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Multiple signal transduction pathways within a single cell may share common components.
In particular, seven different transmembrane helix receptors may activate identical pathways
by interacting with the same G-proteins. Dictyostelium cells respond to cAMP using one
such receptor, cAR1, coupled by a typical heterotrimeric G-protein to intracellular effectors.
However, cells in which the gene for cAR1 has been deleted are unexpectedly still able to
respond to cAMP. This implies either that certain responses are mediated by a different
receptor than cAR1, or alternatively that a second, partially redundant receptor shares
some of the functions of cAR1.

We have examined the dose response and ligand specificity of one response, cCAMP relay,
and the dose response of another, cyclic GMP synthesis. In each case, the ECs, was ~100-
fold higher and the maximal response was smaller in carl™ than wild-type cells. These
data indicate that cCAR1 normally mediates responses to cAMP. The ligand specificity sug-
gests that the responses seen in car]l™ mutants are mediated by a second receptor, cAR3.

To test this hypothesis, we constructed a cell line containing deletions of both cAR1 and
cAR3 genes. As predicted, these lines are totally insensitive to cAMP. We conclude that
the functions of the cAR1 and cAR3 receptors are partially redundant and that both interact

with the same heterotrimeric G-protein to mediate these and other responses.

INTRODUCTION

The multicellular development of Dictyostelium discoi-
deum is controlled by extracellular cAMP. During
growth and feeding the cells live separately; when they
starve, certain cells start periodically emitting cAMP,
which attracts other starving cells. As well as moving,
responding cells emit additional cAMP; this relay
mechanism amplifies the signals and increases their
range. By this means, aggregates of <10° cells form,
which then differentiate to form fruiting bodies. Several
interrelated responses of cells to cAMP, including che-
motaxis, CAMP relay, cyclic GMP (cGMP) synthesis,
phospholipase C activation, and Ca++ influx have been
extensively documented (reviewed in Devreotes, 1989).
cAMP, acting either in intermittent waves or a constant
concentration, also coordinates the developmental
expression of several classes of genes (Darmon et al.,
1975; Kimmel, 1987).
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The early effects of CAMP are transduced by cAR1,
which is a member of the G-protein-linked family of
receptors (Klein et al., 1988). cAR1 expression, which is
maximal while cells are aggregating, is strongly induced
by cAMP waves, so cAMP signaling is reinforced by
positive feedback. Three other cAMP receptors (cARs
2-4) have also been cloned (Saxe et al., 1991a,b); all are
expressed later in development. cAR3 levels rise toward
the end of aggregation, whereas cARs 2 and 4 are max-
imally expressed in the slug and fruiting body stages
(Saxe et al., 1991a). Other components of the signal
transduction pathway include the alpha and beta sub-
units (Ga2 and Gp) of the principal G-protein coupled
to cAR1 (Pupillo et al., 1989; Lilly et al., 1993) and the
adenylyl cyclase (ACA) that effects cAMP relay (Pitt et
al., 1992). Cells in which the genes for cAR1, Ga2, GS,
or ACA have been inactivated by homologous disrup-
tion are unable to develop or aggregate normally (Sun
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et al., 1990; Sun and Devreotes, 1991; Pitt et al., 1992;
Lilly et al., 1993). Both Ga2 and G subunits are required
for activation of second messengers in response to CAMP
(Kumagai et al., 1991; Lilly et al., 1993). We have recently
shown, however, that signaling in carl™ cells can be
restored by treatment with exogenous cAMP (Pupillo
et al., 1992). cAMP-stimulated car1™ cells express several
classes of cAMP-induced genes, including the aggre-
gative marker csA and prestalk- and prespore-specific
markers (Soede et al., 1994). They can also activate ad-
enylyl cyclase in vitro to a normal level, although its
adaptation is impaired (Pupillo et al., 1992).

In this work, we have examined how car1™ cells re-
spond to cAMP. We find that the dose responses of
carl™ cells to different agonists suggest that cAR1 me-
diates the activation of ACA and guanylyl cyclase in
wild-type cells; in car1™ cells, cAR3 is able to substitute
partially for the functions of cAR1. We confirm this hy-
pothesis by making a carl™/car3™ double gene disrup-
tant and showing that both responses to extracellular
cAMP are lost.

