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ABSTRACT
Curreni biophysical studies of membrane proteins are centered on the relation of
their structures to key biological functions of membranes in terms of lipid-protein
interactions. The conformational transition of rhodopsin from Metarhodopsin I to
Metarhodopsin II (Meta I-Meta H) is the triggering event for the visual process. Meta II is
the activated form of the visual receptor and binds a signal transducing G protein
(transducin). followed by two amplification stages which lead to generation of a visual
nerve impulse.
Herein, flash photolysis and surface plasmon resonance (SPR) spectroscopy
techniques have been used to monitor the Meta I-Meta 11 transition of rhodopsin in various
membrane recombinants. The flash photolysis experiments clearly show a substantial shift
to the left of the Meta I-Meta II equilibrium for rhodopsin in egg phosphatidylcholine
recombinant membranes. Investigation of the influences on rhodopsin function by nonlamellar forming lipids reveals a characteristic relationship between the Gibbs free energy
change for the Meta I-Meta n equilibrium of rhodopsin and the intrinsic curvature of the
lipid bilayer. Complementary SPR studies suggest a protrusion of the protein at the
activated Meta II state which may be associated with exposure of recognition sites for the
signal transducing G protein on the cytoplasmic surface of rhodopsin.
All the experimental results obtained here are consistent with the hypothesis of a
new flexible surface biomembrane model. The Meta H state is favored by a negative
spontaneous curvature of the bilayer, corresponding to an imbalance of the lateral forces
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within the polar head groups and acyl chains. The mean curvature of membrane bilayer in
the Meta U state reflects the small spontaneous curvature of the lipid bilayer in the vicinity
of protein. Relief of the lipid curvature frustration in the Meta n state energetically couples
the lipids to the photoexcitation of rhodopsin. Consideration of the various energetic
contributions suggests the bilayer curvature free energy provides a reservoir of work in the
modulation of rhodopsin function in the visual process. These studies that biophysical
properties of the liquid-crystalline lipid bilayer are important in relation to protein function
and may be relevant to the biomedical investigations of visual dysfunction.

CHAPTER 1
STRUCTURE AND FUNCTION OF RHODOPSIN IN THE VISUAL
SYSTEM
Biological cell membranes, which carry out the distinctive functions in life,
mainly comprise proteins and lipids. The processes of signal transduction, energy
generation, and ion transportation are among the most important functions of membrane
proteins. According to the common accepted fluid mosaic model of biomembranes. the
lipid bilayer membrane essentially presents a fundamental permeability barrier to the
passage of ions and polar molecules. However, current studies of lipid-protein
interactions in our laboratory indicate that the biophysical properties of lipid bilayer may
also be associated with key biological functions carried out by the membrane proteins.
Further more, the polymorphic phase transitions of the bilayers may energetically
associated with function in the case of rhodopsin photoexcitation. To achieve a
quantitative and comprehensive understanding of the relationship between the membrane
structure and function is one of the main goals of the research described herein.

1.1. A Model Biological System
Rhodopsin is a visual pigment found in the disk membranes of the rod outer
segment (ROS) of the vertebrate retina, as shown in Figure 1-1 and Figure 1-2. It is an
integral membrane protein as illustrated by Figure 1-3. Apart from its photoreceptor role
in the visual process, rhodopsin constitutes a model biological system with regard to the
relation of membrane structure to function. Specifically, it belongs to a superfamily of G
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Figure 1-1. Schematic diagram of the eye. The photoreceptor cells of the vertebrate
retina constimte one of the most experimentally tractable systems for investigating the
involvement of membranes in biological functions. Because the retina is a part of the
brain, the rod and cone cells represent highly specialized neurons, which are particularly
amenable to study at the molecular level. [Figure from Brown (1994).]
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Figure 1-2. Illustration of the rod and cone cells of the vertebrate retina. The rod cell
contains a single light-sensitive photopigment, rhodopsin {Mr = 40 kDa), which is an
integral membrane protein. The cone cell contains one of three photopigments, each
having a different absorption maximimi, which are also integral membrane proteins.
[Figure from Brown (1994).]
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Figure 1-3. Schematic drawing of a rod cell indicating the folding of rhodopsin within
the rod outer segment disk membranes. Rhodopsin comprises seven transmembrane
hehces and includes an intradiskal domain, a transmembrane domain, and a cytoplasmic
domain. The chromophore is 11 -c/5-retinal, which is boimd via a protonated Schiff base
linkage to the 8-NH2 group of Lys*'^ in the case of bovine rhodopsin. [Figure from
Dratz et al. (1983).]

protein-coupled receptors (Hoffman, et al., 1995). These receptors are activated by
ligands or light and possess a seven transmembrane helix structural motif. The retinal rod
cell attains a high degree of functional segregation, in which the disk membranes are
localized to the outer segment (Figure 1-2). The outer segment can be easily broken off
from the retina. Al the molecular level, rhodopsin comprises one of the most
experimentally tractable and ideal systems for the investigation of membranes in the
biological functions. It draws attention to the current studies with regard to structural
biology in general, as well as various biotechnological applications.

1.2. Structural Biology of Rhodopsin and Molecular Organization of the Rod Outer
Segment Disk Membrane
Rhodopsin contains two essential components as shown in Figure 1-3. The light
sensitive chromophore ll-c/5 retinal and the protein opsin. The opsin has a secondary
structure comprising a bundle of seven transmembrane helices (designated A-G). and does
not itself absorb visible light. It is known that the 1 l-cw-retinal is covalently bound by a
protonated Schiff base linkage to the e-amino group of Lys'^^of the G helix of opsin in case
of bovine rhodopsin (Stryer. 1991) and is buried near the center of the membrane. Linear
dichroism studies show that the orientation of the retinal is almost in the plane of the
membrane, and is inclined at only a 20° angle (Tang et al., 1995). The protein opsin spans
the disk membrane (Ovchinkkov, 1982; Hargrave et al., 1983). The a-helices are almost
perpendicular to the membrane plane with four of the seven helices tilted more than the
other three (Li et al, 1995). The rhodopsin cylinder is about 60-65 A in length, of which 45

A is in the bi layer (Dratz. 1983). The cylinder of ±odopsin can be divided into three
domains, viz.. the imradiskal, transmembrane, and cytoplasmic domains. Each of diree is
associates with different functions (Khorana, 1992).
The rod outer segment contains a regularly stacked array of disk membranes, in
which

the

rhodopsin

molecules

are

embedded.

The

native

ROS

membrane

glycerophospholipids include mainly phosphatidycholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and phosphatidylinositol (PI) in a molar ratio of
approximately 39:42:16:2. The PE and PS are on the outside cytoplasmic surface of the disk
membrane, whereas PC is largely on the intradiskal surface (Miljanich et al.. 1981). There
o

are about 65 phospholipids with a membrane area of 2650 A

2

per rhodopsin. Each

rhodopsin molecule occupies 750 A" area of the membrane and the average distance
between the neighboring protein molecules is about 56 A (Dratz, 1983). A great deal of
progress has been made in understanding the structures and the functions of rhodopsin.
Nevertheless, much remains unknown about its three-dimensional structure (Tang et al..
1995).

1.3. Biophysics of Visual Transduction
In the process of visual transduction, the photoreceptor cells convert light energy
into an atomic motion and then a nerve impulse, which can be depicted as in Figure 1-4. In
the dark, rhodopsin is in the ground state. It has been proposed that the chromophore 11-cwretinal is held in its inactive conformation by a salt bridge between the protonated Schiff
base (SBH*) at position of Lys'^^ in helix G and its negatively-charged counterion of Glu'"
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NH—Lysine—Opsin
Rhodopsin (Xmax. 500 nm)
Light
catalyzed
reaction

hv
picoseconds

Bathorhodopsin C^max. 540 nm)

1
1

nanoseconds

Lumirhodopsin (Xmax. 4^97 nm)

Thermal
reactions

microseconds

Meiarhodopsin I (^max. 478 nm)
milliseconds
Metarhodopsin 11 (^max. 380 nm)
seconds

Bleached
Rhodopsin ^
all-rranj-retinal

Figure 1-4. Sequence of intermediates in the photolysis of rhodopsin, together with their
absorption maximums and approximate decay times. The only light catalyzed reaction is
the formation of bathorhodopsin; subsequent intermediates involving thermal dark
reactions lead ultimately to hydrolysis of retinal from the apoprotein opsin. [Figure from
Brown (1997).]

in helix C (Amis et. al., 1995). In addition, the G protein interaction domain on the
cytoplasmic surface is rigorously kept inactive by a negative charge at the side chain of
residue GluI34. which is located at the cytoplasmic border of helix C (Hofmann, 1995).
Upon absorption of a photon of visible light, rhodopsin is photoexcited and the retinal
undergoes an 11-di' to d\\-trans isomerization. This results in yielding a relatively high
energy form of the protein, bathorhodopsin, followed by a series of intermediates
characterized by different absorption maxima (Wald, 1968). Within milliseconds rhodopsin
state is changed from an inactive intermediate Meta I (absorption maximum of X^ax = 478
nm) into an activated intermediate Meta II (absorption maximum of Xnui* = 380 nm). It is
now understood that the structural alterations of the protein can only appear in the Meta n
state (Hofmann, 1995). The early steps following the retinal isomerization remain restricted
to a hydrophobic domain within the core of the receptor. A "steric trigger" mechanism,
which involves the amino acids of the seven transmembrane helices and the chromophore
(Tang et al.. 1995). leads to a structural change of the protein which is propagated to the
cytoplasmic interaction surface during the Meta I-Meta n transition. The formation of the
Meta H state is accompanied by a number of measurable changes related to the ground state
(Hofmann. 1995). A blue shift of about 120 nm occurs from the absorption maximum at
500 nm of rhodopsin. Photolyzed rhodopsin in the Meta U state exposes recognition sites on
the cytoplasmic domain for a signal transducing G protein (transducin). Binding of the G
protein initiates an enzymatic cascade that results in closure of cation channels in the rod
cell plasma membrane. It then causes hyperpolarization of the rod and yields transmission
of a visual nerve impulse (Brown, 1994).
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1.4. Roie of the Meta I-Meta II Conformational Transition of Rhodopsin in Triggering
the Visual Process
Because Meta n is the only intermediate that can activate the G protein transducin,
clearly the Meta I to Meta II confonnaiional transition is the key event in visual signal
transduction at the molecular level. Site-directed mutagenesis experiments point out that the
positive charge on the retinal Schiff base is important for maintaining the inactivated state
of opsin (Sakmar, 1995). The 1 l-cis to all-trans isomerization of the retinal does not break
the salt-bridge prior to formation of Meta n, and the Schiff base linkage is still protonated
in the inactive state Meta I (Rao and Oprian, 1996). This ion-pair is broken in the Meta I to
Meta n transition and the protein lakes up protons from the solvent (Hofmann. 1995).
Hence, the Meta I-Meta n equilibrium can be modeled as a simple acid-base equilibrium
(Wong and Ostroy, 1973) shown below:
^I

MI + vH*=zMn

Here

.(l.l)

= k\ ! k.\ and v is the stoichiometric coefficient for H^O^. In addition, more

detailed reaction mechanisms have been suggested that

MI = Mn,

,(1.2a)

and
MOa + vH"^ = Mllb

,(1.2b)

where Mlla and MH, are two isochromic forms of rhodopsin in Meta 11 state(Amis et al.,
1995; Hofmann et al., 1995).
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CHAPTER 2
BIOPHYSICAL PROPERTIES OF MEMBRANE LIPIDS IN RELATION
TO RHODOPSIN PHOTOACTIVITY
The polymorphic properties of the membrane phospholipids in terms of the
spontaneous curvature and the associated curvature free energy are discussed in this chapter.
This provides an essential theoretical background for the later discussion.

2.1. Structures of Membrane Phospholipids
Phospholipids together with glycolipids and cholesterol are the three major kinds of
membrane lipids in biological membranes (Stryer, 1995). In native ROS membranes the
phospholipid/rhodopsin ratio is about 65:1 (Miljanich et al., 1985). The lipid and protein are
held together by many noncovalent interactions, which are highly cooperative. The
bimolecular sheet structures of membrane lipids spontaneously self-assemble in the absence
or presence of protein (Hong and Hubbell. 1973). Due to the amphiphilic nature of the
lipids, they represent the barriers to the flow of ions and polar molecules. The essential
structural constituents of the phospholipids include the glycerol backbone together with a
polar head group and two fatty acyl chains. As shown in Figure 2-1, the phospholipids PE
and PS have relatively smaller head groups than the PC. The native ROS membranes are
exceptionally rich in the content of polyunsaturated acids including docosahexaenoic acid
(DHA, 22:6co3). The double bonds of DHA render the chains highly susceptible to
oxidative damage (Stone et al., 1979; Dratz et al., 1983).
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Figure 2-1. Chemical structures of phospholipids used to investigate the photochemistry
of rhodopsin in recombinant membranes.

2.2. Lipid Influences on the Meta I-Meta 11 Equilibrium of Rhodopsin: Comparison
of Native ROS Membranes and Egg PC Recombinant Membranes

According to Equation 1.1. the pH dependent equilibrium due to the Meta I to Meta
n transition of rhodopsin can be quantitatively monitored under certain experimental
conditions. A simple acid-base equilibrium can give a first approximation for the rhodopsin
titration behavior in native ROS membranes. The actual mechanism is doubtlessly more
complex due to the additional influence of the membrane surface potential. Meta n
formation depends on the neutralization of residue Glu"\ located on the third helix, by
internal proton translocation from the still intact rra«j-retinal Schiff base linkage (Fahmy et
al, 1993). In a more detailed picture, cf. Equation 1.2. the Meta n state is characterized as
Meta Ila and Meta Ob due to their formation before or after the spectrally silent proton
uptake from the aqueous phase (Hofmann, 1995). However, thermodynamic study such as
carried out herein can only be related to the Meta I and Meta n intermediates, which
describe the net or overall reaction. Thus, a comparison of the pAT values obtained for
rhodopsin in the native ROS membranes and in various recombinant membranes can probe
the lipid environment influences on the conformational energetics of rhodopsin associated
with the overall conformational transition. As noted above, deviations from the classical
Henderson-Hasselbalch approach must be considered as a subsequent refinement (Brown,
1994).
A large repertoire of techniques including flash photolysis have been used
previously to investigate the Meta I-Meta EI transition of rhodopsin (Hofmann, et al., 1995).
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As an example. Figure 2-2 depicts a representative result showing flash photolysis
experiments for native ROS membranes and egg PC recombinant membranes, having a
lipid/rhodopsin molar ratio of about 100:1 at pH 5 and pH 7 (Detailed description will be
given in the following chapters). The flash photolysis transient responses of rhodopsin in
the synthetic egg PC recombinant membranes are compared with native ROS membrane in
the flash photolysis experiments. The flash photolysis transients obtained at 478 nm are
represented by the photomultiplier tube (PMT) output voltages in Figure 2-2. which
monitor formation of Meta n. It is very obvious that the egg PC recombinant membranes
display a substantial difference versus the native ROS membranes at pH 7.0 as shown in
part (a). However, the transients are almost the same at pH 5.0 as shown in pan (b).
Evidently, the decrease of the PMT output voltage change in case of the egg PC
recombinant membranes at a neutral pH represents a reduction of the activated Meta 11
intermediate appearing in the Meta I-Meta n equilibrium. According to the pH titration
studies, rhodopsin in the egg PC recombinant membranes exhibits a lower apparent pAT. i.e.
a smaller mole fraction of Meta II in the equilibrium with Meta I than in the native ROS
membranes. A more detailed discussion of these findings is given in Chapter 5.

2.3. Biophysical Properties of Membrane Lipids in Relation to Rhodopsin Function
Previous studies on the effects of membrane lipids with regard to the
conformational energetics of the rhodopsin in the visual process can be summarized as
follow:
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Figure 2-2.

Flash photolysis transients obtained at A. = 478 nm for rhodopsin in native

ROS membrane and egg PC recombinant membrane vesicles, showing influence of the
membrane lipid environment. Data were obtained at pH values of 5.0 and 7.0 and a
temperature of 28 ®C (10 mM sodium phosphate buffer). The lipid/rhodopsin ratio was
approximately 65/1 for the ROS membranes and 100/1 for the egg PC recombinant
membranes. The photolysis transients at different pH values indicate that the Meta I-Meta
n transition depends on the membrane lipid environment. [Figure from Gibson and
Brown (1991).]

(1) The head groups and acyl chains of lipids modulate the Meta I-Meta n
equilibrium of rhodopsin in recombinant membranes (Gibson and Brown, 1991; Gibson
and Brown, 1992; Gibson and Brown. 1993; Brown, 1994). The apparent pA" values are
either same or shifted to lower values for the Meta I-Meta n equilibrium in rhodopsin
recombinant membranes.
(2) As indicated by lipid substitution experiments, the influences of membrane
lipids on the Meta I-Meta n transition are not chemically specific; but rather material
properties of the bilayer are involved (Wiedmann, 1988). The formation of Meta n is
favored by lipid substitutions which have at least one of the following structural features of
the lipid bilayers: small head groups, or bulky acyl chains, corresponding to a relatively
large molar ratio of non-lamellar forming lipid molecules in the membrane lipid mixtures.
With regard to the above, a specific hypothesis is that the lipid composition of the
ROS membranes is tightly regulated on account of lipid-protein interactions which are
implicated in the process of vision (Deese et al.. 1981: Brown et al., 1982; Wiedmann et al..
1988 and Gibson and Brown. 1993). The biophysical properties of the membrane lipids in
relation to the rhodopsin function are geometrically dependent and molecularly cooperative.
The propensity to form non-lamellar phases of the phospholipids (Seddon. 1991) appears to
be one of the main factors leading to modulation of the Meta I-Meta n equilibrium by lipid
environments. An illustration of the membrane changes accompanying the Meta I-Meta n
transition of rhodopsin can be presented based on previous studies (Gibson and Brown,
1991; Gibson and Brown. 1993; Wiedmann, 1988). As depicted in Figure 2-3, the Meta I
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metarhodopsin I

metarhodopsin II

Figure 2-3. Schematic illustration of the possible membrane changes accompanying the
Meta I-Meta n transition of rhodopsin. The intramembraneous hydrophobic surface of
rhodopsin is depicted. An elongation or protrusion of the protein at the Meta U stage may
occur, yielding exposure of recognition sites for the G protein, accompanied by relief of
the curvature stress associated with the membrane lipid/water interface. The Meta I state
is favored by lipids tending to form the lamellar (Za) phase having a planar lipid/water
interface, e.g., phosphatidylcholines. By contrast, the Meta n state is favored by lipids
tending to form the reverse hexagonal {H\i) phase with a negative interfacial curvature,
e.g., unsaturated phosphatidylethanolamines. [Figure from Brown (1994).]

state is favored by lipids staying in the lamellar (La) phase with a planar lipid/water
interface. By contrast, the Meta II state is favored by lipids tending to form a reverse
hexagonal (Hu) phase having a negative interfacial curvature. The topologies of the reverse
(H\\) hexagonal phase and the normal (^i) hexagonal phase are given in part (a) and (b) of
Figure 2-4 respectively. The spontaneous curvatures of non-lamellar forming lipid
monolayers are depicted in

Figure 2-5. Lipids whose head groups favor a smaller

interfacial area versus the preferred cross-sectional area of the acyl chains yield a negative
spontaneous curvature, as in case of the unsaturated phosphatidylethanolamine. part (a).
Lipids whose head favors a similar cross-sectional area as the chains, such as
phosphatidylcholine, result in a nearly zero spontaneous curvature, part (b). Finally, lipids
whose head groups favor a larger interfacial area than the cross-sectional area as in the case
of surfactants and lysophospholipids. yield positive spontaneous curvature, part (c), and
reflect the balance of attractive and repulsive interactions involving the polar head groups
and acyl chains.

2.4. Polymorphic Phase Behavior of Lipids Forming Non-Lameilar Phase
In addition to forming bilayer structures (lamellar phase), reminiscent of those
found in cell membranes, phospholipids have been clearly shown by Reiss-Husson and
Lussati (1962) to form non-bilayer structures under a variety of aqueous conditions
(Seddon, 1990). The most common phase of these non-lamellar phases in phospholipids is
the reverse hexagonal {H\\) phase, as shown

previously in part (a) of Figure 2-4.

b)

phase
normal hexagonal

Figure 2-4.

Molecular organization of normal (Hi) and reverse (/fu) hexagonal phases

of amphiphiles. The geometric changes of the lipid/water interfaces in both cases can be
seen from the figure, parts (a) and (b). Lipids form an Hu phase when the head groups
favor a larger cross-sectional area than the chains, part (a), corresponding to a water-inoil dispersion. The lipids form an Hi phase when the head groups favor a smaller crosssectional area than the chains, part (b), leading to an oil-in-water dispersion. [Figure fit)m
Seddon (1990).]
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a) negative

b) zero

c) positive

Figure 2-5.

