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The role of Caveolin-1 in Lipid Droplets and their
Biogenesis
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MEMPHYS: Center for Biomembrane Physics
University of Southern Denmark

Campusvej 55, Odense 5230 M, Denmark
Phone: +4565503510. *Corresponding author: hkhandel@sdu.dk

Abstract

We address unresolved questions of the energetics and mechanism of Lipid

Droplet (LD) biogenesis, and of the role of Caveolins in the endoplasmic reticu-

lum (ER) and in mature LDs. LDs are eukaryotic repositories of neutral lipids,

which are believed to be synthesised in the ER. We investigate the effects of

a curvature-inducing protein, caveolin-1, on the formation and structure of a

spontaneously aggregated triolein (TO) lipid lens in a flat lipid bilayer using

Molecular Dynamics (MD) simulations. A truncated form of Caveolin-1 (Cav1)

localises on the interface between the spontaneously formed TO aggregate and

the bulk bilayer, and thins the bilayer at the edge of the aggregate, which may

contribute to lowering the energy barrier for pinching off the aggregate from

the host bilayer. Simulations of fully mature LDs do not conclusively establish

the optimal localisation of Cav1 in LDs, but when Cav1 is in the LD core, the

distribution of both neutral lipids in the LD core, and of phospholipids on the

engulfing monolayer are altered significantly. Our simulations provide an un-

precedented molecular description of the distribution and dynamics of various

lipid species in both mature LDs and in the nascent LD inside the bilayer.

Keywords: Molecular Dynamics Simulations, Lipid Droplets, Lipid Droplet

Biogenesis, Lipid Sorting, Caveolin, Curvature, Coarse-grained simulations

Abbreviations: POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, TO:

triolein, POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, CHOL:
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cholesterol, CO: cholesteryl oleate, DOG: dioleoyl glycerol, MD: Molecular Dy-

namics, LD: Lipid Droplet, Cav1: Truncated version of Caveolin-1, CG: Coarse-

grained, TGL: Triglyceride, ER: Endoplasmic Reticulum5
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TOC Graphic: A cluster of Caveolin-1 proteins around a spontaneously

assembled triolein lens in a lipid bilayer

1. Introduction

Lipid droplets (LDs) regulate intracellular lipid storage and lipid metabolism

of neutral lipids such as cholesteryl esters and triglycerides (TGLs) such as tri-

olein (TO). A mature LD is composed of a phospholipid monolayer surrounding

a neutral lipid core [1]. The monolayer is composed of different phospholipids.10

The main constituents are phosphatidylcholine (PC), phosphatidylethanolamine

(PE), phosphatidylinositol, and ether-linked phosphatidylcholine (ePC) phos-

pholipids [2]. The monolayer can also contain free cholesterol [3] and from

50 to 200 different proteins [4] while the core of the LD is mainly composed

of TGLs, cholesteryl esters such as cholesterol oleate (CO) and diacylglycerols15

such as dioleoylglycerol (DOG). Cholesteryl esters such as cholesterol oleate and

TGLs such as triolein (TO) in LDs can be hydrolysed to free cholesterol and

fatty acids by enzymatic machinery when required as, for example, a source

of energy. The size of LD is variable, and ranges from a few nanometers to

micrometers in diameter [4].20

Although the clear mechanism of their formation is still unknown, LDs are

believed to form at the surface of the Endoplasmic Reticulum (ER). Accord-

ing to the current working model, TGLs synthesised in the ER self assemble

into ellipsoidal discs, (also called lenses) inside the ER membrane. Once the

3
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lenses reach a threshold size, the aggregate can bud off from the ER membrane25

along-with a monolayer of lipids acquired from the ER membrane. The small

length scales of the budding process make it impossible for light microscopy to

observe the budding process in live cells. Theoretical calculations and simu-

lations have been used to study the mechanism and energetics of the budding

of nascent LDs from the ER membrane [5, 6]. Although budding may not re-30

quire external agents [6], several proteins localise in both the ER and in LDs,

and can affect the efficient formation of LDs [7]. Examples are COP1 [8, 4],

oleosins [9] and caveolins [10]. COP1 was shown to capable of budding off

droplets from a reconstituted phospholipid-triglyceride interface [8]. Similarly,

