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X.1 Abstract 

The gonadotropin receptors (luteinizing hormone receptor; LHR and follicle –

stimulating hormone receptor; FSHR) are G protein-coupled receptors (GPCRs) 

that play an important role in the endocrine control of reproduction. Thus genetic 

mutations that cause impaired function of these receptors have been implicated in 

a number of reproductive disorders. Disease-causing genetic mutations in GPCRs 

frequently result in intracellular retention and degradation of the nascent protein 

through misfolding and subsequent recognition by cellular quality control machin-

ery.  The discovery and development of novel compounds termed pharmacologi-

cal chaperones (pharmacoperones) that can stabilise misfolded receptors, and re-

store trafficking and plasma membrane expression are therefore of great interest 

clinically and promising in vitro data describing the pharmacoperone rescue of a 

number of intracellularly retained mutant GPCRs has provided a platform for tak-

ing these compounds into in vivo trials. Thienopyrimidine small molecule alloster-

ic gonadotropin receptor agonists (Org 42599 and Org 41841) have been demon-

strated to have pharmacoperone activity. These compounds can rescue cell surface 

expression and in many cases, hormone responsiveness, of a range of retained mu-

tant gonadotropin receptors. Should gonadotropin receptor-selectivity of these 

compounds be improved, they could offer therapeutic benefit to subsets of patients 

suffering from reproductive disorders attributed to defective gonadotropin receptor 

trafficking.      

 

 

Key words: gonadotropin receptors, pharmacoperones, thienopyrimidines, Org 

42599, Org 41841, Org 43553, luteinizing hormone receptors, intracellular reten-

tion, follicle-stimulating hormone receptor 

 

Abbreviations: 7-TM, seven transmembrane; BH4, tetrahydrobiopterin; BiP, 

binding immunoglobulin protein; CFTR, cystic fibrosis transmembrane conduct-

ance regulator; CHO, Chinese hamster ovary; ECD, ectodomain; ECL, extracel-

lular loop; ER, endoplasmic reticulum; FSH, follicle-stimulating hormone; FSHR 

follicle-stimulating hormone receptor; GnRH, gonadotropin-releasing hormone; 

GnRHR, gonadotropin-releasing hormone receptor; GPCR, G protein-coupled 

receptor; Grp94, glucose-regulated protein; H8, helix 8; hCG, human chorionic 

gonadotropin; HPG, hypothalamic-pituitary-gonadal; hMG, human menopausal 

gonadotropin; ICL, intracellular loop; LCH, leydig cell hypoplasia; LH, luteinis-

ing hormone; LHR/LHCGR, luteinising hormone receptor; OHSS, ovarian hyper-

stimulation syndrome; PAH, phenylalanine hydroxylase; PDI, protein disulphide 

isomerase; pharmacoperone, pharmacological chaperone; QCS, quality control 

system; TM, transmembrane; TSHR, thyroid-stimulating hormone receptor; UPR, 

unfolded protein response; V2R, vasopressin receptor 2. 
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X.2 Introduction 

The gonadotropin receptors, luteinising hormone/chorionic gonadotropin recep-

tor (LHCGR/LHR) and follicle-stimulating hormone receptor (FSHR) play an im-

portant role in the hypothalamic-pituitary-gonadal (HPG) endocrine axis, which 

governs the control of reproduction. The FSHR and LHR are members of the G 

protein-coupled receptor (GPCR) superfamily of cell surface signalling proteins 

and, with the thyroid-stimulating hormone receptor (TSHR), they comprise the 

glycoprotein hormone receptor subfamily. The glycoprotein hormone receptors 

are unique in that, in addition to the seven transmembrane (7-TM) domain that is 

characteristic of all GPCRs, they have large (>300 amino acids) extracellular N-

terminal ectodomains (ECDs), which consists of a series of leucine-rich repeats 

stabilised by disulphide bridges. The ECD and 7-TM domain regions are joined by 

a “hinge region”, which is believed to confer an inhibitory effect on the 7-TM 

domain. Upon hormone binding to the ECD, the inhibitory constraint on the 7-TM 

domain is released, facilitating receptor activation.  (Fan and Hendrickson, 2005; 

Jiang et al., 2012; Jiang et al., 2014).The members of the glycoprotein hormone 

receptor subfamily share a high degree of homology, particularly within their 7-

TM domains where sequence identity is 68-72%, compared to their ECD regions 

where sequence identity is 39-46% (Vassart et al., 2004).  

 

The glycoprotein hormone receptors interact with large heterodimeric glyco-

protein hormone ligands, which comprise of a common α subunit in combination 

with a hormone-specific β subunit. The cognate hormone ligand for the FSHR is 

follicle-stimulating hormone (FSH), while the LHR interacts with both luteinising 

hormone (LH) and human chorionic gonadotropin (hCG). LH and FSH, are pro-

duced in gonadotrope cells of the anterior pituitary in response to hypothalamic re-

lease of gonadotropin-releasing hormone (GnRH), while hCG is secreted from the 

placenta of pregnant women. These gonadotropins interact with LHRs and 

FSHRs, predominantly expressed in gonadal tissues (although expression has been 

reported in extragonadal tissues), where they stimulate gonadal development, 

gametogenesis and production/secretion of sex hormones.  

 

In females activation of LHRs expressed on ovarian thecal cells results in the 

production/secretion of androgens which pass to the neighbouring granulosa cells 

where activation of FSHRs stimulates their conversion to estrogen via synthesis of 

the enzyme aromatase. Activation of FSHRs expressed on ovarian granulosa cells 

also stimulates follicular growth and peptide hormone (inhibin) secretion. As ma-

ture follicles develop, LHRs become expressed and activation by an ovulatory 

„LH surge‟ from the pituitary triggers egg release and the conversion of the resid-

ual follicle into the corpus luteum. Activation of LHRs in the corpus luteum by 

LH (or hCG should pregnancy occur) stimulates secretion of progesterone, which 

prepares the endometrium for implantation and placental development. In males, 

activation of FSHRs expressed on testicular Sertoli cells stimulates spermatogene-
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sis (along with androgens) and peptide hormone (inhibin) secretion, while activa-

tion of LHRs on testicular Leydig cells results in the production/secretion of an-

drogens. In utero, hCG stimulates a mid-gestational peak in androgen production 

by the testes is important for the development and maturation of the male genita-

lia. In both sexes, the HPG axis is briefly activated shortly after birth (mini-

puberty) and this activation is associated with genital growth in males and follicle 

maturation in females. Following this period, the HPG axis remains quiescent un-

til the onset of puberty. At puberty, gonadotropin levels increase in response to 

pulsatile GnRH secretion, and the resulting steroid hormone production is crucial 

for gonadal maturation and development of secondary sex characteristics.  

