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Guanosine trlphesl~at~ (GTP) can release Ca 2+ and enhance responses to D-myo-inosito! l:,S-tris- 
phesphate (11'3) in cru~e liver mkrosemes in the presence o! polyethylene glycol (PEG) (Dawson et al. 
(1986) Biochem. J. 234, 311-315). The mechanism of these respeases has been further investigated. GTPTS 
which antagonizes the actions of GTP on mierosmaes, does not promote Ca 2 ÷ re-uptake when added after 
tile COmldetion of GTP.medlated C_~ + release. HoweYer~ ~ effects of GTP could be reversed by w~hi~  
or dilution d the microseme~ Addition d PEG to the ineebatlon medium prmoted the aggregali~n d 
microsemes. Electron microscopy Wovided no evidence for the fusion of microsomal vesicles in the presence 
or absence el GTP. in the presence ol PEG, GTP produced an alteration of the pmneabili~ properties ol 
the mknmomal membrane as indicated by increased leakage of an intrahuninal esterase, a reduction in the 
mean buoyant density of the vesicles, and a decrease in the latency of mannose 6-phosplmte hydrolysis. All 
three effects developed relatively slowly, whereas the effects et GTP on Ca 2+ fluxes occurred more 
(complete within 15 min). A low permeability to mmose  6.phosphate was restored upon washing away the 
GTP. These resells suggest that non-s~ir~ permeability changes m y  undedy the effects of GTP on Ca 2+ 
release and that, under certain eondifiom, GTP can reversibly me&date the permeability of a tramsmem- 
brahe 'pore' in microsmnal membranes that can pass ions and macromolectdes. The possibility that such a 
pore serves to link IP3-sensitive vesicles with other CaZ"-containing comparUnenls is discussed. 

Introduction 

lnositol trisphosphate (IP3) is a messenger 
molecule which functions to mobilize internal 
stores of Ca 2+ in response to certain types of 

Abbreviations: IP 3, D-myo-inosi:ol 1,4,5-trisphosphate; 
GTP3,S. guanosine 5'-O.(3-thio)trlphosphate; GpptNH]p, 
guanosine 5'.[~,v.imido]triphosphate: PEG, polyethylene gly- 
col; Hopes, 4-(2.hydroxye|hyi)-l.piperazineethanesulfonic acid; 
CHAPS, (3-[3.cholamldopropyl)dimethylanm3onio]-l-propanc 
sulfonatc; M-6-P, mannose 6-phosphate. 

Correspondence: S.K. Joseph, Department of Biochemistry 
and Biophysics, University of Pennsylvania School of Medi- 
cine, Philadelphia, PA 19104, U.S.A. 

cellular stimuli for reviews, see Refs. !-3. Its 
Ca 2+ mobilizing action can be readily demon- 
strated in p ermeabilized cell systems. Subcellular 
fractions of varying degrees of purity ('micro. 
some, s') have been shown to retain responsiveness 
to IP3 [4-8]. However, liver microsomes show a 
negligible response to IP 3 [6,9]. Dawson [10] was 
the first to observe that incubation of liver micro- 
somes with polyethylene glycol (PEG) and GTP 
markedly enhanced their responsiveness to IP~. 
Subsequently, Gill and colleagues demonstrated 
that GTP itself induced a rapid release of Ca 2+ 
from permeabilized NIE-115 neuroblastoma cells 
and microsomes derived from this cell line [11,12]. 
Further work using neuronal cells [13,14], parotid 
[15] and pituitary [16] mierosomes has estabfished 
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that GTP- and IP3-mediat~ Ca:* ~¢iea~c or:car 
via independent mechanisms. A common feature 
of these effects of GTP on intracelhlar Ca 2÷ 
fluxes is that they are specific to GTP and occur 
despite the presence of a large excess of ATP. 
Non-hydrolyzable analogs do not mimic the effect 
of GTP but can inhibit GTP action [10,11]. A 
second distinctive featurc of GTP-mediated Ca 2+ 
release is the absolut.e requirement for PEG ob- 
served in isolated microsomes [10,12,15-17] or the 
stimulato~, effect of PEG seen in permeabilized 
cells [I1,12]. In parotid microsomcs, PEG can be 
effectively replaced by albumin or polyvinylpyr- 
rolidone [15]. 