Caveolins (CAVs) are of particular interest because they can curve plasma mem-35

branes to form caveolae, and thus could serve a similar purpose on the surface

of LDs, where they were discovered to be present in several studies published in

2001 [11, 12, 13, 14]. Like in caveolae, caveolins can support the curvature of,

and can eventually promote the pinching off of the TGL lens in the ER mem-

brane. Caveolin consists of about 178 amino-acids and can be found in three40

isoforms: caveolin-1, -2, -3, and caveolin-1 is known to be the most ubiquitous

form. Caveolin-deficient mouse adipocytes can still form LDs, but with a dif-

ferent protein and lipid composition as well as a different size distribution [15].

During liver regeneration, caveolin-1 deficient mice produced very low concen-

trations of LDs. Thus, although LDs can form without CAVs, CAVs still seem45

to play an important role in LD maturation and biogenesis. In mature LDs,

there is evidence that caveolins can be found both on the outer monolayer and

in the core [16].

Previously, we showed that triolein (TO) spontaneously aggregates into an

aggregate lens inside a POPC lipid bilayer, without completely being expelled50

from the bilayer [5]. In the current study, we investigate the effects of a trun-

cated form of caveolin-1, (Cav1) on the properties of the TO lens. Furthermore,

we investigate the properties of a fully matured LD consisting of POPC, POPE

TO, DOG, CO and Cav1. Some of the specific questions we have attempted

to address are: Does Cav1 have an impact on the curvature of the TO lens?55
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Where is Cav1 localised in mature LDs? What effect does Cav1 have on the

properties of mature spherical LDs?

We find that (1) Cav1 tends to aggregate and localise at the edges of the

spontaneously formed TO lens inside a lipid bilayer (2) the curvature of the

the lipid lens is not significantly affected by Cav1 (3) Cav1 thins the membrane60

patch at the interface between the self-assembled triolein lens and the bulk lipid

bilayer and (4) Cav1 modifies the surface distribution of both neutral lipids and

phospholipids on the LD surface.

‘

2. Methods65

2.1. Modeling Caveolin-1

Caveolin-1 contain a highly variable N-terminal domain (residues 1-81) and

a membrane attaching C-terminal domain (residues 135-178) which is possi-

bly acylated. The two termini domains are bridged by the caveolin scaffolding

domain (residues 82-101) and the transmembrane domain, TMD (residues 102-70

134). The TMD has been shown to adopt a U-shaped conformation inside

the lipid bilayer [17] and the segment 82-136 is sufficient to curve model lipid

bilayers [18]. To obtain the correct conformation of the Cav1 (residues 82-

136) protein, we performed an all-atom Molecular Dynamics (MD) simulation

of Cav1 in a POPC bilayer using NMR and MD data from [18]. The all-75

atom simulation is described in the next section. We selected the three most

representative conformations of Cav1 from the all-atom simulation using a clus-

tering analysis. These three conformers were then used to make three models

of coarse-grained Cav1. We used the pairwise root mean squared deviations

between all the conformations available in the all-atom simulation, to perform80

a hierarchical cluster analysis using the Ward’s minimum variance method Hi-

erarchical Grouping to optimise an Objective Function [19]. Then we selected

three clusters from which we determined three centroids corresponding to the

three Cav1 conformers used in the coarse-grained (CG) simulations. The all-

5
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Denomination Composition Time

