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GTP and GTP analogs produced significant (up to
17-fold) and persistent activation of adenylate cyclase
in lysates of Dictyostelium discoideum amoeba. The
activation was enhanced 2- to 4-fold by cAMP (the
agonist for receptor-mediated adenylate cyclase acti-
vation), was specific for guanine nucleoside triphos-
phates, and was inhibited by guanosine 5’-(0-2-
thio)diphosphate. The order of potency of guanine nu-
cleotides was guanosine 5’-(0-3-thio)triphosphate >
guanyl-5'-yl imidodiphosphate > GTP; half-maximal
activation was observed with 1-10 M guanine nucleo-
tide. Maximal activation occurred when the guanine
nucleotide was added within seconds after cell lysis
and the lysate was preincubated for 5 min prior to
assay. Under these optimal in vitre conditions, the
capacity of guanine nucleotides to activate decreased,
closely correlating with adaptation or desensitization
induced by exposure of intact cells to cAMP during a
period of 10 min. These data strongly support that
regulation of adenylate cyclase in Dictyostelium oc-
curs via a receptor-linked GTP/GDP exchange protein.
Two mutants, designated synag 7 and 49 were isolated
in which cAMP and/or guanine nucleotides were not
sufficient to activate adenylate cyclase. The wild-type
pattern of guanine nucleotide regulation was restored
to synag 7 lysates by the addition of a high-speed
supernatant from wild-type cells. Characterization of
these mutants demonstrates that activation of adenyl-
ate cyclase is not required for growth or cell-type
specific differentiation but is essential for cellular ag-
gregation and influences morphogenesis and pattern
formation. This suggests that Dictyostelium may pro-
vide a model suitable for detailed genetic analysis of
surface receptor-guanine nucleotide-binding regula-
tory protein linked adenylate cyclase systems and for
determining the role of these systems in development.

In vertebrate cells, surface receptor-linked adenylate cy-
clase systems involve three clagses of membrane proteins:
surface receptors (R), a catalytic component (C), and guanine
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nucleotide-binding regulatory proteins (G-proteins).! Recep-
tors regulate catalytic activity by controlling the amount of
the active, or GTP-bound, form of the G-protein. The G-
proteins have a GTP/GDP exchange activity that is stimu-
lated by agonist-occupied surface receptors and GTPase ac-
tivity that is blocked by cholera toxin catalyzed ADP-ribosy-
lation (1, 2). The G-protein family includes those which
mediate stimulation (G,) and inhibition (G;) of the catalytic
component and those whose functions remain undefined (G,).
The elegant biochemical studies which have led to these
conclusions have been accompanied by few genetic studies.
Several mutants of S49 lymphoma cells which are deficient
or defective in G, have been isolated but a detailed genetic
analysis of receptor-linked adenylate cyclase systems has not
been possible in mammalian cells (3, 4).

In yeast, where an extensive genetic analysis can be carried
out, the discovery of guanine nucleotide regulation of adenyl-
ate cyclase initially promised to yield new insights into this
transmembrane signaling system. However, GTP regulation
of adenylate cyclase in yeast was found to be mediated by the
ras proto-oncogene product rather than a heterotrimeric G-
protein as in vertebrates (5, 6). Endogenous ras apparently
does not regulate adenylate cyclase in vertebrates (7). Fur-
thermore, there is no evidence that a surface receptor is
coupled to the adenylate cyclase in yeast. Dictyostelium offers
an alternative model system which is accessible to genetic
analysis and contains a surface cCAMP receptor which me-
diates activation of adenylate cyclase (reviewed in Refs. 8 and
9). This cyclase activation and the subsequent secretion of
the newly synthesized cAMP are part of an intercellular
communication system which emerges during development
and coordinates a highly organized cellular aggregation. This
receptor/adenylate cyclase system displays reversible agonist-
mediated activation/desensitization properties that are anal-
ogous to the hormone and neurotransmitter-regulated ade-
nylate cyclase systems in vertebrates (8).

