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The association of plasma membrane (PM)-localized voltage-
gated potassium (Kv2) channels with endoplasmic reticulum
(ER)-localized vesicle-associated membrane protein-associated
proteins VAPA and VAPB defines ER–PM junctions in mam-
malian brain neurons. Here, we used proteomics to identify pro-
teins associated with Kv2/VAP-containing ER–PM junctions.
We found that the VAP-interacting membrane-associated
phosphatidylinositol (PtdIns) transfer proteins PYK2 N-termi-
nal domain-interacting receptor 2 (Nir2) and Nir3 specifically
associate with Kv2.1 complexes. When coexpressed with Kv2.1
and VAPA in HEK293T cells, Nir2 colocalized with cell-
surface– conducting and -nonconducting Kv2.1 isoforms. This
was enhanced by muscarinic-mediated PtdIns(4,5)P2 hydroly-
sis, leading to dynamic recruitment of Nir2 to Kv2.1 clusters. In
cultured rat hippocampal neurons, exogenously expressed Nir2
did not strongly colocalize with Kv2.1, unless exogenous VAPA
was also expressed, supporting the notion that VAPA mediates
the spatial association of Kv2.1 and Nir2. Immunolabeling sig-
nals of endogenous Kv2.1, Nir2, and VAP puncta were spatially
correlated in cultured neurons. Fluorescence-recovery-after-
photobleaching experiments revealed that Kv2.1, VAPA, and
Nir2 have comparable turnover rates at ER–PM junctions, sug-
gesting that they form complexes at these sites. Exogenous
Kv2.1 expression in HEK293T cells resulted in significant dif-
ferences in the kinetics of PtdIns(4,5)P2 recovery following
repetitive muscarinic stimulation, with no apparent impact on
resting PtdIns(4,5)P2 or PtdIns(4)P levels. Finally, the brains of
Kv2.1-knockout mice had altered composition of PtdIns lipids,
suggesting a crucial role for native Kv2.1-containing ER–PM
junctions in regulating PtdIns lipid metabolism in brain neu-
rons. These results suggest that ER–PM junctions formed by
Kv2 channel–VAP pairing regulate PtdIns lipid homeostasis via
VAP-associated PtdIns transfer proteins.

Inter-organelle membrane contact sites (MCS)2 are a ubiq-
uitously-conserved feature of eukaryotic cells. Of these, junc-
tions between the plasma membrane (PM) and endoplasmic
reticulum (ER) or ER–PM junctions serve as a vital platform
for information transduction between these two membranes
(1–4). These MCS were initially discovered in EM studies in
mammalian muscle cells (5) and soon after in mammalian brain
neurons (6 –8), and they can engage �10% of the somatic neu-
ronal PM (9). Since their initial discovery, ER–PM junctions
have been described in a diverse array of mammalian cell types,
and they are typically organized by various ER-resident tethers
that bind to PM inner-leaflet phospholipids (10 –15).

Much of what is known about the cellular physiological
role(s) of ER–PM junctions is derived from studies performed
in non-neuronal cells. ER–PM junctions act as hubs for special-
ized cellular Ca2�-signaling events (16 –18). ER–PM junctions
also serve as microdomains that mediate crucial aspects of lipid
transfer and homeostasis, including dynamic recruitment of
cytoplasmic membrane-associated phosphatidylinositol (PtdIns)
transfer proteins (PITPs) to ER–PM junctions. These proteins
act to homeostatically replenish PM PtdIns(4,5)-bisphosphate
(PtdIns(4,5)P2) following G-protein–coupled receptor–mediated
phospholipase C activation and PtdIns(4,5)P2 depletion (19 –
22). However, relatively little is known at the molecular level of
the components underlying lipid trafficking and homeostasis at
the ER–PM junctions that are prominent in mammalian brain
neurons.

The PM Kv2.1 voltage-gated potassium (Kv) channel is a crit-
ical determinant of electrical excitability and underlies the
majority of the delayed rectifier current in mammalian brain
neurons (23–27). Genetic ablation of Kv2.1 in mice yields ani-
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mals with enhanced behavioral and electrical excitability (28),
and recently identified de novo mutations in Kv2.1 are associ-
ated with debilitating neurological disorders in children har-
boring these mutations (29 –32). In neurons, Kv2.1 is expressed
as PM clusters on the soma, proximal dendrites, and axon initial
segment (33–36) specifically at ER–PM junctions (34, 37–39).
Kv2.1 plays a role in organizing neuronal ER–PM junctions
(40 –42) as a nonconducting function (42), and knockout mice
lacking expression of Kv2.1 and its paralog Kv2.2 have altered
neuronal ER–PM junctions (42).

We previously used a mass spectrometry (MS)-based pro-
teomics approach to identify interactions between ER-localized
vesicle-associated membrane protein-associated proteins VAPA/B
and Kv2.1 at ER–PM junctions in the mouse brain (43). Kv2.1
interacts with VAP proteins via a “cryptic,” phosphorylation-
dependent FFAT motif within its cytoplasmic C-terminal prox-
imal restriction and clustering or PRC domain (43, 44). The
PRC motif is necessary and sufficient for Kv2.1 clustering at
ER–PM junctions (45), and ER (42) and VAP (43) recruitment
to ER–PM junctions.

Numerous proteins that play diverse roles in cellular physi-
ology are localized to specific subcellular compartments through
their interaction with VAPs (46 –48). This raises the possibility
that the Kv2–VAP interaction at neuronal ER–PM junctions
could impact the localization and function of other VAP-inter-
acting proteins at neuronal ER–PM junctions. Here, we show
that the phosphatidylinositol transfer proteins isoforms 1
(Nir2) and 2 (Nir3) are membrane-associated components of
mouse brain Kv2.1–VAP complexes. We find that Kv2.1
impacts Nir2 localization and PtdIns homeostasis in a VAP-de-
pendent manner, suggesting that the Kv2–VAP interaction can
impact neuronal lipid signaling and homeostasis.

Results

Kv2 channels and membrane-associated PITPs Nir2 and Nir3
associate in mouse brain

We previously employed immunoaffinity capture of Kv2-
containing complexes from mouse brain to identify VAPA and
VAPB as components of neuronal Kv2.1 complexes (43) by
employing detergent (1% Triton X-100, 0.5% deoxycholate, and
0.1% SDS) extractions of mouse whole-brain homogenates sub-
jected to DSP-mediated chemical cross-linking (49) during
homogenization. Here, we modified this approach by using on-
bead trypsin digestion instead of in-gel digestion prior to liquid
chromatography–tandem mass spectrometry (LC-MS/MS).
We used two parallel comparative immunopurification (IP)
approaches: the first approach employs antibodies against
either Kv2.1 or a related Kv channel Kv1.2 in IP reactions from
WT mouse brain samples, and the second approach utilizes
anti-Kv2.1 IPs against samples prepared from the brains of WT
and Kv2.1 knockout (KO) mice. The specificity of our IP reac-
tions and subsequent analyses was demonstrated by the pres-
ence of numerous tryptic peptide spectra for Kv2.1 itself in the
Kv2.1 IP sample, their absence in the parallel samples from
Kv1.2 IPs, and vice versa (Fig. 1A). Immunoblot analyses further
confirmed the effective and specific capture of the target
proteins in the respective IPs (Fig. 1B). We also found enriched

in the Kv2.1 IPs (and absent from the Kv1.2 IPs) a number
of previously reported Kv2.1-interacting proteins, including
Kv2.2 (39, 43, 50) and VAPA and VAPB (43, 44). We note the
nonspecific presence of GRP75, ROA2, and other proteins
commonly found on the CRAPome database (http://crapome.
org) in both Kv2.1 and Kv1.2 IPs. Importantly, the LC-MS/MS
analyses of the Kv2.1 IPs exclusively reported the presence of
the membrane-associated PITP isoforms Nir2 (PITPNM1,
UniProt O35954) and Nir3 (PITPNM2, UniProt Q6ZPQ6) (Fig.
1A, red box). We also observed enriched recovery of Kv2.2, and
VAPB, and Nir proteins in Kv2.1 IPs from WT but not Kv2.1
KO mouse brains (Fig. 1A). We also include here data for the
Kv2.1 auxiliary subunit AMIGO-1, which exhibits an extensive
association and colocalization with Kv2.1 in brain (38, 51), yet
for which peptide spectra are present at relatively low abun-
dance in the Kv2.1 IP samples relative to Kv2.2, VAPA, VAPBB,
and the Nir proteins, and for TMEM24/C2CD2L, recently
reported to colocalize with Kv2.1 at neuronal ER–PM junctions
(52), and which we specifically recovered in Kv2.1 IPs from WT
brain samples (Fig. 1A). These data support that in mouse brain
the Nir proteins associate with protein complexes containing
Kv2 channels and VAPs.

Muscarinic stimulation induces a reversible loss of PM
PtdIns(4,5)P2 and accumulation of Nir2 at ER–PM junctions

Membrane-associated PITPs (Nir2 and Nir3) are compo-
nents of the homeostatic machinery that mammalian cells

Figure 1. Membrane-associated phosphatidylinositol transfer proteins
biochemically associate with Kv2.1 in mouse brain. A, total spectra counts
of proteins recovered from a single trial of Kv2.1 or Kv1.2 IPs from WT mouse
brain and summed spectra counts from three separate trials of Kv2.1 IPs from
WT or Kv2.1 KO mouse brain. Note the enriched recovery of Kv2.2, VAPA and
VAPB, and Nir2/3 in the Kv2.1 IPs relative to the Kv1.2 IPs. Note the nonspecific
recovery of ROA2 and GRP75 in all samples. B, multiplexed immunoblot anal-
ysis of input and output fractions from a single trial of Kv2.1 or Kv1.2 IPs
performed using WT mouse brain. Note the presence of both Kv2.1 (cyan
band, �110 kDa) and Kv1.2 (magenta band, �70 kDa) in the input fraction and
the exclusive presence of Kv2.1 in the Kv2.1 IP output fraction, and Kv1.2 in
the Kv1.2 IP output fraction.
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employ to maintain and/or replenish PM PtdIns(4,5)P2. Deple-
tion of PtdIns(4,5)P2 induces an accumulation of Nir2/3 at
ER–PM junctions and a subsequent replenishment of PM
PtdIns(4,5)P2 via retrieval of phosphatidic acid from, and inser-
tion of PtdIns into, the PM (19 –22). To begin exploring the role
of Nir2 association with Kv2-containing ER–PM junctions in
this process, we first validated the presence of these homeo-
static mechanisms in HEK293T, on the basis that HEK293T
cells recapitulate certain aspects of neuronal gene expression
(53) but do not endogenously express either Kv2.1 or Kv2.2
(54). HEK293T cells that express exogenous type-1 muscarinic
receptor (M1R) following transient transfection demonstrated
robust PM-associated expression of YFP-tagged M1R (YFP–
M1R), evident in spinning disk confocal (SDC) optical sections
taken through the center of live cells (Fig. 2A). Importantly, the

PM expression of YFP–M1R was functionally coupled to PM
PtdIns(4,5)P2 depletion, such that acute muscarinic stimula-
tion (10 �M oxotremorine M (OxoM) treatment for 40 s) was
sufficient to deplete PM PtdIns(4,5)P2 as reported by displace-
ment of the PtdIns(4,5)P2 biosensor, mCherry-tagged PHPLC�1
(mCherry–PHPLC�1), from the PM into the cytoplasm (Fig. 2, B
and C). The depletion of PM PtdIns(4,5)P2 was transient as
washout of OxoM enabled mCherry–PHPLC�1 to re-accumu-
late at the PM following resynthesis of its lipid substrate (Fig. 2,
B and C).

