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A 48-kDa B-N-acetylglucosamine (GIcNAc)-binding protein was
isolated from mouse brain by GlcNAc-agarose column chromatog-
raphy. The N-terminal amino acid residues showed the protein to
be a mouse Na*/K*-ATPase B1-subunit. When the recombinant
FLAG-B1-subunit expressed in Sf-9 cells was applied to a GIcNAc-
agarose column, only the glycosylated 38- and 40-kDa proteins
bound to the column. In the absence of KCl, little of the proteins
bound to a GIcNAc-agarose column, but the 38- and 40-kDa
proteins bound in the presence of KCl at concentrations above 1
mM. Immunohistochemical study showed that the B1-subunit and
GlcNAc-terminating oligosaccharides are at the cell contact sites.
Inclusion of anti-B1-subunit antibody or chitobiose in cell aggre-
gation assays using mouse neural cells resulted in inhibition of cell
aggregation. These results indicate that the Na*/K*-ATPase B1-
subunit is a potassium-dependent lectin that binds to GIcNAc-
terminating oligosaccharides: it may be involved in neural cell
interactions.
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-linked glycosylation is the most frequent protein modifi-

cation in eukaryotes, and a variety of functions are associ-
ated with the oligosaccharide structures (1, 2). High mannose-
type oligosaccharides, an initial N-glycosylation form, are
involved in the quality control of nascent proteins (3). Some of
the oligosaccharides are then processed to mature complex-type
oligosaccharides by the trimming of mannose residues by man-
nosidases I and II followed by the addition of GlcNAc residues
by B-N-acetylglucosaminyltransferases I, II, IV, and V. In most
cases, the GIcNAc residues of the outer branches are galacto-
sylated and then sialylated. However, glycoproteins from mam-
malian brains contain N-linked oligosaccharides terminating
with GIcNAc residues in relatively higher proportions (4, 5) in
contrast to those from other tissues. Although the mechanism to
bear the GIcNAc-terminating oligosaccharides is unknown, this
is partly due to the different expression of -1,4-galactosyltrans-
ferases in the brain from other tissues (6, 7). The presence of
GlcNAc residues at the nonreducing termini of N-linked oligo-
saccharides may have some biological functions in the brain. In
an effort to elucidate the biological functions of such unique
oligosaccharides, we have demonstrated that the growth and
neurite extension of mouse primary cultured neural cells and
mouse and human neuroblastoma cells are regulated through
their GIcNAc-terminating oligosaccharides expressed at the cell
surface by culturing them in dishes coated with Psathyrella
velutina lectin (PVL), a B-GlcNAc-binding lectin (8). These
results suggest that GIcNAc-binding proteins are present at the
cell surface and/or extracellular matrices and are involved in
cellular interactions. In the present study, we have isolated and
identified a major GIcNAc-binding protein from mouse brain
and shown its involvement in cellular interactions.
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Materials and Methods

Isolation and Identification of a GIcNAc-Binding Protein from Mouse
Brain. The plasma membranes were prepared from 8-week-old
BALB/c male mouse brains by the conventional method (9),
suspended in phosphate buffered-saline (pH 7.2) (PBS) con-
taining 1% Nonidet P-40, and stirred overnight. The solubilized
membrane proteins were applied to an agarose column to
eliminate those that bind nonspecifically to agarose. The re-
maining proteins were applied to a column containing GlcNAc-
agarose (Sigma), and the column was washed with PBS contain-
ing 0.1% Nonidet P-40 and 0.5 M NaCl, and then PBS containing
0.1% Nonidet P-40 and 20 mM chitobiose. The fractions thus
obtained were dialyzed against water, and the retentates were
lyophilized. They were subjected to SDS/polyacrylamide gel
electrophoresis (SDS/PAGE), and separated proteins were
transferred to poly(vinylidene difluoride) (PVDF) filters and
stained with Coomassie brilliant blue R250. The stained band in
the bound fraction was excised and used for protein sequence
analysis (Shimazu PPSQ-23). The N-terminal sequence obtained
was subjected to BLAST homology search to identify the protein.
Asialo (As)-, As and agalacto (AsAg)-, and As, Ag, and a-N-
acetylglucosamino (AsAgAgn)- human transferrin, which con-
tains two biantennary complex-type oligosaccharides, were pre-
pared by the method described in ref. 10 and immobilized on
Sepharose 4B beads. Affinity chromatography using these col-
umns was conducted as described above except that an appro-
priate haptenic sugar was used to elute bound proteins from each
column.

