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NBCel (electrogenic Na*/HCO, cotransporter 1) is a product of gene SLC4A44 and has five splice variants,
NBCel-A through NBCel-E. In agreement with an essential role of NBCel in cellular pH regulation, human
families carrying missense mutations of gene SLC444 show proximal renal tubular acidosis. Some of them
exhibit brain function-related symptoms, such as migraine and mental retardation, but physiological roles of
NBCel in brain function remain unclear. To gain insights into NBCel-specific functions in the brain, we here-
in identified proteins that specifically bind to a unique C-terminal region of NBCel-C, a brain-specific NBCel
isoform. We found that a catalytic subunit of calcineurin binds to the C terminus of NBCel-C in the mouse cer-
ebellum. Heterologous-coexpression experiments revealed that calcineurin binds to NBCel-C via a “PQIRIE”
motif at its C terminus. The interaction enhanced cell surface expression of NBCel-C, resulting in an increase
of its transporter activity, for which the phosphatase activity of calcineurin was essential. When NBCel-C was
stably expressed in HeLa cells, its cell surface expression was enhanced by an intracellular Ca?* concentration
increase and was suppressed by FK506, a specific inhibitor of calcineurin. These mechanisms of surface expres-
sion and transport activity of NBCel-C regulated by the Ca?*—calcineurin axis indicate specialized functions of
NBCel-C in the brain.
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INTRODUCTION

Electrogenic Na*/HCO,~ cotransporter 1 (NBCel) is a prod-
uct of the SLC4A44 gene and has five splice variants (NBCel-A
through -E) in humans and mice.'® Tissue expression of pro-
teins NBCel-A, -B, and -C has already been well character-
ized. The NBCel-A protein is highly expressed in renal prox-
imal tubules where NBCel-A reabsorbs HCO,~ and plays a
critical role in the maintenance of normal systemic pH. The
NBCel-B protein is more widely expressed, i.e., in the pancre-
as, cornea, ileum, heart, and brain, and the NBCel-C protein is
predominantly expressed in the brain. NBCel-B and NBCel-
C share the same N-terminal segment encoded by exon 2, and
their transport activities are increased by the binding of IRBIT
to this segment.*® NBCel-C has a unique C-terminal cyto-
plasmic tail produced by skipping of exon 24.7 Protein expres-
sion of NBCel-D and -E transcripts has not been reported.®

Igarashi et al. have originally reported two unrelated
patients who presented with proximal renal tubular acido-
sis (pRTA) and carried causative homozygous missense muta-
tions in the SLC4A44 gene.” To date, 17 pRTA patients carry-
ing several types of mutations in the SLC444 gene have been
reported.!®!) Slc4A4-deficient mice that lack the functional
expression of NBCel also show severe pRTA and die before
weaning,®'? suggesting that in kidneys, NBCel-A plays an

essential part in the maintenance of systemic pH. Patients with
pRTA caused by SLC444 mutations often present with extrare-
nal manifestations including ocular aberrations such as glau-
coma and cataract, stunted growth, mental retardation, calcifi-
cation in brain basal ganglia, migraine, and enamel deficiency.
Although some of these problems are secondary to systemic
acidosis caused by NBCel-A deficiency, considering the wide-
spread tissue expression of NBCel-B and -C, these isoforms
can be involved in the extrarenal manifestations.

In the brain and other organs, the regulation and homeosta-
sis of both intra- and extracellular pH (pHi/pHo) are crucial.
In particular, neural activities depend on continuous synaptic
transmission that causes rapid changes in pHi/pHo of the syn-
apses. Because the activities of many ion channels that par-
ticipate in synaptic transmission are sensitive to pH changes,
various acid/base transporters that are expressed at the plas-
ma membrane of not only neurons but also astrocytes are
essential for the maintenance of proper pHi/pHo. NBCel-C is
expressed mainly in astrocytes'>'¥) but is expressed in neuron
to a much lesser extent.!s-19 In astrocytes, NBCel-C is local-
ized at the plasma membrane of astrocytes that surround neu-
rons,' this arrangement allows astrocytes to respond to synap-
tic transmission through depolarization-induced alkalinization,
a well-known phenomenon attributed to astrocytic NBCel.!”
More recently, astrocytic NBCel was shown to be involved in
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a metabolic crosstalk between neurons and astrocytes.'® The
C-terminal cytoplasmic tail shared by NBCel-A and NBCel-
B is critical for their membrane expression.'” Nonetheless, the
functional properties of the unique C-terminal tail of NBCel-
C, particularly regarding the involvement in the distribution in
perisynaptic processes of astrocytes, have not been elucidated.

In this study, to gain insights into NBCel-C functions in
the brain, we focused on the unique C-terminal cytoplasmic
tail and tried to isolate proteins that bind to this region. We
found that a catalytic subunit of calcineurin, a calcium/calm-
odulin-dependent protein phosphatase, binds to the C-terminal
tail through the canonical binding motif PQIRIE and enhances
membrane expression of NBCel-C.

MATERIALS AND METHODS

All the experiments in this study were approved by the
Institutional Animal Care and Use Committee of Showa Phar-
maceutical University and were conducted in accordance with
the Guidelines for Proper Conduct of Animal Experiments
(Science Council of Japan, 2006). All biochemical experi-
ments were conducted at 2—4°C.

