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ABSTRACT Intracellular lipid droplets (LDs) are the main cellular site of metabolic energy storage. Their structure is unique
inside the cell, with a core of esterified fatty acids and sterols, mainly triglycerides and sterol esters, surrounded by a single
monolayer of phospholipids. Numerous peripheral proteins, including several that were previously associated with intracellular
compartments surrounded by a lipid bilayer, have been recently shown to target the surface of LDs, but how they are able to
selectively target this organelle remains largely unknown. Here, we use atomistic and coarse-grained molecular dynamics sim-
ulations to investigate the molecular properties of the LD surface and to characterize how it differs from that of a lipid bilayer. Our
data suggest that although several surface properties are remarkably similar between the two structures, key differences orig-
inate from the interdigitation between surface phospholipids and core neutral lipids that occurs in LDs. This property is extremely
sensitive to membrane undulations, unlike in lipid bilayers, and it strongly affects both lipid-packing defects and the lateral pres-
sure profile. We observed a marked change in overall surface properties for surface tensions>10 mN/m, indicative of a bimodal
behavior. Our simulations provide a comprehensive molecular characterization of the unique surface properties of LDs and sug-
gest how the molecular properties of the surface lipid monolayer can be modulated by the underlying neutral lipids.
INTRODUCTION
Lipid droplets (LDs) are ubiquitous intracellular organelles
that constitute the main storage site of metabolic energy in-
side the cell (1). As a consequence, they are implicated in
many metabolic diseases, including obesity and lipodystro-
phy, aswell as in the infectious cycle of human pathogens (2).

In LDs, energy is stored via esterification of free fatty
acids and sterols, which are cytotoxic at elevated concentra-
tions, in neutral lipids, mostly triglycerides (TAGs) and ste-
rol esters. These neutral lipids are highly hydrophobic and
can thus be efficiently packed in the absence of water, unlike
sugars (1).

To prevent the energetically unfavorable direct exposure
of these large fat assemblies to the aqueous environment
of the cytosol, LDs are coated by a single monolayer of
lipids (3). This molecular arrangement, consisting of a
core of neutral lipids surrounded by a lipid monolayer, is
unique inside the cell. As a result, LDs can be considered
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intracellular oil emulsions, and being able to correctly
reproduce their interfacial physics, including surface ten-
sion (ST) and pressure, is paramount to understanding their
molecular properties.

Recent evidence suggests that several proteins previously
associated with other intracellular organelles, mainly the
endoplasmic reticulum (ER) and the Golgi apparatus, also
bind to LDs (4–6). From a molecular standpoint, these ob-
servations raise the question of how these proteins are
able to bind membranes with such different molecular struc-
tures (a lipid bilayer for the ER or the Golgi versus a lipid
monolayer surrounding a core of neutral lipids for LDs).

A common trait of many cytosolic proteins found to bind
LDs is the presence of an amphipathic helix (AH) in their
sequence (5,7–9). Through a combination of cellular,
biochemical, and in silico methodologies, it has been shown
that binding of AHs to lipid bilayers (10,11), as well as to
ER and Golgi membranes (12), is driven by the presence
of lipid-packing defects, i.e., interfacial voids at the mem-
brane-water interface able to accommodate the binding of
hydrophobic residues. Based on indirect observations from
cellular studies (5,13), a similar mechanism has been
recently proposed for the targeting of peripheral proteins
to LDs (14), but this model remains speculative, since no
direct measurements are possible in vivo.
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TABLE 1 List of UA Simulations Performed in This Work

System

Time

(ns)

No. of

TOs

No. of

POPCs

No. of

Waters Acronym

pureTO 150 108 – – pureTO

TO/vacuum 200 108 – – TO/vac

TO/water 200 108 – 5292 TO/W

POPC bilayer NPT 300 – 200 7943 POPCbil

LD NPT 300 204 200 7941 LD0

LD NPT 4� surface 300 816 800 31,764 LD0-4�
LD 1% area increase 300 204 200 7929 LD1
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A more accurate evaluation of the role of LD properties in
protein targeting has been drawn using an in vitro binding
assaybasedonamicrofluidic setup (15,16).There, an increase
in interfacial tension in reconstituted LDs was shown to pro-
mote the adsorption of the AH of a-synuclein (15). Since
increasing interfacial tension entails an increase in area per
lipid, the authors proposed that this could, in turn, have a direct
effect on lipid-packing defects. However, a direct quantifica-
tion of lipid-packing defects inmodel LDs is still lacking, and
molecular dynamics (MD) simulations are the onlymethodol-
ogy that is currently able to quantify them.

MD simulations of LD-like water/phospholipid/oil emul-
sions, however, have been relatively scarce so far, especially
in comparison with those describing lipid bilayers. All-atom
and united-atom (UA) simulations have mainly focused on
general properties of LD-like trilayer systems (17–19),
and a few coarse-grained (CG) studies focusing on LD
composition (20–22) or LD formation (22) have been re-
ported. Other CG studies (23,24) describe the closely related
(but of much smaller radius) high- and low-density lipopro-
teins (HDLs/LDLs). However, with the partial exception of
one study investigating the binding of apolipoproteins to
HDLs/LDLs (25), all these studies (17–20,23,24) have char-
acterized general properties of LD-mimicking systems
without focusing on the LD surface and how its unique
properties may drive selective protein adsorption. Of note,
all CG studies have used the MARTINI force field, even
though shortcomings of this model on interfaces (26),
such as the presence of two negative peaks in the lateral
pressure profile (LPP) at the oil/water boundary (27) and
an unrealistically high interfacial tension in water/phospho-
lipid/oil systems (25), have been reported.