 

Due to their vital role in the hormonal control of reproduction, genetic muta-

tions that disrupt the function of the gonadotropin receptors or their hormone lig-

ands result in perturbation of the HPG axis and a range of reproductive pheno-

types. Interestingly mutations of these receptors illustrate the sexually dimorphic 

role of these hormones, with mutations of the LHR having a more profound effect 

in males, while mutations of the FSHR have a more profound effect in females. 

Activating mutations of the LHR result in a familial form of male-linked preco-

cious puberty, while inactivating mutations result in impaired sexual differentia-

tion (Leydig cell hyperplasia; LCH) in males and anovulation, amenorrhea and re-

duced fertility in females (Themmen APN, and Huhtaniemi, 2000; Huhtaniemi 

and Themmen, 2005; Desai et al., 2013). Mutations of the FSHR, and activating 

mutations in particular, appear to be less common that for the LHR, possibly due 

to the resultant phenotypes being less clear than for the LHR mutations.  Activat-

ing mutations have been linked to spontaneous ovarian hyperstimulation syn-

drome (OHSS) in women and inactivating mutations result in follicular arrest or 

ovarian dysgenesis in women and impaired sperm quality in males (Themmen 

APN, and Huhtaniemi, 2000; Huhtaniemi and Themmen, 2005; Desai et al., 

2013). For further details of LHR and FSHR inactivating mutations identified in 

human patients refer to Chapter XXX).   

 

X.3 Thienopyrimidine gonadotropin analogues 

Due to their crucial role in reproduction and fertility, gonadotropins and their 

analogues are administered exogenously to females undergoing assisted reproduc-

tive therapy, to enable controlled ovarian stimulation prior to in vitro fertilisation 

or intracytoplasmic sperm injection. The conventional technique involves an ini-

tial down-regulation of endogenous gonadotropin levels by prolonged administra-

tion of a GnRH agonist (or shorter administration of a GnRH antagonist), fol-

lowed by a stimulatory phase where folliculogenesis is induced by daily 

administration of FSH. Upon follicle maturation, ovulation is stimulated by the 

administration of LH/hCG and oocytes are collected. Gonadotropins used for the-

se therapies were traditionally extracted from the urine of pregnant women (hCG) 

or postmenopausal women (human menopausal gonadotropin; hMG, which con-
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tains LH and FSH activity), but these preparations have now been largely replaced 

by recombinantly produced gonadotropins, allowing more controlled dosing and 

personalised treatment regimens. However, the pharmaceutically industry has 

made considerable efforts to produce orally active non-peptide gonadotropin ana-

logues to improve convenience of treatment and to avoid deleterious side-effects 

such as OHSS.  

The most advanced series of compounds to be developed in this regard are the 

thienopyrimidines. In 2002 a group from NV Organon (subsequently Schering-

Plough Research Institute and currently Merck Research Laboratories) reported 

the first orally active non-peptidic low molecular weight agonist for the LH recep-

tor (van Straten et al., 2002). A high-throughput screen using a Chinese hamster 

ovary (CHO) cell line stably expressing human LHR and a luciferase reporter 

gene containing a cAMP-response element promotor, identified a thieno[2,3-

d]pyrimidine as having agonist activity at the LH receptor. Lead optimisation re-

sulted in a thienopyrimidine, Org 41841 (Figure X.1A), which had an EC50 of 20 

nM in the CHO-LHR assay and stimulated testosterone production in cultured 

mouse Leydig cells and ovulation in female mice (van Straten et al., 2002). Org 

41841 has since been demonstrated to have partial agonist activity at the TSHR 

(with approximately 35-fold lower potency than at the LHR), and activity at the 

FSHR only at very high concentrations (Moore et al., 2006; Jaschke et al., 2006).  

Further lead optimisation of Org 41841 lead to the development of another 

thienopyrimidine, Org 43553 (and its trifluoracetic acid salt form Org 42599) 

(Figure X.1B), with high potency (EC50 = 5 nM) and good activity at the LHR (van 

Koppen et al., 2008). Although Org 43553 displays no activity at the TSHR, it is 

able to activate the FSHR (with approximately 32-fold lower potency than at the 

LHR) (van Koppen et al., 2008) and has good oral bioavailability (van de Lage-

maat et al., 2009). In an ex vivo ovulation induction assay using cultured mouse 

follicles 1 µM Org 43553 was able to stimulate maximal levels of ovulation and 

progesterone production similar to that seen using hCG and was able to induce 

testosterone production in primary Leydig cell cultures with high potency (van de 

Lagemaat et al., 2009). The compound‟s in vivo activity and oral bioavailability 

has also been demonstrated using female rodent ovulation induction models and 

measurement of testosterone stimulation in male rats. Oral administration at con-

centrations ≥50 mgkg
-1

 resulted in levels of testosterone comparable to those pro-

duced after treatment with 1000 IU hCG subcutaneously (van de Lagemaat et al., 

2009). Human studies in healthy females have confirmed the safety and tolerabil-

ity of Org 43553 and another related thienopyrimidine (Org 43902) and have suc-

cessfully demonstrated their ability to induce ovulation in pituitary-suppressed 

women receiving recombinant FSH to induce follicular maturation (Gerrits et al., 

2013). 

Neither Org 43553 nor Org 41841 (or their salt variants) compete with hor-

mone for binding to the LHR (Heitman et al., 2008; Newton et al., 2011), which 
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was the first indication that these compounds act in an allosteric manner at a site 

distinct from the natural hormone binding site. Using chimeric receptors in which 

the ECD and 7-TM domains of the TSHR and LHR had been interchanged, the al-

losteric site of interaction of Org 43553 with the LHR was investigated in more 

detail and was found to be located within the 7-TM region (van Koppen et al., 

2008). Computational modelling of ligand-receptor docking has subsequently 

been used to further elucidate the allosteric site of action of these low molecular 

weight thienopyrimidines. Using these methods, a putative glycoprotein hormone 

receptor allosteric binding pocket for these compounds was identified with con-

tacts in transmembrane domains (TMs) 3, 4, 5, 6, and 7 and extracellular loop 

(ECL) 2 (Moore et al., 2006; Jaschke et al., 2006; Neumann et al., 2009; Haas et 

al., 2011; Heitman et al., 2012; Hoyer et al., 2013).  

