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IRBIT [inositol 1,4,5-trisphosphate receptor (IP3R) binding protein
released with inositol 1,4,5-trisphosphate (IP3)] is a multifunctional
protein that regulates several target molecules such as ion chan-
nels, transporters, polyadenylation complex, and kinases. Through
its interaction with multiple targets, IRBIT contributes to calcium
signaling, electrolyte transport, mRNA processing, cell cycle, and
neuronal function. However, the regulatory mechanism of IRBIT
binding to particular targets is poorly understood. Long-IRBIT is an
IRBIT homolog with high homology to IRBIT, except for a unique
N-terminal appendage. Long-IRBIT splice variants have different
N-terminal sequences and a common C-terminal region, which is
involved in multimerization of IRBIT and Long-IRBIT. In this study,
we characterized IRBIT and Long-IRBIT splice variants (IRBIT fam-
ily). We determined that the IRBIT family exhibits different mRNA
expression patterns in various tissues. The IRBIT family formed
homo- and heteromultimers. In addition, N-terminal splicing of
Long-IRBIT changed the protein stability and selectivity to target
molecules. These results suggest that N-terminal diversity of the
IRBIT family and various combinations of multimer formation con-
tribute to the functional diversity of the IRBIT family.

IRBIT | Long-IRBIT | splice variant | protein stability | protein-protein
interaction

t was recently proposed that protein—protein interaction networks

are scale-free, in that most of the proteins bind to one or two
targets but relatively fewer “hub proteins” interact with 10 or more
targets (1). The scale-free property of protein—protein interactions
provides the advantages of high connectivity and robustness for
physiological basis. However, dysfunction of hub proteins can lead to
the impairment of whole signaling networks (2). Therefore, it is
important to understand the regulatory mechanisms of hub proteins.
IRBIT [inositol 1,4,5-trisphosphate receptor (IP;R) binding protein
released with inositol 1,4,5-trisphosphate (IP5)] is a multifunctional
protein that interacts with diverse target molecules, and therefore is
assumed to function as a hub protein. IRBIT was originally identi-
fied as a molecule that interacts with the intracellular calcium
channel, IP;R. IRBIT binds to the IP; binding domain of IP;R and
suppresses its activation (3). However, IRBIT binds to multiple ion
channels and transporters, including sodium bicarbonate cotrans-
porter 1 (NBCel) (4-7), cystic fibrosis transmembrane conductance
regulator (CFTR) (6-8), solute carrier family 26 member 6 (Slc26a6)
(7, 8), and sodium hydrogen exchanger 3 (NHE3) (9-12). It also
contributes to intracellular pH regulation and fluid secretion (6-8).
In addition, IRBIT binds to cleavage and polyadenylation-specific
factor subunit (Fipl) and modulates the polyadenylation state of
specific mRNA (13). It was also reported that IRBIT regulates ri-
bonucleotide reductase and contributes to cell cycle progression
(14). Moreover, IRBIT forms signaling complexes with phosphati-
dylinositol phosphate kinases (15). It was also reported that IRBIT
contributes in apoptosis regulation (16). In the central nervous sys-
tem, IRBIT binds to calcium calmodulin-dependent kinase II-a
(CaMKIla) and contributes to catecholamine homeostasis (17).
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Accordingly, IRBIT contributes to calcium signaling, electrolyte
transport, mRNA processing, cell cycle, apoptosis, and the regula-
tion of catecholamine homeostasis through its interaction with
multiple targets. However, how IRBIT selectively binds and regu-
lates appropriate target molecules in certain conditions and regulates
various intracellular signaling pathways is poorly understood.

We previously reported the discovery of the IRBIT homolog,
Long-IRBIT (18). Although Long-IRBIT has overall high ho-
mology with IRBIT, except for a unique N-terminal appendage, it
has low binding affinity to IP;R. Recently, it was reported that
there were splice variants of Long-IRBIT in the human transcripts
database (variant 3: NM_001130722, variant 4: NM_001130723).
These splice variants have different N-terminal sequences and a
common C-terminal region, which is involved in multimerization
of IRBIT and Long-IRBIT. Therefore, it is possible that splicing
variants have different molecular properties and form a multimer
with IRBIT to achieve functional diversity. In this study, we cloned
mouse homologs of Long-IRBIT splice variants and characterized
the expression pattern, protein stability, and regulation of several
IRBIT target molecules. These results demonstrate that the
N-terminal diversity of the IRBIT family and various combina-
tions of multimer formations contribute to the functional diversity
of the IRBIT family.

