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Abstract: In the in vitro hippocampal slice preparation a
short tetanus induces long-term potentiation (LTP) and an
inerease in the post hoc phosphorylation of a 52-kDa pro-
tein in synaptosomal plasma membranes (SPM) prepared
from these slices. This 52-kDa SPM phosphoprotein closely
resembles the predominant phosphoprotein in coated vesi-
cles, pp50, with respect to the insensitivity of its phosphory-
lation to Ca2*/calmodulin and cyelic AMP. This resem-
blance prompted us to comparo in rat brain the 52-kDa
SPM protein with pp50 in isolated coated vesicles. Both pro-
teins appear to be very similar on basis of the following cri-
teria: ( I ) relative molecular weight on sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis, (2) peptide map-
ping, (3) phospho-amino acid content, and (4) isoelectric
point. Sirice coated vesicles are thought to be involved in
receptor-mediated endocytosis and membrane recycling,
our data suggest that LTP-correlated changes in 52-kDa
phosphorylation may reflect increased coated vesicle ac-
tivity. Key Words: Long-term potentiation-Protein
phosphorylation-Coated vesicles-Synaptosomal plasma
membranes. Schrama L. H. et al. Comparison of a 52-kDa
phosphoprotein from synaptic plasma membranes related
to long-term potentiation and the major coated vesicle
phosphoprotein. J. Neurochem. 47 

" 
I 843- I 848 ( I 986).

In the in vitro hippocampal slice preparation long-
tenn potentiation (LTP) has been studied extensively
in a number of monosynaptic subsystems (Andersen
et al., 1971, 1980)" In correlative studies on LTP and
protein phosphorylation we have used the perforant
path-granule cell subsystem to elicit and monitor LTP
(Bär et aI." 1980a, 1982; Lopes da Silva et al.,
l982a,b)" Tetanie stimulation of the perforant path
increased the phosphorylation of a 52-kDa protein
band as measured in a crude synaptosomal plasma
membrane (SPM) fraction using a post hoc endoge-
nous phosphorylation assay (Bär et al", 1980¿, 1982).
The phosphorylation of this protein band was also
found to be sensitive to the opioid peptide enkephalin
(Bär et a1.,.1980å)" Initial biochemical characteriza-
tion revealed that the phosphorylation of this 52-kDa
protein was Ca2+/calmodulin- and cyclic nucleotide-
independent (Bär et al", 1982).

Brain coated vesicles contain a number of phospho-

proteins in the range of 50-55 kDa (Pfeffer et al.,
1983). The two highest molecular weight phospho-
proteins, 54 and 56 kDa, have been identiñed as a and
B tubulin, whereas the major phosphorylated protein
is a 52-kDa protein, called pp50 (Pauloin et al., 1984).
The phosBhorylation of the latter protein is catalyzed
by a casein kinase Il-like enzyme (Kadota et al., 1984;
Usami et al., 1984) and is not sensitive to modulation
by the second messengers cyclic AMP, cyclic GMP,
and calcium, or to modulation by the calcium binding
protein calmodulin (Pauloin et al., 1982; Moskowitz
et al", l9B3). In search for the identity of the 52-kDa
protein (De Graan et al., 1985) it was realized that the
major phosphoprotein in brain coated vesicles, p850,
shares both molecular weight and phosphorylation
charaeteristics with the 52-kDa protein in SPIVT (Ka-
dota et al., 1982; Pauloin et al", 1982; Usami et al.,
1982, 1984; Pfeffer et al., 1983; Moskowitz et al.,
l9B3)" In this study we compare the rat brain coated
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vesicle phosphoprotein to the 52-kDa SPM phospho- The gel pieces were soaked for 20 min in bufer C 125 mM
protein with respect to molecular weight, isoelectric Tris, 192"5 mrXy'glyeine,0.lTo (wtlvol) SDS, pH 8.31to re-
point (IEP), phospho-amino aeid composition;and move excess methanol and gtryeineJhe protejns wcre eol-
peptide map. lected from the gel in buffer C in an Isco sample concentra-

tor (Model 1750, Lineoln, NE, U"S"A.) at 3 V/ coRstant

MATERIALS AND METHODS power (6 mA) for 2"5 h in a total volume of 200 ¡¿1. The
purity of the preparations was verifred by rerunning 20 pl

Preparation of a coated vesicle-enriched fraetion on SDS-PAGE, staining,destaining, and autoradiography.

