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Calcium induces cyclic GMP formation in Dictyostelium
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Cyclic GMP is rapidly formed a few seconds after binding of chemotactic signalling molecules to specific
receptors on the cell surface of Dictyostelium amoebae. This phenomenon could be mimicked by addition
of a pulse of Ca?* to permeabilised amoebae. The concentration of Ca?* for half-maximal response was
60 uM. Other ions (K*, Na*, Mg?* or Mn?*) had no effect. A pulse of 5 uM IP, produced a cyclic GMP
response of similar magnitude but IP, elicited no response. The data provide strong support for the hypothe-
sis that cell surface receptor binding induces cyclic GMP formation by liberating Ca?* from internal stores.

(Dictyostelium)

1. INTRODUCTION

Amoebae of the cellular slime mould, Dic-
tyostelium discoideum, respond chemotactically to
signalling molecules such as folate during the food-
secking phase [1], and ¢cAMP during the subse-
quent starvation phase [2] when they aggregate to
form motile multicellular organisms [3]. These
chemoattractants bind to separate cell surface
receptors, yet appear to induce a group of internal
responses common to both types of stimulus [4].

Following a pulse of exogenous cAMP or folate,
two of the initial responses identified are the
polymerisation of actin associated with the
cytoskeleton, peaking 3-5s after stimulation
[5~10], and the transient formation of cyclic
GMP, which peaks 9—12 s after cAMP or folate
binding [8—-10], and is rapidly degraded by a
specific cGMP phosphodiesterase [11,12].

This cGMP formation has been implicated in
chemotactic movement by studies which indicate
its rapid accumulation following pulsing of several
species of cellular slime mould (including D.
discoideum, D. lacteum, and Polysphondylium
violaceum) with their specific chemoattractants
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inositol 1,4-bisphosphate
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[13,14]. It is also strongly implicated in chemotaxis
by the finding that streamer F mutants of D.
discoideum (which lack the specific cGMP
phosphodiesterase and hence produce a large peak
of ¢cGMP in response to cAMP-receptor binding
that persists for at least 1 min at elevated levels)
show a chemotactic movement period that is great-
Iy lengthened compared to the parental wild type
[10,15,16].

Recently, studies in this laboratory have pro-
duced indirect evidence for the involvement of
Ca®* in chemotaxis in D. discoideum [17—19) and
have revealed that IP3;, when added to permea-
bilised amoebae, can mimic the action of chemoat-
tractants on normal intact amoebae in inducing
¢GMP formation [20]. As IP; in mammalian
systems acts via release of intracellular Ca®* [21],
it seemed worthwhile to study the direct effect of
pulses of Ca?>* on the formation of cGMP in
permeabilised amoebae.

2. MATERIALS AND METHODS

2.1. Materials

IP; (potassium salt) and IP; (potassium salt)
were obtained from Amersham. Saponin and
EGTA were obtained from Sigma.
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2.2. Harvesting and permeabilisation of amoebae
D. discoideum strain NC4 was grown in associa-
tion with Klebsiella aerogenes strain OXF1 on SM
nutrient agar [22]. Amoebae were prepared by
growth as mass plates on SM agar until uniform
clearing of the bacterial lawn by the feeding
amoebae occurred. Harvesting and permeabilisa-
tion of the amoebae were performed as in [20] ex-
cept that 1 mM EGTA (final concentration) was
included in the incubation with saponin.

2.3. Stimulation of amoebae and cGMP assay

Stimulation using Ca®*, IP3, and (for controls)
water and IP», was as described for IP; in [20]. The
final Ca®* concentrations ranged from 0 to 2 mM
and the final concentration of IP; and IP> was
5 #M. For stimulation of amoebae with K*, Na*,
Mg?* and Mn?*, the final ion concentration was
1.87 mM. Reactions were stopped by rapid addi-
tion of an equal volume of 3.5% perchloric acid,
and c¢cGMP assayed by radioimmunoassay as
described in [23].

