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GTP-binding proteins were studied in synaptic vesicles prepared from bovine brain by differential centrifugation and 
separated further from plasma membranes using gel permeation chromatography. Following separation by SDS-PAGE 
of proteins from the different fractions, and transfer to nitrocellulose sheets, the presence and localization of 
low-molecular-mass GTP-binding proteins were assessed by [a-32p1GTP binding. The vesicle-membrane fraction (SV) 
was enriched in synaptophysin (p38, a synaptic vesicle marker) and contained low-molecular-mass GTP-binding 
proteins; these consisted of a major 27 kDa protein and minor components ( M  r 26 and 24 kDa) which were 
trypsin-sensitive and immunologically distinguishable from ras p21 protein. GTP-binding proteins of low molecular 
mass, but displaying less sensitivity to trypsin, were also found in the plasma membrane fraction (PM; enriched in 
Na+/K+-ATPase). In addition, the PM fraction contained GTP-binding proteins with higher M r (Gia and G0a), 
together with another GTP-binding protein, ms p21. Putative function(s) of these GTP-binding proteins with low mass 
are discussed. 

Introduction 

Synaptlc vesicles are storage organelles for neuro- 
transnutters m neuronal cells [1], on sttmulatlon they 
allow Ca2+-dependent release of transmitters upon m- 
teracuon w~th the plasma membrane [1,2] Recent bio- 
chemical analysis has detected the presence of several 
proteins expressed specifically on synapttc vesicles, such 
as synaptophysm (p38) [1,3,4] However, httle is known 
of the mechanism involved m the exocytotlc release of 
transnutter from synaptm vesicles 

Involvement of GTP-bmdlng proteins, named Ge, in 
exocytosls was suggested from experiments on per- 
meablhzed cells usmg a nonhydrolyzable analogue of 
GTP [5] It has not been clarified so far whether G e 
serves as a substrate of pertussls or cholera toxans which 
modify the well-known GTP-blndlng proteins (e g ,  Gla ,  
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Goa, and Gsa with an M r ranging from 39 to 52 kDa) 
involved in a variety of cellular signal transductton 
mechamsms [6,7] On the other hand, recent apphcatlon 
of [a-32p]GTP binding assay to mtroceUulose blots of 
proteins separated by SDS-PAGE revealed the existence 
m several tissues of a novel class of GTP-blndlng pro- 
telns of low molecular mass (20-29 kDa) and whose 
function has not been identified [8] As some of these 
proteins may be mvolved in the exocytoUc process, they 
rmght be associated wtth secretory organelles In the 
present paper, such GTP-bindmg proteins were demon- 
strated in synaptlc vesicles purified from bovine brain 
and their properties exarmned 

Experimental Procedures 

Matertals  
[a-32p]GTP (3000 Cl/mmol) ,  [y-35S]guanoslne 5'- 

[~,-tluo]tnphosphate (GTP~tS) (1350 C1/mmol) and 
monoclonal anU-ras-p21 antibody (RASl l ,  NEI-704) 
were obtaxned from Du Pont (Stevenage, U K ) Mono- 
clonal antl-synaptophysm (SY38) was obtained from 
Boehrlnger Mannhelm (Lews, U K ) Rabbit antlsera 
against syntheuc peptldes of carboxy terminals of G0a 
subumt (OC1) and G, la  subumt (SG1, tilts anUserum 
may recogmze also G,2a subumt) [9] were generous gifts 
from Dr G Mllhgan (Umverslty of Glasgow) Second 
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anubodles and streptavldm-peroxadase complex were 
purchased from Amersham International (Amersham, 
U K )  