Due to its accessibility both at the biochemical and genetic
level and the extensive physiological characterization that is
available, the receptor-linked adenylate cyclase system in
Dictyostelium provides a useful model for comparison with
vertebrate systems. However, previous attempts to demon-
strate GTP stimulation of adenylate cyclase in these cells
have been unsuccessful (8). We reasoned that the components

! The abbreviations used are: G-protein, guanine nucleotide regu-
latory binding protein of adenylate cyclase; GTP~S, guanosine 5’-
(O-3-thiojtriphosphate; GDPSS, guanosine 5’-(0-2-thic)diphos-
phate; Gpp(NH)p, guanyl-5’-yl imidodiphosphate; PTT, dithio-
threitol; SDS, sodium dodecyl sulfate; PEI, polyethyleneimine;
EGTA, [ethylenebis(oxyethylenenitrilo)}tetraacetic acid; develop-
gent buffer, 5 mM Na,HPO,, 5 mMm KH,PQ,, 2 mM Mg80,; 200 uM

aClz.
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Activation of Adenylate Cyclase in Dictyostelium

TaBLE [
Relative adenylate cyclase activity

AX-3 cells were lysed in the presence of the compounds indicated and preincubated at 0 °C for 5 min and then
assayed fqr 1 min at 22 °C. Each value indicates the activity in the presence of the combination of the compounds
listed in its row and column. Guanine nucleotides were 50 uM, cAMP was 1 uM, and Mn** was 5 mM. In the
presence .of Gpp(NH)p plus cAMP, the average activity was 125 + 48 pmol/min/mg, n = 14. This assay was
included in every experiment and all other activities were expressed as a percent of that in Gpp{NH)p plus cAMP
so that the data from independent experiments could be pooled. Averages and standard deviations from at least
five independent experiments for each determination are shown.

No addi- GDPgS plus " Mn?** plus GDPSS plus
tions cAMP GDPsS cAMP Mn? cAMP Mn?*

No additions 40+%1.7 16.7 £ 5.1 2.7+£09 34+1.1 149+ 44 ND¢ 119+ 3.2
GTP 96 +25 46.7 +19.9 ND ND ND ND ND
Gpp(NH)p 36.8 +17.9 100 2.5+£0.7 135+ 172 ND 14.0 £ 3.3 ND
GTP~S 70.2 £ 25.0 128 + 28.8 ND ND ND ND ND

2 ND, not determined.

might be rapidly uncoupled after cell lysis rendering the
cyclase unresponsive to GTP in vitro. We report here that
addition of GTP or GTP analogs within seconds after cell
lysis followed by preincubation of the lysate with the nucleo-
tide yields significant and persistent activation of the enzyme.
The dependence of this activation on cAMP and GTP indicate
that it is mediated by a GTP/GDP exchange protein that is
influenced by the surface cAMP receptor. Having demon-
strated the feasibility of studies of G-protein regulated recep-
tor-linked adenylate cyclase in this organism, we show that
mutants can be readily isolated and used to further define the
components of this transmembrane signaling system.

EXPERIMENTAL PROCEDURES

RESULTS?

Activation by Guanine Nucleotides—The effect of various
agents on adenylate cyclase activity in lysates is shown in
Table I. GTP and two nonhydrolyzable GTP analogs,
Gpp(NH)p and GTP~S, increased activity 2.4-, 9.2-, and 17-
fold, respectively (column 1). Exposure of cells to cAMP for
a few seconds at 0 °C before lysis stimulated activity 4.2-fold
and enhanced the guanine nucleotide-dependent activity be-
tween 1.5- and 4-fold (column 2). In the presence of cAMP
plus GTP, Gpp(NH)p, or GTP~S, activations were 11.7-,
25-, and 32-fold over basal, respectively. GDPBS did not
activate and strongly inhibited the effects of Gpp(NH)p,
¢AMP, and cAMP plus Gpp(NH)p (columns 3 and 4). In the
presence of GDPSAS, these activities were reduced to 0.62-,
0.85-, and 3.4-fold of basal. These data indicate that the
activation is specific for guanine nucleoside triphosphates and
is influenced by occupied surface cAMP receptors. In the
presence of Mn?*, activity was not enhanced by addition of
Gpp(NH)p plus cAMP and was only slightly reduced by
GDPSS (columns 5-7). This is similar to the effect seen in
vertebrate systems in which Mn®* uncouples G-protein regu-
lation of adenylate cyclase (1).