 

 

X.4 Intracellular retention of mutant gonadotropin receptors 

Inactivating mutations in GPCRs  can be classified as: Class I (defective recep-

tor biosynthesis, which includes mutations that truncate the receptor prematurely), 

Class II (defective trafficking to the cell surface), Class III (defective ligand bind-

ing), Class IV (defective receptor activation, which includes those unable to 

achieve an active conformation and those unable to couple to and/or activate G 

proteins) and Class V (mutants with no known defects) (Tao, 2006). Classically, 

GPCR mutations were thought to result in impaired ligand binding (Class III de-

fects) or disruption of intracellular signalling (Class IV defects), but it is now ap-

parent that many inactivating GPCR mutations result in a failure to reach the cell 

surface (Class II defects) due to misfolding of the nascent receptor protein., and 

subsequent recognition by cellular quality control systems resulting in intracellular 

retention and ultimately degradation.  

 

GPCRs, such as the glycoprotein hormone receptors, are synthesized by ribo-

somes on rough endoplasmic reticulum (ER), where they are folded before enter-

ing the secretory pathway for further post-translational modification and traffick-

ing to the cell surface. Misfolding can occur through deviation from “normal” 

physiological parameters or through genetic mutation that causes disruption of the 

proteins tertiary/quaternary structure.  Indeed, protein misfolding has been impli-

cated as the causative factor in a large number of diseases caused by genetic muta-

tion and a study examining thousands of disease-causing missense mutations 

across a spectrum of pathophysiologies predicted that almost 30% could be at-

tributed to protein instability/misfolding (Sahni et al., 2015).   

 

Misfolded proteins can have altered or aberrant functions, can aggregate, or can 

simply be rendered non-functional, all of which can result in cell stress and/or dis-

ease. The cell has a quality control system (QCS) in place to attempt to stabi-

lise/re-fold these misfolded proteins (termed the unfolded protein response; UPR).  
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The QCS recognises various indicators of misfolding, such as unpaired cysteines 

and exposed hydrophobic residues.  Endogenous molecular chaperone proteins 

then attempt to refold the misfolded protein, but, should misfolding persist the 

proteins are targeted for degradation. In the case of GPCRs, such as the gonado-

tropin receptors, misfolding results in the receptors being retained in the ER 

and/or degraded, rather than being trafficked to the cell surface where they can in-

teract with their hormone ligands (Morello et al., 2000; Mizrachi and Segaloff, 

2004). (See Chapter XXX for more details regarding gonadotropin receptor syn-

thesis and trafficking). Diseases caused by retention of GPCR mutants are numer-

ous, and include retinitis pigmentosa, nephrogenic diabetes insipidus, reproductive 

dysfunction, and obesity (Beerepoot et al., 2017).  

 

As mentioned above (Section X.2), inactivating mutations of gonadotropin recep-

tors result in varying degrees of reproductive dysfunction. To date, approximately 

34 naturally occurring inactivating genetic mutations of the LHR gene have been 

described in patients suffering from varying degrees of reproductive dysfunction 

(Huhtaniemi and Themmen, 2005; Kossack et al., 2013; Rivero-Muller et al., 

2015; Newton et al., 2016) (also see Chapter XXX). A recent study examined 20 

of these mutations (excluding those  which cause reduced transcript levels, disrup-

tion of the signal peptide, frame shifts affecting large proportions of the receptor 

sequence, premature termination, or severe truncation of the receptor protein, 

which are clearly explainable) and demonstrated that impaired cell surface traf-

ficking is the most common defect, with 13/20 (65%) of mutations resulting in se-

verely reduced cell surface expression (<10% of wild-type receptor levels), and 

another resulting in cell surface expression of 23% of wild-type levels 

(Thienopyrimidine allosteric agonists of the glycoprotein hormone receptors. 

A. N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methythio)thieno[2,3-d] pyrimi-

dine-6-carboxamide (Org 41841) and B.  5-amino-2-methylsulfanyl-4-[3-(2-

morpholin-4-yl-acetylamino)-phenyl]-thieno[2,3-d]pyrimidine-6-carboxylic acid 

tert-butylamide (Org 43553/Org 42599).  

 

 

Figure X.2) (Newton et al., 2016). Of these 14 mutations, six are located in the 

receptor ECD (I114
LRR4

F, V144
LRR5

F, F194
LRR7

V, Del Exon 8
LRR8/9

, Del Exon 

10
Hinge

 and C343
Hinge

S)1 and eight in the 7-TM domain (T392
ICL1

I, I374
1.47

T + 

T392
ICL1

I, T461
3.47

I, L502
4.61

P, C543
5.55

R, A593
6.59

P, Del L608
7.36

-V609
7.37

 and 

S616
7.46

Y)2 (Newton et al., 2016). A 7-TM domain missense mutation, I415
2.60

T, 

and a frameshift, which results in the last 83 amino acids of the receptor being re-

                                                           
1 Superscripts indicate location of the mutation in the ectodomain structure. LLR, 

leucine rich-repeat; Hinge, hinge region  
2 Superscripts indicate location of the mutation in the 7-TM domain. Where mu-

tated residues fall in transmembrane helices, residue numbering refers to the Bal-

lesteros-Weinstein numbering system (Ballesteros and Weinstein, 1992). ECL, ex-

tracellular loop; ICL, intracellular loop; H8, helix 8. 
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placed with 21 different amino acids, have also been demonstrated to cause severe 

intracellular receptor retention (Kossack et al., 2013; Rivero-Muller et al., 2015).  

Fewer (approximately 18) naturally-occurring inactivating mutations of the 

FSHR have been described (Kotlar et al., 1997; Huhtaniemi and Themmen, 2005; 

Desai et al., 2013; Uchida et al., 2013; Bramble et al., 2016; Hugon-Rodin et al., 

2017) (also see Chapter XXX). However, similar to the LHR, of the 14 that have 

been functionally characterised with respect to their cell surface expression, the 

majority (9/14; 64%) have been found to cause severe intracellular receptor reten-

tion. These include four mutations located within the ECD (I160
LRR6

T, 

A189
LRR7

V, N191
LRR7

I, and D224
LRR9

V)
1
 and five in the 7-TM domain 

(D408
2.50

Y, P519
ECL2

T, A575
6.38

V, F591
6.54

S and R634
H8

H,)
2 

(Beau et al., 1998; 

Touraine et al., 1999; Rannikko et al., 2002; Gromoll et al., 2002a; Meduri et al., 

2003; Desai et al., 2015; Bramble et al., 2016; Hugon-Rodin et al., 2017 and our 

own unpublished data). 

