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WHERE SPECIES BEGIN: STRUCTURE, ORGANIZATION 
AND STABILITY IN BIOLOGICAL MEMBRANES AND MODEL 

MEMBRANE SYSTEMS

All living organisms consist of cells, regardless of whether the organism 
is a simple, single cell bacterium or a highly-evolved mammal containing 
up to 1012 highly specialized cells performing individualized, well-defined 
functions.  Cell boundaries are defined by cell membranes.  These barriers 
serve to contain and protect cell components from the surroundings as 
well as regulate the transport of material into and out of the cell.  Cell 
membranes all share a similar bilayer architecture, although the details of 
membrane composition can vary greatly, from organism to organism and 
even for different types of cells within the same organism.  The origins and 
purposes of this compositional complexity remain a mystery.  This paper 
examines some of the common denominators shared by (mammalian) 
cell membranes with particular attention focused on phospholipids, a 
membrane’s primary building blocks.  One goal is to emphasize some of the 
many unresolved questions about how phospholipids organize themselves 
in cell membranes to provide specific functional behavior and about how 
slight variation in phospholipid composition affects membrane properties.

Introduction

Among his innumerable contributions to science and society, Charles Darwin’s theories of 
evolution and speciation stand apart for having withstood repeated scrutiny and skepticism 

for more than 100 years.  Darwin was the first scientist to provide a comprehensive perspective 
linking various species to each other and noting the unique environmental circumstances 
that led to variation between species.  In his seminal work, The Origin of Species by Means 
of Natural Selection, Darwin noted his conviction ‘that species are not immutable; but that 
those belonging to what are called the same genera are lineal descendants of some other 
and generally extinct species in the same manner as the acknowledged varieties of any one 
species are the descendants of that species’ (Darwin and Huxley, 2003).  Darwin went on 
to support his theories with results from his own forays into breeding domestic pigeons in 
‘Variation under Domestication’ (Darwin, 1998), as well as his many correlated observations 
made during the voyage of HMS Beagle (Darwin, 1989).  Modern biological science traces 
so much of its underpinning back to Darwin that the United States National Aeronautics and 
Space Administration (NASA) defines life itself as ‘a self sustained chemical system capable 
of undergoing Darwinian evolution’ (http://astrobiology.arc.nasa.gov/roadmap/). What Darwin 
could not have known was that all species share a common denominator that serves as the 
fundamental building block of life itself – the cell.

Biological cells are self-contained structures that carry out life’s processes such as respiration, 
digestion and reproduction. Cells are small, measuring ~10–500 μm (10-5–10-4 m) across and 
are defined by an outer membrane (henceforth referred to as the ‘plasma’ membrane) whose 
role is to keep essential genetic material protected from extra-cellular threats.  Cells themselves 
can be classified as either eukaryotic or prokaryotic.  Eukaryotic cells are characterized by 
compartmentalized intracellular infrastructure, whereas prokaryotic cells are lacking in 
hierarchical internal organization (Voet and Voet, 1995).  Prokaryotes – organisms comprised 
of prokaryotic cells – tend to be single cell organisms such as bacteria, but eukaryotes can be 
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as simple as a single cell species such as amoebae or as complex as highly evolved mammals.  
A right whale weighing 60 metric tonnes (= 120,000 kg!) is comprised of more than 1012 
eukaryotic cells, all specialized and designed to perform specific functions. 

In the 1830s Matthias Schleiden and Theodor Schwann showed that all plants and animals 
consisted of cells and that cells could be differentiated with respect to their function (Mattson, 
2005; Morowitz, 1992). Unknown to these German scientists, however, were details about cell 
composition and the mechanisms responsible for processes occurring in vivo at the cellular 
level.  The primary impediments to a more detailed dissection of cell structure were a lack 
of tools and a lack of knowledge.  For example, scientists of this era could use conventional 
optics to visualize cells measuring tens or hundreds of micrometers across, but the outer cell 
membrane is only ~10 nm (= 10-8 m) thick – well beyond the viewing range of nineteenth 
century microscopes.  Furthermore, the composition of cells (and components within cells) 
remained a mystery because scientists would not develop modern molecular theory for another 
75 years!  Thus, while Darwin certainly would have known about the existence of cells, he 
would have been unable to correlate his views on environmental stress, organism adaptation 
and evolution with the microscopic details of cell structure and composition.
  