MATERIALS AND METHODS

General

Sp-cAMPS was obtained from Boehringer Mannheim (Indianapolis,
IN). [2-°H] Adenosine was purchased from Amersham International
(Arlington Heights, IL). Unless explicitly stated, all other chemicals
were obtained from Sigma (St. Louis, MO).

All Dictyostelium strains were grown in HL-5 medium (Watts and
Ashworth, 1970), except during selection for or against the pyr5-6
gene, when FM medium (Franke and Kessin, 1977) (from GIBCO
BRL, Paisley, Scotland) was used. For development in suspension,
cells were harvested, washed in DB (5 mM KH,PO,, 5 mM Na,HPO,,
2 mM MgSO,, 0.2 mM CaCl,), resuspended at 2 X 107 cells/ml in
DB, and shaken at 120 rpm with pulses of 300 nM cAMP every 6
min.

Perfusion Assay of cAMP Secretion

Perfusion was 7performed as described in Dinauer ef al. (1980). To
summarize, 107 Dictyostelium cells were shaken for 1-2 h with 1-3
100-41 aliquots of Escherichia coli labeled with tritiated adenosine (from
Amersham International) according to the method of Devreotes et al.
(1979). The cells were then washed once in DB, plated on DB/1%
agar plates, and allowed to develop until waves were visible. For
development in synergy, carl™ or carl™ /car3™ cells were plated along
with 107 unlabeled AX3 cells. Cells were then washed off the plate
in 1 ml DB and equally distributed among eight filters on a perfusion
apparatus similar to that described in Dinauer e al. (1980). The filters
were then perfused at a rate of 8-15 drops/min, with DB and with
or without various concentrations of cAMP or Sp-cAMPS added.
Fractions were collected every 20 s-1 min, and labeled cAMP was
purified and measured according to Dinauer e al. (1980).

cAMP-induced cGMP Accumulation

Cells were harvested from axenic medium, washed, and stimulated
with 300 nM cAMP pulses for 5 h at a density of 107 cells/ml in 10
mM phos?hate buffer. Before the experiment, cells were concentrated
to 2 X 10° cells/ml and aerated for 15 min. An aliquot of 270 ul cell
suspension was stimulated with cAMP at t = 0, in the presence of 5
mM dithiothreitol. Reactions were terminated after 5, 10, 15, 30, and
60 s by transferring 30 ul cell suspension into 30 ul 3.5% perchloric
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acid (PCA). t = 0 samples were obtained by adding cAMP and PCA
simultaneously. Samples were neutralized with 15 ul of a 50% sat-
urated KHCO; solution and centrifuged for 2 mm at 8000 X g. The
c¢GMP content of 25 ul of supernatant was assayed with a cGMP RIA
kit (Amersham).

Generation of car1™ /car3™ Cell Line

Transformation conditions were as described in Sun and Devreotes
(1991), except that FM medium was used to select for URA+ trans-
formants rather than HL5/G418.

The carl™ cell line JS14 transformed with linearized pMYC10, a
plasmid containing the pyr5-6 gene with most of the 5’ coding sequence
deleted by removing a Cla I-Pvu II fragment. URA- clones were selected
using HL5 containing 100 pg/ml 5-fluoroorotic acid (5-FOA), as de-
scribed in Kalpaxis et al. (1990). One carl™ URA- clone was designated
RI-1; the deletion of the pyr5-6 gene was confirmed by genomic
Southern blot as shown in Sun and Devreotes (1991). To make a car1™
car3” mutant, RI-1 was transformed with the plasmid pRJ648, which
contains two fragments of the cAR3 gene interspersed with a Cla I
fragment containing the pyr5-6 gene. Transformants were selected
for three weeks in FM medium, cloned on bacterial plates, and analysed
by Southern blot. One car1™ car3™ line was picked and named RI-4;
another, which contained a random insertion of pRJ648 and an intact
cAR3 gene, was named RI-5.

Western Blotting

Cells were developed by shaking at 2 X 107 cells/ml in DB with 300
nM cAMP pulses every 6 min. Samples of 10 cells were taken every
2 h. Membranes were prepared by the method of Klein et al. (1988)
and taken up in 100 ul sodium dodecyl sulfate sample buffer. Thirty
microliters of dissolved membranes per sample were separated on a
7.5% acrylamide gel, electroblotted onto nitrocellulose, and probed
with an ACA-specific antiserum (a kind gift of Dr. Carole Parent,
P.N.D. lab). Antibody binding was visualised using enhanced che-
miluminescence from Amersham.