A GST Pull-Down Assay A GST fusion protein contain-
ing the C-terminal region of NBCel-C (GST-NBCel-C/Ct)
was expressed in Escherichia coli and purified as described
previously.2?? A whole adult murine brain was homoge-
nized in homogenization buffer (0.32 M sucrose, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES]-
NaOH [pH 7.5], 25 mM NaF, and the Protease Inhibitor
Cocktail EDTA free [Nacalai Tesque]), and the homogen-
ate was centrifuged at 1,000 x g for 15 min. A clear whole-
brain lysate was prepared by the addition of SDS (final con-
centration 0.1%) to the supernatant, followed by centrifugation
at 100,000 x g for 45 min at 4°C. The lysate was incubat-
ed with GST-NBCel-C/Ct or GST (control) for 4 h, and the
proteins that bind to each GST fusion protein were captured
by Glutathione Sepharose 4B beads (GE Healthcare). After
the beads were washed five times with a buffer consisting of
20 mM HEPES-NaOH (pH 7.5), 100 mM NaCl, 25 mM NaPF,
and 0.2% Triton X-100, the bound proteins were examined by
SDS-PAGE.

Immunoprecipitation and Western Blotting For immu-
noprecipitation from the cerebellum, an adult mouse cerebel-
lum was homogenized as described above, and the homogen-
ate was centrifuged at 100,000 x g for 45 min. The precipitate
was resuspended in 1 mL of homogenization buffer containing
0.2% Triton X-100 followed by centrifugation at 100,000 x g
for 45 min. The supernatant was incubated with 1.5 pg of an
anti-CaNAa antibody (Santa Cruz Biotechnology, cat. # D-9)
or 1.5 pg of control mouse IgG for 1 h. Immune complexes
were collected by incubation with protein G Sepharose beads
(GE Healthcare) for 4 h. After washing of the beads with lysis
buffer, each immunoprecipitate was analyzed by western blot-
ting.

For immunoprecipitation from HEK293T cells, the cells
were transiently transfected with various combinations of
expression plasmids using TransIT 2020 Reagent (Mirus Bio).
At 48 h after transfection, the cells were washed with PBS and
solubilized with cell lysis buffer (20 mM HEPES-NaOH [pH
7.5], 100 mM NacCl, 25 mM NaF, 0.2% Triton X-100, and the
Protease Inhibitor Cocktail EDTA free). After centrifugation at
12,000 x g for 20 min, the resulting supernatants were incubat-
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ed with anti-FLAG-beads (Anti-FLAG®*M2 Affinity Gel, Sig-
ma-Aldrich) or anti-HA-magnetic beads (Pierce anti-HA Mag-
netic Beads, Thermo Scientific, cat. # 88836) for 4 h. After a
wash of the beads with cell lysis buffer, each immunoprecipi-
tate was analyzed by western blotting. The antibodies used for
detection are an anti-human SLC4A4 rabbit polyclonal anti-
body (1/1,000 dilution, Proteintech, cat. # 11885-1-AP), an
anti-PP2B-Aa mouse monoclonal antibody (1/1,000, Santa
Cruz Biotechnology, cat. # D-9), an anti-HA rat monoclonal
antibody (1/1,000, Roche, cat. # 3F10), and an anti-FLAG
mouse monoclonal antibody (1/1,000, Wako, cat. # 1E6). For
detection of NBCel-C, a specific anti-NBCel-C rabbit pol-
yclonal antibody was prepared as follows. The purified GST
fusion protein carrying the C terminus of NBCel-C (see
above) was subcutaneously injected into a rabbit four times at
2-week intervals, and an anti-NBCel-C antibody was affini-
ty-purified from antisera by means of an MBP fusion protein
(carrying the same region), which was covalently linked to
Sepharose beads (CNBr-activated Sepharose, GE Healthcare).
Specificity of the antibody is shown in Supplementary Fig. S1.
Western blotting was carried out basically as described previ-
ously.2? To visualize the immune complexes, horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1/4,000, GE
healthcare) and chemiluminescent reagent Luminata Forte
Western HRP Substrate were employed. Chemiluminescent
signals were digitized via an ImageQuant LAS 4000 mini sys-
tem (GE Healthcare) and analyzed by the Image] software.

Mass Spectrometry Analysis Liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS) analysis
was carried out as described previously.2) MS/MS data were
acquired in a data-dependent mode by the LCMS solution
software (Shimadzu) and were converted to a single text file
(containing m/z of the observed precursor peptide, fragment
ion m/z, and intensity values) by Mascot Distiller (Matrix
Science). The file was analyzed with the Mascot (Matrix
Science) MS/MS Ion Search to assign the obtained peptides
to entries of the SwissProt database. For protein identification,
the criteria were as follows: (i) Mascot scores above the statis-
tical significance threshold (p < 0.05) and (ii) at least one top-
ranked unique peptide matching the identified protein.

Cell Surface Expression Assay

1) Immunofluorescence-based analysis (a sequential stain-
ing strategy)

HeLa cells maintained in DMEM supplemented with 10%
of fetal calf serum were transiently transfected with vari-
ous constructs using TransIT 2020 Reagent (Mirus Bio). At
24 h after transfection, the cells were replated on a 12 mm
glass coverslip precoated with poly-I-lysine (100 pg/mL, Sig-
ma-Aldrich, cat. # P9155) and cultured for another 24 h. The
cells were fixed with 4% paraformaldehyde (PFA) in PBS for
15 min. After blockage with 2% normal goat serum (NGS,
Wako) in PBS, the cells were first incubated with the anti-HA
rat monoclonal antibody for 3 h at room temperature to detect
cell surface NBCel. After a thorough wash with PBS, the
cells were permeabilized with 0.1% Triton X-100 in PBS for
5 min and then blocked with 2% NGS in PBS. To detect total
NBCel, the cells were then incubated with the rabbit anti-
SLC4A4 polyclonal antibody for 2 h at room temperature. Cell
surface and total NBCel were visualized with secondary anti-
bodies: an Alexa Fluor 594-conjugated anti-rat IgG antibody
(Thermo Fisher, cat. # A11007) and an Alexa Fluor 488-conju-
gated anti-rabbit IgG antibody (Thermo Fisher, cat. # A11034),
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respectively. Each fluorescence signal was acquired from the
maximum intensity projection images obtained from 20 sec-
tions of Z-series covering each cell from top to bottom as cap-
tured by confocal microscopy system AI1R (Nikon Instru-
ments) and was analyzed in the NIS Element software (Nikon
Instruments).

