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G-protein-coupled receptors mediate a wide variety
of cell-cell communication system that plays an essential role a t
responses to extracellular stimuli in eucaryotic cells. multiple stages in the
developmental programof this organism.
Binding of the ligand to these receptors is thought to The program is coordinated by extracellular CAMPthat is peinvolve contacts within a pocket formed by the seven riodically secreted by cells at oscillation centers. Neighboring
transmembrane domains inferred from
the sequences of cells move toward the centers and in turn
secrete more CAMP,
these genes. A family of four surface CAMP receptors propagating the signal as a chemical wave (7, 8). The mound
that mediate responses to secreted CAMPcoordinates formed by the aggregating cells undergoes further cell differthe developmental program ofDictyostelium. A large dif- entiation andmorphogenesis into a migrating slug andfinally
ference in affinity forCAMPexists between cARl(25 and a fruiting body consisting of stalk and spore cells (9, 10).
. understand the basis for Throughout development, CAMP acts as a chemoattractant
230 m)and cAR2 (>5 p ~ ) To
this affinity difference, we generatedextensive
an
series as well as aninducer of developmentally regulated gene
of cARllcAR2andcAR2lcAR1chimeras
using a tech- expression (reviewed in Ref. 8).
nique designated ”random chimeragenesis.”
When a linThe ligand binding domain on many G-protein coupled reearized plasmid was transformedinto Escherichia coli, ceptors is not readily apparent, since a large fraction of the
tandemly positioned cARl and
cAR2 genes crossed over mass resides in the plane of the membrane. In the case of
at homologous regions. The CAMPbinding properties rhodopsin (11, 12) and a- and p-adrenergic receptors (13-15),
and EC, values for agonist-induced phosphorylation ofthe critical ligand-receptor interactions are thought to actually
each of the chimeras were characterized
in order to map reside within the planeof the membrane andinvolve the sevthe domains that determine the affinity. These studies enth and third transmembrane domains (TM7 and TM3) (reimplicated a domainin the second extracellular loopin viewed in Ref. 16). In contrast, thebinding sites on the luteinwhich only5 residues differ betweenthe two receptors izing hormone (17, 18) and thyrotropin receptors (19, 20) are
as the major determinant of affinity. A secondary do- found on the long NH,-terminal extracellular domains. For
main includingresidues 110-147 (11residue differences) other G-protein-coupled receptors, such as those for N-formyl
was identified as a minor determinantof affinity.
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 responses to light, odorants, a variety of peptide horThe four CARSshare extensive amino acid sequence homolme- ogy within the transmembrane domains and interconnecting
mones, neurotransmitters, as well as chemoattractants are
diated by G-protein1-coupled receptors which contain seven loops (25,26).’ Nevertheless, the CAMPbinding characteristics
membrane-spanning domains (reviewed in Refs. 1 and 2). of each receptordiffer significantly. The Kd values andEC,, valThese receptors catalyze the activation of heterotrimeric G- ues for several agonist-inducedresponses, such as receptor
proteins which in turn modulate the functioning of adenylyl phosphorylation and Ca2+influx, increase in the order cARl <
cyclases, phosphodiesterases, phospholipases, and ion channels cAR3 < cAR2 (27, 28). Under physiological conditions the EC,,
(3-5). Desensitization is associated with phosphorylation of the values of agonist-induced phosphorylation for cARl and cAR2
receptor by specific kinases resulting in uncoupling
an
from the are 30 nM and 50 VM, respectively (29). Interestingly,the affiniG-protein and downstream effectors (reviewed in Ref. 1).Cur- ties of these receptors are correlated with the stageof expresrent views hold that the seven transmembrane helices of the sion. cARl appears during the early
aggregation stage, whereas
G-protein-coupled receptor form a compact bundle spanning cAR3 is maximal during the mound stage (26, 30). These are
the membrane and thatagonist binding alters critical interac- followed by cAR2 and cAR4, expressed exclusively in prestalk
cells in the slug andculmination stages, respectively (251.’
tions between the helices, transmitting aconformational
We took advantage of the large affinity difference between
changes to the cytoplasmic loops (reviewed in Ref. 6).
of affinity of an
The family of CAMPchemoattractant receptors (CARS)in Dic- cARl and cAR2 to investigate the determinants
tyostelium provides an excellent model system for investigating agonist binding domain. We developed a new techniqueto genthe mechanisms by which agonists induce this transition to an erate a random collection of chimeras between cARl andcAR2.
activated state (reviewed in Ref. 7). The four CARScontrol a Our analysis of these chimeras shows that a portion of the
second extracellular loop connecting TM4 and TM5 is critical in
* This work was supported by National Institutes of Health Grant distinguishing theaffinities of cARl and cAR2. In a- and p-adGM34933 (to P. N. D.). The costs of publication of this article were renergic receptors, as well as many chemotactic agonist recepdefrayed in part by the payment of page charges. This article must tors, the use of chimeric receptors to map major structural
“advertisement” inaccordancewith 18
thereforebeherebymarked
domains has produced informative results (13, 21, 22). The
U.S.C. Section 1734 solely to indicate this fact.
$ To whom all correspondence shouldbe addressed: Dept.of Biological technique of “random chimeragenesis” (31) presentedhere
Chemistry, The Johns Hopkins University, Schoolof Medicine, 725 N.
would allow these studies to be greatly extended.
Wolfe St., Baltimore, MD, 21205.
J. M. Louis, H. T. Ginsberg, and A. R. Kimmel, manuscript in prepThe abbreviations used are: G-protein, guanine nucleotide-binding
aration.
regulatory protein; C A R , CAMPreceptor; G418,Geneticin.
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days prior to the experiments, cells were transferred to shaking suspension in HL-5 with
G418. Cells were harvestedby washing two times
in ice-cold phosphate buf€er (PB, 10 mM KH,PO,/Na,HPO,, pH 6.5)and
resuspended in ice-cold PB at thedesired density (34).

