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Abstract 

Abstract 

The gonadotropin releasing honnone (GnRH) is responsible for all reproductive 

function in vertebrate organisms. GnRH acts on the anterior pituitary via its 

receptor (GnRH receptor) to activate the release of gonadotropin honnones, 

luteinizing (LH) and follicle stimulating (FSH) honnones. A functional GnRH 

receptor is critical for nonnal LHIFSH secretion, pubertal development and 

reproductive function. Understanding the interaction between the receptor and the 

honnone and the activation mechanism of intracellular signalling in the cell is 

vital for understanding the regulation of reproductive function. The current study 

was perfonned to give insights into the role of individual amino acid residues of 

both the GnRH receptor and the GnRH ligand in receptor function. A His7.36(3oS) 

residue on transmembrane helix seven of the GnRH receptor was investigated for 

its contribution to the overall function of the receptor. 

The role of His7.36(30S) in the GnRH receptor was studied by mutating His and 

testing the function of the mutant receptors. Site-directed mutagenesis ww-J 

employed to generate GnRH receptor mutants in which His was replaced with 

alanine, the 1t-electron donor phenylalanine, hydrophilic glutamine and 

asparagine, basic arginine and a large aromatic tryptophan. These mutant 

receptors were tested for their response and binding affinity to GnRH and its 

analogs in functional assays. 

The results obtained suggested that His7.36(30S) had a role in receptor expression, 

ligand binding affinity and receptor activation. There was a consistent decrease in 

maximum binding of the tracer by the mutants. These decreases suggested that 

His7.36(3oS) may have a role in expression of the GnRH receptor. However, the 

results obtained from the homologous competition binding assays used to estimate 

the receptor expression were inconclusive. The positive charge of His7.36(30S) may 

be important for GnRH receptor expression. A screen for high affinity radio ligand 

binding revealed that only the alanine (His 7.36(30S) Ala) and phenylalanine 

(His7.36(30S)Phe) showed a decrease in affinity for GnRH. The lack of the hydrogen 
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bonding groups of His7.36(30S) in these mutants and the retention of binding affinity 

by the mutants (Asn, GIn, Arg) with the hydrogen bonding groups indicated the 

importance of these groups in ligand binding. Either the N8t or Ns2 hydrogen 

bonding groups is required for ligand binding atimity. The Ala and Phe mutants 

were studied further using different GnRH analogs to detennine whether there is 

an interaction between GnRH and the receptor through His 7.36(305). T.he mutants 

had similar affmity for [2-Nae]-GnRH compared to the wildtype receptor. This 

indicated that there may be a hydrogen bond interaction between His7.36(30S) and 

NH of tryptophan at position 3 of GnRH. IP assays with His7.36(30S)Asn and 

His7.36(305)Gln revealed that both the N8t and Ns2 hydrogen bonding groups of 

His7.36(30S) are essential for receptor activation. The His7.36(30S)Arg mutant retained 

all the activity of the wildtype receptor indicating that the protonated form of 

His7.36(30S) is required for wildtype signalling efficiency. The results show that the 

His7.36(30S) side chain has multiple roles in GnRH receptor structure and function. 
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G Protein-Coupled Receptors 

CHAPTER ONE: THE GnRH RECEPTOR AS A G PROTEIN­

COUPLED RECEPTOR. 
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G Protein-Coupled Receptors 

1.1. Introduction 

The decapeptide hormone, gonadotropin releasing hormone receptor (GnRH) 

regulates reproductive function via binding to the GnRH receptor. By activating 

the GnRH receptor on the pituitary gonadotrope cells, GnRH regulates the 

synthesis and release of gonadotropins LH and FSH, which in turn regulates the 

synthesis of gonadal steroid hormones (Homburg et aI, 1976). The GnRH 

receptors are part of the large family of membrane receptors, the G protein­

coupled receptors (GPCRs) (Tsutsumi et ai, 1992). GPCRs have been extensively 

studied and have proven to be highly successful as targets for therapeutic 

intervention. More than 50% of the currently marketed drugs are targeted as 

modulators of GPCR function (Wise et aI, 2002). More than 1000 GPCRs have 

been identified since the sequencing of the human genome some with known 

ligands and some are orphan, receptors unknown ligands (Takeda et aI, 2002). As 

the GnRH receptor is important clinically, its structure and function have been 

widely studied and several models have been proposed (Millar et ai, 2004). 

This thesis aims to characterise and define the role of the His7.36(30S) residue in 

ligand binding, receptor activation and the overall maintenance of the GnRH 

receptor structure. The photoreceptor rhodopsin and ~-adrenergic receptor were 

the first GPCRs to be cloned and are the most widely studied among GPCRs 

(Schertler et aI, 1993; Strader et aI, 1995). Rhodopsin is used widely as a model 

for many GPCRs as it is the only GPCR for which the 3D structure has been 

resolved (Palczewski et aI, 2000). It is used as a reference to understand the 

different individual GPCRs and to define their special structural differences and 

similarities. 

This chapter discusses GPCR structure and function and the GnRH receptor 

structure. ligand binding and activation as a rhodopsin-like GPCR. Several amino 

acid residues defining the ligand binding pocket for GnRH have been identified 

by different researchers and different models attempting to define the tertiary 
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G Protein-Coupled Receptors 

structure of the GnRH receptor have been created. The ligand binding pocket of 

the GnRH receptor involves residues in different transmembrane helices and also 

the extracellular loops. Upon ligand binding, depending on the type of ligand, the 

GnRH receptor undergoes a conformational change within the transmembrane 

(TM) domains which results in the activation of intracellular signalling. Residues 

that are important for GnRH receptor activation have also been identified and are 

located on the intracellular loops of the receptor. This literature review will 

discuss these aspects of receptor function focusing initially on GPCRs as a whole 

and then the GnRH receptor as an example and the focus in this study. In this 

study the histidine residue (His7
.
36(30S1 on the seventh transmembrane helix of the 

GnRH receptor was investigated for its role in receptor function. The current 

definition of the role of the His7
.36(30S) residue of the GnRH receptor will assist in 

refining models of the structure and function of the receptor 

1.2. G protein-coupled receptors. 

GPCRs are membrane receptors, which transmit extracellular signals across the 

membrane to cause intracellular changes. Many GPCRs from different species 

have been discovered and they have been found to make up a large percentage of 

membrane proteins in the human genome (Takeda et ai, 2002). Ligands for 

GPCRs have wide variations: ions, peptides, hormones, biogenic amines, 

glycoproteins, nuc1eotides, lipids, etc. Understanding the mechanism of how these 

receptors interact with their respective ligands and induce specific responses 

provides the opportunity for the rational design of highly specific drugs and 

approaches to treatment and prevention of disorders that are regulated by the 

specific GPCRs (Millar et ai, 2004). 

GPCRs have an extracellular amino terminus, seven stretches of 20-30 

hydrophobic amino acids, which form membrane spanning a-helices connected 

by alternating intracellular and extracellular loops and an intracellular carboxy 

terminal. The highest homology among GPCRs is in the transmembrane regions 
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with some residues found in virtually all GPCRs (Probst et ai, 1992). The 

receptors bind an agonist molecule on the extracellular side of the membrane and 

following activation, bind and activate a heterotrimeric G protein (hence the name 

G protein-coupled receptors) on the intracellular side of the membrane. The 

activated G protein subsequently initiates an intracellular signal (Adelman et al, 

1986). Different GPCRs activate different G proteins that in tum elicit different 

"responses that are specific for the activating ligand. This is a remarkable process 

as one receptor is able to activate several G proteins and initiate several cellular 

responses. High conservation of certain residues among these receptors suggests 

that these residues are important for conserved aspects in the structure and 

function of the receptors. These similar features among GPCRs have been used to 

construct structural models for the different individual GPCRs (Baldwin 1993; 

Konvicka et ai, 1998; Lu et ai, 2002). 

1.2.1. G Protein-coupled receptor families 

A proper system is essential to classifY the different types of GPCRs. Several 

classification systems have been proposed to classifY the GPCR superfamily 

based on their ligands and/or amino acid sequences. The most widely used syst~ 

groups the receptors into classes termed A through F (Kolakowski 1994). 

Receptors with the closest sequence homology have been classified in the same 

subfamily. The GnRH receptor belongs to the class A family. This class of 

receptors includes the most studied receptors: the vision protein rhodopsin and the 

~-adrenergic receptors, while family B receptors are related to the glucagon, 

parathyroid and calcitonin-related receptOrs. The family C is related to 

metabotropic neurotransmitter receptors. The family D consists of the STE2 yeast 

pheromones, STE3 yeast pheromones make up the family E, while the slime mold 

cAMP receptor fall under the family F (Kolakowski 1994). 

Recently Fredriksson et al provided an overall map of the GPCR ancestry (Figure 

1.1), proposing one ancestral gene, which through gene duplication and exon 
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shuffling turns into thousands of different proteins which transduce light, odours, 

taste, lipids and many other ligands. (Fredriksson et ai, 2003). Their results 

formed the GRAFS classification system: Glutamate, Rhodopsin, Adhesion, 

Frizzled/taste and Secretin. The only feature that is conserved among all the 

GPCRs is the disulphide bond, which links transmembrane helix 3(TM 3) and 

extracellular loop 2 (EC 2). These correspond to the Cys3.2S(llO)_Cys4.6S(187) 

disulphide bond in rhodopsin (Gether 2000) and Cys3.29(1l4)/CysS.23(196)in the 

GnRH receptor (Sealfon et ai, 1997). 

The first family in the GRAFS classification system is the glutamate receptors. 

This group of receptors corresponds to what has been called the family C. This 

group includes the metabotropic glutamate receptors, y-amino butyric acid 

(GABA) receptors, calcium-sensing receptors (CASR), taste receptors and 

mammalian pheromone receptors (Gether 2000; Fredriksson et ai, 2003). The N­

terminus of these receptors is very large (500-600 amino acids long) and acts as 

the ligand binding domain. The N-terminus forms two lobes separated by a cavity 

in which the glutamate binds, forming a "Venus fly trap" where glutamate causes 

the lobes to close around the ligand (Bockaert and Pin 1999; Fredriksson et ai, 

2003). A short highly conserved extracellular loop 3 is a unique feature of these 

receptors (Gomeza et ai, 1996). 
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Fia;urt I." Tbr phylogrnrtir reilutonship bt''''rtn GPCRJ (TM I - TM 7) in 

the human I;tDOme. Approximately 200 GPCRs known from lilcrollJTe were 

do .... nloaded from Inc Gcnbanlr.:: database. Ph) logenetic analy!!Cs wen: performed 

lind the rhodopsin- like GPCRs and oon-rtlodopsins wen: identified. The position 

o f the rhodopsin fami!) "'''lIS established by including twenty random receptors 

from the rhodopsin famil) . Rhodopsin family Soo .... l1 ..... ith arrow and continued in 

figure 1.2. Figure taken from Fredriksson 1.'1 af. 2003. 

The GnRH receptor bclon\!S to the rhodopsin family . This is Ihe largest. and tnc 

most studied of all the receptor ciusscs. RJlOdopsin f:uni!y rccqIlOrs ha"e at least 

one highly conserved amino acid residue in ('och lransmembrane nclix. To 

facil itate the comparison of ('quivall.'nt residui.'S octwecn the lal"8e numbers o f 

Ta:l.'ptOTS belonging 10 the rhodopsin fami l), three dift~nl numbering SySlCms 

wcre formulated. In principle the Schwam. (Seh __ am. 1994) and Bald .... in 

(lJald .... in 1.'1 al. 1997) numbering S)Slcms are identical. Helices arc identified by 

aligning the most eonur.ed residues in eao;:h helix ..... ith 26 residues. A giwn 

residue is then described h)' Iiv:- helix it belongs 10 follo ..... ed by 8 number 

indicating its position in the hel ix. These numberinl! systems arc complex hc<:ause 

i3 
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of the pre-detennincd lengths o f the hc: lices. Throughout this thesis the Ballesteros 

and WeinslCin numbenns system (B:!llesleros and Wciruilein 1995) will be used. 

In this system the most eonscf':ed residue 111 eoch helix is assigned the number 50 

and each residue is numbered according 10 its position relatiYe 10 Ihis conscrved 

residue. For example. the Hisndinc tCllldue that WllS in\'estigatcd in thi s study is 

g;"Cl\ the number 736(305). This II1dicalcs that the His is located in TM helix 7. 

14 residues amino temllnal from the most eonsern:d Pro1 "OI'I~11II TM 7. lIS amillQ 

acid positKm on the mouse GnRH rtteptor IS Indicated III brackets, The Hi! 

residue is designated lIis' Jot)O&.I on the human GnRII ~eptor because of an 

additional residue: III EC 2 (Kakar d aI. 1992). 

"The o\cmll homology between the rhodopsin tilmil) reeeplors is rciath'Cl)' low 

but there iJ higb homotog.v, 111 !he domains that ha\'C hl&hl) eonse ... ed motifs an.; 

residues. These residues are proposed \0 be imponant for the eonse"''ed structure 

and funcllon (i.e. receptOr acll\1lUOn) of Ill<' n:ccpIONL The eonse ... ·cd features 01 

the rhodopsm fami ly include Ill<' DRY motif in TM 3 and the NPXXY mouf lr 

TM 7. Most of the ligands for the fami ly A rcccptolll bino.! within thc T\I core 0,' 

the «''<!eplor Wtth the exception of gl)coprotein receptors CLlI, FSH and TSH 

where the hgand binding snes were belie,'ed 10 be III the N·tenninus (Baldwir 

1994). Most peptide receptors bllld par1lall)' to the 'I'M eon lind EC loolk 

(Kobayashi ci al. 19Q7). The modopsin f.1mily of f«eptors is d"'idcd into four 

difTerent groups: a·, ~" y- and o.grOliPS Ihat are also divided 11110 subgroupt. 

according to their ligand$ (Fredriksson ef al 2003). The a·group is made up 0'­

five nmin subl,'roupt: receptorS for proSt/lglandins. nmlllC5 (serotonin receptors 

dopalOlIIC receptor.;, muscllnnic n.'CcplOr.;, and histalnlO~ receptor). OPSIlU (TO(. 

visual pigmen1s. cone visual plglllcntS, pc.'ropsin!). melntonins lind melanoconins 

(mdnnocor1in receptors, cannablllo id receptor.;. ndenosme-bino.!llIg receptors) 

The p·gmup of which the GnRH receptor belongs 10. has no malO bnIlIches ant: 

cOl1tains Il'CeplOI"1i for tach) k1l11115, cholecystoklOin. endothclin. vasapres5in IlnG 

ncuro~plidc Y. The y·group of modopsin receplOr.; has th~e main blllnches 

SOG receptors (sommostatin receptor.; and oploid rcceplor), MCH receptors 

(mclnninoConccnlrating hormone) "nd the chclOokine receptor.; (CCIU. CXCRs. 
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and :mgiou:Tl5ln1brad)l.:inin). The I) group of rhodopsin receptors consists of lour 

main branchC$: th" MAS-relaloo R.'1!"ptors (MAS I oncogenc rl'CeplOrs). 

glycoprotein R.'Ccptors (follicle-stimulat ing hormonc Tcr"plOrs. luteinizing 

homKlne receptors lind thymid-slimulating homKlm:). puri" receptors (fomt)'1 

p.:plide receplOrs. thrombin receptors and nucleotide receptors) lind IMtl)' the 

olfoclOT) 1\.'1!<'Ptors (Figure 1.1\. 

RhodopSin r.m,ty 

« 'Y' 
'/" 

, 

Figu", 1.2. T ht' Ilhylugl' lIdic re l ~ lio l1~ h ip h('!wrl'n r hodopsin ramily or 
GPCR~ . The four major branches of rhodopsiu fhnlily reprcS\'ol the alTO", in 
I'igurcl.l (Frcdril$5011 etal. 2003). 
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The adhesion receptor r,1mily consists of rt«"plOrs Wllh GPCR·hb 

trunsmcmbronc sp.1nning regions fused togclher with onc or sc\eral functiollLl 

domains wllh adhesion·llke II1()lifs on the N·lemlinus. The N tennmi \'lItY n 

lenj;lh from 200 10 2800 amino odds long :111<1 art rich m glycosylallOn siles anl 

proline residues. The long N'lcrmini comllin motifs proposed \0 panidpalt In ee 1 

adhesion. hence the name Ildhesion receplor.s (StaCey M et 01.2000). 

The FriuledfTaste2 receptor family has twO di5lincl branches, frizzled and tasle2 

(T AS2) rect'ptor:l. Ahhouj;h there is no obvious similarity between the T AS2 

m:eplnrs, they !lC!Cm to be clustered tQgether in lhe phylogenetic analyses. 1ltere 

are severa! felnures common belween lhe two groups which may explain ",ity 

thc~ clustcred (nacther. consensus sequences IFL in TM two. SFLL in Thl fiv-: 

and S:<KTL in TM scven. None of tllese motifs was found in the otnc:r ron 

families ofGI>(;Rs. llIe role und function of tile TAS2 receptors are 1101 knOWl 

except thaI Ihe~ are expressed in Ihe tongue and palate epithelium and thc:y ar! 

tbouj;ht to fUIICtion as biller taste receptor!>. Friz;o:lcd receptors contrOl cdl fate, 

proliferation lind polarity during mcta1.oan dcvelopment (Flower DR et al.l999). 

The secretin family of receptors binds large peptides thai share a high amino acij 

homology, This group of reeeplors corresponds 10 the family B orlbe A·F SYStel\" . 

Rcccp10rs for \"IIrious peplide honnones and ncuropcptides (e.g. Caleilonir. 

conicotropins. gluca.gons, ete.) belong to Ihis family of GPCRs. A COmIn01 

featW"l: of Ibeso: receptors is a large (- 80-100 residues) extracellular umit}) 

lenni nus containing several cysti.'incs presumed \0 rann disulphide bridges. llu 

N·tcrminus or lhese m:eptors is particularly imponant for !igund binding. In th! 

\"ilSOOCti\'e intestinal IX"ptidc receptor (VII'R) and pituiw.ry adenylyl cyclase­

ucti\"IIting protein (PACAP) receptors the N·tenninus is t.lte only bindll18 sill.' (Ta.1 

!'llll, 2oo]). 

1.1.1. Tit /' rhodopsin strOlelll": A G prUI,dn..("{)up lf'd rlOCI'II/Uf 

lhc rhodopsin group of GPCIU includes opsins, neurotransmitter receptors 

(adrenergic. SCToIOnergic. muscannic, CIC.). and glycoprotein receptors {FSH. 
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LH/CG, etc) Rhn<lnr"in i~ a 'l""'ial (WeR herau.ore it~ ligand (relinal) i~ tethered 

and thi!l makes it possiblc 10 pcrfonn certain experiments to characterise the TOI.: 

and function nf rhodopsin that cannot be done wi th other GPCRs. The rhodopsi"l 

ehromophorc rctinal is 311achl:d through a schilT base to LysHlIl9o\!. POSt­

transcnptional modifications of rhodopsin indude acel)lalion, palmitoylation, 

phosphorylation and glyeosylation (Bockaen and I' in 1999). 

