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Résumé

Les gouttelettes lipidiques (GLs) sont des organites cellulaires omniprésents régulant le stock-

age et le métabolisme des lipides. Les GLs sont générées dans le réticulum endoplasmique

(RE) et le mécanisme de leur biogenèse n’est pas compris car extrêmement difficile à car-

actériser expérimentalement, en raison de la petite taille et de la nature dynamique des GLs

naissantes. Le dysfonctionnement de la biogenèse des GLs est lié à un large éventail de

maladies. Comprendre la formation des GLs est l’objectif principal de cette thèse. Je me

suis concentré sur trois aspects : (1) la partition des protéines dans les GLs naissantes, (2)

l’analyse de la forme des GLs comme indicateur de leur tendance à bourgeonner, et (3) le

mécanisme de bourgeonnement.

Les protéines jouent un rôle important dans la naissance et la fonction des organites.

Les protéomes respectifs des GLs et du RE sont différents, bien que leurs membranes soient

connectées, et les facteurs déterminant la distribution des protéines ne sont pas clairs. Nous

avons utilisé des simulations de dynamique moléculaire pour étudier la partition des protéines

du RE, en nous concentrant sur des protéines modèles pour imiter les protéines membranaires

transmembranaires et monotopiques. Nous avons constaté que les propriétés chimiques des

protéines affectent leur distribution autour des GLs naissantes et expliquent les différents

protéosomes des deux organites.

Au cours de leur formation, les GLs subissent un changement radical de forme, pas-

sant de la forme de lentille d’une GL naissante intégrée dans une membrane à des GLs

presque sphériques émergeant du RE. Des travaux théoriques ont permis une description

mathématique de la forme en fonction du volume de la GL, et prédit que le changement

de forme, correspondant au bourgeonnement, se produisant lorsque la GL crôıt au-delà d’un

certain seuil, estimé à quelques dizaines de nm. Cependant, aucun changement de forme et
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aucun bourgeonnement n’ont été observés dans les simulations de GLs naissantes intégrées

dans des membranes lipidiques plates. En comparant la forme des GLs simulées avec les

formes théoriquement prédites, nous avons trouvé un très bon accord avec la théorie, indi-

quant que les simulations peuvent être utilisées pour obtenir un aperçu au niveau moléculaire

des propriétés et de la dynamique de ces systèmes.

Le bourgeonnement des GLs se déroule sur une échelle de temps et de durée hors de

portée des techniques de microscopie actuelles. De plus, il est communément admis que le

bourgeonnement est également hors de portée des simulations, en raison des mêmes lim-

itations (dans le sens opposé). Le bourgeonnement est donc la partie la moins comprise

de la biogenèse des GLs. C’est aussi peut-être le plus important, car la direction du bour-

geonnement détermine la couverture protéique et donc la fonction des GLs dans les cellules.

Ici, nous avons développé une méthode de simulation hors équilibre, appelée POP-MD, pour

émuler efficacement la synthèse des lipides et explorer les forces motrices et les conditions

du bourgeonnement des GLs. Nous avons également modélisé la protéine clé de la biogenèse

des GLs, seipin, dont les multiples rôles ne sont pas complètement clairs, et nous l’avons

insérée des membranes tubulaires, présentant une morphologie, une taille et une composition

chimique réalistes de la partie tubulaire du RE. POP-MD nous a permis de simuler, pour

la première fois, le processus de bourgeonnement, et de déterminer quelles conditions sont

réellement nécessaires pour l’observer. Nous avons constaté que la taille de la GL n’est

pas un paramètre critique pour reproduire le bourgeonnement ; au contraire, l’asymétrie des

feuillets est nécessaire et suffisante pour reproduire le bourgeonnement, indépendamment de

tous les autres facteurs. Le couplage de la synthèse des triglycérides et des phospholipides

est nécessaire pour produire des structures correctement bourgeonnées. Seipin échafaude

le cou de la GL bourgeonnée et empêche la génération de défauts hydrophiles au niveau du

cou de la GL, mais ce n’est pas suffisant pour produire le bourgeonnement. La composi-

tion lipidique complexe du RE facilite le mécanisme de bourgeonnement car elle fournit des

membranes moins rigides, réduisant les défauts membranaires pendant la biogenèse. Dans

l’ensemble, les simulations ont fourni une vue moléculaire sans précédent de la biogenèse

GL, avec une résolution de longueur inférieure au nanomètre et une résolution temporelle de

l’ordre de la picoseconde, ont permis l’interprétation de nombreuses données expérimentales

et ont élucidé le rôle des différents composants nécessaires au processus de bourgeonnement.
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Abstract

Lipid droplets (LDs) are ubiquitous cellular organelles regulating the lipid storage and metabolism.

LDs are generated in the endoplasmic reticulum (ER), and the mechanism of their biogenesis

is not understood because extremely challenging to characterize experimentally, due to the

small size and dynamic nature of nascent LDs. Malfunctioning of LD biogenesis is linked to

a wide range of diseases. Understanding the formation of LD is the main objective of this

thesis. I focused on three aspects: (1) the partitioning of proteins in nascent LDs, (2) the

analysis of LD shape as a proxy for their tendency to bud, and (3) the mechanism of budding.

Proteins play an important role in the birth and function of organelles. The respective

proteome of LDs and ER are different, despite their membranes being connected, and the

factors determining protein distribution are unclear. We used molecular dynamics simulations

to study the partitioning of ER proteins, focusing on model proteins to mimic transmembrane

and monotopic membrane proteins. We found that the chemical properties of proteins affect

their distribution around nascent LDs and explain the different proteosomes of both organelle.

During their formation, LDs undergo a drastic change in shape, from the lens-like shape of

nascent LD embedded in a bilayer membrane to nearly spherical LDs emerging from the ER.

Theoretical work allowed a mathematical description of the shape as a function of LD volume,

and predicted that the change in shape, corresponding to budding, occurs when the LD grows

beyond a certain threshold, estimated at a few tens of nm. However, no change in shape

and no budding was observed in simulations of nascent LDs embedded in flat, periodic lipid

bilayer membranes. Comparing the shape of simulated LDs with the theoretically predicted

shapes, we found very good agreement with the theory, indicating that simulations can be

used to gain molecular level insight into the properties and dynamics of these systems.

LD budding takes place on a time and length scale beyond the reach for current mi-
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croscopy techniques. Also, it is commonly believed that budding is out of reach for simu-

lations too, due to the same limitations (in the opposite sense). Budding is therefore the

least understood part of lipid droplet biogenesis. It is also possibly the most important, as

the direction of budding determines the protein coverage and therefore the function of LDs

in cells. Here we developed a non-equilibrium simulation method, coined POP-MD, to effec-

tively emulate lipid synthesis and explore the driving forces and the conditions for LD budding.

We also modeled the key protein in LD biogenesis, seipin, whose multiple roles are not com-

pletely clear, and inserted it tubular bilayer membranes, featuring realistic morphology, size,

and chemical composition of the tubular part of the ER. POP-MD allowed us to simulate,

for the first time, the budding process, and determine which conditions are actually neces-

sary to observe it. We found that LD size is not a critical parameter to reproduce budding;

instead, leaflet asymmetry is necessary and sufficient to reproduce budding, independently of

all other factors. Coupling of triglyceride and phospholipid synthesis is necessary to produce

correctly budded structures. Seipin scaffolds the neck of the budded LD and prevents the

generation of hydrophilic defects at the LD neck, but it is not sufficient to produce budding.

The complex ER lipid composition facilitates the budding mechanism as it provides softer

membranes, reducing membrane defects during biogenesis. Overall, simulations provided an

unprecedented molecular view of LD biogenesis, with sub-nanometer length resolution and

picosecond time resolution, enabled the interpretation of numerous experimental data, and

elucidated the role of the different components required for the budding process.
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Chapter 1

Introduction

Lipid droplets are ubiquitous intracellular organelles, found in most cells of most living organ-

isms, from bacteria to humans, responsible for lipid storage in cells (1). They are sometimes

referred to as adiposomes, lipid bodies, or oil bodies. In eukaryotic cells, lipid droplets (LDs)

are formed in the endoplasmic reticulum (ER) and play a major role in lipid and energy

metabolism (1; 2). In LDs, different types of lipids can be converted into one another: phos-

pholipids, that are the main constituents of cell membranes, can be converted to neutral lipids

(such as triglycerides) for storage, and neutral lipids can later be converted to phospholipids

or other lipids with different cellular functions. To fulfill their roles, specific mechanisms

regulate their formation, growth or shrinkage, depending on the needs of the cell. The study

of LDs biogenesis is relevant not only from the standpoint of fundamental biology, but also

for medicine, as many metabolic diseases are linked to malfunctioning or anomalies of LD

biogenesis: obesity, steatosis, lipodystrophy, diabetes, and certain types of cancer (3). LDs

also act as deposits for otherwise toxic lipids, and their mechanism of formation is hijacked

by certain viruses, that use LDs to replicate – hence the relevance of LDs for viral infec-

tions (1). Despite their relevance, the specific mechanisms regulating LD biogenesis are not

well understood. The overall goal of my thesis is to contribute to our understanding of the

molecular mechanisms of lipid droplet formation, using computer simulations.
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2 1.1. LIPID DROPLET STRUCTURE

1.1 Lipid droplet structure

From a physical-chemical standpoint, LDs are emulsions of oil drops in water (4; 2). They

consist of a core of neutral lipids, mainly triacylglycerols (TGs) and cholesteryl esters; and

they are bounded by a monolayer of phospholipids and proteins (5; 6). In cells, LDs are

found with a wide range of sizes: from tens of nanometers to tens of millimeters, depending

on the nature of the organism, the cell type, the metabolic state, and the stage of LD

formation (2). For a “naked” oil-water interface, the interfacial tension is high (around

20−30 mN/m, depending on the type of oil), which makes oil droplets unstable and prone to
fusion (coalescence). In LDs, a monolayer of phospholipids and proteins acts as a surfactant,

lowering the surface tension and stabilizing the emulsion. Increasing the quantity of surfactant

at the interface reduces the surface area exposed to water, hence reduces the surface tension

and increases the stability of the LD. However, the interfacial monolayer presents a lower

phospholipid density than the bilayer (7; 8), therefore it is subject to a higher surface tension

(typically around 1− 2 mN/m (7; 8)) compared to bilayer membranes, for which the surface
tension is typically of the order of 10−2 mN/m. Such interfacial tension are critical for cell

homeostasis and for proteins targeting to the surface of LDs (9).

Figure 1.1: Schematic overview of lipid droplet structure. The core is composed of tria-

cylglycerols and sterol esters. The monolayer is composed of phospholipids with their head

groups oriented towards the cytosol and their acyl chains oriented toward the LD core. Pro-

teins from various origins are also associated on the surface of LDs, described in section 1.6.

Figure taken from (10).
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CHAPTER 1. INTRODUCTION 3

1.2 Lipid droplet formation

LDs are substantially different from all other cellular organelles as they are bounded by a

monolayer of phospholipids, instead of a bilayer (11). The unique structure of LDs stems

from the process of LD formation: in eukaryotic cells, LD form in the endoplasmic reticulum

(ER) bilayer. While such mechanism is not fully understood, some aspects are now rather

well accepted in the biology community. At low concentration, neutral lipids are dissolved

in the ER bilayer. As more neutral lipids are synthesized and their concentration rises, they

phase separate, and form a lens-shaped blister in the bilayer, containing triacylglycerol and

sterol esters. This event is referred to as lipid droplet nucleation (12). This symmetric lens

is generally referred to as nascent lipid droplet. As the lens grows and reaches a certain

size, the droplet changes in shape and becomes spherical and asymmetric, swelling toward

the cytosol. This process is analogous to dewetting in systems with three fluids (12), and

the emergence of the (nearly spherical) LD from the ER membrane is generally referred to

as budding. The budded droplet is then bounded by the cytosolic monolayer of the ER.

In theory, the budding size depends on local surface tension and line tensions as well as oil

wetting properties, and surfactant type. Low tension in the surrounding bilayer membrane

has been found to favor neutral lipid removal from the bilayer and to promote budding (13).

The presence of positively curved phospholipids favors a lower tension and helps the budding

of small LDs (14; 13). However, multiple LD proteins come into play, compensating and

counterbalancing the effect of lipids during budding. Mature budded LDs can eventually

detach from the ER bilayer. However, this latter step is not necessary and rarely observed,

as most LDs maintain a contact point with the ER (15).

Figure 1.2: Model of lipid droplet formation. The four stages of lipid droplets formation are:

nucleation, nascent LD, budded LD, and detached LD. Figure taken from (12)

3



4 1.3. LIPID DROPLET COMPOSITION

1.3 Lipid droplet composition

The phospholipid monolayer on the surface of LDs consists mostly of phosphatidylcholine

(PC) and phosphatidylethanolamine (PE), and also contains small amounts of phosphatidyli-

nositol (PI), phosphatidylserine (PS), phosphatidic acid (PA), cholesterol, sphingomyelin

(SM) and lysophospholipids(16). During LD biogenesis, and generally also after budding,

there is a continuity between the bilayer membrane of the ER and the LD monolayer. How-

ever, somewhat surprisingly, the phospholipid composition differs in the ER bilayers and LD

monolayers: the LDs surface contains higher amounts of phosphatidylcholine (PC), and

lower amounts of cholesterol and sphingomyelin than ER membranes (16). The LD surface

also contains cosurfactants, such as unesterified sterols, diacylglycerol (DG), or fatty acids

(FAs)(17), that make the distribution of phospholipids more even, and by doing so, lower

the surface tension (2).

1.4 Lipid droplet growth and shrinkage

Neutral lipids synthesis is the first event not only in LD nucleation but also LD growth.

Triacylglycerol synthesis enzymes synthesize neutral lipids at LD surfaces (18). Besides oil

synthesis, LD growth also relies on ripening and fusion with other LDs. Ripening occurs

when multiple LDs are present in a continuous bilayer membrane, but does not require any

contact between those LDs: larger LDs have lower Laplace pressure than smaller LDs, and

Laplace pressure (corresponding to the difference between internal and external pressure:

ΔP = Pin–Pθ = 2γ/r) “pushes” oil molecules from smaller LDs to larger LDs. As a

consequence, ripening causes shrinkage of smaller LDs and growth of larger LDs. Ripening

is a slow process and vanishing of a small LD can take several minutes (19).

Fusion of LDs, instead, requires close proximity between two LDs, and occurs when two

adjacent LDs come into contact. Fusion depends on several factors, for example tempera-

ture: at high temperature, thermal fluctuations overcome the energy barrier for fusion; even

though in mammalian cells, temperature is stable. Fusion also depends on the phospho-

lipid composition, as it changes the spontaneous curvature of the monolayer curvature. An

excess of negatively curved phospholipids supports pore formation and is thought to favor

fusion (20). After pore opening between two LDs, fusion can occur within milliseconds (20).
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LDs can be subject to destabilization even with extensive coverage in phospholipids.

Figure 1.3: Processes governing changes in lipid droplet size. TG synthesis is mediated by

proteins located in the LD monolayer or the neighboring ER membrane connected to the

LD; synthezed TGs directly increase the size of the LD core. In ripening, TG travels from

a smaller LD to a larger one by diffusing through the continuous ER membrane connected

two neighboring LDs. Figure taken from (2)

1.5 Lipid metabolism

Lipid synthesis is a vital process since accumulations of free fatty acids (FA) is toxic in

cells. FA must be converted into triacylglycerols (TGs). The glycerolipid synthesis pathway

involves different enzymes: Glycerol-3-Phosphate Acyltransferase (GPAT), 1-Acylglycerol-3-

Phosphate Acyltransferase (AGPAT), lipin, Monoacylglycerol Acyltransferase (MGAT), Di-

acylglycerol Acyltransferase (DGAT) (21).

G3P −−−→
GPAT

LPA −−−−→
AGPAT

PA −−−→
Lipin

DG −−−−→
DGAT

TG

�⏐⏐⏐ MGAT
MAG

TGs are the main storage lipids in cells, and they are broken down in order to be used

as an energy source. Lipolysis involves the hydrolysis of TGs and generally requires multiple

enzymes, named lipases: adipose triglyceride lipase (ATGL or PNPLA2), hormone sensitive

lipase (HLS), and monoacylglycerol lipase (MGL) (21). Lipolysis is strictly controlled in

adipocytes, but the process is less understood in other tissues (21). Since some tissues can
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6 1.6. LIPID DROPLET PROTEOME

present low levels of ATGL, HSL and MGL, other lipases are likely implied in lipolysis (22).

TG −−−→
ATGL

DG+ FA

DG −−→
HSL

MAG+ FA

MAG −−−→
MGL

C3H8O3 + FA

These reactions show how TG is hydrolysed into diacylglycerol (DG), then into monoa-

cylglycerol (MAG), and finally into fatty acids and glycerol (C3H8O3).

Alternatively, PA can then be used to synthesize phospholipids, important components of

cell membranes. In the process of phospholipid synthesis, PA is modified by adding additional

fatty acids and polar head groups to form various types of phospholipids.

1.6 Lipid droplet proteome

The LD proteome consists of 100–150 proteins in mammalian cells, mainly enzymes involved

in lipid metabolism (23). Besides the proteins responsible for the synthesis and the hydrolysis

of neutral lipids, many other proteins have been identified in LDs, linked to lipid droplet

functions in storage or metabolism, or to other functions, such as membrane trafficking or

protein degradation. The surface of mature LDs contains proteins from two origins: Class I

proteins from the ER, and class II from the cytosol. Interestingly, Class I proteins found in LDs

are different from ER proteins: during the formation of LDs, only a fraction of ER proteins

diffuse to the nascent lipid droplet monolayer, while others stay in the ER membrane (24).

The monolayer membrane of LDs is one of the reasons for this protein non-homogeneous

distribution. Bilayer membranes retain proteins with transmembrane domains and hydrophilic

regions on both sides of the ER membrane. Instead, so-called monotopic membrane proteins,

consisting of a hydrophobic domain bounded by hydrophilic domain(s) on the same side of the

ER membrane, generally partition to the LD monolayer (25; 26; 27; 28; 29). These include

hydrophobic hairpins. Class II proteins are generally partially soluble cytosolic proteins, and

interact with the LD surface monolayer via amphipathic helices. These proteins also act

as surfactants, reducing the surface tension of the LD monolayer, as they occupy the LD

surface. And conversely, LDs presenting a high surface tension may have hydrophobic patches
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on their surface. The exposed oil phase may then trigger protein binding (25; 26; 27; 28; 29).

Figure 1.4: The two classes of proteins involved in the insertion process of proteins into

LDs. Class I proteins are inserted into the ER and laterally diffuse into forming LDs. Their

insertion can be facilitated by the association with PEX19 and its ER receptor PEX3. Class

II proteins are directly inserted from the cytosol into LDs using amphipathic helices or fatty

acid modifications. Figure taken from (10).

Seipin is an evolutionarily conserved transmembrane protein essential for LD birth, growth,

and function. Seipin is at the center of a network of protein interactions playing important

roles in LDs formations, cytoskeleton remodeling, calcium handling, lipolysis, and phospholipid

homeostasis (30). Seipin is essential for normal LD formation: in the absence of Seipin,

aberrant LDs form in cells, either tiny or giant LDs emerge from the ER (31; 32; 30),

resulting in an abnormal LD phenotype. While many investigations have been carried out

exploring the different functions of seipin, information on the molecular-level mechanisms

of action and other microscopic level information on seipin is limited. Seipin structure has

7



8 1.6. LIPID DROPLET PROTEOME

been determined by cryogenic electronic microscopy for four organisms: human (33), fly

(34) and yeasts (35; 36). All three structures share strong similarity in the luminal domain.

Human seipin forms a undecamer ring, with a diameter of 150 Å, while the Drosophila seipin

forms dodecamer ring, and yeast Seipin forms a decamer ring. The largest fraction of the

protein oilgomer consists of its luminal domain. Each unit of the seipin oligomer has two

transmembrane helices and one cytosolic domain.

Figure 1.5: Molecular structure of seipin during LD formation. The cryo-EM structure of

the luminal domain of the seipin oligomer is shown, along with the transmembrane domains

(TMD), and the N-terminus segments. Step 1: seipin attracts NLs in the ER membrane

with its oligomeric ring. Step 2: seipin scaffolds the neck formed at the LD-ER contact

point. Figure taken from (34).

Based on the available structures, simulations have been carried out leading to the hy-

pothesis that Seipin may promote LD nucleation by attracting and trapping NLs (37; 38).

Through weak interactions with NLs, seipin TM domains reduce locally the diffusion of NLs,

and increases the local concentration of NLs. At the same time, hydrophobic helices in the

luminal domain have a high affinity and bind to monolayers enveloping neutral lipids (30),

and also trap NLs through strong direct interactions. Subsequently, NLs cluster within the

seipin ring leading to LD nucleation, lowering the NL concentration threshold necessary for

LD nucleation (38; 37). Through these interactions with NLs, seipin prevents LD shrinkage

by ripening (32) and promotes growth of small LDs it nucleates. Since seipin is a 15-nm-

wide ring oligomer, the diameter of the LD-ER contact is predicted to be about 15 nm (32).

Upon LD budding, at the LD-ER junction, the membrane forms a “neck”; seipin scaffolds

the LD-ER contact point assuring stability of the neck (32). Additionally, seipin binds and

regulates phosphatidic acid, a phospholipid negatively charged and cone-shaped, i.e., having

8
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a negative curvature (34). Seipin luminal domain also contains a 8-stranded β-sandwich fold

that forms a C2-like domain targeting membranes binding calcium ions (34). Calcium ions

may interact with two PAs to form a neutral highly negatively curved complex(34) necessary

to form the neck a the LD-ER contact point.

Seipin also interacts with a number of other proteins, and forms an LD protein complex

at the point of formation of the nascent LD (32; 30). Since the monolayer of LDs presents a

lower phospholipid surface density compared to bilayer membranes (8), packing defects favor

the binding of proteins. Unsurprisingly, seipin interacts and affects the activity of proteins

responsible of lipid metabolism. Seipin may interact with GPATs, responsible of the synthesis

of LPA, and antagonizes their activity (22). GPAT and DGAT, responsible of the synthesis

of TG, translocates to the LD surface and supports LD expansion (22).

Proteins linked to ER shape also impact LD (39; 40; 41). For example, LDAF1 (also

named Promethin), Ldo45, or TMEM159, form complexes with Seipin upon LD nucleation.

Structure-wise, LDAF1 forms a double hairpin that can bind to monolayers (42). It acts

to reduce the cost of forming many new LDs(30). As Seipin allows the formation of few

large LDs, together, LDAF1 and Seipin allow the formation of normal sized LDs. Upon

budding, LDAF1 dissociates from Seipin and coats the LD monolayer (42). In yeast, LDAF1

is required for the functioning of Seipin. Yeast Seipin is deprived of the 8-strand β-sandwich

and the hydrophobic helix domains than have been found in human and drosophila Seipin.

The yeast equivalent of LDAF1 forms a complex with Seipin replacing the function of these

AH (35).

Fat Storage-Inducing Transmembrane protein (FITM) plays a role in fat accumulation in

adipocytes and during LD biogenesis, and regulates the ER-LD crosstalk during LD budding

(22). FITM is also recruited by Seipin to facilitate budding: it reduces DG levels in the ER

(10) by allowing the sequestration of DG around Seipin during LD biogenesis (43), that will

be converted into TGs. Seipin indeed recruits DGAT, responsible of the production of TG.

Pex is another protein affecting the ER membrane shape, and can serve as insertion

pathway for Class I proteins (10). During LD biogenesis, Pex helps LD formation by deforming

ER membrane subdomain (44; 45).

In yeast, Perilipins are also recruited by Seipin to LD surface (43): they play a role in

scaffolding and stabilizing LD. Perilipins facilitate budding by accessing to the cytosolic side

9



10 1.7. NON-CANONICAL LIPID DROPLET FUNCTIONS

of the LD, changing balance of tension in the membrane (46). Phosphorylation of perilipin1

also activates CGI-58 that activates ATGL, the lipase responsible for the degradation of TG

into DG (47).

CCTα activation is required to maintain PL homeostasis during LD growth (10). Syn-

thesis of PC lipid is regulated by the enzyme CCTα, catalyzing PC synthesis when bound to

PC-deficient LDs (48).

Above were only mentioned proteins directly involved in lipid metabolism or in LD for-

mation. Many more proteins have an activity related to LDs. Even more considering the

processes LDs take part in.

1.7 Non-canonical lipid droplet functions

LDs are involved in a wide range of functions and process, even some where they are not

the primary actors, for example in the immune system. Here, LDs have been found to

be involved in the innate immune system (49). LDs form a first-line intracellular defense.

When presented with danger signals from the cell, LDs can respond be reprogramming the

cell metabolism. LDs are also at the origin of protein response antimicrobial mechanisms.

Danger-response complexes assembled on the surface of LDs. LDs also benefit to cells

subjected to infections coordinating different immune systems (49). LDs attract pathogens

and are able to sequestrate cytotoxic compounds. LDs are central players in metabolic

adaptation to infection.

LDs play a protective role against endoplasmic reticulum (ER) stress, which occurs when

there are imbalances in protein folding, calcium uptake, or lipid composition in the ER. The

accumulation of unfolded proteins triggers the unfolded protein response (UPR) (50), a

cellular adaptive response that aims to restore ER homeostasis. Disruption of LD biogenesis

or overwhelming their storage capacity leads to UPR activation (51; 52). LDs serve to buffer

excess fatty acids, prevent UPR activation, and maintain ER homeostasis (10).

During autophagy induced by nutrient deprivation, a portion of the lipids released from

the breakdown of proteins and organelles is re-esterified to form triacylglycerol, which is then

stored in LDs (53; 54). This process depends on the autophagy machinery and the enzyme

DGAT1 (54). Without LDs, fatty acids accumulate as acylcarnitine, which disrupts mito-
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chondrial function, impairs respiration, and leads to cell death. LDs act as a buffer, preventing

the lipotoxic damage caused by high levels of acylcarnitines and maintaining mitochondrial

integrity (10).

1.8 Knowledge gaps and open questions

Despite recent advances uncovering LDs role, functions and interactions, many aspects of

LDs biology remain misunderstood. First and foremost, many open questions remain on

the biogenesis of LDs. Nucleation cannot be observed directly via experimental techniques,

but is very easy to simulate as it requires only small systems with little amount of neutral

lipids; indeed LD nucleation has been simulated by several groups (38; 38; 37; 4; 55; 56).

Nascent LDs budding has never been observed experimentally and experimental observations

will probably remain difficult for the foreseeable future, due to limitations in the time and

length scale of current microscopy techniques applied to fluid systems. Contrary to nucle-

ation, budding is also very difficult to study by simulations, as it requires the ability to grow

LDs out of equilibrium to large sizes; the threshold size for LD budding is unknown, but

probably lies in the range of 30-50 nm, based on cryo-EM pictures of lens-shaped nascent

LDs embedded in ER membranes (14). Change in LD shape are also very challenging for

experimental methods, when referred to the early stages of biogenesis, when the nascent

LDs have nanometer size. How does the change from a symmetric nascent LD to a spherical

budded LD occur? Does budding occur spontaneously by addition of TG, or it does require

synthesis of phospholipids, or the presence of specific proteins? Many proteins are involved

in LD formation, but their molecular mechanism remains to be understood, along with the

mechanism of LD budding.
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Chapter 2

Methods

2.1 Molecular simulations

The most accurate and most general theory currently available to describe the motion of

atoms and molecules is relativistic quantum dynamics (57). However, such general theory is

very difficult to apply in the case of large molecular systems, due to the enormous compu-

tational complexity, and approximations are necessary. If a description of chemical reactions

(i.e., bond formation or bond breaking) is desired, the motion of electron needs to be taken

into account, and this is generally done by quantum mechanical methods (57). A vast num-

ber of approximate methods has been developed for this aim, including wavefunction methods

and density functional methods. If chemical reactions are not relevant for the problem at

hand, then the motion and distribution of electrons do not need to be treated explicitly, and

classical mechanics methods are sufficient to predict the motion of the particles in the system

(57). A large number of simulation methods has been developed based classical mechanics

(58). In the following, I will provide a brief overview of common classical mechanics methods,

and then I will focus on the specific methodologies used in this thesis work.

2.2 Molecular mechanics simulations methods

In molecular mechanics methods, forces among atoms are calculated via a so-called force

field. Force fields generally ignore electrons, and forces among atoms are calculated based on

the positions of their nuclei, and applied to the same nuclei. I will briefly describe the most

13



14 2.2. MOLECULAR MECHANICS SIMULATIONS METHODS

common approximations made to calculated such forces in section 2.4. Once the forces are

known, the system may evolve according to some equation of motion. Different possibilities

exist, summarized briefly in the following section.

Energy minimization (EM) consists in finding the configuration of the particles in the sys-

tem with the lowest energy possible. This is achieved by optimizing the arrangement

of all particles, by finding the most favorable bonds and angles within all molecules,

and reducing the electrostatics and Van der Walls forces between the particles within

the system. Energy Minimization is useful to find a local energetic minimum: the

gradient of the potential energy of the system in computed, then atoms are moved in

the direction that reduces the potential energy the most. In such process, the energy

of the system can only decrease, therefore energy barrier cannot be overcome and the

system moves toward the closes local minimum of the potential energy. The evolution

of the system configuration during an energy minimization process does not reflect

realistically the evolution of the system, but the result leads to an energetically more

favorable arrangement of the system. In practice, energy minimization is used to find

configurations with close contacts among molecules, which would lead to a high energy

and often numerical instability in other types of simulations.

Monte Carlo (MC) is a method that relies on statistical mechanics systems, and aims at

finding stochastically the most probable configurations of a system (58; 59). From

a starting conformation, a Monte Carlo simulation generates new conformations by

making random changes in the positions of the atoms in the system. The moves

are accepted or rejected based on an energetic criterion, usually the Monte Carlo

Metropolis criterion: if the new configuration decreases the energy of the system, it

will always be accepted; if the new configuration has a higher energy, it will be accepted

or not depending on the probability that changes depending on the energy levels of the

conformation. With this type of simulation, an effective sampling of equilibrium states

can be achieved (58; 59). But because changes are stochastic, conformations are not

connected in time, and no information about the dynamics of the system by be obtained

for a simulation. For this reason, MC can only be used for the prediction of static, not

dynamic properties.

14
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Molecular dynamics (MD) is a popular molecular mechanics method and probably the most

common types of molecular simulation in biology (58; 59). It is used to give an insight

into the time evolution of molecular systems where the structure of the molecules is

known. The evolution of the system is determined by solving Newton’s equation of

motion for all particles, which provides both positions and velocities of all atoms as a

function of time. The method is applied both in the case of an explicit and an implicit

representation of the solvent. Applied to systems where there are no chemical reac-

tions, MD can give a realistic representation of structures, dynamics, and interactions.

This insight allows to understand the evolution in systems interactions and changes in

structures and stability of conformations. Methods based on molecular dynamics can

also be used to calculate free energy changes in molecular systems (58; 59). MD is

the method of choice for this thesis work, and will be described in more detail in the

next section.

Langevin dynamics (LD) is a mathematical modeling method of the dynamics of molecular

systems, using on simplified models based on stochastic differential equations (58; 59).

The equation of motion contains a friction term, which decreases the velocities in

the system, and random forces, to compensate for the (kinetic) energy lost by friction.

The method is generally used when the solvent is not represented explicitly, but nothing

forbids to use it also when the solvent is considered explicitly; in this case the algorithm

acts as a thermostat. In both cases, the dynamics of the system is non-Newtonian and

should be considered carefully.

Brownian dynamics (BD) is mathematically similar to LD, in that it includes random forces.

In fact, Brownian dynamics is a particular simplification of Langevin dynamics where

conservative forces (calculated via a force field) are neglected. It is used to describe

the random motion of particles in a fluid.
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2.3 Basic principles of molecular dynamics simulations

Equation of motion

MD simulations seek to describe the position of the atoms over time. Numerical integration

of Newton’s equation of motion requires discretization of time in short intervals, called time

steps, indicated as δt. Starting from an initial time tinit , the position of the particles can be

calculated at subsequent times by integrating the equation of motion in discrete time steps

δt. Computing one time step after the other results in a trajectory, i.e., the position of all

atoms (or particles) of the system over time. In order to deduce the motion of the particles

from one moment to the next, a mathematical description needs to connect the position x

of the particles between time t and time t + δt. At a moment t, the positions and velocities

of all the particles are known, and the potential energy in each particle can be computed

from the force field (see section 2.4). From the gradient of the potential energy, the forces

F can be deduced and applied to each atom:

F = −∇V (2.1)

where V is provided by the force field. Since F = ma, accelerations a of all particle can be

obtained (here, m is the mass of the particle). In order to obtain positions and velocities at

subsequent times, we need an algorithm that can integrate Newton’s equation of motion nu-

merically, using discrete time steps. Several algorithms have been developed to this purpose,

and in general they are based on Taylor series expansions of positions and velocities:

x(t + δt) = x(t) + ẋ(t)δt +
1

2
ẍ(t)δt2 + . . . (2.2)

ẋ(t + δt) = ẋ(t) + ẍ(t)δt +
1

2

...
x (t)δt2 + . . . (2.3)

where x(t) is the vector of the positions of all atoms at time t, ẋ(t) is the vector of the

time derivative of the positions, etc. One of the most commonly used algorithms for the

numerical integration of the equation of motion is the leap-frog algorithm. Here, positions
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and velocities are not calculated at the same time:

x(t + δt) = x(t) + ẋ(t +
1

2
δt)δt (2.4)

ẋ(t +
1

2
δt) = ẋ(t − 1

2
δt) + ẍ(t)δt (2.5)

Another widely used integration algorithm is known as Velocity-Verlet:

x(t + δt) = x(t) + ẋ(t)δt +
1

2
ẍ(t)δt2 (2.6)

ẋ(t + δt) = ẋ(t) +

(
ẍ(t) +

1

2
ẍ(t + δt)

)
δt (2.7)

Whichever algorithm is chosen, the length of the integration time step δt is essential for

the success of the simulation. The shortest the time step, the more accurate the integration:

an excessively long time step δt may results in overlapping particles, hence high forces and

numerical instability. At the same time, having a too short time step makes the calculation

of a trajectory more computationally expensive, as more steps imply more calculations for

the same duration. The most suitable appropriate time step is a trade-off between efficiency

(speed) and accuracy, and it is determined by the fastest motion in the system. The fastest

motion depends on the nature of the particles in the simulation, i.e., depends on the force

field. In a typical all-atom force field, the vibration of the lightest atoms is the fastest motion;

for bonds involving hydrogen atoms, the period vibration is on the order of 10 fs. In order to

reproduce the vibration, the time step should be on the order of 0.5 fs (59).

2.4 Force fields

Force fields are sets of equations and related parameters that allow to calculate potential

energies from the positions in a system of atoms. Forces among atoms are quantum me-

chanical in nature, and classical force fields aim at providing accurate representations of

those forces at much lower computational cost, without resorting to quantum mechanical

calculations. Force fields are therefore the result of numerous approximations, and simplify

the descriptions of interactions and the estimation of the forces between particles (59).

In principle, all terms in a force field can be derived from fitting forces calculated at

the quantum mechanical level. In practice, for systems in condensed phases (i.e., solids
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and liquids), accurate quantum mechanical descriptions of forces are difficult to obtain, as

they would require calculations on large number of atoms. Therefore, quite often force

fields are parameterized based only in part on QM calculations. Parameters describing bonds

and angles in molecules can be safely derived from QM calculations. On the other hand,

forces among atoms in different molecules require fitting to experimental data, for example

thermodynamic properties of simple systems (e.g., pure liquids).

Depending on the nature of the systems of interest, on the application, and on the time

scale and the spatial scale, many force fields exist. All-atom force fields represent and define

parameters for all the atoms in the systems; unified atoms force fields represent mostly

non-hydrogen atoms: non-polar hydrogens are incorporated into the adjacent heavy atom,

while only polar hydrogens (connected to nitrogen, oxygen, etc.) are represented explicitly.