Modern scientists in the life sciences now know how cells function.  Specific activities within 
cells have been assigned to specific cellular components, and the building blocks used to 
construct cells have been categorized, quantified and modeled (Agutter, 2007). With modern 
analytical tools such as electron microscopes and mass spectrometers, molecules within cells 
can be visualized individually, and cells can be assayed to determine their exact constitutional 
makeup.  Despite these accomplishments, however, modern scientists in some ways are not 
that much further along than their nineteenth century predecessors in understanding why 
different cells within the same organism have adapted certain structures and compositions 
to perform specific functions.  A red blood cell, for example, has a very different role to play 
in sustaining life than does a liver cell or a nerve cell.  While sharing certain gross structural 
similarities, these different cells have different chemical compositions that have presumably 
evolved to enable cellular specialization.  Scientists cannot predict a priori that to perform 
a certain task, a cell must contain specific, individualized components having well-defined 
concentrations.  Nowhere are these limitations more apparent than when considering the 
structure and composition of a cell’s plasma membrane.  

This perspective attempts first to summarize in a very general sense what is known about 
plasma membrane structure and composition and then to identify those important questions 
that must be answered before quantitative, predictive models of cell structure, function and 
durability can be developed.  Given the breadth of membrane biochemistry and biophysics as 
areas of scientific inquiry, a comprehensive treatise on these topics is beyond the scope of this 
paper.  Furthermore, the continued rapid advances in analytical methodology and modeling 
applied to complex, biological systems will likely make the queries raised in this article seem 
antiquated in only a few short years.  Nevertheless, all efforts are made to keep the content 
both scientifically accurate and relevant as well as accessible to a general audience having 
minimal training in the physical and life sciences.  

Plasma Membranes – What Are They?

Plasma membranes are bilayer structures that define the exterior of cells.  The primary 
building blocks of plasma membranes are molecules known as glycerophospholipids, 

referred to hereafter simply as lipids or phospholipids.  Phospholipids have polar headgroups 
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and long, nonpolar (or ‘greasy’) chains.  This combination of hydrophilic (or ‘water loving’) 
and hydrophobic (or ‘water fearing’) character leads phospholipids to organize spontaneously 
in water to form bilayer sheets where both faces present the hydrophilic groups to the extra- 
and intra-cellular aqueous phases, leaving the hydrophobic tails buried within the interior 
of the bilayer.  These same forces make lipids particularly well suited for constructing and 
defining the properties of plasma membranes.  

Much in the same way that the walls of a house provide the primary structural support of the 
building, protecting inhabitants from the elements and providing the framework for doors and 
windows, so too do phospholipids provide the structure that accommodates elements critical 
to cellular function such as membrane proteins, ion channels and cholesterol (Figure 1). 
An important distinction in this analogy, however, is one of scale.  Walls of a house can be 
~20 cm thick.  Plasma membranes typically measure only 10 nm or 0.0000010 cm across.  
Given that cells can be up to 0.05 mm in length, this aspect ratio would translate into one’s 
home having walls only 2 mm thick (or a home that was 1000 meters from end to end)!  In 
other words, the barriers that define cells and protect the contents of cells from the outside 
environment are extremely thin and must be flexible enough to accommodate the stresses and 
pressures that arise in a constantly evolving biological environment.

More than 1000 phospholipids occur naturally in mammals (van Meer, 2005). The lipids 
themselves are distinguished by their hydrophilic headgroups and the composition of their 
hydrophobic chains.  For the glycerolipids that constitute cell plasma membranes, most 
headgroups are charged and either zwitterionic (containing a single positive and negative 
charge) or net anionic (having excess negative charge).  The chains vary in length from 
14 to 24 carbons and can be either saturated or unsaturated (containing double bonds).  
Representative structures of different lipids are shown in Figure 2.  From a global perspective, 
the differences between lipid structures may seem slight, but the consequences of modest 
changes to headgroup and/or chain composition can have extreme consequences for the 
properties of bilayers formed by these lipids.
  
