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ABSTRACT

Composition and physical state of liver phospholipids of marine and fresh water fish adapted

to relatively constant but radically different temperatures were compared. Fish adapted to low

(5-10°C) temperature accumulated more unsaturated fatty acids than those from warm (25-

27°C) environments. There were no measurable differences between marine and fresh water

fish from identical thermal environments. Docosahexaenoic acid did not seem to participate

in the process of adaptation. Cold adaptation was paralleled by oleic acid accumulation

preferentially in phosphatidylethanolamine. Stereospecific distribution as well as molecular

species composition of phosphatidylethanolamine demonstrated a 2-3 fold increase in level

of ODPE and 10 fold increase in level of OEPE. ESR spectroscopy showed only 7-10%

compensation in state of phospholipid vesicles of both warm and cold adapted fish.

Combination of either PDPC or native phosphatidylcholines from both cold adapted fish with

phosphatidylethanolamines from the same environment showed a drastic fluidisation in the

vicinity of the C-2 segment of the bilayer but not in the deeper regions. A proper combina­

tion of such phosphatidylcholines and phosphatidylethanolamines (75:25 %) mimicked a 100%

homeoviscous efficacy in the C-2 segment when compared with phosphatidylethanolamines

of warm adapted fish. The presence of ODPE and polar headgroup interaction was also

detected by FTIR. A specific role of ODPE in controlling membrane structure and physical

state in relation to thermal adaptation is proposed.
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1. INTRODUCTION

Great advances have been made over the past 15 years in our understanding of the

structure-function relationships of biological membranes. Yet little is known about the way

in which the cells produce a diverse and highly differentiated collection of membranes or

regulate their respective chemical compositions. One obvious way of revealing such control

mechanism is to disturb the Status quo and look for the corrective responses. This strategy

has recently been used to a great advantage in biological membranes, where the temperature

has been used as the disturbing influence.

Historically, it has been known for many years that exposure of microorganisms, plants

and animals to low temperature leads to the incorporation of increased proportions of

unsaturated fatty acids in the storage lipids (i.e.triglycerides) and in the membrane

phospholipids (Hazel, 1984). On the basis of the physical studies this trend was interpreted

as an adaptive response which offsets the direct effects of cooling upon the physical state of

the lipid structures. Thus phospholipids containing unsaturated fatty acids displayed a greater

cross sectional area (i.e. greater expansion of a monolayer), a greater molecular flexing

motion and lower phase transition temperatures (i.e. melting temperature) than lipids

containing saturated fatty acids.

A direct test of this hypothesis was only possible with the development of techniques for

the direct investigation of membrane physical structure. This was first demonstrated in

bacteria using electron spin resonance spectroscopy by Sinensky (1974), who showed that the

"fluidity" and phase state of membranes from E. coli. was maintained constant at each of the

several growth temperatures. He coined the term "homeoviscous adaptation" to emphasize
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both the homeostatic nature of the response and its adaptive importance. Although the report

of this "homeoviscous adaptation" describes a provocative phenomenon that merits more

careful interpretation; otherwise it hypothesize, that the chemical composition of membranes

is regulated to maintain the physical structure or "fluidity" of the bilayer within tolerable

limits.

Fluidity is a term which describes the relative conformational freedom and mobility of

membrane constituents, but membrane fluidity is difficult to define with rigour, due, in part,

to the range of motions available to lipid molecules, which vary from rotamer formation

within the acyl chain to wobbling and rotational motion of an entire molecule, to lateral

diffusion within the plane of the membrane. No single physical technique is sensitive to this

entire range of motions.

Biological chemists have often regarded the fluidity of a membrane as a property that

may be adaptively altered to accommodate changes in environmental temperature. The

implication that cells exhibit an intelligent (or at least, appropriate) response provides us with

several questions to examine.

1) Is temperature or some aspects of the fluidity perceived by the responsive cellular

elements?

2) How is the detected difference from "ideal" temperature or fluidity communicated to the

synthetic enzyme(s)?

3) How can the selective actions of the enzyme(s) of phospholipids synthesis be changed to

alter fatty acid content of the membrane lipids?

A primary intellectual challenge in examining these responses is to discern the degree to

which the cells adapt "because of" signals from an inadequate membrane fluidity in contrast

with an independent alteration of synthetic selectivity that "coincidentally" alters the
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membrane fluidity. In a sense, one might ask whether the intracellular signalling is a

’dialogue’ or a ’monologue’, or in other term, whether the manner of membrane adaptation

is purposefully successful ("Lamarckian") or fortuitously beneficial ("Darwinian"). Certainly

cells containing either adaptive mechanism could exhibit better survival in a limiting

environment than would those cells without.

