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In Dictyostelium discoideum cells, extracellular
¢AMP induces the rapid (within 2 s) activation of guan-
ylate cyclase, which is followed by complete desensiti-
zation after about 10 s. cAMP binding to these cells is
heterogeneous, showing a subclass of fast dissociating
sites coupled to adenylate cyclase (A-sites) and a sub-
class of slowly dissociating sites coupled to guanylate
cyclase {B-sites). The kinetics of the B-sites were fur-
ther investigated on a seconds time scale.

Statistical analysis of the association of [*H]cAMP to
the B-sites and dissociation of the complex revealed
that the receptor can exist in three states which inter-
convert according to the following scheme.

3s

BF BS Bss
“2.5 s ”15 S u150 s
cAMP cAMP cAMP

cAMP binds to the Bf-state (off-rate 2.5 s) which rap-
idly (tx = 3 s) converts to the BS-state (off-rate 15 s)
and subsequently (without a detectable delay) into the
BSS-gtate (off-rate 150 s). In membranes, both the B5-
and B%S-states are converted to the B¥-state by GTP
and GDP, suggesting the involvement of a G-protein.

Desensitized cells show a 80% reduction of the for-
mation of the B5S-state, but no reduction of the BF- or
BS-state.

These data are combined into a model in which the
transitions of the B-sites are mediated by a G-protein;
activation of the G-protein and guanylate cyclase is
associated with the transition of the BS- to the B%5.
state of the receptor, whereas desensitization is asso-
ciated with the inhibition of this transition.

The eukaryotic microorganism Dictyostelium discoideum is
a suitable organism to study signal transduction. In this
organism, the hormone-like substance is ¢cAMP which is
detected by cell-surface receptors. Extracellular cAMP in-
duces the rapid activation of guanylate cyclase (1) and the
slower activation of adenylate cyclase (2). Intracellular cGMP
reaches a peak after 10 s, declines to prestimulated levels

* This work was supported by the Foundation for Fundamental
Biological Research (Biologisch Onderzoek Nederland) and the C.
and C. Huygens Fund, which are subsidized by the Netherlands
Organization for the Advancement of Pure Scientific Research
(Zuiver Wetenschappelijk Onderzoek). The costs of publication of
this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

reached at about 30 s (3), and is supposed to be involved in
the cAMP-induced chemotactic reaction (4). Intracellular
cAMP reaches maximal levels after 60-120 s and is secreted,
thus acting as an autocatalytic feedback loop (5).

Prolonged stimulation of D. discoideum cells with constant
cAMP concentrations induces desensitization by at least two
mechanisms: (i) down-regulation of cAMP binding activity
after a long incubation (5-30 min) with high cAMP concen-
trations (1-100 uM) (after removal of cAMP, cells resensitize
with a half-life of about 60 min (6, 7)); (ii) a rapid desensiti-
zation of the cAMP-mediated activation of the cyclases by
nanomolar ¢cAMP concentrations (8, 9) without a loss of
cAMP-binding sites (after removal of cAMP, cells resensitize
with a half-life of 1-2 min for the guanylate cyclase (9) and
3-4 min for the adenylate cyclase (10)). Desensitization of the
cAMP-mediated ¢cGMP accumulation is completed within
about 10 s (9), whereas desensitization of the cAMP accu-
mulation is completed only after about 5 min (11). The
mechanism of excitation and desensitization of the ¢cGMP
response is the subject of the present report.

A second chemotactic compound in D. discoideum is folate
(12). Binding of cAMP or folate to sensitive cells is hetero-
geneous in respect to kinetic properties (13-15). Since binding
of both compounds shows essentially identical complexity, we
will unify the previously used notations for the different forms
of the receptor. The major portion (~96%) of binding sites
are fast dissociating (., = 1-2 s) and are designated as A-
sites. The A-sites may exist in two states, A" and AL, with
high and low affinity, respectively. cAMP induces a time- and
concentration-dependent transition of A" to A*, a transition
which can be induced in membranes by guanine nucleotides,
suggesting the involvement of a guanine nucleotide regulatory
protein (G-protein) in this transition (16, 17). The A-sites
appear to be responsible for the activation of adenylate cyclase
in D. discoideum (18-20).

A second class of binding sites releases bound cAMP more
slowly. This class of binding sites is designated B-sites and
may exist in at least two states, BS and B®S, which have a
half-life of dissociation equal to 15 and 150 s, respectively
(13-15). The B-sites are also sensitive to guanine nucleotides
(16, 21) and are most likely involved in the activation of
guanylate cyclase (18, 20).

We have analyzed the kinetics of the B-sites in more detail
and present evidence for a ¢cAMP-induced interconversion
between three states of the receptor that are related to the
interaction of receptor with a G-protein. Cells subjected to
homologous desensitization of guanylate cyclase (22) show a
strongly reduced binding to only one of these states, whereas
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binding to the others is not altered. A model on the interaction
between B-sites and G-protein is presented.

EXPERIMENTAL PROCEDURES

Materials—[2,8-*H]cAMP (1.5 TBq/mmol) was obtained from The
Radiochemical Centre, Amersham, United Kingdom. cAMP, GTP,
GDP, GMP, and dithiothreitol were from Sigma, GppNHp,' ATP,
ADP, and AppNHp were purchased from Boehringer Mannheim.
GTP~S was a generous gift of Dr. F. Eckstein (Max-Planck-Institut
fur experimentelle Medizin, G6ttingen, West Germany). Silicon oils
(AR 20 and AR 200) were obtained from Wacker Chemie.

