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Depletion with Cyclodextrin Reveals Two Populations of Cholesterol in
Model Lipid Membranes
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ABSTRACT Recent results provide evidence that cholesterol is highly accessible for removal from both cell and model mem-
branes above a threshold concentration that varies with membrane composition. Here we measured the rate at which methyl-b-
cyclodextrin depletes cholesterol from a supported lipid bilayer as a function of cholesterol mole fraction. We formed supported
bilayers from two-component mixtures of cholesterol and a PC (phosphatidylcholine) lipid, and we directly visualized the rate of
decrease in area of the bilayers with fluorescence microscopy. Our technique yields the accessibility of cholesterol over a wide
range of concentrations (30–66 mol %) for many individual bilayers, enabling fast acquisition of replicate data. We found that the
bilayers contain two populations of cholesterol, one with low surface accessibility and the other with high accessibility. A larger
fraction of the total membrane cholesterol appears in the more accessible population when the acyl chains of the PC-lipid tails
are more unsaturated. Our findings are most consistent with the predictions of the condensed-complex and cholesterol bilayer
domain models of cholesterol-phospholipid interactions in lipid membranes.
INTRODUCTION
Mammalian cells regulate the concentration of cholesterol
in their plasma membrane (~40 mol %) and endoplasmic re-
ticulum (~5 mol %). When the concentration of cholesterol
in the cell plasma membrane falls below a physiological set
point, activation of a signaling pathway results in proteins in
the endoplasmic reticulum upregulating cellular cholesterol
production (1–3). The cell may maintain this set point by
monitoring the chemical activity (effective concentration)
of cholesterol in the plasma membrane, which can be signif-
icantly different than the total plasma membrane cholesterol
concentration (1,4–6). In humans, diets high in saturated
fats correlate with hypercholesterolemia, whereas diets
high in monounsaturated fats are comparatively hypocho-
lesterolemic (7). The link between saturated fats and hyper-
cholesterolemia may lie in the disparity between the activity
and total concentration of cholesterol in the plasma mem-
brane. Cholesterol interacts more favorably with saturated
phospholipids than unsaturated phospholipids in mem-
branes (8). These favorable interactions may reduce the ac-
tivity of cholesterol with respect to total concentration, such
that cells with higher concentrations of saturated lipids
trigger cholesterol production even when the plasma mem-
brane contains elevated levels of cholesterol.

Direct measurement of the activity of cholesterol in a
membrane is difficult. Determining the surface accessibility
of cholesterol is more experimentally tractable, and this
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quantity is hypothesized to be proportional to the activity
of cholesterol within the membrane (9). Here, we investi-
gated whether all cholesterol molecules in a two-component
PC (phosphatidylcholine) lipid bilayer at high concentra-
tions of cholesterol (30–66 mol %) are equally accessible
for removal by methyl-b-cyclodextrin (mbCD). Specif-
ically, we used fluorescence microscopy to image the
decrease in area of PC-lipid membranes as mbCD selec-
tively pulled cholesterol from them. We used the rate of
decrease in membrane area to determine the rate of choles-
terol depletion as a function of both the mole fraction of
cholesterol (cC) and the degree of unsaturation of the PC-
lipid tails. Molecular structures of the three phospholipids
studied (DMPC, SOPC, and DOPC in order of increasing
acyl-chain unsaturation) and cholesterol are shown in Fig. 1.

Previously, cholesterol-dependent cytolysins and choles-
terol oxidase have been used to assay the accessibility
of cholesterol in two-component PC-lipid membranes
(10–18). The binding of two cytolysins, perfringolysin O
and anthrolysin O, to cholesterol in the membrane increases
sharply above a single cC characteristic to the PC-lipid in
the bilayer (10–15). Generally, this cC decreases with
increasing lipid tail unsaturation. However, slight structural
modification of the protein (19) or changes in pH (10) can
cause this characteristic cC to shift independently of mem-
brane lipid composition. These sensitivities make it difficult
to isolate changes in the accessibility of cholesterol from
changes in the binding behavior of the cytolysin. The use
of monomeric cytolysin subunits likely alleviates this prob-
lem (15). Cholesterol oxidase converts cholesterol into cho-
lest-4-en-3-one, altering the composition of the bilayer. This
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FIGURE 1 The molecular structures of DMPC (di-14:0-PC), SOPC

(18:0-18:1-PC), DOPC (di-18:0-PC), and cholesterol. DMPC has two satu-

rated tails. SOPC has one saturated and one monounsaturated tail. DOPC

has two monounsaturated tails.