Preparanon of synaptw oeswles 
These were isolated from bovine brain according to 

the method of Hell et al [10] wxth slight modifications 
Freshly frozen cerebral cortex (120 g) was crushed and 
pulvenzed under hquld N 2 The brain powder was 
thawed and homogenized at 4°C m 720 ml of buffer 
contalmng 0 3 M sucrose, 0 3 mM phenylmethane- 
sulphonyl fluoride and 10 mM Tns-HC1 (pH 7 4) and 
centnfuged at 27 000 × g for 10 mln The supernatant 
was centnfuged at 120000 × g for 40 nun, an ahquot of 
the supernatant (50 ml) was layered onto 15 ml of 0 6 M 
sucrose, 10 mM Hepes-NaOH (pH 7 4) and centnfuged 
at 235 000 × g for 150 nun The pellet (P3) was resus- 
pended in 0 3 M sucrose, 10 mM Hepes-NaOH (pH 7 4) 
and cleared by centnfugatlon at 27 000 x g for 10 nun 
The sample was loaded onto Sephacryl S-1000 column 
(2 8 × 90 cm) equthbrated with 0 3 M glycme, 10 mM 
Hepes-NaOH (pH 7 4) and eluted at a flow rate of 0 5 
ml /mm The fractions ennched in Na÷/K+-ATPase 
activity (PM) or p38 (SV) were pooled separately and 
centnfuged at 235 000 × g for 120 mln, the two pellets 
were resuspended in 0 3 M sucrose, 10 mM Hepes- 
NaOH (pH 7 4) (PM and SV) Protein concentration 
was determined according to the method of Bradford 
[111 

Enzyme acttmtws 
For measurement of Na+/K+-ATPase acUvlty (EC 

3 6 1 37), 10 /~1 of sample was incubated m 140 mM 
NaC1, 14 mM KC1, 5 mM MgC12, 1 mM ATP and 50 
mM Tns-HC1 (pH 7 5) at 30 °C for 30 mm m a total 
volume of 0 5 ml The amount of P, hberated was 
quantified as described prev:ously [12], the fraction 
sensitive to 2 mM ouabam was taken as N a + / K  +- 
ATPase activity NADPH-cytochrome c reductase ac- 
tivity (EC 1 6 2 4) was measured, according to the 
method of Sottocasa et al [13] 

Synaptophysm detection 
Synaptophysm was quantified by an enzyme-hnked 

lmmunosorbent assay (ELISA) Samples (50 /~1) were 
adsorbed to an assay plate (Falcon) for 1 h at 37 °C 
After blocking with 1% (w/v) bovine serum albunun, 
the plate was incubated sequentially with antibody SY38 
(1 pg/ml, 1 h) and horseradish peroxadase coupled to 
goat anti-mouse IgG (1 500 diluted, 30 ram), with three 
consecutive washmgs after each mcubauon Peroxadase 
reaction was tmuated by the addition of 4 mM o-phen- 
ylenedlamme and 001% (v/v) H202 in 50 mM 
Na2HPO4/20 mM citric acid buffer (pH 5 0) and 
tenmnated by adding 0 05 M H2SO 4, the absorbance at 
492 nm was deternuned 

Electrophorests and tmmunoblottmg 
SDS-PAGE was performed according to the method 

of Laemmh [14] Blot transfer on mtrocellulose paper 
was performed using a semi-dry electroblotter (Sartonus, 
Gottmgen) followed by mcubaUon with bovine serum 
albumin (10 mg/ml, 1 h) to block nonspeclfiC binding 
For detection of antigens, blots were incubated with 
primary antibodies (antI-synaptophysin SY38, 01 
t~g/ml, anti-ras-p21, 1 1000 dilution, antI-Goa subumt 
OC1, 1 1000 dilution, antl-G,a subunlt SG1, 1 100 
dilution) for 1 h at room temperature After three 
consecutive washes, blots were incubated with a second 
antibody (blotmylated anti-mouse or -rabbit IgG, 1 500 
dilution) for 1 h and subsequently with streptawdm- 
peroxldase complex (1 400 dilution) for 30 mln The 
color reaction was developed with 0 02% H202 and 1 3 
mM diarmnobenzadine 

Assay of [a-32p]GTP bmdmg 
Bmding of [a-32p]GTP to mtrocellulose blots was 

performed essentially as described by Bhullar and 
Haslam [8] Nitrocellulose blots treated with bovine 
serum albunun were incubated m a buffer contalmng 
0 3% Tween 30, 50 /~M MgC12, 50 mM Tns-HC1 (pH 
7 5) and 1/~Cl/ml [a-32p]GTP (1 nM) for 1 h at room 
temperature, other modlficalaons of the incubation are 
indicated m legends to the figures All the blots were 
washed, air-dried and exposed to Fuji X-ray film 

