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Abstract

We review evidence that sterols can form stoichiometric complexes with certain bilayer
phospholipids, and sphingomyelin in particular. These complexes appear to be the basis for the

formation of condensed and ordered liquid phases, (micro)domains and/or rafts in both artificial and
biological membranes. The sterol content of a membrane can exceed the complexing capacity of its
phospholipids. The excess, uncomplexed membrane sterol molecules have a relatively high escape
tendency, also referred to as fugacity or chemical activity (and, here, simply activity). Cholesterol is
also activated when certain membrane intercalating amphipaths displace it from the phospholipid
complexes. Active cholesterol projects from the bilayer and is therefore highly susceptible to attack
by cholesterol oxidase. Similarly, active cholesterol rapidly exits the plasma membrane to
extracellular acceptors such as cyclodextrin and high-density lipoproteins. For the same reason, the
pool of cholesterol in the ER (endoplasmic reticulum) increases sharply when cell surface cholesterol
is incremented above the physiological set-point; i.e., equivalence with the complexing
phospholipids. As a result, the escape tendency of the excess cholesterol not only returns the plasma

membrane bilayer to its set point but also serves as a feedback signal to intracellular homeostatic
elements to down-regulate cholesterol accretion.

1. Introduction

Sterols are universal membrane constituents in eukaryotes. Nevertheless, they are not essential
to membrane integrity, being rare among prokaryotes and scant in several of the eukaryotic
organelles. Rather, they confer important properties on the plasma membrane and the
endomembrane organelles with which the plasma membrane is in intermittent continuity [1,
2]. Through their interactions with phospholipids and sphingolipids, sterols lower bilayer
permeability by reducing the free volume created by the thermal motion of the fatty-acyl chains.
For similar reasons, sterols condense bilayers, reduce their fluidity, compressibility and
compliance and increase their mechanical strength [3]. As described in Section 2, sterols can
enter into stoichiometric complexes with certain membrane phospholipids. These can drive the
formation of functionally important bilayer phases, referred to as raft domains [1]. Sterols free
of these phospholipid associations have a relatively high tendency to project from the bilayer
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(escape tendency or activity); this will be discussed in Section 3. Other properties of bilayer
sterols in or free of phospholipid complexes will be taken up thereafter.

An early indication that there are two states of cholesterol activity in bilayers (i.e., low and
high escape tendency) was the conditionality of the susceptibility of membrane cholesterol to
cholesterol oxidase attack. In particular, cholesterol in the outer leaflet of the red blood cell
membrane was found to be resistant to this enzyme, while the cytoplasmic leaflet was quite
sensitive [4]. It was then shown that this dichotomy corresponded to the asymmetrical
composition of the membrane; that is, synthetic vesicles rich in endofacial lipids (namely,
unsaturated phosphatidylethanolamines and phosphatidylserines) fostered the oxidation of
cholesterol while the exofacial lipids, the more saturated sphingomyelins and
phosphatidylcholines, did not [5]. Corresponding differences were later demonstrated for the
rate and extent of transfer of cholesterol from synthetic vesicles; that is, sterol efflux was
retarded by saturated phospholipid chains, phosphocholine head groups and, most of all,
sphingolipids [6,7].

It was also found early on that the susceptibility of the membranes of intact red cells to
cholesterol oxidase rose abruptly--from negligible to total—when the cholesterol content was
incremented from just below to just above its physiologic level (Figure 1). (Why a slight
enrichment caused all of the sterol to become a substrate was a mystery then but is explained
below.) Such observations lead to the working hypothesis that underlies this review: Membrane
cholesterol forms complexes with certain bilayer phospholipids. These complexes hold the
cholesterol in a state of low escape tendency. Cholesterol oxidase acts preferentially on the
uncomplexed cholesterol with a high escape tendency. For the same reason, bilayer cholesterol
that is not complexed is more readily transferred to acceptors.

2. Interactions of sterols with phospholipids

The fundamental properties of the phospholipids in bilayers are well understood [9], and their
interactions with sterols have been extensively characterized [2,10]. The cholesterol molecule
has a rigid, planar steroid nucleus comprised of four fused rings plus a terminal, flexible iso-
octyl tail (Figure 2). The sterol molecule aligns roughly parallel to its phospholipid neighbors
in bilayers. Its 3-p-hydroxyl group resides in the vicinity of their fatty-acyl carbonyl groups
near the aqueous interface. Sterols are not ideal solutes dissolved in the hydrophobic core of
the bilayer. Rather, they associate with the more polar lipids with varied strengths of interaction
[11]. What matters most in these associations is the length of the non-polar chains of the polar
lipids, the (un)saturation of their chains (i.e., the number, position and orientation [cis versus
trans] of their double bonds), and the size and structure of their polar head groups [10]). The
smooth a-face of the sterol nucleus makes favorable van der Waals contacts with the saturated
fatty-acyl chains of phospholipids down to about their tenth methylene group. Phospholipids
with phosphocholine head groups interact more strongly with sterols than those with smaller
head groups such as phosphatidylethanolamine and phosphatidylserine. Sterols prefer
sphingomyelin to phosphatidylcholine; since these two classes of phospholipid have identical
phosphocholine head groups, the difference is attributable to the longer and more saturated
fatty-acyl tails of sphingolipids as well as to hydrogen bonding between the hydroxyl moiety
of the sterol and the polar atoms in the lipid head group.

By themselves, phospholipids bearing two long and saturated fatty-acyl substituents typically
form a close-packed, ordered (solid or gel) phase below their melting temperature. Their chains
are well oriented toward the central plane of the membrane. Interaction with sterols reorganizes
such bilayers into a distinctive liquid-ordered phase. In this state, the fatty-acyl chains remain
aligned and extended parallel to the sterol nucleus, but the phospholipid molecules now have
the high rotational and diffusional mobilities seen in fluid bilayers. Sterol associations are
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optimal for phospholipids bearing fatty acids of around 17 methylene units (i.e., spanning the
length of the extended sterol molecule) and are less pronounced for longer and shorter chains
as well as for unsaturated chains [10,12]. At the same time, the irregular B-face of the sterol
nucleus complements and constrains the otherwise disordered cis-unsaturated fatty-acyl chains
abundant in biological membranes. Opposing these ordering influences are the vacancies that
sterols impose near the bilayer center; these arise because the length of the nucleus of the sterols
is less than that of the neighboring phospholipid tails. Furthermore, their iso-octyl chains are
highly mobile. The net outcome is that sterols confer an intermediate fluidity upon biological
membranes [1].

2.1 Sterols condense and order phospholipids

Membranes composed of phospholipids bearing two saturated chains take up sterols more
readily than their unsaturated counterparts. An exothermic enthalpy change drives these
interactions, estimated in one study to be ~9 Kcal/mole phospholipid [13]. The phospholipid
molecules are condensed by their association with the sterols; that is, the net volume of
membranes composed of these mixtures is less than that of its separate components [14-17].

This is because the nucleus of sterol molecules constrains trans-gauche isomerizations of the
carbon-carbon bonds in the otherwise fluid fatty-acyl chains of the adjacent phospholipids.
This chain stiffening causes the bilayer to contract laterally and to thicken. Sterols also can
straighten the tilt angle of the phospholipids, serving to further reduce the overall molecular
cross section of the membrane. Concomitantly, the bilayer becomes mechanically stronger and
less permeable to water and polar solutes [1].

2.2. Phase behavior of sterol-phospholipid mixtures

Homogeneous phospholipid bilayers undergo melting transitions from a well-ordered solid to
adisordered liquid phase at a characteristic temperature and pressure [17,18]. Mixtures of two
phospholipids can similarly undergo demixing into solid and liquid phases rich in the high
melting and low melting constituents at a characteristic temperature, pressure and composition
[14,18,19]. Every constituent in the bilayer will then partition between these phases according
to their relative affinity for each [20]. The coexisting phases will coalesce into a homogeneous
mixture at a high enough temperature and/or pressure.

