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X. INTRODUCTION AND BIOMEMBRANB STRUCTURE

What lessons can be learned from the Escherichia coli membrane to help in the
design of experiments probing the interface between the living and the non-living? It is
to address part of this question that this essay is all about.

A biological membrane surrounds every prokaryotic and eukaryotic cell (cell, or
plasma membrane), as well as every organelle (organellar, or intracellular membrane) in a
eukaryotic cell. It has been argued that the first living cell could not have evolved in the
absence of this functionally vital membrane (Oro and Lazcano, 1990; De Duve, 1991).

The "Fluid Mosaic" model (Singer and Nicolson, 1972) describes the biomem-
brane (Fig.l) as a bimolecular leaflet (bilayer) of membTr\ne lipids in which float the
membrane integral (intrinsic) proteins, and other molecules like sterols. These compo-
nents are amphiphilic (amphipathic), i.e., at least one part of the molecule is hydrophobic,
and the other hydrophilic. The hydrophobic parts of the integral proteins (and the other
molecules) are inside the hydrophobic core of the bilayer. The peripherial (extrinsic) pro-
teins are hydrophilic, and remain in the inside and outside aqueous phases, interacting
with the polar parts of the membrane lipids and integral proteins. The carbohydrates
(receptors and antigenic determinants) extrude to the outside of the cell, from the polar
parts of the lipids and integral proteins. The disposition of these components thus im-
poses the inherent asymmetry on the membrane architecture, vital for all the membrane
functions (Singer and Nicolson, 1972).
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Membrane lipids, by affecting membrane physical state, influence solute transport
as in Escherichia coli, and play a prominent role in homeoviscous (homeophasic) adapta-
tion whereby cells adapt to varying temperatures. Thus, on prebiotic earth, lipid-doped
precells were possibly stabilized. Studies to investigate this hypothesis are advocated.
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2. ARTIFICAL, AND NATURAL LIPID BILAYERS, AND THE THERMOTROPfC
GEL-TO-LIQUID CRYSTALLINE PHASE TRANSITION

Each typical membrane lipid, e.g., the phospholipid, dipalmitoylphosphatidyl-
choline (dil6:0PC), contains two acyl chains on one polar head. In water (at the right
conditions) the molecules spontaneously self-assemble into bilayer vesicles. In the bilayer,
the acyl chains sequester into the hydrophobic core away from water, while the polar heads
are in contact with water on the inner and the outer surfaces (Singer and Nicolson, 1972;
McElhaney, 1976; Eze, 1991). Prebiotic amphiphiles might have formed bilayers in the
primeval broth (Oro and Lazcano, 1990; De Duve, 1991).

The bilayer undergoes a thermotropic, cooperative, and reversible gel-to- liquid
crystalline phase transition, in response to temperature (Fig.2). For a pure lipid, contain-
ing only one lipid head type (e.g., dil6:0PC), the transition is sharp and occurs at the
transition temperature, Tc. During the transition, there is long range order, i.e., bilayer
configuration is preserved. Above Tc, the bilayer is in the liquid crystalline state in which
there is short range disorder, with acyl chians melted and mobile. Below 7*c, is the gel
state with rigid and immobile acyl chains.

A heterogeneous mixture of phospholipid heads and acyl chains (as is the biomem-
brane) undergoes a broad transition having an onset Ts, an end 7*,, and a midpoint TM-
At TM, 50% gel and 50% liquid crystalline lipids coexist (McElhaney, 1976; Eze, 1990,
1991). Biomembranes (which also contain proteins, sterols, etc.) do exhibit lateral phase
separations, manifested as overlap of two or more broad transitions (Linden et al,, 1973;
McElhaney, 1976; Eze and McElhaney, 1981; De Rosa et ai, 1986; Eze, 1990, 1991).



Phase transitions may be measured with physical techniques {Linden et al., 1973; Sinen-
sky, 1974; Eze and McElhaney, 1981; McElhaney, 1976, 1984; De Rosa et al, 1986; Dey
et al, 1993).

