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ABSTRACT: The maintenance of heterogeneous lipid compositions among cellular membranes
is key to biological function. Yet, even the simplest process that could be responsible for
maintaining proper lipid distributions, passive lipid exchange of individual molecules between
membranes, has eluded a detailed understanding, due in part to inconsistencies between
experimental ﬁndings and molecular simulations. We resolve these discrepancies by discovering
the reaction coordinate for passive lipid exchange, which enables a complete biophysical
characterization of the rate-limiting step for lipid exchange. Our approach to identify the reaction
coordinate capitalizes on our ability to harvest over 1000 unbiased trajectories of lipid insertion, an
elementary step of passive lipid transport, using all-atom and coarse-grained molecular dynamics simulations. We ﬁnd that the
reaction coordinate measures the formation and breakage of hydrophobic contacts between the membrane and exchanging lipid.
Consistent with experiments, free energy proﬁles as a function of our reaction coordinate exhibit a substantial barrier for insertion. In
contrast, lipid insertion was predicted to be a barrier-less process by previous computational studies, which incorrectly presumed the
reaction coordinate to be the displacement of the exchanging lipid from the membrane. Utilizing our newfound knowledge of the
reaction coordinate, we formulate an expression for the lipid exchange rate to enable a quantitative comparison with experiments.
Overall, our results indicate that the breakage of hydrophobic contacts is rate limiting for passive lipid exchange and provide a
foundation to understand the catalytic function of lipid transfer proteins.

■

INTRODUCTION
Lipid membranes are essential to the structural integrity of
cells. They form ﬂuid boundaries that organize and
compartmentalize cellular functions within organelles. Each
organelle requires a unique membrane composition for its
proper function.1,2 To maintain such varied compositions,
lipids are heterogeneously traﬃcked between cellular membranes through vesicular or non-vesicular transport. Vesicular
transport plays a major role in traﬃcking lipids and proteins
between organelles in the secretory pathway.3,4 Organelles that
are not connected by vesicular transport machinery rely on
non-vesicular mechanisms to receive and export lipids. Even
for organelles in the secretory pathway, non-vesicular transport
mechanisms provide an additional way to more rapidly
exchange lipids, for example, to swiftly alter membrane
compositions in response to environmental changes.5,6
Despite its cellular importance, non-vesicular transport
mechanisms in vivo have not been fully characterized. Nonvesicular transport predominantly involves the movement of
individual lipids between membranes. Monomeric lipid
transfer between membranes may occur passively, in which a
lipid desorbs and freely diﬀuses to another membrane.5
Alternatively, lipid transfer proteins may facilitate monomeric
lipid exchange by enclosing lipids within their hydrophobic
interiors during transport.6,7 With half-times on the order of
hours, passive lipid exchange is too slow to fully account for
lipid transport in vivo,5 indicating that lipid transfer proteins
are likely catalysts of lipid exchange. Nevertheless, a
© XXXX American Chemical Society

mechanistic understanding of passive lipid exchange can
inform our knowledge of how lipid transfer proteins increase
the rate of lipid transport.
Molecular simulations are well suited to explore the
microscopic dynamics and to identify the rate-limiting step
of passive lipid exchange. Quantifying the free energy barrier
associated with the rate-limiting step, however, requires
knowledge of the reaction coordinate, which characterizes
the collective motion of molecules that advances a
transition.8−11 Previous computational work12−16 on lipid
transport has presumed that a lipid’s displacement normal to
the membrane is the reaction coordinate (Figure 1A) and has
yielded results in conﬂict with experimental ﬁndings.17−20
Here, we show that the reaction coordinate for passive lipid
exchange is indeed more subtle than a simple distance
measurement. The reaction coordinate characterizes the
creation (or disruption) of a locally hydrophobic environment
around the incoming (or outgoing) lipid (Figure 1B). This
realization resolves qualitative (but not quantitative) discrepancies between simulation and experiment and suggests that
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required to maintain heterogeneous cell membrane compositions.
Most previous computational studies have focused on
obtaining a full free energy proﬁle for lipid desorption and
insertion.12−16 Traditionally, free energy proﬁles have been
computed as a function of a lipid’s displacement normal to a
bilayer measured from the lipid’s phosphate group to the
bilayer’s center of mass (COM) (Figure 1A).12−16 These free
energy proﬁles lack a barrier for insertion,12−16 seemingly in
conﬂict with experimental results.17−20 If the COM displacement is not the reaction coordinate for lipid exchange, the
kinetically relevant barrier may not be resolved in these free
energy proﬁles; instead, a barrier may exist along a diﬀerent
degree of freedom that is the reaction coordinate. Consistent
with this idea, Vermaas and Tajkhorshid’s MD study of lipid
insertion indicated that the COM displacement is not suﬃcient
to fully describe the microscopic dynamics of lipid insertion.
They demonstrated that after the lipid associates with a bilayer,
each tail of the lipid enters the bilayer successively to complete
the insertion processes. The observation of splayed lipid
intermediates during insertion, which are indistinguishable
from other conﬁgurations based on the lipid’s COM
displacement, suggests that other degrees of freedom need to
be considered to construct an accurate reaction coordinate for
lipid exchange.33
Our Approach. The discrepancy between experimental17−20 and computational12−16 reports about a barrier for
lipid exchange, together with the evidence suggesting that the
lipid’s COM displacement is a poor reaction coordinate from
an MD study of lipid insertion,33 prompt two questions: (1)
What is the reaction coordinate for lipid exchange? (2) What,
if any, activation free energy barrier impedes the process of
lipid insertion? In this article, we aim to answer these questions
using molecular simulation. In doing so, we identify the
reaction coordinate for passive lipid exchange in all-atom and
coarse-grained lipid models. Knowledge of the reaction
coordinate allows us to elucidate the key biophysical details
of the transition state ensemble and properly assess the free
energetic cost of lipid transport.
Rather than driving the system along a presumed reaction
coordinate, we instead harvest natural, unbiased trajectories in
which a lipid spontaneously inserts into a membrane. Statistical
analysis of this ensemble of dynamical pathways reveals the key
collective motions required for lipid transport. First, we ﬁnd
that lipid insertion is a barrier-crossing event and occurs via
three diﬀerent pathways, distinguished by various splayed lipid
intermediates. Second, we ﬁnd that the reaction coordinate
characterizes the formation and breakage of hydrophobic
lipid−membrane contacts. The lipid’s displacement normal to
the bilayer, even formulated to distinguish splayed conﬁgurations, is not the reaction coordinate and obfuscates the
barrier for insertion. Consistent with previous experimental
results,17−20 free energy proﬁles as a function of our reaction
coordinate display a barrier for insertion and yield insertion
rates calculated from Kramers theory that agree with those
obtained directly from simulations. Finally, using our newfound reaction coordinate, we formulate a Smoluchoski
equation for the lipid exchange rate to directly compare our
simulation results with experiments. Overall, our results
demonstrate that the rate-limiting step for passive lipid
exchange is the breakage of hydrophobic contacts, suggesting
that lipid transfer proteins may catalyze lipid transport in part
by lowering the associated activation free energy.

Figure 1. The lipid’s displacement normal to the membrane has
conventionally been presumed to be the reaction coordinate for
passive lipid exchange; however, the lipid’s displacement does not
reliably identify the transition state (TS) conﬁgurations. Although the
lipid’s displacement (black arrow) in conﬁguration A is consistent
with the values observed at the transition state, this conﬁguration is
not a transition state. By contrast, conﬁguration B is correctly
predicted to be a transition state based on the extent of hydrophobic
contact between the lipid and membrane (highlighted in yellow and
cyan).

