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The formation and budding of lipid droplets (LDs) are known to be governed by the LD size and by
membrane tensions in the endoplasmic reticulum (ER) bilayer and LD-monolayers. Using coarse-grained
simulations of an LD model, we first show that ER-embedded LDs of different sizes can form through a
continuous transition from wide LD lenses to spherical LDs at a fixed LD size. The ER tendency to relax
its bilayer modulates the transition via a subtle interplay between the ER and LD lipid densities. By
calculating the energetic landscape of the LD transition, we demonstrate that this size-independent
transition is regulated by the mechanical force balance of ER and LD-tensions, independent from
membrane bending and line tension whose energetic contributions are negligible according to our
calculations. Our findings explain experimental observation of stable LDs of various shapes. We then
propose a novel mechanism for directional LD budding where the required membrane asymmetry is
provided by the exchange of lipids between the LD-monolayers. Remarkably, we demonstrate that this
budding process is energetically neutral. Consequently, LD budding can proceed by a modest energy
input from proteins or other driving agents. We obtain equal lipid densities and membrane tensions in
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LD-monolayers throughout budding. Our findings indicate that unlike LD formation, LD budding by
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Introduction

Lipid droplets (LDs) are cellular organelles with a specific
structure, which are used by living cells to store and supply
lipids for energy and lipid metabolism and membrane
synthesis.’”” Previously perceived as passive energy packages,
LDs have recently emerged as highly dynamic, mobile orga-
nelles that are actively implicated in diseases such as obesity,
hepatitis, and cancer,>®'° and are involved in steroid synthesis
and cellular development.” LDs are distinguished from typical
organelles by unique features: unlike other organelles with an
aqueous interior, LDs enclose an oily compartment; unlike
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inter-monolayer lipid exchange is a tension-independent process.

bilayer-bounded organelles with negligible membrane ten-
sions, LDs are surrounded by a lipid monolayer with a relatively
high tension;'" the initial core of LDs inside the endoplasmic
reticulum (ER), i.e. the nascent LD, has a typical size of a few
tens of nanometers ranging from 30 to 60 nm in diameter.'*"?
These characteristic features have significant implications
for the initial formation of symmetric LDs (with respect to
the ER-bilayer) and subsequent budding of asymmetric LDs
from the ER.

LD formation, including initial nucleation and shape transi-
tion of symmetrical LDs, appears to be mainly driven and
regulated by membrane tensions. Under excess energy or stress
conditions, neutral lipids are synthesized in the inter-leaflet space
of the ER membrane,* thereby creating a tense ER-bilayer.'®
Beyond a concentration threshold, these neutral lipids - initially
dispersed between the leaflets of the ER-bilayer — coalesce to form
nascent LDs. This demixing process,'® driven by the reducing
contact between the neutral and membrane lipids, helps the ER
relax its tense membrane. The LDs, which comprise a hydropho-
bic core covered by two lipid monolayers,”**>'” have been
experimentally observed in the form of both eye-shaped lenses
(simply referred to as LD lenses hereafter) and spherical LDs,"**®
suggesting that these structures are stable under certain condi-
tions. Stability analysis of a model LD relates LD morphological
transition (from LD lenses to spherical LDs) to the LD size,
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membrane bending stiffness, and an imbalance between the
surface tensions experienced by the ER-bilayer and LD-
monolayers.' These ER and LD-tensions, known to be related
to membrane lipid density,'® thus significantly contribute to
forming and maintaining ER-embedded LDs with different
shapes. Nevertheless, the molecular details of how tense LDs
form from initial tensionless ER-bilayers and the free energy
landscape of LD formation with the particular contributions of
membrane tension, membrane bending, and line tensions
remain unexplained.

LD transport and degradation occur through budding of LDs
from the ER toward the cytosol.">" This directional budding
helps LDs reach cytosolic proteins and lipid-releasing enzymes,
which are crucial for LD metabolism.*®*”*° LDs, emerged from
the ER, grow in size leading to larger LDs on the micron scale,
which either detach from or remain attached to the ER
membrane, the latter being more likely."”'>*° Multiple
mechanisms have been hypothesized to drive the directional
budding of LDs wherein the required membrane asymmetry
between cytosolic and luminal LD-monolayers is imposed by
different means: membrane curvature, generated by asym-
metric lipid composition**° and protein insertion;'>'? ten-
sion imbalance between the LD-monolayers;'> and lipid
number asymmetry between the LD-monolayers.**?”

The specific contributions of membrane curvature asymme-
try, membrane tension imbalance, and lipid composition
asymmetry to LD budding is not clear. Membrane curvature,
generated in the cytosolic monolayer by inserting proteins or
intrinsically-curved lipids, is shown to assist LD directional
budding.?®*® Several proteins and enzymes contribute to LD
formation and its directional budding by enforcing membrane
tension asymmetry, via regulating lipid composition, or like fat-
storage-inducing FIT2 and ARF1 through generating asym-
metric lipid number.>'*??3° The particular role of other
proteins such as Seipin, an integral membrane protein that
forms a scaffold around the cytosolic LD-monolayer, is also not
certain. While Seipin was experimentally found to redundantly
take part in the LD budding,>" more recent experiments and
coarse-grained simulations suggest that it effectively induces
LD budding.

Regardless of the driving mechanism, LD budding toward
the cytosol requires a continuous area growth in the cytosolic
LD-monolayer and a corresponding area reduction in the
luminal one. This idea is further supported by the fact that
the LD-bounding monolayer likely originates from the ER
cytosolic leaflet.'®*® The area asymmetry can be generated in
different ways such as lipid biosynthesis,>””** fusion of the
transport vesicles to the ER,* ER lipid flippase,*
of neutral lipids to phospholipids by FIT2,® and lipid transfer
from the luminal to the cytosolic LD-monolayer by proteins
such as FIT2 and ARF1. It is not clear which of these pathways
are responsible for creating membrane area asymmetry and
what mechanisms are driving them.