Under certain conditions, the addition of sterols can drive the separation of phospholipid
mixtures into two phases, just as described above. One of the phases will be enriched in the
sterol plus the more strongly interacting phospholipids. Typically, these are the phospholipids
with large head groups and saturated fatty-acyl chains of intermediate length;
phosphatidylcholines and, especially, sphingolipids [1,18,19,21-24]. This sterol-rich phase
will be the more condensed and ordered, while the excluded bilayer will be a disordered liquid.
Through the use of an intercalated order-sensing dye, phase separation in sterol-containing
phospholipid membranes can be visualized in the fluorescence microscope [18]. The minor
phase typically appears as dots drifting randomly through the membrane continuum (i.e., the
dominant phase that maintains membrane continuity). The circular contours of the minor
domains and their ability to diffuse and coalesce show that both the islands and the continuum
that surrounds them are fluids.

Immiscibility is more readily demonstrated in monolayers than in bilayers of a comparable
composition, at least in part because the low surface pressures attainable in the former promote
phase separation [25]. Nevertheless, monolayer and bilayer systems are in good qualitative
agreement with respect to the ability of sterols to drive phase separation [26]. In contrast,
cholesterol-dependent phase behavior has been difficult to demonstrate directly in biological
membranes under physiological conditions. Domains may be present but too small to visualize
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by ordinary fluorescence microscopy. This hypothesis is supported by simulations using
synthetic bilayer vesicles [27]. Small rafts might signify that the interfacial energy (line tension)
driving phase separation is quite low [22], perhaps because of the vast heterogeneity of the
hundreds of different lipid species in a typical plasma membrane as well as interference from
integral proteins [28,29]. Micro-domains in natural membranes might also be composed of
specific protein assemblies with sterols and phospholipids [30].

Despite a wealth of valuable data, the structure, composition, size, heterogeneity and functions
of biological rafts remain open questions [24,31,32]. Low-density fragments of plasma
membranes have been isolated from detergent dispersions or mechanical homogenates by
flotation in sucrose density gradients. These are characteristically enriched in cholesterol and,
to a lesser degree, sphingolipids. However, their composition varies with the mode of
preparation (and particularly with diverse detergent treatments), so that the original cellular
form of such domains is uncertain [31]. Nevertheless, various membrane signaling protein
activities are cholesterol dependent in situ [33-35]. Furthermore, detergent-resistant membrane
fragments replete in cholesterol are, in fact, enriched in proteins assigned to rafts on the basis
of their behavior in the parent cells [36]. The cholesterol-dependence of membranous structures
such as caveolae and of processes like endocytosis suggest strongly that the sterol plays an
important role in the lateral organization of membranes in vivo [37,38].

2.3. Stoichiometric complexes of sterols and phospholipids

That sterols associate with phospholipids and thereby condense, order and otherwise alter
bilayers has been appreciated for decades [14,17]. However, the formation of well-defined
stoichiometric complexes of sterols and phospholipids was only recently postulated [39]. The
argument for this “stoichiometric complex model” is as follows: Monolayers of saturated
phospholipids like dimyristoyl- and dipalmitoylphosphatidylcholine exist in homogeneous
liquid-disordered phases at low surface pressures and temperatures above their melting points.
This homogeneity gives way to the appearance of two coexisting phases as cholesterol is added
[13,40]. (Phase separation is reported by the partition of an intercalated fluorescent indicator
in such studies [18].) That the contours of the discrete domains are round suggests that both of
the phases are liquids, and the distribution of the reporter dye suggests that the minor phase
that grows with cholesterol content (i.e., the cholesterol-rich phase) is more ordered than the
bulk continuum.

A phase diagram depicting the interaction of a phospholipid monolayer with cholesterol
(represented by its non-oxidizable counterpart, dihydrocholesterol) is presented in the left panel
of Figure 3. The data points mark the critical surface pressures at which multiple phases merge
into a continuum, as judged by fluorescence microscopy. Under the chosen conditions, the
phase behavior driven by the sterol has an unexpectedly complex concentration dependence.
The resistance of two-phase immiscibility to increasing surface pressures increases with sterol
content up to a mole fraction of approximately 0.33. Raising the sterol level in the monolayer
then weakens the phase partition until phase separation almost disappears at a sterol mole
fraction of ~0.4 (vertical arrow in Figure 3). Surprisingly, as cholesterol levels are increased
beyond this trough (cusp), a two-phase, liquid-liquid immiscibility pattern reemerges.
However, at these high sterol levels, the partition of the indicator dye is reversed: the discrete
domains are now more liquid than the continuum.

These findings are interpreted to signify that when the phospholipid is in excess, early on, most
of the sterol molecules associate with the phospholipids to form complexes [13]. Because the
complexes are sparingly miscible with the liquid-disordered phospholipid continuum, they
separate as more ordered liquid phases. At some characteristic intermediate sterol content (to
be interpreted shortly), most of the phospholipid molecules and most of the sterol molecules
are associated with one another so that, at the cusp in the curve, the film is predominantly
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composed of complexes with only small amounts of each uncomplexed lipid species dissolved
therein. Consequently, immiscibility is low and a single phase dominates. Additional sterol
exceeds the capacity of the phospholipids in the monolayer to form complexes, so that the
excess then forms a more ordered sterol-rich continuum in which the complexes are dispersed
as the more disordered minor phase. This makes sense because monolayers of cholesterol are
typically condensed solids even at low surface pressures.

According to this interpretation, as the sterol is increased, the monolayer passes from a mixed
liquid composed of a minor phase rich in complexes dispersed in a phospholipid-rich
continuum to a system in which the minor phase is made of complexes and the continuum is
composed of excess sterol [39]. In other words, the putative phospholipid-sterol complexes are
poorly soluble in both the phospholipid-rich and the sterol-rich phases that dominate at the
extremes of composition. The cusp marked by the arrow in Figure 3 then represents the
transition point at which the complexes have reached a maximum and both free sterol and free
phospholipids are at a minimum. It follows that the sterol/phospholipid mole ratio at the cusp
point gives the stoichiometry of the complexes. To emphasize the ordering of the associations
of the sterols and phospholipids, these assemblies have been called "condensed

complexes" [40]. However, we shall refer to them as stoichiometric complexes to highlight
that feature. We do not expect to see a cusp point in vesicles, as we do in monolayers, since
sterol molecules by themselves cannot form stable bilayers.

It has been shown that phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine
and sphingomyelin all form such sterol complexes when their fatty-acyl chains are of
appropriate length and saturation [41]. The mole fraction of cholesterol at the cusp point for
various phospholipid types is in the range of 25-50 mole percent, indicating that the
phospholipid:sterol mole ratios in these complexes range from 3:1 to 1:1. For example, the
apparent stoichiometry in complexes of sphingomyelins bearing various fatty amide chains is
two per cholesterol [42]. The net stoichiometry of a complex need not be an integer nor a small
number nor does that number reveal the size of the complexes. Rather, the complexes may be
cooperatively-assembled, short-lived (microseconds to milliseconds) oligomers of varied size
and proportions [39]. For example, dimyristoylphosphatidylcholine-cholesterol complexes
were estimated to have a stoichiometry of 3:2 based on a cusp point at ~40% sterol (Figure 3,
left panel) [13]. A molecular dynamics simulation of this mixture suggested the presence of
roughly comparable amounts of 1:1 and 2:1 complexes, matching the net stoichiometry
observed experimentally [43]. In another study, complexes of two sphingolipids and one sterol
molecule appeared to cluster into larger units, each containing 3-5 of such complexes; this
would suggest 9-15 lipid molecules per cluster [42]. It has also been shown that various
unnatural mixtures of dimethylphosphatidylethanolamine, myristic acid and
lysophosphatidylethanolamine can mimic the interaction of phosphatidylethanolamine with
sterols. That is, they formed monolayers with phase diagrams that resembled Figure 3,
manifesting two critical point maxima separated by a cusp point that corresponded to a
stoichiometry of 4.0-4.6 acyl chains per cholesterol [44].

Similar to their effect on monolayers, sterols also promote the formation of large liquid-ordered
domains in giant unilamellar bilayer vesicles containing a high melting and a low melting
phospholipid species [18]. This behavior has been accurately modeled in terms of the
thermodynamics of formation of condensed complexes [45]. Molecular dynamics simulations
also support the concept of association of sterols with phospholipids [43,46,47]. Furthermore,
such modeling suggests that these interactions can extend laterally beyond the complexes
themselves, thereby ordering adjacent phospholipids over several molecular diameters [48].
An implication is that cholesterol need not associate with every phospholipid molecule in the
plasma membrane in order to influence bilayer attributes such as passive permeability to
solutes.
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2.4, Sterol complexes are the basis of liquid-ordered domains

We accept the premise that sterols interact preferentially with phospholipids bearing saturated
chains and large polar head groups to form stoichiometric complexes that are poorly miscible
with the liquid-disordered continuum of non-interacting bilayer lipids [14,39]. If partially
immiscible with the bulk phase, such complexes will form condensed and ordered liquid
phases. Raising the temperature or the surface pressure of two-phase phospholipid-cholesterol
mixtures abolishes this phase separation at a critical point, as illustrated by the data in the left
panel of Figure 3. However, conditions that impose miscibility do not necessarily dissociate
the complexes; instead, they may simply promote their dissolution in the continuum [13,14,
26]. Thus, the absence of visible phase separation (raft formation) in biological membranes
does not militate against the existence of sterol-phospholipid complexes.