Coarse-grained force fields use particles or beads that represent a group of heavy atoms.

Force fields typically contain bonded terms, acting between atoms connected via 1, 2,

or 3 covalent bonds, and non-bonded terms, acting among any atoms in the system, except

the ones listed above (directly connected). The computation of the potential energy is

decomposed into the addition of these two terms:

Etot = Ebonded + Enon-bonded (2.8)

Bonded interactions are the sum of intramolecular energies coming from bonds, angles and

dihedrals. Non-bonded interactions are the sum of intermolecular energies coming from

electrostatics and Van der Waals forces.

In bonded terms, bond stretching can be modeled using a harmonic potential or the Morse

potential. The Morse potential become zero at large distances, therefore bond can break. In

most cases, harmonic potentials are used instead, restraining the bond to an ideal length.

Vbond =
1

2
kbond(x − x0)2 (2.9)

The bending of angles is also usually modelled using harmonic functions.

Vangle =
1

2
kangle(q − q0)2 (2.10)
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Dihedral potentials are modelled using periodic functions (e.g., combinations of trigonometric

functions), which vary depending on the nature of the dihedral. Improper dihedrals can also

be defined, used to conserve planarity of some molecules, such as aromatic rings, or chirality

around stereocenters.

Non-bonded intermolecular terms take into account the interactions of each atom with

all atoms in other molecules, and also most atoms in the same molecule (except the ones

connected by 1 or 2 bonds). In the vast majority of force fields, non-bonded terms are

described as a sum of pairwise interactions, i.e., interactions between two atoms. The

electrostatics term can be described using Coulomb’s law:

Vc = ke
q1 · q2
er r

(2.11)

where ke is Coulomb’s constant, q1 and q2 are the charges of the particles, er is the

dielectric constant of the medium and r the distance between the particles. Electrostatic

interactions exist between ions, carrying an integer charge, but also among atoms that are

part of electrically neutral molecules. This is because, in general electronic distributions in

molecules are uneven, i.e., some nuclei attract more electrons (i.e., they are more electroneg-

ative) than others, which gives rise to electric dipoles (and, in some cases, higher multipoles).

Since force fields do not contain an explicit representation of electrons, the uneven electronic

distribution is represented via partial charges placed on the nuclei. Such partial charges are

parameterized to reproduce the electrostatic potential of the molecule, as calculated via

quantum mechanical methods (and possibly optimized by fitting thermodynamic properties).

In force fields, partial charges are fixed, i.e., constant in time. In real systems, electronic

distributions (and therefore the electrostatic potential) can change significantly as a result

of conformational changes or chenges in the chemical environment (i.e., presence of a polar

vs non-polar solvent). Fixed partial charges are therefore an approximation, only valid when

conformational changes or changes in chemical environment do not lead to a significantly

different electronic distribution. Fortunately, this is the case for the majority of molecules

of biological interest (with notable exceptions, e.g., highly charged systems, that will not be

discussed here).

When a more accurate description of electrostatic interactions is needed, a polarization
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term can be included in the force field. This is rarely used for biological macromolecules due

to its computational cost and the limited advantages, but is considered indispensable in some

specific areas of chemistry and materials science (e.g., ionic liquids, polyelectrolytes, etc.).

Even in the absence of molecular dipoles and multipoles, atoms still attract each other

via dispersion interactions, due to the interaction between transient dipoles (generated by

the rapid motion of electrons in molecules) and induced dipoles (induced by the presence of

a nearby dipole). Moreover, atoms repel each other at very short distances, since electronic

distributions of different atoms cannot be overlapped (Pauli exclusion principle). Such com-

bination of attraction (due to dispersion interactions) and repulsion is generally represented

by the Lennard-Jones potential:

VV dW = 4ε

((σ
r

)12
−

(σ
r

)6)
(2.12)

where r is the distance between the 2 particles, s is related to the size of the atom, and ε

is related to the degree of attraction between two atoms. The values of s and ε are specific to

the nature of the two interacting atoms, and need to be defined for all possible interactions:

self-interactions for the interactions of 2 atoms of the same type; and cross-interactions for

the interactions for two different atoms.

2.5 Practical aspects of MD simulation methods

Besides a method to calculate forces (i.e., the force field) and a method to integrate Newton’s

equation of motion, a few other aspects are crucial to perform MD simulations that we can

easily perform on current computer hardware and interpret. The first one is periodic boundary

conditions: these are necessary to avoid that the system of interest has an interface with

vacuum (59). When using periodic boundary conditions, the system is replicated in the X,

Y, and Z dimension, so the particles experience forces as if they were in bulk fluid, and the

system can be simulated using a relatively small number of particles.

A second crucial aspect in MD simulations is the use of cutoffs to truncate the potential

energy. As a system grows, the number of interactions within the system grows as N · (N −
1) ≈ N2, where N is the number of particles in the system. Truncation of the potential
energy means that only interactions within a certain cutoff are calculated. This way, as the
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system grows, the number of interaction scales linearly with N. This represents an enormous

advantage when simulating large systems.

Truncation of the potential may lead to significant artifacts, particularly in the calculation

of electrostatics interactions in systems containing many charged particles. Methods have

been developed to approximate long range electrostatic interactions and avoid the most

important artifacts, and the method most commonly used is named Particle Mesh Ewald

(PME) summation, and allows considering all the interactions of the system as if the system

was an infinite, periodic crystal (60; 61). Another method often used is named Reaction Field

(62); in this case, interactions outside the cutoff are estimated assuming that the medium

(solvent) has a uniform dielectric constant. The method is computationally cheaper than

PME, and is often used in combination with coarse-grained models (see next section).

Another “trick” to speed up MD simulations is the use of constraints: some (or all)

bond stretching terms in the force field are replaced by constraints, i.e., such bonds cannot

vibrate and no energy is associated to them (i.e., they are no longer considered as degrees

of freedom in the system). Eliminating fast vibrations allows the use of longer integration

time steps, which speeds up the calculation.

Last but not least, to better mimic experimental conditions, MD simulations are often

performed at constant temperature and pressure. This requires the use of a so-called ther-

mostat and barostat, and a number of different algorithms have been devised to modify the

integration of the equation of motion and take temperature and pressure into account. One

of the most popular methods is the so-called weak coupling algorithm by Berendsen (63),

whose main advantage is the great computational robustness. Unfortunately, while average

temperature and pressure are correct, the Berendsen algorithm does not guarantee that fluc-

tuations in temperature and pressure correspond to the desired thermodynamic ensemble; as

a consequence, quantities depending on fluctuations in temperature (or related quantities,

for instance particle velocities, etc.) and pressure are generally incorrect. If such properties

are of interest, more sophisticated algorithms should be used – for example the stochastic

velocity rescaling thermostat by Parrinello (64) and the Parrinello-Rahman barostat (65).
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2.6 Coarse-grained force fields and the Martini force field

Despite the efforts made during the past 40 years to speed up MD simulations, sampling

remained one of the most problematic aspects. Indeed, many phenomena of high biological

interest occur on time scales currently out of reach for all-atom force fields. These include

the folding and conformational rearrangements of large proteins and nucleic acids, protein

aggregation, self-assembly of multi-protein complexes, endo- and exocytosis, the biogenesis

of organelles, and many others.

Different solutions have been proposed to tackle the time and length scale problem in

MD simulations. For example, a wide range of enhanced sampling techniques have been

developed in order to calculate free energy changes – one of the most important and most

computationally expensive types of calculations. An alternative solution is offered by coarse-

grained modeling. In coarse-grained force fields, a certain number of atoms is grouped

together into an effective interaction site, also referred to as particle or bead. Beads interact

with a simplified effective potential, that somehow averages over all the interactions of the

constituting atoms. Research in this field has been very active for at least three decades,

particularly in the area of polymers and soft-matter physics, and a very large number of coarse-

grained models have been developed, each one with its specific advantages and disadvantages

(66).

The Martini force field is one of the very many coarse-grained force fields currently

available. It was initially developed by developed by Prof. Marrink at University of Groningen

(67) for modelling lipids. As other researchers joined this development, Martini was then

extended to proteins (68), carbohydrates (69), nucleic acids (70), carbon nanoparticles (71;

72), polymers (73), and other materials and many other classes of molecules (74). Such

developments made the force field very popular. The latest version of the force field (75)

features many more particle types, distinguished by the polarity and their interactions with

other building blocks.

Coarse-graining reduces the number of atoms, and hence interactions, in the system.

Moreover, the functional forms used by Martini are similar to the ones used by all-atom force

fields, which makes Martini usable with standard MD software, and the effect of long-range

interactions is generally incorporated within the cutoff range. Altogether, this leads to a
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speed-up by a factor between 200 and 1000, i.e., simulations are between 2 and 3 orders of

magnitude faster compared to all-atom simulations. This allows to simulate many phenomena

of high biological interest, taking place on spatial and time scales not yet accessible to

atomistic simulations. Martini is suitable to study systems with size up to a few hundred

nanometers, on time scales up to a few hundred microseconds, or even milliseconds in the

case of smaller systems. Considering the versatility and the speed of Martini CG simulations,

I have chosen this force field for the vast majority of the simulations performed during my

PhD thesis. Also, I have participated myself in the development of the latest version of

Martini(75). For this reason, I will now provide a bit more details on the features of this

force field.

In the Martini force field, each bead represents a chemical moiety and is parameterized

independently of the others, to reflect the chemical and physical behavior of the moiety.

For the parametrization, Martini combines top-down and bottom-up strategies: interactions

among beads are parameterized considering both experimental data and atomistic simula-

tions. Non-bonded interactions are generally based on experimental free energies of transfer

from one solvent to another, that are available for a very large number of chemical moieties.

Bonded interactions are generally based on computations from all-atom simulations, so that

structures are reasonably reproduced.

Martini defines 4 main types of beads: polar (P), nonpolar (N), apolar (C), and charged

(Q). Martini 3 introduces three new bead types corresponding to halo-compounds (X), di-

valent ions (D) and water (W) to model specific chemical compounds (75). Types C, N,

P, Q, X are declined in 4 to 6 additional subtypes, to express more accurately the variety

of interactions among common chemical building blocks. Indeed, each bead type presents a

specific affinity with other beads. Martini describes these affinities with 10 different levels of

interactions (20 levels in version 3). Additionally, beads are available in 3 different sizes: the

“regular” bead size, with a size of 0.47 nm, corresponds to the usual 4 to 1 mapping, and is

the same as in all versions of the force field; small beads, with a size of 0.41 nm, correspond-

ing with a 3 to 1 mapping, are used in some ring and branched molecules; and tiny beads,

with a size of 0.34 nm and a 2 to 1 mapping, used in most ring molecules (aromatics, nucleic

acids nucleobases, etc.). Finally, Martini 3 also introduces “labels” to fine tune the behavior

of beads; in addition to the “hydrogen donor” and “hydrogen acceptor” labels (already avail-
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able in previous versions of the force field), electron polarizability, increased self-interaction,

and partial charges are also available. Multiplying chemical types, sizes, and labels, the last

version of Martini defines 843 different beads, totaling 355,746 pair interactions, providing

an extensive coverage of the chemical space.

2.7 Martini Protein model

Proteins are one of the most important classes of biological macromolecules, and the richness

of their chemical and physical properties makes them very challenging for MD simulations –

particularly at the coarse-grained level. Indeed, the coarse-grained representation of proteins

in Martini features a single bead for the amino acid backbone; as a consequence, it is diffi-

cult to represent the conformational flexibility and all properties related to the formation of

hydrogen bonds. Particularly challenging is the preservation of protein structure and confor-

mational flexibility, which depend on both bonded and non-bonded interactions. Non-bonded

interaction are represented in Martini with hydrophobic forces and simplified electrostatics

interactions; the over-simplified representation of hydrogen bonds makes it very difficult to

preserve protein structure.

Since their introduction in 2008 (68), numerous modifications have been developed for

the Martini protein model, in an attempt to address its many limitations. To reproduce

protein secondary and tertiary structure, Martini uses different types of restraints. One of

the first methods relied on elastic networks, i.e., a series of harmonic potentials between pairs

of beads of the protein backbone (76). Typically, elastic bonds connect all backbone beads

separated by a distance between 0.8 and 1 nm. The network stabilizes the structure of the

protein, and the rigidity of the protein structure can be tuned by changing the force constant

of the harmonic bonds. Based on specific knowledge of the protein, generally obtained via

experiments, some regions of the protein can be free of elastic bond to allow more flexibility.

A different way of enforcing secondary and tertiary structure of the so-called GōMartini

network. Initially developed for Martini 2 (77), a prototype version is already available in

Martini 3 [manuscript in preparation]. Instead of harmonic bonds, the network consists

of Lennard-Jones interactions, calculated from the atomistic structure based on the native

contact map of the protein. Lennard-Jones interactions can “break”, since the distance
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between the particles involved is to grow indefinitely. This model allows for a better structural

response of the protein, allowing the protein to unfold (and, in principle, fold back again),

and it is designed to allow more flexibility in the protein structure.
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Chapter 3

Triacylglycerols sequester monotopic

membrane proteins to lipid droplet

monolayer

3.1 Abstract

LDs are generated in the endoplasmic reticulum (ER) and are coated by a monolayer of

phospholipids and proteins, contiguous with the ER bilayer. The formation of LDs involves

phase separation of neutral lipids, condensing in an oil droplet that generally remains con-

nected to the ER even after budding. The LD-ER connection is important for the transfer

of monotopic integral membrane proteins from the ER to the LD surface. However, how

proteins partition between ER and LDs is poorly understood.

Our experimental collaborators employed model systems to study the partitioning of

monotopic membrane proteins (i.e., proteins with only one hydrophobic domain, spanning a

bilayer membrane only once) between the ER and the LD surface. They found that most

ER proteins containing a single hydrophobic domain strongly prefer the LD monolayer. This

preference appears to be due to a higher affinity of the hydrophobic domain for triglycerides

over membrane phospholipids, and appears to be non-specific.

We used MD simulations to explore the partitioning of model peptides between bilayer

and connected monolayer membranes. Simulations confirmed the preference of monotopic

membrane proteins for the LD monolayer. Moreover, simulations allowed us to predict that
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transmembrane proteins partition to the rim of LDs, monotopic membrane proteins forming

antiparallel dimers mimic the behavior of transmembrane proteins. In cells, a protein editing

mechanism at the ER membrane would be necessary to prevent unspecific relocation of

HD-containing proteins to LDs.

3.2 Introduction

Lipid droplets (LDs) are organelles serving in lipid storage cellular energy metabolism (78).

The endoplasmic reticulum (ER) membrane is the birthplace of LD, during high energy or

stress conditions (10). LD biogenesis is a multiple steps process, starting with the synthesis

of neutral lipids, the main component of LDs, such as triacylglycerols (TG) or sterol esters.

At low concentration, neutral lipids are dissolved in the ER membrane. As their concentration

raises, neutral lipids phase-separate from the membrane phospholipids, forming a lens-shaped

nascent droplet embedded in the bilayer (79) (Fig. 3.4a). Along with the synthesis of the

neutral lipids, the droplet grows and emerges from the ER membrane into the cytosol as a

mature LDs. The surface of mature LDs is covered with embedded proteins, as through-

out the stages of LD formation many proteins dynamically bind to the LD surface or the

surrounding ER membrane (24; 80; 81). Proteins on the surface of LDs play a role in LD

formation and functioning (10; 82; 32; 83; 84). It is not known how proteins specifically

target the LD surface, however its unique structure, consisting of a phospholipid monolayer,

plays a key role in protein binding (25). Understanding the driving forces of protein targeting

to LDs would provide valuable knowledge on lipid metabolism and protein cellular activity

(85; 86).

The phospholipid composition and the physical properties of the membrane are key factors

of protein spatial distribution and activity (87; 88; 89). The LD surface has unique properties:

it presents a lower lipid packing compared to lipid bilayer membranes (25; 2; 26; 27); and the

oil core represents a large hydrophobic region in comparison to the hydrophobic thickness

of a bilayer (90; 91). These differences between the LD monolayer and bilayer membranes

determine the binding of proteins to one or the other surface.

Proteins found on the surface of LDs have two origins: either the ER membrane (class

I proteins) or the cytosol (class II proteins) (24). Class 1 proteins are monotopic integral
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membrane domains, containing hydrophobic helical domains (HDs) (24), helical hairpins

(i.e., two hydrophobic helices connected by a loop), or transmembrane domains that do

not fully cross bilayers (24; 92; 93; 94). Class II proteins are cytosolic soluble proteins and

generally bind membranes through amphipathic helices (AHs)(24). Since AHs play the role

of surfactants, decreasing the interfacial energy from the oil/water interface of LDs (2; 95),

their binding has been studied both in vitro and in vivo (25; 26; 27; 28; 29; 96). Proteins

containing AHs can often detect membrane curvature, surface charges, packing defects,

and the presence of neutral lipids (25; 26; 27; 28; 29). In comparison, the role of HDs

targeting LDs from the ER membrane is less understood (27; 97; 98). Our interest is to

better understand the factors determining the partitioning of HD-containing proteins to the

surface of LDs.

Insertion of HD domain into membranes can generate local perturbations, which translates

into an energy cost (99; 100; 101; 102; 103). Concerning their insertion into LD surfaces,

little is known about the energetic cost, or the perturbation imposed to the LD surface.

Along with the work of our experimental collaborators, we studied the partioning of

LD proteins between a bilayer and a LD monolayer, focusing on monotopic HD-containing

proteins, and transmembrane proteins. Our collaborators used the droplet interface bilayer

(DIB) system (104) (Fig. 3.4a), while we used molecular dynamics simulations to interpret

experimental findings. We found that proteins containing hydrophobic domains partition

preferentially to the LD monolayer while proteins containing TM domain remains at the edge

of nascent LDs.

3.2.1 Characterization of the droplet interface bilayer (DIB) system

In order to reproduce the continuous monolayer-bilayer environment specific to nascent LDs,

our collaborators used a droplet interface bilayer (DIB system) (104; 105). To build this

system, buffer droplets were introduced in a trioctanoate phase, whose interfacial energy

is similar to triolein, and were coated by a monolayer of phospholipids. DIB systems were

prepared by bringing into contact two buffer droplets (coated by lipid monolayers) in oil: a

bilayer is formed at the interface between the droplets, continuously connected to the two

monolayers bounding the buffer droplets (Figure 3.10a). Since the size of the DIB was on

the order of few μm to tens of μm, each membrane is flat at the scale of protein. DIBs
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are a particularly convenient model system, as they can be built with different phospholipid

compositions, including pure DOPE, that is not a bilayer-forming lipid. Here, PC and PE

lipids were used, since they are the mayor ER phospholipids (5) (Figure 3.10b).

PE usually does not form bilayers on its own due to its structure (106; 107). Unlike

other common phospholipids, PE has a smaller headgroup and lacks a charged group, such

as a phosphate or amino group. These result in a reduced electrostatic repulsion between PE

molecules, making it difficult for them to form stable bilayers through self-assembly. However,

a pure PE bilayer can be formed in a DIB by exploiting the interfacial tension between two

immiscible aqueous phases(104; 105). When the droplets come into contact, the interfacial

tension at the water-oil interface promotes the formation of a stable bilayer between them.

It is possible to create a pure PE bilayer in the DIB system, enabling the study of PE-specific

properties and interactions.

We used all-atom MD simulations to show that the TG molecules dissolved in a PE

bilayer do not affect significantly the physical properties of the bilayer: the thickness (Figure

3.10c), the PC/PE ratio (Figure 3.10d), and the bulk composition of the bilayer.

To provide a molecular insight to the findings of the experiments of our collaborators, we

ran MD simulations of phospholipids bilayers with embedded nascent LDs, reproducing the

specific monolayer-bilayer environment of the experiments. We analyzed three systems, con-

taining a different phospholipid compositions: pure DOPC, a 80:20 mixture of DOPC:DOPE,

or a 60:40 mixture of DOPC:DOPE. Analysis the contact fraction DOPC and DOPE showed

that DOPC and DOPE mix ideally (Figure 3.10d), and that their distribution between mono-

layer and bilayer region is nearly homogeneous, with only a slightly higher fraction of DOPC

in the monolayer compared to the bilayer. The difference the 80:20 mixture and the 60:40

mixture was respectively of 2.4% and 5.4%. Conversely, the fraction of DOPE was slightly

higher in the monolayer. Our results shows that PE/PC mixtures behave closely to ideal

mixtures, and the distribution of the phospholipids in the monolayer and in the bilayer are

almost identical.

The results from our collaborator’s experiments and from our simulations suggest that

DIB systems mimic the environment of nascent lipid droplet embedded in a bilayer (13),

make it an appropriate model system to study the partitioning of protein in nascent LDs.

30



CHAPTER 3. TRIACYLGLYCEROLS SEQUESTER MONOTOPIC MEMBRANE

PROTEINS TO LIPID DROPLET MONOLAYER 31

3.2.2 Monotopic integral membrane proteins partition more favorably to TG-

covering monolayers over bilayers

Using the DIB system, our collaborators evaluated the partitioning of 2 types of proteins:

monotopic integral membrane proteins representing class I proteins from the ER, and soluble

protein representing class II proteins from the cytosol. Proteins are incorporated into the

DIB system during its preparation, when forming the buffer in oil droplets, that are later

assembled in DIBs (Figure 3.5a). The partitioning of the protein is measured later after

equilibration of the system (Figure 3.5b).

Seven monotopic integral membrane proteins and six soluble LD proteins (108; 109; 110;

111)(Fig. 3.5d, 3.11a, 3.11c) were tested experimentally by our collaborators. Monotopic

integral membrane proteins bind to membranes thanks to helical hairpin or hydrophobic helix

domains.

Both the monotopic membrane proteins and soluble protein showed a preference for the

monolayer rather than the bilayer. This preferential partitioning was higher for the monotopic

proteins and independent of the membrane phospholipid composition.

Partitioning to the monolayer was lowest in the case of soluble proteins in PE composed

membrane, even if the monolayer was still preferred; while monotopic membrane proteins

partitioned strongly to the monolayer.

3.2.3 KWALP peptides recapitulate the global behavior of HD proteins

All the tested proteins preferentially partitioned to the LD, but they all contained both

HDs and AHs (109; 111; 112), therefore experiments on those proteins could not reveal the

behavior of isolated HD. In order to focus exclusively on HDs, we study several model peptides

from the KWALP family. KWALP peptides consist of alternating alanine (A) and leucine (L)

residues with two tryptophan (W) residues at the C-terminus and three lysine (K) residues

at the N-terminus. Additionally, in experiments, a dye is attached to the N-terminus. Such

peptides form helical hydrophobic domains, partition to lipid membranes and can be used as

a model for transmembrane protein domains (90; 99; 113). In experiments, KWALP20 was

used, containing 16 hydrophobic residues out of 20. Its length is close to the ER bilayer

thickness (90). In order to focus on pure AHs, the model protein PL108 was used. It is
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composed from the repetition of the AH motif from Perilipin1 (96) (Figure 3.6a).

As previously, the peptides were added to DIB systems under the same experimental

conditions, with varying phospholipid composition. While in all conditions the peptides par-

titioned preferentially to the monolayer, partitioning of PL108 to the bilayer increased in PE

membranes, whereas partitioning of KWALP20 to the bilayer increased in PE/PC membranes

(Figure 3.6b).

KWALP reproduced the behavior of HD proteins, and can consequently be used for further

investigate the partitioning of HD proteins on LDs (Fig. 3.5e, 3.5f, 3.11e, 3.11f).

3.2.4 PC/PE ratio regulates the partitioning of KWALP

KWALP20 was completely absent from the bilayer in PE DIBs. In order to understand

the role of hydrophobic mismatch, a longer peptide was used, KWALP28, containing 24

hydrophobic residues. The experiment repeated with KWALP28 gave the same result, ruling

out any effect hydrophobic mismatch between the bilayer and the peptide in partitioning (Fig

3.12a).

Our experimental collaborators showed that the distribution of the peptide was dynamic

and can be varied by changing the PC/PE ratio. For example, in pure PE DIBs, KWALP

are absent from the bilayer, but adding PC induced partitioning of the peptide to the bilayer

(Figure 3.6d 3.6e, 3.6f).

3.2.5 Phospholipid shape defines KWALP partitioning

As different phospholipid compositions altered the partitioning of HDs, the affinity between

HDs and lipids could be one of the driving forces for partitioning.

Our collaborators tested the effect of phospholipids by adding KWALP20 peptides to the

surface of TG droplets without phospholipids or with PC and PE. The peptide distribution

was uniform on the LDs surface without phospholipids (Figure 3.7a S4b), it was mostly

uniform with PE, and clustered with PC (Figure 3.7a, 3.7b). This result suggests than

KWALP has a higher affinity for TG than for acyl chains.

In LDs embedded in bilayer, the monolayer has a looser phospholipid packing11. The

peptide-phospholipids acyl chains contact in also significantly reduced in monolayer. In bilayer,
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the HDs are in contact with acyl chains from the two leaflets along the entire length of the

peptide. In comparison, in monolayers, approximately half of the peptide length is in contact

with TGs. HDs higher affinity for monolayers over bilayers can be due to a preference for

TGs over phospholipids.

Additionally, in a monolayer, the phospholipid type covering the TGs can regulate HD-

TG contact. PC cylindrical shape leads to tighter lipid packing(13) and increased HD-acyl

chain contact. PE conical shape(89; 114) leads to looser lipid packing and increased HD-TG

contact. Hence HD proteins have a preference for PE monolayer over PC monolayer (Figure

3.7c).

Experiments using KWALP were repeated using different phospholipids. PA with an in-

verted conical shape reproduced the behavior of PE. N-methyl-PE and N,N-dimethyl-PE

phospholipids which are structurally intermediates between PE and PC, reproduced the be-

havior of PC/PE mixtures (Figure 3.7d, 3.7e, 3.14c, 3.14d).

These results confirm that HDs prefer mixing with TGs over phospholipids, explaining

the differential partitioning of HDs proteins in LD monolayers.

3.2.6 Preferential interactions with TG retains HDs to the monolayer inter-

face

In order to test if KWALP preference for monolayer is due to HDs-TG interactions, a different

oil was tested, namely silicone oil, very different chemically and structurally from TG, but

still forming droplets in bilayers.

While KWALP20 partitioned to PE DIBs monolayer with TG, with silicone oil KWALP20

stays in the bilayer. We concluded that the peptide has a higher affinity for the phospholipids

than the silicone oil (Figure 3.8).

This experiment with silicone oil was repeated with one protein, VAMP2. In TG, VAMP2,

had a very clear preference for the monolayer. In silicon oil, VAMP2 partitions to the bilayer,

similar to KWALP20 (Figure 3.14e, 3.14f, 3.14g, 3.14h).

These results show that molecular affinity drives protein partitioning. Since HD-proteins

have the highest affinity for TG, they preferentially partition to monolayers of TG LDs.
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3.2.7 KWALP exits the bilayer to accumulate in model lipid droplets

The DIB system serves to mimic the nascent LD environment, i.e., the continuity between a

bilayer and the monolayer of a nascent LD. Hence the experiments realized in the DIB suggest

that HD proteins bind to nascent LDs, as observed previously (83; 98; 108; 111). Since

multiple HD proteins show this behavior, our collaborators could reproduce this observation

in experiments.

Nascent LDs were formed by incorporating TG droplets in the bilayer of a giant unilamellar

vesicle (GUV) (Figure 3.9a)(13; 115). The KWALP peptide was then incorporated into the

droplet-embedded vesicle. The monolayer of the droplet was highly enriched with the peptide,

thus confirming the results found with the DIBs systems (Figure 3.9b).

3.2.8 Molecular dynamics to study the partitioning of proteins in lipid droplets

MD simulations can give a molecular insight into protein partitioning in LDs, and even predict

the distribution of proteins in nascent LDs. To achieve that, we focused on the same sim-

ple a model proteins, the KWALP family. KWALP peptides have a stable helical secondary

structure, hence it is simple and efficient to study their properties and peptide-lipid interac-

tions using a coarse-grained force field such as Martini. Moreover, KWALP properties can be

tuned, for instance by adding charges on the termini or changing the length. In simulations,

we can also easily tune their ability to aggregate. Here, aggregation refers to their ability to

form small oligomers.

The possibility of creating several models of peptide allow us to model different types

of proteins. Indeed, the charges added on the termini mimic hydrophilic domains. Indeed,

charged termini are highly polar and their insertion itno lipid membranes presents a high

energy cost. Consequently, we can mimic a transmembrane protein simply by including two

charged termini. With one charged terminus, instead, we mimic a monotopic membrane

protein, as the uncharged, non-polar terminus can freely enter the bilayer (Figure 3.1a).

We designed 8 experiments, with 8 types of proteins in order to mimic the different types

of proteins present in the ER, varying 4 parameters: peptide length (20 or 28 residues), ability

to oligomerize, charged termini, and relative peptides orientation (Figure 3.1b). We created

bilayers with an embedded LD and placed 16 or 32 copies of the peptide in the bilayer. As a
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control, simulations were repeated in the absence of LDs.

Figure 3.1: KWALP can mimic ER membrane proteins (a) Illustration of the membrane pro-

teins modelled using the KWALP peptide. Positively charged termini shown in red; negatively

charged termini in blue. Peptide with high or low ability to form clusters respectively in pink

or grey. (b) Proteins used in simulations: on top KWALP20, bottom, KWALP28. From

left to right, first aggregating TM proteins; aggregating Monotopic Membrane proteins,

in antiparallel conformation; Non-aggregating monotopic membrane proteins, in antiparallel

conformation; Non-aggregating monotopic membrane proteins, in parallel conformation.

3.3 Results

3.3.1 Transmembrane proteins partition to the edge of lipid droplets

In the absence of LD, simulations showed that the peptides distributes randomly, in agreement

with our expectations. In the following simulations including LDs embedded in bilayer, any

different distribution would be the consequence of the presence of the nascent LD.

Simulations including aggregating transmembrane (TM) proteins have no experimental

equivalent that can be used for validation. Indeed, the DIB systems used experimentally do

not allow the insertion of transmembrane proteins. Hence, only HD proteins and AH proteins

could be tested experimentally.

For both KWALP20 and KWALP28, the analysis of our simulations shows that trans-

membrane proteins partition to the edge of LDs (Figure 3.2a). This a new result, because

there is no example of TM proteins distribution in LDs in the literature. This can be easily

explained by the fact that proteins still favor interactions with TG over phospholipids, but the

presence of hydrophilic charges on both sides of the TM domain prevent the peptide from

entering the LD, since the energy cost of embedding a charge in the oil phase is very high

(Figure 3.2b). When the peptide partitions to the edge to LD, contact with TG molecules

is allowed while charges are solvated, therefore the monolayer-bilayer junction is the most

35



36 3.3. RESULTS

Figure 3.2: Transmembrane proteins partition to the edge of lipid droplets(a) Four panels

corresponding to the four simulations using aggregating TM proteins and aggregating HD

proteins. For each simulation, the left panel is the density landscape of the peptide, repre-

senting the spatial distribution of the peptide around LD averaged over the entire simulation

time. The center of the LD is used as a reference. A high density value shows where the

protein is more likely to be found. The right panels show a representative snapshot of each

simulation, view from the top, with the LD in yellow and the peptides in purple. (b) Basic

model showing for aggregating TM proteins and aggregating HD proteins , how the peptides

charges or hydrophilic domains allow the partitioning the peptide around the LD.

favorable environment for TM proteins.

A similar behavior was observed for the aggregating HD proteins, which also partitioned to

the edge of LDs (Figure 3.2a). With the stronger aggregation, the proteins form oligomers,

and because of the antiparallel conformation, these oligomers mimic the same hydrophilic

domains as TM proteins. Consequently, oligomers cannot enter the LDs because of the polar

charges on both sides of the bilayer. So, they distribute at the edge of the LD, with the

same driving forces as for TM proteins (Figure 3.2b).

However, in the event of a single peptide escaping the aggregation with other peptides,

nothing would prevent such a peptide from partitioning to the LD surface. Although unlikely,

this event was observed in the simulation containing HD-KWALP20, and single peptides

could be observed in the monolayer regions for a short time before aggregating with other

peptides. This event show is interest of simulating proteins that do not aggregate, in order

to observed their behaviors as monomers.

3.3.2 Monotopic membrane proteins partition to the monolayer of lipid droplets

The previous simulations were repeated with non-aggregating HD proteins, both for KWALP20

and KWALP28. Since monotopic HD peptides only have one charged terminus, we inserted

them in two different orientations: antiparallel, with the half of charged termini on one side

of the bilayer and the other haft on the other side; or parallel, with all charged termini on
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the same side of the bilayer.

Figure 3.3: Monotopic membrane proteins partition to the monolayer of lipid droplets. (a)

Four panels corresponding to the four simulations using non-aggregating HD proteins in an-

tiparallel or parallel conformations. For each simulation, the left panel is the density landscape

of the peptide, representing the spatial distribution of the peptide around LD averaged over

the entire simulation time. The center of the LD is used as a reference. A high density value

shows where the protein is more likely to be found. The right panels show a representative

snapshot of each simulation, view from the top, with the LD in yellow and the peptides

in purple. (b) Cartoon showing, for non-aggregating HD proteins in antiparallel or parallel

conformations, how the peptide charges (or hydrophilic domains) allow the partitioning the

peptide around the LD.

In the case of non-aggregating KWALP20 in antiparallel conformation, the majority of the

peptide form antiparallel dimers, with charges on both sides of the membrane. Antiparallel

dimers partition at the edge of the LD (Figure 3.3a). These dimers also mimic the same

hydrophilic domains as TM proteins. Consequently, the dimers cannot enter the LDs and

distribute at the edge of the LD, with the same driving forces as for TM proteins (Figure

3.3b).

In the three simulations with non-aggregating KWALP28 in antiparallel conformation, and

non-aggregating KWALP20 or KWALP28 in parallel conformation, the peptides partitioned

to the monolayer of the LD (Figure 3.3a). Because they mostly remained monomeric, the

peptides were allowed to enter the LD monolayer, due to their favorable interactions with the

oil (Figure 3.3b). This result is in agreement with the experiments, showing that monotopic

membrane proteins partition largely to the monolayer region of the LD.

3.4 Discussion

We were able to demonstrate that TM proteins partition at the edge of LDs, and antiparallel

peptide dimers also show the same behavior. Using molecular dynamics simulations, we
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predicted a specific peptide behavior that could not be observed experimentally, since the

relevant systems could not be prepared. Indeed, because of the protocol, the experiments

can only be done with monotopic membrane proteins. The way proteins are inserted in

the experimental system does not allow to use transmembrane proteins: protein-containing

liposomes simmply would not fuse with the DIB system. It is possible that such experiments

will be achieved in the future.

Simulations also reproduced the partitioning of monomeric monotopic membrane proteins

to LD monolayers. This result confirms the experimental findings.

One of the key driving forces responsible for the partitioning of protein in LDs is protein-

lipid interactions. These interactions control the location of the protein in their environment.

3.5 Supplementary Information
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Figure 3.4: Droplet interface bilayers (DIBs) mimic the ER-LD continuity. (a) Schematic

representation of ER phospholipids bilayer and contiguous LD monolayer, as observed in a

triglyceride lens in the ER (left side), and the corresponding DIB model system, containing

also contiguous bilayer and monolayers (right side). The water phase is represented in light

blue and the oil phase (neutral lipids, i.e. TG) in yellow. (b) Drawings of a bilayer of

DOPE (top) and DOPC/DOPE (1:1) (bottom) in the DIB system, possibly containing TG

in between the leaflets. (c) Hydrophobic thickness of DOPE (white) and DOPC/DOPE

(1:1) (grey) bilayers determined by electrical measurements. Results are shown as box-plots

(box limits, upper and lower quartiles; middle line, median; whiskers, minimum and maximum

value; the mean is indicated) from n=5 independent experiments. (d) Distribution of Rh-

PE between bilayer and monolayers in DOPE (white) and DOPC/DOPE (1:1) (grey) DIBs.