The nature of the mechanism responsible for 
the observed effects of GTP and its physiological 
relevance remain to be determined. Studies on the 
permeability properties of purified rough liver mi- 
crosomes have shown that GTP can make such 
vesicles leaky if adhering ribosomes are first re- 
moved [18-20]. These effects were also specific to 
GTP, occurred at low concentrations of GTP even 
in the presence of an excess of ATP and were 
absent in smooth microsomes or in rough micro- 
somes that had not been stripped. Such a non- 
specific increase in membrane permeability could 
account for GTP-mediated Ca 2+ release. Using 
the degree of latency of mannose 6-phosphate 
hydrolysis as an index of the leakiness of the 
microsomal membrane barrier, we have recently 
provided evidence to support the view that Ca 2. 
release from a stripped rough microsomal prepara- 
tion is closely correlated with an increased leaki. 
ness of the membrane [21]. In this study we have 
extended these results to crude liver microsomes 
that have not been subjected to ribosomal strip. 
ping. Specifically, we have investigated: (a) the 
possible relationship between GTP-dependent 
~.'~,;,~i~.~.~ i.~:::'.::=bility changes and Ca 2 + release; 
(b) the extent to which these changes are reversi. 
ble; and (c) the effect of PEG on the microsomal 
membrane. 

Experimental 

Methods. Liver or insulinoma microsomes were 
prepared by differential centrifugation as de- 
scribed by Joseph et at. 19]. The isolation buffer 

coiliai~ed 0.25 bl sucrose, 5 mM Na-Hcp~s (pH 
7.2) and 0,5 mM EGTA. Microsomes from rat 
fore-brain were prepared by the method of Butler 
and Morel1 [22]. 

Assays. Microsomes (1 mg protein/m1) were 
incubated at 30°C in a basic incubation medium 
that contained 0.15 M sucrose, 50 mM KCI, 20 
mM Tris-Hepcs (pH 7.2), 3 ram MgATP, 0.3 mM 
MgC! 2, 2,5/tM antimycin A, 2.5/tM Ruthenium 
red, 20 mM phosphocreatine and 10 U/ml crea- 
line kinase. Ca 2+ electrode studies were performed 
in a final volume of 0.2 ml and the electrode traces 
were calibrated as described by Prentld et al. [23]. 
Unless otherwise stated 45Ca 2+ flux studies were 
carried out in the basic assay medium supple- 
merited with 0.5 mM EGTA, 1 #Ci 45CaClJml 
and sufficient 4°CaCi2 to produce a free Ca 2+ 
concentration of 140 nM as measured with a Ca 2+ 
electrode. After different periods of incubation, 
75-/~1 samples were processed on Millipore filters 
(0.45 ,am, HAWP) using a Hoeffer filtration ap- 
paratus. The filters were washed twice with 5 ml 
of a buffer containing 0.25 M Sucrose, 50 mM 
KCI and 20 mM Tris-Hepes (pH 7.2) and then 
counted in Ecolume (ICN Radiochemicals). Man- 
nose 6-[ 32 P]phosphate ([32P]M-6-P) was prepared 
essentially as described by Arion et al. [24] and 
purified on QAE-Sepharose [2I]. Hydrolysis of 
M-6-P was assayed as release of [32p]P i. Radio- 
labelled M-6-P was separated from [32pip i on 
0.5-ml columns of Dowex AGI-X8 (formate) an- 
ion exchange resin. M-6-P was eluted with three 
2-ml aliquots of 80 mM ammonium formate/100 
mM formic acid/20~ (v/v) ethanol and [32P]P i 
was ehted with 2 ml of 300 mM ammonium 
formate/100 mM formic acid/207o (v/v) ethanol. 
Radioactivity was determined by Cerenkov counb 
ing. Esterase activity (carboxyl ester hydrolase; 
EC 3.1.1.1) was assayed with o-nitrophenylacetate 
as substrate [25]. Low concentrations of protein 
were assayed with a commercial protein assay 
(Pierce Co.) using a protein standard (Sigma), The 
concentration of protein in the microsomal stocks 
was determined by a biuret procedure [26]. RNA 
was determined by the method of Fleck and Munro 
[27]. Electron microscopy of several, l andomly 
selected, thin-sections of microsomal pellets were 
examined after sedim~nting aliquots of the micro- 
somal suspension at 100000 × g and fixing with a 



golntio.n, of 2~0 (V/V) glutaraldehyde in 0.I M 
sodium cacodylate buffer. 

