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Membrane hydrophobicity determines the activation
free energy of passive lipid transport
Julia R. Rogers,1,* Gustavo Espinoza Garcia,1 and Phillip L. Geissler1,2,*
1Department of Chemistry, University of California Berkeley and 2Chemical Sciences Division, Lawrence Berkeley National Laboratory,
Berkeley, California
ABSTRACT The collective behavior of lipids with diverse chemical and physical features determines a membrane’s thermo-
dynamic 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 glycerophos-
pholipids, 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 interpre-
tation of previous experimental results. Compared to liquid-crystalline phase membranes, gel phase membranes exhibit sub-
stantially 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 mem-
brane 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 nonvesicular 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 nonvesicular lipid traffic.
INTRODUCTION

Over a thousand chemically diverse lipid species are heteroge-
neously 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 constit-
uent lipids determines its physical properties such as fluidity,
thickness, and curvature, membrane compositions are under
homeostatic control (5–7). Oneway that proper lipid distribu-
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tions are maintained is through nonvesicular transport of indi-
vidual lipids between membranes. Nonvesicular transport
enables rapid and specific alteration of membrane composi-
tions, such as required to withstand cellular stress (8,9).

Despite the recognized importance of lipid chemistry in
determining membrane physical properties, how lipid physi-
cochemical properties influence the dynamic processes that
maintain precise membrane compositions is poorly under-
stood. In vivo, lipid transfer proteins may be largely respon-
sible 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 mem-
branes with particular compositions and biophysical
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Hydrophobicity governs lipid transport
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 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 chem-
ical composition of the donor and acceptor membranes addi-
tionally influence the rate at which a lipid is passively
transported (19–26). For example, 1,2-dimyristoyl-sn-glyc-
ero-3-PC (DMPC) exchanges more rapidly between liquid-
crystalline (La) phase vesicles than more ordered gel (Lb)
phase ones (20,26). Therefore, the underlying free energy
barriers for transport also depend on a lipid’s chemical struc-
ture 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. Because of the large free ener-
getic cost of disrupting a lipid’s local hydrophobic environ-
ment 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 inser-
tion (13,18,20,23,27). We recently discovered the molecular
origins of both free energy barriers by identifying the reac-
tion coordinate for passive DMPC transport in unbiased
molecular dynamics (MD) simulations. The reaction coordi-
nate measures the extent of hydrophobic contact between the
transferring DMPC and membrane. Importantly, we demon-
strated that the reaction coordinate accurately captures the
dynamics of DMPC transport observed in unbiased all-
atom MD simulations, locates transition states with high fi-
delity, and thus resolves the rate-limiting free energy barriers
for DMPC desorption and insertion. 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 forma-
tion 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 diver-
sity found among structural lipids in eukaryotic lipidomes
(1,2) influences the rate of passive lipid transport. Because
all glycerophospholipids possess the same general physical
properties, we assume at the outset that the reaction coordi-
nate 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 trans-
porting lipids between 14 different membranes using all-
atom 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 in-
creases and as membrane order increases such that Lb phase
membranes pose the largest barriers for lipid transport. Addi-
tionally, 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 bio-
physical rationale for previously unexplained experimental
observations. Furthermore, the atomistic detail provided by
molecular simulations allows us to correlate the 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, specifically the number of hydro-
phobic contacts a lipid makes with surrounding membrane
lipids, determines the rate of passive lipid transport.
MATERIALS AND 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, calcu-

lating the transport rate directly from unbiased MD simulations is computa-

tionally 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 co-

ordinate (27), which we assume to be the same for all lipids investigated.

Free energy profiles along order parameters other than the reaction coor-

dinate generally yield barriers that underestimate the rate-determining acti-

vation 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 pa-

thology; 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 barrierless process (27).

By calculating free energy profiles along the reaction coordinate, we effi-

ciently determined the rate-limiting free energy barrier for transporting 11

different lipids between La phase 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 La

and Lb phase membranes were determined (Fig. 1).
Simulated systems

To systematically assess how the activation free energy of lipid transport de-

pends on lipid physicochemical properties, we simulated membrane systems

composed of 1 of 11 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-glycero-3-PC (DMPC), 1,2- dipalmi-

toyl-sn-glycero-3-PC (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-PC (POP

C), 1,2-dioleoyl-sn-glycero-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. 1 D): PO-sn-glycero-3-phosphoethanolamine (POPE),

POPC, PO-sn-glycero-3-phosphate (POPA), PO-sn-glycero-3-phospho-L-

serine (POPS), PO-sn-glycero-3-phospho-(10-rac-glycerol) (POPG), and

PO-sn-glycero-3-phosphoinositol (POPI). Membranes composed of each

lipid were simulated in the La phase at 320 K with the exception of DSPC,

which was simulated at 350 K because of its higher melting temperature.

Membranes composed of the saturated lipids DMPC, DPPC, and DSPC
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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, rLxS, for

an La phase DMPC membrane, reveals barriers for lipid desorption (DFdes) and lipid insertion (DFins). Representative configurations are shown for negative

values of rLxS (at which the lipid is in solution) and for positive values of rLxS (at which the lipid is in the membrane). Solvent is not rendered. (B) rLxS is a

linear combination of min(dCC) (the minimal distance between any hydrophobic carbon of the lipid and of the closest membrane leaflet) and nCC (the number

of close hydrophobic carbon contacts between the lipid and closest leaflet). (C andD) Chemical structures of the lipids investigated with varied (C) acyl chain

lengths and degrees of saturation and (D) headgroups. POPC’s structure is shown in both (C) and (D). In (C), hydrophobic carbons are boxed. (E) Repre-

sentative configurations of membranes composed of DMPC, DPPC, or DSPC in both La and Lb phases. To see this figure in color, go online.
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were additionally simulated in the Lb phase (Fig. 1 E) at 275, 295, and 320 K,

respectively.

