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ABSTRACT The collective behavior of lipids with diverse chemical and physical features determines a membrane’s thermodynamic properties. Yet, the influence of lipid physicochemical properties on lipid dynamics, in particular interbilayer transport,
remains underexplored. Here, we systematically investigate how the activation free energy of passive lipid transport depends on
lipid chemistry and membrane phase. Through all-atom molecular dynamics simulations of 11 chemically distinct glycerophospholipids, we determine how lipid acyl chain length, unsaturation, and headgroup influence the free energy barriers for two
elementary steps of lipid transport, lipid desorption, which is rate-limiting, and lipid insertion into a membrane. Consistent with
previous experimental measurements, we find that lipids with longer, saturated acyl chains have increased activation free energies
compared to lipids with shorter, unsaturated chains. Lipids with different headgroups exhibit a range of activation free energies;
however, no clear trend based solely on chemical structure can be identified, mirroring difficulties in the interpretation of previous
experimental results. Compared to liquid-crystalline phase membranes, gel phase membranes exhibit substantially increased
free energy barriers. Overall, we find that the activation free energy depends on a lipid’s local hydrophobic environment in a
membrane and that the free energy barrier for lipid insertion depends on a membrane’s interfacial hydrophobicity. Both of these
properties can be altered through changes in lipid acyl chain length, lipid headgroup, and membrane phase. Thus, the rate of
lipid transport can be tuned through subtle changes in local membrane composition and order, suggesting an unappreciated role
for nanoscale membrane domains in regulating cellular lipid dynamics.

SIGNIFICANCE Cell homeostasis requires spatiotemporal regulation of heterogeneous membrane compositions, in
part, through non-vesicular transport of individual lipids between membranes. By systematically investigating how the
chemical diversity present in glycerophospholipidomes and variations in membrane order influence the free energy barriers
for passive lipid transport, we discover a correlation between the activation free energy and membrane hydrophobicity.
By demonstrating how membrane hydrophobicity is modulated by local changes in membrane composition and order, we
solidify the link between membrane physicochemical properties and lipid transport rates. Our results suggest that variations
in cell membrane hydrophobicity may be exploited to direct non-vesicular lipid traffic.

INTRODUCTION
Over a thousand chemically diverse lipid species are heterogeneously distributed among eukaryotic cell membranes (1, 2).
Even within a single membrane, compositional differences
exist between leaflets (3) and laterally between nanodomains
(4). Because the collective behavior of a membrane’s constituent lipids determines its physical properties, such as
fluidity, thickness, and curvature, membrane compositions are
under homeostatic control (5–7). One way that proper lipid
distributions are maintained is through non-vesicular transport of individual lipids between membranes. Non-vesicular
transport enables rapid and specific alteration of membrane
compositions, such as required to withstand cellular stress
(8, 9).

Despite the recognized importance of lipid chemistry in
determining membrane physical properties, how lipid physicochemical properties influence the dynamic processes that
maintain precise membrane compositions is poorly understood.
In vivo, lipid transfer proteins may be largely responsible for
selectively transferring lipids recognized through specific
protein–lipid interactions. Lipid transfer proteins are also
equipped with membrane binding domains or motifs that may
enable them to target donor and acceptor membranes with
particular compositions and biophysical properties (10, 11).
As demonstrated by in vitro experiments, lipids with subtle
chemical differences are also passively exchanged between
membranes at different rates (12–25). For example, diacyl
phosphatidylcholine (PC) exchanges much more slowly than
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lysoPC, its single-tailed counterpart (14, 20). Even the addition of just two carbons to an acyl chain of a phospholipid
reduces its exchange rate by roughly 10-fold (14–23). The
physical properties and chemical composition of the donor
and acceptor membranes additionally influence the rate at
which a lipid is passively transported (19–26). For example, dimristoylphosphatidylcholine (DMPC) exchanges more
rapidly between liquid-crystalline (L 𝛼 ) phase vesicles than
more ordered gel (L𝛽 ) phase ones (20, 26). Therefore, the
underlying free energy barriers for transport also depend on
a lipid’s chemical structure and properties of the donor and
acceptor membranes.
During passive lipid transport, a lipid first desorbs from a
donor membrane, diffuses through solvent, and then inserts
into an acceptor membrane. Due to the large free energetic
cost of disrupting a lipid’s local hydrophobic environment
in a membrane, lipid desorption is the rate-limiting step and,
thus, determines the activation free energy of lipid transport. A smaller free energy barrier exists for lipid insertion
(13, 18, 20, 23, 27). We recently discovered the molecular
origins of both free energy barriers by identifying the reaction
coordinate for passive DMPC transport: The reaction coordinate measures the extent of hydrophobic contact between the
transferring DMPC and membrane. The free energy barrier
for DMPC desorption reflects the thermodynamic cost of
breaking hydrophobic lipid–membrane contacts, and the free
energy barrier for DMPC insertion reflects the cost of disrupting the membrane–solvent interface during the formation of
initial hydrophobic lipid–membrane contacts (27).
Here, we systematically investigate how the free energy
barriers for both lipid desorption and insertion vary with lipid
chemistry and membrane phase. By focusing our analysis on
glycerophospholipids, we determine how the chemical diversity found among structural lipids in eukaryotic lipidomes
(1, 2) influences the rate of passive lipid transport. Since
all glycerophospholipids possess the same general physical
properties, we assume at the outset that the reaction coordinate for DMPC transport discovered in our previous work
(27) also captures the salient features of transporting other
glycerophospholipids. Working under this assumption allows
us to efficiently quantify the free energy barriers for transporting lipids between 14 different membranes using all-atom
molecular dynamics (MD) simulations. The results reported
herein indicate that the biophysical mechanism of lipid transport is indeed invariant to glycerophospholipid chemistry,
supporting our initial assumption. We find that the activation
free energy for lipid transport increases as lipid acyl chain
length increases and as membrane order increases such that
L𝛽 phase membranes pose the largest barriers for lipid transport. Additionally, we find the activation free energy to be
strongly dependent on the identity of the lipid headgroups.
Our results are consistent with in vitro measurements and
provide a biophysical rationale for previously unexplained
experimental observations. Furthermore, the atomistic detail
provided by molecular simulations allows us to correlate the
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free energy barriers for lipid desorption and insertion with the
molecular properties of a membrane and, thus, to identify the
key physicochemical properties that control transport rates:
Membrane hydrophobicity, which can be tuned through subtle
changes in lipid chemistry and membrane order, determines
the rate of passive lipid transport.

