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Abstract

Self-organized criticality (SOC) is hereby proposed as a possible physical basis for ex-
plaining observations in the temperature-dependence of the rates of biological membrane-
associated events. The biomembrane undergoes a reversible, cooperative, thermotropic
gel-to-liquid crystalline phase transition which is broad, and involves lateral phase sep-
aration. The lateral phase separated (rather than the totally gel-, or the totally liquid
crystalline-) membrane state has been observed to be the state in which vital membrane
functions are facilitated. The membrane in this unique state is viewed, for our purposes
here, as a dynamical, extended dissipative system with spatial and temporal degrees of
freedom, exhibiting power law behaviour, typical of the self-organized critical state. Ex-
periments are suggested for verifying this hypothesis.

MIRAMARE - TRIESTE
December 1993

'Permanent Address: Department of Biochemistry, University of Nigeria, Nsukka,
Nigeria.

Permanent address: Institute Intemacional de Estudios Avanzados, Apartado 17606,
Parque Central, Caracas 1015-A, Venezuela.

1 Introduction

During the active transport of some amino acids and sugars in Escherichia colt unsat-
urated fatty acid (UF\) auxotrophs, it has been observed that (starting from higher
temperature), as the membrane is subjected to varying temperatures, at the tempera-
ture point where gel phase lipid first appears in coexistence with liquid crystalline lipid,
there is an anomalous thermal behaviour in the Arrhenius plot (Linden et al., 1973; Eze
and McElhaney, 1987), as we shall discuss below. This has induced us to search for the
underlying mechanism. Two general guiding lines have helped us in our work:

First, in spite of the considerable complexity of the membrane, complex chemical sys-
tems (the so-called sofl matter), rather than biological systems may be studied profitably
by appealing to analogies (de Gennes, 1992). In polymers, certain physical approxima-
tions can bring these systems to theoretical understanding by addressing the problem in
the right variables.

The analogy studied by de Gennes are the stratified fluids called srnectics. It has
been conjectured (Renn and Lubensky, 1988) that in their interior, chiral solutes may be
added (the analogues of the vortices) to generate a new smectic phase drilled by screw
dislocations (the A' phase). Such phase was later discovered experimentally. Indeed, the
lamellar phase of artificial phospholipid bilayera is regarded as a smectic type exhibiting
long-range order (Luzzati, 19C8). This bilayer constitutes the prototype of the funda-
mental structure of the biological membrane (Singer and Nicolson, 1972; Eze, 1990, 1991,
1994).

Our second guiding principle provides us with some confidence that the biomembrane,
in spite of its complexity, may be subject to general laws. We recall an important analogy
with a form of condensed matter, very similar to the above analogy between supercon-
ductor and smectics:

Frohlich (1980) pointed out that the biological membrane has some physical proper-
tics that may suggest an analogy with systems in which Bose-Einstein condensation may
occur; in fact, the analogy is with systems characterized by long-range coherence (as ob-
served in superconductors and superfiuids). He suggested that under certain conditions,
coherent excitation of a single mode may be excited by random metabolic energy sup-
ply, provided the energy supply E\ exceeds a critical value EQ. He showed that when
B > Ea this leads to a strong excitation of a single mode similar to the phenomenon
of Bose-Einstein condensation whose hallmark is long-range coherence, more specifically
(off-diagonal) long-range order of the reduced density matrices in the coordinate-space
representation (Yang, 1962). The Bose-Einstein analogy was subsequently applied to
other components of the living cell: nucleic acids (Chela-Flores, 1985, 1987) and amino
acids (Salam, 1991; Chela-Flores, 1991).

With the above guiding principles that have been successful in helping us to get in-
sights into soft matter, we may approach the anomalous thermal behaviour that has been
observed in the Arrhenius plots. We suggest that basing our arguments on analogies with
systems that we understand better, it may be reasonable to introduce certain physical
approximations to the biological membrane in the mixed thermotropic phase, intermedi-
ate between the gel phase at low temperatures, and the liquid crystalline phase at high
temperatures.

We propose to consider the biological membrane as a dissipative dynamical system (in
which active transparent of solutes occurs). Our system has extended degrees of freedom
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and we assume that it may evolve towards a self-organized critical state. It has been
shown (Tang and Wiesenfeld, Bak, 1988) that such systems are characterized by spatial
and temporal power-law scaling behaviour. The frequency spectrum is 1/f noise with a
power-law-spectrum S(f) = / "" .

