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Abstract. AMOG (adhesion molecule on glia) is a 
Ca2+-independent adhesion molecule which mediates 
selective neuron-astrocyte interaction in vitro (Antoni- 
cek, H., E. Persohn, and M. Schachner. 1987. J. Cell 
Biol. 104:1587-1595). Here we report the structure of 
AMOG and its association with the Na,K-ATPase. The 
complete cDNA sequence of mouse AMOG revealed 
409; amino acid identity with the previously cloned 
subunit of rat brain Na,K-ATPase. Immunoaflinity- 
purified AMOG and the/$ subunit of detergent-puri- 
fied brain Na,K-ATPase had identical apparent molec- 
ular weights, and were immunologically cross-reactive. 
Immunoaffinity-purified AMOG was associated with a 
protein of 100,000 Mr. Monoclonal antibodies revealed 
that this associated protein comprised the or2 (and pos- 

sibly ix3) isoforms of the Na,K-ATPase catalytic 
subunit, but not a l. The monoclonal AMOG antibody 
that blocks adhesion was shown to interact with Na,K- 
ATPase in intact cultured astrocytes by its ability to in- 
crease ouabain-inhibitable S6Rb+ uptake. AMOG- 
mediated adhesion occurred, however, both at 4°C and 
in the presence of ouabain, an inhibitor of the Na,K- 
ATPase. Both AMOG and the I$ subunit are predicted 
to be extracellulady exposed glycoproteins with single 
transmembrane segments, quite different in structure 
from the Na,K-ATPase ot subunit or any other ion 
pump. We hypothesize that AMOG or variants of the 
B subunit of the Na,K-ATPase, tightly associated with 
an ot subunit, are recognition elements for adhesion 
that subsequently link cell adhesion with ion transport. 

T 
HE Ca2+-independent adhesion molecule on glia 
(AMOG) ~ has been implicated in developmental events 
in the nervous system. It is expressed by central ner- 

vous system glial cells and is involved in neuron-astrocyte, 
but not astrocyte-astrocyte adhesion in vitro (Antonicek et 
al., 1987). In tissue sections, AMOG is detectable in the 
early postnatal cerebellum on Bergmann glial cells during 
granule cell migration. Fab fragments of monoclonal AMOG 
antibodies strongly inhibit this migration. After completion 
of granule cell migration, AMOG becomes expressed by as- 
trocytes in the internal granular layer, where it remains ex- 
pressed in adulthood. That AMOG has a direct and selec- 
tive role in adhesion is best indicated by its ability to bind to 
cells after purification: liposomes reconstituted with purified 
AMOG bind to cerebeUar neurons and to pheochromocy- 
toma PC12 cells, but not to neurons of spinal cord or dorsal 
root ganglia (Antonicek and Schachner, 1988), whereas lipo- 
somes containing the myelin-associated glycoprotein (MAG) 
bind to spinal cord and dorsal root ganglion neurons but not 
to cerebellar neurons or PC12 cells (Antonicek and Schach- 

1. Abbreviation used in this paper: AMOG, adhesion molecule on glia. 

ner, 1988; Poltorak et al., 1987; Sadoul et al., 1989). AMOG 
bears the carbohydrate epitope L3, which it shares with the 
adhesion molecules L1 and MAG (Kiicherer et al., 1987). 

AMOG is an integral cell surface glycoprotein of 
45,OO0-50,OO0 Mr containing ",,30% N-glycosidically 
linked carbohydrate (Antonicek et al., 1987). A 100,000-Mr 
component copurifies tenaciously with it, even in high salt 
or during FPLC in various detergents. Five tryptic peptides 
were derived from immunoaffinity-purified AMOG (includ- 
ing the 100K protein), purified by HPLC, and sequenced 
(Pagliusi et al., 1989). One of these was chosen for the de- 
sign of an oligonucleotide probe, which was used to select 
a clone from a cDNA library from 8-d-old mouse brain 
mRNA. 54 bases of the resulting clone were sequenced; the 
sequence, which contained a stretch of nucleotides coding 
for the peptide, was not found in any previously identified 
gene. The/3-galactosidase fusion protein reacted with anti- 
bodies raised against AMOG, and antibodies raised against 
the fusion protein reacted with AMOG itself, not the looK 
associated protein. Northern blot analysis with the AMOG 
cDNA clone and ELISA analysis with monoclonal AMOG 
antibody revealed significant levels of AMOG and its mRNA 
in brain, but not in lung, liver, spleen, kidney, heart, or intes- 
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tine. All of these data were taken as evidence that the original 
clone was unique and specific for AMOG (Pagliusi et al., 
1989). 

In the present communication, the complete sequence of 
the AMOG eDNA has been obtained. Sequences coding for 
three of the original five tryptic peptides were found in the 
AMOG eDNA sequence, further confirming its identity. The 
striking outcome was that the AMOG sequence proved to be 
highly similar to the sequence of the/3 subunit of the Na,K- 
ATPase, both in its length and the degree of nucleotide and 
amino acid similarity, and in the hydrophobicity profile and 
distribution of potential glycosylation sites. 

Three different isozymes of the Na,K-ATPase t~ subunit 
have been identified by genetic (Shull et al., 1986; Kent et 
al., 1987) and immunological evidence (Felsenfeld and 
Sweadner, 1988; Urayama et al., 1989; Shyjan and Lev- 
enson, 1989). The brain contains all three u isoforms 
(Schneider et al., 1988; Urayama and Sweadner, 1988; Hsu 
and Guidotti, 1989), with complex and different cellular dis- 
tributions (McGrail and Sweadner, 1989). Most remarkably, 
the two remaining unidentified AMOG-derived tryptic pep- 
tides proved to be found in the sequence of c~ 2. Further evi- 
dence for the specific association of AMOG with the Na,K- 
ATPase is presented. 

