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Switching of Chemoattractant Receptors Programs
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Receptor Subtypes Activate Common Responses
at Different Agonist Concentrations1
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One of the common functional features among G-protein coupled receptors is the occurrence of multiple subtypes involved
in similar signal transduction events. The cAMP chemoattractant receptor family of Dictyostelium discoideum is composed
of four receptors (cAR1–cAR4), which are expressed sequentially throughout the developmental transition from a unicellu-
lar to a multicellular organism. The receptors differ in affinity for cAMP and in the sequences of their C-terminal domains.
In this study, we constitutively expressed cAR1, cAR2, and cAR3 as well as a series of chimeric and mutant receptors and
assessed the capacity of each to mediate chemotaxis, activation of adenylyl cyclase and actin polymerization, and rescue
the developmental defect of car10/car30 cells. We found that various receptors and mutants sense different concentration
ranges of cAMP but all can mediate identical responses during the aggregation stage of development. The responses
displayed very similar kinetics, suggesting no major differences in regulatory properties attributable to the C-terminal
domains. We speculate that switching of receptor subtypes during development enables the organism to respond to the
changing concentrations of the chemoattractant and thereby program morphogenesis appropriately. q 1998 Academic Press

INTRODUCTION tracellular loops in determining G-protein specificity and
of the transmembrane helices or extracellular loops in de-

The four cAMP chemoattractant receptors, cAR1–cAR4, termining binding specificity (Hausdorff et al., 1990). The
of Dictyostelium discoideum are probably among the earli- cytoplasmic tail domains, which often undergo agonist-in-
est progenitors of the superfamily of G-protein coupled re- duced phosphorylation, appear to play a regulatory role
ceptors (GPCR), but they appear to share many features (Kurose and Lefkowitz, 1994). Often the subtypes differ in
with their mammalian counterparts (Johnson et al., 1992; timing of expression during development and in pattern of
Louis et al., 1994; Strader, 1995). Frequently, GPCR are expression in the organism (Koch, 1995).
found in groups of several subtypes which bind the same In D. discoideum gene deletion and replacement can be
ligands but with different affinities and specificities. In used to explore parallel signaling pathways mediated by
some instances, the subtypes appear to interact with identi- multiple components with similar properties. In addition
cal sets of G-proteins and effectors, while in others receptors to multiple chemoattractant receptors, there are eight G-
for the same agonist trigger different responses (Dolhman et protein a-subunits and a single bg-complex (Lilly et al.,
al., 1991; Kobilka, 1988). Analyses of chimeras and mutants 1993; Wu et al., 1995; Zhang et al., manuscript in prepara-
have shown the importance of various segments of the in- tion). Free-living amoebae initiate a developmental program

upon nutritional deprivation, utilizing cAMP as an intercel-
lular as well as intracellular signal (Schaap et al., 1984). The1 This work is supported by National Institute of Health Grant four cAMP receptors are expressed sequentially to coordi-

GM 34933 (to P.N.D.).
nate many responses needed for the completion of multicel-2 Present address: Department of Pathology, School of Medicine,
lular development. Cells lacking cAR1 fail to aggregate (SunStanford University, Stanford, CA 94305-5324.
and Devreotes, 1991) and deletion of either cAR2 or cAR43 To whom correspondence should be addressed. E-mail: pnd@

welchlink.welch.jhu.edu. causes developmental abnormalities expected from the
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118 Kim, Borleis, and Devreotes

temporal and spatial expression patterns of these genes Cell Lines and Cultures
(Saxe et al., 1993; Louis et al., 1994). Surprisingly, car30

All of the plasmid constructs were transformed into the car10/cells are apparently normal suggesting that cAR3 signifi-
car30 cell line which has both cAR1 and cAR3 genes deleted and

cantly overlaps in function with cAR1 (Johnson et al., 1993). has previously been shown to have no remaining cAMP-mediated
Despite the high degree of identity (60%) among these re- responses (Insall et al., 1994). Transformation and maintenance of
ceptors, each of the cARs has a distinct affinity for cAMP cell lines were carried out as described elsewhere (Caterina et al.,
and a different pharmacological profile. Furthermore, the 1994). Cells maintained on nutrient media were inoculated into
C-terminal cytoplasmic domains of the cARs, which have shaking HL5 media with 20 mg/ml of G418 2 to 3 days prior to the

experiments to optimize the culture condition.been shown in cAR1, cAR2, and cAR3 to be rapidly and
extensively phosphorylated in response to agonist, are
highly divergent suggesting that these receptors may be reg-

Nonnutrient Agar Development Assayulated differently (Saxe et al., 1991).
Previous studies have shown that cAR1, cAR2, and cAR3 Growth-stage cells were washed once in sterile DB (5 mM

can activate similar arrays of G-protein-independent re- Na2HPO4, 5 mM KH2PO4, 2 mM MgSO4, 0.2 mM CaCl2, pH 6.8)
sponses such as Ca2/ influx (Milne and Devreotes, 1993). It to remove nutrients and 107 cells were plated on 35-mm 1% agar
is not known, however, to what extent the receptors couple plates in DB, allowed to settle for 10 min, drained of excess buffer,
to the same G-protein-mediated responses, nor has it been and left to develop for 10–48 h (Klein et al., 1988). In the cases

specified, cells were first developed in suspended culture as de-shown that each receptor can function as a chemoattractant
scribed below for adenylyl cyclase to induce development and thenreceptor. To elucidate the functions of each receptor and
plated on DB agar plates as above.the significance of receptor switching during development,

we tested the ability of the various subtypes to activate
responses normally mediated by cAR1 by expressing cAR1,