For all lipid species, initial La phase bilayers of 128 lipids (64 per

leaflet) surrounded by 3.2 nm thick slabs of solvent were built using the

CHARMM-GUI Membrane Builder (29,30). We expect results reported

herein to be invariant to our choice of membrane size because similar

free energy calculations have been shown to be membrane-size indepen-

dent (31). Neutralizing sodium ions were added to each anionic mem-

brane. The La phase DSPC bilayer was also used to initialize a
3720 Biophysical Journal 120, 3718–3731, September 7, 2021
simulation at 320 K that yielded a Lb phase bilayer within 100 ns. Config-

urations of Lb phase DPPC and DMPC bilayers were instead used to

initialize simulations at temperatures consistent with a Lb phase to avoid

these systems getting trapped in the ripple phase upon cooling, which can

occur in simulations of shorter chain lipids (32). The initial Lb phase

DPPC bilayer was obtained from the LipidBook repository (33) and

also used to construct an initial Lb phase DMPC bilayer. The

CHARMM36 force field (34) was used to model all lipids in combination

with the CHARMM TIP3P water model (35).
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MD simulations

For each different lipid species and membrane phase, solvated bilayers were

simulated to characterize the physical properties of each membrane at equi-

librium. All simulations were performed in an isothermal-isobaric

ensemble using GROMACS 2019 (36). The pressure was maintained at

1 bar using semi-isotropic pressure coupling with an isothermal compress-

ibility of 4.5 � 10�5 bar�1, and the temperature was maintained using the

Nos�e-Hoover thermostat (37,38) with a coupling time constant of 1 ps. 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 interac-

tions were calculated using particle mesh Ewald summation (41). Neighbor

lists were constructed with the Verlet list cutoff scheme (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 pres-

sure with a coupling time constant of 2 ps, and the second 250 ps equil-

ibration 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 La and of 100 ns for the Lb 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 enhanced sampling simulations that had an additional

lipid free in solution. Unbiased simulations of each bilayer were run for

an additional 300 ns, which were analyzed to calculate average properties

of each membrane.
Free energy calculations

To determine the activation free energy for passively transporting a lipid be-

tween membranes, we calculated free energy profiles as a function of the

reaction coordinate (Fig. 1 A). As determined in our previous study (27),

the reaction coordinate, rLxS (which was labeled rc in (27)), is a linear

combination of two order parameters that measure hydrophobic lipid-mem-

brane contacts between the transferring lipid and closest membrane leaflet

(Fig. 1 B). Both parameters are based on the collection of distances d
ðiÞ
CC

between a hydrophobic carbon of the lipid and a hydrophobic carbon of

the membrane, where i labels a particular carbon-carbon (CC) pair: 1)

min(dCC) ¼ minid
ðiÞ
CC is the minimum of these CC distances and 2) nCC is

the number of CC pairs that satisfy d
ðiÞ
CC % 1 nm. This cutoff value includes

roughly two carbon solvation shells around a hydrophobic carbon of a lipid

in a bilayer. The hydrophobic carbons that are considered to calculate nCC
for each lipid are boxed in Fig. 1 C. In detail,

rLxS ¼ a1minðdCCÞ þ a2nCC þ a0; (1)

with coefficients a1 ¼�2.247 nm�1, a2 ¼ 0.004828, and a0 ¼ 0.6014 such

that rLxS is a unitless quantity. By construction, rLxS ¼ 0 at the free energy

barrier that separates configurations with the transferring lipid fully in so-

lution, which have negative values of rLxS, and configurations with the

transferring lipid fully in the membrane, which have positive values of

rLxS (Fig. 1 A). 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 rLxS z 0 for all lipid species investigated, even though {ai} were deter-

mined specifically for DMPC. During all enhanced sampling simulations,

rLxS was calculated using a differentiable form for min(dCC),
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with d0 ¼ 1 nm and r0 ¼ 0.025 nm.

We performed umbrella sampling simulations (45) using the PLUMED 2

patch (46) for GROMACS to obtain the free energy profiles DF(rLxS) for

each system. To generate initial configurations, a tagged lipid of the same

species as the membrane lipids was randomly inserted into the solvent

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 mini-

mized and equilibrated using the same two-step procedure as used for the bi-

layers, 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 rLxS with a

spring constant of 500 kJ/mol. Each umbrella sampling window was initial-

ized with a configuration from the steered MD simulation that has a value of

rLxS within 0.1 of the window’s bias center. Bias parameters used for um-

brella sampling are tabulated in Table S1. All windows were run for 52 ns.

Convergence was assessed by monitoring how the numerical estimate of

DF(rLxS) changed in time. For all systems, converged values of the free en-

ergy barriers for desorption and insertion were obtained after 20 ns (Fig. S1).

Data from 20 to 52 ns of all windows were combined with the weighted his-

togram analysis method (47) to obtain DF(rLxS). Error bars were calculated

as the standard error of DF(rLxS) estimated from four independent 8 ns

blocks. As indicated in Fig. 1 A, by setting DF(rLxS) to 0 at the global free

energyminimum, the barriers for lipid desorption and insertion are defined as

DFdes ¼ max
�3< rLxS < 3

DFðrLxSÞ (4)

and

DFins ¼ DFdes � DFðrLxS ¼ � 3:45Þ: (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 pack-

ing defects,membrane thickness, density profiles along themembranenormal,

carbon-deuterium order parameters of the lipid tails, and radial distribution

functions that characterize the intermolecular structure of the membrane-sol-

vent interface. A combination of MDAnalysis (48) and NumPy (49) Python

libraries, in addition to GROMACS tools, was used to calculate all properties.

The membrane-solvent interaction energy, Emem–solv, was calculated as the

sumof short-rangedLennard-Jones andCoulomb interactionenergy terms be-

tween themembrane and solvent. The average area per lipid, CAlipD, was calcu-
lated 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 Pack-