TABLE 1 Previously Published Measurements of Cholesterol

Accessibility for Two-Component PC-Lipid Bilayers

PC-Lipida Characteristic cC
b Assay Reference

di-16:0 0.63, 0.58 COD (18)

0.50 COD (16)

di-14:0 0.50 COD (16)

18:0-18:1 0.50 COD (16)

16:0-18:1 0.58, 0.52, 0.40, 0.25 COD (18)

0.50 COD (16)

0.334, 0.250 COD (17)c

di-18:1 0.62, 0.57, 0.51, 0.40, 0.25 COD (18)

0.33 COD (16)

di-18:0 0.47d PFO (11)

di-16:0 0.49d PFO (11)

di-14:0 0.51d PFO (11)

18:0-18:1 0.42d PFO (11)

16:0-18:1 0.47d PFO (14)

0.45d PFO (14)

0.45 PFO (12)

0.44d PFO (11)

0.44d PFO (13)

0.28d PFO, pH ¼ 7.4 (10)

0.24d PFO, pH ¼ 5.1 (10)

di-18:1 0.45 PFO-D4e (15)

0.45 ALO-D4e (15)

0.41 PFO (15)

0.37d PFO (11)

0.35 PFO (12)

0.34d PFO (14)

0.26 ALO (15)

0.26d PFO, pH ¼ 7.4 (10)

0.20d PFO, pH ¼ 7.0 (10)

di-(4Me-16:0) 0.31 PFO (15)

0.27 PFO-D4e (15)

0.27 ALO-D4e (15)

0.25 PFO (12)

COD, cholesterol oxidase; PFO, perfringolysin O; ALO, anthrolysin O.
aLipids are listed by the number of carbons and degree of unsaturation of

their tails (e.g., DMPC is di-14:0-PC).
bCharacteristic cC refers to the one or several mole fraction(s) of cholesterol

at or above which the accessibility of cholesterol increases sharply. Only

characteristic cC R 0.20 are listed.
cThe researchers did not report on bilayers with cC > 0.345.
dThis value was interpreted from a graph as the half-maximum of cytolysin

binding.
eThis version of the protein is monomeric and does not cause pores to form

in the membrane.
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structural change should have minimal impact on the initial
rate of oxidation measured, but the eventual widespread
replacement of cholesterol, even by structurally similar ste-
rols, can drastically change membrane properties (20,21).
There have been disagreements in the literature stemming
from the interpretation of results from cholesterol oxidase
assays. In particular, some studies claim there is only one
cC above which cholesterol accessibility increases sharply
(16), whereas others claim to observe several spikes in
cholesterol oxidase activity at specific values of cC
(17,18). Results from previous cytolysin and cholesterol ox-
idase studies on two-component lipid bilayers are summa-
rized in Table 1. Our mbCD area depletion assay avoids
significant chemical modification of membrane components
while giving an unambiguous readout of the accessibility of
cholesterol as a function of cC.

There are three significant experimental challenges to
overcome in measuring mbCD-induced area depletion of
bilayers to determine the accessibility of membrane choles-
terol over a wide range of cC. First, membrane fluctuations
must be suppressed so the decrease in area can be
measured accurately. Second, membrane tension must be
approximately constant throughout the depletion process
so that changes in tension do not influence the measured
accessibility; changes in membrane tension makes mea-
surements involving vesicles problematic (22,23). Third,
knowledge is needed of the area per molecule of the
membrane as a function of cholesterol concentration.
This quantity is straightforward to measure for monolayers
(24) but much more challenging to determine for bilayers
(25). We addressed the first two challenges by developing
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a method of rupturing biotinylated giant unilamellar vesi-
cles (GUVs) onto a glass substrate coated with streptavidin
that yields supported lipid bilayers (SLBs). Upon depletion
of cholesterol with mbCD, a few large holes form in the
bilayer, suggesting that strong bilayer-surface pinning
interactions are minimized. We tackled the third challenge
by aggregating published bilayer thickness and area per
unit cell data and converting those values to molecular
areas. An overview of our experimental procedure is
shown in Fig. 2 (full details appear in the Materials and
Methods).

It is important that we conduct our experiments on
bilayers rather than monolayers—as has been achieved



FIGURE 2 Overview of the experimental procedure. (a) A GUV satu-

rated with cholesterol at 66 mol % is produced via electroformation.

(b) The GUV sinks to the bottom of the experimental chamber. (c) It

then ruptures onto a streptavidin-functionalized glass coverslip, forming a

heart-shaped SLB. Cholesterol flip-flop is rapid between the upper and

lower leaflets of the fluid bilayer (39–42). (d) mbCD is added to the cham-

ber, where it selectively removes cholesterol from the SLB. Large holes

form in the SLB as cholesterol is depleted, and the bilayer area decreases.
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previously (9)—because large differences in miscibility
behavior between monolayer and bilayer systems imply
that cholesterol-phospholipid interactions differ in the
two systems (26). Also, our goal is to resolve disagree-
ments about which models of cholesterol-lipid interactions
best describe the accessibility of cholesterol in bilayer
systems. The clearest predictions from these models
apply to bilayers comprised of a single lipid and cholesterol,
which led us to use binary membranes in our experiments.
Membranes composed of certain ternary mixtures of
lipids and cholesterol are known to phase-separate at com-
mon experimental temperatures (27). Reports of two
rates of cholesterol efflux from cells and from bilayers
composed of ternary lipid mixtures (22,28–30) are chal-
lenging to interpret if the membrane demixes into coexisting
liquid phases.