2) Alkaline phosphatase (ALP)-based analysis

HeLa cells stably expressing extracellularly HA-tagged
wild-type NBCel-C were selected with 1 mg/mL G418
(Nacalai Tesque). Parental and NBCel-C-expressing HelLa
cells were seeded in a 96-well plate and incubated in DMEM
supplemented with 10% of fetal calf serum for 24 h. The cells
were next treated with a vehicle (0.1% dimethyl sulfoxide;
DMSO) or 2 pM 4-bromo A23187 (Abcam) in the growth
medium in the absence or presence of 10 uM FK506 (Cayman
Chemical) for 4 h at 37°C and 5% CO,. For detection of sur-
face NBCel-C, the cells were fixed with 4% PFA followed
by blocking with 2% NGS in PBS. After that, the cells were
incubated with the anti-HA-tag antibody for 3 h at room tem-
perature. After extensive washing, the cells were incubat-
ed with the rabbit anti-rat IgG polyclonal antibody conjugat-
ed with ALP (1/10,000, Sigma-Aldrich, cat. # A6066) for 1 h.
The amounts of NBCel on the cell surface were quantified by
measuring ALP activity with p-nitrophenyl phosphate as a sub-
strate (Bio-Rad, cat. # 1721063) and by monitoring the eleva-
tion of absorbance (405 nm) on Varioskan Flash (Thermo Sci-
entific) after initiation of the enzymatic reaction. For detection
of total NBCel-C expression levels, a 0.1% Triton X-100 per-
meabilization step was added after fixation with PFA, and the
other procedures were the same as those for surface expres-
sion detection. Background absorbance was measured in par-
ent HeLa cells and was subtracted from each absorbance value
of cells subjected to various treatments at various time points.
The resulting net absorbance was analyzed, and the elevation
of the value during 9 min from the start was defined as ALP
activity representing the amounts of surface or total NBCel-C.

pHi Measurements pHi was measured by recording
SNARF-1 fluorescence intensities at emission wavelengths
580 and 640 nm with excitation at 488 nm by means of a con-
focal microscope (A1R, Nikon Instruments). During the meas-
urement, perfusion solutions were kept at 37°C. HeLa cells
were transfected with one of the IRES-AcGFP/NBCel con-
structs with or without constitutively active (CA-) or phos-
phatase-dead (PD-) truncation mutant of CaNAo/CaNB. Pre-
liminary experiments showed that over 80% of GFP-positive
cells coexpressed CaNAa. At 48 h after transfection, the cells
were loaded with 20 uM SNARF-1 in normal buffer (140 mM
NaCl, 5 mM KCIl, 1 mM MgCl,, 1 mM CacCl,, 10 mM glu-
cose, 10 mM HEPES-NaOH [pH 7.4]) for 30 min at 37°C in
a humidified atmosphere containing 5% of CO,. For stabiliza-
tion, the cells were perfused with normal buffer for 10 min,
and pHi measurement was started from the last 1 min of nor-
mal-buffer perfusion. The cells were then perfused with Na*-
free buffer called Na*(—) (115 mM NMDG-CI, 5 mM KCI, 1
mM MgCl,, | mM CaCl,, 10 mM glucose, 2.5 mM HEPES,
and 25 mM tetraecthylammonium bicarbonate) for 2 min, and
transport activity of NBCel was induced by changing the buff-
er to Na*-containing buffer called Na*(+) (115 mM NacCl, 5
mM KCl, 1 mM MgCl,, | mM CacCl,, 10 mM glucose, 2.5 mM
HEPES, 25 mM NaHCO,) with perfusion for 2 min. Finally,
the buffer was replaced with Na*(—) buffer, and perfusion was
kept for 2 min. Na*/H* exchanger activities were blocked by
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10 uM S-(N-ethyl-N-isopropyl) amiloride (EIPA; Sigma) dur-
ing perfusion with a buffer containing HCO,~. pHi was repre-
sented by the SNARF-1 fluorescence ratio (640 nm/580 nm),
and the pHi change was the difference between the fluores-
cence ratios at each time point and the average value of the
fluorescence ratio during the stabilizing phase (the last 1 min
of incubation with normal buffer).

Determination of the Phosphorylation Level of NBCel-C
The phosphorylation level of NBCel-C was determined as
reported previously.?? Briefly, after preincubation with a phos-
phate-free medium, HEK293T cells transfected with HA-
tagged NBCel-C or a deletion mutant of NBCel-C lacking the
PQIRIE motif (A, NBCel-C) with CA-CaNAa/CaNB were
metabolically labeled with [32P]Jorthophosphate (0.8 mCi/mL)
(Perkin Elmer). After incubation for 4 h at 37°C in a humidi-
fied atmosphere containing 5% of CO,, NBCel was immuno-
precipitated with the anti-HA antibody, and its radioactivity
was quantified on a BAS500 bioimaging analyzer (Fuji Pho-
to Film).