Culture Conditions—D. discoideum NC-4(H) cells were grown with
Escherichia coli 281 on a solid medium containing 3.3 g of peptone,
3.3 g of glucose, 4.5 g of KH;POy, 1.5 g of Na,HPO,-2H,0, and 15 g
of agar/liter. Cells were harvested in the late logarithmic phase with
10 mM sodium/potassium phosphate buffer, pH 6.5 (Pb buffer), and
freed from bacteria by repeated centrifugations at 100 X g for 4 min.

Preparation of Membranes (23)—Cells were starved for 4.5 h by
shaking in Pb buffer, centrifuged, washed twice, and resuspended in
this buffer at 2 X 10® cells/ml. Air was bubbled through the suspension
for about 10 min at 20 °C. The cells were then transferred to 0 °C
and broken by passage through a Nucleopore filter {(diameter, 25 mm;
pore size, 3 um). The filter was washed with an equal volume of Pb
buffer, and the combined homogenates were centrifuged at 10,000 X
g for 5 min at 0 °C. The supernatant was removed, and the pellet was
resuspended in Pb buffer at a concentration equivalent to 1.25 X 10°
cells/ml. Membranes were kept on ice during the entire experiment,
which did not last longer than 1 h.

c¢AMP Binding Assays (13)—All binding experiments have been
performed at 20 °C except when indicated. The incubation mixture
was in a total volume of 100 ul of Pb buffer with 5 mM dithiothreitol
(an inhibitor of phosphodiesterase in D. discoideum (24)), different
concentrations of [’H]cAMP, and 107 cells or membranes derived
from 107 cells. Binding of cAMP to all sites was measured by centrif-
ugation of 95 ul of the incubation mixture through silicon oil (AR
200:AR 20 = 1:2). Binding to the slowly dissociating sites was meas-
ured by a squirt of 1 ml of Pb buffer with 0.1 mM ¢cAMP and 5 mM
dithiothreitol into the incubation mixture, followed by centrifugation
of 1 ml of the mixture through silicon oil. Cells were centrifuged for
15 s, and membranes for 30 s. The efficiency of the centrifugation
step was investigated by measuring the protein content of the pellet.
The amount of protein was recovered quantitatively in the pellet
below the silicon oil when concentrated cells, 11-fold diluted cells, or
concentrated membranes were used. However, when 10-fold diluted
membranes (equivalent to 107 cells/ml) are centrifuged, only 25% of
the protein is recovered in the pellet after a 30-s centrifugation period.
Therefore, binding experiments with membranes have been per-
formed only with concentrated membrane preparations.

Identification of Cell-associated Radioactivity—Tubes contained 10
ul of 20% (w/v) sucrose in 3.5% (v/v) perchloric acid and 200 gl of
silicon oil. Cells were incubated with 10 nM [*H]cAMP as described
above and were centrifuged through silicon oil at the moment of
binding equilibrium, at 10 s, or at 2 min after the onset of dissociation.
The tip of the tubes containing the cell-associated radiocactivity was
cut, and the content of four tips was added to 200 ul of Pb buffer.
The lysate was neutralized with 20 ul of KHCO; (50% saturated at
20 °C) and centrifuged at 10,000 X g for 2 min, and the supernatant
was analyzed by high pressure liquid chromatography (25). The
column was LiChrosorp RP-18; the mobile phase was 25 mM tribu-
tylammonium formate, 15% methanol, pH 3.0; the flow rate was 1
ml/min. The retention times of cCAMP and its derivatives are: dead
time, 2.5 min; adenosine, 3.24 min; 5'-AMP, 4.58 min; cIMP, 5.18
min; cAMP, 8.31 min. At least 95% of the radioactivity bound to cells
at equilibrium, at 10 s, or at 2 min after dissociation co-eluted with
authentic cAMP.

Data Analysis of the Release of Bound [*HJcAMP—Cells or mem-
branes were incubated with [°H]cAMP until equilibrium. The release

! The abbreviations used are: GppNHp, guanyl-5’-yl imidodiphos-
phate; GTP~S, guanosine 5’-0-(3-thiotriphosphate); AppNHp, ad-
enyl-5’-yl imidodiphosphate; AIC, Akaike information criterion.

2 It should be noted that cAMP does accelerate the release of bound
[*H]cAMP when cells (or membranes prepared from them) were used
which were starved in suspension for an unphysiologically long period
(7-9 h). Cells starved on a solid support for the same period do not
show this effect.
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of bound [*H]cAMP was initiated by the addition of excess cAMP or
by dilution of the incubation mixture. The residual [*°H]cAMP bound
was measured at time ¢;, with n; as the number of replicas and N as
the number of time points.

The release of bound [*H]cAMP as a function of time was fitted
to sums-of-exponentials models.

y(@t) =X Ae™5

=1

a=12 3,4 (1)

To this end, the mean (z;} of the replicas at time ¢; was used as the
single value, and the sample variance (¢7) of the replicas was divided
by their number n; as weights. To find the optimal parameter set, the
minimum of the weighted residual sum of squares (WRSS) at the N
time points (26) was searched.

2 MU

N
WRSS = g (Z () — y(t) (2)

o2

The minimum was found by using a nonlinear Marquardt-type min-
imalization procedure.