Mem (50). The packing defect size constant,pdefect, was obtainedbyfitting the

distribution of defect areas, Adefect, to a monoexponential decay, P(Adefect)f
e�Adefect=pdefect . Fits were performed on P(Adefect)R 10�4 and AdefectR 1.5 nm2

for La phase membranes or Adefect R 0.5 nm2 for Lb phase membranes.
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Definitions of all other properties are provided in the Supportingmaterials and

methods. All analysiswas performed on the final 300 ns of each bilayer trajec-

tory split into 100 ns intervals for block averaging. Reported error is the stan-

dard error calculated from the three 100 ns intervals.
B

A

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 DF(rLxS) 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 sol-
vent, 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), rLxS, measures the
breakage and formation of hydrophobic lipid-membrane
contacts through a linear combination of the minimal dis-
tance, min(dCC), and number of close contacts, nCC, between
hydrophobic carbons of the transferring lipid and membrane
(Fig. 1 B) (27). We assume that rLxS serves as a good reaction
coordinate for all lipids investigated as long as all hydropho-
bic carbons of each lipid species (Fig. 1 C) are used to calcu-
late nCC. rLxS describes progress from configurations with the
lipid in the membrane (which exhibit many hydrophobic
lipid-membrane contacts and large positive values of rLxS)
to configurations with the lipid in solution (which have
very few, if any, hydrophobic lipid-membrane contacts and
negative values of rLxS). Correspondingly, the rate of lipid
desorption is limited by the free energy barrier DFdes, which
is the difference between DF(rLxS z 0) and the global free
energy minimum found at large positive values of rLxS; the
rate of lipid insertion is limited by the free energy barrier
DFins, which is the difference between DF(rLxS z 0) and
the free energy at very negative values of rLxS (Fig. 1 A).
C

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 La phase mem-

branes composed of lipids with different tail chemistries. Corresponding

free energy barriers are shown for (B) lipid desorption and (C) lipid inser-

tion. Error bars indicate standard error. To see this figure in color, go online.
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 La phase membranes composed of PC lipids with acyl
chain lengths ranging from 14 to 18 carbons and degrees
of unsaturation ranging from 0 to 2 (Fig. 1 C). This list
included three fully saturated lipids that only differ in chain
length (DMPC, DPPC, and DSPC), three lipids that only
differ by degree of unsaturation (DOPC, SOPC, and
DSPC), and a mixed-chain lipid (POPC).

The free energy profiles of each lipid exhibit the same
qualitative features (Fig. 2 A). This commonality is consis-
tent with our assumption that PC lipids with different tails
3722 Biophysical Journal 120, 3718–3731, September 7, 2021
share the same biophysical mechanism of lipid transport
and that the generic transition pathway is well characterized
by rLxS. Importantly, all of the free energy profiles exhibit a
barrier at rLxS z 0. However, the free energy profiles are
quantitatively different.

As shown in Fig. 2 B, DFdes varies significantly with lipid
tail chemistry, ranging from 10.45 0.1 kcal/mol for DMPC
to 15.45 0.3 kcal/mol for DSPC (Table S2). Increasing the
total number of carbons in the acyl chains increases DFdes.
Lipids with longer tails have more hydrophobic carbons
(Fig. 1 C) that can form hydrophobic contacts with sur-
rounding lipids in the membrane (Table S3). Consequently,
more hydrophobic lipid-membrane contacts must break
for lipids with longer tails to desorb, explaining why 1)
DFdes increases for the fully saturated lipids in the order
DMPC < DPPC < DSPC and 2) DFdes increases for the un-
saturated lipids that differ in the length of a single acyl chain
in the order POPC < SOPC. DFdes is smaller for lipids with
unsaturated bonds than for fully saturated lipids with the
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same acyl chain lengths (Fig. 2 B); both DOPC and SOPC
have slightly reduced DFdes compared to DSPC. Mem-
branes composed of lipids with increased degrees of unsatu-
ration are more disordered (Fig. S2), with decreased bilayer
thicknesses (Fig. S3; Table S3) and increased areas per lipid
(Table S3). As a result, hydrophobic contacts in these mem-
branes can be more easily disrupted during lipid desorption.

DFins is substantially smaller than DFdes, again demon-
strating that lipid desorption limits the rate of lipid transport.
In contrast to DFdes, DFins does not vary significantly with
lipid tail chemistry (Fig. 2 C) and is 2.9 5 0.4 kcal/mol
on average (Table S2). During lipid insertion, a lipid must
break through the membrane’s interface to form an initial
hydrophobic lipid-membrane contact. Because 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 (Figs. S3–S5). Conse-
quently, the free energetic cost for a lipid to cross the mem-
brane’s interface during insertion is roughly the same.
C

FIGURE 3 Lipid headgroup chemistry influences both desorption and

insertion barriers. (A) Free energy profiles as a function of the reaction co-

ordinate for La phase membranes composed of lipids with different head-

groups. Corresponding free energy barriers are shown for (B) lipid

desorption and (C) lipid insertion. Error bars indicate standard error. To

see this figure in color, go online.
Lipid headgroup influences both desorption and
insertion barriers

To investigate how the chemical structure of the lipid head-
group influences lipid transport rates, we simulated a series
of La phase membranes composed of PO lipids with both
zwitterionic and anionic headgroups (Fig. 1 D). This list
included the 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 rLxS z
0 (Fig. 3 A).

This commonality further supports our assumption that
rLxS is a generic reaction coordinate among glycerophos-
pholipids. It additionally suggests that lipids with different
headgroups and tails are transferred through the same bio-
physical mechanism, which is characterized by the breakage
and formation of hydrophobic lipid-membrane contacts.

Quantitative differences in DFdes indicate that lipids with
different headgroups are transported at different rates (Fig. 3
B). DFdes ranges from 12.6 5 0.1 kcal/mol for POPG to
17.3 5 0.1 kcal/mol for POPE (Table S2). It is difficult to
rationalize why certain headgroups result in smaller or
larger DFdes based on their chemical structures alone. But
differences in DFdes can be explained based on each head-
group’s influence on general physical properties of a mem-
brane (54–56), including lipid packing as measured by the
average area per lipid (Table S3), membrane thickness
(Fig. S3; Table S3), and acyl chain order parameters
(Fig. S2). Crucial to lipid transport, the headgroup impacts
the number 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 S3) during lipid desorption.
DFdes 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 (Figs. S3–S5).
DFins, which reflects the cost for a hydrophobic lipid tail
to cross the membrane’s interface, thus varies with lipid
headgroup (Fig. 3 C), ranging from 1.9 5 0.1 kcal/mol
for POPE to 4.6 5 0.2 kcal/mol for POPS (Table S2).
On average, zwitterionic lipids have smaller DFins

compared to anionic lipids; when comparing lipids with
chemically similar headgroups (PE and PC, PA and PS,
and PG and PI), DFins decreases as the molecular size of
the headgroup decreases. Decreasing the net charge of
the membrane surface and decreasing the surface density
Biophysical Journal 120, 3718–3731, September 7, 2021 3723
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of polar functional groups both reduce the free energetic
cost of disrupting the membrane’s interfacial structure dur-
ing 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 de-
pends on membrane phase. We simulated Lb phase mem-
branes composed of the high melting temperature lipids
DMPC, DPPC, and DSPC (Fig. 1 E). Because the other lipid
species investigated have very low melting temperatures, it
would have been intractable to simulate them in a Lb phase,
and furthermore, they are unlikely to be dominant compo-
nents of highly ordered membrane domains at physiological
temperatures.

