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ABSTRACT
The Ca21 receptor is a G protein-coupled receptor that enables
parathyroid cells and certain other cells in the body to respond
to changes in the level of extracellular Ca21. The Ca21 receptor
is a member of a family of G protein-coupled receptors that
includes metabotropic glutamate receptors (mGluRs), g-ami-
nobutyric acidB receptors, and putative pheromone receptors.
As a family, these receptors are characterized by limited se-
quence homology and an unusually large putative extracellular
domain (ECD). The ECD of the mGluRs is believed to determine
agonist selectivity, but the functions of the structural domains
of the Ca21 receptor are not known. To identify structural
determinants for cation recognition and activation of the Ca21

receptor (and to further study the mGluRs), two chimeric re-
ceptors were constructed in which the large ECD of the Ca21

receptor and the mGluR1 were interchanged. When expressed
in Xenopus laevis oocytes, one of these chimeras, named CaR/

mGluR1 [ECD of the Ca21 receptor and transmembrane do-
main (TMD) of the mGluR1], responded to cation agonists
(Gd31, Ca21, neomycin) of the Ca21 receptor at concentrations
similar to those necessary for activation of the native Ca21

receptor. A reciprocal construct, named mGluR1/CaR (ECD of
the mGluR1 and TMD of the Ca21 receptor), was responsive to
mGluR agonists but was much less sensitive to two of three
cation agonists known to activate the Ca21 receptor. A deletion
construct of the Ca21 receptor (DntCaR), which lacked virtually
the entire ECD, was only activated by one of three agonists
tested. These results suggest that the primary determinants for
agonist activation of both the Ca21 receptor and the mGluRs
are found in the large ECD and that the Ca21 receptor is
possibly distinguished from the mGluRs in that it may contain
sites in the TMD that permit activation by certain cation ago-
nists.

Systemic Ca21 homeostasis is regulated by several mech-
anisms. Principal among these mechanisms is the regulation
of parathyroid hormone secretion by a G protein-coupled
receptor (GPCR) known as the Ca21 receptor, which enables
parathyroid cells and certain other cells to respond to
changes in extracellular Ca21 concentrations (Brown et al.,
1993; Garrett et al., 1995). Elevated levels of plasma Ca21

activate the Ca21 receptor, thereby inhibiting parathyroid
hormone secretion and ultimately reducing serum Ca21 lev-
els (Nemeth and Scarpa, 1986; Brown, 1991). The Ca21 re-
ceptor is also responsive in vitro to a variety of inorganic and
organic polycations other than Ca21, including gadolinium
(Gd31), magnesium (Mg21), and neomycin.

The Ca21 receptor is a member of a structurally related
family of GPCRs that includes the metabotropic glutamate
receptors (mGluRs), the g-aminobutyric acid B receptors, and
putative pheromone receptors. This family is structurally
unique because its members share little or no homology with
most other known GPCRs and only limited sequence homol-
ogy (;20% amino acid identity) with each other (Herrada
and Dulac, 1997; Kaupman et al., 1997; Ryba and Tirindelli,
1997). These receptors contain a large putative extracellular
domain (ECD) that consists of about 600 amino acids, and

earlier studies of mGluRs showed that this large extracellu-
lar domain determined the rank order of potency for certain
mGluR agonists (Takahashi et al., 1993).

The structural determinants responsible for agonist bind-
ing and subsequent activation of the Ca21 receptor are not
known. Ca21 has a relatively low apparent affinity for the
Ca21 receptor (EC50 ' 1.4 mM, in vitro), which suggests that
the Ca21 receptor lacks the structural characteristics (such
as consensus binding sequences) that are found within the
numerous intracellular proteins that bind Ca21 with much
higher affinity (Persechini et al., 1989). The Ca21 receptor
contains highly acidic regions in the ECD and an acidic
segment in the second extracellular loop of the seven trans-
membrane domains (TMD), and it has been proposed that
either or both of these regions could be cation recognition
sites (Brown et al., 1993; Garrett et al., 1995). Mutations of
the Ca21 receptor are responsible for a condition called fa-
milial hypocalciuric hypercalcemia, which is an autosomal
dominant disorder that causes abnormal elevations in serum
Ca21 concentrations. Exogenous expression of these mutant
receptors has shown a general reduction or loss of sensitivity
to agonists (Brown, 1997). Unfortunately, these mutations
are found throughout the receptor and have therefore pro-