METHODS
The rate-limiting step of passive lipid transport – spontaneous
desorption of a lipid from a membrane – occurs over minutes
to hours. As a result, calculating the transport rate directly
from unbiased MD simulations is computationally intractable
for even one membrane system. Instead, our approach to
quantitatively assess how the rate of passive lipid transport
varies with lipid chemistry and membrane phase capitalizes on
knowledge of the reaction coordinate (27), which we assume
to be the same for all lipids investigated.
Free energy profiles along order parameters other than the
reaction coordinate generally yield barriers that underestimate
the rate-determining activation free energy, and therefore do
not provide sufficient thermodynamic information to accurately determine barrier-crossing rates (28). A barrier can even
be entirely absent from such a free energy profile, in which
case even a qualitative inference of the transition dynamics
is erroneous. As we have shown previously, lipid insertion
is a prime example of this pathology: Free energy profiles
calculated as a function of the center of mass displacement
of the lipid from the membrane incorrectly suggest that lipid
insertion is a barrier-less process (27).
By calculating free energy profiles along the reaction
coordinate, we efficiently determined the rate-limiting free
energy barrier for transporting 11 different lipids between
membranes composed of the same lipid species as the one
being transported. For high melting temperature lipids, free
energy barriers for lipid desorption from and insertion into
both L 𝛼 and L𝛽 phase membranes were determined (Fig. 1).

Simulated systems
To systematically assess how the activation free energy of
lipid transport depends on lipid physicochemical properties,
we simulated membrane systems composed of one of eleven
different glycerophospholipid species. This included a series
of PC lipids with increasing acyl chain lengths and various
degrees of saturation (Fig. 1C): 1,2-dimyristoyl-sn-glycero3-PC (DMPC), 1,2-dipalmitoyl-sn-glycero-3-PC (DPPC), 1palmitoyl-2-oleoyl-sn-glycero-3-PC (POPC), 1,2-dioleoyl-snglycero-3-PC (DOPC), 1-stearoyl-2-oleoyl-sn-glycero-3-PC
(SOPC), and 1,2-distearoyl-sn-glycero-3-PC (DSPC). This
also included a series of 1-palmitoyl-2-oleoyl (PO) lipids with
both zwitterionic and anionic headgroups (Fig. 1D): PO-snglycero-3-phosphoethanolamine (POPE), POPC, PO-sn-glycero-3-phosphate (POPA), PO-sn-glycero-3-phospho-L-serine
(POPS), PO-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG),
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Figure 1: Physicochemical properties that determine the rate of lipid transport were assessed for a variety of lipid chemistries
and phases by calculating the free energy barriers for lipid desorption and insertion. (A) An illustrative free energy profile,
calculated as a function of the reaction coordinate, 𝑟 LxS , for a L 𝛼 phase DMPC membrane, reveals barriers for lipid desorption
(Δ𝐹des ) and lipid insertion (Δ𝐹ins ). Representative configurations are shown for negative values of 𝑟 LxS (where the lipid is in
solution) and for positive values of 𝑟 LxS (where the lipid is in the membrane). Solvent is not rendered. (B) 𝑟 LxS is a linear
combination of min(𝑑CC ) (the minimum distance between any hydrophobic carbon of the lipid and of the closest membrane
leaflet) and 𝑛CC (and the number of close hydrophobic carbon contacts between the lipid and closest leaflet). (C and D) Chemical
structures of the lipids investigated with varied (C) acyl chain lengths and degrees of saturation, and (D) headgroups. In (C),
hydrophobic carbons are boxed. (E) Representative configurations of membranes composed of DMPC, DPPC, or DSPC in both
L 𝛼 and L𝛽 phases.
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and PO-sn-glycero-3-phosphoinositol (POPI). Membranes
composed of each lipid were simulated in the L 𝛼 phase at
320K with the exception of DSPC, which was simulated
at 350K due to its higher melting temperature. Membranes
composed of the saturated lipids, DMPC, DPPC, and DSPC,
were additionally simulated in the L𝛽 phase (Fig. 1E) at 275K,
295K, and 320K, respectively.
For all lipid species, initial L 𝛼 phase bilayers of 128 lipids
surrounded by 3.2 nm thick slabs of solvent were built using
the CHARMM-GUI Membrane Builder (29, 30). Neutralizing sodium ions were added to each anionic membrane.
The L 𝛼 phase DSPC bilayer was also used to initialize a
simulation at 320K that yielded a L𝛽 phase bilayer within 100
ns. Configurations of L𝛽 phase DPPC and DMPC bilayers
were instead used to initialize simulations at temperatures
consistent with a L𝛽 phase to avoid these systems getting
trapped in the ripple phase upon cooling, which can occur in
simulations of shorter chain lipids (31). The initial L𝛽 phase
DPPC bilayer was obtained from the LipidBook repository
(32) and also used to construct an initial L𝛽 phase DMPC
bilayer. The CHARMM36 force field (33) was used to model
all lipids in combination with the CHARMM TIP3P water
model (34).

