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ABSTRACT 

The first part of this body of work tests the notion that mutant G protein coupled 

gonadotropin-releasing hormone receptors (GnRHRs), originally isolated from 

hypogonadotropic hypogonadism patients, are expressed at the plasma membrane of 

cells, as had been measured using an epitope tagging technique. In fact, the epitope 

tag was itself responsible for increasing the cell surface expression of these mutant 

receptors, with important implications in our understanding of disease. 

The next part of the work describes where the mutant GnRHRs are, if not at the 

cell surface, showing them to be retained in the endoplasmic reticulum (ER), away from 

their site of action. Receptor retention in the ER is reversed by administration of a 

pharmacological chaperone that binds to the GnRHR and allows proper folding of the 

protein and thus proper plasma membrane localization. These mutant GnRH receptors 

reduce the function of wild type GnRH receptors, a dominant-negative effect. The 

molecular mechanism underlying the dominant-negative action of mutant receptors on 

the wild type receptor was due to co-retention of both wild type and mutant receptors in 

the ER. 

The last part of this work describes an ER protein chaperone, calnexin, that 

determines whether newly synthesized proteins go to the Golgi for processing or remain 

in the ER. Calnexin appears to decrease plasma membrane expression of the GnRHR 

by a physical interaction between the proteins, an event that may be regulated by 

phosphorylation of calnexin. 

The observations presented here also suggest that pharmacological chaperones 

(pharmacoperones) have the potential to be used to treat a number of human diseases 

characterized by misrouted proteins retained in the ER by calnexin; among these, 

hypogonadotropic hypogonadism, cystic fibrosis and nephrogenic diabetes insipidus. 



CHAPTER ONE 

INTRODUCTION 

From: 
SP Brothers and PM Conn 

Functional Rescue of Misfolded Receptor Mutants. 
Insights into Receptor Function and New Drug Development Targets 

Springer 
Editors: PM Conn, C Kordon and Y Christen 

2006 (in press) 



Introduction 

Gonadotropin-releasing hormone (GnRH), a hormone secreted by hypothalamic 

neurons, travels through a portal blood system to anterior pituitary gonadotrope cells 

where it binds to the GnRH receptor (GnRHR) at the plasma membrane. The GnRHR is 

a G protein coupled receptor (GPCR), and agonist activation of the GnRHR leads to 

initiation of intracellular signaling cascades, a major physiological consequence of which 

is the synthesis and release of the gonadotropin hormones, luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH). LH and FSH enter the blood stream, stimulate 

steroidogenesis and regulate reproductive function by activating their cognate receptors 

in reproductive tissues. GnRH signaling is, of necessity, highly regulated and the 

amplitude as well as frequency of GnRH pulsatile release conveys information (1, 2). 

Besides regulation of GnRH release by neural inputs and steroid and glycoprotein 

hormones, GnRHR expression also appears to be highly regulated at the transcriptional 

and post-translational levels (3). This intricate control is advantageous when controlling 

the complicated human reproductive cycle, but becomes disadvantageous when 

mutations are introduced. 

The GnRHR in Reproduction and Feedback Regulation 

Gonadotropin-releasing hormone (GnRH) is a decapeptide (pGiu-His-Trp-Ser

Tyr-Giy-Leu-Arg-Pro-Giy-NH2) produced by hypothalamic neurons. The discovery and 

characterization of GnRH resulted in a Nobel Prize in Medicine awarded to Andrew 

Schally and Roger Guillemin in 1977. The interaction of GnRH with its cognate receptor 

and subsequent release of the gonadotropins is the interface between the brain and 

gonadal function (figure 1-1 ). 



The GnRHR is a seven transmembrane GPCR belonging to the rhodopsin-like 

family of these receptors (figure 1-2) (4). Agonist activation of the GnRHR results in 

activation of the GTP-binding protein, Gq. The active form of Gq initiates an intracellular 

signaling cascade of molecules by switching on the enzyme phospholipase C (PLC). 

The integral membrane molecule phosphatidyl inositol 3,4,5 triphosphate is cleaved by 

PLC into diacylglycerol (DAG) and inositol 3,4,5 triphosphate (IP3). IP3 binds to 

ryanodine receptors in the ER membrane, causing Ca2
+ release into the cytosol. Ca2

+ 

and DAG both activate protein kinase C (PKC) and other downstream kinases, signaling 

molecules and transcription factors resulting in the synthesis and release of LH and FSH 

into the blood stream. LH binds to the LH receptor expressed on granulosa and theca 

cells in the ovary to stimulate the production of progesterone and androgen, respectively 

(5). FSH stimulates FSH receptors on granulosa cells to produce progesterone, inhibin 

and upregulate both LH receptor and aromatase protein expression (5). Aromatase is 

responsible for converting androgens to estrogens. 

GnRH release from the hypothalamus is regulated by neural inputs (such as 

dopaminergic, serotonergic, noradrenergic and endorphinergic), steroids and inhibin (6, 

7). Dopamine, for example, activates cAMP formation in hypothalamic GnRH neurons. 

Dopamine-stimulated cAMP formation increases GnRH pulse frequency, which can be 

mimicked by forskolin or phosphodiesterase inhibitors (8). Interestingly, it appears as 

though increased pulsatility occurs without activation of protein kinase A (9). 

Steroids and inhibin, as well as activin and follistatin, also have a complex 

feedback mechanism in the pituitary that regulates gonadotropin release (7, 1 0). Both 

testosterone and E2 act on gonadotrope cells to inhibit the release of LH and FSH by 

inhibiting their synthesis and by decreasing GnRH receptor gene transcription (7). E2 

also "rapidly" increases GnRH release, this is apparently in conflict with a well

characterized "slower'' inhibitory effect where E2 binds to the classical estrogen receptor 



and turns off transcription. Rapid effects are observed moments after E2 administration 

in the absence of classical estrogen receptors and can be blocked by inhibitors of 

protein kinase C and protein kinase A. Thus, it has been suggested that E2 acts rapidly 

via a GPCR (11, 12). 

Another mechanism of steroid feedback control of reproduction involves another 

G protein coupled receptor known as GPR54. The ligand for GPR54, kisspeptin, was 

discovered in 1996, although it was not known to bind to GPR54 until 2001 (13-16). 

Kisspeptin has been shown to enhance both GnRH and gonadotropin release (17, 18), 

though the exact mechanism is still not known. It has been suggested that E2 acts on 

kisspeptin neurons in the arcuate nucleus of the brain to shutoff synthesis of the Kiss1 

gene, and on anterorventral periventricular nucleus neurons to enhance Kiss1 gene 

expression, both mechanisms appear to be mediated by the classical estrogen receptor 

(19). These opposite effects of E2 on kisspeptin production may help to explain the dual 

nature of E2 effects throughout the menstrual cycle (20). 

GnRH self-priming also occurs in the pituitary. There is increased GnRH 

responsiveness after an initial exposure of the pituitary to GnRH. This process may be 

linked to the classical E2 receptor, but cannot be blocked by blocking protein synthesis. 

This mechanism for increased responsivness has been attributed to a number of factors 

including increased cAMP production (21) or perhaps even elimination of negative 

feedback signals, such as inhibin, by GnRH (22). 

While there is some evidence of disproportionate regulation of LH versus FSH 

release from the gonadotrope by steroids, it is generally held that simultaneous 

regulation of LH and FSH is achieved with steroid feedback; consistent with this idea 

and the need for independent regulation of FSH, activin and inhibin act on the pituitary 

gonadotrope to stimulate and inhibit FSH release, respectively (10). Activin and inhibin 

exert minimal effects on LH release (23). Activin feedback regulation of FSH release 



provides a mechanism for the selective release of FSH or LH using a single 

"gonadotropin" -releasing hormone. 

GnRH is released from the hypothalamus in a pulsatile fashion, at an average 

frequency of about one pulse per 90 minutes. In women the pulse frequency is dynamic, 

varying over the menstrual cycle. The range of normal pulse frequency in cycling 

women is as high as one pulse per 60 minutes during periods of very large LH release, 

known as LH surge, and as low as one pulse per two or more hours just after LH surge 

(24). Along with increased circulating estrogen levels, increased pulse frequency is 

thought to be a significant contributor to achieving LH surge. The complex set of 

signaling and feeback events that come from a number of hormones such as GnRH, 

estrogen, progesterone, LH, FSH, inhibin, activin and follistatin (among others) to 

achieve a very the high concentration of circulating LH required to trigger ovulation is not 

precisely known. Almost certainly a number of both positive and negative feedback 

mechanisms work in concert to provide such control. 

GnRHR Regulation in the Gonadotrope 

The well known and complex regulation of ovulation reflects the importance of 

the regulation of reproductive function throughout the HPG axis. However, additional 

mechanisms of regulation at the level of the GnRH receptor, perhaps as important, are 

less well known. GnRH receptor expression is upregulated just prior to LH surge and, 

along with increased frequency of GnRH release (25), is thought to be among the most 

important of the positive feedback signals causing LH surge. Also, one of the first 

instances of oligomerization for G protein coupled receptors was described in 1982 for 

the GnRHR (26). The GnRHR was shown to activate G proteins in response to an 

antagonist after the ligand was crosslinked by an antibody. It was hypothesized at that 
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time that oligomerization was necessary for initiation of GnRHR signal transduction. 

Later, oligomerization of the GnRHR was shown to occur at the plasma membrane. 

GnRHR oligomerization can be agonist dependant and appears to be central to the 

ability to transmit the ligand signal to the G protein (27). 

The GnRHR is among the shortest proteins in the GPCR superfamily of 

receptors with only 328 amino acids; much smaller than other GPCRs such as the 

glycoprotein binding receptors (-700 amino acids). Even small molecule (e.g. f32-

adrenergic receptor (413 AA)) and light (e.g. rhodopsin (348 AA)) receptor molecules are 

generally longer than the GnRHR. This short protein also appears to be very sensitive 

to mutations, as even small changes to the molecular structure can have great impact on 

function (28, 29). 

Nonetheless, there may be some benefit in producing a small receptor. The 

energy requirement for synthesizing a smaller receptor is less than that of a larger 

receptor. Therefore, there is less energy consumed when the receptors are degraded or 

lost as appears to occur during normal function of the receptor (30). Moreover, since 

only a proportion of the GnRH receptors appear to be routed to the cell surface, it may 

be easier to switch receptor localization (by phosphorylation for example), with less 

compensatory effect that may occur in a larger protein. While this may be a bit 

oversimplified, it may be that the smaller size of the receptor that changes receptor 

regulation after ligand binding. The mammalian-derived GnRHR does not have a 

number of phosphorylation sites at its carboxyl terminus that have been shown to be 

important in down-regulation and desensitization in other receptors. While the GnRHR 

does down-regulate, the limited information available suggests that the mechanism may 

be different for the GnRHR compared to other receptors (6). 

Highly regulated GnRH signaling through the GnRHR is not without 

disadvantage, however. Such a tightly controlled system is, not surprisingly, extremely 
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sensitive to (seemingly) small perturbations such as single point mutations. As in 

hypogonadotropic hypogonadism, these point mutations can cause total loss of 

reproductive function. 

Hypogonadotropic Hypogonadism 

Hypogonadotropic hypogonadism (HH) is characterized by delayed or absent 

sexual development due to partial or complete loss of circulating gonadotropin and/or 

sex steroid levels (31 ). Adult HH patients also display a range of other phenotypic traits 

including: low testicular volume, microphallus (in men), primary amenorrhoea (in women) 

and the absence, in both sexes, of axillary and/or pubic hair (31 ). Typically, steroid 

hormone replacement therapy is used to treat HH patients (31 ). 

There are several etiologies of hypogonadotropic hypogonadism, all of which can 

be traced to loss of integrity in the hypothalamic-pituitary-gonadal axis (32). Among the 

most studied HH etiologies include: loss of GnRH neuron migration from the olfactory 

placode (also associated with anosmia), lesions of the portal blood vasculature by 

trauma or tumor (also associated with adrenal insufficiency), loss of gonadotropin 

signaling capability and loss of GnRH signaling capability (31 ). 

This last etiology was identified in patients who were diagnosed with HH but were 

unresponsive to treatment with exogenous GnRH analogs (33). Further identification of 

such GnRH-resistant HH patients and subsequent sequencing of their GnRH receptor 

genes revealed that mutations were compound heterozygous and led to partially or 

completely inactive receptor proteins. To date, there have been 18 different mutations of 

the GnRHR gene isolated from GnRH-resistant HH patients. One mutation causes 

incorrect mRNA splicing resulting in mis-insertion of a stop codon and a resultant 177 

residue peptide (compared to the 328 residue full length protein) (34). Another mutation 

7 



results in insertion of a stop codon creating a truncated (313 residue) protein (35). The 

remaining 16 gene mutations all encode single amino acid substitutions (figure 1-2) (31 ). 

The 16 substitutions are distributed over the entire protein sequence; there appears to 

be no obvious correlation between the sites of mutation within the protein. However, 

some commonalities exist when comparing the type of change that is made at each 

individual site. Nine of the 16 amino acid mutations change the charge of the residue at 

that position (negative to positive (E9°K}, neutral to charged (N1°K, Q 11 K, Q 106R, A 1290, 

S168R, S217R, L266R) or charged to neutral (R262Q)). Of the remaining 7 mutants, one is a 

hydrophilic to hydrophobic substitution {T321}, another is a hydrophobic to hydrophilic 

substitution (A171T}, and five are substitutions where a ring structure containing residue 

replaces {R139H, C200Y, C279Y), or is replaced by {Y284C, P320L}, a non-ring structure 

containing residue. Perhaps not surprisingly, no mutations have been found in the 

mutant receptors that are of a more conservative nature in which, for example, a 

hydrophobic residue was replaced by another hydrophobic residue, although it may be 

that these mutations are less likely to significantly disrupt the receptor and thus be 

clinically silent. 

Dominant-Negative Actions of GnRHR Mutants 

Of the 18 mutations of the GnRH receptor in HH patients, 6 mutant receptors 

were partially functional when expressed in heterologous cell systems, the remaining 12 

mutant receptors were non-functional (30, 36). When several of the non-functional 

receptors were co-expressed with the wild type receptor in heterologous cell systems, 

these non-functional receptors were found to inhibit wild type GnRH receptor signaling, a 

dominant-negative effect that gives further credence to the GnRHR oligomerization 

hypothesis (37). 
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Pharmacological Chaperone Rescue of the GnRHR 

While perturbations of single residues in the GnRH receptors from HH patients 

led to reduced cell surface expression of the proteins, other modifications to the amino 

acid sequence have been found to increase the surface expression of the GnRH 

receptor molecules. Seemingly innocuous changes to the receptor such as the deletion 

of a single amino acid at position 191 in the receptor protein sequence caused increased 

plasma membrane expression of the GnRHR (38). 

Rescue of unaltered proteins, normally retained inside the cell, has also been 

affected by using small molecules known as pharmacological chaperones or 

"pharmacoperones" (39, 40). Pharmacoperones for the GnRH receptor are high-affinity 

receptor antagonists that are competitive with the natural ligand and hydrophobic 

enough to be membrane permeable. IN3, the pharmacoperone most widely used to 

rescue the GnRH receptor, is a peptidomimetic molecule that was synthesized by 

Wallace T. Ashton and Mark Goulet at Merck and Co. (figure 1-3; 41). 

When IN3 was introduced to cells that expressed the wild type GnRHR for a 

short time, then removed, and such cells were stimulated with GnRHR agonist, the 

signaling in those cells increased dramatically (30). Additionally, when IN3 was 

administered to cells expressing the mutant receptors isolated from HH patients, a 

majority of those receptors were also rescued and the dominant-negative effect of those 

rescued receptors was ablated (37). Only 2 of the 16 single site mutants could not be 

rescued, and those unrescuable receptors continued to have a dominant-negative effect 

on the wild type receptor (30). The receptors that were rescued appeared to function 

identically to the wild type receptor with the same rank order of potency for ligands, the 

same affinity for agonist and the same turnover rates (30). 

