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Gonadotrophin-releasing hormone (GnRH) is the central regulator of the reproductive
system and its analogues are used widely in the treatment of diverse diseases. The GnRH
receptor is a member of the large family of G-protein-coupled receptors (GPCRs) which
have seven transmembrane domains. Knowledge of these receptors has assisted the development of molecular models of the GnRH receptor that allow prediction of its threedimensional configuration and the way GnRH binds and activates its receptor. Comparison
with other GPCRs led to the discovery that Lys121, in the third transmembrane domain, has
a role in agonist binding. The history of GnRH structure–activity studies has allowed the
identification of an acidic residue in the third extracellular loop of the receptor that is
required for binding of mammalian GnRH, while synthetic GnRH analogues have showed that
Asn102, in the second extracellular loop, may interact with the carboxy-terminus of GnRH.
These residues can now be incorporated into the receptor models that are being used to design
orally active non-peptide GnRH analogues for contraception and treatment of a variety of
reproductive disorders.
Gonadotrophin-releasing hormone (GnRH) and its analogues
are clinically valuable for the treatment of a variety of reproductive disorders including infertility, precocious puberty,
uterine fibroids, endometriosis and polycystic ovarian disease,
and have therapeutic value in the treatment of cancers of the
prostate, breast, pancreas, ovary and pituitary (Conn and
Crowley, 1991). Understanding of the structure of the GnRH
receptor will lay the foundation for the design of a new generation of GnRH analogues, for the regulation of reproductive
function and treatment of reproductive disorders. Recent
cloning of the GnRH receptor makes it possible to examine
how GnRH recognizes and activates its receptor at a molecular
level, and allows us to re-examine established but previously
untested hypotheses.

Structure–activity relationship of GnRH ligands

Gonadotrophin-releasing hormone is a decapeptide with
eleven naturally occurring structural variants identified in
animals ranging from protochordates through fish, amphibians, reptiles and birds (King and Millar, 1997). The structures
vary most at amino acid positions five, six, seven and eight
(Fig. 1). Most species contain two or more forms of GnRH: a
hypothalamic form, which varies in structure among the different species, and a highly conserved form (chicken II GnRH),
which predominates in extra-hypothalamic brain and neural
tissue and is proposed to have a neuromodulator role (Jones,
1987).
Gonadotrophin-releasing hormone is flexible in solution,
assuming many different conformations. Only a small subset

of these conformations bind to the receptor with high affinity.
The biologically active conformation of GnRH is believed to
contain a bend in the middle portion of the molecule (Fig. 2;
Karten and Rivier, 1986). The blocked amino-terminal pGlu
and carboxy-terminal GlyNH2 residues are required for high
GnRH activity and can be substituted only with similar uncharged groups (Coy et al., 1975). Thus, many GnRH analogues
contain an ethylamide substitution of the carboxy-terminal
GlyNH2 (Karten and Rivier, 1986). Modification of the conserved amino-terminal residues His2 and Trp3 led to the development of GnRH antagonists and implies that these residues
have a role in activating the GnRH receptor (Fig. 2). The Arg8
residue has an important role in determining high-affinity
binding to mammalian GnRH receptors but, as might be
expected from the high variability of position eight residues
in natural GnRH variants, Arg8 is not required by nonmammalian GnRH receptors (Millar et al., 1989). It has been
proposed that Arg8 has a role in stabilizing the peptide conformation that is preferred by mammalian GnRH receptors
(Shinitzky and Fridkin, 1976). GnRH can also be constrained in
its active conformation by substituting the achiral Gly6 residue
with a D-amino acid (Monahan et al., 1973) or incorporating a
τ-lactam ring at the Gly-Leu peptide bond (Freidinger et al.,
1980). Constraining the peptide conformation enhances binding
to the mammalian pituitary GnRH receptor, but is much less
effective in increasing interaction with the chicken GnRH receptor (Millar et al., 1986). This indicates that the chicken GnRH
receptor and probably other non-mammalian receptors do not
bind GnRH in the same conformation as do the mammalian
GnRH receptors.
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Fig. 1. Comparison of the structures of naturally occurring GnRH variants. Conserved features of GnRH structure, indicated in the
yellow box, are likely to have important functional roles, while sidechains of nonconserved residues, indicated in blue boxes, are either
unimportant or confer specificity for a particular GnRH receptor.