Two different lipid arrangements are observed for the Lb

phase membranes: lipids in both leaflets of the DMPC and
DPPC membranes tilt in the same direction (Fig. 1 E),
adopting an arrangement consistent with scattering experi-
ments (57), whereas lipids in each leaflet of the DSPC mem-
brane tilt in opposite directions (Fig. 1 E), adopting a
pleated arrangement that has been observed in other MD
simulation studies (32,58,59). We do not expect the pleated
arrangement of lipids in the Lb phase DSPC membrane to
significantly impact the results reported below because other
properties of the Lb phase DSPC membrane, such as the area
per lipid and membrane thickness (Table S3), match exper-
imental values (60–62) and because lipid desorption and
insertion only involve one leaflet.

As with La phase membranes, the free energy profiles of
Lb phase membranes exhibit a rate-limiting free energy bar-
rier at rLxS z 0, albeit broader and more rugged (Fig. 4 A).

Thus, for both La and Lb phase membranes, the rate of
lipid transport critically depends on the breakage and forma-
tion of hydrophobic lipid-membrane contacts. In contrast to
free energy profiles of La phase membranes, profiles of Lb

phase membranes exhibit a local free energy minimum at
positive values of rLxS. At this local minimum, the transfer-
ring lipid adopts a splayed configuration with one tail
anchored in the membrane and the other exposed to solvent
(Figs. 4 A and S6). Although splayed intermediates have
been observed in trajectories of lipid insertion into La phase
membranes (27,63), they are not locally thermodynamically
stable in those cases. Given that splayed lipids form the tran-
sition state for vesicle fusion (64–69), the enhanced stability
we have observed in more ordered membranes may help
explain why ripple phase membranes fuse faster than La

phase membranes in in vitro assays (70) and why many viral
fusion proteins localize to lipid rafts (71–76). In Lb phase
membranes, splayed lipids persist after hydrophobic con-
tacts between a single lipid tail and the membrane are
broken because a second free energy barrier must be crossed
to break contacts with the other lipid tail. The free energy
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maximum at rLxS z 0 ultimately limits the rate of lipid
transport; its value relative to the global minimum is re-
ported as DFdes below.

Both DFdes and DFins are substantially larger for Lb

compared to La phase membranes (Fig. 4, B and C). For
Lb membranes, DFdes ranges from 13.7 5 0.4 kcal/mol
for DMPC to 20.7 5 0.4 kcal/mol for DSPC, and DFins

ranges from 5.0 5 0.6 kcal/mol for DSPC to 8.0 5
0.8 kcal/mol for DPPC (Table S2). Lipids in highly ordered
and tightly packed membranes, epitomized by Lb phase
membranes, form a greater number of hydrophobic contacts
with surrounding membrane lipids (Table S3). More con-
tacts must be broken for a lipid to desorb from a Lb phase
membrane compared to a La phase membrane, thus
increasing DFdes. Consistent with the trend observed for
La phase membranes, Lb phase membranes composed of
lipids with longer acyl chains also have larger DFdes. The
tight packing of lipids in Lb compared to La phase mem-
branes also increases the density of polar lipid headgroups
at the membrane’s interface (Fig. S3). Consequently, the
free energetic cost for a lipid to traverse the membrane’s
interface to form an initial hydrophobic lipid-membrane
contact increases, explaining the overall increase in DFins

for Lb phase membranes. Lipids pack more tightly in Lb

phase DPPC and DMPC membranes than in Lb phase
DSPC membranes, as indicated by their smaller areas (Table
S3) and more ordered tails (Fig. S2). The resulting increased
surface density of headgroups further hinders the disruption
of the membrane’s interfacial structure during lipid inser-
tion, and thus, DFins increases accordingly in the order
DSPC < DMPC < DPPC for Lb phase membranes.
Desorption barrier depends on a lipid’s local
hydrophobic environment in a membrane

We attribute the main free energetic cost for lipid desorption
to the disruption of a lipid’s locally hydrophobic environ-
ment 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, CnCCDmem. Because we consider any pair of hydropho-
bic carbons within 1 nm of each other as close contacts,
lipids form hydrophobic contacts with both the first and sec-
ond nearest neighboring lipids (27). As shown in Figs. 5 and
S7, a general trend between CnCCDmem and DFdes exists.

As CnCCDmem increases, DFdes increases because more
hydrophobic contacts must be broken to displace a lipid
from the membrane. DFdes is roughly linearly correlated
with CnCCDmem, indicating that the cost of breaking each hy-
drophobic contact is approximately the same (roughly 5.8
cal/mol/contact). We note that DFdes is also roughly linearly
correlated with the transfer free energy, DFsol�mem, which is
the difference between DF(rLxS) at very negative values of
rLxS and the global free energy minimum of DF(rLxS)
(Fig. S8). Because DFsol�mem characterizes the likelihood
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FIGURE 4 Lb phase membranes exhibit increased barriers for both

desorption and insertion compared to La phase membranes. (A) Free energy

profiles as a function of the reaction coordinate for Lb phase membranes,

together with configurations of DSPC representing all three local minima

of DF(rLxS): 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 La and Lb phases. Error

bars indicate standard error. To see this figure in color, go online.

