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Abstract The translocation of lipids across membranes
(flip-flop) is an important biological process. Slow exchange
on a physiological timescale allows the creation of asymmet-
ric distributions of lipids across cellular membranes. The
location of lipids and their rate of exchange have important
biological consequences, especially for lipids involved in
cellular signaling. We investigated the translocation of cho-
lesterol, ceramide, and diacylglycerol in two model bilayers
using molecular dynamics simulations. We estimate half
times for flip-flop for cholesterol, diacylglycerol, and cer-
amide of 20 ps, 30 s, and 10 ms in a POPC bilayer, com-
pared with approximately 30 min, 30 ms, and 30 s in a model
raft bilayer (1:1:1 PSM, POPC, and cholesterol). Choles-
terol has a large (54 kJ/mol) free energy of exchange be-
tween the POPC and raft bilayer, and therefore, it strongly
prefers the more ordered and rigid raft bilayer over the
more liquid POPC bilayer. Ceramide and diacylglycerol
have relatively small free energies of exchange, suggesting
nearly equal preference for both bilayers.ll This unex-
pected result may have implications for ceramide and dia-
cylglycerol signaling and membrane localization.—Bennett,
W. F. D, and D. P. Tieleman. Molecular simulation of rapid
translocation of cholesterol, diacylglycerol, and ceramide in
model raft and nonraft membranes. J. Lipid Res. 2012. 53:
421-429.
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The lipid raft hypothesis states that mammalian cellular
membranes contain lateral domains enriched in choles-
terol, sphingomyelin, and specific integral membrane pro-
teins (1-4). Rafts are thought be small (approximately tens
of nanometers in diameter), dynamic, and important for
cellular signaling and membrane trafficking (1, 5). The
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sorting of lipids and proteins and the role of lipid rafts in
vivo remains controversial (4, 6-8). The microscopic struc-
ture of mixed membranes is a complex problem because
the local concentration of individual lipids affects the
phase and structure of the membrane, which in turn affect
the local concentration of these lipids. In a model system,
it has been shown that both C18:0 ceramide and dipalmi-
toylglycerol can displace cholesterol from liquid-ordered
domains, and form larger and more stable domains than
cholesterol-enriched ordered domains (9). Both ceramide
(10) and diacylglycerol (11) are nonlamellar forming lip-
ids, which are important for cellular processes, such as
pore formation, vesicle fusion, and budding, as well as
membrane protein function (12). Currently we lack a mo-
lecular level physical and thermodynamic understanding
of lipid-lipid interactions in biological membranes.
Ceramide is a key metabolic intermediate for sphingo-
lipids with an amide backbone (13), as diacylglycerol is for
glycerol-derived phospholipids (14). In cells, there are
many variants of both ceramide (13) and diacylglycerol
(15), including short and long tails, saturated and unsatu-
rated tails, and minor changes in backbone structure. Both
ceramide and diacylglycerol are lipid second messengers
that play important roles in many signaling pathways. The
mechanism of lipid second messengers can involve spe-
cific lipid-protein interactions or more general membrane
altering effects, such as vesicle budding and domain for-
mation or stabilization. A well-studied example of a specific
lipid-protein mechanism is the breakdown of phospho-
inositol or phosphatidylcholine by a phospholipase into
diacylglycerol, which then binds to the C1 domain of pro-
tein kinase C (14). The formation of larger and more sta-
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ble domains, or signaling platforms, with the creation of
ceramide by sphingomyelinase, is an example of a nonspe-
cific mechanism of signaling (13). The localization and
dynamics of signaling lipids is crucial to their function, par-
ticularly with respect to the distribution across the bilayer
leaflets, as lipids on one leaflet are effectively isolated from
the other side. Ceramide created by neutral sphingomyeli-
nase on the cytoplasmic leaflet is involved with a different
signaling pathway than is ceramide generated on the outer
leaflet by acid sphingomyelinase (13).