Here we show that the accessibility of cholesterol for
removal by mbCD increases sharply above a single charac-
teristic cC specific to the PC-lipid in the membrane. Our
membranes are free of macroscopic phase separation. Our
results show that cholesterol exists in multiple populations
with distinct accessibilities in two-component PC-lipid
membranes that appear otherwise homogeneous. Our
method enables us to distinguish between different models
of cholesterol-phospholipid interactions in lipid bilayers.
MATERIALS AND METHODS

Chemicals

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, di-14:0-PC), SOPC

(1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine, 18:1-18:0-PC), DOPC

(1,2-dioleoyl-sn-glycero-3-phosphocholine, di-18:1-PC), biotinyl cap DPPE

(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-n-(cap biotinyl), and

rhodamine DMPE (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-n-

(lissamine rhodamine B sulfonyl) were from Avanti Polar Lipids (Alabaster,

AL). Cholesterol was from Sigma-Aldrich (St. Louis, MO). All lipids were

used without further purification and were stored at �20�C. Biotinyl cap
DPPE was stored in chloroform/methanol/water (65:35:8 by volume), and

all other lipids were stored in chloroform. Streptavidin and mbCD were

from Sigma-Aldrich. Glucose and sucrose were from Fisher Scientific (Wal-

tham, MA). All water was purified to 18 MU-cm with a Barnstead filtration

system from Thermo Scientific (Waltham, MA).
Giant unilamellar vesicle formation

GUVs were generated by electroformation as in previous experiments

(Fig. 2 a) (27). Electroformation was conducted using mixtures of PC-

lipid/cholesterol/rhodamine DMPE/biotinyl cap DPPE (25:75:0.8:0.05 by

mole) to produce GUVs saturated in cholesterol at 66 mol %; excess choles-

terol precipitates as crystalline cholesterol monohydrate (21,31). Briefly,

0.25 mg of lipids were dissolved in chloroform and spread onto two

37.5 � 25 mm glass slides coated with indium-tin-oxide (Delta Technolo-

gies, Loveland, CO). The lipid-coated slides were placed under vacuum

for 30 min to remove solvent. Pairs of slides were assembled face-to-face

separated by a 1-mm gap maintained by two Teflon spacers. The gap was

filled with 200 mM sucrose, and the edges were sealed with vacuum grease.

The two indium-tin-oxide surfaces were connected to anAC voltage of 1.5 V

at 10 Hz for 1 h at 60�C. The resulting GUV-rich solution was diluted with

3.5 mL of 200 mM sucrose at 60�C, then cooled to room temperature (24–

26�C). This temperature is above the gel-liquid coexistence temperature of

all vesicles studied (32,33). All experiments reported here featured vesicles

that ruptured smoothly onto solid supports and that exhibited uniform distri-

butions of dye-labeled lipids. We find that vesicles in the gel phase (e.g.,

100% DMPC vesicles below 24�C) often do not rupture smoothly and that

the dye-labeled lipids often accumulate at the edges of the resulting SLBs.

Experiments were performed within 4 h of vesicle formation.
Supported lipid bilayer formation and cholesterol
depletion

A 25 � 25 mm glass coverslip (Fisher Scientific) was plasma-etched (Har-

rick, Ithaca, NY) for 50 s. A quantity of 1.5 mL of 0.1 mg/mL streptavidin

in water was deposited on the coverslip. After 20 min, the water was poured

off, and the coverslip was adhered with vacuum grease to form the base of a

cylindrical well with a radius of 10 mm and a height of 12 mm. The cham-

ber was gently rinsed with water five times and placed on the stage of an

inverted epifluorescence microscope.

One milliliter of 200 mM glucose was added to the chamber, followed by

20–50 mL of GUV-rich solution. GUVs sank to the bottom of the chamber

(Fig. 2 b). Within 1–2 min, hundreds of vesicles ruptured onto the coverslip

to create a field of heart-shaped SLBs spatially separated by bare glass

(Figs. 2 c and 3). The asymmetric rupture mechanism that produces

heart-shaped SLBs has been explored previously (34), and we found our

protocol predominantly yields this rupturing pattern. The chamber was

washed with 1 mL of 200 mM glucose 10 times. Care was taken to ensure

that SLBs were never directly exposed to air. After an initial image was

collected, 2 mL of 3.75 mM (for membranes with DMPC or SOPC) or

1.5 mM (for membranes with DOPC) mbCD in 200 mM aqueous glucose

was added to the experimental chamber, yielding 3 mL of 2.5 mM (for
Biophysical Journal 110(3) 635–645



FIGURE 3 Micrographs of the cholesterol depletion process. Heart-shaped regions (gray) are individual supported lipid bilayers formed from the rupture

of giant unilamellar vesicles onto a glass coverslip (black). mbCD is added at t ¼ 0 s. mbCD removes cholesterol from the supported lipid bilayers. Large

holes form in the bilayers as their areas decrease, further revealing the glass coverslip beneath them. DMPC/cholesterol bilayers are shown here, [mbCD] ¼
2.5 mM.
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membranes with DMPC or SOPC) or 1 mM (for membranes with DOPC)

mbCD in 200 mM aqueous glucose. Approximately 5 s later, images were

collected every 2 s with 500 ms exposures for a total of 300 s (DMPC or

DOPC) or 100 s (SOPC) (Figs. 2 d and 3). All experiments were performed

at 24–26�C. Two different concentrations of mbCD were used because

2.5 mM mbCD removes cholesterol from DOPC bilayers too quickly to

accurately measure the rate of area depletion, whereas 1 mM mbCD de-

pletes cholesterol prohibitively slowly from SOPC and DMPC bilayers.