 

As expected, the degree of retention of the mutant receptors correlates well 

with the severity the reproductive phenotype observed in patients. All of the intra-

cellularly retained LHR and FSHR mutants have substitutions or deletions of resi-

dues or regions with a high degree of conservation between the different glycopro-

tein hormone receptors and across different species, indicative of their 

structural/functional importance, particularly within the ECD region which has a 

greater sequence divergence between the different receptors. Indeed many of the 

reported mutations in ECD residues would be predicted to disrupt the densely 

packed hydrophobic core and beta-sheet structure of the LLR regions (e.g muta-

tions I114F of the LHR or I160T of the FSHR) or the cysteine bond network im-

portant for conferring stability to this region (e.g. mutation C343S of the LHR). 

Deletion of large portions would also be expected to compromise the structure of 

this domain (e.g. deletion of exons 8 and 10 of the LHR). In addition, three of the 

identified mutations (F194V of the LHR and A189V and N191I of the FSHR are 

located within a highly conserved ‘AFNGT’ motif of the glycoprotein hormone 

receptors which spans residues 193-197 and 189-193 of the LHR and FSH ECD 

regions, respectively, and which encompasses an N-linked glycosylation site 

(NGT). The integrity off this motif appears to be very important for correct recep-

tor folding/trafficking, and the presence of glycosylation of the asparagine may al-

so play a role in folding and maturation of the glycoprotein hormone receptors 

(Davis et al., 1995; Davis et al., 1997; Gromoll et al., 2002b).   

 

Within the 7-TM domain many of the observed mutations would be predicted 

to disrupt TM helix conformation/structure for example through disruption of hy-

drophobic interactions (e.g mutations I415T of the LHR and F591S of the FSHR), 

introduction of charged residues (e.g. mutation C543R of the LHR), ‘helix 

kinking’ prolines (e.g. mutations A593P and L502P of the LHR) or residues with 

bulky sidechains (e.g mutations S616Y and T461I of the LHR and A575V of the 

FSHR), or through deletion of helix residues (e.g deletion of L608-V609 of the 
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LHR). Two of the identified mutations are located within the membrane proximal 

region of helix 8 of the intracellular C-terminal tail of the receptors (mutation 

R634H in the FSHR and a frameshift, which results in the last 83 amino acids of 

the receptor being replaced with 21 different amino acids of the LHR). These mu-

tations cause loss or disruption of the reversed BBXXB motif (BXXBB) of the 

FSHR and conserved F(X)6LL motif of LHR, respectively. In the FSHR the 

BXXBB motif has been shown to be important for cell surface trafficking (Ti-

mossi et al., 2004) while the F(X)6LL motif is critical for trafficking of many 

GPCRs from the ER to the cell surface (Duvernay et al., 2004; Duvernay et al., 

2009).       

 

Mutations in gonadotropin receptor genes follow an autosomal recessive pat-

tern of inheritance. Thus, in the majority of cases, the mutations in these receptors 

have been identified in homozygous or compound heterozygous individuals. 

However, in some cases (e.g. I114F of the LHR) mutation of only one allele was 

detected. This is suggestive of additional unreported mutation(s) (in other genes or 

unsequenced non-coding portions of the gonadotropin receptor genes) that con-

tribute to the patient phenotype. Alternatively, these mutations may act in a domi-

nant negative manner, resulting in retention of wild-type receptor by retained mu-

tant receptors. Indeed, dominant negative effects of intracellularly retained 

mutants on wild-type FSHRs and LHRs have been reported (Zhang et al., 2009; 

Zarinan et al., 2010).  

 

 

X.5 Pharmacological chaperones (pharmacoperones) 

A number of approaches have been investigated to attempt to overcome protein 

misfolding including use of chemical chaperones, which  act non-specifically to 

stabilise protein folding and/or prevent aggregation, and include osmolytes such as 

glycerol, trehalose, and hydrophobic compounds like 4-phenylbutyrate (Ringe and 

Petsko, 2009).  However, a lack of specificity and/or limitations relating to the 

very high doses that are required have hindered the transition of many of these 

chemical chaperones into clinical trials, despite positive data from animal models 

of protein misfolding disease such as Huntington‟s disease, prion disease, and 

neurodegenerative disease (Cortez and Sim, 2014).   

 

Recently, a novel class of molecules termed pharmacological chaperones 

(pharmacoperones) have been described. These molecules are cell-permeant and 

can interact specifically with nascent misfolded target proteins, stabilising their 

folding, preventing degradation, and therefore can facilitate „rescue‟ of function. 

While research surrounding development of these compounds as therapeutics is 

still in its infancy, recent discoveries imply that the mode of action of some exist-

ing therapeutics may be through chaperoning activities.  For example, in phenyl-

ketonuria, a metabolic disorder arising from defects in the phenylalanine hydrox-

ylase (PAH) enzyme, a subset of patients harbouring mutations in the PAH gene 
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have been found to respond to treatment with tetrahydrobiopterin (BH4).  BH4 is a 

cofactor for PAH, and while the mechanism of action is probably multifactorial, 

there is evidence that BH4 may be stabilising misfolded mutant PAH, thus pre-

venting its degradation (Pey et al., 2004).   

 

A small number of clinical trials have also explored the therapeutic potential of 

novel pharmacoperones to treat other diseases resulting from protein misfolding. 

For example, in cystic fibrosis, a Del F508 mutation of the cystic fibrosis trans-

membrane conductance regulator (CFTR) ion channel, which inhibits folding and 

cell membrane trafficking, is present in at least one allele in 90% of patients 

(Rowe and Verkman, 2013). Phase III clinical trials examining the efficacy of a 

combination drug (Orkambi) that contains Lumacaftor (a pharmacoperone that 

rescues Del F508 CFTR trafficking to the cell membrane) and Ivacaftor (a poten-

tiator of CFTR) demonstrated a modest improvement in lung function and reduced 

rates of pulmonary exacerbations (Wainwright et al., 2015; Kuk and Taylor-

Cousar, 2015).   

 

GPCRs make excellent targets for development of novel pharmacoperone ther-

apies because (i) they are responsible for the majority of signal transduction across 

mammalian cell membranes such that their dysfunction commonly results in dis-

ease and (ii) genetic mutations of GPCRs frequently cause misfolding (Oksche 

and Rosenthal, 1998; Newton et al., 2016).  Indeed in 2000, Morello et al. de-

scribed the first pharmacoperone targeting a GPCR; vasopressin receptor 2 (V2R). 

