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SUMMARY : Upon treatment with sodium carbonate, rat brain
synaptic vesicles lost ATP-dependent H* transport and released
major polypeptide components (about 72, 57, 41, 34 and 33 kDa).
These polypeptides, consisting about 15 % of the total protein,
were identified as subunits of H'-ATPase by immunoblotting with
antibodies against H*-ATPase from chromaffin granules. The same
treatment also abolished the ATP-dependent, bafilomycin-sensitive
uptakes of glutamate, serotonin and y-aminobutyrate by the
synaptic vesicles. These results indicated that H'-ATPase is a
major constituent of the vesicles (consisting about 20 % of their
total protein) and is a primary pump for accumulation of
neurotransmitters. © 1990 Academic Press, Inc.

Synaptic vesicles, intracellular organelles in neuronal and
endocrine cells, play important roles in storage of
neurotransmitters and their release by exocytosis (1-7). H'-
ATPase, a multi-subunit protein, is found in the vesicles in
which it establishes an electrochemical gradient of protons (8-
10). This electrochemical proton gradient has been suggested to
be the driving force for accumulation of neurotransmitters

including glutamate, 7Y -amino butyric acid (GABA) and serotonin

(6,10-13).
Purified synaptic vesicles have a relatively simple protein

composition (5,6), but their H*-ATPase content has not yet been

Abbreviations: GABA, Y -aminobutyric acid; SDS, sodium
dodecylsulfate; SME buffer, 20 mM MOPS-NaOH (pH 7.5) containing
0.3 M sucrose and 5 mM EDTA.
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reported. In this work we found that H'-ATPase is a major
constituent of the vesicles. We also obtained evidence for energy
coupling between the H*-ATPase and transport of

neurotransmitters.

MATERTIALS AND METHODS

Materials. [1251 proteén A (0.5 pCi/ug) was purchased from ICN

Biomedicals Inc. 5- H(N) ]-Hydroxytryptamine ([“H] serotonin)

(30 Ci/g mol), L- (G H) glutamic acid (46_Ci/m mol),and 4-amino-
H

n-(2,3-"H)butyric acid (99.6 Ci/m mol) ([3H] GABA) were obtained
from New England Nuclear or Amersham. Monoclonal antibody to
synaptophysin was from PROGEN. Bafilomycin Al was kindly donated
by Dr. Altendorf (Osnabriick, FRG). Other chemicals were
commercial products of analytical grade.

Preparations. Synaptic vesicles were purified from rat brain as

described by Huttner et al.(5) except that 10 mM MOPS-NaOH buffer
(pH 7.5) containing 0.3 M sucrose, 5 mM EDTA, 2 pg/ml leupeptin
and pepstatin A (SME buffer) was used for their isoclation.
Synaptic vesicles were precipitated by centrifugation, suspended

in SME buffer and stored at - 80°C. HY-ATPase from chromaffin
granule membranes was purified and reconstituted as described
previously (14). Antlbodles against individual subunits of

chromaffin granule H*-ATPase were raised by injection of H”
ATPase or electro-eluted subunits into albino rabbits as
described previously (15).
Alkaline treatment. Synaptic vesicles (about 1 mg protein/ml)
in 0.3 M sucrose, 5 mM EDTA and 1 % sodium carbonate (pH 11) were
incubated on ice for 1 h, collected by centrifugation at 280,000
g for 1 h, suspended in SME buffer and kept on ice bath until
use.
Transport Assays. The transports of serotonin and GABA into
synaptic vesicles were assayed as follows: synaptic vesicles
(about 20 pg protein) were introduced into 20 mM MOPS-Tris buffer
(pH 7.0) containing 0.1 M KCl, 0.2 M sucrose and 5 mM MgATP
(total vol. 0.5 ml). Assays were started at room temperature by
tge addition of 1 uM (1 nCi) [®H]serotonin or 0.1 mM (5 nci)
H]GABA. Aliquots (150 pl) were taken at intervals, and filtered
through 0.45 pm Millipore filters (type HA). The filters were
washed with 5 ml of 20 mM MOPS-Tris (pH 7.0) containing 0.1 M
KC1l, and their radioactivity was counted in a liquid scintilation
counter. Glutamate transport was also examined in the same way
except that the reaction mixture consisted of 20 mM MOPS-Tris (pH
3O) containing 0.3 M sucrose, 4 mM KCl and 0.1 mM (2.5 nCi)
[“H]-L-glutamic acid.
Other procedures. Published methods were used for
polyacrylamide gel electrophoresis in the presence of SDS (18),
immunoblotting (9), autoradiography (9), measurement of ATP-
dependent H'-transport (17), cold inactivation of vacuolar H'-
ATPase (9,15,17,18) and protein measurement (19).

RESULTS AND DISCUSSION

H*'-ATPase as a major constituent of synaptic vesicles

Purified synaptic vesicles from rat brain showed wvacuolar

type H'-ATPase activity (8-10), which was inactivated by
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Fig. 1. Alkaline treatment inhibited ATP-dependent H'-transport
in brain synaptic vesicles without changing permeability to
protons.

