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Abstract

As a major actor of cellular trafficking, COPI coat proteins assemble on membranes and
locally bend them to bud 60 nm-size coated particles. Budding requires the energy of the
coat assembly to overcome the one necessary to deform the membrane which primarily
depends on the bending modulus and surface tension, y. Using a COPI-induced oil nano-
droplet formation approach, we modulated the budding of nanodroplets using various
amounts and types of surfactant. We found a Heaviside-like dependence between the bud-
ding efficiency and y: budding was only dependent on y and occurred beneath 1.3 mN/m.
With the sole contribution of y to the membrane deformation energy, we assessed that
COPI supplies ~1500 kg T for budding particles from membranes, which is consistent with
common membrane deformation energies. Our results highlight how a simple remodeling of
the composition of membranes could mechanically modulate budding in cells.

Introduction

Coat proteins, namely Clathrin coats, coat protein complex I (COPI) and II (COPII) perform
a critical step of intracellular vesicle trafficking. They respectively form vesicles from the
plasma, the Golgi and the endoplasmic reticulum membranes, exhibiting different morphology
and mechanical properties. To induce vesicle formation, monomers of the coat protein
machineries, called coatomers, assemble on the target membrane and polymerize to locally
bud nanometer sized spherical caged-particles of given curvature [1, 2]. This budding process
is biochemically and mechanically regulated [3, 4]. Biochemical regulation is inherent to local
variation of one or several components of the coat protein machineries [4]. Mechanical regula-
tion occurs by variations of the bending modulus «, e.g. by remodeling of membrane com-
position, and the surface tension v, e.g. by changing the membrane surfactant density [5, 6].
These mechanical parameters define the minimal energy for budding off a particle of radius r,
E = 8mk+4myr?, the sum of the bending and stretching energies. This minimal energy which is
presumably different for each organelle membrane has to be met by the polymerization energy
of the coatomers, E*, to form spherical coats enclosing the particles. Knowing E* for each coat
protein machinery will bring important and new knowledge on biochemical and biophysical
regulation of cellular trafficking. Previous theoretical attempts based on the comparison
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between the bending energy of bilayers and the elasticity of dilation of bilayer-bound coat pro-
teins [7, 8] suggest E* to be of the order of 2000 kpT.

Of the three coat proteins, only COPI was shown to act in vivo on both phospholipid bilay-
ers and monolayers, namely on the Golgi apparatus and lipid droplets which are organelles at
the core of cellular energy metabolism [4, 9-11]. Because the Golgi has a very low surface ten-
sion v (<<1 mN/m) [12], deforming its membrane is almost solely dependent on the bending
modulus[13, 14] x, ~20 kT, whose contribution to E is predominant. In contrast to the Golgi,
lipid droplets are covered by a single phospholipid monolayer membrane. The surface tension
of this type of membrane was determined for triolein emulsion droplets to be between 1 to 40
mN/m [5, 15], much higher than that of the Golgi bilayer. Hence, for lipid droplets, the contri-
bution of y becomes very important for the membrane deformation energy [5, 16].

The ability of COPI to bud nanoparticles from a monolayer or bilayer membrane can be
predicted knowing E*“°F!, the energy supplied by the polymerization of COPI coatomers.
Measuring E*““F! in cells is experimentally challenging because the mechanical parameters are
not controlled, membranes are dynamic systems and other proteins may interfere with them,
and finally visualization of the coat formation is difficult. So far, various in vitro approaches,
based on unilamellar vesicles [14, 17-19], or cell membrane extracts [20, 21], were used to
exclusively study the ability of coat proteins to form vesicles. These approaches probed the bio-
chemical triggering of budding and well described the molecular details of coatomer assembly
mechanisms. The description of the energy landscape of the budding process is however still
lacking because of the challenge to concomitantly visualize budded coat-vesicles with con-
trolled membrane parameters.

Using a recently developed COPI-induced oil nanodroplet formation approach [5], we
worked with different amounts and types of surfactant in the oil, to vary membrane mechanical
properties, and studied how they influence nanodroplets budding. We found that the efficiency
of the budding reaction depends on the surfactant type. However, a direct Heaviside-like
dependence between the budding efficiency and y was found, independently of the surfactant.
Budding was mainly opposed by y and occurred only beneath 1.3 mN/m. This simple depen-
dency upon y was expected for the emulsion monolayer membrane in our experiment because
it was presumed that other mechanical terms have a minor contribution to budding. Hence, we
used the sole contribution of the stretching energy due to y to determine that COPI supplies an
energy of ~1500 kT to bud membranes.