Since GPCRs are integral membrane proteins obtaining crystal. 10 stud), Ibe r 

struCture b) x-ray diffraction has been difficult to perfoml. The onl), high 

resoluton structure available to dale is thai of rhodopsin and this structure can b: 

lISed a~ 0 tool to modd the tertiary Slrucrnrcs of otM Of'eRs (Palezewski el rio 

2000). The primary structure of GPCRs indicatcd the prerence of SCI'eIl 

transmembrane hodices and had a similar topology 10 ano ther opsill, 

bactcriorhodopsin although it is oot a GPCR. This similwity provided a platfonn 

for deriving initial models for GPCRs from baetcriorhodepsin (Trumpy­

Kallmeyer el al. 1992). Rhodopsin is a G protein-wuplcd light rcceptor with a 

covalently bollrKi II-cis-rctinal. whereas bacteriorhodopsin is a light-driyCf} 

proton pump that uses all-lrllIt.l"· re1inal (Peuci el ai, 1977). Diiferences in the 

Structures of bacteriorhodopsin and rhodopsin wcr.~ shown from diffraclion 

$Iooies pcrfonned on two-dimensional StnIC1tIreS (Schertler and Hargrave 19951. 

The structure 01 rhodopSIn IS less elongated WId slightly wider and the helices are 

tilted di ffeTCnlly frum bacteriorhodopsin. "The highly conserved proline residms 

that an: located on different helices in ooeteriorhodopsin and rho~opsin could be 

associated wi lh the difference in the helical arrangcments (DaldMII 1993). 

Seqllence information combined with the low resolution data were used 10 deri\e 

a model thaI described Ihe arrangement of the TM helices of GPCRs (Baldwirl 

1993: Schenler eI Ill. 1993). lhe model proposed. the arrans"ment of the hclicu. 

with respect to Ihe centre of the helical bundlc and also a3signerl helices to the 

peaks in the projection map. suggesting how they ma} be orientated in a 3D 

model (Baldy,in 1993) (Figure 1.3). An arc-shapl-d feature was interpreted u 

tilted helices and four peaks W~"TC interpretl-d as the thrl'C remaining helices frolll 
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projection mHp$ (Hahh,in 1993; Sch~nler .'1 Cli. 1993). The four peaks obscr,c.J 

indicated fo or helices thnt were pcf'Tl"'ndkuiar 10 the membrane and otIC cur ... c<l. 

elongated peak arising from lhe superposition of three helices. TMs 1. 2. 3 and j 

"en: tilted whereas helix 4. 6 nnd 7 were orien ted perpendicular 10 membmn : 

plnnc (Sehenler el al. 1993). TM 1. 2. ] and 5 were shown to be tilted 28. 27. 3') 

nod 23 degrees respectively (Unbocr i'I al. 1997). TM 2 inlcrnckxl II00h n .. 1 1. 3 

lind 7. TM 3 WIl!i shown lIS the most tilted of all and buried dt'Cply Inside th : 

mokeule. ( Baldwin 1993: Sehenler et a/. 1993 ). lIS centml poni(m form.> 

c)(\(:n5il'c mtcrachons wilh TM 2. 4. 5 nod 6 on the cXlracelluluT side and \\ilh n.1 

2.4 and 1 on the inU"lIeellulru side (Unger el Cli. 1997). TM 4 was the least IIJte-J 

lind shonl:St hehx formmg comacts with TM 2 and 3. forming an addiliond 

mlernction wilh TM J and 5 from eXll1JCellular side. 11u: TM 5 was found \0 b: 

mon: ulted that ongmally lhought to be in the earlier models (Scltcnler an J 

Ilatgrnl'c 1995). TM 6 was onemcd nearly perpendicular to the membraAC pl~II( . 

TM 6 was pl"llpO$Cd 10 bend towanls and fonn COIllDe t with TM S. T~ I 1 lies 

pcrpendicuhlT 10 lhe plane on the membrane and was proposed 10 be 111 C0111a(l 

\\l1hTM 1. 2 nnd 6 (Ungcre/lIl. 1991). 

Figure 1.3. rrojtcl ion nULl' of I"wine rhod'lJ'.~j n ul '1'\ res,.hJl;oll . Mod,,1 

predicted thm hc!ices 4. 6. wid 1 aJ"C tilted pi'tpCnd ieularly to the place of tlv: 

membrnlle. Figure from Schcl1ler oll al. 1993. 
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The infonnation gathered from the cl)'o-clectron micro'ICoPY studies of the Iov 

resolution structure of the rhodopsin led to mcrc:ascd understandmg of th! 

organiSiltion of the seVCTI transmembrane helices of rhodopsm. The 3D·structur! 

of rhodopsin confirms and prol'ldcs funher mformalion on the ammgement Orm! 
transmembrane helices. ligand bmding and G rrotein sites nnd mechanisms of 

m:eplor acu\'lIIion (Paiczc',ski ,'I ul, 2000) (Figure 1.4). Currently the rhodopsh 

crystal model includes more tlinn 95'Y. if its ammo xld residues. In addition to tlu 

Sl"CT1 helkes. the high resolution structure n:"ealed a C}toplasmic helix rrM 11) 

running paralld to thc membrane. This is due to the palmitoylation of Cys 

residues III the C·umninaJ ~il. In gcnemlthc hdices are tilled al various angles 

with respecl to each other and the membrane. the calculahons of the "arion') 

angles are in good agrcemtnt with the low =lutlon structures previousl" 

reponw (Sc-htnlc r tl al. 1993: Unger and Seherller 1995: Palcuws1:i el ai, 2000 . 

Thc helb: ends of rOOdopsin inferred from ele<:tron paramagnetic Tegonancc 

spectroscopy studies of spin-labelled Cys substituted residues (Altcnbach tl u', 

1996: Ahenbach el al. 1999) are consiStent with Ihe scven '11.1 helix ends in !he 

high resolution structure of rhodopsin (Palc-£C\\-'Ski CI III. 2000). The glycosylnu::I 

e~trncellular loop 2 displays a compact structure with four dislorlcd shorl ~. 

strands. The~ strands form a "lug that restricts acces, to the chromopholl:: 

binding sile from the e.~tracc!lulor side. 'Ilie Q10plasmlc side contains thm: lnor! 

between helix onc and two, three and four and fh'C and six. Unfortunately, the 

cum:nl modd for intmt"cllular loop thn:e is InCQlllPIC'tc. This region of til: 

receptor is known to be: flexible and "ariabJe among the different GPCR becau..-e 

of ih im'ol>cmcnl in G protc::in activation. 

Severol poIential intcrhclical intcr.l(:tions fnnned by some of the most conserved 

residues ho,'e been revealed by the rhodopsin crystal s\.nII:ture e,g. imc:ractior.l 

between Asnl~J5I and Asp2c<otllt and thc carbonyl backbone of Ala'~! 

(l'alclCwski tf aI. 2000). "llte C-terminal end ofTM 3 contains the E(D)R Y motif 

locoted in an e.~trcmely hydrophobic environment formed among n:sid1lCS fTUlll 

helices 2, 4. 5 nnd 6. The E(D)R Y residues have becn implicated in the regulalicn 
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of the ri:ecptor's interaction wi th its G protein. In IlIl inactive T\."(:eptor G1uJ -'9I !J.4) 

and ArgJ$OtIJJI of the DR Y motif form an inltrJction that is thought to st:lbi li!l.' 

Ihe ;lllICt;\e conformation llIld diSfUplion of the ;ntcJUCtion is thought 10 be 

io\'olvtd in ~t'pt Ol' ao:tivlllion for rlKldopsin (Alewijnsc tl ai, 2000). Thi-s 

interaction has also I»::n proposed for other GPCRs inc luding the GnRH recepto·. 

v.herc the cquivakm residue for tyrosint' is a serine (Ilallesteros flUI, 1998), 

R 

• •• 

Figu~ 1.4. A ri bbon diagnm or the 3 D ~truetu" or rhodop!ln (laktn from 

Filipek fl d .. 2003). Hdiees an: shown in different colours and retinal is shown in 

~ from the- e:'(IIa<:ellular side (panel A) and c)1opJasmic side (panc:1 BI. 

Residues in COIltact wilh the surfacc (purple). upper charged r~ion of membrane 

(ol1ll1g;;). lower pan o f membrone (red). and internal residuc:s o f rflodopsin «(tIqI. 

The intemclion between retinal and Lysl · )(1'It)i s shown WI st ick and bal1 model. 

During ra:eptor activation ~loOCm) bas been proposed 10 interact wilh residue s 

in olhC1' helices ( BaII~cros rI ul. 1998). Another characteristic motif in 

rtJodopsin and other GPCRs is the Asn·Pro--X·X·TYT molif in helix 7 (Frit;(c el 01, 

2003). The side chain o f Asn l -'9lJGl) in the mOli f projectS towards Aspl~tJl. Th s 

interaction appears \0 in\'oh'c some water molC(:ules. T),r' '.lIJOo) also projC(:lS 

inside rhodopsin and interacts v.ilh the cOJ\SCo'ed Asnl 6Ql,1J I in TM 2. The helices 
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in rhodopsin are regular a.-helices except that residues Lys7.43(296) to Ala7.46(299) 

fonn a helix in a 310 helix confonnation in TM 7. This part of the helix gives more 

freedom to Lys7.43(296) because this residue has to have the appropriate area to 

induce the several changes involved in retinal structure during isomerisation 

(Filipek et ai, 2003). Generally the high resolution crystal structure of rhodopsin 

has confinned what was predicted with the models based on the projection maps 

and experimental data (palczewski et ai, 2000; Filipek et ai, 2003). To have the 

complete representation of GPCR activation high resolution structures of the 

various intennediates of rhodopsin activation will be essential to understand the 

changes in receptor confonnations that are associated with activation as the 

present model represents only the inactive fonn of rhodopsin. 

1.2.3. Does the crystal structure of rhodopsin provide an accurate tempillte for 

the prediction of the 3D structure of other GPCRs? 

Transmembrane proteins play an important role in conveying infonnation across 

the hydrophobic cell membrane. GPCRs represent one of the largest groups of 

membrane proteins (Takeda et al, 2002) and are involved in many biological and 

physiological processes. This poses a great challenge in understanding the 

mechanism of action and structure of GPCRs. Rhodopsin is by far the moSt 

extensively studied GPCR and the significance of understanding its mechanism 

extends far beyond just vision. Molecular models based on the rhodopsin low 

resolution structures were used to predict structures for other GPCRs. These 

models were used in conjunction with experimental data and data from sequence 

alignments read in tenns of conservation (Baldwin 1993; Ballesteros and 

Weinstein 1995). The crystal structure of rhodopsin has been envisaged to be an 

advance for predicting the tertiary structures of other GPCRs. Whether or not this 

assumption is true will emerge as more studies are done to compare the currently 

known experimental and modelling studies of GPCRs with that of rhodopsin. It is 

likely that the rhodopsin structure will provide the most detailed insights 
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regarding the structure/activity relations of the rhodopsin receptors, rather than all 

the GPCR families (Sakmar 1998). 

Comparison of the crystal structure with experimental data revealed that the 

overall structure of the transmembrane domains of rhodopsin and other GPCRs 

are likely to be similar (Ballesteros et ai, 2001a). Compared with previous results 

from cryomicroscopy the high-resolution structure of rhodopsin showed a great 

degree of accuracy in predicting the helix ends and protein-protein interface of 

GPCRs (Ballesteros et ai, 2001a). The rhodopsin template has been applied to 

several GPCRs, including the CCKI cholecystokinin (Archer et ai, 2003), ~ 

Dopamine (Ballesteros et ai, 2001a), prostacyclin (Stitham et ai, 2003) and Ml 

muscarinic (Lu et ai, 2002) receptors to interpret the structure/function data from 

the three receptors. Several highly unusual features of rhodopsin were also found 

to be present in other GPCRs, although the amino acids involved in these features 

are not conserved (e.g. Proline residues). It has been suggested that different 

amino acids and alternative micro-domains could form slight changes in the a­

helices that could result in the same tertiary structure. Several differences resulted 

in the modelling of the CCK 1 receptor using rhodopsin as a template being 

unsuccessfuL In CCK1, TM 3 is predicted to have two kinks instead of an a-helix 

as in rhodopsin, TM 1 is a regular a-helix because of the absence of a Pro 

whereas in rhodopsin the pro1
.
S2

(S3) bends the helix inwards (Archer et ai, 2003). 

The overall structure of rhodopsin and amine receptors was proposed to be 

similar, but certain regions of the receptor can cause some structural divergence 

(Ballesteros et ai, 2001a). For example, the Pro residue at different positions in 

TM 2 bends the helix differently. The conserved Pro-kinks in TM 5, 6 and 7 could 

form different conformations and result in changes of the binding pocket of 

different GPCRs (Ballesteros et ai, 2001a). Intramolecular interaction within the 

different transmembrane helices and the ligand binding site of the ground-state 

M1 muscarinic acetylcholine receptor were successfully predicted from the 

rhodopsin high-resolution structure (Lu et ai, 2002). The human prostacyclin 

receptor was modelled on a rhodopsin template to determine its ligand binding 
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pocket (Stitham et ai, 2003). A unique ligand binding pocket for prostacyclin that 

was distinct from that of rhodopsin was postulated. There are many factors to 

consider before a conclusion can be made to say whether rhodopsin is a suitable 

template for other GPCRs. The fact that the rhodopsin crystal structure 

corresponds to an inactive conformation of the protein structure could account for 

the failure in directly applying it to the CCKl receptor. The arrangement and 

position of the helices relative to each other is most likely to be different in an 

active or agonist-occupied receptor. The rhodopsin crystal structure can 

potentially be very useful in validating the different ligand binding pockets of the 

various GPCRs. This would reveal all the important differences and similarities 

between the GPCRs. In conclusion, the rhodopsin crystals do appear to provide 

significant information on the 3D structures of other receptors, but different 

factors will need to be considered to come up with viable 3D structures for the 

individual receptors. In addition to the rhodopsin crystal structure, it would be a 

breakthrough to have high resolution structures of other GPCRs to confirm the 

overall GPCR structure and to identify the unique features of each GPCR. 

1.2.4. Rhodopsin-like GPCR ligand binding pocket 

The binding of an agonist to the binding pocket of the receptor activates tM 

receptor by causing conformational changes in the receptor (Gether and Kobilka 

1998). Studies have been conducted to determine the mechanism of ligand .. 

receptor interactions in GPCRs, which lead to the activation of the receptor. The 

ligand binding pocket differs in different GPCRs because of the various ligands 

that are specific for their different classes of GPCRs. Binding can occur in the 

transmembrane helices, EC loops and N-terminal regions (Ji et ai, 1998; Gether 

2000). Hydrogen bonds, ionic interactions and hydrophobic contacts are proposed 

to be involved in ligand-receptor interactions (Ji et ai, 1998) (Figure 1.5). 

The next section will focus on the ligand binding pocket of rhodopsin-like GPCR 

family since the GnRH receptor falls under this class of GPCRs. There are 

conserved motifs among GPCRs that are unique for the rhodopsin-like family and 
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these motifs make it easier to compare the different receptors in this family. 

Rhodopsin is unique among GPCRs because its ligand, ll-cis-retinal is covalently 

linked to the amino group of Lys7.43(296) by formation of a schiff base. 

The l1-cis-retinal acts as an inverse agonist, upon illumination the retinal 

isomerises to the all-trans form and drives the protein through a series of transient 

photo intermediates. The protonated Schiff base is ion-paired to the conserved 

Glu 113 in boundary between 1M 3 and EC 1, bringing 1M 3 and TM 7 close to 

each other (Ii et ai, 1998). Different studies show that the ~-ionone ring of the 

retinal associates with residues in 1M 3, 5 and 6 (Han et ai, 1997; Palczewski et 

ai, 2000). From the ~-ionone ring to the Cll methyl group the retinylidene group 

runs almost parallel to 1M 3 (Palczewski et ai, 2000). Gly121 in 1M 3 associates 

with the C9 methyl group of retinal (Han et ai, 1997). 

Amino acids from 1M 1, 2 and 7 form part of the region around the schiff base 

(palczewski et ai, 2000). The extracellular side of the polyene chain is shielded 

partly by EC 2 and the ~-sheet ~4 (Palczewski et ai, 2000). lsomerisation causes 

part of the 1M backbone to be exposed and results in a formation of at least one 

water molecule hydrogen bond (Rath et ai, 1998) and the salt bridge between 

Lys7.43(296) and Glu3.32(1l3) breaks. These changes rearrangement of 1M 3, 6 and 7, 

thereby generating signal (Han et ai, 1997). 
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FigLiu 1.5 . SchemMlic pn'st'nlalion of the g.en"l11l $Irllc lu .... of GPC Rs ane 

rHtplor-ligand inlt ra( lion~ A. general structure of GPCRs. &\"1;'131 disl;oc" 

modes have been OOse""oo for ligand biDding and signal scllt'nllion 3t exclusively 

the TM core for photons. biogcTllc amincs. nuc]ootidcs. eicosanoids.. (B). and th" 

core. e.~trao:ellular \oops. and N·terminal segmcm for pepeidc ligands of ",0 aminv 

acids (C). Protease ligands like thrombin bind 10 and cleave the N·tcrminai 

segment. resu hill£ in II shoner N-terminal Sl!"grncnllhal interacts with cxtraccllula:­

loops 10 gcnerale II signal. whereas \he released peptide binds 10 platelet ILl 

stimulate platelet 1Il!grt'&'Ilion (D). Glycoprolein hormones. LH. FSH. human CO. 

and TSI·I. bind 10 11M: long N'lerminal domain and tlte ligandcd N·tcrminai 

segmern interacts ",jlh ext13cellular loops 10 generale II signal (E). Small 

neurouansmiucrs. CU· . glutamate. and GABA. bind 10 the - 6()().amilo acid~ · 

Icmlil13l segment and the ligandcd N'lerminal segment interacts "ilh I~ 

mrnlbnmc-associatoo dolTl3in. thus gl"flCrJ linl,; a sil:Jllll (F). (Ji n I el aI . 1998) 

Biogenic amines (epinephrine. norepinephrine. dopamine and hislamine) bind Ih ! 

lrartSlIll.'mbrane interior trammc mbrarx.> core o f the ir I'CCcplON (Strader tf a. , 

1994: Gethcr and Kobi1ka 1998). The helices comain D predominance o f 
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hydrophobic residues on one side and hydrophilic on the other. The hydrophilic 

sides face inwards to form a polar ligand binding pocket (Probst et ai, 1992; 

Baldwin 1993). All adrenergic agonists and antagonists are basic amines, 

suggesting the presence of an acidic residue in the receptor that provides a counter 

ion for the protonated amine in the ligand binding pocket (Strader et ai, 1994; 

Strader et ai, 1995). In the ~2-adrenergic receptor, an ASp3.32(113) residue in TM 3 

was found through mutagenesis studies to be critical for binding monoamines and 

not for signal generation (Probst et ai, 1992; Strader et ai, 1995). Sequence 

alignments of other biogenic amine GPCRs revealed that an Asp residue was 

found at position 3.32 corresponding to that of Asp ll3 of the ~2-adrenergic 

receptor in all GPCRs that bind biogenic amines. This discovery strongly suggests 

that the main function of the Asp3.32 is to interact with the amines. Subsequent 

mutagenesis of other biogenic amine receptors confirmed that the Asp is crucial 

for ligand binding in the <l2A-adrenergic (Wang et ai, 1993), ~-adrenergic (Strader 

et ai, 1995), H2 histamine (Gantz et ai, 1992), Ml muscarinic (Fraser et ai, 1989) 

and D2 dopamine (Mansour et ai, 1992) receptors. Lys3.32(121) in the GnRH 

receptor was also found to be important in ligand binding (Zhou et ai, 1995). The 

aromatic catechol moiety of the ~-adrenergic receptor agonists docks to the 

binding pocket involving residues in TM 5 and TM 6. Mutation of SerS
.
43(204) and 

SerS.46(207) in TM 5 to Ala resulted in a decrease in affinity of the catecholamine 

for the receptor and agonist efficacy (Strader et ai, 1989). The two Ser residues 

hydrogen bond with the meta- and para-hydroxyl groups of the catechol ring and 

Phe6
.
s2

(290) in TM 6 interacts with the aromatic catechol-containing ring. These Ser 

residues lie one helix tum apart from each other; therefore there is simultaneous 

binding to the ligand that would constrain the receptor conformation resulting in 

receptor activation (Strader et ai, 1995; Ji et ai, 1998). The conservation pattern of 

these Ser residues among other receptors strongly suggests that the TM 5-6 region 

binds the polar aromatic portion of the biogenic amine. 

