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ABSTRACT: A minor fraction of the total ecto-type (E-type) ATPase activity of rat synaptosomes has been
detected in immunoprecipitates of the neural cell adhesion molecule, NCAM, indicating that this either
is an intrinsic enzymatic activity of NCAM or of an ATPase tightly associated to NCAM [Dzhandzhugazyan
& Bock (1993)FEBS Lett. 336, 279-283]. We here demonstrate ATPase activity in preparations of the
lipid-anchored as well as the transmembrane NCAM isoforms immunoisolated from transfected L-cells.
A fraction of the E-type ATPase activity is spontaneously released from synaptosomes. Released material
was fractionated by various chromatographic procedures and an extracellular fragment of NCAM was
shown to co-elute with the major part of the enzymatic activity. Furthermore, it was shown that agarose-
coupled NCAM-antibodies retained 85% of the ATPase activity released from synaptosomes after treatment
with phosphatidylinositol-specific phospholipase C. These findings restricted the association or expression
of the enzymatic activity to the extracellular part of NCAM. An affinity reagent, 5′-p-fluorosulfonylbenzoyl
adenosine, FSBA, was shown to inhibit ATPase activity of immunoisolated NCAM, and incorporation of
FSBA was detected in all three major NCAM isoforms (A, B, and C). An excess of ATP prevented both
inactivation of the enzyme and affinity labeling of NCAM. Thus, NCAM contains an ATP-binding site,
and this site is localized extracellularly and probably has the catalytic function. Binding of the substrate
or FSBA protected a proteolytic cleavage site in NCAM localized close to the membrane presumably by
induction of a local conformational change in NCAM, indicating a mechanism by which ATP may regulate
NCAM adhesion and adhesion-triggered processes. A possible role of this mechanism in synaptic plasticity
and memory consolidation is proposed.

Extracellular ATP is universally employed in cell-cell
communication, particularly in synaptic transmission (1), and
acts via numerous purinergic receptors and ecto-ATP hy-
drolyzing enzymes (2). Ca2+- or Mg2+-dependent ecto-
ATPases and ecto-ATP diphosphohydrolases (ATPDases or
apyrases) are E-type nucleotide hydrolyzing enzymes that
have been demonstrated in viruses, protozoa, plants, and
vertebrate tissues (for review, see ref 3). A broad variety
of enzymatic characteristics (3-5) seems to indicate that the
enzymes are distinct proteins. However, recent cloning and
sequencing of a potato apyrase (6) has revealed structural
relationships between a number of intra- and extracellular
nucleotide-hydrolyzing enzymes, including a mammalian
ecto-ATPDase (7, 8), identical to the activation marker CD39
expressed by immunocompetent cells (9) and a variety of
highly vascularized tissues (8). This group has “apyrase-
conserved regions” in the structure and extremely high
turnover rates (5, 6), consistent with a role in regulation of
purinergic transmission and salvage of purines. In brain,
numerous synaptosomal E-type ATP/ATPDases (or enzy-
matic isoforms) differing in chromatographic properties, pH-

optima, sensitivity to azide and to affinity-modifying ATP
analogues (10, 11) contribute to the extracellular ATP
hydrolysis. Immunocytochemical crossreactivity between
potato apyrase, some related ATP/ATPDases, and solubilized
synaptosomes (12) indicates that some of the synaptosomal
E-type enzymes might belong to CD39-related family;
however, RNA hybridization experiments do not support this
hypothesis (8). A minor fraction of the synaptosomal E-type
ATPase activity has been shown to be associated with the
neural cell adhesion molecule, NCAM (11, 13).1

Ecto-ATPase activity is enriched at cell-cell contacts, and
a high activity in malignant cells seems to be associated with
the ability to overcome contact inhibition (14). The amino
acid sequence deduced from a cDNA of a rat hepatocyte
ecto-ATPase was reported to be homologous to that of the
human biliary glycoprotein (15) and identical to the amino
acid sequence of rat liver Cell-CAM, an adhesion molecule
of the immunoglobulin superfamily (16). However, the
ATP-hydrolyzing function of Cell-CAM is a matter of
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controversy. Thus, an isolated, highly active liver E-type
ATPase differs in molecular mass from Cell-CAM (4). An
attempt to clone a human liver E-type ATPase using Cell-
CAM cDNA as a probe led to the isolation of the cDNA of
the biliary glycoprotein, and since no enzymatic activity has
been demonstrated directly in the biliary glycoprotein, it was
concluded that the employed probe coded for an adhesion
molecule, not for an ATPase (17). On the other hand, cells
transfected with the biliary glycoprotein achieve a temper-
ature and divalent cation dependent adhesiveness which can
be inhibited by addition of ATP (18), and phosphorylation
of Cell-CAM increases the ecto-ATPase activity in Cell-
CAM-transfected cells, but not in control cells, indicating
at least a functional association of the enzyme and the
adhesion molecule (19). A similar example is provided by
a well-characterized membrane endo-ATPase: the adhesion
molecule on glia, AMOG, which is the rodentâ2-isoform
of the â-subunit of the sodium pump. AMOG forms a
functionally active complex with the catalyticR-subunit, and
antibodies to AMOG have been shown to affect the transport
activity of the Na,K-ATPase (20). Finally, the ecto-enzyme
5′-nucleotidase, CD73, which is a member of the cascade
hydrolyzing ATP to adenosine, recently has been shown to
be an adhesion molecule (21).
The NCAM is a member of the immunoglobulin super-

family operating in cell adhesion and adhesion-triggered
signal transduction via homophilic, assisted homophilic and
heterophilic mechanisms. There is one gene for NCAM, but
due to alternative splicing several isoforms are produced. In
adult rodent brain, three major NCAM isoforms of 190, 135,
and 115 kDa, designated NCAM-A, -B, and -C, are
expressed. Extracellularly, all isoforms consist of five Ig-
like domains at the N-terminus followed by two fibronectin-
type III domains. NCAM-A and NCAM-B are transmem-
brane proteins, whereas NCAM-C is linked to the membrane
via a glycosylphosphatidylinositol, GPI, anchor. NCAM
plays a pivotal role in neural development, neural regenera-
tion, synaptic plasticity and tumor invasion (for reviews, see
refs 22 and 23). We have demonstrated an E-type ATP-
and, to a lower extent, ADP-hydrolyzing activity in immu-
noisolated preparations of NCAM and proposed that this
either was an intrinsic enzymatic activity of NCAM or that
a tight functional association between an ecto-ATPase and
NCAM existed (13). We here focus on the NCAM isoform-
specificity of this activity, on the identification of the catalytic
component using various chromatographic techniques, im-
munoprecipitation and affinity modification, and on the
elucidation of the effects produced by binding of substrate
or substrate analogues. Since ATP is a preferential substrate
and since ADP hydrolysis was not studied in the present
work, the term ATPase activity is used throughout this article.

MATERIALS AND METHODS

Materials. Phosphatidylinositol-specific phospholipase C,
PI-PLC, from Bacillus cereus, 5′-fluorosulfonylbenzoyl
adenosine, FSBA, and polyclonal rabbit antibodies against
FSBA were from Boehringer-Mannheim (Mannheim, Ger-
many). Mono Q HR 5/5, protein G-Sepharose Fast Flow
and lysine-Sepharose were from Pharmacia (Uppsala, Swe-
den). Tween-20 (EIA grade), acrylamide and bisacrylamide
were from Bio-Rad Laboratories (Richmond, CA). Second-
ary horseradish peroxidase, HRP, or alkaline phosphatase,
AP, -conjugated swine antibodies against rabbit immuno-

globulins and AP-conjugated streptavidin were from Dako
(Glostrup, Denmark). Nitrocellulose sheets BA85 were from
Schleicher & Schuell (Dassel, Germany). The SuperSignal
CL-HRP substrate system and the bicinchoninic acid protein
assay reagents were from Pierce (Rockford, IL). Silica gel
precoated sheets (Kieselgel 60 F254) were from Merck
(Darmstadt, Germany). Monoclonal antibodies to the cy-
toplasmic part of NCAM, OB11, and all other reagents were
supplied by Sigma Chemical Co. (St. Louis, MO).
Membrane Fractions. Synaptosomal fractions were iso-

lated essentially as described previously (13). Brains of 40-
day-old Wistar rats were homogenized in a buffer consisting
of 0.32 M sucrose, 30 mM histidine, 1 mM EDTA, pH 7.5.
The supernatant obtained after two differential centrifugations
(1000g for 10 min followed by 4000g for 15 min) was
applied on a cushion of 16% v/v Percoll in homogenization
buffer, adjusted to pH 7.5 and centrifuged at 30000g for 60
min, allowing the sedimentation of mitochondria (24). The
fraction concentrated at the top of 16% v/v Percoll was
collected, diluted 3-fold with homogenization buffer and
pelleted at 30000g for 60 min. The pellet was resuspended
in homogenization buffer at a protein concentration of 5-8
mg/mL. The amount of NCAM (the combined three
isoforms) was quantified by ELISA and found to be 7µg
per mg of membrane protein. By determining both acces-
sible and latent Na,K-ATPase activities (25) the obtained
membrane fraction, in the following referred to as the
synaptosomal fraction, was shown to contain approximately
80% tightly sealed synaptosomes and 20% leaky membrane
fragments. The preparation was stored in aliquots at-20
°C.
Postnuclear membrane fractions were prepared from

L-cells stably transfected with human NCAM-B or -C (26,
27). The cells were grown in Dulbecco’s modified Eagle’s
medium, DMEM (Gibco, Paisley, U.K.), supplemented with
10% fetal calf serum. The following clones were em-
ployed: wild-type L-cells, L0; two vector-transfected clones,
LVN-101 and LVN-212; two NCAM-B-transfected clones,
LBN-106 and LBN-110; and two NCAM-C-transfected
clones, LCN-202 and LCN-212. Confluent monolayers were
washed and harvested in 0.1 M sucrose, 30 mM histidine, 1
mM EDTA, pH 7.5, followed by homogenization in a
Teflon-glass homogenizer using the same buffer supple-
mented with 0.1 mM phenylmethylsulfonyl fluoride, PMSF,
and aprotinin, 100 units/mL. The homogenate was centri-
fuged at 3000g for 15 min, and the resulting supernatant was
centrifuged at 30000g for 60 min. The pellet was suspended
and stored in homogenization buffer in aliquots at-20 °C.
Solubilization. The procedure has briefly been described

previously (13). Membrane fractions were diluted to 1.4-3
mg of protein/mL in a medium containing 25 mM HEPES,
0.1 M sucrose, 1 mM EDTA, 1 mM EGTA, 5 mM MgCl2,
0.5 mM PMSF and 25% w/v glycerol, pH 7.5. 1% w/v
3-[(cholamidopropyl)dimethylammonio]-1-propanesulfo-
nate, CHAPS, was freshly prepared in the same buffer. Both
mixtures were kept on ice for 10 min. An equal volume of
CHAPS solution was added slowly with gentle homogeniza-
tion to the diluted membrane fraction giving a final concen-
tration of 0.5% w/v CHAPS. The mixture was kept on ice
for 30 min, and insoluble material was removed by cen-
trifugation at 100000g for 45 min.
Immunoadsorption of NCAM. Antibodies were coupled

to protein G-Sepharose according to Harlow and Lane (28).
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Preparations of rabbit polyclonal antibodies were isolated
(29) either from immune serum of rabbits immunized with
rat NCAM (NCAM antibodies) or from pooled serum
obtained prior to immunization of rabbits (control antibodies).
No interaction of control antibodies with synaptosomal
proteins was observed. Antibodies against rat NCAM or
control antibodies were gently mixed with protein G-
Sepharose in 20 mM HEPES, 150 mM NaCl, pH 7.5,
overnight at 4°C (20 mg of protein per 1 mL of Sepharose
suspended in a final volume of 5 mL). The agarose was
sedimented at 3000g for 5 min and washed twice with 10
mL of the same buffer. Freshly prepared 20 mM dimeth-
ylpimelimidate in 10 mL of 0.2 M sodium borate, pH 9.0,
was added to the sedimented agarose. After being mixed
for 1 h at room temperature, the agarose was sedimented
and suspended in 10 mL of 0.2 M ethanolamine, pH 8.2,
for 2 h at room temperature, and then washed and resus-
pended in 25 mM HEPES, 150 mM NaCl, pH 7.5, containing
0.02% w/v sodium azide.
NCAM- or control-immunosorbent corresponding to a 50

