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Highlights
• Mutation of Glu90 of the GnRH receptor to Lys or Asp causes congenital infertility.
• Glu90 interactions form a network that is important in G protein-coupled receptors.
• Glu90 mutations to Lys and Asp disrupt conserved intramolecular interactions.
• Glu90 mutation to Arg preserves receptor function, but decreases its GnRH affinity.
• Disruption of conserved G protein-coupled receptor networks causes infertility.

Abstract
GnRH receptor mutations, Glu2.53(90)Lys and Glu2.53(90)Asp, cause congenital hypogonadotropic hypogonadism. The Glu2.53(90) side-chain has been proposed to 
form an intramolecular salt-bridge with Lys3.32(121), but conserved intramolecular interaction networks in G protein-coupled receptor crystal structures predict that 
it interacts with Ser3.35(124) and Trp6.48(280). We investigated interhelical interactions of Glu2.53(90) that stabilise GnRH receptor folding using functional analyses and 
computational modelling of mutant receptors. The Glu2.53(90)Asp mutant was non-functional, but mutants with hydrophobic amino acids or Arg substituted for 
Glu2.53(90) were functional, excluding a salt-bridge interaction. The Glu2.53(90)Arg and Trp6.48(280)Arg mutants had decreased affinity for GnRH. Models showed that 
congenital Glu2.53(90)Lys and Glu2.53(90)Asp mutations disrupt interactions with Ser3.35(124) and Trp6.48(280) respectively, whereas the Glu2.53(90)Arg and Trp6.48(280)Arg 
mutations preserve intramolecular contacts, but increase distance between the transmembrane helices. Our results show that disruption of interhelical contacts that 
are conserved in G protein-coupled receptors accounts for the effects of some disease-associated GnRH receptor mutations.
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1. Introduction

Gonadotropin-releasing hormone (GnRH) is a key regulator of re-
production. Mutations of the GnRH receptor disrupt the GnRH-depen-
dent gonadotropin production that initiates pubertal development, re-
sulting in the congenital hypogonadotropic hypogonadism (cHH) form
of infertility, which is transmitted in an autosomal recessive pattern
(Balasubramanian and Crowley, 2007 [Updated, 2017 Mar 2]; Chevrier
et al., 2011; Gianetti et al., 2012).

The GnRH receptor is a membrane protein belonging to the large
family of G protein-coupled receptors (GPCRs), which regulate diverse
physiological systems. GPCRs share a conserved mechanism of action
based on a conserved structure, consisting of an extracellular amino
terminus, seven membrane-spanning α-helices connected by in-
tracellular and extracellular loops and a cytoplasmic carboxy-terminal
tail. The human GnRH receptor has the conserved amino acids char-
acteristic of class A GPCRs, which include well-characterised receptors
such as rhodopsin and the β-adrenergic receptors, but it lacks the

cytoplasmic carboxy-terminal tail (Chi et al., 1993; Flanagan and
Manilall, 2017; R. P. Millar et al., 2004). Appending carboxy-terminal
tails from type II GnRH receptors stabilises the protein folding during
biogenesis and enhances cell surface expression of the tailless mam-
malian GnRH receptor proteins (Flanagan et al., 1999, 2000; Lin et al.,
1998; Maya-Nunez et al., 2000, 2002). The three-dimensional structure
of the GnRH receptor has not been directly determined, but a growing
number of other GPCR crystal structures show that the GPCR proteins
share a highly conserved structural fold that is stabilised by non-
covalent intramolecular interactions between different transmembrane
(TM) helices (Bortolato et al., 2014; Cvicek et al., 2016; Mahoney and
Sunahara, 2016; Venkatakrishnan et al., 2013). Forty interhelical con-
tacts are conserved in class A GPCR structures, in both active and in-
active conformations. These conformation-independent interhelical
contacts connect amino acids in topologically equivalent positions of
the GPCR proteins to form a conserved structural network, but the
amino acids making the contacts are not all conserved (Bortolato et al.,
2014; Cvicek et al., 2016; Venkatakrishnan et al., 2013). The conserved

Abbreviations: cHH, congenital hypogonadotropic hypogonadism; ECL, extracellular loop; GnRH, gonadotropin-releasing hormone; GPCR(s), G 
protein-coupled receptor(s); ICL, intracellular loop; IP, inositol phosphate; TM, transmembrane
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interhelical contacts are likely to be present in the GnRH receptor and
to contribute to stable folding and cell surface expression of the re-
ceptor protein (Flanagan and Manilall, 2017). In addition to the direct
interhelical contacts, recent high-resolution GPCR crystal structures
show that intramolecular water molecules form a conserved hydrogen
bond network that indirectly connects highly conserved polar amino
acids in class A GPCRs (Angel et al., 2009; Blankenship et al., 2015;
Deupi et al., 2012; Flanagan and Manilall, 2017; Huang et al., 2015;
Standfuss et al., 2011; Trzaskowski et al., 2012; Yuan et al., 2014).

Homozygous mutation of the Glu2.53(90) residue of the GnRH re-
ceptor to Lys caused cHH that was completely refractory to intravenous
administration of GnRH (see materials and methods for an explanation
of the residue numbering system) (Soderlund et al., 2001). In vitro
analysis showed that the Glu2.53(90)Lys mutant receptor was not ex-
pressed in transfected cells, but expression and function were rescued
by deletion of a destabilizing residue of the receptor (Maya-Nunez
et al., 2002) or by pre-treatment of transfected cells with membrane-
permeable small molecule GnRH antagonists (Janovick et al., 2002;
Leanos-Miranda et al., 2002; Tello et al., 2012). It was subsequently
found that the Glu2.53(90)Lys- and many other-mutant GnRH receptors
are misfolded during biosynthesis, due to failure to form correct in-
tramolecular contacts (Conn and Janovick, 2009; Tao and Conn, 2014).
The misfolded nascent membrane proteins are identified by the en-
doplasmic reticulum-associated degradation system and exported to the
proteosomal compartment, where they are degraded, whereas correctly
folded receptor proteins are transported to the cell membrane (Tao and
Conn, 2014). It has been proposed that the Glu2.53(90)Lys mutation
destabilises mutant receptor protein folding by breaking an interhelical
salt-bridge with the basic Lys3.32(121) residue in TM3 and introducing
charge repulsion (Janovick et al., 2009, 2011; Tao and Conn, 2014).
However, it has recently been reported that the conservative
Glu2.53(90)Asp mutation, which would be expected to preserve the salt-
bridge, also causes cHH (Marcos et al., 2014).