Affinity Measurements and Loss-of-Ligand BindingcAR2, or cAR3 in a car10/car30 cell line. We find that the
major differences in the receptors are in affinity, rather than Three methods previously described were used to determine the
in coupling to downstream effectors. We further show that affinity of various receptors (Caterina et al., 1995). cAMP-induced
the affinity differences are determined by specific amino electrophoretic mobility shift assays were performed as before (Kim

and Devreotes, 1994). Loss-of-ligand binding was induced by treat-acid residues in the second extracellular loop. Finally, de-
ing washed cells with 1005 M cAMP for 15 min at 227C. cAMPspite their completely divergent sequences, the C-terminal
was removed by washing five times in ice-cold phosphate buffer.cytoplasmic domains do not appear to confer major differ-
Binding was measured with 16 nM [3H]cAMP in phosphate bufferences in regulation of receptor-mediated responses.
as previously described.

MATERIALS AND METHODS Chemotaxis Assay, Adenylyl Cyclase,
and Actin Polymerization Assays

DNA Constructs
The small-drop chemotaxis assays were performed as described

before on developed cells (van Haastert et al., 1982). Cells grownA full-length genomic cAR2 DNA, a generous gift from Dr. Karl
in shaking culture were washed with DB and developed with 50–Saxe III, was subcloned into the extrachromosomal vector pJK1.
500 nM cAMP pulses for 6 h as described (Caterina et al., 1994).This vector contains an actin15 promoter which overexpressed the
For adenylyl cyclase assay, cells were resuspended to 8 1 107/ml,insert in growing and differentiating cells (Kim and Devreotes,
transferred to 227C, and stimulated with 1005–1003 M cAMP. The1994). The plasmid used to overexpress cAR3 was described pre-
amount of cAMP synthesized in 1 min was assessed as beforeviously (Johnson et al., 1993). The cAR1 C-terminal truncation
(Theibert and Devreotes, 1986). For actin polymerization, devel-mutants were generated by ExoIII-mediated 3* deletion digestion
oped cells were resuspended at 3 1 107 cells/ml and kept on ice.of cAR1 cDNA as described before (Hereld et al., 1994). At the C-
Cells were transferred to room temperature and shaken for 10 minterminal end of the truncated proteins, T365 has vector peptide
to equilibrate to room temperature. At time 0, 1007 M cAMP andWNSIS, T289 has GEEFD, T278 has FD, and T248 has GLNEFD
10 mM DTT were added to induce actin polymerization and the(single-letter designation of amino acids) added. Generation and
reactions were stopped by taking aliquots of cells at various timescharacterization of binding properties of N272 and 272C chimeras
as described (Condellis et al., 1991; Kim et al., 1997).were described previously (Kim and Devreotes, 1994).

ImmunoblotsSite-Directed Mutagenesis

Oligonucleotide-directed mutagenesis was carried out as de- Immunoblotting was performed using ACA-, cAR1-, cAR2-, or
cAR3-specific rabbit polyclonal antiserum described before (Parentscribed earlier (Caterina et al., 1994). The primers were 256-fold

degenerate designed to generate multiple mutations in the domain. and Devreotes, 1995; Vaughan and Devreotes, 1988; Johnson et al.,
1993; Saxe et al., 1993). Primary antibodies were detected usingSingle-stranded DNA was sequenced to identify the mutations and

cDNA containing desired mutations were subcloned into pMC34 horseradish peroxidase-conjugated donkey anti-rabbit antibodies
(Amersham) and a chemiluminescence detection kit (DuPont).(Caterina et al., 1994).
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119Functional Redundancy in GPCR Subtypes

FIG. 1. Characterization of cAR1 and cAR2 expressing car10/car30 cells. The car10/car30 cells were transformed with (A) an empty vector
(pJK1), (B) pJK1 containing wild-type cAR1, or (C) pJK1 containing a wild-type cAR2. Growth-stage cells were washed with DB, and 107 cells
were plated on nutrient-free agar and incubated for 48 h at 227C; the magnification is 12.51. cAMP-mediated activation of adenylyl cyclase
with 1003 M cAMP (D) and actin polymerization (E) was measured as described under Materials and Methods. Vector control transformants
(j); cAR1 transformants (h); cAR2 transformants (l). (F) Aliquots of cells were lysed into sample buffer before and 5 min after the addition
of 1 mM cAMP (from experiment in D). Immunoblot analysis was carried out with antisera to ACA, cAR1, or cAR2.

not yield a visible morphological phenotype (Johnson et al.,RESULTS
1993). Under the same conditions cAR2 did not reverse the
aggregation minus phenotype of car10/car30 (Fig. 1C). How-Overexpression of cAR1, cAR2, and cAR3
ever, when examined at a biochemical level, cAR2 likein car10/car30 Cells
cAR1 was able to rescue many cAMP-mediated responses

To test whether cAR2 and cAR1 are functionally inter- such as activation of adenylyl cyclase, actin polymerization,
changeable in spite of the 1000-fold lower affinity of cAR2 and receptor phosphorylation. At high stimulus concentra-
(Johnson et al., 1992; Kim and Devreotes, 1994; Milne and tions needed to saturate the low-affinity receptors, the re-
Devreotes, 1993), we overexpressed cAR1 or cAR2 in car10/ sponses mediated by cAR2 were indistinguishable from
car30 cells. Wild-type cAR1 was able to rescue the develop- those mediated by cAR1 (Figs. 1D–1F). These observations
mental defect of car10/car30 (Figs. 1A and 1B). This con- furthermore indicate that cAR2 supported the induction by

cAMP of the genes required for these responses. The cellsfirmed previous observations that deletion of cAR3 does
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transformed with empty vector did not display any of these
responses; most significantly, cAR2 mediated chemotaxis
(Figs. 2A–2C). The EC50s for chemotaxis and for cAMP-
mediated phosphorylation of cAR2 were shifted nearly
three orders of magnitude to the right as has been reported
previously for Ca2/ influx (Figs. 2C and 2D) (Milne and
Devreotes, 1993). These results clearly illustrated that
cAR2 was a chemoattractant receptor and was capable of
generating the responses normally carried out by cAR1.