Hydrophobicity governs lipid transport
for a lipid to be fully solvated instead of fully within the
membrane, DFsol�mem is also highly indicative of mem-
brane hydrophobicity. In contrast to DFsol�mem, CnCCDmem

provides a molecular rationale for observed trends in DFdes.
Because CnCCDmem is sensitive to both lipid chemistry and
membrane phase, the observations made above about how
lipid tail chemistry, headgroup, and membrane phase indi-
vidually affect DFdes are all attributable to differences in
CnCCDmem. In other words, CnCCDmem integrates the contribu-
tions to DFdes from all chemical and physical features of a
membrane. Differences in DFdes between membranes that
vary in both lipid chemistry and membrane phase—for
example, a Lb phase DMPC membrane compared to a La

phase POPE membrane—are indeed explained by differ-
ences in CnCCDmem. Thus, the hydrophobicity of a mem-
brane’s core, as measured by CnCCDmem, predominantly
determines DFdes and, consequently, the rate of passive lipid
transport.
Insertion barrier depends on a membrane’s
interfacial hydrophobicity

We attribute the main free energetic cost for lipid insertion
to the disruption of the membrane’s stratified chemical orga-
nization 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 dissim-
ilar; there is more resistance for lipid insertion into mem-
branes with more hydrophilic surfaces. However, this
picture is complicated by the fact that a membrane’s inter-
face is chemically heterogeneous at the molecular scale, ex-
hibiting 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 DFins. To compare different
membranes, we characterize the net chemical character of
their surfaces by an interfacial hydrophobicity. (The text-
book description of lipid membranes’ surfaces is strongly
hydrophilic, corresponding to very low interfacial hydro-
phobicity.) We quantify contributions from the headgroups
by the average membrane-solvent interaction energy,
CEmem�solvD, and we consider membranes with less favorable
CEmem�solvD to have more hydrophobic interfaces. As shown
in Fig. 6 A, for membranes with different headgroups, DFins

decreases as CEmem�solvD becomes less favorable because the
cost to compromise interactions between the headgroups
and solvent during lipid insertion is reduced. For mem-
branes with the same headgroup, differences in DFins arise
from variations in the contributions to the interfacial hydro-
phobicity from regions where lipid tails are partially
exposed. Because these regions result from lipid packing de-
fects, we quantify these contributions by the relative area of
packing defects, �Adefect, defined as the ratio of the character-
istic packing defect size pdefect (Fig. S9) (50) to the average
area of a lipid in the membrane, CAlipD. We consider mem-
branes with increased �Adefect to have more hydrophobic in-
terfaces. As shown in Fig. 6 B, for membranes with the
same headgroup but different tails or phases, DFins de-
creases as �Adefect increases because the cost to locally
expose the membrane’s hydrophobic core during lipid inser-
tion is reduced.

Overall, a membrane’s interfacial hydrophobicity deter-
mines DFins and, consequently, the rate of lipid insertion.
Biophysical Journal 120, 3718–3731, September 7, 2021 3725



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,

CnCCDmem. Black line is the best linear fit: DFdes ¼ 0.0058CnCCDmem þ
0.53. Gray region indicates 95% confidence interval. Error bars indicate

standard error. To see this figure in color, go online.

A
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To identify a relationship between DFins and quantitative
metrics of a membrane’s interfacial hydrophobicity, we
have considered variations due to lipid headgroup, which
modulate interfacial hydrophobicity through changes in
CEmem�solvD, separately from variations due to tail chemistry
and membrane phase, which tune interfacial hydrophobicity
through changes in �Adefect. More sophisticated and precise
measures of a membrane’s interfacial hydrophobicity, such
as those developed for protein surfaces (77–80), may abro-
gate the need to consider contributions from headgroups
separately from lipid tails and membrane phase. However,
the two simple measures that we identify, CEmem�solvD and
�Adefect, reasonably explain variations in DFins for different
membranes relative to the errors in calculated values of
DFins.
 B

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 ðCEmem�solvDÞ and the relative area of membrane

packing defects ( �Adefect). (A) Changes in DFins due to lipid headgroup

chemistry are attributed to differences in CEmem�solvD. Black line is the

best linear fit: DFins ¼ �0.00030CEmem�solvD � 1.2. (B) Changes in DFins

due to lipid tail chemistry and membrane phase are attributed to differences

in �Adefect. Black line is the best linear fit: DFins ¼ �22.9 �Adefect þ 7.8. Gray

regions indicate 95% confidence intervals. Error bars indicate standard er-

ror. To see this figure in color, go online.
DISCUSSION

Passive lipid transport rate depends on
membrane hydrophobicity

To decipher the physicochemical properties that control the
rate of passive lipid transport between membranes, we sys-
tematically investigated how the free energy barriers for lipid
desorption and insertion vary with lipid chemistry and mem-
brane phase. To do so efficiently, we calculated free energy
profiles as a function of the reaction coordinate rLxS, which
we first identified for DMPC transport between La phase
membranes (27) and here assumed to be applicable to similar
systems. All of the free energy profiles exhibit a rate-limiting
barrier at nearly the same value of the reaction coordinate
(Figs. 2 A, 3 A, and 4 A), supporting our assumption that
rLxS is a good reaction coordinate for all glycerophospholi-
pids; regardless of glycerophospholipid chemistry or mem-
brane phase, the dynamics of lipid transport are best
described in terms of the breakage and formation of hydro-
phobic lipid-membrane contacts. In all cases, the free energy
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barrier for lipid desorption (Figs. 2 B, 3 B, and 4 B) is at least
twice the barrier for lipid insertion (Figs. 2 C, 3 C, and 4 C),
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 mem-
brane environment, as measured by the average number of
close hydrophobic contacts that a lipid forms with surround-
ing membrane lipids, CnCCDmem (Fig. 5). CnCCDmem, 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 or-
dered membranes (Fig. S10). Membranes with these charac-
teristics are typically composed of lipids with long saturated
acyl chains, lipids with headgroups that facilitate tight lipid
packing, or lipids in ordered phases. Indeed, such mem-
branes exhibit increased activation free energies (Figs. 2
B, 3 B, and 4 B).
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Trends from simulation and experiment agree
quantitatively

Our reported activation free energies significantly underes-
timate values estimated from experiments by at least
9 kcal/mol; of the membranes that have also been studied
experimentally (La phase DMPC, DPPC, POPC, and
DOPC; and Lb phase DMPC and DPPC), we calculated acti-
vation free energies ranging from 10.4 to 16.3 kcal/mol,
whereas experimental estimates range from 20.8 to
25.6 kcal/mol (13,20,23,24,26,81) (Table S2). Because of
the exponential dependence of the rate on the activation
free energy, this discrepancy corresponds to a lipid transfer
rate calculated from simulations that is roughly six orders of
magnitude faster than experimentally measured rates. As
discussed in our previous study (27), this significant discrep-
ancy may be due to any number of factors, including force
field inaccuracies and differences in the solution ionic
strength used in simulations and experiments. Despite this
discrepancy in absolute activation free energies, differences
in activation free energies due to specific changes in physi-
cochemical properties calculated from our simulations
agree quantitatively with experimental values.