eoated vesicles were isolated aceording to the method of The remainder of the fractions was dialyzed overnight
Peane and Robinson ( I 984) with minor modifieations. Fro- against double-distilled water" The dialyzed f,ractions werc

zen (-20'C) rat brains were thawed and homogenized in dried and dissolved in 6 M H.CI,I ¡rM thiogtycolic acid for
four volumes of isolation buffer (buffer A), consiiting of l0 phospho-amino acid analysis or in 125 mrty' Tris-HCl, pH
mM N-2-hydroxyethytpiperazinè-N'-2-ethanesulfonic acid 7'4 for peptide mapping (see below).
(HEPESÞNaOH,pH7.2:I50mMNaCl; I mMEGTA;0.5 phospho_aminoaeidanalysis
mM Mgcl2;0'02vo (wtlvol) NaNr; and 0'2 ml1 phenvl- The purified fractions cóntaining the isolated 52-kDa
methylsulfonyl fluoride' The homogenate lvas centrifuged phosphðprotein from coated vesicles and SpM were each
at 20,000 g for 30 min in a Sorvall SS-34 rotor at 4'C. To
the resulting supernatant Triton X- 100 was added to a final split into equal amounts' To one half of each fraction ( 100

conceRtratron of l7o (vol/vol) and the fraction was incu- ¡rl)' l0¡rgofthephospho-aminoacidstandardsphosphoty-

bated ror r 5-25 min ut ,oo- tó-perarure unril the turbidity i""'iï,,üå:'ð5:i:)'$:13';.å:å. 
p;ilifi;;:å?åÍÌ 

#fuihin the solution had resolved. The Triton X-I00-treated su-
pernatant was centrifuged at 100,000 g for 60 min at 4'c in without standard were sealed in a glass capillary and ineu-

ã Beckman sw 27 roror and rhe resurrins penet was dis- iå:i|f'åå ihll,O"f;;ii:[å{i]J"Hü,äiiå:t #-*Jsolved in a minimal volume ( I ml per five brains) of buffer edly, until the pH was neutral. The samples were appried toA containing L%o (vollvol) Triton X-100. The resuspended Whatman 540 paper (height 40 cm, wiàttr ZO cm) and runpellet was loaded onto a discontinuous sucrose gradient of fqr 2.5 tr at 3,b0^0 v ir, 52, (vol/vol) acetie acid, I mly'7.5mleach5, 10, 15,20"and25Vo(wt/vol)sucrosedissolved pbtn, pH 3.i with pyridine. The amino acid st¿ndards
in buffer A. The gradient was centrifuged in a Beckman SW
27 rotot at45,000 g for 60 min at 4"c. The l5-25vosucrose were visualized with ninhydrin and marked with 32P-con-

layers were collected and diluted three times in buffer B (10 taining ink before an autoradiogram was made'

mrl1 Na-acelate, l0 mM Mg-acetate, 0.1 mM Ca-acetate, Peptide mapping
pH 6.5) and centrifuged in a Beckman SW 27 rotor at The isolated 52-kDa phosphoprotein was ineubated ín
100,000 g for 60 min aT 4"C. The pellet was resuspended in 125 miy' TrisHCl with 50 ng Staphylococcus aureus prate-
buffer B to give a ûnal eoncentration of I mg/ml protein. ase V8 (SAP, Miles Laboratories, Slough, U.K.) in a total
The yield of this coated vesicle-enriched fraction (15-25Vo volume of 25 pl at 30"C for the times indicated. The reaction
sucrose layers) was 125 ¡rg proteinþrain. was stopped by addition of 12.5 ¡rl of denaturing solution

prepararion of spM and a vesicre-enriched fraction råf,::iå:',:iiÍL:åiliti?t 
t;:iiå1iï,Ii:L1i:t""

SPM were isolated from fresh rat brain according to the
method of Kristjansson et al. (1982). The final resulting Two-dimensional gel eleetrophoresis
SPMpelletwasresuspendedinbufferBtoaproteinconcen- Isoelectric focussing (IEF) followed by SDS-PAGE was
tration of I mg/ml. The 0.4 Mvesicle-enriched layer of the performed on a pH 3.5-10 IEF gel with phosphorylated
sucrose gradient used to isolate SPM was also collected in coated vesicles and SPM according to the method of Zwiers
buffer B and resuspended at a protein concentration of I etal.(1980).NonequilibriumpHgradientgelelectrophore-
mg/ml. sis was performed according to the method of O'Farrell et

al. (1977), with I mrl1HzSO¿ as anodic solution and0.l M
NaOH as cathodic solution. The rest of the conditions wereProtein phosphorylation assay

