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Lipid droplets (LDs) are organelles that are necessary for
eukaryotic and prokaryotic metabolism and energy storage.
They have a unique structure consisting of a spherical
phospholipid monolayer encasing neutral lipids such as
triacylglycerol (TAG). LDs have garnered increased interest for
their implications in disease and for drug delivery applications.
Consequently, there is an increased need for tools to study their
structure, composition, and dynamics in biological contexts. In
this work, we utilize CHARMM-GUI Membrane Builder to
simulate and analyze LDs with and without a plant LD protein,
oleosin. The results show that Membrane Builder can generate

biologically relevant all-atom LD systems with relatively short
equilibration times using a new TAG library having optimized
headgroup parameters. TAG molecules originally inserted into a
lipid bilayer aggregate in the membrane center, forming a TAG-
only core flanked by two monolayers. The TAG-only core
thickness stably grows with increasing TAG mole fraction. A
70% TAG system has a core that is thick enough to house
oleosin without its interactions with the distal leaflet or
disruption of its secondary structure. We hope that Membrane

Builder can aid in the future study of LD systems, including their
structure and dynamics with and without proteins.

Introduction

Lipid droplets (LDs) are essential energy-storing organelles that
house neutral lipids such as triacylglycerols (TAGs) and sterol
esters. The LD core is encased by a phospholipid monolayer
with embedded proteins, making LDs highly diverse and
structurally complex. LDs are found in a variety of prokaryotic
and eukaryotic organisms and are particularly abundant in plant
seeds. Therefore, understanding the nature, biogenesis, and
function of LDs is important and requires an in-depth explora-
tion at the molecular level.

The formation of LDs in eukaryotic organisms is a complex
multistep process involving a host of proteins and lipids. In
short, neutral lipids, which are initially evenly dispersed within
the endoplasmic reticulum (ER) membrane, reach a critical
concentration at which point they begin to coalesce, pushing
the leaflets apart to form a lens-like structure.[1] Next, the lens-
like structure is transformed into a droplet structure by
membrane proteins such as seipin and lipid droplet assembly
factor 1 (LDAF1).[2] Finally, the nascent LD buds off of the
cytosolic leaflet of the ER membrane.

Previous molecular dynamics (MD) simulation studies have
successfully modeled various steps in the LD formation process
such as leaflet separation, lens-formation, and budding.[3–5] For

example, Kim et al. successfully observed seipin-aided LD
budding using a coarse-grained simulation of a large spherical
bilayer.[3] However, long system equilibration times, limited
monolayer compositions, and lack of protein incorporation in
the initial system have limited the scope of these studies.
Therefore, there is still an urgent need to improve and enhance
MD studies of LDs.[3,6,7]

In this work, oleosin is used as a model protein to observe
LD nucleation using all-atom MD simulations. Oleosin is a
protein embedded in the phospholipid monolayers of plant
LDs, and is thought to be particularly important for LD
stabilization.[8] It consists of an amphipathic C-terminal domain,
a hydrophobic hairpin that loops into the neutral lipid core of
the LD, and a hydrophilic N-terminal domain.[9,10] Presumably,
oleosin’s unusually long hydrophobic hairpin makes it partic-
ularly well suited for LD stabilization as most other proteins do
not penetrate as deeply. Therefore, successful generation of a
core thickness that can accommodate oleosin can be deemed
as sufficiently thick for most simulation studies.

The primary aim of this work is to demonstrate the use of
CHARMM-GUI[11] Membrane Builder[12,13] to model and simulate
LDs by utilizing an extensive TAG library and easily custom-
izable membrane parameters. Specifically, we have added 41
TAG molecules derived from 7 different fatty acids of various
chain lengths and degrees of saturation. These TAGs can be
assembled into a bilayer in any combination with the other
lipids available in Membrane Builder. To demonstrate Membrane

Builder’s ability to build LDs, we simulated pure POPC and ER
membranes with varying concentrations of triolein. Additionally,
we integrated oleosin into the POPC-triolein systems to
evaluate its structure and dynamics in an LD environment. This
study demonstrates that Membrane Builder can be used to
model an LD with or without proteins.
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Computational Methods

CHARMM-GUI Membrane Builder Implementation for Lipid

Droplets

Membrane Builder supports seven lipid tails such as palmitoyl
(16 :0), stearoyl (18 :0), oleoyl (18 :1), linoleoyl (18 :2), linolenoyl
(18 :3), aracheoyl (20 :0), and gadoleoyl (20 :1) that are attached
to a glycerol backbone in different combinations to create 41
TAG lipid types. Within Membrane Builder, users can choose one
of standard headgroup parameters derived from the
CHARMM36 lipid force field[14] based on diacylglycerol (DAG)
parameters or optimized DAG and TAG headgroup parameters
(developed by Vanni and coworkers) that are relatively more
hydrophobic.[15] An initial surface area of 90 Å2 is assigned to
each TAG lipid, and one can adjust the exact number or ratio of
such lipids and their area if necessary.

