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The microscopic dynamics of lipids in biomembranes is of special relevance in the study of chemical
reactions produced in cells. The mechanism of the exchange of a model lipid molecule between both sides of
a flexible bilayer membrane or flip-flop in an aqueous environment has been studied by computer simulation
using the recently developed transition path sampling technique, since flip-flop transitions are infrequent events
of the lipid dynamics. In addition, structural changes in the membrane have been investigated at ambient
conditions and for increasing temperature. Our results highlight the cooperative effort of the whole system in
order to allow a lipid molecule to cross the bottleneck in configuration space associated with the transition state
of the flip-flop event. Within the time interval of the transition, all molecules of the system significantly change
the frequency of their molecular motions.
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I. INTRODUCTION

Phospholipid membranes provide the framework for
nearly all biological membranes and they are composed of
bilayers of amphiphilic lipid molecules to which proteins are
bound[1–3]. The formation of the bilayer is due to the loca-
tion of the hydrophilic head groups of the lipids close to the
water environment forming interfaces, while the hydropho-
bic tail groups of the lipids are expelled from the aqueous
solvent and form a liquid-like inner region located between
the two interfaces. Self-assembled bilayers are dynamic
structures, which include protrusions or small relative dis-
placements of individual molecules producing roughness of
the interface, as it has been observed both in scattering ex-
periments and molecular dynamics simulations[4]. Hence,
local changes in the structure of the membrane can produce
relevant changes in the entire system. Although structure at
ambient conditions is well understood, microscopic dynam-
ics of biomembranes is still not well known despite the
amount of both experimental and theoretical work devoted to
its study[5–8]. The main obstacles for the understanding of
the dynamics of biomembranes are basically two: first, the
enormous number of degrees of freedom to consider and
second, the variety of time scales involved. Physical proper-
ties of flexible biomembranes like elasticity and mobility
have also been recently studied by molecular dynamics
simulations[9,10]. It has to be pointed out that molecular
models employed in computer simulations, such as the
model used in this work, usually consist of amphiphilic
chains significantly shorter than real lipid chains, in order to
have reliable system sizes from the computational point of
view.

One of the phenomena relevant to the knowledge of the
behavior of biomembranes is the transbilayer lipid migration

or flip-flop transition[3], when a given lipid moves from one
interface of the membrane to the other across the intermedi-
ate region in between. Flip-flop occurs in both natural and
model phospholipid membranes. Examples of rapid flip-flop
movement have been observed in the human erythrocyte
membrane[11] or in photoreceptor disc membranes in retinal
rods[12]. Moreover, the comprehension of such process is of
central importance in the manufacture of synthetic mem-
branes[13]. In the lipid exchange mechanism, there are dif-
ferent time domains that have to be considered in order to
connect the microscopic phenomenon with the experimental
information available. The crucial point is the fact that flip-
flop motions of lipids across membranes are rare events of
the lipid dynamics in most cases. A recent computational
study about lateral and transverse diffusion in bilayer mem-
branes[8] has showed that flip-flop events are extremely rare
when coarse-grained models are used.

Rare events play a central role in fields like chemical
kinetics, diffusion in solids, or in the electrical transport
theory. The characterization of rare events is basically related
to the search of the transition state of the system[14]. Mo-
lecular dynamics(MD) simulations are well suited to ana-
lyze microscopic motions in the time scale of transition state
events. Nevertheless, MD can only generate trajectories last-
ing nanoseconds, i.e., orders of magnitude shorter than the
experimentally measured time duration of flip-flop events.
The aim of the present work is the study of the structure of
model lipid bilayers and the dynamics of flip-flop events
using a specific technique able to deal with rare events
adapted to MD simulations. In a previous work[15], we
analyzed the structure of the same model lipid membrane at
ambient conditions and obtained the distribution of the total
energy in terms of the kinetic and potential energy contribu-
tions. In addition, a preliminary analysis of the velocity dis-
tribution of each species was included. In the present work,
we compare the structure and free energy profiles at ambient
and high temperature conditions, together with the calcula-
tion of lateral and transverse diffusion coefficients of the*Corresponding author. Email address: jordi.marti@upc.es
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lipids and we also include a computation of the intermolecu-
lar vibrational frequencies of water molecules and lipid
species.