Immunoblot and lectin blot analyses using chicken anti-canine
Na*/K"-ATPase antibody (Biomol, Plymouth Meeting, PA)
and rabbit anti-rat Na*/K*-ATPase B1-subunit antibody (Up-
state Biotechnology, Lake Placid, NY), anti-FLAG M2 mono-
clonal antibody (Chemicon, Temecula, CA), and concanavalin A
(Con A) were performed as described previously (11). The
anti-mouse neural cell adhesion molecule (N-CAM) antibody
and biotinylated PVL were gifts from H. Asou at the Tokyo
Metropolitan Institute of Gerontology and from N. Kochibe at
Gunma University, respectively.

Purification of Na* /K*-ATPase from Mouse Brain. Na™ /K*-ATPase
(EC 3.6.1.3) was purified from mouse brain, and it showed two
main protein bands (48 and 110 kDa) as resolved by SDS/PAGE
followed by staining with Coomassie brilliant blue. It possessed
an ATP-hydrolase activity of >150 wmol of phosphate released
per mg of protein per hr, relatively higher activity than reported
previously (12). The purified proteins were incubated with 0.4

Abbreviations: Ag, agalacto; Agn, a-N-acetylglucosamino; As, asialo; N-CAM, neural cell
adhesion molecule; PVL, Psathyrella velutina lectin.
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mM biotinyl diazirine-conjugated chitobiose as a photoaffinity
probe in the presence or absence of 20 mM chitobiose at room
temperature for 60 min without light, and then at 4°C for 60 min
under short-wave UV light according to the method described
in ref. 13. The photoaffinity-labeled protein was detected by
Western blot analysis using alkaline phosphatase-labeled
streptavidin.

Expression of the Recombinant FLAG-B1-Subunit. The mouse Na™/
K*-ATPase Bl-subunit cDNA was amplified by reverse tran-
scription—-PCR (RT-PCR). The cDNA encoding the full-length
mouse B1-subunit was then amplified by PCR using the mouse
brain single-strand cDNAs as a template, and 5’ and 3’ primers
(5'-CGGAATTCAATGGCCCGCGGAAAAGCCAAG-3’
and 5'-CGGGATCCTTTGTGCTTGTGATCAGCTC-3") spe-
cific to the Bl-subunit gene were designed on the basis of the
mouse Na*/K"-ATPase B1-subunit gene (GenBank accession
no. X16646) (14). For amplification of the cDNA encoding the
fused FLAG-B1-subunit, 5'-CGGCATGCATGGACTACAAA-
GACGATGACGACAAGATGGCCCGCGGAAAAGCC-3’
and 5'-GGAGATCTCAGTCTTCTGGA-3") were used for
PCR as 5" and 3’ primers, respectively. The nucleotide sequence
corresponding to the FLAG sequence, which was introduced in
the 5'-terminal region of the B1l-subunit cDNA, is underlined.

To amplify the recombinant bacmid DNA, the FLAG-B1-
subunit cDNA was ligated into a pFASTBAC 1 expression vector
according to the BAC-TO-BAC baculovirus expression system
protocols (GIBCO/BRL), and the pFASTBAC/FLAG-BI1-
subunit was transfected into DH10Bac competent Escherichia
coli cells. The recombinant bacmid DNA was then transfected
into Sf-9 cells with a FuGENESG transfection reagent (Roche
Applied Science, Indianapolis). The virus stocks with high titers
were obtained after two successive amplifications in Sf-9 cells.
For protein expression, 2.0 X 107 Sf-9 cells in 15-cm tissue
culture dishes were infected with the viral stocks. After 3 days of
culture, the cells were harvested, centrifuged, and washed with
PBS.