A complicating factor in evaluating adaptive changes in the fatty acids composition of

membrane phospholipids is that the synthetic enzyme(s) may act on only one single fatty acid

molecule by recognizing its chemical structural features rather than fluidity, which is a

cooperative aspect of the interaction of many molecules. Thus we must be sensitive to the

language in which messages are translated and communicated within cells. The factors used

by the synthetic enzymes in selecting preferred acyl chains, seem to be important elements

in the "language" of membrane lipid adaptation. A battery of synthetic enzymes, the

desaturases are thought to be involved in modifying the acyl chain, to lower the fluidity, but

no clear concept indicates how desaturase activity may be enhanced by lower fluidity. Thus

a high membrane fluidity does not appreciably restrain the entry of more fluidising fatty

acids. Indeed, the possibility of a controlling response preventing too much fluidity has not

been widely discussed or demonstrated, making a major void in our understanding of what

may represent "too much" fluidity for cells. The embryonic fact that the cells continue to

incorporate saturated fatty acids into the less fluid membranes suggests that little intelligent

adaptive communication is acting in cells, lacking the enzyme(s) for esterification of

membrane lipids were a suitable adaptive response (Cronan,1978), the proper occasion

seemed present, but it did not trigger a response to alter the selectivity of the synthetic

enzymes in time to save cells from a self-inflicted disaster (Henning et al, 1969). Thus we

have no conclusive evidence that membrane fluidity alters the selectivity of biosynthesis or
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the esterification of fatty acids.

1.1 Lipid as a backbone of Biological Membranes:

Lipid bilayers are the backbone of all biological membranes. Lipids act as a

"solvent" for all the membrane components. Textbooks of biochemistry invariably illustrate

the structure of biological membranes with diagrams of phospholipids aligned in a parallel

and highly ordered manner. Although these membrane constituents are indeed organised as

a bilayer they exhibit, at physiological temperatures, a considerable degree of disorder and

molecular mobility exists. These motions range from a rapid flexing of the hydrocarbon chain

by rotations about carbon-carbon bonds, to wobbling motion of the entire molecule and to

the lateral displacement of the molecule along the plane of the membrane. Because of this

motion biological membranes have liquid-like character and thus described as being fluid.

Thus the accepted picture of biological membranes is the fluid-mosaic model of Singer and

Nicholson (1972). It is thought that a liquid-crystalline phase is essential, which can be

attributed to protein function of the membrane (Jost et al, 1973).

Although the membrane lipids may exist in a nonbilayer phase (Luzzati et al, 1968),

the bulk of lipids are organized as a lipid bilayer and contain a central core of fatty acids

surrounded by two phases of hydrated polar headgroups in an aqueous environment.

Phospholipids are the major components of biological membranes and together with sterol

and glycolipids form the matrix of the membrane.

The phospholipids of eukaryotic membranes consist basically of phosphatidylcholine

(PC) and sphingomyelin (SM) and aminophospholipids, phosphatidylethanolamine (PE)

phosphatidylserine (PS) and a small percent of phosphatidylinositol (PI). These lipids and the
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protein constituents have an asymmetrical distribution between outer and inner leaflets of

lipid bilayers (Rothman and Lenard, 1977).

Although the agreement between different laboratories at a quantitative level is often

unsatisfactory, most biological membranes appear to have different phospholipid composition

in their inner and outer leaflets. At least in plasma membranes, transverse lipid segregation

is firmly established. In erythrocytes, the best documented system, PS and PE and probably

PI are located mainly in the inner monolayer while PC and SM are essentially in the outer

monolayer.

Any change in the lipid composition of the membranes (cholesterol or phospholipids)

results in changes in the local environment of integral proteins (receptor molecules, enzymes,

transport etc.)(Brasitus and Dudeja, 1986;Rathiers and Chen, 1986; Zabrecky and Raftery, 19-

85; Kolena and Blazucek,1986). Moreover, membrane bound enzymes and receptors require

specific phospholipids or acyl chains for optimal activity (Tung and Mc.Namee, 1986). There

are many approaches to demonstrate the specificity of the lipid requirements of membrane-

bound enzymes (Sanderman,1978; Roelofsen and Schatzmann, 1977). The specificity for a

particular species of phospholipids could depend on the nature of the head groups, the nature

of the backbone (glycerol or sphingosine), the length of the acyl chains and the insertions of

the double bonds in the acyl chains. All the above stated factors in a more general way affect

the membrane by influencing so called "membrane fluidity".

