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Abstract: The relative stability of cholesterol in cellular membranes and the thermodynamics of fluctuations
from equilibrium have important consequences for sterol trafficking and lateral domain formation. We used
molecular dynamics computer simulations to investigate the partitioning of cholesterol in a systematic set
of lipid bilayers. In addition to atomistic simulations, we undertook a large set of coarse grained simulations,
which allowed longer time and length scales to be sampled. Our results agree with recent experiments
(Steck, T. L.; et al. Biophys. J. 2002, 83, 2118-2125) that the rate of cholesterol flip-flop can be fast on
physiological time scales, while extending our understanding of this process to a range of lipids. We predicted
that the rate of flip-flop is strongly dependent on the composition of the bilayer. In polyunsaturated bilayers,
cholesterol undergoes flip-flop on a submicrosecond time scale, while flip-flop occurs in the second range
in saturated bilayers with high cholesterol content. We also calculated the free energy of cholesterol
desorption, which can be equated to the excess chemical potential of cholesterol in the bilayer compared
to water. The free energy of cholesterol desorption from a DPPC bilayer is 80 kJ/mol, compared to 67
kJ/mol for a DAPC bilayer. In general, cholesterol prefers more ordered and rigid bilayers and has the
lowest affinity for bilayers with two polyunsaturated chains. Overall, the simulations provide a detailed
molecular level thermodynamic description of cholesterol interactions with lipid bilayers, of fundamental
importance to eukaryotic life.

Introduction

Cholesterol is an integral and abundant component of
mammalian cellular membranes. Cholesterol alters the phase
transition of lipid bilayers by smoothing the gel to liquid-
crystalline phase transition.2 At relatively high concentrations
of cholesterol, an intermediate liquid-ordered phase, between
the liquid-disordered and gel phases, is observed.2 When
compared to the liquid-disordered phase, the liquid-ordered
phase is characterized by increased rigidity, hydrophobic
thickness, and order.2 The effect of cholesterol on the phase
behavior of membranes is important for putative lipid rafts,
lateral domains in cellular membranes enriched in cholesterol
and sphingolipids.3-5 Regions with high cholesterol content
would be in the liquid-ordered phase, while the cholesterol-
depleted regions would be in the liquid-disordered phase. Lipid

rafts are thought to be important for signaling, lipid trafficking,
integral membrane protein structure, and behavior.4 The current
consensus of the field defines rafts as small (10-200 nm
diameter), highly dynamic, and heterogeneous.6 Recent evidence
has shown giant plasma membrane vesicles7 and model vesicles
(DOPC/DPPC/cholesterol)8 display critical fluctuations with
correlation lengths of ∼20 and 50 nm, which might explain
some of the inhomogeneity observed in membranes. The
complex driving forces responsible for the ability of cho-
lesterol to modulate lipid phase behavior and raft formation
remain poorly understood. We lack an underlying molecular
description of cholesterol’s behavior in membranes. Cur-
rently, there are three major conceptual models for the
detailed cholesterol-lipid interactions: the condensed com-
plex model,9 the superlattice model,10,11 and the umbrella
model.12 Recently, evidence for both the umbrella model13
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the chemical activity of cholesterol in different bilayers,
which is related to its chemical potential. Chemical potentials
are crucial for predicting lipid phase behavior, as equilibrium
requires each species to have a constant chemical potential
in all the phases of a system.15

In addition, the dynamical aspects of cholesterol in lipid
membranes are poorly understood. Global and cellular traffick-
ing of cholesterol and other lipids is a fundamental biological
process. In mammals, cholesterol is unevenly distributed
between cell types, organelles, and possibly between membrane
leaflets.16 There is a cholesterol concentration gradient along
the exocytotic pathway, from the endoplasmic reticulum (0-5
mol %) to the plasma membrane (25-40 mol %).17 Efficient
cholesterol trafficking necessitates that, in addition to diffusing
laterally through membranes, cholesterol must undergo in-
tramembrane exchange (flip-flop). A recent study estimated the
half-time for cholesterol flip-flop to be <1 s,1 although earlier
estimates were on the minute18 and even hour19 range. The rate
of cholesterol flip-flop is particularly hard to measure because
of the fluid nature of lipid bilayers and the simplicity of
cholesterol’s structure.

