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cARI1, of Dictyostelium Yields Mutants Impaired in Multiple
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Seven-membrane span receptors transduce a wide
range of signals across the plasma membrane. One mem-
ber of this family, the cAMP receptor, cAR1, of Dictyos-
telium, mediates some responses (e.g. adenylyl cyclase
activation, multicellular aggregation) which require
G-proteins and others (e.g. Ca?* influx, loss of ligand
binding, cAR1 phosphorylation) which appear to be G-
protein-independent. In this study, we randomly muta-
genized the NH,-terminal eight amino acids of the third
intracellular loop of cAR1 and examined the ability of
these mutants to exhibit the three G-protein-independ-
ent responses listed above. Most mutants (classes I, II)
exhibited wild-type or mildly defective responses. Sev-
eral mutants (class ITI), however, were severely im-
paired in all three processes but not in cAMP binding.
Furthermore, these mutants failed to couple produc-
tively with G-proteins and could not replace cARl in a
carl- cell. For these reasons, we propose that class III
mutations interfere with the formation of an “active”
conformation of the receptor.

Seven-membrane span, G-protein-coupled receptors trans-
duce intercellular signals in organisms as diverse as mammals
(1), yeast (2), and the slime mold, Dictyostelium (3). When
deprived of nutrients, Dictyostelium amoebae initiate a devel-
opmental program. Cyclic adenosine 3',5'-monophosphate
(cAMP)! is secreted from central points and diffuses to nearby
cells. cAMP binding to cell surface receptors (cARs) on the
responding cells causes them to orient their migration toward
the centers and to synthesize and secrete additional cAMP.
These events mediate the transition from a unicellular growth
phase to a multicellular, sporogenous phase (4, 5).

Four highly homologous cARs have been cloned (3, 6).2 The
first of these to appear, cAR1, mediates the chemotactic, cell
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signaling, and gene expression changes which occur within the
initial hours of development. Cells lacking cAR1 fail to aggre-
gate and differentiate (3, 7).

cAR1 occupancy triggers the activation of effector enzymes
(e.g. adenylyl cyclase), transmembrane ion fluxes, and morpho-
logical changes (reviewed in Ref. 8). As with many G-protein-
coupled receptors, these events are closely followed by adapta-
tion; within several minutes of cAMP application, all of these
responses return to basal levels (9, reviewed in Ref. 8). Some of
these changes, such as adenylyl cyclase adaptation, are corre-
lated with rapid, occupancy-dependent alterations in cAR1, in-
cluding the phosphorylation of serine residues on the cytoplas-
mic carboxyl domain® (10, 11) and a reduction in the number of
receptors capable of binding cAMP (12, 13). Similar alterations
in the mammalian B-adrenergic receptor appear to regulate
desensitization of catecholamine-activated adenylyl cyclase
(14, reviewed in Ref. 15).

Many, but not all, responses of this family of receptors result
from the activation of heterotrimeric guanine nucleotide bind-
ing regulatory proteins. In Dictyostelium, eight G-protein
a-subunits have been identified (16-18).* One of these, G,o, is
essential for many of the cAR1-mediated responses listed above
(19, 20). However, several cAR1-dependent responses, includ-
ing Ca?* influx, cAR1 phosphorylation, and cAR1 loss of ligand
binding (LLB), can occur in the absence of this or any other of
the G-protein a-subunits examined thus far (21-23). These re-
sponses appear to be G-protein-independent (22).5- ¢

The triggering of activation and desensitization pathways
requires the specific detection of occupied receptors by other
signal transducing proteins. The existence of an active receptor
conformation has been postulated on spectroscopic and/or bio-
chemical grounds (24, 25). Moreover, studies involving mutant
adrenergic receptors suggest that ligand binding and the acti-
vational isomerization of receptors are separate but interre-
lated processes (26, 27).

Many mutant seven membrane-span receptors possessing
substitutions or deletions in their third intracellular loops fail
to activate G-proteins (28—30). These mutations are thought to
perturb contact sites between receptors and G-proteins. How-
ever, certain of these mutations also interfere with LLB (30),
which can occur without heterotrimeric G-proteins (31). There-
fore, another explanation is that these mutant receptors may
be deficient in the attainment of an activated conformation,
causing a failure in all responses.
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In this study, we examined the role of the cAR1 third intra-
cellular loop in cAMP-mediated activation and desensitization
events by randomly mutagenizing a portion of this domain.
Many of the mutant receptors exhibited minor deficits in the
functions examined. However, we identified a class of mutants
which bind ligand with high affinity, but which are severely
compromised in both G-protein-dependent and G-protein-inde-
pendent functions. Because of the pleiotropic nature of this
phenotype, we propose that these receptors may be specifically
impaired in activational isomerization.

