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To evidence the notion that gangliosides involve neuronal cell interactions in the brain,
we surveyed the presence of ganglioside-binding proteins in membrane lysates of adult
rat cerebellum. Three proteins (p58, p90, and p160) were identified as GT1b-binding pro-
teins by incubation of the blot of the membrane lysate with GT1b micelles. We generated
a monoclonal antibody (mAb) specific to the polypeptide portion of the GT1b-binding
proteins (YAK-2). The YAK-2 mAb specifically reacted with all three proteins on blots of
proteins pretreated under nonreducing conditions for SDS-PAGE, but reacted mainly
with p58 under reducing conditions, showing that p80 and p160 are oligomeric forms of
p58. The binding activity of the YAK-2 mAb was completely inhibited by the presence of
GT1b micelles, indicating the specificity of YAK-2 mAb for p58 and its oligomers. Immu-
nohistochemical investigations revealed that both p58 and GT1b colocalize within the
granular layer of adult rat cerebellum. Expression cloning of p58 cDNA was performed
using YAK-2 mAb, and five putative clones were obtained. Among them, the nucleotide
sequence of one cDNA completely matched that of rat brain-specific sodium-dependent
inorganic phosphate cotransporter (rBNPI), a 61 kDa membrane protein. COS7 cells
were transfected with a Flag-chimeric construct containing the rBNPL/p58 ¢cDNA, and
the membrane lysate was subjected to immunoprecipitation with anti-Flag antibody.
One protein (64 kDa) was detected only with YAK-2 mAb, and the membrane lysate spe-
cifically bound to GT1b micelles. Taking together, we propose that rBNPI/p58 functions
as a GT1b-binding protein in neuronal cells,
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Construction of the neuronal network is widely accepted as
one of prerequisites for the exertion of normal brain func-
tions. Construction occurs in the embryonic brain during
morphogenetic processes in a spatiotemporally regulated
manner, and comprises many biological events including
neuronal cell division, migration, neurite extension, fascicu-
lation, target recognition, synaptogenesis, and myelination.
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Most events are reported to be regulated by neuronal cell
adhesion molecules on the cell surface (1-5). The adhesion
molecules participating in neuro-neuronal and neuro-glial
cell interactions can be classified as follows: N-cadherin, a
member of the cadherin superfamily, that is specifically
located at interneuronal synapses, and which not only func-
tions as an adhesion molecule of the synaptic junction, but
also modifies synaptic plasticity (6-10); NCAM, a member
of the immunoglobulin superfamily (11), is located on neu-
rons and concerned with neuronal migration and fascicula-
tion (12); and myelin associated glycoprotein (MAG) (13),
which belongs to the sialoadhesin superfamily and is in-
volved in myelination (14, 15). Recent molecular biological
approaches have provided some insight into the molecular
structures and mechanisms involved in establishing func-
tional cell junctions by means of neural cell adhesion mole-
cules, and prompted us to speculate on the presence of
other cell recognition systems during neuronal cell adhe-
sion, considering the complexity and dynamic nature of
brain morphogenesis.

Gangliosides, sialic acid—containing glycosphingolipids,
are plasma membrane constituents that are widely distrib-
uted among vertebrates, and especially abundant in verte-
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brate brain (16). They are thought to be involved in a
variety of biological functions including cell—cell interac-
tions, cell differentiation, and cell growth (17). Carbohy-
drate antigens also play functional roles in cell—cell
interactions as ligands of cell adhesion molecules with lec-
tin recognition domains, such as selectin (18-22) and the
sialoadhesin super family (23). Recently, in brain, MAG
was demonstrated to bind to gangliosides having 2,3-linked
sialic acid on a Gal(f1-3¥GalNAc core structure such as
GD1a, GT1b, and GQ1b (24). Among these glycoconjugates,
we used immunohistochemical techniques to determine
that gangliosides are restricted to neuronal cells and layers
in the rat central nervous system. Especially, b-series gan-
gliosides such as GD1b, GT1b, and GQ1b are exclusively
located on synapse-related regions in adult rat brain (25,
26), and their expression during the development of rat cer-
ebellum converges into the synapse-related regions (27),
suggesting that gangliosides are involved in some stage-
specific biological functions in cerebellum morphogenesis.
The results raise the possibility that these gangliosides
play some essential roles as ligands for neuronal cell inter-
actions.

In the present study, based on the binding of ganglioside
micelles to blots of rat cerebellum membrane lysates, we
found the presence of a GT1b-binding protein, p58, and two
of its putative oligomeric forms. By expression cloning
using a monoclonal antibody specific to p58, the GT1b-bind-
ing protein was identified to be a rat brain-specific sodium-
dependent inorganic phosphate cotransporter (rBNPI),
which has already been cloned by Ni et al. (28).

EXPERIMENTAL PROCEDURES

Animals—Female Wistar rats were purchased from
Japan Clea (Higashimurayama). Female BALB/c mice, 6 to
7-wk-old, were obtained from Shizucka Laboratory Animal
Center (Hamamatsu).

Cells and Cell Culture—Mouse myeloma cells (PAI) were
cultured in RPMI 1640 supplemented with 10 mM HEPES,
2 mM L-glutamine, 1 mM sodium pyruvate, 10 uM 2-ME, 1
mM nonessential amino acids, 100 U/ml penicillin, 100 pg/
ml streptomycin, and 10% FCS. COS7 cells were cultured
in DMEM containing 10 mM HEPES, 100 U/ml penicillin,
100 pg/ml streptomycin, and 10% FCS.

Guangliosides and Anti-Ganglioside Monoclonal Antibod-
ies (mAbs)—Bovine GM1, GD1a, GD1b, GT1b, and GQ1b
were purchased from Sigma (St. Louis, MO). Ganglioside-
specific mAbs used were GMB16 (IgM), GMR17 (IgM),
GGR12 (IgG2b), GMR5 (IgM), and GMRI13 (IgM) specific
for GM1, GD1a, GD1b, GT1b, and GQ1b, respectively (29,
30).

