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Abstract

This paper revisits long-standing ideas abcuJt t iological membranes in the context of an equally
long-standing, but hitherto largely unappre.iated, perspective of the cell based on concepts
derived from the physics and chemistry of colloids. Specifically, we discuss important biophysical
aspects of lipid supramolecular structu e :2 understand how the intracellular milieu may constrain
lipid self-assembly. To this end we will dz2velop four lines of thought: first, we will look at the
historical development of the curr: nt view of cellular structure and physiology, considering also
the plurality of approaches that nfluenced its formative period. Second, we will review recent
basic research on the structural a."1 dynamical properties of lipid aggregates as well as the role of
phase transitions in bioph'cica! chemistry and cell biology. Third, we will present a general
overview of contemporary “tud es into cellular compartmentalization in the context of a very rich
and mostly forgotten ge.eral theory of cell physiology called the Association-Induction
Hypothesis, which was dev.ioped around the time that the current view of cells congealed into its
present form. Fourth, we will examine some recent developments in cellular studies, mostly from
our laboratory, that raise interesting issues about the dynamical aspects of cell structure and
compartmentalization. We will conclude by suggesting what we consider are relevant questions
about the nature of cellular processes as emergent phenomena.



"Scientists invent hypotheses that talk of things beyond the reach of observation. The hypotheses are related
to observation by a kind of one-way implication; namely, the events we observe are what a belief in the
hypotheses would have led us to expect. These observable consequences do not, conversely, imply the
hypotheses. Surely there are alternative hypothetical substructures that would surface in the same
observable ways."

Quine, W.V. (1975) "On empirically equivalent systems of the world". Erkenntnis 9: 313-328.

1. Introduction

The last few decades of study of the physical chemistry of lipids has yielded a wealth of detailed
knowledge of their supramolecular properties, both at the struct iral and dynamical levels. Almost
in parallel, inquiry into the properties of aqueous solutionn. of complex polymers or
macromolecules (colloids in the rest of the article) has illuminai=d n any aspects of the nature and
properties of crowded systems, which radically depart fror.i >e familiar, tractable idealizations
used to describe dilute solutions where water activity is rig.. ‘t.istorically, the fields of lipids and
colloids have grown and developed in relative isolation #-ar1.. each other, for both methodological
and conceptual reasons. Methodologically, research ir.n lir ids has been largely based on the fact
that they can be isolated by methods such as organic sr.ive:.t extraction, studied and characterized
as individual molecular species of small size and rr.ietively low individual complexity, and then
reconstituted into supramolecular structures ir aqucous environments for physicochemical and
biophysical research. In contrast, the ch~racten.ation of (aqueous) colloids and their polar
macromolecular constituents, especially *i10se endowed with labile native biochemical
functionalities such as proteins, has trcditionaily required methods of isolation and purification
tailored to preserve properties that are *no 'elicate to be recovered after treatments with organic
solvents. On the theory level, lipids \i¢ at the interface of the aqueous and the hydrophobic,
whereas colloidal properties stem ir grc~t measure from the hydrophilicity of the complex solutes,
understood as widespread hydrcven ~onding with water and the concomitant lowering of water
degrees of freedom. Proteins arc covalent structures of high complexity, whereas lipid
supramolecular arrangements crnstitute “soft matter” composed of small, non-covalently
associated parts. Reversikility of supramolecular structural changes in lipid assemblies has
underpinned much of tne liscovery of their properties, whereas protein denaturation has proven
to be a hard problem that nas placed important constraints on much of what can be done in
structural and functional studies. Of course, nothing in science is ever isolated, but it would be
accurate to state that the life histories of the two fields have transited paths that have kept them
connected mostly in terms of abstractions and suppositions, which have been historically difficult
to put to rigorous empirical tests. In general, interpretation of results of the many studies of
[membrane]lipid-protein interactions often isolate one component from the other.

The way we interpret the architecture and activity of cells is largely shaped by the consensus that
specific supramolecular lipid arrangements, the lipid membranes, are sine qua non structures with
general properties such as stability, continuity and semipermeability, that underpin separation
between compositionally/functionally specialized compartments. They do so by placing
permeability constraints that, mostly passively, hinder diffusive passage of polar and charged
solutes. Historically, this idea originates in the interpretation of osmotic phenomena in model,
non-living systems which made use of physical, continuous semipermeable membranes to study



water and solute behavior [1]. The formalization of the behavior of water and solutes in these
model systems was then generalized to the apparently analogous osmotic behavior of cells. The
notion of a semipermeable membrane at cell boundaries, which delimits an internal milieu that
resembles a regular chemical solution of ions and macromolecules, has dominated our view of
cells since the 19™" century. In fact, it constitutes the core of the membrane theory of the cell,
which dominates interpretation of structural and functional aspects of cellular systems, and has
assigned continuous lamellar (bilayer) configurations of lipids as ubiquitous structures in
essentially all naturally occurring cellular and intracellular boundaries.

In parallel to the view of the cell as a membrane-delimited system, another approach was
developed which turned to the (then) nascent concepts of coacervation and colloidal chemistry
(initiated by T. Graham, see [1]). In contrast to the membrane view, it did not require postulation
of a (then) theoretical semipermeable membrane. Instead, it pr. r0sed that an understanding of
the physicochemically puzzling, gel-like structure of cells and .-en contents was necessary to
explain their structural and physiological properties, osmoti. brfnavior included. This way of
approaching the cell, originally called the protoplasmic vie'v, w1s formalized into a quantitative,
and still not disproved, general theory of cell physi-logy called the Association-Induction
Hypothesis (AIH), presented in 1962 by G.N. Ling [2-4]. i1.." tneory interprets the cell interior as a
highly dynamic, coherent coacervate that bidirectionali, r<sponds to and drives metabolism and
cell physiology. Just like the membrane theory of the cell, the AIH also provides theory-based,
guantitative formalisms of three general phenon cna of concern to cell physiology: (i) selective
ion/solute distributions, (ii) cellular electrical nowontials and, (iii) cell volume control.

These two approaches to the study of colls, in many ways conceptually exclusive, coexisted
nonetheless until about the second hal® of the 20" century, when the membrane-delimited view
came to dominate cell physiology and the insights derived from the study of colloids essentially
vanished from discussions of cellular >k.e.iomena [1]. Despite this narrowing of perspective, we
are now witnessing a reemergence o1 "terest in colloidal concepts applied to a variety of cellular
phenomena. Specifically, it has kze:. recently shown that dynamic compartmentalization in the
cell cytosol without the assista."ce ~f lipid membranes occurs via liquid-liquid phase transitions.
This compartmentalization ", cyndensation” does not just confine select molecules within
defined spaces but also mcduictes crucial biochemical events [5, 6]. Also, the formation of these
coacervates (often callau liyzid condensates) has been proposed to play a crucial role in the
assembly of highly dynamic organelles such as the Golgi complex [7], whose surface has been
generally portrayed as membrane-bound, that is, delimited by what are now understood as
"classical" lipid bilayers. These observations, and others, raise two interesting and important
guestions: the first is whether these two ways of compartmentalizing the cell interior are
independent of each other (see e.g. [8]) or connected and operating in a concerted way. The
second is whether there are other physiologically relevant roles, hitherto unformulated, for lipid
supramolecular structures beyond the accepted bilayer structure.