Some of the sterols that promote liquid-ordered phases in vitro are cholesterol, ergosterol,
epicholesterol, 25-hydroxycholesterol and dihydrocholesterol. Sterols deficient in this capacity
include lanosterol, androstenolone, coprostanol, cholestane and cholest-4-en-3-one (i.e.,
cholestenone) [26,49,50]. There is evidence that sterols that fail to promote liquid-liquid phase
separation nevertheless form phospholipid complexes that are presumably miscible with the
bilayer continuum (Ratajczak, M.K., Steck, T.L., Lee, K-Y. C. and Lange, Y., unpublished
data).

3. Membrane sterol escape tendency (activity)

A given molecular species in a lipid monolayer diffuses in-plane and partitions according to
its relative affinity for different lateral phases. Similarly, a bilayer constituent has a certain
potential to flip from one leaflet to the other as well as to redistribute to acceptors in the adjacent
aqueous compartment. Every molecule in each phase of the two bilayer leaflets will thus have
its own tendency (fugacity) to partition laterally, distribute transversely and transfer outwardly.
We are interested here in the last of these three propensities: the tendency of cholesterol to
escape from the surface of a bilayer. We take this potential to be a reflection of the strength of
its interactions with its local environment (see Section 2.4 in ref. [39]). For ease of expression,
we shall refer to the escape tendency of a membrane sterol as its activity. For a rigorous
treatment of principles, see ref. [51].

We have a mental picture of the escape tendency (activity) of bilayer lipids such as sterols. In
particular, molecules are driven by thermal energy to project sporadically from the membrane
surface into the aqueous phase [52-54]. This bobbing motion will reflect a balance, among
other factors, of its entropy-driven tendency to diffuse away, the weak associations holding it
within the membrane, the hydrophobic exclusion of its non-polar surface from water as well
as the hydration of its polar atoms. One can imagine that each molecular species has its own
dynamic equilibrium distribution of flickering projections, characterized by the frequency and
extent of its partial excursions. The activity of a sterol species at a membrane surface will
therefore manifest its profile of projection into the aqueous phase. One way to interpret the
poor interactions of membrane sterols at sub-threshold concentrations with cholesterol oxidase
(Figure 1) and cyclodextrin (Figure 3, right panel) would be that they are restrained by
complexation with the phospholipids and would therefore have low bobbing activity compared
to the subset of molecules that are free of such associations in the liquid-disordered phase.

3.1. The source of high-activity cholesterol in bilayers

Radhakrishnan and McConnell provided experimental evidence that uncomplexed sterol
molecules--namely, those in excess of the association capacity of the bilayer phospholipids--
have a relatively high chemical activity (fugacity) [39]. Their quantitative thermodynamic
modeling gave additional support to the argument that the chemical activity of the cholesterol
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in stoichiometric complexes is low compared to that of the free sterol [45]. In our view, this is
because uncomplexed sterol molecules have a higher profile of projection into the aqueous
compartment.

Huang, Buboltz and Feigenson (like Radhakrishnan and McConnell) also observed an abrupt
change in the behavior of the cholesterol in phospholipid vesicles as its abundance was
increased to high levels [55]. In particular, they demonstrated defined maxima for the solubility
of cholesterol in bilayers of phosphatidylcholine, beyond which microcrystals of the sterol
grew over a period of several days. They interpreted this behavior to signify that phospholipid
head groups can shield sterol molecules from contact with the aqueous phase. That is, the
phosphocholine moiety can provide a molecular umbrella that protects the hydrophobic edge
of the sterol nucleus from an energetically unfavorable exposure to water. Sterol molecules in
excess of these protective phospholipid head groups will be driven by the hydrophobic effect
to cluster in a lower energy state: microcrystals. During the many hours required for this
segregation process, the excess sterol would be metastable and have a high escape tendency.
As observed, bilayers composed of phospholipids with smaller head groups (e.g.,
phosphatidylethanolamine) will have a lower capacity for sterols, presumably because they
provide less of a shield. The umbrella hypothesis therefore offers a mechanistic explanation
for the observed limits on the solubility of sterols in phospholipid bilayers and the consequent
high chemical activity of their excess [56].

The umbrella mechanism is, in essence, physical rather than chemical. That is, it postulates no
associations between the sterol and phospholipid molecules. Rather, it is the hydrophobic effect
acting upon unshielded sterols that drives their activity and, ultimately, crystallization. Monte
Carlo simulations not only support the proposed general mechanism of sterol solubility in
bilayers and the precise solubility limits found for various phospholipids but also offer an
explanation of the observed membrane condensation and reduction of bilayer permeability by
sterols [56]. Furthermore, sterol molecules might assume a regular spacing from one another
so as to maximize their protection by phospholipid head groups and thereby minimize the free
energy penalty incurred by their exposure to water [57]. The umbrella mechanism is also
consistent with the lack of structural specificity observed for a wide variety of compounds that
displace cholesterol from phospholipids (an issue discussed in Section 5). For example, the
length of the fatty-acyl chains of the phospholipids does not appear to affect the capacity of
the membrane to solubilize cholesterol [55]. While some studies have not revealed
microcrystals in bilayers containing high fractions of cholesterol, sufficient time may not have
been allowed for their formation.

Nevertheless, the balance of current evidence may tilt toward the stoichiometric complex
model; i.e., weak chemical interactions between sterols and phospholipids. For one thing, this
model but not the head-group umbrella accounts for behavior such as documented in the left
panel of Figure 3 and for the molecular basis of liquid-ordered domains. Observed fatty-acyl
chain length effects and the favorable enthalpy of association for sterol-phospholipid complex
formation also implicate van der Waals interactions among nonpolar moieties rather than a
hydrophobic driving force [13,41]. Furthermore, the detergent-resistance of rafts suggests that
these lipid partners form persistent (albeit, weak) non-covalent associations unlikely to be
stabilized simply by the umbrella effect.

However, the stoichiometric complex mechanism and the umbrella mechanism are not
mutually exclusive. Rather, much of the data are consistent with both models. For example,
both formulations account for the poor attack of cholesterol oxidase on mixed bilayers
containing phospholipids with head groups that would shield sterols [5,57]. Furthermore, each
mechanism could drive the condensation of phospholipid-sterol mixtures [58]. Both models
serve the present argument by predicting an equivalence point in activity when phospholipids

Prog Lipid Res. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lange and Steck

Page 8

are titrated with sterols as well as the high activity of the excess free sterol monomers beyond
this point.

4. Experimental evidence for high-activity cholesterol

While sterols prefer to form liquid-ordered complexes with propitious phospholipids, they will
also populate liquid-disordered phases, driven there by weakly positive interactions with those
phospholipids or, entropically, because the phospholipids capable of strong associations are
occupied [59]. The free molecules are less constrained than their complexed counterparts and
should therefore have a high (bobbing) activity. Evidence supporting this premise is
summarized below.

4.1. Kinetics of cholesterol exit from membranes

The rate of transfer of a sterol from a membrane to an acceptor has been used as a reasonable
indicator of its escape tendency where the back reaction and other variables are constant or
immaterial. In particular, both the rate of transfer and the equilibrium partition to the acceptor
should increase acutely as the sterol is titrated past its equivalence point with the donor
phospholipid. The fraction of cholesterol in the donor compartment in most transfer studies
has been kept at or below this equivalence point, so that the predicted transition to high
cholesterol activity was not in evidence. However, where transfer rates have been studied as a
function of cholesterol concentration in the critical range, the anticipated sharp transition has
been observed both in monolayers and red cell membranes (see the right panel of Figure 3 and
references 54,59 and 60).