Statistical Analyses All these analyses were performed
in EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), which is a graphical user interface for R.2 In
the data presented in Figs. 35, outliers were excluded by the
Smirnov—Grubbs test, and normality of the distribution was
verified by the Kolmogorov—Smirnov test. In Figs. 3 and 4,
we carried out Kruskal-Wallis and post hoc Steel-Dwass tests.
In Figs. 5 and 7, we performed one-way analysis of variance
(ANOVA) and the post hoc Tukey HSD test. For all analyses,
the level of statistical significance was set to p < 0.05. All box
whiskers were created in Excel 2016.

RESULTS

A Catalytic Subunit of Calcineurin Was Isolated from the
Mouse Cerebellum as an NBCel-C-Binding Protein Of all
five alternative splicing variants of NBCel, NBCel-C has a
unique C-terminal cytoplasmic tail that is generated by alter-
native splicing.'? We produced a GST fusion protein contain-
ing this unique region (Fig. 1A, in red) and tried to isolate the
proteins that specifically bind to this region from mouse brain
extracts. Next, the bound proteins were analyzed by SDS-
PAGE, and a protein band with a molecular mass of ~59 kDa
was detected (Fig. 1B, an arrow). LC-MS/MS analysis of pep-
tides resulting from trypsin digestion of the band identified
catalytic subunits of calcineurin a and B as its major compo-
nents (Table 1). All other proteins were PDZ domain proteins
(Table 1); this result is understandable because the C termi-
nus contains a PDZ-ligand motif, ETTL.}*? Subsequently,
we focused on the NBCel-C—calcineurin interaction because
of their highest Mascot scores (Table 1). First, to confirm the
interaction in an intact cellular context, HA-tagged NBCel-C,
a FLAG-tagged catalytic subunit of calcineurin a (CaNAa),
and the regulatory subunit of calcineurin (CaNB) were coex-
pressed in HEK293T cells, and CaNAa was immunoprecipi-
tated. We found that HA-tagged NBCel-C was coimmunopre-
cipitated with FLAG-tagged CaNAa (Fig. 1C). We then also
tried to detect a possible interaction between NBCel-C and
calcineurin in vivo. One report has shown higher expression of
CaNAoa compared to CaNAP in the cerebellum,?® and CaNAa
mRNA is highly expressed in astrocytes according to an RNA
sequence transcriptome database'® (http://web.stanford.edu/
group/barres_lab/brain_rnaseq.html). Given that NBCel-C
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Fig. 1. CaNA Was Isolated from the Mouse Cerebellum as an NBCel-C—Binding Protein

(A) Schematic representation of the protein structure of five splice variants of NBCel, and amino acid sequence of the C-terminal region of NBCel. The unique sequence of
NBCel-C is highlighted in red. (B) Bound proteins obtained by the GST pull-down assay using GST-NBCe1-C/Ct were visualized with Coomassie Brilliant Blue (CBB) stain-
ing. An arrow indicates a ~59 kDa band that was identified as calcineurin Aa (CaNAa) and calcineurin Ap by LC-MS/MS analysis. (C) Interaction between HA-NBCel-C and
FLAG-CaNAu in transfected HEK293T cells was verified by coimmunoprecipitation with the anti-FLAG antibody. The upper panel shows amounts of HA-tagged NBCel-C in
input samples (left 3 lanes) and in coimmunoprecipitated fractions (right 3 lanes). A lower panel presents amounts of FLAG-CaNAua in input samples (left 3 lanes) and in immu-
noprecipitated fractions (right 3 lanes). (D) A complex between NBCel-C and CaNAa in mouse cerebellar membrane fractions was revealed by coimmunoprecipitation with the
anti-calcineurin Aa antibody. The upper left panel indicates each amount of NBCel-C in a lysate of a cerebellar membrane fraction (left 2 lanes) and in coimmunoprecipitated frac-
tions (right 2 lanes). The upper right panel presents a longer-exposure image of coimmunoprecipitated fractions. The lower panel shows each amount of CaNAa in the cerebellar

membrane fraction (left 2 lanes) and in immunoprecipitated fractions (right 2 lanes).

Table 1. Mouse Brain Proteins that Bind to a Unique C-Terminal Region of NBCel-C

Swiss Prot ID Protein Name Molecular weights (Da) Mascot score
P2BB_MOUSE Catalytic subunit of calcineurin beta isoform 59,163 576
PP2BA_MOUSE Catalytic subunit of calcineurin alpha isoform 58,606 571
MPP6_MOUSE MAGUK p55 subfamily member 6 62,592 83
GOPC_MOUSE Golgi-associated PDZ and coiled-coil motif-containing protein 50,631 74
SNTA1 MOUSE Alpha-1-syntrophin 53,632 59
MPP2_MOUSE MAGUK p55 subfamily member 2 61,517 46
SNX27_MOUSE Sorting nexin-27 60,950 35

also manifests higher expression in the cerebellum and astro-
cytes,'» we focused on the interaction between CaNAa and
NBCel-C. Immunoprecipitates from the 0.2% Triton X-100—
solubilized mouse cerebellar membrane fraction with the anti-
CaNAua antibody contained significant amounts of NBCel-
C as revealed by NBCel-C isoform-specific immunoblotting
(Fig. 1D). This finding indicated that NBCel-C forms a com-

plex with CaNAa in vivo.