Structure of the GnRH receptor

Deduced amino acid sequence

The amino acid sequence of the GnRH receptor was first
elucidated when the mouse GnRH receptor was cloned from
cDNA of the αT3 gonadotrope cell line (Fig. 3; Tsutsumi et al.,
1992). The sequence was confirmed by Reinhart et al. (1992) and
Perrin et al. (1993) and provided the basis for the cloning of
GnRH receptors from human (Kakar et al., 1992; Chi et al., 1993),
rat (Eidne et al., 1992; Kaiser et al., 1992; Perrin et al., 1993),
sheep (Brooks et al., 1993; Illing et al., 1993), cattle (Kakar et al.,
1993) and pig (Weesner and Matteri, 1994) pituitaries. The sequences of these cloned mammalian GnRH receptors exhibit
high homology, with greater than 80% amino acid identity between any two sequences, indicating that the cloned GnRH
receptors belong to a single subtype that recognizes the mammalian hypothalamic form of GnRH.
The GnRH receptor exhibits the characteristic features of Gprotein-coupled receptors (GPCRs) (Fig. 3). It consists of a single
amino acid chain with an extracellular amino-terminal domain,
with no cleaved terminal signal sequence, and seven hydrophobic segments which probably form a bundle of membranespanning α-helices connected by extracellular and intracellular
loops. The GPCRs terminate with a cytosolic carboxy-terminal
domain. The GnRH receptor contains most of the amino acid
sequence patterns that are highly conserved among the
rhodopsin family of GPCRs (Baldwin, 1993). The high degree of
conservation of particular amino acid residues among the
rhodopsin-type GPCRs suggests that members of this family of
receptors may share a common structural framework and
mechanism of activation. Thus, much of what is known about
other GPCRs may also apply to the GnRH receptor, and insights into the structure and mechanism of activation of the
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Fig. 2. Structure–activity relationship of GnRH. The amino-terminal
residues (blue) have a role in receptor activation, while the achiral
Gly residue in position six (yellow) allows GnRH to assume the
β-turn conformation required for high-affinity interaction with
mammalian receptors. The carboxy-terminal residues (pink) are
required for specificity and high-affinity binding to the GnRH
receptor.
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Fig. 3. Two-dimensional representation of the mouse GnRH receptor, a member of the G-protein-coupled family of receptors (GPCRs).
Amino acid motifs that are highly conserved throughout the rhodopsin group of GPCRs probably have a role in receptor activation.
Indicated by grey circles, they include Asn53 in helix I; Leu80 and Leu83 in helix II; Cys114 and Ile135-Ser-X-Asp-Arg139-X-X-X-Ile143 in helix III;
Trp164, Ser167 and Pro173 in helix IV; Phe219-X-X-Pro222, Met226 and Ile233 in helix V; Lys266 and Phe275-X-X-Cys-Trp-x-Pro-Tyr282 in helix VI;
Phe310, Asn314 and Pro319-X-X-Tyr322 in helix VII. Some of the residues in positions that are highly conserved among GPCRs are different in
the GnRH receptor and provide insight into the structure of GPCRs. These residues are indicated by pink circles: Asn87, Ser140, Asp318. Other
residues that affect receptor function and are marked by green circles: Asn4, Asn18, Asp98, Asn102, Lys121, Leu147 and Glu301.

GnRH receptor can be expected to have general application
among the GPCRs.

Unusual features of the GnRH receptor sequence

In addition to the characteristic features of the rhodopsintype GPCRs (described in the legend of Fig. 3), the cloned
GnRH receptor also has some unique features.

(i) Lack of carboxy-terminal domain and desensitization. The

GnRH receptor lacks a cytoplasmic carboxy-terminal domain. In
other GPCRs this domain is frequently docked to the membrane
by palmitoylation of a Cys residue (Strader et al., 1994) and has
a role in short-term homologous desensitization resulting from
the ligand-stimulated phosphorylation of Ser and Thr residues

(Palczewski and Benovic, 1991). Consistent with the absence of
a carboxy-terminal domain, GnRH receptor-mediated inositol
phosphate production does not exhibit rapid desensitization
(Davidson et al., 1994a; McArdle et al., 1995). However, increase
of intracellular calcium concentrations, a signalling event distal
to inositol phosphate production, does exhibit GnRH-dependent
desensitization after 1 h of exposure to GnRH (McArdle et al.,
1995). This may account for the well-described desensitization of
physiological responses to GnRH administration (Clayton, 1989).
The lack of a carboxy-terminal tail and rapid desensitization
may have been selected for in the mammalian GnRH receptor
to allow the protracted LH surge necessary for ovulation. The
first cytoplasmic loop of the GnRH receptor is unusually long
and may substitute for the absent carboxy-terminal domain in
its usual role of receptor internalization (Tsutsumi et al., 1992).
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(ii) Modified DRY motif at boundary of helix III and second
cytoplasmic loop. At the cytosolic end of the transmembrane

