Biochemistry2000, 39, 8119-8124 8119
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ABSTRACT. Measurements are reported for the rate constants for the release of cholesterol (and
dihydrocholesterol) tg@-cyclodextrin from mixtures with phospholipids in homogeneous monolayers at
constant pressure at the -aiwater interface. In each mixture, it is found that the release rate shows a
sharp decrease as the cholesterol concentration in the monolayer decreases through a composition
corresponding to the stoichiometry of a cholesteqmtospholipid complex. The stoichiometry of the
complex was established previously by the position of a sharp cusp in the thermodynamic phase diagram
of each mixture and also by a minimum in average molecular area versus composition measurements. A
theoretical model used earlier to account for the phase diagrams predicts the chemical potential and chemical
activity of cholesterol in these mixtures. The calculated chemical activity also shows a sharp change at
the complex stoichiometry in homogeneous monolayers. The similarities in change of observed release
rate and calculated chemical activity are expected from reaction rate theory where the release rate is
proportional to the cholesterol chemical activity. The chemical activity of cholesterol as determined by
complex formation between some phospholipids and cholesterol in the plasma membrane of cells may
serve a regulatory function with respect to intracellular cholesterol transport and biosynthesis.

There are a number of theoretical calculations of the monolayer systems, while being simplified models of
properties of liquid mixtures where the chemical components membranes, provide an efficient way to dissect molecular
undergo reversible chemical reactions with one another. Forinteractions that are also relevant in bilayers.
example, liquid A reacts reversibly with liquid B to produce At the lower pressures in cholestergihospholipid mono-

a third liquid, C. Under conditions where A, B, and C tend layers, two distinct liquid phases are often present. In the
to be immiscible with one another, a reacting mixture of this case of two upper miscibility critical points, three liquid
type is predicted to have an unusual phase diagram with pairsphases can be formed. According to the “condensed com-
of upper miscibility critical points 1—4). This model of plex” model @), at the lower cholesterol concentrations, the
reacting liquids has provided an explanation for a recent phases present are mostly liquid phospholipid and the liquid
discovery of pairs of upper miscibility critical points in liquid  cholesterotphospholipid complex. At higher cholesterol
monolayers of Chél(or DChol) and phospholipids at the concentrations, the phases present are mostly liquid complex
air—water interface §, 6). That is, this unusual thermody- and liquid cholesterol. As the concentration of cholesterol
namic phase behavior can be interpreted by a model in whichin the membrane is increased, there is a sharp increase in
cholesterol and certain phospholipids undergo a reversiblethe concentration of free cholesterol. An important feature
reaction to form a liquid complex of cholesterol and of the thermodynamic model is that this switch in free
phospholipid. In monolayers at low pressures, the liquid cholesterol concentration also takes place at higher pressures
complex is immiscible with a phospholipid-rich liquid and and molecular densities where the monolayer is homoge-
is also immiscible with a cholesterol-rich liquid. A sharp neous. This condition is appropriate to bilayers and biological
cusp seen in the phase diagrams between the two regions ofnembranes. We use the thermodynamic tehemical
immiscibility occurs at a composition corresponding to the activity, rather than free cholesterol concentration. The two
stoichiometry of the complex. This stoichiometry is often quantities are usually approximately equal to one another.
around 35 or 45 mol % cholesterol, depending on the Chemical activity is the same quantity as the classical term
phospholipids involved. As noted below, these physical fugacity meaning tendency to flee.
chemical properties may have significant implications with  we have use@-CD to facilitate the release of Chol (and
respect to cholesterol homeostasis in cell membranes. ThEDChoI) from phospholipietsterol monolayers3-CD is a
cyclic polysaccharide with a polar surface and a hydrophobic

* This work was funded by the NSF and by the NIH Biotechnology cavity. qulodextrins haye been show_n to extract effi_ciently
Program. hydrophobic compounds into polar environments, particularly