Calcineurin Binds to NBCel-C via a Calcineurin-Dock-
ing Motif in the C-Terminal Region of NBCel-C It is well
known that calcineurin recognizes most of its substrates via
two distinct classes of docking motifs, PxIXIT and LxVP.26-28)
We searched the sequence of the C terminus of NBCel-C and
found the “PQIRIE” motif, which fits the consensus sequence
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and is present only in the C-terminal tail of NBCel-C (not
NBCel-A/B/D/E; Fig. 1A). Sequence alignment of NBCel-C
orthologs suggested that this PQIRIE motif is well conserved
among animal species (Fig. 2A). To confirm that this motif is
essential for the binding of NBCel-C to CaNAa, we creat-
ed a deletion mutant of NBCel-C lacking the PQIRIE motif
(Fig. 2A, A NBCel-C) and examined the binding of CaNAa«a
to A, \NBCel-C and to NBCel-B. A coimmunoprecipitation
assay revealed that neither NBCel-B nor A,(NBCel-C bound
to CaNAa (Fig. 2B), suggesting that CaNAo bound to NBCel-
C via the PQIRIE motif in the C-terminal tail. CaNAa is a
Ca?*/CaM-dependent Ser/Thr protein phosphatase. Thus, our
next question was whether the phosphatase activity is required
for the binding. We examined the binding of NBCel-C to a
constitutively active (CA-) or phosphatase-dead (PD-) trunca-
tion mutant of CaNAa by a coimmunoprecipitation assay. We
found that NBCel-C constantly bound to both CA- and PD-
mutants as well as to wild-type CaNAa (Fig. 2B), indicating
that the phosphatase activity of CaNAa was not required for
its binding to NBCel-C.

Calcineurin Enhances the Surface Expression of
NBCel-C To understand the physiological significance of
CaNA binding to NBCel-C, we transiently expressed NBCel-
C, A(W\NBCel-C, or NBCel-B in HeLa cells and examined
their subcellular distribution. Both NBCel-B and NBCel-C

A

human
mouse
rat
cattle
Chicken

BPB Reports 11

were distributed throughout the cell, whereas A (NBCel-C
accumulated around the nucleus (Fig. 3A). Next, we evaluat-
ed cell surface expression of NBCel-B, NBCel-C, or A, N-
BCel-C by a sequential staining protocol involving extracellu-
lar HA-tag staining first, followed by common NBCel epitope
staining (see Materials and Methods); the levels of NBCel-
B and NBCel-C were comparable and were significantly
higher than that of A, (NBCel-C (Fig. 3B). This finding sug-
gested that CaNAa binding could affect surface expression
of NBCel-C, and we examined the effects of coexpression
of CA- or PD-CaNAua on surface expression of NBCel-C,
NBCel-B, or A, \NBCel-B. Coexpression of CA-CaNAa sig-
nificantly enhanced surface expression of all NBCel protein
versions. Nonetheless, the extent of upregulation of NBCel-
C (1.9-fold, p < 0.001) was much higher than that of NBCel-
B (1.2-fold, p < 0.05) or A, \NBCel-C (1.3-fold, p < 0.05;
Fig. 4A and B). Furthermore, PD-CaNA was capable of bind-
ing to NBCel-C but did not enhance surface expression of
NBCel-B, NBCel-C, or A, (NBCel-C (Fig. 4A and B). These
findings indicated that surface expression of NBCel-C was
specifically enhanced by CaNAa and that the enhancement
required CaNAa binding as well as its phosphatase activity.
Calcineurin Enhances the Transport Activity of NBCel-C
The finding of enhancement of NBCel-C surface expression
by calcineurin raises a possibility that the transport activity of
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Fig. 2. Calcineurin Binds to NBCel-C via a Calcineurin-Docking Motif

(A) Top: Alignment of C-terminal regions of NBCel-C from various animal species shows that the PQIRIE motif (in red) is conserved. Each amino acid sequence is from Gen-
Bank [accession numbers NM_001134742.1 (humans), NM_001136260.1 (mice), XM_006250791.3 (rats), XM_015471675.2 (cattle), and XM_025150084.1 (chicken)]. Bottom:
Schematic representation of the protein structure and sequences of A NBCel-C, a mutant of NBCel-C devoid of the PQIRIE motif. (B) CaNAa specifically bound to NBCel-C
(C) but neither to NBCel-B (B) nor A \NBCel-C (A.y), for which phosphatase activity of CaNAo was not required. Each NBCel construct was coexpressed with the wild type
full-length CaNAa (WT), constitutively active (CA)-CaNAa, or phosphatase-dead (PD)-CaNAa. The two upper panels present expression of each NBCel construct (top) and
each CaNAa construct (bottom), revealed with the anti-HA antibody and anti-FLAG antibody, respectively. The lower two panels show each coimmunoprecipitated NBCel with
CaNAa (upper panel) and each immunoprecipitated CaNAa (lower panel) as revealed by means of the anti-HA antibody and anti-FLAG antibody, respectively.
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Fig. 3. Subcellular Distribution of Heterologously Expressed NBCel-B, NBCel-C, or NBCel-C Lacking the Calcineurin-Docking Motif in HeLa Cells

(A) One of the NBCel constructs was transiently expressed in HeLa cells, and its surface expression and subcellular distribution was visualized with sequential staining. NBCel
on the cell surface was visualized with the extracellular HA-tag antibody (red), and total NBCel was visualized with the anti-SLC4A4 antibody (green). Upper panels: NBCel-B,
middle panels: NBCel-C, lower panels: A, (NBCel-C lacking the calcineurin-docking motif. A scale bar is 25 um. (B) Surface expression was determined by the fluorescence
intensity ratio of membrane signals to total signals. Cells were collected from three independent experiments (sample numbers are in the parentheses). Relative surface expression
levels of NBCel-B, NBCel-C, and A \NBCel-C were calculated using a median value of NBCel-B set to 1.0. Kruskal-Wallis test, p = 0.0046 and Steel-Dwass post hoc test,

*and ** represent p < 0.05 and p < 0.01, respectively.