µL bed volume suspended in 20 mM HEPES, pH 7.5, was
mixed routinely with 0.2 or 0.5 mL of supernatants from
membranes treated with CHAPS or PI-PLC, respectively.
The mixture was incubated with gentle mixing at room
temperature for 30 min after which incubation was continued
at 4 °C for additional 6 h. The immunosorbent was
sedimented and 0.5 mL of 1% w/v ovalbumin, 0.25% w/v
CHAPS in washing buffer, 20 mM HEPES, 10% w/v
glycerol, pH 7.5, was added and the mixture was incubated
overnight at 4°C. A cushion of 15% w/v sucrose in washing
buffer containing 0.1% w/v CHAPS was placed in a tube,
and the immunosorbent was again sedimented by centrifuga-
tion and transferred to a new tube in 5 mL washing buffer
containing 0.1% w/v CHAPS and washed for 6 h at 4°C.
Subsequently the immunosorbent was sedimented, resus-
pended in 10 mL of washing buffer containing 0.03% w/v
CHAPS and washed overnight. The presence of ovalbumin
during immunoisolation not only reduced unspecific binding
to the sorbent, but was also important for elimination of low
amounts of Na,K-ATPase [3-4% of the immunoisolated
NCAM protein (30)]. This was the only non-E-type
membrane ATPase otherwise co-isolated with NCAM (11,
30) because of the binding to NCAMVia an oligomannosidic
chain in theâ2-isoform of theâ-subunit of brain Na,K-
ATPase (31). Before affinity modification of immunoad-
sorbed NCAM preparations the sorbent was washed with
20 mM HEPES, pH 7.5. Before ATPase assay the immu-
nosorbent was washed with the ATPase assay medium
without ATP (see below). Immunoisolation of NCAM from
FSBA-modified synaptosomes was performed according to
the same protocol. Human NCAM was immunoisolated
from postnuclear membrane fractions of transfected L-cells
using anti-human NCAM rabbit polyclonal antibodies ob-
tained according to Ibsen et al. (32).
Affinity Modification. Oxidized ATP, oATP, was synthe-

sised as described previously (33), stored at-70 °C and
used within 1 week after synthesis. FSBA was freshly
prepared as a 30 mM stock solution in dimethyl sulfoxide,
DMSO. Flurosulfonylbenzoic acid methyl ester, FSB-OMe,
was prepared by methanolysis of fluorosulfonylbenzoyl
chloride overnight at room temperature (34). Affinity
modification of NCAM bound to immunosorbent or of
synaptosomes was performed for 1 h at 37°C in 20 mM

HEPES, pH 7.5, containing 0.2 mM MgCl2 and varying
concentrations of oATP or FSBA. In some experiments ATP
was added in concentrations indicated in the text. Controls
contained all compounds in amounts identical to those added
to the affinity-modified samples, including DMSO and/or
ATP, but no ATP analogue. When employing a two-step
modification, the sample was suspended in 20 mM HEPES,
pH 7.5, in the presence or absence of ATP, FSB-OMe from
a stock solution in DMSO was added, and the mixture was
incubated at 22°C for 1 h. The sample was then 2-fold
diluted, centrifuged through a cushion of 15% w/v sucrose
in 20 mM HEPES, pH 7.5, and modified with FSBA as
described above. All experiments were repeated at least five
times. For optimization of FSBA detection, Na,K-ATPase
isolated in membrane-bound form from pig kidney (35) was
affinity modified by 1 mM FSBA in 20 mM HEPES, 1 mM
MgCl2, and 150 mM NaCl, pH 7.5, at 37°C for 1 h.
PI-PLC-Mediated and Spontaneous Release of NCAM.

Synaptosomes were treated with PI-PLC for 3 h at 37°C in
25 mM Tris-HCl, 0.1 mM EDTA, pH 7.5, using 2 U PI-
PLC per mg synaptosomal protein in a volume of 200µL at
a concentration of approximately 2.5-3 mg of protein/mL.
The released fraction was separated from the synaptosomes
by centrifugation at 100000g for 1 h. For spontaneous
release of proteins, synaptosomes were suspended in the same
buffer as above, but without PI-PLC, at a protein concentra-
tion of 0.7-1 mg/mL and incubated at 37°C for 5-8 h.
The membrane material was removed by centrifugation at
100000g for 1 h.
The amount of synaptosomal protein was determined by

a modified Lowry procedure (36) after precipitation with 5%
w/v trichloroacetic acid. The ratio of released protein to total
synaptosomal protein was determined using the bicinchoninic
acid protein assay reagent according to the procedure given
by the manufacturer.
Chromatography on Mono Q and Lysine-Sepharose Col-

umns. Fractionation was performed at 4°C using an FPLC
system (Pharmacia, Uppsala, Sweden). A Mono Q column
with a bed volume of 1 mL was equilibrated with 20 mM
imidazole-HCl, 0.1 mM EDTA, 10% w/v glycerol, and
0.25% w/v CHAPS, pH 7.5, at a flow rate of 0.5 mL/min.
To proteins spontaneously released from a synaptosomal
preparation containing 4 mg of membrane protein was added
CHAPS to a final concentration of 0.25% w/v. The mixture
was diluted 2.5-fold with equilibration buffer, applied on the
column, and eluted with a linear gradient of 0-0.45 M NaCl
in equilibration buffer. Fractions of 1 mL were collected
and E-type ATPase activity and Pi-background were mea-
sured using aliquots of the individual fractions. The
concentration of NaCl was determined by conductometry
using serial dilutions of 1 M NaCl in equilibration buffer as
a standard. In a second series of experiments the Mono Q
column was equilibrated with 10 mM Tris-HCl, 2 mMMgCl2

and 0.25% w/v CHAPS, pH 8.2. The same sample as above
was diluted by adding 1.5 vol distilled water adjusted to pH
9.5 by Tris-base. The mixture was supplemented with MgCl2

and CHAPS to final concentrations of 2 mM and 0.25% w/v,
respectively, and pH was adjusted to pH 8.2 by 0.1 M Tris-
HCl, pH 9.5. The sample was applied on the column and
fractionated as above.
A Lysine-Sepharose column, with a bed volume of 4 mL,

was equilibrated with 25 mM Tris-HCl and 0.25% w/v
CHAPS, pH 7.4, at a flow rate of 0.1 mL/min. To the
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fraction of proteins spontaneously released from a preparation
of synaptosomes corresponding to 4 mg of membrane
protein, CHAPS to a final concentration of 0.25% w/v was
added. This mixture was diluted 2.5-fold with equilibration
buffer, applied on the column and eluted by a linear gradient
of 0-0.35 M KCl in equilibration buffer. Fractions of 1
mL were collected and analyzed as described above. The
concentration of KCl in the various fractions was determined
by conductometry using serial dilutions of 1 M KCl as a
standard.
Determination of ATPase ActiVity. E-type ATPase activity

was determined as the enzymatic release of Pi from ATP
into a medium consisting of 20 mM HEPES, 50 mM NaCl,
1 mM CaCl2, and 1 mM ATP, pH 7.5, in the presence of
the membrane endo-ATPase inhibitors: 1 mM ouabain, 10
mM sodium azide, and 100µM sodium orthovanadate. For
determination of the enzymatic Pi release, the nonenzymatic
Pi release from ATP taking place during incubation in assay
medium without enzyme was measured. Likewise, the Pi

content in the enzyme-containing samples without addition
of ATP and without incubation was determined, and these
two values were subtracted from the total Pi released during
the enzymatic reaction. KH2PO4 was used as Pi standard.
When intact cells were assayed, the medium additionally
contained 10% w/v sucrose and 10 mM glucose. Routinely,
duplicate samples of synaptosomes were incubated for 15-
30 min at 37°C after addition of ATP. Pi was determined
mixing equal volumes of reaction mixture with ice-cold Pi

reagent consisting of 1% w/v ammonium heptamolybdate,
1% w/v SDS and 0.2% w/v ascorbic acid in 3% v/v H2SO4
(13, 37). After color development for 15 min at 37°C the
absorbance at 820 nm was measured (procedure A). ATPase
activity of proteins released from synaptosomes and of
material bound to the immunosorbent was determined
similarly, but terminating the reaction after 60-90 min. Pi
release from immunoadsorbed NCAM preparations was, as
previously shown, linear in this period (13). The released
Pi was determined colorimetrically in aliquots of reaction
mixture using both procedure A and a modified, more
sensitive procedure, procedure B, in which a malachite green
color reagent was used. After a 5-10-fold dilution of the
samples with distilled water, 120µL aliquots were mixed in
wells of a 96-well microtiter plate (Greiner, Frickenhausen,
Germany) with 30µL of malachite green reagent prepared
according Baykov et al. (38). One minute later 15µL of
quenching solution consisting of 34% w/v sodium citrate
dihydrate was added (39), and after 30 min at room
temperature the absorbance at 620 nm was measured. Since
the results obtained by the two colorimetric procedures were
identical, mean values were calculated. When we assayed
very dilute samples (e.g. chromatographic fractions), they
were mixed with 2-fold concentrated ATPase assay medium,
and after 60 min at 37°C 120µL of the reaction mixture
was withdrawn, and Pi was determined without dilution of
the sample using procedure B. In some experiments, the
remaining reaction mixture was incubated additionally for
90 min, and the released Pi was determined according to
procedure A. This resulted in approximately 25% lower
ATPase activity values, but the distribution of activity after
fractionation was identical to that obtained with procedure
B. Finally, the Pi content in samples, to which no ATP was
added, was determined for the individual chromatographic
fractions. Na,K-ATPase was measured as the difference in

enzymatic Pi release into assay media, containing 30 mM
histidine/HCl, pH 7.5, 3 mM MgCl2, 130 mM NaCl, 20 mM
KCl, and 3 mM ATP in the absence or presence of 1 mM
ouabain (25, 33, 35).
Gel Electrophoresis, Immunoblotting, Enzyme-Linked Im-