Measurement of [35S]GTPTS bmdmg 
Tins was determined essentially by the method of 

Northup et al [15] The binding maxture contained 1 
/~M [35S]GTP~,S (5 105 cpm), 1 mM EDTA, 5 mM 
MgC12, 250 mM NaC1, 250 mM (NH4)2SO4, 0 1% 
Lubrol PX and 20 mM Tns-HC1 (pH 8 0) in a total 
volume of 100/~1 After addition of a sample (10/~1), the 
mixture was incubated for 1 h at room temperature, 5 
ml of the washing buffer containing 5 mM MgC12, 100 
mM NaC1 and 20 mM Tns-HC1 (pH 8 0) was added 
The solution was poured onto a mtroceUulose filter 
(diameter, 25 mm, pore size, 0 45 #m) and nnsed three 
times with 3 ml of the washing buffer before counting 
m a scintillation spectrometer 

Results 

Purtty of synapttc veswle membrane 
Crude synapnc vesicle fractions (P3) were prepared 

directly from the homogenate of freeze-thawed bovine 
bra_m by differential centrlfugatlon according to a rapld 
and efficient method described by Hell et al [10], tins 
avoids the need of first prepanng synaptosomes and the 
subsequent lysls Vesicles were purified further by gel 
permeation chromatography using Sephacryl S-1000 
column (Fig 1) Plasma membranes, the major contarm- 
nant in the P3 fraction, were separated from synaptxc 
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Fig 1 Punficanon of synapttc vesicles from bowne brain by gel fdtratlon Crude synapUc vesicles (P3, 98 mg protein) was apphed onto a Sephacryl 
S-1000 column as described m Experimental Procedures Fracnons collected (8 ml) were subjected to the following assays (A) Absorbance at 280 
mn and [35S]GTP~S binding actawty (B) Synaptophysm (ELISA) and Na+/K+-ATPase acnwty (C) Immunoblottmg of p38 (10% gel) (D) 
[a-a2p]GTP binding after SDS-PAGE (12% gel) and blotting followed by autoradmgraphy (E) Immunoblottmg of ras p21 (12% gel) Arrows on 

the nght indicate posmons of standard proteins 

vesicles m tins step Thus, Na+/K+-ATPase acuwty, a 
marker enzyme for plasma membrane, was ennched in 
a membrane peak elutmg with void volume (fracuon 32) 
with a shoulder around fracUon 40 (Fig 1B) In con- 
trast, synaptophysm (p38), a marker protein for syn- 
aptlc ves]cles detected by ELISA and ~mmunoblottmg, 
was ennched m a broad peak (fracUon 48) included m 
the gel matrix (Fig 1B and C) Actwlty of NADPH-cy- 
tochrome c reductase, a marker enzyme for the endo- 
plasmtc reuculum winch normally has a larger size than 
that of synapt]c vesicle, eluted in a pattern smular to 
that of Na +/K ÷-ATPase activity (a broad peak at frac- 

uon 32 followed by a shoulder at fracuon 35-45, data 
not shown) 

Peak fractions enriched m Na+/K+-ATPase activity 
(fraction 28-35) and p38 (fraction 45-54) were pooled, 
designated PM (plasma membrane) and SV (synaptlc 
vesicles), respectwely, and used m further assessment of 
their composmons Cross contamination between syn- 
apuc vesicles and plasma membrane, m PM and SV 
fract]ons, were evaluated quanmaUvely by p38 ELISA 
and Na+/K+-ATPase acUvaty (Table I) Thus, the con- 
tent of p38 (per umt protein bas]s) m SV was 3 4-fold of 
that m PM, alternatwely, specific activity of N a + / K  +- 
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TABLE I 

Dlstrtbutlon of p38 (synaptophysm) and enzyme actwmes 

Mean+S D (n = 3) 