The escape tendency (activity) concept predicts that sterol derivatives of higher polarity than
cholesterol will exit monolayers and membranes that much faster. This has been observed
[60,61]. Also, as predicted, the rate and extent of transfer from various vesicles and monolayers
vary inversely with the known strength of association of sterols with phospholipids of different
acyl-chain saturation and polar head group size [1,6,10,62,63]. In particular, sphingomyelins
retard cholesterol exit to cyclodextrin most strongly, while phospholipids with mismatched
fatty-acyl chains (favoring formation of liquid-disordered phases) favor its transfer [60,64].
Introducing lysophosphatidylcholine into red cell membranes reduces the rate of cholesterol
exit [54]; presumably, the extra membrane phospholipid molecules complex free cholesterol
and thereby lower its activity.

It has been proposed that sterol transfer is mediated by its spontaneous desorption into the
aqueous medium followed by its collisional capture by an acceptor and the diffusion of this
soluble complex from the unstirred aqueous layer surrounding the membrane [7,65,66]. An
alternative mechanism is that sterols constantly project partially (bob) from the bilayer but
rarely escape; rather, acceptors capture them during favorable collisions with the cell surface
[52,53,67]. Given that the energy of activation for the transfer process, typically >20 Kcal/
mole, is roughly that expected for nonpolar molecules containing 25 or more carbon atoms,
cholesterol molecules are presumably captured by the acceptor when they project almost
entirely into the aqueous phase. The salient point here is that sterol excursion, whether by
intermittent bobbing or complete escape, is the critical, activity-driven first step in the transfer
process.

The half-time of cholesterol transfer from biological membranes ranges from seconds to several
hours, depending on the nature of the donors and acceptors [6,52,62,65,67,68]. An analysis by
Haynes et al. of [3H]cholesterol transfer from a CHO cell line to cyclodextrin suggested that
there were two Kinetic pools of plasma membrane cholesterol in addition to a small, non-

transferable (presumably intracellular) compartment [69]. It is possible that the minor plasma
membrane pool (~25%) that exited with a half-time of ~15 seconds was uncomplexed, active
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and located in a liquid-disordered environment. The major, slow pool (~75%; half-time ~21
min) might then correspond to sterol molecules sequestered in phospholipid complexes.
Furthermore, the slow pool replenished the fast pool with a half-time of ~25 min, suggesting
that it may have exited the membrane mostly by way of the fast compartment. The fast pool
also appeared to expand at the expense of the slow pool when cells were manipulated in ways
that might have increased the uncomplexed (active) sterol population. That is, treating cells
with sphingomyelinase or phospholipase C, cell disruption, the isolation of the plasma
membrane as fragments, and treating cells so as to scramble the asymmetry of their plasma
membrane bilayer all increased the relative size of the rapidly-exiting pool [69]. The last of
these variables presumably involved redistributing low-affinity cytoplasmic-surface
phospholipids to the exofacial leaflet (see Section 4.3).

4.2. Cholesterol oxidase susceptibility of membrane cholesterol

It appears that the rate of attack by the enzyme, cholesterol oxidase, can serve as an indicator
of the activity of membrane cholesterol. It is well established that the susceptibility of sterols
to cholesterol oxidase is high in mild detergent solutions and in homogeneous monolayers but
is limited and even undetectable in certain phospholipid mixtures and in biological membranes
[5,57,70-73]. A simple interpretation of these phenomena is that the complexation of sterols
by phospholipids reduces their activity compared to that of the free sterol in liquid-disordered
phases. That is, cholesterol oxidase readily accesses membrane sterol molecules with a high
bobbing profile. Structural studies have shown that this enzyme associates with the surface of
the bilayer rather than penetrating into its nonpolar core. Projecting sterol molecules can just
reach the catalytic cavity of the periphally-disposed enzyme [74,75]. The catalytic rate of
cholesterol oxidase can therefore report on the constraints imposed by various phospholipids
on the escape tendency (bobbing activity) of the sterols [57]. Similarly, the divergent efficacy
of cholesterol oxidases from different species could reflect subtle variations in the way they
access the substrate as it transiently extends from the plasma membrane [76].

This hypothesis is supported by evidence that cholesterol is a better substrate for the oxidase
when not membrane-bound and when in membranes made of phosphatidylserine than of
phosphatidylcholine or sphingomyelin [5]. Likewise, we can understand why saturated
phospholipids reduce cholesterol oxidation rates compared to their unsaturated counterparts,
and sphingomyelin constrains oxidation more than phosphatidylcholine [77]. In particular,
various phosphatidylcholine species protect cholesterol from the oxidase best when the lengths
of their chains are matched to that of the sterol; namely, 14-17 methylene units [78]. Likewise,
treating red cells with lysophosphatidylcholine inhibits the oxidation of their membrane
cholesterol [79]; presumably, the extra membrane phospholipid complexes with (or shields)
free cholesterol, thereby reducing its accessibility to the probe. For the same reason, fibroblast
cholesterol can be made a better substrate by treating the cells with sphingomyelinase [73].
There are a variety of other treatments that promote cholesterol oxidase attack but cannot now
be rigorously interpreted; they too could report on cholesterol bobbing activity [79]. One of
these treatments is exposure to very low ionic strength buffers; perhaps charge repulsions
reduce close-packing in the negatively-charged bilayer and thereby increase the quotient of
active cholesterol [80].

In both artificial bilayers and intact cells cholesterol oxidase susceptibility rises acutely when
the mole fraction of cholesterol is increased beyond a defined threshold (Figure 1) [8,54,70,
79]. This makes sense if sterols in excess of the phospholipid complexation capacity have a
high activity. Furthermore, these findings suggest that plasma membrane cholesterol naturally
matches the capacity of the phospholipids, presumably driven there by homeostatic
mechanisms that sense excess cholesterol from its escape tendency (see Section 6). In that the
cholesterol in resting plasma membranes is refractory to cholesterol oxidase, the pool of
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uncomplexed sterol in equilibrium with the complexes would appear to be normally very
small--and the bobbing profile of the complexed cholesterol quite low. Nevertheless, the ready
displacement of cholesterol from complexes by small amphipaths such as 1-octanol suggests
that the strength of its association with phospholipids might not be strong after all (see Section
5.3).

Why do small increments in cholesterol above the threshold lead to oxidation of the entire
cholesterol pool rather than just that increment? The answer probably comes from the
observation that the enzyme reaction product, cholestenone, remains in the membrane and itself
promotes the oxidation of cholesterol. The product would therefore feed back positively on the
reaction, as is also suggested by the oxidation time course which accelerates all the way to
completion [70,79]. Thus, the all-or-none action of cholesterol oxidase seems to involve the
ability of the reaction product, cholestenone, to displace cholesterol from its association with
phospholipids, thereby promoting its activity and enzyme susceptibility (Section 5.3) [54,70,
75,81].

4.3. Cholesterol activity in the two bilayer leaflets

Cellular membrane bilayers have a characteristic transverse asymmetry in the distribution of
their phospholipids. In particular, the outer leaflet of the plasma membrane is rich in
phosphatidylcholine and sphingolipids, while the leaflet facing the cytoplasm is rich in
phosphatidylethanolamine, phosphatidylserine and other, mostly anionic, phospholipids [82].
An asymmetry in the unsaturation of their fatty-acyl chains runs parallel: the lipids enriched
in the outer surface have an abundance of saturated chains, while the inner surface species are
characteristically poly-unsaturated [83]. Given that the phospholipids characteristic of the
exofacial surface associate with sterols several times more strongly than do those enriched in
the endofacial leaflet [10,20,84], we might expect that the mole fraction of the sterol will be
significantly higher in the outer than the inner leaflet of a given plasma membrane bilayer.
While several studies have pursued this issue, it remains unresolved.

The tendency of plasma membrane cholesterol to escape to an aqueous acceptor will not
necessarily be the same at the two membrane surfaces, even though cholesterol is in rapid
diffusional equilibrium between the leaflets [52,67]. Similarly, the sterol in lateral domains at
equilibrium in the same leaflet can show different escape tendencies to acceptors — see Section
3.0 and the discussion of Haynes et al. in Section 4.1. This is because the fugacities setting the
sterol equilibrium distribution between the bilayer leaflets or between phases in a given leaflet
are not the same as that determining the escape tendency (projection profile) of sterol molecules
at the aqueous interface.