munosorbent Assay (ELISA) and Thin-Layer Chromatogra-
phy (TLC). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, SDS-PAGE, was performed in 5% or 7.5%
w/v polyacrylamide gels according to Laemmli (40). Samples
were dissolved in SDS sample buffer (2% w/v SDS, 10 mM
dithiothreitol, 5 mM EDTA, 1 mM PMSF) and incubated
for 3 min in boiling water. FSBA-modified samples were
treated for 20 min at 50°C in sample buffer, and PAGE
was performed at ca. 15°C. As a positive control Na,K-
ATPase isolated from pig kidney was employed. It was
modified by FSBA as described above or biotinylated by a
10-fold molar excess of biotinamidocaproateN-hydroxysuc-
cinimide ester over protein, washed, and solubilized using a
6-fold excess (w/w) over protein of the nonionic detergent
octaethylene glycol dodecyl monoether, C12E8. The solu-
bilized biotinylated preparation was precipitated by 70% v/v
methanol overnight at-20 °C and separated by SDS-
PAGE. Electroblotting onto nitrocellulose sheets was per-
formed according to Bjerrum and Schafer-Nielsen (41).
Binding of FSBA was detected using rabbit polyclonal
antibodies against FSBA. Blots were incubated for 30 min
in 2% w/v gelatin dissolved in 50 mM Tris, 150 mM NaCl,
pH 7.4 (TBS), then additionally blocked in 2% w/v Tween-
20 in TBS for 5 min, and, after washing in 0.1% w/v Tween-
20 in TBS (T-TBS), incubated for 2 h with anti-FSBA
antibodies diluted 1:500 in T-TBS. For detection of NCAM,
blots were blocked for 5 min by 2% w/v Tween-20 in TBS,
washed in T-TBS and incubated with rabbit antibodies
against rat brain NCAM diluted with T-TBS 1:1000. Bound
primary anti-FSBA or anti-NCAM antibodies were visualized
by incubation with HRP-conjugated swine antibodies against
rabbit immunoglobulins followed by ECL detection using
the SuperSignal CL-ECL substrate system and Kodak
BioMax MR-50 film. The relative intensity of immunob-
lotted polypeptide bands was estimated by scanning the films
after ECL detection followed by quantification using Mo-
lecular Dynamics Image Quant software. Relevant controls
were subtracted from the obtained values. Blots of bioti-
nylated or FSBA-modified Na,K-ATPase were incubated
with AP-conjugated streptavidin or AP-conjugated secondary
antibodies, respectively, using a chromogenic reaction for
enzyme detection.
TLC of nucleotides was performed according to Bronnikov

and Zakharov (42). Samples were concentrated by freeze-
drying and separated by TLC on silica gel containing a
fluorescent indicator.
ELISA of NCAM was performed as previously described

(32).

RESULTS

Immunoisolation of NCAM from NCAM-Transfected
L-Cells

Immunoisolated NCAM has previously been shown to
retain ca. 15% of the total E-type ATPase activity (13) of
CHAPS-solubilized synaptosomes, while only 0.7% of the
membrane protein is constituted by NCAM. In order to
determine whether ecto-ATPase activity of NCAM was
tightly associated with NCAM or an integral function of one
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or more NCAM isoforms, we employed mouse fibroblastoid
cells (L-cells) stably transfected with vector alone or with
cDNA encoding the human transmembrane NCAM-B or the
lipid-anchored NCAM-C isoforms. The NCAM-transfected
cell lines expressed the protein at a level of approximately
0.1 pg of NCAM per cell (26, 27). Ecto-ATPase activity
was determined in two clones corresponding to each
construct. The level expressed by vector-transfected cells
was 0.73( 0.16 milliunits/106 cells (mean( SEM), and by
NCAM-B and -C-transfected clones 0.98( 0.09 and 1.14
( 0.35 milliunits/106 cells, respectively. The increase in
enzyme activity in the NCAM transfectants was not statisti-
cally significant. The specific activity of the NCAM-
associated ATPase has previously been determined to be 4.5
units/mg of NCAM protein (13), and the expression of
approximately 0.1 pg of NCAM per cell can therefore be
calculated to add an activity corresponding to 0.45 milliunits/
106 cells, which is of the same size as the observed variation
in the employed cell lines. NCAM was therefore immu-
noisolated from membrane fractions prepared from the wild-
type cells or the transfected cell lines, and the amount of
NCAM was determined by ELISA and found to be 1.1(
0.09 and 1.0( 0.06 µg of NCAM per mg of membrane
protein for the two NCAM-B-transfected (B106 and B110),
and 0.8( 0.08 and 1.2( 0.13 µg of NCAM per mg of
membrane protein for the two NCAM-C-transfected clones
(C202 and C212). No NCAM could be detected in wild
type L-cells (L0) or vector-transfected clones (V101 and
V212). NCAM-B and NCAM-C were immunoisolated from
CHAPS-solubilized membrane fractions of the corresponding
clones, as visualized by immunoblotting (Figure 1, insert).
No NCAM immunoreactivity was detected in the wild-type

or the vector-transfected clones. The ATPase activity in
fractions isolated by means of NCAM-specific antibodies
relative to the activity in fractions isolated by means of
control-antibodies appears from Figure 1. The relative
activity was increased in all four NCAM-positive clones,
whereas no such increase was observed in the three control-
clones. We therefore conclude that lipid-anchored NCAM-C
as well as transmembrane NCAM-B were coisolated with
an E-type ATPase activity in NCAM-transfected L-cell.

Analysis of Soluble Forms of NCAM

In order to obtain the extracellular part of NCAM in a
soluble form, two procedures were used: (i) incubation of
synaptosomes for 5-8 h at 37°C in 25 mM Tris-HCl, 0.1
mM EDTA, pH 7.5, resulting in a spontaneous proteolytic
cleavage of NCAM at a site close to the extracellular surface
of the membrane (43, 44); (ii) treatment of rat synaptosomes
by PI-PLC for 3 h at 37 °C resulting in the release of
NCAM-C from the membranes. The proteolytically released
fragment did, as expected, not react on immunoblots with a
monoclonal antibody, OB11, which recognizes the cytoplas-
mic part of transmembrane isoforms of NCAM (not shown).
Treatment of synaptosomes with PI-PLC released ca. 5% of
the total E-type ATPase activity and 7% of the total protein
of the membrane. Spontaneous proteolysis released ca.
6-8% of the total enzyme activity and up to 12% of the
total protein when incubating for 5-8 h at 37°C. When
incubating for 8 h the total activity was reduced by 40%
and longer incubations did not increase the recovery of
enzyme in the soluble fraction. Even though the treatment
did not increase the specific activity of E-type Ca2+-
dependent ATPase in the supernatant, the spectrum of
membrane ATPases recovered in the supernatant differed
drastically from the original pattern observed in synapto-
somes and in the mixture before sedimentation. This is
exemplified by one of the major transport ATPases of
synaptosomes, Na,K-ATPase, whose spatial organization
including several transmembrane segments prevents mem-
brane release of the enzyme in an active form (see e.g. ref
25). After treatment, Na,K-ATPase, in contrast to the E-type
ATPase activity, remained in the sedimented membrane
fraction, and only trace amounts, not exceeding 0.5% of the
ATPase activity present in the mixture before sedimentation,
were detectable in the supernatant (not shown). This
indicated that the major part of the of E-type activity
measured in the supernatant did not originate from small
membrane fragments not sedimented by high-speed cen-
trifugation.
In Figure 2A and B are shown the results of ion-exchange

chromatography on a Mono Q column of spontaneously
released material containing 18 milliunits of E-type ATPase
activity obtained by procedure i using two different frac-
tionation buffers (see legend to Figure 2), which both
contained 0.25% CHAPS. At pH 7.0 in the presence of 0.1
mM EDTA all applied activity was bound to the Mono Q
column, and the major peak of ATPase activity coeluted with
fractions containing NCAM using a linear (0-0.45 M)
gradient of NaCl (Figure 2A). For comparison, another
buffer system containing 2 mM MgCl2 in 10 mM Tris-HCl,
pH 8.2, was used, since it has been suggested that this buffer
system was capable of separating ATPase activity from
NCAM (45). An almost identical enzymatic activity was
eluted, and also in this buffer system the major peak of

FIGURE 1: E-type ATPase activity immunoisolated from human
NCAM-transfected L-cells. Membrane fractions from parent L0,
vector- (V101, V212), NCAM-B- (B106, B110), and NCAM-C-
(C202, C212) transfected cells were solubilized with 0.5% CHAPS.
Equal aliquots of the supernatants were incubated with human
NCAM- or control-immunosorbent. The ratio of ATPase activities
bound to NCAM-immunosorbent over control-immunosorbent is
shown. Immunoblotting by human NCAM antibodies of the
immunoadsorbed NCAM preparations is shown in the insert. Bars
on the left-hand side indicate positions of NCAM-B (135 kDa) and
NCAM-C (115 kDa).
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ATPase activity coeluted with NCAM, see Figure 2B. Two
blanks were subtracted from all enzyme determinations: the
Pi amounts released by nonenzymatic hydrolysis of ATP
under the chosen conditions, and the Pi amounts in aliquots
of the chromatographic fractions determined in ATPase assay
medium without addition of ATP. The importance of the
latter control appears from Figure 2B. Fractions 6-10 eluted
from the Mono Q column at pH 8.2 gave a strong Pi-like
reaction, whereas this compound at pH 7.0 was found in the
effluent of the Mono Q column (not shown). This Pi-
reactivity presumably mainly originated from the brain
membranes rather than from the reagents used for the
chromatography, since it could be detected in the soluble
material obtained according to procedure i. The nature of
this product was not further analysed, but since two different
colorimetric procedures were employed, it probably was not
an artifact of the determination procedure, indicating that if
the background Pi content in the chromatographic fractions

is not controlled, this peak might be misinterpreted as
reflecting the elution of ATPase activity.
Lysine-Sepharose has previously been employed success-

fully for isolation of NCAM (29). When a preparation of
spontaneously released proteins was applied on lysine-
Sepharose which combines the characteristics of an ion-
exchange and a group-specific adsorbent matrix, a highly
concentrated peak of ATPase activity was eluted from the
column using a 0-0.35 M linear gradient of KCl (Figure
2C). As shown in Figure 2C, insert, NCAM was again eluted
in the same fractions as the major part of the ATPase activity.
In all three chromatograms the dominant component in the
NCAM fractions was the extracellular fragment of NCAM,
which almost coincides in electrophoretic mobility with
NCAM-C, followed by minor amounts of the NCAM-A and
-B isoforms, which are known to be shed in intact forms
from the membrane (44). A small, broad peak of E-type
ATPase activity observed in all three chromatograms in

