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Key points

• The human SLC4A7 gene and the mouse Slc4a7 gene each have alternative promoters that can
yield two groups of NBCn1 variants, one in which the extreme N terminus begins with MEAD
(representing the first four residues of the N-terminal domain (Nt)) and the other in which it
begins with MERF.

• The mouse Slc4a7 gene contains, and the human SLC4A7 gene is predicted to contain, a novel
exon that encodes an alternatively spliced cassette IV of 20 aa in the cytoplasmic Nt domain
of NBCn1. This new cassette IV is in a position homologous to that of a previously described
cassette in the Nt of NBCn2.

• From combinations of known optional structural elements (OSEs), SLC4A7 is theoretically
able to produce 32 major variants, of which 16 have now been identified, 10 for the first time
in the present study.

• With heterologous expression in Xenopus oocytes, the OSEs have strong effects on surface
abundance and intrinsic HCO3

− transport activity. Cassettes II, III and the novel cassette IV
have stimulatory effects on the intrinsic HCO3

− transport activity of NBCn1.

Abstract The SLC4A7 gene encodes the electroneutral sodium/HCO3 cotransporter NBCn1,
which plays important physiological and pathophysiological roles in many cell types. Previous
work identified six NBCn1 variants differing in the sequence of the extreme N terminus – MEAD
in rat only, MERF in human only – as well as in the optional inclusion of cassettes I, II, and III.
Earlier work also left open the question of whether optional structural elements (OSEs) affect
surface abundance or intrinsic (per-molecule) transport activity. Here, we demonstrate for the
first time that SLC4A7 from one species can express both MEAD- and MERF-NBCn1. We also
identify a novel cassette IV of 20 aa, and extend by 10 the number of full-length NBCn1 variants.
The alternative N termini and four cassettes could theoretically produce 32 major variants.
Moreover, we identify a group of cDNAs predicted to encode just the cytosolic N-terminal
domain (Nt) of NBCn1. A combination of electrophysiology and biotinylation shows that the
OSEs can affect surface abundance and intrinsic HCO3

− transport activity of NBCn1, as expressed
in Xenopus oocytes. Specifically, MEAD tends to increase whereas novel cassette IV reduces surface
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abundance. Cassettes II, III and novel cassette IV all appear to increase the intrinsic activity of
NBCn1.
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Abbreviations CnAβ, calcineurin A beta; Ct, cytosolic carboxy-terminal domain; DIDS, 4,4-diisothio-
cyanatostilbene-2,2-disulfonic acid; EGFP, enhanced green fluorescent protein; IRBIT, inositol trisphosphate
(IP3)-receptor (IP3R) binding protein released with IP3; mTAL, renal medullary thick ascending limb; NBC,
Sodium/bicarbonate cotransporter; NDCBE, sodium-driven Cl-HCO3

− exchanger; NMDG, N-methyl-D-glucamine;
Nt, cytosolic amino-terminal domain; OSE, optional structural element; PSD-95, postsynaptic density protein 95;
RACE, rapid amplification of cDNA ends; SLC4, solute carrier family 4; TM, transmembrane segment; TMD,
transmembrane domain; USH, Usher syndrome; UTR, untranslated region.

Introduction

The electroneutral sodium/bicarbonate cotransporter
NBCn1, a member of the solute carrier 4 (SLC4) family
that includes nine other genes, is encoded by the
SLC4A7 gene, which maps to 3p24 in humans. NBCn1
cDNA was first cloned from skeletal muscle (Pushkin
et al. 1999) and then blood vessels (Choi et al. 2000).
Functional characterization (Choi et al. 2000) indicates
that NBCn1 mediates the largely 4,4-diisothiocyanato-
stilbene-2,2-disulfonic acid (DIDS)-insensitive apparent
uptake of one Na+ and one HCO3

− across the
plasma membrane. NBCn1 also exhibits an associated
DIDS-stimulated conductance for Na+ and perhaps
anions. In a broad range of cell types, the cotransporter
plays a critical role in the regulation of intracellular pH
(pHi), which, in turn, is important for almost every cell
function (Roos & Boron, 1981). Northern blotting studies
show that SLC4A7 is expressed in diverse organs, including
heart, spleen, skeletal muscle, lung, liver, kidney and testis
(Pushkin et al. 1999; Choi et al. 2000).

In the CNS, NBCn1 is highly expressed in multiple
brain regions (Cooper et al. 2005; Chen et al. 2007a;
Park et al. 2010), including retina (Bok et al. 2003; Lopez
et al. 2005). It is also expressed in the cochlea (Bok et al.
2003; Lopez et al. 2005). In both photoreceptor cells and
inner-ear hair cells, NBCn1 is present in the synaptic
region and, in heterologous expression systems (Reiners
et al. 2005), interacts with harmonin (USH1C), very large
G-protein coupled receptor VLGR1 (USH2C) and usherin
(USH2A). NBCn1 is also present near synapses in cultured
hippocampal neurons, where it interacts with the post-
synaptic density protein PSD-95 (Park et al. 2010). In
Xenopus oocytes, this interaction with PSD-95 enhances
the channel conductance, but has no effect on the HCO3

−

transport activity of NBCn1 (Lee et al. 2012a). In the
CNS, expression of NBCn1 – as well as of NBCn2 and
the Na+-driven Cl−/HCO3

− exchanger NDCBE – is sub-
stantially decreased under chronic hypoxia (Chen et al.
2007a, 2008a). In mice, one example of genetic disruption

of NBCn1 causes blindness and deafness, associated with
sensory neuron degeneration (Bok et al. 2003; Lopez et al.
2005). Interestingly, allelic variations in SLC4A7 may be
associated with vulnerability to drug addictions (Ishiguro
et al. 2007).

In osteoclasts, NBCn1 mediates a colony-stimuting-
factor-1-induced anti-apoptotic increase in pHi (Bouyer
et al. 2007), and plays an essential role in the degradation
of hydroxyapatite (Riihonen et al. 2010). In the renal
medullary thick ascending limb (mTAL), the upregulation
of NBCn1 during metabolic acidosis appears to play an
important adaptive role in the excretion of NH+

4 (Kwon
et al. 2002). Moreover, in the mTAL, hypokalaemia sub-
stantially upregulates NBCn1 (Jakobsen et al. 2004).

In the cardiovascular system, NBCn1 (and also NBCe1)
expression and activity are up-regulated in hypertrophied
cardiac myocytes (Yamamoto et al. 2007). Consistent with
the aforementioned osteoclast data, knockdown of NBCn1
increases ischaemia-induced apoptosis of coronary end-
othelial cells (Kumar et al. 2011). It has been shown that
the NBCn1-null mice exhibit reduced NO-mediated vaso-
relaxation and also are mildly hypertensive (Boedtkjer
et al. 2011; Schulz & Munzel, 2011). Moreover, a
genome-wide association study implicates SLC4A7 poly-
morphisms in the development of hypertension and
increased cardiovascular disease risk in humans (Ehret
et al. 2011).

Finally, a single-nucleotide polymorphism in SLC4A7
(SNP# rs4973768 which contains a G→A mutation in
the 3′ untranslated region) is strongly associated with
increased susceptibility to breast cancer (Ahmed et al.
2009; Antoniou et al. 2010; Long et al. 2010; Sueta et al.
2012). Moreover, in a human breast cancer cell line,
the expression of NBCn1 is greatly upregulated by an
N-terminal truncation of receptor tyrosine kinase ErbB2
(Lauritzen et al. 2010) that is common in breast cancers,
especially at the metastasized stage, and that renders the
ErbB2 constitutively active (Christianson et al. 1998). On
the other hand, NBCn1 expression decreases in a model
(MCF10AT cell line) of breast cancer development (Chen
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et al. 2007b). Moreover, in this same study, NBCn1 was
downregulated in 14 of 22 (and upregulated in only 3 of
22) human clinical samples of invasive ductal carcinomas,
compared to matched normal tissues (Chen et al. 2007b).

Like other SLC4 proteins, NBCn1 has a cytosolic
amino terminus (Nt), a larger transmembrane domain
(TMD) and a short cytoplasmic carboxyl terminus (Ct).
Chimeras made between NBCn1 and the electrogenic
NBCe1 indicate that elements within both the front and
the back halves of the TMD are important for electro-
genicity (Choi et al. 2007; Chen et al. 2011) and that, within
the back half, the key element is the fourth extracellular
loop (Chen et al. 2011).

So far, six NBCn1 variants have been reported from
human or rodent (Pushkin et al. 1999; Choi et al. 2000;
Cooper et al. 2005). These differ in: (1) the extreme
Nt, which is represented (thus far in different species)
by sequences starting with MEAD or MERF; and (2–4)
the presence/absence of cassettes I (13 aa), II (124 aa
in human, 123 aa in rat) and III (36 aa) arising from
alternative splicing (for reviews, see Boron et al. 2009;
Parker & Boron, 2013). In addition to these three cassettes,
a fourth optional cassette (20 aa in the Nt) has been
reported, although without a sequence (Yang et al. 2009).
Moreover, no published full-length clones contain this
cassette. Curiously, the reported alternative Nt sequences
beginning with MERF are all from human, whereas those
beginning with MEAD are all from rat. It has not been clear
whether the MEAD/MERF difference represents species
differences or whether the MERF had just not been found
in rodents and the MEAD not in humans. If MERF
and MEAD exist in the same species, then at least five
optional structural elements (OSEs) – i.e. MEAD vs. MERF
plus 4 cassettes – could produce as many as 32 NBCn1
variants.

We designed the present study to address two major
issues about the molecular physiology of NBCn1: (1) The
diversity of NBCn1 products. Specifically, can SLC4A7
from a single species produce NBCn1 variants starting
with either MEAD or MERF? Also, what is the molecular
identity of the putative fourth cassette, and is this
cassette present in full-length clones? (2) The physio-
logical relevance of the structural diversity of NBCn1
products. Specifically, do the five OSEs – i.e. the alternative
Nt (MEAD vs. MERF) and four cassettes – influence
the plasma membrane abundance and the intrinsic (i.e.
per-molecule) HCO3

− transport activity of NBCn1. Here
we find that the SLC4A7 gene from a single species indeed
has alternative promoters that produce variants starting
with ‘MEAD’ or ‘MERF’. We definitively identify a new
exon in SLC4A7 – encoding the novel 20 aa cassette IV in
the Nt of NBCn1 – and identify 10 new full-length NBCn1
variants. Finally, our data provide the first evidence that
the OSEs of NBCn1 have functional consequences both
for surface abundance and for intrinsic activity.