9 



Localization of HH mutant GnRH Receptors 

Contrary to the rescue data described above, some studies have suggested that 

the mutant receptors isolated from HH patients are normally expressed at the plasma 

membrane (42); this has a wide variety of implications in the etiology of HH. However, 

the experimental design in those studies was less than perfect, the localization of mutant 

and wild type GnRH receptors was determined by using epitope-tagged or GFP-chimeric 

versions of those proteins. Epitope tagging or the addition of a GFP molecule is 

sometimes necessary because antibodies are notoriously difficult to make against G 

protein coupled receptors, including the GnRH receptor, though many attempts have 

been made. 

In light of the observation that seemingly innocuous changes in the GnRHR can 

dramatically affect receptor signaling, it is possible that larger changes to the receptor, 

such as the addition of many amino acids to the receptor in the form of an epitope tag 

will also affect the receptor in the same respect. 

Scope and Aims of the Dissertation 

There has not been a great deal of focus regarding the mechanism that regulate 

GnRH receptor routing to the plasma membrane, other than through the study of gene 

regulation. The process of newly synthesized receptor routing to the cell surface was 

thought to be fairly straightforward with little or no regulation assumed. With the 

discovery that a number of mutant GnRH receptors isolated from HH patients appeared 

to not be expressed at the plasma membrane, as originally thought, but rather potentially 

fully functional receptors that could be rescued using pharmacological chaperones, 
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came a focus on the routing of the mutant and wild type receptors from the site of 

synthesis to the site of function. 

The focus of this dissertation is to, first, test the theory that the hypogonadotropic 

hypogonadism and other mutant receptors are localized to the plasma membrane. 

Evidence is presented that the hemagglutinin epitope tag, used in a number of GnRH 

receptor localization studies, increases GnRH receptor expression at the plasma 

membrane. Second, the endoplasmic reticulum is reported to be the actual site of 

localization of the (non-epitope tagged) HH mutant receptors with evidence coming from 

confocal microscopy coupled with functional studies. Additionally, the dominant

negative activity that is associated with these receptors is described as being the co

retention of the wild type receptor in the ER with the mutant. Finally, since the mutant 

and wild type GnRH receptors are retained in the endoplasmic reticulum the ER resident 

protein chaperone calnexin is shown to retain GnRH receptors in the ER, an event that 

may also be regulated. It is beyond the scope of this thesis to describe all the regulatory 

mechanisms in the endoplasmic reticulum or Golgi that occur in order for a newly 

synthesized receptor to reach the plasma membrane. However, the work from this 

dissertation has a number of implications in the regulation of cell surface localization of 

GnRH receptor proteins and perhaps other proteins that, when an aberration is 

introduced, can lead to increased retention of the mutant and thus lead to human 

disease, such as hypogonadotropic hypogonadism. 
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Figure 1-1. The hypothalamic-pituitary-

gonadal axis. Hypothalamic GnRH is 

released and travels through the portal 

blood system to the anterior pituitary 

where gonadotrope cells expressing the 

GnRH receptor are stimulated to 

synthesize and release LH and FSH. 

The gonadotropins are released in the 

blood stream and act on reproductive 

tissues to promote steroidogenesis and 

gametogenesis. 
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Figure 1-2. The GnRH receptor is a seven transmembrane segment, G protein coupled 

receptor. The human GnRH receptor protein is made up of 328 amino acids. Shown 

are the 16 single amino acid residue substitutions that have been isolated from patients 

with hypogonadotropic hypogonadism. Not shown are the two mutations isolated from 

HH patients that result in truncated forms of the GnRH receptor, those being 177 and 

313 amino acids in length. 
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Figure 1-3. The chemical name and structure of the pharmacological chaperone, IN3. 
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Abstract 

In the case of human GnRH receptor (GnRHR) mutants associated with 

hypogonadotropic hypogonadism (HH), a view emerged that these mutants are correctly 

routed to the plasma membrane. This view, supported almost entirely by studies using 

the HA-tag (hemagglutinin influenza virus epitope tag) and other epitope and chimeric 

tags, obscured recognition that GnRHR mutants frequently become misrouted proteins. 

The underlying assumption in epitope and chimeric tagging studies is that the cell does 

not distinguish tagged from unmodified proteins. It should not have been surprising, in 

retrospect, to find that even a single amino acid mutation dramatically alters protein 

function or routing, since increased plasma membrane expression is associated with 

deletion of a single amino acid in the human GnRH receptor (K191), and point mutations 

have been shown to block plasma membrane routing of many receptors, including most 

of those responsible for the HH phenotype. Our present observations suggest that 

epitope and chimeric tags do have a significant effect on protein localization and 

function. Although rarely provided, control experiments addressing the effects of epitope 

or chimeric tagging are an essential part of any study relying on these proteomic tools. 
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Introduction 

Hypogonadotropic hypogonadism (HH)§ presents as a wide clinical spectrum, 

characterized by delayed sexual development and by inappropriately low or apulsatile 

gonadotropin and sex steroid levels, in the absence of anatomical or functional 

abnormalities of the hypothalamic-pituitary axis (43). This disorder is genetically 

heterogeneous and may be sporadic or familial (X-Iinked or autosomal). In patients 

without either anosmia or adrenal insufficiency, mutations in the gene encoding the 

GnRH receptor (GnRHR) are responsible for HH. This etiology was first reported in 

1997 (43) as compound heterozygous mutations in a family with HH. Reports of 

inactivating mutations of the GnRHR are becoming more frequent; to date, 15 mutations 

of the GnRHR have been described (figure 1 ). Of these, one is a truncation mutant, nine 

are compound heterozygotes (33, 35, 44-50), and five are compound homozygotes (48, 

50, 51). These mutations are widely distributed across the entire sequence of the 

GnRHR. Patients with GnRHR mutations exhibit a broad spectrum of phenotypes, 

ranging from partial to complete hypogonadism, even among affected kindred. 

Expression in heterologous cell systems that separately express each naturally 

occurring GnRHR mutant receptor show that some mutants are totally non-functional 

(E9oK, A129D, R139H, g1eaR, A171T, C2ooy, S217R, L2eeR, C279y and L314X), while others 

retain a modest degree of function (N1°K, T321, Q106R, R262Q and Y284C) (figure 2-1 ). The 

commonly held belief that these mutations interfere with ligand binding or preclude 

interaction with effector proteins arose in part due to results obtained by hemagglutinin 

influenza virus (HA) epitope and green fluorescent protein (GFP) chimeric tagging, which 

suggested that such mutants were localized to the plasma membrane. The subsequent 

(and apparently contradictory) observation that pharmacologic chaperones 

("pharmacoperones", 52) could rescue 12 of the 14 single point mutation mutants 
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suggested that protein misrouting was frequently the molecular etiology of normosmic, 

adrenal-sufficient HH. In the present study we address this apparent contradiction in 

localization of the mutants and provide data suggesting that epitope and chimeric 

tagging alter cellular localization of the human GnRH receptor. 
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Materials and Methods 

General 

Methods have been previously described for eDNA transfection, measurement of 

inositol phosphates (IP) and Scatchard analysis (53, 54). All mutants were transfected 

into COS? cells as described (53). The identities of all eDNA coding sequences were re

verified by Dye Terminator Cycle Sequencing, according to manufacturer's instructions 

(Perkin Elmer, Foster City, CA). After confirmation that 10-7 M Buserelin was a 

saturating agonist concentration (data not shown), subsequent IP experiments used only 

this concentration of agonist. Data (n = 3) was analyzed using the paired Student's t-test 

(SigmaStat 3.0, Jandel Scientific Software, Chicago, IL; p < 0.05 was considered 

significant). 

Literature Evaluation 

We examined the biomedical literature for the use of controls in studies utilizing 

the HA-tag by using the NLM Entrez/PubMED website 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) with the search strategy: 

((((((((hemagglutinin[Text Word] OR ha[Text Word]) AND (epitope[Text Word] OR 

epitopes[Text Word])) AND (tag[Text Word] OR fusion protein[Text Word])) AND 

English[Lang]) AND ("1993"[PDat] : "3000"[PDat])) NOT hyaluronic acid[Text Word]) 

NOT histocompatibility antigen[Text Word]) NOT hydroxylamine[Text Word]) 
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The results generated are publications written in English and published in the last 

10 years, with terms "hemagglutinin" or "HA" and "epitope" or "epitopes" and "tag" or 

"fusion protein" in text fields. Publications using the acronym "HA" for hyaluronic acid, 

histocompatibility antigen or hydroxylamine were excluded by adding limiting search 

terms, as noted. This search resulted in 106 publications. Of these, we manually 

excluded 24 publications because either HA-tagging was described as part of a 

methodological paper with no experimental determinations (16 publications) or the full

length hemagglutinin protein was itself the focus of the research study (8 publications). 

Of the remaining 82 publications, we determined whether evaluative comparisons (such 

as ligand binding, effector coupling, protein localization or other direct comparative 

assessments) of the HA-tagged and unmodified proteins were included as controls. 

Results tabulated for each year included in the literature evaluation and weighted data 

(based upon the number (N) of publications for each year) was graphed and analyzed 

using SigmaPiot and SigmaStat (Jandel Scientific Software, Chicago, IL). 
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Results 

Human GnRHR 

The sequence of the human GnRH receptor is shown in figure 2-1; this figure 

also shows the wide distribution of amino acid mutations associated with HH. Many of 

the mutated amino acids alter the local charge and, by inference, the local shape of the 

mutant receptor. 

We measured a significant increase in IP production in response to GnRH 

agonist in cells expressing the HA-tagged wild type 0/VT) human GnRHR (hGnRHR) 

compared with cells expressing the untagged protein (p < 0.01, figure 2-2). When a 

dysfunctional mutant of the hGnRHR, hGnRHR(E9°K), was HA-tagged, there was no 

significant change in IP production compared with the untagged protein (figure 2-2). 

Primate GnRHRs (328 amino acids) contain an "extra" amino acid, K191
, 

compared with rodent GnRHRs (327 amino acids); K19
\ a charged amino acid, 

significantly inhibits the percentage of synthesized receptor expressed at the plasma 

membrane; and, when removed from the receptor (des191
), results in a ?-fold increase in 

plasma membrane expression (55). When K191 was deleted from the E9°K mutant 

receptor (hGnRHR(E90Kides191
)) and expressed in COS? cells, IP production in 

response to agonist was significantly increased 14-fold (p < 0.002) compared with cells 

expressing hGnRHR(E9°K). An even larger increase (18-fold, p < 0.002) was measured 

when the african catfish carboxyl terminal 51 amino acids (Ctail) were added to 

GnRHR(E9°K) along with the GFP chimeric tag (hGnRHR(E9°K)-Ctaii-GFP). The des 191
, 

Ctail and GFP modifications were approximately additive, the mutant 

hGnRHR(E90Kides191 )-Ctaii-GFP has the greatest IP response when expressed in COS? 

cells (approximately 28-fold increase compared with hGnRHR(E9°K); p < 0.001 ). 

Scatchard analysis was used to measure the affinity (Kd) and average numbers 

of expressed receptors per cell (N/C). We determined that the increase in IP production 
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when comparing cells expressing the HA-tagged human WT receptor was due to a 70% 

increase in ligand affinity and not an increase in plasma membrane expression (figure 2-

3). Only non-specific binding (NSB) was measured with cells expressing hGnRHR(E9°K) 

or HA-hGnRHR(E9°K) since the slopes of the lines were not significantly distinct from 

zero {p > 0.05). When we added the Ctaii/GFP sequence to the hGnRHR(E90K) we 

were able to measure specific ligand binding, Scatchard analysis of cells expressing 

hGnRHR(E90K/des 191 
), hGnRHR(E9°K)-Ctaii-GFP, hGnRHR(E90K/des 191 )-Ctail or 

hGnRHR(E90K/des191 )-Ctaii-GFP showed Kl = 2.672, 0.668, 0.550 and 0.551 nM, 

respectively, and N/C were 1831, 2241,2875 and 3218, respectively (figure 2-3). 

RatGnRHR 

Previous comparative studies between the human and rat GnRHRs revealed that 

the rat GnRHR had significantly greater plasma membrane expression than the human 

GnRHR (52). Accordingly, a much higher proportion of the synthesized rGnRHR 

appears at the plasma membrane than the hGnRHR (52). To verify that the effects of 

tagging the human GnRHR were not species specific, we used a rat GnRHR mutant with 

attenuated receptor-mediated IP production in COS? cells (rGnRHR(Ser26Aia) (54). 

When we compared the rat HA-tagged Ser26Aia (HA-rGnRHR(Ser26Aia)) mutant 

receptor to the non-tagged receptor, we found that the cells expressing the HA-tagged 

mutant receptor produced significantly more IP compared to cells expressing the 

untagged receptor (figure 2-2; p < 0.01 ). Furthermore, Scatchard analysis revealed that 

the numbers of receptors for rGnRHR(Ser26Aia) were significantly lower than the rat 

receptor and rat receptor derivatives, including HA-rGnRHR(Ser326Aia) (figure 2-3). 

Literature Evaluation 

49 of 82 publications (60%) using the HA-tag failed to compare the untagged and 

tagged proteins. When we tabulated and plotted the weighted values corresponding to 
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the percent of the publications that included a control for the tagged protein we found a 

negative, and significantly non-zero (p < 0.001 ), slope, indicating that fewer and fewer 

controls are being included in more recent studies (r = 0.223, figure 2-4 ). With deletion 

of either or both of the two outlier points (i.e. years 1993 and 1999), the negative slope 

remained significantly non-zero (p < 0.001) and the r values were 0.185, 0.418 and 

0.454 for sans 1993 data, 1999 data and both 1993 and 1999 data points, respectively 

(not shown). 
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Discussion 

The view that hGnRHR mutants associated with HH were correctly routed to the 

plasma membrane obscured understanding of the molecular etiology of this disease, 

since mutants had, erroneously, been shown to be routed to the plasma membrane 

using either epitope or chimeric tagging in heterologous cell expression systems; 

occasionally, both HA and GFP chimeric tags are used simultaneously {55). Until 

recently, it was unclear how to justify this view with the emerging data showing that most 

hGnRHR mutants were actually misrouted proteins. 

The present study provides evidence that the addition of the HA-tag to the WT 

human GnRHR or a mutant of the rat GnRHR causes increased IP production, due to 

increased affinity or plasma membrane expression of the receptors, respectively, and 

suggests that data generated by employing these tags may not accurately reflect the 

cellular localization of modified proteins. We show that there is no change in IP 

production between the HA-tagged WT rGnRHR compared with the untagged protein. 

This is not surprising in light of studies showing that the rat GnRHR is fully expressed at 

the plasma membrane, with little intracellular retention of the synthesized receptor, while 

the human GnRHR is only partially expressed; expression of the hGnRHR, but not the 

rGnRHR, can be increased by the pharmacoperone, IN3 and others (53). The Ser26Aia 

mutation causes about 45% of mutant rat GnRHR to be retained in the cell, and adding 

the HA-tag to the mutant completely reverses this effect. The Ctaii/GFP chimera of 

hGnRHR(E9°K) also significantly enhances plasma membrane expression and results in 

an IP response to the GnRH agonist of an otherwise non-functional HH mutant. The 

single amino acid deletion of K191 that had been shown to increase plasma membrane 

expression of the wt hGnRHR (56) also has the same action when removed from the 

E9°K HH mutant since cells expressing this mutant (hGnRHR(E90K/des191
)) produced 
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significantly more IP and expressed more receptors compared with cells expressing 

hGnRHR(E9°K). Similarly, when the Ctaii-GFP sequence was added to the 

hGnRHR(E9°K) (hGnRHR(E9°K)-Ctaii-GFP), we measured increased plasma membrane 

expression and IP production compared with cells expressing hGnRHR(E9°K). An 

approximately additive increase in IP production was measured when a mutant construct 

bearing all the expression-increasing mutations was stimulated with agonist, 

hGnRHR(E90Kides191 )-Ctaii-GFP when expressed in COS? cells produced 28-fold more 

IP compared with cells expressing the hGnRHR(E9°K); while no change in ligand affinity 

was observed, a 12% increase in plasma membrane expression was also observed 

compared with cells expressing the untagged hGnRHR(E90K/des191 )-Ctail, entirely due to 

the presence of the GFP, a protein larger than the entire hGnRHR molecule. We do not 

suggest that all the modifications reported here necessarily alter the conformation of the 

GnRHR, or that they can completely rescue a protein. In the case of the GFP, for 

example, since this protein is larger than the GnRHR, it is likely that the GFP may be a 

significant determinate of the routing of the chimera. The lack of predictability of the 

effect of GFP or epitope tags on a protein strengthens the case for the use of controls for 

such experiments. 