FIGURE 2: Chromatography of the soluble fractions spontaneously released from rat synaptosomes. The lefty-axes indicate the ATPase
activity (-b-) in µmoles of Pi/fraction/hour. Synaptosomes (4 mg of protein) were incubated in 25 mM Tris-HCl, 0.1 mM EDTA, pH 7.5,
for 8 h at 37°C and then sedimented. Supernatants, each containing 18 milliunits of E-type ATPase activity, were diluted as described
below for the individual columns, applied on the columns and fractionated (1 mL/fraction) by elution with a linear gradient of 0-0.45 M
NaCl (A, B) or 0-0.35 M KCl (C) in equilibrations buffers. Separation was monitored by absorbance at 280 nm. E-type ATPase activity
was measured as the enzymatic release of Pi from ATP determined colorimetrically, subtracting nonenzymatic ATP hydrolysis and Pi
background in the individual fractions (see panel B). The concentration of NaCl and KCl was determined by conductometry. (A) A Mono
Q column (HR 5/5) was equilibrated with 20 mM imidazole-HCl, 0.1 mM EDTA, 10% glycerol, 0.25% CHAPS, pH 7.5. CHAPS to a final
concentration 0.25% was added to the supernatant sample. The mixture was diluted 2.5-fold with the equilibration buffer and applied on
the column. (B) A Mono Q column was equilibrated with 10 mM Tris-HCl, 2 mM MgCl2, 0.25% CHAPS, pH 8.2. The supernatant was
diluted 2.5-fold with distilled water, supplemented with MgCl2 and CHAPS giving final concentrations of 2 mM and 0.25%, respectively.
pH was adjusted to pH 8.2 with Tris-HCl, and the mixture was applied on the column. The results of the colorimetric determination of Pi
(or Pi-like compounds) in the individual chromatographic fractions are plotted as Pi-content per fraction. (C) A lysine-Sepharose column,
4 mL bed volume, was equilibrated with 25 mM Tris-HCl, 0.25% CHAPS, pH 7.4. CHAPS was added to the supernatant sample to a final
concentration of 0.25%, and the mixture was diluted 2.5-fold with equilibration buffer and applied on the column. Immunoblotting with
NCAM antibodies of aliquots of fractions from the chromatographies A, B, and C, respectively, are shown at the top of each panel. Bars
on the right-hand side indicate positions of intact NCAM-A (190 kDa), NCAM-B (135 kDa), and NCAM-C (115 kDa).
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fractions 6-13 may be derived from trace amounts of
unsedimented membrane fragments solubilized by CHAPS.
At this position, ca. 80% of the E-type ATPase activity of
solubilized synaptosomes has previously been shown to be
eluted (11), whereas a later, minor peak containing the three
intact isoforms of NCAM and enriched in NCAM-associated
ATPase (11) coincides with the peak of the extracellular part
of NCAM in the experiments presented here. In conclusion,
the major peak of ATPase activity shed from brain mem-
branes coeluted with the extracellular fragment of NCAM
after chromatography on different matrices.
Treatment of synaptosomes with PI-PLC (procedure ii)

provided another way of obtaining the extracellular part of
NCAM, in this case by hydrolysis of the GPI-anchor, which
connects NCAM-C to the membrane. As mentioned above,
this treatment released ca. 5% of the total E-type ATPase
activity. In order to test the possible association between
the released activity and NCAM, immunoadsorption was
employed. In Figure 3 is shown the enzyme activity in the
supernatant after incubation with either anti-NCAM or
control antibodies coupled to protein G-Sepharose. NCAM
was almost completely removed from the supernatant by the
NCAM-immunosorbent, but not by the control-immunosor-
bent, see Figure 3, insert. The NCAM-immunosorbent also
removed almost 90% of the PI-PLC-released enzymatic
activity, whereas ATPase activity in the supernatant de-
creased only slightly after incubation with control-immun-
osorbent.
Thus, the NCAM-associated ATPase activity accounted

for the major part of the ATPase activity in PI-PLC released
material. By means of different chromatographic procedures
and immunoprecipitation of proteolytically and PI-PLC
released ATPase activity and NCAM, independent results
were obtained indicating that the catalytic capacity either
was a function of the extracellular part of NCAM or reflected

a tight functional association of this part of NCAM and an
ecto-ATPase. Therefore, to identify the catalytic component,
affinity modification was employed.

Affinity Modification

Two ATP analogues capable of modifying ATP-binding
sites, FSBA and oATP, were tested for their inhibitory action
on the NCAM-associated ATPase activity. Synaptosomes
were solubilized by CHAPS, and NCAM was immunoiso-
lated by NCAM-immunosorbent. Control-immunosorbent
bound an ATPase activity corresponding to ca. 10% of that
isolated by the specific antibodies.Km for ATP of immu-
noisolated NCAM-associated ATPase activity was deter-
mined to be 110µM (not shown), which is in the range
determined for E-type ATPases of rodent synaptosomes [50-
194 µM (24, 46)]. Both oATP and FSBA were able to
inactivate the NCAM-associated ATPase. oATP caused a
strong and irreversible inactivation (Figure 4A). Addition
of 5 mM NaCNBH3 was without effect (not shown),
indicating that a conjugated Schiff base or a morpholine-
like compound, but not a simple Schiff base, were the most
probable products of the modification. A morpholine-like
product of the oATP modification has in fact been identified
at the active sites of some transport ATPases (33, 47). ATP
protected the enzyme from inactivation, but even at a 20-
fold excess of ATP over the reagent the protection was only
partial, probably due toâ-elimination in oATP, resulting in
the accumulation of a highly active and less selectively
modifying product during the incubation (33, 47). FSBA
also irreversibly inactivated the NCAM-immunoisolated
ATPase. The inhibition was time-dependent (Figure 4B) and
concentration-dependent (Figure 4C), and achieved a maxi-
mal level of approximately 90% at a concentration of 1.5
mM FSBA after incubation for 1 h at 37°C (Figure 4B,C).
Inactivation followed pseudo-first-order kinetics with a rate
constantkobs) 0.04 min-1 at 1.5 mM FSBA and with aKD

) 1.8 mM as determined from a double-reciprocal plot of
1/kobs versus 1/[FSBA] in the range 0.15-1.5 mM FSBA
(plots not shown). ATP added in a 10-fold molar excess
over the reagent protected the ATPase activity almost
completely (Figure 4C). A similar inactivation of the
NCAM-associated ATPase and protection with ATP were
observed, when the modification was performed on synap-
tosomes followed by immunoisolation of NCAM (see Figure
6 and below). Subsequently, the latter approach, which
presumably preserves the native conformation of the protein
during modification, was employed for detection of bound
FSBA in immunoisolated NCAM.

Binding of FSBA to Immunoisolated NCAM

Covalently bound FSBA in samples of immunoisolated
NCAM was demonstrated by immunoblotting using anti-
FSBA antibodies. Since these antibodies recognize the
adenosine moiety in the products of FSBA modification (48),
care was taken to preserve the ester linkage between the
benzoyl and nucleoside moieties of the reagent. Due to a
decreased stability of this linkage at elevated temperatures
and extreme pH values (49), boiling as well as high and low
pH values were avoided, e.g. in connection with protein
staining, and SDS-PAGE was performed at ca. 15°C. First,
the selectivity of the FSBA-immunoblotting procedure was
tested on purified pig kidney Na,K-ATPase. This enzyme

FIGURE 3: Depletion of PI-PLC released ATPase activity and
NCAM by immunoadsorption. Synaptosomes were treated with PI-
PLC for 3 h at 37°C, and aliquots of the supernatant were incubated
with immunosorbents coupled with control antibodies or NCAM
antibodies. The E-type ATPase activity of the supernatant before
immunoadsorption was taken as 100%. The ATPase activity
remaining in the supernatant after sedimentation of the control- or
NCAM-immunosorbent is expressed as a mean value( SEM.
Immunoblotting of NCAM remaining in the respective supernatants
after control- (left) and NCAM- (right) immunoadsorption is shown
in the insert. Bars on the right-hand side of the insert indicate
positions of NCAM-A (190 kDa), NCAM-B (135 kDa), and
NCAM-C (115 kDa).
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consists of two types of tightly associated subunits, as seen
in Figure 5A, lane 1, showing biotinylated Na,K-ATPase
probed with AP-conjugated streptavidin. Only the catalytic
R-subunit was recognized by the FSBA antibodies after
modification despite the fact that the noncatalyticâ-subunit
is a membrane glycoprotein, containing exposed to the
hydrophilic phase several chemical groups which might be
unspecifically modified (Figure 5A, lanes 2-5). The
modification resulted in an almost complete inactivation of
the enzyme (not shown). The detection limit corresponded
to 1.25µg of the FSBA-inactivated Na,K-ATPase and to
∼0.9 µg of theR-subunit when employing AP-conjugated
secondary antibodies and chromogenic visualization. There-
fore, to increase the sensitivity of the procedure HRP-coupled
secondary antibodies and the ECL detection procedure were
employed subsequently. Figure 5B shows an immunoblot-
ting of a preparation of NCAM immunoisolated from 0.2
mL of CHAPS-solubilized synaptosomes containing 1.4µg
of NCAM (all isoforms) and modified with different
concentrations of FSBA and probed with FSBA antibodies.
In Figure 4C it can be seen that FSBA at a concentration of
0.15 mM reduced the activity of the immunoisolated enzyme
by ca. 30%, and that the inhibition was completely prevented
by addition of 1.5 mM ATP. In Figure 5B it is shown that
the same ATP concentration nearly completely prevented
incorporation of FSBA (compare lane 2 with 1), indicating

that the modification predominantly was restricted to the
substrate-binding site. At 1.5 mM FSBA the NCAM-
associated ATPase was almost completely inactivated, but
a 10-fold excess of ATP still protected the enzymatic activity
from inactivation as demonstrated in Figure 4C. However,
under these conditions, ATP only partially inhibited the
binding of FSBA (compare lanes 1 and 2 with lanes 3 and
4 in Figure 5B), indicating that at higher FSBA concentra-
tions an unspecific modification outside of the ATP-binding
site probably took place. To decrease or prevent unspecific
FSBA binding, FSB-OMe was employed. This compound,
which contains the same modifying group as FSBA, but no
“substrate-like” part, had hardly any inhibitory effect on the
immunoisolated ATPase at a concentration of 1.5 mM (not
shown). FSB-OMe at 15 mM partially inhibited the immu-
noisolated ATPase (Figure 4D), but addition of ATP in an
equimolar amount eliminated the inactivation, indicating that
FSB-OMe has access to, but not a high affinity for the
catalytic site. If affinity modification with FSBA was
performed after removal of FSB-OMe and ATP, a strong
inhibition of the enzymatic activity was observed, and this
inhibition was almost as effectively prevented by ATP as
the effect of treatment with FSBA alone (compare Figure
4C and 4D). The difference between the two procedures
appears when the level of unspecific incorporation of FSBA
into immunoisolated NCAM preparations, i.e. in the presence

FIGURE4: Inhibition of NCAM-immunoisolated ATPase activity by ATP analogues. NCAM was immunoisolated by NCAM-immunosorbent
from supernatants of CHAPS-solubilized synaptosomes. Equal aliquots of the immunosorbent with bound NCAM were incubated in 20
mM HEPES, 0.2 mM MgCl2, pH 7.5, at 37°C for 1 h (A, C, D) or 0-90 min (B) with the affinity reagents in the presence or absence of
ATP in the indicated concentrations. FSBA and FSB-OMe were added from stock solutions in DMSO, giving a final DMSO concentration
of 5%. (A) Modification with oATP; (B) time-dependence of modification with 1.5 mM FSBA; (C) modification with 0.15 or 1.5 mM
FSBA; (D) two-step modification with FSB-OMe followed by FSBA. First, the immunoisolated preparation was modified with FSB-OMe
in the absence or presence of ATP in 20 mM HEPES, pH 7.5, for 1 h at 22°C. Secondly, the preparation treated with FSB-OMe in the
presence of ATP (column 2), after appropriate washing, was modified with FSBA in the absence (column 3) or presence (column 4) of
ATP. The activity of control samples corresponding to each of the test samples, containing all added compounds except the modifying
reagent was taken as 100%. Controls to samples treated with the reagents in the presence of ATP, contained both DMSO and ATP, and
controls to samples without ATP contained DMSO only. The E-type ATPase activity remaining after modification was expressed as the
mean values of percent activity of the corresponding control( SEM.
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of ATP, is compared (see lanes 3 and 4 vs lanes 5 and 6 in
Figure 5B). The comparison shows that the introduction of
the two-step modification allowed the optimization of the
procedure yielding a remarkable increase in the selectivity
of the FSBA incorporation at the ATP-binding site. Obvi-
ously, a hallmark of the procedure is that the FSBA-
antibodies recognize an adenosine moiety absent in FSB-
OMe.