helix III of the GnRH receptor, a Ser residue (Ser140) replaces
the Tyr residue of the ‘DRY’ (Asp-Arg-Tyr) motif which is
highly conserved amongst the GPCRs (Fig. 3; Probst et al.,
1992). The Asp/Glu and Arg residues of this motif have been
implicated in the coupling of some GPCRs to their G proteins
(Baldwin, 1994). Mutation of Ser140 to Tyr or Ala (Davidson
et al., 1994b; Arora et al., 1995) did not affect coupling of the
GnRH receptor to cytosolic G proteins. However, the Tyr140 mutant receptor exhibited an increased rate of receptor internalization and increased agonist binding affinity, suggesting that
this mutated residue has subtle effects on receptor conformation (Arora et al., 1995). Conserved residues located in this
region of the GnRH receptor (Ile135, Ile143 and Leu147) do have
roles in G protein coupling, confirming the importance of helix
III and the second cytoplasmic loop for interaction with G proteins (Arora et al., 1995; Kitanovic et al., 1996).

Post-translational modification: glycosylation

Inhibition of N-glycosylation using tunicamycin or cleavage
of terminal sialic acid residues results in a decreased number of
GnRH receptors in rat pituitary cells (Schvartz and Hazum,
1985). However, polysaccharide moieties do not affect the affinity of ligand binding and therefore probably do not constitute
part of the ligand-binding domain (Schvarz and Hazum, 1985;
Hazum, 1987). Mutagenesis of the three N-glycosylation consensus sequences (Asn-X-Ser/Thr) in the cloned mouse GnRH
receptor shows that two of these sites, the Asn4 and Asn18
residues, are glycosylated during transient expression in COS-1
cells, while Asn102 is not (Davidson et al., 1995). However, the
GnRH receptor in native pituitary membranes migrates with a
lower apparent Mr than does the wildtype receptor expressed
in COSM6 cells (Perrin et al., 1993). This indicates less polysaccharide modification and suggests that only one residue is
glycosylated in the pituitary. Since the Asn4 site is not conserved in other species of GnRH receptor, it is possible that
only Asn18 is glycosylated in the pituitary. Mutation of Asn4 or
Asn18 decreases receptor expression, indicating that the polysaccharide moieties affect the number of receptors present in
the cell (Davidson et al., 1995). However, these mutations do
not affect the affinity of ligand binding to the receptor, confirming the earlier indication that polysaccharides do not have a
direct function in ligand binding (Davidson et al., 1995).

Models of G-protein-coupled receptors and the
tertiary structure of the GnRH receptor

Theoretical models of receptor activation

The transmission of the hormone message by the receptor to
the signal transduction pathway within the cell has been presumed to involve a change in receptor conformation (Kenakin,
1993). For GPCRs, the active conformation is related to a
ternary complex consisting of hormone, receptor and G protein. This model includes an initial binding step common to
both agonists and antagonists, followed by a transition step,
exclusive to agonists, which leads to formation of the ternary
complex. The model also allows for spontaneous formation of
a receptor–G protein complex, which has higher affinity for

agonist ligands and is stabilized by binding of agonists. The receptor returns to the low-affinity conformation when GTP
binds to the G protein and the complex dissociates (De Lean
et al., 1980). This model has recently been revised to accommodate constitutively active receptors that signal in the absence of
agonist and inverse agonists that inhibit basal signal transduction (Samama et al., 1993). The revised model proposes that
receptors exist in equilibrium between an inactive R conformation and an active R* conformation. Agonist binding shifts
the equilibrium towards R*. The R* conformation has high
affinity for agonists, and is the only form that can bind G proteins (Samama et al., 1993).

Models of receptor tertiary structure

It has not been possible to obtain crystals of GPCRs or
study their tertiary structure directly by X-ray crystallography.
Consequently, their structure can only be predicted through
the use of computer based molecular models (Baldwin, 1993;
Schwartz, 1994; Ballesteros and Weinstein, 1995).
Different GPCR models involve different, distinct ligand
binding arrangements, all of which are compatible with known
rank orders of binding affinity. In the absence of direct structural information, this ambiguity makes it necessary to test
structural details of receptor models such as helix–helix interactions and the relative location in space of various domains
(Ballesteros and Weinstein, 1995).
An unusual feature of the GnRH receptor has allowed identification of interhelical interactions. Two residues that are
highly conserved in GPCRs, Asp in helix II and Asn in helix
VII, appear to have undergone reciprocal mutation to Asn87
and Asp318 in the GnRH receptor (Fig. 3), suggesting that the
two residues interact with each other. Mutation of Asn87 in
helix II to Asp abolished receptor function, but a second mutation, recreating the arrangement found in other GPCRs
(Asp87Asn318), regenerated ligand binding. This restoration of
binding by reciprocal mutation shows that the sidechains of two
residues in helices II and VII have complementary roles in maintaining the structure of the receptor and occupy the same
microenvironment within the receptor (Zhou et al., 1994).
The helix II Asp in GPCRs has been widely studied.
Mutating it disrupts multiple aspects of receptor–G protein
interactions in many GPCRs (Schwartz, 1994). Similarly, mutation of Asp318 in helix VII of the GnRH receptor, alone or in
the double mutant, decreases the inositol phosphate response
to GnRH, suggesting that the functional role of the helix II Asp
in other GPCRs may have been transferred to the helix VII
Asp in the GnRH receptor (Zhou et al., 1994). Alternatively, both
residues may function in helix–helix interactions that relay the
conformational changes associated with receptor activation.