Fig. 2 shows that the concentration of guanine nucleotide
which produced half-maximal stimulation was between 1 and
10 uM. Concentrations as low as 0.5 uM were effective in
activation. The order of potency of the analogs was GTPyS

2 Portions of this paper (including “Experimental Procedures,” part
of “Results,” and Fig. 1) are presented in miniprint at the end of this
paper. Miniprint is easily read with the aid of a standard magnifying
glass. Full size photocopies are available from the Journal of Biolog-
ical Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request
Document No. 86M-1443, cite the authors, and include a check or
money order for $2.40 per set of photocopies. Full size photocopies
are also included in the microfilm edition of the Journal that is
available from Waverly Press.
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F16. 2. Concentration dependence of guanine nucleotide-
dependent activations and inhibition. Lysates were prepared in
the presence of 1 uM cAMP plus the concentration of nucleotide
indicated, preincubated for 5 min at 0 °C, and assayed for 1 min at
22 °C. The guanine nucleotides used were: GTP (O), Gpp{NH)p (4),
GTP~S (@), and GDPSS (A). 100% activity corresponds to an average
of 123 + 49 pmol/min/mg, n = 5.

> Gpp(NH)p > GTP. The maximal effect of GTP was signif-
icantly less than that of the nonhydrolyzable analogs. The
effects of cAMP were maximal at 1 uM (data not shown).
Gpp(NH)p had no effect on the K,, of the cyclase for ATP
(K., = 40 uM); the entire stimulatory effect could be attributed
to an increase in the V., of the enzyme (data not shown).

Effect of Gpp(NH)p in Vitro following in Vivo Activation—
The effects of persistent cAMP stimulation of intact cells on
adenylate cyclase activity in vitro are shown in Fig. 3. Cells
were lysed at increasing times after stimulation by cAMP and
assayed for adenylate cyclase. Cells lysed in the absence of
Gpp(NH)p were assayed either immediately after lysis or
following a preincubation for 5 min at 0 °C. In the samples
assayed immediately, persistent stimulation of intact cells
with cAMP transiently activated the cyclase. The activity
rose to a maximum at 1 min and fell to prestimulus levels
after 5 min of cAMP stimulation. The elevated activity was
unstable in vitro; in the lysates which were preincubated for
5 min at 0 °C the activation was nearly lost.

A stable activation was achieved if cells were lysed in the
presence of Gpp(NH)p and preincubated for 5 min at 0 °C
prior to assay. In lysates prepared prior to cAMP stimulation
of the cells, Gpp(NH)p stimulated activity 9-fold. A few
seconds of exposure of intact cells to cAMP enhanced the
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FiG. 3. The effect of cAMP stimulation of intact cells on
adenylate cyclase activation. Lysates were prepared prior to and
at the indicates times following stimulation of intact cells with 10 uM
cAMP plus 10 mMm dithiothreitol to inhibit degradation of cAMP by
phosphodiesterase (indicated by arrow). Lysates were assayed im-
mediately (O) or following preincubation for 5 min in the absence
(A) or presence (@) of 50 um Gpp(NH)p. Assays were for 1 min at
22 °C. 100% activity was 132 =+ 49 pmol/min/mg, n = 6,

TaBLE 1I
Mutants in adenylate cyclase system

Lysates were assayed and data analyzed as described in the legend
to Table I. 100% activity = 129 + 64 pmol/min/mg, n = 4. Wild-type
cells were NC-4 strain.

Addition during lysis Source of lysate

or assay Wild-type Synag 49 Synag 7
relative cyclase octivity
None 36+14 35+18 30x10
Gpp(NH)p plus cAMP 100 66+35 66x31
MnSO, 296 +139 116+70 418273

effects of Gpp(NH)p by 3-fold (Table I, Fig. 3). Thereafter,
the continued stimulation of intact cells with cAMP dimin-
ished the capacity of the enzyme to be activated in vitro by
Gpp{NH)p. This effect was biphasic. There was an initial
decline to about 20% of the maximal activity which occurred
with a half-time of 1 min. A slower decline occurred between
2 and 10 min. After 10 min of persistent stimulation of intact
cells with cAMP, the cAMP plus Gpp(NH)p activation at-
tained in vitro was reduced to 5% of the maximum.