For example, two of the structures shown in Figure 2, 1,2-dipalmitoyl-sn-
phosphatidylethanolamine (DPPE) and 1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC), both 
consist of two saturated 16-carbon chains, a three-carbon glycero backbone and zwitterionic 
headgroups.  The only difference between these two lipids is the identity of the positive charge 

Figure 1: Schematic picture of plasma membrane.  The fluid mosaic model describes a lipid bilayer that houses various cellular components 
necessary for cell function (from http://micro.magnet.fsu.edu/).
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Figure 2:  Schematic pictures of glycerophospholipids.  A) Detailed chemical structures of the three primary lipid headgroups: phosphatidylcholines (PC), 
phosphatidylethanolamines (PE) and phosphatidylserines (PS).  The ‘R’ groups at the tops of the molecules represent hydrophobic hydrocarbon tails that can 
have varying lengths and varying degrees of unsaturation.  B) Space filling pictures of PC, PE and PS species where all R groups are 16-carbon, saturated chains 
(also known as ‘palmityol’ chains).  The fact that there are two such identical chains confers the name dipalmityol PC (or DPPC) for example.  C) Phospholipids 
spontaneously assemble into bilayer structures in water (left) that can be induced to form spherical vesicles (right).
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on the headgroup and even in this respect the difference between DPPE and DPPC is slight.  
The DPPE headgroup terminates with a primary amine having three protons attached (-NH3

+), 
whereas the amine at the end of DPPC is quaternized (-N+(CH3)3).  This slight variation in 
composition, however, drastically changes the temperature dependent fluidity of the bilayers 
formed by these two lipids, as will be discussed below.  Similarly, removing single hydrogen 
atoms from two adjacent carbons in the middle of DPPC’s hydrophobic chains and replacing 
these pieces with a double bond between the carbon atoms (to make DPePC, see Figure 4) 
leads to a significant increase in the disorder found within lipid bilayers.

Considering the number of variables that can influence organization and properties in single 
component lipid membranes, one might imagine that plasma membranes would show a great 
deal of heterogeneity in their composition. Despite the tremendous diversity in lipid structure, 
however, most plasma membranes contain 20 or fewer types of lipids, and of these, only 3-4 
dominate in a given type of membrane (Bach et al., 2008; van Meer, 2005). What is curious 
about these statistics is that the specific identities of dominant lipids change depending on 
the type of cell and its function.  For example, approximately 20% of a red blood cell’s plasma 
membrane is comprised of DPPC and DPPE.  In cardiac (heart) cells, these same lipids 
represent less than 3% of the total plasma lipid content.  Similar comparisons can be made 
for lipid content of liver cells, brain cells, muscle cells and so on.  Table 1 highlights some of 
these differences considering just two classes of lipids: phosphatidylcholines (such as DPPC) 
and phosphatidylethanolamines (such as DPPE).  Overall, these two classes of lipids are the 
most common in mammalian cell plasma membranes. 

Lipid type Red Blood Cell Heart Cell

PC + PE combined 45% 32%

PC (%) (67%) (40%)

(DPPC 16:0) 34% 23%

DSPC (18:0) 13% 13%

DOPC (18:1) 22% 13%

PE (%) (33%) (60%)

DPPE (16:0) 29% <1%

DSPE (18:0) 9% 30%

DOPE (18:1) 22% 4%

 

Table 1 contains a considerable amount of data, but interpretation is relatively straightforward.  
Using red blood cells as an example, the 45% figure means that 45% of the total lipid content 
of a red blood cell plasma membrane consists of PCs and PEs.  Of that 45%, 67% (or 2/3) 
of the lipids are PCs and 33% (or 1/3) are PEs.  (Considering total lipid content, 45% x 67% 
= 30% contribution of PCs to the overall makeup of the red blood cell plasma membrane. 
15% of the red blood cell plasma membrane consists of PEs.)  The PCs may be further sub-

Table 1:  Partial listing of the lipid content of red blood cell and heart cell plasma membranes.  The table lists the most common physiological 
lipids found in humans (although not necessarily within these particular membranes).  The notation (XX:Y) denotes the length of the chains 
and the number of double bonds in the hydrocarbon chains in the lipid.  For example, DOPC is a phosphatidylcholine (PC), having a pair of 
18-carbon chains (18) each of which has a single double bond (1).  These chains are called ‘oleyoyl’ hence the abbreviation DOPC. (Data from 
Avanti Polar Lipids, Inc. http://www.avantilipids.com/Technical.asp.)
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divided to account for differences in hydrophobic chains.  As noted above, DPPC contains 
two saturated 16-carbon chains, but DSPC has two saturated 18-carbon chains, and DOPC 
contains two unsaturated 18-carbon chains.  