Glu2.53(90) is conserved in the tailless type I GnRH receptors (R. P.
Millar et al., 2004; Sefideh et al., 2014), but the related type II GnRH
receptors and most class A GPCRs have large hydrophobic residues in
position 2.53 (R. P. Millar et al., 2004; Mirzadegan et al., 2003; Sefideh
et al., 2014). The lack of conservation suggests that the negatively-
charged carboxylate side-chain of Glu2.35(90) is not essential for GnRH
receptor folding. Supporting this, substitution of Glu2.53(90) with un-
charged Gln in the mouse GnRH receptor resulted in a fully functional
mutant receptor (Flanagan et al., 1994), although the null mutation, to
Ala, completely disrupted receptor function (Hoffmann et al., 2000).
This suggests that the Glu2.53(90) side-chain makes one- or more-inter-
helical contacts that are important for folding of the GnRH receptor
during biogenesis, but these contacts probably do not involve a salt-
bridge.

It has been proposed that residues in position 2.53 of class A GPCRs
have a conserved water-mediated interaction with the conserved
Trp6.48 residue, of the CWxPY motif (Cys6.47-Trp6.48-any amino acid-
Pro6.50-Tyr6.51) in TM6 (Deupi, 2014). Thus, the Glu2.53(90) side-chain
of the GnRH receptor may interact with Trp6.48(280) via the conserved
water-mediated hydrogen bond network to stabilise expression and the
cHH-associated Glu2.53(90) mutations may disrupt this interaction. A
more recent analysis of non-covalent direct interhelical contacts in
GPCR crystal structures found a conserved hydrophobic interhelical
contact between the residues in positions 2.53 and 3.35 of all GPCRs
(Cvicek et al., 2016). This suggests that direct contact of Glu2.53(90) with
the side-chain of Ser3.35(124) in TM3 may be needed for stable folding
and expression of the GnRH receptor. The Glu2.53(90) side-chain po-
tentially forms additional intramolecular contacts that are not con-
served in other GPCRs, but may also contribute to correct folding of the
GnRH receptor.

We have used systematic site-directed mutagenesis of Glu2.53(90) and
Trp6.48(280), functional assays that report cell surface expression and
computational modelling to understand the interhelical interactions of

the Glu2.53(90) side-chain that stabilise GnRH receptor folding during
biogenesis. Our results show that mutant GnRH receptors with amino
acids smaller than Glu, including the negatively-charged Asp, all dis-
rupted GnRH receptor function, whereas substitution of Glu2.539(90)

with larger uncharged or hydrophobic amino acids, or the positively-
charged Arg, all preserved receptor function, excluding a salt-bridge
interaction of Glu2.53(90) with Lys3.32(121). Our models show that the
cHH-associated mutations disrupt interhelical interactions with
Ser3.35(124) or with Trp6.48(280), whereas the Glu2.53(90)Arg mutation
preserves both of these interactions. Our results suggest that disruption
of interhelical contacts that are conserved in GPCRs should be con-
sidered as a mechanism for the effects of some cHH-causing mutations.

2. Materials and methods

2.1. Amino acid numbering system

The Ballesteros and Weinstein numbering system is used to facilitate
comparison of amino acids of the GnRH receptor with equivalent re-
sidues in other class A GPCRs. Residues in each TM are numbered re-
lative to the most conserved residue, which is designated .50, with the
sequence number of the residue in the receptor in parenthesis (JA
Ballesteros and Weinstein, 1995; van Rhee and Jacobson, 1996). Thus,
the Glu90 residue of the GnRH receptor is designated Glu2.53(90) because
it is located three residues past the location of the most conserved re-
sidue of TM2, Asn2.50(87).

2.2. Site-directed mutagenesis

PCR-based whole plasmid site-directed mutagenesis (high fidelity
PCR readymix, KAPA Biosystems, Cape Town, South Africa) was used to
generate mutant GnRH receptors using wild-type human GnRH re-
ceptor cDNA cloned into pcDNA3 (Invitrogen, Carlsbad, California) as a
DNA template. Mutagenic primers with unique silent restriction en-
zyme sites were designed to substitute Glu2.53(90) with Ala, Arg, Asn,
Asp, Phe, Gln, Leu, Lys and Ser. Similarly, Trp6.48(280) was mutated to
Ala and Arg. DpnI-digested PCR products (3 μl) were transformed into
competent JM109 E. coli cells (100 μl) and cultured on Luria-Bertani
agar plates with ampicillin (1 μg/ml, Sigma Aldrich, Saint Louis,
Missouri). Colonies were cultured in Luria broth with ampicillin (37 °C,
16 h) for small-scale plasmid DNA isolation. Restriction digest analysis
was performed to identify mutant DNA. Mutant constructs were se-
quenced (Inqaba Biotechnologies, Johannesburg, South Africa) to
confirm the presence of intended mutations and the absence of unin-
tended PCR errors. Wild-type and mutant receptors were subcloned into
the EcoRI and XhoI sites of the pcDNA3.1 + expression vector
(Invitrogen, Carlsbad, California). To enhance expression of poorly-
expressed Glu2.53(90) mutant GnRH receptors, mutant constructs were
subcloned into the EcoRI and EcoNI sites of a GnRH receptor construct
with a human type II GnRH receptor carboxy-terminal domain
(Flanagan et al., 2000).