LD budding has been explained in terms of a discontinuous
second-order transition from symmetric LDs to completely-
budded asymmetric LDs, regulated by the LD size, and ER
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and LD-tensions.''*®

Across a wide range of LD sizes, initially
stable LDs with large ER-tensions become metastable for
smaller tensions and eventually unstable for negligible ratios
of ER to LD-tensions, where the fully-budded LD is stable. Like
formation of symmetric LDs, the budding and emergence of
asymmetric LDs is thought to be governed by membrane
tensions.

The small size of nascent LDs, below the standard optical
microscopy resolution, and the dynamic nature of their for-
mation, make it difficult to investigate LD formation and
budding experimentally. Computer simulation of coarse-
grained models with molecular resolution offers an alternative
platform to dynamically monitor LD formation and budding
and to elucidate mechanistic aspects of LD biogenesis
by precise measurement of its mechanical properties.’”®
Molecular dynamics simulations have been successfully
used to study different aspects of LD formation such as the
role of proteins like Seipin®*® and Caveolin,*® implications of
Triglyceride blisters for LD biogenesis,*"**? surface properties of
LDs,” and LD budding by lipid exchange and LD-tension
imbalance.’>'* Here, we used coarse-grained simulations to
explore mechanistic aspects and energetics of LD shape transi-
tion and budding, which are poorly understood despite exten-
sive experimental and modelling studies."

To understand LD formation, we started with identifying the
relevant LD parameters by exploring spontaneous LD for-
mation. Consistent with prior studies, membrane tensions,
proportional to the lipid density or area-per-lipid, were found
to determine the morphological behavior of LDs.""'® Contrary
to earlier understanding,'* we observed various LD shapes,
including stable spherical LDs and LD lenses, across several
LD sizes, even for very small LDs. Based on these findings, we
hypothesized that stable symmetrical LDs of various shapes
form via a continuous transition driven by ER and LD tensions,
irrespective of LD size.

To corroborate this hypothesis and to better understand
morphological transitions and stability of the symmetrical ER-
embedded LDs, we then explored the transition from LD lenses
to spherical LDs at fixed LD sizes. By calculating the free
energies, we demonstrated that by reducing the ER-tension, a
continuous LD transition takes place from early-stage LD lenses
with large ER-tensions to spherical LDs with negligible ER-
tensions. In line with previous studies,'>'® a subtle interplay
between the area-per-lipids in the ER and LD membranes was
found to control membrane tensions and the continuous LD
transition. The same interplay between the areas-per-lipids in
the ER and LD membranes was also found to build large
membrane tensions in LD monolayers. These findings promote
the previous understanding of LD formation based on size-
dependent discontinuous LD transitions.""**

Starting from symmetrical spherical LDs embedded in the
ER, we then exchanged lipids from the luminal to the cytosolic
LD-monolayer, demonstrating that the area asymmetry created
by lipid exchange between the LD-monolayers can act as a novel
mechanism for LD budding. Remarkably, we observed that LD
budding by lipid exchange is energetically neutral due to the
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nearly equal areas-per-lipid and resulting equal tensions in LD-
monolayers. This intriguing result suggests that LD budding
can proceed in a quasi-equilibrium manner through intermedi-
ate stable states with a modest energy input. Yet this slight
energy input, likely supplied by proteins, is essential to drive
the LD budding. In contrast to previous models that described
LD budding as a tension-induced discontinuous transition
from symmetric to asymmetric LDs,'"*® our results unveil a
neutral transition from symmetric spherical LDs to fully-
budded asymmetric LDs. Thus, we demonstrate that, unlike
LD formation, LD budding is not driven by membrane tensions
but can rather occur through lipid exchange between the LD-
monolayers, driven by a modest energy input.

The shape of the nascent LDs depends not only on the ER
and LD-tensions but also on the tension along the contact line
of LDs with the surrounding ER-bilayer.?®** We demonstrated
that even for the nano-sized LDs neither line tension nor
membrane bending significantly contribute to the LD for-
mation. Comparing our simulation results with the theory of
membrane elasticity, we found a strong agreement between the
LD shapes predicted by the theory and those observed in the
simulations.

Methods

Coarse-grained simulations

45-47

We performed dissipative particle dynamics (DPD) simulations
of a coarse-grained model to study LD shape transition and
budding. Our simulation method has been widely used to study
various aspects of both artificial membranes*® and cellular mem-
branes, including membrane fusion,* cellular membrane rupture
and damage,” membrane domain simulation,*® vesicle dynamics
in shear flow,”* and membrane-cholesterol interactions.”® The soft
molecular interactions of DPD allow faster dynamics with larger
time steps.®>*** Therefore, DPD has been particularly effective in
reproducing mechanical properties of lipid membranes®® such as
membrane tensions® > as well as the phase behavior of
membranes,*®>* which mainly contribute to LD formation and
budding.

Our coarse-grained LD model is composed of lipid mem-
branes representing the ER-bilayer and LD-monolayers, an
aqueous phase representing the luminal and cytosolic liquids,
and an oil phase that represents neutral lipids i.e. the fatty core
of the LDs. We note that both cytosolic and luminal liquids are
taken to be identical, simply represented by water beads in our
model. Coarse-grained phospholipids consist of three hydro-
philic head-group beads H and two hydrophobic chains each
having six tail-group beads T, see ESI,{ Fig. Sla. Both cytosolic
and luminal aqueous liquids are composed of water beads W.
Each neutral lipid is modelled as a single chain consisting of
four oil beads O, see ESIf Fig. Sib. All simulations were
performed in LAMMPS simulation package.®

All different coarse-grained bead types H, T, W, O have
a diameter of d ~ 0.8 nm, which defines the length scale
in our simulations.®® These beads interact by a conservative