the breakage of hydrophobic contacts between a lipid and
membrane limits the rate of passive lipid transport.
Experimental and Computational Background. Numerous in vitro studies of passive monomeric lipid exchange
between membranes have demonstrated that it is a ﬁrst-order
process and that the rate of lipid exchange strongly correlates
with a lipid’s solubility.17−19,21−27 Based on these observations,
the most widely accepted mechanism is characterized by
aqueous diﬀusion.17−19,21,24−31 The diﬀusive mechanism
involves lipid desorption, which is rate limiting, followed by
diﬀusion through solvent and insertion into another membrane. Based on experimentally measured activation energies,
calculated activation free energies for lipid exchange exceed
free energies for transferring a lipid from water to a membrane,
indicating that there is a barrier for lipid desorption and
insertion.17−20 At this barrier, the desorbing lipid is
hypothesized to only have the terminal carbons of its tails
left within the membrane.17,28 Thus, the activation free energy
required to form the transition state has been attributed to the
creation of a cavity in the membrane due to partial removal of
a lipid and another cavity in the solvent to accommodate that
lipid.17,32
However, because the experimental methods currently used
to study lipid exchange have a coarse temporal and spatial
resolution, molecular features of the transient transition state
can only be hypothesized. Molecular dynamics (MD)
simulations oﬀer an attractive means to test these hypotheses
since the necessary time and length scales are accessible.
Additionally, a complete free energy proﬁle can be obtained
from MD simulations. By calculating the free energy as a
function of the reaction coordinate, which describes the
system’s dynamics during transitions between stable states,8−10
free energies of activation can in principle be accurately
quantiﬁed. If, however, the free energy is computed as a
function of an order parameter that is not the reaction
coordinate, then the apparent barrier generally underestimates
the rate-determining free energy of activation.11 Thus,
identifying the reaction coordinate and corresponding free
energy proﬁle for passive lipid exchange can provide
fundamental insights into the physical processes and work
B
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METHODS
Molecular Dynamics Simulations. Spontaneous desorption of a lipid from a membrane is a very slow process
occurring over minutes to hours, which is well beyond the
timescale accessible in MD simulations. Most previous work
has addressed this problem by introducing an external bias that
allows rare conﬁgurations otherwise inaccessible in MD
simulations to be readily sampled. While this approach
generates conﬁgurations plausibly found along a lipid
desorption trajectory, it can fail to reveal the natural, unbiased
route of lipid desorption. Our approach instead exploits a
fundamental statistical property of microscopic dynamics,
namely, its time reversibility. Natural desorption trajectories
are simply the time reverse of spontaneous lipid insertion
trajectories. As shown by Vermaas and Tajkhorshid,33 the
latter are straightforward to generate in an unbiased way since
lipid insertion is a rapid process. Thus, to gain insights into the
dynamics of lipid exchange, we harvested trajectories of lipid
insertion into a bilayer of 128 lipids using both all-atom and
coarse-grained MD simulations. All simulations were performed in an isothermal−isobaric (NPT) ensemble using
GROMACS 5.34 The temperature was maintained at 320 K,
ensuring that the bilayers were in the liquid crystalline phase.
The pressure was maintained at 1 bar using semi-isotropic
pressure coupling to allow the z dimension, which is
perpendicular to the bilayer, to ﬂuctuate separately of x and
y, ensuring tensionless bilayers.
Coarse-Grained Systems. A large number of lipid insertion
trajectories are required to make conclusions with high
statistical accuracy. To obtain 1000 lipid insertion trajectories
in a computationally tractable manner, we performed MD
simulations using the coarse-grained MARTINI force ﬁeld.35
All coarse-grained simulations used dilauroylphosphatidylcholine (DLPC) to compare to all-atom simulations of
dimyristoylphosphatidylcholine (DMPC). Because MARTINI
maps roughly four heavy atoms to a single coarse-grained bead,
DMPC, which has 14 carbon atoms per tail, is best represented
by the MARTINI model for DLPC, which has 3 beads per tail.
First, a bilayer surrounded by 3 nm thick slabs of standard
MARTINI water was built using INSANE.36 Prior to the
addition of a tagged lipid into the solvent surrounding a bilayer
of MARTINI DLPC lipids, the bilayer’s structure was fully
relaxed from its initial lattice conﬁguration. This involved an
energy minimization using the steepest descent algorithm
followed by equilibration and production runs. During the ﬁrst
500 ps equilibration run, a 10 fs time step and the Berendsen
barostat37 with a coupling time constant of 3 ps and an
isothermal compressibility of 3 × 10−4 bar−1 were used. During
a second 1 ns equilibration run, the time step was increased to
30 fs and the barostat was switched to the Parinello−Rahman
algorithm38 with a coupling time constant of 12 ps. A 50 ns
production run using the same simulation parameters as the
second equilibration run was performed to allow the bilayer’s
structure to fully equilibrate, as monitored by the area per lipid
(Figure S1). The temperature was maintained at 320 K with
the V-rescale thermostat39 using a coupling time constant of 1
ps. The lipids and solvent were coupled to separate
thermostats to avoid the “hot solvent−cold solute” problem.40
Dynamics were evolved according to the leapfrog algorithm.41
As determined to yield optimal performance for simulations
using MARTINI,42 neighbor lists were updated using the
Verlet neighbor searching algorithm,43 Lennard−Jones and

Article

Coulomb interactions were truncated at 1.1 nm, and Coulomb
interactions beyond the cutoﬀ were evaluated with a reactionﬁeld potential44 with a relative dielectric constant of ∞.
Next, 1000 replicate systems with a free lipid were built by
inserting a tagged lipid at a random location in the solvent
around the equilibrated bilayer such that the tagged lipid’s
COM and bilayer’s COM are separated in z by at least 3.2 nm.
All replicates were then energy minimized and equilibrated
using the protocol described above with one modiﬁcation: To
ensure that the tagged lipid did not adsorb or insert into the
bilayer during equilibration, the z coordinates of its heavy
atoms were restrained by a harmonic potential with a force
constant of 500 kJ/mol/nm2. Upon release of the position
restraints, production runs of 1 μs were performed, and lipid
insertion occurred in all replicates during this time. Reported
times for MARTINI simulations are not scaled by a factor of 4,
as done in other work to account for the erroneously fast
solvent diﬀusion in MARTINI as compared to real water.35
All-Atom Systems. Additionally, we harvested 10 all-atom
lipid insertion trajectories to compare with our results using
MARTINI. The CHARMM36 force ﬁeld45 was used in
combination with the CHARMM TIP3P water model46
since it accurately reproduces many experimental observables,
including the volume and area per lipid, bilayer thickness, lipid
lateral diﬀusion coeﬃcient, and neutron density proﬁles, for a
liquid crystalline DMPC bilayer.47,48 We used a simulation
protocol similar to that described above for MARTINI.
First, a bilayer surrounded by 3 nm thick slabs of solvent was
built using the CHARMM-GUI Membrane Builder.49,50 The
bilayer was energy minimized prior to undergoing a two-stage
equilibration at 320 K and 1 bar. The ﬁrst 250 ps equilibration
utilized the Berendsen barostat37 for semi-isotropic pressure
coupling with a coupling time constant of 2 ps and isothermal
compressibility of 4.5 × 10−5 bar−1, and the second 250 ps
equilibration utilized the Parinello−Rahman barostat38 with a
coupling time constant of 5 ps. A 50 ns production run was
performed to allow the bilayer to fully equilibrate (Figure S1).
The lipids and solvent were coupled to separate Nosé−Hoover
thermostats51,52 using a coupling time constant of 1 ps to
maintain the temperature. Dynamics were evolved according to
the leapfrog algorithm41 using a 2 fs time step. All bonds to
hydrogen were constrained using the LINCS algorithm.53
Lennard−Jones forces were smoothly switched oﬀ between 0.8
and 1.2 nm. Coulomb interactions were truncated at 1.2 nm,
and long-ranged Coulomb interactions were calculated using
Particle Mesh Ewald (PME) summation54 with a Fourier
spacing of 0.12 nm and an interpolation order of 4. Neighbor
lists were constructed with the Verlet algorithm.43
Next, 10 replicate systems with a tagged lipid in solution
were built as for the MARTINI systems. Each replicate was
energy minimized and equilibrated using the protocol
described for the CHARMM36 bilayer system with the
addition of harmonic restraints on the z coordinates of all
heavy atoms of the tagged lipid. After the position restraints
were removed, each replicate was simulated in increments of
100 ns until the tagged lipid inserted into the bilayer.
Characterization of Transition Paths. From the
harvested lipid insertion trajectories, we identiﬁed transition
paths, trajectory segments that connect “reactant” and
“product” states A and B. In state A, the tagged lipid is fully
surrounded by solvent; in state B, the tagged lipid is fully
within the bilayer. States A and B are characterized by the
displacements dlip, dsn1, and dsn2, which are illustrated in Figure
C
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hydrophobic carbons of the tagged lipid and hydrophobic
carbons of the closest leaﬂet. The ith pair of hydrophobic
carbons was counted as a close contact if d(i)
CC ≤ 14 Å for
MARTINI lipids and if d(i)
CC ≤ 10 Å for CHARMM36 lipids.
These cutoﬀ values encompass approximately two water
solvation shells around a hydrophobic carbon of a lipid in
solution and also two carbon solvation shells around a
hydrophobic carbon of a lipid in a bilayer. We found smaller
cutoﬀs to be insuﬃcient for fully characterizing the tagged
lipid’s hydrophobic environment and, thus, also insuﬃcient for
constructing the reaction coordinate. Our deﬁnition of nCC is
similar to the order parameter developed by Lin and Grossﬁeld
to measure hydrophobic contacts between lipopeptides and
phospholipids. Similar to the conclusions we make herein
about phospholipid exchange, they found that a hydrophobic
contact order parameter was key to accurately investigate
lipopeptide insertion from a micelle into a phospholipid
bilayer, whereas the COM displacement was insuﬃcient.55
Complete descriptions of all other order parameters are
provided in the Supporting Information (SI). The MDAnalysis
Python library56 was used to analyze all trajectories for each
order parameter.
Free Energy Calculations. Based on the dynamics
observed along transition paths, lipid insertion is a barriercrossing process. To identify the physical origin of this barrier,
we calculated free energy surfaces as a function of diﬀerent
order parameters. To obtain these free energy surfaces, we
performed umbrella sampling simulations57 using the
PLUMED 2 patch58 for GROMACS.
Coarse-Grained Systems. We computed the two-dimensional (2D) free energy surfaces ΔF(min(dCC),nCC) and
ΔF(d sn1 ,d sn2 ) for the MARTINI system. To obtain
ΔF(min(dCC),nCC), we simulated 208 windows with harmonic
biases centered at physically possible values of (min(dCC),nCC)
(Table S1) for 2 μs each. Each window was initialized with a
conﬁguration, drawn from a transition path, that has a value of
(min(dCC),nCC) close to the center of the window’s bias. To
calculate biasing forces on min(dCC), a smooth form for the
minimum function
ÅÄÅ i
ÑÉÑ−1
ÅÅ j
zyzÑÑÑ
(
i
)
j
Å
γÅÅÅlogjjj∑ exp(γ /dCC)zzzÑÑÑ
zÑÑ
ÅÅ j i
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Figure 2. Schematics of the order parameters that measure (A) the
displacement of the lipid along the bilayer’s normal and (B)
hydrophobic lipid−bilayer contacts. The tagged lipid is colored
orange. (A) dlip is the displacement in z between the center of mass
(COMz) of the tagged lipid (magenta dashed line) and COMz of the
closest leaﬂet (black dashed line). dsn1 is the displacement in z
between the terminal carbon of the sn1 tail (green dashed line) and
COMz of the closest leaﬂet. dsn2 is the displacement in z between the
terminal carbon of the sn2 tail (cyan dashed line) and COMz of the
closest leaﬂet. (B) min(dCC) is the minimum distance between a
hydrophobic carbon of the tagged lipid and a hydrophobic carbon of
the closest leaﬂet. The closest pair of hydrophobic carbons is drawn as
circles. nCC is the total number of close hydrophobic carbon contacts
between the tagged lipid and closest leaﬂet. Any pair of lipid and
membrane hydrophobic carbons within a cutoﬀ distance of 14 Å for
MARTINI and 10 Å for CHARMM36 is counted as a contact and
drawn as circles. The light orange region highlights the space within a
cutoﬀ distance (black arrow) from hydrophobic carbons of the tagged
lipid.