The translocation of lipids from one bilayer leaflet to
another, or flip-flop, is an important process for cellular
growth, lipid transport, and signaling. It has been well es-
tablished that the passive translocation of lipids with
charged or zwitterionic headgroups is slow on a physiolog-
ical timescale, with an estimated half time of hours to days
(16-18). Proteins that facilitate lipid translocation, includ-
ing flippases, floppases, and scramblases have been identi-
fied,althoughidentificationandfunctionalcharacterization
of membrane-perturbing integral membrane proteins is
difficult (19). The much less polar headgroups of choles-
terol, diacylglycerol, and ceramide suggest these lipids can
translocate bilayers on a much faster timescale than phos-
pholipids. Experimental evidence supports this hypothesis
(20-27), although the rates vary significantly depending
on the experimental conditions, often by orders of magni-
tude. These differences may be due to uncertainties with
the interpretation of the complex experiments, but it
seems more likely that they can be explained by a signifi-
cant effect of differences in the structure and dynamics of
the membranes themselves on the kinetics and thermody-
namics of lipid flip-flop.

Computer simulations of cholesterol-containing lipid bi-
layers are prevalent (28-31). Previously, we investigated cho-
lesterol flip-flop and desorption using molecular dynamics
(MD) simulations in pure phosphatidylcholine (PC) lipid
bilayers (32). We found that cholesterol flips rapidly across
PC bilayers, with a large gradient in rates between a poly-
unsaturated diarachidonylphosphatidylcholine (DAPC) bi-
layer, a pure DPPC bilayer, and a DPPC bilayer with 40 mol%
cholesterol. A different study using the CHARMM force
field and 2D potentials of mean force (PMF) found similar
free energy barriers to ours for cholesterol in DAPC, 1-palm-
itoyl-2-oleoyl-phosphatidylcholine (POPC), and DPPC bilay-
ers (33). We showed previously that increasing cholesterol
content in DPPC bilayers (0-40 mol%) dramatically in-
creased the free energy barrier for DPPC flip-flop and pore
formation (34). Using similar methods, we also showed that
saturated PC lipids with short tails (12 carbons) flip-flop or-
ders of magnitude faster than longer lipids (DPPC), through
a pore-mediated mechanism (35).

Here, we have used atomistic MD simulations to investi-
gate the interaction of cholesterol, palmitoyl-ceramide,
and palmitoyloleoyl-diacylglycerol with an ordered and
rigid raft-like bilayer [1:1:1 ratio of POPC, palmitoyl-sphin-
gomyelin (PSM), and cholesterol] and with a pure POPC
bilayer. We determined free energy profiles for moving a
single lipid from the water phase to the center of the two
different bilayers. From the profiles, we estimated orders

422 Journal of Lipid Research Volume 53, 2012

of magnitude faster flip-flop for cholesterol, ceramide,
and diacylglycerol in the raft bilayer (hereafter referred to
as “Raft”) compared with a POPC bilayer. Cholesterol has
a large free energy of exchange between the POPC and
Raft bilayers, whereas ceramide and diacylglycerol have
modest free energies of exchange or similar affinities for
both bilayers.

EXPERIMENTAL PROCEDURES

We simulated two model bilayers: pure POPC (64 POPC) and
a 1:1:1 mixture of PSM, cholesterol, and POPC (22 lipids each)
as a model Raft bilayer. Berger parameters were used for POPC
(86). Parameters for PSM (37) and cholesterol (38) have been
previously described. Palmitoyl-ceramide (CER) and palmitoylo-
leoyl-diacylglycerol (DAG) were built from PSM and POPC by
replacing the headgroup with a hydroxyl group, with parameters
from the GROMOSS7 force field (39). For water, we used the
SPC model (40). Simulations were run with GROMACS (41). Water
bonds and angles were constrained using SETTLE (42), and all
other bonds using LINCS (43). The time step was 2 fs with neigh-
bor list updates every 10 steps. Temperature was maintained at
323 K using the V-rescale algorithm (44). Lateral and normal to
the bilayer plane, pressure was kept at 1 bar, using the Berendsen
barostat (45). Lennard-Jones and Coulomb real-space interac-
tions were cut off at 0.9 nm, with smooth particle mesh Ewald
(46, 47) for long-range electrostatics, with a fourth-order spline
and 0.12 nm grid spacing.