Results 

Comparison of GTP effects on microsomes from 
liver, insulin.secreting tumor and rat brain 

In agreement with the initial observations of 
Dawson [10], Fig. 1A shows that Ca :~ accu- 
mulated by liver microsomes can be released by 
GTP only when PEG was included in the medium. 
This release was slow and occurred after a short 
delay (Fig. 1A, trace iv). When this release had 
completed, the further addition of IP 3 initiated a 
rapid Ca 2+ release. IP 3 added before GTP did not 
produce Ca 2+ release. However, the addition of 
GTP after IP3 provoked a rapid Ca 2+ release that 
occurred without a noticeable lag (Fig, IA, trace 
iii). The total Ca 2+ released under these condi- 
tions approximates the sum of Ca 2+ relcased by 
GTP and IP 3 separately. GTP~,S added prior to 
GTP blocked the ability of GTP to release Ca 2+ 
and to render the microsomes responsive to IP3 
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(data not shown) Fig. I B shows a simiiar set of 
experiments performed on microsomes isolated 
from an insulin-secreting tumor. In this case GTP 
also induced a slow release of Ca 2. but only in the 
presence of PEG. However, the responsiveness of 
tumor microsomes to IP3 was unaffected by GTP 
or PEG. This was not due to the presence of 
endogenous GTP as indicated by HPLC analysis 
of perchloric acid extracts (data not shown). Mi- 
crosomes from rat brain also showed an IP 3 re- 
sponse that did not require GTP or PEG (Fig. 
1C). In contrast to microsomes from liver or in- 
sulinoma, GTP did not cause Ca 2+ release from 
brain microsomes in the presence or absence of 
PEG. 

Reversibility of the responses to GTP 
It has been shown that the addition of GDP to 

permeabilized N1E-115 cells results in a re-accu- 
mulation of Ca 2+ reIeased by GTP [I1]. This was 
accomplished by adding ADP to block the conver- 
sion of GDP to GTP catalyzed by contaminating 
nucleoside diphosphokinase activity, in our hands 
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Fig, 1. Characteristics of Ca z* release from rat liver (A), Syrian hamster insulinoma (B) and rat brain (C) microsomes. Microsomes 
were prepared from th© thsee tissues by differential centrifugation and incubated at a final concentration of Img protein/ml in the 
basic incubation medium described in the Experimental section, Changes in Ca 2+ were resJstered with a Ca 2+ electrode. IP 3 (I) and 

GTP (G) were added at 10/tM and 50 tsM, respectively. PEG (M T = 8000) was added at a final concentration of 3~ (w/v). 
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ADP was ineffective in inhibiting this conversion 
in liver microsomes (data not shown) and there- 
fore this experimental approach could not be used. 
Consequently, adding GTPyS (an inhibitor of the 
Ca 2+ release process) or removing added GTP by 
washing or dilution were examined as alternative 
procedures for reversing GTP effects on Ca 2+ 
permeability. Results using the first of '.hese ap- 
proaches are shown in Fig. 2. In this experiment 
GTP (10 FM) was added after microsomes had 
accumulated 4SCa2+ for l0 rain. As observed with 
the Ca 2+ electrode, 45Ca2+ was releas~:l after a 
short lag (Fig. 2, open drdes). Addition of a 
10-fold excess of GTP-/S during the tag phase 
inhibited the Ca 2+ releasing effect of GTP. GTP1,S 
added d~u'ing Ca 2+ release halted the process 
w i t h i n  I m i n  b u t  the  r e l eased  C a  2+ was  riot  re-ac- 
cumul~led. Failure to re-accumulate Ca 2+ was 
,also observed when the GTP~,S was added after 
the rele~.~ had completed. Experiments were per- 
formed to monitor the binding of i0 FM [a- 
~ P]GTP ~ader the conditions used/n Fig. 2 (data 
not shown). These results indicated that GTPTS 
added at 25 rain displaced 85% of the bound label 
within i0 rain. From these data we conclude that 
the GTP-mediated increase in Ca 2+ permeability 
car: be halted, but not reversed, when GTP-~S 
displaces GTP from a binding site in the micro- 
somal membrane. Restoration of the original Ca 2+ 
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Fig. 2. The effect of GTPTS on GTP-mediated Ca 2+ release, 
Liver microsomes were incubated in the medium deacribed in 
Fig. 1 supplemented with PEG and an EGTA/C.a 2+ buffer 
adjusted to buffer the flee [Ca 2÷ ! at 140 'nM, The uptake of 
4SCa2+ was allowed to proceed to steady slate and at the 
arrow G'IV (10 ~M) was added to promote Ca z+ release. 

