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Abstract

The GnRH-R belongs to the superfamily of heptahelical GPCRs. A three-dimensional model of GnRH binding to its receptor predicted
that Trp3 was the most deeply buried residue, potentially allowing it to interact with both Trp279, a highly conserved residue in the TMH
6 of GPCRs, and Phe310, present essentially in TMH 7 of GnRH-Rs. Replacement of Phe310 with Leu, the most common positional residue
in GPCRs, induced a slightly decreasedBmax (1.6-fold) and affinity (3.8-fold); in addition, IP production was completely abolished.
Similarly, replacement of Trp279 with Ser depressed theBmax by 5.2-fold, the affinity by 2.3-fold, and totally abrogated IP production. The
effect of the double mutation was not additive on binding, since theBmax was reduced to the level of the Phe310Leu mutant, although the
Kd was restored to a value not significantly different from that of the wild-type. The double mutant was also unable to induce IP production.
Unexpectedly, no influence of any single or double substitution was noted on receptor internalization. These data provide evidence for the
crucial role of Phe310, possibly in conjunction with Trp279, on GnRH transduction and suggest that the conformation for phospholipase
C activation may not be required for GnRH-R internalization. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The mammalian GnRH-R is a member of the rhodopsin-
like GPCR family. It shares with all GPCRs a common
protein structure which includes the presence of seven pu-
tative transmembranea-helices, which contribute to the
conformation of the ligand-binding pocket, connected by
extra- and intracellular loops functionally crucial for ligand
binding and signal transduction, respectively [1]. This re-
ceptor also exhibits unique structural features such as the
lack of a cytoplasmic tail known to impart in many other
GPCRs important regulatory features [2].

Because of the crucial role of GnRH and its receptor in
reproductive physiology [3,4], delineation of the precise
contact sites between the counterparts is critical for deter-
mining the molecular mechanisms underlying receptor ac-
tivation as well as developing both novel peptide and non-
peptide GnRH analogs. The most recent data indicate that
the interaction of GnRH with its receptor involves extracel-
lular as well as TMH domains, in a manner consistent with
earlier structure–activity studies that demonstrated that both
the N- and C-terminal regions of GnRH are important for
ligand binding and signal transduction [5]. Taking into
consideration all the experimental data related to GnRH/
GnRH-R interaction [6–8], we have defined a three-dimen-
sional (3-D) model of the complex between GnRH and its
rat receptor. From this model, Trp3 of GnRH was predicted
to penetrate into the transmembrane core about 20 Å from
the surface of the membrane, interacting with TMH 6
Trp279 [9]. With further refinement of our model, the po-
tential of the Trp3 side chain of GnRH to intercalate be-
tween the indole moiety of Trp279 in TMH 6 and the phenyl
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moiety of Phe310 in TMH 7 was revealed, strongly sug-
gesting an interaction between both amino acid residues. To
assess this possibility, we examined the effects of mutating
Phe310, either alone or in combination with Trp279, on
ligand binding, internalization, and IP production. Our re-
sults are consistent with the major role of Phe310 on
GnRH-R activation, possibly in conjunction with Trp279,
and also suggest that the GnRH-R is internalized through a
process independent of the activation of phospholipase C
(PLC).