Results

We first characterized Long-IRBIT (variant 2: NM_001130720) in
2009 (18). Novel splice variants of Long-IRBIT have been de-
posited in the human transcripts database (variant 1: NM_015328,
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Fig. 1. Tissue distribution of IRBIT family. (A) Schematic illustration of IRBIT
family and N-terminal amino acid sequence. (B) Tissue distribution of IRBIT
family mRNA expression. n = 3. Ce, cerebellum; Ct, cerebral cortex; He, heart;
Hi, hippocampus; In, intestine; Ki, kidney; Li, liver; Lu, lung; Sp, spleen; St,
stomach; Pa, pancreas.

variant 3: NM_001130722, variant 4: NM_001130723) (Fig. S14).
Variant 1 is highly similar to the previously characterized variant 2.
We first cloned the mouse homologs of Long-IRBIT splice variant 3
(LongV3) and variant 4 (LongV4) from the mouse forebrain using
specific primers (Fig. 14 and Table S1). We also obtained three
different transcripts of LongV3 (3a, 3b, and 3c in Fig. S1 B and C),
and characterized LongV3a, which is deposited in GenBank
(NM_001171001). We previously reported that the N-terminal re-
gion of IRBIT is intrinsically highly disordered (15). Therefore, we
evaluated the structural disorder of Long-IRBIT splice variants
using an in silico prediction program (PONDR-FIT) (19). The
N-terminal region of Long-IRBIT splice variants was highly disor-
dered, similar to IRBIT (Fig. S1D). Therefore, the N terminus of
IRBIT family proteins (IRBIT and Long-IRBIT splice variants)
belongs to the intrinsically disordered protein regions.

We analyzed the mRNA expression of IRBIT and Long-IRBIT
splice variants in adult mouse organs by quantitative PCR analysis
using specific primers (Table S1). It was technically difficult to dis-
tinguish between Long-IRBIT splice variants 1 and 2 (LongV1 and
LongV?2), because the difference between LongV1 and LongV2 is
only 1 aa at the splice site (Fig. 14). IRBIT and LongV1/2 were
expressed in various tissues and highly expressed in the pancreas
and brain (Fig. 1B). LongV3 was mainly expressed in the kidney and
LongV4 was expressed in the lung, pancreas, small intestine, and
stomach. We generated a specific antibody (Ab) against LongV4.
The anti-LongV4 Ab specifically recognized LongV4 of 60 kDa, but
not IRBIT, LongV2, or LongV3 (Fig. S24). We also confirmed the
specificity of IRBIT Ab (20), LongV1/2 Ab (18), and pan-IRBIT Ab
(18). The anti-IRBIT and anti-LongV1/2 Abs specifically recognized
IRBIT and LongV2, respectively, whereas the anti-pan-IRBIT Ab
recognized IRBIT, LongV2, LongV3, and LongV4 (Fig. S2B).
Western blot analysis of anti-LongV4 revealed that it is highly
expressed in the stomach and poorly expressed in the pancreas (Fig.
S2C). Immunostaining using anti-LongV4 Ab showed that the strong
immunosignal was observed in the stomach, compared with the brain
(Fig. S2D). In the stomach, LongV4 was expressed in gastric parietal
cells, which were stained with the proton pump HKATPase (Fig.
S2E). LongV4 was expressed near the basal membrane, whereas
HKATPase staining was observed around the intracellular canaliculi.
These results demonstrate tissue-specific expression of Long-IRBIT
splice variants. Additionally, we found that gene expression of Long-
IRBIT splice variants was regulated during postnatal brain develop-
ment and neuronal maturation (Fig. S2 F-M).