Frac- p38 Na+/K+-ATPase NADPH-cyto- 
uon (umt/mg) (nmol/nun per nag) chrome-c reductase 

(nmol/rmn per rag) 

P3 3625:015 359+ 27 392+022 
PM 2325:005 1060+164 3905:034 
SV 784+033 227+ 60 227+032 

ATPase in PM was 4 7-fold of that in SV Specific 
activity of N A D P H - c y t o c h r o m e  c reductase, marker 
enzyme for endoplasmic reticulum, was less abundant  
in SV fraction than in PM fraction (Table I) 

Occurrence of  GTP-bmdmg protem wtth a molecular mass 

of  24 -27  kDa m the oeszcles 

[35S]GTPTS binding to the membrane fractions from 
gel permeation chromatography was conducted to assess 
the dlstnbution of total GTP-bindxng proteins present 
As shown in Fig 1A, GTPTS binding activtty eluted at 
two positions, a large peak at fraction 30 and a broad 
peak at fraction 40 (with a shoulder at fraction 45-50) 
Based on the results shown below on [a-32P]GTP bind- 
ing (Fig 1D) and immunoblot tmg (Fig 2), the elution 
pattern of [35S]GTPTS binding can be interpreted as 
follows the first and second peaks consist mainly of 
high molecular mass GTP-binding proteins, the shoulder 
to the second peak contains low molecular mass GTP-  
binding proteins, with the content of the latter in plasma 
membrane-enriched fractions being much lower than 
that of high molecular mass GTP-blndmg proteins 

Nitrocellulose blots of SDS-PAGE gels of fractions 
from the gel permeation chromatography, incubated 
with [a-32p]GTP, showed (Fig 1D) a family of low 

Go(OC 1) Gi ( S G 1 )  

¢, 

1 2 3 1 2 3 

Fig 2 Immunoblottmg of synaptlc vesicles and plasma membrane 
proteins Crude synapuc vesicles (3/~g P3, lane 1), plasma membrane 
(3 pg PM, lane 2), synaptlc vesicles (3 pg SV, lane 3) were run on 
SDS-PAGE slab gels and transferred to mtrocellulose sheets These 
were probed with anla-Goa (OC1) and anU-G,a (SG1) as described m 
Experimental Procedures Arrowheads m&cate the posmons of rele- 

vant GTP-bmdmg proteins 

~ 1 ~  50K 

",,~"~ 39 K 

,41m 27  K 

• , , ~  17K 
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Fig 3 Effect of trypsin treatment of synaptlc vesicles on [a-32p]GTP 
binding Crude synaptlc vesicles (15 #g P3, lanes 1, 2), plasma 
membrane (15 /~g PM, lanes 3, 4) and synaptlc vesicles (15 ~tg SV, 
lanes 5, 6) were incubated m the absence (lanes 1, 3, 5) or presence 
(lanes 2, 4, 6) of 1 #g trypsin for 30 nun at room temperature Then 
samples were electrophoresed (12% gel), transferred to a mtrocellulose 
sheet, incubated with [a-32p]GTP as described m Experimental Proce- 

dures and subjected to autora&ography 

molecular mass proteins consisting of at least three 
distinct bands (a major 27 kDa and manor 26 and 24 
kDa  band as indicated by arrowheads in Fig 1D) 
Exarmnatlon of the autoradiogram showed that these 
GTP-bmdlng  proteins eluted in two distinct peaks, the 
first peak (fraction 30-38) corresponded to the peak of 
N a + / K + - A T P a s e  actxwty (plasma membrane),  while the 
second peak (fraction 44-52) corresponded to the peak 
of p38 (synaptic vesicles) The binding of [a-aEp]GTP to 
the mtroceUulose blot of pooled fractions (using the 
same amounts of protein) showed a higher amount of 
24-27 kDa  GTP-blndlng proteins in the SV fraction 
than in the PM fracUon (Fig 3, lane 3 and 5) 