When we evaluated the literature, we were surprised to find that the majority of 

publications using the HA-tag failed to include any data comparing the tagged and 

untagged proteins; although we did not evaluate GFP chimeric tagging studies, we 

would expect to find a similar pattern. We also found that publications reporting controls 

comparing WT and HA-tagged proteins are declining, a particularly troubling trend, likely 

reflecting greater editorial acceptance of these approaches. 

The literature contains data suggesting other surprising differences between 

tagged and WT proteins, as well. For instance, Tolbert and Lameh found that the human 
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M1-muscarinic receptor, epitope tagged at the amino terminus, internalized with the 

addition of the anti-epitope antibody even in the absence of other ligands (57). Similarly, 

Ledent et a/. found that the addition of 6 histidine residues ("6xHis-tag") to the carboxyl

terminus of 13-lactamase resulted in an amino-terminal truncation of the protein by 

disrupting the signal peptidase site of action (58). Furthermore, Romano et a/. found 

that the addition of the HA-tag to the amino-terminus, carboxy-terminus (or to an internal 

site) disrupts the ER localization of Ste14p and resulted in unexpected targeting to the 

Golgi (59). 

Pharmacologic rescue of mutant GnRH receptors associated with HH by 

peptidomimetics increases plasma membrane expression of at least 13 HH mutations, 

and human, but not rodent, WT GnRHR (60 and unpublished data showing 

pharmacologic rescue of the GnRHR(A 171T) HH mutant receptor). This latter 

observation emphasizes the apparent role of partial plasma membrane expression of 

synthesized GnRHR, an event that appears largely associated with primates. It is 

possible that this level of regulation is generally more important for G protein coupled 

receptors than has been previously appreciated. Experiments by Krautwurst et a/. 

showed that chimeric addition of the amino-terminal 20 amino acids from the rhodopsin 

G protein coupled receptor to members of the (difficult to express) odorant receptor 

family, enhanced plasma membrane expression (61 ). Similarly, Koller eta/. found about 

50% more FSH receptors were expressed on the plasma membrane after adding the 

HA-tag (62). FSH receptor expression is tightly regulated over the course of the 

menstrual cycle (63). Furthermore, a view has been presented that the gene product 

that gives rise to the human delta opioid receptor is inefficiently processed, with only 

about half of the translation product reaching the membrane (64). 
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Membrane surface expression patterns can be regulated by natural ligands and 

by homeostatic post-translational modifications; similarly, we, and others, have shown 

that specific pharmacologic chaperones can rescue plasma membrane expression of the 

GnRH and vasopressin V2 receptors as well as rescue misfolded mutant cytoplasmic 

proteins: lysosomal a.-galactosidase A and p53 tumor suppressor mutants (30, 56, 60, 

65, 66). Other chaperones, including polyols, DMSO, and trimethyl amines are also 

known to stabilize the native structure of many proteins offering a limited, non-specific 

means of rescue (67). These reports cause re-evaluation of the molecular etiology of 

misfolding diseases (60, 68, 70) and present new therapeutic options (65). 

In vitro, site-directed mutagenesis of the human GnRHR has shown that the 

deletion of the positively-charged residue K191 increases plasma membrane receptor 

expression, as does the chimeric addition of the african catfish GnRHR carboxyl terminal 

51 amino acids (Ctail) to mammalian GnRHRs (56, 70, 71 ). Alternatively, other 

mutations that abolish GnRHR function are widely distributed in the GnRHR and often 

involve charge or polarity changes in amino acid composition (figure 2-1 ). The net 

negatively charged HA-tag sequence (Tyr-Pro-Tyr-Asp-Vai-Pro-Asp-Tyr-Aia) from the 

hemagglutinin influenza virus has proven useful in a wide variety of proteomic 

applications (72-77). Comparisons of original and HA-tagged versions of proteins are 

relatively infrequent in the literature, however. Often, proteins are tagged with the 

erroneous assumption that the modification does not affect change in protein surface 

expression or function; an erroneous assumption in the example of HH GnRHRs. 

Impaired intracellular routing of mutant human GnRHRs has gone unnoticed in previous 

studies as a mechanism adding to the loss of function of HH receptors due to hindrance 

by epitope and chimeric tags. We propose that controls should be used to directly 

compare the tagged with the unmodified protein; an idea not regularly implemented to 

date. Epitope and chimeric tags provide potentially valuable research tools when used 
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sensibly; we, and others (59), suggest caution should be used when interpreting 

experimental outcomes. A side-by-side comparison of physical characteristics including, 

cellular localization, ligand binding and effector coupling, between epitope or chimeric 

tagged and unmodified proteins should be viewed as an essential part of any study in 

which these tags are used. 
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• Non-Functional HH Mutation 
e Decreased Function HH Mutation 

Figure 2-1 . Sequence of the human GnRH receptor showing 15 known mutations 

isolated from patients with hypogonadotropic hypogonadism. 
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Figure 2-2. Inositol phosphate production for several hGnRHR and rGnRHR mutants 

transfected into COS? cells. With a saturating concentration of agonist, an increase in 

IP production is observed when the HA-tagged human WT receptor or the HA-tagged rat 

mutant Ser26 Ala expressing cells is compared with untagged receptor expressing cells. 

A similar increase in IP production is seen with several chimeric additions to the 

GnRHR(E9°K) mutant. Data is representative of at least 3 independent experiments. (a, 

p < 0.01; b, p > 0.05; c, p = 0.027). 
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Figure 2-3. Scatchard analysis of binding data. After transient transfection, cells were 

exposed to a range of C251]-Buserelin, allowed to equilibrate at room temperature then 

cells were washed twice in PBS and bound radioactivity was determined. Slope and 

Bmax were used to calculate ligand affinity (K1) and average number of receptors/cell 

(N/C), respectively (inset tables; NSB, non-specific binding). 
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Figure 2-4. Percent of publications in the literature evaluation (see methods) controlled 

for the addition of the HA-tag within each year of publication. The weighted trend has a 

downward slope (r = 0.223, p < 0.001) indicating progressively fewer publications 

included controls for the untagged protein. Solid line indicates the trend and dashed 

lines indicate the 95o/o confidence intervals (numbers shown (N) indicate the number of 

publications examined for each year). 
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Abstract 

The gonadotropin-releasing hormone receptor (GnRHR) is a heptahelical G 

protein coupled receptor (GPCR) found in the plasma membrane of pituitary 

gonadotropes. GnRHR mutants isolated from patients with hypogonadotropic 

hypogonadism (HH) are frequently mislocalized proteins that can be restored to function 

by pharmacological chaperones. Non-functional HH mutants inhibit ligand binding and 

ligand-activated second messenger production by wild type receptor when both are co

expressed in vitro. In this study, confocal microscopy was used to show that this 

"dominant-negative effect," which occurs for human but not for rodent GnRHR, results 

from wild type receptor retention in the endoplasmic reticulum by mislocalized mutants. 

A pharmacological chaperone that promotes fidelity of folding and correct routing of the 

mutant protein, also rescues the wild type. Because of the large number of human 

diseases that appear to be caused by defective protein folding and subsequent 

mislocalization, it is likely that endoplasmic reticulum retention is a common cause of 

dominant-negative actions for other diseases involving GPCRs, as appears to be the 

case in HH and for which there exists a potential therapeutic agent. 
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Introduction 

The wild type (yVT) human GnRH receptor (hGnRHR) is a G protein coupled 

receptor (GPCR) found in the plasma membrane of pituitary gonadotrope cells, where it 

binds ligand and activates the Gq effector system, resulting in production of the second 

messenger, inositol phosphate. Human hypogonadotropic hypogonadism (HH) is a 

disease characterized by delayed sexual development and inappropriately low or 

apulsatile gonadotropin and sex steroid levels, in the absence of anatomical or functional 

abnormalities of the hypothalamic-pituitary axis (44). This disorder is genetically 

heterogeneous and may be sporadic or familial (X-Iinked or autosomal). Mutations in 

the gene encoding the hGnRHR are responsible for HH in patients without either 

anosmia or adrenal insufficiency (33). 

This etiology was first reported in 1997 as compound heterozygous mutations in 

a family with HH (33); to date, 14 point mutations of the GnRHR have been described, 

as well as one truncation mutant. The point mutations are widely distributed across the 

entire sequence of the hGnRHR; while some mutants retain a modest degree of function 

(N1°K, T321, Q106R, R262Q and Y284C), others are totally non-functional (E9°K, A129D, 

R139H, S168R, A171T, C200Y, S217R, L266R, C279Y and L314X). When co-expressed in 

heterologous cell systems, non-functional mutants (E9°K, A129D, R139H, S168R, C200Y, 

S217R, L 266R and C279Y) also inhibit radioligand binding and effector coupling by the 

human WT receptor ("dominant-negative effect;" 37). 

Sequence modifications, such as the addition of the African catfish GnRHR 

intracellular carboxyl terminal 51 amino acid sequence (70), or the deletion of the "extra" 

K191 (found in humans, but not rodents, 57, 72), increase plasma membrane expression 

of the hGnRHR. Such modifications also rescue HH mutants when engineered into the 
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HH mutant receptor proteins. This suggested that mutants did not lose the intrinsic 

ability to bind ligand or activate effector but, rather, were misrouted proteins that were 

not present at the plasma membrane (66). This view was confirmed with the 

identification of membrane-permeable pharmacological chaperones that could rescue 

the majority of HH mutants (12 of the 14 point mutations reported) by correcting folding 

errors and allowing the receptors to route to the plasma membrane, where they 

functioned similarly to WT hGnRHRs (30, 37, 60). 

Protein misrouting is becoming a recognized disease etiology; this mechanism 

may prove to be more common than previously appreciated (78-80). Diseases that are 

caused by misfolded proteins and resultant misrouting, range from cystic fibrosis (CFTR 

chloride channel) to retinitis pigmentosa (rhodopsin, carotenoid receptors), and 

nephrogenic diabetes insipidus (aquaporin-2, V2R) among others, and have been the 

subject of reviews (60, 78-84 ). Because, like other GPCR family members (85, 86), the 

GnRHR oligomerizes (26, 87), the possibility that the dominant-negative effect could be 

explained by intracellular retention of the WT GnRHR with the HH hGnRHR mutant was 

assessed. 
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Materials and Methods 

Materials 

pcDNA3.1 (Invitrogen, San Diego, CA), the GnRH analog, D-tert-butyi-Ser6-des

Giy10-Pro9-ethylamide-GnRH (Buserelin, Hoechst-Roussel Pharmaceuticals, Somerville, 

NJ), (2S)-2-[5-[2-(2-azabicyclo[2.2.2]oct-2-yl)-1, 1-dimethyl-2-oxoethyl]-2-{3,5-

dimethylphenyl)-1 H-indol-3-yi]-N-(2-pyridin-4-ylethyl) propan-1-amine (IN3, Merck & Co., 

Rahway, NJ), myo-[2-3H(N)]-inositol and NaC251] (New England Nuclear, Boston, MA; 

NET-114A and NEZ-033L), DMEM, OPTI-MEM, lipofectamine, phosphate buffered 

saline, and competent cells (Promega, Madison, WI), endofree maxi-prep kits (Qiagen, 

Valencia, CA), ER-Tracker™, LysoTracker® Red and BODIPY® TR ceramide organelle 

stains (Molecular Probes, Eugene, OR) and eDNA clones for human angiotensin II 

receptor, neuropeptide Y-1 receptor, kappa opioid receptor, RAMP1, RAMP2 and 

RAMP3 (Guthrie eDNA Resource Center, www.cdna.org) were obtained as indicated. 

Other reagents were obtained from commercial sources and were of the highest degree 

of purity available. WT, HH mutant and hGnRHR eDNA tagged with GFP ("GFP-tagged 

WT hGnRHR") were prepared as reported (27, 36). 

Transient Transfection and Co-Transfection 

Cells were cultured and plated in growth medium (DMEM, 10% fetal calf serum 

FCS, 20 1-lg/ml gentamicin), growth conditions were 37 C and 5% C02 in a humidified 

atmosphere, all medium added to the cells was warmed to 37 C prior to adding to the 

cells, unless otherwise noted. For transfection of WT or mutant receptors into COS? 

cells, 5 x 104 cells were plated in 0.25 ml growth medium in 48 well Costar cell culture 

plates. Twenty-four h after plating the cells were washed once with 0.25 ml OPTI-MEM 

then transfected with 1 00 ng total DNA (pcDNA3.1 without insert "empty vector'' was 
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included to bring the total DNA to 100 ng I well, unless otherwise indicated) and 1 )..ll 

lipofectamine in 0.125 ml OPTI-MEM (room temperature), according to manufacture's 

instructions. For cotransfection experiments the cells were transfected with WT hGnRHR 

(5 ng/well) and: (a) empty vector, (b) HH mutant hGnRHR (5-95 ng/well) or (c) other 

GPCR cDNAs, as indicated, using 1 )..ll lipofectamine in 0.125 ml Opti-MEM. The total 

amount of DNA transfected remained constant, as complementary amounts of empty 

pcDNA3.1 (empty vector), were included in the transfection mixture. Five h after 

transfection, 0.125 ml DMEM with 20% FCS and 20 )..lg/ml gentamicin was added to the 

wells. Twenty-three h after transfection, the medium was removed and replaced with 

0.25 ml fresh growth medium. Where indicated, 1 )..lg/ml IN3 in 0.1% final [DMSO] 

(vehicle) was added in respective media to the cells, then removed 18 h before agonist 

treatment, as described (30, 36, 37). 

Saturation Binding Assays 

Saturation receptor binding was performed on live cells using 2 x 1 06 CPM I ml of 

C251]-Buserelin (specific activity 700 ).!Ci/mg; 37). Twenty-seven h after transfection the 

growth serum was removed and replaced with DMEM/20 )..lg/ml gentamicin. Forty-six h 

after transfection, the cells were washed twice in DMEM/0.1% BSA/1 0 mM HE PES and 

the radioactivity was added to the cells in 0.25 ml of the same medium. The cells were 

allowed to equilibrate for 90 min at room temperature, the tracer was removed, the 

plates were placed on ice and washed twice with 0.5 ml ice cold PBS. The cells were 

dissolved in 0.2 M NaOH/1% SDS for 30 minutes, the liquid was aspirated into tubes 

and radioactivity was determined using a Packard gamma counter (Downers Grove, IL). 
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Inositol Phosphate (IP) Assays 

Twenty-seven h after transfection, cells were washed twice with 0.25 ml DMEM 

containing 0.1% BSA and 20 ).!g/ml gentamicin then "pre-loaded" for 18 h with 0.25 ml of 

4 ).!Ci/ml myo-[2-3H(N)]-inositol in DMEM (prepared without inositol). After pre-loading, 

cells were washed twice with 0.25 ml DMEM containing 5 mM LiCI (without inositol), 

then treated for 2 h with in 0.25 ml of a concentration of Buserelin (1 00 nM) in the same 

medium (LiCI prevents inositol phosphate (IP) degradation). The media were removed 

and the cells were frozen and thawed in the presence of 0.5 ml of 0.1 M formic acid (to 

rupture cells) and total IPs were determined as previously described (88). 