Materials and Methods 

DNA Cloning and Sequence Analysis 
Approximately 300,OO0 plaques ofa lambda gtl0 eDNA library established 
from 8-d-old mouse brain poly(A) + RNA (Moos et al., 1988) were 
screened with the previously described 32p-labeled partial AMOG clone 
20d (Pagliusi et al., 1989). Plaque purification and cross-hybridization were 
carried out as described (Maniatis et al., 1982; Pagliusi et al., 1989). DNA 
sequence analysis was performed using the dideoxy chain termination pro- 
cedure (Sanger et al., 1977). Deoxy- and dideoxynucleotides for eDNA se- 
quencing were from PL Biochemicals (Milwaukee, Wl). Nucleic acid and 
protein sequence analysis were performed using PCgene (IntelliGenetics, 
Mountain View, CA), Microgenie (Beckman Instruments, Inc., Palo Alto, 
CA), and DNA, a program developed at the California Institute of Technol- 
ogy by A. L. Goldin (available from the National Institutes of Health-sup- 
ported Molecular Biology Computer Research Resource of the Dana-Farber 
Cancer Institute, Harvard School of Public Health, Boston, MA). 

Antibodies 
Polyclonal AMOG antibodies were prepared in rabbits against mouse 
AMOG (including the 100K associated protein) which had been im- 
munoaflinity-purified using an AMOG monoclonal antibody column (anti- 
body 426) as described (Antonicek et al., 1987). Monoclonal antibodies to 
AMOG and polyclonal antibodies to the neural cell adhesion molecule 
N-CAM, and the preparation of IgG fractions, have been described (Antoni- 
cek et al., 1987; Faissner et al., 1984). The antiserum K3 was raised in rabbits 
against purified rat kidney Na,K-ATPase (Sweadner and Gilkeson, 1985). 
Monoclonal antibodies (AMOG-2FI2 and AMOG-7C9) to the IOO,OO0-Mr 
associated protein in the AMOG antigen were prepared by immunization 
of rats with immunoaflinity-purified AMOG from mouse brain. Fusion of 
splenocytes with mouse myeloma cells, screening of hybridoma superna- 
tants, and cloning were performed as described previously (Poltorak et al., 
1987). Monoclonal antibodies specific for the ul, a2, and ct3 isoforms of 
the Na,K-ATPase (McKI, McB2, and McB-X3, respectively) have been de- 
scribed (Felsenfeld and Sweadner, 1988; Urayama et al., 1989). 

Western Blot Analysis 
Purification of rat kidney Na,K-ATPase and rat brain Na,K-ATPase was by 
SDS extraction of contaminating proteins from membrane-bound enzyme 
(Sweadner and Gilkeson, 1985). Prestained relative molecular weight mark- 

ers (Sigma 7B), AMOG antigen (Antonicek et al., 1987), and rat brain and 
kidney Na,K-ATPases were applied to slab gels of 7.5% polyacrylamide, 
and electrophoresis was performed in SDS in the Laemmli buffer system 
(Laemmli, 1970) by procedures that have been described previously (Fel- 
senfeld and Sweadner, 1988). Proteins were electrophoretically transferred 
to nitrocellulose and incubated with the different antibodies for 1 h; filters 
were washed and then incubated for i h with a mixture of alkaline 
phosphatase-conjugated antibodies (Sigma Chemical Co.) against rabbit or 
mouse lgG as appropriate. Color development was by the method of Blake 
et al. (1984). 

Immunofluorescent Label of Astrocytes in Culture 
Double immunolluorescence was performed by incubating polyclonal AMOG 
antibodies with live cultured astrocytes and labeling with tetramethylrhoda- 
mine-conjugated goat antibodies to rat IgG, permeabilizing cells subsequently 
with paraformaldehyde and ethanol treatment (Schnitzer and Schachner, 
1981), labeling with monoclonal antibodies to the ~ subunits of Na,K-ATPase, 
and visualizing them with fluorescein-labeled goat antibodies to mouse IgG. 

Cell Cultures and Measurement ofs~Rb • Uptake 
Pure cultures of astrocytes were obtained from whole brains of 15- to 16-d- 
old NMRI mouse embryos; immunocytolysis was used to eliminate neurons 
and oligodendrocytes were removed mechanically as described (Trotter et 
al., 1989). Astrocytes were subcultured in 12- or 24-well plates (Costar, 
Cambridge, MA) and maintained for 4-14 d in vitro. Cells were washed 
twice and incubated for 30 rain in serum-free Hepes-buffered (15 mM) 
DME at 370C. Measurements of S6Rh+-uptake were started by replacing 
the culture medium by culture medium containing 0.5 #Ci a6Rb+ (New En- 
gland Nuclear, Cambridge, MA) with or without antibodies (lgG fraction 
of monoclonal AMOG antibody 426 at 250 tzg/ml and of polyclonal N-CAM 
antibodies, 1 mg/ml), and ouabain (1 raM), as indicated. Cells were allowed 
to take up 86Rb+ for a given time period at 37"C in a CO2 incubator and 
then quickly rinsed five times with ice-cold 0.32 M sucrose in water. Cells 
were then dissolved in l N NaOH. Aliquots of this solution were used for 
determination of radioactivity and of protein according to Bradford (1976). 

Cell Adhesion Assay 
Pure cultures of small cerebellar neurons were obtained from cerebella of 
6-d-old NMRI mice by centrifugation through a Percoll gradient as de- 
scribed (Keilhaner et al., 1985). For the adhesion assay (Keilhauer et al., 
1985), fluorescein-labeled probe cells (small cerebellar neurons after 2 d 
in culture) were removed from the petri dish by treatment for 20 min at room 
temperature with 5 mM EDTA in Hank's balanced salt solution, washed 
one, and collected in ice-cold Hank's balanced salt solution containing 10 
mM Hepes. Monolayer cultures of pure astrocytes were treated with Fab 
fragments of monoclonal antibody 426 to AMOG, Fab fragments of anti- 
bodies to N-CAM (Faissner et al., 1984), or with l mM ouabain for 15 min 
at 37°C followed by incubation for 15 rain at 4°C. Probe cells were then 
added and incubated with monolayer target cells for 30 min at 4°C or room 
temperature without shaking, followed by three gentle washing steps at 4°C 
or room temperature as appropriate. Adherent cells were scored by counting 
at least six microscopic fields, 2.0 mm 2 in size, per well. Each experimen- 
tal value represents triplicates or quadruplicates. Inhibition of adhesion in 
the presence of antibodies was calculal~l by: % inhibition = [adhesion 
(control) - adhesion (antibody/ouahain)l/[adhesion (control)] × 100. 