Anyway, there are abundant studies to show the relationship between the lipid

composition of biological membranes and its physio-chemical properties with enzymatic

activities (Carruthers and Melchor,1986; Carriere and Le Grimellec,1986; Worman et al,

1986; Kreutler et al, 1984; Harper et al, 1990; Baldwin and Hochacka,1970; Arindam Sen

et al, 1991).

, . • •
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1.2 The Bilayer Paradigm :

It is basic assumption that phospholipids in biomembranes are organised in a

continuous bilayer. If that is the case, clearly, has not been demonstrated in all membranes.

It is however, a reasonable assumption. Inspite of very extensive work undertaken notably

by Cullis, de Kruijff and co-workers (Cullis and de Kruijff,1979), to date there is no example

of permanent nonbilayer structure in a real biological membrane, unambiguously demon­

strated by X-ray, 31P-NMR, or electron microscopy. Lipids extracted from biomembranes

frequently form hexagonal or cubic phases at physiological temperatures, but this by no

means demonstrates the occurrence of such structures in the presence of proteins. Thus, it

can be said comfortably, that the phospholipids that surround membrane proteins indeed form

a bilayer and that nonbilayer structures, if any, are only transient non-equilibrium configur­

ations : topologically, inner and outer leaflets are well defined.

The bilayer paradigm is not restricted to topological considerations. This description

includes important considerations of dynamics. In the early seventies it was shown in Me.

Connell’s laboratory that in the liquid crystalline state (Luzzati’s L« phase) i) the rate of

lateral diffusion is fast, within the plane exchange rates are of order of 107S_1 (Devaux and

Me.Connell, 1972) and ii) the rate of transverse diffusion, or flipflop is slow (half time of

exchange of several hours) (Korenberg and Me.Connell, 1971). Values obtained with spin

labelled phospholipids in egg lecithin liposomes, were confirmed and refined by many

techniques. Thus, one important feature of a pure lipid bilayer is absence of phospholipid

communication between the two opposite leaflets. It is to be noted that the rapid lateral

diffusion implies that a few transmembrane defects or even very localised nonbilayer

structures would suffice to allow the flip-flop of a large fraction of phospholipids. In pure

lipid systems, these defects are unavoidable, a priori, must have short life times since the
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transmembrane diffusion is slow. It may not be true in protein-containing bilayers where a

few permanent "defects" can modify the transmembrane diffusion of membrane components,

extending to small hydrophobic molecules, if uncharged, is fast (halftime of exchange of a

second or less). Thus, the membrane impermeability is not true for neutral lipids

(diacylglycerols, fatty esters, and probably cholesterol) as well as for weak acids and weak

bases (Zachowski and Devaux,1989).

The third dogma of the bilayer paradigm is that unlike lateral segregation

spontaneous transmembrane segregation is exceptional. It only happens with vesicles of small

radius obtained by sonication (Op den Kamp, 1979). As a consequence, asymmetrical large

unilamellar vesicles (LUV) (Sen et al., 1991) which can be obtained for instance by selective

chemical modifications of the lipids or by the addition of charged amphiphilic molecules on

one layer, are out of equilibrium and relax towards a random distribution. LUV’s that are

made asymmetrical by the effect of a pH gradient (Hope and Cullis,1987) can be considered

also as out of equilibrium, since the release of this external constrain results in the bilayer

symmetrization.

Clear departure from the above behaviour will demonstrate the influence of proteins

and generally imply non-equilibrium situations. It rapidly becomes apparent that transmemb­

rane distribution in biomembranes has to be viewed in the context of lipid traffic within cells;

i.e. dynamic considerations are necessary.