Another group of receptors eicosanoid receptors, also in the class A of GPCRs, 

interact with their ligands (prostaglandins and prostacyclins) directly in the 

transmembrane core (Kobayashi et ai, 1997; Kobayashi et ai, 2000; Stitham et ai, 
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2003). The binding pocket of the human A2a adenosine receptor receptors is also 

in the transmembrane core of the receptor. These receptors bind ligands like 

uridine nuc1eotides and adenine nuc1eotides (Kim et ai, 1995; Jiang et ai, 1997). 

Extracellular loops together with other residues in the transmembrane region of 

the neurokinin (NK) receptors form the binding sites for tachykinins, substance P ~ 

neurokinin A and neurokinin B (Yokota et ai, 1992; Gether et ai, 1993; Maggi ef 

ai, 1993). Although these receptors are homologous, there are structural 

differences that contribute to different binding sites. These differences enable 

subtype selectivity of the different peptides (Yokota et ai, 1992; Gether et ai, 

1993). The tops of TM 3 and 7 and some residues in the N-terminus are necessary 

for the binding of substance P (pong et ai, 1992a; Huang et ai, 1994). 

The angiotensin receptors bind to their ligands partially in the extracellular loops 

and the transmembrane regions. Angiotensin II interacts with the receptor on TM 

5 (Lys5.42(199) and His6.51(256) (Noda et ai, 1995a; Noda et ai, 1995b). The binding 

site for the GnRH also involves both the extracellular loops and transmembrane: 

region of its GnRH receptor (Sealfon et ai, 1997; Millar et ai, 2004). The N­

terminus of GnRH was shown to interact with the transmembrane core of the 

receptor (Davidson et ai, 1996a). The residues ASp2.61(98), Trp2.64(10l), Asn2.65(l02) ~ 

Lys3.32(121) and Asn 5.61(212) have been shown to be vital in ligand binding 

(Flanagan et ai, 1994; Zhou et ai, 1995; Davidson et ai, 1996a; Hoffmann et ai, 

2000). G1U7.32(301) in the mouse GnRH receptor was shown to have a role in 

recognizing the Arg8 residue in GnRH (Flanagan et ai, 1994). Subsequent studies 

in the human GnRH receptor suggested that the interaction between ASp7.32(302) 

and Arg8 induces GnRH to interact with the binding pocket in a high affinity 

conformation (Fromme et ai, 2001) (See detailed discussion under "The ligand 

binding site for GnRH" below. 

1.2.4.1. Residues in EC 3 and Top of TM 7. 

The locus (top of TM 7) of the His 7.36(305) residue on the GnRH receptor is one of 

the reasons this residue was chosen for investigation in receptor ligand 
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interactions and receptor activation. Residues on EC 3 and TM 7 have been 

investigated in a number of GPCRs and have been implicated in a variety of 

functions on the specific receptor~. This section describes examples of the 

different roles played by residues close to the 7.36 locus of GPCRs. Ligand 

selectivity among different receptor subtypes in many GPCRs requires the 

presence of particular residues in TM 7 for interaction. In GnRH receptors, an 

acidic residue (Asp7.32(302) or Glu7.32(301») interacts with Arg8 of mammalian GnRH 

conferring specificity for the Arg8 -containing GnRH (Flanagan et ai, 1994; 

Fromme et ai, 2001). Additionally the position of Pr07.33 and Ser7.31 residues 

relative to the Asp/Glu 7.32 is also important for ligand selectivity (Wang et ai, 

2003; Fromme et ai, 2004). Because the fully ionized form of nucleotides has 

been shown to be important for interactions with the P2u and P2y purinoceptors it 

was suggested that the negative phosphate group could be interacting with one of 

the conserved positively charged residues on the receptors. These positively 

charged residues of the P2u purinoceptors were mutated to uncharged residues 

leucine and isoleucine. Lys7.36(289) and Arg7.39(292) of the P2u purinoceptors were 

shown to be important for determining agonist potency and for nucleotide 

selectivity (Erb et ai, 1995). 

In the Lutropinlchoriogonaciotropin receptor Lys7.3S(S83) was shown to be essential 

for full ligand-mediated signalling and not involved in hormone binding 

(Fernandez and Puett 1996). Conservative segment exchange on the AT. 

angiotensinII receptor, where 6 - 17 residues were mutated to chemically similar 

residues, showed regions on the receptor responsible for peptide binding. These 

were located on top of TM 1 and in EC 3, close to the top of TM 7. Mutant 

receptors with substitutions at the regions had decreases in affinity of 5000 - 20 

000 fold magnitude for angiotensin II (All) and peptide antagonist [Sari, Leu8] 

All without affecting binding of nonpeptide antagonists (Hjorth et ai, 1994). 

Alanine scanning revealed that agonist binding was dependent on Asp7.29(278) and 

Asp7.39(281) in ECL3 (Hjorth et ai, 1994; Perlman et ai, 1995). Phe7.38(411) of the ~ 

dopamine receptor is essential for receptor activation and not for ligand binding. 

A series of hydrophobic residues was mutated to alanine and the affinity and 

stimulation with different dopamine ligands was measured. The data showed that 

28 
The contribution of His7

.
3
6(305) of the GnRH receptor in ligand binding and receptor activation 



G Protein-Coupled Receptors 

Phe7.38
(411) may be responsible for inducing the active conformation required for G 

protein binding and not essential for ligand binding (Cho et ai, 1995). A lot more 

residues deep in the hydrophobic core of TM 7 have also been investigated in 

various GPCRs for different functions, for example Trp7.44(299) of -the A2 

thromboxane receptor discriminates between the agonist and antagonist binding 

sites (Funk et ai, 1993). 

1.2.5. Activation 0/ rhodopsin-like GPCRs. 

A ligand binds to a receptor and causes a conformational change in the receptor, 

the activated receptor then interacts with a heterotrimeric G protein. This 

interaction causes an exchange of GTP for GDP on the a-subunit of the G protein. 

The GTP-bound a-subunit dissociates from the J3y-dimer. Both the GTP-bound a­

subunit and the J3y-dimer can act on several cellular signalling pathways. These 

pathways can be stimulation or inhibition of adenylate cyclase, activation of 

phospholipase C and regulation of potassium and calcium channels. Structural 

rearrangement of the receptor involving TM helix movements is a vital step in 

receptor activation. Different ligands stabilise different conformations in the 

receptor, and certain of these conformations facilitate interactions with G protein 

for signal transduction (i.e. antagonists and inverse agonists stabilise 

conformations that destabilise G protein interaction (Kenakin 1997; Christopoulos 

and Kenakin 2002). 

1.2.5.1. Models o/receptor activation. 

Changes in receptor conformation upon ligand binding is a critical requirement in 

receptor activation (Christopoulos and Kenakin 2002). The receptor has to change 

between distinct binding sites, one for the agonist and the other for the G protein. 

Different models for receptor activation exist but the ternwy complex (De Lean et 

ai, 1980) and extended ternary complex models (Samama et ai, 1993) are the 

most widely accepted models for receptor activation. The De Lean model of 

GPCR activation proposed that a ternary complex exists, which includes the 
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hormone, receptor and G protein. This is a simple model of receptor activation 

where the binding of a ligand promotes a conformational change that couples to 

and activated a G protein (De Lean et ai, 1980). Different receptor conformations 

had to be included in the development towards the present models of GPCR 

activation. This model was later extended with the demonstration of constitutively 

active receptors, receptors that can activate G proteins in the absence of agonists 

and that certain mutations can enhance agonist-independent activity (Samama et 

ai, 1993). The extended model also accounts for different classes of ligands, e.g. 

Full agonists, partial agonists, neutral antagonists, and inverse agonists. The 

extended ternary complex model allows the formation of a receptor-G protein 

complex. The model proposes that the receptors exist in equilibrium of two states, 

inactive R and active R * (Samama et ai, 1993). Receptors are thought to change 

between R and R * conformations. In the absence of agonists the equilibrium 

favours the inactive R state which cannot interact with the G protein. Agonists 

bind with a high affinity to the R * and in this way shift the equilibrium to the R * 

state. Inverse agonists (which can inhibit agonist-independent activity) are 

predicted to stabilize the R state, shifting the equilibrium to R state. Neutral 

antagonists bind both R and R * state with the same affinity (Samama et ai, 1993; 

Black and Shank ley 1995; Gether and Kobilka 1998). Although this model 

delineated some of the complex structures of receptor activation, it failed to 

accommodate the thennodynamics of activation. A more complex cubic ternary 

complex model was proposed (Weiss JM et al.1996) 

A wide variety of complexes in GPCRs could not be accommodated by a two 

state model (Gether and Kobilka 1998). Another model was formulated to 

accommodate the different complexes. This model predicts that the free receptor 

exists in an RO conformation that can shift to other states like Rand R* (Kenakin 

1997). The RO state can be stabilised by inverse agonists while the R* is stabilised 

by agonists. It was proposed that there is a sequential binding of the agonists 

which result in a series of conformational changes between the R and R * states . 

. The R * may include different conformations of the receptor that can be induced 

by different agonists (Kenakin 1997). Inverse agonist may also stabilise the 
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inactive conformation of the receptor by inducing various sequential structural 

changes (Gether 2000). 

A multi state model of GPCR activation was proposed after the discovery that 

different sites exist for peptide agonist and non-peptide antagonists (Wiens et ai, 

1998). In this model the receptor alternates between multiple active and inactive 

conformations. An agonist binds a conformation that activates the receptor while 

an inverse agonist binds a conformation that inactivates the receptor (Gether 

2000). Two agonists with same receptor but different binding sites can be 

accommodated by this model and both agonists can stabilise the active 

conformation. 

1.2.5.2. Role o/"Asp/Glu-Arg-Tyr" moti/in receptor activation. 

During activation of rhodopsin, the isomerisation of retinal is a trigger that forces 

Lys7.43(296) in TM 7 away from Glu3.32(ll3), disrupting the TM 3-TM 7 interhelical 

salt bridge and causes hydrolysis of the schiff base (Palczewski et ai, 2000; 

Struthers et ai, 2000). Protonation of GIU3.49(134), the acidic residue that is part of 

the highly conserved "Asp/Glu-Arg-Tyr" (DRY) motif at the base of TM 3 is 

important to attain a switch to a fully activated receptor. A GIU3.49(134)Gln mutant 

of rhodopsin showed increased coupling efficiency, suggesting that protonation of 

GIU3.49(134) was important in the formation of the active metarhodopsin state (Amis 

et ai, 1994). Mutation of an equivalent highly conserved ASp3.49(130) in the p­

adrenergic receptor gives rise to a receptor with high affinity ligand binding, but 

reduced G protein coupling (Dixon et ai, 1987). Similar results were also obtained 

in the Ml muscarinic and the a2A-adrernergic receptors (Fraser et ai, 1989; Wang 

et ai, 1991). Mutation to Asn or GIn, mimicking the protonated form of Asp or 

Giu at locus 3.49 caused constitutive activation in the alB-adrenergic receptor 

(Kjelsberg et ai, 1992; Scheer et ai, 1997) suggesting that protonation is important 

for receptor activation. Asp3.49(130) of the a2A -adrenergic receptor appears to 

influence receptor-G protein coupling (Wang et ai, 1991). The ASp3.49 has also 

been implicated in ligand binding in human AT 2 angiotensin II (Black and 
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Shankley 1995). Mutational analysis of the DRY motif in the AT2 angiotensin n 
revealed more insights into the hormone binding, stability and G protein coupling. 

Arg3.S0 may be important for interacting with G proteins, whilst ASp3.49 and Ala6.34 

may be important for constraining the receptor in an inactive conformation. The 

most conserved residue Ar~'so in the DRY motif on TM 3 is also critical for 

signal transduction in CB2 cannainoid·2 (Rhee et ai, 2000; Feng and Song 2003), 

N-formyl peptide (Bennett et ai, 2000), H2 histamine (Alewijnse et ai, 2000), 

GnRH (Arora et ai, 1995; Ballesteros et ai, 1998) and ~2A -adrenergic (Rasmussen 

et ai, 1999) receptors. A model showed that unprotonated Asp3.49(142) forms an 

interaction with Arg3.SO(143) and ASp2.S0(91) and maintains the Arg residue and other 

amino acids in IC 2 and IC 3 buried with respect to the cytosol. When the receptor 

is activated, with Asp3.49(142) protonated, the Arg shifts out of the polar pocket 

(Scheer et ai, 1997; Scheer et ai, 2000). Computational studies on the GnRH 

receptor suggested that Ar~'so formed an interaction with Asp3.49 and not Asp2.S0 

in inactive state (Ballesteros et ai, 1998). During receptor activation, Asp3.49 is 

protonated and Asp2.S0 substitutes for ASp3.49 in interacting with Ar~'so 

(Ballesteros et ai, 1998). The GnRH receptor contains serine rather than tyrosine 

in the DRY sequence. The effects of mutating the unique Serl40 to the conserved 

Tyr on agonist binding, internalization, and signal transduction were investigated. 

The S l40y mutant showed an increase in agonist binding affmity and its 

internalization above that of the wild·type receptor. These showed that 

substitution of Ser140 by Tyr does not affect G protein coupling but significantly 

increases receptor affinity and internalization rate (Arora et ai, 1995). 

1.2.5.3. The role of(AsnlAsp-)-Pr~X-X-Tyr motifin receptor activation. 

The seventh transmembrane helix plays an important role in GPCR activation. 

The highly conserved (AsnlAsp-)-Pro·X·X·Tyr (NIDPXXY) motif in TM seven 

of all GPCRs introduces a perturbation in the a-helix and forms a part of a 

flexible hinge region (Konvicka et ai, 1998). Asn 7.49(302) and Tyr7.S3(306) in 

rhodopsin project towards the inside of the helical bundle (Palczewski et ai, 

2000). There is a 310 helix around Pro7.S0 at position 7.43-7.46 proposed to 

32 
The contribution of His7

.
3
6(30S) of the GnRH receptor in ligand binding and receptor activation 



G Protein-Coupled Receptors 

stabilise the attachment of retinal to Lys7.43(296)(palczewski et a/, 2000). TM seven 

in many GPCRs plays a major role in receptor function (see previous section 

1.2.4.1). Most of the proposed interactions between TM 7 and other TMs are 

inconsistent with the TM 7 being an ideal a-helix. The NIDP:XXY motif has 

special features that allow flexibility and also satisfy the required hydrogen 

bonding network between the different helices (Konvicka et a/, 1998). The NP 

sequence forms a-helix from nonhelical structures, the Pro residue forms a Pro­

kink that causes a bend and perturbation of the helix. During receptor activation 

the structure of the NIDP:XXY motif is proposed to transform between the Pro 

kink in rhodopsin and a characteristic Pro-induced hinge conformation in the 

NIDP:XXY (Konvicka et a/, 1998; Ballesteros et a/, 2001a). Twisting and kinking 

of a helix can result from a transmembrane based hinge formed by a Pro within a 

given motif (Sansom and Weinstein 2000). These hinges and swivels in the 

helices may have an important role in receptor activation. Crystal structures of 

rhodopsin and other GPCRs in different states of activation would provide more 

information onto conformational changes during receptor activation. 

In other GPCRs the NIDP:XXY motif is thought to be an internalization sequence, 

but the mechanism of how the NIDP:XXY motif contributes to internalization is 

still ambiguous (Hausdorff et a/, 1991). Receptor internalization regulation by 

NIDP:XXY motif is different among GPCRs. The Tyr residue is suggested to be 

important for agonist-mediated receptor sequestration of the ~radrenergic 

receptor (Barak et a/, 1995) and the neurokinin 1 receptor (Bohm et a/, 1997). 

Internalization of the angiotensin II receptor does not require the presence of the 

NPLFY motif, but is essential for ligand binding and activation (Hunyady et a/, 

1995; Hunyady et a/, 1995a). The residues within the NIDPXXY motif of the 

formyl peptide receptor regulate various functions. The Tyr residue is important 

for maintaining receptor conformation required for efficient ligand-induced 

internalisation and chemotaxis (He et a/, 2001). A hydrophobic interaction 

between aromatic side chains of Tyr7.S3(306) and Phe7.60(313) is responsible for 

stabilising the helix-tum-helix fold of the NP:XXY(X)F region in rhodopsin 

(Fritze et a/, 2003). The release of the constraint imposed by the Tyr7.S3(306)_ 
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Phe7
.6O(313) interaction occurs during a transitions from Meta I to the Meta II state 

suggesting that these residues are critical for proper conformation of the 

NPXXY(X)F region of rhodopsin (Fritze et ai, 2003). Interplay between 

NPXXY(X)F and the D(E)RY motifs are essential for receptor activation. 

1.3. What is gonadotropin releasing hormone? 

The hypothalamic decapeptide GnRH interacts with receptors on the gonadotrope 

cells in the anterior pituitary. GnRH plays a vital role in the reproductive cascade. 

GnRH is released into the portal system in a pulsatile manner and interacts with 

the GnRH receptors. This stimulation leads to the release of gonadotropes LH and 

FSH by the gonadotrope cells. LH and FSH then regulate steroidogenesis and 

gametogenesis in male and female vertebrates (Ying et ai, 1981). 

1.3.1. The structure and different variflnts ofGnRH. 

Different structural variants of GnRH have been cloned from various species, 

vertebrates and non-vertebrates and have been named from the species in which 

they were first identified (Matsuo et ai, 1971; Sherwood et ai, 1993; King and 

Millar 1995). The different variants of GnRH are widely distributed in vertebrate 

tissues and are important in different functions. There is evidence of 2 or 3 

additional forms of GnRH in vertebrate species that have been studied, (King and 

Millar 1982; Miyamoto et ai, 1984; Millar et ai, 1987; Sherwood et ai, 1993; 

King and Millar 1995; Millar et al, 2001; Millar 2002). GnRH II was first isolated 

from chicken brain by Miyamoto and colleagues. It is hypothesised that GnRH II 

is the earliest evolved form of GnRH because of its conservation from fish to man 

(Millar et ai, 2004). GnRH III is the third conserved form of GnRH (salmon 

GnRH) and occurs in the forebrain in fish (White et ai, 1998). 