3. CELLS WITH DIFFERING MEMBRANE FATTY ACIDS
AND FLUIDITY AND PHYSICAL STATE

Escherichia coli K1060 is an unsaturated fatty acid (UFA) auxotroph incapable
of synthesizing or catabolizing UFAs, and requires UFA to grow. Escherickia coli K1060
whose membranes have differing acyl chains, and thus varying fluidity and physical state
were prepared by growing cells in UFAs, namely, hnoleate (18:2c,c), palmitoleate (16;lc),
oleate (18:1c), palmitelaidate (16:lt), and elaidate (18:1(). The membrane fluidizing po-
tency decreased thus: 18 : 2c,c> 16 : l c > 18 : l c > 16 : 1, > 18 : h- The physical state
was determined with Differential Thermal Analysis (DTA), and as shown in Fig.3, they
exhibited lateral phase separations (Eze and McElhaney, 1981).

4. SOLUTE TRANSPORT STUDIES AND INFORMATION THEREFROM

Active transport of UC - £-proline and UC — L-glutamine across these mem-
branes dearly revealed a dependence on the fluidity and physical state of the membranes,
seen as breaks in Arrhenius plot of temperature-dependence data for e; ch UFA enrich-
ment. As revealed in Fig.4, in 18;lr cells, L-glutamine transport maximum velocity (Vmax)
responded predictably at lower temperatures. However, starting from high temperatures,
at the point (37.5°C), i.e., close to Ti of 40°C where gel phase lipid begins to form in
coexistence with liquid crystalline Hpid, there is a discontinuity in the Arrhenius plot for
this transport system in favour of increased V,,^.

A related phenomenon was earlier observed {Linden et al, 1973) for active trans-
port of sugars in 18:lt-grown Escherichia coli strain 3QE0ox~ another UFA auxotroph.
The authors explained that such enhancement of active transport occurred because of en-
hanced isothermal lateral compressibility in the membrane milieu in which gel and liquid
crystalline Hpids coexist. This signalled the importance of lateral phase separations in
membrane lipids during cellular function, and directly applies also to our observations,

5. HOMEOVISCOUS (OR HOMEOPHASIC) ADAPTATION

To acclimatize to varying temperatures, micro-organisms resort to hemeoviscous
(Sinensky, 1974), or homeophasic (McEihaney, 1984) adaptation. This involves the incor-
poration into the membrane of low-melting fatty acids at low temperatures, and high-
melting ones at high temperatures. This has been observed also in some eukaryotes
(Thompson, Jr., 1989), some organs of hibernating mammals (Aloia and Raison, 1989),
and in fish liver {Dey et al, 1993). Thus each organism ensures that its growth tempera-
ture ties within a borad thermotropic phase transition of its membrane lipids, displaying
lateral phase separations (Eze, 1991). The implicit asymmetry in the molecular architec-
ture of membrane components optimizes these effects.

6. IMPLICATIONS TO CHEMICAL EVOLUTION AND THE ORIGIN OF LIFE

In the investigations on chemical evolution and the origin of life, the role of the
lipid membrane has always been implicated {Oro and Lazcano, 1990; De Duve, 1991;
Luisi, 1993). Also Academician A.I. Oparin had suggested that phase separations {in the
general sense, I suppose) would play a crucial role (Fox et al., 1974). Membrane Hpids,
a special class of amphiphilic lipids, can self-aggregate by a thermodynamically driven
process to form the bilayer (liposomes) as the configuration of least free energy (Bangham
et al, 1974; Oro and Lazcano, 1990: De Duve, 1991; Luisi, 1993). Thus, the message
for bilayer formation is inherent in the lipid molecule itself. Additionally, the functional
attributes of many membrane proteins and enzymes are intricately linked to their presence
in, and interactions with the membrane hydrophobic milieu (Eze, 1990).