1.3 Lipid asymmetry in biomembranes:

The techniques used to determine lipid asymmetry in biomembranes were reviewed

by several authors (Op den Kamp, 1979; Etemadi,1980;Krebs,1982). These techniques
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comprise chemical labelling with non-penetrating agents, for example, TNBS or fluorescam-

ine, immunological methods, phospholipase digestion, use of phospholipase-exchange proteins

and physio-chemical methods such as X-ray diffraction (Luzatti et al., 1968, Rand et

al., 1971) and NMR (Gaily et al., 1980, Taylor and Smith,1981, Cullis and deKruiff, 1976,

1978). When carrying out these experiments, an implicit and sometimes unjustified

assumption is that, the lipid topology is stable over reaction time and can resist membrane

perturbations, such as attack by exogenous phospholipases. Clearly, in the case of fast flip-

flop some of these techniques are no longer valid. Also, if lipid asymmetry is the result of

a subtle balance between various lipid fluxes, membrane purification by differential

centrifugation and sucrose gradient, as well as the analysis of virus membranes that are

formed by budding through a plasma membrane has allowed one to identify the underlying

pattern obtained with human erythrocytes, which is the most extensively studied system. But

the situation is more complex with other eukaryotic cells like fish erythrocytes and other

nucleated cells, where plasma membrane is only a small fraction of the total cell membranes.

Many attempts to investigate lipid asymmetry in internal membranes from eukaryotic

cells can be found in the literature. Unfortunately, when the same system have been studied

by different laboratories, the results often differ considerably. The difficulty in finding

conclusive evidence on lipid topology in organelles, which may reflect a very rapid lipid

redistribution within each membrane and from membrane to membrane within each

eukaryotic cell. Massive transfer of phospholipids from the ER to Golgi and to the

mitochondria and back journey to the plasma membrane following the same route takes place

continuously (Bishop and Bell, 1988). According to Wieland et al (1987) about half of the

total ER phospholipids is transferred out of the Golgi every 10 min2. On the other hand, it

is conceivable that specialised organelles in differentiated cells, such as granules in
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chromaffin cells, synaptic vesicles in axons, and disks in retinal rods have a well defined

phospholipid asymmetry, because the turnover of the lipids in such system is not so

important. In the above mentioned organelles the aminophospholipids were generally reported

to be exposed on the outer monolayer, which corresponds to the cytosolic surface (Buckland

et al, 1978; Michaelson et al, 1983; Litman, 1982). Thus very little is known about the

stability of lipid asymmetry in biomembranes.

1.4 Membrane fluidity and membrane order and phase structure :

The properties and physical structure of the hydrocarbon chain interior of

phospholipid bilayers is quite distinct from that of bulk hydrocarbon fluids,such as paraffin,

and concept of bulk viscosity and fluidity (i.e. reciprocal of viscosity) can not have same

precise meaning. For one thing the bilayer is highly anisotropic and semi-ordered, and for

another, the ДН values associated with gel-to-liquid crystalline phase transition are

significantly lower than for the melting of hydrocarbon fluids (Phillips et al, 1969). Finally,

biological membranes are heterogenous systems in which a diverse chemical composition may

lead to microdomains in the plane of the membranes as well as different physical properties

in each monolayer.

In practice, membrane fluidity is operationally defined and quantified using one of

several biophysical techniques which measure the rotational characteristics of spectroscopic

nuclei or molecules (probes) which by chemical synthesis or by partitioning can be

intercalated within the bilayer interior. The basic assumptions in this approach are first, that

the measured motional characteristics of the probe are sensitive to the dynamical motion or

order of the surrounding hydrocarbon chain and second that normal physical structure of the

bilayer is not greatly disturbed by the probe. Each technique provides information specifically
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on the type of motion which affects the spectroscopic property in the question, so that the 

different techniques reports on different aspects of the "fluid" condition. Thus 2H and 13C

nuclear magnetic resonance spectroscopy provides rather specific information on the

dynamics of hydrocarbon flexing motion and by the chemical synthesis of fatty acids with 

2H- and 13C nuclei positioned at specific sites along the hydrocarbon chain a detailed

understanding of bilayer structure can be obtained (Seelig and Seelig, 1980). By contrast,

fluorescence polarisation spectroscopy of a rigid, rod shaped fluorescent molecule such as

1,6-diphenyl-1,3,5-hexatriene (DPH) indicates the extent of wobbling motion over the

nanosecond time scale. This is influenced by bilayer structure over much of the length of the

fatty acids at least equivalent to the length of the DPH molecule (ca 13 A°) rather than at a

specific segment. Given these differences it is necessary to use several different techniques

to characterize fully membrane fluidity or to use probes with different rotational properties.