Variation in individual lipid content for a given type of cell plasma membrane is typically < 2% 
from cell to cell in healthy organisms (Watson, 2006). Imbalance in the relative lipid fractions 
in plasma membranes usually signifies some sort of physiological disorder. For example, cells 
in the lower gastrointestinal tract of patients suffering from colon cancer show an excess of 
unsaturated lipids relative to saturated lipids (Chapkin et al., 2007). Enhanced phosphocholine 
content in cells has been correlated with liver disease and insulin producing activity (and 
diabetes) tracks closely the concentration of plasma membrane lipids having unsaturated C20 
and C22 chains (Pan et al., 1995). While these findings can assist in the making of diagnoses, 
the relationship between cause and effect remains unclear.  The medical community still does 
not know whether changes in plasma membrane lipid content leads to specific maladies or 
if the observed imbalance in membrane lipid populations is simply one manifestation of an 
ailment. This uncertainty stems from the fact that most correlations between membrane lipid 
content and the overall condition of an organism are based on ex situ analyses of membrane 
composition after the membrane itself has been dissolved into its component pieces. Missing 
is information about specific interactions between lipids within a membrane.

To summarize this section, the most general observation that can be made about cell plasma 
membranes is that the membranes of different cells have evolved to have very specific, non-
transferable compositions. Presumably the unique combination of lipids in a given type of cell 
plasma membrane imparts unique chemical and mechanical functionality, but questions about 
how different ensembles of lipids interact, mix and/or phase-separate continue to challenge 
biologists, chemists and physicists.  These questions become especially relevant when 
considering proposals that ‘lipid rafts’ – cholesterol rich collections of lipids in a membrane 
that do not represent statistical compositions – will aggregate spontaneously for the express 
purpose of initiating a specific cellular function. The notion that specific collections of lipids 
can trigger or turn off specific cellular processes has been under debate for almost two 
decades (London, 2005; Simons and Vaz, 2004; Yethiraj and Weisshaar, 2007).  Examples 
of such processes include opening or closing sodium ion (Na+) channels to regulate osmotic 
pressure in cells (Martens et al., 2000) and signaling the machinery inside of the cell to self-
destruct (Ohanian and Ohanian, 2001). Lipid rafts have been observed in vitro but detecting 
such assemblies in vivo has proven to be much more difficult (Simons and Vaz, 2004).  In part 
these challenges arise from a dearth of information about, and insight into, how collections 
of molecules having different shapes organize themselves when confined to two dimensions. 
Such mixed monolayers and bilayers are difficult to characterize and model and even harder 
to study experimentally.  

Lipid Structure and Organization within Plasma Membranes

The previous discussion highlights several important aspects about the character and 
composition of cell plasma membranes.  First, cell plasma membranes are the barriers 

that define and protect cells.  Second, plasma membranes are composed primarily of 
phospholipids.  The lipids themselves show tremendous diversity in terms of molecular 
structure and intermolecular forces.  Third, only 3-4 specific species of lipids (out of more 
than 200 possible species) dominate the composition of a given plasma membrane, and 
the identities of these species change depending on the type of cell in question.  What 
remains unclear, however, is whether these lipids are distributed homogeneously throughout 
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the plasma membrane or if specific lipids will form non-statistical domains (or rafts).  If 
domains do form, additional questions arise about their composition and lifetimes.  Only by 
understanding how mixed composition lipid assemblies organize in two dimensions can cell 
function and cell viability begin to be understood quantitatively and predictively.  

