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ABSTRACT The recently defined DEGyENaC superfam-
ily of sodium channels includes subunits of the amiloride-
sensitive epithelial sodium channel (ENaC) of vertebrate
colon, lung, kidney, and tongue, a molluscan FMRFamide-
gated channel (FaNaC), and the nematode degenerins, which
are suspected mechanosensory channels. We have identified
two new members of this superfamily (BNaC1 and BNaC2) in
a human brain cDNA library. Phylogenetic analysis indicates
they are equally divergent from all other members of the
DEGyENaC superfamily and form a new branch or family.
Human BNaC1 maps to 17q11.2-12 and hBNaC2 maps to
12q12. Northern blot and mouse brain in situ hybridizations
indicate that both genes are coexpressed in most if not all
brain neurons, although their patterns of expression vary
slightly, and are expressed early in embryogenesis and
throughout life. By analogy to the ENaCs and the degenerins,
which form heteromultimeric channels, BNaC1 and BNaC2
may be subunits of the same channel.

The recently defined DEGyENaC superfamily of sodium
channels contains to date 17 proteins (not counting the many
orthologs found in different vertebrate species) that have
similar sequences and the same predicted structure: intracel-
lular N and C termini, two hydrophobic membrane-spanning
regions, and a large extracellular loop, which contains many
cysteine residues with conserved spacing. This topology has
been experimentally demonstrated for members of two dif-
ferent branches: aENaC (1–3) and MEC-4 (4). In addition, all
members that have been studied physiologically are selective
for sodium and blocked by amiloride (5–13). Phylogenetic
analysis of this superfamily reveals that it contains at least four
branches or families (ref. 14; Fig. 1).
The ENaCs are expressed in the epithelia of the vertebrate

kidney, colon, and lung, and are involved in sodium and water
reabsorption in these tissues (5, 15, 16). Expression in tongue
epithelium also suggests an indirect role in salty taste trans-
duction (16). Three similar subunits (a, b, and g-ENaC) form
a heteromultimeric, constitutively-active channel when coex-
pressed in Xenopus oocytes (7). The reconstituted channel has
properties nearly identical to that of the channel from epithe-
lia, although biochemical experiments suggest that additional
proteins form part of the native channel complex (17–19).
The degenerins of the nematode Caenorhabditis elegans are

so named because rare, gain-of-function mutations in some of
them cause swelling, vacuolation, and eventual death of some
or all of the cells that express them (20–23). However, their

normal function is thought to be mechanosensation, since
loss-of-function mutations in two of them, mec-4 and mec-10,
impair sensitivity to touch mediated by the six receptor neu-
rons in which they are coexpressed (22, 24–26). It is believed
that MEC-4 and MEC-10 are components of a mechanosen-
sory channel complex, which would contain additional sub-
units or associated proteins. Although to date there are no
electrophysiological recordings of any degenerin channel, a
chimerical a-ENaC containing the predicted pore region of
MEC-4, coexpressed with b-ENaC and g-ENaC, results in an
amiloride-sensitive sodium channel with distinct pore proper-
ties (10), suggesting that the degenerins are in fact channel
proteins.
FaNaC, of the snail Helix aspersa, forms an amiloride-

sensitive sodium channel that is activated by the peptide
FMRFamide (9). This subunit is so far the only knownmember
of that branch.
Here we define the BNaC family, an additional branch of the

DEGyENaC superfamily, composed of two genes (one pre-
viously characterized) that are expressed in brain.