Each type of motion occurs over a rather different time domain and changes in another

(Kleinfeld et al, 1981). Any of these methods are useful in a comparative experiment though

attempts to convert derived motional parameters to absolute units of viscosity by comparisons

of probe behaviour in hydrocarbon solvents of different bulk viscosities have been severely

criticized largely because of the qualitative differences in the physical structure of the bilayer

and bulk solvents.

Technical and theoretical advances have led to an improved understanding of these

spectroscopic techniques and their interpretation. Nowhere is this more true than in

fluorescence polarisation spectroscopy where early interpretations assumed that the rotational

motion of rod like probes was unhindered so that polarization of fluorescence was viewed

as an index of rotational rate.

More recent time-resolved studies have demonstrated more complex rotational



12

properties in that free rotations of the probes were constrained by the anisotropic structure

of the bilayer (Von Blitterswijk et ál, 1981). Thus DPH polarization is now thought to reflect

primarily the degree of hindrance to free rotation rather than a rotational rate.

Finally, it is necessary to recognise that probe techniques generally provide average

information on fluidity/order depending upon the distribution of probe positions within the

membrane. The membrane is thus treated as though it were a single hydrophobic phase with

discrete and definable properties, even though it is probably made up of a number of distinct

microdomains each with different physical properties. The more common probe techniques,

such as fluorescence polarization using DPH or electron spin resonance spectroscopy (ESR)

using nitroxy labelled fatty acids, are not able to differentiate between different microdoma­

ins, a yield, a weighted average of the probe positions. This problem may be overcome by

using probes with well defined positions in the so called "fluidity gradient". Thus, recently

the emergence of different fluorescence probes like, 3(p(6phenyl)l,3,5-hexatrienyl)propionic

acid (DPH-PA), which is an anionic derivative of DPH, and thus, reports exclusively the

outer leaflet of the membrane (Kitagawa et a/,1991) and a series of n-(9-anthroyloxy) stearic

and palmitic acid (2-AS, 3-AS, 6-AS, 9-AS, 12-AS, and 16-AP). These are based upon a

long chain fatty acid and localized within a membrane with the carboxyl end at the membrane

water interface and terminal methyl group approaching the core of the bilayer (Cooper and

Meddings, 1991) may help to probe separately microdomains with subtly different properties. 

In less disruptive techniques such as ’H and 13C NMR (Nuclear Magnetic Resonance), it is

easy to study membranes and they may yield structural information indirectly, by

investigating the changes in the motions of a small molecule partitioned into the membrane

(Smith and Jarrell, 1985) From a practical point of view this means that it is frequently not

possible to link casually a change in the average membrane fluidity, either to changes in all
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molecules in a population of probes, to changes in the distribution of probe between

microdomains or to changes in the properties in some of the microdomains but not others.

By Mantsch et al, (1981) it has been demonstrated that Fourier-transformation infra red

spectroscopy (FTIR), is also applicable to study the structural and functional properties of

membranes. At present, this is the only technique available, which introduces no foreign

molecules into the membrane, to study its structural integrity.

Phospholipids are considered as polymorphic, assuming a variety of different phase

organizations depending on temperature, pressure, degree of hydration and the chemical

composition of the phospholipid itself (Chapman, 1975). Three phases have been identified

in phospholipids and phospholipid mixtures of biological origin; these include lamellar,

hexagonal and cubic phases. Transitions between these phases can be driven by changes in

temperature (i.e. are thermotropic) and, as a result, temperature will determine the particular

phase or combination of phases that coexist in lipid membrane. Although lamellar phases

dominate membrane structure throughout the biological range of temperatures, hexagonal and

cubic phases can form at the extremes of normal physiological conditions. Although it is not

evident whether this phase transition occurs in living membranes or not, but certainly, they

do occur in pure lipid membranes. The effects of temperature on the phase state of

membrane lipids are best illustrated in homogeneous suspension of a single phospholipid

molecular species. But, yet, it is not well understood about the phase behaviour of membrane

lipids which are heterogenous and constitute several phospholipid molecular species.
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1.5 Adaptation of biological membranes to temperature (with reference to

aquatic poikilotherms)

Adaptation or acclimation of poikilotherms to temperature extremes are accomplished

by compensatory adjustments in essentially all major aspects of an animal’s physiology and 

biochemistry. The poikilotherms are often faced with the problem of maintaining a constancy

of function amid a fluctuating ambient temperature. The functional constancy is immensely

referable to compensations that alter the catalytic capabilities of the organism, and are aimed

at maintaining energy production and performance relatively uninfluenced by temperature.