2.3. Cell culture and transfection

COS7 cells (ATCC CRL-1651) were maintained in Dulbecco's
Modified Eagle's Medium (DMEM) (Biowest, France) supplemented
with 10% foetal bovine serum (FBS, Thermo Scientific, Waltham,
Massachusetts) at 37 °C in 10% CO2. Wild-type and mutant GnRH re-
ceptor constructs were transiently transfected into COS7 cells using
Lipofectamine LTX (Invitrogen, Carlsbad, California), according to the
manufacturer's instructions. Transfected cells were incubated in DMEM
with FBS and Pen-Strep (0.5mg/ml penicillin, 0.1 mg/ml streptomycin)
at 37 °C in 10% CO2 for 24 h, detached from transfection dishes with
PBS-EDTA (10mM EDTA, 1 x PBS), pelleted by centrifugation (500 g,
3min), plated into 12-well plates and cultured overnight.
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2.4. IP accumulation assays

Transfected cells were radiolabelled overnight with [3H]-myoino-
sitol (1 μCi/ml, 1ml/well) (Perkin Elmer, Boston, Massachusetts) in
DMEM supplemented with FBS (2%). Cells were pre-incubated with
pre-warmed buffer I (140mM NaCl, 4 mM KCl, 8.6mM glucose, 1 mM
CaCl2, 1 mMMgCl2, 0.1% bovine serum albumin (BSA), 10mM LiCl, pH
7.4; 1 ml/well, 37 °C, 15min) and incubated (37 °C, 60min) in the
absence or presence of various concentrations of GnRH (10−11 to
10−6M) in buffer I. The incubation was terminated by replacing the
medium with formic acid (10mM, 1ml, 4 °C) and incubation (4 °C,
30min) to lyse the cells. Cell lysates were extracted on Dowex-1 resin
(1ml; Sigma Aldrich, Saint Louis, Missouri) anion exchange chroma-
tography, as previously described (R.P. Millar et al., 1995) and counted
by liquid beta scintillation spectroscopy.

2.5. Radioligand competition binding assays

The high affinity GnRH analog, [His5,D-Tyr6]-GnRH, was radio-
iodinated using chloramine T (Flanagan et al., 1998) and purified on a
QAE sephadex column. Fractions with highest radioactivity were ali-
quoted and frozen (−70 °C). Transfected cells were washed with 1ml
cold binding buffer (HEPES-DMEM with 0.1% BSA; pH 7.4) and in-
cubated (4 °C, 5 h) with 125I-[His5,D-Tyr6]-GnRH (∼100 000 cpm) in
the absence or presence of various concentrations (10−11 - 10˗6 M) of
unlabelled GnRH or unlabelled [His5,D-Tyr6]-GnRH in binding buffer
(final volume, 500 μl). The incubation was terminated by washing 3
times with cold PBS to remove unbound radioligand and bound radi-
oligand was collected from plates by solubilizing cells with 0.1M NaOH
(1 ml/well). The radioactivity was counted in a gamma counter.

2.6. Computational modelling

A homology model of the wild-type human GnRH receptor was
generated as described in Supplementary Material. Homology models of
mutant receptors were generated by substituting Lys, Asp or Arg for
Glu2.53(90) and Arg for Trp6.48(280). Molecular dynamics simulations
were performed on wild-type and mutant GnRH receptor homology
models as described in Supplementary Material. Interhelical contacts
between amino acids in the resulting models are defined as present
when the distance between any pair of atoms (side-chain and/or main-
chain atoms) is within the Euclidean distance (the sum of the van der
Waal's radii of the atoms plus 0.6 Å) as previously described
(Venkatakrishnan et al., 2013). Wild-type and mutant receptor models
were then subjected to 100 ns molecular dynamics production runs, as
described in Supplementary Material, to assess the stability of inter-
helical interactions formed by side-chains of the residues in position
2.53(90).

2.7. Data analysis

IP production and radioligand binding assays were performed at
least 3 times in duplicate for each GnRH receptor mutant and the wild-
type GnRH receptor was included in every assay. For the IP assays,
maximal response (Emax) and effective concentrations for 50% of
maximal response (EC50) were determined from sigmoidal dose-re-
sponse curves fitted to experimental data sets using non-linear regres-
sion (GraphPad Prism, version 5, La Jolla, California). Similarly, total
binding in the absence of unlabelled ligand (B0) and 50% inhibitory
concentrations (IC50) for radioligand binding assays were determined
using non-linear regression. pEC50 and pIC50 values were calculated as
negative logarithms of EC50 and IC50 values respectively. This trans-
forms the mean ± SD data to a normal distribution that can be used for

Table 1
GnRH-stimulated IP production and competition binding of COS7 cells transfected with wild-type and mutant GnRH receptors. Data are means ± SD of the
indicated numbers of experiments performed in duplicate. All experiments included the wild-type GnRH receptor and tailed wild-type GnRH receptor.