RESULTS

cAMP Relay in car1™ Cells

Pupillo et al. (1992) showed that carl™ cells can respond
to cAMP by activating ACA, as measured by an in vitro
assay. To study cAMP-induced cAMP secretion (CAMP
relay) in more detail, we labeled carl~ cells with [*H]-
adenosine and measured labeled cAMP secretion under
perfusion (Devreotes et al., 1979; Devreotes and Steck,
1979; Dinauer et al., 1980). Perfusion has several ad-
vantages over other methods of measuring relay. It
measures the amount of cAMP secreted by intact cells.
By using radiolabeled cells, it avoids confusion between
secreted cCAMP and the exogenous cAMP stimulus, and
it enables the cAMP concentration to be clamped, ir-
respective of cCAMP synthesis and breakdown by the
cells. These advantages facilitate detailed studies of the
kinetics and concentration dependence of cAMP relay.

When carl™ cells that had been labeled with [*HJ-
adenosine were mixed 1:1 with unlabeled wild-type cells
and allowed to develop in synergy on nonnutrient agar,
a relay response was clearly detected (Figure 1). The
initial rise in the rate of cAMP secretion in carl™ cells
showed similar kinetics to that in wild-type cells, but
the response subsided a little more rapidly. However,
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Figure 1. Perfusion assay of cAMP relay in wild-type and car1™
cells. Wild-type cells (AX3, O) and car1™ cells (JS14, ®) were labeled
with [°H]}-adenosine, developed on agar, then washed onto filters,
and perfused with DB. At time zero, the perfusing solution was
changed to DB/100 uM cAMP. The amount of cAMP secreted by the
cells was measured by scintillation counting after purifying cAMP
from the eluate. The amounts of label remaining on the filters after
perfusion were 4.08 X 10° cpm (AX3) and 3.06 X 10¢ cpm (JS14).

the peak secretion rate in car1™ cells is only 20% of the
wild-type rate. The unlabeled AX3 cells, which were
added to enable the mutant cells to develop normally,
did not affect the cAMP response of the labeled carl™
cells, as shown below (for example in Figure 2).

To examine whether the same receptor mediates
cAMP relay in carl™ and wild-type cells, we measured
the cAMP concentration dependence of both lines (Fig-
ure 2). As previously established, the response in wild-
type cells was optimal at 100 nM cAMP (Figure 2a);
above that concentration the size of the initial peak de-
clined slightly. The response was biphasic. A second
peak, about 7 min after stimulation, became more sig-
nificant at high cAMP concentrations (Devreotes and
Steck, 1979; Theibert et al., 1986). In car1™ cells, on the
other hand, 100 nM cAMP barely elicited a response,
and 30 M was required to elicit a maximum response
(Figure 2b). Also, the relay response in carl™ cells was
monophasic; the second peak was not detected, even
at high cAMP concentrations. Figure 3, which shows
the total cCAMP secretion during the first and second
peaks, summarizes these data. The half-maximal re-
sponse of carl™ cells requires a 10- to 100-fold higher
concentration of cAMP than that in wild-type cells, de-
pending on whether or not the second peak is included
in the comparison.

These results suggest that cAR1 mediates both of the
kinetic phases of the response of wild-type cells to a
physiological stimulus. carl™ cells require far higher
concentrations of cCAMP, and their maximal response is
smaller.
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c¢GMP Response in car1™ Cells

cAMP-stimulated cGMP accumulation is controlled by
a different biochemical pathway from that which me-
diates cAMP relay (Theibert and Devreotes, 1986) and
is believed to be part of the mechanism of chemotaxis
(Newell and Liu, 1992). Deletion of the cAR1 gene af-
fected cGMP accumulation the same way it did cAMP
relay; the response was again much smaller—30% of
the wild-type response in the case of cGMP (Figure
4a)—but its timing was similar to the wild-type re-
sponse. As with the cAMP relay response, the cGMP
response required ~100-fold more cAMP for half-
maximal stimulation in carl” than in wild-type cells

(Figure 4b).

