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ABSTRACT In rat peritoneal mast cells, the activation of
GTP-binding proteins (G proteins) by guanosine 5'-[y-
thio]triphosphate GTP[-S] has been found to induce a tran-
sient rise in intracellular calcium as well as degranulation. A G
protein that couples to phospholipase C (Gp) is thought to
mediate the calcium response, whereas degranulation is medi-
ated by a different G protein, termed Ge. In an attempt to
activate mast-cell G proteins more selectively, the GTP ana-
logues guanosine 5'-[a-thioltriphosphate (GTP[kSJ) and gua-
nosine 5'-[fl-thioltriphosphate (GTPIJS]) (Rp and Sp diastereo-
mers) were introduced into mast cells by means of patch
pipettes. Degranulation and free intracellular calcium were
monitored by cell capacitance and fura-2 measurements, re-
spectively. It was found that Rp-GTP[aS], like GTP[yS],
induced both calcium release and exocytosis. In contrast,
Rp-GTP[lS] induced repetitive calcium spikes that were not
regularly accompanied by exocytosis. These results suggest that
Rp-GTP[IBSJ selectively activates calcium signaling in mast
cells. The Rp-GTP[PSJ-induced oscillations were independent
of extracellular calcium. They were absent in the presence of
heparin or high concentrations of inositol 1,4,5-trisphosphate
and modulated by compound 48/80, suggesting the involve-
ment ofthe inositol phospholipid signaling pathway. Latency of
appearance and spiking frequency were markedly modulated
by varying the intracellular ATP concentration. The differen-
tial activation of intracellular calcium signaling and exocytosis
by GTP[(3S] confirms the presence of independent signal-
transduction pathways for the two cell responses. Rp-GTP[(3S]
may prove helpful in the biochemical and molecular charac-
terization of Gp, the as-yet-unidentified G protein that couples
receptors to intracellular calcium release.

The elevation of intracellular calcium [Ca] is a common
signal in cellular stimulus-response coupling. Upon hor-
monal stimulation, a number of nonexcitable cells exhibit
repetitive calcium release from intracellular stores (1). Such
calcium oscillations accompany cellular events like differen-
tiation in B lymphocytes (2), secretion in epithelial and
glandular cells (3, 4), and fertilization in oocytes (5). This
calcium release from internal stores is thought to be induced
through the inositol phospholipid signaling pathway, where
receptor-mediated activation ofphospholipase C (PLC) leads
to the breakdown of phosphoinositol lipids. Two second
messengers are generated: inositol 1,4,5-trisphosphate
(InsP3) and diacylglycerol. The former binds to receptors on
intracellular calcium-containing pools and induces the re-
lease of calcium into the cytosol (6).
The use of the nonhydrolyzable GTP analogue guanosine

5'-+y-thio]triphosphate (GTP[yS]) has provided strong evi-
dence that the coupling of receptors to PLC involves a G
protein, termed Gp (7). However, the molecular character-

istics of this G protein or family of G proteins remain
unresolved. A selective probe for Gp is lacking, as GTP[yS]
activates G proteins with no apparent selectivity, and other
nucleotides, such as GppNHp, inosine triphosphate, and
xanthosine triphosphate, stimulate secretion more efficiently
than InsP3 production (8).

In mast cells, different G protein-mediated processes have
been studied at the single-cell level by using the patch-clamp
technique. Upon stimulation, mast cells transiently release
calcium into the cytosol, and they degranulate (9, 10). The G
proteins that mediate these responses have been termed Gp
and Ge, respectively (11, 12). One difference between them
is their requirement for GTP. Although Ge-mediated exocy-
tosis depends absolutely on GTP, activation of the G protein
that couples to PLC, Gp, by exogenous agonists, such as the
polyamine compound 48/80, induces calcium-release tran-
sients long after cellular GTP has washed out through the
patch pipette (13). Together with previous evidence (8), this
suggests that Ge and Gp differ concerning the binding and/or
hydrolysis of guanine nucleotides. We have, therefore, ex-
amined the effects of the phosphorothioate analogues of
GTP, GTP[aS] and guanosine 5'[,B-thio]trisphosphate
(GTP[f3S]), on G protein-mediated effects in rat mast cells.