Depiction of the spontaneous curvature of an individual monolayer arising

from the distribution of lateral forces within the head group and acyl chain regions.
[Figure from Seddon (1990).]
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Let us consider the polymorphism of membrane lipids in greater detailed. As noted
above, the structural properties of these liquid-crystalline phases are geometrically
dependent. The formation of non-lamellar phase originates from an imbalance of the lateral
forces within the head group region, the polar/nonpolar interface, and the hydrocarbon chain
region (Seddon. 1990; Brown, 1994). Phospholipids with relatively small head groups, such
as PE, favor a smaller area at the lipid/water interfaces (Thurmond et al., 1991). On the
other hand, lipids with relatively bulky polyunsaturated chains favor a larger cross-sectional
area within the bilayer hydrophobic region. In either of these cases, or both, a strong
tendency exists to form a reverse hexagonal (Hu) phase monolayer having a negative
curvature. If the external lateral pressure distributed in the head group region outweighs that
in the chain region, the Hn phase forms, as shown in part (a) of Figure 2-4. For a symmetric
bilayer, both monolayers could curve in the same way without bilayer constraint. Due to the
hydrophobic coupling of these two halves of the bilayer, a strong opposing deformation
tendency occurs. The increased chain stretching therefore stabilizes the planar lamellar
phase. However, in the case of the biological membranes, both monolayers could curve in a
similar manner due to the presence of proteins, such as rhodopsins. This might be the reason
for the stabilization of the Meta I and the shifting of the equilibrium to the left in the egg PC
recombinant membranes.
Now, a position exists along the phospholipid molecule associated with the bending
moment. Here there is little change in the molecular cross-sectional area with bending of the
flexible surface and formation of the reverse hexagonal (Ha) phase for bilayer. This
represents a pivotal position, where the polar end of the molecule is compressed and the

hydrocarbon end is expanded (Rand et al., 1990). A schematic drawing of the pivotal
positions for the monolayer sheet of the phospholipid dioleoylphosphatidylethanolamine
(DOPE) in the reverse hexagonal (//n) phase is given in Figure 2-6. Because the lipid
monolayer has a constant cross-sectional area at the pivotal position, the radius of curvature
of the lipid monolayer (/?pp) is defined as the distance from the water cylinder axis to the
pivotal position of the lipids. The above stmctural information suggests that the
incompressibility of the lipids, due to the constant cross-sectional area at the pivotal
position of lipid monolayer, is possibly involved in modulation of the rhodopsin
photochemical activity by the lipid composition. Native ROS membranes have a constant
molar ratio for the lipid composition per rhodopsin. PC;PE:PS;PI = 39:42; 16:2 (Milhanich
et al.. 1985). The membrane might have a pivotal position, where the cross-sectional area of
each monolayer in the bilayer is nearly constant, such that the average distance between
adjacent rhodopsin molecules is also roughly invariant. A weak lateral perturbation to the
bilayer, such as a secondary structural change of the integral membrane proteins, could
cause a slight curve in the bilayer at lipid/water interfaces as described in Figure 2-3. This
will be discussed in more detailed in Chapter 6 for rhodopsin recombinant membranes
containing non-lamellar forming lipids in the bilayers.

2.5. Curvature Free Energy of Membrane Lipids
One proposal is that rhodopsin activation alters the force balance at the lipid/protein
and lipid/water interfaces, and it is accompanied by a change in the curvature free energy
(bending energy) of the membrane due to the lipid/water interface (Wiedmann 1988, Brown
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/

Figure 2-6.

SP

Schematic drawing of lipid monolayer sheets in the minimally and the

maximally hydrated DOPE reverse hexagonal {Hu) phase. The outlined radial sectors,
surrounding the central water cores, represent cross sections of constant-thickness slabs
in the direction of the cylinder axis, which describe the average excluded volumes of
single DOPE molecules. The changes in the sector dimensions illustrate that when the
monolayer is bent, the cross-sectional areas of the polar and hydrocarbon ends of the
molecule change in opposite directions as the molecule pivots around a position of
constant area, Rpp. This constitutes the neutral plane of the monolayer, which is indicated
by the thicker circumferential line and is probably beneath the level of the polar head
groups. Changes in average molecular dimensions can result from the changes in crosssectional area involving the dimension parallel to the cylinder axis, along the cylinder
circumference, or both. Note that whichever way the area changes are attributed, this
does not change the neutral plane. In this drawing, the slab thickness has been taken as
constant during monolayer bending. [Figure from Rand et al. (1990).]

1982). According to current knowledge, the free energy due to elastic curvature stress
within the bilayer can be formulated in terms of the spontaneous curvature, HQ, of the
membrane film, together with the appropriate elastic constants for the elastic deformation.
The Helfrich curvature free energy per unit interfacial area, gc, can be written as (Beblik et
al., 1985; Anderson et al., 1989)

+kK

.(2.1)

Here H = \ / Rpp = ( Ci + C: j / 2 is the mean curvature and Rpp is the mean radius of
curvature at the pivotal position, in which C\ and C: are the two principal curvatures due to
the lipid/water interface (Ci = C: = 0 for a planar bilayer). Ho = 1 / /?o is the spontaneous
curvature, and RQ is the spontaneous radius of curvature. The second term is the Guassian
curvature energy, K •= C\ Cz., where K and K are the bending rigidity and the elastic
modulus of the Gaussian curvature. The influence of the Gaussian curvature is described by
the Euler characteristics and is considered to the contribution only in a secondary
approximation (Anderson. 1991).
The geometric dependence of the curvature free energy at the lipid/water interface
as described by Equation 2.1, reveals that the phospholipid phase behavior (in the absence
of protein) might be related to the influences of bilayer lipids on rhodopsin photoexcitation
in terms of a balance of lateral and curvature forces. One way to test the influences of
biophysical properties of the membrane on the Meta I-Meta n equilibrium is to combine the
thermodynamic information obtained from the flash photolysis experiments for the Meta I-
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Meta n equilibrium,

to the structural data of the lipids obtained from studies of their

polymorphic phase behaviors
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CHAPTER 3
EXPERIMENTAL
METHODOLOGY:
SPECTROPHOTOMETRY

FLASH

PHOTOLYSIS

In this woric flash photolysis experiments have been conducted to monitor
transients at 478 nm following an actinic flash due to a conformational change of
rhodopsin in the membrane suspensions. The transient changes on the millisecond scale
reflect the conformational transition of Meta I to Meta U. Therefore, influences of the
lipid environment on the Meta I- Meta II equilibrium can be investigated via differences
of the transients for rhodopsin in recombinant membranes and in native ROS membranes.

3.L
Preparation of Native Rod Outer Segment (ROS) Membranes and
Recombinant Membranes Containing Rhodopsin
Isolation of ROS membranes. Native ROS membranes were prepared from frozen
bovine retinas (Lawson and Lawson. Lincoln, NE) according to the method of
Papermaster and Dreyer (1974). All manipulations were carried out in dim red light (15W bulb, Kodak Safelight filter No. 1) and at 4 °C. A 50 mL suspension of 50 partially
thawed retinas in a 1.38 M sucrose medium was gently homogenized by ten passes in a
loose fitting 30 mL Teflon-glass homogenizer. This procedure sheared off most of the rod
outer segment (ROS) at the ciliary junction to the inner and outer segment. The ROS
were then partially separated from the remainder of the retinas, which sedimented at 4000
rpm after 20 min at 4 °C (SS-34 Rotor, Sorvall, Inc.). The supernatant was collected and
the above procedure was repeated with the substitution of a tight fitting Teflon-glass 30

mL homogenizer. The crude ROS were combined and diluted with 200 mL of 10 mM
Tris-acetate buffer at pH 7.4. Then the supemants were centrifuged at 7000 rpm for 30
min by GSA Rotor (Sorvall Instruments). The ROS pellet was resuspended in 25 mL of
sucrose, density of 1.10 g/mL, containing ImM MgCKand 10 mM Tris-acetate (pH 7.4),
and loaded on top of a discontinuous sucrose gradient. The sucrose gradients were layered
in three or four centrifuge tubes of Sorvall AH-827 rotor (Dupont Instruments),
approximately 30 mL each tube and 8 mL each layer. The gradients contained 1 mM
MgCli, 10 mM Tris-acetate (pH 7.4), and densities of sucrose of 1.11, 1.13, and 1.15
g/mL respectively. After one hour of centrifugation at 27,000 rpm and 4 °C by Sorvall T865 rotor (Dupont Instruments), the associated peripheral membrane proteins and G
protein were removed. The ROS pellet was collected from the 1.10/1.11 g/mL interface
using a #18 syringe. The ROS membrane pellets were twice re-suspended with double
distilled water at 20,000 rpm by SS-34 rotor (Sorvall, Inc.) for 20 min to remove the
remaining sucrose. A yield of approximately 15-20 mg rhodopsins in the purified ROS
membranes was obtained with this procedure. The purified ROS membranes were
characterized as described below.
Purification of rhodopsin. The extraction of rhodopsin from the ROS membranes
and the removal of phospholipids were accomplished by further centrifugation and
column chromatography (Hong et al.. 1973). 15 mg of the isolated ROS membrane pellets
obtained above were solubilized for one hour in the dark by addition of 30 mL of 15 mM
sodium phosphate buffer containing 100 mM dodecyltrimelhyammonium (DTAB)
(Sigma Inc., Los Angles, CA) and 1 mM dithiothreitol at pH 6.6 and 4 °C. After 20 min

of centrifuging at 40.000 rpm by using a Sorvall T-865.1 rotor (Dupont Instruments), an
optically clear supernatant containing nearly all of the rhodopsin was obtained. A very
small volume comprising a dark pink pellet was discarded. A 2.5 x 6.5 cm fresh
hydroxyapatite (DNA grade, Bio-Gel HTP. Bio-Rad Laboratory, Richmond, Calif.)
column bed was equilibrated with the same solubilizing buffer. The solubilized rhodopsin
in DTAB was loaded onto the column. A linear change of ionic strength in the eluting
solution was produced by continually mixing two equal volumes (150 mL for each) of the
solubilizing buffer containing 0 M and 0.5 M of sodium chloride respectively. The
rhodopsin was separated from the lipids within 6 hours using a flow rate of 0.4 - 0.5
mL/min. A fixed-wavelength ultraviolet-visible (UV) detector (ISCO, type 6 optical unit)
monitored the absorption of the eluted fractions. After the elution, a Varian UV-VIS 2290
spectrophotometer was used to record the absorption spectra for the pooled fractions
which contained rhodopsin. More than 90% of the rhodopsin applied to the column was
collected, which had aA^go/^498 ratio less than 1.8.
Recombination of rhodopsin with lipids. A solvent-free lipid mixture containing
the desired molar ratio and solid DTAB was added to the 100 mM DTAB solution
containing purified rhodopsins, so that the final concentration of detergent was 300 mM.
To incorporate rhodopsin into artificial lipid membranes, the mixture was incubated for
two hours at 4 °C in the dark homogenizing twice with a vortex mixer. Subsequently the
DTAB was removed by the detergent dialysis (Hong et al., 1973). The lipid-protein
mixture was dialyzed against (500 mL per mg mixture) Hepes buffer (pH 6.8) containing
ImM EDTA per mL of the mixture. The dialysis buffer was changed twice daily over a

49
four day period. To prevent oxidation of the unsaturated fatty acid chains of the
phospholipids, a constant nitrogen stream was bubbled through the solution during the
course of dialysis.

3.2. Characterization and Regeneration of Rhodopsin
For such protein-lipid recombinant membrane systems, it is necessary to establish
an assay to determine whether the protein maintains its native integrity during the
manipulations of the protein purification and membrane reconstitution.
Due to lack of knowledge of the three dimensional structure of rhodopsin, there
are mainly two criteria, which are necessary but not sufficient, for investigation of the
integrity of rhodopsin. (1) Characterization; by taking the absorption spectrum of
rhodopsin, one can determine the amount of rhodopsin in the membrane suspensions and
estimate the purity of rhodopsin in the native or recombinant membranes. (2)
Regeneration; by comparing the electronic absorption spectra of rhodopsin in the original
membranes and the regenerated membranes, both containing the same amount of
rhodopsin (Hong et al., 1973), one can determine the percentage of photoactive rhodopsin
and the percentage of rhodopsin bleached in the membranes. The detailed procedures are
as follows:
(1) Characterization of rhodopsin. 4 mL of rhodopsin membrane suspension was
made by native ROS membranes or recombinant membranes in 10 mM sodium phosphate
buffer (pH 7.0). The concentration of the rhodopsin in the suspension was about 3 |iM.
The total volume was devided into two equal volumes as named #1 and #2 samples. #1

sample was saved in dark on ice; The rhodopsin in #2 sample were completely bleached
by irradiation of a Sunpak flash light (Thyristor auto 383 Super, Tocad America Inc.)
Three Ultraviolet-visible spectra then were taken subsequently from 270 nm to 700 nm
with addition of one-nineth volume of the solubilizing detergent, which contained 30%
Ammonyx LO (Stepan Co., Northfield, IL), 100 mM hydroxylamine hydrochloride, and
10 mM sodium phosphate buffer (pH 7.0), see Figure 3-1 (Figure 3-2 is in the same
range). The first spectrum of a nearly flat straight line was for the 10 mM sodiur
phosphate buffer, which gave a baseline of the following spectra; the second spectrur
was taken from #1 sample, which showed a typical absorption spectrum of rhodopsi
The two peaks at 500 nm and 280 nm represent the rhodopsin and all the other proteins i
the membranes, respectively. The value of extinction coefficient of rhodopsin at 500 nr.
used here was 40600 M"'cm'' according to the published data (Gibson et al., 1993). Th^
third spectrum was for #2 sample, which had a substantial reduction at 500 nm due to the
bleaching of rhodopsin. By comparing the A500 of the #2 sample and i45oo of the baseline,
one can estimate the degree of rhodopsin bleached in the membranes. During the
processes of the isolation, purification, and recombination of rhodopsin. some rhodopsins
are inevitably denatured resulting in loss of 500 nm absorption (X^ax of rhodopsin). But,
there is little change at wavelength 280 nm. which represents the concentration of all the
other proteins in the membranes (Hubbard, 1969). Therefore, the absorbance ratio

[A280 (#2) - A280 (baseline)] / [ A500 (#2) - A500 (baseline)]
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Figure 3-1. Representative ultraviolet-visible absorption spectra of showing assay for
regeneration and bleaching rhodopsin in ROS membranes. For all spectra rhodopsin the
ROS membranes was solubilized by addition (1:9 v/ v) of detergent buffer containing 3%
Ammonyx LO, 10 mM Sodium phosphate, and 100 mM hydroxylamine hydrochloride at
pH 7.0. Spectra (a) and (b) show the absorption of the samples without adding ll-cz5retinal, before and after regeneration, respectively. Spectra (c) and (e) are the preregeneration and post-regeneration absorption respectively, for the samples which were
bleached using a Simpak flash light as described in text, and then regenerated by adding
11-cw-retinal. Spectrum (d) is the absorption spectrum for the bleached sample without
adding 11-c/j-retinal after regeneration. The percentage of rhodopsin regenerated was
obtained from the ratio of the absorbance at 500 mn for the spectrum (e) to (b). The
typical result was 100% (±5%). The percentage of bleached rhodopsins present in the
original sample was less than 9%. The typical result was 1%.
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Figure 3-2. Representative spectrophotometric assay for percentage of rhodopsin
bleached following an actinic flash delivered to the ROS membrane suspension at 28 °C.
Rhodopsin was solubilized by addition (1:9 v/v) of detergent buffer containing 3%
Animonyx LO, 10 mM Sodium phosphate, and 100 mM Hydroxylamine hydrochloride at
pH 7.0. The percentage of the rhodopsin bleached was obtained from the ratio of the
absorbance at 500 nm for the postflash spectrum (b) relative to the preflash spectrum (a).
The absorbance at 500 nm of spectrum (c) for the membrane suspension containing fiilly
bleached rhodopsin yielded the baseline for the calculations. The typical value for the
percentage of rhodopsin bleached was about 25% (+5%).

is the criterion of purity of membranes, i.e., the rhodopsin relative concentration in the
membranes. As shown in Figure 3-1, the purified native ROS membranes typically have
values of the purity of 2.4 ± 0.2. Samples having worse purity can not work well in our
flash photolysis system, see Figure 3-3.
(2) Regeneration of rhodopsin. Figure 3-2 is an example for the regeneration of
rhodopsin. Three identical suspensions of membranes containing rhodopsin were
prepared in a 15 mM phosphate buffer, (pH 6.8), with a rhodopsin concentration of 5 |iM.
The three suspensions corresponding to the "unbleached", "bleached", and "regenerated"
samples. In order to get true regeneration value of the rhodopsin, all the samples had to be
incubated simultaneously for about 1.25 hour in the dark at 4 °C. But, the "bleached" and
"regenerated" samples were irradiated using a Sunpak flash lamp before the incubation to
irreversibly bleach the rhodopsins. After the bleaching 1 l-c/5-retinal, which had the same
optical density as the rhodopsin in the solution, was added to the sample "regenerated".
The absorption spectra were taken before the incubation for the samples "unbleached"
and "bleached"; then were taken after the incubation for all of them. As shown in Figure
3-2, the spectra taken before and after the incubation, are as parts (a) and (b) for the
sample "unbleached"; parts (c) and (d) for the sample "bleached" respectively, and the
spectrum taken after the incubation as part (e) is for the sample "regenerated". The
regeneration of rhodopsin is obtained by the ratios of

[^500 (c)- A500 (c)]/[ A500 (a)- A500 (c)]

,(3.2)
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Figure 3-3.

Schematic diagram of flash photolysis system employed in this

work. The flash photolysis apparatus was typically set to monitor the changes in
light transmission at 478 nm, the

for Meta I. The change in photomultiplier

tube (PMT) output voltage following actinic flash

excitation of rhodopsin

manifests the Meta I-Meta n equilibrium ratio. The lipid environment effects on
the rhodopsin Meta I-Meta n conformational transition can be measured by
comparing the preflash and postflash PMT output voltages at A. = 478 nm
obtained for the different recombinant membranes. [Figure from Gibson and
Brown (1990).]
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where Asoo is the absorbance value at 500 nm, and (a), (b), (c), (d), and (e) are the spectra
corresponding to Figure 3-2. The spectra in Figure 3-2 are for the regeneration of
rhodopsin in the native ROS membranes. They have been found 100% (± 5%)
regenerable. All recombinant membranes used in this work had more than 72% (± 5%)
regenerability and the percentage of rhodopsin bleached due to the manipulations were
less than 9% (+5%).

3.3. Flash Photolysis Experimental Procedures
Flash photolysis apparatus.

In the flash photolysis experiments the apparent

absorbance change, AA. corresponding to the Meta I to Meta n transition, can be obtained
for the native ROS membranes as well as the rhodopsin-containing recombinant
membranes under certain conditions. From the experimental value of AA, the
thermodynamic information can be obtained in a relatively simple manner, for example,
the apparent pA!", the mole fraction of Meta II, and the total standard free energy change in
the Meta I-Meta II equilibrium.
A home built single-beam flash photolysis apparatus was used to monitor the
absorbance change at 478 nm as shown in Figure 3-3 (Gibson et al.. 1990; Beach et al.,
1984 and Wiedmann et al., 1988). An 100 W tungsten lamp with a wheel light filter was
used to select reference beam at 478 nm which was passed through the center of a waterjacketed cuvette having a 5 cm path length (Uvonic Instruments, Hicksville, NY). Two
xenon arc lamps were arranged parallel to the cuvette long axis, and the assembly was

enclosed in a dark container. A transformer (Fisher Scientific) was used to adjust the
triggering voltage for the aclinic flash to the desired intensity for the sample, i.e., the
rhodopsin in the sample suspension could be bleached about 25% following a singleflash.
A monochromator (Oriel, Stanford Connecticut, CA) was used to select the desired
monitoring wavelength (typically 478 nm). The transmitted light intensity was detected
by a 1P28A photomultiplier tube (PMT) and its optical gain voltage was controlled by a
dual high voltage power supply (Model 229, Pacific Instruments, Concord, CA). During
flash photolysis, the monitored light was continuously detected, amplified, and convened
into the output voltage by the PMT after passing through the sample cuvette. The data
were acquired by a computer with a 12 bit data acquisition board (1SC-16E, R.C.
Electronics, Santa Barbara, CA) and were processed using the software program provided
by the manufacturers. The flash transient sampling interval was generally 50 |is, with a
total acquisition time of 400 ms at 28 °C and 4 s at 5 °C.
Flash photolysis measurements. Native ROS membranes or reconstituted lipidrhodopsin vesicles were suspended in about 2.3 mL of 10 mM phosphate buffer having
the desired pH value. The protein concentration was 4.4 |iM. To minimize the light
scattering influences, the suspension was sonicated for 3 min. The microtip of a Heat
Systems W375 sonicator (Heat Systems-Ultrasonics. Inc., Farmingdale, NY) was inserted
into the suspension, which was contained in a 15 mL centrifuge tube. The sonication was
performed with a 50% duty cycle under an argon environment with the sample tube
immersed in an ice/water bath. Following the sonication procedure, the sample solution
was diluted with the same volume of the phosphate buffer to have a final volume of 4.5

mL and rhodopsin concentration of 2.2 (iM. To obtain the absorption spectrum, about 450
|iL of the sample was mixed with exactly the same volume of the detergent. In the
detergent. 20 mM hydroxylamine hydrochloride attached only to Meta n, therefore, the
completely bleached rhodopsin can be determined; 6% Ammonyx LO solubilized the
rhodopsin and reduced the scattering of the light; and 10 mM phosphate buffer, kept the
pH at 7.0. The absorption spectrum for the preflashed sample was recorded from 700 nm
to 270 nm. The remaining volume of the sample solution was loaded into the flash
photolysis sample cuvette. Clearly, it is important to reach the indicated temperature
before initiating the measurements. The temperature and the pH values were monitored
before and after the flash by a semi-micro combination electrode of a pH meter, which
was mounted with a digital thermometer. The preflash voltage was adjusted to 10 V.
After delivering the first actinic flash to the sample cuvette, the PMT voltage change (AVO
was obtained from the difference between the recorded postflash voltage and preflash
voltage. About an 1 mL aliquot of the flashed sample was then withdrawn. Exactly the
same volume of the detergent buffer solution was added. The absorption spectrum for the
postflashed sample was overlaid on the same chart. Then this sample was flashed more
than six times using a Sunpak AP-52 flash unit fitted with a Schott OG 515 filter (A. > 500
nm), or exposed to room light for about 3 min (no difference was found). The absorbance
spectrum was taken again for the completely bleached sample. The absorbance values at
500 nm of these three spectra were used for the calculation of the percentage of rhodopsin
bleached due to the single flash.
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A^ooCpostflash) - AjooCbleached)
of rhodopsin bleached = 1 - —
AjooCpreflash) (bleached)

.(3.1)

The average value of the percentage of rhodopsin bleached by a single flash in this
work was 25%± 5%. To minimize oxidation and denaturing of the sample, whenever
possible, all the procedures were carried out in the dark and on ice. as well as
periodically bubbling argon gas through the sample suspension.