Results 

Cloning and Sequence Analysis of AMOG 
A partial AMOG-specifie eDNA clone (Pagliusi et al., 
1989), isolated from a e D N A  library constructed in lambda 
gtl0 from 8-d-old mouse brain RNA, was used to obtain two 
further clones with insert sizes of 1.1 and 1.4 kb. Both clones 
contained the complete coding sequence of AMOG and in- 
cluded the entire partial sequence of the first clone. The 
eDNA of the 1.1-kb clone consisted of 144-bp 5'-untranslated 
region, an 870-bp open reading frame, and 48-bp Y-untrans- 
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C~TTTGCAG~GC~TATATC~ACTGGAGTCTCCC~CCTGCTCCC~GCGCATTT 60 

~CGT~AGGGCTTCAGCGCGCGACGCCCC~C~CTCCGCAGCCCCCAG~GCGCGC 120 

v I Q K Z K ~ S C G Q 
CGGGACTCGCCCCGTGCCTCC~GAT~TCATC~GAAAGAG~G~GC~CGGGCAG 180 

~o 
V V E E W K E F V W N P R T H Q F M G R  

GTGGTTGA~AGTGGAAGGA~C~AAcCCGCGGACGCACCAGTTCATGGGGCGC240 
4o 

T G T S W A F I L L F Y L V F Y G F L T  

.o 
A M F S L T M W V M L Q T V S D H T P K  

nCCA~CA~CC~CACCA~GGT~C~CAGACCGTCTC~AC~TACCCCC~G 360 

Y Q D R L A T  G L M I R P K T E N L D  
TACCA~ATCGACTGGCCACACCAGGCTTGATGATTCGACCC~GAC~AG~CCTTGAT 420 

xoo 
V I V N I S D T E S W G Q H V Q K L N K  

GTCATTGTC~CATTAGTGACACTGAAAGCTGGGGTCAGCATGTTCAG~GCTC~C~G 480 
x=o 

F L E P Y N D S I Q A Q K N D V C V P G  
T~C~A~CC~CA~CCnC~CCn~CC~GCACAG~G~TGATGTCTGCGTCCCAGGG 540 

x~o 
R Y Y E Q P D N G V L N Y P K R A C Q F  

CGATATTA~AGC~CCTGAT~T~TTCTG~CTACCCAAAACG~CC~CCAGTTC 600 

N R T Q L G D C S G I G D P T H Y G Y S  
~CC~ACCC~CTGGGCGATTGCTCTGGCATTGGGGACCCTACCCACTATGGTTACAGC 660 

T G Q P C V F I K M N R V I N F Y A G A  
ACCGGGCAGCCCTGTGTCTTCATCAAAATG~TCGGGTCATC~CTTCTA~CAGGGGCA 720 

N Q S M N V T ~ O ~ V G K R D E D A E N L G  
~CCAGAGCATG~TGTCACT~T~GC~GAGA~A~C~C~C~CCC 780 

H F V M F P A N G S I D L M Y F P Y Y G  
CACTTTGTCATGTTCCCTGCT~TGGCAGCATTGATCTGATGTACTTTCCCTACTAT~C 840 

K K P H V N Y T Q P L V A V K F L N V T  
AAAAAGTTCCA~TAAACTATACTCAGCCTTTGGTGGCTGTAAAGTTCC~TGTGACC 900 

P N V E V N V E C R I N A A N I A T D D  
CCC~CGTGGAGGTG~TGTTG~TGCCGCATC~CGC~CC~TATTGCCACAGACGAT 960 

E R D K F A G R V A F K L R I N K T  
G~CGGGAC~GTTCGCTGGCCGTGTGGCCTTCAAACTCCGGATC~CAAAACCTGAGGC 1020 

TCCCCACCCCCACCCGCCCACACTCTCCTGTGGATGCTTCTGG~ 

Figure 1. Mouse brain AMOG cDNA sequence. Nucleotide and 
deduced amino acid sequence of the 1.1-kb clone. Nucleotides are 
numbered at the right. Amino acids are numbered sta~ing with the 
amino-terminal methionine. The putative transmembrane region 
domain is indicated ~ the black bar and sequences of three t~ptic 
~ptides ~ double lines. ~tential asparagine-linked glycosylation 
sites a ~  labeled ~ asterisks. 

lated region (Fig. 1). The clone lacked a consensus sequence 
for polyadenylation. The bases around the first ATG codon 
at position 145 matched the consensus sequence for the initi- 
ation of translation in six out of nine positions (Kozak et al., 
1984). The first methionine was preceded by an in-frame 
stop codon at position 25 and, therefore, probably serves as 
the site for initiation of translation. 

The translated protein sequence consisted of 290 amino 
acids with a calculated relative molecular mass of 33,287 kD, 
which is in good agreement with the molecular mass (32,000 
kD estimated by SDS gel electrophoresis) of AMOG synthe- 
sized in the presence of tunicamycin to block N-linked 
glycosylation (Antonicek et al., 1987). Sequences were 
found coding for three of the tryptic peptides isolated from 
purified AMOG (Pagliusi et al., 1989) (FVWN, FLEPYX- 
DSIQ 2, DEDAENLGH) (underlined by open bars in Fig. 1). 
The peptides were also preceded by lysines or arginine, ex- 
cept that FVWN was also preceded by a glutamate that had 
not been sequenced. 

The initiation methionine was not followed by the typical 
signal peptide sequence expected for an integral membrane 
protein. A putative transmembrane domain was, however, 
found between residues 34 and 59 (Fig. 1), suggesting that 

2. Because of a typographical error, the published sequence of this peptide 
had the last two amino acids inverted. 

AMOG is inserted into the membrane with the carboxyl ter- 
minus facing the outside of the cell (Lipp and Dobberstein, 
1986). Nine possible asparagine-linked glycosylation sites 
(Asn-X-Ser/Thr) were detected in the carboxy-terminal por- 
tion of the protein (Fig. 1). One of these sites (NDS at amino 
acid position 118) was in one of the tryptic fragments se- 
quenced by Pagliusi et al. (1989). The amino acid at the posi- 
tion of the asparagine in the peptide had not been determined 
unambiguously by protein sequencing, suggesting that this 
asparagine, in an otherwise correct peptide sequence, is 
most likely glycosylated in AMOG. 