Preparation of Membrane Fractions and Lysates—Adult
rat cerebellum was homogenized in 10 volumes of 50 mM
Tris-HC] (pH 7.4) containing 1mM phenylmethylsulfonyl
fluoride, 1mM EDTA, 10 pg/ml aprotinin, and 1mM iodoac-
etoamide. The homogenates were centrifuged at 12,000 xg
for 20 min at 4°C, and the precipitates were resuspended in
homogenizing buffer and centrifuged again under the same
conditions. The resulting precipitates were used as cerebel-
lum cell membrane lysate. For the preparation of mem-
branes from cultured cells, cells were homogenated in 10
volumes of homogenization buffer supplemented with 0.15
M NaCl, and centrifuged at 600 xg for 10 min at 4°C. The
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supernatants were further centrifuged at 12,000 xg for 20
min at 4°C, and the precipitates were used as the cell mem-
brane lysate from cultured cells.

Membrane lysates were prepared by lysing the mem-
branes with 0.15 M NaCl, 50 mM Tris-HCI (pH 7.4) con-
taining 1% NP-40 on ice for 20 min. Protein concentration
was estimated with bicinchoninic acid (BCA) protein assay
reagents (Pierce, Rockford, IL).

Generation of mAb—Female BALB/c mice (6-7-wk-old)
were immunized three times in the footpad at 5 to 7 d
intervals with 50 pl immunogen/footpad prepared by mix-
ing the same volume of cerebellum cell membrane lysate
(100 pg protein/ml) and a complete adjuvant Titer Max
(CytRx, Norcross, GA), followed by a booster injection with-
out adjuvant. Three days after the final booster immuniza-
tion, poplitial lymph node cells were fused with PAI
myeloma cells using polyethylene glycol 4000 (Merck,
Darmstadt, Germany) as described previously (31). Hybri-
doma cells were screened as described below. The mAb iso-
types were determined with a mouse mAb isotyping kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK).

Western Blotting—The cerebellum cell membrane lysate
(20 pg protein/lane) processed under nonreducing condi-
tions without boiling was separated by SDS-PAGE (32) in a
10% polyacrylamide gel and electroblotted onto PVDF
membranes (Immobilon; Nippen Millipore, Tokyo) accord-
ing to Towbin et al. (33). The blotted membrane blocked
with 1% skim milk in PBS for 1 h was incubated with hy-
bridoma culture supernatant for 1 h, and then with peroxi-
dase-conjugated goat anti-mouse Ig (Amersham Pharma-
cia Biotech; 2,000-fold diluted) for 1 h. Bands were detected
by a chemiluminescent detection system (ECL; Amersham
Pharmacia Biotech) according to the manufacturer’s proto-
col.

For sodium metaperiodate oxidation of membrane con-
stituents, the blots of the cerebellum cell membrane lysates
were treated with 25 mM NalO, in PBS for 30 min at room
temperature in the dark, and probed with hybridoma cul-
ture supernatant as described above.

Ganglioside Micelle Binding Assay—The cerebellum cell
membrane lysate was processed for electroblotting as
described above. The blotted membrane blocked with block-
ing medium was incubated for 45 min at room temperature
with 10° M ganglioside micelles, which were prepared by
ultrasonication of dried gangliosides in PBS at 150 W for
45 8. The PVDF membrane was incubated first with the
corresponding ganglioside-specific mAb for 1 h, then with
peroxidase conjugated goat anti-mouse IgM or IgG F(ab"),
(Pierce; 2,000-fold diluted), and subjected to ECL detection.

Inhibition of mAb Binding to Membrane Lysates by Gan-
glioside Micelles—Aliquots of rat cerebellum membrane
lysate (25 pg/well) were added to 96-well microtiter plates
and incubated overnight at 4°C. After washing with 1%
BSA in PBS, 100 pl of a solution containing equal volumes
of ganglioside micelles and mAb at various concentrations
was placed in each well and the mixtures were incubated
for 45 min. The plates were incubated with peroxidase-con-
jugated goat anti-mouse IgM F(ab"), (2,000-fold diluted),
and color developed for peroxidase as described previously
(39.

Immunohistochemical and Immunocytochemical Analy-
ses—Frozen sections of adult rat cerebellum (7 pm thick-
ness) were mounted on glass slides, dried at room tem-
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perature for 4 h, and fixed in acetone for 5 min at 4°C. The
sections were blocked with 1% BSA in PBS and incubated
with GMR5 mAb for 1 h. After washing, the sections were
incubated with FITC-conjugated goat anti-mouse IgM
F(ab"), (CAPPEL, West Chester, PA; 100-fold diluted) for 45
min at rcom temperature. Then, the stained sections were
incubated with YAK-2 mAb for 1 h, and then with rhod-
amine-conjugated anti-mouse IgM F(ab’), (TAGO, Burin-
game, CA; 100-fold diluted). The tissue sections were
examined under a microscope (DMRE; Leica, Heidelberg,
Germany) equipped with a confocal laser scanning system
(TCS-SP; Leica).

The COS7 transfectants on Lab-Tek chamber slides
(Nunc, Nupervill, I1.) were treated with or without 4%
paraformaldehyde in PBS for 5 min, and blocked with 5%
BSA in PBS for 30 min. The samples were incubated with
an anti-Flag mAb (anti-FLAG M2 mAb; Eastman Chemi-
cal, Rochester, NY) or with YAK-2 mAb for 1 h, and then
with FITC-conjugated goat anti-mouse IgG or IgM F(ab"),
(diluted at 100-fold) for 1 h. The stained cells were exam-
ined under a light microscope (Axiophot; Zeiss, Ober-
kochen, Jena, Germany) equipped with an epifluorescence
apparatus.

Screening and PCR—A rat brain Agtll ¢cDNA library
(Clontech, Palo Alto, CA) was used for cDNA screening. The
¢DNA library containing 50,000 recombinants was plated
with Y1090 E. coli on 90 mm dishes. The plates were cov-
ered with Hybond-C membranes (Amersham Pharmacia
Biotech) presoaked in 10 mM isopropyl-1-thio-B-D-galacto-
pyranoside (IPTG). The membranes were blocked with 1%
skim milk in PBS for 1 h, incubated for 1 h with YAK-2
mAb, and then with peroxidase-conjugated goat anti-—
mouse IgM F(ab"), (Pierce) for 1 h. The detection was by
ECL as described above. Five putative clones were identi-
fied from 5 x 10° plaques. The phage DNAs were isolated
and digested with EcoRI to check the insert size (about 1.1-
1.8 kbp length).