We next utilized total internal reflection fluorescence (TIRF)
imaging of live cells to examine whether muscarinic stimula-
tion was also sufficient to induce Nir2 accumulation at ER–PM
junctions. We cotransfected HEK293T cells with YFP–M1R,
GFP-tagged VAPA (GFP–VAPA), and BFP-tagged SEC61�

Figure 2. Acute muscarinic stimulation induces a recoverable loss of PtdIns(4,5)P2 from the PM, and Nir2 recruitment to ER–PM junctions, in HEK293T
cells expressing the M1 receptor. A, confocal optical section taken through the center of a single resting HEK293T cell cotransfected with YFP–M1R (shown in
A) and mCherry–PHPLC� (measured in B and shown in C). Note the efficient expression of YFP–M1R at the PM. The scale bar is 5 �m. B, time course of cytoplasmic
mCherry–PHPLC� intensity values, measured from the cell shown in A and C, prior to and during acute (40 s) stimulation (indicated by gray bar) with 10 �M OxoM
and following washout. C, kymograph of PM and cytoplasmic mCherry–PHPLC� expression taken from the same cell as in A and B. Note the loss of PM
mCherry–PHPLC� during 10 �M OxoM stimulation, and the recovery of PM mCherry–PHPLC� following washout. Representative confocal optical sections of
mCherry–PHPLC�, taken through the center of the cell during rest, stimulation, and washout, are shown below the kymograph. The scale bar is 5 �m. Selection
for kymograph is indicated by a red dashed line in these images. D, representative TIRF images of a pair of HEK293T cells cotransfected with GFP–VAPA (not
shown), YFP–M1R (not shown), mCherry–Nir2 (magenta), and BFP–SEC61� (green) before (left) and after (right) acute stimulation with 10 �M OxoM. Merged
image is shown at bottom. The scale bar in the large image is 10 �m. The PCC (mean � S.D.) between mCherry–Nir2 and BFP–SEC61� following muscarinic
stimulation is reported in the right merged image (n � 4 cells). E, line-scan analyses of mCherry–Nir2 (magenta) and BFP–SEC61� (green) intensity, following
stimulation with 10 �M OxoM, from region indicated in the right merged image of D.
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(BFP–SEC61�), as a marker of cortical ER within the TIRF foot-
print (43, 55), and mCherry-tagged Nir2 (mCherry–Nir2).
Acute stimulation with OxoM induced accumulation of the
cytoplasmic mCherry–Nir2 protein into puncta localized to
ER–PM junctions as marked by BFP–SEC61� in the TIRF
field (Fig. 2D), such that enhanced colocalization between
mCherry–Nir2 and BFP–SEC61� was present following stim-
ulation (Fig. 2E). In line with these observations, measurements
of Pearson’s correlation coefficient (PCC) values between
mCherry–Nir2 and BFP–SEC61B from these cells following
muscarinic stimulation returned relatively high values (mean
PCC � S.D.: 0.76 � 0.11, n � 4 cells). These experiments dem-
onstrate that muscarinic stimulation of HEK293T cells is suffi-
cient to induce a recoverable depletion of PM PtdIns(4,5)P2 and
accumulation of the exogenously-expressed cytoplasmic Nir2
protein at ER–PM junctions, as seen previously in other cell
types (19, 21).

Nir2 is recruited to ER–PM junctions mediated by cell-surface
Kv2.1

We next examined the impact of Kv2.1 expression on Nir2
accumulation at ER–PM junctions by transiently transfecting
HEK293T cells with GFP–VAPA, YFP–M1R, mCherry–Nir2,
and CFP-tagged Kv2.1 (CFP–Kv2.1) and imaging live cells
using TIRF microscopy. As shown in Fig. 3B, in �40% of
unstimulated HEK293T cells coexpressing CFP–Kv2.1, GFP–
VAPA, YFP–M1R, and mCherry–Nir2, the near-membrane
signal of cytoplasmic mCherry–Nir2 (as imaged with TIRF) was
present in large puncta that colocalized with clusters of CFP–
Kv2.1, as evidenced by the white puncta in the merged panels in
Fig. 3B, and by the overlap analysis in Fig. 3B. These large
mCherry–Nir2 puncta were not present in unstimulated cells
lacking CFP–Kv2.1 expression (see the representative image of
diffuse mCherry–Nir2 signal observed in unstimulated cells
lacking Kv2.1 in Fig. 2D) or in cells cotransfected with
mCherry–Nir2, YFP–M1R, and CFP–Kv2.1 but lacking exoge-
nous VAPA (data not shown). This demonstrates that unstimu-
lated HEK293T cells expressing exogenous VAPA, exogenous
coexpression of Kv2.1, that results in more robust ER–PM junc-
tions (41, 42) via Kv2.1-mediated recruitment of VAPs (43, 44)
is sufficient to impact Nir2 localization.

In these experiments, other coexpressing/unstimulated cells
lacked mCherry–Nir2 puncta (Fig. 3C). We next examined the
impact of muscarinic stimulation on Nir2 accumulation at
ER–PM junctions in these cells. Acute stimulation with 10 �M

OxoM induced both a rapid accumulation of the cytoplasmic
mCherry–Nir2 signal to the near-membrane TIRF field but
also its presence in puncta that for the most part colocalized
with clustered CFP–Kv2.1 (Fig. 3D). This extent and nature of
mCherry–Nir2 clustering was not observed in stimulated cells
lacking CFP–Kv2.1 expression (see the representative image of
the smaller mCherry–Nir2 puncta observed in stimulated cells
lacking Kv2.1 in Fig. 3A). To quantify these observations, we
measured the size of mCherry–Nir2 puncta from stimulated
HEK293T cells lacking or coexpressing Kv2.1. Consistent with
our observations, there was a significant increase in mean Nir2
puncta size in cells coexpressing Kv2.1 (mean � S.D.: 0.89 �
0.35 �m2), relative to control cells lacking Kv2.1 expression

(mean � S.D.: 0.30 � 0.11 �m2), as well as a rightward shift in
the cumulative frequency distribution of Nir2 puncta sizes
in cells coexpressing Kv2.1, relative to control cells (Fig. 3, E and
F). These data demonstrate that Nir2 accumulates at Kv2.1/
VAPA-containing ER–PM junctions following PM PtdIns
(4,5)P2 depletion and that the presence of Kv2.1/VAPA-medi-
ated ER–PM junctions can enhance Nir2 puncta at these sites,
in both resting/unstimulated and muscarinic-stimulated cells.

Finally, as we have recently demonstrated that K� conduc-
tion is not necessary for either cell-surface expression of Kv2.1
or organization of ER–PM junctions by Kv2.1/VAPs (42, 43),
we compared the ability of a nonconducting mutant Kv2.1 iso-
form (Kv2.1 P404W (42, 43, 56)) to recruit mCherry–Nir2
puncta in unstimulated HEK293T cells (coexpressing exoge-
nous mCherry–Nir2, GFP–VAPA, and YFP–M1R) relative to
WT Kv2.1. In these experiments we labeled cell-surface Kv2.1
with GxTX-633, the membrane-impermeant and Kv2-specific
tarantula toxin guanxgitoxin-1E (57) conjugated to DyLight
633 (42, 58) and imaged near-membrane signals using TIRF
microscopy. No apparent differences were observed between
WT Kv2.1 or Kv2.1 P404W in their ability to either traffic to the
cell surface (as reported previously (42)) or induce large clusters of
mCherry–Nir2 in unstimulated HEK293T cells (Fig. 4, A and B).
Line-scan analyses of fluorescence intensity from these cells
yielded comparable intensity profiles as well as R2 values for cells
expressing conducting or nonconducting Kv2.1 (Fig. 4). These
data taken together demonstrate the following: 1) Nir2 accumu-
lates at Kv2.1 and VAPA-containing ER–PM junctions; 2) the
presence of Kv2.1/VAPA-mediated ER–PM junctions can
enhance the size of Nir2 puncta at these sites; and 3) Kv2.1 K�

conduction is not necessary for this impact on Nir2 localization.

Exogenous VAPA expression enhances colocalization of Kv2.1
and Nir2 at ER–PM junctions in cultured hippocampal neurons

We next investigated the spatial relationship between Kv2.1,
VAPA, and Nir2 in live-cultured rat hippocampal neurons
(CHNs) that endogenously express Kv2.1 and VAPs (43). In
our initial experiments employing widefield live-cell imaging
of CHNs, we observed weak colocalization of exogenously
expressed CFP–Kv2.1 (or GFP-tagged Kv2.2 (GFP–Kv2.2)) and
mCherry–Nir2 (data not shown). We hypothesized that endog-
enous VAPA levels in CHNs may be insufficient to mediate the
effective association of exogenous Nir2 with Kv2.1 clusters or
that endogenous VAP proteins are pre-associated with other
binding partners or otherwise unavailable to mediate this asso-
ciation between exogenously expressed Kv2.1 and Nir2. As
such, we examined the impact of exogenous VAPA coexpres-
sion on Kv2.1 and Nir2 colocalization. We evaluated subcellu-
lar localization using SDC microscopy of live CHNs transfected
at 7–10 DIV and imaged 48 h later. We found that CHNs
expressing mCherry–Nir2 alone produced a mostly-diffuse
cytoplasmic signal with small puncta on the soma and pro-
cesses (Fig. 5A). Coexpressing GFP–VAPA generally resulted
in puncta of colocalized GFP–VAPA and mCherry–Nir2 on the
soma and processes (Fig. 5B). In contrast, coexpressing CFP–
Kv2.1 did not appear to substantially impact mCherry–Nir2
localization in most cells, despite the expression of large CFP–
Kv2.1 clusters on the soma and processes (Fig. 5C). Coexpress-
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Figure 3. Muscarinic stimulation triggers Nir2 recruitment to Kv2.1/VAP-mediated ER–PM junctions. A, TIRF image of a HEK293T cell cotransfected with
YFP–M1R (not shown), GFP–VAPA (not shown), and mCherry–Nir2 (shown in inverted contrast) stimulated with 10 �M OxoM. The scale bar is 5 �m and holds for
B. B, TIRF images of a resting HEK293T cell cotransfected with YFP–M1R (not shown), GFP–VAPA (not shown), mCherry–Nir2 (magenta), and CFP–Kv2.1 (green).
Pixel overlap analysis of CFP–Kv2.1 and mCherry–Nir2 is shown to the right of the merged image. Note the robust colocalization of mCherry–Nir2 with
CFP–Kv2.1. C, TIRF images of another resting HEK293T cell cotransfected with YFP–M1R (not shown), GFP–VAPA (not shown), mCherry–Nir2 (magenta), and
CFP–Kv2.1 (green) prior to acute stimulation with 10 �M OxoM. The scale bar is 5 �m and holds for D. Line scan analysis of mCherry–Nir2 and CFP–Kv2.1 intensity,
from selection indicated in merged image, is shown to right of merged image. D, TIRF images of same cell shown in C following acute stimulation with 10 �M

OxoM. Line scan analysis of mCherry–Nir2 and CFP–Kv2.1 intensity, from selection indicated in merged image, shown to right of merged image. Note the overlap
of Kv2.1 and Nir2 intensity profiles following stimulation with OxoM. E, summary graph of mean Nir2 puncta sizes, measured from 10 �M OxoM-stimulated
HEK293T cells expressing mCherry–Nir2, GFP–VAPA, YFP–M1R (control), or coexpressing CFP–Kv2.1 (�Kv2.1). Bars are mean � S.D. (****, p value � 6.87 � 10�7,
n � 15–16 cells, two-tailed unpaired t test). F, cumulative frequency distributions of Nir2 puncta sizes measured from cells summarized in E.
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ing CFP–Kv2.1, GFP–VAPA, and mCherry–Nir2 resulted in
colocalization of all three proteins in large clusters on the soma
and processes (Fig. 5D). In each case, we noted the presence of
mCherry–Nir2 puncta, which did not appear to colocalize with
either CFP–Kv2.1 or GFP–VAPA, potentially indicating the
association of mCherry–Nir2 with endogenous VAPs at these
sites. To quantify these observations, we measured PCC values
and found a significant increase in PCC measurements between
CFP-Kv2.1 and mCherry–Nir2 upon GFP–VAPA coexpression
(Fig. 5E). These experiments demonstrate that in CHNs exog-
enous VAPA expression is required for colocalization of exog-
enously expressed Kv2.1 and Nir.