Cyclase Activation in Mutants—In order to investigate the
role of adenylate cyclase during aggregation, we have studied
the biochemistry of two aggregation defective mutants, synag
49 and synag 7. Both of the mutants express normal surface
cAMP receptors and demonstrate normal cAMP-stimulated
cell shape change responses, cGMP accumulation, and che-
motaxis.>* Each can synergize with wild-type amoeba to spo-
rulate, indicating that later development can proceed as long
as the cells receive the appropriate extracellular signals. How-
ever, extracellular cAMP does not stimulate cAMP secretion
in these two mutants. Neither mutant showed significant
cAMP-activated adenylate cyclase activity in lysates assayed
immediately after lysis. In addition, inclusion of Gpp(NH)p
under conditions which lead to maximal activation of wild-
type cyclase also did not produce significant activation in
either of the mutants (Table II). The defect in synag 49 may

# A. Theibert and P. N. Devreotes, unpublished observations.
*P. Van Haastert, personal communication.
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be related to the catalytic component of the adenylate cyclase
since the Mn?*"-dependent activity was also reduced 3-fold
{and as much as a 6-fold reduction has been observed). How-
ever, in synag 7, Mn**-dependent activity is at least as high
as in wild-type suggesting that the defect is related to the
regulatory component(s) of the cyclase.

We reasoned that the two lysates might complement in
vitro since the biochemical phenotypes of the two mutants
differed. When the lysates of synag 49 and synag 7 were mixed
and preincubated with ¢cAMP plus Gpp(NH)p, significant
activation of adenylate cyclase was attained. This reconsti-
tution occurred in the absence of detergents, which suggested
that a soluble component was responsible for the reconstitu-
tion. The data in Table III show that a 100,000 X g superna-
tant fraction prepared from synag 49 or wild-type amoeba
restores Gpp(NH)p-dependent activation in synag 7 lysates.
The following additional properties of the reconstitution assay
were consistently observed: 1) supernatants of synag 7 were
ineffective in reconstitution (Table III) but did not influence
the Gpp(INH)p-dependent activation of wild-type lysates (not
shown). 2) The cyclase activity in synag 7 lysates assayed in
the presence of Mn®* was not influenced by addition of the
wild-type supernatant (Fig. 44). 3) The component of the
supernatant which restored activation was inactivated by
heating to 90 °C for 5 min and also inactivated by tryptic
digestion. 4) The reconstitution was reversed by dilution or
when synag 7 membranes were separated from the wild-type
supernatant. 5) Preincubation of synag 7 lysates but not the
donor wild-type supernatant with Gpp(NH)p was required for
reconstitution. In addition, synag 7 membranes prepared from

TasLE III
Reconstitution of synag 7 mutant
Buffer or supernatants from the indicated cell types were mixed
with lysates of synag 7 in the presence of Gpp(NH)p plus cAMP; the
ratio of supernatant to synag 7 lysate was 1:1. The mixture was
preincubated for 10 min at 0 °C and then assayed for 1 min. 100%
activity = 119 + 46 pmol/min/mg, n = 8.

Seource of supernatant

Buffer
{no supernatant) Synag 7 Synag 49 Wild-type
relative cyclase activity
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F1G. 4. Reconstitution of wild-type phenotype to syrnag 7
mutant. A, the effect of wild-type supernatant on cyclase activity in
synag 7 lysates. Synag 7 lysates were added to an equal volume of
buffer and/or wild-type supernatant to achieve the supernatant/
lysate ratio indicated, lysates were then preincubated at 0 °C for 10
min and assayed at 22 °C for 1 min. Activity in the absence (@) or
presence of Mn** (A). 100% activity = 148 + 43 pmol/min/mg, n =
5. B, time course of reconstitution at different supernatant/lysate
ratios. Synag 7 lysates were added to an equal volume of buffer and/
or wild-type supernatant at time = 0 min and preincubated at 0 °C
for the time indicated before a 1-min assay at 22 °C. The supernatant/
lysate ratios were: O (O), 0.25 (A), 0.5 (@), and 1.0 (A). 100% activity
= 106 + 28 pmol/min/mg, n = 5.
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synag 7 lysates preincubated with Gpp(INH)p could be recon-
stituted with wild-type supernatants prepared in the absence
of Gpp(NH)p. 6) Gpp(NH)p-preincubated synag 7 lysates
assayed for several minutes in the absence of wild-type super-
natant retained the capacity to be reconstituted by wild-type
supernatant.