This journal is © The Royal Society of Chemistry 2024
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DPD force
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where r;; is the distance between two beads, i and j, and the unit
vector f; connects the bead i to the bead j. Whereas the
interaction force parameter f;; varies for different pairs of beads,
random and dissipative DPD pairwise forces are the same for
all bead pairs.*

In our model, the interaction force parameters between
identical pairs of hydrophobic beads O and T were taken to
be the same foo = frr- To induce better demixing of oil
molecules from lipid tails and avoid dispersed oils in the ER-
bilayer, we used a slightly larger interaction force parameter
for > foo = frr between oil and tail beads than those between
identical beads. Throughout the manuscript, we used fixed
pairwise interaction force parameters f; between bead types
i,j as listed in ESIL,{ Table S1. These molecular interactions are
known to represent membrane properties.®' Our energy scale is
the thermal energy kgT, where kg is the Boltzmann constant
and T = 298 K is the room temperature.

The basic time scale 7 of the model was taken to be 1 ns based
on the experimentally measured properties of lipid bilayers, see
ref. 60 and the references therein. All DPD simulations were
performed using a constant time step of At = 0.017 = 0.01 ns.

In addition to non-bonded interactions between the beads,
we introduced intermolecular bonding and bending forces
within the lipid and oil chains. A harmonic bond potential

Vbond(r) = %kr (i’ - ”eq)2 (2)

was applied between the adjacent beads of oil and lipid chains
at a distance r with an equilibrium bond length 7.y = 0.5d and a
bond coefficient k, = 128kgT/d>. Moreover, a bending potential

Vbend(0) = ko[1 — cos(0 — 0cq)] (3)

with bending constant k, = 15kgT and equilibrium tilt angle
Oeq = 0, acts on all there consecutive beads in each hydrophobic
lipid tail and oil chain.

For all simulations performed here, DPD beads were placed
in periodic simulation boxes whose dimensions were chosen
in a way to give a bead density 3/d* = 5.86/nm>. This density is
shown to closely estimate water compressibility at room tem-
perature when the interaction parameter fynw = 25kgT/d is
applied between water beads. We performed three main classes
of simulations: spontaneous formation of LDs from initial oil
slabs with various values of area-per-lipid, morphological tran-
sition of LD lenses to spherical LDs, and LD budding toward
the cytosol by inter-monolayer lipid exchange.

Results and discussion

LD structural biogenesis usually occurs in four successive
steps: LD nucleation or coalescence i.e. forming nascent sym-
metrical LD lenses from initially dispersed neutral lipids in the

Soft Matter, 2024, 20, 909-922 | 911
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ER-bilayer; LD shape transition from nascent LD lenses to
symmetrical spherical LDs; LD budding into the cytosol; and
LD fission or detachment from the ER. Our focus, here, is on
the two intermediate steps of LD shape transition and budding,
before which we identify relevant LD parameters by studying
spontaneous LD formation from initial slabs.

LDs, considered here, are either embedded in or attached to
the ER membrane and consist of two distinct luminal and
cytosolic LD-monolayers, each continuous with its corresponding
ER leaflet. Although our membranes are much simpler than

(b)

’ Y D=
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actual ER and LD membranes, the lateral bilayer and LD-
surrounding monolayers as referred to as the ER-bilayer and
LD-monolayers, hereafter. We employed coarse-grained simula-
tions of an LD model to identify LD parameters via spontaneous
formation of different LD shapes, and to study LD transition from
LD lenses to spherical LDs, and LD budding to the cytosol.

Relevant LD parameters

LD formation, triggered by coalescence of initially dispersed
neutral lipids (referred to as oil hereafter) between the ER

B A = 0.82 nm’

P
242 nm R -‘l"'i'ai‘t."‘.‘*«’l?‘ﬁ":%;‘?i‘;‘&-"" Zm e 105 mN/m
655.4 nm?
0.72 nm?
0.4 mN/m

Alp = 0.64 nm?
spherical LD

A, = 0.68 nm?
P

A, =0.64 nm’
/4

A =0.78 nm’
4

Fig. 1 LD parameters. (a) Initial slab morphology of width L with surrounding water beads (blue). (b) Two slabs of size D = 24.2 nm with different
projected areas-per-lipid, Aj,, and corresponding monolayer tensions. (c) LD shapes including slabs, spherical LDs, and LD lenses, spontaneously formed
from initial slabs of various sizes with different values of LD parameters, D and Ay,
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leaflets, can be understood using the theoretical framework of
ternary phase diagram for surfactant-oil-water mixtures.'*>?°
Within this framework, LD formation is driven by the reducing
contact area between oil and aqueous phases, which lowers the
energetic contribution of membrane tensions.

ER-attached LDs consist of two membrane interfaces: the
ER-bilayer that separates the two aqueous media—the cytoplasm
and the ER lumen; and the two LD-monolayers each separating
oil from an aqueous medium. Due to oil hydrophobicity, LD-
tensions (at the oil-water interface) are generally larger than the
ER-tension (at the water-water interface). As a result, LDs
naturally tend to reduce the surface area of their LD-
monolayers and expand that of the ER-bilayer. Therefore, the
initial state of fully-spread neutral lipids between the ER-leaflets
with maximum monolayer area—best represented by a slab
structure—spontaneously transforms to an LD lens with smaller
monolayers and a larger bilayer. The slab-to-lens transition
provides a proper platform to identify relevant LD parameters.

The slab consists of two flat monolayers which are exposed
to water from above and below and cover a central oil slab with
their hydrophobic chains facing the oil, see Fig. 1(a). Slab
monolayers are made from Ny, lipids, equally partitioned
between the two monolayers of a fixed width L. The slab-to-
lens transition and the resulting LD shapes depend on four
parameters: The size of the droplet i.e. the oil volume; the size
of the membrane i.e. the area A, of the slab; and the bilayer and
monolayer tensions.