Influence of tail chemistry on the activation free energy

Lipids with long, saturated acyl chains exhibit increased
activation free energies (Fig. 2 B) and slower experimentally
measured transfer rates (12–23,25) than counterparts with
unsaturated and shorter acyl chains. 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 CnCCDmem of 103 contacts per meth-
ylene unit. This corresponds to a roughly 10-fold decrease in
the transfer rate per addition of two carbons to each acyl
chain. Our results are in quantitative agreement with previ-
ous in vitro experiments that estimate an increase in the acti-
vation free energy of 0.32–0.65 kcal/mol per methylene unit
(15,16,19). Furthermore, our finding that the activation free
energy depends on the hydrophobic environment around the
desorbing lipid may explain why different values are re-
ported 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, CnCCD, and correspondingly alters its activation free
energy. However, if donor membranes contain components
capable of regulating CnCCDmem, then desorbing lipids with
different tail lengths may not exhibit substantially different
CnCCD, resulting in similar activation free energies. Proteins,
for example, could act as such regulating components.
Consistent with this hypothesis, smaller changes in the acti-
vation free energy were determined from experiments that
utilized model high-density lipoproteins composed of apoli-
poprotein 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
high-density lipoproteins to create a discoidal morphology
(82), suggesting that it may regulate CnCCDmem by controlling
the membrane’s overall structure. Alternatively, changes in
CnCCDmem could be directly compensated by specific pro-
tein-lipid interactions.

Influence of membrane phase on the activation free energy

Lipids in highly ordered Lb phase membranes exhibit the
largest activation free energies (Fig. 4 B) and slowest
experimentally measured transfer rates (20,22,26). We
report an average increase of 4.3 kcal/mol in the activation
free energy for a Lb phase membrane compared to a La

one due to an average increase in CnCCDmem of 762 con-
tacts. This corresponds to a lipid transfer rate that is
roughly three orders of magnitude slower for Lb compared
to La phase membranes. In agreement with our results,
in vitro assays have demonstrated that lipid transport be-
tween Lb phase membranes has an increased activation
free energy of 1.6–12.7 kcal/mol compared to La phase
membranes (20,22,26). We suggest that the wide range
of activation free energies reported likely reflects differ-
ences in the hydrophobicity of the donor membranes
used in the experiments. The smallest experimental differ-
ence is reported for lipid transport between highly curved
small unilamellar vesicles (20), which are more disordered
than planar membranes (83,84). Thus, they likely have
reduced CnCCDmem, and correspondingly reduced activation
free energy, compared to other experimental Lb phase sys-
tems (22,26).

Influence of headgroup on the activation free energy

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 CnCCDmem in
the same order. We cannot directly compare our results
to experiments because significantly different donor mem-
brane compositions were used. Although 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 ex-
periments, 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 en-
ergy depends on CnCCDmem, which depends on lipid head-
group chemistry in a nontrivial way, may help guide the
design of experiments to conclusively assess the impact
of headgroup on transfer rates.
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Influence of physicochemical properties on the
free energy barrier for lipid insertion

In contrast to the activation free energy barrier for lipid
desorption, trends in the free energy barrier for lipid inser-
tion can be explained by chemical features of the head-
group, especially net charge, presence of terminal acidic
groups, and molecular size (Fig. 3 C). Changing any of these
chemical features modulates the membrane’s interfacial hy-
drophobicity by altering the strength of membrane-solvent
interactions (Table S3). A membrane’s interfacial hydropho-
bicity can also be tuned by changing lipid tail chemistry or
membrane phase so that packing defects expose more of the
hydrophobic core (Fig. S9; Table S3). 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 calcu-
lated free energy barriers for insertion to experimental
ones. Nevertheless, one of the parameters that we find con-
trols 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 (85). Given this similarity, we suspect
that accounting for changes in a membrane’s interfacial hy-
drophobicity through additional measures such as the mem-
brane-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.
Membrane hydrophobicity may help direct
cellular lipid traffic

We investigated passive lipid transfer between single-
component membranes; however, cellular membrane com-
positions are significantly more complex, containing not
only a diversity of glycerophospholipids but also sterols,
sphingolipids, and membrane proteins, for example (1,2).
We suspect that membrane hydrophobicity may determine
the rate of passive lipid transport between both single- and
multicomponent membranes, although further work is
required to test this hypothesis. Our observation that the
rate 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 local
changes in membrane composition and membrane proteins
that alter membrane hydrophobicity. Sequestering lipids
into ordered, tightly packed lipid rafts (4), for which a sig-
nificant expenditure of energy is required to extract a lipid,
may create pools of nonexchangeable lipids within a single
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membrane. Membrane physicochemical properties vary
even more substantially between organelles, creating two
cell membrane territories; loose lipid packing and mini-
mally 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
(7,86). Given that tight lipid packing increases the hydro-
phobicity of the membrane core and that stronger membrane
electrostatics decrease interfacial hydrophobicity, we sug-
gest that the free energy barriers for lipid transport may tran-
sition from low to high between these two territories such
that lipids would passively transfer among early secretory
membranes faster than they would among late secretory
membranes.

Within cells, lipid transfer proteins are largely respon-
sible for specifically transporting individual lipids between
membranes (9,10,87). Our findings about passive lipid
transport suggest that lipid transfer proteins may generally
enhance the rate of lipid desorption by disrupting the hy-
drophobic environment around a target lipid. Those that
transport lipids from membranes with highly hydrophobic
cores, such as may be found among late secretory mem-
branes, may have acquired additional mechanisms to over-
come increased activation 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 re-
gions that enhance binding to anionic membranes (88–
90) and could also compensate for the disruption of espe-
cially favorable interactions between solvent and anionic
lipids during insertion. Thus, the membrane physicochem-
ical properties that control the rate of passive lipid trans-
port may also be exploited to direct nonvesicular lipid
traffic via lipid transfer proteins.
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42. Páll, S., and B. Hess. 2013. A flexible algorithm for calculating pair in-
teractions on simd architectures. Comput. Phys. Commun. 184:2641–
2650.

