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ABSTRACT 

Rhodopsin is a seven transmembrane helix GPCR found which mediates dim light 

vision, in which the binding pocket is occupied by the ligand ll-cw-reteinal. A site-

directed ^H-labeling approach utilizing solid-state NMR spectroscopy was used to 

investigate the structure and dynamics of retinal within its binding pocket in the dark 

state of rhodopsin, and as well the Metal and Metall. 1 \-cis-

and 11 -cw-[13-C^H3]-retinal were used to regenerate bleached rhodopsin. Recombinant 

membranes comprising purified rhodopsin and l-palmitoyl-2-oleoyl-5«-glycero-3-

phosphocholine (POPC) were prepared (1:50 molar ratio). Solid-state NMR spectra 

were obtained for the aligned rhodopsin/POPC recombinant membranes at temperatures 

below the order-disorder phase transition temperature of POPC. The solid-state NMR 

studies of aligned samples, give the orientations of the nuclear coupling tensor relative 

to the membrane frame, which involve both the conformation and orientation of the 

bound retinal chromophore. Theoretical simulations of the experimental NMR spectra 

employed a new lineshape treatment for a semi-random distribution due to static uniaxial 

disorder. The analysis gives the orientation of the ^H-labeled C-C^Hs methyl bond axes 

relative to the membrane plane as well as the extent of three-dimensional alignment 

disorder (mosaic spread). These results clearly demonstrate the applicability of site-

directed NMR methods for investigating conformational changes and dynamics of 

ligands bound to rhodopsin and other GPCRs in relation to their characteristic 

mechanisms of action. 
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CHAPTER 1 

INTRODUCTION TO RHODOPSIN AND THE PHOTOINTERMEDIATES 

l.I Rhodopsin General Description 

1.1.1 Introduction to Rhodopsin. Rhodopsin was first isolated in 1878 by W. 

Kuhn, and was proposed as the key molecule in vision. Later on, George Wald 

determined the chemical nature of the chromophoric light-absorbing molecule in 

rhodopsin. He found the antenna responsible for capturing a photon of visible light to be 

the 11-cw isomer of the derivative of vitamin A, retinal. Later in 1968, George Wald was 

awarded with the Nobel Prize for discovering what he referred to as the molecule or 

antenna responsible for capturing a photon and initiating the complex biochemical 

process of vision, i.e., the ll-cis isomer of the derivative of vitamin A (Wald, 1933). The 

importance of his discovery was summarized in one of his famous quotation; "The only 

action of light in vision is to isomerize the chromophore of a visual pigment from the 11-

cis to the all-trans configuration. Everything else that happens-chemically, 

physiologically, indeed physiologically, represents dark consequences of this light 

reaction" (Wald, 1968). The protein opsin and the chromophore ll-cw-retinal (or a 

slightly modified derivative) is found in most animal eyes whatever the species and 

evolutionary diversity (Garriga et al., 2002). Melanopsin has been proposed as the 

photopigment mediating many of the non-rod, non-cone responses to light showing low 

levels of amino acid identity, to known photopigments from the opsin family (Russel et 

al., 2002). Rhodopsin is a seven-transmembrane helix (7TMH, Fig.l) receptor 

responsible for dim light (scotopic) vision in the vertebrate rod cells (Wald, 1968; Stryer, 



17 

1991; Khorana, 1997). It is one of the archetypes for G-protein-coupled receptors 

(Hargrave et al., 1992; Gartner, 2001; Meyer et ah, 2000). Three types of cone 

photoreceptor cells, each containing a distinct visual pigment with absorption maxima 

(-^ax) at ~420, 530, or 560 nm, mediate color vision. Rod photoreceptor cells, used for 

night vision, are highly enriched in rhodopsin which contains the chromophore 11 -cis-

retinal covalently bound to Lys-296 in the seventh transmembrane helix, through a 

Fig. 1.1. Schematic representation of bovine rhodopsin. Buried residues are shown in gray. 

Orange, red, and violet denote surface residues. Residues in contact with polar headgroups of the 

membrane on the cytoplasmic side (top) are orange. Similar residues on the extracellular side 

(bottom) are red. All other surface residues are violet. Retinal is depicted at the top left. Figure 

from (Filipek et al., 2003). 
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protonated Schiff base (PSB) linkage, which absorbs maximally at 498 nm (Yoshizawa et 

al., 1963; Birge et ai, 1988; Lin et al., 1998; GMner, 2001). 

1.1.2 The Rod Organization. The photoreceptor rod outer segment (ROS) 

comprises a stack of disk or lamellar membranes, spaced about 30 nm apart. Thus, a 

human rod outer segment 25 jim in length has around 800 disks. Each of the two 

flattened surfaces of a rod disk membrane is packed with rhodopsin molecules at a 

density of -25000 ^lm^ per ROS, with a diameter of ~2 fim, would contain about 10^ 

(a) (b) (c) 

Mitochondrion 
Nucleus 
Shed disc stack 
SER 

Microvilli 

Fig. 1.2. Anatomical description of the photoreceptor outer segments and the retinal pigment 

epithelium in primates, (a) Light micrograph of the parafoveal region of rhesus monkey choroid, 

RPE, and distal retina, reproduced with permission from, (h) Cutaway schematic, showing the 

sequence (from outermost) of: choriocapillaris vessels, Bruch's membrane, retinal pigment 

epithelial cells, and tips of the photoreceptor outer segments, (c) Schematic diagram of a single 

human RPE cell, contacting roughly 20 photoreceptors under the entire cell, (d) Cross-sectional 

sketch of an RPE cell. Abbreviations: CH: choriocapillaris; BM: Bruch's membrane; RPE: retinal 

pigment epithelium; OS: outer segments; IS inner segments; OLM: outer limiting membrane; 

ONL, outer nuclear layer, SER, smooth endoplasmic reticulum. Figure from (Lamb et al., 2004). 
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rhodopsin molecules, and their concentration (relative to the total outer segment volume) 

would be ~ 3mM. In the disk membranes the rhodopsin molecules move freely, with a 

2 1 
diffusion coefficient of -0.5 fim s at room temperature, a value as high as is known for 

intra-membrane diffusion of any membrane protein (Lamb et al., 2004). The dense 

packing serves to increase the probability of absorption of light, while the high diffusion 

coefficient plays an important role in maximizing the gain of the first reaction of 

phototransduction, e.g., the activation of the G-protein transducin. In Fig. 1.2(a), we can 

see a light micrograph showing the choroid, RPE, and retina from a rhesus monkey 

(Lamb et al., 2004). As may be seen in that panel, and as is indicated in the cutaway 

diagram of Fig. L2(b), the choriocapillaris (CH) is separated from the photoreceptor rod 

outer segments (ROS) by four structures; the vascular endothelial cells; a five-layered 

sheet called Bruch's membrane (BM); a single layer of epithelial cells called the retinal 

pigment epithelium (RPE); and a thin extracellular gap containing the inter-photoreceptor 

matrix (IPM). The arrangement of a single RPE cell is shown schematically in Fig. 

1.2(c), and a cross-section through a single RPE cell is sketched in Fig. 1.2(d). 

Here, two main points should be emphasized. The first is that the quantity of 

rhodopsin in the human retina is very large, and exceeds the amount of the next most 

abundant macromolecule (arrestin) by a factor approaching 10. And because each 

rhodopsin molecule in the dark-adapted retina carries a molecule of retinal, it follows that 

exposure of the retina to light that "bleaches" substantial amounts of rhodopsin will 

inevitably produce concentrations of retinoid by-products that could potentially approach 

the millimolar range. Such retinoids are thought to be toxic at high concentrations, and a 
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massive release of them, leads to the formation of A2-rhodopsin (A2-Rh), an 

unprecedented fluorescent rhodopsin adduct which consists of bisretinoids (A2) linked to 

each of three lysine residues in rhodopsin, causing damage to the cell (Nathan et al, 

2003). The second point is that, as an organelle, the rod outer segment is highly 

specialized for signaling, and it retains only a limited subset of the full complement of 

biochemical pathways of the cell. But in addition to the proteins required for 

phototransduction, the outer segment clearly requires sufficient levels of the enzymes and 

co-factors needed for dealing with large quantities of potentially toxic retinoids (Lamb et 

al, 2004). 

1.1.3 Rhodopsin as a member of the GPCRs superfamily. The G-protein-coupled 

receptors (GPCR) represent the largest known superfamily of transmembrane receptors 

responsible for the transmission of extracellular signals, conveying this information to 

produce intracellular responses by stimuli as diverse as light, protons, Ca^"^, odorants, 

amino acids, nucleotides, proteins, polypeptides, steroids, and fatty acid derivatives 

(Bockaert & Pin, 1999; Mailer, 2003). In general terms, upon activation of the receptor 

the exchange of OTP for GDP bound to the Ga subunit is induced within the cell, 

followed by the dissociation of the G^-GTP subunit from Gpy and coupling to effector 

enzymes. Thus the production of secondary messengers such as, for example, cAMP, 

cyclic guanosine monophosphate (cGMP), diacylglycerol (DAG), and Ca^^ ions is 

induced or inhibited (Klabunde et al, 2002). GPCRs mediate a variety of intracellular 

responses, thereby regulating cell function via activation of G-protein-dependent and 

independent pathways (Hall et al, 1999; Shenoy & Lefkowitz, 2003). Abnormalities of 
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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, diabetes, asthma, 

and color blindness (Ingrid et al., 2004). Targeting GPCRs for therapeutic intervention 

has been a prime target, with 50% of drugs on the market acting as either surrogate 

activators or inhibitors of the GPCRs that have defined native ligands (Sadashiva et al., 

2003). The classification and diversity of GPCRs is well evidenced in Fig. 1.3. Three 

main families (1, 2, and 3) can be easily recognized when comparing their amino-acid 

sequences. Receptors from different families share no sequence similarity, suggesting 

that we are in the presence of a remarkable example of molecular convergence. Family 1 

contains most GPCRs including receptors for odorants. Group la contains GPCRs for 

small ligands including rhodopsin and y^adrenergic receptors. The binding site is 

localized within the seven-transmembrane (TM) helices. Group lb contains receptors for 

peptides whose binding site includes the N-terminal, the extracellular loops, and the 

superior parts of TMs. Group Ic contains GPCRs for glycoprotein hormones. It is 

characterized by a large extracellular domain and a binding site which is mostly 

extracellular but at least with contact with extracellular loops El and E3. Family 2 

GPCRs have a similar morphology to group Ic GPCRs, but they do not share any 

sequence homology. Their ligands include high molecular weight hormones such as 

glucagon, secretin, VIP-PACA, or-latrotoxin. Family 3 contains mGluRs and the Ca^"^ 

sensing receptors. Family 4 comprises pheromone receptors (VNs) associated with Gi. 
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Fig. 1.3. Classification and diversity of GPCRs. This superfamily of receptors are responsible 

for the transmission of extracellular signals, conveying this information to produce intracellular 

responses by stimuli as diverse as light, protons, Ca^^, odorants, amino acids, nucleotides, 

proteins, polypeptides, steroids, and fatty acid derivatives. Please see text for further details. 

Figure from (Bockaert and Pin, 1999). 
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Family 5 includes the 'frizzled' and the 'smoothened' (Smo) receptors involved in 

embryonic development and in particular in cell polarity and segmentation. Finally, the 

cAMP receptors (cAR) have only been found in D.discoideum but their possible 

expression in vertebrate has not yet been reported (Bockaert and Pin, 1999). The 

completion of the human genome project has identified over 800 GPCR genes (Lander et 

al., 2001; Venter et al., 2001). About 50% of these genes are thought to encode for 

sensory receptors. Of the remaining 360 GPCRs, 210 receptors possess an endogenous 

ligand and 150 are still orphan receptors (i.e., without assigned ligand or function) 

(Kostenis, 2004). 

Rhodopsin is comprised of the apoprotein opsin (348 amino acids) and the 

chromophore 11-cw-retinal, which is covalently bound to Lys in transmembrane helix 

seven (TM7) via a protonated Schiff base (SB) linkage (Hargrave et al., 1992; Meyer et 

al., 2000) see Fig 1.1. It has a total molecular mass (M^) of ~ 42 kD, when 

posttranslational modifications are included (palmitoylation, acetylation of N-terminus, 

and glycosylation). The most prevalent amino acids are Phe (8.9%), Val (8.9%), Ala 

(8.3%), and Leu (8.0%), suggesting a major hydrophobic character for this protein 

(Slowmir et al., 2003). The length and width of the elliptic footprint on the plane at the 

middle of the membrane is roughly 45 by 37 A and occupies a surface close to 1500 A. 

Fig 1.4a shows a cartoon of the structure of rhodopsin with the seven transmembrane 

helices and the extracellular and cytosolic loops. The chromophore ll-cii retinal is 

highlighted inside of the protein binding pocket with a Schiff base linkage to Lys-296. 

The molecule is orientated with the cytosolic surface facing downwards. The seven 
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transmembrane helices are labeled I through VII, and they span the membrane with the 

same overall topology as found in bacteriorhodopsin (Krebs et ai, 2003). Helix Vni is a 

short helix connected directly to helix Vn which lies with its helical axis parallel to the 

membrane surface. This helix most likely does not penetrate deeply into the hydrophobic 

region of the membrane. A notable characteristic in this GPCR family is the fact that the 

seven transmembrane helices in rhodopsin are not regular a-helices. The kinks and twists 

in the helices have been analyzed and in some cases have been associated with elements 

of S^'or n helix (Stenkamp et ah, 2002). In helices I, FV, V, VI, and VII, the bends are 

associated with proline residues. While the proline side chain removes the main chain 

hydrogen bond for this residue, its 0 and conformational angles are close to those 

found in a-helices {0 = -49°, -51°) (Stenkamp et ai, 2002). In Fig. 1.4b we can see 

a close-up of the critical regions: DRY region (blue). Although for rhodopsin this motif is 

ERY, in a majority of GPCRs it is DRY and therefore referred to as the DRY motif. This 

highly conserved region has been implicated in the regulation of the receptor's interaction 

with its G protein. In this motif, there are salt bridges between Glul34, Glu247, and 

Argl35. This organization of ionic interactions within the hydrophobic pocket could be 

one of the critical constraints in keeping rhodopsin in the inactive conformation. 

Palmitoyl groups (red) are attached to Cys322 and Cys323. Attached to Asn residues are 

oligosaccharide moieties (brown), mainly composed by units of GlcNAc-(bl,4)-GlcNAc-

(bI,4)-y^D-mannose N-glucosamine (Filipeck et ah, 2003; Li et al., 2004). 
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a) b) 

V-H f 

Fig. 1.4. (a) Ribbon drawing of the rhodopsin molecule with the chromophore 11-cw retinal in 

purple. Covalently bounded to the protein are two palmitoyl chains and the oligosaccharide 

groups showing in ball-stick models, (b) Close-up of the critical regions: DRY region (in 

rhodopsin ERY, blue); palmitoyl groups (red); NPXXY region (light blue); chromophore; 

Proline kink in helix VI, Lys296 (violet); disulfide bridge (yellow); and oligosaccharide moieties 

(brown). Figure from (Filipek et al., 2003). 

1.2.4 Rhodopsin Activation. Upon reception of light, rhodopsin activates a G 

protein, transducin (Gt). Transducin, in turn, activates an effector system that completes 

the transduction of a photon-signal into a neuronal signal event that leads to vision, cf. 

Fig. 1.5 (Wald, 1968; Hargrave et al., 1992; Meyer, et al, 2000). In the dark-adapted 
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state, retinal maintains the receptor in the inactive conformation, and acts as a highly 

effective inverse agonist (Hofmann et al., 1995; Okada et al., 2001). In Fig. 1.5, the 

process by which light activates rhodopsin is depicted and the subsequent photoreceptor 

transduction cascade in a rod cell. 

In the dark-adapted state. Fig. 1.5(a), in the disk membranes (DM), opsin is bound 

to its 11-cw-retinal inverse agonist ligand to form rhodopsin, which is held in an inactive 

conformation. Basal activity of the guanylyl cyclase keeps the cyclic GMP (cGMP) at a 

relatively high level, and the binding of cGMP to cGMP-gated channels in the plasma 

membrane (PM) keeps the probability of these channels being open relatively high. Both 

Na"^ (green spheres) and Ca^"^ (red spheres) enter the channels in darkness, and the dark 

2 I 

free-Ca concentration in the rod is kept relatively high, 250 nM in mice retinas (Yau et 

al., 1984). 

Figure 1.5(b) shows the activation of the transduction cascade in light (hv): The 

11-cw retinal is photoisomerized to all-trans-retinal, forming activated rhodopsin, which 

binds and activates a heterotrimeric G protein called transducin (activated transducin a, 

T*a). This activates its downstream effector, cGMP phosphodiesterase, which hydrolyzes 

cGMP to GMP, and reduces both the cGMP concentration and the probability of the 

cGMP-gated channels opening, thus reducing the influx of Ca^"^. This produces a 

decrease in the intracellular Ca^"^ concentration proportional to the number of channels 

closed, which is therefore graded with the intensity of the light (Hodgkin et al, 1985). 

Lastly Fig. 1.5(c) Certain forms of mutant opsin can activate the cascade at a high rate. 
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Fig. 1.5. Schematic overview of the vertebrate visual transduction cascade. Disc membranes (DM), 

plasma membrane (PM). Please see text for fiirther details. Figure from (Lem et al., 2004). 

but even normal opsin activate at a rate substantially higher than dark-adapted 
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rhodopsin. If the concentration of opsin is sufficiently great, as in vitamin A deprivation, 

the rod will behave as if stimulated by a bright background light (Cornwall et al., 1995; 

Lem et al., 2004). Following the absorption of a photon, the retinal isomerizes to a 

strained all-?rans-conformation (Wald, 1968; Okada et al., 2001; Khorana, 1997). This 

process provides rhodopsin with a dispensable energy of ~ 230 kJ mol"'. Two thirds of 

this energy is stored in the photoisomerized chromophore as the all-fran^-retinylidene-

opsin complex (Shieh et al., 1998). The photoisomerization process induces a series of 

conformational rearrangements of the opsin moiety that are still not well understood. 

A major breakthrough in the study of GPCRs and rhodopsin in particular, was 

achieved when a three-dimensional (3D) structure for rhodopsin with atomic resolution 

was obtained, with the Protein Data Bank (PDB) accession code 1F88 (Palcezewski et 

al., 2000). This represents indeed a major scientific step which allowed a more detailed 

evaluation of many of the results obtained and reported previously (Yoshizawa & Wald, 

1963; Birge et al., 1988; Hargrave et al., 1992; Khorana HG, 1997; Borhan et al., 2000) 

regarding rhodopsin activation. Since then, four other structures have been deposited in 

the (PDB) with the following accession codes, IHZX (Teller et al., 2001), a refined 

model from the original structure (1F88), lL9H(0kada et al., 2002), 1U19 (Okada et al, 

2004), and IGZM (Li et al., 2004). The recent crystallographic data together with data 

acquired with spectroscopic techniques, allows a more precise description of the 

mechanism of action, especially in the dark-adapted state. However, the crystal structure 

still does not allow a precise description of the interactions between the chromophore and 

protein among the different photointermediates. In addition, the x-ray structure does not 
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describe the environment of natural membranes, nor does it report the dynamics and the 

conformation changes that both the protein and chromophore experience upon light 

activation (Gartner W, 2001; Salgado et al., 2004). 

1.2.3 Rhodopsin Photointermediates 

In Fig. 1.6 we can see the schematic representation of the photointermediates of 

rhodopsin. Photoisomerization of the W-cis double bond occurs on a femtosecond time 

scale and yields the photoproduct photorhodopsin with a highly distorted 11-trans bond. 

The photolyzed pigment thermally relaxes through several intermediates which can be 

distinguished because of their distinct values by low-temperature spectroscopic 

studies (Matthews et al., 1963, Wald 1968, Yoshizawa, 1972). Progressive release of the 

strain in the chromophore leads through batho- and lumirhodopsin to Metal, as seen by 

the different absorption maxima that arise from changes in chromophore/protein 

interaction. A blue-shifted intermediate (BSI) cannot be trapped at low temperatures and 

appears transiently (Jager et al., 1997). Up to Metal, protonation of the Schiff base 

persists, probably due to the low p^fiTa of the stabilizing counterion Glull3. Larger 

conformational changes of the protein moiety occur during the transition to the active 

state Metall (Jager et al., 1997), which is in equilibrium with its predecessor Metal. The 

Metall represents the agonist-bound active receptor state capable of interaction with the 

appropriate G-protein transducin. Transition to Metall is facilitated by retinal in its all-

trans conformation, which allows efficient proton transfer to the counterion. 

Deprotonation of the Schiff base results in a large blue-shifted value for Xmax (380 nm). 
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Metall decays, either directly or through a species termed Metalll with a reprotonated 

retinal Schiff base (A^nax = 465 nm), into the apoprotein opsin and all-trans-retinal as a 

result of irreversible hydrolysis of the Schiff base linkage. There are 27 amino acid 

residues of the opsin molecule in the neighborhood of the chromophore pocket at a 

distance less than 4.5 A, which may also contribute to spectral tuning of retinal (Sughiara 

et al., 2002). These amino acids have been identified (Palcewski et al., 2000) and consist 

of Tyr43, Met44, Leu47, Thr94, Glull3, Alall7, ThrllS, Glyl20, Glyl21, Glul22, 

Tyrl78, GlulSl, Serl86, Cysl87, GlylSS, Ilel89, Tyrl91, Met207, His211, Phe212, 

Phe261, Trp265, Tyr268, Ala269, Phe293, Ala295, and Lys296. 

Vertebrate rhodopsin cannot be regenerated in situ by reisomerization of retinal 

with a second photon unlike the case of invertebrates. All-trans-retinal is reduced to 

retinol by retinol dehydrogenase and transported out of the photoreceptor cell to adjacent 

retinal pigment epithelial cells, where 1 l-cw-retinal is regenerated (Xue et al., 2004). Of 

critical importance to the recovery of the electrical response in the photoreceptor are two 

other reactions: the multiple phosphorylation of activated rhodopsin mediated by 

rhodopsin kinase (RK), and the subsequent capping of the active site on the 

phosphorylated metarhodopsin by arrestin (Arr) (Lamb etal., 2004). 

One way to characterize the intermediates is to trap them at low temperatures. 

This approach led to the classical "bleaching" scheme (^max values in nanometers): 
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rho (498) -> bathorhodopsin (batho) (542)^ lumirhodopsin(lumi) (497) 

Metal (480) -> Metall (380)^Metain (465) 

Scheme I 

However, at more physiologically relevant temperatures, time-resolved measurements up 

to 1 msec after photolysis reveal a new intermediate and a different kinetic scheme. The 

following reaction scheme was proposed to occur during the nanosecond-to-microsecond 

time regime (Jager et al., 1997): 

rho (498) ^batho (529) -> bsi (477) ^lumi (492) ^ 

Metal (480) ^ Metall (380)->Metani (465) 

Scheme II 
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Fig. 1.6. Schematic representation of rhodopsin photoisomerization process. These processes 

were first reported by Wald and coworkers through absorption spectroscopy, and subsequently 

trapping the photointermediates at low temperatures. Please see text for further information. 

Figure from (Ernst et al., 2002). 

In what follows, a more detailed description of each of the photointermediates will be 

presented. 

1.2.1 Dark State. The characteristic absorption spectrum of the rhodopsin 

ground state (A-max=498 nm), originates from the interaction between the chromophoric 

ligand 11-cw-retinal (A,max=380 nm) and its binding site in the apoprotein opsin. The red-

shifted Xmax value of rhodopsin is a result of the protonated form of the Schiff base and 

delocalization of the positive charge throughout the polyene chain, which is affected by 
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the distance of the counterion Glul 13 from the Schiff base and the local electrostatic field 

within the binding site (Ernst et al., 2002). 

From data obtained from optical spectroscopy (resonance Raman spectroscopy, 

circular dichroism (CD), and absorption of the chromophore in the UVA^isible region), 

NMR, crystallography, and MD simulations, it can be concluded that the chromophore 

does not assume a fully planar conformation in the ground state, but rather mciintains a 

significant overall twist. Such a twist is also found in other rhodopsin-like proteins, such 

as bacteriorhodopsin (Nevzarov et al., 1998; Tajkhorshid et al., 2000) and sensory 

rhodopsin 11 (Hayashi et al., 2001). The torsional distortion is believed to be responsible 

for the unique reactivity of rhodopsin: removing the methyl group in the C13 position 

(Fig. 1.1), which results in a flattened chromophore, reduces the quantum efficiency of 

the photoreaction from about 0.65 to 0.43 or less (Buss, 2001). The orientation of the 

main (498 nm) transition dipole moment of the chromophore is 16° from the membrane 

plane (Buss et al., 2001). The cis band transition dipole, defined by the out-of-phase 

oscillation of the C7=C8, C9=C10, and CI 1=C12 oscillators with respect to the C13=C14 

and C15=N16 oscillators, forms an angle of 38° with the main band transition dipole 

(Buss et al., 2001). One of the most direct manifestations of the nonplanar distorted 

geometry of the retinal chromophore of the protein is its optical activity. The isolated 

chromophore is optically inactive, which is not surprising since in the absence of 

elements of chirality, all twisted conformations come in racemic pairs. In the chiral 

environment of the protein, however, these chiral conformations are no longer 

mirrorimages; they become diastereomers with nonidentical properties (Terstegen et al.. 
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1997). Thus, is not surprising that the protein induces new dihedral twists which are not 

present in the isolated chromophore (Buss et al., 2001). 

From the above studies and the ones reported in this work, a consensus is forming 

about the geometry of the ground state of the retinal, e.g., a three plane model with a 

distorted 6-s-cis with a positive twist, 1 l-cis with negative twist about the CI 1-C12 bond, 

and a l2-s-trans chromophore with a positive twist about the C12-C13 bond (Okada et 

al., 2004, Salgado et al., 2004). The plus and minus indicates a clockwise and 

counterclockwise rotation respectively, viewed from the minor-bond-notation to the 

biggest-bond-notation. In the dark state, the direction of retinal's backbone twist is 

determined not exclusively by the position of the Schiff base group and its counterion, 

Glull3, as mentioned before, but as well by the steric repulsion between C5-methyl and 

H8 the C13-methyl and HIO groups, as well the chiral binding pocket of opsin. A pre-

twisted dihedral angle, in turn, can create a strong preference for retinal to isomerize 

always in the same direction along the potential energy surface (Lin et al., 1998; Migani 

et al., 2004). The absolute conformation of the retinal chromophore inside the binding 

pocket of rhodopsin is of fundamental importance because it represents the starting point 

of an event as crucial as the visual process. 

1.2.2 Photorhodopsin. After light irradiation of rhodopsin, the chromophore 

(11-cw) rhodopsin isomerizes to a highly distorted (rrans)-intermediate (photo-Rh), 

which cannot be isolated (Souto et al., 2000). This photochemical reaction can be 

rationalized in terms of a photoinduced vibrational wave packet evolving on an adiabatic 

potential-energy surface (PES), thereby defining a reaction path of the molecule from the 
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reactants to the photoproduct (Hahn et al., 2000) (Fig. 1.7). Through analyses of Raman 

and femtosecond time-resolved experiments ( Schoenlein et al., 1991; Peteanu et al., 

1993; Wang et al., 1994; Lin et al., 1998), together with advanced quantum-

mechanics/molecular-mechanics methods (Han et al., 1994; Liu et al., 2000; Buss 2001; 

Fig. 1.7. Electronic double excited-state potential wells for excited rhodopsin. The Franck-

Condon (FC)-excited rhodopsin can either undergo diabatic photoisomerization directly to 

photorhodopsin (process 1) or relaxation to the vibrationally relaxed excited rhodopsin (R*) 

(process 2). Processes 3 and 4 are the product appearance and decay of R* respectively. Note that 

R*' is an undetectable species. Figure from (Liu et at., 2003). 

Saam et al., 2002; Sinicropi et al., 2003) it has been proposed that the ultrafast 

photoreaction of bleaching rhodopsin is 

Photorhodopsln 

Rhodbpsin 

1.146fsec 
2.330fsec 
3.200fsec 
4.1.5 psec 

intimately connected with the internal conversion of the ll-cis retinal via a model 

described as a conical intersection (CI) or intersection space (IS) of PESs (Migani et al., 

2004). This CI model accounts for a two (or more) energy surfaces, the and So 
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surfaces, corresponding to the first excited state after rhodopsin has been exposed to 

light, and to the ground state respectively. In Fig. 1.7, we can see the double excited-state 

potential wells for excited rhodopsin. After light absorption (hv), the Franck-Condon 

Fig. 1.8. Energy profiles indicating the photoisomerization coordinate along the ground and first 

excited state of the retinal, coupled with the C11-C12 torsion angle. The photoisomerization 

coordinate involves the reactive torsion and bond stretching deformation leading to two 

degenerate S] and So decay channels, resulting in the photorhodopsin intermediate and ground-

state rhodopsin, steps 3 and 4 in Fig. 1.7. Here, IS represents the 90°-twisted intersection space 

SilSo, the real crossing decay channel. Along the relaxation process the retinal experiences bond 

stretching/compression, as well charge delocalization. Figure from (Migani et al., 2004). 

excited rhodopsin can either undergo a diabatic photoisomerization directly to 

photorhodopsin (process 1 with -70% of the absorbed quanta) or relaxation to the 

vibrationally relaxed excited rhodopsin (R*) (process 2 with -30% of the absorbed light 

quanta) (Chosrowjan et al., 1998). Processes 3 and 4 are the product appearance and 

decay of R*, and R*' is a conical intersecting point, thus being an undetectable species 
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(Hahn et al, 2000; Liu et al., 2003). An important aspect regarding rhodopsin 

photochemistry is the presence of one, and only one, extra ultrafast decay process (330 

fs) from the FC-excited rhodopsin in addition to the faster isomerization process (146 fs). 