The size of an LD is given by the volume V of its oil content,
that is the volume of the neutral lipids. In our model, the size of
every LD structure, including different LD lenses and the initial
slab configuration, with a given oil volume V is defined as the

external diameter D = {/6V /n + 2/, of a spherical monolayer
enclosing the same oil volume, where [, is the thickness of the
LD-monolayer.

The area A, of the slab is defined as the surface area of one of
the equal flat monolayers of the initial slab. The slab area A =
I, together with the LD size D, determine the surface areas of
the ER-bilayer and LD-monolayers of the resulting LDs. For a
given D, the minimum slab area, Ay, = nD*/4 + L?, is required to
form spherical LDs in a box of width L, below which initial slabs
retain their flat shape, irrespective of the ER and LD-tensions.

For a given lipid composition, membrane tension has been
shown to be directly proportional to its area-per-lipid, for both
lipid bilayers and monolayers.®"*® The area-per-lipid is defined
as the average surface area occupied by one lipid molecule. Each
slab with a given number of lipids Ny;, has a fixed projected area-
per-lipid Aj, = 244/Ny,, defined as the average area-per-lipid
projected into the horizontal plane. The slab monolayer tension
X\, is proportional to Ay, see Fig. 1(b) for small slabs with D =
24.2 nm and A, = 655.4 nm?. Similar behavior was observed for
flat bilayers, see ESIL,{ Fig. S2 for more details. The bilayer and
monolayer tensions can be thus replaced by their areas-per-lipid.
For a given area A, each slab is characterized by two indepen-
dent parameters: The LD size D, and the projected area-per-lipid
Ajp. These parameters determine the resulting LD structure that
spontaneously forms from the initial slab.

This journal is © The Royal Society of Chemistry 2024
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To see how these parameters affect LD shapes, we simulated
slabs of a fixed area A, = 2304 nm? and different LD sizes D =
29.5, 31, and 33.2 nm. For a given LD size D, the initial flat
monolayers with a small Ny, corresponding to a large Ay,
maintained their flat shapes stabilized by large monolayer
tensions, see the right snapshots in Fig. 1(c). Monolayers with
more lipids i.e. a smaller 4;,, spontaneously transformed into
LD lenses as seen in the middle columns in Fig. 1(c). Further
increase in the number of lipids of the initial slab eventually led
to the spontaneous formation of spherical LDs with smallest
Ap's. LD lenses and spherical LDs that enclose a central
axisymmetric oil compartment have been also observed
experimentally."'®

Similar to previous studies, our results indicate that
the LD shape is related to its size and ER and LD values of area-
per-lipid, and thus ER and LD-tensions. Theoretical models
have linked the shape of the symmetrical LD lenses to the LD
size.'! For a given tension imbalance between the ER and LD
membranes, spherical LDs only formed for a relatively large
LD volume making LD formation a size-dependent process.
However, we observed nano-sized spherical LDs for sufficiently
small values of Aj,. Even smaller LDs were detected in multiple
spherical structures we obtained for small values of A,. Some of
these LDs are shown in Fig. S3 (ESIt). We also observed all LD
shapes for three different nano-sized droplets we simulated
here. Therefore, unlike the conventional view, our results
suggest size-independent transition pathways of different char-
acter between the LD shapes.

To better understand LD formation, we explored the hypoth-
esis that symmetrical spherical LDs can form via a size-
independent continuous transition from LD lenses driven by
energetic forces of ER and LD-tensions. Starting from an LD
lens of size D = 29.5 nm, spontaneously formed from a slab, we
changed the box width L to study LD shape transition in a
systematic manner. By calculating membrane tensions and the
corresponding Ay’s in the ER-bilayer and LD-monolayers, we
explored the transition from nascent LD lenses to spherical LDs
and revealed how the subtle interplay between the ER and
LD areas-per-lipid govern this transition and lead to tense LD-
monolayers and nearly tensionless ER-bilayer. See Methods and
ESIf for more details on the simulation protocols.

11,14,18

Tension-induced transition of LD lenses to spherical LDs

Each LD lens is composed of two symmetrical monolayers
connected to the lateral ER-bilayer. The shape of an LD lens
of size D is characterized by the lens angle 6 obtained from
fitting two spherical caps to its cytosolic and luminal mono-
layers, see Fig. 2(a). We obtained different LD lenses of a fixed
size D = 29.5 nm with lens angles in the range 46° < 0 < 86°,
each stabilized for a given box width L with the corresponding
Ayp, implying the stability of intermediate lenses, see Fig. 2(b).

For each intermediate lens with angle 0, we calculated
individual ER and LD-tensions, X}, and X, respectively. The
results are shown in Fig. 2(c). The LD-tension was taken to be
the average X, = 0.5(2 ., + 21,y Of its almost equal components
in the cytosolic and luminal monolayers of the symmetrical LD,

Soft Matter, 2024, 20, 909-922 | 913
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Fig. 2 Tension-induced transition of LD lenses to spherical LDs. (a) A model LD and a schematic symmetrical LD with LD angle 6. (b) Morphological
transition of an initial LD lens of size D = 29.5 nm to an almost spherical LD. (c) ER and LD-tensions for the LD of size D = 29.5 nm. (d) Equal tensions in the
cytosolic and luminal LD-monolayers verify our accurate tension calculation. Membrane tensions are proportional to A, for both the ER-bilayer and LD-

monolayers.

see the top panel in Fig. 2(d). For the wide LD lens with the
smallest angle 0 = 46°, we found large ER and LD-tensions of
X, =155mNm 'and X, = 11.7 mN m ', with the ER-bilayer
being more tense than the LD-monolayers. LD lenses in boxes
of smaller width L and thus smaller A;,’s exhibited lower ER
and LD-tensions. Upon approaching more spherical lenses with
larger lens angles, the initially tense ER-bilayer exhibited
greater relaxation of tension compared to the curved LD-
monolayers resulting in a tension crossover, at about 6 = 50°
for an LD size D = 29.5 nm, beyond which the ER-tension fell
below the LD-tension. The same trend persisted for larger lens
angles leading to an almost tensionless ER-bilayer (2}, & 0) for