Next we overexpressed cAR3 in the car10/car30 cells.
cAR3 has an intermediate affinity and is expressed between
cAR1 and cAR2 during development (Johnson et al., 1992,
1993). In contrast to our previous report, this receptor was
able to induce development (Fig. 3A); the discrepancy proba-
bly can be attributed to a defect in the car10/car30 cell
line we used previously (Johnson et al., 1993). The cells
expressing cAR3 produced larger aggregation territories
than those expressing cAR1, suggesting that the lower af-
finity receptor is producing fewer oscillation centers. After
10–12 h of development, the large streams broke into small
areas (Fig. 3A), resulting in the formation of small mounds.
These progressed with morphogenesis and produced small,
but normally proportioned, fruiting bodies. In the cAR3-
expressing cells, cAMP stimulated both adenylyl cyclase
and actin polymerization (Figs. 3B and 3C). The kinetic pro-
file of the adenylyl cyclase activation was normal. The time
course of actin polymerization seemed to be slightly slower
and demonstrated a more prominent second peak of actin
polymerization (60 s). These slight differences are often ob-
served among actin responses in wild-type cells and do not
indicate a significant difference between the two cARs (Bor-
leis and Devreotes, unpublished data). As shown in the inset
each cell line expressed equivalent amounts of the adenylyl
cyclase (ACA) and equal or greater than wild-type amounts
of the appropriate receptor. We have previously shown that
cAR1, cAR2, and cAR3 are phosphorylated in response to
agonist occupancy. Unlike cAR1 and cAR2, cAR3 does not
undergo a decrease in electrophoretic mobility on SDS–

FIG. 2. Chemotactic responses and characterization of the dosePAGE upon phosphorylation.
response of cAR1 and cAR2. (A and B) cAR1 or cAR2 expressing
car10/car30 cells were developed for 6 h, with 500 nM cAMP
stimuli added at 6-min intervals, to induce competency for che-Major Determinants of Affinity Differences
motaxis toward cAMP. Cells were diluted to 105/ml in PB andamong the Receptors
spotted on 0.8% agarose containing 3 mM caffeine. Different doses

Previously we established that a portion of the second of cAMP solutions were spotted 1–2 mm away from the drops
extracellular loop (residues 145 to 157 based on the cAR1 containing cells. The plates were kept in a humid chamber at
sequence) is the major determinant of the affinity differ- 227C. Photographs were taken after 15 min of migration. (C)

Growth-stage cells were washed, treated with 3 mM caffeine forence between cAR1 and cAR2 (Kim and Devreotes, 1994).
20 min to synchronize the receptor population to an unphosphory-Since the markedly lower affinity of cAR2 and the interme-
lated form, and then treated with varying concentrations of cAMPdiate affinity of cAR3 appear to be major differences among
(0, 1 nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 mM, 10 mM, or 100the receptors, we proceeded to further study the basis of
mM) for 15 min in the presence of 10 mM dithiothreitol. Cellsthe affinity differences. We carried out site-directed muta-
were lysed in sample buffer, subjected to SDS–PAGE, and immu-

genesis on cAR1 to substitute the residues in this domain noblotted for cAR1 or cAR2. The resulting autoradiographs were
with the corresponding residues from cAR2 (N148G, then scanned and quantitated to generate the curves shown. Val-
V154D, S155N, F156Y, and T157D). Substitution of these ues are shown as the fractions of receptor in the slower mobility
five amino acid residues (Fig. 4A) reduced the apparent form and represent the means of at least two independent experi-
affinity of cAR1 by 100- to 1000-fold. Both the EC50 of the ments. cAR1 transformants (h); cAR2 transformants (l). A repre-

sentative autoradiograph for each cell line is shown in D.agonist-induced electrophoretic mobility shift and binding
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121Functional Redundancy in GPCR Subtypes

FIG. 3. Characterization of cAR3-expressing cells. Growth-stage transformants were washed with DB, plated on nutrient-free DB agar,
and incubated for 8 h in a humidified chamber until they reached the late streaming stage. (A). Cells transformed with a plasmid encoding
wild-type cAR1 (panel on the left) or cAR3-expressing cells (panel on the right). Pictures are magnified five times the actual image. (B
and C) cAMP-mediated activation of adenylyl cyclase and actin polymerization were measured as in Fig. 1; cells were stimulated with
100 mM cAMP. Wild-type cAR1 expressing cells (j); cAR3 expressing cells (h); and wild-type cell line, AX3, (l). (Inset) Aliquots of cells
were immunoblotted for appropriate expression of receptors and of adenylyl cyclase.

affinity in phosphate buffer were drastically reduced (Figs. but it supported development only when cells were plated
at very high density (not shown). We also generated a mu-4B and 4D), but the ‘‘intrinsic’’ affinity measured in ammo-

nium sulfate was not significantly reduced (Fig. 4C). Note tant receptor with an intermediate affinity, similar to that
of cAR3, by substituting three residues, (N148G, V154D,that the apparent affinity is slightly higher than that of a

three-part chimera, 1/2/1, where both the major and minor and S155N) in this domain including the introduction of
one rather than two negative charges (Figs. 4A and 4B).affinity determinants of cAR1 and cAR2 were swapped.