Many computational studies focused on cholesterol and
provided valuable insights into the molecular structure and
behavior of cholesterol containing bilayers.20 The concentration-
dependent condensing effect of cholesterol has been investigated
in molecular dynamics (MD) simulations.21-23 Of particular
interest, Niemela et al. showed that putative rafts have different
elastic properties and pressure profiles compared to nonraft
bilayers, which provides a possible mechanism of raft function.24

Using umbrella sampling, Zhang et al. determined potentials
of mean force (PMFs) for transferring cholesterol from POPC
and sphingomyelin bilayers to water at two temperatures.25 The
thermodynamics of cholesterol transfer from a POPC bilayer
to a sphingomyelin bilayer was shown to be energetically
favorable but entropically unfavorable.25 Here, we used all atom
(AA) and coarse grained (CG) MD simulations to investigate
the thermodynamics of cholesterol partitioning in lipid bilayers.
We note that our AA model is a united atom model, lacking
aliphatic hydrogens, but does still have atomistic length scale
resolution. Free energy landscapes, or PMFs, for cholesterol
partitioning from water to the center of the lipid bilayers were
calculated using umbrella sampling. We investigated the effect
of unsaturated lipid tails with a systematic set of bilayers:
dipalmitoyl-PC (DPPC, 16:0-16:0 PC), 1-palmitoyl-2-oleoyl-

PC (POPC, 16:0-18:1 PC), 1-stearoyl-2 arachidonyl-PC (SAPC,
18:0-20:4 PC), and diarachidonyl-PC (DAPC, 20:4-20:4 PC).
We also simulated DPPC bilayers containing different amounts
of cholesterol, using 0, 20, and 40 mol % cholesterol bilayers.
The extended time scale accessible by CG simulations allows
the direct observation of flip-flop events, while the AA simula-
tions provide atomistic detail. From the PMF, we estimated rates
of cholesterol flip-flop and compared them to the directly
observed rates from the CG simulations. The relative affinity
of cholesterol for the respective bilayers can be inferred from
the free energy for desorption, which is equal to the excess
chemical potential of cholesterol. For simplicity, we will refer
to the bilayers as the phospholipid and the approximate mole
percent concentration of cholesterol (C); for example, the DPPC-
40%C bilayer.

Methods

AA Simulations. We simulated a DPPC-0%C bilayer (64 DPPCs
and two cholesterols), a DPPC-20%C bilayer (52 DPPCs and 12
cholesterols), and a DPPC-40%C bilayer (38 DPPCs and 26
cholesterols). We also investigated a polyunsaturated bilayer using
a DAPC-0%C bilayer (72 DAPCs and two cholesterols). The
bilayers contained equal concentrations of cholesterol in either
leaflet. All the bilayer systems contained 2500-3500 water
molecules. We replaced random DPPC molecules from an existing
bilayer26 with cholesterol to obtain the desired concentration and
then equilibrated them for at least 50 ns. We calculated the system
energy and the area per lipid to monitor equilibration. We added
double bonds to an existing bilayer composed of diarachidic-PC
(DAPC, 20:0-20:0 PC) to produce diarachidonyl-PC (DAPC, 20:
4-20:4 PC). We then equilibrated the bilayer for 50 ns at 323 K.
We monitored the equilibration by determining the system energy
and the area per lipid.

Simulations were performed with the GROMACS 3.3.1 software
package.27 For DPPC and DAPC, the Berger et al. force field
parameters were used.28 Parameters for the double bonds were from
a previous simulation on PLPC29 and agree with the disorder
observed by Feller et al. for a SDPC bilayer.30 Water was modeled
using SPC.31 Cholesterol was based on the GROMOS87 force field,
with minor changes.32 Bonds were constrained with the LINCS
algorithm33 for DPPC and cholesterol and the SETTLE algorithm34

for water, allowing a 2-fs time step to be used. Lennard-Jones
interactions and electrostatic interactions were cut off at 0.9 nm.
The particle mesh Ewald algorithm was used to evaluate long
electrostatic interactions.35,36 The temperatures of water, lipid,
and cholesterol were separately kept constant at 323 K using
the weak coupling algorithm and a 0.1-ps coupling constant.37
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Semi-isotropic pressure coupling was used with a 2.5-ps coupling
constant. The pressure was maintained at 1 bar normal (z-axis)
and lateral (xy-plane) to the bilayer plane.37

We used umbrella sampling to calculate the PMF for a cholesterol
molecule in the AA bilayers (see below). For the 0% DPPC bilayer,
we calculated PMFs for cholesterol at 333 and 343 K in addition
to the 323 K PMF, to decompose the free energy into entropy/
enthalpy components.