It is hereby hypothesized that membrane-type lipid molecules played a vital role in
the natural selection of those precells (or protocells) which survived the harsh conditions
(temperature, etc.) that existed on early earth. The type and amount of such lipids
associated with any pre-, or protocellular structure (polynucleotides-plus-polypeptides-
plus-lipids) would determine within which temperature ranges there could be a broad,
reversible phase transition accompanied by lateral phase separations. Structures ailowing
for wide temperature range, and marked phase separation, would be favourably selected
for, and should be able to survive wide fluctuations in temperature, in the primordial
ocean surface, in the hydrothermal vent, or elsewhere. Such pre-, or protocells would
therefore have the chance to evolve into higher forms

7. POSSIBLE INSIGHTS FROM THE ARCHAEBACTERIA

Archaebacteria constitute a primitive group of organisms. Some of their charac-
teristics betray them as prokaryotes whereas some others make them resemble eukaryotes
(De Rosa et al, 1986; De Duve, 1991; Runnegar, 1992} {see also Prof. Oshima's chapter in
this book). They have been referred to by De Rosa et al. (1986) as " ... a distinct primary
kingdom, contributing to a better understanding of the universal ancestor". Deriva-
tives of archaebacterial membrane lipids have been found in sedimentary rocks as old as
Precambrian Era (De Rosa et al, 1986). These primitive organisms still inhabit rather
harsh ecological niches, akin to conditions that could have existed on prebiotic earth,
including saturated brine (extreme halophiles), hydrothermal vents (methanogens), hot
springs (extreme thermophiles) (De Rosa et ai., 1986). Their lipids (with ether, rather
than ester bonds to glycerol) suit their environments. They are mostly bipolar with a
continuous hydrocarbon (isoprenoid) chain between the two polar ends, rather like two
regular membrane lipids joined covalently at their methyl ends. Thus, the membrane is a
monolayer of these bipolar isoprenoid lipids {De Rosa et al, 1986; De Duve, 1991). In the
thermophiles, e.g., Sulfolobus sulfataricus, the hydrophobic chains contain cyclopentane
rings which increase in number as temperature increases. Physical studies of the mem-
brane reveal possibilities of lateral ph ase separation (De Rosa et al., 1986), suggesting th e
importance of hoeoviscous {hemeophasic) adaptation in cells on early earth.



8. PROSPECTS FOR EXPERIMENTATION

Experiments specifically designed to probe the possible role of membrane-type
lipids in the stabilization of precellular molecular assemblies (microsystems) during the
process of chemical evolution of the first cell, should involve the doping of the microsys-
tems with different types and levels oflipid. The stabilities of these assemblies over time,
and under various conditions would suggest their survival potential. The stability should
be correlated with lipid content, and the ability to exhibit lateral phase separations dur-
ing response to incubation temperature. The relevant physical parameters, e.g., phase
separations, in the microsystems should be obtained by suitable physical techniques (vide
supra).
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FIGURE CAPTIONS

Figure 1 The Fluid Mosaic Model of Biomembrane Structure,
(o=s) = membrane lipid molecule;
(ip) = integral (intrinsic) protein;
(pp) = peripheral (extrinsic) protein.

Figure 2 Gel-to-liquid crystalline phase transition. T — temperature; Tc = transition
temperature. (After Eze, M.O., 1991).

Figure 3 Differential Thermal Analytical (ETA) thermograms of lipids from membranes
of Esckerichia coli K1060 enriched in various unsaturated fatty acids. Ts = onset
of transition; TM = temperature at which 50% gel and 50% liquid crystalline lipid
coexist; TL = end of transition. (After Eze and McElhaney, 1981).

Figure 4 Arrhenius plot of V ^ of L-glutamine (Gin) transport in Escherickia coli K1060
enriched in elaidate (18:1,). (Adapted from Eze and McElhaney, 1987).
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