This mutant receptor was able to mediate activation of This receptor supported development under standard con-
ditions (Fig. 4F).both ACA (Fig. 4E) and actin polymerization (not shown),
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122 Kim, Borleis, and Devreotes

FIG. 4. Characterization of mutants in the second extracellular loop. (A) Schematic diagram of the major affinity determinant domain
and the residues replaced. The conventional single-letter designations of amino acids were used; the letters inside of the circles are those
of cAR1, while the letters outside are of cAR2. (B) Agonist-induced electrophoretic mobility shift of the mutant receptors. The cAMP
doses used were identical to those shown in Fig. 2. ECLIID3 (N148G, V154D, and S155N) is the mutant where three residues were changed
and ECLIID5 (N148G, V154D, S155N, F156Y, and T156D) has all five residues substituted to those of cAR2. The mutant 1/2/1 (120–159)
is a three-part chimera previously characterized where both the major and minor determinants (residues 120–168) were replaced with
cAR2. (C and D) Scatchard analyses of [3H]cAMP binding to cells expressing WT-cAR1 or ECLIID5 in ammonium sulfate (C) and phosphate
buffer (D). [3H]cAMP binding was measured by competition with unlabeled cAMP at a cAMP concentration range of 1009 to 2 1 1006 M
for phosphate buffer binding (PB) and of 10010 to 2 1 1007 M for ammonium sulfate. Bound cAMP was separated from unbound cAMP by
spinning through silicon oil in the case of PB binding. For AS binding analysis, cells were centrifuged and washed once with 3 M ammonium
sulfate. Data are means of triplicate samples from an experiment which is representative of at least two independent experiments. (E).
‘‘Activation trap’’ assay of ACA activity measurement was performed as for Figs. 1 and 3. Cells expressing wild-type cAR1 (j) or ECLIID5
(h) were tested. (F). DB developmental phenotype of ECLIID3 expressing cells after 36 h of development.

Function of the Cytoplasmic C-Terminal Domain speculate that the highly divergent cytoplasmic C-terminal
domains, which are believed to be important in regulation

cAR3, many cAR1/cAR2 chimeras, and cAR2 replaced of desensitization of G-protein coupled receptors, might be
dispensable for most receptor functions. To test this, wemost of the functions of cAR1, generating equivalent re-

sponses with similar kinetics. This observation led us to constructed a series of C-terminal truncations of cAR1.
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123Functional Redundancy in GPCR Subtypes

FIG. 5. Characterization of the series of C-terminal truncation mutants. (A) Schematic diagram of the topological model of cAR1
demonstrating the sites of truncations. Filled circles represent serine residues. (B) Binding properties of the truncated receptors in PB and
AS. Open bars show the binding of 25 nM [3H]cAMP in phosphate buffer; shaded bars represent binding of 25 nM in [3H]cAMP in the
presence of 3 M ammonium sulfate. (C) Photoaffinity labeling of the truncated receptors performed with [32P]8-N3-azido-cAMP as described
under Materials and Methods. Cold cAMP (1 mM) was added to compete specific binding in the lanes marked with 0. (D) Photos of
development on nonnutrient agar for each of the cell lines. (E) Measurement of the loss-of-ligand binding on cells expressing T289 and
T278 as described under Materials and Methods. T365 was not included since it showed a wild-type phenotype under these conditions.

When these receptors were expressed in the car10/car30 truncated products by immunoblots and by photoaffinity
labeling with [32P]8-N3-cAMP (Fig. 5C). Only the mutantcells (Fig. 5A), it was clear that the majority of the C-termi-

nal sequences are not needed for most of the functions of T248, which truncates the receptor within TMVII (Fig. 5A),
failed to bind cAMP and was unable to substitute for wild-cAR1 (Figs. 5B–5D). The mutant T278, containing only 18

amino acids distal to the end of TMVII, was expressed type receptor (Figs. 5B and 5D).
T278 and T289 lack most of the cytoplasmic C-terminalpoorly, but it bound cAMP in both ammonium sulfate and

phosphate buffer and restored normal development (Figs. domain, including all of the serine residues characterized
to be the targets for ligand-mediated phosphorylation (Fig.5B and 5D). The truncated receptors T365 and T289 also

restored normal development. We could also detect the 5A). As we anticipated based on the behavior of the pre-
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viously characterized mutant cm1234 where all of the cyto- to bind cAMP and mediate some cAMP-induced responses
(Johnson et al., 1992; Milne and Devreotes, 1993; Louis etplasmic serines were substituted with either alanine or gly-

cine, both T278 and T289 failed to undergo loss-of-ligand al., 1994). However, it was never shown that these subtypes
indeed function as chemoattractant receptors in vivo. Inbinding (Fig. 5E) confirming the role of the C-terminal cyto-

plasmic domain in the loss-of-ligand binding process. Inter- this study, we demonstrate clearly that cAR2 and cAR3 can
mediate all of the responses mediated by cAR1 includingestingly, despite the removal of most of the C-terminal se-

quences, these truncated receptors did not display addi- chemotaxis toward cAMP. We anticipate that cAR4 will
display the same functional properties. Thus, it is likelytional abnormalities. Not only were they able to completely

rescue the developmental program, but also the activations that each receptor does serve as a chemoattractant receptor
at a specific stage in the program of multicellular develop-of adenylyl cyclase and actin polymerization and chemotac-

tic responses mediated by these receptors were similar to ment. Different functions are achieved by different affinit-
ies, timing, and pattern of expression. We propose thatthose supported by the intact receptor (not shown).