CG Simulations. We conducted CG MD simulations with the
MARTINI force field,38 version 2.0, using the standard simulation
parameters. All simulations were performed with the GROMACS
3.3.1 software package.27 We conducted 3-µs equilibrium simula-
tions of DPPC, POPC, SAPC, and DAPC-0%C bilayers (152 PC
lipids and two cholesterols). While this is actually 1.3 mol %
cholesterol, we will refer to these bilayers as 0%C for brevity. To
investigate the effect of cholesterol content, we also simulated a
DPPC-40%C bilayer (152 DPPCs and 104 cholesterols). To
calculate flip-flop rates, we counted the number of times a
cholesterol hydroxyl group crossed from one leaflet to the other.
We used umbrella sampling to calculate cholesterol PMFs in CG
DPPC, POPC, SAPC, and DAPC-0%C bilayers (64 PC lipids and
two cholesterols), as well as a DPPC-40%C bilayer (38 DPPCs
and 26 cholesterols).

The Lennard-Jones potentials were shifted from 0.9 to 1.2 nm
and cut off after 1.2 nm. Electrostatics were modeled with a
Coulombic energy function with explicit screening by using a
relative dielectric constant of ε ) 15. To mimic the effect of
distance-dependent screening, the electrostatic potential was shifted
from 0 to 1.2 nm. A temperature of 323 K was used for all systems,
with the solvent, lipid, and cholesterol separately coupled with a
relaxation time of 0.1 ps.37 Semi-isotropic, weak pressure coupling37

was used with a relaxation time of 0.5 ps, and lateral (xy-plane)
and normal (z-axis) pressures of 1 bar. We used a 30-fs time step
and updated the neighbor list every 10 steps. The simulation time
was multiplied by a factor of 4 to give an effective time scale to
account for the smoothness of the CG potentials.38

Umbrella Sampling. For each bilayer, we simulated 41 win-
dows, with two restrained cholesterols per window, always spaced
4.0 nm apart. By restraining two molecules per window, we doubled
the computational efficiency. We showed previously that having
two charged arginines separated by 3.7 nm did not significantly
affect the PMF in a system of similar size.39 In the first window,
one cholesterol molecule is in bulk water and the other at the bilayer
center. In each subsequent window, we moved both cholesterol
molecules 0.1 nm in the same direction along the bilayer normal
(z-axis), ensuring they were always 4 nm apart. The final window
had the first cholesterol at the bilayer center and the other in bulk water
on the opposite side of the bilayer. We restrained the hydroxyl of
cholesterol with respect to the center of mass of the bilayer, using a
harmonic restraint with a force constant of 3000 kJ mol-1 nm-2 normal
to the bilayer. PMFs were calculated using the weighted histogram
analysis method.40 We calculated the mean PMF and its standard error
using the two PMFs for the independent cholesterol molecules, one
through either leaflet. The AA simulations were run for 20-40 ns,
depending on convergence of the PMFs. For the CG umbrella
sampling, each window was run for 150 ns.

We calculated PMFs for CHOL partitioning through AA DPPC
bilayers at three temperatures (323, 333, and 343 K) to decompose
the free energy into entropy and enthalpy contributions. Using the
centered difference method outlined in41

we can estimate the entropy contribution (-T∆S) to the PMF.
Using the formula

we can use the entropy calculated above to estimate the enthalpy
contribution (∆H).

Results

PMFs. Partial density profiles for the AA DPPC-0%C, DPPC-
20%C, and DPPC-40%C bilayers are shown in Figure 1A. As
expected, the bilayer becomes thicker (Figure 1A) and the area
per lipid decreases (Table 1) as the concentration of cholesterol
increases. Additionally, the area per lipid increases as we increase
the number of double bonds in the acyl tails (Table 1).

We calculated PMFs for transferring cholesterol from water
to the center of AA (Figure 1B) and CG bilayers (Figure 1C).
There are free energy troughs at the equilibrium position of
cholesterol in the bilayers. As the order and rigidity of the bilayer
are increased, the position of the trough moves farther from
the bilayer center, consistent with an increase in the thickness
of the bilayer. All of the bilayers have similar smooth slopes,
as cholesterol desorbs from the bilayer into bulk water. The
PMFs flatten when the tail of cholesterol stops interacting with
the bilayer. There is also a steep slope in the PMFs from
equilibrium toward the center of the bilayer. After reaching the
free energy barrier, as we move cholesterol farther into the
bilayer, the PMF plateaus or decreases slightly, as for the CG
DPPC-40%C bilayer. Table 1 summarizes the major free energy
features of the PMFs.