To estimate the model order (26, 27) (i.e. the number of exponen-
tials in Equation 1), we determined the minimum value of the Akaike
information criterion (AIC),

AIC = WRSS + 2p 3)

in which p is the number of free parameters in the model. The order
of the model was also estimated by using the F test (26, 27),

= N - P2 WRSSl - WRSSz
P2— D WRSSz

where the subscripts 1 and 2 denote the smaller and larger model,
respectively. The degrees of freedom of F are (p; — p1, N — py).

F

(4)

RESULTS

Kinetics of the Release of Bound [PH]cAMP Demonstrate
Three Components—Cells were incubated with 2 nM [*H]
¢AMP until equilibrium. Dissociation of bound [*H]cAMP
was initiated either by the addition of excess cAMP, as we
did previously (13), or by the addition of excess cAMP with
an 11-fold dilution of the incubation mixture. A semiloga-
rithmic plot is presented in Fig. 1. Apparently, both methods
of dissociation yield the same result. However, addition of
excess cCAMP in combination with an 11-fold dilution has the
advantage that nonspecific binding is reduced 11-fold. There-
fore, it becomes possible to follow the release of bound [*H]
¢AMP for a longer period. The results suggest the presence
of a very slowly dissociating site with &, of about 2 min, which
we designate as B,

The semilogarithmic plot of Fig. 1 clearly shows that dis-
sociation is multiphasic. The data were fitted to two, three,
and four exponential models, and a decision for the best fit
was made with the AIC test and with the F test (see “Exper-
imental Procedures”). The fit with the lowest AIC value yields
the optimal number of exponentials involved in the dissocia-
tion process.

The experiment presented in Fig. 1 is best described by the
sum-of three exponentials. The results indicate that 69% of
the bound [*H]cAMP dissociates with k_, = 0.47 s7, 21%
with k-, = 0.042 s7%, and 10% with k-, = 0.005 s7%.

Next we wish to establish whether these three exponentials
must relate to three receptor forms or if two forms (X and Y)
with interconversions during the dissociation can also explain
the result. The mathematical description of such a model
leads to only two exponentials, indicating that at least three
receptor forms are observed in dissociation experiments.
These three forms are designated as Fast, BS, and B®® accord-
ing to previous nomenclature (13-15). It should be noticed
that Fast is a mixture of multiple forms with similar k_,,
notably A™ and A" (13), and BF (this report).
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-11% three better than two (P <0.001,Ftest)

in b(t)/b(0)

et
o

0 H 2 3
minutes

Fi6. 1. Semilogarithmic plot of the release of bound [*H]
¢AMP from cells. D. discoideum cells were equilibrated with 2 nm
[*H]cAMP at 20 °C for 45 s in a total volume of 100 ul. At ¢t = 0 s,
either 2 ul of 10 mM cAMP was added and 95 ul of the incubation
mixture was centrifuged through silicon oil at the times indicated (O)
or 1 ml of buffer with 0.1 mM cAMP was added and 1 ml of the
mixture was centrifuged at the times indicated (®). b(t) is the specific
binding at ¢ min after the onset of dissociation. b(0) stands for the
specific binding at ¢t = 0 s and was 1275 + 51 dpm/107 cells. Nonspe-
cific binding was measured by including 0.1 mM cAMP in the prein-
cubation mixture and was determined as 153 + 8 dpm/10 cells (O)
and 16 = 1 dpm/107 cells (@). The results shown are the means and
standard deviations of the logarithm of quadruplicate determinations
of a typical experiment reproduced four times. The data were sub-
jected to weighted, least squares curve fitting using the sum of two,
three, or four exponentials (see “Experimental Procedures”). Statis-
tical analysis indicates that the curve is described better (lower AIC
values) by the sum of three exponentials than by the sum of two or
four exponentials: AIC = 119 for two exponentials, AIC = 19.5 for
three exponentials, and AIC = 22.3 for four exponentials. The same
conclusion is reached when an F test is used. The values of the
parameters for the three exponentials are mentioned in the text.

Finally, we would like to establish whether these forms
interconvert during the dissociation experiment or whether
they dissociate independently of each other. Unfortunately,
discrimination between these possibilities is not possible from
single dissociation experiments.

Dissociation of Bound [*H]cAMP at Different Conditions—
The conditions include dissociation of [*H]cAMP bound to
cells after equilibration with different concentrations of ra-
dioligand, dissociation in the absence or presence of free
c¢AMP, and dissociation of [PHJcAMP bound to membranes
(Table I). The statistical analysis (AIC values) reveals that at
all conditions the dissociation curves are best described by
three components. The F test at the level of significance of
0.05 leads to the same model order.

The apparent off-rates of B® and B are not statistically
different when cells are equilibrated with 2, 10, 30, or 100 nM
[*H]cAMP. Furthermore, essentially the same off-rates were
observed for the dissociation of [PH]cAMP that was bound to
membranes. In the previous experiments, dissociation of [*H]
cAMP was observed while all receptors were occupied with
[*H]cAMP or cAMP. The detection of the dissociation kinet-
ics while only a small minority of the receptors are occupied
requires the equilibration of cells with a low concentration of
[*H]cAMP (e.g. only 2% of the receptors are occupied at 2 nM
cAMP). Dissociation is induced by dilution of the incubation
mixture, which prevents reassociation of [*H]cAMP. This
experiment cannot be performed at 20 °C because cells start
to secrete cAMP at about 60-90 s after addition of [*H]cAMP
(8, 138, 28, 29). However, this secretion is delayed until at least
5 min if the temperature is reduced to 0 °C (29). Thus, cells
were equilibrated at 0 °C with 2 nM [°H]cAMP, which was
followed by an 11-fold dilution of the incubation mixture with

cAMP Receptors, G-protein, and Guanylate Cyclase in D. discoideum

buffer or with buffer and excess cAMP. The results (Table I)
reveal no statistically relevant difference between these two
methods. The reduction of the off-rates at 0 °C compared to
20 °C is most likely due to the lowered temperature.?