1|Actj)br?r\i/ri]§tiggs:e(rllggl,lcar;%tiecst?erg(lz; IlD(i;l_olbﬁ/ilgsgrodcif%olﬁiigr?l:h%? membrane cholesterol from monolayer membraress),
g)r/l;tci)dy?():(holiﬁe; D’PPC, d?palmitoyIpholsjp%at’idylcholir;e; D&PS, Bj/ir?wyris- red blood cells9), anq _culture_d Ce”Sl(O_l.z)'.Slnceﬁ-CD
toylphosphatidylserine; SM, sphingomyelin; ACAT, acyl-coenzyme has no surface activity of its own7), it is a useful,
A:cholesterol acyltransferase. nonintrusive probe to study cholesterg@hospholipid inter-
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Ficure 1: Phase diagrams showing liguitiquid miscibility critical points and average molecular areas for mixtures of DChol or Chol

(mole fractionxg) and phospholipids (+ xo). Typical errors for these measurements are abe@®98. (a) The phospholipid is a 2:1 molar

mixture of DMPS and DMPC. (b) The phospholipid is a 1:1 molar mixture of DMPC and DPPC. In this case phase diagrams are shown
both for Chol (triangles) and for DChol (circles). (c) The phospholipid is egg SM. The plotted data points in the phase diagrams represent
the transition pressures that mark the disappearance of two-phase coexistence during monolayer compression and thus define a phase
boundary between a two-phase ligttighuid coexistence region at low pressures and a one-phase liquid region at higher pressures. Stripe
superstructures characteristic of a proximity to a critical pod8) vere observed at the transitions marked by filled circles and filled
triangles and not at those marked by open circles and open triangles. (d) Average molecular area for the lipid mixture of (a) at a pressure
of 15 mN/m. (e) Average molecular area for the lipid mixture of (b) at a pressure of 20 mN/m. (f) Average molecular area for the lipid
mixture of (c) at a pressure of 22 mN/m. The cusp positions in the phase diagrams are the same as those in the molecular area measurements
to within the experimental errors for a given phospholipid composition.

actions in monolayer membranes. As noted later, the phospholipid, both of which are two-dimensional liquids
cholesterol release rate should be a good measure of thainder the conditions of our experiments.

chemical activity of cholesterol in the membrane. The

experimental method builds on earlier work by Slotte and expERIMENTAL PROCEDURES

others ). We find that there is a sharp change in the release

rate as a function of monolayer compos_itic_)n, and this change DMPC, DMPS, DPPC, and egg SM were obtained from
occurs at the condensed complex stoichiometry. Avanti Polar Lipids, Alabaster, AL. Chol and DChol were
There is evidence that changing the concentration of obtained from Sigma, St. Louis, MO. These lipids were used
cholesterol, or that of phospholipids such as sphingomyelin, without further purification. All experiments were carried
in the outer plasma membranes of cells affects the rate ofout at room temperature, 230.5°C. Monolayers containing
cholesterol biosynthesis in the membranes of the ER-( various mixtures of phospholipids and Chol (or DChol) were
18). There is also evidence that the (total) cholesterol prepared at the aitwater interface ba 9 cm x 3.5 cm
concentration in the ER membrane depends sharply on theTeflon trough with a movable barrier to modulate the surface
cholesterol concentration in the plasma membragg Thus pressure. These mixtures have been studied before, and their
a switch in the chemical activity of cholesterol in the plasma phase behavior has been determirgd 9). In the desorption
membranes of cells may serve a regulatory function. A sharp measurements, the subphase contained distilled water at pH
switch in the chemical activity of cholesterol can be related 5.3 (substitution with phosphate-buffered saline made no
to the model of a reacting mixture of two liquids, A and B, significant difference) with 2 m\M8-CD (cycloheptaamylose,
discussed above. Note that, for any mixture, there is either Sigma, St. Louis, MO). Some experiments were also carried
an excess of A or an excess of B, except at the stoichiometricout with lower-CD concentrations. The desorption of Chol
composition. If we start with pure liquid B and add A, much (or DChol) to the subphase was monitored by the decrease
of the free A will be consumed to form complex if the in monolayer area required to maintain a constant surface
binding constant is large enough and the other thermody- pressure. This surface pressure is chosen so as to be well
namic parameters are appropria®. (However, as the  above the critical pressures in the phase diagrams of the
concentration of A is increased past the stoichiometric respective mixtures (Figure 1). We have previously deter-
concentration, then the concentration of free A, and its mined the mean molecular area of these mixtures as a
chemical potential, can rise rapidly. In our discussion, the function of Chol or DChol mole fractior6( 19). Using this
roles of A and B are played by liquid cholesterol and liquid information, one can calculate the amount of cholesterol
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removed as a function of time. Cholesterol-containing a
monolayers undergo detectable air oxidation ir-20 min.

