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In the present study, we have investigated the subcel-
lular localization of pp65, a synaptosomal phosphopro-
tein of apparent M, 65,000. The results obtained strongly
support that pp85 is localized to synaptic vesicles. The
solubility properties of pp65, especially its partitioning
into the detergent phase of Triton X-114, indicated that
it is tightly associated with the membrane of synaptic
vesicles. pp65 is multiply phosphorylated exclusively on
serine. By studying the decay of labeled phosphate fol-
lowing incubation of 3?P-prelabeled synaptosomes in
the presence of cold inorganic phosphate, we have
found that pp65 shows an unusually high turnover of
phosphate. Exposure of synaptosomes to 1 um phorbol
12-myristate 13-acetate prior to prelabeling with 32P,; led
to a reduction in the steady state phosphorylation of
PpP65, and tryptic/chymotryptic mapping was shown to
selectively affect phosphopeptide 4. Identical results
were obtained following incubation of synaptosomes
with the protein kinase C (PKC) inhibitor, GF 109203 X.
These results indicated that one of the protein kinases
involved in steady state phosphorylation of pp65 is PKC-
dependent or is PKC itself. Several characteristics of
pPpP65 reported in the present study suggest a regulatory
role in nerve terminal function.

Current views on the molecular events underlying the pro-
cess of exocytosis propose that a defined population of synaptic
vesicles docked at active zones along the plasma membrane can
mediate the early release of neurotransmitter (Thomas and
Almers, 1992; Kelly, 1993). It is believed that the interaction
between proteins of the submembrane cytoskeleton and synap-
tic vesicles may be important in the regulation of neurotrans-
mitter release by holding synaptic vesicles at the plasma mem-
brane ready for exocytosis and that protein phosphorylation/
dephosphorylation might be involved in the modulation of that
interaction (Robinson, 1992b; Greengard et al., 1993). One ex-
perimental approach to identify phosphoproteins potentially
involved in the regulation of exocytosis is to analyze the
changes in the phosphorylation state of nerve terminal proteins
in response to stimuli that induce or modulate the release of
neurotransmitter. Isolated nerve terminals (synaptosomes)
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have been widely used in studies on the mechanisms of neuro-
transmitter release. Although synaptosomes are heterogeneous
with respect to transmitter content, they are homogeneous in
terms of bioenergetic parameters and possess all the compo-
nents involved in coupling between calcium entry through volt-
age-sensitive calcium channels and neurotransmitter release
(for a review, see McMahon and Nicholls (1991)). In this prepar-
ation, the phosphorylation state of the nerve terminal protein
synapsin I, B-50 (neuromodulin), and P96 has been shown to be
associated with the regulation of neurotransmitter release (Ni-
chols et al., 1990; Dekker et al., 1989a; Sihra ef al., 1992).

We have previously reported that a synaptosomal phospho-
protein of an apparent M, in SDS-PAGE! of 65,000 (pp65) un-
dergoes a transient dephosphorylation following depolarization
of synaptosomes under conditions in which calcium influx is
limited (Gémez-Puertas et al., 1991). In this work, we have set
up methods to study the subsynaptosomal localization of pp65
while preserving 32P labeling of the protein. Our results pro-
vide evidence that pp65 is localized to synaptic vesicles, show-
ing solubility properties that indicate a tight association with
the membrane vesicle. The turnover of phosphate of pp65 is
very high in resting intact synaptosomes, and one of the protein
kinases involved in the phosphorylation/dephosphorylation
process is PKC-dependent or is PKC itself.

EXPERIMENTAL PROCEDURES

Preparation of Synaptosomes—Synaptosomes from whole rat brain
were prepared according to the method of Dunkley et al. (1986b), using
a discontinuous Percoll gradient as modified by Wang et al. (1989).

Protein Phosphorylation—Symnaptosomes (2 mg/ml) were labeled with
[32PJorthophosphate at 2 mCi/ml for 30 min at 37 °C under an oxygen
atmosphere in basal medium containing 140 mm NaCl, 5 mm KCl, 20 mum
HEPES, 5 mm NaHCOj, pH 7.4, 1 mm MgCl,, 100 mm glucose, and 0.5
mum CaCl,. Phosphorylated proteins were subjected to SDS-PAGE as
described previously (Gémez-Puertas et al., 1991).