Confocal Experiments 

Two-well culture slides (Costar) were soaked in 12 N HCI for 2 h to facilitate cell 

attachment. The slides were then rinsed four times with sterile water and once with 

growth medium prior to use. Fifty-thousand cells in 1 ml DMEM/1 0% fetal calf serum/20 

).!g /ml gentamicin were plated per well in chambered slides and transfected as 

described above. Forty-six h after transfection, the cell medium was changed to 

DMEM/0.1% BSA/1 0 mM HEPES/2.5 ).!g/ml cycloheximide (DBHC). Four and a half h 

later, cells were washed with 1 ml DBHC and 1 ml of ER-Tracker™ dye, LysoTracker® 

Red or BODIPY® TR C5-ceramide complexed to BSA (according to manufacturer's 

instructions) in DBHC were added to stain the ER, lysozomes and Golgi, respectively. 

After 30 min, cells were washed then imaged in 1 ml DBHC at room temperature. 

Where indicated, 1 ).!g/ml IN3 (or vehicle) was included in the washing, staining and 

imaging media; IN3 did not absorb or fluoresce in our excitation-detection range. 

Confocal images were acquired with a Leica TCS SP confocal microscope (Leica 

Microsystems, Exton, PA) using a 63x NA 1.2 PL APO water immersion objective 
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sequentially with 2 s between green and blue imaging to avoid fluorescence transfer. 

ER-Tracker™ and GFP were excited at 361 nm and 488 nm, detected at 430 nm-580 

nm and 500 nm-560 nm, respectively. Images were processed using Velocity 1.4.3 

(lmprovision Inc., Lexington, MA). 

Statistics 

Data (n ~3) was analyzed with one-way ANOVA and then paired Student's t-test 

(SigmaStat 3.0, Jandel Scientific Software, Chicago, IL; P < 0.05 was considered 

significant). 

Online Supplemental Material 

Movies of 3D reconstructions from COS? cells in figure 4C and 4D co-transfected 

with the GFP-tagged WT hGnRHR and hGnRHR{E9°K) eDNA, treated with vehicle and 

IN3, respectively are shown (Figs. 3-S1 and 3-S2, 

http://mend.endojournals.org/cgi/content/full/me.2004-0091 /DC1 ). Cells were digitally 

transected to show intracellular contents. Green represents the GFP, blue represents 

the ER and turquoise represents areas of overlap. 
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Results 

Dependence of Receptor and IP Production on the Concentration of DNA Transfected in 

COS7 Cells 

In order to determine the dependence of receptor synthesis on the total amount 

of DNA transfected, 2.5, 5 or 10 ng per well of WT hGnRHR eDNA was transfected into 

COS7 cells. Empty vector (pcDNA3.1 without any insert) was added so that the total 

amount of DNA was constant in each experimental group, up to a maximum of 500 ng 

per well in 0.125 mi. The inositol phosphate (IP) production in response to 100 nM 

Buserelin (1 00 nM of the GnRH agonist, Buserelin, is a saturating concentration, figure 1 

inset) was diminished when the total amount of transfected DNA exceeded 100 ng per 

well, regardless of the amount of WT hGnRHR used (figure 3-1A). Accordingly, in all 

subsequent cell culture experiments, empty vector was added to maintain the DNA 

concentration at 1 00 ng per well, so as to eliminate nonspecific actions caused by 

differences in DNA concentrations. 

A range of WT hGnRHR eDNA quantities from 0 to 100 ng in 0.125 ml were 

transfected into COS7 cells (with a complementary amount of empty vector to maintain 

total DNA at 100 ng I 0.125 ml well). IP production was maximal at 60 ng of WT 

hGnRHR eDNA per well and there was no further increase when greater than 60 ng 

DNA was transfected (figure 3-1 B). All subsequent cell culture experiments used 5 ng 

WT hGnRHR eDNA per well, as this concentration provided an adequate signal, yet was 

well within the linear response range. 
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Radio-Ligand Binding in COS7 Cells Cotransfected with WT and HH Mutant GnRH 

Receptors 

Ligand binding was determined in cells cotransfected with 5 ng of WT hGnRHR 

and 0, 5, 50 or 95 ng of hGnRHR(E9°K), hGnRHR(L 266R) or hGnRHR(S168R) cDNAs 

(empty vector was added to keep the total DNA at 100 ng I well). When the WT 

hGnRHR was coexpressed with either 95 ng of hGnRHR(E9°K), hGnRHR(L266R) or 

hGnRHR(S168R) these cells bound 24.2 ± 1.1 %, 21.5 ± 0.6% and 24.2 ± 0.6% as much 

radioligand as cells co-transfected with WT hGnRHR and empty vector (P < 0.05). 

IP Production in COS7 Cells Cotransfected with WT and HH Mutant GnRH Receptors 

In order to determine whether the WT hGnRHR couples with effector when co

expressed with individual HH hGnRHR mutants (figure 3-2A), IP production in response 

to 1 00 nM Buserelin was measured in COS? cells that were co-transfected with 5 ng of 

WT hGnRHR and a range of either hGnRHR(E9°K), hGnRHR(L266R) or hGnRHR(S168R) 

cDNAs (0-95 ng). There was a gradual decrease in the quantity of IP produced in cells 

transfected with greater amounts of the mutant eDNA, maximal decrease in IP 

production was seen when 50-95 ng of HH mutant hGnRHR eDNA was transfected with 

the 5 ng of WT hGnRHR (ratios between 10-19), for each mutant (figure 3-3A). In cells 

co-transfected with 5 ng of WT hGnRHR and 95 ng of hGnRHR(E9°K), hGnRHR(L266R) 

or hGnRHR(S168R), IP production was reduced to 31.4 ± 3.2%, 32.7 ± 2.5% and 30.4 ± 

1.1% of IP production in cells with empty vector, respectively (figure 3-3A, Table 3-1; P < 

0.05). 

A chimera of WT hGnRHR linked to green fluorescent protein (GFP) with a 

spacer ("GFP-tagged WT hGnRHR", figure 3-28) was co-expressed with HH hGnRHR 

mutants in order to determine whether the mutants had a dominant-negative effect on 
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this construct. Five ng of the GFP-tagged WT hGnRHR eDNA was co-transfected with 

0, 5, 50 or 95 ng of hGnRHR(E9°K), hGnRHR(L266R) or hGnRHR(S168R) eDNA. Cells 

expressing GFP-tagged WT hGnRHR without mutant produced a slightly greater amount 

of total IP in the presence of GnRH agonist, compared to WT (no GFP; figure 3-38). 

Subcellular Localization of GFP-tagged WT hGnRHR in COS7 Cells Cotransfected with 

HH Mutants 

Five ng of GFP-tagged WT hGnRHR eDNA was co-transfected with 95 ng of 

empty vector, hGnRHR(E9°K), hGnRHR(L266R) or hGnRHR(S168R) eDNA. After 41 h, 

cells were treated for 5 h with the protein synthesis inhibitor, cycloheximide, then imaged 

by confocal microscopy (figure 3-4A-H). The endoplasmic reticulum (ER) was stained 

blue using the ER-tracker™ dye. Co-transfection of the GFP-tagged WT hGnRHR and 

empty vector showed a broad distribution of the receptor in the cell (figure 3-4A). When 

HH hGnRHR mutants were co-expressed with the GFP-tagged WT hGnRHR, there was 

retention in the cell that colocalized with the ER stain (figure 3-4C, E, G). 

In cells expressing only the GFP-tagged WT hGnRHR or co-expressing GFP

tagged WT hGnRHR and hGnRHR(E9°K), there was greater plasma membrane 

localization of the GFP when the cells were treated with the pharmacological chaperone 

IN3 (figure 3-2C, figure 3-4D), compared to untreated cells (figure 3-4C). IN3 treated 

cells co-expressing GPF-tagged WT hGnRHR and hGnRHR(L 266R) had a small amount 

of the GFP localized at the plasma membrane, with the remainder of the GFP co

localized with the ER stain (figure 3-4F), compared to untreated cells (figure 3-4E). Cells 

co-expressing GFP-tagged WT hGnRHR and hGnRHR(S168R) did not have any 

apparent change in GFP localization (figure 3-4H), compared with untreated cells (figure 

3-4G); the GFP remained co-localized with the ER stain. GFP and ER co-localization 

was demonstrated by showing occupancy of the same space in confocal sections and by 
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using 3D reconstructions; online supplemental material of the 3D reconstructions for 

figures 4C and 4D are provided (supplemental figures 3-81 and 3-82, respectively; 

http://mend.endojournals.org/cgi/content/full/me.2004-0091/DC1 ). Lysozome- and 

Golgi-specific stains showed no colocalization with GFP in either compartment (not 

shown). The effect of treating cells transfected with only WT hGnRHR, hGnRHR(E9°K), 

hGnRHR(L266R} or hGnRHR(8168R) eDNA then treated with vehicle and 1 f.!g/ml IN3 is 

shown in figures 3-41-L, the IP production increases somewhat and is fully, partially and 

not rescued after treatment with IN3, respectively. 

Pharmacologic Rescue of IP Production in COS7 Cells Cotransfected with WT and HH 

mutant GnRH Receptors 

IN3 treatment of cells co-transfected with the WT hGnRHR and hGnRHR(E9°K) 

cDNAs rescued receptor-mediated IP production (figure 3-5). This drug also partially 

rescued receptor-mediated IP production in cells co-expressing the WT hGnRHR and 

hGnRHR(L266R} but was unable to rescue WT hGnRHR or hGnRHR(8168R) when these 

two receptors were co-expressed (figure 3-5), the hGnRHR(8168R} mutant continued to 

have a dominant-negative effect on the WT hGnRHR. 

IP Production in COS7 Cells Cotransfected with GnRH Receptors, Other G Protein 

Coupled Receptors and Receptor Activity Modifying Proteins 

The effect of human mutants on the rat WT GnRHR and rat mutants on the 

human WT GnRHR was assessed. 5 ng of rat WT GnRHR eDNA was co-transfected in 

cells with 95 ng of hGnRHR(E9°K}, hGnRHR(L 266R) or hGnRHR(8168R} eDNA. There 

was no measurable decrease in IP production when any of the HH hGnRHR mutants 

were co-transfected with the rat WT GnRHR (Table 3-1). In contrast, when 5 ng of the 

WT hGnRHR eDNA and 0 or 95 ng of rGnRHR(C114A) or rGnRHR(C195A) (non-functional 
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rat GnRHR mutants; 75) were co-transfected, both the rat GnRHR mutants caused 

reduced IP production (Table 3-1 ). 

Also, 95 ng of the human WT forms of the angiotensin II receptor (A2R), 

neuropeptide Y1 receptor (NPYR) or kappa opioid receptor (KOR) were co-transfected 

with 5 ng of the WT hGnRHR. A2R and NPYR had no measurable effect on WT 

hGnRHR signaling, whereas the KOR had a dominant-negative effect on the WT 

hGnRHR (Table 3-1 ). 

Since the COS? cell line may be deficient in the receptor activity modifying 

proteins (RAMPs; 89) proposed to be responsible for GPCR trafficking (80), 45 ng of 

RAMP1, RAMP2 or RAMP3 cDNAs and 50 ng of empty vector, hGnRHR(E9°K), 

hGnRHR(L266R), hGnRHR(S168R), A2R, NPYR and KOR eDNA with 5 ng of the WT 

hGnRHR eDNA were co-transfected in COS? cells. Overexpression of RAMP1, RAMP2 

or RAMP3, had no measurable effect on the expression or function of the WT or mutant 

hGnRHRs (not shown). 
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Discussion 

In the present study, the cellular basis of the dominant-negative effect of 

hGnRHR mutants on WT hGnRHR (37) was determined by ligand binding, second 

messenger production, and confocal microscopy. The HH mutants hGnRHR(E9°K), 

hGnRHR(L266R) and hGnRHR(S168R) were selected for study because they were fully 

rescuable, partially rescuable or non-rescuable (respectively) by the pharmacological 

chaperone, IN3, that corrects folding errors and promotes correct intra-cellular routing 

(30, 37). 

After it was determined that 5 ng WT hGnRHR eDNA with 100 ng total DNA per 

well produced an IP production response in the linear range for transfection in COS? 

cells, cells were co-transfected WT hGnRHR and each of the HH mutant hGnRHRs in 

order to determine whether the WT hGnRHR binds ligand or couples with effector when 

co-expressed with individual HH hGnRHR mutants. There was a gradual decrease in 

the quantity of IP produced in cells transfected with greater amounts of the mutant 

eDNA; maximal decrease in IP production was seen when 50-95 ng of HH mutant 

hGnRHR eDNA was transfected with the 5 ng of WThGnRHR (ratios between 10-19), 

regardless of which mutant eDNA was used. Loss of IP production paralleled loss of 

radioligand binding. 

When the GFP-tagged WT hGnRHR was co-expressed with HH hGnRHR 

mutants, the mutants had a dominant-negative effect on GFP-tagged WT hGnRHR IP 

production. However, cells expressing GFP-tagged WT hGnRHR without mutant 

produced a slightly greater amount of total IP in the presence of GnRH agonist, 

compared to WT. In the GFP-tagged hGnRHR chimera a spacer derived from the 

African catfish carboxyl terminus was necessary to maintain a functional chimera (70). 
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When spacer alone was attached to the GnRHR (i.e. no GFP) the chimera showed a 5-

fold increase in plasma membrane receptor expression (70). Addition of the GFP 

molecule to the GnRHR-spacer chimera reduced plasma membrane expression of the 

final construct to only slightly above WT levels (91 ). Accordingly, a slightly greater 

quantity of HH mutant hGnRHR eDNA was required to obtain the same level of inhibition 

of the GFP-tagged WT GnRHR compared to the WT hGnRHR. 

For confocal microscopy, an excess of mutant compared to WT receptor was 

used to ensure that COS? cells transfected with GFP-tagged WT hGnRHR (which could 

be confirmed visually) were also likely transfected with hGnRHR(E9°K), hGnRHR(L 266R) 

or hGnRHR(S168R) eDNA. After treating cells with protein synthesis inhibitor and 

staining with ER dye, cells were imaged by confocal microscopy (figure 3-4A-H). The 

broad distribution of the GFP-tagged WT hGnRHR when co-transfected with empty 

vector presumably reflects plasma membrane routing, since identically co-transfected 

cells responded to agonist stimulation (figure 3-38). When HH hGnRHR mutants were 

co-expressed with the GFP-tagged WT hGnRHR, there was retention in ER (figure 3-4C, 

E, G). Retention paralleled loss in agonist-stimulated IP production from identically co

transfected cells (figure 3-38) suggesting that the mechanism of action of HH mutant 

GnRHRs is sequestration of the WT hGnRHR in the ER, precluding routing to the 

plasma membrane of the cell (and ligand). Interestingly, each of the dominant-negative 

mutants had similar effects on the WT receptor in the cell, with regard to both the 

quantity of receptor required for comparable reductions in IP production (figure 3-3A) 

and the localization of the WT receptor in the cell when co-expressed with mutant (figure 

3-4 ). This suggests that the mechanism for the dominant-negative effect of the mutant 

receptor on the WT receptor is similar for each mutant, regardless of whether the mutant 

receptor is responsive to IN3 rescue. 
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IN3 has been shown to rescue most misfolded hGnRHR mutants by allowing 

them to escape the quality control apparatus that ordinarily degrades them (30, 60). 

After IN3 removal, the rescued mutants are similar to WT in terms of radioligand binding, 

effector coupling, turnover, or ligand specificity (30). Other GnRH peptidomimetics from 

different chemical classes, also rescue mutants (53). In cells expressing only the GFP

tagged WT hGnRHR or co-expressing GFP-tagged WT hGnRHR and hGnRHR(E9°K), 

IN3 caused both the WT and hGnRHR(E9°K) receptors to route to the plasma 

membrane, while IN3 treatment of cells co-expressing GPF-tagged WT hGnRHR and 

hGnRHR(L 266R) partially rescued these receptors, with the remainder of the GFP co

localized with the ER. IN3 treatment of cells co-expressing GFP-tagged WT hGnRHR 

and hGnRHR(S168R) did not have any apparent change in GFP localization, the GFP 

remained localized in the ER. 