In total, we obtained data from 82 distinct bilayers of cholesterol with

DMPC, 95 with SOPC, and 49 with DOPC.

At concentrations <5–20 mM, mbCD selectively removes cholesterol

from PC-lipid bilayers, leaving the phospholipids behind and the membrane

intact (35–38). As a control to ensure that our procedure does not remove

significant amounts of PC-lipids from the bilayer, we performed our assay

using SLBs of pure DMPC, SOPC, or DOPC. No area depletion was

observed on the timescale of our experiment.

It is likely that mbCD pulls cholesterol from only the upper leaflet of the

SLBs. Because the rate of cholesterol flip-flop is on the order of milliseconds

in fluid phase lipid bilayers (39–42) and our experiment occurs on the order

of seconds, we expect that cholesterol equilibrates across the leaflet of our

bilayers faster than we could detect. If cholesterol flip-flop were hindered

and cholesterol could only move between the two leaflets by edge diffusion,

wewould expect to see depletion rates vary with SLB size.We found no cor-

relation between SLB size and cholesterol depletion rate (see Fig. S1 in the

SupportingMaterial), nor didwe find evidence of an asymmetric distribution

of cholesterol across the two leaflets in our observations.
Images and image processing

Epifluorescence microscopy was performed with a 10� objective on an in-

verted microscope (Nikon, Melville, NY) with a Coolsnap fx charge-

coupled device camera (Photometrics, Tucson, AZ). All micrographs

were analyzed using the open-source software package Fiji (43). Each

time series of images was converted to a series of binary images using Fiji’s

isodata algorithm. The number of pixels in each SLB as a function of time

was determined using Fiji’s Analyze Particles function. The fraction of

bilayer area remaining is determined by dividing the area remaining of

each bilayer by its initial area. We imaged 3–15 separate SLBs per exper-

iment. Data for any bilayer with an initial area of fewer than 250 mm2 was

discarded to limit sensitivity to noise in the area measurement. Occasion-

ally, over the course of an experiment, a free-floating GUV or other lipid

debris drifted over one of the bilayers being imaged, briefly obfuscating

measurement of the bilayer area. In this case, the affected data points

were discarded.
Curve fitting

We fit all data using the freely available Python module PyMC (44). PyMC

implements Markov chain Monte Carlo algorithms to provide a computa-
Biophysical Journal 110(3) 635–645
tionally tractable approach to Bayesian curve fitting. For each fit, we

started with a uniform prior probability distribution and generated

100,000 samples of the posterior distribution using a likelihood function

that assumes independent, unbiased, and normally distributed errors in

the data. The first 20,000 of these samples were discarded as burn-in

to avoid sampling from the Markov chain before it reached its equilib-

rium distribution. We determined the means and standard deviations of

fitting parameters and derived values in the results directly from these

sets of 80,000 samples (see Fig. S2 for plots of the sampled posterior

distribution).
Bilayer area per molecule

We aggregated published bilayer electron density peak-to-peak distances,

dpp, determined by x-ray diffraction (45–47) and area per unit cell data,

AUC, determined by neutron scattering (48,49) or jointly analyzed neutron

and x-ray scattering (50,51) for bilayers comprised of cholesterol and either

DMPC, SOPC, or DOPC at 30�C (see Tables S1–S5 in the Supporting

Material for all data used).

From x-ray experiments, we determined the thickness of the approxi-

mately incompressible hydrocarbon region of the bilayer as a function of

mole fraction of cholesterol, dHC(cC), as

dHCðcCÞ ¼ dppðcCÞ � 2dH1; (1)

where dH1 is the distance from the peak of the x-ray scattering electron den-

sity profile to the interface of the hydrocarbon region of the bilayer, as

determined by the joint analysis of x-ray and neutron scattering data for sin-

gle-component bilayers consisting of the appropriate PC-lipid (50,51). It is

likely that dH1 varies with cC, but there are no published values of this rela-

tionship for the systems we studied. We therefore approximated dH1 as con-

stant with respect to cC.

From dHC, we determined the average area per molecule in the bilayer,

aavg, as

aavgðcCÞ ¼ 2VHCðcCÞ
dHCðcCÞ

; (2)

where VHC is the average volume per molecule in the hydrophobic portion

of the bilayer, computed as
VHCðcCÞ ¼ ðVL � VHÞ � ð1� cCÞ þ VCcC; (3)

and where VL, VH, and VC are the reported volumes of the PC-lipid (52,53),

the PC-headgroup (54,55), and a single cholesterol molecule in a PC-lipid
bilayer (53), respectively. It is likely that cholesterol does not lie entirely

within the hydrocarbon portion of the bilayer (14,46), but no value

for the fraction of excluded volume has been reported. We therefore approx-

imated cholesterol as being completely located within the hydrocarbon re-

gion of the bilayer.