II. THEORETICAL BASIS

A. Transition path sampling: Main aspects

A way to access the relevant dynamical mechanisms that
lead to lipid transitions between interfaces is by using an
enhanced computational tool able to directly focus on the
physical trajectories associated with the flip-flop process, i.e.,
a tool capable to generate a set of flip-flop events. A useful
method capable to uncover microscopic keys of rare events
has recently appeared in the literature[16]. The method is
called transition path sampling(TPS) and it has been suc-
cessfully applied to the study of water autoionization[17],
the aqueous dissociation of sodium-chloride[18–20], and to
the hydrogen-bond breaking process[21], to mention a few
examples. A general review of TPS can be found in Ref.
[16]. Here we will only give an overview of the method, with
particular attention paid to the case of the lipid flip-flop
motions.

TPS works by generating a set of transition pathways con-
necting stable states of a system in phase space, where a path
can be represented by a multidimensional vectorhr std ,pstdj.
To have a simplified representation of such paths we will
only consider configuration space, where a transition path
will link two stable states of the system. Let us describe the
TPS methodology in the particular case of a lipid flip-flop
transition. In such case, the generation of the transition path
ensemble is computationally very expensive since each tran-
sition path is associated with a flip-flop event, which is very
infrequent in lipid dynamics, as it will be explained below.

We show in Fig. 1 a picture of two transition paths in a
two-dimensional configuration space, where the first stable

statesAd corresponds to a given lipid with its head located in
one interface of the bilayer, and the second stable statesBd
corresponds to the same lipid with its head placed in the
opposite interface, once the flip-flop event has occurred.
Both states will be associated with minima of the potential
energy surface. An intermediate configuration of high energy
will be associated with a transition state(TS) of the system,
which in the framework of the theory is a saddle point in the
potential energy surface. In our simulation, a transition path
has been defined as follows: in the first time step of the path,
the head group of a lipid molecule is in the first stable state,
whereas in the second time step the lipid head enters the
intermediate region, spending a given number of time steps
in such zone, to leave it and move to the other side of the
membrane in the final time step. With this definition, we
assume our transition paths will have, in general, different
time lengths, in opposite way as it happens in Monte Carlo
TPS [18,19]. In addition, molecular dynamics TPS is well
defined if some dynamic constraints are imposed[22]: total
linear momentum and total angular momentum of the system
have to be zero. We introduced these two constraints in our
simulations, together with the control of the total energy con-
servation.

Defining theZ axis as the interface-interface direction, we
used the transversalz coordinate of the lipid head as our
mechanical order parameter able to distinguish between
stable states. Nevertheless, system fluctuations that drive to
flip-flop events are not uniquely concerned with the motion
of a lipid chain alone but they require the participation of
many molecules, as it will be shown below. This means that
the true reaction coordinate of the transition dynamics is a
collective variable concerning the motion of a large group of
molecules, but it is in general unknown. This makes the cal-
culation of free energy profiles very difficult, although some
information about contributions to the free energy along the
Z direction can be derived. The TPS method works without
the requirement of the specification of the reaction coordi-
nate: we only need to identify a pair of stable states of the
system, namely a flip-flop transition and to construct an ini-
tial transition path. This path is a Newtonian trajectory and it
can be sampled to produce a full ensemble of transition path-
ways. Once a path is altered, the subsequent dynamical evo-
lution by MD indicates whether or not the system reaches
both stable states. In the cases when a generated trajectory is
able to reach both endpoints, such trajectory is considered a
new transition path. Let us describe the two most usual gen-
erating procedures with more detail.

