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ABSTRACT 

G-protein coupled receptors (GPCRs) represent one of the largest families of proteins in 

mammals, with 1-5% of the total cell proteins belonging to this group. Together they 

constitute one of the principal targets of the drugs currently being used in the market, 

especially those acting in the central nervous system. A better understanding of the 

mechanisms of activation and signal transduction of these proteins seems imperative. 

Despite their crucial interest, however, very little is known about their structure/function 

relationships, mainly as a conscquence of their rather low natural abundance and their 

integral membrane nature. Due to the low stability of membrane proteins when outside of 

the cell membrane, methodologies that allow direct studies to be done while they are 

incorporated into artificial lipid bilaycrs arc advantageous. One such technique is 

plasmon-waveguide resonance (PWR) spectroscopy, which was developed in our 

laboratories and has been successfully used to investigate several aspects of signal 

transduction. Because of its ability to obtain resonances with light polarized both 

perpendicular (/^-polarization) and parallel (^-polarization) to the resonator surface, PWR 

can follow changes in conformation accompanying protein- ligand, protein-protein and 

protein-lipid interactions occurring in GPCRs in real time with high sensitivity and 

without the need for molecular labeling. In the present work we have used two GPCRs, 

namely rhodopsin (a GPCR prototype) and the human delta opioid reccptor (hDOR), 

which our laboratory has been actively investigating from the drug design point of view 

for 25 years. For these studies we have incorporated the dctergent-solubilized rcceptor 

into a solid-supported lipid bilayer and monitored PWR changes upon activation by 



ligand (hDOR) or light (rhodopsin), as well as the interaction of these receptors with their 

G-proteins, one of the first steps in the signaling cascade. We have investigated the lipid 

modulation of rhodopsin activation and have found that lipids can greatly affected not 

only the activation process, but the G-protein interaction as well. In addition, we have 

found that the hDOR adopts different conformations upon binding of different classes of 

ligands, and that its affinity for G-proteins is highly dependent on the nature of the ligand 

pre-bound to the receptor. Significant selectivity towards the different G-protein subtypes 

and subunits was also observed. The results have yielded new insights into GPCR 

function and have demonstrated that PWR provides a new and direct approach to 

investigate transmembrane signaling. 
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CHAPTER 1 

INTRODUCTION 

1.1- G-Protein Coupled Receptors 

The G-protein coupled receptors (GPCR) superfamily is one of the largest 

families of proteins in mammals, with over 800 GPCR-encoding sequences that have 

been identified in the human genome (Lockhart et a!., 1996). The chemical diversity 

among the endogenous ligands is exceptional. They include biogenic amines, peptides, 

glycoproteins, lipids, nucleotides, ions, and proteases. Moreover, the sensation of 

exogenous stimuli, such as light, odors, and taste, is mediated via this class of receptors 

(Strader et al., 1994; Ji et al., 1998; Gether 2000). GPCR signaling is the primary 

mechanism by which cells sense changes in the external environment and convey this 

information, to their interior. Abnormalities of signaling by GPCRs are at the root of 

disorders that affect most tissues and organs in our body, such as hyperfunctioning 

thyroid adenoma, precocious puberty, obesity and abnormal feeding behavior, sexual 

behavior, nephrogenic diabetes, immune response and color blindness. Targeting GPCRs 

for therapeutic intervention has been fruitful, with more than 50% of the drugs on the 

market as their surrogate activators or inhibitors of the GPCRs that have defined native 

ligands. 
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1.1.1 GPCR classification 

The common structural criteria for inclusion in the GPCR superfamily is the 

presence of seven stretches of 20-35 predominantly hydrophobic residues that are 

believed to form a seven transmembrane (7TM) a-helical bundle with helices linked by 

three intracellular and three extracellular loops (Hamrn et al., 1998) (Figure 1.1). The 

functional criterion for inclusion in the GPCR superfamily is the principle that the 7TM 

domain of each receptor exerts a biological effect by recruiting and activating 

heterotrimeric G-proteins (Rodbell et al., 1971). 

Figure 1.1- G-protein-coupled receptors common three-dimensional fold. GPCRs all 

share seven TM helices (I -VII), an extracellular N-terminus and an intracellular C-

terminus. Figure obtained from Hamm et al., 1998. 

The human GPCRs can be classified into three distinct families, A, B and C. on 

the basis of their sequence similarity (Kolakowski, 1994) (Figure 1.2). Sequences within 

each family generally share over 25% sequence identity in the transmembrane core 
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region, and a distinctive set of highly conserved residues and motifs. Among the tliree 

families, little similarity is evident beyond the predicted 7TM architecture. Family A is 

by far the largest group, and includes the receptors for light (rhodopsin), adrenaline 

(adrenergic receptor), opioids (opioid receptor) and, indeed, most other 7TM receptor 

types (~ 700 members), including the olfactory subgroup. The olfactory receptors 

constitute most of these sequences, but nearly 200 non-olfactory 7TM receptors that 

recognize over 80 distinct ligands have also been functionally characterized (Crasto et al., 

2002). Family A receptors are characterized by a series of highly conserved key residues 

(Figure 1.2, black letter in white circles). In most family A receptors, a disulfide bridge 

connects the sccond (EL2) and third extracellular loop (EL3) (Figure 1.2, white letters in 

black circles). In addition, a majority of the receptors have a palmitoylated cysteine in the 

C-terminus tail causing formation of a putative fourth intracellular loop. Family B 

contains only ~ 25 members, including the receptors for the gastrointestinal peptide 

hormone family (secretin, glucagons, vasoactive intestinal peptide and growth-hormone-

releasing hormone), corticotrophin-releasing hormone, calcitonin and parathyroid 

hormone. All family B receptors seem to couple mainly to activation of the effector 

adenylyl cyclase through the G-protein Gs- Family B receptors are characterized by a 

long amino terminus containing several cysteines presumably forming a network of 

disulfide bridges. The B reccptors contain, similar to the A receptors, a disulfide bridge 

connecting EL2 and 3. However, the palmitoylation site is missing. Moreover, the 

conserved proHnes are different from the conserved prolines in the A receptors and the 

DRY motif at the bottom of TM3 is absent. Family C is also relatively small, and 



contains the metabotropic receptor family, the GABAb receptor, and the calcium-sensing 

receptor, as well as some taste receptors. All family C members have a very large 

extracellular amino terminus that seems to be crucial for iigand binding and activation. 

Family C receptors are characterized by a very long amino terminus (as great as 600 

amino acids). The amino-terminal domain is thought to contain the iigand-binding site. 

Except for two cysteines forming a putative disulfide bridge, the C receptors do not have 

any of the key features characterizing A and B receptors. Some highly conserved residues 

are indicated (Figure 2, black letter in white circles). A unique characteristic of the C 

receptors is a very short and highly conserved third intracellular loop. 
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Figure 1.2- GPCRs major subfamilies. GPCRs can be divided into three subfamilies; a 

snake diagram for a prototypical member of each subfamily is shown. (Figure obtained 

from Gether, 2000). 



1.1.2- Definition of GPCR classes of ligands; agonist, antagonist, inverse agonist and 

partial agonist 

In very simplistic terms, a rcccptor. by definition exists in at least two conformational 

states, active (Ra) and inactive (R|) (Limbird et al, 2001) (Figure 1.3). These 

conformations might correspond to the open and closed states of an ion channel, the 

active and inactive states of a protein kinase, or the productive versus nonproductive 

conformations of a receptor for coupling to G-proteins. If these states are in equilibrium 

and the inactive state predominates in the absence of a ligand, then the basal signal output 

will be low. The extent to which the equilibrium is shifted toward the active state is 

determined by the relative affinity of the ligand for the two conformations. A ligand that 

has a higher affinity for the active conformation than for the inactive conformation will 

drive the equilibrium to the active state of the receptor. Such a ligand is called an agonist. 

They bind to the receptor and mimic the regulatory effects of the endogenous signaling 

compounds. A full agonist is sufficiently selective for the active conformation that, at a 

saturating concentration, it will drive the receptor essentially completely to the active 

stale. If a different but perhaps structurally similar compound binds to the same site on R 

but with only moderately greater affinity for Ra than for R,, its effect will be less, even at 

saturating concentrations. A ligand that displays such intermediate effectiveness is 

referred to as a partial agonist. Note that, in an absolute sense, all agonists are partial; 

selectivity for Ra over R, cannot be total. A ligand that binds with equal affinity to either 

conformation will not alter the activation equilibrium but will block the binding of the 

endogenous agonist, inhibiting its action and will act as a competitive antagonist. Last, a 
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ligand with preferential affinity for Ri will actually produce an effect opposite of that of 

an agonist, stabilizing the receptor in its inactive conformation, and is called an inverse 

agonist (Fig. 1.3)(Limbird et ai, 2001). 

R. R. 

«i 

D-R, D-Ra togiDRUO) 

Figure 1.3- A working model for receptor-mediated response. Effects of ligands on 

the relative concentration of two hypothetical forms of a receptor. Ra (active) and Ri 

(inactive) are in equilibrium. The relative distribution of the receptor between these two 

forms is differentially influenced by full agonists (A), partial agonists (P), competitive 

antagonists (C), and negative antagonists (N), also known as inverse agonists. 

1.1.3 GPCR activation and signaling 

Although emerging studies have revealed the existence of G-protein-independent 

signaling through some GPCRs (Bockaert and Pin, 1999; Hall et al., 1999; Heuss et al, 

1999; Hur and Kim, 2002), a common biochemical feature of these receptors is their 

interaction with G-proteins and the activation of downstream signaling cascades through 

a well documented mechanism. In response to stimulation (transmitter or exogenous 

agonist or light), the conformation of critical domains of the seven-transmembrane helix 

pocket is altered, which in turn causes changes in the conformation of intracellular 
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domains of the receptor. These changes promote the specific association of the receptor 

with a variety of heterotrimeric G-proteins. These are composed of an a subunit 

interacting with a Py complex. Activation of the receptor promotes exchange of a 

molecule of GDP by a molecule of OTP within the active site of the a subunit. In the 

current model, the binding of the GTP causcs the dissociation of the heterotrimeric 

complex, and both the GTP-bound a subunit and the released py complex are then able to 

interact with intracellular or membrane effectors including phosphoiipases and 

phosphodiesterases, adenylyl cyclases and ion channels (Oilman, 1987) (see Figure 1.4 

for a schematic of GPCR signaling). However, much controversy has surrounded the 

issue of whether physical dissociation of a from Py actually occurs during G-protein 

activation, and the issue remains unsettled (Klein et a!., 2000). In addition to activating 

G-proteins, several GPCRs recruit signaling molecules, including receptor 

serine/threonine kinases, tyrosine kinases, protein tyrosine phosphatases and adaptor 

proteins. The intrinsic GTPase activity of the a subunit hydrolyses GTP into GDP, 

restoring its initial inactive conformation as well as its affinity for the py complex. For 

many receptors, the localization of the molecular determinants of the receptor involved in 

the coupling and activation of G-proteins has been investigated. With some exceptions, 

these studies have highlighted the role of membrane-proximal regions of the second and 

third intracellular loops and of the C-terminus of the receptor in driving the coupling. 

However, up to now, no consensus sequences for G-protein selectivity have been clearly 

identified. A myriad of studies involving chimeric substitutions, various other mutational 

approaches, and the use of synthetic peptides have in many receptors provided 
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considerable insight into tlie structural elements important for the interaction with the G-

protein. Summarized, the studies have established the pivotal roles of the second (IL2) 

and the third (IL3) intracellular loops plus, at least in some receptors, the proximal part of 

the C-terminus in G-protein coupling (Kobilka, 1992; Savarese and Fraser 1992; Wess, 

1997; Dohlman et al., 1991, Strader et al., 1994; Wess, 1998). Chimeric approaches, 

applied in the adrenergic and muscarinic systems, clearly defined that IL3 is the key 

determinant of coupling specificity among the different G-protein subunits (Kobilka, 

1992; Savarese and Fraser 1992; Wess, 1997; Dohlman etal., 1991, Strader et al., 1994; 

Wess, 1998). Subsequent point mutational analyses in many receptors have identified 

residues crucial for selective G-protein coupling clustering in the amino-terminal part of 

IL3 adjacent to TM5 (Strader et al., 1994; Bluml et al., 1994 a. b; Hill-Eubanks et al., 

1996; Burstein, 1996) and in the C-terminal part of TL3 adjacent to TM6 (Burstein et al., 

1995; Liu et al., 1995, 1996). In contrast to IL3,1L2 is less important for determining G-

protein specificity but is important for the efficiency of G-protein activation. The role of 

IL2 has recently been convincingly substantiated by Brann and co-workers, who 

developed a random mutagenesis approach for their study of muscarinic receptor 

coupling (Burstein et al., 1998). For IL2 of the MS muscarinic receptor, they found that 

substitution of residues clustering on one side of a presumed IL2-helix extending from 

TM3 caused constitutive activation, while substitutions of residues clustering on the 

opposite side of the helix compromised G-protein coupHng. Taken together, the data 

suggest that the residues on the constitutively activating side were critical for maintaining 

the receptor in an inactive state, whereas the residues on the opposing side were 



important for G-proteiii activation. It was therefore inferred that IL2 could act as a switch 

that enables G-protein coupling. Notably, this hypothesis is consistent both with a role in 

receptor activation of the adjacent DRY motif (Scheer et al, 1996; Rasmussen et al, 

1999; Ballesteros et al, 1998) and the predicted movements of TM3 relative to TM6 

from spectroscopic analyses (Farrens et al., 1996; Gether et al.. 1997). Interestingly, the 

aspartic acid of the DRY motif (AspIII), which is believed to undergo protonation during 

receptor activation, is located on the same side of the helix as the residues found to cause 

constitutive activation. 
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Figure 1.4- Diversity of G-protein-coupled receptors (GPCRs). A wide variety of 

ligands, including biogenic amines, amino acids, ions, lipids, peptides and proteins, use 

GPCRs to stimulate cytoplasmic and nuclear targets through heterotrimeric G-protein-

dependent and -independent pathways. Such signaling pathways regulate key biological 

functions such as cell proliferation, cell survival and angiogenesis. Abbreviations: DAG, 

diacylglycerol; FSH, follicle-stimulating hormone; GEF, guanine nucleotide exchange 

factor; LH, leuteinizing hormone; LP A, lysophosphatidic acid; PAF, platelet-activating 

factor; P13K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; 

SIP, sphingosine-1 -phosphate; TSH, thyroid-stimulating hormone. Obtained from 

Marinissen and Gutkind, 2001. 
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The complexity and specificity of GPCR signaling partly relies on the existence 

of numerous closely related molecular species of the G-protein subiinits (Downes & 

Gautarn. 1999; Hiidebrandt, 1997 and Morris & Malbon, 1999). Up to now, at least 23 a 

subunits derived from 17 different genes have been identified and are classified into four 

families (Gj o, Gs, Gq/n, and Gn) (see Table 1.1). Concerning p and y subunits, at least 6 

and 12 different molecular species have been described, respectively (Gautarn et al., 1998 

and Vanderbeld & Kelly, 2000). As summarized in Table 1.1, a large variety of 

intracellular and membrane effectors have been identified for G-proteins, and the list 

continues to increase (Hamm, 1998). Although all combinations do not necessarily exist 

in nature, the theoretical number of heterotrimeric G-protein assemblies is particularly 

large, and this probably contributes to the diversity and selectivity of intracellular signals 

activated by GPCRs. As indicated in Table 1.1, in comparison with the variety of 

receptors and G-proteins, the number of downstream effectors (enzymes and ions 

channels) is rather limited, and many related G-proteins (e.g., Gn, Gi2, and Gj.i) ensure the 

coupling with the same intracellular effector (adenylyl cyclasc). It is also likely that a 

given receptor has the possibility to interact independently with many G-proteins within 

the same class (e.g., Albert & Robillard, 2002; Burford et al., 2000; Chalecka-Franaszek 

et al., 2000; Offermanns et al., 1994 and Wise et al., 1999). The nature of the G-protein 

involved m the coupling is probably critical in modulating the efficacy and the potency of 

cell signaling. Within one class of G-proteins, the subtype involved in the transduction 

from the receptor to the effector will depend on the availability of G-proteins in the 
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vicinity of the receptor and thus may differ from one cell to another (Miliigan, 1996; 

Neubig, ! 994; Ostrom, 2002 and Ostrom et al., 2000). 

Table 1.1 Principal G-protein subunits and their primary effectors. 

Sub'tinif Family Main subtypes Primary cffector 

GOisr Gftolf Adenylate cyclase T 
(\  .  ,  Gttj.j, Grxj.2, GQi-3 Adeiiyiatc cyclase J, 

OTXAA. G«OB K'"'' channels t 

Gftti, Gci,t2 Ca"'" chaiineis 1 
Gfij, Cyclic GMP 

phosphodiesterase | 

Ciaq, GfXi j, GO:I4. Phospholipase C: f 

Gftis, Gcvj<i 

ft}2 Gtlj2, Giij3 ? 

-^5 (6?) 'Ditlfcrcfi! assemblies Adenylate cyclasc T/i 

of 6- aiid 7-subunits Phospliolipascs T 

Phosphati dy 1 i tio si to I 
3-kinase 1' 

y 7 {--11 (i2?) Protein khiase C f 

Protein kinase D t 

GPCR kinases t 

Ca~', K''" (aiidNa" ) 

channels 

Obtained from Gether (2000). 

Despite the abundance of information acquired over the last decade, the 

mechanisms by which the signal is transmitted from the activated receptor to the G-

protein heterotrimer remains, nevertheless, surprisingly elusive. Recently, x-ray 



crystallography has provided substantial insight into the tertiary stracture of the 

heterotrimeric G-proteins (Wall et aL, 1995; Lambright et al, 1996), but still little is 

known about the actual points of interactions between the receptor and the G-protein and, 

thus, how the two proteins are oriented relative to one another. So far, only the interaction 

between the C-terminus of the G-protein a subunit and the C-terminus part of IC3 seems 

reasonably well substantiated from mutagenesis studies. Based on the currently available 

data, an orientation of the G-protein relative to the plasma membrane has been proposed 

placing the nucleotide-binding domain of the a subunit approximately 30 A away from 

the membrane (Wall et al., 1995; Lambright et al., 1996; liri et al., 1998). According to 

this, the receptor must induce GDP release from the a subunit without directly interacting 

with the nucleotide-binding domain. It has been speculated that the suggested movements 

of TM3 and TM6 apart from each other during receptor activation could allow insertion 

of the a subunit C-terminus into a cavity in the seven-helix bundle (liri et al., 1998). 

Conceivably, this could trigger structural changes in the adjacent 5-helix and p6-strand 

that are transmitted to the nucleotide-binding domain via the 5/^6 loop, which is in the 

immediate vicinity of the guanine nucleotide. 

To date, the only member of the receptor superfamily for which a crystal structure 

has been solved is rhodopsin (Palczewski et al., 2000). This structure, which corresponds 

to the inactive (inverse agonist-bound) receptor, confinns the presence of an 

anticlockwise bundle of 7TM a helices (viewed from the extracellular side) that are 

connected by loops of varying lengths. Agonist activation of the receptors induces 

conformational changes which are, as yet, poorly understood, but which seem to involve. 



at mimmum rearrangements of TM6 and TM3 (Ballesteros et al, 2001; Farahbakhsh et 

al., 1995). In the last several years, biophysical studies have been carried out that provide 

information about these rearrangements. The majority of these studies were carried out 

with rhodopsin. The reasons for this are the abundant natural sources of bovine rhodopsin 

and the inherent stability of the protein (stabilization through binding of an inverse 

agonist) that make it possible to obtain sufficient quantities of pure protein. Studies using 

tryptophan UV absorption spectroscopy {Lin and Sakniar; 1996) were the first to provide 

direct evidence that rhodopsin photoactivation might include relative movements of TM3 

and TM6. This was concluded from the observation that mutations of tryptophans in TM3 

and TM6 eliminate the differences in the UV spectra from dark-adapted rhodopsin 

(metarhodopsin I) and mctarhodopsin 11 (the putative signaling state). Another technique 

used to investigate the nature of the conformational changes is site-directed spin-labeling. 

This technique involves the construction of rhodopsin mutants containing only one 

unique reactive cysteine residue, marking this cysteine residue with a methanethiosulfate 

spin label and measuring the electron paramagnetic resonance (EPR) spectrum in the dark 

and in the meta II state. Analyzing these spectra gives information about changes in the 

local solvent polarity and the mobility of the nitroxide side chain and thus of the 

conformational changes taking place during photoactivation. Applying this technique to 

residues in the ILl (Altenbach et al., 1999b), IL2 (FarahbaMish et al., 1995), and IL3 

(Altenbach et al., 1996) regions of rhodopsin led to the suggestion that formation of meta 

II involves mainly rigid-body motion of TM3 and TM6, with the motion of TM6 being 

significantly larger than that of TM3 that was interpreted as an outward movement of 
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TM5 (Farahbakhsh et al., 1995; Aitenbach et al., 1996). Small changes are also observed 

in TM2, although these are smaller compared to those in TM6 and TM3 (Aitenbach et ai., 

1999b). 

Farrens et al. (1996) also carried out a study in which they constructed double 

cysteine mutants, each containing one cysteine at the cytoplasmic end of helix III and one 

cysteine at various positions in the cytoplasmic end of helix VI. Changes of the magnetic 

dipolar interactions between the two spin labels upon photoactivation led to the 

suggestion of a rigid-body motion of TM6 in a counterclockwise direction when viewed 

from the extracellular side and an outward movement of the cytoplasmic end of TM6 

away from TM3. Dunham and Farrens (1999) observed the same movements by site-

selective fluorescencc labeling of rhodopsin mutants containing a single reactive cysteine 

residue in the cytoplasmic region of TM6. Further evidence comes from studies that show 

that it is possible to inhibit rhodopsin activation by either disulfide-crosslinking of these 

two helices in the cytoplasmic part (Farrens et al., 1996; Cai et al., 1999) or by generation 

of bis-histidine metal ion binding sites between the cytoplasmic ends of these TMs 

(Sheikh et al., 1996). The disulfide-crosslinking study from Cai et al. (1999) showed also 

a relative movement of TM6 with respect to TM7. Recently, Aitenbach et al. carried out 

further site-directed spin-labeling studies which bring evidence for a movement of the 

cytoplasmic portion of TM7 away from TMl by 2-4 A, (Aitenbach et 1., 2001a) and an 

outward displacement of TM2 relative to helix VII by 3 A (Aitenbach et 1., 2001b). 

Using an antirhodopsin mAb, Abdulaev and Ridge (1998) could show that light 

induces exposure of an epitope of TM7 that extends from the central region to the 
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cytoplasmic end of this helix and incorporates a part of the highly conserved NPxxY 

motif, a critical region for signaling. Using fluorescence and circular dichroism (CD) 

spectroscopy to study the structural properties of helix VIII, Krishna et al. (2002) 

suggested that helix VIII has different conformations in the dark and in the light activated 

state of rhodopsin. They hypothesize that helix VIII remains in a helical conformation in 

the inactive state, and that upon illumination it adopts a looplike structure. 

Most of the biophysical studies to analyze the conformational changes during 

receptor activation of GPCRs with diffusible ligands were carried out using the P2-

adrenergic receptor (Gether et al., 1995; 1999; Jensen et al., 2001; Ghanouni et al., 

2001a; Sheikh et al., 1999). Gether et al. (1995) developed an approach using 

fluorescence labeling that allows one to directly monitor structural changes in GPCRs 

upon drug binding. Purified human p2-adrenergic receptor was covalently labeled with 

the cysteine-reactive, fluorescent probe lANBD (N,N-dimethyl-N-(iodoacetyl)-N-(7-

nitrobenz-2-oxa-l,3-diazol-4-yl)ethylendiamine) which is highly sensitive to the polarity 

of the environment. The fluorescence from the lANBD-labeled p2-adrenergic receptor 

decreased upon agonist binding, providing evidence for ligand-spccific conformational 

changes. However, the results did not allow any conclusion about the nature of these 

changes. This was achieved with the same technique in a following study in which a 

series of mutant P2-adrenergic receptors with a limited number of cysteines available for 

chemical modification were site-selectively labeled with lANBD (Gether et al., 1997). 

Evidence was provided that agonist binding to the p2-adrenergic receptor induces a 

conformational change around Cysl25 in TM3 and around Cys285 in TM6. Finally, 
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Jensen et al. (2001) used a mutant P2-adrenergic receptor with a reduced number of 

endogenous cysteine residues and introduced new cysteine residues at the cytoplasmic 

side of TM6 that was already found to be important in photoactivation of rhodopsin. 

Fluorescence analysis of the site-selectively lANBD-labeled mutants gave rise to the 

suggestion of an agonist-promoted movement of the cytoplasmic part of TM6 away from 

the receptor core and upwards toward the membrane bilayer. Based on computational 

simulations, Jensen et al. (2001) suggested that the strong kink in the TM6 helix induced 

by Pro287 could behave as a flexible hinge that can modulate the movement of the 

cytoplasmic side of TM6 relative to the extracellular region. Whereas the more kinked 

conformation would correspond to the inactive state, the active state may be represented 

by a less kinked conformation. Ghanouni et al. (2001a) followed agonist-induccd changes 

by attaching fluorescein site-specifically to an endogenous cysteine at the cytoplasmic 

end of TM6 (Cys265) of the p2-adrenergic receptor. Their observations of fluorescence 

changes upon agonist binding are also in agreement with a rotation and/or tilting of TM6 

upon agonist activation. They furthermore suggested that during the agonist-induced 

conformational change, the cytoplasmic ends of TM5 and TM6 moved closer together 

(Ghanouni et al., 2001). This was also proposed by Ward et al. (2002) as result of a study 

in which they examined muscarinic M3 receptor activation by use of an in situ disulfide 

crosslinking strategy, in which mutant M3 receptors containing a cysteine at the 

cytoplasmic end of TM5 and a second one at the cytoplasmic end of TM6 were subjected 

to mild oxidizing conditions in absence and presence of an agonist. Ward et al. further 

hypothesized that activation involves a major change in secondary structure at the 
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cytoplasmic end of TM6. As aircady previously described for rhodopsin (Sheik et al., 

1996), Sheikh et al. (1999) engineered a bis-histidine metal-binding site bridging the 

cytoplasmic ends of TM3 and TM6, now in two GPCRs activated by diffusible ligands, 

the (i2-adrenergic receptor and the parathyroid hormone receptor (PTHR). Occupancy of 

the metal-binding site by Zn(II) markedly impaired the ability of each receptor to mediate 

ligand-dependent activation of the G-protein, again confirming the importance of the 

movement of these two helices relative to each other. The data obtained from the studies 

with GPCRs activated by diffusible ligands are in striking agreement with the results of 

the studies with rhodopsin suggesting that at least all class A GPCRs share a similar 

activation mechanism. 

In summary, the current activation model for GPCRs includes an agonist-induced 

separation of the cytoplasmic ends of the TM3 and TM6 and thus the opening of a space 

within the cytoplasmic side of the helix bundle. This is mainly achieved by a movement 

of the cytoplasmic part of TM6 away from the receptor corc and upwards toward the 

membrane bilayer, and also by a smaller movement of TM3. A counterclockwise rotation 

(when viewed from the extracellular surface) of TM6 around its axis might also occur as 

well as movements of other helices. 

It is important to notice that all these studies investigated changes at the 

cytoplasmic side of the protein. It is obvious that most changes will take place at this side 

since it is the cytoplasmic face that interacts in the activated meta II state with transducin. 

However, when modeling the activated state of a GPCR in order to use the model for 

structure-based design of new agonists, we are more interested in correctly modeling the 



extracellular side since this is where the agonists bind. Only a few studies give 

information about changes in the binding cleft. Strathers et al. (1999) observed that 

disulfide-crosslinks between residues on the extracellular side of TM5 and TM6 do not 

inhibit rhodopsin photoactivation, suggesting that large movements on the extracellular 

side of TM5 with respect to TM6 are not required for receptor activation. In a further 

study, Struther et al. (2000) constructed a highly constrained, "straitjacketed" rhodopsin 

that contained a total of four disulfide bonds connecting the c>loplasmic ends of helices 1 

and 7, and 3 and 5, and the extracellular ends of helices 3 and 4, and 5 and 6. Despite 

these constraints, the "straitjacketed" rhodopsin retained the ability to activate transducin, 

suggesting again that the movement of the extracellular end TM6 must be relatively 

small. 

1.1.4 Regulation of GPCR signal transduction 

It is generally agreed that the control of transmitter release plays a key role in 

determining the efficacy of intercellular communication. However, more than 30 years 

ago, it became obvious that an additional modulation of the transmission was achieved by 

the regulation of the responsiveness of target cells through alteration in the expression 

and sensitivity of their specific receptors. Receptor regulation occurs through a variety of 

cellular mechanisms, including rapid receptor desensitization, internalization, and slow

down-regulation (Bunemann & Hosey, 1999; Ferguson, 2001 and Morris & Malbon, 

1999) (See Figure 1.5). Among the most thoroughly studied mechanisms have been those 

that rapidly "dampen" signaling, even in the presence of continuing agonist stimulation, a 
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phenomenon called desensitization (Ferguson, 2001). Such mechanisms operate both at 

the level of the receptor as well as downstream for example, at the level of G-proteins. 

Desensitization of GPCRs has received much attention, and it is now well established that 

receptor phosphorylation through a variety of kinases (including G-protein kinase A 

(PKA); protein kinase C (PKC) and GPCR kinases, called GRKs) plays a critical role. 

Phosphorylation of the receptors that occurs at intracellular sites (intracellular loops and 

C-terminus) interferes with the G-protein coupling and promotes the interaction of the 

receptor with intracellular proteins that maintain the receptor in an inactive state and 

eventually favor its internalization. Considering the interaction of a given receptor with 

multiple G-proteins through distinct molecular domains, one may assume that 

phosphorylation of the receptor may differentially affect the efficiency of coupling with 

unrelated G-proteins. 

In addition to GPCR phosphorylation, other mechanisms could contribute to 

modulate the balance between multiple intracellular signaling cascades. Many studies 

have shown that the expression of G-protein subunits is dynamically controlled and that 

GPCR activity could participate in this regulation (Anand-Srivastava et al., 1997; 

Palaparti et al., 1999; Rubino ct al., 1994 and Sands et al., 1997). Of particular interest is 

the recent work by Palmer et al. (1995) showing that the adenosine A3 receptor 

functionally interacts with multiple G-proteins but that sustained exposure to an agonist 

only down-regulated the expression of the Gia3 subunit while other a subunits were not 

affected. This suggests that receptor-mediated selective regulation of G-protein 

expression could contribute to achieve specificity of signal transduction through receptors 



showing multiplicity of G-protein coupling. Alternatively, signaling through GPCRs is 

also modulated by a variety of intracellular proteins that control the activity of diverse 

partners of the transduction cascade. Regulators of G-protein signaling (RGS) constitute a 

family of proteins that have in common the ability to increase the GTPase activity of Ga 

subunits (Hepler, 1999). Since RGS expression is also subject to acute or long-term 

regulation (Ingi et al., 1998; Nakagawa et al., 2001 and Song et a!., 1999), these proteins 

may play a critical role in controlling the balanced coupling of a given GPCR with 

distinct G-proteins (Nguyen et al., 2002 and Xu et al., 1999). 