The slower vibrational relaxation process leads to the relaxed excited rhodopsin, which 

harmlessly returns to the ground state within 1-2 ps, with the fast component indicating 

the formation of the first and more stable photoproduct in rhodopsin bleaching process, 

i.e. photorhodopsin (Chosrowjan et al., 1998; Liu et al., 2003). This behavior is very 

different from that observed for the same chromophore in solution where, for instance, 

the lifetime has a dominant 3 ps component, and the product is a mixture of 11, 13-di-c«\s'-

retinal together with all-^ran^-retinal as primary products (Kandori et al., 1995b). It is 

thus apparent that the protein is able to "catalyze" (i.e. speed up) the excited-state decay 

of the reaction with respect to the solution environment (Sinicropi et al., 2003). The 

stabilization of the IS region leading to C11-C12 double bond isomerization and 

destabilization of the regions controlling the C13-C14 or C9-C10 double bonds may be 

one factor contributing to the isomerization selectivity observed in rhodopsin. This 

suggests that the specific shape of the protein cavity stabilizes the IS region dominated by 

a highly twisted CI 1-C12 bond, rather than C13-C14 or the C9-C10 bonds. In general, a 

conical intersection acts as a very efficient non-adiabatic S\/So decay channel, tuned by 

the chromophore surroundings that speeds up the excited-state decay (Molnara et al., 

2000; Migani et al., 2004). In the reaction coordinate, the chromophore undergoes major 

bond distortions, bond stretching/compression especial in the center of chromophore 

(Fig. 1.8). Also some charge delocalization is thought to happen, as the protonated PSB 



38 

base loses its more positive character towards the middle of the polyene chain (Sugihara 

et al., 2002). Ultimately the protein asymmetric environment, imposes intermolecular 

constraints in the conjugated Ji-system that leads to an accelerated-guidance of the 

photoisomerization, both by eliminating the excited-state energy plateau and by 

increasing the slope of the energy surface from the Si towards a more relaxed 

photorhodopsin intermediate (Sinicropi et al., 2003; Migani et al., 2004). An important 

question that rises from this viewpoint is; what are the characteristics of the rhodopsin 

binding pocket that makes the process so regio-selective and faster than in solution? 

In the next sections, this fundamental question will be addressed with respect to 

the retinal environment in the binding-pocket of the dark-adapted state, and as well for 

the other photointermediate states. 

1.2.3 Bathorhodopsin. Bathorhodopsin (batho) is the first high-energy 

photointermediate of the relaxation process that can be trapped at temperatures below 

-140 °C (Wald, 1968; Shichida et al., 1984). Relative to the ground state, batho is red-

shifted (A.max~543 nm) (Birge et al., 1988) and is photochemically formed in about 3 ps 

(Yan et al., 1991). This intermediate stores about two thirds of the absorbed photonic 

energy (-32 kcal moF*). Using resonance Raman spectroscopy of bathorhodopsin 

trapped at -140 °C, experiments aimed to probe mainly the hydrogen out-of-plane 

(HOOP) vibrational modes, revealed an intense wagging of the chromophore in the 850-

920 cm"' region due to the 10, 11, 12, and 14 hydrogen vibrations, indicating a highly 

constrained structure of aM-trans retinal (Eyring et al., 1982; Palings et al., 1989), and a 

transition dipole moment orientation different from the dark state by ~ 62° (Lewis et al. 
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1989). Raman and FTIR difference spectroscopy also reveal that the chromophore is 

twisted W-trans, \5-anti conformation (Ernst et ah, 2002). The reason for formation of 

this distorted d\\-trans conformation might be a steric restriction caused by approach of 

the polyene chain of the retinal and the side chain of Serl86 after isomerization around 

the C11-C12 double bond (Okada et al., 2001). This twist seems to occur in the middle 

of the chromophore, since neither the position of the P-ionone ring nor the environment 

of the Schiff base changes (Ernst et al., 2002). Using FTIR difference spectra of the 

amide-I region and the carboxylic acid group of the amino acid side chains (Siebert et al., 

1983; Fahmy et a/.,1993), it was shown that during this process the conformational 

changes in the chromophore were not yet translated to the opsin backbone of the protein. 

But some changes were reported using FTIR spectroscopy, (Jager 1997) showed some 

energy storage in the O-H, S-H, and N-H vibrational modes of the protein and the 

internal water molecules. These results indicate that H-bonding of three (or more) water 

O-H, two cysteine S-H, and at least two peptide N-H bonds become stronger in 

bathorhodopsin. The results show that a part of the energy first absorbed in the 

chromophore is transferred to these protein local groups already in bathorhodopsin. 

According to (Eyring et al., 1982), C-C-C bends of the chromophore in this intermediate 

(accompanied by C-C-C-C torsions), leading to protein-retinal steric interactions, are 

thought to represent the main contribution to energy storage at this stage. From recent 

UV-visible data attributing the loss of intensity at 275 nm in the batho intermediate to a 

reduced hyperchromism (Smith et al., 1991) involving Trp-265 and Tyr-268, it is likely 

that the p-ionone ring is positioned differently after isomerization, and the transition 
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dipole orientation differs from the dark state by ~ 62° (Lewis et al, 1989). This 

structural perturbation in Batho is probably related mechanistically to its red-shifted 

absorption spectrum and its surprisingly efficient energy storage, which is thought to 

provide the driving force for protein activation (Pan et al, 2002). 

1.2.4 The BSI Intermediate. BSI stands for Blue Shifted Intermediate (Xmax=477 

nm), which is a species that cannot be trapped at low temperatures, making it study only 

possible using time-resolved measurements. It is known that BSI is entropically favored 

and that it lies higher in enthalpy than Batho by about 12 kJ/mol (Fig. 1.6). BSI is in 

equilibrium with Lumirhodopsin, and at room temperature it has a lifetime of about 150 

ns (Ernst et al., 2002). The activation energy (Ea) for the first transition, BATHO - BSI, 

is approximately 3 kJ/mol, and for the reverse transition BSI-Batho is around 2.2 kJ/mol, 

and E, for the BSI-Lumi transition is approximately 2.5 kJ/mol. This indicates that the 

BSI intermediate lies higher in energy than Batho by about 0.7 kJ/mol. It also indicates 

that the first transition becomes the rate-limiting step at low temperature and that the 

steady-state equilibrium concentration of BSI becomes very small (Hug et al., 1990). The 

equilibrium between Batho and BSI is independent of the protein environment, but can be 

influenced by chemical modification of retinal, indicating that the Batho-to-BSI transition 

only involves conformational changes of retinal. The proposed barrier for the formation 

of BSI is the steric interaction between H8 and the C5-methyl group of retinal (Saam et 

al., 2002). The transition from Batho to BSI involves the relaxation of the chromophore 

from a strained all-trans conformation and the elimination of the structural perturbation 

in the chromophore chain, to a more relaxed all-trans but still with some degree of local 
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torsion especial near C14 (Pan et al., 2002). Using FTIR, the results show that a change 

in PSB environment in BSI is responsible for the major contribution to the blue shifts 

compared to dark-adapted rhodopsin, where the transition dipole orientation relative to 

the dark state in BSI is about 11° (Lewis et al., 1989). The PSB movement must be more 

toward Glu-117 than toward Glu-113 and Asp-113. In general, a distance change of the 

positive charges with respect to the counterion can be evoked by rotational and 

translational movements, resulting in a relocation of partial positive charges that were 

located more towards the end of the chain, e.g., the C=NH region, and now on the SB 

proton and adjacent odd numbered carbons, C15 and CIS, as a result of close proximity 

of a negative counterion (Jager et al., 1997). 

1.1.3.5 Lumirhodopsin. Lumirhodopsin (Lumi) can be stabilized at -40 °C and it 

shows a red-shift compared to the previous photointermediate (Xmax= 497 nm). At room 

temperature this species has a lifetime in the order of 10"^ s (Hug et al., 1990). At this 

point most of the twist in the polyene chain has relaxed, as seen by the low intensities of 

the HOOP vibrations of the chromophore (Ganter et al., 1988). It is reported that the 

C=NH"^ group has moved from an environment in which it was strongly hydrogen-

bonded to a region with weak hydrogen bonds. This change in the Schiff base 

environment occurs in the BSI-to-lumirhodopsin transition, as shown by time-resolved 

resonance Raman microchip flow experiments (Pan et al., 2002). The 1638 cm"' C=NH^ 

stretching mode in lumirhodopsin is unusually low and shifts only 7 cm"' in D2O, 

suggesting that it has essentially no H-bonding acceptor, when compared to a 23 cm"' 

shift reported for BSI. 
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1.2.6 Metal. Metarhodopsin I (Metal) photointermediate, is reached within 

milliseconds after illumination at room temperature with an absorption maximum ^max= 

478 nm, and can be characterized with the naked eye by a very strong orange color. This 

photoproduct is in a pH and temperature-dependent equilibrium with the G-protein-

interacting active state, metarhodopsin II (Wald, 1968; Thorgeirsson et al., 1993; Jager et 

al., 1998). Up to Metal protonation of the Schiff base persists, probably due to the low 

p^a of the stabilizing counterion Glull3 (Ernst et al., 2002). The Metal species can be 

favored by either high pH values or/and low temperature, and it can be trapped and 

stabilized at temperatures between -40 °C and -10 °C (Kito et al., 1961; Yoshizawa and 

Wald, 1963). In the discussion so far, the effect of the bilayer composition on the 

formation of photointermediates was not mentioned. This is because previous 

investigations of early intermediates were mainly concerned with changes in the 

chromophore itself rather than the protein, but also because the time-scale was too short 

to account for major structural rearrangements in the proteolipid film. Many studies have 

shown the effect that different lipid mixtures in the bilayer can have in the populations 

levels of Metal and Metall (O'Brien et al., 1977; Baldwin and Hubbell 1985; Wiedmann 

et al., 1988; Gibson and Brown, 1991). This topic will be brought up for discussion later 

in Chapter 6. 

At this point I want to focus the reader on the structural details and the immediate 

environment around the chromophore, which all together dictates its unique ability to 

absorb light and translate that interaction with the exterior environment into a series of 

molecular responses inside the cell. From early studies (Lamola et al, 1974) there has 
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been information indicating that high pressure drives the Metal-Metall equiUbrium 

towards Metal, suggesting that Metal is more compact than Metall. It is in the nature of 

these changes between Metal and Metall that is held the flow of information from the 

chromophore to the protein, and the subsequent, signal transduction via the G-protein, 

transducin. In Metal there are several structural marker bands in the infrared spectral-

region that can be related to certain characteristics of the chromophore, such as the 

protonated state of the PSB or the vibrational modes of specific group of atoms as 

described for previous photointermediates. A few of the most important markers for the 

Metal state includes the positive amide I band at 1665 cm~', the hydrogen-out-of-plane 

(HOOP) difference band at 969/950cm~', and the positive band at 1203 cm"' that is 

characteristic of a protonated Schiff base (Ruprecht et ah, 2004). Using these signature 

bands, results have showed that Metal is the first intermediate in which it is thought that 

changes occur in the secondary structure of the protein (Ganter et al., 1988). It was also 

determined that in Metal and lumirhodopsin the distortion of the chromophore is similar, 

and that the Schiff base proton is weakly hydrogen-bonded in Metal, which accounts for 

a lower p^Ta compared to the ground state (Ganter et al, 1988). FTIR difference 

spectroscopy of site-directed mutants of rhodopsin have shown that Glul22, on helix 3 

(H3), changes its environment, becoming more strongly hydrogen-bonded in Metal (Beck 

et al., 1998), and also some resonance Raman vibrational studies of the Glul81Gln 

mutant of rhodopsin have indicated that there is a switch in the counterion of the Schiff 

base from Glul 13 in the ground state to Glul81 in Metal (Yan et al., 2003). The switch is 

proposed to occur via transfer of a proton from Glul81 to Glul 13 via a hydrogen-
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bonding network, accompanied by modest conformational changes involving 

extracellular loop 2 (E2) and H3 (Yan et al, 2003). Their model of activation of 

rhodopsin then proposes that the reorganization of E2 propagates the signal to H-III via 

the C187-C110 disulfide bridge. The hydrogen-bonding network was better elucidated 

from a higher resolution rhodopsin structure (Okada et al., 2002), which succeeded in 

showing the critical role played by six water molecules in the transmembrane region. It 

was suggested that the water molecules located in the vicinity of highly conserved amino 

acid residues in the binding site participate in salt bridge stabilization. The formally 

bound water molecule located between Serl86 and GlulSl has been recently identified as 

being involved in the hydrogen-bonded network that transfers a proton to the primary 

counterion GlullS in the Meta-I state, switching the PSB counterion to Glu 181 in the 

Metal state. A different study (Birge et al., 2003), suggested that Tyr268 would be close 

enough to partly stabilize the GlulSl anion. The network of water molecules are 

implicated in the regulation of rhodopsin activity and spectral tuning as well, i.e., 

regulation of the absorption maxima of visual pigments (Fishkin et al, 2004). 

Another recent improvement in the characterization of Metal state comes from the 

work of electron crystallography with a resolution of 5.5 A in the membrane plane 

(Ruprecht et al., 2004), where the authors determined a density map of a photostationary 

state highly enriched in metarhodopsin I (60-70 % Metal and 30-40% of a mixture of 9-

cis isorhodopsin and some ground state 11-cw). Although lacking of atomic resolution, 

some conclusions could be made about the overall structure of the retinal. The authors 

suggest that the density map reveals that Metal formation does not involve large rigid-
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body translations or rotations of rhodopsin's helices. Instead, conformational changes 

appear more localized around the chromophore binding pocket. This leads to the 

conclusion that the protein adopts a conformation similar to the ground state which is 

supported by comparing similar regions between the density maps from the Metal and the 

ground state, as determined by electron cryomicroscopy (Krebs et al., 2003). Taking into 

account the low level of resolution from both studies, a brave conclusion was made by 

the authors, suggesting that in Metal the y^ionone ring lies close to its position in the 

ground state. This suggestion is further supported by MAS solid-state NMR 

spectroscopy studies (Spooner et al, 2003) about the conformation of the yff-ionone ring 

of the chromophore in the ground and Metal states. The same authors have now extended 

their MAS studies to the CI6 and C17 (Cl-di-methyl) groups, where they concluded 

that due to the lack of structural perturbations around the ;5-ionone ring, its overall 

conformation is preserved in rhodopsin and in Metal species (Spooner et al., 2004). 

The studies reported in this thesis, are in good agreement with the previous 

reported works, and fit a global analysis in the view-frame of the three-plane model of 

retinal, which minor conformational changes occur from the dark-adapted state to the 

Metal state in the /?-ionone ring. To conclude, up to this point there is no evidence that 

large body movements in rhodopsin helices/loops that characterize the active state 

Metall, especially helix 8 (Hubbell et al, 2003), occur before the transition to MetaEI. 

This conclusion comes from studies as diverse as FT-IR, MAS solid state NMR, 

photoaffinity labeling of locked retinals, electron cryomicroscopy, and now solid state 

NMR. 
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1.2.7 Metall. Upon deprotonation of the SB and protonation of its counterion 

Glull3, the meta-I (Xmax = 478 nm) species decays, at room temperature, within seconds 

to the fully-relaxed metarhodopsin-II (meta-II) conformation, which is characterized by a 

strongly blue-shifted absorbance maximum (^max = 380 nm) (Wald, 1968, Kandori et al., 

2001). In the dark the W-cis isomer of retinal PSB acts as an antagonist or inverse-

agonist to rhodopsin activation. The SB deprotonation is known to be necessary for 

interaction with Gt and is accompanied by the uptake of a proton from the aqueous 

solution (Meyer et al., 2000, Kandori et al., 2001). At the Metall stage of photolysis, the 

relaxed all-^ran^ retinal acts as a covalently bound agonist for the receptor activation, 

prompting the signal transduction to the G-protein transducin (Gt) (Wald, 1968, Filipek et 

al., 2003). The pH rate profiles of Gt activation and proton uptake measurements have 

suggested the opsin residue Glu"^ to be an important mediator of the uptake or even the 

acceptor of this proton (Sakmar et al., 1998; Meyer et al., 2000). In general terms, our 

current understanding of this sequence is that although the initial phase of the 

photoactivation cascade is dominated by steric mechanisms within the chromophore and 

the immediate surroundings (Patel et al., 2004), the later stages are characterized by 

proton transfer and proton uptake processes together with large scale structural changes 

(Szundi et al., 1998). Metall is the fully activated receptor, and as mentioned before, the 

Metal-Metall equilibrium formation in membranes is dependent on the pH, temperature, 

and also the lipid environment (Mathews et al., 1963; O'Brien et al., 1977; Baldwin and 

Hubbell, 1985; Wiedmann et al., 1988; Gibson and Brown, 1991). For example, when 

rhodopsin is reconstituted into liposomes containing increasing amounts of lipids with 
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saturated fatty acyl chains or cholesterol, the Metal state is favored (Mitchell et al, 

1990), and reconstitution of vesicles with DOPE or polyunsaturated docosahexaenoic 

acyl chains (22:6a)3), shifts the equilibrium towards Metall (Botelho et al., 2002) . In 

Chapter 6 we shall discuss this topic in further detail. For now, let us restrict ourselves to 

the structural characteristics of rhodopsin, with an emphasis to the ligand site in the 

Metall state. 

Fig. 1.9. Crystals of rhodopsin in (a) dark adapted conditions and (b) exposed to light. We can 

see that the major conformations changes that occur upon formation of Metall totally disrupt 

the crystal packing (Okada et ah, 2001). 

(») 
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Rhodopsin is the only GPCR which structure can be studied with atomic detail. 

The first 3D density maps of rhodopsin were obtained by electron crystallography of two-

dimensional (2D) crystals of bovine (Unger and Schertler, 1995) and frog (Unger et al., 

1997) rhodopsin, revealing the arrangement of the transmembrane helices. This 

information was combined with structural constraints obtained by amino-acid sequence 

analysis of several hundred GPCRs to build a model for the Ca backbone of the 

rhodopsin family of GPCRs (Baldwin et al, 1997). In the year 2000, a major 

breakthrough was achieved for the first time a 3-dimensional structure was solved at high 

resolution (2.8 A) by X-ray crystallography from 3D crystals (Palczewski et al, 2000). In 

the subsequent years, other structures have been revealed (Teller et al, 2001; Okada et 

al., 2002; Okada et al., 2004; Li et al, 2004). In general terms, the structures agree well. 

There are, however, differences at the cytoplasmic surface, where G-protein binding and 

activation occur. For example in the latest structure (Li et al., 2004), H5 is longer, and the 

cytoplasmic loops between H5 and H6 and H3 and H4 adopt a different position. Only 

recently Ruprecht et al, (2004), using electron crystallography, obtained the first density 

map of a photostationary state highly enriched in Metal, to a resolution of 5.5 A in the 

membrane plane. It is indeed a good step in understanding the nature of the 

photointermediates in the rhodopsin photocascade, but unfortunately it lack the details 

necessary to unveil the signal propagation from the strained chromophore to the protein 

during the formation of Metall. Nevertheless, it is unequivocally clear that is extremely 

difficult to obtain good crystals of the rhodopsin photointermediates that would give good 
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diffraction patterns, as we can see from Fig. 1.9. With that in mind, we can understand 

how difficult it has been to postulate models about the rhodopsin active state, and its 

implications such has the overall fold adopted by the receptor, the residues/atoms more 

directly implicated in the activation process, and the nature of the interaction with Gt 

(Hofmann et al, 1986). Several methodologies/techniques previously described have 

provided plenty of information and speculations about models of Metall activation. In 

this part of the text we shall focus on the recent results and proposed models for signal 

transduction from the retinal to the protein, since is beyond our scope at present to study 

the means by which the active receptor in Metall interacts with the G-protein (Gt). 

Teller and coworkers (Teller et al., 2003), have developed a model for the 

interaction of the retinal with rhodopsin, in which they looked for conserved residues 

among the entire opsin family to identify key elements in activation processes. Their 

model is a representation of the amino acids that establish inter-residue contacts, starting 

at the chromophore surface and propagating like a wave traveling towards the 

cytoplasmic surface, and spreading to surrounding helices and loops as it progresses. In 

principle it all starts from the initial residues F261 and W265, which suffer a perturbation 

caused by the chromophore upon Metal-Metall transition (see Fig. 1.10). As simple as it 

might appear, the model relies on the coordinate contacts themselves rather than using 

side chains with variable arbitrary radii to measure contacts within clusters of conserved 

residues. It worth mentioning that some of those contacts may be absent, or with 

significative changes when Metal is established. As was mentioned above, there are some 

local changes that occur upon formation of Metal. These include Serl86 and 
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GlulSlpaiticipating in the internal hydrogen-bond network, and their possible role in 

disrupting the same hydrogen-bonded network upon transfer of a proton to the primary 

counterion Glull3 in the Metal state, switching the PSB counterion to GlulSl in the 

Metal state (see above section about Metal). The basic idea for the proposed model 

comes from the fact that the proteins of the opsin family are compactly folded, and that 

compactness will be preserved over evolutionary time, where conserved residues will 

contact others closely, non-conserved residues will adapt to retain the compactness of the 

protein. Another important point we shall consider is that conformational changes in 

early stages (shells) of the wave propagation model may disrupt some contacts that the 

authors refer to later shells, and the wave would consequently propagate over alternative 

residues. 

Other authors (Patel et al., 2003) suggest a more detailed model, which accounts 

for the interaction of the retinal with the rhodopsin binding pocket upon Metall 

formation. Their view is summarized in Fig. 1.11. Using 2D dipolar-assisted rotational 

1 resonance solid state NMR measurements, between C-labels on the retinal chromophore 

(C12, C14, C15, C19 and C20 positions), and specific '^C-labels on Tyrl91, Tyrl78, 

Tyr268 Glyl88, Glyll4, Glyl21, Serl86, and ThrllS residues in the retinal binding site 

of rhodopsin, they were able measure interatomic distances between the 

chromophore and the residues containing the labels. First, they measured the interatomic 

distances in the dark state following the same procedure for samples trapped in Metall 

photointermediate. Their data is consistent with the retinal translating along the axis of 

the retinal polyene chain towards the direction of H5, more specifically to His211and 
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Phe212. An important suggestion is that the y^ionone ring is tightly packed in rhodopsin, 

and that the proposed motion would minimize the change in conformation or orientation 

of the ring in Metall as proposed before (Spooner et al, 2003). This movement in the 

direction of H5 was previously postulated by Jager and coworkers in 1994, in a study 

with retinals analogues lacking the y^ionone ring. They observed that activation of 

rhodopsin was inhibited in those analogues. If the translation of the retinal in its binding 

pocket happens in that manner, it would increase the contact of the ionone ring to H5 

region, which would explain the requirement of the ring for rhodopsin activation. 

Although this seems plausible, the lack of the y^ionone ring may have other implications 

in the formation of the previous photointermediates. A shorter retinal analog would imply 

fewer contacts and less restraints within the binding pocket, leading possibly to a totally 

different intersection space S\ISQ surface (see Fig. 1.8). Another implication would be a 

different local fold of rhodopsin around the chromophore, or slightly different side-chain 

contacts that could disrupt inter-residue hydrogen bonds or/and with water molecules. In 

the proposed model, Trp-265 in H-6 lies within close contact with the arc-shape created 

by the 11-cw retinal and the Lys-296 side chain, obstructing the possible pathway for the 

retinal translation towards H5. Translation of the retinal toward H5, as shown in Fig. 

1.11(b), would result in outward rotation of H6 by direct interaction between the 

tryptophan side chain and either the Lys-296 or Ala-295 side chains (Patel et al., 2004). 

As the authors point it out, rigid body motion of H6 has been shown (Farrens et al., 1996) 

to be a key element in the activation of rhodopsin. Preventing this motion by cross-

linking H3 and H6 blocks activation (Sheikh et al., 1996). In consequence it seems that 
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Fig. 1.10. ( a) The 3D model of rhodopsin molecule with the 74 residue cluster surrounding retinal 

given as colored shells for the successive levels of contact, (b) Diagram used with the same 

coloring as in (a) for the successive shells of contacting residues. The diagram indicates that the 

contacting residues are not at all sequentially related. Figure from (Teller et al., 2003). 

Trp265 is a key-functional residue which is thought to fiinction as a conformational 

switch for activation of receptors, together with another conserved residue (Pro267) 

common to other GPCRs. About the results of such translation (4-5 A) of retinal towards 

H5 in the H7, it cannot be viewed as the result of extending the Lys296 side chain alone 

(Patel et al., 2004). Rather the authors imply that motion of H7 (or at least the region 

from Pro290-Tyr301) toward H5 would result in increased steric contact between Ala295 

and Trp265, which, as discussed above, would further contribute to the outward rotation 

of H6 which is depicted with black arrow in Fig. 1.11(b). The region of H7 Pro290-

TyrBOl appears to be ligand-specific and is conserved only within subfamilies of family 1 

GPCRs (Patel et al., 2004). In their view, supported by other ligand binding studies of 



53 

other GPCRs from the 1-family, ligand binding or retinal isomerization serves to disrupt 

H7 interactions with H6 and the H1-H4 core. Their data was also very valuable to study 

the possible interactions between retinal (especial the C20 region, CI3 in this thesis) and 

the extracellular-loop-2 (EL2). As mentioned above for Metal, the protonated Schiff base 

proton, which is oriented toward Glull3 on H3 in rhodopsin, is thought to reorient 

toward GlulSl on EL2 in Metal, consistent with the blue-shifted Xmax- This is expected 

for a close proximity of the PSB and a stronger interaction between the Schiff base 

proton and a more negative protein counterion than in dark-adapted state. Such a 

trajectory towards H5 would place the Schiff base proton into close proximity of GlulSl 

which has been observed by Yan er al. (2003). 

Recently, new results (Spooner et ah, 2004) obtained using solid state NMR, 

with retinals labeled at CI6 and C17 (methyl groups attached to carbon-1 in this work), 

have added further information regarding the movement of retinal upon Metall formation 

and first contacts with the rhodopsin binding-pocket. The authors used labels (C16/C17) 

within the y^ionone ring, and observed that this region is quite immobile in the dark-

adapted state. The measurements would report changes of about 0.02 A for movements of 

the label and about 0.5 ° alterations of the tilt angle (C4-C5-C6-C17 torsion). They 

report that in the active conformation of rhodopsin, the C17 label suffered a -5.5 ppm 

steric shift, suggested to be the consequence of a rotation towards the proton of C3 as 

much as 12 ° from its initial position. Their main conclusion is that conservation of the 

CI6 and C17 chemical shifts reflects a highly specific immobilization of this segment in 

the ring-binding pocket of the chromophore-binding site in rhodopsin that is carried 
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Fig. 1.11. (a) Location of 11-cw retinal in the crystal structure of rhodopsin (1L9H structure), 

(b) Model for the position of retinal in Metall. The NMR data constrain the C20 methyl 

group to be close to Gly-114 and Tyr-178 in Metall. These constraints place the Schiff base 

proton near Glu-181 in Metall. The cones indicate possible positions of the retinal consistent 

with the C20 and C14 carbons being near Tyr-178. The position of the /9-ionone ring is not 

tightly constrained by the current data. The position shown is based on minimizing the 

movement of the y0-ionone ring (Spooner et al., 2003). Figure from (Patel ef al., 2004). 

through to the active meta-II state. Only upon decay of the Metall does the C16/C17 

spectral splitting collapse, which coincides with the reported hydrolysis and release of the 

entire chromophore from its binding site (Spooner et al., 2004). The authors go further 

suggesting that the ring plays an important role directing the conformational changes that 

lead to the activation of rhodopsin. Here again the possible role of the Trp265 (H6) is 

emphasized as a key element for maintaining the inactive state of rhodopsin, covering the 

cytoplasmic edge (Fig. 1.12) of the retinal in close contact with C18 (C5 methyl in this 
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thesis). As can be seen in the figure, Trp265 interaction with the retinal ionone region of 

CI8 is favored by the sharp kink imposed on H6 by Pro267. This proline would become 

one of the center pieces of the activation process, operating as a switch that toggles 

between aromatic interaction around the CI8 methyl group for stabilizing the inactive 

state Fig. 1.12(a) and the alternative aromatic interactions around the C17 segment of the 

ring, thus stabilizing the active state of the receptor Fig. 1.12 (b). Here the switch 

between these alternative hydrophobic interactions is proposed to be facilitated by 

rearrangements in the hydrogen bonded network triggered by proton exchange from PBS 

to the counter-ion Asp 113 (H3). It seems that the reported conformational changes 

involving helix 6 may serve to define a possible role for the y^ionone ring as a pivot point 

activation mechanism, operating from within the aromatic cluster of the binding pocket 

(Spooner et al, 2004). 



56 

Fig. 1.12. (a) The chromophore (yellow) within the aromatic cluster of helix 6. The helix is 

kinked from irregular ^(-114°) and ¥^(-14°) angles (purple arrows) in the Trp265 backbone, is 

tilted at -36 ° on the extracellular side of the kink (above) and is roughly perpendicular to the 

membrane as it proceeds to the cytoplasmic surface (below), (b) Rotation of the reduced f angle 

for Ala269 to a regular value for an of-helix (-60°), with the entire cytoplasmic section of helix 6. 

The aromatic side-chains swings down and out from the cytoplasmic boundary of the binding 

pocket (red arrows), while Tyr268 on the extracellular boundary rotates down to make close 

contact with CI7. (c) Rhodopsin viewed from the cytoplasmic surface showing H6 covering the 

cytoplasmic side of the binding pocket with van der Waals surface contacts between the Trp265 

(green) and the chromophore (yellow) in the inactive state of the protein and (d) showing exposure 

of the chromophore and Trp following displacement of the cytoplasmic portion of H6 by the 

torsional adjustment. Figure from (Spooner et al, 2004). 
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It can be concluded from above reported data that each author has ground to 

support their respective models of rhodopsin activation. Despite the improvements in the 

latest four years regarding the empirical data collected, especially the crystallographic 

data, we still cannot come to a consensus about the contacts between the chromophore 

and the respective binding site in the apoprotein opsin. A set of data that is missing is 

related to the dynamics of each of the retinal sections, described in this thesis as the 

three-plane model, and in that may lie the ultimate piece of information to unveil the 

signal transduction. 

1.2.8 Metalll and Hydrolysis of Retinal. Formation of metarhodopsin III (Metalll) 

is spectroscopically resolved with the appearance of a peak with A^max ~ 465 nm. It is the 

final metarhodopsin species to emerge after a bleaching exposure, and has been studied 

for many decades (Matthews et al., 1963; Wald, 1968; Lewis et al., 1997; Heck et al., 

2003). A thorough study of the kinetics and other properties of Metalll have recently 

been presented using fast-scanning dichroic-microspectrophotometry. Products of 

rhodopsin photolysis have been traced, leading to the conclusion that Metalll represents a 

specific conformational state of metarhodopsin where the chromophoric binding site is 

still occupied by dW-trans retinal (Kolesnikov et al., 2003). Thus, Metalll can undergo 

photoisomerization back to rhodopsin (Heck et al., 2003), and Metalll is in a pH-

dependent equilibrium with M2 (Matthews et al., 1963; Kolesnikov et al., 2003). 

Another conclusion is that the absorption dipole of the chromophore in Metalll 

remains close to the plane of the membrane, as in rhodopsin. Metal and Metall species 

(Matthews et al, 1963; Kolesnikov et al., 2003). In Metalll, the shift of Xmax back into 
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the visible region indicates that the Schiff base is again protonated (following its 

deprotonation at the Metall stage). They also confirm that a pH-dependent equilibrium 

exists between the two forms, Metall and Metalll (Vogel et al. 2003; Kolesnikov et al., 

2003). Using intrinsic fluorescence assay, Fourier transform infrared spectroscopy, and 

UV-visible spectroscopy. Heck and coworkers (2003) investigated Metall decay in native 

rod disk membranes. They concluded that up to 40% of Metalll is formed without 

changes in the intrinsic Trp fluorescence and thus without all-trans-retinal release, and 

that Metalll can be photoconverted back to the Metall signaling state. They describe the 

process as a two quasi-irreversible pathways, leading in parallel into Metalll or into 

release of sll-trans retinal. In this process, the hydrolysis of the Schiff base appears to be 

the rate-limiting step in the release of the chromophore (Lewis et al., 1997). Upon 

photoactivation of rhodopsin to the form Metall, the Schiff-base bond linking the 

chromophore to opsin becomes much more susceptible to hydrolysis and the kinetics of 

the hydrolysis reaction takes a period of minutes (Lewis et al., 1997; Kolesnikov et al., 

2003). 