These considerations lead to the prediction that the sterol activity in the outer leaflet of the
plasma membrane will be significantly lower than on the cytoplasmic side. This hypothesis
has been tested by determining whether scrambling the transverse distribution of the
phospholipids in the plasma membrane alters the activity of the cholesterol in the outer leaflet.
When the phospholipids of the two leaflets of plasma membrane bilayers were allowed to
equilibrate by activating the membrane scramblase through an elevation in cytoplasmic
Ca™, the susceptibility of cholesterol to cholesterol oxidase and its rate of capture by
extracellular cyclodextrin both increased [69,85]. A plausible inference is that the movement
of the less avid inner-leaflet phospholipids to the outer leaflet reduced its sterol complexation
and thereby raised the activity of its cholesterol.

Prog Lipid Res. Author manuscript; available in PMC 2009 September 1.



Lange and Steck Page 11

5. Cholesterol mimics
5.1. Sterol specificity

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Konrad Bloch argued that cholesterol in animal cells and ergosterol in fungi are best suited
among sterol species to serve the needs of the plasma membrane bilayer [1,86,87]. His criteria
were principally functional; in particular, their ability to decrease membrane permeability and
fluidity. We have already noted that these physical properties correlate with the ability of sterols
to form condensed, liquid-ordered phases with phosphocholine-bearing phospholipids. In
comparison, Bloch considered lanosterol, the first sterol in the biosynthetic pathway, to be
stereochemically ill-suited for plasma membrane service. Bloch saw evolutionary advances in
the intermediates along the biosynthetic pathway between lanosterol and cholesterol. The
"progressive improvement” in "membrane fitness" highlighted by Bloch involved the
"streamlining" of the silhouette of the sterol nucleus through the elimination of protruding
methyl groups.

The suitability of a variety of sterols and steroids to promote condensed liquid-disordered
phases has recently been compared using monolayer films and bilayer vesicles. The data are
generally in line with Bloch’s hypothesis. They show that, compared to cholesterol,
androstenolone, coprostanol, cholestane and cholestenone have weak or even negative effects
on domain formation [26,49,50,88]. The same is true for lanosterol and succeeding sterol
intermediates: dihydrolanosterol, desmosterol, zymosterol, and zymostenol [89]. That
lanosterol in particular is inferior to cholesterol in many respects has been carefully
documented [87]. Furthermore, several cholesterol analogues were shown to fail as cholesterol
substitutes in sustaining the growth of cultured CHO cells [90]. Nevertheless, the issue of the
uniqueness of cholesterol has recently become more complicated.

While the studies just mentioned document the particular ability of cholesterol to promote the
formation of condensed liquid-ordered phases, these publications also provide evidence that
various sterols (biosynthetic intermediates and otherwise) are as good as and sometimes better
than cholesterol at building rafts [26,49,50,88,89,91]. In this set are ergosterol, 25-
hydroxycholesterol, lathosterol, epicholesterol, 7-dehydrocholesterol and dihydrocholesterol.
On functional grounds, B-sitosterol and camposterol probably can be added to this list [90].
Such mimics have been referred to as "membrane-active sterols” precisely because they
replicate the behavior of cholesterol in driving phase separation [1]. At the very least, these
findings argue against a tight structural fit between cholesterol and the polar lipids with which
it complexes best.

Indeed, one study showed that lanosterol (at the bottom of Bloch’s list) substituted for
cholesterol in maintaining the viability of cultured cells over several days [92]. While a later
report found lanosterol to be toxic [90], this could have been a metabolic effect rather than a
shortcoming of the physical properties of the membrane. More directly challenging to Bloch’s
hypothesis are findings that a synthetic isomer, enantiomeric to cholesterol at each of its chiral
centers, nevertheless substituted for it both in physical tests and in its ability to promote cell
growth [90,93]. (The failure of enantiomeric cholesterol to support the long-term growth of
C. elegans in another study could reflect a metabolic rather than a structural requirement
[94].) Furthermore, a recent molecular dynamics simulation suggested that removal of the two
projecting methyl groups that make the B-face of the steroid nucleus "rough" and therefore less
able to associate with saturated fatty-acyl chains had the paradoxical effect of weakening rather
than strengthening sterol-phospholipid associations [16]. In contrast, another molecular
dynamics study concluded that the rough and smooth surfaces of the sterol were critical to how
it organized the bilayer phospholipids laterally [47]. Finally, a lack of specificity in the
interaction of cholesterol with sphingomyelin, considered to be its strongest membrane partner,
has been inferred from detailed fluorescence studies [58]. Rather than specific associations, it
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has been suggested that congregation to minimize hydrophobic mismatch between the sterol
and alkyl chains could be a driving force in their association [10,12]. Thus, how the molecular
features of cholesterol confer its fitness remains an open issue.

5.2. Cholesterol surrogates

It now seems clear that non-sterol intercalators can substitute for cholesterol. For example,
removing a portion of the cholesterol in the human erythrocyte membrane leads to cell lysis,
perhaps by increasing its passive permeability to osmotic solutes. 25-hydroxycholesterol
reduces this cell lysis, apparently by substituting for the native sterol [81]. Surprisingly,
amphipaths as disparate as 1-octanol and short-chain ceramide and diglyceride analogues also
prevent lysis. Indeed, ceramides have a higher affinity than cholesterol for ordered phases of
1-palmitoyl-2-oleoyl-phosphatidylcholine [95]. It also appears that ceramides can form
condensed complexes with phospholipids like sphingomyelin [96,97]. Thus, the more general
premise has been advanced that ceramides can not only form gel-like domains with raft-
forming phospholipids in vivo, but also elaborate them into platforms upon which signaling
proteins can carry out informational functions [98,99]. In any case, it appears that sterols can
associate with phospholipids without great structural specificity, so that their function in
stabilizing the membrane can be fulfilled by widely divergent membrane intercalators.

5.3. Agents that displace cholesterol from phospholipids

If amphipaths can substitute for sterols to form phospholipid complexes, they should also be
able to compete cholesterol out of such complexes. This hypothesis can explain the ability of
a variety of ceramides to potentiate the lytic action of cholesterol-directed cytolysins [100].
Along the same lines, short-chain ceramide and diglyceride analogs, as well as 1-octanol, all
potentiate the lysis of red blood cells by saponin [81]. It would seem that these diverse agents
can displace the sterol from its complexes, thereby promoting the association of the free (active)
species with the lytic agent.

Further support for this hypothesis is the evidence that various ceramides and diglycerides not
only displace cholesterol from liquid-ordered systems but also can substitute for the sterol
[95,101]. Similarly, ceramide and diglyceride analogues, as well as 1-octanol, both substitute
for red cell membrane cholesterol and displace it from phospholipids, as indicated by their
ability to increase its sensitivity to cholesterol oxidase and the rate of its transfer to cyclodextrin
[54,81]. That the agents actually increased free membrane cholesterol was verified by the
demonstration that lysophosphatidylcholine reversed the cholesterol oxidase susceptibility
imposed by these agents.

Various other non-sterol amphipaths have recently been shown to displace cholesterol from
sphingomyelin-rich bilayer domains [102]. Furthermore, 1-hexadecanol forms condensed,
liquid-ordered complexes with monolayers of dimyristoylphosphatidylcholine; these have a
stability and stoichiometry similar to that formed by cholesterol [103]. This long-chain alcohol
also displaces cholesterol from the phospholipid and promotes its activity, as judged by the
greatly increased rate of transfer of the cholesterol to cyclodextrin in its presence. The case
can therefore be made that at least 1-alkanols can occupy the sterol site in phospholipid
membranes and mimic its properties [104].

It is striking that so many unrelated amphipaths can substitute for and displace cholesterol from
complexes, given the specificities often seen for sterol-phospholipid interactions. These
findings are consistent with early NMR studies showing that the rate of bilayer cholesterol
axial rotation is significantly faster than that of the surrounding phospholipid molecules,
implying the absence of tight complexation [2]. Thus, it may be that sterols evolved to be weak
ligands, even for the phospholipid subclass with which they interact best. Other properties may
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have been optimized instead, and weak complexation may even have benefits. For example,
high sterol levels could serve to keep xenobiotic amphipaths from associating with plasma
membrane phospholipids and thereby discourage their entry into the cytoplasm. The study of
a broad range of amphipaths should provide a better understanding of the requirements for the
association of membrane intercalators with phospholipids; this would also help define the
structural basis for phospholipid—sterol interactions. Substitution for or displacement of
cholesterol from liquid-ordered domains could provide tools for such an analysis.

