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Abstract
Understanding the phase behavior of biological membranes is helped by the study of more simple
systems. Model membranes that have as few as 3 components exhibit complex phase behavior that
can be well described, providing insight for biological membranes. A number of different studies are
in agreement on general findings for some compositional phase diagrams, in particular, those that
model the outer leaflet of animal cell plasma membranes. These model mixtures include cholesterol,
together with one high-melting lipid and one low-melting lipid. An interesting finding is of two
categories of such 3-component mixtures, leading to what we term Type I and Type II compositional
phase diagrams. The latter have phase regions of macroscopic coexisting domains of {Lα+Lβ+Lo}
and of {Lα+Lo}, with domains resolved under the light microscope. Type I mixtures have the same
phase coexistence regions, but the domains seem to be nanoscopic. Type I mixtures are likely to be
better models for biological membranes.
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1. Introduction
In a biological membrane, which molecules are able to make physical contact with their
substrates, which are kept apart? Are there patches of the membrane that behave as a unit, for
example during fusion or fission or in interaction with viruses? Understanding such events in
and on cell membranes at the molecular level benefits by describing which membrane
molecules are clustered together and which are kept separated. For an animal cell plasma
membrane a starting point for this description on the most basic level is the fundamental unit
– the lipid bilayer – with the leaflets of some of the cell membranes having different lipid and
protein compositions [1]. The leaflets are coupled together in ways that are currently under
study but not yet well understood [2–4]. Even without knowing the factors that control the
nature and the strength of the coupling between the two leaflets, lipid mixtures that mimic each
leaflet can profitably be studied separately. One approach, described here, is to find out some
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of the main characteristics of the more simple systems, the individual leaflets, as a prerequisite
to understanding the more complex coupled asymmetric system.

For the membrane proteins, we find additional considerations beyond what we think about for
water-soluble proteins: When we consider the activity of a water-soluble protein, and its
interactions with other proteins and with small molecules, we rarely need to pay attention to
the phase behavior of its water environment. But for membrane-bound proteins, the activity of
the protein as well as the access of the protein to its targets can depend upon the phase behavior
of the membrane, and for coexisting phases, which are continuous and which are isolated,
discrete entities. For example, a protein kinase that can be regulated by reversible
phosphorylation can be kept close to or apart from its protein target, and likewise can be kept
active or inactive depending upon its access to its regulating kinases and phosphatases [5].

As to its chemical constituents, the lipids that form biological membranes comprise one of the
major classes of biomolecules, along with amino acids, nucleic acids, and carbohydrates. But
unlike these three types of polymers that have their information contained in their covalent
structure, the lipids manifest their biological behavior not as polymers but instead as physical
mixtures with other lipids and with the membrane proteins. Therefore the physical chemistry
of mixing has something to tell us about the behavior of biological membranes [6]. Although
we pay some price by examining such chemically simplified mixtures of few components as
can be treated rigorously by equilibrium thermodynamics, at a minimum we gain the clarity
of agreed-upon terminology, and with progress we gain the predictive power of thermodynamic
theory.

In particular, we want to know if different areas of a biomembrane have distinct physical and
chemical properties that last long enough to be felt by a membrane protein. We want to know
if any such compositionally distinct “domain” is stable, or is merely the transient clustering of
molecules in a single-phase nonrandom mixture. And we want to know the rules that describe
how membrane proteins partition among any stable lipid phase domains, or how proteins
control domain properties, including which phase domains are connected together to form a
continuous area that can be rapidly explored by its constituent lipids and proteins, and which
phases are dispersed into domains that are separated from each other.