Because we previously reported that Long-IRBIT (LongV2)
interacts with IRBIT through the C-terminal region (18), we
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conducted a coimmunoprecipitation (co-IP) assay in COS-7 cells
expressing HA- or Flag-tagged IRBIT and Long-IRBIT splice
variants. IRBIT and Long-IRBIT splicing variants were coim-
munoprecipitated with each other (Fig. 2 4 and B). In addition,
we found that multimer formation of the IRBIT family depends
on the protein synthesis and folding process (Fig. S34; details
described in SI Discussion). We also performed a co-IP assay
in stomach lysates using anti-IRBIT, anti-LongV1/2, or anti-
LongV4 antibodies. Endogenous IRBIT, LongV1/2, and LongV4
were coimmunoprecipitated (Fig. 2C). Quantification of signal
intensities of IRBIT, LongV1/2, and LongV4 detected by anti—
pan-IRBIT Ab suggest that LongV4 is the dominant isoform in
stomach and forms both homo- and heteromultimer, whereas
IRBIT and LongV1/2 form predominantly heteromultimer with
LongV4 (Fig. 2D; detailed prediction described in SI Discus-
sion). Immunostaining of the stomach showed that IRBIT,
LongV1/2, and LongV4 were expressed in gastric parietal cells
(Fig. 2F). These data suggested that IRBIT family proteins form
heteromultimers in stomach parietal cells.

We previously reported that Long-IRBIT (LongV2) has a lower
binding affinity than IRBIT for IP;R1, although LongV2 completely
conserved the critical amino acids of IRBIT required for the in-
teraction with IP3R1 (18). Binding analysis using deletion mutants of
LongV?2 revealed that low affinity to IP;R1 is attributable to an in-
hibitory effect of the LongV2-specific N-terminal region (18).
Therefore, it is possible that N-terminal splicing determines the
binding affinity of the IRBIT family to target molecules. We per-
formed a binding assay using the IRBIT family proteins and several
representative target molecules (NBCel-C, NHE3, FiplL, CaMKIl«,
and IP;R1). We previously reported that IRBIT binds to NBCel-B
(pancreatic type NBCel) and regulates NBCel-B activity (4). Re-
cently, we cloned a brain type NBCel (NBCel-C, GenBank ac-
cession no. AB470072.1), which has an IRBIT binding domain
in common with NBCe-1B. Therefore, we investigated the
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Fig. 2. Multimer formation of IRBIT family. IT, IRBIT; V1/2, LongV1/2; V3,
LongV3; V4, LongV4. (A) Co-IP of HA-IRBIT and Flag-IRBIT family. *IgG bands
for IP. (B) Co-IP of HA-Long-IRBITs and Flag-Long-IRBITs. (C) Co-IP assay of
IRBIT, LongV1/2, and LongV4 from stomach lysates. 1tIgG bands for IP. (D)
Quantification of IRBIT, LongV1/2, and LongV4 by pan-IRBIT Ab in C. (E) Adult
mouse stomach section was stained with anti-IRBIT, anti-LongV1/2, or anti-
LongV4 Abs (cyan), and anti-HKATPase Ab (magenta). (Scale bars, 50 pm.)
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interaction between NBCe1-C and the IRBIT family. COS-7 cell
lysates expressing and the HA-IRBIT family and target molecule
(GFP-NBCel-C, NHE3-GFP, or FiplL-myc) were immunopre-
cipitated using an anti-HA Ab. GFP-NBCel-C bound strongly
to HA-IRBIT and HA-LongV3 and bound weakly to HA-
LongV2 and HA-LongV4 (Fig. 3 A and F). GFP-NHE3 bound
strongly to HA-LongV2 and HA-LongV3 and bound weakly to
HA-IRBIT and HA-LongV4 (Fig. 3 B and F). FiplL-myc was
equally precipitated with HA-IRBIT, HA-LongV3, and HA-
LongV4, whereas HA-LongV2 bound weakly to FiplL-myc (Fig.
3 C and F). COS-7 cell lysates expressing HA-CaMKIla and Flag-
IRBIT family proteins were immunoprecipitated using an anti-Flag
Ab. HA-CaMKlla was equally precipitated with HA-IRBIT, HA-
LongV2, and HA-LongV4, whereas HA-LongV3 bound strongly to
HA-CaMKIla (Fig. 3 D and F). Finally, COS-7 cell lysates
expressing HA-IRBIT family proteins were applied to the purified
GST-tagged N-terminal region of IP;R1 (GST-EL) (18). HA-
IRBIT and HA-LongV4 bound strongly to IP;R1 (Fig. 3 E and
F). HA-LongV2 and HA-LongV3 bound weakly to IP;R1. The
radar chart of relative binding affinities for each target molecule in-
dicates that IRBIT family proteins have different binding properties
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Fig. 3. Co-IP assay for IRBIT family and target molecules and protein stability of
IRBIT family. IT, IRBIT; V2, LongV2; V3, LongV3; and V4, LongV4. (A) Co-IP of HA-
IRBIT family and GFP-NBCe1-C, n = 4. (B) Co-IP of HA-IRBIT family and NHE3-GFP,
n = 4. (C) Co-IP of HA-IRBIT family and Fip1L-myc, n = 4. (D) Co-IP of Flag-IRBIT
family and HA-CaMKlla. *IgG for IP n = 3. (E) Pull-down assay of HA-IRBIT family
and GST-tagged N-terminal region of IP3R1 (GST-EL), n = 4. (F) Quantification of
binding assay in A-E. Data were normalized by LongV3 for A-D and normalized
by LongV4 for E. R, Relative value. *P < 0.05, **P < 0.01. (G) Radar chart of each
target molecules for IRBIT family. (H) Transfected COS-7 cells with HA-IRBIT
family were treated with MG-132 (10 uM) or DMSO. (/) Quantitative analysis
of HA-IRBIT family in H, n = 3. ****P < 0.0001. (J) Transfected COS-7 cells with
HA-IRBIT family were treated with CHX (50 pg/mL) or DMSO. (K) Quantitative
analysis of HA-IRBIT family in J, n = 3. ****P < 0.0001, #*p < 0.0001.
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(Fig. 3G). We also performed binding assay using the N-terminal
deletion mutant of Long-IRBIT, which strongly bound to target
molecules (NBCel-C, NHE3, FiplL, and IP;R1), except with
CaMKlIla (Fig. S3 C-H; details described in SI Discussion). From
these results, we concluded that N-terminal splicing determines the
binding affinity of the IRBIT family to target molecules.