Molecular dynamics simulations
For each different lipid species and membrane phase, solvated
bilayers were simulated to characterize the physical properties of each membrane at equilibrium. All simulations were
performed in an isothermal–isobaric (NPT) ensemble using
GROMACS 2019 (35). The pressure was maintained at 1 bar
using semi-isotropic pressure coupling with an isothermal
compressibility of 4.5 × 10 − 5 bar−1 , and the temperature was
maintained using the Nosé-Hoover thermostat (36, 37) with a
coupling time constant of 1 ps. To avoid the “hot solvent–cold
solute" problem (38), the lipids and solvent were coupled
to separate thermostats. Dynamics were evolved using the
leapfrog algorithm (39) and a 2 fs time step. All bonds to
hydrogen were constrained using the LINCS algorithm (40).
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) summation (41). Neighbor
lists were constructed with the Verlet algorithm (42).
Each initial bilayer configuration was first energy minimized using the steepest descent algorithm and then equilibrated in two steps: The first 250 ps equilibration used the
Berendsen barostat (43) to maintain the pressure with a coupling time constant of 2 ps, and the second 250 ps equilibration
used the Parinello-Rahman barostat (44) with a coupling time
constant of 5 ps. To allow the bilayers’ structures to fully
equilibrate, runs of 50 ns for the L 𝛼 and of 100 ns for the L𝛽
phase membranes were performed using the same parameters
as the second equilibration step. The final configurations from
these runs were used to construct initial configurations for
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enhanced sampling simulations that had an additional lipid
free in solution. Simulations of each bilayer were extended for
an additional 300 ns, which was analyzed to calculate average
properties of each membrane.

Free energy calculations
To determine the activation free energy for passively transporting a lipid between membranes, we calculated free energy
profiles as a function of the reaction coordinate (Fig. 1A).
As determined in our previous study (27), the reaction coordinate, 𝑟 LxS (which was labeled 𝑟 𝑐 in (27)), is a linear
combination of two order parameters that measure hydrophobic lipid–membrane contacts between the transferring lipid
and closest membrane leaflet (Fig. 1B). Both parameters
(𝑖)
between a hyare based on the collection of distances 𝑑CC
drophobic carbon of the lipid and a hydrophobic carbon of
the membrane, where 𝑖 labels a particular carbon-carbon (CC)
(𝑖)
pair: (1) min(𝑑CC ) = min𝑖 𝑑𝐶𝐶
is the minimum of these CC
distances; and (2) 𝑛CC is the number of CC pairs that satisfy
(𝑖)
𝑑CC
≤ 1 nm. The hydrophobic carbons that are considered to
calculate 𝑛CC for each lipid are boxed in Fig. 1C. In detail,
𝑟 LxS = 𝛼1 min(𝑑CC ) + 𝛼2 𝑛CC + 𝛼0

(1)

with coefficients 𝛼1 = −2.247 nm−1 , 𝛼2 = 0.004828, and 𝛼0 =
0.6014 such that 𝑟 LxS is a unitless quantity. By construction,
𝑟 LxS = 0 at the free energy barrier that separates configurations
with the transferring lipid fully in solution, which have negative
values of 𝑟 LxS , and configurations with the transferring lipid
fully in the membrane, which have positive values of 𝑟 LxS
(Fig. 1A). Regardless of its total number of hydrophobic
carbons, a lipid forms only a few hydrophobic contacts with
the membrane at the free energy barrier (27). The largest free
energy barrier therefore occurs at 𝑟 LxS ≈ 0 for all lipid species
investigated, even though {𝛼𝑖 } were determined specifically
for DMPC. During all enhanced sampling simulations, 𝑟 LxS
was calculated using a differentiable form for min(𝑑CC ),
!# −1

"
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Õ
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)
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(3)

with 𝑑0 = 1 nm and 𝑟 0 = 0.025 nm.
We performed umbrella sampling simulations (45) using
the PLUMED 2 patch (46) for GROMACS to obtain the
free energy profiles Δ𝐹 (𝑟 LxS ) for each system. To generate
initial configurations, a tagged lipid of the same species as
the membrane lipids was randomly inserted into the solvent
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around each equilibrated bilayer such that the center of mass of
the tagged lipid and of the bilayer were separated by at least 3.2
nm along 𝑧, which is the axis perpendicular to the bilayer. Each
system was then energy minimized and equilibrated using
the same two-step procedure as used for the bilayers with the
addition of harmonic position restraints on the 𝑧 coordinates
of the tagged lipid’s heavy atoms with a force constant of
500 kJ/mol/nm2 . Next, to generate initial configurations for
each umbrella sampling window, a steered MD simulation
was performed using a harmonic bias on 𝑟 LxS with a spring
constant of 500 kJ/mol. Each umbrella sampling window
was initialized with a configuration from the steered MD
simulation that has a value of 𝑟 LxS within 0.1 of the window’s
bias center. Bias parameters used for umbrella sampling are
tabulated in Table S1 of the Supplemental Information (SI).
All windows were run for 52 ns. After discarding 20 ns to
account for equilibration, data from all windows was combined
with the weighted histogram analysis method (WHAM) (47)
to obtain Δ𝐹 (𝑟 LxS ). Error bars were calculated as the standard
error of Δ𝐹 (𝑟 LxS ) estimated from 4 independent 8 ns blocks.
As indicated in Fig. 1A, by setting Δ𝐹 (𝑟 LxS ) to zero at the
global free energy minimum, the barriers for lipid desorption
and insertion are defined as
Δ𝐹des =

max

−3<𝑟LxS <3

Δ𝐹 (𝑟 LxS )

Δ𝐹ins = Δ𝐹des − Δ𝐹 (𝑟 LxS = −3.45).