914 | Soft Matter, 2024, 20, 909-922

nearly spherical LDs with 0 > 85°, wherein LD-monolayers
maintained a relatively large tension of about 4 mN m™ . To
understand this behaviour and reveal its underlying molecular
mechanism, we focused on the molecular structures of ER and
LD membranes by calculating their actual areas-per-lipid 4.
The spontaneous formation of LDs from initial slabs was
observed to depend on the projected area-per-lipid A;p,, which is
related to the ER and LD-tensions of the final LDs. Membrane
tensions are, however, proportional to 4; values in the
ER-bilayer and the LD-monolayers. Upon decreasing L, the
decrease in Ay, is nearly equally shared between the flat ER-
bilayer and the curved LD-monolayers as reflected in A,’s of ER

This journal is © The Royal Society of Chemistry 2024
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and LD membranes, see the bottom panel of Fig. 2(d). Both ER
and LD-tensions linearly decrease with reducing areas-per-
lipid. The slope of the fitted line is proportional to the bending
rigidity of the membrane and is thus nearly two folds larger for
the ER-bilayer compared to the LD-monolayers. It is indeed this
difference in the slope of the linear relations between 4;’s and
membrane tensions in the ER-bilayer and LD-monolayers that
gives rise to the stronger drop of the ER-tension compared to
LD-tension and results in tensionless ER-bilayer and tense LD-
monolayers of spherical LDs. The bottom panel of Fig. 2(d)
displays the fitted lines to the ER and LD-tensions versus their
corresponding 4, for an LD lens of size D = 29.5 nm. As the
shape of the LD lens approaches a sphere, 4; decreases about
0.06 nm? in both the ER-bilayer and LD-monolayers. As a result,
membrane tension drops more strongly in the ER-bilayer than
in the LD-monolayers eventually leading to a nearly tensionless
ER with 2, = 0.3 mN m ™' and a tense LD with X, =4.1 mNm™*
for the almost spherical LD with 0 = 86°.

In the absence of the ER-bilayer and LD-monolayers at the
liquid interfaces, the ternary phase model relates interfacial
tensions at oil-water and water-water interfaces from the force
balance equation 2Xowcosf — Zww = 0. In their presence,
however, this relation is slightly shifted resulting in a tension
difference AX = 22,,,cos) — 2, > 0 for LDs as shown by the
black dash-dotted line in Fig. 2(c). This slight deviation is
presumably due to the negligible contributions from LD-
monolayers bending and the line tension. The tension difference
AZ is proportional to the driving force which pulls the ER bilayer
and transforms LD lenses to the spherical LDs. Negligible values
of AY indicate that LD transition is primarily regulated by the
force balance or mechanical equilibrium which is independent
from the LD size. Assuming A = 0, the crossover point of the ER
and LD-tensions 2}, = 2, is obtained as 0 = 60° for all LD sizes.
For initial wide lenses with sufficiently small 0, the ER-tension is
in the order of 22, and thus larger than the LD-tension. During
the transition from LD lenses to spherical LDs, the luminal and
cytosolic LD-tensions remained almost identical, as expected
due to the vertical symmetry of the LD lens, indicating the
accuracy of our tension calculations, see the top panel in
Fig. 2(d).

We have demonstrated quantitatively that the subtle inter-
play between A, values in the ER and LD membranes underlies
the continuous LD transition from wide LD lenses to spherical
LDs via intermediate LD lenses of different widths. This inter-
play between the ER and LD areas-per-lipid adjusts ER and LD-
tensions and fulfils the force balance independent from the LD
size. The slight deviation from this balance provides the driving
force for the LD transition. While initial wide LD lenses with
sufficiently small angles have larger ER than LD-tensions, a
subtle sharing of 4, leads to larger LD than ER tension beyond a
crossover point, resulting in large LD and negligible ER-
tensions for nearly spherical LDs. This trend, observed here
for nano-sized LDs, thus appears to be valid for different LD
sizes resulting in a continuous, size-independent LD transition.
The LD transition thus resembles a second-order phase transi-
tion implying the stability of all LD lenses with different values
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of 0, consistent with experimental observations.
are consistent with recent theoretical models that explain the
transition from LD lenses to spherical LDs in terms of the relative
ratio of ER and LD-tensions, where substantially larger ER-
tensions—compared to LD-tensions—stabilized LD lenses.'"'?
Contrary to the conventional view, we find that the LD transition

is continuous and does not depend on the LD size.

LD shapes from membrane elastic model

Shape transformations of LDs can also be understood on the
basis of membrane elasticity theory. Unlike the simplified
spherical cap model that assumes LD-monolayers as two sphe-
rical caps, see the bottom panel in Fig. 2(a), the elastic model
considers them as smooth surfaces whose shapes are found
from minimizing the free energy of the ER-LD system. See the
ESIT for more details about the elastic model. Here, we com-
bined this model with the spherical cap model to verify our
simulation results, in particular the line tensions we computed for
LDs. We focused on the same LD of size D = 29.5 nm discussed
before. For each LD lens in Fig. 2(b), we used ER and LD-tensions,
2, and X, obtained from molecular simulations, to calculate the
line tension 4 from the spherical cap model. We then used these
tensions to find the corresponding LD shapes from the elastic
membrane model. Remarkably, we found a strong agreement
between the LD profile (yellow curves) and the outer surface of
neutral lipids from the coarse-grained simulations for different
LD angles, see Fig. 3. Using the theoretical framework of the
elastic membrane model, we thus validated the membrane and
line tensions, 2y, X, and 4, obtained from molecular simulations
and the spherical cap model. The line tensions we calculated here
are also close to those recently found for aqueous droplets in
contact with membranes.>”°