ABBREVIATIONS: GPCR, G protein-coupled receptor; mGluR, metabotropic glutamate receptor; ECD, extracellular domain; TMD, transmem-
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vided limited insight into the site(s) of action for agonists of
the Ca21 receptor. To identify domains necessary for cation
activation of the Ca21 receptor, two chimeric receptors were
constructed in which the large ECD of the Ca21 receptor and
mGluR1 were interchanged. In addition to these two chime-
ras, a deletion mutant of the Ca21 receptor was made that
lacked virtually the entire ECD. These constructs were ana-
lyzed after expression in Xenopus laevis oocytes. The results
of these studies indicate that the Ca21 receptor, like the
mGluRs, contains determinants for agonist activation that
reside in the ECD. Unlike the mGluRs, the Ca21 receptor
seems to differ functionally in that it possesses domains that
enable activation by certain cation agonists that also seem to
be contained in the TMD.

Materials and Methods
Construction of Chimeric and Deletion Mutant Receptors.

The mGluR1a (Masu et al., 1991) used in these studies was isolated
from a rat olfactory bulb cDNA library (Stratagene, La Jolla, CA)
screened with rat mGluR1 specific 59 and 39 oligonucleotides. The
chimeric receptors and the amino-terminal deletion mutant were
constructed by polymerase chain reaction (PCR) (Horton et al.,
1989). The mGluR1/CaR chimera encodes the extracellular domain
of rat mGluR1, corresponding to amino acids 1 to 592, which are
spliced to the transmembrane domain and cytoplasmic tail of the
human Ca21 receptor at amino acid 613 and thus contain the trans-
membrane domain and intracellular region of the Ca21 receptor
corresponding to amino acids 613 to 1078. The CaR/mGluR1 chimera
was made to encode a protein containing the putative ECD of the
Ca21 receptor (amino acids 1 to 598) and the TMD and cytoplasmic
tail of the rat mGluR1 (amino acids 579 to 1199). The amino-termi-
nally deleted Ca21 receptor is an epitope-tagged expression construct
(DntCaR) that encodes a protein consisting of the first 22 amino acids
of the native Ca1 receptor protein (the putative signal sequence)
linked to a 9-amino-acid epitope tag (YPYDVPDYA) (Green et al.,
1982), followed by the human Ca21 receptor protein from amino acid
600 to the carboxyl terminus (amino acid 1078). This construct lacks
the majority of the 610 amino acid extracellular domain of the Ca21

receptor, and therefore contains only the TMD and the carboxyl-
terminal intracellular domain. All junctions and recombinant DNA
sequences were confirmed by double-stranded DNA sequencing.

RNA Transcription and Oocyte Expression. RNA was tran-
scribed as described previously (Garrett et al., 1995) and dissolved in
water. Individual oocytes were injected with 50 nl of the cRNA
solution (12.5 ng/oocyte). After injection, oocytes were incubated at
16°C in modified Barth’s saline containing 0.5 mM CaCl2, 100 U/ml
penicillin, and 100 mg/ml streptomycin for 2 to 5 days before assay.