(4)
(5)

Analysis of membrane properties
We analyzed trajectories of each bilayer system to assess how
lipid chemistry and membrane phase influence the molecular structure of a membrane, and to provide a reference for
rationalizing activation free energies for passive lipid transport in terms of physicochemical properties. In addition to
the measures of hydrophobic lipid–membrane contacts defined above, we computed the membrane–solvent interaction
energy, area per lipid, area of interfacial packing defects,
membrane thickness, density profiles along the membrane
normal, carbon–deuterium order parameters of the lipid tails,
and radial distribution functions that characterize the intermolecular structure of the membrane–solvent interface. A
combination of MDAnalysis (48) and NumPy (49) Python
libraries in addition to GROMACS tools were used to calculate all properties. The membrane–solvent interaction energy,
𝐸 mem−solv , was calculated as the sum of short-ranged LennardJones and Coulomb interaction energy terms between the
membrane and solvent. The average area per lipid, h𝐴lip i,
was calculated as the area of the box in the 𝑥𝑦 plane divided
by the total number of lipids in a leaflet. Lipid packing defects, which are interfacial voids between polar lipid heads
that expose aliphatic atoms to solvent, were identified with
PackMem (50). The packing defect size constant, 𝜋defect , was
obtained by fitting the distribution of defect areas, 𝐴defect ,
to a monoexponential decay, 𝑃( 𝐴defect ) ∝ 𝑒 −𝐴defect / 𝜋defect . Fits
were performed on 𝑃( 𝐴defect ) ≥ 10−4 and 𝐴defect ≥ 1.5 nm2

for L 𝛼 phase membranes or 𝐴defect ≥ 0.5 nm2 for L𝛽 phase
membranes. Definitions of all other properties are provided
in the SI. All analysis was performed on the final 300 ns of
each bilayer trajectory split into 100 ns intervals for block
averaging. Reported error is the standard error calculated from
the three 100 ns intervals.

RESULTS
For a series of 14 different single-component membranes, we
quantified the free energy barriers that limit the rates of lipid
desorption from and insertion into a membrane (Fig. 1). By
calculating free energy profiles Δ𝐹 (𝑟 LxS ) as a function of the
reaction coordinate, which captures the collective motion of
molecules that advances a transition (28, 51–53), we are able
to extract dynamical information from them. Lipid desorption,
which limits the rate of passive lipid transport, occurs when a
lipid transitions from the membrane to the solvent, breaking
hydrophobic contacts with the membrane along the way.
Lipid insertion, which is the final step of lipid transfer, is
the reverse process. The reaction coordinate for lipid (L)
transport via solvent (xS), 𝑟 LxS , measures the breakage and
formation of hydrophobic lipid–membrane contacts through
a linear combination of the minimum distance, min(𝑑CC ),
and number of close contacts, 𝑛CC , between hydrophobic
carbons of the transferring lipid and membrane (Fig. 1B) (27).
We assume that 𝑟 LxS serves as a good reaction coordinate
for all lipids investigated as long as all hydrophobic carbons
of each lipid species (Fig. 1C) are used to calculate 𝑛CC .
𝑟 LxS describes progress from configurations with the lipid
in the membrane (which exhibit many hydrophobic lipid–
membrane contacts and large positive values of 𝑟 LxS ) to
configurations with the lipid in solution (which have very few
if any hydrophobic lipid–membrane contacts and negative
values of 𝑟 LxS ). Correspondingly, the rate of lipid desorption
is limited by the free energy barrier Δ𝐹des , which is the
difference between Δ𝐹 (𝑟 LxS ≈ 0) and the global free energy
minimum found at large positive values of 𝑟 LxS ; the rate of
lipid insertion is limited by the free energy barrier Δ𝐹ins ,
which is the difference between Δ𝐹 (𝑟 LxS ≈ 0) and the free
energy at very negative values of 𝑟 LxS (Fig. 1A).

Increasing lipid acyl chain length increases
the desorption barrier
To investigate how the chemical structure of the lipid tails
influences the rate of lipid transport, we simulated a series
of L 𝛼 phase membranes composed of PC lipids with acyl
chain lengths ranging from 14 to 18 carbons and degrees of
unsaturation ranging from zero to two (Fig. 1C). This list
included fully saturated lipids DMPC, DPPC, and DSPC, that
only differ in chain lengths by two carbons; lipids with acyl
chains of 18 carbons each DOPC, SOPC, and DSPC, that only
differ by one degree of unsaturation; and the mixed-chain
lipid POPC, which has an sn1 chain of 16 carbons and sn2
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chain of 18 carbons with one double bond.
The free energy profiles of each lipid exhibit the same
qualitative features (Fig. 2A). This commonality is consistent

Figure 2: Increasing lipid acyl chain length increases the
desorption barrier and does not substantially influence the
insertion barrier. (A) Free energy profiles as a function of
the reaction coordinate for L 𝛼 phase membranes composed
of lipids with different tail chemistries. Corresponding free
energy barriers are shown for (B) lipid desorption and (C)
lipid insertion.
with our assumption that PC lipids with different tails share
the same biophysical mechanism of lipid transport, and that
the generic transition pathway is well characterized by 𝑟 LxS .
Importantly, all of the free energy profiles exhibit a barrier at
𝑟 LxS ≈ 0. However, the free energy profiles are quantitatively
different.
As shown in Fig. 2B, Δ𝐹des varies significantly with lipid
tail chemistry. Increasing the total number of carbons in the
acyl chains increases Δ𝐹des . Lipids with longer tails have more
hydrophobic carbons (Fig. 1C) that can form hydrophobic
contacts with surrounding lipids in the membrane (Table S2).
Consequently, more hydrophobic lipid–membrane contacts
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must break for lipids with longer tails to desorb, explaining
why (a) Δ𝐹des increases for the fully saturated lipids in the
order DMPC < DPPC < DSPC, and (b) Δ𝐹des increases for
the unsaturated lipids that differ in the length of a single acyl
chain in the order POPC < SOPC. Δ𝐹des is smaller for lipids
with unsaturated bonds than for fully saturated lipids with the
same acyl chain lengths (Fig. 2B); both DOPC and SOPC
have slightly reduced Δ𝐹des compared to DSPC. Membranes
composed of lipids with increased degrees of unsaturation are
more disordered (Fig. S1), with decreased bilayer thicknesses
(Fig. S2 and Table S2) and increased areas per lipid (Table
S2). As a result, hydrophobic contacts in these membranes
can be more easily disrupted during lipid desorption.
Δ𝐹ins is substantially smaller than Δ𝐹des , again demonstrating that lipid desorption limits the rate of lipid transport.
In contrast to Δ𝐹des , Δ𝐹ins does not vary significantly with
lipid tail chemistry (Fig. 2C). During lipid insertion, a lipid
must break through the membrane’s interface to form an initial
hydrophobic lipid–membrane contact. Since all the lipids that
we investigated with different tail chemistries have the same
PC headgroup, the interfacial structure and chemistry of the
membranes are quite similar (Fig. S2-S4). Consequently, the
free energetic cost for a lipid to cross the membrane’s interface
during insertion is roughly the same.