43. Berendsen, H. J. C., J. P. M. Postma, ., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.

44. Parrinello, M., and A. Rahman. 1981. Polymorphic transitions in single
crystals: a new molecular dynamics method. J. Appl. Phys. 52:7182–
7190.

45. Torrie, G. M., and J. P. Valleau. 1977. Nonphysical sampling distribu-
tions in Monte Carlo free-energy estimation: umbrella sampling.
J. Comput. Phys. 23:187–199.

46. Tribello, G. A., M. Bonomi, ., G. Bussi. 2014. PLUMED 2: new
feathers for an old bird. Comput. Phys. Commun. 185:604–613.

47. Kumar, S., D. Bouzida, ., J. M. Rosenberg. 1992. The weighted his-
togram analysis method for free-energy calculations on biomolecules.
1. The method. J. Comput. Chem. 13:1011–1021.

48. Michaud-Agrawal, N., E. J. Denning, ., O. Beckstein. 2011. MDA-
nalysis: a toolkit for the analysis of molecular dynamics simulations.
J. Comput. Chem. 32:2319–2327.

49. Harris, C. R., K. J. Millman, ., T. E. Oliphant. 2020. Array program-
ming with NumPy. Nature. 585:357–362.

50. Gautier, R., A. Bacle,., B. Antonny. 2018. Packmem: a versatile tool
to compute and visualize interfacial packing defects in lipid bilayers.
Biophys. J. 115:436–444.

51. Du, R., V. S. Pande,., E. S. Shakhnovich. 1998. On the transition co-
ordinate for protein folding. J. Chem. Phys. 108:334–350.

52. Dellago, C., P. G. Bolhuis, and P. L. Geissler. 2002. Transition path
sampling. In Advances in Chemical Physics, Vol. 123. I. Prigogine
and S. A. Rice, eds.. John Wiley & Sons, pp. 1–78.

53. Bolhuis, P. G., D. Chandler, ., P. L. Geissler. 2002. Transition path
sampling: throwing ropes over rough mountain passes, in the dark.
Annu. Rev. Phys. Chem. 53:291–318.

54. Seu, K. J., L. R. Cambrea, ., J. S. Hovis. 2006. Influence of lipid
chemistry on membrane fluidity: tail and headgroup interactions. Bio-
phys. J. 91:3727–3735.

55. Dickey, A., and R. Faller. 2008. Examining the contributions of lipid
shape and headgroup charge on bilayer behavior. Biophys. J.
95:2636–2646.

56. Vamparys, L., R. Gautier,., P. F. J. Fuchs. 2013. Conical lipids in flat
bilayers induce packing defects similar to that induced by positive cur-
vature. Biophys. J. 104:585–593.

57. Marsh, D. 2012. Lateral order in gel, subgel and crystalline phases of
lipid membranes: wide-angle X-ray scattering. Chem. Phys. Lipids.
165:59–76.

58. Leekumjorn, S., and A. K. Sum. 2007. Molecular studies of the gel to
liquid-crystalline phase transition for fully hydrated DPPC and DPPE
bilayers. Biochim. Biophys. Acta. 1768:354–365.

59. Tu, K., D. J. Tobias,., M. L. Klein. 1996. Molecular dynamics inves-
tigation of the structure of a fully hydrated gel-phase dipalmitoylphos-
phatidylcholine bilayer. Biophys. J. 70:595–608.

60. Sun, W. J., S. Tristram-Nagle, ., J. F. Nagle. 1996. Structure of gel
phase saturated lecithin bilayers: temperature and chain length depen-
dence. Biophys. J. 71:885–891.

61. Tardieu, A., V. Luzzati, and F. C. Reman. 1973. Structure and polymor-
phism of the hydrocarbon chains of lipids: a study of lecithin-water
phases. J. Mol. Biol. 75:711–733.

62. Lis, L. J., M. McAlister, ., V. A. Parsegian. 1982. Interactions be-
tween neutral phospholipid bilayer membranes. Biophys. J. 37:657–
665.

63. Vermaas, J. V., and E. Tajkhorshid. 2014. A microscopic view of phos-
pholipid insertion into biological membranes. J. Phys. Chem. B.
118:1754–1764.
3730 Biophysical Journal 120, 3718–3731, September 7, 2021
64. Kasson, P. M., E. Lindahl, and V. S. Pande. 2010. Atomic-resolution
simulations predict a transition state for vesicle fusion defined by con-
tact of a few lipid tails. PLoS Comput. Biol. 6:e1000829.

65. Smirnova, Y. G., S. J. Marrink, ., V. Knecht. 2010. Solvent-exposed
tails as prestalk transition states for membrane fusion at low hydration.
J. Am. Chem. Soc. 132:6710–6718.

66. Mirjanian, D., A. N. Dickey, ., M. J. Stevens. 2010. Splaying of
aliphatic tails plays a central role in barrier crossing during liposome
fusion. J. Phys. Chem. B. 114:11061–11068.

67. Stevens, M. J., J. H. Hoh, and T. B. Woolf. 2003. Insights into the mo-
lecular mechanism of membrane fusion from simulation: evidence for
the association of splayed tails. Phys. Rev. Lett. 91:188102.

68. Ohta-Iino, S., M. Pasenkiewicz-Gierula, ., A. Kusumi. 2001. Fast
lipid disorientation at the onset of membrane fusion revealed by molec-
ular dynamics simulations. Biophys. J. 81:217–224.

69. Holopainen, J. M., J. Y. Lehtonen, and P. K. Kinnunen. 1999. Evidence
for the extended phospholipid conformation in membrane fusion and
hemifusion. Biophys. J. 76:2111–2120.

70. Lee, D. E., M. G. Lew, and D. J. Woodbury. 2013. Vesicle fusion to
planar membranes is enhanced by cholesterol and low temperature.
Chem. Phys. Lipids. 166:45–54.