In this work, we investigate the molecular properties of the
surfaces of LD-mimicking systems using both UA and CG
MD simulations based on the CG lipid model by Klein et al.
(28,29), after developing new parameters for TAGs. Our sim-
ulations indicate that theLDsurface has various similarities to
that of lipid bilayers with a comparable phospholipid compo-
sition, thus providing a rationale for why several proteins are
able to bind to both LDs and bilayer-like cellular membranes,
such as the ER or the Golgi apparatus. At the same time, the
ability of TAGs to adopt multiple conformations and to inter-
digitate with the monolayer phospholipids, especially in
response to variations in ST, induces significant differences
in the LPP of LDs with respect to that of lipid bilayers. In
turn, this has a marked effect on the LD surface, suggesting
that the molecular properties of the surface lipid monolayer
are strongly influenced by the underlying neutral lipids.
LD 2% area increase 300 204 200 7924 LD2

LD 5% area increase 300 204 200 7915 LD5

LD 10% area increase 300 204 200 7903 LD10

ST is described here as a percentage of the increase with respect to the area

of a bilayer (with the same number of POPC molecules) at equilibrium

(thus at 0 ST). The corresponding values of ST in units of millinewtons

per meter are given in Table 2. A snapshot of the LD0 system is presented

in Fig. 1.
MATERIALS AND METHODS

Atomistic simulations

Atomistic simulations were performed with GROMACS 4 (30) using the

UA Berger force field for palmitoyloleoylphosphatidylcholine (POPC)
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phospholipids (31) and the simple-point-charge water model (32). For trio-

leins (TOs, tri-C18:1), the parameters adapted from Berger by Vattulainen

et al. (33) were used (starting from a POPC molecule, the sn-3 was replaced

by an oleoyl chain). For all oleoyl chains (POPC and TO), the correction on

the double bond of (34) was applied.

Several systems were simulated (Table 1): 1) a liquid TO system

(pureTO); 2) a POPC lipid bilayer (POPCbil); 3) TO/water (TO/W) and

4) TO/vacuum interfaces; and 5) five LD-like trilayer systems consisting

of a mixture of TO, POPC, and water molecules at different STs ranging

from 0 to 12.8 mN/m. A detailed description of how the different systems

were constructed is given in the Supporting Material.

All UA simulations were analyzed with classical observables of lipid sys-

tems (area per lipid, order parameter, POPC monolayer thickness, and

diffusion). Details of these analyses are given in the Supporting Material.

Frames were saved every 100 ps, and trajectory analyses were performed

on the last 200 ns for each simulation (the first 100 ns were systematically

discarded from the analysis). All simulations were performed twice (or

three times for LD10) and divided into three blocks. Except as otherwise

stated, the final results are presented as an average over six blocks (three

blocks times two trajectories), and the error is the corresponding standard

deviation.

In addition, we also performed the following non-standard analyses.

Interdigitation

For all LD systems, interdigitation between TO and POPC molecules was

evaluated as in Das et al. (35). Briefly, an overlap parameter, rov, was eval-

uated from the density of TO and POPC (rTO and rPOPC, respectively):

rovðzÞ ¼ 4
rTOðzÞ � rPOPCðzÞ
½rTOðzÞ þ rPOPCðzÞ�2

: (1)

The amount of interdigitation, lov, was then computed by integrating this

quantity:
lov ¼
Z L

0

rovðzÞdz; (2)

where L is the box length in the z dimension. lov has a unit of length scale

and can be seen as the length over which interdigitation occurs: it equals
0 when no interdigitation is present, and can reach a few nanometers

when interdigitation between the two lipid species is important. It is a

meaningful quantity to compare interdigitation in the different systems.

For the POPCbil system, interdigitation was evaluated between the two

leaflets.



In Silico Lipid Droplets
Classification of TO conformations

The new, to our knowledge, classification of TO conformations we propose

in this study can be implemented as follows. For a given TO molecule, three

unit vectors (vsn1, vsn2, vsn3) were defined going from each glycerol carbon

up to the first carbon atom of the double bond (we did not go beyond,

because of the high flexibility of the last carbon atoms of the tail). Then,

the three scalar products, s12 ¼ vsn1.vsn2, s13 ¼ vsn1.vsn3, and s23 ¼ vsn1.vsn3,

describing the relative orientation of each chain pair were computed (each

of them ranging between �1 and 1). Extreme cases of these scalar products

were used to define conformational classes of TO that we called ‘‘Trident,’’

‘‘Fork,’’ ‘‘Chair,’’ ‘‘T,’’ ‘‘Right Hand,’’ and ‘‘Stacker’’ (see Fig. 3). Note that

some of the names from (36) were reused. For example, the ideal ‘‘Trident’’

has the three chains going toward the same direction, so the three scalar

products equal 1. To assess the conformation of an arbitrary TO, we

computed a Euclidean distance (in the space of the scalar products) to

the ideal conformational classes:

dideal ¼
�ðs12ðTOÞ � s12ðidealÞÞ2 þ ðs13ðTOÞ � s13ðidealÞÞ2

þ ðs23ðTOÞ � s23ðidealÞÞ2
�1
2;

(3)

where ideal is within {‘‘Trident,’’ ‘‘Fork,’’ ‘‘Chair,’’ ‘‘T,’’ ‘‘Right Hand,’’

‘‘Stacker’’}, and s (TO) and s (ideal) are the scalar products of the arbitrary
ij ij

TO and the ideal conformation, respectively. The arbitrary TOwas assigned

the conformation with the lowest dideal. To avoid getting conformations too

far away from these ideal classes, we added the restriction that dideal < 0.7.

If all dideal> 0.7, the TO molecule was classified into a seventh class, which

we called ‘‘Other.’’ On a typical trilayer simulation (LD0), ~85–86% of the

TO molecules were classified into one of the six well-defined classes

{‘‘Trident,’’ ‘‘Fork,’’ ‘‘Chair,’’ ‘‘T,’’ ‘‘Right Hand,’’ ‘‘Stacker’’} using these

rules. Hence, our classification gave a good overview of TO conformational

populations and was a useful tool for comparing UA and CG simulations.
Lipid-packing defects

Lipid-packing defects were computed using a previously described algo-

rithm (10,12). In brief, the membrane is mapped to a grid (with a granularity

of 1 Å) parallel to the plane of the bilayer. Each grid point is scanned verti-

cally starting from outside of the membrane toward its interior (water is

excluded from the analysis) up to 1 Å below the sn-2 carbon atom of the

nearest glycerol. If only lipid aliphatic atoms are encountered, the grid point

is considered as an elementary packing defect of 1 Å2, whereas if any lipid

polar atom is encountered, the grid point is not considered as a defect. We

then divide elementary defects that are deep (below 1 Å of the glycerol

level) or shallow (above the previous threshold). For each type, adjacent

elementary defects are then clustered using a connected-component algo-

rithm, and the area of each cluster is calculated (a packing defect is thus

a cluster of elementary defects). This analysis is done for each leaflet

separately. Statistics are then accumulated over all frames of a trajectory ac-

cording to the same procedure. The obtained distributions are then fit to a

mono-exponential decay:

pðAÞ ¼ be�A=ptype ; (4)

where p(A) is the probability of finding a defect of area A Å2, ptype is the

packing defect constant in units of Å2, type is within (deep, shallow),
and b is a constant. The fit is done on defects >15 Å2 and for

probabilities R10�4. For each type, the higher this constant, the higher

the probability of finding large defects.