Two-Electrode Voltage-Clamp and Concentration-Re-
sponse Studies. Oocytes were voltage-clamped at a holding poten-
tial of 260 mV with an Axoclamp 2A amplifier (Axon Instruments,
Foster City, CA) using standard two-electrode voltage-clamp tech-
niques (Racke et al., 1993). Currents were recorded on a chart re-
corder. The standard control saline was ND96, which contained 96
mM NaCl, 4 mM KCl, 10 mM HEPES, pH 7.5, 0.3 mM CaCl2 and 0.8
mM MgCl2. Test substances were dissolved in ND96 and applied by
superfusion at a flow rate of about 5 ml/min. All experiments were
done at room temperature. Activation of the endogenous calcium-
activated chloride current (ICl) was quantified by measuring the
peak inward current evoked by the agonist, relative to the holding
current at 260 mV. Increases in ICl were measured in response to the
application of agonists. A curve was fit to the data from all experi-
ments with the Levenberg-Marquardt algorithm using the Kaleido-
graph fitting program (Synergy Software, Reading, MA).

Results
Agonist Responsiveness of Ca1 Receptor and

mGluR1a. The native mGluR1a and the Ca21 receptor were
responsive to agonists at concentrations similar to those pre-
viously reported for each receptor. In each case, agonists
were found to be mostly receptor selective. The Ca21 receptor
was activated by Ca21, Gd31, or neomycin, but not by gluta-
mate or quisqualate. The mGluR1a was activated by quis-
qualate and by L-glutamate, but cations were typically inef-
fective. Previous reports have demonstrated that certain
mGluRs (including mGluR1a) are responsive to cation ago-
nists of the Ca21 receptor (Kubo et al., 1998). Responses to
certain cation agonists were also noted in the present study.
A specific example was the activation of mGluR1a by Gd31.
Curiously, these particular responses varied from oocyte to
oocyte and from batch to batch. They were most prominent
when mGluR1a responses to L-glutamate were unusually
large (data not shown). Ca21 and neomycin, however, were
unable to elicit responses under these conditions. When
mGluR1 agonists were tested, quisqualate was the more
potent agonist of the mGluR1 compared with L-glutamate.
Taken together, these results are consistent with those de-
scribed previously for the agonist concentration-response
characteristics of the Ca21 receptor and the mGluR1a (Masu
et al., 1991; Brown et al., 1993; Takahashi et al., 1993).
Figure 1 shows representative current traces of Ca21 recep-
tor and mGluR1a activation in oocytes by their respective
agonists.

Agonist Responsiveness of the CaR/mGluR1. A chi-
meric receptor containing the putative ECD of the Ca21

receptor and the TMD and cytoplasmic tail of the mGluR1a
(named CaR/mGluR1) was assessed for agonist sensitivity
after expression in X. laevis oocytes. CaR/mGluR1 responded
to Ca21, Gd31, or neomycin at concentrations that were very
similar to those necessary for activation of the native Ca21

receptor. CaR/mGluR1 failed to respond to glutamate or quis-
qualate, even at concentrations as high as 1 mM (Fig. 2).
Further evaluation of agonist responsiveness and a compar-
ison of the agonist concentration-response characteristics of
the Ca21 receptor and the CaR/mGluR1 show that the rank
order of potency of the three cations did not differ from their
potencies on the native Ca21 receptor. Gd31 was the most
potent agonist of the CaR/mGluR1, followed by neomycin,
then Ca21 (Fig. 3).

Agonist Responsiveness of the mGluR1/CaR. A recip-
rocal chimeric receptor containing the ECD of the mGluR1
and the TMD and cytoplasmic tail of the Ca21 receptor
(named mGluR1/CaR), was expressed in oocytes and as-
sessed for agonist responsiveness. The mGluR1/CaR was re-
sponsive to the glutamate receptor agonists quisqualate or
glutamate at concentrations similar to those necessary for
activation of the native mGluR1 (Fig. 4). In addition,
mGluR1/CaR was responsive to certain CaR agonists. Gd31

was by far the most potent of the cation agonists and it
consistently activated the receptor at concentrations even
lower than necessary for activation of the native Ca21 recep-
tor (Fig. 4). Neomycin and Ca21, however, were much less
effective on the mGluR1/CaR than on the native Ca21 recep-
tor and seemed unable to fully activate the chimeric mGluR1/
CaR (data not shown).
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Pharmacological Characterization of the DntCaR.
The responsiveness of the mGluR1/CaR to Gd31 suggested
that functional determinants necessary for agonist interac-
tion with the Ca21 receptor might be contained in the TMD.
To address this hypothesis, an amino-terminal deletion mu-
tant of the CaR was constructed that lacked virtually the
entire ECD of the Ca21 receptor, including the acidic amino-
acid-containing domains of the amino-terminal ECD that
might interact with cation agonists. This deletion mutant
receptor, DntCaR, did not respond to the application of Ca21