The reason why we think this discussion is both appropriate and timely is that we are witnessing
what we consider a slow convergence of two intimately related, but historically quite
differentiated, areas of physiological inquiry, namely, lipid membranes and colloidal systems
composed of natural macromolecules. As mentioned above, these two fields have developed in
ways that have frequently traversed parallel, non-overlapping trajectories. We will approach these
issues by, first, outlining the historical development of the notion of the continuous lipid bilayer as



a quasi-universal feature of cellular and intracellular boundaries. We will then review the
dynamics and polymorphic nature of lipid aggregation, with emphasis on the underlying physical
chemistry and examine the growing recognition of the importance of phase transitions in
biological systems (including liquid transitions observed in macromolecular systems without the
intervention of lipids). We will very succinctly present the basis of the Association Induction
Hypothesis, a little known but extremely insightful theory of cell physiology, review some relevant
studies from our laboratory and conclude with what we consider some plausible research
proposals.

2. A brief history of the lipid bilayer as a ubiquitous component of biological membranes.

The original observations that cells respond to the tonicity o, *heir surrounding medium led,
mostly by analogy, to the proposal that some sort of semiperme-hle membrane must enclose the
cell. The notion was derived from the (then very popular) men hrar.e-based experimental models
of osmosis, which were being very productively studied in te rm. of solution chemistry. By the end
of the 19" century, careful additional observations of the -ela:ionship between hydrophobicity of
solutes and their uptake by living tissues led C.E. Over..n o> propose the lipoidal nature of this
cellular boundary [1]. These were two notions that i1.~ec not be conflated: the first is that a
physically distinct boundary (understood as a mostly passive barrier) of some sort must exist to
explain cellular osmotic responses to their medi ri; second, that this boundary was lipoidal in
nature. The first idea was further strengthenec by J. Bernstein's argumentation that living cells
consisted of an electrolyte-rich interior surroun Jea by a thin membrane relatively impermeable to
ions [1, 9]. He conducted careful experimeni. and calculations that supported the notion that this
boundary was capable of maintaining an asymmetry of ionic distribution that was in turn
responsible for cellular electrical po’c. tia:s. The second notion (the lipoidal nature of the
boundary) was given crucial but very n/irect support by the influential quantitative work of
I. Langmuir on monolayers of amp-iphnas. His brilliant studies led to the first set of experiments,
performed by Gorter and Grend:! in 1925, that directly advocated for the participation of lipid
bilayer structures in biological n.>moranes [10]. Specifically, they attempted to show that lipids
quantitatively extracted from rel Llood cells, when spread at an air/water interface in the manner
of Langmuir, formed a mon »mo ecular film with an area approximately twice that of the combined
surface area of the extrac*ed red blood cells. Dividing the area of the monolayer by two led
directly to the conclusior ‘nat the lipoidal membrane enclosing the red blood cell must be a
continuous bilayer [10]. Although there was some casual cancellation of errors (discussed in [11]),
these experiments gave rise to the first model of a continuous biological membrane made up of a
lipid bilayer (Figure 1A), and exerted a powerful influence on subsequent ones.

Although only lipids were taken into account in Gortel and Grendel's calculations, important
experimental results of the early '30s required the participation of proteins in cellular boundaries.
Specifically, proteins were included in order to explain the disparity between surface tension
values measured in naturally occurring versus naked lipid membranes. Consequently, in 1935 the
Davson and Danielli (or “paucimolecular”) model was introduced, which was mostly based on
considerations of cellular permeability [12]. This model posited that all biological membranes
consisted of a core of lipid monolayers with their polar heads pointed outward covered by
monolayers of protein (Figure 1B). The original version did not specifically acknowledge a bilayer
structure because the existing data did not allow this generalization (although Danielli clearly



favoured it; see [9]). The bilayer structure was formally incorporated later in the Davson-Danielli-
Robertson (DDR) model, proposed by J.D. Robertson in 1959 [9], Figure 1C.

The DDR model of cellular membranes was motivated by experimental observations using electron
microscopy (EM) techniques in cells of different tissues from animals, different phyla and bacteria.
Specifically, a characteristic trilaminar pattern was found in all cells examined, both at the cell
surface and in internal organelles. Robertson proposed that this ubiquitous pattern corresponded
to lipid bilayers covered by monolayers of non-lipid material, with a preponderance of
carbohydrates in the external surface [9]. According to Robertson this structure, called the "unit
membrane”, was the repeating unit of myelin —a very specialized membrane with a high lipid to
protein ratio [13] — and of all membranous structures of cells. During those years the acceptance
of lipid bilayers in cellular boundaries was further encouraged by other (indirect) experimental
results such as those of Bangham and Horne [14] who, by way ¢* electron microscopy, showed a
resemblance between the structures formed by lecithin disper,c 1. excess water (organized in
closed bilayer structures; what we today call liposomes) and "e “rilaminar pattern observed in
cells. Since then liposomes have become central artificii| m>dels in the study of biological
membranes.

It is important to stress the largely forgotten fact th~t ev :n during this formative period there
were experimental results that posed serious challeng2s 22 the view that lipid bilayers were the
structural components underlying the observed t.1i.minar patterns. For example, EM studies in
lipid-depleted mitochondrial preparations [15], iis .2’ as in lipid-depleted plasma membranes of
mammalian and prokariotic cells [16, 17], .c 'ea.~d that the trilamilar pattern persisted in the
absence of lipids. Even in the very lipid-rich .nyelin sheath of nerves, near-quantitative (>90%)
depletion of lipids by solvent extractior (with ¢.ganic solvent mixtures containing chloroform) did
not eliminate the trilaminar patterns ohse, red under the electron microscope [17]. These results
cast doubt on the proposal that lipid bliayers were what was actually stained in the process of
visualization of the trilaminar stru.tu-es and, therefore, that the staining patterns constituted
“direct” evidence of the existence o1 ~antinuous lipid bilayers in biological systems. Moreover, the
observation of similar patteri < .~ coacervates devoid of lipids [18] suggested that other
biomolecules, possibly proteir.. could be what was actually stained [3].