IN3 treatment of cells co-transfected with the WT hGnRHR and hGnRHR(E9°K) 

cDNAs rescued receptor-mediated IP production. This drug also partially rescued 

receptor-mediated IP production in cells co-expressing the WT hGnRHR and 

hGnRHR(L266R) but was unable to rescue WT hGnRHR or hGnRHR(S168R) when these 

two receptors were co-expressed, suggesting that the hGnRHR(S168R) mutant continued 

to have a dominant-negative effect on the WT hGnRHR. Rescue of the WT hGnRHR 

from the dominant-negative effect of the mutants paralleled rescue of the mutants alone, 

suggesting that the material retained in the ER is a hetero-oligomer of the WT and 

mutant. There is likely a specific recognition motif and/or a (chaperone) protein 

responsible for the routing of the receptor signaling complex; considering the wide 

distribution of point mutations in the GnRHR that can cause the dominant-negative 

phenotype, it is reasonable to imagine that a change in conformation promotes retention 

of the mutants. Such a mutation might block interaction with protein chaperones or 

target the mutant protein toward degradation pathways. The determinant for routing (or 
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retention) of the receptor is encoded in the GnRHR itself, allowing that post-translational 

modification of the GnRHR may have significant influence on the routing of the receptor 

to the plasma membrane. Receptor mislocalization is reversed by the addition of the 

GnRHR antagonist IN3, which binds to the wild type and mutant GnRH receptors and 

rescues function by allowing proper plasma membrane localization, likely as a result of 

conformational stabilization of the receptor. Since IN3 cannot rescue the dominant

negative effect of hGnRHR(S168R) on the WT hGnRHR, it is likely that all proteins in a 

multimeric complex must be in the correct conformation to be properly routed (or to 

avoid degradation). 

Since only about half of the human GnRHR synthesized is expressed at the 

plasma membrane, while almost all the rodent GnRHR appears to be routed to the 

membrane (38, 60), the effect of human mutants on the rat WT GnRHR and rat mutants 

on the human WT GnRHR was assessed. There was no measurable decrease in IP 

production when any of the HH hGnRHR mutants were co-transfected with the rat WT 

GnRHR, while, non-functional rat GnRHR mutants had a dominant-negative effect on 

the WT hGnRHR (Table 1 ). The observation that plasma membrane expression of rat 

WT GnRHR was not affected by human mutants, while rat mutants showed a dominant

negative effect on the human WT is particularly interesting in light of our understanding 

that only about half of the human GnRHR synthesized is routed to the plasma 

membrane, while almost all of the rodent GnRHR appears to be routed to the 

membrane, and is likely due to increased sensitivity for regulation of the hGnRHR 

compared to rat GnRHR, through an as yet unidentified mechanism. Routing appears to 

be regulated, in part, by K191 that is present in the primate, but not rodent receptor (46, 

61 ), although other features of the receptor appear to be associated with diminished 

expression at the plasma membrane (92, 93). In evolving from fish and avians to 

mammals, there appears to have been a carboxyl terminal truncation that is associated 
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with diminished plasma membrane expression levels, presumably due to more rigorous 

control of reproduction in more evolved species. 

To assess specificity, the angiotensin II receptor (A2R), neuropeptide Y1 

receptor (NPYR) or kappa opioid receptor (KOR) were co-transfected with the WT 

hGnRHR. The KOR, surprisingly, had a dominant-negative effect on the WT hGnRHR, 

while the other two receptors had no effect (Table 3-1 ). The inhibition of IP production 

from cells co-transfected with the WT hGnRHR and KOR was similar to cells co

transfected with the same quantities of WT hGnRHR and the HH GnRHR mutant eDNA, 

suggesting a similar mechanism. Although the significance of this dominant-negative 

effect is unclear, both the KOR and GnRHR regulate placental hCG release and opioids 

can regulate pituitary LH release (94, 95); although, KOR and GnRHR use dissimilar 

mechanisms in order to down-regulate these proteins (96, 97), the mechanisms allowing 

surface expression may be similar. 

Since the COS? cell line may be deficient in the receptor activity modifying 

proteins (RAMPs; 99), there was a possibility that the lack of these proteins could limit 

the cellular routing of the overexpressed GnRH receptors. However, co-expression of 

RAMP1, RAMP2 or RAMP3, had no measurable effect on the expression or function of 

the WT or mutant hGnRHRs. 

In vivo, each cell in a human heterozygote (mutant:WT) would likely express 

those genes equally, a condition that cannot be assumed when equal amounts of 

vectors are transfected into cells in vitro. Further, since heterozygous patients 

expressing highly dominant-negative mutants would be infertile, such mutations would 

have been selected against and those that appear in the population would be among the 

least severe in this regard. Accordingly, it is not surprising that slightly higher than a 1:1 

(mutant:WT) is required to observe a dominant-negative effect in vitro. 
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A recent report suggested that a fly receptor mutant trapped the WT receptor in 

the ER (98); our study suggests that a similar mechanism can explain a dominant

negative effect associated with human disease. ER-retention, likely as a result of 

heterologous oligomerization between WT and dominant-negative receptors, may be 

more common than previously recognized since a large number of proteins linked to 

human disease appear to be caused by mislocalized proteins (60, 78-84). Coupled with 

the observation that human GnRH receptors have evolved to restrict the percentage of 

plasma membrane expressed protein, the present data suggest that aberrant protein 

retention might be a common feature in human disease. 
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Figure 3-1. Human GnRHR functional expression parallels eDNA transfection. (A) 2.5, 

5 or 10 ng of WT hGnRHR eDNA was transfected into COS? cells with empty vector to 

the final amount of DNA indicated. After treatment with 100 nM Buserelin, inositol 

phosphate (IP) production was measured. (B) IP production in response to Buserelin 

was measured in cells co-transfected with a range of WT hGnRHR eDNA from 0 to 100 

ng (total eDNA was 1 00 ng per well by including the complementary amount of empty 

vector). Inset: WT hGnRHR transfected and treated with 0, 0.01, 1 or 100 nM Buserelin; 

IP response is maximal in response to 100 nM Buserelin. Data are expressed as 

average ± SEM; lines are third-order regression. 
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Figure 3-2. 

Representations of 

GnRH receptors and the 

pharmacological 

chaperone, IN3. (A) The 

hGnRHR is shown with 

15 reported 

hypogonadotropic 

hypogonadism mutations 

indicated, those used in 

this study are 

highlighted. Mutations 

that show a dominant-

negative effect with the 
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ylethyl) propan-1-amine c: Me 

be diminished by K191
, present in the primate but not rodent receptor. (B) Representation 

of the GFP-tagged WT hGnRHR with spacer residues derived from the African catfish 

GnRHR (black). (C) The structure and chemical name of the membrane-permeable 

peptidomimetic pharmacological chaperone, IN3. 
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Figure 3-3. The HH hGnRHR mutants have a dominant-negative effect on both the WT 

hGnRHR and GFP-tagged WT hGnRHR. (A) IP production in response to 100 nM 

Buserelin was measured in cells co-transfected with 5 ng of WT hGnRHR and varying 

ratios of HH hGnRHR mutant cDNAs. (B) IP production in response to 100 nM 

Buserelin in cells co-transfected with 5 ng of GFP-tagged WT hGnRHR and indicated 

amounts of HH hGnRHR mutant and empty vector DNAs. Co-expression of HH 

hGnRHR mutant and the GFP-tagged WT hGnRHR, shows a significant dominant-

negative effect with the HH hGnRHR mutants compared to empty vector. (* P < 0.05 

compared with GFP-tagged WT hGnRHR and empty vector co-transfected cells). 
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WT hGnRHR-GFP 
+ Empty Vector 
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single section whole cell 

Figure 3-4. Localization of the GFP-tagged WT hGnRHR when co-expressed with dominant-negative HH 

hGnRHR mutants, before and after treatment with pharmacological chaperone. (A-H) Confocal micrographs 

of cells co-expressing the GFP-tagged WT hGnRHR (green) and empty vector (A, B), hGnRHR(E9°K) (C, 

D), hGnRHR(L266R) (E, F) or hGnRHR(S168R) (G, H) and stained with ER-Tracker™ dye (blue). 

Micrographs numbered 1 are single confocal sections, those numbered 2 are overlay projections of all 

sections through the cell. In the presence of IN3, the GFP-tagged WT hGnRHR (WT hGnRHR-GFP) 

showed greater plasma membrane localization when expressed alone (B) or with hGnRHR(E9°K) (D). When 

the GFP-tagged WT hGnRHR was expressed with hGnRHR(L266R), there was modest re-localization of the 

GFP to the plasma membrane (F), reflecting the ability of IN3 to partially rescue this mutant. Treatment of 

cells co-expressing the GFP-tagged WT hGnRHR and the unrescuable mutant hGnRHR(S168R) with IN3 

showed that the GFP remained retained in the ER (H). (1-L) IP production in cells individually transfected 

with each of the HH hGnRHR mutants with and without IN3 treatment. 
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Figure 3-5. IP production measured in cells co-transfected with WT hGnRHR and 

indicated quantities of HH hGnRHR mutant receptor and empty vector DNAs. Cells 

were treated with 1 J.!g/ml IN3 as indicated. Cells co-expressing WT hGnRHR and 

hGnRHR(E9°K) or hGnRHR(L266R) had a significantly increased IP production after 

treatment with IN3, compared with untreated cells. Cells co-expressing WT hGnRHR 

and hGnRHR(S168R) had significantly increased IP production after treatment with IN3, 

compared to untreated cells, but significantly decreased IP production compared to 

empty vector co-transfected cells treated with IN3. Data for WT hGnRHR and empty 

vector co-transfected cells for each treatment group is repeated for clarity. (* P < 0.05 

compared to WT hGnRHR and empty vector co-transfected cells in same treatment 

group). 
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eDNA (5 ng) eDNA (95 ng) IP response(% control) 

human WT GnRHR + empty vector 100% 

" + hGnRHR(E9°K) 31.43 ± 3.2 * 

" + hGnRHR(L266R) 32.66 ± 2.5 * 

" + hGnRHR(S168R) 30.42 ± 1.1 * 

" + rat GnRHR(C114A) 40.85 ± 2.2 * 

" + rat GnRHR(C195A) 43.30 ± 1.3 * 

" +A2R 97.75 ± 4.2 

" +NPYR 97.21 ± 4.4 

" +KOR 35.39 ± 4.2 * 

ratWTGnRHR +empty vector 100% 

" + hGnRHR(E9°K) 95.96 ± 0.7 

" + hGnRHR(L266R) 103.15 ± 4.5 

" + hGnRHR(S168R) 101.10±4.4 

Table 3-1. IP production in cells co-transfected with indicated DNAs. Either the WT 

hGnRHR or the WT rat GnRHR were co-transfected with indicated GnRHR mutant or 

WT GPCR cDNAs as indicated. IP production in response to 100 nM Buserelin was 

measured and values expressed as percent of control (empty vector) ± SEM (* indicates 

p < 0.05). 
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Abstract 

A significant proportion of human gonadotropin-releasing hormone receptors 

(GnRHRs) are normally retained in the endoplasmic reticulum (ER); however, nearly all 

rat GnRHRs are routed to the plasma membrane. When mutations are introduced into 

either receptor, considerably more of the proteins are recognized by the cellular quality 

control system (QCS) as misfolded and retained compared to WT receptor, resulting in 

decreased signaling in the presence of agonist. Calnexin, a component of the QCS, 

decreased plasma membrane expression of the GnRHRs, an effect that was mediated 

by a physical interaction between the receptor and calnexin. Only the human receptor 

also showed reduced signaling because it had fewer spare receptors compared with the 

rat GnRHR, allowing calnexin to affect signaling. Calnexin did not affect receptor 

signaling when K191 was deleted from the human WT GnRHR. Removal of this amino 

acid decreases receptor misfolding and increases plasma membrane expression. K191 is 

not present in the rat WT GnRHR. A pharmacological chaperone that corrects GnRHR 

misfolding, increased expression of the human WT GnRHR in the presence of calnexin. 

Calnexin apparently retains misfolded GnRHRs but routes correctly-folded receptors to 

the plasma membrane. Mutation of a calnexin PKC consensus phosphorylation site 

promoted increased retention of the human GnRHR, suggesting that calnexin 

phosphorylation controls the retention mechanism. We conclude that a proportion of the 

human and rat WT GnRHR appears to be retained in the ER by calnexin, an effect that 

decreases GnRHR signaling capacity of human but not rat GnRHR. 
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Introduction 

An evolutionary trend among gonadotropin-releasing hormone receptor (GnRHR) 

proteins results in progressively decreased expression at the plasma membrane (37, 99, 

1 00). In avian and piscine GnRHRs, for example, an intracellular carboxyl terminal 

extension ( c-tail) is associated with high plasma membrane expression. A chimera in 

which this extension is added to the human GnRHR results in elevated expression at the 

plasma membrane compared with unmodified human wild type (WT) GnRHR (70). 

Among mammalian GnRHRs, there is an "extra" amino acid at position 191 that is not 

present in rats or mice (56, 71, 101 ). This amino acid addition is K191 in primates and 

Glu 191 in bovine, ovine, porcine, equine and canine receptors (1 01 ). In humans, deletion 

of the K191 results in greater plasma membrane expression of the receptors (56, 71 ). 

Pharmacological chaperones ("pharmacoperones") correct protein misfolding and 

allow molecules that would otherwise be retained in the endoplasmic reticulum (ER) to 

route to the plasma membrane (39, 40). The pharmacoperone, IN3, increases plasma 

membrane expression of most naturally-occurring mutant GnRHRs, since these are 

frequently misfolded proteins and are retained in the ER (30, 43, 56, 60, 70, 71, 78, 102, 

1 03). IN3 also increases human WT GnRHR expression at the plasma membrane (30, 

56, 60, 70, 71, 102, 1 03), an effect not observed for the rodent GnRHRs. 

Quality control system (QCS) chaperones in the ER may be responsible for 

retention of the GnRHR. Calnexin is one such chaperone that binds to newly 

synthesized proteins for quality assessment (1 04, 1 05). Calnexin is thought to regulate 

routing of proteins by preventing protein aggregation (1 06), allowing properly folded 

proteins to reach sites associated with their function (107, 108), by retaining misfolded 

proteins in the ER and routing them to degradation pathways (1 09-111 ). The calnexin-
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protein interaction may depend on the phosphorylation state of the calnexin cytoplasmic 

carboxyl terminus (112). 

Calnexin was expressed with WT and mutant GnRHRs to determine whether it is 

responsible for quality control of gonadotropin-releasing hormone receptors. We 

demonstrate a role for calnexin mediation of GnRHR retention and describe features in 

both the receptor and calnexin that are associated with retention. 
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Materials and Methods 

Materials 

The GnRH analog, D-tert-butyi-Ser6-des-Giy1 O-Pro9-ethylamide-GnRH 

(Buserelin, Hoechst-Roussel Pharmaceuticals, Somerville, NJ), (2S)-2-[5-[2-(2-

azabicyclo[2.2.2]oct -2-yl)-1 , 1-dimethyl-2-oxoethyl]-2-(3,5-dimethylphenyl)-1 H-indol-3-yi]

N-(2-pyridin-4-ylethyl) propan-1-amine (IN3, Merck & Co., Rahway, NJ), myo-[2-3H(N)]

inositol and Na[1251] (Perkin Elmer, Boston, MA; NET-114A and NEZ-033L), competent 

cells (Promega, Madison, WI), PCR primers, DMEM, OPTI-MEM, lipofectamine, 

phosphate buffered saline, and pcDNA3.1 (Invitrogen, San Diego, CA), endofree maxi

prep kits (Qiagen, Valencia, CA), rat calnexin (a kind gift from Dr. Larry Tjoelker, 113) 

and human calnexin eDNA (Open Biosystems, Huntsville, AL, MHS1011-60083), 

SMARTpool human calnexin siRNA and siCONTROL non-targeting pool siRNA 

(Dharmacon Inc., Lafayette, CO), mouse monoclonal anti-HA antibody (12CA5, Roche 

Applied Sciences, Indianapolis, IN), rabbit polyclonal anti-calnexin (H-70) antibody (H-70 

recognizes calnexin from various species including human, rat and mouse; sc-11397; 

Santa Cruz Biotechnology, Santa Cruz, CA) were obtained as indicated. Other reagents 

were obtained from commercial sources and were of the highest degree of purity 

available. GnRHR and calnexin eDNA were prepared using site directed mutagenesis, 

as reported (102). Forward and reverse primers for subcloning calnexin eDNA into 

pcDNA3.1, obtained from the MGC collection, contained Kpnl restriction enzyme site 

sequence, Kozak's consensus sequence followed by the ATG start site and 18 

nucleotides of the N-terminus of the protein coding sequence (forward primer) or Xbal 

followed by the reverse complement stop codon and 18 nucleotides of the C-terminus of 

the complementary protein coding sequence (reverse primer). The identity of all eDNA 

mutants and the correctness of all PCR-derived coding sequences were verified by Dye 

62 



Terminator Cycle Sequencing, according to manufacturer's instructions (Perkin Elmer, 

Foster City, CA). 