Bacterially expressed proteins of the selected clones were
expressed in Y1089 E. coli in NZCYM medium containing
50 yg ampicillin/ml. During the mid-log growth phase, the
recombinant proteins were induced with 10 mM IPTG for 3
h. The recombinant proteins from each clone were sub-
Jjected to SDS-PAGE and electroblotting to measure gangli-
oside micelle binding.

The ¢cDNA clone fragments were subcloned into the
EcoRI site of Bluescript II SK™ and sequenced by Sanger's
dideoxy chain termination method using Thermo Seque-
nase fluorescent labeled primer cycle sequencing with 7-
deaza-dGTP (Amersham Pharmacia Biotech).

Northern Blot Analysis—cDNA subcloned into Bluescript
IT SK™ was linearized with Kpnl and used as a template for
the synthesis of a DIG-labeled riboprobe. A DIG-labeled
antisense riboprobe (877 base) was synthesized with T3
RNA polymerase using a DIG RNA labeling kit (Roche
Diagnostics; Mannheim, Germany) according to the manu-
facturer’s protocol. Hybridization was carried out on a Mul-
tiple Tissue Northern Blot membrane (Clontech) according
to Iwatsuki et al. (35). In brief, the membrane was hybrid-
ized with the DIG-labeled antisense riboprobe in 5xSSC
containing 50% formamide, 1.5% SDS, and 1% blocking
reagent (Roche Diagnostics), washed twice with 2xSSC—
0.1% SDS at room temperature for 5 min, and then washed
twice with 0.1xSSC-0.1% SDS at 68°C for 1 h. The mem-
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brane was blocked with blocking buffer at room tempera-
ture for 1 h, after which anti-DIG antibody was added
(Roche Diagnostics). The membrane was subjected to
chemiluminescent detection with CDP-star (TROPIX, Bed-
ford, MA).

Transient Expression—A pFlag-CMV5a mammalian ex-
pression vector (Eastman Kodak, New Haven, CT), which
has a downstream Flag amino acid sequence, was used. A
fragment including the open reading frame of rBNPI (desig-
nated #2-1°; 1,717 bp) was prepared by PCR with KOD
polymerase (Toyobo, Tokyo) and sense primer (GGAAT-
TCGGCACAGCCACAGCCACCATGGAGTT) and antisense
primer (ATAGTTTAGCGGCCGCACGTGGTGAGTAGTC-
CCGGACA). C-Flag-CMV5a-2-1° was generated by ligation
of the PCR product into the EcoRI (5" site) and Notl (3’ site)
sites of the pFlag-CMV5a vector.

COS7 cells were plated on a 90 mm plastic dish (Becton
Dickinson, Franklin. Lakes, NJ). After incubation over-
night, the cells were transfected with 5 pug of C-Flag-
CMV5a-2-1° or pFlag-CMV5a (mock) using Lipofectamine
(Gibco BRL, Rockville, MD). After transfection, the cells
were cultured in DMEM for 2 d, and processed for immu-
noprecipitation and immunocytochemistry.

Immunoprecipitation—One hundred microliters of rabbit
anti-FLAG antibody (ZYMET, San Francisco, CA; 10 png/ml)
and 20 pl of Protein G-Sepharose (Amersham Pharmacia
Biotech) were incubated for 4 h at 4°C. The preparation was
washed with PBS, 250 pl of membrane lysate from the
transfected cells was added, and the mixture was incubated
at 4°C overnight with gentle mixing. The samples were
washed with lysis buffer, and then 30 yl Laemmli sample
buffer (without 2-ME) was added to elute the bound anti-
gen. The eluates were subjected to Western blotting with
mAbs against anti-Flag and YAK-2 as described above.

RESULTS

Presence of GT'1b-Binding Proteins in Adult Rat Brain—
In order to survey the presence of ganglioside-binding pro-
teins in rat cerebellum, we examined ganglioside micelle
binding to blots of the membrane lysate. When the blots
were probed with GT1lb micelles, the micelles bound
strongly to three molecules, p58, p90, and p160 (Fig. 1). The
micelle binding was not affected by the presence or absence
of 25 mM EDTA (not shown). Although the GT1b micelles
apparently bound additional molecules (44 and 75 kDa pro-
teins), the appearance of the bands was not reproducible in
repeated experiments. A 54 kDa protein also showed non-
specific binding to GT1b micelles, as evidenced by the band
detectable without GT1b micelles (Fig. 1). When GD1a and
GD1b micelles were used, the labeled proteins were
detected as a smear at extremely high molecular masses
(Fig. 1). In the case of incubation with GM1 and GQ1b
micelles, no proteins with binding affinities to the micelles
were found (Fig. 1). These results indicate that rat cerebel-
lum expresses some proteins that bind to GT1b as analyzed
by the ganglioside micelle binding assay; we focused on the
GT1b-binding proteins p58, p90, and p160 for further anal-
ysis.

Generation and Characterization of mAb Specific for
GT1b-Binding Proteins—To characterize GT1b-binding
proteins, we generated mAbs specific for them by immuniz-
ing mice with the rat cerebellum membrane lysate, and
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Fig. 1. Presence of ganglioside-binding proteins in cerebel-
lum cell membrane lysate as evidenced by the ganglioside
micelle binding assay. A cerebellum cell membrane lysate (20 pg/
lane) pretreated under nonreducing conditions was separated by
SDS-PAGE and transferred to PVDF membranes. The blots were in-
cubated with (+) or without (-) the indicated ganglioside micelles
and bands were detected with the corresponding anti-ganglioside
mAbs. The thick and thin arrows indicate GT1b-binding proteins
(p58, p90, and p160) and non-specific bands (44, 54, and 75 kDa), re-
spectively.

obtained one hybridoma clone producing mAb, designated
YAK-2 mAb (IgM). YAK-2 mAb reacted with three mole-
cules, 58, 90, and 160 kDa, under nonreducing conditions
(Fig. 2A). The recognition epitope of the YAK-2 mAb was
confirmed to be within the protein portion of the molecules,
because the reactivity of the YAK-2 mAb was not signifi-
cantly affected by treatment of the blot with sodium meta-
periodate (Fig. 2B). When the membrane lysate was heated
in the presence of 2-ME prior to electrophoresis, p160 com-
pletely disappeared, and most of p90 also disappeared (Fig.
2C). Consistent with the disappearance and decrease in the
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molecules, the intensity of p58 was apparently strength-
ened by 2-ME treatment (Fig. 2C), suggesting that p90 and
p160 are oligomeric forms of p58.