displacement in z from the terminal carbon of the sn1 tail of
the tagged lipid to the COM of the closest leaﬂet, and dsn2 is
the analogous distance for the sn2 tail. Based on the
distributions of these three distances obtained from coarsegrained and all-atom MD simulations (Figure S2), state A is
deﬁned by dlip > 24 Å, which ensures that any conﬁgurations
with the tagged lipid adsorbed onto the surface of the bilayer
are not included. State B is deﬁned by dsn1 < −3 Å and dsn2 <
−3 Å, which ensures that both tails of the tagged lipid are
inserted into the bilayer.
In addition to dlip, dsn1, and dsn2, we evaluated over 50 order
parameters as putative reaction coordinates for lipid exchange.
Hydrophobic contacts between the tagged lipid and bilayer are
judged according to the distance d(i)
CC between a hydrophobic
carbon of the tagged lipid and a hydrophobic carbon of the
closest membrane leaﬂet, where i indexes the many pairs of
such atoms. For MARTINI lipids, hydrophobic carbons
include all tail beads. For CHARMM36 lipids, hydrophobic
carbons include atoms C23−C214 and C33−C314. More
speciﬁcally, hydrophobic contacts are measured by the order
parameters min(dCC) and nCC (Figure 2B). min(dCC) =
mini d(i)
CC is the minimum distance between a hydrophobic
carbon of the tagged lipid and a hydrophobic carbon of the
closest leaﬂet. nCC is the number of close contacts between

was used with γ = 260. min(dCC) calculated with expression 1
diﬀered from the exact value by 0.007 Å on average and by at
most 0.34 Å. To calculate biasing forces on nCC, a switching
function was used
i d (i) − d y
1 − jjj CCr 0 zzz
k 0 {
12
i d (i) − d y
1 − jjj CCr 0 zzz
k 0 {
6

∑
i

(2)

with d0 = 14 Å and r0 = 0.25 Å. nCC calculated with expression
2 diﬀered from the exact value by 4 contacts on average and by
at most 28 contacts.
To obtain ΔF(dsn1,dsn2), we simulated 370 windows with
harmonic biases centered at positions (dsn1, dsn2) ranging from
(−10, −10 Å) to (30, 30 Å) for 2 μs each. To avoid
unrealistically distorting the tagged lipid, we simulated only
windows whose harmonic bias centers satisfy |dsn1 − dsn2| ≤ 30
Å. Each window was initialized with a conﬁguration, drawn
from a transition path, that has a value of (dsn1, dsn2) close to
D
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calculate its committor value. For each CHARMM36
conﬁguration, the outcomes of 20 trajectories, each 12 ns
long, were used to calculate its committor value.
Rate Calculations. To further assess how well the
dynamics of lipid transport is captured by monitoring lipid−
membrane hydrophobic contacts, we calculated the rate
constant for lipid insertion, kins, using Kramers theory60
coupled with thermodynamic information about hydrophobic
contacts. The resulting value was compared with the insertion
rate calculated from the mean ﬁrst passage time in MD
simulations. Based on Kramers theory
ÄÅ L
ÉÑ−1
x
ÅÅ
Ñ
−βU (x)
βU (x′)Ñ
Å
ÑÑ
Å
k ins = DÅ
dx e
dx′ e
ÑÑ
ÅÅ xB
ÑÑÖ
xB
(4)
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the center of the window’s bias. A force constant of 500 kJ/
mol/nm2 was used for all harmonic bias potentials.
The weighted histogram analysis method (WHAM)59 was
used to obtain both of these 2D free energy surfaces from the
biased distributions, after discarding data from the ﬁrst 1 μs.
Error bars were calculated as the standard error of free energy
surfaces estimated from ﬁve independent 200 ns blocks.
All-Atom Systems. To obtain ΔF(min(dCC),nCC) for the
CHARMM36 system, 202 windows with harmonic biases
centered at physically possible values of (min(dCC),nCC)
(Table S2) were simulated for 24 ns each. Expression 1 was
used to calculate biasing forces on min(dCC) with γ = 200, and
it diﬀered from the exact value by 0.002 Å on average and by at
most 0.27 Å. Expression 2 was used to calculate biasing forces
on nCC with d0 = 10 Å and r0 = 0.25 Å, and it diﬀered from the
exact value by 68 contacts on average and by at most 175
contacts. Each window was initialized with a conﬁguration,
drawn from a transition path, that has a value of
(min(dCC),nCC) close to the center of the window’s bias.
The ﬁrst 4 ns of data from these windows was discarded to
account for equilibration. Finally, data from all windows was
combined with WHAM to obtain a free energy surface as a
function of min(dCC) and nCC. Error bars were calculated as
the standard error of free energy surfaces estimated from ﬁve
independent 5 ns blocks.
Calculation of One-Dimensional (1D) Free Energy Proﬁles
from 2D Free Energy Surfaces. We calculated 1D free energy
proﬁles ΔF(min(dCC)) and ΔF(nCC) by numerically integrating ΔF(min(dCC),nCC) over one of its variables. Denoting the
two variables as q and q′ (in either order), the free energy
proﬁle ΔF(q) is obtained from the free energy surface ΔF(q,
q′) according to
ÄÅ
ÉÑ
Å
Ñ
ΔF(q) = −β −1 lnÅÅÅ dq′ e−β ΔF(q , q ′)ÑÑÑ
ÅÅÇ
ÑÑÖ
(3)

∫

∫

where D is the diﬀusion coeﬃcient along a reaction coordinate
x for lipid insertion, xB is the value of x in state B, L is the
maximal value of x in state A sampled in our simulations, and
U(x) is the eﬀective interaction potential biasing the dynamics
of x. We have taken x to be min(dCC) since min(dCC) describes
the spatial motion of the lipid during insertion in addition to
hydrophobic contact formation. For the same reason, we set D
to be the diﬀusion coeﬃcient of a freely diﬀusing lipid in
solution. Note that min(dCC) alone is not the reaction
coordinate for lipid exchange (a linear combination of
min(dCC) and nCC is the reaction coordinate), but it is more
simply interpretable to utilize a single order parameter for
these calculations. U(x) is taken to be the free energy proﬁle
ΔF(min(dCC)). U(x) was obtained from the free energy
surface that depends jointly on min(dCC) and nCC using eq 3.
We evaluated eq 4 with numerical integration using the
trapezoidal rule. The diﬀusion coeﬃcient was calculated from
an additional MD simulation of a single lipid solvated in a
cubic box with the same area and simulation protocol as the
bilayer systems, but with isotropic pressure coupling. D was
calculated according to Einstein’s relation from the mean
squared displacement of the lipid’s COM obtained from 1 μs
and 100 ns trajectories of a MARTINI and CHARMM36 lipid,
respectively.