MATERIALS AND METHODS

Cloning. Unless otherwise indicated, all techniques were
performed as described (27). Libraries were screened in
aqueous media with probes obtained by random priming (28).
An 846-bp fragment contained within two expressed se-

quence tags (GenBank accession nos. Z45660 and F04549) was
obtained by PCR amplification from cDNA, which was syn-
thesized from brain mRNA (CLONTECH): it contains codons
463–512 and some of the 39 untranslated region (UTR) of
hBNaC1. A partial cDNA clone (FCS16) of 1571 bp (codons
283–512 and the 39 UTR) was obtained by screening a human
frontal cortex cDNA library obtained from an 85-year-old
female (Stratagene) and used as template to amplify a 639-bp
fragment (codons 286–498), which was used to probe the
library again to yield one slightly larger cDNA clone (codons
254–512 and the 39 UTR). A 586-bp PCR fragment (codons
249–443) was used to probe another adult male human frontal
cortex cDNA library (B616; ref. 29) at low stringency (final 3
washes at 408C). One clone thus obtained (FC4-3) contained
a complete coding sequence (CDS) for hBNaC1, 54 bp of the
59 UTR, and the complete 39 UTR. We also extended the
partial cDNA sequence by 59 RACE with primers AP1 (pro-
vided by CLONTECH) and 16A1 (59-GGGTCTCACAGTC-
AATCCTACAGGCG-39) or 16A2 (59-GAAAGGTGGCTC-
AGACTGACTGTGGG-39), and by 39 RACE with 16S2 (59-
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CCCACAGTCAGTCTGAGCCACCTTTC-39) and AP1,
using Marathon ready cDNA from a 37-year-old male as
template (CLONTECH). The clones thus obtained contained
larger 59 UTR than clone FC4-3, but otherwise largely corre-
sponded in sequence with it. The few nucleotide differences
among the clones may be accounted for as PCR errors. The
contig assembled with all of these clones corresponds to a
2748-bp cDNA (hBNaC1).
The human frontal cortex cDNA library hybridization also

yielded a 1641-bp partial cDNA clone (FC3-1; containing 216
codons and a complete 39 UTR) with a different 39 UTR and
a similar but not identical CDS than in hBNaC1. The library
was probed again with a 947-bp EcoRI fragment from this
clone (containing the 216 codons and part of the 39 UTR). Of
the three clones thus obtained, one of 2798 bp (FC6) contained
a full CDS of 528 codons, 229 bp of predicted 59UTR, and 958
bp of 39 UTR. Another partial cDNA clone (3007 bp; FC1-3)
contained 138 additional bp of open reading frame between
predicted codons 433 and 434 of clone FC6. The 138-bp
segment was also found in some of the clones obtained by PCR
amplification of brain cDNA from another individual. There-
fore, the contigs assembled with all these clones correspond to
alternative splice forms of hBNaC2, represented by 3785- and
3923-bp cDNAs (GenBank accession nos. U78181 and
U78180, respectively).
Sequencing was performed by automated facilities at Mas-

sachusetts General Hospital and Harvard Medical School.
Every segment of DNA was sequenced multiple times, and all
coding regions were sequenced in both orientations. The
nucleotide sequences of primers used in this study for PCR or
for DNA sequencing are available upon request.
Northern Blotting. Blots were purchased from CLON-

TECH and hybridized with probes obtained by random prim-
ing as suggested by the manufacturer. The human blots were
hybridized with probes synthesized from the following tem-
plates: (i) 846 bp of hBNaC1 (codons 463–512 and 39 UTR)
obtained by PCR from one of the cDNA clones; (ii) the above

described 947-bp EcoRI fragment obtained from hBNaC2
cDNA clone FC3-1. The mouse blot was hybridized with
probes synthesized from the following templates: (i) 614 bp of
mBNaC1 (GenBank accession no. U57353; corresponding to
codons 284–487 of hBNaC1), obtained by degenerate PCR
from mouse brain cDNA; (ii) 597 bp of mBNaC2 (GenBank
accession no. U78179; corresponding to codons 330–528 of
hBNaC2 shorter cDNA), similarly obtained. As a control,
some blots were probed with human b-actin.
In Situ Hybridization. A fragment of mBNaC1 correspond-