Differential Responses to a cAMP Analogue

The receptor that mediates these responses to cAMP in
carl™ cells could be a hitherto uncharacterized receptor
or one of the other three members of the cAR family.
There are no known genes >40-45% similar to cAR1
(Kimmel, personal communication). It is unlikely that

cAMP Secretion (CPM/min)

Time (min)

Figure 2. Relay response to different concentrations of cAMP in
wild-type cells (AX3) in A and carl™ cells (JS14) in B. Cells were
labeled, developed, and perfused with DB as in Figure 1. To improve
sensitivity, JS14 cells were labeled with twice as many bacteria as
AX3. At time zero, the perfusing solution was changed to one con-
taining the indicated cCAMP concentration. Secreted cAMP was mea-
sured as in Figure 1. Total label per filter after perfusion was 1.42
X 10° cpm (AX3) and 2.63 X 10° (JS14).
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Figure 3. Dose response of cAMP relay in wild-type cells (AX3, O
and A) and carl™ cells (JS14, m). Cells were perfused with different
concentrations of cAMP, and the total [PH]-cAMP secretion during
the first 4 min of stimulation (A) and the subsequent 6 min (B) was
measured. Data show the mean from two separate experiments; each
point is expressed as a percentage of peak secretion. After correction
for the intensity of labeling, secretion after a saturating stimulus was
5.7X greater in wild-type than JS14 cells.

the responses are mediated by cARs 2 and 4, because
they are specifically expressed in prestalk cells (Saxe et
al., 1993) and are first detected late in development.
cAR3, which is the most likely alternative to cAR1, is
not easily detectable by Northern blot before 6 h (Saxe
et al., 1991a); the number of cAR3 molecules is very
low at the developmental stage used in these assays
(Soede et al., 1994).

To assess whether cAR3 mediates responses to cAMP
in the absence of cAR1, we repeated the dose-response
experiment using the cAMP analogue Sp-cAMPS. Sp-
cAMPS binds to cAR1 with >100-fold lower affinity
than cAMP; in contrast, it binds to cAR3 with only five-
fold lower affinity (Johnson et al., 1992). As illustrated
in Figure 5, ~100-fold more Sp-cAMPS than cAMP
was required to elicit an equivalent response in wild-
type cells. For carl™ cells, the difference was only about
fivefold. This observation suggests that cAR3 is the re-
ceptor that mediates responses to cAMP in car1™ cells.

Construction of a car1™ /car3™ Cell Line

To further assess whether cAR3 substitutes for cAR1 in
carl™ cells, we constructed a cAR1 and cAR3 double
gene disruptant. The duplicated gene encoding cAR1
in AX3 were originally deleted by homologous recom-
bination using a G418 resistance marker to produce
strain JS14 (Sun and Devreotes, 1991). We then deleted
the pyr5-6 gene in JS14 using a construct containing an
internal deletion (pMYC10, a generous gift from Mei-
Yu Chen, P.N.D. lab), followed by selection of pyr5-6~
clones in 5-FOA (Boy-Marcotte et al., 1984; Kalpaxis et
al., 1990), to give a carl™ pyr5-6~ strain, RI-1 (Figure
6a). The cAR3 gene in RI-1 was then disrupted by ho-
mologous recombination using a pyr5-6* marker and
selection for uracil prototrophy, to give strains RI-4
(car1™ car3”) and RI-5 (car1™ car3*), as shown in Figure
6b. RI-5, in which pyr5-6 incorporated by random in-
sertion rather than homologous recombination, serves
as a control for the effects of transformation and selec-
tion; it behaves identically to its original parent, ]S14,
in both development and cAMP signaling (unpublished
observations). Both cell lines appear normal in size and
appearance and grow with a doubling time of 10-11 h,
identical to wild-type AX3 cells.

Signaling in car1™ /car3™ Cells

We measured cAMP relay under the same conditions
as in Figure 1, using [*H]-labeled car1~/car3™ cells de-
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Figure 4. cGMP response in wild-type
and carl™ cells. (A) cGMP response in
AX3 (m) and car1™ (@) cells after stimu-
lation with 1 uM cAMP. (B) Dose-re-
sponse after 10 s of stimulation with the
indicated cAMP concentrations in AX3
(m) and car1” (@) cells. Means and SEM
of three experiments performed in trip-
licate are presented.