(up to 20 mM), and showed only very small responses to
neomycin at concentrations .1 mM. However, the DntCaR
was activated by Gd31 at concentrations only about 3-fold
higher than those necessary for activation of the native Ca21

receptor or the CaR/mGluR1 (EC50 5 70 mM versus 25 mM)
(Fig. 5).

Gd31 Concentration-Response Analysis of the Chi-
meric and Mutant Receptors. Gd31 was the most potent
agonist tested and it activated each of the chimeric receptor
constructs. Accordingly, a direct comparison of its effects on
each receptor type was performed. The Gd31 concentration-
response characteristics of the Ca21 receptor, CaR/mGluR1,
mGluR1/CaR, and DntCaR are compared in Fig. 6. These
results show that the Ca21 receptor and CaR/mGluR1 both
respond to Gd31 with nearly identical EC50 values. The Dnt-
CaR was also responsive to Gd31, although higher concen-
trations of ligand were necessary for its activation than for
the native Ca21 receptor or the CaR/mGluR1 chimera. Curi-

ously, the EC50 for Gd31 activation of the mGluR1/CaR was
even lower than for activation of the native Ca21 receptor.

Cooperativity of Activation. Activation of the Ca21 re-
ceptor by cationic ligands is characterized by a relatively
steep concentration-response relationship. The cation con-
centration-response curves to polyvalent cations obtained in
this study are consistent with previously reported studies of
Ca21 receptor activation in parathyroid cells or after its
expression in X. laevis oocytes (Nemeth and Scarpa, 1986;
Brown, 1991; Brown et al., 1993; Garrett et al., 1995). As
expected, glutamate activation of the mGluR1 expressed in
oocytes followed the more typical concentration-response
curve to yield a Hill coefficient (nH) of slightly greater than
one. The steepness of the cation dose-response relationship
was maintained for both the CaR/mGluR1 and the mGluR1/
CaR (nH .3). Using a selected group of known agonists,
complete activation of the mGluR1/CaR by Gd31 occurs
within a 10-fold concentration range, whereas activation by
mGluR agonists occurs over approximately a 100-fold agonist
concentration range in both the mGluR1 and mGluR1/CaR
(Fig. 7). It seems that cation activation, whether mediated by
sites within the ECD or TMD, exhibits strong cooperativity.

Discussion
The functional characterization of Ca21 receptor-mGluR1

chimeras in this study demonstrates that, although these
two receptor types share limited sequence homology (about

Fig. 1. Agonist activation of the Ca21 receptor and the
mGluR1a by their respective agonists. Currents were re-
corded from oocytes voltage-clamped at 260 mV and ago-
nists were applied by superfusion for durations indicated
by the horizontal bars above each trace.
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25%), their overall structural homology is sufficient to enable
functional complementation. The similarities in overall to-
pology and the clear differences in agonist pharmacology
between the two receptor types have provided an approach
for the determination of sequence regions that are responsi-
ble for various aspects of receptor function, including agonist
recognition and receptor activation. Thus, it seems that, like
the mGluRs, ligand binding and receptor activation of the
Ca21 receptor are primarily determined by the ECD and the
serpentine TMD, respectively.