GnRH Receptor IP Production Competition Binding Coupling Coefficient

EC50 (nM) pEC50 Emax (%WT)b IC50 (nM) pIC50 B0 (%WT)b

Wild-type 0.26 ± 0.31 9.58 ± 0.64 (n= 19) 100 3.33 ± 1.26 8.59 ± 0.26 (n= 13) 100 6.90
Wild-type-CTa 0.21 ± 0.25 9.89 ± 0.41 (n= 17) 146 ± 43 4.76 ± 1.35 8.34 ± 0.14 (n= 13) 200 ± 61 8.64
Glu2.53(90)Lys – - (n= 3) nmsb – - (n=3) nmbc –
Glu2.53(90)Lys-CT 0.14 ± 0.14 9.97 ± 0.15 (n= 3) 132 ± 48 3.2 ± 0.05 8.50 ± 0.01 (n= 3) 185 ± 35 8.51
Glu2.53(90)Ala – - (n= 4) nms – - (n=4) nmb –
Glu2.53(90)Ala-CT 0.55 ± 0.51 9.48 ± 0.55 (n= 4) 30 ± 19 19.95 ± 0.01 7.70 ± 0.3* (n = 3) 38 ± 7 14.7
Glu2.53(90)Asp – - (n= 4) Nmsc – - (n=4) nmbd –
Glu2.53(90)Asp-CT – - (n= 4) nms – - (n=4) nmb –
Glu2.53(90)Ser – - (n= 3) nms – - (n=3) nmb –
Glu2.53(90)Ser-CT – - (n= 3) nms – - (n=3) nmb –
Glu2.53(90)Asn – - (n= 3) nms – - (n=3) nmb –
Glu2.53(90)Asn-CT – - (n= 3) nms – - (n=5) nmb –
Glu2.53(90)Gln 0.23 ± 0.06 9.70 ± 0.1 (n= 3) 84 ± 18 5.04 ± 2.19 8.33 ± 0.28 (n= 3) 58 ± 21 16.6
Glu2.53(90)Gln-CT 0.27 ± 0.31 9.80 ± 0.56 (n= 3) 148 ± 106 3.34 ± 1.44 8.5 ± 0.21 (n=3) 107 ± 10 9.25
Glu2.53(90)Phe 0.27 ± 0.12 9.51 ± 0.15 (n= 3) 110 ± 51 2.97 ± 0.40 8.53 ± 0.10 (n= 3) 76 ± 4 8.68
Glu2.53(90)Phe-CT 0.30 ± 0.20 9.63 ± 0.35 (n= 3) 160 ± 34 2.99 ± 0.51 8.50 ± 0.15 (n= 3) 252 ± 29 3.48
Glu2.53(90)Leu 0.19 ± 0.21 9.70 ± 0.35 (n= 6) 100 ± 34 4.39 ± 1.07 8.37 ± 0.11 (n= 6) 108 ± 85 11.2
Glu2.53(90)Leu-CT 0.23 ± 0.24 10.0 ± 0.61 (n= 3) 119 ± 7 2.83 ± 1.03 8.50 ± 0.10 (n= 3) 119 ± 20 6.65
Glu2.53(90)Arg 80.3 ± 7.60 7.13 ± 0.60* (n = 6) 64 ± 26 82.1 ± 0.09 7.08 ± 0.17* (n = 6) 25 ± 8 2.59
Glu2.53(90)Arg-CT 7.47 ± 7.39 8.27 ± 0.40* (n = 7) 121 ± 70 79.4 ± 0.02 7.10 ± 0.02* (n = 7) 58 ± 4 12.1
Trp6.48(280)Ala – - (n= 8) nms – - (n=8) nmb –
Trp6.48(280)Ala-CT 0.21 ± 0.14 9.82 ± 0.33 (n= 5) 80 ± 18 4.39 ± 1.07 8.43 ± 0.12 (n= 5) 96 ± 13 9.13
Trp6.48(280)Arg – - (n= 6) nms – - (n=6) nmb –
Trp6.48(280)Arg-CT 53.3 ± 46.9 7.40 ± 0.37* (n = 7) 64 ± 15 27.73 ± 6.74 7.57 ± 0.11* (n = 7) 97 ± 30 0.50

*Significantly different from wild-type GnRH receptor p < 0.05.
a -CT, Carboxy terminal-tail appended.
b Emax and B0 values are presented as % of values obtained for cells transfected with the wild-type GnRH receptor in the same assay to accommodate for variation

in radiolabelling efficiency.
c nms, no measurable stimulation.
d nmb, no measurable binding.
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statistical analysis (Flanagan, 2016). A one-way analysis of variance
with post-hoc Tukey's test was used to determine whether pEC50 and
pIC50 values for each mutant GnRH receptor differed from the values of
the wild-type GnRH receptors. Coupling coefficients were calculated
using the formula Q=0.5 [(IC50 + EC50)/EC50](Emax/Bmax) using the
data in Table 1, as previously described (J Ballesteros et al., 1998;
Mayevu et al., 2015). Two-tailed T tests were used to compare intera-
tomic distances in models of the wild-type and mutant GnRH receptors.

3. Results

3.1. Confirmation that the Glu2.53(90)Lys mutant GnRH receptor is non-
functional and rescue by appending the human type II GnRH receptor
carboxy-terminal tail

COS7 cells transfected with the wild-type human GnRH receptor

showed robust GnRH-stimulated IP production and high total ligand
binding (Fig. 1, Table 1). In contrast, COS7 cells transfected with the
Glu2.53(90)Lys mutant GnRH receptor showed no IP production and no
detectable binding (Fig. 1, Table 1). Appending the human type II
GnRH receptor carboxy-terminal tail to the wild-type GnRH receptor
increased the maximum GnRH-stimulated IP production in most ex-
periments and increased total binding of I125-[His5,D-Tyr6]-GnRH,
without changing affinity for GnRH (Fig. 1, Table 1), consistent with
increased expression of functional GnRH receptor protein (Flanagan
et al., 2000). The Glu2.53(90)Lys mutant receptor with the appended
carboxy-terminal tail bound I125-[His5,D-Tyr6]-GnRH, had the same
affinity for GnRH as the wild-type receptor (Fig. 1B, Table 1) and
mediated GnRH-stimulated IP production with EC50 and Emax values
similar to those for the untailed wild-type GnRH receptor (Fig. 1A,
Table 1). Since it has previously been shown that the lack of measurable
function of the untailed Glu2.53(90)Lys mutant receptor is due to lack of

Fig. 1. Effects of mutations of the Glu2.53(90) residue of the GnRH receptor on GnRH-stimulated IP production and ligand binding. COS7 cells transfected
with wild-type or mutant GnRH receptors, without or with an appended carboxy-terminal tail (CT), were labelled with [3H]-myoinositol and incubated with varying
concentrations of GnRH (left panels) or incubated with 125I-[His5,D-Tyr6]-GnRH and varying concentrations of GnRH (right panels). Data are means ± range from
representative experiments performed at least 3 times in duplicate.
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receptor protein expression (Maya-Nunez et al., 2002), the binding and
IP production show that appending the human type II GnRH receptor
carboxy-terminal tail stabilises expression of the mutant receptor,
which has ligand binding and ligand-stimulated signaling properties
that are indistinguishable from those of the wild-type GnRH receptor.
We therefore appended the carboxy-terminal tail to other mutant re-
ceptors in order to increase their cell surface expression without
changing their GnRH binding and signaling properties.

3.2. IP signaling and ligand binding of mutant GnRH receptors with small
amino acid substitutions for Glu2.53(90)

COS7 cells expressing mutant GnRH receptors in which Glu2.53(90)

was substituted with Ala, Ser, Asn and Asp showed no detectable GnRH-
stimulated IP production and no detectable 125I-[His5,D-Tyr6]-GnRH
binding (Table 1). This indicates that the negatively-charged carboxyl
group of the Asp side-chain is not sufficient to substitute for the native
Glu2.53(90) in expression of the GnRH receptor. Appending the carboxy-
terminal tail to the Glu2.53(90)Ala mutant GnRH receptor resulted in
some measurable IP production and binding (Fig. 1C, Table 1). GnRH
potency was the same as at the untailed wild-type GnRH receptor
(Fig. 1C, Table 1), but GnRH binding affinity was reduced six-fold
(Fig. 1D, Table 1). The Glu2.53(90)Ser, Glu2.53(90)Asn and conservative
Glu2.53(90)Asp mutant GnRH receptors with appended carboxy-tails
showed no measurable IP production or 125I-[His5,D-Tyr6]-GnRH
binding (Fig. 1, Table 1).