Neural Cell Aggregation Assay. Mouse neural cells established
from 17.5-day gestation ICR mouse embryos and mouse neu-
roblastoma neuro-2a cells were harvested by treatment with
0.2% trypsin and 1 mM EDTA, suspended in culture medium
containing 1 mM CaCl, at 3 X 105 cells per ml, placed in 96-well
plates precoated with 1% BSA, and rotated on a gyratory shaker
at room temperature for up to 2 hr. Aggregation was terminated
by adding 2% glutaraldehyde. The extent of cell aggregation was
defined as the ratio of the total particle number (N;) after
incubation to the initial particle number (Ny) before incubation
according to the method described previously (15), and evalu-
ated by a National Institutes of Health image-analyzing system.
To examine the involvement of the Bl-subunit and GIcNAc-
terminating oligosaccharides in cellular interactions, rabbit anti-
rat B1-subunit IgG antibody, chitobiose, galactose, mannose, or
normal rabbit IgG was included in the assays before incubation,
and their effects on cell aggregation were evaluated by counting
the particles.

For cytochemical experiments, cell aggregates fixed with 4%
paraformaldehyde were permeabilized with 0.3% Triton X-100
and then preincubated with 5% normal goat serum. The pellets
were incubated with rabbit anti-rat B1-subunit IgG antibody and
then with Alexa Fluor 568-labeled goat anti-rabbit IgG antibody
(Molecular Probes) or with mouse anti-human B-tubulin class I11
antibody (BMA Biochemicals, Augst, Switzerland) and then
with Alexa Fluor 488-conjugated goat anti-mouse IgG antibody
(Molecular Probes). Similarly, the aggregated cells were incu-
bated with biotinylated PVL and then with Cy3-labeled strepta-
vidin (Jackson ImmunoResearch). The specimens were ob-
served under a laser scanning confocal microscope.
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Fig. 1. Isolation of GIcNAc-binding proteins from mouse brain by GIcNAc-
agarose column chromatography. The blots containing proteins in the pass-
through (lane A) and bound (lane B) fractions were stained with Coomassie
brilliant blue. The blots containing proteins in the bound fraction (lane ),
purified mouse brain Na*/K*-ATPase that bound to a GIcNAc-agarose column
(lane D), mouse brain plasma membrane proteins that bound to an AsAg-
transferrin-Sepharose column (lane E), and mouse brain plasma membrane
proteins (lane F) were incubated with anti-canine Na*/K*-ATPase antibody.
The positions of the a- and B-subunits are indicated with arrows and molecular
masses.