The statistical analyses of the exponential curve fitting of
the dissociation of bound [*H]cAMP (Table I) can be sum-
marized as follows. Under all conditions, we observed three
forms, Fast, BS, and B®S. Their rate constant of dissociation
was not affected by the condition used. If these three forms
would interconvert during the process of dissociation, then
these interconversions are not affected by the concentration
of [PH]cAMP present during equilibration, the concentration
of free cAMP present during dissociation, nor a cytosolic
component (e.g. ATP).

Number and Affinity of BS and BSS—Table I contains the
results of dissociation experiments in which cells were equil-
ibrated at 20 °C with different concentrations of [*PH]cAMP.
The number of binding sites that were occupied with [°H]
cAMP at the onset of dissociation was obtained for the three
components, Fast, BS, and B%S, These binding data are pre-
sented in Fig. 2 as a Scatchard plot (open symbols).

Since we observed no interconversions of the three forms
during the course of the dissociation, it should be possible to
calculate the occupancy of Fast, BS, and B%® at equilibrium
by a more simple procedure. The rate constants of dissociation
(k-1) are known from Table I for cells at 20 °C: Fast, k-, =
0.43-0.73s7; BS kb, = (4.3 £0.4) X 102575 BSS k_, = (4.75
+ 0.4) X 1073 s7%. Therefore, it can be calculated that binding
of [*H]cAMP to Fast is lost after a dissociation period of 10
s, whereas binding of B® is reduced to 65.1 + 2.8% and binding
of B is reduced to 95.4 + 0.4%. After a dissociation period
of 120 s, binding to both Fast and B has been lost; binding
to B8 is reduced to 55.6 + 2.7%.

This is described by the following set of equations

b(0) = Fast(0) + B5(0) + BS5(0) (5a)
b(10) = (0.651 = 0.028) B3(0) + (0.954 + 0.0004) B%5(0)  (5b)
b(120) = (0.556 + 0.027) BSS(0) (5¢)

Thus, by observing the binding at equilibrium, 5(0), and at 10
and 120 s after the onset of dissociation, it is possible to
calculate the occupancy of the three components at equilib-
rium (Fast(0), B8(0), and B%3(0)).

This “back-calculation” was done for experiments using
different concentrations of [’H]cAMP. The results are also
presented in the Scatchard plot of Fig. 2 (closed symbols). We
emphasize that the data points obtained by experimental
curve fitting and by back-calculation lie close together. This
further supports the validity of the back-calculation. A cell
contains about 77,000 fast dissociating sites; the curve is
convex upward, in agreement with previous observations (13)
that this class is composed of high affinity (A¥, K; = 60 nM)
and low affinity (AY, K; = 450 nM) sites. In addition, a cell
contains about 2300 BS-sites and about 1100 B%-sites; curves
are approximately linear, yielding an apparent K, of 13 nM
for both receptor forms.

In this and the previous sections, we did not find any
evidence for a transition among the B-sites during their
dissociation. When these transitions are absent, it is possible
to calculate the occupancy of B® and B®S at the onset of
dissociation by differential dissociation using Equation 5 (a-
¢). This method is preferred above exponential curve fitting
because it is less time-consuming and requires at least 5-fold
less data points than exponential curve fitting to obtain the
same accuracy.

Kinetics of Association of [*H]cAMP to B® and B%° —In the
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TABLE 1
Statistical analysis of the release of bound [*HJcAMP under different conditions

Fitted parameters for a = 3¢

AIC values®
Condition” ko Occupied sites/cells
e=2 a=3 a=4 Fast BS B Fast BS BS®
s~ % 10 s X 100 57! X 1,000

Cells

2nM (15, 7) 103 174 196 47+x03 42x07 49x04 955 £ 36 300 = 25 143 +13

10 nM (15, 5) 114 14.8 188 58+03 42+04 48x03 3,880 £ 66 980 = 52 460 = 35

30 nM (15, 5) 128 17.3 21.0 6602 41+x06 46%x05 8,720 + 167 1,600 =107 750 + 82

100 nM (15, 5) 167 15.3 18.1 7.3+03 4705 47+05  20,600*+400 1,910+70 910 + 64
Membranes (16, 7) 84 26.5 325 36x04 43+06 3909 2,380 £130 1,060 110 275x45
Cells, 0 °C

Chase (16, 4) 277 43.5 474 21*04 3105 1L7+06 837+ 72 440 = 61 73+ 14

Dilution (14, 4) 86 29.1 30 21+03 28x05 18+1.1 848 + 62 424 + 49 79 + 23

= Unless specified, the experiments were performed at 20 °C, dissociation was started by excess cAMP, and the
concentration of [*H]cAMP was 2 nM. The values in parentheses indicate the number of time points and the
number of replicas at these time points, respectively; their multiplication yields the total number of data points

used for the fit.