The amino and carboxy terminal of the GnRH are highly conserved among all the 

different forms. The type I GnRH forms have the most variable region at positions 

five, seven and eight. Position 8, which is important in mammalian reproductive 
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the effect of amino acid substitutions on LH release and inositol phosphate 

production identified residues necessary for ligand interaction and receptor 

activation. Most of the studies on the different GnRH analogs in the past were 

tested using in vivo systems as there were no methods in place to perfonn in vitro 

assays (Sandow 1978). This present study attempted to test some of the analogs in 

the current in vitro assays used. These studies revealed that caution should be 

observed when extrapolating results from in vivo systems, as they may not 

necessarily reflect in vitro conditions. Some of the analogs were tested in this 

study using ligand binding assays. 

Okada synthesised and investigated the biological activity of GnRH analogs 

lacking the N-terminal pGlu ring structure (Gly-, fonnyl-, acetyl-, propionyl-, 

palmitoyl-, and acetyl-GnRH). The studies showed that the -CO-NHCHCO­

group of acetylated Glyl analogs was the minimum structure required for activity 

and that the pyrrolidone ring is not always essential (Okada et aI, 1973). It was 

suggested that the -CO-NHCHCO- group is fixed into a desirable confonnation 

by cyclic structures to result in receptor activation by the honnone. Substitution of 

the pGlu with fonnyl-sarcosine and N-Me-pyroglutamic acid retained half of the 

activity (Okada et aI, 1973; Sandow 1978). GnRH antagonist studies revealed that 

pGlu is important for receptor activation (Karten and Rivier 1986). A peptide with 

a substitution with acetylated glycine at position one could not displace the 

labelled [HisS. D-Tyr6]-GnRH analog in the His7.36(30S)Ala and His7.~6(30S)Phe in 

the current study. 

The multiple functional properties of the His2 side chain render it appropriate for 

ligand-receptor interactions. Most substitutions of His2 resulted in almost total 

loss of activity (Fujino et aI, 1972b; Yanaihara 1973; Sandow 1978). The 

necessity of the aromatic ring was demonstrated by the substantial activity of 

[phe2]-GnRH, [3-Me-His2]-GnRH and [Trp2]-GnRH (Fujino et aI, 1972a; 

Monahan et aI, 1973; Yanaihara et aI, 1973; Sealfon et aI, 1997). His2 has been 

proposed to interact with Lys3.32(121) (Zhou et aI, 1995) and ASp2.61(98) (Flanagan et 

aI, 2000) of the GnRH receptor. 
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An aromatic residue is critical at position 3 of GnRH. Substitutions with 

nonaromatic amino acids gives very low activity, while Tyr, Phe, 2napthyl-Ala 

and pentamethyl-Phe substitutions have some activity (between 1 % and 50% 

activity) (Yanaihara et ai, 1973; Coy et ai, 1974; Sandow 1978). A 7Nt interaction 

has been proposed between Trp3 and an aromatic residue in the receptor (Sealfon 

et ai, 1997). Unaltered stereochemistry is critical for agonist activity since [0-

Trp3]-GnRH has poor activity (0.1%) (Hirotsu et ai, 1974; Karten and Rivier 

1986). Incorporation of NMe in Trp3 converts the peptide into an antagonist, 

suggesting that this residue may be important in receptor activation (Haviv et al, 

1993). 

Through evolution Ser4 has been 100% conserved among all known forms of 

GnRH, but its role has not been established. Ser4 can be substituted with a number 

of amino acids and still retain some activity (Fujino et ai, 1972b; Sandow 1978); 

(Fujino et ai, 1972a; Coy et ai, 1973; Yanaihara et ai, 1973). The significant . 

activity of [Ala4]-GnRH showed that the hydroxyl group of serine is not essential 

for biological activity (Coy et ai, 1973). However, [Ala4]-GnRH could not 

displace the labelled ligand in membrane binding assays performed in the current 

study with His 7.36(305) Ala and the His 7.36(305)Phe mutant receptors. Very low 

activity is observed when Ser4 is substituted with larger side chains Ser (But) and 

Leu, suggesting that spatial constraints are introduced by these substitutions of 

Ser4 (Sandow 1978). This was confirmed when an inactive biotinylated Ser was 

introduced in the place of Ser4 (Miller et ai, 1992). 

The lack of conservation of TyrS in vertebrate GnRHs, suggests that different 

substitutions can be tolerated at this position. Phe may substitute Tyr while 

retaining half of the biological activity (Coy et ai, 1974). Substitution with His 

conserves high affinity for mammalian GnRH receptors (Millar et ai, 1989). This 

showed that the hydroxyl group of Tyr is not required for hormone action. An 

aromatic ring at position 5 is required for high activity in mammalian GnRH 

receptors. The results suggest that Tyr5 is involved only in ligand interaction and 

it may have an indirect role in receptor activation (Millar et ai, 1989). It was 
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suggested that Hiss substitutions might form a basis for the development new 

series of antagonists (Millar et al. 1989). 

The Oly6 residue is highly conserved in vertebrate OnRH isoforms, except the 

ancient lamprey and it is also absent in the tunicate GnRHs (powell et al, 1996). 

The lack of side chain of Oly allows the peptide to assume a J3·II type bend 

involving Tyrs.Oly6.Leu7.Arg8 residues (Monahan et al. 1973). Substitution with 

L-amino acids is unfavourable and led to a low biological activity (Coy et al, 

1973; Monahan et ai, 1973). Substitution with D·Ala6 increased the activity to 

400% and this led to the exploration of several substitutions with D-amino acids 

at this position (Coy et ai, 1973; Monahan et ai, 1973; Karten and Rivier 1986). 

Substitution with bulky hydrophobic D·amino acids increased activity and 

enhanced the formation of a J3-II type bend (Monahan et ai, 1973; Freidinger et al, 

1980; Millar et ai, 1986a; Millar et ai, 1989). Replacing the Oly6 with D-Tyr6 is 

favourable for radio-iodination as the side chain is thought to face away from the 

receptor during binding. This side chain has been exploited for iodinations. 

Incorporating the large iodine atom doesn't interfere with binding of the GnRH 

analog [HisS ,0-Tyr6]-GnRH (Flanagan et ai, 1998). 

Substituting Leu 7 with uncharged L-amino acids with varying size side chains is 

well tolerated (Millar et ai, 1989). Trp7-substituted analogs resulted in relatively 

lower binding affinity in sheep pituitary, suggesting enhanced receptor activation 

by these analogs (Millar et ai, 1989). Substitutions with amino acids that have 

small side chains and charged residues decreased activity (Fujino et ai, 1972a). 

Arg8 is the most variable residue in the known forms of GnRH and it is required 

for high affinity binding of mammalian receptors (Millar et ai, 1989). This basic 

residue has been proposed to have an important role in ligand selectivity of 

mammalian GnRH receptors (Sealfon et ai, 1997). The role of Arg8 in ligand 

selectivity was shown when Olu7.32(301) in the mouse GnRH receptor and 

ASp7.32(302) in human GnRH receptor were shown to confer selectivity for Arg8 

(Flanagan et ai, 1994; Fromme et ai, 2001). Nonmammalian receptors do not 

have selectivity for Arg8 -containing OnRH (Troskie et ai, 2000; Sun et ai, 200 1; 
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Wang et ai, 2001). Substituting Tyr for Gln8 in the chicken I GnRH increases its 

activity by 3-fold. There is a severe decrease in activity when Tyr8 in GnRH II is 

replaced with Arg or GIn (Millar et ai, 1989). Position 8 has a role in GnRH of 

detennining the selectivity for their equivalent receptors. 

The conservation of Pr09 suggests a confonnational limitation caused by Pro on 

the peptide. Substitutions at this position are not being easily tolerated. Replacing 

Pro with N-Me-Gly9 had a 10% activity compared to less than 1% of sarcosine9 

GnRH and Ala9 (Sandow 1978). Naturally occurring [hydroxyproline ]-GnRH was 

found to be 24 times (in vitro) and 5 times (in vivo) less potent than GnRH 

(Gautron et ai, 1992). Its higher resistance to enzymatic degradation compensates 

the lesser affinity of the hydroxylated compound (Gautron et ai, 1992). 

The C-terminal glycine amide was found not to be essential for the high level of 

honnonal activity for LH release. The total chain length of GnRH is required for 

ligand-receptor interaction (Fujino et ai, 1972a). Replacing Gly-NH2 with Ala or 

Gly-NMe2 caused a reduction in activity (Fujino et ai, 1972b; Coy et ai, 1975). 

Replacing Gly-NH2 with alkylamides resulted in an increase of activity up to 

500% (Fujino et ai, 1972b). Asn2.6S(l02) was proposed to fonn a hydrogen bond 

with the carbonyl group of Glylo-amide. Mutating Asn2.6S
(I02) to Ala decreased 

binding affinity more for Gly-NH2ligands than N-ethylamides. This suggests that 

Asn2.6S(102) is essential for determining potency for GnRH analogs with C-terminal 

glycinamide, while GnRH analogs with a C-terminal ethylamide are less 

dependent on Asn2.6S (102) (Davidson et ai, 1996a). 

Confonnational energy analysis proposed that different confonners exist for 

GnRH (Momany 1976; Momany 1978). Low energy GnRH confonners have a ~­

type turn at the Gly6 residue (Guarnieri 1996). 2D-NMR studies showed that both 

GnRH and [Gln8]-GnRH exist in a mixture of confonners. In GnRH it was 

proposed that the Nand C-termini are closely opposed, whereas in [Gln8]-GnRH 

the termini are far apart (Maliekal 1997). The Arg8 residue of GnRH was 

proposed to stabilise an active confonnation of GnRH which consists of a ~-II-
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bend involving the Tyr' -Gly6 -Leu? _Arg8 residues (Shinitzky et ai, 1976); 

(Monahan et ai, 1973). Substitutions with a D-amino acid or 'Y-Iactam in position 

six and seven are proposed to stabilise the active confonnation of GnRH 

(Monahan et ai, 1973; Momany 1976; Freidinger et ai, 1980) (Figure 1.6). 

Figure 1.6. Sehematie representations of the funetional properties of GnRH 
amino aeids. This figure summarises the functional properties of individual 
amino acid residues. Taken from Sea1fon SC et aI. 1997 

1.4. The GnRH receptor 

The GnRH receptor was first cloned from the cDNA of the aT3 mouse 

gonadotrope cell line (Tsutsumi et ai, 1992). Several mammalian GnRH receptors 

have been cloned from the pituitary of rat (Kaiser et ai, 1992), human (Kakar et ai, 

1992), sheep (Hling et ai, 1993) and share 80% overall amino acid homology with 

each other (Sealfon et ai, 1997; Millar et ai, 2004). Other GnRH receptors 

homologous to the mammalian receptors were cloned from non-mammalian species 

(Troskie et ai, 2000), chicken (Sun et ai, 2001) and two forms of goldfish (Illing et 

ai, 1999). Receptors have also been cloned from non-mammalian species and these 

receptors share 42-47% homology with the mammalian receptors and a 58-67% 

homology to each other. (Illing et ai, 1999; Troskie et ai, 2000; Okubo et ai, 2000b; 

40 
The contribution of His7.36(305) of the GnRH receptor in ligand binding and receptor activation 



GnRH Receptor 

Wang et 01, 2001) (FigureL7). Because of the three GnRH forms that exist it is 

thought that more than one type of GnRH receptor may exist. Using the 

extracellular loop 3 of the receptor as a determinant of receptor selectivity. a type II 

receptor was discovered. This GnRH receptor subtype was used to clone the non­

functional human type II GnRH receptor (Millar et 01, 1999; Faurholm et 01, 200 1) 

and bullfrog (Wang et 01, 2001). marmoset monkey (Millar et 01, 2001). A type III 

GnRH receptor subtype was also cloned using the same approach (Wang et 01, 

2001). The conservation of amino acids among the different GnRH receptors may 

reveal residues that are essential in ligand-receptor interactions and receptor 

activation in all the GnRH receptors. 

1.4.1. The structure of GnRH receptor 

The structure of the GnRH receptors is characteristics of G protein-coupled 

receptors (Figure 1.6). Seven helical transmembrane domains connected by 

alternating extracellular and intracellular loops follow the N-terminal. The seven 

domains are arranged in a bundle with the hydrophilic side enclosed and the 

hydrophobic side on the outside (Donnelly et 01, 1989; Sealfon et 01, 1997). The 

extracellular domains and exterior regions of the TMs are usually involved in 

binding of GnRH, the TMs are believed to be involved in receptor arrangement and 

conformational change associated with receptor activation. The conformational 

change associated with receptor activation involves the arrangement of intracellular 

loops, which interact with G proteins for signal transduction (Sealfon et 01, 1997; 

Soderhall et 01,2002). The rhodopsin projection map was used to construct a model 

for the GnRH receptor using the alignment of TM helices (Sealfon et 01, 1997). The 

GnRH receptor model suggested some interhelical interaction. These interactions 

were further confirmed by mutagenesis studies. The highly conserved Asp in TM 2 

and Asn in TM 7 in GPCRs, appear to have undergone reciprocal mutation to 

Asn2.S0(87) and ASp7.49(318) in the mouse GnRH receptor. This suggests that the two 

residues interact with each other. Mutation of Asn2.S0(87) in TM 2 to Asp abolished 

receptor function, but a second mutation in TM 7 recreating the arrangement in 

other GPCRs restored ligand binding (Zhou et 01, 1994; Flanagan et 01, 1999). 

41 
The contribution of His 7.36(305) of the GnRH receptor in ligand binding and receptor activation 



GnRH Receptor 

These results indicate that the two TM helices are close to each other and have 

equivalent roles in the structure of the receptor. The crystal structure of inactive 

rhodopsin indicates that these residues interact with water in the inactive 

conformation, thus mediating a contact between TM 2, 3 and 7 (Palczewski et 0/, 

2000; Okada et 0/, 2002). It has been proposed that an interaction between Asn2.SO_ 

Asp7.49 exists in the active form of GnRH receptor (Flanagan et 0/, 1999). 

Homology modelling of the TM domains of the GnRH receptor and the crystal 

structure of rhodopsin were compared (Soderhall et 0/, 2002). Additional to the TM 

2!fM 7 mutations and the disulphide bridges a hydrogen bond web was noted 

between Glu90_LysI21_Asp98. The formation of a disulphide bridge between 

Cys3.2S(1I4) in EC 1 and CysS.23(196) in EC 2 is responsible for the stability of TM 3 

and TM 4 (Davidson et 0/, 1997). The position of the N-terminal and the 

extracellular loop is demonstrated by the formation of a second disulphide bridge 

between CYSI.lI(14) and CysS.27(200). Great effort has been made to define the 

structure of the intracellular and extracellular loops of the GPCRs and this is 

difficult because of the variations in lengths. It has been proposed that both 

intracellular and extracellular loops form distinct conformations different from the 

TM domains (Abdulaev et 0/, 2000; Yeagle et 0/, 2000). The crystal structure of 

rhodopsin revealed the lack of an a-helix in EC 3, whilst the mammalian GnRH 

receptor can easily accommodate the formation of two a-helices (Sealfon et 0/, 

1997; Palczewski et 0/, 2000). Synthetic peptides of the EC 3 of the mouse GnRH 

receptor were used to study the conformation of this loop (Petry et 0/, 2002). 

Synthetic peptides with and without structural constraints were used to measure the 

ability of EC 3 to inhibit GnRH stimulated signalling in cells expressing the GnRH 

receptor. EC 3 of the mammalian GnRH receptor was proposed to exist as a 

random coil with a central l3-hairpin and might be responsible for the orientation of 

the acidic residue (ASp7.32(301~ in selecting Arg8-containing GnRH (Petry et 0/, 

2002). 
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1.4.2. The ligand binding site/or GnRH. 

Ligand binding is the first step in receptor activation. Considerable research has 

been done to defme the ligand binding site for GnRH and it was found to be located 

in the extracellular and TM domains of the GnRH receptor. Specific residues have 

been identified as interaction points for residues in GnRH. This thesis will attempt 

to further explain the ligand binding domain of GnRH. 

Residues in EC 3 and transmembrane helix seven on the GPCRs are important for 

ligand binding as reviewed earlier and other residues have been identified in GnRH 

receptors (Asp/Glu7.32 and Pro7.33). Residues in this locus have been found in many 

receptors to be important in ligand binding and subtype selectivity. The current 

study of His7.36(30S) on TM 7 revealed that this residue is required for ligand 

recognition. The location (TM 7) of this residue on the GnRH receptor and its 

multi-functional side chain of this residue suggested that it may be important in the 

function of the GnRH receptors. Systematic mutations of extracellular acidic 

residues to GIn or Asn revealed that substituting GIU7.32(301) in the mouse receptor 

resulted in a decrease in affmity for GnRH. Substituting Arg8 of GnRH greatly 
i 

decreased GnRH affmity for mammalian type I receptors (Millar et al. 1989). An 

interaction between GIU7.32(JOl) and Arg8 was proposed to have a role in ligand 

selectivity (Flanagan et al. 1994). The Glu7.32(301)GIn mutant receptor had a loss in 

affinity for mammalian GnRH, but unchanged affinity for analogs with 

substitutions for Arg8, showing that Glu7.32(301)confers selectivity for Arg8_ 

containing GnRH (Flanagan et ai, 1994). Fromme et al. mutated the equivalent 

residue (Asp 7.32(302») in the human GnRH receptor to Asn, the Asp residue replaces 

Glu in the human GnRH receptor. The human Asp7.32(302)Asn mutant receptor 

showed that ASp7.32(302) also confers selectivity of the human receptor for Arg8 

(Fromme et ai, 2001). The high affinity binding of conformationally-constrained 

GnRH analogs was not dependent on either positive Arg8 or the negative Glul Asp 

(Flanagan et al. 1994; Fromme et ai, 2001). It is proposed that once the ligand is in 

the high affinity conformation, the electrostatic interaction of Arg8 with the acidic 
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residue is not essential for the final ligand-receptor complex. It is proposed that the 

acidic residue selects a ~-II conformation of the ligand and interacts initially with 

the Arg residue to induce a high affinity conformation of the ligand. The high 

affinity conformation ligand then interacts with the final binding pocket which does 

not involve Asp or Glu (Fromme et ai, 2001). 

The role of the Asn2.65(I02) residue, located near the extracellular end of TM 2 in 

high affmity binding with GnRH analogs has been identified (Davidson et ai, 

1996a). Mutation of Asn2.65(I02) to GIn results in an increased affinity for GnRH 

(Davidson et ai, 1996a). A loss of GnRH potency is observed when Asn2.65(102) is 

mutated to Ala. The Asn2.65(I02) Ala mutant had a smaller decrease in potency for 

analogs with C-terminal N-ethylamide. It was concluded that Asn2.65(102) forms a 

hydrogen bond via the carbonyl group with GlYIO -NH2 (Davidson et ai, 1996a; 

Sealfon et aI, 1997). The Asn2.65(l02) Ala mutant showed a decrease in affinity for of 

an antagonist which has D-Ala10-NH2 substituted for GlyIO-NH2 showing that there 

is a possible disruption of a hydrogen bond with the carbonyl group of D-Ala1o-

NH2 (Hoffinann et ai, 2000). 