This oxidation results, for instance, in increases in phase
transition pressure(). The experiments with cholesterol
were carried out with Ar-saturated water in a chamber sal .".. ]
flooded with Ar gas in order to minimize cholesterol [ e

oxidation.

28 LS B A B L B B T T

26

22 | * .
RESULTS 20l
The phase diagrams and average molecular areas for the ! e e
mixtures used in this work are given in Figure 1. Figure 1a 18—
shows the phase diagram of a 2:1 DMPS:DMPC/DChol
mixture, Figure 1b shows the phase diagram of a 1:1 DMPC:
DPPC/DChol (and Chol) mixture, and Figure 1c shows the
phase diagram of an egg SM/DChol mixture. In most of the 26 - « o © o ]
experiments dihydrocholesterol rather than cholesterol is used &
S0 as to minimize possible artifacts due to cholesterol
oxidation. Controls using cholesterol were always carried
out. For example, in Figure 1b data points are given for both
Chol and DChol. We have never detected any significant
difference between cholesterol and dihydrocholesterol in the
phase diagrams (to withitt1 mN/m) or in average molecular
areas. We find the desorption rate of cholesterol is systemati-
cally 10—15% higher than dihydrocholesterol, probably due
to the more hydrophilic environment in the activated state b
for steroid release and the slightly more hydrophobic P "%
character of dihydrocholesterol. 26 - *, ]
Figure 2 gives illustrative monolayer area versus time plots i %
for the release of Chol or DChol from the monolayer into
B-CD in the subphase. In these experiments the monolayer I
pressure is kept constant, well above the critical pressures, 22 . ]
while the change in monolayer area is monitored. This r e
method is similar to that used previously by Slotte and others
(7, 22). The rate of cholesterol release increases with higher i
B-CD concentrations in the subphase, as reported previously 18 — — e -
(7). Each of these experiments was repeated at least three 0 10 20 timeszmin) 40 5 o
times with the subphase containing both distilled water and . 2> Rel ¢ cholesterol (or dihvdrocholesterol) f inal
phosphate-buffered saline. It is clear that there is a single pf:;?:, honfozaeiigug ?niice)lg’yé?rm'e%gfgngseivﬁ[lo\),a{ﬁ&:'g%gs_
pronounced break in slope for each of these curves. Aspnolipid mixtures. These figures show the area decrease necessary
discussed below, these breaks correspond to large change® maintain a constant surface pressure during the desorption of
in the rate constant for cholesterol release. The compositionChol or DChol to the subphase gfCD. (a) Desorption from a

of the membranes at the break in slope was established i1 DMPS:DMPC/DChol mixture, where the initial concentration

o L of DChol was 50 mol %. The surface pressure was kept constant
two ways. In one _methoq, the .Inltl.a|' _composmqq of the at 15 mN/m, and the subphase contained 2 mACD. (b)
monolayer was varied, to find which initial compositions did - pesorption from a 1:1 DMPC:DPPC/Chol mixture, where the initial

or did not yield area versus time curves with breaks in slope. concentration of Chol was 50 mol %. The surface pressure was
This method enabled us to bracket the composition at thekept constant at 20 mN/m. The solid circles are for desorption to

break points to withint-5% (data not shown). While this a 2 mM j3-CD subphase, while the open circles are for desorption

. . to the subphase containing 1 mBACD. (c) Desorption from an
method is not very accurate, the accuracy is good enough tOegg SM/DChol mixture, where the initial concentration of DChol

be confident that the breaks in slope are close to the complexwas 50 mol %. The surface pressure was kept constant at 22 mN/
stoichiometries implied by the data in Figure 1. A more m, and the subphase contained 2 rNCD.

accurate method is described below. The earlier work by

Ohvo and Slotte 9) did not examine in detail the lower  following set of equations can be easily derived using the
cholesterol concentration used in the present work, where zpove notation:

we observe the sharp break in release rate.