They demonstrated that a deletion mutation (Del L62-R64) identified as causative 

for nephrogenic diabetes insipidus (NDI) resulted in a loss of cell surface expres-

sion, and subsequently no hormone binding, or receptor signalling, but that upon 

treatment with a cell-permeant V2R antagonist (SR121463A), cell surface expres-

sion was restored, and importantly the rescued receptor responded to hormone fol-

lowing rescue (Morello et al., 2000). They then went on to demonstrate that the 

same compound could increase cell surface expression of seven additional mutants 

(Morello et al., 2000). Pharmacoperones have since been described for several 

disease-causing mutations of GPCRs including LHR and FSHR (Janovick et al., 

2009; Newton et al., 2011) (see Section 0 for details), rhodopsin (Noorwez et al., 

2003), melanocortin 4 receptor (Fan and Tao, 2009), gonadotropin-releasing hor-

mone receptor (GnRHR) (Janovick et al., 2002; Janovick et al., 2013), calcium 

sensing receptor (Huang and Breitwieser, 2007), G protein-coupled glucagon re-

ceptor (Yu et al., 2012), α1, β1 and β2 adrenergic receptors (Canals et al., 2009; 

Kobayashi et al., 2009; Lan et al., 2012), bradykinin B1 receptor (Fortin et al., 

2006), dopamine receptor 4 (Van Craenenbroeck et al., 2005), κ and δ opioid re-

ceptors (Petaja-Repo et al., 2000; Chen et al., 2006) and D-type prostanoid 1 re-

ceptor (Labrecque et al., 2013).         

 

Studies examining GPCR pharmacoperone activity in vivo are limited. Howev-

er, a recent study by Janovick et al. demonstrated that the hypogonadotropic hy-

pogonadal phenotype of knock-in transgenic mice harbouring an intracellularly re-
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tained E90K mutant of the GnRHR could be partially rescued by pulsatile treat-

ment with a small-molecule cell-permeant GnRHR antagonist (IN3).  Following a 

30 day pulsatile treatment regime, increases in sperm concentration and improve-

ments in sperm morphology were observed in males along with increased expres-

sion of steroidogenic enzymes (Janovick et al., 2013). Furthermore, in a human 

study using a small cohort of patients harbouring V2R mutations (R137H, W164S, 

and Del G185-W193) causative of NDI, an orally-active cell-permeant small mol-

ecule (Relcovaptan; SR49059), able to rescue cell surface expression and function 

of mutant V2Rs, was shown to have beneficial effects on urine volume and osmo-

lality measured during a 48 hour study period (Bernier et al., 2006).  

 

X.6 Thienopyrimidines as pharmacoperones for misfolded 

gonadotropin receptors 

X.6.1 Pharmacoperones for luteinising hormone receptor mutants 

 

The thienopyrimdine, Org 42599, (a trifluoracetic acid salt of Org 43553, an al-

losteric agonist of the LHR - see section X.4 for details) has been found to act as a 

pharmacoperone for mutant LHRs. Two inactivating mutant LHRs, A593P and 

S616Y were identified in patients suffering from impaired reproductive function. 

A593P, located in TM6 of the LHR, is associated with a very severe phenotype 

and was identified in two homozygous 46, XY siblings who had pseudohermaph-

roditism as a result of Leydig cell hypoplasia. They were phenotypically female, 

with female external genitalia but presented with primary amenorrhea and lack of 

breast development. It was found that the patients had short blind-ending vaginas, 

no uterus or fallopian tubes, high LH and low testosterone levels, and histological 

analysis of their gonads revealed testis with normal Sertoli cells but no mature 

Leydig cells (Kremer et al., 1995). Their 46, XX sibling, who suffered from 

amenorrhea but who had normally developed primary and secondary sex charac-

teristics, was also found to have this mutation (Toledo et al., 1996). S616Y, locat-

ed in TM7 of the LHR, is associated with a milder phenotype and has been identi-

fied in both homozygous and compound heterozygous 46, XY males who 

presented with a micropenis and primary hypogonadism (Latronico et al., 1996; 

Laue et al., 1996).  
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In vitro characterization of these mutant receptors revealed that they were able to stimulate lit-

tle/no cAMP in response to hormone (Kremer et al., 1995; Toledo et al., 1996; Latronico et al., 

1996; Laue et al., 1996; Newton et al., 2011; Newton et al., 2016) (Figure X.3). Radioligand 

binding assays also demonstrated substantially reduced maximal hormone binding to the mutant 

receptors in spite of hormone binding affinities comparable to wild-type receptor (Kremer et al., 

1995; Laue et al., 1996; Latronico et al., 1996; Newton et al., 2011; Newton et al., 2016). Exam-

ination of their cellular localization in transfected cells using confocal microscopy revealed that, 

while the wild-type receptor is expressed at high levels and was predominantly located at the cell 

surface, both mutant receptors are expressed at much lower levels and are predominantly intra-

cellularly located (Mizrachi and Segaloff, 2004; Newton et al., 2011) ( 

Figure X.4, left-hand panels) and co-localise with a fluorescently labelled ER 

marker (our own unpublished observations). Retention of the mutant receptors in 

the ER in an „immature‟ form (with endoglycosidase H-sensitive high mannose-

containing N-linked carbohydrates) has also been indicated by Western blotting 

analyses of cells transfected with wild-type and mutant receptors (Mizrachi and 

Segaloff, 2004). 

 

Incubation of cells expressing A593P and S616Y mutant receptors with Org 

42599 increases the amount of mutant receptor localized at the cell surface ( 

Figure X.4, right-hand panels) (Newton et al., 2011) and also the total level of 

mutant receptor expression and the proportion present in a „mature‟ form (Newton 

et al., 2011). As has been demonstrated for the GnRH receptor (Janovick et al., 

2007), pharmacoperone rescue of mutant LHRs can occur even when protein syn-

thesis has been inhibited (our own unpublished observations). This finding sug-

gests that Org 42599 facilitates the folding and transport of the pool of misfolded 

receptor retained within the ER thereby increasing the trafficking of receptor pro-

tein to the cell surface and reducing the amount of receptor targeted to degradation 

pathways.  

 

The pharmacoperone „rescue‟ of cell surface expression of the S616Y and 

A593P mutant receptors, as measured by an increase in number of hormone-

binding sites on intact cells, is both concentration and time-dependent, with max-

imal increases seen after 24h with 1-10 μM Org 42599 (Newton et al., 2011) 

(Figure X.5). Interestingly, the „rescue‟ of the mutant receptors by Org 42599 is 

transient and upon removal of the pharmacoperone, cell surface expression of the 

mutant receptors decreases back to pre-treatment levels (Newton et al., 2011). 