For LD systems, TO molecules were taken into account only if at least

one of their atoms was above the imposed threshold along the normal to

the membrane (Fig. S3).
ST, which is a central quantity in this article, is described here in detail.

For all simulations, STwas computed from the diagonal values of the pres-

sure tensor (Pxx, Pyy, and Pzz) using the Kirkwood-Irving method (37),

gz
L

2

�
Pzz � Pxx þ Pyy

2

�
; (5)

where L is the box length in the z dimension and angled brackets indicate an

ensemble average. g refers interchangeably to ST or interfacial tension in
this article.
CG simulations

CG simulations were performed using the MARTINI force field (38) as

well as the CG lipid model by Klein et al. (28,29), which was used as a

basis to derive new TO parameters, according to the procedure by Shinoda

et al. (39).

MARTINI simulations were performed using the software GROMACS 4

(30), with POPC parameters taken from version 2.0 of the lipid force field

(with five beads in the oleoyl tail) and TO parameters taken from (24).

Simulations using the CG lipid model by Klein et al. were generated by

converting atomistic snapshots using the CG-it software (https://github.

com/CG-it), and simulations were performed with LAMMPS (40). TO pa-

rameters were derived according to the procedure by Shinoda et al. (39) (see

the Supporting Material for additional information).

For both force fields, several systems (liquid TO, POPC lipid bilayer,

TO/W interface, and LD-like trilayer systems) were simulated. All the de-

tails (derivation of the model, system construction, simulation details, and

analyses) are given in the Supporting Material, together with a list of all the

simulated systems (Table S2). Average values and corresponding uncer-

tainties were computed from block averaging over the last 400 ns of each

trajectory with a block size of 100 ns and a time resolution of 100 ps.
RESULTS

Structural and dynamic properties of LD systems
assessed by UA simulations

As a first step to obtain molecular insights into the structure
of LDs, we built a system that could be tackled by UA sim-
ulations. Although LDs are generally spherical, their size is
typically within the 100 nm–100 mm range (3,41) and can
thus be considered flat on the scale of proteins binding to
it. The typical system for mimicking LDs in UA simulations
is a trilayer (17–19), that is, a layer of neutral lipids
sandwiched between two monolayers of phospholipids
(Fig. 1). This set-up allows simulation of flat monolayers
of phospholipids directly interacting with neutral lipids.

We chose a lipid composition commonly used to study
LDs in vitro (42–44), namely POPC for the phospholipids
and TO for the TAGs. The choice of pure TO was further
motivated by two other arguments: 1) in regular LDs consti-
tuted of mixtures of TAG and sterol esters, TAGs are
absolutely required to make the mixture liquid at physiolog-
ical temperature (pure sterol esters have a melting tempera-
ture >37�C) (45); and 2) the TO/W interface is well
characterized using biophysical experiments (42,43).

We first compared the different properties of the POPC
monolayer in the LD0 system and in a bilayer membrane
(POPCbil) (first two lines of Table 2). Overall, the presence
Biophysical Journal 112, 1417–1430, April 11, 2017 1419
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FIGURE 1 Typical structure of an LD system using UA simulations.

(a) Density plot corresponding to the snapshot of the LD0 trilayer system

in (b). To see this figure in color, go online.
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of TO molecules has only a marginal effect on the structural
(area, monolayer thickness, and order parameter) and dy-
namic (46) properties of the POPC monolayer. In contrast,
TABLE 2 Comparison of Structural and Dynamic Phospholipid Pro

Area per Lipid (Å2) ST (mN/m) Diffusion (mm2/s)

POPCbil 66.1 5 0.6 0.0 4.8 5 0.6

LD0 66.4 5 0.4 0.0 5.3 5 0.7

LD1 67.3 2.9 5 0.6 5.2 5 0.1

LD2 67.9 5.3 5 0.3 5.8 5 0.4

LD5 69.9 9.2 5 0.2 6.3

LD10 73.3 12.4 5 0.3 9.1 5 0.5

MD runs for POPCbil and LD0 are performed in the NPT ensemble (ST¼ 0), wh

on how to calculate these values and the relative uncertainties are described in

is <0.1 mN/m for ST and below 0.1 mm2/s for diffusion.
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interdigitation between POPC and TO is quite substantial,
with a 43% increase compared to the leaflet/leaflet interdig-
itation in a regular POPC bilayer (Table 2). It must be
pointed out, however, that interdigitation is conceptually
different between lipid bilayers (interdigitation between
the two monolayers) and LD models (interdigitation be-
tween the POPC monolayer and TO molecules).

To further investigate the differences between a lipid
bilayer and an LD ternary system, we next compared their
respective LPPs (Fig. 2). The LPP p(z) is the difference be-
tween the lateral and normal components of the pressure
tensor (see the Supporting Material), and it describes how
the pressure changes along the normal to the interface.
When the LPP is positive, the interface wants to expand;
when it is negative, the interface wants to shrink.

As can be seen in Fig. 2, the LPPs of LD0 and POPCbil
are quite similar, which is consistent with the general prop-
erties of Table 2. The negative peak (II) is slightly lower for
POPCbil compared to LD0, whereas the positive peak of the
polar heads (I) is slightly higher for POPCbil than for LD0.
This means that the lateral stresses in the LD system are
slightly lower than in a POPC bilayer. We attribute this dif-
ference to interdigitation. The positive peak (III) describing
the repulsion of the aliphatic chains is also slightly higher
for POPCbil than for LD0.