Materials and Methods
Preparation of the solutions

Phospholipids (PLs) and the triolein solution: we chose a lipid composition close to that of cel-
lular natural lipid droplets [5]: Dioleoylphosphatidylcholine, Dioleoylphosphatidylethanola-
mine, Cholesterol, Lyso-Phosphatidylinositol, Lyso-Phosphatidylethanolamine, Lyso-
Phosphatidylcholine (50:20:12:10:5:3). All phospholipids were purchased from Avanti Polar
Lipids. The oil phase consisted of triolein (TO) purchased from Sigma Aldrich. The phospho-
lipids were initially solubilized in chloroform that was first evaporated under vacuum. We then
added the required amount of TO to the PLs to reach the desired concentration. The mixture
was then vortex mixed for 2 min and subsequently sonicated for 1 min.

Cosurfactants (COs), Oleic acid (OA) and dioleoyl glycerol (DOG), were purchased from
Sigma Aldrich.

PLOS ONE | DOI:10.1371/journal.pone.0133757 July 28,2015 2/11



el e
@ ) PLOS | ONE The Energy of COPI for Budding Membranes

a
buffer stream with .
proteins reaction tube /‘\
l * buffer bufies
¥ ]
TO stream | . . . —+ fdir o .
L collection
‘ d 6

ns

2k PLs enriched

n

1.5

PLs depleted

Interface-bound
Arf1-GTP (a.u.)

1
0-0.05 0.2-1
PLs (%, w/w)

Fig 1. (a) Buffer drops formation. Triolein oil (TO) and buffer solutions were flown into a t-shape connector attached to a Teflon tube. Buffer drops
encapsulating the proteins were formed in TO, inside the tube; they were collected from the tip of the tube for quantification. (b) Buffer drops
containing Arf1-Cy3 (100 nM), in GTP (10 mM) or GDP bound form, and Arno (100 nM), were separately formed, arrested in the tube, and visualized
by fluorescence. Arf1-GTP bound the interface (right panel); Arf1-GDP remained in volume (left). Scale bar is 100 pm. (c) Changing the amount of
phospholipid (PL) did not impact the recruitment of Arf1-GTP to the interface. The ratios of Arf1-Cy3 signal between the membrane and the
volume, with or without PLs (depleted, 0% PLs, enriched, 0.2% PLs (w/w to TO)) were similar; at 0.05% and 1%, the same trend was observed;
about 20 drops were quantified for each case; the p-value is 0.3 and ns stands for non-specific. (d) Budding scheme of Arf1/COPI from the buffer/
TO interface and visualization of a buffer microreactor content. The presence of colocalized Arf1-Cy3 (100 nM) and coatomer-Alexa647 (25 nM) spots
reveals budding activity at the buffer interface as described in the scheme. Homogeneous particles (60 nm TO droplets) were budded inside the buffer drop

as described in [5] and S1 Video. The frequent drift occurring between red and green signals is due to a time delay required for switching the lasers while
particles were in motion in solution. Scale bar is 10um.

doi:10.1371/journal.pone.0133757.g001

Generation of the buffer drops

The TO lipid oil and the buffer phase (50 mM Hepes, 120 mM Kacetate, and 1 mM MgCl, in
MilliQ water) containing the proteins were stored into different syringes serving for injecting
them in a T-connector attached to a Teflon tube (Fig 1A). Buffer drops were thus generated
into the oil phase and arrested in the tube; they were then observed by fluorescence (Fig 1B-
1D). When budding occurred, each buffer drop contained COPI-TO nanodroplets, which were
collected at the tip of the Teflon tube and analyzed (Fig 1A and [5]).

Quantification of the budding process

Budded particles were collected after the budding reaction at the tip of the tube (Fig 1A). The
collected sample was placed in a chamber whose bottom was made of glass, coated with a thin
polydimethylsiloxane polymer layer (10 um) to prevent sticking of the particles. Imaging of the
particles was done using an inverted epifluorescence Zeiss microscope equipped with a 63x oil
objective. To identify the budded particles, two emission channels were simultaneously
recorded: TO labeled with Bodipy-green (from Lifetechnologies) and COPI (Alexa-647). The
nanodroplets were identified as tiny particles having both markers. The budding process was
quantified following our previous work [5]. For each probed membrane condition, we focused
in the volume of the sample (focal depth 4 um, field of view of 130 pm x 130 um), took
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snapshots every minute (ten times) and counted the number of protein-coated nanodroplets
(e.g. Fig 2A); we changed the focal plan at least twice for each experiment. Finally, only fluores-
cence intensities of coatomer spots between 20-100% of the maximum coatomer signal in the
focal plan were counted, as they corresponded to the most visible spots in the focal volume [5];
the laser power was kept constant.

We averaged the counted number of budded particles per area (130 um x 130 pm) and
determined their standard deviation. This number of budded particles per area is a priori
dependent on the composition of the monolayer, cosurfactants (COs), phospholipids (PLs),
and time, t; in the text, it is denoted n(COs,PL,t).

Surface tension measurements

Surface tension was measured using the drop weight method [22] and micropipette aspiration
technique [5, 23]. These methods are described in our previous work [5].

