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Estudis Avançats (ICREA), Barcelona, Spain

Abstract The flat Golgi cisterna is a highly conserved feature of eukaryotic cells, but how is this

morphology achieved and is it related to its function in cargo sorting and export? A physical model

of cisterna morphology led us to propose that sphingomyelin (SM) metabolism at the trans-Golgi

membranes in mammalian cells essentially controls the structural features of a Golgi cisterna by

regulating its association to curvature-generating proteins. An experimental test of this hypothesis

revealed that affecting SM homeostasis converted flat cisternae into highly curled membranes with

a concomitant dissociation of membrane curvature-generating proteins. These data lend support to

our hypothesis that SM metabolism controls the structural organization of a Golgi cisterna.

Together with our previously presented role of SM in controlling the location of proteins involved

in glycosylation and vesicle formation, our data reveal the significance of SM metabolism in the

structural organization and function of Golgi cisternae.

DOI: 10.7554/eLife.24603.001

Introduction
The Golgi complex plays a central role in protein processing, sorting and transport (Emr et al.,

2009). In higher eukaryotes the Golgi complex consists of multiple stacks of polarized flattened cis-

ternae (Klumperman, 2011). Cisternae polarization allows for the directional transport and sequen-

tial processing of newly synthesized proteins arriving at the cis-face of the Golgi complex from the

endoplasmic reticulum (Glick and Luini, 2011; Stanley, 2011). At the trans-Golgi network (TGN),

fully processed proteins are sorted and exported to other compartments of the secretory pathway

or for secretion (Guo et al., 2014). Remarkably, despite the large influx and efflux of membrane-

bound transport carriers, the overall morphology of the Golgi complex remains essentially unaltered.

How is the shape of the Golgi cisternae maintained and how does it relate to the function of this

organelle? Golgi cisternae are characterized by having a relatively large area-to-volume ratio to

accommodate the large numbers of incoming and outgoing transport carriers and also to efficiently

regulate the enzymatic reactions occurring at the Golgi membranes (Klumperman, 2011). More-

over, a Golgi cisterna consists of two geometrically distinct regions with very different membrane

curvatures: the central cisterna part, which is almost flat with the seldom presence of fenestrations

or pores; and the highly bent rim of the cisterna. How the different functions of the Golgi mem-

branes (namely, protein processing and transport) are organized between these two regions is not

yet fully understood.

Campelo et al. eLife 2017;6:e24603. DOI: 10.7554/eLife.24603 1 of 40

RESEARCH ARTICLE

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.7554/eLife.24603.001
http://dx.doi.org/10.7554/eLife.24603
https://creativecommons.org/
https://creativecommons.org/
http://elife.elifesciences.org/
http://elife.elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access


We previously reported that disruption of sphingomyelin (SM) organization specifically at the

Golgi membranes –by SM synthase-mediated formation of short-chain SM at the trans-Golgi mem-

branes– leads to inhibition of transport carrier formation (Duran et al., 2012) and also to defects in

transmembrane protein glycosylation and localization (van Galen et al., 2014). Interestingly, we

showed that these effects occur concomitantly with an overall reduction in the lateral lipid order of

the Golgi membranes (Duran et al., 2012) as well as with striking alterations in the morphology of

Golgi cisternae, which abandon their typical flat morphology and become highly curled (van Galen

et al., 2014). Based on our findings, we suggested that short-chain SM might not be able to gener-

ate liquid-ordered nanodomains at the Golgi membranes (Duran et al., 2012). However, it is still

unclear whether there is any causal relation between the ability of SM to control lateral Golgi mem-

brane organization and the observed changes in the morphology of the Golgi cisternae.

Motivated by these experimental observations, we decided to investigate the physical mecha-

nisms by which SM metabolism controls Golgi cisternae morphology, with a general aim at under-

standing whether the shape and the function of the Golgi complex are two sides of the same coin

and how they relate to each other. Curling of a flat Golgi cisterna has, from a physical point of view,

severe consequences. A flat cisterna has a large surface area at its rim with a very high membrane

curvature thereby bearing large elastic stresses (Shibata et al., 2009). Hence, cisterna curling is

accompanied by a change in the distribution of the membrane elastic stresses. The quantitative anal-

ysis of the extent of these stresses and how they can be sustained within the overall cisterna mor-

phology requires a physical description of the Golgi cisterna free energy. Here we present a

biophysical model that describes the free energy of a Golgi cisterna to elucidate the mechanisms by

which SM homeostasis mechanically regulates the shape of the Golgi complex and therefore its func-

tion. In the following, we describe the model, the results derived from it and the experimental vali-

dation of the model’s predictions.

eLife digest The Golgi complex is a hub inside cells that transports many proteins to various

parts of the cell. It also receives freshly made proteins and modifies them to help them mature into

their final active forms. The complex is made up of a stack of disc-like membrane structures called

cisternae.

Are the shapes of the cisternae important for the Golgi complex to work properly? Membranes

are made of mixtures of molecules known as lipids and proteins. Previous experiments show that

when the mixture of lipids in the Golgi membranes changes in a specific manner, the cisternae curl

into an onion-like shape and the Golgi cannot process or send out proteins anymore.

Campelo et al. used mathematics and experimental approaches to investigate what causes the

Golgi to change shape when the lipid mixture of the cisternae changes. A mathematical description

of the shape of the Golgi predicted that some proteins keep the cisternae flat by holding the

membrane rim that connects the two faces of a cisterna. To test this prediction, Campelo et al.

performed experiments in human cells, which showed that when the mixture of lipids in the Golgi

membranes changes, certain proteins jump from the rim, causing the cisternae to curl. These same

proteins are also needed to transport cargo proteins out of the Golgi, meaning that there is a

connection between the shape of the Golgi and the tasks it carries out.

The shape of the Golgi complex is altered in Alzheimer’s disease and many other

neurodegenerative diseases. The next challenges are to understand how these shape changes

happen, how this affects cells, and if it could be possible to develop drugs that prevent these

changes from occurring in patients.

DOI: 10.7554/eLife.24603.002
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Results

Theoretical results
Qualitative description of the proposed mechanisms of SM-regulated Golgi
morphology
The shape of cellular organelles, such as the Golgi complex, results from the generation and stabili-

zation of the curvature of their membranes (Shibata et al., 2009). According to the elastic model of

membrane bending (Helfrich, 1973; Campelo et al., 2014), energy is required to induce local

changes of the membrane curvature from its preferred or spontaneous curvature. This energy is gen-

erally supplied by specialized lipids and/or membrane proteins, usually referred to as membrane cur-

vature generators (Zimmerberg and Kozlov, 2006; McMahon and Gallop, 2005; Kozlov et al.,

2014). Moreover, the amount of bending energy associated with local curvature deviations is pro-

portional to the local bending rigidity of the membrane (Helfrich, 1973). As a consequence, both

local variations in the amounts of curvature generators present on the membrane and in the bending

rigidity of the membrane can influence the morphology of Golgi cisternae. Taking into account these

considerations, our aim here is to establish a physical model for the Golgi membrane morphology,

with a special focus on understanding the mechanisms by which SM metabolism controls the overall

shape of the Golgi cisternae. Similar models based on the Helfrich bending energy have been widely

used in the past to describe the shapes of lipid vesicles (Seifert, 1997). In such models, transitions

from flat cisterna-like vesicles to curled vesicles, named stomatocytes, were promoted upon a reduc-

tion in the volume-to-area ratio. We previously proposed that reduction in the volume-to-area ratio

of the Golgi cisternae could in fact be responsible for the observed flat-to-curled cisternae transition

upon short-chain ceramide treatment (Duran et al., 2012). However, in our subsequent studies, we

observed no obvious increase in the overall volume-to-area ratio of the Golgi cisternae during such a

morphological transition (van Galen et al., 2014). Moreover, Golgi cisternae have an extremely low

volume-to-surface ratio, which does not account for the reported flat configurations according to

the aforementioned models (Seifert et al., 1991; Miao et al., 1991; Seifert, 1997). Altogether, this

prompted us to propose an alternative model that takes into account two contributions that could

potentially influence a role in SM-regulated shaping of the Golgi cisternae: (i) the presence of small,

rigid, and highly dynamic membrane nanodomains enriched in sphingolipids and cholesterol; and (ii)

the SM-dependent recruitment to or release from the Golgi membranes of budding factors and

other membrane curvature generators essential for the formation of transport carriers. We first quali-

tatively describe how each of these two contributions can influence the shape of a Golgi cisterna.