We observed that the expression level of LongV3 was lower
than other variants in transfected COS-7 cells. Therefore, we in-
vestigated the effect of the proteasome inhibitor, MG-132
(10 uM), or protein biosynthesis inhibitor, cycloheximide (CHX,
50 pg/mL) on the expression of HA-tagged IRBIT and Long-
IRBIT splice variants. LongV3 protein markedly accumulated
with MG-132 (Fig. 3 H and I). Conversely, the protein degradation
rate of LongV3 after CHX treatment was significantly higher than
IRBIT, LongV2, and LongV4 (Fig. 3J and K). These data suggest
that N-terminal splicing of Long-IRBIT determines protein sta-
bility. We also examined the effect of the N-terminal tag,
N-terminal deletion of specific sequences, coexpression of target
molecules, and the point mutant disturbing the interaction with
target molecules (3, 4, 13) on MG-132 treatment (Fig. S4; details
described in SI Discussion). From these results, we concluded that
N-terminal splicing of Long-IRBIT determines protein stability.

Because IRBIT and LongV4 strongly bound to IP3R1 compared
with LongV2 and LongV3 (Fig. 3 E and F), we investigated the
effect of IRBIT family expression on the channel activity of IP;R.
Because endogenous IRBIT significantly inhibited the channel ac-
tivity of IP;R (Fig. S54) and masked the effect of IRBIT over-
expression on IP;R (3), we transfected the mRFP-P2A-IRBIT
family into IRBIT knockout (KO) mouse embryonic fibroblast
(MEF) cells (15). The expression levels of IRBIT family were
confirmed (Fig. S5 B-H). Transfected MEF cells were loaded with
the calcium indicator, Fura-2, and stimulated using 1, 3, and 5 pM
ATP. We found that the peak amplitude of Ca Z* transients
was significantly inhibited by the expression of IRBIT and
LongV4 compared with mRFP-P2A, whereas the expression of
LongV2 and LongV3 did not affect Ca* transients (Fig. 4 A-F and
Fig. S5I). Consistent results were obtained i in a supplemental ex-
periment of MEF cells in an extracellular Ca**-free condition and
of IRBIT KO HelLa cells (16) using histamine stimulation or caged-
IP; photo-uncaging (Fig. S5 J-N). These results suggest that
LongV4 suppresses IPsR activity, as observed with IRBIT (3). We
next investigated the effect of IRBIT family expression on
CaMKIla activation using a FRET-based CaMKIla acthlty probe
(Camuia). We performed simultaneous i 1mag1ng of Ca**-ionophore
(4-Bromo-A23187, BrA) -induced Ca** and Camuia FRET
changes in IRBIT KO MEF cells (Fig. 4 G-L). Consistent with a
previous study (17), the expression of IRBIT significantly 1nh1b1ted
the BrA-induced Camuioc FRET change but did not affect the Ca®*
change. In addition, the expression of Long-IRBIT splice variants
also significantly inhibited the BrA-induced Camuia FRET change,
but did not affect the Ca®* change. Notably, consistent with the
strong binding affinity of LongV3 to CaMKIla (Fig. 3 D and F),
LongV3 strongly inhibits CaMKIlIa activity. We concluded that all
of the IRBIT family regulated CaMKIla activity.