Next, in order to confirm that the molecules detected by
the YAK-2 mAb are identical to the proteins that react with
GT1b micelles, we assessed the inhibitory effect of ganglio-
side micelles on the binding of YAK-2 mAb to the mem-
brane lysate. Among them, only GT1b micelles inhibited
the binding of YAK-2 mAb to the membrane lysate (Fig. 3).
These results clearly indicate that the YAK-2 mAb reacts
specifically with the GT1b-binding protein p58, as well as
with its putative oligomers.

Distribution of GT1b-Binding Protein—The distribution
of the GT1b-binding protein was examined by Western blot-
ting of membrane lysates from various organs with YAK-2
mADb. The protein was expressed strongly in cerebellum but
weakly in cerebrum (Fig. 4A). The bands detected in heart
and testis showed no specific binding to GT1b micelles (not
shown), indicating that the GT1b-binding protein is ex-
pressed exclusively in brain.

The distribution of the GT1b-binding protein in the cere-
bellum was further examined by double-immunofluores-
cence staining with mAbs to YAK-2 and GMR5 (anti-GT1b
mAb). YAK-2 mAb stained neuronal regions such as the
molecular layer, Purkinje cell layer, and granular layer in
adult rat cerebellum, but did not stain the white matter
(Fig. 4B). GMR5 mAb stained all layers except the Purkinje
cell layer (Fig. 4B; see also Ref. 26). The results clearly indi-
cate that the GT1b-binding protein and GT1b colocalize
within the granular layer (Fig. 4B). The findings also indi-
cate that the distribution of the GT1b-binding protein is
neuronal cell-specific, as in the case of GT1b.

Molecular Cloning of a cDNA Encoding the GT1b-Bind-
ing Protein, p58, by YAK-2 mAb—To further characterize
the neuronal cell-specific GT1b-binding protein, we per-
formed expression cloning using YAK-2 mAb. Five putative
clones (#1-4, #2-1, #3-3, #3-5, and #3-8) were obtained, of
which the nucleotide sequence of clone #2-1, with a length

ooa)[ | [] ‘ .
Fig. 2. Western blot analysis of the
} molecules identified by the YAK-2
175 bl 1 mAb. (A) The cerebellum cell membrane
'-T po-plil lysate blot was subjected to binding assay
‘ with GT1b micelles (lane 1) or stained
83- -J - p90 with YAK-2 mAb (lane 2). The mAb re-

acted specifically with three molecules
(p58, p90, and p160). Arrows indicate the
commeon bands (p58, p90, and p160) de-
tected by both probes. (B) The cerebellum
cell membrane lysate blot was subjected to
SDS-PAGE following pretreatment of pro-
475- | teins with (+, lane 2) ar without (-, lane 1)
NalO,. The staining was not altered by
NalO, oxidation. (C) The cerebellum cell
membrane lysate was subjected to SDS-
| PAGE under nonreducing (lane 1) or re-
| ducing (lane 2) conditions, and then
el stained with YAK-2 mAb. When the mem-
2 brane lysate was treated under reducing
conditions, two upper bands (p90 and
p160) shifted to the lower position, p58.
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Fig. 3. Inhibition of YAK-2 mAb binding to membrane lysate
by ganglioside micelles. aliquots of cerebellum cell membrane ly-
sate (25 pg protein/well) on a microtiter plate were incubated with
mixtures containing the same volume of ganglioside micelles and
various concentrations of YAK-2 mAb (A), or YAK-2 mAb (5 pg/ml)
and various concentrations of ganglioside micelles (B). The bound
YAK-2 mAb was quantified by ELISA. YAK-2 mAb reacted with the
membrane lysate in a dose-dependent manner (open circles). Only
GT1b micelles (closed circles) inhibited binding to the membrane ly-
sate in a dose-dependent manner. Other gangliosides, including
GM1 and GD1b (closed diamonds) or GD1a and GQ1b (closed trian-
gles), showed no inhibitory effect on binding. No binding activity
was observed when mouse IgM was used instead of YAK-2 mAb
(closed squares).

of 1,737 bp, completely matched that of the rBNPI cDNA
cloned by Ni et al. (28). However, clone #2-1 showed 10 and
277 bp deletions at the 5" and 3’ termini, respectively, of the
rBNPI ¢cDNA. In addition, when the transcript of #2-1 was
analyzed by Northern hybridization, it was detected only in
brain with a length of 2.8 kb (not shown), which is consis-
tent with the data for the rBNPI transcript (28). The
sequences of two clones, #1-4 (1,288 bp) and #3-8 (1,756 bp),
also completely matched with ¢cDNA sequences of rat cal-
modulin (36) and rat ADP-ribogylation factor type 1 (37),
respectively. The other two clones, #3-3 (1,449 bp) and #3-5
(1,128 bp), were not found to have any homologous se-
quence with sequence data bases using the BLAST pro-
gram.