In TPS methodologies, two main tools are employed to
sample the initial trajectory: theshootingandshiftingproce-
dures[16] are able to produce a number of trajectories or
transition paths which start at the first stable state(lipid head
in one interface) and end in the second stable state(lipid
head in the second interface). A shooting move consists in
the generation of a new trial trajectory from a given one. In
a random time step of an equilibrated path, momenta of each
particle are slightly modified, say by a small random amount
dp. Integration of the equations of motion backward to time
0 and forward to timet, starting from the modified state
yields a new trajectory. If the trajectory connects the two
stable states, it will be accepted with nonvanishing probabil-
ity. Otherwise it will be rejected.

FIG. 1. Transition paths(dashed lines) between two stable states
sA,Bd. StateA corresponds to a configurationhr std ,pstdj of the
system with a given lipid head located in one interface, whereas in
stateB such lipid head is found in the second interface after flip-
flop. Here we display potential energyE as a function of configu-
ration space coordinateshr j. For the sake of simplicity, only two
spatial dimensionssr , r8d are plotted. The pathways cross by con-
struction the transition state regions, defined as saddle points of the
potential energy surface(network of full lines). Each black dot in-
dicates a time slice of the transition path.
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A shifting move can be defined forward or backward in
time. In a shifting move, a trial trajectory is obtained by
deleting a segment of lengthdt from the beginning(forward
move) or the end(backward move) of an existing path. New
trajectory segments of lengthdt are grown by deterministic
dynamics generating a new trial path. The condition of stable
states is checked for the new path, which is accepted if the
boundary conditions are fulfilled.

B. Transition state ensemble

The characterization of the TS of the system is one of the
basic objectives of TPS. Transition states are located by an
equal probability criterion: a configurationhr stTSd ,pstTSdj of
a given path is considered to be a TS of the system if trial
trajectories starting at the tagged timetTS have a probability
of 0.5 to reach each stable state[23]. In the present work, for
instance, we used 80 trial paths per time step. The generation
of trial trajectories is done again by shooting and shifting,
exploring all time steps of each member of the transition
path ensemble. If a particulartTS is located, a member of a
transition state ensemble(TSE) is found, i.e., a given con-
figuration is considered a member of the TSE when the num-
ber of trial paths starting at such configuration and ending in
each stable state is exactly the same. Hence, the TSE is a
subset of the transition path ensemble because, due to the
limited number of trial paths employed, the TS of a given
path is not always found. This kind of calculation is compu-
tationally expensive since we need to construct auxiliary tra-
jectories for each time slice of each path and to count the hits
of such trajectories on the stable state regions. The last step
in the calculation consists in the alignment of all TS, which
are given the time label “0”.

III. SIMULATION METHODS

The binary system that we have simulated consists of a
mixture of solvent model water and amphiphilic molecule-
like particles. We have not considered other species which in
real systems could act as catalysts of the flip-flop transition.
Amphiphilic species have been modeled with hydrophilic
head groups and hydrophobic tail groups, the latter being
composed of four particles with all lipid components inter-
acting through harmonic springs,

Vt−tsr ijd = Ksr ij − sd2,

whereK=500« /s2, the characteristic radius iss=1/3 nm,
the potential depth isNAv«=2 kJ/mol(NAv being Avogadro’s
number), andr ij is the distance between the particlesi and j .
The mass of all particles is the same:m=0.036/NAv. Energy
scaling ofkBT=1.24«, 1.5 «, and 2« corresponding to 298,
360, and 480 K, respectively, have been also considered.
Water molecules are represented by single particles. Water-
water, head-head, and head-water interactions are of the
Lennard-Jones type[24]

Vsr ijd = 4«FS s

r ij
D12

− S s

r ij
D6G ,

with the same meaning fors, «, andr ij as above. Finally, in
order to produce the different types of interactions, we trun-

cated and shifted the Lennard-Jones forces, with cutoff dis-
tances ofRc=2.5s for lipid-lipid and water-water interac-
tions andRc=21/2s for lipid-water, making the hydrophobic
tail-water force to be soft-core repulsive:

Vt−wsr ijd = 4«S s

r ij
D9

.