It may be reasonable to focus attention on 1/f noise in the case of biomembrane
functions under phase-separated conditions, since this phenomenon reflects the generic
dynamics of extended dynamical systems, and may be intimately connected with the
underlying spatial organization (Bak et a!., 1988).

In this context, we may make recourse to the concept of self-organized criticality
(SOC) which was introduced by Bak and collaborations (Bak, et al 1987, 1988; Tang
and Bak, 1988, Bak and Tang, 1989; Bak and Chen, 1991), as a physical explanation
for the behaviour exhibited in nature by spatially extended dissipative dynamical sys-
tems. These are composite systems having numerous interacting elements. SOC can be
likened to "traditional" critica! phenomena {Tang and Bak, 1988), such as phase transi-
tions. However, these authors further made the distinction that the phase transition is
a cooperative critical phenomenon in equilibrium statistical mechanics; and in this case
the critical point may be reached by fine-tuning a parameter like temperature. But in
contrast, in SOC, no fine-tuning is needed; the system is attracted to the critical state
without detailed specifications of the initial conditions" (Tang and Bak, 1988; Bak and
Tang, 1989).

SOC has been used to explain such events as earthquakes, and it has been suggested
that it will also serve to explain events in other such composite systems as in meteorology,
economics, biology (Bak- and Tang, 1991), and hydrogenated niobium samples emitting
acoustic signals during hydrogen precipitation from solid solution {Connelli, Cantelli and
Cordero, 1993).

2 Possible SOC-dependent biological processes

One group of biological processes, at the molecular level, for which self-organized criticality
(SOC) can serve as a physical explanation includes membrane-associated protein catalyzed
reactions. At the molecular level, the membrane and its components constitute a "large"
interactive system. If one may take a cue from the postulate of Bal and Chen (1991),
these components will "perpertually organize themselves to a critical state in which a
minor event starts a chain reaction ...." that can affect any number of elements (Cannelli
et al, 1993).

We hypothesize here that SOC serves as the physical basis of any process (at the molec-
ular level) in which some movement of the catalyzing protein within the membrane forms
(part of) the rate-limiting step of the process. Among such processes are mediated (i.e.,
carrier-assisted) transport, as well as membrane-bound enzyme reactions. Indeed, SOC
may underlie the physical basis of the stabilization of membrane proteins and enzymes
by membrane lipids, and the enhancement of their activity in the membrane hydrophobic
milieu reviewed earlier (Eze, 1990).

More specifically, we shall now address some experimental observations on some amino
acid and sugar active transport systems in Escherichia coli (Linden et al , 1973) studied
the temperature-dependence of /?-glucoside and y9-galactoside transport rates in E. coli,
strain 30E/?ax~), an unsaturated fatty acid (UFA) auxotrophic mutant, grown on elaidate

(18:It). These investigators observed that at the temperature point where gel phase
lipid first appears in coexistence with liquid crystalline lipid as the membrane is cooled
from (the all-liquid crystalline state at) high temperatures, there is a discontinuity in the
Arrhenius plot for either /?-ga!actoside or /3-glucoside transport. In each case, there is
an increase in transport rate below the discontinuity temperature of 38°C (the point at
which gel phase lipid just begins to form in the membrane in coexistence with the liquid
crystalline). In addition, they observed that the activation energy, Ea, for transport was
similar both immediately below an immediately above the temperature of discontinuity.
This was an indication (they concluded) that the discontinuous increase in transport with
decrease in temperature (below 38°C) is due to an abrupt increase in the frequency factor
A in the Arrhenius equation,

The authors explained the phenomenon as follows: At first appearance of the gel in
coexistence with the liquid crystalline lipids, as the temperature decreases, there is an
increase in the isothermal lateral compressibility of the membrane milieu at the plane of
the membrane. Such processes as transport involving insertion into the membrane, are
therefore facilitated under such conditions. The authors derived this from the fluctuation
theory of liquids and gases.

