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The distribution of cholesterol between the two leaves of the plasma membrane in mammalian cells
presents a conundrum; given cholesterol’s known affinity for sphingomyelin, which resides predom-
inantly in the exoplasmic leaf, why is it that experiment finds a majority of the cholesterol in the
cytoplasmic leaf? This article reviews a recently proposed solution to this puzzle.
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1. Introduction

Given the importance of cholesterol in the cell, one would
have thought that its distribution between the two leaves of the
plasma membrane would not only be well-known, but also well-
understood. There is a certain amount of agreement now on what
the distribution is, but little understanding on why it is what it
appears to be. To clarify the problem, one should recall some basic
information. First it is well known that cholesterol can translocate
rapidly between the two leaves of the plasma membrane (Lange
et al., 1981; Muller and Hermann, 2002; Steck and Lange, 2002).
Thus one would assume that it reaches an equilibrium distribution
in which its chemical potentials in the two leaves are the same. Sec-
ond the interaction between cholesterol and sphingomyelin (SM)
is known to be particularly favorable (Niu and Litman, 2002) being
due to that between the rigid rings of the former and the saturated
chains of the latter (Epand and Epand, 2004; Zheng et al., 2007).
Third, almost all of the sphingomyelin is in the outer, exoplasmic,
leaf of the plasma membrane (Devaux, 1991). It would then seem to
follow inexorably that the majority of cholesterol would be found
in the outer leaf; its chemical potential there would be negative due
to the favorable interaction with SM, while its chemical potential
in the inner leaf would be equally negative due to its entropy at
low concentration. That this conclusion does follow from the chain
of reasoning finds support from molecular dynamics simulations
(Perlmutter and Sachs, 2011; Polley et al., 2012).
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While the reasoning may be impeccable, the conclusion is not
borne out by several experiments on human erythrocytes (Muller
and Hermann, 2002; Blau and Bittman, 1978; Lange and Slayton,
1982; Lange, 1984; Brasaemle et al., 1988; Schroeder et al., 1991),
Chinese hamster ovaries, (Mondal et al., 2009), and synaptic plasma
membranes (Wood et al., 1990; Igbavboa et al.,, 1996). All uni-
formly agree that cholesterol is not found predominantly in the
exoplasmic leaf. A similar uniformity does not exist as to what
the distribution of cholesterol actually is. Some report that choles-
terol is rather evenly divided between the two leaves (Blau and
Bittman, 1978; Lange and Slayton, 1982; Lange, 1984; Muller and
Hermann, 2002), while others find that it is predominantly found
in the inner, cytoplasmic, leaf (Brasaemle et al., 1988; Schroeder
et al.,, 1991; Wood et al., 1990; Igbavboa et al., 1996; Mondal et al.,
2009). The experiments do not measure native cholesterol directly,
but employ various cholesterol analogs labeled in some way. Thus
the difference in measured distribution may be due to the differ-
ent analogs employed. Nonetheless it is clear that cholesterol is not
found predominantly in the outer leaf where the sphingomyelin is,
hence something must be drawing it to the inner leaf. But what?
That is the puzzle.

We recently proposed a solution to it as follows (Giang and
Schick, 2014): Phosphatidylethanolamine is one of the major com-
ponents of the inner leaf of the plasma membrane comprising
some 25% of the phospholipids there (Devaux, 1991). Because
of its small head group, phosphatidylethanolamine (PE) has a
tendency to form inverted hexagonal phases in water. For palmi-
toyloleoylphosphatidylethanolamine, that phase becomes stable
around a temperature of 70 °C. Thus, when it is confined to a bilayer,
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there must be some bending energy penalty for this confinement.
We proposed that cholesterol could relieve in two ways this bend-
ing energy penalty by going to the cytoplasmic leaf. First of all, its
presence would simply dilute that of the PE. Of course that is true
of any other lipid as well, but cholesterol is the only one which
translocates rapidly between leaves. Secondly it is well known that
cholesterol tends to order the tails of lipids. Hence it might well
reduce the spontaneous curvature of the PE lipids and thereby fur-
ther reduce the bending energy penalty of confining PE to a bilayer.
If the above reasoning were correct, then one would expect that the
addition of cholesterol to a system of PE and water would stabilize
the lamellar phase of PE and therefore increase the transition tem-
perature from the lamellar phase to the inverted hexagonal phase.
That experiment has been done (Epand and Bottega, 1987). On the
initial addition of cholesterol to a PE and water system, the transi-
tion temperature decreases; that is, the inverted-hexagonal phase
is stabilized. Presumably this is due to the cholesterol filling the
energetically expensive interstial voids between cylinders. But with
further addition of cholesterol to concentrations which are compa-
rable to those in the plasma membrane, the transition temperature
does indeed increase. Thus sufficient cholesterol does stabilize the
lamellar phase of PE in water.

In order to make these qualitative ideas quantitative, we con-
sidered a very simple and standard model for the free energy of
the system, namely regular solution theory. We take the system to
consist of two leaves. There are Nsy; molecules of SM, N¢, of choles-
terol, and Npc molecules of phosphatidylcholine (PC) in the outer
layer, and Npr molecules of PE, N¢, molecules of cholesterol, and Nps
molecules of PS phosphatidylserine (PS) in the inner layer. The area
per lipid of all lipids is taken to be a=0.7 nm?2 except for cholesterol
which is taken to be a. =0.4 nm2. We require the areas of each leaf
to be the same,

(Nsm + Npc)a + Nc,ac = (Npg + Nps)a 4 N¢,ac = A.