In addition to their coupling with G-proteins, it is now well established that 

GPCRs physically interact with a variety of intracellular proteins that regulate their 

localization and function (for a review, see Brady & Limbird, 2002). There are several 

lines of evidence indicating that receptors, G-proteins, and effectors are not randomly 

distributed in the plasma membrane, and many intracellular proteins have been shown to 

serve as multidomain scaffolding G-proteins engaged in the organization of the partners 

of the signaling cascade (Brady & Li mbird, 2002 and El Far & Betz, 2002). Indeed, it has 

been suggested that GPCR transduction mainly occurs in specialized microdomains of 

the cell membrane, implying that the complexity of signaling is dependent on the 

stoichiometry of these elements in these domains (Neubig, 1994; Ostrom, 2002 and 

Ostrom et al., 2000). 

As in many other proteins, it is now widely demonstrated that GPCRs can 

assemble as dimers or oligomers, a process that affects intracellular trafficking, ligand 

recognition, signaling, and regulation (for reviews, see Angers et al., 2002; Hebert & 
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Bouvier, 1998 and Rios et al, 2001). Indeed, the potency of many agonists is affected 

when receptor dimerization is impaired (e.g., Bai et al., 1999; Hebert et ai, 1996 and 

Zeng et al, 1999). In many cases, cross-talk between distinct GPCRs has been 

demonstrated, leading to positive or negative modulation of the functional responses to 

agonists of both receptor subtypes (Ciruela et al., 2001; Ferre et al., 1998 and Jordan & 

Devi, 1999), and it is suggested that this effect results from GPCR heterodimerization 

(Jordan et al., 2001; Lavoie et al., 2002 and Mellado et al., 2001). Beside this well-

documented effect of receptor assembly on a given signaling cascade, there are a few 

reports examining the influence of receptor dimerization on the functional coupling to 

multiple G-proteins. For instance, the effect of pertussis toxin on the high-affmity agonist 

binding was found to be different when tested on individual opiate receptor subtypes or in 

conditions enabling the heterodimerization of these receptors (George et al., 2000). This 

suggests that GPCR heterodimerization may lead to changes in the type of interaction 

with distinct G-proteins, and it is proposed that the coupling of one partner GPCR could 

enhance the activity of the other by bringing G-protein to its vicinity (AbdAlla et al., 

2000). 
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Figure 1.5- The life-cycle of a G-protein-coiipled receptor (GPCR). A schematic 

representation is presented of GPCR synthesis, dimerization (or oligomerization, 

represented by n > 2), signaling complex assembly, agonist activation, desensitization, 

internalization and resensitization or degradation. GPCR oligomerization might persist 

throughout the cycle. Abbreviations: A, arrestin; E, effector protein; ER, rough 

endoplasmic reticulum; GDP, guanine nucleotide diphosphate; GRK, G-protein-coupled 

receptor kinase; GTP, guanine nucleotide triphosphate; H, hormone; P, phosphate group; 

RGS, regulator of G-protein signaling. The figure was obtained from Wilkie, 2001. 
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1.2 - Piasmon Spectroscopy 

1.2.1- Surface Piasmon Resonance (SPR) 

The potential of SPR for characterization of thin films and monitoring processes 

at metal interfaces was recognized in the late seventies (Gordon and Ernst, 1980). In 1982 

the use of SPR for gas detection and biosensing was demonstrated by Nylander and 

Liedeberg (Liedeberg et al., 1995). The phenomenon of anomalous diffraction on 

diffraction gratings due to the excitation of surface plasma waves was first described in 

the beginning of the twentieth century. In the late sixties, optical excitation of surface 

plasmons by the method of attenuated total reflection was demonstrated by Kretschmann 

(Kretschmann and Raether, 1968) and Otto (Otto, 1968). Since then, surface plasmons 

have been intensively studied and their major properties have been assessed (Raether, 

1988; Boardman, 1982). Their fundamental properties have been found to be in good 

agreement with theoretical concepts based upon the plasma formulation of Maxwell's 

theory of electromagnetism. According to that theory, plasmons are charge density 

oscillations in the free electrons of the metal. These spreading electron density 

fluctuations generate a surface-localized electromagnetic wave which propagates along 

the plane between the metal/dielectric media, with the electric field normal to this 

interface and vanishing exponentially with penetration distance from the interface. These 

characteristics of the electromagnetic field are the same as those describing the guided 

surfacc waves (also known as evanesccnt waves) generated optically under total internal 

reflection conditions when all the incident light is reflected at the boundary of the 

incident and emerging media. Under such conditions the electric and magnetic fields do 
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not, however, stop abraptly at the boundary. Rather they penetrate a distance into the 

emerging medium in the form of a surface wave. Although the existence of guided 

surface electromagnetic waves has been theoretically predicted from Maxwell's 

equations and investigated during the first decade of the 20*'^ ccntury, it is only since 1960 

that they have attracted the interest of the experimentalist and the term "surface plasmon" 

has been used. 

It has been shown that Maxwell's equations have solutions resulting in the 

generation of surface plasmon electromagnetic waves only when the following conditions 

are fulfilled: 1) one of the adjacent media (that is the surface active medium which 

generates surface plasmon waves) has a negative value for the real part of its complex 

dielectric constant e; 2 ) a component of the wave vector along the interface between these 

two media, K, satisfies an equation which involves the dielectric constants of both media. 

Not all materials can be utilized as surface active media; gold and silver are the best 

examples of materials which can support surface plasmons. The electromagnetic wave in 

the surface active medium is an evanescent wave under all circumstances. In order to 

satisfy boundary conditions in the surface active and dielectric media, which require that 

the tangential components of the electric and magnetic fields be continuous across the 

boundary (that is a component of the wave vector along the interface must be the same in 

both media), surface plasmons can only be optically generated by an evanescent wave 

whose wave vector matches that of the evanescent surface plasmon electromagnetic wave 

Ksp. The latter is given by the following equation; 

Ksp = co/c (£,E2/(£i + £2))" (1) 



where ro is the frequency of the surface plasmon wave, c is the velocity of light in vacuo, 

and £i and zj are the complex dielectric constants for the surface active and dielectric 

emerging media, respectively. The complex dielectric constant e is directly related to the 

complex index of refraction N = c/v = /i - ik by the following relation: 

£ = s' + is" = (2) 

where the real part of the complex dielectric constant is c' = - ]C and the imaginary 

part is E" = Ink, n is the refractive index, k the extinction coefficient, and v is the velocity 

of light in the dielectric medium. 

These constraints require that the surface plasmons cannot be directly excited by 

incident light, and produce a resonance condition for the wave vector of the evanescent 

wave which excites the plasmons. Furthermore, indirect SP excitation can only be 

achieved by an evanescent wave generated by /7-polarized incident light under total 

internal reflection conditions. This occurs when a beam of light propagating through an 

incident medium (e.g., prism) of higher refractive index («o) meets an interface with 

second (emerging) medium of lower refractive index (nz) at incident angles a larger than 

the critical angle for total internal reflection at, given that Oc = sin''(«2/>zo). Since the 

prism has a dielectric constant, eo = no' (i.e., ko = 0) the following relation must be 

satisfied; eo > Sa (or «o •> fii), where £2 is the dielectric constant and «2 is the refractive 

index of the emergent dielectric medium. Although metal-coated di fTraction gratings may 

be used instead of prisms, they require a greater complexity of fabrication without the 

additional benefits, and so they have not been widely used. 



Despite being totally reflected, the incident beam generates an evanescent 

electromagnetic field that penetrates a small distance, the order of a wavelength, into the 

second medium, where it propagates parallel to the plane of the interface. This 

electromagnetic field can be used to measure the optical properties of interfaces and thin 

films in various ways. The two main types of applications of optically generated 

evanescent waves are those based on waveguiding systems, and those used to excite 

surface plasmon resonance. 

In waveguide techniques the measured interface (or thin film) is placed in the 

evanescent region of a guided mode propagating in a dielectric waveguide structure. The 

optical properties of the interface (or thin film) affect the propagation characteristics of 

the evanescent surface wave causing changes in the resonant waveguide mode. These 

changes can be measured by a variety of optical techniques including attenuated total 

reflection (ATR) spectroscopy, total internal reflectance fluorescence (TIRF), where the 

evanescent wave is employed to excite fluorescence from molecules in the interface, or 

interferometry. 

In order to generate SPR using an evanescent wave which is produced during an 

internal total reflection of the light from a prism whose base is coated with a thin metal 

film, the following two conditions have to be fulfilled: 1) the component of the incident 

light vector parallel to the prism/metal interface, Kph which is described by the following 

equation; 

Kph = (CO/C)BO''^ sina (3) 

must be identical with the surface plasmon wave vector, Kgp (equation 1): 



57 

Kph-Ks? (4) 

The value of Kph can be adjusted to match that of the surface plasmon wave by changing 

either the frequency (co) or wavelength of the excitation light or the incident angle (a) 

(equation 3). Secondly, because the oscillations of the free electrons in the metal film can 

only occur along the normal to the plane of the metal surface, only p- (or transverse 

magnetic, TM) polarization of the incident light is effective in generating surface 

plasmons. At the resonance condition (equation 4), the incident light is coupled into a SP 

wave traveling along and bound to the outer active (metal) surface, and the phenomenon 

is known as surface plasmon resonance (SPR). The SP wave is nonradiativc, and can 

either decay into photons of the same frequency co if coupling by the surface roughness 

takes place, or be converted to heat. 

As previous mentioned, there are two configurations, both based on the ATR 

technique available to optically excite SPR at the metal/dielectric (or emerging medium) 

interface. In the first, the Kretsclimann configuration, the prism is in direct contact with 

the surface active (metal) medium. In the second, the Otto configuration, the prism is 

separated by a thin layer of a dielectric (inactive) medium at a distance of approximately 

one wavelength of excitation light from the metal film. 

Since its development there have been wide interests in the application of SPR 

spectroscopy in the study of the optical properties of molecules immobilized at an 

interface between solid and liquid phases. The capability of SPR to provide information 

on the physical properties of thin dielectric films deposited on a metal layer, including 

lipid and protein molecules, derives from two principal phenomena; 1) the evanescent 



electromagnetic field generated by the free electrons oscillations decays exponentially 

when moving away from the metal surface. This causes the resonance to be only sensitive 

to the optical properties of the material that is in close contact with the metal film, 

without interference from the bulk properties of the dielectric material that is in contact 

with it. 2) The wavelength position and shape of the resonance spectra are very sensitive 

to the optical properties of the metal film and emergent dielectric media that is contacting 

the metal surface. As a consequence of those properties SPR is ideal for the study of mass 

and structural changes in thin dielectric films such as lipid membranes, lipid-protein, and 

protein-protein interactions. 

1.2.2. Plasmon-waveguide resonance (PWR) spectroscopy 

As an extension of this technology and based on similar physical principles that 

govern SPR, a new technique was developed called plasmon-waveguide resonance 

spectroscopy (Salamon et al. 1997c). The design of this resonator couples surface 

plasmon and waveguide excitation modes in a way that enhances the spectral resolution 

and sensitivity. An additional advantage of this technology over SPR is the use of both p-

and 5-polarized excitation (electric vectors perpendicular and parallel to the resonator 

surface, respectively) to produce resonances, whereas SPR only responds to p-polarized 

excitation. This allows direct measurements of anisotropics in refractive index and 

absorption coefficient in a dielectric film adsorbed onto the surface of the resonator. 

Refractive index anisotropy reflects changes in mass distribution and therefore changes in 

molecular orientation and conformation. Absorption coefficient anisotropy reflects 
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changes in orientation of chromophores present in the adsorbed film. In its construction 

the PWR device is similar to a conventionai SPR resonator. It contains a metal surface 

layer (~ 45-55 nm thick), either gold or silver, which is deposited on a glass prism that 

generates the surface plasmon wave. In PWR, the silver film covering the prism is 

overcoated with a dielectric layer with appropriate thickness and optical properties 

(refractive index and extinction coefficient). Spectroscopic measurements with this 

device are based on the resonant excitation of electromagnetic modes of the structure by 

both p- and s-polarized light. In /"-polarized light, the transverse magnetic (TM) 

component of light is parallel to the plasmon generating medium (transverse electric (TE) 

component perpendicular) and in i-polarized light the transverse magnetic component is 

perpendicular (transverse electric component parallel) to the plasmon generating medium, 

both passing through a glass prism under total internal reflection conditions (see Figure 

1.6 for a schematic of the PWR device). 
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Figure 1.6- Side view of a PWR experimental device containing a glass prism coated 

with a silver layer overcoated with a SiOi film. The thicknesses of the silver and silica 

film are 50 nm and 460 run, respectively. Also shown in the diagram are a deposited lipid 

bilayer held in place by a Teflon spacer via a plateau-Gibbs border. The excitation and 

measuring systems are shown. The prism, the detector and the aqueous compartment of 

the device are mounted onto a rotating table allowing the angle a to be varied from 35 to 

70 deg with 1 mdeg steps. 



The additional dielectric layer with appropriate optical properties plays the role of 

a mechanical and chemical shield for the metal layer. The dielectric layer works also as 

an optical amplifier leading to an increased sensitivity and enhanced spectral resolution 

(the latter due to decreased resonance spectral linewidths) compared to SPR. The relative 

bandwidths of the two resonances (obtained with the p- and s-polarized light) and the 

sensitivity of the measurements can be varied by altering the optical properties of the 

dielectric layer. The dielectric overcoat can also be used as a matrix where different 

chemistries can be performed to allow the immobilization of material on the resonator 

surface. As an example, a dextran layer has been used by Biacore (Johnsson et al., 1995) 

for the fast and efficient immobilization of ligands whose optical properties can be 

manipulated to generate resonances of varied sensitivity. 

1.2.3. Theory of plasmon spectroscopy 

The SPR and PWR phenomena can be understood as a consequence of the 

application of Maxwell's electromagnetic field theory to thin-film systems (Macleod, 

1986). According to the electromagnetic theory, thin-films are characterized by a 

complex dielectric constant, which includes the refractive index n and the extinction 

coefficient k (n - ik). In the optical region of the electromagnetic spectrum, this parameter 

is equal to the ratio of light velocity in vacuo (c) to that in a medium (v), and is 

numerically equivalent to the optical admittance that is defined by the ratio of the 

amplitudes of the electric (B) and magnetic (C) fields of the electromagnetic wave 

(Macleod, 1986) according to the equation: 
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Y = C/B = c/v = n - ik (5) 

where Y is the optical admittance divided by the admittance of free space. 

Using Maxwell's equations, the propagation of the plane, monochromatic, 

linearly polarized, and homogeneous electromagnetic field within a multilayer thin-film 

system can be described with the following matrix equation (Macleod, 1986; Salamon 

and Toll in. 1997; Salamon et al., 1997 ): 

r i  
r=l  

cosJ^ /(sin^/)/_Vr 

>V / sin (5^ cos<5'^ 

1 
(6) 

where p is the number of layers deposited on the incident medium (in this case the 

medium for which r = 0 is a glass prism, whereas (r + 1) is an aqueous solution). 

5r = 2(n - ik)r tr (cos ar)/A (6a) 

gives the phase thickness of layer r at the appropriate angle of incidence (a.) and light 

wavelength (A,), and 

y j  =  ( n -  i k ) p ' c o s  (6b) 

Equations 6, 6a and 6b allow the examination of the distribution of electromagnetic field 

amplitudes throughout the thin-film system, as well as calculation of the transmittance, 

absorbance and reflectance. It also allows the analysis of the resonance phenomena 

occurring within such thin-multilayer films. The reflectance (R) of such a multilayer 

system is given by the following relationship involving the admittance; 

R = (yo-Y)-/(y„ + Y)' (7) 

where yo is admittance of the incident medium (glass prism). The theory demands that 

the incident medium should be free fi-om absorption, so that yo is real and equals no (see 



equation 1). Equation 7 describes a reflectance spectrum, that is the reflectance as a 

fimction of the incident angle a of a beam of monochromtic light (constant k, achieved 

using continuous wave laser light, in this case from a He-Ne laser). Similarly, spectra can 

be obtained by varying X at a constant value of a, by varying the thickness of the other 

layers, of a and of k. Analysis of the optical admittance shows that beyond the critical 

angle, the emergent wave in the final medium is evanescent and the admittance is 

imaginary, positive imaginary for /j-polarized light and negative imaginary for s-

polarization. For a surface wave to be confined to the metal surface, the admittance 

exhibited by the adjoined medium must be positive imaginary and of a magnitude very 

close to that of the extinction coefficient k of the metal (that is only materials with a small 

value of the refractive index n and a large value of k, such as silver and gold, will 

generate a surface wave). For a metallic film, only for /(-polarization and a very narrow 

range of angles of incidence is this condition fulfilled. Coupling of the incident light to 

the surface wave results in the sharp dip in total internal reflectance characteristic of the 

resonant effect. In order for the evanescent wave generated by excitation to be surface-

localized, the dielectric constant of the adjoining medium must be positive imaginary and 

of magnitude very close to that of the k value of the metal (n must be small and k must be 

large). For s-polarization the admittance is always negative imaginary and so there is 

normally no corresponding resonance, as is the case in SPR. However, in the PWR 

device, a dielectric overcoat is used to transform the admittance of the emergent medium, 

so that the admittance is presented to the metal as positive imaginary for both s- and p-

polarization and hence resonances can be excited with both polarizations. Depending on 



the details of the admittance matching overcoat (optical parameters: n, k and t), the 

system can result in a narrowing or a broadening of the range of angles over which the 

necessary coincidences are achieved, and hence a similar broadening or narrowing of the 

resonances. Examination of the distribution of electric field amplitudes through the 

system shows that the admittance matching layers are important components of the 

resonator system, rather like the cavity layers in narrowband filters or the thin-film 

waveguides in optical couplers. To distinguish this resonance phenomenon from the 

conventional unmodified surface plasmon resonator, the term plasmon-waveguide 

resonator is used instead. 

Measurements using PWR devices are made in the same way as with 

conventional SPR techniques, that is using the ATR method of coupling the light to the 

deposited thin multilayers, thereby exciting resonances that result in absorption of the 

incident radiation as a function of either the light incident angle (with a monochromatic 

light source) or light wavelength (at a constant incident angle), with the consequent dip in 

the reflected light intensity. 

1.2.4- Properties of the resonance spectrum 

As mentioned, PWR can be excited by either p- or ^-polarized light to resonantly 

absorb the incident light energy. Figure 1.7 shows such resonances as a function of the 

dielectric overcoat thickness, obtained with the PWR device. Although, as these results 

indicate, the two resonances are separated and occur at different dielectric thicknesses, it 

is possible to adjust the thickness of the overcoat layer to obtain both s- and /^-resonances 



with the same device. Figure 1.8 shows the resonances obtained with the device 

presented in Figure 1.6. The dashed curve in Figure 1.8 panel A, represents the much 

broader SPR spectrum obtained with the same silver layer as in Figure 1.6 but without the 

dielcctric overcoat. It is clear from these spectra that the dielectric overcoat adds very 

important qualities to the usual SPR resonance properties: 1) an additional spectroscopic 

dimension, by generating a second type of resonance with different polarization (s-

polarized component); 2) an increased sensitivity, as a consequence of greatly decreasing 

the half-width of both s- and /^-polarized resonances. Furthermore, the resonance 

linewidth, and therefore the spectral sensitivity, can be adjusted by choosing the 

appropriate overcoating layers according to the experimental needs, as indicated by the 

two sets of results shown in Figure 1.8. These spectra result from two different dielectric 

layer designs, for one of which the s-spectrum (Figure 1.8 A) is narrower than the p-

spectrum, whereas the opposite is true for the other design (Figure 1.8 B). 
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Figure 1.7 Resonance spectra presented as reflected light intensity (calculated from 

equation 7 for the thin film design shown in Fig. 1.6), as a function of the protective 

SiOi layer thickness, with either p- (A) or s- (B) polarized light. The incident angles 

(a) have been arbitrarily chosen in the range of their usual values. Refractive index of the 

glass prism: 1.5151; refractive index of the SiOi; 1.4571. Obtained from Salamon et al., 

1997c. 
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Figure 1.8- Resonance spectra presented as reflected light intensity versus incident 

angle, calculated from equation 7 for the design given in Fig. 1.6. Panel A is for a 

prism coated with a 50 nm silver film and a 460 nm silica film whereas panel B is for a 

prism coated with a 50 nm silver film, a 50 nm TiOa and a 750 nm low density dielectric 

film (n = 1.35). The dashed curve in A demonstrates the surface plasmon resonance 

spectrum obtained with a 50 nm- thick silver layer without the protecting dielectric film. 

Obtained from Salamon et a!., 1997c. 

The overall sensitivity of such a device includes the sensitivity of the shift of the 

resonance minimum angle, defined in principle by the refractive index and thickness of 

the sensing layer (which is deposited on the surface of the dielectric overcoat, and in the 

present case is the lipid bilayer) and the sensitivity to the change in the shape of the 

resonance spectrum, which is dependent mainly on the light absorption (and/or 

scattering) properties of the sensing layer. Both these parameters (the minimum 

resonance angle and the shape of the spectrum as defined by its depth and width) are 
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dependent upon the form of the quasi-modes of the electromagnetic field generated in the 

design device. Figure 1.9 shows the electric field distributions for p- and s-polarizations 

obtained with the interface presented in Figure 1.6. The electromagnetic fields at this 

outer interface of the device are higher by a factor of ~50 for the ^-component and -25 

than for the /^-component in comparison with that at the entrance interface between the 

glass and metal layers. This translates into such a high sensitivity that the three 

parameters describing the resonance spectrum (thickness of the sensing layer, /; refractive 

index, n; and extinction coefficient, k), can be obtained with accuracies better than 1 A. 

0.001 and 0.002, respectively for a sensing layer whose thickness is only 5 nm, a value 

comparable to the thickness of a lipid membrane (Salamon et ai, 1996; Salamon and 

Tollin, 1996a, b). In practical terms this means that, in many cases, the limitation of the 

accuracy will result not from the measuring technique itself but from the ability to 

generate a thin sensing film in a reproducible manner. Although there are some 

alternative techniques for the detection and measurement of small optical changes based 

on optical waveguides, PWR possesses two significant advantages as compared to those 

(Lukasz, 1991). The coupling arrangement is much simpler and more convenient and the 

arrangement is characterized by a complete isolation of the optical probe from the system 

under investigation. 
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Figure 1.9- Amplitude of the electric fields within a silver layer, a SiOa film, and a 

sensing layer for p- (A) and s- (B) polarized light, as a function of the distance from 

the glass-metal interface, for the design presented in Fig. 1.6. Obtained from Salamon 

et al., 1997c. 

The SPR/PWR spectra can be described by three parameters: the incident angle a 

(or the wavelength /.); the spectral width, and the resonance depth. These depend on the 

following three properties of the plasmon-generating and emergent media: the refractive 

index («), the extinction coefficient (i) and the thickness {t). As previously described, 

thin-film electromagnetic theory based on Maxwell's equations provides an analytical 

relationship between the spectral parameters and the optical properties of the film. This 

allows evaluation of the optical parameters, n, k and t uniquely by non-linear least-

squares fitting of a theoretical spectrum from the experimental one (Salamon et al, 1997a, 

b). Inasmuch as the excitation wavelengths (632.8 nm for the red laser and 543 nm for the 
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green laser) are far removed from the absorption bands of the lipids and proteins used in 

the present studies, a k value other than zero reflects a decrease in reflected light intensity 

due only to scattering resulting from imperfections in the proteolipid film. 

As in the case of other optical measurements, PWR can be performed in either the 

kinetic or spectroscopic modes. In the simpler, kinetic mode, changes in reflected-light 

intensity are monitored at a single point of the resonance spectrum, as a function of time; 

this allows real-time analysis of binding processes (Schuck, 1997). The spectroscopic 

mode involves measurement and analysis of the entire resonance spectrum, with respect 

to line-shape changes, as a function of time. In this more detailed mode, PWR or SPR 

allow both analysis of binding processes and characterization of the structural features of 

an interface. Steady-state PWR or SPR measurements, by determining mass density 

changes occurring in molecular assemblies accompanying binding interactions, allow the 

evaluation of the equilibrium binding constants, KB. Kinetic measurements enable direct 

observation in real time of such binding events, resulting in determination of association 

and dissociation rate constants, as well as the dynamics of binding-induced structural 

changes. 

1.2.5- Application of PWR spectroscopy to anisotropic proteolipid films 

Five optical parameters (n for p- and 5-polarization, k for p- and 5-polarization and 

t) can be obtained for each one of the three media: the plasmon-gencrating media, the 

proteolipid membrane (for the present work) and the aqueous buffer solution by the 

method previously mentioned. For anisotropic thin films, such as the proteolipid 



membrane, the thickness (?) represents an average molecular length perpendicular to the 

plane of the film and will be independent of light polarization. In contrast, the values of 

the refractive index (ft) will be very much dependent on the polarization of the exciting 

light. Furthermore, for uniaxial anisotropic structures in which the optical axis is parallel 

to the />-polarization direction, the rip value will always be larger than n,. This distinction 

has not always been appreciated in the literature (e.g. Heyse et al, 1998). Furthermore, 

changes in either rip or do not necessarily reflect alterations in the absolute mass of the 

system; they can be partly, or even totally, a result of changes in anisotropy. The fact that 

tip will always be larger than or Uav (see below for the definition of nav) is a 

consequence of the fact that the measured refractive index of the material is determined 

by the polaxizability of the individual molecules. The latter property describes the ability 

of a molecule to interact with an external electromagnetic field and in general is 

anisotropic with respect to the molecular frame. In the simplified case in which the 

molecular shape is rod-like (e.g. the phospholipid molecules and GPCRs used in this 

work), one can assign two different values to the polarizability; the larger one, which is 

longitudinal, and the smaller one, which is transverse. If, in addition to the anisotropy in 

molecular shape and polarizability, the system that contains the molecules is ordered such 

that the long axes of the molecules are parallel, this results in long-range order usually 

described by the order parameter S (order parameter is given by the equation; S = 

(3<cos^0> - 1 )/2, in which 0 represents the tilt angle of the molecular principal axis 

•y 
relative to the surface normal and cos 0 is the angular average over the tilt-angle 

distribution of the molecular main axis relative to the surface normal). In this situation 
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the values of the polarizability, averaged over the whole system and measured either 

parallel or perpendicular to the direction of the longer axes of the molecule, will be 

different (i.e., the parallel value will be larger than the perpendicular one). These 

conditions create an optically anisotropic system, with the optical axis perpendicular to 

the plane of the proteolipid membrane, and the values of the refractive index measured 

with two polarizations of light (i.e., parallel, «p, and perpendicular n^, to the optical axis) 

will describe this optical anisotropy (A„) as follows: 

A„ = («p' - «s^)/(«av^ + 2) (8) 

In this equation «av is the average value of the refractive index and, for a uniaxial system 

is given by: 

«av^ ~ l/3(«p" + 2«s^) (9) 

The anisotropy in the refractive index reflects both the anisotropy in the molecular 

polarizability and the degree of long-range order of molecules within the system and 

therefore can be used as a tool to analyze structural organization (molecular orientation). 

From the Lorentz-Lorenz relation, for a pure substance, the mass density d, 

defined as mass per unit volume of absorbed material, can directly be related to the 

refractive index (Bom and Wolf, 1965; Cuypers et a!., 1983) by the following equation: 

d = ML = M/A ((nj - l)/(nj + 2)) (10) 

where M represents the molecular weight of the molecule involved; L the number of 

moles per volume; and A represents the molar refractivity of the material. 



Thus, from the thickness of the proteolipid film and average value of the refractive index 

one can calciilate the surface mass density (or molecular packing density), i.e., mass per 

unit surface area (mass in |ig per cm^) (Salamon et al, 1999; Salamon and Tollin, 1999a): 

M - dt = 0.1 M/A {t{(K' - l)/(«' + 2)]} (11) 

where the thickness is expressed in nanometers. Such a simple mass calculation becomes 

more complicated when a surface layer is formed from a mixture of substances, as it 

often is the case in real measurements. This complexity can, however still be dealt with, 

depending upon the specific experimental conditions. 

Even though this capability was not utilized in the present work, the combination 

of site-specific chromophore labeling and PWR allows the anisotropics in n and k to be 

measured in the same sample over a variety of wavelengths. This can provide information 

about the mass changes and conformational changes occurring in each particular 

component of the system. Also, by labeling particular regions of a GPCR one could 

obtain information about which particular parts of the protein will be involved in a 

particular event such as conformation change or interaction with another partner. 

Considering GPCRs using this approach, one could independently assign conformational 

changes occurring in the proteolipid system to the protein or to the lipid and, for example, 

determine which receptor loop would be involved in G-protein binding. 

Pioneering PWR studies were applied to the studies of a GPCR, the human delta 

opioid receptor (hDOR), in which conformational changes of the receptor, when 

incorporated into a solid-supported lipid bilayer, were monitored upon binding of 

different classes of ligands (Salamon et al., 2000a; Salamon et al., 2002). This work has 



been extended in this dissertation to include a greater diversity of ligands for which 

further kinetics studies were performed (cf. Chapter 3) and also to include studies 

involving the interaction of G-proteins with the hDOR (cf. Chapter 4). Studies involving 

the GPCR protein prototype, rhodopsin, have also been perfomied, using PWR, in which 

the role of the lipid bilayer in the degree of protein activation and interaction with 

transducin (G-protein for rhodopsin signaling) is explored (cf. Chapter 5). 



75 

CHAPTER2 

SOLUBILIZATION, PURIFICATION AND STABILITY STUDIES OF THE 

HUMAN DELTA OPIOID RECEPTOR 

2.1 Introduction 

2.1.1- Historical perspective 

As early as 3400 B.C., the opium poppy was cultivated in Sumer, an ancient 

country of southern Mesopotamia (now Iraq). The Sumerians enjoyed the euphoric 

effects of the poppy, referring to it as the "joy plant". After disappearing for a couple of 

hundred years from about 1300-1500 A.D., opium use exploded in the 1600s and 1700s. 

However, it was not until 1803 that a German, Friedrich Sertuemer, discovered the active 

ingredient, morphine, by dissolving opium in acid and neutralizing it with ammonia. In 

1827, Merck & Company, of Darmstadt, Germany, started producing morphine for 

commercial use. Morphine, natural opium alkaloids, and the related synthetic drugs or 

narcotics constitute the opioid, or opiate, class of compounds. Because opioids can 

deaden or eliminate pain and induce relaxation or sleep, their only legal administration is 

for numbing postoperative pain. 