The importance of the conserved Cys bridge

The conserved Cys residue at the extracellular end of the
third transmembrane helix in the GnRH receptor probably
forms a disulfide bridge with one of the Cys residues in the
second extracellular loop. The occurrence of this second Cys
residue is highly conserved, but its position is variable
(Schwartz, 1994). The disulfide bridge probably stabilizes the
active conformation of GPCRs (Baldwin, 1994). The importance
of a disulfide bridge in the GnRH receptor was shown by an

GnRH receptor–ligand interactions

early experiment in which treatment with the reducing agent
dithiothreitol decreased the affinity of GnRH agonist binding
(Keinan and Hazum, 1985).

The ligand-binding domain

The receptor conformation that binds agonist ligands with high
affinity (R*) is thought to differ from that which binds antagonists (R) (Samama et al., 1993). This implies that some of the receptor amino acid residues involved in the binding of agonists
will differ from those involved in antagonist binding.

The agonist-binding domain

Since receptor activation is initiated by binding of an agonist
ligand, the conformational changes associated with receptor
activation must have their origin in the ligand binding pocket
(Findlay and Eliopoulos, 1990). The ligand binding sites of
rhodopsin and the β-adrenergic receptor are located within the
transmembrane helical bundle (Strader et al., 1994). Specific
residues in the β-adrenergic receptor have been identified as
contact points for each of the functional chemical groups in
the ligand. The most important of these is Asp113 in transmembrane helix III, which has been shown to form a salt bridge
with the amine group in the ligand (Strader et al., 1994).

(i) Lys121 in helix III has a role in agonist binding. The

GnRH receptor has a basic residue, Lys121, in helix III at the
position analogous to the Asp113 of the β-adrenergic receptor.
Substitution of Lys121 with an uncharged Gln decreases the
binding affinity of agonist analogues but does not affect antagonist binding affinity (Zhou et al., 1995). This indicates that
Lys121 may interact with agonist ligands, but not with antagonists. GnRH antagonists differ from agonists chiefly in their
amino termini, where the pGlu-His-Trp sequence of GnRH is
substituted with aromatic D-amino acids. Thus, an aminoterminal residue of GnRH may interact with Lys121 of the receptor. The interaction clearly does not involve a salt bridge,
since there are no negative charges in GnRH. The electropositive Lys121 sidechain may form a hydrogen bond with the
electron-dense aromatic rings of the His2 or Trp3 residues of
GnRH, the imino group of His2 (Zhou et al., 1995), or a carbonyl
group in the peptide backbone. The importance of a Lys
residue was confirmed by treatment of the cloned GnRH receptor with an amino-group modifying reagent, 2,4,6-trinitrobenzenesulfonic acid, which destroyed GnRH receptor function
(Zhou et al., 1995).

(ii) The extracellular domains in ligand binding. Peptide
ligands are more complex than the biogenic amines. Their
larger size means that they have many more functional groups,
both in the amino acid sidechains and in the peptide backbone,
which have the potential to interact with specific receptor
residues. The ligand-binding pocket of peptide receptors is
likely to be larger than those of the biogenic amines in order to
accommodate the larger size of their ligands. Consequently, in
addition to residues in the transmembrane domains, the extracellular domain has been implicated in binding of diverse
peptide ligands (Fong et al., 1992; DeMartino et al., 1994; Hjorth
et al., 1994; Walker et al., 1994).
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(iii) Role of acidic residues in conferring selectivity for
mammalian GnRH. Since the Arg8 of GnRH is required for

high-affinity binding to mammalian GnRH receptors, it has
been postulated that the positively charged Arg interacts with a
negatively charged acidic residue in the receptor (Hazum,
1987). Chemical modification of the GnRH receptor in pituitary
membranes indicates that at least one, and possibly two, carboxyl groups are involved in GnRH binding (Keinan and
Hazum, 1985). The carboxyl groups have been attributed to
Glu or Asp residues or to polysaccharide sialic acid residues
(Hazum, 1987). Mutagenesis of the glycosylation consensus
sequences in the mouse GnRH receptor showed that polysaccharides do not affect ligand-binding affinity (Davidson
et al., 1995). However, mutation of acidic amino acids identified
two acidic residues, Asp98 and Glu301, in transmembrane helix II
and the third extracellular loop of the mouse GnRH receptor,
which affect receptor function. The Glu301Gln mutant receptor
exhibited decreased affinity for mammalian GnRH, but unchanged affinity for the neutral [Gln8]-GnRH, and increased
affinity for the negatively charged analogue [Glu8]-GnRH.
Thus, the Glu301 residue of the mouse GnRH receptor plays a
role in the recognition of Arg8 in the ligand (Flanagan et al.,
1994).