At the same time alternativ= mndels, grouped under the general rubric of “subunit models”, were
introduced by researchers such as Sjostrand and Benson [19, 20]. These models shared the
assumption that the bilayz. was altered or interrupted in a variety of ways, that is, it was not
continuous. In particular, the model put forth by Benson suggested that the lipid bilayer was not a
dominant element, and that cellular boundaries consisted of a thin protein layer with intercalated
lipid molecules (Figure 1D). This vision was strongly influenced by the chloroplast and inner
mitochondrial membranes these researchers were investigating, where protein can amount to
80% in mass with respect to lipids (in contrast to myelin, see above). The subunit models
acknowledged the lipid component of these boundaries, but they did not equate it to continuous
bilayer membranes acting, by themselves, as barriers. These models were dismissed, rather
summarily, by arguments such as the assumed impossibility of breaking up a membrane structure
into subunits of uniform composition that would reassemble into a functional (understood as
continuous) membrane after disaggregation [9], even though under carefully controlled conditions
functional recovery was shown to be possible [19]. It is clear that the notion that the lipoidal
component of cellular boundaries must be a continuous structure (as observed in liposomes) was



very powerful, so the subunit models did not gain any traction.

It is important to underline that by the end of the '60s discussions on the nature of cellular
boundaries were vigorous, evidence from multiple fields of research was being considered and
that a plurality of ideas and approaches were being entertained. This lively scenario changed at
the beginning of the '70s, when the fluid mosaic membrane (FMM) model was introduced [21].
The FMM model (Figure 1E) incorporated features of some of the older models, most notably the
bilayer structure and compositional asymmetry (previously introduced by Robertson). It also
considered, for the first time, important dynamical features of bilayers such as the liquid nature of
the membrane and the lateral diffusion of molecules suggested by the famous work of Frye and
Edidin [22], including the concept of transmembrane proteins based on interpretations of freeze-
fracture-etch EM data (reviewed in [9]). Although extremely popular, the FMM model has been
the object of substantive criticism, in our opinion the most | ievant being that it overlooks
diversity in pursuit of generalization and that its explanatory pcwor 1o essentially nil [9, 23-25]. As
can be seen in the popular sketches of the FMM model, it furti.~r <crengthened the notion of the
quasi-planar bilayer structure as a ubiquitous and continuou : ma‘or component of all cell surfaces.
Historically this may have been a consequence of the stro:*= inniuence of the study of myelin in the
early days, however, as the study of lipids in biologice 5, stems progressed it has become clear
that the features of myelin are very far from general. Zin_e its postulation the FMM model has
been subjected to a number of refinements, ir~o/poracing aspects related to lipid-protein
interactions such as domains and curvature [26-2?, h/drophobic matching [29], and interactions
with the cytoskeleton and the glycocalyx [3N]. However, the bilayer structure has remained a
constant element in all these models.

The FMM model proved so influential since its 1.iception that the bilayer structure (and its logically
required properties of structural stabilitv. continuity and semipermeability) has become practically
the sole basis of analysis and interpretiti.a of data in the area of cell physiology. Today, when
speaking of cells there is an accerced and in our opinion analytically confusing, indistinctness
between related but different .oi.~epts: "boundaries" (understood as limits or borders of
discernible structures) have ccme *to mean "barriers" (understood as differentiated structural
obstacles of some sort); barr.>rs i turn have morphed into "membranes” (understood as thin,
pliable sheet-like structure: dis*inct from the spaces they separate) and, finally, membranes have
come to be synonymou. . ‘iti, "iipid bilayers" in some manner of the FMM model.

In light of the above, it sees to us that there are valid reasons to debate whether the lipid bilayer
arrangement is the main structure of lipids in cells, which in turn requires a renewed inquiry into
what cellular and intracellular boundaries actually are. As we have seen, the conclusiveness of the
oft-cited EM studies is quite debatable, particularly when considering that the specimens are
subjected to very aggressive treatments such as chemical fixation, dehydration and various
staining procedures which are likely to result in important artifacts. This also applies to results
obtained by more sophisticated EM techniques such as CryoTEM [31], which were developed
mostly to study membrane proteins. Although they employ less disruptive treatments of samples
in comparison to traditional EM methods, water structure and dynamics are still strongly affected.
More important, interpretation of the data relies heavily on sophisticated image analysis and is
strongly biased toward the model used to understand the relationship between lipids and
proteins; it generally takes as axiomatic precisely the stable bilayer-based model we are
examining. Although independent and more recent in vitro studies using diffraction techniques on



natural membrane extracts suggest that the bilayer structure is indeed dominant [32], the fact
that these membrane extracts are studied under conditions very different from those of the cell
interior — particularly concerning water activity and crowding — makes it doubtful whether the
results can be realistically transposed to the real, living cell. This criticism is also applicable to a
series of recent papers using CryoTEM in giant unilamellar vesicles composed either of artificial
lipid mixtures or natural membranes [33, 34]. By definition, those studies concern exclusively
unilamellar structures produced in an environment that greatly differs from that of the
intracellular milieu, severely limiting the generalizability of their conclusions to the cell itself. In
addition, very recent diffraction data from living cells supporting the bilayer structure are still too
limited to sustain claims to universality [35]. More important, to the best of our knowledge no
dedicated studies have considered the effects of cellular metabolism or the extreme crowding of
the cellular environment on the supramolecular structure of cell iinids. This is definitely a pending
topic in the field.

There are basic premises about biological structure that have nc* cr.anged since the emergence of
the first membrane-based models of osmosis. An import \nt \'ne is that barriers must in fact
delimit both the cell and cellular compartments because *hey contain mostly watery solutions of
more or less freely diffusing ions and macromolecule,, .Mpiying that water is indistinguishable
from model solutions. In fact, the current formalisms de.-*ioing, for example, osmotic or electrical
properties of cells are squarely based on this pictur=. .t is irnportant to note, however, that there
are non-membrane delimited systems that also ex 'oit osmotic behavior (that is, they react to the
activities of water and solutes by volume chanrse. associated to measurable forces), the most well-
known being ion-exchange resins, to which we 'vill turn later.
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Figure 1. Sketches of different biological membrane models in chronological order: A) Gorter and Grendel; B) Davson
and Danielli (paucimolecular model); C) Davson-Danielli-Robertson (unit model); D) Benson (subunit model); E) Singer
and Nicolson (fluid mosaic model); F) Simons and van Meer (raft model). Adapted from [9, 19, 25]



3. Phase transitions in lipid self-assemblies: lamellar and non-lamellar arrangements.

Compared with other biological molecules, lipids dispersed in aqueous environments display
unique features. One is that they self-aggregate in extremely polymorphic supramolecular
arrangements with geometries that are exquisitely sensitive to the physicochemical properties of
their environment. Studies of lipid self-aggregates in agueous media have identified phase
transitions among different structures in naturally occurring lipids (e.g. phospholipids) and a
massive corpus of information has been assembled in the form of (phospho)lipid/water binary
phase diagrams [36, 37], where transitions among different lyotropic phases (distinct lamellar,
cubic and hexagonal phases including micelles) can be induced isothermally by variations in water
chemical potential ((Figure 2) [38]). However, little attention has been paid to this behavior in
biological contexts, except for very specific cases, which we will discuss below. Instead, we
generally find the term “binary” (or ternary) used to refer to phas - diagrams of binary (or ternary)
lipid mixtures in excess water [37], where phase transitions occt’. . ~ostly between distinct lamellar
configurations, e.g. liquid disordered (/4), solid ordered (s,) and 1.~uiJ ordered (/,).
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Figure 2. Hypothetical lyotropic binary phase diagram for the case where the phase transitions are induced by varying
the water content. Liquid disordered (Lo); Hexagonal phase (H,), Inverse Hexagonal phase (H,). Adapted from [38].