Unfortunately, opioids have severe adverse side effects, including respiratory 

depression, changes in thermoregulation, inhibition of gastrointestinal motility, muscle 

rigidity, and the potential for physical dependence and abuse. Since the time naturally 

occurring opioids were first used as painkillers (analgesics), the search for compounds 

with minimal adverse side effects has led to the synthesis and study of many opioid-like 
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compounds. Yet, because of the clouded judgment, drowsiness, and potential for physical 

dependence associated with these substances, there is still a need for opiates with less 

adverse effects. 

Although it was long thought that opioid drugs act on specific receptor sites, 

opioid receptors themselves were not identified until about 25 years ago (Pert and Snyder, 

1973; Simon et al., 1973; Terenius, 1973). Chemists and pharmacologists suspected the 

existence of multiple opioid receptors (Portoghese, 1965; Gilbert and Martin, 1976; 

Martin et al., 1976), and radioligand-binding studies provided evidence to divide opioid 

receptors into three different types (Goldstein, 1987; Pasternak, 1993). Recent molecular 

cloning techniques have characterized the nucleotide sequence of at least three distinct 

opioid receptors, namely, the K-. and ^-opioid receptors. The cloned 6-, K-, and }I-

opioid receptors are highly homologous, and all three interact with heterotrimeric G-

proteins (Gilman, 1987; Childers, 1991). The G-protein coupled receptor superfamily, 

which includes numerous neurotransmitter and hormonal receptors, possesses a common 

three-dimensional structure that spans the cell membrane seven times, forming three 

extracellular loops and three intracellular loops. The amino terminus is extracellular, 

whereas the carboxyl terminus is intracellular (Strosberg, 1991). Studies conducted on the 

cloned opioid receptors demonstrate that the amino acid sequence of the 5-, K-, and ji-

opioid receptors are 65% homologous; hence, it is the other 35% that confers type 

selectivity (Reisine and Bell, 1993). The domains with the greatest similarity are the 

transmembrane regions and the intracellular loops, whereas the most divergent regions 

are the extracellular loops and the amino- and carboxyl-terminals (Fig. 2.1). Based on 



results of pharmacological investigations, 8-, K-, and (x-opioid receptors have been further 

subdivided into receptor subtypes (Satoh and Minami, 1995); however, the molecular 

basis for subtypes remains to be resolved. 

The mouse delta opioid receptor was independently cloned by two groups, one in 

France (Kieffer et al., 1992) and the other in the United States (Evans et al., 1992) using 

expression cDNA libraries constructed from the CDM8 transient expression vector and 

cDNA produced from NG 108-15 mouse neuroblastoma rat glioma hybrid cells. The 

human delta opioid receptor (hDOR) was cloned using hybridization screening methods 

(Knapp et al., 1994) and was shown to share greater than 90% overall amino acid identity 

and have identical domain sequences compared with the mouse receptor. 
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Figure 2.1 - Human 8-, K-, and p-opioid receptor amino acid comparison. The TMs 

are underlined and numbered (modified from Kiiapp et al., 1995b). 

Opioid receptors bind a large number of structurally diverse nonpeptide and 

peptide ligands. The same ligand can bind with high affinity to all three opioid reccptors. 



and chemically diverse families of ligands can bind to each type of receptor (Table 2.1). 

Furthermore, ligands that are recognized and bound by all three types of opioid receptors 

can have differential efficacy in activating each receptor, acting as agonists for one type 

of receptor and as antagonists for another. Thus, the ligand-binding sites of various 

opioid receptors can accommodate the same ligand with high affinity but are flexible 

enough to accommodate structurally diverse ligands and different enough to allow 

selectivity in activation. 

There is already evidence that nonselective ligands with different combinations of 

agonist and antagonist activities at each of the three opioid receptors (Table 2.1) can act 

as behaviorally selective analgesics, binding to more than one opioid receptor but 

producing the desired physiological effects. Specifically, compounds such as nalbuphine, 

xorphanol, and butorphanol exhibit mixed agonist-antagonist activity at the different 

opioid receptors in in vitro studies and are already in clinical use as more selective 

analgesics. Because of this promising result, the Hruby lab has set out to design and 

discover novel, nonselective opioid ligands with different combinations of agonist and 

antagonist activities at the three opioid receptors and to determine which combination of 

these activities results in the most promising analgesic with the least adverse side effects. 
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Table 2.1- Receptor affinities and in vitro activities of opiates: 

Evidence for "mixed agonist-antagonist" activity 

Binding affinity 
Ki (nM) 

Activity 
ICso (nM) 

1 H i 5 
•j " " " 

. ,;i K :1 1 5 . .i K 
Benzomorphans 

Metazocine 5.2 ;| 109 i| 8.7 ! 166 1 Ant. 1 Ant. ^ 

4,5-Epoxymorphinans 

Morphine : 8 90 ;| 317 :| 110 1 Part. Agon. :i 3600 

14-OH-Dihydromorphones 

Naltrexone 1.0 . 6.6 i! 8.5 ;| Ant. 1 Ant. !- Ant. 

Nalbuphine 3.8 , 170 :| 35 N 213 :| Ant. 1 Ant. 

Oripavines 

Etorphine 1 1.0 f 0.6 ,f ,,,0:2 i| 0.4 : i , , ,  7 . 8  1 1.2 

Morphinans 

Xorphanol 1 0.2 :[ 1.6 J 0.2 |l 9.3 ;j Ant. 1 Ant. 

Butorphanol [ 1.3 f 10 !| 2.0 ;| 88 J Ant. ] 90 

Note: Ant., antagonist. 

Table obtained from Loew, 1999. 

2.1.2- Signal transduction by the delta opioid receptor 

Opioid receptors belong to the superfamily of GPCRs, more specifically to class 

A, the rhodopsin-like subfamily. Their predicted topology is that of a pol>lopic integral 

membrane protein with seven membrane-spanning helical segments, an extracellular N-

terminus and an intracellular C-terminus (see Figure 2.2). These receptors and their 



endogenous ligands, opioid peptides such as endorphins and enkephalins, form a 

neuromodulatory system that is involved in stress-induced analgesia, affects locomotive 

activity and regulates neuroendocrine physiology and autonomic functions such as 

respiration, blood pressure and gastrointestinal motility. The opioid system has also been 

shown to play a role in learning and memory and possibly in the modulation of the 

immune system (Quock et al, 1999; Pastemack, 1988), and is an important factor in pain 

modulation and drug abuse. As previously mentioned, opioid receptors are classified into 

three different types, ).i, 8, and K, distinguished on the basis of extensive pharmacological, 

physiological, and behavioral studies (Gilbert and Martin, 1976; Goldstein, 1987; Corbett 

et al., 1993). Of these three, the 6-subtype seems to be the most effective for mediating 

analgesia while minimizing deleterious effects related to the fi-subtype such as addiction, 

respiratory depression, and constipation (Rapaka and Porreca, 1991; Quock et al., 1999). 

Opioid receptors are prototypical G,/Go-coupled receptors, based on the fact that opioid 

signals are efficiently blocked by pertussis toxin, a bacterial toxin that ADP-ribosylates 

and inactivates the a-subunits of G,/G„ proteins (Law et al., 2000). Studies to determine 

the G-protein subtypes that mediate the intracellular signaling of the opioid receptor 

systems have shown that functional coupling occurs to the Gj-G,, family of G-proteins 

(Roerig et al., 1992; Prather et al., 1994a, b). 
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Figure 2.2- Putative amino acid sequence of the human delta opioid receptor. Dark 

gray circles indicate amino cid residues conserved in the rhodopsin family of GPCRs; 

asterisks indicate putative intracellular phosphorylation sites. Putative N-terminal 

glycosylation (Asn), and C-terminal palmytoylation fCys) sites are also marked. This 

figure was kindly provided by the laboratory of Dr. H. Y. Yamamura. 

The delta opioid receptor regions involved in mediating receptor function have 

been identified by the use of chimeric receptors containing sequences from K- and |.I-

opioid receptors, by site directed mutagenesis and from the construction of truncation or 

deletion mutants of this receptor. Those studies are consistent with the interpretation that 



the third extracellular loop of the DOR is a critical region determining the selectivity of S 

receptor iigands. Data also support a role for the TMs of the DOR in ligand binding. In 

contrast, the N-terminal domain and the first and second extracellular loops do not appear 

to modulate the binding of 5-selective iigands to the 6-opioid receptor (for a review see 

Quock et a!., 1999). 

Inhibition of cAMP generation was the initial observed second messenger effect 

of opioid receptors that modulate antinociceptive pathways. Activation of the hDOR by 

agonists also leads to the inhibition of calcium channels, which regulates the release of 

neurotransmitters and modulates the function of several protein kinase families, and also 

the activation of the receptor-operated potassium channel. The hyperpolarization of the 

membrane potential by current activation and the limiting of Ca^^ currents are both 

tenable mechanisms for explaining opioid blockade of neurotransmitter release and pain 

transmission in varying neuronal pathways. For a general schematic of the opioid 

receptor second messengers see Figure 2.3. 
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Figure 2.3- Diagrammatic representation of the opioid receptor and its second 

messengers. The opioid receptor (OR) is a molecule with seven transmembrane-spamiing 

regions linked to G-proteins. PLC, phospholipase C; IP3, inositol (1, 4, 5) trisphosphate; 

DAG, diacylglycerol; AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; 

SR, sarcoplasmic reticulum; KATP, potassium-ATP channel. This figure was obtained 

from Barron (2000). 

Until now, there is no high resolution structure of this receptor. Models have been 

constructed using computational methods by sequence alignment of several GPCRs and 

using the rhodopsin coordinates as the starting point. Such a model was prepared for the 

delta opioid receptor, in its ligand-free state (Figure 2.4). Potential amino acids involved 

in the ligand binding to this receptor are shown in the model, that were obtained by 

computational methods using the three-dimensional pharmacophore derived for ligand 
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recognition by the 5-opioid receptor. The analyses agree with previous computational 

modeling and mutagenesis studies that predict conformationai changes, interhelical 

interaction, and roles for specific amino acid residues in the activation of other 

rhodopsin-like GPCRs (Loew, 1999). 

Figure 2.4- Two views of the three-dimensional model of the membrane-spanning 

domains of the delta opioid receptor. The view on the left represents the arrangement 

of the protein as it would appear in a cross section of membrane. The view on the right 

represents the arrangement of the protein as it would appear from outside the membrane. 

This model was obtained from Henry Mosberg webpage and was viewed using Rasmol 

(http;/7mosberglab.phar. umich.edu/resources/index.php). 
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2.1.3- Previous purification studies of the delta opioid and related receptors 

The w> c-epitope has been primarijy used for the detection of a labeled protein. It 

was first sequenced in the beginning of the 1980's (Colby et al, 1983) and monoclonal 

antibodies were first isolated in 1985 (Evan et al., 1985). Since then, the mvc-epitope has 

been used to tag a number of different GPCRs for different purposes. The mvc-epitope 

has been used for the detection and purification via immunoprecipitation of the serotonin 

(Gordon et al., 1993) and oxytocin (Gimpl et al., 1995) receptors in the Sf9 baculovirus 

cell lines. The c-myc epitope was inserted into various parts of the rhodopsin molecule to 

determine the various folding patterns of this receptor (Boijigin and Nathans, 1994). 

There are examples in the literature where both the c-myc and histidine (His) tagging 

systems have been incorporated into the same receptor. For example, this was done in the 

photoaffinity labeling of the cholecystokinin receptor (Gimpl, et al., 1995). The authors 

state that while the c-myc was used for detection, and the His tag was used for 

purification, the c-myc epitope tag was also used for further purification of the receptor. 

Biophysical studies of GPCRs demand that researchers must be able to isolate a 

receptor while keeping its biological properties, including the capability to recognize its 

ligands. Solubilization which produced active receptor was first accomplished in 1985 

using the detergent CHAPS on the opioid receptors in NG108-15 cell lines (Simonds et 

al., 1985). Purification of the delta opioid receptor was first accomplished in 1986 

(Nakayama, 1986) using avidin-biotin affinity chromatography, with limited success. The 

authors report 100-fold purification from crude starting material, but the binding affinity 

of the ligand-avidin derivative for the receptor was decreased 10-fold. One popular 



method of purification involves a post-translational modification of the receptor to 

include a hexahistidine tag on the N- or C-terminal end of the receptor. With this tag in 

place, the receptor can then be purified to homogeneity by using a chelating metal on a 

stationary column. This was done with the Pi-adrenergic receptor in E. coli with partial 

purification (Homey et al., 1983) and the rat neurotensin receptor purified to 

homogeneity (Tucker and Grisshammer, 1996). It is also stated in those references that 

careful optimization of the detergent and the buffer composition is critical for obtaining 

maximum solubilization efficiency and stability of the functional receptors. The 

superiority of the Co *^' chelating column over other metallic columns that were attempted 

was demonstrated in the purification of the muscarinic acetylcholine receptor transfected 

in Sf9 cells (Hayashi et al., 1996). 

Considering that about 50% of the drugs currently in the market target GPCRs 

there is a considerable need to successfully purify and maintain these receptors stable and 

active when outside of the natural lipid environment. The detergent-solubilized receptor 

can then be utilized in biophysical studies designed to understand the activation and 

signal transduction events of these proteins and to indirectly aid in designing better 

ligands to specifically target those proteins. 

The choice of appropriate conditions such as the detergent, buffer and storage 

temperature are extremely important and will dictate the protein biological activity and 

stability when extracted from the cell membrane. The detergent, for example, must be 

sufficiently strong to be able to extract the protein from the biiayer but at the same time it 
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must be mild enough not to denature the protein. Sugar-based detergents have been 

shown to be quite efficient in satisf3dng the previously described conditions. 

2.2- Delta opioid ligands used in this study 

2.2.1- Peptide Agonists 

2.2.1.1- Deltorphin II 

Deltorphin II is an endogenous highly selective opioid agonist found in the 

Argentinian frog (Erspamer et al., 1989; Kreil et al., 1989). Deltorphin II is a 

heptapeptide with the following sequence: H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2. This 

peptide has > 1000 fold selectivity for the 5- versus i^-opioid receptor as measured by 

inhibition of contraction of the mouse vas deferens and guinea pig ileum and a high 

relative efficacy (Quock et al., 1999), indicating that this drug causes maximal G-protein 

activation at fractional 5-opioid receptor occupancy. 

2.2.1.2- DPDPE 

Initial studies of the hDOR were hampered by the fact that enkephalin peptides 

(Leu- and Met-enkephalin; H-Tyr-Gly-Gly-Phe-Leii(Met)-OH) were not particularly 

selective for this receptor over u opioid receptors (MOR). Mosberg et al. (1983a) 

reasoned that if the enkephalin peptide could be restrained into a cyclic structure, it may 

demonstrate more selectivity for the DOR as it would lose conformational flexibility that 

might be necessary to bind to other receptors. One of the cyclized enkephalin analogues 

synthesized by these investigators, DPDPE ([D-Pen^, D-Pen^]enkephalin; its sequence 



being H-T3T-[D-Pen-Giy-Phe-D-Pen] with a disulfide bond in the penicillamine 

residues), showed great selectivity for the DOR. DPDPE has been an extremely useful 

ligand from several perspectives. Not only it is a potent and highly delta opioid receptor 

selective ligand both in binding (Akiyama et al., 1985) and, especially, in in vitro 

functional assays such as the mouse vas deferens (MVD, for the delta receptor) and the 

guinea pig ileum (GPI, for the mu receptor) assays (Mosberg et al., 1983a; b), but it also 

maintains this high selectivity in in vivo functional analgesic assays. Furthermore, it does 

not have the gastrointestinal and undesirable side effects of mu agonists (Porreca et al., 

1983). Moreover, it is very stable to proteolytic degradation both in the whole brain 

homogenates and to all protease enzymes against which it has been tested (Weber et al., 

1992; Greene et al., 1996). It does cross the blood-brain-barrier (BBB) well, similar to 

morphine (Williams al., 1996; Thomas et al., 1997) but unfortunately is not potent when 

given peripherally, because it is rapidly pumped out of the brain. 

2.1.1.3-K-I-DPDPE 

The effect of para substitution of an aromatic ring in the Phe'^ residue of 

metkephamide, a linear methionine enkephalin analogue, was investigated by Gesselchen 

(Gesselchen et al., 1986). The high potency of the analogues in this series implied that the 

aromatic nucleus of Phe" residue in the metkephamide interacts with a region of opioid 

receptor which is capable of accepting a range of molecular volumes and 

electronegativities. The DPDPE analogue, [p-ClPhe^JDPDPE, possessed greater potency 

and affinity for the DOR than DPDPE in the mouse vas deferens assay and in 



90 

radioreceptor assays. Tliis analogue was found to be the most selective in the radioligand 

binding assay, when compared with other halogenated analogues (selectivity of ~ 500 

when compared to the MOR), being about 5-fold more DOR selective than DPDPE and 

about 9-fold more selective than DPDPE in the MVD and GPI assays fToth et al., 1990). 

2.2.2- Non-peptide agonists 

2.2.2.1- SNC80 

SNC80 is the dextrorotatory methylether analogue of BW373U86, a novel 

nonpeptidic 5-selective agonist (Calderon et al., 1994). This compound has much greater 

affinity for the DOR than the MOR. While not as potent an agonist as BW3731J86. 

SNC80 is much more selective with respect to receptor affinity (2327-fold v.v 31-fold) 

and also more selective with respect to agonist activity (1996-fold v.y 725-fold). Its 

efficacy at the DOR, when expressed in CHO cells, is also high (EC50 = 5 nM), 6-7 times 

greater than that of (-)Tan67 (Quock, 1997a). 

o 
II 

Figure 2.5- Structure of SNC 80. 
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2.2.2.2- (-)Tan67 

(-)Tan67 is a non-peptidic compound that is highly selective for the DOR in vitro 

(Nagase et al., 1994). In the rat brain, it shows a high affinity for DOR (Kj = 1.12 nM) 

but poor affinity for KOR and MOR (K, = 1790 and 2320 nM, respectively). In CHO 

cells stably transfected with the hDOR, (-)'fan67 showed high binding affinity (Kj = 

0.647 nM), high binding selectivity (> 1000 times relative to the hMOR), high potency 

(EC50 = 1.72 nM) for inhibiting forskolin-stimulated accumulation of cAMP at hDOR. 

and extremely low potency (EC50 = 1520 nM) at the hMOR expressed in B82 mouse 

fibroblast cells (Knapp et al., 1995). The DOR potency and receptor binding selectivity of 

this compound are nearly identical to those of /JCI-DPDPE which is one of the most 

selective receptor agonists available. 

H 

Figure 2.6- Structure of (-)Tan67. 
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2.2.3- Partial agonists 

2.2.3.1- Morphine 

Morphine is the principal medical alkaloid of opium and despite its severe side 

effects such as euphoria, dependence potential and respiratory depression, it is still the 

drug of choice for the treatment of severe acute or chronic pain. It produces analgesia by 

binding to the n-opioid receptor in the central nervous system. Morphine also binds with 

K-receptors which mediate spinal analgesia, miosis and sedation. While being a full 

agonist at the ji-opioid receptor, at the 5-opioid receptor this ligand is a partial agonist 

with only 39% maximal activation upon forskolin-stimulation of adenylyl cyclase 

activity. 

H 
U 

OH 

I 

Figure 2.7- Structure of morphine. 

2.2.3.2- Etorphine 

Efforts to modify the opioid pharmacophore to provide analgesia with lower risk 

of dependence and'or tolerance than morphine led to the generation of several ligands 

including etorphine. Etorphine is a very potent full agonist and efficacious ligand at the 

|i-opioid receptor with subnanomolar affinity (Kj = 0.22 nM; EC50 = 0.31 nM; Lee et al.. 
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1999), whereas at the 6-opioid receptor it behaves as a partial agonist, with submaximal 

GTPyS stimulation. 

OH 

Figure 2.8- Structure of etorphine. 

2.2.4- Peptide Antagonists 

2.2.4.1-TIPPPsi 

The Schiller laboratory reported in 1992 the discovery of a new class of opioid 

pcptide-derived 5 antagonists that contain a l,2,3,4-tetrahydroisoquinoline-3-carboxylic 

acid (tic) residue in the position 2 of the following peptide sequence: H-Tyr-Tic-Phe-Phe-

OH, which they called TlPPpsi (Schiller et al., 1992). TIPPPsi showed high antagonist 

potency against various 5 agonists in the MVD assay (Kg = 3-5 nM), high 8 affinity (Kj® = 

1.22 nM), and extraordinary 5 selectivity (K,^' /Ki® = 1410). The tetrapeptide is about 8 

times less potent than ICI 174864 or naltrindole in vitro, and is much more 5 selective 

than either one of them. Enzymatic degradation studies of TIPPPsi have shown that the 

peptide is quite stable to degradation, being slowly degraded to an extent of about 50% 
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after 24h incubation (Schiller et al, 1993), providing a good tool for most 

pharmacological studies. 

Figure 2.9- Structure of l,2,3,4-tetrahydroisoquinoline-3-carboxyHc acid (Tic). 

2.2.5- Non-peptide antagonists 

2.2.5.1- Naltrindoie 

The first series of compounds that possessed selective delta receptor antagonism 

contained the indole moiety and were introduced by Portoghese et al. (1988a, b). This 

non-peptide ligand has been shown to be able to cross the blood-brain barrier. This drug 

antagonizes in vitro and in vivo effects (smooth muscle contraction and antinociceptive 

action) of selective DOR agonists but fails to antagonize the action of selective agonists 

for the MOR and KOR (Ayers et al., 1990). Naltrindoie has a high affinity to delta opioid 

receptor as determined in rat brain (KD = 37.0 pM; Yamamura et al., 1992), and in 

inhibition studies (K, = 30 pM, Portoghese et al., 1988b; IC50 = 25.7 pM, Rogers et al., 

1990). 
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Figure 2.10- Structure of Naltrindole. 

2.2.5.2- Naloxone 

Naloxone hydrochloride (NAL) is an opioid antagonist that acts upon |j,-, S-, and 

K- opioid receptors. This ligand is very potent for the 8-opioid receptor with an IC50 of 10 

nM (Lewanowitsch et al.. 2003). 

Figure 2.11- Structure of naloxone. 
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2.2.6- Inverse agonists 

2.2.6.1- TMT-L-Tic 

The dipeptide Tyr-Tic has been demonstrated to be a universal DOR selective 

antagonist stracture, and the minimum peptide unit that still maintains significant opioid 

receptor binding affinity (Schiller et al., 1992; Tancredi et a!., 1994). The substitution of 

a Tyr residue in this dipeptide by the more hydrophobic 2',6'-dimethyltyrosine (DMT) 

greatly improved the binding affinity and selectivity for the DOR relative to MOR 

(Salvadori et al., 1995). Following the same rationale, P-methyl-2', 6'-dimethyltyrosine 

(TMT), an even more constrained and hydrophobic moiety, was inserted into the 

dipeptide leading to a ligand with great affinity for the DOR (IC50 = 9 nM) and a 3800-

fold selectivity to the DOR relative to the MOR (Liao et al., 1997). Bio assay studies of 

TMT-L-Tic performed on the MVD and the GPI showed that this dipeptide is a very 

potent and highly selective DOR antagonist (Shook et al., 1987). More recent studies on 

the G-protein activation induced by this ligand in CHO cells expressing the hDOR 

demonstrate that this ligand is a highly potent inverse agonist able to inhibit G- protein 

activation to 58% of basal with an EC50 of 0.72 nM as determined by ["'SJOTPyS binding 

(Hosohata et al., 1999). 

2.3- Experimental Methdology 

2.3.1- Stable transfection of the hDOR in CHO cells 

A fully functional receptor, labeled at the C-terminus with a myc-epitope and His 

tag, was prepared by inserting the DNA of the human 8-opioid receptor, which was 



modified by incapacitating the stop codon of the receptor, into the pcDNA3.1 vector 

containing the myc/His tag (Invitrogen, Long Island, NY) (Figure 2.12). The entire vector 

was verified by DNA sequencing and stably transfected into a Chinese hamster ovary 

(CHO) cell line with the use of diethylaminoethyl-dextran (Promega). The transfected 

clones were selected using G418 as an antibiotic. Experiments characterizing the 

modified receptor have been carried out (Okura et al, 2000) demonstrating that the 

labeled receptor shows similar binding and signaling behavior as previously obtained 

with in vivo assays. CHO cells were cultured in Hamm's F12 medium (Gibco, Long 

Island, NY), supplemented with 10% of fetal bovine serum (FBS) (Gibco, Long Island, 

NY), penicillin (100 units/mL) (Sigma, St. Louis, MO), and streptomycin (100 f.ig/'mL) 

(Sigma, St. Louis, MO) in a humidified atmosphere containing 5% CO2 at 37°C. 
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Figure 2.12- Map of the pcDNAi.l/Myc-His. obtained from Invitrogen 
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2.3.2- Preparation of membrane fraction from CHO cells 

Confluent monolayers of CHO cells, grown in 15-cm dishes, were washed with 

F12 basic media and harvested using 5% trypsin in F12. After centrifugation (2500 rpm 

for 20 niin at 4°C) the pellet was resuspended in 25 mM Tris-HCl, pH 7.4, containing 

protease inhibitors that are designed to be used with metal chelating columns (Sigma, St. 

Louis, MO), at a concentration of ImL/L. Cell lysates were homogenized by 10 strokes 

with a tissue grinder. The homogenates were centrifuged at 42,000 x g (Beckman) for 30 

min at 4°C to remove nuclei and debris. Supematants were aspirated and the membrane-

enriched pellets were suspended in buffer (50 mM Tris-HCl, 0.15 M NaCL 2 mM CaC^, 

5 mM KCl, 5 mM MgCla, 4 mM EOT A, 20% glycerol, pH 7.5) with the protease 

inhibitors added, and stored at - 80°C. Receptors in these crude membrane preparations 

were stable for at least 1 month under these conditions. 

2.3.3- Peptide affinity ligand for hDOR purification 

The ligand resin was prepared with the following sequence attached to a CM 

Sepharose resin: H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-P-Ala-Gly-P-Ala-Gly-resin, where 

the first 4 amino acids attached to the solid support function as a spacer arm and the rest 

of the sequence corresponds to Deltorphin II, a potent and selective ligand for the hDOR. 

The N"-Fmoc strategy of solid phase peptide synthesis was used. The Gly residue was 

coupled to Sepharose resin (CM Sepharose, Pharmacia) (0.09-0.13 mmol/mL) using 10 

equiv. of N''-Fmoc-G!y, 10 equiv. of HOBt (hydroxybenzotriazole), 10 equiv. of DIC 

(diisopropylcarbodiimide) and 4 equiv. of iV-methylimidazole dissolved in a minimal 
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amount of DMF (dimethylformamide). The resin was reacted with the previous mixture 

in a rocking platform for 1 h. A Kaiser test was performed in order to test for coupling 

reaction completion. The N"-Fmoc group was cleaved by treating the resin with 25% 

piperidine in DMF during 30 min, and the absorbance was monitored at 302 nm in order 

to determine the amino substitution achieved. These steps were repealed for all the 

amino acids in the sequence. After coupling all the amino acids to the resin, cleavage of 

the N"-Fmoc group from the N-terminus and cleavage of the side chain protecting groups 

was achieved using 95% TFA (trifuoroacetic acid), 2.5% thioanisole and 2.5% anisole for 

1.5 h. In order to test the quality of the peptide, a small part of the peptide was cleaved 

from the resin using 0.5% NaOH in water during 30 min. The filtrate obtained was then 

submitted for mass spectral analysis that confirmed that the target peptide was 

synthesized in about 95% purity. 

2.3.4- Solubilization and puriflcation of the hDOR 

The crude membrane preparations containing the hDOR were resuspended in the 

solubilization buffers: 25 mM HEPES, 0.5M KCl, protease inhibitors (1 niL'L) with 

either 30 mM of octylglucoside (Sigma, St. Louis, MO) or 1% dodecylmaltoside 

(Calbiochem, La Jolla, CA) in the absence or presence of 0.1 nM of the antagonist 

naltrindole (NTI) at a concentration of 10 mL/g of membrane pellet. The membranes 

were then homogenized by 15 strokes and centrifuged at 42,000 x g (Beckman). This 

allowed the separation of a small amount of insoluble material from the supernatant. The 

supernatant was added to a Nickel/Cobalt chelating resin (His-Select HC Nickel affinity 



gel, Sigma; His-Select HC Cobalt affinity gel, Clontech) (0.5 mL of resin per gm of lysed 

cells) in a 10 mL polypropylene column (Pierce, Rockford, IL), pre-equilibrated with the 

same buffer system as the hDOR preparation, and placed on a rocker platform for 1 h at 

4°C. The receptor was eluted either with a batch or gradient of imidazole. For the 

purification of the receptor with a batch of imidazole, the resin was first washed (about 5 

volumes) with detergent buffer containing no imidazole and then incubated (20 min) with 

the detergent buffer containing 100 or 250 mM imidazole, for the Cobalt or Nickel 

column, respectively. For the imidazole gradient the column was sequentially incubated 

with increasing concentration of imidazole and fractions pulled and analyzed with SDS 

electrophoresis. The lower imidazole concentrations used in the beginning of the gradient 

are responsible for removing G-proteins that by nature have more than one histidinc in a 

row and may also bind to the metal chelating column. 

A second purification was performed using ligand affinity chromatography. The 

Deltorphin II resin was stored with buffer containing sodium azide and could be reused 

several times. Before using the resin was washed with 5 column volumes of low salt (0.1 

M KCl) detergent buffer and then incubated with the His-tag purified receptor during 2 h 

at 4°C. The affinity resin was then washed three times with 1 column of high salt 

detergent buffer (0.5 M KCl), three times with 1 column of no salt detergent buffer and 

three times with 1 column of high salt detergent buffer. The resin was then suspended in 

high salt detergent buffer containing 0.1 nM NTI for 1 h and the receptor eluted. 
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2.3.5- Quantification of the hDOR 

A BCA (bicinchoninic acid) assay was performed in order to determine the 

protein concentration in the sample (Pierce, Rock ford, IL). The purple reaction product 

was monitored at 560 nm using an ELISA plate reader (|i Quant, Bio-Tek. Instruments, 

Inc., Winooski, Vermont). 

2.3.6- Radioreceptor assay 

Following purification, the quality of the receptor protein was assessed by 

determining the specific activity, i.e. the number of functional receptor molecules 

(measured by ligand binding) per amount of receptor protein. Binding was performed by 

diluting the purified receptor to a final concentration of about 400 nM in low-salt buffer 

and adding [ Hjnaltrindole (Perkin Elmer, Boston, MA) to a final concentration of about 

0.1 nM. The binding reaction was incubated for 1 h at room temperature. Unbound ligand 

was then separated from the ligand-receptor complex by ultrafiltration (YM 30.000, 

Centricon, Gelman Labs, Ann Arbor, MI) using low-salt buffer. A competition assay was 

then performed using DPDPE with concentrations ranging from 10"^ to lO'^M. This 

ligand, dissolved in low-salt buffer, was incubated at room temperature for Ih with the 

solution containing the ['HJnaltrindole-receptor complex previously obtained. Samples 

were then placed in scintillation vials filled with scintillation liquid and measured in a 

counter (Beckman). Binding results plotted with the help of Graph Pad Prism (San Diego, 

CA) demonstrated that the solubilized receptor was active, as determined by its ability to 

bind DPDPE with a Kd value of 15-20 nM (Mosberg et al., 1983). 