ing to codons 284–437 of hBNaC1, and a fragment of mBNaC2
corresponding to codons 455–528 of the shorter hBNaC2
cDNA, were obtained by degenerate PCR using mouse brain
cDNA as template. After subcloning into pCRII (Invitrogen)
and sequencing the inserts, the clones were linearized and used
as templates for in vitro transcription in the presence of
digoxigenin-labeled UTP (Promega). To make the antisense
riboprobe, the template was linearized with EcoRV and tran-
scribed with SP6 RNA polymerase; to make the control sense
riboprobe, the template was linearized with BamHI and tran-
scribed with T7 RNA polymerase.
Mouse brain sagittal cryosections (14 micrometers thick)

were fixed in 4% paraformaldehyde and hybridized overnight
at 448C (after 4 hr prehybridization) with the riboprobes in a
previously described hybridization solution (28). After washes
in 23 SSC (sodium chlorideysodium citrate; 10 min at room
temperature), 23 SSC and 50% formamide (10 min at 508C),
0.53 SSC and 50% formamide (10 min at 508C), and 23 SSC
(5 min at room temperature), the hybridized probes were
detected with anti-digoxigenin antibodies linked to alkaline
phosphatase (30). Nuclei were counterstained by incubating
for 1 hr in 1 mM 49,6-diamidino-2-phenylindole (DAPI).
Fluorescent in Situ Hybridization. Fluorescent in situ hy-

bridization on human chromosomes with biotinylated cDNA
probes (31–33) was performed by SeeDNA (Toronto, Cana-
da), using clone FCS16 of hBNaC1 and clone FC3-1 of
hBNaC2. For each gene, hybridization to a pair of chromo-
somes was detected in 85% of mitotic figures (about 100 were
observed), and all were in the same region. The map location
was further defined by summarizing the results from 10
hybridizations.

RESULTS

In an effort to identify vertebrate homologs of the degenerin
channels from C. elegans, we searched the data base of
expressed sequence tags for sequences similar to various
degenerins: deg-1 (23), mec-4 (4), mec-10 (22), and unc-105
(34).We found a human brain cDNA clone (c-zqg10; GenBank
accession no. Z45660) with reasonable similarity to the second
transmembrane domain of degenerins. By screening human
brain cDNA libraries and by RACE we obtained an open
reading frame for this gene, hBNaC1 (for human brain sodium
channel 1), as well as of a close homolog, hBNaC2 (Fig. 2). In
addition to several partial cDNA clones, we obtained two
clones that lacked some of the 59 or 39 UTRs but nevertheless
contained a CDS of either hBNaC1 or hBNaC2. The longest
sequence [not counting the poly(A) tails] inferred for hBNaC1
contains 274 bp of 59 UTR, 1536 bp of CDS, and 879 bp of 39
UTR. For hBNaC2 the longest sequence contains 229 bp of 59
UTR, 1584 or 1722 bp of CDS, and 1964 bp of 39 UTR.
Fragments of mouse homologs (mBNaC1 and mBNaC2) ob-
tained by degenerate PCR were very similar to their human
orthologs (99% identity at the amino acid level, in each case).
The predicted sequences of hBNaC1 (512 amino acids) and
hBNaC2 (528 amino acids for the shortest sequence encoded)
were 74% identical over their first 465 residues, and diverged
in sequence identity and length at their suspected intracellular
COOH termini, only to regain conservation in the last eight
amino acids, which form predicted sites for casein kinase II

FIG. 1. Phylogenetic and structural comparison of DEGyENaC
superfamily members. The conserved hydrophobic regions (63 amino
acids) of all these proteins were aligned, and the tree was generated
by parsimony analysis using the PAUP program.
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phosphorylation. Both sequences contained the hallmarks of
the DEGyENaC superfamily, including two hydrophobic
stretches and, between them, regions with a conserved pattern
of cysteines. However, both proteins lack the extracellular
regions characteristic of the degenerin branch of this super-
family (refs. 14 and 23; Fig. 1).
Some of the hBNaC2 clones, originating from the brain

cDNA of different individuals by library screening or PCR
amplification, contained an insert of 138 bp in the region
encoding the second hydrophobic domain. This insert may
correspond to the longer form of an alternatively spliced exon,
because it contains a predicted splice donor site at its 59 end,