3.3. IP signaling and ligand binding of mutant GnRH receptors with large,
uncharged amino acid substitutions for Glu2.53(90)

COS7 cells expressing the mutant GnRH receptor with isosteric,
uncharged Gln substituted for Glu2.53(90) showed GnRH-stimulated IP
production similar to that of the wild-type GnRH receptor and had
unchanged GnRH binding affinity (Fig. 1, Table 1). GnRH receptors
with the large hydrophobic residues, Phe and Leu, substituted for
Glu2.53(90) mediated GnRH-stimulated IP production with Emax values
similar to wild-type (Fig. 1E, Table 1). GnRH potency and affinity were
also unchanged (Fig. 1, Table 1).

3.4. IP signaling and ligand binding of mutant GnRH receptors with a
positively charged amino acid substitution for Glu2.53(90)

The guanidinium side-chain of Arg is basic and positively charged,
but longer than the Lys side-chain. The Glu2.53(90)Arg GnRH receptor
mediated significant GnRH-stimulated IP production (Fig. 1G, Table 1),
although GnRH potency was decreased (Fig. 1G, Table 1). The
Glu2.53(90)Arg mutant GnRH receptor with a carboxy-terminal tail
showed IP production with decreased GnRH potency like its untailed
counterpart (Fig. 1G, Table 1). The Glu2.53(90)Arg mutant receptors
showed decreased total binding of 125I-[His5,D-Tyr6]-GnRH and de-
creased affinity for GnRH (Fig. 1H, Table 1). The Glu2.53(90)Arg mutant
GnRH receptors showed no change in affinity for the high affinity
analog [His5,D-Tyr6]-GnRH (IC50, 3.21 ± 1.34 nM and
4.96 ± 1.15 nM, wild-type GnRH receptor 2.43 ± 0.95 nM). This
unchanged affinity for the constrained GnRH analog explains why the
mutant receptor showed measurable binding of 125I-[His5,D-Tyr6]-
GnRH in spite of decreased affinity for GnRH.

3.5. IP signaling and ligand binding of mutant GnRH receptors with Ala and
Arg substitutions for Trp(6.48)280

COS7 cells transfected with the Trp6.48(280)Ala mutant GnRH re-
ceptor showed no detectable GnRH-stimulated IP production and no
detectable binding of 125I-[His5,D-Tyr6]-GnRH (Fig. 2, Table 1). The
Trp6.48(280)Ala mutant with the carboxy-terminal tail showed IP pro-
duction and binding similar to that of the wild-type GnRH receptor

(Fig. 2, Table 1). We hypothesized that if the Glu2.53(90) and the
Trp6.48(280) side-chains are oriented towards each other within the TM
bundle, substitution of Trp6.48(280) with Arg might result in distortion of
GnRH receptor function similar to what we found for the Glu2.53(90)Arg
mutant GnRH receptor. The Trp6.48(280)Arg mutant GnRH receptor
showed no detectable IP production or binding. The Trp6.48(280)Arg
mutant GnRH receptor with the appended carboxy-terminal tail showed
decreased GnRH potency, decreased affinity for GnRH and decreased
coupling efficiency (Fig. 2, Table 1). The tailed Trp6.48(280) mutant
GnRH receptors showed no change in affinity for the [His5,D-Tyr6]-
GnRH analog used as the tracer in the ligand binding assays.

3.6. Homology modelling and molecular dynamics of wild-type and mutant
GnRH receptors

The wild-type GnRH receptor model showed that the Glu2.53(90)

side-chain makes direct contact with the side-chains of Ser3.35(124) in
TM3 and Trp6.48(280) in TM6 as well as with the Phe7.43(313) and
Pro7.45(316) residues in TM7 (Fig. 3A, Table 2). These contacts were
preserved during molecular dynamics (Supplementary Figs. S7 and S8),
indicating that they are stable. Glu2.53(90) did not stably contact
Lys3.32(121) (Fig. 3A, Supplementary Fig. S9).

The starting model of the Glu2.53(90)Lys mutant GnRH receptor
showed a van der Waals interaction of the introduced Lys2.53(90) side-
chain with Ser3.35(124) (Fig. 3B), similar to that in the wild-type GnRH
receptor model, but it was broken during the molecular dynamics si-
mulation (Table 2, Supplementary Fig. S7), suggesting that it is un-
stable. The introduced Lys2.53(90) preserved the interaction with
Trp6.48(280) (Table 2, Supplementary Fig. S8). The starting
Glu2.53(90)Asp mutant GnRH receptor model showed a preserved con-
tact of Asp2.53(90) with Ser3.35(124), but there was no interaction with
Trp6.48(280) (Fig. 3C, Table 2, Supplementary Figs. S7 and S8).

The model of the Glu2.53(90)Arg mutant GnRH receptor showed that
the introduced Arg2.53(90) side-chain made stable interhelical contacts
with both Ser3.35(124) and Trp6.48(280) (Fig. 3D, Table 2, Supplementary
Figs. S7 and S8). The Trp6.48(280)Arg mutant GnRH receptor showed
stable interhelical contacts of Glu2.53(90) with Ser3.35(124) and
Arg6.48(280) (Table 2, Supplementary Figs. S7 and S8). To better un-
derstand the decreased binding affinities of mutant receptors with Arg
in positions 2.53(90) or 6.48(280), we measured the distances between
the backbone carbons of the amino acids in these loci (Fig. 4). Models of
the Glu2.53(90)Arg and Trp6.48(280)Arg mutant receptors showed in-
creased average interhelical distances (14.33 ± 0.018 Å and
13.11 ± 0.008 compared with 12.34 ± 0.017 Å in the wild type re-
ceptor) (Fig. 4). More detailed molecular modelling results are available
in Supplementary Material.