Endogenous protein phosphorylation was assayed as de- the same as those described for IEF-SDS-PAGE by Zwien
scribed previously by Zwiers et al. (1976) and Kristjansson etal. (1980).
et al. (1982). In brief, the incubations were as follows: the
protein fraciion (10 pg) was preincubated at 30'C for 5 min Protein determination
in buffer B, then 2 pai Í"/32ÞIATP (sp act 3,000 Cilmmol, Protein content was determined by the method of Lowry
New England Nuclear,-Bostón, MA; U.S.A") and7.S pM etal.(195 1)usingbovineserumalbuminasstandard.
ATP were added to a ñnal volume of 25 pl. The reaction was
terminafed by addition of 12.5 pl of a denaturing solution RESUTTS
(Zwiers et al" 1976)' 

Relative molecular weight on SDS-PAGEIsolation of the 52-kDa protein from coated vesicles
and SpM Freshly isolated SPM, vesicles, and coated vesicles

phosphorylated coated vesicles and SpM w€re separated were phosphorylated, separated on an I l% SDS-poly-

on an I lzo sodium dodecyl sulfate-polyacrylamide gel elec- acrylamide gel, and submitted to autoradiography
trophoresis (SDS-PAGE) gel. After'staining and Oeãtalnlng Gig. l). On the autoradiogram the 52-kDa bands in
ofthegelanautoradiogramwasmadeandthe52-kDaphosl SPM (lanes l) and in the vesicle-enriched fraction
phoprotein was excised from the gel. The accuracy of the (lanes 2) show as a minor phosphoband, whereas the
excision was verifred by a second autoradiogram of the gel. major phosphoprotein in coated vesicles (lanes 3)
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FlG. f . Molecular weight determination on SDS-PAGE. Ten mË
crograms of phosphorylated SPM (lanes 1), vesicles (lanes 2), and
coated vesicles (lanes 3) were separated on an 1 1% SDS-poly-
acrylamide gel. The numbers to the right of the figure indicate
the position of the low-molecular-weight markers from Pharmac¡a
(Uppsala, Sweden). The arrow to the left of the f¡gure indicates
the position of the 52-kDa phosphoprotein on the autoradiogram"

is visible as a predominant band that runs at the
same height as the 52-kDa phosphoproteins in lanes
I and 2.

Peptide mapping
The 52-kDa phosphoprotein was isolated from

both SPM and coated vesicles after Bhosphorylation
of 250 pg of the respective fractions with 50 ¡¿Ci lry-
32P1ATP and 7.5 pM ATP for 30 s. The amount of 32F

ineorporation in both 52-kDa proteins was deter-
mined and an equal amount of radioactive 52-kDa
protein of the respective fractions was incubated in 25
pl with 50 ng SAP in 125 m.ð4 Tris-HCl" pH 7.4, at
30'C for 1,2" 5,10, 20, 40, and 60 min" The reaction
was terminated \¡/ith a denaturing solution (10 min,
100'C). The resulting polypeptides were separated on
a l5lo polyacrylamide gel. The autoradiogram of the
gel (Fig. 2) shows the digestion of the 52-kDa protein
after protease treatment of coated vesicles (left part of
the frgure) and SPM (right part of the figure). After I
min of protease treatment only one digestion product
(M, 43 kDa, as judged from the molecular weight
markers run alongside the gel) is visible in both prepa-
rations. ,After a 20-40-min protease treatment the
original 52-kDa phosphoprotein in both preparations
was completely digested and two further breakdown
produets of 33 and 20 kDa were formed.

Incubation of both 52-kDa phosphoproteins with
inactivated SAP ( l0 min, 100'C) did not result in any
breakdown of protein. Similar results with respeet to
time scale and digestion products were obtained when
both 52-kDa phosphoproteins were incubated with
chymotrypsin A4 (Boehringer, Mannheim, F.R.G.;
results not shown). Thus, the digestion of both 52-
kDa phosphoproteins with SAP resulted in identical

52-kDa COATED VESICLE PROTEIN 1845

c.v. : SPM
c)ooc,roN-i ¿NÞo-;^(oçNF:rN(¡OOOOrrrllr

M\/ t l t l l t i t t r r r r

I

v

52k-.-> --{fiþ**
43: '{tl*sþ * *tü"*. .*
36-
33-

FlG" 2" PeBtide mapping. lsolated phosphorylated 52-kDa pro-
tein from SPM and coated ves¡cles (C.V.) was incubated with 50
ng SAP for the times ind¡cated at the top of the figure. The result-
ing polypeBt¡des were separated on an 157. polyacrylamide gel.
The numbers to the left of the figure ¡ndicate the relative molecular
weights of the digestion products; the arrow points to the position
of the original 52-kÞa phosphoprote¡n.

peptide maps. Moreover, the time scale of the forma-
tion of digestion products was very similar for both
52-kDa proteins.