TABLE 2 Fitting Parameters for the Average Area per

Molecule in a Bilayer as a Function of Mole Fraction of

Cholesterol, aavg(cC)

Lipid p1 (Å
2) p2 (Å

2) p3

DMPC 38.1 5 2.4 21.0 5 2.4 5.1 5 1.4

SOPC 38.5 5 3.0 26.8 5 2.9 2.9 5 0.7

DOPC 36.5 5 2.1 31.1 5 2.1 2.2 5 0.3

The method of generating uncertainties in the fitting parameters is

described in the Curve Fitting subsection.
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From neutron scattering experiments, we determined aavg as

aavgðcCÞ ¼ AUCðcCÞ � ð1� cCÞ: (4)

We found that aavg is well described as exponentially increasing with

decreasing cC,

aavgðcCÞzp1 þ p2e
�p3cC ; (5)

where p1, p2, and p3 are the fitting parameters (see Fig. 4). The

fitting parameters are summarized in Table 2. We do not assign a
physical meaning to these fitting parameters or relationship, and we use

this analytic form only as an approximation of aavg to enable further

analysis.
RESULTS

We added mbCD to an aqueous solution above a field of
SLBs and recorded a time-series of micrographs to deter-
mine the rate at which cholesterol is depleted from the lipid
bilayers. Full experimental details are compiled in the
Materials and Methods. A representative time-series of im-
ages for bilayers of DMPC and cholesterol appears in Fig. 3.
We collected similar time-series for bilayers of SOPC and
cholesterol and for bilayers of DOPC and cholesterol. As
cholesterol is depleted from each bilayer, a few holes
form and grow. We plot the fraction of each bilayer area re-
maining as a function of time after mbCD is added, AR(t). In
Fig. 5 the mean of the experimental data 5 two standard
errors is shown in black, and the standard deviation of the
data is shown in gray. Our goal is to use AR(t) to quantita-
tively determine how the rate of cholesterol depletion de-
pends on cC.
FIGURE 4 The average area per molecule as a function of mole fraction

of cholesterol, aavg (cC), for two-component bilayers of cholesterol with

DMPC (circles, red line), SOPC (pentagons, green line), or DOPC (stars,

blue line). All data (symbols) shown here are determined from previously

reported measurements of bilayer thickness or area per unit cell conducted

at 30�C (45–51). The average area per molecule is well approximated as

exponentially increasing with decreasing cholesterol mole fraction (colored

lines). DOPC data is offset (increased) by 5 Å2 to avoid overlap with the

SOPC data. To see this figure in color, go online.
Our approach to analyzing AR(t) is as follows. We define

ARðtÞh area of bilayer at t

area of bilayer at t ¼ 0

¼ nL þ nCðtÞ
nL þ nCð0Þ � aavgðcC½t�Þ

aavgðcC½0�Þ
;

(6)

�
nCðtÞ

�
aavgðcC½t�Þ
¼ 1� cCð0Þ þ nL þ nCð0Þ �
aavgðcC½0�Þ

; (7)

where nL is the number of PC-lipid molecules initially in the
bilayer, cC is the mole fraction of cholesterol in the bilayer,
nC is the monotonically decreasing number of cholesterol
molecules in the bilayer, and aavg is the composition-depen-
dent average area per molecule in the bilayer.

Because we deplete with a gross excess of mbCD, the
concentration of mbCD remains approximately constant
throughout the experiment. Therefore, the rate of depletion
for a given SLB varies with nC only. If all cholesterol in
the bilayer were equally accessible by mbCD and this
accessibility were independent of cC, then the rate law
governing the depletion process would be pseudo-first order
in nC with

�dnCðtÞ
dt

¼ k1nCðtÞ; (8)

nCðtÞ ¼ nCð0Þe�k1t; (9)
where k1 is the depletion rate constant. Then by Eq. 7,

ARðtÞ ¼
�
1� cCð0Þ þ

nCð0Þ
nL þ nCð0Þe

�k1t

�
� aavgðcC½t�Þ

aavgðcC½0�Þ
;

(10)

� �k t
� aavgðcC½t�Þ
¼ 1� cCð0Þ þ cCð0Þe 1 �

aavgðcC½0�Þ
; (11)

where k1 is the single fitting parameter used to generate the
one-population fit shown in Fig. 5 (blue line). This model
underfits our data, implying that a model in which all
cholesterol in the membrane is in a single population is
inadequate to describe our system.
Biophysical Journal 110(3) 635–645



FIGURE 5 The fraction of bilayer area remaining as a function of time, AR(t), after addition of mbCD. AR(t) decreases as mbCD depletes cholesterol from

the bilayer. (Black region) Our experimental mean 5 2 SE; (gray region) standard deviation of our data. The model with two cholesterol populations de-

scribes the data well (red dotted line), whereas the model with only one cholesterol population underfits the data (blue line). N is the number of replicate

bilayers studied. To see this figure in color, go online.