Next, to investigate the spontaneous curvature of the LD
monolayer, we computed the first moment of the LPPs (see
the Supporting Material). This value, according to the con-
tinuum theory of membranes, corresponds to the product of
the monolayer bending constant, kc, and the spontaneous
curvature, c0. Since kc is positive by definition, the sign of
c0 is straightforward to obtain from the first moment of
the LPPs. In our MD simulations, the lipid monolayer
has a slightly negative curvature in both the POPCbil and
the LD0 systems. These results are consistent with the
experimental observation that POPC has a moderate nega-
tive curvature (47), and they further confirm that the pres-
ence of the neutral lipids barely affects most of the
monolayer properties (see Table 2). However, further and
more detailed investigations will be necessary to properly
assess the relevance of monolayer curvature in biological
processes involving LDs.
perties between POPCbil and LD Systems in UA Simulations

Monolayer

Thickness (Å) Interdigitation (Å)

Order parameter

Start Middle End

12.7 5 0.3 5.1 5 0.1 0.18 0.17 0.09

13.0 5 0.4 7.3 5 0.4 0.18 0.18 0.10

12.8 5 0.4 7.2 5 0.4 0.18 0.17 0.10

12.7 5 0.5 7.1 5 0.2 0.17 0.17 0.09

12.4 5 0.4 7.3 5 0.2 0.16 0.15 0.09

12.4 5 0.4 8.2 5 0.6 0.15 0.14 0.08

ereas all other simulations (LD1–10) are run at constant xy area. All details

the Supporting Material. When the uncertainties are not shown, their value



FIGURE 2 Comparison between the LPPs of a POPC bilayer, an LD

ternary system, and a TO/water interface in UA simulations. (Top) Snapshot

of an LD interface. (Middle) LPPs aligned on the negative peak (II). (Bot-

tom) Snapshot of the TO/W system. The two snapshots give an approximate

view of where the different peaks occur. The three important peaks are

labeled I, II, and III (see text). To see this figure in color, go online.
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Looking at the TO/W LPP is also instructive: the negative
peak (II) is much deeper, and there is no surfactant like
POPC that could act to alleviate ST. Instead, we observe a
small positive peak (I) that is probably due to water ordering
in the vicinity of the interface (this small peak is also present
for LD0 and POPCbil, to the left of peak I).

One other important feature in all LD systems is that the
glycerol atoms of TO molecules tend to cluster together
regardless of the ST. This is clearly seen in the snapshot
of Fig. 1 b and translates to two peaks in the density profile
(Fig. 1 a). Since TO molecules are not purely hydrophobic
(unlike alkanes), this clustering is thus not entirely surpris-
ing. Driven by the hydrophobic effect, the system minimizes
the contacts between hydrophobic and hydrophilic moieties.
In our trilayer systems, the glycerol moieties of TO mole-
cules form flat layers (Fig. 1). However, in the pureTO sys-
tem, glycerols also cluster together, but they do not form
layers (Fig. S7). This finding suggests that the ordering of
TO molecules is likely to be induced by interactions with
the neighboring POPC monolayer. Finally, this observation
was confirmed by CG simulations: in the presence of a
higher amount of TO (Fig. S8), the middle of this layer
approaches what could be the core of a real LD, that is,
TO molecules cluster together but without any specific
order. as in the pure liquid state. In the remainder of this
article, we call these TO molecules ‘‘bulk’’ TO. Notably,
no appreciable differences for what pertains to LD surface
properties, including interdigitation, are observed when
varying the number of TO molecules.

In agreement with previous simulations (20,21), we
observed a significant hydration of the TO layer in all LD sys-
tems. Although ourMD simulations were startedwithout any
water in this hydrophobic portion, we observed water mole-
cules going in and out of the TO compartment by crossing
both POPCmonolayers. Once in the TO compartment, water
molecules could reside a few tens of nanoseconds by making
hydrogen bonds with the TO glycerol atoms (Fig. S9).
The number of water molecules inside the TO was fairly
constant (~10 for 204 TO and 200 POPC) with a turnover
of molecules coming in and out (Table S10), and it showed
no dependence on ST. This value corresponds to a water con-
tent of ~1 g per kg of oil, and it is consistent with experi-
mental measurements of water content in extra virgin olive
oils (in which TO is the major component) (48).
Conformational analysis of TO molecules
assessed by UA simulations

To assess whether the conformational flexibilty of TO
molecules could play a role in modulating LD surface prop-
erties, we next investigated whether they could adopt
different conformations depending on the environment:
liquid, at a hydrophobic (TO/vacuum) or hydrophilic
(TO/W) interface. Since TO molecules can be very flexible
at physiological temperature, we expanded the classification
of TO conformations first proposed by Brasiello et al. (36)
using simple geometric rules to describe the relative orien-
tation of their hydrophobic tails. The results are presented
in Fig. 3 for pureTO, TO/W and LD0 (see Table S11 for
the other conditions).

The first interesting feature is the relative equality of
these populations between pureTO and LD0 systems (of
note, increasing ST has a very small effect, if any, on these
conformational populations; see Table S11). This observa-
tion suggests that the presence of phospholipids near the
TO molecules does not change their behavior conformation
wise, as if the oil phase of the LD was close to the liquid
state (bulk TO). In a sense, this demonstrates that a phos-
pholipid monolayer is a good ‘‘container’’ for oil; the hori-
zontal TO clustering underneath the POPC monolayer
(Fig. 1) thus has no effect on TO conformations.

In pureTO and LD systems, the most highly populated
conformation is ‘‘T’’ (~33%), which could represent the
Biophysical Journal 112, 1417–1430, April 11, 2017 1421



FIGURE 3 Conformational analysis of TO molecules in UA simulations.

(a) Snapshots of the different ideal conformational classes. Also shown are

the names of the different classes and arrow sketches of them. (b) Compar-

ison of the different TO conformational populations between three systems

(pureTO, TO/W, and LD0). For all conformational classes and simulations,

the error was systematically <0.2%. Numerical values and error are

detailed in Table S11. To see this figure in color, go online.
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main part of bulk TO. Next, we find ‘‘Stacker’’ (~20%),
‘‘Fork’’ and ‘‘Chair’’ (~10%), then ‘‘Right Hand’’ and
‘‘Trident’’ (<10%). Of note, because of symmetry, some
conformations are more likely to occur because they can
arise through multiple ways, whereas others, such as ‘‘Tri-
dents,’’ can only form in one way.