Spatial correlation of endogenous immunolabeled Nir2, Kv2.1,
and VAPs in resting cultured rat hippocampal neurons

Given the biochemical association of Kv2.1 and Nir proteins
detected in our proteomics experiments, and the colocalization
of exogenous Nir2, Kv2.1, and VAPA in HEK293T cells and
CHNs, we next investigated the subcellular localization of
endogenous immunolabeled Nir2, Kv2.1, and VAPs. Until this
point, we have largely utilized conventional TIRF imaging,
under the rationale that TIRF microscopy, while diffraction-
limited, provides the highest signal–to–noise for studying
dynamic ER–PM junction-associated processes in live cells.
Recent studies have demonstrated that the size of native
ER–PM junctions in cultured mammalian cells (59) and mouse

brain neurons (9) is below the diffraction limit, and as such,
conventional light microscopy is not optimal for interrogating
the spatial distribution of endogenous ER-PM junction compo-
nents at native ER–PM junctions. Toward this end, we chose to
employ super-resolution imaging (N-SIM) of fixed and immu-
nolabeled but otherwise native CHNs, as we have done previ-
ously in similar studies (36, 37, 42, 43, 60). We immunolabeled
CHNs that were cultured under resting conditions prior to fix-
ation, followed by N-SIM imaging, similar to the approach that
we utilized previously (43). We employed two distinct commer-
cially available anti-Nir2 polyclonal antibodies raised against
distinct regions of human Nir2 (amino acids 365– 444 or 589 –
651) that each exhibit extensive (�80%) sequence identity with
rat Nir2. For both anti-Nir2 antibodies, we observed robust
immunolabeling of Nir2 puncta on the soma and proximal pro-
cesses of these neurons (Fig. 6, A–C). There was no significant
difference in the mean area (�0.06 �m2) of Nir2 puncta labeled
with these two different anti-Nir2 antibodies (Fig. S1, A and B).
A subset of Nir2 puncta immunolabeling (�20 –25% of the total
endogenous immunolabeled Nir2 signal) overlapped with
immunolabeling for endogenous Kv2.1 (Fig. S1C), with addi-
tional Nir2 immunolabeling near but not directly overlapping
with immunolabeled Kv2.1 clusters. The amount of overlap
between Nir2 and Kv2.1 immunolabeling was not significantly
different when either anti-Nir2 antibody was employed (Fig.
S1D). We also immunolabeled for endogenous VAPs using a
mAb recognizing both VAPA and VAPB (43), and we observed
that immunolabeling of VAPs also overlapped with the immu-
nolabeling of Kv2.1 and Nir2 (Fig. 6A).

Using these N-SIM images, we next performed two indepen-
dent spatial interaction statistical analyses, FIJI-MOSAIC (61) and
Icy-GcoPS (62), on immunolabeled puncta of endogenous Nir2,
Kv2.1, and VAPA/B proteins within a region of interest outlining
the neuronal soma and proximal processes. In both analyses, we
found that the spatial distributions of immunolabeled Kv2.1 and
Nir2 puncta were significantly correlated (versus the null hypoth-
eses of independence) and could not be recapitulated in images in
which their relative positions had been iteratively randomized in
silico (63, 64). Furthermore, the spatial distributions of the immu-
nolabeled Nir2 and Kv2.1 puncta were significantly correlated
regardless of which anti-Nir2 antibody was used (p values listed in
Table 1). The spatial distributions of Nir2 and VAPA/B puncta
were also similarly correlated (p values listed in Table 1).

Finally, given the relatively low amount of signal overlap
between Nir2 and Kv2.1 immunolabeling (�20 –25% of the
total endogenous immunolabeled Nir2 signal) that we observed
in these N-SIM images, we further examined whether the
amount of overlap between Nir2 and Kv2.1 immunolabeling
could be recapitulated in images in which the localization of
Kv2.1 signal contained in the soma and proximal processes had
been randomized. Toward this end, we segmented the Kv2.1
immunolabeling signal into blocks sized at 10 � 10 pixels (i.e.
313.4 � 313.4 nm), randomized the position of these blocks,
and measured the amount of overlap between Nir2 with Kv2.1
in these images. We found that randomization of the Kv2.1
signal using this approach resulted in a significant decrease in
the overlap of Kv2.1 and Nir2 immunolabeling (Fig. 6, B–D).
We also found that randomization of the Kv2.1 signal similarly

Figure 4. Conducting and nonconducting cell surface Kv2.1 colocalizes
with Nir2 in resting HEK293T cells. A, TIRF images of a HEK293T cell cotrans-
fected with CFP–Kv2.1 (surface labeled with GxTX-633, green), GFP–VAPA (not
shown), YFP–M1R (not shown), and mCherry–Nir2 (magenta). The scale bar is
10 �m and holds for all images. B, TIRF image of another HEK293T cell cotrans-
fected with Kv2.1 P404W (surface-labeled with GxTX-633, green) GFP–VAPA
(not shown), YFP–M1R (not shown), and mCherry–Nir2 (magenta). C and D,
line-scan analyses of GxTX-633 surface labeling and mCherry–Nir2 intensity
from selections indicated in merged images of A and B, respectively.
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resulted in a significant decrease in the overlap of Kv2.1 with
immunolabeled ryanodine receptors (RyRs, Fig. 6, E–G); a fam-
ily of ER–PM junction-associated ER Ca2�-release channels
previously found to colocalize with Kv2.1 (37, 40, 42, 43). We
also found that Kv2.1 and RyRs were spatially correlated using
the same two independent spatial interaction statistical analy-
ses that we had employed on Kv2.1 and Nir2. Finally, we further
examined whether altering the size of the blocks used to seg-
ment and randomize the Kv2.1 signal had any impact on these
results. We found that various block sizes produced a similar
significant decrease in Kv2.1 overlap with either Nir2 or RyRs

(Fig. S2; Tables 2 and 3, respectively). Taken together these
findings demonstrate that the subcellular distributions of
endogenous immunolabeled Kv2.1, VAPs, and Nir2 are spa-
tially correlated in native CHNs.

Nir2 is preferentially recruited to ER–PM junctions organized
by Kv2.1 compared with those formed via a rapamycin-
mediated heterodimerization strategy

To test whether bulk formation of ER–PM junctions would
result in recruitment of Nir2 as occurs upon formation of
Kv2.1/VAPA-containing junctions, we increased the overall

Figure 5. VAP coexpression triggers Nir2 recruitment to ER–PM junctions mediated by Kv2.1 in live cultured rat hippocampal neurons. A, SDC optical
sections taken at the basal surface of a cultured rat hippocampal neuron transfected with mCherry–Nir2. The scale bar is 5 �m and holds for all images. B, SDC
optical sections taken at the basal surface of a cultured rat hippocampal neuron cotransfected with mCherry–Nir2 (red) and GFP–VAPA (green). Note the robust
colocalization of GFP–VAPA with mCherry–Nir2. Line scan analysis of mCherry–Nir2 and GFP–VAPA intensity from selection indicated in merged image of B is
shown to the right of B. C, SDC optical sections taken at the basal surface of a cultured rat hippocampal neuron cotransfected with mCherry–Nir2 (red) and
CFP–Kv2.1 (blue). Note the lack of minimal colocalization of mCherry–Nir2 with CFP–Kv2.1. Line scan analysis of mCherry–Nir2 and CFP–Kv2.1 intensity from
selection indicated in merged image of C is shown to the right of C. D, SDC optical sections taken at the basal surface of a cultured rat hippocampal neuron
cotransfected with mCherry–Nir2 (red), GFP–VAPA (green), and CFP–Kv2.1 (blue). Note the robust colocalization of mCherry–Nir2 with GFP–VAPA and CFP–
Kv2.1. Line scan analysis of mCherry–Nir2, GFP–VAPA, and CFP–Kv2.1 intensity from selection indicated in merged image of D is shown to the right of D. E,
enlarged images of mCherry–Nir2 (red), GFP–VAPA (green), and CFP–Kv2.1 (blue) from selection indicated in merged image of D. F, summary graph of Pearson’s
correlation coefficient values between mCherry–Nir2 and GFP–VAPA or CFP–Kv2.1, measured from cultured rat hippocampal neurons transfected with
mCherry–Nir2 and CFP–Kv2.1 (circles) or mCherry–Nir2, CFP–Kv2.1, and GFP–VAPA (triangles). Bars are mean � S.D. (VAPA: ****, p value � 0.0001, n � 16 cells;
Kv2.1: ****, p value � 0.0001, n � 17 cells; ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test).
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abundance of ER–PM junctions formed using a rapamycin-
mediated heterodimerization strategy (60, 65). This entails
coexpression of ER-localized CFP–CB5–FKBP (CB5) and PM-
localized lyn11–FRB (lyn11), whose association is induced by
treatment with 5 �M rapamycin to trigger enhanced ER–PM
junctions stabilized by the rapamycin-dependent interaction of
CB5 and lyn11. We first investigated the impact of bulk induc-
tion of ER–PM junctions on the subcellular distribution of
GFP–VAPA, which in confocal images is widely distributed
throughout the ER where it colocalizes with the bulk ER marker
DsRed2–ER5 (Fig. 7A) in otherwise naïve HEK293T cells.
Coexpression with CB5/lyn11 and triggered ER–PM junction
formation via treatment with 5 �M rapamycin did not result in
recruitment of GFP–VAPA out of bulk ER (marked by
DsRed2–ER5) to these induced ER–PM junctions marked by
CB5 (Fig. 7B), as indicated by the lack of overlap of the blue CB5
signal with the yellow signal resulting from overlap of GFP–
VAPA and DsRed2–ER5 signals. This is in sharp contrast to the
robust recruitment of GFP–VAPA to junctions formed by
expression of (and that contain) CFP–Kv2.1 in the place of
CB5/lyn11 (Fig. 6C), in which all three signals (CFP–Kv2.1,
GFP–VAPA, and DsRed2–ER5) overlap to yield a white signal
at ER–PM junctions at the cell periphery, consistent with pre-
vious reports (43, 44).