2. Materials and methods

A 1.038-kb rat GnRH-R cDNA in pUC19 [10] was used
for the construction of wild-type and mutant receptors.
Site-directed mutations were made using anin vitro mu-
tagenesis method (Takara/Amersham) as described previ-
ously [9]. The sequence of the 22-mer mutagenic primer for
Phe310 was 59-TTCTTTCTCCTTGCTTTTCTAA-39; and
at the underlined base, codon TTT (Phe) was replaced with
CTT (Leu). For Trp279, the 22-mer mutagenic primer was
59-GTCATCTGCTCGGACTCCCTAC-39 and, at the un-
derlined base, codon TGG (Trp) was altered to TCG (Ser).
NheI/XhoI restriction sites (Eurogentec) were created by
polymerase chain reaction (PCR) with Vent@R DNA poly-
merase (New England BioLabs) in order to subclone into
pGEM-T (Promega). The sequences were confirmed by
automated DNA sequencing (Li-Cor, MWG-Biotech). The
cDNA was then digested and ligated into the expression
vector pMSGCAT (Pharmacia Biotech) using the NheI/
XhoI restriction sites. For transfection and expression,
CHO-K1 cells, routinely maintained at 37° in Ham-F12
medium supplemented with 10% new-born calf serum con-
taining 100 mg/mL of gentaline, were seeded in 6-well
plates at a density of 93 104 cells per well. Transfection
was performed at 60–70% confluence, in 1.2-mL serum-
free OPTI-MEM medium per well with 1.2mg wild-type or
mutant plasmid DNA and 24mg lipofectamine (GIBCO
BRL Life Technologies Inc.). Five hours later, the medium
was changed and cells were cultured for 60 hr to allow
optimal expression of receptors before ligand binding and
functional assays. Saturation binding assays were carried
out on transfected cells incubated at 25° for 75 min in
Ham-F12 as previously described [9], using as the ligand a
radioiodinated GnRH analogue [His5-DTyr6]GnRH (specif-
ic radioactivity, 100mCi/mg). Internalization assays were
performed as described [9] by classic acid-wash (in 50 mM
acetic acid and 150 mM NaCl, pH 2.8), removal of extra-
cellular receptor-associated ligand, and solubilization of ra-
dioactive ligand retained by cells with NaOH/SDS. Non-
specific binding for each time point was determined in the
presence of cold agonist excess. IP production was assayed
by measuring radioactive IPs isolated by extraction and
separation on Dowex ion exchange columns from GnRH-
R-expressing CHO cells previously loaded with 6mCi/ml

myo-[2-3H]inositol (Amersham) for 16–18 hr in an inositol
and serum-free medium containing 20 mM LiCl, and further
incubated for 1 hr in the absence or presence of 1027 M
GnRH [9]. Statistical significance was determined by un-
paired two-tailedt-test.

The 3-D model of the rat GnRH-R hosting GnRH was
constructed using the procedure already extensively de-
scribed and previously validated [9,11].

3. Results and discussion

The 3-D model of the GnRH docked in its receptor (Fig.
1) was established based on our previous study [9] taking
into account general data available on GPCRs and on the
GnRH-R in particular [6,11–15]. The general distribution of

Fig. 1. Model of GnRH docked in its receptor, pointing out the position of
Trp3 sandwiched between TMH 6 Trp279 and TMH 7 Phe310. Top: view
from the extracellular side of the cell; bottom: transversal side view of the
extracellular half. The GnRH-R backbone is shown in magenta, and the
Trp279 and Phe310 residues are indicated in yellow. GnRH is colored by
atom types (white for carbon, blue for nitrogen, red for oxygen). GnRH
Trp3 is annotated by an arrowhead.
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the decapeptidic neurohormone within the receptor pocket
on its side view (Fig. 1, bottom) shows the pyroGlu1 lying
at the base of the central receptor cleft in the neighborhood
of TMH 5 and the terminal Gly10 carboxamide interacting
with Asn102 at top of TMH 2 [8]. His2 may form hydrogen
bonds with Lys121 of TMH 3 [6] and Arg8 with Glu301 [7]
whereas, according to our model, Trp3 was the most deeply
buried residue, located about 20 Å inside the transmem-
brane core, representing one-third of the membrane depth
[9]. This conformation of GnRH, which notably differed
from that of the GnRH in solution [16], brings the location
of achiral Gly6 near the surface of the binding pocket rather
than outside as suggested by others, and thus in a position to
interact with another molecule or carry an extended radical
[17]. In the present study, we found that further refinement

of our model revealed the GnRH Trp3 side chain perfectly
sandwiched between Trp279 in TMH 6 and Phe310 in TMH
7 (Fig. 1, top and bottom), implying its possible involve-
ment in p stacking. Interestingly, Trp279 and Phe310 are
present in mammalian as well as non-mammalian GnRH-R.
Moreover, Trp279 is highly conserved in other GPCRs with
the major exception of odorant receptors and glycoprotein
hormone receptors, while Phe310 is conserved in certain
GPCRs such as humana-adrenergic and glycoprotein hor-
mone receptors, rhodopsins, and opsins (Fig. 2), but in the
majority of other GPCRs is mainly replaced by non-aro-
matic Leu or Ile residues [18].