Methods

5′-RACE

5′ Rapid amplification of cDNA ends (5′-RACE) was
performed to obtain the 5′ untranslated region (UTR) of
human NBCn1 transcripts with Marathon-Ready cDNA
libraries prepared from human brain, heart, kidney, liver
and skeletal muscle (Clontech, Palo Alto, CA, USA).
The adaptor-specific primers AP1 (unnested) and AP2
(nested) supplied with the cDNA libraries were used in
PCRs. The SLC4A7-specific unnested antisense primer
A7RACR2 (5′-GCATGACTGTTCCATTGAGGATGCAAC
TCC-3′) and the nested antisense primer A7RACR1 (5′-
CGGTGGTGATGTTTGTGTCCGCGATGCC-3′) were
used for 5′-RACE. One microlitre of unpurified unnested
RACE reaction product was used as template in the nested
RACE reaction.

The 5′-RACE products were subcloned into the pCR 2.1
TOPO vector (Invitrogen, Carlsbad, CA, USA), following
the manufacturer’s protocol. Plasmid DNA was isolated
from single colonies and sequenced to obtain the 5′-UTR
sequence.

Cloning of full-length NBCn1 cDNAs from human and
mouse

Human MEAD-NBCn1 cDNA was amplified by nested
PCR from the cDNA libraries of human whole brain,
kidney, liver (QUICK-Clone, Clontech), heart and
skeletal muscle (Marathon-Ready, Clontech). Primers
for the nested PCR were as follows: the sense primer
hMEAD-N1-F1 (5′-GGTTCGCTCAGTTCTAGCTTCAG
GTTCC-3′) plus antisense primer hN1-R1 (5′-CACAGCA
CTGGTATAGACTCCCTATTCTTCCC-3′) for unnested
PCR and the sense primer hMEAD-F2 (5′-CCTACTAAA
GCCAGCCCAGCAGTCG-3′) plus antisense nested
primer hN1-R2 (5′-AGTCTCCACGGTGCTCATTACA
AACTCCAG-3′) for nested PCR.

The PCR products were subcloned into pCR 2.1
TOPO vector (Invitrogen) and transformed into bacteria.
Plasmid DNA was isolated from single colonies for
sequencing analysis.

Mouse NBCn1 cDNA was amplified by nested RT-PCR
with total RNA preparations of mouse tissue. Transcripts
encoding mouse MEAD-NBCn1 were amplified with
the sense primer mMEAD-F1 (5′-CCTCTGCCCGTC
TCAGTCCTCGC-3′) plus antisense primer mN1-R1
(5′-TGAAGAAAGCCCACAGAGAAGCCAGG-3′) for
unnested PCR and the sense primer mMEAD-F2
(5′ -actactcccgggACGCCGTTGCCTCTCTCTCCCG-3′)
and antisense primer mN1-R2 (5′-actactgcggccgcTCTAT
GGTGTCCACAACAAATATCTGACGC-3′) for nested
PCR. The upper-case letters represent genome sequences;
the non-italicized lower-case letters represent random
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sequences. Italicized letters represent restriction sites that
we introduced into the nested primers for subcloning the
PCR products into the vector. Transcripts encoding mouse
MERF-NBCn1 were amplified with the sense primer
mMERF-F1 (5′-GCACTGCCAGAAACAAGACCTACCC
TG-3′) plus antisense primer mN1-R3 (5′-ACAGTTACA
TGAAGAAAGCCCACAGAGAAGCC-3′) for unnested
PCR and the sense primer mMERF-F2 (5′-actactcccggg
GCCAGAAACAAGACCTACCCTGTCAGTATTAC-3′)
plus anti-sense primer mN1-R4 (5′-actactgcggccgCAC
CACATGGGCAGACTCCTTATTCTACC-3′) for nested
PCR. The sense primers for mouse MERF-NBCn1 were
designed based upon the predicted exon 2 of mouse
Slc4a7 , assuming that it is homologous to exon 2 of
human SLC4A7 . The PCR products were digested with
XmaI and NotI, and subcloned into pGH19. Plasmid
DNA was isolated from single colonies for identification
of NBCn1 variants.

Artificial generation of human NBCn1-A, -B, -D and
mouse NBCn1-F

Human NBCn1-A. The full-length sequence of human
NBCn1-A (AF047033.1) was previously reported (1999),
and here we created it artificially as follows. We amplified
by PCR a fragment encoding the Nt from a cDNA clone
that contained a partial sequence of human NBCn1-B
(which contains MEAD). The forward primer contained
the sequence encoding MERF-Nt to replace the unique
MEAD-Nt of the human MEAD-NBCn1 clone. We then
amplified a second fragment encoding the TMD and Ct
from a human NBCn1 clone similar to human NBCn1-A.
The overlapping regions of these two fragments contain
an EcoRI site that was introduced into the primers used
for PCR. The two fragments were digested and ligated to
obtain full-length human NBCn1-A.

Human NBCn1-B. NBCn1-B (MEAD), which is identical
to NBCn1-A (MERF) except for MEAD/MERF, was pre-
viously cloned from rat (Choi et al. 2000). Here we
artificially created the human version, starting from the
above human NBCn1-A (MERF) cDNA, and replacing
the sequence encoding the MERF-Nt with that encoding
the MEAD-Nt.

Human NBCn1-D. In the present study, we were able to
clone human NBCn1-D.1, but not NBCn1-D. We created
human NBCn1-D as follows. We utilized a natural BamHI
site in the cDNA near the end of the Nt of human NBCn1.
We excised human NBCn1-B with XmaI and BamHI to
obtain the front half of NBCn1-D, and excised human
NBCn1-G with BamHI and HindIII to obtain the back half
of NBCn1-D. We ligated these two fragments to obtain the
full-length cDNA encoding human NBCn1-D.

Mouse NBCn1-F. The full-length sequence of human
NBCn1-F (MERF) has been deposited in GenBank
(accession no. AAG16773), but the mouse NBCn1-F has
not yet been identified. The clone used in the present study
was generated from mouse NBCn1-E (MEAD) by using
PCR to replace the cDNA encoding the MEAD-Nt with
that encoding the MERF-Nt.

Subcloning of cDNAs encoding NBCn1 variants into
pGH19

The cDNA encoding human and mouse NBCn1 variants
was subcloned into pGH19, an expression vector for
Xenopus oocytes (Trudeau et al. 1995). The human
NBCn1 variants were enhanced green fluorescent protein
(EGFP)-tagged at the Ct, as described previously, starting
from a pGH19 expression vector containing cDNA
encoding EGFP (Chen et al. 2008b). Briefly, an XmaI site
was introduced before the start codon at the 5′ end of the
NBCn1 cDNA. In addition, an AgeI site was introduced
in-frame right before the stop codon of the NBCn1 open
reading frame. The NBCn1 cDNA fragment was excised
by restrictive digestion with XmaI and AgeI, and ligated
with the vector fragment. The resulting construct was
transformed into ABLE C Competent Cells (Cat. No.
200171, Agilent Technologies, Santa Clara, CA, USA).
In total, 250 ml of bacterial culture was grown from
one single colony and plasmids containing the cDNA of
human NBCn1 were isolated with a QIAGEN Plasmid
Midi Kit (Cat. No. 12143, QIAGEN, Germantown, MD,
USA) according to the manufacturer’s instructions.

The mouse NBCn1 variants were EGFP-tagged at
the Nt, starting from pGH19-EGFP-hNBCe1-A, which
expresses human NBCe1-A with an EGFP tag at
the Nt (Lu et al. 2006). Briefly, an XmaI site was
generated by site-directed mutagenesis right before the
‘ATG’ encoding the Met in the motif ‘MSTEN’ in
construct pGH19-EGFP-hNBCe1-A. Based upon this new
construct, an XhoI site was introduced after the stop codon
of NBCe1-A in pGH19. The XhoI site at the 3′ end of
the 3′ UTR in pGH19 was then removed by site-directed
mutagenesis.

The mouse NBCn1 cDNA was amplified by PCR with
sense primer ‘aagcatcccgggATGGAGGCAGACGGGGCC’
(for MEAD-NBCn1, upper case represents the coding
region of NBCn1) or ‘atcgcccgggATGGAAAGATTTCA
GCTGGCG’ (for MERF-NBCn1) containing an XmaI
site and antisense primer ‘actgctcgagACTTTACAATGAA
GTTTCAGCATC’ containing an XhoI site. The PCR
product was restricted by XmaI and XhoI, and ligated
with pGH19-EGFP, which was restricted by XmaI and
XhoI. The resulting construct expresses a fusion protein
containing EGFP and NBCn1, linked by a 21 aa peptide
‘GQLWQINSPSAEFGLGGLAPG’. The resulting construct
was transformed into One Shot TOP10 Chemically
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Competent Cells (Cat. No. C4040-03, Life Technologies
Corporation, Carlsbad, CA, USA). In total, 5 ml of
bacterial culture was grown from one single colony and
plasmids containing the cDNA of mouse NBCn1 were iso-
lated with a QIAprep Spin Miniprep Kit (Cat. No. 27104,
QIAGEN) according to the manufacturer’s instructions.

cRNA preparation and oocyte injection

An ovary lobe was excised into small pieces in Ca2+-free
NRS (in mM: 82 NaCl, 2 KCl, 20 MgCl2, 5 Hepes; pH
7.50; 200 mOsm). The ovary was digested for 60–70 min
with 2 mg ml−1 of Type 1A collagenase (Sigma-Aldrich,
St Louis, MO, USA) in Ca2+-free NRS. The dissociated
oocytes were rinsed five times with Ca2+-free NRS and
five times with standard ND96 (96 NaCl, 2 KCl, 1 MgCl2,
1.8 CaCl2, 5 Hepes; pH 7.50; 200 mOsm). The oocytes were
sorted to select stage V–VI cells which were then incubated
at 18◦C in OR3 medium (pH 7.50 and 200 mOsm) by
dissolving one package of Leibovitz’s L-15 powder (Gibco,
Life Technologies) in 5 mM Hepes and supplementing
with 50 ml Pen/Strep (5000 units penicillin and 5000 μg
streptomycin).

For the preparation of cRNA, plasmid DNA containing
NBCn1 cDNA was linearized by digestion with NotI, and
then incubated with the T7 RNA polymerase provided
with the T7 mMessage mMachine kit (Ambion, Austin,
TX, USA), according to the manufacturer’s instructions.
The reaction mixture was extracted with phenol and
chloroform. The cRNA was precipitated with isopropanol,
collected by centrifugation, dissolved in H2O, and stored
in aliquots at −80◦C. In total, 25 ng cRNA was injected
into each oocyte. The oocytes were incubated at 18◦C
for 4–5 days in OR3 medium for protein expression,
and then used for electrophysiological measurements or
biotinylation assays.