To quantify the differential impacts on VAPA distribution
mediated by Kv2.1 and CB5/lyn11 expression, we measured the
intensity of VAPA fluorescence at the cell periphery associated
with CB5/lyn11 or Kv2.1-mediated ER–PM junctions. Consist-
ent with our visual observations, we quantified a significant
increase in peripheral VAPA intensity in cells coexpressing
Kv2.1 relative to cells coexpressing CB5/lyn11 (Fig. 6D). In
addition, coexpression of DsRed-tagged Kv2.1 (DsRed–Kv2.1)
with the components of the CB5/lyn11 system followed by ra-
pamycin treatment yielded clusters of DsRed–Kv2.1 and CB5
that generally did not colocalize (Fig. 6E). Disruption of the

actin cytoskeleton via latrunculin A treatment yielded the
expected (42, 66) fusion of Kv2.1 clusters (Fig. 7F) but did not
alter the mutual exclusion of Kv2.1-mediated ER–PM junctions
with those formed by CB5/lyn11 coupling (Fig. 7F). PCC mea-
surements taken from these cells prior to, or after, latrunculin A
treatment were not significantly altered (Fig. 7G), further sup-
porting the notion that ER–PM junctions mediated by Kv2.1/
VAP association are distinct from those mediated by CB5/lyn11
interaction. Given the observed differences between Kv2.1- and
CB5/lyn11-mediated ER–PM junctions, we addressed whether
Nir2 would be recruited to ER–PM junctions mediated by CB5/
lyn11. We coexpressed CB5/lyn-11, YFP–M1R, GFP–VAPA,
and mCherry–Nir2 in HEK293T cells, treated with 5 �M rapa-
mycin to induce coupling of CB5/lyn11 and formation of
ER–PM junctions, and further stimulated cells with 10 �M

OxoM to induce PtdIns(4,5)P2 depletion. We found that
mCherry–Nir2 was not recruited to ER–PM junctions medi-
ated by CB5/lyn11 to the same extent as those mediated by
Kv2.1, such that PCC measurements of colocalization of
mCherry–Nir2 and CB5 were significantly lower than those
between mCherry–Nir2 and CFP–Kv2.1 in these experiments
(Fig. 7J). This was particularly evident in a subset of cells in
which mCherry–Nir2 appeared to be recruited to areas gener-
ally lacking CB5/lyn11 (Fig. 7, H and I), as indicated by the lack
of overlap between their respective signals and interdigitated
signal intensity line scans (Fig. 7J). We note that in contrast to
the effects of Kv2.1 expression (Fig. 3), the formation of
enhanced ER–PM junctions induced by CB5/lyn11 coupling
did not lead to formation of Nir2 puncta in resting cells (i.e.
prior to treatment with 10 �M OxoM). Taken together, these
results demonstrate that ER–PM junctions mediated by Kv2.1
and VAP are distinct in their ability to recruit Nir2 compared
with those formed upon CB5/lyn11 coupling.

Kv2.1, VAPA, and Nir2 colocalized at ER–PM junctions have
comparable recovery rates after photobleaching

We next compared the turnover of Kv2.1, VAPA, and Nir2
present at Kv2.1–VAPA-mediated ER–PM junctions by per-
forming fluorescence recovery after photobleaching (FRAP)
experiments. We measured the recovery rates of CFP–Kv2.1,
mCherry–Nir2, and GFP–VAPA fluorescence in the photo-
bleached region of interest that occurs upon diffusion of these
fluorescent proteins from unbleached areas into this region.
We photobleached a large area of the basal surface of each cell,

Figure 6. Spatial distributions of Kv2.1, Nir2, and VAPA/B immunolabeling in cultured hippocampal neurons. A, super-resolution (N-SIM) optical
sections taken at the basal membrane of a cultured rat hippocampal neuron immunolabeled for endogenous Kv2.1 (shown in green), Nir2 (shown in red), and
VAPA/B (shown in blue). Merged image shown to the right. Bottom panels show magnified selection from merged image in top panel. The scale bar in the upper left
Kv2.1 panel is 5 �m and holds for all panels in that row. The scale bar in the magnified Kv2.1 panel is 1.25 �m and holds for all panels in the bottom two rows. B,
super-resolution (N-SIM) optical sections taken at the basal membrane of a cultured rat hippocampal neuron immunolabeled for endogenous Kv2.1 and Nir2.
The merged image is shown to the right, with Kv2.1 shown in green and Nir2 shown in magenta. The top row shows the original image, and the bottom row the
same image after randomization of the Kv2.1 immunolabeling signal. Arrows point at spatially correlated signals in the original images that are lost in the
randomized images. The scale bar is 5 �m and also holds for D. C, summary graph of percent overlap of Nir2 signal with Kv2.1 measured from the original images
and from the same images after randomization of the Kv2.1 signal (randomized). Percent overlap values for Kv2.1 and Nir2 are original: 23.9 � 5.97%, and
randomized: 19.4 � 4.56% (mean � S.D.; ****, p value � 0.000594, n � 11 cells; two-tailed paired t test). D, super-resolution (N-SIM) optical sections taken at the
basal membrane of a cultured rat hippocampal neuron immunolabeled for endogenous Kv2.1 and RyRs. The merged image is shown to the right, with Kv2.1
shown in green and RyRs shown in magenta. The top row shows the original image, and the bottom row the same image after randomization of the Kv2.1
immunolabeling signal. Arrows point at spatially correlated signals in the original images that are lost in the randomized images. E, summary graph of percent
overlap of RyR signal with Kv2.1 measured from the original images and from the same images after randomization of the Kv2.1 signal (randomized). Percent
overlap values for Kv2.1 and RyRs are original: 62.6 � 9.96%, and randomized: 16.5 � 7.00% (mean � S.D.; ****, p value � 0.00000195, n � 8 cells; two-tailed
paired t test).

Table 1
p values for spatial interaction statistical analyses of N-SIM images in
Fig. 6

Figure
p value

(FIJI-MOSAIC)
p value

(Icy-GcoPS)

S1A (Kv2.1 and Nir2) 0.0031 1.5 � 10�4

S1B (Kv2.1 and Nir2) 0.006 3.94 � 10�4

6A (VAPA/B and Nir2) 	0.001 0
6A (Kv2.1 and Nir2) 	0.001 0.01
6D (Kv2.1 and RyRs) 	0.001 0.0
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which often contained multiple large ER–PM junction puncta
(Fig. 8, A–C). Following photobleaching, we monitored the
recovery of CFP–Kv2.1, GFP–VAPA, or mCherry–Nir2 fluo-
rescence over the next 360 s using SDC imaging, and we then
used this to calculate the turnover rate (t1⁄2) for each protein.
The turnover rates of CFP–Kv2.1, GFP–VAPA, and mCherry–
Nir2 were all relatively low and not significantly different from
each other (Fig. 8D) suggesting that Kv2.1, VAPA, and Nir2
not only colocalize but are comparably stable within ER–PM
junctions.

Kv2.1-mediated ER–PM junction formation alters the extent of
PtdIns(4,5)P2 depletion following repetitive muscarinic
stimulation, but not resting PtdIns(4,5)P2, or PtdIns(4)P levels

Given the impact of expressing Kv2.1 on the enhanced levels
of Nir2 associated with Kv2.1 and VAP containing ER–PM
junctions, we examined whether Kv2.1 expression affected
phosphoinositide homeostasis. We first examined whether
Kv2.1 expression impacted steady-state PtdIns(4,5)P2 by
labeling unstimulated HEK293T cells with the PtdIns(4,5)P2
reporter mCherry–PHPLC�1 (67). In cells coexpressing mCherry–
PHPLC� and BFP–SEC61�, mCherry–PHPLC�1 had a fairly
homogeneous expression profile as visualized in TIRF micros-
copy (Fig. 9A); line-scan analyses suggested a subtle enrichment
of mCherry–PHPLC� at or near ER–PM junctions, as visualized
by BFP–SEC61� TIRF signals (Fig. 8). Coexpression of GFP-
tagged Kv2.1 (GFP–Kv2.1) led to the expected increase in the
size of BFP–SEC61� puncta in the TIRF field yet did not lead to
an appreciable impact on the overall distribution or intensity of
mCherry–PHPLC�1 (Fig. 9B). Line-scan analyses of these cells
did not reveal an appreciable change of mCherry–PHPLC�1
labeling at ER–PM junctions demarcated by BFP–SEC61� and
GFP-Kv2.1 TIRF signals (Fig. 8). Similarly, PM targeting of
mCherry–PHPLC�1 visualized in SDC optical sections appeared
unaltered in cells coexpressing CFP–Kv2.1 relative to control

cells lacking Kv2.1 expression (Fig. 9, C and D), and ratiometric
measurements of PM versus cytoplasmic mCherry–PHPLC�1

signal intensity (measured from these SDC optical sections)
showed Kv2.1 expression yielded no significant impact (Fig.
8E). Similarly, we did not observe a difference in the expression
of PtdIns(4,5)P2 (a precursor of PtdIns(4,5)P2), as reported by
the fluorescent PtdIns(4,5)P2 biosensor mCherry–P4Mx1 (68),
in control cells relative to cells coexpressing CFP–Kv2.1 (data
not shown). Ratiometric measurements of PM (TIRF) and cyto-
plasmic (SDC optical sections) mCherry–P4Mx1 expression
yielded no significant differences in control cells relative to cells
coexpressing CFP–Kv2.1 (Fig. 9F). From these results, we con-
cluded that Kv2.1 expression does not significantly impact the
steady-state levels of PtdIns(4,5)P2 or its precursor PtdIns(4)P
in unstimulated HEK293T cells.

Finally, as we failed to observe differences in PtdIns(4,5)P2

levels in resting cells, we examined whether Kv2.1 expression
would affect the kinetics of PtdIns(4,5)P2 hydrolysis and/or
recovery following muscarinic stimulation. Toward this end,
we employed a similar experimental paradigm as we used above
(Fig. 2B) to measure cytoplasmic mCherry–PHPLC�1 signal
intensity in HEK293T cells expressing YFP–M1R alone (con-
trol) or coexpressing CFP–Kv2.1, during repetitive muscarinic
stimulations with 0.5 �M OxoM. Interestingly, in these experi-
ments we found that there were significant differences in
cytoplasmic mCherry–PHPLC�1 intensity in Kv2.1-express-
ing cells relative to control cells during these stimulations,
such that Kv2.1-expressing cells exhibited a significantly-
reduced response to OxoM stimulation relative to control
cells (Fig. 9G). These data, taken together, demonstrate
that whereas Kv2.1 expression has no apparent impact on
resting or steady-state PtdIns(4,5)P2 or phosphatidylinositol
4-phosphate levels, Kv2.1 expression is sufficient to impact
the extent of PtdIns(4,5)P2 metabolism and/or recovery dur-

Table 2
Quantification of the impact of Kv2.1 signal segmentation and randomization using various block sizes on overlap with Nir2
NA means not applicable.