Briefly, in the drop weight method, a buffer drop was continuously and slowly flown, at a
flow rate of 20 ul/hr to allow dynamic interfacial equilibrium, in a TO oil phase containing a
given concentration of surfactant. At a critical size it detaches. For each concentration, an
image of the drop was taken every 5 sec. From the inner diameter d of the injection tube
(d =250 um), the surface tension was given by m*g/(n*d*f) where fis a Wilkinson geometric
parameter correction that depends on the ratio between d and the radius of the detached drop;
g is the gravity constant. The mass m of the drop was calculated according to m = vAp (v is the
drop volume and Ap is the density difference between oil and buffer). Surface tension values
measured by this method were in accordance with those obtained by the micropipette
technique.

The device of the micropipette technique consisted of a micromanipulator and a pipette
holder (Narishige). Pipettes were incubated in a 5% (wt/vol) bovine serum albumin solution
before use, so as to prevent the adhesion of the droplets to the glass. Micromanipulation of a
single droplet enabled determining the interfacial tension (y) through measurement of the
pipette radius, R, droplet radius, R4, and the minimal aspiration pressure at which the droplet
was drawn into the pipette, P, following the equation:

7= P/ (2(1/R,=1/Ry)).

The suction of the droplet was carried out using a syringe. The resulting pressure was mea-
sured with a pressure transducer (DP103; Validyne Engineering Corp.), the output voltage
being monitored with a digital voltmeter. The pressure transducer (in the range of 55 kPa) was
calibrated before experiments.

Results and Discussion

We recently developed an assay in which the COPI machinery acts on the monolayer of a
buffer/TO interface, mimicking the surface of lipid droplets, to bud 60 nm-COPI-coated TO
oil nanodroplets [5, 9]. In a basic microfluidic device, 200 pm-size buffer drops, encapsulating
the COPI machinery, were generated in an environment consisting of a TO oil phase contain-
ing controlled amounts of phospholipids and/or other lipid surfactants (Fig 1A). As soon as
the buffer microreactors were formed in the oil phase, a surfactant monolayer was bound to
their interface. The properties of the monolayer remained constant during the experiments as
the surrounding TO phase represents a reservoir of surfactants. We were able to show that the
encapsulated COPI machinery uses this surfactant monolayer as a substrate to generate the 60
nm-COPI-coated TO particles (Fig 1D and S1 Video) which were confirmed by electron
microscopy, fluorescence imaging, and fluorescence correlation spectroscopy [5].
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To initiate the action of COPI machinery on a bilayer membrane, a small GTPase, ADP-
ribosylation factor 1, Arfl, first strongly binds to the membrane, in presence of GTP and an
exchange factor, e.g. Arno. For comparison, we observed that Arfl also binds the buffer/TO
monolayer interface in a GTP-specific manner (Fig 1B). The binding of the protein was more-
over independent of the membrane composition (Fig 1C), as we varied over a wide range the
surfactant concentration in the oil and observed no significant change in the amount of
recruited protein. Based on this result, we considered that the contribution of Arfl into the
budding process was independent of membrane composition. Bound-Arfl1 recruits coatomers
that polymerize into a 60 nm-spherical cap enclosing TO particles ([5] and S1 Video). Since
Arfl recruitment did not depend on membrane composition, variation of the number of bud-
ded nanodroplets was exclusively assigned to the ability for COPI coatomers to fully polymer-
ize in a spherical cap. Release of the budded particles in the microreactors requires the fission
of the buds from the interface. Our study provides readout for both budding and fission
together but can not discriminate between them. In the following, we will simply refer to nano-
droplets formation, i.e. budding and fission, by budding.

The number of budded particles increases and saturates over time

We worked at 7 nM coatomer-Alexa647 and 100 nM Arfl in the buffer microreactors, to make
sure that, for each probed membrane condition, the kinetics of the proteins recruitment was
not limiting, and that many nanodroplets will be formed under budding conditions. We gener-
ated buffer microreactors that were incubated for different times in the TO phase before col-
lecting them. To achieve this, flow rates were kept constant (respectively at 1200 and 100 pl/h)
and the length L of the reaction tube was varied (Fig 1A). In the TO oil phase, we varied the
composition of the monolayer; it contained different concentrations of oleic acid (OA), dio-
leoylglycerol (DOG), phospholipids (PLs), or their combination. We did not see differences
between OA and DOG in our experiments; when referring to both of them in the text we will
use the annotation COs.