In addition, a simple treatment of the long-ranged interac-
tions (no charged particles are considered) is forced by the
computationally expensive calculations we are interested to
do in this work. The reliability of such a coarse-grained
model is of course limited by its simplicity, although we will
see below how several experimental quantities are fairly re-
produced, at least at the qualitative level.

Starting from an initial mixture of amphiphiles and sol-
vent particles, the self-assembly process of a group of am-
phiphilic molecules towards a cylindrical micelle and from
the latter to a bilayer membrane lasts about 106 fs. This is in
good agreement with the results of Goetzet al. [10]. We have
used a molecular dynamics time step ofDt=8.4 fs. Our sys-
tem was composed by 980 particles: 76 surfactants formed
by one head and four tail molecules and 600 solvent water
molecules. This system has been placed in a rectangular box
of 9.9329s39.9329s314.1898s. All simulations were
performed using a leapfrog Verlet algorithm at the three tem-
peratures indicated above and periodic boundary conditions
were adopted. We harvested more than 200 transition path-
ways at each temperature in order to ensure meaningful sta-
tistics.

IV. RESULTS AND DISCUSSION

In real life, the observation of lipid transitions in biomem-
branes is very rare. So, for instance, the pass of a stearic acid
across a phospholipid bilayer membrane[25] happens only
once every 34 s. This time has to be associated with the
mean time required to observe a flip-flop transition in the
laboratory. The TPS methodology employed in this work al-
lows the generation of flip-flop events in MD simulations
with a reasonable waste of computational time. This is im-
portant due to the low rate of flip-flop realizations in ordi-
nary MD calculations, since the lipid motion is basically pro-
duced along one of the interfaces[8], i.e., it is of the lateral
type. LateralsXYd and transversalsZd diffusion coefficients
of lipid head groups are reported in Table I together with

TABLE I. Some dynamical characteristics of the membranes.
Diffusion coefficientssDXY ,DZd of lipid head groups, flip-flop rates
sRffd, and time lengths of the transition pathsstTPd. Tr is a reduced
temperature defined byTr=240.54 K.

T/Tr DXYscm2/sd DZscm2/sd Rff tTPspsd

1.24 0.6310−5 2.5310−7 0.017 0.31

1.5 1.2310−5 3.4310−7 0.057 0.11

2 3.8310−5 7.7310−7 0.087 0.09
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flip-flop rates and time lengths of the transition paths. The
diffusive behavior of lipids has been studied by evaluating
the averaged mean square displacements

D = lim
t→`

1

6t
kurWstd − rWs0du2l

for the traced lateralsXYd and transversalsZd projected mo-
tions of each particle class. The flip-flop rateRff has been
defined as the number of flip-flop transitions divided by the
number of visits of a given lipid head to the intermediate
region between the two interfaces. The length of the transi-
tion paths has been computed as the averaged number of
time slices of the paths that are members of the transition
path ensemble, multiplied by the value of our simulation
time step.