We used umbrella sampling (48) to determine PMFs for mov-
ing lipids from bulk water to the center of the two model bilayers.
We restrained the hydroxyl of each lipid at positions spaced by 0.1
nm along the bilayer normal with a force constant of 3,000 kJ
mol " - nm ™, resulting in 41 or 51 parallel simulations (to 4 or 5 nm
from the bilayer center). Starting from an equilibrium bilayer, we
pulled the li]pid to its respective position with a force constant of
500 k] mol~" nm ™ for 1 ns, followed by 5 ns of equilibration with
a 3000 kJ mol ™' nm ™ force constant and 15-60 ns of production
simulation per window. The PMF was constructed using the
weighted histogram analysis method (49). To increase computa-
tional efficiency, we ran two umbrella samples in each simulation,
one in either leaflet, with the lipid spaced by at least 4 nm. We have
shown previously that the PMF for a DPPC lipid is not significantly
affected by using one or two umbrellas in the same system (50).

Fig. 1 shows the kinetic model we used to estimate the rate of
flip-flop across a lipid bilayer, with k; the rate to move from equi-
librium to the center of the bilayer and k, the rate to move from
the bilayer center back to equilibrium. In a previous work (32),
we showed that this method for estimating the rate for choles-
terol flip-flop matched rates directly observed from coarse-
grained simulations.

To obtain kg, we first pulled a lipid into the center of a bilayer
and harmonically restrained it there for 1 ns with a 3,000 k] mol '
nm* force constant. We then removed the restraint and deter-
mined the time for the lipid to reach the equilibrium position in
the bilayer. We repeated this 41 times for cholesterol, diacylglyc-
erol, and ceramide in the POPC bilayers. From the 41 trials, we
obtained the average time to reach equilibrium, with k; being the
inverse of this time.

For the Raft bilayers, we could not obtain average values for ky
from equilibrium simulations at 323 K, due to the long timescale
required to overcome the free energy barrier. We ran 41 simula-
tions at temperatures of 363, 373, 383, and 393 K each. We then
used the Arrhenius equation to extrapolate k., to values at 323 K
(Table 1). Supplementary Fig. I shows the Arrhenius plots.



Fig. 1.
desorption. To determine AG,, or, in this case, AGpopcrag, We sub-
tract AGpope by AGg,. We define a two-state model for lipid flip-
flop with k¢ the rate to move from equilibrium to the center of the
bilayer, and k, the rate to move from the center of the bilayer to the
equilibrium position on the opposite leaflet.

Schematic diagram for the process of flip-flop and lipid

From the free energy difference between equilibrium and the
bilayer center and the rate for the lipid to move from the bilayer
center to equilibrium, we can estimate a rate for flip-flop. Using
the equation:

k, =k, xexp(-AG

cenler

/RT)

where k, is the rate to move from the bilayer center to equilib-
rium, AG,.,., is the free energy difference, and k; is the rate to
move from equilibrium to the bilayer center. We then determine

the rate of flip-flop (kg;,) using the rate to reach the bilayer cen-
ter and the rate to move from the bilayer center to equilibrium:
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TABLE 1. Thermodynamic and kinetic properties of

Raft and POPC bilayers
Lipid AGyeon, AGeener AGuurrier " kﬂipb tiye
KJ/mol kJ/mol kJ/mol  ns s s

45x10* 15x10°

CHOLPOPC 78 23 23 2.1
693.3 4.4x10" 1.6x10°

CHOL RAFT 132 57 63

DAG POPC 100 26 26 1.4 22x10° 82x10°
DAG RAFT 95 34 40 68.5 2.3x 10" 3x107°
CER POPC 103 43 43 0.6 89x10" 7.8x107°

CER RAFT 110 52 66 73 27x107% 2.6x10'

“ty was estimated by releasing the restraint on the lipid at
the bilayer center and measuring the time it takes to return to
equilbibrium.

Calculated rate for lipid flip-flop.

“Half time for lipid flip-flop.

We multiple the rate by one half to account for lipids that
reach the bilayer center, then return back to their original leaf-
let. From the rate of flip-flop, we then estimate the half time for
flip-flop using:

P In2

1/2 =5
kﬂiﬁ

RESULTS

Equilibrium properties

Snapshots of the POPC and Raft bilayers during equilibrium
simulations are shown in Fig. 2. As expected, at equilibrium the
headgroup of cholesterol, ceramide, and diacylglycerol resides at
the water-lipid headgroup interface. The partial density profiles
are shown in Fig. 2C. Both bilayers have peaks at the water-head-
group interface and troughs in the center of the bilayer. The Raft
bilayer has a more complex density profile, with multiple head-
group peaks due to multiple components. There is a trough at the
center of the POPC bilayer and a deeper trough at the center of
the Raft bilayer, likely because the two ordered leaflets’ tails are
not able to interdigitate as much as more fluid bilayers. The POPC
bilayer is thinner and more fluid than the Raft bilayer. Supplemen-
tary Fig. II shows order parameters for the palmitoyl tail of diacyl-
glycerol in each bilayer. Supplementary Fig. II also shows that the
Raft bilayer is much more ordered than the POPC bilayer.