A striking structural feature of the deduced AMOG amino 
acid sequence is its 40% identity with the/~ polypeptide of 
the Na,K-ATPase from rat brain (Mercer et al., 1986; Young 
et al., 1987; Omori et al., 1988) (Fig. 2). Several gaps were 
permitted by hand for optimal alignment. Taking conserva- 
tive amino acid exchanges into account, the similarity rose 
to ~56%. The similarity on the DNA level was '~50% as 
determined with Microgenie. Sequence alignment indicates 
that the amino acid similarity is fairly distributed along the 
entire sequence, with seldom more than four to five contigu- 
ous amino acids that are different. There are three places, 
however, where entire stretches of amino acid sequence ap- 
pear to have been replaced with virtually unrelated sequences 
of different length (marked with brackets in Fig. 2). The 
structural similarity between AMOG and the Na,K-ATPase 
/3 subunit is further substantiated by the position of the seven 
cysteines in both proteins, with five of these residues being 
located in identical positions along the molecule and one be- 
ing in a similar position (Fig. 2). Further comparisons of the 
two proteins at the level of secondary protein structure by 
hydropathy plots (Kyte and Doolittle, 1982) also revealed 
significant concordance (Fig. 3). The most hydrophobic peaks 
indicate the related positions of the putative transmembrane 
domains, suggesting that AMOG and the/~ polypeptide are 
inserted into the membrane in a similar way. It is noteworthy 
that the/3 polypeptide is also reported to lack a signal peptide 
sequence (Shull et al., 1986). Only one of the nine potential 
sites of N-linked glycosylation in AMOG was aligned with 
one of the three sites in the rat/3 subunit sequence. 

MARGKA KEEGS WKKFIWNSEKKEFIC, RTC, GSWFKI LLFYVI FYGCLAGI FIGT 
AM(>G -VIQ-EK-SC-QV~E--E-V- -PRTHQ-M .... T--AF ..... LV- --F-TAM-SL- 

r 
IQVMLLT I S E LKPTYQ DRVAPPG LTQ I PQIQKTEI S FRPMDPKS ¥E AYVLNI IRYLEKYKDS 
MW-- -Q-V-DHT-K .... L-T---MIR .... NLDVIVWISDT-SWGQH-QKLNK---P-N-- I 

AQKDD~ I FEDCGS~FSE PKE~JGE FNI~ERKVCRF~NCS GLN D ESYGYEEGE3FCI I IK 
Q---N-VC VPGRYY-QPDN-VL-¥ PKRA-Q-NRTQ-- D- -- ZG-PTH-- -ST-Q- -VF- - 

LNRVT~GFKPKPpKNES LET¥ PLTMXYNPNVLPVQCTGI~DEDKDKVGM I E¥ FGMGGFyG FPLQ yy p 
M---IN- YAGANQSMN-T~V ...... AENL-HFVM-PAN- SID-M-F- 

YYGKLI~pKYLQPLLAVQFTNLTLDTEIRIECKAYGENIG¥S EKDRF~RFDVKIEV KS 317 
.... EI~-T-- -V--K-L-V-PNV-VI~V- -RINAA--ATDD-R-K-A- -VAF-LRIN-T 

Figure 2. Alignment of the amino acid sequences of the 13 subunit 
of Na,K-ATPase from rat brain and AMOG. The sequence of rat 
/~ was taken from Mercer et al. (1986). The numbering refers to the 
overall length of the aligned sequences, including gaps. Identical 
residues are indicated by dashes. Gaps were allowed to improve the 
alignment. Dots mark the putative transmembrane segment. Brack- 
ets mark three regions of substantial sequence divergence. Arrow- 
heads mark the conserved cysteines. 
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Figure 3. Hydropathy plots of AMOG (top) and Na,K-ATPase 
subunit (bottom). 15-residue averages have been plotted using the 
prediction algorithm of Kyte and Doolittle (Kyte and Doolittle, 
1982). The putative transmembrane region is indicated by a black 
bar. 

Structural and Immunological Evidence that AMOG 
Is Associated with the Na,K-ATPase 

Based on the observation that AMOG is structurally homolo- 
gous with, but not identical to the/3 subunit of the Na,K- 
ATPase, the molecular and functional association of AMOG 
with the catalytic, c~ subunit of this enzyme was investigated. 
The first piece of evidence came from the examination of the 
sequences of the remaining two tryptic peptides reported in 
Pagliusi et al. (1989), but not found in the sequence of the 
AMOG gene (LDWDDR, YPGGWVE). Both proved to be 
found in the sequence of the c~2 subunit of the rat Na,K- 
ATPase, preceded by arginines (Shull et al., 1986). In cd and 
t~3, the corresponding sequences have some amino acid 
replacements. This strongly suggests that the 100,000-Mr 
protein that copurifies with AMOG is t~2. 

Further evidence came from the gel electrophoretic and 
immunological comparison of purified AMOG and purified 
Na,K-ATPases (Fig. 4). In Fig. 4, A and B, purified rat kid- 
ney (lanes /) and rat brain (lanes 2) Na,K-ATPases were 
compared with purified mouse AMOG preparations includ- 
ing the 100K associated protein (lanes 3, 4, and 5 in different 
amounts). The blot in Fig. 4 A was stained with a rabbit an- 
tiserum against rat kidney Na,K-ATPase, while the corre- 
sponding blots in Fig. 4 B were stained with an antiserum 
against mouse AMOG. (Monoclonal antibody 426 against 
AMOG could not be used since it does not react with SDS- 
denatured protein.) It can be seen first, that AMOG and its 
associated protein and the subunits of brain Na,K-ATPase 
were cross-reactive and of indistinguishable electrophoretic 
mobilities. Kidney and brain Na,K-ATPases are known to 
have ~ subunits with shared antigenic determinants but 
different electrophoretic mobilities, ascribed at least in part 
to differences in N-linked carbohydrate groups (Sweadner 
and Gilkeson, 1985). The difference in mobility of the Na,K- 
ATPase/3 subunits in Fig. 4 A, lanes I and 2 is thus a known 
characteristic. 