NBCel-C could be regulated by calcineurin. Thus, we exam-
ined the effects of coexpression of CA- or PD-CaNAa on the
transport activity of NBCel-C or A NBCel-C by measuring
intracellular pH (pHi) elevation induced by Na*-driven HCO;-
transport, which was observed when the buffer was changed
from Na*(-) to Na*(+) (Fig. SA). In control HeLa cells, hard-
ly any pHi changes induced by Na‘(+) buffer were observed
in the presence of EIPA, an inhibitor of Na*/H* exchangers,
which also contribute to the pHi change in this experimental
paradigm (Fig. 5A, vector, Na*(+)). Meanwhile significant pHi
elevation was observed in HeLa cells expressing NBCel-C or
ANBCel-C (Fig. 5A), indicating that the transport activity
of expressed NBCel was properly assayed and was represent-
ed by velocity of the pHi elevation during initial 22 s after the
change of the buffer from Na*(—) to Na*(+). Transport activity
of NBCel-C was higher (though not significantly; p = 0.059)
than that of A, NBCel-C (NBCel-C:0.020 Aratio/s vs A N-
BCel-C:0.018 Aratio/s). CA-CaNAa coexpression significant-
ly enhanced the activity of NBCel-C (1.15-fold, p < 0.05) but
did not affect that of A, (NBCel-C (1.06-fold, p = 0.88). In
contrast, PD-CaNAa coexpression did not enhance NBCel-C
transport activity but rather reduced it (a 0.78-fold reduction
as compared to CA-CaNA, p <0.001; Fig. 5B). Given that the
total expression levels of NBCel constructs were not affect-
ed by coexpression of either CaNAa construct (Fig. 2B), cal-
cineurin enhanced cell surface expression of NBCel-C and
thereby its transport activity.

IRBIT is known as an activator protein for NBCel-B/C.
Because multisite phosphorylation of IRBIT is necessary for
its binding to and activation of NBCel-B/C,+230 CA-CaNAa«
coexpression could alter phosphorylation of IRBIT and its
binding affinity for NBCel-C. Accordingly, we tested wheth-
er CA-CaNAa coexpression could influence the binding of
IRBIT to NBCel-C or A NBCel-C. Immunoprecipitation of
IRBIT revealed that coexpression of CA-CaNAa did not have
any influence on the interaction between IRBIT and NBCel-
C or A, \NBCel-C (Fig. 6A). Therefore, the effects of cal-

cineurin on surface expression/transport activity of NBCel-
C may be attributable to altered phosphorylation states of
NBCel-C rather than to those of IRBIT. Indeed, phosphoryl-
ation of NBCel-C was apparently reduced by coexpression of
CA-CaNAa, whereas phosphorylation of NBCel-B or A (N-
BCel-C was unchanged (Fig. 6B). NBCel-C might be recog-
nized by calcineurin via the PQIRIE docking motif and then
dephosphorylated; therefore, surface expression of NBCel-
C may be regulated by a phosphorylation/dephosphorylation
switch.

Surface Expression of NBCel-C Is Enhanced in
Response to Cytosolic Ca2* Increase We demonstrated that
surface expression and transport activity of NBCel-C were
enhanced by coexpression of CA-CaNAa. To examine the
relevance of these findings in a more physiological context,
we tested whether surface expression of NBCel-C increas-
es in response to elevation of intracellular Ca?* concentration,
which is a physiological stimulatory signal for calcineurin.
We created a HeLa cell line stably expressing extracellular-
ly HA-tagged NBCel-C and determined the surface expres-
sion level when the influx of Ca2* was induced by treatment
with Ca?" ionophore A23187 in the presence or absence of
FK506, a specific inhibitor of calcineurin. Because the expres-
sion of NBCel-C was too low to detect by immunofluores-
cence staining, the surface expression level was determined in
the extracellular HA-tag—based immunoassay using the anti-
HA antibody conjugated with ALP. When the cells were treat-
ed with A23187, surface expression of NBCel-C significantly
increased (1.31-fold, p < 0.05; Fig. 7A), and this enhancement
was attenuated by FK506. Meanwhile, total NBCel-C protein
expression levels were comparable among the three groups
(Fig. 7B). These data suggested that the surface amount of
NBCel-C stably expressed in HeLa cells was elevated by
cytoplasmic Ca?* concentration increase and subsequent cal-
cineurin activation.
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Fig. 4. Calcineurin Enhances Surface Expression of NBCel-C

(A) Effects of co-expression of each CaNAa construct on surface expression level of each NBCel construct were examined in HeLa cells. NBCel on cell surface and total
NBCel cellular distribution was examined as in Fig. 3. A scale bar is 25 um. (B) Surface expression levels of each NBCel were determined as in Fig. 3. Cells were collected from
three independent experiments (sample numbers in parentheses). Kruskal-Wallis test, NBCel-B: p = 0.03, NBCel-C: p = 1.43*¢19, A, (NBCel-C: p = 0.04, and Steel-Dwass post

hoc test, * and *** represent p < 0.05 and p < 0.001, respectively.

DISCUSSION

In this study, we demonstrated that a catalytic subunit of
calcineurin binds to NBCel-C via the PQIRIE motif present at
the unique C terminus of NBCel-C. Calcineurin enhanced the
surface expression of NBCel-C and increased the transporter
activity, for which the phosphatase activity of calcineurin was
found to be required; indeed, NBCel-C was dephosphorylated
by calcineurin. The regulation of NBCel-C functions by the
Ca?*—calcineurin axis implies a specific function of NBCel-C
in the brain where rapid and local regulation of pH homeosta-
sis is essential.