Fig. 3 shows PMFs for moving cholesterol, DAG, and CER from
water to the center of POPC and Raft bilayers. All the PMFs share
a number of common trends: a free energy minima at the equi-
librium position of the headgroup in the bilayer and steep free
energy slopes from equilibrium to bulk water or the bilayer

Density (g.’cms)
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Fig. 2. Structure of the model membranes. Snapshots of the
POPC (A) and Raft (B) bilayers, and partial density profiles for
both bilayers (C). In the snapshots, water is red thick licorice, lipid
tails are gray lines, and phosphorous and nitrogen atoms are tan
and blue balls. In the density profiles, water is thick lines and lipids
are thin lines.
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Fig. 3. Free-energy profiles. Potentials of mean force for transfer-
ring the headgroup of cholesterol (CHOL), diacylglycerol (DAG),
and ceramide (CER) from water to the center of a POPC and Raft
bilayer. The legend is the same for all panels. For each PMF, the
position restraint was placed on the hydroxyl of the headgroup of
the lipid and used to determine the x axis. Error bars are the differ-
ence between the two umbrella sampling calculations. The solid
region corresponds to the distance within 2kT of the free energy
minimums.

center. The free energy for desorption (equilibrium to water) is
much greater than the free energy barrier for flip-flop. The im-
portant free energy differences are listed in Table 1. The shaded
regions in Fig. 3 represent dy,, the distance across the PMF at
2KT of energy, as a measure of the thermal fluctuations accessible
to each lipid normal to the plane of the bilayer. All three lipids
have considerably larger fluctuations in the POPC bilayer than in
the Raft bilayer. Diacylglycerol has significantly larger fluctua-
tions than either cholesterol or ceramide in both bilayers.

Flip-flop

Both model bilayers are symmetric, and therefore, the free en-
ergy profiles shown in Fig. 3 are symmetric. For a complete flip-
flop event, a lipid must move from equilibrium to the center of
the bilayer and then to the other leaflet’s equilibrium position
(Fig. 1). The maximum in the PMFs between equilibrium and
the bilayer center is the free energy barrier for flip-flop. The free
energy barriers for cholesterol, diacylglycerol, and ceramide flip-
flop in POPC are much lower compared with the Raft bilayer. For
cholesterol, the free energy barrier for flip-flop increases from 23
to 63 kJ/mol for the POPC and Raft bilayers. Diacylglycerol has
barriers for flip-flop of 26 and 40 k]J/mol for the POPC and Raft
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Fig. 4. Number of hydrogen bonds. Average number of hydro-
gen bonds from the cholesterol (CHOL), diacylglycerol (DAG), or
ceramide (CER) in a POPC and Raft bilayer as the lipid headgroup
moves from water to the center of each bilayer. Thick lines are the
total number of hydrogen bonds, and the thin lines are the num-
ber of intramolecular hydrogen bonds. The legend is the same for
each panel. Hydrogen bonds are determined from a geometric cri-
terion, with a minimum angle of 30 degrees and distance of 0.35
nm between donor and acceptor groups. Error bars are the differ-
ence between the two umbrella sampling calculations.

bilayers. The free energy barrier for ceramide flip-flop in the
POPC and Raft bilayers increases from 43 to 66 kJ/mol.