For each monolayer composition leading to budding, e.g. 1% PL (Fig 2B), the number of
budded nanodroplets per area over time n(COs,PL,t) (see Materials and Methods and [5]) dis-
played a monotonic increase before reaching a plateau after 6 mins. The plateau or saturation
of n(COs,PL,t) was expected because the concentration of free coatomers, which were con-
sumed during budding, gradually decreased over time. For non-budding compositions, #(COs,
PL,t) was zero even after 14 min reaction time, e.g. for 2% DOG or 0.1% PLs. We probed
whether under these conditions budding could occur at longer time points. After 1h, having
for example 1%, 2%, or 10% of COs in TO and/or less than 0.1% PLs, did not allow budding
(Fig 2C); increasing the protein concentration by ten folds did not promote budding either
after one hour. These results suggest that certain monolayer compositions were not favorable
for budding, regardless of COPI concentration or how long the proteins were in contact with
the monolayer. Conversely, budding was always observed in the presence of PLs at concentra-
tions over 0.3% (Fig 2C).

Under budding conditions, we also observed different saturation levels of #(COs,PL,t),
which were higher in the presence of 2% of COs for example (Fig 2A and 2B). In reality, COPI
coatomers get inactivated after several minutes in solution, as they are formed by seven com-
plexes that disassemble over time. This is the reason why we sought to work at high protein
concentration to allow visualization of budding events despite disassembly and coatomer inac-
tivation. The inactivation of the protein contributed of course to the saturation of budding but
was essentially the reason for the difference observed between the saturation levels observed in
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Fig 2. (a) Visualization of budded nanodroplets collected from microreactors after 10 min of reaction time. Coatomer and oil signals were
recorded. Two cases of low and high COPI budding efficiency respectively due to the presence of low and high PL content with DOG (2%, w/w to
TO) in TO. Scale bar is 10um. (b) Evolution of the number of budded nanodroplets over time. Microreactors were collected at different time points
and the number of budded nanodroplets per area n(COs,PL,t) was determined for various membrane conditions (e.g. 1% PLs or 2% DOG).
Different plateaus were obtained for the two budding cases. (¢) Occurrence of budding after one hour to visualize the non-budding/budding
transition. When no budding was observed, the bar was set at zero; when n(COs,PL,1h) > 1 the bar was set at 1, independently of the value of n
(COs,PL,1h). PL alone is represented in white bars. At 0.2% PLs and below, no budding occurred; at 0.5% PL and above budding occurred. Black
bars correspond to the presence of COs in TO. Budding occurred only above 0.2%PL with 2% COs. The sole presence of 0, 1, 2, 10% of COs did
not mediate budding at all after one hour reaction time. (d) Budding quantification after 10 min reaction time, n,,(COs,PL), for different
formulations. The conditions are TO + 0 or 2% COs with various amounts of PLs, or TO in which the concentration COs was varied; the term surfactant
refers to either PL or COs variation. COs alone did not allow budding. However, 2% COs increased the number of budded nanodroplets in presence of PLs.

doi:10.1371/journal.pone.0133757.9002

Fig 2B and visible in Fig 2D. Without the inactivation, we would expect both cases to reach the
same plateau but at different time points.

In short, different parameters such as membrane composition for budding conditions and
coatomer polymerization or disassembly affected the number of budded nanodroplets (Fig 2A
and 2B). However, only membrane composition was responsible for the non-occurrence of
budding, as increasing the concentration of proteins or reaction time did not promote budding
(Fig 2C). Our results thus strongly suggest that regardless of time membrane composition was
the key parameter determining budding occurrence, even though the number of formed nano-
droplets may vary. This conclusion is valid as long as the reaction time is larger than the time
scale of the full assembly of coatomers, which was of the order of a 1 minute as inferred from
Fig 2B.

We conclude the existence of a budding transition dependent on membrane physical
parameters. To investigate this transition, we varied the surfactant composition and concentra-
tion and determined 7;¢(COs,PL), the number of formed nanodroplets per area after 10 min of
reaction time, as there were more particles to count. We determined #,,(COs,0%), 1;0(0%,PL),
1;0(2%,PL) and observed that having exclusively COs did not lead to particle formation by
COPI (Fig 2D), regardless of their concentration, varied up to 10%, i.e. n;o(COs,0%) ~ 0. As
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already shown [5], 11;9(0%,PL) increased continuously up to 1% PL where it reached a maxi-
mum. Having additional 2% of OA or DOG as cosurfactants in TO increased 7;¢(2%,PL) com-
pared to 1;9(0%,PL). For example, by keeping the total surfactant amount at 4% in TO
130(2%,2%) was five-fold larger than n,4(0%,4%) (Fig 2D). To understand these differences,
mainly the effect of COs, we focused on COs = 0% and COs = 2% and used the normalized
number of nanodroplets as By(PL) = 1,¢(0%,PL)/max(1,9(0%,PL)) and Bx(PL) = 1n;9(2%,PL)/
max(#;9(2%,PL)). Bco, is defined as the budding efficiency for each COs concentration.

COPI budding efficiency is controlled by surface tension

We represented B, and B, (Fig 3A) against the PL concentration. We observed a shift of the
budding efficiency profile of Bo(PL) towards higher phospholipid concentrations to obtain
B,(PL).