Phospho-amino acid analysis
The 52-kDa phosphoproteins isolated from coated

vesicles and SPM were hydrolyzed with 6 M}JCland
separated by high-voltage paper electrophoresis. Both
52-kDa proteins contained phosphoserine and phos-
phothreonine, whereas phosphotyrosine was absent
(Fig. 3: coated vesicles, lane l; SPM, lane 2). The
phosphorylated products near the origin probably
represent partially unhydrolyzed 52-kDa phospho-
protein" The ratios ofphosphothreonine to phospho-
serine were 7:l for the coated vesicle and l:1 for the

;* P¡

FlG" 3. Phospho-amino acid analy-
sis. lsolated 52-kDa phosphoprote¡n
from coated vesicles (lane 1) and
SPM (lane 2) was hydrolyzed with 6
M HCl. The resulting products were
separated by means of high-voltage
paper electrophoresis. The posit¡on
of reference nonradioactive phos-
pho-am¡no aeids was marked w¡th
radioactive ink and ¡s indicated to
the r¡ght of the figure.

peptides

J. Neurochem., VoL47, No.6, 1986
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SPM 52-kDa phosphoprotein as determined by liquid
scintillation counting of the excised spots from the
paper.

Two-dimensional gel electrophoresis
Coated vesicles and SPM were phosphorylated in

the absence of caleium and in the presence af I mM
EGTA, to suppress the ealcium-dependent phosphor-
ylation of B-50 in SPM, the major phosphoprotein in
this region of the gel (Zwiers et al., 1980; see Fig. I,
lanes l). The proteins were separated on a pH 10-3.5
gradient in the first and on I l%o SDS-PAGE in the sec-
ond dimension. The resulting autoradiogram (Fig" 4)
shows the 52-kDa phosphoprotein in both coated ves-
icles (Fig. 4A) and SPM (FiS. 48) as a homogeneous
smear from the origin of the IEF gel (pH 9.0) to the
middle (pH 6"5). The position ofthe 52-kDa phospho-
protein is indicated to the left of the frgures by an
arTow.

Comigration studies with a mixture of both phos-
phorylated fractions resulted in the same appearance
of the 52-kDa phosphoprotein on the autoradiogram,
whereas no extra phosphoprotein spots were visible
(results not shown). Separation of both phosphory-
lated fractions by nonequilibrium pH gradient gel
electrophoresis accordingto O'Farrell et al" (1977) did
not improve the resolution of the 52-kDa phospho-
protein in the first dimension (results not shown). Iso-
lated 52-kDa phosphoprotein from both sources was
also run on both IEF and nonequilibrium pH gel elec-
trophoresis. With this approach no improvement of
resolution compared to the above described methods
was achieved (data not shown).

DISCUSSION

LTP is a form of synaptic plasticity that is observed
in many parts of the CNS when a short train of pulses
at relative high frequency (a tetanus) is applied to a set

of fibers (Schwartzkroin and Wester, 1975; Alger and
Tyler, 1976; Andersen et al", 1980; Bliss and Dolphin,
I 982)Jetanic stimulation oftheperforant path oFthe
hippocampal sliee stimulated the phosphorylation of
a 52-kDa protein in a eruele synaptosomal plasma
membrane fraction (Bär et al", 1980¿, 1982; Tielen et
al., 1982)" The degree of phosphorylation of this 52-
kDa protein was found to be highly eorrelated with
the degree of LTP" tinear regression analysis of the
degree of 52-kDa phosphorylation versus the height of
the postsynaptic potential showed a semilogarithmie
plot with a correlation coefficient of 0.71 (p < 0.005,
Tielen et al., 1983).

In this article we present evidence that the LTP-re-
lated 52-kDa phosphoprotein in rat brain SPM is very
similar to the 52-kDa protein in isolated rat brain
coated vesicles. This conclusion is based on the fol-
lowing observations: (1) the molecular weight of the
52-kDa phosphoprotein in eoated vesieles and SPM is
identical when analyzed on an I l7o polyaerylamide
eel (Fie. l); (2) dieestion of isolated 52-kDa phospho-
protein from both sources with SAP (Fig. 2) or ehy-
motrypsin A4 resulted in the same breakdown prod-
ucts as analyzed by SDS-PAGE on an l57o gel; (3)
phbspho-amino acid analysis revealed the same phos-
phorylated amino acids (i.e., threonine and serine) in
both 52-kDa phosphoproteins (Fig. 3); (4) combined
IEF with SDS-PAGE on an I l7o gel indicated an iden-
tical behavior for both proteins, resulting in a smear
between pH 9 and 6"5 (Fie" 4); (5) both phosphopro-
teins are phosphorylated by a Ca2*/calmodulin- and
cyclic nucleotide-independent protein kinase (Bär et
al., 1982).