Mutating ASp2.61(98) to Asn markedly decreased inositol phosphate production 

(Flanagan et aI, 1994). Site-directed mutagenesis of Asp2.6 1 (98) and ligatld 

modification studies were performed to investigate the role of ASp2.61(98) in high 

affinity binding. Multiple interactions of the Asp side chain in the receptor with 

GnRH (His2, Trp3 and Ser4
) have been identified and characterised. Mutating 

ASp2.61(98) to Giu decreased affinity for GnRH analogs with His2 amino acid and 

caused a smaller decrease for GnRH analogs with substitutions at position 2. This 

indicated that Asp2.61(98) confers specificity for His2 of GnRH. A series of analogs 

with different Hi~ substitutions has shown that Asp2.61(98) probably forms a 

hydrogen bond with the o-NH group of His2 (Flanagan et aI, 2000). Mutating 

Asp2.61(98) to a neutral residue led to a decrease in affinity for GnRH that did not 

involve His2. These results indicated that the Asp2.61(98) side chain has one or more 

charge-dependent interactions with that are important for high affinity binding, but 

different from the interaction with His2. The computational modelling shows an 

interhelica1 ionic interaction of ASp2.61(98) in 1M 2 with Lys3.32(121) in 1M 3. The 
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model also showed Lys3.32(121) might form a hydrogen bond with the backbone C=O 

group of Ser4 in GnRH. ASp2.61(98) also seems to form an interaction with the 

backbone NH group ofTrp3 (Flanagan et ai, 2000). 

The highly conserved ASp3.32 residue in TM 3 of the biogenic amine receptors 

interacts with the positively charged amine head group of biogenic amine ligands 

(Strader et ai, 1994). The GnRH receptor has a Lys residue in the 3.32 locus. 

Lys3.32(121) of the GnRH receptor was investigated for its possibility in interacting 

with GnRH. Mutation of Lys3.32(121) to Arg had little effect on ligand binding and 

inositol phosphate production, while mutation to Asp, Ala or Leu led to a total loss 

of agonist binding and inositol phosphate production. The Lys3.32(121)Gln mutant 

exhibits in a 2000-fold loss in GnRH potency but has no significant effect on 

peptide antagonists (Zhou et ai, 1995). GnRH receptor antagonists have 

modifications in the N-terminus, thus it was suggested that Lys3.32(121) interacts with 

this part of the GnRH molecule. This interaction is not a salt bridge, as GnRH does 

not have any negatively charged amino acid side chains. Lys3.32(121) was proposed to 

interact with His2 of GnRH by a charge-strengthened hydrogen bond (Zhou et ai, 

1995). From computational modelling and mutagenesis studies it was suggested 

that Lys3.32(121) also forms an interaction with Glu2.s3(90) (Hoffmann et ai, 2000). It 

was proposed that either the Hi~ or Trp3 rings may form a hydrogen bond with 

Lys3.32(121) (Hoffinann et ai, 2000). 

Mutation of AsnS39(212) to Ala decreased affInity for agonists and antagonists. The 

AsnS.39(212)Gln mutant had decreased potency and little effect on antagonist binding 

(Hoffinann et ai, 2000). AsnS.39(212) was suggested to be important for ligand 

binding, forming an interaction with the backbone C=O group of His2 of GnRH and 

not with an antagonist (Hoffmann et ai, 2000). Subsequently, AsnS.39(212) was 

shown in computational modelling to interact with pGlu1 residue which points 

towards TM 5 (Chauvin et ai, 2000; Hovelmann et ai, 2002). To further, define the 

role of AsnS.39(212) in antagonist binding and receptor structure systematic 

substitutions of GnRH analogs and additional AsnS.39(212 mutants will need to be 

tested thoroughly. 
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A mutation with Phe6.6O(292) Ala in TM 6 retained activity, while Tyr6.SI(283) Ala, 

Tyr6.s2(284)Ala and Trp6.s9(291)Ala had a complete loss of activity. A reduced 

expression was observed with the Trp6.S7(289) Ala and Tyr6.S8(290) Ala mutants while 

retaining antagonist binding affinity. Tyr6.s8(290)Ala showed a great decrease in 

potency of agonists. Tyr6.S8(290) is thought to play an important role in agonist and 

not antagonist binding. Tyr' was proposed to interact with Tyr6.S8(290) (Hovelmann 

et ai, 2002). Trp6.S7(289) is proposed to interact with D-Trp6 of the high affinity £0-

Trp1-GnRH analog (Hovelmann et ai, 2002). 

Interactions between the GnRH receptors and antagonist have been less extensively 

studied compared to agonist binding. GnRH antagonists have 50-70% amino acid 

substitutions. In most cases, the agonist and antagonist binding sites are 

overlapped(Samama et ai, 1993). The interaction of GnRH agonists and antagonists 

was studied by using 12sI-labeled agonist, £O-Ser(t-Bu)6, Glyl~Het]-GnRH, and 

antagonist £O-pGlul, D-Phe2, Trp3'1-GnRH with pituitary membranes. Binding of 

antagonists was decreased more than agonist indicating that both ligands bind the 

. receptor but may occupy different sites when pituitary membranes were pre-treated 

with proteolytic enzymes (Hazum 1981a). GnRH mutations with different effects 

on antagonist interactions have been shown. These mutagenesis studies have been 

used to distinguish between agonist and antagonist binding sites. A mutation of 

Asp2.61(98) to Glu disrupted the interaction with His2 of GnRH, but ASp2.61(98) is 

probably not involved in antagonist binding (Flanagan et ai, 2000). Minimal effect 

of antagonist was observed for the Asp7.32(302)Asn mutant receptor. Antagonists 

with Arg8 also showed no effect for the ASp7.32(302) Asn mutant (Fromme et ai, 

2001). A mutation of AsnS.39(212) to Ala had a decrease in antagonist affinity while a 

mutation to GIn had a slight decrease in affinity (Hoffmann et ai, 2000). A 

mutation of Lys3.32(121) showed to a certain extent different effects on agonist and 

antagonist interactions. The mutations had a marked effect on agonist potency and 

its failure to affect antagonist affinity. This suggested that, Lys3.32(121) may be 

important for agonist binding and it is evidently not an antagonist contact site 

(Zhou et ai, 1995). 
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1.4.3. GnRH receptor activation. 

1.4.3.1. The DRX motif. 

The Arri'so residue in 1M 3 has been shown to be important for receptor activation 

in many GPCRs (Scheer et ai, 1997; Hulme et ai, 1999; Rhee et ai, 2000; Feng and 

Song 2003). Ballesteros et al. suggested that the ArgJ·SO(IJ9) forms an ionic 

interaction with AspJ·49(IJ8) when the receptor is in an inactive form. (Ballesteros et 

ai, 1998). This interaction was confirmed from the crystal structure of the inactive 

rhodopsin where GluJ·49(IJ4) forms a salt bridge with ArgJ·SO(IJS) (Palczewski et ai, 

2000). During GnRH binding, the AspJ·49(1J8) is pr~posed to be protonated and the 

interaction with ArgJ·SO(IJ9) is broken to release the Arri·SO(IJ9) side chain. IleJ·S4(14J) 

located one helical turn below the Arri.50(IJ9) was proposed to have a role in 

preventing the movement of Arri·SO(IJ9)into the aqueous intracellular domain acting 

as a "cage". The Ile residue located one helical turn below the Arg forms a cage 

around the Arg side chain limiting its movement. The Arri·SO(IJ9) is proposed to 

then interact with ASp7.49(JI9) in TM 7 (Ballesteros et ai, 1998). Mutating the 

Asn2.S0(87) and ASp7.49(JI8) in the mouse GnRH receptor revealed that ASp7.49(JI8) is 

involved in receptor activation. The reciprocal mutant retained good binding but 

had poor IP stimulation. The ASp7.49(JI9) residue is part of conserved residues 

involved in GnRH receptor activation (Zhou et ai, 1994). Helix movements during 

activation may involve an interaction of ArgJ·SO(IJ9) with Tyr7.SJ(J2J) (conserved 

NPxxY motif) in TM 7 (Arora et ai, 1996). This residue had been found in many 

GPCRs to be important in receptor activation (He et ai, 2001; Prioleau et ai, 2002; 

Fritze et ai, 2003). ArgJ·SO(IJ9) probably forms multiple interactions with both 

Tyr7.SJ(J23) and ASp7.49(JI9) in the active conformation. 

49 
The contribution of His7

.36(3o,> of the GnRH receptor in ligand binding and receptor activation 



GnRH Receptor 

1.4.3.2. AsnlAsp in transmembrane helices two and seven in GnRH receptor 
activation. 

In the GnRH receptor the conserved motif, Asp(2.S0) in TM 2 and Asn(7.49) in TM 7 

appear to been interchanged compared to other rhodopsin-like GPCRs (Sealfon et 

aI, 1995b; Flanagan et aI, 1999; Xu et aI, 1999). Reciprocal mutagenesis studies on 

several GPCRs have shown that mutating the Asp2.S0 side chain disrupts receptor 

activation. This disruption can be restored by a second mutation in TM 7 

interchanging the two conserved residues. These residues were shown to havt a 

role in receptor expression and signalling of GnRH receptors. Mutating Asn2.S0(87) 

and ASp7.49(318) in the mouse GnRH receptor showed that receptor activation 

requires the presence of these residues. Ligand binding of Asn2.S0(87)Asn7.49(318) and 

ASp2.S0(87) ASp7.49(318) was similar to that of wildtype but had poor IP production 

(Zhou et aI, 1994). The peculiar arrangement of the Asn2.S0(87) and ASp7.49(318) 

residues in the GnRH receptor is important for receptor activation. Additionally to 

its requirement in receptor activation, Asn2.S0(87) is essential for the expression of 

GnRH receptor on the cell surface. Asn2.SO(87) has been suggested to form an 

interaction with Asn I.SO(S3) on TM 1, which is also required for receptor expression. 

Coupling to phospholipase D (PLD) was prevented by the presence of ASp7.49(318). 

Mutating this residue recovers the PLD coupling in GPCRs. Asn2.SO and ASp7.49 are 

required for PLC activation and not for PLD activation (Flanagan et aI, 1999). 

1.4.3.4. Intracellular loop three in GnRH receptor activation. 

For several GPCRs the C-terminal domain of IC 3 is essential for G protein 

activation as mutations to this locus results in constitutively active receptors. 

Mutating the Ala6
.
34(293) of the a.1B-adrenergic receptor to any other amino acid 

results in constitutive activation of the receptor (Kjelsberg et aI, 1992). Mutations 

of the somatic and germ line of the thyrotropin (TSH) receptor gene can cause 

hyperfunctioning thyroid adenomas and e toxic thyroid hyperplasia by constitutive 

activation of the TSH receptor. Several adenomas of the thyroid were screened for 

constitutively activating mutations and two mutations were found, changing alanine 
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in position 623 to valine (Ala6.34(623>Val) and threonine in position 632 to isoleucine 

(Thr6.43(632)I1e). Both the mutations constitutively activated cAMP when expressed 

in COS cells. The Thr6.43(632)I1e mutant showed that TM 6 is important for the 

activation of the TSH receptor and distinguishes the region as a ideal locus for 

constitutively activating mutations. In the GnRH receptor, Ala6.29(261) was found to 

be important for Gqlll activation. Mutation of Ala6.29(261) to several amino acid 

residues resulted in a complete loss of coupling but retained the ability to bind the 

ligand (Myburgh et ai, 1998). Coupling is also dependent on the size of the residue 

at position 261. As the size of the substituted residue increase, the more the 

receptors were uncoupled. 

1.5. Possible Histidine interactions. 

The side chain of histidine has a complex structure and therefore has a potential to 

form numerous interactions with other amino acids. It can form ionic interactions, 

hydrogen bonds and 1t-1t interactions with the different atoms. Cation-1t 

interactions are recognised as one of the major noncovalent interactions that play 

a crucial role in determining structures of proteins and for recognition of ligands 

by proteins. In the M2 proton channel of influenza A has a cation-1t interactions 

between a His and Trp residue on different helices (Takeuchi et ai, 2003). His and 

Phe rings are both capable of 1t-1t and CHl1t interactions, and 7tlOH interactions 

with Tyr, and 7tlNH interactions with Trp and His. Only His can be a hydrogen 

donor in an NH/1t interaction with any aromatic side chain through its Nal H­

group and its protonated Ne2 atom. (Meurisse et ai, 2003). Hydrogen bonds have 

been identified to be very important in maintaining the structure of proteins. A 

number of amino acids can form hydrogen bonds with their side chains in 

addition to their peptide bond. For example, Asn and GIn through their amide 

groups, the charged groups, Lys, Arg, Glu and Asp, and the aromatic His, Tyr and 

Trp. The unprotonated Ne2 atom can also form H-bonds with either the hydroxyl 

group of Tyr and Ser, NH group of Trp and Nal or protonated Ne2 of His. Until 

recently most focus had been on the ability of these amino acids to form 

conventional H-bonds of OHIO or NHIO type. Phe, Tyr, Trp and His were 
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compared for their abilities to form three different types of H-bonds. His was 

found to form the strongest OHIO and OHIN bonds, followed by Tyr and then Trp 

(Scheiner el ai, 2002). The protonated His side chain makes a very potent proton 

donor, even its CHIO bonds are stronger than the conventional H-bonds. Among 

the aromatic residues in protein structures, His is unique, as it can exist in the 

neutral or positively charged form at the physiological pH. The neutral imidazole 

side chain, generally found in high pH exists in tautomeric forms: the Ne2 and the 

No 1. Aromatic-aromatic interactions were suggested to be a stabilizing force in 

determining globular protein structures (Bhattacharyya el ai, 2003). An average of 

about 60% of aromatic side chains in proteins are involved in aromatic pairs, 80% 

of which form networks of three or more interacting aromatic side chains. In the 

a-helix a particular combination of aromatic residues was found to interact more 

than expected. Depending on the number of residues between the aromatic 

residues, different aromatic-aromatic pairs are preferred. The highest pairing 

occurs when aromatic residues are next to or 2 residues apart. The His-Trp pair 

was shown to be important for stabilising an a-helix when His is protonated 

(Fernandez-Recio el ai, 1997). 

Concluding rellUlrks 
The GnRH receptor is a typical GPCR with many of the conserved motifs 

responsible for different functions in the receptor. Different models have been 

proposed to define ligand binding domain and structure of the GnRH receptor. 

However, more investigations still need to be done to understand the mechanisms 

of ligand-receptor interactions and receptor activation. This thesis will describe 

the role of the His7
.
36(3OS)residue, located at the top ofTM 7 in multiple functins of 

the GnRH receptor. 
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CHAPTER TWO: EXPERIMENTAL APPROACH 
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2.1 GnRH Analogs 

Mammalian GnRH (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-GlyNH2) and 

GnRH II [Hiss,Trp7,Tyr8]-GnRH were purchased from Bachem AG (Bubendorf, 

Switzerland), [Hiss, D-Tyr6]-GnRH, [Ala4]-GnRH [AcGlyl]-GnRH, [2-Nal3]­

GnRH were specially synthesised for this project by Dr Roger Roeske (Indiana 

University School of medicine, Indianapolis, Indiana, USA. [D-Trp6, Pro~et]­

GnRH and Antagonist 27 [Ac-D-Nal(2)I , D-Me-4-CI-Phe2, D-Trp3, Ipr-Lyss, D­

Tyr6, D-AlalO]-GnRH were synthesised by R. Milton in our laboratory. [Trp2]_ 

GnRH and [Hyp9]-GnRH were synthesised by Dr Jean Rivier in our laboratory 

2.2. Site-directed mutagenesis 

The Dpn I method of polymerase chain reaction-based site-directed mutagenesis 

was used to replace the His7.36(30S)with different amino acids (Ala, Phe, Asn, Gin, 

Arg, Trp) in the mouse GnRH receptor using the deep vent polymerase . The 

wild-type mouse GnRH receptor cloned into the Eco RI and Xho I sites of the 

pcDNAVAmp vector (with ampicillin resistance gene) (Invitrogen, San Diego, 

USA) was used as a template, (New England Biolabs, England, UK). To prevent 

contamination, per reactions were set up in a designated fume hood using filter 

tips (Quality Scientific Plastics, Midwest Scientific, st. Louis, USA). Sense and 

antisense primers were designed to have the desired mutations and a silent 

restriction site to confirm the mutation (see appendix for primers sequences). For 

each mutation, a final concentration of 10nglJ.11 of template and 10J,JM of primers 

were used. 16 cycles of the per were run to amplify the whole plasmid (94°C for 

30 seconds, 55°C for 30 seconds, 72°C for 12 minutes and an extension at 72°C 

for 10 minutes in 50J.11 final volume, because the whole plasmid is 

amplified)(Perkin-Elmer-Cetus thermal cycler). After the per reaction the 

products were treated with 2J.11 (40 units) of Dpn I restriction enzyme (New 

England Biolabs, Inc, Beverly, USA) added directly into the pcr tube. Dpn I 

digests the methylated template only and not the per products because it is 

specific for methylated DNA. The DHIOB strain of E.coli bacteria, in which the 
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DNA is prepared, methylates the template. lOng of mouse GnRH receptor cDNA 

was amplified in a Perkin-Elmer-Cetus thermal cycler in 50J.11; 55J.11 of the Dpn 1-

treated PCR product was used to transform DHIOB bacterial cells and cultured on 

ampicillin agar plates overnight. Colony pcr and restriction digests with silent-site 

specific enzymes on minipreps DNA were performed to confirm the presence of 

the mutations. 

Large-scale DNA preparations were done to make large quantities of quality 

mutant DNA for automated sequencing. Mutant DNA constructs were prepared 

from cultures grown overnight in 500ml of 2 x YT medium (10g/l NaCI, 10g/l 

Yeast extract, 16g11 Tryptone) containing Ampicillin (100J.1g1ml). Plasmid DNA 

was extracted with the PCIOO and PC500 kits (Machery-Nagel, DUren, Germany). 

The bacteria are lysed and the chromosomal DNA is precipitated and centrifuged. 

The plasmid DNA is adsorbed onto a cartridge and eluted. Lastly, the mutant 

DNA was precipitated with cold 70% ethanol. The DNA constructs were digested 

with the specific endonucleases for the silent sites to confirm the mutations. 

Because the whole plasmid is pcr generated and even though the Deep vent 

polymerase that was used was a high fidelity polymerase it may have generated 

potential per errors. The mutant receptors containing appropriate restriction sites 

were subcloned into pcDNAIIAmp expression vector (for selection in ampicillin­

containing medium) using the Fast link DNA ligation kit (Epicentre 

Technologies, Madison, USA) to get rid of any pcr-generated errors in the vector. 

The ligation reaction contained the two fragments of DNA, a fast-link ligation 

buffer, lOmM ATP and a fast-link DNA ligase. The ligation products were used 

to transform competent DHIOB bacteria. 

All the mutant receptors were sequenced (automated) to confirm the mutations 

(VCT specialist sequencing services, MegaBACE 500) and to ensure that there 

were no PCR-generated mutations. 
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2.3. Cell Culture 

COS-l cells (American Type Culture Collection) were maintained in antibiotic­

free Dulbecco's modified eagle's medium (DMEM) (Gibco, Paisley, Scotland) 

containing 10% fetal calf serum (FCS) (Delta Bioproducts, Kempton Park, South 

Africa) at 37°C in a 10% C02 humidified incubator. 