Molecular Biology of the Cell



veloped in synergy with AX3. Even when these cells
were perfused with 100 uM cAMP, no relay response
was discernible (Figure 7a). An in vitro assay of cAMP
stimulation of ACA activity gave similar results; the
ACA activation seen in carl™ cells was essentially lost
in the car1™/car3™ cells (Pupillo et al., 1992; unpublished
observations). Likewise, after car1™/car3™ cells had been
pulsed with cAMP for 5 h, they exhibited no detectable
cAMP-induced ¢cGMP synthesis (Figure 7b). The ad-
ditional loss of cAR3 leads to the complete loss of even
the weakened responses observed in carl™ cells, al-
though the disruption of the cAR3 gene in the presence
of cAR1 has no visible effect on development or cAR1
expression (Johnson et al., 1992; Devreotes, unpublished
data). Thus in the absence of cAR1, cAR3 is required
for signaling in response to cAMP.

G-protein and Adenylyl Cyclase Levels in the
carl™ /car3~ Double Mutant

One possible reason for the absence of agonist-stimu-
lated cAMP and cGMP synthesis in car1™ cells could be
poor expression of developmentally controlled proteins
involved in the cAMP signaling pathways. Because
cAMP signaling induces expression of many of the
components of the signaling pathways themselves, re-
ceptor mutants might have decreased quantities of these
effectors. This would diminish cAMP and ¢cGMP syn-
thesis even if cells could detect external cAMP signals.
We therefore used western blots to examine the levels
of Ga2 and ACA in cAMP-pulsed wild-type and car1~/
car3~ cells (Figure 8a). Ga2 levels are similar in wild-
type and mutant cells; ACA, however, is expressed at
a diminished level in car1™/car3™ cells.

One possible explanation for the lack of cAMP-in-
duced cAMP secretion in carl™/car3™ cells is that the
amount of ACA protein is too small to generate a mea-
surable response. To rule out this possibility, we mea-
sured ACA activity in vitro after stimulation with
GTP+S, which directly activates ACA through G-pro-
teins, bypassing the need for receptors (Figure 8b). Even
though carl™/car3™ cells contain less ACA, their
GTP~S-stimulated ACA activity is similar to that in
wild-type cells. The lack of a CAMP relay response in
carl™ /car3™ cells is therefore apparently because of the
absence of surface cAMP receptors; mutant cells should
be able to generate a measurable response if they could
perceive a cCAMP stimulus.

DISCUSSION

Two Receptors Share a Common G-protein

When the gene for Go2 is deleted, many cAMP induced
functions are lost, including gene expression, chemo-
taxis, CAMP relay, and cGMP synthesis (Kumagai et al.,
1991). No other Ga-protein deletion has significant ef-
fects on any of these responses (Wu et al., 1994). We
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Figure 5. Dose responses of CAMP relay to cAMP and Sp-cAMPS.
(A) Response of wild-type (AX3) cells to different concentrations of
Sp-cAMPS (O) and cAMP (0) (data replotted from Figure 3). (B) Re-
sponse of carl™ (JS14) cells to different concentrations of Sp-cAMPS
(®) and cAMP (m) (data replotted from Figure 3). Each point shows
the mean from two separate experiments; data are expressed as a
percentage of peak secretion.

have shown here that deletion of the cAR1 gene leads
to a drop in the sensitivity of each response, and deletion
of both cAR1 and cAR3 leads to the loss of both. It
therefore seems most likely that cAR1 and a second
receptor, which appears to be cAR3, both couple to Ga2.

The other two cARs, 2 and 4, are very similar in se-
quence to cARs 1 and 3 (Saxe et al., 1991a), so it may
be that they also couple to Ga2. This is harder to in-
vestigate, as their functions both lie late in development.