Intriguingly, we have made similar observations in the slopes and activation energies
from the Arrhenius plot of L-glutamine active transport data in E coli A"1060, another
UFA auxotroph, also grown on elaidate (18:lt) (Eze and McElhaney, 1987). In our case,
we obtained maximum velocities (V)max from initial rates of transport. This eliminates
artefacts that could have arisen due to possible temperature-dependence of binding. In
experiments with E coli strain 7 which is wild-type in fatty acid metabolism, L-protein
active transport yielded a triphasic Arrhenius plot in which the higher temperature break
(30° C) was close to the end of the 32°C -wide lateral phase separation (0°C-32°C). In this
case, a milder version of the same effect yielded very low Ea between 30°C and 45°C (Eze
and McElhaney, 1989).

The physical explanation offered by Linden and associates (Linden et al., 1973; Eze,
1994) is related to our earlier assertion, in the case of E. coli strain 7. This assertion
was that the break at 30°C (close to 32°C above which the entire membrane is liquid
crystalline) "tends to indicate some degree of order is required in the lipids around the rate-
limiting protein in proline transport in order for a large increase in V ^ to be observed
with increasing temperature (Eze, 1978). We have also offered other explanations deriving
from the energetic coupling to the E. coli transport systems (Eze and McElhaney, 1987,
1989).

3 The SOC-dependent mechanism

The revelation of the scope of applicability of SOC (Bak et al 1987, 1988; Tang and
Bak, 1988; Bak and Tang 1989; Bak and Chen 1991; Cannelli et al., 1993) now seems
to offer yet another perspective to the physical explanation of these membrane phenom-
ena. The thermotropic phase change of the membrane lipids is an equilibrium process
driven by temperature alterations. It is perhaps easy to visualize that at any particular
given temperature within the broad phase transition, there is an interconversion (i.e. an
equilibrium) between some gelled and some liquid crystalline lipids within the context



of the bilayer. Within this broad phase transition range, the mixture of gel-plus-Hquid
crystalline Hpids becomes the composite system. This is more so in the presence of the
(in-coming) transport substrate.

The "intrusion" of the transport substrate into the membrane converts the entire
system into a non-equilibrium system. The re-organization of such a non-equilibrium
composite system as it evolves into (one of) its metas table states can then be seen as an
SOC phenomenon. This re-organization in this instance involves rotational and/or lateral
motions within the plane of the membrane bilayer, in the absence of (thermodynamically
non-feasible) gross tumbling movements (flip/flop) (Eze, 1990).

The increase in transport rate just as the gel lipid begins to appear in coexistence with
liquid crystalline lipid may result from the increase in entropy as the "avalanche" occurs
during the "intrusion" of the transport substrate into the membrane. This is akin to the
minor event (Cannelli et al 1993) which in this situation will start off a chaiij reaction
affecting an innumerable number of parts.

4 Other aspects

It turns out that the same membrane physical state in which the gel and the liquid crys-
talline Hpids coexist has been found to play even more fundamental physiological role.; in
nature. Such roles include the mechanism of homeoviscous adaptation (Sinensky, 1974)
or homeophasic adaptation (McElhaney, 1984) by which prokaryotic microorganisms ac-
climatize to changes in temperature. This has also been demonstrated in some eukaryotic
cells (Thompson Jr, 1989), in some organs of hibernating mammals in winter {Aloia and
Raison , 1989), and in liver of fish exposed to temperature variations (Dey et al. 1993).
In all these cases, the eel! incorporates low-melting fatty acids at low temperatures, and
high-melting ones at higher temperatures. This is all in the bid to ensure that at the
growth temperature, the membrane contains a mixture of gel and liquid crystalline Hpids
in coexistence (Eze, 1991, 1994).

By implication, therefore, membrane-based physiological processes, which are rate-
limiting for cell survival and growth, are enhanced during this membrane state in which
lateral phase separation is exhibited (Eze, 1991). Processes implied here include membrane-
bound enzyme reaction, protein-mediated transport, and biogenesis and insertion of in-
tegral membrane proteins an enzymes. In other words, in the lateral phase separated
state any membrane-protein-mediated function, for which some movement in the mem-
brane hydrophobic core is rate-limiting, will be dramatically enhanced at the interphase
temperature separating the gel-plus-liquid crystalline lipid mixture frum the totally liquid
crystalline (high temperature).

5 Conclusion

We have suggested a possible way of rationalizing each of the (above-mentioned vital)
individual processes that may occur in the biomembrane. By considering this membrane
as a dynamical system, we have shown that SOC can help us to rationalize each of these
individual processes viewed as a composite of interacting parts, or all the entire processes
together as the interacting parts of the composite biological process.