2. Membrane phase behavior
A key property of any system is its phase. The characteristics of the phase depend in general
on the variables of temperature, pressure, and composition. Other variables can also be
significant, including pH, ionic strength, and the presence of particular multivalent ions. In
particular situations, any of these variables can be especially important (see [7]). In this review
we consider mainly what can happen to the membrane phases when the lipid composition
changes. Pioneering studies of phase dependence on lipid composition in mixtures containing
cholesterol by Vist and Davis [8] and early theoretical work by Zuckermann, Mouritsen, Ipsen
and others (see for example [9]) have raised our appreciation and understanding of how the
important property of phase depends upon lipid details. Indeed, local lipid composition actually
does change as a normal aspect of membrane recycling and as a result of the activity of the
enzymes of membrane lipid synthesis and breakdown. We emphasize a thermodynamic picture
but with the caveat that the system of interest is an ill-defined area of a cell membrane that can
be considered to be at quasi equilibrium over the timescale of interest. An entire cell membrane
is certainly not at equilibrium because the normal life of the cell includes both removing and
adding patches of membrane that contain thousands of molecules, as well as individual
molecules, on a timescale of tens of minutes [10]. These changes occur, for example, during
fusion or fission of the membrane, or in regions involved in signaling or metabolic activity.
Moreover, regions of the membrane can be compositionally isolated from each other and
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therefore have different phase behavior, even while remaining physically connected, as in the
case of the apical and basolateral regions of the plasma membrane of epithelial cells [11].

A compositional phase diagram summarizes and organizes the identities of each phase,
including the presence of coexisting phases, at all compositions [12]. The information
contained in such a diagram is necessarily limited, since it does not include descriptions of
how the properties of each individual phase depend upon composition, although of course this
information can be obtained. Rather, the compositional phase diagram can be thought of as a
minimal description of a bilayer that is necessary for interpreting the behavior. The entire range
of compositions that is accessible to the components, the so-called composition space, increases
in a multiplicative way for each compositional variable. As a consequence, although biological
membranes contain so many different species in the bilayer, we are limited by practical
experimental reasons to examining only a small subset of this vast array as a model for a
biological membrane. And even though we seek an understanding of real biological membranes
in all of their complexity, this review is lipid-centered in that we omit discussion of mixtures
in which a protein or peptide is one of the mixture components. In fact, no such 3- or 4-
component phase diagrams that cover significant composition space have ever been reported
for bilayer mixtures containing a membrane protein. And so we focus here on the poorly
understood phase behavior of lipid mixtures. With this view, once the lipid-only phase behavior
is sufficiently well described, then proteins can be more profitably examined as an additional
mixture component. Otherwise, we run the unnecessary risk of ascribing lipid-dependent
behaviors to the proteins. Indeed, this is exactly the situation with membrane nanodomains,
which are one of the behaviors of lipid-only mixtures, but whose small size some researchers
had thought must depend upon membrane proteins [13].

For several decades now, the phase behaviors of binary mixtures of lipids have been described
as functions of composition and temperature [14]. In briefest summary, the result is largely a
story of miscibility in the solid and liquid when chains are sufficiently similar, and conversely
immiscibility in the solid, and solid+liquid, when chains are sufficiently dissimilar. But the
phases of mixtures that contain cholesterol are more varied and more interesting. Because
animal cell plasma membranes are so rich in cholesterol, which is 35–45 mol% of the total
lipid, mixtures that model plasma membranes have been extensively studied, necessitating a
minimum of 3 components.

3. Phase diagrams to model cell membranes
Mixtures of 3 lipid components, with one being cholesterol, one a high melting temperature
lipid, and one a lower melting lipid, have the minimal number of components that yield rich
phase behavior [15,16]. In fact, we choose to limit our discussion here to just this one variety
of 3-component bilayer mixtures. The most complete phase diagrams of this sort have been
determined for DPPC/DOPC/ cholesterol at temperatures from 15 to 45° [17], DPPC/
diphytanoyl-PC/cholesterol [18] from 10 to 60°, and for DSPC/DOPC/cholesterol at ambient
temperature [19].

Precisely determined phase boundaries have special value: (i) A determination of possible
stoichiometries, e.g. ratios of integers, requires a phase boundary location precision of two
significant figures; (ii) Straight lines, which always have special significance in phase
diagrams, e.g., to identify the triangle of 3-phase coexistence, can be identified; (iii) Narrow
but distinct compositional regions can be identified; (iv) Most important, systematic changes
in boundaries of different phase diagrams can be found as components are systematically
changed.