Flip-Flop Rates. We calculated rates for cholesterol flip-flop
using

where ∆Gcenter is the difference in free energy between the
bilayer center (zcenter) and the cholesterol equilibrium position
(zeq), kd is the rate cholesterol moves from zcenter to zeq, and kf is
the rate cholesterol moves from zeq to zcenter. To estimate kd, we
released the harmonic restraint on a cholesterol at zcenter and
determined the time it takes to return to zeq. This process has a
large stochastic element because the PMFs have a broad plateau
near the bilayer center, which cholesterol must diffuse across
to reach zeq. In some of the bilayers, such as the CG DPPC-
40%C bilayer, there is even a free energy barrier cholesterol
must overcome to reach its equilibrium position. Instead of
attempting a more rigorous estimate, we estimated a range of
rates using the upper and lower values of kd from 10 separate
simulations. Using both the observed kd and the calculated kf

rates, we can now determine the rate of flip-flop (kflip)

A complete flip-flop involves the rate to move from equilib-
rium to the bilayer center (kf) and the rate to move from the
center to the opposite leaflet (kd). The factor of one-half accounts
for cholesterol molecules that reach the bilayer center only to
return to their original leaflet.

Both the AA and CG models predict that as the order and rigidity
of the bilayer increase, the rate of cholesterol flip-flop decreases
by orders of magnitude (Table 1). Using the CG model allowed
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cholesterol flip-flop to be directly observed in equilibrium simula-
tions (Figure 2). The directly observed CG rates are within our
calculated range of rates for all the CG bilayers, demonstrating
that our method of estimation is reasonable (Table 1).

Cholesterol Orientation and Snapshots. Because of the long
and rigid structure of cholesterol, it is interesting how it is
oriented in the bilayer at equilibrium, as well as during flip-
flop and desorption. We defined a vector from the hydroxyl of
cholesterol to the carbon joining the rings and tail. For each
umbrella window, we calculated histograms for the angle the
vector of cholesterol forms with the bilayer normal throughout
the simulation. Using the formula

we converted the normalized histograms (R) into free energies.
Combining each umbrella window’s histogram, we created a
free energy landscape for the preferential angle distribution of
cholesterol as it partitioned into each bilayer (Figure 3). The
minimum free energy is the most probable orientation of
cholesterol in the bilayer at a particular depth with respect to
the bilayer normal. As the order and rigidity of the bilayer
increase, the average tilt angle of cholesterol at the equilibrium
position becomes smaller (Table 1).

Figure 1. Cholesterol free energy profiles. (A) Partial density profiles of
the AA 0%, 20%, and 40% DPPC bilayers. Total density is solid thick
lines, water density is solid thin lines, DPPC density is thick dashed lines,
and cholesterol density is dot-dashed lines. (B) PMFs for cholesterol
partitioning in the AA bilayers. (C) CG PMFs for cholesterol partitioning
from water to the center of various bilayers. Both AA and CG PMFs were
set equal to zero in bulk water. Error bars are the standard error from the
mean of the two leaflets cholesterol PMFs.

∆G ) -RT ln(R)

T
ab

le
1.

S
tr

uc
tu

ra
l,

T
he

rm
od

yn
am

ic
,

an
d

K
in

et
ic

P
ro

pe
rt

ie
s

of
Li

pi
d/

C
ho

le
st

er
ol

B
ila

ye
rs

ob
se

rv
ed

ca
lc

ul
at

ed
ob

se
rv

ed

lip
id

A/
L

(n
m

2 )
Θ

eq
ui

la

(d
eg

)
∆

G
de

so
rb

(k
J/

m
ol

)b
∆

G
ba

rri
er

(k
J/

m
ol

)ˆc
∆

G
ce

nt
er

(k
J/

m
ol

)d
t d

(n
s)

e
k d

(s
-

1 )f
k f

(s
-

1 )g
k fl

ip
(s

-
1 )h

k fl
ip

(s
-

1 )i

C
G

D
A

PC
-0

%
C

0.
89

30
74

1
0

1.
6

to
10

.8
9.

3
×

10
7

to
6.

3
×

10
8

9.
3

×
10

7
to

6.
3

×
10

8
2.

3
×

10
7

to
1.

6
×

10
8

7.
5

×
10

7
(

0.
2

×
10

7

C
G

SA
PC

-0
%

C
0.

79
27

86
7

7
2

to
10

.4
9.

6
×

10
7

to
5.

0
×

10
8

7.
1

×
10

6
to

3.
7

×
10

7
3.

3
×

10
6

to
1.

7
×

10
7

6.
7

×
10

6
(

0.
5

×
10

6

C
G

PO
PC

-0
%

C
0.

66
23

89
13

12
1.

2
to

18
.8

5.
3

×
10

7
to

8.
3

×
10

8
6.

1
×

10
5

to
9.