We next investigated the effect of IRBIT family expression
on NHE3-dependent pH changes. IRBIT KO MEF cells were
transfected with NHE3/mRFP, and seBFP-P2A-IRBIT family and
Na*-dependent intracellular pH change was measured using the
pH indicator 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF). He et al. previously showed that IRBIT contributed to
insulin-induced or angiotensin II-induced activation of pH recovery
through NHES3 transport in opossum kidney proximal tubule (OKP)
cells (9-11). In addition, Tran et al. showed that IRBIT knockdown
inhibited NHE3-dependent pH recovery from cell acidification
in human submandibular gland cells (12). Unexpectedly, IRBIT
expression significantly inhibited Na*-dependent intracellular
pH change in NHE3 expressed IRBIT KO MEF cells (Fig. 54 and
B). However, LongV3 significantly activated NHE3 activity.
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Fig. 4. IRBIT family regulated ATP-induced Ca®* release activity and

CaMKlla activation. IT, IRBIT; V2, LongV2; V3, LongV3; V4, LongV4. (A-E)
Representative Ca®* imaging of transfected IRBIT KO MEF cells. (F) Quanti-
tation of Ca®* peak amplitude (Max. AR) in transfected IRBIT KO MEF cells.
***P < 0.001, ****P < 0.0001. (G-K) Simultaneously imaging of FRET and
Ca®* change in transfected IRBIT KO MEF cells. (Upper) Average FRET
changes (AR) are shown. (Lower) Average Ca%+ responses (—AF) are shown.
BrA: 2.5 pM. (L) Quantitation of FRET amplitude (Max. AR) and Ca%t peak
amplitude (Max. —AF). *P < 0.05, **P < 0.01, N.S., no significance.

LongV2 and LongV4 slightly inhibited NHE3 activity, but no signi-
ficant difference was observed. To eliminate the effect of endogenous
NHE] activity, we performed the same experiment in the presence of
30 pM amiloride (AML), which strongly inhibits NHE1 and partially
inhibits NHE3 (21). In the presence of 30 pM AML, we observed
gradual acidification in IRBIT KO MEF cells expressing mRFP
alone (Fig. S64). Expression of NHE3/mRFP significantly inhibited
gradual acidification in IRBIT KO MEF cells (Fig. S6 A and B).
Consistent with results in the absence of AML, the expression of
LongV3 activated NHE3 activity in the presence of 30 pM AML
(Fig. S6 C and D). However, IRBIT and LongV2 inhibited
NHE3 activity and LongV4 had no effect. From these results, we
concluded that IRBIT inhibits NHE3 activity and LongV3 promotes
NHE3 activity, at least in MEF cells.

We examined the effect of IRBIT family protein expression on
NBCel-C activity. Because endogenous IRBIT significantly acti-
vated the NBCe1-C activity (Fig. S6E), IRBIT KO MEF cells were
transfected with the expression vector NBCel-C/mRFP and
seBFP-P2A-IRBIT family and Na*-dependent intracellular pH
changes were measured using BCECF. Consistent with the bind-
ing affinity (Fig. 34), IRBIT and LongV3 significantly activated
NBCel-C, whereas LongV2 and LongV4 had no effect (Fig. 5 C
and D). To further confirm the activation of NBCel by IRBIT and
LongV3, we performed an electrophysiological analysis in Xen-
opus oocytes. Oocytes were injected with NBCel-B and seBFP-
P2A, seBFP-P2A-IRBIT, or seBFP-P2A-LongV3 cRNA. Ex-
pression and cleavage of seBFP at the P2A site of IRBIT and
LongV3 were verified by Western blotting using pan-IRBIT and
GFP Abs (Fig. S6F). Injected oocytes were then perfused with an
HCO;7/CO, solution, and the negative charge influx (current) was
measured at a holding potential of —25 mV. Consistent with the
pH imaging data, IRBIT and LongV3 significantly activated
NBCel-B compared with seBFP-P2A alone (Fig. SE). We ana-
lyzed the current-voltage (I-V) relationship by applying step
pulses between V7, = —120 and 80 mV. The expression of IRBIT
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and LongV3 markedly activated the NBCel-B current over the
entire voltage range (Fig. 5F).