2.3.1. Transient transfection ofCOS-1 cells 

3 x106 COS- I cells were plated on 10cm dishes (Coming, Cambridge, USA) for 

transfection in DMEM containing 10% FCS (Delta Bioproducts, Kempton Park, 

South Africa), 2mg/ml streptomycin sulphate and 4000U/ml sodium 

benzylpenicilin. COS-l cells were transiently transfected using the DEAE­

Dextran method as described previously (Keown et ai, 1990; Millar et ai, 1995). 

151lg of the plasmid DNA and DEAE-Dextran (3mg/ml in HEPES Buffered 

Saline buffer) (Sigma, Bellefonte, and USA) (Millar et ai, 1995) was used to 

transfect each dish. After 4-5 hours at 37°C in a C02 incubator, the cells were 

treated with 200llM chloroquine (raises pH in Iysosomes, which then inhibits 

degradation of the transfected DNA) (50 minutes), and then treated for 2 minutes 

with 10% dimethylsulfoxide (the shock step increases the expression level of the 

transfected gene) in DMEM with penicillin/streptomycin. The cells were 

incubated overnight in DMEM with 10% FCS (Luthman and Magnusson 1983; 

Lopata et ai, 1984). Cells were grown for 48 hours before each experiment. The 

transfected cells were harvested, homogenised, and crude membrane preparations 

concentrated (1 mlIdish) then frozen at -70°C for future use in assays. The 

membrane preparations could be frozen for up to 1 month. 
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2.4. Ligand Binding Assays 

2.4.1. Radio-iodination oflHil, D-Tylj-GnRH. 

A radioactively labelled analog, [Hiss, D-Tyr6]-GnRH was used as a tracer in 

ligand binding assays. The method of iodination has been previously described 

(Flanagan et ai, 1998). The chloramine T method was used with variations. 5J.Lg 

of [Hiss, D-Tyf]-GnRH peptide in 40J.LI of 0.5M NaH2P04 (PH 7.6) was added to 

IOJ.LI of 12SINa (lmCi; AEC-Amersham) and IOJ.LI chloramine T (85nmoles) as an 

oxidising agent for about 10 seconds. Sodium metabisulfite (84nmoles) as a 

reducing agent was added to stop the reaction. The iodinated peptide was purified 

on a reverse phase HPLC (to remove the unincorporated 12S1 and for removal of 

damaged peptide) with an 80% acetonitrile/0.01M ammonium acetate (PH 4.6) 

gradient. 45-50 fractions were collected every 30 seconds, at a flow rate of 

1.5ml/30seconds. The specific activity of iodinated [Hiss ,D-Tyr6]-GnRH ranged 

between 900 and 1800J.LCilJ.Lg (Flanagan et ai, 1998). Different fractions with high 

radioactivity from the eluent were tested for their specific binding and fractions 

with the highest specific binding were used in competition binding assays (Figure 

2.1). 
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2.4.3. Membrane Binding Assay 

Varying the amoWlt of membranes in this assay system makes it possible to 

optimise receptor concentrations as desired. The low total binding of some mutant 

receptors was compensated by adjusting the concentration of membranes. Cells 

were scraped with a cell scraper (Coming, Cambridge, USA) and harvested in 

detaching buffer (ImM EDTA; 10mM HEPES, pH 7.4), and homogenised with a 

doWlCe homogeniser (Kontes, Vineland, USA). The homogenates were 

centrifuged at 15000 x g for 20 minutes at 4°C. The pellet of crude membranes 

was resuspended in detaching buffer with 0.1 % BSA to various concentrations. 

Membrane suspensions (400J,tVtube) were incubated overnight at 4°C with 50J.tl 

(50 000 CPM, 50pM) of 12sI_[Hiss, D-Tyr6]-GnRH and 50J,t1 of varying 

concentrations of Wllabelled GnRH analogs. After incubation the suspension was 

washed with 3ml of 0.01 % polyethylenimine (PEl) and quickly fUtered (Brandel 

Cell Harvester) through glass fibre fUters (OF/C) (Whatman) pre-soaked for 30 

minutes in 1 % PEl (to reduce non-specific binding). Filters were washed twice 

with 3ml 0.01 % PEl. The retained radioactivity was cOWlted. IJ,tM antagonist 27 

was used to measure non-specific binding (Millar et aI, 1995). 

2.5 Inositol Phosphate Assay 

Transfected cells were transferred to 12-well plates and incubated overnight with 

myo- [2)H] inositol (1 J,tCilwell) (Amersham, Arlington Heights, England) in 

O.5ml of inositol-free Medium 199 (Oibco, Paisley, Scotland) with antibiotics. 

The cells were not re-coWlted an treated the same to avoid inconsistency. The 

cells were washed twice with lmllwell Buffer I containing 10mM LiCI. (Liel 

prevents IP degradation) (Huckle and Conn 1987). The cells were then pre­

incubated for 15 minutes in Buffer I at 37°C, followed by incubation with varying 

concentrations of ligand for 45 minutes. The reaction was tenninated by removal 

of the medium and addition of 10mM formic acid (ImVwell) and which was left 

on the cells for 30 minutes at 4°C to release the inositol phosphates. Inositol 

phosphates extracts were separated on Iml lX8-200 Dowex-l ion exchange 
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columns (Sigma-Aldrich, South Africa) (Millar et ai, 1995). The columns were 

soaked in 3m1 of 3M ammonium fonnate with O.lM formic acid, then washed 

with 10ml of distilled water. 1 ml of sample extract was loaded on the column and 

washed with 10ml distilled water, followed by 5ml of 5mM myoinositol with 

1.0M formic acid. The total inositol phosphates were eluted with 3ml of 1M 

ammonium fonnate with 0.1 M formic acid into 18ml scintillation fluid (Zinsser 

Analytical, Frankfurt, Germany). The radioactivity was counted in a beta counter. 

2.6 Data Analysis 

IP assays and whole cell binding were performed on 12 well plates in duplicate 

for at least four times. A non-linear regression curve fitting was used to calculate 

the ECso (sigmoidal dose-response curve) and ICso (one site competition curve) 

values. Maximum binding (Btotal) ofGnRH calculated as % of total counts in the 

absence of ligand relative to the initial total amount of 12S1 -[Hiss, D-Tyr6]-GnRH. 

Homologous membrane binding assays were used to estimate the Bmax and ICso 

values that were used to calculate the binding sites per cell of the mutant 

receptors. See appendix for equations used to calculate Bmax and receptor 

coupling efficiency values. P values were calculated using unpaired two tailed T­

tests performed on the negative log of Bmax, ICso and ECso. (GrapbPad Prism 

version 3.00 for Windows, GraphPad Software, San Diego California USA). 
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CHAPTER THREE: RESULTS 
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In this thesis, the functional role of the His,·36(30S) residue of the mouse GnRH 

receptor in receptor expression, ligand binding and coupling to intracellular 

signalling was investigated. This investigation was based on the fact that the 

histidine imidazole side chain has multiple chemical properties and the position of 

histidine 305 residue at the extracellular end of TM 7 of the GnRH receptor. The 

roles of the different properties of histidine residues have been studied in various 

enzymes (Kubiak et ai, 2001; Montero-Moran et ai, 2001; Tuganova et ai, 2001). 

In the current study, site-directed mutagenesis was used to investigate the roles of 

the different functional groups of His '.36(30S) in GnRH receptor function. The 

His,·36(30S) was mutated to alanine which removes all the functional groups of 

histidine, a 1t-electron donor phenylalanine which mimics the aromatic ring of 

histidine but removes the hydrophilic groups and potential positive charge, the 

hydrophilic residues asparagine and glutamine, which can donate or accept a 

hydrogen bond, the basic arginine, or an aromatic tryptophan. The different 

mutant receptors were tested for their response to GnRH ligands, binding affmity 

and expression levels estimated from functional assays. The results show that the 

imidazole side chain contributes in both ligand binding and receptor activation. 

3.1.IP Production 

GnRH stimulation of IP accumulation was used as a measure of functional 

activity of the wildtype and mutant receptors. The wildtype receptor showed a 

dose-dependent increase in IP production with an ECso value of 0.162nM ± 0.04 

(Figure 3.1, Table 3.1). The His ,.36(30S>rrp mutant exhibited almost no response to 

the GnRH stimulation, with the lowest maximum stimulation (Emax value) 

(Figure 3.1). All the mutants showed varying decreases in Emax values compared 

to the wildtype receptor. Substituting the histidine side chain with the small 

alanine side chain resulted in a large decrease in GnRH -stimulated IP production 

(ECso 24.6nM ± 3.7) (Figure 3.1, Table 3.1) indicating the importance of the 

histidine side chain in this position. The His,·36(30s)Phe mutant also showed a large 
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decrease in GnRH-induced IP production (ECso 26nM:I: 3.9) (Figure 3.1, Table 

3.1) compared to the wildtype receptor. GnRH showed a smaller loss of potency 

at the His7.36(30S) Asn (ECso 1.07nM :I: 0.36) and His7.36(30S)GIn (ECso 0.92nM :I: 

1.194) mutants, showing a recovery of the loss of potency that was seen in the 

His7.36(30S)Phe and His7.36(30S) Ala mutants (Figure 3.1, Table 3.1). The Asn and 

GIn mutations mimic the 3- and E-nitrogen atoms respectively of the histidine 

side chain. The enhanced activity of the Asn and GIn mutants suggests that the 0-

and E-nitrogen atoms mimicked by the Asn and GIn recovered some of the 

activity of histidine that was lost with the His7.36(30S)Phe and His7.36(30S) Ala 

mutations. The His 7.36(30S) Arg mutant had a similar response to GnRH compared 

with the wildtype receptor (ECso 0.24nM :I: 0.04) (Figure 3.1, Table 3.1). This 

suggests that Arg is able to mimic His and that the protonation of the histidine 

side chain is required for full receptor activation with response to GnRH. All the 

mutant receptors showed some varying decreases in coupling to PLC indicating 

that His is important for signalling efficiency. 

The decrease in potency of GnRH at the mutant receptors could be a result of a 

decrease in the binding affinity of the mutant receptors for GnRH or a decrease in 

the expression levels of the mutant receptor compared to the wildtype. To 

distinguish whether decreased IP production resulted from decreased receptor 

expression, decreased ligand affinity or decreased coupling efficiency, ligand 

binding assays were used to determine affmity and expression of the mutant 

receptors (see below) and used to determine relative receptor coupling efficiency 

(Table 3.1). 

3.2. Ligand Binding Assays 

To define the molecular basis of the decreases in potency in GnRH and Emax of 

the different mutants, competition binding assays were performed on transiently 

transfected COS-I. The well established 12sI_[Hiss, D-Tyr6]-GnRH (Flanagan et 

ai, 1998) was used as a high affinity tracer in the competition ligand binding 

assays. Initially whole cell binding assays were performed using live COS-1 cells 

transiently transfected with the wildtype and the different His7.36(30S) mutant 
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Table 3.1. Summary of IP assay results. Results are the mean ± standard error of the 
mean. pECso is the negative log of ECso. T -tests were performed on the pECsoFold 
changes were calculated as the ratio of ECso values in the mutant and wildtype (wt) 
receptor. Emax of each mutant receptor calculated as percentage of wildtype. 
Undefined ~. 

Receptor ECso pECg Fold Emax Coupling 
(nM) 

Change (0/0 wt) Efficiency 

(0/0 wt) 

Wildtype 0.162 ± 0.04 9.96 ± 0.13 100 100 
n= 14 

His7.36(3OS) Ala 24.6±3.7 7.65 ± 0.069** 152 70 6 
n=8 

His7.36(30S)Phe 26± 3.9 7.6±0.067** 161 61.7 8 
n=4 

HiS7.36(30S) Asn 1.07 ± 0.36 9.19 ± 0.165* 6.6 56.9 20 
n=9 

His 7.36(30S)Oln 0.92 ± 0.194 9.21 ± 0.194* 5.7 58.9 22 
n= 10 

His 7.36(30S) Arg 0.24± 0.04 9.41 ± 0.27 1.5 79.3 52 
n=9 

His7.36(30Slrrp 770±267 6.59± 0.38 4745 29.4 U 
n=8 

* Significantly different from the wildtype receptor p< 0.05 

**Significantly different from the wildtype receptor p <0.0001 

3.3.1 Whole ceU competition binding. 

The wildtype receptor exhibited a typical competition binding curve, with a 

decrease in the amount of tracer bound as the concentration of the agonists was 

increased. The receptor bound the [HisS, D-Tyr6]-GnRH analog with a lower ICso 

value than (ICso 8.l8nM ± 4.8) the native GnRH (lCso 27nM ± 4.64) (Figure 3.2 
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and 3.3, Table 3.2), consistent with the reports that [HisS, D-Tyr6]-GnRH is a high 

affinity GnRH analog (Flanagan et ai, 1998). No apparent binding of the ligands 

could be seen with the His7
.
36(30S'frp mutant receptor, while the rest of the 

mutants showed some degree of binding. Although the mutants bound the labelled 

ligand, there was an indication of ligand depletion (more than 10% of tracer 

bound) with the wildtype and the Arg mutant (Figure 3.2, Table 3.2). Ligand 

depletion prevents accurate calculations of affinity. The mutant receptors showed 

decreases in maximum binding (Btotal in table 3.2) compared to the wildtype 

receptor (Figure 3.2 and 3.3). The total binding of tracer to the mutants as a 

percentage of the total counts were, 13.5 % for the wildtype, 3.5 for the Ala, 5 % 

for the Phe, 6 % for the Asn, 5.5 % for the GIn and 10.8 % for the Arg mutants. 

These decreases in maximum binding could be a result of a decrease in expression 

levels of the mutant receptors or a decrease in affinity for the ligand. There were 

differences in BO of the mutant receptors relative to the wildtype receptor with 

both GnRH and [Hiss, D-Tyr'-GnRH. These differences could be a result of 

variations in specific activity of the tracer ligand or interassay variations (Figures 

3.2 and 3.3).The His7.36(30S)Phe mutant had significant increase in ICso values for 

both GnRH (1052nM :I: 23.8) and [HisS, D-Tyr'-GnRH (145.9nM :I: 119) 

compared to the wildtype (Figure 3.2 and 3.3, Table 3.2). The His7
•36(3OS)Ala 

mutant showed a significant increase in ICso values for [Hiss, D-Tyr6]_GnRH 

(54.7nM:I: 22) and GnRH (119.7nM:I: 99.7) compared to wildtype. There was no 

significant change in ICso values observed in the His7.36(3OS)Gln, His7.36(30S)Asn and 

His7
.36(30S)Arg mutant receptors (Figure 3.2 and 3.3) for both ligands relative to 

the wildtype receptor. The different mutations of His7
.
36(30S) showed that this 

residue may have a role in receptor function. 
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Table 3.2. Summary of whole cell competition ligand binding results. The 
competition binding assays were performed on COS-l cells expressing the wildtype 
GnRH receptor or mutant receptors, incubated with 12SI_[Hiss, D-Tyr6]-OnRH and 
varying concentrations of unlabelled ligands (See Experimental approach). Data are 
reported as ICso (nM) and negative log of the ICso (pIC so) ± SEM. Fold change is the 
ratio of wildtype ECso values and mutant in parentheses. Maximum binding (Btotal) of 
GnRH calculated as % of total counts in the absence of ligand relative to the initial total 
amount of 12SI_[Hiss, D-Tyr6]-GnRH. 

Receptors GnRH GnRH [HisS ,D-Tyr')- [His! ,D-Tyr6)_ Btotal 

ICso 

(nM) 

Wildtype 27 ± 4.64 
n=8 

His7.36(30S} Ala 119.7±99.7 
n=5 

His7.36(3OS>Phe 1052±23.8 
n=3 

His7.36(3OS) Asn 46.9± 11.7 
n=5 

His 7.36(3OS)Oln 18 ± 5.7 
n=4 

His 7.36(30S} Arg 25.7 ± 5.1 
n=6 

His7.36(30Slrrp NMB 

GnRH 

pICso ICso 

(Fold Change) (nM) 

7.61 ± O. 08 8.18 ± 4.8 
n=7 

7.3 ± 0.29 54.7 ± 22 
(4.425) n = 3 

6.14±0.26" 145.9± 119 
(38.94) n = 3 

7.39± 0.13 5.6 ± 2.64 
(1.73) n = 4 

7.94±0.31 7.91 ±3.19 
(0.67) n = 3 

7.67 ± 0.14 5.4 ± 4.1 
(0.96) n = 3 

NMB NMB 

* Significantly different from the wildtype receptor p< 0.05 

"Significantly different from the wildtype receptor p <0.0001 
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8.94± 0.31 

7.34± 0.18* 
(6.69) 

7.19±0.39* 
(17.9) 

8.56± 0.36 
(0.102) 

8.212± 0.25 
(0.054) 

8.67 ± 0.47 
(0.6) 

NMB 
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3.3.2 Membrane competition binding assays. 

Performing membrane binding assays was essential as it is very complex to 

manipulate the number of cells in whole cell binding assays to achieve the desired 

conditions for ligand binding assessment. It was important to avoid ligand 

depletion by decreasing the concentration of receptor membranes that have a very 

high maximum binding as this will give rise to erroneous estimations of binding 

affinity and expression levels of the receptor constructs. Adjusting the 

concentration of the membranes to give measurable binding in the low-binding 

mutant receptors can be more easily achieved in membrane binding assays 

compared to the whole cell binding assays. 

Different concentrations of crude membrane preparations were used for the 

different mutant receptors to obtain the optimum binding conditions. l/lOtb of 

IOcm dish (-300 000 cells) was used per reaction tube for the His7.36(30S)Ala, 

His7.36(30s)Phe and His7.36(30S)Trp, 1I50tb dish per reaction tube for His7.36(30S) Asn 

and His7.36(30S)Oln, 1I100tb dish per tube for the His7.36(30S)Arg and the wildtype. 

These concentrations were determined by testing various crude membrane 

concentrations to determine one that does not cause ligand depletion, but gives 

adequate measurable binding (Hulme 1992). 

There was a consistent decrease in the maximum 12sI_[Hiss, D-Tyr6]-GnRH 

binding of the mutant receptors compared with wildtype in both whole cell 

binding and membrane binding assays indicating that the expression was affected 

by the introduced mutations (Figures 3.2 and 3.3, Table 3.2). This suggests that 

the lower Emax values of the mutant receptor in IP assays may result from the 

lower maximum binding (BO) observed in binding assays. 