For the monolayer membrane of emulsion droplets, the surface tension vy is the relevant
energy parameter of the membrane that may oppose the budding of nanodroplets. We mea-
sured Ycos(PL) (Fig 3B) and observed that it evolved conversely to Bogs, and the shift observed
in the presence COs was conserved (compare the position of circles and squares in Fig 3A and
3B). The surface tension increase of the PL monolayer owing to the presence of OA and DOG
can be unexpected. In fact, OA and DOG are highly soluble in the TO oil phase, much more
than PLs. Although they act as surfactants, they solubilize part of the PLs from the buffer/TO
interface back into the oil, e.g. into micelles, thereby increasing surface tension, and vice versa.
This probably explains the higher number of #,4(2%,2%) in Fig 2D compared to 1;¢(0%,4%).

PLOS ONE | DOI:10.1371/journal.pone.0133757 July 28,2015
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Indeed, during budding, the PL monolayer of the microreactors is consumed by nanodroplets;
for budding to continue, PLs in the TO have to quickly replenish the microreactors monolayer,
which could have been facilitated by OA and DOG.

We represented Bco, against Yo, and observed that all experimental data points follow a
Heaviside-like master curve (Fig 3C) regardless of membrane composition. This supports our
results (Fig 2B and 2C) that budding is either complete or never occurs for a given membrane
composition in a time scale less than one hour. The budding efficiency consequently depended
on the sole surface tension. Consistent with this finding, the exclusive modulation of vesicle
budding by y from giant unilamellar vesicles was shown [17].

The energy of COPI polymerization is ~1500-2000 kgT

The required energy for nanodroplet formation can be written as the sum of bending and
stretching energies, E = 8mc+4myr’. For emulsion droplets with fluid monolayer membranes,
e.g. at the buffer/TO interface, the value of « is generally beneath 10 kgT [15, 24, 25]. In our
experimental system, the contribution of 87k to the deformation energy would be thus con-
stant and low, beneath 250 kT, while the contribution of the y term was at least 1000 kT. The
predominance of the stretching energy in our system explains the Heaviside-like dependence
of budding with y (Fig 3C) and offers a unique and simple way to assess E*“°*'. Continuously
varying y, by almost a hundred fold (Fig 3B and 3C), was de facto tuning the resistance of the
membrane to deformation. Because budding occurred predominantly below 1 mN/m and was
inexistent above 2 mN/m, with a sharp transition in between, we inferred the critical surface
tension value, y*, beneath which COPI can form nanodroplets. The value of y* corresponds to
the mid-point of the transition indicated in Fig 3C, corresponding to y* = 1.3£0.2 mN/m.

At the value of v*, E“““*' and the nanodroplet formation energy, 4my*r*+8mk are exactly
balanced. The 60 nm-size budded nanodroplets have a 10 nm-thick coat [5, 18] and conse-
quently an actual diameter of 2r = 40 nm. The stretching energy (41y*r?) was therefore ~1500
kgT. By taking into account the bending energy (8mk) which was a priori constant and lower
than 250 kT, we found E*“°"" ~1500-2000 kT, in good agreement with previous theoretical
predictions of less than 2000 kgT [7, 8]. This value also suggests that in cells the largest bending
modulus of a membrane which COPI can fully bud is x* = E*“°*"/8m ~ 60 kgT.

Potential mechanical and biochemical regulations of budding in cells

In a cellular context, the contributions of x and y evolve complexly due to frequent membrane
remodeling. Mechanical regulation of budding by coat proteins means that membrane proper-
ties are dynamically adapted by cell activity between budding and non-budding physical states,
based on E*“OF",