-2
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Data Analysis The experimental data on the release of

cholesterol were analyzed as follows. L&trepresent the A=Na (1)
total area of the homogeneous monolajthe total number dA=adN+ Nda (2)
of molecules in the monolayer (cholesterol plus phospho- dANVA = [(1 — Xo)fl + aﬁlaalaxo] dx, 3)

lipid), anda the average area per molecule. Data on average
areas are given in Figure 1 and in previous wosk X9).
The mole fraction of cholesterol in the samplexis The

From these equations one then arrives at the results
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1an_ 1 1 a ‘M T T
e (g ) el . 7
L [ ]
— v ] _ -1 -1 -1 0.1 [ ]
=X [1+ (1 —xy)a “dalox)] ~A ~dAdt  (5) : .- . .
— L] -
Starting with a sample of given arédaand mole fractiorx, o8 . ° ]
one first measures a small change in monolayer ateavedr 0.06 - . 1
a small time interval tifrom which one derives the small 0.04 b . . ]
change in mole fractiond using eq 3 along with appropriate } o o w?® o’
experimental values af and da/dx,. This procedure is then 0.02 - I o g
repeated by iteration in small time steps. At each step of S e
this iteration the cholesterol release rate constants are 0 0.1 0.2 0.3 0.4 0.5 0.6
determined using eqs 4 and 5. In eggis the number of b o2 ——r———T——1T 11
Chol or DChol molecules in the membrane. Cholesterol [ i
release rates obtained by this method are given in Figure 3. " 0.2 [ oo ]
It will be seen that there are marked changes in release rate ‘g . N
constants at the complex stoichiometries. Note that the S ousf ]
release rate (bf)(dn,/dt) is discontinuous when the slope o [
(1/A)(dA/dt) is discontinuous. I . 1
Calculated Chemical Actities. The chemical activity of - i
cholesterol £ is defined by the chemical potential of § 0051_ o ]
cholesterol = G S
:. .I * L A? ad P | 1
¢= g/t (6) ° 0 0.1 0.2 0.3 0.4 0.5 0.6
The calculation of the chemical potentials for cholesterol has € ' ' ' A )
been described previouslg)( A calculated chemical activity 025 [ i ]
of cholesterol as a function of membrane composition is i
illustrated in Figure 4 for a binary mixture where a 2:1 0.2 |- . %o " 1
phospholipid:cholesterol complex is formed. The chemical . LI
potentials used in this calculation are the same as those used 018 ]
earlier to account for the effects of electrical fields on o1 F . ]
cholesterot-phospholipid complexeslg). Similar results Tt e e
were obtained in earlier work where chemical potentials were 0.05 . ..'. . * _
modeled to account for the phase diagrams showing pairs o % . o
of upper miscibility points §, 22). Three important param- ol b o
0 0.1 0.2 0.3 0.4 0.5 0.6

eters go into these model calculations. They are the equi-

librium constant for complex formatiorio, the oligomer- E 3 Rat tants (mi#) for Chol (or DChol) rel ;
i : ; famihili B IGURE 3. ate constants (mif) for ol (or Ol) release trrom
ization parameten, and immiscibility parameters, especially single phase, homogeneous membraness0D, These rate

the parameter governing the immiscibility of the phospholipid ¢onstants are calculated from the area decrease data such as those
and cholesterol. The reaction of complex formation is written in Figure 2 by using egs 4 and 5 and the molecular area data from
Figure 1d-f. Arrows show complex stoichiometries determined

ngC + npP < [C, P[] (7 from phase diagrams such as those in Figure 1.

mole fraction of Chol or DChol —>

, ) .. that the rate constant for loss of cholesterol from the
In this reaction C and P refer to cholesterol and phospholipid monolayer membrane is proportional to the chemical activity

molec_ules,p gnd_q are relatively prime numbers, arrrdis. of cholesterol. That is, the rate constant for cholesterol loss
the oligomerization parameter. The brackets are a reminder;g proportional to expf(u* — w)/kT], where u* is the

that solution nonideality leading to immiscibility can facilitate - chemical potential of cholesterol in the activated state and
complex formation. That is, the complex formation can , is the chemical potential of cholesterol in the membrane.
involve a many-body effect, and the complex should not be ¢ e assume that this activated state has a free energy that
viewed as an isolated group nd + npmolecules. The term s gypstantially independent of membrane composition, then
condensed complex was introduced previously to indicate one sees that the rate constant for cholesterol loss is simply

the cooperative nature of the complex formation and its high ronortional to the chemical activity of cholesterol in the
molecular density. In reactioi the molecules C, P, and  j,.emprane.