There are currently enough data from different laboratories, using different measurements and
different methods of sample preparation, that one particular type of consensus phase diagram
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has been firmly established. We have termed this diagram “Type II” [20]. There are also enough
data from enough different research groups (see below) that we can describe a different but
closely related type of phase diagram, albeit with somewhat less certainty. Solving this second
type, which we have termed “Type I”, is more difficult because the phase regions {Lα+Lβ+Lo}
and {Lα+Lo} readily show artifactual, and therefore misleading, macroscopic domains by
fluorescence imaging methods [21,22]. Unfortunately for experimentalists, when separated
phases coexist as nanodomains, we have lost the use of fluorescence microscopy as one of our
tools for detecting such a phase region.

A generic phase diagram of these two types of mixtures is shown in Fig. 1 [19,23]. This figure
shows that the overall phase behavior of these two types of mixtures is remarkably similar,
even though of course the exact positions of boundaries depend upon the precise chemical
nature of the components. The locations of the phase boundaries differ for each particular
mixture within Type I or Type II, with more miscible components showing smaller regions
where separate phases coexist. Both types of phase diagrams contain a region of {La+Lb}
phase coexistence, which is easily identified using optical microscopy by the sharp, angular
features of the gel phase domains. Type II mixtures also show visible domains of {Lα+Lβ+Lo}
and {Lα+Lo}, minimally about a half micron in the smallest dimension and typically several
microns, but in Type I mixtures these phase coexistence regions appear uniform. However,
experimental techniques that are sensitive to nanometer length scales confirm {Lα+L-β+Lo}
and {Lα+Lo} coexistence in Type I mixtures. The primary difference between these two types
of mixtures thus appears to be the size scale of fluid domains, with Type I mixtures having
much smaller domain size in regions where Lo is one of the coexisting phases [22]. Later below
we describe more fully the mixing information that is summarized in these phase diagrams.

Various physical methods can be used to define the location of phase regions by detecting a
more-or-less abrupt change in the measurement at a phase boundary [23–25]. A more limited
set of methods are useful for determining the size of domains. Yet, the possibility of very small
domain size is currently thought to be of great significance in linking these chemically simple
model mixtures with real biological membranes. Nicolini et al. used small angle neutron
scattering to detect a broad distribution of domain sizes at the particular composition of SM/
POPC/cholesterol= 1/1/1 [26]. This technique is not practical for finding the phase boundaries
because of the relatively small number of compositions that can be examined, but the shape of
the scattering profile can be modeled to provide some information about the nature of the
scattering entities. In this case, data could be fit to scattering from disks of phase domains in
the size range of 20–200 nm. Filippov et al. used NMR measurements of lateral diffusion to
conclude that SM/POPC/cholesterol mixtures have small domains, but the size was
indeterminate [27].

FRET experiments are inherently sensitive to distance in the size range up to perhaps an order
of magnitude greater than the Forster energy transfer length, that is, up to ~50 nm [28–30].
Frazier et al. studied SM/POPC/cholesterol, using Monte Carlo simulations of FRET data to
produce snapshots of lipid distributions, from which lipid cluster/domain size is found [31].
They report that domain sizes from tens to hundreds of nm fit the FRET data. In another study
of domain size, using time-resolved FRET data, also for SM/POPC/cholesterol, de Almeida
et al. found a range of domains sizes from ~20 up to ~100 nm, depending upon the composition
within the 2-phase region {Lα+Lo} [30].

4. Significance of small domain size for {Lα+Lo}
A straightforward explanation for FRET experiments showing coexisting phases in the raft
region even though GUVs look uniform when examined by fluorescence microscopy, is that
separate phases exist, but that the phase domains are small. This “phase explanation” is
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challenged by an alternative interpretation that small domains are in fact not equilibrium phase
domains but instead are critical fluctuations that occur even at temperatures and compositions
that are distant from a critical point [32–34].