Subsynaptosomal Fractionation and Synaptic Vesicles Isolation—2
mg of 32P-prelabeled synaptosomes were lysed at 4 °C for 20 minin 1 ml
of hypo-osmotic buffer (10 mm Na,HPO,/NaH,PO,, pH 8.1, 50 mm NaF,
5 mm pyrophosphate-tetrasodium salt, 5 mm EDTA, and 40 mm N-
ethylmaleimide). The lysate was centrifuged at 47,000 x g for 20 min
and the supernatant subjected to centrifugation at 200,000 x g for 2 h.
The pellet from this centrifugation (crude synaptic vesicles) was resus-
pended in 0.3 ml of chromatography buffer (0.3 M glycine, 5 mm HEPES-
KOH, pH 7.4, 40 mm N-ethylmaleimide) and loaded onto a controlled
pore glass column (CPG-3000, 1 x 120 cm, flow rate 0.3 ml/min, fraction
volume 1.2 ml), collecting the purified synaptic vesicles from the first
peak after the void volume peak, essentially as described by Hell ez al.
(1988).

Solubilization of Proteins from Synaptic Vesicles—CPG-purified syn-
aptic vesicles (4 pg of protein) were incubated for 1 h at 4 °C in solubi-
lization buffer (10 mm Na,HPO,/NaH,PO,, pH 7.4, 150 mm NaCl, 2 mm

1 The abbreviations used are: PAGE, polyacrylamide gel electropho-
resis; CPG, controlled pore glass; PKC, protein kinase C; PMA, phorbol
12-myristate 13-acetate.
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EDTA,; final volume 100 pul) containing various salts and detergents (1%
(w/v) Triton X-100, 1 M KCl, 1% (w/v) sodium deoxicholate or 0.1 M
NayCOjs, pH 11), as described by Huttner et al. (1983). After solubiliza-
tion, the vesicles were subjected to centrifugation at 200,000 x g for 2 h
in a Beckman TLA 100.3 rotor, and the pellets, containing the nonex-
tracted proteins, were analyzed by SDS-PAGE. Temperature-induced
phase separation in Triton X-114 was performed according to Bordier
(1981) with the modifications described by Hooper and Bashir (1991); 4
ng of CPG-purified synaptic vesicles were resuspended in 200 pul of 10
mum Tris-HCl, pH 7.4, 2% (w/v) Triton X-114. After 5 min at 4 °C, the
suspension was centrifuged at 200,000 x g for 2 h at 4 °C. The pellet
represented the Triton X-114-insoluble fraction. The supernatant, or
soluble fraction, was layered onto 0.3 ml of 0.6% (w/v) sucrose, 10 mm
Tris-HCI, pH 7.4, 150 mm NaCl, 0.06% (w/v) Triton X-114, incubated at
30 °C for 3 min, and centrifuged at 3,000 x g for 3 min at room tem-
perature. Then, the upper phase was removed, incubated at 4 °C for 5
min in the presence of 0.5% (w/v) Triton X-114, layered again onto the
gradient, and centrifuged at 3,000 x g for 3 min at room temperature.
The upper aqueous phase of the sucrose gradient was incubated with
2% (w/v) Triton X-114 at 4 °C for 5 min and then at 30 °C for 3 min and
centrifuged at 3,000 x g for 3 min at room temperature; the bottom
detergent phase was discarded, and the upper phase was used as the
final aqueous phase. The detergent drop present at the bottom of the
sucrose gradient was the final detergent phase. The Triton X-114-in-
soluble, aqueous, and detergent phases were resuspended in an SDS
solution and subjected to SDS-PAGE.

Phosphopeptide and Phosphoamino Acid Analysis—Analysis of the
phosphorylated peptides and amino acids was performed essentially as
described by Boyle et al. (1991), using trypsin and chymotrypsin (two
additions of 20 pg/protease during an incubation of 24 h at 37 °C).
Phosphopeptides were separated by thin layer electrophoresis using
cellulose TLC plates and 5% (v/v) acetic acid, 0.5% (v/v) pyridine, pH
3.5, as buffer (1,000 V, 90 min), followed by ascending chromatography
for 8-10 h using a mobile phase composed of n-butanol:pyridine:acetic
acid:water in the proportion 15:10:3:12 (v/v). Acid hydrolysis of the
protein prior to phosphoamino acid analysis was performed in 6 x HCI
at 110 °C for 1 h (partial acid hydrolysis) or 2 h (total acid hydrolysis).
Phosphoamino acids were separated by electrophoresis using the buffer
described above for 1 h at 1,000 V, and migration was determined by
ninhydrin staining of standards.

Gel Electrophoresis and Western Blotting—SDS-PAGE was per-
formed as previously described (Gémez-Puertas et al., 1991). Western
blotting was performed following Harlow and Lane (1988), using 25 mm
Tris, 190 mu glycine, 20% methanol as transfer buffer. Washed nitro-
cellulose sheets were incubated with a commercial anti-synaptophysin
antibody (Boehringer Mannheim), and the immunoreaction products
were visualized in an x-ray film using the enhanced chemiluminiscence
kit from Amersham Corp.