GTPTS (100 #M) was added at various times after GTP. 
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Fig. 3. Reversal of the GTP responses by dilution. Liver 
microsomes were incubated in the presence ( O ~ O )  or 
absence (o o) of GTP (5 FM) at 10 mg protein/ml in 
the basic incubation medium used in Fig. 1 supplemented with 
PEG (3%; w/v) and EGTA (0.5 mM). After 15 rain the 
microsomes were diluted 50-fold in the same medium without 
GTP ( @ - - @ ,  O O) or containing 5 FM GTP 
(ix A), 10 min later ¢SCa2+ was added to bring the free 
Ca 2+ concentration to 140 nM and uptake was monitored by a 
titration assay. The data shown are the mean:kS.F., of tri. 

pligate determinations from a representative ex~riment. 

permeability of the microsomes may require that 
this binding site be empty or occupied by GDE 

The alternative approach of using dilution to 
remove added GTP is illustrated in Fig. 3. Micro- 
somes were first pretreated in the absence of ex- 
ternal Ca 2+ with 5 FM GTP for 15 rain followed 
by a 50-fold dilution to reduce the GTP con- 
centration to 0.1 pM GTP, a value below the K0, s 
for Ca 2+ release (0.8 FM) [11]. The permeability 
of the vesicles was assessed after 10 rain by mea- 
suring the ability to sequester added Ca 2+. Vesicles 
ihat were exposed to GTP during both the prein- 
cubation and dilution steps showed an increased 
Ca 2+ pe~-meability, as judged by a slower rate and 
extent of 4SCa2~ accumulation (Fig. 3, triangles). 
However, vesicles that were preincubated with 
GTP and dihted into a GTP-free medium showed 
a Ca 2+ permeability that was similar to control 
vesicles (Fig. 3, closed vs. open circles). 

In another series of experiments (Fig. 4), mic::'o ~, 

somes were pretreated with GTP in the absence of 
Ca 2+ and subjected to two sequential washing. 
steps to remove the added GTP. Permeability to 
Ca 2+, as measured by 4sCa2+ uptake, was clearly 
altered by GTP when measured at the end of .a 12 
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Fig. 4. Reversal of the GTP responses by washing. Liver 
microsomcs (10 m 8 protein/rid) were incubated in 1,5 ml basic 
incubation medium supplemented with 35 PEG (w/v) and 
EGTA (0.5 raM). After incubation for 15 rain at 30°C in the 
absence (O @) or presence ( o ~  o) of 50 FM GTP. 
(A) 75-ml aliquots from each condition were diluted 10-fold 
into the same medium containing 45Ca2+ and sufficient "°Ca'+ 
to produce a free Ca 2+ concentration of 140 aM. (B) The 
remaining miorosomes were diluted with 20 ral of microsome 
isolation buffer and washed twice after centrifugation at 65000 
× g. The pellets were rcsuspended and ~ for 4SCa2~" 
uptake as described for (A), o ~ o ,  control washed; 
o o, GTP washed; ,~ ~, 50 FM GTP added to 

GTP washed. 

min incubation period (Fig. 4A). However, the 
Ca 2+ permeability of washed GTP-pretreated mi- 
crosomes was identical to control microsomes that 
had not been incubated with GTP (Fig. 4B). Ex- 
posure of the washed, GTP.treated microsomes to 
a second addition of GTP resulted in an inhibition 
of Ca 2+ accumulation after a prolonged lag (Fig. 
4B), indieating that washing alone had not re- 
moved the GTP-responsiveness of the micro- 
somes. The data shown in Figs. 3 and 4, taken 
together, suggest that GTP mediates a reversible 
change in the Ca" * permeability of crude micro. 
somes. 