The results are the mean ± sd of respectively n=10 and n=5 independent measurements.
Significance was determined by Welch’s t test (unpaired parametric test, two-tailed P value)

and is indicated by ns (not significant): p > 0.05

39



40 3.5. SUPPLEMENTARY INFORMATION

Figure 3.5: Hydrophobic domains (HDs) and amphipathic helices (AHs) partitioning in

droplet interface bilayers (DIBs). (a) Formation of protein-containing DIBs: soluble pro-

tein or proteoliposome or purified lipid droplet are added in the buffer (left). Droplets are

formed by mixing the protein with TG-containing phospholipids, allowing the relocalization

of proteins at the lipid interface (middle). When two drops come close together, and they

zip to form a bilayer at the junction of the two drops. The proteins can then stay in the

monolayer or relocalize to the bilayer (right). The water phase is represented in light blue and

the oil phase (neutral lipids, i.e. TG) in yellow. (b) Protein distribution between bilayer and

monolayer is characterized by the partition coefficient P, which corresponds to the protein

signal in the bilayer divided by the protein signal in the monolayers. When a protein is found

preferentially in the bilayer, P>1; when it distributes preferentially in the monolayer, P<1.

(c, d) Distribution of GMAP-210-AH (soluble protein) and ACSL3 (monotopic membrane

protein) respectively, in DOPE or DOPC/DOPE (1:1) DIBs. Scale bar: 20 μm. The par-

tition coefficient is represented for each condition as box-plots (box limits, upper and lower

quartiles; middle line, median; whiskers, minimum and maximum value), from n=5 indepen-

dent measurements (excepted for GMAP-210-AH in PE, n=4). (e) Enrichment parameter in

DOPC/DOPE (1:1) membranes for AH- (green) and HD- (pink) containing proteins, shown

as floating bars (bar limits, min to max values; central line, mean), 2 ≤ n independent mea-
surements ≤ 8 for each protein. HD-containing proteins coming from lipid droplets (Plin
1, Plin 1C, ACSL3, CG2254, CG9186, Oleosin 1, Caveolin 1, HPos) or proteoliposomes

(Syt1 57-421, t-snare, VAMP2); AH-containing proteins coming from LDs are Plin3, Plin2,

Plin1N; the other AHs are added soluble. (f) Average partition coefficient of soluble and

monotopic membrane proteins groups in DOPE or DOPC/DOPE (1:1) DIBs. Results on

proteins presented in (Fig. S2e) were used to generate this box-plot (box limits, upper and

lower quartiles; middle line, median; whiskers, minimum and maximum value).
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Figure 3.6: PC/PE ratio modulates the partitioning of AH and HD model peptides. (a)

Helical wheel representation of KWALP20 and PL108-AH, generated with HeliQuest51. (b)

Distribution of KWALP20 and PL108 in DOPE or DOPC/DOPE (1:1) DIBs. KWALP20

is labelled with Rh-B and PL108 with NBD. Scale bar: 10 μm. The partition coefficient

is plotted for both peptides as box-plots (box limits, upper and lower quartiles; middle line,

median; whiskers, minimum and maximum value), from n=4 independent measurements in

each condition. (c) FRAP experiment showing the recovery of KWALP20 (purple) and lipids

(green) signals after fluorescence bleaching. Lipids are labelled with 0.2% NBD-PE. Yellow

arrows indicate the area bleached. Scale bar: 10 μm. (d) KWALP20 in DIBs of different

compositions. The amount of DOPC is gradually increased. Line profile is represented

for each image. Black arrows indicate the bilayer signal. Scale bar: 20 μm. (e) Partition

coefficient of KWALP20 in DIBs of different DOPC/DOPE ratios is represented as box-plots

(box limits, upper and lower quartiles; middle line, median; +, mean; whiskers, minimum and

maximum value). Sample size was n=31 for 0% PC, n=14 for 10% PC, n=18 for 20% PC,

n=41 for 30% PC, n=16 for 40% PC and n=28 for 50% PC. (f) Relocalization of KWALP20

after addition of DOPC in DOPE DIBs. The bilayer signal is plotted against time. Scale

bar: 10 μm.
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Figure 3.7: Monolayer-bilayer distribution of KWALP is affected by phospholipid shape. (a)

KWALP20 distribution in TG droplets without or with DOPE or DOPC lipids. Red ar-

row highlights peptide accumulation as a cluster. Scale bar: 100μm. (b) Quantification

of KWALP pattern, i.e. uniform (light green) or clustering (red) signal, in TG (n=8),

TG + DOPE (n=47) and TG + DOPC (n=19), from n independent measurements. (c)

Schematic representation of the difference in phospholipid packing, and thus in HD-TG inter-

action, when DOPE (cone shape) or DOPC (cylinder shape) are present. Increasing DOPC

concentration in a DOPC/DOPE monolayer increases the lipid packing and decreases the

interactions between HDs and TG. (d) Distribution of KWALP20 in DOPE, N-methyl-PE,

N,N-dimethyl-PE, and DOPC DIBs. The average shape differs in these phospholipids, and

consequently their curvature too. KWALP20 is labeled with Rh-B. The line profile of peptide

is shown for each condition. Arrows indicate the bilayer signal. Scale bar: 20 μm. € Par-
tition coefficient of KWALP20 in DIBs of different compositions is represented as box-plots

(box limits, upper and lower quartiles; middle line, median; +, mean; whiskers, minimum

and maximum value). Sample size is n=29 and 20 for KWALP20 in N-methyl-PE and N,N-

dimethyl-PE respectively. Previous results of varying PC/PE ratios (Fig. 3e) are reported in

light grey.
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Figure 3.8: Monolayer-bilayer distribution of KWALP is affected by chemical nature of the oil.

(a,b) Distribution of KWALP20 in DOPE DIBs. KWALP20 is labelled with Rh-B. Oil phase

was TG (a) or silicone oil (b). Blue arrows indicate monolayers, green ones the bilayers,

and red ones the clusters areas. Plot profiles are determined using the yellow lines. The

bilayer signal is indicated by a black arrow. Scale bar: 20 μm. (c, d) Partition coefficient

is reported in grey in TG (c) and silicone oil (d), as mean ± sd (n=2 and 8 independent
measurements respectively). A cluster enrichment coefficient (red) is determined for the

experiment in silicone oil to take into account aggregation, and is shown as mean ± sd (n=8
independent measurements).

43



44 3.5. SUPPLEMENTARY INFORMATION

Figure 3.9: HDs accumulate in LD. (a) DEVs-containing KWALP20 formation: PC/PE

(7/3) GUVs are incubated with KWALP20, so the peptide is incorporated in the bilayer.

Then, KWALP20-containing GUVs are mixed with a TG emulsion, leading to incorporation

of TG droplets in the bilayer. (b) KWALP20 distribution in DEV system. The peptide is

labeled with Rh-B. An image with enhanced brightness, in which GUV bilayer is more visible,

is presented. Scale bar: 2 μm. The plot profile is presented, indicating the monolayer

(blue arrows) and bilayer (green arrows) signals. The ratio between monolayer and bilayer

signals is plotted as mean ± sd (n=5 independent measurements). (c, d) Left: snapshot
from molecular dynamics simulations of a bilayer with 32 KWALP20 peptides in parallel

orientation, in the absence (c) and the presence (d) of a TG lens. Hydrophobic amino-acids

are represented in blue and charged ones (lysines) in red. Right: average protein density

profiles in the bilayer plane, averaged over the entire MD simulation (20 ms), in the absence

(c) and in the presence (d) of a TG lens. (f) Basic model of how the different interactions

of an HD might favor its LD monolayer localization. HD contacts with TG, phospholipids or

water according to the monolayer packing are represented, as well as the kon/koff ratio.
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Figure 3.10 (previous page): Droplet interface bilayers (DIBs) characterization. (a) Illustra-

tion of electrical measurements. Aqueous droplets were made at the tip of micropipettes

containing electrodes, in oil containing phospholipids. Lipids adsorb at the oil/water inter-

face and assemble as a monolayer. When two drops are brought together, they assemble

to form a bilayer. The water phase is represented in light blue and the oil phase (neutral

lipids, i.e. TG) in yellow. Electrical measurements are made between the two electrodes.

DIB image microscopy is shown at the bottom. Scale bar: 100 μm. (b) In silico study of

the impact of PE on bilayer thickness. Left, snapshots from all-atom simulation of DOPC

and DOPC/DOPE (1/1) bilayers; DOPC is shown in blue, DOPE in orange. Right, density

profiles for both bilayers against position of the phospholipids, showing an increase in over-

all bilayer thickness when DOPE is present. (c) Rh-DOPE distribution between bilayer and

monolayer in DOPE DIBs. Plot profile is determined using the yellow line and is shown on

the right. The bilayer signal intensity is equal to the sum of the monolayers signal intensity.

Lipid distribution is characterized by the partition coefficient Kb/m. Scale bar: 20μm. (d)

Phospholipid distribution between a monolayer and a bilayer in continuity, calculated from

simulations of systems containing DOPC, DOPC/DOPE 80:20 and DOPC/DOPE 60:40

systems. The lateral size of the simulated boxes is ca. 80 nm for all three systems. DOPC

head groups are represented in red, DOPE head groups in blue, TO in yellow. The average

fraction of DOPC and DOPE in DOPC/DOPE systems is represented as a function of the

distance from the center of the nascent LD, and reported in the table. In the diagram,

the light blue shaded area shows the average shape of the nascent LD. DOPE-DOPE con-

tact fraction indicates the probability that DOPE molecules make contact with other DOPE

molecules; if mixing is ideal, this corresponds exactly to the fraction of DOPE in the mixture

(i.e., 20% or 40%).
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Figure 3.11 (previous page): AH and HD proteins/peptides distribution in DIBs. (a) Dis-

tribution of some LD proteins (Plin1, ACSL3, CG2254, CG9186) in DOPE, DOPC/DOPE

(1:1) and DOPC/DOPE/liverPI/cholesterol (5:3:1:1) DIBs. Scale bar: 20μm. (b) Partition

coefficient of proteins from experiments shown in (a), shown as mean ± sd from at least
5 independent measurements. (c) Distribution of AHs- (left) and HDs- (right) containing

proteins and peptides in DOPE and DOPC/DOPE (1:1) DIBs. Scale bar: 20 μm. HD-

containing proteins were coming from lipids droplets (Plin 1C, Oleosin 1, CAV1, HPos) or

proteoliposomes (Syt1 57-421, t-snare). (d) Helical wheel representation of the peptides

GMAP-210, ArfGAP1 and CAV1-AH, generated with HeliQuest51. (e) Partition coefficient

of soluble (green) and monotopic membrane proteins (pink) in DOPE and DOPC/DOPE

(1:1) DIBs, represented as mean ± sd. For each condition, 2 ≤ n independent measurements
≤ 8 were done. (f) Enrichment parameter in PE membranes for AH (green) and HD (pink)
proteins shown as floating bars (bar limits, min to max values; central line, mean), 2 ≤ n
independent measurements ≤ 8 for each protein.
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Figure 3.12: Comparison of KWALP peptide with transmembrane domains of several pro-

teins. (a) Sequence alignment of KWALP peptide with transmembrane domains of plasma

membrane (black) and LD (purple) proteins. Hydrophobic amino acids are indicated in green,

polar ones in black, and the positively and negatively charged in blue and red respectively.

The transmembrane fragments, protein location and percentage of non-polar residues are in-

dicated. The proteins CD1D, EGFR, DQB2, IFNGR2, FGFR2, FURIN, LDLR, TNFRSF1A,

ITGB4, CD3D, EPCAM, INSR, TYRO3 were used in the analysis which allowed the design

of transmembrane model peptides70,71; (b, c) Plot of the percentage of non-polar residues

(b) or very hydrophobic residues W and F (c) for each fragment. The dashed line represents

the mean of all these fragments.
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Figure 3.13 (previous page): KWALP folds in a-helix, PC/PE ratio modulates AH and HD

localization. (a) Circular dichroism spectra (top) of KWALP20 in various environments. Tri-

fluoroethanol (TFE) is known to favor the a-helix structuration, the resulting graph (black)

shows indeed the characteristics of an a-helix signal: a maximum around 192 nm, and two

minima around 208 and 222 nm. These features are found also in buffer (purple), liposomes

(green), TG droplets (blue), with a signal less intense. The spectra were deconvoluted to

extract a-helix content (bottom). The result is the mean ± sd from 21 deconvolution pro-
grams. (b) TG in water emulsion. Rh-KWALP20 in solution relocalizes to oil/water interface.

The fluorescence of the bottom droplet is bleached (yellow arrow). After 10 minutes, no

fluorescence recovery was observed. Scale bar: 20 μm. (c) FRAP experiment showing the

recovery of KWALP28 and lipids signal after fluorescence bleaching. Yellow arrows indicate

the bleached areas. The signal recovery in the monolayer and in the bilayer is plotted against

time (right). Scale bar: 20 μm. (d) KWALP28 in DIBs of varying DOPC/DOPE ratios.

KWALP28 is labelled with Rh-B and lipids with 0.2% NBD-PE. Scale bar: 20 μm. The par-

tition coefficient for each lipid composition is plotted (right) as box-plots (box limits, upper

and lower quartiles; middle line, median; +, mean; whiskers, minimum and maximum value).

Sample size was n=19 for 0% PC, n=10 for 10% PC, n=19 for 20% PC, n=14 for 30% PC,

n=16 for 40% PC and n=24 for 50% PC. (e) DIBs contact angle is represented as a function

of DOPC concentration with box-plots (box limits, upper and lower quartiles; middle line,

median; whiskers, minimum and maximum value). Sample size is n=8, 5, 7 respectively for

PE, PE/PC (7:3) and PE/PC (5:5) in the absence of KWALP20, and n=23, 24, 20 in the

presence of KWALP20. (f, g) Relocalization of KWALP20 (f) and PL108 (g) after addition

of DOPC in DOPE DIBs. After 20 minutes KWALP20 shows some aggregates (red arrows).

Scale bar: 20 μm. The monolayer signal of PL108 is plotted against time (g)
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Figure 3.14: Influence of phospholipid shape and oil nature on KWALP distribution. (a)

FRAP experiment on a cluster of KWALP20 in a DOPC droplet. Yellow arrow indicates the

bleached area. Signal intensity was plotted against time. Scale bar: 20 μm. (b) KWALP20

in DOPA DIBs. Scale bar: 20 μm. (c) KWALP28 distribution in N-methyl-PE and N,N-

dimethyl-PE DIBs. The headgroup methylation differs in these phospholipids. KWALP28

is labelled with Rh-B. Scale bar: 20 μm. (d) Partition coefficient of KWALP28 in DIBs

of different compositions is represented as box-plots (box limits, upper and lower quartiles;

middle line, median; +, mean; whiskers, minimum and maximum value). Sample size is n=8

and 9 for KWALP28 in N-methyl-PE and N,N-dimethyl-PE respectively. Previous results of

varying PC/PE ratios (Fig. S4d) are reported in light grey. (e, f) Distribution of VAMP2

in DOPE DIBs. VAMP2 is labelled with Atto565. Oil phase was TG (e) or silicone oil (f).

Blue arrows indicate monolayers, green ones the bilayers, and red ones the clusters areas.

Plot profiles are determined using the yellow lines. The bilayer signal is indicated by a black

arrow. Scale bar: 20 μm. (g, h) Partition coefficient is reported in grey in TG (g) and

silicone oil (h) as mean ± sd (n=2 and 8 independent measurements respectively). A cluster
enrichment coefficient (red) was also determined for the experiment in silicone oil to take

account of the aggregation and is shown as mean ± sd (n=8 independent measurements).
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4.1 Abstract

Lipid droplets (LDs) are cellular organelles responsible for lipid storage and metabolism. They

resemble oil-in-water emulsions, coated with a monolayer of phospholipids and proteins. The

mechanism of biogenesis of LDs is poorly understood, but it is well established that it involves

phase separation of oil (consisting of neutral lipids, such as triglycerides) from the surrounding

phospholipids, which generates oil lenses embedded in lipid bilayers, also known as nascent

LDs. As nascent LDs grow, at some point they bud out of the bilayer membrane, forming

nearly spherical droplets. Nascent LDs have different propensity to bud, and it has been
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proposed that their shape provides information on such propensity to bud. Here we studied

the shape of lipid droplets as obtained from MD simulations at the coarse-grained level,

and compared it to the predictions by an established theory. We find that the shape of

simulated LDs resembles a spherical cap (i.e., it has constant curvature) already for very

small droplet sizes, in excellent agreement with the theory. The aspect ratio (height/radius)

of nascent LDs increases with increasing LD volume, increasing membrane softness, and

increasing surface tension between oil and water, in agreement with theoretical predictions.

Fitting the simulated LD shapes with a theoretical shape equation suggests that either a

negative line tension exists at the monolayer-bilayer junction or a non-zero surface tension is

present in the bilayer region. We find that the line tension at the monolayer-bilayer junction

is positive, not negative, and increases with the size of the LD, suggesting that it originates

from the deformation (curvature) of the bilayer as it unzips into two monolayers. A positive

line tension can act as a driving force for LD budding, but cannot explain the shape of

simulated LDs. LD shape is instead well explained by the high surface tension in the bilayer

region, as confirmed by local stress calculations. Such high surface tension in the bilayer

is due to the mechanical equilibrium condition imposed by the pressure coupling algorithm.

Our results show that simulations of nascent LD systems provide a microscopic view into

the properties of droplet embedded vesicles.

4.2 Introduction

Lipid droplets (LDs) are generated from the endoplasmic reticulum (ER) membrane, and

perform their functions in lipid storage and metabolism when they are budded out of the ER

membrane, towards the cytosolic compartment (2; 12; 78). Therefore, it is very important

to understand what determines the direction of budding and the propensity of nascent LDs

to bud. Theoretical models can provide useful insight into the driving forces for LD budding

(14; 116; 117). Available theories are based on a continuous media description (Helfrich

membrane theory (118)) and take into account mechanical properties of membranes, such

as their elastic energy, the surface tension of the interfaces, and the spontaneous curvature

of each membrane leaflet. Thiam and Foret developed a theory describing the mechanics of

LD budding starting from a nascent LD, i.e., an oil lens sandwiched between the ER leaflets
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(116). According to this theory, the oil lens is flat at small oil volume, when the typical

droplet size is smaller than the elastic length λ =
√
κm
γm
where κm is the bending rigidity

of the monolayer at the droplet interface and γm is surface tension. At larger size, the

surface tension dominates and imposes a nearly spherical shape. In this situation, the lens

can become unstable leading to the spontaneous formation of a spherical protrusion because

of the monolayer deformation near the droplet edge that gives rise to an effective line tension.

The analysis of LD shape is particularly interesting in the context of LD biogenesis, as shape

is a proxy for the tendency of a nascent LD to bud out of the bilayer membrane: nascent

LDs with a shape close to a sphere have a high tendency to bud, while flatter ones tend to

remain embedded in the bilayer membrane (79). Such correspondence between shape and

tendency to bud has been observed experimentally, both in synthetic model systems (82) and

in biological systems (119).

As stated above, theories are based on a continuum description of the system and con-

tains several approximations (14; 116; 117). On the other hand, the early stages of LD

budding are difficult to study experimentally, and obtaining high-resolution images of bud-

ding LDs is very challenging for current microscopy techniques. To provide a microscopic

interpretation of the theory and a molecular view into the mechanism of budding, here we

perform molecular dynamics simulations at the coarse-grained level for nascent LDs of differ-

ent size. We compare LD shapes predicted by the theory and calculated directly from large

scale MD simulations. We find that the shape of simulated LDs has constant curvature,

i.e., resembles a spherical cap, already for droplets of very small size (10 nm), indicating

that the shape is largely dominated by surface tension. On the other hand, the aspect ratio

(height/radius) of small nascent LDs is small, i.e., small LDs are rather “flat”, indicating

that they are not prone to budding. Line tension at the junction between the nascent LD and

the bilayer region is positive and increases with LD size, suggesting that the origin of such

line tension is the deformation of the junction, where the bilayer unzips into two monolayers.

We also find that simulations feature a high surface tension in the bilayer region, not only

in the monolayer region, and that is due to the mechanical equilibrium condition imposed by

the pressure coupling algorithm. Our results indicate that simulations of nascent LD systems

may be used to provide a microscopic view into the properties of droplet embedded vesicles.
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4.3 Methods

4.3.1 System setup

To generate lipid droplets in bilayer membranes we used molecular dynamics simulations at

the coarse-grained level (Martini force field (67), see next section for details). In the majority

of the simulations, we used dioleoylphosphatidylcholine (DOPC) as phospholipid and triolein

(TG) as neutral lipid. We initially built phospholipid bilayers containing 2016 or 18144 lipids

using the Insane software (120), then separated the two leaflets and added a layer of TG (325

to 7500 TG molecules) in between them. This resulted in trilayer systems, with a uniform

layer of TG sandwiched between two layers of DOPC. The systems were solvated with water

particles. The exact composition of each system is reported in Table 4.1. Hereafter, systems

with 2016 phospholipids will be referred to as “small”, the other as “large” systems. After

equilibration, these systems rapidly form lens-shaped nascent LDs (Figure 4.1a). Additional

small systems were generated containing 625 TG molecules and different phospholipid types:

DLPC, DPPC, POPC, and a mixture of 50% POPC and 50% DPPC. Finally, additional

small systems were generated using two different neutral lipids, namely trilauryl glycerol (12

carbon atoms) and trioctanoyl (8 carbon atoms) glycerol. Table 4.1 contains a full list of

the simulated systems.

To calculate line tension at the bilayer-monolayer junction, we built tube-shaped lipid

droplets (hereafter referred to as lipid tubules or oil tubules), i.e., DOPC bilayer systems with

embedded TG droplets connected in one direction (the y axis) with their periodic images,

therefore forming infinite TG tubules running along the Y direction (see Figure 4.1c). Oil

tubules were built using the Insane software (120) along with the Gromacs software (121).

Six oil tubules were built, with three different amounts of TG and two different lengths, 10 or

20 nm (along the Y axis). All six systems contained DOPC phospholipids and TG as neutral

lipid. In all cases we used semi-isotropic pressure coupling; compressibility was 3 ·10−4bar−1)
in the Z direction, and either the same or zero in the XY plane; the second amounts to no

pressure coupling in the XY plane, yielding constant XY size in the system. In this case,

the only forces in the direction of the tube are resulting from the line tension, which can

be calculated easily, based on the mechanical equilibrium condition, from the values of the

pressure tensor:
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τy = Lx · Ly ·
1
2(Pxx + Pzz)− Pyy

2

To check for simulation artifacts in the calculations of surface tension, we built (periodic)

bilayer stripes from a 200 DOPC bilayer using the Insane code (120). The bilayer was initially

periodic along the X and Y axes, and we extended the X dimension and added solvent, so

that two sides of the bilayer were not in contact with their periodic images (see Figure 4.1d).

The bilayer stripes, running along the Y dimension, were simulated with fixed length in Y

by setting the compressibility along Y to zero; pressure coupling was applied along X and Z

dimensions. These bilayer systems have zero surface tension as they can freely adjust their

area (they are not subject to any restraint or pressure coupling along the x dimension) and

possess no curvature. The same system was used for the calculation of line tension along

the bilayer edge.

Figure 4.1: (a) Nascent LD as simulated in this work, and used for the calculation of LD

shape and contact angle. (b) Illustration of the methodology to calculate the LD contact

angle. (c) Oil tubules, used to calculate the line tension at the LD-bilayer connection. (d)

Bilayer stripes, used to calculate the line tension at the bilayer edge.

4.3.2 Simulation details

All simulations were performed with the Gromacs software (v.2016) (121), using the coarse-

grained description provided by the Martini force field (version 2)(67). The Martini model
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Table 4.1: Composition and size of the simulated systems. The growth phase corresponds to

5τ (where τ is the autocorrelation time of LD size, see Methods), the equilibrium is used for

the analysis of shape and equilibrium properties and corresponds to the difference between

the total duration of the run and growth phase.

has been widely used in simulations of various biomolecular systems containing membranes,

proteins (68), nucleic acids (70), as well as synthetic polymers (73) and nanoparticles (71),

and has been shown to provide a realistic description of lipid aggregates and their properties

(74). A cutoff at 1.1 nm was applied for the calculation of non-bonded interactions with the

Verlet cutoff scheme, together with the reaction field for electrostatics interactions. The

potential was shirted to zero between 0.9 and 1.1 nm with the Potential-shift-Verlet function

(121). The same parameters were used in the calculation of local stresses with the Gromacs-

LS software (122). MD simulations were carried out with the leap-frog integrator and a

time step of 20 fs. Temperature was kept constant with the Bussi-Donadio-Parrinello (v-

rescale) thermostat (64) (time constant of 1 ps). Pressure was kept constant in equilibration

with the Berendsen barostat (63) (time constant of 20 ps, compressibility 4 · 10−5bar−1)
and in production runs with the Parrinello-Rahman barostat (65) (time constant of 20 ps,
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compressibility 4 · 10−5bar−1). Semi-isotropic pressure coupling was applied in all cases.
Systems were energy minimized using the steepest descent algorithm for 500 steps. After

energy minimization, the systems were equilibrated for 10 ns in the NPT ensemble. During

equilibration neutral lipids started to phase-separate and formed lens-like nascent lipid droplets

embedded in the phospholipid bilayer. Then, production runs were carried out for 10-60 μs

for each system (duration reported for each system in Table 4.1).

4.3.3 Simulation analysis

The number of TG molecules in the LD was monitored over time using our g aggregate code

(123). A modification of this code also allowed rewriting the trajectory with the center of

mass of the LD translated at the center of the simulation box, resulting in trajectories with

a virtually immobile LD. Shape analysis was carried out with our g thickness code (90) the

thickness of the membrane, defined as the distance between the phospholipid heads (PO4

beads) of each leaflet, was computed over an XY-grid, and averaged over time, providing

a thickness landscape. The shape of the LD or thickness profile was obtained by averaging

the landscape around the axis of symmetry (vertical axis) of the LD. A python code was

developed to extract the geometric properties of the LD shape from the thickness profile.

Briefly, the LD shape was fit to a third-degree polynomial function. The radius at which the

second derivative of the polynomial approximation cancels out gives the coordinates of the

inflection point of the shape curve. The tangent line to the curve at this inflection point

was computed, and the intersection of the tangent with the line defining the bilayer was

used to estimate the LD radius. The angle between these two lines was defined as “contact

angle”, in analogy with the contact angle defined in the theory of wetting/dewetting (see

Figure 4.1b). We used the software Gromacs-LS (122) to compute the local stress tensor in

simulations. For the local stress tensor grid, we used a cubic voxel of 0.5 nm corresponding to

the size of Martini beads. Since our nascent LD systems are large (almost 80 nm lateral size),

undulations of the bilayer and monolayer are very substantial; as a consequence, averaging

the local stress tensor over the XY plane and over time requires particular care to avoid that

undulations cancel out contributions from subsequent time frames and from regions in the

XY plane that have different position with respect to the membrane (e.g., different distance

from a reference point, such as the center of the bilayer, or the head group region). To this
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end, we developed a specific code to take into account bilayer and monolayer fluctuations,

and extract the pressure profile from the local stress tensor. Averaging of the local stress

tensor was carried out using in-house software.

4.4 Results

4.4.1 Assessment of equilibrium thermodynamics and kinetics

We first generated trilayer systems, with a layer of TG sandwiched between two phospholipid

layers (see Methods). The trilayer systems are unstable and evolve rapidly by phase separation

of TG into a compact droplet, that is the nascent lipid droplet, embedded into the lipid bilayer;

part of the TG remains dispersed in the bilayer, indicating that phase separation is dynamic,

as expected. Similar observations have been reported before, based on MD simulations

(4; 56; 124). Starting from a uniform distribution of TG molecules, we generally observed

nucleation of one or more aggregates, and then LD growth during several microseconds. If we

want to analyze LD shape, we need to consider only the fraction of simulations representing

an equilibrium ensemble, hence we need a quantitative way to assess the equilibration of the

system. To this aim, we calculated the size of the largest TG cluster (that is the lens-shaped

nascent LD) over time. We observed that, after an initial period of growth, the number of

TG molecules in the nascent LDs becomes approximately constant, fluctuating around an

average value that depends on system composition, size, and temperature. We define the

initial period as the growth phase, and the following as the equilibrium phase. Examples

illustrating growth and equilibrium phases are shown in Figure 4.2.

Figure 4.2: Assessment of system equilibration. (a) Number of TG molecules in the nascent

LD in simulation with 2016 DOPC and 325 TG. (b) Number of TG molecules in the nascent

LD in simulation with 18144 DOPC and 7500 TG.

60



CHAPTER 4. LIPID DROPLET SHAPE AND TENDENCY TOWARDS BUDDING:

INSIGHT FROM THEORY AND MOLECULAR SIMULATIONS 61

The duration of the growth phase was different in each simulation, and appeared to

depend mainly on the specific initial conditions of the system and the size of the bilayer. As

expected, larger systems required much longer equilibration, due to the longer time required

for diffusion of TG across the system. For instance, systems of ∼80 nm in lateral size
required equilibration times around 50 μs. Our estimate cannot be precise as we simulated

only 1 replica of the larger system, due to the large computational cost; therefore, we refrain

from providing any quantitative interpretation of growth kinetics. However, available data

suggests that the duration of the growth phase does not depend strongly on the number

of TG molecules, nor on the nature of the phospholipids (which all form fluid bilayers in

the simulation conditions), but rather on the surface area of the system, suggesting that

equilibration times are mostly limited by diffusion. Having estimated the equilibration time

for each simulation of interest, we extended the duration of the simulation beyond the growth

phase (see Table 4.1). We then analyzed the shape of the nascent LD only considering the

equilibrium phase of the simulations, when the number of TG molecules in the nascent LD

is approximately constant.

4.4.2 Simulations are in qualitative agreement with the theory

One of the effects predicted by theory is that LDs with an increasing volume should become

more spherical (116). One parameter that indicates whether the LD shape is close to the

spherical shape is the curvature of the LD profile: constant curvature is characteristic of

spherical shapes. Another parameter indicating similarity to a spherical shape is the LD

aspect ratio, i.e., LD height over LD radius (116). This is also related to the contact angle,

in analogy with dewetting theory (79). Here we define the contact angle as the angle formed

by the membrane plane with the tangent to the droplet profile at its inflection point (Figure

4.1b). The contact angle decreases (to approach the value of 90 degrees, in the case of a

symmetric bilayer) as the LD aspect ratio increases.

We calculated LD curvature, aspect ratio, and contact angle for six nascent LDs with

increasing volume and the same phospholipid composition, namely pure DOPC. Shape anal-

ysis shows that the curvature is constant at the center of the spherical caps for all simulated

LDs; for large LDs, the curvature is constant over a large fraction of the LD surface (Figure

4.3c-e). Constant curvature indicates that the LD shape is controlled by surface tension of
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the monolayer region (116), that become prevalent already at relatively small sizes (20 nm

in diameter). At the same time, the aspect ratio of all simulated nascent LDs is small and

the contact angle is large, indicating that the droplets are not close to budding. The con-

tact angle decreases as LDs get larger, confirming that larger LDs are closer to the budding

transition, as expected (Figure 4.3b). Such change in shape is due to the increase in surface

energy relative to elastic energy, as the radius of the LD increases. At large enough sizes, the

contribution of bending energy to the shape of the LD becomes negligible compared to the

contribution from surface tension, and we expect that the main contribution to LD shape

comes from the increased surface energy. These findings agree well with theoretical predic-

tions. We also notice that, beyond the spherical cap region, LDs are “stretched”, suggesting

the existence of forces pulling on the edges of the nascent LD. We will explore such forces

later in the paper.

Figure 4.3: Shape analysis for nascent LDs. (a) Shape profile, after averaging around the

axis of symmetry of the LD and over time, for LDs of different size. (b) Contact angle for

the nascent LDs in panel B, as a function of the size (expressed as the x intercept). (c)

Fitting the simulated LD shape with a spherical cap, for simulated nascent LDs containing

2500 TO lipids, (d) 5000 TO lipids, (e) 7500 TO lipids.

LD shape theoretically depends on the interplay between the monolayer bending modulus
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and surface tension (116): higher monolayer surface tension favor spherical shapes, while

higher rigidity disfavors them. We therefore aimed at quantitively evaluating the contribu-

tion of each of these factors to LD shape. Measuring the bending moduli of phospholipid

monolayers at the TG/water interface is problematic, as the values should depend on the

level of coverage of the monolayers (related to their surface tension) and on the amount of

TG dissolved in the monolayer. Calculations of the same quantities from MD simulations are

also problematic: computational methods to calculate the bending modulus are well tested

for lipid bilayers (125), not on monolayers. However, it is reasonable to assume that, to a

first approximation, the trends in bending moduli vs lipid composition should be the same

for bilayers and monolayers (i.e., if a bilayer consisting of lipid X has bending modulus larger

than a bilayer made from lipid Y, then the same will be true also for monolayers). It is also

reasonable to assume that the effect of TG on the bending modulus is approximately the

same on monolayers with different phospholipid composition. In other words, it is reason-

able to assume that the bending modulus of lipid monolayers at the oil-water interface are

approximately half of the bending modulus of bilayers in contiguity, with the same chemical

composition.

To understand the effect of bending rigidity on LD shape, we simulated nascent LDs with

the same size (i.e., same number of phospholipids and TG molecules) and different phos-

pholipid composition, namely DLPC, DOPC, DPPC, POPC, POPC+DPPC. Shape analysis

(Figure 4.4a) shows that LDs made from lipid bilayers with a high bending modulus have a

higher contact angle (Figure 4.4c), i.e., LDs embedded in more rigid bilayers have a lower

aspect ratio, as predicted by continuum theory (116). Our results suggest that nascent LD

are closer to a spherical shape when formed in softer membranes.

To understand the influence of surface tension on LD budding, we simulated nascent LDs

containing different triglycerides, having different interfacial tensions with water. We chose

trimyristin and tricaprin, which have a lower tension than triolein. The simulated nascent LDs

contained the same number of neutral lipids and phospholipids and the same phospholipid

composition. Shape analysis shows a correlation between surface tension and contact angle:

nascent LDs with lower surface tension have lowed aspect ratio and lower contact angle

(Figure 4.4b). TG, the most abundant neutral lipids present in LDs in cells, has a higher

surface tension and therefore LDs composed of TG are more prone to budding.

63



64 4.4. RESULTS

Figure 4.4: LD shape and bilayer rigidity. (a) LD shape profiles for LDs with the same

number of neutral lipids and phospholipids, but different nature of the phospholipids. (b)

Contact angle as a function of surface tension of the oil-water interface. (c) Contact angle

as a function of pure lipid bilayer bending modulus of the bilayer, as calculated in ref. (125).

4.4.3 Quantitative comparisons between simulations and continuum theory

The shape profiles of nascent LDs simulated with our coarse-grained model comply qualita-

tively with the predictions of continuum theory, but do they reproduce quantitatively those

predictions? We addressed this question by fitting our simulation-based shape profiles with

theoretical shape from ref. (116). To this end, we used the same assumptions as in the

theoretical analysis; in particular, long-range molecular interactions contribution to the line

tension and the spontaneous curvature of the monolayers were neglected, simplifying the

theoretical shape equations. Under those assumptions, the LD shape equations contain only

3 parameters: the elastic length λ defined as λ3 = (κm/γm)
1/2 V/λ3 (where V is the LD

volume), and γb/γm (surface tension of the bilayer and the monolayer). The volume of the

droplet being known, we used λ and γb/γm as fitting parameters. Values of surface tension

for the monolayer γm can be estimated from λ (that is obtained from the fitting procedure),

with some assumptions on the bending rigidity of the monolayer κm. Bending rigidities have

been measured at ∼ 20kBT for pure DOPC bilayers in numerous studies, using different
experimental and simulation methods (125; 126; 127). Furthermore, Santinho et al. showed

that the addition of a small amount of TG decreased the bending modulus by nearly a factor

of 2, from 21 ± 4kBT to 12 ± 4kBT (7). Assuming that the bending rigidity of monolay-
ers is close to half of the value for the bilayer (128), we estimate an approximate value of

κm = 6 kBT . This is in good agreement with values estimated for DOPC monolayers (128).