Diminished Sensitivity and Response Levels
in car1™ Cells

The 10- to 100-fold difference in sensitivity to cAMP
between wild-type and carl™ cells is greater than would
be predicted from the differences in binding affinities
between cAR1 and cAR3. cAR1 has K;s of 25 (5% of
sites) and 230 nM (95% of sites) for cAMP (measured
under physiological conditions), whereas cAR3 has a
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Figure 6. Construction of strains. (A) Construction of carl~ URA- strain (RI-1) from car1~ (JS14). JS14 cells were transformed with pMYC10,
a vector containing a deletion of the 5' end of the pyr5-6 gene, and homologous recombinants were selected using 5-FOA. The deletion was
confirmed by Southern blot; genomic DNA was cut with Kpn I, separated on a 1% agarose gel, blotted onto nitrocellulose, and probed with a
complete cloned pyr5-6 fragment. The left lane (JS14) shows two bands, the right lane (RI-1) only one. (B) Construction of carl™/car3™ strain
(RI-4) from car1~ URA- strain (RI-1). RI-1 cells were transformed with a vector containing the cAR3 cDNA with the central portion replaced
with a URA gene, and homologous recombinants were selected by growth in FM medium. The deletion was confirmed by Southern blot;
genomic DNA was cut with EcoRI and HindllIl, separated on a 0.8% agarose gel, blotted onto nitrocellulose, and probed with the indicated
cAR3 fragment. The left lane (RI-1, the parent) shows a single 5-kilobase (kb) band; in cAR3-deleted strains (lanes 4, 6, 7, 8 and 9; RI-4 is lane

9) the 5-kb cAR3 band is replaced by the 2.5-kb construct. Other strains (lanes 2, 3 and 5; lane 3 is RI-5) contain an unaltered cAR3 gene and
a random integration of the construct.
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Figure7. Complete loss of signaling in car1~/car3~ cells. (A) cCAMP relay. car1™/car3™ cells (RI-4, A) and wild-type cells (AX3, OJ) were labeled,
developed, and perfused as in Figure 1. At time zero, the perfusing solution was changed to DB/100 uM cAMP. The amount of cAMP secreted
by the cells was measured by scintillation counting after purifying cAMP from the eluate as described in the text. The AX3 data are also plotted
in Figure 1. The amounts of label remaining on the filters after perfusion were 4.08 X 10° cpm (AX3) and 2.09 X 10° cpm (RI4). (B) cGMP
response in AX3 (W) and car1™/car3™ (@) cells after stimulation with 1 xM cAMP. (C) Dose response of cGMP synthesis after 10 s of stimulation

with the indicated cCAMP concentrations in AX3 (8) and car1™/car3™ (@) cells. Means and SEM of three experiments performed in triplicate are
presented.
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Figure8. (A)Ga2 and ACA expression in wild-type (AX3) and car1™/
car3™ (RI-4) strains. Cells were shaken in DB at 2 X 107 cells/ml with
300 nM cAMP pulses every 6 min. Samples were taken every 2 h,
and membrane fractions were prepared. Membranes from 3 X 10¢
cells at each point were separated on a 7.5% acrylamide gel, blotted,
and probed with Ga2- and ACA-specific antisera. (B) Stimulation of
ACA by GTPvS. AX3 and RI-4 cells were shaken in DB at 2 X 107
cells/ml with 300 nM cAMP pulses every 6 min for 6 h, then lysed
in the presence or absence of GTPyS and assayed for ACA activity
exactly as described in Pupillo et al. (1992).

Kss of 47 and 680 nM (Johnson et al., 1992). This might
at first appear to be inconsistent with the hypothesis
that cAR3 replaces cAR1 function. One possible expla-
nation is that the actual concentration of cAMP required
for a half-maximal response in wild-type cells is lower
(ECso = 10 nM) than would be expected from the K, of
the majority of the sites (van Haastert, 1985; Theibert
et al., 1986). It therefore seems that some other com-
ponent of the cAMP response pathway is saturated at
a low occupancy of cAR1. Because cAR3 is expressed
at a far lower level than cAR1 during normal devel-
opment and at a lower level still in carl™ cells (Soede
et al., 1994), a higher proportion of those cAR3 mole-
cules must be occupied by ligand to generate a similar
response.

The small quantity of cAR3 might also explain the
diminished magnitude of the cAMP relay and cGMP
responses. Because development is generally less effi-
cient in carl™ cells, even after treatment with cAMP
pulses, and many of the components of the signal
transduction pathways are controlled by positive feed-
back, the diminished responses seen in Figures 2 and 4
are unsurprising. The smaller cAMP response we ob-
served in car1™ cells appears to disagree with the results
described in Pupillo et al. (1992), which showed relay
peaking at a similar level in wild-type and car1™ cells.
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However, the ACA activation described in Pupillo et al.
(1992) was measured in cell lysates. We presume that
the in vivo assays described here are limited by the
amount of ACA, whereas the activity measured by the
in vitro assay is limited by some other factor. One can-
didate is CRAC, a cytoplasmic protein needed for ACA
activation, that is inevitably considerably diluted in cell
lysates (Lilly and Devreotes, 1994).