For a monolayer membrane such as of lipid droplets, y will essentially regulate the ability of
COPI to perform budding, as a substantial increase of «k is unlikely [25]. The budding of COPI
particles will for example quickly increase the surface tension of the monolayer, which will in
return decrease and arrest the process when its value will be beyond y*. For the Golgi bilayer
membrane, COPI mechanical regulation is more complex, as both contributions of x and y can
be of similar importance. However, regulation by y can be inferred from the occurrence of bud-
ding or fusion events of vesicles from/to a bilayer [14, 17], respectively inducing an increase or
a decrease of the bilayer tension. This was well illustrated by the reconstitution of COPI vesicle
budding from an initially deflated giant unilamellar vesicle (GUV) [17]. The budding of many
vesicles resulted to an increase of the GUV surface tension, which arrested the process [17].
This control of budding by surface tension was well illustrated in cells by the gradual inhibition
of COPI vesicle formation from swelling Golgi [26].
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The value of E*“°"' also gives insights on the molecular dynamics of the coat proteins and
their biochemical regulation. Forming a 60 nm-COPI coated particle involves n = 50 to 70
coatomers [27]. Each coatomer binds to 1 to 4 Arfl proteins [4] and to 3 other coatomers [27].
The energy per bound-coatomer arising from the binding to Arfl and to neighboring coato-
mers is E“““"'/n ~ 20-30 kgT. This value is in good agreement with the prediction that vesicle
budding should occur only if coatomers interaction overcomes k~20 kgT [7, 8], the bilayer
bending modulus. Assuming the binding to Arfl do not have substantial contributions to bud-
ding, coatomer dimerization supplies an energy e4~10 kT corresponding to a lifetime 1 =
Toexp (eq/kgT) (with 1,<107®s [28]) shorter than ~1 ms. With respect to organelles, this result
shows that a COPI coat network will nucleate and grow only if several cascade of coatomer
bonds are formed in less than 1 ms. The bond between two coatomers must be rapidly stabi-
lized to prevent their disassembly. Stabilization of the forming spherical cap can be achieved by
the rapid binding to other coatomers which is favored by increasing the coatomer concentra-
tion. In contrast, lowering the local COPI concentration, below a threshold at which the rate of
coat bonds formation is slower than a few bonds per ms, will substantially prevent the coat
growth [29]. Interaction of Arfl/coatomers with cargo receptors can also contribute to stabilize
the emerging coat [4].

Conclusion

The emulsion-based approach presented here allowed us determining the COPI energy for
budding membranes. Knowing this energy, which is ~1500-2000 kgT, offers good projections
on the mechanical and biochemical features of COPI coat assembly. Establishing the energies
for other coat proteins would be of great interest to understand the difference and relevance
between the molecular topologies of the proteins. These comparisons can be generalized to
other proteins inducing membrane deformation such as Caveolins or BAR proteins. Knowing
their energy value will bring considerable knowledge on the biological importance of mem-
brane remodeling during cellular trafficking.

Supporting Information

S1 Video. Movie of the recovered budded oil nanodroplets. The product of the microreactors
were recovered and placed between two cover slips. The oil signal is only shown. The nanodro-
plets are homogeneous. The number of nanodroplets decreased over time due to bleaching.
The size of the field is 60 pum.

(AVI)

Acknowledgments

This work was supported by the Marie Curie “Budding and Fusion of Lipid Droplets” Interna-
tional Outgoing Fellowship within the 7th European Community Framework Program grant
to A.R.T., a Partner University Funds exchange grant between the Yale and Ecole Normale
Supérieure, and the ATIP-Avenir program grant to A.R.T. Authors greatly thank Dr. R. Beck
for supplying proteins.

Author Contributions

Conceived and designed the experiments: ART FP. Performed the experiments: ART. Analyzed
the data: ART FP. Contributed reagents/materials/analysis tools: ART FP. Wrote the paper:
ART FP.

PLOS ONE | DOI:10.1371/journal.pone.0133757 July 28,2015 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133757.s001

@’PLOS ‘ ONE

The Energy of COPI for Budding Membranes

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

McMahon HT, Gallop JL. Membrane curvature and mechanisms of dynamic cell membrane remodel-
ling. Nature. 2005; 438(7068):590—6. doi: 10.1038/nature04396 PMID: 16319878.

McMahon HT, Mills IG. COP and clathrin-coated vesicle budding: different pathways, common
approaches. Curr Opin Cell Biol. 2004; 16(4):379-91. doi: 10.1016/j.ceb.2004.06.009 PMID:
15261670.

Sens P, Turner MS. Microphase separation in nonequilibrium biomembranes. Phys Rev Lett. 2011;
106(23):238101. PMID: 21770544.

Beck R, Rawet M, Wieland FT, Cassel D. The COPI system: molecular mechanisms and function.
FEBS Lett. 2009; 583(17):2701-9. doi: 10.1016/j.febslet.2009.07.032 PMID: 19631211.

Thiam AR, Antonny B, Wang J, Delacotte J, Wilfling F, Walther TC, et al. COPI buds 60-nm lipid drop-
lets from reconstituted water-phospholipid-triacylglyceride interfaces, suggesting a tension clamp func-
tion. Proc Natl Acad Sci U S A. 2013; 110(33):13244-9. doi: 10.1073/pnas.1307685110 PMID:
23901109; PubMed Central PMCID: PMC3746913.

Zimmerberg J, Kozlov MM. How proteins produce cellular membrane curvature. Nat Rev Mol Cell Biol.
2006; 7(1):9-19. doi: 10.1038/nrm1784 PMID: 16365634.

Chernomordik LV, Kozlov MM. Protein-lipid interplay in fusion and fission of biological membranes.
Annu Rev Biochem. 2003; 72:175-207. doi: 10.1146/annurev.biochem.72.121801.161504 PMID:
14527322.

Kozlov MM, Chernomordik LV. The protein coat in membrane fusion: Lessons from fission. Traffic.
2002; 3(4):256—67. doi: 10.1034/J.1600-0854.2002.030403.X PMID: WOS:000174934100003.