2.3.7- SDS gel electrophoresis 

Fractions contaiBing the purified receptor from the metal chelating column eluted 

either with a batch or a gradient of imidazole and the ligand affinity chromatography 

were pooled. Protein samples were mixed with 2x SDS/PAGE gel loading dye (225 mM 

Tris-HCl, pH 6.8, 50% glycerol, 5% SDS, 0.05% bromophenol blue, 250 mM DTT; 

Laemmli buffer, BioRad) during 10 min at room temperature and then loaded onto a 

7.5% Tris-HCl SDS-polyacrylamide gel (BioRad). Standard broad range molecular 

weight markers were used (BioRad) or pre-stained markers (BioRad) for gels to be used 

for Western Blot analysis. The purified receptor was resolved on a 7.5% Tris-HCl 

SDS/PAGE gel (BioRad) (llOV, 400 mA for 90 min), and then silver stained. 

2.3.8- Sample deglycosylation 

After purification the protein sample was subjected to deglycosylation using a 

glycoprotein deglycosylation kit from Calbiochem targeting N- and 0-linked 

oligosaccharides. According to the product protocol, the protein sample was incubated 

with denaturation buffer, containing 2% SDS, and 1 M p-mercaptoethanol, and heated at 

100 °C for 5 minutes followed by addition of a 15% Triton X-100 solution. The 

glycosidase enzymes were then added to the previous solution and incubated for 3h at 37 
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2.3.9- Western Blot 

After separating the protein samples using SDS gel electrophoresis by the method 

previously described, with no staining procedure, the gel was soaked in protein transfer 

buffer (PTB; 25 mM Tris-Gly with 20% MeOH) for 20 min. Proteins were transferred to 

a polyv inylidene difluoride membrane (PVDF, Amersham) using a semi-dry Trans-blot 

system (BioRad) for 40 min at lOOV. Membranes were blocked for 1 h in 3% non-fat 

dried milk, 0.1 M Tris HCl, pH 7.5, 1% BSA, 1 M glucose, 10% glycerol, 1 mM CaC12, 

0.5% Tween 20, 0.005% thimerosol (PBST), followed by overnight incubation at 4 °C in 

with PBST supplemented with 1/5000 mouse anti-mvc-HRP (horse radish peroxidase) 

antibody (Invitrogen). Membranes were washed four times with PBST and colorimetric 

developed with an HRP substrate (3,3',5'5'-tetramethylbenzydine; USB, Cleveland), 

until a blue precipitate was observed, according to manufacturer's instructions. 

2.4 Results 

2.4.1- Whole cell binding assay on the CHO cells expressing hDOR 

A whole cell binding assay was performed in the CHO cells expressing the hDOR 

by published methods (Mosberg et al., 1983) to ensure this assay is functioning well in 

our system. Dissociation constants obtained for DPDPE interaction with this receptor (KD 

= 32.8 nM) correlate well with values reported in the literature (Mosberg et al., 1983) 

(Figure 2.13) 
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Figure 2.13- Whole cell binding assay on the CHO cells expressing the hDOR- A 

•5 

competition assay for binding tpo the hDOR was performed using [ HJnaltrindole (0.1 

nM)and DPDPE with concentrations ranging from 10"^ -10"® M. 

2.4.2- hDOR purification by one step metal chelating chromatography 

A metal chelating column (Co " or Ni '') was used to purifiy the hDOR using the 

His tag in the C-terminus. After the receptor was bound to the column its elution was 

performed either with a batch or a gradient of imidazole. 

2.4.2.1- Elution of receptor by imidazole batch 

The elution of the receptor with a batch of imidazole does not provide a purified 

sample as can be seen in Figure 2.15 lane 2. 

2.4.2.2- Elution of receptor by imidazole gradient 

Eluting the protein with a gradient of imidazole leads to a much better 

purification, where low concentration of imidazole (20 and 40 mM; Figure 2.14; panel A 



lanes 2 and 3) removes proteiB that is weakly bound, probably corresponding to proteins 

that by nature have more than one histidine in their sequence but less than the 5 histidines 

that the hDOR has in its tag. Bands for protein with molecular weights between 46 and 

66 KDa are pooled with an imidazole gradient of > 60 nM. At this point we hypothesize 

that this corresponds to the hDOR and that the different bands correspond to different 

glycosylation levels of this protein. 
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Figure 2.14- SDS gel electrophoresis for hDOR purified using a metal chelating 

column (M^*) with an imidazole gradient. Panel A: lane 1 = standard molecular weight 

markers (broad range); lane 2 = fraction eluted with 20 mM imidazole; lane 3 = fraction 

eluted with 40 mM imidazole; lane 4 = fraction eluted with 60 mM imidazole; lane 5 = 

fraction eluted with 80 mM imidazole. Panel B; lane 1 = standard molecular weight 

markers (broad range); lane 2 ^ fraction eluted with 100 mM imidazole; lane 3 = fraction 
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eluted with 150 mM imidazole; lane 4 = material not bound to the column; lane 5 = crude 

protein. 

2.4.3- hDOR purification by two steps: metal chelating and ligand affinity 

chromatography 

It should be noted that the use of the ligand affinity column for the protein 

purification was developed at a stage at which the gradient of imidazole was not yet used 

and so this method was used to achieve better receptor purification. As can be seen in 

lane 2 of Figure 2.15, the purification of the liDOR with a metal chelating column with 

the use of a batch of imidazole resulted in protein that was not pure. The use of a ligand 

affinity column in a second purification step leads to dramatic improvement in the 

purification with mainly 2 bands appearing close to the 66 MW marker (lane 3 of Figure 

2.15). The incubation time of the protein sample with the ligand affinity resin seems also 

to play a role in the quality of the purified sample (lane 3 vs lane 4 in Figure 2.15) where 

longer incubations (overnight vs 2h) seems to pull other proteins along. Reducing the 

incubation time of the resin with the protein sample seems to reduce the amount of 

protein co-eluted. These other proteins that co-eluted at longer incubation periods could 

be G-proteins that have high affinity for the receptor when bound to the deltorphin 

column and so are co-purified or could correspond to different glycosylation levels of the 

protein. 
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Figure 2.15- SDS gel electrophoresis for hDOR purified using a metal chelating 

column (Nr^) with an imidazole batch followed by purification using a ligand 

affinity chromatography. Lane 1 = standard molecular weight markers (broad range); 

lane 2 = receptor purified by metal chelating column (batch of imidazole); lane 3 = 

fraction eluted from the ligand affinity column after being incubated for 2h with the 

ligand affinity resin; lane 4 = fraction eluted from the ligand affinity column after being 

incubated overnight with the ligand affinity resin. 

The use of the ligand affinity column for the purification of the receptor is also 

advantageous in the fact that only receptor that is conformationally active is purified this 

way. By determining the total receptor concentration using the BCA assay previously 

described an,d the amount of active protein by radiolabel experiments we have found that 

only about 30% of receptor is active when purified only with the metal affinity column, 

whereas more than 70% is active when the ligand affinity column is used in coajugation 

with the metal chelating column. 



110 

2.4.4- Stability studies on the detergent-solubilized and purified hDOR 

In order to further demonstrate that the protein that was purifed was indeed the 

hDOR and that it was active, we have performed ligand binding studies, using 

radiolabeled ligands, by methods previously described. As can be seen by the following 

sets of data presented in this section, the purified protein indeed binds to DPDPE, a 

potent and selective ligand for the hDOR. The dissociation constants observed are higher 

than published ones (Mosberg et al., 1983) and lower than the ones determined in our 

studies using whole cells (section 2.3.1 of this chapter). Similar results have previously 

been observed in binding assays performed in detergent solubilized receptors and have 

been interpreted as a loss of receptor activity, as it is generally understood that the 

receptor detergent micelles are a poorer environment for the receptor when compared to 

whole cells or reconstituted vesicles or bilayers (Stanasila et al., 1999). Studies have 

shown that higher receptor affinities for its ligands are regained upon reconstitution in 

lipid vesicles (Scheideler and Zukin; 1990); we have also observed a dramatic increase in 

the affinity of DPDPE binding to this receptor when incorporated into a solid-supported 

lipid bi layer (see Chapter 3 of this thesis). 

In these stability studies, we have tested the ability of the detergent-solubilized 

receptor to bind to DPDPE when the protein sample was subjected to different 

purification procedures and storage temperatures. As can be seen in Figure 2.16 when the 

receptor is purified only by the metal chelating column and stored at 4° C it starts to 

slowly decrease its affinity for the receptor by day 1 as can be seen by the higher 
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dissociation constants observed when comparing days 1-4 (Figure 2.16, panels A-D). 

Most dramatically the amount of receptor that is able to bind ligand is reduced to about V4 

in day 4 (Figure 2.16, Panel D) being totally lost by day 5 (Figure 2.16, panel E). 
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Figure 2.16- Receptor activity studies on the solubiiized hDOR purified by a metal 

chelating column and stored at 4 °C, using radiolabel assays. A competition assay for 

binding tpo the hDOR was performed using [^Hjnaltrindole (0.1 nM)and DPDPE with 

concentrations ranging from 10"'* -10""® M. Pancis A E corresponds to activity studies 

performed in receptor 1, 2, 3, 4, and 5 days, respectively, after purification. Kd values 

were obtained from plotting counts per minute (Y) for the PWR spectra as a frmction of 

ligand concentration (X) and fitting to the following hyperbolic function that describes 

the binding of a ligand to a receptor: Y = (Bmax X)/ (Ko + X). B^ax represents the 
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maximuin concentration bound and K© is the concentration of ligand required to reach 

half-maximal binding. 

When the receptor, purified by the same procedure (metal chelating column, only) 

is stored in liquid nitrogen its affinity and activity is highly reduced after only 1 day and 

totally gone by day 2 (Figure 2.17, panels A and B). This demonstrates that freezing the 

receptor sample at low temperatures is detrimental for the receptor activity to be 

maintained. 
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Figure 2.17 - Receptor activity studies on the solubilized hDOR purified by a metal 

chelating column and stored in liquid N2. A competition assay for binding tpo the 

hDOR was performed using ["^Hjnaltrindole (0.1 nM)and DPDPE with concentrations 

ranging from 10"^ -lO '^' M. Panels A and B corresponds to activity studies performed in 

receptor 1 and 2 days, respectively, after purification. KB values were obtained as 

described in Figure 2.16 legend. 



We have studied the receptor activity when purified with both metal chelating and 

iigand affinity chromatography and have found that not only does the receptor have 

higher affinity for the ligand (note lower KD values observed when comparing Figure 

2.18 with Figure 2.16) when purified by two steps vs. 1 step purification, but that the 

protein is active for a longer period of time, its decrease in activity happening between 

days 6 and 8 (Figure 2.18, panels C and D). 
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Figure 2.18- Receptor activity studies on the solubilized hDOR purified by a metal 

chelating and ligand affinity column and stored at 4 °C. A competition assay for 

binding tpo the hDOR was performed using [^Hjnaltrindole (0.1 nM)and DPDPE with 

concentrations ranging from 1 ()"** -10"" M. Panels A -E correspond to activity studies 

performed in receptor 2, 4, 6, 8, and 10 days, respectively, after purification. Kn values 

were obtained as described in Figure 2.17 legend. 

2.4.5- Western Blot 

The Western blot performed on the purified hDOR with no deglycosylation 

treatment shows 2 bands at around 50-60 KDa that correlates well with the receptor 

molecular weight. The receptor sample that was subjected to deglycosylation gave rise to 

only one band in the Western blot (Figure 2.19, lanes 1 and 2). Therefore, we conclude 
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that the receptor was properly purified and that no G-proteins were carried along, at least 

onder the conditions used where the protein was incubated with the ligand affinity resin 

for only 2 h rather than overnight. 
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Figure 2.19- Western Blot of the hDOR. Lane 1 represents the protein purified by metal 

chelating column followed by ligand affinity chromatography (2h incubation with the 

ligand affinity resin). Lane 2 corresponds to the protein applied to lane 1 after 

deglycosylation treatment. 

2.5- Conclusions 

Using a metal chelating column and a ligand affinity chromatography column, the 

receptor has been purified from other proteins present in the CHO cells where the 

receptor was originally expressed. We have found that the temperature at which the 

protein is stored and its level of purity and activity have tremendous effects on the 



116 

capacity of the protein to keep its biological activity. Conditions were found that keep the 

detergent-solubilized receptor active for periods of about 7 days, allowing several 

spectroscopic studies to be performed with each batch of protein. 
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CHAPTER 3 

LIGAND-INDUCED CONFORMATIONAL CHANGES OF THE HUMAN 

DELTA OPIOID RECEPTOR MONITORED BY PLASMON-WAVEGUIDE 

RESONANCE SPECTROSCOPY (PARTS OF THIS CHAPTER ARE TAKEN 

FROM ALVES ET AL., 2004a) 

3.1- Introduction 

Understanding structure-function relationships and mechanisms of signal 

transduction in G-protein coupled receptors (GPCRs) is becoming increasingly important, 

both as a fundamental problem in membrane biology and as a consequence of their 

central role as pharmacological targets. High-resolution structural analysis of GPCRs has 

been hindered by their low natural abundance and the difficulty in producing, purifying 

and crystallizing significant quantities of tissue-derived or recombinant protein. A 

recently developed method, plasmon-waveguide resonance (PWR) spectroscopy, is a 

highly sensitive technique (requiring as little as femtomole quantities of material) and has 

been very successfully used in our laboratories as a method for the characterization of 

anisotropic proteolipid membranes (Salamon et al., 1998; Salamon et al, 2000a; Sal anion 

et al., 2000b; Salamon et al., 2002; Alves et al., 2003; Devanathan et al., 2004). The 

technique allows real-time measurements of the binding of free molecules to immobilized 

ones (in the present case integral membrane proteins inserted into a solid-supported lipid 

bilayer), without the application of specific labels. No labeling is required since the 



method is dependent on the intrinsic optical properties (refractive index, optical 

absorption coefficient) of material deposited onto the resonator surface. PWR has the 

unique capability of independently examining changes in the structure of the proteolipid 

film both parallel and perpendicular to the membrane plane in response to receptor-ligand 

interactions. It possesses several significant advantages compared to conventional surface 

plasmon resonance (SPR), including enhanced sensitivity and spectral resolution and the 

ability to distinguish between mass and conformational changes (Salamon et al, 1997c). 

The latter is a consequence of the use of both p- and 5-polarized excitation (electric 

vectors perpendicular and parallel to the resonator surface, respectively) to produce 

resonances, whereas SPR only responds to /7-polarized excitation. This allows 

measurements of refractive index anisotropy, which reflects changes in mass distribution 

and therefore changes in molecular orientation and conformation. 

Using PWR, we have investigated structural changes accompanying the binding 

of ligands to the human 5-opioid receptor (hDOR) immobilized in a solid-supported lipid 

bilayer. This highly sensitive technique can directly monitor changes in mass density, 

conformation and orientation occurring in such thin proteolipid films. Without requiring 

labeling protocols, PWR allows the direct determination of binding constants in a system 

very close to the receptor's natural environment. In the present study, conformational 

changes of a proteolipid membrane containing the hDOR were investigated upon binding 

of a variety of peptide and non-peptide agonists, partial agonists, antagonists and inverse 

agonists. Distinctly different structural states of the membrane were observed upon 

binding of each of these classes of ligands, reflecting different receptor conformational 



states, and the formation of each state was characterized by different kinetic properties. 

Binding constants, obtained by quantifying the extent of conformational change as a 

function of the amount of ligand bound, were in good agreement with published values 

determined by radiolabeling methods. The results provide new insights into iigand-

induced GPCR functioning and illustrate a powerful new protocol for drug development. 

3.2 Experimental Methodology 

3.2.1- Preparation of lipid membranes and incorporation of the hDOR 

In this study we used self-assembled solid-supported lipid membranes (Salamon 

and Tollin, 1991; Salamon et al, 1996). The method of preparation uses the same 

principles that govern the spontaneous formation of a freely suspended lipid bilayer 

membrane (called a black lipid membrane) (Mueller et al., 1962). This involves 

spreading a small amount of lipid solution across a 2 mm orifice in a Teflon block that 

separates the thin dielectric film (Si02) on the surface of the plasmon generator from the 

aqueous phase. The hydrophilic surface of the hydrated silica (Gee et al., 1990; Silberzan 

et al., 1991) attracts the polar groups of the lipid molecules, thus forming a lipid 

monolayer deposited on a layer of adsorbed water, with the hydrocarbon chains oriented 

toward the droplet of excess lipid solution. Filling the main body of the cell sample with 

the appropriate aqueous solution initiates the second step, which involves a thinning 

process with the formation of both the second monolayer and the plateau-Gibbs border 

that anchors the bilayer film to the Teflon spacer, allowing the excess of lipid and solvent 



to move out of the orifice (Salamon and Tollin, 1999a, b). In these experiments, the lipid 

films were formed on the silica surface from the following membrane-forming solution: 7 

mg/mL of egg PC and l-palmitoyl-2-oleyl-5«-glycero-3-phosphoglycerol (POPG) (75:25 

mol/mol) in squalene/butanol/methanol (0.05:0.95:0.5, v/v). The incorporation of the 

human 8-opioid receptor into this solid-supported lipid bilayer was accomplished by 

introducing the detergent-solubilized hDOR into the aqueous compartment under 

conditions that dilute the detergent below the critical micelle concentration. At this point 

the membrane protein spontaneously incorporates into the lipid bilayer. The aqueous 

compartment was filled with approximately 1 mL of 10 mM Tris buffer (pH 7.3) 

containing 0.5 M EDTA and 10 mM KCl. 

3.2.2- Ligand addition to the proteolipid system 

Between 20-100 fxL of ligand dissolved in the above mentioned buffer system 

was added to the cell sample, such that after dilution in the cell chamber the target 

concentration was achieved. The first concentration point was chosen to be 

approximately 1 order of magnitude below the published KD value for that ligand. 

Incremental amounts of ligand were then added in a cumulative fashion and the PWR 

spectra acquired for each point when equilibrium was reached (i.e. when no further 

changes in the PWR spectra occurred). KD values were obtained from plotting the 

resonance minimum position for the PWR spectra as a function of ligand concentration 

and fitting to the hyperbolic function that describes the 1:1 binding of a ligand to a 
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receptor using Graph Pad Prism (San Diego, CA). The kinetics of the formation and 

decay of intermediate states for the agonist (peptide and non-peptide) and partial agonist 

were analysed using Microcal Origin and rate constants were obtained by fitting the data 

to a two-exponential equation. 

3.2.3- Plasmon-waveguide resonance (PWR) spectroscopy 

The method is based upon the resonant excitation by polarized light from a CW 

He-Ne laser (X = 632.8 ran or X = 543.5 nm), passing through a glass prism under total 

internal reflection conditions, of collective electronic oscillations (plasmons) in a thin 

metal film (Ag) deposited on the external surface of the prism, which is overcoated with a 

dielectric layer (Si02). The resonant excitation of plasmons generates an evanescent 

electromagnetic field localized at the outer surface of the dielectric film, which can be 

used to probe the optical properties of molecules immobilized on this surfacc (Salamon 

and Tollin, 1999a; Salamon et al., 1997c; Salamon et al., 1999). Resonance is achieved 

by varying the incident angle (a) slightly above the critical angle for total internal 

reflection. Because the resonance coupling generates electromagnetic waves at the 

expense of incident light energy, the intensity of totally reflected light is diminished. 

Thus, the angular dependence of the reflectance corresponds to a PWR spectrum. The 

resonance can be excited with light polarized with the electric vector either parallel (p) or 

perpendicular (s) to the incident plane thereby allowing for characterization of the 

molecular organization of anisotropic systems such as biomembranes containing integral 
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proteins (Salamon et al., 1996; Salamon et aL, 1998; Salamon et al, 2000; Salamon et a!., 

2002). Under the experimental conditions employed in this work the optical parameters 

obtained with p-pohirization refer to the perpendicular direction, and those obtained with 

5-polarization to the parallel direction, relative to the bilayer membrane surface. PWR 

spectra can be described by three parameters: a, the spectral width, and the resonance 

depth. These depend on the refractive index («), the extinction coefficient (k), and the 

thickness (t) of the plasmon-generating and emerging media, the latter including a thin 

film deposited on the silica surface (a proteolipid membrane in the present work) in 

contact with an aqueous solution. Thin-film electromagnetic theory based on Maxwell's 

equations provides an analytical relationship between the spectral and optical properties 

of these media. This allows evaluation of n, k, and t uniquely for the three media (the 

plasmon generating medium, the proteolipid membrane and the aqueous buffer solution), 

by non-linear least squares fitting of the theoretical spectra to the experimental one. In 

the present study, we will be concerned only with the shifts and amplitudes of the 

resonance spectra, without any analysis using spectral fitting. Furthermore, the molecules 

used here do not absorb significantly at the excitation wavelength, and thus the spectra 

reflect mainly the refractive index and the thickness of the proteolipid layer, i.e. mass 

density and mass distribution. For non-spherical molecules oriented uniaxialiy on the 

resonator surface, n values will be different for 5- and /7-polarization. This allows 

characterization of anisotropy changes due to alterations in molecular orientation and 

structure of the molecules in the proteolipid film. 
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Resonance spectra in this study were obtained using a Beta PWR instrument from 

Proterion Corp. (Piscataway, NJ) that records the relative reflectance vs. the absolute 

angle with a resolution of 1 mdeg. 

3,3- Results 

3.3.1- Formation of the lipid bilayer and receptor incorporation 

From Figures 3.1 A and B one can see that the formation of a lipid bilayer on the 

resonator surface leads to increases in the resonance angle position (145 mdeg for p- and 

95 mdeg for .y-polarized resonances) as well as a decrease in the depth of the PWR 

spectra, both for p- and ^-polarizations. The increase in the resonance angle can be 

ascribed in part to an increase in the refractive index that results from a gain in deposited 

mass, which is as expected. The decrease in the resonance depth is related to the 

formation of a thin film of lipid on the silica surface, which again is expected as a 

consequence of bilayer formation. The spectral changes are also anisotropic (i.e. the 

changes in p-polarization are quite different than those for ^-polarization) due to the 

highly anisotropic optical properties of oriented lipid bilayers. 
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Figure 3.1- PWR spectra obtained for lipid bilayer formation and receptor 

incorporation using />-polarized (A) and s-polarized (B) light excitation. Unlabeled 

solid lines represent the buffer spectra (10 niM Tris buffer (pH 7.3), 0.5 niM EDTA, and 

10 niM KCl) prior to bilayer formation; (0) PWR spectra obtained after the formation of 

a lipid bilayer composed of 75:25 mol% egg PC/POPG; (•) PWR spectra obtained after 

addition of an octylglucoside-containing buffer solution of hDOR; final concentration in 

the cell sample compartment ~ 0.4 nM. 

Receptor molecules were incorporated into the lipid bilayer by adding two 

aliquots (50 f.iL each) of a concentrated solution of hDOR (~ 1 nM) solubilized in 30 mM 

octylglucoside-containing buffer to the aqueous compartment (total volume ~ 1 niL; final 

receptor concentration in the cell sample compartment was approximately 0.1 nM) of the 

PWR cell sample, diluting the detergent to a final concentration below the critical micelle 



concentration (cmc -25 rnM for octylglucosidc). Receptor that was not incorporated into 

the lipid bilayer was removed by flowing buffer through the cell sample compartment. 

The amoimt of incorporated receptor was approximately the same in the different 

experiments, as monitored by the magnitude of the PWR spectral shifts observed for p-

and .v-polari/ed light. From Figures 3.1 A and B, one can see that the incorporation of the 

receptor into the bilayer leads to anisotropic increases in the resonance angle (190 mdeg 

shift for the p- and 130 mdeg for the 5-polarized resonance) and in the spectral depth, that 

are the result of an increase in the mass and the thickness of the bilayer. Since the 

receptor protrudes from both sides of the lipid bilayer, one should expect the bilayer to 

become thicker upon receptor incorporation. These results are consistent with those 

previously reported upon incorporation of the hDOR into a lipid bilayer (Salamon et al., 

2000a), in which the thickness of the proteolipid system was found by spectral fitting to 

increase from 5.3 nm (Salamon et al., 1997c) to 6.8 nm (the latter value corresponds to 

the dimension of the incorporated protein molecule perpendicular to the membrane 

plane). A thickness of the proteolipid system of ~ 6.8 nm correlates well with the size 

determined for rhodopsin from x-ray crystallography (Palczewski et al., 2000). Again, 

spectral shifts with p-polarization were larger than with s-polarization (indicating 

refractive index changes in the /^-direction higher than for the ^-direction), which is a 

consequence of the anisotropic structure (i.e. cylindrical shape) of the receptor molecules. 

This is also evidence for the incorporation of the receptor into the bilayer with the 

expected orientation (i.e. long axis oriented perpendicular to the lipid bilayer), rather than 

just adsorbed to the surface of the bilayer, clearly reflecting a corresponding increase of 
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the average long-range molecular order in the membrane resulting from receptor-lipid 

interactions. From this and previous results involving interactions of the hDOR with 

ligands (Salamon et al., 2000a) and with G-proteins (Alves et ah, 2003), we presume that 

the receptor is incorporated bi-directionally into the lipid bilayer, with either the ligand 

binding site or the G-protein binding site facing the aqueous compartment of the PWR 

cell sample. 

3.3.2- Peptide agonist binding to the liDOR 

When aliquots of the selective hDOR agonist DPDPE were added to the cell 

sample after the incorporation of hDOR into the lipid bilayer, significant changes in the 

position {- 30 mdeg for p- and 10 mdeg for s-polarization), width and depth of the PWR 

resonance curves occurred. These are shown in Figure 3.2 A and B, and correspond to 

the addition of a saturating amount of the ligand. Table 3.1 shows that the PWR spectral 

shifts, obtained from three independent experiments, arc quite reproducible. Control 

experiments were done in which similar concentrations of DPDPE were added to the 

lipid bilayer without having receptor incorporated, and no measurable effects were 

detected in the PWR spectra (data not shown). This demonstrates the absence of non

specific ligand binding to the bilayer in these experiments. It should also be noted that the 

spectral changes saturated within concentration ranges that are consistent with literature 

data for the binding characteristics of the ligand (see below). The spectral changes 

obtained after the addition of ligand must then reflect receptor-ligand interactions. 
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Figure 3.2- PWR spectral changes obtained upon peptide agonist (DPDPE) addition 

to the proteolipid system after hDOR incorporation using p- (A) and 5-polarization 

(B). (•) spcctra for bilayer after receptor incorporation; (+) spectra obtained upon 

addition of 200 nM (saturating concentration) of DPDPE to the proteolipid system, c) 

Plots of resonance position shift obtained using p- (•) and s-polarization (A) vs. 

concentration of ligand, from which KD values were obtained, d) Kinetic data obtained 

for the formation of the intemiediate state observed using s-polarized light. Symbols 

represent the data points and the solid line is the best fit obtained using the following 
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equation: y = aO + al exp (-ki x) + a2 (l-exp(-Li x)), where ki represents the rate 

constant for the fomiation and k.i for the disappearance of the intermediate. 

Table 3.1- Magnitude of the PWR spectral shifts obtained upon binding of ligand to 

the hDOR incorporated into a lipid bilayer. 

Ligands PWR spectral shifts upon ligand binding (mdcg) Ligands 

/^-polarization 5-polarization 

DPDPE -25 ±5 1 0  ± 2  

pCl-DPDPE -20 ± 2 7± 1 

Deltorphin II - 1 4 ± 2  9 ± 2  

SNC80 13 ±2 6 ± 2 

(-)Tan67 14 + 2 9 ± 2  

TEPPPsi -26 + 4 -13 + 3 

NTI -50 ± 8 -20 ± 3 

Naloxone -24 ±5 -12 ±3 

TMT-L-Tic 4  +  1  1 4  ± 2  

Morphine - 1 8 ± 2  
a  

Etorphine -15±2 
a  

Note: the PWR spectral shifts presented are the average obtained from three independent 
experiments. 
®No overall PWR spectral shifts were observed. 
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In Figure 3.2 A and B, anisotropic changes are seen in the resonance position, 

width and spectral depth. Most dramatically, DPDPE shifted the resonance to smaller 

angles in the case ofp-polarized light and to larger angles in the case of s-polarization. If 

one plots the resonance position minimum obtained for each incremental addition of 

ligand one obtains a simple hyperbolic curve, as expected for single-site saturable 

binding (Figure 3.2 C). By fitting the data using a hyperbolic function, one can obtain 

dissociation constants for the receptor/ligand interaction that are very similar to values 

obtained using classical pharmacology procedures (Table 3.2). As expected, the KD 

values obtained for p- and .s-polarized excitation are the same within experimental error. 
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Table 3.2- Affinity constants for binding of the different ligands to the hDOR 

obtained in these studies using PWR and from previous literature. 

Ligands Kd  (nM) obtained from PWR 

experiments 

Ligand affinities obtained from 

literature (nM) 

Ligands 

/7-polarization .v-polarization 

Ligand affinities obtained from 

literature (nM) 

DPDPE 14 + 3 1 8  ± 5  16 (Mosberg et al., 1983b) 

pCl-DPDPE 2.9 ±0.7 3.3 ± 0.8 1.6(Tothetal.. 1990) 

Deltorphin II 0.88 ± 0.05 1.2 ± 0.3 0.7 (Misicka et al., 1991) 

SNC80 5 2  ± 8  5 7 ±  1 2  56 (Hosohata et al., 2001) 

(-)tan67 3.2 ± 1.2 3.7 ± 1.5 6 (Nagase et al., 1998) 

TIPPPSl 1.1 ±0.1 1.2 ±0.1 1.22 (Schiller et al., 1999) 

NTI 0.025 ± 0.001 0.023 ± 0.004 0.028 (Knapp et al., 1994) 

Naloxone 8 ±3 8  +  1  10 (Lewanowitsch et al., 2003) 

TMT-L-Tic 2.5 ±0.3 3.2 ± 0.2 9 (Liao et al., 1997) 

Morphine 520 ± 30 
a  1101 (Gharagozlou et al., 2002) 

Etorphine 0.3 ±0.1 a  0.2 (Gharagozlou et al., 2002) 

Note: KD values were obtained from plottmg the resonance minimum position (Y) for the 

PWR spectra as a function of ligand concentration (X) and fitting to the following 

hyperbolic function that describes the binding of a ligand to a receptor: Y = (Bj^ax X)/ 

(KD + X). Bmax represents the maximum concentration bound and KD is the concentration 

of ligand required to reach half-maximal binding. 
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^No net spectral shifts were obtained for this ligand using 5-po!arized light. 