Essential to the acclimation response, is a metabolic restructuring that involves the synthesis

of correct molecule in the correct quantities to promote efficient catalysis and metabolic

regulation within a particular thermal regime.

Since the majority of the biological processes depend on the functional integrity of the

membrane systems, it is not surprising that membrane lipid composition also reflects the

avenue of adaptation (evolutionary or geneticallyjor the acclimatization (phenotypic) of a

single species in a thermal regime.

Poikilothermie organisms exploit diversity in lipid structure to fashion membranes with

physical properties appropriate to the prevailing ambient temperature. The major structural

lipids in biological membranes are phospholipids, and diversity in phospholipid structure

arises from chemical heterogeneity in both the headgroup (giving rise to different

phospholipid classes, e.g. phosphatidylcholine and phosphatidylethanolamine) and the acyl

chain domains (giving rise to unique molecular species of phospholipid such as 16:0/18:1 vs

16:0/16:1) of the molecule. Thermal adaptation of membrane function thus involves a

chemical restructuring of bilayer lipid composition to ensure that the components present are

best suited to function within the constraints imposed by prevailing thermal environment. The
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retailoring of membrane lipid composition is perhaps the most pervasive cellular response

to temperature change. Prior to discussing the specific compositional adjustments believed

to be responsible for thermal compensation of membrane function, the various forces

involved in determining lipid phase behaviour will be discussed briefly to identify unifying

concepts useful in understanding and interpreting the consequences of temperature induced

alterations in membrane lipid composition. Inclusive of lipid molecules, cholesterol and

proteins as well as their interactions also play a crucial role in the ordering of the membrane

in response to the ambient temperature.

1.5.1 Factors determining the phase behaviour of membrane lipids:

A) Molecular geometry argument:

Israelachvili et al, (1980) propose that molecular geometry is a primary factor in

determining the phase preference of lipids and that lipid geometries may be quantitatively

described by a dimensionless packing parameter, P :

P = v/(a.l)

where, v = hydrophobic volume of acyl domain.

/ = length of the acyl chain.

a = mean surface area (i.e. headgroup size) at the aqueous interface.

Lipids for which P < 0.33 possess a relatively large interfacial surface area and a relatively

small hydrophobic volume and, therefore, assume an inverted conical geometry which packs

most efficiently in the form of spherical micelles (Fig.); lysophospholipids, which possess

only a single acyl chain, are typical of this class of amphiphile. Alternately, in lipids for
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which 0.5 < P < 1.0, the increased bulkiness of the hydrophobic domain relative to head

group size results in a cylindrical geometry which packs most efficiently in the form of a

bilayer. Diacyl lipids (e.g. phospholipids) are most likely to form bilayers since, for similar

values of headgroup area (a) and chain length (1), these lipids possess a hydrophobic volume

and packing parameter that are twice those of micelle forming lipids. Among phospholipids,

anionic as opposed to zwitterionic species are more likely to accommodate the hydrophobic

volume of two acyl chains in a lamellar phase due to the increase in effective head group

surface area resulting from electrostatic repulsion. Finally, in lipids for which P > 1.0, the

hydrophobic volume is larger than the head group area, resulting in a conical geometry that

packs most efficiently in the form of inverted micelles (the Нц phase). Diacyl phospholipids 

possessing smaller head group (e.g. PE) exemplify this class of lipid that favour nonbilayer

structures. It is important to appreciate that the molecular geometry is a dynamic attribute

of lipid structure subject to perturbations by environmental factors, and that, in extreme

cases,these perturbations may be sufficiently large to alter the most efficient packing

arrangement. Viewed in this context, temperature induced restructuring of biological

membranes may be necessary to restore an appropriate lipid geometry and to maintain an

optimal packing arrangement between membrane constituents.

B) Radius of curvature arguments:

The concept of spontaneous radius of curvature (Ro) and the competition between

this force and hydrocarbon packing constraints have consequently been developed as an

alternative explanation for the phase behaviour of phospholipids (Epand et al, 1989, Lindblom

and Rilfors,1989, Seddon,1990, Shyamsunder et al, 1988). The spontaneous radius of
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curvature is determined by molecular geometry : conically shaped lipids possess a small Ro

value and will induce curvature into a phospholipid monolayer (since only cylindrical lipids

pack efficiently to form a planer lamellar phase), thus explaining the propensity to form the

H у phase. However, although monolayers of conical lipids in the Нц phase are nearly 

relaxed with respect to curvature, the lipid chains are in an energetically unfavourable

configuration due to the presence of hydrophobic interstices located between the Нц lipid 

cylinders (i.e. the acyl chain of lipid must in essence stretch to cover or fill this interstices).