Nanodomain partitioning-mediated mechanism
Experimental evidence has suggested the existence of nanoscopic SM-enriched liquid-ordered

domains at the Golgi membranes, although direct visualization has remained challenging

(Gkantiragas et al., 2001; Klemm et al., 2009; Duran et al., 2012; Bankaitis et al., 2012;

Deng et al., 2016). Based on in vitro data, such liquid-ordered membrane domains are expected to

have a higher bending rigidity than the surrounding liquid-disordered membrane and are therefore

less prone to accommodate membrane curvature (Roux et al., 2005; Heinrich et al., 2010;

Dimova, 2014). In essence, the presence of large amounts of such rigid nanodomains at the highly

curved rim of a flat Golgi cisterna is associated with a large bending energy penalty. There are two

ways to reduce this bending energy. The first one is by partitioning these rigid nanodomains away

from the rim to the flatter regions of the Golgi cisterna (Figure 1A). However, such inhomogeneous

curvature-driven nanodomain redistribution is entropically unfavorable. Therefore the balance

between the bending energy and the entropic free energy dictates the optimal distribution of nano-

domains along the cisterna membrane (Figure 1A). The second possibility is to decrease the surface

area of the highly curved rim, hence reducing the overall bending stress of the rim, by globally

changing the shape of the Golgi cisterna from a flat to a curled configuration, while maintaining the

total surface area of the cisterna (Figure 1A). This morphological transition is associated with a

reduction of the bending energy of the rim, but also with an increase in the bending energy of the

central region of the cisternae (Knorr et al., 2012; Helfrich, 1974). Again, the balance between

these two opposite contributions to the overall bending energy determines the optimal cisternae

shape (Figure 1A). Obviously, these two means of decreasing the cisternae free energy are not
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Figure 1. Mechanisms of SM-regulated Golgi cisternae morphology. (A) Nanodomain partitioning-mediated mechanism. A schematic representation of

flat (left) and curled (right) Golgi cisternae is shown, where the highly bent cisternae rims and the flatter central regions are colored in orange and blue,

respectively, and rigid nanodomains in red. Non-homogeneous partitioning of rigid nanodomains from the rim to the central region of a flat cisterna

(left) reduces the overall bending stress but increases the entropic free energy penalty of partitioning. Flat-to-curled cisterna transition (left to right)

reduces the bending energy of the rim in expenses of an increase in the bending energy of the central region. (B) SM-dependent release of budding

effectors. Membrane curvature generating proteins, such as components of the budding machinery, present at the cisterna rims are shown in green.

Partial release of these proteins from the membranes can lead to destabilization of the flat cisterna rim, and a flat-to-curled cisterna transition can be

triggered depending on the balance between the bending energies of the rim and flat regions. (C) Cross section of the geometry of the flat (left) and

curled (right) cisterna configurations used in our model. The vertical axes are the axes of symmetry.

DOI: 10.7554/eLife.24603.003

The following figure supplement is available for figure 1:

Figure 1 continued on next page
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mutually exclusive. Instead, a combination of both lateral nanodomain partitioning and a change in

Golgi cisternal shape might possibly result from a decrease in the amounts of SM-enriched nanodo-

mains present at the Golgi membranes (Figure 1A).

SM-dependent release of budding effectors
The budding machinery, such as the COPI and clathrin coats, is responsible for generation of large

membrane curvatures that are required to form transport carriers at the Golgi membranes (Kirch-

hausen, 2000; Campelo and Malhotra, 2012). It is reported that budding events are more frequent

at the rims of the Golgi cisternae, where the membrane is already curved thus facilitating this pro-

cess (Rothman, 2010; Lavieu et al., 2013; Popoff et al., 2011; Engel et al., 2015). In addition to

their role in transport carrier formation, recruitment of components of the budding machinery to the

cisterna rims helps stabilizing these highly bent membranes (Figure 1B). Hence, a reduction in the

amounts of membrane curvature generators present at the cisterna rim leads to an increase of the

bending energy penalty of the rim, which could in turn be relaxed by a flat-to-curled shape transition

(Figure 1B).

Prediction of flat and curled cisterna configurations
In order to quantify the relative effect in Golgi shaping of the two mechanisms proposed above, we

developed a mathematical formulation of the free energy of a Golgi cisterna as a function of its

shape and nanodomain distribution on the membrane. The major assumption of our model is that

the time scale of mechanical equilibration of the cisterna shape is much smaller than that of the

changes in lipid and protein composition through membrane fluxes. Non-equilibrium shapes should

be considered only if the composition would change faster than the shape relaxed to the new equi-

librium state (Sens and Rao, 2013). We can estimate the mechanical relaxation time as a combina-

tion of the characteristic viscosity, bending rigidity and length scale of the cisterna,

tmech ¼ hR3=k ~ 1 ms (Allain et al., 2004). On the other hand, the rates of the composition changes

based on the fluxes through the Golgi cisternae have been theoretically inferred from experimental

data (Dmitrieff et al., 2013), resulting in a characteristic compositional relaxation time by means of

membrane fluxes, tflux ~ 100 s. Since tmech � tflux, the cisternae shape is assumed to be mechanically

equilibrated for every instant composition. Since the composition is in a steady state, the shape is in

mechanical equilibrium corresponding to this steady state composition. Hence, the equilibrium con-

figuration of a cisterna is assumed to correspond to a free energy minimum.

We consider the cisterna membrane to have a shape of a sheet bound by a rim (Figure 1C). The

sheet part is represented by two parallel membranes with inter-membrane distance, 2h, much

smaller than the sheet lateral dimension, rflat. The maintenance of the narrow luminal space of Golgi

cisternae can result from protein arrays bridging the two parallel membranes of a cisterna, which

have been visualized by cryo-electron tomography (Engel et al., 2015). Alternatively, membrane

adhesion between adjacent cisternae has been shown to be required to keep the narrow luminal

space in HeLa cells (Lee et al., 2014). The rim shape is modeled by an open toroid of a cross-sec-

tional radius, rrim, merging the sheet boundary (Figure 1C). The distance between the bridging and/

or stacking protein scaffolds forming the flat part of a cisterna and the cisterna edge sets the cross-

sectional radius of the cisterna rim. The sheet part of the cisterna can curve into spherical segments

of variable radii, R, which is accompanied by the corresponding changes of the rim perimeter,

L ¼ 2prgap, the latter measured as the length of the toroidal axis. We will use the shape parameter

rgap as a means to quantitate the degree of cisternal curling.

The free energy responsible for the cisterna shape includes the elastic bending energy of the

membrane sheet and rim and also the entropic cost of a non-homogeneous partitioning of rigid

nanodomains between the sheet and the rim. The bending energy is computed based on the Hel-

frich model (Helfrich, 1973), in which the membrane elastic properties are characterized by the

bending modulus, k, and the spontaneous curvature, Js, the latter describing the intrinsic tendency

Figure 1 continued

Figure supplement 1. Geometry of the cisterna rim.

DOI: 10.7554/eLife.24603.004
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of the membrane to curve (see the Materials and methods for a complete description of the model).

We assume that the membrane spontaneous curvature is generated by specific proteins or proteins

complexes (such as the components of the budding machinery) bound to or inserted in the outer

membrane monolayer. These proteins occupy a fraction fbudding of the outer monolayer area, and are

characterized by an effective individual spontaneous curvature, zbudding, which has typical values in

the range zbudding » 0:5� 0:75 nm�1 (Campelo et al., 2008). The membrane spontaneous curvature is

given by Js ¼ 1

2
fbuddingzbudding (the factor ½ accounting for the resistance of the internal monolayer to

curving of the external one) and can vary along the membrane in accord with variation of the area

fraction, fbudding. (Campelo et al., 2008).

The membrane nanodomains are considered to occupy a fraction F of the overall membrane

area. The nanodomains are assumed to have a vanishing spontaneous curvature and a bending rigid-

ity greatly exceeding that of the surrounding membrane (Roux et al., 2005; Heinrich et al., 2010).

The domains can freely partition between the rim and the sheet parts of the system. The detailed

presentation of the system free energy is given in the Materials and methods section. In essence, the

relative contribution between the free energy of the rim and that of the rest of the cisterna mainly

governs the transitions between flat and curled shapes, in analogy to other membrane systems (Hel-

frich, 1974; Lipowsky, 1992; Knorr et al., 2012).

We determined the equilibrium shape of a Golgi cisterna by minimizing the free energy for a

given set of geometric and elastic parameters (see Table 1) upon specific assumptions. First, we con-

sider the budding machinery to localize exclusively at the rims of the Golgi cisternae, so that the

membrane of the sheet part the cisterna has a vanishing spontaneous curvature Js;mid ¼ 0 while the

rim membrane is characterized by Js;rim ¼ Js (see Materials and methods). Second, we assumed that

the area fraction of the curvature generators in the rim, fbudding, ranges between 0% and 10%, so

that the variation range of the membrane spontaneous curvature in the rim is 0 � Js � 0:033 nm�1.

And third, the overall membrane area fraction covered by the nanodomains, F, varies over a wide

range of values, 0 � F � 0:4.

Our model predicts that, depending on the values of the two parameters, Js and F, the minimal

energy state of the system can correspond to a flat cisterna or a highly curled cisterna. In an alterna-

tive situation, referred below as the bistability state and considered in more detail in the next sec-

tion, both the flat and curled shapes correspond to local energy minima. The parameter ranges

corresponding to the three possible states of the system are summarized in a shape diagram

(Figure 2A). Qualitatively, the model predicts that increasing the spontaneous curvature of the rim

membrane by augmenting the amount of the curvature generators in the rim favors a shape transi-

tion from the curled to the flat cisterna configuration. In other words, large numbers of the budding

factors at a Golgi cisterna favor flat rather than curled cisternae (see Figure 1B). Moreover, accord-

ing to our computations, transitions between curled and flat cisternae are almost insensitive to varia-

tions of the nanodomain area fraction, F (Figure 2A). The reason being that the free energy

required to partition large amounts of rigid nanodomains away from the curved rim cannot be coun-

terbalanced by the relaxation of the bending energy (see Appendix).

Table 1. Model parameters.