Simulations were carried out using the semi-isotropic pressure coupling method, with

pressure of 1 bar in the XY plane and in the Z dimension. The same setup is generally used
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Figure 4.5: Fitting the simulated shape profiles with the theoretical shape equation. Con-

tinuous lines represent the shape predicted by the theory, symbols the simulated shape. (a)

Fit obtained by imposing zero surface tension in the bilayer. The fitting procedure yields λ

= 6.877 nm, from which we calculate γm = 0.51 mN/m. (b) Fit obtained with λ = 3.308

nm, and γb/γm = 0.834 (7500 TG), 0.844 (5000 TG), 0.944 (2500 TG), 0.956 (625 TG),

0.824 (325 TG).

in simulations of bilayer membranes, where it provides zero surface tension for the membrane

system. Based on the expectation of a tensionless bilayer, we first fitted the simulation-based

shapes imposing zero surface tension in the bilayer, i.e., using a single fitting parameter, λİn

this case, the results were unsatisfactory: the simulated shapes had approximately constant

curvature in the central region, while theoretical shapes did not (Figure 4.5a). Indeed, in

the absence of bilayer tension, shapes with constant curvature over a large fraction of the

LD surface (obtained from the theory) would have an aspect ratio close to one. Several

possibilities exist to explain the mismatch between simulated shapes and theoretical shapes:

(a) the surface tension is actually non-zero in the simulations, both in the monolayer and

in the bilayer regions; (b) a non-negligible, negative line tension exists in the system; (c)

the theory is inadequate to describe our nano-sized system. We do not comment here on

the possibility that the theory breaks down for our specific systems, and in the following we

explore the other two possibilities.

Given than the system is not semi-isotropic in the presence of the oil droplet, we first

considered the possibility that the bilayer tension is not vanishing in our system, and fitted

the simulated shapes using both λ and γb/γm as variables (i.e., two fitting parameters).

In this case, the fit was much more accurate (Figure 4.5b). Assuming the same value of

bending rigidity as above ( κm = 6kBT ), we obtained γm = 2.19 mN/m and then γb
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close to 2 mN/m for all LD volumes. The value of the bilayer tension obtained from the

fit is surprisingly large, knowing that the tension of the ER is very small, nearly vanishing

(129). However, this is not surprising if we consider that the monolayer tension is also higher

than experimentally measured in micrometer-sized droplet embedded vesicles: in the case of

tensionless droplet embedded vesicles made of DOPC and TG, the monolayer tension γm is

about 1.4 mN/m (8). In experiments on droplet embedded vesicles, bilayer and monolayer

surface tension are linearly related (8) (γm = 0.45γb + 1.32 mN/m), and a monolayer

tension of 2.19 mN/m would correspond to a bilayer tension of 1.93 mN/m, very close to

the one predicted by fitting the simulated LD shapes. Hence, the present findings are fully

compatible with available experimental data on droplet embedded vesicles with non-vanishing

surface tension (8) and with the theoretical model (116).

4.4.4 Line tension in nascent LDs

In principle, a high surface tension in the monolayer region of nascent LDs is also compatible

with a negative line tension at the junction between the monolayer and bilayer region (hence-

forth, the LD junction). Line tension indicates a free energy cost for the LD junction: a

positive line tension would act as an effective force to reduce the length of the LD junction,

hence favor LD budding; a negative line tension, instead, would act as a force extending the

length of the LD junction, and hence increase the surface tension in the LD monolayer re-

gion. As a consequence, a negative line tension would also explain the simulated LD shapes,

“stretched” in the proximity of the LD junction. An estimate of the line tension at the LD

junction would therefore be important to improve our understanding of the physics of the

system. However, to the best of our knowledge, such line tension has bever been measured

experimentally, nor it has been calculated from simulations.

To estimate the line tension in our nascent LD systems, we set up simulations of tubular oil

droplets, similar to oil tubules embedded in bilayer membranes (Figure 4.1c). Such systems

are easily produced in simulations by exploiting periodic boundary conditions, but may be

difficult to produce experimentally. We simulated tubular oil droplets with different sizes

(see methods), and for each system we calculated the contact angle, aspect ratio (height/X

intercept), and line tension (Figure 4.6).

First of all, we notice that the length of the tubular oil droplets (along the Y axis)

66



CHAPTER 4. LIPID DROPLET SHAPE AND TENDENCY TOWARDS BUDDING:

INSIGHT FROM THEORY AND MOLECULAR SIMULATIONS 67

has only a minor effect on the value of its physical properties: the values of the contact

angle, aspect ratio, and line tension are within the statistical uncertainties. We conclude

that finite size effects in our simulation setup are negligible. Second, for any given length

of tubular droplet, as the tubules increases in size (i.e., the TG/DOPC ratio increases) the

aspect ratio (height/radius) increases and the contact angle decreases, i.e., the shape of

the tubular droplet becomes more similar to a cylinder. This is consistent with findings on

isolated, lens-shaped droplets, showing higher aspect ratio as their size increases, both in

simulations (Figure 4.3a,b) and in the theory (116). Third, we observe that the values of

line tension are always positive, and they increase with the size of the oil tubule, from ∼17
pN (for the smallest size) to over 40 pN (for the largest size). Only a negative, not a

positive line tension can explain the difference between simulated and theoretical LD shapes

obtained with tensionless bilayers (Figure 4.5a). Since our calculations predict a positive line

tension around nascent LDs, we conclude that non-vanishing surface tension in the bilayer

is the most satisfactory way to explain LD shapes from simulations. Besides elucidating the

physical determinants of LD shape in simulations, our predictions also provide microscopic

insight into the driving forces for LD budding:

• The increase in line tension with LD size has never been reported before, to the best

of our knowledge, and suggests that line tension is due to the deformation of the

unzipping bilayer, that is highly curved at the LD junction, and becomes more highly

curved as the size of the tubular oil droplet increases. The larger the LD, the higher the

(negative) curvature of the phospholipid leaflets at the junction. Line tension would

therefore be due to a local deformation, not to long-range interactions (116).

• While the tubular oil droplets used in our calculations were periodic, we infer that most

likely also isolated, lens-shaped nascent LDs possess a similar, positive line tension.

In isolated LDs, a positive line tension will act as a driving force for LD budding, as

predicted by theoretical studies (116): the higher line tension of larger LDs would favor

their budding.
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Figure 4.6: Properties of periodic oil tubules embedded in flat DOPC bilayer membranes.

Height (a), contact angle (b), and line tension (c) in the oil tubule as a function of the LD

size (expressed as the X intercept).

4.4.5 Surface tension in nascent LDs

Since line tension does not provide an interpretation for the shape of nascent LDs, and

since the fitting results indicate that significant surface tension should be present in the

simulated systems, we explore in more detail the origin of such surface tension. It is possible,

in molecular dynamics simulations, to calculate directly the mechanical tension in molecular

systems based on the analysis of the local stress tensor. In materials undergoing strain,

neighboring particles exert forces on each other to counteract deformations. The stress

tensor σ describes these internal resistive forces. In simulations, we can calculate the local

stress tensor directly from kinetic energy and the virial, i.e., from velocities, positions, and

forces in the system (130). From the local stress tensor, in simulations of flat, periodic lipid

bilayer systems, we can then calculate the lateral stress profile σL, describing the internal

forces in the bilayer as a function of the position along the membrane normal; this is defined

as

σL = σT –σN

where σL is the lateral stress, σT is the tangential stress (i.e., the stress in the plane of

the membrane), and σN is the normal stress (i.e., in the direction normal to the membrane).

In the case of a flat membrane oriented with the normal in the direction of the Z axis, this
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can be written as:

σL =
σXX + σY Y

2
–σZZ

where σXX , σY Y , σZZ are the diagonal components of the stress tensor. The stress

tensor can also be calculated separately in sub-cells of the simulation cell, expressed as a

function of the Z coordinate, and averaged over the simulation time and over the XY plane

(Figure 4.7a). In this case, the lateral pressure profile π(z) can be calculated as:

π(z) = −σL(z)

The lateral pressure profile has been reported in the literature for a number of different

bilayer systems (131; 132; 122), and it typically presents a characteristic large negative peak

corresponding to the interface between the hydrophobic interior of the membrane and the

hydrated head group region (close to the glycerol backbone), and smaller positive peaks in

the head group region and the membrane interior (131; 132; 122). In the case of a flat

membrane, the surface tension matches exactly the mechanical tension obtained from the

simulations; if the membrane normal is oriented as the Z axis, the surface tension can be

computed easily by integrating the pressure profile:

γ =

∫
π(z)dz

Similarly, the surface tension can also be calculated easily from the local stress tensor in

systems with spherical symmetry, such as (spherical) liposomes, or even cylindrical symmetry

(131). However, the nascent LD systems simulated here do not have planar, nor spherical,

nor cylindrical symmetry, and calculations of local stress or lateral pressure have not been

reported so far on similar systems, to the best of our knowledge. Calculation of the local

stress tensor is straightforward (Figure 4.7a), but interpretation in terms of surface tension

requires separate procedures for averaging over the region corresponding to the bilayer plane

(that is parallel to the XY plane, and has planar symmetry) and over the monolayer region

corresponding to the spherical cap (that has spherical symmetry). Based on such calculations

(Figure 4.7b), we find that the surface tension in the bilayer region is indeed positive and
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large (Table S2), of the order of a several mN/m, well beyond the statistical uncertainty.

This is in agreement with the predictions obtained by our fitting procedure (Figure 4.5),

and raises questions on the origin of such large surface tension in the bilayer region, with a

value close to the surface tension in the monolayer region. The simplest explanation is the

mechanical equilibrium of the simulation box: the pressure coupling algorithm imposes that

tangential and normal component of the stress tensor, averaged over the entire simulation

box (including the droplet embedded bilayer and the water solvent), be equal to 1 bar, so that

the difference, that is mathematically equivalent to the lateral stress over the simulation box,

be zero; this is achieved by having the same mechanical tension in the monolayer and bilayer

region. The non-zero mechanical tension in the monolayer region is an intrinsic property

of the oil-phospholipid-water interface, as shown experimentally; the non-zero mechanical

tension in the bilayer region, instead, is simply a requirement imposed by the pressure coupling

algorithm.

Figure 4.7: (a) Average lateral pressure in a nascent LD system (4050 DOPC+1250 TG).

The characteristic negative peak corresponds to the head groups and positive peak to the

acyl chains. (b) Pressure profile in the monolayer (green) and the bilayer (red) region as a

function of the distance from the center of the bilayer or the monolayer-oil interface.

4.5 Discussion

The shape of nascent lipid droplets can be considered as a proxy for their tendency to bud

out of the membrane. According to an established theory (116), the shape of nascent LDs

should depend on the LD size and the chemical nature of the oil and the phospholipids. Here

we simulated nascent LDs, i.e., isolated TG droplets embedded in lipid bilayers, with different

size and different chemical composition, calculated parameters related to their shape, and

compared the shape of the simulated LDs with the shapes predicted by the theory. We
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found good agreement between simulations and theory, with LDs becoming more spherical

(a) as they grow in size, (b) as their oil-water surface increases, and (c) as the phospholipids

form softer membranes. Also, we noticed that the LD shape resembles a spherical cap, with

constant curvature over a large fraction of the LD surface, already for relatively small nascent

LD sizes (10 nm in radius). This strongly indicates that the shape is mostly determined by

surface tension, more than membrane bending modulus. We then fitted the simulated LD

shapes in order to interpret simulation results in terms of elastic properties of the systems.

Excellent quality fits were obtained when using monolayer and bilayer surface tensions as free

fitting parameters. In this case, the fitting procedure predicted monolayer and bilayer surface

tensions of the same order of magnitude, both around 2 mN/m, with the monolayer tension

only marginally higher than the bilayer tension. Alternatively, large negative values of the line

tension at the LD junction could compensate for the tension in the monolayer, and explain

the shape of the simulated LDs. A negative line tension would introduce a force acting to

increase the linear interface at the junction between bilayer and monolayers. In the specific

case of circular LDs, increasing the length of the contact line would result in spreading the

LD and increasing the surface tension in the LD monolayer, thus making the nascent LD

more “flat” or less spherical. On the other hand, a positive line tension would tend to reduce

the line interface. To discriminate between the two possibilities, we carried out simulations

to predict the line tension at the monolayer-bilayer junction. Simulation results are very

clear: line tension at the LD junction is positive, and increases with the size of the LD, as

the deformation of the unzipping bilayer becomes more important. As a result, the shape

of simulated LDs must result from non-vanishing surface tension in the bilayer region. Such

result was confirmed by calculations of the local stress tensor, which are independent of the

fitting procedure.

Large values of the surface tension (∼2 mN/m) in bilayer membranes may appear surpris-
ing, as very small values (∼0.01 mN/m) are generally measured experimentally in the bilayer
region for macroscopic (micrometer-sized) droplet embedded vesicles (13; 115). However,

the large mechanical tension predicted by the simulations is the result of the specific sim-

ulation setup, based on the NPT ensemble with semi-isotropic pressure coupling. Such

thermodynamic ensemble is generally applied in simulations of flat, periodic bilayer systems,

as it generates configurations for tensionless membranes. In the case of nascent LD sys-
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tems, the ensemble imposes zero overall mechanical tension in the simulation box. A non-

vanishing surface tension is an intrinsic property of the monolayer region, that consists of an

oil-phospholipid-water interface (8). Surface tension for such interface can be lowered via

compression of the interfacial monolayer, which achieves high surface density of phospho-

lipids, as recently shown experimentally; however, even strong compression cannot achieve a

vanishing surface tension for such interface (8). In our NPT simulations, with semi-isotropic

pressure coupling, mechanical equilibrium is achieved when the tangential component and

the normal component of the stress tensor over the entire simulation box are equal; this is

achieved when the mechanical tension in the monolayer and bilayer region are equal. Based

on recent measurements in droplet embedded vesicles (8), tension in the bilayer region should

be lower than the one predicted by the simulations, even while tension in the monolayer re-

gion remains significant (∼1 mN/m). It is unclear if this is achievable in MD simulations,
considering that simulations of laterally compressed nascent LD systems would still need to

fulfill the condition of mechanical equilibrium in a periodic system.

One limitation of our approach is that we could only determine the line tension in periodic

oil tubules, not in isolated nascent LDs. Tubular droplets are not identical to isolated, nascent

LDs, in that the local curvature at the monolayer-bilayer junction is different. However, for a

tubular vs isolated droplets with the same contact angle, curvature at the monolayer-bilayer

junction is in fact higher in isolated LDs; therefore, we expect the estimates obtained in

tubular droplets to be a lower bound for line tension in isolated droplets.

4.6 Conclusions

We studied the shape of lipid droplets as obtained from MD simulations at the coarse-grained

level, and compared it to the predictions by an established theory (116). We identified

the parameters affecting LD shape: LD volume, as larger LDs are more spherical in shape;

membrane softness, as LDs embedded in less rigid bilayers are more spherical; surface tension

between oil and water, as a higher surface tension makes LDs more spherical. These trends

are consistent with theoretical predictions. Fitting the simulated LD shapes with a theoretical

shape equation suggests that either a negative line tension exists at the monolayer-bilayer

junction or a non-zero surface tension is present in the bilayer region. We find that the
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line tension at the monolayer-bilayer junction is positive, not negative, and increases with

the size of the LD, suggesting that it originates from the deformation (curvature) of the

bilayer as it unzips into two monolayers. A positive line tension can act as a driving force

for LD budding, as predicted by theoretical studies. Local stress calculations confirm that

surface tension is present in the simulated bilayers. This can be explained by the mechanical

equilibrium condition: zero mechanical tension over the simulation box implies that equal and

opposing mechanical tensions exist in the monolayer and bilayer region. Our results indicate

that simulations of nascent LD systems may be used to provide a microscopic view into the

properties of droplet embedded vesicles.
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Table 4.2: Box size, contact angles, LD size (X intercept and height), and line tension

estimated from simulations of periodic oil droplets.
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Figure 4.8: Principal curvatures of simulated nascent LDs containing 7500 TG lipids.

Figure 4.9: Fitting the simulated LD shape with a spherical cap, for simulated nascent LDs

containing 7500 TG lipids.
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Table 4.3: Bilayer surface tension computed used the local stress in the simulated LD sys-

tems.
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5.1 Abstract

Lipid droplets (LDs) are cellular organelles regulating energy and lipid metabolism. They are

generated mostly in the tubular regions of the endoplasmic reticulum (ER) by the accumu-

lation of neutral lipids, such as triglycerides, into lens-shaped blisters. When the lens-shaped

nascent lipid droplet grows beyond a certain threshold, it emerges from the ER bilayer mem-

brane, generally towards the cytosol – a process known as budding. Images of mature,

micrometer-sized LDs are available, as well as a few images of lens-shaped nascent LDs

trapped in the ER bilayer, but the mechanism of biogenesis has never been observed ex-

perimentally. Here we developed a novel, robust computational methodology to simulate

the initial steps in lipid droplet biogenesis, from the nucleation of the nascent LD to the

budding towards the cytosol. Our simulations show that LDs do not bud in the absence of

sufficient asymmetry between the two leaflets of a membrane, independently of membrane
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morphology; leaflet asymmetry is necessary and sufficient to promote the budding transition.

Seipin, a membrane-anchored protein essential for the correct functioning of LDs, promotes

an asymmetric shape of nascent LDs but it is not sufficient per se to promote the budding

transition. However, we predict that seipin increases the mechanical stability to the LD-

tubule connection. The simulations also allow to understand the role of the complex ER

composition in allowing for a stable, defect-less, high curvature LD-tubule connection, and

suggest that regulation of the oil/phospholipid synthesis ratio is crucial to preserve the me-

chanical stability of the ER network. Our new methodology paves the way to simulations of

complex transformations of membrane systems, including the biogenesis of other organelles,

the formation of viral envelopes, and bacterial division.

5.2 Introduction

Adenosine triphosphate (ATP) is the molecule providing energy to drive most chemical reac-

tions in living organisms(133). Humans produce daily approximately their own body weight

in ATP, and consume about the same amount, as ATP cannot easily be stored(134). Lipids,

instead, are a convenient way to store energy, and they are stored in lipid droplets (LDs).

LDs are crucial hubs of lipid metabolism, central in membrane biogenesis and several non-

metabolic processes (e.g., gene expression, or protein quality control, viral infections, etc.

(10)). Deficiencies in LD formation or functioning result in impaired cell metabolism, cell

stresses, and numerous diseases, e.g., lipodystrophies, liver steatosis, type II diabetes, neu-

rodegeneration (135; 12). LDs are generated in the endoplasmic reticulum (ER), the prime

site for lipid synthesis, and indeed LD biogenesis starts with the synthesis of neutral lipids

(oils, such as triglycerides and sterol esters). When the concentration of neutral lipids in

the ER membrane reaches a certain threshold, they phase-separate from the phospholipids

constituting the ER bilayer. Phase separation is thought to start with the nucleation of a

lens-shaped nascent LD, initially sandwiched between the two leaflets of the ER bilayer; the

nascent LD grows as more neutral lipids are synthesized, and eventually buds out of the ER

towards the cytosol, coated solely by the cytosolic leaflet of the ER bilayer. Mature LDs

resemble oil-in-water emulsions, i.e., oil droplets coated by a mono-molecular layer of phos-

pholipids and proteins. Interestingly, they generally remain attached to the ER via LD-ER
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contact sites marked by seipin, an oligomeric protein with an important role in preventing

pathological phenotypes (84; 136). However, the mechanism of LD biogenesis has never been

observed, due to the fluid nature of membrane and LD systems and the insufficient spatial

and time resolution of current microscopy techniques: observable LDs have a size of hun-

dreds of nanometers or more, but nascent LDs are much smaller, and isolating the different

steps of the process is proving a formidable challenge for structural biology. In the absence of

a high-resolution view of the mechanism of biogenesis, several questions remain open on the

driving forces and the molecular factors determining LD budding. For instance, continuum

theory predicts that LDs should spontaneously bud off from a symmetric bilayer when their

size becomes large enough (116), but validation of the theory is problematic as it would re-

quire fine control over the synthesis of neutral and polar lipids. Contrasting results have been

reported on the role and the nature of ER membrane asymmetry: Choudhary et al. proposed

that directional budding is determined by intrinsic curvature of ER phospholipids (14), while

Chorley et al. proposed that it depends on the asymmetry between ER leaflets (82). The

function of seipin is also not completely clear: simulations and experiments suggested that

it may trap triglycerides (37; 38), therefore affecting LD nucleation and growth by ripening,

but its exquisite localization at the LD-ER contact site raises questions on a possible role

also in the budding process. Here we address the questions above by simulating the entire

mechanism of LD biogenesis at the molecular level. To this end, we develop a protocol that

allows molecular simulations with growing number of particles, and we use it to emulate the

synthesis of different lipids in membranes mimicking ER tubules. The outcome is, for the first

time, a molecular view of the birth of a cellular organelle, with nanosecond time resolution and

sub-nanometer spatial resolution. Simulations show that triglyceride synthesis results in LD

nucleation, growth, and budding of stable and defect-free LDs only under specific conditions:

active generation of asymmetry between the ER leaflets, presence of seipin, a specific com-

position of the ER membrane, and a precise regulation of both triglyceride and phospholipid

synthesis. The picture resulting from our molecular movies provides an unprecedented view

of the actual process leading to the birth of lipid droplets as organelles, an interpretation for

published experimental data, and specific predictions amenable to experimental validation.
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5.3 Methods

All simulations used the Martini coarse-grained force field, either version 2 (67; 68) or version

3 (75), as specified in Table 5.1, and were carried out with the Gromacs (121) software

(version 2018 or 2019). In the following, we first describe the simulation setup for the

different systems studied here, and then we provide the simulation parameters.

5.3.1 Setup of nascent LDs in flat bilayer systems

We generated flat periodic lipid bilayer systems using the Insane software [ref]. The dimen-

sions of the bilayer were 27×27 nm (small bilayer) or 75×75 nm (large bilayer). To generate
nascent LDs, we initially built tri-layer systems, with a layer of oil sandwiched between two

layers of phospholipids. Pure DOPC was used for the bilayer, while pure TG was used for

the oil phase. The TG layer contained 325, 650 (small bilayer), 1250, 2500, 5000, or 7500

molecules (large bilayer). The tri-layer systems spontaneously evolved to lens-shaped nascent

LDs during unbiased MD simulations, on time scales of a few microseconds.

5.3.2 Generation of membrane pores

Pores were generated in lipid membranes using flat-bottomed potentials, restraining lipid

particles out of a part of the simulation volume. The potentials acted only on lipid acyl chain

particles and only if they entered a user-defined volume, in this case a cylindrical region in the

membrane away from the location of the nascent lipid droplet. Acting only on acyl chains,

the potentials induce the formation of hydrophilic pores, with lipid head groups in contact

with water. Pores had a diameter of 5 nm. To prevent LDs from approaching the pores,

cylindrical flat-bottomed potentials were applied to keep TG molecules 7.5 nm away from

the pore center (2.5 nm away from the pore edge). In all cases, we used a force constant of

5000 KJ mol−1 nm−2.

5.3.3 Setup of vesicular and tubular systems

A vesicle with an embedded LD (18144 DOPC and 7500 TG) was generated from one of

the flat systems described above by removing membrane periodicity; in this case, line tension

rapidly transforms a square membrane in a circular one, that bends out of plane to reduce
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the perimeter of the open edge and eventually closes to form a vesicle. Tubular membranes

were then generated from the vesicles by generating large water pores on opposite sides

of the vesicle (along the x axis) and then creating a connection with the periodic image.

The external diameter of the tubules was 35 nm, the length was 75 nm, and tubules were

periodic in the direction of their main axis. All tubules contained 4 circular pores (5 nm

in diameter, generated as detailed above), allowing rapid flip-flops between inner and outer

leaflet, preventing the build-up of asymmetric stresses and differences in pressure in/out of the

tube. In the case of vesicular systems, we only used a simple composition consisting of pure

DOPC as phospholipid and pure TG as the oil component. In the case of tubular systems,

we also used richer compositions (see Table 5.1). Besides the DOPC/TG composition, we

built systems with DOPC/POPC 1:1 mixtures, and systems with a complex composition

mimicking the ER composition (137; 138). The complex systems contained 25% DOPC,

25% POPC, 23% DOPE, 3% DOPS, 2% DOPA, 10% POPI, 10% cholesterol, and 2% of

DG. The resulting tubular membrane system was composed of 22482 phosopholipids: 5620

DOPC, 5620 POPC, 5170 DOPE, 676 DOPS, 450 DOPA, 2248 POPI cholesterol, and 450

DG.

5.3.4 Building models of seipin

We built a model of seipin dodecamer based on the Drosophila monomer structure (pdb

code 6MLU (34)), adding the transmembrane (TM) and the N-terminal helices based on

secondary structure prediction algorithms. The putative N-terminal helix has been predicted

but not resolved in any of the cryo-EM structures. The two transmembrane domains, instead,

are resolved in the cryo-EM structure of yeast seipin (35). Comparison with the structure

of yeast seipin shows high similarity of both the luminal domain and the TM segments (see

Supporting Information). In the model, secondary and tertiary structure of the protein were

maintained using elastic networks (76) in the luminal domain, while no elastic network was

required to fix the distance among 24 TM helices, because the loops connecting them to the

luminal domain are short (11 amino acid residues).
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5.3.5 Iterative Slow Growth (POP) simulations

Current MD software does not allow, to the best of our knowledge, changes in system

composition “on-the-fly”. However, a simple way to achieve this is via a “stop-and-go”

procedure: a simulation is performed in the desired thermodynamic ensemble (NPT in our

case), then stopped after a defined time; particles are added to the system, and the simulation

is resumed. We devised an Iterative Slow Growth (POP) procedure to simulate LD systems

with increasing amounts of lipids over time, by iteratively adding lipids to the system. Our

POP protocol works as follows. First, we choose the approximate positions of insertion of the

molecules, taking into account the exact instantaneous geometry of the membrane. Second,

lipids are inserted using gmx insert-molecules (part of the Gromacs package), that allows

the insertion of molecules in a user-defined position even when particles partially overlap

with the particles in input structure (by setting the radius of the inserted particles to zero).

We generally imposed insertion of each new molecule in positions close to an existing lipid,

allowing a maximum displacement of 0.4 nm in x, y, z, and random rotation in the case of

TG (but not when inserting phospholipids). Third, the newly added molecules are fixed using

spherical flat-bottomed position restraints, and their interaction with the rest of the system

is switched on progressively using the slow growth algorithm in Gromacs. Here, the new

molecules are initially decoupled from the system and get progressively coupled during 100

ps. Fourth, the system is energy minimized to reduce the probability of particles overlaps.

Fifth, the system is relaxed using standard MD, allowing adaptation to the new conditions

(e.g., volume expansion). After relaxation, the cycle is repeated. The number of lipids added

at each cycle and the duration of the relaxation phase are user-defined. In principle, addition

of lipids could be achieved at the same rate as determined by lipid synthesis in cells. However,

considering a turnover rate of 104 s−1 for a typical enzyme, this is much too slow for present-

day supercomputers. On the other hand, very short run times between subsequent POP steps

pose problems in terms of computational stability, as systems need to adjust their volume

after each addition of lipids. Moreover, lipids and water need to redistribute by diffusion

to dissipate internal stresses in the membranes and possible differences in pressure in/out

of the tubule. Therefore, a compromise needs to be found between realistic growth rates,

computational efficiency, numerical stability, and relaxation of stresses. We found that, for
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the tubular membranes described above, addition of 50 to 150 lipids (considering the sum

of both TG and PL) per POP cycle with a run time of 50-500 ns per cycle results in stable

simulations. We carried out POP simulations both starting from the flat bilayer setup and

starting from tubular membrane setup. In the case of the flat bilayer, we only increased

the number of oil (TG) molecules in the system, and added them in random positions near

other TG molecules. In the POP of tubular systems, we added either only TG, or only

phospholipids, or both (see Table 5.1). We tested different ways of adding lipids. When

adding only TG, the oil molecules can be added either in random positions within the tubular

bilayer, or in the proximity of the nascent LD. The first mode requires very long equilibration

times, therefore was rapidly discarded in favor of the second. Addition of TG directly in

the LD is realistic, because TG synthesis takes place in the proximity of the LD; indeed,

TG-synthase is recruited at LD formation sites by seipin in yeasts (43). When adding PL, on

the contrary, faster equilibration was achieved by adding PL in random positions in the outer

leaflet of the tubular membrane. We used random placement of PL to improve the stability of

our POP procedure, even if PL synthesis is probably also occurring close to the LD formation

sites (DG-synthase is activated at LD formation sites; in yeasts, DG production by Pah1 is

activated by Nem1, and Nem1 is activated by seipin (43). The same POP procedure was

also adapted to the presence of seipin. In this case, TG was added only within the nascent

LD and PL in random positions in the outer leaflet. A list of the simulations carried out and

the specific modes of addition of lipids is found in Table 5.1.

5.3.6 LD pulling simulations

Two additional simulations were performed with LDs embedded in a vesicle, pulling the

LDs away from the vesicle. Center of mass (COM) pulling (as implemented in Gromacs)

was used, allowing to apply a force to the center of mass a group of particles. In the first

simulation, a harmonic potential with fixed position was applied to the COM of DOPC (force

constant of 2200 KJ mol−1 nm−2) to keep the vesicle at an approximately fixed position in the

simulation box. A second harmonic potential was applied to the COM of TG, while increasing

the distance between the COM of TG and the COM of DOPC by 0.5 nm/μs (force constant

of 1000 KJ mol−1 nm−2), to pull the LD away from the vesicle. The simulation was run

for 20 μs. The second simulation started from the final frame of the first pulling simulation.
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Table 5.1: Summary of the main simulations described in this work.

In this case, the distance between the COM of DOPC and the COM of TG was kept fixed

and both potentials used a force constant of 2200 KJ mol−1 nm−2. In both simulations,

hydrophilic pores were kept open to avoid asymmetric stresses and allow equilibrium between

the two leaflets of the vesicle.

5.3.7 Simulations parameters

Standard Martini simulation parameters were used in all simulations; the Verlet neighborlist

scheme (139) was applied, with a cutoff of 1.1 nm for non-bonded interactions and the Verlet

cutoff scheme for potential shift (140). Reaction field (141) was used in all simulations, with

ερ = 15. Relaxation runs were carried out with the leap-frog integrator (142) and a time

step of 20 fs. Temperature was kept constant with the Bussi-Donadio-Parrinello (v-rescale)

thermostat (64) (time constant of 1 ps). Pressure was kept constant in equilibration with

the Berendsen barostat (63), with semi-isotropic pressure coupling (time constant of 20 ps,

compressibility of 0 in the XY plane and 4 · 10−5bar−1) in the Z direction).
Slow growth simulations were carried out by coupling the interactions (both Van der

Waals and Coulomb) of the newly inserted molecules with all other molecules in the system.

Coupling was achieved by growing linearly the coupling parameter, λ from an initial state
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λ = 0 incremented by 0.0002 per time step (20 fs), so full coupling was achieved in 100 ps.

The soft-core alpha and sigma parameters were set to 1.3 and 0.47 nm, respectively, while

the soft-core power was set to 1.

5.3.8 Simulation analysis

Analysis of the number of oil molecules in the nascent LDs was carried out with the g aggregate

software (123), while the number of lipids in each leaflet was calculated with the SuAVE soft-

ware (143; 144). In SuAVE, the fitting process established in radial basis functions was used

with the same parameters developed for closed surfaces (143). A roughness parameter and

a point resolution were used to define the grid points that make up the fitting surfaces.

Then, a classification process was performed based on the distance between the lipids and

the bidimensional fitted surfaces. A 2.5 nm cutoff was applied to distinguish the lipids from

the different leaflets.

5.4 Results

5.4.1 Lipid droplets do not spontaneously bud off from symmetric bilayers

According to a theory of lipid droplet budding, lipid droplets can spontaneously bud off from

a symmetric bilayer simply upon increasing their volume beyond a certain threshold (116).

Based on estimates of the physical properties of the membrane, spontaneous budding is

predicted to occur at sizes of a few tens of nm (116). In the order to test this hypothesis,

we performed coarse-grained molecular dynamics simulations of dioleoylphosphatidylcholine

(DOPC) lipid bilayers with increasing LD volume. Starting from bilayer systems with high

concentration of triglycerides (TG), well above the critical concentration (Table 5.1, systems

1 to 7), initially well-dispersed oil molecules rapidly formed one or more lens-shaped nascent

LDs; nucleation of LDs occurred on time scales of hundreds of ns. Then the nascent LDs grew

by attracting free TG molecules or by fusing with other LDs, until about 1.5% of TG was left

free in the bilayer. The shape of the LD evolved during the LD growth phase and eventually

reached an equilibrium. Adding up to 7500 TG molecules in a bilayer (lateral size of 78×78
nm) did not result in LD budding (Figure 5.1). This is expected, because budding requires

a larger surface area of one leaflet over the other; this can be reached, in principle, via area
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fluctuations and/or flip-flop. Flip-flops occur on time scales of hours for phosphatidylcholine

(PC) lipid bilayers (145), too slow to support budding even in biological systems. Significant

fluctuations in the area of each bilayer leaflet require large lipid reservoirs, not available in

our simulation setup (but available in the ER). We then devised a simulation setup allowing

large fluctuations in the content of each membrane leaflet. Starting from the largest system

equilibrated above, we generated a large, stable pore in the bilayer membrane, away from the

nascent LD (see Methods). Lipid flip-flop along the pore edge presents no energy barrier,

hence phospholipids can freely flow from one leaflet to the other and, in principle, allow

the build-up of significant asymmetry between the leaflets, necessary for LD budding (82).

Flip-flops were observed indeed, but the maximum imbalance observed in our simulations was

less than 2% (Figure 5.1d), while an imbalance of at least 5% is necessary to generate an

asymmetric LD shape in systems of the same size (82). Larger fluctuations would appear on

longer time scales, but the probability distribution of fluctuations suggests that much larger

membrane reservoirs are required to allow sufficient asymmetry and spontaneous budding.

Indeed, theoretical works predict spontaneous budding with relatively small LDs and infinite

membrane reservoirs(14; 116; 117). Systems with two nascent LDs could, in principle, allow

much larger leaflet imbalance by budding each LD in opposite directions: budding of one

nascent LD would trigger budding of the other one in the opposite direction, to conserve

the surface area of each leaflet. However, such double LD setup provided similar results

as the single LD, and no budding was observed on the simulation time scales. Limitations

in system size are a possible culprit for the failure to reproduce LD budding, but they are

difficult to overcome in simulations, particularly with respect to the size of the membrane

reservoir. At this stage, lack of budding may also be the result of other limitations: the

flat morphology of the bilayer membrane, the absence of seipin at the LD-bilayer junction,

or the insufficient asymmetry between bilayer leaflets. In the following, we explore these

possibilities, to understand which driving forces are essential for LD to bud.