Determination of PKC Activity—PKC activity in synaptosomal ly-
sates and soluble and particulate fractions was determined following
Oda et al. (1991) and Aguilera et al. (1993). In brief, synaptosomes (2
mg/ml) were lysed at 4 °C for 30 min. The lysate was centrifuged for 1
h at 100,000 x g to obtain the soluble and particulate fractions. Partial
enrichment of PKC activity was achieved by DE52 chromatography
according to Aguilera et al. (1993). PKC was assayed by measuring the
incorporation of 32P from [y-32PJATP into histone H1 in the presence of
1.5 mm CaCl,, 40 pg/ml phosphatidylserine, and 4 pg/ml 1-oleoyl-2-
acetyl-glycerol as described by Oda et al. (1991).

Other Methods—Other enzyme assays used were as follows: rote-
none-insensitive NADPH-cytochrome ¢ reductase (Vermilion and Coon,
1978), 5'-nucleotidase (Ipata, 1968), and cytochrome ¢ oxidase (Warton
and Zagaloff, 1967). Protein content was determined according to Lowry
et al. (1951). Quantitation of autoradiograms and of the chemiluminis-
cence fixed in x-ray films was performed in a 300 A computing densi-
tometer from Molecular Dynamics. Results are expressed as the mean
+ S.E., and statistical significance was analyzed using Student’s ¢ test.

Materials—GF 109203 X was a generous gift of Dr. Kirilovsky from
Glaxo (Cedex, France). Tosylphenylalanyl chloromethyl ketone-treated
trypsin was from Worthington Biochemical Corp. (Freehold, NJ). Chy-
motrypsin, leupeptin, and monoclonal antibody to synaptophysin were
purchased from Boehringer Mannheim. [32P]Orthophosphate in aque-
ous solution was from DuPont NEN. [y-32PJATP was from Amersham
International (United Kingdom). DE52 was obtained from Whatman
BioSystems Ltd. (Maidstone, UK). Cellulose TLC plates were from
Merck (Darmstadt, Germany). N-Ethylmaleimide, PMA, ATP, phospha-
tidylserine, 1-oleoyl-2-acetyl-glycerol, Percoll, and controlled pore glass
beads (3,000 A pore size, glyceryl-coated) were obtained from Sigma. All
other chemicals were of the highest grade available.
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RESULTS AND DISCUSSION

Subsynaptosomal Localization of pp65—The initial objective
of this work was to investigate the subcellular localization of
pp65. We set up a subfractionation protocol aimed at maintain-
ing the nerve terminal phosphoproteins in their phosphoryl-
ated state, which was based in the procedure described by Hell
et al. (1988). Briefly, 3P-prelabeled synaptosomes were hypo-
osmotic lysed and centrifuged at 47,000 x g to pellet intact
synaptosomes, mitochondria, and large membrane fragments.
The supernatant was then centrifuged at 200,000 x g for 2 h.
The pellet (crude synaptic vesicles) was chromatographed on a
CPG column as the final step in the purification of synaptic
vesicles. The different fractions obtained were analyzed by
SDS-PAGE and 32P autoradiography. It is worth noting that
hypo-osmotic lysis of synaptosomes in the presence of the usual
phosphatase inhibitors (EGTA, NaF, NaPP;, orthovanadate) or
a combination of phosphatase and protease inhibitors system-
atically resulted in an immediate loss of pp65 (results not
shown). Since no phosphorylated bands of lower molecular
weight appeared in the synaptosomal lysate after the hypo-
osmotic shock, loss of the pp65 band could be explained by
dephosphorylation of the protein. The protective effect of sulf-
hydryl reagents during irn vivo phosphorylation in Drosophila
was noted by Buxbaum and Dudai (1987), and, therefore, we
tested their potential protection in our system. Thus, inclusion
in the lysis buffer of 40 mM N-ethylmaleimide prevented pp65
loss, preserving the phosphoprotein pattern shown by intact
synaptosomes (Fig. 14, SP and LYS). p-hydroximercurybenzo-
ate and iodoacetamide were also effective (results not shown).
Fractionation of the synaptosomal lysate by differential cen-
trifugation to obtain synaptosomal cytosol, synaptic plasma
membranes, and crude synaptic vesicles revealed a clear en-
richment of the 65-kDa phosphoprotein band in the crude syn-
aptic vesicle fraction (Fig. 14, ¢SV). To investigate whether
pp65 was present in synaptic vesicles or in contaminating
membranes, 32P-labeled synaptic vesicles were purified by
chromatography of the crude synaptic vesicle fraction on CPG
beads. The elution profile for total protein, synaptophysin (syn-
aptic vesicle), rotenone-insensitive NADPH-cytochrome ¢ re-
ductase (endoplasmic reticulum), 5'-nucleotidase (plasma
membrane), and cytochrome ¢ oxidase (mitochondrial mem-
brane) from CPG-chromatography is shown in Fig. 1B. The two
peaks corresponding to synaptic vesicles (Peak II') and larger
membrane vesicles (Peak I) (Hell et al., 1988) were clearly
defined. Fractions collected as Peak I and Peak II were ana-
lyzed by autoradiography for the presence of the 65-kDa phos-
phoprotein band. As shown in Fig. 1B, most of radioactive phos-
phoproteins comigrated with Peak II, among them the
phosphoprotein of 65 kDa. These results strongly suggested
that pp65 is localized to synaptic vesicles.