The two-step modification was therefore employed in the
experiments shown in Figure 6A and B. Synaptosomes were
initially treated with FSB-OMe in the presence of ATP and,
after removing FSB-OMe and the protective ligand by
washing, equal amounts of synaptosomes were subsequently
modified with FSBA in the presence of increasing ATP
concentrations. NCAM was immunoisolated from the modi-
fied membranes, and immunoisolated ATPase activity was
measured. The activity of the immunoisolated preparation
after treatment with FSB-OMe in the presence of ATP was
regarded as 100%, and the degree of inactivation by FSBA
was determined and indicated at the top of Figure 6A.
Treatment of the modified synaptosomes with 10 mM
dithiothreitol did not reverse inactivation (not shown).
Subsequently, immunoblotting of two identical aliquots of
each sample was performed using antibodies against FSBA
(Figure 6A, lanes 1-5) or against NCAM (Figure 6A, lanes
6-10). As seen in Figure 6A, lanes 6-9, and Figure 6B,
the immunoprecipitates contained nearly identical amounts
of NCAM. Taking the relative expression of the NCAM
A, B, and C isoforms in adult rat brain as 24, 43, and 25%
(50) and the molecular masses of the polypeptides as 120,
90, and 80 kDa (Swiss-Prot), 1.7µg of the applied NCAM

was calculated to correspond to 3.4, 8.0, and 5.3 pmol of
NCAM A, B, and C, respectively, or to 16.7 pmol of all
three isoforms. A calibration bar indicating the size of the
signal of 10 pmol NCAM is shown on the left hand side of
Figure 6B. If the incubation of solubilized synaptosomes
with immunosorbent was omitted, no NCAM, only traces
of IgG heavy chains, were recognized by the secondary

FIGURE 5: Selectivity and optimization of immunodetection of
bound FSBA. (A) Purified biotinylated pig kidney Na,K-ATPase
(2.5µg of protein in lane 1) or FSBA-modified Na, K-ATPase (10,
5, 2.5, and 1.25µg in lanes 2-5, respectively) were either boiled
in SDS-PAGE sample buffer for 3 min (lanes 1 and 2) or incubated
for 20 min at 50°C (lanes 3-5), separated by SDS-PAGE in 7.5%
polyacrylamide gel, electroblotted onto nitrocellulose and probed
with streptavidin-AP (lane 1) or with anti-FSBA antibodies,
followed by incubation with AP-conjugated secondary pig anti-
rabbit immunoglobulin antibodies (lanes 2-5) and chromogenic
detection. (B) NCAM preparations immunoisolated from 0.2 mL
of CHAPS-solubilized synaptosomes containing, all together, 1.4
µg of NCAM-A, -B, and -C were modified as described in Figure
4B and C with 0.15 mM FSBA (lanes 1 and 2) or 1.5 mM FSBA
(lanes 3-6) in the presence of ATP: 1.5 mM (lane 2) or 15 mM
(lanes 4, 6). The preparations in lanes 5 and 6 were treated with
15 mM FSB-OMe in the presence of 15 mM ATP before
modification with FSBA. Samples were incubated for 20 min at
50 °C in sample buffer and separated by SDS-PAGE in 5% gel
followed by immunoblotting using anti-FSBA antibodies. HRP-
conjugated secondary antibodies and the ECL detection procedure
using the SuperSignal CL-HRP substrate system were employed.
Bars on the right side indicate the position of NCAM-A (190 kDa),
NCAM-B (135 kDa), and NCAM-C (115 kDa).

FIGURE 6: Detection of FSBA in immunoisolated NCAM. (A)
Synaptosomes were first modified with 15 mM FSB-OMe in the
presence of 15 mM ATP, washed and then modified with 1.5 mM
FSBA in the absence (lanes 1 and 6) or in the presence of 5 mM
ATP (lanes 2 and 7) or 15 mM ATP (lanes 3 and 8). Subsequently,
NCAM was immunoisolated from the synaptosomes, treated as
described in Figure 5B, and two identical samples each containing
1.7µg of NCAM were separated by SDS-PAGE. Control NCAM
preparations without modification are shown in lanes 4 and 9. In
lanes 5 and 10 is shown an SDS-eluate of the NCAM-immunosor-
bent after incubation in CHAPS-containing solubilization buffer
alone. Lanes 1-5 were immunoblotted with FSBA antibodies, and
lanes 6-10 with NCAM antibodies. The positions of NCAM-A
(190 kDa), NCAM-B (135 kDa), and NCAM-C (115 kDa) are
indicated on the right-hand side, and the arrow on the left-hand
side indicates the position of immunoglobulin heavy chains. Percent
inhibition of the immunoisolated ATPase activity is indicated at
the top of the FSBA immunoblotting. (B) The relative intensities
of identical areas containing the three NCAM bands were quantified
by scanning and Image analysis. Open circles represent intensities
in the NCAM immunoblot (lanes 6-9) from which the control in
lane 10 was subtracted. Lanes 1-4 in the FSBA-immunoblot (filled
circles) were quantified similarly, subtracting the unspecific binding
in the control sample in lane 4. Calibration to pmoles of bound
FSBA was performed using theR-subunit of FSBA-modified Na,K-
ATPase as a standard and the stoichiometric value given in ref 51.
Squares show FSBA binding normalized to an amount of 10 pmol
of NCAM. Calibration bars corresponding to the size of the signal
generated by either 10 pmol of NCAM or 10 pmol of FSBA are
presented at the left- and right-hand sides of the graph.
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antibodies (Figure 6A, lane 10). IgG heavy chains were seen
in all the FSBA-probed samples (Figure 6A, lanes 1-5),
because the FSBA-immunoblots were exposed for ca. 2 min,
whereas the NCAM-immunoblots only were exposed for ca.
5-10 s. Covalent incorporation of FSBA was observed in
all three isoforms of NCAM in the FSBA-modified prepara-
tions (lanes 1-3), but not in the unmodified control (lane
4), and the FSBA incorporation into all three NCAM
isoforms as well as the inactivation of immunoisolated
ATPase activity gradually decreased by addition of increasing
ATP concentrations (lanes 1-3). FSBA-positive NCAM
bands in lanes 1-4 in Figure 6A were quantified by scanning
and the control sample (lane 4) was subtracted. By plotting
the obtained values versus enzyme inhibition a linear
interrelationship between the two values (Figure 6B) was
revealed indicating a single type of ATP-protectable FSBA-
binding sites in NCAM preparations. In order to evaluate
the stoichiometry of FSBA incorporation, relative FSBA-
band intensities were calibrated to the amount of the bound
FSBA in pmoles as shown in Figure 6B. The size of the
calibration bar, 10 pmol of FSBA on the right hand side of
Figure 6B, was determined using a series of FSBA-modified
samples of NCAM and Na,K-ATPase, inactivated up to 56%
and 50%, respectively, and blotted from the same gel. A
ratio of 0.6 mol of FSBA per mol ofR-subunit of Na,K-
ATPase at complete inactivation has previously been reported
(51). Based on this, it could be calculated that approximately
15.3 pmol of FSBA bound to 16.7 pmol of NCAM at
complete inactivation (Figure 6B). Likewise, plotting FSBA-
binding values normalized by NCAM amounts resulted in a
ratio of 0.9 mol of FSBA per mol of NCAM polypeptide at
complete inactivation as an average value for all three
isoforms (Figure 6B). Since the various NCAM isoforms
in brain are subject to posttranslational modifications, of
which some are isoform-specific (22, 23), the contribution
from the individual isoforms to nucleotide binding and
enzymatic activity may vary. The obtained stoichiometry
seems consistent with one ATP-protectable FSBA-binding
site in NCAM.

Release of NCAM after FSBA Modification

When preparing spontaneously released NCAM from
synaptosomes it was noted, that the FSBA treatment affected
the NCAM release. As shown in Figure 7, the spontaneous
proteolytic release of NCAM decreased dramatically, if the
modification with FSBA was performed in the absence but
not in the presence of ATP (compare lanes 1 and 2 in Figure
7). This was not due to a general perturbation of the
membranes treated with FSBA, since the total amount of
protein spontaneously released from membranes was unaf-
fected by FSBA treatment both in the presence and absence
of ATP, reaching 11.0( 1.7% of the total membrane protein
after incubation at 37°C for 8 h. This was almost identical
to the release from untreated synaptosomes, which was 11.8
( 1.4%. Furthermore, PI-PLC-mediated release of NCAM
was not affected by FSBA modification of the same
membrane preparations (compare lanes 3 and 4 in Figure
7), supporting the assumption that no general perturbation
was introduced by the FSBA modification.
Using the two-step modification, blocking of unspecific

binding sites by FSB-OMe in the presence of ATP caused a
decrease of ca. 20% in the amount of spontaneously released
total protein as compared to the release from untreated brain

membranes. Subsequent FSBA treatment did not change
this, neither in the presence nor in the absence of ATP. The
spontaneous release of NCAM was remarkably reduced when
FSBA treatment was carried out without ATP, while protec-
tion of the ATP-binding site(s) by ATP kept the level of
NCAM release nearly identical to that of the control
preparation, i.e. the level obtained after blocking unspecific
binding sites with FSB-OMe (lanes 6 and 7 in Figure 7).
Using the two-step procedure did not affect the PI-PLC
mediated NCAM release, independent of whether the ATP-
binding site(s) were blocked by FSBA or not (Figure 7, lanes
8-10). It can be seen that the electrophoretic mobility of
spontaneously released NCAM slightly exceeded that of
NCAM-C released by PI-PLC (compare e.g. lane 2 to lane
3 in Figure 7). This difference of ca. 5 kDa between soluble
forms of NCAM generated by either proteolytic cleavage at
an external site near the membrane or by enzymatic cleavage
of the GPI anchor has been observed previously (43). Since
the synaptosomes were washed after treatment, release of
NCAM in all experiments occurred into the same medium.
Therefore, the binding of the substrate analogue at the ATP-
binding site of NCAM evidently reduced the spontaneous,
proteolytic release of the adhesion molecule.