MATERIALSAND METHODS

Plasmids-The plasmids pJKl5 andpJK17, containing the
c A R l and
cAR2 genes cloned in tandem, were used to generate the libraries of
cARl/cAR2 and cAR2/cAR1 chimeras. The pJK15 plasmid was constructed by subcloning a BamHIIBglII fragmentof cARl cDNA (30) into
the BamHI site
of pPL1. An EcoRI fragment of cAR2 genomic DNA (27)
S
P
S
P
was cloned into the EcoRI site of pPL1. pPLl is a modified Bluescript
K
S
’ (Stratagene) which hasa BglII linker inserted into the
EcoRV site
of Bluescript. pJK17 was constructed similarly to pJK15, except that
the order of the genes was reversed. After the random chimeragenesis
a 5’-end
procedure(see below), all of theresultingchimerashave
BamHI and a 3‘-end BglII restriction enzyme sites.
linearization
Random Chimeragenesis-I pg of each “tandem” plasmid was linbetween the
earized by double digestionat SmaI and PstI sites situated
two genes. After assessing the efficiency of digestion by agarose gel
at 65 “C for 30 min.
electrophoresis, the enzymes were heat-inactivated
The resulting digestion mixtures were transformed into Escherichia
coli
strain JMlOlcells by heat shock and platedon ampicillin containingLB
transform
plates. Eighteen of the resulting colonies were randomly picked and
E. coli
digested to localize the area of crossover. Two clones from each directional libraries contained the original plasmid and the rest were independent chimeras. PCR primers specific to each receptor gene were
of crossover
used toconfirm the location. To determine the precise point
and t o ensure the sequence integrity, Sanger sequencing was performed
I +
for several hundred base pairs surrounding the site. Each
of the cAR1/
cAR2 chimeras is designated as “ N followed by a number, and each
cAR2/cAR1 chimeras is designated by “C” preceded by a number; the
number is the junctional aminoacid number in referenceto the amino
acid sequence of cAR1.
Expression of the Receptor Chimeras-Receptor chimeras in pPLl
based plasmids were digested with BamHIIBgZII and ligated into the
BgZII site of pJK1, an extrachromosomal vector containing a neomycin
gene as a selection marker (32).
Wild-type AX-3 Dictyostelium cells were
FIG.1. Strategy for the random chimeragenesis of receptors.
transformed by electroporation (321, and stable transformants were
Plasmids containing wild-type cARlcDNA and CAR2 genomic DNA in
selected and maintainedby supplementing the medium withG418 (20 tandem in the desired order were linearized with restriction
endonuclepg/ml, Life Technologies, Inc.). Few endogenous receptors
are present in ases SmaI (SI and PstI(P)and transformed intoE.coli strain JM101.
growth stage AX-3 cells (33) providing means to study the expressed
Clones were randomly picked to characterize crossover positions. The
chimeras in wild-type background.
stripped bar symbolizes c A R l sequence, and the white bar indicates
Cell Culture Conditions-A single clone from each transformation
cAR2 sequence. “P indicates a 107-base pair intron present in cAR2
was expanded and maintained in 100-mm culture dishes.
Two or three
genomic DNA.
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TABLEI
Single dose CAMP binding
Single dose CAMP binding was performed as described under “Materials and Methods”on growth stage transformants. PBIAS is the ratio of
x103).Amount of binding is corrected for 8 x lo7 cells. AS
[3H]cAMPbound in phosphate bufferversus that bound in ammonium sulfate (units are
is the amountof [3HlcAMPbound in ammonium sulfate, and a value
of 100 (units, cpm x ~ O - ~corresponds
)
tolo5sitedcell (units,cpm x W 3 ) . Vector
control has AS binding of 31 f 24. The values show the average
* S.E. of one tofive experiments done in triplicates. Theopen line in the chimera
cAR2 sequence. and the gray bar represents the membrane domain.
diagrams indicates the CAR1 sequence, the solid line represents the
Nomenclature for the chimeras is explained under “Materials and Methods.”