However, studies of chimeras suggest that an inappropri- switching of receptors with different properties programs
the orderly sequence of morphogenetic changes occurringate interaction of the C-terminal domain with the rest of

the receptor can influence affinity. In our previous studies throughout development.
We envision a very simple mechanism to respond chemo-of cAR1 and cAR2 chimeras we made a puzzling observa-

tion in two reciprocal chimeras, N272 and 272C, that devi- tactically to extreme changes in environment. As the organ-
ism develops into an increasingly compact structure, theated from the general trend. The junctions of these chimeras

reside in a highly conserved domain following TMVII and extracellular cAMP concentration is likely to increase
(Bonner, 1974). When the local concentration of cAMP ex-exiting to the C-terminal cytoplasmic tail. For the N272

chimera, the EC50 value of the cAMP-mediated electropho- ceeds the affinity of a given receptor subtype, these recep-
tors are saturated and a cell carrying only this receptor canretic mobility shift increased from the 30 nM of the sur-

rounding chimeras (N302 and N228) to 1 mM, while for no longer sense gradients. At this juncture, the cells must
change the signal, the receptors, or perhaps even the ef-272C it decreased from the 20 mM of the surrounding chime-

ras to 1 mM (Kim and Devreotes, 1994). When the growth- fectors activated. D. discoideum seems to have evolved a
very simple mechanism: The only component exchanged isstage cells were plated directly on nutrient-free agar, neither

of the chimeric receptors were able to induce development the receptor. By switching to a lower affinity receptor, the
cells can then sense gradients of higher mean concentration(Fig. 6A). However, when the cells were developed in a sus-

pended culture by application of exogenous cAMP every 6 and the system is set to respond again. By maintaining the
same downstream effectors, the cells can respond in themin and then plated, N272 was able to rescue development

while 272C was not (Fig. 6B). Both chimeric receptors dis- same manner. We also speculate that the abrupt changes in
affinity bring about morphogenetic changes by changing theplayed equivalent capacities for activation of both ACA and

actin polymerization (data not shown). We carried out a chemotactic behavior of subsets of cells.
The failure of cAR2 to rescue development does not origi-careful analysis of the affinities of the chimeras: In Scatch-

ard analyses of [3H]cAMP binding, the chimeras displayed nate from differences in coupling to downstream effectors.
In fact, we demonstrated that the intracellular loops of cAR2,lower affinity than cAR1 under physiological conditions,

while all the receptors displayed high intrinsic affinity in the proper context, can rescue development. We expressed
a set of previously characterized cAR1/cAR2 (N173) andwhen measured in ammonium sulfate.(Figs. 7B and 7C). In

the electrophoretic mobility shift, the EC50 of N272 was cAR2/cAR1 (148C) chimeras (Kim and Devreotes, 1994).
Both N173 and 148C retain high affinity but introduce longslightly lower than that of 272C (Figs. 6C and 6D). Consis-

tently in chemotactic responses, the apparent affinities of stretches of cAR2 sequences in either the N-terminal or C-
terminal halves of the receptor. In the case of 148C, the thirdboth chimeras were intermediate between cAR1 and cAR2

and that of N272 was about fivefold higher than that of intracellular loop which is believed to be essential in specific
coupling to G-proteins is derived entirely from cAR2, while272C, suggesting that the affinity of 272C is too low to

rescue development (Fig. 7A). in N173 both the first and the second intracellular loops
are provided by cAR2. Nevertheless, both of these receptors
rescue the developmental program.

Studies of chimeras between cAR1 and cAR2 suggestedDISCUSSION
that the failure of cAR2 to replace cAR1 in the rescue of
car10/car30 cells is merely due to its extremely low affinity.In the present study, we examined the biochemical and

phenotypic responses mediated by cAMP receptor subtypes It has been shown previously that many defects in early
aggregation can be overcome by applying 50–100 nM cAMPof D. discoideum to explore the roles and extents of redun-

dancy of a family of GPCRs. For the cAR subtypes tested every 6 min, thus mimicking the oscillations that occur
normally in suspensions of wild-type cells (Theibert et al.,(cAR1, cAR2, and cAR3), we found complete functional re-

dundancy in activating the same array of biochemical re- 1986). This protocol, with 500 nM stimuli, was able to in-
duce cAR2-expressing cells to differentiate. In these compe-sponses in the aggregation stage of development. Previously

the cAMP receptors cAR2, cAR3, and cAR4 were verified tent cells all cAMP-induced responses were wild-type in
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125Functional Redundancy in GPCR Subtypes

FIG. 6. Developmental phenotype and EC50 measurement of the mutants 272C and N272. Cells transformed with the specified plasmids
were either harvested from the growth stage and plated directly on nonnutrient agar (A) or developed as described under Materials and
Methods for 6 h and then plated (B). (C, D) EC50 measurement of the agonist-mediated receptor mobility shift of the chimeric receptors.
(C) Representative Western blots of 272C and N272 are shown. As in Fig. 2, dashed and dotted lines are replotted data for cAR1 and cAR2,
respectively. Open circles are 272C and filled circles are N272.