This phenomenon has not been examined in detail but could reflect turnover of the 

LHR protein at the cell surface.  

 

Unlike the A593P mutant, for which no cell surface expression or mature re-

ceptor could be measured, the S616Y mutant LHR did display a small degree of 

cell surface expression and presence of a small amount of receptor in a „mature‟ 

form in the absence of pharmacoperone treatment, indicating that these two mu-

tant receptors are not retained to the same degree (Mizrachi and Segaloff, 2004; 

Newton et al., 2011; Newton et al., 2016). That these two mutants are handled dif-

ferently by the cellular QCS is also indicated by the observation that they associ-
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ate differentially with ER-resident molecular chaperone proteins (Mizrachi and 

Segaloff, 2004) suggesting that they are able to attain different stages of their fold-

ing/maturation pathway. Unlike the wild-type receptor, the S616Y and A593P mu-

tant receptors interact with binding immunoglobulin protein (BiP), a stress protein 

that aids folding and translocation within the ER and in transporting misfolded 

proteins to the proteasome. In addition, the A593P mutant receptor interacts with 

another stress protein, 94 kDa glucose-regulated protein (Grp94),  but, unlike the 

wild-type receptor and S616Y mutant, does not interact with protein disulphide 

isomerase (PDI), an enzyme involved in protein folding in the ER through cataly-

sis of disulphide bonds (Mizrachi and Segaloff, 2004). Interestingly, the pharma-

coperone effects of Org 42599 are most pronounced with cells expressing the less 

severely retained S616Y mutant (Newton et al., 2011). These observations are in 

agreement with previous studies examining intracellularly retained rat LHR mu-

tants demonstrating that incubation of cells at reduced temperatures to facilitate 

protein folding increased their cell surface expression and that mutants with some 

degree of cell surface expression exhibited a greater ability to be rescued than 

those that were more profoundly retained  (Jaquette and Segaloff, 1997), presum-

ably due to more extensive misfolding.  

 

Examination of the effects of Org 42599 incubation on a range of 20 naturally-

occurring LHR mutants has revealed a spectrum of responses to pharmacoperone 

treatment from no response through to full restoration of wild-type receptor cell 

surface expression levels (our own unpublished observations). The variation in re-

sponses is likely due to (i) the location of the mutation within the receptor struc-

ture (as only mutations located in, or adjoining to, the areas of the 7-TM domain 

with which Org 42599 makes contact, and therefore can be stabilized through its 

interactions (TMs 3, 4, 5, 6, 7 and ECL2), are able to respond to pharmacoperone 

treatment) and (ii) the degree of misfolding elicited by the mutation. It should be 

noted that, although Org 42599 is able to stabilize mutations in the TM domains 

with which it makes contact, one caveat would relate to any mutations that cause 

direct disruption of its allosteric binding pocket. Mutations which disrupt im-

portant trafficking motifs would also be unlikely to be responsive to pharma-

coperone treatment. For example, a frameshift mutation that results in the last 83 

amino acids of the LHR being replaced with 21 different amino acids, and ablates 

the highly conserved F(X)6LL motif within Helix 8 at the membrane-proximal end 

of the C-terminal tail,  causes severe intracellular retention (due to loss of this traf-

ficking motif  important for mediating receptor transport from the ER to the cell 

surface) is  not ‘rescued’ by treatment with Org 42599 (Rivero-Muller et al., 

2015).  

         

It is important to note that rescue of cell surface expression of mutant receptors 

does not predetermine rescue of their function as this would assume that the muta-

tions do not impair binding/signalling of the receptor in addition to affecting their 

trafficking to the cell surface. However, rescued functionality of S616Y mutant 

receptors has been demonstrated by increased hormone response measured in cells 

expressing these receptors, after pre-incubation with Org 42599 at a concentra-
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tion/time selected to minimize any direct effects of Org 42599 on cAMP genera-

tion (Newton et al., 2011) (Figure X.6). Examination of the functionality of a 

range of pharmacoperone-responsive LHR mutants has since revealed that this 

gain in functionality is not universal, and a subset of „rescued‟ mutants remain 

non-functional even when their cell surface expression has been restored (our own 

unpublished observations), presumably due to perturbation of their signal trans-

duction capabilities.  

 

Contrary to other studies demonstrating pharmacoperone-induced increases in 

cell surface expression of wild-type receptors, such as the human GnRH receptor 

(Janovick et al., 2003b; Finch et al., 2008), no increase in cell surface localization 

or number of hormone binding sites is observed following Org 42599 incubation 

of cells expressing the wild-type LHR (Newton et al., 2011). However, while cell 

surface expression of a number of wild-type GPCRs, including the human GnRH 

receptor, are only fractionally expressed at the cell surface and have a high degree 

of intracellular retention (in the case of the GnRH receptor, this is largely due to 

the absence of the long cytoplasmic C-terminal tail typical of most GPCRs and 

presence of a basic K
191

 residue in ECL2 (Janovick et al., 2003a; Finch et al., 

2008)) the wild-type human LHR is expressed predominantly at the cell surface in 

a mature form in endogenous and exogenous stable expression systems (Tao et al., 

2004; Lin et al., 2008), thus there is a limited pool of retained WT LHRs available 

for „rescue‟.  

 

 

X.6.2 Pharmacoperones for follicle-stimulating hormone receptor 

mutants 

Org 42599 (a trifluroacetic acid salt of the thienopyrimidine Org 43553) is an 

allosteric agonist of the LHR (see section X.3 for details) and acts as a pharma-

coperone to „rescue‟ cell surface expression of mutant LHRs (see section X.6.1 for 

more details). Although developed as an agonist for the LHR, this compound also 

has activity at the FSHR, albeit at 32-fold lower potency. Examination of the abil-

ity of Org 42599 to „rescue‟ cell surface expression a range of intracellularly re-

tained naturally-occurring and laboratory-generated FSHR mutations indicated 

that this compound is also able to act as a pharmacoperone at the FSHR, with the 

potency of rescue being proportional to the potency of activation of each of the 

two gonadotropin receptors (our own unpublished observations). Again, mutants 

receptive to „rescue‟ are located in TM domains implicated in the glycoprotein 

hormone receptor allosteric binding site of the thienopyrimidines and, like the 

LHR, no effect on wild-type receptor cell surface expression was noted. However, 

contrary to these observations, Org 41841 (another thienopyrimidine LHR allo-

steric agonist closely related to Org 42599 (see section X.3 for details) that is only 