> The experimental data were fitted by using the sum of two, three, or four exponentials (indicated by a values).
AIC values were calculated with Equation 3; their lowest value yields the preferred model (see “Experimental

Procedures™).
¢ Values are the means and standard deviations.

previous section, it was shown that the different forms prob-
ably do not interconvert during dissociation. Michaelis-Men-
ten kinetics should be applicable if they also do not intercon-
vert during association. The following equations should then
be valid

b(t) = b(w)(1 — e~ =) (6a)
or
=In(1 = 5@)/b(®)) = kou-t (6b)
where
Ron = ki[cAMP] + &, (6¢c)

In these Equations, b(¢) is cAMP bound at time ¢, b(o) is
¢AMP bound at equilibrium, and k., is the apparent on-rate.

Thus, the association of [*H]cAMP to B® and B was
determined (Fig. 3, A and B). The data were replotted accord-
ing to Equation 6b, yielding a slope equal to the apparent on-
rate, k., (Fig. 3C). The k,, was determined for different
concentrations of [*H]JcAMP. Finally, the k., was presented
against the concentration of [PH]cAMP (Fig. 3D), which
should yield a straight line when Michaelis-Menten kinetics
are applicable (Equation 6c). The apparent k_; of BS and B5S
and their apparent K, are known from Table I and Fig. 2.
The predicted curve for B and B® is quite different from
observed kinetics. Thus, we must reject the hypothesis that
association follows Michaelis-Menten kinetics.

First, cAMP associates to BSS about 10-fold faster than
predicted using known values of k-; and K, At 2 nm [*H]
cAMP, the half-time of association should be about 150 s;
however, equilibrium is reached within 60 s, and half-maximal
occupancy is obtained after about 10 s. This suggests that the
occupied B®S-form does not arise from association of cAMP
to the empty BSS-site, but by the conversion of another
occupied site which associates with faster kinetics. Second,
association of [*'HJcAMP to B® and B®® at high [cAMP] is
independent of the cAMP concentration. Apparently, associ-
ation of cAMP to B® and B®® cannot exceed an apparent &,
of 0.22 s™. This implies that also the occupied BS-form arises
from a conversion of a form with faster association kinetics

and that the rate of conversion is 0.22 s™2.

These results may suggest the following scheme of inter-
actions during association of cAMP to the B-sites (see also
“Discussion”). Initially, cAMP binds to a fast dissociating
form; subsequently this site converts into B®. This conversion
shows a half-life of 3 s (k = 0.22 s™). Finally, B® converts to
B*S without a detectable delay.

Binding of [P H]cAMP to Desensitized Cells—cAMP induces
the rapid desensitization of guanylate cyclase, which is com-
pleted after about 10-20 s (9). Fig. 4 presents the binding of
2 nM [*H]cAMP to the Fast, BS, and B%® forms at two
conditions: either 2 nM cAMP and 2 nM [*H]cAMP were
added simultaneously (closed symbols) or cells were desensi-
tized by 2 nM cAMP given at ¢ = 0 s and binding was measured
with 2 nM [PH]cAMP given at ¢ = 20 s (open symbols). Thus,
the binding of 2 nM [*H]cAMP to regular and desensitized
cells was measured. Fig. 4 shows that binding of [*H]cAMP
to Fast and B® in control and desensitized cells is essentially
the same. In contrast, binding to B% is reduced about 80%
upon the preincubation with cAMP.

Guanine Nucleotides Modulate B® and B in Membranes—
Previously, we have demonstrated that guanine nucleotides
interfere with cAMP binding to membranes from D. discoi-
deum (16, 21); the number of B® and B55-sites was reduced
by GTP or GDP, whereas the total number of binding sites
was not altered.

The experiment presented in Fig. 5 was set up to test
whether both BS and BS® are sensitive to guanine nucleotides
and especially to test to which form they interconvert upon
addition of guanine nucleotides. Membranes were incubated
with [*H]cAMP until equilibrium was reached. Then, at ¢t =
0 s, excess cAMP was added, and GTP or GDP was added at
10 or 120 s. The results were analyzed by computer-assisted
curve fitting (Table II).

Membranes possess three binding forms which dissociate
with similar rate constants if compared to cells. Their pro-
portioning at 2 nM [*H]cAMP is 65% Fast, 29% BS, and 7%
B®S. When only the data points at 10 s and later are taken
into account, further dissociation should be described by only
two components, B® and BSS, because all Fast sites have
dissociated. The distribution of residual bound [°H]cAMP at
t =10 s is 0 Fast, 20% BS, and 7% B®%. When GDP or GTP
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Fic. 2. Scatchard plots of fast dissociating sites and B® and
B®S, This figure consists of data obtained from exponential curve
fitting in Table I (O, A) and data obtained by back-calculation (@,
A). For the latter method, celis were incubated with different concen-
trations of [*'HJcAMP (2-2000 nM) for 45 s. Then cells were centri-
fuged through silicon oil directly (yielding 5(0)) or at 10 or 120 s after
addition of excess cAMP (yielding b(10) and b(120), respectively).
Binding to Fast, BS, and B® at equilibrium was calculated using
Equation 5 (a~c). The results of three experiments with triplicate
incubations were combined. The data on Fast that were published
previously (Fig. 6 of Ref. 13) are indicated by the asterisks.

is added at 10 s, the dissociation is optimally described again
by three components: 19% Fast with £, = 0.3 s, 5% BS, and
3% B®S, This suggests that the majority of B® is transferred
by GTP or GDP to a fast dissociating form. B%® is also affected
by guanine nucleotides, but a decision about its transfer to BS
or Fast cannot yet be made. The distribution of bound [*H]
cAMP at 2 min after the onset of dissociation is 0 Fast, 0 BS,
and 5% BSS. The addition of GTP or GDP at this moment
results in the enhanced release of bound [*H]cAMP. The
analysis indicates only two components: 3% Fast with k_, =
0.21 s7* and 2% B®S. B® is not present, indicating that also
the B®S is transferred to a fast dissociating site by guanine
nucleotides. It should be noticed that GTP and GDP and the
nonhydrolyzable analog GTP~S (data not shown) have simi-
lar effects.