To further validate our model and examine the respective
roles of Phe310 and/or Trp279 in receptor function, these
residues were mutated to delete the aromatic side chains.
Since the majority of GPCRs contain non-aromatic Leu (or
Ile) residues in place of Phe at this position (Fig. 2), we
substituted Phe310 with Leu, eliminating its aromatic char-
acter but still maintaining the bulkiness of the residue in the
GnRH-R. As shown in Table 1, we found that the single
Phe310Leu mutation only slightly affected ligand binding
compared to wild-type (Kd 5 3.956 0.08 vs1.026 0.10
nM; Bmax 5 335 6 5 vs 543 6 13 fmol/mg protein).
However, this mutation impaired signal transduction since
no IP production could be detected regardless of the con-
centration of GnRH used (in the range 10210 M to 1027 M),
thus providing dose–response curves not different from
basal. Table 1 shows the IP response for the wild-type
GnRH-R at 1026 M GnRH (EC505 2.5 6 0.4 nM) while
still showing no response for the mutant receptors. This
result contrasts with the absence of any detectable influence
on the time course and degree of internalization (Fig. 3).
With the exception of a more severe consequence in term of
Bmax, quite similar conclusions can be drawn from mutating
Trp279 residue with Ser, which lacks an indole moiety
(Table 1 and Fig. 3). Both these mutant receptors are prop-
erly expressed and co-localized with a fluorescent mem-
brane marker (Alexa 594 ConA), as evidenced by the fusion
in frame with the green fluorescent protein (data not shown).

At this stage, we considered that if the two loci were
independent in their contribution to a measured property,
the effect of a mutation at either locus should be additive.

Fig. 2. Alignment of TMH 7 regions of rat (r), mouse (m), human (h), ovine
(o), bovine (b), porcine (p), and catfish (cf) GnRH-R primary sequence
with representative corresponding sequences of various human (h) or rat (r)
GPCRs. Conserved Phe and Pro residues are bolted, and the putative TMH
region is underlined. Vaso/Oxyt-R: vasopressin/oxytocin receptor; rhodop-
sin-R: rhodopsin receptor;b2-Adren-R:b2-adrenergic receptor; m1-Mus-
car-R: m1 muscarinic receptor; LH/FSH-R: luteinizing hormone and fol-
licle-stimulating hormone receptors; TSH-R: thyroid-stimulating hormone
receptor; D1-Dopa-R: D1 dopamine receptor;a2a-Adre-R:a2 adrenergic
receptor; 5-HT2-R: 5-hydroxytryptamine (serotonin) receptor; SP-R: sub-
stance P receptor;b1-Adre-R:b1 adrenergic receptor.

Table 1
Characteristics of GnRH binding and IP production in CHO-K1 cells transfected with wild-type GnRH-R or GnRH-R mutated on Phe310 and/or Trp279

GnRH-R
construct

Receptor Binding IP production (cpm)

Kd

(nM 6 SEM)
Bmax

(fmol/mg prot6 SEM)
Vehicle 1026M

GnRH

Wild-type 1.026 0.10 5436 13 564.96 8.4 6250.96 64
F310L 3.956 0.08 3356 5 581.46 12.3 562.46 7.3
W279S 2.436 0.11 1036 7 535.36 11.0 520.66 9.1
[W279S/F310L] 1.166 0.03 3246 12 557.36 13.4 549.96 7.8