MATERIALS AND METHODS

Cells and Cell Culture—AX-3 cells were grown in shaking culture in
HLS5 (32). Transformed cell lines were maintained on Petri dishes in
HLS5 with G418 (20 pg/ml, Sigma) or in HL5 alone (JB-4 cells only).
Unless otherwise indicated, cells were grown for 1-2 days in shaking
culture, harvested at <5 x 10%/ml, and washed once in PB (5 mm
Na,HPO,-7TH,0, 5 mm KH,PO,, pH 6.1). Development in shaking cul-
ture with 300 nm cAMP pulses and on developmental buffer plates was
initiated as described (5). Bacterial plate development was initiated by
spotting 1 x 10° cells on a lawn of Klebsiella aerogenes.

Construction of a carl- Cell Line—A G418-sensitive, carl- Dictyo-
stelium cell line was created from AX-3 cells in two steps. First, a uracil
auxotroph, DH-1, was produced by deletion of the pyr5-6 locus (33). A
Clal-EcoRI fragment was removed from p188.50 (34) and replaced with
a PCR fragment extending from nucleotide 1797 of the pyr 56 3'-
noncoding region (35) to the EcoRI site of p188.50 to generate pRG24.
This plasmid was linearized and electroporated into AX-3 cells (see
below). 5-Fluoroorotic acid-resistant (100 ng/ml, Sigma) cells were se-
lected clonally in FM medium (36) supplemented with uracil (20 ng/ml,
Sigma). Deletion of the pyr 5-6 locus was confirmed by Southern blot
analysis.

Second, the two endogenous cARI genes were deleted from DH-1
cells by homologous recombination. A 2.0-kb fragment containing se-
quence immediately upstream of the cARI coding region (37) and a
fragment containing the final 0.4 kb of coding sequence and 0.1 kb of
3’-untranslated region of the cAR1 ¢cDNA were adjacently subcloned
into pBluescriptSK. A 3.7-kb Clal fragment from pDU3B1 (33) was
subcloned between these inserts to create pMC25. This vector was lin-
earized and transformed into DH-1 cells by electroporation, and uracil
prototrophs were selected clonally. The deletion of both cAR1 genes was
demonstrated by Southern blot analysis. Like previously reported carl-
cell lines (7), these cells (JB-4) fail to express cAR1 protein or to aggre-
gate upon starvation.

Plasmids—Plasmid pMC33 was prepared by inserting a BamHI frag-
ment from pDH20 containing a cAR1 ¢cDNAS3 into m13mp19 replicative
form DNA (Sigma). In extrachromosomal expression plasmid pMC36, a
cAR1 ¢DNA is flanked by an Actinl5 promotor, which drives constitu-
tive transcription in both growth-phase and vegetative cells, and a 2H3
terminator (38). pMC36 was made as follows. First, a DNA fragment
containing nucleotides 97-1312 of the cAR1 cDNA(3) (but lacking the
first two codons) was cloned into the Bg/II site of pJK13 to make pMC34.
Second, the BgiII-BstXI fragment of pMC34 was replaced with a BglII-
BstX1 fragment from pMC33 to restore the initial cAR1 codons and
thereby create pMC36.

Oligonucleotide-directed Mutagenesis—A partially degenerate anti-
sense primer bearing the following sequence was synthesized encoding
nucleotides 636—659 of the cAR1 ¢cDNA: 5'-TTATGAATa’aca’aca’tag’'g-
ta’taa’cgt’gat' gt TAAACCAA-3’. Capital letters indicate a homogenous
position, and lower case letters represent a degenerate position. Posi-
tions without a prime contain 93% of the indicated nucleotide and 2.3%
of each of the other nucleotides. Symbols with primes represent the
following: a’ =92% A, 8% G; t' =92% T, 4% A, 4% G; g’ = 92% G, 8% A.
pMC33 was randomly mutagenized using this degenerate primer as
described (39). A BamHI-BstXI fragment from the resulting muta-
genized replicative form DNA was then subcloned into pMC34 to gen-
erate a library of mutant plasmids.

Electroporation, Plasmid Rescue, and Sequence Analysis—AX-3 or
JB4 cells were electroporated using a Bio-Rad Gene Pulser (40) and
selected clonally in HL-5 with G418 (20 pg/ml). For plasmid rescue,
total DNA from 4 x 107 Dictyostelium cells was prepared as described
(37), and the entire preparation used to transform competent MC1061
bacteria. Rescued plasmids were isolated using standard procedures
and sequenced with Sequenase (U. S. Biochemical Corp.).

[P2PJcAMP Synthesis—[3?P]lcAMP was synthesized enzymatically as
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described (41). Briefly, 100 nCi (10 pl) of [32P]cAMP was incubated (30
min, 37 °C) with 1.2 pg of Bacillus anthracis EF toxin (the generous gift
of Dr. Stephen Leppla), in 20 mum Tris-HCI, 12.5 mm CaCl,, 2.5 pg/ml
bovine brain calmodulin (Sigma), 5 mmM MgCl,, 1 mm EDTA, 0.1 mg/ml
bovine serum albumin, pH 7.5. Conversion efficiency was assessed by
thin layer chromatography on polyethyleneimine cellulose (42). cAMP
was then purified to radioactive homogeneity using a Dowex-50 column
(43). The concentration of the radiolabeled cAMP was determined by
scintillation counting.