but no splice acceptor site at its 39 end. The additional
fragment of 46 amino acids is not hydrophobic, even though it
is inserted in the second hydrophobic region, close to or at the
pore. Computer analysis of this additional fragment by the
methods of both Garnier–Robson (35) and Chou–Fasman (36)
predict a secondary structure with several turns and coils.
Northern blot hybridization (Fig. 3) revealed two bands for

each gene, of roughly 2.8 kb and 3.8 kb for hBNaC1 and 3 kb
and 4 kb for hBNaC2. The human cDNA sequences reported
here are of the expected length for the lower mRNA band of
hBNaC1 (2749 bp) and the higher mRNA band of hBNaC2
(3785–3923 bp). Both genes are expressed in brain but were not

FIG. 2. Alignment of amino acid sequences predicted for human BNaC1 and BNaC2. Identical residues are shaded, hydrophobic regions are
boxed, cysteines conserved in other DEGyENaC proteins are circled, predicted N-glycosylation sites are indicated by asterisks, casein kinase II
phosphorylation sites by solid squares, protein kinase sites by solid circles, and a cAMP- and cGMP-dependent protein kinase site by an open circle.
The additional 46 amino acids predicted from one of the hBNaC2 cDNAs are indicated under the rest of the sequence. The amino acid sequence
of hBNaC1 matches exactly that reported as mDEG (13), but differs from that reported as BNC1 (12), which contains an alanine rather than a
threonine at position 495.

FIG. 3. Northern blot hybridization of human (A, B, D, and E) and mouse (C and F) BNaC1 (A–C) and BNaC2 (D–F). The blots contain mRNA
from various human organs (A and D), parts of the human brain (B and E), or mouse embryos at several stages (C and F). Control hybridization
of human b-actin cDNA to each blot (not shown) gave bands of nearly identical intensities in every lane, indicating that the amount of total mRNA
per lane is about the same.
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detected in heart, placenta, lung, liver, skeletal muscle, kidney,
and pancreas (Fig. 3 A and D). All brain parts that we tested
expressed at least the largest transcript of each gene, with one
exception: the level of hBNaC1 in corpus callosum is nearly
negligible, and the level of hBNaC2 in corpus callosum is less
than elsewhere in the brain. Because in situ hybridization in
mouse brain reveals no expression of either gene in corpus
callosum, the Northern band may be contaminated with
mRNA from a nearby brain area with higher expression of
BNaC2 than BNaC1, such as choroid plexus (see below). To a
limited extent transcripts are differentially expressed: the
shorter hBNaC1 mRNA is abundant in amygdala, caudate
nucleus, and hippocampus, whereas both hBNaC2mRNAs are
most abundant in caudate nucleus and substantia nigra (Fig. 3
B and E).
Northern blot hybridizations also indicated that the young

mouse embryos express two transcripts of each ortholog:

mBNaC1 mRNA is already present on day 7 of embryogenesis,
and mBNaC2 mRNA is abundant by day 11 (Fig. 3 C and F).
In addition, the human expressed sequence tags were obtained
from the brain of an infant, the cDNA used for the RACE was
synthesized from the mRNA of a 37-year-old male, and the
cDNA library clones were synthesized from the frontal cortex
mRNA of an adult male of unspecified age or of an 85-year-old
female. Therefore, BNaC1 and BNaC2 are probably expressed
throughout life.
In situ hybridization in mouse sagittal brain sections (Fig. 4)

revealed that all regions of gray matter coexpress both genes.
The strongest expression levels are in the Purkinje and (to a
lesser extent) granule cell layers of cerebellum, in dentate
gyrus and regions CA1–CA4 of hippocampus, and in the
olfactory bulb. In contrast, transcripts of either gene are absent
or rare in regions without neuronal cell bodies: neither are
detected above background levels in ependymal cells, anterior