Effect of ATP and ADP on NCAM Release

In a following series of experiments ATP and ADP were
added to synaptosomes suspended in 0.1 mM EDTA, 25 mM
Tris-HCl, pH 7.5. In this medium hydrolysis of the
substrates proceeded slowly despite a rather high protein
concentration of 0.7 mg/mL. At concentrations of 5 mM
ATP or 10 mM ADP, respectively, hydrolysis was not
complete even after 8 h of incubation at 37°C, as judged
by TLC on silica gel of the incubation medium (not shown).
From Figure 8A, it appears that both ATP and ADP reduced
the spontaneous release of NCAM, ATP being the more
effective (see lanes 1-3). If the ATP containing medium
was removed after 5 h of incubation, and membranes were
resuspended in an ATP-free medium and sedimented im-
mediately after, no NCAM was released (lane 4) indicating

FIGURE 7: Effect of FSBA modification of synaptosomes on
proteolytic and PI-PLC-mediated release of NCAM. Synaptosomes
were modified by 1.5 mM FSBA (lanes 1-4) in the absence (lanes
1 and 3) or presence (lanes 2 and 4) of 15 mM ATP. Lanes 5-10
show synaptosomes which were modified by the two-step proce-
dure: First with 15 mM FSB-OMe in the presence of 15 mM ATP
(lanes 5-10) and subsequently with 1.5 mM FSBA (lanes 5, 6, 8,
and 9) in the absence (lanes 5 and 8) or the presence (lanes 6 and
9) of 15 mM ATP. Samples only treated with FSB-OMe and ATP
served as controls (lanes 7 and 10). After washing, equal amounts
of suspended synaptosomes were either incubated at 37°C for 8 h
(lanes 1, 2, and 5-7) or treated with PI-PLC for 3 h at 37°C (lanes
3, 4, and 8-10). Supernatants were analyzed by NCAM-immuno-
blotting. Note a slightly higher mobility of the spontaneously
released extracellular part of NCAM compared to the PI-PLC
released NCAM-C.
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that ATP did not mediate an association between NCAM
and an unknown component in the membrane, thereby
preventing proteolytically cleaved NCAM from going into
solution. Conversely, if the incubation was continued for
additional 5 h after removal of ATP, NCAM was released
into the supernatant (lane 5). When the concentration of
ATP was decreased from 5 to 1.25 mM, the amounts of
NCAM released into the medium gradually increased (Figure
8B, lanes 2-4). The same was observed, when the
concentration of ADP was decreased from 10 to 2.5 mM
(lanes 5-7). In samples with low substrate concentrations
(lanes 4 and 7) only AMP and adenosine, but no ATP or
ADP could be detected in the concentrated supernatants by
TLC after 4 h incubation at 37°C. Therefore, soluble
NCAM was only released from synaptosomes by proteolysis
when all substrates, ATP and ADP, of the NCAM-associated
ATPase were converted into AMP and subsequently by the
5′-nucleotidase into adenosine. As shown in Figure 8B, lane
8, AMP even at a concentration of 15 mM, was unable to
prevent a spontaneous release of NCAM of approximately
the same magnitude as the release from the control, lane 1.
Thus, binding of native substrate or an affinity modifier to
the ATP-binding site present in all three NCAM isoforms,
rather than derivatizationper se protected the potential
cleavage site near the membrane against proteolysis, most
probably due to a conformational change in a part of the
NCAM polypeptide chain close to the membrane.

Retention of NCAM-Isoforms on the Membrane by
Treatment with ATP and ADP

Spontaneous release of the extracellular part of NCAM
is, in principle, possible for each of the major NCAM
isoforms (44). Figure 8C shows immunoblotting of the
membrane-bound forms of NCAM after PI-PLC treatment
or spontaneous NCAM release. Treatment by PI-PLC
completely removed the C-isoform of NCAM from brain
membranes modified by FSBA independent of addition of
ATP (Figure 8C, lanes 1 and 2). Thus, binding of the ATP

analogue does not affect hydrolysis at the GPI-anchor in
NCAM. NCAM-C also appeared to be the major target of
spontaneous proteolysis (lane 3), although it was not removed
as completely as by PI-PLC treatment (compare lane 3 with
lanes 1 and 2 in Figure 8C). A slight decrease in amounts
of the two other isoforms, NCAM-A and -B, was also
observed when comparing the samples in lanes 1 and 2 with
lane 3. The demonstration of a preferential spontaneous
release of NCAM-C over the two major transmembrane
isoforms is in agreement with previous observations (44, 52,
53). The presence of substrates for the E-type ATPase
activity of NCAM retained the adhesion molecule in a
membrane-associated form. The effect was most pronounced
for the C-isoform of NCAM. Thus, the observed effects of
the nucleotides on membrane-association of NCAM and on
release of the extracellular part of NCAM were mutually
consistent. In conclusion, the results indicate that occupation
of the nucleotide binding site in NCAM by native substrates
or by covalently bound ATP analogue prevents the spontane-
ous release of NCAM from synaptosomal membranes,
probably due to a local conformational change induced by
substrate binding.

DISCUSSION

The demonstration of an E-type ATPase activity associated
with immunoisolated NCAM preparations has raised a series
of questions concerning the origin of this activity and its
possible role in NCAM-mediated cell adhesion and adhesion-
triggered processes (11, 13). Different independent ap-
proaches were employed in the present study to answer these
questions.
First, in order to elucidate the isoform-specificity of the

phenomenon, separate NCAM isoforms were immunoiso-
lated from cell lines stably transfected with GPI-anchored
and transmembrane isoforms of NCAM. This approach had
the additional advantage that unspecifically bound proteins
in the NCAM preparations supposedly differed from those
derived from neural tissue. The E-type ATPase activity

FIGURE 8: Effect of nucleotides on proteolytic release of NCAM. Synaptosomes were incubated in 25 mM Tris-HCl, 0.1 mM EDTA, pH
7.5, at 37°C for 5 h (A) and 8 h (B, C) with nucleotides added as indicated below. Supernatants (A, B) or pellets (C) obtained after
sedimentation of synaptosomes (100000g for 1 h) were immunoblotted using NCAM antibodies. (A) Control-incubation without added
nucleotides (lane 1), with 10 mM ADP (lane 2) or 5 mM ATP (lane 3). Synaptosomes, treated as in lane 3 and sedimented from the
ATP-containing medium, were either washed with an ATP-free medium (lane 4) or incubated in ATP-free medium for additional 5 h at 37
°C (lane 5). (B) Control-medium from synaptosomes incubated without added nucleotides (lane 1) or with 5, 2.5, and 1.25 mM ATP (lanes
2-4), 10, 5, and 2.5 mM ADP (lanes 5-7) and 15 mM AMP (lane 8), respectively. (C) NCAM immunoblotting of the membrane-bound
fractions. Pellets after PI-PLC-mediated release (lanes 1 and 2) or spontaneous release (lanes 3-5) were immunoblotted. Samples in lanes
1 and 2 were modified with 1.5 mM FSBA in the absence (lane 1) or presence (lane 2) of 15 mM ATP. The corresponding supernatants
were shown in Figure 7, lanes 3 and 4. The membrane-bound material in lanes 3-5 was obtained in the absence of nucleotides (lane 3) or
presence of 10 mM ADP (lane 4) or 5 mM ATP (lane 5). The corresponding supernatants are shown in panel B, lanes 1, 5, and 2. The
positions of NCAM-A (190 kDa), NCAM-B (135 kDa), NCAM-C (115 kDa), and of the released extracellular part of NCAM (110 kDa)
are marked on the right-hand side.
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measured in the presence of orthovanadate, azide, and
ouabain (inhibitors of the major membrane “endo”-ATPases
and some phosphatases) was found to be associated with the
transmembrane as well as the lipid-anchored isoforms of
NCAM (Figure 1), indicating that the enzymatic activitys
intrinsic or associatedswas localized to the extracellular part
of NCAM.
Next, we focused on the soluble forms of NCAM obtained

either by a PI-PLC-mediated release of GPI-anchored
NCAM-C or by spontaneous cleavage of NCAM at an
extracellular site near the membrane. The latter procedure
generates a slightly shorter extracellular NCAM fragment,
which previously has been shown to have a preserved
N-terminus (43, 53). A major fraction of the E-type activity
released by both procedures from synaptosomes together with
NCAM could not be separated from the adhesion molecule.
The enzymatic activity coeluted with NCAM when fraction-
ated by different chromatographic procedures on different
matrices (Figure 2). Furthermore, a major part of the ATPase
activity released by PI-PLC was retained by the NCAM-
immunosorbent (Figure 3). In contrast, no E-type ATPase
activity could be released from chromaffin cells by PI-PLC
treatment according to Torres et al. (54), in accordance with
the observation that no NCAM-C was released by PI-PLC
treatment of the closely related PC12 cells (55), and that
chromaffin cells only express very low amounts (if any) of
NCAM-C (56). If an NCAM-associated ATPase exists, it
can neither be a transmembrane protein, nor GPI-anchored,
since the enzyme activity in the here reported experiments
followed both the spontaneously and the PI-PLC released
NCAM. If it is a soluble, so called “exo”-ATPase (or a
soluble fragment of an ATPase), it must be almost irrevers-
ibly associated to the extracellular part of NCAM. However,
washing of synaptosomes with 2 M NaCl or 0.8 M NaI
before solubilization and immunoisolation by precipitation-
in-gel did not eliminate ATPase activity from NCAM
immunoprecipitates (Dzhandzhugazyan and Bock, unpub-
lished results), an unlikely feature for a soluble ATPase.
To label the catalytic component in immunoisolated

NCAM preparation, affinity modification was employed.
Nagy and Shuster (57) have recently shown by photoaffinity
labeling with azido derivatives of ATP, that synaptosomes
contain a large number of ATP-binding proteins. We
decided to test ATP analogues containing chemically active
groups. Compared to photoaffinity reagents, analogues of
this type react with a more limited number of amino acid
residues localized at the nucleotide binding site (for review,
see ref 49). Therefore, they supposedly modify a lower
number of ATP-binding proteins but are capable of a more
complete and uniform derivatization at the ATP-binding sites
(49, 58). One such analogue, FSBA, has successfully been
employed in studies of several nucleotide-binding proteins
(49, 59, 60). Using immunoblotting for the detection of
FSBA (48) an ATP binding site in ecto-ATP diphosphohy-
drolase from pig pancreas has been demonstrated (60).
FSBA was found to inhibit the NCAM-associated ATPase
activity (Figure 4B,C and Figure 6A) and was selectively
incorporated at an ATP-binding site of NCAM (Figure
6A,B). In this connection it may be mentioned that photo-
insertion of 8-N3-ATP and 2-N3-ATP, but not of N3-cAMP
into NCAM-B, in association with a highly purified prepara-
tion of adenylate cyclase, has been observed by Castets et
al. (61). The fact that we detected the affinity label in all

three major NCAM isoforms, including the lipid-anchored
NCAM-C (Figure 6A) indicates, that NCAM contains an
ATP-binding site, and that this site is localized extracellu-
larly.
FSBA almost completely and irreversibly inactivated the