TABLE 3 Experimental Parameters and Fitting Results for the

Two-Population Model of Cholesterol

Lipid Na
[mbCD]

(mM)b c0
s
c ks � 103 (s�1)d kf � 103 (s�1)e

DMPC 82 2.5 0.391 5 0.002 2.38 5 0.03 57.4 5 1.2

SOPC 95 2.5 0.312 5 0.004 8.2 5 0.2 138.2 5 3.9

DOPC 49 1.0 0.226 5 0.004 0.98 5 0.10 36.7 5 0.8

The method of generating uncertainties in the fitting parameters is

described in the Curve Fitting subsection.
aThe number of replicate bilayers measured.
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If instead there were two independent populations of
cholesterol, one with high accessibility and one with low
accessibility, then the depletion would be the sum of two
pseudo-first-order processes with

�dnCðtÞ
dt

¼ ksnsðtÞ þ kf nf ðtÞ; (12)

nCðtÞ ¼ nsð0Þe�kst þ nf ð0Þe�kf t; (13)
bThe concentration of mbCD used (see the Materials and Methods).
cFitting parameter corresponding to the initial mole fraction of the slow

population of cholesterol.
dFitting parameter corresponding to the rate constant for the depletion of the

slow population of cholesterol.
eFitting parameter corresponding to the rate constant for the depletion of the

fast population of cholesterol.
where nf and ns are the numbers of cholesterol molecules in
the two populations with corresponding rate constants kf and
ks. We choose kf > ks so that kf (ks) represents the fast (slow)
cholesterol population. By Eq. 7,

ARðtÞ ¼
�
1� cCð0Þ þ

nsð0Þ
nL þ nCð0Þe

�kst

þ nf ð0Þ
nL þ nCð0Þe

�kf t

�
� aavgðcC½t�Þ

aavgðcC½0�Þ
: (14)

We then use the fact that nf(0)¼ nC(0) – ns(0), and define c
0
s

as the initial mole fraction of the slow population of choles-
terol, c0

s h ns(0)/(nL þ nC(0)), to obtain

ARðtÞ ¼ �
1� cCð0Þ þ c0

s e
�kst þ �

cCð0Þ � c0
s

�
e�kf t

�

� aavgðcC½t�Þ
aavgðcC½0�Þ

; (15)

where c0
s , ks, and kf are the three fitting parameters used

to generate the two-population fit shown in Fig. 5
(red dotted line). This model describes our data well, and a
summary of the fitting parameters is given in Table 3. This
model is the simplest description of a membrane with more
than one population of cholesterol. It is possible that there
are more than two populations of cholesterol or that the
Biophysical Journal 110(3) 635–645
two populations readily interconvert, but adding further
complexity to the model is unwarranted by our data (see
Fig. S3 for a three-population model).
DISCUSSION

We found evidence for two populations of cholesterol in
bilayers containing cholesterol and either DMPC, SOPC,
or DOPC. The fraction of cholesterol that is more highly
accessible increases with the degree of unsaturation of the
PC-lipid’s acyl chains. These results, in conjunction with
the previous literature results in Table 1, enable us to assess
current models of cholesterol-phospholipid interactions.
Models of cholesterol-phospholipid interactions

There are four commonly referenced descriptions of choles-
terol-phospholipid interactions in membranes that yield
distinct predictions about how the accessibility of
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cholesterol should vary with composition. These are the um-
brella, superlattice, condensed-complex, and cholesterol
bilayer domain models (Table 4).

At the solubility limit of cholesterol in the bilayer, the
umbrella model predicts nonspecific cholesterol-phospho-
lipid interactions that are independent of the PC-lipid tail
(56). The large hydrophilic PC-headgroups form a protec-
tive canopy under which cholesterol diffuses freely. Each
PC-umbrella shields up to two molecules of cholesterol
from water. This model successfully predicts that the solubi-
lity limit of cholesterol in PC-lipid bilayers is largely
independent of PC-lipid tail structure (31), with notable ex-
ceptions being polyunsaturated (57,58) and methylated (59)
PC-lipids. However, by the shielding mechanism alone, all
cholesterol in the bilayer should be equally accessible for
removal by mbCD. Our results provide evidence that there
are at least two populations of cholesterol with distinct ac-
cessibilities, and treating all cholesterol as equally acces-
sible underfits our data (Fig. 5, blue line).