3.4. Reduction and Analysis of Flash Photolysis Data
Mole fraction of photolyzed rhodopsin in the form of Meta II.

In the flash

photolysis experiments, the observed photomultiplier output voltage change, AV, due to
the actinic flash was converted to the mole fraction of

Meta 0, 0, using

Lamben law. The photomultiplier output voltage,

is proportional to the light

VQUI,

the Beer-

intensity, I. The absorbance is defined by A = logdo/Itrms)' where /o is the incident light
intensity and /,rans is the intensity of light transmitted through the sample. Hence, the
absorbance change, A4, at 478 nm in the sample suspension due to the flash photolysis is
given by

A A478

= Apostflash " Aprenash

—

(^0 ! ^postflash ) " log ( Vo / Vppjfiash )

= log V'prefiash " log Vpostflash

= log

Vpreflash "

^Og

(V'preflash +

)

.(3.2)
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Where A V = V^positiash - V'prenash is the PMT voltage difference. A A478 is the total
absorbance change at 478 nm in the sample suspension.
For the purpose of data analysis and reduction, one can assume a simple acid-base
equilibrium for the Meta I-Meta n transition, viz., MI +vH' = ME, and use v = 1 for
simplicity. Because the initial and final states are the same for the different proposed
mechanisms, the thermodynamic treatment of the Meta I-Meta U transition is unaltered.
The mole fraction of photolyzed rhodopsin in form of the Meta U, 0 , can be thus defined
as

0=

[MIIU

.(3.3)

To estimate the mole fraction of Meta n presented at the equilibrium, the change
in transmittance at 478 nm following the actinic flash was assumed to be due solely to the
changes in the concentration of rhodopsin due to photolysis, and the conversion of Meta I
to Meta n. If the concentration of preflash rhodopsin is [r/jojjnmai and/is the fraction of
rhodopsin bleached by the flash, then conservation of mass yields (Gibson et al.. 1993)

= [M/]cq+[A///]eq

.(3.4)

Assuming the published molar absorption coefficient (e^g) for rhodopsin of
40,600 M"' cm"' at 498 nm (Applebury. 1984). a value of 37,000 M'' cm ' at 478 nm was
estimated from its experimental absorption spectrum. The Meta I intermediate was
assumed to have a molar absorption coefficient

of 44,000 M"'cm'' at 478 nm
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(Applebury. 1984). The absorption at 478 nm due to Meta n was assumed to be zero (i.e.,
£^s = 0 ). It follows that
\A

— •^478
4"' +
A"" — A'*'"
^ ^478
^478

= [ M I ] ^ e Z l + [ M I I ] ^ e;;,'/ - /[r/io].„..„, EZ I

.(3.5)

Where all the concentrations are assumed to pertain to equilibrium. [r/zo],nitiai is the initial
rhodopsin concentration, which is 2.2 |iM in all the experiments. Substituting Equations
(3.4) and (3.5) into Equation (3.3) then given;

e =

/
V

-.rtio \
^478
e''^'
^478

AA478

.(3.6)

arhoi„,„^EZl)f

Finally, substituting the values for the various constants, one obtains
0 =

0
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The Total Standard Gibbs Free Energy Change For the Meta [-Meta II
equilibrium. Because the system is buffered, [//"*"] = constant and the standard state is

chosen to correspond to the buffer pH, i.e.. the stoichiometry of

does not appear. This

yields an apparent or pseudoequilibrium constant. K\h = [A^//]eq / [MT\e^. It follows that
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For the Meta I-Meta II equilibrium the standard Gibbs free energy change, i.e. the
total standard Gibbs free energy change under conditions of constant pressure, is given by

AG°'(pH,T) = -RT\n K^Cn
,(3.9)

where the gas constant R = 8.314 J K"' mol ' and T is the experimental temperature,
typically 28 °C.
Calculation of A(j" from pK Values Obtained from Titration Curves for
Rhodopsin. One possibility is to calculate the values of [M//]eq and [M/]eq as given by
Equation (3.9). But this method might lead to errors since the data are used at a single pH
value. An alternative method is to attempt to utilize the data from fitting the entire
titration curve. It is probably the best to do the data analysis in both ways.
[Ml]+wH' =[MII]
.(3.10)
J,

pK = -\ogK

= -log

= - log K'-vpH
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-\o%K'= pK + \pH

.(3.11)

Thus.
^G'"{pH) = - R T \ n K'
= -2.3Q3RTlogK'
= 2.303RT{pK + vpH)
The pA^ value may be obtained from the fitting of the experimental titration curve.

.(3.12)
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CHAPTER4
OPTICAL
AND
THERMODYNAMIC
STUDIES
OF
THE
METARHODOPSIN I TO METARHODOPSIN U EQUILIBRIUM:
NATIVE ROS MEMBRANES
In the flash photolysis experiments, the modulation of the Meta I-Meta II
equilibrium by the composition of the membrane lipids was investigated. The amount of
Meta n produced in the rhodopsin-containing recombinant membranes was compared to
that in the native ROS membranes. As a standard criterion, the native ROS membranes
have been first studied. The optical properties of rhodopsin as manifested in the flash
photolysis experiments, the titration behavior at different temperatures, and thermodynamic
studies of the Meta I-Meta n equilibrium in the native ROS membranes are discussed in this
chapter.

4.1. Correction for Light Scattering Differences and Sonication Control Experiments
For ROS Membranes
In order to interpret the differences in photolysis transients due solely to the lipid
compositions in recombinant membranes containing rhodopsin, first of all. one has to know
all the reasons that may cause a change of the transmitted light in the flash photolysis
experiments. It is known that the intensity of the transmitted light (/uans) is proportional to
the intensity of the incident light (/o) for a sample having a constant protein concentration
(Gibson et al., 1993). But. the actual amount of the incident light transmitted through a
particulate sample may be also affected by several other factors, including the wavelength
of the light, the refractive index of the solution, and the particle size distribution of the

sample (Van Holde. 1985). It is necessary to control the influences on the flash photolysis
transients due to these factors. The wavelength of the monitoring light and the refractive
index of the sample solution are controlled as constants in the experiments. However, the
distributions of the particle sizes are found to be quite different in the various recombinants.
Consequently the different sonicated membrane preparations scatter the light away from the
detector to differing degrees.
As shown in Equation 3.2, the absorbance change is depending on the flash
photolysis PMT output voltage change. According to the Beer-Lambert's law, theoretically,
the absorbance, Aprenash. whereas, the preflash voltage, Vprenash , are constants if the protein
membrane concentration of the sample suspension is a constant. However, this is not true
because of the different light scattering of the samples. One correction for this differences in
rhodopsin recombinant membranes is adjusting the optical gain of the PMT. which is
controlled by a voltage cross the PMT lube.
In the experiments, the preflash PMT output voltage was kept in a constant value of
10 V for all the measurements. It gave a unit value for all log Vprenash- It simplified the
calculation and minimized the influences from the particle size distribution, but increased
the noise in the PMT output voltages.
It was found in the previous flash photolysis studies that relatively small uniform
particle sizes yielded the largest signal-to-noise ratios (Gibson et al. 1991). In this research
further light scattering control experiments were involving a variable degree of sonication
of the rhodopsin suspension prior to flash photolysis. The high kinetic energy due to the
sonication procedure leads to collision which broke up the membranes and reduced their
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sizes. However, the sonication procedure should not change the magnitude of the flash
photolysis transients of the membranes due to solely the Meta I-Meta II transition of
rhodopsin. The validity of this procedure was confirmed as follows:
(1) The native ROS membranes were divided into two aliquots. The ±odopsin
concentration was 4.4 jiM in 10 mM phosphate buffer with the desired pH values. The
sample solutions were sonicated for 0 and 3 minutes under an argon atmosphere using a
Heat Systems W-375 sonicator (Ultrasonics, Inc., Farmingdale, NY) with a 50% duty cycle.
The sample container was placed in an ice/water bath during the sonication. Then both
aliquots were diluted with 10 mM phosphate buffer to obtain a final

rhodopsin

concentration of 2.2 |iM. The flash photolysis experiments were performed under the same
conditions. The data obtained at pH 5.0, 6.0, and 7.0 (± 0.1) are shown in Figure 4-1. As can
be seen the flash photolysis transients are almost identical for the Meta I-Meta 11 transition
in the case of the sonicated and unsonicated ROS membrane suspensions. However, the
noise is substantially less in the sonicated samples due to the reduction of the light
scattering.
(2) The influences of the sonication time were further tested by sonicating the same
ROS membrane preparation for different time intervals ranging from zero to six minutes.
The results obtained are shown in Figure 4-2. The data are fitted to nearly flat straight lines,
indicating that the PMT output voltage changes are essentially independent of the sonication
time.
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Figure 4-1. Comparison of flash photolysis transients at A. = 478 nm for sonicated and
unsonicated ROS membranes at 28 "C and pH 5.0, pH 6.0, and pH 7.0 (±0.1), showing
compensation for the effects of light scattering by sonicating the ROS membrane
suspension.
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Figure 4-2. Postflash photomultiplier tube (PMT) output voltage change (AVO at A, = 478
nm as a function of sonication time for ROS membranes at 28 °C and pH 5.0 (±0.1). (a)
unaveraged, (b) averaged data. The straight lines are least squares fits to the data, and
indicate that the PMT voltage change is essentially independent of the sonication time.
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According to the above studies, the adjustment of the preflash PMT voltage to lOV
was carried out and a three minute sonication of the sample solution was adopted as a
means of reducing the light scattering influences in all the later measurements.

4.2. Light Intensity and Percentage Bleaching Control Experiments for ROS
Membranes
In previous flash photolysis studies, the percentage of rhodopsin bleached (f) in the
sample suspension following a single actinic flash was generally 10% or 25% for research
carried out by different groups (Parkes et al., 1984; Gibson et al., 1993). Is the Meta I-Meta
n equilibrium independent of the percentage of rhodopsin bleached? What is the
relationship between the percentage of rhodopsin bleached by a single flash and the
intensity of the flash? In this work the above questions have been tested by carrying out the
following light intensity and percentage bleaching control experiments.
In the light intensity control experiments, the photolysis sample cuvette was
manually covered by Kodak No. 96 gelatin neutral density filters. The flash lamp intensity
is thus attenuated depending on the number of layers of the filters around the cuvette. A plot
is shown in Figure 4-3 for the percentage of rhodopsin bleached in the ROS membranes
following a flash versus the relative light intensity in the sample cuvette at 28 °C and pH
7.0. Since the results show a linear relationship, therefore, in the following studies of the
ROS membranes, the percentage of the rhodopsin bleached can be substituted for the
relative flash light intensity. It is obvious that this substitution simplifies the experimental
procedures.
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Figure 4-3.

Percentage of rhodopsin bleached by an actinic flash as a function of the

light intensity for ROS membranes at 28 °C and pH 7.0. The light intensity of the actinic
flash to the sample was controlled by changing the number of the layers of Kodak
Wratten #96 neutral filter which were wrapped on outside of the sample cuvette.

Clearly, the mole fraction of Meta II (0) in the Meta I-Meta n equilibrium should be
independent of the percentage of rhodopsin bleached following a single flash in the
photolysis experiments (cf. Equation 3.7). A control experiment to confirm diis prediction
was carried out at 28 °C and pH 6.0 for ROS membranes. The results obtained are
consistent with the theoretical conclusion. As can be seen in Figure 4-4, the absorbance
change (AA) due to the Meta I to Meta II transition is proportional to the percentage of
rhodopsin bleached following a single flash. It implies that the ratio of AA to/is constant in
Equation 3.7 under the constant temperature and pH conditions. Therefore, the mole
fraction of Meta n (0) in Equation 3.7 is proportional to the ratio of AA and/ rather than the
values of themselves. Either 10% or 25% can be used for the percentage of rhodopsin
bleached in the photolysis experiments. 25% was chosen in this work to maximize the
signal-to-noise, while at the same time keeping multiple photon events to a minimum.

4.3. Meta I-Meta II Transition and Acid»Base Equilibrium in ROS Membranes
The flash photolysis behavior of native ROS membranes was first studied as a
function of pH at 28 °C as a basis for the subsequent investigations of the Meta I-Meta n
equilibrium in artificial recombinant membranes. Figure 4-5 provides a sample set of
representative photolysis transient data. Following the actinic flash, an increase of the
photomultiplier tube (PMT) output voltage occurs as shown in the figure, which reflects the
conformational transition of rhodopsin from Meta I to Meta n. It is evident that Meta n
(^tiuLx = 380 nm) begins to appear within the dead time = 30 |is at 28 °C (Gibson et al..
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Figure 4-4. (a) PMT output voltage change (AlO at A, = 478 nm, (b) absorbance change
(M) at

= 478 nm, and (c) mole fraction of Meta n (0) as a function of percentage of

rhodopsin bleached following an actinic flash for ROS membranes at 28 °C and pH 6.0 (±
0.1). The percentage of rhodopsin bleached was controlled by adjustment of the flash
lamp intensity and monitored by UV-visible spectrophotometry.
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Figure 4-5. Summary of the photomuhiplier tube (PMT) output voltage at A. = 478 nm as a function of pH for ROS
membranes at 5 °C. the increase in the amplitude of the PMT voltage shift at the lower pH values represents the effects of
increasing proton concentration in the ROS membrane suspension.
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1993). Clearly, the lower pH values favor the Meta EI slate. Corresponding the full pH
titration curves are given in Figure 4-6 with an explore of the region from pH 4 to 9 given in
Figure 4-7. The pH dependence of the Meta I-Meta n equilibrium was studied by
conducting titration experiments for native ROS membranes over an extended pH range.
The data is displayed in Figure 4-6 and Figure 4-7. It is obvious that within pH 4 to 9, the
equilibrium can be shifted to the right by lowering the pH, viz., increasing the proton
concentration in the solution. Within this range, the equilibrium of the Meta I-Meta n
proton ionization is lipid environment dependent (Gibson et al., 1993).
For the purposes of further quantitative discussion, the data in Figure 4-7 were
averaged and displayed in Figure 4-8. The titration behavior of the native ROS membranes
can be analyzed by assuming a simple acid-base equilibrium (see Equation 1.1). As a first
approximation, the value of the apparent p/T for the Meta I-Meta II equilibrium is about 7.8.
Because the titration behavior of rhodopsin is a composite of titration of many residues
(Tanford. 1961), it is quite difficult to analysis the specific mechanism by which rhodopsin
photochemical function is affected by membrane lipids. However, in terms of a simple acidbase equilibrium, it is clear that the apparent pK value depends on the membrane lipid
environment (Gibson et al., 1993). Now if the composition of the native ROS membrane
lipids is substituted by other lipids, any shift of the apparent pK for the Meta I-Meta II
equilibrium then represents the influences of the new lipid environment. This has been
pursued in the following studies.
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4.4. Temperature and pH Influences on Meta I-Meta II Equilibrium in ROS
Membranes
Figure 4-9 shows experimental pH titration curves which reveal that the flash
photolysis behavior of rhodopsin in the ROS membranes is temperature and pH dependent.
There is clearly a significant influence of temperature on both the thermodynamics and
kinetics of the Meta I to Meta n transitions for native ROS membranes. In part (i) of Figure
4-9. the experimental results show that the titration curves turn back at the comers of either
low value of pH 4.0 or high value of pH 9.5 at 28 °C. This is consistent with previous
observations of ROS membranes at 0 °C (Parkes et al., 1984). Comparing the lines of the
data fits to a simple acid-base equilibrium (see Figure 4-6), the broadening and the deviancy
at the two pH ends of the experimental results may be explained by the actually more
complex process for an amphipathic membrane system (Tsui et al., 1990; Hubbell, 1990).
The turning point at the pH 4 might reflect the optimal membrane surface potential of the
charged membrane surface (Gibson et al.. 1993). The existence of a high pH form of bovine
rhodopsin (Koutalos. 1992) might account for the behavior when pH is above 9.5.
The thermodynamic parameters at temperatures of 5 °C. 15 °C, and 28 °C are
obtained from Figure 4-9, pans (d). (e). and (f). The corresponding pA!' values are 6.7. 7.0.
and 7.8 respectively. These results are consistent with previous studies. At 28 °C. an
apparent pAT value of 7.8 has been reported previously (Gibson et al., 1993). At 5 °C and 15
°C. the published data are 6.9 and 7.0 respectively, which have been estimated from flash
photolysis data projected onto a nearest constant-temperature plane (Parkes et al., 1984).
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Clearly temperature can shift the Meta I-Meta n equilibrium towards the right as expected
for an endothermic process. As seen in Figure 4-9, parts (g), (h), and (i), at the same pH
less Meta 11 is formed at lower temperatures. Therefore, the activated intermediate Meta n is
favored by higher temperatures. The data in Figure 4-9 at three different temperatures are
consistent with a simple acid-base equilibrium within the pH 5 to pH 9 range.
The temperature dependence of the kinetics for the Meta I to Meta II transition can
also be directly seen by comparing the slopes of the flash photolysis transient curves
following the actinic flash. If we compare the curves in Figure 2-2, parts (a) and Figure 4-5,
except for the slightly different pH values, the two curves show a substantial difference in
their slopes, corresponding to the initial rates of forming Meta H. At pH 7.0. the apparent
forward rate constant kob/ ( =

+ A:.i) for the Meta I to Meta n transition is much faster at

28 °C than at 5 °C. The kinetic analysis of the pH dependence is based on the typical set of
data shown in Figure 4-5. The phototransients at 5 °C for native ROS membranes
demonstrate an acceleration whenever the pH value deviates from neutrality, i.e.. either an
increase or decrease in the pH value from pH 7. increases the rate of the formation of Meta

n. One explanation for this is that the

reaction is both acid and base catalyzed (Parkes et al.,

1984; Emrich et al., 1974).
Van't Hoff plots of In AT" versus 1/7" for the Meta I-Meta II equilibrium of rhodopsin
in the native ROS membranes at different pH values are displayed in Figure 4-10. The lines
are the least-squares fits to the data. The constant standard enthalpy of the reaction for each
pH value can be determined from the slope of the plot by using Van't Hoff equation
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(Equation 3.13). All negative slopes of the plots correspond to positive standard enthalpies
and the experimental data are summarized in Table 4-1.

Table 4-1. Summary of the standard enthalpies changes for the Meta I-Meta n equilibrium
of rhodopsin in native ROS membranes at 28 °C.
p//
A//°7 kJ mol"'

5.0 (±0.1)
90.99

6.0 (±0.1)
75.87

7.0 (±0.1)
44.67

4.5. Thermodynamic Studies of Meta I-Meta II Equilibrium in ROS Membranes
Figures 4-6 to 4-9 provide the basic experimental data for the thermodynamic studies
of the Meta I- Meta n transition of rhodopsin in the native ROS membrane at 28 °C, 15 °C,
and 5 °C. The thermodynamic parameters may be obtained from the experimental in the
titration curves by employing the following equations. The standard state convention
employed here is a biochemical standard state (symbol"'). It refers to an 1 M total
concentration of the reactant Meta I or product Meta n exclusive of

at a given pH

(Wiedmann et al., 1988). The equilibrium constant for the reaction MI + v/T*" = Mil is
defined as

Because the system is buffered, [i^^] = constant and the standard state is chosen to

correspond to the buffer pH, i.e., the activity of

is unity. This yields an apparent or

pseudoequilibrium constant, K^H' defined as below

,(4.2)
[M/]^
which is pH dependent. From the relationship between the equilibrium constant and the
thermodynamic state functions, the corresponding standard free energy change (AG°') for
the Meta I to Meta II transition at a particular temperature is given by

AG°'= - RT In Kpn' (T)

,(4.3)

where R is the gas constant and T is the absolute temperature.
One can calculate the enthalpy and entropy changes from the fitted pK values. The
van't Hoff equation is given by:
ainr^

-AH"-

d l / T yP

R

^ -2.303d{pK + vpHy

-AH"'

ai/r

R

Jp
fdpH)

U i / r JP

l a i / r jp

-

"

-AH"'
2203R

Assume that the buffer pH varies negligibly with the temperature. Then

.(4.4)
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dpK

ai/r.

.(4.5)
2303/J

The standard enthalpy change may be obtained from the slope of the plot of p/sT versus MT.
Finally, one can obtain the entropy change:
AG""= AH°'-TAS°'
-RTlnK-= AH"-TAS"'
-\ogK'=

pK =

^ AH°' ^ _1_

^ A5°' ^

2.303/? / T

2.303/?

o1 \
A//
2.303/? T

A5'
+vpH
2.303R

.(4.6)

A plot of the p^ versus MT will give the changes of enthalpy and entropy from the slope
and the intercept, respectively.
The standard enthalpy. A//"', can also be determined from the van't Hoff equation, or
alternatively from the Gibbs-Helmholtz equation with use of the values of AG°' obtained
at temperatures T i and T:. that is :

AC'jpH.T)
T

AG"-(p//,7;) ^
T

p A//'"(p//,r)^^
JT-,
T-

,(4.7a)

.(4.7b)
VT
•*:

T,

The calculation data are included in Table 5-1 of Chapter 5, which summarizes the
results for both the ROS membranes (this chapter) and egg PC recombinant membranes
(next chapter).
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CHAPTERS
MODULATION OF RHODOPSIN PHOTOCHEMICAL ACTIVITY BY
COMPONENTS OF THE PHOSPHOLIPID BILAYER: EGG PC
RECOMBINANT MEMBRANES
In this aspect of the research, bovine rhodopsin was combined with egg
phosphatidylcholine (egg PC) using a molar ratio of the lipid/protein of about 100:1. It has
been shown previously that the Meta I-Meta n equilibrium in the egg PC recombinant
membranes was substantially shifted to the left (Figure 2-2). Additional flash photolysis
studies of egg PC recombinant membranes have been carried out and further developed in
this work as a fundamental basis for investigating the lipid effects on rhodopsin function,.

5.L Light Intensity and Sonication Control Experiments for Egg PC Recombinant
Membranes
As for native ROS membranes (Gibson and Brown, 1990), one must address the
same problem of light scattering in the flash photolysis experiments for egg PC recombinant
membranes. Therefore, the correction for light scattering and sonication controls were also
carried out via a series of experimental investigation similar to those described in Chapter 4
in the case of the ROS membranes..
The results of the sonication control experiments of various pH values are depicted
in Figure 5-1. By comparing parts (a) to (b), parts (c) to (d), and parts (e) to (0, one can see
that the PMT output voltage changes (AV), due to the Meta I to Meta n transition of
rhodopsin, are essentially independent of the sonication in all three cases. The initial sharp
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Figure 5-1.