Time-resolved measurements (done with s-polarized light) were also made of the 

PWR spectral changes after ligand addition (Figure 3.2 D). There are two features of the 

kinetics that should be pointed out: the overall spectral changes occurred with time 

constants on the order of minutes and they were biphasic, involving negative shifts 

followed by positive shifts. This is similar to what was observed previously using PWR 

(Salamon et al., 2000a), and indicates that agonist binding is a mechanistically complex 

process involving anisotropic structural changes in the receptor-lipid system, with at least 

one distinguishable intermediate state involved. It was suggested that the slowness of the 

conformational change was related to the fact that the lipid bilayer surrounding the 

receptor has to rearrange in response to the receptor conformational change. The apparent 

first order rate constants obtained by fitting the data for the formation (ki) and for the 

disappearance of the intermediate state (k-i) were comparable, 0.28 min"' and 0.25 min"', 

respectively (Table 3.3). 



Table 3.3- Apparent first order rate constants obtained for the formation (k|) and 

decay (k-i) of an intermediate state that occurs between the unoccupied and ligand-

bound state of the h DOR. 

Ligands apparent first order rate constants (min"') Ligands 

ki k -1 

DPDPE 0.28 ± 0.05 0.25 ± 0.04 

pCl-DPDPE 0.27 ± 0.06 0.26 ± 0.04 

Deltorphin II 0.28 ± 0.05 0.27 ± 0.05 

SNC80 0.30 + 0.09 0.17 ±0.08 

(-)tan67 0.28 ± 0.09 0.15 ± 0.06 

Morphine 0.21 ± 0.08 0.20 ± 0.05 

Etorphine 0.19 ±0.08 0.20 ± 0.07 

Note; Rate constants were obtained using Origin by fitting the data to the following 

double exponential equation: y = aO + al exp(-ki x) + a2 (1- exp(-k.i x)). 

Results quite similar to these in terms of the PWR spectral shifts (Table 3.1) 

especially relative to the anisotropic properties of the changes, were obtained with two 

other peptide agonists, [p-Cl-Phe'^]-DPDPE and Deltorphin II; Kn values for ligand 

binding were obtained that are comparable to those obtained by classical radiolabeling 

methods and are given in Table 3.2. The apparent first order rate constants obtained for 



133 

the formation and disappearance of the intermediate state are given in Table 3.3 and they 

are within experimental error the same as for DPDPE. 

3.3.3- Non-peptide agonist binding to the hDOR 

Following the same strategy as above, a non-peptide agonist ((-)Tan67) was 

added to the proteolipid system after hDOR incorporation. As can be seen in Figures 3.3 

A and B, addition of this ligand to the proteolipid system shifted both resonances to 

larger incident angle values (13 mdeg for p- and 9 mdeg for ^-polarization). These results 

indicate that the interactions of the hDOR with peptide and non-peptide agonists generate 

different structural states of the proteolipid membrane. As with DPDPE, by plotting the 

resonance position shift vs. the ligand concentration (Figure 3.3 C and Table 3.1), KD 

values were obtained (Table 3.2) that are comparable to those determined by classical 

methods. Time-resolved experiments for the non-peptide agonist also show some 

ditTerences relative to the peptide agonist, i.e. although biphasic kinetics were again 

observed, the apparent first order rate constants for the formation and the disappearance 

of the intermediate state were quite different from each other (kj being about twice the 

value of k-i), contrary to what was observed in the peptide agonist case (Table 3.3). 

Results similar to these, both in terms of the direction of the PWR spectral changes 

(Table 3.1) and the kinetic data (Table 3.3) were also obtained with SNC-80, another 

non-peptide agonist. 
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Figure 3.3- PWR spectral changes obtained upon non-peptide agonist ((-)Tan67) 

addition to the proteolipid system after hDOR incorporation using p- (A) and s-

polarization (B). (•) Spectra for bilayer after receptor incorporation; (+) spectra 

obtained upon addition of 10 nM (saturating concentration) of (-)Tan67 to the proteolipid 

system. C) Plots of resonance position shift obtained using p- (•) and s-polarization (A) 

vs. concentration of ligand, from which Ko values were obtained. 
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3.3.4- Antagonist binding to the hDOR 

The PWR spectral changes observed upon a non-peptide antagonist (NTI) 

addition after hDOR incorporation, shown in Figures 3.4 A and B, were again different 

than those obtained for the agonist case (both peptide and non-peptide). Thus, NTI 

addition causes shifts in the PWR spectra to smaller angles for both p- and ^-polarization 

(-50 mdeg forp- and -20 mdeg for s-polarization) (Table 3.1). This clearly demonstrates 

that a different receptor conformation was generated. These shifts were quite large and 

were larger for p- than ^-polarization, denoting an anisotropic structural change. Also 

noteworthy are the increases in the spectral depth and decreases in spectral width, 

especially in the case of ̂ -polarization spectra. In contrast to the agonist case, antagonist 

addition resulted in spectral changes that were faster than the resolution time of the 

instrument, occurring in less than five seconds. This is again similar to the results 

obtained earlier (Salamon et al., 2000a). The kinetic patterns obtained for agonist and 

antagonist show striking parallels to studies performed with the Pa-adrenergic receptor, 

where fluorescence spectroscopy (Gether et al., 1997, Swaminath et al., 2003) and PWR 

(Devanathan et al., 2004) were used to delineate structural changes associated with 

receptor-ligand interactions. Plots of the spectral shifts vs. NTI concentration are shown 

in Figure 3.4 C; the KD values obtained (Table 3.2) are consistent with literature values. 

Similar results in terms of the direction of the PWR spectral shifts were obtained with 

another non-peptide antagonist, Naloxone, and with a peptide antagonist (TIPPPSI) 

(Table 3.1) with affinity values comparable to tliose reported in literature (Table 3.2). 
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Figure 3.4- PWR spectral changes obtained upon non-peptide antagonist (NTI) 

addition to the proteolipid system after hDOR incorporation using p- (A) and s-

polarization (B). (•) Spectra for bilayer after receptor incorporation; (+) spectra 

obtained upon addition of 200 pM (saturating concentration) of NTI to the proteolipid 

system. C) Plots of resonance position shift obtained using p- (•) and 5-polarization (*) 

vs. concentration of ligand, from which KD values were obtained. 
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3.3.5- Inv erse agonist binding to the hDOR 

When the inverse agonist TMT-Tic was added to an hDOR-containing bilayer, the 

resulting spectral changes (shown in Figures 3.5 A and B) resulted in increases to higher 

angles both for p- and j'-polarizations (5 mdeg for p- and 14 mdeg for ^-polarized light) 

(Table 3.1). This is similar to what was seen in the case of the non-peptide agonist 

(compare with Figures 3.3 A, B and C). It should be noted, however, that in the case of 

the non-peptide agonist the magnitudes of p- and 5-shifts were quite similar (with p-

slightly larger than 5-polarization), whereas in the present case the shifts obtained with 5-

polarization were much larger than those obtained with/j-polarization (Table 3.1). This 

demonstrates that the anisotropy changes were quite different, again reflecting 

differences in the structural states generated by ligand binding. It is also important to 

emphasize that, even though the spectral shifts obtained with p-polarized light were 

small, they are significant since they were larger than the instrumental resolution (1 

mdeg), and they also saturate as a function of ligand concentration (Figure 3.5 C). Note 

also the small but significant amplitude changes and their reproducibility (Table 3.1). 

Again, the KD values (Table 3.2) are similar to those obtained by classical methods. The 

kinetics of the formation of the inverse agonist receptor conformational state was 

comparable to those of the antagonist case, i.e. they occurred within the instrument 

response time. 
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Figure 3.5- PWR spectral changes obtained upon inverse agonist (TMT-Tic) 

addition to the proteolipid system after hDOR incorporation using p- (A) and s-

polarization (B). (•) Spcctra for bilayer after receptor incorporation; (+) spectra 

obtained upon addition of 20 nM (saturating concentration) of TMT-Tic to the proteolipid 

system. C) Plots of resonance position shift obtained using p- (•) and s-polarization (A) 

vs. concentration of ligand, from which KD values were obtained. 
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3.3.6- Partial agonist binding to the hDOR 

The addition of the partial agonist, morphine, to the hDOR (Figure 3.6 A and B) 

produced shifts in the PWR spectral lines to smaller angles with /)-polarized light (-18 

mdeg for /j-polarized light), but no net change in spectral position with s-polarization 

(Table 3.1). In this case, kinetic experiments showed that there was initially a shift in the 

5-polarized resonance position to smaller angles followed by a shift to higher angles, with 

the final position being indistinguishable from the initial one in terms of resonance angle 

position. Similar results were obtained with the related compound etorphine (Table 3.1). 

The apparent first order rate constants ki and k.i were similar to each other and to the 

values for the full agonists, for both partial agonists tested (morphine and etorphine; 

Table 3.3). Furthennore, there was a change in the spectral amplitude for the s-polarized 

resonance despite the absence of a net shift (Figure 3.6 B), indicating an overall 

conformational change in the 5-plane. It is quite interesting that this behaviour is 

significantly different from those observed with the peptide and non-peptide agonists, and 

the antagonists. Thus, it would seem that the partial agonist induced a conformation in the 

receptor that had properties intermediate to those of a peptide agonist and an antagonist, 

i.e. the behaviour in terms of resonance position resembled the peptide agonist case, 

whereas the spectral amplitude changes were more comparable to those obtained in the 

antagonist case. Ko values were obtained (Table 3.2) that are quite similar to those 

determined by radiolabeling methods. 
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Figure 3.6- PWR spectral changes obtained upon partial agonist (morphine) 

addition to the proteolipid system after hDOR incorporation using p- (A) and s-

polarization (B). (•) Spectra for bilayer after receptor incorporation; (+) spectral change 

obtained upon addition of 15 uM (saturating concentration) of morphine to the 

proteolipid system. C) Plots of resonance position shift obtained using p- (•) and s-

polarization (*) vs. concentration of ligand from which KD values were obtained. 
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3.3.7- Ligand binding to the high and low affinity states of the hDOR 

In the present studies we were interested in obtaining a better understanding of the 

so-called low affinity and high affinity states of the receptor. In order to accomplish this 

we have fused hDOR-containing liposomes (without G-protein for the low affinity state 

and with G-protein for the high affinity state) with a pre-formed lipid bilayer deposited 

onto the hydrated silica surface of a PWR sensor, and have followed the spectral 

consequences of conformational changes occurring upon the binding of an agonist ligand. 

In our previous work (Salamon et a!., 2000a; A Ives ct al., 2003) (see Chapter 4) 

we have taken advantage of the bidirectional insertion of the hDOR into a pre-fomied 

bilayer that occurs upon incorporation of the detergent-solubilized ligand-bound receptor 

via detergent dilution below the critical micelle concentration (cmc). By subsequent G-

protein addition into the sample compartment, we were able to study the influence of 

ligand on G-protein binding and activation, and have found that the nature of the ligand 

markedly influences both G-protein affinity and its ability to undergo GDP/GTP 

exchange (Chapter 4; Alves et al, 2003). In the present experiments we wished to study 

the effect of the presence of G-protein on ligand binding to the receptor. Since ligand and 

G-protein act on opposite faces of the receptor and in the present PWR device only one of 

the bilayer sides is available to the cell aqueous compartment, and since most ligands and 

G-proteins are not able to cross the bilayer, we have had to use a different approach. 

Thus, a self-assembled lipid bilayer, composed of egg PC and DOPG (1:1 mole ratio), 

was first deposited on the surface of a PWR resonator using the same principles that 

govern the formation of a freely-suspended lipid bilayer (Salamon et al., 1997c). Large 

unilamellar vesicles (liposomes) with the same lipid composition containing receptor 

were prepared by mixing the lipids with the detergent-solubilized and purified hDOR 
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(Alves et al., 2003) (in a mole ratio of -500:1), with or without the presence of the G-

proteins (here we have used a mixture of G-proteins from brain containing Goa (~4-5 

(.iM), Giai (-1-2 .uM), Gia2 (-1-2 fiM) Gia3 (<I i^M), and the (35 subunit complex (-8 |uM) 

obtained from Calbiochem) (hDOR:G-protein in a 1:1 mole ratio) in 10 mM Tris buffer, 

pH 7.4 containing 100 mM KCl, followed by 10 freeze/thaw cycles and extrusion using 

polycarbonate membranes (200 nm pore size). Fusion of liposomes with the bilayer was 

then induced by the presence of calcium in the same buffer in the PWR sample cell 

compartment and the resulting PWR spectral changes were monitored. Thus, by fusing 

liposomes containing both hDOR and G-proteins to a pre-formed bilayer, it was expected 

that some of the bound G-protein would be on the side of the bilayer facing the prism. 

Subsequent addition of a ligand to the aqueous compartment would then allow its binding 

to the receptor with G-protein bound to it. 

In Figure 3.7 A and B, one can see that the fusion of liposomes containing the 

hDOR and G-proteins (the mixture of subtypes found in brain was used in these 

experiments) resulted in an increase in the resonance angle position. These shifts were 

highly anisotropic, with shifts in /^-polarized resonances (130 mdeg) being larger than in 

5-polarized resonances (90 mdeg). Similar experiments with hDOR in the absence of G-

protein produced analogous responses, although with smaller shifts. These results 

correlate well with previous studies in which the hDOR was incorporated directly into the 

lipid bilayer and G-protein was added subsequently (Salamon et al., 2000a; Alves et al., 

2003; Alves et al., 2004), and are a good indication that the receptor was properly 

oriented in the lipid bilayer, i.e. with the major axis perpendicular and the minor axis 

parallel to the bilayer plane. The subsequent addition of the agonist DPDPE resulted in a 

decrease in the resonance angle position for p-polarized light and an increase in the 

resonance angle position for .v-polarized light (Figure 3.7 A, B), in good agreement with 
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the previous work (Aives et al., 2004). Since ligand addition to the lipid bilayer alone 

under the conditions of this experiment did not cause any changes in the PWR spectra 

(data not shown), the changes observed were attributed to anisotropic conformational 

changes of the hDOR-containing membrane upon activation by ligand. Plotting the PWR 

resonance position minimum at incremental ligand concentrations and fitting the data 

using a hyperbolic equation allowed the determination of dissociation constants of the 

ligand for the hDOR-G-protein complex (Figure 3.7 C). These values (Table 3.4) are 

comparable to previously reported ones detennined in vitro using radiolabeling binding 

assays (Mosberg et al., 1983). When the same PWR experiments were performed with 

liposomes containing only hDOR (i.e. no G-protein present) a significantly lower affinity 

of DPDPE to the hDOR was observed (Tabic 3.4), consistent with the receptor being in a 

low affinity state. A similar KD value was previously obtained using PWR for the 

receptor incorporated by detergent-dilution into a solid-supported lipid bilayer in the 

absence of G-proteins (Alves et al., 2004). This demonstrates that the affinity of the 

receptor for DPDPE binding is independent of the method used to incorporate the 

receptor into the lipid bilayer, as one would expect. The results also provide direct 

evidence that fijsion of liposomes containing the receptor and G-proteins with the lipid 

bilayer occurred bidirectionally, so that some of the bound G-protein faced the lipid 

bilayer side contacting the hydrated surface of the prism, allowing ligand binding to the 

receptor to occur on the aqueous side of the bilayer. It should be pointed out that those 

receptors whose bound G-protein faced the opposite way would not have been able to 

bind ligand, and thus would not have contributed to the spectral shifts. 
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Figure 3.7. Agonist interaction with the hDOR incorporated into a lipid bilayer in 

the presence (A, 6 and C) and absence of G-proteins (D); A and B panels represent 

PWR spectra obtained for buffer (solid lines), a lipid bilayer (o), after the fusion of 

liposomes containing hDOR and G-protein (•), and after the interaction of agonist with 

the proteolipid system (x) for p- and s-polarized light (A, used was 543 nm); C and D 

panels represent binding curves obtained from plotting the shifts in the resonance position 

minimum of the PWR spectra after several incremental additions of aliquots of agonist to 

the proteolipid system with and without G-protein, respectively. Solid curves correspond 

to hyperbolic fits to the data; binding constant values are given in Table 3.4. 
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Table 3.4- Dissociation constants for binding of the difl'erent ligands to the hDOR 

obtained in the presence and absence of G-proteins (mixture of subtypes from 

brain). 

Ligands KD (nM). no G-proteins Kn (nM), G-proteins present 

DPDPE 20 ±5 2.5 ± 0.2 

SNC80 54± 10 9 ±2 

Morphine 530 ±30 357± 22 

NTI 0.024 ± 0.001 0.023 ± 0.003 

TMT-L-Tic 2.8 ± 0.3 3.0 ± 0.2 

Note: KD values were obtained as described in Table 3.2. 

These experiments directly demonstrate that agonist affinity was increased by the 

presence of the G-protein. Comparable results were obtained when the receptor was 

bound with the non-pep tide agonist SNC80 (Table 3.4). In the case of the partial agonist 

morphine, the presence of the G-protein did not have as large an effect as in the agonist 

cases, with only a two-fold increase in the receptor affinity for the ligand in the presence 

of G-proteins. Furthermore, when the same types of experiments were performed using 

an antagonist (naltrindole) and an inverse agonist (TMT-Tic) for the hDOR, no changes 

in the affinity of the ligand to the receptor were observed in the absence vs. the presence 
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of the G-protein (Table 3.4). This demonstrates that only the agonist was able to generate 

a high affinity state of the receptor, as expected based on pharmacological experiments. 

It is interesting to note that the PWR spectral changes obtained upon DPDPE 

binding to the unbound hDOR vs. the hDOR-G-protein complex were quite distinct in 

terms of the magnitude of the spectral changcs. Thus, as seen in Figure 3.7 C and D, the 

addition of ligand to the hDOR (no G-protein present) caused spectral changes of 

considerably larger magnitude, especially for the /(-polarized resonance (-25 vs. -9 mdeg 

and 10 vs. 7 mdeg for p- and ^-polarization, respectively). The values obtained in the 

absence of the G-protein correlate well with previous results obtained with this receptor 

(Alves et al., 2004). This demonstrates that in the presence of the G-protein, the PWR 

spectral changes were much less anisotropic. This provides a direct indication that the 

structural changes induced in the proteolipid membrane by ligand binding in the presence 

and absence of G-protein were quite different. In particular, the larger magnitude of the 

/7-polarized resonance change suggests that the perpendicular dimensions of the 

membrane were changed to a greater extent in the absence of the G-protein than in its 

presence. Thus, the G-protein apparently acts to constrain the movement of the 

transmembrane and extramembrane regions of the receptor and its associated lipid 

molecules. 

The magnitudes of the PWR spectral shifts produced with the various ligands in 

the presence and absence of G-proteins are given in Table 3.5. From these values one can 

see that the /^-polarized spectral changes upon ligand addition to the receptor in the 

presence of G-protein were uniformly smaller than in the absence of G-protein for all of 
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the agonist ligands tested. In contrast, in the case of the antagonist (NTI) and the inverse 

agonist (TMT-L-Tic) there were little or no differences in the magnitudes of the PWR 

spectral shifts obtained upon ligand binding in the presence or absence of G-proteins. We 

suggest that this is a consequence of the receptor adopting a different conformation when 

occupied with antagonist and inverse agonist as compared to the agonist case, which 

locks the receptor into an unfavorable conformation for G-protein binding, so that the 

presence of the G-protein cannot modify the effect of the ligand on the receptor 

conformation. These results arc consistent with the absence of an effect of the presence of 

the G-protein on the KD for antagonist and inverse agonist binding, whereas large effects 

were observed for agonist binding (Table 3.4). Previous PWR studies have indeed shown 

that the antagonist and inverse agonist interaction with the hDOR induces different 

confomiations in the receptor (Chapter 3 above; Alves et al, 2004). Moreover, PWR 

studies involving measurements of the affinity of G-proteins to the receptor have shown 

that the ant agon i st-occupi ed hDOR has much lower affinity for G-proteins than the 

agonist-bound receptor (approximately 50-fold), and that the inverse agonist-bound 

receptor does not interact with G-proteins up to ).iM concentrations (Chapter 4; Alves et 

al., 2003}. 
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Table 3.5. Magnitude of the PWR spectral shifts obtained upon binding of ligand to 

the hDOR in the presence and absence of G-protein (mixture of subtypes present in 

brain). 

Ligands PWR spectral shifts upon ligand binding (mdeg) Ligands 

No G-protein G-protein present 

Ligands 

p-pol s-pol p-pol 5-pol 

DPDPE -25 ±5 1 0  ± 2  - 9  ± 2  7 ±  1  

SNC80 1 3  ± 2  6 ± 2  8 ± 2  6 ± 2  

Morphine - 1 8 ± 2  a  
- 8 ±  1  7 ± 2  

NTI - 5 0  ± 8  -20 ± 3  - 4 5  ± 7  - 1 9 ± 4  

TMT-L-Tic 4 ±  1  14 + 2 5± 1 1 5  +  2  

Note: the PWR spectral shifts presented are t le average obtained from three independent 
experiments. 
^No overall PWR spectral shifts were observed (cf. Alves et al, 2004). 

The kinetics of the spcctral changes occurring upon ligand binding to the hDOR 

was also quite different depending upon whether or not the G-protein was present 

(compare Figure 3.8 and Figure 3.2 C and Table 3.6 with Table 3.3). Thus, as previously 

reported (see above; Alves et al., 2004), when G-protein was absent conformational 

changes induced in the receptor by DPDPE binding were slow with at least one 

intermediate state being observed (Figure 3.2 C), whereas in the presence of G-proteins 

the conformational changes were about 5-10 fold faster, depending on whether the ligand 

bound was a partial or a full agonist, and without any intermediate states being observed 



(shown for DPDPE in Figure 3.8). The more rapid monophasic kinetics may be a 

consequence of the decreased amount of work done by the receptor against the membrane 

lipids in the presence of the bound G-protein. i.e. the G-protein may place the receptor 

into a conformational state that is more favorable for interaction with the ligand, thereby 

decreasing the work done by the receptor in altering its conformation as well as altering 

the bilayer structure. It has been previously suggested (Kenakin, 2002; Gether and 

Kobilka, 1998) that the conformational states of GPCRs produced by ligand binding to 

the receptor and receptor-G-protein are different, although no direct evidence has ever 

been obtained. The present work provides such evidence. It should also be noted that, 

since the PWR signal is sensitive to structural changes occurring in the entire proteolipid 

system, the present experiments cannot distinguish between conformational changes 

occurring to varying extents in some combination of the hDOR, the G-protein and the 

membrane lipids. Further experiments involving the use of labeled components and 

excitation wavelengths at which those chromophores absorb will be necessary to obtain 

additional insight into this question. 
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Figure 3.8- Kinetics of PWR spectral shifts produced upon agonist (DPDPE) 

binding to the hDOR in the presence of G-proteins. Kinetic data obtained for the 

occurrence of PWR spectral changes observed using .^-polarized light. Symbols represent 

the data points and the solid line is the best fit obtained using the following single 

exponential equation: y = al exp (-ki x) + al. Similar results were obtained in ref. 8. Rate 

constants for this and other ligands are presented in Table 3.6. 
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Table 3.6- Apparent first order rate constants obtained for the formation of the 

ligand-activated state in the presence of G-proteins (ki). G-proteins were a mixture 

of subtypes present in brain. 

Ligands Apparent first order rate constant 

(min"'), G-proteins present 

Ligands 

K, 

DPDPE 2.28+ 0.11 

SNC80 3.1 +0.10 

Morphine 0.92 ± 0.07 

Note: Rate constants ki were obtained using a single exponential equation: y = al exp (-

k i  x )  +  a l .  

3.4- Conclusions 

As demonstrated by the above results, different classes of ligands produced 

distinctly different spectral changes (shift directions, spectral amplitudes, kinetics) upon 

binding to the hDOR. Such different spectral changes cannot be explained simply by 

differences in either the adsorbed mass of the ligand or its rate of diffusion to the 

receptor. Thus, these ligands all have similar molecular masses and the refractive index 

changes induced by ligand binding are too large to be accounted for by the added ligand 

mass. Furthermore, in those cases in which more than one example was used, the pattern 

of spectral changes and their kinetic properties were similar among ligands belonging to 
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the same class, indicating that each class of ligand produced a distinguishable 

conformational state, and induced structural changes of the receptor in a different and 

very specific way. This latter point is more clearly shown in Figure 3.9, in which we have 

plotted the incremental spectral shifts for both p- and 5-polarization against one another 

for all ligands analyzed in this study. We can clearly see from this diagram that each class 

of ligand is located in a different region of the plot, i.e. that each class of ligand produces 

a different receptor conformational state. Only the non-peptide agonists and the inverse 

agonists appear in the same quadrant, but even so they are located in quite distinct 

regions of this quadrant. Also as noted above, the partial agonist appears in a location 

that is intermediate between that of a peptide agonist and that of a non-peptide antagonist, 

suggesting that its conformational state is intermediate between those two states. It 

should be noted that the kinetics for the formation and decay of an intermediate state in 

the case of agonists and partial agonists were quite similar (Table 3.1), even though the 

calculated affinities of those ligands to the receptor were different (Table 3.2). The 

affinity differences must then be a consequence of their overall association and 

dissociation rates being different. Although, it is also not clear from the present studies 

what the precise structural basis for these differences is, the relative magnitudes of the s-

and /^-polarized shifts provide insights into the symmetry of the conformation changes. 

Additional structural details of both the final and intermediate conformational states can 

be obtained by performing either graphical (Salamon and Tollin, 2004) or spectral fitting 

analyses (Salamon et al., 2000a; 2002). 
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Figure 3.9- Incremental PWR shifts obtained with p- and s-polarized light observed 

upon addition of various ligands to a lipid bilayer containing the hDOR. Each line 

represents the best linear least squares fit to the PWR data obtained as a function of 

concentration with each ligand. (0) SNC80; (•) {-)tan67; (x) TMT-L-Tic; {•) 

Deltorphin II, (•) DPDPE, (A) /7-Cl-DPDPE, (-) morphine, (A) Naltrindole, (+) 

Naloxone. 

Conformational changes by GPCRs have been investigated in the last decade by 

different laboratories using different spectroscopic and biochemical techniques. 

Rhodopsin has been used as a model for studying the structure and mechanisms of 

activation of GPCRs. Several spectroscopic techniques have been applied to rhodopsin 
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that have consistently provided evidence for a significant conformational rearrangement 

accompanying transition of rhodopsin to the activated metharhodopsin II state (Farrens et 

ai, 1996; Dunham et a!., 1999; Altenbach et al, 1999a, b 2001b; Lin et al., 1996). These 

studies point to a relatively small movement of TM3 and significant rigid-body 

movement of TM6 in a counter-clockwise direction (as viewed from the extracellular 

side) and a movement of the cytoplasmic end of TM6 away from TM3. Light induced 

conformational changes have also been observed in the cytoplasmic domain spanning 

TMl and TM2 (Altenbach et al., 1999a), and the cytoplasmic end of TM7 and helix 8 

(Altenbach et al., 1999b). Structural studies using fluorescent techniques to obtain 

insight into the (52-adrenergic receptor agonist-induced conformational changes have also 

found that motions of TM3 and TM6 are involved in receptor conformational changes 

(Gether et al., 1998). Random mutagenesis studies of the hDOR (Decaillot et al., 2003) 

have suggested an activation path originating from the third extracellular loop and 

propagating through tightly packed TM3, TM6 and TM7 down to a TM6-TM7 

cytoplasmic switch. 

The idea that GPCRs adopt multiple conformations has been previously proposed 

by several researchers in this area (Kenakin, 2002a, 2002b; Kobilka, 1998, 2002), but 

very few experimental methods have allowed detailed insights into the changes in 

molecular orientation and structure. It should be kept in mind, however, that PWR 

spectra reflect changes occurring in the entire proteolipid membrane, i.e. contributions 

from both lipid and protein molecules occur. Although it is not clear from the present 

studies what the precise structural basis for these differences is, the relative magnitudes 

of the ,v- and />-polarized shi fts provide insights into the symmetry of the confomiation 

changes. Despite the lack of details concerning structure, these results clearly have 

implications for drug discovery protocols. Thus, the different patterns produced upon 



155 

iigand binding provide a direct and non-radioactive method to distinguish between 

pharmacologically different classes of ligands, thereby providing a complementary new 

way of doing drug screening. It also should be noted that, in a single experiment, 

information about both the binding affinity and the t3/pe of ligand can be obtained, 

whereas, using classical pharmacological methods, two independent experiments are 

needed to obtain such information. 

It is important to point out that previous PWR studies done in our laboratories 

have also demonstrated that agonists, antagonists, and inverse agonists produce different 

conformational states in the hDOR (Salamon et al., 2000a, 2002), and the present work 

has extended this to include a larger group of ligands. However, some of the spectral 

changes obtained before were qualitatively different than the ones presented in this study 

(e.g. DPDPE and NTI). We attribute these differences to the fact that the starting points 

in terms of the receptor conformational state were different, as a consequence of 

differences in the purification protocols. Thus, in the previous studies the hDOR was 

purified by a single step involving a metal chelating column. Since we have found this 

receptor preparation to be rather unstable, we have modified our purification protocol to 

improve both the purity and stability of the sample. The present 

solubilization/purification procedure includes three steps that we believe affect the initial 

receptor stmctural state: 1) the CHO cells expressing the hDOR were grown in the 

presence of NTI and this ligand was present during the solubilization procedure; 2) we 

used a ligand affinity column (Deltorphin II, see Materials and Methods for details) to 

further purify the receptor; this would be expected to induce the receptor into an agonist-

type conformation; 3) the receptor was eJuted from the ligand affinity column using an 

excess of the antagonist NTI. Thus, in the present experiments, the starting point in terms 

of receptor occupancy and conformation is different than in our previous experiments, i.e. 
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the receptor was now exposed to both agonist and antagonist prior to the PWR 

experiment. As noted in our previous work (Salamon et a]., 2000), in some cases the 

final receptor state achieved was very much dependent on the ligand the receptor had 

originally seen. This is an important point that must be taken into account in studies 

involving GPCRs. Another important point that is emerging from our work is that the 

patterns of ligand-induced conformational transitions observed here for the hDOR are 

different for at least one other GPCR, the p2-adrenergic receptor (Devanathan et al., 

2004), although again different classes of ligand produce unique structural states with 

unique kinetic properties. 