Both the umbrella and superlattice models predict that bi-
layers contain latticelike, regular distributions of cholesterol
and phospholipids at several characteristic values of cC. By
the umbrella model, lattice formation is driven by unfavor-
able multibody cholesterol-phospholipid interactions; the
energy of these interactions increases nonlinearly as the
number of cholesterol molecules per phospholipid increases
(56). By the superlattice model, long-range cholesterol-
cholesterol repulsions drive lattice formation (60). An
essential similarity between these models is that both claim
that the characteristic cC at which regular distributions form
are independent of the degree of unsaturation of the PC-lipid
tail (18,56). The results reported in Wang et al. (17) and Ali
et al. (18) are consistent with some of the predictions of
these models. However, our results clearly show that the
accessibility of cholesterol depends on the PC-lipid tail,
with starkly different values of c0

s , ks, and kf for the three
PC-lipids studied (Table 3). These models also predict a
change in cholesterol accessibility at several values of cC.
Our results show that a two-population model of cholesterol
with a single characteristic cC is sufficient to describe our
systems.
TABLE 4 Summary of Models of Cholesterol-Phospholipid

Interactions in Lipid Membranes

Model

Number of

Characteristic cC
a

(0.66 > cC > 0.30)

Dependent on

PC-Lipid Head

or Tail?b

Umbrella (at solubility limit) 0 head

Condensed-complex 1 tail

Cholesterol bilayer domain 1 both

Umbrella (regular distributions) R3 head

Superlattice R3 head

aThe number of characteristic cC at which the accessibility of cholesterol is

predicted to change sharply.
bStatement of whether the predictions of the model vary with the structure

of the phospholipid head, tail, or both.
The third model, the condensed-complex model, predicts
that cholesterol and phospholipids react reversibly to form
thermodynamically stable complexes with a well-defined
stoichiometry characteristic to the phospholipid tail (61).
These complexes behave as a third chemical species in the
two-component bilayer. Cholesterol accessibility increases
once cC exceeds the complex stoichiometry. At this point,
the population of cholesterol that is more accessible exists
in excess of the amount of cholesterol needed to fully part-
ner with each PC-lipid. Our results, as well as many results
reported in the literature (10–16), are consistent with this
model. We found our data are well described with two pop-
ulations of cholesterol and that the characteristic cC at
which cholesterol accessibility begins to increase varies
with the degree of unsaturation of the PC-lipid tail.

The fourth model, the cholesterol bilayer domain model,
states that cholesterol in excess of a threshold mole fraction,
cCBD, forms submicroscopic domains of bilayer-thick, tail-
to-tail cholesterol monohydrate that are soluble in the
membrane (62–65). Signatures of these domains in two-
component PC-lipid bilayers have been interpreted from
x-ray diffraction, neutron scattering, and electron paramag-
netic resonance (Table 5) (45,66–70). Our results are also
consistent with this model. The characteristic cC at which
cholesterol accessibility begins to increase would corre-
spond to the formation of cholesterol bilayer domains
made of cholesterol in excess of cCBD; cholesterol in these
domains would be less shielded from the aqueous phase than
those in PC-lipid rich regions.

These four models need not be mutually exclusive. The
cholesterol bilayer domain model makes predictions only
about cholesterol concentrations above cCBD; it does not
preclude the predictions of the condensed-complex model
or the regular distributions predicted by the superlattice or
umbrella models below cCBD. Attempts have been made
to resolve the condensed-complex and superlattice models
by treating the condensed-complexes as subunits that aggre-
gate to form larger superlattice clusters over time (71). Also,
for cC < 0.50, the umbrella and superlattice models yield
similar characteristic values of cC (56).
TABLE 5 Experimental Reports of Cholesterol Bilayer

Domains in Two-Component PC-Lipid Bilayers

PC-Lipida cCBD
b Technique Reference

di-14:0 0.50 electron paramagnetic resonance (69)

16:0-18:1 0.50 (67)

di-16:0 0.325 neutron scattering (70)

di-16:0 0.54 5 0.02 x-ray diffraction (66)

di-14:0 0.44 (45)

0.40 (68)

18:0-18:1 0.47 (45)

di-18:1 0.40 (45)

aLipids are listed by the number of carbons and degree of unsaturation of

their tails (e.g., DMPC is di-14:0-PC).
bThe mole fraction of cholesterol above which signatures of cholesterol

bilayer domains are reported.
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Condensed-complex stoichiometry and cCBD

From our two-cholesterol population model, we derived
values pertinent to the condensed-complex and choles-
terol bilayer domain models (Table 6). We determined
the values of the phospholipid-cholesterol complex
stoichiometries that result from applying the condensed-
complex model to our data. This stoichiometry is equiva-
lent to the ratio of the number of cholesterol molecules
in the less accessible (slow) pool to the total number
of PC-lipid molecules in the bilayer. We compute this
ratio as

complex stoichiometry ¼ nsð0Þ
nL

¼ c0
s

1� cCð0Þ
: (16)

In the context of the cholesterol bilayer domain model,

we determine the mole fraction of cholesterol above which
cholesterol bilayer domains would form in the bilayer,
cCBD. This quantity is approximated by assuming that all
cholesterol in the more accessible population is located in
cholesterol bilayer domains. This value is most directly
comparable to the characteristic cC values reported in
Table 1. We determine

cCBD ¼ nsð0Þ
nL þ nsð0Þ ¼ c0

s

1� cCð0Þ þ c0
s

: (17)

