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G-protein-coupled receptors mediate a wide variety of
responses to extracellular stimuli in eucaryotic cells.
Binding of the ligand to these receptors is thought to
involve contacts within a pocket formed by the seven
transmembrane domains inferred from the sequences of
these genes. A family of four surface cAMP receptors
that mediate responses to secreted cAMP coordinates
the developmental program of Dictyostelium. A large dif-
ference in affinity for cAMP exists between cAR1 (25 and
230 nm) and cAR2 (>5 pm). To understand the basis for
this affinity difference, we generated an extensive series
of cAR1/cAR2 and cAR2/cAR1 chimeras using a tech-
nique designated “random chimeragenesis.” When a lin-
earized plasmid was transformed into Escherichia coli,
tandemly positioned cAR1 and cAR2 genes crossed over
at homologous regions. The cAMP binding properties
and EC,, values for agonist-induced phosphorylation of
each of the chimeras were characterized in order to map
the domains that determine the affinity. These studies
implicated a domain in the second extracellular loop in
which only 5 residues differ between the two receptors
as the major determinant of affinity. A secondary do-
main including residues 110-147 (11 residue differences)
was identified as a minor determinant of affinity.

The responses to light, odorants, a variety of peptide hor-
mones, neurotransmitters, as well as chemoattractants are me-
diated by G-proteinl-coupled receptors which contain seven
membrane-spanning domains (reviewed in Refs. 1 and 2).
These receptors catalyze the activation of heterotrimeric G-
proteins which in turn modulate the functioning of adenylyl
cyclases, phosphodiesterases, phospholipases, and ion channels
(3-5). Desensitization is associated with phosphorylation of the
receptor by specific kinases resulting in an uncoupling from the
G-protein and downstream effectors (reviewed in Ref. 1). Cur-
rent views hold that the seven transmembrane helices of the
G-protein-coupled receptor form a compact bundle spanning
the membrane and that agonist binding alters critical interac-
tions between the helices, transmitting a conformational
changes to the cytoplasmic loops (reviewed in Ref. 6).

The family of cAMP chemoattractant receptors (cARs) in Dic-
tyostelium provides an excellent model system for investigating
the mechanisms by which agonists induce this transition to an
activated state (reviewed in Ref. 7). The four cARs control a
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cell-cell communication system that plays an essential role at
multiple stages in the developmental program of this organism.
The program is coordinated by extracellular cAMP that is pe-
riodically secreted by cells at oscillation centers. Neighboring
cells move toward the centers and in turn secrete more cAMP,
propagating the signal as a chemical wave (7, 8). The mound
formed by the aggregating cells undergoes further cell differ-
entiation and morphogenesis into a migrating slug and finally
a fruiting body consisting of stalk and spore cells (9, 10).
Throughout development, cAMP acts as a chemoattractant
as well as an inducer of developmentally regulated gene
expression (reviewed in Ref. 8).

The ligand binding domain on many G-protein coupled re-
ceptors is not readily apparent, since a large fraction of the
mass resides in the plane of the membrane. In the case of
rhodopsin (11, 12) and - and B-adrenergic receptors (13—-15),
the critical ligand-receptor interactions are thought to actually
reside within the plane of the membrane and involve the sev-
enth and third transmembrane domains (TM7 and TM3) (re-
viewed in Ref. 16). In contrast, the binding sites on the lutein-
izing hormone (17, 18) and thyrotropin receptors (19, 20) are
found on the long NH,-terminal extracellular domains. For
other G-protein-coupled receptors, such as those for N-formyl
peptide (21, 22) and substance K (23, 24), the results are less
clear, and multiple transmembrane and loop domains have
been implicated in the receptor-agonist interactions.

The four cARs share extensive amino acid sequence homol-
ogy within the transmembrane domains and interconnecting
loops (25, 26).2 Nevertheless, the cAMP binding characteristics
of each receptor differ significantly. The K, values and EC, val-
ues for several agonist-induced responses, such as receptor
phosphorylation and Ca?* influx, increase in the order cAR1 <
cAR3 < cAR2 (27, 28). Under physiological conditions the EC;,
values of agonist-induced phosphorylation for cAR1 and cAR2
are 30 nMm and 50 nM, respectively (29). Interestingly, the affini-
ties of these receptors are correlated with the stage of expres-
sion. cAR1 appears during the early aggregation stage, whereas
cAR3 is maximal during the mound stage (26, 30). These are
followed by cAR2 and cAR4, expressed exclusively in prestalk
cells in the slug and culmination stages, respectively (25).2

We took advantage of the large affinity difference between
cAR1 and cAR2 to investigate the determinants of affinity of an
agonist binding domain. We developed a new technique to gen-
erate a random collection of chimeras between cAR1 and cAR2.
Our analysis of these chimeras shows that a portion of the
second extracellular loop connecting TM4 and TM5 is critical in
distinguishing the affinities of cAR1 and cAR2. In a- and B-ad-
renergic receptors, as well as many chemotactic agonist recep-
tors, the use of chimeric receptors to map major structural
domains has produced informative results (13, 21, 22). The
technique of “random chimeragenesis” (31) presented here
would allow these studies to be greatly extended.