Receptor binding assays were performed using125I-[His5-DTyr6]GnRH. Kd and Bmax were calculated from saturation experiments. IP production was
measured in transfected cells labelled with [3H]myo-inositol after incubation for 1 hr in the absence or presence of 1026 M GnRH. Values are the means6
SEM of 8 individual experiments.
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Thus, we constructed a double mutant receptor composed of
the two mutations: Phe310Leu and Trp279Ser. Interest-
ingly, the [Phe310Leu/Trp279Ser] mutation restored affin-
ity with a Kd not significantly different from that of the
wild-type receptor (Kd 5 1.16 6 0.03 nM). In addition,
the Bmax was quite similar to that displayed by the single
Phe310Leu mutant (Bmax 5 324 6 12 fmol/mg protein vs
335 6 5 fmol/mg protein), i.e. much higher than the
Trp279Ser mutant (Table 1). The internalization was, how-
ever, again unaffected by these both mutations (Fig. 3).

The fact that all mutants studied in this work were
deficient in G-protein coupling/PLC activation but unim-
paired in receptor internalization is particularly intriguing.
This suggests a dissociation between these two processes,
whereas it is generally accepted that agonist-induced inter-
nalization requires an active receptor conformation. The
possibility that mutants produced IP in response to GnRH
but at levels too low to be detected is in our opinion
improbable, although it is difficult to be excluded totally.
Indeed, even if the mutant response were very weak, we
should be able to detect it under GnRH concentrations as
high as 1026 M, while responses to concentrations as low as
10210 M could be routinely detected with the wild-type
[9,19,20]. In addition, the modest changes in receptor num-
ber and affinity appear insufficient to explain the loss of IP

responses particularly in the Phe310Leu and the double
[Trp279Ser/Phe310Leu] mutants.

Other examples of a dissociation between PLC activation
and internalization in GPCRs are provided by theb2-ad-
renergic and the angiotensin 1A receptors [21–23]. In con-
trast to these receptors, the mammalian GnRH-R has the
unique peculiarity to lack the C-terminal intracellular tail
that is crucial for GRK-induced phosphorylation andb-ar-
restin binding, a process that would represent an early step
in agonist-induced internalization [24,25]. Indeed, the mam-
malian GnRH-R is not phosphorylated in an agonist-depen-
dent manner [26] and internalizes via a GRK- andb-arres-
tin-independent process [26,27]. In addition, internalization
may involve the contribution of specific residues located in
the second intracellular loop as well as in TMH7 [28,29].
Thus, in addition to the data from the literature suggesting
that GnRH-R internalization occurs through an atypical
process as compared to other GPCRs, our results argue in
favor of distinct GnRH-induced conformational changes
required for GnRH-R internalization and PLC activation.

These data also support the hypothesis that Phe310 and
Trp279 are located in the same region and contribute to a
network of interactions. The fact that the double mutant
[Phe310Leu/Trp279Ser] is recognized by GnRH with the
same affinity as the wild-type implies that the mutation of
these two residues induces a conformational change that
compensates for the dramatic conformational change in-
duced by each mutation itself. Alternatively, there may exist
other anchoring points in GnRH contributing predominantly
to the overall affinity. Clearly, Phe310 and Trp279 are
crucial in GnRH-induced receptor activation, since all of the
studied mutations (single as well as double) resulted in the
total abolition of IP production in response to GnRH.

The same Trp corresponding to Trp279 in GnRH-R has
been shown to play a pivotal role in a number of receptors
including rhodopsin, cholecystokinin B, and angiotensin A1
receptors [30–32]. However, this would be the first time
that a functional implication of Phe310 has been described,
specifically for GnRH-R. For the moment, it is difficult to
speculate on the mechanisms by which these residues may
intervene in the GnRH-R activation, although in theb2-
adrenergic and 5-hydroxytryptamine (serotonin) 2A recep-
tors as well as rhodopsin, movement of TMH 6 has been
associated with receptor activation [33–36]. Whether inter-
action of Trp279 or Phe310 may induce similar changes has
not been established so far. We can postulate according to
Javitch [37] that the ligand binding may induce movements
of these residues, resulting in a rotational translational
movement about the conserved proline kink. It would be
possible to assess this eventuality using Gether’s technique,
which takes advantage of the sensitivity of many fluorescent
molecules to the polarity of their molecular environment
[34].