Comparison of photolysis transients at ^ = 478 nm sonicated and

unsonicated egg PC recombinant membranes at 28 °C and pH 5.0, pH 6.0, and pH 7.0
(±0.1) showing compensation for the effects of light scattering by sonicating the egg PC
membrane suspension.

peaks in some of the transients are believed to be the light scattering artifacts. The larger
ratios of signal-to-noise for the sonicated samples versus those for the unsonicated samples,
as shown in parts (a), (c). and (e) for pH 5.0, 6.0, and 7.0 respectively are due to less light
scattering for the relatively small and more uniform particle sizes in the sonicated sample
suspensions.
The results of the light intensity control experiments for the egg PC recombinants at
pH 6.0 and pH 8.0 are summarized in Figure 5-2. The same as for the native ROS
membranes (Figure 4-4), one can conclude that for egg PC recombinant membranes, the
PMT output voltage change (AlO, and the absorbance change (AA) are proportional to the
percentage of rhodopsin bleached (/) following a single flash. But the mole fraction of Meta
n (0) formed in the Meta I-Meta n equilibrium is proportional t o the ratio of (AA) and i f ) .
Thus, to maximize the signal-to-noise and minimum the multiple photon events. 25% of
rhodopsin bleached following a single flash is also used for all the recombinants in this
work.
It is noteworthy that a small difference was found in the adjustments of the PMT
gain voltage for the egg PC recombinants versus the native ROS membranes. In order to
obtain a lOV preflash PMT output voltage, a higher photomultiplier gain voltage of
approximately 100 V was needed for egg PC recombinants versus about 480 V for the ROS
membranes.
However, to summarize of this point, the above control studies assure that the
recombinant membranes may be thought of as having similar optical properties as the native
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(AA) at ^ = 478 nm, and (c) mole fraction of Meta 11 (0) as a function of percentage of
rhodopsin bleached following an actinic flash for egg PC recombinants at 28 °C and pH
6.0 and pH 8.0 (±0.1).

ROS membranes in the flash photolysis experiments, and that any differences are most
likely due to variations in the Meta I-Meta II equilibrium..

5.2. Shifts of the Meta I-Meta II Equilibrium due to Influences of the Lipid Bilayer
Composition
The primary difference between the flash photolysis transients for the egg PC
recombinant membranes and the native ROS membranes has already been presented in
Figure 2-2, part (b). As can be seen a substantial reduction in the postflash PMT output
voltage change (AV) for rhodopsin at pH 7.0 is evident for the egg PC recombinant in
comparison to the native ROS membranes. It follows that the bilayer lipid composition can
modulate the photochemical function of rhodopsin in the visual process.
Further investigations of the flash photolysis behavior for the egg PC recombinant at
28 °C have been performed over a wide pH range. A summary of these findings is provided
in Figure 5-3. The postflash PMT output voltage change (AV), the absorbance change (AA),
and the mole fraction of Meta U (0), as a function of pH, have been plotted separately in
pans (a) to (c). The pH titration behavior of the egg PC recombinant in Figure 5-3 can also
be explained to a first approximation by a perturbed simple acid-base equilibrium, in which
the pK value depends on the membrane lipid environment. An expanded view can be
obtained from Figure 5-4 in which the pH values are displayed over a smaller range. The
averaged data are given in Figure 5-5 and the curves exhibit a good match with the previous
data (Gibson and Brown, 1993). In order to compare the titration behavior of the egg PC
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(o); data from this work (•).

recombinant membranes with the native ROS membranes, the averaged pH titration data for
both samples are plotted together in Figure 5-6. The preliminary data fits for the egg PC
recombinants are generated by using an apparent pAT value of 6.3, rather than 7.8 in the ROS
membranes, but all the other parameters are the same.

5.3. Role of Standard Gibbs Free Energies of the Meta I and Meta II States in
Modulation of Rhodopsin Activity
The observed modulation on the Meta I-Meta II equilibrium by the lipid
composition can be further discussed in terms of the Gibbs free energies of two membrane
states. The data for total standard free energy changes obtained using Equation 4.3 are given
in Table 5-1 for the native ROS membranes and the egg PC recombinant membranes at
both 28 °C and 5 °C with a buffer of pH 7.0 (±0.2). The negative value of the Gibbs free
energy change (AG"' = -4.60 kJmol"') for the ROS membranes at 28 °C corresponds to more
than fifty

percent of Meta n mole fraction (0 = 0.863) formed in the equilibrium

consequently the final Meta n state is favored under these conditions. On the contrary, the
standard free energy change (AG"' = 4.04 kJ mol"') for the egg PC recombinants under the
same conditions indicates that the initial Meta I state is favored in this case.
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Table 5-1. Thermodynamic parameters for the Meta I-Meta 11 equilibrium at 28 °C and 5
°C at pH 7.0 obtained from the experimental flash photolysis data for the native ROS
membranes and egg PC recombinant membranes. For comparison, previous published data
(Gibson and Brown, 1993) are included in parentheses.

ROS membrane

system

+44.7

A/^'/kJmor'
A5^'/J K"'mor'

(-1.97)

+164

(+146)

u

-4.60

o
O

AG"' /kJ mol"'

0.863

u

0

28 °C (25 °C)

o

tempjerature

egg PC recombinant
28 °C (25 °C)

5 °C

0.201

0.166

0.0307

+3.19 (+1.67)

+4.04 (+2.57)

+7.98 (+7.55)

(-f41.4)
+149

+25.5
(+146)

+71.3 (+199)

(0 °C)

(+61.9)
+63.0 (+199)

The standard Gibbs free energy change corresponds to the equilibrium constant for
the transition as given by Equation 3.9. The above differences of the standard free energies
for the ROS membranes and the egg PC recombinant membranes reveal that there is an
intrinsic difference between the energy requirements for the Meta I-Meta II transition in
these two membrane systems. This thermodynamic information can only be a reflecdon of
the internal structural variety of the membranes, since all the other experimental conditions
are the same for the two systems. It will be seen in the next chapter that the standard Gibbs
free energy change (a thermodynamic property) of the membrane can be related to the
spontaneous curvature associated with the lipid/water interface (a structural property) of the
bilayer.
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5.4. Temperature and pH Influences on the Meta I-Meta II Transition in Egg PC
Membranes
In order to study the intrinsic effects on the Meta I-Meta n equilibrium due solely to
the bilayer composition of lipids, it is necessary to generate an experimental environment
where temperature and pH influences on function of rhodopsin can be eliminated. On the
other hand, the investigation of the temperature and pH dependencies for rhodopsin
conformational transition may help to distinguish the influences of the lipid compositions
and the peaurbations from other factors in the Meta I-Meta n equilibrium.
Two different methods have been adopted here for studying the influences of the
temperature and pH. First, the flash photolysis behaviors as function of pH for both the
native ROS membranes and the egg PC recombinant membranes were investigated at 40
°C, 28 °C, 15 °C, and 5 °C. Then the thermodynamic parameters AC°',

and A5°' for

the membranes were obtained from van't Hoff plots in K' versus 1/7 under neutral pH
conditions.
Figure 5-7 depicts the pH titration behavior of the egg PC recombinant membranes
and corresponds to Figure 4-9 for the native ROS membranes. A simple two-state model
has been applied for the acid-base equilibrium as an approximation within the range pH 5 to
9 for both systems. The mole fraction of Meta II (0) gradually increases at a given value pH
for both samples when the temperature is raised, as shown by the titled curves in parts (g),
(h), and (i) of each figure. The mole fraction results are less accurate for the egg PC
recombinants at 40 °C. Because the higher temperature and additional spectrophotometric
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assay may increase the instability of the system and give more spaces for error. This
indicates that the Meta I to Meta n transition of rhodopsin is an endothermic process and
the formation of the Meta II is favored by higher temperatures. The similarity of the
temperature dependencies for the membranes egg PC recombinant membranes and the
native ROS can be seen in Figure 5-7 and Figure 4-9. By comparing the pH titration curves
in pans (a) and (b) of Figure 5-7 for the egg PC recombinants and those in parts (a) and (c)
of Figure 4-9 for the native ROS membranes, one can see the same shifts of the curves due
to an increase in temperature. It includes (1) a shift of the midpoint to left or right and (2) a
shift of the magnitude up or down at the same pH. In the other words, temperature can
cause the same changes for both the native ROS membranes and the egg PC recombinant
membranes.
This finding confirms that the shift of pAT values for the Meta I-Meta n equilibrium
in the egg PC recombinants at 28 °C is due to the influence of lipid compositions rather
than temperature. The apparent pA" values are 5.5 and 6.4 at 5 °C; 6.3 and 7.8 at 28 °C for
the egg PC recombinant and

ROS

membranes,

respectively. Consequently, the

thermodynamic parameters for the Meta I-Meta n transition, including AG°', A//

and

AS°' depend significantly on the bilayer lipid compositions.
In addition, one can fmd temperature at which the flash photolysis behavior of the
different systems is comparable. By comparing the titration curves of the egg PC
membranes at 28 °C {pK =6.3) as shown in part (a) of Figure 5-7 with that for the ROS
membranes at 15 °C (pAT = 6.3) as shown in part (b) of Figure 4-9. Hence, by increasing the

temperature of the egg PC recombinant membranes one can compensate for the influence of
the bilayer lipid composition on the Meta I-Meta n equilibrium. This demonstrates that the
modulation of the protein conformational energetics may involve many different types of
molecular interactions. Their contributions may vary under different experimental
conditions. For instance, the effect of the lipid composition is quite significant around room
temperature and neutral pH. but this is not true in the case of high or low pH.
The pH dependencies of the rhodopsin photoactivity are quite similar in the ROS
membranes and the egg PC membranes. From Figure 4-9 and Figure 5-7, it is evident that
the simple acid-base equilibrium approximation is only valid within the pH region of 5 to 8
in general. The titration curves of the photolysis transients deviate significantly when the pH
value is higher than 9 or lower than 4. The understanding for this phenomena is still unclear
and further work is necessary. One possible explanation is that the COO groups (at low
pH) and the NH.^

groups (at high pH) of the rhodopsin might be involved in the titration

behavior. However, the lipid environment influences on the rhodopsin photoactivity are
significant at molecular level whenever pH value is close to the neutral.

5.5. Thermodynamic Studies of Meta I- Meta II Transition in Egg PC Membranes
The thermodynamic parameters related to the Meta I-Meta n equilibrium for ROS
and egg PC recombinants are determined from the linear regression fits of the experimental
data by using Equations 4.2, 4.3, and 4.4. Van't Hoff plots of In AT'versus 1/7 are shown in
Figure 5-8 and the results are summarized in Table 5-1. All calculations are based on the
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experimental data in Figure 4-9 and Figure 5-7 at the different temperatures. For the ROS
and the egg PC membranes, the p^ values are 7.8, and 6.3 at 28 °C, and 6.4, and 5.5 at 5
°C. respectively. The first pair of the results is consistent well with previously published
data (Gibson and Brown. 1993): the second pair is reported here for the first time. A
compensation of the influences of pH and temperature on the Meta I-Meta n equilibrium
can be observed in both the ROS and egg PC membranes. For the ROS membranes, as
shown in Figure 4-9, the PMT output voltage change (AVO is about 1.25 V at pH 5.2 and 15
°C in part (b), but it can also be reached at pH 7.5 at 28 °C in part (c). For die egg PC
membranes, as shown in Figure 5-7, the PMT output voltage change (AV) is about 1.25 V at
pH 5.0 and 5 °C in part (a). When the temperature is increased to 28 °C, the same value of
the AV can be obtained at pH 5.8 in part (b). However, the temperature also affects the
magnitudes of the titration curves at the same pH, as seen in Figure 4-9 and Figure 5-7.

5.6.
Investigation of Effects of the Lipid/Protein Ratio on the Meta I-Meta II
Transition in Egg PC Membranes
In the current flash photolysis studies of the lipid effects on rhodopsin
photochemical function, the recombinant membranes containing rhodopsin have a
lipid/protein molar ratio of about 100:1. The structure is designed to be similar to the native
ROS membranes, having a lipid/rhodopsin ratio of 75:1 for bovine ROS membranes (Stone
et al., 1979). According to the hypothesis tested, viz. the influences of membrane lipids on
the Meta I-Meta n transition are not chemically specific, but rather material properties of the
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bilayer are involved (Wiedmann et al., 1988; Brown, 1994), the number of lipids
surrounding rhodopsin must bear a relation to the protein photochemical function. In other
words, one can predict that the molar ratio of lipid/protein in the recombinant membranes
may have an effect on the modulation of the Meta I-Meta II equilibrium.
As a preliminary investigation, additional recombinants were prepared incorporating
»

rhodopsin in egg PC with lipid/protein molar ratios of 50:1 and 200:1. Flash photolysis
studies were performed at pH 6.3 and 28 °C for these samples, as well as for the 100:1
species. The experimental data revealed a decrease in formation of Meta II in the
equilibrium with increasing lipid/rhodopsin ratio for these three systems, as shown in Figure
5-9. The corresponding total standard Gibbs free energy change AG°' is plotted as a
function of lipid/rhodopsin mole ratio in Figure 5-10. A relatively substantial difference in
the total standard Gibbs free energies is evident as displayed in the figure, in which a
decrease in the lipid/rhodopsin mole ratio favors energetically the Meta 0 state. This might
i

be a result of the influence of the curvature free energies, which are directly related to the
lipid/rhodopsin mole ratios.
From Newton's third law. action and reaction are always equal but opposite in
direction. If the effect of the lipids on the protein can be thought of as an action, then the
influence of the protein on lipids would be the reaction. It follows that an investigation of
the protein effects on the lipids may be reciprocal for studying the lipid effects on the
protein. For instance a change in the rhodopsin mole ratio may alter the tendency to form a
non lamellar phase of the lipid bifeyer, due to the presence of the neighboring rhodopsins.
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One possibility is that the integral protein rhodopsins might fasten the two leaflets of the
bilayer together, and might block the possible deformation of the lipid bilayer. The larger
the distance between the neighboring rhodopsins, the stronger the fastening the monolayer
sheets together. For instance, the egg PC (50:1) recombinant membranes can have a
stronger tendency to curve the bilayers than the egg PC (100:1) and egg PC (200:1)
recombinants. Therefore, a larger number of lipid molecules surrounding rhodopsin may
correspond to a larger radius of mean curvature involving the lipid/water interface in the
Meta n state. Conversely, a smaller number of lipid molecules surrounding rhodopsin may
correspond to a smaller radius of mean curvature due to the lipid/water interface in the Meta
H state (Figure 5-11). The smaller radius of the mean curvature of the egg PC/rhodopsin
(50:1) recombinant membranes yields a greater fraction of Meta II in the equilibrium than
the others. This is consistent with the later discussion in Chapter 6. However, other factors,
such as electrostatic forces, are also varied with a change of the lipid/protein mole ratios.
Therefore, it is desirable to find conditions which can isolate the effect of the lipid/protein
mole ratios from additional factors in future studies.
Alternatively, the influence of the lipid/rhodopsin ratio ( n ) on Meta n formation
may be understood in terms of principles from surface chemistry (Gibson and Brown,
1993). Referring to Figure 5-11, we see that the contact angle that the lipid bilayer makes
with the intramembraneous nonpolar protein surface manifests the "wetting" of the protein
by the lipids. The contact angle depends on a balance of forces involving the tensions
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Figure 5-11. Schematic drawing of the possible effects of the lipid/protein ratio on Meta
n fonnation in egg PC recombinant membranes in terms of the mean radius of curvature.
The experimental results indicate that an increase in the Meta EL fraction occurs with
decreasing a lipid/protein mole ratio in egg PC membranes. One explanation involves a
corresponding decrease in the mean radius of curvature of the lipid/water interface, such
that R^o < R\oq < R

200.

where the subscripts denote the lipid/protein mole ratios. Due to

the fixed height of the protein, the mean curvature of the bilayer in the Meta n state is
affected by the distance between adjacent proteins. Longer distance gives a larger mean
radius of the bilayer curvature, as in the case ofR loo. The shorter distance gives a smaller
mean radius of the bilayer curvature as in the case of the Rso. This would decrease the
curvature free energy in the Meta II state and drive the equilibriimi towards Meta EE,
which is the activated state of the receptor rhodopsin.
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associated witii the hpid. protein, and aqueous surfaces. In what follows, we shall assume
that the contact angle is nearly independent of the lipid/protein molar ratio.
The lipid/water interfacial tension yuv/ of a (flaccid) pure lipid bilayer is zero
according to equilibrium thermodynamics. However, due to the additional tensions
associated with the protein surface, the lipid/water tension can be non zero in a proteolipid
membrane (Gibson and Brown. 1993). It follows that for a curved interface the value of the
lipid /water interfacial tension is related to the contact angle, and conversely the contact
angle will govern the spontaneous radius of curvature of an individual monolayer sheet.
[Here we assume that the Gaussian or saddle curvature as described by the Euler
characteristic plays only a secondary role, as suggested by studies of surfactant films
(Anderson, 1990).]
Matching of the curvature radius /?„

(= /?i = R2) to the spontaneous radius of

curvature of the bilayer lipids will then result in a minimum in the curvature free energy
(Figure 5-11). On the other hand, if the curvature radius Rq is either greater or less than the
spontaneous curvature radius Ro. then the curvature free energy is increased as given by
Equation 2.1. This provides a means of free energy coupling between the bilayer lipids and
the protein rhodopsin. Qualitatively, the influences of the lipid/rhodopsin ratio suggests that
the spontaneous curvature radius is relatively small in the Meta n state. Consequently the
Meta n conformation is favored by a reduction in the mean distance between rhodopsin
molecules. However, a more quantitative treatment is not possible based on these data
alone.
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CHAPTER 6
INFLUENCES OF SPONTANEOUS CURVATURE OF NON-LAMELLAR
FORMING LIPIDS ON METARHODOPSIN I TO METARHODOPSIN U
TRANSITION: DOPE/DOPC RECOMBINANT MEMBRANES
Previous studies of the influences of lipid substitutions on rhodopsin fiinctions
(Deese, 181; Wiedmann, 1988; Gibson and Brown, 1993) have revealed that modulation of
the Meta I-Meta n equilibrium can be caused by any of the following factors: the bilayer
thickness (chain length), head group size of the lipids, or saturation of the acyl chains. An
interesting aspect is the various factors all produce a similar result: a shifting of the apparent
pK for the Meta I-Meta n equilibrium to lower values, i.e., the equilibrium is shifted to left.
This implies that there must be a common change occurring in the membrane which
directly affects the protein function. These shifts of the apparent pK by changes of the
bilayer lipid composition are physically or geometrically dependent rather than due to
chemically specific lipid binding. Existing research on biological membranes suggests that
characteristic structure-activity relationships exist in visual process (Wiedmann et al., 1988:
Gibson and Brown, 1993; Brown. 1994). The lipid influences on rhodopsin may be
energetically linked to the balance of forces associated with various lipid phase transitions.

6.1.
Meta I-Meta II Equilibrium of Rhodopsin in DOPE/DOPC Recombinant
Membranes
Dioleoylphosphatidylethanolamine

(DOPE)

and

dioleoylphosphatidylcholine

(DOPC) have been used many years for studying the polymorphic phase properties of the
phospholipids. These two lipids were selected for a series of lipid substitution
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experiments (Gibson, et al.. 1993; Brown, 1994). Membranes containing rhodopsin were
subjected to flash photolysis studies of lipid effects on rhodopsin function. According to
the experimental results, they pointed out that the membrane bilayer may provide a source
of work for conformational changes of integral membrane proteins such as rhodopsin.
One possibility is that to support full native-like photochemical function of rhodopsin.
chemically specific properties of the lipids are not required. Rather average or material
properties of the entire assembly are needed, which involve the curvature free energy
associated with the membrane-lipid water interface (Seddon, 1989; Gnaner, 1989; Brown.
1994).
To find the relationship between the polymorphic phase properties of non lamellar
forming lipids and the photochemical activity of the protein rhodopsin, two structural
aspects have been examined in detailed: (1) the correspondence between formation of non
lamellar phase of the DOPE/DOPC membrane lipid mixture and the Meta I-Meta II
conformational change in the rhodopsin, and (2) the mean curvatures of the lipids in the
Meta II state for DOPE/DOPC recombinant membranes containing rhodopsin.
In Chapter 10, the total standard Gibbs free energy change for Meta I-Meta E
equilibrium will be decomposed into several energy components including a curvature
free energy change, as described in Equation 10.4. By analyzing the molecular
interactions involved in the Meta I-Meta II transition for DOPE/DOPC recombinant
membranes, one can find that a relief of the curvature stresses in the membrane bilayer
yields a dominant energy contribution in Equation 10.4 from the curvature free energy
change. Now we use this finding for the following discussion. Because the total standard
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Gibbs free energy change is a function of mole fraction of Meta II (0) in the Meta I-Meta
n equilibrium (Equation 3.9), and the curvature free energy change (AG°')c- is a function
of spontaneous curvature of the lipid mixture (Equation 2.1). Hence, the mole fraction of
Meta n (0) in the photolyzed rhodopsin membranes can be converted to the curvature free
energy change (AG°')c of the lipid/water interface by Equation 10.4, which is explained in
detailed in Chapter 10. Using the results of the flash photolysis experiments for rhodopsin
recombinant membranes containing DOPE/DOPC lipid mixtures, and the published data
for the spontaneous curvatures of DOPE/DOPC mixtures in vicinity of proteins from the
NMR and x-ray diffraction experiments (Gruner, 1989; Rand, 1990; Gawrisch, 1992;
Thurmond. 1993), one can bring the thermodynamic and structural information together
in terms of the energetics of the membrane bilayer. In this manner, one can examine the
influences on the protein conformational transition by the non lamellar forming lipids.

6.2. Lipid Effects on the Meta I-Meta II Equilibrium in DOPE/DOPC Recombinant
Membranes
The recombinant membranes containing rhodopsin were designated having
following molar ratios: DOPE/DOPC (0:100), DOPE/DOPC (25:75), DOPE/DOPC
(50:50), and DOPE/DOPC (75:25) per rhodopsin. As reported from previous studies (Rand,
1990), the spontaneous radii of curvature for DOPE and DOPC are 30 A and infinity,
respectively. Under the

phase boundary conditions, such as at room temperamre, the

spontaneous radius of curvature for the above DOPE/DOPC mixture bilayer in absence of
proteins can be calculated.