Some reports have shown that NBCel-A and NBCel-B,
which are expressed in renal proximal tubular cells and pan-
creatic ductal cells, respectively, are localized to the basolat-
eral plasma membrane.>'% According to the results of clinical
and experimental studies on NBCel-A/B mutants, cytoplas-
mic regions of both the N terminus and C terminus of NBCel-
A or -B are required for its proper targeting to the basolater-
al plasma membrane.!?3536) As for the C-terminal region of
NBCel-A/B, a 54-amino acid deletion at the C-terminal end

of NBCel-A/B and a 50-amino acid deletion at the C-termi-
nal end of NBCel-A impaired the plasma membrane targeting,
whereas a shorter 26-amino acid deletion in NBCel-A pre-
served the plasma membrane targeting but eliminated polar-
ized targeting to the basolateral sites.!>3% These results suggest
that the C-terminal region contains both basolateral targeting
and plasma membrane targeting signals. Li ef al. have identi-
fied the “QQPFLS” sequence at the C terminus of NBCel-A/B
as a basolateral targeting signal.?® In contrast to the epitheli-
al cells, astrocytes and neurons in the brain have much more
complex morphology. Although some molecular mechanisms
for polarized targeting of transmembrane proteins are shared
between epithelial cells and neural cells,?” discrete molec-
ular and structural mechanisms may exist, especially in neu-
rons.3:39 NBCel-C has a unique C-terminal sequence lack-
ing the QQPFLS motif but containing the “ETTL” PDZ ligand
motif. Given that PDZ domain-based protein—protein inter-
actions could serve as a platform for organization of cellular
signaling,*4D the C-terminal tail of NBCel-C may function as
a specialized module regulating proper localization in neurons
and astrocytes. Indeed, five PDZ domain proteins correspond-
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(A) Transport activity of each NBCel construct expressed in HeLa cells was analyzed. pHi changes were displayed as a fluctuation of pH indicator SNARF-1 fluorescence
intensity ratio (a difference in fluorescent intensity ratios). The lower part of the lines presents the composition of perfusion buffer. Transport activity of NBCel was expressed
as intracellular alkalization induced by changing perfusion buffer from Na*(—) to Na‘(+). During 22 s after the change of the buffer, an increase in speed in Afluorescence ratios
stayed linear. Consequently, transport activity is represented by the gradient during this initial period. EIPA: S-(N-ethyl-N-isopropyl) amiloride. (B). Effects of coexpression of each
CaNAa construct on transport activity of each NBCel version were examined. Left-hand plots are zoomed-in images from the initial 22 s segment of plots in Fig. 5A. The right-
hand box plot illustrates transport activity (gradient) of each NBCel construct coexpressed with each CaNAa construct. The cells were collected after five independent experiments
(sample numbers are in parentheses). Error bars represent SEM. One-way ANOVA (vector: F = 0.46, p = 0.63; NBCel-C: F = 7.22, p < 0.001; A NBCel-C: F = 1.13, p = 0.32)
and the Tukey HSD post hoc test were conducted. * and *** represent p < 0.05 and p < 0.001, respectively.

ing to the molecular mass were isolated (Table 1). These are
candidate molecules for regulating the surface expression and/
or proper localization of NBCel-C; unfortunately, the recov-
ery amounts were too low for further analyses.

Both a and [ catalytic subunits of calcineurin (CaNAa and
CaNAQp) were isolated as proteins binding to the C-terminal

tail of NBCel-C, and the two had comparable Mascot scores
(Table 1). We examined NBCel-C binding to either CaNAa« or
CaNAQp in heterologous expression assays and immunoprecip-
itation experiments and noted comparable NBCel-C binding
to CaNAa and CaNABR (see Supplementary Fig. S2). Further-
more, because the interaction between NBCel-C and CaNAa



Vol. 2, No. 1 (2019) BPB Reports 15

A input HA-IP
HA-IRBIT| — — + + + + — — + + + +
FLAG-CA-CaNAa/CaNB| — — — — + 4+ — — — — 4+ +
140
Anti-NBCe1 T e—— o - - - o=
100
, 75
Pl - - - & @HEH
60 —
Anti-FLAG 45 p——
B HA-NBCe1-B HA-NBCe1-C HA-A;\NBCe1-C
CA-CaNAa | — + —_  + — +
autoradiogram o T— ——
phosphorylation ratio 1 1.54 1 0.75 1 1.23

Fig. 6. Effects of Coexpression of CA-CaNAa on the Binding of IRBIT to NBCel-C and on the Phosphorylation State of NBCel-C

(A) Effects of coexpression of the CA-CaNAa construct on the interaction between IRBIT and NBCel-C. HEK293T cells were transfected with the indicated combination of
constructs (HA-RIBIT, FLAG-CA-CaNAa, and untagged NBCe1-C), and the interaction between IRBIT and NBCel-C was examined in a coimmunoprecipitation assay involv-
ing the anti-HA antibody. C, NBCel-C; A, A,\NBCel-C. (B) Effects of coexpression of CA-CaNAa on phosphorylation levels of NBCel-C were examined. HeLa cells were
transfected with each NBCel-C construct and CA-CaNAa, and were metabolically labeled with [32P]Jorthophosphate. [32P]labeled NBCel-C was immunopurified with the anti-HA
antibody and was separated by SDS-PAGE. Radioactivity of the corresponding band was measured and was normalized to the amount of immunopurified NBCel-C that was deter-
mined by western blotting of the same sample. 7op: an autoradiogram of immunopurified NBCel-C after SDS-PAGE, lower panel: the numbers indicate relative phosphorylation
levels in each condition (phosphorylation levels of NBCel-C alone are set to 1.0).
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Fig. 7. Surface Expression of NBCel-C Is Enhanced in Response to Increases in Cytosolic Ca>* Concentration