Here, we take a more simple, equilibrium thermodynamic approach to the question of what is
a compositionally distinct domain. First, let us consider how small these domains would be.
We can reason that if the domains are only slightly smaller than the wavelength of fluorescence
excitation/emission, but with a Gaussian distribution about that size, then we would still detect
some fraction of the domains in optical microscopy images. From this reasoning, we expect
domain size to be much smaller than ~300 nm, not merely slightly smaller: If the average size
is actually close to ~300 nm, then the domains would need to have an unusually narrow range
of sizes since no large domains are observed.

If small domains correspond to genuine phase separation, then they are distinctly different from
the small clusters that occur in ordinary nonideal mixing. Clusters from nonideal mixing change
continuously in size and composition in time and in composition space, as can be seen in
snapshots from Monte Carlo simulations of mixing [35]. In contrast, tiny phase domains would
be more robust than clusters, having well-defined physical and chemical properties. These
properties show up in FRET experiments, which reveal that lipid probe behavior fits a model
of coexisting domains along a tieline, instead of a model of continuous compositional change,
as occurs in ordinary nonideal mixing [36]. The small size might be required for the domains
to have their roles in the life of a cell. But if nanodomains are actually a critical phenomenon,
then we expect increased domain size as the critical point is approached in either temperature
or composition starting far away from the critical point in a 1-phase region [3]. This size
increase is observed for macroscopic domains [34] but has not yet been observed for
nanodomains, whose size is difficult to measure.

If nanoscale domains describe the coexistence of {Lα+Lo} phases, then we have a conceptual
problem: Why would such phase domains be stable? After all, the driving potential to reduce
excess energy along the domain boundaries, expressed by the line tension, might be expected
to result in essentially unlimited domain growth [37]. We require a mechanism that would drive
formation of small domains. Such small domains could occur when the attractive short-range
interactions that give rise to clustering and phase separation are combined with a long-range
repulsive interaction that outweighs the free energy cost of forming excess domain interface
[38], as is indeed found for small domains in monolayers that do not coalesce because of the
long-range dipolar repulsion [39]. Combination of short-range attraction together with long-
range repulsion is well studied nowadays because of intense research in nanotechnology. For
example, such attraction plus long-range repulsion gives rise to spontaneous pattern formation
that has proven useful for nanofabrication. The repulsive interaction can be electrostatic, as
occurs with lipid monolayers [39], or can arise from contractile tension from adsorption on a
substrate [40]. In addition, highly curved bilayer regions at domain interfaces can form a barrier
to coalescence of small domains [41]. However, no such repulsive interactions that overwhelm
interfacial line tension occur for uncharged and flat lipid bilayers. One plausible candidate for
the underlying cause of stable nanodomains is low line tension, low enough to be dominated
by the favorable entropy of having many small domains [37]: The free energy penalty incurred
by forming more interface could be offset by the entropy gain from having more ways to have
the phase. Yet at one extreme, a line tension of zero means no phase separation [42]! Perhaps
there is a critical line tension where macroscopic phases break up into the small domains
[37]. Or, more generally, the modeling of phospholipid phase transitions in terms of a single
order parameter that describes only the acyl chains, might be insufficient; perhaps an order
parameter for the headgroup region behaves differently from that for the acyl chains, and
frustration might yield phase patterns or nanodomains (see discussion in [43]).
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In live cells, unless extensive crosslinking of proteins or lipids occurs, any phase-separated
domains that might exist have a dimension below optical resolution [44]. Despite the lack of
direct visual evidence, and based in part on evidence from lipid and protein motional
measurements, some researchers have ascribed nanoscopic raft size as caused by proteins that
in effect create a cage around the lipid domain [21,45,46]. Picturing a membrane as having
nanoscopic domains also fits other types of data, including FRET [47] and EM observations
[42]. Others suspect that certain membrane proteins adsorb at the raft interface, lowering the
interfacial tension and shrinking the raft size [48]. These mechanisms to promote the small
size of domains might indeed be operating in cell membranes, with their rich content of
different lipids and proteins. But one value of the model studies on lipid-only mixtures is to
discover that small size of phase domains can be driven entirely by lipid mixing behaviors.