(iv) Glu301 may affect ligand conformation. Mammalian
GnRH receptors preferentially bind GnRH peptides in a conformation that is stabilized by Arg8 and constrained by incorporation of a D-amino acid in position six. Although the Glu301
residue of the mouse GnRH receptor is necessary for high affinity binding of mammalian GnRH, ligands that were conformationally constrained by the incorporation of D-Trp6 bound
both the wildtype and the mutant Glu301Gln GnRH receptor
with high affinity. This suggests that the mutant Glu301Gln
GnRH receptor retains a preference for the conformation constrained by D-amino acids in position six, but it cannot induce
this preferred conformation in unconstrained GnRH. Thus,
GnRH may be induced to assume a high-affinity conformation
by an interaction that involves the Glu301 receptor residue and
Arg8 (Flanagan et al., 1994).
(v) Asn102 confers high potency of peptides with carboxyterminal glycinamide residues. Mutation of Asn102 to Gln in-

creases binding affinity for GnRH, while subsequent mutation
of Asn102 to Ala causes a large decrease in the potency of GnRH
in stimulating signal transduction (Davidson et al., 1996).
Similar large decreases are seen for all GnRH analogues that
contain the polar GlyNH2 carboxy-terminal residue present in
native GnRH, but only small losses are seen for analogues containing the apolar N-ethylamide substitution at the carboxy terminus (Davidson et al., 1996). These results are consistent with
a hydrogen bond between the sidechain of Asn102 in the receptor and one of the polar groups of the GlyNH2 moiety of GnRH
(Davidson et al., 1996).
It is concluded that GnRH agonist binding involves residues
located in helix III (Lys121) and at the top of helices II (Asn102)
and VII (Glu301 in the mouse receptor, Asp302 in the human receptor) (Fig. 4). This would imply that these residues are in
close proximity in the three-dimensional architecture of the
GnRH receptor, consistent with the proposed arrangement of
the transmembrane helices of the GPCR family of proteins
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Fig. 4. Diagrammatic representation of GnRH and the mouse GnRH
receptor ligand binding pocket. GnRH has been enlarged relative to
the receptor, for clarity and to emphasize the relationship of specific
residues of GnRH with residues that have been identified in the receptor. The membrane-spanning helices of the receptor are represented by numbered cylinders with connecting extracellular loops
shown. The residues that affect ligand binding, Asn102, Lys121 and
Glu301, are identified. The GnRH residues, GlyNH2, Arg8 and an
amino-terminal residue, His2, which are affected by mutation of the
receptor residues, are indicated by dashed lines.

(Baldwin, 1993), which is based on the projection map of
rhodopsin (Schertler et al., 1993).

The antagonist-binding domain

mutagenesis of Lys121 and proteolytic cleavage of the receptor,
show that the binding sites for GnRH agonists and antagonists
differ.
In other peptide receptor systems, non-peptide antagonists
have provided useful pharmacological tools. Because their
binding sites are frequently different from the binding sites of
both agonists and peptide antagonists, they exhibit different
sensitivities to receptor mutagenesis and allow analysis of the
ligand-binding properties of mutant receptors which have low
affinities for peptide ligands (Fong et al., 1992; Gether et al.,
1993). It is anticipated, therefore, that development of nonpeptide ligands (whether agonist or antagonist) for the GnRH
receptor will facilitate further studies of the receptor, in addition to providing orally active drugs.

Agonist and antagonist ligands do not necessarily occupy
the same ligand-binding domain in GPCRs even though antagonists appear to be competitive inhibitors of agonist binding
(Strader et al., 1994). It is proposed that the competitive behaviour arises from a volume exclusion effect in which agonist
and antagonist binding pockets overlap in space while interacting with different receptor residues (Fong et al., 1992; Huang
et al., 1994; Strader et al., 1994). However, it has also been observed that some (non-peptide) antagonists are not simple competitive inhibitors of agonist binding, and it has been proposed
that they inhibit agonist access by an allosteric mechanism that
stabilizes an inactive receptor conformation (Rosenkulde et al.,
1994).
The GnRH receptor also appears to have different binding domains for agonist and antagonist ligands. Mutation of the Lys121
residue affects binding of agonists, but not of antagonists (Zhou
et al., 1995). Thus, Lys121 may be an agonist contact site, but it is
clearly not part of an antagonist binding site. Trypsin treatment
of the GnRH receptor that had been covalently coupled to a
photoactive agonist or antagonist shows that the agonist and
antagonist are attached to different parts of the receptor
(Janovick et al., 1993). Thus, two quite different approaches,