5.4.2 Lipid droplets in tubular membranes spontaneously emerge towards the

lumen

In cells, LDs generally bud off from tubular regions of the ER towards the cytosol(36), and

ER curvature has been proposed to catalyze LD assembly (146). So, we wondered whether
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Figure 5.1: Coarse-grained molecular models of nascent lipid droplets in flat DOPC bilayer

membranes. (a) Snapshots of nascent LDs containing different number of TG lipids, side

view cut across the LD. (b) Snapshot from simulation of a system with two nascent LDs,

side view. (c) Side view and top view of nascent LD with 7500 TG molecules and with a

hydrophilic pore in the bilayer region. (d) Number of phospholipids in each leaflet during a

simulation of the system shown in (c), with the hydrophilic pore.

membrane curvature could be sufficient to induce budding in nascent LDs. To address this

question, we built tubular membranes with an external diameter of 35 nm, comparable to

the diameter of ER tubules (147; 148), and a fixed length of 75 nm (see Methods), with

a nascent LD and TG molecules dispersed in the bilayer, and 4 hydrophilic pores, to allow

for build-up of an imbalance between the leaflets by (barrierless) lipid flip-flop. At the same

time, the pores allow dissipation of asymmetric stresses and differences in pressure in/out of

the tubule (water can freely flow in/out), as well as changes in tubule diameter and surface

area (Figure 5.7). This setup allows to achieve chemical equilibrium in the system, provided

sufficiently long simulation times, and effectively mimics the biological system. Simulations of

membrane tubules with embedded LDs with diameter up to 35 nm (over 7000 TG molecules)
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did not show any tendency towards budding. The simplest possible explanation is the limited

size of the LD itself. We therefore devised a procedure to allow simulations of LDs with

growing size by having TG molecules pop into the system at user-defined locations. The

new procedure, coined POP-MD, consists of a growth step, in which lipids (or any other

molecules) are added to the system in user-defined positions, and a relaxation step, that is

a standard molecular dynamics simulation; the first step takes the system out of equilibrium,

while during the second step the system drifts towards a new equilibrium (without reaching

it, due to limited sampling). The biological systems we aim to understand are also pushed

out of equilibrium by lipid synthesis, without which no LD can be formed. Starting from a

membrane tubule with a large embedded LD, we used POP-MD to add overall 22,300 TG

molecules within the LD during 22.30 μs (system #17 in Table 5.1). We observed growth of

the LD volume but no budding transition. In fact, opposite to most observations in biological

systems, the LD protruded towards the lumen of the tubule, instead of the external (cytosolic)

compartment (Figure 5.2). Similar results were obtained The presence of pores did allow

for the spontaneous buildup of leaflet imbalance: the number of phospholipids in the outer

leaflet grew (Figure 5.2d), but the growth was not sufficient to achieve a symmetrical shape

of the LD. The symmetrical shape of the LD was not rescued even by long relaxation runs:

the leaflet imbalance plateaued within 5 μs and the LD shape remained strongly asymmetric,

protruding towards the lumen (Figure 5.2c).

Another possible reason for the failure to observe LD budding might lie in differences

in membrane composition. ER membranes have a composition much more complex than

the one used in simulations to this point, and that might have an effect on the propensity

of LDs to bud out of the ER – for example, due to the presence of lipids with positive

intrinsic curvature (14). To address this point, we repeated the POP-MD simulations us-

ing a membrane tubule with more realistic composition mimicking the ER, consisting of 8

different lipids (137; 138) (see Methods). We used the same composition for both inner

and outer leaflet, and such composition did not change significantly during LD growth nor

the subsequent equilibrium run. Insertion of TG promoted leaflet asymmetry, with the outer

leaflet continuously acquiring lipids by flip-flop (Figure 5.2f), but no budding was observed

(Figure 5.2e). As in the case of pure PC membranes, the LD shape remained largely asym-

metric, protruding towards the lumen of the tubule instead of the cytosolic compartment.
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These results are opposite to observations in biological systems and might therefore appear

surprising, but they can be understood simply based on the geometrical constraints imposed

by the tubule morphology. When an LD forms between the leaflets of a tubular membrane,

the bilayer unzips; protrusion of the LD outwards requires an increase in the surface area of

the outer leaflet, while protrusion inwards does not require any change in surface area of any

leaflet. Simulations show that emergence of cellular LDs towards the cytosol is not due to

the ER tubule morphology, and suggest that asymmetry-generating structures or processes

determine the direction of budding.

5.4.3 Seipin scaffolds nascent LDs but is not sufficient to induce directional

budding

A possible source of asymmetry is the presence of proteins. Seipin is an oligomeric ER

membrane protein with a major role in LD biogenesis. The structure of seipin has been

solved at high resolution by cryo-EM for three species: human (33), drosophila (34), and

yeast(36; 35) and consists of a highly conserved luminal domain, two transmembrane domains

forming a ring of ∼15 nm in diameter, and one N-terminal cytosolic domain. Seipin is critical
for normal LD formation, as it defines LD nucleation sites and maintains LD-ER contact

after budding (43). It has been suggested that seipin favors LD nucleation by catalyzing

TG aggregation and trapping TGs within the perimeter defined by its TM helices (55; 32).

It has also been proposed that seipin plays a major role in preventing abnormal phenotypes,

with few super-sized LDs, by decreasing the probability of LD growth by ripening (37; 32).

The relevance of this protein in many aspects of LD biogenesis raises questions on its role in

the budding process. To understand if seipin has any role in the budding process, we built a

complete model of the dodecameric protein (Figure 5.3a) and inserted the transmembrane

portion in the bilayer of our tubular system with the ER-mimicking lipid composition. Then

we simulated LD nucleation and growth with the POP-MD protocol; since TG synthesis in

cells is localized near seipin (43; 149), we emulated the process by adding TG molecules only

in the proximity of seipin. In the initial stages of growth, the nascent LD was scaffolded by

seipin and acquired an asymmetric shape protruding towards the cytosolic compartment, not

observed in the absence of the protein (Figure 5.3c). However, once the size of the nascent

LD exceeded the diameter of the dodecamer, TG molecules leaked out of the seipin scaffold
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Figure 5.2: Growing LDs in tubular membranes by TG synthesis. (a) Snapshots from POP-

MD simulations with a pure PC membrane tubule: side view cut along the tubule and

perpendicular to the tubule, and (b) size of the nascent LD during POP-MD (23.3 μs in

total) and during the subsequent equilibration phase (EQ-MD, 20 μs in total). (c) Snapshots

from the equilibration phase (EQ-MD, no lipids added), side views cut along the tubule and

perpendicular to the tubule, and (d) analysis of leaflet imbalance. (e) Snapshots from POP-

MD simulations performed on a tubule with ER-mimicking bilayer composition, side views

cut along the tubule and perpendicular to the tubule, and (f) analysis of leaflet imbalance

during POP-MD and the subsequent equilibration phase (EQ-MD).

(Figure 5.3c, 9.8 μs) and the LD leaned towards the interior of the ER tubule. Leakage of

TG was reproduced in different conditions and was enabled by the high flexibility of seipin in

the region connecting the luminal and transmembrane domains, consistent with experimental

data(36). Extension of the simulation without addition of TG promoted further buildup of

leaflet asymmetry but did not rescue directional budding towards the cytosolic compartment

(Figure 5.3d). Large membrane reservoirs are available in the ER and, in principle, they
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could allow large enough leaflet asymmetry simply via fluctuations in the area of individual

leaflets. However, active generation of leaflet asymmetry appears, at this point, as a simpler

explanation.

Figure 5.3: Growing a TG droplet in a tubular membrane in the presence of seipin. (a)

Complete model of seipin, based on cryo-EM structure from Drosophila(34), top view and

(b) side view. (c) Snapshots of the LD growth with seipin (number of TG molecules added by

POP-MD is indicated for each snapshot), side views cut along the tubule and perpendicular

to the tubule. (d) Snapshots from the equilibration phase. (e) Snapshots of the LD growth

with seipin at the moment when seipin opens and let the LD out, side views cut along the

tubule and top view. (f) Snapshots of seipin only at the moment when it opens and let the

LD out, top view. Luminal domain in pink, N-ter AH in purple, TMD in white. The two TM

helices the open up are highlighted in green.
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5.4.4 Generation of leaflets asymmetry is necessary and sufficient for LD bud-

ding

According to experiments, theory, and simulations, leaflets asymmetry is necessary for LD

directional budding(82; 14). This can be achieved by adding lipids with positive intrinsic

curvature to the outer leaflet of the ER membrane(14), by adding proteins that bind the

outer LD monolayer(82), or by adding any lipids to the outer ER leaflet to reduce its sur-

face tension(82). In the ER, asymmetry can be generated by the asymmetric synthesis of

PC lipids, that is regulated by the enzyme CCTα, catalyzing PC synthesis when bound to

(PC-deficient) LDs(48). To emulate the biological process, we adapted our POP-MD algo-

rithm to allow simultaneous insertion of TG (in the proximity of the seipin ring, to reduce

equilibration times) and PC lipids (to the outer leaflet of the ER-mimicking tubule, in ran-

dom positions), and therefore actively generate leaflet asymmetry. Adding a 1:2 ratio of TG

and PC, we finally did observe, for the first time, a true budding transition. The budding

transition generated structures qualitatively different from the ones observed so far, with the

LD volume entirely outside the idealized cylindrical shape of the tubule (Figure 5.4a). Such

structures were never observed without active generation of leaflet asymmetry, indicating

that active buildup of leaflet asymmetry is necessary and sufficient for LD budding. One

drawback of the budding process observed here is that the size of the LD-tubule connection

is very large, only limited by the size of the tubule (∼35 nm); the budded structure cannot
accommodate the presence of seipin. Another drawback is that the excess surface of the

outer layer causes large deformations of the LD-tubule connection, with water-filled defects

protruding into the core of the budded LD (Figure 5.4a). We repeated the simulation adding

a 1:1 TG:PC ratio, so leaflet asymmetry increases more slowly (Figure 5.4d). After the

budding transition, deformations appeared again, but they were smaller and appeared later

in the budding process (Figure 5.4c). These membrane deformations were not specific to

tubular membranes systems, as they also appeared in analogous LD growth simulations of

flat bilayer systems of different size, always in proximity of the LD-bilayer connection and

always protruding into the liquid core of the LD (Figure 5.9). The consequences of defects

in the LD neck region are unclear, but we can speculate that water-filled defects make the

LD-tubule connection mechanically weak. Also, they may interfere with the flow of proteins
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and lipids from the ER to the LD, because both proteins and lipids diffuse from the ER to

the LD (and vice versa) via the LD neck region. Finally, alterations in the morphology of the

LD neck may interfere with protein binding.

Figure 5.4: (a) Growing a TG droplet in a tubular membrane by adding both TG and PC lipids,

in the absence of seipin, using POP-MD; side views cut along the tubule and perpendicular

to the tubule. Time and the number of TG and PC molecules inserted are indicated, the

ratio is 1:2. (b) Build-up of leaflet asymmetry during the POP-MD simulation. (c) Same as

(a), but with 1:1 ratio. (d) Build-up of leaflet asymmetry during the POP-MD simulation.

5.4.5 Combining generation of leaflet asymmetry with the presence of seipin

yields a robust budding mechanism

While simulations show that leaflet asymmetry is necessary and sufficient for LD bud-

ding, the simulated budding mechanism appears to be fragile, as it requires fine tuning of

TG:phospholipid (PL) ratio to avoid water-filled membranous defects protruding into the LD

neck, potentially impairing its mechanical stability, as well as lipid and protein diffusion and

protein binding. Also, the LD-tubule connection is too large, incompatible with the presence
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of seipin. Seipin provides a scaffold for the LD neck, but per se it is not sufficient to induce di-

rectional budding. We hypothesize that combining leaflet asymmetry with the seipin scaffold

might be necessary to achieve directional budding with a more robust budding mechanism,

less dependent on the precise TG:PL ratio, yielding a stable, defect-free LD neck. To test

this hypothesis, we carried out simulations of LD growth with active generation of leaflet

asymmetry and in the presence of seipin, using the same TG/PL ratio as in the absence

of seipin. Contrary to simulations without PL synthesis, a budding transition was observed

when the nascent LD became too large to be contained entirely within the ring formed by

seipin transmembrane domain. Seipin remained at the LD-ER contact site, fixing its size

(15 nm) and shape, even after the budding transition was completed and the LD diameter

became much larger than the seipin TM domain, effectively exerting a constraint on the LD

and limiting its growth in the plane of the ER membrane. The constraint originates from the

protein amino acid sequence: hydrophobic transmembrane helices are linked to luminal do-

mains by short loops, so the transmembrane ring cannot expand; also, amino acid sequences

of the transmembrane helices are bounded by charged residues or hydrophilic loops at each

end, which prevents both ends from crossing the bilayer and ultimately prevents bilayer un-

zipping into two monolayers (observed in the absence of seipin), in agreement with recent

simulations(55). Remarkably, no water-filled membrane defects were formed, neither in the

proximity of the LD neck nor in other regions of the tubule. Instead, the tubule underwent

a different type of deformation, with the cylindrical shape squeezed to avoid the formation

of high-curvature regions in the proximity of LD neck (Figure 5.5a). As leaflet imbalance

increased, when the LD was larger than the LD neck, tether-like deformations appeared in

the tubular bilayer membrane, away from the LD neck and the LD monolayer, due to the

excessive surface area of the outer leaflet. Overall, seipin had a clear effect on the mecha-

nism of budding, yielding an approximately spherical budded LDs with a narrow, stable, and

defect-free neck, different from all observations in the absence of seipin.

5.4.6 The complex ER composition and precise regulation of lipid synthesis

stabilize LD-ER contact sites

We simulated LD budding by active generation of leaflet asymmetry in the presence of seipin,

using a very simple lipid composition: only one type of oil and one or two types of phos-
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Figure 5.5: (a) Growing a TG droplet in a tubular membrane by adding both TG and PL

(1:1 ratio), in the presence of seipin. Snapshots from POP-MD simulation with simple com-

position for the membrane tubule (DOPC:POPC 1:1), the number of TG and PL molecules

added and the corresponding simulation time are indicated below. (b) Same as (a), but from

simulation with the complex ER lipid mixture; all 8 lipid types are added during POP-MD.

(c) Close-up of the LD-tubule connection, i.e., the LD neck. (d) Average lipid composition

of the different regions in the system, showing local enrichment in Cholesterol, DO, and PI

in the LD neck compared to the bulk bilayer region.

pholipids. So, what is the role of the complex ER composition in the budding process?

To address this question, we repeated the simulations of LD growth on tubular membranes

mimicking the complex ER phospholipid composition(137; 138) (Table 5.1). Nucleation and

growth showed no qualitative difference compared to simulations with simpler lipid compo-

sitions. However, a substantial difference appeared in the budding transition: the complex

membrane yielded high-curvature LD necks (Figure 5.5b,c), and the tubule remained almost

perfectly cylindrical throughout the budding process, in contrast with the squeezed tubular

shape observed in pure PC tubules (Figure 5.5a). As with the pure PC membrane, also with

the complex ER composition tether-like defects formed at very high leaflet imbalance; how-
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ever, the ER tubule conserved a nearly ideal cylindrical shape and high-curvature, defect-free

neck. The same morphology could be reproduced independently of the localization of PL

synthesis on the outer leaflet of the tubule: addition of PL close to the seipin ring, opposite

to the seipin ring, and in random positions yielded the same remarkable result, indicating that

the regular shape of the tubule depends on ER membrane composition (Supporting Infor-

mation, Figure 5.13). We found two factors concurring to this effect: first, the membrane

with the complex ER composition is softer than both pure DOPC and the DOPC:POPC 1:1

mixture (bending modulus of 11±1kBT , compared to 18±2kBT for DOPC and 16±2kBT
for DOPC/POPC), hence it is easier to bend. Second, the distribution of PL around the

protein is not homogeneous: a significant enrichment in cholesterol, dioleoylglycerol (DG),

and phosphatidylinositol (PI) is noticeable around the protein, as well as a depletion of POPC

(Figure 5d). Interaction of seipin with PI and PA lipids was observed experimentally(33), and

is probably related to the positive electrostatic charge on residues adjacent to the protein

transmembrane region. Cholesterol and DO, having a smaller polar head, fit better than

other lipids in the highly negatively curved neck region, stabilizing it.

In the simulations above, we added phospholipids at a constant rate, using a 1:1 TG:PL

ratio. In cells, lipid synthesis is regulated through a feedback loop by the CCTα protein,

and is tuned based on the PL coverage of the ER membrane(48). In other words, PC

production in cells depends on the needs of the growing LD. While it would be difficult to

reproduce the feedback loop in simulations, our POP-MD algorithm allows setting different

PL synthesis rates, and even variable PL synthesis rates. The simulations above showed that,

in the absence of PL synthesis, LD budding does not take place, due to insufficient leaflet

asymmetry (Figure 5.1, 5.2, 5.3, 5.7, 5.9). On the other hand, the 1:1 TG:PL ratio causes

deformations of the LD neck (in the absence of seipin, Figure 5.4) or the ER tubule (in the

presence of seipin, Figure 5.6). But what happens if the TG:PL synthesis ratio is lower or

higher? We repeated the simulations of LD growth using a 2:1 TG:PL synthesis ratio, so

leaflet asymmetry grows more slowly compared to simulations above (Figure 5.6). In this

case, an lens-shaped LD formed initially within the seipin ring; the nascent LD was asymmetric

and protruding towards the cytosol, as imposed by the presence of the protein. Then a

second one formed outside the seipin ring, also asymmetric but protruding towards the lumen,

indicating that leaflet asymmetry generated by PL synthesis was insufficient for directional
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budding of both nascent LDs. Extending the simulation, the two LDs fused, but the fused

LD (still in contact with seipin) could not bud towards the cytosolic compartment, due to

insufficient leaflet asymmetry. We then repeated the simulations using a 1:2 TG:PL synthesis

ratio (i.e., with leaflet asymmetry growing twice as fast). In this case, large tether-like

deformations appeared in the ER tubule, away from the LD neck (Figure 5.6c). Interestingly,

in the presence of Seipin, overgrowth of the outer leaflet never affects the shape of the budded

LD, confirming the high stability of the LD neck in the presence of seipin. Deformations in the

membrane tubule appear to depend solely on excessive leaflet imbalance. If this is the case,

then it should be possible to rescue the “normal phenotype” (i.e., absence of deformations

in the tubule) by tuning the TG:PL ratio during the simulations; this is analogous to the way

cells operate, by regulating PC synthesis based on the needs of the growing LD(48). To

confirm this, we performed a simulation with variable PL synthesis rate, starting from a 1:1

TG:PL rate and then increasing to 2:1 TG:PL rate after the budding transition. In this case,

tubule deformations were completely avoided (Figure 5.6). While the actual rates of addition

of TG and PL used in the simulations are perhaps inconsequential to biological systems, the

high sensitivity of the simulated budding mechanism to lipid addition rates provides further

support to our prediction, that precise regulation of lipid synthesis in cells is crucial for LD

biogenesis, as well as for the stability of LD-ER contact sites.
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Figure 5.6 (previous page): Growing a TG droplet in a tubular membrane with a complex

ER mixture by adding both TG and 8 different PL types, in the presence of seipin. (a)

Snapshots from simulation with TG:PL 2:1 insertion ratio, side views cut along the tubule

and perpendicularly to the tubule, and (b) build-up of leaflet asymmetry. (c) Snapshots

from simulation with TG:PL 1:2 insertion ratio, and (d) size of the nascent LD during POP-

MD. (e) Snapshots from simulation with TG:PL 1:1 insertion ratio (f) build-up of leaflet

asymmetry (g) Snapshots from simulation with variable TG:PL insertion ratio, starting with

1:1 and continuing with 2:1, and (h) size of the nascent LD during POP-MD.

5.5 Discussion

The mechanism of LD biogenesis is difficult to explore via current structural biology tech-

niques, because of the fluid nature of biological membranes and LDs, as well as limitations

in spatial and temporal resolution. Theory and simulations provided important contributions

to our understanding of LD biogenesis (14; 116; 37; 124; 38), but the current picture is far

from complete. A theoretical study proposed that the synthesis of neutral lipids, driving the

initial stages of biogenesis (nucleation and growth), is sufficient also for driving the budding

process (116), but experimental validation is lacking. In the theory, the bilayer is assumed

to be very large (in principle, infinite) compared to the size of the LD, hence it can act as

a reservoir of phospholipids and allows the buildup of leaflet asymmetry. In simulations, the

reservoir is small, which makes it necessary to actively generate leaflets asymmetry. Asym-

metric synthesis and degradation of phospholipids provide or destroy the material that coats

outwards-budding LDs; is the assumption of a very large reservoir realistic for the ER tubu-

lar network, or rather asymmetric synthesis explains directional budding? We contend that

simulations offer a more realistic picture, for two reasons. First, in the absence of leaflet

asymmetry, LDs spontaneously should remain trapped in the ER membrane and protrude

towards the lumen of tubular membranes; this event is rare in cells, and is associated with

conditions that alter phospholipid synthesis or degradation (119). Second, the composi-

tion of LD monolayers has been shown to be different from the composition of ER bilayers

(5), which can be easily explained by an important role of asymmetric PC synthesis during

budding, consistent with our findings.

One of the main results of our simulations is the demonstration that generation of leaflet

asymmetry (e.g., by PC synthesis) is necessary and sufficient for budding. This result is

consistent with previous experimental data, showing that membrane asymmetry determines
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the direction of LD budding from the ER (82). But simulations show a much more detailed

picture of the budding mechanism, and predict the existence of a budding transition as the key

step in the process – not yet observed in cryo-EM images of the early stages of LD budding.

The prediction is amenable to experimental validation, although trapping the different stages

of budding is challenging for current experimental techniques, due to limitations in time

resolution. A corollary to this result is the absence of a well-defined size for the budding

transition: it is not the LD size that drives budding, but leaflet asymmetry. In our simulations,

large LDs (up to 30 nm in diameter) would not undergo a budding transition in the absence

of leaflet asymmetry, while smaller ones (∼15 nm) showed a clear transition when leaflet
asymmetry was sufficient.

In the simulations, the budding transition appeared within less than 1 μs after the system

reached sufficient leaflet imbalance. However, predictions on the budding kinetics have limited

value for two main reasons: first, the coarse-grained methodology used here yields faster

dynamics compared to real processes; second, most important, the synthesis rates used in

the simulations are extremely fast compared to reaction rates in cells, of the order of 1 lipid

per ns; even considering that multiple enzymes may concur to asymmetry generation, rates

used in the simulations exceed the turnover of lipid-synthesizing enzymes by several orders

of magnitude. We believe our predictions on the driving forces for budding are instead more

meaningful: the fast response to the buildup of leaflet asymmetry, observed in simulations,

suggests that, in vivo, LD budding rate will be essentially limited by phospholipid synthesis.

The presence of seipin substantially alters the mechanism of LD budding in two ways: by

determining the size of the LR-tubule connection, and by avoiding defects in the proximity

of such connection. The prediction of a marked difference in the size of the LD-tubule

connection is also amenable to experimental verification in vivo; differences in size by a few

tens of nm are perfectly visible in cryo-EM (119). Defects at the LD neck were observed in all

simulations in the absence of seipin; they formed faster (at an earlier stage in the simulation)

with higher leaflet imbalance, and grew larger as LD size increased. Their presence was due

to an excess of surface area of the outer leaflet of the tubule. It is conceivable that very

tight regulation of the TG-PL ratio could avoid the formation of such defects, but the need

for such tight regulation makes the budding mechanism fragile. In the presence of seipin,

deformations appeared in the tubular membrane, instead, far from the LD-tubule connection.

100



CHAPTER 5. BIRTH OF AN ORGANELLE: MOLECULAR MECHANISM OF LIPID

DROPLET BIOGENESIS 101

We hypothesize that the different localization of defects has an effect on the stability of the

LD neck, that would be relevant for the stability of the LD-ER contact site in vivo. Further

work needed to test our hypothesis is in progress.

Finally, our simulations also allow some predictions on the role of lipid composition.

Addition of lipid mixture supports a more robust mechanism of budding, without deformations

in the tubule in the proximity of the LD-tubule contact site. It is possible that such differences

in the morphology of the LD necks be linked with differences in the stability of the LD-

tubule connections, but this hypothesis has not been verified. It should be noticed that

our simulation results do not imply that synthesis of all phospholipids is important for the

budding mechanism. In fact, in biological systems, synthesis of a single type of phospholipid

(e.g., PC) would generate leaflet asymmetry without significantly altering the overall ER

composition, because the extent of the ER membrane is far superior to the surface area

of the LD (which is not the case in the simulations). The effect of asymmetry buildup

by synthesis of a single phospholipid would be the alteration of the composition of the LD

monolayer compared to the ER tubule, fully compatible with the differences between the

composition of LD monolayers and ER bilayers recorded by mass spectrometry (5). On the

other hand, regulation of the TG/PL ratio is predicted to be important, as it determines

the appearance of deformations and defects (depending on phospholipid composition and on

the presence of absence of seipin). In the presence of seipin, defects were only observed in

the tubular membrane, but the morphology of the LD neck and the tubule were significantly

different compared to the pure PC case; we hypothesize that such differences in morphology

may reflect differences in the stability of the LD-tubule connection.

Last but not least, a brief comment on the capabilities and limitations of the POP algo-

rithm devised here, allowing non-equilibrium simulations of LD growth. The algorithm makes

it simple to add any molecular species in user-defined regions of the system, independently

of the morphology of the system (flat, vesicle, tubule) and the presence of proteins, with a

user-defined, variable rate, and hence allows to emulate the growth of any membrane system.

Depending on the synthesis rate, the simulated systems may or may not reach equilibrium

during the subsequent relaxation. The lack of equilibrium is problematic for the calculation

of any thermodynamic properties of the simulated systems, which is an important limitation.

On the other hand, the morphological features observed for our nascent LDs proved to be
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robust and reproducible, and we could directly link different features to differences in pro-

tein and lipid composition among the systems. We anticipate that the same methodology

will enable simulations of even more complex transformations involving membrane systems,

including the biogenesis of other organelles, the formation of viral envelopes, and bacterial

division.

5.6 Supporting Information

5.6.1 Membrane tubules with pores allow changes in tube diameter and length

The presence of stable hydrophilic pores in membrane tubules allows barrierless flip-flop,

dissipation of asymmetric stresses and differences in pressure in/out of the tubule (water

can freely flow in/out), and changes in tubule diameter and length. We generated tubules

of different diameter by pulling on them with external forces.

Figure 5.7: Membrane tubules with a diameter of 10 nm, 35 nm, and 50 nm, generated by

extending the simulation box.
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5.6.2 Membrane tubules with pores allow phospholipid asymmetry

Figure 5.8: Growing LDs in tubular membranes by TG synthesis without pores. (a) Snapshots

from POP-MD simulations performed on a tubule with ER-mimicking bilayer composition,

side views cut along the tubule and perpendicular to the tubule (b) size of the nascent LD

during POP-MD.

5.6.3 Uncontrolled phospholipid synthesis in the outer leaflet generates de-

fects in the LD neck

Figure 5.9: Snapshots from POP-MD in flat bilayer systems, with only phospholipids added

to the system, only in the outer leaflet. When the surface area of the outer leaflet is beyond

a certain threshold, the excess surface folds and generates defects. Defects are always in the

proximity of the LD neck.

5.6.4 Leaflet imbalance is necessary and sufficient for LD budding indepen-

dently of the membrane morphology, presence of seipin, and size of the

LD

Budding simulations were achieved using tubular membranes and very large nascent LDs, so

the role of tubular geometry and LD size remained unclear. To address this question, we

repeated the POP-MD simulations on much smaller LDs embedded in planar membranes.

Surprisingly, LD budding was observed even on tiny nascent LDs, as small as 10 nm in

diameter (corresponding to 625 TG molecules), indicating that leaflet imbalance is necessary
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and sufficient for LD budding independently of the membrane morphology, the presence of

seipin, and even the size of the LD.

Figure 5.10: Snapshots from POP-MD in flat bilayer systems, with only phospholipids added

to the system, only in the outer leaflet, (a) imposing a constant area to the bilayer, (b) with

varying bilayer area.

5.6.5 Growing a TG droplet in a tubular membrane in the presence of seipin

We added the TG molecules in the tubular membrane in random positions. Although seipin

has been suggested to favor LD nucleation, we observed 4 nucleation events happening

outside the seipin ring. This can be explained by the long diffusion times required for TG

molecules to travel to the seipin ring, due to the large size of the system. To overcome this

barrier, we repeated the simulations by adding TG molecules close to the seipin ring.

Figure 5.11: Randomly adding TG in a tubular membrane in the presence of seipin. (a)

Snapshots of the LDs nucleations with Seipin after addition of 50, 1200, 2350, 3750, 4300

TG molecules, side views cut along the tubule and (b) perpendicularly to the tubule. (c)

Snapshots from the equilibration phase after 2.5 μs, 3.5 μs, 4 μs, 4.1 μs and 7 μs, side views

cut along the tubule and (d) perpendicularly to the tubule.
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5.6.6 Seipin alone does not trap nascent lipid droplets subject to fusion

In membranes containing TG molecules, seipin prevents TG from diffusing out of is ring.

Seipin TM-helices have been reported to have affinity for TG, and the α2-α3 helix in luminal

domain shows an even higher affinity. The α2-α3 helix is necessary for seipin functioning in

forming TG clusters [Prasanna 2021] [Zoni 2021]. We inserted seipin in the bilayer of flat

membrane system, and repeated the ISG procedure to add TG molecules (see Methods),

starting from a membrane containing only dispersed TG molecules. We added the TG

molecules randomly in the membrane. In the early stages of growth (Figure 5.12), we can

observe up to 6 LD nucleation events happening outside the Seipin ring, due to the large size

of the system and the high rate of addition of TG.

Figure 5.12: Growing a TG droplet in a flat membrane in the presence of seipin. (A)

Snapshots of the LD growth with Seipin after addition of 250, 1250, 1750, 1900, 2550 TG

molecules, side views cut along the LD and (B) view for the top.

The asymmetric droplet scaffolded by Seipin needs more phospholipids on the upper

leaflet than the lower leaflet. The symmetric lens-shaped droplet uses approximately the

same number of phospholipids on each leaflet. When the asymmetric droplet fuses with

the symmetric droplet, there is not enough phospholipids available on the upper leaflet to

support the asymmetry than would be need to bud a larger LD contained in Seipin. As a

consequence, without additional asymmetry generation, the result is comparable to result

in figure 5. These findings on dissolved TG molecules [Prasanna 2021] [Zoni 2021] do not

transfer to whole nascent LDs. Indeed, the volume of a small accumulation of TG is small

enough not to require asymmetry. The volume would start to be significant after the addition

of hundreds of TG molecule.
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It is unlikely that LDs escaping the radius of Seipin would happened in cells. As other

proteins are recruited by Seipin at the LD-ER contact point, the structure formed by the

complex coats the neck and could prevent fusion of the budded LD with other LDs.

5.6.7 Excessive leaflet asymmetry leads to major deformation in membrane

tubules

Addition of PC lipids to the outer leaflet of the membrane tubule resulted in severe defor-

mations of the tubule, due to the excess outer membrane surface (Figure 5.6c). We added

TG and PC lipids at different ratios, while at the same time maintaining the membrane pores

open. Although the use of hydrophilic pores may appear to defeat the purpose of asymmetric

synthesis, the pores do not allow for rapid dissipation of leaflet asymmetry, just like they do

not allow for rapid enough generation of asymmetry (see above). The net result is a rapid

buildup of leaflet asymmetry with somewhat limited, self-regulated, buildup of asymmetric

stresses.

First, we started from the tubular system containing 7625 TG and 22482 PL, and added

only PL. The system did not contain hydrophilic pores. In this case, we observed a rapid

deformation of the LD shape, that becomes asymmetric and buds toward the cytosolic

compartment. The width of the neck connecting the LD to the tubule decreases as the

LD grows, until it deforms significantly (Figure 5.6): a water-filled invagination is formed

within the LD, to accommodate the excess area of the outer leaflet. A similar result was also

obtained in the case of a flat system. Instability of the budded LD depends on the excessive

outer membrane surface, that has grown too much with respect to the volume of the LD.

These membranes deformations are not specific to tubular membranes systems. We

repeat an ISG procedure in a flat membrane system with an embedded nascent lipid droplet

of 7500 TG molecules. Only phospholipids were added, to the upper leaflet of the membrane

to create asymmetry. In this simulation as well, shown in figure 8, the LD buds, but does

not form a stable nor narrow neck at the LD-ER contact point. The leaflet asymmetry ends

up creating membranes folds bellow the LD. We repeated this ISG procedure with a smaller

lipid droplet of 2500 TG molecules which gave the same result.
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5.6.8 The localization of phospholipids synthesis does not affect LD budding

mechanism

We repeated the simulations of LD growth in the tubular membranes mimicking the complex

ER composition, in the presence of seipin, by adding oil and phospholipids in a 1:1 ratio

in 3 different ways: phospholipids were added in the proximity of the seipin ring (Figure

5.13g,h), on the opposite side of the seipin ring (Figure 5.13a,b), or in random locations

of the outer leaflet (Figure 5.13d,e). In all three cases, LD budding followed the same

mechanism, resulting in a regular cylindrical shape of the ER tubule, with no deformations

in the LD monolayer nor close to the LD neck.
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Figure 5.13: Growing a TG droplet in a tubular membrane with a complex ER mixture by

adding both TG and 8 different PL types, in the presence of seipin. (a) Snapshots of the LD

growth after addition of 50, 450, 1250, 2200, 2650 TG and 50, 450, 1250, 2200, 2650 PL

molecules at the bottom of the outer leaflet of the tubular membrane, side views cut along the

tubule and perpendicularly to the tubule. (b) Build-up of leaflet asymmetry. (c) Snapshots

of the LD growth after addition of 50, 400, 850, 1250, 1800 TG and 50, 400, 850, 1250,

1800 PL molecules at any location in the outer leaflet of the tubular membrane, side views

cut along the tubule and perpendicularly to the tubule. (d) Size of the nascent LD during

POP-MD. (e) Snapshots of the LD growth after addition of 50, 450, 1250, 2200, 2650 TG

and 50, 450, 1250, 2200, 2650 PL molecules at the top of the outer leaflet of the tubular

membrane, close to the nascent LD, side views cut along the tubule and perpendicularly to

the tubule.
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5.6.9 LD-tubule connection is extremely stable

Having simulated LD budding under different conditions, we never observed instability of the

LD neck nor any tendency of the budded LD to detach from the membrane tubule, not even

when the LD neck was highly distorted. This is rather expected, as it has been shown that

mature, fully budded LDs generally remain in contact with the ER via an LD-ER contact site

(usually punctuated by seipin). However, it is conceivable that the great stability of the LD

neck is the result of insufficient simulation time. While it is difficult to directly tackle the

problem of time scales with current computer hardware, it is possible to probe the stability

of the LD-tubule connection by stressing the system with mechanical forces. To this end,

we simulated a vesicle with an embedded LD and added a strong external force pulling the

LD away from the vesicle at constant speed (0.5 nm/μs), to induce fission. After pulling for

10 μs, the center of mass of the TG LD was displaced by 10 nm away from the center of

mass of the vesicle. During pulling, the neck of the LD became longer and thinner, reaching

an outer diameter of 9 nm (Figure 5.14), very close to the membrane thickness. Despite the

extremely small diameter, the tubular neck did not rupture. In a second simulation, starting

from the final configuration of the previous, the same forces were applied on TG and DOPC,

but the position of the applied forces was fixed for 12 s (Figure 5.14). The neck became

slightly wider, and did not rupture. Finally, all external forces were set to zero, allowing

relaxation for 20 μs. This resulted in a fast recovery of the original shape: the neck becomes

shorter and wider, reaching a final diameter of 30 nm (same as the initial diameter), the

vesicle becomes spherical again, and the LD adopted a lens shape. These results confirm

the very high mechanical stability of the LD-ER connection, and suggest that the lightbulb

morphology of budded LDs, with a neck narrower than the LD diameter, is essentially due

to the presence of seipin.
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Figure 5.14: Pulling and releasing of the lipid droplet in a vesicle. Pulling simulation of the

LD after 0 μs, 4 μs, 8 μs, 12 μs, pulling at rate of 5 nm/μs. Holding the pulling forces in

place for 22 μs. Unbiased simulation of the vesicle after 0 μs, 1 μs, 2.5 μs, 11 μs, 20 μs.
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Conclusion

In conclusion, this PhD thesis aimed to investigate the complex process of LD biogenesis,

focusing on understanding the partitioning of proteins in nascent LDs, analyzing LD shape

as a proxy for budding, and investigating the mechanism of LD budding. Through molecular

dynamics simulations, this work has provided valuable insights into these fundamental aspects

of LD formation.