Lipid headgroup influences both desorption
and insertion barriers
To investigate how the chemical structure of the lipid headgroups influence lipid transport rates, we simulated a series of
L 𝛼 phase membranes composed of PO lipids with both zwitterionic and anionic headgroups (Fig. 1D). This list included
neutral lipids POPE, which has a terminal amine group, and
POPC, which has a bulkier choline group; and the anionic
lipids POPA and POPS, which have terminal acidic groups,
and POPG and POPI, which have terminal polar groups.
The free energy profiles of the PO lipids with different
headgroups exhibit the same general features as the profiles
for the PC lipids, including a free energy barrier at 𝑟 LxS ≈ 0
(Fig. 3A). This commonality further supports our assumption
that 𝑟 LxS is a generic reaction coordinate among glycerophospholipids. It additionally suggests that lipids with different
headgroups and tails are transferred through the same biophysical mechanism, which is characterized by the breakage
and formation of hydrophobic lipid–membrane contacts.
Quantitative differences in Δ𝐹des indicate that lipids with
different headgroups are transported at different rates (Fig.
3B). It is difficult to rationalize why certain headgroups result
in smaller or larger Δ𝐹des based on their chemical structures
alone. But, differences in Δ𝐹des can be explained based on
each headgroup’s influence on general physical properties of
a membrane (54–56), including lipid packing as measured by
the average area per lipid (Table S2), membrane thickness (Fig.
S2 and Table S2), and acyl chain order parameters (Fig. S1).
Crucial to lipid transport, the headgroup impacts the number
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Figure 3: Lipid headgroup chemistry influences both desorption and insertion barriers. (A) Free energy profiles as a
function of the reaction coordinate for L 𝛼 phase membranes
composed of lipids with different headgroups. Corresponding
free energy barriers are shown for (B) lipid desorption and
(C) lipid insertion.

of hydrophobic contacts that a lipid forms with surrounding
lipids in the membrane. A greater number of hydrophobic
contacts between lipids in PE, PS, and PA membranes must be
disrupted on average than in PI, PC, and PG membranes (Table
S2) during lipid desorption. Δ𝐹des increases accordingly in
the order POPG < POPC < POPI < POPA < POPS < POPE.
The interfacial structure and chemistry of a membrane
is largely determined by the lipid headgroup (Fig. S2-S4).
Δ𝐹ins , which reflects the cost for a hydrophobic lipid tail
to cross the membrane’s interface, thus varies with lipid
headgroup (Fig. 3C). On average, zwitterionic lipids have
smaller Δ𝐹ins compared to anionic lipids; when comparing
lipids with chemically similar headgroups (PE and PC; PA
and PS; PG and PI), Δ𝐹ins decreases as the molecular size
of the headgroup decreases. Decreasing the net charge of
the membrane surface and decreasing the surface density of

polar functional groups both reduce the free energetic cost
of disrupting the membrane’s interfacial structure during the
formation of an initial hydrophobic contact with an incoming
lipid.

Increasing membrane order increases both
desorption and insertion barriers
Finally, we investigated how the rate of lipid transport depends
on membrane phase. We simulated L𝛽 phase membranes
composed of the high melting temperature lipids DMPC,
DPPC, and DSPC. Because the other lipid species investigated
have very low melting temperatures, it would have been
intractable to simulate them in a L𝛽 phase and, furthermore,
they are unlikely to be dominant components of highly ordered
membrane domains at physiological temperatures.
As with L 𝛼 phase membranes, the free energy profiles
of L𝛽 phase membranes exhibit a rate-limiting free energy
barrier at 𝑟 LxS ≈ 0, albeit broader and more rugged (Fig. 4A).
Thus, for both L 𝛼 and L𝛽 phase membranes, the rate of lipid
transport critically depends on the breakage and formation
of hydrophobic lipid–membrane contacts. In contrast to free
energy profiles of L 𝛼 phase membranes, profiles of L𝛽 phase
membranes exhibit a local free energy minimum at positive
values of 𝑟 LxS . At this local minimum, the transferring lipid
adopts a splayed configuration with one tail anchored in
the membrane and the other exposed to solvent (Fig. 4A
and S5). While splayed intermediates have been observed
in trajectories of lipid insertion into L 𝛼 phase membranes
(27, 57), they are not locally thermodynamically stable in
those cases. Given that splayed lipids form the transition state
for vesicle fusion (58–63), the enhanced stability we have
observed in more ordered membranes may help explain why
ripple phase membranes fuse faster than L 𝛼 phase membranes
in in vitro assays (64) and why many viral fusion proteins
localize to lipid rafts (65–70). In L𝛽 phase membranes, splayed
lipids persist after hydrophobic contacts between a single lipid
tail and the membrane are broken since a second free energy
barrier must be crossed to break contacts with the other lipid
tail. The free energy maximum at 𝑟 LxS ≈ 0 ultimately limits
the rate of lipid transport; its value relative to the global
minimum is reported as Δ𝐹des below.
Both Δ𝐹des and Δ𝐹ins are substantially larger for L𝛽 compared to L 𝛼 phase membranes (Fig. 4B and 4C). Lipids in
highly ordered and tightly packed membranes, epitomized by
L𝛽 phase membranes, form a greater number of hydrophobic
contacts with surrounding membrane lipids (Table S2). More
contacts must be broken for a lipid to desorb from a L𝛽 phase
membrane compared to a L 𝛼 phase membrane, thus increasing Δ𝐹des . Consistent with the trend observed for L 𝛼 phase
membranes, L𝛽 phase membranes composed of lipids with
longer acyl chains also have larger Δ𝐹des . The tight packing of
lipids in L𝛽 compared to L 𝛼 phase membranes also increases
the density of polar lipid headgroups at the membrane’s interface (Fig. S2). Consequently, the free energetic cost for a
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The resulting increased surface density of headgroups further
hinders the disruption of the membrane’s interfacial structure
during lipid insertion and, thus, Δ𝐹ins increases accordingly in
the order DSPC < DMPC < DPPC for L𝛽 phase membranes.
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Figure 4: L𝛽 phase membranes exhibit increased barriers
for both desorption and insertion compared to L 𝛼 phase
membranes. (A) Free energy profiles as a function of the
reaction coordinate for L𝛽 phase membranes, together with
configurations of DSPC representating all three local minima
of Δ𝐹 (𝑟 LxS ): the lipid in solution, splayed lipid intermediate,
and lipid in the membrane. (B and C) Free energy barriers of
(B) lipid desorption and (C) lipid insertion for membranes
simulated in both L 𝛼 and L𝛽 phases.