Measurement of pHi and membrane potential

Our approach for the simultaneous monitoring of
membrane potential (V m) and pHi in an oocyte has
recently been reviewed in detail (Musa-Aziz et al. 2010).
Briefly, we place an oocyte in a plastic oocyte recording
chamber, the channel of which is filled with ND96
(Warner Instruments Corp., Hamden, CT, USA). We
impale with two microelectrodes. One is an H+-sensitive
microelectrode (the ‘pHi electrode’) that is sensitive to
V m plus the intracellular activity of H+. The other is
a KCl-filled electrode (the ‘V m electrode’). The tip of a
third electrode, filled with KCl (the ‘bath electrode’), is
placed in the chamber close to the oocyte. The tip of
the pHi electrode is filled with an H+-sensitive ionophore
(H+-sensitive ionophore I cocktail B; Sigma-Aldrich), a
backfill solution making the electrical contact between the
ionophore and the microelectrode circuitry. Oocyte pHi is
a linear function of the differential outputs of the pHi and

V m electrodes. V m is given by the differential outputs of the
V m and bath electrodes. Electrode outputs are recorded
using an FD223 dual-channel high-impedence electro-
meter (World Precision Instruments, Inc., Sarasota, FL,
USA) and an OC-275 oocyte clamp (Warner Instrument
Corp., Hamden, CT, USA). Data are sampled every
500 ms. The differential outputs are provided by a custom
made subtraction amplifier and data are acquired using
custom made software. Perfusion solutions are delivered
to the recording chamber using infusion syringe pumps
(catalogue no. 55-2226, Harvard Apparatus, Holliston,
MA, USA).

Biotinylation analysis of surface-expressed NBCn1 in
Xenopus oocytes

NBCn1 constructs with an EGFP tag at the Nt
were heterologously expressed in Xenopus oocytes. The
Pinpoint Cell Surface Protein Isolation Kit (catalogue no.
89881, Pierce, Rockford, IL, USA) was employed for the
detection of NBCn1 proteins expressed at the plasma
membrane of oocytes, as previously described (Chen et al.
2012). Briefly, we incubated oocytes with 240 μg ml−1

Sulfo-NHS-SS-Biotin in phosphate-buffered saline (PBS,
diluted to 200 mOsm) for 1 h at 4◦C, and stopped the
reaction with ‘Quenching Solution’ (250 μl). The oocytes
were washed with Tris-buffered saline (TBS, diluted to
200 mOsm), homogenized in 10 ml TBS containing 1%
Triton X-100 and EDTA-free proteinase inhibitors (lysis
buffer), and then centrifuged for 10 min at 1000 g at
4◦C. An aliquot of the resulting supernatant, representing
the ‘total protein’, was saved. The rest was incubated at
room temperature for 1 h with Immobilized Neutravidin
(500 μl). After five washes with 500 μl lysis buffer,
the bound proteins were eluted with 1× sample buffer
containing 50 mM dithiothreitol (DTT), representing the
‘surface proteins’.

The protein preparations were separated by SDS-PAGE
and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA, USA) for Western
blotting. The blots were subsequently probed for NBCn1
with mouse anti-EGFP monoclonal antibody (Clontech)
and horseradish peroxidase-conjugated goat anti-mouse
secondary antibody (MP Biomedicals, Solon, OH, USA).
Following chemiluminescence with Amersham ECL Plus
(GE Healthcare, Buckinghamshire, UK), the signals were
visualized by X-ray exposure.

Data analysis and statistics

The data for pHi recovery as well as surface abundance are
presented as mean ± SEM. One-way analysis of variance
(ANOVA) was performed with R (R Core Team, 2013;
http://www.r-project.org/). Pairwise comparisons were
performed using ANOVA contrasts. A linear regression
analysis was performed using R (R Core Team, 2013).
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We define the intrinsic activity as the ratio of the
mean dpHi/dt to the mean surface protein. To draw
statistically valid conclusions about intrinsic activity, it is
necessary to take into account the experimental variation
in both dpHi/dt as well as surface protein abundance.
To take these both into account, we used a maximum
likelihood approach for estimation and a likelihood
ratio approach for testing (Casella & Berger, 2001). To
determine confidence intervals and statistical significance,
we used a parametric bootstrapping approach (Efron &
Tibshirani, 1994). Denote the ith dpHi/dt measurement
by ri and denote the jth surface-protein measurement by sj.
Denote the population ratio of dpHi/dt to surface protein
for each of the full-length transcript variants (v) by ρv and
the mean surface protein for each variant as μv . We assume
that sj is normally distributed with mean μv and variance
σ2

s and that ri is normally distributed with mean ρvμv

and variance σ2
r . Note that σ2

s and σ2
r are held in common

across all groups. Finally, we assumed that ρv = �lxvlβl ,
where xvl represents a set of predictor variables and βl is a
coefficient representing the effect sizes. For the estimates
of the ratio for each of the variants (Table 4), the X matrix
(made up of xvl) was simply the identity matrix (similar
in principle to an ANOVA). We then performed pairwise
comparisons between each of the variants. We combined
the P values for sets of comparisons involving the same
OSE, using Fisher’s method (Won et al. 2009). Finally,
we considered a linear model (Table 5B) in which the xvl

variables take on the values 1 or 0, representing the pre-
sence or absence of a particular OSE (i.e. the Nt of MEAD
vs. MERF, and cassettes I−IV). This approach allows us to
test the effect of each OSE individually while adjusting for
the effects of all the other OSEs. In each case, we maximized
the likelihood using a custom function written in the R
statistical computing environment (R Core Team, 2013),
and we used a parametric bootstrap approach for inference
with 10,000 bootstrap samples. For example, to calculate
the confidence intervals for intrinsic activity (see Table 4
and Table 5B, below), we simulated 10,000 new data sets
from the random distribution that we described above
using the parameter estimates from the real data. We then
analysed each of these simulated data sets in the same way
we analysed the real data, finding an estimate for each
simulated data set. The confidence interval is based on the
quantiles of the estimates from the simulated data sets.

In this paper, we perform multiple hypothesis tests,
so it is necessary to adjust for the number of tests. We
consider our investigation of surface protein abundance
and intrinsic transporter activity to be separate issues,
leading us to argue that the type I error should be
controlled separately for the two. For both surface protein
abundance and intrinsic activity, our main results consist
of only five statistical tests (one for each OSE); other
P values and statistical results should be considered
more exploratory in nature. Thus, using the Bonferoni

correction procedure, P values less than α = 0.05/5 = 0.01
are considered statistically significant.

Results

Detection of 5′-UTR of human SLC4A7 transcripts by
5′-RACE

Figure 1 shows the updated structures of the human
SLC4A7 gene (Fig. 1A) and mouse Slc4a7 gene (Fig. 1B).
The SLC4A7/Slc4a7 genes contain 28 exons, four of which
– exons 8, 10, 15 and 27 – are cassette exons, the entirety
of which can be alternatively spliced in or out. A portion
of the 3′-end of exon 7 and the entirety of exons 8 and
27 encode the previously described optional cassettes I, II
and III, respectively (Choi et al. 2000). Exons 10 and 15
represent two new cassette exons identified in the present
study [see details in ‘Identification of cassette IV – a novel
optional cassette in mouse Slc4a7’ and ‘Identification of
exon 15 deletions (producing truncated Nt products)’
below].

Two different extreme N termini exist in the six
published NBCn1 variants. The first 11 aa (starting with
the four amino-acid residues ‘MERF’) of the human
NBCn1 variants (NBCn1-A and -F) differ from the first
16 aa (starting with ‘MEAD’) of all published rodent
NBCn1 variants (NBCn1-B, -C, -D and -E). However,
our in silico analysis of genomic DNA reveals that human
SLC4A7 (Fig. 1A) and mouse Slc4a7 (Fig. 1B) each contain
a predicted exon 1 encoding ‘MEAD’ and predicted exon
2 encoding ‘MERF’. We also localized the exon encoding
the ‘MERF’ Nt of NBCn1 in rat genome (not shown).
Although MEAD-NBCn1 variants from rat were reported
as cDNAs (Choi et al. 2000), we could not localize the
‘MEAD’ exon in rat genome, presumably due to the
incomplete nature of the genome. Prior to the present
study, no MEAD-NBCn1 variants had been published
for humans, and no MERF-NBCn1 variants had been
published for rodents.

In a preliminary study, Gill et al. (2006) obtained
two full-length as well as several partial cDNA clones
corresponding to the NBCn1 Nt starting with ‘MEAD’
by nested PCR from diverse commercial human cDNA
libraries, including heart, kidney, liver and skeletal muscle,
suggesting that MEAD-NBCn1 variants are expressed in
these human tissues. They also obtained two full-length
NBCn1 clones starting with ‘MERF’, confirming the
expression of MERF-NBCn1 in human reported by
Pushkin et al. (1999). However, the study by Gill et al.
(2006) was focused on the variations in the Nt of NBCn1.
In the present study, we performed 5′-RACE to obtain
the 5′-UTR sequences of SLC4A7 transcripts from human
cDNA libraries of brain, heart, kidney, liver and skeletal
muscle. As shown in Fig. 2, we amplified fragments of
∼0.3 kb in all cases. Sequencing analysis demonstrates
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that this fragment represents a mixture of two 5′-RACE
products: ‘MEAD’ (including exons 1, 3 and 4) and
‘MERF’ (including exons 2, 3 and 4). These results confirm
the expression of MEAD-NBCn1 transcripts in human
tissues. The ∼1.3 kb product from liver in Fig. 2 consists
of a 3′ portion of intron 2–3 as well as exons 3 and 4. This
product could represent part of a novel SLC4A7 transcript
initiated from a place distinct from the initiation sites of
either MERF-NBCn1 or MEAD-NBCn1.

Cloning and expression patterns of NBCn1 in human
and mouse tissues

Performing nested RT-PCR with primer sets specific
for the cDNA encoding human MEAD-NBCn1, we
obtained ∼3.5 kb products from human brain, heart
and skeletal muscle (Fig. 3A) as well as liver but not
kidney (Fig. 3B). Employing a similar approach, but with
primer sets specific for mouse MERF-NBCn1 or mouse
MEAD-NBCn1, we obtained products of ∼3.5 kb from eye
(Fig. 3C) and selected other mouse tissues: heart, skeletal
muscle and reproductive tract (data not shown).