Traditional studies of the relationships between membrane composition and function have 
been empirical in nature: a cell is subjected to some stress, the plasma membrane is broken 
apart (or ‘lysed’), and the total lipid content is assayed and analyzed for changes relative to 
the composition of a healthy, functioning cell (Fahy et al., 2005; van Meer, 2005). These 
studies have provided important benchmarks by identifying individual lipid types that are 
sensitive to extra cellular conditions in vivo and those lipids that remain invariant to the 
surroundings.  However, such results are necessarily insensitive to the way in which the lipids 
were arranged in the membrane before the plasma membrane was lysed. The development 
of predictive structure/function correlations describing the relationship between plasma 
membrane composition and plasma membrane properties can only result from understanding 
how collections of asymmetrically shaped molecules organize themselves in two dimensions.  

The variables controlling lipid self-assembly are relatively easy to identify: attractions and 
repulsions between charges on lipid headgroups represent the strongest interactions.  These 
Coulomb interactions will be modified by the cohesive forces that can pull together saturated, 
fully extended hydrocarbon chains and the disorder that results from hydrocarbon chains 
having defects or double bonds.  This section explores more deeply the relationships between 
phospholipid structure and the properties of monolayers and bilayers composed of specific 
lipids.

When considering the possibility that a collection of mixed lipids (confined to two dimensions) 
will spontaneously self-assemble into domains whose composition does not represent the 
composition of the overall system, one must consider the balance between two competing 
forces, enthalpy and entropy.  Enthalpy describes the heat required or given off by specific 
chemical events.  For example, when gas phase molecules condense or liquids freeze, the 
‘event’ (of condensing or freezing) is said to be exothermic, meaning that heat is given off 
and the system’s overall energy is lowered.  Conversely, phenomena requiring heat from the 
surroundings (such as melting or boiling) are endothermic and leave the system with more 
energy than it had initially.  From an enthalpic perspective, aggregation or phase separation 
of specific  types of  lipids  is  favored  if  the  system  can  undergo  a  two-dimensional 
condensation or freezing transition.  Such behavior would lower the energy of those components 
that aggregated, allowing other species to occupy more space.  

Counteracting enthalpic effects is a system’s entropy.  In a statistical sense, entropy reflects 
the amount of disorder in a system, and the second law of thermodynamics requires that for 
a given set of conditions (including composition, temperature, etc.), a system will always 
maximize its entropy.  For example, entropy is responsible for heat always transferring from 
a hot object to a cold object or for the spontaneous mixing of gases and (miscible) liquids.  
In systems having mixed composition, entropic considerations will always favor complete 
mixing and lead to a homogeneous distribution of components throughout.  Stated simply, 
enthalpy will try to bring together species having similar structures while entropy will attempt 
to randomize distributions within mixed component systems.

Enthalpy and entropy are thermodynamic properties that do not require knowledge about the 
molecular structure and organization within a system.  However, such information can help 
interpret the results from this enthalpy versus entropy competition.  For example, phospholipid 
monomers in aqueous solution are known to form bilayer structures spontaneously (Gregoriadis, 
1993). These bilayers have the same general architecture of biological cells, but, unlike cells, 
the composition of the bilayers can be changed arbitrarily with different effects on bilayer 
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properties. Phospholipid bilayers typically exist in one of two states: the gel state and the 
liquid crystalline state. The gel state has long range order and can be thought of as a two- 
dimensional solid.  Individual lipid components of a bilayer in the gel state tend to be highly 
structured and rigid.  In contrast, the liquid-crystalline state of lipid bilayers is characterized by 
disorder amongst the monomer components (Figure 3). Lipid bilayers in this two-dimensional 
fluid state are more flexible.  Plasma membranes exist in the liquid crystalline state.  

The thermodynamic state of a lipid bilayer depends sensitively on its composition.  Lipid 
monomers having long saturated chains can pack together efficiently and have gel/liquid 
crystalline transition temperatures that are relatively high.  Using the solid/liquid analogy for 
the gel and liquid crystalline states, respectively, the gel/liquid crystalline phase transition 
can be thought of as the well ordered chains of a lipid bilayer in its gel state  ‘melting’  to form 
a more disordered, two-dimensional, liquid-like structure. Lipids having greater asymmetry 
cannot pack together in two dimensions as effectively and have correspondingly lower gel/
liquid crystalline transition temperatures.  In terms of enthalpy and entropy, the gel state has 
a lower enthalpy (and correspondingly lower energy) than the liquid crystalline state, but the 
gel state also has considerably less entropy due to strong intermolecular interactions between 
monomers.  However, if lipid structure prevents monomers from getting too close to each 
other (because of bulky headgroups and/or asymmetric, unsaturated hydrophobic chains), 
then weak attractive interactions between monomers is not enough to offset the amount of 
energy available thermally, and the system will maximize its entropy by forming the more 
disordered liquid crystalline state.