PBIAS

AS

41 & 3

332 f 97

wy)

9 k 1

399 f 199

63 & 8

457 k 313

9

*5

346 k 124

14

N272

3
%

N228

9

Chimeras

cAR1
cAR2

N302

N173
N121
N91
N82
N45

%!

21

39 f 1

g:;
9’
3. *
$3.
3

380

* 10

PBIAS

*3
20 * IO
30

AS
131 f 79
92 f 36
155

*4

ND

195

+ 161

ND

52 f 12

223 f 114

5+2

426 f 70

60 f 15

6

217 f 70

123 f 30

10 f 0

359 f 204

96 f 2

130 f 33

20 f 5

121 f 14

70 f 32

260 f 82

16

15

104

202 f 143
110

* 10
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FIG.2. Effect of CAMPconcentration on electrophoretic mobility shift of chimeras. The dose dependence ofelectrophoretic
mobility shift
assay was performed a s described under "Materials and Methods."A, whole cell samples treated with indicated dose of c k V P were analyzed on
SDS-polyacrylamide gel electrophoresis,immunoblottedwitheither
cAR1- or cAR2-specific rabbit polyclonal antisera.andvisualizedwith
chemiluminescence. B,graph showing the quantitated results of the dose curve of electrophoretic mobility shin of A. Open and filfrd svmhols
represent N and C series,respectively. 0, N228; A, N173; V, N45; 0,45C, A, 148C; V, 169C. Dashed linen indicate the wild-typecAR1 dose curve,
and the dotted fine indicates the curvefor wild-type cAR2. Data points are the average valueof one to five experiments.
Immunoblotfing-Whole cells were solubilized in Laemmli sample
cAR2/cARl chimeras by random chimeragenesis (Fig. 1). Plasbuffer (35) and protein samples (loGcell equivalent) were analyzed by
mids containing cARl and
CAR2 in tandem in the desired order
SDS-polyacrylamide gel electrophoresisusing
10% acrylamideand
were linearized between the two inserts and transformed into
0.05% bisacrylamide (36). Immunoblots were performed as described
competentJMlOlcells.Thetransformation
efficiency was
previously using either cAR1- or cAR2 COOH terminus-specific rabbit
greatly reduced compared with that of the intact plasmid but
polyclonal antiserum (36). Primary antibodies were detected with either
'"I-protein A (DuPont NEN) or alkaline phosphatase-conjugated don- higher than linear plasmid containing a single insert, about
keyanti-rabbit-IgCantibodiesandchemiluminescence(Amersham
2000 colonies appeared when1 pg of DNA were used. Eighteen
Corp.).
clones of each directional library were arbitrarily selected and
rAMP BindingA s s a y s d P binding assays were performed in ei- sequenced to locate the position
of crossover (see "Materials
ther PB or in the presence of ammonium sulfate (AS). Cells were resuspended a t 10"/ml in ice-cold PR. and CAMP binding was measured in and Methods"). Mostof the chimeras crossed over at some point
PR containing 16 nM ['HICAMP and 10 mM dithiothreitol a t 0 "C a s along the seven transmembrane domains or the intervening
described (37). TheAS binding assay was performed in3 M ammonium loop regions. The homology between the two receptorsis greatsulfate with 25nM ['HICAMP and 10mM dithiothreitol a s described (37). est here, and only one crossover occurred outside
of this region
Electrophoretic Mobility Shifl Assay-The receptor electrophoretic
in a homologous part of the cytoplasmic tail.
mobility shift assay was performedas described (38).Briefly, cells were
The process of random chimeragenesis occurs with high firesuspended a t 3 x 107/ml in ice-cold PB and shakena t 200 rpm with 5
delity.
All of the chimeras were in the correct reading frame and
mM caffeine for 20 min a t 22 "C to produce the unmodified form of the
or double crossovers;all proreceptors. Cells werethen stimulated with the indicated doses
of CAMP contained no deletions, insertions,
ducedproteinswithappropriatecarboxyl-terminal
tails a s
with 10 mM dithiothreitol and shaken a t 200 rpm for 10 min.
Scatchard Analysis-Vegetative
stagecellsexpressingchimeras
assessedbyimmunoblottingwithCOOH-terminalspecific
were washed and resuspended to 10R/mlin ice-cold PB. cAMP binding antisera. Although the mechanism by which random chimerusing I"'P1cAMP (34) was performed in triplicate
in the presence of
agenesis occurs is not clearly understood, i t occurs in a recAvarying amounts of non-radioactive cAMP a s described (37).