Results

Isolation of a GlcNAc-Binding Protein from Mouse Brain. To isolate
GlcNAc-binding proteins, solubilized plasma membrane pro-
teins from mouse brain were applied to a GlcNAc-agarose
column, and the bound proteins were eluted with PBS contain-
ing 20 mM chitobiose and 0.1% Nonidet P-40. When proteins in
the bound fraction were subjected to Western blot analysis
followed by staining with Coomassie brilliant blue, a band with
an approximate molecular mass of 48 kDa was detected as a
major protein (Fig. 1, lane B). The 48-kDa band was excised from
the blot and subjected to protein sequence analysis. The N-
terminal sequence, MARGKAKEEG, was revealed by BLAST
homology search to be the first 10 amino acid residues of the
mouse Na*/K*-ATPase B1l-subunit (herein abbreviated as the
B1l-subunit, unless necessary). To confirm this identification,
the blot was incubated with anti-canine Na*/K*-ATPase anti-
body, which has been shown to crossreact with the mouse
protein, and the 48-kDa protein band reacted with the antibody
(Fig. 1, lane C). Although the Na*/K*-ATPase consists of al-
and B1-subunits in neural cells (16), less immunoreactivity was
detected for the band corresponding to the a-subunit in the
bound fraction (Fig. 1, lane C). Therefore, Na*/K*-ATPase was
isolated from mouse brain and applied to a GlcNAc-agarose
column. Immunoblot analysis showed that only a small amount
of the al-subunit is detectable in addition to the B1-subunit in
the bound fraction (Fig. 1, lane D). When the blot containing
mouse brain plasma membrane proteins was incubated with
anti-Na®/K*"-ATPase antibody, two major protein bands with
molecular masses of 48 and 110 kDa were detected (Fig. 1, lane
F). These results suggest that most of the «al-subunit may
dissociate from the B1-subunit upon binding to GlcNAc-agarose.
When the solubilized plasma membrane proteins were applied
to an AsAg-transferrin-Sepharose column, which contained
GIcNAc-terminating N-linked oligosaccharides, the B1-subunit
was detected in the bound fraction (Fig. 1, lane E), similar to that
of lane C in Fig. 1.

To confirm the above observations, the purified Na*/K*-
ATPase was incubated with a chitobiose (GleNAcB1—4GIcNAc)-
conjugated photoprobe in the presence or absence of 20 mM
chitobiose, and then the chitobiose-bound protein was photoaffin-
ity-labeled by U V-irradiation. When the products were subjected to
Western blot analysis, only a 48-kDa protein was detected, and it
reacted with anti-Na* /K"-ATPase antibody (data not shown). In
the presence of haptenic sugar, no protein was photoaffinity-
labeled (data not shown). These results indicate that the S1-subunit,
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Fig. 2. Immunoblot and lectin blot analyses of the FLAG-B1-subunit ex-
pressed in Sf-9 cells. The blot containing purified FLAG-B1-subunit proteins
was incubated with anti-FLAG antibody (lane A), anti-rat 81-subunit antibody
(lane B), or Con A (lane Q). The purified FLAG-B1-subunit proteins were
subjected to GIcNAc-agarose column chromatography, and blots containing
proteins in the pass-through (lane D) and bound (lane E) fractions were
incubated with anti-rat g1-subunit antibody.

but not the al-subunit, binds to GlcNAc-terminating N-linked
oligosaccharides.

Expression of the FLAG-B1-Subunit in Sf-9 Cells. To determine the
lectin properties of the Bl-subunit, the FLAG-B1-subunit ex-
pressed in Sf-9 cells was isolated from cell lysate by anti-FLAG
antibody-agarose column chromatography. Immunoblot analysis
showed that protein bands with approximate molecular masses
of 30, 38, and 40 kDa reacted with the anti-FLAG antibody (Fig.
2, lane A), and with the anti-rat B1-subunit antibody, although
the 30-kDa band reacted only weakly (Fig. 2, lane B). Because
the 30-kDa protein appeared to be unglycosylated on the basis
of the estimated molecular mass, and high mannose-type oligo-
saccharides are expressed predominantly in Sf-9 cell glycopro-
teins (17), the blot was incubated with Con A, which interacts
mainly with high mannose-type oligosaccharides. The results
showed that Con A binds to the 38- and 40-kDa proteins but not
to the 30-kDa protein (Fig. 2, lane C), indicating that the 30-kDa
protein is unglycosylated and the 38- and 40-kDa proteins are
glycosylated. Digestion of the 38- and 40-kDa proteins with
N-glycanase produced a shift in their apparent molecular masses
to 30 kDa (data not shown), indicating that the 38- and 40-kDa
proteins are differently N-glycosylated.