The spontaneous thermal activation of rhodopsin occurs with a half life of ~ 400 

years (Lamb et al., 2004). This property implies that rhodopsin must be constrained in the 

inactive conformation by multiple mechanisms as it was previously described. Once 

photoactivated, the ll-ci^-retinylidene chromophore isomerizes to all-?ra«5-retinylidene 

and causes propagation and amplification of the signal, activating hundreds of transducin 

molecules. 
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In conclusion, despite the ground-breaking high-resolution crystal structure of 

rhodopsin reported in 2000 (Palcewski et al., 2000), it has not been possible to establish 

how retinal isomerization leads to receptor activation and the breaking of the mechanisms 

that constrained the receptor. The above results taken as a whole, provide a fascinating 

first glimpse of the puzzle that is the activation process of a GPCR-model protein, 

involving retinal isomerization and information propagation across both sides of the 

membrane. 
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CHAPTER 2 

DEUTERIUM NMR THEORY 

2.1 The Quadrupole Hamiltonian. The nuclei in the periodic table can be divided 

into two parts - spin- V2 nuclei and those whose spin is larger than V2. In this work we 

exclusively deal with deuterium, a spin 7=1 nucleus. Nuclei with spin larger than V2 are 

called quadrupole nuclei, because they possess an electric quadrupole moment due to a 

non-spherical charge distribution, which interacts with the electric-field gradient (EFG) 

generated by its surroundings. The EFG is the Laplacian of the electric potential, 

meaning that the electric field at the nucleus is produced entirely by charges wholly 

Q 

external to the nucleus (Das and Hahn, 1957). This interaction is in the order of 10 

times the electrostatic energy (~9 Kj mol"' for a dipole-dipole interaction) (Cohn & Reif, 

1957). The electric potential is caused by the surrounding electrons which vary in space 

(Odin et al., 2004). For spin 7=1 nuclei the Hamiltonian can be written in terms of the 

Zeeman and quadrupolar interactions (Slichter, 1990) 

H=HZ + HQ (2.1) 

where Hz is the Zeeman Hamiltonian and HQ is the quadrupolar Hamiltonian. 

Fig. 2.1, part (a) depicts the energy levels of a particle with spin quantum number 

1 nucleus in the presence of a magnetic field with no quadrupolar coupling present. Both 

the 1-1)^10) and 10)^1+1) transitions have the same resonance frequency, as the 

energy differences between the spin states are identical. Fig. 2.1, part (b) shows the same 

three energy levels under the influence of the first-order quadrupolar Hamiltonian HQ. 
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Here the mi = -1 and m/= +1 spin states decrease in energy upon the addition of Hq, and 

the m/= 0 spin states increases in energy. As a result, the|-l>^|0> and |0>->|+1> 

transitions have different energies and resonate at two different frequencies. The 

difference between the frequencies is proportional to the first-order quadrupolar coupling 

constant Xq (Laws, 2002), and is well expressed in Fig. 2.2. The quadrupole interaction 

represents a perturbation relative to the much stronger Zeeman interaction. This work 

deals with the quadrupole interaction energy, which is strong enough to give rise to 

resonance frequencies in the radio-frequency range representing the so-called quadrupole 

spectra (Das and Hahn, 1958). 

The coupling between the nuclear spin angular momentum operators and the 

electric field gradient can be described as a scalar product of two irreducible tensors of 

second rank (Haberlen, 1976). This gives the Hamiltonian operator in the following form 

(Brown & Chan, 1996): 

in which CQ is the first-order quadrupolar coupling constant, where e is the electron 

elementary charge and Q is the nuclear electric quadrupole moment. Here Q is a nuclear 

property that describes the strength at the quadrupolar coupling to the electric-field 

gradient. For deuterium Q is relatively small {Q = 2x10"^' m^), and typical quadrupolar 

coupling constants are in the order of 100-300 kHz (Laws, 2003). In Eq. (2.2), t 

corresponds to the nuclear spin angular momentum operators denotes operator), V 

m=2 

H Q = C Q f . \ =  C q  (2.2) 

(2.3) 
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Figure 2.1. Schematic representation of an energy-level diagram for spin-1 nuclei subject to (a) 

the Zeeman interaction and (b) to both the Zeeman and the first-order quadrupolar interactions. 

represents the electric field gradient (EFG) tensor, and r^^"''''and designate the 

components of the corresponding second-rank irreducible spherical tensors, whose index 

m runs from -2,..., 2. 

In this formalism, the spin angular momentum is described in the laboratory-fixed 

coordinate system (X, Y, Z), and the corresponding irreducible tensor operators are given 

by (Haberlen, 1976; Brown & Chan, 1996): 

tr= T ^ ( / ± / z +  I z l , )  

rp {2)lab * 2 

^ ± 2  " X  -

(2.4) 
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In the above set of equations the raising and lowering operators are i± =  I x ^  i l y  and / 

corresponds to the angular momentum operators for the nuclear spin in units of h 

(Brown, 1996). The electrostatic field gradient at the nucleus can be represented by its 

irreducible (Eqs. 2.5) tensor components. 

Now it should be noticed that the irreducible components of the electric field 

gradient tensor are expressed with Cartesian coordinates (jc, y, z) corresponding to the 

molecule-fixed principal axis system (PAS) as follows: 

(2-5a) 

V^2)pas ^2.5b) 

n'?'" =-^(y„-K) = ~^c'>o (2.5c) 

In the above equations, dg specifies the largest principal component of the electric field 

gradient (5g = Vzz)- To have a quadrupole interaction, the principal components of the 

traceless EFG tensor (that is, the sum of its diagonal elements is zero) must satisfy the 

Laplace equation (V^c + Vyy + Vzz= 0), with the inequality |Vzz| > \Vxx\ > IWyl (Das and 

Hahn, 1958). For example, spherical, cubic, and tetrahedral symmetries give vanishing 

gradients (Vxx = Vyy = = 0) (Cohen and Reif, 1957). In addition, tIq represents the 

asymmetry parameter, a measure of the deviation of the electrostatic EFG tensor from 

cylindrical symmetry. 
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(2.6) 

Vzz 

in which tJqE [0, 1]. 

As mentioned above, we have different reference frames, and we can relate the 

irreducible components of the EFG tensor in the laboratory frame and the PAS according 

to (Trouard etal., 1994): 

ymu, ̂  (£2,^) (2.7) 
m-=-2 

In the above equation, represents the Wigner rotation matrix elements of 

second rank (Brink and Satchler, 1968), and Q.pl=(0Lpi,, ^pl, Jpl) stands for the 

generalized Euler angles describing active transformation of the irreducible components 

from the PAS to the laboratory frame (Rose, 1957; Brink and Satchler, 1968), 

o™ (£2„) = D™ («». A.. r„) = <2.8) 

where (m\ m) refers generically to the second-rank reduced Wigner rotation matrix 

elements which can be found in various texts (Brink and Satchler, 1968; Zannoni, 1985; 

Brown, 1996). Here = = Pj(cos 0) where Pj is the Legendre polynomial of 

order j . For order two we have thatp^ (cos^) = -i(3cos^^-l). The solution for HQ is 

obtained by substituting Eqs. (2.5) and (2.7) into the initial Hamiltonian expression Eq. 
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(2.1). The Hamiltonian expressed in the laboratory frame is then given by Eq. (2.9a) in 

dimensions of angular frequency and by Eq. (2.9b) in dimensions of energy (Brown, 

At this juncture it should be remembered that the quadrupolar interaction can be 

treated as a small perturbation of the Zeeman interaction. With that in mind, we can 

calculate the energy eigenvalues for the first-order quadrupole interaction (Abragam, 

1961; Brown, 1996). Let us label the spin wavefunctions \{/hy the total spin angular 

momentum quantum number I and its projection m onto the magnetic field axis (m=± 1, 

0) in units of h, which in the Dirac bra-ket notation is expressed by */, m,. We now can 

use the Schrodinger equation, PiH* I, m, = Em* I, m„ where hH = kHz + hHQ and hH = -

yhBo Iz (Brown, 1996). Considering the eigenvalue-eigenket relations for the operators 

/zand / ̂  (Brown, 1996), 

1996): 

Hs =^5C<,2;(-irr- (n„)+£>®(n,j] (2.9a) 

(2.9b) 

I z  | / , w )  =  m r \  | / , m )  (2.10) 

\ l,rnj =1(1+1) ri^ |/,m) (2.11) 
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For a first-order perturbation, only the secular terms in the total Hamiltonian remains in 

Eq. (2.9) (m = 0, i.e. only the tensor element is non zero) (Davis, 1983; Brown, 

1996). The truncated Hamiltonian then becomes: 

H— 0)qI 2 + 
e'qQ 

4h 
( 3 / z - /  )  +  ( 2 . 1 2 )  

The first term of Eq. (2.12) describes the Zeeman energy interaction, Fig. 2.1(a) (for m = 

-1, 0, +1), and the second term reflects the energy correction to first order, due to the 

electric quadrupolar interaction of the nucleus with the electric field gradient of its 

chemical bond, as depicted in Fig. 2.1 part (b). The eigenvalues of the nuclear 

Hamiltonian can then be expressed as follows (Brown, 1996): 

f 2 r^\ '  e  q Q ^  
(2.13a) 

E« = 
f 2 '  - e  q Q ^  

cS'(nfi)-;^[£>S(n„)+<(n„)]j (2.13b) 

=«+[^^j|BS'(n,i)-;^[tf»("pi)+<("™)]j (2.13c) 
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From these relations, the three energy levels for the total Hamiltonian, to first 

order and considering the asymmetry parameter Ti^^O, are given by: 

E,n=-my\co,+^y\{?,m^ -2) (2.14) 

The result is two resonance lines centered about the Larmor resonance frequency (see Fig 

2.2), given by: 

<2.15a) 
h A 

V-= " ^'^Vo-  (2.15b) 
h 4 

The above equations can be surrmiarized in terms of the quadrupolar splitting Adq to the 

following: 

Ave = v+ -V-(2.16) 

In which the Wigner rotation matrix element has the form: 

Dg' (Q) = dg' iP) = ^ (2.17) 

In above equation, P is the angle between the magnetic field and the EFG principal axis. 

The quadrupolar splitting is thus: 
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^ ^ G = - Z e  
3cos^ 

(2.18) 

2 Here %Q=e qQ/h is the static quadrupolar coupling constant (xe=167 kHz for aliphatic 

C- H bonds, corresponding to AVQ =125 kHz). 
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Al/g 

Figure 2.2. Representation of a Pake pattern for a powder-type sample (blue), which is a 

superposition of two spectra (red). The spectral lineshape describes the angular dependence of 

the quadrupolar interaction. In (a), is the part of the spectrum is indicated with maximum 

intensity corresponding to the electric field gradient perpendicular (^=90°) to Bq. In the middle 

of the spectra, (b), the orientation of the EFG corresponding to the magic angle (^=54.7°) is 

shown, where the quadrupolar interaction is zero. The spacing between the points of maximum 

intensity is equal to the quadrupolar coupling constant Xq in Hz. Lastly, (c) shows the parallel 

orientation of the EFG relative to the magnetic field Bo (^=0°). 
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2.2 Spectral Line shape Analysis. The theoretical treatment for oriented samples, 

containing labels, starts with the assumption that for perfectly uniaxially oriented 

samples, the angle that the C-C^Hs bond makes with the local membrane normal Ob, is 

similar to the angle ^that the bond makes with the magnetic field Bo at 0° tilt orientation, 

where the magnetic field and the membrane normal are aligned. In that situation, a 

NMR spectrum consisting of two lines is expected (Moltke et al., 1998). The separation 

of the quadrupolar frequencies of the two spectral branches is described by Eq. 2.18. 

However, the above assumption is an approximation in that the two observed lines are 

inhomogeneously broadened due to the orientational disorder of the membrane normals 

which are distributed in a Gaussian manner within the frame of the average normal. To 

better account for such inhomogeneous disorder, the solid-state NMR lineshapes are 

calculated by mapping the semi-random distribution in the angular space into the 

frequency space of the NMR spectrum (Nevzorov et al., 1999). 

The solid-state NMR spectrum of a spin-1 nucleus such as is described by the 

distribution of the spectral intensity as function of the reduced frequencies of the two 

1=1 spectral branches. For an axially symmetric coupling tensor (either static or 

residual)= 4Vg /3;}f, that is = Z)^'(^=±X(3cos^ ̂ 1)g [mX,±l] (Brown, 1996). 

Because the elements of the Wigner rotation matrix constitute a group, they can be 

transformed according to the closure property of the group of rotations (Brown, 1996): 

Di!'(n»)=E (2.20) 
m'=-2 m--2 
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Making reference to Fig. 2.3, the first set of Euler angles ={0,6g,4>) describes the 

orientation of the principal axes system of the coupling tensor = either static or pre-

averaged/residual) relative to the local membrane normal (AO, where Ob is the bond 

orientation and <p is the azimuthal rotation about the local normal. The second 

transformation = (0,^,^^') describes the disorder of the local membrane normal 

relative to the average normal (D) to the membrane surface in terms of 6' as well as the 

azimuth (j) . The last transformation describes the inclination (tilt) of the average 

membrane normal relative to the laboratory (L) frame defined by the main magnetic field 

Bo. 

Now the objective of the lineshape simulation is to determine the bond orientation 

6B with respect to the local bilayer normal for membrane proteins that are rotationally 

disordered (cf. Fig. 2.3). Due to misalignment of the local membrane planes, there is 

further rotational disorder with respect to the average normal to the membrane surface. 

Thus a proper treatment of the three-dimensional mosaic spread is essential (Nevzorov et 

ah, 1999). To summarize the point, the relevant angles (colatitudes) for the lineshape 

calculation are the following (Nevzorov et al., 1999): 6b, the angle between the C-C^Ha 

bond axis and the local membrane normal; 6jv, the deviation of the local membrane 

normal from the average normal to the membrane plcine; 6, the inclination (tilt) of the 

average membrane normal relative to the main magnetic field Bo; and the overall angle 

between the C-C^Hs bond axis and the main magnetic field. It turns out that the 
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analytical calculation is made simpler by considering rank-1 rotation matrix elements. 

givmg: 

cos cos cos 6" - sin dg sin ̂ 'cos(^+(p") 

cos 0" = cos '̂cos 6 - sin '̂sin ĉos <p' 

(2.21) 

(2.22) 

Here the additional angles Q.={<!>", 6",Q) describe the overall rotation of the local 

membrane frame to the laboratory axis system. 

The following general results are then obtained for the lineshape corresponding to 

the two I=\ spectral branches of the nucleus (Nevzorov et al., 1999): 

( 0  i f  c x >  Y >  5 >  p  o r  Y >  a >  p  >  5 t h e n :  

1 ^ \ jy 
I C O S t / f o  y  

exp sin^<i^ (2.23) 

( i i )  i f Y > « > 5 > P o r a > Y > P > 5  t h e n :  

| p ( 4 ) l °  
1 "rl Jy"-

I cos tf]' X yx J 
exp 

^ 2 f T  ^  
sin 0'els' (2.24) 

In the above expressions, x = •^{y-d){a- p) and y = yJ{a-S)(y-p), and the cosines 

of the sum and difference angles are defined as follows: a = ; 

/3 = cos,{ff^dg) ; / = cos(0-0') ; and ^ = cos(^+^) . The kernel K(k) = F{Ttl2,k) 

represents a complete elliptic internal of the first kind in the normal trigonometric form: 
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K I 2  J  

= J I ^ 
0 VI-A: sin x 

In the above results, the 3-dimensional alignment disorder (mosaic spread) is described in 

terms of a Gaussian distribution of the local membrane normal with respect to the 

average bilayer normal, p { 6 )  = (1 / CyjlTT) exp(-^^ / 2<j^) , where a is the standard 

deviation about the mean of (^) = 0 (Nevzorov et al., 1999). Lastly, for a random 

(spherical) distribution, the lineshape corresponds to the well-known Pake doublet 

(Brown, 1996) : 

|cos(yf 

The closed-form lineshape treatment for a semi-random static uniaxial 

distribution Eqs. (2.23-2.25), was programmed in MATLAB (Nevzorov et al., 1999). It 

was then used to simulate the solid-state NMR spectra obtained for the aligned 

samples of recombinant membranes containing rhodopsin having a deuterated retinal 

chromophore. For the oriented samples, the simulation parameters include the C-C^Ha 

bond orientation, the mosaic spread, the residual coupling constant (xq) and the intrinsic 

linebroadening. In the case of unoriented (powder-type) sample, the Pake formula, Eq. 

(2.26), was used. To cross-validate the above procedure, an alternative Monte Carlo 

simulation of the NMR lineshapes was also carried out. In this case, the lineshape is 

accumulated numerically by randomly generating the angular variables according to their 
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distribution functions, as in Eqs. (2.15), and (2.20-2.22) (Nevzorov et ai, 1999). 

Essentially identical results were obtained using the two methods. 
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N 

Fig. 2.3. Schematic illustration for the transformation of the coupling tensor for an aligned 

uniaxial immobile sample. The case refers to a ligand covalently bound to a transmembrane 

receptor having a deuterium-labeled methyl group for solid state NMR. The label is described 

within by the principal axis system (PAS). The magnetic field Bo is represented by the 

laboratory coordinates. The transformation from the PAS to the laboratory frame involves a 

three-step set of rotations. The first rotation is Q.pn= (0, 9b, and describes the orientation Bb 

of the PAS of the EFG tensor with respect to the local symmetry axis N, about which there is a 

static uniaxial distribution of the bond orientations (f). The second transformation Q.nd = (0, 6, (p) 

corresponds to deviations of the local alignment axis with respect to the average normal of the 

membrane plane D, also referred as mosaic spread. The last transformation Q.dl = (0, 0, 0) 

describes the inclination of the average membrane normal to the laboratory frame Bq. Figure 

adapted from (Nevzorov et ai, 1999). 
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2.3 Quadrupole Echo Pulse Sequence. The classical pulse sequence consists of a 

radio-frequency (rf) pulse at the approximate resonant frequency of the sample that flips 

the spins 90° yielding a simple free induction decay (FED). The Fourier transform of this 

FID signal is then taken to obtain the frequency spectrum of the sample involved. 

However this technique does not work well for deuterium NMR studies because of the 

rapid decay at the FID signal. As a result extremely high power pulses are needed in 

these experiments to obtain a sufficiently wide spectral width (Fjrfe, 1983). When the 

high power pulse is applied to the sample, however, enough of the power leaks into the 

receiver to saturate it. Then it takes a certain amount of time for the receiver to recover. 

Moreover, the sample coil requires a finite amount of time for the acoustical ringing to 

diminish after the pulse, with the amount of time depending on the properties of the coil. 

Only after the ringing from the coil decays away, a deuterium solid state NMR spectrum 

can be observed without distortions (Fjrfe, 1983). 

This problem was circumvented by Myer Bloom and co-workers (Davis et al., 

1976) with the implementation of a pulse sequence referred as the "quadrupolar spin-

echo technique". Fig. 2.3 (a). In this experiment, the sample is subjected to a 90° high 

power pulse (~ 3-5 )is,), and after a delay time, T, the spin vectors are refocused at time 

2r, a time exceeding the receiver dead time, by another 90° phase-shifted pulse. This 

sequence produces a quadrupolar echo from the original FID. It has the remarkable 

property that for sufficient short rail the information from the initial FID is preserved in 

the echo signal. This is because it is well removed in time from the first RF pulse, 
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overcoming the effects of the coil ringing and the receiver dead time (Davis et al., 1976; 

Fyfe, 1983). 

a) K 
2 Ix 

K 
2 y 

b) 
l ^ } y  

7£ 
2 Iv 

T,r i Ti 

Fig. 2.4. Pulse sequences for (a) a quadmpolar spin echo sequence; (b) Tiz inversion recovery 

with quadmpolar echo sequence. 

Lastly this pulse sequence can be further improved by the addition of phase cycling, 

which eliminates artifacts due to pulse imperfections and residual receiver recovery 

transients (Void, 1980). This is achieved by varying the phase of the first pulse between 

0° and 180° and second pulse between 90° and 270° relative to the receiver phase (Hahn, 

1979). 
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For a deuteron in a C^Ha, the quadrupole splitting is about 170 kHz. A free 

induction decay (FID) with this splitting would decay measurably during the typical 

receiver dead time of about 20 |is and a significant part of the signal would be lost. 

Furthermore, due to the fact that the FT of a squared pulse results in a sine function, the 

pulse is accurate at the center of the bandwidth but not at the edges of a large spectral 

width, as in the case for deuterium solid state NMR. For a large offset, the pulse angle 

will depart from the 90° condition, therefore creating artifacts in the lineshape. To 

overcome such problems, a newer pulse sequence (Scheme 1) was developed that works 

much better for deuterium solid state NMR, covering a wider bandwidth (Fig. 2.5) in the 

frequency domain (Levitt et al., 1984). 

(135%90 V5%-T7-1 35%90%45 V^2- acquire-r-) 

(Scheme 1) 

This composite pulse sequence improves the lineshape without the need for much 

stronger pulse intensities, since the sequence of pulses with different phases (135°-

x9Q°A5°~x) would create the same effect as a stronger 90° pulse {i.e., a much shorter 

90°pulse). In this work the use of composite pulses was needed to remedy some of the 

defects of the conventional single pulse by being less sensitive to the precise value of the 

radio frequency field, and less demanding on peak power (Levitt, 1986). 
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130 kHz 

Fig. 2.5. Illustration of the importance of a composite pulse sequence versus the normal 

quadrupolar spin echo pulse sequence. Experimental spectral lineshapes for phenylalanine-d' 

using (a) the quadrupolar echo sequence (90)o-Xi-(90)9o-T2, and (b) for a composite pulse 

sequence 45o90igol35o-Xi-45o9027ol359o-X2- As it is illustrated in part (b), a composite pulse 

sequence is necessary to cover a much wider bandwidth thus allowing for a correct determination 

of the lineshape. Figure from (Levitt, 1986). 
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CHAPTER 3 

DEUTERIUM NMR STRUCTURE OF RETINAL IN GROUND 

STATE OF RHODOPSIN 

3.1. Introduction 

G protein-coupled receptors (GPCRs) are involved in numerous cellular 

communication and signal transduction pathways, and rhodopsin is currently a prototype 

for this group of pharmaceutically important biomolecules (Mirzadegan et al., 2003). 

Over 50% of the drugs currently used by humans affect GPCRs, which besides rhodopsin 

include the y^adrenergic receptor (Peleg et al., 2001) and the opioid receptor (Alves et 

al., 2003). In the case of rhodopsin the ligand is 11-c/s-retinal which functions as an 

inverse agonist. Absorption of a visible photon triggers femtosecond isomerization of 

retinal (Wang et al, 1994), giving the active signaling state followed by the perception 

of light (Okada et al., 2001; Hubbell et al., 2003). Current knowledge indicates that the 

retinal chromophore is highly distorted in the region of the Cii=Ci2 double bond as well 

as the yff-ionone ring (Kochendoerfer et al., 1996; Fujimoto et al., 2002). Based on 

deuterium (^H) NMR spectroscopy (Grobner et al., 2000) it has a 6-s-trans conformation, 

opposite to the crystal structure of 11-cw-retinal (Gilardi et al., 1972). Yet previous 

solid-state '^C. NMR measurements (Smith et at., 1987; Spooner et al., 2002) and 

regeneration experiments with locked retinoids (Fujimoto et al., 2001) indicate a 6-s-cis 

conformation, as suggested by the X-ray structure of rhodopsin (Palczewski et al, 2000; 

Teller et al., 2001; Okada et al., 2002; Li et al., 2004). 
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The biological importance of the /^ionone ring conformation is that photo-

crosslinking studies (Borhan et al., 2000) suggest it is released from the retinal binding 

pocket in association with helical movements (Hubbell et al., 2003) that lead to 

activation of the photoreceptor. Aspects of the above picture remain controversial at 

present (Spooner et al., 2003), and clearly one issue is how solid-state NMR studies 

of retinal bound to rhodopsin correspond to the results of other biophysical approaches. 

In this work I conducted studies of deuterated retinal bound to rhodopsin in 

aligned lipid bilayers, with the goal of developing H NMR methods for investigations of 

membrane proteins (Moltke et al., 1998). In solid-state NMR spectroscopy of 

oriented samples (Nevzorov et al., 1999) the quadrupolar couplings provide angular 

restraints which allow one to investigate the conformation and orientation of various 

ligands bound to GPCRs. An earlier NMR structure of retinal bound to rhodopsin has 

been reported (Grobner et al., 2000), but has been recanted based on comparison to 

13 13 rotational resonance C NMR distance measurements (Spooner et al., 2002). Other C 

solid-state NMR studies have investigated the structure of retinal within the binding 

pocket of rhodopsin (Feng et al., 2000; Creemers et al., 2002; Spooner et al., 2003); 

and solid-state correlation spectroscopy has been used to determine the conformation 

of neurotensin bound to its GPCR (Luca et al., 2003). In this chapter I present the three-

dimensional structure of retinal within the binding pocket of rhodopsin based on solid-

state NMR spectroscopy. In this Chapter, partially published (Salgado et al., 2004), I 

show that conformational strain of retinal when bound to bovine rhodopsin leads to a 

twisted 6-s-cis conformation of the /^-ionone ring, whereas the polyene chain is twisted 
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12-s-trans. The conformational strain of retinal as seen by NMR has an important 

bearing on quantum mechanical calculations of retinal properties (Singh et al., 2001; 

Sugihara et al., 2002). Moreover it is relevant to interpreting the ultrafast reaction 

dynamics of the W-cis to trans photoisomerization of retinal within the rhodopsin 

binding pocket (Wang et al, 1994). Knowledge of the molecular basis of triggering of 

the visual signal is provided in relation to mechanisms of activation occurring within the 

GPCR superfamily. 

Fig. 3.1. Schematic representation for determination of the three methyl bond orientations in 

relation to the magnetic field Bq. In this work we used specifically deuterated 11-cw-retinals (C5, 

C9 and Co) in rhodopsin/POPC bilayers, as the labels for NMR lineshape analysis, (a) 

Organization of rhodopsin within the membrane showing the retinal ligand within the binding 

pocket of the photoreceptor, (b) Schematic depiction of recombinant membranes containing 

rhodopsin aligned on ultrathin glass plates within the radiofrequency coil of the NMR probe. The 

average normal to the membrane stack is designated by no, and the direction of the main magnetic 

field is Bo. (c) Illustration of relevant angles used for analytical lineshape calculation of NMR 

spectra of a static uniaxial aligned sample (for further details see Fig. 2.3). 
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3.2 Experimental Methodology 

3.2.1- Preparation of oriented rhodopsin/POPC membranes in glass plates. 

3.2.1.1 Synthesis of specifically deuterated 11-cis-retinals. Isotopically labeled 

retinals with deuterated C5, Cg, or C13 methyl groups were synthesized in Professor Koji 

Nakanishi's laboratory (Columbia University, NY) using methods described elsewhere 

(Borhan et at., 1999). They were characterized by their UV-Visible spectra, Fourier 

transform infrared spectra, and their 'H, ^H, and NMR spectra. The deuterium 

content was established by H NMR spectroscopy which gave a single peak m benzene 

solution. Mass spectrometry in acetone/acetonitrile using positive electrospray ionization 

(ESI) further confirmed the purity of the sjmthetic deuterated retinals. The 

(quasi)molecular MH"^ ions were at miz = 288.1, consistent with a single deuterated 

methyl group, as compared with authentic 11-Z-retinal with MH"*" at mIz = 285.1. 

3.2.1.2 Purification of Rod Outer Segments from Bovine Retinas. Retinas 

purchased from (W. L. Lawson Co., Lincoln, NE), were delivered in dry ice and in dark-

adapted conditions. Prior to use, each vial containing about 50 retinas was let to thaw for 

1 hour. All manipulations were carried out in dim red light (15 W bulb, Kodak Safelight 

filter no. 1), The retinas were resuspended in homogenizing buffer, (1.38 M sucrose 

solution in 100 mM Tris-acetate pH 7.4) 30 mL per 50 retinas. The suspension is 

homogenized with 10 gentle strokes with a Teflon-glass homogenizer and centrifuged at 

2445x g for 20 min. The supernatant is then collected and diluted gently with twice the 

amount of its volume withlO mM Tris-HCl buffer pH 7.4. The suspension is then 

centrifuged for a period of 30 min at 7990x g, the pellet is collected and mixed with 3-5 
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mL of 1.10 M sucrose in 10 mM Tris-acetate buffer containing 10 mM of MgCl, 10 mM 

EDTA. The pellet was extensively resuspended with an 18 gauge syringe, and layered on 

six polycarbonate tubes containing four discontinuous sucrose gradients, (1.10, 1.11, 1.13 

and 1.15 M). After 1 h centrifugation in a swinging-bucket rotor at 75000X g the ROS 

fragments were collected in between the 1.13 and 1.11 layers. The collected ROS was 

washed three times with 2 mM phosphate buffer pH 7. From this procedure the A280 /^soo 

absorbance ratio was tj^ically between 2.4 and 2.9, determined spectrophotometrically 

by solubilizing the ROS membranes in a 10 mM sodium phosphate, pH 7.0 buffer 

solution containing 100 mM of detergent dodecyltrimethylammonium bromide (DTAB, 

Sigma Chemical Co., St. Louis, MO), and 100 mM hydroxylamine (Sigma Chemical Co., 

St. Louis, MO). 

3.2.1.3 Regeneration of rhodopsin and recombination with synthetic 

phospholipids. A pellet containing 60-65 mg of ROS membranes was resuspended in 

-50 mL of 10 mM HEPES buffer, pH 6.8, containing 100 mM hydroxylamine and 10 

mM of MgCl. The rod membranes were bleached at 4 °C by exposure to yellow light (A > 

520 nm) for 30 min. The membrane suspension was then centrifuged, and the pellet 

resuspended in hydroxylamine-free buffer, repeating this procedure at least four 

times. Synthetic deuterated 11-cw-retinal in EtOH (from Professor Koji Nakanishi, 

Columbia University), was added in a 1.5 molar excess and regeneration was carried out 

for 1.5 h at 37 °C. Between 45 and 60 mg of the opsin suspension was successfiilly 

regenerated (Fig. 3.2a). The regenerated rhodopsin was solubilized in about 20 mL of 15 

mM phosphate buffer, pH 7, containing 100 mM DTAB and 1 mM DTT, and let stay on 
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ice for about 1 h. After a 45 min -90 OOOx g centrifugation, the supernatant is exclusively 

detergent-solubilized rhodopsin (Grip et al., 1973). The purification of rhodopsin was 

performed using a hydroxyapatite column (2.5 x 6.5 cm) (DNA grade Bio-Gel HTP; Bio-

Rad Laboratories, Hercules, CA), equilibrated with 100 mM DTAB detergent, 15 mM 

sodium phosphate, pH 6.9, and 1 mM DTT at 4 °C. A linear gradient of 0.0-0.5 M NaCl 

was applied with a flow rate of 0.4 mL min"' to elute the rhodopsin. All samples with 

A280M500 absorbance ratio <2.1 (usually 30-40 mg of rhodopsin) was combined (Fig. 