The presence of ras p21 proteins, another family of 
low molecular GTP-blndlng proteins, in fractions from 
the gel permeation chromatography were assessed by 
immunoblot t lng using a monoclonal antibody that re- 
cogmzed both the normal and oncogenus ras p21 pro- 
telns [16] (Fig 1E) Immuno-cross-reactlwty was de- 
tected at the molecular mass of 21 kDa  only with 
fractions corresponding to the first peak of the [a- 
32p]GTP binding, and to the main peak of N a + / K  +- 
ATPase activity (plasma membrane)  However, the 
amount  of ras p21 proteins in the plasma membrane-  
enriched fractions was too small to be detected by 
[a-32p]GTP binding (see Fig 1D), although they have 
been reported to bind G T P  after transfer to mtrocellu- 
lose [17] 

The presence of classical G T P - b m d m g  proteins in 
pooled fractions was also examined by immunoblott lng 
(Fig 2) Goa, 39 kDa, was much more concentrated in 
the PM fraction than in the SV fraction (Fig 2, OC1) 
G,a ,  41 kDa, which is less abundant than G o in the 
brain, was also detected mainly in P3 and PM fractions 
(Fig 2, SG1) Although we did not examine the pres- 
ence of Gsa, another classical GTP-bmdmg protein, 
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Ftg 4 Nucleotlde specificity of [a-~ZP]GTP binding to synaptlc 
vesicles Synapuc vesicles (15 #g of SV) were electrophoresed (12% 
gel) and transferred to a mtrocellulose sheet Strips contaanmg mdl- 
wdual samples were incubated with [a-32p]GTP m the absence or 
presence of other nucleotldes lane 1, no other nucleotldes, lane 2, 10 

btM ATP, lane 3, 10 #M GTP and lane 4, 10 ItM GTPTS 

because of its lower abundance in the brain, these 
observations coincide w~th the vaew that classical GTP- 
blnchng proteins, serving as substrates of pertussls or 
cholera toxin, function mainly at the plasma membrane 
level (but see Ref 18) 

Charactenstws of low-molecular-mass GTP-bmdmg pro- 
terns m synapttc vestcles 

Incubation of these fractions (15 /~g protein) wath 
trypsin (1 /~g) resulted in the disappearance of 24-27 
kDa GTP-blndlng proteins However, 24-27 kDa 
GTP-bmdmg proteins in the PM fraction were less 
sensitive to trypsin than those in the SV fraction Al- 
though occurrence m the PM fraction of outside-out 
plasma membrane where trypsin is less accessible to 
cytoplastmc surface is not estimated, the above observa- 
tion suggests a difference in the state of 24-27 kDa 
GTP-bmdlng proteins in plasma membrane and syn- 
aptlc vesicles 

Bmdmg of [a-32p]GTP to 24-27 kDa GTP-bmdmg 
proteins in the SV fraction was specific in that it was 
unaffected by the addition of 10 pM ATP, but com- 
pletely abohshed by 10/~M GTP or GTPTS (Fig 4) 

Discussion 

In the present study, locahzaUon of low-molecular- 
mass GTP-blnchng proteins on synaptlc vesicles as well 
as on the plasma membrane was demonstrated For this 
reason, the quahty of synapUc vesicles isolated by a 
simple and efficient method [10], especially cross con- 
tarmnaUon by plasma membrane, was carefully evalu- 
ated by enzyme and protein markers Based on these 
criteria, the purity of the synaptlc vesicles in the present 
study is qtute comparable to that of the ongmal report 
or that of synapuc vesicles isolated by the classical 
procedure [10,19] The co-elutlon in gel permeation 
chromatography of p38 with [a-32p]GTP binding activ- 
ity in the second peak (SV) proxades evidence that 
24-27 kDa GTP-blndlng proteins are indeed associated 
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with synapUc vesicles Abohshment of the [a-32p]GTP 
binding acUvaty m the SV fraction after treatment w~th 
trypsin, suggests that the 24-27 kDa proteins are associ- 
ated with the external surface of the synaptac vesicles, 
assuming that they remain intact based on their rlgl&ty 
[21 