It is an average value of the above two radii with the
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corresponding weights, which are the same as in the molar ratio of the lipids. Then the
spontaneous radii of curvature for DOPE/DOPC (0:100), DOPE/DOPC (25:75),
DOPE/DOPC (50:50). and DOPE/DOPC (75:25) are infinity, 52 A, 40 A, and 30 A
respectively. As discussed in Chapter 2, among these mixtures DOPE/DOPC (75:25) lipid
mixture has the smallest spontaneous radius of curvature; therefore, it has the strongest
tendency to form a non-lamellar phase.
The flash photolysis transients (K = 478 nm) obtained for rhodopsin in recombinant
membrane containing DOPE/DOPC (0:100), DOPE/DOPC (25:75), DOPE/DOPC (50:50),
and DOPE/DOPC (75:25) at pH 6.8 are shown in Figure 6-1, parts (a) to (d), respectively. It
can be seen that there is a progressive increase of the PMT output voltage change, AV,
following an actinic flash as the DOPE/DOPC molar ratio is increased from 0:1(X) to 75:25.
This finding demonstrates that the energetics of the rhodopsin conformational transitions
from the Meta I to Meta II are different in these membranes. As noted previously, on
increase of the PMT output voltage at 478 nm following an actinic flash is expected due to
formation of Meta n from Meta I in the membranes (which occurs within 30 |is).
Consequently, an enhanced Meta II formation in DOPE/DOPC (75:25) vesicles is evident in
comparing with DOPE/DOPC (0:100): the mole fraction (0) is calculated using Equation
3.7. The titration curves of these recombinants are shown in Figure 6-2 to Figure 6-13. The
unaveraged data for each recombinant are plotted from pH 1 to pH 12 first as shown in
Figure 6-2, Figure 6-5. Figure 6-8, and Figure 6-11. To overview clearly the pH titration
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Figure 6-1. Flash photolysis transients at A. = 478 nm illustrating the influences
of the mole fraction of DOPE, i.e.. di(18;l)PE, in mixtures with DOPC, i.e.,
di(18:l)PC on the Meta I-Meta 11 equilibrium of rhodopsin in recombinant
O
membranes. Experiments were conducted at pH 7.0 and 28 C (10 mM sodium
phosphate buffer); the lipid/rhodopsin ratios were approximately 100/1. As the
mol % of DOPE is increased, pans (a)-(c). a progressive increase in the magnitude
of the photolysis transient occurs, i.e., the amount of Meta 11 produced, until
nearly the full amount is obtained, pan (d), as in the native ROS membranes. Note
that DOPE forms the reverse hexagonal phase (//n) in the absence of protein
under the experimental conditions. [Figure from Brown (1994).]
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Averaged experimental data showing (a) postflash photomultiplier tube

output voltage change (AV) at X. = 478 nm. (b) absorbance change (AA) at X, = 478 nm,
and (c) mole fraction of Meta n (0) versus pH within the range from 4 to 9 at 28 °C for
DOPE/DOPC (0:100) recombinant membranes. A value of the apparent p/ST about 6.3 is
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data from this work (•).
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Figure 6-6. Vnaveraged experimental data showing (a) postflash photomultiplier

tube output voltage change (AVO at X = 478 nm, (b) absorbance change (AA) at A. =
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Figure 6-7.

Averaged experimental data showing (a) postflash photomultiplier tube

output voltage change (AVO at X = 478 nm, (b) absorbance change (AA) at A, = 478 nm,
and (c) mole fraction of Meta II (0) versus pH within the range from 4 to 9 at 28 °C for
DOPE/DOPC (25:75) recombinant membranes. Data from Gibson and Brown (1993) (o);
data from this work (•).
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Figure 6-8.

Unaveraged experimental data showing (a) postflash photomultiplier

tube output voltage change (AV) at >. = 478 nm. (b) absorbance change (AA) at X =
478 nm, and (c) mole fraction of Meta 11 (6) versus pH within the range from 1 to 12
at 28 °C for DOPE/DOPC (50:50) recombinant membranes. Data from Gibson and
Brown (1993) (o); data from this work (•).
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Figure 6-9. Unaveraged experimental data showing (a) postflash photomultiplier

tube output voltage change (AV) at X = 478 nm, (b) absorbance change (AA) at X =
478 nm, and (c) mole fraction of Meta n (0) versus pH within the range from 4 to 9
at 28 °C for DOPE/DOPC (50:50) recombinant membranes. Data from Gibson and
Brown (1993) (o); data from this work (•).
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Figure 6-10. Averaged experimental data showing (a) postflash photomultiplier tube

output voltage change (AV^ at X = 478 nm. (b) absorbance change (AA) at A, = 478
nm, and (c) mole fraction of Meta II (6) versus pH within the range from 4 to 9 at 28
°C for DOPE/DOPC (50:50) recombinant membranes. Data from Gibson and Brown
(1993) (o); data from this work (•).
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Figure 6-11. Unaveraged experimental data showing (a) postflash photomultiplier

tube output voltage change (AV^ at >. = 478 nm, (b) absorbance change (M) at X, =
478 nm, and (c) mole fraction of Meta 11 (0) versus pH within the range from 1 to 12
at 28 °C for DOPE/DOPC (75:25) recombinant membranes. Data from Gibson and
Brown (1993) (o); data from this work (•).
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Figure 6-12. Unaveraged experimental data showing (a) postflash photomultiplier

tube output voltage change (AVO at ^ = 478 nm, (b) absorbance change (AA) at A. =
478 nm, and (c) mole fraction of Meta n (0) versus pH within the range from 4 to 9
at 28 °C for DOPE/DOPC (75:25) recombinant membranes. Data from Gibson and
Brown (1993) (o); data from this work (•).
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Figure 6-13. Averaged experimental data showing (a) postflash photomultiplier tube

output voltage change {AV) at ^ = 478 nm, (b) absorbance change (M) at >. = 478 nm.
and (c) mole fraction of Meta n (6) versus pH within the range from 4 to 9 at 28 °C for
DOPE/DOPC (75:25) recombinants. A value of the apparent pK about 7.8 is obtained for
the Meta I-Meta EI equilibrium. Data from Gibson and Brown (1993) (o); data from this
work (•).
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behavior of each recombinant, they are plotted in detail over the expanded range from pH 4
to pH 9 as shown in Figure 6-3, Figure 6-6, Figure 6-9, and Figure 6-12. Finally the
averaged data can help to estimate the values of the apparent pA!" from Figure 6-4, Figure 67, Figure 6-10, and Figure 6-13. The maximum difference of the apparent

values in

these recombinants is about 1.4 for the series DOPE/DOPC (0:100) to DOPE/DOFC
(75:25) (Table 6-1). In the DOPE/DOPC (0:100) recombinant, the Meta I-Meta n
equilibrium is shifted to the left having the lowest pA!" value of 6.4. On the other hand, in the
DOPE/DOPC (75:25) recombinant, it is shifted to the right having the highest

value of

7.8. Full native-like photochemical function of rhodopsin is found in the DOPE/DOPC
(75:25) recombinant, as can be seen by comparing its titration curve with the one for the
native ROS membranes in Figure 6-14.

6.3. Total Standard Gibbs Free Energy Changes for Meta I-Meta II Equilibrium of
Rhodopsin in DOPE/DOPC Recombinants

The results shown in Figure 6-2 to 6-13 demonstrate that the Meta I-Meta EI
transition of rhodopsin in the various recombinant membranes is shifted to the right
depending on the amount of DOPE presented in the membrane lipid mixtures. In following
thermodynamic studies, the total standard Gibbs free energy changes (AG°') for the above
recombinant membranes were calculated and compared by substituting the experimental
data, for mole fraction of Meta U (0) in Equation 3.9. The calculations are conducted with
the convention of a biochemical standard state and are summarized in Table 6-1 for the
DOPE/DOPC recombinants at pH 7 and 28 °C.
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Figure 6-14. Summary of postflash absorbance change (AA) at X = 478 nm as a function

of pH at 28 °C for native ROS membranes and DOPE/DOPC recombinants with the
different lipid mole ratios. The DOPE/DOPC (0:100) recombinant shifts Meta I-Meta n
equilibrium to the left with a p/f of about 6.3, which is almost same as the egg PC
recombinant. On the other hand, the DOPE/DOPC (75:25) recombinant shows a native
like titration behavior with an apparent pA" of about 7.8. Data from Gibson and Brown
(1993) (open); data from this work (filled).
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Table 6-1.

Total standard free energy changes for Meta I-Meta n equilibrium in

DOPE/DOPC recombinant membranes at pH 7 and 28 °C.
sample name

0
AG°'/kJmor'

DOPE/DOPC

DOPE/DOPC

DOPE/DOPC

DOPE/DOPC

(75:25)

(50:50)

(25:75)

(0:100)

7.8

7.2

6.7

6.4

0.668

0.594

0.471

0.377

-1.75

-0.954

0.0290

1.26

The AC°' values in Table (6-1) indicate that: (1) The AG°' values are positive if the
DOPE/DOPC recombinants have less than 50% DOPE in the lipid mixtures, i.e., in these
cases, the Meta I state is favored in the equilibrium. The more DOPE in the bilayer, the
more shift of the equilibrium towards Meta n. Although full native-like behavior in the
Meta I-Meta II equilibrium can be seen in the DOPE/DOPC (75:25) recombinant vesicles,
no additional Meta U can be found in the DOPE/DOPC (100:0) recombinants (data are
obtmned in previous studies and not shown here). This suggests that an optimized structure
for forming Meta n is maintained in the native ROS membranes. (2) The flash photolysis
transient for the DOPE/DOPC (0:100) recombinant, i.e.. comprising. di(18:1) PC, at pH 7.0
and 28 °C is slightly larger than in case of the egg PC recombinant membranes, which have
slightly shorter acyl chains on average as studied in Chapter 5. This result is consistent with
previous studies of the influence of the acyl chain length of the lipids.
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6.4.
Relationship of Total Standard Gibbs Free Energy Change for Meta I-Meta n
Equilibrium of Rhodopsin-Containing Membranes and Spontaneous Curvature of
Bilayer Lipids

A linear relationship exists between the total standard Gibbs free energy change of
the recombinants and the square of the spontaneous curvatures of the membrane lipids.

In

absence of protein, the polymorphic phase behavior of the DOPE/DOPC mixtures include
forming a reverse hexagonal {Hn) phase under the La-Hxi phase boundary conditions. The
spontaneous curvature (or its reciprocal, the spontaneous radius of curvature) represents the
intrinsic tendency of deforming the bilayer as discussed in Chapter 2. A larger percentage of
DOPE in the lipid mixture yields a stronger tendency for this curvature deformation.
Given that the polymorphism of the DOPE/DOPC lipid mixtures affects the
rhodopsin photochemical function, it must influence the corresponding total standard Gibbs
free energy change for the Meta I-Meta II equilibrium. The influence of the polymorphic
property of the bilayer on the rhodopsin conformational transition can be explained, if the
total standard Gibbs free energy change for the Meta I-Meta II equilibrium in the
DOPE/DOPC recombinant membranes depends on the spontaneous curvature of the
bilayer.
One can suggest that the contribution from the bilayer standard curvature free
energy change is a part of the total standard free energy change in the Meta I-Meta 11
equilibrium, and it is direcdy related to the spontaneous curvature of the lipid bilayer as
given by Equation 2.1. It follows that it is possible to find a relationship between the total
standard Gibbs free energy change in the Meta I-Meta II equilibrium and the spontaneous
curvature of the lipid bilayer. A graph of the natural logarithm of apparent equilibrium
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constant In K' (proportional to the total standard Gibbs free energy change under the
experimental condition) versus the spontaneous curvature of the lipid mixture is plotted in
Figure 6-15. The least squares fit of AG°' versus 1 /

yields a straight line having a slope =

-II32 A' and intercept = 475.4. This simple linear relationship of AG°' and I /

suggests

a direct correlation of the polymorphic phase property of the lipid mixture investigated and
the Meta I-Meta n conformational change of the protein.
Energetic correlation of lipid nan lamellar phase formation and protein
conformational transition. Theoretical studies based on above experimental results suggest
that the lipid effects on rhodopsin photochemical activity can be explained by biophysical
propjerties of the membrane bilayer.
In visual excitation, the light absorbed by the rhodopsin chromophore causes a very
efficient isomerization around a specific double bond of the retinal. This process harvests
the light energy for prior use by the protein (Kochendoerfer, 1995). A nonbonded
interaction between the l3-methyl group and the 10-hydrogen in rhodopsin causes a
distortion of the chromophore involving single-bond twists, as evidenced from resonance
Raman and NMR data for rhodopsin (Palings. 1989; Han, 1993), and X-ray studies of 11c/5-retinal (Drikos, 1981). Small angle equatorial diffraction studies of the protein
distribution in the plane of the membrane suggest that a segregation occurs between protein
and the lipids (Chabre, 1975). The photolyzed rhodopsin changes its secondary structure
which is believed to involve a lateral extension of the protein in the membrane (Hofmann,
1995). Therefore, the force balances in the membranes at Meta I state involving the
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Figure 6-15. Natural logarithm of ihe apparent equilibrium constant {,K^ for the Meta IMeta n equilibrium obtained at \ = 478 nm as a function of square of the spontaneous
curvature {Hq = MRq) for the recombinants of rhodopsin with DOPE/DOPC mixtures at
pH 7.0 and 28 °C. The straight line fits to the data reveal that a linear relationship exists
between In^'and Hq'- This finding suggests an influence on rhodopsin function from
spontaneous curvatures of the DOPE/DOPC mixtures. The parameters for the fits are
slope = 1.132 and intercept = -0.4754. The data for the spontaneous radii of curvatures for
the DOPE/DOPC mixtures are taken from Rand (1990). Data from Gibson and Brown

(1993) (open); data from this work (filled).
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lipid/protein interface, as well as on the lipid/water interface are disrupted (Deese et al.,
1981; Brown et al.. 1982; Wiedmann et al., 1988). An altered Laplace pressure acts on the
lipid/protein interface. This may cause a change of the bilayer shape in response to the new
balance of forces. One possibility is that the relief of the lateral stresses in the bilayer leads
to a decrease in the average distance between adjacent rhodopsins. Actually, the distance
between the proteins may not be simply reduced, because of the incompressibility at the
pivotal position of the phospholipid bilayer (Rand, 1990) surrounding rhodopsin. Due to the
polymorphic phase behavior of the DOPE/DOPC mixtures, i.e., the tendencies to form a
non-lamellar phase, the lipid/water interface of the bilayers might be curved in the Meta n
state as in Figure 2-5, parts (a) or (c). The planar interface as in part (b) of Figure 2-5 is for
the Meta I state.
However, there are still two possibilities for the bilayer curvature. As a rule,
amphiphiles can form normal hexagonal phase iH\), which has a positive curvature, or the
reverse hexagonal phase (Hn), which has a negative curvature (Figure 2-4). In both cases,
due to the chain packing constraint, the free energy of the bilayer deformation is coupled to
the protein conformation. Previous studies show that DOPE/DOPC lipid mixnares at
sufficiently high temperatures tend to form a reverse hexagonal phase (Hu), which has a
negative curvature at lipid/water interface (Seddon. 1989: Gruner. 1989; Rand et al.. 1990).
For the series of DOPE/DOPC recombinant membranes containing rhodopsin, a larger
negative spontaneous curvature at the lipid/water interface, as in case of the DOPE/DOPC
(75:25), may produce a driving force for the modulation of the Meta I to Meta 11 transition;
whereas the energy cost for protein itself may not be changed. The relief of the curvature
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stress of the membrane bilayer in the Meta I-Meta n transition (Brown, 1994) energetically
couples the lipids to the conformational transition of the protein. Consequently the Meta n
state in the conformational equilibrium is favored for the DOPE/DOPC (75:25)
recombinant, for which the negative spontaneous curvature is relatively large in absolute
magnitude, viz., there is a stronger tendency to curve bilayer. On the other hand, the rather
small spontaneous curvature in the case of the DOPE/DOPC (0:100) recombinant favors
Meta I state in the equilibrium. There is little possibility to curve the membrane bilayer at
the lipid/water interface in Meta n state for DOPE/DOPC (0:100) recombinant. This is
consistent with the zero spontaneous curvature of the mixture in absence of protein.
Factors yielding a linear relationship of ACF and I/Rq'. Let us next consider a
more quantitative discussion for the above investigation of the Meta I-Meta n equilibrium.
As shown in Table 6-1, the total standard Gibbs free energy changes are different in the four
DOPE/DOPC recombinant membranes investigated. Clearly the total standard Gibbs free
energy change (AG°') for the Meta 1-Meta n equilibrium in the protein recombinant
membranes may involve the contributions of many molecular interactions (This will be
discussed in detailed in Chapter 10). Except for the molar ratios of the lipids, all the
DOPE/DOPC recombinant membranes investigated are almost identical in their structures.
One can propose that the dominant contribution to the energy differences may originate
from the curvature free energy change of the system corresponding to the Meta I-Meta n
transition. If this is true, then the total standard free energy change, AG°', can be written by
the following form:
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AG°' = AG°'c + AG°'other

,(6.1)

where AG"', is the change of the curvature free energy (bending energy) corresponding the
Meta I-Meta n transition, and AG^'oUier is the change due to all other contributions to the
total standard Gibbs free energies. Dividing all the terms in the equation by Avogadro
constant N, the total free energy change in the Meta I-Meta n equilibrium per molecule can
then be derived by

AG°"= AG°+AG"

.(6.2)

ocher

where the tiede (~) is used to express thermodynamic quantities on per molecule basis. In
terms of spontaneous radius of curvature, the curvature free energy, Equation 2.1 can be
written as

' 1
< /? MM

R„ ,

. R MI

1 '
Rq ^

+ AG"'Other

.(6.3)

The lipid effect is a modulation of the Meta I-Meta II conformational transition of
the protein. The Gaussian curvature term is a minor perturbation and can be neglected for
the simplicity (Brown, 1994). The previous experimental data suggest that the curvature
stress stores in the bilayer in the Meta I state (Wiedmann et al., 1988; Gibson and Brown,
1993). Assuming that the protein lipid membrane is a planar in Meta I state, then /?mi = 0.
Moreover, the spontaneous curvature Ho = 1 /Ro is a constant for a DOPE/DOPC mixture
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having a specific molar ratio. It follows that Equation 6.3 can be simplified to yield the
following form:

AG"'=^

N-

1

V ^MII

_1_

R,0 /

+ AG°

ocher

.(6.4)

The above result. Equation 6.4, is the fundamental energy equation in the following
discussion. It is noteworthy that the development of Equation 6.4 is based on two
hypotheses. (1) The influences of lipid composition on rhodopsin Meta I-Meta n
conformational transition are due to physical (or material) properties of membrane lipid
assembly. (2) Relief of the curvature stress in membrane bilayer triggered by the
chromophore isomerization provides a driving force which modulates the Meta I-Meta n
equilibrium. A quantitative investigation based on Equation 6.4 can provide an important
structural information with regard to the protein-containing membranes. However, the linear
relationship between AG°' and 1 /
( i :

is only applicable under these conditions:
p'li _ _ ni II
^MII ~ ^1 ^0

(2)

'o,h« = C:

,(6.5)

,(6.6)

where C\ and cj are constants, and j corresponds to any one of the DOPE/DOPC mixtures.
The index is absorbed in what follows. Then
A G " = - ^+ C,
•

where

,(6.7)
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- 1

,(6.8)

- 1

is a constant because both K and oo are positive constants in the experiments. (As a first
order approximation, the very small differences in ao for all the DOPE/DOPC mixtures
investigated are ignored here.) The straight line fit of the data in Figure 6-15 provides a
strong evidence for this prediction.
Curvature free energy provides a source of work for the modulation of the Meta IMeta 11 equilibrium in the non lamellar forming lipid recombinants.

According to the

above condition (2), the AG"' is a constant for all DOPE/DOPC recombinants having
different molar ratios of these two lipids. This assumption implies that the modulation of
the Meta I-Meta II equilibrium is independent of AG'". It follows that the curvature free
energy, provides a source of work in the non lamellar forming lipid recombinants for the
modulation of the Meta I-Meta n equilibrium.
Bilayer lipids have the negative mean curvatures in

the

DOPE/DOPC

recombinants. It is obvious that c^. a constant in Equation 6.8, should be equal to th;: slope
(m) of the fit of the experimental data for AG"' versus 1 /

which can be obtained from

Figure 6-15. The slope is /?i = -1132 A', i.e.

ct, =

m=

ka,. (

<0

(6.9)
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so that Ci > 0 . Given that /?Mn = cj Rq the positive coefficient reveals that /?Mn has the
same sign as Rq

AS

explained above, the DOPE/DOPC mixtures must have negative

spontaneous curvatures to account for their La-Hu phase transition at sufficiently elevated
temperatures in the absence of protein (Rand, 1990). Therefore, following a structural
change of photolyzed rhodopsin, curvature elastic stress within the lipid bilayer may be
altered or released, thus, influences the conformational energetics. The experimental data
are consistent with the intrinsic polymorphic property of the DOPE/DOPC lipid mixtures,
viz., a phase transition occurs from the lamellar to non-lamellar, Hn phase as the
temperature is increased in the absence of protein, due to the frustration of the bilayer
curvature free energy. A negative thermodynamic mean radius of curvature /?MII is formed
in the bilayer in the presence of the protein. This provides a mean of free energy coupling of
the bilayer lipids to the conformational state of rhodopsin.
Mean radius of membrane lipid bilayer for the DOPE/DOPC recombinants in Meta
II state.