Parameter Value(s)

rflat 500 nm; 1000 nm

rrim 30 nm

h 15 nm

Rd 5 nm; 2 nm; 20 nm

F 0–0.4

kld 20 kBT

klo 80 kBT

a�k �0.83

Js 0–0.033 nm�1

DOI: 10.7554/eLife.24603.005
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Additionally, we considered the situation where the budding machinery is homogeneously distrib-

uted along the whole Golgi cisterna, Js;rim ¼ Js;mid ¼ Js, and compared the model predictions with the

previous case of the curvature generators concentrated only at the rim (Figure 2A). Since the flat-to-

curled cisterna transition is associated with an increase in the surface area of the central part of the

cisterna, the presence of curvature generators therein leads to an increase in the total bending

energy of this area, thereby opposing cisterna curling. Indeed, our results show no overall qualitative

difference from the results in Figure 2A, but only a general shift of the shape transitions between

the flat and curled cisterna configurations towards the lower values of the membrane spontaneous

Figure 2. Shape diagram of a Golgi cisterna as a function of the area fraction of nanodomains and the membrane spontaneous curvature. (A) The

existence of locally stable flat and/or curled cisternae was quantitatively assessed using our model of cisterna morphology, and the results depicted in a

shape diagram for different values of the area fraction covered by nanodomains, F, and of the membrane spontaneous curvature, Js, (left panel). Four

regions can be distinguished: a region where curled cisternae are the only locally stable shapes (orange), a region with only flat cisternae (blue), and

two regions where curled and flat configurations are respectively stable and metastable (orange dashed) or metastable and stable (blue dashed). The

designated orange, black and blue lines indicate the boundaries between these regions. In the right subpanel, the energy barriers for the flat-to-curled

or curled-to-flat transitions within the bistability regions are shown and color-coded (only energy barriers smaller than 40 kBT are shown for clarity). (B)

The total free energy of a cisterna with respect to the flat configuration as a function of the degree of curling, rgap, for two different sets of parameters.

DOI: 10.7554/eLife.24603.006

The following figure supplements are available for figure 2:

Figure supplement 1. Effect of the distribution of budding effectors along the cisterna on the shape diagram.

DOI: 10.7554/eLife.24603.007

Figure supplement 2. Effect of the nanodomain area fraction on the shape transitions.

DOI: 10.7554/eLife.24603.008
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curvature, as well as a reduction of the parameter space occupied by the transition area (Figure 2—

figure supplement 1). In the Appendix, we present an analytical estimation of the extent of this

shape transition shift.

In summary, the model predicts that the presence of membrane curvature generators at the Golgi

cisterna is necessary to stabilize a flat morphology and a partial release of such curvature generators

destabilizes the flat shape in favor of a curled cisterna shape. In the next sections we expand,

describe and analyze these results in more detail.

State of the system bistability
The bistability region of the shape diagram (Figure 2A, left, shaded region) encompasses a set of

values of the spontaneous curvature of the cisterna rim, Js, and of the nanodomain area fraction, F,

for which the free energy has two local minima. Each of these two local minima corresponds to a

locally stable cisterna configuration. This is illustrated in Figure 2B, which represents the total free

energy of a Golgi cisterna as a function of the shape parameter, rgap, for two sets of the parameter

values within the bistability region (see Figure 2A). The two local minima of the energy correspond,

respectively, to a highly curled and a flat cisterna (Figure 2B, left panel). Moreover, an energy barrier

separates the two locally stable shapes. Hence, at any transition from a curled to a flat cisterna shape

the system needs to overcome an energy barrier DFcurl�flat ¼ Fmax � Fcurl; whereas transition from the

flat to the curled morphology requires crossing an energy barrier DFflat�curl ¼ Fmax � Fflat (see

Figure 2B). We computed the values of these energy barriers for both flat-to-curled and curled-to-

flat transitions, which are shown in Figure 2A (right panel). Our results predict a relatively broad

range of parameters within the bistability region of the shape diagram where the shape transition

can occur by crossing relatively low energy barriers, comparable to the typical few kBT energies of

thermal fluctuations (see the color-coded plot in Figure 2A, right panel).

Control of the flat-to-curled cisterna transition by the membrane curvature
generators
Our model predicts that the Golgi cisterna shape transition must be driven, most effectively, by var-

iations in the amount of curvature generators present on the membranes of the Golgi rims

(Figure 2A). To explore this mechanism in more depth, we considered a situation where the rim

spontaneous curvature, Js, is allowed to vary within a range, 0 � Js � 0:033 nm�1 , whereas the mem-

brane area fraction covered by nanodomains, F, is taken to be constant and equal to 0.2. Then, for

each value of Js, we compute (see Materials and methods) (i) which of the two possible cisterna

shapes corresponds to the free energy minimum, that is, the equilibrium state; (ii) the energy value

in the equilibrium state determined with respect to the flat cisterna configuration, and (iii) for the

bistability range, the energy barrier between the two minimal energy states. The results, shown in

Figure 3A, indicate that for large values of the spontaneous curvature, 0:024 nm�1 < Js � 0:033 nm�1,

the only possible stable cisterna configuration is the flat one (solid blue line, Figure 3A). An interme-

diate range of spontaneous curvatures, 0:016 nm�1 < Js<0:024 nm�1, corresponds to the bistability

state where both curled and flat Golgi cisternae (orange and blue lines, respectively, Figure 3A) are

locally stable shapes separated by a free energy barrier. Finally, for lower values of the spontaneous

curvatures, 0 � Js < 0:016 nm�1, the only stable shape is that of a curled Golgi cisterna (solid orange

line, Figure 3A).

Next we focused on the shape bistability region, 0:016 nm�1 < Js<0:024 nm�1, and computed the

energy at the peak of the energy barrier between the two shapes, Fmax (Figure 3A, black solid line).

This allowed us to compute the energy barrier required to be overcome for transition from a curled

to a flat cisterna, DFcurl�flat; and the energy barrier of the inverse transition from the flat to the curled,

DFflat�curl (Figure 3B). In addition, we computed the relative redistribution of nanodomains between

the rim to the sheet part of the cisterna for both flat and curled cisternae shapes. These results show

that there is a preferential partitioning of nanodomains from the highly curved rim region to the flat-

ter sheet region of the cisterna, and that this partitioning is enhanced upon a reduction in the spon-

taneous curvature of the Golgi cisterna (Figure 3C). Notably, these results further predict the non-

homogeneous distribution of nanodomains along the Golgi membranes to be more pronounced in

curled as compared to flat cisternae (Figure 3C).
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Hysteretic character of the cisterna shape transitions
A hallmark of bistable systems is exhibition of hysteresis in the transition between the two states

(Bhalla and Iyengar, 1999; Kholodenko, 2006; Katira et al., 2016). This means that the system

retains some kind of memory of its dynamic evolution. As a result, for the same parameter values

Figure 3. Control of the flat-to-curled cisterna transition by the membrane curvature generators. (A) The total free energy of a cisterna with respect to

the flat configuration as a function of the membrane spontaneous curvature, Js, for both curled (orange line) and flat (blue line) configurations. The

maximum free energy of the energy barrier between flat and curled configurations, Fmax, is shown as a solid black line. The different regions are color

coded as in Figure 2A. (B) The energy barrier between curled and flat (blue line) and between flat and curled (orange line) configurations is

represented in logarithmic scale as a function of the membrane spontaneous curvature, Js. A horizontal dash line corresponding to a limit of kinetically

feasible transitions is shown. (C) The relative enrichment in rigid nanodomains between the rim and central regions of the cisternae is represented as a

function of the membrane spontaneous curvature, Js, for both curled (orange line) and flat (blue line) configurations. (D) The degree of cisterna curling,

rgap, is represented as a function of the membrane spontaneous curvature, Js, for both curled (orange line) and flat (blue line) configurations. Dashed

lines represent metastable configurations whereas solid lines represent globally stable configurations. Different arrows representing flat-to-curled or

curled-to-flat transitions are detailed in the legend. See text for details on the meaning of circled numbers. (A–D) The area fraction covered by rigid

nanodomains has a fixed value of F ¼ 0:2.

DOI: 10.7554/eLife.24603.009
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two different outputs can be expected depending on how the system dynamically evolved to that

situation. In our case, for the same value of the membrane spontaneous curvature in the cisterna

rim, Js, two different cisterna configurations can form depending on how Js changed in time before

reaching the final value.

To demonstrate this behavior, we considered a reversible trajectory of the system in the parame-

ter space beginning from a situation where the flat cisterna morphology is the only stable shape

(point one in the hysteresis diagram shown in Figure 3D) to a situation where only curled cisternae

represent the locally stable shapes (point five in the hysteresis diagram shown in Figure 3D). For the

sake of simplicity, we considered a trajectory where the nanodomain area fraction is kept constant

and equal to F ¼ 0:2. Upon a gradual reduction of the value of Js, the flat morphology ceases to be

the global minimum of the free energy (point two in Figure 3D). However, a large energy barrier

kinetically traps the system in the flat configuration, preventing it from acquiring its preferred curled

morphology (Figure 3B). Further reduction of Js diminishes the energy barrier until the transition

from a flat to a curled cisterna starts to be kinetically feasible (point 3a in Figure 3D) and even fur-

ther to a point where the flat configuration does not correspond to a local energy minimum so that

the curled state is the only equilibrium state of the system (point 3b in Figure 3D). The transition of

the Golgi cisterna from the flat to the curled configuration is stochastically triggered at some point

of the trajectory between the two values of the spontaneous curvature indicating the boundaries of

the bistability region (Figure 3D). Once the system is out of the bistability region, further reduction

of the membrane spontaneous curvature only subtly changes the shape of the curled cisternae in a

continuous and smooth manner (until point five in Figure 3D). In the inverse process where the value

of membrane spontaneous curvature, Js, changes back to the initial value (point one in Figure 3D),

the cisterna shape will remain in a curled configuration until Js reaches large enough values within

the bistability region for which the curled-to-flat shape transition becomes kinetically feasible and

the Golgi cisternae abruptly flattens (somewhere between points 6a and 6b in Figure 3D).