6. Cholesterol activity and cellular cholesterol homeostasis

Cholesterol circulates throughout the body and is transformed in various tissues to oxysterols,
bile acids and steroid hormones or is excreted without modification [105]. The body balance
is ultimately maintained by cellular sensors and effectors. Either a deficit in or an excess of
cholesterol appears to be deleterious [106,107]. Accordingly, cells perceive the abundance of
their cholesterol and maintain it at an endogenously-specified level by means of multiple
homeostatic mechanisms. We have found for example that over a long period of cultivation
the cholesterol content of human fibroblasts varied by only about 9% (n=34); furthermore,
much of this spread must have been experimental error.

Cholesterol is typically most abundant in the plasma membrane and in the endomembrane
pathways with which it shares lipids through vesicle traffic [108]. These endomembrane
organelles include endosomes, lysosomes, the endocytic recycling compartment and distal
Golgi elements [109]. The mitochondria, ER and other organelles not in extensive contact with
the cell surface have little cholesterol. For example, the magnitude of the ER pool in resting
human fibroblasts may be as low as 0.5% of the total [54,110]. Nevertheless, it is in the
mitochondria and the ER that sterols are converted to oxysterols, steroid hormones and
ecdysones and that the homeostatic effector proteins reside.

The paired concepts of stoichiometric complexes and the high activity of excess cholesterol
underlie a general model for maintaining cell (primarily, plasma membrane) cholesterol at a
physiological set-point [54,59]. According to this formulation, the abundance of cholesterol in
plasma membranes matches the capacity of their phospholipids to form complexes. This is
because cholesterol exceeding this equivalence point has a relatively high activity and can
therefore readily exit the plasma membrane for other compartments. The recipient
compartments are both extracellular and intracellular. The cytoplasmic membranes serve not
merely as a buffer or reservoir compartment for the active excess but also play an active role
in cholesterol homeostasis by reading their cholesterol content as a signal. In particular, a rise
in intracellular pools would inform imbedded regulatory proteins of cholesterol overload and
thereby elicit a reduction in cholesterol accretion until the plasma membrane cholesterol
returned to its physiological set point.

This hypothesis postulates that the cholesterol level in at least some cytoplasmic membranes
will be set in response to the preponderant plasma membrane pool. Perhaps a jump in plasma
membrane cholesterol will, by passive partitioning, drive an increase in the intracellular
membrane cholesterol level until the chemical potential equalizes among these compartments
[59]. The low levels of cholesterol normally found in intracellular membranes such as ER and
mitochondria would then reflect the known weak affinity for sterols of their phospholipids
compared to those abundant in the plasma membrane, especially in its exofacial leaflet [10,
11,62]. An alternative hypothesis is that sterols are pumped against their diffusional gradients
S0 as to metabolically tune their concentration in each organelle. One line of reasoning that
suggests an active process is that the partition coefficients for cholesterol among defined
phospholipids span no more than a ~10-fold range [11]. But, if >50% of the cholesterol in
fibroblasts is in the plasma membrane and ~0.5% in the ER, and these membrane compartments
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have a comparable abundance of phospholipid, their overall phospholipid partition coefficients
would have to differ by about two orders of magnitude for passive equilibration to be the
determinant of cholesterol distribution. Since this value seems high, we must consider that ER
cholesterol might have been underestimated, since the assay might sample only a subset of ER
vesicles (see section 6.1). At this point, accurate estimates of the cholesterol content of the
various organelles, free of the usual cross-contamination by plasma membrane fragments, are
still needed so that this issue can receive a definitive study.

There is other evidence that the cholesterol is not in equilibrium among the cellular membranes.
In particular, the magnitude of the ER cholesterol pool can be increased and decreased by
treating fibroblasts with protein kinase C directed agents [111]. Similarly, acute responses of
ER cholesterol to small changes in plasma membrane cholesterol could be tuned by
cytoplasmic proteins. For example, the hyper-sharp inactivation of hydroxy-3-methylglutaryl
coenzyme A reductase (HMG-CoA reductase) by small increments in plasma membrane
cholesterol would seem to involve enzymatic conversion of the active fraction of the sterol to
oxysterols [112]. Itis therefore conceivable that the bobbing of active cholesterol is mechanistic
in its exit from membranes, but that proteins that capture and shuttle the projecting sterol
molecules are modulated so as to affect the steady-state transfer rates and distributions of the
cholesterol.

Cholesterol has been shown to circulate bidirectionally between the plasma membrane and the
organelles [110,113]. Mediation or facilitation (as opposed to passive desorption and aqueous
diffusion) is likely, given the fact that half-times of cytoplasmic transfer are in the range of
10-20 minutes, about an order of magnitude faster than observed for flux from cell surfaces
to plasma lipoprotein acceptors [65,110,113,114]. (This implies that the movement of
cholesterol among the intracellular compartments is capable of mediating homeostatic
responses on a time scale of minutes.) The aforementioned intracellular transfer rate is still
perhaps two orders of magnitude slower than sterol movement from the cell surface to the non-
physiological acceptor, cyclodextrin [52]. This suggests that, along with cholesterol activity,
the efficiency of collision of acceptors with the donor membrane, rather than spontaneous sterol
desorption, is rate-limiting physiologically. The transport mechanism appears not to be
vesicular [119,120], and various shuttle protein candidates have been studied [108,115-118].

6.1. Endoplasmic reticulum cholesterol

The metabolic basis for cholesterol homeostasis rests in great measure with a battery of sterol-
sensing regulatory proteins located in the ER [117,121]. In particular, a rise in the level of ER
cholesterol is rapidly countered through increased cholesterol esterification by acyl CoA-
cholesterol acyltransferase. Furthermore, excess cholesterol can, within minutes, initiate the
inactivation of HMG-CoA reductase, the ER enzyme that limits the rate of sterol biosynthesis
[54]. A slower, more powerful response to rising cell cholesterol is the inhibition of the
expression of a set of genes encoding proteins that mediate cholesterol biosynthesis and
endocytosis. As long as cell cholesterol is abundant, a transcription factor, called the sterol
regulatory element binding protein or SREBP, is held in an inactive state in the ER because
an associated protein, Scap, is occupied by cholesterol. SREBP retention is also promoted by
a second ER protein, Insig, when it is liganded with oxysterols. Oxysterols are presumably
synthesized in the ER and mitochondria in response to elevations in their substrate, cholesterol
[122]; we would suggest that their synthesis could depend on the active excess of plasma
membrane cholesterol that moves to the cytoplasm.

Inthis manner, cholesterol accretion is regulated by ER cholesterol and/or oxysterol derivatives
of cholesterol. The premise would be that these pools are set in proportion to the activity of
surplus plasma membrane cholesterol. Even though cholesterol synthesis is completed in the
ER and cholesterol also arrives there following the hydrolysis of cholesterol ester stores, a
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brisk and massive circulation of cholesterol to and from the plasma membrane would
continuously sweep out the relatively small ER compartment and peg its size to the activity of
the excess plasma membrane cholesterol. (Otherwise, if cholesterol generated locally were to
accumulate in the ER, it would miscue the homeostatic effectors as to cellular cholesterol
abundance.) According to the stoichiometric complex hypothesis, variations in plasma
membrane cholesterol below the equivalence point (i.e., the physiological cholesterol level)
would have little effect on ER pool size because plasma membrane sterol activity would remain
basal. However, increases in plasma membrane cholesterol above the physiological set-point
would evoke a sharp rise in the ER pool.

A test of this hypothesis is shown in Figure 4. ER cholesterol was estimated using a runoff
assay in which homogenates were incubated with [2CJoleoyl Coenzyme A to allow all of the
cholesterol in membrane fragments that contained the ER enzyme, acyl CoA-cholesterol
acyltransferase, to be labeled by [*4C]fatty-acylation [123]. The plateau values of the
radioactivity in the cholesterol esters synthesized during a prolonged incubation would give a
measure of the cholesterol present in those fragments. Plasma membrane cholesterol in intact
cells was varied with cyclodextrin prior to homogenization, and the effect on ER cholesterol
then determined (Figure 4). It was found that depleting cell cholesterol below its physiological
rest value reduced the ER pool somewhat [124]. Raising cell cholesterol above the ambient set
point caused the ER pool to increase sharply. In this example, a change in cell surface
cholesterol of 10% elicited a rise in ER cholesterol level of about 3-fold; thus small variations
near the set-point can lead to large responses in the homeostatic direction. The half-time of
such responses was 10-20 minutes.