Simulation Systems and Details

As shown in Table 1, we built and simulated a total of 10 lipid-
only LD systems: 5 with POPC (palmitoyl-oleoyl phosphatidyl-
choline) and 5 with a lipid composition that mimics the ER
membrane in Table 2.[16] All membranes are symmetric and
neutralized with 0.15 M NaCl using a TIP3P water model[17] at

310 K. Each simulation was performed using OpenMM[18] and
with inputs generated by Membrane Builder.[12,13,19,20] A six step
equilibration process was followed per Membrane Builder’s

default protocol.[19] 250 ps of NVT (constant particle number,
volume, and temperature) dynamics with a 1 fs time step was
applied. Next, the NPT (constant particle number, pressure, and
temperature) ensemble was used for a period of 125 ps with a
1 fs timestep and another period of 1.5 ns with a 2 fs time step.
During equilibration, the force constants on the positions and
configurations of lipid and water molecules were gradually
reduced and became zero at the end of the equilibration. Five
replicates were generated for each lipid-only system and the
production was run for 1 μs with 4-fs time step using the
hydrogen mass repartitioning technique.[20,21] We applied the
SHAKE algorithm to bonds with hydrogen atoms.[22] Addition-
ally, a force-switching function between 10 Å and 12 Å with a
cutoff at 12 Å was applied to van der Waals interactions.[23]

Meanwhile, electrostatic interactions were calculated using the
particle-mesh Ewald method.[24] A semi-isotropic Monte Carlo
barostat and Langevin dynamics friction coefficient of 1 ps�1

were used to maintain pressure (1 bar) and temperature
(310 K).[25,26] An Alphafold[27,28] model of oleosin[29] was simulated
for 1.5 μs in a mixture of 30% POPC and 70% TAG using the
same simulation protocol used for the lipid-only simulations.

Analysis

Each lipid-only system trajectory was analyzed for XY system
dimensions, membrane thickness (2Dc), and deuterium order
parameters (Scd). Protein system trajectories were analyzed for
helix tilt angles, protein-LD interaction patterns, and helicity.
Each result represents the averaged value and standard error of
5 replicates for each system.

The X and Y dimensions of the system (i. e., the membrane
area) were recorded as a function of time over the whole
trajectory in order to assess simulation equilibration: X=Y
throughout the simulation. All lipid-only systems are equili-
brated before 500 ns (see Results and Discussion). 2Dc was
measured as the difference between the average Z-positions of
the first carbons on the tails of non-TAG lipids in the upper and
lower leaflets. 2Dc was utilized as a measure of the LD core size
by comparing each membrane system with a control system
with no TAG. 2Dc was recorded as a function of time to examine
the growth of the LD core over the course of the trajectory. Scd
quantifies the acyl chain order of lipids: Scd= <3 cos2θ-1> ,
where θ is the angle between the C�H vector and the
membrane normal (i. e., the Z-axis). In this study, the 16 :0 sn-1
chain of POPC’s Scd was analyzed over the whole trajectory for
each system.

The DSSP algorithm[30] was used to analyze the secondary
structure of target oleosin residues where α-helical conforma-
tions are likely present. Analysis was run on the last 500 ns of
simulation for residues predicted to be α-helices by the
Alphafold model. The helix tilt angle was calculated as the
angle formed between the membrane normal and the vector
connecting the Cα atoms of the beginning and ending residues

Table 1. Number of TAGs per leaflet of each system size.

%TAG # Non-TAG Lipids[a] # TAG

30% 150 64

40% 150 100

50% 150 150

60% 150 225

70% 150 350

[a] Non-TAG lipids are either POPC or ER membrane lipids in Table 2.

Table 2. ER lipid components.