It is convenient to define the mol fractions of the components in
the outer leaf, ysy = Nsy/(Nsm + N, + Npc), etc. and similarly for
the mol fractions in the inner leaf. In terms of these mol fractions,
the regular solution free energy can be written

Fyi = Nofo(Ysm, ¥pcs Yc,» T) + Nifi(yee, ¥es, yc;» T)s

fi = 6€ps,peYpsypE + 6€ps,cYpsyc; + 6€pg,cypeYc, + ksT(Yps Inyps

+ypeInype +yc Inyc,).

fo = 6€sm,pcysmypc + 6€sm,cYsmYc, + 6€pc,cypcyc,
+kpT(ysm Inysy +ypc Inype +yc, Inyc,).

where N, and N; are the total numbers of molecules in the outer
and inner leaves respectively, and €ps pg is the free energy of inter-
action between the PS and PE. We have assumed an average of
six nearest-neighbor interactions per molecule. These interactions
are estimated from experiment (Almeida, 2009; Giang and Schick,
2014). From the free energy, the chemical potential of cholesterol
in the inner and outer leaves can be obtained. The six unknown mol
fractions are then obtained from the following six conditions: the
chemical potentials of cholesterol in both leaves are equal to one
another, the mol fractions in the outer leaf sum to unity, as do the
mol fractions in the inner leaf, the ratios of the mol fractions of SM
to PC in the outer leaf are set to be 1.1 and of PS to PE in the inner
leaf to be 0.52, values essentially given by experiment. Finally the
total mol fraction of cholesterol in the system is taken to be fixed
at its experimental value, 0.4 (van Meer, 2011). Once the mol frac-
tions are calculated, it is straightforward to obtain the fraction of
the total cholesterol which is in each leaf.

If we follow this program with the above simple model, we find
that only 25% of the total cholesterol is in the inner leaf. This is
not surprising, and reflects the reasoning we laid out in Section
1: cholesterol interacts favorably with SM, almost all the SM is in
the outer leaf, hence that is where most of the cholesterol should
be. So the simple model vindicates the impeccable reasoning, and
confirms that it is missing something essential. Consequently we
add the bending energy to it.

The bending energy can be written as

K

Fy = /dzr 5(H(r) — Ho)®, (1)

where « is the bending modulus of the bilayer, H(r) is the actual
local curvature of the system, and Hy is the preferred, or spon-
taneous, curvature of the membrane due to its composition. This
expression assumes that there is no intrinsic difference in energy
to bend the bilayer toward the cytoplasmic side or the exoplasmic
side. Because we take the membrane to be flat, H(r)=0. We assume
that the local spontaneous curvature of the bilayer is a weighted
sum of the spontaneous curvatures of its components. However
the only component in the system which has a spontaneous cur-
vature of significant magnitude is PE (Kollmitzer et al., 2013), for
which Hpg=—0.316 nm~!. Thus this energy reduces to

1
Fp=A iKylz’EH%E’

1 a 1
=5 [N,-+No _ (1 _ (Ef)) (NG, +Nci)} 5 e

Note that this term is quadratic in the mol fraction of PE and is posi-
tive;i.e. the bending energy is a cost. In this way, the bending energy
acts as a repulsive interaction between the PE molecules or, equiv-
alently, an attractive interaction between PE and all of the other
kinds of molecules. The cholesterol, however, is the only lipid in the
outer leaf that can readily respond to this attraction by translocat-
ing to the inner leaf where it dilutes the PE. Because the majority of
experiments have been done on erythrocytes, we take the bending
modulus to be k =44kgT, that obtained from measurement on red
blood cells (Evans, 1983), and repeat our procedure. We find that
the fraction of the total cholesterol in the inner leaf has increased
from 25% to 38.6%. We now implement the idea that cholesterol
reduces the spontaneous curvature of PE, presumably by ordering
its tails. In other words, we take the spontaneous curvature of PE
to be cholesterol-dependent. To model this dependence, we imi-
tate the effect of cholesterol on the temperature of transition from
lamellar to inverted-hexagonal phase of PE in water (Epand and
Bottega, 1987). In particular, we will require that the spontaneous
curvature begin to decrease when the mol fraction of cholesterol in
the inner leaf is approximately 0.3, and to decrease rapidly when
the mol fraction is about 0.4. We choose the form

A

Hre(ye) = Hy — B+ 2 (2, 2)
min Ymin

with B=0.05, y i, =0.3, and A =8. This form is shown in Fig. 1 for

several choices of A.

With this choice of a cholesterol-dependent spontaneous cur-
vature, we find that 58% of the total cholesterol is in the inner
leaf. Thus the mechanism we propose does lead to the conclusion
that the majority of cholesterol in the plasma membrane should
be found in the inner leaf, the reason being that that is where the
PE is. The mol fractions of the three components in the outer leaf
are ysy =0.34, ypc=0.31, yc, = 0.35 while those of the inner leaf
are yps=0.19, ypr=0.36, and yc, = 0.45. Because our mechanism
depends upon the bending energy, and the bending moduli of the
bilayers enclosing different vesicles within the cell are presumably
different, it is of interest to examine how the fraction of cholesterol
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