Phospholipid phase behaviour is thus presumed to reflect a balance between the tendency to

assume the spontaneous radius of curvature on the one hand and the hydrocarbon packing

constraints on the other : as Ro gets larger (or the curvature smaller), formation of the Нц 

phase is prevented by hydrocarbon packing constraints (since the larger the Нц tube 

diameter, the larger the voids that must be filled to overcome this constraint). According to

this view : (1) the presence of small quantities of hydrocarbon in a bilayer can reduce Th

(temperature of fluid/ Нц transition) by intercalating into the hydrophobic interstices, 

thereby, reducing the hydrocarbon packing constraints (Epand et al, 1989); and (2) the

principle factor driving transitions from lamellar to non-lamellar configuration and approach

Ro-

An important insight to arise from the recognition that competing forces may be

acting on a bilayer is expressed in the concept of frustration, where, each monolayer is

prevented from adopting its equilibrium curvature by being coupled to the other. This differs

fundamentally from the situation in which neither monolayer exhibits a tendency towards

curvature. Although the Нц phase is not normally observed in biological membranes, the 

physical forces operating in pure lipid systems tending to drive the equilibrium towards a

nonbilayer configurations certainly are. Viewed in this context, it may be the propensity
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towards HI phase formation rather than the realization of the phase which is an important 

feature of membrane structure and function (Epand,1990).

C) Bending energy computations :

Hui and Sen (1989) have recently combined the concepts of molecular geometry and

spontaneous radius of curvature (Ro) to compute a bending energy expression (the average

Ro was computed from molecular geometries and the corresponding bending energy expressed

as a function of Ro). With increasing bending energies, mixtures of lipids displayed

increasing susceptibility to phospholipase A2, facilitated lipid transfer by phospholipid 

exchange proteins, and enhanced activity of Ca2+-ATPase. These authors concluded that

biological membranes exist in a state of maximum allowable bending energy, just short of

disruption.

1.5.2 Cholesterol modulation as a mechanism of thermal compensation :

Cholesterol exerts profound effects on the physical and functional properties of a

membrane and is, therefore, a prime candidate to regulate membrane function in thermal

adaptation and acclimation as well. However, a possible regulatory role for cholesterol in

acclimation to thermal stress has not been definitively established and is a relatively little

studied aspect of membrane adaptation to temperature extremes. In most cases, cholesterol

content of membranes has been found to be inversely correlated with growth temperature

including muscle mitochondria (Wodtke, 1978), hepatic microsome and erythrocyte

membranes of carp (Wodtke, 1983), outer mitochondrial membranes of goldfish brain (Chang

et al, 1989) and flight muscle mitochondria of Schistocerca (Downer et al. 1981); however,

in other cases, cholesterol do not vary with acclimation history, as it has been reported for
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synaptic (Cossins,1977) and myelin membranes (Buckley et al., 1985) of goldfish brain and

membrane of flounder erythrocytes (Sorensen, 1990), indicating no consistent effect of

growth temperature on the cholesterol/phospholipid ratio. Yet, in none of these studies have

the functional consequences of variations in cholesterol content been evaluated.

Cholesterol is a surface active steroid that is readily accommodated in most

membranes up to molar ratios 1:1 (relative to phospholipid) and possibly higher (Finean,

1990). The steroid nucleus lies parallel to and buried within the acyl domain of the 

membrane, but the cholesterol molecule adopts a conical shape due to small area (19Ä2)

occupied by the 3/З-hydroxyl group located near the bilayer surface (in the vicinity of the 

ester carbonyl linkages of the phospholipids) and the larger hydrophobic end area (38Ä2)

occupied by the flexible alkyl tail in the membrane interior (Rilfors et al., 1984).