In summary, the results shown in Figure 3D indicate that, in certain conditions, upon recovery of

the amount of the curvature generators present at the Golgi membranes, the shape of the Golgi cis-

ternae can be kinetically trapped in a curled morphology, different from the initial flat shape.

Effect of the rigid membrane nanodomains on the energy barriers of
cisterna shape transitions
Next, we examined in more detail how a reduction in the amount of nanodomains at the Golgi mem-

branes contributes to the Golgi cisterna shaping. Our model predicted that a reduction in the mem-

brane area fraction covered by the nanodomains, F, does not affect the flat-to-curled Golgi cisterna

transition (see Figure 2A). Nevertheless, within the bistability region, a reduction in F reduces the

energy barriers for both flat-to-curl and curl-to-flat transitions (Figure 2A, right panel). To quantify

the extent of this effect, we considered two different values of the spontaneous curvature of the rim,

Js, within the bistability region in Figure 2A and computed the dependence of the transition energy

barrier on F. The results, presented in Figure 2—figure supplement 2, show that both the energy

barrier required to flatten a curled cisterna, DFcurl�flat, and the energy barrier required to curl a flat

cisterna, DFflat�curl, increase with the amount of rigid nanodomains on the Golgi membranes.

Dependence of the Golgi cisternae shape diagram on the nanodomain size
and cisterna surface area
One of the parameters used to compute the shape diagram in Figure 2A is the size of the SM-

enriched rigid lipid nanodomains, Rd (see Table 1 and Materials and methods). In order to quantify

the sensitivity of our results to the value of this parameter, we computed the Golgi cisterna shape

diagram for two extreme values of the nanodomain size, Rd ¼ 20 nm and Rd ¼ 2 nm, respectively.

The results, shown in Figure 4, indicate that the effect of the nanodomain size in controlling Golgi

cisterna shape is relatively minor, and it mainly plays a role in controlling Golgi cisterna morphology

by increasing the sensitivity of the shape transition to the nanodomain area fraction (compare

Figure 2A with Figure 4A and B). Moreover, we also computed the shape diagram for a cisterna of

four times larger surface area (two fold larger cisterna radius, rflat ¼ 1000 nm). The results of the

model for this situation, shown in Figure 4—figure supplement 1, indicate that the effect of a larger

cisterna surface area on the shape diagram is in shifting the transition curves to higher values of the
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spontaneous curvature of the cisterna rim. However, changing the surface area of the Golgi cisterna

does not increase the sensitivity of flat-to-curled transitions to the area fraction covered by nanodo-

mains, F (Figure 4—figure supplement 1).

Figure 4. Effect of the nanodomain size on the Golgi cisterna shape diagram. (A,B) Shape diagrams for different values of the area fraction covered by

nanodomains, F, and of the membrane spontaneous curvature, Js, (left panels), for two different values of the nanodomain radius, Rd ¼ 20 nm, (A) and

Rd ¼ 2 nm, (B). Four regions can be distinguished: a region where curled cisternae are the only locally stable shapes (orange), a region with only flat

cisternae (blue), and two regions where curled and flat configurations are respectively stable and metastable (orange dashed) or metastable and stable

(blue dashed). The designated orange, black and blue lines indicate the boundaries between these regions. In the right subpanels, the energy barriers

for the flat-to-curled or curled-to-flat transitions within the bistability regions are shown and color-coded (only energy barriers smaller than 40 kBT are

shown for clarity).

DOI: 10.7554/eLife.24603.010

The following figure supplement is available for figure 4:

Figure supplement 1. Effect of the cisterna surface area on the Golgi cisterna shape diagram.

DOI: 10.7554/eLife.24603.011
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Evaluation of the effect of diacylglycerol on the cisterna shape transition
Addition of short-chain ceramide to HeLa cells leads to a local change in lipid homeostasis at the

Golgi membranes (Duran et al., 2012). Besides the reduction in the levels of long-chain SM and the

concomitant increase in short-chain SM levels, this treatment also causes an increase in the amounts

of diacylglycerol (DAG) at the Golgi membranes by 30% (from 1.4 to 1.8 mol%) (Duran et al., 2012).

DAG is a lipid characterized by an effective molecular spontaneous curvature having a large negative

value, zDAG ’ �1 nm�1 (Szule et al., 2002; Leikin et al., 1996), and exhibiting a very fast flip-flop

rate (Ganong and Bell, 1984; Bai and Pagano, 1997). The latter allows DAG molecules to homo-

geneously redistribute between the two membrane monolayers unless an active mechanism impos-

ing DAG inter-monolayer asymmetry exists.

Could it be that an increase in the levels of DAG provides an alternative mechanism for the

observed morphological changes of the Golgi complex? One possibility is that DAG partitions non-

homogeneously within each monolayer of the Golgi cisterna membrane in such a way that the DAG

distribution in the cytosolic monolayer has an opposite character to that in the luminal monolayer.

Specifically, the top part of the cytosolic monolayer is enriched in DAG at the expense of the bottom

part of this monolayer, whereas the bottom part of the luminal monolayer gets enriched in DAG at

the expense of its top part. This DAG partitioning, which keeps the overall inter-monolayer symme-

try unchanged (Figure 5A), might help stabilize the curvature of the sheet part of the cisterna,

hence, reducing the overall bending energy of the curled state (Figure 5A). However, such a non-

homogeneous DAG distribution along the membrane monolayers is entropically unfavorable and its

extent, as well as its effect on the cisterna shape, has to be determined by minimization of the total

free energy of the system accounting for both the bending elastic energy and the entropic contribu-

tions (see Materials and methods for details). In order to quantitatively evaluate these effects, we

assumed that the total amount of DAG is symmetrically distributed between the luminal and cyto-

solic monolayers of the Golgi membrane. We numerically computed the cisterna configurations cor-

responding to a minimum of the total free energy (see Materials and methods, Equation 21) for a

wide range of both the DAG mole fraction, fDAG, within the system, 0 � fDAG � 0:05, and of the

spontaneous curvature of the cisterna rim membrane, 0 � Js � 0:033 nm�1. The results, presented in

Figure 5B, show that there is a very weak dependency of the preferred cisterna shape on DAG lev-

els. Moreover, our theoretical model predicts that, for the experimentally observed increase of DAG

levels from 1.4% to 1.8% (Duran et al., 2012), would not lead to a morphological transition of a flat

cisterna to the curled form (Figure 5B). Finally, we computed the relative distribution of DAG

amongst the different monolayers of the Golgi cisterna. These results show that the DAG distribu-

tion is almost homogeneous for all the cisterna monolayers (Figure 5C), due to the relatively large

entropy cost of inhomogeneous partitioning of such small molecules, in agreement with previous

studies (Derganc, 2007; Sorre et al., 2009). Taken together, these results suggest that the increase

in the levels of DAG is not the driving force for the observed curling of the Golgi cisternae.

Experimental results
Short-chain ceramide treatment causes the release of clathrin coats from
the Golgi membranes prior to cisterna curling
One of the main predictions of our model is that the flat-to-curled cisterna transition results from a

reduction in the amounts of curvature generators present at the Golgi membrane (Figure 2A). We

decided to experimentally test this prediction by investigating whether short-chain ceramide treat-

ment, which specifically disrupts SM homeostasis at the Golgi membranes and is known to drive for-

mation of curled Golgi cisternae (van Galen et al., 2014), induces the release of peripheral

membrane proteins implicated in generation of membrane curvature in the course of transport car-

rier formation at the Golgi membranes. It has been recently found that the metabolic generation of

SM at the Golgi membranes results, via a DAG-triggered signaling pathway, in the local reduction of

PI(4)P levels causing the release of PI(4)P-binding proteins, such as the clathrin-adaptor protein g-

adaptin, without affecting the localization of COPI components (Capasso et al., 2017). Hence, we

investigated whether short-chain ceramide treatment induces the release of endogenous clathrin

heavy chain (clathrin-HC), one of the components of clathrin-coated vesicles, the subunits of which

polymerize into a cage-like triskelion structure involved in bending the underlying membrane (Kirch-

hausen, 2000). To this end, HeLa cells were treated with short-chain ceramide (D-cer-C6, 20 mM) for
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Figure 5. Effect of lateral DAG partitioning on the cisterna shape transition. (A) Schematic representation of the proposed mechanism of non-

homogeneous DAG partitioning along the two monolayers of a Golgi cisterna for both flat (left) and curled (right) configurations. Colored triangles

represent DAG molecules in the cytosolic (blue) and luminal (red) leaflets of both the top and bottom bilayers of the Golgi membrane. (B) Shape

diagram showing the globally stable configuration of the system (curled cisterna in orange, flat cisterna in blue) for different values of the total molar

fraction of DAG in the membrane, FDAG, and of the membrane spontaneous curvature, Js. The experimentally observed increase in DAG levels after

short-chain ceramide treatment is indicated by the arrow between the two dashed black lines. (C) Optimal molar fraction of DAG in the cytoplasmic

(Ftop; cyt
DAG , blue line) and luminal (Ftop; lum

DAG , red line) monolayers of the cisterna top bilayer plotted as a function of the total molar fraction of DAG, FDAG.

The dashed line corresponds to a homogeneous DAG distribution.