We recovered the 3.5 kb bands from the gel, subcloned
the cDNAs into vectors, transformed the constructs into
bacteria and then isolated plasmid DNA from single
colonies for identification of NBCn1 variants. The result
is that we have expanded the number of NBCn1 variants

from the previously known six that are predicted to encode
full-length proteins (NBCn1-A to -F) to a present total
of 21 that are predicted to encode full-length proteins,
including:

• Sixteen full-length ‘major’ variants (NBCn1-A to -P,
Fig. 4). These variants differ from one another based
on the selection of MEAD vs. MERF at the extreme N
terminus, as well as the optional inclusion of cassettes
I–IV. Ten of the 16 major variants are novel, i.e. we
identify them for the first time in the present study. The
cloning of these 10 new variants confirms ‘MEAD’ and
‘MERF’ as alternative initial sequences in both human
and mouse (see section above). Moreover, we describe
splicing cassette IV (exon 10) for the first time in the
present study (see details below in ‘Identification of
cassette IV – a novel optional cassette in mouse Slc4a7’).

• Five full-length ‘minor’ variants. Four of these variants
differ from major variants by an optional extension to
exon 1 in humans. The fifth variant differs from a major
variant by an optional extension to exon 26 in mice (see
details below in ‘Extensions to exons’).

In addition, we have identified:

• Six mRNA variants (Table 1) from human that are
predicted to encode three unique truncated protein
products containing nearly the entire Nt but lacking
the TMD and Ct [see details below in ‘Identification

Human SLC4A7 gene

Mouse slc4a7 gene

A

MERF

A7RACR1 A7RACR2

MERF

MEAD

MEAD

*
IIITruncationIV

IV

II

II

I
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10 kb
2816-263-621 11-149 1087 15 27
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1 2 16-263-6 7 89 10 11-14 15
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27 28

Figure 1. Gene structures of human (A) and mouse (B) SLC4A7
SLC4A7 contains 28 exons. The grey box, which includes parts of exons 15 and 25, indicates the region encoding
the transmembrane domain. The underlined exon numbers refer to exons that give rise to the major NBCn1
variants. Exon 1 encodes ‘MEAD’ and exon 2 encodes ‘MERF’, the two alternative extreme Nts of NBCn1. Exon
7 can be alternatively spliced at its 3′ end to produce cassette I. Exons 8 and 10 can be alternatively spliced in to
produce cassettes II and IV, respectively. Exon 15 can be alternatively spliced out to produce the truncated Nt of
NBCn1. Exon 27 can be alternatively spliced in to produce cassette III. The asterisk in exon 16 indicates a cryptic
stop codon that can lead to truncated Nt proteins [see ‘Identification of exon-15 deletions (producing truncated Nt
products)’ in Results]; the other asterisk is the normal stop codon. The arrows indicate the approximate locations of
the two anti-sense primers A7RACR1 and A7RACR2 used for 5′-RACE (see ‘5′-RACE’ in Methods). Human SLC4A7
appears to contain an exon 10 that maps from 27404272 to 27404331 in genomic DNA contig NT_022517.18.
However, in the present study, we did not obtain any full-length cDNA clones containing sequences corresponding
to human exon 10. The diagrams are drawn to scale.
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of exon 15 deletions (producing truncated Nt
products)’].

Table 2 summarizes the tissue distributions of the
NBCn1 variants in human. Table 3 does likewise for the
NBCn1 variants in mouse.

Identification of cassette IV – a novel optional
cassette in mouse Slc4a7 (producing major variants)

Compared to the other NBCn1 variants, four clones
(NBCn1-M, -N, -O and -P) from mouse eye contain
the new splicing cassette IV, which consists of 60 bp.
The identification of this new cassette reveals a
new alternatively spliced exon (exon 10, see Fig.
1) in Slc4a7 that encodes a peptide of 20 aa
(ESASWHCSCGTLGVGLKKPA). In addition to the four
full-length variants containing cassette IV (NBCn1-M, -N,
-O and -P, Fig. 4), we identified from GenBank a partial
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Figure 2. 5′-RACE analysis of human SLC4A7 transcripts
5′-RACE was performed with cDNA libraries (Marathon-Ready
cDNA, Clontech) of human brain, heart, kidney, liver and skeletal
muscle. The PCR products were analysed by agarose gel
electrophoresis. A major product of ∼0.3 kb (lower arrow) was
obtained for all cases. The entire PCR product was cloned into TOPO
vector. Multiple random clones (12 for brain, 8 for kidney, 4 for
heart, 6 for skeletal muscle and 9 for liver) were sequenced for each
organ. Three different types of transcripts were identified. The first
includes exons 1 + 3 + 4 encoding ‘MEAD’ (represented by lower
arrow). The second includes exons 2 + 3 + 4 encoding ‘MERF’ (also
represented by lower arrow). The third type (from liver) initiates from
intron 2–3 and may represent a novel transcript (the ∼1.3 kb band
represented by the higher arrow) that we did not further pursue in
the present study.

IMAGE cDNA (accession no. BC038373.1) as well as an
expressed sequence tag (accession no. BF460695.1) – both
from mouse retina – that also contain cassette IV.
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Figure 4. Summary of known major NBCn1 variants
The diagram is based on a sequence alignment for human NBCn1-A
(AAD38322.1), mouse NBCn1-B (AFR46591.1), mouse NBCn1-C
(AFR46592.1), mouse NBCn1-D (AFR46593.1), human NBCn1-E
(ACH61961.1), human NBCn1-F (AAG16773), human NBCn1-G
(ACB47400.1), human NBCn1-H (ACH61958.1), mouse NBCn1-I
(ADC92004.1), mouse NBCn1-J (ADO51787.1), mouse NBCn1-K
(ADO51788.1), mouse NBCn1-L (AFB82586.1), mouse NBCn1-M
(AFI43934.1), mouse NBCn1-N (AFB82538.1), mouse NBCn1-O
(AFI43933.1), mouse NBCn1-P (AFI43932.1), and human truncated
e/g (ACI24741.1) and truncated c/h (ACI24740.1). The light blue
boxes represent the regions that are identical in all NBCn1 variants.
The green box at the extreme Nt represents the first 16 aa of NBCn1
variants starting with MEAD, whereas the dark-blue box at the
extreme Nt represents the first 11 aa of NBCn1 variants starting with
MERF. Cassette I (purple) contains 13 aa, cassette II (orange) contains
124 aa in human and 123 aa in mouse and rat, cassette IV (yellow)
contains 20 aa, and cassette III (red) contains 36 aa. The truncated
product NBCn1-e/g is predicted from truncated transcript types 1
and 2, whereas truncated c/h is predicted from truncated transcript
types 3 and 4 (see Table 1). The last two residues ‘VQ’ of the
truncated products are unique compared to the full-length NBCn1.
†Variants that are also represented by 4 aa extensions to the MEAD
module (see Table 1 and Table 2). The length of the predicted amino
acid sequences of known NBCn1 variants ranges from 1093 to
1253 aa. The stars indicate the novel variants reported for the first
time in the present study.
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Figure 3. PCR cloning of NBCn1 transcripts from human
(A and B) and mouse (C) tissues
Nested PCR yielded ∼3.5 kb bands that correspond to the
full-length cDNA of MEAD-NBCn1 variants from human brain,
heart, skeletal muscle, liver and kidney. In the skeletal muscle,
the ∼30 kb band could represent an immature RNA product.
Nested PCR also yielded ∼3.5 kb bands that correspond to the
full-length cDNA of MEAD- and MERF-NBCn1 variants from
mouse cDNA libraries of eye.
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Table 1. Summary of structural features of truncated human NBCn1 variants

Cassettes

Truncated types Nt initial sequence Accession no. I II IV III Exon 15 Predicted protein product

1 MEAD FJ178575 + − − + − NBCn1-e/g
2 MEAD FJ178576 + − − − − NBCn1-e/g
3 MEAD FJ178574 − + − − − NBCn1-c/h
4 MEAD GU354307 − + − + − NBCn1-c/h
5 MEADa GU354309 + − − + − NBCn1-e.1/g.1
6 MEADa GU354310 + − − − − NBCn1-e.1/g.1

aThe first exon of these transcripts encoding the MEAD module contains the ‘VTSR’ insert due to the 12 nt extension at the 3′-end of
exon 1.

Table 2. Tissue distribution of human MEAD-NBCn1 variants

NBCn1 Accession Colony
Tissue variants no. frequencya

Brain NBCn1-G EU499349 8/11
NBCn1-G.1 GU354308 1/11
Truncated#1 FJ178575 1/11
Truncated#5 GU354309 1/11

Heart Truncated#3 FJ178574 10/10
Skeletal muscle NBCn1-C.1 EU934250 1/22

NBCn1-E EU934249 3/22
NBCn1-G EU499349 4/22
NBCn1-H EU934246 4/22
NBCn1-H.1 EU934247 3/22
Truncated#1 FJ178575 2/22
Truncated#2 FJ178576 2/22
Truncated#3 FJ178574 1/22
Truncated#4 GU354307 1/22
Truncated#6 GU354310 1/22

Liver NBCn1-D.1 EU934248 8/8

aColony frequency indicates the number of colonies of each
variant in the total colonies screened for the specified tissue.

Although we did not obtain any human clones
containing cassette IV, the human SLC4A7 gene is pre-
dicted to encode a cassette IV.

Extensions to exons (producing minor variants)

Exon 1 in human. Some human ‘MEAD’ variants include
a 12 nt extension (‘GTAACGAGCAGG’) at the 3′-end of
exon 1, due to a shift in the splicing-donor site. Thus,
these variants contain a 4 aa (‘VTSR’) insert, extending
the coding region of the first exon from 16 to 20 aa. We
propose to designate these minor variants as NBCn1-C.1,
-D.1, -G.1 and -H.1, which are correspondingly identical
to NBCn1-C, -D, -G and -H except for the inclusion of the
4 aa insert.

We did not observe any mouse clones analogous to
NBCn1-C.1, -D.1, -G.1 and -H.1 in human. Although the
homologous region of the mouse Slc4a7 gene does not

Table 3. Expression and distribution of mouse NBCn1 variantsa

Nt initial Accession Colony
sequence Tissue Variants no. frequency

MEAD RT♀b NBCn1-E GU386353 3/7
NBCn1-G JQ073566 2/7
NBCn1-I GU386352 2/7

Eye NBCn1-G JQ073566 8/15
NBCn1-I GU386352 4/15
NBCn1-O JQ349032 2/15
NBCn1-P JQ349031 1/15

Heart NBCn1-B JX254908 5/19
NBCn1-C JX254909 1/19
NBCn1-C.2 JX310364 1/19
NBCn1-D JX254910 2/19
NBCn1-E GU386353 3/19
NBCn1-H JX254911 2/19
NBCn1-G JQ073566 5/19

MERF Skeletal muscle NBCn1-A JX254912 15/20
NBCn1-K HM624051 5/20

Ovary NBCn1-J HM624050 12/12
Testis NBCn1-J HM624050 2/2c

Eye NBCn1-J HM624050 11/24
NBCn1-L JQ344322 1/24
NBCn1-M JQ349033 1/24
NBCn1-N JQ347261 11/24

aAll mouse variants were first cloned in the present study. bRT♀:
female reproductive tract tissues represent the mixture of ovary,
uterus and vagina. cIn addition to these two clones, we identified
12 others from testis that lack 114 bp (corresponding to the entire
exon 21), leading to deletion of TM7 and part of extracellular
loop EL4 in the putative TMD. All 14 clones from testis lack
cassette II.

have a canonical splicing site that would produce a 4 aa
extension, it is possible that mice use a non-canonical site.
If so, the first four amino acids would be ‘VRSG’.