LD budding to the cytosol

We have understood, thus far, how initially-nucleated LD lenses
continuously transform to spherical LDs. Next, we will explore
the possibility of LD budding and emergence to the cytosol by
exchanging lipids from the luminal to the cytosolic LD-
monolayer and examine how membrane tensions and areas-
per-lipid vary during the LD budding. The asymmetry in the
lipid number is quantified by the rescaled difference 4 = (Ney, —
Nim)/Niip between the number of lipids in the cytosolic and
luminal LD-monolayers, N, and Ny, respectively. This asym-
metry is created by taking lipids from the luminal monolayers
into the cytosolic one at constant total number of lipids Nyp,.
We note that the lipid exchange in nature proceeds via a non-
equilibrium process. To calculate the free energies of LD
budding, however, we equilibrated each LD with a given 4.
Starting from the spherical LD of size D = 29.5 nm, we
gradually relocated lipid molecules from the luminal mono-
layer to the cytosolic one, resulting in continuous increase of 4
and subsequent LD budding into the cytosol. Upon increasing
4, we observed an asymmetric LD structure characterized by
two spherical caps as the cytosolic and luminal monolayers
with monolayer angles, 0. and 0), respectively. As 4 was
increased, 0, kept decreasing while the cytosolic monolayer
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Fig. 3 Comparing LD shapes from coarse-grained simulations and membrane elastic model. Symmetrical LD-lenses of size D = 29.5 nm with different
lens angles from molecular simulations, shown in Fig. 2(b), with membrane profiles from elastic membrane model (yellow curves). Membrane profiles are
parametrized with the tangent angle = ¥(s) as a function of the arc length s as shown in the top left panel.

bulged out by increasing 6. until the luminal monolayer
became relatively small (Fig. 4(a)), corresponding to the almost
fully-budded LD with 0. = 163°.

Similar to the LD transition simulations, we computed the
ER and LD-tensions for the cytosolic LD budding. Unlike
previous experiments that rely on tension imbalance between
the two LD-monolayers to explain LD directional budding,"®
we calculated equal tensions of about 4 mN m ™' in the two
LD-monolayers, see Fig. 4(b). Interestingly, the ER-bilayer
remained almost tensionless during the LD budding from an
ER-embedded spherical LD with 6. = 92° to an almost fully-
emerged LD with 0. = 163°.

Finding almost identical membrane tensions in the cytosolic
and luminal LD-monolayers also implies approximately equal 4;
values in the two LD-monolayers throughout LD budding. We
verified this by computing 4, values for the cytosolic and luminal
LD-monolayers as seen in the top panel of Fig. 4(c). We obtained
constant and almost identical A4, values in the two LD-
monolayers of the emerging spherical LDs. The area of the
cytosolic monolayer grows when adding more lipids. The area-
per-lipid, however, remains almost constant, presumably with
small fluctuations required for budding. Therefore, our results
indicate that LD budding does not essentially require a signifi-
cant tension imbalance between the cytosolic and luminal
LD-monolayers. The bottom panel of Fig. 4(c) displays 6. as a
function of A for the emerging LDs in Fig. 4(a). An almost linear
growth is observed in 6. upon increasing A.

Free energy landscape of LD transition

The underlying mechanism of LD transition can be understood
by identifying the free-energy contributions from bending the
LD-monolayers, from ER and LD-tensions, and from the line
tension. We calculated the free energy using a mean field
approach, typically applicable to membranes where large bend-
ing and tension energies are minimally affected by thermal
fluctuations as observed recently for membrane interactions

916 | Soft Matter, 2024, 20, 909-922

with aqueous droplets.>”*® Note that the ER-bilayer, as a flat
membrane with no spontaneous curvature, does not contribute
to the bending energy. Fig. 5(a) shows the total free energy and
its different components for different symmetrical LDs, shown
in Fig. 2(b), as a function of 0.

During the transition from an LD lens to an almost spherical
LD with 0= 86°, the free energy rapidly dropped from about
5 x 10* pN nm to about 1 x 10* pN nm mainly due to
the decreasing ER and LD-tensions, which compensated for
the small increase in the line energy. In this regard, the LD
transition from LD lenses to spherical LDs is similar to the
formation of spherical oil droplets in water in the absence of
lipid membranes. The latter one is also driven by the surface
tension at the oil-water interface. This is reflected in the
bending energy curve in Fig. 5(a) which barely contributes to
the total free energy of the LD and thus to the LD transition.
Overall the free energy of the LD transition indicates the
negligible contribution of membrane bending and line tension
even for the nano-sized LDs considered here. This is particu-
larly important as the line tensions are generally expected to
contribute more significantly at the sub-micron scale.

Free energy landscape of LD budding

LD budding by creating an LD lipid number asymmetry, via
lipid exchange at constant Nj;,, can be described by a simple
budding model. During budding, the area of the cytosolic LD-
monolayer increases while that of the luminal monolayer
decreases upon exchanging lipids between LD-monolayers.
Our simulations demonstrated that this process proceeds in
such a way that the 4, values in LD-monolayers and thereby LD-
tensions do not change during budding. This suggests that the
initial symmetrical spherical LD can bud by retaining its
spherical shape as a constant sphere of size R = 0.5D, see
Fig. 5(b). As a result, the cytosolic and luminal LD-monolayers
can be represented by two spherical caps of this asymmetrical
sphere (with respect to the ER-bilayer), each with their