Homologous competition binding assays were used to assess expression of the 

wildtype and mutant receptors. In spite of the decreased total binding, no 

statistically significant differences were observed in binding sites per cell (Table 

3.3). The wildtype receptor has a higher affmity for the [HisS, D-Tyr6]-GnRH 

(ICso 3.15nM :I:: 0.40) compared to the GnRH (ICso 54.8nM:I:: 3.7) (Fig 3.3, Table 
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3.3). ICso values are used to estimate the affinity of the mutant receptors. Sinnce 

the values of ICSO and Kd are similar, it is acceptable to estimate ligand binding 

affinity using ICSO values (Hulme 1992).The affinity for GnRH was slightly 

lower in the membrane binding assay compared to the whole cell binding. The 

different conditions of the assay systems are most likely to be the reason for this 

slight variation. There was no significant difference in the affinity of the wildtype 

receptor for [Hiss, D-Tyr6]-GnRH in whole cell binding and membrane binding 

assays. The His7.36(30S)Ala and His7.36(30S)Phe mutant receptors had significant 

decreases in affinity for GnRH and [HisS, D-Tyr6]-GnRH. ICso values of213nM ± 

39 for GnRH and 26nM ± 7.S for [HisS, D-Tyr6]-GnRH were observed for the 

His7.36(30S)Ala mutant receptor (Figure 3.2 and 3.3, Table 3.3). The His7.36(30S)Phe 

mutant receptor had an increased ICso values of S41nM ± 111 for GnRH and 

19nM ± 9.4 for [HisS, D-Tyr6]-GnRH (Figure 3.2 and 3.3, Table 3.3). The change 

in affinity of the His7.36(3os)Phe and His7.36(30S)Ala may account for the decrease in 

potency observed in IP assays for the same mutant receptors. The decrease in 

potency of the [HisS, D-Tyr1-GnRH analog was similar to that observed with 

GnRH. There was no significant difference in affinity between 0nRH and [Hiss, 

D-Tyr6]-GnRH with the His7.36(30S) Asn, His7.36(30S)Gln and His7.36(30S) Arg mutant 

receptors (Fig 3.3, Table 3.3). As in the whole cell binding assays, the 

His7
.
36(30S'Trp mutant receptor had no binding to the agonist Sterle hindrance 

introduced by the large tryptophan side chain could be resulting in improper 

folding of the receptor hence the lack of binding and stimulation. The decrease in 

affinity for the His7.36(30S)Ala and His7.36(30S)Phe mutant receptors could also be an 

indication of a loss of an interaction between the ligand and the receptor or a loss 

of an interaction between residues in the receptor that disrupts the interaction of 

another functional group with the ligand. A series of GnRH analogs with 

substitutions at different positions were tested to explore the possibility of an 

important interaction between the His7.36(3OS) and a side chain functional group of 

GnRH. 
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Table 3.3. Summary of membrane competition binding assays The competition binding 
assays were performed on crude membranes from COS-l cells expressing the wildtype GnRH 
receptor and mutant receptors, incubated with 12sI_[Hiss, D-Tyr6]-GnRH and varying 
concentrations of unlabelled ligands (See experimental approach). Data are reported as pIC so ± 
SEM (number of experiments). The number of replicates is indicated in parentheses. No 
measurable binding (NMB). 
Receptor GnRH 

ICso (nM)(n) 
Wildtype 54.8 ± 3.7(16) 

His7.36(30S) Ala 213 ± 39(8) 

His 7.36(30s)Phe 541±111(5) 

His 7.36(30S) Asn 57 ± 12.3(5) 

His 7.36(30S)Gln 41.8 ± 8.7(4) 

His7.36(30S) Arg 86.4 ± 31.7(3) 

GnRH 

pICso 
7.28 ± .036 

6.73 ±0.09" 

6.3 ±0.09 

7.29± 0.10 

7.41 ± 0.09 

7.13 ± 0.16 

[HisiS ,D-Tyr6]_ 
GnRH 
ICso(nM) (n) 
3.15 ± 0.40 
(29) 
26± 7.5 
(11) 
19 ± 9.4 
(7) 
3.9 ± 1.09 
(15) 
2.7± 0.59 
(8) 
2.2± 0.63 
(13) 

His 7.36(30S)Trp NMB NMB NMB 

• Significantly different from the wildtype receptor p< 0.05 

"Significantly different from the wildtype receptor p <0.0001 
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[HisiS ,D-Tyr6]_ 
GnRH 
pICso 
8.6± 0.06 

7.95± 0.17" 

7.88 ± 0.15" 

8.6 ± 0.14 

8.6± 0.08 

8.8 ± 0.08 

NMB 

The contribution of His'·36(30S) of the GnRH receptor to ligand binding and receptor activation. 

Binding 
Sites/cell 
(x 105 
46.7 ± 6.7 

54 ± 13.8 

34.2 ± 8.2 

37.5± 21.6 

27.8± 9.7 

34.7± 7.6 

NMB 
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u1UIs rccu:d WIth mouse GnRH ~pmor, fhsH ' ODS,,, .. (0) . His JJ6I10J' I'he (0) . 
I~ is 1 J6I19') A$n (0) . Ilis 1 ) 6I lO'lG In (0) and I h , 1 )tUO'1 Are (0) ,",ere incublu:d wi th 

I! ' 1_( His' . D-T)'r"j-GnRtI in the pn'Kro.::e of \"11) illJ con.:cntrauons of unlabelled (HisS. 
D-T)r" I.(inRli nalog. Dla I"I'presclUlI'-C ora' k-ul lhnx lndcpeOl.knl ClIpcrirnc:nt5 
performed in triplicate. Data is e"l'rcss.cd as I pertcmaillt of $pCcir,c buldlll8 ;n lhe 
absence of unlaNlk:d hllllnd. Tou.] binding indjglll:d IS BO 

1.1.1.1 Bintlil/If o/GIIHII u/lologs "'ilh subS/itulions 0/ differen, posl/ions. 

To inl'uligllic i f the d~reases in affinity of lhe lI is' Jej)l)l'Ala and Ili5'~lpbe 

mUl onlS orc II res l.ill of a loss of interaction between !he mutant receplOrs and the 

ligands. GoRl1 analo8s were tested in membrane C()mpctilion bmding assays. 

These GnRH (lllalOl\5 had different subslitut ions of amino acid residues in 

posi lions ont' 10 le ll , If a receplor mutauon decreases bmding affinity for the 

lilland by interrupting an illleructioll bet" een the: receptor and the: ligand. then a 

ligand thai lacks the interuetillg group should have similar affinities for both the 

witdtype and muUlfU receptors, 

Smce the S1J\lCIUrc: of GnRH was detennined. many analogs have bern 

s)'nthe:sized 10 study the structure-activi ty relat ionshi ps of the hOlTllone (Kartcn 

and Ri"ic:r 1986). In V\"O studies i n vestig~l ing diffen:nl GnR.lI analogs revealed 
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that analogs with acylated residues at position one had a little but significant 

activity. Replacing the cyclic pyro-glutamine of OnRH with an acetylated glycine 

at position one yielded a ligand that displaced the 12sI_[Hiss, D-Tyr'-GnRH tracer 

at very high concentrations (Figure 3.5. A), with the wildtype, His7.36(30S)Ala and 

His7.36(30S)Phe receptors. A similar poor displacement was observed with GnRH 

analog where serine is substituted with an alanine residue at position four of the 

GnRH peptide (Figure 3.5.D) and the naturally occurring analog with 

hydroxyproline at position nine (Figure 3.5.0). The poor displacement indicates 

very low affinity of the three GnRH analogs. The low affmity for the wildtype 

receptor makes it difficult to determine whether the mutant receptors have similar 

of lower affinity for these analogs. An analog in which histidine at position 2 is 

substituted with a tryptophan was also tested for affinity with the wildtype, 

His7.36(3oS)Phe and His7.36(30S) Ala mutant receptors. The wildtype receptor had a 

slightly higher affinity for [Trp2]-GnRH (ICso 18.5nM ± 4.66) compared to GnRH 

(ICso 54.5nM ± 3.8). [Trp2]-GnRH displaced 12sI_[Hiss, D-Tyr'-GnRH with an 

ICso of 136nM ± 39.8 for His7.36(30S)Ala and 362nM ± 148 for His7.36(30sJphe 

respectively (Figure 3.5.B, Table 3.4). This indicated that there is no direct 

interaction between the OnRH receptor and the hormone via the two imidazole 

rings. 

GnRH II which has substitutions at positions 5, 7 and 8, displaced the tracer with 

an ICso value of 116nM ± 10.7 for the wildtype receptor. The wildtype receptor 

has a decrease in affinity for GnRH II compared to GnRH. When the 

His7.36(30S)Ala and His7.36(30sJphe mutants were incubated in the presence ofGnRH 

II there was a decrease in affinity of the mutant receptors for OnRH II (5.4 and 

12.9 fold difference, respectively from wildtype) (Figure 3.5.F, Table 3.4). This 

decrease in affinity indicated that T~, Leu 7 and Arg8 of OnRH does not interact 

with His7
.
36(30S). [D_Trp6, Pro9-NHEt]-OnRH analog with a D-tryptophan at 

substitutions at position 6 and an ethylamide at position 9 exhibited a decreased 

affinity with the mutants (ICso 1.01nM ± 0.23 for His7.36(30S)Ala and 6.8nM ± 0.63 

His7
.
36(30sJphe) compared to the wildtype (Figure 3.5.E, Table 3.4). GnRH analogs 

with D-amino acids at positions 6 have been reported to have a slightly higher 
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affinity than GnRH. These results from the mutants indicate that there is no direct 

interaction between Gly6 and Pro9 ofGnRH and His,·36(30S). 

Compared to GnRH, an analog with a substitution of 2-naphthylalanine in the 

place of tryptophan 3 ofGnRH had a higher affInity at the wildtype receptor (lCso 

1.54 ± 0.32). [2-Nae]-GnRH displaced the tracer with an of ICso value 2.97nM ± 

1.62 at the His' .36(30S) Ala mutant. There was no significant difference in affinity of 

His,·36(30S)Ala and wildtype receptor. The His,·36(30S)Phe mutant (lCso 2.99 ± 

0.43)also had no change in affinity for [2-Nae]-GnRH compared to the wildtype 

receptor (Figure 3.5. C). These results indicate the possibility of an interaction 

between His,·36(30S) and Trp3 ofGnRH. This GnRH analog was tested in IP assays 

for its activity with the His,·36(30S)Ala, His,·36(30s)Phe and the His,·36(30S)Asn which 

had no decrease in affinity for GnRH, and compared with the wildtype to confirm 

these similar affinities. [2-Nal3]-GnRH activated the wildtype receptor with a low 

potency (ECso 0.49nM ± 0.07) similar to GnRH and [HisS, D-Tyr6]-GnRH. The 

position 3-substituted analog had moderately high potency (ECso 9.73nM ± 3) at 

the His,·36(30S)Ala mutant compared with GnRH (ECso O.l52nM ± 0.032). There 

was a 20-fold decrease in potency at the Ala mutant, 162 fold for GnRH and 97 

fold for [Hiss, 0-Tyr6]-GnRH. This suggests that the component of the decreased 

potency of GnRH is loss of an interaction with Trp3 of GnRH. [2-Nal3]-GnRH 

showed a similar higher potency at the His,·36(30s)Phe (ECso 2.98nM ± 0.4) mutant 

compared to GnRH (Figure 3.6). The [2-Nae]-GnRH analog had 6 fold change in 

potency at the Phe mutant, 60 fold for [HisS, D-Tyr6]-GnRH and 169 fold for 

GnRH. The negative control, His,·36(30S) Asn which showed no change in affinity 

for GnRH but decreased potency was also included in the study. This mutant did 

not show any significant change in potency from the wildtype with [2-Nal3]­

GnRH (Figure 3.5). 
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Figure 3.S. Compel ilion Membrane binding \\ilh [AcG1yJ,.GnRH (Panel A). 

[Trp~I-GnRH (Panel B). [2-Nall )-GnRH (Panel C), [A1a~l·GnRIl (Pmcl 0 ). 
[D-Trp&,I' ro"NHclrGnRI-1 (Pane l E). GnRIl" (PMCI F) and [Hyp91-GnRH (Panel G) on the 

wildt}JlC receptOr (bllICk) . His1.J«JO$)Ala (bluc)and His7 . .l60()$)Phc(red). Data nrc 
rc prc s~ ntll1i\c of " indc pendent cXJlC rimenls performed in Iri pi icatc. 
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T.blr J .... Summary or comprtilion binding or U~'.lIiI"IAIi and 1Ii~'..M{.II51 ph( 

... ilh difftl"C"n l GnRI! analogs. The bindinG affinil)' of the His7~IAIa ant. 

Il lsJ.)tC:tMlpht mutants was ICSled using d ifferem GnRJI analogs \I;th dilTeren 

substitutions on the peptide. Data upressed as negative log of IC~ ± SEM. No 0 :' 

replicll1e$ as indkated. 

GnRH Alla log Wild t),pe His
,

J&M 1Ala HisUWGhPhe 

piC}\) plC~ plC~ 

G,RH 7.29:1; 0.036 6.73 ± 0.09" 6.31 .:Ie. 0.09-· 
n " 16 , -, , <6 

IAcGly' 1-GnRH 4.79 ±0.32 6.04.:1e. 0.23- 5.75 ±0.09· 
,<6 ,<6 0<' , 

ITrp"l-GnRH 7.88 ±0.16 7.017:0:0.15· 6.57:0.194· ,-, ,-, ,<6 
12-Nael-GnRH 8.84 :1:0. 10 1:1.69:0: 0.27 8.5 ±0.08 

,<6 ,<6 ,<6 
IAla~J-GnRH 5.066%0.16 4.69 :0: 0.159 4.72±0.65 

,<6 ,-, ,<6 
I His! .1)-T ~"f'J-Gn RH 1:1 .601:1; 0.058 1.95:1:0.18" 7.74:1: 0.16'· 

n '" 29 n .. II , - 7 
GnRH II 6.96± 0.043 6.33 % 0.109 " 6.03 :1::0.22·· 

n " 10 , -7 ,<6 

[1).Trp·.rro~HEtl· 9.77±0.1 4 9.07 .:1e. 0.13· 8.17±0.04· 

G,RH , -7 , - 7 , <6 

rHyp'1-GnRH 5.76± 0.075 6. 11:1 ±0.23 5.76:1:0.18 
,-7 ,<6 , <6 

• Si~ifkantl)' different from the: \I; ldtype receptor p< O.OS 

··Significantlydiffcrent from 1he \lildtypc receptor p <0.000 1 
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Tabl~ 3.5. II' assay res ult s ubi"g C"RH ,,"~Jogs, IHisJ
, I).Tyr'].C"RH and 

1 2 .~~rl-GnRH. DaUl are presemcd as EC~ and :I: SEM. Assays repealed foUl 

times in duplicate. Fold change as mtio of wildtypc EC~ and mutant ir. 

paremheses. 

R~ptors 

Wildt)-pe 

~Iis 1·l6IlO!) Ala 

Hisl)6(~lPhe 

His 1 .l~ l[l'l1 Asn 

O"RH [Hi l D-TyrtJ-GnRH 

EC~ (nM EClo(nM) 

0.162:1:0.04 0.24 ± 0.14 

24.6:1: 3.7 (152) J5± 17.6 (145) 

26:1:3.9(160) 21.7 :1:6.2 (90) 

1.07 :1: 0.36 (6.6) 1.5:1: 0.27 (6.25) 

12.Nal'I-GnRH (Log M) 

Fi gure 3.6. II' assay with 12. Nal' I-G nRH 0" wildlyfK' . 

(2_Nar1j.GnRH 

£C,o (nM) 

0.49:1: 0 .07 

9 .73:1: 3 .20) 

2.98:1: 0." (6) 

0 .81 :1: 0.1':' (1.7) 

His 7.361 3M) Na (oJ. His 7.J6(JOS )Phe (. ) and His 1.36(305) Asn ( . ) mutant 

receptors. Data represents 4 indepe!ldenl experiment performed in 
duplicat .... 

These results suggest the possibility of an imernc tion between Hjsl.Jb(.l~l and 

tryptophan at position thre ... ofGnRH possibly through a hydrogen bond. 
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Discussion 

Studies on the ligand binding pocket of the GnRH receptors have revealed several 

amino acid residues that are important for maintaining and stabilising the binding 

pocket. Residues in EC 3 and 1M 7 have also been shown to be important for 

ligand binding, ligand selectivity among receptor subtypes and receptor signalling 

in several GPCRs (Hjorth et ai, 1994; Perlman et ai, 1995; Fernandez and Puett 

1996). A highly conserved residue among the GnRH receptors, His 7.36 is located 

at the extracellular end of 1M 7 close to residues that have been shown to be 

important in ligand selectivity in the GnRH receptors (GlulAsp7.32 and Pr07.33) 

(Flanagan et ai, 1994; Fromme et ai, 2001; Fromme et ai, 2004). The high 

conservation of His7
.
36 among GnRH receptors (Figure 1.8), its locus on the 

receptor and the complex structure of the histidine side chain suggested that it 

may have an important role in GnRH binding, receptor activation or in the three 

dimensional structure of the receptor. The histidine side chain can potentially 

form multiple interactions, including hydrogen bonds, ionic interactions, or 1t-1t 

interactions with GnRH or with other residues within the GnRH receptor. 

The current study explored the contribution of the His7
.
36

(30S) residue of the mouse 

GnRH receptor in distinct functions of the GnRH receptor. The residue was 

mutated to different amino acids that mimic the distinct functional groups of the 

histidine side chain. The expression of the mutant receptors, their ligand affinity 

and their response to GnRH and its analogs in signalling assays were tested. The 

experiments revealed that the His7.36(30S) may be involved both in GnRH binding 

and efficient signal transduction. 

The role 0/ His7.J6(J05) in receptor expression is "ncerla;". 

Homologous competition binding assays were used to determine the role of 

His 7 .36(30S) side chain in receptor expression. The consistent decreases of the 

maximum binding observed in both whole cell and membrane binding assays at 

the Asn and Gin mutants, which showed no decrease in affinity, suggested that 
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the His 7.36(30S) may have a role in receptor expression, whereas the low total 

binding seen with the Ala and Phe mutants may be a result of the decrease in 

affinity of these mutants. This suggestion was not supported by the formal 

determination of receptor number using homologous competition binding assays. 

This may be due to the wide confidence intervals that were inherent in the 

determination of receptor number using competitions binding assays. Another 

method of estimating expression (e.g. quantitative immunoblotting or ELISA) 

may yield a more direct measure of expression of the mutant receptors. There was 

no measurable binding or IP production with the Trp mutant. Steric hindrance 

caused by the introduction of a Trp residue has been reported (Hannemann et 01. 
2002). The large side chain of Trp may be interfering with the maintenance of the 

structure of the receptor. This could lead to the poor delivery of the receptor to the 

membrane or a disruption of the proper folding of the receptor. These would 

ultimately have an indirect effect on ligand binding affinity or decrease receptor 

expression. Unfortunately, because of the lack of binding of this receptor, the 

expression levels of this mutant could not be estimated from the calculations used. 

Alternative methods that do not rely on ligand binding would be necessary to 

validate whether this mutant is poorly expressed or has low binding affinity or 

both. 

Ligand affmity requires the presence of the hydrogen bonding groups of 
His1.J6(30S;: 

Ligand binding assays with the different mutant receptors using both GnRH and 

[Hiss, D-Tyr1-GnRH revealed that there was a decrease in affinity of the 

His 7.36(30S) Ala in both whole cell and membrane binding assays. The decrease in 

affinity of the mutant receptor suggested that the His side chain may be involved 

in ligand binding. The decrease in affinity of the Phe mutant showed that the 

hydrophilic groups of the His side chain· may be important in ligand binding 

affinity. There was no significant difference in affinity for the His7.36(30S)Asn, 

His7•36(30S)GIn and the His7.36(30S)Arg mutant receptors in ligand binding assays. 