2J. M. Louis, H. T. Ginsberg, and A. R. Kimmel, manuscript in prep-
aration.

28724









Affinity of cAMP Receptors

28727

10°

Fic. 3. EC,, of electrophoretic mo-
bility shift of chimeras. The electro-
phoretic mobility shift experiments were
carried out as described in the legend to

_Z

A

nma I

Fig. 2. The EC,, value of each chimera is
plotted on the y axis versus the point of
crossover (in reference to cAR1 amino
acid residues). In the bar model of cAR1,
Roman numerals indicate the seven
transmembrane domains. Open bars in
the histogram indicate chimeras in the N
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cate chimeras in the C series (2/1 chime-
ras). Bars with slanted hatched marks
represent wild-type cAR1, whereas cross-
hatched bars represent wild-type cAR2.
The values obtained are the average =+
S.E. of two to six experiments.
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so that there would be at least one chimera in each direction
that crossed over at each of the seven transmembrane domains,
and there would be closely corresponding sets in each direction
(Table I).

The Wild-type cAR1 and cAR2 Receptors—Under physiolog-
ical conditions (10 mm phosphate buffer) a large difference in
affinity is observed between cAR1 and cAR2 (Table I). cAR1
displays two classes of affinities, high (25 nm) and low (230 nwm),
whereas the affinity of cAR2 is too low for binding to be de-
tected within the limits of the assay (>5 um). The enormous
affinity difference of the two receptors is essentially eliminated
when the binding is carried out in the presence of 3 M
ammonium sulfate. Under these conditions the affinity of cAR1
and cAR2 are 4 and 11 nm, respectively (27).

Fig. 2 illustrates the shift in electrophoretic mobility of cAR1
and cAR2. For cAR1 the electrophoretic mobility shift is due to
the phosphorylation of serine residues within a cluster extend-
ing from residues 299 to 304 within the cytoplasmic tail (39).
Two of these serines are conserved in cAR2 and may cause the
mobility shift in cAR2 (25). The ECy, values for this response
are 30 nM for cAR1 and 50 uM for cAR2 (Fig. 2), which reflects
the large affinity differences.

cAMP Binding to the Chimeras—The constitutive expression
of the chimeric receptors provided by the actin-15 promotor
enabled us to perform the biochemical characterization of the
chimeric receptors in growth stage cells in the absence of a
significant endogenous wild-type receptor background (33). Af-
ter stably transformed cell lines were established, the capacity
of each chimera to bind at a single concentration of cAMP was
tested. By carrying out the binding assay with 25 nm [*HlcAMP
(a saturating dose in AS) in the presence of 3 M ammonium
sulfate, we assessed the functional integrity of each chimera.

t
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cAR1 amino acid residues

By carrying out the assay under physiological conditions in
phosphate buffer with a low concentration of [*H]cAMP (16 nm),
we detected the high affinity binding sites typical of cAR1 (27).

As shown in Table I, all of the receptors bound a significant
amount of [*(H]cAMP in the presence of 8 M ammonium sulfate,
demonstrating that all were functional and high affinity. Bind-
ing in phosphate buffer revealed different classes of chimeric
receptors. Many chimeras showed typical “cAR1-like” binding
(PB/AS ratio > 35), whereas other chimeras displayed only a
low amount of binding or nondetectable cAR2-like binding. The
ratio of binding in PB versus AS corrected for the amount of the
receptor expressed in different cell lines on various days (note
the errors in AS binding values).

When we compared these values with the putative topology
of the cARs, a clear trend was observed in each series of chi-
meras. As increasingly more cAR2 sequences comprised the
NH,-terminal portion of a chimeric receptor, the apparent af-
finity switched abruptly from high to low (C series). The tran-
sition occurred within a narrow zone, including the COOH-
terminal region of the second extracellular loop connecting
TM4 and TM5 and the NH,-terminal region of TM5 (between
148C and 169C). Similarly, as increasing amounts of cAR1 se-
quence comprised the NH,-terminal portion of a chimeric re-
ceptor (N series), the apparent affinity changes abruptly from
low to high across the same narrow domain (from N121 to
N173). These results suggest that the COOH-terminal region of
the second extracellular loop of each receptor is necessary to
achieve its appropriate affinity of agonist binding under phys-
iological conditions.

EC;, of the Electrophoretic Mobility Transition—Although
cAR1-like chimeras display cAMP binding under physiological
conditions, the cAR2-like chimeras do not. Moreover, the single
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concentration assay does not provide the magnitude of the af-
finity differences compared with either of the wild-type recep-
tors. To distinguish more subtle differences in the chimeric
receptors, we assessed the EC;, for the agonist-induced elec-
trophoretic mobility transition. For cAR1, under physiological
conditions, the EC,, value of this response appears to reflect its
K, for cAMP binding (27, 29). Although the K, value of cAR2-
like chimeras cannot be assessed in these conditions, the
EC,, values of the electrophoretic mobility shift can be readily
measured (29).