Since the early '90s, and in the context of the overwhelmingly dominant lipid bilayer, the liquid-
ordered (L,) phase mediated by cholesterol, introduced by lpsen and collaborators [39, 40],
together with the postulation of the raft hypothesis (and its associated model, Figure 1F) [41],
elicited a remarkable and growing interest in the study of liquid phase transitions (L,—> L) in
artificial bilayer systems [23, 25]. In the early 2000s, this line of inquiry was boosted by seminal
fluorescence microscopy studies showing direct images of membrane domains in giant unilamellar
vesicles (GUVs) and planar lipid bilayers composed of mixtures of cholesterol,



glycerophospholipids and sphingolipids (particularly sphingomyelin) [42]. Additional studies on
these artificial systems using imaging techniques produced novel spatially resolved information
such as dynamic heterogeneity near phase transitions [43], critical points [44], including the study
of the associated mechanical [45] and dynamical properties [46] of lipid domains. This information
revitalized the field of membrane biophysics and stimulated interesting discussions on the
dynamic and structural complexity of lipid supramolecular arrangements, addressing the impact of
lipid lateral heterogeneity on membrane permeability [47], the relevance of non-equilibrium
thermodynamics and the new concept of “active membranes” [48], and the necessary conditions
for compliance of 2D surfaces determining biological function with fundamental (conservation)
physical and thermodynamic laws, i.e. the so called state-to-function-approach [49] in opposition
to the classical structure-function axiom.

In retrospect, the direct observation of liquid lipid domains in n. \del membranes reinforced the
proposal that the lateral heterogeneity of model lipid bilayers \.us. be present in all biological
membranes, leading to widespread speculation that these structuras play an ever-growing list of
roles in cellular function. This in spite of the fact that conclusi e evidence of lipid rafts (or lipid
domains) in living cells is still lacking and that there is strong disagreement even about their
physical foundation [23]. All this notwithstanding, this 7asiionable hypothesis has dominated the
view of cellular membranes since the mid '90s [23, 25, 72, 51] and its impact on the field of cell
membranes is reflected not only by its formal insertin.1 into the FMM model by one of its original
proponents [52], but also by its inclusion as a reg.'/ar .opic in cell biology textbooks and teaching
programs. Overall, it can be said that when cellu.=r lipids are discussed the phenomenon of phase
transitions in lamellar configurations is tod- y te <en as fact.

The consensus around the prevalence and urn.versality of the lipid bilayer —even when lateral
heterogeneity is enthusiastically acknowleued — obscures, however, the much wider polymorphic
behavior of lipid self-assembly. As ricni.oned at the beginning of this section, polymorphic
transitions from lamellar to nona.~enar configurations are unique features of lipid self-
assemblies. They can be elicited v’ changes in intensive thermodynamic variables such as
temperature and pressure, but >lsc isothermally and isobarically by changes in hydration, pH and
salt concentration [36, 38]. The oropensity of lipids to form non-lamellar structures has been given
a physicochemical framev ork in the Israelachvili-Mitchell-Ninham critical packing parameter,
which is based on geor.ic “ric..! considerations of lipid molecules [53]. Changes in the geometry of
lipids by changes in their chemical structure (for example, by enzymes) or in the physical
properties of their surroundings (hydration, temperature) can induce curvature stress fields via
changes in the lateral pressure profile of the bilayer, and therefore transitions to various
geometries [54]. Currently, non-lamellar structures are accorded some very limited relevance in
studies of drug delivery [55] and, interestingly, in the crystallization of membrane-associated
proteins [56, 57].

In biological systems, lipid polymorphism has been occasionally reviewed and discussed, and we
refer interested readers to dedicated articles and reviews which address these topics with a depth
not possible here [38, 58-62]. However, an in-depth appraisal of its implications for cellular
structure and activity has been limited by the perceived necessity of continuous lipid bilayers and
the logically attendant impossibility of disrupting their (postulated) barrier properties (see e.g.
[59]). In a biological context, non-lamellar structures such as cubic phases have been observed, for
example, in smooth endoplasmic reticulum, prolamellar bodies and in tubular myelin [58, 60]. In



addition, a large body of experiments suggests that non-lamellar structures do form, for example,
in tight junctions, in membranes of mitochondria and microsomes, and extracted lipids of
prokaryotes such as the bacterium Streptomyces hygroscopicus; reviewed in [36]. Many natural
lipids (e.g. bacterial glycolipids, diacylglycerol, PE derivatives) have been shown to favor non-
lamellar phases in vitro depending on, for example, pH, divalent cations and, particularly, water
chemical activity [59]. It has been proposed that biomembranes bearing a high proportion of non-
bilayer lipids — as most seem to — must be in a state of near bilayer-to-nonbilayer transition (with
the bilayer as the prevailing structure), undergoing local transient rearrangements [38, 58, 59].
Consequently, it has been proposed that cells maintain a metabolically regulated, homeostatic
control of “phase stability” or “intrinsic curvature” of the membrane lipids [38, 59]. In a somewhat
circular, remedial manner, it has been also hypothesized that membrane proteins may themselves
stabilize the lamellar configuration.

As we will see below, an important question that arises is whr.. =r the continuity of the bilayer
structure, and therefore its attendant barrier properties, remair.- as relevant as generally assumed
when both the dynamical aspects of lipid aggregation an{ th colloidal nature of the cellular
interior (which requires variable water chemical activity) c- me into sharper focus.