It could be argued that the presence of a 65-kDa phosphoryl-
ated band in the 47,000 x g pellet (Fig. 14, SPM) does not ex-
clude the localization of pp65 in a fraction other than synaptic
vesicles, i.e. mitochondria or plasma membrane. However, (i) a
proportion of hypotonically lysed synaptosomes appear to reseal
after lysis (Adam-Vizi and Marchbanks, 1983), and the majority
of synaptic vesicles remain entrapped within the lysed synap-
tosome (Wilkinson and Nicholls, 1989); and (ii) comparison of
the 65 kDa-associated radioactivity with the amount of synap-
tophysin among the fractions obtained throughout the subfrac-
tionation protocol showed that the distribution of pp65 closely
follows that of synaptophysin (Fig. 1C). Therefore, the presence
of the pp65 band and synaptophysin in the 47,000 x g pellet is
most probably due to the presence of synaptic vesicles .

Comparative Analysis of the 65-kDa Synaptic Vesicle Phos-
phoprotein and pp65—To further show that the 65-kDa phos-
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A

Fic. 1. Subfractionation of 32P-
prelabeled synaptosomes. Synapto-
somes were prelabeled with [*2P]ortho-
phosphate, lysed, and separated into
subcellular fractions as described under
“Experimental Procedures.” A, 32P auto-
radiography and Western blot of synapto-
physin (SYN). SP, intact synaptosomes;
LYS, synaptosomal lysate; SPM, synaptic
plasma membranes; SOL, soluble frac-
tion; ¢SV, crude synaptic vesicles. The po-
sitions of molecular mass standards are
shown on the left in kDa. pp65 is indi-
cated by an arrow. B, elution profile
from the CPG column for total protein
(absorbance at 280 nm), anti-synaptophy-
sin immunoreactivity (optical density in
arbitrary units), rotenone-insensitive
NADPH-cytochrome ¢ reductase (nano-
moles of cytochrome ¢ reduced x min-?),
5'-nucleotidase (negative increment of
absorbance at 265 nm x min~'), and
cytochrome ¢ oxidase (nanomoles of cyto-
chrome ¢ oxidized x min~?). 32P autoradi-
ography and Western blot of synaptophy-
sin (SYN) from the fractions collected
as peak I (PKI) and peak II (PKII)
are shown. C, comparative analysis of the
relative amounts of synaptophysin
(striped bars) and pp65 (white bars) pre-
sent in the different subsynaptosomal
fractions. Optical density from the pp65
and synaptophysin bands is represented
in arbitrary units.
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phoprotein present in synaptic vesicles and that shown in syn-
aptosomes are the same protein, we analyzed the
phosphopeptide maps obtained after tryptic/chymotryptic di-
gestion of the excised 65-kDa bands from 32P-prelabeled syn-
aptosomes and purified synaptic vesicles (Fig. 2A). As shown,
the phosphopeptide maps were virtually identical, supporting
that the two phosphoproteins are the same entity. Moreover,
tryptic/chymotryptic digestions rendered four phosphopep-
tides, suggesting the existence of multiple phosphorylation
sites on pp65.

SP

LYS SPM SOL ¢SV  PKI PKII

To identify the phosphorylated residue(s) in pp65, the 65-kDa
band from 32P-prelabeled synaptosomes and purified synaptic
vesicles was partially (to preserve Tyr(P) residues) or totally
hydrolyzed, and the resulting phosphoamino acids were ana-
lyzed. Fig. 2B shows that most of the radioactivity comigrates
with phosphoserine both in synaptosomes and synaptic vesicles.
These results indicated that the only phosphorylated residue
present in pp65 is serine and excluded a selective loss of label
in a different residue (Thr(P) or Tyr(P)) during the isolation of

synaptic vesicles from 3?P-prelabeled synaptosomes.