We first chose representative chimeras that displayed each of
the affinity classes in the phosphate buffer cAMP binding assay
(Fig. 2). All of the chimeras which displayed typical cAR1-like
cAMP binding, such as N228, N173, 45C, and 148C, showed low
EC;, values as expected (30-80 nm). N228 and 45C exhibited
EC;, values identical to wild-type cAR1 (30 nm), whereas the
EC,, values of N173 and 148C were 80 nm, slightly higher than
wild-type cAR1L. In contrast, N45 and 169C, chimeras that did
not bind cAMP in phosphate buffer, displayed cAR2-like EC,,
values (50 pm).

Fig. 3 provides the EC,, values of all of the two-part chimeras
that we characterized. For cAR1/cAR2 chimeras, the addition of
121 amino acid residues from cAR1 (N121) did not change the
EC,, value from that of cAR2 (50 nM). When an additional 52
amino acid residues from cAR1 were included (in N173), the
EC,, value suddenly decreased to 80 nm. Additional cAR1 se-
quence decreased the EC,, value to 30 nM where it was main-
tained. For the cAR2/cAR1 chimera series, replacing the NH,-
terminal 148 amino acid residues of cAR1 with those of cAR2
slightly increased the EC;, value to 80 nm (Figs. 2 and 3).
However, replacing 21 additional amino acids with cAR2 se-
quence switched the EC; of the subsequent chimeras to that of
cAR2. These results further implicate the COOH-terminal por-
tion of the second extracellular loop and the beginning of TM5
as a major determinant of the magnitude of EC,, as well as
binding affinity.

Scatchard Analysis of Representative Chimeras—The data in
Table I and Fig. 3 indicate that the COOH-terminal portion of
the second extracellular loop and NH,-terminal portion of TM5
is crucial in determining the affinity and EC,,. In the ECj,
determinations, two chimeras (N173 and 148C) bordering this
region displayed slightly higher EC;, values than that of cAR1
(80 nm). We performed Scatchard analysis on the chimeras near
the boundaries to more accurately determine the affinity (Fig.
4). In this analysis, wild-type cAR1 displayed two affinity sites,
with K, values of 14 and 390 nm, as described previously (27).
Mutant N173 also showed two affinity sites but the K, values
were 19 and 990 nM. The increase in K, in this chimera closely
reflects the increase in EC,, value we observed. Mutant 148C
had a K, value only slightly higher than that of cAR1 (19 nu,
625 nm), indicating that the EC,, and K, values are not pre-
cisely correlated for this chimera. Nevertheless, these results
suggest that there is very close link between the K; and ECy,
values.

Three-part Chimeras—To further examine whether the re-
gions mapped by inference from the two series of two part
chimeras were sufficient to confer the distinctive properties of
cAR1 and cAR2, we generated several three-part chimeras by a
second round of random chimeragenesis. When we included 63
residues of cAR1, in the cAR2/cAR1/cAR2 chimera containing
residues 110-173 of cAR1, the resulting receptor exhibited a
cAR1-like binding profile (K, = 16 nM, 650 nM; data not shown).
Forty-five of the residues in this region are conserved; substi-
tution of only 18 residues decreased the ECy, value by 3 orders
of magnitude (Fig. 5). In addition, the cAR2/¢cAR1/cAR2 chi-
mera that contains only residues 148-173 from cAR1 had a
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Fic. 4. Scatchard plots of PB binding of boundary chimeras.
Cells transformed with wild-type cAR1 (A), 148C (B), and N173 (C)
were incubated with 1 nM [*2PJcAMP and increasing amount of non-
radioactive cCAMP as described under “Materials and Methods.” Means
of two to three experiments each in triplicates are shown. The x axis was
normalized to B, in each case for comparison.

significantly lower K, and ECy, value than cAR2 (Fig. 5). Thus,
this region contains the major determinants of affinity. In this
region only 7 residues differ between the two receptors. Two are
conservative changes in TM5 (L169F and A173G); the rest are
in the extracellular loop resulting most notably in the removal
of two negative charges (V154D and T157D) that are present in
the cAR2 sequence (Fig. 7).

These observations suggest that the additional 11 substitu-
tions present in chimera 110-173 compared with chimera 148—
173 are less significant, but allow the receptor to achieve an
additional increase in affinity. To confirm this result, we gen-
erated two cAR1/cAR2/cAR1 three-part chimeras that replaced
either residues 120-149 or residues 120-159 of cAR1 with
those of cAR2. As expected, substitution of residues 120-149
only slightly increased the ECy, compared with that of wild-
type cAR1 to 100 nm (Fig. 6). However, the 120-159 chimera
had cAR2-like ECy, value, confirming that the residues in the
region from 148 to 159 are essential in allowing the formation