Takahashi et al. (1993) reported that the large ECD of
mGluRs played a dominant role in determining mGluR ago-
nist rank order of potency. They constructed several chimeric
receptors by interchanging segments within the ECDs of the
mGluR1 and mGluR2 subtypes and found that the differ-
ences in agonist selectivity between the two subtypes were
determined by sequences within the ECD. Parmentier et al.
(1998) further demonstrated that ligand recognition of
mGluRs is confined to the ECD. The present study supports

and extends these earlier findings by providing evidence that
the amino-terminal ECD, exclusive of the TMD, contains
functional domain(s) for agonist responsivity. The Ca21 re-
ceptor does not respond to mGluR agonists, but the mGluR1/
CaR chimera is activated by glutamate and quisqualate at
concentrations very similar to those necessary for activation
of the native mGluR1 expressed in oocytes. This functional
complementation suggests that the binding of an agonist to
the ECD of one receptor type induces conformational changes
in the TMD that produce a functional response.

Data obtained from analysis of the CaR/mGluR1 are most
convincing in terms of the role of the Ca21 receptor ECD in
cation recognition. The cation agonist profile of the CaR/
mGluR1 is nearly indistinguishable from that of the native
Ca21 receptor. Ca21, Gd31, and neomycin all activate the
CaR/mGluR1 and their EC50 values do not differ significantly
from those obtained with the native Ca21 receptor. Gluta-
mate and quisqualate are ineffective, even at concentrations
as high as 1 mM. These results alone indicate that the ECD
of the Ca21 receptor contains necessary and sufficient sites
for agonist recognition, particularly by the endogenous li-
gand, Ca21.

The ability of certain cations to activate the mGluR1/CaR
suggests that the TMD of the Ca21 receptor contains cation
recognition sites that are capable of receptor activation. Cu-
riously, Gd31 is not only the most potent Ca21 receptor
agonist of the mGluR1/CaR, it is also a more potent agonist of
the mGluR1/CaR than of the native Ca21 receptor. Ca21 and
neomycin, however, essentially lack activity at mGluR1/CaR.
The reason for these differences is not clear. Although ex-
pression levels were not determined for the native and chi-
meric receptors, there is evidence to suggest that differences
in agonist selectivity are not caused simply by variations in
expression level. For example, activation by Gd31 of either
the CaR/mGluR1 or the mGluR1/CaR produces similar in-
creases in chloride current amplitudes, but these receptors
differ significantly in their ability to respond to calcium or
neomycin.

When the mGluR1 is expressed at very high levels, as

Fig. 2. Agonist activation of the CaR/mGluR1 chimera. The effects of
L-glutamate and cation agonists of the CaR were examined in oocytes
injected with cRNA encoding the CaR/mGluR1. The duration of agonist
application is indicated by the horizontal bars above the current trace.
The break in the trace represents approximately 5 min.

Fig. 3. Concentration-response analysis of cation activation of the CaR/
mGluR1 and the native CaR. Data points represent the mean 6 S.E.M.
for 4 to 17 oocytes in each determination. The EC50 values obtained for
Ca21, Gd31 and neomycin on the native Ca21 receptor were 8.1 6 0.5 mM,
21 6 1.5 mM, and 127 6 16 mM, respectively, and on the CaR/mGluR1,
4.7 6 0.3 mM, 31 6 10 mM, and 112 6 29 mM, respectively.
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Fig. 4. Agonist activation of the mGluR1/
CaR. A, representative traces showing
responses to the application of glutamate
receptor agonists and Gd31. B, concen-
tration-response analysis of glutamate
agonist activation of the mGluR1 and the
mGluR1/CaR chimera. Data points rep-
resent the mean 6 S.E.M. for 3 to 15
oocytes for each determination. The EC50
values obtained for L-glutamate and
quisqualate in the native mGluR1 were
17.2 6 0.7 mM and 1.7 6 0.1 mM, respec-
tively. The EC50 values obtained for L-
glutamate and quisqualate on the
mGluR1/CaR were 11.9 6 0.8 and 1.1 6
0.2, respectively.
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suggested by unusually large responses to glutamate ago-
nists, responses to Gd31 (at concentrations of at least 10 mM)
are observed, as are spontaneous oscillations in the absence
of added quisqualate or glutamate. The spontaneous activity
is most likely explained as a result of an active receptor/G
protein conformation in the absence of agonist. The re-
sponses to Gd31 by the mGluR1/CaR and the DntCaR dif-
fered from the responses to Gd31 by mGluR1a in that the
mGluR1a responses are not consistent from oocyte to oocyte
and from frog donor to frog donor under our experimental
conditions. A possible explanation for these Gd31 responses
may be that the mGluRs and the Ca21 receptor share a
common ancestral receptor and that the apparent cation-
sensing properties of the mGluR1 may be caused by the
presence of a vestigial cation recognition site. Recent mu-
tagenesis of mGluRs showed that a specific serine residue
found in certain mGluRs is responsible for their apparent
cation sensing (Kubo et al., 1998). However, rat cortical as-
trocytes express mGluR5, yet mGluR5 activation by selective
mGluR agonists is unaffected by Gd31 in this system (M.
Logan and L. Hammerland, unpublished observations). Ad-