FIG. 4. In situ hybridization of mBNaC1 (A, E, and G) and mBNaC2 (B and C) riboprobes to mouse brain sagittal sections, and DAPI stain
of nuclei in those same sections (D, F, and H). Glial cell nuclei are brighter. (A and B) Whole brain. (C and D) Portion of cerebellum with white
matter, granule cell layer, Purkinje cell layer, and molecular layer indicated. (E and F) Portion of parietal cortex, corpus callosum, ependymal cell
layer, and ventricular space. (G andH) Anterior commissure and surrounding neuronal areas. Hybridization of control sense riboprobes to adjacent
sections under the same conditions gives no signal (not shown). In all pictures (except for C and D, whose orientation has not been determined),
anterior is to the left and ventral is down.
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commissure, layer one of cortex, corpus callosum, or other
white matter. Both genes also appear to be expressed at low
levels in choroid plexus, an epithelial structure, but mBNaC2
expression is stronger than mBNaC1 (data not shown).
Partial cDNA clones corresponding largely to 39 UTRs

(see Materials and Methods), which diverge between these
genes, were used for f luorescent in situ hybridization on
human chromosomes. hBNaC1 was mapped to 17q11.2-12
and hBNaC2 to 12q12 (Fig. 5).

DISCUSSION
Phylogeny and Nomenclature. The sequences of BNaC1 and

BNaC2 indicate that they are clearly members of the DEGy

ENaC superfamily. They are not, however, members of the
degenerin branch of the superfamily: they are missing certain
conserved sequences characteristic of that branch, and a
phylogenetic analysis places them by themselves in a new
branch of the family (refs. 14 and 23; Fig. 1). The degenerin
branch thus far remains restricted to nematodes.
BNaC1 has been previously identified using the same clon-

ing strategy (12, 13). Price et al. (12) named the protein BNC1
(for brain Na1 channel), which we prefer to write as BNaC1
both for similarity to the other superfamily members, ENaC
and FaNaC, and to indicate sodium permeability. Waldmann
et al. (13) found that introduction of certain mutations (mod-
eled after the degeneration causing mutations of the nematode
degenerins) in this protein could cause the death of the cells
that express it, so they named it MDEG (for mammalian
degenerin). Because the normal function of the protein is most
likely not to cause degeneration of the cells, because mutations
in certain other channels that are not degenerins can also cause
degeneration (37–39), and because it is not of the degenerin
branch of the superfamily, BNaC seems more functionally
descriptive.
BNaC2 is novel. This protein is 68% identical to BNaC1 in

amino acid sequence over its entire length, which represents
greater similarity than any other two members of the DEGy
ENaC superfamily (14). Several BNaC2 clones contained an
insert that would encode 46 additional amino acids, situated
toward the beginning of the second predicted transmembrane
domain. This alternative splice exon fragment might alter the
function of the protein considerably: it is in or near the pore
region and immediately adjacent to a sterically constrained
glycine, mutation of which can cause a degeneration pheno-
type (13, 21). Although such an alternative exon has not been
found in any other member of the DEGyENaC superfamily,
others have been described in deg-1 (23) and a-ENaC (40). The
alternate a-ENaC messages translate into proteins lacking the
second transmembrane domain and do not form functional
channels. They probably do not contribute to the pore, but may
be regulatory subunits of a multimeric channel.
Expression. Both BNaC1 and BNaC2 are expressed primar-

ily in brain but not in the other organs tested. Price et al. (12)
and Waldmann et al. (13) found similar results with BNaC1 by
Northern blot analysis. In situ hybridization showed that,
within the brain, BNaC1 and BNaC2 are expressed primarily
in neurons, but are either absent from white matter or present
in low amounts. An exception is the expression of BNaC2 in
choroid plexus. Northern blots indicated that the expressions
of BNaC1 and BNaC2 are similar but not identical among
human brain regions, and that BNaC1 appears slightly earlier
in mouse development than BNaC2. Hippocampal, cerebellar,
and cortical regions express larger amounts of BNaC1 and
BNaC2 than subcortical structures. Some neurons, such as
cerebellar Purkinje cells, had higher levels of expression than
others such as granule cells. On the whole, however, the expres-
sion is rather uniform among most neuronal populations.
Subunits of an Ion Channel. It seems likely that BNaC1 and