Specificity of Guanyl Nucleotides—Membranes were incu-
bated with 2 nM [*H]cAMP in the presence of nucleotides
until equilibrium, which is followed by a 10-s dissociation
with excess cAMP (Fig. 6). Guanyl nucleotides inhibit the
thus measured cAMP binding by maximally 80%. A half-
maximal effect is observed at about 2.5 um GTP, GDP, and
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Fic. 3. Kinetics of association of [*H]JcAMP to BS and B5S,
Cells were incubated with [*H]cAMP for the times indicated in A-C
in a volume of 100 gl. Then 1 ml of buffer with 0.1 mM cAMP was
added, and 1 ml of the mixture was layered on top of silicon oil.
Tubes were centrifuged at 10 s (open symbols) or at 2 min (closed
symbols) after the cAMP chase. A and B, the cAMP concentrations
used were 2 nM (A: O, @), 30 nM (B: A, A), and 100 nM (B:[0). Data
are the means and standard deviations of quadruplicate incubations.
Nonspecific binding, which is subtracted from all data, was 11.1 +
0.6 dpm (O, @), 165 + 6 dpm (A, A), and 491 + 15 dpm (0O), all with
n = 6. C, replot of the data of A and B, where b(t) is the binding at
time ¢ and b() is the binding at equilibrium (45-60 s). D, association
kinetics were measured at different [*H]cAMP concentrations as
shown in A and B. The slope in the logarithmic plot (C) equals the
apparent ko, O, ko, of B® + B%® (10-s dissociation); @, k., of B%S (2-
min dissociation); A, 8-s chase (data from Ref. 13). The theoretical
curves for BS and B (dashed lines) are based on the observed
dissociation constants (Fig. 2) and off-rate (k-;, Table I).
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Fic. 4. Binding of [*H]JcAMP to desensitized cells. The in-
cubation mixture was composed 2 X 10° cells in 180 gl, 20 ul of 20
nM cAMP, and 200 gl of 2 nM [PH]cAMP. For control cells (@), all
components were mixed simultaneously at ¢ = 0; for desensitized cells
(Q), cells and cAMP were mixed at ¢ = 0, and [*'H]cAMP was added
at ¢ = 20 s. Thus, the concentration of cyclic nucleotide remained 2
nM during the entire experiment. At the times indicated binding of
[*H]cAMP was measured directly or at 10 or 120 s after a chase with
excess CAMP. Binding to the Fast-, BS- and BSS-sites was calculated
using Equation 5 (a—c). Nonspecific binding has been subtracted from
the data. Shown are the means and standard deviations of quadru-
plicate determinations reproduced three times.

GTP~S and at about 16 uM GppNHp; GMP is about 1000-
fold less active than GTP. This specificity is consistent with
the action of a guanine nucleotide regulatory protein (G-
protein). Interestingly, ATP strongly stimulates cAMP bhind-
ing measured at 10 s after a cAMP chase; ADP is without
effect, and AppNHp slightly inhibits cAMP binding. Recent
results suggest that this effect of ATP is mediated by protein
kinase C (30).
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Fi6. 5. Effect of GTP and GDP on the dissociation of the
[*H]JcAMP-receptor complex in membranes, Membranes of D.
discoideum cells were prepared by shearing the cells through a Nu-
cleopore filter (see “Experimental Procedures”) and were preincu-
bated at 20 °C with 2 nM [*H]cAMP in a total volume of 100 yl for
75 s. Then, at ¢t = 0, 2 ul of 10 mM ¢AMP was added and membranes
were centrifuged through silicon oil at the times indicated. At the
times indicated by the arrows, 5 ul of GTP or GDP (0.1 mM final
concentration) was added. @, control; A, GTP added at 10 s; A, GDP,
added at 10 s; B, GTP added at 2 min; OO, GDP added at 2 min.
Nonspecific binding was 185 + 8 dpm/incubation, and specific bind-
ing at £ = 0 s was 3185 £ 102 dpm/incubation. The data shown are
the means of triplicate determinations from an experiment repro-
duced two times. The combined data were subjected to computer-
assisted curve fitting and statistical analysis (see Table II).

DISCUSSION

Binding of cAMP to D. discoideum cells is a complex
phenomenon. Previously, we observed a class of fast disso-
ciating sites (A-sites with &, = 1-2 s) that are guanine nucleo-
tide-sensitive and that are presumably responsible for the
activation of adenylate cyclase by extracellular cAMP. A
second class of binding sites is slowly dissociating (B-sites
with t, = 15-150 s); these sites are also sensitive to guanine
nucleotides and are probably involved in the activation of
guanylate cyclase in this organism (13-21). In this study, we
further analyzed the kinetics of the B-sites. The major find-
ings are the following. 1) Computer-assisted analysis of the
release of bound [*H]cAMP indicates that the dissociation
should be described by three components rather than by two
or four. These forms are called Fast, BS, and B%5. 2) No
interconversions between these forms were observed during
the process of dissociation that were induced by cAMP or by
a cytosolic regulator. 3) In contrast, association of [*PH]jcAMP

6909

to B® and BSS does not follow simple Michaelis-Menten
kinetics; occupied B® and BSS sites are formed from a transi-
tion of a faster dissociating form. 4) Cells whose guanylate
cyclase is desensitized by preincubation with cAMP for 20 s
show a strongly reduced binding of [*H]cAMP to BSS, but no
reduction to the Fast and B® form. 5) Guanine nucleotides
transfer the majority of B® and B3® to a form which dissociates
much faster. These results strongly suggest that the transi-
tions between the different states of the B-sites are mediated
by a G-protein and may relate to the activation and desensi-
tization of guanylate cyclase in D. discoideum.