Importantly, the number of ‘‘Trident’’ conformations in-
creases by 350% going from LD0 or pureTO to the TO/W
system. ‘‘Stacker’’ conformations also increase by 59%.
These increases occur mainly at the expense of ‘‘T’’ and,
to a lesser extent, ‘‘Chair’’ and ‘‘Fork.’’ Although the
‘‘Trident’’ should be entropically unfavorable, this confor-
mation is most suited to a hydrophilic interface, since it
allows the glycerol moiety to be exposed to water. This ex-
plains its abundance in TO/W. The ‘‘Stacker’’ conformation
is also favored, for the same reason but to a lesser extent.
Exposing TO polar atoms to water is an efficient way to alle-
viate ST: TO/W ST at 20�C is ~32 mN/m (42), whereas
dodecane/water ST is >50 mN/m (49).
Effect of ST on surface properties of LD systems
assessed by UA simulations

Unlike in lipid bilayers, monolayers can undergo extensive
stretching (with major variations in area per lipid) at the cost
of increasing ST. ST, sometimes called also interfacial ten-
1422 Biophysical Journal 112, 1417–1430, April 11, 2017
sion for liquid/liquid interfaces, is a key parameter to
describe emulsions. We thus investigated the effect of
increasing ST on our systems (Table 2). The range of ST
in our simulations is consistent with that typically used in
in vitro experiments (0–20 mN/m) (15,50).

As expected, POPC monolayer thickness decreases for
increasing ST (see Table 2); this behavior can be explained
by the larger lateral space accessible to the aliphatic
chains at high ST. Interestingly, the other properties (diffu-
sion, interdigitation, and order parameters) do not change
much for moderate ST (LD0–LD5 systems translating
from 0 to ~7.7 mN/m) but can substantially vary for
LD10 (corresponding to ~12.8 mN/m). This is especially
significant for interdigitation, which remains constant, at
~7.2 Å, from 0 to 7.7 mN/m, and ‘‘jumps’’ to 8.2 Å for
an ST of ~12.8 mN/m.

Finally, we determined the presence of interfacial lipid-
packing defects in model LDs, also as a function of ST,
with the aim of comparing these defects to those evaluated
in lipid bilayers of different compositions (12). As previ-
ously described (51), we distinguish between two different
types of defects: 1) deep packing defects, i.e., those that
extend below the glycerol level of the lipid monolayer,
and 2) shallow packing defects, i.e., those that emerge at
the surface and are above the glycerol level of the lipid
monolayer. Previous studies have shown that these defects
facilitate the binding of AHs with different chemistries,
with AHs with large hydrophobic residues preferentially
binding to membranes enriched in deep packing defects
and AHs with small hydrophobic residues preferentially
binding to membranes enriched in shallow packing defects
(51,52).

The results are presented in Fig. 4. UA simulations show
that both deep and shallow defects tend to slightly increase
from POPCbil to LD0. This increase probably originates
from a higher interdigitation (Table 2) between TO and
POPC compared to leaflet/leaflet interdigitation in a POPC
bilayer. Lipid-packing defects also increase for increasing
ST. This behavior is not unexpected, since area per
lipid also increases as a function of ST (Table 2). However,
this increase in lipid-packing defects is very modest up
to ~10 mN/m but becomes significant above this value,
especially for shallow packing defects. For reference,
values >9–10 Å2 for deep defects are indicative of mem-
branes that typically show a high avidity for peripheral pro-
teins (10,12,53). Interestingly, this increase in lipid-packing
defects at high ST correlates well with the increase in
interdigitation.

Whereas the existence of a bimodal regime would be of
marked interest to understanding protein binding to LDs,
our UA simulations are still limited in terms of sampling
and system size, especially for what concerns the calcula-
tion of lipid-packing defects at different STs. We thus
moved to CG simulations to tackle these two issues and to
simulate larger systems over longer timescales.



FIGURE 4 Packing-defect constants as a function of ST in UA simula-

tions. (a) Deep packing defects. These defects extend at least 1 Å below

the average z-level of glycerol atoms. (b) Shallow packing defects. These

defects are above the set threshold of 1 Å below the average z-level of glyc-

erol atoms. The higher the packing-defect constant, the higher the probabil-

ity of making large defects (10). In this figure, each cross represents an

average of both ST and packing-defect constant over one simulation. For

better clarity, uncertainties are not represented. Tabulated values and uncer-

tainties for each simulation are detailed in Table S12. To see this figure in

color, go online.
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Structural properties of LD systems assessed by
CG models

To overcome sampling issues, we next investigated model
LDs using CG MD simulations. We first used the MARTINI
force field (38), since this model has been previously used to
characterize model LDs (20,21,25) or nascent LDs (22).

To assess the extent to which this model is able to describe
the complex chemical composition of model LDs, we first
computed a number of structural properties and compared
them with the results obtained for analogous simulations at
atomistic resolution, as described in the previous sections.

As shown in Table 3, several key properties (area per
lipid, deep lipid-packing defects, hydration, etc.) are faith-
fully reproduced by this model. Also, MARTINI appears
to be able to correctly describe the preferential conforma-
tion of TAGs inside the model LDs, as well as in pure
TO systems devoid of the phospholipid monolayers
(Table S13).

However, both interdigitation and shallow lipid-packing
defects are substantially overestimated using this model
(Table 3). These findings, together with previously reported
shortcomings of MARTINI when dealing with monolayers
at both air/water (26,27) and oil/water (25,27) interfaces,
suggest that this model may not be optimally suited for
investigating surface molecular properties of ternary LD-
like systems.

We next tested the CG model based on the parameteriza-
tion method by Klein et al. (28). The method has been put
forward to study lipids and surfactants (54,55) and it is
based on a mixed 3:1 and 2:1 heavy atoms/CG beads map-
ping, so it features a slightly higher resolution than the
MARTINI model, which mostly uses a 4:1 mapping. In
addition, the Shinoda-DeVane-Klein (SDK) parameteriza-
tion method (39) fits non-bonded force-field parameters
against interfacial tension measurements and is therefore
particularly well suited to study emulsions (28).

To simulate LD model systems, we developed CG param-
eters for TO molecules according to the general procedure
of the SDK model (28) (see the Supporting Material text
and Fig. S4). In particular, bonded parameters were derived
from the UA simulations of pure TO systems, whereas non-
bonded parameters (sij, εij) were taken from the analogous
groups in phospholipids, with the exception of interactions
between TO ester groups and water molecules, which
were tuned to reproduce the interfacial tension of TO mol-
ecules with water. Using these parameters, we could
correctly reproduce both available experimental properties
(Table 4), as well as the conformation of TO molecules in
pure TO and TO/W systems, as observed in UA simulations
(Fig. 5; Table S14).