5
×

10
6

3.
0

×
10

5
to

4.
7

×
10

6
1.

5
×

10
6
(

0.
3

×
10

6

C
G

D
PP

C
-0

%
C

0.
62

23
88

16
15

1.
2

to
16

6.
3

×
10

7
to

8.
3

×
10

8
2.

3
×

10
5

to
3.

1
×

10
6

1.
2

×
10

5
to

1.
6

×
10

6
7.

4
×

10
5
(

2.
1

×
10

5

C
G

D
PP

C
-4

0%
C

0.
44

15
86

25
15

6.
4

to
25

8.
8

3.
9

×
10

6
to

1.
6

×
10

8
1.

4
×

10
4

to
5.

9
×

10
5

7.
2

×
10

3
to

2.
5

×
10

4
>1

.4
×

10
4

A
A

D
A

PC
-0

%
C

0.
87

33
67

18
17

0.
2

to
1.

7
5.

9
×

10
8

to
4.

2
×

10
9

1.
0

×
10

6
to

7.
4

×
10

6
5.

2
×

10
5

to
3.

7
×

10
6

A
A

D
PP

C
-0

%
C

0.
64

29
80

24
24

0.
1

to
5.

5
1.

8
×

10
8

to
1.

0
×

10
10

2.
4

×
10

4
to

1.
3

×
10

6
1.

2
×

10
4

to
6.

6
×

10
5

A
A

D
PP

C
-2

0%
C

0.
56

19
86

31
28

0.
6

to
40

.0
2.

5
×

10
7

to
1.

7
×

10
9

2.
4

×
10

2
to

1.
6

×
10

4
1.

2
×

10
2

to
8.

1
×

10
3

A
A

D
PP

C
-4

0%
C

0.
43

13
89

41
36

1.
5

to
>8

0
1.

3
×

10
7

to
6.

7
×

10
8

1.
9

×
10

1
to

1.
0

×
10

3
9.

4
to

5.
0

×
10

2

a
A

ve
ra

ge
til

t
an

gl
e

of
ch

ol
es

te
ro

l
at

its
eq

ui
lib

ri
um

po
si

tio
n.

b
Fr

ee
en

er
gy

ba
rr

ie
r

fo
r

de
so

rp
tio

n,
fr

om
th

e
PM

Fs
.

ˆc
Fr

ee
en

er
gy

ba
rr

ie
r

fo
r

fli
p-

flo
p,

fo
r

m
ov

in
g

ch
ol

es
te

ro
l

fr
om

eq
ui

lib
ri

um
to

th
e

bi
la

ye
r

ce
nt

er
.

d
Fr

ee
en

er
gy

di
ff

er
en

ce
be

tw
ee

n
eq

ui
lib

ri
um

an
d

th
e

bi
la

ye
r

ce
nt

er
.

e
t d

w
as

es
tim

at
ed

by
re

le
as

in
g

th
e

re
st

ra
in

t
on

ch
ol

es
te

ro
l

at
th

e
bi

la
ye

r
ce

nt
er

an
d

m
ea

su
ri

ng
th

e
tim

e
it

to
ok

to
re

tu
rn

to
eq

ui
lib

ri
um

.
f
O

bs
er

ve
d

ra
te

fo
r

ch
ol

es
te

ro
l

to
m

ov
e

fr
om

th
e

ce
nt

er
of

th
e

bi
la

ye
r

to
eq

ui
lib

ri
um

,
k d

)
t d
-

1 .
g

C
al

cu
la

te
d

ra
te

fo
r

ch
ol

es
te

ro
l

to
re

ac
h

th
e

ce
nt

er
of

th
e

bi
la

ye
r,

fr
om

k f
)

k d
×

ex
p(
-

∆
G

/R
T

).
h

C
al

cu
la

te
d

ra
te

fo
r

ch
ol

es
te

ro
l

fli
p-

flo
p,

k fl
ip
)

1/
[(

1/
k f

)
+

(1
/k

d)
]

×
1/

2.
i
R

at
e

of
fli

p-
flo

p
ob

se
rv

ed
du

ri
ng

eq
ui

lib
ri

um
si

m
ul

at
io

ns
,

k fl
ip
(

SE
M

(s
ee

Su
pp

or
tin

g
In

fo
rm

at
io

n)
.

T
he

sl
ow

ra
te

of
fli

p-
flo

p
in

th
e

D
PP

C
-4

0%
C

bi
la

ye
r

pr
ev

en
te

d
us

fr
om

ob
ta

in
in

g
a

re
lia

bl
e

ob
se

rv
ed

ra
te

fr
om

3-
µs

eq
ui

lib
ri

um
si

m
ul

at
io

ns
.