RESULTS

Generation of the Random Chimera Libraries--To determine
the structural domains that confer high affinity binding
of
CAMP,we generated libraries
of cARl/cAR2 chimerasas well as

background and therefore is considered to be independent of
re~ombination.~ Subsetsof thechimeraswereselectedand
transferred to an expression
vector. The chimeras were selected
___________~
~

' R. Reed, personal communication.

"
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FIG.3. EC, of electrophoretic mobility shift of chimeras. The electrophoretic mobility shift experiments were
carried out as described in the legend to
Fig. 2. The EC,, value of each chimera is
plotted on the y axis versus the point of
crossover (in reference to cARlamino
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
series (1/2 chimeras), and filled bars indicate chimeras in the C series (2/1 chimeras). Bars with slanted hatched marks
represent wild-type -1,
whereas crosshatched bars represent wild-type cAR2.
The values obtained are the average f
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 therewould be closely corresponding sets ineach direction
(Table I).
The Wild-type C A R 1 and cAR2 Receptors-Under physiological conditions (10 mM phosphate buffer) a large difference in
affinity is observed between cARl and cAR2 (Table I). cARl
displays two classes of affinities, high(25 I”)and low (230 nM),
whereas the affinity of cAR2 is too low for binding to be detected within the limits of the assay (>5 JIM). The enormous
affinity difference of the two receptors is essentially eliminated
when thebindingiscarriedoutinthe
presence of 3 M
ammonium sulfate. Under these
conditions the affinity of CAR1
and CAR2 are 4 and 11 n ~ respectively
,
(27).
Fig. 2illustrates the shift electrophoretic
in
mobility of cARl
and cAR2. For CAR1 the electrophoretic mobility shift is dueto
the phosphorylation of serine residues withina cluster extending from residues 299 to 304 within thecytoplasmic tail (39).
Two of these serines areconserved in cAR2 and may cause the
mobility shift in cAR2 (25). The EC,, values for this response
are 30 n~ for cARl and 50 p~ for CAR2 (Fig. 21, 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). After stably transformedcell lines were established, thecapacity
of each chimera tobind at a single concentration of CAMP was
tested. By carrying out the binding assay
with 25 nM [3HlcAMP
(a saturating dose in AS) in the presence of 3 M ammonium
sulfate, we assessed the functional integrity of each chimera.