Next, we prepared LD-mimicking TO-POPC-water sys-
tems. Again, we could reproduce both global and structural
properties of LD systems computed using UA simulations
(Table S14). The only substantial difference between the
SDK CG model and its UA counterpart is a somewhat less
ordered distribution of TO molecules inside the LD core,
as can be appreciated from the lateral density profiles
(Fig. S8) and from the LPPs of the pure TO/W systems
(Figs. 2 and 8, blue lines). This discrepancy may originate
from excessively low entropic barriers in the CG model,
as well as from an inadequate TO depth along the membrane
normal (z) in the UA simulations.

On the other hand, with the sole exception of ‘‘Fork’’ con-
formations, which are slightly (22%) underestimated by the
CG model, all other TO conformations, as well as their var-
iations depending on the environment (pure TO system,
TO/W interface, or LD system), are quantitatively repro-
duced with minimal errors (Fig. 5).
Biophysical Journal 112, 1417–1430, April 11, 2017 1423



TABLE 3 Comparison of LD Properties between Atomistic and CG Simulations

Area per

Lipid (Å2)

Monolayer

Thickness (Å) Interdigitation (Å)

Deep Lipid-Packing

Defects (Å2)

Shallow Lipid-Packing

Defects (Å2)

Water/Oil

Content (g/kg)

UA model 66.4 5 0.4 13.0 5 0.4 7.3 5 0.4 9.2 5 1.4 10.9 5 1.1 0.9 5 0.2

MARTINI 65.4 5 0.4 15.2 5 0.6 14.8 5 0.4 9.3 5 0.2 16.1 5 0.2 0.8 5 0.8

CG model (SDK) 66.2 5 0.5 13.4 5 0.5 8.1 5 0.1 9.2 5 0.2 12.5 5 0.2 1.5 5 0.6

Bacle et al.
Surface properties of LD systems assessed by CG
simulations

We next focused on the surface properties of LDs, notably
the characterization of lipid-packing defects. As a first
step in investigating whether this CG model is able to
correctly reproduce this property in ternary systems, we
computed lipid-packing defects in a configuration that was
directly derived from the UA LD simulations described
above. Notably, we find that this CG model is able to faith-
fully reproduce both deep and shallow defects from UA sim-
ulations (Table 3).

However, when doubling the lateral dimensions of the
simulation box (increasing the number of POPC mole-
cules per leaflet from 100 to 400), we observed that
deep defects in LDs decreased (from 9.2 5 0.2 Å2 to
8.1 5 0.1 Å2), whereas shallow defects increased (from
12.5 5 0.2 Å2 to 14.1 5 0.1 Å2). To rule out the possi-
bility that this effect was an artifact of the CG force field,
we performed an analogous UA simulation in which we
also increased by four times the interfacial surface of
our LD model. In agreement with the CG model results,
in UA simulations, we also observed a decrease in
deep lipid packing defects (from 9.2 5 1.4 Å2 to 7.5 5
0.1 Å2) and an increase in shallow ones (from 10.9 5
1.1 Å2 to 11.8 5 0.3 Å2). Remarkably, this effect was
not observed in lipid bilayers, where increasing the lateral
dimension had no effect on lipid-packing defects in either
UA or CG simulations.

We hypothesized that these size-dependent effects may
originate from a different response of the ternary LD sys-
tems, compared to those of a lipid bilayer, to the suppression
of long-wavelength undulations that occurs with decreasing
system size. To test this hypothesis, we first confirmed that
decreasing the lateral (x,y) dimensions decreases undula-
tions (Fig. S15) by measuring the fluctuations of the
POPC phosphate groups around their equilibrium z coordi-
nate (normal to the interfacial plane). Next, we computed
TABLE 4 Comparison between Computed and Experimental

Values Using Our CG Model Based on SDK Parameterization

TO Density

(g/cm3)

TO/air ST

(mN/m)

TO/W Interfacial

Tension (mN/m)

Water/Oil

Content

(g/kg)

CG (SDK) 0.915 5 0.1 31.9 5 0.2 32.0 5 0.1 1.5 5 0.6

Experiment 0.915a 35.8(43) 32.0(43) 0.7–2.0(48)

ahttps://pubchem.ncbi.nlm.nih.gov/compound/Triolein.

1424 Biophysical Journal 112, 1417–1430, April 11, 2017
the interdigitation between TO molecules and surface
POPC lipids, and we found that increasing the lateral dimen-
sions substantially increases interdigitation in LD systems
(from 8.1 5 0.1 Å to 10.4 5 0.3 Å in CG and from
7.3 5 0.4 Å to 9.3 5 0.4 Å in UA simulations). This in-
crease of interdigitation should also be facilitated in LD sys-
tems, because the oil could act as a ‘‘reservoir’’ and adapt to
the shape of the POPC leaflet, unlike in a lipid bilayer,
where the two leaflets are coupled.

Finally, we computed the LPP for the two LD systems of
different sizes and compared them to that of a pure POPC
bilayer. As shown in Fig. 6, the LPPs were substantially
different when the lateral dimensions of the simulation
box were increased, with the smaller system (Fig. 6, black
dotted line) showing a pressure profile much more similar
to that of a POPC bilayer (Fig. 6, red line). In particular,
increasing the lateral dimensions of the box led to a decrease
in all the prominent pressure-profile peaks, both repulsive
and attractive, despite the fact that there were no changes
in the overall ST (which remains negligible in all cases).
Regardless of system size, however, the spontaneous curva-
ture of the lipid monolayer (as assessed from the first
moment of the LPPs), remained negative both in the
POPC bilayer and in the LD simulations, in agreement
with the values obtained in the UA simulations. However,
FIGURE 5 Conformational analysis of TO molecules in CG-SDK simu-

lations. Shown is a comparison between the CG and UA analyses of TO

conformational populations in the three main systems discussed in the

text: pureTO, TO/W, and LD. With the sole exception of ‘‘Fork’’ conforma-

tions, the CG model reproduces accurately all of the UA populations. For

all conformational classes and simulations, the uncertainty was systemati-

cally <0.2%. Numerical values are detailed in Table S14. To see this figure

in color, go online.
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FIGURE 6 Size dependence of LPPs in LD systems in CG-SDK simula-

tions. (Top) Snapshot of an LD interface. (Bottom) Lateral pressure along

the membrane normal. Two positive peaks (repulsion between the polar

heads of phospholipids (I) and between the POPC acyl chains and the TO

molecules (III)) and one negative peak (attraction between the POPC mol-

ecules at their hydrophilic/hydrophobic interface (II)) can be observed. The

xy surface area of the LD ‘‘UA size’’ model (black dotted line) is one-fourth

that of the LD system (black solid line). The LPP of a pure POPC bilayer

using the CG force field is shown for comparison. To see this figure in color,

go online.