Exon 26 in mouse. We found one mouse ‘MEAD’ variant
that contains a 15 nt extension (‘GTCTGTTCTTTCCAG’)
at the 5′-end of exon 26 due to a shift in the
splicing-acceptor site. Thus, this variant contains a 5 aa
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(‘VCSFQ’) insert, extending exon 26 from 33 to 38 aa. We
do not yet propose to assign a unique name for this variant,
as we have observed it in only one clone.

Identification of exon 15 deletions (producing
truncated Nt products)

Table 1 summarizes the major structural features of the
six truncation transcripts from human. All six transcripts
begin with exon 1 (encoding MEAD) and lack exon 15.
They differ from one another by the optional inclusion
of the minor extension of exon 1 as well as cassettes
I, II and IV. Lacking exon 15 causes a frameshift that
leads to a stop codon in exon 16, and thus an early
termination near the predicted junction of the Nt and
TMD. These six truncation transcripts are predicted to
express two major distinct truncated protein products as
well as one minor truncated protein product, all starting
with the ‘MEAD’ Nt. One major product is the truncated
version of NBCn1-E/G; we propose to designate it as
NBCn1-e/g. The other major product is a truncated
version of NBCn1-C/H, thus designated as NBCn1-c/h
(Fig. 4). The minor truncated product NBCn1-e.1/g.1
contains a 4 aa extension in the MEAD exon. None of these
predicted truncated soluble proteins has been identified.
The tissue distributions of the human truncation variants
are summarized in Table 2.

HCO3
− transport activity of different NBCn1 variants

in Xenopus oocytes

We heterologously expressed NBCn1 variants in Xenopus
oocytes. We then superfused individual oocytes with
nominally ‘HCO3

−-free’ ND96, switched to a solution
containing 1.5% CO2/10 mM HCO3

− and finally replaced
the extracellular Na+ with N-methyl-D-glucamine
(NMDG+) in the continuous presence of CO2/HCO3

−.
Using microelectrodes, we continuously monitored oocyte
V m and pHi.

Human clones. Figure 5A shows the typical recordings
from an oocyte expressing human NBCn1-E. Introducing
1.5% CO2/10 mM HCO3

− leads to the influx of CO2, which
imposes an intracellular acid load, from which pHi begins
to recover. The rate of pHi recovery (dpHi/dt) is indicated
by the slope of the dashed line. This pHi recovery is much
faster in an oocyte expressing NBCn1-G (Fig. 5B) but
extremely slow in a H2O-injected control oocyte (Fig. 5C),
where the acid extrusion may reflect the activity of an
endogenous Na–H exchanger. Thus, nearly all of the pHi

recovery in Fig. 5A and B is due to the influx of HCO3
−

(or a related species such as CO 2−
3 or the NaCO3

− ion
pair) via NBCn1 expressed in the plasma membrane.
The dpHi/dt in the NBCn1-expressing oocytes, when
corrected for the background dpHi/dt in H2O-injected
controls, represents the functional expression of NBCn1
– defined as the product of intrinsic (or per-molecule)
activity and surface expression of NBCn1 in oocytes.
The removal of extracellular Na+ halts the pHi recovery
and leads to a slower fall in pHi that is similar in
oocytes expressing NBCn1-E and NBCn1-G or injected
with H2O. These acidifications could in part reflect
(1) blockade of NBCn1 (in oocytes expressing NBCn1)
and endogenous Na–H exchangers with unmasking of
background acid loading (Boron et al. 1979; Boyarsky
et al. 1990), (2) reversal of some combination of these
transporters with no background acid loading, or (3) a
combination of 1 and 2. Any contribution from end-
ogenous Na–H exchange (Fig. 5C) would presumably have
been the same in the oocytes expressing NBCn1 and thus
would not affect our estimate of the functional activity of
NBCn1.

Note that, in the oocytes expressing NBCn1, we
observed no abrupt changes in V m upon switching from
ND96 to CO2/HCO3

− (arrow, lower panels in Fig. 5A
and B), consistent with the electroneutral cotransport of
Na+ and HCO3

− by NBCn1. The removal of extracellular
Na+, however, causes a large hyperpolarization in oocytes
expressing NBCn1. This hyperpolarization, which reflects
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Figure 5. Representative recordings of intracellular pH (pHi) and membrane potential (Vm) from oocytes
expressing human NBCn1-E-EGFP (A), NBCn1-G-EGFP (B) or H2O-injected control oocytes (C)
The oocytes were initially superfused with Hepes buffer (standard ND96), then with 1.5% CO2/10 mM HCO3

− for
15 min, followed by the removal of extracellular Na+ (replacing Na+ with NMDG+) for 10 min in the continuous
presence of CO2/HCO3

−, and then followed by a second exposure to 1.5% CO2/10 mM HCO3
−. The slopes of

the traces indicated by dashed lines represent pHi recovery rates during the first exposure of CO2/HCO3
−.
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the associated cation conductance of NBCn1 (Choi et al.
2000), is not present in H2O-injected oocytes (arrow, lower
panel in Fig. 5C).

To compare the effect of structural variations on the
activity of NBCn1, we expressed a series of human NBCn1
variants in Xenopus oocytes and performed electro-
physiology measurements, following the protocol used
in Fig. 5. Among the NBCn1 variants whose dpHi/dt
data are summarized in Fig. 6, we cloned full-length
human NBCn1-D.1, -G and -H for the first time from
any species, and NBCn1-E for the first time from human.
We constructed full-length human NBCn1-B and -D
cDNA based on rodent sequences. A general observation
is that we found it difficult to obtain satisfactory yields
of plasmids containing human NBCn1 cDNA and thus
employed midi- rather than mini-preps. It is possible
that the cDNAs of human NBCn1 variants are not
stable due to some endogenous recombination mechanism
in bacteria. Nevertheless, once we obtained plasmids
containing human cDNA, we obtained good functional
expression in oocytes.

The NBCn1 clones summarized in Fig. 6A were all
tagged at the Ct with EGFP. The salient observation was
that the dpHi/dt of human NBCn1-G is ∼40% higher
than that of the other human NBCn1 variants (significant
by one-way ANOVA), which were indistinguishable from
one another. A comparison of NBCn1-E versus NBCn1-G
suggests that the presence of cassette III enhances
functional expression.

The two clones summarized in Fig. 6B were not EGFP
tagged. This was the only approach by which we could
obtain plasmid for NBCn1-H. We chose to compare this
variant with NBCn1-B, which differs from NBCn1-H in
having cassette I. We observed no difference between the
two in functional expression.

In Fig. 6C, the first two constructs differ by the presence
of the EGFP tag in NBCn1-G. We observed no significant
difference in functional expression. The third construct
NBCn1-G-�III – a version of NBCn1-G that we truncated
in the Ct, right before cassette III – exhibits a substantially
reduced functional expression, confirming that cassette III
is stimulatory.

Because of the practical problems in generating
plasmids of the human NBCn1 clones, it was not practical
to perform biotinylation studies to determine surface
expression, which would be necessary to assess the intrinsic
activities of the variants. Therefore, we turned to mouse
clones.

Mouse clones. To begin the process of evaluating the
functional importance of each known OSE of NBCn1,
we examined both dpHi/dt (following the protocol in Fig.
5) and NBCn1 surface expression for a series of 10 mouse
NBCn1 variants. All variants were tagged with EGFP at
the Nt. Figure 7 summarizes the dpHi/dt data and the
legend summarizes the statistical analysis, which shows
that NBCn1-E and -F are different from each of the other
NBCn1 variants.
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Figure 6. Summary of pHi recovery rates (dpHi/dt) of oocytes expressing human NBCn1 EGFP-tagged
constructs (A), untagged constructs (B) or various NBCn1-G constructs (C)
The full-length cDNAs encoding human NBCn1-B and -D have yet to be cloned. Thus, we artificially generated
them based on the known rat and mouse full-length clones. D.1 represents the minor variant of NBCn1-D that
contains the ‘VTSR’ extension in the MEAD module. All human NBCn1 variants in A were tagged with EGFP at
the Ct. NBCn1-B and -H in B and NBCn1-G in C contain no EGFP tag. The NBCn1-G-�III in C was created by
introducing a stop codon immediately after the ‘VKALK’ motif before cassette III, on the background of human
NBCn1-G. Oocytes were superfused in a protocol like that in Fig. 5. dpHi/dt represents the pHi recovery rate
during the first CO2/HCO3

− exposure, analogous to the slope of the dashed line in Fig. 5. For all groups of NBCn1
variants or the truncated NBCn1 construct, the dpHi/dt values are significantly different from that of the control
H2O-injected oocytes, based on a one-way ANOVA followed by Dunnett’s multiple comparison. Bars for control
H2O in B and C are reproduced from A. An asterisk indicates groups significantly different by one-way ANOVA
followed by post hoc Tukey’s comparison. Numbers in parenthesis: N of oocytes.
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Surface expression of NBCn1 variants in Xenopus
oocytes

To examine whether the OSEs affect the expression
of EGFP-NBCn1 at the plasma membrane of Xenopus
oocytes, we performed biotinylation assays. In Fig. 8A,
which shows a Western blot for total NBCn1 protein,
each variant is represented by three bands. The lowest
molecular weight bands – ranging from ∼140 to
∼170 kDa – presumably represent the non-glycosylated or
core-glycosylated NBCn1 monomer (predicted molecular
weight ranging from 152.0 to 169.4 kDa, depending on
the size of the OSEs included in the variant). The next
bands – ranging from ∼160 to ∼190 kDa – presumably
represent the fully glycosylated EGFP-NBCn1 monomer.
Finally, the bands in the range ∼290 to ∼400 kDa pre-
sumably represent EGFP-NBCn1 dimers. Compared to
other variants, NBCn1-N and -O – and to a lesser extent
NBCn1-B and -D – have a greater fraction of total NBCn1
protein that run as dimers by SDS-PAGE.