To ascertain whether proteins encoded by the selected
cDNA clones are able to bind GT1b micelles, bacterially
expressed proteins (as P-galactosidase-fusion proteins) of
the five putative clones (prepared by a Y1089 E. coli ex-
pression system) were subjected to Western blotting with
YAK-2 mAb and to micelle binding (Fig. 5). The recombi-
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Fig. 4. Localization of GT1b-binding protein in various or-
gans of adult rat. (A) Membrane lysates (20 pg/lane) were ana-
lyzed by Western blotting using YAK-2 mAb. The three bands, p58,
p90, and p160, were detected only in brain (lane 1, cerebellum; lane
2, cerebrum), and not in lung (lane 4), liver (lane 5), spleen (lane 6),
or kidney (lane 7). The bands detected in heart (lane 3) and testis
(lane 8) were nonspecific binding. (B) A frozen section prepared
from adult rat cerebellum was double-stained with mAbs to YAK-2
and GMR5 (anti-GT1b mAb). The YAK-2 mAb (a; G-excitation)
stained neuronal regions, such as the Purkinje cell and granular
layers, specifically. The GMR5 mAb (b; B-excitation) against GT1b
stained the molecular and granular layers, but not the Purkinje cell
layer (see also Ref. 26). GT1b-binding protein and GT1b were colo-
calized in granular cell layer (orange colored region; c). Bar, 100
pm.
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Fig. 5. Western blot and micelle binding analyses of bacteri-
ally expressed rBNP1/p58. The recombinant proteins (10 pg/lane)
pretreated under nonreducing conditions were separated by SDS-
PAGE and electroblotted onto PVDF membranes. (A) The blots were
stained with Coomassie Brilliant Blue (CBB) or YAK-2 mAb. A 180
kDa band (fusion protein with B-galactosidase) was detected in
clones #2-1 (lane 1), #3-3 (lane 3), and #3-5 (lane 4). (B) When the
blots were probed with GT1b micelles, the band at 180 kDa was de-
tected in clones #2-1 (lane 1) and #1-4 (lane 5).

nant protein of #2-1 was not only detected with the YAK-2
mADb, but also with GT1b micelles (Fig. 5). The recombinant
protein of #14 was only detected by GT1b micelle binding,
while those of #3-3 and #3-5 were only detectable with
YAK-2 mAb (Fig. 5). Both probes failed to detect any recom-
binant protein of #3-8 (Fig. 5). Based on detection of the
recombinant proteins with the YAK-2 mAb and GT1b
micelles, it appears possible that the rBNPI encoded by
clone #2-1 is a GT1b-binding protein.

To obtain direct evidence that the rBNPI encoded by #2-
1" (including the open reading frame of rBNPI; see “EXPER-
IMENTAL PROCEDURES”) is p58, we performed the tran-
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Fig. 6. Immunoprecipitation of rBNPL/p58 transiently ex-
pressed in COS7 cells. The membrane lysates from COS7 cells
transfected with rBNPL/p58 cDNA (lane 1), COS7 cells transfected
with vector only (lane 2), or parental COS7 cells (lane 3) were immu-
noprecipitated with rabbit anti-Flag antibody. The precipitates were
analyzed with anti-Flag (A) and YAK-2 (B) mAbs. Only the lysate
from COS7 cells transfected with rBNPI/p58 cDNA (lane 1) was de-
tected as one band at 64 kDa (a fusion protein with Flag) with both
probes.

sient expression of rBNPI as a Flag-fusion protein in COS7
cells. As shown in Fig. 6, when membrane lysate from cells
transfected with C-Flag-CMV5a-2-1" was immunoprecipi-
tated, anti-Flag mAb detected a band at 64 kDa, and this
band was also detected by YAK-2 mAb. The molecular mass
of 64 kDa agrees well with that expected for a 588 amino
acid Flag-fusion rBNPL Consistently, the membrane lysate
from COS7 cells transfected with vector alone gave no
immunoprecipitated band (Fig. 6). These results clearly
indicate that rBNPI and p58 are the same molecule.

If p58 is rBNPI, then COS7 cells transfected with C-
Flag-CMV5a-2-1" should express p58 on the cell surface.
This was examined by indirect immunofluorescence micros-
copy. As shown in Fig. 7, when transfected COS7 cells were
fixed with 4% paraformaldehyde and then immunostained,
the cells were stained by both the YAK-2 and anti-Flag
mAbs. However, when intact cells were used, only the YAK-
2 mAb gave fluorescence on the cell surface. No fluores-
cence was obtained by staining with the anti-Flag mAb,
because the extracellularly administered anti-Flag mAb
was not able to gain access to the Flag tag orienting intra-
cellularly at the C-terminus of rBNPI. The parental cells
and cells transfected with vector alone were not stained
with YAK-2 mAb (not shown). These results indicate that
rBNPI is expressed on the plasma membrane of COS7
cells.

rBNPI Binding to GT1b Micelles—To gain direct evi-
dence that rBNPI/p58 is able to bind GT1b micelles, we
tested the binding activity of GT1b micelles to membrane
lysates from COS7 cells transfected with C-Flag-CMV5a-2-
1*. The lysate was only reactive with GT1b micelles, and
not with micelles of other gangliosides, including GM1,
GD1a, GD1b, and GQ1b (Fig. 8). On the other hand, the
membrane lysate from COS7 cells transfected with vector
alone were unreactive with all the ganglioside micelles
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tested. These results indicate that rBNPI/p58 has GT1b-
binding capability.

DISCUSSION

Gangliosides are thought to regulate cellular functions
such as neuronal cell adhesion, neuronal cell growth, and
neurite outgrowth (17), but the molecular mechanisms by
which gangliosides affect diverse cellular functions are not
well understood. In our previous study (26, 27), exclusively
localized gangliosides (GD1la, GT1b, and GQ1b) on rat
brain synapse-related regions provided a clue as to their
functional roles in neuronal cell interaction. This is sub-
stantiated in this study by biochemical, molecular biologi-
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Fig. 7. Localization of rBNPL/p58 transiently
expressed in CO87 cells. The COS7 cells trans-
fected with rBNPI/p58 cDNA were treated with (+)
or without (-) fixative, followed by indirect immu-
nofluorescence staining with YAK-2 (a and c) or
anti-Flag (e and g) mAbs. In intact cells, YAK-2
mAb gave fluorescence on the cell surface (c), but
the anti-Flag mAb gave no fluorescence (g) be-
cause the intracellularly oriented Flag tag at the
C-terminus of rBNPI was inaccessible to the extra-
cellularly administered anti-Flag mAb. Photo-
graphs b, d, f, and h are phase contrast images of
a, ¢, e, and g, respectively. Bar, 10 um.

cal, and immunohistochemical evidence that GT1b behaves
in vitro as a specific ligand for rBNPI, a rat brain neuronal
cell-specific Na*-dependent inorganic phosphate cotrans-
porter (25).