An important finding is the mean radius of membrane lipid bilayer for the

DOPE/DOPC recombinants in the Meta n state (Figure 6-16). This is a thermodynamic
property of the membranes arising from the distribution of the lateral forces within the
bilayer, which may (or may not) correspond to the actual interfacial curvature of the
amphiphilic assembly in the Meta II state. Substituting the value of the slope (m = -1132A")
of the graph of AG°' versus 1 / R^ to cy into Equation 6.8, the value of ci is 5.6 and the
mean radius of curvature for the DOPE/DOPC (75:25) recombinant membranes in Meta n
state is about 168 A at pH 7.0 and 28 °C.
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Figure 6-16. Schematic drawing of the influences of the spontaneous curvature of nonlamellar forming lipids on the Meta I-Meta 11 equilibrium of photolyzed rhodopsin. As
shown in pan (a), the DOPE lipid bilayer has an intrinsic curvature {Ho = l//?o) in the
reverse hexagonal phase (Hu) due to its relatively small head groups: the DOPC lipid
bilayer comprising large head groups favors the planer lamellar phase (La) under the same
conditions. This polymorphic property of DOPE and DOPC lipid bilayers leads to the
different photoactivities of rhodopsin in the DOPE/DOPC recombinant membranes having
various lipid mole ratios. For example, part (b) shows that the Meta 11 state is favored in the
Meta I-Meta II equilibrium for the DOPE/DOPC (75:25) recombinants at 28 °C and pH 7.0.
By contract, part (c) shows that the Meta I state is favored in the equilibrium for the
DOPE/DOPC (0:100) recombinants under the same conditions. This may be explained by
the flexible membrane surface model (Gibson and Brown, 1993). In the Meta I state, the
lipid bilayer of the rhodopsin recombinant membranes favors the lamellar phase (La). Due
to the Meta I-Meta n rhodopsin conformational transition, the curvature stress of the bilayer
is released in the Meta II state. Consequently, bilayer with zero spontaneous curvature, such
as DOPC favor Meta I, whereas bilayer varies a negative spontaneous curvature, such as
DOPE, favors Meta n due to matching of the spontaneous curvature to the curvature of the
membrane adjacent to rhodopsin. In this research, it has been found that the spontaneous
curvature free energy change in the Meta I-Meta II equilibrium is energetically coupled to
the rhodopsin photoexcitation (see the text).
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The absolute value of the mean radius (168 A) of the DOPE/DOPC (75:25)
recombinant in the Meta II state is about five times bigger than the spontaneous radius of
curvature (30 A) for its bilayer in absence of protein. This can be explained by lipidprotein interactions. Due to integral protein rhodopsins in the membranes, the
deformation of the lipid bilayer in the Meta II state is appreciably less than in the lamellar
to reverse hexagonal {H\\) phase transition in absence of the protein. The bilayer curvature
is limited due to the integral protein rhodopsin in the membranes. It follows that the
membrane bilayer is curved only slightly in the Meta n state due to a protrusion or lateral
expansion of rhodopsin in the membrane yielding exposure of G protein recognition sites.
The above discussion can also yield a quantitative estimation of the total standard
Gibbs free energy change, curvature free energy change, and all the other standard Gibbs
free energy change in Meta I-Meta II equilibrium for rhodopsin recombinant membranes.
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CHAPTER?
EXPERIMENTAL
METHODOLOGY:
RESONANCE (SPR) SPECTROSCOPY

SURFACE

PLASMON

Surface plasmon resonance (SPR) spectroscopy has been used as a biosensor in
rhodopsin structure-function studies. SPR spectroscopy provides additional structural
information which is complementary to knowledge obtained using flash

photolysis

spectrophotometry.

7.1. Principles of Surface Piasmon Resonance Spectroscopy

Surface Plasmon waves. A plasmon is to an electron what a photon is to light. From
classical physics, electrons in a metal are continually in motion and move freely, like a
charged cloud, through the lattice of the molecules. At the surface of the metal, the situation
is somewhat different, since the electrons reach a boundary or interface between the metal
lattice and a second medium. The behavior of the electrons corresponds to a collective
oscillation. It can be compared with the waves on the sea. The water molecules move up
and down; whereas, the motion is transmitted along the surface of the sea. A similar
situation occurs in the case of electrons. However, this oscillatory motion of the electrons at
the surface of the metal is quantized. The specific frequencies of the oscillations depend on
the physical properties of the metal, its surroundings, and these dictate frequencies of the
oscillations. Such oscillations are known as surface plasmon waves.
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Energy of the surface plasmon waves. For a bulk plasma (inside of the metal), the
classical plasma frequency (cop) is given by

CO

p

=

An njt'
mo
,(7.1)

where

is the electron density; e and

are charge and mass of the electron, respectively.

The dielectric constant (Sp) for ideal plasma is a function of frequency

£

=1

f
CO"

,(7.2)
where

is the angular frequency of the siirface plasmon frequency.

In case of an

interface between a metal (e,) and a dielectric medium (e,), the boundary conditions
together with the appropriate Laplace wave equation give equal but opposite values for the
dielectric constant of the plasma in the metal and the dielectric medium, i.e.
Zp=-Zz

.(7.3)

Substituting Equation (7.2) into (7.3), the surface plasmon frequency is given by

CO

CO
P-

=

sp

!1 + £

P\
.(7.4)
Equation (7.4) shows that the surface plasmon frequency depends on the refractive
index of the second medium N,( = E' -). Therefore, the surface plasmon consists of
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electromagnetic oscillations which propagate along the surface (x direction) having a
quantized energy

•\/l + ^2
.(7.5)
Momentum of the surface plasmon waves.

As surface plasmon wave is an

evanescent wave in directions which are perpendicular to the interface of the two media. By
employing the Maxwell equation and the boundary conditions for the continuity of the
tangential components of the electric and magnetic field. The relationship of the wave
vector and the refractive index can be described by the dispersion equation, which is given
by

,(7.6)
where kx is the component of the wave factor along the surface. For a nonradiative plasma,
kx' > s,(co/c)" and £,((o/c)\ So e, <1 and s, > s^. This means that the medium 1 must have a
negative dielectric constant to generate a surface plasmon wave; such medium is metal. The
dielectric function and wave vector are complex variables. Then
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.(7.1)
The momentum of the surface plasmon propagation along the surface is

els,

f,(7.8)

where h is Planck's constant.
Reflection of a thin film. The thin-fihn reflection problem may be solved using
Maxwell's equations. The solution of the Maxwell's equations for the electric vector of a
plane electromagnetic wave in an isotropic medium without space charge has the form
E = V"""
,(7.9)
where co is the angular frequency of the wave travelling along the .r-axis with velocity i-. For
this to be a solution it is necessary that

N = -= n-ik
V

,(7.10)
where N is known as the characteristic (optical) admittance of the medium, n is the
refractive index, and k is the extinction coefficient. In terms of the optical admittance, N,
the Maxwell's equations reveal an important relationship of the electric vector (£) and the
magnetic vector (H). Considering a plane wave propagating along the r direction., then

N ( r x E )= H

.(7.11)
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The tangential components of£' and Hoi z. plane incident wave are continuous across any
boundary of the isotropic media. Assuming that the incident wave is split into two
components, a transmission fraction

and reflection firaction. The components of E and H

can be denoted by the symbols £", E', Ft, and H , respectively.

Applying the boundary conditions in the Maxwell equations, we have

e; =

,(7.12)
where the subscripts 0 and 1 represent the two media. In our experiments, the nimiber one
medium is the glass prism. The reflectance R is defined by

R = N,-N,
,(7.13)
where

is real in our case.
A simple extension of the above analysis occurs in the case of a thin, plane parallel

film of material covering the surface of a substrate. One can consider the phase shift e'" of
the wave. The 5y = 2 {n-ik)j tj (cos ay) /

k, where r is the thickness of the thin film, k is the

extinction coefficient, a is the incident angle, and "k is the incident wave length. Then R
fi-om the numbery (/ = 0,1,2, ... ) thin layer medium, is given by:
/?=

,(7.14)
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where \y= (n - ik)ij: cos aj for p-wave (it is used in this work). Y is defined as the optical
admittance, which is the ratio of the magnitudes of the magnetic and electric fields of the
electromagnetic wave. / represents the imaginary component of the variable. In general, the
optical admittance of a surface containing a deposited multilayer is the ratio of the total
fields for the surface and the multilayer:

Y=EIB

,(7.15)

where

.(7.16)

Surface plasmon resonance.

The criteria for coupling and subsequent excitation of a

surface plasmon wave involve matching both energy match and the momentum (along the
surface).
One way of coupling to the surface plasmon wave is generating an attenuated total
reflection (ATR) situation on the surface. In the ATR coupling mechanism, the incident
light is passed through another dielectric medium, in our case is a prism, whose refiactive
index is greater than unity. Therefore, the momentum of the incident light along the surface
can be increased, under conditions of the minimum total reflection, i.e. when the incident
angle is bigger than the critical angle, the electromagnetic wave which propagates parallel
to the interface (p-wave) can excite the surface plasmon wave. Since the incident light has
no component of its wave vector perpendicular to the interface, as it is an evanescent wave,
this yields a Surface Plasmon Resonance (SPR) coupling.
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7.2. Optical System and Experimental Procedures
SPR measurements of membranes deposited on a silver film were performed using
the attenuated total reflection technique, which involves rotation of the prism using a
rotating table with a programmable controller (Model 855C, Newport Corp.; angular
resolution better than 0.01°) and a laser light source (helium-neon CW laser; wavelength,
6328 A) mounted on the fixed

arm of a goniometer. The configuration of the optical

elements together with the aqueous sample compartment [volume 1.5 mL; cf. Salamon and
Tollin (1993) and Salamon et al. (1994) for more detailed descriptions of the cell] is shown
in Figure 7-1. The photocurrent output from the light detector (silicon solar cell) was
digitized by a Heath-Zenith SD 4850 digital oscilloscope, and the data were transferred to
the hard disk of a personal computer. The optical arrangement allows an SPR spectrum to
O
be measured over a 20 rotation in approximately 10 s.
Lipid films

were formed on a metallic silver surface from a solution usually

containing 7 mg/mL egg PC in squalene (Fluka)/butanol (0.2:10, v/v), using a procedure
originally developed to form freely suspended lipid bilayer membranes separating two
aqueous solutions (Mueller et al.. 1962). The method, which is based on the interaction
between a nascent hydrophilic metallic surface and the amphiphilic lipid molecules,
involves spreading about 2-4 nL of the above lipid bilayer-forming solution via a Hamilton
microsyringe across an orifice in a Teflon sheet (4 mm in diameter), which separates the
silver film from the aqueous phase (Salamon et al., 1994). The hydrophilic surface of the
metal attracts the polar groups of

the lipid

molecules, thus forming an adsorbed
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PRISM
SILVER
FILM

TEFLON
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RHODOPSIN
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AQUEOUS
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ROTATING

Figure 7-1.

LIPID BILAYER
PLUS WATER
FILM AND
PLATEAU-GI^S
BORDER

TABLE

Cross-sectional view (from top) of the experimental geometry used for

surface plasmon resonance (SPR) spectroscopic studies of self-assembled lipid bilayer
membranes on solid substrates containing membrane-bound proteins interacting with
their soluble biochemical partners. The lipid bilayer and its Plateau-Gibbs border are
shown in contact with an adsorbed layer of water on the surface of the silver film; also
shown is a molecule of rhodopsin incorporated into the lipid layer and a molecule of
transducin interacting with it. See text for details (Salamon et al., 1996).
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lipid monolayer with the hydrocarbon chains oriented toward the bulk lipid phase.
Subsequent to this first step of lipid membrane formation, the main body of the sample cell
is filled with the appropriate aqueous solution. This initiates the second step, which involves
a thinning process, i.e.. formation of both the second lipid monolayer and a Plateau-Gibbs
border which anchors the bilayer film to the Teflon spacer, allowing the excess of lipid and
solvent to move out of the Teflon orifice. In the SPR experiments describled herein, silver
films on a glass prism were prepared by vacuum deposition at the Optical Sciences Center
of the University of Arizona, and each metal film was used only one time. Inasmuch as each
film has a slightly different thickness, the angle at which resonance occurs in an SPR
experiment varies over a range of about ±5 °. and the spectral shape is also somewhat
variable (see below).
All experiments were performed in dim red light (Kodak safelight filter no.l; 15-W
bulb). ROS membrane were prepared from frozen bovine retinas as previously described (in
Chapter 3). Rhodopsin was incorporated into a pre-formed lipid membrane deposited on the
surface of the silver film as described above. This was done by adding small aliquots of a
concentrated solution of bovine ROS membranes solubilized in 200 mM octyl glycoside to
the aqueous companment of the SPR cell, which contained 10 mM phosphate buffer plus 5
mM Mg acetate at pH 6.0, thereby diluting the detergent to a final concentration below its
critical micelle concentration (25 mM) (Salamon et al., 1994b).
In order to incorporate retinal as efficiently as possible into a solid-supported lipid
bilayer, the typical procedure used to regenerate photolyzed rhodopsin (Wilden and Kiihn,
1982) was modified, utilizing the same methodology applied to incorporate rhodopsin into

148
the lipid membrane. The 11-c/5-retinaI was dissolved in 200 mM octyl glycoside, and a
small aliquot (15 |iL) of the solution was added to the aqueous compartment of the SPR cell
containing a pre-formed lipid bilayer (with or without photolyzed rhodopsin), thereby
diluting the detergent by a factor of 100 to a final concentration below its critical micelle
concentration. The final

retinal concentration added to the aqueous phase was 100 ^M.

Regeneration was allowed to take place at room temperature (T = 23 ± 1°C) for about 30
min (i.e. until the SPR spectrum stabilized).
G protein was purified from ROS following published protocols (Kiihn, 1980; Fung
et al.. 1981). and was judged tobe at least 90% pure, based on SDS-PAGE analysis
(WsesslingResnick, et al., 1987). GTPase activity was assayed accouding to the procedure
of Baehr et al., (1982); a value of 5.8 pmol FTP hydrolyzed iig 'min"' was obtained, in
reasonable agreement with literature values (Kiihn. 1980; Fung et al., 1981).
In the experiments measuring

G (transducin) binding and activation, we have used

rhodopsin incorporated into an egg PC bilayer at pH 6.0 in order to generate sufficient Meta
n. After reaching saturation (approximately 6 ^lM rhodopsin added to the total aqueous
phase), small aliquots of a G solution in buffer were added to the aqueous compartment of
the SPR cell. After the SPR spectral changes which occurred upon addition of G reached a
maximum, the sample was flashed with yellow light (> 515 nm), and the SPR spectra were
measured. Finally, GTP was added to the sample, and SPR spectra were again recorded.
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13. Reduction and Analysis of Experimental Surface Plasmon Resonance Data
The theoretical analysis allows curve-fitting procedures designed by the author to be
applied to such resonance spectra (i.e., curves of reflectance versus incident angle), and
utilizes the relationship between reflectance and the optical admittance of the multilayer
system. Equations (7.14), (7.15), and (7.16) can describe the surface plasmon resonance
phenomenon and are employed, via the procedures described below, to obtain the optical
parameters {n, k, and t) of each of the dielectric layers. The SPR spectra were excited at one
wavelength and analyzed by fitting a theoretical resonance curve to the experimental
measurement. This technique was first implemented by Kretschmann and is based on the
principle that a unique set of optical parameters can be evaluated from the surface plasmon
reflectance minimum, its depth, and its half-width (Kretschmann, 1971; Haltom et al..
1979).

Fining of experimental SPR curves. In the present application, the Kretschmann
procedure has been followed, using a non-linear least squares fitting algorithm to define the
global minimum. As an example of the application of this methodology. Figure 7-2 shows
a set of theoretical resonance curves in which the three optical parameters (/?, /, and k) are
varied. The results illustrate the ways in which these optical parameters influence the shape,
the depth, and the position of the resonance minimum of the SPR curve. As a further
illustration of the procedures for data reduction, we have also included in Figure 7-2
representative error curves for fitting of these three parameters to experimental data
obtained for an egg PC bilayer deposited on a silver film (inserts in Figure 7-2, panels A, B,
and C). It is evident from panel A that an increase in n shifts the resonance minimum to
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Figure 7-2. Theoretical surface plasmon resonance (SPR) spectra obtained using a twolayer model (see text for description ) for a silver film of 52 nm average thicicness coated
with a dielectric layer having optical parameters within the range typical of lipid bilayer
membranes. The fractional decrease in total reflected light as a function of the incident
angle is plotted showing the sensitivity of the SPR spectra to the various parameter
values. Inserts are least-squares error plots obtained from theoretical fits of data for an
experimental SPR curve obtained with an egg PC film deposited on a silver surface (not
shown). The best fit parameters to the experimental SPR curve are as follows: deposited
silver layer: « = 0.13; /• = 51.4 nm; k = 4.30 [these values are consistent with those
previously published; cf. Schulz and Tangherlini (1954)]; egg PC layer: n = 1.52; t = 6.8
nm; k = 0.22. Error curves were obtained by fixing the parameters for the silver layer, and
varying the parameters for the egg PC layer as indicated in the legend for each panel, (a)
Effect of refractive index; curves from left to right were obtained for n = 1.50, 1.55, 1.60,
and 1.65, respectively, with r and k values as noted in the panel. Insert shows the leastsquares fitting error as a function of n, obtained with the optimal value of ^: = 0.22 for
different t values: 7.2 nm in curve 1, 6.8 nm in curve 2, and 6.4 nm in curve 3. (b)
Influence of lipid film average thickness; curves from left to right were obtained for t =
5.5 nm, 6.0 nm, 6.5 nm, and 7.0 nm. respectively, with the optimal values as noted. Insen
shows the least-squares fitting error as a function of r. obtained with the optimal value of

k = 0.22, for different n values; 1.54 in curve 1. 1.52 in curve 2, and 1.50 in curve 3. (c)
Effect of non resonant absorption coefficient: curves from bottom up were obtained for k
= 0.15, 0.20, 0.25, and 0.30. respectively, with n and t values as noted. Insert shows the
least-squares fitting error as a function of k. obtained with the optimal value of n = 1.52
for different r values; 7.2 nm in curve 1. 6.8 nm in curve 2, and 6.4 nm in curve 3
(Salamon et al.,1996).
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larger angles, together with an increase the depth of the resonance minimum and an increase
in the spectral width. In contrast, panel B shows that an increase in t decreases the resonance
depth, without appreciable change in spectral width, accompanied by a somewhat smaller
shift to larger angles. Finally, panel C shows that the k parameter strongly influences the
resonance depth as well as the width, with only a very slight effect on the resonance
position. These curves clearly illustrate the fact that the optical parameters are well
separated in the theoretical equations describing the plasmon resonance phenomenon
(Salamon et al., 1994a), which allows for their independent use during the fitting procedure
in order to arrive at a global minimum.

Furthermore, the data presented in the inserts

demonstrate that the method is capable of high precision in the evaluation of the optical
parameters, as has been discussed by Kretschmann (1971) and subsequently by others
(Haltom et al., 1979). It follows that the SPR method can be effectively used to study
stmctural changes occurring in proteolipid layers deposited on a metallic film (Salamon et
al., 1994a,b), as well as to determine the binding affinities of various interacting biological
molecules (Salamon et al., 1995: Soulages et al.. 1995).
In the present implementation of this methodology, a theoretical fit is initially
obtained to the SPR spectmm of the bare metal film in contact with aqueous buffer (see
below for additional description of the metal/water interface). This enables one to determine
the thickness and other optical parameters of the silver film.

Next, the SPR spectrum

obtained after a lipid layer is deposited onto the metal surface (Salamon et al., 1994a) can
similarly be fit with a theoretical curve. The parameters obtained for the uncoated metal are
used in the fitting procedure, assuming a two-layered system consisting of the metallic film
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plus a lipid/water film,

each having characteristic n, k, and t values, cf. Equation (7.2).

Incorporation of a protein such as rhodopsin into the bilayer generates a new SPR spectrum,
which is again analyzed by application of a multilayer model, utilizing the uncoated metal
parameters and a parameter set characterizing the proteolipid layer (i.e. comprising egg
PC/rhodopsin/water). Finally, in fitting

the SPR spectra obtained after addition of G, it is

assumed that the latter protein binds to form a separate layer at the proteolipid-water
interface. The fitting

procedure then utilizes the parameter sets obtained previously for the

metal and proteolipid phases to calculate the parameters of the transducin layer in terms of a
multilayer model. In previous implementations of this procedure to the binding of proteins
whose crystal structures have been determined (cytochrome c (Salamon et al.. 1995),
photoactive yellow protein (Salamon et al., 1995), and apolipophorin EI (Soulages et al.,
1995)) to a lipid bilayer, values have been obtained

for the dimensions of the adsorbed

protein layer in good agreement with the X-ray results.

Experimental errors. There are two principal sources of error (Salamon et al..
1994a) associated with the fitting

procedure and with the estimation of the mass of

deposited material. Random experimental errors originate in the accuracy of the incident
angle measurement, in the calibration of the resonance spectrum according to the critical
angle for total internal reflection, and in uncertainties arising from the signal-to-noise
characteristics of the SPR spectrum. The largest random error in the absolute values of the
optical parameters obtained from the SPR spectra derives from variations in the
reproducibility of the lipid bilayer membrane, which in turn depends on the metallic surface,
the parameters of the lipid bilayer membrane-forming solution [i.e., lipid concentration
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(Salamon et al., 1994a), and the composition of the lipid solvent (Plant, 1993)], and the
temperature. Such random variations are estimated to lead to the following uncertainties in
the optical parameter values: n = ± 0.02, r = ± 1 . and k = ± 0.02. All error limits reported
below refer to such random error estimates.
Systematic errors are primarily due to the assumptions made in the choice of
stmctural models for data reduction and analysis, which is particularly important in the case
of complex materials such as proteolipid membrane films. The influence of such systematic
errors is more difficult to deal with.

In terms of modeling of the metallic film

deposited dielectric layer(s), there are two problems that arise.

and the

First, one needs to decide

whether to treat the deposited dielectric as a multilayer or as a single layer containing a
mixture of materials (if a multilayer is chosen, it is necessary in the fitting

procedure to

assume that the parameters of the first layer are not altered by binding of the second layer;
although it is difficult to assign a value to the error introduced by this assumption, it is
probably relatively small). In the present case, we have assumed (as noted above) that the
rhodopsin/egg PC film can be considered as a single layer, and that the adsorbed transducin
comprises an additional separate layer. Although this seems quite reasonable as a first
approximation, ultimately the justification for the use of such a model lies in the fact that it
yields values for n and t which are consistent with the structural features of the molecules
involved in those cases where they are known.
The second problem to be noted is in the mass calculation using the Lorentz-Lorenz
relationship (Salamon et al., 1994). We assume that the systems are in two possible
situations:
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1) Dilute films that include a contribution from the solvent (having n values of
approximately 1.5 or smaller); and 2) films of pure solvent-free lipid and/or protein (having

n values larger than 1.5). Both of these relationships are approximations to the real
situation.
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CHAPTERS
METARHODOPSIN I TO METARHODOPSIN n TRANSITION PROBED
BY SURFACE PLASMON RESONANCE SPECTROSCOPY OF PLANAR
SUPPORTED BILAYERS
We have utilized surface plasmon resonance (SPR) spectroscopy to further
investigate the interaction between rhodopsin and the solvating lipid bilayer. as well as to
study the conformational transitions of the protein and binding of the G protein (tranducin)
to Meta n and its subsequent activation (Hargrave, 1982; Franke, 1988; Franke et al., 1990;
Kibelbek et al., 1991; Dratz et al., 1993) A protrusion of rhodopsin from the membrane at
the Meta El stage of photolysis has been detected, consistent with exposure of recognition
sites for the signal transducing G protein. The results demonstrate the potential of this new
methodology to provide important insights into the structural biology of integral membrane
proteins in general, and especially the large family of membrane receptors which interact
with G proteins, of which rhodopsin is an important paradigm (Stryer et al., 1986; Oilman,
1987; Taylor, 1990; Hargave et al., 1983).