In conclusion, we have proposed a docking mode for
GnRH in its receptor that is compatible with previous ex-
perimental data and supports the simultaneous interaction of

Fig. 3. Agonist-induced internalization in GnRH-R-transfected CHO-K1
cells. Cells expressing the mutant and native GnRH-R were incubated with
125I-[His5-DTyr6]GnRH for the indicated time at 25°. The extracellular
ligand was removed by acid wash and the radioactivity determined. Inter-
nalized radioactivity was measured after solubilizing the cells. Non-spe-
cific binding for each time was determined in the presence of an excess of
unlabeled agonist. After subtraction of non-specific binding, the internal-
ized radioactivity was expressed as a percentage of total specific binding at
that time interval. All time points were performed in triplicate and are
means6 SEM of at least 3 independent experiments.
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GnRH Trp3 with both a Trp279 residue on TMH 6 and the
neighboring Phe310 residue on TMH 7. Through mutagen-
esis, we showed that these two residues are not crucial for
ligand binding and internalization but are involved in signal
transduction. In addition, the data implicitly suggest that the
active GnRH-R conformations required for internalization
and PLC activation might be distinct. Further studies are in
progress to more precisely examine these aromatic interac-
tions as well as other structural predictions from the 3-D
model.

Acknowledgements

The authors wish to express their warmest thanks to Dr.
R.P. Millar (Capetown, South Africa and Edinburgh, UK)
for kindly providing the [His5-DTyr6]GnRH, and Drs D.
Leiber and S. Harbon, EP1088 CNRS, Orsay for their help
in setting up the method for IP measurement. We are in-
debted to M.Y. Brossas for his help in automated DNA
sequencing and Drs J. Treton and Y. Courtois, U-450 In-
serm, Paris for kindly giving us free access to the LI-COR
DNA sequencer. We gratefully acknowledge the contribu-
tion of Ms. M.-C. Chenut for the preparation of the manu-
script. This work was supported by grants from the CNRS,
the Universite´ Pierre et Marie Curie, and the Association
pour la Recherche sur le Cancer (ARC). S.C. was recipient
of a grant from ARC.

References

[1] Strader CD, Fong TM, Tota MR, Underwood D. Structure and function
of G protein-coupled receptors. Ann Rev Biochem 1994;63:101–32.

[2] Lefkowitz RJ. G protein-coupled receptors. III. New roles for recep-
tor kinases andb-arrestins in receptor signaling and desensitization.
J Biol Chem 1998;273:18677–80.

[3] Barbieri RL. Clinical applications of GnRH and its analogues. TEM
1992;3:30–4.

[4] Kottler ML, Chauvin S, Lahlou N, Harris CE, Johnston CJ, Lagarde
JP, Bouchard P, Farid NR, Counis R. A new compound heterozygous
mutation of the gonadotropin-releasing hormone receptor (L314X,
Q106R) in a woman with complete hypogonadotropic hypogonadism:
chronic estrogen administration amplifies the gonadotropin defect.
J Clin Endocrinol Metab 2000;85:3002–8.

[5] Karten MJ, Rivier J. Gonadotropin-releasing hormone analog design.
Structure–function studies toward the development of agonists and
antagonists: rationale and perspective. Endocr Rev 1986;7:44–6.

[6] Zhou W, Rodic V, Kitanovic S, Flanagan CA, Chi L, Weinstein H,
Maayani S, Millar RP, Sealfon SC. A locus of the gonadotropin-
releasing hormone receptor that differentiates agonist and antagonist
binding sites. J Biol Chem 1995;270:18853–7.

[7] Flanagan CA, Becker II, Davidson JS, Wakefield IK, Zhou W, Seal-
fon SC, Millar RP. Glutamate 301 of the mouse gonadotropin-releas-
ing hormone receptor confers specificity for arginine 8 of mammalian
gonadotropin-releasing hormone. J Biol Chem 1994;269:22636–41.