CngPrp interact with one another as in a nonideal solution, |, previous work we showed theoretically that the

irespective of whether the membrane is homogeneous orgoncentration of free cholesterol undergoes a marked increase
not (6, 19). as membrane cholesterol concentration is increased beyond
DISCUSSION the stoich.iometric _compositiorﬁx. (From the phase dia-
grams, this is obviously true at low pressures where the
It is known from much previous work that the rate of liquids are largely phospholipid and complex or complex
cholesterol loss from mixtures with phospholipids depends and cholesterol. It is also true at higher pressures in the
on the lipid composition, 23). It is plausible to assume homogeneous phase.) This is also true for the chemical



Accelerated Publications Biochemistry, Vol. 39, No. 28, 200B123

1 -
& Sensor
z 0.8 4
= ngC+npP——{C, P, )
& 064
Ej 0.4 1 g
= s Cholesterol
2 021 2
9 Q —
— T ] 5| < R
025033  0.50 0.75 g SREBP T
mole fraction of Chol —p é
Ficure 4: Theoretical cholesterol chemical activity as a function \_ -
of cholesterol concentration in a homogeneous membrane. The \_ )
activity is calculated using eq 6 and the parameter values given in
Figure 4 of ref19 (equilibrium constan, = 2,n =5, and 33  FiGuURE5: Schematic representation of cholesterol homeostasis in
mol % cholesterol in the complex). The calculated sharp jump in a cell [adapted from Lange and Ste@)]. The chemical activity
chemical activity increases with increasing binding constigt, of cholesterol as determined by complex formation (eq 7) acts as

for the reaction of eq 7. The sharpness of the change also increasea plasma membrane cholesterol sensor. The sensor regulates the

with increasingn, but the magnitude of the change (between low transport of cholesterol to and from the ER and, hence, indirectly

and high cholesterol) decreases with increasing regulates the proteolytic release of sterol regulatory element binding
protein (SREBP) and the subsequent expression of genes of the

activity of cholesterol, as illustrated in Figure 4. The results cholesterol biosynthetic and uptake pathwal)(
in Figure 4 are based on the theoretical model together with
values of the parameters used previousB) (It will be seen

in this calculation that the chemical activity of cholesterol
increases by a factor of about 3 when the cholesterol mole
fraction in the membrane is changed by a small amount in
the vicinity of the stoichiometric composition. The experi-
mental data in Figure 3 show that the rate of cholesterol
release from the membrane also increases by a factor4f 3
when the cholesterol mole fraction in the membrane is
increased by a small amount in the vicinity of the stoichio-
metric compositions. The similarity of these results gives
us confidence in our interpretation of these rates.