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Directional LD budding into the cytosol by inter-monolayer lipid exchange. (a) Schematic LDs budding to the cytosol by lipid exchange with the
corresponding cytosolic angle 0.. (b) ER and LD-tensions as functions of the cytosolic angle 6.. LD-monolayers have almost equal tensions and ER-
tension is negligible during budding. (c) Almost identical A('s in the two LD-monolayers as a function of the cytosolic angle 0.. The cytosolic angle 6.
varies almost linearly with the rescaled lipid number asymmetry 4.

monolayer angles, 0. and 6, = © — 0., respectively. The initial We learned from free energy calculations of LD transition
symmetrical sphere is characterized by 60, = 0. = m/2. The areas that energetic contributions of the line tensions are negligible.
of the cytosolic and luminal LD-monolayers are given by the Therefore, we simplified our calculations by ignoring the line
areas of the spherical caps, Aj, = 2nR*(1 — cos 0))(j = ¢,]). tension for LD budding. The constant bending energy, 8mky,, of
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a spherical LD throughout budding does not contribute to
the variation of the free energy. Here, k,, is the bending
stiffness of the LD-monolayers. Moreover, energetic contribution
of membrane bending was also demonstrated to be negligible
during LD transition. Hence, the free energy of LD budding is
composed of the stretching energies of the ER and LD mem-
branes as well as the free energy associated with the lipid
exchange from the luminal to the cytosolic LD-monolayer. For
the spherical LD of radius R connected to an ER-bilayer of width
L, the free energy is given by:

Fb = Ach + Acmlcm + AImZIm + ,uA = (LZ — TIZR2 sinzf)c]Zb
+21R*(1 — €08 0)Z e + 21R*(1 — 08 0) 21, + pd

(4)

where 4 is given by 4 = a0, + b (fitted to the data in the bottom
panel of Fig. 4(c)) and p is the free energy conjugate of A. By
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A =27R*(1-cosf) A

Fig. 5 Free energy landscape of LD transition and budding. (a) Total free energy of an LD of size D = 29.5 nm as the sum of its components as a function
of 0 during LD transition and 0. during LD budding. LD budding is energetically neutral as seen from the term u4. (b) LD budding model used to describe
the budding process of a spherical LD to the cytosol.

LD budding model

= 27R*(1 - cos0))

Im

setting 0, = n — 0. and 2),;, = 2.1y, as obtained from simulations
(Fig. 4(b)), and minimizing the resulting free energy with
respect to 0. we arrive at:

OF, _ (nR%sin 20,

However, the ER-tension, 2}, was demonstrated to be neg-
ligible for spherical LDs formed by LD transition (Fig. 2(c)) and
remain negligible throughout LD budding (black dots in
Fig. 4(b)). The eqn (5) thus implies that x, and thereby the free
energy term u4, are negligible. Consequently, LD budding by
lipid exchange from the luminal to the cytosolic LD-monolayer,
at constant total number of lipids, is energetically neutral.

Fig. 5(a) shows the free energy contributions of membrane
tensions, membrane bending, as well as the term u4 during LD
budding for 0. < 90°. The free energy u4, associated to the lipid
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Fig. 6 Size-dependent ER and LD tensions. (a) Size-dependent membrane tensions in four nearly spherical LDs of different sizes D = 20.3, 27.7, 29.5,
and 33.2 nm. LD tension decreases with the LD size D. (b) Line tension along the LD contact line at the interface between neutral lipids, cytosolic water,
and luminal water for two LDs of sizes D = 27.7 and 29.5 nm. Negative line tensions for small LD angles approach zero for spherical LDs.

exchange is plotted with the actual values of u calculated from
eqn (5), see the orange line in Fig. 5(a). The free energy u4 is
negligible compared to the other energetic contributions.

Membrane tensions

The LD-tensions of about 4 mN m™ " that we found here for LDs
of about 30 nm in diameter are very close to the LD tensions
of ~2 and ~4 mN m ™' experimentally measured for LDs from
mammalian and Drosophila cells."* Comparing two different
LD sizes, D =27.7 and 29.5 nm, we observed almost identical ER
and LD-tensions for both LDs, see ESI, 1 Fig. S5. To examine the
size-dependent behavior of LD-tensions, we computed these
tensions for a very small LD of size D = 20.3 nm, and a larger
one with D = 33.2 nm spontaneously formed from initial slabs
with the same method as described earlier. Fig. 6(a) shows ER
and LD-tensions of these almost spherical LDs as a function of
D. The LD-tensions were observed to slightly reduce with D
for small LDs considered here. A more detailed analysis of size-
dependent behavior of LD-tensions requires simulations of
larger LDs, which will be accessible with future high perfor-
mance computing.

The smallest LD of size D = 20.3 nm, we observed here,
confirms our hypothesis on LD formation by size-independent
transition process. These small spherical LDs have not been
expected to form due to the dominant role of membrane
bending"" which is shown to be negligible in our simulations
even in the limit of such a small LD size. According to our
results, it is the size-independent tension balance that governs
formation of different LD shapes through a continuous transi-
tion, as predicted earlier by the formation of multi-spherical
LDs in Fig. S3 (ESIt).

We also computed the tension along the contact line of the
interior oil with cytosolic and luminal aqueous solutions, see

This journal is © The Royal Society of Chemistry 2024

the Supplementary text for more details (ESIt). Fig. 6(b) dis-
plays the line tensions computed for two LDs of sizes D = 27.7
and 29.5 nm. Large negative line tensions appear to increase
with lens angle 0 amounting to a final negligible line tension
for spherical LDs.