Requirement of N-glycosylation of the FLAG-B1-subunit for binding to
GlcNAc-agarose. The purified 30-, 38-, and 40-kDa proteins were
applied to a GlcNAc-agarose column, and proteins in the
pass-through and bound fractions were subjected to immunoblot
analysis. When the blots were incubated with an anti-FLAG
antibody, the 30-kDa protein was detected in the pass-through
fraction, whereas the 38- and 40-kDa proteins were in the bound
fraction (Fig. 2, lanes D and E, respectively). Furthermore, the
recombinant proteins treated with N-glycanase failed to bind to
GlcNAc-agarose (data not shown). These results indicate that
only a glycosylated form of the FLAG-B1-subunit can bind to
GlcNAc-agarose.

Requirement of K* for binding of the FLAG-B 1-subunit to GIcNAc-agarose.
When the purified recombinant proteins were dissolved in 50
mM Tris'HCl buffer (pH 7.2) containing 0.15 M NaCl instead of
PBS and applied to a GlcNAc-agarose column, little protein
bound to the column (Fig. 3, 0 mM KCl), suggesting that the K*
is important for the binding of the Bl-subunit to GlcNAc-
agarose. The optimal K* concentration for the binding of the 38-
and 40-kDa proteins to GlcNAc-agarose was determined by
changing the K* concentrations in the buffer used to prepare the
proteins from the cell lysate and for column chromatography.
The results showed that a concentration as high as 1 mM K™ is
enough for the FLAG-B1-subunit to bind to GlcNAc-agarose

(Fig. 3).
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Fig.3. Effect of K* concentration in the buffer on the binding of the 38- and
40-kDa FLAG-B1-subunit proteins to GIcNAc-agarose. Purified FLAG-B1-
subunit proteins were applied to a GIcNAc-agarose column in the presence of
increasing concentrations of KCI. Relative bindings of the FLAG-B1-subunit to
the column were determined by anti-rat f1-subunit antibody reactivity to-
ward the 38- and 40-kDa proteins in the bound fractions. Three independent
experiments were conducted, and the mean values are shown with standard
errors.

Binding specificity of the FLAG-B1-subunit. To examine the carbohy-
drate-binding specificity of the B1-subunit, the purified FLAG-
B1-subunit proteins were applied to columns with immobilized
glycoproteins or carbohydrates, and the relative amounts of the
38- and 40-kDa proteins bound and eluted from each column
with PBS containing various haptenic sugars are shown in Table
1. The relative bindings of the 38- and 40-kDa proteins to each
column were scored by quantifying the antibody reactivities
toward the 38- and 40-kDa proteins in the bound fractions, with
the reactivities toward the proteins eluted from the GlcNAc-
agarose column taken as +++ by using an NIH IMAGE analyzing
system. The results showed that the 38- and 40-kDa proteins bind
strongly to AsAg-transferrin-Sepharose and GIcNAc-agarose
and weakly to N-acetylgalactosamine (GalNAc)-agarose, and
they show no significant binding to AsAgAgn-transferrin-
Sepharose, As-transferrin-Sepharose, transferrin-Sepharose,
mannose-agarose, and lactose-agarose (Table 1).

Involvement of the $1-Subunit in Cellular Interactions. Although the
B1-subunit has been shown to have the lectin activity, it is unclear
whether the activity is really involved in cellular interaction. To
address this possibility, an aggregation assay was performed with
mouse embryonic neural cells and neuroblastoma neuro-2a cells.
Both cells contained a time-dependent cell aggregation activity
(Fig. 4 Aa and Ba). Inclusion of 5 mM EDTA in the medium did
not change cell aggregation activity (Fig. 4 4b and BD), indicating
that cadherins are not involved in the aggregate formation.
Because N-CAM has been shown to be involved in neural cell
aggregation (18), an antibody against mouse N-CAM was added

Table 1. Relative binding specificities of the FLAG-B1-subunit
toward carbohydrates

Glycoprotein-Sepharose or carbohydrate-agarose Relative binding

AsAg-transferrin-Sepharose +++
AsAgAgn-transferrin-Sepharose -
As-transferrin-Sepharose -
Transferrin-Sepharose -
GlcNAc-agarose +++
GalNAc-agarose +
Mannose-agarose -
Lactose-agarose -

The relative bindings are shown by scoring band intensities of the proteins
recovered from the GIcNAc-agarose column as +++ by NIH IMAGE analysis after
detection with the antibody.