The experiments relative to the high and low affinity of the receptor have shown 

that fusion of liposomes to a lipid bilayer can be used in designing PWR experiments in 

which one wishes to deliver molecules to the side of the lipid bilayer facing the prism 

surface that is otherwise inaccessible. Such experiments should be of great interest for 

studies of GPCR signal transduction involving downstream effectors such as adenylyl 

cyclase or modulators such as kinases and arrestins. We have also directly observed that 

the affinity of the agonist, DPDPE, to the hDOR is modulated by the presence of the G-

protein, its affinity being higher when G-protein is present (representing the so-called 

high affinity state) than when the G-protein is absent (i.e. the low affinity state of the 

receptor). Combining this with our earlier demonstration (Chapter 4; Alves et al., 2003) 

that ligand binding influences G-protein affinity, it appears that reciprocity exists in the 

functional properties of this GPCR. 
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CHAPTER 4 

DIRECT MEASUREMENTS OF THE INTERACTION OF G-PROTEINS WITH 

THE HUMAN DELTA OPIOID RECEPTOR INVESTIGATED BY PLASMON 

WAVEGUIDE RESONANCE SPECTROSCOPY (PARTS OF THIS CHAPTER 

ARE TAKEN FROM ALVES ET AL., 2003] 

4.1- Introduction 

Classical pharmacological methods usually employed to leam about the early 

signal transduction events of GPCRs. such as the cAMP and GTPyS assays, only give 

indirect information about the interaction of GPCRs with G-proteins, since they are based 

on downstream responses. The GTPyS assay reflects a combination of both the affinity 

of the G-protein to the ligand-bound receptor (Tota et al, 1990) and the ability of the 

agonist-bound state to initiate GDP dissociation from the G-protein (BreivogeL, 1998) 

whereas the cAMP assay measures the effect of the G-protein, once dissociated from the 

receptor, in the adenylyl cyclase activity, and so is even more downstream to the receptor 

G-protein interface. Thus, such measurements do not directly probe interactions between 

the various signal transduction partners, and suffer the disadvantages of being very time 

consuming and dependent on the use of radiolabeled material. Another limitation of such 

experiments comes from the fact that cells usually express all the different G-protein 

subtypes making it very hard to understand the contribution of each individual subtype. 



Using piasmon-waveguide resonance (PWR) spectroscopy, we have been able, 

for the first time, to directly measure the binding between the human brain *-opioid 

receptor (hDOR) and its G-protein effectors in real time. In the present study we have 

incorporated purified detergent-solubilized hDOR molecules into a lipid bilayer 

deposited onto the silica surface of a PWR resonator (Salamon ct al., 2000b; Salamon et 

al., 2002), and have directly observed the interaction of a G-protein mixture with either 

the unliganded receptor, or with receptor pre-bound with either the agonist DPDPE, (c-

•y c 
[DPen , DPen ]enkephalin), the antagonist NTl, (naltrindole), or the inverse agonist 

TMT-L-Tic. We have found that the affinity of the G-proteins towards the receptor is 

highly dependent on the nature of the ligand pre-bound to the receptor. The highest 

affinity was observed when the receptor was bound to an agonist (-10 nM); the lowest 

when receptor was bound to an antagonist (-500 nM); and no binding at all was observed 

when the receptor was bound to an inverse agonist. We also have found direct evidence 

for the existence of an additional G-protein binding conformational state that corresponds 

to the unliganded reccptor, which has a G-protein binding affinity of - 60 nM. 

Furthermore, GTP binding to the receptor/G-protein complex was only observed when 

the agonist was pre-bound. Similar studies were carried out using the individual G-

protcin subtypes for both the agonist and the unliganded receptor. Significant selectivity 

towards the different G-protein subtypes was observed. Thus, the unliganded receptor 

had highest affinity towards the Goa (Kj) - 20 nM) and lowest affinity towards the Gia2 (~ 

590 nM) subtypes, whereas the agonist-bound state had highest affinity for the Goa and 

Gia2 subtypes (K<j - 9 nM and - 7 nM, respectively). GTP binding was also highly 
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selective, both with respect to ligand and G-protein subtype. No necessary correlation 

was observed between the affinity of the receptor to the G-protein and the capability of 

the G-protein to induce GTP-GDP exchange. The results 5«eld new insights into GPCR 

function and demonstrate that PWR provides a new, simple and direct approach to 

investigate transmembrane signaling. 

4.2- Experimental Procedures 

The hDOR was detergent-solubilized and purified by the method described in 

Chapter 2. The formation of the lipid bilayer and incorporation of the hDOR into this 

bilayer was accomplished by the procedure described in Chapter 3 (3.3.1). 

4.2.1- G-protein addition to the proteolipid system 

In these experiments we were interested in studying the ternary complex, i.e. 

ligand, receptor, and G-protein. However, we do not have simultaneous access to both 

sides of the receptor (no access to the lipid bilayer side that is facing the prism surface), 

and we have found that neither the G-protein nor most ligands are able to cross the 

bilayer. Since binding to both the G-proteins and ligands can occur after receptor 

incorporation, it appears that the receptor inserts bi-directionally into the lipid bilayer. 

Thus, we have studied the ternary complex by prebinding the receptor with the ligand 

before incorporation into the lipid bilayer. In this way, some of the ligand-boiind 

receptors will have their G-protein binding sites accessible to the external aqueous 
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medium. Small aliquots of G-proteins consisting of a purified mixture of the predominant 

forms of pertussis toxin-sensitive G-proteins, associated with the DOR, from bovine 

brain (Calbiochem) containing: G,xx (-4-5 p,M), Qui (~l-2 |.iM), Gia2 (~l-2 |iM), Gj„3 (<1 

fiM), and the Py subunit complex (~8 ^M) were incrementally added to the equilibrated 

proteolipid system. The purified individual G-protein subtypes were also obtained from 

Calbiochem. After saturation was reached GTPyS (Sigma) was added and the PWR 

spectral changes monitored. 

4.3- Results and Discussion 

4.3.1- Binding of G-proteins and GTPyS to various liganded states of the hDOR 

4.3.1.1- The agonist (DPDPE) bound receptor 

From PWR spectral measurements such as tliose illustrated in Fig. 4.1 A and B, it 

can be seen that bilayer deposition, agonist-bound receptor incorporation and addition of 

a G-protein solution to the aqueous compartment of the PWR cell lead to increases in the 

resonance angle minimum and changes in the resonance depth for bothp- and 5-polarized 

exciting light. These are related to increases of refractive index due to an increase in 

deposited mass on the resonator surface, as well as to increases in proteolipid film 

thickness (Salamon and Tollin, 1999b; Salamon et al, 1997c). 

In these experiments, we do not directly determine the concentrations of receptor 

and G-protein in the PWR cell. Affinities are determined based on the PWR spectral 
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changes that occur obtained due to mass increases in the proteolipid system upon 

incremental addition of G-protein to the ceil. Only material that is deposited on the 

resonator surface affects the PWR signal, i.e. there is no interference from the material 

that is in the bulk solution. Thus, the spectral changes are proportional to the amount of 

G-protein bound to the receptor and plots of spectral shifts vs. bulk G-protein 

concentration allow a direct determination of binding affinity. In other words, each 

concentration point in a saturation curve corresponds to the total G-protein added to the 

aqueous compartment vs. the amount bound, and it is assumed that the bulk material is 

able to freely diffuse and equilibrate with the membrane. 

In the case of G-protein binding, control experiments (Fig. 4.1 D) demonstrate 

that much smaller spectral shifts (< 10%) occur when the same concentrations of G-

protein solution as in Fig. 4.1 A and B are added to a bilayer that has not had hDOR 

incorporated. Plots of the G-protein concentration (final concentration in the cell 

compartment) vs. the resonance position angular shift (Fig. 4.1 C) yield a hyperbolic 

curve that can be fit to obtain the KD value for G-protein binding to the hDOR (Table 

4.1). In the absence of receptor, the smaller spectral shifts observed do not follow a 

hyperbolic curve over the concentration range used and thus are non-saturating (Fig. 4.1 

D); presumably, these correspond to non-specific G-protein binding to the lipid bilayer. 

The KD values obtained for DPDPE-liganded hDOR are in good agreement with the 

previously determined EC50 for DPDPE (19.1 ± 7.2 nM) obtained from ["^S]GTP"/S 

membrane assays (Quock et al, 1997b). We should also point out that the total shifts in 

the PWR spectra in the presence of hDOR were larger for p-polarization than for .s-
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polarization (-50 mdeg for /j-polarization vs. ~40 mdeg for 5-poiarization) which is 

characteristic of an anisotropic stractural change, as was also observed previously for 

agonist binding to the hDOR (Salanion et a!., 2000b; Salamon et al., 2002). This is 

consistent with the cylindrical shape of the rcceptor/G-protein complex. To our 

knowledge, the only other direct observations of G-protein binding to a GPCR have been 

carried out using SPR measurements of the rhodopsin/transducin system (Salamon et al., 

1999; Salamon et al., 1996; Bieri et al., 1999). 
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Figure 4.1 - G-protein interaction with the hDOR pre-bound with the agonist 

DPDPE. All spectra were measured with 543 nm exciting light. 

A) PWR spectra measured with /^-polarized excitation. Solid curves correspond to 

experimental data; symbols arc used for identification, (no symbol) buffer only; the 

buffer used was 10 mM of Tris , 0.5 mM EDTA and 10 mM KCl at pH 7.4); (O) lipid 

bilayer deposited; (•) after DPDPE-hDOR incorporation (receptor concentration in the 
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sample cell was 4 nM); (•) after addition of G-protein (conccBtration of G-proteins in 

the sample cell was 100 nM). 

B) PWR spectra measured using 5-polarized exciting light; the spectra correspond to the 

same sequence of events described in panel A. 

C) Binding curves obtained from plotting the shifts in the resonance position minimum of 

the PWR spectra obtained after several incremental additions of aliquots of G-proteins for 

p- (•) and i-polarized light (*). Solid curves correspond to hyperbolic fits to the data; 

binding constant values are given in Table 4.1. 

D) Data points obtained from plotting the shifts in the resonance position minimum of the 

PWR spectra obtained after several incremental additions of aliquots of G-proteins to the 

lipid bilayer with no receptor incorporated for p- (•) and 5-polarized light (A). 

Dissociation constants are given in Table 4.1. 
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Table 4.1- Binding constants for the interaction between G-proteins and the hDOR 

either unbound or prehound to agonist or antagonist. 

Bound ligand Agonist (DPDPE) Antagonist 

(Naltrindole) 

No ligand 

Polarization P s P 5 P 5 

KD""Prot^"®(nM) 1 2  ± 2  10 ± 1 494 ± 48 509 ± 44 7 3  ± 9  5 2  ± 3  

KD®^^^^(nM) 1 4  ± 2  1 3  ± 2  * * * * 

Note: KD values were obtained from plotting the resonance minimum position for the 
PWR spectra as a function of G-protein concentration and fitting to the following 
hyperbolic function that describes the binding of a ligand to a receptor: Y = (Bmax x X)/ 
(KD + X). BMAX represents the maximum concentration bound and KD is the concentration 
of ligand required to reach half-maximal binding. 

* No PWR spectral shifts were obtained upon addition of GTPyS up to I p,M. 

Figures 4.2 A and B, show the effect of adding GTPyS (the non-hydrolysable 

form of GTP) to the DPDPE-hDOR/G-protein complex. This caused a decrease in the 

incident angle of the resonance, which can be approximated by a lowering of the 

refractive index resulting from a decrease in mass in the proteolipid system (if membrane 

thickness had changed, this should have produced a change in resonance amplitude as 

well (Salamon and Tollin. 1999b), which was not observed). The angular shifts also 



followed a hyperbolic binding curve (Fig. 4.2 C) with KD values as given in Table 4.1. It 

is known that the receptor-activated exchange of GDP by GTP in the a subunit of the G-

protein causes release of this subunit from the receptor and from the Py subunit. Thus, if 

the a-siibimit leaves the membrane entirely in the present system, the decrease in the 

membrane-bound mass in the proteolipid system could correspond to this process. 

However, it is known that the G-protein subunits are palmitoylated, myristoylated and 

prenylated, and thus the a-subunit may remain membrane-bound even after activation. A 

second possibility is a change in the structure of the receptor complex that results in 

displacement of lipid from the bilayer into the Gibbs border that anchors the bilayer to 

the Teflon spacer separating the resonator from the aqueous compartment, as we have 

previously observed for agonist binding to the hDOR (Salanion et al., 1999; Salamon et 

al., 2002). Further studies are required to clarify this point. GTP binding to transducin 

was also observed in the earlier SPR studies of rhodopsin. Since our previous work 

(Chapter 3; Salamon et al., 2000b; Salamon et al., 2002; Alves et al., 2004a) has shown 

that high affinity ligand binding to the hDOR occurs under the conditions of the present 

experiments, the fact that we can now also bind G-proteins with high affinity shows that 

the receptor incorporates into the lipid bilayer in a bidirectional manner, i.e. some of the 

molecules insert with their ligand binding site facing the external medium and others with 

their G-protein binding site facing in that direction. 
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Figure 4.2 - GTPyS interactions with the hDOR-DPDPE-G-protein complex. All 

spectra were measured with 543 nm exciting light. 

A and B) PWR spectra obtained before (•) and after (•) addition of GTPyS (total 

concentration in the sample cell was 1 fiM) to the DPDPE-hDOR/G-protein complex for 

p- and i-polarized light, respectively. 
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C) Binding curves for the interaction of GTPyS with the DPDPE-hDOR/G-protein 

complex for p- (•) and 5-po!arization (*). Solid curves correspond to hyperbolic fits to 

the data; dissociation constants are given in Table 4.1. 

In Figures 4.3 A and B we show the time courses for G-protein binding to the receptor 

(pre-bound with agonist) and for the spectral shifts, possibly due to a-subunit 

dissociation, following GTPyS addition. By fitting the data to an exponential function 

(solid lines) we have obtained the following rate constants: for G-protein binding to the 

receptor, 0.29 min'' for /(-polarized light and 0.23 min"'for 5-polarized light; for the 

putative dissociation process, 0.19 min"' for p-polarized light and 0.17 min"' for s-

polarized light. 
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Figure 4.3 - Kinetics of the G-protein and GTPyS interactions with the hDOR pre-

bound with the agonist DPDPE. All spectra were measured with 543 nm exciting 

light. 

A and B) Time resolved experiments for the interaction of the G-protein with the agonist 

bound receptor and for the spectral shifts occurring upon upon GTPyS treatment, for p-

(•) and 5-polarization (A), respectively. Solid curves correspond to single exponential 

fits to the data. 

4.3.1.2- The antagonist (NTI) bound receptor 

Applying the same strategy, we have studied the binding of the G-proteins to 

hDOR pre-bound with the antagonist naltrindole (NTI) and have found that the binding to 

the receptor still occurred but with a 50-fold lower affinity (Table 4.1). As in the case of 

the agonist-bound state, we found the process to be anisotropic with shifts in the p-



polarization resonance of ~ 40 mdeg and of ~ 30 mdeg for the ^-polarization resonance 

and to follow a hyperbolic saturation curve (Fig. 4.4 A). The difference in G-protein 

binding affinity between agonist-bound and antagonist-bound receptor states is in 

agreement with studies using fluorescence spectroscopy that support the existence of 

conformational heterogeneity of G-protein coupled receptors depending on the nature of 

the ligand being bound (Peleg et al., 2001; Seifert et al., 2001; Ghanouni et al., 2001b), as 

well as with recent studies of GPCRs using PWR that have directly shown that an 

antagonist places the receptor into a different conformation from that produced by an 

agonist or inverse agonist (Chapter 3; Salamon et al., 2000b; Salamon et al., 2002; Alves 

et al., 2004a; Devanathan et al.,2004). It is also well known from pharmacological 

studies that antagonist binding produces conformations that are not favorable for G-

protein binding and activation. Consistent with these observations is the fact that GTPyS 

addition to the antagoni st-li ganded hDOR/'G-protein complex produced no additional 

PWR spectral shifts (Fig. 4.4 B and C). It is known that point mutations in receptors (for 

example, mutations of Phe303 in the ai o-adrenoreceptor) can preserve high affinity for 

G-proteins but eliminate the ability of receptor agonists to produce G-protein activation 

(Chen et al., 2000). This suggests that the receptor conformations for binding to G-

protein and for its activation may be distinct. It is also worth noting that the existence of 

antagonist-receptor-G-protein complexes has been observed for the |j.-opioid receptor 

using the GTPyS assay (Brown and Pastemack, 1998). 
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Figure 4.4- G-protein and GTPyS interactions with the hDOR pre-bound with the 

antagonist NTl. All spectra were measured with 543 nm exciting light. 

A) G-protein interaction with antagonist-h DOR. Binding curves were obtained by 

plotting the shifts in the resonance position minimum of the PWR spectra obtained after 

several incremental additions of aliquots of G-proteins for p- (•) and 5-polarized light 

(A), Solid curves correspond to hyperbolic fits to the data; dissociation constant values 

are given in Table 4.1. All spectra were measured with 543 nm exciting light. 
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C and D) PWR spectra for p- and s-polarization respectively for the NTI-hDOR/G-

protein complex before (•) and after (•) addition of GTPyS (final coricentration 1 ia,M). 

The hDOR concentration was 4 nM and the G-protein concentration was 800 nM, the 

latter corresponding to the amount needed to reach saturation. 

4.3.1.3- The inverse agonist (TMT-L-Tic) bound receptor 

The addition of G-proteins to the inverse agonist (TMT-L-Tic)-bound receptor 

was found to give even more pronounced differences than those obtained with antagonist. 

Thus, the G-protein does not recognize the receptor when in the inverse agonist-bound 

state (Fig. 4.5 A and B), as evidenced by the fact that the small shifts in the PWR spectra 

obtained here were indistinguishable from the non-specific binding of the G-protein to 

the lipid bilayer that was observed in our control experiments (see above). This is 

consistent with the well-known elimination of the basal activity of GPCRs (i.e. G-protein 

activation in the absence of agonist binding) by inverse agonists. Again, as expected, 

addition of GTPyS produced no spectral changes (not shown). 
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Figure 4.5- G-protein interaction with the hDOR pre-bound with the inverse agonist 

TMT-L-Tic. PWR spectra were obtained using 543nni excitation. 

A and B) PWR spectra for p- and ^-polarization respectively obtained with the TMT-L-

Tic/hDOR complex before (•) and after (•) addition of G-proteins (the receptor 

concentration in the sample cell was 4 nM and the G-protein concentration was 800 nM). 

4.3.1.4- The unoccupied receptor 

We also have studied G-protein binding to a receptor in the unliganded state and 

have found that binding indeed occurs, though with a lower affinity than that observed 

for the agonist bound state (Table 4.1). Again, the process is anisotropic but to a lesser 

extent than for the agonist or antagonist-bound state, and the total shifts also were smaller 

(~30 mdeg for /^-polarization and -26 mdeg for s-polarization, as seen in Fig. 4.6), 
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suggesting structural differences in the states produced. Constitutive activity has become 

a well-described characteristic of many GPCRs and has helped to redefine the concept of 

how they function. Such ligand-independent activity has been described for the opioid 

receptors, either in their wild-type form or in mutated forms (Milligan et al., 1997). Even 

though it has long been thought that the inactivated receptor should be able to interact 

with G-proteins, and this state has been proposed by Kenakin as a component of the cubic 

ternary complex model of GPCR function (Kenakin, 2002 a, b), up until now there has 

been no direct evidence of the existence of that state. The present studies directly 

demonstrate that the unliganded receptor corresponds to a distinct state from that of 

agonist, antagonist and inverse agonist-bound species since it binds to the G-protein with 

a different affinity and produces a different structure. Previous studies with the Pa-

adrenergic receptor point to this same conclusion based on thermal denaturation and 

proteolysis experiments (Gether et al., 1997 Kobilka, 1990). It is important to point out, 

however, that, as in the antagonist and inverse agonist cases, we have observed no 

changes in the PWR spectra upon addition of GTPyS to the receptor/G-protein complex, 

suggesting that the unliganded receptor may not aliow activation. This interesting 

observation requires further study. 
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Figure 4.6- G-protein interaction with the hDOR pre-bound with no ligand. Binding 

curves were obtained by plotting the shifts in the resonance position minimum of the 

PWR spectra obtained after several incremental additions of aliquots of G-proteins for p-

(II) and 5-polarized light (A). Solid curves correspond to hyperbolic fits to the data; 

dissociation constant values are given in Table 4.1. All spectra were measured with 543 

nm exciting light. 

4,3.2- Binding of individual G-protein subtypes to unliganded and agonist- and 

partial-agonist bound hDOR 

We have also investigated the interaction of the individual G-protein subtypes 

with the unliganded agonist- and partial agonist-bound states of the receptor. As an 

illustration of the results obtained in these experiments, Fig. 4.7 A and B present the 

PWR spectra obtained for the interaction of the Gia2 plus py subunits (1:1 ratio) with the 
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agonist-bound receptor. It should be pointed out that the total shift obtained upon G-

protein binding to the receptor was comparable to the shifts obtained with the G-protein 

mixture, as expected since approximately the same amount of receptor was present in 

both cases. As can be seen in Fig. 4.7 B and C and Table 4.2, the Kd values obtained for 

the binding of the Gjai plus Py subunits to the agonist-bound receptor and the GTPyS 

affinity for the receptor/G-protein complex are comparable to those obtained for the G-

protein mixture. 
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Figure 4.7- Interactions of Gjai plus py and GTPyS with the hDOR pre-bound with 

agonist DPDPE. PWR spectra were obtained using 543nm excitation. 

A and B) PWR spectra for p- and ^-polarization respectively obtained with the 

DPDPE/hDOR complex before (•) and after (•) addition of Giai plus Py (the receptor 

concentration in the sample cell was 4 nM and the G-protein concentration was 125 nM). 

C) Data points obtained from plotting the shifts in the resonance position minimum of the 

PWR spectra obtained after several incremental additions of aliquots of Gjai and Py 
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subunits to the lipid hi layer with agonist bound receptor incorporated for p- (•) and .v-

polarized light (*•). Solid curves correspond to hyperbolic fits to the data; dissociation 

constants are given in Table 4.2.Dd) Binding curves for the interaction of GTPyS with 

the DPDPE-hDOR/Gjcsi + Py complex for p- (•) and ^-polarization (A). Solid curves 

correspond to hyperbolic fits to the data; dissociation constants are given in Table 4.2. 

Table 4.2 also presents a summary of the results obtained for the binding of the 

different Ga protein subtypes to the different bound states of the receptor. It is very 

interesting to note the high level of specificity in the binding of the G-protein subunits to 

the receptor in the different states of the receptor. The agonist (DPDPE)-bound receptor 

has the highest affinity for the Gia2 and the Goa subunits (~ 7 nM and 10 nM, 

respectively; slightly higher than the G-protein mixture), intermediate affinity for the Giaj 

subunit, and lowest affinity for the Gjai subunit. The unliganded receptor also has the 

highest affinity for the Goa subtype {- 20 nM), whereas it has intermediate affinity for the 

Gitxi (~ 80 nM, higher than the agonist-bound state) and the Gias subtypes and, in contrast 

to the agonist-bound state, it has the lowest affinity for the Gia2 subtype. Previous 

coimmunoprecipitation studies of the mouse 5-opioid receptor/G-protein complexes 

performed with antisera directed against different Ga and Gp subunits noted changes in 

the G-protein subtype association upon agonist stimulation (Law and Reisine, 1997). 

Thus, agonist binding causes an increase in association with Gm and a decrease in 

association with Goa, dissociation of Giai and association with Gja2, and no changc in 
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association with Gjas and Gp. These results correlate with ours. It should be pointed out 

that the affinity of the receptor to the G-ptotein subtypes is different when different 

agonists are bound to the receptor; this is an indication of agonist-directed trafficking in 

the signal transduction. 

As seen in Table 4.2, the affinities of GTPyS towards the receptor/G-protein 

complex are also very much dependent on the G-protein subtype that is bound, as well as 

on the receptor state. Also, there is no necessary correlation between the affinity of the 

receptor to the G-protein and the capability of the G-protein to undergo GDP/GTP 

exchange pointing to the possibility of the existence of different conformational states of 

the receptor. This adds another level of selectivity in those interactions that may have 

important consequences in the signal cascade. The highest GTPyS affinity to the DPDPE-

receptor-G-protein complex was found to occur with the Gjai subunit (~ 4 nM) and the 

lowest for the Goa subunit (~ 400 nM). Those affinities were found to vary when different 

types of agonist' partial agonist were bound to the receptor. In contrast to the agonist-

bound state of the receptor, no PWR spectral shifts were observed upon addition of 

GTPyS (concentrations up to 5 p.M), except for the receptor-Goa complex. Previous 

GTPase activity studies done with the hDOR also observed that the Giai-bound receptor 

promoted greater GTP exchange than the Goa subtype, activating about three times more 

efficiently (Moon et al, 2001). Also of interest, in a recent study the dopamine receptor 

was expressed with four different G-protein subtypes (the same as used in the present 

work), and the coupling between receptor and G-protein was investigated upon agonist 
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treatment (Gazi et al, 2003). A high level of selectivity in the receptor-G-protein 

interaction, was also found, as well as differential agonist activation of the four G-protein 

subtypes. 
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Table 4.2- Binding affinities between the individual G-protein subtypes and the 

hDOR either unliganded or DPDPE-bound and between GTPyS and the receptor-

G-protein complex. 

DPDPE bounc 
G-protein 
subtype 

Goa Gial Gia2 Gia3 

Polarization P s P s P s P S 

K^/iprotein (nM) 10± 1 9± I 302 ± 24 306 ± 28 7± 1 7± 1 4 5  ± 5  4 1  ± 5  

KDGtpys (nM) 404 ± 
37 

394 ± 71 4.7 ± 0.3 3.7 ±0.7 9.9 ±0.5 8.3 ±0.8 80 ± 11 8 3  ± 9  

Unliganded receptor 
G-protein 
subtype 

Goa Gial G,„3 

Polarization P s P s P 5 P S 
KjjCjprotein (nM) 20 ± 

1.7 
22 ± 1.8 7 9  ± 9  8 1  ± 8  598 ± 70 574 ± 70 95 ± 10 9 6 ±  1 0  

Kof5TiYS(nM) 1917 
± 177 

1883 ± 
219 

* * * 

Morphine bound 
G-protein 
subtype 

Goa Gial Gia2 Gia3 

Polarization P 5 P s P s P S 
KpGprotcin (nM) 4 0  ± 5  4 5  ± 4  3 6  ± 8  3 1  ± 7  298 ± 29 322 ± 25 1 8  ± 3  16 ± 3 
KoGTPrS(nM) 9 1 0 ±  

120 
880 + 
135 

8 9 ±  1 1  9 6  ± 9  1589 ± 
129 

1712 ± 
135 

925 ± 
139 

896 ± 
145 

SNC 80 bound 
G-protein 
subtype 

Goa Giul G,a2 Gia3 

Polarization P P s P s P S 
KpGprotein (nM) 5.2 ± 

0.5 
4.8 ± 0.4 2 1 5  ± 3 3  209 ± 33 13.1 ± 

1.1 
14.2 ± 

1.1 
1 8 ± 2  1 9  ± 2  

KDGTPYS(nM) 8.9 ± 
1.8 

12.5 ± 
1.9 

2.2 ± 0.4 2.4 ± 0.3 9 2 ±  1 3  102 ± 15 2 6  ± 3  2 3  ± 3  

Note: Kd values were determined as in Table 4.1. 
* No PWR spectral shifts were obtained upon addition of GTPyS up to 5 [j.M. 
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4.3.2- The interaction of the separated Ga and GPy subunits with the agonist bound 

receptor 

It has long been accepted that the first signaling event in GPCRs involves their 

interaction with G-proteins (Rodbell et al., 1971) that so far have mainly been studied in 

their trimeric form. In the present work we have investigated the separate interactions of 

the a and f5y subunits with the hDOR when pre-bound with different types of ligands. In 

these studies we have chosen the G-protein a-subtype with the highest affinity for each 

ligand bound state of the receptor (see Table 4.2). For example, in the case of DPDPE we 

have studied the interaction of the Giaa subunit (in the absence of Gpy) and that of Gpy 

(using the mixture of subtypes found in brain) in the absence of Gia2- As seen in Figure 

4.8 panels A, B, C and D, for the case of DPDPE, the PWR resonance angle position 

increased as the G-protein subunit was added to the proteolipid system (for both the Ga 

and the Gpy subunits). This agrees with results presented in the previous section and can 

be ascribed mainly to an increase in mass. By plotting the PWR resonance position vs. 

the G-protein subunit concentrations (Figure 4.9 A and B), dissociation constants were 

obtained for each subunit interaction with the receptor; these are presented in Table 4.3. 

One can see that the affinity of the Gia2 subunit was greatly decreased (Kd values 

increased from ~ 7nM to ~ 200 nM) when the Py dimer was absent, whereas the affinity 

of the Py dimer to the receptor was decreased to a smaller extent (Kd increased to ~ 40 

nM) when in the absence of the Gia2 subunit. It should also be noted that the binding of 

the two subunits to the receptor resulted in very different anisotropic structural changes, 

illustrated by the differences in the relative magnitudes of the s- and p-polarized shifts 

(Figure 4.9). The precise reason for this is not clear at present, but it may indicate the 

formation of different conformations of the proteolipid system when one or the other of 
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the subunits is bound, or it may just be a consequence of the different structures of those 

subunits. Since PWR is sensitive to changes in the optical properties of all components 

present in the proteolipid system, the observed difference could arise from the lipid, the 

receptor or the G-protein, or from any combination of these. We cannot distinguish these 

possibilities at present, although this could possibly be dissected by labeling each 

component with a different chromophore and using a laser with the appropriate 

wavelength to follow each component separately (Salamon et al., 1999). 



184 

B 
1.0 -

0.8 -

8 
0.6 -

o 
a 0) 0.4 -
cc 

0.2 -

0.0 -

8 

5= 

a: 

. I ' l~ 
63.6 64.0 64.4 

incident angle, deg 

1.0 

0.8 

0.6 -

0.4 -

0.2 -

0.0 

63.6 64.0 64.4 

Incident angle, deg 

1.0 

g 0.8 
C m 
1 
I 0.6 

0.4 

65.8 66.0 66.2 

Incident angle, deg 

1.0 -1 

8 0.8 -c 
CO 

•G 
OJ 

% 
ir 0.6 H 

0.4 
. ~ 1 " 1 

65.8 66.0 66.2 
Incident angle, deg 

Figure 4.8- PWR spectra for the interaction of the G-protein Py and a subunit with 

DPDPE-activated hDOR incorporated into a lipid bilayer composed of egg PC and 

POPG (mole ratio 3:1). All spectra were measured with 543 nm exciting light. 

A, B, C and D) PWR spectra obtained for the 10 mM of Tris buffer pH 7.4 with 0.5 mM 

EDTA and 10 mM KCl (solid line), solid-supported lipid bilayer (0), upon hDOR 

incorporation into the lipid bilayer (•) and upon GPy (a and b) and Gla2 (c and d) 

interaction with the proteolipid system (x) obtained with p- and .s-polarized light 

respectively. 
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Figure 4.9- Binding curves for the interaction of the G-protein Py and a subunit 

with DPDPE-activated hDOR incorporated into a lipid bi layer composed of egg PC and 

POPG (mole ratio 3:1). All spectra were measured with 543 nm exciting light. 