All-atom simulation

aa cav 1 Cav1 - 288 POPC 800 ns

Coarse-grained simulations - Lipid Bilayer

POPC 2450 POPC 10µs

POPC TO 2268 POPC - 126 TO 10µs

POPC TO 9Cav1(3 replicas) 9 Cav1 - 2290 POPC - 126 TO 10µs

POPC TO 18Cav1 18 Cav1 - 2401 POPC - 132 TO 20µs

Coarse-grained simulations - Lipid Droplet

CO30 DOG20 1607 POPC - 536 POPE - 1429

TO - 857 CO - 571 DOG

10µs

CO30 DOG20 9Cav1 9 Cav1 - 1539 POPC - 521 POPE

- 969 TO - 610 CO - 355 DOG

20µs

CO30 DOG20 6Cav1-surf 6 Cav1 - 1607 POPC - 536 POPE

- 1429 TO - 857 CO - 571 DOG

16µs

CO30 DOG20 18Cav1-surf 18 Cav1 - 1244 POPC - 464

POPE - 1373 TO - 768 CO - 552

DOG

20µs

Table 1: Description of the simulations. The number of water molecules is

not mentioned. POPC: 1-palmitoyl-2-oleoyl-sn- glycero-3-phosphocholine, TO:

triolein, POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, CHOL:

cholesterol, CO: cholesteryl oleate, DOG: dioleoyl glycerol. For the CG simula-

tions, the MARTINI simulation times are shown. Real simulation times are 4

times the value in the table.
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Figure 1: Top panels: The three representative structures extracted from the all-

atom MD simulation using a clustering analysis. Bottom: the corresponding

Coarse-grained models for MARTINI simulations.

atom and CG models of Cav1 contain 927 and 138 particles respectively. We85

used the MARTINI force field [20] for the CG simulations.

2.2. Molecular dynamics

2.2.1. All-atom Simulations

A 800 ns all atom molecular dynamics simulation of single Caveolin protein

in a POPC lipid bilayer was performed using Gromacs version 5.0.4 [21, 22] and90

the Charmm36 force field for lipids [23] and proteins [24]. The details of the

simulations are provided in the SI. Using the trajectories of this simulation, three

conformations of Cav1 were selected for use in the subsequent CG simulations.

2.2.2. Coarse-Grained Simulations

We used the MARTINI force field [20, 29] for all CG simulations. We per-95

formed two kinds of CG simulations: simulations of flat bilayers, and simula-

tions of mature LDs. The flat bilayers always contained POPC and 5% TO.

7
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Figure 2: CG MD simulation of a pure POPC bilayer and the POPC TO system.

First row: snapshots of the POPC TO system at 0, 5 and 10 µs. Water beads

are not shown and only the phosphate bead of the POPC lipids are depicted

(brown). The blue and purple beads correspond to the TO molecules. Second

row: Simulation of a pure POPC bilayer. From left to right: curvature of the

lower monolayer, curvature of the upper monolayer, thickness of the bilayer.

Bottom row: The curvature and thickness profiles for the POPC TO system

In addition, systems were simulated where Cav1 was added in two different

concentrations. The list of simulations, along-with the composition of the bi-

layer/droplets are described in Table 1. In all systems the TO and Cav1 were100

initially mixed randomly in a lipid bilayer.

Mature LDs were simulated with TO, CO and DOG in the core of the

droplet, which was surrounded by a monolayer containing POPC and POPE.

In addition, 6 or 18 Cav1 molecules were placed on the surface of the droplet

initially. When Cav1 was initially placed in the droplet core, it could never105

reach the surface (see later).

8
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2.3. Simulation Conditions

Details about the simulation conditions are provided in the SI. Most simula-

tions were carried out for 20 microseconds or more MARTINI time, correspond-

ing to a total simulation time of nearly 0.6 ms.110

2.4. Analysis

To prepare the simulations, we wrote Python scripts using popular scientific

Python packages (MDTraj [32], NumPy [33], SciPy [34], matplotlib [35].