8.1. Lipid/Protein Film Structure Determination by SPR Spectroscopy
In our experiments, the incident medium was a 90° glass prism (index of refraction

n = 1.515) upon which a thin layer of metallic silver was vacuum deposited, as shown in
previous Figure 7-1. Coating the silver film with a lipid membrane, and incorporating
proteins into this lipid layer introduces a new interface, which influences the resonance
properties of the plasmon wave, and thus allows the properties of these materials to be
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monitored. As demonstrated by previous studies (Salamon et al., 1993), the properties of the
lipid film are consistent with those expected of a bilayer structure. With regard to the SPR
parameters, three sources of experimental error are important. First, there is the error in the
determination of the incident angle (a). In our case this is 0.01 degrees, which translates
into thickness and refractive index errors of 0.5 A and 0.005, respectively. Second, there is
the error which is related to the precision of the theoretical fitting (standard deviation is
between 0.010-0.025), which is relatively small. Probably the largest absolute error in the
fitting parameters derives from variations of both the lipid bilayer and the amount of
rhodopsin incorporated into the bilayer. This is reflected in the

experimental shifts and

shape changes of the SPR spectra among the different samples. Such variations produce
errors in thickness of / = ±1 A, in the refractive index
extinction coefficient of

of n = ±0.02, and in the non resonant

k = ±0.02. Consequently. SPR spectroscopy allows the

determination of the spatial dimensions and the optical properties of thin membrane films
with high accuracy.

8.2. Surface Plasmon Resonance Spectral Changes Observed upon Incorporation of
Rhodopsin into a Solid-Supported Planar Lipid Bilayer Membrane
The SPR spectral changes which occur upon addition of rhodopsin involved a shift
of the resonance minimum towards larger values of the incident angle, an increase in the
depth of the resonance, and an increase of the half-width of the spectrum. These changes
were observed to saturate as the rhodopsin concentration increased, i.e. beyond this point
further additions of rhodopsin did not alter the spectrum (data not shown). Typical SPR
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spectra (obtained at pH 4.5) are presented in part (a) of Figure 8-1. It should be noted that,
prior to illumination of the sample, neither the SPR spectra nor the response to rhodopsin
concentration change with pH over the range 4.5 - 7.0 (not shown). Curve 1 is the SPR
spectrum for a silver film

in contact with buffer solution; curve 2 is the resonance curve

after deposition of an egg PC bilayer; curves 3 and 4 represent the SPR spectra after two
incremental additions of detergent solutions of bovine ROS membranes to the aqueous
compartment. By fitting theoretical SPR curves to these experimental data, the three optical
parameters, i.e. r, n, and k, can be evaluated, which describe the physical properties of the
metal-water interface region. In part (b) of Figure 8-1, curve 1 shows an example of such a
fit. Using curve 4 in part (a) of Figure 8-1 plot on an expanded incident angle scale to
demonstrate the precision of the fitting procedure (for this fit the least squares standard
deviation = 0.01). Also shown in part (b) of Figure 8-1 are SPR spectra (along with
theoretical fits) obtained after multiple sequential flashes

of yellow light ,curve 2, and after

addition of 0.5 mM (final concentration) hydroxylamine to the illuminated sample, curve 3.
The shifts of the resonance minimum to larger values caused by these treatments is clearly
apparent, as is the excellent quality of the theoretical fits.

These results will be further

discussed below.
The optical parameters obtained from theoretical fits to the SPR spectra as a
function of rhodopsin concentration at all pH values allow several important quantitative
conclusions to be drawn. First, the values of all three parameters saturate with rhodopsin
concentration (between 2-6 | j M rhodopsin in the total aqueous phase), indicating that
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Figure 8-1. Typical surface plasmon resonance (SPR) spectra obtained with a
48 nm thick silver film in contact with 5 mM sodium phosphate buffer solution
(pH 4.5; T = 23 ± 1 °C) in the aqueous compartment (see Figure 7-1). (a) Bare
metal in contact with buffer solution (curve 1), coated with a lipid (egg PC)
bilayer membrane (curve 2), and after two incremental additions of rhodopsin to
the aqueous compartment (curves 3 and 4; final

total concentrations in the

aqueous phase were 3 and 7 | j M , respectively), (b) Curve 1 corresponds to curve
4 from part (a); curves 2 and 3 were obtained after saturating flashes

of yellow

light (curve 2) and after addition of 0.5 mM (final concentration) hydroxylamine
to the aqueous compartment (curve 3), Smooth curves represent theoretical fits
(see text) (Salamon et al., (1994).
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incorporation of rhodopsin into the lipid bilayer leads to the formation of a well-defined
final structure. Second, the average thickness of the lipid film increases from 7.1 nm for a
pure lipid layer to 8.8 nm at the saturating concentration of rhodopsin (Table 8-1). This

t

value for the pure lipid bilayer includes not only the hydrocarbon region of the lipid, but
also the fully hydrated lipid polar headgroups (Nagle et al., 1988; Wiener et al., 1992), and
is consistent with values determined by X-ray and neutron scattering and by NMR
measurements (Blaurock, 1982). The refractive index n also increases from the pure lipid
bilayer value of 1.62, which again agrees very well with an average value of 1.61 measured
with freely suspended bilayer membranes (Tien, 1968), to 1.70 at saturation. Finally, the
extinction coefficient k, which represents losses of light energy due to processes other than
SPR itself, decreases with increasing rhodopsin concentration to a limiting value of 0.049.
This latter parameter cannot be due to the absorption of SPR excitation light by either the
egg PC or rhodopsin molecules, because the wavelength of the helium-neon laser (632.8
nm) is too far removed from the absorption bands of both of these materials. Therefore, the
most likely possibility is scattering of light by the proteolipid matrix structure. A similar
effect has been observed in SPR studies of Langmuir-Blodgett films of long chain fatty acid
derivatives (Wijekoon et al., 1992).

8.3. Surface Plasmon Resonance Spectral Changes of Rhodopsin-Containing
Membranes Induced by Light and by Hydroxyiamme
As can be seen from Figure 8-1, both yellow light (Schott OG 515 filter

with

wavelength cutoff of 515 nm), flash irradiation, and hydroxylamine addition induce further
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shifts of the resonance curve towards larger incident angles. Although we cannot directly
determine the amount of rhodopsin bleached by these treatments, the SPR changes saturate
with increasing irradiation and/or hydroxylamine addition (not shown). Figure 8-2 shows
the experimental maximal shifts (obtained under saturation conditions) of the incident angle
resonance position caused by rhodopsin irradiation as a function of pH. Superimposed on
these data are previously obtained flash photolysis results (Gibson and Brown, 1993),
normalized at pH 5.0, which represent the ratio of Meta n / Meta I produced in recombinant
egg PC vesicles as a function of pH. It is clear that the SPR changes upon yellow light
irradiation have the same pH dependence as the flash photolysis absorbance changes,
strongly indicating that these two techniques are measuring the same phenomenon, i.e. the
formation of the Meta II state of rhodopsin. Further evidence supporting this conclusion is
found in the effect of hydroxylamine. which is known to interact only with the Meta n form
to produce opsin plus retinal (Falk et al., 1968). Table 8-1 presents the theoretical values of
the optical parameters obtained from fitting

the SPR curves obtained at pH 5.5 in these

experiments. It is evident from these data that both yellow light and hydroxylamine cause
increases in the thickness parameter, without appreciable changes in the other two
parameters.
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Dependence on pH of the changes in the SPR resonance angle observed in

rhodopsin/egg PC recombinant films upon yellow light irradiation and hydroxylamine
addition. All other conditions were as in Figure 7-2. Also shown are values (normalized
at pH 5.0) of the absorbance changes obtained (Gibson and Brown, 1993) with
rhodopsin/egg PC recombinant vesicles in flash photolysis experiments. The closed
circles, open triangles, and crosses represent the yellow light, hydroxylamine, and flash
photolysis results, respectively. The solid curve through the data points corresponds to the
Henderson-Hasselbalch equation with an apparent pK value of 6.1. The pK value
obtained from the flash photolysis data (Gibson and Brown, 1993) is 6.3 (Salamon et al.,
1994).
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Table 8-1. Summary of the calculated SPR parameters for rhodopsin proteolipid layer.
Sample

f / nm

n

k

Lipid alone

71

1.62

0.063

+rhodopsin

88

1.70

0.051

+light (yellow)

92

1.69

0.049

+light (blue)

89

1.70

0.047

+light (yellow)

92

1.70

0.050

+hydroxylamine

94

1.71

0.052

8.4. Structural Interpretation of Changes in Surface Plasmon Resonance Spectra of
Rhodopsin-Containing Membrane Films Induced by Light
There is one way to give a strucmral interpretation of the SPR changes induced by
light. An increase of t with a practically unchanged value of n indicates strongly that the
yellow light irradiation induces an alteration of the shape of the rhodopsin molecule,
probably involving an elongation. Such an alteration of the protein shape must in turn
generate changes in the mass distribution within the proteolipid membrane and aqueous
buffer interface regions. The "empty" space which is produced by elongation of the protein
has to be filled either by buffer solution or by changes in the proteolipid matrix itself. The
constant value of n during this conformational change strongly indicates that the average
water contribution to the lipid/protein layer does not change significantly, and that
"spillover" of lipid and protein mass, rather than aqueous solution which has much lower
value of n (1.33), seals the empty space produced in the matrix by elongation of the protein.
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Based on these results, one can propose that the cytoplasmic loops become more exposed
during the Meta I-Meta EI transition, yielding a protrusion from the membrane and increased
exposure of the chromophore and of recognition sites for G protein binding. This is
consistent with other evidence indicating that the chromophore is more accessible in the
Meta n state (Salamon et al., 1993).
It is noteworthy that a somewhat different simation exists for the changes in the
optical parameters t and n caused by hydroxylamine addition [again no significant changes
in k are obtained; Figure 8-3. pan (c)]. The SPR resonance angle shift due to hydroxylamine
is greater than that caused by yellow light (see Figure 8-2), indicating that the mass changes
due to both effects are similar. Correspondingly, the thickness changes as in Figure 8-3, part
(a) are larger, whereas the refractive index values appear to be similar [see Figure 8-3. part
(b)], than the corresponding values obtained with yellow light.

These results indicate

further alterations in the protein dimensions, which are similar in direction to those
described above for the light effect, with an additional small average n value increase,
perhaps due to the removal of the chromophore from opsin as a result of hydroxylamine
interaction. These changes are consistent with a further opening of the protein, increasing its
protrusion from the membrane. Figure 2-3 depicts a schematic interpretation of the
stmctural changes observed here upon rhodopsin incorporation into the lipid bilayer, upon
yellow light irradiation, and upon hydroxylamine treatment.
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Figure 8-3. Optical parameters (r, n, and k) obtained from theoretical fits

to the SPR

curves obtained in experimental studies of rhodopsin containing membranes of Figure 81. The closed circles and open triangles represent the yellow light and hydroxylamine
results, respectively. In part (c) only a single symbol (closed circles) is shown, inasmuch
as the values of the parameters in all experiments were the same within experimental
error. All conditions were as in Figure 7-2. and 8-1 (Salamon et al., 1994).
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CHAPTER 9
SURFACE PLASMON RESONANCE SPECTROSCOPY STUDIES OF
MEMBRANE
PROTEINS:
TRANSDUCIN
BINDING
AND
ACTIVATION BY RHODOPSIN MONITORED IN THIN MEMBRANE
HLMS
Following stimulation

by green light (498 nm), rhodopsin relaxes within

milliseconds to generate an equilibrium mixture of forms, metarhodopsins I and n
(Franke et al., 1988; Franke et al., 1990; Kibelbek et al., 1991; Brown, 1994). The
formation of Meta II is dependent on a number of factors, including pH, temperature, and
the membrane lipid environment (Wiedmann et al., 1988; Gibson et al., 1993; Brown,
1994).
It is known that Meta n interacts with a signal transducing protein Gt, (also known
as transducin) resulting in its binding and activation (Franke et al., 1990; Stryer, 1991),
and a concomitant shift of the Meta 1/ Meta n equilibrium to yield "extra Meta II" (Emeis
et al., 1982; Hofmann; 1986; Konig et al.. 1989; Franke et al., 1990; Amis et al., 1993;
Hofmann, 1995). This "extra Meta II" is a stoichiometric measure of the amount of the
Meta n- Gt. complex formed, and can be monitored spectroscopically following a flash of
actinic light. The interaction between transducin and photolyzed rhodopsin also leads to a
change in the classical Rayleigh light scattering of ROS or disk membrane suspensions
(Bennett et al., 1985; Schleicher et al., 1987). Kinetic measurements clearly indicate that
the scattering changes reflect not only binding itself but also subsequent processes. These
include structural alterations in the membrane reflected by either the membrane refractive
index or changes in thickness (Michel-Villaz et al., 1984), as well as the relatively slow
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light-induced shift in the Meta I-Meta II equilibrium (i.e. "extra Meta E" formation)
occurring as a result of complex formation between photolyzed rhodopsin and transducin
(Schleicher et al, 1987). Upon photolysis, the affinity of G for the Meta n form of
rhodopsin increases to values in the range of 10'^ -10"' M (Bennett et al., 1985).
Here SPR spectroscopy has been used to obtain additional qualitative and
quantitative insights into structure/function relationships involving rhodopsin-containing
membranes. Interaction of the Gi. with rhodopsin, both prior and subsequent to light
activation, is detected via characteristic SPR spectral changes that are interpretable in
terms of an increase in the average thickness of the membrane film.

These results

demonstrate that G, binds strongly and cooperatively to dark-adapted rhodopsin, and that
further characteristic changes occur in the SPR spectra upon light activation and
subsequent GTP/GDP exchange. Consequently, new knowledge of the binding and
structural aspects associated with the interaction of the signal-transducing Gt protein with
rhodopsin is obtained with the use of SPR spectroscopy.

9.1. Transducin Binding to Rhodopsin as Detected by SPR Spectroscopy
The egg PC membrane film

supported on a silver substrates and the membrane

film containing rhodopsin were prepared by the methods mentioned in Chapter 7. In
Figure 9-1, curves 4 and 5 illustrate the SPR spectra obtained after two incremental
additions of a G, solution in buffer to the aqueous compartment (Figure7-1). As can be
seen binding causes a large increase in the incident angle at the resonance minimum, and
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Figure 9-1.

Surface plasmon resonance spectra obtained with a silver film

of 52 nm

average thickness and dielectric layers as indicated; the buffer solution in contact with the
film contained 10 mM sodium phosphate and 5 mM Mg acetate at pH 6.0 (T = 23 ± I
°C). Reflectance values measure the fractional decrease in the total reflected light. (Curve
I) Bare metal film

in contact with buffer solution, (curve 2) Metal coated with a lipid

(egg PC) bilayer membrane made from a solution containing 7 mg/ml egg PC in
squalene/butanol (2:1(X), v/v). (curve 3) After the addition of a saturating amount of
rhodopsin (total of 7

added to the aqueous phase; dotted curve represents a theoretical

fit), (curves 4, 5) After two incremental additions of Gt to the aqueous compartment (final
total concentrations added to the aqueous phase of 40 and 160 nM, respectively; dotted
curve represents a theoretical fit to curve 5) (Salamon et al., 1996).
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a small increase in the spectral width, without any change in the resonance depth. These
changes are consistent with an increase in both n and t, but without much change in k (cf.
Figure 7-2). The SPR data clearly indicate that the Gt molecules adsorb to the egg PCrhodopsin membrane in the dark, leading to the formation of an additional layer of bound
protein (transducin). By fitting the experimental SPR curves using the theoretical model
described above (shown for curve 5 in Figure 9-1), the optical parameters that describe
the adsorbed Gt can be evaluated in terms of a multilayer model (Table 9-1). The analysis
suggests that the G, region has an average thickness of 5.7 nm (total calculated
proteoiipid/Gi film thickness is 14.4 nm). which is consistent with the dimensions of the
roughly ellipsoidal Gt a-subunit as determined by X-ray crystallography (dimensions
approximately 4.8 x 6.2 nm, based on the crystallographic structure; Noel et al., 1993;
Colemann et al., 1994). In addition, the value of the refractive index of the protein layer
indicates a relatively high surface packing density of G, (see below).

It is important to

note that a control experiment using an egg PC bilayer membrane without rhodopsin at
pH 6.0 revealed no detectable SPR spectral changes upon Gt addition (data not shown),
demonstrating that no interaction occurred between the pure egg PC membrane and the Gt
molecules under these conditions.
Figure 9-2 shows a plot of the mass of rhodopsin incorporated into the egg PC
bilayer as a function of the total concentration of the protein added to the aqueous
compartment. It shows the surface coverage due to rhodopsin incorporated into the egg
PC bilayer membrane vs. the protein concentration in the aqueous compartment of
the
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Added rhodopsin. ^itnol L -i

Figure 9-2. Dependence of the surface coverage due to rhodopsin incorporated into a egg
PC bilayer membrane on the protein concentration in the aqueous compartment of the
SPR cell before illumination of the sample. Approximately 0.1 % of the total rhodopsin is
incorporated at the highest added concentration. All other conditions are as in Figure 9-1.
Error bars are based on estimated uncertainties in n and t parameters (see text). Solid
curve shows a nonlinear least-squares fit to a hyperbolic function: this yields an apparent
binding constant of 3.2 |iM and a limiting value of 188 nmol m"' rhodopsin incorporated
at infinite concentration of added rhodopsin (Salamon et al.,1996).
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SPR cell. The effects of light irradiation on the egg PC/rhodopsin SPR curve are shown in
Figure 9-3.

Table 9-1. Calculated SPR parameters (thickness, r; refractive index, n; and absorption
coefficient, k)

for proteolipid (egg PC/ rhodopsin) and transducin layers deposited

sequentially on a silver film

prior to illumination. Here a multilayer model is assumed.

The erroi limits include only the influences of random errors (see text for discussion).
layer

// nm

egg PC/rhodopsin
transducin Gt

n

k

8.7 ± 1

1.62 ±0.02

0.07 ± 0.02

5.7 ± 1

1.57 ±0.02

0.00 ± 0.02

It is noteworthy that the calculated values for the molar ratio of Gt to rhodopsin
were in the range of 0.6 ±0.1 at saturating concentrations of both proteins, which implies
a stoichiometry of less than 1:1. If so, this could be a consequence of two factors; (i) the
larger size of Gt relative to rhodopsin, which would preclude total ligation in a closepacked membrane; and (ii) the possibility that not all of the rhodopsin is incorporated into
the bilayer with

the Gt

binding domain

facing the aqueous compartment. The

transducin/rhodopsin molar ratio calculated here can be compared to a value of 0.2-0.25
reported for the ROS membrane (Baehr et al.. 1982). Although further work is required to
determine the reasons for this apparent disparity, it is possible that the higher rhodopsin
concentrations calculated for the present system may lead to more effective Gt binding via
cooperativity.
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Figure

9-3. (a) Effect of light irradiation on an egg PC/rhodopsin SPR curve. (A) SPR

spectrum obtained before irradiation with a 54-nm-thick silver film coated with a lipid
bilayer membrane formed from 10 mg/ml egg PC in squalene/butanol (5:100, v/v),
containing a saturating amount of rhodopsin (total concentration in the aqueous phase
was 7 fiM), in contact with 5mM sodium phosphate buffer (pH 5.5). (•) SPR spectrum
obtained after irradiation of sample with saturating flashes of yellow light (10 flashes
delivered within I min); the SPR cell was illuminated from the back through a fiber optic
light guide using a Sunpak AP-52 flash unit, fitted with a Schott OG 515 filter (X. > 515
nm). (o) SPR spectrum after irradiation of the photolyzed sample with saturating flashes
of blue light (X = 300-430 nm). (b) Regeneration of the photolyzed rhodopsin with 11cis- retinal. The SPR spectra were obtained with a 52.5-nm-thick silver film coated with a

lipid membrane formed from 10 mg/ml egg PC in squalene/butanol (4:100, v/v)
containing a saturating amount of rhodopsin (total concentration in the aqueous phase
was 10 |iM), in contact with 5 mM phosphate buffer (pH 5.5). (•) SPR spectrum obtained
after saturating flashes of yellow light: conditions as in (a). (•) SPR spectrum obtained
after the addition of 10-fold molar excess of 1 l-cw-retinal in octyl glucoside to the
aqueous compartment of the SPR cell. (•) SPR spectrum obtained after reirradiation of
the sample with yellow light, as in (a), (c) Control experiment performed without
rhodopsin present in the lipid bilayer membrane. Symbols and conditions as in (b)
(Slamon et al., 1996).
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9.2. Effects of Illumination and Addition of GTP on the SPR Spectra of Egg
PC/Rhodopsin/Transducin Films

After reaching saturation of the binding of Gi to rhodopsin (150 nM of added G,;
cf. Figure 9-4), the sample was illuminated by ten sequential flashes of yellow light ( >
515 nm), which were sufficient to saturate the SPR changes. As shown previously
(Gibson and Brown, 1993; Salamon et al., 1994b), these convert rhodopsin to the Meta EI
form. SPR spectra were measured, and a small aliquot of a concentrated solution of GTP
in aqueous buffer was added to the sample (final concentration 100 fiM). In Figure 9-5,
typical SPR curves are presented, using curve 5 in part (a) of Figure 9-1 plotted on an
expanded incident angle scale (Figure 9-5, curve 1) in order to illustrate the light effect
(shown in curve 2), and the GTP effect (shown in curve 3). The shifts of the resonance
minimum to larger incident angles (due to increases in n and/or t) caused by these
additions is clearly apparent, as is the alteration in the spectral shape (broadening and
decrease in reflectance, suggesting an increase in k) caused by addition of GTP (curve 3).
In order to interpret the light-induced SPR spectral modifications shown in Figure
9-5 in the context of the three-layer model noted above (i.e. silver, proteolipid, and Gc
regions), one can assume that the spectral changes are due either to conformational
alterations of rhodopsin accompanying formation of the Meta II state, or to processes
accompanying the interaction between Ci and photolyzed rhodopsin, or to both. First, it
should be noted that the SPR spectra obtained after irradiation can be fitted by increasing
the average thickness of either the PC/rhodopsin or the Gi layers by approximately 0.6
nm, without any significant change in n. This can be compared with an average thickness
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Figure 9-4.