These considerations can be illustrated by examining the gel/liquid crystalline transition 
temperatures of various lipids.  Table 2 summarizes transition temperature data for a number of 
phosphatidylcholines and phosphatidylethanolamines commonly found in mammalian plasma 
membranes.  The top three entries – DMPC, DPPC and DSPC – are all phosphatidylcholines 
having saturated chains of varying lengths.  DMPC has the shortest chains – 14 carbons in 
length – whereas DSPC has a pair of 18-carbon chains.  Saturated chains can adopt ordered, 
all-trans structures that allow the chains to pack together tightly and experience moderately 
attractive interactions (known as van der Waals attractions) with chains of adjacent molecules.  
The longer the chains are, the stronger the interactions.  Consequently, we expect lipids 
having the shortest chains to have the weakest attractive lateral interactions, and bilayers 
formed from these lipids should have the lowest gel/liquid crystalline temperature.  In other 
words, less energy (in the form of heat) is necessary to transform the gel state of short chain 

Figure 3:  Computer simulations of a DPPC bilayer in its gel state (left) and liquid crystalline state (right).  (Figures taken from Heller, H. and 
co-workers, (1993) Journal of Physical Chemistry 97: 8343.)
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bilayers into the disordered liquid crystalline state.  In contrast, bilayers formed from long-
chain lipids are more rigid and higher temperatures are needed to melt these systems.  These 
predictions are born out by the transition temperatures reported in Table 2.  DMPC with its 
short chains has a relatively low transition temperature (23˚C), whereas DSPC’s transition 
temperature (55˚C) is considerably higher.  Interestingly, DPPC – the most common lipid 
in human plasma membranes – has a transition temperature of 41˚C, only slightly above 
physiological temperature (37˚C).
   

Lipid type Tgel/LC (˚C) Distinguishing characteristics

DMPC 23  two saturated C14 chains; PC headgroup

DPPC 41 two saturated C16 chains; PC headgroup

DSPC 55 two saturated C18 chains; PC headgroup

DPePC -36 two C16 chains with double bonds after C9; PC

DPPE 63 two saturated C14 chains; PE headgroup

DSPE 74 two saturated C16 chains; PE headgroup

An additional example of how chain structure impacts on long range order and organization 
in lipid bilayers considers DPePC or dipalmitelaidoyl-sn-glycerophosphatidylcholine.  This 
lipid is identical to DPPC except for the presence of trans double bonds in both hydrocarbon 
chains between the 9th and 10th carbon atoms (Figure 4). The gel/liquid crystalline transition 
temperature of this lipid is -36˚C – more than 75˚C lower than in DPPC. The reason for this 
dramatic difference becomes clear when considering the effects that double bonds will have 
on the organizational affinity of these lipids.  Double bonds are structurally rigid and cant the 
remainder of the hydrocarbon segment in such a way that chains cannot pack efficiently with 
the chains on adjacent monomers.  As a result, the monomers lose out the attractive van der 
Waals interactions responsible for the (relatively) high transition temperatures observed in 
those lipids without double bonds.  
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Table 2: Gel/liquid crystalline phase transition temperatures for different phospholipids. (Data from Avanti Polar Lipids, Inc.                                                               
http://www.avantilipids.com/Technical.asp.)

Figure 4:  Chemical structures of two phosphocholines, DPPC and DPePC.
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In addition to chain structure, the charged headgroups of lipids can also affect organization 
in lipid bilayers. Considering the two lipids discussed in the previous section – DPPC and 
DPPE – one sees that DPPE’s transition temperature (63˚C) is more than 20˚C higher than 
that of DPPC (41˚C).  As noted above, the only differences between these two lipids are 
slight variations in the structure of the zwitterionic headgroup’s cation:  DPPE has a smaller 
cation (-NH3

+) compared to DPPC (-N (CH3)3
+).  This modest change in structure, however, 

alters significantly the ability of headgroups to interact with each other through Coulomb 
(i.e., charge-charge) attractive forces.  In the case of DPPE, the positive charge is much more 
accessible and capable of binding more tightly to the anionic phosphate group of an adjacent 
lipid.  DPPC, in contrast, has the positive charge on the nitrogen buried behind bulkier, 
hydrophobic methyl groups increasing the distance (and weakening the attractive forces) 
between cationic and anionic groups on adjacent lipids.  