The dose dependence of reconstitution of synag 7 lysates
with wild-type supernatant is shown in Fig. 4A. The recon-
stitution saturated at a wild-type supernatant/synag 7 lysate
ratio (cell/cell) of 1. Activity of synag 7 lysates assayed in the
presence of Mn®* was unaffected by addition of supernatant.
The extent but not the kinetics of activation depended on the
amount of supernatant added. Fig. 4B demonstrates that at
each supernatant/lysate ratio, maximal activation was
reached between 5 and 10 min of preincubation and a slight
decrease between 10 and 20 min was observed.

DISCUSSION

Several lines of evidence have previously suggested that G-
proteins are involved in transmembrane signaling in Dictyo-
stelium: 1) GTP and GDP induce a decrease in the affinity of
[*H]cAMP binding in membranes (18), which is a character-
istic effect of guanine nucleotides on the affinity of agonists
for G-protein-linked receptors (19). 2) High concentrations
(> 50 uM) of GTP and Gpp(NH)p noncompetitively inhibit
cyclase activity in Dictyostelium membranes (20). 3) Cholera
toxin catalyzes ADP-ribosylation and [*2P]8-N;-GTP specif-
ically photoaffinity labels a protein of similar molecular
weight (M, = 44,000) as the a subunit of G, found in vertebrate
cells. On two-dimensional gels, this protein and G,a run
similarly (21, 22). Although these results have suggested the
presence of a G-protein in Dictyostelium, the data presented
in this report are the first to demonstrate the specific activa-
tion of adenylate cyclase in vitro by guanine nucleotides.

Three conditions are required to observe maximal activa-
tion by Gpp(NH)p. These requirements may explain why
previous attempts to activate the enzyme in vitro by GTP or
GTP analogs were unsuccessful. First, the nucleotide must be
added within a few minutes after cell lysis. The G-protein
may be progressively uncoupled from the receptor following
cell lysis and only those G-proteins remaining coupled to
receptor can be “loaded” by GTP. Alternatively, the G-protein
may be degraded during the first few minutes after lysis unless
GTP (or analog) is bound to it. Second, the lysate must be
preincubated for several minutes with the nucleotide prior to
assay. The kinetics of activation at 0 °C may represent bind-
ing of GTP to the G-protein, or the interaction of receptor,
regulatory protein(s), and catalytic component. A similar
build-up in guanine nucleotide-dependent activation is ob-
served in vertebrate adenylate cyclase systems (23). Third, a
few seconds of in vivo exposure to cAMP is required for
receptor-mediated enhancement of the guanine nucleotide
activation. The effects of this brief cAMP stimulation persist
in vitro since the enhancement is observed when Gpp(NH)p
is added up to 5 min after cell lysis (Fig. 1).

Previous reports have shown that a transient cAMP-stim-
ulated activation of adenylate cyclase in Dictyostelium can be
observed if cAMP-stimulated cells are assayed immediately
following lysis (24) (Fig. 2, open circles). This type of assay
presumably reflects the state of activation of the enzyme in
vivo at the moment of assay. The highest activity is observed
in samples taken 1 min after exposure of intact cells to cAMP.
The rapid in vitro decay of this activity (¢, = 7 s) may reflect
the hydrolysis of GTP bound to the G-protein at the moment
of lysis. In contrast, the stable guanine nucleotide-dependent
activity we report here likely reflects the capacity of the

Activation of Adenylate Cyclase in Dictyostelium

enzyme to be activated in vitro rather than the in vivo acti-
vation which can be measured at the moment of lysis. The
capacity to be activated by GTP is highest prior to or within
a few seconds of exposure of cells to cAMP and progressively
declines thereafter. The decline in activity represents the
adaptation or desensitization that has been extensively inves-
tigated in Dictyostelium and a number of vertebrate cells. This
adaptation process depends on continubus occupation of the
surface receptor by the agonist cAMP. In Dictyostelium, re-
ceptors become progressively and extensively phosphorylated
during persistent cAMP stimulation of intact cells (25). Mod-
ified receptors may be ineffective in loading GTP onto the G-
protein. Alternatively, adaptation may take place at the level
of the G-protein rendering it unable to interact with the
catalytic subunit. The assays established here will be useful
in determining the step at which adaptation takes place.