The cloning of the GnRH receptor has provided information
on the primary structure of the receptor and has confirmed the
expectation that it belongs to the GPCR family. It provides
some explanation for the structure–activity relationships of
GnRH in terms of its receptor. Lack of knowledge of the threedimensional structure of the receptor limits further understanding of its interactions with known GnRH analogues and the
development of new analogues. Combined approaches using
molecular modelling based on comparison with other GPCRs
and experimental molecular biology and pharmacology are
being used to develop a three-dimensional model of the GnRH
receptor. This evolving model is being used to explore the way
in which GnRH interacts with the receptor. Examination of the
coordinated changes during the evolution of both the GnRH
ligand and its receptor will provide further insight into receptor structure and the ligand-binding site. The emerging understanding of receptor structure will provide a useful model of
the ligand binding site on which to design orally active nonpeptide GnRH analogues which may form the basis of a new
generation of non-steroidal contraceptives with application in
both men and women.
The authors thank J. S. Davidson and D. Maeder for help with
figures and J. A. King for comment on the manuscript. This work was
supported by Foundation for Research and Development of South
Africa, the Medical Research Council of South Africa, a FIRCA award
from the NIH, USA, and the University of Cape Town (D & F Becker
Bequest, JS Scratchely Trust, and Harry Crossley Foundation).

References

Key references are identified by asterisks.
Arora KK, Sakai A and Catt KJ (1995) Effects of second intracellular loop
mutations on signal transduction and internalization of the gonadotropinreleasing hormone receptor Journal of Biological Chemistry 270
22 820–22 826
*Baldwin JM (1993) The probable arrangement of the helices in G proteincoupled receptors EMBO Journal 12 1693–1703
Baldwin JM (1994) Structure and function of receptors coupled to G proteins
Current Opinion in Cell Biology 6 180–190
Ballesteros JA and Weinstein H (1995) Integrated models for the construction of three-dimensional models and computational probing of
structure–function relations of G protein-coupled receptors. In
Methods in Neurosciences, Vol. 25, Receptor Molecular Biology pp 366–428
Ed. SC Sealfon. Academic Press Inc, San Diego