Thç data on phospho-amino acid analysis ofthe 52-
kDa phosphoprotein in coated vesicles presented in
this article show that the major phosphate aeceptor
amino acid is threonine. Direct companson of these
results with data from literature is difficult, since to
the best of our knowledge no reports have been pre-

IEF+
4.5 pH 9r

I
I

*ï

SPM
4.5 pH

L¡J

À
U)o
U)

52K+ *. "";t"*" "\ -C;

tB
FlG" 4. IEF and SDS-PAGE. Phosphorylated coated vesicles (C.V., A) and SPM (B) were separated on an pH 3.5-10 isoelectr¡c focussing
gel followed by SDS-PAGE in the second dimension. The arrow indlcates the position of the 52-kDa protein in both fractions.
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sented on phospho-amino acid analysis of a purified examples presented above indicate a role for coated
i 52-kDa preparation obtained from coated vesicles. vesicles in membrane retrieval after increased neuro-

eampbell and co-workers showed thalin the coat transmitterrelease.llhus \ve propossthalthe changes
fraction isolated from rat liver coated vesicles threo- seen in 52-kDa protein phosphorylation after tTP
nine was the major phosphate accepting amino acid, might reflect an increase in membrane retrieval con-
whereas serine was phosphorylated to a lesser extent comitant with an increase in neurotransmitter release
(Campbell et al., 1984). Assuming that the 52-kDa asaresultofLTP.
protein was the major phosphoprotein in their coat
fraction, their frndings are in line with our results us-
ing isolated 52-kDa protein from rat brain coated vesi-
cles. In the 52-kDa phosphoprotein isolated from
SPM less phosphate is incorporated into threonine
than in serine. The qualitative differences in the label-
ing of serine and threonine between 52-kDa protein
from coated vesicles and from SPM are most likely
due to differences in the initial phosphorylation state
of the respective proteins, since the 52-kDa protein
containing fractions were not dephosphorylated be-
fore phosphorylation with [.¡-32P1eTr.

Campbell et al. (1984) also tried to determine the
IEP of their 53/5l-kDa phosphoprotein(s) in coated
vesicles from rat liver. The resolution they obtained
on the IEF gel was as poor as that presented in this
article and the IEP range was also pH 9-6"5. The ma-
jor phosphorylated coated vesicle protein from bovine
brain and liver was also found to have an IEP ranging
from pH 9 to 6.5 (Pfeffer et al., 1983). IEF of the puri-
fied 52-kDa protein gave a similarly poor resolution"

Coated vesicles and coated pits have been impli-
cated in a number of intracellular processes such as
receptor-mediated endocytosis, secretory pathways,
intracellular protein traffñc, and presynaptic mem-
brane recycling after transmitter release (Heuser and
Reese, 1973; Goldstein et al., 1979; Kadota and Ka-
dota, 1982). The precise role of the 52-kDa protein
and its phosphorylation in the function of coated vesi-
cles is still unclear. Preliminary data may suggest that
phosphorylation of the 52-kDa protein promotes de-
coating of the coated vesicles (4. Pauloin, personal
communication).

Previous results from our laboratory indicate that
after application of a tetanus to a hippocampal slice
the increase in 52-kDa phosphorylation is positively
correlated with the degree of potentiation (Tielen et
al., 1983). During LTP there is an increase in neuro-
transmitter release (Dolphin et al., 1982), which will
result in an increase in the amount of membrane ma-
terial at .the presynaptic membrane. Furthermore,
chemical depolarization of synaptosomes from cere-
bral cortex results in the appearance ofnew large vesi-

I cles and coated vesicles (Fried and Blaustein, 1978)
after prolonged stimulation. Electrical stimulation of
the nerves of isolated frog sartorius muscles tran-
siently depleted synaptic vesicles (Heuser and Reese,
1973). The synaptic vesicle membrane was retrieved
by coated vesicles and synaptic vesicles were recycled
via intermediate cisternae (Heuser and Reese, 1973).
The relative importance of coated vesicles in the pro-
cess of membrane retrieval is still unclear, but the two
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