The interaction of hormone receptors, G-protein, guanine
nucleotides, and adenylate cyclase in vertebrates has been
studied in great detail (31-33), resulting in the general scheme
presented in Fig. 7A. Four G-protein-receptor components
are arranged in a cycle: LR, LRN-GDP, LRN, and LRN-
GTP, where L is the ligand, R is the receptor, and N is the
G-protein. The ligand binds to the receptor, yielding LR,
which couples to N-GDP. The complex is unstable, and GDP
is replaced by GTP. The G-protein is activated (N-GTP) and
interacts with adenylate cyclase, resulting in enhanced activ-
ity. The G-protein is a GTPase; hydrolysis of GTP results in
the deactivation of adenylate cyclase. The G-protein is a
heterotrimer composed of an a-subunit which possesses the
guanine nucleotide-binding site and GTPase activity, a 8-
subunit which regulates the activity of the a-subunit, and a
v-subunit with unknown function (34-36). Dissociation of the
heterotrimer has been observed during its activation by GTP
(37-39).

We adopt this basic scheme to interpret our previous ob-
servations on the receptor class coupled to adenylate cyclase
(A-sites) and the present observations on the receptor class
coupled to guanylate cyclase (B-sites).

The cAMP receptor that is coupled to adenylate cyclase in
D. discoideum (A-sites) can exist in two distinguishable states:
A™ with high affinity for cAMP and A" with low affinity (13).
cAMP binding to membranes shows high affinity in the
absence and low affinity in the presence of GTP or GDP (16).
This indicates that LRN-GTP and LRN-GDP are repre-
sented by the low affinity state (Fig. 7B). Binding of cAMP
to intact cells starts with the high affinity state, A¥, which
converts to the low affinity state (13). This suggests that
binding of cAMP to cells starts at the position of LR, repre-
sented by A™. This scheme for the activation of adenylate
cyclase in D. discoideum is essentially identical to the acti-
vation of adenylate cyclase in vertebrates (32).

To make a model of the interactions of the B-sites that are

TABLE II
Statistical analysis of the effect of GTP and GDP on the release of bound [PH]cAMP from membranes
Fitted parameters®
Condition® 031:113 :,} @ ko Relative abundance
Fast B BS® Fast BS BSS Total
sTix 10 571 % 100 571 x 1,000 %

Control

t=0s 3 3.6+04 43+06 39+09 64.1+ 3.5 28.5 + 0.3 7.4+12 100.0 £ 3.7

t=10s 2 48 £ 0.6 3.5 +0.9 202+ 1.4 71+1.1 273 +1.8

+GNP,t=10s 3 2.7+0.3 46+1.2 3.7+04 187+ 14 48+1.2 3.0+0.1 26.5 +1.9
Control, t =120 s 1 2.7x1.1 46+ 04 46+04

+GNP, t=120s 2 21+04 2.7+ 0.6 28+0.3 1.9+0.1 4.7+0.3

¢Data from three experiments (c.f. Fig. 5) were combined. The conditions indicate the data points that were
used for the fit. GNP indicates that GTP or GDP was added (data from GTP and GDP are combined).

¢ The fit was executed for a = 1-4 (number of exponentials); the a value with the lowest AIC value is given.

¢ The relative abundance indicates the proportioning of sites at the time-0, 10, or 120 s (see Condition) relative

to total binding at £ = 0 s.
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Fi6. 6. Nucleotide specificity of the alteration of [*'H]JcAMP
binding to BS and B in membranes from D. discoideum.
Membranes (derived from 107 cells) were incubated at 20 °C with 2
nM [*H]cAMP and different concentrations of nucleotides in a volume
of 100 ul for 75 s. cAMP (2 pl of 10 mM) was added, and 10 s later,
membranes were centrifuged through silicon oil. The nucleotides are
GTP (@), GDP (A), GppNHp (H), GMP (¥), ATP (O), ADP (4),
and AppNHp (O). Nonspecific binding was measured by including
0.1 mM cAMP in the entire incubation period; it was 155 + 14 dpm/
sample (n = 4) without the nucleotides and was changed by less than
15% in the presence of 1 mM indicated nucleotides. Specific binding
was 1512 + 52 dpm/sample (n = 3) for the control.

coupled to guanylate cyclase, we combine the general scheme
with the kinetics of formation of B® and BSS in cells, with the
effects of guanine nucleotides on these states in membranes,
and with the observations made in desensitized cells. In
membranes, the major parts of BS and B% are converted by
GTP or GDP to a fast dissociating site, indicating that LRN -
GDP and LRN.GTP are fast dissociating, designated as BY
in Fig. 7C. In cells, the rate of formation of the BS-state at
high cAMP concentrations does not depend on the cAMP
concentration, indicating that this state arises by transition
from a faster dissociating state; LRN-GDP is the obvious
candidate. The maximal on-rate of the BS-state is 0.22 s7%;
apparently, this figure represents the transition rate constant
of the step LRN-GDP — LRN. At low cAMP concentrations,
the formation of the BS-state follows Michaelis-Menten ki-
netics; in contrast, the formation of BS never obeys this law,
but follows the kinetics of BS. This suggests that, in the course
of events, B® is formed before B5%. This view is supported by
the observation that, in desensitized cells, B® is still formed,
but binding to B is strongly reduced. The simplest expla-