GnRH receptor–ligand interactions
Brooks J, Taylor PL, Saunders PTK, Eidne KA, Struthers WJ and
McNielly AS (1993) Cloning and sequencing of the sheep pituitary
gonadotropin-releasing hormone receptor and changes in expression of
its mRNA during the estrous cycle Molecular and Cellular Endocrinology 94
R23–R27
Chi L, Prikhozhan A, Flanagan C, Davidson JS, Golembo M, Illing N,
Millar RP and Sealfon SC (1993) Cloning and characterization of the
human GnRH receptor Molecular and Cellular Endocrinology 91 R1–R6
Clayton RN (1989) Gonadotropin-releasing hormone: its actions and receptors Journal of Endocrinology 120 11–19
Conn PM and Crowley WF (1991) Gonadotropin-releasing hormone and its
analogues New England Journal of Medicine 324 93–103
Coy DH, Coy EJ and Schally AV (1975) Structure–activity relationship of LH
and FSH releasing hormone. In Research Methods in Neurochemistry Vol. 3
pp 393–406 Eds N Marks and R Rodnight. Plenum Press, New York
Davidson JS, Wakefield IK and Millar RP (1994a) Absence of rapid desensitization of the mouse gonadotropin-releasing hormone receptor
Biochemical Journal 300 299–302
Davidson JS, Flanagan CA, Becker II, Illing N, Sealfon SC and Millar RP
(1994b) Molecular function of the gonadotropin-releasing hormone receptor: insights from site-directed mutagenesis Molecular and Cellular
Endocrinology 100 9–14
Davidson JS, Flanagan CA, Zhou W, Becker II, Elario R, Emeran W,
Sealfon SC and Millar RP (1995) Identification of N-glycosylation sites in
the gonadotropin-releasing hormone receptor: role in receptor expression
but not ligand binding Molecular and Cellular Endocrinology 107 241–245
Davidson JS, McArdle CA, Davies PD, Elario R, Flanagan CA and
Millar RP (1996) Asn102 of the gonadotropin-releasing hormone receptor
is a critical determinant of potency for agonists containing C-terminal
glycinamide Journal of Biological Chemistry 271 15 510–15 514
De Lean A, Stadel JM and Lefkowitz RJ (1980) A ternary complex model
explains the agonist-specific binding properties of the adenylate cyclasecoupled β-adrenergic receptor Journal of Biological Chemistry 255 7108–7117
DeMartino JA, Van Riper G, Siciliano SJ, Molineux CJ, Konteatis ZD,
Rosen H and Springer MS (1994) The amino terminus of the human C5a
receptor is required for receptor activation by C5a but not C5a analogs
Journal of Biological Chemistry 269 14 446–14 450
Eidne KA, Sellar RE, Couper G, Anderson L and Taylor PL (1992) Molecular
cloning and characterisation of the rat pituitary gonadotropin releasing
hormone (GnRH) receptor Molecular and Cellular Endocrinology 90 R5–R9
Findlay J and Elipoulos E (1990) Three-dimensional modelling of G proteinlinked receptors Trends in Pharmacological Sciences 11 492–499
Flanagan CA, Becker II, Davidson JS, Wakefield IK, Zhou W, Sealfon SC
and Millar RP (1994) Glutamate 301 of the mouse gonadotropinreleasing hormone receptor confers specificity for arginine 8 of mammalian gonadotropin-releasing hormone Journal of Biological Chemistry 269
22 636–22 641
Fong TM, Huang R-RC and Strader CD (1992) Localization of agonist and
antagonist binding domains of the human neurokinin-1 receptor Journal of
Biological Chemistry 267 25 664–25 667
Freidinger RM, Veber DF, Perlow DS, Brooks JR and Saperstein R (1980)
Bioactive conformation of luteinizing hormone-releasing hormone: evidence from a conformationally constrained analog Science 210 656–658
Gether U, Johansen TE, Snider RM, Lowe JA III, Nakanishi S and
Schwartz TW (1993) Different binding epitopes on the NK1 receptor for
substance P and a non-peptide antagonist Nature 362 345–348
Hazum E (1987) Binding properties of solubilized gonadotropin-releasing
hormone receptor: role of carboxilic groups Biochemistry 26 7011–7014
Hjorth SA, Schambye HT, Greenlee WJ and Schwartz TW (1994)
Identification of peptide binding residues in the extracellular domains of
the AT1 receptor Journal of Biological Chemistry 269 30 953–30 959
Huang R-R, Yu H, Strader CD and Fong TM (1994) Interaction of substance P
with the second and seventh transmembrane domains of the neurokinin-1
receptor Biochemistry 33 3007–3013
Illing N, Jacobs GFM, Becker II, Flanagan CA, Davidson JS, Eales A,
Zhou W, Sealfon SC and Millar RP (1993) Comparative sequence analysis and functional characterization of the cloned sheep gonadotropinreleasing hormone receptor reveal differences in primary structure and
ligand specificity among mammalian receptors Biochemical and Biophysical
Research Communications 196 745–751
Janovick JA, Haviv F, Fitzpatrick TD and Conn PM (1993) Differential orientation of a GnRH agonist and antagonist in the pituitary GnRH receptor
Endocrinology 133 942–945