Figure 8B shows a Western blot for biotinylated surface
proteins. Note that, for the surface proteins, the blot
reveals only the fully glycosylated EGFP-NBCn1 mono-
mers as well as dimers. We did not detect bands presumably
representing non-glycosylated or core-glycosylated mono-
mers, consistent with the idea that these are immature
forms of the transporters and are not delivered to the
plasma membrane. Note that, whereas the Western blots
of total protein (Fig. 8A) reveal certain constructs that are
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Figure 7. Summary of pHi recovery rates (dpHi/dt) of oocytes
expressing different mouse NBCn1 variants
Mouse NBCn1 variants are tagged with EGFP at the Nt. Oocytes
expressing mouse NBCn1 were superfused using a protocol like that
shown in Fig. 5. The data set for H2O-injected control oocytes is
independent of that summarized in Fig. 6. A one-way ANOVA shows
that the omnibus overall P value is 4.5 × 10−11, indicating
statistically significant differences among different variants and H2O.
Moreover, a post hoc Tukey’s analysis following the ANOVA shows
that NBCn1-E and -F are significantly different from the other NBCn1
variants, but not H2O. The insignificance of NBCn1-E and -F vs.
H2O-injected oocytes is simply a result of the small sample size and
lack of power. An asterisk indicates the groups significantly different
by one-way ANOVA followed by post hoc Tukey’s comparison.
Numbers in parenthesis: N of oocytes.

enriched as dimers (NBCn1-N ∼= -O > -B ∼= -D > others),
the blot of surface protein (Fig. 8B) does not reveal such a
difference. The NBCn1 protein that runs at the higher
molecular weight presumably reflects dimers that are
resistant to denaturation, a property that – among NBCn1
proteins that are not at the cell surface – appears to depend
on the combination of OSEs.

Figure 8C summarizes the relative protein levels of
NBCn1 variants expressed at the plasma membrane of
Xenopus oocytes, and the legend summarizes the statistical
analysis.

Discussion

The electroneutral Na/HCO3
− cotransporter NBCn1, first

cloned from human skeletal muscle (Pushkin et al. 1999)
and rat blood vessels (Choi et al. 2000), is widely expressed
in diverse tissues, playing critically important physio-
logical as well as pathological roles. In the present study,
we extensively examined the diversity of NBCn1 products
expressed in human and mouse tissues. We identified two
new OSEs (MEAD vs. MERF in a single species, and
cassette IV) and 10 new full-length NBCn1 variants. In
addition, we used a combination of electrophysiology
and biotinylation to examine surface abundance and
HCO3

− transport activity of 10 mouse NBCn1 variants
as expressed in Xenopus oocytes.

Sources of diversity in SLC4A7 products

Elements of diversity. The ability of cells to generate
alternative transcription products – the result of using
different promoters and alternative splicing – is an
important mechanism for regulating gene expression.
Most genes from mammals contain alternative promoters
and alternatively spliced exons (Pajares et al. 2007;
Davuluri et al. 2008), enabling the production of multiple
products from a single gene. This multiplicity is probably
important for adjusting the phenotype of the protein as
a function of developmental programme, cell type, and
responses to signals and stresses. Among the SLC4 gene
products, those of SLC4A7 are by far the richest in terms
of transcript diversity (Parker & Boron, 2013). The known
NBCn1 structural variations include two distinct Nts and
five major alternative splicing exons:

• The MEAD module (16 aa) and the MERF module
(11 aa), which probably arise from alternative
promoters (discussed below) that use exons 1 and 2,
respectively. In addition, the alternative splicing of the
3′ end of exon 1 gives rise to a longer MEAD module
(16 aa + 4 aa = 20 aa).

• Cassette I (13 aa) in the Nt, which arises from alternative
splicing within the 3′ end of exon 7.
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• Cassette II (124 aa in human, 123 aa in rodent) in the
Nt, which is encoded by exon 8.

• Cassette IV (20 aa) in the Nt, which is encoded by exon
10.

• The Nt truncations, which arise from the splicing-out
of exon 15.

• Cassette III (36 aa) in the Ct, which is encoded by exon
27.

In the present study, we describe for the first time that
MEAD and MERF variants, which we now appreciate are
encoded by exons 1 and 2, occur in the same species.
Moreover, we describe variants involving exons 10 and 15
for the first time. Our new findings greatly expand the
potential coding capacity of SLC4A7 . The combination of
MEAD(16)/MEAD(20)/MERF + Cassette I + Cassette II
+ Cassette IV + Cassette III could give rise to as many as
48 full-length protein variants.

Proposed nomenclature. Of these 48 variants, we propose
to consider as ‘major’ the 32 variants that involve:

(1) An alternative promoter, such as MEAD(16) vs.
MERF.

(2) The splicing in/out of an entire exon, such as cassettes
II, IV or III.

(3) The alternative splicing of an exon that changes
(add/deletes) amino acids equivalent to no less than
0.5% of total protein length. Thus, cassette I qualifies
under this rule.

We propose to continue naming these major variants as
NBCn1-α, where the α represents an upper case English
letter in the order of discovery. When the number of major

variants exceeds 26 – as is soon likely to be the case – we
propose naming them NBCn1-AA, -AB, -AC and so on.

In addition, we propose to consider as ‘minor’ the
alternative splicing of an exon that modifies protein length
by less than 0.5% of total protein length. Thus, we would
consider as minor the 4 aa extension of exon 1, which
produces the 20 aa version of MEAD. We propose that a
minor variant have a base name that is the same as that
of the associated major variant, appended by a period and
a numeral. The numerals would increase in the order of
discovery. Thus, the 4 aa extensions NBCn1-C, -D, -G and
-H would be known as NBCn1-C.1, -D.1,-G.1 and -H.1
(Table 2). We have not discussed the 5 aa extension to
exon 26 because we observed it in only one mouse clone;
however, it would be named NBCn1-C.2. Note that our
definitions of ‘major’ versus ‘minor’ are simply structural,
with no implications in the effects of the OSEs on the
function of the transporter.

Note that the excision of exon 15 could give rise to as
many as 48 additional transcripts (± cassette III) encoding
24 truncated protein products involving combinations of
all of the above OSEs except for cassette III. We propose
that truncated variants have a base name that is the
same as that of the associated two full-length major or
minor variants, but with lower case letters separated by
a solidus. Thus, our two newly described truncations
would become NBCn1-e/g and NBCn1-c/h. Transcripts
predicted to encode truncated Nts containing the 4 aa
MEAD extension would be named NBCn1-e.1/g.1, and
so on.

Physiological relevance of diversity. A particular
organism may not make all of the possible 32 full-length
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Figure 8. Western blots of total (A) and surface (B)
NBCn1, and summary of relative surface abundance
(C) of mouse NBCn1 variants in Xenopus oocytes
For total protein abundance, we loaded the equivalent of
0.25 oocyte per lane. For surface protein abundance
using a biotinylation approach, we pooled 20 oocytes for
each experiment and loaded the gel with material from
the equivalent of only 1 oocyte. In each lane in B, we
compute the sum of densities of the lower molecular
weight band (monomer) and the higher molecular weight
band (dimer), and then normalize this sum to the sum of
densities for lane 1 (i.e. NBCn1-B). C, summary of the
relative abundance of surface NBCn1 proteins from 3–4
independent experiments, like that shown in B. A
one-way ANOVA (omnibus overall P value = 1.2 × 10−5)
followed by a post hoc Tukey’s comparison shows that
NBCn1-N and -O are both significantly different from
NBCn1-C, -E and -G. In addition, NBCn1-G is significantly
different from NBCn1-F and -I.
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Table 4. Comparison of effects of OSEs on HCO3
− transport activity as well as surface abundance of NBCn1

dpHi/dt (functional Surface dpHi/dt/surface
Nt I–II–III–IV expression) P abundance P (intrinsic activity) P

(A) MEAD vs. MERF
E MEAD + − − − 4.6 (1, 8.1)a 0.66 1.2 (1.1, 1.4) 0.01 3.7 (1.5, 6.0) 0.28
F MERF + − − − 5.7 (2.3, 9) 0.9 (0.7, 1.1) 6.3 (3.4, 9.6)
G MEAD + − + − 12.2 (9.4, 15.1) 0.76 1.4 (1.3, 1.6) 0.003 8.5 (6.8, 10.3) 0.16
J MERF + − + − 11.6 (8.7, 14.5) 1.0 (0.8, 1.2) 11.4 (8.9, 14.3)
Combined P valueb 0.85 0.0004 0.18

(B) Cassette I
D MEAD + + + − 14.6 (11, 18.1) 0.22 1.0 (0.8, 1.2) 0.17 14.6 (11.3, 18.3) 0.08
C MEAD − + + − 11.3 (7.4, 15.1) 1.2 (1.0, 1.4) 9.5 (6.8, 12.4)
G MEAD + − + − 12.2 (9.4, 15.1) 0.77 1.4 (1.3, 1.6) 0.001 8.5 (6.8, 10.3) 0.11
I MEAD − − + − 11.6 (8.6, 14.6) 1.0 (0.8, 1.2) 12.0 (9.3, 15.2)
Combined P value 0.47 0.0019 0.05
(C) Cassette II
B MEAD + + − − 10.9 (7.0, 14.8) 0.02 1.0 (0.8, 1.2) 0.08 10.9 (7.7, 14.5) 0.005
E MEAD + − − − 4.6 (1.0, 8.1) 1.2 (1.1, 1.4) 3.7 (1.5, 6.0)
D MEAD + + + − 14.6 (11, 18.1) 0.32 1.0 (0.8, 1.2) 0.002 14.6 (11.3, 18.3) 0.011
G MEAD + − + − 12.2 (9.4, 15.1) 1.4 (1.3, 1.6) 8.5 (6.8, 10.3)
C MEAD − + + − 11.3 (7.4, 15.1) 0.88 1.2 (1.0, 1.4) 0.11 9.5 (6.8, 12.4) 0.36
I MEAD − − + − 11.6 (8.6, 14.6) 1.0 (0.8, 1.2) 12.0 (9.3, 15.2)

Combined P value 0.12 0.0014 0.001
(D) Cassette III

D MEAD + + + – 14.6 (11, 18.1) 0.18 1.0 (0.8, 1.2) 0.98 14.6 (11.3, 18.3) 0.25
B MEAD + + – – 10.9 (7.0, 14.8) 1 (0.82, 1.19) 10.9 (7.7, 14.5)
G MEAD + − + − 12.2 (9.4, 15.1) 0.002 1.4 (1.3, 1.6) 0.1 8.5 (6.8, 10.3) 0.012
E MEAD + − − − 4.6 (1.0, 8.1) 1.2 (1.1, 1.4) 3.7 (1.5, 6.0)
J MERF + − + − 11.6 (8.7, 14.5) 0.01 1.0 (0.8, 1.2) 0.3 11.4 (8.9, 14.3) 0.065
F MERF + − − − 5.7 (2.3, 9.0) 0.9 (0.7, 1.1) 6.3 (3.4, 9.6)