DOI: 10.7554/eLife.24603.012
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different times, after which the cells were fixed and the localization of endogenous clathrin-HC and

the TGN protein p230 was monitored by immunofluorescence microscopy. We observed that,

already after 30 min of treatment with short-chain ceramide, the pool of clathrin-HC initially present

at the Golgi membranes was mostly released (Figure 6A,B). These results indicate that, indeed, the

formation of curled cisternae upon the treatment with short-chain ceramide proceeds in parallel with

a decrease in the amounts of curvature inducers at the Golgi membranes.

We next assessed the relative timing of the release of the clathrin coats from the Golgi mem-

branes with respect to the flat-to-curled Golgi cisternae transition induced by short-chain ceramide

treatment. For this purpose, we analyzed the ultrastructural morphology of the Golgi complex by

immuno-electron microscopy after different times of short-chain ceramide treatment. Our results

show that Golgi cisternae curling starts already after 30 min of D-cer-C6 treatment, and that after 4

hr of treatment, virtually no flat stacks are observed (Figure 6C,D). In agreement with our previous

analysis (van Galen et al., 2014), cisternae curling occurs towards the trans-Golgi cisternae/TGN, as

monitored by the localization of specific late Golgi markers (Figure 6C). We extracted from these

images the radius of flat cisternae, rflat ¼ 510� 21 nm (average ± SEM; N = 22) and the radius of curl-

ing in the 4 hr D-cer-C6 treated Golgi cisternae, R ¼ 270� 26 nm (average ± SEM; N = 14), which are

in agreement with the condition of area conservation (Equation A2). Taken together, these results

indicate that short-chain ceramide treatment leads to the release of clathrin coats thus reducing the

spontaneous curvature of the Golgi membranes, which, as our model predicts, leads to the curling

of the Golgi cisternae.

Experimental evidence for hysteresis of Golgi cisternae morphology during
recovery from short-chain ceramide treatment
Our model predicts the existence of a bistability region in the cisterna shape diagram, a relatively

large range of parameters where both flat and curled Golgi cisternae correspond to locally stable

shapes (Figure 2A). As we showed, the transitions between the flat and curled configurations within

the bistability region are expected to have a hysteretic character (Figure 3D). To experimentally test

whether Golgi cisterna shape transition induced by short-chain ceramide treatment exhibits hystere-

sis, we performed short-chain ceramide washout experiments to monitor the timing of recovery of

both the Golgi morphology and the amounts of clathrin present at the Golgi membranes as the cells

return to steady conditions.

We first investigated how the dynamics of recovery of the Golgi cisternae shape during short-

chain ceramide washout correlates with the recruitment of clathrin coats to the Golgi membranes.

To this aim, we pre-treated HeLa cells with D-cer-C6 for 30 min, after which the cells were exten-

sively washed and incubated with normal growth medium for different times. Then the cells were

fixed and the intracellular localization of clathrin-HC was monitored by immunofluorescence micros-

copy. The results of this experiment show that a 2 hr short-chain ceramide washout is sufficient to

recover similar levels of clathrin-HC at the Golgi membranes as to those found in untreated cells

(Figure 6A,B). Recovery of normal clathrin-HC levels at the Golgi membranes after a 4 hr D-cer-C6

treatment is slower, and occurs in about 6 hr (Figure 6—figure supplement 1).

Next, we performed analogous washout experiments to monitor the timing of Golgi cisternae

shape recovery. We added D-cer-C6 to HeLa cells for 30 min, after which the cells were extensively

washed and incubated in complete medium without D-cer-C6 for different times. The cells were

then fixed and the ultrastructure of the Golgi cisternae was visualized by immuno-electron micros-

copy (Figure 6C). Our results show that the curled-to-flat Golgi cisterna transition during short-chain

ceramide washout occurs at a much slower kinetics as the recovery of the clathrin coats to the Golgi

membranes (Figure 6B,D). Indeed, even 16 hr after the short-chain ceramide washout –a condition

where the Golgi membranes already recovered their stationary pools of clathrin coats– both flat and

curled Golgi cisternae can still be observed (Figure 6C,D).

To confirm these observations, we used an alternative approach to quantitate the dynamics of

the curled-to-flat Golgi shape transition promoted during short-chain ceramide washout. We took

advantage of the fact that the curling of the Golgi cisternae induced by short-chain ceramide is

accompanied by a lateral segregation of different Golgi-resident proteins, such as TGN46 and p230,

and that the level of this segregation can be quantitatively assessed by immunofluorescence micros-

copy (van Galen et al., 2014). Although the observed protein segregation correlates with changes
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Figure 6. Experimental results. (A) HeLa cells were treated with 20 mM D-cer-C6 for the indicated times, after which the cells were fixed and the

localization of clathrin-HC and the TGN marker protein p230 was monitored by immunofluorescence microscopy. Scale bar is 25 mm. (B) Quantitation of

the results in (A) showing the intensity of clathrin-HC in the Golgi area relative to the intensity in the rest of the cytoplasm, for at least 15 cells from

three different experiments. Bars represent average values and error bars are the S.E.M. (C) HeLa cells stably expressing the Golgi-resident protein

Mannosidase-II-GFP were treated with 20 mM D-cer-C6 for the indicated times, fixed, and the Golgi complex ultrastructure visualized by

immunoelectron microscopy. Gold particles of 10 nm and 15 nm label p230 and GFP, respectively. Scale bar is 200 nm. (D) Quantitation of the

percentage of flat (blue) and curled (orange) cisternae in the Golgi stacks observed in the experiment presented in (C). (E) HeLa cells were treated with

20 mM D-cer-C6 for either 30’ (solid black squares) or 4 hr (empty squares), after which the cells were extensively washed and incubated for different

times in complete medium without D-cer-C6. Then, the cells were fixed and the levels of co-localization of two trans-Golgi membrane proteins p230

and TGN46 were quantitated from the immunofluorescence images by means of the Pearson’s correlation coefficient, which is plotted here as a

function of the washout time. The dashed horizontal line represents the Pearson’s correlation coefficient for TGN46 and p230 in untreated HeLa cells.

DOI: 10.7554/eLife.24603.013

The following figure supplement is available for figure 6:

Figure 6 continued on next page
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in Golgi membrane morphology, its driving mechanisms still remain unknown (van Galen et al.,

2014). To monitor the dynamics of protein segregation during Golgi shape recovery after short-

chain ceramide treatment, HeLa cells were treated with D-cer-C6 for 30 min or 4 hr, after which the

cells were extensively washed, and incubated in normal medium without short-chain ceramide for

different times before being fixed. Then, the intracellular localization of the two trans-Golgi mem-

brane proteins p230 and TGN46 was monitored by immunofluorescence microscopy and the relative

colocalization of the two proteins was quantitated by means of the Pearson’s correlation coefficient.

Our results confirm that cells pre-treated with short-chain ceramide for 30 min required about 12 hr

to recover the initial levels of p230 and TGN46 colocalization, whereas a longer 4 hr pre-treatment

with D-cer-C6 required about 24 hr for a complete recovery (Figure 6E).

Taken together, these results indicate that, after short-chain ceramide washout, the recovery of

the levels of clathrin-HC at the Golgi membranes (which we suggest parallels the recovery of the ini-

tial values of the membrane spontaneous curvature) occurs much faster than the recovery of the flat

cisternae morphology and of protein colocalization. This is indicative of a hysteretic behavior of the

transition from flat-to-curled cisternae and reverse, as our model predicts.

Discussion
The architecture of the Golgi complex in higher eukaryotes has been the subject of extensive

research using numerous experimental approaches, including electron and immunofluorescence

microscopy techniques (see [Klumperman, 2011] for a review). Generally, the Golgi complex in

mammalian cells consists of a set of 4–8 flat-like cisternae stacked to each other (Emr et al., 2009).

Each of these cisternae has a relatively flat central part and a highly curved rim. What is the connec-

tion between the shape of Golgi cisternae and the functions of this organelle? It has been suggested

that the large surface-to-volume ratio of the Golgi cisternae helps accommodating the continuous

influx and efflux of transport carriers to and from these membranes (Griffiths et al., 1989; Glick and

Nakano, 2009). Moreover, two of the principal functions of the Golgi complex –protein glycosyla-

tion and transport– need to be spatially and timely organized to ensure their efficiency. Thus, it has

been proposed that processing events localize preferentially at the central flat part of the Golgi cis-

ternae, whereas transport carrier formation occurs at the rims of the Golgi membranes (Roth-

man, 2010; Popoff et al., 2011; van Galen et al., 2014; Engel et al., 2015).

We previously showed the importance of SM homeostasis in protein organization and function at

the Golgi membranes (Duran et al., 2012; van Galen et al., 2014). In particular, we revealed that

selective disruption of SM organization at the Golgi membranes leads to (i) an overall reduction in

the lateral order of the Golgi membranes (Duran et al., 2012), (ii) a strong inhibition of transport

carrier formation at the Golgi complex (Duran et al., 2012), and (iii) a defect in the formation of

functional enzymatic domains caused by the physical segregation between Golgi resident enzymes

and their substrates (van Galen et al., 2014). Intriguingly, these effects parallel an abrupt change in

the morphology of the Golgi complex, which turns from a stack of flat cisternae into an onion-like

stack of highly curled cisternae (van Galen et al., 2014). In the present study, we aimed at resolving

the mechanism by which SM metabolism controls the morphology of the Golgi cisternae. Our

approach consisted in the elaboration of a theoretical biophysical model of Golgi cisternae morphol-

ogy that describes the membrane free energy including the contributions arising from the elastic

energy of membrane bending and the entropic contribution of lateral partitioning of SM-rich nano-

domains. Our model explains the existence of two distinct families of Golgi cisternae shapes, flat

and highly curled cisternae. Moreover, our model predicts the existence of a flat-to-curled shape

transition triggered by a reduction in the amounts of membrane curvature generators at the Golgi

membranes. We experimentally tested this theoretical prediction and observed that clathrin, a pro-

tein involved in the assembly of the large membrane curvatures required for the formation of cla-

thrin-coated vesicles at the Golgi membranes, was reduced at the Golgi membranes as a result of

SM homeostasis alteration.

