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1994), as manifested by the tendency of the lipids to form a non-lamellar phase in the
absence of protein.

A thermodynamic model of the lamellar (Ly) to reverse hexagonal (Hp) 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 I-
Meta 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

IT equilibrium as

AG”=AG° +AG® + AG” . +AG” AAG® (10.4)

where A represents the energy change and G*’; is the energy of the protein isomerization,
G, is the solvation energy, G%. is the curvature free energy, G*, is the electrostatic

energy and G*, is the hydration energy.

10.3. 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 I-
Meta II 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 the 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(0:100), 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

AAG®) = (AG®) 7525 - (AG®) 0100

=[(AG®) 7525 - (AG®) o.100)i + [ (AG®) 7525 - (AG®) 0:100];
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+[ (AG®) 7525 - (AG®") 0100+ [ (AG®) 7525 - (AG®) 0:100]e

+[ (AG®) 7525 - (AG®) 0:100) (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

AAG®) = [(AG®) 7525 - (AG® 0.100)]c+ [ (AG®) 7525 - (AG®) 0:100] other

= [(AG*) 7525 - (AG®) 0:100]c (10.6)

here it is further associated that (AG® omer) 7525 = (AG® simer) 0:100. By using the

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

A(AG®") = [(AG®) 7525 - (AG®) 0:100]c
= -1.752 - 1.2556

= -3.008 kJ mol ! (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(18:1)PC compared to di(14:1)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 I-
Meta II equilibrium.

The experimental investigations of lipid influences on the rhodopsin Meta I-Meta II

conformational transition have been performed using flash photolysis and surface plasmon
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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 II 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 II 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 II 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 II state, a negative mean curvature radius at the lipid/water 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 II
Equilibrium

One possible flash photolysis experiment to further investigate the role of the
curvature free energy in rhodopsin modulating the Meta I-Meta II 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 ) 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 Lo - Hy
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 I 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 the Meta I-Meta II 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 II 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

Aj: absorbance at wavelength A;
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;

A: 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 sn-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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