Combined P value 0.0003 0.42 0.009
(E) Cassette IV
N MERF + − + + 14.3 (11.1, 17.5) 0.2 0.7 (0.5, 0.8) 0.01 21.6 (16.6, 28.3) 0.008
J MERF + − + − 11.6 (8.7, 14.5) 1.0 (0.8, 1.2) 11.4 (8.9, 14.3)
O MEAD − − + + 11.9 (8, 15.8) 0.9 0.6 (0.4, 0.8) 0.007 20.1 (14.0, 28.3) 0.074
I MEAD − − + − 11.6 (8.6, 14.6) 1.0 (0.8, 1.2) 12.0 (9.3, 15.2)

Combined P value 0.5 0.0009 0.005

aThe data are presented as mean (lower of 95% CI, upper of 95% CI). CI: confidence interval. bComputed using Fisher’s method.

major variants and 16 full-length minor variants, even at
the level of mRNA. Nevertheless, the list of full-length
NBCn1 variants – verified at the level of cDNA cloning –
now reaches 16 major variants (10 of which are reported
for the first time in the present study) as well as four minor
variants that are the result of 4 aa extensions to the MEAD
module (all of which are reported for the first time here).
Many issues remain to be addressed. For each variant,
it will be important to know: (1) transcript abundance,
(2) protein abundance, (3) plasma membrane protein
abundance (or, in the case of epithelial cells, abundance
in apical vs. basolateral membranes), (4) intrinsic (or
per-molecule) HCO3

− transport activity, (5) intrinsic
Na+ conductance, (6) interaction of specific OSEs with
protein binding partners and (7) other post-translational

regulation. Most of these items are likely to vary markedly
among cell types.

Presumably the organism derives some benefit from
the large number of OSEs for NBCn1. For example, as
discussed below, different combinations of OSEs establish
different intrinsic NBCn1 basal HCO3

− transport rates.
For example, Na+-coupled HCO3

− transporters of the
SLC4 family have auto-stimulatory and auto-inhibitory
domains (McAlear et al. 2006; Parker et al. 2008; Lee et al.
2012b) that may correspond to portions of OSEs. In the
present paper, we show that, at least in oocytes, OSEs can
modulate surface abundance (as summarized in Table 4
and Table 5A, and discussed below in ‘Effects of optional
structural elements on surface abundance and intrinsic
activity of NBCn1’). Different combinations of OSEs
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Table 5. Linear effects of OSEs on relative surface abundance of NBCn1 and intrinsic HCO3
− transport activity

95% CI

Coefficient Estimated effect Standard error Lower Upper P

(A) Surface abundance
(Intercept) 0.73 0.15 0.45 1.02 <0.0005
MEAD/MERF 0.25 0.09 0.07 0.43 0.01
Cassette I 0.19 0.09 0.01 0.38 0.05
Cassette II −0.13 0.08 −0.30 0.03 0.13
Cassette III 0.13 0.08 −0.04 0.29 0.14
Cassette IV −0.45 0.10 −0.64 −0.26 <0.0005

(B) Intrinsic (i.e. per molecule) activity (×10−5)
(Intercept) 6.90 2.41 3.04 10.90 0.005
MEAD/MERF −2.01 1.52 −4.58 0.46 0.21
Cassette I −0.17 1.59 −2.82 2.37 0.92
Cassette II 3.81 1.43 1.47 6.16 0.011
Cassette III 4.39 1.34 2.18 6.56 0.003
Cassette IV 10.62 3.01 6.09 15.95 <0.0005

could also produce different basal intrinsic conductances
(Choi et al. 2000), alter the response of NBCn1 to a
diverse array of signalling cascades, and permit inter-
actions with specific binding partners such as IRBIT
(Shirakabe et al. 2006; Lee et al. 2012b) or calcineurin
(Danielsen et al. 2013). Perhaps such functional diversity
is beneficial because NBCn1 plays key – and distinct –
roles in different cell types, both during development
and in the mature animal. For example, in the renal
thick ascending limb, basolateral NBCn1 may maintain a
sufficiently high pHi to permit NaCl and NH+

4 absorption
(Aalkjaer et al. 2004). In vascular smooth muscle, NBCn1
has been implicated in the regulation of vascular tone and
blood pressure (Boedtkjer et al. 2011). And in the CNS,
NBCn1 is widely expressed in neurons in diverse brain
regions (Bok et al. 2003; Cooper et al. 2005; Chen et al.
2007a; Park et al. 2010). In any of these cells, NBCn1 could
have substantial effects on pHi (by virtue of HCO3

− trans-
port) and membrane potential (by virtue of its intrinsic
conductance).

Finally, the OSEs of NBCn1 could play a role
in pathophysiology. The molecular weight of NBCn1
expressed in human breast cancer is consistently higher
than that expressed in normal tissues (Boedtkjer et al.
2012). This larger size of NBCn1 in breast cancer could
reflect a change in alternative splicing of SLC4A7 products,
although it could also be the result of a change in protein
modification in the tumour tissues.

New optional structural elements

In the present study, we describe for the first time the
alternative use of exon 1 vs. exon 2, the splicing in/out of
exon 10 and the splicing in/out of exon 15.

Exon 1/MEAD vs. Exon 2/MERF. The transcripts encoding
the MEAD-NBCn1 variants and the MERF-NBCn1
variants have distinct 5′-UTRs, indicating that SLC4A7
contains two alternative promoters. The present study is
the first demonstration that SLC4A7 from the same species
is able to express both MEAD- and MERF-type Nts. In
addition, the present study for the first time reveals the 4 aa
extension to exon 1 that yields four novel minor variants:
NBCn1-C.1, -D.1,-G.1 and -H.1.

Exon 10/cassette IV. The 20 aa cassette IV in the Nt
of NBCn1 is the fourth major alternative splicing
cassette to be identified in SLC4A7 products. Yang
et al. (2009) have also reported the expression of a
20 aa cassette in the Nt domain of NBCn1 from rat
tissues. However, neither nucleotide nor amino acid
sequence was reported. A personal communication (I.
Choi, Emory University, Atlanta, GA, USA) allowed us
to confirm that our new 20 aa cassette (identified in
NBCn1 from mouse eye) is homologous to that present
in rat NBCn1 products. Genomic sequence analysis shows
that this 60 bp optional cassette – encoding a sequence
‘ESASWHCSCGTLGVGLKRPA’ – is present in SLC4A7
from both rat and human. The amino acid sequence of
the mouse cassette IV is identical to that of human and rat
counterparts except that, in mouse, the third residue from
the end is a lysine rather than an arginine (underlined
above).

We analysed the potential functional sites in mouse
cassette IV using the online tool Eukaryotic Linear
Motif (http://elm.eu.org/search/; Dinkel et al. 2012).
‘SCGTLGVG’ contains a potential phosphorylation site
for casein kinase CKI. This site also constitutes a
potential binding motif for the FHA (forkhead-associated)
domain, which is a phosphopeptide–peptide binding
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domain identified in protein kinases and transcription
factors (Hofmann & Bucher, 1995). The ‘ESASWHCS’
motif contains a potential phosphorylation site for
glycogen synthase kinase GSK3 (Hur & Zhou, 2010).
The ‘KKPAVDMNF’ motif (first four residues derived
from cassette IV) provides a potential docking site
for mitogen-activated protein kinase MAPK (Tanoue &
Nishida, 2002).

We find it interesting that the position of the novel 20 aa
cassette IV (encoded by exon 10) within the Nt of NBCn1
is homologous to the position of the 30 aa optional cassette
(insert A; encoded by exon 8) in the Nt of NBCn2 (Giffard
et al. 2003; Liu et al. 2011). However, the sequences of these
two OSEs from NBCn1 and NBCn2 are not conserved at
all, consistent with the hypothesis that they originated
from different sources during the evolution of SLC4A7
and SLCA10.

Exon 15/truncated NBCn1 products. Omission of exon
15 in SLC4A7 transcripts causes early termination in the
open reading frame of NBCn1 around the junction of the
Nt and TMD (Fig. 4). We identified six such transcripts
in human, and these correspond to two major and one
minor variant – NBCn1-e/g, -c/h and -e.1/g.1, respectively
– predicted to encode only the Nt domain of NBCn1 (Fig.
1). We also identified in mouse NBCn1 transcripts lacking
exon 15 (data not shown). Although Yang et al. (2009) also
reported rat NBCn1 clones that are truncated near the end
of the Nt domain, no sequence information is available
for the truncated rat transcripts. Whether the truncated
Nt protein product is present in cells – and if so, where –
remains to be addressed. As to the potential physiological
relevance of the truncated products of SLC4A7 , one might
speculate that the truncated Nts might serve as a docking
site for cytosolic proteins, or might interfere with the inter-
action between the Nt and TMD of a full-length NBCn1.

Two truncated protein products, corresponding to
only the cytosolic Nt domain of AE3 (anion exchanger
SLC4A3), have been identified by Western blot from brain
and cardiac tissue (Morgans & Kopito, 1993).

Effects of OSEs on surface abundance and intrinsic
activity of NBCn1

Of the 32 potential major full-length variants of NBCn1
(based on five major OSEs: MEAD/MERF and cassettes
I–IV), we have now examined 10 from mouse. For each
OSE, we have at least two variant pairs for which the
only difference between pair members is the presence or
absence of a particular OSE. Because the roles of these
OSEs may depend upon their context within NBCn1 (i.e.
the combination of other OSEs), a full accounting will
eventually require the examination of all 32 potential
full-length major variants, not all of which may occur

in nature. Nevertheless, we are now in a position in which
pairwise comparisons among the variants begin to provide
information on the functional contribution of each OSE.