lipid to traverse the membrane’s interface to form an initial
hydrophobic lipid–membrane contact increases, explaining
the overall increase in Δ𝐹ins for L𝛽 phase membranes. Lipids
pack more tightly in L𝛽 phase DPPC and DMPC membranes
than in L𝛽 phase DSPC membranes, as indicated by their
smaller areas (Table S2) and more ordered tails (Fig. S1).

8

We attribute the main free energetic cost for lipid desorption to
the disruption of a lipid’s locally hydrophobic environment in
a membrane. A lipid’s hydrophobic environment is quantified
by the average number of close hydrophobic contacts that a
lipid in a membrane makes with surrounding lipids, h𝑛CC imem .
As shown in Fig. 5, a general trend between h𝑛CC imem and
Δ𝐹des exists: As h𝑛CC imem increases, Δ𝐹des increases since
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Figure 5: The barrier for desorption of a lipid is determined
by its local hydrophobic membrane environment, which we
quantify by the average number of close hydrophobic contacts between membrane lipids, h𝑛CC imem . Black line is the
best linear fit: Δ𝐹des = 0.0058h𝑛CC imem + 0.53. Gray region
indicates 95% confidence interval.
more hydrophobic contacts must be broken to displace a
lipid from the membrane. Δ𝐹des is roughly linearly correlated
with h𝑛CC imem , indicating that the cost of breaking each hydrophobic contact is approximately the same (roughly 5.8
cal/mol/contact). Because h𝑛CC imem is sensitive to both lipid
chemistry and membrane phase, the observations made above
about how lipid tail chemistry, headgroup, and membrane
phase individually affect Δ𝐹des are all attributable to differences in h𝑛CC imem . In other words, h𝑛CC imem integrates the
contributions to Δ𝐹des from all chemical and physical features
of a membrane. Differences in Δ𝐹des between membranes
that vary in both lipid chemistry and membrane phase, for
example a L𝛽 phase DMPC membrane compared to a L 𝛼
phase POPE membrane, are indeed explained by differences
in h𝑛CC imem . Thus, the hydrophobicity of a membrane’s core,
as measured by h𝑛CC imem , predominantly determines Δ𝐹des
and, consequently, the rate of passive lipid transport.
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Overall, a membrane’s interfacial hydrophobicity determines Δ𝐹ins , and, consequently, the rate of lipid insertion. To
identify a relationship between Δ𝐹ins and quantitative metrics
of a membrane’s interfacial hydrophobicity, we have considered variations due to lipid headgroup, which modulate
interfacial hydrophobicity through changes in h𝐸 mem−solv i,
separately from variations due to tail chemistry and membrane phase, which tune interfacial hydrophobicity through
changes in 𝐴¯ defect . More sophisticated and precise measures
of a membrane’s interfacial hydrophobicity, such as have
been developed to characterize protein surfaces (71–74), may
abrogate the need to consider contributions from headgroups
separately from lipid tails and membrane phase. However,
the two simplistic measures that we identify, h𝐸 mem−solv i and

∆Fins (kcal/mol)