Fig. 4 shows the number of hydrogen bonds formed between
the cholesterol, diacylglycerol, or ceramide and the rest of the
bilayer system as the lipid moves from water to the center of the
bilayer. As the hydroxyl headgroup is moved into the bilayer
core, water molecules move out of bulk solution into the hydro-
phobic interior to hydrogen bond with the lipid. There is an en-
ergetic balance between desolvating the flipping lipid and
deforming the bilayer interface. We have observed similar behav-
ior in the partitioning of charged and polar amino acid side
chains in a dioleoylphosphatidylcholine (DOPC) bilayer (51).
Moving ceramide from 0.4 nm (Fig. 5B) to 0.2 nm (Fig. 5A) from
the POPC bilayer center causes water to stop interacting with the
headgroup, illustrated by the average number of hydrogen bonds
dropping to near-zero (Fig. 4). The PMFs for the Raft bilayer
have much steeper slopes compared with the POPC bilayer. The
Raft bilayer’s denser and stiffer structure makes it more expen-
sive energetically to allow the polar lipid into its interior, thus



Fig. 5. Snapshots of ceramide and cholesterol in model mem-
branes. The representation is the same as in Fig 1, but the re-
strained ceramide or cholesterol are thick cyan lines, and the
oxygen of the restrained cholesterol is a yellow ball. Ceramide at
0.2 nm (A) and 0.4 nm (B) from the center of a POPC bilayer. (C)
Ceramide at the center of the Raft bilayer; hydrogen bonded with
a single water molecule. Cholesterol at 0.2 nm (D), 0.4 nm (E), 3.8
nm (F), and 4.3 nm (G) from the center of the Raft bilayer.

preventing translocation. At the free energy barriers, no hydro-
gen bonds between water and the flipping lipid are found, al-
though diacylglycerol and ceramide do form one intramolecular
hydrogen bond (Fig. 4). At the center of the Raft bilayer, the
numbers of hydrogen bonds for ceramide and cholesterol are
not zero, due to an occasional water molecule reaching the cen-
ter of the bilayer to hydrogen bond with the headgroup. This is
likely possible due to the drop in density near the center of the
Raft bilayer and could contribute to the small free energy troughs
at the center of the Raft bilayer for cholesterol and ceramide
(Fig. 3). Fig. 5C shows ceramide hydrogen bonding with a water
molecule at the center of the Raft bilayer.

The lipids change conformation as they move from water to
equilibrium and then to the center of the bilayer. For choles-
terol, we determined the tilt angle formed between its long axis
and the normal to the plane of the bilayer (Fig. 6) and the angle
distribution (Fig. 7). At equilibrium, cholesterol is oriented with
its hydroxyl in water and its long axis perpendicular to the plane
of the membrane. There is a slight increase in average tilt angle
for the Raft bilayer compared with the POPC (Fig. 6). As choles-
terol is moved into the hydrophobic tail region, the angle distri-
butions are poorly represented by an average value. Fig. 7A shows
the angle distribution for cholesterol near the bilayer center,
with a large peak at 150-180° for cholesterol at 0.0 nm and
0.2 nm from the bilayer center, but at 0-30° for 0.1 nm and 0.3
nm. There is also a small peak near 90° at 0.1 nm and 0.3 nm
positions. Fig. 5D shows cholesterol at 0.2 nm from the center of
the Raft bilayer, and facing the opposite leaflet at 0.4 nm from
the bilayer center (Fig. 5E). Due to the order and rigidity of the
Raft bilayer, cholesterol prefers to be perpendicular to the plane
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Fig. 6. Lipid conformations and orientations. Average angle be-
tween cholesterol’s (CHOL) long axis and the bilayer normal (top
panel). The average distance between the headgroup and the ter-
minal carbon of the palmitoyl chain of diacylglycerol (DAG; mid-
dle panel) and ceramide (CER); bottom panel) as they move from
water to the center of the bilayers. The angle for cholesterol was
defined by the hydroxyl and terminal carbon of the tail. Error bars
are the difference between the two umbrella sampling calculations.
The legend is the same for each panel.

of the bilayer with its tail in either leaflet, with slow exchange
between the two conformations.

As ceramide and diacylglycerol are long and flexible mole-
cules, tilt angles are not well defined. Instead, we determined the
average distance from the hydroxyl headgroup to the last carbon
of the palmitoyl tail (Fig. 6). For the POPC bilayer, there is a
smooth decrease in this distance as the ceramide or diacylglyc-
erol moves toward the bilayer center, reflecting a heterogeneous
distribution. In the Raft bilayer, both lipids have a deep trough in
the head-to-tail distance at approximately 1 nm from the bilayer
center, which suggests a compact conformation at this position.
This distance corresponds to the free energy barrier for flip-flop
(Fig. 3). At the center of the bilayer, the head-to-tail distance is
close to the value at the equilibrium position, indicating mostly
extended conformations. Fig. 5C shows the tail of ceramide inter-
digitated with one of the Raft bilayer leaflets.