The mutant synag 7 demonstrates that receptor-adenylate
cyclase coupling is required for cellular aggregation. Cyclase
activation does not appear to be essential for growth or cell-
type specific differentiation, although pattern formation is
altered in synag 7.° Dictyostelium may, therefore, be an ideal
system for isolation of mutants in the receptor/G-protein-
mediated regulation of adenylate cyclase.

In synag 7 receptors and basal cyclase are apparently nor-
mal but addition of cAMP and/or guanine nucleotides is not
sufficient to produce activation of adenylate cyclase in vivo
or in vitro. Addition of a high speed supernatant fraction of
wild-type lysates can restore the capacity of Gpp(NH)p to
activate the synag 7 enzyme. The donor supernatant could
contain a soluble G-protein, although soluble G-proteins in
connection with adenylate cyclase have not been widely rec-
ognized. The following observations suggest that the G-pro-
tein is present in synag 7 membranes. First, preincubation of
the synag 7 lysate with Gpp(INH)p is required prior to recon-
stitution, while the wild-type donor supernatant need not be
preincubated with Gpp(NH)p. Second, guanine nucleotides
lower the affinity of [*’H]cAMP binding to a similar extent in
synag 7 and wild-type membranes.*

There have been previous reports of soluble components
which enhance guanine nucleotide-dependent cyclase regula-
tion (1, 26). The reconstitution of the synag 7 mutant suggests
that receptor-mediated activation of adenylate cyclase re-
quires a fourth, soluble component in addition to the mem-
brane bound receptor, G-protein, and catalytic components.
The absence of this component (or its function) in synag 7
and the capacity for reconstitution by wild-type supernatants
opens the possibility for the identification and purification of
this molecule.
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Supplement to

Surface Reveptor Mediated Activation of ademylate Cvolase in
Distyosteliun discoideum: Regulation by Cusnine Nucleotidas
in Wild-Type Cells and Aggregation Deficient Mutants

Anne Thetbert and Peter Devreotes

Experimental Procedures

Cell Growth and Develspment

Bictvostelium discoideum AX-3 cells were ’Y’G’Uﬂ in HL-5 mediom {10} to a deneity of 5 x
10%7mi, washed in DB, resuspended at 2xi0’ cells/mi and shsken at 110-130 rpm for & to 6
hours. WC-4 cells and mutants synag 7 and synag 49 wera isolated and grown as described
(11,12) and were developed in suspension in DB at 2x107 gells/ml at 120 rpm and pulsed
@very 10 min with 50 nM cAMP for 12 hours. After development. cells were diluted to a
density of 5x10° celis/ml with development buffer (DB): § oM NapHPO,, SoM KHpPO,, 2 wM
MgSO;, 200 uM CaCly; at 227 and shaken for 30 min at 200 rpm at 22°, Tha calls were then
centrifuged at 600xg for § min at 0°, washed once with DB minus CaCly at 0%, centrifuged
and resuspended at 4x107/ml in DB without CaCly at 0° . Adenylate cyclase was assayed in
Lysstes prepared from cells shaken at 0° for st least 10 min and no longer then 60 min.
This protocol ensured that extracellulay cAMP was ramoved and that cells were unable to
undergo spontaneous cAMP synthesis and Secretion {13,14).

Adenylate Cyclase Assay

200 ul of celis at 4x107/ml at 0O were vapidly pipetted into a 1 ml tuberculin syringe
centaining 200 ul of 2x lysis buffer (20 eM Tris pH 8.0 end 2 mM MzS0,) at 0% and were
imoediately pushed through twe 5 wo nucleopore filtsrs {15) fitted betwesn the barrel of
the syringe and the needle {21g, 1.5 in}. The lysate wes collected inta a tude at @°.
200 ul of lysate was added to 20 wl of 10X reaction mix (1 mM ATP, 100 mM DIT, 1 mM CAMP

and [ & -32pj-ATP in 200 mM Tris pH_8.0) and incubated for 1 min at 22°, The final
cogposition gf the resction was:  4X10° cells (0.2 mg protein): 30 =¥ Tris pi 8.0, 210 X
105 cpm [oc-32p1-ATP; 2 mi MgSO,, 2.5 oM NapHPO,, 2.5 mM XH,PO,, 0.1 wd ATP, 10 m¥ DTT {a