Vertebrate

adenylate adenylate
. . cyclase _GTPase, cyclase
Fi1G. 7. Models on the interaction activation

between surface receptor (R), li- T l
gand (L), and guanine nucleotide-

binding protein (V). A, general
scheme of hormone-induced activation
of adenylate cyclase in vertebrates; B,
scheme for the interactions of cAMP
with the A-sites leading to the activation
of adenylate cyclase in D. discoideum; C,
scheme for the interactions of cAMP
with the B-sites leading to the activation
of guanylate cyclase in D. discoideum.

See text for details. LRN
GTP GDP

N~GTP N~GDP

LRAN-GTP LAN~GDP

deactivation
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nation for these observations is that LRN is associated with
BS, and LR with B®S. This would imply that activation of
guanylate cyclase in D. discoideum is proportional to the
transition of BS to B%, a transition which no longer occurs in
desensitized cells. One observation seems to be incompatible
with the proposed model, i.e. the formation of BS in mem-
branes. The absence of GTP would exclude the transition of
BS to B®S. However, we observed that binding of [*H]cAMP
to B*® is much slower in membranes than in cells (21). This
could mean that in membranes B is not reached via a
transition of the BS-state, but arises from direct association
of cAMP to the unoccupied receptor not associated with a G-
protein.

A comparison of the schemes for the activation of adenylate
cyclase (Fig. 7B) and guanylate cyclase (Fig. 7C) in D. discoi-
deum reveals two main differences, which could be relevant
for their functioning. First, cAMP enters the A-cycle at the
position of LR and the B-cycle at LRN - GDP. This difference
between coupling and precoupling of receptor and G-protein
could explain the effects of agents that immobilize proteins
at the cell surface; these agents inhibit the cAMP-induced
activation of adenylate cyclase, whereas they potentiate the
activation of guanylate cyclase (40, 41). Second, the rate-
limiting step in the activation of adenylate cyclase is the
transition LR — LRN.GDP (Fig. 7B), i.e. the coupling of
receptor with G-protein. In contrast, the rate-limiting step in
the activation of guanylate cyclase is the dissociation of GDP
from the LRN-GDP complex (Fig. 7C). This seems to be a
rather unusual situation if compared to the interactions of
GTP and GDP with the vertebrate G-protein (33, 42, 43). It
should be noted, however, that this rate-limiting step is still
very fast, showing a half-life of about 3 s. This constant is
not very different from that of hormone-induced dissociation
of GDP from the vertebrate G-protein (33, 44, 45). By pre-
coupling of receptor and G-protein, less steps in the activation
of a cyclase are required. This may explain why guanylate
cyclase activity increases within 2 s after cAMP addition,
whereas adenylate cyclase activity increases only after about
30 s.

The response induced by the ligand is proportional to the
rate of passage through the cycle. The ligand may still bind
to the receptor in the absence of any transition, which implies
that the cell is desensitized. Indeed, this was observed in D.
discoideum (Fig. 4). Fast (AP, AL, and BF) and B® were still
occupied with cAMP in desensitized cells, but the transition
of BS to B no longer occurred, This suggests either that
GTP no longer binds to the G-protein-receptor complex in
desensitized cells or that the G-protein is not activated by

D. discoideum

ligand{cAMP)
. guanylate
:35&‘;':‘3 cyclase
activation . activation 555 ligand{cAMP)
LR LR
Jr
L
LRN-GTP=L L=LAN-GDP [LRN-GTP} = LAN~GDP
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GTP. In the former situation, the cycle would arrest in LRN
(B®), whereas in the latter case, in LRN-GTP. We observe
significant amounts of LRN in cells. This would favor the
former explanation.

What could be the molecular mechanism of desensitization?
In vertebrates, it has been shown that phosphorylation of the
receptor is associated with desensitization of the hormone-
induced activation of adenylate cyclase (46-48). Phosphoryla-
tion of the receptor could be mediated by different protein
kinases, including cAMP-dependent protein kinase and pro-
tein kinase C (49), and resulted in a reduced interaction of
receptor and G-protein (45, 50, 51). Recently, cAMP-induced
phosphorylation of the receptor has been established in D.
discoideum (52-54) and was associated with the cAMP-in-
duced desensitization of adenylate cyclase (55). It should be
noted, however, that desensitization of guanylate cyclase is
much faster than desensitization of adenylate cyclase; at 10 s
after cAMP addition, guanylate cyclase is already desensi-
tized, whereas adenylate cyclase still has to be activated (9-
11). This suggests that desensitization of adenylate and guan-
ylate cyclase does not proceed via an identical mechanism.
Recently, we observed a Ca’" and phorbol ester-dependent
effect of ATP on the B-sites that are coupled to guanylate
cyclase. The A-sites that are coupled to adenylate cyclase
were not affected (30). This may indicate that the possible
activation of protein kinase C in D. discoideum is associated
with desensitization of guanylate rather than of adenylate
cyclase activity. This possibility is presently being investi-
gated.
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