Transient Transfection and Co-Transfection 

COS-7 cells were cultured, plated and transfected as previously reported (102). 

Cells were transfected with 25 ng (unless otherwise indicated) WT human or rat GnRHR, 

or mutant GnRHR and pcDNA3.1 without insert ("empty vector'') or WTimutant calnexin 

DNA (75 nglwell), as indicated, and 1 IJI lipofectamine in 0.125 ml OPTI-MEM (room 

temperature), according to manufacturer's instructions. Empty vector (pcDNA3.1, 

without insert) was included to bring the total DNA to 1 00 ng I well, a concentration of 

DNA that does not interfere with the transfection efficiency (38, 99, 1 02). Where 

indicated, 1.5 pMol siRNA I 5 x 104 cells was included in the transfection mixture, 

according to manufacturer's instructions. Five h after transfection, 0.125 ml DMEM with 

20% fetal bovine serum and 20 1Jglml gentamicin was added to the wells. 

Inositol Phosphate (IP) Assays 

Cells received IN3 treatments as previously reported (102), where indicated. 

Cells were washed then "pre-loaded" for 18 hours with 1 1JCi myo-[2-3H(N)]-inositol in 

0.25 ml DMEM (prepared without inositol; 1 02). Then, cells were washed twice with 

0.25 ml DMEM containing 5 mM LiCI (without inositol), then treated for 2 h with in 0.25 

ml of the indicated Buserelin concentration in the same medium (LiCI prevents inositol 

phosphate (IP) degradation). Total IPs were determined as previously described (89, 

1 02). EC5o and maximal IP production were calculated using Sigma Plot 8.02 (Jandel 

Scientific Software, Chicago, IL). Using similar affinities for unlabeled Buserelin and 

ECso values averaged from at least 3 independent experiments, the spare receptors (the 

percentage of unoccupied receptors at half maximal response, in this case IP 

production) were calculated (114). 
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Binding Assays 

Cells were cultured and plated in growth medium as described above, except 

that 105 cells in 0.5 ml growth medium were added to 24-well Costar cell culture plates 

(cell transfection and medium volumes were doubled accordingly). Twenty-three h after 

transfection, the medium was removed and replaced with 0.5 ml fresh growth medium. 

Twenty-seven h after transfection, cells were washed twice with 0.5 ml DMEM 

containing 0.1% BSA and 20 !Jglml gentamicin; then 0.5 ml of DMEM was added. After 

18h, cells were washed twice with 0.5 ml DMEMI0.1% BSA/1 0 mM HEPES, and then a 

range of concentrations of C251]-Buserelin (from 2.5 X 105 to 8 X 106 CPM I ml) in 0.5 ml 

of the same medium were added to the cells and allowed to incubate at room 

temperature for 90 minutes (54). After 90 minutes, the media were removed and 

radioactivity was measured as previously described (1 03). To determine non-specific 

binding, the same concentrations of radioligand were added to similarly transfected cells 

in the presence of 10 !JM unlabeled GnRH. Saturation binding curve fits and 

calculations were computed using the SigmaPiot 8.02 (Jande! Scientific Software, 

Chicago, IL), a non-linear one-site binding model was used to calculate KJ and Bmax 

values (115). Binding data was also transformed into Scatchard plots. 

Co-immunoprecipitation and Western Blotting 

Cells were cultured and plated in growth medium as described above, except 

that 4 x 105 cells in 2 ml growth medium were added to 6-well Costar cell culture plates 

(cell transfection and medium volumes were adjusted accordingly). Twenty-three h after 

transfection, the medium was removed and replaced with 2 ml fresh growth medium. 

Twenty-seven h after transfection, cells were washed twice with 2 ml DMEM containing 

0.1% BSA and 20 !Jglml gentamicin; then 2 ml of DMEM was added. For 

immunoprecipitations, cells were washed twice with 2 ml ice-cold PBS with 1 mM 

phenylmethylsulphonylfluoride (PMSF), 2 Jlg I ml aprotinin, 2 )lg I ml leupeptin and 1 )lg I 
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ml pepstatin A (protease inhibitors); then 0.5 ml of RIPA buffer with protease inhibitors 

was placed on the cells for 30 minutes at 4C. lmmunoprecipitations were carried out as 

described (116, 117). For siRNA-treated cells, after 18 h, cells were washed twice with 

ice-cold PBS, frozen, then thawed in the presence of 0.5 ml 2x sample buffer. SDS 

polyacrylamide gels (8%) and Western transfers of cell lysates to nitrocellulose paper 

(Hoefer Scientific Instruments, San Francisco, CA) were performed as previously 

described (117, 118). Polyclonal calnexin antibody was used at a 1:200 titer. The 

molecular weight of the protein bands were calculated from standards that were color

stained proteins ("rainbow markers") with the following molecular weights: myosin, 220 

kDa; phosphorylase b, 97.4 kDa; BSA, 66 kDa; ovalbumin, 46 kDa; carbonic anhydrase, 

30 kDa; trypsin inhibitor, 21.5 kDa; lysozyme, 14.3 kDa (Amersham Pharmacia Biotech, 

Arlington Heights, IL). 

Statistics 

Each experiment was repeated a minimum of three times. Replicates of at least 

4 data points for each treatment group within an experiment were analyzed with one-way 

ANOVA followed by paired Student's t-test for individual comparisons (SigmaStat 3.0, 

Jandel Scientific Software, Chicago, IL; P < 0.05 was considered significant). 
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Results 

Calnexin Reduces Plasma Membrane Expression of the Human and Rat GnRHRs 

Human or rat GnRH receptors were co-transfected with calnexin in order to 

assess the effect on plasma membrane expression (PME) using a radioligand-binding 

assay. Co-transfecting calnexin eDNA with the human or rat GnRHR did not alter l<c! of 

either receptor (figure 4-1A/B). Human GnRHR PME (Bmax) decreased by 47 ± 3% (P < 

0.05) in the presence of calnexin, compared with cells co-transfected with empty vector 

(figure 4-1 B). Rat GnRHR PME decreased by 40 ± 6% (P < 0.05) when calnexin was 

co-transfected. Non-linear saturation binding curves used to calculate l<c! and Bmax were 

also transformed into Scatchard plots (33; figure 4-1 C-D). 

Dose-response Relation of Human and Rat GnRHRs Co-transfected with Calnexin 

Maximal IP production and EC50 values were determined for the human and rat 

GnRHRs in the absence or presence of calnexin. There was a significant decrease in 

the maximal IP production from cells co-transfected with the human receptor and 

calnexin compared to cells without added calnexin (P < 0.05). Despite the reduction in 

PME of the rat GnRH receptor, there was no observable effect of calnexin on maximal IP 

production (P > 0.05; figure 4-2A). 

Calnexin did affect the EC50 of both human and rat receptors, in both cases more 

ligand was required to achieve a 50% response (figure 4-28). The EC5o of the human 

GnRHR increased from 400 ± 47 pM to 640 ± 22 pM (P < 0.05) when calnexin was co

transfected. The EC50 of the rat GnRHR increased from 119 ± 4 pM to 202 ± 20 pM (P < 

0.05) when calnexin was co-transfected. 

The EC50 values were used to calculate the percentage of unoccupied receptors 

at half maximal IP production (119). The human GnRHR showed 38.4 ± 5.0% spare 

receptors at the EC50 ligand concentration, but when calnexin was co-transfected with 

the human receptor, the quantity of spare receptors fell to 16.5 ± 1.6% (P < 0.05). 
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Similarly, the rat GnRHR had 76.4 ± 0.7% spare receptors at the EC50 ligand 

concentration, but only 63.1 ± 3.1% spare receptors with calnexin (P < 0.05). The rat 

GnRHR appears to express sufficient numbers of receptors at the plasma membrane to 

saturate the signal transduction machinery, even when there is a 40% reduction in PME. 

Calnexin Co-immunoprecipitates with the GnRHR 

HA-tagged human and rat WT GnRH receptors, as well as the E90K mutant of 

the hGnRHR were co-transfected with calnexin. Anti-HA antibody was used to 

immunoprecipitate the tagged receptors, then the Western blots of the 

immunoprecipitates were probed with anti-calnexin antibody. When the receptors were 

transfected alone or in the presence of calnexin eDNA, calnexin co-immunoprecipitated 

with the receptor, although when calnexin eDNA was co-transfected with the receptor, 

there appeared to be more calnexin protein bound to the receptors (figure 4-3A). 

Effect of Calnexin on Cells Expressing Similar Amounts of Human and Rat GnRHRs 

To determine whether calnexin affected the IP production of rat GnRH receptors 

expressed at approximately the same level as human receptors, cells were transfected 

with 25 ng of the human GnRHR eDNA and 2 ng of the rat GnRHR eDNA. Cells 

transfected with 2 ng of the rat GnRHR had approximately the same IP production as 25 

ng of human GnRHR transfected cells (not shown). Therefore, a -12.5 fold reduction in 

DNA was required to achieve a similar level of IP production with the rat GnRHR. As 

expected, when the 2 ng of rat GnRHR was co-transfected with calnexin, there was a 

significant reduction in the IP response (figure 4-38). 

siRNA Knockdown of Calnexin and Western Blotting 

To determine whether calnexin protein production (rather than a non-specific 

effect related to calnexin eDNA transfection) was required for the inhibitory effect on 

PME, calnexin small inhibitory RNA (siRNA) was used to knockdown calnexin mRNA. 

When calnexin siRNA was co-transfected into cells with either the human or rat GnRHR, 
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there was no measurable change in IP production, compared to cells transfected with 

control (non-targeting) siRNA (P < 0.05; figure 4-4). This was a surprising result since 

we expected that the IP production from these cells would increase in the presence of 

calnexin siRNA. However, there was significantly increased IP production from calnexin 

siRNA treated cells when calnexin siRNA was co-transfected into cells with the human 

GnRHR and calnexin eDNA (P < 0.05). 

Either there is insufficient endogenous calnexin in COS-7 cells to retain 

significant quantities of the GnRHR, or, the endogenous calnexin in these African green 

monkey derived COS-7 cells is not efficiently targeted by the calnexin siRNA that was 

designed to target the human mRNA sequence. Therefore, Western blotting was used 

to confirm calnexin protein expression levels. Western blotting showed that the siRNA 

directed against the human calnexin gene also knocked down endogenous calnexin 

protein expression but not to undetectable levels (figure 4-4 ). 

Effect of Calnexin on Mutant Receptors Isolated from Hypogonadotropic Hypogonadism 

Patients 

Calnexin was co-transfected with mutant GnRH receptors isolated from patients 

with hypogonadotropic hypogonadism (HH). The HH mutants hGnRHR(N1°K) (partially 

functional, fully rescuable by pharmacoperone), hGnRHR(E9°K) (non-functional, fully 

rescuable by pharmacoperone), hGnRHR(L 266R) (non-functional, partially rescuable by 

pharmacoperone) and hGnRHR(S168R) (non-functional, non-rescuable by 

pharmacoperone) were selected for study because of these different responses to 

pharmacoperones. 

As with the human WT GnRHR, when calnexin was co-transfected with 

hGnRHR(N1°K), IP production decreased compared to cells transfected with mutant 

alone (figure 4-5A). Interestingly, co-transfection of either the human WT GnRHR or 

hGnRHR(N1°K) with calnexin and treatment with IN3, yielded greater IP production than 
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in IN3 treated cells expressing hGnRHR(N1°K) alone (figure 4-5A). This suggests that 

calnexin can increase PME of these pharmacoperone stabilized receptors; however, the 

PME could not be confirmed with ligand binding experiments after pharmacoperone 

treatment, presumably due to incomplete removal of the lipophilic competitive antagonist 

(not shown). 

Whether calnexin was present or not, there was no measurable IP response 

above background from any of the non-functional GnRHR mutants isolated from HH 

patients (figure 4-58-D). However, as with the human WT GnRHR, IP production from 

hGnRHR(E9°K) expressing cells increased in the presence of both calnexin and IN3 

(figure 4-58). Even in the presence of IN3, there was no change in the IP production by 

hGnRHR(S168R) or hGnRHR(L 266R) with calnexin compared to without calnexin co

transfection (figure 4-5C-D). 

K191 Modification and Addition of the Piscine Carboxyl Terminus (c-tail) 

Pre-mammalian GnRH receptors, such as fish and bird GnRHRs have an 

extended carboxyl terminus which is truncated in the mammalian GnRHRs. This 

extended carboxyl terminus (c-tail), when added to the mammalian GnRHR, enhances 

plasma membrane expression (56, 70, 71 ). Similarly, rat receptors (327 residues) lack 

the primate K191 residue that, when deleted from the human sequence (normally 328 

residues), also results in increased receptor expression (56, 70, 71). 

When the c-tail was added to, or the K191 deleted from the human GnRHR, co

transfection with calnexin no longer affected IP production, either in the absence or 

presence of IN3 (figure 4-68). This was also observed when both the deletion of K191 

and c-tail addition were made to the human GnRHR (figure 4-6C). 

Calnexin did not affect IP production, either in the absence or presence of IN3 

(figure 4-68) when the K191 was deleted, the c-tail added or both modifications made 

(figure 4-6A-C). Further, neither insertion of K191
, nor addition of the c-tail to the rat 

69 



GnRHR changed receptor mediated IP production when co-transfected with calnexin 

(figure 4-60-E). Addition of both the K191 and the c-tail also did not measurably change 

receptor mediated IP production independent of calnexin co-transfection (figure 4-6F). 

Rat and Human Calnexin Have Similar Effects on the Human and Rat GnRHR 

Human or rat calnexin was co-transfected with human or rat WT GnRHR. Rat 

calnexin had a similar effect on IP production from those receptors when compared to 

receptors co-expressed with human calnexin (not shown). 

Mutational Analysis of Consensus PKC Sites in Calnexin 

Mutations were made at two reported carboxyl terminal PKC consensus 

phosphorylation sites in calnexin (8504A, 8 583A or both 8504A/8583A; 31 ). Mutation of 8504 

to Ala in calnexin (calnexin(8504A)) and co-transfection with the human GnRHR caused 

decreased GnRHR signaling in both the absence and presence of IN3, compared to 

cells co-transfected with either empty vector or WT calnexin (figure 7). Neither mutation 

of 8583 to Ala (calnexin(8583A)) nor mutation of both 8504 and 8583 to Ala 

(calnexin(8504A/8583A}) changed the observable calnexin effect on IP production (not 

shown). 
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Discussion 

Calnexin is a component of the QCS of the ER. Since a proportion of the human 

GnRHR is retained in the ER (30, 1 02), we examined the possibility that calnexin may 

mediate ER retention of the GnRHR. Further, since the rat GnRHR appears to be more 

efficiently trafficked to the plasma membrane than the human GnRHR, we compared the 

effect of calnexin on these receptors as well. Expression of the human WT GnRHR with 

calnexin decreased receptor expression by about half, diminishing receptor mediated 

second messenger production. The rat receptors were also retained by calnexin but, 

since a larger proportion of the rat GnRHR normally reaches the plasma membrane, 

there was no effect on maximal receptor signaling. Calnexin appears to retain a 

proportion of both human and rat GnRHRs in the ER, likely by means of a physical 

interaction between the proteins. 