Sample
Percent of total Nir2 signal

overlapping with Kv2.1 S.D.
p value (two-tailed, paired t-test vs.
percent overlap in original image)

Original image 23.9 5.97 NA
Kv2.1 randomized (1 � 1 pixel block size) 1.99 0.437 0.000119
Kv2.1 randomized (5 � 5 pixel block size) 1.95 0.426 0.0000303
Kv2.1 randomized (10 � 10 pixel block size) 1.93 0.458 0.0000174
Kv2.1 randomized (20 � 20 pixel block size) 1.84 0.398 0.0000176
Kv2.1 randomized (30 � 30 pixel block size) 1.74 0.399 0.0000267
Kv2.1 randomized (40 � 40 pixel block size) 1.68 0.380 0.0000222
Kv2.1 randomized (50 � 50 pixel block size) 1.65 0.405 3.76E-06

Table 3
Quantification of the impact of Kv2.1 signal segmentation and randomization using various block sizes on overlap with RyRs
NA means not applicable.

Sample
Percent of total RyR signal

overlapping with Kv2.1 S.D.
p value (two-tailed, paired t-test vs.
percent overlap in original image)

Original image 62.6 9.96 NA
Kv2.1 randomized (1 � 1 pixel block size) 16.4 6.16 8.267E-07
Kv2.1 randomized (5 � 5 pixel block size) 16.0 5.85 7.43E-07
Kv2.1 randomized (10 � 10 pixel block size) 16.0 5.93 6.79E-07
Kv2.1 randomized (20 � 20 pixel block size) 16.8 7.41 8.55E-07
Kv2.1 randomized (30 � 30 pixel block size) 14.7 5.46 1.06E-06
Kv2.1 randomized (40 � 40 pixel block size) 15.4 5.42 7.22E-07
Kv2.1 randomized (50 � 50 pixel block size) 14.8 4.57 2.523E-07
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ing repetitive muscarinic stimulations in heterologous
HEK293T cells.

Kv2.1 knockout mouse brains have altered phosphoinositide
and phosphatidic acid levels

To this point, we have tested a role for Kv2.1 in regulating
phosphoinositide metabolism in HEK293T cells. To examine
whether Kv2.1 participates in tuning phosphoinositide levels in
intact brain, we used a combination of high-performance LC
(HPLC) with electrospray ionization (ESI) and tandem MS with
multiple reaction monitoring (HPLC–ESI–MS/MS) (69) to
quantitatively determine phosphoinositide levels from brains
of WT mice and Kv2.1-deficient (Kv2.1 KO) littermates. Lipid
analysis revealed that Kv2.1 KO brains had significantly less
total PtdIns(4)P, PtdIns(4,5)P2, and phosphatidic acid, relative
to WT controls (Fig. 10A), with the most abundant isoforms
(38:4, 36:1; determined by their fatty-acyl chains) depleted by
an equivalent extent across each phosphoinositide species. We
also investigated whether these differences arose from differen-
tial expression of Nir2 in CHNs isolated from Kv2.1 KO and
WT mice. However, in these immunocytochemistry and wide-
field-imaging experiments we did not detect a significant dif-
ference in Nir2 labeling intensity between CHNs cultured from
neurons in Kv2.1 KO and WT mice (data not shown). From
these results, we conclude that Kv2.1 makes significant contri-
butions to the total abundance of several key phosphoinositide-
signaling lipids in intact mouse brain.

Discussion

Our previous findings identified the association of PM-local-
ized Kv2 �-subunits and ER-localized VAPs as defining a subset
of ER–PM junctions in mammalian brain neurons (43). The
unbiased proteomic approach that we undertook in this study
revealed the biochemical association of membrane-associated
phosphatidylinositol transfer proteins isoforms 1 (Nir2) and 2
(Nir3) with Kv2.1- and VAP-containing protein complexes. We
note that Nir2 and Nir3 were not present in the previous pro-
teomic data set used to identify VAPA and VAPB as proteins
associated with Kv2.1 (43). Here, we modified our approach to
use on-bead tryptic digestion to elute tryptic peptides from the
immunopurified Kv2.1-containing complexes, as opposed to
performing SDS-gel electrophoresis and in-gel digests as we
had done previously (43). This not only enhanced the overall

peptide recovery (contained in our spectral counts) of Kv2
�-subunits and VAPs relative to our previous data set, but also
revealed the presence of Nir2 and Nir3, albeit at relatively low
abundance. Our findings are that Nir proteins biochemically
copurify with Kv2.1, and that the subcellular distribution of
Nir2 is spatially correlated with Kv2.1 and VAPs in HEK293T
cells and cultured hippocampal neurons. These experiments
support that a subpopulation of these Nir proteins expressed in
brain neurons are spatially associated with Kv2.1 and VAP-
containing ER–PM junctions.

A number of factors may explain the low abundance of Nir
proteins in our proteomic data set. Although among all tissues
examined both Nir2 (70 –72) and Nir3 (73) have relatively high
levels of expression at the mRNA level in brain tissue, their
regional and cellular expression is more restricted than that
of the widely-expressed Kv2 �-subunits and VAPs (e.g. in
mouse brain (http://mouse.brain-map.org)). For example, Nir3
mRNA expression in brain is high only in granule cells within
the dentate gyrus (73), which also express Kv2.1 (74, 75) and
Kv2.2 (28), as well as VAPA and VAPB (43). However, even in
these neurons their subcellular localization is only partial, as
Nir3 immunoreactivity is found throughout the cell bodies,
axons, and dendrites (73), whereas that for Kv2 �-subunits and
VAPs is primarily present on the cell body and proximal den-
drites (43). Nir2 is more broadly expressed than Nir3 at the
regional and cellular level (e.g. in mouse brain (http://mouse.
brain-map.org)), but its expression is still relatively limited com-
pared with Kv2 �-subunits and VAPs.

Another factor potentially limiting the overall abundance of
Nir proteins associated with immunopurified Kv2.1 complexes
from brain is that their association with ER–PM junctions is
conditional and is substantially enhanced after depletion of
PtdIns(4,5)P2 in the PM (19 –22). We also observed condition-
ality in Nir2 and Kv2.1 colocalization in our imaging experi-
ments in HEK293T cells, such that while a subset of HEK293T
cells had colocalized Kv2.1, VAPA, and Nir2 prior to musca-
rinic stimulation, this was substantially enhanced by such stim-
ulation. Our immunopurification of Kv2.1 was performed using
mouse brain samples that had not been exposed to any specific
stimulus to deplete PM PtdIns(4,5)P2 prior to homogenization,
although the brain undoubtedly contains substantial popula-
tions of neurons in which the Nir proteins were present at

Figure 7. Nir2 is preferentially recruited to ER–PM junctions enhanced by Kv2.1 expression, relative to those formed via a rapamycin-mediated
heterodimerization strategy. A, SDC optical sections taken through the center of a HEK293T cell cotransfected with GFP–VAPA (green) and DsRed2–ER5 (red).
The scale bar is 5 �m and holds for all images in A–C. Note the broad distribution of VAPA throughout bulk ER. B, confocal optical sections taken through the
center of a HEK293T cell cotransfected with CFP–CB5–FKBP (blue), lyn11–FRB (not shown), GFP–VAPA (green), and DsRed2–ER5 (red) and treated with 5 �M

rapamycin. Note the broad distribution of VAPA throughout bulk ER, and the lack of an enrichment of VAPA at ER–PM junctions induced by CFP–CB5–FKBP/
lyn11–FRB heterodimerization. C, confocal optical sections taken through the center of a HEK293T cell cotransfected with CFP–Kv2.1 (blue), GFP–VAPA (green),
and DsRed2–ER5 (red). Note the reduction of VAPA in bulk ER and the enrichment of GFP–VAPA at ER–PM junctions induced by CFP–Kv2.1 expression. D,
summary graph of peripheral VAPA intensity measured from HEK293T cells cotransfected with GFP–VAPA and CFP–Kv2.1 or CFP–CB5–FKBP/lyn11–FRB and
treated with 5 �M rapamycin (****, p value � 3.58 � 10�13, n � 27–31 cells, two-tailed unpaired t test). E and F, TIRF image of a HEK293T cell cotransfected with
DsRed–Kv2.1 (green), CFP–CB5–FKBP (magenta), and lyn11–FRB (not shown) following 5 �M rapamycin treatment (E) and following 10 �M latrunculin A
treatment (F). The scale bar is 10 �m and holds for E and F. G, summary graph of PCC measurements between DsRed–Kv2.1 and CFP–CB5–FKBP measured from
HEK293T cells cotransfected with DsRed–Kv2.1, CFP–CB5–FKBP, and lyn11–FRB and treated with 5 �M rapamycin and further treated with 10 �M latrunculin A
(ns, p value � 0.8092, n � 15 cells, two-tailed unpaired t test). H and I, TIRF images of a HEK293T cell cotransfected with YFP–M1R (not shown), GFP–VAPA (not
shown), mCherry–Nir2 (magenta), CFP–CB5–FKBP (green), and lyn11–FRB (not shown) and treated with 5 �M rapamycin, at rest (H) and following (I) acute
stimulation with 10 �M OxoM. The scale bar is 5 �M and holds for all images in H and I. J, line scan analysis of CFP–CB5–FKBP and mCherry–Nir2 intensity from
selection indicated in merged image of I. Note the interdigitation of CFP–CB5–FKBP and mCherry–Nir2 intensity profiles. K, summary graph of PCC values
between mCherry–Nir2 and CFP–Kv2.1 or CFP–CB5–FKBP measured from HEK293T cells cotransfected with mCherry–Nir2, GFP–VAPA, YFP–M1R, and CFP–
Kv2.1 or CFP–CB5–FKBP/lyn11–FRB and treated with 10 �M OxoM (****, p value � 4.856 � 10�8, n � 17–18 cells, two-tailed unpaired t test).
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ER–PM junctions in response to a recent PLC-mediated signal-
ing event. Nir3 is more sensitive and can detect subtle changes
in PtdIns(4,5)P2, whereas Nir2 requires extensive PtdIns(4,5)P2
depletion to be recruited (19), perhaps consistent with Nir3

being more highly-associated with Kv2.1-containing ER–PM
junctions in unstimulated brain samples, and as such more
substantially represented in immunopurified Kv2.1-containing
complexes than was Nir2. Additionally, our findings in

Figure 8. Exogenously expressed Kv2.1, VAPA, and Nir2 display comparable turnover rates at ER–PM junctions when coexpressed in HEK293T cells.
A, confocal optical section of CFP–Kv2.1 expression taken from the basal surface of a resting HEK293T cell cotransfected with CFP–Kv2.1, GFP–VAPA (not
shown), YFP–M1R (not shown), and mCherry–Nir2 (not shown) at rest (left), following photobleaching of area indicated by red circle (middle) and following
recovery (right). The scale bar is 2.5 �m and holds for all images. B, confocal optical section of mCherry–Nir2 expression taken from the basal surface of a resting
HEK293T cell cotransfected with CFP–Kv2.1 (not shown), GFP–VAPA (not shown), YFP–M1R (not shown), and mCherry–Nir2 at rest (left), following photobleach-
ing of area indicated by red circle (middle) and following recovery (right). C, confocal optical section of GFP–VAPA expression taken from the basal surface of a
resting HEK293T cell cotransfected with CFP–Kv2.1 (not shown), GFP–VAPA, and mCherry–Nir2 (not shown) at rest (left), following photobleaching of area
indicated by red circle (middle), and following recovery (right). D, summary graph of t1⁄2 values of CFP–Kv2.1, mCherry–Nir2, and GFP–VAPA measured from FRAP
experiments presented in A–C. Bars are mean � S.D. Note the lack of a significant difference between t1⁄2 values of CFP–Kv2.1, GFP–VAPA, and mCherry–Nir2.
(p value � 0.0923, n � 18 –20 cells; ordinary one-way ANOVA).
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HEK293T cells and CHNs support that the colocalization of
Nir2 and Kv2.1 requires exogenous VAPA expression, arguing
against a direct protein–protein interaction between Kv2.1 and
Nir2. As such, the cross-linking of both Nir proteins to Kv2.1
may be less efficient than for the directly-associated VAP
proteins.