phosphatidylcholine2() or phosphatidylcholines with short
saturated fatty acid chain®€). It is anticipated that the
inclusion of these lipids in membranes will tend to increase
the chemical activity of cholesterol. In other words, one
membrane having a high cholesterol concentration and long-
chain phosphatidylcholines (or sphingomyelin) may be in
equilibrium with a second membrane with a low cholesterol
concentration and unsaturated phosphatidylcholines, with
respect to cholesterol interchange. In this connection it is
interesting to note that human fibroblasts have a mole fraction
of cholesterol of about 0.4 in the plasma membrane and a
o _ ) _ much lower concentration of cholesterol in the ER and other
_ The quantitative details of the chemical pote_nt|al calcula- jptracellular membraned2). Nonetheless, they may be close
tions depend of course on the thermodynamic parametersyy equilibrium with respect to cholesterol exchange in a
chosen. However, the qualitative features of the increase inquiescent cell. It has also been suggested that an uneven
chemical activity of cholesterol are retained for any set of {istribution of cholesterol may provide a mechanism for the
parameters that also simulate data such as those given i%orting of membrane proteins of the Golgi appara@8).(
Figure 1. The stoichiometry of the complex in termsjép The composition-dependent switch in the chemical activity
+ ) is set by the position of the cusps in Figure 1. The of cholesterol may provide a regulatory factor for cholesterol
sharpness of the cusps is sensitive to the value of theyransport and biosynthesis in cells. For example, the outer
cooperativityn, and this also affects the size of the jump in - monolayer leaflet of the plasma membrane of eukaryotic cells
the chemical activity. We have used valuesai the range  contains both sphingomyelin and cholesterol. It is known
n=3-5in our simulations&, 19). It will be noted thatthe  hat sphingomyelinase treatment of fibroblasts results in the
experimental curves on release rate in Figure 2 may haveqownregulation of cholesterol biosynthesis in the BIR)(
more than a single break or inflection. This might be related |f \ye assume that under physiologic conditions the sphin-
to quantitative aspects of the chemical potential and area pergomyelin-cholesterol ratio is close to stoichiometric, it will
molecule versus cholesterol concentration curves or possiblype seen that loss of sphingomyelin would lead to an increase
to complexes with more than one stoichiome®§,(24). In in cholesterol chemical activity in the outer monolayer, and
connection with the latter possibility, in recent work it has  ths jncrease in chemical activity could be transferred to the
been rep_orted that the hydrolytip gcti\(ity of a phospholipase jnner monolayer by cholesterol flip-flop and subsequent
on certain cholestereiphospholipid bilayers shows-810 cholesterol transport to the ER, leading to downregulation
minima at specific cholesterol concentratiod, (25). These  of cholesterol biosynthesis. [A protein that acts as a
minima may also correspond to minima in chemical poten- cpolesterol transporter between mitochondrial membranes is
tials. Some of these minima have compositions similar t0 known ©9).] A number of studies of the distribution of
those often found in our work on monolayers, namely, about cholesterol between plasma membrane and intracellular
35 and 45 mol %. At present we do not have a molecular mempranes are consistent with the idea that while the
model for the relation between this complex stoichiometry concentrations of cholesterol in these membranes may be
[¢/(p + g)] and phospholipid structure. There is a rough quite different, the chemical activities may be simitaine
empirical correlation betweegi(p + q) inferred from phase  gctivity (concentration of free cholesterol) in the plasma
diagrams and phospholipid chain melting temperatl2€s ( membrane is low because complex formation consumes most
The monolayer phase diagrams observed to date show nof the cholesterol, whereas the activity of cholesterol in the
evidence for cholesterol complex formation with unsaturated ER is low because the concentration of cholesterol is low
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and there is little complex formation. Xu and Tabas have
found that activation of macrophage ACAT by lipoproteins
proceeds only after the net expansion of cellular cholesterol
pools to a critical threshold leveB(). More recently, Lange
and Steck have reported a threshold condition in the relation
between plasma membrane cholesterol and intracellular
membrane cholesteroll?). That is, when the cellular
cholesterol is increased past its physiological value, there is
a large increase in ER cholesterol. The threshold transition
found by these investigators was proposed to arise from “a
structural or organizational transition in the bilayer”. We
suggest that this transition is the composition-dependent
switch in cholesterol chemical activity that is a consequence
of condensed complex formation. This view can be sum-
marized by the schematic drawing given in Figure 5, adapted
from Lange and Steck3(). Here, a cholesterol sensor
regulates the flux of cholesterol into and out of the plasma
membrane. Our proposal is that this sensor is the chemical
activity of cholesterol as governed by reactignshown in
Figure 5 as functioning as the cholesterol sensor. The
stoichiometry of this reaction depends on the phospholipid
type, implying a coordinated regulation of phospholipid
composition and cholesterol concentrati@2)(

NOTE ADDED IN PROOF

Recent evidence indicates that the cleavage of SREBP’s
(shown in Figure 5) may occur in a post-ER compartment
such as the Golgi apparatu34j.
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