6 Scope for experimentation

6.1 The temperature-dependence of the rates of the other processes mentioned in this
paper should be investigated over a wide temperature range, and at sufficiently short
temperature intervals to enable one to discern the fluctuations at the critical temperatures.

6.2 To prove the applicability (or otherwise) of SOC, the appropriate experiments
should be designed from which to derive the specific parameters verifying the power-law,
which is a definite criterion for criticality (Bak, et ai, 1987; Tang and Bak, 1988) (see
number 6.4 below).

6.3 Certain currently known vital membrane associated enzymes of eel! regulation
should be studied in this light, in order to assess the possible implication of SOC in the
regulation of key events in the metabolism and development of higher organisms. One
such enzyme is protein kinase C (PKC).

6.4 Bak et al (1988) had established that for a self-organized criticality, the power-
law behaviour applies to the spatioternporal phenomenon. Thus, for the spatial case,
because the distribution function of slide sizes D(s) is related to the slide sizes (s) by:

D{s) « s~T

these authors, by computer simulations, showed a linear slope in a plot of £nD(s) vs
(ns from which r = 1 (with deviations only at the extremes of s). This observation
may be used to advantage in establishing power-law behaviour in any of the systems as
mentioned in this paper for which SOC applies. To begin to address this issue, let us
consider the transport system which exhibits Arrhenius plot discontinuity of the nature
observed earlier (Linden et al 1973; Eze and McElhaney, 1987). In this regard (e.g. E.
coli K1060 grown with elaidate, i.e. 18:It, at 39°C), the slide sizes could be visualized (an
measured by fluorpcence microscopy) as the sizes of the cluster domains on the surface
of the membrane in the lateral phase separated state (i.e. at any temperature within
the broad phase transition range). In this instance, the temperature under reference is
the critical temperature, i.e. the Arrhenius discontinuity temperature discussed earlier
here (Let us term this ADTi). At this temperature (ADTi), certain membrane-bound
antigen(s) on the surface of the cell is (are) tagged with fluorescence-labelled antibody (is).
These are then viewed by electron microscopy, under si fficient magnification to enable the
measurement of the domain dimensions. A cue could be taken from fluorescence-antibody
experiments by which Edidin and associates (Edidin and Fambrough, 1973) established
mobility of membrane proteins.

The distribution of domains (of this one size in this case) will aiso be obtained from
the same electron microscope view, to yield on point on the £nD(s) vs in s plot.
For other points on the graph, cells from same stock should be grown under a defined
different condition to enable the membrane transition, and therefore the Arrhenius dis-
continuity temperature, to be different. This can be achieved by growing the cells at
a different temperature, other conditions kept constant. The cells, in adjusting to the
new temperature (by homeoviscous/homeophasic adaptation), create a different transition
range, observable with a physical technique, e.g. Differential Thermal Analysis (DTA).
Temperature-dependence of transport studies with such cells will yield a new different
Arrhenius discontinuity temperature (term this ADTj).

Fluorescence-antibody labelling of the membranes at this temperature (ADT2) will
yield a second set of values for D(s) and s. Thus, sufficient values could be obtained for



a tnD (s) vs. in s plot. If the slope is linear and r approximates unity, then applicability
of power-law in the spatial aspect of the phenomenon would have been established.

For the establishment of power law in the dynamics of the process, these same experi-
ments as for the spatial aspect (vide supra) will also yield the relevant parameters to plot.
The transport rate at each discontinuity temperature is the reciprocal of the total time
(T, life-time) of the process. The distribution of life-times, D(T)t is proportional to the
percentage liquid crystalline lipid in the membrane. This is assumed because the more
the liquid crystalline lipid (within the phase transition) the smaller the life-time of the
process. Percentage liquid crystalline lipid may be measured by fluorescence spectrosoopy
and X-ray diffraction (Overath et al, 1975) for instance.

A plot of £nD('r) vs £nT should, according to Bak, ct al. 1988), yield a straight line
with slope = —a, i.i obedience to the expression:

D(T) « T~a

if power-law obtains. Establishment of power-law behaviour in this temporal component
from the above experiments would indicate that this temporal effect is 1/f noise (Bak et
al. 1988), the hallmark of self-organized criticaiity.
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