MATERIALS AND METHODS
Mast-Cell Purification and Culture. Rat peritoneal mast

cells were obtained as described (13). Briefly, male Wistar
rats were ether-anesthetized, decapitated, and exsan-
guinated. A cell mixture was obtained by peritoneal lavage,
and mast cells were purified by Percoll-gradient centrifuga-
tion. They were incubated at 37°C on glass coverslips in
modified M199 medium and used within 6 hr, or they were
cocultured with Swiss 3T3 fibroblasts (14) and used within 1
week. No differences were detected between the two culture
methods, except for a slightly larger cell size of the cocul-
tured mast cells.

Synthesis of GTP Analogues. The Rp and Sp diastereomers
ofGTP[aS] and GTP[I3S] were synthesized as described (15).

Whole-Cell Patch-Clamp Experiments. For experiments,
coverslips were transferred to a recording chamber contain-
ing mast-cell Ringer's solution (140mM NaCl/2.5 mM KCI/2
mM CaC12/5 mM MgCl2/11 mM glucose/10 mM
Hepes-NaOH, pH 7.2). Experiments were done at 23-26°C in
the tight-seal whole-cell configuration of the patch-clamp
technique. Cells were held at 0 to +20 mV. The pipette
solution contained 145 mM potassium glutamate, 8 mM
NaCI, 1 mM MgCI2, 10 mM Hepes-KOH, 0.1 mM fura-2
pentapotassium salt (Molecular Probes), and Mg-ATP (0.5
mM, unless indicated otherwise), pH 7.2. This solution was

Abbreviations: PLC, phospholipase C; InsP3, inositol 1,4,5-
trisphosphate; GTPraS], guanosine 5'-[a-thio]triphosphate;
GTP[f3S], guanosine 5'-[-thio]triphosphate; GTPt'ySl, guanosine
5'-y-thio]triphosphate; [Ca]i, intracellular calcium concentration.
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supplemented with GTP analogues and in some experiments
with different concentrations of heparin (Sigma) or InsP3
(Amersham) (see figure legends). Cell-membrane capaci-
tance was measured with a two-phase lock-in amplifier as
detailed (16). Fura-2 (17), loaded into the cell via the patch
pipette, was excited alternately at 360 and 390 nm. The
emitted fluorescence was measured with a photomultiplier.
The fluorescence ratio, indicating [Ca]j, was calculated as
described (10). Data collection was made at 2 Hz.

RESULTS
Differential Effects of GTP Analogues on Secretion and

Calcium Release. We first compared the relative potency of
GTP analogues in stimulating G protein-mediated events in
mast cells; this was done by loading cells in the whole-cell
configuration of the patch-clamp technique with pipette so-
lutions that included the various phosphorothioate analogues
ofGTP (15). We monitored both cell-membrane capacitance
as a measure of secretory activity (16) and fura-2 fluores-
cence as an indicator of [Ca]i (17).

Intracellular application of the nonhydrolyzable GTP an-
alogue, GTP[yS], mimicks the response to mast-cell secret-
agogues by irreversibly activating G proteins (18). Fig. lA
shows a typical response to 100 AuM GTP[yS]: shortly after
establishment of the whole-cell configuration (cell penetra-
tion), one or two transient elevations of [Ca]i are visible.
Degranulation, as evidenced by an increase in membrane
capacitance, begins with a similar latency and proceeds until
the capacitance has tripled.
When the cells were loaded with the Rp isomer ofGTP[aS],

they exhibited changes in [Ca]i and capacitance qualitatively
similar to those evoked by GTP[yS] (Fig. 1A). The relative
degranulation amplitude (capacitance at 400 s versus capac-
itance at break-in) dose-dependently increased over the range
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ofconcentrations tested (Fig. 1B). The Sp isomer of GTP[IaS],
on the other hand, had no effect on [Cafi. At high concen-
trations, there was a small stimulatory effect on secretion. In
the presence of this analogue, moreover, exocytosis can be
induced by the mast-cell secretagogue, compound 48/80.
Thus, although Sp-GTP[aS] is not stimulatory by itself, it can
substitute for GTP in the highly GTP-dependent process of
mast-cell exocytosis (13).