3. RESULTS

To test the ability of Ca’* to stimulate cGMP
formation, pulses of Ca** at a final concentration
of 1.87 mM were added to freshly permeabilised
amoebae. The results (fig.1) revealed that Ca>* in-
duced a rapid accumulation of cGMP, peaking at
9 s, with a maximum value of 15 pmol cGMP - 10’
cells™!. In contrast, addition of an equal volume of
water to permeabilised amoebae gave no increase
in ¢cGMP formation, other than random fluctua-
tions near the baseline.

To confirm that 1.87 mM was an appropriate
final Ca%* concentration for stimulation, a range
of Ca** concentrations from 0 to 2 mM final con-
centration were added to permeabilised amoebae.
For these experiments the reaction was stopped at
a standard time of 10s which numerous ex-
periments indicated was around the peak time of
formation. An assay of c¢cGMP formation, as
before, yielded the dose-response curve (fig.2),
showing a Ca?* concentration for half-maximal
response of 60 xM.

For reasons that have not been determined, con-
siderable variation in the maximal response to
Ca®* was observed from experiment to experiment
(as shown by the error bars). This was particularly
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Fig.1. Time course of cGMP formation in response to a
pulse of 1.87 mM Ca®* (e) or water (O) given at time =
0 s. Error bars indicate SE.
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Fig.2. Dose-response curve for cGMP formation, 10 s

after pulsing with a range of Ca®* concentrations. Error
bars indicate SE.
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noticeable between different batches of amoebae
grown at different times (compare, €.g. the mean
peak height of 15 pmol-10’ cells™' in fig.1 with
6 pmol - 107 cells™! in fig.2).

To test the specificity of Ca?* in eliciting the
¢GMP response, experiments were conducted in
which K*, Na*, Mg?>* and Mn?* were added to
permeabilised amoebae at a final concentration of
1.87 mM. The results indicated that these ions in-
duced no significant formation of ¢cGMP above
background.

To compare the effects of Ca®* with those of IP3
previously reported [20], IP; (and as a control, its
breakdown product, IP») was used to induce
¢GMP formation under identical conditions to
those used above for Ca’*. The results (fig.3)
revealed a peak of 14.7 pmol ¢cGMP 107 cells™!
occurring 9 s after stimulation with 5 #M [P3,
whereas IP; produced no measurable response.
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Fig.3. Time course of cGMP formation in response to a
pulse of 5 «M IP; (@) or 5 M 1P, (O). Error bars

indicate SE.
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4. DISCUSSION

Our results demonstrate that addition of Ca**
but not K*, Na*, Mg?*, Mn’" or IP, to
permeabilised amoebae stimulates the rapid for-
mation of a transient peak of cGMP comparable
with that elicited by addition of 5 4uM IP;. This
strongly supports the hypothesis that signal
transmission in D. discoideum operates via IP; and
Ca®*. Concurrent studies in this laboratory show-
ing intracellular release of Ca** by IP; from non-
mitochondrial stores (24] reinforce this viewpoint.

How cGMP formation is regulated by the Ca**
is as yet unclear. Guanylate cyclase has been
reported not to be activated in vitro by added Ca**
[25], so the observed stimulation in vivo seems
likely, from this evidence, to involve yet another
intermediate signalling molecule, as yet undefined.

The precise role of the ¢cGMP in chemotactic
signalling is also as yet unknown. It does not ap-
pear to control the rapid actin polymerization
changes associated with chemotaxis, as the actin
response is normal in streamer F mutants which
show highly abnormal cGMP metabolism [10].
However, these streamer mutants are very abnor-
mal in their subsequent movement phase (starting
about 60 s after chemotactic stimulation) during
which the amoebae elongate and cell translocation
occurs, and we suggest that it is this phase of
chemotaxis that is regulated by the level of cGMP.
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