Although NBCel-C bound weakly to LongV2 and LongV4
(Fig. 34 and F), both did not activate NBCel-C activity (Fig. 5 C
and D). To evaluate whether the N-terminal of LongV2 disturbed
the activation of NBCel, we constructed N-terminal deletion
mutants of LongV2 and performed a binding assay as well as
measured NBCel-B activity. N-terminal deletion sites are illus-
trated in Fig. 64 and Fig. S6G. Cell lysates of COS-7 cells
expressing HA-LongV2 and deletion mutants were applied to the
purified MBP tagged N-terminal region of NBCel-B (MBP-
NBCe1-B/N1) (4). Deletion mutants from A20 to A157 bound to
NBCel-B similar to full-length LongV2, whereas mutants deleted
for more than 174 N-terminal amino acids no longer bound to
NBCel-B (Fig. 6B). Consistent results were obtained by co-IP
assay using GFP-NBCel-B and HA-tagged deletion mutants of
LongV2 (Fig. 6C). We performed an electrophysiological analysis
of NBCel-B with LongV2 deletion mutants in Xenopus oocytes.
IRBIT activated NBCel-B, whereas the full-length HA-LongV2
did not (Fig. 6D). Interestingly, the LongV2 mutant with deleted
N-terminal 139 and 157 aa (A139 and A157) significantly activated
NBCel-B compared with full-length LongV2. However, other
deletion mutants were unable to activate NBCe1-B. These results
indicate that N-terminal 138 aa of LongV2 and 36 aa of LongV4
disturbed their ability to activate NBCel-B.

We next investigated the effects of overexpression of Long-
IRBIT splicing variants on IP;R activity in stomach parietal cells,
in which LongV2 and LongV4 were natively expressed (Fig. 2
C-E). Overexpression of LongV2 or LongV4 was clearly observed
in mRFP* cells (Fig. 74). Transfected gastric glands were loaded
with Fura-2, and stimulated using 100 pM carbachol (CCh) in
extracellular Ca**-free condition. Overexpression of LongV4
significantly inhibited CCh-induced Ca®" release, compared
with control cells expressing mRFP-P2A, but overexpression of
LongV2 did not affect it (Fig. 7 B and C). Therefore, selectively,
LongV4 regulated IP;R activity in stomach gastric glands. Finally,
we examined the effect of LongV2 coexpression with IRBIT to
investigate whether the heteromultimer formation of IRBIT
family affects target selectivity. Because heteromultimer forma-
tion of IRBIT and Long-IRBIT splicing variants was dependent
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Fig. 5. IRBIT family regulated NHE3 and NBCe1 activity. (A) Representative pH
imaging of transfected IRBIT KO MEF cells with NHE3/mRFP. (B) Quantitation
of intracellular pH change (ApH/min) after switching from Na*-free to 144 mM
Na*/HCO3~ buffer. The total cell numbers were indicated in each graph. **P <
0.01. (C) Representative pH imaging of transfected IRBIT KO MEF cells with
NBCe1-C/mRFP. (D) Quantitation of intracellular pH change (ApH/min) after
switching from Na*-free to 144 mM Na* HCOs;~ buffer with NHE1 inhibitor,
AML (1 mM). **P < 0.01. (E) NBCe1-B-mediated currents in Xenopus oocyte.
Influxes of anion charges were measured at a holding potential of —25 mV.
**P < 0.01. (F) Current-voltage (I-V) relationship of NBCe1-B currents in
oocytes. Step pulses between V,,, = =120 and 80 mV were applied.
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Fig. 6. N-terminal of LongV2 disturbed the activation of NBCe1-B.
(A) Schematic illustration of N-terminal deletion mutants for binding assay
and electrophysiological analysis. (B) Pull-down assay of HA-LongV2 deletion
mutants and MBP-tagged N-terminal region of NBCe1-B. (C) Co-IP of GFP-
NBCe1-B and HA-LongV2 deletion mutants. *IgG bands for IP. (D) NBCe1-B-
mediated currents at a holding potential of —25 mV in Xenopus oocyte in-
jected NBCe1-B cRNA with full-length LongV2 (full), various LongV2 deletion
mutants, or IRBIT. ***P < 0.001 compared with full-length LongV2. The total
cell numbers were indicated in each graph.