The goal of this section has been to clarify two of the primary driving forces – enthalpy and 
entropy – that compete to control the structure and organization of phospholipids in single 
component, self-assembled bilayers.  These assemblies often serve as the simplest models of 
more complex lipid-based, biological membranes.  Enthalpy tends to bring lipids together, if 
possible, and create rigid structures having long range order.  If lipids cannot pack together 
effectively, then enthalpic interactions are weakened and entropy will lead to lipids within the 
bilayer being as disorganized as possible (while still retaining the general bilayer structure).  
These disordered structures are much more fluid and flexible than those bilayers that are highly 
ordered.  Comparisons of the gel/liquid crystalline transition temperatures for different lipids 
whose monomer structures are similar illustrate how enthalpy and entropy both influence the 
structure of these bilayer assemblies.  

From an evolutionary perspective, plasma membranes must balance the structure, protection 
and durability that comes from lipids in their gel (or ordered) state with the need to have 
barriers that can accommodate rapidly changing environments and the need to adopt a 
variety of conformations depending on the moment-to-moment needs of the cell’s function.  
Accommodating varying levels of cholesterol as well as proteins and ion channels that span 
the plasma membrane requires a level of flexibility that gel-state bilayers simply cannot 
provide.  The next section identifies several fundamental questions – still unanswered – about 
the behavior of phospholipids in bilayers having mixed composition.  These questions are 
more complex than analogous queries about lipid behavior in single component systems but 
fail to capture the complexity found in actual biological systems.  Instead, the questions mark 
what could be considered a ‘bottom up’ strategy for addressing mysteries about structure and 
organization in mixed lipid systems, with the hope that answers can begin to address in a 
fundamental way observed phenomena in living cells.  If this ‘basic research’ approach towards 
understanding the properties of complicated biological assemblies is to offer meaningful 
insight, then the behavior of simple mixed systems must be understood both quantitatively 
and predictively.  

Questions about Phospholipid Behavior in Two Dimensions

Question 1.  How do lipids mix in two dimensions?  The simplest questions that one can 
ask about a phospholipid bilayer assembly having multiple components are these: ‘Do the 
components mix? If so, how do they mix? And if not, how do they segregate from each 
other?’  These questions can be addressed schematically using the pictures shown in Figure 
5. Starting with a two component mixture (such as DPPC and DPPE, the two most prevalent 
lipids in red blood cell plasma membranes), one can imagine several limiting possibilities.  
First, the components might mix ideally. In this scenario, the lipids are homogeneously 
distributed and intermingled throughout the entire assembly, and any small representative 
patch of the assembly has exactly the same properties as any other small, randomly chosen 
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patch.  A variation of this limit is a ’gradient’ model whereby the lipids do not mix ideally – the 
center of the disk in Figure 4 is more concentrated in one component and the perimeter is 
more concentrated in the second component – but the gradients in local lipid concentration 
change only gradually without clear boundaries defining different domains.  In the other 
limit, the lipids might phase-separate with all lipids of one type aggregating on one side 
of the assembly while the second component aggregates on the other.  Alternative forms of 
this phase-separated picture occur, including one in which one component phase-separates 
in small, densely packed two-dimensional ‘islands’ surrounded by a more disperse phase 
comprised primarily of the second component.  This particular model is, in fact, observed in 
monolayers formed at the air/water interface from single lipid components such as DPPC.