able to activate the FSHR at very high concentrations) has been shown to increase 

the number of FSH binding sites present on cells expressing wild-type FSHR 1.8-
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fold, with no effect on hormone affinity (Janovick et al., 2009). In the same study, 

an Org 41841-induced increase in hormone response in cells expressing the intra-

cellularly retained A189V mutant FSHR was also observed, although no effect 

was seen for a number of other FSHR mutants with mutations at diverse sites in 

the receptor (Janovick et al., 2009). Not discounting technical factors such as dif-

ferences in cell lines or transfection methodologies utilised in these studies, these 

observations are surprising because (i) the A189V mutation is located in LLR7 of 

the FSHR ECD distant from the glycoprotein-hormone allosteric binding site and 

(ii) even at the wild-type FSHR, Org 41841 is only able to induce receptor activa-

tion at very high (millimolar) concentrations but increases in wild-type and 

A198V mutant receptor binding sites were observed at lower (micromolar) con-

centrations.             

 

 

X.7 Conclusions and future perspectives 

 

As discussed herein, the gonadotropin receptors (LHR and FSHR) play an im-

portant role in the endocrine control of reproduction and as such, inactivating mu-

tations in these receptors has been implicated in a range of reproductive disorders.  

It has been traditionally assumed that inactivating mutations of GPCRs would dis-

rupt hormone-binding or signal transduction capabilities of the receptors, but is 

now becoming clear that many inactivating mutations result in loss of expression 

of receptors at the cell surface – their functional site – likely due to misfolding of 

the nascent receptor protein and detection and intracellular retention/degradation 

by cellular quality control processes. This certainly appears to be the case for mu-

tants of the gonadotropin receptors. Pharmacoperones able to restore cell surface 

expression of retained mutant receptors have enormous potential as novel thera-

peutics for treating patients suffering from disorders linked to „misfolded‟ GPCR 

mutants and several examples of such ligands have been described and, in the case 

of pharmacoperones for mutant V2 vasopressin and GnRH receptors, their in vivo 

activities have been demonstrated.  

 

The pharmacoperone „rescue‟ of cell surface expression of disease-causing mu-

tant LHRs and FSHRs has been demonstrated in vitro using low molecular weight, 

cell permeant allosteric thienopyrimidine LHR agonists (Org 42599 and Org 

41841). These pharmacoperones have several advantages over many other phar-

macoperones as: (i) they interact with the receptors at an allosteric biding site 

within the 7-TM domain and therefore do not compete with hormone binding at 

the ECD and (ii) they are agonists and therefore can function to rescue cell surface 

expression, activate the mutant receptors and allow increased activation of the re-

ceptors with endogenous ligands. They thus have the capacity to facilitate re-

sponses to both pharmacoperone and endogenous hormone in vivo. However, 

there are also a number of limitations. Firstly, only mutations located in regions of 
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the receptor that can be stabilised directly or indirectly by pharmacoperone bind-

ing will be responsive. In the case of the gonadotropin receptors which have two 

separate and distinct domains, it is unlikely that interactions with these pharma-

coperones in the allosteric binding site in the 7-TM domain will be able to induce 

significant, if any, stabilisation of disruptions in the ECD domain. Secondly, res-

cue of cell surface expression does not predetermine rescue of functionality as this 

would assume that the mutations do not result in concurrent impairment of ligand 

binding or signal transduction in addition to structural destabilisation. Indeed, in 

the case of the LHR, increased functionality is not observed for all pharmacoper-

one-responsive mutants.  

 

In addition to these general considerations, another limitation of pharmacoper-

ones targeting the gonadotropin receptors are related to disease severity. As the 

gonadotropins play an important role in foetal gonadal development and sex ster-

oid hormone production, mutations that are particularly disruptive and result in ex-

treme phenotypes (such as complete pseudohermaphroditism in males due to se-

verely inactivating LHR mutations) will inhibit this early development and 

pharmacoperone treatment. However effective pharmacoperone treatment is at re-

storing mutant receptor cell surface expression/functionality, it will likely be inef-

fective at restoring reproductive competence in these individuals. That being said, 

these compounds still have potential for the therapeutic treatment of patients suf-

fering from milder reproductive dysfunction caused by „responsive‟ mutations of 

the glycoprotein hormone receptors.  

 

The studies described herein have demonstrated that thienopyrimidine gonado-

tropin analogues are able to act as pharmacoperones for mutant gonadotropin re-

ceptors. Relatively high concentrations of Org 42599 are required to observe 

pharmacoperone effects on LHR mutants and at these concentrations, this com-

pound would also have significant FSHR activity. Similarly, at concentrations of 

Org 41841 required to see pharmacoperone activity at the FSHR, a high degree of 

LHR activation will be elicited. Although there may be some situations where ac-

tivity at both gonadotropin receptors may be desirable, modifications to impair 

improvements in receptor selectivity would be required to enhance their therapeu-

tic potential. It has also been demonstrated that heterodimeric molecules compris-

ing of a derivative of Org 41841 with dual LHR/FSHR agonist activity linked to a 

selective FSHR antagonist retained LHR activity (albeit with reduced potency) but 

had no FSHR activity (Bonger et al., 2010). It is therefore feasible that similar di-

meric molecules could be utilized to develop receptor-selective pharmacoperone 

therapeutics.        

 

It is likely that any small-molecule, cell permeant, ligand that can interact with 

a GPCR will be able to stabilize its conformation to some extent and therefore 

have the potential to act as a pharmacoperone for destabilising mutations of that 

receptor. In addition to the thienopyrimidine class of gonadotropin analogues, sev-

eral other small-molecule modulators of the glycoprotein hormone receptors have 
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been described (Nataraja et al., 2015). Therefore, there is potential for the re-

purposing of these as pharmacoperones. Indeed, while pharmacoperones can be 

identified using high-throughput in vitro cell-based assays to screen compound li-

braries, re-purposing of existing small molecule agonists and antagonists to 

GPCRs is advantageous, as these compounds often bind with nanomolar affinities, 

and in the case of compounds identified for therapeutic application, such as the 

thienopyrimidines, they have frequently navigated Phase I toxicology and safety 

studies, theoretically expediting their clinical application as pharmacoperones. 
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Figure Legends 
 

Figure X.1 Thienopyrimidine allosteric agonists of the glycoprotein hormone 

receptors. A. N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methythio)thieno[2,3-

d] pyrimidine-6-carboxamide (Org 41841) and B.  5-amino-2-methylsulfanyl-4-

[3-(2-morpholin-4-yl-acetylamino)-phenyl]-thieno[2,3-d]pyrimidine-6-carboxylic 

acid tert-butylamide (Org 43553/Org 42599).  