Among investigations suggesting the presence of ganglio-
side binding proteins (24, 38-40), the report by Yang et al.
(24) deserves mentioning for showing that GD1a and GT1b
are physiological ligands for MAG, a 100 kDa membrane
protein in mammalian brain. In the present study, we used
a ganglioside micelle binding assay to reveal a novel pro-
tein-ganglioside recognition system via p58 and its oligo-
mers with GT1b in adult rat brain (Fig. 1). This molecule is
thought to be quite different from previously identified car-
bohydrate recognition molecules such as selectins and sia-
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Fig. 8. Binding activity of membrane lysate from COS7 trans-
fectants to GT1b micelles. The membrane lysates from COS7 cells
transfected with rBNPL/p58 ¢cDNA (A) or vector only (B) were added
to microtiter plates. Each well was incubated with (closed column) or
without (open column) the indicated ganglioside micelles, and then
with the corresponding anti-ganglioside mAb. The bound anti-gan-
glioside mAbs were visualized by absorbance at 405 nm.

loadhesin (18, 23), because the binding of the protein to
GT1b micelles occurs in a Ca?*-independent manner (not
shown). Additionally, molecular cloning of the GT1b-bind-
ing protein indicated that the protein has no consensus
sequence of C-type lectins or galectins.

We established a hybridoma clone producing a mAb
(YAK-2) specific for the GT1b-binding protein (Figs. 2 and
3), and a clone (#2-1) encoding p58 was isolated by expres-
sion cloning using YAK-2 mAb. The nucleotide sequence
completely matched that of rBNPI, a membrane protein
with six putative membrane-spanning segments and an
apparent molecular mass of 61 kDa (28). In addition to the
comparison of the sequence data, the following experimen-
tal results led us to conclude that the GT1b-binding protein
p58 and rBNPI are the same molecule: (i) the apparent
molecular mass of p58 is in good agreement with that of
rBNPI (61 kDa); (ii) the expressions of rBNPI and p58 are
restricted to brain (Fig. 4); (iii) the bacterially expressed
rBNPI/p58 protein binds specifically to GT1b micelles (Fig.
5); and (iv) rBNPL/p58, detectable with YAK-2 mAb as a 64
kDa protein on COS7 cells transfected with a construct
including the ¢DNA, specifically binds to GT1b micelles
(Figs. 6 and 8). The polypeptide moiety of TBNPI/p58 is
responsible for binding to the carbohydrate portion of
GT1b, because bacterially expressed p58 retains its binding
properties for GT1b micelles (Fig. 4), and because the bind-
ing of p58 to gangliosides is GT1b-specific as analyzed with
a series of structurally related gangliosides (Figs. 1, 3, and
8). However, the possibility that the rBNPI/p58 polypeptide
recognizes both the carbohydrate and ceramide moieties of
GT1b simultaneously cannot be ruled out.

Although rBNPI was identified as a Na*-dependent P,
cotransporter in rat brain, the results of this study indicate
it also possesses a GT1b-binding property. This is not sur-
prising, however, because some proteins are known to
behave multifunctionally. For example, fucosidase, an
enzyme that resides on the sperm surface of the ascidian,
Ciona intestinalis, functions as a binding protein to the
vitelline coat of eggs (41); and a sperm surface galactosyl-
transferase in mouse is reported to be directly involved in
ZP3-induced acrosome reaction (42).

In the present study, YAK-2 mAb was used to demon-
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strate the presence of oligomeric forms of rBNPI (p30 and
pl60), as well as monomeric p58, as evidenced by Western
blotting of cerebellum cell membranes pretreated under
nonreducing conditions for SDS-PAGE (Fig. 2B), although
for unknown reasons the disappearance of p30 under
reducing conditions was not complete. Until now, the native
form of rBNPI has been unknown. In the case of the mem-
brane lysate of COS7 cells transfected with the construct
including rBNPI/p58 ¢DNA, however, the only band ex-
pressed was a monomeric 64 kDa protein with a Flag tag at
the C-terminus, despite pretreatment of the membrane
lysate under nonreducing conditions for SDS-PAGE (Fig.
6). The cotransportation activity of the transfectants awaits
further examination. It also remains to be elucidated why
the oligomeric forms were not detected in transfected COS7
cells. In this connection, it may be reasonable to assume
the presence of brain-specific posttranslational modification
systems for the oligomerization of rBNPI. If this is the case,
transfection of the construct into cell lines derived from
neuronal cells will provide useful information about the oli-
gomerization of rBNPI.

rBNPI is known to play a vital role in the intracellular
energy metabolism of neuronal cells (43—46). The intracel-
lular P, concentration incorporated via rBNPI reportedly
correlates with cytosolic ATP and NADPH stores produced
via glycolysis and the pentose phosphate pathway, respec-
tively, in cultured rat cortical neurons (43). Glinn et al. (44,
45) also reported that the maintenance of intracellular P, in
cultured neuronal cells is an essential event for neuronal
survival, and that the intracellular free P, concentration in
the brain is dependent on the extracellular P, concentra-
tion. On the other hand, the Na*-dependent P, cotrans-
porter system in the kidney, which exerts cotransportation
activity with a molecule other than rBNPI, has been shown
to be regulated by both the extracellular P, concentration
and by a variety of hormones and metabolic factors (47). We
have obtained no data suggesting the possibility that GT1b
is one of the regulatory factors of rBNPI activity, an
intriguing notion because there are some reports that gan-
gliosides play roles as modulators and/or regulators of func-
tional molecules (17). Higashi et al. (48, 49) reported that
the activity of a calmodulin-dependent enzyme, cyclic nu-
cleotide phosphodiesterase, is regulated by gangliosides;
and Kasahara et al. (50) reported that GD3 associates with
a src family tyrosine kinase Lyn and may regulate Lyn
activity in neuronal cells.

In the present study, we demonstrated both functionally
and spatially that GT1b is a potential specific ligand for
rBNPI/p58 on neuronal cells in adult rat brain. The next
point for examination is when the ganglioside-protein inter-
action is established during the embryonic and/or postnatal
stages.