Morphological chan~es produced by PEG nr, d GTP 
It has been reported that the fusion of rough 

fiver microsomes, stripped of adhering ribosomes, 
can be promoted by incubation with 0.5 mM GTP 
for 120 rain [28,29]. Since PEG is also a mem- 
brane fusogcn, the possibility that vesicle fusion 
may undedy some of the effects observed in crude 
microsomal preparations was examined. Hewever, 
electron microscope analysis of thin s~tions pre- 
pared from microsomal pellet~ obtained after in. 
cubation under various ~nditions for 15 mir, gave 

no evidence for changes in vesicle size produced 
by PEG, in the presence or absence of GTP (data 
not shown). Ne*.,ertheIess, severn! lines of evidence 
suggest that PEG does increase the aggregation 
state of the microsomes. Firstly, the addition of 
microsomes to a PEG-containing medium pro, 
duces a fight-scattering change that is consistent 
with an increased aggregation state of the vesicles 
[30]. It should be pointed out that the aggregates 
formed in the presence of PEG are sufficiently 
large as to be directly visualized by phase contrast 
microscopy (Thomas, A.P., personal communica- 
tion) or negative contrast electron microscopy [31]. 

The possibility that GTP may exert additional 
effects on vesicle structure was explored by mea- 
suring the buoyant density of microsomes on Per- 
coil gradients after incubation under various con. 
ditions. Vesicles incubated in the presence of PEG 
migrated as a relatively sharp band (Fig. 5A) 
compared to vesicles incubated in the absence of 
PEG (Fig. 5B); a result consistent with PEG pro, 
moting an increased aggregation of vesicles, l'he 
inclusion of PEG in the Percoll gradient and in 
the microsomal incubation medium increased the 
sharpness of the band while only sfightly altering 
the shal~ of the density gradient formed at equi- 
fibrium, as determined with calibrated density 
marker beads (Fig. 5A). It w=s ob~rved that GTP 
shifted this band to a lower mean density but only 
in the presence of PEG (Fig. 5A vs. 5B). This 
effect required the addition of GTP to the incuba- 
tion medium only. In these experiments EGTA 
(0.5 mM) was present in the incubation medium 
and the Pereoll gradients, thereby excluding the 
possibility that loss of intravesicular Ca 2+ could 
account for the decrease in density promoted by 
GTP. The density shift could also not be ascribed 
to a GTP induced loss ~f ribosomes from 
microsomal membranes since direct measurements 
of ILiA indicated no significant differences in 
ribosomal content (data not shown). The vesicles 
corresponding to the center of the protein band 
was removed, sedimented and fixed for electron 
microzcupic analysE. Again no vesicle fusion was 
ob~e..'-;ed ,:you after 1 h incubation with GTP and 
PEG, conditions which yielded a pronounced de- 
crease in vesicle density. 

Further characteristics of this effect are de- 
scribed in Table I where the position of the center 
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Fig. 5. GTP decreases the mean buoyant density of the micro- 
sonml vcsides. Liver microsomcs were incubated at 2.5 mg 
prot¢m/ml in the medium described in Fig 1 supplemented 
with 0.5 mM EGTA in the presence ( O ~ O )  or absence 
( 0 ~ o )  of GTP (SO ~M) After 30 rain incubation 0.8 ml 
aliquots were mixed with 10 ml FercoU (30~; v/v) containing 
0.25 M sucrose, 0.5 mM EGTA and 10 mM Tris-Hepes (pH 
7.2). The tubes were centrifuged at 30000 x ~, fractionated and 
assayed for pi'ote~,. The experiment was run with PEG in the 
incubation medium and Percoll gradient (Panel A) or in the 

absence of PEG (Panel B). 