(A) Effects of intracellular Ca2* concentration increase and a calcineurin inhibitor, FK506, on the surface expression of NBCel-C stably expressed in HeLa cells. Surface ex-
pression levels were quantified by measuring ALP activity of non-permeabilized cells. Vehicle: 0.1% DMSO, A23187: 2 uM A23187, and A23187+FK506: 2 uM A23187 plus
10 uM FK506 (B) Total expression levels of NBCel-C were quantified by measuring ALP activity of permeabilized cells. Vehicle: 0.1% DMSO, A23187: 2 uM A23187, and
A23187+FK506: 2 pM A23187 plus 10 uM FK506. Data were collected from 12 samples from three independent experiments. Error bars represent SEM. One-way ANOVA (sur-
face NBCel-C, F = 3.377, p < 0.05; and total NBCel-C, F = 0.115, p > 0.05) and Tukey HSD post hoc test were carried out; *p < 0.05.

in vivo was confirmed, most of functional experiments were  and TRESK#24» have both motifs in their sequences. Neither
conducted with CaNAa constructs. NBCel-B nor A, (\NBCel-C, a deletion mutant for this motif,

Calcineurin binds to substrates via two short motifs, PxIx-  manifested any binding to calcineurin, suggesting that PQIR-
IT and LxVP.2627 In the case of NBCel-C, a PxIxIT-type IE is a critical determinant of the interaction between NBCel-
docking motif, PQIRIE, was found in the unique C-termi- C and calcineurin, as is the case for the interaction between an
nal region (Figs. 1 and 2). Some substrates, such as NFAT = NBCnl splice variant and calcineurin.*
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We showed that the surface expression of NBCel-C was
significantly enhanced by CA-CaNAa coexpression (Fig.
4); however, the surface expression of NBCel-B and A N-
BCel-C was also enhanced but at a lesser extent (Fig. 4). It
is well known that calcineurin is involved in endocytosis of
synaptic vesicles,*340 and it is reported that surface expres-
sion of membrane proteins is regulated by calcineurin not
through direct dephosphorylation but through dephospho-
rylation of the endocytotic machinery or regulation of gene
expression.*’#9 Furthermore, the critical involvement of cal-
cineurin in the activation of TFEB and TFE3, the two mas-
ter regulators of lysosomal biogenesis responses, was recently
reported.’®3h Therefore, we can hypothesize that the enhance-
ment of the surface expression of NBCel-B or A,(NBCel-C
by CA-CaNAa is due to these indirect effects of calcineurin.

We can conclude that calcineurin dephosphorylates NBCel -
C by docking via its PQIRIE motif, resulting in enhancement
of the surface expression of NBCel-C. Although how the
dephosphorylation of NBCel-C by calcineurin is linked to the
enhancement of its surface expression remains uncertain, there
are two possible mechanisms. First, dephosphorylation by
calcineurin may prompt the transport/maturation of NBCel-
C from the endoplasmic reticulum to Golgi apparatus and/or
from the Golgi apparatus to cell surface. We noticed that A N-
BCel-C during SDS-PAGE showed upregulation of a faster-
migrating moiety representing insufficient glycosylation (see
Supplementary Fig. S3), which implied the cause of the low-
er surface expression. Nevertheless, the extent of the reduc-
tion in surface expression was not parallel to the extent of the
upregulation of the faster-migrating band, and the migration
pattern of wild-type NBCel-C was not affected after coexpres-
sion with CA-CaNAuo or incubation with FK506. Therefore, it
is not likely that dephosphorylation by calcineurin regulates
the glycosylation state of NBCel-C. Second, dephosphoryla-
tion by calcineurin may alter the balance between the endocy-
tosis and degradation of NBCel-C from the cell surface and
its recycling back to the cell surface. The finding that dephos-
phorylation of NBCel-C preferentially occurred in the upper
maturated NBCel-C moiety supports this idea (Fig. 6B); how-
ever, more direct experiments for revealing the dynamics of
NBCel-C should be conducted.

Due to the limited recovery of the NBCel-C protein for
quantitative phosphoproteomic analysis, we could not identify
the sites dephosphorylated by calcineurin. Considering that the
PxIXIT binding site of calcineurin is far from its catalytic cent-
er (~32 A)525 and sequences similar to the redefined n-®-L-x-
[VPL]-[PK] motif’*» were found in the N-terminal cytoplasmic
region of NBCel-C, dephosphorylation sites can be located in
the N-terminal region. There are some reports about the regu-
lation of surface expression and/or transport activity associat-
ed with phosphorylation of NBCel-A or -B.55-5 In these stud-
ies, the direction of change in surface expression in response
to stimuli depended on experimental conditions, and phos-
phorylation sites were not determined. Considering the high
homology between NBCel-B and NBCel-C, the sites dephos-
phorylated by calcineurin might be involved in the aforemen-
tioned findings.

Our observations are almost limited to heterologous expres-
sion systems; however, a complex between NBCel-C and cal-
cineurin certainly exists in the brain. Strong conservation of
the PQIRIE calcineurin-docking motif as well as the ETTL

Vol. 2, No. 1 (2019)

PDZ ligand sequence in the C-terminal tail of brain-specific
NBCel-C implies that the regulation of NBCel-C by calcineu-
rin takes place in the central nervous system. Our future goals
are to verify the possibility and to elucidate physiological sig-
nificance of the regulation of NBCel-C surface expression by
calcineurin in the brain.
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