3.3) and used for recombinant membrane preparation. Recombinant membranes were 

formed by first evaporating mixtures of l-palmitoyl-2-oleoyl-^n-glycero-3-

phosphocholine (POPC) (Avanti Polar Lipids, Alabaster, AL) to a constant weight. Next, 

the chloroform-free lipids were solubilized in an excess of DTAB (2-5 mL at 300 mM). 

The purified rhodopsin in DTAB corresponding to a total lipid/rhodopsin molar ratio of 

50:1 was then added, and the mixture incubated for 45 min at 4 °C. The preparation was 

dialyzed for four days at 4 °C against 0.5 L mg~' of rhodopsin of 5 mM Hepes buffer 

containing 1 mM EDTA at pH 6.8, under a constant nitrogen stream, for 1 day, 

exchanging the buffer three times a day with additional three d with buffer exchange 

every 12 h. Finally, the recombinant membranes were harvested by centrifugation and 

resuspended in 10 mM Hepes, pH 6.8, buffer containing 1 mM EDTA and 1 mM MgCl, 

and stored in -70 °C (Fig. 3.2b), or alternatively the recombinant rhodopsin/POPC 

samples contained 5 mM HEPES buffer, pH 6.8, prepared from ^H-depIeted 'H2O, and 

included 1 mM DTT, 1 mM MgCl, and 1 mM EDTA were prepared for ^'H NMR 

spectroscopy. 
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Fig. 3.2. (a) LJV-visible spectra of rhodopsin regenerated with 11-cis retinal labeled with at 

C13 position. We can see at 367 nm the contribution of both protonated and deuterated retinal, (b) 

The same sample after purification and recombination with POPC lipids with a purity around 1.6 

(see text). 
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Fig. 3.3. Elution profile for the purification of regenerated rhodopsin using a hydroxyapatite 

column. The protonated retinal and the excess of deuterated ll-cis retinal was eluted (fraction 

5-36) much before the purified rhodopsin regenerated with retinal. All samples with purity 

less than 2.0 were used (see text). 
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3.2.1.4 Preparation of aligned membrane samples. Rhodopsin/POPC recombinant 

membranes (1:50 molar ratio) were oriented on ultrathin glass plates (6x12 mm) 

(Marienfeld Glassware, Bad Mergentheim, Germany) by isopotential ultracentrifugation 

(Grobner et al., 1997). About 1.1 mg in ICX) |iL of the recombinant rhodopsin/POPC 

suspension was inserted on top of each assembled glass plate (Fig. 3.4). After a 1.5 h 

centrifugation at -22 OOOx g, the glass plates were collected and kept inside under argon 

sealed glove-box. A stack of the aligned samples typically contained 22-25 mg of 

rhodopsin deposited on a total of 25 ultrathin glass plates, were inserted in a 8-mm outer 

diameter NMR glass tube (Wilmad-Lab glass, Buena, NJ), and let hydrated by isopiestic 

transfer in a sealed chamber containing saturated NaBr in ^H-depleted 'H2O (r.h. -63% at 

4 °C), which was found to improve the alignment. Extensive NMR studies using a 

homebuilt, single-tuned ^'P NMR probe indicated that typically -90% of the sample was 

oriented by the procedure, the remaining unoriented fraction giving an underlying powder 

pattern (Fig. 3.5). The alignment disorder (mosaic spread) of the oriented fraction of the 

sample was obtained from H NMR spectroscopy as described below. A total of seven 

tilt angles of the membrane stack relative to the static magnetic field were measured with 

a protractor, and were estimated to be accurate to within ±2°. 
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a 

Fig. 3.4. Diagram of a home-built ISDU cell, (a) Polycarbonate tube (Beckman); (b) delrin screw 

cap; (c) pinhole; (d) delrin cell body; (e) glass plate; (f) O-ring; (g) stainless steel plate with 

isopotential surface; and (h) epoxy fill for support. The glass plates are deposited on the metal 

p l a t e  and  cen t r i f i i ged  fo r  2  h  a t  abou t  79  OOOx g .  
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Fig. 3.5. To ascertain the degree of lipid orientation, proton-decoupled ^'P NMR spectra were 

measured for ail samples described in this work, (a) experimental powder type spectrum of a 

random dispersion of membranes, (b) experimental spectrum and simulated (red) for oriented 

films of rhodopsin in POPC bilayers (1/50 molar ratio) taking into account the fraction (blue) of 

unoriented bilayers. The lineshape and degree of orientation (~ 90%) are sufficient for the 

orientation studies and is used for the simulations for the bond angle determination. A ^'P NMR 

signal at 30 ppm is observed when the long axes of phosphatidylcholines in undistorted liquid-

crystalline bilayers are oriented parallel to the magnetic field direction, 0|| (Salgado et al., 2004). 
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3.2.1.5 Solid-state deuterium NMR spectroscopy. A modified Bruker AMX-500 

spectrometer (11.7 T) was used in conjunction with a high-power radiofrequency boost 

amplifier (Model Tempo 2006; Henry Radio, Los Angles, CA). The aligned membrane 

specimens were contained within a 10-mm horizontal solenoid radiofrequency coil of a 

homebuilt high-power NMR probe, which gave a 4.2 jxs 90° pulse at 76.77 MHz 

(rotating field strength of 59.5 kHz). Both a conventional quadrupolar echo pulse 

sequence (90x''-'r-90y°-x-acquire) and a quadrupolar echo sequence with composite 

pulses (135.90x° 45.^°-x-135y° 90_y° 45y°-x-acquire) (Levitt et al., 1984) were 

employed and appropriately phase-cycled to acquire the H NMR signals. Control 

studies of deuterated polymethylmethylacrylate (PMMA-Jg) were routinely conducted 

and confirmed that high-fidelity ^H NMR lineshapes were obtained using both 

quadrupolar echo pulse sequences. The delay time rranged from 40 to 70 jus depending 

on the sample temperature, to avoid acoustical ringing of the radiofrequency coil; and the 

repetition time was typically 100-500 ms. The quadrupolar echo signals were apodized 

by exponential multiplication, corresponding to a 0.5 kHz linebroadening. Fourier 

transformation was carried out using data processing software written in-house 

(MATLAB; The MathWorks, Inc., Natick, MA) and was initiated at the top of the 

quadrupolar echo, utilizing both quadrature data channels (no synraietrization which can 

lead to spectral artifacts). No first-order phase correction was applied to any of the 

spectra to eliminate the possibility of spectral distortions due to frequency-dependent 

phase shifts. The ^H NMR spectra required a minimum of 300 000 scans at -150 °C up 

to 1-3 X 10^ scans at -30 °C (-1-6 d of signal averaging for each spectrum). 
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3.3- Results 

3.3.1 Non-aligned rhodopsin/POPC recombinant membranes. Powder-type H 

NMR spectra of randomly oriented POPC recombinant membranes containing rhodopsin 

regenerated with Cp-methyl deuterated retinal (1:50 molar ratio) are shown as function of 

temperature in Fig. 3.6. Expansions of the NMR spectral region from -150 kHz to 

+150 kHz are plotted. As indicated in Figs. 3.6a-c, well-defined powder patterns (Pake 

doublets) are observed at temperatures of -30, -60, and -150 °C, respectively. These 

temperatures are well below the order-disorder phase transition temperature of POPC {-A 

°C), and correspond to the gel state of the lipids, where rotational and translational 

diffusion as well as other internal degrees of freedom of both the protein and lipids are 

diminished. As can be seen, good-quality ^H NMR spectra are obtained from the gel-

state POPC recombinant membranes containing rhodopsin, with well-defined shoulders 

and a flat baseline, in which a single deuterated methyl group in a membrane protein of 

molar mass ^2 kDa is observed. 

In Fig. 3.6 the powder-tj^e ^H NMR spectra correspond to randomly oriented 

bilayers, and exhibit discontinuities at ± 19.5 kHz and + 39.0 kHz, which represent the 0 

= 90° and 0=0° orientations of the electric field gradient (EFG) tensor principal axis 

relative to the main magnetic field (Brown, 1996). The spectra were simulated using the 

expression for a Pake doublet due to a random spherical distribution of EFG tensor 

principal axes relative to the laboratory frame (i.e. the static magnetic field) (cf., Eq. A8., 

Brown, 1996). See table 3.2 for simulation parameters. In Fig. 3.6 the simulated ^H 

NMR spectra are superimposed on the experimental data, which are fit to within 
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experimental error, as revealed by the essentially flat residuals plotted beneath each 

spectrum. The value of the quadrupolar splitting A i.e. corresponding to 90°, 

is 39.0 kHz at T = -30, -60, and -150 °C, which is in good agreement with the value of 

41.75 kHz expected for C-C^Hs groups rotating about their three-fold axes. (In this case, 

the static quadrupolar coupling of = 170 kHz is reduced by a factor of P2(cos 109.47°) 

= -1/3, yielding a residual or effective coupling constant +Xq, = 56.67 kHz, 

assuming ideal tetrahedral geometry. Spectral discontinuities are then observed at 

frequencies of±jZ^ = ±41.75 and = ±20.875 kHz, giving a quadrupolar 

spitting A of 41.75 kHz.) Note that even at -150 °C the methyl groups of the 

retinal chromophore of rhodopsin undergo rapid, three-fold rotation within its binding 

pocket. Further experimental studies of rhodopsin regenerated with C9 methyl-deuterated 

retinal of aligned bilayers, as well with C5 and C13 methyl-deuterated retinal, are 

described below. 
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Fig. 3.6. NMR studies of non-aligned rhodopsin/POPC recombinant membranes (powder-type 

spectra) of rhodopsin regenerated with Cg-methyl deuterated retinal, a-c, well-defined powder 

patterns (Pake doublets) are observed at temperatures of -30, -60, and -150 °C, respectively 

These temperatures are well below the order-disorder phase transition temperature of POPC {-A 

°C). It can be seen that all three spectra exhibit discontinuities at ± 19.5 kHz and ±39.0 kHz, which 

represent the 6 = 90° and d=(f orientations of the (EFG) tensor principal axis system relative to 

the main magnetic field (Brown, 1996). Experimental, simulated and residuals (black, red and 

green respectively) are shown. 
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3.3.2 Site-specific deuterium NMR spectroscopy of retinal within the binding 

pocket of rhodopsin. In this work we have applied a site-directed, sohd-state H NMR 

approach for investigating ligands bound to GPCRs and other integral membrane proteins 

(Nevzorov et al., 1999). Bovine rhodopsin {Mr ~ 42 kDa) was regenerated with 

synthetic ll-cis retinal (Borhan et al., 1999) that was selectively deuterated at the C5, 

C9, or C13 methyl positions. The numbering of the methyl groups of retinal (Moltke et 

al., 1998) follows organic nomenclature, where the correspondence to the 

crystallographic numbering of the carbon atoms (Gilardi et al., 1972) is C5 methyl 

carbon = Cig, Cg methyl carbon = C19, and C13 methyl carbon = C20 (Grobner et al., 

2000). Deuterated 11-cw-retinal was then recombined with l-palmitoyl-2-oleoyl-5n-

glycero-3-phosphocholine (POPC) by detergent dialysis (1:50 molar ratio), and the 

membranes were aligned by isopotential centrifugation onto planar substrates (Grobner 

et al., 1997). At temperatures below the gel to liquid-crystalline phase transition 

temperature of POPC {-A °C), both the lipids and rhodopsin have static rotational 

disorder within the membrane plane. As a consequence, the recombinant samples 

comprised a static uniaxial distribution of the lipid and protein moieties on the NMR time 

scale (Moltke et al., 1998) at all the temperatures considered in this research. 

The experimental studies involved recording tilt sequences of H NMR spectra 

relative to the static magnetic field (Moltke et al., 1998) for the aligned membranes 

containing rhodopsin labelled with at the various retinylidene methyl groups. We 

implemented a new theoretical NMR lineshape treatment for a static uniaxial 

distribution (Nevzorov et al., 1999) to deduce local angular constraints for the 
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•y 
retinylidene prosthetic group of rhodopsin. In the present case, the H NMR spectrum 

depends on the angle between an individual C-C^Hs bond axis of the retinal molecule 

and the direction of the main magnetic field (Levitt et al, 1984). The lineshape for such 

an aligned sample is described by the semi-random distribution of the C-C H3 bond axes 

within the angular space of the membrane, which in turn is mapped into the frequency 

space of the NMR spectrum. A schematic illustration is given in Fig. 3.1, part (a), 

which depicts the folding of the rhodopsin polypeptide chain within the membrane, 

together with the bound retinal ligand. In part (b) of Fig. 3.1, the stack of ~25 ultrathin 

glass slides containing the aligned recombinant membranes is shown inserted into the 

radiofrequency coil of the NMR probe. The average normal to the membrane stack is 

designated by n© and the main magnetic field is indicated by Bq. Lastly, the H-labeled 

11-cw-retinal is illustrated in Fig. 1, part (c), where the overall orientation of the C-

C^Hs bond axis relative to B© is decomposed into various Euler angles using the closure 

property of the group of rotations (Brown, et al., 1996). 

Referring to Fig. 3.1, the parameters of the lineshape simulations include the C-

orientation {Ob) relative to the membrane normal n, which provides the angular 

constraint on the retinal conformation, together with the alignment disorder (so-called 

mosaic spread) of the membrane stack. In part (c) 0 represents the angle of the local 

normal n relative to the average membrane normal n© which describes the (Gaussian) 

alignment disorder; and 9' is the angle between the average normal n© and the main 

magnetic field Bq, which accounts for the tilt series of the NMR spectra. Note that 

two static axial distributions are involved in the lineshape analysis; these are described 
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by^, the azimuthal angle about the local membrane normal n; and (f)', the azimuthal angle 

about the average normal no to the stack of aligned membranes. The(^ rotation means 

that the rhodopsin molecules within the membrane are uniformly distributed about the 

local normal axis; whereas the rotation implies that the various membranes are 

themselves uniformly distributed about the average alignment axis. If the second 

azimuthal rotation (p' is neglected in treating the mosaic spread (Ulrich et al., 1993), then 

this is equivalent to the disregard of longitude in geography, specifying the position of a 

point on the earth's surface only by its latitude, & in our notation, which is incorrect. 

Indeed, for tilting of n© away from the magnetic field direction such a treatment (Ulrich 

et al., 1993) fails to reproduce the appropriate powder-pattern of a Pake doublet in the 

limit of infinite mosaic spread (Nevzorov et al., 1999). Further description of the 

theoretical details of the solid-state NMR lineshape simulations is provided in Chapter 

2. Turning next to Fig. 3.7, we show representative experimental NMR spectra of 

rhodopsin/POPC recombinant membranes containing 11-cw-retinal deuterated at the C5 

methyl group of the y^ionone ring. The NMR spectra of the aligned membranes were 

recorded at a temperature of -60 °C, well below the gel to liquid-crystalline phase 

transition of POPC. In these experiments the average bilayer normal no was inclined at 

tilt angles of 6=0° or 90° relative to the main magnetic field Bo. Part (a) of Fig. 3.7 

presents the experimental NMR spectra superimposed with theoretical fits for a static 

uniaxial distribution (Nevzorov et al., 1999). The values of the bond axis orientation Ob 

= 70 ± 3° and mosaic spread <7= 21 ±2° were determined for the C5 methyl group from 

simultaneous nonlinear regression fitting of the angular-dependent spectral data {vide 
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infra). For the C9 and C13 methyl groups of retinal, respectively, we obtained bond axis 

orientations of = 52 + 3° and 68 ± 2° from simultaneously fitting the NMR spectra 

at the two tilt orientations of 0=0° and 90° (results not shown). For comparison, part (b) 

of Fig. 3.7 shows theoretical simulations of the same experimental NMR spectra for 

the C5 methyl group assuming a C-C^Hs bond orientation of 65? = 21°, as reported earlier 

(Grobner et al., 2000), together with the above value of the mosaic spread. Here the 

experimental lineshapes are not well reproduced; and hence we conclude that the value of 

Gb = 10± 3° determined in this work represents the more accurate value. Moreover, we 

attempted to fit the angular-dependent ^H NMR spectra by constraining the C5 bond 

orientation at the previous value (Grobner et al., 2000) and allowing the mosaic 

spread to vary. In this case, the goodness-of-fit increased continuously with increasing 

mosaic spread up to 0= 90° (results not shown), corresponding to the limit of a Pake 

doublet for randomly oriented bilayers (Nevzorov et al., 1999). However this finding 

disagrees with NMR spectral data obtained for the same samples, which indicate that 

the degree of alignment is ^0% {cf. Fig. 3.5). Similar conclusions apply to the C9 and 

C13 methyl positions. The discrepancy with earlier work (Grobner et al., 2000) may 

originate from a lack of consideration of the full three-dimensional character of the 

mosaic spread of the aligned samples (Ulrich et al., 1993); symmetrization of the 

experimental ^H NMR spectra which can lead to artifactual quadrupolar splittings 

(Siminovitch et al, 1984); and the rather low signal-to-noise of the previous ^H NMR 

spectra obtained for static aligned samples (Grobner et al., 1998) or aligned samples 

using magic-angle oriented-sample spinning (MAOSS) (Grobner et al., 2000). 
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Fig. 3.7. Comparison of solid-state NMR spectra of aligned membranes containing rhodopsin 

labeled with at the retinal C5 methyl group at -60 °C to theoretical lineshape simulations. 

Results are shown for the ^=0° and 90° orientations of the normal to the membrane stack relative 

to the static magnetic field. Experimental NMR spectra are indicated in grey, and theoretical 

spectra obtained by simultaneously fitting the results for both bilayer orientations are depicted by 

solid dark lines. The experimental and simulated NMR spectra are normalized to constant area, 

(a) Angular-dependent NMR spectra and lineshape simulations corresponding to a C-C^H3 

bond orientation of ^ b = 70 ± 3° and mosaic spread of <7=21 ±2°, obtained by simultaneously 

fitting the data, (b) Lineshape simulations of the same NMR spectra obtained by constraining 

= 21° as previously determined (Grobner et al., 2000), together with the mosaic spread found 

in part (a). The lineshape simulations assume a (residual) quadrupolar coupling constant of 

= 39 kHz and a Lorentzian full width at half maximum (FWHM) = 3.2 kHz (Salgado et al., 2004). 
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One should note that the present work has employed rhodopsin/POPC 

recombinant membranes mainly at a temperature of -150 °C; whereas previously 

reported NMR studies of rhodopsin/DMPC recombinants were conducted at -60 °C 

(Grobner et al., 2000). The advantage of working at extreme low temperatures is related 

to a much better signal to noise ratio improvement, and as it was mentioned in Chapter 2, 

the theoretical description is only valid for a semi-random static uniaxially distribution of 

the methyl bonds. Earlier solid-state NMR studies used a hydrated gel of rhodopsin 

solubilized in the detergent Ammonyx LO at ~ -30 °C (Smith et al., 1987); and in 

addition X-ray crystallography of rhodopsin is typically carried out at a temperature of ~ 

-170 °C (Okada et al, 2002). Although differences in sample conditions might account 

for variations in the results of individual laboratories, we view this as unlikely for the 

following reasons. First, the electronic spectral properties of retinal are sensitive to 

details of its binding pocket. There is an appreciable bathochromic shift of ~ 20-25 nm 

on going from a 6-s-cis to a 6-s-trans conformation of the y^ionone ring (Honig et al., 

1976; van der Steen et al., 1986). But for rhodopsin recombined with POPC or DMPC 

as well as rhodopsin solubilized in non-ionic detergents (Anmionyx LO) or cationic 

detergents (DTAB), the UV-visible absorption spectra are essentially unperturbed as 

compared to the native retinal rod membranes, with a wavelength maximum at 500 nm 

(Gibson et al., 1993; Botelho et al., 2002). The so-called opsin shift is the same for 

rhodopsin in the various lipid and detergent environments studied, and hence the ft-

ionone ring conformation is unaltered. Second, we have also obtained preliminary H 

NMR spectra for the C5, C9, and C13 methyl groups of retinal bound to rhodopsin at -30 
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°C, which closely resemble those at -150 °C (results not shown). As a result, we 

conclude that changes in the retinal conformation when bound to rhodopsin are minimal 

over the temperature range from -30 °C to -150 °C. 

3.3.3 Solid-state NMR spectral lineshape analysis of rhodopsin. We next turn to 

the structural analysis of retinal within the binding pocket of rhodopsin in the dark 

adapted state. Representative experimental NMR spectra acquired at -150 °C for the 

retinals C5, C9, and C13 methyl group of rhodopsin are plotted in Fig. 3.8 through 3.10 

respectively. In part (a), we can see experimental data for bilayer orientations ranging 

from G= 0° to 90°, and in part (b), we can see depicted the respective lineshape 

simulations. The NMR spectra are indicative of rapidly rotating methyl groups on the 

NMR time scale at temperatures down to at least -150 °C, which is also shown by 

NMR studies of unoriented powder-type samples Fig. 3.6. 

Compared with earlier data (Grobner et al., 1998), substantially different NMR 

spectra were recorded. Most notable are the significant changes in the NMR spectral 

lineshape as a function of the tilt angle 9, similar results were obtained at -60 °C (not 

shown). For C9, we can see that at the smaller tilt angles {6 = 0°, 15°), the NMR 

spectra are rounded or flat in the center; whereas at larger tilt angles {6= 60°, 90°) the 

two transitions of the / = 1 quadrupolar nucleus are clearly evident. For the other two 

positions, with similar bond angles, the two transitions of the / = 1 quadrupolar 

nucleus are more evident at all tilt angles. 

In order to further interpret the angular-dependent NMR lineshapes, theoretical 

2 , simulations are necessary. For the case of rhodopsin, the theoretical H NMR analysis 
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(c/ Fig. 3.1) involves the C-C^Hs bond orientation relative to the local membrane frame, 

together with the static misalignment of the membrane stack (mosaic spread). Assuming 

a uniaxial static distribution, as found for aligned membranes below their order-disorder 

phase transition temperature, the following result is obtained for the NMR lineshape 

(Nevzorov et al., 1999): 

Here is the distribution of the spectral intensity as a function of the reduced 

frequency ^ for the two 7=1 spectral branches, as given by = 1)2(3 cos^ ^ -1) . 

Referring back to Fig. 3.1, part (c), we recall that the overall angle between the methyl 

bond axis and the magnetic field is 0, and that ff is the inclination (tilt) of the local 

bilayer normal from its average value (see also Chapter 2). The function F{x,y) involves 

sums or differences of the above angles, together with 6b, the methyl bond angle to the 

local membrane normal, and 9, the angle the average bilayer normal makes with the 

magnetic field. In Eq. (3.1) x = - S)(a - P) and y = -^{a - 5){Y - P), where the 

c o s i n e s  o f  t h e  s u m  a n d  d i f f e r e n c e  a n g l e s  a r e  a  =  c o s { 6 - 9 g )  ;  P  =  c o s { 6  +  6 g )  ;  

Y = cos{0 -ff); and S = cos(0 + 9). The integrand is (/) F{x,y) = y^^K{xly) if a > y > 5 > 

P or y > a > p > 5; or (ii) F{x,y) = x'^K{ylx) ify>a>5>Pora>y>p>6. Here the 

kernel K{k) = F('K/2,k) represents a complete elliptic integral of the first kind in the 

normal trigonometric form (Nevzorov et al., 1999). The mosaic spread is represented by 

(3.1) 
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a three-dimensional Gaussian distribution, where cr is the standard deviation about the 

mean of <&> = 0. 

As we can see illustrated in Fig.s 3.8 through 3.10, part (b), shows theoretical 

NMR spectra calculated for rhodopsin ^H-labeled at the retinal C5 C9, and Co methyl 

position using the above formalism. Closed-form simulations using the analytical 

lineshape formula, Eq. (3.1), included the C-C^Hs bond orientation, the mosaic spread, 

the residual quadrupolar coupling constant <x^ for the rotating methyl group, and the 

intrinsic spectral linewidth. The theoretical simulations correspond well with the 

experimental NMR spectra in part (a), showing the role of the C-C^Hs bond 

orientation, and evincing the importance of a proper three-dimensional treatment of the 

alignment disorder (Nevzorov et al, 1999). It is worth noting that the mosaic spread 

cannot simply be expressed as an extra contribution to the linebroadening, but rather it 

contributes to the lineshape in a more complex way (Nevzorov et al, 1999). Moreover, 

for bond orientations greater than 35.3° there is typically an ambiguity in the sign of the 

quadrupolar (or dipolar) coupling. Therefore, if the solid-state NMR spectra are 

recorded only at zero tilt, e.g. as in the case of flat coils, then due to the sign ambiguity 

one obtains different calculated bond orientations (Moltke et al, 1998). To distinguish 

these geometric solutions it is necessary to obtain a rotation pattern (tilt series) of the 

NMR spectra as a function of the membrane tilt angle (Moltke et al, 1998), as we 

describe below. 
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Fig. 3.8. Tilt series of solid-state H NMR spectra of aligned recombinant POPC membranes 

containing rhodopsin (1:50 molar ratio) regenerated with Cs-methyl deuterated retinal at 7= -150 

°C. The NMR spectra are shown as a function of the tilt angled, i.e. the angle between the 

bilayer normal and the main magnetic field: (a) experimental spectra; and (b) theoretical spectra 

calculated for a static uniaxial distribution of rhodopsin molecules. 
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Fig. 3.9. Tilt series of solid-state NMR spectra of aligned recombinant POPC membranes 

containing rhodopsin (1:50 molar ratio) regenerated with Cg-methyl deuterated retinal at 7= -150 

"C. The NMR spectra are shown as a function of the tilt angle 0, i.e. the angle between the 

bilayer normal and the main magnetic field: (a) experimental spectra; and (b) theoretical spectra 

calculated for a static uniaxial distribution of rhodopsin molecules. 
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Fig. 3.10. Tilt series of solid-state NMR spectra of aligned recombinant POPC membranes 

containing rhodopsin (1:50 molar ratio) regenerated with Cn-methyl deuterated retinal at 7 = 

-150 °C. The NMR spectra are shown as a function of the tilt angle G, i.e. the angle 

between the bilayer normal and the main magnetic field: (a) experimental spectra; and (b) 

theoretical spectra calculated for a static uniaxial distribution of rhodopsin molecules. 
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3.3.4 RMSD surfaces of tilt series for C5, C9, and C13 11-cis retinal in 

rhodopsin. By simulating the NMR spectra obtained for different membrane tilt 

angles, one can determine the orientations of the C9 and C13 methyl carbons of the retinal 

polyene chain and the C5 methyl carbon of the y^ionone ring relative to the membrane 

normal. In Fig. 3.11, 3.12 and 3.13 through, parts (a), the root mean square deviation 

(RMSD) of the calculated lineshapes from the experimental NMR spectra for the C5, 

C9, and Ci3 positions is plotted against the C-C^Hs bond angle {Ob) and the mosaic spread 

(o), respectively. The error surfaces for the C5 and Co methyl positions are somewhat 

asymmetric, Fig. 3.11 and 3.13 parts (a); whereas that for C9 methyl group is relatively 

sjmimetric, Fig. 3.12 part (a). 

In parts (b) of the Figs. 3.11-3.13, we can see depicted the cross-section through 

the respective surface indicated in part (a), at the minimum of the RMSD surface where 

the simulated bond angle intercepts the mosaic spread, giving unique solutions for the 

bond angle and cr. Global fitting of the angular-dependent NMR spectra allows the 

bond orientations of the ^H-labeled methyl groups to be accurately determined relative to 

the membrane plane. 

Figs. 3.11-3.13 indicate that well-defined minima are obtained in each case. 

From the global fits we obtained C-C^Ha bond angles of 70 ± 3°, 52 ± 3°, and 68 ± 2° for 

the C5, C9, and Cn methyl groups respectively (Table 1), with crin the range of 18 to 21°. 

One should note that the mosaic spread refers to the oriented fraction of the samples, 

which based on NMR studies is determined to be ~ 90% {cf Experimental Procedures 

Fig. 3.5). 
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On the other hand, the previously reported values (Grobner et al, 2000) for the 

C5, C9, and Ci3 methyl bond orientations of ^ = 21, 44, and 30° give RMSD values that 

are substantially higher than those reported in this work. Variation of the mosaic spread 

<j does not led to well-defined minima, with the possible exception of the C9 methyl 

group (results not shown). Although the methyl bond orientations obtained in the present 

work differ from those reported previously (Grobner et al., 2000), they are in excellent 

agreement with the refined crystal coordinates of rhodopsin {Teller et al., 2001). 

Compared to the first (Palcewzki et al., 2000) and third (Okada et al., 2002) crystal 

structures, the correspondence is not as good, though still satisfactory. One should also 

note that the values for the bond orientation 0b and mosaic spread <7 obtained from the 

global fit of the tilt series of NMR spectra (cf. Figs. 3.11-3.13) correspond well with 

the results of fitting only the ^ = 0° and 90° spectra (cf. Fig. 3.7). This observation 

suggests that, for certain applications, acquiring NMR spectra at just the two bilayer 

orientations of 0=0° and 90° may be sufficient. 
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a) 
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bond angle / deg 
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Fig. 3.11. Global fitting of theoretical H NMR lineshapes for aligned rhodopsin/POPC 

membranes containing retinal ^H-labeled at C5, methyl group at -150 °C. The root mean square 

deviation (RMSD) of the calculated NMR spectral lineshapes from the experimental tilt series 

(normal i zed)  i s  shown as  a  f i inc t ion  o f  the  C-C^Hs  bond  ang le  { 6b )  and  the  mosa ic  sp read  ( o ) .  A  

well-defined global minimum is obtained, shown in red color, (b) cross-section through the 

respective surface minimum with the bond orientation 70±3, and values of the mosaic spread fall 

in the range of <T= 18°. Fitting parameters are summarized in Table 3.2. 
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Fig. 3.12. Global fitting of theoretical NMR lineshapes for aligned rhodopsin/POPC 

membranes containing retinal ^H-labeled at C9 methyl groups at -150 °C. The root mean square 

deviation (RMSD) of the calculated NMR spectral lineshapes from the experimental tilt series 

(normalized) is shown as a function of the C-C^H3 bond angle {Ob) and the mosaic spread (o). A 

well-defined global minimum, shown in red color, (b) cross-section through the respective 

surface minimum with the bond orientation 52±3, and values of the mosaic spread fall in the 

range of a- 21°. 
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Fig. 3.13. Global fitting of theoretical NMR lineshapes for aligned rhodopsin/POPC 

membranes containing retinal ^H-labeled at C13 methyl groups at -150 °C. The root mean square 

deviation (RMSD) of the calculated NMR spectral lineshapes from the experimental tilt series 

(normal i zed)  i s  shown as  a  func t ion  o f  the  C-C^Hs  bond  ang le  { 9b )  and  the  mosa ic  sp read  ( o ) .  A  

well-defined global minimum is obtained, shown in red color, (b) cross-section through the 

respective surface minimum with the bond orientation 68±2. Values of the mosaic spread fall in 

the range of <j- 18°. 
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3.3.5 Calculation of effective torsion angles. In what follows we shall assume the 

retinal conformation is essentially described by the orientations of the yff-ionone ring and 

the planes of conjugation on either side of the 1 l-cis double bond (Fujimoto et al., 2002). 