4. Phase transitions everywhere

After a long hiatus, there is a renewed interest ir c.do’dal concepts applied to the study of cellular
processes, where the highly crowded naturz o1 *he cell interior is given serious consideration.
Phase transitions appear to occur widely, : ot unly in lipid aggregates but also in both the cytosol
and organelles. Specifically, ensembles of pro.;ins, RNA or DNA can form clearly delimited liquid
phases without lipid bilayer boundaries |Z. 6], reminiscent of complex coacervation. Intrinsically
disordered proteins (IDPs, or aminc zc) sequences resembling them), which constitute an
important fraction of cellular prot_...~s, ;eem to be crucial in the formation of these distinct
structures [5, 6]. These liquid ro..densates (or liquid droplets) do not have enclosing lipid
membranes yet can exist as cobercnt structures capable of compartmentalizing and concentrating
specific molecules in a given ‘olui.ie. Well-known examples are organelles such as Cajal bodies,
nucleoli, and cytoplasmic <u v -tures such as P-bodies, germ granules and stress granules. The
metabolic state of the -ei, =ad particularly the levels of ATP, also appear to influence the
formation of these liquid -ondensates [6]. Although there is a lack of generally accepted
mechanisms, it has been proposed that ATP may operate as a hydrotope [63], that is, an agent
that modulates the fluidity of the cellular interior [6, 64].

In our opinion, the observation of this rapidly growing list of liquid condensates in vivo pose an
interesting challenge to the established view of stably continuous bilayer membranes as necessary
boundary elements. On physicochemical grounds, aqueous liquid condensates are predicated on
low water activity, a "gel-like" state of the cytosol and organelles. It is unclear whether lipids —
even those that would assemble into bilayers in vitro — would necessarily adopt a lamellar
configuration under these conditions.

Coacervation phenomena and their profound impact on water activity are very likely to be drivers
of lipid lyotropic mesomorphism. It has been recently proposed, in a rather ad hoc manner, that
biological (understood as lipid bilayer) membranes regulate the formation of liquid condensates in
three different ways: i) by restricting molecular diffusion to two dimensions, i.e. membrane
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surfaces reduce the concentration threshold to phase separation in comparison to freely diffusing
molecules in solution, ii) by membrane contact interfaces between apposed organelles, or
organelles and the plasma membrane, controlling condensate assembly and, iii) by interaction of
liquid condensates with lipid phase separation to help organize membrane interfaces [65]. Such
proposals do not even entertain the possibility of any change to the lipid bilayer component of
membranes, except for allowing for poorly defined lateral heterogeneity, and provide no
mechanistic insights. In contrast, the idea that liquid condensates play a crucial role in the
assembly of dynamic organelles like the Golgi [7] — generally envisioned as lipid bilayer-delimited
spaces — and the reported participation of liquid condensates in membrane invaginations [66]
strongly suggest a link between the curvature of lipid aggregates and coacervation phenomena.
Drastic changes in the curvature of lipid supramolecular arrangements can, and probably must,
entail transitions from lamellar to non-lamellar structures. These transitions can be (lyotropically)
mediated by changes in the chemical activity of water, the most ab.ndant and largely overlooked
component of the cell. This hypothesis deserves further consid 2rat,on, particularly as the state of
water is widely affected by the highly crowded and spatially roui.ined intracellular milieu [67].

5. The Association-Induction Hypothesis (AIH), intracel’ui.~ water and cell physiology.

The AlH is a quantitative theory of cell physiology devr.lo.~d by G. N. Ling and published in 1962
[4]. A conceptual child of the protoplasmic (col'oir.al) approach to the study of cells and cell
physiology, it is grounded on a theoretical (o2 of statistical mechanics and extensive
experimental testing [2-4]. As such, it stand, .y cuntrast to the transposition of the chemistry of
dilute solutions onto the study of living sy_tens. The AlH relies on two main components: (i) a
detailed revision of the behavior of icnizable species in environments so crowded by complex
polyelectrolytes (such as proteins) that cla-sical concepts such as Debye-Hickel dissociation are
rendered essentially inapplicable and, (1, an alternative conceptualization of the structural
dynamics of proteins as partially recorn.~ting polyelectrolytes, particularly in their interactions with
their crowded milieu.

The first component, which prov'des the "association" part of the AIH, elaborates theoretically
solid arguments to show tha* i, ~*cuations where there are systems of charges of limited mobility
("fixed charge systems" such as proteins in a crowded intracellular matrix, or ion-exchange resins),
the activity of dissociatea -ounterions (such as, but not limited to, H*, Na* or K') is drastically
reduced in comparison to Zilute solutions. The second component is a theory of the behavior of
proteins, but not as isolated conceptual elements but as an integral components of protein-water-
ion/solute systems (i.e., colloids). It elaborates on the consequences of ionic association on the
structural dynamics of proteins themselves as well as the wider properties of the integrated
protein-water-ion system. The AIH shows that the charged groups of proteins (covalently linked in
the polypeptide chain), must exist in mostly associated states, either to other charges in the
protein (e.g. salt bridges) or to counterions. Furthermore, since ionic dissociation is greatly
impeded by the high amount of (fixed) charges within an intracellular environment, most cellular
ionic behaviour involves ion exchange (as opposed to Debye-Hiickel dissociation). A core part of
the AlH is the development of a measure of the energy of association of counterions with ionizable
groups on protein chains (the “c-value”, a measure of electronic polarizability) [2-4].

A key insight of the AlH is that ion exchanges between fixed ionic groups and counterions involve
energy flows that exert local effects that can be propagated along the resonant polypeptide
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backbone of proteins. The cooperative propagation of these ionic associations along the semi-
resonant backbone of proteins dynamically alters both their relative affinity for other
charges/counterions in their milieu and their structural characteristics, mostly via H-bonding to
the surrounding water and/or other proteins. This component provides the “induction” part of the
AlH and it is further refined into a far-reaching theory of cooperativity formalized in the Yang-Ling
isotherm [68]. Unlike protein conformations resulting from intramolecular electronic interactions,
such as a-helices or B-sheets (which dominate the structure of globular proteins; "introverted"
systems in the AIH), the AIH ascribes great importance to random coil, or extended,
conformations. These promote extensive interactions with the surrounding environment via
functional groups and backbone imino and carbonyl groups: monovalent ions (e.g., K, Na*), other
proteins or ligands and, most particularly, intracellular water [2, 3]. In the AIH, a protein exhibiting
extended conformations is called an extroverted system, and is r 'cre likely to H-bond and polarize
the surrounding water, altering its properties (such as its relaxa.'on dynamics, viscoelasticity,
solvency). Examples are proteins forming fibrillar structures (su-h a: actin and tubulin) or proteins
displaying a high contribution of random coil conformation., . icn as the intrinsically disordered
proteins [5, 69]. From these two components of the AlH (i.e., 2<sociation and induction) a unified
theory of cellular activity emerges [70].