of the band has been expressed as a ratio of the 
distance from the meniscus to the total length of 
the gradient. The density shift produced by GTP 
could not be produced by GTPyS which did, 

however, block the effect of GTP. Gpp[NH]p was 
less effective as an inhibitor than GTPvS, in 
agreement with its relatively poor ability to block 
GTP-mediated Ca 2+ release [11]. Incubation of 
the micro~mes with GTP at 4 ° C  failed to induce 
the density shift suggesting that hydrolysis of the 
nucleotide is involved. A marked temperature de- 
pendence for GTP-mediated Ca 2+ release has al- 
ready been demonstrated [11,15]. Finally, the dif- 
ference in density of the GTP-treated microsomes 
was retained even after the GTP was removed by 
washing (Table I, Expt. 3). The irreversible nature 
of the effect of GTP, in contrast to its effect on 
Ca 2* permeability, raises the possibility that the 
GTP-induced density shift may result from the 
loss of intravesicular components. To test this 
possibility the leakage of esterase, an intraluminal 
enzyme [25] was measured (Fig. 6). Microsomes 
incubated in the presence of PEG and sedimented 
showed no significant increase in enzyme activity 
in the supematant.  The inclusion of GTP, how- 
ever, produced a rapid and sustained leakage of 

TABLE I 

CHARACTERISTICS OF THE DENSITY SHIFT 
INDUCED BY GTP 

Experiments were performed using the experimental conditions 
for Fig. 6 (Panel A). The position of the center of the protein 
band was expressed as a ratio of the distance from the menis- 
cus to the total length of the gradient. 

(distance from meniscus) 
R F (total length of gradient) 

F~pt. 1 
Control 0.15 
GTP (10 raM) 0.08 
GTPyS (10 mM) 0wl? 
GTP + GTPyS (100 raM) 0.17 
GTP+Gpp{NHIp (100raM) 0.11 

Expt. 2 
Control; 30 ° C 0.08 
GTP 30 ° C 0.05 
Control; 4°C 0.11 
GTP; 4°C 0.11 

Expt, 3 
Control 0.11 
GTP 0.08 
Washed control 0.09 
Washed GTP 0.06 
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the enzyme which was maintained over a period of 
one hour. 

Hydrolysis of ~ar,~rO~ 6-phosphate (M-6-P) 
by microsomal gl~cose-6-phosphatasc is fimited 
by the slow rate of transport of M-6-P across the 
microsomal membrane [24]. Increased leakiness of 
the microsomal vesicles therefore results in a 

stimulation of M-6-P hydrolysis. We have recendy 
shown that GTP increases M-6-P hydrolysis by 
stripped rough microsomes and has a similm' ef- 
fect on crude microsomes but only in the presence 
of PEG [21]. The iatency of M-6-P hydrolysis, 
measured using 0.2~ (w/v) CHAPS to determine 
total mannose.6-phosphatase activity, was in- 
creased more than 3-fold upon incubation of ~ -  
crosomes with 50/tM GTP for 60 rain (Control, 
10.1-4- 0.7~o; GTP, 36.9 :E 2.7~; n -- 3). In order to 
determine if this change was reversible, the GTP- 
treated microsomes were washed twice to remove 
the added GTP and their ability to hydrolyse 
added M-~-P was ag ;a/n measured. The change in 

'E 
o 50 
"6 
E ,.--. 

0 • ,~ 20 
h J  

0 - GTP 

• + GTP 

o 

.0 ,.3 
0 " - - -  0 i 

i i i i 

0 15 30 45 60 

Time (mln )  

Fig. 6. GTP induces the release of an intral=mina! enzyme 
(~teraso). Microsomes were incubated in a medium con~r~-~g 
PEG and EGTA in the presence (O e) or absence 
(o o) of 50 pM GTP. At the in~_icated times aliquots 
were removed and the aggregated microsomes centrifuged at 
8000x g [30]. The supematant was a.~ayed for esterase activity 
(o-nittophenylacetate as substrate) and protein. Enzyme activ- 
ity was expressed as a percentage of the total activity measured 
in an uncentrifuged sample assayed in the presence of 0.2~ 