ditionally, the Gd31 effect may result from subtle conforma-
tional changes that enhance the active receptor/G protein
complex. Cations are known to modulate the activity of many
GPCRs (Neve, 1991; Ceresa and Limbird, 1994); whether this
effect of Gd31 is related to those previously described effects
of cations on the function of other GPCRs is not clear.

The agonist pharmacological profiles of the DntCaR and
the mGluR1/CaR suggest that the TMD contains cation ag-
onist interaction sites. Both receptors respond well to Gd31,
but the activities of Ca21 and neomycin are greatly reduced
in the mGluR1/CaR and are nearly undetectable in the Dnt-
CaR. These data, together with the observation that cation
responsiveness of the CaR/mGluR1 chimera and the Ca21

receptor are nearly identical, provide further evidence that
the primary determinants for cation activation of the CaR
are found within the ECD. Furthermore, it seems that any
other site within the TMD may not be necessary for activa-
tion by the natural ligand.

The cooperativity of agonist activation is maintained with
respect to cation versus glutamate agonist activation. For

Fig. 5. Gd31 activation of the DntCaR. Oocytes were injected with cRNA
encoding the DntCaR 4 days before assay and agonists were applied by
superfusion for the times indicated by the horizontal bars above the
traces.

Fig. 6. Concentration-response analysis of Gd31 activation of the CaR,
CaR/mGluR1, mGluR1/CaR and DntCaR. Data points represent the
mean 6 S.E.M. for 4 to 17 oocytes for each determination. The EC50
values obtained for Gd31 on the mGluR1/CaR and the DntCaR were
2.3 6 0.4 mM and 67.9 6 14 mM, respectively.

Fig. 7. Cooperativity of mGluR1/CaR activation by glutamate agonists
and Gd31. The agonist activation kinetics of the mGluR1/CaR in response
to L-glutamate, quisqualate and Gd31. Data points represent the mean 6
S.E.M. for 3 to 17 oocytes for each determination. The n determined for
quisqualate activation was 1.4 6 0.32 and for L-glutamate it was 1.67 6
0.57, whereas the n for activation by Gd31 was 5.2 6 1.2.
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example, activation of the native mGluR1 or the mGluR1/
CaR chimera by glutamate or quisqualate is characterized by
concentration-reponse curves that extend to nearly two log
units of agonist concentrations. Conversely, activation of the
native CaR, CaR/mGluR1, mGluR1/CaR, or DntCaR by cat-
ions, regardless of whether the recognition site is found
within the ECD or TMD, results in a dramatically steeper
concentration-response relationship.