FIGURE 7 Effect of ST on LD surface properties in CG-SDK simula-

tions. (a) Pressure-area (P-A) isotherm of LDs. The surface pressure is

defined as P ¼ g � g0, where g0 ¼ 32 5 0.1 mN/m is the ST of TO at

the TO/W interface (see Table 4). (b) Deep and shallow lipid-packing de-

fects as a function of ST in model LDs. (c) Interdigitation as a function

of ST in model LDs. To see this figure in color, go online.

In Silico Lipid Droplets
the capability of the SDK CG model to reproduce lipid
spontaneous curvature has never been comprehensively
established, and further studies will be needed to address
this aspect.

In summary, interdigitation between TAGs and phospho-
lipids leads to a modest decrease in deep lipid-packing de-
fects and to an increase in shallow ones with respect to
lipid bilayers. These changes reflect variations in the LPP
of the monolayer interface, where all pressure-profile peaks
(both positive and negative) are less pronounced (Fig. 6,
black line) than in lipid bilayers of analogous phospholipid
composition (Fig. 6, red line). Remarkably, these differ-
ences cannot be observed when long-wavelength undula-
tions are suppressed, e.g., in the case of a small simulation
box, whereas this is not the case for lipid bilayers.
Effect of ST on LD systems assessed by CG
simulations

Next, we focused on the effect of ST on surface properties.
First of all, our CG model can reproduce the expected decay
of theP-A isotherm of the system over a large range of sur-
face pressures, in qualitative agreement with experimental
measurements (50) (Fig. 7 a).
We then computed the variation in both deep and shallow
lipid-packing defects as a function of interfacial tension.
The results are shown in Fig. 7 b. In agreement with UA
simulations, we observed an increase in lipid-packing de-
fects as a function of ST, and a possible two-regime
behavior is observed starting at ~10 mN/m. This effect is
especially prominent for shallow packing defects. Interest-
ingly, the increase in lipid-packing defects for increasing
STs is modest up to 10 mN/m. As a consequence, within
Biophysical Journal 112, 1417–1430, April 11, 2017 1425
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this range of STs, lipid-packing defects in model LDs are
remarkably similar to those of the most common phospho-
lipid bilayers (POPC and dioleoylphosphatidylcholine)
and very likely similar to those of membranes of the early
secretory pathway (56), of which LDs are a part.

Finally, we focused on the molecular basis of the
observed increase in packing defects as a function of ST.
In particular, we wondered whether, besides the obvious in-
crease in area per lipid when increasing ST, the presence of
TO molecules interacting with the lipid monolayer could
play a prominent role.

As a first test, we analyzed the change in the conforma-
tions of the TOmolecules for increasing STs. Only marginal
changes were observed for a large range of STs, even when
focusing solely on interfacial TO molecules in close contact
with the POPC monolayer (Table S16). Next, we computed
the LPPs at different STs and we compared them to that of a
pure TO/W system (Fig. 8).

Interestingly, although the repulsive peak between polar
heads (I) does not vary as a function of ST (with the obvious
exception of the TO/W system that lacks phospholipids), a
significant increase in the attractive peak in the interfacial
layer between the polar head and the acyl chains of POPC
molecules (II) can be observed. This peak corresponds to
the main peak between TO and water in the TO/W system.

Although variations in this peak seem to be continuous in
the range 0–20 mN/m, the two-regime behavior observed
for lipid-packing defects can be observed in the subsequent
1426 Biophysical Journal 112, 1417–1430, April 11, 2017
positive peak (III, Fig. 8, inset), which corresponds to the
interface between the phospholipid chains and the TO mol-
ecules. Although this peak is essentially unchanged in all
simulations, with ST <10 mN/m, significant changes can
be observed above this value, with an important decrease
in this peak indicating a better mixing between POPC chains
and TO molecules at high ST. This behavior is accompanied
by a marked increase in the interdigitation between TO and
POPC molecules (Fig. 7 c) to >10 mN/m and is consistent
with the results of the UA simulations (Table 2).
DISCUSSION

Intracellular LDs have been attracting considerable interest
in the last few years and are now regarded as a bona fide
intracellular organelle that is crucially involved in many
lipid trafficking pathways (1,14,57). However, obtaining a
molecular understanding of cellular processes that take
place at the surface of LDs has proven particularly difficult.
In vitro reconstitution of ternary systems mimicking
LDs is even trickier than the corresponding reconstitution
for lipid bilayers, given the unique challenges that oil pre-
sents for manipulation, and because of its light-scattering
properties (3).

Similarly, MD simulations of ternary systems mimicking
LDs are much more challenging than those for lipid bilayers
and, as such, are much less frequent in the literature. Some
of the technical difficulties are quite obvious: because of the
FIGURE 8 Effect of ST on the LPPs of model

LDs in CG-SDK simulations. (Top) Snapshot of

an LD interface. (Bottom) Lateral pressure as a

function of the ST. The positive peak between

the polar heads of phospholipids (I) is not affected

by ST, whereas major changes can be observed in

the negative attractive peak at the hydrophilic/

hydrophobic interface of POPC molecules (II).

Also, variations in height and shape can be

observed in the positive peak between the POPC

acyl chains and the TO molecules (III), in partic-

ular for values >10 mN/m (purple and red lines).

The integral of this peak (inset) is quite constant

for low ST but shows a substantial decrease from

10 mN/m to higher STs. The LPP of a TO/W inter-

face using the CG model is shown for comparison.

To see this figure in color, go online.
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oil layer that separates the two phospholipid monolayers,
the required system size is larger, and more computational
resources are needed to achieve comparable sampling.
Also, system equilibration is not limited to the membrane
plane, but is also required along the membrane normal
and between neutral and surface lipids. Other challenges
are more subtle: due to the natural friction and interdigita-
tion between the surface layer of phospholipids and the un-
derlying oil core, we observed important size effects on both
LPPs and lipid-packing defects. These effects are unique to
LD-mimicking ternary systems, being absent in MD simula-
tions of lipid bilayers, and they underline the importance of
investigating these systems at different levels of resolution.