J. AM. CHEM. SOC. 9 VOL. 131, NO. 35, 2009 12717

Cholesterol Flip-Flop and Chemical Potential A R T I C L E S



Cholesterol has much greater orientation freedom at the
bilayer center compared to equilibrium (Figure 3). At the center
of the bilayer, cholesterol rotates freely, with its tail in either
leaflet equally, as well as lying perpendicular to the bilayer
normal. Figure S3A,B in the Supporting Information shows
snapshots of cholesterol at the center of AA and CG DPPC-
0%C bilayers, with its long axis perpendicular to the bilayer
normal. There is a clear ordering trend observed in the angle
PMFs from the DPPC-0%C to the DPPC-40%C bilayer (Figure
3). As cholesterol content is increased, cholesterol molecules
are more restricted, although even in the ordered DPPC-40%C
bilayer cholesterol can rotate between 0 and 180° at the bilayer
center.

In bulk water, there is no orientational preference for
cholesterol. For all the bilayers, a clear transition between
cholesterol floating in bulk water and interacting with the bilayer
is shown by an abrupt change from randomly to strongly
oriented as cholesterol approaches the bilayer. Figure S3C,D
in the Supporting Information shows snapshots of the AA and
CG DPPC-0%C bilayer at the maximum distance that choles-
terol still interacts with the bilayer.

Enthalpy/Entropy Decomposition. Figure 4 shows the free
energy decomposition for the AA cholesterol PMF in the DPPC-
0%C bilayer at 333 K. The transfer of cholesterol from water
to its equilibrium position in a DPPC bilayer has a favorable
∆Gdesorb of 75 kJ/mol, the sum of an unfavorable -T∆Sdesorb of
transfer of 77 kJ/mol, and a favorable ∆Hdesorb of 152 kJ/mol.
The ∆Gcenter for cholesterol in a DPPC bilayer is 23 kJ/mol, of
which there is an unfavorable ∆Hcenter of 74 kJ/mol and a
favorable -T∆Scenter of 51 kJ/mol. Near the bilayer center, ∆G,
∆H, and -T∆S all plateau. This corresponds to the breaking

of the transient water defect, when the number of hydrogen
bonds to cholesterol drops to zero (Figure S1 in the Supporting
Information). Overall, the transfer from water to the center of
the bilayer has a favorable ∆G of 52 kJ/mol and notably an
unfavorable -T∆S of 26 kJ/mol.

Discussion

CG vs AA. By using two separate models, at different levels
of detail, we describe the thermodynamics of cholesterol
equilibrium stability in lipid bilayers as well as its fluctuations
from equilibrium. Given the complexity of cholesterol partition-
ing in lipid bilayers and the semiquantitative nature of the
MARTINI model, we feel the agreement between the two
models is satisfactory. Using the CG model, we were able to
access time scales on which we predict cholesterol flip-flop to
occur. The directly observed rates are in good agreement with
predicted rates from umbrella sampling. Despite qualitative
differences between the flip-flop rates, the overall trend is clear;
increasing the order and rigidity decreases the rate of cholesterol
flip-flop by orders of magnitude. Additionally, from the angle
PMFs and snapshots, the mechanism of cholesterol flip-flop,
desorption, and equilibrium stability is consistent between the
AA and CG models. Quantitative analysis shows the two models

Figure 2. Cholesterol flip-flop. Snapshots illustrating cholesterol flip-flop
in a CG DPPC-0%C bilayer during an equilibrium simulation. Water
particles are blue spheres, the DPPC cholines are red spheres, their
phosphates are yellow spheres, and their tails are gray lines. The body of
cholesterol is brown licorice, and its hydroxyl is a green sphere. Time equal
to 0 ns corresponds to right before the hydroxyl of cholesterol enters the
hydrophobic interior, at 1.2 µs of simulation.

Figure 3. Free energy landscapes for the angle cholesterol forms with the
bilayer normal as it partitions through AA and CG bilayers. We calculated
histograms of the angle formed by the z-axis and a vector from the hydroxyl
of cholesterol to the carbon joining its rings and tail throughout the
simulations. Using ∆G ) -RT ln(R), we converted the normalized
histograms into free energies.
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do differ in some important respects and suggests possible
improvements for both force fields (see Supporting Information).