We obtained the lateral and transversal diffusion coeffi-
cients of lipid head groups,DXY and DZ. Our results are
consistent with computer simulation data at ambientsT
=1.24Trd and higher temperature conditions[8]. From the
experimental side[5], a value close to 10−8 cm2/s was re-
ported for phosphatidychlorine, which cannot be directly as-
sociated with the simple lipid model we use in this work. In
that case, diffusion was markedly smaller than our result due
to the fact that phosphatidychlorine has a much heavier and
extensive lipid structure, leading to a small diffusion coeffi-
cient. When temperature rises, we observe the increase of
both diffusion coefficients at the two high temperatures. In
all cases, lateral diffusion is markedly larger than the trans-
versal one, as expected. This suggests a more important
amount of flip-flop realizations as temperature increases.
That point is confirmed by the flip-flop rateRff , which re-
markably increases with temperature, being at 480 K about
five times bigger than at room temperature conditions. Ac-
cordingly, temperature plays also a role concerning the
length of the transition paths, i.e., the parameter which gives
a gross measure of the time required by a lipid to shift inter-
faces, once this lipid starts that flip-flop process. The reader
should note that this estimation of time cannot be compared
neither the experimental nor the simulated ones, when stan-
dard MD simulations are considered. However, we observe
that the rate of flip-flop events in lipid dynamics is indeed
extremely low, compared with the number of times a lipid
head group enters the intermediate region. In addition, an
Arrhenius-type dependence is observed fortTP, in a similar
way as it was suggested by Imparatoet al. [8]:

tTP . expH−
DE

kBT
J ,

whereDE is the flip-flop activation energy,kB is the Boltz-
mann constant, andT is the temperature. This activation en-
ergy can be estimated to be of the order of 10 kJ/mol, as it
will be shown below.

A. Structure

The basic structure of the lipid bilayer can be explored by
means of density profiles for each of the molecular species,
i.e., water molecules, lipid head groups, and lipid tail groups.

We report such profiles for each type of molecules for equi-
librium configurations in Fig. 2 and for transition state con-
figurations in Fig. 3.

We can observe that lipid head groups are symmetrically
distributed around the center of the boxsz=0d. The maxi-
mum around 2.3s corresponds to the position of the inter-
faces. Lipid tail groups are located around the intermediate
region, with positions spreading up to 3s. As expected, sol-
vent water molecules are located at both sides of the box. As
temperature grows, the most remarkable changes are found
in the density profiles of head and tail groups. Bothrszd
suffer a broadening indicating some loss of the localization
shown at ambient conditions. This can be regarded as a ten-
dency of the head groups to enter the intermediate region and
of the tail groups to move closer to the interfaces. This is
consistent with the fact that diffusion coefficients and the
flip-flop rates are higher than those at room temperature con-
ditions.

In the TS we can see some evidence of a collective reor-
ganization, at least at short range. Compared to the equilib-
rium profiles of Fig. 2 we observe that, at ambient condi-
tions, head groups show a tendency to spread up both
towards the aqueous environment and also to the centralsz
=0d region, while tail groups remain mostly around the cen-
tral region although some of them could try to access the
interfaces. Water positions show some fluctuations near the
interfaces, with a small probability to cross them. This fact
could be a signature of the migration of a water molecule
across the membrane[26]. In such a case, the migrating wa-
ter molecule would temporarily fill the additional space open

FIG. 2. Density profiles of water and lipid species in equilib-
rium. Water molecules(full lines), surfactant heads(dot-dashed
lines), and surfactant tails(dashed lines). The center of the simula-
tion box is atz=0. Tr=240.54 K.
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by the flipping surfactant during its transition. The effect of
temperature is again worth to be investigated. In a similar
fashion to the case of equilibrium configurations, tempera-
ture increasing produces some broadening of the distribu-
tions of head and tail groups. Then we observe that at high
temperatures flip-flop transitions are favored since the pres-
ence of lipid head groups in the intermediate region is clearly
larger than at lower temperatures.

The picture of the flip-flop process can be also visualized
with a series of snapshots[27] (Figs. 4 and 5). We display,
only at room temperature conditions, all lipid molecules but
a tagged one(which performs a flop-flop transition) in Fig. 4
and the tagged lipid plus surrounding water molecules in Fig.

5. The relevant information from these pictures has to be
charged, in our opinion, to the gross features observed. At
the stable states, lipid head groups are mostly located around
z=2.3s, although in intermediate and in the TS snapshots the
degree of “disorder” is neatly larger than in the stable states:
in the intermediate and TS configurations we observe a ten-
dency of the lipid heads to penetrate the centralsz=0d area,
where a few water molecules are observed(Fig. 4).