A remarkable aspect of the AIH is that cellular meta:-=ism is integrated into the theory by
providing a detailed account of the effect of key ~=iular components such as ATP, hormones,
divalent ions, among many others. These are conu<ptrialized as a special class of ligands referred
to as "cardinal adsorbents" and are proposed .~ cooperatively modulate intrinsic properties of
many intracellular proteins upon associati-.n 2.1d induction via polarizing effects. In this context,
and based on extensive experimental work, Ling demonstrated that the centrality of ATP in
cellular activity resides in its ability o control bulk properties of the cell interior as an
amalgamated water-protein-ion/solut: -, stem [2-4]. The colloidal properties of the cell stem
crucially from the state of cellular :xat>- and, in this respect, the AIH incorporates an original
treatment of water as part and pai.=l 01 a crowded, dynamic protein-water-ion/solute system [2,
71]. Briefly, it develops a treatme.* of the energetics of water association to the repetitive peptide
bonds in extended protein confo. mations, which offer properly spaced alternating dipoles that
orient and polarize water ¢.nle. in successive layers. This constitutes a structure of successive
layers of polarized-orier tec wr ter dipoles that is cooperatively modulated by metabolic activity
(via cardinal adsorbents su-h as ATP) [2, 71]. The polarization of water dipoles will cause a
reduction in their translatiunal as well as rotational motional freedom and, more importantly, will
influence its chemical activity [2]. This has been substantiated by a large amount of experimental
work performed both in vitro and in vivo [2, 3]. The AIH develops a comprehensive formal
treatment of the main topics of cell physiology enumerated in the first section, namely, cell
volume control (osmotic phenomena), ion/solute distributions and electrical phenomena.
However, it does not do so by using concepts of permeability transposed from dilute solution
chemistry (such as Nernst, Donnan, etc.); instead, the central concepts used to develop equations
for cellular potential, volume and ion distributions rely on key concepts of colloidal theory such as
association and partition. Many of the resulting formalisms are isomorphic to the widely used
equations derived from solution chemistry, but their conceptual underpinnings are completely
different and, indeed, incompatible with them. They stem from, and support, a drastically
different vision of cells and living phenomena in general. A mechanistic sketch of this theory is
presented in Figure 3.
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Figure 3. Diagrammatic illustration how ATP and its “helpers”, including the ¢ *ng’ uous anion and extroverted proteins
control protein conformation. Note that the key events brought about b' AT+ and its “helpers” is the unraveling of the
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breaking up of salt-linkages so that the freed fixed cations can now irtei. -t with the “congruous anions” and the freed
fixed B- and y-carboxyl groups can selectively adsorb K*. Adapted f om | "0]

To summarize, the AIH defines in rich formal deta’s a 'ynamic amalgamated water-protein-
ion/solute system that makes up the cell cytosol is ar inhomogeneous, metabolically responsive
complex coacervate. It develops a well-roundec theury of cooperativity with levels of parametric
and dynamic regulation of wide applicabi'.cy. Pernaps its most valuable contribution is that it
provides a quantitative conceptual framew -rk with predictive capacity that accounts for the
general ionic behavior of cells as well a. their electrical and osmotic properties. Even though the
AlH neatly accommodates liquid conde:._ates such as those recently reported, it is surprising to us
that no mention whatsoever is made of t in the rapidly growing number of studies of liquid phase
coexistence in cells and the gel-like 1atu-e of the cytosol [5, 6, 64].

In the following section we will t.-n to the possible roles of lipid supramolecular structures in a
cell where boundaries are nnt ne zessarily determined by the universally accepted membranes
where the lipid bilayer is re‘,a. leu as a sine qua non universal component. Particularly, we wish to
briefly present and dis’. 'ss 2 ceries of studies from our group, including results obtained with
lipophilic fluorescent probe. in living cells. These results have led to a working hypothesis that
attempts to incorporate npid self-assemblies as metabolically responsive elements within the
framework of the AlH, which as originally formulated does not offer a detailed treatment of lipids
and their assemblies.

6. Our investigations, the AlIH as a general theory... and lipids.

After a somewhat forensic exposition of long-standing ideas about cells and lipids, and some
recent scholarship, we wish to elaborate on some issues we consider of interest. For some years
our main experimental system has consisted of dense suspensions of living Saccharomyces
cerevisiae cells displaying a central metabolism characterized by glycolytic oscillations. This
oscillatory process, which has been studied for decades, starts when glycolysis is activated by the
addition of glucose to starved cells in which respiration has been blocked, lasts for as long as
glucose is available and is very robust. Two features of the oscillatory central metabolism are of
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particular interest: first, it is the sole source of the central metabolite ATP (because respiration is
blocked) and, second, the level of ATP exhibits periodicity, a measurable temporal pattern, that
we can exploit to infer what other cellular phenomena may be linked (coupled) to it. By way of this
strategy, in a series of studies published over the last six years we have validated several core
tenets of the AlH in our system:

i. Water dipolar relaxation (a measure of its rotational dynamics) oscillates synchronously with
metabolism throughout the cell. We unambiguously interpret this to mean that most
intracellular water does not resemble water in dilute solutions and that its activity is
dynamically responsive to metabolism, that is, its physics are coupled to cellular
(bio)chemistry (e.g. ATP oscillations) [72-74].

ii. The periodicity of glycolytic oscillations, and the attendant coupled oscillations in water
relaxation and others, is sensitive to the presence of deute "um oxide (heavy water), which
slows them down (decreases their frequency) in 7 Josa-dependent manner. We
unambiguously interpret this to mean that water mass \. a variable to account for in the
generative process of the oscillations [73].

iii. The intracellular activity of potassium ion, a cen*al imonovalent ion in cells, oscillates
synchronously with glycolysis. We unambiguously in.orpret this to mean that the majority of
cellular potassium ion is adsorbed, i.e., not dissocia.~2, and that the extent of this adsorption
is dependent on metabolism [75].

iv. Oscillations, glycolytic and all others are zYuliched when the polymerization of actin is
compromised. We unambiguously internrc* this to mean that the actin cytoskeleton is an
active component of the process the’. gies rise to the metabolic oscillations and all those
that are coupled to them [73, 75].

v. Temperature and cellular volume o_-illate synchronously with glycolysis. This suggests that,
from a thermodynamic perspr.cr. '@, oscillations may have an important isentropic
component where intensive an~ ex e sive variables must be coupled [76].

vi. We constructed a mathemati.al model of oscillating glycolysis using principles of the Yang-
Ling isotherm (a central ite.» of the AIH) that not only reproduces the coupling observed
between water relaxation a, 1 ATP oscillations but is also more accurate in describing the
kinetics of glycolytic er..'mcs in crowded environments when compared to classical models
based on mass a“tio~ kinetics such as Michaelis-Menten (MM) and Monod-Changeux-
Wyman (MCW) [72, 75",

vii. The fluorescence of 1iydrophobic probes such as LAURDAN and Nile Red, which partition
almost exclusively to lipid-rich environments, also oscillates synchronously with glycolysis.
We unambiguously interpret this to mean that the lipid assemblies labeled by the probes are
mechanistically coupled to metabolically driven changes in cytosolic water dipolar relaxation
(which is where ATP periodically rises and falls) as our mathematical model predicts [72, 77].