If the nanometer scale describes the phase-separated domains in animal cell plasma
membranes, then perhaps these small structures, rather than micron-size domains, are the ones
best suited for model studies. A domain that is a 5 nm diameter circle would contain only ~30
lipids in the Lα phase or ~40 lipids in the Lo phase, and ~1/2 to 2/ 3 would be at the interface.
For a 10 nm diameter circle, with ~120 lipids in the Lα phase or 150 in the Lo phase, closer to
1/3 of the total domain lipids are at the interface. The high fraction of lipids that are at the
domain perimeter and therefore not entirely surrounded by molecules of the same phase
provides a potential mechanism for the nanodomains to have different properties from macro-
domains. For example, the partitioning behavior of fluorescent or spin-labeled probes might
be different. But far more important and interesting, the partitioning behavior of membrane
proteins might be different from that observed by visual examination of GUV images. If this
is the case, then efforts should be directed toward characterizing the partitioning properties of
proteins in nanodomains. Whereas one or a small number of proteins would not greatly affect
the properties of many 1000 s or millions of lipids of a macro-domain, the protein might well
influence the properties of the lipids in a couple of layers around its boundary, which is
comparable to the total number of lipids in a small nanodomain. Because of the likelihood that
size and lifetime of any lipid-driven nanodomains would be under the control of membrane
proteins, these questions might have useful answers only when studies of domain size and
lifetime are compared in the presence and absence of membrane proteins.

Another issue for biological membranes is the connectivity question for coexisting phases —
which type of phase is continuous, enabling membrane proteins within the same phase to find
each other. For example, when phases coexist, a protein target of a kinase and a phosphatase
could be accessible to both, but only if all three proteins are found appreciably in one continuous
phase [5]. In contrast, if that phase is small and discontinuous, the enzyme cannot find its target.
Therefore, in addition to the thermodynamic question of whether or not a region of a cell
membrane is phase-separated, a different question is which phase is the connected one. And
this question might have different answers for macro-domains compared with nanodomains.

In a general sense, these phase diagrams inform us that lipids in bilayer mixtures arrange
themselves into characteristic structures because the lipids have energetic preferences for their
neighbors. In principle, these energy preferences, or “microscopic interaction energies”, can
be recovered from the phase boundaries and tielines of these diagrams [49,50]. However, at
this time we know only a handful of what are without doubt the many rules that describe lipid
mixing. We know that cholesterol molecules in the bilayer repel each other [45,49,50];
furthermore, the neighboring phospholipids of each cholesterol adopt a particular conformation
that is not compatible with the sharing of that phospholipid as a neighbor by more than one
cholesterol; saturated acyl chains mix better with other saturated chains than they do with
unsaturated chains; cholesterol packs into the gel phase up to about 16 mol%, and at higher
concentrations either separates out as the Lo phase, or else transforms continuously into the
Lo phase [19,20].
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If macroscopic phase domains provide the information we seek in order to understand the rules
that describe protein partition between phases, then the GUVs provide a fine model system.
Images of fluorescent dyes can be qualitatively or semi-quantitatively analyzed to determine
protein partition behavior. But so far, a puzzle has emerged from such partitioning studies of
chemically simple model membranes: With the exception of GPI-anchored proteins, other
proteins all partition out of Lo, into Lα [51–55]. In the SM-containing mixtures, even long-
chain dyes having no double bonds or moieties protruding from the chains favor Lα over Lo,
even when that dye favors Lβ over Lα [56]. These behaviors inform us about the properties of
the domains in our model mixture, but are they reliable guides for the behaviors of any
coexisting domains in real animal cell plasma membranes? We need the partition information
involving nanodo-mains for proteins, even just for fluorescent dyes, to compare with existing
results for macro-domains.

5. Detailed descriptions of Type I and Type II phase diagrams
5.1. Pure components at the vertices

At ambient temperatures, the phase of the high-melting lipid is typically Lβ for the
sphingomyelins, and Lβ′ (the chain-tilted solid phase) for DPPC or DSPC.