∫

where β = (kBT)−1 is the inverse of Boltzmann’s constant, kB,
multiplied by temperature.
Committor Analysis. To identify the reaction coordinate
for passive lipid exchange and determine if transition states are
sampled in umbrella sampling simulations, we characterized
conﬁgurations according to their tendency to proceed to state
B using committor analysis.8−10 The committor, pB, is the
probability that a conﬁguration will reach state B prior to state
A when its momenta are chosen randomly from a Maxwell−
Boltzmann distribution. By construction, the committor
distinguishes transition states, which have pB = 0.5, from
stable state A and B conﬁgurations, which have pB = 0 and 1,
respectively. Thus, pB is the true reaction coordinate. Through
committor analysis of conﬁgurations found along transition
paths, we identiﬁed order parameters that are strongly
correlated with the committor and, thus, can be used as
approximate reaction coordinates. These order parameters
have the advantage of being more physically descriptive and,
thus, more easily interpreted than the committor. Henceforth,
we refer to order parameters that correlate strongly with pB as
the reaction coordinate. We calculated committor values for
98 094 MARTINI and 138 CHARMM36 conﬁgurations
sampled along transition paths. Additionally, we calculated
the committor for 500 MARTINI and 100 CHARMM36
conﬁgurations from each umbrella sampling simulation. For
each MARTINI conﬁguration, the outcomes of 50 trajectories,
each 3 ns long and initialized with random velocities sampled
from a Maxwell−Boltzmann distribution, were used to
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RESULTS AND DISCUSSION
Lipid Insertion is a Barrier-Crossing Process that
Occurs via Multiple Pathways. We ﬁrst investigated the
dynamics of lipid insertion by harvesting 1000 MARTINI
DLPC and 10 CHARMM36 DMPC insertion trajectories from
MD simulations. A lipid insertion event is classiﬁed by a
transition from state A, in which the tagged lipid is fully in the
solvent, to state B, in which the tagged lipid resides within the
bilayer. State A is distinguished by dlip, which measures the
COM displacement of the tagged lipid along the bilayer’s
normal; state B is distinguished by dsn1 and dsn2, which measure
the displacement of each tail of the tagged lipid along the
bilayer’s normal (Figure 2A). Precise deﬁnitions are given
above in the Methods section. The fact that state B
conﬁgurations cannot be reliably identiﬁed by dlip alone
suggests that the COM displacement is not the reaction
coordinate for passive lipid exchange.
Free energy proﬁles as a function of the lipid’s displacement
along the bilayer normal obtained from previous computational studies12−16 give the impression that lipid insertion is a
barrier-less process. If that were true, insertion should occur
immediately once the tagged lipid reaches the bilayer.
However, as seen in snapshots from a MARTINI and a
E
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Figure 3. Snapshots along MD trajectories of a tagged lipid inserting into a bilayer illustrate that a membrane-adsorbed lipid does not immediately
insert into a bilayer, suggesting that there is a barrier for insertion. For clarity, solvent is not shown in the snapshots. The tagged lipid is rendered
with van der Waals spheres. For the MARTINI simulation, the headgroup, phosphate, glycerol, and tail beads of the tagged lipid (bilayer lipids) are
colored red (blue), gray (brown), green (pink), and orange (cyan), respectively. For the CHARMM36 simulation, the carbon atoms of the tagged
lipid (bilayer lipids) are colored orange (cyan).

Figure 4. (A) Time evolution of dlip, dsn1, and dsn2 during MD simulations of lipid insertion is indicative of barrier-crossing dynamics. State A
conﬁgurations (dlip > 24 Å) are located in the red region. State B conﬁgurations (dsn1 < −3 Å and dsn2 < −3 Å) are located in the blue region. Dips
in the distances dlip, dsn1, and dsn2 out of the state A region without entering the state B region occur when the tagged lipid adsorbs to the surface of
the bilayer. Examples for the sliding, sn1 splayed, and sn2 splayed pathways are shown for both MARTINI and CHARMM36. The initial times
have been shifted so that all trajectories can be plotted together. (B) Probability distributions of dsn1 − dsn2 when the tagged lipid is near the surface
of the bilayer (speciﬁcally, MARTINI conﬁgurations with 7 ≤ dlip ≤ 9 Å and CHARMM36 conﬁgurations with 2.5 ≤ dlip ≤ 15 Å), which were used
to identify splayed tail conﬁgurations. Distributions from MD simulations are plotted with open circles, and the ﬁts to a sum of three Gaussians are
plotted with solid lines. Transition paths that follow the sn1 splayed pathway sample conﬁgurations found in the green region, and those that follow
the sn2 splayed pathway sample conﬁgurations found in the cyan region. Transition paths that follow the sliding pathway sample conﬁgurations in
the magenta region and do not sample splayed conﬁgurations in either the cyan or green regions.
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decreases (Figure S3). Defects in the polar headgroup region
of the bilayer that expose hydrophobic membrane patches68,69
are also observed in the transition state ensemble (Figures S5
and S6). Based on these results, we hypothesized that the
reaction coordinate for passive lipid exchange monitors the
formation and breakage of hydrophobic contacts between the
tagged lipid and membrane (Figure 1B).
To rigorously test this hypothesis, we employed committor
analysis.8−10 The committor, pB, is the probability that a
trajectory initiated at a given conﬁguration will reach state B
prior to state A when initial momenta are chosen randomly
from a Maxwell−Boltzmann distribution. Conﬁgurations
within stable states A and B have pB = 0 and 1, respectively.
Transition states are equally likely to advance to states B and
A, such that pB = 0.5.8−10,70 Since pB directly measures the
progress of a reaction, pB is the true reaction coordinate.9,10,71
However, pB is a complicated function of the system’s
microscopic conﬁgurationa very large set of variables in
the case of biomolecular systems. The complete functional
form for pB is practically unobtainable and would provide little
physical insight into reaction mechanisms. Instead, it is more
informative to identify an order parameter, q, that is strongly
correlated with pB and closely approximates the true reaction
coordinate.71,72 Henceforth, we refer to such order parameters
as the reaction coordinate.
As one assessment of correlation between an order
parameter q and the true reaction coordinate pB, we compare
the probability distribution of q from transition states to
distributions of q from states A and B. The typical values of q
at the transition state should diﬀer from its values in states A
and B such that these probability distributions do not overlap.
Otherwise, q cannot reliably distinguish transition states from
stable reactant and product states and, thus, poorly
recapitulates the true reaction coordinate. Additionally, we
compare the probability distribution of q from transition states
to distributions from pre- and post-transition states. Because
pre-transition states are intermediates between state A and the
transition state and post-transition states are intermediates
between the transition state and state B, it is often challenging
to devise an order parameter q that distinguishes transition
states from them, as pB naturally does. A good approximation
to the true reaction coordinate should reliably distinguish
transition states from pre- and post-transition states in addition
to state A and B conﬁgurations.
A more stringent test of a putative reaction coordinate
examines a histogram of pB values for conﬁgurations with a
particular value of q. If q is the reaction coordinate, then a
histogram of pB for conﬁgurations with a given value of q will
be peaked at the corresponding value of pB. This histogram test
is useful to determine if the mapping from q to pB is
approximately one-to-one, a requirement for q to be the
reaction coordinate. Bimodal histograms of pB are clear
indicators that q is not the reaction coordinate. By contrast,
a histogram sharply peaked at pB = 0.5 for values of q
characteristic of transition states clearly indicates that q
accurately describes the true reaction coordinate.9,10
Using the ﬁrst criterion that q must reliably distinguish
transition states from all other conﬁgurations to be the reaction
coordinate, we assessed measures of hydrophobic lipid−
membrane contacts as approximations to the true reaction
coordinate. Speciﬁcally, we characterize hydrophobic contacts
by the minimum distance between hydrophobic carbons of the
tagged lipid and hydrophobic carbons of the bilayer, min(dCC),