Together, our results squarely support the mechanistic basis, amply developed in the AlH, of cells
as highly coherent systems where water is an active, responsive medium, not simply a passive
"biological solvent" that provides (at the relevant scales) a mostly isotropic environment where
ions and molecules more or less freely diffuse and operate. If this is the case, then high water
activity (and the logically linked concepts of mass action and diffusion) need not be a universal
feature of the cytosol and organelles. Concordantly, water activity is not just a variable within the
inhomogeneous cellular interior, but a regulated one both locally within specific intracellular
structures and globally across the cytosol. Consequently, continuous semipermeable membranes
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of the FMM model type need not be a mandatory feature of compartmentalization
(compositional/structural inhomogeneity) because the bulk (colloidal) properties of the cell and
subcellular structures do away with the logical necessity of such barriers to contain components of
dilute solutions. Other mechanisms, such as adsorption of ions and solutes, and concerted
association of specific components conferring local compositions distinctive properties (such as
partition/association) can be envisaged, making possible —and probably inevitable — liquid-liquid
phase coexistence such as that observed in the droplets or liquid condensates discussed above.
Summarizing, the core of the AlH concerns the state of intracellular water, proposing that the bulk
of it is structured and, as the major cellular component, that it largely governs the emergent
properties of the dynamically inhomogeneous cellular interior.

When volume control, ion/solute distributions and electrical potentials can be accounted for in
terms of concepts such as adsorption and partition instead of pe: “1eability of membranes, old but
very relevant questions can be formulated in an entirely new . ~rspective. These questions, of
course, cannot fail to encompass the fact that lipids are p-rt and parcel of such complex
coacervates, which brings us back to the title and subject of this review. The last point (vii) of our
results indicates that the lipid structures labelled by ¢ r hydrophobic fluorescent probes are
coupled to the rest of the oscillating cellular system [7., 75, 77]. Since the fluorescence of the
hydrophobic probes we used to label cellular aggregaiw.< of lipids is responsive to relaxation of
water in the vicinity of lipid polar heads [78], it is reasonabie to infer that this interfacial water is
coupled — physically linked — to the cytosol. It "resun: tes", as it were, with an oscillating central
metabolism. This does not specify what structurc the lipids are in, just that it is not static and that
it is coupled to metabolism. This "dynamic "1yd' ation" can be a controlling factor in the probability
of lyotropic mesomorphic transitions, just a. orotein hydration is intimately related to protein
conformation [79, 80], allowing lipid selt-c s<semblies to behave as metabolically reactive structures
in the cell (see Figure 4). Some prelirrn.-v results obtained in vitro from our laboratory suggest
that this is indeed the case (paper ~uk~itted). The role of water as a key component of lipid
bilayers has been recently discusse.' ([81], suggesting that they can act as responsive structures to
the relaxation of water rearrang~ments. This analysis is applicable to lipid-self assemblies in
general, and not just to bilayers.
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Unlike proteins, the AIH does not provide an approach to the generalities of lipids of potential
relevance in the colloidal scenario it ifiit-cates in great formal detail and molecular generality.
This is possibly one of the reasor.s .thy it was not given serious consideration when it was
originally presented. It provides a ~rand account of physiology where more or less stable,
continuous semipermeable mer.~hr.nes made up of lipid bilayers (as sketched in the FMM model)
are not obligatory. Furthermo. ~. it accounts of the forces that govern lipid assemblies are correct,
such stable (bilayer) memkbk ‘ancs may not even be possible given the constrained nature of water
activity in the crowdea -e... However, the fact remains that lipids, and consequently their
supramolecular aggregates, iare a universal feature of cells. If there is a general role to be found
for lipids, it is not unreasonable to suppose that it must be conceptually linked to the general
phenomena expounded in the AlH: association, induction, water polarization, cooperativity. One
of the shortcomings of the AlH is that while it establishes that the membrane-delimited view of
the cell is probably not correct, it does not offer an explanation of the part lipids must play in the
ensemble of cellular activity.

In this scenario, what features of lipids would be of potential relevance? First of all, lipid
aggregates per se (as opposed to the other biopolymers: proteins, polynucleotides,
polysaccharides) are not covalently linked. They constitute “soft matter” and, as such, they are
conceivably more dynamic in their structural response to changes in their physicochemical milieu.
In comparison to proteins, for example, they are not composed of repetitive elements covalently
linked and spaced in such a way to effect water polarization as put forth in the AIH. Also in
comparison to proteins, the sheer variety of lipids makes the amino acids — even considering post-
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translational modifications — look like a very restricted class of molecules. As amphiphiles, lipids
interact with water and, if charged, exhibit ionic properties that differ in crucial and maybe
physiologically relevant ways from those of proteins; ionic interactions in charged lipids can trigger
various structural and dynamical changes in membranes [82-84], including polymorphic transitions
[38]. Lipid self-assemblies in general display a large variety of responses in several length- and time
scales, with specific cooperativity profiles inherent to systems of the soft matter type. In fact, the
kinetics of the interconversion between distinct mesomorphic structures largely depends of the
mesomorphic arrangements involved which, in turn, are determined by their chemical
composition and environmental conditions [38]. These and other properties of lipid aggregates
such as the curvature of the surfaces they define, and how they partition spaces, may confer
specific properties to complex coacervates as environments where, for example, certain solutes
adsorb/partition and accumulate, or are excluded, or where enz /matic activities are enhanced or
inhibited, or many possible others. For example, it is known thc* lipids are essential for the
function/regulation of a large family of proteins, generally clas:ified as membrane proteins,
where, metabolically speaking, the more relevant are ATP:.se- which regulate the levels of the
central cardinal adsorbent ATP.

So far, an appreciable bias toward (stable) bilayers has "in.*ed the analysis of the possible ways in
which proteins and lipids associate and operate as pa.* of complex supramolecular structures.
Under the general purview of the colloidal cell we think that reconsideration of some features of
the “subunit models” (as discussed in section 2) r.7y I,e of interest. After all, and contrary to the
picture sketched by the FMM model, cellular anJ intracellular boundaries are generally composed
of proteins and lipids where the latter o .cury a relatively small fraction of the surface area.
Membranes with a large predominance ot ‘‘nids turn out to be exceptions. As homeostatic
dynamical systems, cells either cooperctively amplify or dampen fluctuations of internal or
external origin. For lipids and their a’,g' coates to be incorporated into the concert, it must be
determined whether they have gene-al ,ruperties that affect the structural/dynamic properties of
the cellular subsystems they are pa.* of. if conceptualizing cells as complex ion-exchange resins (as
the AIH does) instead of as very ~omplicated membrane-delimited osmometers (as the current
view does) offers a more comnletc and testable theory of the living cell, then, what could lipids be
doing? While we cannot ye* Zive a detailed answer to this question, we can nevertheless outline
the contours of what a t~ec v o. lipids in cells should include.