The average properties such as the mean curvature and thickness were cal-

culated over the last 2 µs of the CG simulations. For calculating the local115

curvature of the different monolayers of the bilayer, we used an in-house C++

code based on both Legendre polynomial fitting and Fourier analysis. First we

obtained the position of each monolayer surface numerically from the trajec-

tory of the simulations. From this surface, the local mean curvature of each

monolayer was obtained as C0(x, y) = − 1
2∇.n̂, where n̂ is a unit vector that is120

normal to the obtained surface. In this formulation, an upward bending with

respect to the z-axis (bilayer normal) will be referred to as negative curvature,

and inward bending will be referred to as positive curvature. The monolayer

surfaces were found by fitting the phosphate particle (CG simulations) or the

phosphorus atoms (all-atom simulation) coordinate of the POPC lipids in each125

monolayer to a Fourier series in two dimensions as

zn(x, y) =
N∑

i=−N

M∑
j=−M

Ai,j (cos[pix+ qjy] + sin[pix+ qjy]) (1)

where n is an index to distinguish the different monolayers, pi = 2πi/Lx , qj =

2πj/Ly and Lx , Ly are the simulation box side lengths in the x and y directions.

Here we have used Nx = Ny = 2. The bilayer thickness was obtained by

calculating the distance between upper and lower monolayer surfaces (h(x, y) =130

z2(x, y)− z1(x, y)). We also performed the analysis using Legendre polynomial

fitting [36] and the results were similar.

9
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3. Results

The results section is organised as follows. First, we discuss the results

of the all-atom Cav1 simulation, followed by a detailed discussion of the CG135

simulations of flat bilayers with and without Cav1. Finally, results from the

simulations of the pre-formed LDs are described.

3.1. All-atom MD simulation

As explained earlier, we used an all-atom simulation to generate initial con-

formations of Cav1 for the CG simulations. We extracted three different rep-140

resentative conformers of Cav1 (Figure 1). The structures are overall similar

in that they always conserve the U-shaped conformation, and the secondary

structure profile does not change significantly (data not shown). The minor

differences in the three conformers are with respect to the angle between the 2

α-helices and the length of the α-helices. The conformers from our simulation145

are in agreement with those obtained in earlier all-atom simulations of Cav1

[18]. We find that the peptide induced significant local curvature in the bilayer

in the all-atom simulation (Supplementary Fig S1).

3.2. The Impact of Cav1 on the TO lens

As control systems, we simulated two reference bilayers, one with only POPC150

and another with POPC and 5% TO, referred to as ”POPC” and ”POPC TO”

in Table 1 respectively. The formation of the lens resulting from spontaneous

TO aggregation is illustrated by a positive curvature in the upper monolayer

close to the lens, and a corresponding negative curvature in the lower monolayer

(Figure 2). Furthermore, the thickness of the bilayer near the lens increased, as155

captured in the 2-D thickness profiles in Figure 2.

Caveolin-1 is present in ER membranes [13]. We wanted to test the hy-

pothesis that Caveolin-1 (or more accurately, the truncated version Cav1) can

help increase the curvature of the nascent LD lens in side the ER membrane,

thus making it more susceptible for extrusion from the ER. We therefore im-160

plemented simulations of Cav1 in lipid bilayers containing POPC and TO (See

10
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Figure 3: Side view and top view simulations snapshots (20 µs) of the POPC TO

9 Cav1 system. The color scheme is the same as in Figure 2 The yellow and pink

beads correspond to the Cav1 proteins.

Table 1). Simulations could not be run with full-length Caveolin-1 because of

lack of structural detail. Simulations were run with either 9 (three different

copies of the simulations) or 18 Cav1 molecules initially placed on the upper

monolayer of the lipid bilayer. We found that Cav1 always partitioned into the165

interfacial region between the TO lens and the bulk lipid bilayer. In addition,

Cav1 molecules tend to cluster into multiple aggregates (Figure 3). Aggre-

gation of Cav1 proteins is an important part in their mechanism of action in

caveolae [37]. When 9 Cav1 molecules were placed in the bilayer, the overall

thickness of the TO lens and the curvatures of the upper and lower monolayers170

increased in two out of the three copies of simulations carried out (Figure 4 and