Table 1 lists the thermodynamic and kinetic data for lipid flip-
flop. We estimate the half time for flip-flop for cholesterol to be
approximately 20 ws and 30 min in the POPC and Raft bilayers.
For diacylglycerol, the half times are approximately 30 ps and
30 ms for the POPC and Raft bilayers. The half time for ceramide
flip-flop is approximately 10 ms in the POPC bilayer and 30 s in
the Raft bilayer.

Cholesterol, diacylglycerol, and ceramide flip-flop 425
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Fig. 7. Angular probability distributions. Probability distribu-
tions for the angle between cholesterol’s long axis and the mem-
brane normal during umbrella sampling simulations. The legend
refers to the umbrella position for each curve. (A) Cholesterol
near the center of the Raft bilayer. For adjacent umbrella positions,
the angle can change from predominantly 0 degrees to predomi-
nantly 180 degrees. (B) Cholesterol as it desorbs from the Raft bi-
layer. At 3.8 nm, cholesterol interacts with the bilayer with an angle
close to 0 degrees, whereas at 4.3 nm, cholesterol is in bulk water
with a nearly homogenous distribution. The slight peak near 0 de-
grees indicates that the cholesterol tail still interacts with the Raft
bilayer at this position.

Desorption

All three lipids have more hydrogen bonds in bulk water than at
their equilibrium position in the bilayer (Fig. 4). As the lipids move
from equilibrium out into bulk water, their hydrophobic tails re-
main inserted in the bilayer to prevent exposure to water, resulting
in a larger head-to-tail distance for ceramide and diacylglycerol. At
a certain distance from the bilayer center, the tails stop interacting
with the bilayer, and the lipid becomes fully desorbed. Ceramide
and diacylglycerol show prominent drops in the head-to-tail dis-
tance as they stop interacting with the bilayer (Fig. 6). For choles-
terol, this is illustrated by the change in average angle from
approximately 20° to 90° (Fig. 6), the angle distributions for the
Raft bilayer at 3.8 nm and 4.3 nm from the bilayer center (Fig. 7B),
and the corresponding snapshots (Fig. 5F, G). The slope in the
PMEF for cholesterol desorption is much steeper for the Raft bilayer
than the POPC bilayer, whereas ceramide and diacylglycerol have
similar slopes for both bilayers. The free energy difference of a
lipid at its equilibrium position and in bulk water is the free energy
for desorption (Table 1). Using the free energy in bulk water as
reference point, we define AG,, as the free energy for a single lipid
to move from a Raft bilayer to a POPC bilayer; which is AGpop, -
AGg,q (Fig. 1). Cholesterol has a strong preference for the Raft
bilayer compared with the POPC bilayer, with a G, of 54 k]J/mol.
Diacylglycerol has a slight preference for the POPC bilayer com-
pared with the Raft bilayer (G.,=-b k]/mol), whereas ceramide has
a modest preference for the Raft bilayer (G, = 7 k]/mol).

DISCUSSION

Flip-flop
We determined the free energy profiles for cholesterol,
ceramide, and diacylglycerol translocation and desorption
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in the two model membranes. Using computer simula-
tions of small bilayer patches allowed us to control the lo-
cal concentration to simulate lipid flip-flop in a Raft bilayer
and a pure POPC bilayer. The Raft bilayer was both thicker
and more ordered than the POPC bilayer. For all three
lipids, the free energy barrier for flip-flop increased con-
siderably for the Raft bilayer compared with the non-Raft
bilayer, and the rate for diffusion out of the interior de-
creased, resulting in orders of magnitude slower transloca-
tion across the thicker and less-fluid Raft bilayer. All three
lipids show orders of magnitude slower flip-flop in the Raft
bilayer compared with the non-Raft bilayer, with 8, 4, and
3 orders of magnitude difference for cholesterol, cer-
amide, and diacylglycerol. We find that cholesterol has the
slowest rate of flip-flop in the Raft bilayer, compared with
ceramide and diacylglycerol. In the pure POPC bilayer,
the rate for flip-flop follows the trend: cholesterol > diacyl-
glycerol > ceramide.