Wilfling F, Thiam AR, Olarte M-J, Wang J, Beck R, Gould TJ, et al. Arf1/COPI machinery acts directly
on lipid droplets and enables their connection to the ER for protein targeting. eLife. 2014; 3.

Guo Y, Walther TC, Rao M, Stuurman N, Goshima G, Terayama K, et al. Functional genomic screen
reveals genes involved in lipid-droplet formation and utilization. Nature. 2008; 453(7195):657—61. Epub
2008/04/15. doi: 10.1038/nature06928 PMID: 18408709.

Beller M, Sztalryd C, Southall N, Bell M, Jackle H, Auld DS, et al. COPI complex is a regulator of lipid
homeostasis. PLoS Biol. 2008; 6(11):e292. Epub 2008/12/11. doi: 10.1371/journal.pbio.0060292
PMID: 19067489.

Upadhyaya A, Sheetz MP. Tension in tubulovesicular networks of Golgi and endoplasmic reticulum
membranes. Biophys J. 2004; 86(5):2923-8. doi: 10.1016/S0006-3495(04)74343-X PMID: 15111408;
PubMed Central PMCID: PMC1304160.

Sens P, Johannes L, Bassereau P. Biophysical approaches to protein-induced membrane deforma-
tions in trafficking. Curr Opin Cell Biol. 2008; 20(4):476—82. doi: 10.1016/j.ceb.2008.04.004 PMID:
18539448.

Pinot M, Goud B, Manneville JB. Physical aspects of COPI vesicle formation. Molecular membrane
biology. 2010; 27(8):428—-42. doi: 10.3109/09687688.2010.510485 PMID: 21067455.

Kabalnov A, Tarara T, Arlauskas R, Weers J. Phospholipids as Emulsion Stabilizers: 2. Phase Behav-
ior versus Emulsion Stability. Journal of colloid and interface science. 1996; 184(1):227-35. PMID:
8954658

Thiam AR, Farese RV Jr., Walther TC. The biophysics and cell biology of lipid droplets. Nat Rev Mol
Cell Biol. 2013; 14(12):775-86. doi: 10.1038/nrm3699 PMID: 24220094.

Manneville JB, Casella JF, Ambroggio E, Gounon P, Bertherat J, Bassereau P, et al. COPI coat assem-
bly occurs on liquid-disordered domains and the associated membrane deformations are limited by
membrane tension. Proc Natl Acad Sci U S A. 2008; 105(44):16946—51. doi: 10.1073/pnas.
0807102105 PMID: 18974217; PubMed Central PMCID: PMC2579358.

Faini M, Prinz S, Beck R, Schorb M, Riches JD, Bacia K, et al. The structures of COPI-coated vesicles
reveal alternate coatomer conformations and interactions. Science (New York, NY. 2012; 336
(6087):1451—4. doi: 10.1126/science.1221443 PMID: 22628556.

Saleem M, Morlot S, Hohendahl A, Manzi J, Lenz M, Roux A. A balance between membrane elasticity
and polymerization energy sets the shape of spherical clathrin coats. Nat Commun. 2015; 6:6249. doi:
10.1038/ncomms7249 PMID: 25695735; PubMed Central PMCID: PMC4346611.

Ostermann J, Orci L, Tani K, Amherdt M, Ravazzola M, Elazar Z, et al. Stepwise assembly of function-
ally active transport vesicles. Cell. 1993; 75(5):1015-25. PMID: 8252615.

Wu M, Huang B, Graham M, Raimondi A, Heuser JE, Zhuang X, et al. Coupling between clathrin-
dependent endocytic budding and F-BAR-dependent tubulation in a cell-free system. Nat Cell Biol.
2010; 12(9):902-8. doi: 10.1038/ncb2094 PMID: 20729836; PubMed Central PMCID: PMC3338250.