We observe from Fig. 5 that in the first and last time steps
of the transition path the tagged lipid has the head embedded
in the interfaces, as expected. In the TS configuration, the
whole tagged lipid is fully inside the intermediate region.
The dynamic sequence reveals the motion performed by the
flipping molecule, which is forced to roll up itself, in order to
minimize the friction with the rest of the lipids. The calcula-
tion of the potential energy transfer[15] along the flip-flop
event allows us to make an estimation of the time required to
cross the transition state, which is about 0.1 ps. An averaged
computation based on the transition state ensemble of trajec-
tories produced a value of 0.137±0.004 ps.

B. Free energy profile

In a previous work[15] we estimated the height of the
free energy barrier associated with the flip-flop process using
the density profile in equilibrium(Fig. 2) at ambient condi-
tions. Here we include a comparison of the free energy bar-
rier as a function of temperature. The free energy profilewszd
has been obtained as the reversible work associated with the
molecular displacements along theZ axis:

wszd = − kBT ln rszd.

Assuming that this is not the full Helmholtz free energy
wsrd=−kBT ln rsrd of the flip-flop process but the contribu-
tion of transversal motions towsrd, we can employ this result
to estimate the energetic cost required by the system in order

FIG. 3. Density profiles of water and lipid species for TS con-
figurations. Water molecules(full lines), surfactant heads(dot-
dashed lines), and surfactant tails(dashed lines). The center of the
simulation box is atz=0. Tr=240.54 K.

FIG. 4. Transition state event in a lipid bilayer membrane atT
=1.24Tr. Lipid head groups(light gray), lipid tail groups (dark
gray). (a) First stable state,(b) intermediate state,(c) transition
state, and(d) second stable state. The illustrated snapshots are sepa-
rated by 84 fs. Surrounding water molecules are not shown.

FIG. 5. Transition state event for a tagged lipid molecule atT
=1.24Tr. Lipid head (light gray), lipid tail (dark gray), and sur-
rounding water molecules(white). The remaining lipids are not
shown. (a) First stable state,(b) intermediate state,(c) transition
state, and(d) second stable state. Snapshots are separated by 84 fs.
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to allow a lipid flip-flop. The results at the three temperatures
considered in the present paper are reported in Fig. 6.

We see that the energy barrier spreads up roughly in be-
tween the two interfaces. However, the main finding con-
cerns the height of the energy barrier, which is lower for
increasing temperature. Then the energetic cost to produce a
flip-flop transition is lower at 2Tr (about 2.5 kJ/mol) than at
1.5 Trs4 kJ/mold and the latter is again lower than at ambient
conditionsT=1.24Trs7.5 kJ/mold. This reinforces the idea
outlined above, i.e., flip-flop transitions are more likely to
happen as temperature rises, at least in the temperature range
explored and in the framework of the membrane model em-
ployed. Since we observe an Arrhenius-like behavior of the
time required for a flip-flop as a function of temperature, we
can say that flip flops are activated processes of the order of
10 kJ/mol at ambient conditions.

C. Spectroscopy

Further information on the dynamics of the system around
the transition state can be obtained from spectral densities
Ssvd associated with the velocity autocorrelation functions
Cvstd for each particle, i.e., water, head, and tail groups, as-
suming that in the case of lipid tails we have considered the
velocity of its center of mass. The spectral densities have
been obtained[28] as the Fourier transforms ofCvstd

Ssvd =E
0

`

dt cosvt Cnstd,where Cnstd ;
kvWstd · nWs0dl

knW2s0dl

and they are shown in Fig. 7. To illustrate the method, we
only considered ambient conditions. We computedSsvd for
lipid head groups, for the center of mass of the tail groups,
and for solvating water molecules, before and after the tran-
sition state, i.e., the velocity autocorrelation functions are
calculated starting at the transition state time step and evolv-
ing forward and backward in time. The meaningfulness of
the computation of backward velocities is ensured by the
reversibility of Newtonian classical dynamics.