REFERENCES

1. Edelman, G.M. (1988) Cell adhesion molecules in neural histo-
genesis. Annu. Reu. Physiol. 48, 417430

2. Dodd, J. and Jessel, T.M. (1988) Axon guidance and the pat-
terning of neuronal projections in vertebrates. Science 242,
692699

3. Salzer, J.L. and Colman, D.R. (1989) Mechanisms of cell adhe-
sion in the nervous system: role of the immunoglobulin super-
family. Deu. Neurosci. 11, 377-390

4. Reichard, L.F. and Tomaselli, K.J. (1991) Extracellular matrix

J. Biochem.

2102 ‘T YO0 U AISIBAIUN Pezy dIWe S| e /B10'seunolpioxo-qly/:dny woiy pspeojumoq


http://jb.oxfordjournals.org/

GT1b-Binding Protein in Rat Brain

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

24.

25.

26.

molecules and their receptors: functions in neural development.
Annu. Reuv. Neurosci. 14, 531-570

. Schachner, M. (1991) Neural recognition molecules and their

influence on cellular functions in Growth Corn (Kater, S.S.,
Letourneau, P.C., and Macagno, E.R., eds.) pp. 237-254, Raven
Press, New York

. Takeichi, M. (1988) The cadherins: cell-cell adhesion molecules

controlling animal morphogenesis. Development 102, 639655

. Takeichi, M. (1991) Cadherin cell adhesion receptors as a mor-

phogenetic regulator. Science 251, 1451-1456

. Kohmura, N., Senzaki, K., Hamada, S., Kai, N., Yasuda, R.,

Watanabe, M., Ishii, H., Yasuda, M., Mishina, M., and Yagi, T.
(1998) Diversity revealed by a novel family of cadherins
expressed in neurons at a synaptic complex. Neuron 20, 1137-
1151

. Tamura, K., Shan, W.-S., Hendrickson, W.A., Colman, D.R,,

and Shapiro, L. (1998) Structure-function analysis of cell adhe-
gion by neural (N-) cadherin. Neuron 20, 1153-1163

Tang, L., Hung, C.P., and Schuman, E.M. (1998) A role for the
cadherin family of cell adhesion molecules in hippocampal long-
term potentiation. Neuron 20, 1165-1175

Rutishauser, U., Hoffman, S., and Edelman, G.M. (1982) Bind-
ing properties of a cell adhesion molecule from neural tissue.
Proc. Natl. Acad. Sci. USA 79, 985-989

Rutishauser, U. and Landmesser, L. (1991) Polysialic acid on
the surface of axons regulates patterns of normal and activity-
dependent innervation. Trends Neurosci. 14, 528-532

Lai, C.,, Brow, M.A., Nave, K.-A,, Noronha, A.B., Quarles, R.H.,
Bloom, F.E., Milner, R.J., and Sutcliffe, J.G. (1987) Two forms
of 1B236/myelin-associated glycoprotein, a cell adhesion mole-
cule for postnatal neural development, are produced by alterna-
tive splicing. Proc. Natl. Acad. Sci. USA 84, 4337-4341
Mukhopadhyay, G., Doherty, P., Walsh, F.S., Crocker, P.R,,
and Filbin, M.T. (1994) A novel role for myelin-associated gly-
coprotein as an inhibitor of axonal regeneration. Neuron 18,
767-767

Mckerracher, L., David, S., Jackson, D.L., Kottis, V., Dunn,
R.J., and Braun, P.E. (1994) Identification of myelin-associated
glycoprotein as a major myelin-derived inhibitor of neurite
growth. Neuron 13, 805-811

Ledeen, R.W. and Yu, R.K. (1982) Gangliosides: structure, iso-
lation, and analysis. Methods Enzymol. 83, 139-190

Varki, A. (1993) Biological roles of oligosaccharides: all of the
theories are correct. Glycobiology 8, 97-130

Shimizu, Y. and Shaw, S. (1993) Mucins in the mainstream.
Nature 368, 630631

Baumbhueter, S., Singer, M.S., Henzel, W., Hemmerich, S,
Renz, M., Rosen, S.D., and Lasky, L.A. (1993) Binding of L-
selectin to the vascular sialomucin CD34. Science 262, 436438
Imai, Y., Lasky, L.A., and Rosen, S. (1993) Sulphation require-
ment for GlyCAM-1, an endothelial ligand for L-selectin.
Nature 361, 556-557

Phillips, M.L., Nudelman, E., Gaeta, F.C.A., Perez, M., Singhal,
A K., Hakomori, S., and Paulson, J.C. (1990) ELAM-1 mediates
cell adhesion by recognition of a carbohydrate ligand, Sialyl-
Le*. Science 260, 1130-1131

Handa, K., Nudelman, E.D., Stroud, M.R., Shiozawa, T., and
Hakomori, S. (1991) Selectin gmp-140 (CD62; PADGEM) binds
to sialosyl-Le* and sialosyl-Le*, and sulfated glycans modulate
this binding. Biochem. Biophys. Res. Commun. 181, 1223-1230

. Powell, L.D. and Varki, A. (1995) I-type lectins. J Biol. Chem.

270, 14243-14246

Yang, L.J.-S., Zeller, C.B., Shaper, N.L., Kiso, M., Hasegawa,
A., Shapiro, R.E., and Schnaar, R.L. (1996) Gangliosides are
neuronal ligands for myelin-associated glycoprotein. Proc. Natl.
Acad. Sci. USA 93, 814-818

Kotani, M., Kawashima, 1., Ozawa, H., Terashima, T., and Tai,
T. (1992) Immunohistochemical localization of major ganglio-
sides in rat cerebellum. Proc. Jpn. Acad. Ser. B 68, 109-113
Kotani, M., Kawashima, 1., Ozawa, H., Terashima, T., and Tai,
T. (1993) Differential distribution of major gangliosides in rat
central nervous system detected by specific monoclonal anti-

Vol. 127, No. 1, 2000

27.

29.

30.

31

32.

33.

35.

36.

317.

39.

41.

42.

43.

45.