119

Jones SW (1987) Chicken II luteinizing hormone-releasing hormone inhibits
the M-current of bullfrog sympathetic neurons Neuroscience Letters 80
180–184
Kaiser UB, Zhao D, Cardona GR and Chin WW (1992) Isolation and characterization of cDNAs encoding the rat pituitary gonadotropin-releasing
hormone receptor Biochemical and Biophysical Research Communications 189
1645–1652
Kakar SS, Musgrove LC, Devor DC, Sellers JC and Neill JD (1992) Cloning,
sequencing, and expression of human gonadotropin releasing hormone
(GnRH) receptor Biochemical and Biophysical Research Communications 189
289–295
Kakar SS, Rahe CH and Neill JD (1993) Molecular cloning, sequencing, and
characterizing the bovine receptor for gonadotropin releasing hormone
(GnRH) Domestic Animal Endocrinology 10 335–342
Karten MJ and Rivier JE (1986) Gonadotropin-releasing hormone analog design. Structure–function studies toward the development of agonists and
antagonists: rationale and perspective Endocrine Reviews 7 44–66
Keinan D and Hazum E (1985) Mapping of gonadotropin-releasing hormone
receptor binding site Biochemistry 24 7728–7732
Kenakin T (1993) in Pharmacologic Analysis of Drug-Receptor Interaction (2nd
Edn) Raven Press, New York
King JA and Millar RP Coordinated evolution of gonadotropin-releasing
hormones and their receptors in GnRH Neurons. In Gene to Behaviour
Eds IS Parhar and Y Sakuma. Brain Shuppan Publishers, Tokyo, in press
Kitanovic S, Chi L, Ballesteros J, Konvicka K, Weinstein H and Sealfon SC
(1996) The orientation of the conserved arginine in helix 3 required for
efficient signalling of human GnRH receptor is maintained by a cage of
beta-branched residues. In 10th International Congress of Endocrinology, San
Francisco Abstract P3–228
McArdle CA, Forrest-Owen W, Willars G, Davidson J, Poch A and
Kratzmeier M (1995) Desensitization of gonadotropin-releasing hormone
action in the gonadotrope-derived αT3-1 cell line Endocrinology 136
4864–4871
Millar RP, Milton RCdeL, Follett BK and King JA (1986) Receptor binding
and gonadotropin-releasing activity of a novel chicken gonadotropinreleasing hormone ([His5,Trp7,Tyr8]GnRH) and a D-Arg6 analog
Endocrinology 119 224–231
Millar RP, Flanagan CA, Milton RCdeL and King JA (1989) Chimeric
analogues of vertebrate gonadotropin-releasing hormones comprising
substitutions of the variant amino acids in positions 5, 7 and 8 Journal of
Biological Chemistry 264 21 007–21 013
Monahan MW, Amoss MS, Anderson HA and Vale WW (1973) Synthetic
analogs of luteinizing hormone-releasing factor with increased agonist or
antagonist properties Biochemistry 12 4616–4620
Palczewski K and Benovic JL (1991) G-protein-coupled receptor kinases
Trends in Biochemical Sciences 16 387–391
Perrin MH, Bilezikjian LM, Hoeger C, Donaldson CJ, Rivier J, Haas Y and
Vale WW (1993) Molecular and functional characterization of GnRH receptors cloned from rat pituitary and a mouse pituitary tumor cell line
Biochemical and Biophysical Research Communications 191 1139–1144
Probst WC, Snyder LA, Schuster DI, Brosius J and Sealfon SC (1992)
Sequence alignment of the G-protein coupled receptor superfamily DNA
and Cell Biology 11 1–20
Reinhart J, Mertz LM and Catt KJ (1992) Molecular cloning and expression
of cDNA encoding the murine gonadotropin-releasing hormone receptor
Journal of Biological Chemistry 267 21 281–21 284
Rosenkulde MM, Cahir M, Gether U, Hjorth SA and Schwartz TW (1994)
Mutations along transmembrane segment II of the NK-1 receptor affect
substance P competition with non-peptide antagonists but not substance
P binding Journal of Biological Chemistry 269 28 160–28 164
*Samama P, Cotecchia S, Costa T and Lefkowitz RJ (1993) A mutationinduced activated state of the β2-adrenergic receptor, extending the
ternary complex model Journal of Biological Chemistry 268 4625–4636
Schertler GF, Villa C and Henderson R (1993) Projection structure of
rhodopsin Nature 362 770–772
Schvartz I and Hazum E (1985) Tunicamycin and neuraminidase effects on
luteinizing hormone (LH)-releasing hormone binding and LH release
from rat pituitary cells in culture Endocrinology 116 2341–2346
Schwartz TW (1994) Locating ligand-binding sites in 7TM receptors by protein engineering Current Opinion in Biotechnology 5 434–444
Shinitzky M and Fridkin M (1976) Structural features of luliberin (luteinizing hormone-releasing factor) inferred from fluorescence measurements
Biochemica et Biophysica Acta 434 137–143

120

C.A. Flanagan et al.

Strader CD, Fong TM, Tota MR and Underwood D (1994) Structure and
function of G protein-coupled receptors Annual Reviews of Biochemistry 63
101–132
Tsutsumi M, Zhou W, Millar RP, Mellon PL, Roberts JL, Flanagan CA,
Dong K, Gillo B and Sealfon SC (1992) Cloning and functional expression of a mouse gonadotropin-releasing hormone receptor Molecular
Endocrinology 6 1163–1169
Walker P, Munoz M, Martinez R and Peitsch MC (1994) Acidic residues
in extracellular loops of the human Y1 neuropeptide Y receptor are
essential for ligand binding Journal of Biological Chemistry 269
2863–2869

Weesner GD and Matteri RL (1994) Nucleotide sequence of luteinizing hormone-releasing hormone (LHRH) receptor cDNA in the pig pituitary
Journal of Animal Science 72 1911
*Zhou W, Flanagan CA, Ballesteros JA, Konvicka K, Davidson JS,
Weinstein H, Millar RP and Sealfon SC (1994) A reciprocal mutation
supports helix 2 and helix 7 proximity in the gonadotropin-releasing hormone receptor Molecular Pharmacology 45 165–170
Zhou W, Rodic V, Kitanovic S, Flanagan CA, Chi L, Weinstein H, Maayani S,
Millar RP and Sealfon SC (1995) A locus of the gonadotropin-releasing
hormone receptor that differentiates agonist and antagonist binding sites
Journal of Biological Chemistry 270 18 853–18 857