[8] Davidson JS, McArdle CA, Davies P, Elario R, Flanagan CA, Millar
RP. Asn102 of the gonadotropin-releasing hormone receptor is a
critical determinant of potency for agonists containing C-terminal
glycinamide. J Biol Chem 1996;271:15510–4.

[9] Chauvin S, Be´rault A, Lerrant Y, Hibert M, Counis R. Functional
importance of transmembrane helix VI Trp279 and exoloop 3 Val299
of rat gonadotropin-releasing hormone (GnRH) receptor. Mol Phar-
macol 2000;57:625–33.

[10] Moumni M, Kottler ML, Counis R. Nucleotide sequence analysis of
mRNAs predicts that rat pituitary and gonadal gonadotropin-releasing
hormone receptor proteins have identical primary structure. Biochem
Biophys Res Commun 1994;200:1359–66.

[11] Mouillac B, Chini B, Balestre MN, Elands J, Trumpp-Kallmeyer S,
Hoflack J, Hibert M, Jard S, Barberis C. The binding site of neu-
ropeptide vasopressin V1a receptor. Evidence for a major localization
within transmembrane regions. J Biol Chem 1995;270:25771–7.

[12] Baldwin JM. The probable arrangement of the helices in G protein-
coupled receptors. EMBO J 1993;12:1693–703.

[13] Ballesteros J, Weinstein H. Analysis and refinement of criteria for
predicting the structure and relative orientations of transmembranal
helical domains. Biophys J 1992;62:107–9.

[14] Hibert MF, Trumpp-Kallmeyer S, Bruinvels A, Hoflack J. Three-
dimensional models of neurotransmitter G-binding protein-coupled
receptors. Mol Pharmacol 1991;40:8–15.

[15] Zhou W, Flanagan C, Ballesteros JA, Konvicka K, Davidson JS,
Weinstein H, Millar RP, Sealfon SC. A reciprocal mutation supports
helix 2 and helix 7 proximity in the gonadotropin-releasing hormone
receptor. Mol Pharmacol 1994;45:165–70.

[16] Gupta HM, Talwar GP, Salunke DM. A novel computer modeling
approach to the structures of small bioactive peptides: the structure of
gonadotropin-releasing hormone. Proteins: Structure, Function, and
Genetics 1993;16:48–56.

[17] Byrne B, Klahn S, Taylor PL, Eidne KA. Functional analysis of
GnRH receptor ligand binding using biotinylated GnRH derivatives.
Mol Cell Endocrinol 1998;144:11–9.

[18] Probst WC, Snyder LA, Schuster DI, Brosius J, Sealfon SC. Sequence
alignment of the G-protein coupled receptor superfamily. DNA Cell
Biol 1992;11:1–20.

[19] Delahaye R, Manna PM, Be´rault A, Berreur-Bonnenfant J, Berreur P,
Counis R. Rat gonadotropin-releasing hormone receptor expressed in
insect cells induces activation of adenylyl cyclase. Mol Cell Endo-
crinol 1997;135:119–27.

[20] Millar RP, Davidson J, Flanagan C, Wakefield I. Ligand binding and
second-messenger assay for cloned Gq/G11-coupled neuropeptide
receptors: The GnRH receptor. Methods Neurosci 1995;25:145–62.

[21] Cheung AH, Dixon RA, Hill WS, Sigal IS, Strader CD. Separation of
the structural requirements for agonist-promoted activation and seques-
tration of the beta-adrenergic receptor. Mol Pharmacol 1990;37:775–9.

[22] Campbell PT, Hnatowich M, O’Dowd BF, Caron MG, Lefkowitz RJ,
Hausdorff WP. Mutations of the human beta 2-adrenergic receptor
that impair coupling to Gs interfere with receptor down-regulation but
not sequestration. Mol Pharmacol 1991;39:192–8.

[23] Hunyady L, Baukal AJ, Balla T, Catt KJ. Independence of type I
angiotensin II receptor endocytosis from G protein coupling and
signal transduction. J Biol Chem 1994;269:24798–804.