Figure 6 continued

Figure supplement 1. Relative localization of Clathrin-HC at the Golgi area in D-cer-C6 treated cells.

DOI: 10.7554/eLife.24603.014
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Another key prediction of our model is that the flat-to-curled Golgi cisterna transition is practi-

cally insensitive to changes in the amounts of SM-rich rigid nanodomains (Figure 2A). These results

indicate that such rigid membrane domains are not sufficient to stabilize the flat cisterna configura-

tion in the absence of membrane curvature generating proteins stabilizing the highly curved rim (see

orange region in the shape diagram, Figure 2A). However, our model predicts a non-homogeneous

partitioning of such lipid nanodomains along the Golgi membrane (Figure 3C). Specifically, rigid

nanodomains tend to be concentrated at the central, flatter part of the cisterna rather than at the

rim. The extent of the nanodomain redistribution from the rim to the central part of the cisterna is

gradually magnified upon the decrease in the amounts of curvature generating proteins at the rim

for both flat and curled cisterna configurations (Figure 3C). We hypothesize that such redistribution

could be a causal link to the previously reported defects in protein glycosylation in cells where SM

homeostasis had been altered (van Galen et al., 2014). According to this conjecture, lateral segre-

gation of Golgi-resident enzymes from their substrates would follow from the lateral repartitioning

of lipid nanodomains along the surface of the Golgi cisterna. We propose that during short-chain

ceramide washout, three processes with different dynamics occur simultaneously (see Figure 7): (i)

recovery of normal levels of membrane curvature generators, which, for a 30’ treatment, takes about

2 hr (Figure 6B); (ii) recovery of the amounts of nanodomains, which we propose is in direct correla-

tion to the recovery of protein colocalization at the Golgi membranes, takes about 12 hr

(Figure 6E); and (iii) recovery of the flat Golgi morphology, which takes about 16 hr (Figure 6D).

Testing this hypothesis requires further experimental work, the results of which will advance our

understanding of the role that lipid homeostasis and membrane lateral organization play in regulat-

ing the functions of the Golgi complex.

DAG acts as a signaling effector rather than as a molecular shaper to
control Golgi membrane morphology
DAG is a key regulator involved in transport carrier biogenesis at the Golgi membranes (Baron and

Malhotra, 2002; Bard and Malhotra, 2006; Fernández-Ulibarri et al., 2007; Malhotra and Cam-

pelo, 2011). On the one hand, DAG is a conical lipid, which has the ability on its own to generate

negative (positive) membrane curvature if asymmetrically enriched in the cytosolic (luminal) leaflet of

a membrane (Carrasco and Mérida, 2007; Leikin et al., 1996; Szule et al., 2002). On the other

hand, protein kinase D (PKD), a protein that controls the fission of TGN-to-cell surface transport car-

riers (Malhotra and Campelo, 2011; Campelo and Malhotra, 2012), is directly recruited to the

TGN by binding to DAG (Maeda et al., 2001; Liljedahl et al., 2001; Baron and Malhotra, 2002). It

has been reported that low levels of DAG leads to defects in protein export from the TGN

(Baron and Malhotra, 2002) and to abnormal Golgi morphology (Litvak et al., 2005). In contrast,

local increase in DAG levels leads to the activation of PKD (Malhotra and Campelo, 2011). Active

PKD phosphorylates a number of substrates at the TGN membranes, including the lipid kinase

PI4KIIIb (Hausser et al., 2005), the lipid transport proteins CERT (Fugmann et al., 2007), and OSBP

(Nhek et al., 2010), thus regulating the local lipid homeostasis. The theoretical results presented

here (Figure 5) indicate that changes in the DAG levels do not directly promote a flat-to-curled

Golgi cisternae transition by redistributing along the membrane and changing its curvature. Impor-

tantly, it has been recently shown that a local burst in DAG levels at the Golgi membranes caused by

increased sphingolipid metabolic flow leads to a peak of activation of PKD, which in turn, through a

downstream signaling cascade, results in the consumption of PI(4)P and the consequent release of PI

(4)P-binding proteins (Capasso et al., 2017). Phosphoinositides are mostly localized away from SM-

rich rigid nanodomains (Arumugam and Bassereau, 2015), thus suggesting that this signaling event

occurring at the cytosolic side of the membrane is spatially uncoupled from SM-rich rigid nanodo-

mains in the lumenal leaflet. Based on these results and on our results showing that clathrin coats

are released from the Golgi membranes prior to short-chain ceramide-mediated flat-to-curled Golgi

cisterna transition, we propose that SM metabolism, through the by-product DAG, indirectly con-

trols Golgi morphology by means of a downstream PKD-dependent signaling cascade rather than by

playing a direct mechanical part in membrane bending.
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Membrane curvature generators dynamically stabilize the flat shape of
Golgi cisternae
One of the main results of our model is that the release of membrane curvature-generating proteins

leads to the destabilization of the flat Golgi cisterna configuration, triggering a morphological transi-

tion towards a curled configuration. Being the central hub of the secretory pathway, the Golgi com-

plex recruits a number of different curvature-generating proteins to efficiently sustain transport

carrier formation (Cruz-Garcia et al., 2013; Bonazzi et al., 2005; Campelo and Malhotra, 2012).

Figure 7. Model of how SM metabolism controls the shape of a Golgi cisterna. In stationary conditions (top left cisterna), a Golgi cisterna appears as

a flat, disc-like structure, with relatively large amounts of budding machinery (green proteins), such as the components of the clathrin-coated vesicles.

The Golgi membranes contain about 10% molar fraction of long chain SM, which could be organized in small rigid nanodomains (red patches).

Treatment of cells with D-cer-C6 leads to a reduction in the levels of rigid domain-forming SM, a release of clathrin-HC from the Golgi membranes and,

according to our physical model, a lateral redistribution of the remaining rigid nanodomains away from the rim (top right cisterna). Under these

conditions, the cisterna free energy profile has a single minimum corresponding to a highly curled cisterna configuration and hence, a rapid flat-to-

curled cisterna transition is promoted (bottom right cisterna). Washout of D-cer-C6 leads to the recovery of stationary levels of clathrin to the Golgi

membranes and, we hypothesize, of the initial levels of rigid SM-rich nanodomains (bottom left cisterna). Under these conditions, the cisterna free

energy profile has two local minima corresponding to highly curled and flat cisterna configurations, separated by an energy barrier. The system can

thus be kinetically trapped in the curled, metastable configuration and therefore a slow transition back to the flat configuration (top left cisterna) is

expected.

DOI: 10.7554/eLife.24603.015

Campelo et al. eLife 2017;6:e24603. DOI: 10.7554/eLife.24603 18 of 40

Research article Biophysics and Structural Biology Cell Biology

http://dx.doi.org/10.7554/eLife.24603.015
http://dx.doi.org/10.7554/eLife.24603


Our results suggest that the role of such proteins is twofold. First, they induce membrane curvature

to accommodate the secretory cargoes into nascent budding carriers prior to their fission from the

Golgi membranes. Second, this dynamic series of budding and scission events serves to stabilize the

highly bent rims of the Golgi cisternae. As such, we propose that the shape and function of Golgi

membranes are maintained by membrane curvature generators via a positive feedback loop where

the highly bent Golgi rims provide optimal nucleation sites for the budding of transport carriers. At

the same time, the machinery involved in this process maintains and stabilizes a functionally optimal

Golgi cisternae morphology. Does the presence of clathrin coats on the Golgi membranes represent

the main driving force for flat cisternae stabilization? Or are there other curvature-inducing proteins

involved? Altered SM metabolic flow at the Golgi membranes did not affect the localization of COPI

components (Capasso et al., 2017) to those membranes. However, other curvature generators

might be released in addition to clathrin due to the defects in SM metabolism. It has been recently

reported that knockdown of the two Golgi-localized PI(4) kinases in Atg5 knockout cells induces curl-

ing of the Golgi cisternae (Yamaguchi et al., 2016). Moreover, it has been shown that components

of the COPI machinery are released from the Golgi membranes in HeLa cells incubated at 15˚C, a sit-

uation that parallels curling of the Golgi cisternae towards the cis side of the stack (Martı́nez-

Alonso et al., 2005). Altogether, we propose that maintenance of the flat Golgi cisternae morphol-

ogy requires a combined effort of different classes of curvature generating proteins and that the

release of a subset of these proteins can lead to the destabilization of the flat configuration. We sug-

gest that the breaking of the stack symmetry upon cisternae curling is driven by the initial release of

rim stabilizers from a few cisternae (trans-cisternae in our experiments, cis-cisternae in [Martı́nez-

Alonso et al., 2005]), which is then followed by the other cisternae. From a theoretical perspective,

the effect of including multiple cisternae with different levels of budding effectors is analyzed and

discussed in the Appendix. In brief, our results indicate that Golgi curling must parallel some level of

release of curvature generators from all Golgi cisternae. Further experiments are needed to test this.