NCAM-associated ATPase activity. The degree of inactiva-
tion correlated with the intensity of labeling (Figure 6A),
and the stoichiometry was consistent with a single specifi-
cally labeled site at complete enzyme inhibition (Figure 6B)
indicating that the nucleotide-binding site of NCAM probably
is catalytic. This assumption is also supported by the
demonstration of a similar conformational response of
NCAM to the binding of each of the NCAM substrates:
ATP, ADP, or the substrate analogue FSBA (Figure 7 and
8)sa feature common to many ATP-hydrolyzing enzymes
(62). Nevertheless, it cannot be excluded that FSBA
modifies a hypothetical regulatory nucleotide-binding site
in NCAM. Since NCAM is immunoisolated as an individual
protein (43) and not as a subunit of a stable heterooligomeric
complex, a strong blocking effect from a regulatory site
implies a localisation of the catalytic site within the NCAM
polypeptide rather than in a putative contaminating enzyme,
indicating that NCAM is the catalytic component in the
preparation. These issues may be elucidated by isolation
and sequencing of specifically labeled sulfonylbenzoylad-
enosine-containing peptide(s) and/or site-directed mutagen-
esis of the putative nucleotide-binding site.
No other FSBA-modified protein bands were detected by

immunoblotting of NCAM. This fact, nevertheless, does not
completely rule out the possibility, that the NCAM immune
complex contains a highly active, FSBA-sensitive ATPase,
whose modification cannot be detected due to low ATPase
protein amounts. Studying a highly active ATPase from
chicken gizzard Stout and Kirley (63) found no indication
of an association between the ATPase and any adhesion
molecule, since no cross-linking between the ATPase and
any other protein was found. However, no data concerning
a possible expression of NCAM in the chicken gizzard
membranes were presented. Furthermore, the cross-linking
procedure was unable to cross-link all the contacting pro-
tomers in the active trimer, since it only generated dimers.
Therefore, a possible association between NCAM and a
highly active ATPase has to be excluded otherwise. It has
been reported that a homologue to the chicken enzyme E-type
ATPase with ca. 1000-fold higher specific activity than
NCAM has been isolated from transverse tubules of rabbit
skeletal muscle, and by immunoblotting with antibodies
raised against a synthetic peptide corresponding to the
N-terminal sequence, the enzyme has been demonstrated in
rat brain. The authors suggested that it here represents the
major fraction of enzyme activity obtained from digitonin-
solubilized rat brain microsomes (45). However, this highly
active ATPase has been shown to be insensitive to FSBA
modification (5) and differs in substrate specificity from the
ATPase activity of immunoisolated NCAM. Therefore, it
is unlikely that this enzyme is associated with NCAM.
Recently, a membrane glycoprotein CD39 originally

described as a marker of activated lymphoid cells (9, 64)
has been identified as an apyrase (7), an enzyme hydrolyzing
ATP and ADP, as NCAM does. Expression of CD39 was
demonstrated on activated B cells, T cells, and natural killer
cells (9), and the ATP-hydrolyzing activity of natural killer
cells could be inhibited by FSBA treatment (59). FSBA
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incorporation into an ecto-apyrase from pancreas, which also
is a member of the CD39-like family, has recently been
demonstrated (60). Expression of CD39 has been demon-
strated in other, nonlymphoid tissues indicating a broad
distribution of this protein (8). Large central extracellular
loops in human and murine CD39 and in a recently cloned
chicken gizzard ecto-ATPase (65) are homologous and
contain “putative apyrase conserved regions” found also in
yeast GDPase and in a group of apyrases expressed in some
plants and obligatory parasites (6). This indicates a possible
structural-functional relationship of all these enzymes known
to be involved in a rapid degradation of nucleotides.
However, no considerable homology within the CD39
structure was found with the N- and C-terminal regions of
the chicken gizzard ecto-ATPase (65). Likewise, the N-
terminal sequence of a rabbit T-tubule ATPase, which was
used as immunogen for production of antibodies for detection
of the enzyme in rat brain microsomes (45), shows no
homology with the N-terminal or internal sequences of
CD39, for which reason the antigen recognized in brain
hardly can be CD39.
Data on expression of CD39-like proteins in brain are

contradictory. There are indications based on cross-immu-
noreactivity with apyrases, that CD39-like proteins are
expressed in rat brain (12), but no transcripts could be
detected in brain RNA hybridized with full-length CD39
cDNA (8). No CD39 has been demonstrated in fibroblasts
by flow cytometry (9). Thus, this protein probably does not
contribute to the ATPase activity immunoisolated from the
transfected L-cells. Furthermore, the mentioned ATPases,
apyrases and CD39 are integral membrane proteins not
supposed to be released by PI-PLC (63, 65-67). Thus, our
data favour the notion, that the extracellular ATP-binding
site of NCAM is catalytically active. Furthermore, another
enzyme involved in the conversion of ATP to adenosine,
5′-nucleotidase, also termed CD73, has recently been identi-
fied as an adhesion molecule (21). Data indicating a
relationship between adhesion phenomena and ecto-ATP
hydrolysis are thus accumulating (for review, see ref 3). The
functional significance of combining an enzymatic and an
adhesive function in the same molecule is currently not clear.
A clue may be provided by the demonstration of inhibition
of spontaneous release of NCAM after occupation of the
ATP-binding site by ATP, ADP, or FSBA. However, FSBA
(or any slowly- or nonhydrolyzable ATP analogue) might
influence NCAM conformation and/or release indirectly by
modification of other ATP-binding proteins, such as protein
kinases, purinergic receptors, etc., especially since NCAM
has been shown to be phosphorylated by an ecto-protein
kinase (68). In case FSBA has an indirect effect, ATP must
induce the opposite effect. Thus, a stimulating effect of ATP
on the proteolytic release of L-selectin, mediatedVia the
purinoreceptor P2z in intact cells has been demonstrated by
Jamieson et al. (69). This effect was blocked by modification
with oATP. On the other hand, the effects may be expected
to be similar or identical, if substrates and affinity reagent
directly affect the same site in a protein, as observed for
NCAM. The fact that FSBA, ATP, and ADP, but not AMP,
affected the release of NCAM similarly, indicates that these
reagents directly bind to the NCAM molecule. Occupation
of the ATP-binding site, without hydrolysis as observed using
the nonhydrolyzable compound FSBA, induced a confor-
mational response in NCAM leading to protection of the

proteolytic cleavage site near the membrane (Figures 7 and
8). This conformational transition seems to be specific, since
the site of attack by PI-PLC localized C-terminally to the
proteolytic cleavage site, was unaffected by the affinity
modification (Figures 7 and 8). A conformational change
induced by substrate binding is a rather common phenom-
enon among nucleotide-hydrolyzing enzymes, and here, to
our knowledge, demonstrated for the first time in an ecto-
ATPase. The site of the proteolytic cleavage is mapped to
a short segment between the second fibronectin type III
repeat of NCAM and the membrane (43). Remarkably, a
sequence, A676ENQQGKS683, homologous to a common
ATP-binding consensus sequence G/AXXXXGKT/S in a “P-
loop”, also termed a Walker motif A (62, 70) has previously
been noticed as a potential ATP-binding site in NCAM (71).
This conserved sequence is localized in the C-terminal part
of the second fibronectin type III repeat in NCAM, and thus
in the region of the spontaneous proteolytic cleavage site
affected by FSBA and ATP. (The amino acid residues are
numbered according to the translation of rat NCAM aligned
along the mouse NCAM-A sequence, Swiss-Prot accession
number P13595, residue no. 1 being the start of the signal
peptide.) Another motif conserved in P-loop containing
enzymes, DXXG, whose function involves conformational
changes during the catalytic cycle (62), is also found in the
same region of NCAM, D626DGG629, and in the first Ig-like
domain, D89DAG92. Since NCAM is presumed to have a
rod-like structure (72), the participation of the latter fragment
in the formation of a catalytic site seems unlikely, at least
for the NCAM protomer. Three sequences homologous to
a Walker motif B, H/R/K-X5-8-ΦXΦ2D/E, whereΦ is a
hydrophobic residue (70, 73), are localized in the region
between the IgV domain and the membrane, these correspond
to R651-D665, K 539-D552, and R485-D499. Thus, the struc-
tural data support our finding of an extracellular catalytic
site in NCAM.
Our results seem to have at least two functional conse-

quences. First, it is known that NCAM, beside binding to
itself in a so-called homophilic binding, is capable ofcis-
andtrans-interactions with a variety of proteins, such as the
neural cell adhesion molecule L1 (74) and the adhesion
molecule on glia, AMOG (31). Furthermore, NCAM is
reported to transduce signalsVia an association with the
fibroblast growth factor receptor (75). Conformational
changes in NCAM might influence these interactions. In
particular, ATP hydrolysis at a low turnover rate, ca. 1000
min-1, might induce cyclic conformational changes near the
membrane with possible implications in signal transduction.
For comparison, GTPases whose function requires cyclic
conformational changes, are known to have turnover rates
that are at least 10-fold lower than that of NCAM, ca. 100
min-1, and a slow turnover is thought to be important for an
effective coupling of the GTP hydrolysis to the process of
signal transduction (76).
Another functional aspect concerns the soluble forms of

NCAM. Shedding of soluble NCAM forms is a well-
documented event (44), both in Vitro and in ViVo, and it is
supposed to regulate cell-cell adhesion, since the shedded
forms retain their functional properties and therefore compete
with adhesion molecules at the cell surface (44, 53). Thus,
soluble NCAM has been shown to be lethal during embryo-
genesis (77). The observed effect of ATP on NCAM
shedding provides a mechanism for extracellular regulation
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of adhesion by modulating the release of NCAM into the
extracellular space, and by changing the relative amounts
of NCAM associated with the cell surface.
Connections between neurons are not fixed. Constant

modulations of synaptic contacts take place during develop-
ment, regeneration and in connection with memory consoli-
dation. This persisting potential for structural remodulation
is termed synaptic plasticity. Several reports suggest an
involvement in NCAM in regenerative processes (78-80)
and in learning (81, 82). NCAM knock-out mice exhibit
impaired ability to establish long-term memory for a spatial
learning task (83), and recently the participation of NCAM
in long-term potentiation, LTP, anin Vitro model for learning
and memory formation, has been demonstrated (84, 85). In
this system, a few high-frequency stimulations of the CA1
synapses in hippocampal slices increase the strength of these
synapses for a long period. Antibodies against NCAM
reduce this potentiation. On the other hand, extracellular
ATP has been shown to stimulate LTPVia enzymatic
mechanisms requiring ATP hydrolysis (86). Based on the
presented results we propose, that ATP, released during
synaptic activity as a cotransmitter, by slow hydrolysis by
the E-type NCAM-ATPase supports synaptic transmission
and at the same time preserves NCAM from proteolysis in
the active, i.e. ATP-containing synapses. According to this
hypothesis inactive synapses may be eliminated by a mech-
anism reducing the strength of contacts, first, by extracellular
proteolysis of NCAM, and subsequently by destabilisation
of contacts by the released extracellular NCAM fragments
competing with intact membrane-attached NCAM. This
hypothesis combines two lines of evidence concerning the
possible roles of ATP and NCAM in synaptic plasticity.
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and Öbrink, B. (1990)FEBS Lett. 264, 267-269.