The phase of DOPC, POPC, or SOPC is Lα.

Cholesterol is the monohydrate crystal.

5.2. Binary mixtures along the triangle sides
5.2.1. Compositions between the low- and the high-melting lipid—The width of the
2-phase region depends upon the temperature, the identities of these two lipids, and χCHOL.
This width shrinks as the two lipids mix better, whether because the temperature or χCHOL
increases, or else the two are more compatible, e.g. SM+POPC is narrower than DSPC+DOPC.

If the pure high-melting lipid is in the Lββ phase, then the Lα phase can separate from it directly,
as with DOPC added to DSPC at 23 °C. Or, a solid Lβ phase containing some of the low-
melting lipid can form, yielding a 2-phase region of coexisting Lβ′+Lβ. This Lβ phase can
accommodate a small additional amount of the low-melting lipid, then an Lα phase separates.
This occurs, for example, with DSPC+POPC or SOPC at ambient temperature.

Apparently, the Lβ′ phase does not accommodate either the low-melting lipid or cholesterol.

5.2.2. High-melting lipid+cholesterol—This phase transforms from the solid gel (either
Lβ′ or Lβ) to the Lo phase as cholesterol is added. The nature of the phase transition(s) has not
been firmly established: The phase transition is either first-order or continuous (higher order).
In Fig. 1, dotted lines indicate the uncertainty in the transition order. At 25 °C the order
parameter remains high along this binary axis from solid to Lo, decreasing somewhat at higher
χCHOL [57]. Finally, crystals of cholesterol monohydrate precipitate from the Lo phase at
χCHOL =0.67 [58].

5.2.3. Low-melting lipid+cholesterol—GUVs show uniform fluorescence up to at least
χCHOL =0.5, the highest cholesterol composition examined for GUVs. Dilute dye and FRET
measurements at 0.02 mole fraction compositional resolution up to χCHOL =0.6 show no
changes that might indicate phase separation [19]. Compositional phase diagrams that are
constructed from samples that are far apart in composition (e.g. compositional increments much
greater then ~0.05 mole fraction units) can appear to show abrupt transitions between samples
[59], but when examined at higher compositional resolution (e.g. mole fraction 0.02 or better,
but at least 0.05) continuous changes become apparent. We must be cautious because a lack
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of evidence of phase separation could merely indicate insensitivity to a particular type of phase
change. But if there are indeed no abrupt phase changes at higher cholesterol concentrations
mixed with low-melting phospholipids, then we conclude that the Lα phase can accommodate
a great deal of cholesterol without a first-order phase change, until precipitation of crystals of
cholesterol monohydrate at χCHOL =0.67 [58]. In other words, we observe that the Lα phase
changes to the Lo phase continuously, without a first-order phase transition.

5.3. Ternary mixtures
The Lα phase accommodates an unlimited amount of cholesterol without a first-order phase
transition, until χCHOL =0.67, whereupon crystals of cholesterol monohydrate precipitate
[58]. The 2-phase coexistence of Lα+Lβ appears to terminate in a straight line at increased
χCHOL.

The saturating cholesterol concentration for Lβ phase that is in equilibrium with Lα phase is
χCHOL = ~0.16. At this value, an Lo phase separates from an Lβ phase that retains
approximately the same ratio of the two PCs, but with the higher cholesterol concentration of
χCHOL ~ 0.27. The region of 3-phase coexistence of Lα+ Lβ+Lo terminates in a straight line
at increased χCHOL. Type II mixtures such as DPPC/DOPC/chol or DSPC/DOPC/chol show
macroscopic domains when imaged using fluorescent dyes that partition among the phases,
although rarely are all three different phases distinguishable. In distinct contrast, Type I
mixtures such as DSPC/POPC/chol, DSPC/SOPC/chol, DPPC/POPC/chol, DPPC/SOPC/chol,
DPPC/DLPC/chol, SM/POPC/chol show uniform fluorescence in this 3-phase region. Phase
domains are small.