Filter Plate cAMP Binding Assays—(3?P]cAMP binding was meas-
ured in the presence of ammonium sulfate, which stabilizes cAMP bind-
ing to cAR1 (44). To facilitate screening, we performed these assays in
96-well plates. Cells (4.5 x 105), harvested from shaking culture, were
washed once in PB and loaded into triplicate wells of a 96-well polyvi-
nylidene difluoride-bottomed plate (0.65 pm, Millipore). The buffer was
removed by manifold filtration and replaced with 50 pl of PB, 10 mm
dithiothreitol (DTT). Each well received 250 ul of ice-cold 98% saturated
ammonium sulfate containing 5 x 10-1° M [32P]cAMP with or without
104 M unlabeled cAMP. After 5 min, wells were filtered and washed
three times with 250 pl of ammonium sulfate. Filters were air-dried and
subjected to autoradiography. Results were linear over a 10-fold range
of cell densities (data not shown).

Ca?* Influx—Unless otherwise indicated, vegetative amoebae grown
axenically (5 x 10%ml) were assayed for chemoattractant-induced
45Ca2+ uptake in the presence of 10 pyM CaCl; and 0.5 mm CoCl, as
described (22). Receptor-induced CaZ* entry is equal to the amount of
Ca?* accumulated by chemoattractant-treated cells minus the amount
of CaZ* accumulated by resting cells. Certain strains (A3, A42, A53, and
A81) were grown on plates in association with bacteria in experiments
to measure folate-induced Ca2* entry. Protein was measured as de-
scribed (45), using bovine serum albumin as standard.

Immunoblotting—Whole cells, solubilized in Laemmli buffer (46),
were subjected to SDS-PAGE on 10% low bis-polyacrylamide gels, elec-
trotransferred to PVDF membranes, blocked with 3% BSA as described
(47), and blotted with anti-cAR1 serum CR4 (3), anti-G,; (48), or
anti-Gp (49). Proteins were detected using !2°I-Protein A and autoradi-
ography except for Fig. 10, where an enhanced chemiluminescence kit
(Amersham Corp.) was used as described by the manufacturer. Autora-
diographs of immunoblots were digitized using an Eagle-Eye photo-
graphic system (Stratagene). The images were analyzed using the pro-
gram NIH Image.

Loss of Ligand Binding—Washed, growth-stage cells were resus-
pended to 3 x 107/ml and divided into 2 aliquots. LLB was assayed
essentially as described (13). Cells were shaken (20 min, 200 rpm,
22 °C), and DTT was added to 10 mm. One sample then received cAMP
at 105 M or 10-© M, as indicated, while the other received an identical
volume of H,0. At the designated times, cells were diluted 15-fold in
ice-cold PB, pelleted (3 min, 2000 rpm, SS34 rotor) and washed three
times with ice-cold PB. Cells were resuspended to 5 x 107/ml in ice-cold
PB and kept on ice. Binding assays were performed in PB at 16 nM
[*H]cAMP and 10 mm DTT (44).

Phosphorylation—cAR1 phosphorylation was performed as described
(11). Phosphorylation was halted by the rapid solubilization of cells in
Laemmli buffer. Samples were stored at —20 °C until immunoblotting.
Control experiments indicated that phosphorylation stopped upon the
addition of Laemmli buffer and remained stable for at least 2 h on ice.

Scatchard Analysis—Washed, growth-stage cells were resuspended
in PB to 1 x 10%/ml, and kept on ice. [3?P]JcAMP binding in PB was
performed in triplicate in the presence of 10~° M [32P]JcAMP and varying
concentrations of unlabeled cAMP (0—10-° M) (44). Scatchard plots were
generated, and the data analyzed by linear regression.

P2PJcAMP Uptake—Washed growth-stage cells were resuspended in
PB to 3 x 107/ml, shaken (200 rpm, 22 °C, 15 min), and DTT added to 10
mu. Cells were then shaken in the presence of 10-° M [32P]cAMP and 2
x 108 M unlabeled cAMP. Nonspecific uptake was assessed by adding
10-* M unlabeled cAMP to parallel samples. At the indicated times, cells
were diluted 15-fold in ice-cold PB, 10~ M cAMP, immediately pelleted
(5 min, 4000 rpm, HS-4 rotor), and washed three more times in PB. The
pellets were solubilized in 300 ul of 1% SDS, 4 ml of scintillation fluid
were added, and radioactivity was assessed. [32P]lcAMP binding assays
were performed in parallel to allow normalization of uptake to total
receptor number.

GTP Inhibition of Binding—Cells developed in shaking culture were
diluted 10-fold in PB, shaken (200 rpm, 20 min 22 °C), washed once in
PB, resuspended to 4 x 107/ml, and shaken (200 rpm, 10 min, 0 °C).
Cells were then lysed through 5-um filters (Millipore) and the lysates
pelleted (5 min, 10,000 rpm, SS34 rotor). The pellets were resuspended
in PB to a density of 6 x 107 cell equivalents/ml and kept on ice. Binding