Conclusion

We conducted extensive simulations of a coarse-grained model
to gain insight into the mechanisms behind LD formation and
budding with a primary focus on the mechanistic aspects of
these processes. We began by identifying the relevant LD
parameters, via spontaneous formation of LDs from slabs,
which paved the way for our hypothesis that symmetrical LDs
can form through a tension-induced continuous transition. We
simulated several nano-sized LDs of different sizes and
obtained various LD shapes for each LD size. The transition
between LD lenses and spherical LDs appears to be continuous
resembling a second-order phase transition. For small Ay,
values together with single spherical LDs, we also identified
the presence of smaller multi-spherical LDs, even though they
are unstable (Fig. S3, ESIt), suggesting the stability of nano-
sized spherical LDs. These findings align with the principles
governing oil droplet formation in water in the absence of
lipids. This underscores the dominant role of membrane ten-
sions, which are a common factor in both scenarios, and
suggests the likely negligible contribution of membrane bend-
ing and line tensions in LD formation.

LD formation and budding are known to be regulated by
membrane tensions.'"'*?® Both the formation of symmetrical
ER-embedded LDs and the consequent budding of asymmetric
LDs depend on ER and LD-tensions. It is shown experimentally
that these tensions are proportional to lipid densities of the ER
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and LD membranes.'® The interplay between the ER and LD-
tensions has been also shown to determine the LD shape and
its transition to fully budded LDs that emerge to the
cytosol.'™'* Previous studies have described LD transition
and budding in terms of a discontinuous second-order transi-
tion which depends on the LD size, membrane tensions, and
membrane bending.""*®

Symmetrical LDs have been suggested to form through a
size-dependent process, primarily controlled by membrane
bending for small LD sizes and by membrane tensions for
larger LDs."' Consequently, symmetrical spherical LDs only
formed for very large LD sizes while small LD sizes resulted in
wide LD lenses with small lens angles. In our simulations,
however, we observed spherical LDs even for small nano-sized
LDs. This observation was further supported by calculating neg-
ligible energetic contributions of membrane bending and line
tensions, in comparison to the contributions from membrane
tensions.

We also demonstrated that the symmetrical LDs can form
through a continuous first-order transition at fixed LD size,
governed by the mechanical force balance between LD and ER
tensions. The slight deviation from this force balance gives rise
to a tension difference (A2 > 0), which pulls the ER bilayer and
triggers the continuous transition from tense LD lenses to
spherical LDs with negligible ER-tensions. Unlike in previous
studies where AX increased with 6,'* our calculations exhibit a
reduction in AZ, and thus the pulling force on the ER-bilayer,
as we approach the spherical LDs. This makes sense as the
initial strong tendency of LD transition is expected to decrease
for more spherical LDs, with increasing values of 0.

Similar to LD formation, the subsequent LD budding and
directional emergence toward the cytosol has been also linked
to the interplay of ER and LD-tensions and the LD size."* Over a
wide range of LD sizes, LD budding is believed to occur through
a discontinuous first-order transition that transforms sym-
metric LD lenses with large ER-tension to asymmetric fully-
budded LDs with small ER-tensions. By contrast, we demon-
strated here via calculating free energies, that LD budding by
lipid exchange between the LD-monolayers is energetically
neutral. Unlike LD formation, which is primarily regulated by
membrane tensions, LD budding is mainly driven by this lipid
exchange, independent from membrane tensions and the LD
size. The modest energy required for budding is presumably
provided by proteins that act as the driving agents.

Energetically neutral budding by inter-monolayer lipid
exchange is primarily due to the identical mechanical tensions
in the luminal and cytosolic LD-monolayers. While the number
of lipids and the area of the luminal and cytosolic LD-
monolayers change by lipid exchange, their lipid densities or
areas-per-lipid remain constant. This is the key to constant
identical tensions in LD-monolayers and the consequent neu-
tral budding (see eqn (4)) which makes LD budding a tension-
independent process.

LD formation through size-independent continuous transitions
of LD lenses and energetically neutral LD budding that we have
discovered, carry significant implications. Prior understanding
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suggested that fully-budded asymmetric LDs were the stable struc-
tures for sufficiently small ER-tensions across a wide spectrum of
LD sizes."" This understanding made it challenging to explain the
stability of experimentally-observed symmetric LDs,">* particularly
those with more spherical shapes. However, our new findings,
which reveal a continuous size-independent LD transition driven by
the reduction in free energy, followed by energetically-neutral
budding, provide a clear explanation for the stability of these
close-to-spherical LDs.

The role of protein machinery in LD budding remains a
contentious topic in the field." While certain studies have
asserted that proteins actively participate in LD budding, others
have considered proteins as passive observers with no signifi-
cant role.''?? The energetically-neutral nature of LD budding
that we have uncovered, based on inter-monolayer lipid
exchange, provides new insight into the role of proteins in LD
budding. On one hand, we demonstrate that LD budding
occurs neutrally, with no remarkable energy input required.
On the other hand, any energetically-neutral process demands
a slight energy input to take place in a quasi-equilibrium
manner. Our findings thus suggest that proteins are indeed
essential for LD budding, but their energetic contributions are
modest. This perspective bridges the gap between the existing
opposing views on the role of proteins in LD budding.

Despite the coarse-grained nature of our molecular simula-
tions with soft potentials, we computed very accurate ER and
LD-tensions. LD-tensions we computed here for nearly spherical
ER-embedded LDs of different sizes, between 3.5 and 5 mN m !
as seen in Fig. 6(a), are surprisingly close to the LD-tensions of
about 3.5 + 1.5 and 2 + 0.5 mN m~ ' measured experimentally
for LDs from mammalian and Drosophila cells, respectively.'*

The negative line tensions, we calculated here for wide LD
lenses, increase to approach positive values for almost spheri-
cal ER-embedded LDs, see Fig. 6(b). These tensions presumably
remain positive during the entire budding of almost spherical
LDs. To the best of our knowledge, tensions of contact lines
between lipid droplets and lipid bilayers have not been mea-
sured experimentally. Whether the negative line tension,
reported here for wide LD lenses, is an artefact of the DPD
force field or they can actually exist for LDs in the ER awaits
further computational and experimental studies. In particular,
such future studies could involve other computational modes,
such as the Martini force field® among other available coarse-
grained models.
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