[24] Ferguson SS, Downey WE, Colapietro A-M, Barak LS, Menard L,
Caron MG. Role of beta-arrestin in mediating agonist-promoted G
protein-coupled receptor internalization. Science 1996;271:363–6.

[25] Goodman OB, Krupnick JG, Santini F, Gurevich VV, Penn RB,
Gagnon AW, Keen JH, Benovic JL. Beta-arrestin acts as a clathrin
adaptor in endocytosis of the beta 2-adrenergic receptor. Nature
1996;383:447–50.

[26] Willars GB, Heding A, Vrecl M, Sellar R, Blomenro¨hr M, Nahorski
SR, Eidne KA. Lack of a C-terminal tail in the mammalian gonado-
tropin-releasing hormone receptor confers resistance to agonist-de-
pendent phosphorylation and rapid desensitization. J Biol Chem
1999;274:30146–53.

[27] Vrecl M, Anderson L, Hanyaloglu A, McGregor AM, Groarke AD,
Milligan G, Taylor PL, Eidne KA. Agonist-induced endocytosis and
recycling of the gonadotropin-releasing hormone receptor: effect of
ß-arrestin on internalization kinetics. Mol Endocrinol 1998;12:1818–29.

333S. Chauvin et al. / Biochemical Pharmacology 62 (2001) 329–334



[28] Arora KK, Cheng Z, Catt KJ. Dependence of agonist activation on an
aromatic moiety in the DPLIY motif of the gonadotropin-releasing
hormone receptor. Mol Endocrinol 1996;10:979–86.

[29] Arora KK, Cheng Z, Catt KJ. Mutations of the conserved DRS motif
in the second intracellular loop of the gonadotropin-releasing hor-
mone receptor affect expression, activation, and internalization. Mol
Endocrinol 1997;11:1203–12.

[30] Jagerschmidt A, Guillaume N, Roques BP, Noble F. Binding sites and
transduction process of the cholecystokininB receptor: involvement
of highly conserved aromatic residues of the transmembrane domains
evidenced by site-directed mutagenesis. Mol Pharmacol 1998;53:
878–85.

[31] Nakayama TA, Khorana HG. Mapping of the amino acids in mem-
brane-embedded helices that interact with the retinal chromophore in
bovine rhodopsin. J Biol Chem 1991;266:4269–75.

[32] Yamano Y, Ohyama K, Kikyo M, Sano T, Nakagomi Y, Inoue Y,
Nakamura N, Morishima I, Guo DF, Hamakubo T, Inagami T. Mu-
tagenesis and the molecular modeling of the rat angiotensin II recep-
tor (AT1). J Biol Chem 1995;270:14024–30.

[33] Farrens DL, Altenbach C, Yang K, Hubbell WL, Khorana HG.
Requirement of rigid-body motion of transmembrane helices for light
activation of rhodopsin. Science 1996;274:768–70.

[34] Gether U, Lin S, Ghanouni P, Ballesteros JA, Weinstein H, Kobilka
BK. Agonists induce conformational changes in transmembrane do-
mains III and VI of the beta2 adrenoceptor. EMBO J 1997;16:6737–
47.

[35] Luo X, Zhang D, Weinstein H. Ligand-induced domain motion in the
activation mechanism of a G-protein-coupled receptor. Protein Eng
1994;7:1441–8.

[36] Zhang D, Weinstein H. Signal transduction by a 5-HT2 receptor: a
mechanistic hypothesis from molecular dynamics simulations of the
three-dimensional model of the receptor complexed to ligands. J Med
Chem 1993;36:934–8.

[37] Javitch JA, Ballesteros JA, Weinstein H, Chen J. A cluster of aro-
matic residues in the sixth membrane-spanning segment of the dopa-
mine D2 receptor is accessible in the binding-site crevice. Biochem-
istry 1998;37:998–1006.

334 S. Chauvin et al. / Biochemical Pharmacology 62 (2001) 329–334