Flip-Flop. We showed that cholesterol flip-flops across lipid
bilayers on a very short time scale. Rapid cholesterol flip-flop
has important implications on cellular and global cholesterol
trafficking. It was shown that cholesterol flip-flop occurs on a
time scale of <1 s in a human red cell.1 Our results agree that
the rate of cholesterol flip-flop is fast, generally on a time scale
of <1 s. The fast flip-flop of cholesterol implies that passive
translocation would be physiologically important. Maintaining
an asymmetric distribution of cholesterol between membrane
leaflets using cholesterol flippases or floppases would be difficult
and energy consuming. Fast flip-flop suggests the transbilayer
distribution of cholesterol could approach equilibrium on a
physiological time scale and therefore would be governed by
its chemical potential in each of the respective leaflets (see
Chemical Potential). This is in contrast to phospholipids, which
have been shown to have slow rates of spontaneous flip-flop
(half times of hours to days)26,42-44 and therefore are unlikely
to reach equilibrium distributions on physiological time scales.
From the slow rate of passive phospholipid flip-flop, it is
generally assumed that protein-mediated translocation must
occur.45

By using computer simulations, we can control the local
composition of the bilayers and calculate bilayer-dependent
cholesterol flip-flop rates. We predict that there is a large
gradient in flip-flop rates, with respect to the bilayers’ structure
and fluidity. For example, in a cholesterol-depleted domain
enriched in polyunsaturated lipids, cholesterol would flip around
a million times more often than in a rigid, cholesterol-enriched
domain. Recent neutron scattering data showed that cholesterol
even prefers the center of polyunsaturated (DAPC) bilayers,46

which is supported by the CG results as presented here and in

previous work.47,48 AA simulation results comparing cholesterol
behavior in long-tail and short-tail PC lipids also provided
evidence for a composition-dependent flip-flop rate.49 Clearly,
a single estimate for the rate of cholesterol flip-flop is not
adequate for understanding cellular cholesterol trafficking.

From the free energy decompositions, the simulation snap-
shots, and the angle PMFs, we showed an in-depth analysis of
the mechanism of cholesterol flip-flop. The ∆G for transferring
cholesterol from equilibrium to the bilayer center was due to
an unfavorable ∆Hcenter and a favorable -T∆Scenter. The plateau
of the PMF corresponds to the desolvation of cholesterol (see
Supporting Information). Róg et al. showed that by changing
the hydroxyl headgroup of cholesterol to a ketone the hydration
of the sterol was 4 times lower, and flip-flop events were
observed during a 200-ns AA equilibrium simulation.50 The
observed unfavorable ∆Hcenter for flip-flop is likely due to the
desolvation of cholesterol’s headgroup. A control simulation
of a cholesterol analogue molecule, which lacked a hydroxyl
headgroup (see Supporting Information), supports this assertion.

Chemical Potential. Equating the free energy of desorption
to the excess chemical potential of cholesterol in the bilayer
compared to water allows the relative affinity of cholesterol for
the different bilayers to be inferred. Recently, Zhang et al. used
a similar approach to demonstrate that cholesterol has a higher
affinity for sphingomyelin than POPC.25 Their results showed
that the transfer of cholesterol from POPC to sphingomyelin
was exothermic, which agreed qualitatively with calorimetric
data.51 Our results show that cholesterol has the lowest affinity
for bilayers with two polyunsaturated tails. We find this for both
the AA and CG levels of resolution. The low affinity of
cholesterol for polyunsaturated lipid tails has been demonstrated
experimentally using cyclodextrin cholesterol extraction18 and
fluorescence microscopy52 and has been suggested by MD
simulations.48,53 Cholesterol’s preference for rigid, ordered
bilayers could be a driving force for lateral domain formation,
as well as general cholesterol cellular movement down the
exocytotic pathway. We found the chemical potential of
cholesterol in the AA DPPC-0%C bilayer to be -80 kJ/mol,
compared to -89 kJ/mol for the AA DPPC-40%C bilayer.
Therefore, transferring cholesterol from the AA DPPC-0%C
bilayer to the DPPC-40%C bilayer would be favorable by 9
kJ/mol. Although we find cholesterol prefers more ordered, rigid
bilayers with high cholesterol content, we do not assume the
trend would continue if we further increased the concentration
of cholesterol in a DPPC bilayer. Experimental evidence using
a cholesterol oxidase activity assay showed a jump in the
chemical activity of cholesterol in a DPPC bilayer when the
mole fraction of cholesterol exceeded 0.57.13

An estimate of 116 kJ/mol for cholesterol desorption from a
red cell was determined using �-dextrin as an acceptor.1 We
showed that, although somewhat larger than our estimate in the
range of 80-90 kJ/mol, the free energy for desorption is strongly

(42) Wimley, W. C.; Thompson, T. E. Biochemistry 1990, 29, 1296–1303.
(43) De Kruijff, B.; van Zoelen, E. J. Biochim. Biophys. Acta 1978, 511,

105–115.
(44) Kornberg, R. D.; McConnell, H. M. Biochemistry 1971, 10, 1111–

1120.
(45) Daleke, D. L. J. Lipid Res. 2003, 44, 233–242.
(46) Harroun, T. A.; Katsaras, J.; Wassall, S. R. Biochemistry 2006, 45,

1227–1233.