In summary, we have shown that mutation of Glu2.53(90) to smaller
amino acids, including the conservative Asp substitution, disrupted
GnRH receptor function and addition of the carboxy-terminal tail to
these mutant receptor constructs could recover function of only the
Glu2.53(90)Ala mutant. In contrast, mutant GnRH receptors with large
uncharged and hydrophobic substitutions for Glu2.53(90) retained full
wild-type-like GnRH receptor function. Furthermore, the Glu2.53(90)Arg
mutant GnRH receptor showed robust IP production and ligand
binding, but GnRH affinity and potency were decreased. The
Trp6.48(280)Arg mutant receptor with a carboxy-terminal tail had de-
creased affinity for GnRH, similar to that of the Glu2.53(90)Arg mutant
GnRH receptor. Computational modelling of the wild-type GnRH re-
ceptor showed that the Glu2.53(90) side-chain makes a conserved inter-
helical contact with Ser3.35(124) in TM3 and a direct contact with
Trp6.48(280) in TM6, but no stable contact with Lys3.32(121). The model of
the cHH-associated Glu2.53(90)Lys mutant showed an unstable
Lys2.53(90)-Ser3.35(124) interhelical contact, while the Glu2.53(90)Asp
mutant showed no interaction of Asp2.53(90) with Trp6.48(280). Models of
the Glu2.53(90)Arg and Trp6.48(280)Arg mutant receptors showed stable
contacts of the amino acids in position 2.53(90) with Ser3.35(124) and

5



between the residues at positions 2.53(90) and 6.48(280), with in-
creased TM2-TM6 interhelical distances.

4. Discussion

We have investigated the role of interhelical interactions of the

Glu2.53(90) side-chain in GnRH receptor biogenesis using systematic site-
directed mutagenesis of Glu2.53(90) and Trp6.48(280), functional assays
that report cell surface expression and computational modelling. We
found that all mutations of Glu2.53(90) to amino acids with side-chains
shorter than the side-chain of Glu (Ala, Ser, Asn and the acidic Asp)
resulted in no measurable function of the mutant receptors. Appending

Fig. 2. Effects of mutations of the Trp6.48(280) re-
sidue of the GnRH receptor on GnRH-stimulated
IP production and ligand binding. COS7 cells
transfected with wild-type or mutant GnRH re-
ceptors, without or with an appended carboxy-
terminal tail (CT), were labelled with [3H]-myoino-
sitol and incubated with varying concentrations of
GnRH (A) or incubated with 125I-[His5,D-Tyr6]-GnRH
and varying concentrations of GnRH (B). Data are
means ± range from representative experiments
performed at least 3 times in duplicate.

Fig. 3. Models of the wild-type and mu-
tant GnRH receptors showing interac-
tions of residues in position 2.53(90).
Homology models of wild-type (A) and
Glu2.53(90)Lys (B), Glu2.53(90)Asp (C) and
Glu2.53(90)Arg (D) mutant receptors were
generated using the NTSR1 rat neurotensin
receptor crystal structure as a template for
the TM domain and subjected to energy
minimisation and molecular dynamics as
described under materials and methods.
Residues within the Euclidian distance of
the residues in position 2.53(90) are shown.

Table 2
Lengths of interhelical contacts of amino acids in position 2.53(90) of wild type and mutant GnRH receptors. Average distances between the indicated atoms
of the amino acid in position 2.53(90) and the indicated atoms of residues in TM helices other than TM2 that were within the Euclidian distance of the Glu2.53(90) side-
chain in the starting wild type GnRH receptor model, were calculated during the 100 ns molecular dynamics simulations of the wild type and mutant GnRH receptor
models. Time courses of changes in interatomic distance are presented in Supplementary Fig. 7, for interaction with Ser3.35(124), and in Supplementary Fig. 8 for other
interactions. Data are mean ± SEM of the interatomic distances in the 2001 snapshots before and during the 100ns molecular dynamics production runs. *,
significantly different from wild type, p < 0.05.

Interhelical contact residue, atom Residue in position 2.53(90)

Glu2.53(90) Lys2.53(90) Asp2.53(90) Arg2.53(90) Glu2.53(90)

(interacting atom, Å)

Ser3.35(124), CB CB
4.55 ± 0.01

CB
4.70 ± 0.02*

CB
4.03 ± 0.01*

CB
4.06 ± 0.01*

CB
4.73 ± 0.01*

Trp6.48(280), CH2 OE1
4.25 ± 0.01

NZ
4.28 ± 0.01*

OD2
6.35 ± 0.02*

NH1
5.39 ± 0.04*

–

Arg6.48(280), CZ – – – – OE1
3.73 ± 0.01*

Phe7.43(313), CE2 OE2
4.52 ± 0.01

CE
6.01 ± 0.03*

OD1
5.80 ± 0.03*

NH2
6.89 ± 0.03*

OE2
6.48 ± 0.02*

Pro7.46(316)), CG OE2
5.10 ± 0.03

CE
5.77 ± 0.02*

OD2
4.80 ± 0.03*

NH2
7.90 ± 0.03*

OE2
5.19 ± 0.01*
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a carboxy-terminal tail partially recovered function of the Glu2.53(90)Ala
mutant receptor, but not others, suggesting that small amino acid
substitutions severely disrupt GnRH receptor biogenesis. In contrast, all
of our mutations to amino acids with side-chains the same length as- or
longer than that of Glu (Gln, Leu, Phe and Arg) preserved receptor
function, showing that these mutations do not disrupt receptor bio-
genesis. This suggested to us that mutations to short side-chain amino
acids disrupt one or more intramolecular interactions that are needed
for stable GnRH receptor folding and that these interactions are pre-
served or mimicked in mutants with long side-chain substituents for
Glu2.53(90) (except for the Glu2.53(90)Lys mutant). We then used mole-
cular models to identify interhelical contacts of the Glu2.53(90) side-
chain in the wild-type GnRH receptor and to assess which of these
contacts are present, absent or unstable when Glu2.53(90) is substituted.
The models show that Glu2.53(90) makes direct interhelical contacts with
Ser3.35(124) and Trp6.48(280) in the wild-type receptor, whereas the cHH-
associated Glu2.53(90)Lys and Glu2.53(90)Asp mutant receptors show
disruption of the interhelical contacts with Ser3.35(124) and Trp6.48(280)

respectively. Both contacts are intact in the model of the well-expressed
Glu2.53(90)Arg mutant, in spite of its positively-charged Arg side-chain.