The first aspect addressed in this thesis was the partitioning of proteins in nascent LDs.

It was demonstrated experimentally that monotopic membrane proteins tend to accumulate

at the surface of LDs, indicating a preference for the LD monolayer. Molecular dynamics

simulations successfully reproduced the partitioning of monotopic membrane proteins to LD

monolayers, confirming the experimental observations. Simulations further supported these

experimental findings and revealed that protein-lipid interactions play a crucial role in deter-

mining protein distribution in LDs. Additionally, simulations showed for the first time that

transmembrane proteins tend to accumulate at the edge of LDs; an result which had never

been tested experimentally. These results contribute to a better understanding of the factors

influencing protein distribution in LDs and highlight the importance of protein-lipid interac-

tions in organelle biogenesis.

The second aspect investigated the relationship between LD shape and budding. By sim-

ulating nascent LDs embedded in lipid bilayers of varying sizes and compositions, it was found

that LDs become more spherical as they grow in size, as their oil-water surface increases,
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and as the bilayer membranes become softer. Theoretical predictions regarding LD shape

were validated through simulations, revealing that surface tension plays a dominant role in

determining LD shape, rather than membrane bending modulus. Furthermore, the fitting

of simulated LD shapes to theoretical equations provided insights into the elastic properties

of these systems, suggesting the presence of surface tension in the bilayer region. These

findings shed light on the factors influencing LD shape and provide a microscopic view of

droplet embedded vesicles.

The third and most challenging aspect addressed in this thesis was the mechanism of

LD budding. LD budding is a crucial step in determining the protein coverage and func-

tion of LDs, yet it remains poorly understood due to the limitations of current experimental

techniques. In this thesis, a novel non-equilibrium simulation method called POP-MD was

developed to emulate lipid synthesis and explore the driving forces and conditions for LD bud-

ding. By incorporating seipin, a key protein involved in LD biogenesis, into realistic tubular

bilayer membranes, the simulations successfully replicated the budding process. The results

revealed that LD size is not the critical parameter for budding, but rather leaflet asymmetry

is necessary and sufficient to induce budding. The presence of seipin was found to scaffold

the neck of the budded LD, preventing the generation of hydrophilic defects. Addition-

ally, the complex lipid composition of the endoplasmic reticulum (ER) facilitated the budding

mechanism by providing softer membranes and reducing membrane defects during biogenesis.

These insights into the molecular mechanisms of LD budding offer a significant advancement

in our understanding of this crucial process.

Overall, this PhD thesis has made significant contributions to the field of LD biogene-

sis. By combining molecular dynamics simulations, theoretical modeling, and experimental

insights, it has provided unprecedented molecular-level views of LD formation and dynamics.

The findings regarding protein partitioning, LD shape, and the mechanism of budding have

shed light on the intricate processes involved in LD biogenesis. This research not only expands

our knowledge of cellular organelles but also has important implications for understanding the

role of LDs in various diseases. Further experimental validations of the theoretical and sim-

ulation predictions presented in this thesis will continue to enhance our understanding of LD
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biogenesis and open up new avenues for therapeutic interventions targeting LD-associated

diseases.

The comprehensive understanding of LD biogenesis, protein partitioning, and the mech-

anism of LD budding opens up exciting avenues for further investigation. Future studies

could explore the specific protein-lipid interactions governing protein localization, investigate

the dynamics of LD shape in different cellular contexts, and explore the regulatory factors

and signaling pathways involved in LD budding. Together, experimental approaches, com-

putational modeling and theoretical predictions can unravel the intricacies of LD formation

and dynamics, leading to the development of novel therapeutic strategies for LD-associated

diseases and a deeper understanding of LD’s broader implications in cellular physiology and

pathology.
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INTRODUCTION

Fat storage is an essential mechanism whereby cells store energy that can be later used to perform
basal functions when food intake is reduced or insufficient. In cells, fat is deposited in organelles
called lipid droplets (LDs). LDs are not mere inert storage pools, but they are active sites of lipid
metabolism and remodeling. Furthermore, they are involved in numerous diseases, such as obesity,
diabetes, cancer, and viral infection (Welte and Gould, 2017).

Despite this central role in important physiological and pathological processes, the general
biology of LDs is poorly understood. This is due to the unique structure of LDs, featuring a core of
neutral lipids (NLs), surrounded by a monolayer of phospholipids (PLs). As a consequence of this
peculiar composition and organization, the mechanism of LD formation remains largely unclear.

The general consensus is that NLs are produced and stored between the two leaflets of
the endoplasmic reticulum (ER) bilayer (Figure 1A); as the concentration of NLs exceeds a
certain threshold, they aggregate in lenses (Figure 1B), that grow into nascent LDs (Figure 1C).
Subsequently LDs bud from the ER bilayer toward the cytosol (Figure 1D) and, depending on
the organism, they can either stay connected to the ER (Figure 1E) or detach in the cytosol
(Figures 1E,F) (Wilfling et al., 2014b).

LD BUDDING: EVIDENCES AND CHALLENGES

The budding step (Figures 1D,E) is crucial for proper LD maturation, and it has important
physiological consequences. For example, a budded LD has a higher cytosolic surface that can thus
be more efficiently exposed to enzymes, such as lipases, the proteins involved in the catabolism of
NLs. Also, enrichment of NLs in the ER is toxic for the cell and formation and budding of LDs
might provide an effective mechanism to remove NLs from the ER bilayer (Wilfling et al., 2014b).
However, the main forces and molecular actors responsible for the regulation of LD budding are
still unknown. Of note, the classical machineries for vesicle budding, such as COPI and COPII, have
been ruled out, since, even if COPI can bind to LDs and detach nanodroplets in vivo (Thiam et al.,
2013), its activity affects protein targeting rather than LD budding (Wilfling et al., 2014a).

On the other hand, regulation of both ER and LD surface tension has been shown to play
a crucial role in modulating LD budding (Ben M’barek et al., 2017; Chorlay and Thiam, 2018;
Chorlay et al., 2019). To this end, two main mechanisms have been demonstrated to modulate
LD budding in vivo and in vitro by acting on surface tension: (i) protein binding to LDs
(Chorlay et al., 2019) and (ii) PL composition (Ben M’barek et al., 2017; Choudhary et al., 2018)
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FIGURE 1 | Molecular models of the main steps of lipid droplet biogenesis. Neutral lipids are produced and stored between the two leaflets of the endoplasmic

reticulum bilayer (A) and they aggregate in lenses (B) that grow into nascent lipid droplets (C). Subsequently, lipid droplets bud from the bilayer (D) and they can either

stay connected to the endoplasmic reticulum (E) or detach in the cytosol (E,F). Images are snapshots from molecular dynamics simulations. NL: orange; PL polar

heads: gray; PL acyl chains: yellow.

and abundance (Chorlay et al., 2019). For example, asymmetry
in the PL coverage of the NL core has been shown to favor
emergence of LDs, promoting budding toward the side with the
higher number of PLs (Chorlay et al., 2019). However, potential
mechanisms leading to PL asymmetry between the two ER
leaflets, and specifically at sites where nascent LDs are present,
are currently not well-understood. Alternatively, asymmetry can
also be promoted by protein binding, whereby proteins inserting
in the PL monolayer, increase NL coverage and favor budding
toward the side where binding occurs (Chorlay et al., 2019). At
the same time, PL composition of the ER bilayer can modulate
the emergence of LDs from the ER via two distinct mechanisms:
PL shape and PL-induced membrane tension. In fact, PLs with
intrinsic positive curvature have been shown to favor budded
states (Choudhary et al., 2018), as do PLs that are able to reduce
ER tension (Ben M’barek et al., 2017).

In parallel, several proteins localized at LDs have also been
shown to regulate LD budding. Two such proteins are seipin and
Pex30. Pex30 is a membrane shaping protein that can tubulate
the ER (Joshi et al., 2016) and that is present only transiently
at LDs (Wang et al., 2018). Simultaneous deletion of Pex30 and
seipin leads to an impairment in LD budding (Wang et al., 2018).
Seipin is a transmembrane ER protein that forms ring-shaped
homo-oligomers (Sui et al., 2018; Yan et al., 2018) that can been
found stably at ER-LD contact sites (Salo et al., 2016). Cryo-
EM structures (Sui et al., 2018; Yan et al., 2018) suggest that
the luminal portion of seipin, by covering most of the inner LD
monolayer, hinders binding of peripheral proteins toward that
side. Therefore, the outer monolayer can be covered by a larger
number of proteins, including possibly seipin cytosolic loops, and
budding would be favored toward the cytosolic side (Chorlay
et al., 2019). Furthermore, electronmicroscopy images reveal that
LD-ER contact sites have a well-defined neck-like topology, and
the size of the observed membrane neck is compatible with one
ring-shaped seipin oligomer (Salo et al., 2019), suggesting that
seipin is crucial to maintain this structure. At the same time, the
tertiary structure of the ER domain of the protein is very similar
to that of some lipid binding proteins, and it has been shown that
the luminal portion can bind phosphatidic acid (PA), suggesting
that it could sequester it from the bilayer and possibly present it to
metabolic enzymes to form either PLs or diacylglycerols (DAGs)
(Yan et al., 2018).

Another family of proteins that is necessary for LD budding is
the FIT family (Choudhary et al., 2015). FITs are phosphatases
that convert PA into DAG (Hayes et al., 2017; Becuwe et al.,
2018), a lipid that not only presents a very low energy barrier
for bilayer flip-flop, but that can be also partially stored in the
middle of the bilayer, like NLs (Campomanes et al., 2019). Since
FITs act only on lipids in the luminal leaflet of the ER, production
of DAGs could occur asymmetrically and consequently promote
LD asymmetry and budding. At the same time, the high intrinsic
curvature of DAG lipids, together with the presence of several
transmembrane helices in FIT proteins (Gross et al., 2010), might
lead to deformation in the ER cytosolic monolayer generating
positive curvature (Thiam and Forêt, 2016). The relevance
of deformations in the ER bilayer for LD budding has been
proposed also for other proteins that target LDs through a
hairpin domain and that, consequently, can impose high positive
curvature to the bilayer. An example of this class of proteins is
caveolins, also found at LDs (Ostermeyer et al., 2001) and known
to deform the membrane at sites of vesicle formation (Parton and
Collins, 2016).

HOW CAN MOLECULAR DYNAMICS HELP

UNDERSTANDING THIS PROCESS?

From the evidence in the literature, it appears that a combination
of protein activity together with changes in membrane properties
(such as surface tension, lipid composition, and surface coverage)
is key in controlling LD budding. However, several aspects
of this process are difficult to address with state-of-the-art
experimental methods. Most notably, a detailed characterization
of the molecular structures along the budding pathway remains
unaddressed and difficult to achieve using current structural
biology methods, due to the liquid nature of lipid aggregates,
the small size of early-stage nascent LDs (well below optical
resolution), and the transient nature of budding intermediates.

Molecular dynamics (MD) simulations are optimally suited
to investigate the structural and dynamic properties of liquids,
and they are particularly promising for the study of molecular
mechanisms underlying LD budding (Soares et al., 2017).
Notably, MD simulations have already been successfully applied
to interpret and corroborate several experimental findings. For
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instance, MD simulations clarified how changes in bilayer surface
tension alter the concentration of NLs stored in a LD lens
(Ben M’barek et al., 2017). Also, MD simulations showed that
asymmetry in monolayer coverage (hence asymmetry in surface
tension) is able to control budding directionality independently
of the lipid spontaneous curvature (Chorlay et al., 2019).

However, several questions remain on the mechanism and
the energetics of budding, as well as on the role of different
proteins in the process; we foresee that MD simulations will
be instrumental in addressing such questions. First of all, MD
simulations can be used to explore the structural role of PLs
and how the distribution of different lipids influences budding.
In particular it will be interesting to understand the role of
PLs, such as phosphatidic acid, lysolipids, and DAG, during
all the stages of LD growth and budding, since they seem to
largely influence budding and protein recruitment (Ben M’barek
et al., 2017; Choudhary et al., 2018). Second, MD simulations
may help elucidating the energetic requirements associated with
various steps of the budding process (depicted in Figure 1).
Theoretical studies of LD budding suggest that, in order to
achieve LD fission, the NL phase should completely dewed from
either the inner or the outer leaflet of the ER, a mechanism that
requires external energy, possibly controlled by surface tension
(Thiam and Forêt, 2016). We envisage that MD simulations
may allow detailed predictions on the energetics of LD budding
under different and controlled conditions, therefore clarifying
which of the proposed budding stages are spontaneous and
which ones require external energy. Third, for those steps
requiring external energy input, MD simulations will enable
predictions of the molecular mechanisms by which proteins
regulate LD budding. For example, how Pex30 and seipin
promote concertedly budding is not understood. While it has
been shown that seipin imposes a distinct topology to LD-ER
contact sites (Salo et al., 2019) it remains unclear if, in order to
achieve a fully budded state with a well-defined neck (Figure 1E),
the LD lens needs to reach a certain size or if this topology is
already stable in the early stages of LD formation (Deslandes
et al., 2017).

More generally, open questions remain on the relevance
of protein-induced membrane deformations in LD budding
as well as on the influence of LD-binding proteins, and
MD simulations can greatly contribute to address such
questions, particularly as high-resolution structures of the
proteins involved become available. Overall, MD simulations
can help unveiling which morphologies are more energetically
favorable for lipid aggregates with different compositions (e.g.,
different concentrations of NLs), and which transformations are
more likely.

Finally, even though the mechanism of LD formation and
budding showed in Figure 1 is generally accepted, whether
the final step of the process actually happens in vivo remains

controversial. Of particular concern, no fission machinery
leading to LD detachment from the ER has been identified so far,
and it is unclear whether LD detachment could be promoted by
membrane physical properties alone. MD simulations should be
able to provide an estimate of the energetic cost of breaking the
LD-ER neck and to clarify whether the process is driven only by
surface tension or if protein activity is necessary to detach LDs
from the ER.

CONCLUSIONS

In this Opinion, we illustrate the main unanswered questions
regarding LD budding that can be investigated using MD
simulations. One of the challenges of simulating such systems
is their computational cost, since LDs have diameters of
hundreds of nanometers and their growth takes place on
time scales of seconds (Salo et al., 2019). The employment
of chemical-specific coarse-grained models, such as MARTINI
(Marrink et al., 2007; Monticelli et al., 2008) and SDK (Shinoda
et al., 2007), has recently allowed simulating some aspects
of LD budding using realistic sizes and timescales. However,
simulations representing the complexity of LD formation (that
involves multiple lipid species and proteins throughout the
process) might be beyond the current capabilities and accuracy
of available CG models. Equilibrium CG simulations might
not be sufficient to explore the key aspects of LD budding,
and enhanced-sampling strategies might be required. Thus,
even though pioneering simulations have started highlighting
important aspects of LD biology (Khandelia et al., 2010; Bacle
et al., 2017; Ben M’barek et al., 2017; Vanni, 2017; Pezeshkian
et al., 2018; Chorlay et al., 2019; Zoni et al., 2019), we foresee
that further developments in molecular modeling techniques will
be required to advance our understanding of the mechanisms of
LD biogenesis.
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Triacylglycerols sequester monotopic membrane
proteins to lipid droplets
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Triacylglycerols (TG) are synthesized at the endoplasmic reticulum (ER) bilayer and pack-

aged into organelles called lipid droplets (LDs). LDs are covered by a single phospholipid

monolayer contiguous with the ER bilayer. This connection is used by several monotopic

integral membrane proteins, with hydrophobic membrane association domains (HDs), to

diffuse between the organelles. However, how proteins partition between ER and LDs is not

understood. Here, we employed synthetic model systems and found that HD-containing

proteins strongly prefer monolayers and returning to the bilayer is unfavorable. This pre-

ference for monolayers is due to a higher affinity of HDs for TG over membrane phospho-

lipids. Protein distribution is regulated by PC/PE ratio via alterations in monolayer packing

and HD-TG interaction. Thus, HD-containing proteins appear to non-specifically accumulate

to the LD surface. In cells, protein editing mechanisms at the ER membrane would be

necessary to prevent unspecific relocation of HD-containing proteins to LDs.
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Lipid droplets (LDs) are lipid storage organelles primarily
functioning in cellular energy metabolism1. LD biogenesis
occurs at the endoplasmic reticulum (ER) membrane during

energy rich or stress conditions. LD biogenesis starts with the
synthesis of neutral lipids, such as triacylglycerols (TG) or sterol
esters, which, at low concentration, are dissolved in the ER
bilayer2. Upon increase in concentration, neutral lipids demix
from membrane phospholipids to form an oil lens or a nascent
droplet within the bilayer3 (Fig. 1a). The lens grows and emerges
in the cytosol as a mature LD: an oil-in-water droplet covered by
a phospholipid monolayer with proteins embedded. Indeed,
throughout the steps of LD emergence, many proteins target to
the surface and around the LD4–7. Proteins targeting the LD
surface essentially come from the ER membrane or from the
cytosol7, and ensure proper LD budding8. How proteins bind and
accumulate to LDs is not well understood but the neutral lipid
chemistry is determinant to these processes9. Specificity of pro-
tein targeting to LDs is at the heart of LD biology, and under-
standing its principles will provide fundamental knowledge on
lipid metabolism and cellular proteostasis5–7,10,11.

Membrane physicochemical properties regulate the protein
distribution at bilayer-encircled organelles12–14. The LD-water
interface is distinguishable from a bilayer-water interface by
several features: it can sustain a loose lipid packing9,15,16; the
thickness of the underlying hydrophobic region, up to hundreds
nm, is much larger than the hydrophobic thickness of a bilayer
(~3 nm)17,18; the hydrophobic core consists of neutral lipids,
instead of phospholipid acyl chains. Considering these dis-
crepancies in physical chemistry, it may not be surprising that
proteins show preference for one interface over the other.

Most proteins physically associating with LD surfaces are either
peripheral or monotopic6,7,11 and do not fully cross bilayer
membranes. Proteins moving from the ER to LD surface, contain
helical hydrophobic domains (HDs), which are monotopic

integral membrane domains embedded only in one face of the
membrane. These HDs include helical hairpins, hydrophobic
helices, and possibly transmembrane domains not fully crossing a
bilayer11,19–21. In contrast, soluble proteins often use amphipathic
helices (AHs) for binding to LDs.

The binding of AHs to LDs is more documented both in vitro
and in vivo9,16,19,22–24: AHs act as surfactants, favorably adsorbed
to the oil/water interface of LDs to decrease the interfacial energy.
AHs recognizes a variety of membrane features, such as surface
charges, curvature, phospholipid packing defects, and neutral
lipids9,16,19,22,23. In contrast, much less is known about HDs
which target to LDs mostly from the ER membrane through ER-
LD connecting bridges25–27. Neither the energetics involved in
their binding to LDs nor the parameters controlling their ER-to-
LD partitioning are known.

The inclusion of HD-containing proteins into lipid bilayers can
cause local perturbation to the bilayer properties, which translates
into an energy penalty28–31. For instance, proteins can locally
perturb the organization of the phospholipids and enhance
exposure of the hydrophobic core of the bilayer to water28–32. The
extent of membrane perturbation depends on the amino acid
sequence, and is for instance important when the mismatch
between the bilayer thickness and the HD length is sig-
nificant31,32. As for protein insertion into LD surfaces, no
information is available regarding the energy cost of the process,
nor the type and the extent of the perturbation generated in the
surrounding lipids.

Here, we study how LD proteins, and particularly monotopic
HD-containing proteins, partition between a bilayer and an LD in
contiguity. We employ the droplet interface bilayer (DIB) sys-
tem33 (Fig. 1a) to study the partitioning of proteins and peptides
bearing HDs, as compared with AH-containing proteins. We find
that all proteins investigated partition preferentially to the LD
monolayer surface, but HD-containing proteins display a higher
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enrichment in the monolayer than AH-containing ones. Reloca-
tion of HD proteins to the bilayer is unfavorable, while moving
from the bilayer to the monolayer is spontaneous. We also found
that protein distribution is altered by the ratio between PC and
PE phospholipids by regulating the extent of HD-TG contact at
the LD surface.

Results
Characterization of the droplet interface bilayer system. To
determine the partition coefficient of proteins capable of binding
a monolayer and a bilayer in contiguity, we decided to employ the
droplet interface bilayer (DIB) system33,34. DIBs consist of two
micrometric buffer-in-oil droplets covered by a phospholipid
monolayer (Fig. 1a). The oil phase used here was trioctanoate, a
triglyceride with similar interfacial energy as triolein8, the major
cellular neutral lipid. Contact of the droplets induces the for-
mation of a bilayer in contiguity with the two monolayers
(Fig. 1a). Thus DIBs mimic ER-LD contiguity (Fig. 1a) without
curvature considerations; the different interfaces are flat at the
protein scale and the concavity of the monolayer surfaces is
irrelevant with respect to curvature. For phospholipids, we used
dioleoyl phosphatidylethanolamine (termed PE) and dioleoyl
phosphatidylcholine (termed PC) (Fig. 1b). Phospholipids were
added to the oil phase and were recruited to the surface of the
aqueous droplets whose contact generates within 5 min an equi-
librated DIB34,35.

DIBs can be generated with almost any phospholipids35. In the
case of non-bilayer phospholipids, such as DOPE, a PE-DIB
bilayer is made thanks to the presence in the bilayer of TG
molecules whose level is decreased by the addition of PC35. To get
insight into the amount of TG present in a PE-DIB bilayer, we
measured the thickness of the hydrophobic region of the bilayer
by capacitance measurements36 (Fig. 1c, Supplementary Fig. S1a).
The thickness measured in PE-DIBs was 2.68 nm, only ~7%
above the thickness of a PC/PE (1:1) DIB, 2.52 nm (Fig. 1c).
Importantly, these values are comparable to the thickness of the
hydrophobic region in phospholipid vesicles devoid of oil,
between 2.3–2.7 nm18. Additionally, all-atom molecular dynamics
simulations indicate that adding PE to a PC bilayer devoid of
oil is sufficient to increase bilayer thickness up to 10%
(Supplementary Fig. S1b). Altogether, these data indicate that
the thickness of the DIBs made here is similar to that of
phospholipid bilayer vesicles and is not significantly affected by
the presence of oil.

Since the PC/PE mixture was added to the oil phase, we wanted
to know whether this bulk ratio reflects the monolayer
composition. We had previously measured the surface tension
of monolayers made of PC/PE and found a linear decrease as this
ratio increased in bulk oil35 (from ~2mNm−1 for PE at 100% to
~0.6 mNm−1 for 100% PC). This supports that the bulk PC/PE
composition reflects the one at the monolayer, as otherwise a
plateau of surface tension against PC/PE should be observed. We
next asked whether the PC/PE ratio in the monolayer and in the
DIB bilayer are identical. To address this, we measured the
partitioning of Rhodamine-PE (Rh-PE) between the DIB
monolayers and bilayer, in the case of PE and PC/PE (1:1) DIBs.
In pure PE-DIB, Rh-PE was uniformly distributed, indicating that
the distributions of Rh-PE and PE are similar. In PC/PE, Rh-PE
was also almost uniformly distributed, suggesting that the
monolayer and the bilayer have a similar PC/PE composition
(Fig. 1d, Supplementary Fig. S1c). To confirm this finding, we
investigated lipid distribution in model nascent LDs using
molecular dynamics simulations, in three systems containing
TG and (a) pure DOPC or DOPC/DOPE mixtures, (b) 80/20 and
(c) 60/40. We found that DOPE and DOPC mix ideally and their

distribution was approximately homogeneous (Supplementary
Fig. S1d). DOPC was only slightly enriched in the monolayer
compared to the bilayer, while DOPE was slightly enriched in the
bilayer compared to the monolayer—the differences being minor
in both cases (Supplementary Fig. S1d). Overall, the data confirm
that PE/PC mixtures are ideal mixtures, with an approximately
even distribution of both lipids between the monolayer and
bilayer interfaces.

The above characterizations indicate that DIBs recapitulate
sufficiently well conditions of a bilayer containing an oil droplet,
as previously shown35. We subsequently use DIBs to study
protein partitioning.

Monotopic proteins strongly bind to TG-covering monolayers.
We screened the monolayer-bilayer partitioning of two classes of
proteins or peptides: soluble proteins, targeting to LDs from the
cytosol, and monotopic integral membrane proteins (moving
from the ER bilayer to LD surface. Soluble peptides were directly
added to the buffer droplets. Monotopic membrane proteins were
added to the buffer droplets from purified LDs or from proteo-
liposomes (Fig. 2a); mixing relocalized the proteins from LDs, or
proteoliposomes, to the interface between the buffer droplet and
the oil phase. Phospholipids from liposomes or LDs also reloca-
lized to this new interface, but their total amount was always
much less than the amount of the exogenous phospholipids we
added; the latter would control the interfacial lipid composition
in all of our systems. In practice, buffer-in-oil droplets containing
the proteins at the interface were prepared before adding phos-
pholipids to the oil phase (Fig. 2a). Two droplets were then
brought together to form a DIB. The protein partition coefficient
was determined 10min after contact, at equilibrium, by quanti-
fying the enrichment level of the protein in the bilayer relative to
the monolayers (Fig. 2b).

For monotopic membrane proteins, we tested Plin1, ACSL3,
CG2254, CG9186, oleosin 1, Hpos, and caveolin1 (Fig. 2d,
Supplementary Fig. S2a, c), most of which contain helical hairpin
and hydrophobic or amphipathic helix motifs responsible for
their localization to LDs37–40. These proteins were tagged with
fluorescent proteins and expressed in cells that were subsequently
loaded with oleate to induce LDs. LDs bound by the proteins were
purified and added to the DIB system. One limitation of this
approach is that other proteins contained in the LDs would also
relocalize to the DIB interfaces, although not visible. Further-
more, proteins with single transmembrane domains, not fully
crossing the ER bilayer, could target to the LD surface, but this
has never been shown clearly so far. To test this hypothesis, we
prepared proteoliposomes containing some of the SNARE
components bearing a transmembrane helix, but not crossing
the bilayer. Finally, we studied a group of soluble proteins,
including Plin2–3, Plin1 AH-containing domains19,24, and the
lipid packing sensors ArfGap1-AH41 and GMAP-210-AH42

(Fig. 2c, Supplementary Fig. S2c, d).
For all of the tested proteins, we found a stronger partitioning

to the monolayers than to the bilayer, independently of PC/PE
ratio (Fig. 2e, f, Supplementary Fig. S2e, f). Additionally, HD-
containing proteins showed on average a higher LD enrichment
than AH proteins (Fig. 2e, Supplementary Fig. S2f), supporting
that proteins coming from the ER bilayer better associate with
LDs than soluble proteins. For a subgroup of HD proteins, we
measured the partitioning in both PC/PE (1:1) and a more
biologically relevant composition (DOPE/DOPC/liverPI/choles-
terol, 5:3:1:1), and found very similar results (Supplementary
Fig. S2a, b).

Finally, the bilayer localization of AH-containing proteins was
increased by addition of PE in most cases, but partitioning to the
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monolayer region was still more favorable (Fig. 2f, Supplementary
Fig. S2e, f). The negative spontaneous curvature of PE is known to
cause lipid packing defects, which can be sensed by AHs43. This is
well illustrated by the highest partition coefficient (close to 1)
obtained in PE with the AH domains of GMAP-210 and
ArfGap1, which are lipid packing sensors43 (Fig. 2c, Supplemen-
tary Fig. S2e). In contrast to AHs, the dependence of HD-
containing protein on PC/PE was less clear (Supplementary
Fig. S2e, f).

In summary, both AH- and HD-containing proteins localized
preferentially to the monolayer interface over the bilayer. HD-
proteins more strongly partitioned to the monolayer and barely
relocated to the bilayer.

KWALP peptides recap the global behavior of HD proteins. At
this stage, it is difficult to explain the partitioning trend of the
full-length HD proteins. This is in part because most of the
proteins, coming from purified LDs, may interact with other
unidentified proteins in the system. Also, LD proteins can bear
multiple HDs and/or AHs; this is the case for Oleosin1, Caveo-
lin1, HPos, and ACSL337,38,40, which possess an AH motif
adjacent to their HD motif. To better understand the determi-
nants of partitioning for pure HD domains, we focused on model
peptides of the KWALP family. KWALP peptides consist of a
repeated leucine-alanine motif (Fig. 3a), bounded by two tryp-
tophan residues at the C-terminus and three lysine residues at the
N-terminus; to this N-terminus we added a glycine linked to a
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rhodamine-B dye. This peptide features a strong tendency
towards helical conformation and transmembrane partitioning, as
reviewed from numerous previous studies28; therefore they
represent a valid model for transmembrane domains of proteins,
including those localizing to the Golgi and plasma mem-
branes17,28,44. Moreover, KWALP represents an excellent model
for the minimal basic hydrophobic sequences, commonly found
in HD domains of LD proteins (Supplementary Fig. S3). We used
KWALP20, with 16 hydrophobic amino acids (Fig. 3a) and a
length (when folded in an α-helix) close to the ER bilayer
thickness (requiring ~ 20 hydrophobic amino acids28). For
comparison, we also studied the partitioning of an AH motif
derived from the 11-mer repeat of Perilipin1—termed here PL108
(Fig. 3a)24. KWALP20 and PL108 represent useful models for the
two classes of HD and AH proteins tested above.

We prepared DIBs containing both KWALP20 and PL108 to
compare their distribution under identical experimental condi-
tions. When the DIB contained PE exclusively, PL108 partitioned
almost equally between the monolayer and the bilayer (Fig. 3b),
while KWALP20 was surprisingly absent from the bilayer
(Fig. 3b). When PE/PC (1:1) was used, KWALP20 signal in the
bilayer increased, while PL108 bilayer concentration significantly
decreased (Fig. 3b). These observations are consistent with the
behavior of most HD- and AH-containing proteins (Fig. 2e,

Supplementary Fig. S2f): both peptides partition more favorably
to the monolayer, especially for KWALP20; in PE lipids, PL108
partitions more evenly, like GM210-AH, and KWALP20 is barely
detectable to the bilayer, like Oleosin1, Caveolin1 or Hpos
(Supplementary Fig. S2c).

Since KWALP recapitulated the partitioning of most of the
full-length HD-proteins (Fig. 2e, f, Supplementary Fig. S2c, e, f),
we further investigated the driving forces for its distribution to
establish general principles underpinning the enrichment of HDs
to LD surface.

PC/PE ratio regulates the partitioning of KWALP. KWALP20
was almost totally absent from the bilayer in PE, while it was well
folded in the monolayer (Supplementary Fig. S4a). Importantly,
the peptide was laterally mobile, as shown by the rapid recovery
of fluorescence following photobleaching (Fig. 3c, Supplementary
Fig. S4c); this recovery was indeed due to in-plane diffusion,
because recovery from bulk did not happen within 10 minutes
(Supplementary Fig. S4b). Since the hydrophobic thickness of the
PE DIB bilayer is comparable to the peptide length, it is unlikely
that KWALP20 localization to the bilayer was prevented by
hydrophobic mismatch. We next increased further the PC/PE
ratio, and observed that the concentration of the peptide in the
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bilayer increased with PC level, but it still remained lower than in
the monolayer (Fig. 3d, e). In the bilayer, the KWALP peptide
was also mobile but showed a significant tendency to cluster as
the PC level was increased (Fig. 3f, Supplementary Fig. S4f). To
verify if the bilayer localization was dynamic, and if diffusion was
not prevented by peptide aggregation, we followed the peptide
signal while changing the phospholipid composition. Starting
from a pure PE DIB, where KWALP20 was absent from the
bilayer, we added a TG solution containing PC to the oil phase
surrounding the droplets (Fig. 3f). The recruitment of PC to the
interface of the droplets was demonstrated by the increase in the
contact angle between the droplets35 (Supplementary Fig. S4e)
and it was concomitant with an increase of KWALP20 signal in
the bilayer (Fig. 3f). We also noticed the appearance of KWALP
clusters after PC recruitment (Fig. 3f, Supplementary Fig. S4f),
suggesting that clustering is an inducible equilibrium state. For
comparison, PL108 followed the opposite trend, as it was exclu-
ded from both the bilayer and the monolayer by PC recruitment
(Supplementary Fig. S4g). These results suggest that the system
has lower free energy when the peptide is at the monolayer, and
the free energy gap between configurations where KWALP is at
the monolayer or at the bilayer is decreased by PC. This energy
gap does not come from a hydrophobic mismatch since when we
repeated the above experiments with a longer KWALP version,
namely KWALP28 (Supplementary Fig. S3a), which should be
longer than the bilayer thickness, the peptide behave almost
exactly as KWALP20, within the resolution limits of our mea-
surements (Supplementary Fig. S4c, d).

In conclusion, our results show that KWALP20 partitions
dynamically between the monolayer and the bilayer, but it has a
clear preference for the monolayer, especially in high PE levels. In
cells, if there is no regulation of ER-to-LD partitioning, HDs
would be favorably adsorbed at the LD surface as a result of free
energy minimization.

Phospholipid shape defines KWALP partitioning. Since chan-
ging PC/PE ratio varied partitioning, we hypothesized that the
affinity of HDs for lipids may be a driving force for partitioning.
An HD protein can interact with phospholipid acyl chains, TG,
and water, although interactions with the latter are unfavorable.
We wanted to know which interactions would be responsible for
the accumulation of the peptides to the monolayer.

We prepared phospholipid-free buffer-in-TG droplets contain-
ing KWALP20. The protein signal at the interface was uniform
(Fig. 4a, b). When the interface was lined by PE, the signal was
also uniform in most cases (Fig. 4a, b). Instead, when PC alone
lined the interface, the protein formed clusters (Fig. 4a, b) in
which the peptide was mobile (Supplementary Fig. S5a). Similar
clustering was observed when PC was added to DIBs (Fig. 3f,
Supplementary Fig. S4f), and never observed for AHs. Appar-
ently, protein-protein interactions become more favorable at the
PC monolayer interface, suggesting that KWALP has more
affinity for TG than for phospholipid acyl chains. We thus
hypothesize that the relative contact of an HD with TG and
phospholipids determines HD monolayer-bilayer partitioning.

The monolayer of a droplet contiguous with a bilayer is less
packed with phospholipids than the bilayer leaflets9. In a bilayer,
HD peptides would be in contact with phospholipid acyl chains
along their full length while, in a monolayer, a significant fraction
of the peptide would be in contact with TG. Thus, the higher
affinity of HD proteins for TG over phospholipids can explain
why HD proteins partition more favorably to monolayers. Why
would the PC/PE ratio matter in this picture? Very likely because
PC/PE can modulate the probability for HDs to contact with TG.
PC and PE do not differ in their acyl chain composition (two

oleoyl chains in both cases) but they differ in their average shape:
PC has a cylindrical shape while PE is conical (Fig. 4c). Therefore,
PC proffers a higher phospholipid monolayer packing which, in
turn, reduces the probability of contact of an HD with TGs, and
increases the probability of contact with phospholipid acyl chains
(Fig. 4c). As a consequence, HD would less efficiently partition to
the monolayer when the PC/PE ratio is increased.

Our model suggests that phospholipid shape modulates HD
monolayer-bilayer partitioning. To test this, we used dioleoyl
phosphatidic acid (PA), which has a negative spontaneous
curvature, like PE. We found that, in a PA DIB, KWALP20 was
almost excluded from the bilayer (Supplementary Fig. S5b), as
observed in PE. To further challenge our hypothesis, we repeated
the KWALP20 partitioning experiments in N-methyl-PE and in
N,N-dimethyl-PE phospholipids; these are, from a structural
standpoint, intermediates between PE and PC (PC is N,N,N-
trimethyl PE) (Fig. 4d, Supplementary Fig. S5c). Increasing
methylation increased KWALP signal in the bilayer (Fig. 4d, e,
Supplementary Fig. S5c, d), an effect similar to increasing PC/PE
ratio, in agreement with our prediction.