Our model predicts the existence of shape bistability within a certain range of values of the mem-

brane spontaneous curvature and of the membrane area fraction covered by rigid nanodomains

(Figure 2A). Within this region of the parameter space, both flat and curled cisterna configurations

correspond to locally stable shapes (Figure 2B). This means that the system can be kinetically

trapped in a metastable configuration, which corresponds to a local but not global minimum of the

cisterna free energy before it relaxes to the globally stable configuration. Such transition from a

metastable to a stable configuration needs to overcome an energy barrier. If the value of the energy

barrier is relatively small, transition to the stable configuration can be overcome by thermal fluctua-

tions of the Golgi cisterna shape. Such thermally-triggered transitions follow Arrhenius kinetics,

according to which an average transition time, t, can be estimated as t ¼ t0e
DF=kBT , where t0 is a char-

acteristic time scale of Golgi cisterna fluctuations and DF is the height of the energy barrier

(Hänggi et al., 1990; Morlot et al., 2012). As mentioned above, we can estimate t0 » 1 ms from

hydrodynamic arguments as t0 ¼ hR3=k (Allain et al., 2004), where h is the cytosol viscosity, R is a

typical length scale of a Golgi cisterna, and k is the bending rigidity of the membrane. We can quali-

tatively compare this to our experimental results on the curled-to-flat Golgi cisterna transition during

short-chain ceramide washout (Figure 6). Those results indicated that 14 hr after the recovery of nor-

mal clathrin levels at the Golgi membranes, about 50% of Golgi stacks were composed of flat cister-

nae (Figure 6D). According to the aforementioned kinetics, such shape transition time corresponds

to an energy barrier for the curled-to-flat transition of DF » 18 kBT. If we compare this estimation for

the curled-to-flat transition to the numerical results of our model (Figure 2A), we find that the spon-

taneous curvature at the Golgi cisterna rims in the fully recovered state should be of the order of

Js » 0:0225 nm�1. Following the relationship between the membrane spontaneous curvature and the

area fraction covered by the curvature generators (Campelo et al., 2008), the predicted cisterna

spontaneous curvature corresponds to a membrane area fraction covered by curvature generators

of 5� 10%, which is a physiologically reasonable estimation. Moreover, we showed that the time of

recovery of Golgi protein localization after short-chain ceramide treatment depends on the duration

of the treatment (Figure 6E). These different recovery times, we suggest, can be explained by the

fact that the longer the treatment with short-chain ceramide, the lower the levels of long-chain SM

at the Golgi membranes. Hence, a longer time would be required for the Golgi membranes to
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recover their normal levels of SM-rich nanodomains and, according to our hypothesis, of Golgi pro-

tein recovery.

Likewise, our model predicts that the Golgi cisterna shape transition is, in thermodynamic terms,

a first-order transition because the transition is discontinuous in the shape parameter (in our case,

the distance between the center of the cisterna rim and the axis of symmetry, rgap) (Figure 3D). This

indicates that once the transition from a flat cisterna (rgap ¼ 500 nm) to a highly curled cisterna

(40 nm < rgap < 100 nm) is triggered, the transition is abrupt because no cisternae of intermediate

curling correspond to a locally stable configuration (Figure 3D). Although it is hard to extract quanti-

tative information of the curled cisterna gap opening size, rgap, from the ultrathin sections

(Figure 6C) to compare with the theoretical predictions, our ultrastructural analysis of the Golgi mor-

phology qualitatively showed that Golgi curling indeed occurs in an abrupt manner (Figure 6C).

In summary, we have presented a theoretical biophysical model of Golgi cisterna morphology,

which describes the existence of stable flat and curled Golgi cisternae for different values of the

membrane spontaneous curvature. We experimentally validated some of the model’s predictions. In

particular, our model helps explaining the mechanisms by which a reversible flat-to-curled Golgi cis-

ternae transition is induced upon disruption of SM homeostasis by short-chain ceramide treatment.

Flat Golgi cisternae in untreated HeLa cells have stationary levels of different curvature-inducing pro-

teins, such as components of the clathrin-coated vesicle machinery (Figure 7, top left cartoon).

Moreover, a certain amount of small, dynamic, SM-enriched rigid nanodomains might be present in

the membrane, and slightly enriched in the central flat part of the cisterna (Figure 7, top left car-

toon). Treatment of cells with D-cer-C6 has a twofold effect on the Golgi membrane properties: it

causes the release of clathrin from the membranes (Figure 6A,B) and decreases the lateral order of

the Golgi membranes (Duran et al., 2012) (Figure 7, top right cartoon). The results of our model

show that the decrease in membrane spontaneous curvature (through the release of curvature gen-

erating proteins such as clathrin) but not a reduction in the number of rigid nanodomains alters the

cisterna free energy profile to a situation where the flat cisterna configuration is unstable and hence

a fast flat-to-curled cisterna transition occurs (Figure 7, right). Short-chain ceramide washout leads

to the recruitment of clathrin back to the Golgi membranes (Figure 6A,B) and, we suggest, also

leads to the recovery of the initial levels of SM-enriched rigid nanodomains (Figure 7, bottom left).

Under these conditions the system free energy profile presents shape bistability, so the Golgi cister-

nae are kinetically trapped in the curled configuration. Hence, the curled-to-flat cisterna transition is

slow because it requires the energy barrier to be overcome by thermal fluctuations (Figure 7, left).

Overall, the model presented in here together with some of its experimental validation under-

score the crucial role of SM metabolism in regulating the structural morphology and function of the

Golgi cisternae. We foresee that future experimental work along these lines will strengthen our pre-

dictions and will help to understand better the different factors governing the shape and function of

the Golgi complex.

Materials and methods

Reagents and antibodies
N-hexanoyl-D-erythro-sphingosine (D-cer-C6) was obtained from Matreya and dissolved in pure eth-

anol (Merck) to a 10 mM stock solution. Sheep anti–human TGN46 was obtained from AbD Serotec

(Bio-Rad / AbD Serotec Cat# AHP500, RRID:AB_324049). Mouse anti-p230 was obtained from BD

(BD Biosciences Cat# 611280, RRID:AB_398808). Goat anti-Clathrin-HC antibody was from Santa

Cruz (Santa Cruz Biotechnology Cat# sc-6579, RRID:AB_2083170). Alexa Fluor–labeled secondary

antibodies were obtained from Invitrogen.

Cell culture
HeLa cells, obtained from ATCC, were cultured in DMEM (Lonza) containing 10% FCS. HeLa cells

stably expressing the plasmid encoding the first 100 amino acids of rat mannosidase-II in the

pEGFP-N1 vector (HeLa-MannII-GFP cells) were described previously (Sütterlin et al., 2005;

van Galen et al., 2014). All cell lines were periodically checked for mycoplasma contamination.

Campelo et al. eLife 2017;6:e24603. DOI: 10.7554/eLife.24603 20 of 40

Research article Biophysics and Structural Biology Cell Biology

https://scicrunch.org/resolver/AB_324049
https://scicrunch.org/resolver/AB_398808
https://scicrunch.org/resolver/AB_2083170
http://dx.doi.org/10.7554/eLife.24603


Immunofluorescence microscopy
For clathrin-HC immunostaining, samples were fixed and permeabilized in methanol for 6 min at

�20˚C. For p230 immunostaining, samples were fixed with 4% formaldehyde in PBS for 20 min and

permeabilized with 0.2% Triton X-100 in PBS for 30 min. Fixed cells were then blocked in 2% BSA in

PBS for 30 min before antibody staining. Cells were then sequentially incubated for 1 hr at room

temperature first with primary and then with secondary antibodies diluted in blocking buffer. Sam-

ples were analyzed with a confocal system (TCS SP5 II CW STED; Leica) in confocal mode using a

100x, 1.4 NA objective and HyD detectors (Leica). Alexa Fluor 488–, 568-, 594-conjugated secondary

antibodies were used. Images were acquired using the Leica software and converted to TIFF files

using ImageJ (version 1.43; National Institutes of Health). Two-channel colocalization analysis was

performed using ImageJ, and the Pearson’s correlation coefficient was calculated using the Man-

ders’ coefficients plugin developed at the Wright Cell Imaging Facility (Toronto, Ontario, Canada).

Immunoelectron microscopy
The samples were fixed and prepared using standard methods, essentially as described previously

(Rizzo et al., 2013). In brief, the cells were fixed with 2% paraformaldehyde and 0.2% gluteralde-

hyde in PBS, for 2 hr at room temperature. The cells were then washed with PBS/0.02 M glycine,

scraped in 12% gelatin in PBS, and then embedded in the same solution. The cells embedded in gel-

atin were cut in 1 mm blocks and infiltrated with 2.3 M sucrose at 4˚C, mounted on aluminum pins,

and frozen in liquid nitrogen. The samples were then sectioned and the ultrathin cryosections were

picked up in a mixture of 50% sucrose and 50% methylcellulose and incubated with antibodies to

antigen of interest (anti-GFP and anti-p230) followed by protein A gold. The samples were observed

in the FEI Tecnai-12 electron microscope.

Physical model of Golgi cisternae morphology
In this section we formulate in mathematical terms the physical model we used to describe how

Golgi cisterna morphology is controlled by variations in SM homeostasis and metabolism. In the two

following subsections we describe, respectively, (i) the system geometry, that is, the possible geo-

metrical configurations of the Golgi cisterna; and (ii) the system free energy.