We attribute the main free energetic cost for lipid insertion to
the disruption of the membrane’s stratified chemical organization when the lipid breaches the membrane’s interface to form
an initial hydrophobic lipid–membrane contact. The price
of such a "mixing" of lipid headgroups and tails is greatest
when the two groups are most chemically dissimilar; there is
more resistance for lipid insertion into membranes with more
hydrophilic surfaces. However, this picture is complicated by
the fact that a membrane’s interface is chemically heterogeneous at the molecular scale, exhibiting regions dominated
by headgroups and regions where tails are partially exposed
to solvent. Contributions from both types of regions must be
considered to explain all observed variations in Δ𝐹ins . To compare different membranes, we characterize the net chemical
character of their surfaces by an interfacial hydrophobicity.
(The textbook description of lipid membranes’ surfaces is
strongly hydrophilic, corresponding to very low interfacial
hydrophobicity.) We quantify contributions from the headgroups by the average membrane–solvent interaction energy,
h𝐸 mem−solv i, and we consider membranes with less favorable
h𝐸 mem−solv i to have more hydrophobic interfaces. As shown
in Fig. 6A, for membranes with different headgroups, Δ𝐹ins
decreases as h𝐸 mem−solv i becomes less favorable since the
cost to compromise interactions between the headgroups and
solvent during lipid insertion is reduced. For membranes with
the same headgroup, differences in Δ𝐹ins arise from variations
in the contributions to the interfacial hydrophobicity from
regions where lipid tails are partially exposed. Because these
regions result from lipid packing defects, we quantify these
contributions by the relative area of packing defects, 𝐴¯ defect ,
defined as the ratio of the characteristic packing defect size
𝜋defect (50) (Fig. S6) to the average area of a lipid in the
membrane, h𝐴lip i. We consider membranes with increased
𝐴¯ defect to have more hydrophobic interfaces. As shown in Fig.
6B, for membranes with the same headgroup but different tails
or phases, Δ𝐹ins decreases as 𝐴¯ defect increases since the cost
to locally expose the membrane’s hydrophobic core during
lipid insertion is reduced.
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Figure 6: The barrier for lipid insertion is determined by
a membrane’s interfacial hydrophobicity, which we quantify by the average membrane–solvent interaction energy
(h𝐸 mem−solv i) and the relative area of membrane packing defects ( 𝐴¯ defect ). (A) Changes in Δ𝐹ins due to lipid headgroup
chemistry are attributed to differences in h𝐸 mem−solv i. Black
line is the best linear fit: Δ𝐹ins = −0.00030h𝐸 mem−solv i − 1.2.
(B) Changes in Δ𝐹ins due to lipid tail chemistry and membrane phase are attributed to differences in 𝐴¯ defect . Black line
is the best linear fit: Δ𝐹ins = −22.9 𝐴¯ defect + 7.8. Gray regions
indicate 95% confidence intervals.

𝐴¯ defect , reasonably explain variations in Δ𝐹ins for different
membranes relative to the errors in calculated values of Δ𝐹ins .