21

bodies. Glycobiology 8, 137-146

Kotani, M., Terashima, T., and Tai, T. (1995) Developmental
changes of ganglioside expressions in postnatal rat cerebellar
cortex. Brain Res. 700, 40-58

. Ni, B., Rosteck, P.R., Nadi, N.S,, and Paul, S.M. (1994) Cloning

and expression of a cDNA encoding a brain-specific Na*-depen-
dent inorganic phosphate cotransporter. Proc. Natl. Acad. Sci.
USA 91, 5607-5611

Kotani, M., Ozawa, H., Kawashima, I., Ando, S., and Tai, T.
(1992) Generation of one set of monoclonal antibodies specific
for a-pathway ganglio-series gangliosides. Biochum. Biophys.
Acta 1117, 97-103

Ozawa, H., Kotani, M., Kawashima, 1., and Tai, T. (1992) Gen-
eration of one set of monoclonal antibodies specific for b-path-
way ganglio-series gangliosides. Biochim. Biophys. Acta 1123,
184-190

Kotani, M., Yamamura, Y., Tamatani, T., Kitamura, F., and
Miyasaka, M. (1993) Generation and characterization of mono-
clonal antibodies against rabbit CD4, CD5 and CD1la anti-
gens. J. Immunol. Methods 157, 241-252

Laemmli, U.K. (1970) Cleavage of structure proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680—685
Towbin, H., Staehelin, T., and Gordon, T. (1979) Electro-
phoretic transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some application. Proc. Natl.
Acad. Sci. USA 76, 43504354

. Kotani, M., Hosoya, H., Kubo, H., Itoh, K., Sakuraba, H.,

Kusubata, M., Inageki, M., Yazaki, K, Suzuki, Y., and Tai, T.
(1994) Evidence for direct binding of intracellularly distributed
ganglioside GM2 to isolated vimentin intermediate filaments in
normal and Tay-Sachs disease human fibroblasts. Cell Struct.
Funct. 19, 81-87

Iwatsuki, K., Oda, M., Sun, W., Tanaka, S., Ogawa, T., and
Shiota, K. (1998) Molecular cloning and characterization of a
new member of the rat placental prolactin (PRL) family, PRL-
like protein H. Endocrinology 139, 49764983

Nojima, H. and Sokabe, H. (1987) Structure of a gene for rat
calmodulin. J. Mol. Biol. 193, 439445

Moss, J., Stanley, S.J., Nightingale, M.S., Murtagh, J.-J., Jr.,
Monaco, L., Mishima, K., Chen, H.C., Williamson, K.C., and
Tsai, S.C. (1992) Molecular and immunological characteriza-
tion of ADP-ribosylarginine hydrolases. J. Biol. Chem. 287,
10481-10488

. Tiemeyer, M., Swank-Hill, P., and Schnaar, R.L. (1990) A mem-

brane receptor for gangliosides is associated with central ner-
vous system myelin. J. Biol. Chem. 265, 11990-11999

Shapiro, R.E., Specht, C.D., Collins, B.E., Woods, A.S., Cotter,
R.J., and Schnaar, R.L. (1997) Identification of a ganglioside
recognition domain of tetanus toxin using a novel ganglioside
ligands. J. Biol. Chem. 272, 3038030386

. Matsuzaki, K. and Horikiri, C. (1999) Interactions of amyloid B-

peptide (1-40) with ganglioside-containing membranes. Bio-
chemistry 38, 41374142

Hoshi, M. (1986) Sperm glycosidase as a plausible mediator of
sperm binding to the vitelline envelope in ascidians in The
Molecular and Cellular Biology of Fertilization (Hederick, J.L.,
ed) pp. 261-260, Plenum Press, New York

Lu, Q. and Shur, B.D. (1997) Sperm from B1,4-galactosyltrans-
ferase-null mice are refractory to ZP3-induced acrosome reac-
tions and penetrate the zona pellucida poorly. Development
124, 41214131

Glinn, M., Ni, B,, and Pau, S.M. (1995) Characterization of
Na‘-dependent phosphate uptake in cultured fetal rat cortical
neurons. J. Neurochem. 65, 2358-2365

. Glinn, M., Ni, B., and Paul, B.M. (1997) Inorganic phosphate

enhances phosphonucleotide concentrations in cultured fetal
rat cortical neurons. Brain Res. 757, 85-92

Glinn, M., Ni, B., Irwin, R.P,, Kelley, S.W., Lin, S.-Z., and Paul,
S.M. (1998) Inorganic P, increases neuronal survival in the
acute early phase following exitoxic/oxidative insults. J. Neuro-
chem. 70, 1850-1858

. Ni, B., Stephenson, D., Wu, X, Smalstig, E.B., Clemens, J., and

2102 ‘T Yoo U0 AISIBAIUN Pezy dILe S| T /B10'SeuInolploxo-qlj/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

22

47.

49.

Paul, S.M. (1997) Selective loss of neuronal Na*-dependent
phosphate cotransporter mRNA in CA1l pyramidal neuron fol-
lowing global ischemia. Mol. Brain Res. 48, 132-139

Mizgala, C.L. and Quamme, G.A. (1985) Renal handling of
phosphate. Physiol. Rev. 85, 431466

Higashi, H., Omori, A, and Yamagata, T. (1992) Calmodulin, a
ganglioside-binding protein. J. Biol. Chem. 267, 9831-9838
Higashi, H. and Yamagata, T. (1992) Mechanism for ganglio-
side-mediated modulation of a calmodulin-dependent enzyme.

51.

52,

M. Kotani et al.

J. Biol. Chem. 267, 98399843

Kasahara, K, Watanabe, Y., Yamamoto, T., and Sanai, Y.
(1997) Association of Src family tyresine kinase Lyn with gan-
glioside GD3 in rat brain. J. Biol. Chem. 272, 29947-29953
Svennerholm, L. (1964) The gangliosides. J. Lipid Res. 5, 145—
155

IUPAC-IUB Commission on Biochemical Nomenclature (1977)
The nomenclature of lipids. Recommendation. Lipids 12, 455—
468

J. Biochem.

Z102 T Jeqo10 Uo AISBAIUN Pezy JILe | e /BI0'seuInolpiolxo-ql/:dny woiy pspeojumod


http://jb.oxfordjournals.org/