Introducing the p8-phosphorothioate analogue of GTP, Rp-
GTP[/3S], into the cells induced large, repetitive calcium
spikes that were not regularly accompanied by degranulation
(Fig. LA). At 300 ,uM Rp-GTP[,3S], 41 of46 cells showed more
than one calcium transient within 600 s. The number of
calcium transients per cell increased dose-dependently (Fig.
1C). Fig. 2 shows some measurements obtained in the
presence of 300 ,uM Rp-GTP[f3S]. The Sp isomer showed
effects qualitatively similar to, but weaker than, those of
Rp-GTP[/3S] (Fig. 1 B and C). In most cells loaded with
Rp-GTP[fS], total capacitance decreased slightly over the
measured time period (600 s), as it did in control cells. In
some cells, each calcium spike was accompanied by a small
(1-3 pF), fast capacitance increase. Of75 cells measured over
600 s, only 8 showed a smooth, gradual capacitance increase
comparable to, but slower than, that following GTP[yS]
stimulation. Thus, Rp-GTP[fS] induced oscillations of [Ca]i
in the absence of secretion.
The Inositol Phospholipid Pathway Is Involved in the Rr-

GTP[,BS]-Induced Oscillations. Several lines of evidence
point to an involvement of the inositol phospholipid signaling
pathway in the GTP[,3S]-induced calcium oscillations. (i) The
calcium transients could be generated in the absence of
extracellular calcium (Fig. 3A). A total of eight cells were
tested, all of which generated calcium transients during the
application of calcium-free Ringer's solution. This result
shows that the changes in [Ca]i are due to release from
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FIG. 1. Effects ofGTP analogues on secretion and [Ca]i. (A) Traces obtained with GTP[yS] (100 ,uM), Rp-GTP[aS] (500 ,uM), and Rp-GTP[LS]
(200 ,uM). Upper traces show membrane capacitance, and lower traces represent [Ca]i. The initial jump in the capacitance corresponds to cell
penetration. (B) Comparison of the secretory efficiency of the GTP analogues: relative degranulation amplitude (means capacitance at 400 s
versus capacitance at penetration) versus concentration ofthe GTP analogue. (C) Calcium mobilization by GTP analogues: average number (avg.
no.) of transients per cell per 600 s versus concentration of the GTP analogue. Data points (+SEM, n = S to 45 cells) were connected by eye.
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FIG. 2. Examples of calcium responses seen in the presence of
300 ,uM Rp-GTP(IS].
internal stores. (ii) InsP3 and GTP[f3S] appear to mobilize
calcium from common pools because coapplication of a high
concentration of InsP3 with GTP[US] abolished the Rr-
GTP[PS]-induced calcium oscillations (Fig. 3B). In mast
cells, InsP3 releases calcium within a few seconds, so that
usually only the falling phase of the release transient can be
resolved. Of 13 cells examined with 10 ,uM InsP3 and 300 ,uM
Rp-GTP[jS], 10 responded with a fast initial calcium release
and no subsequent transients, whereas the remaining three
cells showed one to three small (<400 nM) elevations of [Ca]j.
(iii) Further evidence for the role of InsP3 in the calcium
spikes is provided by the inhibitory effects of heparin.
Heparin is known to block InsP3 effects by acting at the InsP3
receptor (19). Fig. 3C shows an experiment done in the
presence of 300 ,uM Rp-GTP[f3S] and heparin at 250 ,ug/ml.
At this or a higher dose, no changes in [Ca]i could be observed
(eight cells). At lower doses, the calcium transients were
reduced in peak amplitude relative to Rp-GTP[f3S] controls
(data not shown). (iv) In addition, Rp-GTP[f3S]-loaded cells
were stimulated with compound 48/80. When applied alone
extracellularly, this agonist induces a transient increase in
[Ca]i by activating inositol phospholipid turnover. When
compound 48/80 was applied after the first or second Rr-
GTP[pS]-induced calcium transient, it shortened the times
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between successive oscillatory transients (Fig. 3D). Appli-
cation of compound 48/80 reduced the average spike interval
of 100 ± 6 s (n = 126 spikes) to 68 ± 5 s (n = 28 spikes).
Compound 48/80 did not increase the average number of
transients per cell.
ATP Modulates the Oscillations. There was generally a long