Kitamura et al.
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Fig. 4. Cell aggregation activity of the B1-subunit. The extent of cell aggre-
gation is represented as the ratio of the total particle number at indicated
incubation time (N;) to the initial particle number (No). The Ni/Ng values
represent the means = standard errors of three independent experiments.
Effects of antibodies and carbohydrates on aggregate formation of mouse
embryonic neural cells and neuro-2a cells are shown in A and B, respectively.
Cellswere incubated in the absence of additions (a) or in the presence of 5mM
EDTA (b), anti-N-CAM antibody (c), rabbit anti-rat g1-subunit antibody (d),
normal rabbit IgG (e), chitobiose (f), lactose (g), or mannose (h). m, A, and ®
indicate concentrations of 0.4, 2.0, and 10.0 ng/ml antibody, or 2, 10, and 20
mM carbohydrate, respectively. (C) Aggregates of control neuro-2a cells as a
representative (a), and neuro-2a cells in the presence of 10.0 ug/ml anti-rat
B1-subunit antibody (d) and 20 mM chitobiose (f) after 2-hr incubation. (Bar,
50 um.)

to the assay, where it strongly inhibited embryonic neural cell
aggregation (Fig. 44c) and weakly inhibited neuro-2a cell ag-
gregation (Fig. 4Bc), both in a dose-dependent manner. When
the anti-B1-subunit antibody was included in the assay, the
aggregation of both cell types was strongly inhibited in a
dose-dependent manner (Fig. 4 Ad and Bd). No inhibition of cell
aggregation was found in either case when normal IgG was
added to the medium (Fig. 4 Ae and Be). A strong dose-
dependent inhibition of aggregation of both cell types was also
observed in the presence of chitobiose (Fig. 4 Af and Bf).
However, no inhibition of aggregation was induced by lactose in
either cell type (Fig. 4 Ag and Bg). In the case of mannose, a
stronger inhibition of aggregation was observed in embryonic
neural cells (Fig. 444) than in neuro-2a cells (Fig. 4Bh) despite
the lack of binding of the B1-subunit to mannose-agarose (Table

Kitamura et al.

Fig. 5. Localization of the B1-subunit and GIcNAc-terminating oligosaccha-
rides in cell aggregates. Fixed aggregates of mouse embryonic neural cells
(a-c) and neuro-2a cells (d—f) were incubated with anti-rat g1-subunit anti-
body and visualized (a, b, d, and e). Fixed aggregates of neuro-2a cells were
incubated with PVL and visualized (g and h). Nuclei and B-tubulin were stained
blue and green, respectively (b, ¢, e, f, h, and i).

1). When neural cells were incubated in PBS without K*, the
viability of cells decreased to 70% at the end of incubation, and
the significance of K* to the aggregate formation was not
established. Fig. 4C shows cell aggregates after 2-hr incubation
in the absence (@) and presence of the anti-B1-subunit antibody
(10 ug/ml) (d) or chitobiose (20 mM) (f). Incubation of
neuro-2a cells with GlcNAc-agarose beads showed cell-to-bead
aggregation in addition to cell-to-cell aggregation (data not
shown). These results indicate that the B1-subunit and GIcNAc-
terminating oligosaccharides are potentially involved in neural
cell adhesion in a trans-binding fashion.