The reaction of the anti-Na,K-ATPase antiserum with 
AMOG and its associated protein in Fig. 4 A, lanes 3 and 
4, was weak relative to the reaction of anti-AMOG antise- 

rum with the same samples in Fig. 4 B, lanes 4 and 5. Com- 
parable levels of staining of rat brain Na,K-ATPase and 
mouse AMOG and its associated protein by anti-AMOG an- 
tiserum were seen only when the concentration of the 
AMOG sample was reduced to 0.5 ttg/lane (Fig. 4 B, lane 
3). This implies that rat brain Na,K-ATPase and mouse brain 
AMOG and its associated protein have antigenic differences. 
These may be due in part to species differences, but because 
both antibodies reacted equally well w~th samples of crude 
rat and mouse brain microsomes (data not shown), in all 
likelihood the differences reflect the presence of mixtures of 
different isoforms in different proportions. It is notable that 
the anti-AMOG antiserum reacted little if at all with the 
purified rat kidney Na,K-ATPase, which is predominantly oil 
and ~. AMOG mRNA is virtually undetectable in mouse 
kidney (Pagliusi et al., 1989), and a2 mRNA has been de- 
tected at only very low levels in rat kidney, if at all, in six 
out of seven studies (reviewed in Sweadner, 1989). 

The three isoforms for the Na,K-ATPase a subunit have 
slightly different electrophoretic mobilities in SDS that can 
be seen best in gels of 5% polyacrylamide; t~l migrates 
fastest and u3 slowest (Schneider et al., 1988; Urayama et 
al., 1989). This can be seen in Fig. 4 C, where the staining 
of mouse AMOG-associated protein (lane /), rat kidney 
Na,K-ATPase (lane 2), and rat brainstem axolemma Na,K- 
ATPase (lane 3) are compared with four different monoclo- 
nal antibodies. Brainstem axolemma, a membrane prepara- 
tion obtained from myelinated axons, has reduced levels of 
ul but contains both ~2 and or3 (Hsu and Guidotti, 1989; 
Urayama et al., 1989). A monoclonal antibody raised against 
the AMOG-associated protein (Fig. 4 C) reacted with bands 
in all three preparations, but the electrophoretic mobility of 
the band in AMOG antigen was slightly slower than that in 
kidney Na,K-ATPase, implying that different isoforms were 
being detected. Protein mapping experiments have indicated 
that this antibody reacts with all three isoforms of the Na,K- 
ATPase (Sweadner, K. J., unpublished results). A monoclo- 
nal antibody specific for ~1 reacted with bands only in rat 
kidney and axolemma Na,K-ATPases (Fig. 4 D); AMOG an- 
tigen appeared to contain even less al  than axolemma Na,K- 
ATPase. A monoclonal antibody specific for a2 reacted with 
bands only in AMOG antigen and axolemma Na,K-ATPase 
(Fig. 4 E); kidney Na,K-ATPase did not contain detectable 
c~2. A monoclonal antibody that is predominantly specific 
for t~3 but weakly cross-reactive with t~l stained a band 
darkly in axolemma Na,K-ATPase, and stained lightly the t~l 
band found in kidney Na,K-ATPase. It also stained lightly a 
band in AMOG antigen whose slower electrophoretic mobil- 
ity suggests the presence of c~ 3 rather than cal. All four of 
these antibodies react with both mouse and rat antigens (Fel- 
senfeld and Sweadner, 1988; Urayama et al., 1989; unpub- 
lished observations). The implication is that the AMOG- 
associated 100K protein is comprised predominantly of Na,K- 
ATPase t~2. 

In view of the functional and molecular association be- 
tween AMOG and the ct subunit of Na,K-ATPase, it seemed 
pertinent to investigate whether the two proteins are ex- 
pressed in one and the same cell. Double immunofluores- 
cence experiments on cultured astrocytes using polyclonal 
AMOG antibodies and a monoclonal antibody directed 
against the 1OO,0OO-Mr component of AMOG clearly showed 
that both AMOG and the a subunit were coexpressed in a 
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Figure 4. Immunological comparison of Na,K-ATPase and AMOG 
subunits. (A and B) Western blot analysis of antigen preparations 
of mouse AMOG (including associated looK protein), and rat kid- 
ney and brain Na,K-ATPases on gels of 7.5 % polyacrylamide. The 
antibodies used were: (,4) polyclonal antibody to Na,K-ATPase 
from rat kidney (K3) at a dilution of 1:1,000; (B) polycional anti- 
body to AMOG at a dilution of 1:400. The samples were: lane 1, 
rat kidney Na,K-ATPase (1 #g); lane 2, rat brain Na,K-ATPase (1.8 
#g); lanes 3, 4, and 5, immunoaltinity-purified AMOG antigen in 
different amounts: (A) lane 3, 2 #g; lane 4, 10/~g; (B) lane 3, 0.5 
#g; lane 4, 2 #g; lane& 10#g. (C-F) Four identical blots of 5% poly- 
acrylamide gels were prepared and stained with different monoclo- 
nal antibodies. In all blots, the samples were as follows: lane 1, 

majority, although not all, of these cells (Fig. 5). Similar 
results were obtained when MOB2, a monoclonal antibody 
specific for the Na,K-ATPase a2 subunit, was used in con- 
junction with anti-AMOG antibodies (data not shown). The 
observation that the AMOG-7C9 antibody did not label all 
cells remains presently unexplained, but it could be due to 
different sensitivities of monoclonal a-antibody for the dif- 
ferent isoforms, or to different sensitivities of the t~ isoforms 
to the fixation and permeabilization protocols. 