DISCUSSION
In order to decipher the physicochemical properties that
control the rate of passive lipid transport between membranes,
we systematically investigated how the free energy barriers
for lipid desorption and insertion vary with lipid chemistry
and membrane phase. Specifically, we quantified the barriers
for transporting glycerophospholipids, the major structural
component of cell membranes (1, 2), with a diversity of acyl
chains and headgroups. To do so efficiently, we calculated free
energy profiles as a function of the reaction coordinate 𝑟 LxS ,
which we first identified for DMPC transport between L 𝛼
phase membranes (27) and here assumed applicable to similar
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systems. All of the free energy profiles exhibit a rate-limiting
barrier at nearly the same value of the reaction coordinate
(Fig. 2A, 3A, and 4A), supporting our assumption that 𝑟 LxS
is a good reaction coordinate for all glycerophospholipids;
regardless of glycerophospholipid chemistry or membrane
phase, the dynamics of lipid transport are best described in
terms of the breakage and formation of hydrophobic lipid–
membrane contacts. In all cases, the free energy barrier for
lipid desorption is at least twice the barrier for lipid insertion,
confirming that desorption limits the rate of lipid transport
and that the free energy barrier for desorption is equivalent to
the activation free energy barrier for lipid transport.
We have revealed a correlation between the activation free
energy and the hydrophobicity of a lipid’s local membrane
environment, as measured by the average number of close
hydrophobic contacts that a lipid forms with surrounding
membrane lipids, h𝑛CC imem (Fig. 5). h𝑛CC imem , and hence
the activation free energy, is sensitive to subtle changes in
a membrane’s chemistry and structure. In general, lipids
form more hydrophobic contacts in thick, tightly packed,
and ordered membranes (Fig. S7). Membranes with these
characteristics are typically composed of lipids with long,
saturated acyl chains, lipids with headgroups that facilitate
tight lipid packing, or lipids in ordered phases. Indeed, lipids
with long, saturated acyl chains exhibit increased activation
free energies (Fig. 2B) and slower experimentally measured
transfer rates (12–23, 25) than counterparts with unsaturated
and shorter acyl chains; conical lipids with smaller headgroups
that pack well, for example PE (56, 75, 76), also have increased
activation free energies (Fig. 3B) and slower experimentally
measured transfer rates (15, 25) compared to cylindrical lipids
with bulkier headgroups such as PC; and lipids in highly
ordered L𝛽 phase membranes exhibit the largest activation
free energies (Fig. 4B) and slowest experimentally measured
transfer rates (20, 22, 26).
We report an average increase in the activation free energy
of 0.62 kcal/mol per methylene unit added to the tails of a
saturated lipid due to an average increase in h𝑛CC imem of 103
contacts per methylene unit. Previous in vitro experiments have
demonstrated that lipid transfer rates decrease with increasing
acyl chain length (12–23, 25), estimating an increase in the
activation free energy of 0.32 − 0.65 kcal/mol per methylene
unit (15, 16, 19). Our results are in quantitative agreement with
these values. Furthermore, our finding that the activation free
energy depends on the hydrophobic environment around the
desorbing lipid may explain why different values are reported
from experiments using different donor membranes. Changing
the desorbing lipid’s tail length alters the average number of
hydrophobic contacts it makes with surrounding lipids, h𝑛CC i,
and correspondingly alters its activation free energy. However,
if donor membranes contain components capable of regulating
h𝑛CC imem , then desorbing lipids with different tail lengths may
not exhibit substantially different h𝑛CC i, resulting in similar
activation free energies. Proteins, for example, could act as
such regulating components. Consistent with this hypothesis,
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smaller changes in the activation free energy were determined
from experiments that utilized model high-density lipoproteins
(HDL) composed of apolipoprotein A-I (apo A-I) and POPC
as donors (16) compared to those using large unilamellar
vesicles composed of only PC lipids (15, 19). Apo A-I wraps
around lipids in model HDL to create a discoidal morphology
(77), suggesting that it may regulate h𝑛CC imem by controlling
the membrane’s overall structure. Alternatively, changes in
h𝑛CC imem could be directly compensated by specific protein–
lipid interactions.
We report an average increase of 4.3 kcal/mol in the
activation free energy for a L𝛽 phase membrane compared to a
L 𝛼 one due to an average increase in h𝑛CC imem of 762 contacts.
Due to the exponential dependence of the rate on the activation
free energy, this increase corresponds to a lipid transport rate
that is roughly 3 orders of magnitude slower for L𝛽 compared
to L 𝛼 phase membranes. In agreement with our results, in
vitro assays have demonstrated that lipid transport between
L𝛽 phase membranes is substantially slowed compared to
transport between L 𝛼 phase membranes, with an increased
activation free energy of 1.6 − 12.7 kcal/mol (20, 22, 26). We
suggest that the wide range of activation free energies reported
likely reflects differences in the hydrophobicity of the donor
membranes used in the experiments. The smallest difference
is reported for lipid transport between highly curved small
unilamellar vesicles (20), which are more disordered than
planar membranes (78, 79). Thus, they likely have reduced
h𝑛CC imem , and correspondingly reduced activation free energy,
compared to other experimental L𝛽 phase systems (22, 26).
We report an increase in the activation free energy for
lipids with different headgroups in the order PG < PC <
PA < PS < PE due to an increase in h𝑛CC imem in the same
order. We cannot directly compare our results to experiments
since significantly different donor membrane compositions
were used. While we used donor membranes composed of
the same lipid species as the one being transferred, donor
membranes composed of predominantly PC lipids were used
in experiments (12, 15, 17, 25). Nevertheless, we note that
in multiple experiments, PE lipids are transferred at slower
rates than PC lipids (15, 25), consistent with our results.
However, no consensus ranking of transfer rates for lipids
with other headgroups has been reached based on experiments
(12, 15, 17, 25). Results from even the same experimental
setup have often been difficult to interpret (15, 17, 25), most
likely because no clear trend in the activation energy can be
identified based on the chemical structure of the headgroup
alone. Our finding that the activation free energy depends on
h𝑛CC imem , which depends on lipid headgroup chemistry in a
nontrivial way, may help guide the design of experiments to
conclusively assess the impact of headgroup on transfer rates.
In contrast to the activation free energy barrier for lipid
desorption, trends in the free energy barrier for lipid insertion
can be explained by chemical features of the headgroup,
especially net charge, presence of terminal acidic groups, and
molecular size (Fig. 3C). Changing any of these chemical
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features modulates the membrane’s interfacial hydrophobicity
by altering the strength of membrane–solvent interactions
(Table S2). A membrane’s interfacial hydrophobicity can
also be tuned by changing lipid tail chemistry or membrane
phase so that packing defects expose more of the hydrophobic
core (Fig. S6 and Table S2). Membranes with increasingly
hydrophobic surfaces, characterized by weaker headgroup–
solvent interactions and larger packing defects, exhibit reduced
insertion free energy barriers (Fig. 6) and correspondingly
faster lipid insertion rates. Unfortunately, the rate of lipid
insertion is too fast to monitor with standard experimental
techniques, so we cannot compare our calculated free energy
barriers for insertion to experimental ones. Nevertheless,
one of the parameters that we find controls the rate of lipid
insertion is similar to the membrane property that is predictive
of experimentally measured rates of nanoparticle insertion
into PC membranes: Nanoparticle insertion rates depend on
the prevalence of low density areas at the membrane surface,
which are physically similar to packing defects (80). Given
this similarity, we suspect that accounting for changes in a
membrane’s interfacial hydrophobicity through additional
measures such as the membrane–solvent interaction energy
may be necessary to predict nanoparticle insertion rates into
more complex membranes that contain lipids with diverse
headgroups and better mimic cell membrane compositions.
In summary, membrane hydrophobicity determines the
rate of passive lipid transport. Our discovery that the rate of
lipid transport depends on the physicochemical properties of
the donor membrane within 1 nm of the transferring lipid
suggests that transport rates can be regulated, for example,
by membrane proteins and local changes in membrane composition that alter the hydrophobicity of the membrane core.
Sequestering lipids into ordered, tightly packed lipid rafts (4),
where a significant expenditure of energy is required to extract
a lipid, may create pools of non-exchangeable lipids within
a single membrane. Membrane physicochemical properties
vary even more substantially between organelles, creating two
cell membrane territories: Loose lipid packing and minimally
charged membrane surfaces define the territory found among
membranes of the early secretory pathway, whereas tight
lipid packing and highly anionic membrane surfaces define
the territory found among late secretory membranes (7, 76).
Given that tight lipid packing increases the hydrophobicity of
the membrane core and that stronger membrane electrostatics
decrease interfacial hydrophobicity, we suggest that the free
energy barriers for lipid transport may transition from low to
high between these two territories.
Within cells, lipid transfer proteins are largely responsible for specifically transporting individual lipids between
membranes (9, 10, 81). Lipid transfer proteins may generally
enhance the rate of lipid desorption by disrupting the hydrophobic environment around a target lipid. Those that transport
lipids from membranes with highly hydrophobic cores, such
as may be found among late secretory membranes, may have
acquired additional mechanisms to overcome increased ac-

tivation free energies. Similarly, lipid transfer proteins may
aid lipid insertion by increasing the surface hydrophobicity of
the membrane. For example, multiple lipid transfer proteins
contain basic surface regions that enhance binding to anionic
membranes (82–84) and that could also compensate for the
disruption of especially favorable interactions between solvent and anionic lipids during insertion. Thus, the membrane
physicochemical properties that control the rate of passive
lipid transport may also be exploited to direct non-vesicular
lipid traffic via lipid transfer proteins.
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