magnitude and kinetics. However, the cells still were un- five residues (N147G, V154D, S155N, F156Y, and T156D) in
the major affinity determinant domain. The net charge ofable to aggregate and proceed through development after

they were plated on agar. Presumably the affinity of cAR2 this domain is /1 in cAR1, /0 in cAR3, and 02 in cAR2
(Saxe et al., 1991). These two mutants (ECLIID3 andwas too low to mediate long-range cell–cell signaling. cAR2

has an affinity of about 20 mM for cAMP and is normally ECLIID5), generated by site-directed mutagenesis, seem to
confirm the hypothesis that changes in the charge of thisexpressed after cells have aggregated into a tightly packed

multicellular structure. The amount of cAMP synthesized domain are important for affinity under physiological condi-
tions. Further support for this hypothesis is derived fromby dispersed cells plated on agar may be too low to allow

cell–cell signaling through cAR2. Comparison of several another mutant, R160S, isolated in a random mutagenesis
study of cAR1 (Kim et al., 1997a). This substitution reducesrelated receptors allowed us to define the lowest affinity

required to induce development under standard conditions the net charge of the second extracellular loop by removing
a positive charge. R160S exhibited a similar affinity disparityas about 1 mM (that displayed by N272).

We also produced cAR1 mutants with intermediate affin- between phosphate buffer and ammonium sulfate binding as
did cAR2 and the cAR1 mutants presented here. This prop-ity by substituting three amino acid residues (N148G,

V154D, and S155N) and with low affinity by substituting all erty is specific for mutations in the second extracellular loop.
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However, they couple to distinct G-proteins (Gi and Gs), re-
sulting in the opposed responses to similar ligands (Kobilka
et al., 1988). In muscarinic acetylcholine receptor subtypes,
differential regulation of phosphoinositide hydrolysis and ad-
enylyl cyclase inhibition by different subtypes was estab-
lished (Hawes et al., 1995). However, in many cases receptor
subtypes display similar ligand binding properties and stimu-
late the same effectors: for example, both b1- and b2-adrener-
gic receptors activate adenylyl cyclase (Dohlman et al., 1991).
In multicellular organisms such apparent redundancy of re-
ceptor functions can be explained by the tissue and develop-
mental stage-specific expression of the subtypes as shown
for some b-adrenergic receptors (Koch et al., 1995). It is also
possible that redundant receptor subtypes undergo differen-
tial desensitization (Lohse et al., 1992; Kim et al., 1993) as
shown in the case of three a2-adrenergic receptor subtypes
(Kurose and Lefkowitz, 1994).

In mammalian morphogenesis, for example, in neurogen-
esis during axonal migration, there are various attractants
and/or repellents used to guide the migration (Devreotes,
1994). As the axons are converging to establish connections,
the local concentration of axons gets denser. This can result
in a higher local concentration of chemoattractant and/or
repellents, causing saturation of the respective receptors. It
will be interesting to see whether morphological develop-
ment is achieved by switching receptor subtypes with differ-
ent affinities but redundant effector coupling as shown here
for D. discoideum.

Many studies have focused on the characterization of the
domains and responses specific to a given receptor type and
many specificity determinants have been characterized
(Munch et al., 1991). For ligand binding, studies of rhodop-
sin and b-adrenergic receptors have pointed to the trans-
membrane domains as ligand binding sites. However, these
receptors may be exceptions to the rule. For example, a
subfamily of receptors that bind large peptides tends to have
large N-terminal domains where most of the high-affinityFIG. 7. Affinity characterization of the mutants 272C and N272.

(A) The chemotaxis assay of five different cell lines, performed as ligand binding is localized. In addition, chemokine recep-
described in the legend to Fig. 2. In each set at least 15 drops of tors, adenosine receptors, and the cARs utilize the extracel-
each cell line in response to each dose were measured. The data lular loops as major determinants of affinity (Murphy, 1994).
presented are the averages of five independent experiments per- The capacity of the receptors to substitute for each other
formed on different days. (B and C) Scatchard analysis of [3H]cAMP predicts that the overall sequences of the cytoplasmic tails
binding of the mutant receptors in phosphate buffer (B) and ammo-

of cARs do not play an essential role in development. Thesenium sulfate (C). Vector control transformants (j); wild-type cAR1
domains seem to perform fairly subtle function(s) since alltransformants (h); cAR2-expressing cells (l); 272C-expressing cells
of the truncated receptors exhibiting cAMP binding were(s); and N272-expressing cells (l).
able to mediate multiple responses including activation of
ACA and actin polymerization (data not shown) and were
able to rescue development. However, an appropriate inter-
action of the cytoplasmic tail with the rest of the receptorThe discovery of an increasing number of responses medi-

ated by GPCR signaling pathways raises important questions may be important. Mismatches within the region exiting
from TMVII to the cytoplasm did produce receptors withof specificity. This problem is amplified by the multiplicity

of receptor subtypes. There are at least 10 subtypes of adren- unexpected affinities. We do not fully understand the role
of this domain: Our present results suggest that, despite theergic receptors and multiple subtypes of dopamine, seroto-

nin, and muscarinic acetylcholine receptors (Teeter et al., unexpected affinity displayed by these receptors, they can
activate downstream effectors with apparently normal ki-1994; Savarese and Fraser, 1992). The a2- and b2-adrenergic

receptors share high similarities (70% homology) in their netics. Within TMVII and the junctional area exiting into
the cytoplasm there are very few amino acid substitutionsTM domains and exhibit similar ligand binding properties.