(v/v) Triton X.100. 
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Fig. 7. Comparison of tile time courses of GTP effects on 
crude liver micresomes. The time course of the GTP-induced 
increase in Ca 2+ permeability was assessed by the ~Ca 2~" 
method used in Fig. 3 with the raodifi~tion that 0.5 mM 
GTP¥S was added with the ~C.a 2+ to quench the actio~ o~" 
GTP {cf. Fi.~ 2). GTP'rS was also added to the microsomes 
prior to measurement of the density shift or the hydrolysis of 
32p-labcIIcd M-6-P. Hy~olysis of $ mM labelled M-6-P (spec. 
a~L ,_~:, ..pc:,/:,_,~ol) was measured over a 30 rain interval. 
Acquisition of the IP 3 r~ponse was measured with a Ca 2÷ 

electrode as shown in Fig. 1. 

M-6-P hydrolysis produced by GTP was not re. 
rained after washing (Control, 14.3 ± 6.05; GTP, 
'.4.9:1: 2.75). 

The temporal relationships of several of the 
parameters linked to microso=M permeability 
changes produced by GTP have been quantified in 
Fig. 7. Stimulation of M-6-P hydrolysis, esterase 
release and associated density shift all occurred 
over a similar, but slow time-course. The effect of 
GTP on Ca 2+ permeability was more rapid being 
complete " , ~ ' ~  15 rain. The most rapid effect of 
GTP was to enhance microsomal responsiveness 
to IP 3, a significant IP 3 effect was observed within 
15 s of GTP addition. 

Discussion 

The present study and previously published 
data [11-15] clearly indicate that GTP has pro- 
found and specific effects on the permeabifity 
properties of endoplasmic reticulum (ER) mem- 
branes, The removal of ribosomes from purified 
rough ER vesicles has been shown to render th=n 
particularly susc.eptiHe ~:o GTP-induced mem. 
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brahe permeability changes. These include a de. 
creased latency of M-6-P hydrolysis, increased 
core $1ycosylation of proteins from exogenously 
added precursors, and the release of intraluminal 
esterase and nudeoside diphosphatase activity into 
the incubation medium [17-i9]. Ca 2+ accu- 
mulated by stripped rough ER is also released by 
GTP [20]. The present data show that GTP can 
produce the same spectrum of permeabifity 
changes in ER membranes that have not been 
subjected to ribosomal stripping, provided PEG is 
present in the incubation medium. Therefore, the 
effects of GTP and PEG on Ca 2+ release seen in 
several microsomal systems are, in all probability, 
the result of a non-specific increase in membrane 
permeability, rather than an activation of a specific 
Ca 2+ release system. 

The available data (Refs. 30, 31; Fig. 5) sug- 
gests that PEG is required to facilitate aggregation 
of the vesicles and that aggregation acts in the 
same way as the removal of ribosomes to unmask 
a mechanism that couples GTP hydrolysis to per- 
meabillza,_;on of ~e  ER membrane, The r~u!ting 
changes affect Ca 2+ permeability more rapidly 
(Fig. 7) than other parameters linked to disruption 
of the membrane barrier, e.g. mannose-6.phos- 
phatase latency, esterase rele.~. All of these 
changes are specific to GTP and are inhibited by 
GTP~,S su?~esting that they are all initiated by a 
~mmon mechanism. ~'D,e dispaxity k= the time- 
courses of the Ca 2+ permeability change and the 
other parameters may imply that a small increase 
in permeability is sufficient to dissipate Ca 2+ 
gradients but that progressively bigger changes are 
required to allow esterase leakage or increased 
mannose -6-phosphate permeability. The different 
time-courses could also arise if the individual ef- 
fects were occurring at different rates in discrete 
vesicle sub-populations. 