By carrying out the assay under physiological conditions in
phosphate buffer with a low concentration of l3H1cAMP(16 nM),
we detected the high affinity bindingsites typical of cARl(27).
As shown in Table I, all of the receptors bound a significant
amount of r3H]cAMPin thepresence of 3 M ammonium sulfate,
demonstrating that allwere functional and high affinity. Binding in phosphate buffer revealed different classes of chimeric
receptors. Many chimeras showed typical “cAR1-like”binding
(PB/AS ratio > 33, whereas other chimeras displayed only a
low amount of binding or nondetectable cAR2-like binding. The
ratio of binding inPB versus AS corrected for the amountof the
receptor expressed in different cell lines on various days (note
the errors inAS binding values).
When we compared these values with the putativetopology
of the CARS,a clear trend was observed in each series of chimeras. As increasingly more cAR2 sequences comprised the
NH,-terminal portion of a chimeric receptor, the apparent affinity switched abruptly from high to low (C series). The transition occurred within a narrow zone, including the COOHterminal 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 cARl sequence comprised the NH,-terminal portion of a chimeric receptor (N series), the apparentaffinity changes abruptly from
low to high across the same narrow domain (from N121 to
N173). These results suggest that theCOOH-terminal region of
the second extracellular loop of each receptor is necessary to
achieve its appropriate affinity of agonist binding under physiological conditions.
EC,, of the Electrophoretic Mobility Pansition-Although
cAR1-like chimeras display CAMPbinding 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 affinity differences comparedwith either of the wild-type receptors. To distinguish more subtle differences in the chimeric
receptors, we assessed the EC,, for the agonist-induced electrophoretic mobility transition. For cAR1, under physiological
conditions, the EC,, value of this response appears to reflect its
Kd for CAMPbinding (27, 29). Although the Kd value of cAR2like 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 thephosphate buffer CAMPbinding assay
(Fig. 2). All of the chimeras which displayed typical cAR1-like
CAMPbinding, 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 cARl (30 n~),
whereas the
EC,, values of N173 and 148C were80 nM, slightly higher than
wild-type cAR1. In contrast, N45 and 169C, chimeras that did
not bind CAMPin phosphate buffer, displayed cAR2-like EC,,
values (50 p).
Fig. 3 provides the EC,, values of all of the two-part chimeras
that we characterized. For cARlIcAR2 chimeras, the addition of
121 amino acid residues from cARl (N121) did not change the
EC,, value from that of cAR2 (50 p~).
When an additional 52
amino acid residues from cARl were included (in N173), the
EC,, value suddenly decreased to 80 nM. Additional cARl sequence decreased the EC,, value to 30 nM where it was maintained. For the cAR2/cAR1 chimera series, replacing the NH,terminal 148 amino acid residues of cARl with those of cAR2
slightly increased the EC,, value to 80 nM (Figs. 2 and 3).
However, replacing 21 additional amino acids with CAR2 sequence switched the EC,, of the subsequent chimeras to that of
cAR2. These results further implicate the COOH-terminal portion 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 theCOOH-terminal portion of
the second extracellular loop and NH,-terminal portion of TM5
is crucial in determining the affinity and EC,,. In the EC,,
determinations, two chimeras (N173 and 148C)bordering this
region displayed slightly higher EC,, values than thatof cARl
(80 nM). We performed Scatchard analysis on the chimeras near
the boundaries to more accurately determine the affinity (Fig.
4). In thisanalysis, wild-type cARl displayed two affinity sites,
with Kd values of 14 and 390 nM, as described previously (27).
Mutant N173 also showed two affinity sites but the Kd values
were 19 and 990 nM. The increase in Kd in this chimera closely
reflects the increase in EC,, value we observed. Mutant 148C
had a Kd value only slightly higher than that of cARl (19 nM,
625 nM), indicating that the EC,, and Kd values are not precisely correlated for this chimera. Nevertheless, these results
suggest that there is very close link between the Kd and EC,,
values.
Three-part Chimeras-To further examine whether the regions mapped by inference from the two series oftwo part
chimeras were sufficient to confer the distinctive properties of
cARl 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/cARl/cAR2 chimera containing
residues 110-173 of cAR1, the resulting receptor exhibited a
cAR1-like binding profile (Kd= 16 nM, 650 nM; data not shown).
Forty-five of the residues in this region are conserved; substitution of only 18 residues decreased the EC,, value by 3 orders
of magnitude (Fig. 5). In addition, the cAR2IcARllcAR2 chimera that contains only residues 148-173 from cARl had a
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FIG.4. Scatchard plots of PB binding of boundary chimeras.
Cells transformed with wild-type CAR1 (A), 148C ( E ) , and N173 (C)
were incubated with 1 n~ [32PlcAMPand increasing amount of nonradioactive CAMPas described under "Materials and Methods." Means
of two to three experiments each in triplicates are shown. The z axis was
normalized to B,, in each case for comparison.