Qualitatively, one might imagine that lipid mixtures formed by two components having very 
different structures (and transition temperatures) might prove more prone to phase-separate 
than mixtures of lipids having very similar structures.  Such intuition is supported by a 
growing number of studies reporting lipid miscibility in simple, binary systems (Bennun et 
al., 2007; Feigenson and Buboltz, 2001; McConnell, 2005; Silvius, 1982; Veatch and 
Keller, 2002, 2005).  These results, however, have something of a ‘scatter shot’ character 
to them and little work has been done to identify anything more than qualitative, guiding 
principles.  A quantitative understanding of mixed lipid interactions in bilayers will require 
systematically changing a single variable at a time (such as chain length, headgroup, or degree 
of unsaturation) and performing laborious, thermodynamic characterizations.  An important 
regime for these studies will focus on the dilute limit and explore whether small amounts 
of ‘trace’ lipids have disproportionately large effects on gel/liquid crystalline transition 
temperatures and other relevant bilayer properties.  One hopes that at the conclusion of such 
an exhaustive investigation, the qualitative ‘rules of thumb’ can be transformed into more 
rigorous, quantitative models of lipid miscibility.

Question 2. Do the two monolayers comprising a bilayer communicate with each other?  One 
important observation relevant to structure and organization in plasma membranes is that 
lipids are distributed asymmetrically between the two monolayers that comprise the bilayer.  
For example, nearly all of the phosphocholine species in red blood cell plasma membranes 
are located in the outer monolayer (or leaflet) exposed to the outside, while virtually all of 
the phosphoethanolamine is localized in the inner leaflet (Bach et al., 2008; McIntyre and 
Sleight, 1991; Simons and Vaz, 2004). Such segregation raises important questions about 
the degree to which the properties of the two leaflets are coupled to each other both in vitro 
and in vivo.  

Researchers will often study the behavior of lipid monolayers to develop a better understanding 
of phospholipid bilayers (Goncalves da Silva and Romao, 2005; Gzyl and Paluch, 2005; Ma 
and Allen, 2006; Pallas and Pethica, 1985; Smaby and Brockman, 1990; Smaby et al., 
1997; Walker et al., 1998).  Related to this work are studies that use hybrid bilayers where 

Figure 5:  Schematic pictures representing ideal mixing (of red and blue lipids) on the left, a gradient distribution in the middle and a 
phase-separated system on the right.
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one hydrophobic monolayer is chemically bound to a substrate and a lipid monolayer is 
formed on top of the hydrophobic support, thereby forming a bilayer-like assembly (Anderson 
et al., 2006; Levy and Briggman, 2007; Linseisen et al., 1997; Plant, 1999).  When 
relating the findings from these experiments to potential biological consequences for actual 
plasma membranes, one assumes that the two leaflets in the membrane are decoupled from 
each another.  This assumption is reasonable in the limit that lateral interactions within a 
leaflet between headgroups and hydrocarbon chains should be stronger than the relatively 
weak interactions between monomers in adjacent leaflets. However, the two monolayers 
cannot be completely decoupled in the plasma membrane given the membrane consists 
of plasma membrane-spanning proteins (>50% by area) and that cholesterol can migrate 
freely between the two leaflets (Feigenson and Buboltz, 2001; Mattson, 2005; Tinoco et 
al., 2002).  Furthermore, one expects the fluidity of the outer leaflet to depend sensitively 
on the mechanical properties of the inner leaflet.  A number of different strategies can be 
used to probe the communication that occurs between opposing leaflets in a bilayer.  These 
strategies include a) using multi-dimensional NMR experiments with lipid vesicle containing 
solutions where the vesicles themselves consist of lipid mixtures asymmetrically distributed 
between the two leaflets (Talbott et al., 2000; Veatch et al., 2004), and b) using optical 
spectroscopy to probe structural and environmental changes on one side of an asymmetric 
bilayer while the opposing bilayer is chemically perturbed (Anglin et al., 2007; Liu and 
Conboy, 2007).  The challenge to these experiments – both NMR and optical – depends on 
one’s ability to create asymmetric bilayers in the first place.  Cells have evolved mechanisms 
for maintaining this asymmetry and the resulting steep concentration gradients, even when 
entropic forces would work to randomize lipid distributions both within and between bilayers.  
Recent reports have outlined ways to overcome this challenge, but just as in the case of 
lipid mixing in two dimensions, protocols for forming asymmetric bilayer structures (both in 
supported lipid bilayers and vesicles) are limited to simple model systems and are not yet able 
to accommodate the tremendous diversity in lipids found in biological systems.
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