Co-elutlon of the first peak of GTP binding activity 
with Na÷,K+-ATPase activity (PM) suggests that 24-27 
kDa GTP-bindmg proteins are associated also with the 
plasma membrane The posslblhty that the first peak of 
GTP binding actwlty is derived from the contamlnaUon 
of synaptlc vesicles should be excluded from the follow- 
ing observations (1) the relative amount of p38 in the 
void volume fraction is much lower than the highest 
value at the included volume (Fig 1B and C), thus, the 
contaminating vesicles m the plasma membrane fraction 
could not account for the content of [a-32p]GTP bind- 
mg activity m the first peak (void volume) (Fig 1C and 
D) (n) [a-32p]GTP bmdmg activity in the PM fraction 
was less sensitive to trypsin than that m the SV, suggest- 
ing some variation in the properties of these proteins, 
such as their sldeness m the membrane However, the 
possiblhty that some 24-27 kDa GTP-blndlng proteins 
in the PM fraction are derived from endoplasrmc re- 
tlculum remams to be clarified, since they have been 
detected m thas subcellular fraction from yeast and 
mammalian ceils [20,21] In ttus context, it is relevant 
that the PM fraction contained lugher amount of 
NADPH-cytochrome c reductase, marker enzyme for 
endoplasmlc retlculum, than the SV fraction 

Recently, novel families of low-molecular-mass 
GTP-bmdmg proteins have been found using different 
methods, yet their function(s) remain to be clarified 
[20] Clostrtdtal botuhnum C~, D and C3 toxins were 
shown to ADP-nbosylate 20-26 kDa GTP-bmdlng pro- 
terns in mammalian preparations [22-26] One substrate 
has been identified as a rho gene product [27,28] How- 
ever, the relationship between the ADP-nbosylatlon 
and the inhibition of transnutter release by botuhnum 
neurotoxms has been disputed [29,30] Investigations on 
yeast mutants have revealed the presence of genes cod- 
ing for low molecular mass GTP-bmdmg proteins in- 
volved in a constitutive secretory pathway [20,31] One 
such gene product, sec4p is a 23 5 kDa GTP-bmdmg 
protein and is shown to be associated with the secretory 
vesicles [31] A model of membrane traffic for secretion, 
in which low molecular GTP-blndmg proteins interact 
with umdentified attachment and docking proteins (ef- 
fector) expressed on vesicles and plasma membrane, 
respectively, has been proposed [32] Usmg the [a- 
32p]GTP binding assay, 18-29 kDa GTP-bmdmg pro- 
telns have been shown to be associated w~th chromaffm 
granules isolated from bowne chromaffm cells where 
Ca2+-dependent secretion of catecholammes is readily 
observed [33,34] In permeabdazed chromaffm cells, it 
has also been shown that the ad&tlon of exogenous 
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guamne nucleotldes modulate the Ca2+-dependent re- 
lease of catecholanunes [35] Based on all these collec- 
twe observauons, it is tempting to suggest that the 
24-27 kDa GTP-bxndmg proteins associated w~th syn- 
aptlc vesicles may also be revolved in the Ca2+-depen- 
dent exocytouc release of transmitters from these 
vesicles 

Another possible funcUon of the low molecular mass 
GTP-bmdmg protein is the involvement m cell prohfer- 
auon and dffferentxauon In rat pheochromocytoma 
cells, mjecUon of 21 kDa RAS proto-oncogene product 
reduces nerve growth factor-hke dlfferentmUon [36] 
Injection of ADP-nbosyltransferase C3 wluch modifies 
rho gene product, (22 kDa GTP-bmdlng protein) also 
reduces a slimlar morphological dffferentmUon [26] 

To evaluate the funcUon(s) of 24-27 kDa GTP-bmd- 
mg proteins associated with synaptlc vesicles m 
processes such as transrmtter release, ~t could be benefl- 
cml to estabhsh their relaUonstup to the above-de- 
scribed gene products and some recently purified low 
M r GTP-bmdmg proteins [37,38], ldentfflcauon of the 
effector protein(s) which these low molecular mass 
GTP-bmdmg proteins interact with, would also be be- 
nehclal 
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