CHARMM36 trajectory shown in Figure 3 and Movies S1 and
S2, the tagged lipid repeatedly arrives at the bilayer and
adheres to its surface without inserting. Instead, it detaches
from the bilayer’s surface and returns to the solvent. In typical
trajectories, many such unproductive encounters occur before
the lipid inserts into the bilayer. Indeed, as seen in time traces
of dlip in Figure 4A, many adsorption events commonly
precede insertion. Similar adsorption events have been
observed during simulations of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) insertion into a bilayer.33
When lipid insertion eventually occurs in these trajectories,
it does so suddenly. Characteristic of barrier-crossing
dynamics, dlip, dsn1, and dsn2 change sharply from values of
state A to those of state B (Figure 4A). The fact that the
transition times are much faster than the inverse rate constant
for lipid insertion, 1/kins, points to a substantial free energy
barrier for insertion. Free energy proﬁles as a function of the
lipid’s displacement simply do not resolve this barrier.12−16
Thus, the barrier must exist along a diﬀerent degree of freedom
that captures other important features of the dynamics.
In fact, lipid insertion occurs via three diﬀerent pathways,
which cannot be diﬀerentiated by dlip. Each pathway is
characterized by a distinct lipid conﬁguration, which is
distinguished by dsn1 and dsn2, near the bilayer’s surface: (1)
In the sliding pathway, the two tails enter the bilayer almost
simultaneously as the tagged lipid slides into the bilayer
(Figure 3, CHARMM36 trajectory and Figure 4A, magenta
time traces). Near the bilayer’s surface, both tails are a similar
distance from the bilayer (Figure 4B, magenta region). (2) In
the sn1 splayed pathway, the sn1 tail enters the bilayer ﬁrst
(Figure 4A, green time traces), creating a splayed intermediate
with the sn1 tail anchored in the bilayer (Figure 4B, green
region). (3) In the sn2 splayed pathway, the sn2 tail enters the
bilayer ﬁrst (Figure 3, MARTINI trajectory and Figure 4A,
cyan time traces), creating a splayed intermediate with the sn2
tail anchored in the bilayer (Figure 4B, blue region). Table S3
reports the frequency of each pathway in our simulations.
Splayed intermediates have also been observed in a previous
study of lipid insertion33 and postulated as transition states for
stalk formation during membrane fusion,61−66 a key step in
vesicular transport. The existence of distinct insertion pathways might suggest that the displacements of individual tails
along the bilayer’s normal could serve as reaction coordinates
since they encapsulate dynamically relevant information that is
not contained in the COM displacement. We demonstrate
below, however, that the displacements of individual tails are
not the reaction coordinates for lipid exchange.
Reaction Coordinate Characterizes Hydrophobic
Contacts between the Lipid and Membrane. Based on
the experiments, a cavity model has been proposed to describe
the transition state.17,32 According to the cavity model, solvent
is evacuated above the desorbing lipid and a void forms in the
membrane below. Such a focus on cavities is reminiscent of
modern theories of the hydrophobic eﬀect, which characterize
hydrophobicity in terms of the statistics of solvent density
ﬂuctuations.67 Although no true cavities are observed at
transition states sampled in our simulations (Figure S3), the
importance of hydrophobicity in lipid transport is evident from
our analysis of over 50 order parameters. For example, the
number of water molecules solvating the tagged lipid steadily
decreases during insertion (Figure S4). The density of
hydrophobic molecular fragments below the tagged lipid
gradually increases while the number of hydrophilic ones
G
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lipid progresses from state A toward the transition state, it
becomes a pre-transition state conﬁguration. Pre-transition
state conﬁgurations are closer to the bilayer than state A
conﬁgurations, resulting in decreased values of min(dCC), but
hydrophobic contacts between the tagged lipid and bilayer still
scarcely exist. At the transition state, the tagged lipid has made
only a few initial hydrophobic contacts with the bilayer. The
transition state distribution is centered at values of min(dCC)
and nCC intermediate between those of states A and B. As the
tagged lipid progresses from the transition state to state B, it
becomes a post-transition state conﬁguration. Post-transition
state conﬁgurations, which include splayed lipid conﬁgurations,
have a substantial number of hydrophobic contacts between
the tagged lipid and bilayer compared to transition states but
on average half as many as state B conﬁgurations. Both the
post-transition state and state B distributions of min(dCC) are
sharply peaked at a value consistent with the minimum of the
Lennard−Jones potential for a carbon−carbon interaction (or
a bead−bead interaction in the MARTINI model). In state B, a
maximal number of hydrophobic contacts exist between the
tagged lipid and adjacent lipids in the bilayer. Importantly, the
transition state distribution overlaps negligibly with the other
four distributions. A combination of min(dCC) and nCC
distinguishes transition states from not only stable state A
and B conﬁgurations but also pre- and post-transition state
conﬁgurations and, therefore, may serve as the reaction
coordinate for lipid exchange.
If the true reaction coordinate is well described by a
combination of min(dCC) and nCCin other words if the
formation and breakage of hydrophobic contacts are the
essential processes required for lipid exchangethe free
energy surface ΔF(min(dCC),nCC) should exhibit a barrier for
insertion and desorption. These free energy surfaces for both
MARTINI and CHARMM36 are shown in Figure 6A.
Corresponding 1D free energy proﬁles along min(dCC) and
nCC are shown in Figure S10. A deep free energy minimum
exists at values of min(dCC) and nCC characteristic of state B
due to the formation of many favorable hydrophobic contacts
between the tagged lipid and membrane lipids. At larger values
of min(dCC) characteristic of state A, the free energy surface
ﬂattens; when the lipid is far away from the membrane, the free
energy is no longer sensitive to min(dCC). The surface plateaus
at larger free energy values for MARTINI compared to
CHARMM36. This discrepancy is consistent with the fact that
compared to atomistic models, the MARTINI model overestimates the free energy diﬀerence between a lipid in solution
and in the bilayer.35 In qualitative agreement with experimental
ﬁndings,17−20 there is a free energy barrier for lipid insertion
(Figure 6A, outlined in dashes). The activation free energy for
the formation of hydrophobic contacts is roughly 5 kBT.
Additionally, transition paths closely follow the minimum free
energy path in the space of min(dCC) and nCC (Figure S9),
indicating that the dynamics of lipid exchange are well
described in terms of hydrophobic contacts.
Most importantly, a combination of min(dCC) and nCC can
locate transition states with high ﬁdelity. We ﬁnd that a linear
combination suﬃces for this purpose (rc = α1 min(dCC) + α2
nCC + α0 with coeﬃcients αi determined using a maximum
likelihood approach, 73,74 as detailed in the SI). By
construction, rc = 0 at the dividing surface between states A
and B where the transition states are located. The dashed lines
in Figure 6A outline a narrow range around rc = 0, which
roughly traces the ridgeline of ΔF(min(dCC),nCC) between

and the number of close hydrophobic carbon−carbon contacts
between the tagged lipid and bilayer, nCC (Figure 2B). Precise
deﬁnitions are given above in the Methods section. To
determine if this criterion was satisﬁed, we compared the
probability distributions of min(dCC) and nCC from several
ensembles: equilibrium conﬁgurations representative of (1)
state A and (2) state B (as deﬁned above in Methods); three
ensembles drawn from transition paths of (3) pre-transition
state conﬁgurations identiﬁed by pB = 0, (4) transition states
identiﬁed by pB ≈ 0.5 (speciﬁcally, 0.45 ≤ pB ≤ 0.55 for
MARTINI and 0.4 ≤ pB ≤ 0.6 for CHARMM36 conﬁgurations), and (5) post-transition state conﬁgurations identiﬁed by pB = 1. Joint distributions of min(dCC) and nCC in these
ﬁve diﬀerent ensembles are shown in Figure 5. Corresponding

Figure 5. Distributions of min(dCC) and nCC demonstrate that
hydrophobic lipid−membrane contacts reliably identify transition
states. (A) 2D probability distribution of min(dCC) and nCC from
MARTINI simulations. Individual 2D distributions for state A, for
state B, and for three ensembles of conﬁgurations drawn from
transition paths: pre-transition state (pre-TS) conﬁgurations,
transition states (TS), and post-transition state (post-TS) conﬁgurations are each plotted in a single color and outlined in a dashed
rectangle. (B) Scatter plot of min(dCC) and nCC from CHARMM36
simulations. Magniﬁed views around transition states are shown in the
insets.

1D probability distributions of min(dCC) and nCC are shown in
Figures S7 and S8. The distributions from MARTINI and
CHARMM36 conﬁgurations exhibit similar features. In state
A, min(dCC) eﬀectively measures the separation between the
tagged lipid and the distant bilayer. Large values of min(dCC)
are therefore typical. No close hydrophobic contacts are
formed since the tagged lipid is fully solvated. As the tagged
H
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transition states for both MARTINI and CHARMM36. Thus,
a measure of hydrophobic contacts between the tagged lipid
and bilayer is the reaction coordinate for lipid exchange.
Together, min(dCC) and nCC capture many diﬀerent aspects
of the lipid’s hydrophobic environment, underlying the ability
of rc to precisely describe the process of lipid exchange.
Hydrophobicity can be quantiﬁed in other ways as well. For
example, we constructed a more complicated reaction
coordinate, r(M=48)
, that is a linear combination of 48 order
c
parameters excluding min(dCC) and nCC, with coeﬃcients again
determined using a maximum likelihood approach73,74 (Table
S4). As fully described in the SI, each of these 48 order
parameters measures diﬀerent details about the lipid’s
environment, including the number of water molecules
solvating the tagged lipid and the size of exposed hydrophobic
membrane defects near the tagged lipid. This more complex
reaction coordinate identiﬁes transition states almost as
is diﬃcult to
faithfully as rc does (Figure S11A), but r(M=48)
c
are
interpret physically. The reaction coordinates rc and r(M=48)
c
highly correlated (Figure S11B), demonstrating that detailed
information about the lipid’s environment is well represented
by a simple combination of min(dCC) and nCC. Not only is a
linear combination of min(dCC) and nCC the most accurate
reaction coordinate out of all tested (Table S5), but it has the
advantage of providing physical insight into lipid exchange:
The rate-limiting step for desorption is the breakage of
hydrophobic contacts between the lipid and membrane.
Lipid’s Displacement Normal to the Bilayer is Not the
Reaction Coordinate. Previous computational studies
presumed that the lipid’s displacement normal to the bilayer
is the reaction coordinate for lipid desorption and
insertion.12−16 However, dlip is not the reaction coordinate, a
fact we conﬁrm by performing committor analysis. The
probability distributions of dlip from transition states are
compared to the distributions from state A, state B, pretransition state, and post-transition state conﬁgurations in
Figure 7. The distributions from MARTINI and CHARMM36
conﬁgurations are quite similar. In state A, where the tagged
lipid is fully solvated and away from the bilayer, the typical
value of dlip is large. As the lipid enters the bilayer, it progresses
from being in state A to being a pre-transition state
conﬁguration, a transition state, a post-transition state, and
ﬁnally in state B; correspondingly, the centers of each
distribution shift to smaller values of dlip. In state B, the
tagged lipid is in register with the other lipids in the membrane
such that the distribution is centered near zero. For both
MARTINI and CHARMM36, distributions from transition
states overlap signiﬁcantly with those from the other
ensembles, indicating that transition states cannot be reliably
identiﬁed by dlip (Figure 1A). Furthermore, histograms of pB
for conﬁgurations sampled along transition paths with values of
dlip typical of transition states are bimodal and lack a peak at
0.5 (Figure S12), indicating that dlip is not strongly correlated
with pB. Therefore, dlip is not the reaction coordinate for lipid
exchange.
Based on the observation of multiple pathways for lipid
insertion characterized by splayed intermediates (Figure 4),
combinations of the tail displacements dsn1 and dsn2 might have
been considered as pathway-speciﬁc reaction coordinates. For
transitions via the sliding pathway, 1 dsn1 + 1 dsn2 is a plausible
2
2
reaction coordinate since both tails enter the bilayer at
approximately the same time. For transitions via the sn1