Fig. 3.14 shows that the three planes A, B, and C have two shared bonds; and 

consequently there are four angular degrees of freedom. Three of these angles are 

determined by the C5, C9, and C13 methyl groups (Table 1); as a fourth parameter, we 

introduce the orientation of the electronic transition dipole moment from linear dichroism 

studies (Jager et al, 1997). All of our calculations assume ideal orbital hybridization, or 

they include deviations from the ideal bond angles as found in the crystal structure of 11-

cw-retinal (Gilardi et al., 1972). 

For a pair of methyl groups (i, k) attached to different planes of the retinal 

molecule, the effective torsion angle 2', is given by: 

Zi,k = cos 
^ cos 0- cosff/ -

sin^; sin 6':'' 
-cos 

COS6>^cos(9'b* -COS6>B j 

sin 0. sin 0^'' J 

The derivation of Eq. (2) employs the closure property of the rotation group (Brown et 

al., 1996) and is relatively straightforward. In this expression 0'^ and ^ are the 

individual methyl bond orientations relative to the membrane normal (Table 1), and 0-

and 0^ designate their angles with respect to the bond whose torsion angle is;jf, (Here 

we introduce the additional labels i, k to designate specific methyl groups of the retinal 

molecule, which are suppressed in the preceding notation.) The angle of the bond axis 
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joining two planes relative to the membrane normal is denoted as Og'', and is calculated 

either from the electronic transition dipole moment (Jager et al, 1997; Liebman et al., 

1962) or from the methyl group orientation in the case of NMR. Note that the sense 

(sign) of the torsion angle, corresponding to the chiral selectivity of the binding pocket, 

cannot be determined from Eq. (3.2) due to the even functions. Further, the nuclear spin 

interactions in solid-state NMR have even parity (Trouard et al., 1994), so that the 

various angles cannot be distinguished from their supplements Fig. 3.15). As a result we 

are unable to differentiate between twisted s-cis and s-trans conformations, contrary to an 

earlier report (Grobner et al., 2000). Rather, 16 symmetry-related solutions are obtained 

for each of the effective torsion angles. Some of the solutions are degenerate, however, 

and by considering NMR rotational resonance (Spooner et al., 2002; Verdegem et 

al, 1999), chemical shift (Smith et al., 1987), and circular dichroism (Fujimoto et al., 

2002) data, most of these can be eliminated. 
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Deuterium Solid State Spectra 
for individual positions 

C5 

" A  " H  
; ; 

Bond orientation determination 
from line shape analysis 

Calculation of the torsion angles 
that connects the three planes 

Each torsion calculation gives 
4 solutions 

_ ,i[ COS0, cosGg* - cos6g | j cosG^ cos0/ - cosGg 
sinG.sinGi' J I sinGiSinGi* , 

7̂  
7I±0 

±0 

\ / 
I) from empiric bond angle 
II) from empiric second angle »• 

III) from electronic transition 
dipole moment from linear dichroism 

IV) from distance constrains from rotational 
resonance C NMR 

VI) from locked retinoids studies 

Fig. 3.14. Schematic representation of the torsion angle calculations. From the experimental 

spectra we calculate the bond angle that will be used to calculate the torsion angle between 

each consecutive pair of planes. The three planes A, B, and C share bonds, and consequently there 

are four angular degrees of freedom (solutions). Three of these angles are determined by the C5, 

C9, and Ci3 methyl groups (Table 3.1); as a fourth parameter, we introduce the orientation of the 

electronic transition dipole moment from linear dichroism studies, which gives a unique solution 

for the structure of retinal (Salgado et al., 2004). 



115 

3.3.6 Conformational analysis of retinal within the binding pocket of rhodopsin. 

The NMR data presented above have important implications with regard to the retinal 

conformation when bound to the dark state of rhodopsin. Here we show how the relative 

orientations of the H nuclear spin coupling tensors of the different deuterated methyl 

groups of retinal allow one to estimate the torsional angles involving the various planes 

of unsaturation of the molecule. In this way, it is possible to investigate the three-

dimensional structure of the retinal ligand within its protein binding pocket. As described 

in greater detail below, analysis of the data in Table 1 allows us to conclude that there are 

out-of-plane twists of the /5-ionone ring (A) relative to the C6-C13 plane of conjugation 

(B), as well as twists of the C6-C13 plane relative to the C12-C15 plane (C). The 

twisting arises from conformational stress and strain of the retinal chromophore due to 

the induced fit to the rhodopsin binding pocket. Now according to Fig. 3.15, the torsion 

angle of the C12-C13 bond is defined by the orientation of the C6-C13 plane of 

unsaturation (B) relative to the C12-C15 plane (C). The torsional twist about the C12-

C13 bond manifests the chromophore distortion adjacent to the 11-cw double bond, 

where isomerization occurs due to photolysis. However, the C9 axis is collinear with the 

C12-C13 bond, assuming ideal orbital geometry; and thus further information must be 

introduced. Consequently, we also make use of the orientation of the retinal transition 

dipole moment with respect to the bilayer normal, as established from linear dichroism 

data (Jager et al., 1997; Liebman et al, 1962). Very briefly, applying Eq. (3.2) to the 

relative orientations of the transition dipole (TD) and the Cn methyl group yields the 

result that the polyene chain conformation is either twisted \l-s-trans or twisted \2-s-cis. 
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Either ideal orbital geometry is adopted, or the C11=C12-C13 bond angle is assumed to 

be 130° as found in the crystal structure of 11-cw-retinal (Gilardi et al., 1972). In either 

case the C12-C13 bond tilt is obtained directly from the NMR result of 52° for the C9 

methyl group (Table 1). In this way, assuming values of = ±74° (±64°), $1^ = 74°, 

<9,3 = ±60° (±60°), and = 68°, we obtain solutions for the effective torsion angle of 

2-9,13 = 0 (IT8), ±44 (±53), (±24), (±73), ±152 (±150), and ±164 (±172)°, where the values 

assuming ideal orbital geometry are provided first, and those calculated using the crystal 

structure of 11-cw-retinal are given in parentheses. (Note that the ± symbol refers here to 

the sense of the dihedral angle rotation. 

The allowed solutions can be further restricted, e.g. by including distance 

1 
constraints from rotational resonance C NMR (Verdegem et al., 1999), as well as data 

for retinal derivatives (Fujimoto et al, 2(K)2). Comparing the distances between carbon 

atoms C10-C20 and C11-C20 calculated using the retinal geometry to those obtained 

from rotational resonance NMR studies (Verdegem et al., 1999), and assuming a 

positive twist for the torsional angle as indicated by studies of locked retinoids (Fujimoto 

et al., 2002), leads to the unique physical solution of ^'9,13 = +150° corresponding to a 

positively twisted, \l-s-trans conformation (Fig. 3.14). This result is consistent with 

magic-angle spinning NMR measurements of the chemical shift tensors of 

retinylidene ^^C-labeled rhodopsin (Smith et al., 1987), and with regeneration studies and 

circular dichroism data for locked retinoids (Fujimoto et al., 2002), which also indicate a 

l2-s-trans conformation. Assuming the C6-C13 and C12-C15 regions of the polyene 
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chain are nearly planar, the twist represents the effective torsional angle of the C12-C13 

bond (Teller et al., 2001). 

Likewise the relative orientations of the pair of C5 and C9 methyl groups describe 

the twist of the y^ionone ring, i.e. the C5-C7 plane of unsaturation (A) relative to the C6-

C13 plane (B). For the case of the C5 and C9 pair of methyl groups, the C6-C7 bond tilt 

of 45° was calculated from the C9 data, where the other angles are 0^ = ±60", 0^ = 70°, 

0g = ±60°, and 0^ = 52°. Applying Eq. (3.2) we obtain as possible solutions ^5,9 = ±5, 

±24, ±53, ±65, ±65, ±111, ±154, and ±159°, where ideal hybrid orbitals are assumed 

similar to the X-ray structure of 11-cw-retinal (Gilardi et al., 1972). If the distance 

constraints from rotational resonance NMR studies (Verdegem et al, 1999; Spooner 

et al., 2002) as well as data for locked retinal derivatives (Kochendoerfer et al., 1997; 

Fujimoto et al, 2002) are included, then we are able to further constrain the possible 

solutions. Comparing the distances between carbon atoms C10-C20, C11-C20, and Cs-Cig 

calculated for each of the above solutions with rotational resonance NMR data 

(Spooner et al., 2002; Verdegem et al., 1999), and assuming a negative twist for the 

torsion angle as deduced from studies of locked retinal derivatives (Okada et al., 2001, 

Hubbell et al., 2003), leads to = "65° for the unique physical solution, i.e. a 

negatively twisted 6-s-cis conformation. The above value corresponds to the effective 

torsional angle of the y^ionone ring relative to the polyene chain and agrees with the 

refined X-ray structure (Teller et al., 2001). We estimate that the calculated torsion 

angles are accurate to within +10°. The fact that the NMR lineshapes are essentially 

the same to within experimental error over the temperature range -30 to -150 °C (results 
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Fig. 3.15. Calculated structure of retinal within the binding pocket of rhodopsin at -150 °C based 

on NMR angular restraints. The rotational degrees of freedom are approximated in terms of 

three planes A, B, and C, i.e. additional twisting of the polyene chain is not considered. Planes B 

and C have a relative orientation specified by the torsional angle of the C12-C13 bond, which is 

+150°. The relative orientation of the A and B planes, i.e. the conformation of the y^ionone ring 

relative to the polyene chain, is due to the Cg-Cj torsional angle with a value of -65°. 

not shown) implies that the calculated retinal structure is largely unaffected by chemical 

exchange, e.g. involving flipping of the y^ionone ring (Teller et al, 2001). 
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3.4. Discussion 

Rhodopsin is currently the only G protein-coupled receptor for which the three-

dimensional crystal structure is available (Palczewski et al., 2000; Okada et al., 

2001;Teller et al., 2001; Li et al., 2004) and consists of the 11-cw-retinal prosthetic 

group bound to the membrane protein opsin (Hubbell et al., 2003). The mechanism of 

visual signal transduction initiated by rhodopsin has been extensively investigated 

(Okada et al., 2001; Salamon et al., 1999), in which photolysis of the chromophore 

gives all-trans-ietinai, leading to the activated Metall intermediate (Hubbell et al., 

2003). It is known that conformational changes of retinal affect its electronic absorption 

spectra (Jager et al., 1997) and are crucial for receptor activation (Hubbell et al., 2003). 

The non-planarity of the conjugated retinal polyene chain and the twist of the yff-ionone 

ring are of particular interest (Kochendoerfer et al., 1996), where the distortion in the 

vicinity of the 1 \-cis double bond is thought to influence the photoisomerization reaction 

dynamics (Wang et al., 1994; Kochendoerfer et al., 1996; DeLange et al., 1998). 

However, the conformation of the polyene chain and the y^ionone ring has been rather 

controversial (Grobner et al., 2000; Spooner et al., 2002; Teller et al., 2001,Creemers 

et al., 2002), and both 6-s-cis and 6-s-trans conformers have been suggested (Grobner et 

a/., 2000; Spooner a/., 2002; Teller etal., 2001). Based on studies of locked retinoids 

and circular dichroism spectroscopy, it has been concluded that the 6-^-bond is in a cis 

conformation in rhodopsin (Fujimoto ef aZ., 2001; Fujimoto etal.,2002, Imamoto etal., 

1996). The importance of the y^ionone ring is that its repositioning (Borhan et al., 2(XK)) 

may give receptor activation by helical movements (Fujimoto et al., 2001; Fujimoto et 
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al., 2002; Borhan et al., 2002; Kim et al., 2003) propagated to the cytoplasmic domains 

of the protein (Okada et al.,2QQ\, Hubbell e/a/., 2003). 

In this regard, solid-state NMR spectroscopy can play an important role in 

providing knowledge of the local conformation and dynamics of the polyene chain and jS-

ionone ring of retinal within the binding pocket of rhodopsin. Conformational strain of 

the retinal ligand is central to current ideas regarding activation of the photoreceptor, and 

is significant to explaining the quantum yields and mechanism of ultrafast 

photoisomerization of visual pigments, as well as spectral shifts of the various rhodopsin 

photointermediates (Kochendoerfer et al., 1995; Kim et al., 2003; Schreiber et al., 

2003). According to the rhodopsin crystal structure (Palczewski et al., 2000), earlier 

solid-state NMR studies (Smith et al, 1987), and regeneration data for locked 

retinoids (Fujimoto e? aZ., 2001; Fujimoto e? a/., 2002), the y^ionone ring is thought to 

have a distorted 6-s-cis conformation. These results agree with density functional theory 

(DFT) calculations (Sugihara et al., 2002), and suggest the protein environment 

contributes to the structural strain of retinal ( Kochendoerfer et al., 1995; Creemers et 

al., 2002; Sugihara et al., 2002). However, the opposite 6-s-trans conformation has been 

proposed based on previous NMR results (Grobner et al., 2000) and quantum 

mechanical MNDO calculations (Singh et al., 2001). In this case, the minimum energy 

configuration (Singh et al., 2001) resembles the NMR structure of the bound retinal 

(Grobner et al., 2000), implying the protein does not appreciably affect the kinetics of 

the photochemical isomerization (Wang et al., 1994). Although rotational resonance '^C 

NMR studies (Spooner et al, 2002) now indicate the y^ionone ring has a twisted 6-s-cis 
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conforaiation, the issue remains of how to reconcile the NMR approach with other 

biophysical methods (Smith et al., 1987; Spooner et al, 2002; Palczewski et al., 2000; 

Creemers et al., 2002; Singh et al., 2001; Sugihara et al., 2002; Yan et al., 2003). 

•Y 

3.4.1 H NMR spectroscopy of aligned membrane samples containing rhodopsin. 

The conclusions of this work rest upon the application of a new solid-state NMR 

lineshape simulation method developed for the case of a static uniaxial distribution 

(Nevzorov et al., 1999). At temperatures well below the gel to liquid-crystalline phase 

transition of the lipid bilayer, rotational and translational diffusion of membrane-bound 

rhodopsin (Liebman et al., 1974) is effectively quenched. As a result, the system can be 

regarded as a uniaxial distribution of the protein molecules with static rotational disorder 

on the NMR time scale. One should note that the problem of a static uniaxial distribution 

with alignment disorder (Brown et al., 1996) is generally relevant to biomembrane 

constituents in the absence of rotational diffusion (Nevzarov et al., 1999; Ulrich et al., 

1995; Moltke et al., 1999), as well as aligned biopolymers including nucleic acids 

(Nevzorov et al., 1998) and fibrous proteins (Yang et al., 2000). The new lineshape 

distribution function has been applied to investigations of bacteriorhodopsin in aligned 

purple membranes (Nevzarov et al., 1999; Moltke et al., 1999), as well as oriented 

fibers of DNA (Nevzorov et al., 1998). For the case of aligned membrane specimens 

one is able to determine the orientations of the isotopically labeled groups relative to the 

membrane frame. In this way, a set of angular restraints is obtained that can be used for 

investigations of protein structures in non-crystalline, native-like bilayer environments. 
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Besides the orientations of the labeled groups, however, the alignment disorder 

(mosaic spread) provides a further influence on the solid-state H NMR lineshapes. In 

the case of rhodopsin {Mr ~ 42 kDa), the preparation of oriented samples is more 

challenging than in our earlier studies of the smaller integral membrane protein, 

bacteriorhodopsin {Mr = 26 kDa) (Nevzarov et al., 1999; Moltke et al., 1999). 

Apparently this is due to the presence of substantial cytoplasmic and extracellular 

0 1 ^ 
domains, including glycosylation of residues Asn and Asn near the N-terminus (Huber 

et al., 2004). It follows that the proper treatment of the three-dimensional alignment 

disorder (mosaic spread) is crucial, particularly when studying the photointermediate 

states of retinal binding proteins (Moltke et al., 1999; Kim et al ., 2001). For a static 

distribution in membrane samples, one must consider the uniaxial distribution of the 

molecules relative to the local alignment frame, and the uniaxial distribution of the local 

frame relative to the average alignment frame, whose principal axis is the average bilayer 

normal (Nevzorov et al., 1999). The present work shows that reliable bond orientations 

can be obtained even for mosaic spreads as large as ~ 20°. As a result, solid-state NMR 

of aligned membranes (Nevzarov et al., 1999; Nevzorov et al., 1998, Ulrich et al., 

1995; Marassi et al., 2003) can play an important role as an adjunct to X-ray 

crystallography in investigating the structure and function of membrane proteins (Marassi 

et al., 2002; Tian et al., 2002; Mesleh et al., 2003) as well as other biopolymers 

(Nevzorov et al., 1998). 
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9 
3.4.2 Implications of H NMR results for the mechanism of visual signaling. An 

important aspect of our findings is that they remove the discrepancy between previous 

NMR data (Grobner et al., 2000) as compared with solid-state '^C NMR studies (Smith 

et al., 1987, Spooner et al., 2002, Creemers et al., 2002) and the X-ray crystal structure 

(Teller et al, 2001) of rhodopsin. The NMR structure of the retinal chromophore shown 

in Fig. 3.15 indicates clearly that the ligand is conformationally distorted when bound to 

the receptor. Current models of torsional strain (Kochendoerfer et al., 1996, DeLangei 

et al, 1998, Siebert et al., 1995) of retinal involve steric interactions with rhodopsin as a 

basis for its ultrafast isomerization kinetics (Kochendoerfer et al., 1996), and also the 

energy stored in photolysis (DeLangei et al., 1998; Schick et al., 1987). The out-of-

plane twist of the C12-C13 bond is due to a concerted deformation involving the three 

consecutive bonds from Cio to C13, and arises from steric hindrance between the C13 

methyl and the Cio hydrogen (Kochendoerfer et al., 1996, Fujimoto et al., 2002). The 

importance of the C12-C13 bond torsion angle is that photochemical studies suggest it is 

related to the chemical reaction dynamics (Wang et al., 1994 Kochendoerfer et al, 1996; 

DeLangei et al, 1998). Torsional deformation of retinal is governed by a steep gradient 

of the excited state potential energy surface in the Frank-Condon region of vertical 

excitation, which provides a large driving force for isomerization about the Cii=Ci2 bond. 

The resulting acceleration can account for the ultrafast kinetics of the ll-c/s to trans 

photoisomerization (Wang et al, 1994) in the visual process. Further nonbonded 

interactions between the Cg hydrogen and the C5 methyl group of the y^ionone ring give 

torsional twisting about the Cg-C? bond (Grobner et al, 2000; Spooner et al, 2002; 
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Creemers et al., 2002), which is formally 6-s-cis as in the crystal structure of 11-cw-

retinal (Gilardi et al, 1972). Based on photoaffinity labeling experiments, significant 

motion of the y^ionone ring has been found in conjunction with the activation of 

rhodopsin (Borhan et al., 2000). In this regard, the potential of solid-state NMR to 

reveal dynamical information about the individual methyl groups of retinal within its 

rhodopsin binding pocket is an important feature of the present method. 

As described herein the application of site-directed NMR spectroscopy 

provides an important new avenue for investigating photochemical changes of retinal 

within its rhodopsin binding site in mechanistic detail. By employing a new NMR 

lineshape treatment (Nevzorov et al., 1999), we obtain a consensus view of the retinal 

structure in rhodopsin as seen by solid-state NMR spectroscopy. X-ray crystallography, 

and quantum mechanical calculations. The methods in this chapter can make significant 

contributions to elucidating the molecular basis of the inverse agonist and agonist 

functions of retinal in rhodopsin. These results may also comprise a basis for 

understanding how interactions of the ligand with rhodopsin are affected by mutations 

yielding visual diseases such as retinitis pigmentosa. 
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Table 3.1: Retinal Conformation in Ground State of Rhodopsin. 

bond orientation {dg! deg) torsional angle / deg 

structure C5 C9 Cl3 C5—C6-C7—Cg Cll—C|2—C13—Ci4 

crystal (IFSS)""" 
6-s-cis, 11 -cis, 12-5-

trans 

73.6 65.2 54.6 -59 171 

crystal (IHZX)""" 
6-s-cis, 11 -cis, 12-5-

trans 

70.9 53.9 69.5 -57 156 

crystal (ILW" 
6-s-cis, 11 -cis, 12-5-

trans 

67.8 56.2 58.6 -77 171 

crystal (1U19)'"'' 
6-5-C/5,11 -cis, 12-5-

trans 

70 48 66 -52 162 

'H NMR' " 
6-s'trans,\\-cis,\2-
s-trans 

21 ±5 44±5 30 ±5 

'H NMR''-'-^ 
6-s-cis, 1 l-c/5,12-5-

trans 

70 ±3 52 ±3 68 ±2 -65 150 

"Protein data bank (PDB) accession code. 

''Methyl bond orientations were calculated relative to z-axis of the inertial tensor of rhodopsin, 
assumed to correspond to the bilayer normal. The principal axes of the inertial tensor were 
obtained by diagonalizing the values obtained from the atomic coordinates of the PDB file. 

'^Ref (Grobner et al., 2000). 

''Bond orientations refer to angle between the C-C^Hs axis and the normal to the local membrane 
surface. Due to the even parity of the quadrupolar interaction tensor in NMR, the bond 
orientation de cannot be distinguished from its supplement tf-Ob-

This work; errors correspond to inverse curvature matrix of hypersurface utilized for the 
nonlinear regression fits. 

*^Torsion angle calculations include additional constraints {cf. text). 



126 

Table 3.2. Parameters of global fitting of tilt series of NMR spectra for aligned recombinant 
membranes containing rhodopsin regenerated with deuterated retinals. 

Temperature" 

^H-labeled methyl group'' -60 °C -150°C Crystal structure (-173 ** 

C5 

Ob / deg 68+4 68 ±2 70.3 

a! deg 20±4 20 ±2 -

Aj,^wder/kHz 39.0 39.0 ~ 

FWHM / kHz'' 3.0 3.0 — 

C9 

Ob / deg 50± 10 52 ±2 53.9 

d deg 20 ±6 21±2 -

A^^wder/kHz 39.0 39.0 -

FWHM / kHz'' 5.0 5.0 — 

C,3 

Ob / deg 68±4 68 ±2 69.5 

a! deg 20±4 20 ±2 -

A ̂ powder/kHz 37.5^0.0 37.5^0.0 -

FWHM / kHz'' 3.0 3.0 — 

"Reported errors are standard deviations (o f )  obtained for global fits of entire tilt series using the 

formula of = where j = 1,2 and ay are the fitting parameters (Ob, o)-

^Values obtained from global fits of entire tilt series using values of and 

FWHM obtained from fitting NMR spectra of random (non-oriented) membrane dispersions. 

'^Obtained from coordinates deposited in Protein Data Bank (PDB) entry IHZX {Teller, 2001}. 

''FWHM value corresponding to apodization of experimental NMR spectra of 0.5 kHz. 
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CHAPTER 4 

DEUTERIUM NMR STRUCTURE OF RETINAL IN METAI AND METAII 

PHOTOINTERMEDIATES OF RHODOPSIN 

4.1 Introduction 

GPCRs are involved in the recognition and transduction of a large number of 

messages arriving at our cells, including a wide range of messages as diverse as light, 

Ca^^, odorants, small molecules including amino acid residues, nucleotides and peptides, 

as well as proteins (Bockaert and Pin, 1999). Rhodopsin is a prototypical member of the 

G protein-coupled receptor (GPCR) family responsible for the scotopic vision. Besides 

its role in vision, opsin class receptors are also implicated in other physiologic processes 

as photic regulator involving circadian clocks, pupillary constriction, and skin 

pigmentation (Provencio et ah, 1998). So far, rhodopsin is the only GPCR for which the 

3-D crystal structure is available (Palczewski et al., 2000; Teller et al., 2001; Okada et 

ah, 2002; Li et al., 2004; Okada et al, 2004), and despite all the information gathered 

from these studies, none was obtained for any of the photoproducts of rhodopsin 

illumination, such as the Metal and Metall photointermediates. Only recently Ruprecht 

and coworkers (2004), obtained a crystallographic structure of rhodopsin for the 

photointermediate Metal, with a resolution of 5.5A in the membrane plane, clearly 

lacking the resolution necessary for detailed characterization of the chromophore 

structural properties. 

The Metal photointermediate is reached within milliseconds after illumination at 

room temperature with an absorption maximum Xmax= 478 nm, and can be characterized 
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by possessing a very strong orange color. This species is in a pH and temperature 

dependent equilibrium with the G protein-interacting active state, metarhodopsin II 

(Thorgeirsson et ai, 1993). Its imperative for the correct knowledge of the mechanism of 

activation of rhodopsin, and consequential similarities with other mechanism of action for 

the same family of receptors, that we must know the sequential rearrangement that 

operates in the chromophore and/to the opsin receptor from the dark-adapted state to the 

Metall active state. It is in the nature of the structural changes of the chromophore that 

occurs from Metal to Metall that resides the details about the chromophore-protein 

interaction, information translation, and later the signal transduction via the G-protein 

transducin. 

In this work, we used solid state NMR to acquire orientational constraints for 

the chromophore all-trans retinal in the rhodopsin photoproduct Metal and Metall. Using 

synthetic retinals labeled specifically with at the C5, C9, or C13 methyl groups, we 

regenerated bleached rhodopsin samples containing a single -C^Ha group per receptor. 

Recombinant membranes comprising purified rhodopsin and l-palmitoyl-2-oleoyl-^n-

glycerol-3-phosphocholine (POPC) (1:50 molar ratio), and a mixture of POPC and 1,2-

dioleoyl-5n-Glycero-3-Phosphoethanolamine (DOPE) (1:75 molar ratio) were prepared 

by detergent dialysis, and aligned on ultrathin glass slides by isopotential 

ultracentrifugation. Solid-state NMR spectra were obtained for the aligned 

rhodopsin/POPC or rhodopsin/POPC:DOPE recombinant membranes at -100 °C, a 

temperature quite below the order-disorder phase transition temperature of POPC (-4°C). 
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The solid state NMR of aligned samples allow us to retrieve the orientations of 

the nuclear coupling tensor relative to the membrane frame, which involve both the 

conformation and orientation of the bound retinal chromophore. As described previously, 

the retinal conformation is described by the relative orientations of three planes (Fujimoto 

et ah, 2002; Salgado et al., 2004), comprising the parts of the polyene chain on either 

side of the 1 l-cw double bond, as well as the y^ionone ring. 

4.2 Experimental Methodology 

The methodology for the preparation of samples containing Metal or Metall 

photointermediates was carried out in the same manner as previously described for the 

dark-adapted state up to the orientation of the recombinant membranes in the glass plates. 

Only after collecting the ultrathin glass plates containing the proteolipid film, usually 24-

30, the preparation will differ from the dark-adapted state preparation, and as well the 

preparations of the samples for Metal from Metall. It should also be emphasized, that for 

the Metal state the lipid used was solely POPC as it was described previously. But for the 

Metall state preparations, it was extremely difficult to prepare highly enriched oriented 

films of rhodopsin/POPC with a ratio of 1/50. After many unsuccessful attempts, where 

the Metall species would coexist with the Metal state in a ratio approximately of 3/1 or 

smaller, it was decided to include another lipid (DOPE) (Botelho et al., 2002, Alves et 

al., 2004), that is known to favor the Metall state over the Metal state. It was also 

necessary to increase the lipid/protein ratio to about 75. This ratio of lipid per rhodopsin 

is similar to the natural abundance of lipids in the ROS, and is thought to reduce the 



energy of activation for the II formation in relation to a ratio of 50/1. The preparations for 

Metall would then have POPC/DOPE at 3:1 and about 75:1 total mole fraction of lipid to 

rhodopsin. In the next section we shall describe the detailed steps necessary for the 

preparation of Metal and Metall samples. All samples were characterized using a 

homebuilt cryostat prepared to acquire UV-vis spectra of rhodopsin films in glass plates, 

at temperatures up to - 150 °C. 

4.2.1 Preparation of aligned membrane samples containing Metal. 

/?hodopsin/POPC recombinant membranes (1:50 molar ratio) were oriented on ultrathin 

glass plates (6x12 mm) (Marienfeld Glassware, Bad Mergentheim, Germany) by 

isopotential ultracentrifugation (Grobner et al. 1997) as described in previous chapter. In 

each centrifugation run, only six glass plates can be prepared, and in average one plate is 

broken per run due to misplacing during the run. After each run the glass plates are 

collected at ~2 °C and under a gentle stream of Argon. Immediately after, the samples are 

inserted in a glove-box at 2 °C, and kept under a gentle stream of Argon, until 24-30 

glass plates are collected, containing about 1 mg of rhodopsin per plate. The stream of 

Argon has a double effect, protecting the lipids against oxidation and to induce a slow 

dehydration process of the proteolipid film. The dehydration process is an important 

factor for trapping Metal at levels above 90%. The total process for gathering over 24 

glass plates, usually six to seven runs, can take well over 21 h of continuous work (1 h for 

cell assembling, calibration and sample management and 2.5 h for isopotential 

centrifugation and sample collection). About 24 plates were hydrated by isopiestic 

transfer inside a glass chamber containing saturated K2CO3 (r.h. =43% at 2 °C) for a 
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period of 4-12 h. After that the glass plates are illuminated with green light (long wave 

pass filter Tave> 90% for 550-700 nm), from a 150 watt tungsten-halogen light source 

(FOSTEC; Auburn, NY) using a optic light guide for a period 1-2 minutes, and a control 

UV-visible spectrum is taken as depicted in Fig. 4.1. The glass plates are then inserted 

inside an 8-mm outer diameter NMR glass tube and sealed. Immediately after, the NMR 

tube is submersed in liquid Nitrogen and stored at - 70 °C. The sample is always kept at 

least below - 30 "C during spectral acquisition. 