Functional L i n k  between Adhesion and Ion Transport 

To investigate whether AMOG may be functionally linked to 
the c~ subunit of the Na,K-ATPase, the influence of AMOG 
antibodies on ion transport activity was measured on purified 
populations of  cultured astrocytes, virtually all of which ex- 
press glial fibrillary acidic protein (Antonicek et al., 1987) 
and most of which express AMOG (Fig. 5). Pump activity 
for K ÷ was determined by measuring uptake of ~Rb ÷ into 
cells as a function of time in the absence and presence of the 
monoclonal AMOG antibody 426, which reduces adhesion 
and which is known to react with the extracellular domain 
of the molecule (Fig. 6). In the presence of AMOG antibody 
the uptake of 86Rb÷ was increased over control values ob- 
tained in parallel in the absence of antibody (set to 100%) 
(Fig. 6 A). The effect of AMOG antibody was specific since 
polyclonal N-CAM antibodies reacting with astrocytes did 
not show an effect at antibody concentrations known to inter- 
fere with various N-CAM-mediated functions in vitro (Fig. 
6 A). The AMOG antibody-stimulated increase in ~Rb ÷ up- 
take was blocked by the cardiac glycoside ouabain, a specific 
inhibitor of Na,K-ATPase, at all time points (Fig. 6 B). At 
5 min there was proportionally smaller effect of ouabain on 
basal ~Rb + uptake. This may be due to a predominance of 
carrier- or channel-mediated fluxes at short times, or to the 
slow onset of inhibition by ouabain, a process that can take 
long times to approach equilibrium. The effect of ouabain 
was significant at 20 and 60 min and indicates that the effect 
of the AMOG antibody was mediated by the Na,K-ATPase. 

Since we were aware that homology between an adhesion 
molecule and a subunit of an ion pump is unconventional, 
it seemed important to obtain evidence independent of the 
binding of AMOG-containing liposomes (Antonicek and 
Schachner, 1988) as to whether AMOG itself is the binding 
ligand in adhesion, or whether AMOG antibodies alter ion 
transport such that adhesion is indirectly affected in our as- 
say system. Therefore, adhesion experiments were carried 
out at 4°C, a condition in which pump activities can no 
longer be detected, but in which recognition between adhe- 
sion molecules should still take place. At 4°C, only 50% of 
all probe cells adhered to the monolayer target cells, whereas 
at room temperature ,,080% of all input cells attached to the 

AMOG antigen, 1/~g; lane 2, rat kidney microsomes, 5.6 #g; lane 
3, rat brainstem axolemma, 5.9 #g. The blot labeled all a's was 
stained with a monoclonal antibody (AMOG-7C9) to the 100K 
component in the AMOG antigen preparation, at a dilution of 1:20. 
The blot labeled atl was stained with monoclonal antibody to otl 
(McK1) at a dilution of 1:20. The blot labeled ¢e2 was stained with 
monoclonal antibody to or2 (McB2) at 1:20. The blot labeled or3 was 
stained with monoclonal antibody to ~3 (McB-X3) at 1:10. 
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lqgure 5. Double immunofluorescence 
labeling of astro~tes. Monolayer cul- 
tures derived from 7-d-old mouse 
cerebellum were stained after 7 d in 
culture using polyclonal AMOG anti- 
bodies (A) and monoclonal antibody 
AMOG-TC9 directed against the co- 
purifying 100K hand in the AMOG 
preparation (B) that recognizes the c~ 
isoforms of Na,K-ATPase. Both anti- 
bodies reacted with epithelioid and 
star-shaped astrocytes. The mono- 
clonal antibody to the c~ isoform of 
Na,K-ATPase did not react with small 
cerebellar neurons (arrows) and some 
epithelioid cells (arrowheads). Con- 
versely, not all star-shaped or epithe- 
lioid cells labeled by monoclonal an- 
tibody to the c~ isoforrn of Na,K- 
ATPase were recognized by polyclonal 
AMOG antibodies (not shown). As 
with the monoelonal AMOG antibody, 
polyclonal AM(K] antibodies reacted 
with the cell surface of neurons after 
some time in culture (Antonicek et 
al., 1987). 

monolayer in 30 min. When neurons were allowed to adhere 
to astrocytes at 4°C in the presence of  AMOG antibodies, an 
inhibition of  adhesion of  • 23 % was seen (Table I) similar 
to the 26% inhibition observed previously at room tempera- 
ture (Antonicek et al., 1987). At 4°C, inhibition of  adhesion 
by Fab fragments of  polyclonal N-CAM antibodies was only 
*13% (Table I) as opposed to ,x,29% at room temperature 
(Keilhauer et al., 1985). Fab fragments of polyclonal anti- 
bodies to mouse liver membranes did not interfere with 
adhesion at any temperature (not shown; see also Antonicek 
et al., 1987). 

Inhibition of the Na,K-ATPase with ouabain was also 
tested for an effect on adhesion. Cells were preincubated 
with the inhibitor for 15 min at 37°C to allow binding to the 
Na,K-ATPase. Ouabain did not interfere significantly with 

subsequent tests of adhesion either at 4°C or at room temper- 
ature (Table I). Furthermore, when adhesion tests were car- 
ried out at room temperature, ouabain did not influence the 
inhibition of adhesion by Fab fragments of monoclonal AMOG 
antibody 426 (Table I). These experiments further substanti- 
ate the notion that AMOG is an adhesion molecule in the 
strict sense of  the operational definition, and further rule out 
the possibility that AMOG antibodies may have perturbed 
adhesion because of  their influence on ion transport. 