PLOS ONE | DOI:10.1371/journal.pone.0133757 July 28,2015 10/11


http://dx.doi.org/10.1038/nature04396
http://www.ncbi.nlm.nih.gov/pubmed/16319878
http://dx.doi.org/10.1016/j.ceb.2004.06.009
http://www.ncbi.nlm.nih.gov/pubmed/15261670
http://www.ncbi.nlm.nih.gov/pubmed/21770544
http://dx.doi.org/10.1016/j.febslet.2009.07.032
http://www.ncbi.nlm.nih.gov/pubmed/19631211
http://dx.doi.org/10.1073/pnas.1307685110
http://www.ncbi.nlm.nih.gov/pubmed/23901109
http://dx.doi.org/10.1038/nrm1784
http://www.ncbi.nlm.nih.gov/pubmed/16365634
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161504
http://www.ncbi.nlm.nih.gov/pubmed/14527322
http://dx.doi.org/10.1034/J.1600-0854.2002.030403.X
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000174934100003
http://dx.doi.org/10.1038/nature06928
http://www.ncbi.nlm.nih.gov/pubmed/18408709
http://dx.doi.org/10.1371/journal.pbio.0060292
http://www.ncbi.nlm.nih.gov/pubmed/19067489
http://dx.doi.org/10.1016/S0006-3495(04)74343-X
http://www.ncbi.nlm.nih.gov/pubmed/15111408
http://dx.doi.org/10.1016/j.ceb.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18539448
http://dx.doi.org/10.3109/09687688.2010.510485
http://www.ncbi.nlm.nih.gov/pubmed/21067455
http://www.ncbi.nlm.nih.gov/pubmed/8954658
http://dx.doi.org/10.1038/nrm3699
http://www.ncbi.nlm.nih.gov/pubmed/24220094
http://dx.doi.org/10.1073/pnas.0807102105
http://dx.doi.org/10.1073/pnas.0807102105
http://www.ncbi.nlm.nih.gov/pubmed/18974217
http://dx.doi.org/10.1126/science.1221443
http://www.ncbi.nlm.nih.gov/pubmed/22628556
http://dx.doi.org/10.1038/ncomms7249
http://www.ncbi.nlm.nih.gov/pubmed/25695735
http://www.ncbi.nlm.nih.gov/pubmed/8252615
http://dx.doi.org/10.1038/ncb2094
http://www.ncbi.nlm.nih.gov/pubmed/20729836

@’PLOS ‘ ONE

The Energy of COPI for Budding Membranes

22,

23.

24.

25.

26.

27.

28.

29.

Yildirim OE, Xu Q, Basaran OA. Analysis of the drop weight method. Phys Fluids. 2005; 17(6). doi: 10.
1063/1.1938227 PMID: WOS:000229749500009.

Yeung A, Dabros T, Masliyah J, Czarnecki J. Micropipette: a new technique in emulsion research. Col-
loids and Surfaces a-Physicochemical and Engineering Aspects. 2000; 174(1-2):169-81. doi: 10.
1016/S0927-7757(00)00509-4 PMID: 1S1:000089440200013.

Marsh D. Elastic curvature constants of lipid monolayers and bilayers. Chem Phys Lipids. 2006; 144
(2):146-59. doi: 10.1016/j.chemphyslip.2006.08.004 PMID: 17045578.

Kabalnov A, Wennerstrom H. Macroemulsion stability: The oriented wedge theory revisited. Langmuir.
1996; 12(2):276-92. doi: 10.1021/La950359e PMID: WOS:A1996TT76300009.

Takizawa PA, Yucel JK, Veit B, Faulkner DJ, Deerinck T, Soto G, et al. Complete vesiculation of Golgi
membranes and inhibition of protein transport by a novel sea sponge metabolite, ilimaquinone. Cell.
1993; 73(6):1079-90. PMID: 8513494,

Lee C, Goldberg J. Structure of coatomer cage proteins and the relationship among COPI, COPII, and
clathrin vesicle coats. Cell. 2010; 142(1):123-32. doi: 10.1016/j.cell.2010.05.030 PMID: 20579721;
PubMed Central PMCID: PMC2943847.

Evans E. Probing the relation between force—lifetime—and chemistry in single molecular bonds. Annu
Rev Biophys Biomol Struct. 2001; 30:105-28. doi: 10.1146/annurev.biophys.30.1.105 PMID:
11340054.

Foret L, Sens P. Kinetic regulation of coated vesicle secretion. Proc Natl Acad Sci U S A. 2008; 105
(39):14763-8. Epub 2008/10/01. doi: 10.1073/pnas.0801173105 PMID: 18824695.

PLOS ONE | DOI:10.1371/journal.pone.0133757 July 28,2015 11/11


http://dx.doi.org/10.1063/1.1938227
http://dx.doi.org/10.1063/1.1938227
http://www.ncbi.nlm.nih.gov/pubmed/WOS:000229749500009
http://dx.doi.org/10.1016/S0927-7757(00)00509-4
http://dx.doi.org/10.1016/S0927-7757(00)00509-4
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000089440200013
http://dx.doi.org/10.1016/j.chemphyslip.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17045578
http://dx.doi.org/10.1021/La950359e
http://www.ncbi.nlm.nih.gov/pubmed/WOS:A1996TT76300009
http://www.ncbi.nlm.nih.gov/pubmed/8513494
http://dx.doi.org/10.1016/j.cell.2010.05.030
http://www.ncbi.nlm.nih.gov/pubmed/20579721
http://dx.doi.org/10.1146/annurev.biophys.30.1.105
http://www.ncbi.nlm.nih.gov/pubmed/11340054
http://dx.doi.org/10.1073/pnas.0801173105
http://www.ncbi.nlm.nih.gov/pubmed/18824695