4.2.2 Preparation of aligned membrane samples containing Metall. The 

preparation of Metall samples, as it was mentioned before, involves the use of DOPE and 

POPC mixtures in a molar ratio of 1:3. For obtaining samples with a fraction of Metall 

over 90 % the following procedure must be undertaken carefully. The experiments for 

Metal are performed in a cold chamber at 2 "C, but for Metall the temperature is raised 

up to 10 °C. After each run, the glass plates inside the isopotential cells are fully hydrated 

and during the disassembly process of the cells, usually the samples undergo a partial 

dehydration process that cannot be prevented even if no stream of Argon is used. Any 

attempt to fully hydrate the cells in a later stage, using a saturated solution for isopiestic 

transfer, does not provide good results for the reasons that are not well understood, but 

may have to do with rhodopsin packing during a partial dehydration process. To prevent 

such a dehydration process the cells must be kept under a sealed container and each set of 

six glass plates must be immediately illuminated with green light (wavelength >550 nm) 

for a period of 1-2 minutes. Immediately after, the sealed chamber containing the 

samples is dipped in liquid N2 for trapping the photointermediate. After repeating the 
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same procedure until a total of 24 plates are collected, the plates are assembled inside an 

8-mm NMR tube and sealed for spectral acquisition. The solid-state NMR 

spectroscopy and the lineshape simulations were performed in the same manner as 

described for the dark-adapted state of rhodopsin as described in Chapter 3. 
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Fig. 4.1. Representative UV/visible spectra used to characterize the NMR samples. In part (a) we 

can see the spectra of an aligned sample containing rhodopsiny'POPC (1:50) with 11-cw retinal 

labeled at C5 position (red), and the respective Metal photointermediate after irradiation with 

light X>550 nm for 2 minutes at 2 °C. The Metal spectra with the characteristic band at A^ax ~ 

477 nm is shown in green. In part (b) is depicted the spectral characterization of a glass plate 

containing about 0.9 mg of rhodopsin regenerated with 11-c/s retinal labeled with at the C13 

methyl position. Dark adapted sample (red) is exposed to light (A>550 nm) for 2 minutes at =22 

°C. In blue we can observe the formation of the Metall species with the characteristic peak at 

Amax - 380 nm reflecting the deprotonation of the retinal Schiff base. From the above spectra we 

can see that a high level of trapped species (>90 %) was achieved for both Metal and Metall. 
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4.3 Results 

4.3.1 Site-specific NMR spectroscopy of retinal within the binding pocket of 

Meta I and Metall. In Fig. 4.2 (a) is depicted experimental NMR spectra acquired at -

100 °C, much below the gel to liquid-crystalline phase transition of POPC (~ -4 "C). The 

NMR lineshape changes as a function of the tilt angle are illustrated in greater detail 

for the C5 methyl group of retinal specifically regenerated with rhodopsin. Plotted are the 

entire sample tilt orientations, 0° to 90° in 15° steps, between the membrane normal and 

the main magnetic field. As we can see, the spectra have good resolution with well-

defined shoulders and a flat baseline, in which a single deuterated methyl group in a 

membrane protein of molar mass ^2 kDa is observed. In black (a), is presented the 

experimental NMR spectra, and the respective theoretical fits for a static uniaxial 

distribution represented in red (b), simulated in mathematical closed form by assuming a 

static uniaxial distribution of rotating methyl groups. As mentioned above, the oriented 

NMR spectra are due to the semi-random distribution of the principal axes of the 

(EFG) coupling tensor (in the present case, the C-C^Ha bond direction) relative to the 

main magnetic field (the laboratory frame). The NMR spectra in Fig. 4.2 (b) were 

simulated using a closed-form lineshape or alternatively a Monte Carlo simulation 

procedure of an immobile axially symmetric distribution (Nevzorov et al., 1999) (c/. 

chapter 2).The simulation parameters include the C—C^Hs bond orientation, the mosaic 

spread, the residual coupling constant Xq-> the intrinsic linebroadening, described by a 

Lorentzian full width at half-maximum (fwhm) 1.5 ±0.3kHz. The theoretical simulations 



are in good agreement with the experimental NMR spectra as a function of the bilayer 

tilt angle, as demonstrated by the flat residuals (not shown). 

Due to the low signal strength, corresponding to a single deuterated methyl group 

per protein of Mr ~ 42 kDa, (about 5.5x10"' moles of methyl groups per NMR sample), 

rather long signal accumulations were needed, corresponding to hundreds of thousands 

scans for each experimental NMR spectrum, usually totaling 3 d at - 100 °C, and 

going up to 7 d when spectra were acquired at - 30 °C. The quadrupolar echo signals 

were apodized by exponential multiplication, corresponding to a 0.9 kHz line broadening. 

We can the see in the spectra (Fig. 4.2) some differences regarding the spectral 

line shape; spectra acquired with lower (0° and 15°) tilt angle do not show the 

characteristic shoulders of powder-type spectra, most known as a Pake pattern. This is a 

clear demonstration that the spectral lineshape describes the angular dependence of 

quadrupolar interaction, where the part of the spectra with maximum intensity 

(discontinuities at ± 20 kHz) corresponds to the orientation EFG tensor principal axis 

being parallel (90°) to Bo, and the shoulders (discontinuities at ±39 kHz) more in 

evidence in the 90° tilt spectrum, corresponding to antiparallel orientation of the EFG 

tensor principal axis in relation to Bq. The spacing between the points of maximum 

intensity corresponds to the residual quadrupolar coupling constant Xq expressed in Hz 

and from the simulations it was determined X!2=40 ±2 kHz. As can be seen, the 

theoretical treatment of the ^H NMR lineshapes is able to explain the angular dependence 

of the spectral features as the tilt angle varies. From the analysis of the spectral line shape 

we obtain the respective angles for the relative orientation of each of the three planes in 



the Metal state. The simulations give the orientations of the various methyl C-C^Hs axes 

relative to the bilayer normal together with the mosaic spread (o). For the case of C5 it 

was determined a bond angle 71° and a mosaic spread <t~ 16°. 

We can see reported in Fig. 4.3, two experimental (a) spectra corresponding to 

two sample tilt orientations (0° and 90°) and the respective simulated spectra (b). The 

experimental data are referred to the rhodopsin sample with 11-cw retinal containing a 

methyl group specifically deuterated in the C9 position and the simulated spectra 

represented in part (b) simulate a static uniaxial distribution of the protein molecules 

within the plane of the membrane. From the simulated spectra it was determined a 

coupling constant = 39 + 1 kHz, the deuterated methyl group angle in respect to the 

membrane normal to be 48°, and a mosaic spread o~ 25°. 

Now turning to Fig. 4.4, we can see depicted the spectra corresponding to the 

sample of rhodopsin reconstituted in POPC membranes (1:50) containing ll-cw-retinal 

specifically deuterated in the methyl group attached to the C13 position. In the figure is 

depicted two experimental (a) spectra corresponding to two sample tilt orientations (0° 

and 90°) and respective simulated spectra (b). Again, the spectra show good signal to 

noise ratio, allowing a clear visualization of the spectral discontinuities corresponding to 

antiparallel and parallel orientations of the EFG tensor principal axis in relation to Bq. 

From the simulated spectra it was determined = 36 ± 1 kHz, a bond angle ~ 60°, 

and a mosaic spread o~ 20°. 

In Fig. 4.5 a partial theoretical lineshape analysis of the experimental spectra 

corresponding to the C13 Metal sample (black). In part (c) is depicted the simulation 



(green) corresponding to the least RMSD from the experimental spectra. The theoretical 

result gave a bond angle 0 =60° and a mosaic spread of <7=20°. In parts (b) and (d) we 

show the simulation result (red) for changes of the mosaic spread corresponding to m 5° 

respectively, while the bond angle remains the same {6 -60°) from best fit represented in 

part (c). Turning now to parts (a) and (e) is represented the variation in the bond angle (m 

5°) from the best fit represented in part (c) while the mosaic spread remains the same (tr 

=20°). These results demonstrate the sensitivity of the line shape analysis method to both 

the bond angle orientation and to the mosaic spread of the sample. As we can see, even 

small changes in both the bond angle and the mosaic spread results in poor simulated 

spectra giving high RMSD results. This is particularly evident in the top part of each 

spectrum. 

Lastly, in Fig. 4.8 is depicted the only results obtained so far for the Metall 

photointermediate. The data is from rhodopsin/POPC:DOPE membranes regenerated 

with retinal specifically deuterated at the C5 position. The RMSD surface again 

represents an unique minimum with a bond angle 6 =64°±4 and the mosaic spread <T 

=22°±3. The simulated surface refers to a single sample tilt angle of 0°. 



138 

a) C5 exp 

50 0 -50 
frequency / kHz 

50 0 -50 
frequency / kHz 

Fig. 4.2. Tilt series of solid-state H NMR spectra of aligned recombinant POPC membranes 

containing Metal (1:50 molar ratio) regenerated with C5 methyl deuterated retinal at 7= -100 

°C. The NMR spectra are shown as a function of the tilt angle 6, i.e. the angle between the 

bilayer normal and the main magnetic field: (a) experimental spectra; and (b) theoretical 

spectra calculated for a static uniaxial distribution of rhodopsin molecules. 
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Fig. 4.3. Deuterium solid-state NMR spectra acquired at -100 "C. Two experimental spectra (a) 

corresponding to sample tilt orientations of 0° and 90°, and respective simulated spectra (b). The 

experimental spectra are from a rhodopsin sample containing 11-c/s retinal with a methyl group 

specifically deuterated in the C9 position. From the simulated spectra it was determined a 

coupling constant - 39 ± 1 kHz, the deuterated methyl group angle in respect to the 

membrane normal was 0b ~ 48°, and the mosaic spread was <7- 25°. 
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Fig. 4.4. Partial tilt series of solid-state NMR spectra of aligned Metal/POPC (1:50 molar ratio) 

recombinant membranes containing regenerated C13 deuterated methyl group in all-trans retinal. 

Spectra acquired at -100 °C. Experimental spectra (a) and theoretical spectra (b) calculated for a 

static uniaxial distribution of rhodopsin molecules. From the simulated spectra it was determined 

ji^Q-36+ 1 kHz, a bond angle of 0b ~ 60°, and a mosaic spread of (7~ 20°. 
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Fig. 4.5. Partial representation of the theoretical lineshape analysis of the experimental H spectra 

corresponding to the C13-Metal sample (black). In part (c) is depicted the simulation (green) 

corresponding to the least RMSD from the experimental spectra. The theoretical result gave a 

bond angle 6 =60° and a mosaic spread of <t~20°. In parts (b) and (d) we can see the simulation 

result (red) for changes of the mosaic spread corresponding to m 5° respectively, from the best fit 

represented in part (c). Lastly, in parts (a) and (e) is represented the variation in the bond angle 

(m 5°) from the best fit represented in part (c). As we can see, even small changes in both the 

bond angle and the mosaic spread results in poor simulated spectra giving high RMSD results. 

The poor fitting is best seen in the top part of each spectrum. These results demonstrate the 

sensitivity of the line shape analysis method to both the bond angle orientation and to the mosaic 

spread of the sample. 
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4.3.2 Metal global fitting of angular-dependent NMR line shapes. Turning next 

to Fig. 4.6, we depict three RMSD surfaces for each of the Metal samples (C5, C9, and 

CI3). For each of the deuterated retinal positions, a global fit of the theoretical lineshape 

to the entire tilt series of experimental NMR spectra was carried out to obtain the 

values of the C-C^Hs bond orientation {Ob) and the mosaic spread (o), with the results 

sunmiarized in Table 1. Plotted in Fig 4.6, is the dependence of the root mean square 

deviation (RMSD) of the calculated NMR spectra from the experimental NMR 

data on each of the C-C^Hs bond orientation {Ob) and the mosaic spread (o) is plotted. It 

is assumed that the other lineshape parameters (tilt angle 6, quadrupolar coupling 

constant FWHM of intrinsic linewidth) have well established values. A well-

defined minimum is obtained, indicating the importance of including a proper 3D 

treatment of the mosaic spread (Nevzorov, et al., 1999) in the theoretical lineshape 

analysis. Compared to our previous studies of aligned purple membranes containing bR, 

where values of <T = 7-9° were obtained (Moltke et al., 1998), for rhodopsin a larger 

mosaic spread with <Tin the range of 16-25° was found. Represented in each spectra floor 

is presented the intersection points corresponding to the cross-section through the RMSD 

surface passing over the minimum of the surface. From the global fits, we determined 

values of the C-C^Hs bond orientations of 71 ±3°, 48±3°, and 60±3° for the C5, C9, and 

C13 methyl groups of the retinal chromophore in Metal photointermediate (Table 4.1). 

As it was observed in the RMSD surfaces obtained for rhodopsin samples in the dark-

adapted state (chapter 3), the error surfaces in the Metal state reported in Fig. 4.6, are 
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somewhat asymmetric, whereas the C9 error surface is somewhat symmetric. 

Fig. 4.6. Depiction of the three RMSD surfaces corresponding to each of the Metal samples (C5, 

C9 and CI3). For each of the deuterated retinal positions, a global fit of the theoretical lineshape 

to the entire tilt series of experimental NMR spectra was carried out to obtain the values of the 

C-C^Hs bond orientation {Ob) and the mosaic spread (o). The minimum in each surface is 

highlighted in red. In each floor of the surface is represented the cross intersection from 6b and 

a, corresponding to the cross-section through the RMSD surface passing over the minimum of 

the surface. The three bond orientations are 71 ±3°, 48±3°, and 60±3° for the C5, C9, and C13 

methyl groups respectively. 
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4.3.3 Calculation of effective torsion angles for Meta I. The present approach 

allows us to obtain a set of site-specific H nuclear orientational restraints, which can be 

used to model the structure of the retinal chromophore of membrane-embedded 

rhodopsin, e.g. in combination with other biophysical studies. The current work has 

utilized the site-directed nuclear orientational restraints to model the structure of the 

retinal chromophore in Metal state of rhodopsin. It should be noted that in the present 

work we do not obtain any direct knowledge of the retinal conformation, but rather the 

orientations of three key parts of the retinal molecule are investigated (Fujimoto et al., 

2002; Salgado et al., 2004). By combining the NMR restraints together with 

information about the bonding and geometry of the molecule in a stepwise manner, we 

are able to infer knowledge of the retinal conformation that is consistent with the 

orientation of the molecule within the binding pocket of rhodopsin. The results are 

relevant to the chromophore structure as investigated by X-ray diffraction studies of 

Metal crystals (Vogel et al., 2004 ) and using rotational resonance solid state NMR 

(Spooner et al., 2003). Together with information regarding the orientation of the 

transition dipole moment of dXl-trans retinal (Drikos & Riippel, 1983), and the X-ray 

diffraction studies of d\\-trans retinal crystals (Hamanaka & Kakudo, 1970), the 

information reported in this study can then be used to determine and refine the structure 

of the retinal within its binding pocket in the Metal photointermediate, as well as to 

investigate light-induced changes. 

The first step towards establishing the conformation of retinal within its Metal 

binding pocket, is to use only the angular constraints from the NMR measurements 
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obtained above. The procedure used here is the same reported in Chapter 3, where H 

NMR lineshape analysis was applied to obtain the orientations of the three methyl groups 

which define the three planes of the retinal molecule within its binding pocket in the dark 

state of rhodopsin. 

Referring to Fig. 4.7 we see that the retinal conformation is essentially defined by 

the three planes A, B, and C. In this sense, the molecule can be viewed as a sequence of 

planes connected by bonds in analogy with a polymer chain. Twisting of the parts of the 

polyene chain on either side of the ll-cis double bond is assumed to be negligible. 

Clearly the orientations of each of the planes A, B, and C are defined by two degrees of 

freedom, corresponding to the orientations of two independent axes, e.g. the C-C H3 

groups in the present study. However, the adjacent planes have shared axes, 

corresponding to real or virtual bonds, and therefore the degrees of freedom are reduced 

by one. For the retinal molecule in Fig. 4.7, this means that a total of 3x 2-2 = 4 

orientational degrees of freedom are needed to specify the A, B, and C planes. It follows 

that a total of four deuterated positions are needed to establish the conformation and 

orientation of the ligand within its binding pocket, e.g. the CI, C5, C9, and C13 methyl 

'Y 

groups as in our previous chapter and in H NMR studies of bR in purple membranes 

(Moltke et al., 1998). In addition to the three bond angles determined before for the C5, 

C9, and C13 methyl groups, we introduce the orientation of the electronic transition 

dipole moment from linear dichroism studies as the fourth parameter. In this approach we 

ignore the small deviations from the ideal bond angles in the polyene chain. 
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Fig. 4.7. Illustration of the torsion angle calculations. From the three simulated RMSD surfaces 

(a) we obtain the three bond angles necessary for the calculations (c) of the torsion angle XiM 

between each consecutive pair of planes. The three adjacent planes A, B, and C shares a bond, 

and consequently there are four angular degrees of freedom (solutions) for each torsion angle (d). 

Three of these angles are determined by the C5, C9, and C13 methyl groups (Table 4.1); as a 

fourth parameter, we introduce the orientation of the electronic transition dipole moment from 

linear dichroism studies, which reduces the complexity of solutions to a unique solution for the 

structure of aW-trans retinal (e)(unpublished results). 
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Fig. 4.8. (a) top view of a representative RMSD surfaces corresponding to C5 in the Metall state, 

(b) a bottom-side view of the same RMSD surface, (c) from the surface minimum we obtain the 

values of the C-C^Hs bond orientation {Ob) and the mosaic spread {&). In this case we report 

values of 64±3° for the C% position and a respective mosaic spread = 22±2°. 

4.4. Discussion 

The retinal conformation and orientation are important for eventually understanding 

the mechanism of light activation of the photoreceptor. The significance of our site-

2 1. directed H-labeling scheme can be appreciated by comparing the H NMR approach to 

other studies as is described in Table 4.1. There we can see reported a summary of the 

current data on Metal and as well for the dark adapted state described in Chapter 3. The 

importance of such studies has been recently discussed with regard to ab initio quantum 

mechanical calculations of the angle between the absorption electric dipole direction and 

the membrane normal for the NMR and X-ray models (Singh et al., 2001). Linear 



dichroism (LD) is sensitive to both the conformation of the retinal prosthetic group and 

its orientation within the rhodopsin molecule relative to the membrane plane. Regarding 

the retinal conformation, we note that the y^ionone ring orientation, the cis-trans 

isomerization, and any twisting of the polyene chain on either side of the cw-double bond 

will all contribute to the transition dipole moment (Singh, 2001). By introducing site-

directed nuclear spin labels in three key parts of the retinal, viz. the y^ionone ring and the 

polyene chain on either side of the cw-double bond, this is analogous to resolving the LD 

transition dipole moment into three components which report on different parts of the 

bound retinal ligand. In this manner one can more explicitly take into account cis-trans 

isomerization as well as twist of the polyene chains. On the other hand, the transition 

dipole moment from linear dichroism involves the entire conjugated polyene system 

(Liebman et al., 1962; Jager et ah, 1997; Singh, 2001). In fact, the conclusions of 

previous work with regard to the retinal conformation in dark adapted rhodopsin are 

rather controversial at present. There is uncertainty and controversy surrounding the 

retinal conformation and orientation, as the results of NMR (Grobner et ah, 2000; 

Spooner et al, 2002), X-ray crystallography (Palczewski et al., 2000; Teller et al., 2001; 

Okada et al., 2002; Okada et al., 2004), and ab initio quantum mechanical calculations 

(Singh et al, 2001) are in disagreement. In previous chapter we reported values for the 

dark-adapted state that are in excellent agreement with the latest X-ray structure solved at 

2.2 A resolution (Okada et al., 2004). For the results regarding the Metal state, there are 

no X-ray crystallography studies with good enough resolution to describe accurately the 

conformation of the retinal. In Table 4.1 is reported an overall description of recent 
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obtained 2D crystals for the Metal state (Vogel et ai, 2004). The authors only give a 

brief description about the overall shape of the y3-ionone ring inferring from the electronic 

density cloud that the chromophore is still 6-s-cis. In the same table is also reported 

1 
conformational restraints obtained using rotational C NMR (Spooner et ai, 2003). The 

isotopic labels were inserted at positions CI, C2 and C5 methyl groups. The study reports 

that the average conformation with respect to the y^ring was similar to that in the ground 

state of the protein. The results are in agreement with what we report here for the Metal 

state. As our approach directly addresses the conformation and orientation of three parts 

of the chromophore, it is central to understanding the visual process, as well as the roles 

of other GPCRs in biology. 

In sunmiary, we report herein the first accurate H NMR studies of aligned samples 

of rhodopsin/POPC membranes containing a deuterated retinal chromophore. A new 

theoretical analysis of the entries tilt series of NMR spectra for the C5, C9, and C13 

methyl groups has provided their bond orientations with respect to the membrane normal 

in the Metal state of rhodopsin. Here we also presented a result obtained for the C5 

'Y 

methyl group in Metall state. These new H NMR results provide knowledge of how the 

retinal ligand is oriented in the rhodopsin molecule, as well as its conformation in the 

dark state and Metal state. Our NMR results support a picture in which the 

configuration of the /9-ionone ring remains essentially the same in the Metal, and as well 

in the Metall states, and that the polyene chain suffers a major reorganization after 

photobleaching of rhodopsin. Lastly, these new findings open the door to investigations 
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2 of the mechanism of hght activation of the receptor using site-directed sohd-state H 

NMR spectroscopy. 

Table 4.1: Summary of Structural Data for Rhodopsin and Metarhodopsin I. 

i) bond orientation ( 6b! deg) 
ii)*^tc (s"') 
iii) Energy of Activation Ea kJ/mol 

Torsion angle / deg 

structure Cs C9 Cl3 C5—Cg—C7—Cg Cu-Ci2—C|3—Ci4 

NMR (Salgado et al, 04) 

6-s-trans, 1 l-cis,l2-s-trans 

i) 70+3 
ii) 2.13 lO"'" 
iii) *Ea-7.5 

52±3 
1.33 10"'^ 
*Ea=2.2 

68± -65 150 

'^C NMR (Spooner et al.,03) 

METAI (6-s-cis, all-trans) 

Conformational restraints are retained for the CI, C2 and C5 methyl groups; 
its average conformation with respect to the ring was similar to that in the 

ground state protein. 

2D crystals (Vogel et al.,04) 

METAI (6s- cis, all-trans) 

The authors only refer to the overall shape of the yS-ionone ring inferring 
from the electronic density cloud that the chromophore is still 6-5- cis 

^HNMR 
(this work, unpublished) 

METAI, (6-s-cis, all-trans) 

i)71±3 48 ±3 6 0 ± 3  -40 9 

^HNMR 
(this work, unpublished) 

METAn, (6-s-cis, aW-trans) 

i)64±4 ND ND ND ND 

* Energy of Activation Ea kJ/mol for a stochastic diffusion process of the methyl groups as 

described in chapter 5. 

* Only determined for the ground state of rhodopsin (See Chapter 5). 

ND- Not determined 
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CHAPTER 5 

RETINAL DYNAMICS IN RHODOPSIN/POPC MEMBRANES ELUCIDATED 

BY SOLID STATE ̂ H NMR 

5.1 Introduction 

A protein molecule is a dynamic entity with a variety of motions over a wide 

range of frequencies. It is imperative for a better understanding of how biomolecules such 

as enzymes and receptors work to have not only structural information, but also dynamic 

data as well. This dynamic view of a molecule can be gathered from various sources, 

including B factors in X-ray analysis, fluorescence Raman spectroscopy, molecular 

dynamics calculations and NMR spectroscopy. Of these methods, deuterium NMR is 

unique in that it allows direct observation and detailed analysis of internal motions of 

amino acids side chains and as well of ligands bound to receptors. 

The structural analysis of membrane proteins, especially receptors such as those 

belonging to the GPCRs superfamily, has recently benefited from the structure 

determination of rhodopsin, using electron diffraction with resolutions ranging from 2.8 

A (Palcewski et al., 2000) to 2.2 A (Okada et al., 2004). But despite all the new data that 

has been collected from such studies, the mechanism of action of retinal isomerization 

and receptor activation is not well understood. For a better understanding of the important 

steps in the mechanisms of activation of rhodopsin, it is important to gather all sources of 

information available. With that in mind, it is reasonable to speculate that the availability 

of dynamical information of ligands interacting with proteins, such as the case of retinal-



152 

opsin, would bring new data into the discussion about the mechanisms that lead to 

receptor activation. So far there are no data concerning the dynamical properties of the 

chromophore in rhodopsin. In this chapter, we present a solid state NMR study about 

the dynamics of the bound-ligand 11-cw retinal, in the dark adapted-state of rhodopsin in 

POPC membranes. As was described in the previous chapters, isotopically labeled 

retinals with deuterated C5, C9, or C13 methyl groups were used to conduct spin-lattice 

relaxation measurements {Tiz), as probes for obtaining site specific motional information 

of each of the three contiguous parts of the ll-cis retinal (Fig. 5.10). 

5.2 Solid State NMR Relaxation 

5.2.1 Tiz measurements for quadrupolar nuclei by inversion recovery. The H 

Solid State NMR experiments were performed in a modified Bruker AMX-5C)0 

spectrometer (11.7 T) in conjunction with a high-power radio frequency boost amplifier 

(Model Tempo 2006; Henry Radio, Los Angles, CA) using a high power probe with a 8 

mm horizontal solenoid coil. All the NMR spectra in inversion-recovery experiments, 

used to obtain the spin-lattice relaxation times (T/^) were calculated using the following 

quadrupolar echo pulse sequence: 

(Scheme 1) 

The inversion recovery pulse sequence has the complete phase cycling for single and 

double quantum coherence suppression (Ronemus et al., 1984). 
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In this method, a standard 180° pulse is used to induce an inversion of the 

macroscopic magnetization, and then is measured the time for the magnetization to 

recover, along the ZZ axis of the laboratory frame, until it reaches the equilibrium state. 

In Scheme 1, z;, is the variable delay time between the inversion of the bulk 

magnetization by 180 °, and the quadrupole echo sequence (see Chapter 2). The T\ values 

used were typically 60 jis and about 20 )is with a repetition time (t) ranging from 

0.1-1.5 s, at least >4T\z- The 180 ° pulse used was usually 8.6-9.8 |j,s and the respective 

90 ° pulse 4.3 to 4.9 fis. The temperature of the samples was controlled with a flow of 

nitrogen gas, stabilized with a Bruker variable-temperature unit BVT-2000 with a 

precision of ±1 °C. The temperature range used in these experiments varied from -15 °C 

to -150 °C. The samples were allowed to equilibrate the temperature for at least 30 

minutes before the signal acquisition. The quadrupolar echo signals were apodized by 

exponential multiplication, corresponding to a 0.5-1.2 kHz line broadening. Fourier 

transformation was carried out using data processing software written in-house (Martinez 

et al., 1999), and was initiated at the top of the quadrupolar echo utilizing both quadrature 

data channels. All spectra were obtained by Fourier transformation of the quadrature 

detected quadrupole echo, by digitization into 1024 data points. The NMR spectra 

required a minimum of 300000 scans at -150 °C up to (1-3) days and up to 10^ scans at -

30°C (1-6 days of signal averaging for each spectrum). 
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5.2.2 H Relaxation and dynamics of methyl groups in retinal. All samples 

prepared contained only one deuterated methyl substitution per retinal, in a total of about 

10 moles of rhodopsin per NMR sample. From this low number of nuclear spin-labels 

per sample, we were able to have enough signal to noise ratio to investigate the dynamics 

of ll-ci5 retinal via determination of NMR relaxation rates, for temperatures well below 

the gel to liquid-crystalline phase transition temperature of POPC (-4 °C), where both the 

lipids and rhodopsin have static rotational disorder in the membrane plane. It shall be 

noticed here, that for the time scales where the molecular reorientation and internal 

motions given by the correlation times {Tc), in which the molecule is involved, are much 

smaller than the NMR time scale (i-e., TNMR - 10"^ s) the lineshape should not be 

affected. If, however Tc is in the order of the static quadrupole coupling constant rates 

1 _3 ^ (jjfg), {i.e., Tnmr-Xq ~ 10 - 10 s), then the motions will affect the spectral lineshape. 

For faster motions, in the time scale of 10"^ - 10~" s, the analysis of the spin-lattice 

relaxation times can be used to probe the rate and modes of the molecular motions. Thus, 

it is important to include the relaxation rates as a valuable tool to study the mechanism 

of activation of the receptor rhodopsin, especially the ligand 1 l-cis retinal. 

The powder spectrum represents a superposition of signals from isotopically 

distributed labelled methyl groups over all orientations, and because the quadrupole 

interaction raises the frequency of one transition while lowering the frequency of the 

other, the result is a symmetric spectrum (Fig. 2.1). The dominant features of the spectra 

are the two strong peaks separated by the splitting (3/4) Xq^ and two shoulders separated 

by (3/2) Xq where Xq~ 1^0 KHz. 



155 

The longitudinal relaxation rates measured in this study, Tjz, are the relaxation 

rates for Zeeman order spin-lattice relaxation of quadrupolar nuclei given by (Thurmond 

ct al., 1993): 

In the above Eq., Xq denotes the previously described static quadrupole coupling constant 

and 000/271 is the Larmor frequency for the deuterium nuclei (77.6 MHz). It should be 

emphasized that the relaxation rates depend on the irreducible spectral densities JJjnco:)) 

in the laboratory frame, which include the mean-squared amplitudes and rates of the 

molecular motions. For the case of diffusion about a single axis, where off-axis 

fluctuations are neglected, and assuming axial symmetry of the EFG tensor the 

irreducible spectral densities are given by (Thurmond et al, 1993): 

(5.1) 

2 2 
•/„(0))= E D'iSi(aDL) 

(5.2) 

n=±l,±2 

in which 
(5.3) 

Here Qpd is the angles between the C-^H bond direction (PAS of EFG) and the diffusion 

axis which is the axis of the -CD3 group. The Euler angles corresponds to the 
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transformation from the axis of rotation of the -CD3 group to the space fixed laboratory 

frame. The correlation times (Xn) are given according to (Thurmond et al., 1993): 

£)j| and Dj. (=0) are the principal values of the rotational diffusion tensor D. Each 

molecule is characterized by a rotational diffusion tensor whose principal elements {Dj^c = 

Dyy =Dx, and D^z= Z^|) are defined in a frame fixed on the molecule (Dong, 2000). 

Substituting the Wigner rotation matrix elements for n = ±1 and n = ±2, and averaging 

over all bond orientations in powder type samples, the following expressions can be 

obtained for spectral densities: 

where Q.pd is assumed to be Vz of the supplement to the tetrahedral angle (180°-109.5°). 

Using Eqs. (5.1), and (5.3)-(5.7) the principal value of the rotational diffusion tensor £)j| 

can be expressed as function of the Tiz rate for each individual deuterated methyl group 

as it is plotted in Fig.5.1. 