Discussion 

AMOG Is Associated with the Na,K-ATPase 

The original identification of AMOG as an adhesion mole- 
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Figure 6. Kinetics of S6Rb+-uptake into cultured astrocytes in the presence and absence of AMOG antibodies and ouabain. (A) S6Rb+- 
uptake in the absence of antibodies (o), IgG fraction of N-CAM antibodies (*) and of monoclonal AMOG antibodies (e). (B) S6Rb+- 
uptake in the absence of monoclonal AMOG antibodies and ouabain (o), in the presence of AMOG antibodies and absence of ouabain 
(e), the absence of AMOG antibodies and presence of ouabain (*), and the presence of AMOG antibodies and presence of ouabain (,,). 
Each point represents four measurements in one representative experiment + SD. The experiment was reproduced seven times. 

cule used criteria that have been used for the identification 
of many characterized adhesion molecules to date: a specific 
antibody was found that blocked adhesion in in vitro assays. 
Inhibition in such assays is usually on the order of 30%, a 
value that reflects the complexity of the event and the pres- 
ence of multiple adhesion components. The most compelling 
evidence that AMOG is an authentic adhesion molecule was 
that the purified protein, reconstituted into lipid vesicles, 
demonstrated selective adhesion to neurons in vitro (Antoni- 
cek and Schachner, 1988). Similar strict criteria have been 
applied only to N-CAM, L1, or MAG (Hoffman and Edel- 
man, 1983; Sadoul et al., 1983; Poitorak et al., 1987; Kad- 
monet  al., 1990; Sadoul et al., 1989), and many other can- 
didate adhesion molecules have not yet been characterized to 
that extent. Our study has shown that the structure of AMOG 

Table L Adhesion of  Neurons to Astrocytes in the Absence 
and Presence o f  AMOG Antibodies and Ouabain at 4°C 
and at Room Temperature 

Percent inhibition 
Additive Concentration of adhesion 

A M O G  ant ibodies ,  4 ° C  0 .5  m g / m l  
A M O G  ant ibodies ,  ! .0  m g / m l  

room temperature* 
N-CAM antibodies, 4°C 0.5 mg/ml 
N-CAM antibodies, 1.0 mg/ml 

room temperatureS: 
Ouabain, 4°C I mM 
Ouabain, room temperature I mM 
Ouabain plus AMOG anti- 

bodies, room temperature 

23.5  ( + 7 . 6 )  

26 ( + ! . 8 )  

13.2 ( + 6 . 1 )  

29 (_+7) 

-2.7 (_+11.9) 
2.4 (_+8.7) 

21.5  ( + 7 . 1 )  

Antibodies or ouabain were allowed to bind to monolayer cultures of pure as- 
trocytes before addition of single cell suspensions of pure small cerebellar neu- 
rons and incubation for 30 rain at 4°C or room temperature. AMOG antibodies 
were added as Fab fragments of the monoclonal antibody 426. N-CAM anti- 
bodies were added as Fab fragments of the polyclonal antibody. Values are 
means from three independent experiments carried out in triplicates or quad- 
ruplicates + SD (in brackets). 
* Taken from Antonicek et al. (1987). 

Taken from Keilhauer et al. (1985). 

differs from the Ca2+-independent adhesion molecules L1 
(Moos et al., 1988), MAG (Arquint et al., 1987; Lai et al., 
1987; Salzer et al., 1987), and N-CAM (Hemperly et al., 
1986; Barthels et al., 1987), and the Ca2*-dependent adhe- 
sion molecules of the cadherin group (Takeichi, 1988). The 
protein sequence does not contain immunoglobulin-like do- 
mains, nor type III repeating unit fibronectin-like domains. 
It also bears no obvious similarity to a new family of endo- 
thelial leukocyte adhesion proteins containing lectin, EGF 
motif, and complement regulatory domains, and that is also 
not related to the immunoglobulin superfamily (reviewed in 
Stoolman, 1989). The only structural similarity, in fact, to 
many other known adhesion molecules, appears to be that 
the eDNA sequence predicts AMOG to be a membrane gly- 
coprotein anchored by a transmembrane segment and a small 
cytoplasmic portion, with the majority of its mass exposed 
at the extracellular surface. It is unlikely that the carbohy- 
drate attached to AMOG is more important than the protein 
in mediating adhesion, since the monoclonal AMOG anti- 
body that bldeks adhesion recognizes the unglycosylated apo- 
protein (Antonicek et al., 1987). 

The striking observation of our study is that AMOG is 
structurally similar, but not identical to the /3 subunit of 
Na,K-ATPase, a glycoprotein of 45,000-50,000 Mr, whose 
function is not clearly known, but which appears necessary 
for the correct folding of the a subunit (Geering et al., 1989). 
Because the Na,K-ATPase 13 subunit is highly conserved 
among five different mammalian species (>85 % identity at 
the protein level and three possible N-linked glycosylation 
sites) (Mercer et al., 1986; Shuli et al., 1986; Kawakami et 
al., 1986; Brown et al., 1987; Ovchinnikov et al., 1986), the/3 
subunit and AMOG appear to be distinct, yet related proteins. 
This difference is substantiated by two observations: the genes 
for the/3 subunit and AMOG are localized on different mouse 
chromosomes (Kent et al., 1987; C.-L. Hsieh and U. Francke, 
personal communication), and the size and the expression 
pattern of the single mRNA coding for mouse AMOG (3 kb) 
(Pagliusi et al., 1989) clearly differs from the several mRNA 
sizes of the rat 13 subunit (1.25-2.55 kb) (Young et al., 1987). 
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Martin-Vasallo et al. (1989) have independently cloned the 
same eDNA from human fetal liver and rat brain cDNA 
libraries using reduced stringency hybridization with a rat/~ 
subunit eDNA probe. Their objective was to find an alterna- 
tive 8 subunit to explain the apparent absence of the conven- 
tional 8 subunit in certain tissues (reviewed in Fambrough, 
1988; Sweadner, 1989; Shyjan and Levenson, 1989). The 
only evidence they had that the eDNA (termed 82) was in 
any way associated with the Na,K-ATPase, however, was its 
sequence homology. The sequence of the rat 82 eDNA 
differs from the mouse AMOG cDNA at only nine amino 
acids, consistent with species differences. In agreement with 
the results of Pagliusi et al. (1989), Martin-Vasallo et al. 
(1989) observed that the brain has the highest concentration 
of the mRNA. Martin-Vasallo et al. (1989), however, ob- 
served low levels of82 mRNA hybridization in kidney, lung, 
and heart, where Pagliusi et al. (1989) did not detect it. Re- 
cent experiments show that this discrepancy is due to differ- 
ent exposure times: although the difference in relative abun- 
dance is very great, with long exposure times low levels of 
AMOG probe hybridization can be detected in the other tis- 
sues (Gloor, S., unpublished observations). Martin-Vasallo 
et al. (1989) also observed the same clear difference in the 
sizes of the/3 and 82 mRNAs. 