 

 

Figure X.2 The majority of mutant LHRs are intracellularly retained. Cell 

surface receptor expression was measured in intact cells expressing wild-type 

(filled bars), and A. retained mutant LHRs or B. partially/non-retained mutant 

LHRs (open bars), using an ELISA assay targeting N-terminal (extracellular) 

FLAG epitope tags of the receptors.  Data are presented as percentage of the max-

imal expression measured for the WT receptor (set at 100%) after subtraction of 

nonspecific signal (measured in the presence of cells transfected with empty vec-

tor) and are mean ± SEM from at least three independent experiments. ***, P 

<.001; **, P<.01; *, P<.05, by one-way ANOVA followed by Dunnett‟s multiple 

comparison test, for comparison with WT.  

 

Figure X.3 LH elicits little or no activation of cells expressing A593P or 

S616Y mutant LHRs. Measurement of cAMP accumulation by cAMP ELISA af-

ter 1 h stimulation in cells expressing WT (●), A593P mutant (■), or S616Y (▲) 

mutant LHRs over a range of concentrations of LH. Data were fitted by sigmoidal 

dose–response curves with Hill coefficients of unity. Data are presented as fold 

versus basal values for each receptor. 

 

Figure X.4 Cellular localizations of mutant LHRs are altered after incubation 

with Org 42599. Cells expressing WT, A593P mutant, or S616Y mutant LHRs 

were incubated in the presence of vehicle (left panels) or 1 μM Org 42599 (right 

panels) for 24 h before fixation, immunocytofluorescent labelling, and confocal 

imaging. LH receptors are labelled in green and cell nuclei marker (DAPI) in blue. 

(Scale bar: 10 μm).   

 

Figure X.5 Binding of 
125

I-hLH to cell surface mutant LHRs is increased in a 

time- and concentration-dependent manner after incubation with Org 42599.  

Binding of 
125

I-hLH to cells expressing WT, A593P mutant, or S616Y mutant 

LHRs was measured after incubation with Org 42599 (1 μM) for a range of incu-

bation times (A) or for 24 h with a range of concentrations of Org 42599 (B). Af-

ter incubation with Org 42599, cells were washed once before incubation with ra-

dioligand. Data are presented as fold over binding in the absence of Org 42599 
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treatment and are mean ± SEM from at least three independent experiments. *P < 

0.05 and **P < 0.01 (one-sample t test) for comparison with vehicle control (1.0-

fold change, dotted line). 

Figure X.6 LH stimulation of cells expressing S616Y mutant LHRs is in-

creased by preincubation with Org 42599. cAMP accumulation was measured 

by cAMP ELISA after stimulation of cells expressing S616Y mutant LHRs with 

LH (3 nM) for 1 h at 37 °C after preincubation in the presence or absence of Org 

42599 (0.1 μM) for 2 h and washing once for 1 h.  Data are mean ± SEM from 

three independent experiments and are presented as percentage of the maximum 

LH response obtained in the absence of Org 42599 incubation.   



Figure X.1 Thienopyrimidine allosteric agonists of the glycoprotein hormone receptors. A. N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methythio)thieno[2,3-d] 

pyrimidine-6-carboxamide (Org 41841) and B.  5-amino-2-methylsulfanyl-4-[3-(2-morpholin-4-yl-acetylamino)-phenyl]-thieno[2,3-d]pyrimidine-6-carboxylic acid tert-

butylamide (Org 43553/Org 42599).  



Figure X.2 The majority of mutant LHRs are intracellularly retained. Cell surface receptor expression was measured in intact cells expressing wild-type (filled bars), and 

A. retained mutant LHRs or B. partially/non-retained mutant LHRs (open bars), using an ELISA assay targeting N-terminal (extracellular) FLAG epitope tags of the receptors.  

Data are presented as percentage of the maximal expression measured for the WT receptor (set at 100%) after subtraction of nonspecific signal (measured in the presence of 

cells transfected with empty vector) and are mean ± SEM from at least three independent experiments. ***, P <.001; **, P<.01; *, P<.05, by one-way ANOVA followed by 

Dunnett’s multiple comparison test, for comparison with WT.  



Figure X.3 LH elicits little or no activation of cells expressing A593P or S616Y mutant LHRs. Measurement of cAMP accumulation by cAMP ELISA after 1 h 

stimulation in cells expressing WT (●), A593P mutant (■), or S616Y (▲) mutant LHRs over a range of concentrations of LH. Data were fitted by sigmoidal dose–response 

curves with Hill coefficients of unity. Data are presented as fold versus basal values for each receptor. 



Figure X.4 Cellular localizations of mutant LHRs are altered after incubation with Org 42599. Cells 

expressing WT, A593P mutant, or S616Y mutant LHRs were incubated in the presence of vehicle (left panels) 

or 1 μM Org 42599 (right panels) for 24 h before fixation, immunocytofluorescent labelling, and confocal 

imaging. LH receptors are labelled in green and cell nuclei marker (DAPI) in blue. (Scale bar: 10 μm).   



Figure X.5 Binding of 
125

I-hLH to cell surface mutant LHRs is increased in a 

time- and concentration-dependent manner after incubation with Org 42599.  

Binding of 
125

I-hLH to cells expressing WT, A593P mutant, or S616Y mutant 
LHRs was measured after incubation with Org 42599 (1 μM) for a range of 

incubation times (A) or for 24 h with a range of concentrations of Org 42599 (B). 

After incubation with Org 42599, cells were washed once before incubation with 

radioligand. Data are presented as fold over binding in the absence of Org 42599 

treatment and are mean ± SEM from at least three independent experiments. *P < 

0.05 and **P < 0.01 (one-sample t test) for comparison with vehicle control (1.0-

fold change, dotted line). 



Figure X.6 LH stimulation of cells expressing S616Y mutant LHRs is increased by preincubation with Org 42599. cAMP accumulation was measured by cAMP ELISA 

after stimulation of cells expressing S616Y mutant LHRs with LH (3 nM) for 1 h at 37 °C after preincubation in the presence or absence of Org 42599 (0.1 μM) for 2 h and 

washing once for 1 h.  Data are mean ± SEM from three independent experiments and are presented as percentage of the maximum LH response obtained in the absence of 

Org 42599 incubation.   
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