Dependence of the surface coverage due to transducin bound to an egg

PC/rhodopsin bilayer membrane on the protein concentration in the aqueous compartment
of the SPR cell before illumination of the sample. Note that the bulk concentration scale
is smaller than in Figure 9-2. The surface coverage by rhodopsin was approximately 100
nmol m ", all other conditions were as in Figure 9-1. Error bars are based on uncertainties
in the n and t parameters (Salamon et al., 1996).
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Figure 9-5.

Effect of illumination with yellow light and of GTP addition on sunace

plasmon resonance spectra of an egg PC/rhodopsin/transducin f i l m , (curve

1)

Corresponds to curve 5 from Figure 9-1. (curve 2) Obtained after saturating flashes of
yellow light (10 flashes delivered within 1 min); the SPR cell was illuminated from the
back through a fiber optic light guide using a Sunpak AP-52 flash unit, fitted with a
Schott 00 515 filter (X > 515 nm. which converts rhodopsin to Meta ED. (curve 3)
Obtained after the addition 100 nM (final concentration) GTP to the aqueous
compartment (Salamon et al., 1996).
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change of approximately 2.5 A previously obtained upon light irradiation in the absence
of Gi, again without any detectable change in n, which was interpreted as representing the
formation of ME (Salamon et al., 1994b). An interesting question is whether the larger
SPR change presently observed after Gt addition implies that there is a light-induced
increase in the amount of G, bound to the rhodopsin-containing membrane. There are two
experimental indications which argue against this interpretation. First, the absence of a
detectable change of the refractive index of the G, layer upon photolysis suggests that the
density of the adsorbed protein layer is not changing appreciably. Second, as noted above,
the dark rhodopsin-Gt interaction apparently results in a closely packed Gt layer,
suggesting that there is little or no free space in the protein layer to incorporate more
molecules (i.e. binding is already saturated). Therefore, an increase in the affinity of Gt to
rhodopsin caused by Meta II formation would not be expected to yield a change in the
number of molecules bound. According to this view, the "extra thickness" of the system
could originate either from conformational changes of the Gt molecules resulting from the
Meta n-Gt binding, or from generation of extra Meta n upon binding of transducin
(Hofmann, 1986; Konig et al., 1989: Franke et al.. 1990), or both. These tentative
conclusions require further study.
Finally, the addition of 100 |iM GTP to the aqueous phase of the sample
compartment causes further interesting changes in the SPR spectrum (see curve 3, Figure
9-5). These changes, which we interpret to be due to alterations in the G, layer, result in
an increase in the calculated value of n (by 0.05), and only a small change in t (by about
0.1 nm, which is close to our experimental uncertainty). There is also a significant
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increase in tfie k parameter (by 0.05), possibly indicating an alteration in the surface
roughness of the protein layer which causes more evanescent wave scattering, and
concomitantly a loss in reflected intensity. The increase of the refractive index may
suggest that following addition of GTP, the Gt layer becomes more densely, although less
regularly, packed with protein material. Such results can be ascribed to one or more of
several processes (Dratz et al., 1993; Noel et al., 1993; Colemann et al., 1994): (1)
changes in the conformation of Gt due to GTP binding; (2) binding of GTP to the empty
nucleotide binding pocket (although because of the small mass involved, this should only
result in relatively small SPR changes); (3) dissociation of the G, -subunit from Meta n,
and (4) formation of new Gt -Meta n complexes, which may result in a more irregularly
packed protein layer.

Although, the present steady-state SPR measurements cannot

distinguish among these different phenomena, it may be possible to accomplish this in the
future with time-resolved experiments.
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CHAPTER 10
THE TOTAL STANDARD GIBBS FREE ENERGY CHANGE FOR THE
METARHODOPSIN I TO METARHODOPSIN U EQUILIBRIUM
A quantitative investigation of the lipid effects on rhodopsin function necessitates
an energy conservation equation which is valid for the Meta I-Meta II equilibrium of the
recombinant membranes containing rhodopsin. The equilibrium constants for the Meta I
to Meta n transition in the different recombinant membranes, which vary in their lipid
compositions, reflect the Gibbs free energies of the system in the two states. It is
necessary to know where the differences in the Gibbs free energies come from.
In this penultimate chapter, the discussion begins by analyzing all the possible
intermolecular interactions which may be involved in the rhodopsin photoexcitation.
Then we focus on those interactions which may shift the Meta I-Meta n equilibrium in
the recombinant membranes. Finally, an energy distribution equation is established for
the Meta I-Meta U equilibrium. The equation is related to the polymorphic properties of
the membrane lipids, and provides a powerful conceptual tool for the study of the
modulation of rhodopsin function by the lipid environment.

10.1. Molecular Interactions Involved in the Meta I-Meta II Transition of Rhodopsin

In the flash photolysis experiments, the temperature, pH, pressure, and protein
concentration of the solutions are controlled as constants in all the measurements.
Therefore, the difference, ACAC"). of the total standard free energy changes, (AG°0, for the
Meta I-Meta 11 equilibrium of any two rhodopsin recombinants, viz.,
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A(AG°') = AG°' (recombinant 2) - AG"' (recombinant 1)

, (lO.I)

is due solely to the various compositions of the lipids. Furthermore, the total standard free
energy changeAG°'can be directly obtained from the experimental apparent equilibrium
constant K'= [Af//]eq/[M/]eq at pH 7 for the rhodopsin recombinant membranes.
An alteration of the total standard Gibbs free energy change may be caused by
multiple molecular interactions within a proteolipid membrane, which is a molecularly
cooperative system. This would be a natural thought at the very beginning, considering the
various molecular interactions that may be involved in the Meta I-Meta n transition.
However, this discussion is focused only on those molecular interactions which are relevant
to the modulation of the Meta I-Meta II equilibrium in the flash photolysis experiments.
Hence, we shall not explicitly consider the influences of studies on pH. temperature,
pressure and protein concentration.
In what follow, the study of a complex biomembrane system is facilitated by a
geometrical separation of the molecular interactions (1) inside the protein, (2) at the
protein/lipid and protein/water interfaces. (3) inside the lipid bilayer, and (4) at the
lipid/water interface. Let us consider these various interactions in turn.
Chromophore-protein interaction. Inside the protein, the chromophore is covalently

bound to the opsin polypeptide chain in the dark (Figure 1-4). Absorbing light energy
excites the ground state of the chromophore. Within 200 fs (Rao et al., 1996), the retinal
undergoes an isomerization from 1 l-c/5 to a\\-trans. It breaks the salt-bridge between the
protonated retinal Schiff base of Lys"'® and it counterion GIu"^, viz., deprotonation of the
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Schiff base linkage, and causes the opsin shift in the absorption wavelength maximum of
the visual pigment (Engelhard el al., 1995). This directly light induced chromophore-protein
interaction is very strong and costs most of the absorbed light energy.
Protein / lipid interfacial tension.

As shown in Figure 10-1, on the rhodopsin

cylindrical surface, the interaction between rhodopsin and the lipids within the hydrocarbon
region of the bilayer may be represented by a protein/lipid interfacial tension. This results in
a pressure differential, which exists across a curved interface, the so-called Laplace
pressure, which is given by

A P = P p . P l = YP/L( 1/r, + \/r2 )

where r\ = \/c\ and

.(10.2)

= X/cz are the two principal radii of curvature, where C| and ci are

the associated curvatures. The protein/lipid interfacial tension.

Yp/z,.

is a measure of the

energy of solvating the protein intramembranous surface by the hydrocarbon region of the
bilayer. The Laplace pressure can be thought of as the pressure squeezing on the protein due
to the bilayer lipids. In case of an intramembranous cylinder, one of the radii of curvamre
becomes infinite and the Laplace pressure can be written as

AP = yp/L/r

,(10.3)

where r is the radius of curvature of the intramembranous portion of the protein.
Previous studies indicate that rhodopsin is sealed into die bilayer, by the
protein/lipid interfacial tension and is stabilized in the dark (Gibson, and Brown, 1993).
Any structural variation, either from the protein or the lipid, may affect the force balance at
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Figure 10-1. Molecular interactions involved in the Meta I to Meta n transition of
photolyzed rhodopsin. Except the interactions within the protein, the molecular
interactions which may contribute to the total standard free energy change can be
summarized as the (1) protein/water interfacial tension; (2) Laplace pressure; (3) bilayer
chain stress; (4) and (4') curvature elastic stress of the bilayer balanced at different
equilibrium areas; (5) long range electrostatic forces, and (6) effect of hydration. Under
the flash photolysis experimental conditions, the molecular interactions (5) and (6) are
roughly same for the various rhodopsin recombinant membranes. It follows that
differences in the total standard Gibbs f^ energy changes of rhodopsin in the various
recombinants, e.g., between DOPE/DOPC (0:100) and DOPE/DOPC (75:25), originate
mainly from the first four kinds of molecular interactions.
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the protein/lipid interface. For example, the rhodopsin Meta I-Meta EI conformational
transition could involve an expansion of the intramembranous portion. The expanded
conformation, most likely in the Meta II state, could then alter the force balance at the
protein/lipid interface.
Previous dynamic fluorescence depolarization smdies of diphenylhexatriene (DPH)
(Drake et al., 1990) and rhodopsin flash photolysis experiments have been interpreted to
indicate that a significant molecular expansion is associated with Meta II and is radially
outward about an axis normal to the membrane, i.e. it is lateral in nature (cf. Mitchell et al,
1990). Alternatively, a protrusion of rhodopsin from the membrane at the Meta n stage of
photolysis has been detected from the SPR studies described in Chapter 8. These possible
changes in the protein structure may yield an alteration the bilayer lateral stresses (Brown,
1994). In order to reach a new force balance at the protein/lipid interface, the work must be
done against the protein/lipid tension which may be one of the mechanisms involved.
The remaining considerations involve the lipid-water region. Lipids are relatively
large molecules, having many internal degrees of freedom, and are subject to various kinds
of molecular interactions. In absence of proteins, various forces which dominate the phase
behavior of the lipid-water system include hydrophobic effect as well as electrostatic,
hydration, and hydrocarbon chain packing forces (Kirk, 1984). As discussed in Chapter 2,
the polymorphism of the lipids depends on the force balance involving different parts of the
lipid molecules, e.g. the polar head groups and non polar acyl chains and is closely related
to the modulation of rhodopsin photochemical function by the lipid compositions. For a
protein-lipid-water system comprising rhodopsin reconstituted membranes, the dominant
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forces involved in modulation of the Meta I-Meta n equilibrium could encompass the above
molecular interactions, as well as the forces inside the protein and those involving
protein/lipid interface, as mentioned above. To simplify the discussion and focus on the
forces which may cause a curvature free energy change in the lipid bilayer, we shall only
discuss the lateral and curvature elasticity in detail here.
Lateral and curvature elastic stresses.

Within the lipid bilayer, there exist both

lateral attractive and repulsive forces (tension and pressure) as depicted by interaction (4) in
Figure 10-1. The lateral (or area) elastic stresses, may have similar values for the entire
bilayer as in case of the planar lamellar (La) phase (Brown, 1994). In other cases, the lateral
stresses may have different values at various depths within the bilayer. The lateral stress
profile is related to the thermodynamic balance for the entire system. This balance can be
formulated in terms of the curvature elastic stress of a flexible membrane surface which
together with the packing energy of the acyl chains accounts for the formation of non
lamellar phases of membrane lipids, such as the reverse hexagonal (H u) phase and cubic
phase.
One possibility is that the Meta I to Meta n conformational transition of rhodopsin
alters the area of the protein surface within the lipid bilayer polar region relative to the area
in the hydrophobic core. This would reduce the available area per lipid head group, so that
the protein is able to extract work from the lipid bilayer due to relief of the curvature elastic
stress (frustration). In this manner

photoexcitation of rhodopsin could be coupled

energetically to the curvature stresses associated with the lipid/water interface (Brown,
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1994). as manifesied by the tendency of the lipids to form a non-lamellar phase in the
absence of protein.
A thermodynamic model of the lamellar (La) to reverse hexagonal (ifn) phase
transition of lipid membrane-water systems was developed by Kirk et. al., (1984). In this
model, the contribution of the total free energy may originate from several terms according
to the molecular interactions involved.

10.2. Decomposition of the Total Standard Gibbs Free Energy Change for the Meta IMeta II Equilibrium

An inherent aspect of the above discussion is that the total standard free energy
change of rhodopsin containing membranes may include many different molecular
interactions. As a result, the energy equation may contain several terms (Volkenstain, 1983).
It is possible to decompose the total standard free energy change in the Meta I-Meta
n equilibrium as
AG°'=AG°'+AG°\+ AG°\ +AG°>AC°'/,

,(10.4)

where A represents the energy change and G°', is the energy of the protein isomerization.
G°'s is the solvation energy. G°', is the curvature free energy, G°'e is the electrostatic

energy and G°'/, is the hydration energy.

103. Estimation of Curvature Free Energy Contribution to Modulation of Rhodopsin
Function by Lipid Composition
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The above decomposition of the total standard free energy change for the Meta IMeta n equilibrium of rhodopsin recombinant membranes provides a tool to quantitatively
evaluate the standard free energy change corresponding to a particular lipid substitution. It
can then be used to estimate the free energy contribution corresponding to a designated lipid
composition. Although potentially many molecular interactions are involved in modulation
of the Meta I-Meta II equilibrium in the case of recombinant membranes containing
rhodopsin, the contributions to the total standard free energy change can still be estimated
by the following calculation.
For the purposes of illustration, let us select two different rhodopsin recombinant
membranes. Assume that they are almost identical in structures, and that the variation is the
lipid composition correspond to an alteration of only a single contribution to the Gibbs free
energy decomposition described above. For instance, in die case of the recombinant with di
(14:1) PC and di (18:1) PC. the dominating contribution might be the lipid acyl chain
stretching due to the different chain lengths. On the other hand, for recombinants with
DOPE/DOPC(75:25) and DOPE/DOPC(0:I00). the dominating energetic contribution
might be the curvature stress due to the different head group size distribution in the bilayers.
In the latter case, the difference in the total standard Gibbs free energy changes for
the Meta I-Meta II equilibrium of the DOPE/DOPC(75:25) and DOPE/DOPC(0:100)
recombinants, can be written by

A(AG°') = (AG°') 75:25 -(AG°') 0:100
= [(AG°') 75:25 - (AG°')

0:100]/

+ [ (AG°') 75:25 " (AG°') O;ioo].t
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+[ (AG°')75;25

-

(AG°') 0:l(X)]c+ [ (AG°')

75:25 "

(AG°') orioole

+[ (AG°') 75:25 - (AG°')0:l00]/i

.(10.5)

One can assume that the curvature elastic stress is the only difference in the
molecular interactions between these two recombinants, and corresponds to the curvature
free energy changes. It follows that Equation (10.5) can be simplified to yield

A(AG°') = [(AG°') 75:25

-

(AG°'o:10o)]f+ [ (AG°') 75:25

= [(AG°') 75:25

here it is further associated that

-

"

(AG°') 0:100 ] other

(AG°')0:100]f

(AG°' ..iher)

7525

.(10.6)

= (AG°' „ther)

o:ioo.

By using the

experimental data shown in Table 6-1, the energy difference is

A(AG°') = [(AG°')75:25

-

(AG°')o:10o]^•

= -1.752- 1.2556
= -3.008 kJ mor'

.(10.7)

This is almost the same as the difference in the total standard free energy change for
the native ROS membranes compared to the egg PC recombinant membranes. Using
published data (Brown, 1994), the difference in total standard free energy change due to the
chain length influence in the case of di(18:l)PC compared to di(14:l)PC is only about half
of this value. Due to lack of additional data, further discussion is impossible. However,
these calculations give an indication of the types of interactions involved scale of the free
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energy in the modulation of rhodopsin function, and provide a first estimate of their
magnitudes.
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CHAPTER 11
BIOPHYSICAL
SUMMARY
AND
FUTURE
PERSPECTIVES
REGARDING: LIPID-RHODOPSIN INTERACTIONS IN RELATION TO
VISUAL FUNCTION
Based on the experimental results and the theoretical discussions in the previous
chapters, a summary of the biophysical studies on rhodopsin membrane systems, and future
perspectives regarding lipid-protein interactions in relation to visual function are given here.
This final chapter, then, would lead to a better beginning rather than an ending of the
research.

1.1. Recapitulation of Influences of Lipid-Protein Interactions on the Meta I-Meta II
Conformational Transition of Rhodopsin

The research described above has tested the hypothesis. (1) The native lipid
composition of the rod disk membranes is associated with characteristic physicochemical
properties of the bilayer and affects the photochemical function of rhodopsin (Wiedmann, et
al., 1988; Parkes, et al., 1994; Brown, 1994). (2) Lipid-protein interactions in terms of
curvature elastic stress comprises a thermodynamic driving force for the modulation of
protein conformational changes in the case of rhodopsin (Brown, 1994). (3) Relief of the
curvature frustration of the lipid bilayer energetically couples the membrane lipids to the
rhodopsin photoexcitation, thus providing a reservoir of work for shifting of the Meta IMeta n equilibrium.
The experimental investigations of lipid influences on the rhodopsin Meta I-Meta n
conformational transition have been performed using flash photolysis and surface plasmon

190
resonance (SPR) spectroscopy. Native ROS membranes have been studied, as well as
various recombinant membranes in which the acyl chains and polar head groups have been
varied. The optical, thermodynamic properties, and pH titration behavior have been
investigated under the experimental conditions. A role of biophysical properties of the lipid
bilayer has been established, centered upon the non-lamellar phase forming tendency of
DOPE/DOPC mixtures, in relation to the photochemical rhodopsin function as defined by
the Meta I-Meta n transition . These influences may also affect the subsequent amplification
stages in the photoexcitation involving activation of the G protein (transducin) and
hydrolysis of the second messenger cGMP. However, further research is necessary to test
this possibility.
The observations and the primary conclusions derived from the above research can
be summarized as follows:
(1) The lipid polar head group and non polar acyl chain compositions modulate the
Meta I-Meta n equilibrium of rhodopsin in recombinant membranes. This has been
confirmed in both the egg PC and DOPE/DOPC recombinants at 28 °C and 5 °C.
(2) The influences of membrane lipids on the Meta I to Meta 11 transition are not
chemically specific; but rather material properties of the bilayer are involved (Wiedmann, et
al., 1988) as indicated by studies of the lipid recombinants having a different DOPE/DOPC
molar ratio.
(3) A linear relationship exists between the Gibbs free energy change of the
membrane due to the Meta I-Meta II transition and the square of spontaneous curvature of
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the membrane lipids. This suggests that the curvature free energy provides a reservoir of
work for modulation of the rhodopsin photoexcitation by the lipid environment.
(4) The presence of non lamellar forming lipids in the membrane is associated with
the protein conformational transition in terms of their polymorphic phase properties. In the
case of DOPE, the tendency to form the reverse hexagonal phase is associated with free
energy coupling to rhodopsin in terms of the spontaneous curvature of the two monolayer
sheets. In the Meta 11 state, a negative mean curvature radius at the lipid/waier interface,
having a value of about 168 A for the DOPE/DOPC (75:25) rhodopsin recombinant, leads
to a downhill curvature free energy change of the bilayer which is coupled to an increase in
the protein free energy. This relief of the curvature frustration of the bilayer means that the
curvature stress can be involved in driving the reaction via lipid protein interactions.

11.2.
Influences of Lipids Forming Non Lamellar Phases on the Meta I-Meta IT
Equilibrium

One possible flash photolysis experiment to further investigate the role of the
curvature free energy in rhodopsin modulating the Meta I-Meta n conformational transition
and photochemical function would be to add a non polar alkane, such as dodecane or
tetradecane, to the recombinant lipid membranes. Addition of alkanes is known to relieve
the chain packing energy in the non lamellar (H n) phase and thus enable expression of the
spontaneous curvature. The relatively small nonpolar alkane molecules partition into the
center of the membrane bilayer due to their hydrophobic properties. Their presence alters
the lipid acyl chain packing balance due to the absence of a polar head group. This can
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reduce the curvature stresses in the hydrophobic region of the bilayer and leads to a La - Ha
phase transition due to stabilization of the non lamellar phase. In terms of the model
developed herein, the tendency to form a negative mean curvature at the lipid/water
interface of the membrane due to addition of dodecane could favor the Meta II state in the
Meta I-Meta n equilibrium, e.g. as a result of the non local curvature mechanism proposed
herein for biological membranes. This experiment could employ gas-liquid chromatography
to monitor the mole fraction of dodecane in the membranes.

11.3. Membrane Lipid Influences on the Kinetics of tlie Meta I-Meta 11 Transition of
Rhodopsin

The membrane lipid composition may also have effects on the kinetics of rhodopsin
function by considering the various forces involved in the membrane mechanism. The
above data from the flash photolysis experiments on the Meta I to Meta II transition may be
directly used for further kinetic analysis. All the reaction rates may be obtained from
analysis of the photolysis transient data such as illustrated in Figure 4-5. The pH influences
on the reaction rate for the Meta I-Meta U transition have been previously discussed in
Chapter 5. Comparison of the flash photolysis transients for the native ROS membranes and
the egg PC recombinant membranes, indicates the lipid composition shows a relatively
smaller kinetic influence than the pH and temperature effects. However, further kinetic
studies of the photochemical function of rhodopsin in recombinant membranes can provide
additional valuable information regarding lipid-rhodopsin interactions in relation to the
visual process.
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APPENDIX A; LIST OF ABBREVIATIONS
Ai,: absorbance at wavelength X:

DHA; docosahexaenoic acid;
DOPC: dioleoylphosphatidylcholine;
DOPE: dioleoylphosphatidylethanolamine:
DPH: diphenylhexatriene;
egg PC: egg phosphatidylcholine;
Meta I: Metarhodopsin I;
Meta II: Metarhodopsin II;
PC: phosphatidylcholine;
PE: phosphatidylethanolamine;
PMT: photomultiplier tube;
PS: phosphatidylserine;
ROS: rod outer segment;
SPR: surface plasmon resonance;
V: voltage;
X: wavelength;

di (X:Y)Z: lipid notation, where X is the number of carbon atoms and Y is the number of
double bonds of the fatty acyl chains at the

JAZ-1

and sn-2 positions of the

glycerol backbone, and Z denotes the polar head group, viz., PC, PE, or PS.
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