on the protein synthesis and folding process (Fig. S34), IRBIT
KO MEF cells were cotransfected with the expression vector
IRBIT/eGFP and mRFP-P2A or mRFP-P2A-LongV2, and ATP-
induced calcium change was measured by Fura-2. The inhibition
of IP;R activity by IRBIT was attenuated by LongV2 coex-
pression (Fig. 7D). In addition, we performed electrophysio-
logical analysis in Xenopus oocytes to investigate the effect of
LongV2 coexpression on the activation of NBCel by IRBIT.
IRBIT significantly activated NBCel-B compared with NBCel-
B alone, whereas LongV?2 did not activate NBCel-B (Fig. 7E).
Coexpression of LongV2 with IRBIT significantly blocked
NBCel-B activation by IRBIT. From these results, we concluded
that the IRBIT family forms a heteromultimer and determines
target selectivity.

Discussion

We investigated the characteristic properties of Long-IRBIT splice
variants. We identified the expression of LongV4, LongV3b, and
LongV3c as transcripts in the mouse brain cDNA (Fig. 14 and Fig.
S1 A-C). In addition, we showed that: (i) different expression
patterns of Long-IRBIT splice variants exist in various tissues and
LongV4 is highly expressed in the basal membrane of stomach
parietal cells; (i) expression of Long-IRBIT splice variants drasti-
cally changed from LongV3/4 to LongV1/2 during mouse brain
development and LongV1/2 expression increased during synapto-
genesis of hippocampal neuronal culture; (i) IRBIT and Long-
IRBIT splice variants form homo- and heteromultimers in the
stomach lysate; (v) N-terminal splicing of Long-IRBIT changes
protein stability; and (v) N-terminal splicing determines the binding
affinity of IRBIT family proteins to target molecules and their se-
lectivity to target pathways (intracellular calcium release, CaMKIla
activation, pH regulation, and so forth).

In previous studies, IRBIT contributed to insulin-induced or
angiotensin II-induced activation of pH recovery through
NHE3 transport in OKP cells (9-11). In addition, IRBIT
knockdown inhibited NHE3-dependent pH recovery from cell
acidification in human submandibular gland cells (12). However,
IRBIT expression significantly inhibited Na*-dependent in-
tracellular pH change in NHE3 expressed IRBIT KO MEF cells
(Fig. 5 A4 and B and Fig. S6 C and D). He et al. reported that the
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phosphorylation of IRBIT and formation of a macrocomplex
with NHE3, NHERF1, ezrin, and IRBIT contributes to insulin-
dependent NHES3 activation (9, 10). Therefore, the phosphory-
lation state of IRBIT and the coexistence of endogenous regu-
latory factors or Long-IRBIT splice variants are responsible for
the discrepancy between our results in IRBIT KO MEF cells and
those of previous studies.

Recently, Yamaguchl et al. reported that AHCYL2 changes
the apparent Mg>* affinity of NBCel-B in bovine parotid acinar
cells under HCO?-deficient cellular conditions (22). However,
Park et al. reported that the expression of LongV2 activated
NBCel-B in the same manner as IRBIT in HeLa cells (23). In
this study, LongV2 has a tendency to slightly increase NBCe1-C
activity, but no significant difference in IRBIT KO MEF cells was
observed (Fig. 5 C and D), and it did not activate NBCel-B in
Xenopus oocytes (Fig. 6D). LongV2 mutant-deleted N-terminal
139 and 157 aa significantly activated NBCel-B compared with
full-length LongV2 (Fig. 6D). It was previously reported that
the N-terminal truncated IRBIT was found as part of IRBIT
expressed in COS-1 cells (cleavage site is described in Fig. 64
and Fig. S6G) (24). Therefore, it may be possible that N-terminal
cleavage of LongV2 by endogenous proteases convert LongV2 to
its active form for NBCel activity. In addition, multimer for-
mation of LongV2 with the endogenous IRBIT family are re-
sponsible for the discrepancy between the results in IRBIT KO
MEF cells, Xenopus oocytes, bovine parotid acinar cells, and
HelLa cells. Additional studies using various types of cells and a
combination of IRBIT family proteins, target molecules, and
other cofactors may help us to reveal precise regulatory mech-
anisms in each physiological condition.