Figure 6. (A) Free energy surfaces as a function of min(dCC) and nCC
for the MARTINI and CHARMM36 force ﬁelds exhibit a barrier for
insertion, which separates states A (bottom right corner) and B (top
left corner). In each free energy proﬁle, the dashed lines outline a
narrow range about the dividing surface between states A and B.
Speciﬁcally, the dashed lines outline the region −0.2 ≤ rc ≤ 0.2 for
MARTINI and −0.12 ≤ rc ≤ 0.12 for CHARMM36, where rc =
α1 min(dCC) + α2nCC + α0 with coeﬃcients αi determined using a
maximum likelihood approach73,74 (Table S5). Statistical errors in the
free energy proﬁles are shown in Figure S9. (B) Histogram of
committor values, pB, for conﬁgurations drawn from umbrella
sampling simulations within a narrow range about the dividing
surface, demonstrate that a linear combination of min(dCC) and nCC is
indeed the reaction coordinate.

states A and B. To deﬁnitively test if rc is the reaction
coordinate, we performed committor analysis of conﬁgurations
drawn from a narrow range around rc = 0. Figure 6B shows
that the ensemble deﬁned by rc ≈ 0 predominantly includes
I
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accurately identify transition states along the sn2 splayed
pathway and vice versa (Figure S14). While this indicates that
transition states have values of dsn1 and dsn2 distinct from
conﬁgurations in the other ensembles, it does not guarantee
that 1 dsn1 + 1 dsn2, dsn1, and dsn2 are strongly correlated with pB,
2
2
as required for them to be the reaction coordinates for each
lipid exchange pathway.
Furthermore, if 1 dsn1 + 1 dsn2 is the reaction coordinate for
2
2
the sliding pathway, dsn1 for the sn1 splayed pathway, and dsn2
for the sn2 splayed pathway, then they should fully describe
the dynamics of lipid exchange. In that case, the free energy
surface ΔF(dsn1,dsn2) should have a barrier for lipid insertion
and desorption to be consistent with the observed barriercrossing dynamics (Figure 4A). This free energy surface is
shown in Figure 9A for the MARTINI model. Between states
A (top right corner) and B (bottom left corner), slight plateaus
in the free energy proﬁle occur at combinations of dsn1 and dsn2
characteristic of splayed conﬁgurations (top left and bottom
right corners). The free energy proﬁle has a saddle point near
dsn1 ≈ dsn2 ≈ 15 Å with a barrier for insertion of approximately
1 kBT (outlined in dashes), which is only slightly larger than
the statistical error in the calculated free energy (Figure S15).
This small barrier would hardly impede the dynamics of
insertion. Indeed, it is signiﬁcantly lower than the barrier for
hydrophobic contact formation (Figure 6A), demonstrating
that decreases in the tail displacements do not limit the rate of
lipid insertion.
Finally, to determine if the tail displacements are strongly
correlated with the true reaction coordinate, we constructed a
histogram of pB values for conﬁgurations found near the saddle
point during umbrella sampling simulations. The histogram of
pB for conﬁgurations that are predicted to be transition states
based on the free energy surface is strongly bimodal (Figure
9B). Almost all of the tested saddle point conﬁgurations are
committed to state A or B, and transitions states are seldom
sampled in our simulations. Thus, the lipid’s displacement
normal to the bilayer, even reformulated to account for the
three diﬀerent insertion pathways, is not the reaction
coordinate for lipid exchange.
Calculation of Lipid Exchange Rate Enables Comparison to Experiment. Having identiﬁed the reaction
coordinate, which measures hydrophobic contact formation
and breakage between the lipid and membrane, we utilized this
knowledge to calculate the kinetic parameters of lipid
exchange. First, we calculated the lipid insertion rate, kins,

Figure 7. Probability distributions of dlip from (A) MARTINI and (B)
CHARMM36 simulations indicate that dlip is not the reaction
coordinate for lipid exchange. Distributions are plotted for state A, for
state B, and for three ensembles of conﬁgurations drawn from
transition paths: pre-transition state (pre-TS) conﬁgurations,
transition states (TS), and post-transition state (post-TS) conﬁgurations.

splayed and sn2 splayed pathways, dsn1 and dsn2 are plausible
reaction coordinates for each pathway, respectively, since the
lipid is committed to fully insert after the ﬁrst tail has entered
the bilayer. Probability distributions of these putative reaction
coordinates from MARTINI transition states are compared to
the distributions from state A, state B, pre-transition state, and
post-transition state conﬁgurations in Figure 8 for each
pathway individually. With only 10 CHARMM36 insertion
trajectories, there is insuﬃcient data to reliably examine
distributions for each pathway individually (data from all
CHARMM36 transitions is shown in Figure S13). With limited
overlap between the transition state distribution and
distributions from all other ensembles (Figure 8), 1 dsn1 + 1
2
2
dsn2, dsn1, and dsn2 appear to be potential reaction coordinates
that are speciﬁc to each pathway. dsn1 cannot be used to

Figure 8. Probability distributions of 1 dsn1 + 1 dsn2, dsn1, and dsn2 from MARTINI simulations that follow a given lipid insertion pathway
2
2
demonstrate that the tail displacements can reliably identify transition states. Distributions are plotted for state A, for state B, and for three
ensembles of conﬁgurations drawn from transition paths: pre-transition state (pre-TS) conﬁgurations, transition states (TS), and post-transition
state (post-TS) conﬁgurations.
J
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due to their prohibitively long waiting times. Given the good
agreement between kins calculated directly from simulation and
from Kramers theory, we instead calculated kex from a
Smoluchowski equation that contains information about the
free energetics of hydrophobic lipid−membrane contacts.
To experimentally probe passive lipid exchange, two
populations of vesicles, one initially composed of labeled
lipids and the other initially of unlabeled ones, are combined in
solution. kex is then determined by monitoring the rate of
mixing of labeled lipids between these two populations of
vesicles.18,26,27,75−77 We can obtain an expression for the rate
of mixing by ﬁrst considering how the concentration of labeled
lipids in a single vesicle changes over time. The concentration
of labeled lipids in each vesicle will adopt a steady state with
the concentration in the solution surrounding that vesicle. At
steady state, the ﬂux of lipids integrated over any closed surface
around a vesicle is constant. Importantly, since lipids that
desorb may rapidly return to their original vesicle given the
small barrier for insertion compared to desorption (Figure 6A),
the ﬂux contains contributions from lipids both leaving and
entering a vesicle. According to the Smoluchowski equation,
the integrated ﬂux, J, of lipids radially into a vesicle is
−J =
Figure 9. (A) Free energy surface as a function of dsn1 and dsn2
obtained from umbrella sampling simulations using the MARTINI
force ﬁeld lacks a signiﬁcant barrier for insertion. The dashed line
outlines a saddle point separating states A (top right corner) and B
(bottom left corner). Statistical error in the free energy proﬁle is
shown in Figure S15. (B) Histogram of committor values, pB, for
conﬁgurations located at the saddle point during umbrella sampling
simulations demonstrates that the reaction coordinate is not simply a
function of dsn1 and dsn2.