The evidence presented in this paper indicates that AMOG 
.(/32) is indeed tightly associated with the Na,K-ATPase, 
since it was seen to copurify with the or2 subunit both by im- 
munoaffinity chromatography in detergent, and by Na,K- 
ATPase purification by extraction of membranes with SDS 
(Fig. 4). Immunoaffinity-purified AMOG has been observed 
to contain a variable amount of the 100K associated protein 
(Antonicek et al., 1987; Antonicek and Schachner 1988; and 
ongoing experiments). The antibody used for the affinity 
column is directed against AMOG, and the looK protein is 
not always recovered in stoichiometric amounts. This is as 
might be expected for two hydrophobic proteins that are held 
together only by noncovalent bonds, isolated in detergent. 
Similar observations were made by Fambrough and Bayne 
(1983), whose monoclonal antibody (Ab 24) was specific for 
a ~ subunit of the Na,K-ATPase. Their work is particularly 
relevant in that their antibody recognized the Na,K-ATPase 
of muscle cells but failed to recognize the Na,K-ATPase of 
fibroblasts, despite an equivalent number of ouabain binding 
sites. This was among the earliest suggestions that there may 
be more than one type of/3 subunit. 

It is not yet known whether AMOG (/32) always associates 
only with c~2 (and c~3), or whether it associates with t~l in 
other tissues or at other developmental ages. The fact that 
Martin-Vasallo et al. (1989) obtained the corresponding 
eDNA from a human liver library suggests that it might, 
since only ul has yet been detected in liver. AMOG expres- 
sion has already been demonstrated to be developmentally 
regulated (Antonicek et al., 1987). The three Na,K-ATPase 
ot subunit isoforms are also developmentally regulated (Or- 
lowski and Lingrel, 1988; Urayama et al., 1989), but their 
distributions have not yet been studied in sufficient cellular 
detail to permit comparison. 

While evidence is presented here that AMOG (82) is as- 
sociated with the Na,K-ATPase, no claim is made that it is 
equivalent to and interchangeable with the conventional/3 
subunit. While it is logical to suppose that AMOG (82) 
replaces ~ in association with the c¢ subunit, this has not yet 

been actually demonstrated. It has also not yet been directly 
demonstrated that the ot2/AMOG (82) complex is enzymati- 
cally active. Considerably more biochemical investigation of 
the structure and function of the complex will be required. 

Theoretical Implications of the Observations 
Our observations on the association of an adhesion molecule 
with an ion pump have interesting implications. Either 
AMOG has two quite different roles to play at the cell sur- 
face, or there is a hitherto unknown linkage between cell rec- 
ognition and the regulation of the ionic milieu. Adhesion is 
a process in which recognition (initial binding) is followed 
by other intracellular events relevant to morphogenesis. 
Some interactions result in adhesion; others are antiadhe- 
sive. Binding to the hypothetical AMOG receptor may 
directly modulate Na,K-ATPase activity, or the interaction of 
AMOG with its receptor may influence the enzyme through 
indirect means, such as an effect on its turnover. The activi- 
ties of both Na ÷ and K ÷ are known to determine the mem- 
brane potential of cells, the size of the extracellular space, 
and cell volume (Sykova et al., 1983; Lux et al., 1986). The 
manner by which AMOG might modulate these features 
could be by either stimulating or reducing ATPase activity. 
It is also tempting to speculate that AMOG-mediated mor- 
phogenetic events, such as granule cell neuron migration 
along Bergmann glial cells in the developing cerebellar cor- 
tex (Antonicek et al., 1987; Rakic, 1971) may result from the 
dynamic interplay between adhesion and changes in intra- 
and extracellular ionic balance. A strong expression of 
AMOG in the internal granular layer of the adult cerebellar 
cortex after cessation of granule cell migration (Antonicek 
et al., 1987) may indicate that cell contacts between neurons 
and glia remain instrumental in regulating the ionic symbio- 
sis between neurons and glia in the adult. Furthermore, it is 
interesting to speculate that determination of whether cell 
surface recognition molecules are adhesive or antiadhesive 
may result from their influence on different transducing sys- 
tems in the form of ion pumps, channels, or carriers. 

The fact that a monoclonal AMOG antibody stimulates the 
pump activity of the Na,K-ATPase can be interpreted in sev- 
eral ways. It unambiguously indicates that the antibody is 
capable of interacting with active Na,K-ATPase, but whether 
this interaction mimics a biologically relevant phenomenon 
is not yet clear. A possibility is that the AMOG antibody 
mimics the postulated neuronal AMOG receptor and that the 
AMOG-receptor complex directly stimulates pump activity. 
Another possibility is that the AMOG antibody interferes 
with the interaction of AMOG with the ct polypeptide, per- 
mitting the 8 subunit of the Na,K-ATPase to interact more 
freely with the u subunit, resulting in overall stimulation of 
pump activity. The stimulation could, however, result from 
an increase in insertion or decrease in recycling of the pump 
from the cell surface. It remains to be seen whether AMOG 
affects the functional interactions between the ct and 
subunits of the Na,K-ATPase. 

It should be stressed that the role of the glycoprotein 
subunit of the Na,K-ATPase has never been explicitly de- 
fined. The structure of the B subunit is thought to be entirely 
different from that of the ~ subunit: /~ appears to be a type 
1 membrane protein (anchored by a single transmembrane 
segment, typical of many recognition molecules), while the 

The Journal of Cell Biology, Volume 110, 1990 172 



a subunit is predicted to be a type 2 membrane protein (con- 
raining at least seven transmembrane folds, typical of other 
ion pumps and channels). Other members of the aspartyl- 
phosphate ATPase gene family do not appear to have a com- 
parable/3 subunit. Emerging evidence suggests that the/3 
subunit is necessary for the targeting of the c~ subunit to the 
plasma membrane (Takeyasu et al., 1988). Perhaps in this 
context it is not unreasonable to suppose that it may be en- 
listed to perform two functions. It also remains to be seen 
whether the suspected heterogeneity in the structure of/3 
subunits may be due to AMOG-like molecules, contributing 
to the functional diversification of the Na,K-ATPase. 
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