The only functional feature that differed among the well-expressed
mutant receptors was the decreased GnRH affinity and potency at the
Glu2.53(90)Arg mutant. The Trp6.8(280)Arg mutation (but not other
Trp6.48(280) mutations) also decreased GnRH affinity and potency.
Therefore, we inspected our models to interpret this result and found
that both mutations increase the distance between TM2 and TM6. Since
residues at the extracellular ends of both TM2 and TM6 of the GnRH
receptor directly contact GnRH, it is likely that the increased inter-
helical distances increase the distance between ligand-contacting re-
sidues of the binding pocket and this distortion decreases tightness (i.e.
affinity) of GnRH binding.

4.1. The COOH group of the Glu2.53(90) is not sufficient for GnRH receptor
expression and function

It is well-established that the Glu2.53(90)Lys mutation disrupts for-
mation of intramolecular contacts necessary for correct folding of the
GnRH receptor protein during biogenesis, leading to intracellular de-
gradation of the nascent protein, instead of transport to the plasma
membrane (Maya-Nunez et al., 2002; Tan et al., 2004; Tao and Conn,

2014). We show that appending the human type II GnRH receptor
carboxy-terminal tail recovers function, and thus cell surface expression
of the Glu2.53(90)Lys mutant GnRH receptor. Based on this, we assume
that all of our mutant receptors that show no measureable IP produc-
tion and ligand binding are poorly expressed at the cell surface due to
misfolding and the recovered function on appending the carboxy-
terminal tail reflects recovery of cell surface expression of the mutant
protein.

It has previously been proposed that the misfolding of the
Glu2.53(90)Lys mutant GnRH receptor during biogenesis results from
charge repulsion that disrupts a putative interhelical salt-bridge inter-
action of Glu2.35(90) with Lys3.32(121) in the wild-type receptor (Janovick
et al., 2009, 2011; Tao and Conn, 2014). Our molecular model of the
wild-type GnRH receptor shows no interaction of Glu2.53(90) with
Lys3.32(121). Instead it shows the interhelical contact with Ser3.35(124)

that is conserved in all GPCR crystal structures (Cvicek et al., 2016;
Flanagan and Manilall, 2017) and direct contact with Trp6.48(280), in-
stead of the expected water-mediated contact (Deupi, 2014; Flanagan
and Manilall, 2017). Our model of the Glu2.53(90)Lys mutant receptor
shows that the introduced Lys side-chain destabilises the conserved
interaction with Ser3.35(124), but preserves the interhelical contact with
Trp6.48(280). This modest destabilisation of a single interhelical contact
may explain why the low cell surface expression of Glu2.53(90)Lys mu-
tant protein can be recovered by the stabilising effects of the appended
type II GnRH receptor tail.

The disruptive effect of the null mutation of Glu2.53(90) to the small
amino acid, Ala, shows that the effect of the Glu2.53(90)Lys mutation
does not arise solely from the presence of a positive charge. The partial
recovery of receptor function on adding a carboxy-terminal tail suggests
that the null mutation is more disruptive than the Glu2.53(90)Lys mu-
tation. The Glu2.53(90)Asp GnRH receptor mutation, which has recently
been associated with cHH (Marcos et al., 2014), preserves the car-
boxylic group of Glu, but is shorter by one CH2 moiety and so might be
expected to substitute for Glu in forming an intramolecular salt-bridge.
We found that the lack of function of the Glu2.53(90)Asp GnRH receptor
was not recovered by addition of a carboxy-terminal tail, showing that
the Asp side-chain is more disruptive than both the Ala and Lys sub-
stitutions and cannot substitute for Glu2.53(90). Mutant GnRH receptors
with small uncharged hydrophilic (Asn, Ser) substitutions for Glu2.53(90)

were similar to the Glu2.53(90)Asp GnRH receptor, showing no mea-
surable IP signaling or ligand binding with- or without a carboxy-
terminal tail. This suggests severe destabilisation of mutant receptor
biogenesis, although it is possible that the mutant proteins were ex-
pressed at the cell surface, but undetectable due to lack of GnRH
binding. Our molecular models indicate that the Glu2.53(90)Asp muta-
tion disrupts GnRH receptor structure by failing to make the TM2-TM6
interhelical contact with Trp6.48(280). These results suggest that a side-
chain that is long enough to contact Trp6.48(280) is necessary for stable
cell surface expression of the GnRH receptor, but the disruptive effect of
the Glu2.53(90)Lys mutation shows that a long side-chain is not suffi-
cient, as a stable interhelical contact with Ser3.35(124) is also required.

4.2. Large, uncharged, hydrophobic and basic amino acid substitutions
preserve GnRH receptor function

The wild-type-like function of mutant GnRH receptors with un-
charged (Gln) or hydrophobic (Phe and Leu) substituted for Glu2.53(90)

shows that mutant receptors are well-expressed at the cell surface and
neither the charge nor hydrophilic interactions of the Glu2.53(90) side-
chain are necessary for stable GnRH receptor folding during biogenesis.
Non-mammalian and type II GnRH receptors (R. P. Millar et al., 2004;
Sefideh et al., 2014) and most class A GPCRs have large hydrophobic
side-chains in the 2.53 locus (Isberg et al., 2016; Mirzadegan et al.,
2003), which form a conserved hydrophobic interhelical contact with
the residue in the 3.35 locus (Cvicek et al., 2016). The preserved
function of mutant receptors with hydrophobic substitutions for

Fig. 4. Distances between TM2 and TM6 in wild-type and mutant GnRH
receptor models. The distances between the backbone (CA) carbons of re-
sidues in position 2.53(90) and 6.48(280) for wild-type, Glu2.53(90)Arg and
Trp6.48(280)Arg mutant GnRH receptors during the 100 ns molecular dynamics
production runs.
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Glu2.53(90) is consistent with the interhelical contacts of Glu2.53(90) with
Ser3.35(124) in TM3 and Trp6.48(280) in TM6 of our molecular model and
does not support a charge-based interaction with Lys3.32(121).