Lipid Head (Tail) Lipid Name Number of Lipids
(Outer/Inner)

PC(16 :0/18 :1(9Z)) POPC 24/24

PC(16 :0/18 :2(9Z,12Z)) PLPC 27/27

PC(18 :0/20 :4(5Z,8Z,11Z,14Z)) SAPC 40/40

PE(16 :0/18 :1(9Z)) POPE 8/8

PE(16 :0/18 :0) PSPE 12/12

PE(18 :0/20 :4(5Z,8Z,11Z,14Z)) SAPE 10/10

PI(18 :0/20 :4(5Z,8Z,11Z,14Z)) SAPI 5/5

PI(18 :0/18 :2(9Z,12Z)) SLPI 4/4

PS(18 :1(9Z)/18 :2(9Z,12Z)) OLPS 5/5

SM(d18 :1/16 :0) PSM 6/6

PA(16 :0/18 :1(9Z)) POPA 2/2

CHOL CHOL 7/7

TOTAL 150/150
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in each helix over the last 500 ns. Oleosin-LD interaction
patterns characterize the interactions of each protein residue
with certain molecules or moieties within 4 Å of the residue;
they are the headgroup of phosphatidylcholine (PC) lipids, the
acyl tails of PC lipids, the glycerol backbone of TAG, the acyl
tails of TAG, and water. The normalized frequencies of these
interactions over the last 500 ns of the trajectory are shown.

Results and Discussion

CHARMM-GUI Membrane Builder Provides an Easy Way to

Build Lipid Droplet Models

In our previous study,[4] full TAG aggregate development took
over 1-μs simulation using the standard CHARMM36 lipid force
field. Furthermore, only the 60% TAG system reached an
equilibrium state with a sheet-like TAG core forming at the
bilayer midplane. Utilization of the optimized TAG parameters
including more hydrophobic headgroup partial charges[15] in
each of the lipid-only systems (Table 1, 2) resulted in a notable
difference in the end states of the TAG aggregates and times
required to reach them. In the current simulations, for example,
equilibrium consisting of a sheet-like midplane aggregate was
reached under 300 ns for all systems (Figure 1).

In both our previous and current studies, the same
progression towards equilibration is observed. First, individual
TAGs form small clusters that further aggregate into larger ones
at the midplane after leaving the leaflets. Then, the aggregate
flattens into a uniform sheet, allowing the leaflets to return to a
more planar state and forming a trilayer (Figure 1A–D).
Furthermore, this equilibration process is much faster, com-
pared to about 5 μs equilibration time in the previous work that
utilized pre-equilibrated bulk TAG.[31] Clearly, the LD core
thickness increased correspondingly with TAG contents (Fig-
ure 1E, F) up to 60%. Unfortunately, however, all replicas of
70% lipid-only systems proved unstable and were not suitable

for analysis, representing an upper limit for the TAG fraction
(without protein) in our proposed protocol.

In both our previous and current studies, simulations
utilizing the ER lipid composition observed a slightly faster
equilibration (approximately 50 ns) than those composed of
pure POPC (Figure 1G–H). This emphasizes the utility of
Membrane Builder for generating a lipid-diverse bilayer with
ease that bears a close resemblance to an actual eukaryotic LD.
Additionally, modulating the target thickness of the LD core is
made easy by varying the number of TAG molecules in
Membrane Builder. We can approximate the membrane thick-
ness contribution to the LD core by analyzing the difference
between the equilibrium hydrophobic thickness (Figure 1E, F)
of each system of varying TAG% with that of a pure ER
membrane without TAG. Overall, the simple modularity and
easy system generation using Membrane Builder combined with
short equilibration time provide a robust and time-efficient
option for LD simulation set-up.

Monolayer Properties of LDs

The lipid acyl chain order parameter, Scd, was analyzed in order
to assess the effects of the TAG aggregate on the order of the
phospholipid tails of the bilayer. The Scd values in Figure 2
indicate that POPC molecules in the TAG-ER systems are slightly
more ordered, on average, than in the TAG-POPC systems. For
both systems, a consistent drop in Scd is evident as the
percentage of TAG in the system increases, demonstrating
explicit evidence of TAG’s interactions with and modulation of
the motion of the phospholipids in the two leaflets. Bulk TAG in
the fully matured LD seems to generate interactions with each
leaflet that is enough to modulate the entire phospholipid tails.