We have demonstrated how ST crucially modulates
the properties of the LD surface. Unlike in lipid bilayers,
where the range of accessible tensions is very small
(10�3–10�1 mN/m), LDs can access a large spectrum of ten-
sions (0–20 mN/m), and it has been suggested that interac-
tions between LDs and proteins take place within this range
in vitro (15,42). In addition to the expected increase in lipid-
packing defects upon ST increase, our simulations indicate
the presence of a bimodal behavior, with a modest increase
of overall defects below z10 mN/m and a sharper increase
above this value, especially for shallow lipid-packing de-
fects. This behavior originates from changes in the LPP at
the interface between surface lipids and TAGs, leading to
a substantial increase in interdigitation between the two spe-
cies above this value. Furthermore, the main contribution to
the ST in the LPP of the LD monolayer originates at the
hydrophobic/hydrophilic interface located approximately
around the glycerol level of the phospholipids. This peak
is markedly lower in LDs in the absence of ST, compared
to the corresponding peak for a lipid bilayer, and it becomes
comparable at ~10 mN/m.

Our findings provide interesting insights into numerous
processes involving intracellular LDs. First, our observation
that lipid-packing defects in model LDs resemble those of
model ER and Golgi membranes gives a structural explana-
tion to the puzzling observation that several proteins that are
traditionally localized to the ER and/or the Golgi apparatus
can also bind to LDs (4–6). Since all these proteins possess
an AH motif, these results are consistent with the model we
recently proposed, suggesting that membrane packing de-
fects, as measured in MD simulations, can be used as a
proxy to predict the binding of AH-containing peripheral
proteins in vitro and in vivo (10,12,53,56). At the same
time, we could observe significant differences in the LPPs
of LDs when compared to pure lipid bilayers (Fig. 6). Since
it has been suggested that AH-containing peripheral pro-
teins sense membrane stresses (58), it is tempting to specu-
late that proteins that target or interact specifically with LDs
might be able to sense these differences, unlike proteins that
target both LDs and other membranes.

In addition, the behavior observed for LD surface proper-
ties as a function of ST suggests an intriguing scenario:
when ST is <10 mN/m, only proteins that possess AHs
‘‘well-adapted’’ to LDs and to membrane binding can selec-
tively target LDs; when ST goes above 10 mN/m, several
proteins, including those that should not bind to LDs phys-
iologically, may be recruited to LDs. This dual-mode
behavior could be potentially tested in vitro by controlling
LD STwith microfluidic devices (15) or micromanipulation
techniques (50). Also, a direct consequence of the previous
observation is that we can speculate that the ST of intracel-
lular LDs is unlikely to increase beyond 10 mN/m in non-
pathological conditions; otherwise, the consequences to
intracellular trafficking would be significant.

The observation that interdigitation remains constant for
ST of <10 mN/m, whereas it increases dramatically for ST
above this threshold, is also surprising, and it has poten-
tially important implications in TAG metabolism. Lipid re-
modeling enzymes, and specifically those that break down
TAGs (such as adipose TAG lipase, for example) are found
at the surface of LDs (59). Even though their exact mech-
anism of action remains unknown, increasing substrate
availability, as in the case of increased interdigitation,
should probably enhance their activity and hence TAG
breakdown. Thus, our simulations suggest only marginal
increased activity of adipose TAG lipase as a function
of ST for values <10 mN/m and a substantial increase
above this threshold. Of note, breakdown of TAGs would
not only decrease the number of oil molecules in the
core but also would increase the number of surfactant mol-
ecules (breakdown of one TAG results in the formation of
one free fatty acid and one diacylglycerol). Since those
molecules would reduce ST, our observations suggest the
possible presence of a feedback mechanism whereby
upon reaching values of ST of z10 mN/m, lipase activity
would substantially increase, or, conversely, a ST increase
above 10 mN/m would be strongly prevented in the pres-
ence of lipases.

Our simulations also have interesting ramifications for
what pertains to the mechanism of LD biogenesis. Even
though this process is largely unknown, it has been convinc-
ingly proposed that LD formation may start from the accu-
mulation of TAG molecules between the two leaflets of the
ER (22). In such a scenario, a transition from a lipid bilayer
devoid of TAGs to a fully formed LD would involve struc-
tural changes similar to those we observed when we
increased the lateral size of our simulation box. Our MD
simulations suggest that an increase in LD size is coupled
to a decrease in both lipid-packing defects and the main
peaks of the LPP (Fig. 6). According to previous theories
(12,58), this may lead to a decrease in the free energy of
binding for AH-containing peripheral proteins and hence
to their possible unbinding from the membrane surface.
Thus, our simulations suggest an interesting molecular
mechanism whereby upon LD formation, proteins that
were initially recruited to the ER membrane are then
expelled (possibly to make room for LD-specific proteins)
Biophysical Journal 112, 1417–1430, April 11, 2017 1427
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precisely at the site of LD formation and simply as a conse-
quence of changes in the underlying membrane properties.

In conclusion, understanding how the unique lipid com-
position of LDs affects their interactions with proteins is a
key aspect in LD research. Our observation that not only
surface lipids, but also neutral lipids forming the core of
LDs, may play a role in shaping surface properties of
LDs, and hence in protein targeting, is intriguing. Neutral
lipids with different shapes and chemical properties may
interact differently with surface phospholipids, due to either
entropic or enthalpic contributions. Interestingly, the ratio
between TAGs and cholesteryl esters has been proposed as
a key factor for protein binding to LDs in cellular experi-
ments (60), although results conflicting with this finding
have also been reported (61,62). We foresee that future
MD simulations addressing the lipid complexity of LDs
may help to shed light on these questions.
CONCLUSIONS

In this work, we used MD simulations at different resolu-
tions (UA and CG, for which a new model, to our knowl-
edge, for TAGs is developed and validated) to extensively
investigate the structural and dynamical properties of
ternary systems composed of TAGs, phospholipids, and
water, mimicking intracellular LDs.

Our simulations indicate that the LD surface has both
similarities to (area per lipid, order parameter, POPC thick-
ness, and lipid diffusion) and differences from (interdigita-
tion and LPPs) that of lipid bilayers, providing a first clue
of how the uniqueness of the LD membrane may play a
role in modulating several cellular processes taking place
on the surface of this organelle.

Although this work is only a step toward unveiling the
complex cellular mechanisms involving intracellular LDs,
our results indicate that MD simulations may become a
powerful tool to investigate these processes at the molecular
level, especially in combination with cell biology experi-
ments and in vitro reconstitutions.
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