2016).
Most ER-PM junctions are mediated by ER tethers binding to
specific PM phospholipids whose generation and cleavage are
dynamically regulated. The only known example of protein–pro-
tein interactions mediating ER-PM junctions is the conditional
association of ER-localized STIMs with PM Orai Ca 2� channels
(Prakriya and Lewis, 2015) triggered by depletion of ER Ca 2�

stores (Zhang et al., 2005; Wu et al., 2006). There exists a direct
interaction of PM L-type Ca 2� channels and ER-localized RyRs
at junctional triads that mediate E-C coupling in skeletal muscle
(Franzini-Armstrong and Jorgensen, 1994; Sun et al., 1995), al-
though the ER-PM junction itself is maintained by members of
the Junctophilin family of phospholipid-binding ER tethers
(Henne et al., 2015; Gallo et al., 2016; Chang et al., 2017; Saheki
and De Camilli, 2017). We showed here that a subset of native
neuronal Kv2-VAP containing ER-PM junctions may also con-
tain RyRs, consistent with our previous studies (Antonucci et al.,
2001; Misonou et al., 2005a; Mandikian et al., 2014) and ER-PM
junctions formed upon exogenous expression of Kv2.1 can con-
tain STIM1 and Orai1 (Fox et al., 2015). This suggests that the

diversity of neuronal ER-PM junctions seen in electron micro-
graphs (Wu et al., 2017) may have functional diversity, not only
in Ca 2� signaling proteins such as RyRs, but also in VAP-
interacting proteins that mediate lipid signaling and homeostasis
(Murphy and Levine, 2016). The dynamic activity-dependent
regulation of Kv2.1 phosphorylation state (Misonou et al., 2004,
2006; Cerda and Trimmer, 2011) suggests plasticity in the orga-
nization and function of neuronal ER-PM junctions mediated by
Kv2:VAP association. Finally, we note that the clustering of PM
ion channels is typically accomplished by their interaction with
and immobilization by cytoskeletal-associated anchoring pro-
teins (Lai and Jan, 2006; Trimmer, 2015; Zhang and Rasband,
2016). Kv2 channels are distinct from these anchored ion channels
by being mobile within the cluster (O’Connell et al., 2006), consis-
tent with a clustering mechanism based on association of two inte-
gral membrane proteins within the fluid mosaic of their respective
ER and PM lipid bilayers.
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