As shown in the component density analysis (Figure 3), the
growth of the LD core by pushing the phospholipids outward is
evident. As more TAG is introduced into the systems, its
component density profile expands along the Z-axis, resulting

Figure 1. Snapshots of 30% TAG-POPC system at (A) 0 ns and (B) 1000 ns, and 60% TAG-ER systems at (C) 0 ns and (D) 1000 ns. In (A–D), the orange beads
represent phosphorus atoms in the phospholipid heads and the yellow beads represent the glycerol oxygens in the TAG heads. Hydrophobic thickness time
series of (E) TAG-POPC and (F) TAG-ER systems. X/Y system size time series of (G) TAG-POPC and (H) TAG-ER systems.
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Figure 2. Scd values of POPC in TAG-POPC and TAG-ER systems. Note that the errors are smaller than the symbol sizes.

Figure 3. Component density profiles of lipid-only systems (30–60% TAG) along the Z-axis. Phospholipid densities were calculated using the phosphate atoms
in the lipid head and TAG densities were calculated using the oxygens of the glycerol headgroup of TAG.
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in the phospholipid headgroups moving further away from the
midplane. Notably, the shape of the TAG profile also transforms
with higher amounts of TAG. For the 30% and 40% TAG
systems, the shape follows a quasi-Gaussian distribution with
the bulk of the TAG head around Z=0 as expected. However,
at 50%, there is an inversion where more TAG is centralizing
closer to the interface with the ends of the phospholipid tails
leaving a divot at Z=0. This mirrors observations made in other
simulations.[32,33] The 60% TAG systems show a similar shape
except with a broader “valley” at Z=0. We conclude that the
TAGs located at the bimodal “peaks” are interacting with the
phospholipids in each leaflet most likely via interdigitation of
the TAG tails with the phospholipid tails, which would align the
oxygen atoms of the TAG at a specific Z-position. Therefore,
TAG located in the “valleys” (i. e., between the two “peaks”) are
not interacting with the phospholipid leaflets and have a more
isotropic behavior.

Oleosin Properties and Behavior in LD

Our proposed strategy for simulating LDs introduces an
intriguing scenario when membrane proteins come into play.
Per the Membrane Builder protocol, the bilayer is built around
any membrane proteins and hydrophilic and amphipathic
regions can anchor themselves amongst polar headgroups of
each leaflet. During LD simulations as the TAG aggregates
between the leaflets and pushes them apart, the initial
anchoring of a membrane protein in both leaflets generates an
opposite “pulling” force. Because of this, it is necessary to track
the stability and interactions of those proteins to ensure the
validity of the equilibrium state of the LD.

In this study, simulations of oleosin were conducted in the
70% TAG-POPC membranes, as the protein-containing systems
remained stable at 70% TAG, unlike their lipid-only counter-
parts. The TAG-POPC system is more biologically relevant to
oleosin due to plant LD monolayers consisting mostly of
POPC.[34] Therefore, we excluded the ER systems, although
Membrane Builder can be used to prepare simulation systems
for proteins found in mammalian LDs.

As our oleosin simulations progressed, we observed the
same TAG aggregation at the bilayer midplane (Figure 4).
However, there are two distinct and novel features of the

oleosin simulations around and at system equilibrium. First, as
the thickness of the LD core initially increased, the disordered
loop (aka proline knot, PLFVIFSPIIVP) between helix 1 and helix
2 “anchored” onto the phospholipid-water interface in the trans
leaflet. As a result, the protein appears to pull at the leaflet
creating a cone of water molecules and phosphate groups from
the POPC (Figure 4B). Importantly, the affinity of the proline
knot for water and/or phosphate groups is likely not originating
from the sidechains of the amino acids as they are all very
hydrophobic except for one serine. Instead, it is likely through
backbone interactions that are available due to the lack of
secondary structure. However, upon reaching equilibrium, the
protein fully separates from the trans leaflet, allowing the leaflet
to relax and return to a planar formation (Figure 4C). Note that
even after this relaxation, the helix proline knot is still
surrounded by a few water molecules. Interestingly, we
observed that these simulations reached an equilibrium TAG
core thickness that was smaller than the 60% lipid-only TAG
system even with a higher percentage of TAG (70%) present
(Figure 1E). The amphipathic helix 3 residing within the cis
leaflet significantly increases the X/Y system size (Figure 1G),
which effectively decreases the membrane thickness. Perhaps,
protein-lipid interactions originating from helix 3 may also
explain the stability of the 70% TAG system in the presence of
a protein as opposed to unstable 70% TAG simulations with no
protein. Interestingly, this finding implicates a specific mecha-
nism through which oleosin stabilizes LD droplets and future
studies will validate this mechanism via experimental studies.
Note that the proline knot is located within the bulk TAG region
(i. e., no interactions with the trans phospholipid leaflet) at
equilibrium, indicating that this LD thickness is adequate to
accurately model the behavior of oleosin.