phosphodiesterase inhibitor), and 0.1 oM cAMF, The final concentration of guanine
nucleotide, when included, was 0.5-100 M. The final concentration of cAMP, when included
during cell lysis, was 1 uM. “Unregulated" cyclase activity was measured by sddition of
SmH MnSO, to the reaction mixture {1}, The reaction was stopped with 100 y} of 1T S$P5,
9ud ATP, 1ImM cAMP. The reaction mix was diluted to I ml with Hy0 and (3ZPIcAMP was
purified (16). The vadicactivity was detected by Cerenkov counting in a Beckman
seintillation counter. When D.1 m4 cAMP and 10 m4 DTT were present in & 1 win resction,
less than 10 hydeolysis of exogenous [ HJcANP occurred during the reaction. Furthermore,
an ATP regeneration System was omitted since less than 20% of the [ -32p|ATP uss degraded
in the | min assay as manitored by separation of ““P-labeled adenine nucleotides by PEI
(Machory-Nagel NN 300, 0.lmm cellulose) chromatography.

Preparation of Supernatants

Wild-type and murant cells were developed g described sbove. Cells were resuspended at
%108 7l st 0% in 10 mM Tris pH 8.0, 1sM Mg30,, 0.2 oM EGTA, plus either 200 ¥ sucrose
or 102 glycerol and lysed by passage through two 5 uM Nucleopore filters. The lysate was
centrifuged at 20,000 X g for 10-30 min. The supernatant was removed and uentrifuged at
100,000 X g for 60 min. High-speed supernatants were frozen at -70° snd thawed
immadiately befors reconstitution.

Reconstitution Agsay

Synag 7 1lysates were prepared by filter lys!g as described in the adenylate oyclase
section. Cells at a final density of 4-5 X 10°/ml were lysed in the presence of 30 uM
Gpp(NH)p plus 1 ud cAMP (final concentrations). After a § min preincubation at 0%, the
iysate was adlusted to 10X glycerol and the lysates were divided into aliguots, frozen
using an ethancl/dry ice bath and stored at -70°.  Glycercl was required to preserve all
of the cyclase activity after thawing frozen lysates. In the reconstitution assay, 120 ul
of syngg 7 lysate was thawed on ice and immediately added to 120 ul of buffer and/or
recently thawed supernatant to the desired supernatsnt/lyvsate ratio. The wmixture was
incubated at 0° for the indicated time, them 200 ul of the mixture was added to 20 ul of
10X reaction mix (see above) and incubated at 22° for 1 min. The final dilution of the
synag ] lysate represented an equivalent of 2-2.5X107 cells/ml. Since the wild~type
supernatant was prepared from cells at 1X10%/m), supernatant/lysate (cell/rell) ratios up
to.2:1 could de utilized. In the trypsinization experiment, the supernatant was treated
with 10 ug/ml of trypsin for 60 min at 0°; then 100 ug/ml soydean trypsin imhidbitor was
added and the mixture incubated for an additional §0 min at 0° before the reconstitution
assay. In the control, the supernatant was incubated with buffer for 60 min at 0% and
then soybean trypsin inhibitor was added prior to the trypsia and incubated for an
additional 60 min at 0%,

Data Analysig

Vgrietions in absolute adenylate cyclase activity were xelated to differences in the
development of the amoebse and the amount of endogenous extvacellulsr cAMP. In order that
data  from different experiments could be pooled, the following analysis was included in
sach experiment: Cells were lysed in the presence of cAMP plus Gpp(NH)p. The ivsate was
preincubated for 5 min at 0% and then Incubated in reaction mix ar 22° for i min.  Thus,
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the activity measured in other assays is expressed as & percentage of the activity (100X)
measured in this standard assay. The absolute average tyclase activity in these controls
is given for each set of pooled data. Activity in the presence of Mn™ varied betwean
experiments ranging from 10 and 70 T of the maximum. However, activity in ths presance
of Ma™ was never influenced by the addition of guanine nucleotides, CcAMP, ot
suparnatants.

Materisls

CAMP, ATP, DTT, trypsin, and soybean trypsin inbibitor were purchased from Sigma. CTP and
Gpp{Nii}p were purchased from Soahtinsag Mannheim or Sigma. GDP-p-§5 and GTP-58 were
obtained from Boehringer Hannheim. [ -CPJATY was synthesizad according to the method of
Johnaon and Walseth (17).