Immunocytochemical Observation of the B1-Subunit. Fixed cell ag-
gregates were incubated with anti-rat B1-subunit antibody to
show the localization of the B1-subunit at the cell contact sites
immunocytochemically. The cell aggregates were also incubated
with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)
and a mouse anti-human B-tubulin class III antibody, which
reacts with the mouse protein, to stain nuclei blue (Fig. 5 b, c,
e, f, h and i) and B-tubulin, specific to neural cells, green (Fig. 5
¢, f, and i), respectively. The B1-subunit was detected not only at
the cell contact sites but also in the free cell surface of mouse
embryonic neural cells (Fig. 5 a and b) and neuro-2a cells (Fig.
5 d and e). Because no antibody against the mouse Na*/K*-
ATPase al-subunit is available, whether the B1-subunit localizes
with the al-subunit at the cell contact sites remains to be
elucidated. Furthermore, to show the presence of GlcNAc-
terminating oligosaccharides at the cell contact sites, aggregated
fixed neuro-2a cells were incubated with PVL, which binds to
GlcNAc-terminating oligosaccharides (19). The immunocyto-
chemical observations showed that they are also present not only
at the cell contact sites but also in the free cell surface (Fig. 5 g

PNAS | February 22,2005 | vol. 102 | no.8 | 2799
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Fig. 6. Effect of chitobiose on Na*/K*-ATPase activity. Na*/K*-ATPase was
purified from mouse brain, and its activity was determined in the presence of
chitobiose. C and C’ indicate the activities obtained in the presence and
absence of KCl, respectively.

and £). Similar results were obtained by using mouse embryonic
neural cells (data not shown). As shown in our previous studies
(8), there are many PVL-positive proteins at the neural cell
surface. By using a column with immobilized anti-FLAG anti-
body to which the FLAG-B1-subunit is bound, we isolated a
74-kDa protein as a major PVL-positive band that bound to and
was eluted from the column with 20 mM chitobiose, indicating
that only a few rather than all glycoproteins carry ligand activity
for the B1-subunit.

Effect of Chitobiose on Na*/K+-ATPase Activity. Because most of the
B1-subunit is associated with the al-subunit in mouse neural
cells, whether the binding of the B1-subunit to oligosaccharides
affects the pump activity was investigated by determining the
effect of chitobiose rather than the anti-B1-subunit antibody on
the ATPase activity. When 1-25 mM chitobiose was included in
the reaction mixture, a dose-dependent inhibition of ATPase
activity took place; 25 mM chitobiose inhibited the activity by
almost 70% (Fig. 6). Without K* in the assay mixture, the ATP
hydrolytic activity was inhibited by 60%, indicating the require-
ment of K* binding to the a-subunit and/or B-subunit for
catalytic activity because both subunits contain K*-binding sites
(20). The results indicate that the Na*/K*-ATPase activity is
inhibited upon binding of the B1-subunit to oligosaccharides.

Discussion

Na*/K*-ATPase is a transmembrane protein that keeps the
osmotic pressure of animal cells constant by the active transport
of Na*™ and K* in conjunction with ATP hydrolysis. The enzyme
is composed of an a-subunit and a B-subunit, both of which
contain isoforms (al-, a2-, and a3-subunits and B1-, B2-, and
B3-subunits), the combination of which differs among cell types
and tissues and at various developmental stages (21). The
a-subunit plays a crucial role in active transport, but the role of
the B-subunit remains unclear (20). However, it has been
suggested that the B-subunit plays a role in the plasma mem-
brane targeting of the a-subunit and in stability of the Na*/
K*-ATPase complex (22-24).

The present study shows that the B1-subunit expressed pre-
dominantly in neural cells is a lectin that binds to GlcNAc-
terminating oligosaccharides in the presence of K*. To our
knowledge, no lectins that require K* for ligand binding have
been described until now. In fact, the B1-subunit appears to have
two K*-binding sites, one in the extracellular domain and the

2800 | www.pnas.org/cgi/doi/10.1073/pnas.0409344102

other in the cytoplasmic domain, and the subunit can change its
conformation by binding to K* (20). Although the ligand-
binding site in the Bl-subunit remains to be elucidated, the
amino acid sequence 16-265 of the mouse B1-subunit shows 28%
identity to conserved amino acid sequences of fungus chitin
synthases in Aspergillus fumigatus and Exophiala dermatitis (25),
as analyzed by a multiple sequence analysis (CLUSTAL W 1.74).
Because this enzyme binds to UDP-GIcNAc and GlcNAc oli-
gomers with the conserved domain (26), such a sequence
included in the mouse B1-subunit might be involved in ligand
binding.