First, it should certainly give an account of the enormous repertoire of lipid molecular varieties.
This is a long-standing and still unresolved task. A systematic study of the ensemble the structures
they aggregate into (phases when in equilibrium) and the variables that control their
interconversions under realistic conditions mimicking the crowded intracellular environment may
help reduce compositional variability to functional properties of supramolecular structures by way
of degeneracy as an organizing principle. Using the Israelachvilli, Mitchell and Ninham theory [53]
families of lipids could be proposed not only in terms of the geometry of the molecules and their
packing under excess water, but also in terms of their ionic characteristics in crowded (water-
limited) environments, how interactions with ions would impact their packing parameter (at the
level of the polar head groups), their capacity to H-bond, the forces of interaction with proteins
and, consequently, the full spectrum of mesomorphism. The same reasoning could apply to their
hydrophobic moieties and the action of chemical changes in, for example, chain length and
saturation. Although some information is available [37], it is still insufficient to fully characterize
these systems.
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Second, it should establish how dynamic lipid aggregation actually is within relevant time scales of
cellular processes, which will of course vary between cell types, metabolic states and the cell cycle.
Our point vii) above clearly shows that yeast lipid hydration "tune" to metabolism very quickly [72,
73, 77]. If a parallel may be allowed, we know that actin in muscle is a crucial part of muscle
contraction, however, it is clearly not doing that in our model system. This is probably because,
first, the molecular specifics of “actin” and its complexes in yeast are not those of muscle “actin”;
second, and more importantly, because the architecture and composition of a yeast cell are not
those of a muscle fiber. Still, our point iv) shows that unhindered polymerization of “actin” is
required for oscillatory glycolysis and all coupled oscillations in yeast. ATP operates as a cardinal
adsorbent in cellular responses both in muscle and in yeast, but the emergent physiological
manifestations are specific to each cell type. A similar reasoning can be applied to lipids, where
mesomorphism has to be accounted for in the context of the specific physiological processes
under study.

Third, it should address how lipid aggregates in general, and \.~w specific lipid arrangements in
particular, contribute to the general properties of higher o der supramolecular structures (liquid
condensates, coacervates). For example, one possibility ic tha. they "stabilize" them, that is, they
contribute to extend the time scale in which they retain _*ructural/functional characteristics (the
author of the AIH, G.N. Ling, offhandedly suggested this .~ Le their role). Another possibility is that
they confer "responsiveness" such that the coacerv>te, are more susceptible to specific changes in
their milieu to which they would otherwise be ins »sitive. Conceivably, lipids could do one or the
other depending on the dynamics of their suprai. nlecular architecture.

There is a truly massive body of know'erge, both theoretical and experimental, of lipid
aggregation in terms of both structurr and ay/namics. There is also a renewed interest in the
behavior and properties of aqueous-phase (colloidal) supramolecular ensembles of proteins and
other complex biopolymers. If a gene.a’' ti.cory of lipids in cells is to be devised, we believe that
the core physicochemical features cr,Nia aggregation must be considered in all its richness. To do
this, however, the first step mus. b. to unshackle ourselves from debatable logical impositions
such as the mandatory nature c® the continuous semipermeable bilayer membrane as the sole - or
at least overwhelmingly don.'nari- "function" of lipid supramolecular assemblies. A research
program of lipids in systerrs asigned to accommodate the colloidal properties of cells and their
compartments could bc g neuily geared to the study of, first, the spatial properties (structure) of
lipid components and their )otential to aggregate and act as functionally distinguishable parts of
complexes without unduly biasing the study toward lipid bilayers; second, the time-resolved
(dynamical) properties of the lipid component in complex supramolecular structures. In a final
analysis, it is reasonable to suppose that it takes an in-depth study of all the properties of all the
groups of biomolecules to understand what transforms non-living matter into coherent, dynamic
and responsive gel-like systems endowed with the properties that Gilbert Ling envisioned as
defining "the living state" at the cellular and subcellular levels [2, 4].

7. Epilogue

As it has happened in the past, fields of research which have progressed in relative isolation from
each other eventually interface in ways that were not envisioned. Historically, areas of inquiry that
were methodologically and theoretically disconnected from each other save by the most tenuous
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and abstract relationships unify to deepen and enlarge our view of the systems under study by
way of commonalities and intersections that become essential to a greater understanding of the
more general phenomena of interest. One well-known case is, on one hand, the classical
evolutionary studies based mostly on morphology and biogeography and, on the other, the studies
of inheritance. They converged in the “modern synthesis” (of Haldane, Sewall, Fisher and others)
of the first half of the 20™ century, which gave rise to the field of population genetics and pushed
evolutionary studies to a new level of comprehension of variation and selection. Another historical
case of unification, which happened around the same time, was that of Physics and Chemistry.
Until Pauling's The Nature of the Chemical Bond, made possible by the (then) very recent
development of quantum mechanical theory, Chemistry had not found a theoretical basis for what
had been called the "mysteries of chemical affinity". It had, of course, supplied extremely useful
and detailed empirical studies and rules with predictive power (s ich as the periodic table), but no
principle-driven explanatory theory of why the chemical elements cc mbined the way they did.

In the field of biophysics, a similar convergence seems to be . nening at present. On one hand,
decades of study of the physical chemistry of lipids have y'elde 1 a wealth of knowledge of their
supramolecular properties, both at the structural and dyr.- mical levels. On the other, the study of
concentrated aqueous solutions of complex high molec'ia. sclutes (colloids) has illuminated many
aspects of the nature and properties of crowded systems, . nich radically depart from idealizations
useful in the approach to dilute solutions. Integratinn of both aspects of cellular organization, we
believe, will require a reassessment of the unduly r.ar ow perspective of lipids as mostly “bilayer
membrane formers” and of the aqueous compnents of the cell as mostly dilute solutions. It
seems to us that modern lipid studies an‘s th 2 Association Induction Hypothesis are tools very
much worth exploiting in this endeavor.

Note from the authors: this paper is the result of the (metaphorical) coacervation of the questions
and expertise of a researcher stee;ed .. many years of study of lipid biophysics (L.A.B.) and one
who has been equally overcoo.:>d ni protein biochemistry (R.P.S.). They disagree on almost
everything all the time, but they ~aree that the insight of Albert Szent-Gyorgyi that "life is water
dancing to the tune of solids" is .: <ound foundation for propelling biological research forward.
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