In the presence of a pharmacoperone, there is a calnexin-mediated increase in 

human GnRHR signaling, likely reflecting an increase in PME, although PME could not 

be directly measured after pharmacoperone treatment likely due to residual 

pharmacoperone. The pharmacoperone stabilized receptors seemed to be more 

efficiently routed to the plasma membrane. Calnexin appears to act as a quality control 

protein for the GnRHR by retaining misfolded receptors and steering properly folded 

receptors to the plasma membrane. 

Calnexin did not affect rat receptor mediated maximal IP production either with or 

without the pharmacoperone when expressed with similar amounts of DNA as the 

human receptor, an interesting observation when considering that calnexin mediated a 

40% reduction in rat receptor PME. This effect was not due to the species difference 

between human and rat calnexin proteins. Nearly all of the rat GnRHR is properly folded 

and expressed at the plasma membrane (56, 70, 71 ); such very high expression is 
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consistent with the observations that the rat receptor is not rescued with 

pharmacoperone. Only when the eDNA of rat receptor was decreased 12.5-fold, did the 

additional calnexin decrease maximal IP production. 

Addition of the non-mammalian c-tail or deletion of K191 from the human GnRHR 

dramatically increases plasma membrane expression in both cases (37, 56, 70). 

Calnexin co-expression with human GnRHRs with the c-tail or without K191 no longer 

affected signaling. Thus, either calnexin does not interact with these receptors, or, more 

likely, any reduction in PME did not diminish IP production, as is seen with the rat 

GnRHR. The c-tail is important in PME since its presence reduces internalization rates 

resulting in increased PME (54, 120). Here the c-tail also functions to increase the 

stability of the receptor, allowing increased PM E. 

Calnexin(S504A) reduced the signaling output of the human GnRHR both in the 

presence or absence of pharmacoperone. Phosphorylation of this residue may 

decrease the ability of calnexin to retain the GnRHR. The effect of calnexin(S583A) or 

calnexin(S504A/S583A) on the human GnRHR appeared no different from the WT 

calnexin. Roderick et a/. found that de-phosphorylation of S583
, mediated by IP

stimulated ca++ mobilization, allowed greater expression of sarco-endoplasmic reticulum 

calcium ATPase (112, 121). In agreement with their results, removal the PKC 

consensus phosphorylation site S583 (replaced with Ala) allowed greater expression of 

the human GnRHR, but only when S504 was also mutated to Ala. The two PKC 

phosphorylation sites in the carboxyl terminus of calnexin appear to have opposing roles 

in the retention of proteins, such as the GnRHR. 

Calnexin is a lectin-like protein that binds to newly glycosylated proteins in the 

ER, therefore it is likely that the calnexin-GnRHR interaction involves one or more of the 

glycosylated residues in the receptor (Asn 18 and Asn 102
; 122). However, when the Asn 18 

was mutated, the receptor was not expressed at the plasma membrane, and when the 
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Asn 102 was mutated, that receptor appeared identical to the wild type receptor. 

Therefore, it was not possible to address the action of calnexin on these mutants (data 

not shown). Likely, glycosylated Asn18 is needed to mediate the interaction. 

Like virtually all cells, the COS-7 cells used in this study express endogenous 

calnexin (123). When siRNA was used to knockdown the transfected calnexin, the 

human GnRHR signaling was restored. Calnexin siRNA had little effect on the already 

robust rat GnRHR signaling. The siRNA targeting human calnexin did not knockdown 

calnexin protein to undetectable levels, potentially due to less than 100% transfection 

efficiency (i.e. some cells may not have received siRNA). Alternatively, sequence 

variations between the human and African green monkey (COS-7 cell) calnexin 

nucleotide sequences may preclude complete siRNA knockdown. 

Though GnRHR expression varies widely throughout the menstrual cycle, it is 

possible that receptor expression is lower in vivo than in our model. Nonetheless, we 

chose to use COS-7 cells in this study for a number of reasons, principally that these 

cells produce a large quantity of protein from transfected eDNA, thus increasing the 

burden on the ER and saturating endogenous calnexin. 

The effect of pharmacoperone and the observation that misfolded human mutant 

GnRHRs are retained by calnexin suggests that this protein chaperone recognizes 

misfolded proteins. In addition to showing that a proportion of the WT human GnRHR 

are retained by calnexin, our studies also suggest phosphorylation-dependant regulation 

of GnRHR PME by calnexin. The increased control over the human GnRHR signaling 

may be advantageous when regulating the complicated human reproductive cycle but 

prove disadvantageous when mutations are introduced, as in hypogonadotropic 

hypogonadism. 
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Figure 4-1. Saturation binding analysis in cells transfected with human and rat WT 

receptors and calnexin. A. A one-site non-linear saturation-binding curve generated in 

cells expressing the indicated proteins. B. Analysis of three independent saturation-

binding experiments. ~ and Bmax values were calculated from non-linear binding plots. 

The values for average number of receptors per cell were calculated from Bmax values. 

C and D. Scatchard binding plots were used for visual comparison purposes. ("a" 

represents P < 0.05 comparing between empty vector and calnexin treatment groups 

with the same receptors). 
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Figure 4-2. Dose-response 

relation of the WT human 

and rat GnRHR in the 

presence of calnexin. A. 

Dose-response curves for the 

WT human and rat GnRHRs 

co-transfected with empty 

vector (closed symbols) or 

calnexin (open symbols). 

Cells were stimulated with a 

range of the GnRHR agonist, 

Buserelin, from 1 pM to 1 l-JM. 

IP production in the absence 

of ligand was subtracted and 

typically ranged from 1 00-
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120 CPM I 500 l-JI. N = 6 for each data point. B. Data points were normalized by 

dividing by the calculated maximal IP production in each treatment group. The dotted 

line indicates where half of the maximal response is achieved. EC5o values from at least 

3 independent experiments, such as the one represented here, were used to calculate 

spare receptors (the percentage of unoccupied receptors at half maximal response, in 

this case IP production). 
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Figure 4-3. Co-immunoprecipitation of calnexin with the GnRHR and the effect of 

calnexin on fewer rat GnRH receptors. A. The indicated HA-tagged GnRH receptors 

were immunoprecipitated with anti-HA antibody, Western blotted, then probed for the 

presence of calnexin protein. Arrow indicates a molecular weight of 95 kDa, the 

approximate apparent molecular weight of calnexin in a Western blot. B. 2 ng of the rat 

GnRHR and 25 ng of the human GnRHR were each co-transfected with indicated 

quantities of calnexin eDNA. IP production was measured in response to 100 nM 

Buserelin. 
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Figure 4-4. siRNA knockdown of calnexin mRNA and confirmation of protein expression 

levels. IP production from cells transfected with control (non-targeting) or calnexin 

siRNA co-transfected with the human or rat WT GnRH receptors. Inset: Western blots 

with an anti-calnexin antibody of cells transfected with control (non-targeting) or calnexin 

siRNA co-transfected with the human or rat WT GnRH receptors. Arrow indicates a 

molecular weight of 95 kDa, the approximate apparent molecular weight of calnexin in a 

Western blot. ("a" represents P < 0.05). 
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Figure 4-5. IP production of GnRH receptor mutants isolated from patients with 

hypogonadotropic hypogonadism in response to saturating ligand. The partially 

expressed and fully rescuable by IN3 hGnRHR(N1°K) (A) the non-expressed, fully 

rescuable hGnRHR(E9°K) (B) the non-expressed, partially rescuable hGnRHR(L 266R) (C) 

and the non-expressed non-rescuable hGnRHR(S168R) (D) were co-transfected with 

empty vector DNA or WT calnexin eDNA, then treated with increasing concentrations of 

IN3 and IP production was measured in response to 100 nM Buserelin. The WT 

responses were repeated in each graph for clarity. ("a" represents P < 0.05 and "b" 

represents P < 0.05 when comparing the two proximal data points). 
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Figure 4-6. IP response from human or rat GnRH receptors with K191 and/or c-tail 

modifications. A. WT human GnRHR and the hGnRHR(desK191
) were co-transfected 

with empty vector or calnexin, then treated with increasing concentrations of the 

pharmacoperone, IN3. B. WT human GnRHR and hGnRHR( c-tail) were co transfected 

with empty vector or calnexin, then treated with increasing concentrations of the 

pharmacoperone, IN3. C. WT human GnRHR and hGnRHR(desK191/c-tail) were co-

transfected with empty vector or calnexin, then treated with increasing concentrations of 

the pharmacoperone, IN3. 0-F. K191 or the c-tail or both were added to the rat GnRHR 

and co-transfected with empty vector or calnexin, then treated with increasing 

concentrations of IN3. A-F. The WT responses were repeated in each graph for clarity. 

IP production was measured in response to 100 nM Buserelin. ("a" represents P < 0.05 

and "b" represents P < 0.05 when comparing the two proximal data points). 
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Figure 4-7. Effect of calnexin PKC consensus phosphorylation site mutant on regulation 

of GnRHR mediated IP production. A. WT human GnRHR was co-transfected with 

empty vector, calnexin or calnexin(S504A) then treated with increasing concentrations of 

IN3. IP production was measured in response to 100 nM Buserelin. ("a" represents P < 

0.05 when comparing the two proximal data points). 
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Summary 

Mutant GnRH receptors isolated from patients with GnRH-resistant HH were 

once thought to be routed to the plasma membrane. Experiments that supported this 

hypothesis used receptors that had been modified by the addition of an HA-tag 

(hemagglutinin influenza virus epitope tag) or other epitope or chimeric tags, thus 

obscuring that GnRHR mutants frequently become misrouted proteins because the 

epitope tag rescued the receptor malfunction. Often, the underlying assumption in 

epitope and chimeric tagging studies is that the cell does not distinguish tagged from 

unmodified proteins. With the GnRH receptor, that is not the case. 

GnRHR mutants isolated from patients with hypogonadotropic hypogonadism 

(HH) are retained in the ER, away from their site of function at the plasma membrane 

The GnRH receptors can be rescued from the ER to the plasma membrane by 

pharmacological chaperones. Non-functional HH mutants inhibit ligand binding and 

ligand activated second messenger production by wild type receptor when both are co

expressed in vitro. This "dominant-negative effect" results from wild type receptor 

retention in the endoplasmic reticulum by mislocalized mutants, an effect that is also 

reversed by pharmacological chaperones. 

The dominant-negative action that the mutant GnRH receptors have on the wild 

type receptor appears to be due to endoplasmic reticulum retention of an aggregate of 

wild type and mutant proteins (1 02). The wild type and mutant receptors appear to form 

oligomers in the endoplasmic reticulum and those oligomers were retained and 

presumably degraded. 

Chaperone proteins of the endoplasmic reticulum (ER) that make up the quality 

control system, including calnexin, are responsible for retention of the GnRH receptor. 

Calnexin decreased plasma membrane expression of the GnRHR. However, only the 

human receptor also showed reduced efficacy of second messenger production. The 
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human receptor had fewer spare receptors compared to the rat receptor, allowing 

calnexin to affect signaling. Pharmacological chaperone increased expression of the 

human GnRHR even in the presence of calnexin, supporting the view that calnexin 

retains misfolded GnRHRs but routes properly-folded receptors to the plasma 

membrane. Calnexin recognition of the GnRHR molecule may be regulated by 

phosphorylation since mutation of a calnexin PKC consensus phosphorylation site 

promoted increased retention of the human GnRHR, even in the presence of 

pharmacoperone. Calnexin also decreased plasma membrane expression of a partially 

expressed human GnRHR mutant associated with hypogonadotropic hypogonadism. 
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Conclusions 

The ability of a species to maintain itself is through effective reproduction. Often 

the "struggle for survival" is actually a struggle to achieve reproductive competence. 

Reproduction is, arguably, under the greatest selective pressure in evolution, as major 

defects in reproductive capacity lead to barren organisms. Increased stress (124), 

energy imbalance (125) and even upset circadian rhythms (126) can shutdown 

reproductive capacity. Often more detrimental than the environmental factors that affect 

reproductive status are gene mutations. When mutations cannot be compensated for by 

other aspects of the reproductive axis, they lead to infertility. 

Such is the case with the gonadotropin-releasing hormone receptor in humans. 

The GnRHR isolated from infertile patients with GnRH-resistant HH is mutated. The 

mutations in the GnRH receptor often cause loss of function of the receptor and lead to 

sterility. While, the importance of understanding the underlying disease causing 

mechanism seems obvious, more importantly, if perhaps less obvious, is that the 

mechanism causing the loss of function of these mutant receptors is very likely the same 

mechanism that causes loss of function of mutant CFTR chloride channels in cystic 

fibrosis and V2 vasopressin receptors in nephrogenic diabetes insipidus, among 

numerous other examples. 

When mechanisms for loss-of-function of the receptor were being elucidated, two 

apparently conflicting views started to emerge. The first view, based upon data utilizing 

epitope tagged receptors held that HH mutant receptor were routed to the plasma 

membrane where they lost the ability to bind ligand. The second, and apparently 

correct, view held that the GnRH receptors were not routed to the plasma membrane, 

but rather were retained inside the cell away from ligand. These conflicting data were 

eventually resolved: the seemingly harmless addition of the epitope tag to the GnRHR 

protein sequence, allowed the receptor to evade retention and route to the plasma 
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membrane. The epitope tagged receptor was visualized at the cell surface, so it was 

assumed that the receptor could not bind ligand. 

Of course, it is likely that the GnRH receptor is in the minority of proteins that can 

be rescued by the HA-tag. The GnRH receptor is a relatively small member of the 7TMS 

family of proteins, and this may have allowed greater influence of either of the two 

chimeric additions. However, this is not an excuse for assuming that epitope tagging will 

have no effect on any protein, including those larger than the GnRHR, an assumption 

that is apparently as often made than not in scientific publications. Considerable caution 

and a number of controls will add great value to any experiment in which an epitope tag 

is used. 

The use of a GFP-tagged receptor, properly controlled, did give insight into the 

real mechanism causing loss of function of mutant GnRHRs. When the GFP was added 

to the wild type protein, it somewhat increased the expression of a receptor that was 

already expressed at the cell surface. Additionally, when the GFP was appended to the 

wild type protein, it did not change an important property of that receptor: the mutant 

receptor continued to have a dominant-negative effect on the wild type GFP chimera, as 

it did with the unmodified wild type. In this instance, the properties of the mutant protein 

are unaltered, therefore, when the two proteins were introduced into the same cell, 

visualized, and the GFP-tagged wild type receptor appeared in the ER. The likely 

conclusion is that the mutant receptor is also present in the ER. To test this hypothesis, 

the receptors were rescued with pharmacological chaperone with the assumption being 

that if they both were rescued, then they are likely to have been together. The GFP 

molecule did move to the plasma membrane after treatment with pharmacoperone, and 

the functionality of the receptors increased many fold above that of cells with the 

pharmacoperone treated GFP-tagged receptors alone, indicating that the mutant 

receptor followed the wild type to the cell surface. Additional support came from a 
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mutant that was not responsive to pharmacoperone rescue, that mutant receptor 

continued to have a dominant-negative activity and continued to retain the wild type 

receptor in the ER even with pharmacoperone. 

But what makes the GnRHR so much like the cystic fibrosis transmembrane 

conductance regulator (CFTR) and V2 vasopressin receptor? Interestingly, both mutant 

CFTR chloride channels and mutant V2 vasopressin receptors are retained in the 

endoplasmic reticulum in instances of disease (60, 78-84 ). And both of these proteins 

function normally when rescued with pharmacological agents, as with the GnRHR. The 

elucidation of the GnRHR retentive mechanism likely has a broad significance to the 

understanding of a number of other ER retention diseases. 