BNaC2 are ion channel subunits. Other members of the
superfamily, the ENaCs and FaNaC, form sodium-permeable
ion channels when expressed in frog oocytes (5–9, 11), and
domain-swap experiments suggest that the degenerin MEC-4
also forms part of a channel (10, 41). Indeed, BNaC1 can form
a channel by itself: injection of BNaC1 cDNA directly into
oocyte nuclei (to increase expression) resulted in a small
amiloride-blockable membrane current (12). In other experi-
ments, sodium-selective currents were observed in cells that
expressed a mutated BNaC1 protein (13). The mutations were
equivalent to those in the degenerins that cause cell swelling;
they substitute a small amino acid for a larger one in the second
hydrophobic region (21, 23, 42). These mutations apparently
reduce the sodium selectivity of the homomeric BNaC1 chan-

FIG. 5. Mapping of hBNaC1 (A–C) and hBNaC2 (D–F) genes.
FISH of cDNA fragments to human chromosomes (A and D), DAPI
staining of the same chromosomes (B and E), and distribution of
labeled sites in idiograms (C and F). Each dot represents double
f luorescent in situ hybridization signals detected on the chromo-
some.
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nel, from.10:1 (Na1:K1; ref. 12) to about 4:1 (13), indicating
that this residue influences the pore.
On the other hand, currents are not easily elicited with

BNaC1 alone: Xenopus oocytes injected with wild-type rat
BNaC1 cRNA and HEK cells transfected with wild-type rat or
human BNaC1 cDNA did not express detectable currents (ref.
13; unpublished results). Price et al. (12) observed small
currents after nuclear injection of hBNaC1 cDNA into oo-
cytes, which may be a more efficient method of expressing this
channel, but their clone, obtained by PCR, differs in codon 495
from the various clones reported here and elsewhere (ref. 13;
Fig. 2). Perhaps the Thr-495-Ala mutation, like the degener-
ation-causing mutations, activates a channel that would oth-
erwise be closed. It may be that the wild-type channel is rarely
open without a stimulus that is lacking in these expression
systems. It may also be that BNaC1 and BNaC2 are subunits
of a heteromultimeric ion channel, which requires both sub-
units and perhaps others to form a full-conductance channel.
This would be similar to the situation with the ENaCs, in which
aENaC expressed alone causes small currents, but allowsmuch
larger currents if coexpressed with b and g ENaC (7). Simi-
larly, genetic interaction experiments suggest that some of the
degenerins form heteromultimeric channels, and that these
channels contain more than one subunit of each type (22, 23,
41, 42). The variability in expression of BNaC1 and BNaC2
among brain regions may indicate differences in stoichiometry
of subunits within the complete channel.
Function. The function of the BNaC family of ion channels

remains unknown. Phylogenetically, the BNaCs are equally
divergent from the other branches of the DEGyENaC super-
family, which includes channels with different functions (Fig.
1). Thus, the BNaCs are as likely to serve the same role as any
other superfamily member, or a novel role. The ENaCs form
a constitutively active sodium channel in kidney epithelia.
Although BNaC2 is expressed in choroid plexus, an epithelium
that functionally and structurally resembles that of the kidney,
BNaC1 and BNaC2 are primarily expressed in neurons. Many
neurons have a constant leak of sodium that contributes to
their resting potential; the BNaCs may elicit this small but
continuous sodium influx. As proposed for the degenerins, the
BNaCs might instead form mechanically gated ion channels;
such channels may regulate cell volume, a pressing matter for
cells within the cranium. Or perhaps, since the FaNaC channel
found in snails is activated by the FMRFamide peptide, the
BNaCs may form peptide-receptor channels for one of the
many neuropeptides present in the mammalian brain. What-
ever their role, the distribution of BNaCs throughout the brain
is striking and suggests a global function that many or all
neurons share.
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