A. ATP-dependent H*-transport was measured in 20 mM MOPS-Tris
(pH 7.0) containing 0.1 M KC1, 0.2 M sucrose, 1 pg valinomycin, 2
HM acridine orange and synaptic vesicles (20 He protein). MgATP
(0.5 mM) and carbonylcyanide m-chlorophenylhydrazone (CCCP) (0.5
M) were added as indicated.

B. Passive diffusion of protons. Synaptic vesicles (0.5 mg/ml)
were incubated in 40 mM MES-Tris (pH 5.5) containing 0.3 M
sucrose at room temperature for 1 h. Then an aliquot (20 pl) was,
rapidly mixed with 20 mM Bicine-Tris (pH 8.0) containing 0.3 M
sucrose and 2 pM acridine orange. Passive diffusion of protons
from the vesicles was measured as recovery of fluorescence.

carbonate treatment (Fig. 1-A). This treatment did not change
the H* permeability of the vesicles, since the rates of decrease
of an artificial 4pH across the membranes before and after
treatment were similar (Fig. 1-B). These results indicated that
H*-ATPase was inactivated directly by its treatment.

Alkaline treatment resulted in the releases of several major
polypeptides from the vesicles, as shown by gel electrophoresis
(Fig. 2-A). These polypeptides had similar mobilities to those
of hydrophilic subunits (A to E) of chromaffin granule H'-ATPase.
Densitometric tracing of the gel indicated that the polypeptides
released amounted to about 15 % of the total membrane proteins
(Fig. 2-B). Antibodies against subunits A, B and D of chromaffin
granule H*-ATPase reacted with the released proteins (Fig. 83,
lane 4) and their corresponding proteins in the membranes (Fig.

3, lane 2 and 3). These results indicated that the polypeptides
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Fig. 2. Release of peripheral portion of H*-ATPase by alkaline
treatment.

Synaptic vesicles (1 mg/ml) were treated with Na2CO3 and
hydrophilic protein released and depleted membranes were obtained
as described in the text.

A. The protein composition of each fraction was analyzed by
polyacrylamide gel electrophoresis in the presence of SDS and
staining with Coomassie Brilliant Blue. Lane 1, vacuolar type
H*-ATPase from chromaffin granules (5 Hg) as a standard; lane 2,
synaptic vesicles (20 pg); lane 3, depleted membranes after
alkaline treatment (20 pg); lane 4, supernatant (hydrophilic
proteins) after alkaline treatment (4 ng). The polypeptides of
the membranes seemed to migrate faster than the corresponding
polypeptides in the released fraction, due to overloading of the
gel with the membrane fraction (data not shown).

B. Densitometric tracings of lanes 2 and 4. Peaks (lane 2)
corresponding to the released polypeptides are marked.

Fig. 3. Immunological identification of polypeptides from
synaptic vesicles as subunits of H'-ATPase.

After gel electrophoresis as described in the legend of
Fig. 2, protein bands were tranferred onto nitrocellulose sheets
and treated with antibodies (diluted 1000-fold) against subunit
A, B or D of chromaffin granule H*-ATPase: lane 1, chromaffin
granule H'-ATPase (5 pg) as a standard; lane 2, synaptic vesicles
(20 pg); lane 3, depleted membranes after alkaline treatment (20
pg); lane 4, supernatant after alkaline treatment (4 png).
Subunits bound with antibodies were detected with iodinated
protein A. Only portions of gels are shown.

released by alkaline treatment were hydrophilic subunits of H'-
ATPase. As the H'-ATPase also has four hydrophobic subunits (9),
it must be the major constituent of the synaptic vesicles,

comprising around 20 % of the total proteins.
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Table I. Inhibition of ATP-dependent uptake of neurotransmitters
by synaptic vesicles

treatment glutamate serotonin GABA

control 450 (100) 76 (100) 80 (100)
bafilomycin (75 nM) 30 (7) 0 (0) 0 (0)
alkaline 15 (3) 3 (4) 5 (8)
cold 5 (1) 8 (11) 10 (17)

Uptakes of neurotransmitters are expressed as initial
velocities (p mole/min/mg protein). Relative activities are
shown in parentheses.

Energy coupling between ﬂ+—ATPase and uptake of neurotransmitters

Vacuolar H'-ATPase is suggested to be a primary pump for the
uptakes of neurotransmitters {(6,9,10). In fact, bafilomycin,
cold or alkaline treatment, which inactivated the vacuolar H'-
ATPase, inhibited ATP-dependent glutamate uptake (Table I)(20).
These treatments also caused almost complete inhibitions of the
ATP-dependent uptakes of GABA and serotonin (Table I), indicating
that the transport systems for glutamate, GABA and serotonin were
energetically coupled with the H*-ATPase.

In this work, several proteins in the synaptic vesicles were
identified as subunits of vacuolar H'-ATPase. It would be
interesting to know which proteins are responsible for the
uptakes of neurotransmitters. Identification and purification of
these transport carriers seems the next step in understanding the

structure and function of synaptic vesicles.
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