Consequently, cholesterol disturbs the packing of gel phase lipids and decrease the size of

the cooperative unit involved in the gel/fluid transition, causing the phase transition to

broaden and, in some cases, to disappear entirely (Yeagle, 1985) at high cholesterol levels,

the relative proportions of trans- (acyl chains are fully extended in an all trans configuration

to gauche-con formers (acyl chains are not fully extended with all trans configuration but

having kinks or bends at different positions in the acyl chain) changes very little with

temperature, consistent with a broadened phase transition (Quinn et al., 1989). Conversely,

fluid phase lipids are ordered by cholesterol, particularly in that portion of the acyl chain

closest to the head group (Meddings, 1989; Yeagle, 1985), and this ordering is evident in both

the fluid lamellar and inverted hexagonal phases (Chen et al., 1990). For example at 48°C,

30 mol% cholesterol inhibits gauche rotamer formation in DPPC by factors of 9 and 6 at

positions 6 and 4, respectively, of the acyl chain, thus demonstrating a strong ordering effect

in the region of the bilayer where the sterol is presumed to insert; in contrast, the ability of



20

Cholesterol to order the acyl chains was much reduced at position 12 (Davis et al., 1990).

However, the influence of varying amount of cholesterol on the enthalpy of the gel/fluid

transition indicates a broader sphere of cholesterol influence than that portion of bilayer

nearest the aqueous interface (Singer, 1990). In addition to influencing membrane order and 

width of the gel/fluid transition, cholesterol also promotes formation of Нц phase (Seddon, 

1990). As a result of these effects, the bilayer is thinned by cholesterol below the gel/fluid

transition and thickened at higher temperatures (Ipsén et al., 1990). Furthermore, addition

of cholesterol to a fluid bilayer reduces the permeability to glucose, water and cations, this 

inhibits both Na+/K+ (Yeagle, 1989) and sarcoplasmic reticular Ca2+-ATPase activities

(Madden et al., 1979). Recent studies, however, point towards markedly different

interactions between cholesterol and saturated (from which most of the above generalities

have been derived) as opposed to unsaturated phospholipids (Finean, 1989). For example,

unsaturation moderates significantly the effects of cholesterol on the lateral diffusion of

phospholipid analogs (reduced 4 fold by 30 mol% cholesterol in DMPC but uninfluenced in

DOPC), alkyl chain motion and oxygen permeability (reduced in bilayers of DMPC but not

DOPC) (Pasenkiewicz Gierula et al., 1990). Thus in those cases where membrane cholesterol

content is positively correlated with growth temperature, cholesterol may act to stabilize

membranes at high temperatures and in this manner contribute to thermal compensation of

function, but this hypothesis needs to be reevaluated in the light of the significantly reduced

interactions between cholesterol and unsaturated species of phospholipids.

1.5.3 Phospholipid head group restructuring :

Polar lipids are one of the major constituents in the biological membranes. A

particular feature of polar lipids of the membranes is that they are comprised, for most part,
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of unbranched hydrocarbon residues, that differ in length and number of unsaturated bonds

in the chain. They also differ in the distribution of a wide range of molecular species

(described later in details) which differ in type and position of attachment of the hydrocarbon

substituent to the backbone of the molecule. It has been recognised that biological membranes

consist of a complex assortment of polar lipids, but why it is so, is still, to be deciphered.

Considering the fact that different molecular species of different polar headgroups have a role

in membrane adaptation, still we can’t ignore that polar headgroup interaction, itself has a

role in maintaining the structural and functional integrity of the membrane.

A) Patterns of headgroup restructuring:

Among all the assortment of polar head groups present in the phospholipid classes,

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) comprise the major amount

(Hazel, 1979). These two phospholipids are most affable in response to temperature.

Membranes of cold adapted/acclimated poikilotherms routinely possess higher

proportions of PE and, less commonly, reduced proportions of PC than membranes formed

at higher growth temperatures ((Hazel, 1988). Consequently, the PC/PE ratio tends to be

positively correlated with growth temperature (Chang et al, 1988, Sorenson, 1990, Pruitt,

1988, Hazel, 1988, Anderson, 1970, Miller et al, 1976, Caldwell et al, 1969, Wodtke,1976,

Gulik et al, 1990, Chang et al, 1985, Van Den Thillart et ű/,1975, Christiansen, 1984,

Hazel, 1984, Hazel and Carpenter, 1985) and this correlation is equally strong in

mitochondrial and microsomal membranes (correlation coefficient — 0.71), but less evident

in total tissue phospholipid extracts (Hazel, 1989). Furthermore, in winter active and winter

quiescent crustaceans, only the winter active species displayed increased proportions of PE

(Pruitt, 1988). In addition, for rainbow trout undergoing acclimation from 20 to 5°C, the












































































