We also compute the ratio of the depletion rate constants

of the two populations of cholesterol (kf/ks).
Depletion rate coefficient

Because the two-component membranes we investigate
appear homogeneous, it is natural to think of the depletion
process as pseudo-first order in nC with a composition-
dependent rate coefficient of depletion, kD:

�dnCðtÞ
dt

¼ kDðcC½t�ÞnCðtÞ; (18)
TABLE 6 Values Derived from a Two-Population Model of

Cholesterol

Lipid Complex Stoichiometrya cCBD
b kf/ks

c

DMPC 1.150 5 0.006 0.535 5 0.001 24.1 5 0.4

SOPC 0.92 5 0.01 0.479 5 0.004 16.8 5 0.4

DOPC 0.67 5 0.01 0.399 5 0.005 37.9 5 3.3

The method of generating uncertainties is described in the Curve Fitting

subsection.
aThe average number of cholesterol molecules complexed with a single PC-

lipid molecule in the context of the condensed complex-model.
bThe mole fraction of cholesterol above which cholesterol bilayer domains

would be expected to exist in the context of the cholesterol bilayer domain

model. This value is most directly comparable to the characteristic cC
values in Table 1.
cThe ratio of depletion rate constants between the fast and slow populations

of cholesterol.
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�1 dnCðtÞ

kDðcC½t�Þ ¼

nCðtÞ dt
; (19)

�1 dcCðtÞ
¼
cCðtÞð1� cCðtÞÞ dt

: (20)

Our depletion rate coefficient is proportional to the average
accessibility of all cholesterol in the bilayer. Encapsulated
within kD is the effect of the concentration of mbCD on
the rate of depletion. For purposes of comparison with other
literature values, we treat the depletion as second order in
mbCD (35) and therefore scale our results for kD of
DOPC by a factor of 6.25 (2.52) to account for differences
in the concentration of mbCD used (Table 3).

In Fig. 6, we show that, at a given cC, kD increases with
the degree of unsaturation of the PC-lipid tails. This is
consistent with cholesterol interacting more favorably
with saturated lipids than unsaturated lipids (8). The value
of kD decreases sharply as the more readily accessible pop-
ulation of cholesterol is depleted. The proportion of choles-
terol in this population at high cC increases with the degree
of lipid tail unsaturation.
Advantages and disadvantages of the mbCD area
depletion assay

With our area depletion assay, a single experiment yields data
for up to 15 individual SLBs over a wide range of cholesterol
concentrations, enabling rapid acquisition of replicate data.
FIGURE 6 The depletion rate coefficient as a function of the mole frac-

tion of cholesterol in the bilayer, kD(cC). The rate coefficient decreases

sharply as the more accessible population of cholesterol is depleted. The

fraction of cholesterol in this population increases with increasing PC-lipid

tail unsaturation from DMPC (green) to SOPC (blue) to DOPC (red). At a

given cC, the rate coefficient increases with increasing lipid tail unsatura-

tion. We treat the depletion process as second order in mbCD (35) and scale

kD for DOPC by a factor of 6.25. To see this figure in color, go online.
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The cholesterol-dependent cytolysin and cholesterol oxidase
assays also report on the accessibility of membrane choles-
terol but require a separate experiment for every cC tested.
In addition, the experimental observable in our assay, namely
membrane area visualized by fluorescence microscopy, en-
ables us to directly witness any evidence of large-scale struc-
tural changes of the membrane during the course of our
experiment. A disadvantage of our assay is that the signal/
noise diminishes in the low-cholesterol regime (%30 mol
%) because at these cC values, aavg increases sharply as
cholesterol is removed, meaning that large changes in cC
yield very small changes in the total bilayer area remaining.
Our discussion focuses on the accessibility of cholesterol. A
vast literature of complementary techniques exists to assess
cholesterol-lipid interactions and has been reviewed by
others (72). As only one example, isothermal titration calo-
rimetry detects nonideal lipid-cholesterol mixing in bilayers
at cC R 0.3, although the membrane partition coefficient of
cholesterol appears to increase with cC (35).
CONCLUSIONS

We found that there are two populations of cholesterol
with distinct accessibilities in lipid bilayers composed of
DMPC, SOPC, or DOPC at high concentrations of choles-
terol. The accessibility of cholesterol decreases sharply as
the more accessible population is depleted from the bilayer,
yielding a single abrupt change in slope in all three traces of
kD versus cC in Fig. 6. The proportion of cholesterol initially
in the more accessible population increases with the degree
of unsaturation of the PC-lipid tail. Treating the depletion
rate coefficient as a measure of accessibility that is propor-
tional to chemical activity (9), our results are consistent with
cholesterol activity being higher in membranes comprised
of monounsaturated lipids as compared to those comprised
of saturated lipids. Our results are consistent with the
condensed-complex and cholesterol bilayer domain models
of lipid membranes and complement previous experiments
using different systems to build a body of work elucidating
how the chemical potential of cholesterol changes with its
mole fraction in membranes (10–18). We converted our re-
sults into predictions about these two models (Table 6). Our
assay enables robust determination of the accessibility of
cholesterol in lipid bilayers as a function of both phospho-
lipid structure and cholesterol concentration.
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