A and B) Binding curves obtained from plotting the shifts in the resonance position 

minimum of the PWR spectra obtained after several incremental additions of aliquots of 

GPY and Gia2 subunits, respectively for p- (•) and 5-polarized light (A). Solid curves 

correspond to hyperbolic fits to the data; Binding constants obtained for the interaction of 

the Gpy with the agonist-bound hDOR are 40 ± 4 and 48 ± 6 nM and for the interaction 

with the G,a2 subunit are 196 ± 42 and 230 ± 50 nM for p- and ^-polarization, 

respectively. 

It should also be noted that control experiments were performed to investigate 

whether the individual subunits had affinity to the bi layer in the absence of receptor. We 

have found that the non-specific binding was rather small (less than 10% of the spectral 

shifts were observed when compared to those in the presence of receptor; data not 

shown), in agreement with previously published results (see above; Alves et al., 2003). 
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In order to investigate whether the decreased affinity was dependent on the identity 

of the Ga subunit used, we have done the same experiments with the other Ga subtypes 

and have found that the lower affinity observed for the Giai subunit when in the absence 

of the py dimer was independent of the Ga subtype (data not shown). We have also 

investigated whether the smaller affinity change of the (3y dimer compared to the a 

subunit (when separated) is modulated by the type of ligand that is bound to the receptor. 

As can be seen in Table 4.3, and by comparing these values with the results presented in 

Table 4.2, the py dimer always showed a smaller affinity change to the receptor than the 

a subunit, independent of the ligand that was bound to the receptor. These results 

correlate well with published X-ray diffraction studies regarding rhodopsin-transducin 

interactions, where the presence of a distinct contact interface between the receptor and 

the Py subunit was implied by the structure (Sondek et al., 1996). 

Table 4.3- Dissociation constants between the Gja subtypes or the py dimer mixture 

and the hDOR bound to DPDPE, morphine or SNC80 and between GTPyS and the 

receptor-G protein complex. 

Ligand DPDPE SNC80 morphine 

G protein subtype GIAI Py G„a PY GJAL py 

Kd G-protein (nM) 2 1 3  ± 4 6  44 ±5 282 ± 53 2 6  ± 3  352 ±48 4 9  ± 6  

Kd GTPyS (nM) 90 ± 9 * 156 ±29 9 1 0 ± 1 0 8  

* No PWR spectral shifts were obtained. 
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We have also investigated whether the py dimer is necessary for the catal5^ic 

activity of the a subunit. As seen in Figure 4.10, the addition of GTPyS to the DPDPE-

hD0R-Gi„2 complex caused an appreciable decrease in the angular position of the 

resonance spectrum, similar to the results reported in the previous section for the entire 

G-protein heterotrimer. However, in this case the spectral position shifted completely to 

that of the DPDPE-hDOR complex with no G-protein present, suggesting that all of the 

Ga subunit was dissociated from the proteolipid system upon GTPyS interaction. 

Furthermore, even though the presence of the Gj3y subunit was not essential for the 

catalytic activity of the a subunit, as seen by comparing results in Table 4.2 and Table 

4.3, the affinity of the GTPyS subunit to the receptor was decreased by 10-20 fold when 

the py subunit was absent. Similar results have been observed (Phillips et al, 1992) in 

studies involving the rhodopsin/'transducin interaction, in which the presence of the Py 

subunit was also found not to be necessary for the interaction of the Gat (the Ga subunit 

of transducin) with the receptor nor for the GDP/GTP exchange, although its presence 

caused a 10-fold promotion of this process. 

The present studies show that the presence of each G-protein subunit (a subunit and 

py dimer) enhances the affinity of the other to the hDOR in a cooperative manner that is 

independent of the subtype of G-protein and of the ligand that is bound to the receptor. 

The high affinities obtained for the individual subunits to the agonist-activated receptor 

(especially for the Py subunit) suggest that the separated submits may also have a 

biological function. Such a role might be particularly relevant for tissues or cell 

compartments where some of the subunits are expressed to lesser extents, as has been 

shown to be the case for the hDOR (Hosohata et al., 2000). It is well known that the a 

and Py subunits of the G-protein interact with different effectors leading to different 
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signal transduction events in the cell (Pierce et al., 2002), and thus the capability for the 

subiinits to act independently of one another may be essential for specific signaling 

pathways to be activated. 
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Figure 4.10- Interaction of GTPyS with the Giai-hDOR-DPDPE complex (no Gfiy 

present). 

A and B) PWR spectra obtained before (•) and after (+) addition of Gia2 subunit to the 

hDOR-DPDPE and after the addition of GTPyS to the system (•) obtained with p- and s-

polarized light, respectively. 

C) Binding curves obtained from plotting the shifts in the resonance position minimum of 

the PWR spectra obtained after several incremental additions of GTPyS for p- (• ) and s-
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polarized light (•*•). Solid curves correspond to h5T)erbo!ic fits to the data; Dissociation 

constants obtained for the interaction of GTPyS with the Gia2-H30R-DPDPE complex 

are 90 ± 8 and 90 ± 9 nM for p- and s- polarization, respectively. 

It has long been accepted that the first signaling event in GPCRs involves their 

interaction with G-proteins that so far have been studied in their trimeric form. In the 

present work we have, for the first time, investigated the separate interactions of the a 

and (3y subunits with the hDOR and have found that the affinity of the a subunit to the 

receptor is greatly enhanced by the presence of the Py subunit, whereas the affinity of the 

Py is somewhat less increased by the a subunit. Although the subunits were found to act 

cooperatively, their high affinities to the receptor even when separated point to the 

possibility of their independently promoting specific signaling events. 

4.4- Conclusions 

The present work has demonstrated that PWR spectroscopy can provide important 

new insights into membrane signaling by GPCRs by being able to directly monitor the 

interaction of G-proteins with the receptor, a process classically performed using 

radiolabeled molecules. Classical pharmacological methods such as the GTPyS assay 

measure the combined affinities of the G-protein to the receptor and the affinity of the 

GTPyS to the G-protein; in these studies we have measured those events separately. We 

have seen that there is no necessary correlation between those two events and so our 

system gives a better understanding of the mechanism of those separated events. The 
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results obtaiBed involving different classes of ligands are consistent with the formation of 

distinct conformational states of the hDOR by binding of various types of ligand that 

interact differently with G-proteins, and that correlate well with the known 

pharmacological activities of these different ligand classes. The affinity of the G-proteins 

to the receptor was shown to be highly modulated not only by the class of the ligand that 

was bound to the receptor (agonist, antagonist, inverse agonist or no ligand) but also 

highly modulated by the type of agonist that was bound, each ligand leading to different 

and specific interactions with the different G-protein subunits, a direct evidence for the 

so-called receptor trafficking. 

The high degree of diversity and selectivity observed in the interactions of the 

different bound-receptor states with the individual G-protein subunits may be important 

in controlling the specific interactions of these receptors with multiple cellular effector 

systems contributing to a greater diversity in the signaling events. Furthermore, this study 

demonstrates that the presence of each G-protein subunit enhances the affinity of the 

other to the hDOR in a cooperative manner. Although the a subunit can still undergo 

GTP/GDP exchange in the absence of the Py subunit, the efficiency of this process is 

decreased. The high affinities obtained for the individual subunits to the agonist-

activated receptor (especially for the Py subunit) and the ability of the isolated a subunit 

to become activated suggest that the separated subunits may also have a biological 

function. Such a role might be particularly relevant for tissues or cell compartments 

where some of the subunits are expressed to lesser extents. It is well known that the a 

and Py subunits of the G-protein interact with different effectors leading to different 

signal transduction events in the cell (Pierce et al, 2002), and thus the capability for the 
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subunits to act independently of one another may be essential for specific signaling 

pathways to be activated. 

It is important to point out that PWR spectroscopy allows one to pursue a great 

variety of studies without having to rely on labeling protocols, as well as avoiding more 

complicated and time consuming techniques. We also note that it should also be possible 

to design experiments to elucidate events occurring further downstream in the signal 

transduction process, such as interaction of kinases/phosphatases and arrestin molecules 

involved in the receptor down-regulation. As a consequence, the methods described here 

will allow new light to be shed on the pathways of signal transduction, and should be 

extremely useful in drug discovery protocols. 
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CHAPTERS 

LIPID MODULATION OF RHODOPSIN PHOTOACTIVATION DETERMINED 

BY PLASMON-WAVEGUIDE RESONANCE SPECTROSCOPY (PARTS OF 

THIS CHAPTER WERE TAKEN FROM ALVES ET AL., 2004b) 

5.1- Introduction 

5.1.1- The process of visual transduction 

Visual phototransduction serves as a model for many other G-protein signaling 

systems involving cellular membranes. Rhodopsin, the rod cell photoreceptor, is probably 

the best-studied G-protein-coupled receptor (GPCR) and is the only one that has had a 

high-resolution crystal structure determined (Palczewski et a!., 2000; Okada et al., 2002). 

Rhodopsin is the only GPCR that has the ligand, the retinal chromophore, pre-bound to 

its pocket maintaining the receptor in its inactive state when in absence of light (for a 

diagram of rhodopsin with bound chromophore see Figure 5.1). 
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Figure 5.1- A molecular graphics ribbon diagram of rhodopsin prepared from the 

2.8-A crystal structure coordinates. The amino terminus (N) and extracellular (or 

intradiscal) surface is toward the top of the figure, and the carboxy terminus (C) and 

intracellular (or cytoplasmic) surface is toward the bottom. Seven transmembrane 

segments (HI to H7), which are characteristic of G-protein-coupled receptors, are shown. 

They are color coded according to the rainbow spectrum starting with blue and ending 

with red. The retinal chromophore is shown in magenta, and the side chains of Lys-296 

and GIE-113 are shown to highlight the Schiff base region of the retinal binding pocket. 

The Schiff base imine nitrogen is shown in deep blue. The Rho crystal structure does not 

resolve a small segment of the C3 loop linking H5 and H6 or a longer segment of the 

carboxy-terminai tail distal to H8. The transmembrane segments are tilted with respect to 



195 

the presumed plane of the membrane bilayer. They are generally a-helical, but they 

contain significant kinks and irregularities. Figure obtained from Menon et al, 2001. 

Activation of the receptor, by photoisomerization of the 1 l-cw-retinal cofactor in 

the case of rhodopsin, leads to conformational changes at the cytoplasmic membrane 

surface. The active receptor can interact with a heterotrimeric G-protein (transducin; Gt) 

to catalyze guanine-nucleotide exchange and initiate signaling (Helmreich et al., 1998; 

Sakmar, 1998; Hubbell et al., 2003; Brown, 1997). Within a few milliseconds after 

photon absorption, a metastable equilibrium is established between two conformational 

states of photoexcited rhodopsin called metarhodopsin I (MI) and mctarhodopsin II 

(Mil), which depends on pH and temperature (Thorgeirsson et al., 1993; Jage et al., 1998; 

Mathews et al., 1963). To reach the Mil state rhodopsin passes through a number of 

intermediates that have been characterized by UV visible, Fourier-transform infrared 

(FFIR), Raman and NMR spectroscopies, in addition to spin-labeling and biochemical 

studies (Palings et al., 1987; Han et al., 1993; Han and Smith, 1995; Farahbakhsh et al., 

1993; Farrens et al., 1996) (see Figure 5.2). The MI form (with absorption band at A. = 

478 nm) is distinguished by its protonated Schiff base linkage (Cohen et al., 1992) 

between the retinal and Lys"'^"', where Glu" ' functions as the counterion. In the Mil 

conformation (with absorption band at A, = 380 nm) the retinal Schiff base is deprotonated 

1 1 T 

and the salt bridge to Glu is broken, leading to a protein conformation change (Hubbell 

el al., 1993) (see Figure 5.2). Mil is the conformation of the photoisomerized rhodopsin 
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that binds and activates transducin (Gt) (Kibelbek et al., 1991; Emeis et al, 1982; Bennett 

et ai., 1982., Okada et al, 2001). Binding of Gt by Mil catalyzes the exchange of GDP 

for OTP bound to the Gt a-subunit, which dissociates and carries the visual signal from 

rhodopsin to the effector, cyclic GMP phosphodiesterase. The activated 

phosphodiesterase then catalyzes the hydrolysis of cGMP, which triggers the closure of 

cGMP-gated Na"^/Ca^"^ channels, yielding hyperpolarization of the rod outer segment 

(ROS) plasma membrane and the visual response {Fain et al., 2001; Polasn et al., 1996; 

Koutalos and Yau 2003; Baylor and Bum, 1998; Hargrave and McDowell, 1992; Stryer, 

1996; Yang et al., 1996) (see Figure 5.3). The formation of the Mil state of rhodopsin is 

characterized by relative movements of transmembrane helices III, V and VI, as 

determined by several methods including site-directed spin labeling, histidine-zinc 

chelation, and disulfide cross-linking experiments (Hubbel et al., 2003; Yang et al., 1996; 

Altenbach et al., 1996; Farrens et al., 1996; Hubbell et al., 2000; Dunham and Farrens, 

1999; Altenbach et al., 1999a, b; 2001b). 
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Figure 5.2- The rhodopsin photoeycle. Photoisomcrization of the RET (retinal) 

chromophore to its ll-trans form is the only light-dependent event in vertebrate vision. 

Photoisomcrization in Rho occurs on an ultrafast time scale with photorhodopsin as the 

photoproduct formed on a femtosecond time scale. The photoiyzed pigment then 

proceeds through a number of well-characterized spectral intermediates. As the protein 

gradually relaxes around 11-fraM-RET, protein-chromophore interactions change and 

distinct values are observed. The Schiff base imine remains protonated, presumably 

due to stabilization by its counterion, Glu-113, through metarhodopsin I (meta-I). Meta-I 

is in a dynamic eqiiilibriiim under physiological conditions with metarhodopsin II (meta-

II), which is characterized by an unprotonated Schiff base imine and a dramatically blue-

shifted Imax value (380 nm). Meta-II is the photoproduct that is able to catalyze guanine 

nucleotide exchange by Gt. Meta-II eventually decays to free 11 -trans-RET and opsin 

apoprotein. Figure obtained from Menon et al, 2001. 
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Figure 5.3- The cycle of G-protein activation and inactivation in phototransduction. 

Photoisomerization of retinal chromophore to all-/ram- produces R* that interacts with Gt 

to catalyze guanine nucleotide exchange. The GTP-bound a-subunit of Gt activates 

cGMP phosphodiesterase. Rod cGMP levels fall and a plasma membrane cGMP-gated 

cation channel closes to cause hyperpolarization of the rod ceil. R* is turned off in <1 s 

by phosphorylation by Rho kinase and binding of arrestin to the phosphoryiated R* (not 

shown) as well as by GfPa.se reguiatinG-proteins (RGS9). One key feature of the 

vertebrate visual system is that each Rho molecule is used only once. Figure obtained 

from Arshavsky et al., 2002 



199 

5.1.2- Lipid-rhodopsin interactions 

In the context of lipid-protein interactions, several properties of the membrane 

lipid bilayer should be considered when investigating the MI-MII conformational 

equilibrium of photolysed rhodopsin, such as electrostatics, bilayer thickness, the 

protein/'lipid interface and the lipid/water interface. Here we will just focus on a particular 

aspect of the lipid/water interface called curvature stress. The reason for that will become 

evident further in this chapter. 

In the absence of proteins, the molecular organization within a lipid bilayer can be 

understood in terms of a balance of attractive and repulsive forces, acting at the level of 

the lipid polar head groups and nonpolar acyl chains (Israelachvili, 1985). Within the 

head group region there is an effectively attractive interfacial tension, which arises from 

the unfavorable contact of the hydrocarbon chains with water, called the hydrophobic 

effect; attractive contributions from hydrogen-bonding may also be present, especially for 

the case of phosphatidylethanolamines. The repulsive head group pressure is the result of 

hydration, steric, and electrostatic contributions. For the acyl chain region the attractive 

van der Waal interactions among the CH2, CH=CH, and CH3 groups are due to thermally 

activated dihedral angle isomerizations. Because the membrane bilayer is at equilibrium, 

the various lateral pressures are balanced in the absence of external stresses. However 

this may not be the case if a protein conformational change occurs, involving for example 

a change in the cross-sectional membrane area or the hydrophobic thickness of 

rhodopsin. 
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When considering the balance of forces in terms of the lateral stress profile across 

the bilayer, it should be noted that lipid mixtures favoring the MI-MII transition of 

rhodopsin tend to form non-lamellar phases in the absence of protein (Brown, 1994). The 

formation of non-lamellar phases of membrane lipids originates from interplay between 

the curvature free energy of the membrane lipid/water interface and chain packing forces 

(Gruner, 1985). On the one hand, the smaller phosphoethanolamine head groups together 

with their propensity for hydrogen-bonding favor a smaller interfacial area per molecule 

(Thurmond et al., 1991). On the other hand, the presence of bulky acyl groups, e.g., 

polyunsaturated fatty acyl chains with vinylic groups that can restrict rotational 

isomerism, favors a somewhat larger cross-sectional molecular area (Demel et al., 1972). 

Within a given lipid monolayer, the imbalance of attractive and repulsive forces at the 

level of the head group and acyl chains produces a thermodynamic or spontaneous 

(mean) curvature. Clearly the two monolayers cannot simultaneously be at the free 

energy minimum with regard to their intrinsic or spontaneous curvature. It follows that a 

symmetric bilayer composed of non-lamellar forming lipids, i.e., in the planar state, is 

under a condition of curvature elastic stress (Wiedmann et al., 1988; Deese et al., 1981; 

Gruner, 1985); thus Hn and cubic phases are formed as the temperature is increased 

(Gruner, 1985; Lindblom and Rilfors, 1989). 

Figure 5.4 provides an illustrative representation of the above ideas. The first part 

of this figure shows that for the case of head groups that are small or that favor hydrogen 

bonding, e.g., phosphoethanolamine head groups, a relatively small equilibrium 

separation is favored. If the chains favor a larger separation, e.g., bulky polyunsaturated 



or phytanoyl chains, then there is a significant imbalance of the forces across the layer 

yielding a curvature stress, i.e., producing a negative spontaneous curvature. It follows 

that in the absence of protein the reverse hexagonal (Hn) phase is favored as the 

temperature increases. The middle part of Figure 5.4 shows that if the forces within the 

head group region that favor an equilibrium interfacial area are similar to those that favor 

the chain cross section area, e.g., in the case of disaturated phosphatidylcholines, then the 

spontaneous curvature is zero. In other words, because the attractive and repulsive forces 

within the head group and acyl chains regions are balanced at a similar equilibrium area, 

there is no curvature stress and the lamellar phase is favored by such lipids. Finally, the 

last part of Figure 5.4 illustrates that when the head groups favor a larger equilibrium 

separation than in the case of the acyl chains, e.g., in the case of gangliosides and 

detergents, there is a positive spontaneous curvature. In this case there is a tendency to 

form small micelles and the normal hexagonal (Hi) phase. 
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negative 
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Figure 5.4- Lipid spontaneous curvature. Depiction of the spontaneous curvature of an 

individual monolayer arising from the distribution of lateral forces within the head group 

and acyl chain regions. The spontaneous or mean curvature is a thermodynamic property, 

and is not necessarily related to the actual interfacial curvature of an assembly of 

amphiphiles. This figure was obtained from Brown, 1994. 

We should now consider the role of the curvature elastic stress, i.e. the interfacial 

curvature free energy, on the conformational energetics of rhodopsin (curvature 

frustration). It is assumed that the attractive and repulsive forces within the polar head 

group and hydrocarbon regions of the planar bilayer are balanced at different equilibrium 

areas. The photolysis of rhodopsin then alters the force balance and is therefore 

accompanied by a change in the curvature free energy of the membrane lipid/'water 
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interface (Wiedmaim et al., 1988; Deese et al., 1981, Browa et al., 1982). The 

contribution to the free energy balance from the curvature elastic stress of the bilayer has 

previously been calculated in terms of spontaneous curvature (Brown, 1994), and has 

been shown to be rather appreciable (530 KJ moF , given a spontaneous curvature for an 

individual monolayer of Ho = 1/(40 A), an interfacial lipid area of 70 A", and 100 lipids 

per rhodopsin), compared to the much smaller free energy shifts for the MI-MII transition 

in membrane recombinants. It follows that a relief of the curvature stress (frustration) 

stored within the bilayer must accompany the MI-MII transition of photolysed rhodopsin 

(Wiedmann et al., 1988; Botelho, 2002); this may occur due to alteration of helical or 

other secondary structure elements in the rhodopsin molecule. The combination of 

phosphoethanolamine head groups together with polyunsaturated docosahcxanoyi (DHA) 

acyl chains favors a negative interfacial curvature and has been shown to favor the MI-

MII transformation (Brown, 1997; Botelho et al., 2002; Widemann et al., 1998). Thus, by 

enabling a given monolayer of the lipid to approach its spontaneous curvature, an 

energetically downhill process, the free energy released can provide a source of work for 

the MI-MII transition, which is energetically uphill in planar lamellar phases of 

phosphatidylcholines (Wiedmann et al., Baldwin and Hubbel, 1985a, b). An increase in 

the absolute value of the lipid spontaneous curvature and/or bending rigidity, due to the 

presence of polyunsaturated DHA chains in combination with PE head groups, can yield 

a substantial driving force for the MI-MII transition of the protein. In fact, energies on the 

order of only 10 KJ mol"' are sufficient to shift the MI-MII transition from being 

essentially blocked to completion at the temperatures considered. 
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It is currently accepted that the activation of rhodopsin leads to a protein 

elongation or protrusion of the protein from the lipid bilayer with consequent exposure of 

previously buried residues that are essential for interaction of rhodopsin with its G-

protein transducin (Gt) (Dunham and Farrens, 1999; Altenbach et a!., 1999a, b, 2001b). 

This occurs during the MI-MIl transition. Clearly, the chain length cannot be matched 

simultaneously to the hydrophobic dimensions of rhodopsin in both the MI and Mil 

states. Rather curvature elastic stress or frustration exists in one or the other 

conformational state of the protein. Due to elongation, an increase in the hydrophobic 

thickness of photolysed rhodopsin occurs in the transition from Ml to Mil, and the acyl 

chain length in the planar state is matched to rhodopsin in the Mil conformation (Figure 

5.5). Since, a change in the interfacial curvature occurs during the Ml-MII transition, 

lipids that accompany that curvature will have a tendency to favor the Mil state vs. the 

MI. In the case of phosphatidylcholines having zero spontaneous curvature the MI state is 

favored, whereas the Mil state is under curvature stress and is higher in energy. By 

contrast, in lipid mixtures having phosphoethanolamine head groups together with 

unsatiu-ated polyunsaturated chains, that is with a tendency to form the reverse hexagonal 

(Hii) phase, it is the MI state that is under stress and is disfavored, whereas Mil has a 

curvature at the lipicl'water interface in the vicinity of the protein and is relatively low in 

energy. So, a relief of the curvature frustration of photolysed rhodopsin in the MI state 

occurs which can provide a reservoir of work for the MI-MII transition. Following this 

idea, material properties associated with the bending energy of the lipid'water interface 
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may govern the MI-MII transition. It should be noted that the ideas in this section are 

mainly taken from Brown (1994). 

Figure 5.5- Schematic illustration of the membrane changes accompanying the MI-

MII transition of rhodopsin. The hydrophobic surface of rhodopsin is depicted by the 

cross-hatched regions; an elongation or protrusion of the protein at the MIT stage may 

occur yielding exposure of recognition sites for the G-protein interaction, accompanied 

by curvature of the membrane lipid/water interface. The MI state is favored by lipids 

tending to form the lamellar phase having a planar lipid/water interface 

(phosphatidylcholines). By contrast, the Mil state is favored by lipids tending to form the 

reverse hexagonal (Hn) phase with a negative interfacial curvature (unsaturated 

phosphatidylethanolamines). This figure was obtained from Brown, 1994. 

The ratio of [MII]/[MI] which is present following an actinic flash is indicative of 

the ability of rhodopsin in a lipid membrane recombinant to function properly in vitro. 

metarhodopsin I metarhodopsin II 
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Interaction of rhodopsin with the surrounding lipids appears to be important for its 

conformation and function (Hubbell et al., 2003, Farrens et a!., 1996; Lamoia et ai, 1974; 

Litman and Mitchell., 1996; Brown, 1994; Botelho et ai, 1996; Petrache et al, 2001; 

Mitchell and Litman 1999; Niu et al., 2002; Apliebury et al., 1974; O'Brien ct al., 1977; 

Baldwin and Hubbell, 1985 a, b; Widemann ct al., 1988; FarahbaMish et al., 1992; 

Gibson and Brown, 1993; Wang et al., 2003), perhaps by influencing the movement of 

helices during the activation process (Gibson and Brown, 1993; Wang et al., 2003). 

When rhodopsin is reconstituted into saturated phospholipids, the formation of Mil is 

inhibited (Mitchell et al, 1992; Baldwin and Hubbell, 1985 a Gibson and Brown, 1993; 

Zom and Futterman, 1971; Bonting, 1997; Williams, 1974; Litman and Mitchell, 1996). 

Flash photolysis studies have shown that the presence of non-lamellar forming lipids such 

as dioleoylphosphatidylethanolamine (DOPE) favors the Mil state (Brown, 1997; 

Botelho et al., 2002; Widemann et al., 1998), which is thermodynaniically driven by 

matching the spontaneous curvature of the lipid bilayer to that of the water/lipid interface 

adjacent to the protein (Botelho et al., 2002). There is also lipid restructuring that occurs 

during the photoactivation process (Lamoia et al., 1974; Hessel et al., 2001), and this may 

also be influenced by the bilayer lipid composition. 

As a means of gaining further insights into the role of the solvating lipids in 

receptor activation, we have used plasmon-waveguide resonance (PWR) spectroscopy 

(Salamon et al., 1997c; Salamon et al., 2003; Salamon et al., 1998; Salamon et al., 2000a) 

to follow rhodopsin photolysis. In these experiments we incorporated detergent-

solubilized rhodopsin into a so lid-supported lipid bilayer and examined proteolipid 
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membrane conformational changes occurring upon light activation. We have investigated 

the effect of the lipid bilayer composition (especially the presence of nonlamellar-

forming lipids such as DOPE), as well as the effect of pH on the PWR spectra. The 

magnitude of the PWR spectral changes caused by light was found to vary with the pH in 

a manner comparable to that observed in flash photolysis experiments (Gibson and 

Brown, 1990), i.e. a shift in the pKa value that describes the MI-MI I equilibrium to larger 

values occurred when going from egg phosphatidylcholine (PC) to 

dioleoylphosphatidylcholine (DOPC/DOPE (25:75 mole%) bilayers. This allows us to 

conclude that PWR is monitoring Mil formation in these experiments. We have also 

observed that increasing the ratio of DOPE to DOPC caused an increase in the extent of 

the conformational changes observed in the proteolipid system. This is a new insight that 

could not have been obtained using flash photolysis since the latter method follows 

changes in the chromophore rather than in the whole proteolipid membrane as does PWR. 

These results are consistent with the tendency of DOPE to promote the reverse hexagonal 

(Hii) phase, whose negative curvature may help drive the elongation process of the 

receptor that exposes important contacts points for transducin interaction, and thereby 

cause lipid movement known to occur during the light activation process (Brown, 1994; 

Botelho et al., 2002). We also investigated the interaction of Gt with both the dark-

adapted (Rho) and light activated (Rho*) states of rhodopsin, as well as the ability of Gt 

to undergo GDP-GTPyS exchange. The affinity of Gt to the receptor was found to be 

highly dependent on the activation state, with a higher affinity for Rho* (0.7 nM) than for 

Rho (60 nM) in a DOPC/DOPE (25:75 mole%) bilayer. GDP/GTPyS exchange only 
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occurred when the receptor was activated. The affinity of Gt to Rho* was decreased to 18 

HM in a DOPC bilayer, whereas no effect of bilayer composition was observed on the 

affinity of Gt to Rlio, or on the affinity of the GTPyS to the G-protein. Thus, only the 

light-indttced conformational transition was influenced by DOPE incorporation. These 

results further demonstrate that the lipid bilayer composition plays a major role in 

determining the activation and initial signal transduction events involved in rhodopsin 

visual signaling (Brown, 1994; Brown, 1997) and provide additional insights into this 

process. In addition, the PWR experiments establish a stnictural correlation with flash 

photolysis studies of rhodopsin (Botelho, 2002) and thus enable extension to other 

receptor systems where such investigations are not feasible at present. 

5,2- Materials and Methods 

5.2.1- Purification of retinal rod membranes and solubilization of rhodopsin 

Bovine rod outer segment (ROS) membranes containing rhodopsin were prepared 

from frozen retinas (Papermaster and Dryer, 1974). The preparations typically had 

^2S0/^500 absorbance ratios of 2.5, were completely bleached by actinic illumination, and 

were 99% regenerable with 11-m-retinal. The ROS membranes were homogenized in 10 

niM phosphate buffer, pH 6.8 containing 200 mM octylglucoside and centrifuged at 

64,000 X g for I h at 4°C. All rhodopsin samples were handled in dim red light (Kodak 

safelight filter no. 1, 15-W bulb) and kept at 4 °C under an argon atmosphere when 

possible. 
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5.2.2- Isolation and purification of transducin 

Gt was extracted from ROS and purified using a method modified from that 

described (Fung et al., 1981). ROS were maintained under light conditions from the 

initial step of ROS isolation and during all subsequent stages in order to maximize the 

amounts of transducin bound (Baehr et al., 1982). About 3 mg of Gt was obtained from 

100 retinas after hexylagarose purification. The GTPase activity was assayed using a 

phosphate assay kit (Molecular Probes) as described by Webb (Webb, 1982). The 

concentration of product was measured in a plate reader (|j,Quant, Bio-Tek Instruments, 

Inc) based on the absorbance at 360 nm. The GTPase activity of the purified Gt was 

determined to be 5 nmol/mg/min, in good agreement with published results (Baehr et al., 

1982; Kuhn, 1980). 

5.2.4- Incorporation of rhodopsin into the solid-supported lipid bilayers 

Plasmon waveguide-resonance spectroscopy was carried out as has been 

mentioned in previous chapters. The solid-supported lipid bilayer was formed as 

described in chapters 3 and 4 of this thesis. Unless otherwise noted, experiments were 

performed using three lipid compositions: egg phosphatidylcholine (PC), 

dioleylphosphatidylcholine (DOPC) or a mixture of 25 mole% DOPC and 75 mole % 

dioleylphosphatidylethanolamine (DOPE). The incorporation of rhodopsin into the solid-

supported lipid bilayer was accomplished by introducing the octylglucoside-solubilized 

receptor (« 1 fiM total concentration in the aqueous sample compartment) into the 

aqueous compartment under conditions that dilute the detergent below the critical micelle 



210 

concentration (25 mM). At this point the membrane protein spontaneously incorporated 

into the lipid bilayer. The aqueous compartment was filled with approximately 1 ml of 10 

mM phosphate buffer at the desired pH. 