The Long-IRBIT splicing site corresponds to a consensus protein
phosphatase-1 (PP1) docking site [K/R]-Xo_1-[I/V]-|P|-F (where |P|
denotes any residue except proline). A number of glutamine resi-
dues (Q) in this site differ in each Long-IRBIT (Fig. 14 and Fig. S1
B and C) (LongV1: QO = 1, LongV2: Q = 0, LongV3a: Q = 1,
LongV3b: Q =2, LongV3c: Q = 1, LongV4: O = 0). It is notable
that the first lysine (K) for the consensus PP1 docking sequence is
not included in LongV4. It was reported that the mutation of
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Fig. 7. LongV4 inhibited CCh-induced Ca** release in gastric glands and
LongV2 coexpression effected the regulation of IPsR and NBCe1-B by IRBIT.
mRFP, mRFP-P2A; V2, mRFP-P2A-LongV2; V4, mRFP-P2A-LongV4. (A) Cul-
tured gastric glands were transfected and stained with anti-LongV1/2 or
anti-LongV4 Abs. (Scale bars, 10 um.) (B) Representative Ca%t imaging of
transfected gastric glands. CCh: 100 uM. (C) Quantitation of Ca®* peak am-
plitude (Max. AR). (Upper) Max. AR of each cell. (Lower) Average of Max. AR.
The total cell numbers were indicated in each graph. *P < 0.05. (D) Peak
amplitude (Max. AR) of ATP-induced Ca®* release activity in transfected
IRBIT KO MEF cells. The total cell numbers were indicated in each graph
legend. ***P < 0.001 compared with control cells, #P < 0.05. (F) NBCe1-B
mediated currents at a holding potential —25 mV in Xenopus oocyte. The
total cell numbers were indicated in each graph. ***P < 0.001.
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IRBIT at the PP1 docking site affected the binding affinity of IP;R1
(25). The PP1 docking site is located near the multiple phosphor-
ylation sites of the IRBIT family. Therefore, it is possible that the
number of glutamine residues in the Long-IRBIT splicing site af-
fects the binding affinity for PP1 and the subsequent phosphoryla-
tion states of Long-IRBIT splice variants. It was reported that the
phosphorylation state of IRBIT contributes to the binding to target
molecules (3, 4, 7, 10, 13, 15). Therefore, the number of glutamine
residues in the Long-IRBIT splicing site may determine the binding
affinity of Long-IRBIT to target molecules.

In this study, we showed that the IRBIT family exhibits dif-
ferent binding affinities selectively conducive to several target
pathways (Figs. 3-5). However, these data represent the mainly
molecular property of homomultimer constructed by IRBIT or
each Long-IRBIT splice variant. IRBIT and Long-IRBIT splic-
ing variants form heteromultimers (Fig. 2 A-D), and LongV2
coexpression with IRBIT attenuates the effect of IRBIT (Fig. 7
D and E), indicating that the multimer formation alters target
selectivity. Therefore, the combination of IRBIT family pro-
teins may indicate functional diversity to regulate various target
pathways in cells expressing multiple IRBIT family proteins.
However, the results of LongV2 coexpression with IRBIT in-
clude the effect of homo- and heteromultimers. Therefore, ad-
ditional studies using purified proteins composed of fixed
combinations may help to reveal the detailed molecular prop-
erties of IRBIT family proteins and their target specificity.

IRBIT family proteins have diverse N-terminal regions and
conserved serine-rich and C-terminal regions. All N-terminal
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regions of Long-IRBIT splice variants were structurally disor-
dered, similar to IRBIT; therefore, the N-terminal regions of all
IRBIT family proteins interact with various proteins. The con-
served serine-rich region of IRBIT family proteins was modified
by multiple phosphorylation events, and the C-terminal region
forms homo- and heteromultimers of IRBIT family proteins.
Therefore, N-terminal structural disorder, multiple phosphory-
lation events, and the combination of multimer formation serve
as a base for the functional diversity of IRBIT family proteins as
hub proteins, and contribute to calcium signaling, electrolyte
transport, mRNA processing, cell cycle, apoptosis, and the reg-
ulation of catecholamine homeostasis through their interaction
with multiple targets.

Materials and Methods

A detailed documentation of the materials and methods can be found in S/
Materials and Methods. All animal experiments were conducted in accor-
dance with the RIKEN guidelines for animal experiments. Every effort was
made to minimize the number of animals used.
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