Support for the proposed mechanism of ER cholesterol regulation comes from the observation
that sphingomyelinase treatment of intact cells rapidly increased the size of the ER cholesterol
pool and, concomitantly, the rate of cholesterol esterification. Presumably, the destruction of
sphingomyelin reduced the capacity of the plasma membrane to associate with sterols [123,
125]; furthermore, as discussed in Section 5.3, the ceramide digestion product would serve to
displace and therefore activate plasma membrane cholesterol (see Section 5.3). Conversely,
diverting cell cholesterol to lysosomes reduced the ER pool size [124]. The same was true of
treating fibroblasts with lysophosphatidylcholine; in this case, the extra plasma membrane
phospholipid presumably complexed free cholesterol [54].

It was suggested above that various intercalating amphipaths can activate plasma membrane
cholesterol by competitively displacing it from phospholipid complexes. The high activity of
the free sterol should then drive some of it to organelle membranes. In keeping with this
premise, we found that exposing cells to the putative displacing agents, 25 hydroxycholesterol
and 1-octanol, rapidly elevated ER cholesterol levels [54,110,123].

The rate of cholesterol esterification by the ER enzyme, acyl CoA-cholesterol acyltransferase,
is known to vary with the size of the local cholesterol pool [117]. It is therefore not surprising
that the dose-response curve for the dependence of esterification on plasma membrane
cholesterol varies in parallel with ER cholesterol itself and that both have a sharp threshold at
the physiological set-point of plasma membrane cholesterol (compare Figure 5 with Figure 4)
[110]. Consistent with the active cholesterol hypothesis, digesting fibroblast plasma membrane
sphingomyelin with sphingomyelinase so as to deplete the sterol complexing capacity of the
bilayer increased cholesterol esterification rates and inhibited the activity of HMG-CoA
reductase [123,126]. (As mentioned above, activation of plasma membrane cholesterol through
its displacement by the ceramide hydrolysis product of sphingomyelin presumably contributes
to this effect.)
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HMG-CoA reductase is another homeostatic, cholesterol-sensing enzyme in the ER. The
proteosomal destruction of this enzyme is effected by a sterol-sensitive ubiquitin-driven
pathway [121]. Incrementing plasma membrane cholesterol modestly above its physiologic
set-point causes a dramatic fall in the activity of this enzyme (Figure 6) [54]. Treating cells
with 1-octanol, ceramide or diglyceride to displace plasma membrane cholesterol from
associated phospholipids and thereby activate it, also brings about the rapid loss of HMG-CoA
reductase activity [81]. This behavior is in keeping with the proposed hypothesis. However,
the pathway is more complex in this case. It is 27-hydroxycholesterol rather than cholesterol
itself that stimulates proteolysis, so that (active) intracellular cholesterol must presumably be
processed by mitochondria to bring about the feedback inhibition of ER HMG-CoA reductase
[112]. Presumably, conversion to potent oxysterols is a way to amplify small signals from
excess cholesterol for the implementation of homeostatic responses [127].

6.2. Mitochondrial transformations of sterols

We recently observed that the production of 27-hydroxycholesterol by the mitochondria of
intact fibroblasts rises sharply with small increments in plasma membrane cholesterol [Lange,
Y., Ory, D.S, Lanier, M.H., Ye, J. and Steck, T.L., unpublished data]. It makes sense that the
oxysterol, as a representative of cholesterol abundance, should be produced in proportion to
the level of cholesterol activity above its physiological threshold. It would be important to
ascertain if steroidogenesis in the mitochondria of endocrine cells is similarly rate-limited by
the availability of cholesterol. Setting mitochondrial cholesterol levels at all times to the active
excess of cholesterol could serve to prevent its consumption in that organelle from depleting
plasma membrane cholesterol below its equivalence point with the phospholipids.

6.3. Cholesterol export to high-density plasma lipoproteins

The cells of the body share their cholesterol, both that endogenously synthesized and that
ingested in the diet, through a battery of circulating lipoprotein carriers [105]. The blood stream
also conveys excess cholesterol from scavengers like arterial wall macrophages to the liver for
disposal [107,128]. Could the activity of plasma membrane cholesterol play a role in the
transfer of cell cholesterol to these plasma proteins?

Certainly, in situ, the level of cholesterol in plasma membranes would be buffered at the
physiological level by passive equilibration with the plasma lipoproteins in which the cells are
bathed. The simplest mechanism would be for cholesterol to pass from compartments with
higher to those with lower chemical activity, with or without mediation [65,68]. Running
parallel to this passive route are management mechanisms like the ingestion of low-density
lipoproteins via receptor-mediated endocytosis and active lipid export to nascent high-density
lipoproteins (HDL). The latter process is mediated by members of the extensive family of
integral plasma membrane ATP-binding cassette transport proteins or ABC pumps. Their
ancestors presumably evolved to drive the expulsion of extraneous nonpolar molecules from
the surface membranes of free-living unicellular organisms. However, in animals, ABCA1
transfers cell surface cholesterol plus phospholipids to the HDL precursor protein,
apolipoprotein A-I (apoA-1), while ABCGL1 adds cholesterol to mature HDL particles [128].

The process by which ABCAL1 builds HDL from apoA-1I has been elusive [129]. Among various
proposed molecular mechanisms are the following: a) Since the lipid binding pocket of ABCA1
is open to the cytoplasmic leaflet, it could capture cholesterol there and transport it to the outer
surface using the energy of ATP hydrolysis. Weighing against this concept is evidence that
cholesterol is abundant at the outer leaflet and can diffuse rapidly across the bilayer [67],
making transbilayer pumping an unnecessary drain on energy. b) ABCA1 might export
phospholipids to apoA-I; the sterol would then follow secondarily [130]. Given that the ATP
binding domain and putative substrate entry site of ABCAL are oriented toward the endofacial
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leaflet, one might expect that cytoplasmic phospholipids would preferentially be transported
to apoA-I. This hypothesis is undercut by the observation that, although ABCA1 might promote
the transfer of cytoplasmic phospholipids to the cell surface, nascent HDL particles have a
preponderance of exofacial lipid types [131-133]. c) It has been suggested that, because HDL
particles are enriched in cholesterol, export draws selectively from sterol rich domains (rafts
or caveolae). Countering that premise is evidence that ABCAL1 is not localized in rafts and, in
fact, can use ATP to disperse them [134,135]. Furthermore, the apoA-1 recipient congregates
in nonraft regions, apparently bound to ABCA1. d) ABC-type pumps could activate cholesterol
by driving its partial projection; this would then promote its collisional capture by extracellular
acceptors [136]. Consistent with a role for increased plasma membrane cholesterol activity is
the finding that ABCA1 both increases the susceptibility of the cell surface to cholesterol
oxidase and the esterification of cholesterol in the ER [137]. €) ABCA1 might transfer bites
of plasma membrane to nascent HDL particles [138]. This concept is consistent with the fact
that phospholipids from both leaflets are represented in newly-formed HDL particles [131]. It
is suggested that ABCAL uses the energy of ATP hydrolysis to pump cytoplasmic
phospholipids to the outer surface, thereby bending the bilayer outward. The strain energy in
the acutely curved membrane could then foster the binding of apoA-I and the solubilization of
the bilayer segment by the detergent-like properties of this protein [138]. Additional cholesterol
would presumably follow.

Whatever the export mechanism and pathway utilized by ABCA1, cells might seek to protect
their integrity by limiting their export of plasma membrane cholesterol to the physiological
optimum. As argued above, this level could be set at the equivalence point of the plasma
membrane phospholipid pool if ABCAL were only able to transfer active plasma membrane
cholesterol. It is relevant that lowering the abundance of plasma membrane sphingomyelin
promotes cholesterol export by ABCA1 [139], given that it increases the activity of plasma
membrane cholesterol (see Section 3) [10,123,140,141]. Furthermore, synthetic ceramides,
believed to displace cholesterol from phospholipid complexes and thereby activate it (Section
5.2), also promote the export of cholesterol by ABCA1 [142,143]. That ABCAL resides in
liquid-disordered regions of the plasma membrane rather than in rafts is also consistent with
its preferential export of uncomplexed (high activity) cholesterol [135]. Of additional relevance
is the observation that ABCA1 promotes the translocation of phosphatidylserine to the
exofacial leaflet of the plasma membrane [133], since this too would increase the activity of
cell surface cholesterol [85]. A different (slower and more complex) system by which
cholesterol export could be capped at the plasma membrane equivalence point would be
through regulation of the expression of ABCA1 by 27-hydroxycholesterol [122], provided that
the production of this oxysterol turns out to reflect the active excess of cholesterol, as discussed
above.