(5.5) 

(5.6) 

(5.7) 
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Fig. 5.1. Axial diffusion of methyl groups in retinal. Theoretical dependence of T/z relaxation time 

as function of diffusion coefficient Dj| simulated according to Eq. 5.5. The model refers to the 

stochastic diffusion of a methyl group about a single axis, where off-axis fluctuations are 

neglected. A minimum is expected when the correlation time (tJ becomes comparable with the 

Larmor frequency (&b). Such effect can be probed by plotting the relaxation time (Tyz) versus the 

temperature. 

5.3 Results 

5.3.1 Spin-lattice relaxation for C5, C9 and CI 3 Methyl Groups of Retinal. In 

Figs. 5.2-5.4 we can see depicted a series of representative spectra obtained in inversion 

recovery experiments for samples of rhodopsin/POPC membranes where each receptor 

contains a single deuterated labeled methyl group in 11-cw retinal, attached to carbons 

C5, C9 and C13 respectively. These notations (C5, C9 and CI3) are referred by other 

authors (Spooner et al., 2002) by CI8, C19 and C20 respectively. 
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The temperatures for the spin-lattice relaxation studies were in the range -150 °C 

up to -15 °C. The spectra in Figs. 5.2-5.4 correspond to -100 °C for C5 and -150 °C for 

both C9 and CI3. As we can see, all the spectra show a complete inversion recovery 

profile. In the temperature range mentioned above, we can see that there are no major 

changes in the effective quadrupolar coupling constant %q splitting = 38 kHz +2 kHz. 

These results differ much from the static Axe for a methyl group (= 170 kHz) and can 

immediately indicate that is a result of fast reorientation of the methyl group in the fast 

motion time scale (10~^ 10"^' s), and in the same order of magnitude as the deuterium 

Larmor frequency 77.6 MHz for an 11.7 T magnet. 

The fast motions occurring at the methyl groups do not change much over the 

range of temperatures mentioned above. If we turn now and look for the null point in 

each Fig., i.e., the point where the recovery of the bulk magnetization passes through zero 

intensity, we can see immediately that the three deuterated methyl groups have different 

spin-lattice recovery rates. For the C5 position this happens between 2 and 11 ms, for C9 

between 100 and 150 ms, and for the C13 position it occurs somewhere around 6 ms. 

These results indicate that the relaxation rate for C9 is about one order of magnitude 

increased in comparison with the other two positions C5 and CI3. 

The spectral resolution (signal to noise ratio), did not allow us to investigate the 

anisotropy of the motions. That would be possible if we could identify clearly the outer 

edges (Vjx) of the powder pattern corresponding to the orientation of the spins parallel to 

the magnetic field, and how it would recover in comparison with the singularities Vxx and 

Vyy, corresponding to the orientation of the spins perpendicular to the magnetic field. 



159 

Within the accuracy of the measurements (±10 %), we did not notice a difference in the 

relaxation rates at different frequencies in the spectra. 

Referring now to Fig. 5.5, we can see a complete series of spectra corresponding 

to spin-lattice inversion recovery at different temperatures. The data in question are 

exclusively for CI3 methyl position. The inversion recovery series dependence on 

temperatures (-60 °C to -150 °C), were recorded using the pulse sequence in Scheme 1. 

We can notice for the temperature -60 °C an increased noise and lower signal to noise 

ratio, when compared with lower temperature values, despite a collection of about 10^ 

scans. Here we show that it is possible to acquire spin-lattice relaxation rates for 

biological samples containing a single deuterated methyl group substituted in a ligand 

covalently bound to a GPCR, in samples containing about 5x10"' moles of receptor. 
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Fig. 5.2. Deuterium spin-lattice inversion recovery for unoriented sample containing retinal 

labeled at C5 acquired at -100 °C. Spectra were acquired with the pulse sequence represented in 

scheme 1. The values of the delay time between the inversion of the bulk magnetization by 

180 ° and the quadrupole echo sequence, are expressed on the side of each spectrum. By the time 

of 11 ms, we can see a partially recovered magnetization that already passed over the null point. 
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Fig. 5.3. Deuterium spin-lattice inversion recovery for an oriented sample labeled on C9 position. 

Spectra were acquired with the pulse sequence represented in Scheme 1 at -150 °C. The values of 

Tv, the delay time between the inversion of the bulk magnetization by 180 " and the quadrupole 

echo sequence, are given on the right of each spectrum. W can see the null point somewhere 

between 100 and 150 ms. 
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Fig. 5.4. Deuterium spin-lattice inversion recovery for an oriented sample labeled at CI3. Spectra 

were acquired with pulse sequence represented in scheme 1. The values of the delay time are 

expressed on the side of each spectrum. The null point for these series of spectra is around 6 ms at 

-150 °C. 
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Fig. 5.5. solid state NMR spin-lattice relaxation spectra, for rhodopsin/POPC films containing 

rhodopsin regenerated with deuterated [IS-C^HaJ-l l-cw retinal. Relaxation recovery series as 

function of temperature (-60 °C to -150 "C) using the pulse sequence in Scheme 1. We can notice 

for the temperature -60 °C a lower signal to noise ratio, when compared with values for other even 

lower temperatures. Here we show that is possible to measure spin-lattice relaxation rates for 

biological samples containing a single methyl deuterated ligand per GPCR. The delay time varies 

from 0.1-500 ms. The quadrupolar splittings are remarkably constant in the temperature range -60 

°Cto-150 °C. 
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5.3.2 Data analysis and determination ofRjz rates. From the dependence of the 

relative integrated intensities of each of the above spectra, as the delay time (Scheme 

1) is varied, we can calculate the spin-lattice relaxation time (r^z) using the following 

equation: 

M{t,) = Mo [1-2 exp (5.8) 

From the temperature dependence of the deuterium spin-lattice relaxation time 

measurements, we can extract two pieces of data regarding the rotational diffusion model 

for methyl groups; the energy of activation for the diffusion process {Ea), and the 

correlation times {tn), or the diffusion coefficient (D||), for a diffusion process occurring 

about the C-C^Ha bond vector. 

The experimental data and the respective fitting curves are shown in Fig.s 5.6 

through 5.8. Referring now to Fig. 5.6, we can see two fitting plots for R\z relaxation 

rates for rhodopsin regenerated with 11-cw retinal deuterated at position C5. The Tjz 

values are calculated by fitting the integrated spectral intensities using Eq. 5.8. From the 

fitting analysis for C5 inversion recovery, Tiz values were determined to be about 40, 30, 

and 10 ms for temperatures of -35, -60 and -100 °C respectively. In Fig. 5.7 is plotted 

the Riz relaxation rates for rhodopsin regenerated with W-cis retinal deuterated at 

position C9. The figure only shows two fitted dependences for temperatures of —60 and 

-150 °C. The Tiz values as before, are determined using Eq. 5.8 to fit the values from the 

recovery of the spectral amplitudes. From the data analysis it was determined values of 



Tiz of 450, 290*, 250*, and 130 ms for temperatures of -35, -60, -100, and -150 °C 

respectively (*averaged values). 

At last, referring now to Fig. 5.8 we can see depicted the same type of fitting 

dependences of the spin-lattice relaxation for rhodopsin regenerated with W-cis retinal, 

deuterated at position CI3. For this position all the Rjz rates are plotted as function of the 

temperatures (-35, -60, -100, -125, and -150 °C). The respective Tiz values calculated 

as a fitting variable using Eq. 5.8 are: 220, 115, 60, 25, and 9 ms respectively. All values 

of Tiz as function of temperature, for the three deuterated positions are sununarized in 

Fig. 5.9. 
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Fig. 5.6. Representative fitting plots for Rjz relaxation rates for rhodopsin regenerated with 1 \-cis 

retinal deuterated at position C5. The Tiz values are determined using Eq. 5.8 to fit the values from 

the recovery of peak amplitudes in the Fourier-transformed (FT) spectra. From the fitting analysis 

for C5 inversion recovery, values were determined of Tyz ~ 45 ms (a), and T]z~ 10 ms (b) at the 

respective temperatures. 
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Fig. 5.7. Two fitting plots for the Riz relaxation rates for rhodopsin regenerated with 11-c/j 

retinal deuterated at position C9. The Tiz values are determined using Eq. 5.8 to fit the values 

from the recovery of peak amplitudes in the Fourier-transformed (FT) spectra. From the fitting 

analysis for C9 inversion recovery values were determined of 7;z ~ 300 ms (a), and Tiz~ 130 

ms (b) for the respective temperatures. 
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Figure 5.8.Spin-lattice relaxation series for rhodopsin regenerated with 11-cts retinal deuterated at 

position C13. The R\z rates are plotted as function of temperature ranging from -35 °C to -150 °C. 

The values of T\z are determined by fitting the data points using Eq. 5.8. The calculated results 

are 220, 115, 60, 25, and 9 ms for (a)-(e) respectively, and are summarized in Fig. 5.9. 
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S.S.3 Determination of the correlation times Tc and the rotation energy barrier. 

Assuming that the motion of the methyl groups can be characterized by a single 

correlation time (Tc) at each temperature, and that there is an activation barrier for the 

motion, we can obtain the values for Tc from the following Eq. (Atkins & Paula, 2002): 

(5.9) 

It is possible to calculate Tc of the motion from the Tjz values using the diffusional 

process occurring about a single axis given by Eqs. (5.2-5.5). The activation energy (Ea) 

is determined from the least-squares regression fit of the ln(r/z) plotted versus the inverse 

of the temperature as in Fig.5.9. The pre-exponential factor A, or the so-called "attempt 

rate" (Dill & Bromberg, 2003), can be related to the entropy of activation (AS'*) by: 

A = {hlkT)Q^^*"^^ (5.10) 

, , JO 
m which hIkT « 10 s. In Fig. 5.9, are summarized all the T\z experiments in an 

Arrhenius plot for the temperature range -15 °C to -150 °C. Plotted are the T\z values for 

the samples containing C5, C9 and C13 deuterated methyl groups in ll-c/^ retinal 

regenerated in rhodopsin/POPC membranes. Experiments were performed for a random 

distribution of vesicles samples (the so-called powder-type) containing rhodopsin/POPC 

1:50 molar ratio, and as well for the same oriented samples used in the determination of 

the bond angles in the dark-adapted state (Chapter 3). We can see that there is a good 

agreement in the Tiz for both types of samples. In Fig. 5.9 are also displayed the fit 



equations with the corresponding R-squared values for the respective deuterated methyl 

positions. The same Tiz obtained for both the vesicle dispersion and the oriented samples 

indicate the absence of angular dependence of within the experimental error (±10 %). 

From the slope of the least-squares linear regression fit we calculated the activation 

energy for the methyl group diffusion of = 7.5, 2.2, and 6.7 kJ/mol for the C5, C9 and 

C13 methyl groups respectively. 

The results of the energy of activation calculations together with the principal 

values of the rotational diffusion tensor D\\, and the correlation times (T/ and obtained 

from Eq. 5.5, are presented in Table 5.1 for the temperature of -60 °C. 
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Fig. 5.9. (a) Arrhenius plot of samples containing C5, C9 and C13 deuterated methyl groups for 

11-cw retinal regenerated in rhodopsin/POPC membranes. Experimental data for spin-lattice 

relaxation time as function of temperature (-15 °C to -150 °C). The lines are least-squares fits 

through all data points for Tjz measurements, (b) Display of the fit equation with the 

corresponding values for the respective deuterated methyl positions. All closed circles, squares 

and diamonds are for a random distribution of membranes (the so called-powder type) containing 

rhodopsin/POPC 1:50 molar ratio. The stars correspond to the oriented samples of 

rhodopsin/POPC at 1:50 molar ratio for the tilt angle 0°. Comparing both oriented and powder 

type samples we can see that the Tiz values are the same within the experimental error. 
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Table 5.1. Relaxation data and fitting parameters for deuterium labeled methyl groups in 
rhodopsin chromophore. 

Yiz, ms S-' *Xl, s *X2, S Ea, kJ/mol 

C ; 27.4 4.7 10*^ 2.13 10"'" 5.32 10"" 7.52 

("r- 137 3.1 10'" 3.23 10"" 8.06 10"'^ 6.68 

c\ ,  327 7.5 10'" 1.33 10"" 3.33 10"'^ 2.24 

* Values presented are for -60 °C. 

-65° 

l ' / / l  > l ' ! . |  

Fig. 5.10. The three-plane model of 11-cw retinal in the dark adapted state (see chapter 3). The 

methyl groups C5 and CI3 have longer diffusion rates Z)| when compared with C9. Those can be 

explained in terms of restriction in the diffusion motion of the methyl group, due to 

conformational constraints exerted by the protons at C8 and CIO positions. The lower observed 

for the C9 methyl may be important as a trigger for the isomerization process upon the absorption 

of a photon. 
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5.4 Discussion 

5.4.1 Implications of the current data for the process of activation of rhodopsin. 

In this work spin-lattice relaxation NMR was used to probe the motion of three 

deuterated methyl substitutions, regarding each of the three parts of the polyene chain of 

W-cis retinal. All the data obtained in this chapter are for the dark-adapted state of 

rhodopsin reconstituted in POPC membranes at a molar ratio of 1:50, and are either fully 

hydrated such as in the case of samples containing a random dispersion of vesicles, or 

with 64 % hydration in the case of oriented samples. 

The increase of the Tiz relaxation time with the temperature for all the three 

labeled methyl groups, indicates that the motional correlation times are less than the 

reciprocal Larmor frequency {ITI/CO ~ 2 ns), which means that the measured T\Z data 

points should be on the right side of simulated curve described in Fig. 5.1, which 

corresponds to fast motions. 

In the temperature range (-15 to -150 °C) used in this study, the spectral line 

shape does not change significantly, indicating that the methyl diffusion process remains 

O i 1 

in the fast time-scale motions (7^-10 -10 s) with an average quadrupolar splitting 

value of 38 kHz ±2 kHz, corresponding to slightly greater than VA decrease from the static 

quadrupolar coupling constant (-170 kHz). It should be noticed that in the medium range 

motions {Tc ~ lO^^-lO^'s) with a characteristic frequency of the order of the quadrupole 

coupling constant, the spectral line shape is altered significantly (Williams et al., 1995), 

which is not observed in these results. 
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As was mentioned above, neither the analysis of inversion recovery data at 

different frequencies, nor the comparison between oriented and unoriented samples, 

indicated any appreciable angular dependence of relaxation rates. The results agree with 

the theoretical model. Fig 5.1, which describes the angular dependence on the diffusion 

rates. Using such a model we did not observe any angular dependence of T\z for short 

correlation times. 

As described previously, the interpretation of the dynamical process occurring in 

the methyl groups is analyzed here in terms of a diffusion model where the methyl group 

undergoes a stochastically rotational process occurring about a single axis, where 

fluctuations off-axis are neglected, and assuming axial symmetry of the EFG tensor. 

From the slope of the least-squares linear regression fit, we calculated the 

activation energy for the methyl group diffusion of ~ 7.5, 2.2 and 6.7 kJ/mol for C5, C9 

and C13 methyl groups respectively. The values of the Ea calculated in this study, are in 

good agreement with previous results of -10.1 kJ/mol obtained for methyl group rotation 

in the amino acid Val in Halobacterium halobium (Kinsey et al., 1981), and ~9 kJ/mol in 

18-CD3-labeled for a 6-5-cis retinal in bacteriorhodopsin (Copie et al., 1994). We 

speculate that the lower Ea observed for the C9 methyl may be important as a trigger for 

the isomerization process upon the absorption of a photon. It is well known that the 

photoisomerization coordinate may involve reactive torsions and deformation modes of 

the polyene chain of 1 l-cis retinal. A faster diffusion rate at the C9 position may serve as 

a driving force in the crossing decay of the S]/So intersection space (see Chapter 1, Fig. 

1.8). As previously suggested (Migani et al., 2004), the asymmetric environment in 



rhodopsin binding pocket imposes intermolecular constraints on the conjugate 7C-system 

that leads to an accelerated-guidance of the photoisomerization. Here we propose that 

part of this accelerated-guided process is due to differences in the motions of the polyene 

chain of 1 Icw-retinal. 

5.4.2 Future directions. From the data obtained in this study we can analyze the 

dynamics of 11-cw retinal only in terms of rotational diffusion of labeled methyl groups. 

In principle, we could add to the analysis of the relaxation process, data regarding the 

relaxation rate for the quadrupolar order {R\Q). With that extra information one could 

obtain extra details about the out of axis diffusion D]_. RJQ data acquisition can be 

obtained, but requires a quite Icirge amount of time to have a complete set of data with 

enough scans to have a good signal to noise ratio. However, it is not clear if off-axial 

motions contributions into the relaxation rate are large enough to obtain Dj, with 

sufficient accuracy. Perhaps with the rates a better model could be described, which 

could include a libration mode of motion for the methyl groups. 
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CHAPTER 6 

LIPID MODULATION OF RHODOPSIN PHOTOACTIVATION STUDIED BY 

PLASMON-WAVEGUIDE RESONANCE (PWR) SPECTROSCOPY 

6.1. Introduction 

6.1.1. Plasmon-waveguide resonance spectroscopy (PWR). Plasmon-waveguide 

resonance spectroscopy (PWR) uses a polarized continuous wave laser (He-Ne laser X = 

632.8 nm), to excite electromagnetic oscillations (plasmons), in a resonator consisting of 

a thin metal film (Ag), deposited on the external surface of a glass prism overcoated with 

a dielectric layer (SiOa), under total internal reflection conditions (Tollin et al., 2003). 

The resonant excitation of plasmons generates an evanescent electromagnetic field 

localized at the outer surface of the dielectric film, which interacts with molecules 

immobilized on this surface and can be used to probe their optical properties (Alves et 

al., in press) 

The theoretical description of the PWR phenomena can be understood as an 

extended application from Surface Plasmon Resonance (SPR). The application of 

Maxwell's electromagnetic field theory to thin-film systems provides an analytical 

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

(Macleod, 1986). Accordingly, thin-films are characterized by a complex dielectric 

constant (e'), which includes the refractive index n and the extinction coefficient k, and is 

given by the following relation e'=A^^, where N= {n - ik) and (Salamon et al, 

1999). In the optical region of the electromagnetic spectrum, this parameter is equal to 
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the ratio of the speed of hght 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 (Q fields of the electromagnetic wave (Macleod, 1986) 

according to the equation: 

Y = CIB = clv = n- ik (6.1) 

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 Tollin, 1997a,b,c): 

P =n 
r=l 

cos^^ /(sin<5'^)/3'^ 

y / sin S cos S 

1 

yr+l. 
(6.2) 

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, and (r + 1) is an aqueous solution. 

4 = 2(n - ik)r tr (cos 0([)/A (6.3) 

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

wavelength (A), and 
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yr = (n- ik)r/eos (6.4) 

Equations 6.2, 6.3 and 6.4 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: 

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

incident medium should be free from absorption, so that yo is real and equals no (see 

equation 1). 

Equation 6.4 describes a reflectance spectrum as a function of the incident angle 

a of a beam of monochromatic light. Similar spectra can be obtained by varying A at a 

constant value of cx, or by varying the thickness of the other layers, at constant a and A. 

Beyond the critical angle, the emergent wave in the final medium is evanescent and the 

admittance is imaginary. For j'-polarization the admittance is always negative imaginary 

and so there is normally no corresponding resonance, as is the case in SPR. hi the PWR 

device, the dielectric overcoat transforms the admittance of the emergent medium to 

present a positive imaginary value to the metal for both s- and /^-polarization. Depending 

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

/? = 0'o-10'/(3'o + 10' (6.5) 
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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, similar to cavity layers in narrowband filters or thin-film waveguides in optical 

couplers. Similar to SPR, a new technique was developed called plasmon-waveguide 

resonance spectroscopy (Salamon et al. 1997a,b,c). Adding a dielectric (silica) overlayer 

on top of the silver, surface plasmon and waveguide excitation modes are coupled and 

linewidths are narrowed. Additionally, both p- and s-polarized excitations produce 

resonances allowing direct measurements of anisotropics in the complex refractive index. 

The refractive index anisotropy reflects changes in mass distribution and therefore 

changes in molecular orientation and conformation (Salamon et al., 1999). In addition, 

the absorption coefficient anisotropy reflects changes in orientation of the chromophores 

present in the adsorbed film (see Fig. 6.1 for a schematic overview of a PWR device). 
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Fig. 6.1. Diagram of a plasmon-waveguide resonance (PWR) apparatus. The experimental device 

containing a glass prism coated with a silver layer overcoated with a Si02 film. The thicknesses 

of the silver and silica film are 50 nm and 460 nm, respectively. Also shown is a deposited lipid 

bilayer held in place by a Teflon spacer via a plateau-Gibbs border containing membrane proteins 

inserted from the aqueous compartment. The prism, the detector, and the aqueous compartment of 

the device are mounted onto a rotating table allowing angles between 35 and 70 deg with 1 mdeg 

steps. It is important to notice that p- and 5-polarized light measures anisotropic properties of the 

proteolipid film, where jc-polarization is parallel to incident plane and ^-polarization is 

perpendicular. Figure from (Tollin et al., 2003). 

One further advantage of the dielectric layer is that it mechanically and 

chemically shields the metal layer. The relative bandwidths of the two resonances 

(obtained with the p- and j'-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. 

Resonances can be described by the angle (or wavelength), the spectral width and 

depth. These three values depend on three properties of the plasmon-generating and 

emergent media: the refractive index (n), extinction coefficient (k) and thickness (t). The 

theory based on Maxwell's equations provides an analytical relationship between the 

spectral and optical parameters of the film. Despite the tight coupling between refractive 

index and thickness, one can often find unique values for optical parameters of layers 

with non-linear least-squares fits (Salamon et al, 1997a,b,c). 

We note that PWR can be performed in either kinetic or spectroscopic modes. In 

the simpler, kinetic mode, changes in refiected-light intensity are monitored at a single 

angle as a function of time allowing real-time analysis of binding processes. In the more 

detailed spectroscopic mode measurement and analysis of entire spectra allows analysis 

of binding and characterization of structural changes. Steady-state PWR can determine 

mass density changes in molecular assemblies accompanying binding, and is often used 

to determine equilibrium binding constants. 

Five optical parameters (n and k for p- and 5-polarizations and t) can be obtained 

for each of the three media: plasmon-generating, proteolipid membrane and aqueous 

buffer solution. For anisotropic films, such as the proteolipid membrane, the thickness (0 

represents an average molecular length perpendicular to the plane of the film and will be 

independent of polarization. Since common excitation wavelengths are typically far from 



182 

the absorption bands of lipids and proteins, nonzero values of k are due only to scattering 

resulting from coating or proteolipid imperfections. In contrast, the refractive index will 

depend on the incident polarization. For uniaxial anisotropic structures in which the 

optical axis is parallel to the p-polarization direction, the Up value will always be larger 

than Us- This distinction has not always been appreciated in the literature {e.g. Heyse et 

al., 1998). Furthermore, changes in either tip or do not necessarily reflect alterations in 

the absolute mass of the system. They can be partly, or totally, a result of changes in 

anisotropy. 

In the case where molecular shape is rod-like (e.g. phospholipids and GPCRs), 

one can assign two different values to the refractive index: a larger longitudinal one, and 

a smaller transverse one. In this situation the values of the polarizability, averaged over 

the whole system and measured either parallel or perpendicular to the direction of the 

longer molecular axes, will be different. The parallel value will be larger than the 

perpendicular one. The optical anisotropy (A„), can be characterized by values of the 

refractive index measured with two polarizations of light (i.e., parallel. Hp, and 

perpendicular n^, to the optical axis) as follows: 

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

is given by: 

—  ( f ^ p  )/(Wav + 2) (6.6) 

nav^ = 1/3 («p^ + 2ns^) (6.7) 
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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, can be 

related to n (Bom, 1965; Cuypers et al., 1983) by: 

d = ML = MIA - 1 )/(nav^ -I- 2)) (6.8) 

where M represents the molecular weight; L the number of moles per volume; and A the 

molar refractivity of the material. From the thickness and average refractive index value 

one can calculate the surface mass density, i.e., mass per unit surface area (Salamon and 

Tollin, 1997a, b, c): 

M = dt = O.IM/A {t{(n^- l)/(n^ + 2)]} (6.9) 

where the thickness is in nanometers and mass in |i,g/cm^. Such a simple mass calculation 

becomes more complicated when the layer is formed from a mixture of substances, as is 

often the case in real measurements. This can still be dealt with depending upon the 

specific experimental conditions. 

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 independent information about the mass and conformational changes 

occurring in each component of a system. By single-site labeling a GPCR one could 

obtain information about conformational changes during binding. Considering GPCRs 
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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 are involved in G-protein binding. 

6.1.2. The nature of the lipid-rhodopsin interactions. As mentioned in Chapter 1, 

there are several factors that mediate the equilibrium-dependent formation of Meta II, 

such as electrostatics, hydration levels, lipid-protein ratio, bilayer thickness, the 

protein/lipid interface and the lipid/water interface. Here, using PWR we are only 

concerned with factors more directly connected with the lipid-protein interactions, such 

as the lipid head group and the acyl chain properties. Those lipid properties can be then 

related with the lipid/water interface described as the curvature stress (Brown, 1994). 

The molecular organization of the 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 (Brown, 1994). The repulsive head group pressure is the 

result of hydration, steric, and electrostatic contributions. For the acyl chain region the 

attractive van der Waals interactions among the CH2, CH=CH, and CH3 groups are due to 

thermally activated dihedral angle isomerization. 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. 

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 Metal-Metall transition of 

rhodopsin tend to form non-lamellar phases in the absence of protein (Brown, 1994, 

Botelho et al., 2002). 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. 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 (Gruner, 1985; Deese et al., 

1981; Wiedmann et al., 1988;); thus Hw and cubic phases are formed as the temperature 

is increased (Gruner, 1985; Lindblom and Rilfors, 1989). 

Referring now to Fig. 6.2, we can see depicted a summary of the above ideas and 

how those can be coupled with PWR experiments. In part (a) of this figure, we can see 
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that in 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 poljoinsaturated 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 (//n) phase is favored as the temperature increases. In the middle of 

Fig. 6.2, part (a), is shown 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 saturated 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. Lastly, we can see illustrated 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. 

Now referring to Fig. 6.2, part (b), we can see depicted how PWR can be used to 

probe the lipid properties and the implications of these in receptor activation, in this 

particular case, the receptor is rhodopsin. The capabilities of PWR to monitor changes in 

the bilayer can be related with increase of thickness of the bilayer and as well the increase 

of the anisotropy of the proteolipid film (i) when receptor is incorporated in the 

membrane. PWR offers the potential to compare how different receptors incorporate in 

the bilayer and the kinetics of the process. Upon activation of the receptor, PWR can 
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monitor changes that produced either a small (ii) or a large (iii) decrease in thickness of 

the bilayer. These variations in bilayer thickness and in the anisotropy can be probed as 

function of the lipid properties that modulate the bilayer curvature. 
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Fig. 6.2. Lipid spontaneous curvature and structural changes that can be monitored with PWR. 

Referring to part (a), we can see a 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. In part (b), we can see an 

illustration of the PWR capabilities used to monitor changes in the bilayer. In part (i), using PWR 

we can monitor the increase of thickness of the bilayer and the increase of the anisotropy of the 

film. Upon activation of the receptor, PWR can monitor changes that produce either a small (ii) or 

a large (iii) decrease in thickness of the bilayer and as well changes in anisotropy. These 

variations in bilayer thickness can be probed as function of the lipid properties that modulate the 

bilayer curvature. This figure was adapted from (Brown, 1994 and Tollin et al., 2003). 
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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 

interface (Brown et al., 1982; Deese et al., 1981; Wiedmann et al., 1988). 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 mol"', given a spontaneous curvature for an 

individual monolayer of HQ = 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 Metal-Metall 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 docosahexanoyl (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 Metal-Metall transition, which is 
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energetically uphill in planar lamellar phases of phosphatidylcholines (Wiedmann et al., 

1998; Baldwin and Hubbell, 1985a,b). An increase in the absolute value of the lipid 

spontaneous curvature and/or bending rigidity, due to the presence of poljoinsaturated 

DHA chains in combination vi'ith PE head groups, can yield a substantial driving force 

for the MI-Mn 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. 

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) (Salmon et al, 1994; Brown, 1994; Dunham and Farrens, 1999; 

Altenbach et al., 1999a,b; 2001b). This occurs during the Metal-Metall transition. 

Clearly, the chain length cannot be matched simultaneously to the hydrophobic 

dimensions of rhodopsin in both the Metal and Metall 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 Metal to Metall, and the acyl chain length in the planar state is 

matched to rhodopsin in the Metall conformation (Fig. 6.3). Since, a change in the 

interfacial curvature occurs during the Metal-Metall transition, lipids that accompany 

that curvature will have a tendency to favor the Metall state versus the Metal. In the case 

of phosphatidylcholines having zero spontaneous curvature the MI state is favored, 

whereas the Metall state is under curvature stress and is higher in energy. By contrast, in 
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lipid mixtures having phosphoethatiolamine head groups together with unsaturated 

p o ljoinsaturated chains, that is with a tendency to form the reverse hexagonal (Hu) phase, 

it is the Metal state that is under stress and is disfavored, whereas Metall has a curvature 

at the lipid/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 Metal 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 may 

govern the Metal-Metall transition (Brown, 1994). 

Fig. 6.3. 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 ME 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 (Botelho et al., 2002). 

The ratio of [MetaII]/[MetaI] which is present following an actinic flash is 

indicative of the ability of rhodopsin in a lipid membrane recombinant to function 

rho meta I meta II 
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properly in vitro. Interaction of rhodopsin with the surrounding lipids appears to be 

important for its conformation and function (Aplebury et al., 1974; O'Brien et al., 1977; 

Brown, 1994; Mitchell and Litman 1999; Petrache et al., 2001; Botelho et al., 2003; 

Hubbell 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 ME is inhibited (Mitchell et 

al., 1992; Baldwin and Hubbell, 1985a; 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; 

Widemann et al., 1998; Botelho et al., 2002), which is thermodynamically 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 (Lamola 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., 2000a; Salamon et al., 2003;) to follow rhodopsin 

photolysis (Alves et al., in press). In these experiments we incorporated detergent-

solubilized rhodopsin into a solid-supported lipid bilayer and examined proteolipid 

membrane conformational changes occurring upon light activation. We have investigated 

the effect of the lipid bilayer composition (especially the presence of nonlamellar-
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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-MII 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 ah, 2002). 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 

structural correlation with flash photolysis studies of rhodopsin (Botelho, 2002) and thus 

enable extension to other receptor systems where such investigations are not feasible. 
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6.2. Experimental Procedures 

6.2.1. 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 procedure includes washing of the 

ROS membranes with hypotonic buffer; this is used to remove soluble and peripheral 

ROS proteins (e.g., transducin, phosphodiesterase, arrestin, etc.). The purity of the 

preparations was assessed by SDS gel electrophoresis (data not shown) revealing the 

samples to be of good purity, with a predominant rhodopsin band upon staining with 

Coumassie blue. The preparations typically had A280/A500 absorbance ratios of 2.5, were 

completely bleached by actinic illumination, and were 99% regenerable with 11-c/s-

retinal. ROS membranes were homogenized in 10 mM phosphate buffer, pH 6.8, 

containing 200 mM octylglucoside (detergent/protein ratio was about 2000:1), and 

centrifuged at 64,000 x g for 1 h at 4 °C. The detergent-solubilized rhodopsin sample was 

concentrated using 10 kDa cutoff centricons (Millipore, Bedford, MA) which allowed the 

removal of any lipid-detergent aggregates that were present. The sample was then 

resuspended in 10 mM phosphate buffer to a final detergent concentration of 30 mM. 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. 