Results

Requirements for Astivation bv Guanine Nuclgotides

Bigure 1 presents the conditions raquired for wmaximal stimulation by guanine
nuclectides., Preincubation in vitry at 0% iy required to achieve maximal activation by
Gpp(NH)p, cAMP, and Gpp(NH)p plus cAMP (Figure 1A). Cells were lysed in the prasence of
these ® d for % times at U° prior to a 1 min assay &t
22°,  In lysates which wars assaysd immediately, the cyclase activation was only 5 to 35 %
of the maximum. The activation increased during the initial S min of preincubation at 0%;
the half-time for the build-up in activity wag between | and 2 min. Bagal activity (in
ths absence of Gpp(NH)p or cAMP) zlso increased about 2-fold after S min at 0° (from 2 to
& pwols/minmg). GDF-p-5 inhibitad this tncrease in basal activity (Tsble 1), which
suggests that this increase may be due to low levels of wsndogenous cAMP and GIP.
Therefore, tha activity observed in the presence of GDP-P-S likely reflects the true basal
activity. The dats in Figure 2 also illustrate that the Gpp(NH)p-dependent sctivatsd
state is stable for et lesst 10 min at 0°.  The slight dscresss In cANP and cAMP plus
Gpp(Ni{)p stimulated activity which occurred batween 5 and 10 min of preincubation -ggurad
to be due to a loss of catalytic sctivity since the activity in the presence of Mn'' also
decreaseéd after 5 min (data not shown).  Addition of 10% glycerol to the lysate pravented
any loss of sctivity for at least 13 min, but redured the overall activation sbout 2-fold
{not shown}. The Gpp{(NH)p dependent sctivation was also stadble to frassing if the lysates
vere prepared in glycerol.
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Figure 1. Requirements for optimal guanine nucleotide activation. A. Time course of
adenylate cyclase activation by Gpp(NH)p and/or cAMP. Lysates vere prepared in the
sbsence (&) or in the presence of 1 uM cAMP (@), 50 uM Gpp(NH)p (&) or 50 wM Gpp(Ni)p
plus 1 uM cAMP (@), The lysste was preincubsted at 0% for the time indicated and then

assayed for ! min at 22°.
pmols/ min-mg proteim nw7.

100% activity corresponds ta an average activity of 130 ¥ 45
B. Time course of the loss in stimulation by Gpp(NH)p or cAMP,

Cells were lysed and the lysate incubated at §° for the time indicated prior Lo the
addition of Gpp{(NH)p or cAHP, The lysates wers incubsted for an sdditicnal 5 min at 00 sna

assayed for | min at 229,
50 uN Gpp(NH)p sdded to lysates prepared in the presence of 1 u cAMP (@).
was 135 * 55 pmols/min-wg protein a=6.

Additions were: none (4), 1 uM cAMP (©), 50 uM Gpp(NH)p (a ),
100X activity

Far t=0, the cells were lysed in the presence of

the indicsated compound.

Figure 1B shows that the capscity of Gpp{NB)p to sctivete adenylate cyclase in vitre

was highest at the moment of cell lysis and declined when the lysates were preincubated in

its absence.
etther during
preincubated for an additional 5 min at 0° before assay {as

In this experiment, Gpp(NH)p, cAMP, or cAMP plus Gpp(NH)p were present
lysis or were added to the lysate st later times. Each lysate was than
in Figure 1A},  Maximal
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activation was attained whan cells were lysed in the presence of cAMP plus Gpp(NH)p.
However, when cells were lysed in the presence of cAMP and Gpp(NH)p was added within a few
secands, 2 comparable high activation (97%) was observad.  Addition of Gpp(NE)p to the
lysate at later times was less effective; the loss of the capacity to activate occurrsd
with & half-time of approximately 2 min. Ten min after lysate preparation, addition of
Gpp(NH)p produced only & 2-3 fold stimulation over basal activity. Although the capacity
of cAMP alone to stimulate activity was Jost immediately after lysis, the presence of cAMP
during lysis continued to enhance the effects of Gop{NH)p addition for up to 10 minutes of
incubation at ¢°.