Experimental values vary widely due to the use of differ-
ent model systems, temperatures, labels, and techniques.
For diacylglycerol and ceramide, studies also use different
species with varied chain length and/or double bonds,
which would affect the flip-flop rate. Cholesterol flip-flop
is the most widely studied of the three, with experimental
rate estimates ranging from hours (52) or minutes (27), to
subseconds (26) or even submilliseconds (23). In a poly-
unsaturated DAPC bilayer, it was found that cholesterol is
enriched in the bilayer interior, suggesting fast interleaflet
diffusion (53).

Ceramide was found to flip rapidly across the plasma
membrane of a live cell (54). The half time for unlabeled
C-16 ceramide flip-flop was estimated to be < 1 min in egg
PC giant unilamellar vesicles (25). Subsequently, the same
group showed that the half time for spin-labeled ceramide
flip-flop was < 1 min in both a liquid-disordered (egg PC)
large unilamellar vesicle and a liquid-ordered (20:20:60
mol ratio of SM:POPC:CHOL) large unilamellar vesicle
(24). This was in contrast to glucosylceramide and galacto-
sylceramide, which both had significantly reduced flip-flop
rates in bilayers with higher cholesterol concentrations
(24). From a simple physiochemical perspective, it is hard
to explain the discrepancy in flip-flop behavior among
these three types of ceramide. Our results suggest that ce-
ramide flip-flop in a liquid-disordered bilayer is faster than
in a liquid-ordered bilayer, although we still find a half
time of 30 s in the liquid-ordered phase, which is faster
than the experimental value (24).

In an erythrocyte membrane, 1,2-diacylglycerol was esti-
mated to diffuse from the outer to inner leaflets on the tim-
escale of a minute (22). Fluorescently labeled diacylglycerol
was found to equilibrate across DOPC vesicles on a fast tim-
escale (minute), orders of magnitude faster than labeled
phosphatidic acid (55). From NMR spectroscopy, the half
time for 1,2-dilauroyl-glycerol was determined to be approx-
imately 10 ms in egg PC vesicles (21). Overall, it is difficult
to reconcile the varied experimental rates, and further work
into studying lipid flip-flop is warranted.

Our atomistic simulations illustrate the complexity
for cholesterol, ceramide, and diacylglycerol translocation



across two membranes with diverse structures. Atomistic
detail allowed us to determine both the number of hydro-
gen bonds to the lipid and its conformational flexibility
during translocation. The free energy barrier for flip-flop
was at the position where the number of intermolecular
hydrogen bonds was zero for all three lipids. Our results
support a solubility-diffusion mechanism for all three lip-
ids in both bilayers, as opposed to a pore-mediated mecha-
nism that has been observed for phospholipid flip-flop
(56). The three lipids are as long as half the bilayer thick-
ness, so even at the bilayer center there are other contribu-
tions to the free energy, which argues the solubility-diffusion
mechanism might be too simplistic. The Raft bilayer pre-
vents conformational flexibility, which is required during
the process of flip-flop and likely contributes to the higher
energy barriers. These specific atomistic details would
likely not be observed using continuum bilayer models,
coarse-grained models, or most experimental techniques.

Lipid desorption

By comparing the free energies for lipid desorption be-
tween the Raft and POPC bilayers, we determined AG,, for
all three lipids. Cholesterol had a large AG,,, which sug-
gests a strong driving force for cholesterol incorporation
into raft-like bilayer domains over nonraft (POPC) bilayer
domains. Qualitatively, this matches the traditional view
that suggests cholesterol preferentially interacts with satu-
rated phospholipids and sphingomyelin. The preference
of cholesterol for more ordered and rigid membranes with
higher cholesterol concentration is important for passive
cholesterol trafficking from the endoplasmic reticulum
with low cholesterol content, through the Golgi, to the
plasma membrane (57).