In conclusion, our data indicate that HDs prefer mixing with
TG instead of being in contact with membrane phospholipids.
Because phospholipid packing is less compact in a monolayer
compared with a bilayer9, and because a monolayer thickness is
half the thickness of a bilayer, partitioning toward monolayers is
favored as they expose HD proteins to TG (Fig. 4c). Increasing
the monolayer phospholipid packing, for example by increasing
the PC/PE ratio, increases HD-phospholipid interaction at the
expense of HD-TG interaction. In this case, the peptide less
efficiently discriminates the monolayer of the bilayer from the
monolayer covering TG and therefore its monolayer accumula-
tion is dampened.

TG is responsible for the accumulation of HDs in monolayers.
Our model postulates that KWALP accumulates to LD mono-
layers because it mixes with TG more favorably than with
membrane phospholipids (Fig. 4a, b). To challenge this model, we
altered the relative affinity of the peptide for phospholipids over
the oil phase by changing the chemical nature of the oil. We chose
an oil phase very different from TG, namely silicone oil, in an
attempt to trigger major changes in oil-protein affinity. Silicone
oil is chemically very different from TG but they both have a high
surface tension with water9.

In PE DIBs made in TG, KWALP20 was absent from the
bilayer, as described above (Fig. 5a, c). In contrast, by replacing
TG with silicone oil, we systematically observed that KWALP20
was in the bilayer (Fig. 5b, d). Moreover, phospholipid clusters
regularly appeared at the monolayer interface and they were
enriched in the peptide (Fig. 5b, d). Outside these areas, the
peptide signal was weaker at the oil-water monolayer interface.
Our interpretation is that the peptide has a higher affinity for
phospholipids than for silicone oil, and therefore it preferentially
distributes to phospholipid-rich regions, i.e., the bilayer and the
phospholipid clusters.

To further validate our findings, we repeated the same
experiment with VAMP2, one of the SNARE components that
binds to membranes with a transmembrane domain. In TG,
VAMP2 was completely absent from the bilayer (Supplementary
Fig. S5e, g) while in silicone oil it was in the bilayer and clustered
with phospholipids at the oil-water interface (Supplementary
Fig. S5f, h), exactly like KWALP20.

Altogether, our results suggest that HD-containing proteins
partition to regions where they find the highest molecular affinity.
They have more affinity for TG than for phospholipids, and
therefore get enriched in sites offering easier access to TG.
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KWALP egresses membranes to accumulate in model LDs. The
DIB system revealed the existence of an energy gap favoring the
higher enrichment of HDs to monolayers, due to their pre-
ferential mixing with TG over bilayer phospholipids. Thus, when
a nascent LD is formed in a bilayer, as during the early step of LD
biogenesis (Fig. 1a), HDs would all preferentially relocalize to the
nascent LD. Such behavior has been reported for many HD-
containing proteins, including HPos, LiveDrop, or Oleo-
sins27,37,39,40,45. We tested this hypothesis.

To mimic the situation of a forming LD, we used the droplet-
embedded vesicle system (DEV), which is a giant unilamellar
vesicle (GUV) with TG droplets incorporated in between the
bilayer leaflets8 (Fig. 6a). We incorporated KWALP into PC/PE
(7/3) GUVs, during GUV electroformation or after, by mixing the
GUVs with the peptide, (Fig. 6a, Supplementary Fig. S6a). Next,
the KWALP-containing GUVs were mixed with TG-in-water

droplets in order to generate DEVs (Fig. 6a). We found that the
peptide was massively enriched onto the monolayer side,
consistent with our predictions and with results obtained in
DIBs (Fig. 6a, b, Supplementary Fig. S6b, c). Next, we used
molecular dynamics simulations to account for possible size and
curvature effects which are not recapitulated in DEVs or DIBs.
We generated bilayers in which 16 or 32 copies of the KWALP20
peptides were all incorporated from one side of a DOPC bilayer.
In the absence of TG, the peptides were randomly distributed
(Fig. 6c). When TG was incorporated into the bilayer, first it
spontaneously nucleated a lens, then almost all the peptides
moved to the surface of the lens, as quantified by the peptide
distribution profile (Fig. 6d). The peptides remained mobile and
were able to transiently move to the bilayer region, indicating that
the equilibrium is dynamic and no major kinetic barrier traps the
peptides in the monolayer. The same result was obtained for
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KWALP28 peptides (Supplementary Fig. S6d). These results are
consistent with the previous ones in the DEV and DIB systems.

Overall, these two sets of data indicate that the free energy of
the system is lower when HD proteins are at the monolayer.
These results reinforce the idea that HD-containing proteins can
sense TG and accumulate at TG hotspots.

Discussion
Protein-lipid interactions has a key role in membrane biology by
controlling protein localization and functionality14,28,31. In par-
ticular, a variety of protein-phospholipid interactions are
responsible for the localization of many proteins to specific
organelles or membranes regions28. TG is not a membrane lipid
but a bulk lipid. Our findings support that most HD proteins have
a higher affinity for TG over phospholipids in a membrane
environment (Fig. 6e). Consequently, under LD biogenesis con-
ditions, HD-containing proteins would more favorably be
recruited to sites of TG accumulation, instead of remaining in the
ER bilayer (Fig. 6e). Helical hairpins, hydrophobic helices, and
transmembrane domains not fully crossing the ER bilayer, would
accumulate to nascent LDs. Even AH-containing proteins would
do so, but to a lesser extent (Fig. 2f). In short, emerging nascent
LDs in the ER would be hotspots that attract nearby HD-
containing proteins. Controlling these stages of LD formation will
be critical for defining the proteome of the emerging LDs8,45,46,47

and for keeping ER homeostasis.
While our results predict that HD proteins preferentially

accumulate to LD monolayers, clearly not all ER HD-containing
proteins target to LDs. Hence, there must be counteracting
mechanisms that reduce and prevent unspecific HD-protein tar-
geting to emerging LDs5,6. Amino acid composition of an HD
might determine the HD-TG affinity and hence the ER-to-LD

partitioning extent. For instance, the presence of charged residues
in a HD may hamper HD-TG interaction, since embedding
charges in a low dielectric milieu such as of a TG phase is unfa-
vorable, and generally requires conformational changes to the
protein or interaction with a protein of opposite charge. More
generally, as we recently proposed for AHs9, there could exist
sequence motifs tailored with an optimal affinity with TG.

The presence of HDs can perturb the structure of lipid bilayers,
generating stresses that tend to reduce protein-phospholipid
interactions, for example by clustering proteins, as predicted by
theoretical studies and confirmed by molecular simulations17,28,31.
LD monolayers have more phospholipid packing defects than
bilayers9, and allow exposing TG to water molecules. During LD
formation, the relocalization of HDs from the bilayer to a forming
LD would reduce the stresses caused by the protein to the bilayer
and possibly mask phospholipid packing defects at the LD
monolayer. Such partitioning would be highly favorable as it would
minimize energy on both bilayer and monolayer interfaces. Actu-
ally, even prior to LD assembly, transient TG clusters appearing in
the ER bilayer2 may attract HD-proteins or, inversely, HD-proteins
can trigger the clustering of TG molecules around them48, there-
upon promoting LD nucleation and alleviating ER stress.

Finally, LD formation is stimulated by diverse physiological
conditions such as excess nutrients or ER stress11. During ER
stress, the formation of LDs may be stimulated in order to
sequester damaged HD-containing proteins to be degraded, by
macrolipophagy for example49. Indeed, in this case, proteins tend
to expose hydrophobic sequences that would be favorably
adsorbed to LDs. In this context, LD formation would serve as a
protein quality control pathway maintaining ER proteostasis, a
function different from the primary role of LDs in metabolism50.
Accordingly, another mechanism triggering ER bilayer stress is
the alteration of ER phospholipid composition51, especially when
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PC/PE ratio is decreased10,52,53. Here, our data bring important
insights on how this ratio can modulate the partitioning of HD-
containing proteins between ER and LDs: decreased PC/PE favors
HD targeting and retention to the LD monolayer. Thus, by tuning
PC/PE ratio, cells may be able to shift more HD-containing
proteins from the ER bilayer to LDs, or vice versa, for degradation
for instance. Along this analysis, increased PE/PC levels in liver is
caused by dysfunctions of the phosphatidylethanolamine N-
methyltransferase and associated with steatohepatitis54,55, a
condition linked to LD formation. Based on our data, such PE/
PC-induced steatosis may be related to abnormal ER-to-LD
protein trafficking. In contrast to mammalain cells, Drosophila
cells present high PE/PC levels under normal conditions56;

therefore, the ER-to-LD partitioning extent of HD-proteins in
these cell lines may strongly differ from mammalian cells.

In conclusion, our data connect various fields involving
protein-lipid interactions, from basic membrane biophysics to
membrane biology, lipid metabolism, and cellular proteostasis.
Our findings highlight the attractiveness of LD surface for HD-
containing proteins. Accumulating neutral lipids would be rapidly
detected by proteins bearing these domains. Such non-selective
detection is clearly prevented by cells by means to be discovered.

Methods
Material. HEPES, Kacetate, MgCl2, sodium phosphate monobasic, sodium phos-
phate dibasic, choloroform, trifluoroethanol, Octyl-ß-D-glucopyranoside were
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bought from Sigma Aldrich. DOPC (1,2dioleyl-sn-glycero-3-phosphocholine),
DOPE (1,2dioleyl-sn-glycero-3-phosphoethanolamine), N-methyl-PE, N,N-dime-
thyl-PE, liver PI, Rhodamine-DOPE and NBD-DOPE were purchased from Avanti
Polar Lipids, Inc. CAV1-GFP plasmid was purchased from Sino Biological (catalog
no. HG11440-ACG). The following plasmids were gifts: YFP-CG2254 and YFP-
CG9186 from Dr. Mathias Beller; GFP-Plin 1, GFP-Plin 1N, GFP-Plin 1C,
mcherry-Plin 2 and mcherry-Plin 3 from Dr. David Savage; EGFP-ACSL3 plasmid
from Dr. Joachim Füllekrug57; GFP-HPos from Prof. Albert Pol40. Cells were
obtained from American Type Culture Collection and no contamination for
mycoplasma was detected.

Peptides and proteins preparation. RhB-KWALP peptides, RhB-ArfGAP1, RhB-
GMAP-210 and NBD-CAV1-AH were synthesized by peptide 2.0 Inc., NBD-
PL108 was made by Proteogenix SAS, and RhB-NS5A was synthesized by Eric
Diesis. All the peptides were chemically synthesized and purified by reverse phase
high-performance liquid chromatography (HPLC). Their purity was higher than
95%, as determined by analytical HPLC and their mass was confirmed by mass
spectrometry. The amino-acid sequences of the peptides are:

KWALP20: RhB-GKKKLALALALALALALWWA-Amide
KWALP28: RhB-GKKKLALALALALALALALALALALWWA-Amide
ArfGAP1-AH: RhB-FLNSAMSSLYSGWSSFTTRAKKFAK
GMAP-210-AH: RhB-MSSWLGGLGSGLGQSLGQVGGSLASLTGQ

ISNFTKDML
CAV1-AH: NBD-LFEAVGKIFSNVRINLQKEI
PL108: NBD-PPEKIASELKDTISTRLRSARNSISVPIAS
NS5A: RhB-SGSWLRDVWDWVCTILTDFKNWLTSKLFPKL-Amide
Plin proteins, CG2254, CG9186, CAV1, HPos, NS5A and ACSL3 were obtained

from purified lipid droplets be using the following protocol. LD purification from
Huh7 cells expressing fluorescently tagged LD proteins: cells from five 15 cm dishes
were harvested, washed once in ice-cold PBS, and lysed using a 30 G needle in 1 ml
of homogenization buffer containing 20 mM Tris and completeTM protease and
phosphatase inhibitors, at pH 7.5; for LD isolation, 1 ml of cell lysates was mixed
with 1 ml of 60% sucrose in Tris-EDTA buffer supplemented with protease
inhibitors, successively overlaid with 20, 10, and 0% buffered sucrose in an 5 ml
Ultra-Clear centrifuge tubes (Beckman). The tube was centrifuged for 16 h at
100,000 G and 4 °C, using an SW60 rotor in a Beckman L8-70 centrifuge. The
upper 300 μl fraction was collected from as the LD fraction.

Fluorescently labeled Arf1 was generated using an Arf1-variant in which the
single cysteine residue of Arf1 was replaced with serine, and the C-terminal lysine
was replaced with cysteine, yielding Arf1- C159S-K181C. In short, human Arf1-
C159S-K181C and yeast N-myristoyltransferase were coexpressed in Escherichia
coli supplied with BSA-loaded myristate. Cell lysates were subjected to 35%
ammonium sulfate, and the precipitate, enriched in myristoylated Arf1, was further
purified by DEAE-ion exchange. Eluted fractions of interest were concentrated in
spin-column filters with a 10-kD cutoff (Millipore), and fluorescently labeled using
Cy3-maleimide (GE Healtcare) according to the manufacturer’s protocol. To
remove excess dye, samples were purified by gel filtration using a Superdex 75
column (GE Healthcare).

Oleosin1 lipid droplets were obtained from Arabidopsis seeds, provided by Dr.
Martine Miquel.

Vamp2, Tsnare (complex of syntaxin1a and SNAP25) and Synaptotagmin 1
57–421 C277A, E265C (Syt1) were produced and purified by the team of Frédéric
Pincet. The proteins Vamp2, Tsnare and Syt1 (solubilized in Octyl-ß-D-
glucopyranoside (OG) micelles) were labeled with a fluorescent probe Atto-565
maleimide (Atto-tec, GmbH), according to the manufacturer’s instructions. Free-
dye was removed by gel-filtration, using a Sephadex G25 column (PD-minitrap
G25, GE Healthcare). Labeled-proteins were then purified in DOPC/DOPE 1:1
proteoliposomes (P/L 1:1000): DOPE and DOPC were mixed in a glass tube, then
the chloroform was removed under an argon flow and the glass tube was left under
vacuum for at least one hour. The resulting lipid film was rehydrated with the
Atto565-protein solution during 30 minutes. The sample was then diluted 3 times
to decrease OG concentration below its cmc and a dialysis was performed
overnight in a 10 kDa Slide-A-Lyzer dialysis cassette (Thermo Scientific) in order
to remove OG and keep the protein into liposomes. Final buffer was the following:
25 mM HEPES pH 7.4, 120 mM KCl, 1 mM DTT (with 0.5 mM CaCl2 for Syt1).

Droplet interface bilayer formation. Unless mentioned, in vitro experiments were
performed in HKM buffer: 50 mM HEPES, 120 mM Kacetate, 1 mM MgCl2 at pH
7.4. KWALP peptides were dissolved in trifluorethanol at 200 μM, and then diluted
in HKM to get a final concentration of 10 μM. PL108 was solubilized at 50 μM in
HKM, CAV1-AH at 10 μM in HKM (with 0.1% DMSO), GMAP-210 at 2 μM (with
0.1% DMSO, 16 mM urea, 80 μM DTT), ArfGAP1 at 8 μM in HKM (with 0.1%
DMSO). NS5A was diluted in HKM to obtain a final concentration of 1 μM and
10% of trifluoroethanol was added to ensure of its folding. The proteins in LD (Plin
1, Plin 1 C, ACSL3, CG2254, CG9186, Oleosin 1, CAV1, HPos) or proteoliposomes
(Syt1 57–421, t-snare, VAMP2) were used directly. DTT was added at a final
concentration of 2.5 mM in case of aggregation.

Phospholipids (eventually with 0.2% of labeled-PE) were evaporated under a
stream of argon to remove the chloroform. The resulting lipid film was then re-
solubilized to the desired concentration (0.2% w/w) in trioctanoate (or silicone oil),

strongly vortexed and sonicated for 10 min to ensure a complete dissolution. To
form DIBs, buffer-in-oil emulsions were made using 10 μl HKM (or peptide/
protein solution) dispersed in 100 μl of trioctanoate. This emulsion was strongly
vortexed in order to let the protein relocalize to the surface of the droplets. Then,
the same volumes of peptide/protein emulsion and lipids in oil phase were put
together and the resulting emulsion was placed on a hydrophobic coverslip (glass
coverslip #0 from Menzel Glaser, Braunschweig, Germany, which was covered by
PDMS). The sample was let to equilibrate for 10 min and was then observed by
confocal fluorescence microscopy (LSM 800, Carl Zeiss, Oberkochen, Germany),
with a ×10 or oil-immersed ×63 objective depending of the size of the droplets.
When the emulsion is poured onto the observation glass, droplets which are closer
to each other spontaneously adhere, because of the poor solubility of the
phospholipids in the oil phase, and form a bilayer. The final lipid concentration in
the oil phase is then 0.1% w/w and the interfacial lipid composition is determined
by lipid composition in this oil phase.

To study the effect of PC on the localization of KWALP or PL108 peptide in a
dynamic way, the two peptides were both used at the same concentration of 50 μM
in DOPE DIBs. Then, 5 μl of DOPC 0.2% in trioctanoate (containing 10% CHCl3)
was added to the sample.

Giant unilamellar vesicles formation. Phospholipids (DOPC/DOPE (7:3 or 6:4))
in chloroform at 2.5 mM were spread on an indium tin oxide (ITO)-coated glass
plate. After chloroform evaporation, the resulting lipid film was then placed under
vacuum for 1 h. The chamber was sealed with another ITO-coated glass plate.
GUVs were grown by electroformation in a sucrose solution (0.1 g ml−1,
≈280 mosmol kg−1) with the following settings: 100 Hz, 1.25 V, for 1.5 to 2 h. They
were then collected carefully with a Pasteur pipette, placed in a Eppendorf® tube
and stored at 4 °C.

Droplets embedded vesicles formation. Droplets were made using an oil-in-
water emulsion: 20 μl of trioctanoate were mixed with 100 μl of HKM buffer. The
solution is then sonicated to form small droplets. 10 μl of 20 μM KWALP peptide
solution was added to 40 μl of a GUV solution, which were then incubated with
20 μl of droplets for 5 min. We also added KWALP to dried phospholipids prior
the electroformation and this also led to the incorporation of KWLAP to GUVs,
which were subsequently used to make DEV (Fig. 6). With both approaches, the
DEV/KWALP sample was then placed on a glass coverslip pretreated with 10%
(w/w) BSA and washed three times with buffer, and it was then observed by
confocal fluorescence microscopy (LSM 800, Carl Zeiss, Oberkochen, Germany),
with an oil-immersed ×63 objective.

Electrical measurement. Aqueous droplets in oil were blown at the tip of micro-
pipettes containing Ag/AgCl electrodes (connected to an Axopatch 200B amplifier—
Molecular Device) and filled with electrolyte buffer. Micropipettes are made from
borosilicate capillary (Harvard Apparatus, 1.0 mm OD×0.50mm, ID×150mm) pulled
with a micropipette puller (Sutter Instrument) to obtain tip with inner diameter of
2 μm. Before any use, tip of the micropipettes was treated dipping in a dimethyldi-
chlorosilane solution to avoid capillary wetting by the aqueous droplets. Micropip-
ettes were manipulated through MP225 and MP285 micromanipulators (Sutter
Instrument). After blowing droplets at each micropipettes tip, 5 min are waited to
allow monolayer formation, then micropipettes are moved to put into contact the two
droplets to allow formation of the bilayer. Once DIB is stable, the electrical mea-
surement was performed. This consisted in repeatedly imposing a 20mV voltage step
for 300ms between the two sides of the DIB and measuring the resulting current. At
the same time as capacitance measurements, images of droplets were acquired using a
IDS camera mounted on an Olympus IX71 inverted microscope with a 20x objective
to measure bilayer area of the DIB.

Thickness calculation. The capacitance value C was obtained from the fitting by
an exponential of the transient capacitive current at the beginning of the voltage
step to determine its time constant. The thickness of the bilayer was then calculated
assuming that the bilayer can be assimilated to a dielectric material using the
relation: e ¼ εr :ε0 :S

C where ε0 is the permittivity of vacuum, εr the dielectric constant
of the material (εr= 2.8)58 and S the surface of the bilayer calculated from images
treated on ImageJ.

Molecular dynamics simulations. To study protein distribution in nascent LDs,
we carried out molecular dynamics (MD) simulations at the coarse-grained level
using the MARTINI force field50,59,60 (version 2.2). First, we generated a system
containing 2016 DOPC lipids, 625 triolein (TO) molecules, and approximately
83,000 water particles; the approximate size was ca. 27 × 27 × 18 nm. TO molecules
were initially dispersed homogeneously in the DOPC bilayer, and phase-separated
spontaneously to form an oil lens in the bilayer. The system was simulated for
20 μs, and its shape and properties did not change during the last 10 μs. Then,
protein-containing systems were generated from the equilibrated lens system,
inserting 16 or 32 copies of different transmembrane peptides. Peptides were
always inserted in the bilayer region of the system. We used 2 similar peptide
sequences, KWALP20 and KWALP28, both in parallel and anti-parallel orientation
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(i.e., half of the peptides pointing up and half pointing down). In total, we built 8
different protein-containing lens systems. For each system, MD simulations were
carried out for 20 μs, and the last 10 μs were used for analysis.

To study the distribution of phospholipids in LDs, we carried out simulations of
large nascent LDs, containing 18144 phospholipids (DOPC and/or DOPE), 7500
TO molecules, and ca. 1.9 million water particles; the system size was
approximately 78 × 78 × 40 nm. We carried out 3 simulations: one with 100%
DOPC, one with DOPC:DOPE 80:20, and one with DOPC:DOPE 60:40. Each
simulation was carried out for 30 μs, and the last 20 μs were used for analysis.

All coarse-grained MD simulations were carried out with GROMACS (v2016.4)
software61, using the leap-frog integrator and a time step of 20 fs. Non-bonded
interactions were calculated with the Verlet neighborlist algorithm, with a Verlet
buffer tolerance of 10−6 kJmol−1 ps−1 and a cutoff of 1.1 nm; electrostatic
interactions were shifted to zero from 0 nm, long-range electrostatics were calculated
with the reaction-field method (εR = 15, εRF = ∞); Lennard-Jones potential was
shifted to zero at the cutoff. The stochastic velocity rescaling thermostat62 with a time
constant of 1 ps was used to maintain the temperature of the membrane (lipids and
proteins) and the solvent separately at 300 K. Pressure was controlled semi-
isotropically using the Parrinello–Rahman barostat63 with a reference pressure of
1 bar, compressibility of 4×10−4 bar−1, and a time constant of 12 ps.

Analysis of protein density was carried out with in-house software17 after re-
centering the trajectory, using the center of mass of the largest TO cluster as the
center of the simulation box.

Analyses of TO content in the bilayer, DOPC:DOPE contact fraction and
mixing, and phospholipid distribution between bilayer and monolayer region were
carried out with in-house software, freely available on our web site (https://mmsb.
cnrs.fr/en/team/mobi-en/softwares/).

To study the effect of DOPE lipids on membrane thickness, we carried out all-
atom simulations of pure DOPC and DOPC:DOPE 1:1 mixtures, using the
CHARMM36 force field64 and the TIP3P water model65. Simulation boxes
contained 100 lipids (50 per leaflet) and 5000 water molecules, and simulation time
was 400 ns.

Simulations were carried out with the GROMACS 2020 software, using the
leap-frog integrator and a time step of 2 fs. Non-bonded interactions were
calculated with the Verlet neighborlist algorithm, with a Verlet buffer tolerance of
10−6 kJ mol−1 ps−1 and a cutoff of 1.2 nm. The PME algorithm66,67 was used for
long-range electrostatics. The temperature was maintained at 298 K using the
stochastic velocity rescaling thermostat62 with a time constant of 1 ps. Pressure was
controlled with the semi-isotropic Parrinello–Rahman barostat63, with a reference
pressure of 1 bar, compressibility of 4.5 × 10−4 bar−1, and a time constant of 10 ps.
Analysis of mass density was carried out over the last 300 ns of the trajectories, with
standard GROMACS tools.

Circular dichroism. CD spectra were recorded over the wavelength range
185–250 nm, at 0.2 nm intervals and 20 nmmin−1 scan speed, on a Jasco
815 spectropolarimeter (Jasco Inc., Easton, MD). Temperature was kept at 20 °C.
Spectra measurements were performed in a 1 mm path length quartz cells from
Hellma GmbH (internal volume 200 μl). Experiments were done either in TFE,
10 mM phosphate buffer pH 7.4, DOPC small unilamellar vesicles or TG emulsions
with or without phospholipids (DOPC, DOPE, DOPC/DOPE 1:1). To prepare
small unilamellar vesicles, DOPC in chloroform was put in a glass tube and the
chloroform was removed using a stream of argon. Then the resulting lipid film was
dried under vacuum for at least 30 min, and it was rehydrated with phosphate
buffer and vortexed strongly. Finally, the lipid solution was sonicated to reduce the
size of the vesicles. The oil-in-buffer emulsions were done by mixing 30 μl trioc-
tanoate (eventually 0.2% w/w phospholipids) with 500 μl of buffer, and then
sonicating the mixture. KWALP concentration was 20 μM and DOPC liposomes
concentration was 1 mM. Data obtained were collected and processed using the
software Spectra Manager®, and are then reported as molar ellipticity per residue
(degree dmol−1 cm2 residue−1), given by:

½θ�molar ¼
100 ´ θ
c ´ l ´N

where θ is the recorded ellipticity in degrees, c is the peptide concentration in
mol l−1, l is the cell path-length in cm and N is the number of residues of the
peptide. In order to estimate the peptide secondary structure content, an analysis of
CD spectra was done using CDPro software68.

Statistics. Data analysis and representation were performed in Prism 7 (GraphPad
Software, US). Information about sample size, errors bars and statistical tests are
reported in each figure legend.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. Source data are provided with this paper.
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The molecular dynamics simulation technique has become 
an indispensable tool in natural sciences, offering a 
spatio-temporal resolution unmatched by any experimental 

technique1. A major bottleneck of molecular dynamics is the limited 
time and length scales that are accessible. To overcome this limi-
tation, coarse-grained (CG) models representing groups of atoms 
by effective beads, have achieved widespread use2. The Martini 
model is among the most popular CG models in the field of bio-
molecular simulation, due to its easy-to-use building block prin-
ciple. Martini relies on a four-to-one mapping scheme (that is, on 
average four heavy atoms and associated hydrogens are mapped 
into one CG bead), and has been parametrized using a top-down 
approach with thermodynamic partitioning data as the main tar-
get3,4. Nonbonded interactions between neutral beads of Martini are 
solely described by Lennard-Jones potentials, while charged beads 
also include Coulombic interactions. The interaction strength of the 
Lennard-Jones potential (that is, its well depth) is used to discrimi-
nate between different levels of polarity of the CG beads. The model 
features four main classes of CG bead types, denoted C, N, P and 
Q representing nonpolar, intermediately polar, polar and charged 
chemical groups, respectively4. Sublabels are used to make a further 
distinction within a class in terms of degree of polarity or hydro-
gen donor/acceptor capabilities. In principle, all beads are the same 
size, denoted regular (R) beads. By way of exception, special small 
(S) beads were introduced to model ring-like compounds for which 
a four-to-one mapping scheme is inadequate4. To reproduce cor-
rect stacking and hydrogen-bonding distances between nucleotides, 

even smaller tiny (T) beads were found necessary5. Parametrization 
of the cross-interactions between S and T beads with R beads, how-
ever, was done on an ad hoc basis.

The Martini force field is used in a wide range of applications 
in diverse fields including structural biology6–8, biophysics9,10, bio-
medicine11, nanotechnology12,13 and materials design14,15. With its 
growing use, however, a number of shortcomings of the Martini 
model have recently been identified. One of the most important 
problems is the observation that certain molecules tend to inter-
act too strongly. This has been reported for proteins and carbohy-
drates in solution, as well as for membrane embedded proteins16–18. 
The origin lies among others in small but systematic deviations in 
packing and intermolecular interactions19. Besides, the coverage of 
chemical space for broader applications was uneven, and in some 
cases, such as selectivity of nucleobase pairing5,20, consistency was 
difficult to obtain given the limited bead types and sizes. To alleviate 
these problems, we undertook a rebalancing of all nonbonded inter-
action terms of the Martini model, including the addition of new 
beads and labels. The new version, called Martini 3, enables more 
accurate simulations of molecular systems in general. In this paper, 
we present the key features of Martini 3 combined with examples 
of new applications and improvements in relation to the previous 
Martini model.

Results
Reparametrization of the beads. In Martini 3, the param-
etrization strategy was based on the construction of prototype 

Martini 3: a general purpose force field for 
coarse-grained molecular dynamics
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The coarse-grained Martini force field is widely used in biomolecular simulations. Here we present the refined model, Martini 3  
(http://cgmartini.nl), with an improved interaction balance, new bead types and expanded ability to include specific interactions 
representing, for example, hydrogen bonding and electronic polarizability. The updated model allows more accurate predictions 
of molecular packing and interactions in general, which is exemplified with a vast and diverse set of applications, ranging from 
oil/water partitioning and miscibility data to complex molecular systems, involving protein–protein and protein–lipid interac-
tions and material science applications as ionic liquids and aedamers.
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models of polar and nonpolar molecules in all three Martini 
resolutions. Self- (R-R, S-S, and T-T) and cross-interactions (R-S, 
R-T and S-T) of the different bead sizes were optimized to be 
well-balanced (Supplementary Notes). In terms of chemical types, 
the beads were separated into three blocks: organic, ions and water 
(Supplementary Notes). The organic (containing P, N and C beads) 
and ion (Q beads) blocks have been subjected to independent 
parametrizations, where different trends in self-interaction, solva-
tion and transfer free energy on bead size change were included 
(Supplementary Notes). In contrast to the previous version, water 
is defined as a separate bead type (called W), which enables opti-
mization of water properties independently from other targets; for 
example, the freezing of water at room temperature (a problem 
sometimes encountered with the previous water model) no longer 
occurs. In addition, it is available in three different sizes as well 
(Supplementary Notes). Together with this optimization strategy, 
the new Martini 3 model also features a fully revised interaction 
matrix (Supplementary Notes) and new intermediate interaction 
levels, added to smoothen the transition between chemical types 
(Supplementary Notes). Bead assignment and validation of the 
models were not only based on experimental transfer free energies, 
but also included solvent miscibility data (Supplementary Notes 
and Supplementary Results) and a series of benchmark tests, rang-
ing from structural properties of bilayers to dimerization poten-
tials of mean force (PMF) of proteins (Methods, Supplementary 
Notes and Supplementary Results).

The improved interaction balance between regular and smaller 
bead types is illustrated by the close to ideal mixing behavior of 
pure solvents composed of molecules mapped at different resolu-
tions (Fig. 1a). Integration of radial distribution functions, defined 
as Kirkwood–Buff integrals (Gij), are used here to quantify the 

degree of miscibility of the multi-resolution liquid water model 
(Fig. 1b). Theoretically, pair differences in Kirkwood–Buff integrals 
(ΔGij) should be equal to zero for all i,j pairs in ideal mixtures21,22 
while real mixtures that closely approach ideal behavior (such as 
benzene–toluene) show values around ±1 cm3 mol−1 (ref. 22). Our 
multi-resolution water model shows ΔGij ≈ −0.3 cm3 mol−1, indicat-
ing that the balance achieved with the new parametrization closely 
captures an ideal mixing behavior.

The accuracy of CG models containing ring or branched frag-
ments, which rely heavily on smaller bead types, is also greatly 
increased in Martini 3. For example, the binary mixing behavior 
of various solvents (Supplementary Results) and the transfer free 
energies of many linear, branched and ring-like compounds (Fig. 1c 
and Supplementary Results) are now in very good agreement with 
experimental data. The mean absolute error of transfer free energies 
compared to the experimental data is 2 kJ mol−1, with 86% of the 
molecules presenting errors lower than 3 kJ mol−1.

Another benefit of the recalibrated interactions is the disappear-
ance of the artificially large desolvation free energy barriers that 
contribute to slow dissociation processes of the previous Martini 2 
models. The problem that was initially observed in dimerization of 
nucleobases5,19 is thus solved, as highlighted by the comparison of 
Martini 2 and Martini 3 PMFs between cytosine and guanine (left 
panel of Fig. 1d). Note that there is room for further improvement, 
as the free energy minima of the CG PMF profiles with Martini 3 
are shifted relative to the all-atom profiles because the bead sizes 
representing nitrogen-containing groups are not optimal to repro-
duce hydrogen-bonding distances. In addition, the difference 
between C–G and G–G base pairs is not as large as in the atomistic 
case (roughly 20 kJ mol−1). However, it is still large enough (roughly 
8 kJ mol−1) to provide specificity.
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The proper balancing of R, S and T beads in Martini 3 also indi-
cates that the mapping choice of an arbitrary molecule to its Martini 
representation is now better defined. S and T beads are not only 
suited to represent ring-like compounds, but also used for cases 
involving 3-to-1 and 2-to-1 mapping of linear and branched chemi-
cal groups (Supplementary Notes).

Covering the chemical space with new beads and labels. Together 
with a thorough revision of the interaction strengths, in Martini 3, we 
extend the number of chemical bead types and the ability to modify the 
bead properties depending on the chemical details of the underlying 
moieties. Each P, N and C class now has six bead types with different 
degrees of polarity, which enables a more precise definition of different 
chemical groups by assigning them to certain bead types. Additionally, 
we introduce a new X-class of beads to model halo-compounds 
(Supplementary Notes). In the previous version of Martini, some of 
the bead types were already subclassified according to their ability to 
act as hydrogen bond donor, acceptor or both. This property can be 
now attributed to all bead types of an intermediate or polar nature 
(N or P class). The effective interaction strength between donor and 
acceptor pairs is increased, whereas donor–donor and acceptor–accep-
tor pairs are weakened (Supplementary Notes). For example, Martini 
3 correctly reproduces the trends in hydrogen bond-based pairing of 
nucleobases5,20 without the use of special-purpose beads specifically 
for nucleobases (right panel of Fig. 1d). Note that chemical groups that 
can act as both donor and acceptor at the same time are always repre-
sented by the pure beads of the P and N class in Martini 3.

Next to the fine-tuning based on hydrogen-bonding capabili-
ties, we introduce the possibility to change the interactions based 
on the electronic polarizability. Depending on inductive or conju-
gate effects caused by chemical functionalization, nonpolar mol-
ecules can be polarized; that is, they can acquire an electron-donor 
(or ‘enriched’, label ‘e’) or electron-acceptor (or ‘vacancy’, label ‘v’) 
character, which can promote preferential interactions. Polarizable 
groups in Martini 3 can be distinguished through the label ‘e/v’ 
that can only be applied to the C- and X-class. A nice example of 
their application is the strong and specific interaction between 
electron-donor and electron-acceptor aromatic rings in aedam-
ers, a class of molecules that have been studied extensively in the 
context of biomimetic folding and self-assembly23,24. The use of ‘e/v’ 
allows Martini 3 to capture the preferential interaction between 
1,5-dialkoxynaphthalene (DAN) and naphthalene diimide (NDI) 
(left panel of Fig. 2a) experimentally observed via nuclear mag-
netic resonance (NMR) titration23 and atomistic simulation data. 
Self-assembly of amide-linked tetramers shows preferential forma-
tion of alternating stacks of DAN and NDI, which is also measured 
by NMR and isothermal titration calorimetry investigations24. On 
top of hydrogen bonding and electron polarization labels, all beads 
can have their self-interaction fine-tuned by other sublabels (as fur-
ther described in the Supplementary Notes).