Supplementary Figure S2), but not in the third copy. We therefore carried out

another simulation with 18 molecules of Cav1 to amplify the effect. Although

all 18 Cav1 molecules partitioned to the edge of the TO lens, the curvature

and the overall thickness of the lens was not significantly different from that of175

the bilayer without Cav1 (Figure 5 and Figure 2). One likely reason for this

is the incomplete partitioning of all TO molecules into a single lipid lens, as is

apparent in the thickness profile in Figure 5, which shows a TO aggregate sep-

arate from the main TO lens, resulting in a higher thickness of 5nm separate

from the lens. However, Cav1 significantly reduced the local thickness of the180

11
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Figure 4: The curvature and thickness profiles in the POPC TO 9Cav1 system.

Data from the other two simulations copies are provided in Figure S2.

bilayer at the edge of the TO lens where the Cav1 aggregate were localised (dark

blue regions in Figure 5). Such a thinning effect was not observed with 9 Cav1

molecules. Such a significant membrane thinning will contribute to reducing

the energetic cost of pinching the nascent LD out of the ER membrane.

3.3. Simulations of Lipid Droplets with Cav1185

So far, it has not been possible to spontaneously simulate the extrusion of

a nascent LD from a lipid bilayer using MD simulations. Instead, we simulated

mature LDs of small sizes (about 25 nm diameter) containing different amounts

of Cav1, to calculate the distribution of Cav1 in the droplets. Previously, we

simulated such LDs without Cav1, and showed that TO and cholesteryl esters190

were not distributed uniformly inside the LD, but there was long-range order in

distribution of neutral lipids in the droplet core up to 8 nm from the phospholipid

interface, resulting from the structuring of hydrophilic groups [30, 31].

Four different systems were simulated. First, we simulated a LD containing

TO, CO and DOG in the core, and POPC and POPE at the monolayer interface.195

In another system, 9 Cav1 molecules were inserted into the LD core. In the other

two systems, 6 and 18 Cav1 molecules were initially placed on the surface of the

LD.

For the droplet without Cav1 (the CO30 DOG20 system), TO, CO and

DOG are nearly uniformly distributed inside the LD core. The POPC/POPE200

12



Page 13 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

20 µs 10 µs 20 µs

Curvature Thickness

lower monolayer upper monolayer

0.100

0.075

0.050

0.025

0.000

0.025

0.050

0.075

0.100

0.100

0.075

0.050

0.025

0.000

0.025

0.050

0.075

0.100

4.0

4.4

4.8

5.2

5.6

6.0

6.4

6.8

7.2

Figure 5: Snapshots and curvature and thickness profiles in the POPC TO 18Cav1

system. First row from left to right: Side-view snapshot 20 µs and top view

snapshots at 10 and 20 µs. The colouring scheme is same as in Figure 3. Second

row, from left to right: curvature of the lower monolayer, curvature of the upper

monolayer, thickness of the bilayer.
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monolayer peak at about 10 nm from the droplet center indicates a uniform

monolayer on the LD surface (Figure 6B).

When Cav1 is initially placed inside the LD core (by replacing some neutral

lipids), none of the Cav1 molecules was able to reach the surface of the mono-

layer (Figure 6C). The Cav1 molecules make two clusters of 4 and 5 molecules.205

The dynamics of the Cav1 aggregates are slow, and neither aggregate reaches the

monolayer interface during the simulation time scale. In two more simulations,

we placed Cav1 on the surface of the droplet. In these cases, the spontaneously

formed Cav1 aggregates occupied the lipid monolayer interface, and did not dif-

fuse into the LD core. The Cav1 localisation was the same when 6 (Figure 6E)210

or 18 (Figure 6G) molecules of Cav1 were placed on the lipid monolayer inter-

face. The presence of Cav1 in the droplet core also resulted in some POPE and

POPC lipids to diffuse towards the centre of the droplet, resulting in a broader

distribution of the phospholipids on the monolayer interface, compared to sim-

ulations where Cav1 was initially placed on the monolayer interface (Figure 6D215

and Figure 6F).