In contrast to cholesterol, ceramide and diacylglycerol
have relatively small AG,,, which indicates a similar pref-
erence for the POPC and Raft bilayers. The difference
between AG,, for diacylglycerol and ceramide could be
due to diacylglycerol having one unsaturated tail, whereas
ceramide has two saturated tails. The low values of G
suggest that at low concentrations ceramide and diacylg-
lycerol would not have a strong preference to interact
with raft domains over nonraft domains. It was shown that
both ceramide and diacylglycerol are able to displace cho-
lesterol from liquid-ordered domains and form more rigid
domains (9). Our results suggest this behavior is concen-
tration dependent, where a single ceramide does not dis-
place a cholesterol from the domain, but rather a high
concentration of ceramide alters the domain structure,
forming a more rigid and ordered domain. It is possible
cholesterol would have a lower preference for the cer-
amide domain and that ceramide would have a strong
preference for the domain. Prior to signaling, ceramide
and diacylglycerol molecules are at a low ambient concen-
tration (approximately 0.1-1 mol%) (13) and would not
cluster in rafts, which could be important for high-fidelity
signaling. After enzyme action, such as sphingomyelinase,
the local concentration of ceramide would increase, its
chemical potential would likely change, and a signaling
platform could form.

Future directions

One of the sources of error in our PMF calculations are
sampling problems, illustrated by the relatively large error
bars for flip-flop of the lipids in the Raft bilayer, in which
lipid dynamics are slow. The simulation times are insuffi-
cient to sample the lateral diffusion of all lipids, but this
potential problem is mitigated by the high concentrations
of each of the lipid components and calculating two inde-
pendent profiles for lipids or cholesterol in two different
environments. There are also sampling problems as the
lipid is moved out into bulk water (50). It is possible that
the error bars underestimate the uncertainty in this re-
gion. The large jump in the head-to-tail distance (Fig. 6)
for ceramide and diacylglycerol between the tails inserted
in the bilayer and the lipid folded up in bulk water, as well
as the large error bars in this region illustrate the sampling
problem. Supplementary Fig. III shows PMFs for choles-
terol in the Raft bilayer using different lengths of simula-
tion (from 5 ns to 60 ns). After around 20-30 ns, the PMFs
converged to a reasonable statistical error for the purpose
of this study, although orders of magnitude more sam-
pling would allow much more accurate statistical analysis
(58). Atomistic free energy profiles of lipids in bilayers are
computationally demanding, and the present work is near
the current state of the art in the field. Increases in com-
putational power, as well as improvements in free energy
algorithms and enhanced sampling methods, will allow
more accurate estimates to be performed on more com-
plex systems.

Another potential source of error for our calculations,
and simulations in general, are force field inaccuracies,
which are also difficult to assess. The parameters for cer-
amide, diacylglycerol, and cholesterol were derived in a
consistent manner, with the same partial charges and atom
types for the hydroxyl headgroup, which makes our com-
parison more reliable. The most important results we pres-
entare the differences in free energy, which likely mitigates
potential force field-related errors. We note that the free
energy profile we previously determined for cholesterol
flip-flop using the present parameters were similar to those
calculated using the CHARMM force field (33).

CONCLUSIONS

The location and dynamics of signaling lipids is para-
mount to their function, regardless of the precise signal-
ing mechanism. We lack a clear understanding of both the
exact cellular localization of many lipids and the driving
forces that govern their movement. We ran atomistic simu-
lations to determine the thermodynamics and kinetics of
flip-flop for three important lipids, as well as the free ener-
gies for the lipids” desorption in Raft and POPC bilayers.
On the subnanometer length scale, we discovered some of
the specific molecular determinants for the underlying
free energy profile, including hydrogen bonds, lipid mem-
brane perturbations, and molecular geometry. Choles-
terol, diacylglycerol, and ceramide have significantly
higher energy barriers for flip-flop in the Raft bilayer than
the POPC bilayer that translated into orders of magnitude
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slower translocation across the Raft bilayer. Slower flip-
flop in Raft membrane can be understood from the stiff-

nes

s of the bilayer, which prevents water from entering the

hydrophobic interior to hydrogen bond with the translo-
cating lipid and prohibits the conformational freedom of

the

lipid. Cholesterol was found to have a large preference

(AG,,) for the Raft bilayer compared with the POPC bi-
layer, which suggests that cholesterol can be “trapped” in
raft domains both laterally and transversely. Ceramide and
diacylglycerol flip across the Raft bilayer more slowly than
across the POPC bilayer, but they both have a relatively
small AG,, between the two bilayers or nearly equal prefer-
ence for both bilayers, which could be important for their
signaling functions. Our simulations add to the phys-
iochemical characterization of lipid membranes. Bl
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