latency to the appearance of the first transient (202 ± 12 s for
300 p.M Rp-GTP[,8S], n = 52). The latency to the first
transient did not correlate significantly with the average
period of the following oscillations, which averaged 125 ± 9
s (41 cells). The transient oscillations usually damped out
after 600-800 s.
The latency to the first transient as well as the frequency

of the oscillations depended on the intracellular ATP con-
centration (Fig. 4). With no ATP present in the patch pipette,
there was maximally one transient induced by 300 A.M
Rp-GTP[I3S]. When 3.8mMMg-ATPwas added to the pipette
solution, the average number of transients increased to 6.4 ±
0.7 per 600 s, whereas the average latency decreased to 120
± 21 s.

DISCUSSION
This study made use of the phosphorothioate analogues of
GTP, GTP[13S] and GTP[aS], to examine G protein-mediated
events in mast cells. It could be shown that the GTP ana-
logues differ widely in their effects on [Ca]l and exocytosis in
these cells. Of the a analogues, Rp-GTP[aS] resembles
GTP[yS] in its stimulatory effects, inducing both calcium
release and degranulation. Sp-GTP[aS], like GTP, is not
stimulatory by itself but can support the GTP-dependent
process of exocytosis.
These observations are consistent with earlier in vitro

studies ofG protein binding and activation. In one study (20),
it was shown that the G protein of photoreceptors, transdu-
cin, bound both Sp-GTP[aS] and Rp-GTP[aS]. While Sp-
GTP[aS] was hydrolyzed with a time constant comparable to
GTP, Rp-GTP[aS] was hydrolyzed as slowly as GTP[yS]. In
another study (21), it was found that Rp-GTP[aS] could
activate Gs and a G protein in olfactory cells, Golf, whereas
Sp-GTP[aS] was inactive.
Rp-GTP[PS], on the other hand, selectively stimulated

calcium release, while not inducing degranulation. The Sp
isomer of GTP[.fS] had similar, but weaker effects on [Ca]i.
This result suggests that Rp-GTP[,fS] does not activate the G
protein implicated in exocytosis, G,. Rp-GTP[f3S] is also
ineffective in activating Gs, Golf, and transducin (20, 21).
These G proteins are, therefore, not likely to be targets of
Rp-GTP[.BS]. Together with the results from these studies,
the observed effects on mast cells lead us to the hypothesis
that Rp-GTP[13S] interacts selectively with Gp, the G protein
that couples receptors to PLC.
Our data suggest that the inositol phospholipid pathway is

involved in mediating the effects of Rp-GTP[,BS]. The coap-
plication of a high concentration of InsP3 presumably emp-
tied a large portion ofthe InsP3-releasable calcium pools (22).
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FIG. 3. Evidence for involvement of the PLC pathway in the oscillations. The Rp-GTP[f3S] concentration was 300 ,uM. (A) Calcium-free
mast-cell Ringer's solution/1 mM EGTA was applied from a puffer pipette during the time indicated by bar. (B) The pipette solution also
contained 10 ,uM InsP3. (C) Pipette solution also contained heparin at 250 ,ug/ml. (D) Application of compound 48/80 (5 pzg/ml) from a puffer
pipette during the time indicated by the bar.
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FIG. 4. Effect of internal ATP on oscillations induced by 300 ,uM Rp-GTPL8S]. (A) Left trace, no ATP in pipette; middle trace, 0.5 mM
Mg-ATP added; right trace, 3.8 mM Mg-ATP added. (B) Dependence of the average number of transients per cell per 600 s and of the delay
between cell penetration and first transient on the ATP concentration. The Rp-GTP[,8S] concentration was 300 ,iM. Error bars represent the
SEM of 5-45 cells.