4. Discussion

The mechanism of formation of LDs and the possible extrusion of the nascent

TGL-rich lens from the ER remains an important open question in LD biology

and biophysics, not least because of the importance of LDs in several diseases220

linked to fat metabolism, including cardiovascular diseases, liver disorders and

several pathologies associated with over-storage or under-storage of LDs [38].

In the current manuscript, we investigate the role of the Cav1 protein in LD

formation and test the hypothesis that Cav1 may help to curve TO lenses within

the ER membrane and thus help extrusion of the LD into the cytoplasm.225

The truncated version of Cav1, which is used in the current study is capable

of curving lipid bilayers [18, 39], and could thus increase the curvature of the

LD lens formed in the simulations. We find however, that although Cav1 tends

to aggregate at the interface between the TO lens and the bulk lipid bilayer,

14
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Figure 6: Simulation snapshots and distribution of lipids in the LD simulations.

Left: initial and final snapshots of the simulations. The final snapshot is a cross

section through the centre of the LD. POPC is in red, POPE in cyan, TO in blue,

CO in green and DOG in purple. Cav1 is in yellow. Right: Relative distribution

of different lipids respect to the droplet centre. (A) and (B) CO30 DOG20, (C)

and (D) CO30 DOG20 9Cav1, (E) and (F) CO30 DOG20 6Cav1-surf (G) and (H)

CO30 DOG20 18Cav1-surf
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it does not significantly affect the overall thickness of the TO lens nor the230

average curvature of the upper and lower monolayers. However, at the highest

concentration, Cav1 has an important effect. Cav1 organises in a ”moat” around

the TO lens, and thins the interface between the lens and the bulk lipid bilayer,

which is likely to lower the line tension between the two regions, and thus will

help the lens eventually extrude from the bilayer. The data also indicate that235

when the TO lens eventually extrudes from the monolayer, it is likely to remove

Cav1 from the ER membrane and incorporate it into the LD. Thus, Cav1 can

get incorporated into mature LDs during the formation of the LD inside the ER

membrane [40].

It is apparent from Figure 2 that in the absence of Cav1, a positive curvature240

is generated around the edges of the spontaneously aggregated TO lens in the

upper monolayer. The Cav1 peptides also induce positive curvature (Figure SI)

and therefore they cluster around the pre-formed curved region without need for

extra elastic energy cost upon insertion of the the peptides. Thus, Cav1 remains

on the edges of the TO lens, and does not diffuse onto the monolayers which245

surround the TO lens. In the plasma membrane, Caveolin-1 tends to localize

to cholesterol-rich domains [37]. However, these domains are absent in the ER

membrane which has less than 10% cholesterol and no sphingomyelin. Thus, it

is likely that cholesterol in the ER membrane will have negligible impact on the

distribution of Cav1.250

The LD serves as a fat reservoir, where TGLs can be hydrolysed by li-

pases upon hormonal, nutritional or inflammatory signals [7]. The enzymatic

efficiency and kinetics of the lipases will be contingent upon the distribution

of not only the TGLs, but also the phospholipids at the monolayer interface.

Cav1, when present on the interface keeps the phospholipid monolayer in a one255

molecule thick canonical monolayer. However, when present beneath the mono-

layer interface, Cav1 widens the distribution of the phospholipids. Furthermore,

the distribution of the neutral lipids DOG, TO and CO in the lipid core become

uniform when Cav1 is present in the LD core, most likely because of interac-

tions between Cav1 and the neutral lipids, in particular DOG, which binds Cav1260
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(Supplementary Figure S3). The altered distribution of both the neutral lipids