∂nB
∂
= 4πr 2De−βU (r) (e βU (r)ρ(r ))
∂t
∂r

(5)

where nB is the number of labeled lipids in a vesicle, r is the
radial distance from the center of a vesicle, D is the diﬀusion
coeﬃcient of a lipid in solution, U(r) is the eﬀective interaction
potential between a lipid and a vesicle, and ρ(r) is the
concentration of labeled lipids at a distance r. As for the
calculations using Kramers theory, we use min(dCC) to
describe interactions between a lipid and a vesicle in threedimensional (3D) space. U(r) is then the free energy proﬁle as
a function of min(dCC) (Figure S10). We set U(r) = 0 far away
from a vesicle and shift the peak of the free energy barrier to r
= 50 nm, a typical radius of large unilamellar vesicles (LUVs)
used in experimental studies.18,26,27,75−77 Assuming that the
concentration proﬁle of labeled lipids reaches steady state
much faster than nB is varying, the time dependence of the bulk
concentration of labeled lipids, ρ̅, can be regarded as constant
while calculating the steady-state proﬁle ρ(r)/ρ̅. Assuming as
well that equilibration within state B is fast, the concentration
of labeled lipids within a vesicle obeys equilibrium statistics

using Kramers theory (eq 4) as detailed in the Methods section
and compared it to the rate obtained directly from our
unbiased trajectories. Kramers theory provides an expression
for the reaction rate of a process whose dynamics are diﬀusive
and well described by an overdamped Langevin equation.60
During insertion, the lipid is buﬀeted by solvent molecules and
other membrane lipids while crossing the broad free energy
barrier for hydrophobic contact formation (Figure 6A),
resulting in diﬀusive barrier-crossing dynamics (Figure S9)
and making Kramers theory appropriate. The value of kins
calculated with Kramers theory is 7.0 μs−1 for MARTINI and
21.0 μs−1 for CHARMM36; kins obtained from the mean ﬁrst
passage time in the spontaneous insertion simulations is 8.0
μs−1 for MARTINI and 5.7 μs−1 for CHARMM36. The
insertion rates calculated based on hydrophobic contact
formation diﬀer from those obtained from dynamical
simulations by a factor of 4 or less. Such good agreement
demonstrates that hydrophobic contacts describe the dynamics
of lipid insertion, an elementary step of lipid exchange, with
quantitative accuracy. Unfortunately, the timescale of insertion
is too fast to measure with straightforward experimental
methods.
To compare our results to experiments, we sought to
calculate instead the much slower lipid exchange rate, kex.
Although we obtained kins directly from simulations, kex cannot
be obtained in the same manner. Complete exchange events,
which involve lipid desorption and diﬀusion to another
membrane in addition to insertion, could not be simulated

ρ(rB) = nB(i)
qB =

e−βU (rB)
qB

∫B dr 4πr 2e−βU(r)

(6)

where i indicates whether the vesicle was initially composed of
labeled (i = 1) or unlabeled (i = 2) lipids, rB is a particular
location within a vesicle, qB is the partition function for labeled
lipids in a vesicle, and the integral is performed over the range
of r designated as state B. With these two assumptions, eq 5
integrates to
−J

(i)

ÄÅ
ij
nB(i) yzzÅÅÅÅ
j
zzÅ
= 4πDjjjρ ̅ −
j
qB zzÅÅÅÅÇ
k
{

∫r

B

rc

ÉÑ−1
e βU (r)
1 ÑÑÑÑ
dr
+ ÑÑ
rc ÑÑÖÑ
r2

(7)

where rc is the distance beyond which U(r) is zero. Finally, the
rate of mixing is obtained by considering how the diﬀerence
K
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between the number of labeled lipids in type 1 vesicles and in
type 2 changes over time
∂ (1)
(nB − nB(2)) = −kex(nB(1) − nB(2))
∂t
ÅÄÅ i r
ÑÉ−1
ÅÅ j c
e βU (r)
1 yzzÑÑÑÑ
j
Å
kex = 4πDÅÅqBjjj
dr
+ zzzÑÑ
ÅÅ
rc {ÑÑÑ
r2
ÅÇ k rB
Ö

increase the free energy barrier for hydrophobic contact
formation.
(4) The assumptions we made to obtain eq 7 may not be
consistent with what occurs in experimental systems,
causing discrepancies between our calculated kex and
experimental measurements. In writing down a Smoluchowski equation (eq 5), we assumed that lipids
exchange between stable, spherical vesicles of uniform
size. This may be justiﬁed since vesicles composed of
biological phospholipids are kinetically trapped, metastable states, which by deﬁnition do not quickly relax
into equilibrium lamellar structures.85−88 But, we lack
the requisite knowledge about the processes and
associated timescales by which vesicles relax into
equilibrium structures to conﬁrm the validity of this
assumption. Other relaxation processes, such as
uncatalyzed vesicle fusion, which has an experimentally
measured rate similar to those of lipid exchange,89 could
occur simultaneously. We note that lipid ﬂip-ﬂop, the
process by which a lipid moves between leaﬂets of the
same bilayer,1,5 also has a rate measured under some
experimental conditions that is similar to lipid exchange
rates.75,90 Unlike vesicle fusion, lipid ﬂip-ﬂop is
accounted for in experimental determination of lipid
exchange rates.
(5) Similar issues of random error and unjustiﬁed kinetic
assumptions could plague the inference of exchange
rates from laboratory measurements.

(8)

∫

(9)

eq 8 correctly reﬂects the fact that lipid exchange is a ﬁrst-order
process.17−19,21,24−31 Both the ﬁrst term in the denominator of
eq 9, which dominates when the free energy barrier is very
large, and the second term, which dominates when diﬀusion is
rate limiting, are key to the rate of lipid exchange.
The values of kex calculated with eq 9 for MARTINI DLPC
and CHARMM36 DMPC are compared to experimental
values in Table 1. In the case of MARTINI DLPC, our
Table 1. Rates of Lipid Exchange
kex (s−1)
simulation
MARTINI
CHARMM36