To assess the functional effects of OSEs, we estimated
the intrinsic activity of our 10 mouse clones, for
which we have both dpHi/dt data (Fig. 7) and surface
biotinylation data (Fig. 8C). In the first step, we subtract
the mean dpHi/dt of control H2O-injected oocytes from
individual oocytes expressing NBCn1 to obtain the mean
NBCn1-dependent dpHi/dt (Fig. 9A). These values reflect
the functional expression, which depends on the product
of surface abundance and the intrinsic activity of the
transporter. In the second step, using a likelihood-based
approach as described in the Methods, we normalize the
NBCn1-dependent dpHi/dt data of individual oocytes
to the mean relative surface biotinylation signal – a
measure of surface abundance – of the corresponding
NBCn1 variant. Here, we implicitly assume that the
density of NBCn1 proteins in the plasma membrane
does not influence the apparent activity of individual
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Figure 9. NBCn1-dependent functional expression (A) and
intrinsic HCO3

− transport activity (B)
In A, we subtract from the dpHi/dt values of individual
NBCn1-expressing oocytes the mean dpHi/dt value of all
H2O-injected control oocytes (studied contemporaneously with
NBCn1-expression oocytes) to obtain the NBCn1-dependent dpHi/dt
(a measure of functional expression). A one-way ANOVA (overall P
value = 0.0013) followed by a post hoc Tukey’s comparison shows
that the differences between the following pairs are significant: D/E,
D/F, E/G, E/N and F/N. In B, we normalize the NBCn1-dependent
dpHi/dt values from individual oocytes (contributing to the bars in A)
to the mean surface NBCn1 levels (Fig. 8C) using a likelihood-based
approach. The standard errors were produced using a bootstrap
procedure. These normalized dpHi/dt values are indices of the
intrinsic HCO3

− transport rate of NBCn1 (i.e. the per-molecule
transport activity). A bootstrap test, followed by a very conservative
Bonferroni correction, shows that the following pairs are significantly
different: E/D, E/I, E/J, E/N, E/O, F/N, F/O and G/N. Numbers in
parenthesis: N of oocytes.
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NBCn1 molecules. Our statistical approach involves some
complexity because we must account for the variation in
both the numerator and the denominator of the fraction.
Furthermore, because we have not carried out a balanced,
full factorial experiment examining the activity of all
possible variants, it is difficult to dissect the functional
contribution of each OSE. Figure 9B displays the estimated
intrinsic activity for each of the variants.

Table 4 shows the results of pairwise comparisons of
variants that differ by only one OSE. For each pair, we
obtained unadjusted raw P values (not adjusted with
Bonferoni correction) for functional expression, surface
abundance and intrinsic activity using ANOVA contra-
sts. Finally, using a Fisher’s method for each set of
comparisons, we obtained combined P values that are
suitable for judging the overall statistical significance of
each OSE. The combined P values represent tests of the
main hypotheses in this paper. Because we evaluate each
parameter for five different OSEs (Table 4A–E), combined
P values of less than 0.05/5 = 0.01 are considered
significant. Note that the P values for each individual
comparison, while interesting, do not represent our
main results, and should not be over-interpreted because
that would entail the adjusting for more than five
tests.

Table 5 shows the results of two linear regression
analyses, one for surface abundance (Table 5A) and one
for intrinsic activity (Table 5B). In this approach, surface
abundance or intrinsic activity is conceptualized as a
linear function of the effects of each OSE, allowing us
to estimate the effect of each OSE while adjusting for the
other OSEs. We carried out this approach using standard
multiple linear regressions for the relative abundance
(Table 5A) and using the likelihood/bootstrap approach
described in the Methods for intrinsic activity (Table 5B).
The estimated effects in Table 5B are the βl coefficient
values for l = 1, . . . ,5 described in the Methods. We can
reject the null hypothesis that all linear coefficients are
zero because the overall omnibus P values are <0.0005
for both surface abundance and intrinsic activity. As we
will see below, this linear regression approach leads to
the conclusion that at least some of the OSEs influence
the relative abundance of NBCn1 and some influence the
intrinsic activity.

Although not shown in Table 5, an additional test for
interaction terms yields P = 0.015 for surface abundance
and P = 0.090 for intrinsic activity. Thus, it is likely that
the OSEs influence the relative abundance in a complex,
non-linear manner. Although our current data do not
provide strong evidence that intrinsic activity is related to
the OSEs in a complex manner, and a linear model appears
to predict intrinsic activity adequately, this is probably the
result of low statistical power. Indeed, there is at least some
suggestive statistical evidence that interactions do in fact
exist. In the presence of interactions, the linear effects

reported in Table 5 may be thought of as the average linear
effect over the various transcripts present in the data, and
are thus still informative.

Note that a fundamental difference between the analyses
in Table 4 and Table 5 is that each panel of Table 4 considers
data from 2 or 3 pairs of variants (a total of 4–6 variants).
Each row of Table 5A or B considers data from all 10
variants.

Effect of MEAD vs. MERF. We can make two pairs
of comparisons in which the only difference between
mouse NBCn1 variants is the presence of MEAD vs.
MERF: (1) NBCn1-E vs. NBCn1-F and (2) NBCn1-G
vs. NBCn1-J. As shown in Table 4A, the combined P
values show that MEAD vs. MERF has a significant effect
on the surface abundance, but not on either functional
expression or intrinsic activity of NBCn1 in Xenopus
oocytes. It appears that MEAD tends to increase the surface
abundance compared to MERF as seen in pairs E/F and
G/J. These results are corroborated by Table 5, which
shows that MEAD has a positive influence on surface
abundance (Table 5A: estimated effect = 0.25, P = 0.01),
but no significant effect on the intrinsic activity (Table 5B:
estimated effect = −2.01, P = 0.21).

Effect of cassette I. We can make two pairs of
comparisons to isolate the effect of cassette I on the
function of NBCn1: (1) NBCn1-D vs. NBCn1-C and (2)
NBCn1-G vs. NBCn1-I. As summarized in Table 4B, the
combined P values show that cassette I has a significant
effect on surface abundance, but not on either functional
expression or intrinsic activity. In Table 5, the P values for
both surface abundance (Table 5A) and intrinsic activity
(Table 5B) exceed the critical value of 0.05/5 = 0.01. Thus,
Table 4B and Table 5A provide conflicting insight into the
effect of cassette I on surface abundance. This conflict may
be the result of non-linear interactions between the OSEs.

Effect of cassette II. We can make three pairs of
comparisons to isolate the effect of cassette II. As
summarized in Table 4C, the combined P values show that
cassette II has significant effects on both surface abundance
and intrinsic activity, but not the functional expression of
NBCn1 variants. For surface abundance, the direction of
the effect is not consistent, suggesting a complex inter-
action (although it is consistent for the pairs with small
P values). For intrinsic activity, the predominant effect
seems to be stimulation by cassette II. In Table 5A, the
lack of statistical significance for surface expression is
probably the result of complex interactions. In Table 5B,
the P value of 0.011 is virtually at the level of statistical
significance, indicating that cassette II enhances intrinsic
activity (estimated effect = 3.81), consistent with the trend
in Table 4C.
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Effect of cassette III. As summarized in Table 4D, we can
make three pairs of comparisons to isolate the effects of
cassette III. The combined P values show that cassette
III has a significant effect on the functional expression
and intrinsic activity, but not on surface abundance. The
presence of cassette III tends to increase both functional
expression and intrinsic activity. As shown in Table 5A,
cassette III does not appear to have an overall linear
influence on the surface abundance. However, as shown in
Table 5B, cassette II does have a strong stimulatory effect
(estimated effect = 4.39, P = 0.003) on intrinsic activity.

Effect of cassette IV. As summarized in Table 4E, we can
make two pairs of comparisons to isolate the effects of
cassette IV. The combined P values show that cassette IV
has significant effects on surface abundance and intrinsic
activities, but not functional expression. The presence of
cassette IV tends to lower the surface abundance, but sub-
stantially increases the intrinsic activities of NBCn1. Table
5 corroborates these conclusions. The presence of cassette
IV has an inhibitory effect on surface abundance (Table 5A:
estimated effect = −0.45, P < 0.0005) but a substantial
stimulatory effect on intrinsic activity (Table 5B: estimated
effect = 10.62, P < 0.0005). Note that, for both surface
abundance and intrinsic activity, the estimated effects of
cassette IV have magnitudes far larger than for all other
OSEs examined.

Concluding remarks

In the present study, we have made the following major
observations.

(1) We demonstrate for the first time that, under the
control of distinct promoters, the SLC4A7 gene from
a single species is able to produce two types of trans-
cripts encoding two alternative Nts, one starting with
‘MEAD’ and the other with ‘MERF’.

(2) We identify two new major alternative splicing units:
exon 10 (encoding cassette IV) and exon 15 (lack of
which causes truncation of NBCn1 near the boundary
between the Nt and TMD).

(3) Based upon the above findings, we identify 10
new major and four new minor full-length NBCn1
variants, plus two major and one minor truncated
variants encoded by six SLC4A7 transcripts.

(4) We show that the OSEs can affect both the surface
abundance and the intrinsic activity of the trans-
porter. MEAD tends to increase surface abundance,
whereas cassette IV reduces it. Cassettes II, III and
IV all appear to enhance intrinsic HCO3

− transport
activity.

The five identified OSEs are capable of generating an
unusual diversity of NBCn1 variants, the expression of
which is likely to be cell type-specific in vivo. Although

we characterized these OSEs in the context of Xenopus
oocytes, the structure–function relationships that we have
begun developing for the five OSEs of NBCn1 are likely
to apply in varying degrees to different subgroups of
mammalian cell types that natively express NBCn1. The
reason for caution is two types of diversity. First, each
cell type presumably has its own set of rules (Muth &
Caplan, 2003) governing the delivery and retrieval of
proteins – the two processes that determine abundance
on the plasma membrane. Thus, how these rules apply
to the effect of the five OSEs on the surface abundance
of NBCn1 probably varies from one cell type (including
oocytes) to the next, and during the life of an individual
cell. Second, the ability of a particular OSE to influence
intrinsic activity may depend on the roster, concentration
and status (e.g. phosphorylation) of binding partners that
interact with the OSE. These binding partner properties
certainly vary from one cell type (including oocytes) to
the next, and throughout the life of an individual cell. In
other words, no universal cell type exists – certainly not
for cells in culture – for evaluating the effects of OSEs on
NBCn1 variants in any truly native system. Nevertheless,
our present oocyte work on 10 of the 32 possible NBCn1
variants has already revealed that all OSEs except cassette I
can have a major impact on surface abundance or intrinsic
activity.

Future work on NBCn1 OSEs could expand in
three directions: (1) examination of the associated Na+

conductance of NBCn1, which we did not measure in
the present study; (2) consideration of the other 22
theoretical NBCn1 variants; and (3) assessment of the
roles of alternative transcription and alternative splicing
of NBCn1 in the long list of human diseases associated
with NBCn1. Note that an expansion of the number of
analysed variants could reveal a role for cassette I, and
would carry with it the increased statistical power that
would allow one to evaluate how the impact of an OSE
depends on its context (i.e. the other OSEs present in the
variant).
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