Similarly, Type II mixtures show a region of coexisting macroscopic domains of Lα+Lβ when
examined by fluorescence microscopy using a wide range of different fluorescent dyes [56].
In addition to these GUV images, the boundaries of this compositional region also show up
clearly in FRET or dilute single-dye experiments or NMR spectroscopy. But Type I mixtures
appear to be uniform in fluorescence microscopy imaging, even while the various
spectroscopies reveal clear phase boundaries.

The Lo phase occupies a wide region of composition space until χCHOL =0.67, whereupon
crystals of cholesterol monohydrate precipitate, in equilibrium with a cholesterol-saturated Lo
phase.

6. Usefulness of phase view for biological membranes
In favorable cases, we know the lipid composition of the combined leaflets of the membrane
of a given organelle [60]. In no case do we know the lipid composition of the local vicinity of
a protein in a biological membrane. Yet, we want to understand the possible membrane
behaviors when cholesterol is added or removed, when lipids are hydrolyzed to fatty acids and
lysolipids, or to ceramides or diacylglycerols that all remain as membrane components. The
phase diagrams are useful here. We can imagine starting at any particular composition, and we
can follow the phase changes as the composition is varied.

Consider compositional variations involving cholesterol. What can happen to a region of the
membrane when cholesterol concentration locally decreases? Starting from a typical
cholesterol mole fraction of ~0.45 [60], and with Fig. 1 as a guide, this region of the membrane
is likely to be in a single phase, Lo. (i) As cholesterol concentration is decreased, by whatever
means, this region of the membrane would separate into two phases, Lα+Lo. Some proteins
that had been mixed and accessible to each other in the single Lo phase would now separate
from each other, some preferring the Lα phase, others the Lo phase. Other proteins, the ones
that prefer the same phase, become more concentrated than they were in the single Lo phase;
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(ii) As cholesterol concentration is decreased further, solid Lβ phase would separate in this
region of membrane. Proteins in the membrane must respond to this new phase environment,
but in this case almost nothing is known about protein preferences when the three phases
coexist, Lα+Lo+Lβ, or the possible interfacial locations of the protein. We note that even
though some cell biologists do not consider the Lβ phase to occur in biological membranes to
any significant extent, if we simply base our reasoning on the measured compositions of animal
cell plasma membranes, then this solid phase cannot be ruled out a priori; (iii) In fact, when
cholesterol concentration is further decreased to below mole fraction ~0.16, the two phases
that are likely to coexist in the outer leaflet would be Lα+Lβ. In other words, if cholesterol
depletion (or enhancement) occurs in some region of a plasma membrane, the membrane phase
behavior can be complex and involve drastic and perhaps unexpected changes in bilayer phases.

The compositional phase diagram would also be useful for understanding local membrane
changes when lipids are hydrolyzed. However, so far no appropriate phase diagrams have been
determined that can guide us. At a minimum, we would need a 4-component diagram – a
tetrahedron at constant temperature – with such components as SM/POPC/ceramide/
cholesterol.
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Fig. 1.
Compositional phase diagrams of 3-component bilayer mixtures that contain cholesterol
together with a high-melting point lipid and a low-melting point lipid are useful models for
animal cell plasma membrane outer leaflets. To date, the various mixtures of these types all
seem to display the same pattern of phases. The most important distinction among such 3-
component mixtures is the behavior designated here as Type I or Type II. The Type I mixtures
have nanoscopic domain dimensions for the coexistence regions {Lα+Lo} and {Lα+Lβ+Lo}.
Fluorescence microscope images giant unilamellar vesicles, GUVs, of the Type II mixtures
reveal visible domains, whereas Type I mixtures appear uniform in these phase regions. The
exact positions of the phase boundaries depend upon the particular lipids. Dashed lines for
boundaries involving the solid Lβ phase indicate uncertainty as to whether the phase transition
is first-order or higher order (continuous). Some lipids form the untilted solid Lβ phase as
shown, others are in the solid tilted Lβ′ phase, and make a transition (not shown) to the Lβ
phase. Although large regions of the composition space are found to have a single phase of
Lα or Lo, these single phases might have local structure, as yet uncharacterized.
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