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8882 / 6x3d$$$$$1 04-02-98 09:42:39 dba



127Functional Redundancy in GPCR Subtypes

and Devreotes, P. N. (1997a). Random mutagenesis of the cAMPamong the subtypes. Since the TMVII and domains immedi-
chemoattractant receptor, cAR1, of Dictyostelium. J. Biol. Chem.ately following serve an important function (Bouvier et al.,
272, 2060–2068.1995) the domain swap might misalign the sequences affect-

Kim, J. Y., Soede, R. D. M., Schaap, P., Valkema, R., Borleis, J. A.,ing signal transduction.
Van Haastert, P. J., Devreotes, P. N., and Hereld, D. (1997b).
Phosphorylation of chemoattractant receptors is not essential for
chemotaxis or termination of G-protein-mediated responses. J.
Biol. Chem. 272, 27313–27318.REFERENCES

Klein, P. S., Sun, T. J., Saxe, C. L., III, Kimmel, A. R., Johnson, R. L.,
and Devreotes, P. N. (1988). A chemoattractant receptor controls

Bonner, J. T. (1974). Differentiation in social amoebae. In ‘‘Cellular development in Dictyostelium discoideum. Science 241, 1467–
and Organismal Biology Readings from Scientific American’’ (D. 1472.
Kennedy, Ed.), pp. 64–72. Freeman, San Francisco. Kobilka, B. K., Kobilka, T. S., Daniel, K., Regan, J. W., Caron, M. G.,

Bouvier, M., Moffett, S., Loisel, T. P., Mouillac, B., Hebert, T., and and Lefkowitz, R. J. (1988). Chimeric alpha 2-,beta 2-adrenergic
Chidiac, P. (1995). Palmitoylation of G-protein-coupled recep- receptors: Delineation of domains involved in effector coupling
tors: A dynamic modification with functional consequences. Bio- and ligand binding specificity. Science 240, 1310–1316.
chem. Soc. Trans. 23, 116–120. Koch, W. J., Rockman, H. A., Samama, P., Hamilton, R. A., Bond,

Caterina, M. J., Devreotes, P. N., Borleis, J., and Hereld, D. (1995). R. A., Milano, C. A., and Lefkowitz, R. J. (1995). Cardiac function
Agonist-induced loss of ligand binding is correlated with phos- in mice overexpressing the beta-adrenergic receptor kinase or a
phorylation of cAR1, a G protein-coupled chemoattractant recep- beta ARK inhibitor. Science 268, 1350–1353.
tor from Dictyostelium. J. Biol. Chem. 270, 8667–8672. Kurose, H., and Lefkowitz, R. J. (1994). Differential desensitization

Caterina, M. J., Milne, J. L., and Devreotes, P. N. (1994). Mutation and phosphorylation of three cloned and transfected alpha 2-ad-
of the third intracellular loop of the cAMP receptor, cAR1, of renergic receptor subtypes. J. Biol. Chem. 269, 10093–10099.
Dictyostelium yields mutants impaired in multiple signaling Lilly, P., Wu, L., Welker, D. L., and Devreotes, P. N. (1993). A G-
pathways. J. Biol. Chem. 269, 1523–1532. protein-subunit is essential for Dictyostelium development.

Condeelis, J., and Hall, A. L. (1991). Measurement of actin polymer- Genes Dev. 7, 986–995.
ization and cross-linking in agonist-stimulated cells. Methods Lohse, M. J., Andexinger, S., Pitcher, J., Trukawinski, S., Codina,
Enzymol. 196, 486–496.

J., Faure, J. P., Caron, M. G., and Lefkowitz, R. J. (1992). Receptor-
Devreotes, P. N. (1994). G protein-linked signaling pathways control

specific desensitization with purified proteins. Kinase depen-
the developmental program of Dictyostelium. Neuron 12, 235–241.

dence and receptor specificity of beta-arrestin and arrestin in the
Dohlman, H. G., Thorner, J., Caron, M. G., and Lefkowitz, R. J.

beta 2-adrenergic receptor and rhodopsin systems. J. Biol. Chem.
(1991). Model systems for the study of seven-transmembrane-

267, 8558–8564.
segment receptors. Annu. Rev. Biochem. 60, 653–688.

Louis, J. M., Ginsburg, G. T., and Kimmel, A. R. (1994). The cAMPHausdorff, W., Caron, M., and Lefkowitz, R. (1990). Desensitization
receptor CAR4 regulates axial patterning and cellular differentia-of b-adrenergic receptor function. FASEB J. 4, 2881–2889.
tion during late development of Dictyostelium. Genes Dev. 8,Hawes, B. E., van Biesen, T., Koch, W. J., Luttrell, L. M., and Lef-
2086–2096.kowitz, R. J. (1995). Distinct pathways of Gi- and Gq-mediated

Milne, J. L., and Devreotes, P. N. (1993). The surface cyclic AMPmitogen-activated protein kinase activation. J. Biol. Chem. 270,
receptors, cAR1, cAR2, and cAR3, promote Ca-2/ influx in Dic-17148–17153.
tyostelium discoideum by a G-alpha-2-independent mechanism.Hereld, D., Vaughan, R., Kim, J. Y., Borleis, J., and Devreotes, P.
Mol. Biol. Cell 4, 283–292.(1994). Localization of ligand-induced phosphorylation sites to

Murphy, P. M. (1994). The molecular biology of leukocyte chemoat-serine clusters in the C-terminal domain of the Dictyostelium
tractant receptors. Annu. Rev. Immunol. 12, 593–633.cAMP receptor, cAR 1. J. Biol. Chem. 269, 7036–7044.