The current understanding of the structure/function rela-
tionships of GPCRs, with respect to agonist recognition and
activation, includes at least three primary patterns (for re-
view, see Coughlin, 1994). For receptors that bind small
molecule ligands, such as the adrenergic and muscarinic
receptors, these ligands bind to pockets within the TMD
(Kobilka et al., 1988; Strader et al., 1989; Dohlman et al.,
1991; Strader et al., 1991). Members of the chemokine and
glycoprotein receptor families seem to contain sites for ago-
nist recognition in both the ECD and TMD (Moyle et al.,
1991; Nagayama et al., 1991; Fong et al., 1992a, 1992b;
Buggy et al., 1995). To date, however, the mGluRs seem to be
distinct in that the sites of agonist interaction are found
exclusively in the ECD (O’Hara et al., 1993; Takahashi et al.,
1993). The data presented in this report also support that
suggestion regarding the mGluRs.

The activity of cation agonists of the Ca21 receptor on the
CaR/mGluR1 chimera suggests that, much like the mGluRs,
the ECD of the Ca21 receptor contains the binding site(s) for
the physiological ligand (i.e., extracellular Ca21). The large
ECD of each receptor confers sensitivity to agonist activation.
However, unlike the mGluRs, the TMD of the CaR may also
contain determinants for some cation interaction. These re-
sults provide a basis for even more refined approaches to
characterizing ligand binding sites.

Acknowledgments

We thank Irene Capuano and Amy Pedersen for technical assis-
tance and Sharon Bennett for assistance in the preparation of this
manuscript.

References
Brown EM (1991) Extracellular Ca21 sensing, regulation of parathyroid cell func-

tion, and role of Ca21 and other ions as extracellular (first) messengers. Physiol
Rev 71:371–411.

Brown EM (1997) Mutations in the calcium sensing receptor and their clinical
implications. Horm Res 48:199–208.

Brown EM, Gamba G, Riccardi D, Lombardi M, Butters R, Kifor O, Sun A, Hediger
MA, Lytton J and Hebert SC (1993) Cloning and characterization of an extracel-
lular Ca21-sensing receptor from bovine parathyroid. Nature (Lond) 366:575–580.

Buggy JJ, Livingston JN, Rabin DU and Yoo-Warren H (1995) Glucagon-glucagon-
like peptide I receptor chimeras reveal domains that determine specificity of
glucagon binding. J Biol Chem 270:7474–7478.

Ceresa BP and Limbird LE (1994) Mutation of an aspartate residue highly conserved
among G protein-coupled receptors results in a non-reciprocal disruption of al-
pha2-adrenergic receptor-G protein interactions. A negative charge of amino acid
residue 79 forecasts alpha2A-adrenergic sensitivity to allosteric modulation by
monovalent cations and fully effective receptor/G protein coupling. J Biol Chem
269:29557–29564.

Coughlin SR (1994) Expanding horizons for receptors coupled to G proteins: Diver-
sity and Disease. Curr Opin Cell Biol 6:191–197.

Dohlman HG, Thorner J, Caron MG and Lefkowitz RJ (1991) Model systems for the
study of seven transmembrane-segment receptors. Annu Rev Biochem 60:651–
688.

Fong TM, Huang R-RC and Strader CD (1992a) Localization of agonist and antag-
onist binding domains of the human neurokinin-1 receptor. J Biol Chem 267:
25664–25667.

Fong TM, Yu H, Huang R-RC and Strader CD (1992b) The extracellular domain of
the neurokinin-1 receptor is required for high-affinity binding of peptides. Bio-
chemistry 31:11806–11811.

Garrett JE, Capuano IV, Hammerland LG, Hung BCP, Brown EM, Hebert SC,
Nemeth EF and Fuller F (1995) Molecular cloning and functional expression of
human parathyroid calcium receptor cDNAs. J Biol Chem 270:12919–12925.

Green N, Alexander H, Olson A, Alexander S, Shinnick T, Sutcliffe J and Lerner R
(1982) Immunogenic structure of the influenza virus hemagglutinin. Cell 28:477–
487.

Herrada G and Dulac C (1997) A novel family of putative pheromone receptors in
mammals with a topographically organized and sexually dimorphic distribution.
Cell 90:763–773.

Horton RM, Hunt HD, Ho SN, Pullen JK and Pease LR (1989) Engineering hybrid
genes without the use of restriction enzymes: Gene splicing by overlap extension.
Gene 77:61–68.