and the phospholipids in the LD is likely to influence the actions of phospholi-

pases which initiate LD recruitment for TGL hydrolysis. Although we simulate

a single type of protein in our LD, a much larger number of proteins are present

in larger, more mature LDs [1] which are eventually targeted for hydrolysis. The265

presence of such proteins is likely to alter the distribution of both the TGLs and

the phospholipids on the LD surface, and will thus have a significant impact on

the kinetics of lipases. The structure of the phospholipid monolayer forming an

interface with triolein was analysed recently using a flat simulation system by

sandwiching a TO aggregate between two lipid monolayers [41]. The authors270

found that the properties of the phospholipids were influenced by interdigita-

tion between triglycerides and lipids. However, it is difficult to extrapolate the

results from the flat trilayer systems to a lipid droplet. In the trilayer system,

the two lipid monolayers are likely to interact strongly with each other, because

the middle layer (TGLs and lipid acyl tails) constitute a low dielectric, and will275

not screen electrostatic interactions between the two phospholipid monolayers.

The MARTINI force field used in the current study helps us access time and

length scales larger than would be achievable in all-atom simulations for large

systems. Although we carry out long simulations of large droplets, the distri-

bution of Cav1 in the mature LD simulations depends on the initial placement280

of the peptides in the droplet. Cav1 is localized predominantly in the LD core,

when initially placed in the lipid core, and occupies the phospholipid mono-

layer interface when initially placed at the interface. The two simulations can

possibly converge by running much longer simulations, which will be computa-

tionally very demanding. Free energy approaches to calculate the preferential285

partitioning of Cav1 will not be very useful because Cav1 tends to aggregate

into 3-, 4- and 5-mers. Such a cooperative effect cannot be captured by a par-

titioning free energy of a single Cav1 molecule. We are currently in the process

of investigating the energetics of the process of extrusion of a TO lens into the

bulk aqueous phase, by applying external pulling forces to the TO lens. Such290

simulations will not only help in measurement of the of the bilayer before and
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after lens formation, but will also enable the calculation of the energetic cost of

lens extrusion.
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dahl, GROMACS: High performance molecular simulations through multi-

level parallelism from laptops to supercomputers, SoftwareX 1-2 (2015)

19–25.

[22] D. V. D. Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, H. J. C.

Berendsen, Gromacs: Fast, flexible, and free, Journal of Computational370

Chemistry 26 (16) (2005) 1701–1718.

[23] J. B. Klauda, R. M. Venable, J. A. Freites, J. W. O’Connor, D. J. Tobias,

C. Mondragon-Ramirez, I. Vorobyov, A. D. MacKerell, R. W. Pastor, Up-

date of the charmm all-atom additive force field for lipids: Validation on

six lipid types, Journal of Physical Chemistry B 114 (23) (2010) 7830–7843.375

[24] R. B. Best, X. Zhu, J. Shim, P. E. M. Lopes, J. Mittal, M. Feig, A. D.

MacKerell, Optimization of the additive andm all-atom protein force field

targeting improved sampling of the backbone phi, psi and side-chain chi(1)

and chi(2) dihedral angles, Journal of Chemical Theory and Computation

8 (9) (2012) 3257–3273.380

21



Page 22 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

[25] H. J. C. Berendsen, J. P. M. Postma, W. F. Vangunsteren, A. Dinola, J. R.

Haak, Molecular-dynamics with coupling to an external bath, Journal of

Chemical Physics 81 (8) (1984) 3684–3690.

[26] W. G. Hoover, Canonical dynamics: Equilibrium phase-space distributions,

Physical Review A: Atomic, Molecular, and Optical Physics 31 (3) (1985)385

1695–1697.

[27] M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: A

new molecular dynamics method, Journal of Applied Physics 52 (12) (1981)

7182–7190.

[28] B. Hess, P-lincs: A parallel linear constraint solver for molecular simulation,390

Journal of Chemical Theory and Computation 4 (1) (2008) 116–122.

[29] S. J. Marrink, A. H. de Vries, A. E. Mark, Coarse grained model for semi-

quantitative lipid simulations, Journal of Physical Chemistry B 108 (2)

(2004) 750–760.