Chemical groups carrying monovalent charges +1/−1 are rep-
resented in Martini by the class of Q beads (Supplementary Notes). 
The original Martini model only considers monovalent ions, and 
was solely optimized for regular bead sizes that represented small 
ions and their first hydration shell. In Martini 3, charged groups 
can have R, S or T sizes. The tiny size category allows modeling 
of small, bare ions, enabling applications that involve ion binding 
where (part of) the hydration shell is lost. This feature is exempli-
fied by the binding of sodium ions (represented by a charged tiny 
bead) to a buried small cavity localized in the core of the adenosine 
A2A receptor (Fig. 2b). X-ray crystallographic25 and ligand binding 
assays26 confirm the importance of sodium ions for the structure 
and for the allosteric modulation of the A2A receptor. Note that an 
extensive validation of the lipid models in Martini 3 was performed 
to allow simulations of transmembrane and peripheral membrane 
proteins (Supplementary Results).

In addition to the smaller sizes, the Q class was also expanded to 
five bead types, following the classical Hofmeister series trend27,28 
(Supplementary Notes and Supplementary Results). At one extreme, 
the Q5 bead may be used to represent hard monovalent ions with the 
smallest polarizability, for example inorganic ions such as R2PO4

−. At 
the other end of the Martini–Hofmeister series, the Q1 type models 
polarizable soft monovalent ions, such as N(CH3)4

+, and includes 
ion–π interactions via the Lennard-Jones potential. Such differences 
in behavior of the different Q-bead types are exemplified by molec-
ular dynamics simulations of the anion transfer between aqueous 
solutions and organophosphonium-based ionic liquids (Fig. 2c and 
Supplementary Results). Harder ions such as Cl− (modeled as TQ5 
with −1 charge) tend to stay in the water phase, together with Na+ 
ions (TQ5+ bead). In contrast, softer ions such as ClO4

− (Q2− bead) 
can exchange with Br− (SQ4− bead) or (partially) PF6

− (Q1− bead) 
from the ionic liquid phase. In the case of the biphasic system 
using trihexyltetradecylphosphonium bromide ([P66614][Br]), direct 
comparison to experimental data shows good agreement for the 
anion transfer trends28,29. The new Q-bead types also impact bio-
logically relevant systems, as exemplified by preferential cation–π 
interaction between choline groups (Q1+ bead) of phosphatidyl-
choline lipids and aromatic residues of the Bacillus thuringiensis 
phosphatidylinositol-specific phospholipase C (BtPI-PLC). In the 
previous version, such specific interactions between soft ions and 
aromatic molecules were solely included in the recently updated 
polarizable Martini implementation30. However, in Martini 3, the 
different Q-bead types allow easier (implicit) incorporation of such 
interactions without the need for additional partial charges.

On top of the new chemical types, all Q beads can use the 
hydrogen-bonding labels (called in this case ‘p/n’). They represent 
organic charged molecules or fragments, such as R-CH2-COO− and 
R-CH2-NH3

+, and also introduce modifications in the Hofmeister 
trends of the pure Q beads (Supplementary Notes). Positively 
charged hydrogen donors (‘p’ label) interact more strongly with 
nonpolar beads, as expected in cation–π interactions. On the other 
hand, negatively charged hydrogen acceptors (‘n’ label), have stron-
ger interactions with neutral polar beads, mimicking the stronger 
hydrogen bonds with anions. To complete the ion block, we explic-
itly include a new D bead for divalent ions (such as Ca2+), which are 
typically hard ions.

Improving packing and protein–protein interactions. Another 
change in philosophy with respect to the previous Martini models 
is the definition of bonded interactions. Instead of using the center 
of mass of the mapped chemical groups to define the geometry of 
the molecule, we now use a size-shape concept aimed at preserv-
ing the volume of molecules in comparison to all-atom reference 
structures. This choice and the proper use of Martini 3 bead sizes 
(Supplementary Notes) lead to more realistic molecular packing. 
As a consequence, the hydration of protein pockets and channels 
is improved, as illustrated by the Fragaceatoxin C (FraC) nanopore 
inserted in a lipid bilayer (Fig. 3a). The pore of FraC remains open 
over the whole trajectory in Martini 3, as indicated by X-ray crystal-
lography31 and electro-osmotic flow assays32, while in Martini 2 it 
is closed.

Another example of accurate packing is the stacking predictions 
of thiophene derivatives in bulk heterojunction solar cells com-
posed of poly(3-hexyl-thiophene) (P3HT) and phenyl-C61-butyric 
acid methyl ester (PCBM) (Fig. 3b). The morphology of these 
organic solar cells is a determinant for high-efficiency devices33. The 
scattering profiles computed with Martini 3 show improved agree-
ment with Martini 3 in relation to P3HT lamellar (peak around 
q ≅ 0.45 Å−1) and stacking (q ≅ 1.65 Å−1) experimental distances33,34.

The use of bonds based on molecular volume and the appropri-
ate choice of chemical bead types, sizes and labels also controls the 
interaction density of the model, which has an important impact 
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on the strength of collective interactions between molecules19. To 
test to what extent the changes in nonbonded and bonded inter-
actions reduce the over-estimated aggregation of proteins, we 
performed extensive simulations comprising solutions of soluble 
proteins as well as membrane embedded proteins. These systems 
were simulated under conditions in which proteins do not aggre-
gate and, preferentially, stay as monomers. For soluble proteins (Fig. 
3c), qualitative tests were performed with the headpiece domain of 
chicken villin35, and the modified and mutated cellulose-binding 
domain from Cellulomonas fimi (EXG-CBM), which is an example 
of a protein completely free of charged side chains that can main-
tain solubility, stability and function36. Trends are well captured in 
Martini 3, with both proteins mainly staying as monomers in pure 
water (with only counter-ions to neutralize the system in the case 
of villin). The villin headpiece showed salting-in behavior (that is, 
less aggregation) under addition of 0.4 M of NaCl, which was also 
observed for certain soluble proteins at low ionic strengths37. On 
the other hand, EXG-CBM only showed salting-out behavior (that 
is, more aggregation), which was expected based on experimental 
data36. In contrast, both proteins aggregate in Martini 2, forming a 
single and stable aggregate during the simulation.

Polyleucine (K2-L26-K2) was selected to evaluate the aggregation 
propensity in membranes. Experimental evidence with this trans-
membrane protein model indicates a preference for the monomeric 
state in a bilayer environment38–40. Both Martini 2 and 3 show that 
the hydrophobic mismatch between transmembrane length and 
membrane thickness can play a role in the aggregation, with Martini 

3 showing a higher percentage of the monomeric state (Fig. 3d). 
To quantitatively evaluate the strength of protein–protein interac-
tions in a membrane environment, we also considered the dimer-
ization of four selected transmembrane helices: the transmembrane 
domains of the receptor tyrosine kinases EphA1 and ErbB1; the red 
blood cell protein glycophorin A (GpA); as well as the well-known 
model peptide WALP23 (left panel of Fig. 3e). For EphA1 and 
ErbB1, experimental dimerization free energies in a membrane 
environment have been estimated using Förster resonance energy 
transfer (FRET)41,42. For GpA, dimerization free energies range from 
around −15 kJ mol−1 (in various cell membrane environments)43,44 
to −31.5 kJ mol−1 (GALLEX assay in E. coli inner membranes)45,46 
or −50.6 kJ mol−1 (steric trap in 1-palmitoyl-2-oleoyl-sn-glycero-3
-phosphocholine (POPC) bilayers)47. WALP peptides have been 
characterized thoroughly during the past two decades, including 
their self-association48. For each one of the four peptide dimers, we 
compared experimental dimerization free energies with the free 
energies predicted by the Martini 2 and Martini 3 models. Martini 
3 shows not only to be able to capture the correct trends, but also 
to quantitatively reproduce the experimental affinities. The binding 
mode also becomes improved as highlighted for GpA (right panel 
of Fig. 3e). The GpA homodimer structure with Martini 3 closely 
resembles experimental results obtained with NMR spectroscopy 
and crystallography49–51.

In summary, for both soluble and transmembrane proteins,  
we observed that the Martini 3 models are in much better agreement 
with experimental data than before. Another advantage of the current 
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Martini 3 protein model is that the default bead type representing the 
protein backbone in Martini 3 (a regular P2 bead) no longer depends 
on the secondary structure. In addition, the representation of protein 
flexibility can now be improved by the use of Gō-like models52.

Discussion
In this paper, we have described the new version of the Martini force 
field, which shows numerous improvements in relation to the previ-
ous version. However, inherent limitations to the process of coarse 
graining, related to transferability and representability problems53–55 
are still part of the model. An important drawback is the limited 
structural detail that is a consequence of representing multiple 
atoms with isotropic interaction sites. This is most noticeable for 
the Martini water model, which represents four water molecules 
with a single Lennard-Jones site and will certainly not capture any 
of the higher order structural correlations of real water. The role 
of explicit water in a CG model such as Martini is mostly to pro-
vide a good solvent for polar compounds resulting in realistic par-
titioning. For applications requiring finer details, structure-based 

CG models are more suitable56,57. Another fundamental limitation 
is the entropy–enthalpy compensation. The loss of internal degrees 
of freedom for groups of atoms represented by a CG bead inevita-
bly reduces the entropy of the system. Since the Martini force field 
is based on reproducing free energies, this requires a concomitant 
reduction in the enthalpy. As consequence, inaccurate entropy–
enthalpy balance affects the temperature dependence of several 
properties and reduces the transferability to different state points. 
To probe transferability, we performed temperature-dependent 
calculations for a number of solvent systems as well as lipid mem-
branes (Supplementary Results). Temperature-dependent prop-
erties, such as the heat expansion coefficient and heat capacity of 
water and n-octane, are very well captured by Martini 3, but this is 
not true for the hydrophobic effect that shows the opposite trend 
with respect to atomistic models, in line with previous findings58. 
Note that the use of higher-resolution S or T particles does not rem-
edy this problem, as these bead types were parameterized mainly to 
be compatible with the regular (R type) beads and should be used 
primarily to represent parts of the system that cannot be adequately 
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mapped with R particles. Potential improvements with respect to 
the temperature transferability of our model could make use of 
environment dependent potentials59 or CG beads with embedded 
sites, such as the polarizable water models60,61 where incorporation 
of quadrupole moment might be required58. Bottom-up CG mod-
els that are derived with minimization of the information loss54 
as parameterization target might also perform better. For a more 
in depth discussion of these and related issues with respect to the 
Martini coarse-graining philosophy, we refer to previous papers62,63.

Keeping these limitations in mind, Martini 3 offers a versatile 
and easy-to-use generic force field to simulate molecular processes 
at a semi-quantitative level of accuracy. In relation to the previous 
model, the excessive over-estimated aggregation19 is substantially 
reduced. We expect that Martini 3 will allow for more realistic pre-
dictions of protein interactions, as well as more accurate simulations 
of molecular systems in general. The increased number of bead 
types and interaction levels makes the model even more versatile, 
covering a larger part of chemical space with appropriate building 
blocks. Based on this foundation, further optimizations are cur-
rently ongoing, including the use of Gō-potentials to alleviate limi-
tations of protein conformational flexibility, a reoptimization of the 
bonded potentials of lipids and other biomolecular classes, as well 
as a compatible polarizable water model for applications requiring 
more realistic screening of electrostatic interactions. Finally, we 
foresee new application horizons for the Martini model in the field 
of materials science64,65 and high-throughput drug design66.
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Methods
CG models. CG mappings of small molecules were initially inspired by the 
standard Martini 2 models, when they were available. Due to the well-balanced 
properties of the regular (R), small (S) and tiny (T) beads in Martini 3, 
the CG models now follow more specific rules for mapping. For instance, 
over-representing 3-to-1 or 2-to-1 fragments by the usage of R beads is always 
avoided. Aromatic rings without substituents are composed of T beads and, in 
case of substituents, S beads are used. Aliphatic rings without substituents are 
usually based on S beads, which better reproduce their molecular shape. More 
technical details about the mapping rules and bead types used are given in the 
Supplementary Notes. As in the previous version of Martini5,20,67–69, bonded 
parameters are based on atomistic simulations or high-resolution experimental 
data. The main difference in Martini 3 lies in the protocol to derive bond lengths, 
which are now based on matching overall volume and shape of the molecules 
(Supplementary Notes). In this spirit, the bonded parameters of the protein 
models were also slightly modified from the standard Martini 2.2 values68,70, 
including the addition of side chain corrections71, based on experimental 
reference structures. Backbone bead types do not depend on the secondary 
structure anymore, but are now represented by P2 beads, except for proline 
(SP1a), alanine (SP2, with an additional bead for the side chain) and glycine 
(SP1). Adapted versions of Gō-like models72 or Elastic Networks73 were used to 
maintain the tertiary protein structure. All CG protein models were constructed 
using Martinize2, described in Supplementary Codes. Lipid mapping was 
inspired by the previous Martini model4,74–76, but now following the Martini 3 
rules for mapping and also with adaptations in the bonded parameters inspired 
by the ‘extensible model’ of Carpenter et al.77.

General setup for CG molecular dynamics simulations and analysis. 
Settings for the CG simulations followed, in general, the ‘new’ Martini set of 
simulation parameters78 using the leap-frog algorithm79 for integrating the 
equations of motion. The Verlet neighbor search algorithm80 is used to update 
the neighbor list every 20 steps with a buffer tolerance of 0.005 kJ mol−1 ps−1. 
For the Lennard-Jones terms, we used a cutoff scheme with a value of 1.1 nm 
and the Verlet cutoff scheme81 for the potential-shift. Long range electrostatic 
interactions were treated with reaction field82 or particle mesh Ewald83, with 
relative permittivity set to εr = 15 and a cutoff value of 1.1 nm. Reaction field 
was used for most of the systems, except the ones explicitly mentioning particle 
mesh Ewald. Periodic boundary conditions were used in all three dimensions. 
For the production simulations, the velocity rescaling thermostat84 (coupling time 
constant of 1.0 ps) and the Parrinello–Rahman barostat85 (coupling time constant 
of 12.0 ps) were employed to maintain temperature and pressure, respectively. 
Except for equilibration runs, a time step of 20 fs was used for all systems. CG 
simulation settings are available as input files for GROMACS on the Martini 
portal http://cgmartini.nl. GROMACS 2016.x and 2018.x were used to run all the 
molecular dynamics simulations86,87. For automated running and managing the 
Martini 3 simulations, we provide an updated version of Martinate88,89,  
described in Supplementary Codes. All the analysis were performed using gmx 
analysis tools (GROMACS 2016 and 2018)86,87, VMD v.1.9.4a12 (ref. 90), xmgrace 
(v.5.1.25) and MDAnalysis91. The graphs were plotted using Excel 2016, xmgrace 
(v.5.1.25) and gnuplot (v.5.2). Figures were compiled using VMD v.1.9.4a12 and 
Inkscape v.1.1.

Parameter calibration, tests and validation. To parametrize the Lennard-Jones 
parameters of single beads and also test the Martini 3 CG models, many molecular 
systems and methods were used in this work. The overall iterative approach was 
not based in rigorous separation of calibration and validation groups. As Martini 
is based on pair interactions, it is hard to find simple systems that cover enough 
points in the interaction matrix for all bead size combinations. So, complex 
systems are not only used for validation but can also be part of the calibration. The 
tests performed were separated in ‘tiers’, which represent systems with different 
level of complexity. In tier 0, isolate beads and simple molecules are mainly used 
for calibration of Lennard-Jones parameters, with balance of different bead 
sizes and thermodynamics data (for example, liquid–liquid partitioning and 
miscibility) used as the main targets. In the intermediate tier 1, bilayer properties 
are checked, together with qualitative tests, and applied to systems such as soluble 
and transmembrane proteins. These qualitative tests are designed as ‘yes-or-no’ 
questions to evaluate the overall quality of the force field. At the same time, some 
points in the interaction matrix were also tested and fine-tuned here. In the final 
tier 2, quantitative tests involving complex systems are performed, including 
comparisons with experimental or atomistic simulation data. Here most of the 
systems are considered for validation. For a complete overview  
of the parametrization strategy used, see the Supplementary Notes.  
The Supplementary Notes provide details of the specific systems and methods 
used in the tests performed to parametrize and validate the new Martini 3 
Lennard-Jones parameters.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Force-field parameters and procedures (for example, tutorials) are publicly 
available at http://cgmartini.nl. Simulation data (for example, trajectories) 
supporting the results of this paper are available from the corresponding authors 
upon reasonable request.

Code availability
Martinize2 (for which the manuscript is in preparation) and Martinate codes used 
in this work are publicly available at https://github.com/marrink-lab/. For more 
detailed information, see Supplementary Codes.
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ABSTRACT: The MArtini Database (MAD - https://mad.ibcp.fr)
is a web server designed for the sharing of structures and topologies
of molecules parametrized with the Martini coarse-grained (CG)
force field. MAD can also convert atomistic structures into CG
structures and prepare complex systems (including proteins, lipids,
etc.) for molecular dynamics (MD) simulations at the CG level. It is
dedicated to the generation of input files for Martini 3, the most
recent version of this popular CG force field. Specifically, the MAD
server currently includes tools to submit or retrieve CG models of a
wide range of molecules (lipids, carbohydrates, nanoparticles, etc.),
transform atomistic protein structures into CG structures and
topologies, with fine control on the process and assemble
biomolecules into large systems, and deliver all files necessary to
start simulations in the GROMACS MD engine.

■ INTRODUCTION

Coarse-grained (CG) force fields allow simulations of
macromolecular systems on time and length scales beyond
reach for atomistic descriptions. During the past two decades
coarse-graining has become a popular solution for the study of
a large variety of biological problems1,2 as well as in materials
science.3 This created the need for tools to facilitate the
preparation and analysis of CG system. These tools are often
provided as web services with graphical interfaces that require
no installation by the user, while guiding him/her in the choice
of the parameters and the validation of the results. Currently
available web services are meeting various needs such as
supporting the generation of multiple or specific CG force field
parameters, preparing the necessary files for molecular
dynamics (MD) simulations, performing quick equilibration
of systems, running MD simulations for simple CG models or
MD simulation analysis and files of membrane proteins in lipid
bilayers.4−16

The Martini force field is one of the most popular choices
among the coarse-grained force fields available17,18 and offers
the possibility to describe molecular interactions in systems
containing lipids,17,19,20 proteins,21,22 carbohydrates,23−25

nucleic acids,26,27 polymers,28−30 nanoparticles,31,32 and other
molecular systems, recently reviewed in refs 33 and 34. With
the release of Martini 3,18 many new systems and applications
were also in reach of the model, including drug-like small-
molecules,35,36 ionic liquids,37 deep eutectic solvents38 and
poly electrolyte coacervates.39 Specific tools for the Martini
community already exist,20,22,40−42 but they are only partially

covering the needs of the users, in particular the available web
services. The CGMD/MERMAID Web server14,15 is designed
for the simulation of membrane or soluble proteins but is
currently limited to version 2 of the Martini force field. The
CHARMM-GUI server43,44 allows for the preparation of MD
input files for versions 2 and 3 of Martini but offers limited
possibility to edit the models.
The CG representation of a molecule in Martini is obtained

by combining molecular fragments representing well-defined
chemical moieties, modeled by particles or beads. A total of
843 particle types are currently available in Martini 3.18 Such a
large number of different particle types can represent with high
specificity the polarity, size, and hydrogen bonding capabilities
of the building blocks they represent. Determining the most
appropriate set of beads and their associated bonded
parameters is a critical step in the preparation of a CG
molecule. This so-called “parametrization” step often requires
expert knowledge of the molecule chemistry associated with a
validation protocol to ensure that thermodynamic properties
can still be reproduced under the CG model. Thus, the
creation of accurate CG representation of molecules, while
more than ever accessible, remains a daunting crafting task for
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most users. Although many automatic parametrization
protocols have been recently developed,45−48 there is still a
need for an extended and curated database of models that can
be used as reference to assess protocols accuracy and help at
their calibration. Furthermore, as the set of Martini models is
growing and diversifying, the need of CG molecule repositories
is becoming critical for the long-term availability of molecular
models and to make simulations reproducible.
In this context, the MAD server aims at making the setup of

a CG simulation with Martini accessible to the wide Martini
users community, by providing the resources to obtain the CG
molecules and preparing the entire system for MD simulation.
To achieve this goal, the MAD server is extending the
capabilities of the original Martini molecule repository (http://
cgmartini.nl/) in three directions. The MAD:Database is
storing a large collection of CG molecules readily available for
MD simulations. The database is organized in a user-friendly
way with modern content browsing and viewing capabilities.
For macromolecules such as proteins, not present in the
database, the MAD:Molecule Builder tool can produce coarse-
grained models based on its uploaded all-atom coordinates.
Finally, the MAD:System Builder assembles many CG
molecules in a simulation box and delivers all the files
necessary to start the MD simulation.
Because both MAD:Molecule Builder and MAD:System

Builder services make heavy usage of the server computational
resources, a login is required to use them. Logged-in users are
also granted access to a private storage and a job history with
resuming capabilities.

■ MATERIAL AND METHODS

Overall Organization. The MAD ecosystem can be
depicted as a database of CG molecules and CG tools
connected together with computational resources and private

storage for the user (see Figure 1). The main point of access to
the MAD web server is its welcome page (https://mad.ibcp.
fr), where a left menu hosts links to directly explore the
database, access the tools (Molecule Builder and System
Builder), or download the supported force field files. The
lower-half of the menu is for users to manage their account:
profile, molecule contributed to the database, and submitted
jobs.
In fact, every registered MAD user is granted a private

history module, accessible from this menu under the “my
builder history” icon. Here, all his/her previous CG operations
performed on the MAD server are reported to the user. Each
job is labeled by its input, date of creation, the version of the
targeted force field, and the type of the operation. From the
history panel, the user can visualize a model and eventually
resume its modifications. Links to download the corresponding
CG files are also available. Models can be deleted from this
panel; in any case, their data will not be conserved over 15 days
on the MAD file system.

Database. The database is designed to contain a wide
variety of CG molecules which can be expanded through
uploaded contributions by users. Each entry of the database
corresponds to a particular association of molecule and force
field version. The information on an entry is stored as a specific
collection of CG files: topology files (.top and itp extension)
and coordinate files (gro extension). Currently, GROMACS50

is the main supported MD engine, but with possible future
implementation of Martini in codes as OpenMM,51 NAMD,52

or ddcMD,53 more file formats may be supported by MAD.
Force field conversion tools54−56 between different MD
engines may be considered by users, but features of Martini
models as virtual sites may not be simply adapted in other
codes.

Figure 1.Workflow of the web server. CG models of molecules can be retrieved from or contributed to the MAD:Database, which covers a range of
molecule types and force field versions. Alternatively, all-atom structures can be submitted to the MAD:Molecule Builder with control over the CG
process by the martinize2 program.49 Every user is granted a private storage which holds a copy of all user generated models. The MAD:System
Builder interface can use files from the main database and from the user private storage. Submitted structures are processed by Insane to obtain the
full set of requires files to run MD.
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The welcome page of the database (mad.ibcp.fr/explore)
displays a top section dedicated to the custom search and a
bottom section which gives direct access to the currently
stored molecule in table form. Each table row links to a single
molecule description page. Alternatively, molecules can be
searched in the database with the top section formula of the
welcome page. Here, molecules can be searched by force field
name (different Martini versions are available), creation
methods (manually or by different tools), and biochemical
category (e.g., carbohydrates, lipids, etc.) and by free text
searches within name, alias, or whole entry.
The search and the table browsing methods will both link to

the MAD description page (Figure 2) of a molecule. The MAD
molecule pages are made of four sections. The first one is the
General information section which displays the alias, name,
and category of the molecule along with all the comments
section extracted from the corresponding itp file. The
comments can provide useful information such as the
command line arguments used to generate the CG files. The
top-right section of a MAD molecule page is an interactive CG
molecular view of the compound, where each sphere is a
Martini bead with color and size representing the bead types
(Figure 2B). The Details section displays references for the

molecules and a download link to bundled topology and
structure files.
At the bottom of the page, the Versions section displays the

version tracking trees of all the available models of the
molecule. Each of these trees corresponds to a specific version
of the Martini force field: only force field trees with at least one
model in the database are shown. Within a tree, a node
represents the specific model (and files) of a molecule stored
in the database. The node of the currently displayed database
entry is colored in red, and the others node in the tree are links
to the web page of different models of the same molecule. The
children of a molecular model are models which were declared
as being derived from this parent model. By clicking on the
edit button, the user can effectively submit a new “child”
version of the model currently displayed.
The database is open, i.e., any registered user can submit a

new CG model. Submission requires the Martini files (itp, top)
and at least one reference to a publication describing the
derivation of the parameters. Submitted molecules will go
through a quick curation process by Martini developers. If the
molecule is new to the database, a new entry will be created. In
cases where previous versions would exist, the newly submitted
version will be added to the corresponding position (molecule
type and force field number) in the version tracking tree.

Figure 2. (A) MAD page of dioleoylphosphatidylcholine (DOPC). (B) Particle color code used in MAD. The color scale broadly follows particle
polarity, with red and blue colors for charged particles. The different force field models are accessible in the Versions section.
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Molecule Builder. The MAD:Molecule Builder tool
generates the CG structure and topology from an all-atom
structure. It is currently used to coarse-grain proteins, but
other types of polymers will be accepted in the future (i.e.,
polynucleotides). The MAD:Molecule Builder is built on top
of the martinize2 program. It guides the user in the choice of
the input parameters and provides handy edition/postprocess-
ing capabilities of the output CG structures. The interface of
the MAD:Molecule Builder is centered around an interactive
molecular representation of the user molecule. This interactive
viewer is accompanied by a left-ended panel which provides
the set of control commands appropriate to each molecular
building stage.
As a first step, the user uploads the all-atom structure (in

PDB format) to be processed. The uploaded structure is
displayed in the molecular viewer, along with CG settings in
the left panel. These settings control the execution of the
martinize2 program. The force fields drop-down menu features
the different versions of the Martini force field available.
Currently supported versions are Martini 2.2, Martini 2.2
polarized, and Martini 3.0.
The Mode option controls the setting of distance restraints

(DR), which can be based on all-beads or backbone positions
only. DR are generally useful during the equilibration
simulation of the molecule, in order to maintain the protein
fold. Three values of Mode are available: classic, elastic,57 and
GOMartini.58 The classic mode does not add any DR, while
elastic and Go model options respectively apply additional
harmonic and Lennard-Jones potentials. The Go model
contact map follows the approach of Wołek et al.,59 as
implemented by Moreira et al.60
The N-terminal and C-terminal fixes modify the protein

terminal particles, to improve representations of functional
groups charges and geometries and are activated by default.
The user may activate the “side chain fix”, which promotes

protein stability and increases the reliability of the structures
during MD by the addition of dihedral angles between SC1-
BB-BB-SC1 beads; this provides more realistic side chain
orientations.61 The “cystein bridges” options controls the
automatic detection of cysteine residues and the application of
covalent bonds between cysteine side chains when the distance
between the sulfur atoms is below a threshold of 0.216 nm.
In the case of long-running computations, the email toggle

option makes it possible to be contacted by email upon
MAD:Molecule Builder job completion. The email will enclose
a link to access and visualize the data, which are privately
stored on the server for a period of 15 days. In the case of a job
failure, the user would have access to the appropriate logs.
Most failures are caused by improper values in the uploaded
PDB file, which can easily be traced and fixed using the
provided failure logging information.
Once the structure has been coarse-grained, the user can

inspect it and, most importantly, can interactively modify the
set of DR that martinize2 produced. According to the chosen
value of the Mode option, DR may be modeled by elastic or
Go potentials. This defines a network of DR meant to preserve
the protein structure (intradomain) while promoting molecular
motions of interests (domain−domain interactions). By
default, the martinize2 software will deduce an initial network
of DR from the all-atom structure. This network often needs to
be edited based on (experimental) information on protein
structure and dynamics. The DR network editor of the
MAD:Molecule Builder greatly facilitates this editing process.
The creation/deletion of a DR requires a simple click on two
beads to add or delete an elastic bond; more sophisticated
modifications are achieved by the usage of a selection language
to build all DR at once between two selected groups of beads.
The MAD:Molecule Builder automatically encodes the DR
network in the appropriate CG files. All modifications to the

Figure 3. A view on the System Builder results: phospholipid bilayer and embedded protein(cyan) displayed in a water-filled simulation box.
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network can be reverted through the history section of the
MAD:Molecule Builder.
Any stage of molecular editing in the MAD:Molecule

Builder can be privately stashed as an update of the current
model or as a new model into the user private history; the user
can access them later to resume the modifications or download
the structure and topology files.
System Builder. The MAD:System Builder is built on top

of the Insane software,20 a powerful tool for the setup of large
macromolecular systems in a simulation box. The MAD:Sys-
tem Builder can combine several CG structures to create large
systems ready for use in MD simulations. The following types
of structures are allowed: models from the MAD:Database, CG
molecules from the user’s private stash, and topology and
structure files uploaded by the user.
The first type of system that the MAD:System Builder can

produce is phospholipid bilayers in water solution. The builder
allows us to configure the lipid types and ratio, including the
possibility of different compositions for the upper and lower
leaflets. Salt concentration and total charge can be set by the
user, and polarizable water can be used.

A macromolecule, usually a protein, in water solution
constitutes the second type of system available within the
MAD:System Builder. The macromolecule files (GRO, TOP,
ITP) can be uploaded or imported from the database of
compounds or from the user’s private stash. If no lipids are
added during the setup, the resulting simulation box will
comprise one instance of the provided macromolecule in a box
of water molecules.
The MAD:System Builder can also setup CG MD files for a

system made of a protein embedded in a lipid bilayer
surrounded by water molecules. Similarly to the previous
cases, the user is guided through dedicated interface panels to
define the protein, lipids, and solvent of the system.
The MAD:System Builder will assist the user with the setting

of Insane to deliver the appropriate simulation box. For all
three types of systems, the MAD:System Builder features
common and advanced controls with default values applicable
to most cases. Advanced users may override several parameters
if so needed: a useful common setting is the geometry of the
simulation box. Caution should be exercised when modifica-

Figure 4. Sequential views of the MAD:Molecule Builder during the process of coarse-graining the bacteriophage T4 lysozyme (pdb code 181L):
from the initial settings of parameters on the all-atom structure (A) to the visualization of the beads at a 0.6 scale on the CG structure (B), the
direct (C) selection of an ER to be removed, and (D) the query based selection of amino acids to connect through newly created ER. Green links
on panels C and D do not represent covalent bonds but ER between CG beads.
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tions are made to the advanced settings as they could impair
the simulation.
Following the computation of the system on the MAD

cluster, a view of the computed simulation box is provided.
Here, the left-hand panel features visualization options and a
download link to the files required to start the simulation
(Figure 3).

■ RESULTS AND DISCUSSION

Database Content. The MAD:Database currently com-
prises a total of 383 CG molecules belonging to the following
categories: carbohydrates, polymers, amino acids, lipids, ions,
phytochemical, solvents, surfactants, synthetic nanoparticles,
and small molecules. The largest category is the lipids with
currently 218 entries. Molecular entries in the database can be
available for the following force fields: Martini 3.01, Martini
2.2, and polarized Martini 2 versions (called 2.2P). The
specific Martini 2 version developed by Monticelli and
collaborators that is dedicated to nanoparticles and certain
polymers is also included (called Martini 2.2 with CNP).31,32,62
The MAD:Database currently holds the CG models of 291 and
202 molecules for Martini 2 and Martini 3, respectively.
Because the database is open to submission by users, these
numbers are expected to change over time, with Martini 3 CG
counts progressively exceeding Martini 2.
Case Study. The elastic network approach consists of a set

of harmonic potentials added on top of the Martini model to
conserve the tertiary structure of proteins.57 The network is
fully dependent on the PDB structure used as reference, with
the number of elastic restraints (ER) defined by the upper and
lower distance cutoff MAD:Molecule Builder parameters. The
rigidity of the protein model is defined by the number of ER
and by the force constant used. Optimal parameters for the
elastic network depend of the studied protein system. It is
recommended to use experimental or atomistic simulation data
to calibrate the parameters of the elastic network. To illustrate
the interest of the elastic network tool in MAD:Molecule
Builder, here we show how to build models of T4 lysozyme, a
protein from the bacteriophage T4 (pdb code 181L).63 Once
the structure file is open in the MAD:Molecule Builder, the
force field is set to “martini301”. With “Elastic” activated, the
default setup provides for a force constant of 700 kJ/(mol
nm2), with the lower and upper cutoffs at 0.5 and 0.9 nm,
respectively. Finally, neutral termini, auto assignment of
cysteine bridges, and side-chain fix are applied (Figure 4A).
Upon completion of the CG process, the resulting model is
displayed (Figure 4B) using the same beads color scales as the
database of compounds (Figure 2B). The automatic
construction of elastic network from the all-atom structure
can lead to artifact ER between CG beads. Within the
MAD:Molecule Builder, visual inspection of the restraints
network of T4 lysozyme protein superimposed onto its CG
model facilitates the identification of such a case. Indeed, an
abnormal ER is found to be present between T21 and Q141
(Figure 4C). As the two amino acids are distant in structure,
their ER may greatly impair the flexibility of the CG model. To
better prepare the model for subsequent MD simulations, it is
recommended to delete the restraint by directly clicking to
select and remove (Figure 4C). Alternatively, rigidity can be
added to the model in the N-terminal subdomain as
exemplified in Figure 4D where all possible ER between two
amino acids selections, D10 (violet color) and D20-T21
(yellow color), are created in a single click.

■ CONCLUSION AND PERSPECTIVES

We presented here the MAD server, a new web resource
dedicated to the preparation of MD systems with the Martini
coarse-grained force field. The MAD server provides a large
collection of CG molecules ready to be used. Newly
parametrized and published molecules can be uploaded to
the MAD:Database. For molecules not yet published, topology
and structure files can be provided from the user’s computer.
To the community, the MAD:Database could provide the
storing and version tracking of large collections of models, for
instance to other CG web services like the CHARMM-GUI
and CGMD platform, keeping these initiatives updated with
the new releases of Martini force field. In addition to the
database, all-atom structures can be coarse-grained by the
MAD:Molecule Builder. In a final step, CG molecules from any
of these sources can be combined by the MAD:System Builder
to produce topology and structure files MD-ready. We strongly
encourage users to contribute to the repository by uploading
their favorite models.
For the new users, a tutorial is available at https://mad.ibcp.

fr/tutorial/. We plan on expanding the capabilities of the MAD
server through the future integration of algorithms useful to
the MARTINI users community, such as Polyply42 and
Martini-sour.64

■ ASSOCIATED CONTENT

Data Availability Statement

The MAD server is built on a front-end to back-end
architecture. The front-end, which is based on the version
16.9 of the React web component framework, carries most of
the steps for the submission, validation, visualization, and
edition of structure. The back-end is a NodeJS/Express
platform which interacts with a slurm scheduler to launch
GROMACS,50 martinize2, and Insane20 jobs on the MAD
cluster. MAD uses the public version of the Insane software
(https://github.com/Tsjerk/Insane) and the version 0.73 of
the martinize249 and its companion library, the vermouth
package (https://github.com/marrink-lab/vermouth-
martinize). The public database of molecules is operated by
the NoSQL Couch SGDB. All the molecular visualizations are
performed by the NGL65 JavaScript library. All scripts are
publicly available for download from the separated repositories
of the front-end and back-end code bases, respectively located
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(64) Grünewald, F.; Souza, P. C. T.; Abdizadeh, H.; Barnoud, J.; de
Vries, A. H.; Marrink, S. J. Titratable Martini model for constant pH
simulations. J. Chem. Phys. 2020, 153, 024118.
(65) Rose, A. S.; Hildebrand, P. W. NGL Viewer: a web application
for molecular visualization. Nucleic Acids Res. 2015, 43, W576−579.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Application Note

https://doi.org/10.1021/acs.jcim.2c01375
J. Chem. Inf. Model. 2023, 63, 702−710

710



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