Kaupman K, Huggel K, Heid J, Flor PJ, Bischoff S, Mickel SJ, McMaster G, Angst
C, Bittiger H, Froestl W and Bettler B (1997) Expression cloning of GABAB
receptors uncovers similarity to metabotropic glutamate receptors. Nature (Lond)
386:239–246.

Kobilka BK, Kobilka TS, Daniel K, Regan JW, Caron MG and Lefkowitz RJ (1988)
Chimeric alpha2-, beta2-adrenergic receptors, delineation of domains involved in
effector coupling and ligand binding specificity. Science (Washington DC) 240:
1310–1316.

Kubo Y, Miyashita T and Murata Y (1998) Structural basis for a Ca21-sensing
function of the metabotropic glutamate receptors. Science (Washington DC) 279:
1722–1725.

Masu M, Tanabe Y, Tsuchida K, Shigemoto R and Nakanishi S (1991) Sequence and
expression of a metabotropic glutamate receptor. Nature (Lond) 349:760–765.

Moyle WR, Bernard MP, Myers RV, Marko OM and Strader CD (1991) Leutropin/
beta-adrenergic receptor chimeras bind choriogonadotropin and adrenergic li-
gands, but are not expressed at the cell surface. J Biol Chem 266:10807–10812.

Nagayama Y, Wadsworth HL, Chazenbalk GD, Russo D, Seto P and Rapoport B
(1991) Thyrotropin-luteinizing hormone/chorionic gonadotropin receptor extracel-
lular domain chimeras as probes for thyrotropin receptor function. Proc Natl Acad
Sci USA 88:902–905.

Nemeth EF and Scarpa A (1986) Cytosolic Ca21 and the regulation of secretion in
parathyroid cells. FEBS Lett 203:13–19.

Neve KA (1991) Regulation of dopamine D2 receptors by sodium and pH. Mol
Pharmacol 39:570–578.

O’Hara PJ, Sheppard PO, Thogersen H, Nenezia D, Haldeman BA, McGrane V,
Houamed KM, Thomsen C, Gilbert T and Mulvihill ER (1993) The ligand-binding
domain in metabotropic glutamate receptors is related to bacterial periplasmic
binding proteins. Neuron 11:41–52.

Parmentier M-L, Joly C, Restituto S, Bockaert J, Grau Y and Pin J-P (1998) The G
protein-coupling profile of metabotropic glutamate receptors, as determined with
exogenous G proteins, is independent of their ligand recognition domain. Mol
Pharmacol 53:778–786.

Persechini A, Moncrief ND and Kretsinger RH (1989) The EF-hand family of calci-
um-modulated proteins. Trends Neurosci 12:462–467.

Racke FR, Hammerland LG, Dubyak GR and Nemeth EF (1993) Functional expres-
sion of the parathyroid cell calcium receptor in Xenopus oocytes. FEBS Lett
333:132–136.

Ryba NJ and Tirindelli R (1997) A new multigene family of putative pheromone
receptors. Neuron 19:371–379.

Strader CD, Candelore MR, Hill WS, Sigal IS and Dixon RAF (1989) Identification of
two serine residues involved in agonist activation of the beta-adrenergic receptor.
J Biol Chem 264:13572–13578.

Strader CD, Gaffney T, Sugg EE, Candelore MR, Keys R, Patchett AA and Dixon
RAF (1991) Allele-specific activation of genetically engineered receptors. J Biol
Chem 266:5–8.

Takahashi K, Tsuchida K, Tanabe Y, Masu M and Nakanishi S (1993) Role of the
large extracellular domain of metabotropic glutamate receptors in agonist selec-
tivity determination. J Biol Chem 268:19341–19345.

Send reprint requests to: Lance G. Hammerland, Ph.D., NPS Pharmaceu-
ticals, Inc., 420 Chipeta Way, Salt Lake City, UT 84108. E-mail
lhammerland@npsp.com

648 Hammerland et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