The mechanism by which GTP induces the 
permeability change remains unknown. Hypothe. 
ses that have been suggested include GTP-depen- 
dent protein phosphc~lation [17] or the GTP- 
dependent synthesis of phosphatidic acid (a Ca 2+ 
ionophore) from endogenous 1,2-diacylglycerol 
I32]. A third possibility, originally suggested by 
paieraent et al. [29], is that GTP hydrolysis 
activates a pore lying underneath the ribosomal 
complex which normally hnctions to transfer 

nascent polypeptide chains into the ER lumen for 
~ubsequent processing. Evidence pointing to a 
specific involvement of GTP in the insertion of 
membrane proteins into the ER membrane has 
been obtained using in vitro assays of protein 
translocation [33,34]. GTP-binding proteins are 
present in intracellular membranes [35], and this 
family of proteins has been proposed to be con- 
stitutively involved in the normal translocation 
[36] and processing of proteins from the ER to the 
Golgi stack [37,38]. Whichever hypotheses proves 
to be correct, it is clear that the action of GTP on 
the ER may be related to processes quite distinct 
from cellular Ca 2+ homeostasis. 

GTP and IP~-mediated Ca 2 + release 
GTP (in the presence of PEG) greatly enhances 

the responsiveness of liver microsomes to IP 3. It 
should be stressed that this is not a universal 
phenomena (Fig. 1); responses to GTP and IP 3 are 
independent of each other in several experimental 
systems (Fig. 1; Refs. 12,14-16, 39). Recent stud- 
ies by Henne et al. [40] on parotid microsomes 
have demonstrated that the two processes actuaiiy 
reside in different membrane fractions. In liver 
microsomes, it is possible that the preparative 
procedure yields membrane vesicles that have an 
IPfmediated Ca 2+ release system but lack a means 
of accumulating Ca 2+. IP3-mediated release would 
be facilitated when vesicles containing the release 
system interact with other vesicles containing 
Ca 2+. Transfer of Ca 2+ from one type of vesicle to 
another could occur as a result of fusion of the 
vesides. Alternatively, the GTP induced permea- 
bility change could be involved in transferring 
Ca 2+ between vesicles if the vesicles were in close 
contact. Dawson and coworkers have provided 
experimental support for a model involving mem- 
brane fusion by showing that: (a) large multi- 
lamellar vesicles form within 1 min of incubation 
in the presence of GTP and PEG [30]; (b) that the 
same incubation conditions promote the interves- 
icular transfer of a fluorescence label [41] and (c) 
that the effects of GTP cannot be reversed either 
by extensive washing or by GTPy$ [30]. In con- 
trast our experiments show no evidence of fusion 
and the effects of GTP wc:e reversed by w~shing. 
S i ~  the functional effects ef GTP on Ca 2~ re- 
lea~c were the sa,"ne in both studie~, it can be 
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concluded that fusion is not a prerequisite event in 
the mechanism enabling GTP to release Ca 2+ or 
to enhance lP 3 responsiveness. A secondary role 
for GTP-induced membrane fusion cannot be pre- 
sently excluded. The reversibility of GTP re- 
sponses and the absence of vesicle fusion has also 
been noted by Gill and colleagues in microsomes 
prepared from a neuronal cell fine [42]. in ad- 
dition to demonstrating reversibility of GTP ef- 
fects on Ca 2+ permeability, we have shown that 
the effects of the nueleotide on M-6-P permeabil- 
ity are also reversible. These results support the 
proposal that GTP hydrolysis may regulate the 
permeability of a transmembrane 'pore' in micro- 
somal membranes. It can be inferred that the size 
of such a pore must be large to allow the passage 
of esterases whose molecular weights are in the 
~r,'mge of 57-60 kDa [43]. 

At present, it is difficult to ascribe any physio- 
logical significance to the effects of GTP de- 
s c r ~ d  above, Clearly, in the intact cell the cyto- 
solic GTP must be prevented from permeabiliTing 
the endoplasmic reticulum in the manner observed 
for isolated microsomes, indeed, GTP added di- 
rectly to saponin.treated hepatocyte does not alter 
the hydrolysis of added M-6-P or promote Ca 2+ 
release (data not shown). However, Thomas [44] 
has recently shown that GTP does incret, se the 
amount of Ca 2 + in the IP3-releasable compartment 
of the hepatocyte. Mullaney et at. [31] have also 
provided evidence that GTP facilitates the transfer 
of Ca 24" between different compartments of a 
neuronal cell, These studies raise the intriguing 
possibility that GTP may function in the cell to 
maintain linkages between various 1P3-sensitive 
and -insensitive compartments. 
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