Whether or not ABCAL prefers high activity plasma membrane cholesterol as its substrate, it
is worth considering that its paralog, ABCG1, might do so, given that its substrate is simply
cholesterol [129]. Similarly, scavenger receptor Bl (SR-BI), another plasma membrane lipid
transfer protein, might facilitate downhill cholesterol exit by increasing the activity of the
sterol. Evidence for such a function comes from the ability of SR-BI to increase the
susceptibility of plasma membrane cholesterol to cholesterol oxidase and cyclodextrin [65].
SR-BI could operate upon caveolae by dissociating their cholesterol molecules from
phospholipid complexes, thereby creating an active pool susceptible for export. Finally, it
might be that the synthesis and secretion of mature LDL particles by the epithelial cells of the
gut and liver [128] is also limited by their quotient of excess, high-activity cholesterol.
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7. Concluding comments

This review has considered evidence for and consequences of the ability of plasma membrane
cholesterol to exist in low and high activity states. Figure 7 summarizes this behavior. There
is by now overwhelming evidence that sterols like cholesterol associate preferentially with
phosphocholine phospholipids bearing saturated chains and less strongly with various other
membrane lipid species. The evidence is also strong that the basis for this association is the
formation of weak, stoichiometric sterol-phospholipid complexes. These complexes are
sufficiently immiscible in the sterol-poor, liquid-disordered continuum that they separate as
condensed, liquid-ordered phases. We highlighted here the behavior of the fraction of
cholesterol that accumulates when the capacity of plasma membrane phospholipids to form
complexes is exceeded. This uncomplexed excess of cholesterol is presumed to be mostly
dissolved in the low-affinity liquid-disordered phase of the bilayer. Characteristic of these
relatively free sterol molecules would be their high activity or tendency to escape the bilayer.

The high activity of excess plasma membrane cholesterol provides a mechanism for regulating
cell cholesterol because it signals that the cell surface is replete with cholesterol. The active
sterol molecules continuously and transiently project from the bilayer into the aqueous phase
to a far greater degree than their complexed counterparts. As a result, they can readily be
transferred from the bilayer by collision with extracellular and intracellular acceptors. An
intracellular sterol transport system sets the magnitude of the ER cholesterol pool in response
to this high-activity cholesterol signal. A battery of proteins reads the level of the ER cholesterol
pool and modulates the accretion of cholesterol accordingly. This feedback loop helps to keep
the plasma membrane cholesterol pool set at the equivalence point dictated by the complexing
phospholipids; this is presumably the optimal level of cell surface cholesterol. Thus, it would
appear that short-term regulatory responses to increments in cell cholesterol involve an
upstream signal in the form of plasma membrane cholesterol activity; a rapid response in the
size of the sterol pools in the ER and, presumably, mitochondria; immediate regulation of the
activity of several downstream effectors of cholesterol accretion; and long-term homeostatic
feedback adjustments of cholesterol accretion.

High activity plasma membrane cholesterol might also be selectively transferred to
extracellular acceptors, such as plasma HDL, both unassisted and with the help of plasma
membrane lipid transfer proteins. This redistribution would help to return cell surface
cholesterol to its physiological optimum: the complexing capacity of the plasma membrane
phospholipids. One can also speculate that the biosynthesis of steroids, bile acids and/or
oxysterols could be pegged to the active cholesterol in excess of the plasma membrane
phospholipid set-point so as to avoid potentially deleterious depletion of plasma membrane
cholesterol.

Two simple experimental methods to gauge plasma membrane cholesterol activity have
emerged: the susceptibility of cholesterol to cholesterol oxidase attack and the Kinetics of its
transfer to the aqueous acceptor, cyclodextrin. Physiological indicators of the rapid
redistribution of active cell surface cholesterol to the cell interior are increases in ER cholesterol
and the consequent stimulation of cholesterol esterification and inactivation of HMG-CoA
reductase. Amphipaths that mimic, substitute for and/or displace plasma membrane cholesterol
are handy tools to test the role of cholesterol activity (escape tendency) in its transfer to
intracellular and extracellular compartments and to probe the contacts between phospholipids
and sterols that promote their complexation.

The proposed role of sterol activity in cholesterol homeostasis has therapeutic implications. If
the activity of plasma membrane cholesterol could be elevated pharmacologically, it should
increase intracellular cholesterol, including the ER pool. This effect would be interpreted by
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the cell’s homeostatic elements as a sign of cholesterol overload, prompting it to reduce

ch

olesterol biosynthesis. This could lead to a reduction in the body burden of the sterol. Such

possibilities provide impetus for the further study of the activity of plasma membrane

ch

olesterol.
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Figure 1.
Dependence of the susceptibility of cholesterol to cholesterol oxidase on red cell membrane
cholesterol content near its resting level (A). Replotted from reference 8.
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Figure 2.

The chemical structure of cholesterol. Note that the a-face of the nucleus (facing down) is
"smooth" while the B-face (facing up) is made "rough™ by the projection of methyl groups from
carbons 10 and 13. Courtesy of Mark E. Duban.
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Figure 3.

Phase behavior of monolayers of dimyristoylphosphatidylcholine and (dihydro)cholesterol at
13 °C. Left panel: the points represent the transition pressures at which the two coexisting
liquid phases become a single phase. (Squares are data using cholesterol; circles are data using
dihydrocholesterol. The filled symbols denote striped patterns often seen close to phase
transitions while the open symbols simply show the disappearance of phase heterogeneity.)
Right panel: the points are the rate constants for the transfer of dihydrocholesterol from a single-
phase monolayer to B-cyclodextrin at a surface pressure of 20 mN/m, calculated from the area
loss over time. Dihydrocholesterol is used as a good substitute for cholesterol in such studies
to minimize sterol oxidation. From reference 13.
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Figure 4.

Variation of ER cholesterol with cell cholesterol. Human fibroblasts were briefly exposed to
different cholesterol-cyclodextrin mixtures to modify their cell (mostly, plasma membrane)
cholesterol level. ER pool size was determined 45-60 min later (see Section 6.1). The
unmodified control values are the 1.0/1.0 points (A). Re-plotted from reference 110.
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Figure 5.

Effect of cell cholesterol on its esterification in vivo. Human fibroblasts were briefly exposed
to different cholesterol-cyclodextrin mixtures to adjust their cell (mostly, plasma membrane)
cholesterol level before the assay of the rate of cholesterol esterification in intact cells over the
following 2.5 hours. The solid triangles represent unmodified controls for the 3 experiments

marked by different symbols. From reference 110.
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Figure 6.

Effect of cell cholesterol on the activity of HMG-CoA reductase. Expression of the enzyme
was induced in human fibroblasts by overnight cholesterol starvation. The cells were then
briefly exposed to different cholesterol-cyclodextrin mixtures to adjust their cell (mostly,
plasma membrane) cholesterol level, and enzyme activity was assayed in homogenates an hour
later. The unmodified control values are plotted at the 1.0/1.0 point . From reference 54.
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Figure 7.

The active cholesterol hypothesis. Most of the plasma membrane cholesterol (submerged
yellow molecules) is complexed with phospholipids and therefore has low escape tendency
(activity). Excess cholesterol can bob more freely into the aqueous space and has relatively
high activity (projecting red molecules). Similarly, intercalating amphipaths can displace
cholesterol from its complexes, thereby activating it. Projecting sterol molecules can interact
with extracellular reactants such as cholesterol oxidase, cyclodextrin, and high density
lipoproteins. Active cholesterol also circulates through the cytoplasm to the endoplasmic
reticulum and mitochondria, where it can serve as a metabolic reactant or a homeostatic signal
effecting feedback down-regulation through its esterification, the inhibition of its biosynthesis
and the expression of genes for cholesterol accretion. See text for details.
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