17. Knowles, A. F. (1995)Biochem Biophys. Res Commun. 207,
529-535.

18. Rojas, M., DeMarte, L., Screaton, R. A., and Stanners, C. P.
(1996)Cell Growth Differ. 7, 655-662.

19. Najjar, S. M., Philippe, N., Suzuki, Y., Ignacio, G. A.,
Formisano, P., Accili, D., and Taylor, S. I. (1995)Biochemistry
34, 9341-9349.

20. Gloor, S., Antonicek, H., Sweadner, K. J., Pagliusi, S., Frank,
R., Moos, M., and Schachner, M. (1990)J. Cell Biol. 110,
165-174.

21. Airas, L., Hellman, J., Salmi, M., Bono, P., Puurunen, T.,
Smith, D. J., and Jalkanen, S. (1995)J. Exp. Med. 182, 1603-
1608.

22. Gegelashvili, G., and Bock, E. (1996)Treatise Biomembr. 3,
33-75.

23. Bock, E., Pedersen, N., and Berezin, V. (1997) inNeurochem-
istry: Cellular, Molecular, and Clinical Aspects(Teelken, A.,
and Korf, J., Eds.) pp 857-862, Plenum Press, New York.

24. Nagy, A. K., Shuster, T. A., and Delgado-Escueta, A. V. (1986)
J. Neurochem. 47, 976-986.

25. Dzhandzhugazyan, K. N., and Jørgensen, P. L. (1985)Biochim.
Biophys. Acta 817, 165-173.

26. Meyer, M., Bastholm, B., Nielsen, M. H., Elling, F., Rygaard,
J., Chen, W., O¨ brink, B., Bock, E., and Edvansen, K. (1995)
APMIS 103, 197-208.

27. Kasper, C., Stahlhut, M., Berezin, V., Maar, T. E., Edvardsen,
K., Kiselyov, V. V., Soroka, V, and Bock, E. (1996)J.
Neurosci. Res. 46, 173-186.

28. Harlow E., and Lane, D. (1988) inAntibodies. A Laboratory
Manual, pp. 521-523, Cold Spring Harbor Laboratory Press,
Plainview, NY.

29. Rasmussen, S., Ramlau, J., Axelsen, N. H., and Bock, E.
(1982)Scand. J. Immunol. 15, 179-185.

30. Dzhandzhugazyan, K. N., and Bock, E. (1997) inNeurochem-
istry: Cellular, Molecular, and Clinical Aspects(Teelken, A.,
and Korf, J., Eds.) pp 707-711, Plenum Press, New York.

31. Horstkorte, R., Schachner, M., Magyar, J. P., Vorherr, T., and
Schmitz, B. (1993)J. Cell Biol. 121, 1409-1421.

32. Ibsen, S., Berezin, V., Nørgaard-Pedersen, B., and Bock, E.
(1983)J. Neurochem. 41, 356-362.

33. Bernikov, L. R., Dzhandzhugazyan, K. N., Lutsenko, S. V.,
and Modyanov, N. N. (1990)Eur. J. Biochem. 194, 413-
421.

34. Dombrowski, K. E., Cone, J. C., Bjorndahl, J. M., and Phillips,
C. A. (1995)Cellular Immunol. 160, 199-204.

35. Dzhandzhugazyan, K. N., Modyanov, N. N., and Ovchinnikov,
Yu.A. (1981)Bioorg. Khim. 7, 847-857.

36. Dulley, J. R., and Grieve, P. A. (1975)Anal. Biochem. 64,
136-141.

37. Villalba, J. M., Palmgren, M. G., Berberian, G. E., Ferguson,
C., and Serrano, R. (1992)J. Biol Chem. 267, 12341-12349.

38. Baykov, A. A., Evtushenko, O. A., and Avaeva, S. M. (1988)
Anal. Biochem. 171, 266-270.

39. Lanzetta, P. A., Alvarez, L. J., Reinach, P. S., and Candia, O.
A. (1979)Anal. Biochem. 100, 95-97.

40. Laemmli, U. K. (1970)Nature 227, 680-685.
41. Bjerrum, O. J. and Schafer-Nielsen, C. (1986) inAnalytical

Electrophoresis(Dunn, M. J., Ed.) pp 315-327, Verlag-
Chemie, Weinheim.

42. Bronnikov, G. E., and Zakharov, S. D. (1983)Anal. Biochem.
131, 69-74.

43. Probstmeier, R., Fahrig, T., Spiess, E., and Schachner, M.
(1992)J. Cell Biol. 116, 1063-1070.

44. Olsen, M., Krog, L., Edvardsen, K., Skovgaard, L. T., and
Bock, E. (1993)Biochem. J. 295, 833-840.

45. Stout, J. G., Brittsan, A., and Kirley, T. L. (1994)Biochem.
Mol. Biol. Int. 33, 1091-1098.

15394 Biochemistry, Vol. 36, No. 49, 1997 Dzhandzhugazyan and Bock



46. Lin, S. C., and Way, E. L. (1984)J. Neurochem. 42, 1697-
1706.

47. Lowe, P. N., and Beechey, R. B. (1982)Biochemistry 21,
4073-4082.

48. Anostario, M., Harrison, M. L., and Geahlen, R. L. (1990)
Anal. Biochem. 190, 60-65.

49. Colman, R. F. (1983)Annu. ReV. Biochem. 52, 67-91.
50. Linnemann, D., and Bock, E. (1986)DeV. Neurosci. 8, 24-

30.
51. Ohta, T., Yoshiba, M., and Nagano, K. (1985) inThe Sodium

Pump(Glynn, I. M., and Ellory, J. C., Eds.) pp 237-242, The
Company of Biologists, Cambridge, England.

52. He, H.-T., Finne, J., and Goridis, C. (1987)J. Cell Biol. 105,
2489-2500.

53. Krog, L., Olsen, M., Dalseg, A.-M., Roth, J., and Bock, E.
(1992)J. Neurochem. 59, 838-847.

54. Torres, M., Pintor, J., and Miras-Portugal, M. T. (1990)Arch.
Biochem. Biophys. 279, 37-44.

55. Margolis, R. K., Goossen, B., and Margolis, R. U. (1988)
Biochemistry 27, 3454-3458.

56. Nybroe, O., Gibson, A., Møller, C. J., Rohde, H., Dahlin, J.,
and Bock, E. (1986)Neurochem. Int. 9, 539-544.

57. Nagy, A. K., and Shuster, T. A. (1995)J. Neurochem. 65,
1849-1858.

58. Czarnecki, Y., Geahlen, R., and Haley, B. (1979)Methods
Enzymol. 56, 642-652.

59. Dombrowski, K. E., Trevillian, J. M., Cone, J. C., Lu, Y.,
and Phillips, C. A. (1993)Biochemistry 32, 6515-6522.

60. Sevigny, J., Cote, Y. P., and Beaudoin, A. R. (1995)Biochem.
J. 312, 351-356.

61. Castets, F., Baillat, G., Mirzoeva, S., Mabrouk, K., Garin, J.,
d’Alayer, J., and Monneron, A. (1994)Biochemistry 33, 5063-
5069.

62. Smith, C. A., and Rayment, I. (1996)Biophys. J. 70, 1590-
1602.

63. Stout, J. G., and Kirley, T. L. (1996)Biochemistry 35: 8289-
8298.

64. Maliszewski, C. R., Delespesse, G. J. T., Schoenborn, M. A.,
Armitage, R. J., Fanslow, W. C., Nakajima, T., Baker, E.,
Sutherland, G. R., Poindexter, K., Birks, C., Alperts, A.,
Friend, D., Gimpel, S. D., and Gayle, R. B., III (1994)J.
Immunol. 153, 3574-3583.

65. Kirley, T. L. (1997)J. Biol. Chem. 272, 1076-1081.
66. Kirley, T. L. (1988)J. Biol. Chem. 263, 12682-12689.
67. Lin, S.-H., and Russel, W. E. (1988)J. Biol. Chem. 263,

12253-12258.
68. Ehrlich, Y. H., Davis, T. B., Bock, E., Kornecki, E., and Lenox,

R. H. (1986)Nature 320, 67-70.

69. Jamieson, G. P., Snook, M. B., Thurlow, P. J., and Wiley, J.
S. (1996)J. Cell. Physiol. 166, 637-642.

70. Walker, J. E., Saraste, M., Runswick, M. J., and Gay, N. J.
(1982)EMBO J. 1, 945-951.

71. Lipkin, V. M., Khramtsov, N. V., Andreeva, S. G., Moshnya-
kov, M. V., Petukhova, G. V., Rakitina, T. V., Feshchenko,
E. A., Ishchenko, K. A., Mirzoeva, S. F., Chernova, N. M.,
and Dranytsina, S. M. (1989)FEBS Lett. 254, 69-73.

72. Becker, J. W., Erickson, H. P., Hoffman, S., Cunningham, B.
A., and Edelman, G. M. (1989)Proc. Natl. Acad. Sci. U.S.A.
86, 1088-1092.

73. Chin, D. T., Goff, S. A., Webster, T., Smith, T., and Goldberg,
A. (1988)J. Biol. Chem. 263, 11718-11728.

74. Kadmon, G., Kowitz, A., Altevogt, P., and Schachner, M.
(1990)J. Cell Biol. 110, 209-218.

75. Williams, E. J., Furness, J., Walsh, F. S., and Doherty, P.
(1994)Neuron 13, 583-594.

76. Coleman, D. E., Berghuis, A. M., Lee, E., Linder, M. E.,
Gilman, A. G., and Sprang, S. R. (1994)Science 265, 1405-
1411.

77. Rabinowitz, J. E., Rutishauser, U., and Magnuson, T. (1996)
Proc. Natl. Acad. Sci. U.S.A. 93, 6421-6424.

78. Becker, T., Becker, C. G., Niemann, U., Naujoks-Manteuffel,
C., Gerardy-Schahn, R., and Roth, G. (1993)J. Comp. Neurol.
336, 532-544.

79. Bonfanti, L., Merighi, A., and Theodosis, D. T. (1996)
Neuroscience 74, 619-623.

80. Olsen, M., Zuber, C., Roth, J., Linnemann, D., and Bock, E.
(1995) Int. J. DeV. Neurosci. 13, 97-104.

81. Doyle, E., Nolan, P. M., Bell, R., and Regan, C. M. (1992)J.
Neurochem. 59, 1570-1573.

82. Scholey, A. B., Rose, S. P. Zamani, M. R., Bock, E. and
Schachner, M. (1993)Neuroscience 55, 499-509.

83. Cremer, H., Lange, R., Christoph, A., Plomann, M., Vopper,
G., Roes, J., Brown, R., Baldwin, S., Kraemer, P., Scheff, S.,
Barthels, D., Rajewsky, K., and Wille, W. (1994)Nature 367,
455-459.
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