6.2.2. Plasmon-waveguide resonance spectroscopy. Resonance spectra in this 

study were obtained using a Beta PWR instrument from Proterion Corp. (Piscataway, NJ) 

that records the relative reflectance (i.e. the ratio of reflected to incident light intensities) 

versus the absolute incident angle (a) of the exciting light with a resolution of 1 mdeg. 



In our work all PWR measurements were performed at 25 °C, which was kept constant 

within 0.1 °C throughout the experiment. It should be pointed out that independent PWR 

experiments generally yield different results in terms of the absolute positions of the 

spectra. This is due to a variety of factors, e.g. variations in the properties of the lipid 

bilayer and alterations of the prism coating upon use. However, the magnitudes of the 

spectral shifts can be quantitatively compared from one experiment to another. 

The method is based upon the resonant excitation of collective electronic 

oscillations (plasmons) in a thin metal film (Ag), deposited on the external surface of a 

glass prism overcoated with a dielectric layer (SiOa), by polarized light from a CW He-

Ne laser (X = 632.8 nm) under total internal reflection conditions. The resonant excitation 

of plasmons generates an evanescent electromagnetic field localized at the outer surface 

of the dielectric film, which interacts with molecules immobilized on this surface and can 

be used to probe their optical properties (Salamon et al, 1997a,b,c; Salamon and Tollin, 

1999a,b). It is important to point out that the plasmon exciting laser light is reflected from 

the prism-metal interface, and therefore never reaches the sample located on the opposite 

side of the plasmon-generating film. This is an important feature of the PWR technology 

in all applications involving photoactive samples such as rhodopsin. Furthermore, the 

plasmon excitation wavelength used in these studies does not photoactivate rhodopsin 

(>lmax = 500 nm). Because the resonance coupling generates electromagnetic waves at the 

expense of incident light energy, the intensity of reflected light is diminished. The 

angular dependence of the reflectance corresponds to a PWR spectrum. Moreover, the 

resonance can be excited with light polarized with the electric vector either parallel (p) or 



perpendicular (5) to the membrane incident plane, thereby allowing for characterization 

of the molecular organization of anisotropic systems such as biomembranes containing 

integral proteins (Salamon et al., 1999a,b; Salamon et al., 2000a). 

Generally PWR spectra can be described by three parameters: the incident angle 

a, the spectral width, and the resonance depth. These depend on the refractive index (n), 

the extinction coefficient (k), and the thickness (t) of the plasmon-generating and 

emergent media, the latter including a proteolipid membrane deposited on the silica 

surface in contact with an aqueous solution. In the present study, we are concerned only 

with the angular shifts and amplitudes of the resonance spectra, without any analysis 

using spectral fitting or graphical analysis procedures (Salamon & Tollin, 2004). These 

spectral properties reflect the values of the refractive index and the thickness of the 

proteolipid layer, i.e. the mass density and spatial mass distribution related to the long 

range molecular order and molecular conformation of the sample (Salamon & Tollin, 

1999; Salamon & Tollin, 2001a). For non-spherical molecules oriented uniaxially on the 

resonator surface, n values will be different for s- and p-polarization. This allows 

characterization of anisotropy changes due to alterations in molecular orientation and 

structure of the molecules in the proteolipid film (Salamon and Tollin, 2001a). In the 

present experiments, rhodopsin activation by light does not directly influence the mass 

density of the protein, although it may affect the spatial mass distribution of the 

rhodopsin molecule. Thus, PWR spectral changes upon rhodopsin photoactivation mainly 

detect rhodopsin conformational alterations. However, such conformational transitions 
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may also result in lipid movement into or out of the bilayer, and thereby produce an 

indirect influence on the proteolipid mass density. 

6.2.3. Formation of solid-supported lipid bilayers. In this study we used self-

assembled solid-supported lipid membranes (Salamon et al., 1999). The method of 

preparation employs the same principles that govern the spontaneous formation of a 

freely suspended lipid bilayer 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 SiOi film 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, 1999). hi these experiments, the lipid films were formed 

on the silica surface using the following membrane-forming solution: 7 mg/mL of a 

single lipid or lipid mixtures in squalene/butanol/methanol (0.05:0.95:0.5, v/v). Unless 

otherwise noted, experiments were performed using three lipid compositions: egg 

phosphatidylcholine (PC), dioleoylphosphatidylcholine (DOPC), or a mixture of 25 

mole% DOPC and 75 mole % dioleoylphosphatidylethanol (DOPE). The incorporation of 

rhodopsin into the solid-supported lipid bilayer was accomplished by introducing the 
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octylglucoside-solubilized receptor (~ 1 |xM final concentration of rhodopsin) into the 

aqueous compartment under conditions that dilute the detergent below the critical micelle 

concentration (cmc = 25 mM). The final detergent concentration in the cell sample was 

about 3 mM (100 fiL injection of a 30 mM octylglucoside solution into a 1 mL cell 

sample) which is well below the detergent cmc. Under these conditions 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. Control 

experiments have been performed to assess the effect of octylglucoside on the lipid 

bilayer. This work has shown that there are no appreciable PWR resonance shifts when 

less than 6 mM of detergent is present in the cell sample compartment. In our 

experiments the maximal final detergent concentration in the cell sample was 3 mM and 

so the effects on the PWR signal were negligible. 

All experiments were performed using similar amounts of rhodopsin incorporated 

into the lipid bilayer as monitored by PWR spectral shifts obtained upon rhodopsin 

incorporation. We have determined that having larger amounts of rhodopsin in the lipid 

bilayer does not affect either the p^a values for the Metal-Metall transition or the 

binding affinity to transducin, although it does produce larger spectral shifts. 

6.2.4. 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 aqueous compartment of 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). The cell sample was 
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irradiated several times (total of 20 s over an interval of 5 min) and the PWR spectra 

were monitored until no further spectral changes were observed (i.e. until saturation was 

achieved). Such irradiation is known to convert rhodopsin to the Metall state. The PWR 

spectral changes were monitored after each 1-2 s light exposure until the spectra were 

found to stabilize; this was considered to correspond to the formation of the maximum 

amount of the Metall state of rhodopsin. Inasmuch as the Metal-Metall equilibrium state 

has been reported to have a lifetime of about 15 min (Amis and Hofmann, 1993), and the 

PWR spectrum was obtained within 1-2 min after irradiation, this assumption is not 

unreasonable. In order to confirm that the Metall state was being formed under these 

conditions, a control experiment was performed in which a sample of rhodopsin solution 

in the absence of a lipid bilayer was taken from the PWR cell after illumination with 

yellow light, and the absorption spectrum was measured. This control demonstrated that 

under the instrument light illumination conditions the sample was photoactivated with 

total conversion of the dark-adapted rhodopsin to Metall. Additional previous control 

studies have employed the use of hydroxylamine, which traps the photoproducts as 

retinaloxamine plus opsin, to demonstrate photoactivation of rhodopsin in similar SPR 

experiments (Salamon et al., 1994). 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. We should also point 

out that in what follows, when reference to Metall formation is made, we are referring to 
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the dynamic equilibrium between the Metal/Metall states known to occur upon rhodopsin 

light irradiation. 

6.3. Results and Discussion 

6.3.1. PWR changes observed for rhodopsin incorporated into a membrane. In 

Fig. 6.4, is depicted experiments conducted with rhodopsin and lipid bilayers composed 

exclusively of eggPC. We can see in both parts, (a) and (b), that the incorporation of 

rhodopsin into an egg PC lipid bilayer produced shifts to higher resonance angles in the 

PWR spectra for both p- and ^-polarized light. Such shifts in the resonance position are 

due to the larger refractive index and bilayer thickness that results from the increase and 

redistribution of mass in the proteolipid system upon receptor incorporation into the 

bilayer. Insertion of rhodopsin molecules into a lipid membrane also causes alteration of 

the lipid molecular long range order and packing density by forcing some of the lipids out 

of the bilayer into the Gibbs border, thereby changing the average structure of the 

proteolipid membrane. This also causes changes in the PWR spectra. It should be noted 

that shifts in the p-polarized resonance upon receptor incorporation into the bilayer were 

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 (i.e. cylindrically shaped) molecules such as 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 
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Figure 6.4. PWR spectra obtained for egg PC lipid bilayer formation, rhodopsin incorporation in 

the dark, and light activation, in 10 mM phosphate buffer at pH 5 using p-polarized (a) and s-

polarized (b) light excitation. All spectra were measured with 632.8 nm exciting light. In both 

parts (a) and (b), curve 1 represents the buffer spectra prior to bilayer formation; curve 2 shows 

PWR spectra obtained after the formation of an egg PC bilayer on the resonator surface; curve 3 

shows PWR spectra obtained after addition of an octylglucoside-containing buffer solution of 

rhodopsin to the aqueous compartment of the PWR cell in the dark (the final rhodopsin 

concentration in the cell sample compartment was ~1 |aM); and curve 4 shows PWR spectra 

obtained upon saturating yellow light (k ~ 500 nm) activation of rhodopsin. 
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o 
a width of about 48 A (Palczewski et ai, 2000). The increase in refractive index 

anisotropy observed here is a direct indication of the uniaxial insertion of rhodopsin into 

the lipid bilayer with its long axis perpendicular to the membrane plane. 

In addition to the change in the PWR resonance positions observed in the present 

experiments, there was also an increase in the amplitude of the PWR spectra for both 

polarizations, especially with the ^'-polarized resonance for egg PC as in Fig. 6.4 part (b), 

again reflecting anisotropy changes. Similar results have also been obtained in studies 

with the opioid receptor (Salamon et al., 2000b; Alves et al., 2003), although with a 

smaller degree of anisotropy. It should be noted that for any of the bilayer compositions, 

prior to illumination of the sample neither the spectra nor the spectral response to 

rhodopsin concentration changed with pH over the pH range 5-8.5. This result indicates 

that in the dark the rhodopsin conformational state was not influenced by the buffer pH 

for the lipid systems used here. Changes in SPR spectra obtained with p-polarized light 

have also been observed in earlier studies involving rhodopsin (Salamon et al., 1994; 

Salamon et al., 1999). Spectral analysis showed that these were caused by increases in 

the refractive index and in the thickness of the proteolipid system accompanying receptor 

incorporation, the latter associated with the protrusion of rhodopsin and lipid molecules 

from the surface of the lipid bilayer. The present results are consistent with these 

observations and extend them to include 5-polarized resonances. 

6.3.2. PWR changes observed for rhodopsin incorporated into a membrane. 

Referring back to Fig. 6.4, parts (a) and (b) show that the exposure of rhodopsin to 

yellow light in an egg PC bilayer at pH 5 caused an increase in the resonance minimum 
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angle in the PWR spectra for both polarizations. Similar results were obtained previously 

using SPR with p-polarized light (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 5-polarization). These spectral changes are due to an 

increase in mass density as well as to alterations in the mass distribution within the 

proteolipid membrane. Inasmuch as light irradiation neither added nor subtracted mass 

from the membrane, these changes were caused by rhodopsin conformational transitions 

which were coupled to infusion of 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 i'-polarized light 

(22 mdeg versus 14 mdeg). This extends the previous SPR results due to the ability of 

PWR to monitor 5-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; Salmon et al., 

1996). 

When the same experiment was carried out in an egg PC bilayer at pH 7.5, as 

shown in Fig. 6.5, parts (a) and (a), there were little or no changes induced 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 a strong indication 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. 
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Fig. 6.5. PWR spectra obtained upon light activation of rhodopsin incorporated into an egg PC 

lipid bilayer in 10 mM phosphate buffer, at pH 7.5, using /^-polarized (a) and j-polarized (b) light 

excitation. All spectra were measured with 632.8 nm exciting light. (•) PWR spectra obtained 

after addition in the dark of an octylglucoside-containing buffer solution of rhodopsin to the 

aqueous compartment of the sample cell containing a pre-formed bilayer (final rhodopsin 

concentration in the cell sample compartment was ~1 |xM); (O) PWR spectra obtained upon 

saturating yellow light (X ~ 500 nm) activation of rhodopsin. Solid lines represent the data; 

symbols are used to distinguish the two spectral curves. Note that the two sets of spectra 

superimpose on each other within the spectral resolution (1 mdeg) indicating that no rhodopsin 

photoactivation occurred. 
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Referring now to Fig. 6.6, we can see plotted 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 value of 6.4 

+ 0.05 for the acid-base equilibrium, which agrees very well with the analogous studies 

performed using flash photolysis (Gibson & Brown, 1983). This provides still further 

confirmation that Metall formation was being observed in the PWR experiments. 

30-1 

n ™ 
a-g 20-

10-

5 6 7 8 

pH 

Fig. 6.6. Dependence on pH of the changes in the PWR resonance angular position observed in 

recombinant rhodopsin/egg PC films in 10 mM phosphate buffer upon saturating yellow light 

irradiation. Squares represent the results obtained with p-polarized light and triangles with 5-

polarized light. The solid curve through the data points for both polarizations represents the best 

fit to the Henderson-Hasselbalch equation with an apparent pKa value of 6.4 ± 0.05. 

6.3.3. PWR changes for rhodopsin incorporated into a DOPC bilayer. Fig. 6.7, 

parts (a) and (b) show the effects of incorporating rhodopsin into DOPC membranes at 

pH 5 on PWR spectra obtained with p- and 5-polarization, respectively. Contrary to what 

was observed in rhodopsin/egg PC films, for the DOPC recombinants there was a slight 

reduction in the PWR spectral amplitude for ^-polarization upon rhodopsin incorporation. 



This new observation indicates that the bilayer lipid composition plays a major role in the 

structural changes induced in the membrane upon rhodopsin incorporation. Moreover, 

when rhodopsin was exposed to light the changes in the resonance positions in the PWR 

spectra were significantly 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 (cf. Fig. 6.4). Taken together the findings demonstrate that the magnitude of 

the conformational changes induced in the proteolipid membrane upon Metall formation 

are smaller for the DOPC bilayer. 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 

observation is consistent with the flash photolysis result that this pH is not favorable for 

Metall formation in PC bilayers (Botelho et al., 2002). 
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Figure 6.7. PWR spectra obtained for a rhodopsin/DOPC recombinant film and changes obtained 

upon yellow light activation at pH 5 using p-polarized (a) and s-polarized (b) light excitation. All 

spectra were measured with 632.8 nm exciting light. For both panels, curve 1 represents the PWR 

spectra obtained after the formation of a DOPC lipid bilayer on the resonator surface; curve 2 

shows PWR spectra obtained after addition of an octylglucoside-containing buffer solution of 

rhodopsin to the aqueous sample compartment in the dark (final rhodopsin concentration in the 

cell sample compartment was ~1 |jM); and curve 3 shows PWR spectra obtained upon saturating 

yellow light (X, ~ 500 nm) activation of rhodopsin. 
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6.3.4. PWR of bleached rhodopsin incorporated into a DOPC/DOPE bilayer. 

Turning now to Fig. 6.8, parts (a) and (b), it can be seen that incorporation of the receptor 

into DOPC/DOPE (25:75 mole %) recombinant films at pH 5 produced changes in the 

PWR spectra similar to those observed in the case of egg PC recombinants, with an 

increase in both the resonance positions and amplitudes. Again, light activation resulted 

in shifts to higher resonance angles for both p- and 5-polarized resonances, which were 

even larger and more anisotropic than in the egg PC case (shifts of 29 mdeg and 18 mdeg 

were obtained for p- and ^-polarization, respectively). In Fig. 6.9, we show the results for 

the same experiment at different pH values, yielding a p/Ta value for the magnitude of the 

flash-induced PWR changes of 7.3 ± 0.13. 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 Metal-Metall conformation change of 

photolyzed rhodopsin. Thus both PWR and flash photolysis support the view that the 

Metal-Metall equilibrium is shifted towards the Metall state when PE is added to the 

system. 
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Fig. 6.8. PWR spectra obtained for rliodopsin/DOPC/DOPE (25:75 mole%) recombinant films 

and changes obtained upon yellow light activation at pH 5 using p-polarized (a) and 5-polarized 

(b) light excitation. All spectra were measured with 632.8 nm exciting light. For both panels, 

curve 1 represents the PWR spectra obtained after the formation of a DOPC lipid bilayer on the 

resonator surface; curve 2 shows PWR spectra obtained after addition of an octylglucoside-

containing buffer solution of rhodopsin to the aqueous sample compartment in the dark (final 

rhodopsin concentration in the cell sample compartment was =1 |.lM); and curve 3 shows PWR 

spectra obtained upon saturating yellow light (X, ~ 5(X) nm) activation of rhodopsin. 
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Fig. 6.9. Dependence on pH of the changes in the PWR resonance angular position 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 5-polarized light. The solid curve through the data points for both polarizations 

represents the best fit to the Henderson-Hasselbalch equation with an apparent pA'a value of 7.3 ± 

0.13. 

We have also performed the same experiment using bilayers with different 

DOPC/DOPE molar ratios at pH 5 (Fig. 6.10), and have found that an increase in the 

content of DOPE leads to a larger limiting magnitude of the PWR spectral shifts observed 

upon rhodopsin activation. This is a new observation that extends the flash photolysis 

results by directly demonstrating a greater extent of proteolipid membrane 

conformational change induced by Metall formation. The greater limiting magnitude can 

be attributed to an increase in the contributions from the proteolipid restructuring to the 

stabilization of the MetaH state as the PE concentration is increased. It is also noteworthy 

that such a linear dependence on mole % DOPE is predicted by a previously proposed 

flexible surface model for membrane lipid-rhodopsin interaction (Botelho et al., 2002). In 

summary, we conclude that the data presented in Figs. 6.4-6.10 strongly support the 

contention that the changes in the PWR spectra observed here are due to the formation of 
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the Metall state of rhodopsin in the lipid bilayer upon light irradiation. New structural 

insights into the influence of the membrane environment on this process are thereby 

obtained. 

Fig. 6.10. Dependence on the DOPC/DOPE ratio of the changes in the PWR resonance angle 

position observed for rhodopsin incorporated into a lipid bilayer at pH 5 upon saturating yellow 

light irradiation. Conditions are as in Figs. 6.8 and 6.9. Squares represent the results obtained 

with /7-polarized light and triangles those obtained using s-polarized light. The solid curve 

through the data points represents the best linear least squares fit. 
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6.4 Conclusions 

In these studies we have shown that PWR spectroscopy can be used to measure 

the effects of lipid bilayer composition and buffer pH on rhodopsin activation. The results 

correlate quite well with investigations previously conducted using flash photolysis 

techniques that monitor changes in the optical spectra occurring upon conversion of 

rhodopsin to the Metall state (Botelho et al, 2002). Thus, both experiments show that 

photolysis of rhodopsin in the presence of PE compared to PC favors the activated Metall 

state, with a shift of about 1 pH unit in the pKa that describes the Metal-Metall 

transition. Clearly PWR, being sensitive to conformational changes occurring in both the 

protein and the lipids upon receptor activation, rather than in the chromophore alone as in 

the flash photolysis measurements, provides additional structural information. Here we 

have observed that lipid bilayers with high contents of non-lamellar forming lipids 

(DOPC versus DOPE), or a more diverse assortment of fatty acyl chains (egg PC versus 

DOPC), generate more anisotropic structural changes upon receptor incorporation. 

Additionally, these bilayer compositions favor the formation of the Metall state of 

rhodopsin by allowing 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 (//n), due to the relatively small head 

group in combination with bulky, less ordered acyl chains (Brown, 1994). The resulting 

balance of forces is described by the spontaneous curvature (Wiedmann et al., 1988; 

Gibson and Brown, 1993; Brown, 1994), which is the resultant of the lateral pressure 
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profile across the bilayer. The negative spontaneous curvature favored by DOPE could 

facilitate insertion of the receptor into an appropriate lipid environment within the 

bilayer, as well as favor reorientation of the transmembrane helices that allow a 

protrusion of rhodopsin from the membrane in association with the conformational 

changes occurring upon receptor activation. 

Decreased formation of Metall in DOPC and egg PC compared to DOPC/DOPE 

mixtures has been previously observed by flash photolysis (Botelho et al., 2002), and has 

been interpreted as follows. 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 Mn state where the curvature is suggested to be negative. The consequent increase in 

curvature free energy associated with the Metal-Metall transition disfavors Mil, as found 

experimentally by flash photolysis (Botelho et al., 2002) and now by PWR spectroscopy 

(vide supra). Moreover, enhanced Mil formation due to DOPE has also been seen in the 

previous flash photolysis experiments (Botelho et al., 2002). The present PWR 

experiments contribute importantly 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 spontaneous 

curvature to the curvature at the protein-lipid hydrophobic boundary yields a reduction of 

the curvature free energy and promotes formation of the Metall state. 

The larger changes in the proteolipid membrane structure occurring upon receptor 

activation for PE versus PC containing bilayers (Fig. 6.10) has not been observed before. 
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We attribute this to a contribution from restructuring of the bilayer lipids associated with 

the conformation changes of rhodopsin leading to receptor activation. By contrast, in the 

flash photolysis studies (Botelho et al., 2002) the maximal signal amplitude is the same 

regardless of lipid bilayer composition, i.e. the amount of Metall formed is not changed. 

We suggest that the differences in the PWR spectral amplitudes for the different lipid 

compositions are due to the different spontaneous curvature properties of the lipids. In 

this view, both lipid and rhodopsin contribute to the PWR changes in the PE bilayer, 

whereas in the PC case, the smaller PWR spectral shifts are mainly due to the protein 

conformational change. 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, 2001a). 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 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. 
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CHAPTER 7 

CONCLUDING REMARKS 

As described above, the major goal of this work was to study the process of 

rhodopsin activation by using deuterium solid state NMR spectroscopy. By introducing 

site-directed nuclear spin labels in three parts of the chromophore (please see Fig. 3.14) 

for the rhodopsin. Metal, and Metall states, it was possible to acquire angular constraints 

to describe the overall structure of retinal in each of the above photointermediates. 

Moreover, by using spin-lattice relaxation measurements of the three specifically 

deuterated methyl groups, it was possible to obtain unique data regarding the dynamics of 

each of the three methyl groups. In this way it was possible to add new information in 

order to better understand the nature of the molecular reorganizations that occur in both 

the chromophore and in the protein opsin upon photon activation. The information that 

was described in the above chapters will be further analyzed here, together with data 

reported in the literature, as means to try to add new information to the current 

knowledge of how the first reactions in vision take place. 

In general terms, we present a highly distorted 6-s-cis,\\-cis,\2-s-trans retinal 

structure for the dark adapted state. The values for the bond angles determined for C5, 

C9, and C13 reported in this work, are in good agreement with the ones determined by 

other studies using X-ray crystallography. From the five structures reported so far, the 

one with the least deviation from the values that are reported above is the last reported 

structure, with the PDB code (1U19) and an atomic resolution of 2.2 A (Okada et al.. 
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2004). A comparison between the bond angles determined in this work with the ones 

from the crystallographic structures, as well for the torsion values is depicted in Table 

3.1. The most obvious conclusion is the non-planarity of the conjugated retinal polyene 

chain and the twist of the y^ionone ring imposed by the protein, where only one of the 

four possible enantiomers seems to fit the protein chiral hydrophobic pocket. This is one 

important feature if we think about reproducibility of the vision process first reaction, i.e., 

the isomerization of the 11-cis retinal. As reported in Chapter 1, Section (1.1.3.2), the 

specific shape of the chromophore surroundings stabilizes the intersection space (IS) 

region, speeding up the excited-state decay and being responsible for the high quantum 

yield of the reaction (Chosrowjan et al., 1998; Molnara et al., 2000; Migani et at., 2004). 

But it is also worth noticing that such regio-selectivity imposed by the protein in the 

chromophore is another daunting task related with ensuring the necessary contacts, or 

forces, between the chromophore and the protein will always occur in the same manner. 

In this way, the integrity of the information transduction pathway is ensured, and no 

rhodopsin molecules are deactivated. 

Moreover, the above conclusions regarding the dark adapted state of rhodopsin 

made it possible to further validate the data obtained by X-ray crystallography regarding 

the orientation of the y^ionone ring. Previously reported studies, showed some 

controversy surrounding the retinal conformation and orientation, with respect to the 

results of NMR (Grobner et al., 2000; Spooner et al., 2002), X-ray crystallography 

(Palczewski et al., 2000; Teller et al., 2001; Okada et al., 2002; Okada et al., 2004), and 
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ab initio quantum mechanical calculations (Singh et al., 2001). The differences are 

specially remarkable regarding the ionone part of the 1 l-cis retinal. 

Another interesting piece of information regarding the dark adapted state of 

rhodopsin is reported in Chapter 5. This is unique in the sense that so far no other data are 

reported in the literature that mentions the dynamics parts of the retinal, or as a whole. It 

was found that C5 and C13 have similar values for the energy of activation (7.5 and 6.7 

kJ/mol respectively), whereas those values differ in someway significantly from C9 (2.2 

kJ/mol). The correlation times (Xc) obtained using a simple diffusion model (see Chapter 

5, Section 5.2.2) expresses as well those differences. For C5 and C13 the values of Xc are 

2.13x10"'^ and 3.23x10"'^ s, and for C9 methyl group 1.33x10"'^ s. These results as a 

whole may represent a small part of all the data necessary to correctly understand the 

process of photoisomerization of 11-cw retinal, but can immediately tell us several things 

that may be important for the first reaction in the visual process. The shortest correlation 

time reported for C9 makes perfect sense if we look closely to the structure of 11-cw 

retinal reported in Fig. 5.1. There we can see depicted with red dots a schematic 

representation of the steric hydrance that may occur between the C5 and C9 methyl 

groups and the hydrogen atoms attached to carbon atoms C8 and CIO respectively. Those 

kinds of interactions are absent for the case of C9 and may account for a shorter Xc and a 

smaller energy of activation. The excess of mobility of C9, when compared with the other 

two methyl groups in that specific part of the polyene chain in 11-cw retinal, may be an 

important and necessary characteristic in the photoisomerization coordinate pathway. A 
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faster diffusion rate at the C9 position may serve as a driving force in the crossing decay 

of the S]/So intersection space as mentioned in Chapter 5. 

APPENDIX. Pulse Sequences 

Quadrupolar Echo Pulse Sequence used in Aligned Deuterated Experiments 

# 1 "/u/exp/stan/nmr/lists/pp/quadecho" 
;quadecho 
;quadrupolar echo program with complete phase cycling 
;for single and double quantum coherence suppression 
;see Ronemus et al., 70, 1984,416. 

;set: 
;pl = 90 degree pulse 
;d6 = spacing between pulses, typ. probe dead-time 
;d7 to start ADC before or on top of the echo 
; = d6-pl/2-de approximately 
;usually, d7=d7=10-15 usee for 2H. Echo builds up during 
;acquisition. Before ft, shift FID start to echo top 
;either with nsp/ls or tdoff 

1 ze 
2dl  
3 10u:c4 phi ;unblank AMT 
4 pl:t:c4 phi 

2u:c4 
d6:c4 ph2 
pl:t:c4 ph2 
2u:c4 
lu phO:r 
d7:e 
lu:e ado 
aq 
Im 

6 rcyc=2 ph31 
8 wr #0 
9 exit 

phO= (360) 43 
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phl=03 2  1  03 2 1  
ph2= 3 2 1 0 1 0 3 2 
ph31= 1 03 2 1 03 2 

Quadrupolar Echo Pulse Sequence with Composite Pulses 

# 1 "/u/exp/stan/nmr/lists/pp/quadeco_comp.as" 
;quadecho_comp. as 

1 ze 
2dl  
3 10u:c4 phi 1 ;unblank AMT 
4 pll:t:c4 phll 
pl0:t:c4 phi 
pl2: t ;c4  phl l  
2u:c4 
d6:c4 ph21 
pll:t;c4 ph21 
pl0:t:c4 ph2 
pl2:t:c4 ph21 
2u:c4 
lu ph0:r 
d7:e 
lure  adc  
aq 
Im 

6 rcyc=2 ph31 
8 wr #0 
9 exit 

ph0= (3600) 175 
phl= 0  3  2  10 3  2  1  
p h l l = 2  1 0 3  2  1 0 3  

ph2= 3 2 1 0 1 0 3 2 
ph21=l 0 3 2 3 2 1 0 

ph31= 1 03 2 1 03 2 
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Pulse Program for Spin-Lattice Inversion Recovery with Variable Delay (VD) Time 
Function. 

# 1 "/u/exp/stan/nmr/lists/pp/RlzQuadirlVD" 
;quadirl.h 
;quadrupolar echo program with complete phase cycUng 
;for single and double quantum coherence suppression 
;see Ronemus et al., 70, 1984,416. 
;H-nucleus observation, inversion recovery T1 

;set: 
;parmod=2D, establish vd list 
;tlO to drive HP-amplifier 
;pl = 90 degree pulse 
;p2 =180 degree pulse 
;d6 = spacing between pulses, t)^. probe dead-time 
;d7 to start ADC before or on top of the echo 
; = d6-pl/2-de approximately 
;usually, d7=d7=5-10 usee for IH. Echo builds up during 
;acquisition. Before xf2,et tdoff to shift FID start to echo top 

;d l5  
vd:c4 

4pl : tphl  
2u 
d6 ph2 
pl:t ph2 
2u 
lu phO:r 
d7:e 
lure adc 
aq 

1 ze 
2 dl ;tlo 
3 10u:c4 

p2:t ph3 
;trigger scope 
;inversion pulse 
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Im 
6 rcyc=2 ph31 
8 100m wr #0 if #0 iv zd 

lo  to  2  t imes  td l  
9 exit 

ph0= (360)58 

phl= 0  3  2  10 3  2  1  
ph2= 3 2 1 0 1 0 3 2 
ph3= 0 2 
ph31= 1 03 2 1 03 2 

Pulse Sequence for Spin-Spin (Ti) Relaxation Measurements 

# 1 "/u/prog/wobble/pulsprog_X" 
; define delay dres=aq-pl*td 

ze 
10msetf2^9|ll|12 
tie 
do 

1 dO 
adc 

2  pl i to l  
lo to 2 times td 
Im 
rcyc=l phO 
exit 

;zero memory 
; for high power preamplifier 
;transmitter power low 
;decoupler power off 
;delay after 1 scan 
; start adc 
;pulse on transmitter with ol 
;loop to 2 td times 
;wait for ADC ready 

;recycle to 1 
;exit pulse program 

ph0 = 0 
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