71. Liao, Z., L. M. Cimakasky, ., J. E. K. Hildreth. 2001. Lipid rafts and
HIV pathogenesis: host membrane cholesterol is required for infection
by HIV type 1. AIDS Res. Hum. Retroviruses. 17:1009–1019.

72. Klug, Y. A., E. Rotem, ., Y. Shai. 2017. Mapping out the intricate
relationship of the HIV envelope protein and the membrane environ-
ment. Biochim. Biophys. Acta Biomembr. 1859:550–560.

73. Takeda, M., G. P. Leser, ., R. A. Lamb. 2003. Influenza virus hemag-
glutinin concentrates in lipid raft microdomains for efficient viral
fusion. Proc. Natl. Acad. Sci. USA. 100:14610–14617.

74. Bavari, S., C. M. Bosio, ., M. J. Aman. 2002. Lipid raft microdo-
mains: a gateway for compartmentalized trafficking of Ebola and Mar-
burg viruses. J. Exp. Med. 195:593–602.

75. Freitas, M. S., C. Follmer,., J. L. Silva. 2011. Measuring the strength
of interaction between the Ebola fusion peptide and lipid rafts: impli-
cations for membrane fusion and virus infection. PLoS One. 6:e15756.

76. Fecchi, K., S. Anticoli, ., A. Ruggieri. 2020. Coronavirus interplay
with lipid rafts and autophagy unveils promising therapeutic targets.
Front. Microbiol. 11:1821.

77. Patel, A. J., and S. Garde. 2014. Efficient method to characterize the
context-dependent hydrophobicity of proteins. J. Phys. Chem. B.
118:1564–1573.

78. Patel, A. J., P. Varilly,., S. Garde. 2012. Sitting at the edge: how bio-
molecules use hydrophobicity to tune their interactions and function.
J. Phys. Chem. B. 116:2498–2503.

79. Rego, N. B., E. Xi, and A. J. Patel. 2019. Protein hydration waters are
susceptible to unfavorable perturbations. J. Am. Chem. Soc. 141:2080–
2086.

80. Rego, N. B., E. Xi, and A. J. Patel. 2021. Identifying hydrophobic pro-
tein patches to inform protein interaction interfaces. Proc. Natl. Acad.
Sci. USA. 118:e2018234118.

81. Nakano, M., M. Fukuda,., T. Handa. 2007. Determination of interbi-
layer and transbilayer lipid transfers by time-resolved small-angle
neutron scattering. Phys. Rev. Lett. 98:238101.

82. Brouillette, C. G., G. M. Anantharamaiah, ., D. W. Borhani. 2001.
Structural models of human apolipoprotein A-I: a critical analysis
and review. Biochim. Biophys. Acta. 1531:4–46.

83. Lentz, B. R., Y. Barenholz, and T. E. Thompson. 1976. Fluorescence
depolarization studies of phase transitions and fluidity in phospholipid
bilayers. 1. Single component phosphatidylcholine liposomes.
Biochemistry. 15:4521–4528.

84. Yesylevskyy, S. O., T. Rivel, and C. Ramseyer. 2017. The influence of
curvature on the properties of the plasma membrane. Insights from
atomistic molecular dynamics simulations. Sci. Rep. 7:16078.

85. Liu, C., P. Elvati, ., A. Violi. 2019. Predicting the time of entry of
nanoparticles in lipid membranes. ACS Nano. 13:10221–10232.

http://refhub.elsevier.com/S0006-3495(21)00602-0/sref42
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref42
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref42
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref43
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref43
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref43
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref44
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref44
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref44
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref45
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref45
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref45
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref46
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref46
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref47
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref47
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref47
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref48
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref48
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref48
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref49
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref49
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref50
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref50
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref50
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref51
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref51
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref52
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref52
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref52
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref53
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref53
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref53
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref54
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref54
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref54
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref55
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref55
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref55
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref56
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref56
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref56
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref57
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref57
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref57
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref58
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref58
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref58
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref59
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref59
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref59
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref60
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref60
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref60
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref61
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref61
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref61
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref62
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref62
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref62
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref63
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref63
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref63
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref64
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref64
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref64
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref65
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref65
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref65
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref66
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref66
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref66
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref67
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref67
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref67
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref68
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref68
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref68
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref69
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref69
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref69
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref70
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref70
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref70
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref71
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref71
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref71
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref72
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref72
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref72
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref73
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref73
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref73
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref74
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref74
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref74
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref75
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref75
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref75
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref76
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref76
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref76
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref77
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref77
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref77
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref78
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref78
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref78
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref79
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref79
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref79
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref80
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref80
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref80
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref81
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref81
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref81
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref82
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref82
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref82
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref83
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref83
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref83
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref83
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref84
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref84
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref84
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref85
http://refhub.elsevier.com/S0006-3495(21)00602-0/sref85


Hydrophobicity governs lipid transport
86. Bigay, J., and B. Antonny. 2012. Curvature, lipid packing, and electro-
statics of membrane organelles: defining cellular territories in deter-
mining specificity. Dev. Cell. 23:886–895.

87. Wong, L. H., A. �Copi�c, and T. P. Levine. 2017. Advances on the trans-
fer of lipids by lipid transfer proteins. Trends Biochem. Sci. 42:516–
530.

88. Iaea, D. B., I. Dikiy, ., F. R. Maxfield. 2015. STARD4 membrane in-
teractions and sterol binding. Biochemistry. 54:4623–4636.
89. Watanabe, Y., Y. Tamura,., T. Endo. 2015. Structural and mechanistic
insights into phospholipid transfer by Ups1-Mdm35 in mitochondria.
Nat. Commun. 6:7922.

90. Rogaski, B., and J. B. Klauda. 2012. Membrane-binding mechanism of
a peripheral membrane protein through microsecond molecular dy-
namics simulations. J. Mol. Biol. 423:847–861.

91. Pluhackova, K., S. A. Kirsch,., R. A. Böckmann. 2016. A critical com-
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