(47) Marrink, S. J.; de Vries, A. H.; Harroun, T. A.; Katsaras, J.; Wassall,
S. R. J. Am. Chem. Soc. 2008, 130, 10–11.

(48) Risselada, H. J.; Marrink, S. J. Proc. Natl. Acad. Sci. U.S.A. 2008,
105, 17367–17372.
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Figure 4. Free energy decomposition for cholesterol in a DPPC bilayer.
The PMF for moving cholesterol from water into the center of a 0% DPPC
bilayer decomposed into entropy and enthalpy contributions. We decom-
posed the PMF at 333 K using eq 1.
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dependent on the composition and structure of the bilayer. The
composition of a human red cell is much more complex than
our two component mixtures. In addition, real biological
membranes have an asymmetric distribution of lipids between
the two leaflets. Our finding that the chemical potential of
cholesterol depends on the structure and composition of the
bilayer implies that bilayers with an asymmetric distribution of
lipids will have an asymmetric distribution of cholesterol.
Recently, it was shown that the distribution of the sterols,
dehydroergosterol and cholestatrienol, in living cells is asym-
metric, with sterol enrichment on the cytoplasmic leaflet.54 This
finding goes against the traditional view of sterol preference
for sphingomyelin, which is enriched on the extracellular leaflet.
Future calculations similar to the ones presented here might help
elucidate this discrepancy, although other in vivo mechanisms,
such as lipid metabolism and large-scale membrane rearrange-
ments, likely also play a role in the distribution of cholesterol.

Free Energy Decompositions. The free energy decomposition
showed that the favorable ∆G for transferring cholesterol from
water to the DPPC bilayer was due to a large favorable ∆H
and an unfavorable -T∆S. We decomposed the PMF at 333 K
because the melting temperature of DPPC is 314 K,55 making
decomposition using the centered difference method at 323 K
problematic. From the hydrophobic effect, and cholesterol’s
bulky, hydrophobic body, we would expect its transfer from
water to a hydrophobic environment to be entropy driven. To
help explain our PMF decomposition, we note that the hydro-
phobic effect is temperature-dependent. Cholesterol is also
slightly amphipathic, with a polar hydroxyl headgroup, which
would affect its PMF. As well, because of the length of
cholesterol, the center of a DPPC bilayer is an inhomogeneous
environment. Therefore, as a control, we determined PMFs for
the transfer of cholesterol from water to an octane slab (see
Supporting Information). We found that at 333 K the ∆G of
transfer from water to octane was -70 kJ/mol and had an
unfavorable -T∆S of 72 kJ/mol, both qualitatively similar to
the DPPC bilayer decomposition. There is a strong temperature
dependence of -T∆S, and we note that, at 313 K, -T∆S is
favorable. The octane PMFs show that thermodynamically the
transfer of cholesterol from water to the center of a DPPC

bilayer is similar to an alkane solvent, and that the unfavorable
-T∆S may be due to the high temperature or particular
cholesterol-water interactions. In general, the thermodynamics
of cholesterol transfer from water to a hydrophobic environment
is complex, but critically important for understanding cholesterol
homeostasis.

Conclusions

We used both CG and AA computer simulations to investigate
cholesterol transfer from water to its equilibrium position in
the membrane and to the center of the membrane for a
systematic set of lipid bilayers. The AA model allowed detailed
free energy decomposition and insights into the molecular
driving forces. The CG simulations provided a valuable link
from our biased simulations to an equilibrium rate. In agreement
with experiment, we found that the rate of cholesterol flip-flop
is fast on physiological time scales. We predict that the rate
varies greatly depending on the bilayer properties; increasing
the order and reducing the fluidity caused the rate to decrease
by orders of magnitude. Comparing the free energy barriers for
desorption of cholesterol shows that cholesterol prefers ordered,
rigid bilayers enriched in cholesterol. In particular, cholesterol
had the lowest affinity for bilayers with two polyunsaturated
tails. These results open the way to a detailed, thermodynami-
cally based description of lipid/cholesterol mixtures, which is
much needed to enhance our understanding of biomembrane-
related processes.
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