We observed in our super-resolution imaging experiments
that only a subset (�20 –25%) of endogenous Nir2 immunola-
beling was spatially associated with that for Kv2.1 in CHNs.
However, the extent of spatial overlap was significantly
decreased in images in which the Kv2.1 immunolabeling signal
had been randomized, and the spatial distributions of immuno-

labeled Kv2.1, Nir2, and VAPA were significantly correlated
with one another, such that their positions relative to one
another could not be recapitulated due to random chance. We
note that a major inherent limitation to these analyses is our use
of indirect immunocytochemistry (i.e. employing a primary
antibody to recognize a target protein, and a fluorescently
labeled secondary antibody to recognize the primary antibody)
in conjunction with super-resolution microscopy. This limits
our ability to accurately assess the precise position and/or size
of the immunolabeled target, as the distance between the
immunolabeled epitope and the fluorescence-emitting label
on the secondary antibody in indirect immunocytochemistry

Figure 9. Kv2.1 expression alters the kinetics of PtdIns(4,5)P2 recovery, following repetitive muscarinic stimulation, but does not alter the steady-
state distributions of PtdIns(4,5)P2 or PtdIns(4)P. A, TIRF image of a resting HEK293T cell cotransfected with mCherry–PHPLC� (red, shown left) and BFP–
SEC61� (blue, shown right). Line scan analysis of selection indicated in merged image of A shown to right of A. The scale bar is 5 �m and holds for A and B. B, TIRF
image of a resting HEK293T cell cotransfected with mCherry–PHPLC� (red, shown left), GFP–Kv2.1 (shown middle), and BFP–SEC61� (middle right). Line scan
analysis of selection indicated in merged image of B shown to right of B. C, SDC optical section taken through the center of a resting HEK293T cell transfected with
mCherry–PHPLC� alone (shown left). The scale bar is 5 �m and holds for C and D. D, SDC optical sections taken through the center of a resting HEK293T cell
cotransfected with mCherry–PHPLC� (red, shown left) and CFP–Kv2.1 (green, center). E, summary graph of the ratio of PM to cytoplasmic mCherry–PHPLC�

intensity values measured from HEK293T cells transfected with mCherry–PHPLC� alone (control) or cotransfected with CFP–Kv2.1 (Kv2.1). ns, p value � 0.8654,
n � 31 cells; two-tailed unpaired t test. F, summary graph of the ratio of PM (TIRF) to cytoplasmic (SDC) mCherry–P4Mx1 intensity values measured from
HEK293T cells transfected with mCherry–P4Mx1 alone (control) or cotransfected with CFP–Kv2.1 (Kv2.1). (ns, p value � 0.1097, n � 25–31 cells; two-tailed
unpaired t test). G, time course of cytoplasmic mCherry–PHPLC� intensity values, measured from cells transfected with YFP–M1R and mCherry–PHPLC� (control,
black trace) or cotransfected with CFP–Kv2.1 (�Kv2.1, red trace) during two acute (40 s, indicated by gray bars) stimulations with 0.5 �M OxoM. Bars are mean �
S.D. Note that following the initial stimulation at 100 s, time points ranging from 110 to 165 s and 390 to 445 s are significantly different (0.0004186 � p value
�0.047207, n � 20 cells; two-tailed unpaired t test).
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likely reaches �30 –35 nm, as recently reviewed (76). This tech-
nical limitation may also contribute to the relatively low level of
spatially-correlated signals for endogenous Kv2.1 and Nir2
observed in our experiments.

That both Kv2 �-subunits (43, 44) and Nir proteins (77) bind
VAP proteins via their FFAT motifs further support a model
whereby VAPs act as intermediaries in a Kv2–VAP–Nir ternary
complex. This is supported by our findings that the turnover
rates measured from our FRAP experiments in HEK293T cells

for colocalized Kv2.1, VAPA, and Nir2 at ER–PM junctions
were not significantly different. That VAPA could form a ter-
nary complex containing Kv2 �-subunits and Nir proteins is
intriguing given that both bind to VAPs via FFAT motifs. Struc-
tural (78) and biochemical (77, 79, 80) studies support that
VAPs can exist as dimers that simultaneously bind two FFAT
motifs (78, 81), such that a single VAP protein could in principle
simultaneously bind a Kv2.1 and Nir protein FFAT motif.
Although the structures of the VAP-binding domains of Kv2
�-subunits and Nir proteins have not been elucidated, it seems
plausible that such heterotypic binding would be impeded by
steric hindrance between the two large cytoplasmic domains of
Kv2.1 and Nir2. As Kv2.1 channels are tetramers, it seems likely
that the VAP dimer would be occupied by two Kv2.1-derived
FFAT motifs and unable to accommodate binding an FFAT
motif from Nir2. However, the ER VAP proteins also form
higher-order oligomers via their juxtamembrane coiled-coil
domains (80). As such, it is possible that VAPs with free FFAT-
binding domains could exist within VAP oligomers at a Kv2.1-
mediated neuronal ER–PM junction that could serve as sites for
Nir2 recruitment following muscarinic activation. Further
experiments are needed to clarify this mechanism and to exam-
ine the contribution of other signals previously reported to
impact Nir2 activity at ER–PM junctions (e.g. PM PtdIns(4,5)P2
and phosphatidic acid levels, extended synaptotagmin-1 activa-
tion, and ER–PM junctional distance (19 –22)) relative to the
Kv2–VAP–Nir association reported here.

Our findings suggest that Kv2.1 and VAP-mediated ER–PM
junctions in brain neurons could play a role in phosphoinositide
homeostasis by acting as sites for Nir protein recruitment.
Kv2.1 expression is limited to neurons, striated and smooth
muscle, and pancreatic cells, such that other cell types (includ-
ing HEK293 cells) are able to maintain lipid homeostasis,
including recruitment of Nir proteins in its absence. That Kv2.1
complexes contain Nir proteins and that recruitment of Nir2 to
ER–PM junctions is enhanced by Kv2.1 expression suggest that
Kv2.1-containing ER–PM junctions, which are abundant in
brain neurons, could act as specialized sites of PM PtdIns
(4,5)P2 replenishment. Nir2 is recruited to other classes of
ER–PM junctions, for example those formed by the resident
ER-extended synaptotagmin proteins. However, that enhanced
ER–PM junction formation triggered by the expression and
dimerization of CFP–CB5–FKBP and lyn11–FRB does not
recruit Nir2 argues against a promiscuous association of Nir
proteins with any ER–PM junctions. We note that the ER–PM
junctions formed via CB5/lyn11 coupling have a narrower
(�4 – 6 nm) junctional gap (82) than those formed upon Kv2.1
expression in HEK293 cells (�15 nm (41)) or those present in
brain neurons (9), a substantial subset of which presumably
contain Kv2.1.

That Kv2.1-mediated ER–PM junctions could play a role in
lipid homeostasis is supported by two lines of evidence. First,
we found that PtdIns(4,5)P2 metabolism and/or recovery are
altered in HEK293T cells exogenously expressing Kv2.1 relative
to control cells lacking Kv2.1 expression, following repetitive
muscarinic stimulation. We note, however, that these experi-
ments do not define whether the impact of Kv2.1 expression on
PtdIns(4,5)P2 metabolism and/or recovery is mediated through

Figure 10. Kv2.1 KO alters phosphoinositide levels in mouse brains. A,
histograms representing UPLC-MS/MS measurements of total PtdIns,
PtdIns(4)P, PtdIns(4,5)P2, and phosphatidic acid levels from WT and Kv2.1 KO
mouse brains (n � 3). Numbers above each histogram reflect p values. B, heat
map profiling the fold change of each phosphoinositide species from Kv2.1
KO relative to WT brains. Each colored box is an average of measurements
from three independent experiments (n � 3 mice each). White box denotes
absence of lipid from analysis.
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effects on Nir2. Second, our lipidomic analyses reveal that the
levels of two derivatives of Nir-mediated PtdIns transfer, phos-
phatidylinositol and PIP2, are altered in the brains of Kv2.1 KO
mice. We note that the lipidomics analyses were performed on
lipids extracted from whole mouse brains. Within the mouse
brain, Kv2.1 is detectably expressed only in neurons (28, 39, 83),
which comprise 65% of the cells in adult mouse brain (84, 85).
However, lipids from non-neuronal brain cell types (predomi-
nantly astrocytes, microglia, oligodendrocytes, and endothelial
cells (86)), which would not be affected by knockout of Kv2.1
expression, at least in a cell autonomous manner, would con-
tribute to the lipid profiles in our analyses. As such, it remains
possible that the differences that we found may be even more
pronounced in brain neurons that express Kv2.1. Through their
impact on diverse ion channels and transports, PtdIns lipids are
important modulators of neuronal excitability (4, 87). Kv2.1 KO
mice exhibit neuronal hyperexcitability, behavioral hyperactivity,
and enhanced susceptibility to induced seizures (28). Given the
complex effects of PtdIns lipids on excitability, and the lack of
specific details as to changes in PtdIns lipids in specific classes of
neurons, it is not possible to make a specific link between altered
lipids in the brains of Kv2.1 KO mice and the observed phenotypes,
although the results presented here will need to be considered in
interpreting the molecular basis of their phenotype.

That we did not observe an apparent impact of Kv2.1 ex-
pression on the subcellular distribution of the fluorescent
PtdIns(4,5)P2 biosensor, mCherry–PHPLC�1, in HEK293T cells
would appear to be in conflict with the results of our quantita-
tive lipidomic analysis of absolute PI(4,5)P2 levels in brain
samples from WT versus Kv2.1 KO brains. The basis for this
discrepancy is as yet unclear, but we speculate that the heterol-
ogous HEK293T cell system does not recapitulate the entirety
of Kv2.1-mediated regulation of lipid levels across the mamma-
lian brain. It is also possible that the effects of transient expres-
sion of exogenous Kv2.1 expression on PI(4,5)P2 levels in rest-
ing HEK293T cells were not sufficiently robust in this particular
fluorescence assay.

The differences in PtdIns seen in lipidomic analyses of sam-
ples from Kv2.1 KO versus WT mouse brains presented here
have certain parallels to those obtained in a comparison with
OxoM-treated cultured sympathetic neurons (88), in which
reductions in PtdIns(4)P and PtdIns(4,5)P2 levels were also
observed. Our lipidomic analyses of Kv2.1 KO brains also
revealed a reduction in steady-state phosphatidic acid levels.
Phosphatidic acid can be generated by the catalytic actions of
DAG-kinase acting on DAG; therefore, reduced steady-state
phosphatidic acid levels may be expected if the reduction in
brain PIP2 observed in Kv2.1 KO animals translates to a
decrease in available substrate for PM PLC, which is responsi-
ble for the generation of DAG and inositol 1,4,5-trisphosphate.
Consequences of decreases in phosphatidic acid levels may be a
reduced ability of Nir2 to associate with the PM at non-Kv2.1
ER–PM contact sites, further compromising the ability of Nir2
to be recruited to ER–PM MCS during periods of PIP2 deple-
tion. Collectively, the reduced steady-state levels of these lipids
may be consistent with a model whereby loss of Kv2.1 expres-
sion impacts the Nir-mediated recovery of PtdIns lipids in the

neuronal PM as mediated by PM-associated Kv2.1–VAP–Nir
complexes as well as PLC-mediated signaling events.