−2

1.2 × 10
5.7 × 102

Article

expt.18,26,27,75−77
1.2 × 10−3 − 4.3 × 10−2
4.5 × 10−5 − 6.6 × 10−4

calculated kex is in agreement with experimental values.
However, in the case of CHARMM36 DMPC, our calculated
kex diﬀers from experimental values by 6 orders of magnitude.
Some discrepancy between experiment and simulation/theory
is to be expected because small errors in the free energy proﬁle
are magniﬁed exponentially in kex. Yet, a six-order-ofmagnitude diﬀerence between theoretical and experimental
rates corresponds to a signiﬁcant underestimation of the free
energy barrier of approximately 12 kBT for CHARMM36. This
large discrepancy could be due to any number of the following
reasons:
(1) Sampling errors, which are within about 1 kBT
throughout the free energy surface (Figure S9), may
inﬂuence our rate calculations.
(2) Inaccuracies in the force ﬁeld may cause errors in the
calculated free energy surface. Based on reported
diﬀerences between permeabilities and partition coefﬁcients for water, alkanes, and other small molecules
obtained from simulations with CHARMM36 and from
experiments,78,79 we estimate that errors due to the force
ﬁeld are approximately 1−2 kBT. We also repeated our
calculations using a diﬀerent force ﬁeld (Stockholm
lipids, also known as Slipids80,81), as detailed in the SI.
The height of the free energy barrier is approximately 2
kBT higher for Slipids compared to CHARMM36
(Figure S16), resulting in an estimate of kex that still
diﬀers from experiment by about 5 orders of magnitude.
(3) The ionic strength of the solution may inﬂuence the free
energy surface. Our simulations are performed with neat
water, but experiments are conducted in buﬀer, which
contains signiﬁcant amounts of monovalent salts, such as
NaCl or KCl.18,75−77 The addition of NaCl or KCl could
salt out the free lipids in solution, increasing the
diﬀerence in free energy between state A and B.
Additionally, monovalent cations bind to the carbonyl
region of phosphatidylcholine membranes, causing the
thickness of the bilayer and order of the tails to
increase.82−84 These structural changes are expected to
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CONCLUSIONS
The breakage of hydrophobic contacts limits the rate of passive
lipid transport. To reach this conclusion, we investigated the
elementary steps of lipid exchange, lipid insertion into and
desorption from a membrane, using molecular dynamics
simulations of the coarse-grained MARTINI and all-atom
CHARMM36 lipid models. The results from MARTINI and
CHARMM36 provide consistent pictures; even with a coarse
description of lipids and water, the MARTINI model captures
the essential features of lipid exchange exhibited in an all-atom
model. We discovered that the reaction coordinate for passive
lipid exchange measures the formation and breakage of
hydrophobic lipid−membrane contacts, which gives rise to a
free energy barrier for both lipid desorption and insertion.
Thus, knowledge of the reaction coordinate resolves
previous qualitative discrepancies between simulations, which
predicted that there is no barrier for lipid insertion, and
experiments, which indicated that there is a barrier. This
barrier likely plays an important biological role: A barrier for
lipid insertion ensures that membrane compositions, which are
spateotemporally regulated to maintain cell homeostasis,1,2 are
not easily disrupted. We suspect that the formation of
hydrophobic contacts may generally give rise to a free energy
barrier for transporting amphiphiles, including synthetic
surfactants91 and lipopeptides,55,92 which is not resolved by
monitoring the amphiphile’s center of mass displacement from
a membrane.
Additionally, knowledge of the reaction coordinate allowed
us to formulate a Smoluchowski equation to model lipid
exchange between vesicles, which occurs over time and length
scales inaccessible in MD simulations, and calculate the rate of
lipid exchange. Diﬀerences between our calculated lipid
exchange rate and experimental measurements indicate that
L
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considerable quantitative discrepancies between simulation
and experiment still exist. Future studies will be performed to
better assess the sources of these discrepancies.
Finally, this knowledge provides a foundation to understand
how catalysts of lipid exchange work at a molecular level. Lipid
transfer proteins may eﬃciently extract lipids from membranes
by lowering the activation free energy barrier for hydrophobic
contact breakage. Interestingly, catalysts of vesicle fusion, the
key step in vesicular lipid transport, may function in a similar
way. For example, carbon nanotubes aid vesicle fusion by
facilitating the formation of hydrophobic contacts between two
vesicles,93 and viral fusion peptides are thought to catalyze
fusion by promoting hydrophobic lipid tail protrusions and
contacts.61 Thus, the common physical properties of lipids,
speciﬁcally their hydrophobicity, may be exploited in vivo to
precisely control both non-vesicular and vesicular lipid
transport.
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(51) Nosé, S. A molecular-dynamics method for simulations in the
canonical ensemble. Mol. Phys. 1984, 52, 255−268.
(52) Hoover, W. G. Canonical dynamics - equilibrium phase-space
distributions. Phys. Rev. A 1985, 31, 1695−1697.
(53) Hess, B.; Bekker, H.; Berendsen, H. J.; Fraaije, J. G. Lincs: A
linear constraint solver for molecular simulations. J. Comput. Chem.
1997, 18, 1463−1472.
(54) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A smooth particle mesh ewald method. J. Chem. Phys.
1995, 103, 8577−8593.
(55) Lin, D.; Grossfield, A. Thermodynamics of micelle formation
and membrane fusion modulate antimicrobial lipopeptide activity.
Biophys. J. 2015, 109, 750−759.
(56) Michaud-Agrawal, N.; Denning, E. J.; Woolf, T. B.; Beckstein,
O. MDAnalysis: A toolkit for the analysis of molecular dynamics
simulations. J. Comput. Chem. 2011, 32, 2319−2327.
(57) Torrie, G. M.; Valleau, J. P. Non-physical sampling
distributions in monte-carlo free-energy estimation - umbrella
sampling. J. Comput. Phys. 1977, 23, 187−199.
(58) Tribello, G. A.; Bonomi, M.; Branduardi, D.; Camilloni, C.;
Bussi, G. PLUMED 2: New feathers for an old bird. Comput. Phys.
Commun. 2014, 185, 604−613.
(59) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.;
Rosenberg, J. M. The weighted histogram analysis method for freeenergy calculations on biomolecules. 1. The method. J. Comput. Chem.
1992, 13, 1011−1021.
(60) Kramers, H. A. Brownian motion in a field of force and the
diffusion model of chemical reactions. Physica 1940, 7, 284−304.
(61) Kasson, P. M.; Lindahl, E.; Pande, V. S. Atomic-resolution
simulations predict a transition state for vesicle fusion defined by
contact of a few lipid tails. PLoS Comput. Biol. 2010, 6, No. e1000829.
(62) Smirnova, Y. G.; Marrink, S. J.; Lipowsky, R.; Knecht, V.
Solvent-exposed tails as prestalk transition states for membrane fusion
at low hydration. J. Am. Chem. Soc. 2010, 132, 6710−6718.

morphology and acyl chain length on spontaneous lipid transfer rates.
Langmuir 2015, 31, 12920−12928.
(21) Massey, J. B.; Gotto, A. M.; Pownall, H. J. Kinetics and
mechanism of the spontaneous transfer of fluorescent phosphatidylcholines between apolipoprotein-phospholipid recombinants. Biochemistry 1982, 21, 3630−3636.
(22) De Cuyper, M.; Joniau, M. Spontaneous intervesicular transfer
of anionic phospholipids differing in the nature of their polar
headgroup. Biochim. Biophys. Acta, Biomembr. 1985, 814, 374−380.
(23) Homan, R.; Pownall, H. J. Transbilayer diffusion of
phospholipids: Dependence on headgroup structure and acyl chainlength. Biochim. Biophys. Acta, Biomembr. 1988, 938, 155−166.
(24) Nichols, J. W.; Pagano, R. E. Use of resonance energy-transfer
to study the kinetics of amphiphile transfer between vesicles.
Biochemistry 1982, 21, 1720−1726.
(25) Ferrell, J. E.; Lee, K. J.; Huestis, W. H. Lipid transfer between
phosphatidylcholine vesicles and human erythrocytes: Exponential
decrease in rate with increasing acyl chain length. Biochemistry 1985,
24, 2857−2864.
(26) Bayerl, T. M.; Schmidt, C. F.; Sackmann, E. Kinetics of
symmetric and asymmetric phospholipid transfer between small
sonicated vesicles studied by high-sensivity differential scanning
calorimetry, NMR, electron-microscopy, and dynamic light-scattering.
Biochemistry 1988, 27, 6078−6085.
(27) Richens, J. L.; Tyler, A. I. I.; Barriga, H. M. G.; Bramble, J. P.;
Law, R. V.; Brooks, N. J.; Seddon, J. M.; Ces, O.; O’Shea, P.
Spontaneous charged lipid transfer between lipid vesicles. Sci. Rep.
2017, 7, 12606.
(28) Aniansson, E. A. G.; Wall, S. N.; Almgren, M.; Hoffmann, H.;
Kielmann, I.; Ulbricht, W.; Zana, R.; Lang, J.; Tondre, C. Theory of
kinetics of micellar equilibria and quantitative interpretation of
chemical relaxation studies of micellar solutions of ionic surfactants. J.
Phys. Chem. A 1976, 80, 905−922.
(29) McLean, L. R.; Phillips, M. C. Mechanism of cholesterol and
phosphatidylcholine exchange or transfer between unilamellar
vesicles. Biochemistry 1981, 20, 2893−2900.
(30) Nichols, J. W.; Pagano, R. E. Kinetics of soluble lipid monomer
diffusion between vesicles. Biochemistry 1981, 20, 2783−2789.
(31) Elvington, S. M.; Nichols, J. W. Spontaneous, intervesicular
transfer rates of fluorescent, acyl chain-labeled phosphatidylcholine
analogs. Biochim. Biophys. Acta, Biomembr. 2007, 1768, 502−508.
(32) Jencks, W. P. Catalysis in chemistry and enzymology; McGrawHill: New York, 1969.
(33) Vermaas, J. V.; Tajkhorshid, E. A microscopic view of
phospholipid insertion into biological membranes. J. Phys. Chem. B
2014, 118, 1754−1764.
(34) Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.;
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(83) Böckmann, R. A.; Hac, A.; Heimburg, T.; Grubmuller, H. Effect
of sodium chloride on a lipid bilayer. Biophys. J. 2003, 85, 1647−1655.

Article

(84) Oncins, G.; Garcia-Manyes, S.; Sanz, F. Study of frictional
properties of a phospholipid bilayer in a liquid environment with
lateral force microscopy as a function of NaCl concentration.
Langmuir 2005, 21, 7373−7379.
(85) Cheng, Z. L.; Luisi, P. L. Coexistence and mutual competition
of vesicles with different size distributions. J. Phys. Chem. B 2003, 107,
10940−10945.
(86) Luisi, P. L. Are micelles and vesicles chemical equilibrium
systems. J. Chem. Educ. 2001, 78, 380−384.
(87) Cho, N. J.; Hwang, L. Y.; Solandt, J. J. R.; Frank, C. W.
Comparison of extruded and sonicated vesicles for planar bilayer selfassembly. Materials 2013, 6, 3294−3308.
(88) Israelachvili, J. N. Intermolecular and surface forces; Academic:
New York, 1985.
(89) François-Martin, C.; Rothman, J. E.; Pincet, F. Low energy cost
for optimal speed and control of membrane fusion. Proc. Natl. Acad.
Sci. U.S.A. 2017, 114, 1238−1241.
(90) Nguyen, M. H. L.; DiPasquale, M.; Rickeard, B. W.; Stanley, C.
B.; Kelley, E. G.; Marquardt, D. Methanol accelerates DMPC flip-flop
and transfer: A SANS study on lipid dynamics. Biophys. J. 2019, 116,
755−759.
(91) Huston, K. J.; Kiemen, A.; Larson, R. G. Search for the source
of an apparent interfacial resistance to mass transfer of cnem
surfactants to the water/oil interface. Langmuir 2019, 35, 2898−2908.
(92) Lin, D.; Grossfield, A. Thermodynamics of antimicrobial
lipopeptide binding to membranes: Origins of affinity and selectivity.
Biophys. J. 2014, 107, 1862−1872.
(93) Bhaskara, R. M.; Linker, S. M.; Vögele, M.; Köfinger, J.;
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