Replacing the His residue with Asn and Gin mimics the NSI and N&2 hydrogen 

bonding groups of His. The retention of wildtype receptor binding affinity by 
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these mutants showed that one of these H-bonding groups of His is important for 

ligand binding. The presence of either of the two hydrogen binding groups was 

sufficient to mimic the wildtype binding. At high pH, histidine forms two 

different tautomers upon proton dissociation, Nol and Ne2 (Perez-Canadilllas et 

ai, 2003). The pH and the environment surrounding the histidine residue as they 

have different pKs at different conditions determine the tautomeric states. 

Previous studies on the tautomeric states of histidine showed that the proton is 

preferred on the Ne2 (Perez-Canadilllas et ai, 2003). The Arg mutant, showed that 

the protonation of His7.36(30S) is not essential for ligand binding affinity. The 

decrease in affinity of the His7.36(30S)Ala and His7.36(30S)Phe suggest the loss of a 

potential ligand binding contact site between the receptor and the ligand or a loss 

of an interaction that affects ligand binding indirectly. 

His1.36(305) 1IIIlY form an interaction wUlr T"y of GnRH. 

The His7.36(30S)Ala and His7.36(30S)Phe mutant receptors with the lower binding 

affinity for GnRH, were further tested for ligand affinity to determine whether the 

His7.36(30S) residue is an interaction site for GnRH using a series of GnRH analogs 

with substitutions at different positions of GnRH. Because many of the analogs 

used in this study have only been tested in biological assays, and no affinities 

have been reported, the effect of substitutions on affinity for the wildtype receptor 

is discussed before the potential interactions with His7.36(30S) are considered. An 

analog with an acetylated glycine at position one instead of the N-terminal pGlu 

ring could only displace the tracer ligand from the wildtype receptor at very high 

concentrations indicating a low affinity for the [acyl-Glyt]-GnRH ligand 

compared to GnRH. Like the [acyl-Glyl]-GnRH membrane binding assays with 

[Ala4]-GnRH displaced the labelled ligand very poorly in membrane binding 

assays at the wildtype receptor. A serine at position four is reported to be 

important in biological activity and all modification where the serine is 

substituted result in a severe loss of potency. The naturally occurring analog 

[Hyp9]-GnRH (hydroxyproline) also showed very poor displacement of the 

labelled tracer at the wildtype receptor. [Hyp~-GnRH and [acyl-Glyt]-GnRH 

have very low activity in vitro compared to GnRH and this could explain the poor 
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displacement in the membrane binding assays (Okada et ai, 1973; Gautron et ai, 

1992). Membrane binding assays using [Trp2]-GnRH with the wildtype receptor 

showed a slightly higher affinity compared to GnRH consistent with previous 

observations (Flanagan et ai, 2000). A substitution of Trp3 with 2-naphthyl 

alanine led to a higher affinity at the wildtype receptor. [2-Nae]-GnRH was 

previously shown to have 50% activity of GnRH in vivo (Sandow 1978; Sealfon 

et al, 1997). This could explain the higher binding affinity of [2-Nal3]-GnRH 

compared to wildtype. The GnRH II peptide [HisS, Trp7, Tyr8]-GnRH, was used 

to assess the possible interaction between residues at position 5, 7 and 8 of GnRH 

with His7.36(30S) of the receptor. The wildtype receptor had a decrease in affinity 

for GnRH II. [Hiss, D-Tyr6]-GnRH, which also has a substitution at position 5 had 

a higher affmity at the wildtype receptor. This analog has been reported as a high 

affinity ligand (Flanagan et ai, 1998). The wildtype receptor had the highest 

affinity for the [D-Trp6, Pro~HEt]-GnRH analog. Introducing a D-amino acid at 

position 6 increases the potency of the analog (350-400%) (Monahan et ai, 1973; 

Hirotsu et ai, 1974). [D-Trp6, Pro~HEt]-GnRH and [HisS, D-Tyr6]-GnRH, which 

both had a D-amino acid at position 6, had higher affinity for the wildtype GnRH 

receptor relative to GnRH. This increased affinity was attributed to the 

conformational stabilising effect of the D-amino acids. 

Together with the wildtype receptor, His7.36(305)Ala and His7.36(305)Phe mutant 

receptors were tested for their affmity for analogs with substitutions at different 

positions. The mutants showed very poor displacement of the tracer with both 

[acyl-Glyl]-GnRH, [Ala4]-GnRH and [Hyp9]-GnRH analogs. This shows that the 

mutant receptors had very low affmity for these analogs. The low affmity of both 

wildtype and mutant receptors for these ligands precludes any firm conclusion 

about a direct interaction between pGlu at position one, Ser at position four or Pro 

at position nine with the His7.36(30S). Other ligands with higher affmity for the 

wildtype receptor could be used to clearly define the possibility of an interaction 

between the receptor and the hormone through amino acids residues at these 

positions. [Thr4]_GnRH could have been a better analog to test for an interaction 

at position four as it had 19% potency in vivo (Coy et ai, 1973). Finding suitable 
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analog for position one would be complex as the only reported analogs for 

position one have very little activity in vivo and have not been assayed in vitro 

(Sandow 1978). 

The mutant receptors showed the same decrease in affinity for [Trp2]_GnRH 

compared as for GnRH. This shows that there was no direct interaction between 

His7.36(30S) and the His2 of GnRH. The His2 side chain has been previously 

reported to fonn a hydrogen bond with Asp2.61(98) of the GnRH receptor (Flanagan 

et ai, 2000). Although, His can fonn multiple interactions with its heteroatoms, 

the results do not support simultaneous interaction of His2 with Asp2.61(98) and 

His7.36(30S). The wildtype receptor showed a decrease in affmity for GnRH II with 

substitutions for residues 5, 7 and 8 of GnRH. The native tyrosine at position 5 

has been an important site for mono-iodination. This residue can be iodinated and 

still retain most of the GnRH activity (Sandow 1978). There was a similar 

decrease in affinity for [Hiss, D-Tyr1-GnRH, which also has a substitution at 

position 5 at the mutant receptors. These results indicate that there is no 

interaction of His7.36(30S) and GnRH via residues at these positions. The mutant 

receptors also showed a decrease in affmity for [0-Trp6, Pro~HEt]-GnRH 

compared with wildtype receptor. The affinity for this analog was higher than that 

of GnRH, consistent with the reports that confonnationally constraint analogs 

have higher affinity compared to wildtype GnRH. These results did not suggest 

the possibility of an interaction between His7.36(30S) and either Gly6 or Pr09 of 

GnRH. 

The only GnRH analog that gave any significant infonnation on the ligand 

binding properties of His7.36(30S) was the 2-naphthyl alanine 3 substituted analog. 

The His7.36(30S) Ala and His7.36(30S)Phe receptors showed no significant difference 

from wildtype in affinity for the [2-NaI3]-GnRH analog. The lack of significant 

difference in affinity of the mutant receptors compared to the wildtype suggests 

that there might be an interaction between His7.36(305) and Trp3 ofGnRH. There are 

previous suggestions that Trp3 of GnRH interacts with Trp6A7(279) on TM six of the 

GnRH receptor (Chauvin et ai, 2001). The model suggested that Trp3 is in contact 
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with a cluster of aromatic residues on TM 6 (Trp6.47(279) and Tyr6.S0(282~ and TM 7 

(phe7.37(307) and Phe7.4O(31~. The complex structures of the His and Trp side chains 

can allow mUltiple interactions. The histidine side chain can form salt bridges, n-'I 

and CHIn interactions with phenylalanine rings, 7tlOH interactions with tyrosine, 

7tlNH interactions with tryptophan and histidine and also form a bond between the 

N of histidine and the NH of tryptophan (Bromme et ai, 1996; Scheiner et ai, 

2002). There are several possible interactions between the histidine and 

tryptophan side chains that have been reported and these can vary depending on 

the conditions of the surroundings where these side chains are found. A cation-n 

interaction between the indole ring of Trp and the imidazole ring of His was 

reported in the M2 proton channel of influenza A and microbial ribonuclease, 

barnase (Loewenthal et ai, 1992; Takeuchi et ai, 2003). The stabilisation of a 

cation in the imidazole ring of His by the negative charge of n-electron of the Trp 

indole ring were accredited to the formation of these cation-n interactions. The 

five-membered ring of Trp interacts with the atoms of His favouring an N&1 -

Nsl interaction (Loewenthal et ai, 1992; Bromme et ai, 1996). 

The extent of the decrease in affinity of the mutant receptors for the different 

GnRH analogs does not suggest the loss of an ionic interaction, but of a hydrogen 

bond. Firstly, Arg8 is the only positively charged functional group of GnRH under 

physiological pH and this residue has been shown to be essential for high-affinity 

binding of mammalian GnRH receptors (Flanagan et ai, 1994; Fromme et al. 

2001). Secondly, His is a positively charged amino acid and would need a 

negatively charged residue on GnRH for an interaction. Therefore these exclude 

the possibility of an ionic interaction through His7.36(30S). The similar affinities of 

the wildtype and the mutant receptors with [2-Nal3]-GnRH could be due to the 

differences between the structures of tryptophan and 2-naphthlyalanine (See 

appendix A.4). 2-naphthlyalanine lacks the hydrogen bonding group that is seen 

on Trp. The high affinity for the wildtype receptor of [2-Nal3]-GnRH in the 

absence of the hydrogen bonding group indicates that there is an additional 

interaction occurring that enhances the affinity even in the absence of the 
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hydrogen bond. This could explain the lack of change in affinity of this ligand for 

the wildtype. The lack of change in affinity of the mutant receptors for this ligand 

which lacks a oNH group suggests that His in the wildtype receptor interacts with 

Trp3 of OnRH. Mutants that are not unable to interact with the NH of Trp3 could 

distinguish [2-Nae]-OnRH from GnRH. 

His7.36(30S) plays a role in GnRH receptor activation. 

Inositol phosphate production assays were performed as an indicator of how well 

the wildtype and His7.36(30S) mutant receptors are activated by OnRH. The Arg 

mutant was the only mutant receptor that did not show any significant difference 

from the wildtype receptor in IP assays indicating that the positive charge that is 

mimicked by Arg may be important for receptor activation. All of the His73
6(3OS) 

mutant receptors exhibited an agonist-stimulated increase in inositol phosphate 

production, except for the tryptophan mutant. The His7.36(30S)Trp mutant receptor 

showed no response when stimulated with OnRH. This lack of activation was 

postulated to be the result of the steric hindrance introduced by the large side 

chain of tryptophan at this position. All the mutant receptors showed decreased 

coupling to the effector PLe, indicating the effects of the mutation on activation. 

These results of the coupling efficiency should be interpreted cautiously because 

of the high interassay variation observed in receptor expression calculations. The 

His736(30S)Ala and the His7.36(30S)Phe mutant receptors showed the highest decrease 

in potency for both GnRH and the [HisS ,D-Tyr1-GnRH analog. The Ala mutant 

shows that the imidazole side chain of His7.36(30S) has an important role in the 

signalling of the GnRH receptor. The Phe mutant shows that the hydrophilic 

groups of His 7.36(305) are required for ligand binding. The decreased ligand binding 

affinity of these mutants may partially account for the decreased OnRH potency, 

and low activity of the Phe mutant, which has an aromatic ring substituted for His 

suggests that the aromatic ring of His is not important. The His7.36(30S)Asn and 

His7.36(30S)Oln mutants showed lesser decrease in OnRH potency compared to that 

of the His7.36(30s)Phe and His7.36(30S)Ala mutants. This suggests that the &-nitrogen 

of glutamine and the o-nitrogen of asparagine were able to recover the loss of 

potency observed with the alanine and phenylalanine mutants. These mutant 
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receptors had no change in affinity for GnRH, whilst showing a decrease in 

Emax. This suggests that both the NH E2 and NH 81 of histidine contribute to the 

full activation of the receptor. The His7
.
36(30S)Arg mutant receptor showed no 

change in GnRH potency compared to the wildtype receptor indicating that the 

positive charge of the His7
.
36(30S)side chain contributes to the activation of the 

receptor. Different transfection efficiencies could also be responsible for the 

difference in the baseline IP production. The differences in both basal and Emax 

values were consistent in multiple independent assays. The cell densities were not 

re-calculated when seeding into 12-well plates. The number of all the mutant 

receptors was assumed to be 250 OOO/well in the 12-well plates. 

Conclusion 

His7.36(30S) of the mouse GnRH receptor was studied to determine whether it 

contributes to the, receptor structure and function. Mutations of the residue 

revealed that His7.36(30S) plays an important role in both ligand binding and 

receptor activation. Estimations of receptor expression were inconclusive about 

the role of His7.36(30S) in receptor expression. However, ligand binding assays 

showed decreases in maximum binding of the tracer ligand by the Asn and GIn' 

mutants indicating that His7
.
36(30S) may have a role in receptor expression. 

The different mutagenesis studies revealed that the hydrogen bonding groups of 

the His7.36(30S) residue are important for both ligand binding and receptor 

activation. Both hydrogen bonding groups of histidine are important for receptor 

activation, but only one is required for ligand binding. Both the Asn and Gin 

mutants had a decrease in potency for GnRH, but the decrease was less than that 

seen with the Ala and Phe mutants. These results showed that the hydrogen 

bonding groups of His7.36(30S) mimicked by Asn and Gin contribute to the full 

activation of the GnRH receptor. In ligand binding assays, the Asn and Gin 

mutants had no change in affinity for GnRH indicating that the hydrogen bonding 

groups of His are sufficient for ligand binding affinity. The presence of either two 

N81 or NE2 hydrogen bonding groups of His7
.
36(30S) are sufficient for GnRH 

binding affinity. The positive charge of the His7
.
36(30S) residue mimicked by the 
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Arg mutant is essential for full GnRH receptor activation and expression but not 

required for ligand binding affinity. 

Further ligand binding studies with the Ala and Phe mutants using GnRH analogs 

with substitutions at different positions were performed. These analogs were used 

to investigate the possibility of an interaction between GnRH and His7
.
36(30S). Of 

the eight analogs tested, only [2-Nal3]-GnRH showed no change in affinity 

between the wildtype and the two mutants, His7.36(30S)Ala and His7.36(30s>Phe. The 

results showed that the His7.36(30S) may form a hydrogen bond with the NH ofTrp3 

in GnRH. This work shows that His7
.
36(30S) of the contributes to multiple GnR.J4 

receptor functions. 
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Appendius 

A,I 
Prinlers desiglled for "reQtillg the HiIU60~SI mutalll ref'l'pWf$. 

HiJ' .l'(
JII5IAIa (Ssm I-GAATGCN 

Sense: GG GTG TCA GAG O'CA 
Antisense: GC AAA GAG AAA GAA 

Phe Leu Phe Phe 

Hi$'.l'(Jt5IAsn (Xmn I -;:~~:~~~'~;t 
Sense: GG GTG TCA GAG 
Antisense: GC AAA GAG AAA 

Phe Leu 

H il'~-IGln (Xmn 1- ;:~~;' :~' ~~:~~ 
Sense: GO GTG TeA GAG 
Antisense: GC AAA GAG AAA liAA 

Phe Leu Phe Phe 

HiJ' .J'-.J$$IArg (mn I 'I' 
Sense: GG GTG TCA GAG 
Antisense: GC AAA GAG AAA WIA 

Phe Leu I'he Phe 

His'~lIl")Phe (Apo 1- R1AATYI 
Sense: GG GTG TeA GAG eCA GiT 
Antisense: GC AAA GAG AAA W\AAi'" 

Ph" Leu Phe Phe Phe 

HiJ'...1i1JoHl-frp (Xmn I -;:~~;:';'~~:~~ 
Sense: GG GTG TCA GAG 
Antisense: GC; AAA GAG AAA W'" 

Phe Leu Phe Pbe 

; rrr Cl 'C TIT ee 
TOG ere TGA CAC ec 

rrr, TTT c'rc TIT ce 
TOG eTC TGA CAC CC 

I I'ro Glu Sn Val 

TIT eTC TTT CC 
TGG eTC TGA CAC ce 
Pro Glu Ser Val 

TIT eTC TIT CC 
TOG eTC TGA CAC CC 
Pro Glu Ser Val 

TIC ITT CTC TIT ec 
ACTGG erc TGA CAC CC 

TTT eTC TIT ec 
Ac TGG CTe TGA CAe cc 

Pro Glu Ser Val 

Th~ mutations introduced are indicaled in OO){es, The sit ... nt restriction sites for each 
mutation 11ft' shaded in red, 



A.2 
Opn I mutllgt'nn js used 10 Kt'IIt'r1ll1! lIis'..u(JU) mulllfftt. 

o 

Mouse GnRl 1 receptor in pc l}NA l /Amp with 
llis' .J64lO:5! sile for mutation , MUlagenic prirncrJ 

Iknalure the plasmid IlJld anneal !he primers eonulining 
dcsir...-d mutation. 

Digest the mcth}lat~d. nonmutat ... d DNA template "ilh 
Dpnl ",.triction enzyme. 

Tlll/ISfonn mutaled GnRH receptor 111 compel ... m 
OH IOBcells. 

Automated sequencing 10 confirm the prcscllCe of the mutations was done using 
pcONAI . IIAmp specific primt.TS. TI:{5TAATACOACTC .... CT .... TAOGGl·) and 
5p6:(5'OA TIT AGOTOACACT A T AGl'). 
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A.J. Formulae for CQ/(uloljllg ICj#o ECl ". cOllplillg efficiell CY ond BmfU l'DiU !!;f of 
(II" djff'"r"m lliJU4fJe'J ",I/(am r"ceplO". 

Sigmoidal dose response (Nonlinur rtgrt:lsion) eurn WHt u~td 10 analyst dala 
collc~ltd In IP assays. 

Y- Bouom 

Y is the response 
X is the logarithm of agonist conc~'Iltrotion 
One Sile Competition 
y .. Bottom -+ crop Bouom) 

I-+ IO"{X -; LogEC.y) 
Y is the response 
X is the logarithm oragonist conccntralion 

lIomoiogou5 Comp~tilion Binding C un'e. 

Data eo ll ~'Ctcd in ligand hinding experiments were ploned on nonlinear regre~sion 

curve using the following equations. Tllese fonnulae were uS\.-d to estimate the IClo 
and maximum binding of the diffemnt mutants for estimating the number ofreecptors 
on the cell :rurface. 

ColdNM~IO"(x+9) 

KdNM'"' I O"{logKd+9) 
Y={Bmax·HotnMY(HatnM -t- CaldNM + KdNM) -+ NS 

Cold conccntmlion in nM 
Kd in nM 
HotnM sella conSianI value (Calculated from lOla] counts per reaction tube) 
Y is lotal binding in cpm 
X is log of unlabeled ligand 
NS is non specific binding 

Coupling efficit ncy Q. The mean values of Kd, ECso. Emax and Bmax were used to 
calculate how '-'<"e ll the mutant receptors ac tivate effector PLC usinglhc fOmJula: 
IC511 was for Kd values. 
The uiculued sites per ~e [l were used for Rmu values. 
0.5 x [(Kd + ECso)/ECso] x (Ent&xiBmax) (Ballesteros el 0/. 1998). 
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App'mdica 

,A 
Stru~turc~ of unnatural aminv acid side ehll.ins. 

1 
.... r ~ 

0 

HO , ~ 01 

CH---- '\ / 
I CH-\ 

""' ---.i '\ 
H 

Hydroxyproline 
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