5.2.5- Effect of illumination on plasmon-waveguide resonance spectra 

After rhodopsin was incorporated into the lipid bilayer and the PWR spectra 

stabilized (i.e. an equilibrium condition was reached), the PWR cell was illuminated with 

yellow light (wavelength >500 nm) from a 150 W tungsten-halogen light source using a 

fiber optic light guide (Fostec, Album, NY), which is known to convert rhodopsin to the 

Mil state. In order to confirm that the Mil state was being formed under these conditions, 

a sample of rhodopsin solution was taken from the PWR cell after illumination with 

yellow light and the absorption spectrum was measured. This demonstrated total 

conversion of the dark-adapted rhodopsin to Mil. The PWR spectral changes were 

monitored after each 1-2 second light exposure until the spectra were found to stabilize; 

this was considered to correspond to the formation of the maximum amount of the Mil 

state of rhodopsin. Inasmuch as the Mil state has been reported to have a lifetime of 

about 15 minutes (Amis and Hofmann, 1993), and the PWR spectrum was obtained 

within 1-2 min after irradiation, this assumption is not unreasonable. In the experiments 

reported below, we have taken care to add the same amount of rhodopsin to the sample 

cell and to carefully monitor the degree of rhodopsin incorporation based on the observed 

PWR spectral changes. This allowed comparisons to be made between different 

experiments. 
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5.2.6- Interaction of transduein and GTPyS with the proteolipid system 

Either before or after activating rhodopsin with light, Gt interaction with the 

proteolipid system was investigated by monitoring the PWR spectral changes obtained 

upon incremental additions of Gt. Affinity constants that describe those interactions were 

obtained by plotting the resonance position spcctral shift at different Gt concentrations 

and fitting the data using a hyperbolic function that describes the interaction between two 

molecules (Salamon et al., 1996). Since the PWR spectral change is directly proportional 

to the concentration of Gt-bound receptor, and the amount of Gt bound is much smaller 

than the amount of unbound Gt, the KD value can be calculated from such a hyperbolic 

plot without knowledge of the absolute concentrations within the proteolipid membrane. 

After saturation with Gt (either with dark-adapted or light-activated rhodopsin), GTPyS 

was incrementally added to the system, and PWR spectral changes monitored and 

affinities for the interaction of Gt with rhodopsin determined as described. 

5.3- Results and Discussion 

5.3.1- PWR changes observed upon incorporation of rhodopsin into a solid-

supported lipid bilayer 

As shown in Figure 5.6, panels A and B, the incorporation of rhodopsin into lipid 

bilayers of various compositions produced shifts to higher resonance angles in the PWR 

spectra both for p- and ^-polarized light. Such shifts in the resonance position are due to 

an increase in the refractive index that results from the increase and redistribution of mass 

in the proteolipid system that occurs upon receptor incorporation. Insertion of rhodopsin 



molecules into a lipid membrane results not only in bringing additional mass into the 

measured interface but also causes alteration of lipid molecular long range order and 

packing density by forcing some of the lipids out of the bilayer into the Gibbs border. 

The latter process (that includes lipid molecules) is responsible for changing the average 

structure of the proteolipid membrane as compared to that of the original lipid membrane. 

It should be noted that shifts in the p-polarized resonance upon receptor incorporation 

into the bilayer are much larger (~70 mdeg) than those obtained with ^-polarization (~40 

mdeg). This reflects a change in refractive index anisotropy that is characteristic of 

uniaxially oriented anisotropic (cylindrically shaped) molecules such as the GPCRs, 

whose dimensions perpendicular to the bilayer plane are larger than in the parallel plane. 

Models of rhodopsin based on X-ray diffraction show an ellipsoidal structure with a 

length of about 75 A in the direction perpendicular to the membrane and a width of about 

48 A (Palcczewski et al., 2000; Teller et al., 2001). The increase in refractive index 

anisotropy observed here is a direct indication of the uniaxial insertion of rhodopsin into 

the lipid bilayer. It should be noted, however, that the direction of insertion is not 

unambiguously indicated by these results. 

Changes in the SPR resonance spectra obtained with p-polarized light were also 

observed in earlier studies involving rhodopsin performed in our laboratory (Alves et al., 

2003; Salmon et al., 1994). These were determined to be caused by increases in the 

refractive index and the thickness of the proteolipid system associated with receptor 

incorporation, and with the protrusion of rhodopsin and lipid molecules from the surface 

of the lipid bilayer. In addition to the change in the resonance position there was also an 
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increase in the amplitude of the PWR spectra for both polarizations, especially with the 5-

polarized resonance for egg PC, of. Figure 5.6 B, again reflecting anisotropy changes. 

Similar results have also been obtained in our laboratories in studies with the opioid 

receptor (Chapters 3 and 4; Salamon at al, 2000a; Saiamon et al., 2000b; Salamon et al., 

2002), although with a smaller degree of anisotropy. It should also be noted that, for a 

given bilayer composition, prior to illumination of the sample neither the spectra nor the 

response to rhodopsin concentration changed with pH over the pH range 5 - 8.5. This 

result indicates that the rhodopsin dark conformational state was not influenced by the 

buffer pH for any lipid systems used here. 
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Figure 5.6- PWR spectra obtained for egg PC lipid bilayer formation, rhodopsin 

incorporation and light activation using /^polarized (a, c) and s-polarized (b, d) light 

excitation. All spectra were measured with 632.8 nm exciting light. 

A and B) Egg PC bilayer; 10 mM phosphate buffer, pH 5. Unlabeled solid lines 

represent the buffer spectra prior to bilayer formation; (O) PWR spectra obtained after 



the formation of an egg PC biiayer on the resonator surface; (•) PWR spectra obtained 

after addition of an octylglucoside-containing buffer solution of rhodopsin; final 

rhodopsin concentration in the cell sample compartment was ~1 jj,M; (+) PWR spectra 

obtained upon saturating yellow light activation (A, ~ 500 nm). 

C and D) Egg PC biiayer; 10 mM phosphate buffer, pH 7.5. (•) PWR spectra 

obtained after addition of an octylglucoside-containing buffer solution of rhodopsin; final 

rhodopsin concentration in the cell sample compartment was ~1 ^M; (+) PWR spectra 

obtained upon saturating yellow light activation (k ~ 500 nm). Note that the two sets of 

spectra superimpose on each other within the spectral resolution (1 mdeg). 

5.3.2- PWR changes induced by light for rhodopsin incorporated into an egg PC 

biiayer 

Figure 5.6, panels A and B show that the exposure of rhodopsin to light in an egg 

PC biiayer at pH 5 caused an increase in the resonance minimum angle in the PWR 

spectra for both polarizations. Similar results were obtained previously using SPR with 

/7-polarized light (Chapters 3 and 4; Alves ct al., 2003; Salamon et al., 1994; Salamon et 

al., 1999). There was also a slight increase in the amplitude of the PWR spectra for both 

polarizations (more pronounced in the case of the s-polarization). These spectral changes 

indicate both alterations in mass density as well as mass distribution within the 

proteolipid membrane. Inasmuch as mass was neither added to nor subtracted from the 

membrane by light irradiation, these changes have to be caused by rhodopsin 
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conformational transitions which induce infusion of the lipid molecules from the Gibbs 

border to the bilayer. The spectral changes were quite anisotropic, with p-polarized 

resonance shifts (corresponding to the longer axis of the protein) larger than those with .v-

polarized light (22 mdeg vs. 14 mdeg). This is a new observation resulting from the 

ability of PWR to monitor s-polarized resonances and constitutes a direct experimental 

confirmation of the photoinduced elongation of rhodopsin (i.e. increase in membrane 

thickness) seen in the earlier SPR experiments (Salamon et al., 1994; Salamon et al, 

1999: Salamon et al., 1996). 

Interestingly, when the same experiment was carried out at pH 7.5, as shown in 

Figure 5.6, panels C and D, there was little or no change in the PWR spectra upon light 

irradiation. Such a pH dependence of the light-induced PWR spectral changes correlates 

very well with previous studies using flash photolysis (Botelho et al., 2002), providing 

strong evidence that the PWR changes were due to formation of Mil. The pH dependence 

of the light-induced PWR spectral change was further investigated for the egg PC 

recombinants by conducting experiments over an extended pH range. Figure 5.7 shows 

the maximal resonance shifts (obtained under saturating light conditions) caused by 

rhodopsin irradiation as a function of pH. Fitting the data to the Henderson-Hasselbalch 

equation yielded a pKg value of 6.4 for the acid-base equilibrium, which agrees very well 

with the same studies performed using flash photolysis (Gibson and Brown, 1993). This 

provides still further confirmation that Mil formation was being observed in the PWR 

experiments. 
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Figure 5.7- Dependence on pH of the changes in the PWR resonance angle observed 

in recombinant rhodopsin/egg PC films in 10 mM phosphate buffer upon saturating 

yellow light Irradiation. Squares represent the results obtained with /7-polarized light 

and triangles with ̂ -polarized light. The solid curve through the data points represents the 

best fit to the Henderson-Hasselbalch equation with an apparent pKa value of 6.4 ± 0.05. 

5.3.3- PWR changes induced by light for rhodopsin incorporated into a DOPC 

bilayer 

Figure 5.8, panels A and B show the effects of incorporating rhodopsin into 

DOPC membranes forp- and 5-polarization, respectively. Contrary to what was observed 

in rhodopsin/egg PC films, for the DOPC recombinants there was a slight decrease in the 

PWR spectral amplitude for 5-polarization upon rhodopsin incorporation. This is a new 

result indicating that the bilayer lipid composition plays a major role in the structural 

changes induced in the membrane upon rhodopsin incorporation. Moreover, when 
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rhodopsin was exposed to light the changes in the resonance positions in the PWR spectra 

were significantiy smaller at pH = 5 (8 mdeg and 5 mdeg for p- and s-polarization, 

respectively), compared to the shifts observed in the case of egg PC films at the same pH. 

This demonstrates that the magnitude of the conformational changes induced in the 

proteolipid membrane upon Mil formation were smaller for the DOPC bilayer, 

presumably due to a decrease in the amount of Mil produced by photolysis {Botelho et 

al., 2002). As with egg PC, there were no changes in the PWR spectra when the same 

experiment was performed at pH 7.5 (data not shown). This is consistent with the fact 

that this pH is not favorable for Mil formation in PC bi layers (Botelho et al., 2002; 

Gibson and Brown, 1990). 

5.3.4- PWR changes induced by light for rhodopsin incorporated into a 

DOPC/DOPE bilayer 

As seen in Figure 5.8, panels C and D, the incorporation of the receptor into 

DOPC/DOPE recombinant films at pH = 5 produced changes in the PWR spectra quite 

similar to those observed in the case of egg PC recombinants, with an increase in both the 

resonance positions and amplitudes. However, light activation resulted in shifts to higher 

resonance angles for both p- and .s-polarized resonances, which were even larger and 

more anisotropic than in the egg PC case (29 mdeg and 18 mdeg for p- and s-

polarization, respectively). 



219 

B 

<p 
o c <D 
ts ffl 
5= 
® 
a; 

g 
c 
ra 
•s <u 
5= 
o 
cc 

0.9 

0.7 

0.5 

0.3 

0.1 -
T I "T"" 

61.6 61.9 62.0 
Incident angle, deg 

0.9 

0.7 -

0.5 -

0.3 

0.1 
1 1 1 1 

61.6 61.8 62.0 62.; 

Incident angle, deg 

1.0 

0.8 

0.6 

64.0 64.1 64,2 
Incident angle, deg 

1.0 -1 

0.8 -

0.6 -

0.4 -

D 

I I 
64.0 64.1 64.2 64.3 

Incident angle, deg 

Figure 5.8- PWR spectra obtained for rhodopsin/DOPC and 

rhodopsin/DO PC/DOPE recombinant films and changes obtained upon light 

activation using p-polarized (panels A and C) and s-polarized (panels B and D) light 

excitation. All spectra were measured with 632.8 nm exciting light. 
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A and B) Rhodopsin incorporation and light activation in a DOPC biiayer; 10 mM 

phosphate buffer, pH 5. (0) PWR spectra obtained after the formation of a DOPC lipid 

biiayer; (•) PWR spectra obtained after addition of an octylglucoside-containing buffer 

solution of rhodopsin; final rhodopsin concentration in the cell sample compartment was 

~1 liM; (+) PWR spectra obtained upon saturating yellow light activation (X~ 500 nm). 

C and D) Rhodopsin incorporation and light activation in a DOPC/DOPE (25:75 

moIe%) biiayer; 10 mM phosphate buffer, pH 5. (0) PWR spectra obtained after the 

formation of a DOPC/DOPE lipid biiayer; (•) PWR spectra obtained after addition of an 

octylglucoside-containing buffer solution of rhodopsin; final rhodopsin concentration in 

the cell sample compartment was ~1 jxM; (+) PWR spectra obtained upon saturating 

yellow light activation (X ~ 500 nm). 

In Figure 5.9, we have performed the same experiment at different pH values and 

determined the pKa value for the magnitude of the flash-induced PWR changes to be 7.3. 

This result is in good agreement with previous flash photolysis studies (Botelho et al., 

2002), lending further support to the interpretation that the PWR changes reflect the MI-

MII conformation change of photolyzed rhodopsin. Thus, both PWR and flash photolysis 

support the view that the MI-MII equilibrium is shifted towards the Mil state when PE is 

added to the system. 
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Figure 5.9- Dependence on pH of the changes in the PWR resonance angle observed 

in rhodopsin/DOPC/DOPE (25:75 mole%) recombinant films upon saturating 

yellow light irradiation. Squares represent the results obtained with p-polarized light 

and triangles those obtained using s-polarized light. The solid curve through the data 

points represents the best fit to the Henderson-Hasselbalch equation with an apparent pKa 

value of 7.3 ±0.13. 

We have also performed the same experiment at pH 5 using bilayers with 

different DOPC/DOPE ratios (Figure 5.10), and have found that an increase in the 

content of DOPE leads to an increase in the magnitude of the PWR spectral shifts 

observed upon rhodopsin activation. This is a direct demonstration of a greater extent of 

proteolipid membrane conformational change induced by Mil formation, which can be 

attributed to an increase in the contributions from the proteolipid restructuring to the 

stabilization of the Mil state as the PE concentration was increased. Such a linear 

dependence on mole % DOPE is predicted by a previously proposed flexible surface 
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model for membrane lipid-rhodopsin interaction (Botelho et al., 2002). We conclude that 

the data presented in Figures 5.6-5.10 strongly support the contention that the changes in 

the PWR spectra observed here are due to the formation of the Mil state of rhodopsin in 

the lipid bilayer upon light irradiation. New insights into the influence of the membrane 

environment on this process arc thereby obtained. 

Figure 5.10- Dependence on the DO PC/DOPE ratio of the changes in the PVVR 

resonance angle position observed at pH 5 upon yellow light irradiation. Squares 

represent the results obtained with p-polarized light and triangles those obtained using 5-

polarized light. The solid curve through the data points represents the best linear least 

squares fit. 
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0 
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5.3.5- PWR changes observed upon transducin interaction with the proteolipid 

system 

Gt was added to a PWR cell with a pre-formed DOPC/DOPE lipid bilayer at pH = 

5 containing rhodopsin and the PWR spectral changes were monitored. As seen in Figure 

5.11, panels A and B, addition of Gt to the proteolipid system caused a large increase in 

the angular position of the PWR spectra (~60 mdeg for p- and ~45 mdeg for .v-polarized 

light), as welt as a decrease in the signal amplitude. These changes are consistent with an 

increase in mass density and mass distribution in the proteohpid system as a consequence 

of Gt binding. It should be noted also that the PWR spectral changes were anisotropic 

(shifts larger for p- than ^-polarized light), consistent with similar studies using the 

human delta-opioid receptor (hDOR) (Chapter 4; Alves et al., 2003), and suggest an 

increase in bilayer thickness caused by Gt association with rhodopsin. The binding 

affinities of Gt to rhodopsin were obtained by measuring the shifts in the resonance 

minimum position of the P WR spectra at different Gt concentrations. Figure 5.11, panels 

C and D and Table 5.1 show that the affinity of Gt to rhodopsin was highly dependent on 

the activation state of the receptor, being much higher upon photoactivation (KD for Rho* 

~ 0.7 nM) than in the dark state (KD for Rho ~ 60 nM). We attribute this to the activated 

receptor being in a more favorable conformational state for optimal Gr interaction, as 

expected from a wide variety of other experiments on GPCRs. By directly measuring KD 

values the present experiments allow this to be quantified. Other previous studies 

(Dunham and Farrens, 1999; Altenbach et al., 1999a, b, 20001) have indicated that upon 

light activation rhodopsin undergoes a conformational change that leads to the protrusion 
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of the transmembrane helices outside of the lipid bilayer, thereby exposing regions of Gt 

recognition buried in the unactivated state of the receptor. 

When the same experiments were performed at pH 7.5, Gt affinity either to Rho 

or Rho* was comparable to that observed for Rho at pH - 5 (dark state; data not shown), 

further confirming that at pH 7.5 rhodopsin is in the inactive Ml state. Control 

experiments were performed to measure the degree of Gt binding to the lipid bilayer with 

no rhodopsin incorporated (data not shown), which showed that the G-protein has a much 

lower affinity for the lipid bilayer in the absence of receptor. 
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Figure 5.11- Interaction of transducin with light-activated (A, B and D) and dark-

adapted (C) rhodopsin/DOPC/DOPE recombinant films at pH 5 and changes 

obtained upon GTPyS and light activation. All spectra were measured with 632.8 nm 

exciting light. 

A and B) (•) PWR spectra obtained after rhodopsin incorporation into the lipid bilayer 

(DOPC/DOPE; 25:75 mole%) and after Gt interaction (^); PWR spectra obtained upon 
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saturating yellow light activation (+) and after GTPyS interaction (0) for p- and .v-

polarization, respectively. 

C and B) Binding curves were obtained by plotting the shifts in the resonance position 

minimum of the PWR spectra obtained after several incremental additions of aliquots of 

Gt forp- (•) and .^-polarized light (A.) and fitting the data to a hyperbolic function (solid 

curves). Dissociation constant values are given in Table 5.1. 

The same experiments as described above were also performed with a DOPC lipid 

bilayer at pH = 5 and pH = 7.5. At pH = 7.5, the results were similar to those obtained 

with the DOPC/DOPE bilayer, i.e. there was no difference in the affinity of Gt to Rho and 

Rho*, and the value was similar to that obtained at pH = 5 (data not shown). At pH - 5, 

the affinity of Gt to Rho* was increased to approximately 18 nM, but was still markedly 

less in comparison with the DOPC/DOPE bilayer (Table 5.1). This result is direct 

evidence that the lipid bilayer composition affects not only the receptor activation 

(Wiedmann et al., 1998; Gibson and Brown, 1998) but also the initial events of the 

signaling cascade in the visual process (Brown, 1997). This can again be attributed to the 

fact that DOPC bilayers have a tendency to have zero spontaneous curvature (Altenbach 

et al., 1996), which is unfavorable for the conformational events occurring upon 

rhodopsin activation that lead to Gt binding. 
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Table 5.1- Binding affinities between transducin (Gt) and rhodopsin (dark-adapted 

and light-activated) and between GTPyS and transducin in DOPC and 

DOPC/DOPE (25:75) bilayers at pH 5.^ 

Kd Dark-adapted Ki) Light-activated 

Composition DOPC DOPC/DOPE 

(25:75) 

DOPC DOPC/DOPE 

(25:75) 

GfRho / nM 6 8  ± 9  64 ± 11 18 ± 3 0.7 ± 0.1 

Gt-GTPyS / nM 
b b 748 ± 85 736 ± 94 

®The Kq values reported were obtained from plotting the resonance minimum position for 

the PWR spectra as a function of either Gt or GTPyS concentration and fitting the data to 
the following hyperbolic function that describes the 1:1 binding of a ligand to a receptor: 
Y = (Bniax X X)/ (Kd + X). Bnux represents the maximum concentration bound and Kd is 
the concentration of ligand required to reach half-maximal binding. The K© value 
represents the average of those obtained for p- and ^-polarized light. 

Vio PWR spectral changes were observed in this case. 

5.3.6- PWR changes observed upon GTPyS interaction and light activation with 

rhodopsin-transducin 

The interaction of GTPyS with the proteolipid system containing Rho* and Gt 

produced large anisotropic shifts in the PWR spectra to smaller resonance angles (-42 

mdeg forp- and -30 mdeg for i--polarization; Figure 5.11, panels A and B). We attribute 

this to a decrease of mass in the proteolipid system as a consequence of the dissociation 
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of the G-protein from the receptor and bilayer. Since the shift did not return the spectrum 

to the original value, we assume that the entire heterotrimeric transducin molecule was 

not released from the membrane. Similar changes in p-polarized spectra have been 

reported previously for rhodopsin using SPR (Heyse et al, 1997), and for PWR 

experiments performed using the hDOR (Chapter 4; A Ives et al., 2003). The affinity of 

GTPyS for GfRho* was determined to be ~ 700 nM, as shown in Figure 5.12, and was 

independent of the lipid bilayer composition (Table 5.1). It is important to note that no 

PWR spectral changes were observed upon GTPyS addition in the absence of prior 

rhodopsin photoactivation. Upon subsequent irradiation of the system a decrease in the 

amplitude of the PWR spectra and shifts to smaller resonance angles were observed. 

These results are a direct demonstration that the binding capability of Gt to the receptor 

and its activation are independent phenomena, and that the GTP/GDP exchange activity 

of Gt requires the presence of activated receptor. We conclude that the affinity of GTPyS 

to Gt is dependent on the receptor activation state but independent of the lipid bilayer 

composition. 
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Figure 5.12- Binding curves for the interaction of GTPyS with the light-activated 

rhodopsin- Gt complex in DOPC:DOPE (25:75 mole%) films. Binding curves were 

obtained by plotting the shifts in the resonance position minimum of the PVVR spectra 

obtained after several incremental additions of aliquots of GTPyS for p- (•) and s-

polarized light (A). Solid curves correspond to hyperbolic fits to the data; dissociation 

constant values are given in Table 5.1. 

As shown in Figure 5.11, panels A and B, the light-driven conformational change 

of rhodopsin in the presence of Gt produced an increase in the resonance minimum 

position for both p- and ^-polarized light in both lipid bilayer compositions at pH = 5. 

However, the magnitude of this conformational change was larger for the DOPC/DOPE 

bilayer (~60 mdeg) than for the DOPC bilayer (~40 mdeg), for reasons already discussed. 

It should also be noted that the magnitude of the PWR change, regardless of the lipid 

bilayer composition, was smaller when Gt was present than when it was absent. Thus, in 

the case of the DOPC/DOPE bilayer, PWR shifts of 27 mdeg for /^-polarized light and 17 
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mdeg for 5-polarized light were observed in the absence of Gt, vs. 14 mdeg for p-

polarized light and 13 mdeg for s-polarization in the presence of Gt. This decrease in the 

magnitude of the PWR spectral shifts indicates that the structural changes in the 

proteolipid system were different under these two conditions. This difference could 

originate from the lipid, the receptor or the Gt, or to any combination of these. However, 

in combination with the fact that the affinity of Gt was increased when rhodopsin was 

activated, these results appear to be direct evidence for the so-called high affinity and low 

affinity states of the receptor. 

5.4 Conclusions 

We have shown in these studies that PWR spectroscopy measures the effects of 

lipid bilayer composition and buffer pH on rhodopsin activation and correlates quite well 

with studies previously performed using flash photolysis techniques (Botelho et al., 

2002). Specifically, both experiments show that rhodopsin activation in the presence of 

PE compared to PC favors the formation of the Mil state of rhodopsin, with a shift in the 

pKa that describes the MI -Mil transition of about 1 pH unit. PWR, being sensitive to 

conformational changes occurring in both the protein and the lipids upon receptor 

activation, rather than in the chromophore alone as is the case with flash photolysis 

measurements (Botelho et al., 2002), provides additional important information. Thus, we 

have observed that lipid bilayers with high contents of non-lamellar forming lipids 

(DOPC vs. DOPE), or a more diverse assortment of fatty acyl chains (egg PC vs. DOPC), 

generate more anisotropic structural changes upon receptor incorporation. Additionally, 
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these bilayer compositions favor the formation of the activated state of rhodopsin (Mil) 

by aliowing the bilayer to participate directly in the receptor conformational change, as 

evidenced by the larger and more anisotropic structural changes observed in the PWR 

spectra upon light activation. We attribute this to the increased propensity of these lipids 

to form the reverse hexagonal phase (Hn), due to the relatively small head group in 

combination with bulky, less ordered acyl chains (Brown, 1994). As a result, the negative 

spontaneous curvature could facilitate insertion of the receptor into an appropriate lipid 

environment within the bilayer, as well as favor reorientation of the transmembrane 

helices allowing for a protrusion of rhodopsin from the membrane in conjunction with the 

conformational changes occurring upon receptor activation Decreased formation of Mil 

in DOPC and egg PC compared to DOPC/DOPE mixtures has been previously observed 

by flash photolysis, and has been interpreted as follows (Botelho et a!., 2002). For DOPC 

the spontaneous curvature is zero (Brown, 1994) and can match the curvature at the 

protein-lipid boundary in the MI state, rather than in the Mil state where the curvature is 

suggested to be negative. The consequent increase in curvature free energy associated 

with the MI-MII transition disfavors Mil, as was observed experimentally both by flash 

photolysis (Botelho et al., 2002) and now by PWR spectroscopy. Enhanced Mil 

formation due to DOPE has been previously observed in the flash photolysis experiments 

(Botelho et al., 2002) and the present experiments contribute to understanding the 

functional consequences of membrane restructuring due to the presence of the smaller PE 

head group, which has a tendency to promote reverse hexagonal Hn phase formation due 

to its negative spontaneous curvature. According to this view, matching of the negative 



232 

spontaneous curvature to the curvature at the protein-Iipid hydrophobic boundary yields a 

reduction of the curvature free energy and promotes formation of the Mil state. 

The larger changes in the proteolipid membrane structure upon receptor activation 

for PE vs. PC containing bilayers has not been observed before, and may include a 

contribution from restructuring of the hi layer lipids associated with the conformation 

changes of rhodopsin leading to receptor activation. By contrast, in the flash photolysis 

studies (Botelho et al., 2002) the signal amplitude is the same regardless of lipid bilayer 

composition. We suggest that the differences in the PWR spectral amplitudes for the 

different lipid compositions were due to the different spontaneous curvature properties of 

the lipids. In this view, both lipid and rhodopsin contributed to the PWR changes in the 

PE bilayer, whereas in the PC case, the smaller PWR spectral shifts were mainly due to 

the protein conformational change, rather than to a combination of protein and lipid 

changes. Future studies, involving the use of chromophore labeled lipids could be used to 

provide further insights into this question (Salamon et al., 1999; Salamon and Tollin, 

2004). 

We have also investigated the interaction of Gt with rhodopsin and have found 

that the affinity is greatly affected by the receptor activation state as well as by the lipid 

bilayer composition. Direct evidence has been obtained that Gt is able to bind not only to 

light-activated but also to dark-adapted rhodopsin (Hamm et al., 1997), as was also 

shown by our previous SPR studies (Salamon et al., 1996). Other measurements of the 

affinity of Gt to light-activated rhodopsin have produced Ko values comparable to ours 
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(Bermett and Dupont, 1985; Konig et ai, 1989; Mitchell et al., 2001). Moreover, we have 

observed similar changes in the affinity of G-proteins to different activation states of 

another GPCR, the human 5-opioid receptor (Chapters 3 and 4; Alves et al., 2003). In this 

latter case the agonist-occupied receptor had a higher affinity for G-proteins than the 

antagonist- or inverse agonist-bound receptor. Since the dark-adapted state of rhodopsin 

corresponds to an antagonist-bound receptor, the present result is consistent with this. 

Modulation of the coupling of Gt to rhodopsin by the lipid bilayer composition 

has been observed using spectrophotometry (Mitchell et al., 2001; Niu et al., 2001), in 

which chain unsaturation and cholesterol influenced both the affinity and the kinetics. In 

the present studies, we have found that nonlamellar-forming lipids such as DOPE, with a 

small head group in comparison to the bulky unsaturated acyl chains, favor this 

interaction relative to lamellar-forming lipids, i.e. those with larger head groups such as 

DOPC. Furthermore, we have also observed that Gt is only active, i.e. capable of GDP-

GTP exchange, when bound to an active receptor, pointing to the idea that its affinity to 

rhodopsin and its activity are separate phenomena. This is also supported by the 

observation that GTPyS affinity to Gt, but not the affinity of Gt to rhodopsin, was 

independent of the lipid bilayer composition. Thus we have shown that incorporation of 

DOPE into a PC-containing bilayer enhances the affinity of Gt to light-activated 

rhodopsin, without influencing its affinity to dark-adapted rhodopsin or on the ability of 

Gt to undergo GTP/GDP exchange. The membrane environment in this instance 

specifically affects the agonist-induced conformational event that occurs during receptor 

function. This may have important implications for GPCR biology. Taken together, the 
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present results demonstrate the ability of PWR spectroscopy to monitor both mass density 

and conformation changes related to the lipid modulation of GPCR activation and signal 

transduction events. This will be especially important in applications to GPCRs for which 

flash photolysis techniques cannot be used. In addition, the observation that the lipid 

composition of the bilayer can enhance the ability of a GPCR to become activated and to 

bind a G-protein has important implications for the regulation of receptor activity by 

sorting into membrane microdomains (Simons and Toomre, 2000). 



FUTURE PEESPECTIVES 

Several questioHS from these studies still remain to be addressed. Here a 

prespective of future research is given as a continuation of the presented work. The 

ligand induced conformational changes of the hDOR were investigated (Chapter 3), even 

though it was demonstrated that the hDOR adopts different conformations upon binding 

of different classes of ligands, no complete charactrization of those states was provided 

due to the inability of performing a more detailed spetral analysis from where optical 

parameters can be obtained. A more refined characterization of the conformational states 

produced upon binding of different classes of lignds will be important nd will provide 

further insights in the receptor structure of the different states. Also, it will be interesting 

to see whereas other GPCRs follow the same pattern observed with the hDOR. A more 

detailed kinetic analysis of the receptor conformational changes induced by ligand 

binding will also be advisable. 

The interactions of different bound states of the receptor with Gja-protein 

subtypes were investigated (Chapter 4). It is known that there are at least 6 Gp subunits 

and 11 subtypes of Gy subunits. In thes studies we had use a mixture of Gpy subunits from 

brain and so it will be interesting to see whereas there is any selectivity in terms of the 

interactions of the different Gpy subunits with the receptor. 

Relative to the studies involving rhodopsin activation in different lipid bilayer 

compositions (Chapter 5) it will be interesting to investigate whereas the lipid effects 

observed are also applicable to other receptor systems other than rhodopsin. It will also 

be interesting to investigate the effect of other lipids, such as sphingomyelin or higly 
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unsaturated lipids, on the activation and signling events of GPCRS. Several studies have 

point to the existence of lipid rafts in the lipid bilayer, it will be interesting to look at the 

effect of the lipid raft in the activation and signl transduction by GPCRs. Some studies 

have shown that certin GPCRs or G-proteins preferentially partitionate to lipid rafts, it 

will be nice to investigate so using PWR. 
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