Cell aggregation assays using mouse embryonic neural cells
and neuro-2a cells indicated that the B1-subunit is involved in
cell-to-cell interaction, most probably by binding to GIcNAc-
terminating oligosaccharide carried by some glycoprotein ex-
pressed at the cell surface of the opponent cells. It has been
shown that several cell adhesion molecules, including N-CAM,
are involved in neural cell interactions. In fact, an anti-N-CAM
antibody inhibited cell aggregation strongly in embryonic neural
cells but weakly in neuro-2a cells, a difference that could be due
to the different expression levels of N-CAM between the two cell
types. Similarly, anti-rat B1-subunit antibody and chitobiose
produced strong dose-dependent inhibitions of aggregation of
both cell types, even though other cell adhesion molecules were
participating in the aggregate formation. Furthermore, mannose
but not lactose also strongly inhibited aggregate formation. This
observation is probably due to the participation of high man-
nose-type oligosaccharides on the myelin-associated glycopro-
tein and L1 in neural cell adhesion by recognition with N-CAM
and basigin (27, 28), which is independent of the present
Bl-subunit-mediated cellular interaction.

Immunohistochemical studies of the cell aggregates revealed
that the B1-subunit is present not only at cell-to-cell contact
sites but also on the free cell surface. However, the antibody
staining at the cell-to-cell contact sites was more intense,
indicating that the B1-subunit accumulates at the contact sites.
Similarly, GlcNAc-terminating oligosaccharides were also
shown to be localized more at the cell contact site. The 74-kDa
oligosaccharide-carrier protein may play a role here. Although
the physiological relevance of this cellular interaction is not
clear at present, it can be investigated by raising mice deficient
in the gene for the 74-kDa protein. However, mice deficient in
the B1l-subunit gene may not contribute to this issue because
abrogation of the Bl-subunit may cause primarily osmotic
abnormality leading to death as observed in the B2-subunit-
knockout mice (29). In support of the present observation,
mice that fail to synthesize GlcNAc-terminating N-linked
oligosaccharides show abnormal growth of neural epithelial
cells and suffer a defect in neural tube formation (30, 31),
suggesting that the binding of GIcNAc-terminating oligosac-
charides to the B1-subunit is requisite for brain development.
Further studies are necessary to elucidate the developmental
significance of this cellular interaction.

The binding of ligand oligosaccharides to the B1-subunit may
affect Nat /K*-ATPase activity, because the inclusion of chito-
biose in a Nat/K*-ATPase preparation inhibited its activity.
This inhibition suggests that the cellular interaction couples with
regulation of the ionic environment. However, in the case of
Drosophila melanogaster, Nervana, a protein homologous to the
Bl-subunit, is a known neural cell antigen and acts indepen-
dently of the a-subunit-corresponding molecule at the cell
surface (32, 33). Therefore, in mice, some of the B1-subunit
proteins may remain as single molecules, if such molecules occur
at the cell surface, and function in cell adhesion without the
regulation of the ionic environment.

Interestingly, the mouse B2-subunit, which shares 52%
identity with the B1-subunit and is expressed predominantly in
glial cells, has been shown to be an adhesion molecule on glia
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and to be involved in the interaction between neural and glial
cells (34). Recently, this interaction has been shown to be
mediated by the binding of N-CAM/L1 molecules on neural
cells to oligosaccharides expressed on the B2-subunit on glial
cells (27). Furthermore, because the neonatal lethality of a
B2-subunit gene deficiency in mice can be restored by the
B1-subunit-knock-in method (21), the B1-subunit can take the
place of the B2-subunit. Therefore, it is of interest to examine
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