Together, these results support that Kv2.1- and VAP-medi-
ated ER–PM junctions participate in phosphoinositide home-
ostasis, potentially via recruitment of Nir proteins. Further
experiments are needed to define the underlying mechanisms
and to rule out other interpretations, for example that Kv2.1
expression directly alters M1R activity and/or downstream
signaling with subsequent effects on the kinetics of PM
PtdIns(4,5)P2 metabolism/replenishment. However, we note
that in our experiments we did not observe an appreciable dif-
ference in the subcellular localization of YFP–M1R upon Kv2.1
expression (data not shown), which perhaps argues against a
direct interaction between Kv2.1 and M1R.

Although Kv2.1 is prominently expressed at ER–PM junc-
tions in mammalian brain neurons (33–36, 75), its restricted
localization at these sites is dynamically regulated by activity-
dependent dephosphorylation of Kv2.1 that results in diffuse
Kv2.1 localization (39, 89) and loss of Kv2.1 from ER–PM junc-
tions (43). Recent studies demonstrating activity-dependent
decreases in the extent of neuronal ER–PM junctions in hip-
pocampal neurons (90) and altered levels of ER-derived cister-
nal stacks (91) may be consistent with a role for Kv2.1 in activ-
ity-dependent regulation of at least a subset of ER–PM
junctions in brain neurons. That this could be further coupled
to the conditional presence of Nir proteins at Kv2.1-associated
ER–PM junctions suggests the possibility of a complex regula-
tion of the Kv2–VAP–Nir ternary complex in response to neu-
ronal activity and receptor-mediated phospholipase C activa-
tion. The contribution of these complexes to those present at
other classes of neuronal ER–PM junctions in lipid signaling
and homeostasis remains an important question for future
research.

Materials and methods

Animals

All procedures involving mice and rats were approved by the
University of California Davis Institutional Animal Care and
Use Committee (IACUC) and were performed in strict accord-
ance with the Guide for the Care and Use of Laboratory Ani-
mals 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. Age-matched adult (over 12
weeks old) male and female mice were used in proteomic exper-
iments. Kv2.1 KO mice (RRID:IMSR_MGI:3806050) have been
described previously (28, 43, 92) and were generated from
breeding of Kv2.1�/� mice that had been back-crossed on the
C57/BL6J background (RRID:IMSR_JAX:000664). Pregnant
female Sprague-Dawley rats were used as a source of hippocam-
pal neurons for primary CHN cultures.

Antibodies

All primary antibodies used in this study are described in
Table 4. Validation in KO mice has been previously demon-
strated for the anti-Kv2.1 mouse monoclonal K89/34 and rabbit
polyclonal KC antibodies (28, 37–39). The rabbit Kv1.2C poly-
clonal antibody (75) and anti-VAPA/B mouse mAb N479/107
have also been previously described (43).
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Immunopurification and proteomic analyses

Preparation of cross-linked mouse brain samples for immu-
nopurification was as described previously (43). Briefly, mice
were acutely decapitated in the absence of anesthesia, and
brains were rapidly (dissection time �1 min) excised and
mechanically homogenized over ice in a Dounce homogenizer
containing 5 ml of ice-cold homogenization buffer containing 1
mM DSP (Lomant’s reagent; Thermo Fisher Scientific catalog
no. 22585), 320 mM sucrose (Sigma catalog no. 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 (J.T. Baker catalog no. 4109-01,
Tris base, and catalog no. 4103-01, Tris-HCl), added to a final
concentration of 0.02 M. 2 ml of this brain homogenate was
added to an equal volume of ice-cold 2� radioimmunoprecipi-
tation assay (RIPA) buffer (final concentrations: 1% Triton
X-100, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris,
pH 8.0) 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 antibodies overnight at 4 °C, employing
either the anti-Kv2.1 rabbit polyclonal antibody KC (33),
directed against the Kv2.1 C terminus (see Refs. 28, 93 for KO
validation), or the anti-Kv1.2 rabbit polyclonal antibody
Kv1.2C (75), directed against the Kv1.2 C terminus. This was
followed by the addition of 100 �l of magnetic protein G beads
(Thermo Fisher Scientific) for 1 h on a tube rotator at 4 °C. The
beads were then washed six times in 1� RIPA buffer and four
times in 50 mM ammonium bicarbonate (pH 7.4). Tryptic pep-
tide fragments of immunopurified proteins captured on mag-
netic beads were eluted by digestion with 1.5 mg/ml trypsin
(Promega catalog no. V5111) in 50 mM ammonium bicarbonate
overnight at 37 °C. The extracts were lyophilized and resus-
pended in 0.1% TFA in 60% acetonitrile.

Proteomic profiling was performed at the University of
California, Davis Proteomics Facility. Digested peptides were
analyzed by LC-MS/MS on a Thermo Fisher Scientific Q Exac-
tive Plus Orbitrap mass spectrometer in conjunction with a
Proxeon Easy-nLC II HPLC (Thermo Fisher Scientific) and
Proxeon nanospray source. The digested peptides were loaded
a 100 �m � 25 mm Magic C18 100 Å 5-unit reverse-phase trap
where they were desalted online before being separated using a
75 �m � 150 mm Magic C18 200Å 3-unit reverse-phase col-
umn. 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; MS/MS spectra were acquired using a top 15
method, where 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 normal-
ized collision 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 Scien-
tific). 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,
103,089 entries), the cRAP database of common proteomicT
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contaminants (www.thegpm.org/crap; 114 entries), and the
ADAR2 catalytic domain sequence plus an equal number of
reverse protein sequences assuming the digestion enzyme tryp-
sin. X! Tandem was searched with a fragment ion mass toler-
ance of 20 ppm and a parent ion tolerance of 20 ppm. Deami-
dation of asparagine and glutamine, oxidation of methionine
and tryptophan, sulfone of methionine, tryptophan oxidation
to formylkynurenin of tryptophan, and acetylation of the N ter-
minus were specified in X! Tandem as variable modifications.

Scaffold (version Scaffold_4.8.4, Proteome Software Inc.,
Portland, OR) was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if
they exceeded specific database search engine thresholds. X!
Tandem identifications required at least �log scores (expected
scores) of greater than 2.0 with a mass accuracy of 5 ppm. Pro-
tein identifications were accepted if they contained at least two
identified peptides. Our threshold for peptide acceptance was
greater than 95% probability.

Lipidomic analysis of phosphoinositide species

Kv2.1 KO and WT age- and sex-matched mice were acutely
decapitated in the absence of anesthesia and brains were rapidly
(dissection time �1 min) excised and mechanically homoge-
nized over ice in a Dounce homogenizer containing 5 ml of
ice-cold Hanks’ balanced saline solution (HBSS, Gibco catalog
no. 14025092) with 1 mM PMSF and protease inhibitors. Lipids
were then extracted, derivatized, and analyzed by LC and MS as
described previously (69). Peak areas for lipid species were
quantified by integrating curves using Waters Quanlynx soft-
ware. For comparisons of different samples, peak areas were
corrected for extraction efficiencies by normalizing to synthetic
17:0, 20:4 (37:4) PtdIns(4,5)P2, PtdIns(4)P, and PtdIns internal
standards and corrected for cell number variations using a
Bradford assay.

Immunoblotting

Protein samples were boiled for 5 min in a reducing sample
buffer containing SDS (lauryl sulfate, Sigma catalog no. L-
5750) and 2-mercaptoethanol prior to size-fractionation on a
7.5% SDS-polyacrylamide gel alongside fluorescent molecular
weight standards (Sigma catalog no. GERPN800E) diluted in
the same reducing sample buffer. Size-fractionated proteins
were then transferred to a nitrocellulose membrane for immu-
noblotting. Membranes were blocked for 1 h at room temper-
ature in TBS containing 4% nonfat milk powder (BLOTTO),
incubated for 1 h at room temperature with primary antibodies
in blocking solution, washed three times for 5 min each in
BLOTTO, and further incubated for 1 h at room temperature
with mouse subclass-specific and anti-rabbit heavy- and light-
chain–specific fluorescent secondary antibodies (all secondary
antibodies from Thermo Fisher Scientific) diluted 1:1500 in
BLOTTO. Membranes were washed three times for 5 min
each in TBS and imaged using a fluorescent imager (Protein
Simple).

Culture and transfection of rat hippocampal neurons

Hippocampi were dissected from embryonic day 18 rat
embryos and dissociated enzymatically for 20 min at 37 °C in

0.25% (w/v) trypsin (Thermo Fisher Scientific catalog no.
15050065) in HBSS and further dissociated mechanically by
triturating with flame-polished glass Pasteur pipettes. Dissoci-
ated cells were suspended in plating medium containing Neu-
robasal (Thermo Fisher Scientific catalog no. 21103049) sup-
plemented with 10% fetal bovine serum (Invitrogen catalog no.
16140071), 2% B27 (Invitrogen catalog no. 17504044), 2% Glu-
taMAX (Thermo Fisher Scientific catalog no. 35050061), and
0.001% gentamycin (Gibco catalog no. 15710064) and plated at
60,000 cells per dish in glass bottom dishes (MatTek catalog no.
P35G-1.5-14-C) or no. 1.5 glass coverslips coated with poly-L-
lysine (Sigma catalog no. P2636). At 7 DIV, cytosine-D-arabino-
furanoside (Millipore catalog no. 251010) was added to inhibit
non-neuronal cell growth. Neurons were transiently trans-
fected at DIV 7–10 using Lipofectamine 2000 (Invitrogen cata-
log no. 11668019) for 1.5 h as described previously (42, 43, 45).
Neurons were imaged 40 – 48 h post-transfection.

Immunocytochemistry and super-resolution imaging of
cultured rat hippocampal neurons

Immunocytochemistry of CHNs was performed as described
previously (43). Briefly, CHNs were fixed in a solution of 4%
formaldehyde, prepared by dissolving paraformaldehyde pow-
der (Sigma catalog no. 158127) in PBS, pH 7.4, for 15 min at
4 °C. All subsequent steps were performed at room tempera-
ture. CHNs were subsequently washed three times for 5 min
each in PBS and blocked in BLOTTO-T (4% milk powder, 0.1%
Triton X-100 in TBS at pH 7.4) for 1 h. CHNs were immunola-
beled for 1 h with primary antibodies diluted in BLOTTO-T
(concentrations used for primary antibodies are listed in Table
4), and subsequently washed three times for 5 min each in
BLOTTO-T. CHNs were immunolabeled with mouse subclass-
specific and anti-rabbit heavy- and light-chain–specific fluo-
rescent secondary antibodies (all secondary antibodies from
Thermo Fisher Scientific) diluted at 1:1500 in BLOTTO-T for
1 h. After washing three times for 5 min each in PBS, coverslips
were mounted on microscope slides with Prolong Gold mount-
ing media (Thermo Fisher Scientific catalog no. P36930) and
allowed to cure overnight before sealing. N-SIM images were
acquired with a Hamamatsu ORCA-ERCCD camera on a SIM/
wide-field– capable Nikon Eclipse Ti microscope with an
EXFO X-Cite metal halide light source and a �100 PlanApo
TIRF/1.49 objective controlled by NIS Elements software
(Nikon). Images were collected within NIS Elements as ND2
images and processed within NIS Elements. Images were sub-
sequently exported as TIFFs, linearly scaled for min/max inten-
sity, and flattened as RBG TIFFs in Photoshop (Adobe) prior to
presentation and analysis.