significantly lower Kd and EC,, value than cAR2 (Fig. 5 ) . Thus,
this region contains the major determinants of affinity. In this
region only7 residues differ between the two receptors. T w o are
conservative changes in TM5 (L169F and A173G); the rest are
in theextracellular loop resulting most notably in the removal
of two negative charges (V154D and T157D) that arepresent in
the cAR2 sequence (Fig. 7).
These observations suggest that the additional 11 substitutions present inchimera 110-173 compared with chimera 14%
173 are less significant, but allow the receptor t o achieve an
additional increase in affinity. To confirm this result, we generated two cARl/cAR2/cAR1 three-part chimeras that replaced
either residues 120-149or residues 120-159of CAR1 with
those of cAR2. As expected, substitution of residues 120-149
only slightly increased the EC,, compared with that of wildtype cARl to 100 nM (Fig. 6). However, the 120-159 chimera
had cAR2-like EC,, value, confirming that the residues in the
region from 148 to 159 are essential in allowing the formation
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B.

A.

FIG.5. C A M P c o n c e n t r a t i o n dependence of the e l e c t r o p h o r e t i c m o b i l i t y
s h i f t of cAR2/cARl/cAR2chimeras.
Growth stage trnnsfimnants werrtrcntrd
forelectrophoreticmobilityshift
as drscribed in the legend to Fig. 2. A , percent
of 2/1/2 chimera, 110-173 (CAR1 with
cAR2 sequence from 110 to 173). in higher
molecularweightform is shown with a
solid linr; the clnshrd linr represents the
wild-type CAR1 dose curve and thedorfrd
linr is that of cAR2. The values are the
average f S.E. of two experimrnts. Insrf,
putative topology o f the 110-17.1 chimera.
The grny linr indicatesthe
CAR1 sequence, whereas thehlnck line represents
the cAR2 sequence. R , reprrsentative
immunohlot used toquantitate
A is
shown. The blot was prohed with
cAR2specific antisera. C, dose curve of electrophoretic mobility of shift in cAR2/cARI/
cAR2 148-17.1 chimera.Thevnluesare
the averaget S.E. of two experiments. D,
correspondingrepresentativenutoradiograph of C.
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of cAR1-like binding characteristics. This latter chimera does scribed. The junctions of these chimeras arc? immcrlintcly folnot substitute the two conserved residues in TM5, suggesting lowing TM7 (Tahle I ) . These two receptors displaycd intcrmcthat these areof little importance in affinity determination.
diateaffinity in thesingleconcentrationphosphntchuffcr
values of 1 p~ (Fig. :1 I .
%o o p e s of ChimerasThatDeviated
from the General hinding assay (TahleI ) and showed EC,,,,
Dend-There were two types of surprising results revealed in In the caseof N272, the EC,,,, v a l u ~incrrnsed from thc 30 n\c of
the careful analysis. First, there were two chimeras, 106C and the surrounding chimeras(X302 and N22H ). whcrras for 272C
the EC,,, value decreased from the 50 ~ 1 x 1of the surrounding
139C that showed a high level of "constitutive" phosphorylation. Even in the absence
of the ligand, a significant amount
of receptors (cAR2. 245C) to 1 p~ (Fig. 3 ) .
thesereceptors (30-70%) werefoundinthephosphorylated
DISCL~SSION
high molecular weight form (data not shown). The remainder
of
these receptors underwent the agonist-induced electrophoretic Random chimeragencsis is a powerful ncw tcchniqrw for t h r
mobility transition with an EC,,, of 8 nM, a value about 4-fold functional analvsis of homologous protrins. A single. transfort h c two selower than thatof the wild-type cARl (Fig.
3). Further charac- mationwiththelinearizedplasmidcontaining
of indcprndent crnssovrr
terization of these constitutively phosphorylated chimeraswill quences in tandem yielded thousands
events. When we screened the lihraricsfor additionnl chimrras
bepresentedseparately.Second,thereweretwochimeras
t h a t crossed over within a narrow rcrion. we wrrr ahlc to find
(N272 and 272C) that did not follow the trends we have de-
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FIG.7. Model for the high affinity modulating domains. The
model of CAR1 is shown. Solid circles indicate residue identities with
cAR2, and open circles represent residue differences. Single letter designation of amino acid residues inside of the circle is that of CAR1
sequences and outside of the circle is the corresponding residues in
cAR2. The cARl residue ‘ I N ” at the4-5 extracellular loop is residue 148
and “A” in TM5 is residue 173.