[30] V. V. Chaban, H. Khandelia, Lipid structure in triolein lipid droplets,395

Journal of Physical Chemistry B 118 (35) (2014) 10335–10340.

[31] V. V. Chaban, H. Khandelia, Distribution of neutral lipids in the lipid

droplet core, Journal of Physical Chemistry B 118 (38) (2014) 11145–11151.

[32] R. T. McGibbon, K. A. Beauchamp, M. P. Harrigan, C. Klein, J. M. Swails,

C. X. Hernández, C. R. Schwantes, L.-P. Wang, T. J. Lane, V. S. Pande,400

MDTraj: A Modern Open Library for the Analysis of Molecular Dynamics

Trajectories, Biophysical Journal 109 (8) (2015) 1528–1532.

[33] S. van der Walt, S. C. Colbert, G. Varoquaux, The NumPy Array: A

Structure for Efficient Numerical Computation, Computing in Science &

Engineering 13 (2) (2011) 22–30.405

[34] E. Jones, T. Oliphant, P. Peterson, et al., SciPy: Open source scientific

tools for Python (2001–).

22



Page 23 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

[35] J. D. Hunter, Matplotlib: A 2D Graphics Environment, Computing in

Science & Engineering 9 (3) (2007) 90–95.

[36] W. Pezeshkian, A. G. Hansen, L. Johannes, H. Khandelia, J. C. Shillcock,410

P. B. S. Kumar, J. H. Ipsen, Membrane invagination induced by shiga

toxin b-subunit: from molecular structure to tube formation, Soft Matter

12 (2016) 5164–5171.

[37] R. G. Parton, K. Simons, The multiple faces of caveolae, Nature Reviews

Molecular Cell Biology 8 (3) (2007) 185–194.415

[38] N. Krahmer, R. V. Farese, T. C. Walther, Balancing the fat: lipid droplets

and human disease, Embo Molecular Medicine 5 (7) (2013) 973–983.

[39] D. Sengupta, Cholesterol modulates the structure, binding modes, and en-

ergetics of caveolin-membrane interactions, Journal of Physical Chemistry

B 116 (50) (2012) 14556–14564.420

[40] M. J. Robenek, N. J. Severs, K. Schlattmann, G. Plenz, K. P. Zimmer,

D. Troyer, H. Robenek, Lipids partition caveolin-1 from er membranes into

lipid droplets: updating the model of lipid droplet biogenesis, Faseb Journal

18 (3) (2004) 866–+.

[41] A. Bacle, R. Gautier, C. L. Jackson, P. F. Fuchs, S. Vanni, Interdig-425

itation between triglycerides and lipids modulates surface properties

of lipid droplets, Biophysical Journal 112 (7) (2017) 1417 – 1430.

doi:https://doi.org/10.1016/j.bpj.2017.02.032.

URL http://www.sciencedirect.com/science/article/pii/

S0006349517302461430

23

http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://dx.doi.org/https://doi.org/10.1016/j.bpj.2017.02.032
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461
http://www.sciencedirect.com/science/article/pii/S0006349517302461


Page 24 of 24

Acc
ep

te
d 

M
an

us
cr

ip
t

The role of Caveolin-1 in Lipid Droplets and their

Biogenesis

Highlights

• The role of Caveolin-1 (Cav1) in lipid droplets (LDs) and their biogenesis
remains unknown

• We use extensive Molecular dynamics simulations to investigate Cav1 in
LDs and around a triolein lens inside a lipid bilayer

• Cav1 partitions on the edges of a spontaneously assembled triglyceride
lens in a flat lipid bilayer, and thins the edge

• Cav1 affects the distribution of phospholipids and neutral lipids in mature
LDs, and aggregates in both LDs and flat bilayers

• The simulation offer unprecedented insights into the molecular distribu-
tion of lipid and protein species in LDs
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