Munch, G., Dees, C., Hekman, M., and Palm, D. (1991). MultisiteInsall, R. H., Soede, R. D., Schaap, P., and Devreotes, P. N. (1994).
contacts involved in coupling of the beta-adrenergic receptorTwo cAMP receptors activate common signaling pathways in
with the stimulatory guanine-nucleotide-binding regulatory pro-Dictyostelium. Mol. Biol. Cell 5, 703–711.
tein. Structural and functional studies by beta-receptor-site-spe-Johnson, R. L., Saxe, C. L., III, Gollop, R., Kimmel, A. R., and
cific synthetic peptides. Eur. J. Biochem. 198, 357–364.Devreotes, P. N. (1993). Identification and targeted gene disrup-

Parent, C. A., and Devreotes, P. N. (1995). Isolation of inactive andtion of cAR3, a cAMP receptor subtype expressed during multi-
G protein-resistant adenylyl cyclase mutants using random mu-cellular stages of Dictyostelium development. Genes Dev. 7,
tagenesis. J. Biol. Chem. 270, 22693–22696.273–282.

Savarese, T. M., and Fraser, C. M. (1992). In vitro mutagenesis andJohnson, R. L., Van Haastert, P. J., Kimmel, A. R., Saxe, C. L. D.,
the search for structure–function relationships among G protein-Jastorff, B., and Devreotes, P. N. (1992). The cyclic nucleotide
coupled receptors. Biochem. J. 283, 1–19.specificity of three cAMP receptors in Dictyostelium. J. Biol.

Saxe, C. L., III, Ginsburg, G. T., Louis, J. M., Johnson, R., Devreotes,Chem. 267, 4600–4607.
P. N., and Kimmel, A. R. (1993). CAR2, a prestalk cAMP receptorKim, C. M., Dion, S. B., and Benovic, J. L. (1993). Mechanism of
required for normal tip formation and late development of Dicty-beta-adrenergic receptor kinase activation by G proteins. J. Biol.
ostelium discoideum. Genes Dev. 7, 262–272.Chem. 268, 15412–15418.

Saxe, C. L., III, Johnson, R., Devreotes, P. N., and Kimmel, A. R.Kim, J. Y., and Devreotes, P. N. (1994). Random chimeragenesis of
(1991). Multiple genes for cell surface cAMP receptors in Dictyos-G-protein-coupled receptors. Mapping the affinity of the cAMP
telium discoideum. Dev. Genet. 12, 6–13.chemoattractant receptors in Dictyostelium. J. Biol. Chem. 269,

Schaap, P., Konijn, T. M., and Van Haastert, P. J. M. (1984). cAMP28724–28731.
Kim, J. Y., Caterina, M. J., Milne, J. L. S., Lin, K. C., Borleis, J. A., pulses coordinate morphogenetic movement during fruiting body

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8882 / 6x3d$$$$$1 04-02-98 09:42:39 dba



128 Kim, Borleis, and Devreotes

formation of Dictyostelium minutum. Proc. Natl. Acad. Sci. van Haastert, P. J. M., Jastorff, B., Pinas, J. E., and Konijn, T. M.
USA 81, 2122–2126. (1982). Analogs of cyclic AMP as chemoattractant and inhibitors

Strader, C. D., Fong, T. M., Graziano, M. P., and Tota, M. R. (1995). of Dictyostelium chemotaxis. J. Bacteriol. 149, 99–105.
The family of G-protein-coupled receptors. FASEB J. 9, 745–754. Vaughan, R. A., and Devreotes, P. N. (1988). Ligand-induced phos-

Sun, T. J., and Devreotes, P. N. (1991). Gene targeting of the aggre- phorylation of the cAMP receptor from Dictyostelium dis-
gation stage cAMP receptor cAR1 in Dictyostelium. Genes Dev. coideum. J. Biol. Chem. 263, 14538–14543.
5, 572–582. Wu, L. J., and Devreotes, P. N. (1991). Dictyostelium transiently

Teeter, M. M., Froimowitz, M., Stec, B., and DuRand, C. J. (1994). expresses eight distinct G-protein alpha-subunits during its de-
Homology modeling of the dopamine D2 receptor and its testing velopmental program. Biochem. Biophys. Res. Commun. 179,
by docking of agonists and tricyclic antagonists. J. Med. Chem. 1141–1147.
37, 2874–2888. Wu, L., Valkema, R., Van Haastert, P. J. M., and Devreotes, P. N.

Theibert, A., and Devreotes, P. (1986). Surface receptor-mediated (1995) The G protein b subunit is essential for multiple responses
activation of adenylate cyclase in Dictyostelium. Regulation by to chemoattractants in Dictyostelium. J. Cell Biol. 129, 1667–
guanine nucleotides in wild-type cells and aggregation deficient 1675.
mutants. J. Biol. Chem. 261, 15121–15125.

Theibert, A., Fontana, D., Wong, T. Y., and Devreotes, P. (1986).
Received for publication October 22, 1997Cell–cell interactions in the development of Dictyostelium. Am.

Zool. 26, 549–551. Accepted January 21, 1998

Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8882 / 6x3d$$$$$1 04-02-98 09:42:39 dba