determining components; however, they are closely overlapping.
Chimeras 106C and 139C exhibited constitutive phosphorylation and were also hypersensitive. These receptors did not
become dephosphorylated even after extensive washing. Even
when transformed into aca- cell lines that aredevoid of endogenous CAMP(401, these receptors still displayed persistent
phosphorylation in the absence of exogenous ligand. The persistently phosphorylated state may reflect a constitutively activated conformation which renders them substrates for the
receptor kinase.
Curiously, swapping the cytoplasmic tails of the receptors at
a point just beyond TM7 results in chimeras that do not bind
CAMP characteristically (N272, 2720. These results suggest
that theintegrity of the transition region between TM7 and the
the proper binding
cytoplasmic tail is important in maintaining
of the agonist. However, at this point the role of this subdomain
in determination of affinity of the receptors is not clear.
In order to assess the in vivo function of the chimeras, several chimeras were transformed into curl- cells, which fail to
aggregate upon starvation. The low affinity receptors failed to
rescue this phenotype, whereas each of the chimeras that define the boundaries of the high affinity domain (148C and
N173) did (data not shown). This result suggests that the intracellular loops and the cytoplasmic tail of cAR2 are sufficient
for rescue provided that the receptor binds with high enough
affinity.
Allof our observations are consistent with the hypothesis
that interactions within the 4-5 loop can weaken an intrinsically high affinity interaction. The phenomena of high affinity
binding of the CAMPreceptors in 3 M ammonium sulfate are not
very well understood; however, since all of the receptors bind
CAMPand they share extensive homology in the domains that
is involved in binding, it is possible that by adding ammonium
sulfate we are measuring the maximum “intrinsic affinity” of a
given receptor. Each receptor may have similar intrinsic affinity provided by the residues in the plane of membrane. The
short segment in 4-5 extracellular loop that we mapped in this
study may be involved in themodulation of this intrinsic affinity. We suggest that here we have found a new mode of affinity
regulation in which very highly conserved family of receptors
change a few amino acid residues t o either facilitate or hinder
the access of ligand to binding site and achieve a three-magnitude modulation in their affinities for the same ligand.

the desired chimeras, suggesting that the libraries contain
nearly every possible chimera that can be formed between the
two receptors. All of the chimeras were expressed at thesame
consistent high level as the parentalcARl and cAR2 proteins.
Most significantly, in thepresence of ammonium sulfate, allof
the chimeras bound CAMPwith a similar affinity of approximately 5 nM.
Under physiological conditions, nearly all of the chimeras
behaved as either high or low affinity. The boundaries of the
domain that confers high affinity resides between residues 110
and 173. The stretch from 148 to 173, which is most significant
for high affinity, consists of 26 amino acids residues, including
the COOH-terminal portion of the second extracellular loop
and aportion of TM5 (Fig. 7). Nineteen residues in thisstretch
are identical between the two receptors. Of the 7 residues that
differ, two are conserved changes within TM5. These appear
insignificant because the cARl/cAR2/cARl chimera, containing
residues 120-158 ofcAR2, has cAR2-likeaffinity. Thusa
smaller region, from 148 to 159, appears to confer most of this
Acknowledgments-We thank Dr. Charles L. Saxe I11 for cAR2
difference. Five of the essential residues are in the4-5 extracellular loop. The most striking difference in thisdomain is the genomic DNA and oligonucleotide primers used in this study. We also
thank Michael Caterina, Mei-Yu Chen, and Dale Hereld for helpful
presence of two negative charges in cAR2, the low affinity re- discussions and Pamela Lilly for critical reading of the manuscript.
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