Despite oleosin’s pulling interactions with the trans mem-
brane leaflet during the equilibration process, it retains stable
positioning and secondary structure at equilibrium. Helices 1
and 2 have average helicity values over 97.5% and although
the amphipathic helix 3 exhibited lower average values, it
remained above 90.0%. Evaluating the tilt positioning of each
helix after equilibrium, each helix converges on a predominant
orientation with small variations (Figure 5). This indicates a
consistent and realistic hairpin conformation for oleosin in LDs.

Finally, we evaluated the interaction patterns to reinforce
our observations about oleosin’s equilibrium positioning rela-

Figure 4. Progression of oleosin-TAG-POPC system at (A) 1 ns, (B) 100 ns, and (C) 1000 ns. Orange beads represent phospholipid phosphorus atoms. Yellow
beads represent glycerol oxygens of TAG. Gray beads represent water. The red, green, and blue helices correspond to helix 1, 2, and 3, respectively.
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tive to the trans leaflet (Figure 6). The interaction pattern
analysis supports the expected oleosin behavior at equilibrium
with helices 1 and 2 in the hydrophobic hairpin primarily
interacting with TAG with some interactions with phospholipid
tails at residues closest to the cis leaflet. Additionally, the
amphipathic helix 3 lies on the cis leaflet and interacts with PC
heads, water, and PC tails along with some of the TAG heads
that remain at the interface. Again, the proline knot pulls in
several water molecules into the neutral lipid core from the
trans leaflet. Future studies will investigate whether the
associated water molecules could be biologically relevant or
simply an artifact of the manner in which the protein was
placed in the initial setup.

Conclusions

In this work, we have explored and examined CHARMM-GUI
Membrane Builder’s capability for all-atom simulations of model
LDs. By constructing systems of various membrane composi-
tions and including oleosin, a LD membrane protein, we have
demonstrated its ability to generate essential LD monolayer
conditions in a timely manner using optimized TAG parameters.
Furthermore, we described Membrane Builder’s ability to
customize model LD simulations. All of this was accomplished

within the limitations of a bilayer model of a LD. By nature of its
starting bilayer state, our model comes with a tradeoff of LD
core thickness for time. Increasing the maximum thickness of
the equilibrated LD model by increasing the amount of starting
lipids may require more time for TAG nucleation and could
result in unstable systems. Additionally, this bilayer scheme is
only able to model a “patch” of a fully spherical LD.

In each of our simulations, TAGs consistently aggregate at
the bilayer center after approximately 250–300 ns with or
without the presence of oleosin. We can modulate the thickness
of this TAG monolayer by introducing varying amounts of TAG
with an upper bound of 60% in lipid-only systems in our
protocol. We observe that increasing amounts of TAG consis-
tently lowers the order parameter of POPC in TAG-ER and TAG-
POPC membranes. The density profile of these simulations
mirrors previous studies in exhibiting the distribution pattern of
TAG in the monolayer and how it transforms depending on the
amount of TAG present.[31–33,35,36]

We also demonstrated that proteins can successfully be
integrated into our LD simulations without the expense of
secondary structures or time efficiency. Despite the harsh
conditions of the growing TAG monolayer on the transmem-
brane protein, oleosin, it maintained its secondary structure
through the simulation. With the addition of the optimized TAG
parameters to Membrane Builder, CHARMM-GUI provides users

Figure 5. (A) Tilt angle distributions of oleosin α-helices in oleosin-TAG-POPC systems and (B) reference image of oleosin helices and the relative axes.

Figure 6. Interaction pattern profile of oleosin-TAG-POPC system.
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with the ability to generate model LD simulations with
unparalleled modularity and speed. As our understanding of LD
structure and function develops, we hope to continue develop-
ing this tool to make that exploration more dynamic and
efficient.
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