Culture and transfection of HEK293T cells

HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% Fetal Clone
III (HyClone catalog no. SH30109.03), 1% penicillin/strepto-
mycin, and 1� GlutaMAX (Thermo Fisher Scientific catalog
no. 35050061) in a humidified incubator at 37 °C and 5% CO2.
HEK293T cells were transfected as described previously (38, 42,
43). Briefly, cells were split to 15% confluence on glass bottom
dishes (MatTek catalog no. P35G-1.5-14-C; used in Figs. 2D, 3,
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4, 6, E–H, 7, and 8, A and B) or no. 1.5 glass coverslips (used in
Figs. 2, A–C, 6, A–C, and 8, C–G), coated with poly-L-lysine,
then transiently transfected using Lipofectamine 2000 follow-
ing the manufacturer’s protocol. Cells were transiently trans-
fected in DMEM without supplements and then returned to
regular growth media 4 h after transfection. Cells were imaged
40 – 48 h post-transfection.

Plasmid constructs

CFP-tagged Kv2.1 (CFP–Kv2.1) has been previously described
(94). GFP-tagged Kv2.2 (GFP–Kv2.2) has been previously
described (42). BFP-tagged SEC61� (BFP–SEC61�) was a gen-
erous gift from Dr. Jodi Nunnari (University of California,
Davis) and has been used previously in similar experiments to
report Kv2-mediated ER–PM junctions (38, 42, 43). The fol-
lowing investigators were generous in providing the following
gifts: Kv2.1 P404W, Dr. Jon Sack (University of California,
Davis); YFP-tagged M1R (YFP-M1R), Dr. Bertil Hille (Univer-
sity of Washington); mCherry-tagged PHPLC� (mCherry–
PHPLC�), Dr. Tamas Balla (National Institutes of Health);
CFP-tagged CB5-FKBP (CFP-CB5-FKBP), Dr. Takanari Inoue
(Johns Hopkins University); lyn11–FRB, Dr. Tobias Meyer
(Stanford University); and mCherry-tagged Nir2, Dr. Jen Liou
(University of Texas Southwestern); GFP-tagged VAPA (GFP–
VAPA, Addgene plasmid no. 18874), Dr. Axel Brunger (Stan-
ford University); DsRed2-tagged ER5 (DsRed2–ER5, Add-
gene plasmid no. 55836), Dr. Michael Davidson (Florida
State University); mCherry-tagged P4Mx1 (mCherry-
P4Mx1, Addgene plasmid no. 108143), Dr. Gerry Hammond
(Pittsburgh University).

Live cell guangxitoxin labeling

The GxTX peptide used in surface labeling was synthesized
at the Molecular Foundry of the Lawrence Berkeley National
Laboratory under United States Department of Energy contract
no. DE-AC02-05CH11231. HEK293T cells were surface-la-
beled with 1 �M GxTX, as described previously (42, 58), and
imaged by TIRF microscopy in physiological saline solution (4.7
mM KCl, 146 mM NaCl, 2.5 mM CaCl2, 0.6 mM MgSO4, 1.6 mM

NaHCO3. 0.15 mM NaH2PO4, 20 mM HEPES, pH 7.4) contain-
ing 8 mM glucose and 0.1% BSA.

TIRF microscopy imaging

All TIRF imaging of live HEK293T cells (excluding the data
summarized in Fig. 8F) was performed at the University of Cal-
ifornia Davis MCB Imaging Facility. Live transfected HEK293T
cells cultured on glass bottom dishes were imaged in a physio-
logical saline solution (4.7 mM KCl, 146 mM NaCl, 2.5 mM

CaCl2, 0.6 mM MgSO4, 1.6 mM NaHCO3. 0.15 mM NaH2PO4, 20
mM HEPES, pH 7.4) containing 8 mM glucose as described pre-
viously (38, 42, 43). Cells were maintained at 37 °C during imag-
ing with a heated stage and objective heater. Images were
obtained with an Andor iXon EMCCD camera installed on a
TIRF/widefield-equipped Nikon Eclipse Ti microscope 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 Elements software. Images were collected within NIS Ele-
ments as ND2 images. For TIRF (and spinning disk confocal)

data summarized in Fig. 8F, TIRF and spinning disk confocal
images were acquired using a �60 NA 1.49 objective mounted
on an Olympus W-1 (IX71) microscope doubly equipped with a
Yokugawa spinning disk unit and a TIRF apparatus.

Drug treatments

For experiments presented in Figs. 2D, 3C, 3D, and 7, H and
I, HEK293T cells cultured on MatTek dishes were washed twice
in physiological saline (4.7 mM KCl, 146 mM NaCl, 2.5 mM

CaCl2, 0.6 mM MgSO4, 1.6 mM NaHCO3. 0.15 mM NaH2PO4, 20
mM HEPES, pH 7.4) containing 8 mM glucose, prior to treat-
ment and imaging. Oxotremorine M (Millipore, catalog no.
1067) was added as a 2� solution in physiological saline, by
pipette to MatTek dishes already containing physiological
saline to a final concentration of 10 �M. For the experiment
presented in Fig. 7F, latrunculin A (ThermoFisher Scientific,
catalog no. 428021100UG) was similarly added as a 2� solution
in physiological saline, by pipette to prewashed HEK293T cells
cultured on MatTek dishes already containing physiological
saline to a final concentration of 10 �M. For experiments pre-
sented in Fig. 7, B and E, rapamycin (Sigma, catalog no. R8781-
200UL) was diluted in imaging saline to a final concentration of
5 �M and added to cells. For experiments presented in Figs. 2,
A–C and 9G, HEK293T cells cultured on round glass no. 1.5
coverslips were mounted on a magnetic round coverslip holder
(Live Cell Instruments) connected to a homemade gravity-
based perfusion system allowing for a continuous exchange of
Ringer’s solution (160 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM

MgCl2, 10 mM HEPES pH 7.4, 8 mM glucose) over cells. Follow-
ing perfusion of Ringer’s solution for 100 s, oxotremorine M (10
�M as used in Fig. 2, A–C, or 0.5 �M as used in Fig. 8G) was
added in the superfusate during a 40-s interval. A single interval
was used in Fig. 2, A–C, and two intervals interspersed by 240 s
of Ringer’s solution were used in Fig. 8G.

Fluorescence recovery after photobleaching

For experiments summarized in Fig. 8, HEK293T cells cul-
tured on MATTEK dishes were imaged at room temperature
using a spinning disc module of a Marianas SDC real-time
confocal microscope (Intelligent Imaging Innovations, 3i)
equipped with a Yokogawa spinning disk unit, a �100 1.46 NA
objective (Olympus), and EMCCD camera controlled by Slide-
book software (Intelligent Imaging Innovations, 3i). We
focused on a single optical section that captured the basal sur-
face of a cell. Following 36 s at rest, a single region containing
CFP–Kv2.1, GFP–VAPA, or mCherry–Nir2 puncta was photo-
bleached, and recovery was monitored out to 360 s. t1⁄2 values
were calculated directly in Slidebook using the FRAP analysis
plugin.

Spinning disk confocal imaging

For experiments summarized in Figs. 2, A–C, 5, 7, A–C, and
9, C–G, HEK293T cells, or dissociated rat hippocampal neu-
rons, cultured on no. 1.5 round glass coverslips were imaged at
room temperature using a �60 NA 1.49 objective mounted on
an Olympus W-1 (IX71) microscope doubly-equipped with a
Yokugawa spinning disk unit and a TIRF apparatus.
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Experimental design and statistical analysis

For all data sets presented in this study for which statistical
analysis was performed, measurements were imported into
GraphPad Prism for presentation and statistical analysis as
noted in each figure legend. Exact p values are also noted in
each figure legend (Figs. 3–9 and Fig. S1), within the figure itself
(Fig. 10), or in Tables 1–3 for Fig. S2. Proteomics on brain sam-
ples were collected from a single WT female mouse (trial 1) and
from three independent sets of age-matched male WT and
Kv2.1 KO adult mice (trials 2– 4). Lipidomics on brain samples
were similarly collected from three independent sets of sex- and
age-matched WT and Kv2.1 KO adult mice. For experiments
involving HEK293T cells and mixed sex cultured rat hippocam-
pal neurons, the number of samples (n) indicates the number of
cells analyzed and is noted in each figure legend.

The colocalization analyses reported in Fig. 7 were per-
formed within Nikon NIS Elements using ND2 files. A region of
interest was drawn within a cell and PCC values were collected.
The colocalization analysis reported in Figs. 2 and 5 was per-
formed using FIJI (National Institutes of Health). A region of
interest was drawn around the soma of a neuron, and PCC
values were collected using the Coloc2 plugin. All intensity mea-
surements were collected using FIJI. All intensity measure-
ments reported in line scans were normalized to the maximum
intensity measurement. Measurements of puncta sizes (employed
in Figs. 3, E and F, and 6C) were performed essentially as
described previously (42, 43, 60). Briefly, within FIJI, TIRF
images of Nir2 puncta collected from control cells, or from cells
coexpressing Kv2.1, were background subtracted and subse-
quently converted into a binary mask by thresholding. Puncta
sizes were measured automatically using the “analyze particles”
feature of FIJI. For size analyses of diffraction-limited TIRF
imaging, puncta smaller than 0.0256 �m2 (essentially, the area
of a single pixel in our camera) were considered smaller than
the diffraction limit and excluded from our analysis.

Quantification of the percent of total Nir2 signal overlapping
with Kv2.1 (Fig. 6D) was performed using a custom automated
pipeline written in Python 3.7.1. Nir2 and Kv2.1 images were
first background-subtracted by defining a threshold between
signal and background pixels using the Li and Lee (95) mini-
mum cross-entropy method. Masks defining the neuron area,
containing the soma and proximal processes, were defined
manually in FIJI. Randomized Kv2.1 images were computation-
ally generated by decomposing the neuron area (defined by the
mask) into pixel blocks (the size of the pixel block used is noted
in the corresponding figure legend and table; a single pixel is
sized at 31.34 nm in our images), which were then placed ran-
domly within the neuron mask area to create a new randomized
image. To calculate percent overlap, a binary mask was gener-
ated for both Nir2 and Kv2.1 from the background-subtracted
images to define the spatial location of Nir2 and Kv2.1 signal.
Using these binary mask images, percent overlap was calculated
as the number of pixels containing both Nir2 and Kv2.1 signal
divided by the total number of pixels containing Nir2 signal.
The percent overlap analysis was performed identically on
randomized and original images. The difference in overlap
between the original and randomized image sets was evaluated

using a two-tailed, paired t test. The image of pixel overlap
presented in Fig. 3B was generated using the plugin “RBG2
colocalization” in FIJI. Analyses of the spatial distribution of
endogenous Kv2.1, Nir2, and VAPs, in N-SIM images of CHNs,
were performed in FIJI using the “Interaction analysis” plugin
from the MOSAIC suite of plugins (63) and in Icy (96) using the
GcoPS plugin (62).
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