While the GnRHR is among the most studied proteins that can be rescued by 

pharmacoperones, it is by no means unique. A number of diseases are caused by 

mutation and resultant misrouting (39). They include cystic fibrosis (CFTR chloride 

channel), retinitis pigmentosa (rhodopsin) and nephrogenic diabetes insipidus 

(aquaporin 2 channel and V2 vasopressin receptor) (table 5-1). Pharmacoperone 

treatment of all of these proteins has been considered. For the V2-vasopressin receptor, 

there exist several well characterized pharmacoperones that rescue mutant proteins 

found in nephrogenic diabetes insipidus patients (68). Mutant CFTR chloride channels, 

including the CFTR(del508
) mutant found in 80% of cystic fibrosis patients, have been 

rescued using solvents, such as dimethylsulfoxide and glycerol that change the solvent 

properties in the endoplasmic reticulum to make the energetics of folding more favorable 

(127). 

In addition to protein mutation causing misrouting, unwanted aggregation of 

mutated proteins can also result (39). In Alzheimer's and Parkinson's diseases the 

mutant proteins form aggregates in the cell and slowly lead to degenerative function of 

those cells (39, 128). Prophylactic pharmacoperone treatment that prevent proteins 
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from misfolding into conformations suitable for protein crystal inclusion has been 

considered for these and other protein aggregation diseases (table 5-1) (39). The 

treatment would likely have to be prophylactic since the energetics of solvating a protein 

crystal or dissolving an aggregate in vivo are quite unfavorable. Prophylaxis could be 

administered to high-risk patients early enough to prevent or slow the progression of the 

disease. 

The finding that the mutant GnRH receptors were retained in the ER causing loss 

of function has a number of clinical implications. It appears as though the administration 

of a pharmacological agent that will rescue the receptor from the ER will restore full 

reproductive capacity. However, this is not likely to be clinically available anytime soon 

since incidence of GnRH-resistant HH is very low and easily treatable with steroid 

hormone replacement therapy. 

Although the main focus here has been on elucidation of the disease 

mechanism, there were other interesting findings that impact on the general 

understanding of GnRHR signaling and regulation. It seems straightforward to conclude 

that the mutant and wild type GnRH receptors are interacting physically in the ER, as a 

basis for the dominant-negative retention mechanism. While the GnRHR was one of the 

first GPCRs shown to oligomerize at the plasma membrane as part of normal receptor 

function (26, 27), oligomerization in the endoplasmic reticulum at the time of nascent 

protein synthesis and cell surface routing is a relatively new concept for GPCRs and 

suggests that there may be a reason for oligomerization at that early stage. Perhaps 

oligomerization of two or more receptors acts to hide exposed hydrophobic surfaces that 

would otherwise signal an improperly folded receptor, and be recognized as such by the 

quality control apparatus of the cell. While the exact purpose of ER oligomerization is 

not currently known, one theory is that it plays a regulatory role in post-translational 

control of cell surface expression of these, and possibly other, proteins. 
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After the discovery that the GnRHRs were retained in the ER, the most realistic 

hypothesis was that the receptors were interacting with the quality control apparatus that 

is localized there. After searching the literature, several protein chaperones were 

identified as candidates for retaining the GnRHR; specifically, calnexin seemed among 

the most likely candidates because calnexin binds to glycosylated proteins (the GnRHR 

is glycosylated) and calnexin has been shown to regulate other GPCRs, such as the V2 

vasopressin receptor (129). When calnexin was introduced into cells with the GnRHR, 

calnexin increased retention of both the wild type and mutant GnRHRs. Calnexio 

mediated retention was increased when one of the two consensus serine PKC 

phosphorylation sites was mutated to alanine. This first site was not able to be 

phosphorylated after mutation, thus the phosphorylation state at this site likely controls 

retention. When phosphorylated, there is less GnRHR retention. This is significant 

since the GnRHR signals through PKC. Perhaps upon activation of the GnRHR and 

subsequent activation of PKC the calnexin molecules are phosphorylated, causing less 

retention, and increased GnRHR expression. If this mechanism proves true, as the data 

indicate, this is the first example of GnRH increasing receptor plasma membrane 

expression by a mechanism other than transcription. Indeed, the GnRHR appears to be 

among the first examples of any protein expression being regulated in the ER 

downstream of its own signaling. 

The ability to increase or decrease retention by phosphorylation at the first PKC 

consensus site in the calnexin molecule appears associated with shutoff of the retention 

mechanism by phosphorylation at a second site. Mutation of that second PKC 

phosphorylation site removed the effect of mutation of the first site. The second PKC 

site may act as a shutoff mechanism, so that when enough PKC activity accumulates, 

the calnexin molecule returns to "normal operation" by phosphorylation of this residue. 
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There are additional implications from a model which incorporates PKC 

phosphorylation of calnexin. Considering that the GnRHR signal transduction cascade 

includes PKC activation, it can be hypothesized that activation of the GnRHR will lead to 

phosphorylation of calnexin and thus up-regulate protein expression at the plasma 

membrane. Also, there is evidence that E2 activates PKC. There may be a positive 

influence of both E2 and GnRH to up-regulate the GnRHR, perhaps important to initiate 

LH surge during ovulation. 

The proper folding and successful routing of the many thousands of proteins 

synthesized by the cell is dependant on the stringent quality control mechanism in the 

ER and Golgi (130). This quality control is necessarily non-specific so that the folded 

state of each protein can be determined. Generally, recognition of exposed hydrophobic 

surfaces on proteins signals that a protein is misfolded and will be targeted for re-folding 

or degradation (130). Molecular chaperones such as calnexin and many of the heat 

shock protein family act as folding sensors in the ER and direct misfolded proteins to re

folding pathways, to their functional site in the cell or to degradation pathways (3). 

Degradation pathways for GPCRs are not well understood, perhaps these proteins are 

degraded by the proteosome or by targeting to lysozomes. Elucidation of the exact 

mechanism will likely yield a better understanding of the disease mechanism. 

Likely, pharmacoperones act to help the protein fold into a state where quality 

control degradation of mutant proteins no longer occurs, as is the case with the CFTR 

mutant proteins (131 ). Understanding the underlying basis of protein folding and routing, 

as well as nascent protein interaction with the intrinsic quality control system, will likely 

provide a range of novel therapeutic approaches to treat a number of human diseases. 

With the ever-increasing number of diseases found to have a defect in protein folding 

and/or routing, pharmacoperone restoration of the protein native state is becoming an 

ever more attractive idea. Likely the same mechanisms that mediate recognition and 

89 



retention of misfolded GnRH receptors also play a role in the recognition of other 

misfolded proteins in disease. The complex regulation of protein expression at the level 

of the ER is a relatively new concept; it suggests that proteins involved in complex 

functions in an organism, like reproduction, need to have a number of complex 

regulations in order to function perfectly. 

Reinforcement of this idea comes from looking at the evolution of reproductive 

systems. If we assume that human reproduction is among the most complicated in 

nature, a relatively safe assumption since humans bear live young, have comparatively 

long gestation periods and have among the highest energy input to offspring ratios, a 

comparison of the human GnRH receptor with those derived from other animals offers 

insight into the complicated regulation that must occur to control this complex 

reproductive process. For example, in pre-mammalian animals, such as birds and fish, 

that lay eggs and often have many offspring, only a fraction of which may survive to 

reproduce again, the GnRH receptors from these animals are much larger than the 

human GnRHR, owing to the presence in the pre-mammalian receptors of an extended 

carboxyl terminus. These approximately 50 additional amino acids have the effect of 

increasing receptor plasma membrane expression by two mechanisms; first, they 

stabilize the receptor and allow evasion of the QCS and second, they decrease the rate 

at which the receptor is internalized after agonist binding (70, 96). 

The trend for mammalian receptors to have decreased plasma membrane 

expression compared to pre-mammalian GnRHRs continues within mammals as well. 

While lower mammals, such as the rat and mouse, do have live offspring and the 

GnRHRs from these animals have a decreased plasma membrane expression when 

compared to premammalian receptors, there appears to be more GnRHR regulation 

needed among higher mammals than in the rat and mouse because of the increased 

complexity of reproduction. For example, while humans have a 28 day menstrual cycle, 
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the rodent cycle lasts about a quarter of that. Also, humans have only one or two 

offspring with a long gestation period, while in rodents it is not uncommon to see six or 

more offspring with a much shorter gestation period. Therefore, rodents produce more 

offspring with less energy input (and a lower survival rate) than humans (with a higher 

survival rate). Non-rodent mammalian receptors, such as those from the horse or 

human, have an "extra" amino acid at position 191, making them one amino acid residue 

longer than the rat or mouse. The Lys at 191 in the human receptor may seem like a 

small change, but it creates a receptor that is retained in the cells to a much greater 

degree than the rat or mouse receptors. In fact, when this Lys 191 is deleted from the 

human GnRHR there is increased expression and the receptor no longer responds to 

pharmacoperone. Thus, the complexity of reproduction (i.e. gestation period, timing of 

ovulation, feedback, etc ... ) in evolved animals parallels the degree of receptor retention 

away from the plasma membrane. When data suggesting that there is regulation of 

GnRHR retention mechanism in the ER is taken with the observations that restriction of 

plasma membrane expression is an evolved process, there starts to emerge a new 

picture of the complexity of reproduction at a single point in the HPG axis with GnRHR 

regulation occurring at a number of different points, including: transcription, mRNA, 

translation, protein folding, trafficking, binding, desensitization and endocytosis (5-9, 28). 
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Future Directions 

As may be typical in research, more questions appear to have been generated 

by the data than answered. The GnRHR appears to form oligomers in the endoplasmic 

reticulum, before reaching the plasma membrane. This is a relatively new concept for 

the GnRH receptor and for GPCRs in general. Many receptors have been reported to 

oligomerize at the plasma membrane and upon ligand activation (85). It seems that 

there must be a reason for oligomerization in the ER. While there may be several 

possible explanations for oligomerization in the ER, the elucidation will likely lead to a 

better understanding of the apparently rigorous control of protein folding and trafficking 

that occurs in the ER for the GnRHR and perhaps other proteins. Further, the 

oligomerization of receptors at the plasma membrane may be different than the 

oligomerization of the receptors in the ER, especially when considering that many of 

these receptors also oligomerize upon agonist stimulation (such as the GnRHR). What 

are the differences in those two types of oligomerization, and how does the cell 

differentiate between them? 

When the wild type and dominant-negative mutant receptors are co-expressed 

there is a dominant-negative effect of those receptors on the wild type receptor. But at a 

molecular level, does one mutant receptor oligomerize with one wild type receptor? With 

two? Three? What is the stoichiometry of association between mutant and wild type 

receptors? This can be determined with current techniques, as others have successfully 

done so (132, 133). Using the fact that as more of the dominant-negative mutant is 

added, the presence of the wild type receptor at the cell surface is decreased, and 

assuming that the formation of oligomers in the ER is random and based only on the 

relative concentrations of the two receptor populations in the ER, then the quantity of 

wild type receptor that is sequestered away from the plasma membrane when the 

mutant receptor is present will describe the stoichiometry of receptor complex formation. 
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To do this, the data must be compared to a formula derived from the binomial theorem 

that was generalized by Isaac Newton in 1676. The theorem can be used to describe 

the selection of a receptor from a "mixed bag" of receptors to be included into an 

oligomer. If the relative concentrations of the receptors in that mixed bag are known, 

than in the simplest case where the inclusion of a single mutant receptor into an 

oligomer results in the entire complex being retained in the ER, then the stoichiometry of 

the receptor complex is described by the function: X = ([Wl] I ([MUTANl] + [Wl]))AN, 

where N is the stoichiometry of the complex. If we set [Wl] I ([MUT ANl] + [Wl]) to be 

50% (where there are equal quantities of wild type and mutant, we can solve for X, 

where X= 0.5AN, and solving for N we get N =log (X) I log (0.5) where X is the fraction 

of wild type receptors that are not retained in the instance where there are equal 

numbers of receptors present in the cell. 

Since it appears as though calnexin is involved in regulating GnRHR routing to 

the plasma membrane, it raises a number of questions about the process and the 

reason for the regulation to take place. The expression of the GnRHR is known to be 

regulated throughout the menstrual cycle, with a greater number of receptors being 

expressed during ovulation when the gonadotropin hormones reach their peak 

concentration in the bloodstream (134). This increase in GnRHR numbers was thought 

to be due to increased transcription/translation of the gene only. Now, it appears 

possible that a second mechanism could be responsible for increasing the receptor 

presence at the plasma membrane. It may be that intracellular signaling event such as 

phosphorylation of calnexin by PKC may mediate a positive GnRHR expression 

feedback loop. While this is mostly speculative for the GnRHR, there is evidence for 

such regulation of other proteins (112). 

It seems doubtful that calnexin is the only regulator of GnRHR cell surface 

expression given that there are numerous proteins in the ER that make up the QCS. 
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More likely, a set of proteins and chaperones, than include calnexin, work in concert to 

regulate GnRHR expression. One class of proteins might be the glycosyltransferases, 

as the GnRHR has been suggested to be glycosylated {122), and calnexin is a lectin-like 

protein that binds to glycosyl moieties on newly synthesized proteins (135). Another 

class of proteins that may have a close association with the GnRHR, especially in the 

unfolded state, are the disulfide isomerases (136). These proteins help new proteins to 

fold by catalyzing the formation of the disulfide bonds. Since the GnRHR has 2 disulfide 

bonds, one of which is absolutely necessary for receptor function, there is likely to be 

some influence of those isomerases on GnRHR cell surface expression. Similarly, any 

number of proteins in the ER, including proteins that stabilize hydrophobic regions in 

nascent proteins, that degrade misfolded proteins or that insert transmembrane domains 

into the ER membrane may influence GnRHR cell surface expression. The complicated 

folding process that the GnRHR must endure in the ER, undergoing membrane 

insertion, glycosylation, glycosyl-trimming, disulfide bond formation and quality control by 

scores of proteins with potential for regulation at each step likely reflects the importance 

of maintaining full reproductive functionality, though this rigorous quality control process 

is not without flaws since GnRHR mutation, as is seen in patients with HH, triggers 

retention of otherwise fully functional proteins. 
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Protein 
Disease 

Causative 
Rescue Agents Anomaly Protein(s) 

Misrouting: Cystic fibrosis CFTR 
DMSO, glycerol, 

xanthines 

Systemic amyloidosis Amyloid fibrils 
13-sheet breaking 

peptides 

Nephrogenic 
Aquaporin-2, Glycerol, triethylamines 

diabetes insipidus V2-vasopressin peptidomimetic 
receptor receptor antagonists 

Cancer p53 
Alkaloids, 

glycerol, triethylamines 

Hhypogonadotropic 
GnRH receptor 

Peptidomimetic receptor 
hypogonadism antagonists 

Retinitis pigmentosa 
Rhodopsin, 

11-cys-7-ring-retinals carotenoid receptor 

Emphysema a1-antitrypsin 4-phenylbuteric acid 

a1-antitrypsin 
deficiency liver a1-antitrypsin 4-phenylbuteric acid 

disease 

Aggregation: Alzheimer's disease Amyloid, tau 
13-sheet breaking 

peptides 

Cataracts Ccrystalins 
Phase separation 

inhibitors 

Creutzfeldt.Jacob 
Amyloid 

13-sheet breaking 
disease peptides 

Huntington's disease Huntington 
Tthioflavins, 

chrysamine G 

Parkinson's disease 
a-synuclein, 

parkin 

Spongioform 
Prions 

13-sheet breaking 
encephalopathy peptides 

Sickle-cell anemia Hemoglobin [K+] increasing agents 

Table 5-1. Several diseases caused by misfolded or aggregated proteins and 

corresponding rescue agents. 
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