First, we can observe that the typical hindered translations
of water experimentally detected[29] around 180 cm−1 at
298 K are found around such value before the transition state
is crossed, but once the bottleneck has been surmounted, a
blue shift of such translational frequency is observed. This
effect could be charged to the reorganization of water mol-
ecules in the interfaces once the lipid chain has been ex-
changed. FromSHsvd and STsvd we can see that lipids be-
have in a way rather different to water. Lipid heads move
very quickly before the transition state is reached. However,
when the barrier is surpassed they slow down their activity
and vibrate at lower frequencies. Simultaneously, tail groups
move slowly before the bottleneck is crossed, increasing
their activity to almost equal the frequency motion of the
head groups once the transition state has been surmounted.
We think these frequency variations could be detected in
appropriate Raman and infrared scattering experiments. A
possible physical reason of such changes could be due to the
different nature of all classes of particles involved. For in-
stance, head and tail groups are particles that interact by a
soft-core repulsive potential. For a successful transition, once
a flipping head group particle leaves the first interface it en-
ters the tail-group region, where repulsive interactions force
it to move quickly. After the TS is crossed, the head group is
significantly close to the second interface(see Fig. 5) and it
moves slower than before, as it can be observed from veloc-
ity profiles [15]. Tail groups are affected by different inter-
actions than those of head groups and this fact is reflected in
the different character of the spectral shifts reported. Finally,
we would like to point out that water molecules have a
chance to enter the central region and, when TS occurs, the
migration of a water unit has to be necessarily fast, due to the
hydrophobic character of the tail groups.

FIG. 6. Free energy profiles of the lipid-water ensemble. The
center of the simulation box is at z=0.Tr=240.54 K.

FIG. 7. Spectral densities of lipid speciesSHsvd, STsvd, and
waterSWsvd at T=1.24Tr. Solid lines correspond to configurations
started at the transition state and computed backward in time.
Dashed lines are those of configurations started at the transition
state and computed forward in time.
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V. CONCLUDING REMARKS

We have shown that molecular dynamics TPS is an ad-
equate procedure to study the flip-flop dynamics of a lipid
model molecule across a flexible bilayer membrane. Com-
puter simulations using a simple coarse-grained model have
produced structural and dynamic data in good overall agree-
ment with other computational and experimental results at
ambient conditions. A brief summary of the main findings is
as follows: transversal diffusion is of the order of 10−7cm2/s
at 298 K and it rises about one order of magnitude at 480 K.
The structure of the membrane is dominated by temperature
changes: we get distributions of head and tail groups at high
temperatures significantly broader than those at room tem-
perature. From the structural and dynamical data collected,
we observed that flip-flops are more likely to occur for in-
creasing temperatures.

The reversible work necessary to perform a flip-flop mo-
tion is estimated to be of about 7.5 kJ/mol at room tempera-
ture and it diminishes to about 2.5 kJ/mol at 480 K. The
analysis of reactive trajectories has revealed a concerted mo-
tion of most of the particles of the system in order to produce
the exchange of a lipid chain between the two sides of the
membrane. In addition, flip-flop transitions have been ob-
served to be activated processes with an energy barrier of the
order of 10 kJ/mol, in a similar fashion as it was reported by
Imparatoet al. [8].

During a flip-flop transition, the frequency of intermo-
lecular vibrational motions increases for the solvent water
molecules and the lipid tail groups, although lipid head
groups show a tendency to reduce their activity once the
bottleneck has been surpassed by one of them. In essence
this collective mechanism, which induces a lipid to perform
a flip-flop transition is a process that can be related with the
extremely fast flip-flop of fatty acids across phospholipid
bilayers[6] and across human cells[7]. It has been experi-
mentally observed that such processes do not require the par-
ticipation of protein-based mechanisms, in the same fashion
we assumed in the present work where we have not consid-
ered catalyst molecules.
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