To test our conclusion that the Glu2.53(90) side-chain does not form a
salt-bridge, we substituted Glu2.53(90) with Arg, which has a guanidi-
nium side-chain that is more basic than the Lys in the cHH-associated
mutant (Armstrong et al., 2016; Betts and Russel, 2007). The preserved
function of the Glu2.53(90)Arg mutant receptor shows that the Arg side-
chain fully substitutes for Glu2.53(90) in stabilising GnRH receptor
folding during biogenesis. It shows that the Arg2.53(90) side-chain is not
close to Lys3.32(121) and indicates that the wild-type Glu2.53(90) side-
chain does not form a salt-bridge with Lys3.32(121). The model of the
Glu2.53(90)Arg mutant receptor shows that the Arg2.53(90) side-chain
forms stable interhelical contacts with both Ser3.35(124) and Trp6.48(280),
consistent with preserved receptor expression.

The Glu2.53(90)Arg mutant receptor differed from the other mutants
in having decreased affinity for GnRH. The unchanged affinity of most
other mutant receptors shows that the Glu2.53(90) side-chain does not
directly contact GnRH. This suggests that the Arg substitution affects
GnRH binding affinity indirectly, by distorting the ligand contact sur-
face. Since the Arg side-chain is longer than Glu2.53(90) and all other
substitutions (Leu, Phe, Gln) that had wild-type-like GnRH binding af-
finity, Arg may distort the ligand binding pocket by increasing the
distance between the TM helices, forcing the helices apart. This is
supported by our molecular models which show that the distance be-
tween the backbone carbons of Arg2.53(90) and Trp6.48(280) is on average
2.1 Å longer than between the Glu2.53(90) and Trp6.48(280) in the wild-
type receptor. This increased distance is likely to result in increased
distance between residues at the extracellular ends of TM2 (Asp2.61(98),
Asn2.65(102)) and TM6 (Tyr6.58(290)), which directly contact the GnRH
peptide (Coetsee et al., 2008; Davidson et al., 1996; Flanagan and
Manilall, 2017; Flanagan et al., 2000). Such a change in the relative
positions of ligand-contacting residues may account for the decreased
GnRH binding affinity.

4.3. Similar phenotypes of Trp6.48(280)Arg and Glu2.53(90)Arg mutant GnRH
receptors suggest a similar disruption of the GnRH receptor

Since the robust expression of the Glu2.53(90)Arg mutant GnRH re-
ceptor makes an interaction of Glu2.53(90) with Lys3.32(121) unlikely, we
investigated other potential intramolecular interactions that could ac-
count for the role of Glu2.53(90) in GnRH receptor expression. Based on a
proposed conserved water-mediated interaction of the residue at the
2.53 locus of class A GPCRs with the highly conserved Trp6.48 in TM6
(Deupi, 2014; Deupi and Standfuss, 2011), we mutated the Trp6.48(280)

residue of the GnRH receptor. The lack of function of the Trp6.48(280)Ala
mutant GnRH receptor and the recovery to wild-type-like function with
addition of a carboxy-terminal tail, along with a previous report that
multiple substitutions for Trp6.48(280) severely decreased GnRH receptor
function, which was recovered using a pharmacological chaperone
(Coetsee et al., 2006), shows that the Trp6.48(280) residue is important
for expression of the GnRH receptor, but does not contact the ligand.
GPCR crystal structures show that the Trp6.48 side-chain makes con-
served conformation-independent interactions with the residues in po-
sitions 3.36 and 7.42 (Cvicek et al., 2016; Venkatakrishnan et al.,
2013). Our molecular models show that Trp6.48(280) makes interhelical
contacts with Met3.36(124) in TM3 and Ala7.42(312) in TM7 as well as with
Glu2.53(90), all of which are preserved in the Trp6.48(280)Arg mutant.
Disruption of any of these interactions may account for decreased ex-
pression of GnRH receptors with mutations of Trp6.48(280). The de-
creased GnRH binding affinity of the “tailed” Trp6.48(280)Arg mutant
GnRH receptor, but not other Trp6.48(280)-substituted GnRH receptors,
suggests that the Arg distorts the GnRH binding surface of the receptor.
This distortion may arise from the increased TM2-TM6 interhelical
distance in the Trp6.48(280)Arg mutant, but also may reflect altered
distances between TM6 and TM3 or TM7. The decreased coupling

efficiency of the Trp6.48(280)Arg mutant supports reports that the Trp6.48

residue is part of a conserved network of intramolecular contacts that
configure GPCR ligand binding pockets and couple them to the con-
served G protein-activating mechanism (Deupi, 2014; Venkatakrishnan
et al., 2013).

4.4. cHH-causing GnRH receptor mutations commonly affect conserved
interhelical contacts

Many cHH-associated mutations disrupt GnRH receptor folding
during biogenesis, which can be rescued by pharmacological chaper-
ones in vitro (Flanagan and Manilall, 2017; Tao and Conn, 2014). In
addition to the contacts in this study, other conserved interhelical
contacts of the GnRH receptor are affected by cHH-associated muta-
tions (see Supplementary Table S1) (Flanagan and Manilall, 2017),
suggesting that disruption of conserved interhelical contacts provides a
mechanism for understanding some cHH-associated misfolding muta-
tions. The recent approval of the orally-active GnRH receptor antago-
nist, Elagolix, for treatment of endometriosis provides potential for
pharmacological chaperone treatment of cHH patients with mutations
that disrupt GnRH receptor folding during biogenesis.

In conclusion, our in vitro functional analyses and computational
models show that the Glu2.53(90) side-chain of the GnRH receptor does
not form an interhelical salt-bridge with Lys3.32(121), but suggest that it
forms a conserved contact with Ser3.35(124) in TM3 and a direct contact
with Trp6.48(280) in TM6 that likely stabilise correct folding of the
protein during biosynthesis. Confirmation of these contacts will depend
on direct determination of the GnRH receptor protein structure. The
cHH-associated Glu2.53(90)Lys mutation appears to disrupt the inter-
helical contact with Ser3.35(124) and the previously-uncharacterised
cHH-associated, conservative, Glu2.53(90)Asp mutation, which has a
more disruptive effect on receptor function, is associated with inability
of the Asp side-chain to form an interhelical contact with Trp6.48(280).
Our mutation of the Glu2.53(90) and Trp6.48(280) residues to Arg has re-
vealed a previously unanticipated role of these residues in configuring
the structure of the GnRH binding pocket that is consistent with their
roles as part of the conserved amino acid network that senses agonist
binding to GPCRs and triggers receptor activation.
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