The fact that this coapplication with Rp-GTP[,BS] prevented
the calcium oscillations is consistent with the idea that InsP3
and Rp-GTP[,BS] mobilize calcium from the same intracellular
stores. This idea is further supported by the effects of
heparin, which is known to inhibit the InsP3 receptor and was
found to prevent calcium oscillations in the present study.
The available evidence suggests that compound 48/80

causes calcium transients in mast cells by stimulating Gp (23).
Because interactions of agonist-receptor complexes with G
proteins promote the exchange of GTP for GDP (24), com-
pound 48/80 might affect the oscillations by accelerating a
step in the G protein cycle. This could also be the case if
compound 48/80 interacts directly with G proteins, as has
been suggested (23).
The calcium oscillations induced by Rp-GTP[/3S] are rem-

iniscent of those evoked by hormonal stimulation in a variety
of nonexcitable cells (1). The models that have been sug-
gested to account for repetitive calcium release invoke inosi-
tol phospholipid breakdown as a crucial step (25-27). Two
mechanisms for generating calcium oscillations seem com-
patible with our results. (i) A constant, submaximal activa-
tion of GP by GTP[f3S] might generate low levels of InsP3,
which, together with appropriate cooperativity and feedback
mechanisms, could result in cyclical calcium release (25, 26).
The long latency to the first Rp-GTP[,3S]-induced transient
might point to such a model. The compound 48/80 effect
would then be explained by an increased rate of InsP3
formation.

(ii) Oscillatory calcium release could result from a cyclical
generation of InsP3 (27). Results in hepatocytes have impli-
cated the activation of protein kinase C by diacylglycerol as
the negative feedback step in this model (28). In our cells,
however, preincubation with phorbol ester (phorbol 12-
myristate 13-acetate, 100 nM, 30-360 min, 8 cells) had no
obvious effect on the oscillations (data not shown).
The effects ofATP on the oscillations can be interpreted in

several ways. No more than one calcium transient was evoked
in the absence of ATP, showing that an ATP-dependent step
is involved in the generation of the calcium oscillations. One
such step would be the replenishment of [Ca]l stores by
ATPase pumps. Enhanced calcium reuptake into releasable
stores may thereby also affect the frequency of the oscilla-
tions. Besides reuptake, ATP may modulate release, as the
InsP3 receptor, like the ryanodine receptor in muscle, is
thought to contain a modulatory ATP-binding site (29), and
ATP has been found to dose-dependently increase InsP3-
mediated calcium release from intracellular organelles (30).
The modulation by ATP could also indicate that a phos-

phorylation/dephosphorylation reaction is involved in the
generation of the calcium oscillations. One might speculate
that Rp-GTP[f3S], after getting hydrolyzed by Gp, is rephos-
phorylated by a G protein-associated nucleoside diphos-
phokinase. Results in liver (31) and platelet (32) membranes
suggest the existence and agonist-dependent stimulation of
such an enzyme. This scheme would entail that the hydrol-

ysis product of Rp-GTP[,8S], GDP[f3S], is a substrate for that
kinase. Although GDP[,8S] has thus far been used as an
inhibitor of cellular G proteins, recent evidence does suggest
a stimulatory role of this analogue in fibroblasts (33). Pre-
liminary experiments show that GDP[PS], in the presence of
millimolar concentrations of ATP, induces calcium oscilla-
tions in mast cells (data not shown).
The evidence presented here shows a selective activation of

calcium release by Rp-GTPL8S], whereas exocytosis, the other
G protein-mediated process under investigation, is not acti-
vated by this GTP analogue. Our results suggest that Rr-
GTP[,fS] can stimulate inositol phospholipid turnover and
calcium release from InsP3-sensitive pools. The most obvious
explanation of these findings is that Rp-GTP[,8S] selectively
activates Gp in mast cells. This G protein has so far remained
elusive to biochemical characterization. Rp-GTP[,fS] might be
a valuable tool for clarifying its structure and function. By
virtue of its selectivity towards Gp, it should be helpful in the
study of calcium release and calcium oscillations.
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