Adaptation in car1™ Cells

Our data show that the kinetics of both the cGMP and
cAMP relay responses in carl™ cells are not significantly
different from those in wild-type cells. This observation
contrasts those of Pupillo et al. (1992), who found that
adaptation of cCAMP relay in car1™ cells was considerably
slower than wild-type. Again, this difference is probably
caused by the different assays. Pupillo et al. (1992) only
assayed the activation of ACA, whereas we measure
secretion of cAMP from whole cells. The drop in cAMP
secretion during persistent CAMP stimulation could be
caused by several factors, including a rise in intracellular
phosphodiesterase activity and phosphorylation of the
receptor and G-protein. Pupillo et al. (1992) also mea-
sured adaptation as the inability of GTP~S to activate
ACA in lysed cells and showed that this occurs by a
positive inactivation of ACA, which is independent of
Ga2 (Snaar-Jagalska and van Haastert, 1990). In our in
vivo assays, the cAR1-mediated inactivation of ACA
may only play a minor role.

Soede et al. (1994) also show a lack of adaptation in
carl™ cells. Continuous stimulation with cAMP normally
inhibits cAMP-induced gene expression (Schaap and
van Driel, 1985), presumably by adaptating the signal
transduction system. In car1™ cells, however, continuous
cAMP increases the levels of several cAMP-controlled
mRNAs (Soede et al., 1994). Thus the inhibition of gene
expression, like the inactivation of ACA, seems to be
poorly mediated by cAR3.

Partial Redundancy of two cAMP Receptors

The work described here shows that cells in which the
gene for cAR1 has been deleted remain responsive to
external cAMP signals. Compared to wild-type cells,
however, the magnitudes of the responses are smaller
and the amount of cAMP needed to elicit them is in-
creased. These results strongly suggest that cAR1 me-
diates cAMP signaling during normal development, but
in its absence another receptor is able to substitute. Two
lines of evidence suggest that the second receptor is
cAR3. First, the cAMP analogue Sp-cAMPS is >100-
fold less potent than cAMP at eliciting a cCAMP relay
response in wild-type cells but only fivefold less potent
in car1™ cells; this corresponds to a 110-fold and fivefold
difference in the binding affinities of these agonists to
cAR1 and cAR3 respectively. Second, if the gene for
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cAR3 is deleted from carl~ cells, all responses to cAMP
are lost.

It remains possible that either cAR1 or cAR3 is re-
quired for expression of some third protein, and lack of
this protein prevents signaling in car1™ /car3~ cells. Par-
allel work shows that car1™/car3™ cells have no cAMP-
induced gene expression (Soede et al., 1994). However,
considering all the data as a whole it seems most likely
that cAR3 is responsible for ;cAMP and ¢cGMP produc-
tion as well as gene expression in carl™ cells. In carl™
cells developed alone on nonnutrient agar, some un-
expected chemotactic sensitivity appears after about 13
h (Sun and Devreotes, 1991). This may now be ex-
plained as late expression of cAR3, delayed by the ab-
sence of exogenous cAMP pulses. Chemotaxis in the
cAR1 cells required more than 10-fold higher cAMP
concentrations, which is also consistent with a role for
cAR3.

The apparent partial redundancy between cAR1 and
cAR3 also helps to explain why car3™ cells can develop
normally. In car3™ cells, cAR1 is presumably able to
make up for the functions of cAR3. We presume that
cAR3 appeared earlier in evolution than cAR1; Dictyo-
stelium species that use other chemoattractants during
aggregation still use CAMP late in development (Schaap
et al., 1984) at a time when cAR3 would normally be
expressed. It will be interesting to examine the different
cAR genes present in these species. In view of the lack
of any discernible phenotype of car3™ cells, it might
seem strange that the cAR3 gene has not been lost from
D. discoideum. We have speculated that their develop-
ment is affected in some way that is not detected under
standard laboratory conditions (Johnson et al., 1992).
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