Geometrical description of a Golgi cisterna
The Golgi complex in mammalian cells and in most eukaryotes consists of multiple stacks of flat-

tened disc-like cisternae (Klumperman, 2011). Our previously (van Galen et al., 2014) and presently

reported ultrastructural data shows that normal Golgi morphology is altered in cells where SM

metabolism had been disrupted. Under those conditions, the original flat-like cisternae curl into a

concentric stacked onion-like structure. Based on those data, we describe the morphology of a sin-

gle flat Golgi cisterna as explained in the main text (Figure 1C). In the Appendix we describe the

effect of having multiple stacked cisternae. The overall Golgi curling is geometrically characterized

by the radius of curvature of the Golgi cisterna, R, which tends to infinity for a completely flat Golgi

cisterna (Figure 1C). Alternatively, the degree of Golgi curling can also be described by the distance

between the center of the cisterna rim and the axis of symmetry, rgap (Figure 1C). Hence, rgap ¼ rflat

for a completely flat cisterna, and rgap ! rrim for highly curled cisternae. Based on the ultrastructural

data, we assume that the total surface area of a Golgi cisterna membrane, A, the luminal thickness of

the cisterna, 2h, and the radius of the rim, rrim, do not change as a result of cisternae deformation

(van Galen et al., 2014). In an unconstrained system, the natural tendency of the system to minimize

the bending energy is by adjusting the radius of the rim to match the spontaneous curvature. In our

model, the radius of the rim cross-section is set by the distance between a protein scaffold forming

the flat part of a cisterna and the cisterna edge. For example, if such scaffold would extend beyond

the cisterna, e.g. if a cisterna would be formed by flattening of a big liposome between two infinite

flat rigid plates, the edge cross-sectional radius would be simply equal to the cisterna half-thickness,

independently of the spontaneous curvature of the rim. The fact that the rim is somewhat swollen as

compared to the cisterna thickness reflects the distance to which the scaffold edge approached the

cisterna edge. In this model, the membrane spontaneous curvature could influence the detailed

shape of the edge cross-section profile resulting in its deviation from the circular shape. This would

be the case for the shapes where rrim is comparable to rgap. Taking into account this effect would
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result in corrections of the rim energy but on a semi-quantitative level of description we neglect

these corrections. The molecular identity of such protein scaffold could be the spacer proteins main-

taining the luminal thickness and/or the stacking factors keeping the subsequent cisternae stacked.

Interestingly, it has been experimentally shown that knockdown of the stacking/tethering factors

GRASP55/65 or Golgin45/GM130 in HeLa cells leads to the cisternae unstacking, and swelling of the

lumen and rims of the Golgi cisternae (Lee et al., 2014). Altogether this means that the total area,

A ¼ A rgap
� �

, which is the sum of the area of the central part of the cisterna, Amid rgap
� �

, and the area of

the rim, Arim rgap
� �

, is the same regardless of the cisternae morphology, that is, for all values

rrim<rgap � rflat. On the one hand, the total surface area of the rim region, Arim rgap
� �

, can be obtained

by using the area element,

dArim ¼ rrim rgapþ rrim cos’
� �

d’d�; (1)

where ’;�f g are toroidal coordinates (see Figure 1—figure supplement 1). Then, the surface area

of the rim is written as

Arim ¼
RR

dArim ¼ rrim
R

2p

0

d�
R

’0þ3p
2
�a

’0�p
2
þa

rgapþ rrim cos ’
� �

d’¼ 4prrim

rgap p�að Þ� rrimsina sin’0

� �

;

(2)

where ’0 ¼ arcsin 1� 2rgap
2=rflat

2
� �

and a¼ arcsin h=rrimð Þ (see Figure 1—figure supplement 1). On

the other hand, we can express the area of the central part of the cisterna as

Amid rgap
� �

¼
4pR2

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� rgap2

R2

q

� �

; rrim<rgap<rflat

2prflat
2; rgap ¼ rflat

8

<

:

: (3)

Thus, for the flat morphology, where rgap ¼ rflat, we can write

A¼ 2pr2flat þ 4prrim hþ rflat p�að Þ
� �

; (4)

which sets the constrained value of the total surface area of a Golgi cisterna. Finally, by using Equa-

tions (2), (3), and (4) we can mutually relate the two parameters describing cisternae curling, R and

rgap, as

R¼ 4hrrim rflat
2 � rgap

2
� �

þ rflat
2 rflat

2þ 2p rflat � rgap
� �� �

� 2rrim rflat � rgap
� �

rflat
2a

2rflat

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rflat � rgap
� �

4hrrim rflat þ rgap
� �

rflat2 rgap þprrimþ rflat
� �

þ 2rrimrflat2 p=2�að Þ
� �

q : (5)

In the Appendix we derive simpler version of these equations by imposing a few approximations.

This approximate theory will allow us to have analytical estimations of the main numerical results of

this article.

Physical description of the free energy of a Golgi cisterna
Our model considers that the total free energy of a Golgi cisterna, F, has two contributions: the first

one is the free energy of lipid nanodomain partitioning, Fpart, and the second one is the membrane

bending energy, Fbend.

The free energy of lipid nanodomain partitioning is an entropic term associated with a possible

non-homogeneous distribution of liquid-ordered nanodomains along the membrane. This free

energy term is given by

Fpart ¼�TSpart; (6)

where T is the absolute temperature and Spart is the translational entropy associated with the lateral

distribution of nanodomains. For the sake of simplicity, we model these domains as small, uniformly

sized circular membrane patches of radius Rd. The total cisternae membrane area fraction covered

by such nanodomains is given by F¼pR2

dNd=A, where Nd is the number of nanodomains. We use the

area fraction covered by nanodomains, F, as a free parameter in our model. We also have to take
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into consideration the dynamics of the SM-enriched nanodomains, which can be continuously

formed, reabsorbed and also diffuse along the membrane. However, these processes occur at much

faster time scales (of the order of nanoseconds) (Eggeling et al., 2009) than the typical time scale of

global shape remodeling of the Golgi membranes (of the order of seconds) (Bankaitis et al., 2012).

Hence, for the purpose of finding how SM levels control the shape of the Golgi membranes, we can

disregard domain dynamics and consider that the rigid nanodomains optimally and instantly redis-

tribute along the membrane during cisternae deformation. Taken together these premises, we can

write down an expression for the entropy of nanodomain partitioning, using a mean-field approach,

as (Boucrot et al., 2012; Kozlov and Helfrich, 1992; Shemesh et al., 2003; Andelman et al., 1994;

Derganc, 2007; Bozic et al., 2006)

Spart ¼� kB

adom

Z

f x
!� �

lnf x
!� �

þ 1�f x
!� �� �

ln 1�f x
!� �� �h i

dA; (7)

where kB ¼ 1:38� 10
�23J �K�1 is the Boltzmann constant, adom ¼pR2

d is the surface area of a single

domain, and f x
!� �

is the local area fraction of SM nanodomains on the membrane, the area average

of which is the total area fraction covered by nanodomains, F¼ 1

A

R

f x
!� �

dA. We consider, for the

sake of simplicity, that differential partitioning can only occur between the central region of the cis-

terna and the cisterna rim, where the membrane curvatures are considerably different from each

other. The average nanodomain area fractions in each of these two regions are given by

Fmid ¼ 1

Amid

R

f x
!� �

dA, and Frim ¼ 1

Arim

R

f x
!� �

dA, where the integrals are performed over the central and

rim areas of the cisterna, respectively. Conservation of the total area fraction covered by nanodo-

mains leads to the following relationship

Fmid ¼Fþ F�Frimð ÞArim

Amid

; (8)

where Arim and Amid are, respectively, the surface area of the rim and central regions of the cisterna

(Equations (2) and (3), respectively). Altogether, we can write Equation (6) as

Fpart ¼ kBT

pR2

d

FmidlnFmid þ 1�Fmidð Þln 1�Fmidð Þ½ �Amid þ kBT

pR2

d

FrimlnFrimþ 1�Frimð Þln 1�Frimð Þ½ �Arim;
(9)

where Fmid is given by Equation (8).

The second contribution to the total membrane free energy comes from the energy of membrane

bending, given by the Helfrich Hamiltonian (Helfrich, 1973). The membrane bending energy per

unit area is given by

fbend ¼
k

2
J� Jsð Þ2þ�kK; (10)

where k and �k are the bending modulus and the modulus of Gaussian curvature, respectively; J and

K are the total and Gaussian curvatures of the membrane, respectively; and Js is the spontaneous

curvature of the membrane. We assume that a priori there is no spatial correlation between the dis-

tribution of rigid nanodomains and of curvature generators. Indeed, SMS-mediated synthesis of SM

is restricted to the luminal leaflet of the trans-Golgi membranes (Huitema et al., 2004), whereas

recruitment of curvature generators occurs on the cytosolic side of the membrane. Although transbi-

layer lipid coupling between phosphatidylserine and long acyl chain lipids has been shown to occur

at the level of the plasma membrane (Raghupathy et al., 2015), and a specific SM species has been

shown to bind transmembrane cargo receptor at the Golgi membranes (Contreras et al., 2012), it is

not clear how SM-rich nanodomains in the inner leaflet of the trans-Golgi membranes are coupled to

the budding effector recruitment at the opposed side. The total bending energy of the cisterna is

the integral of the free energy density, Equation (10), along the area of the cisterna,

Fbend ¼
Z

fbenddA: (11)

For a laterally inhomogeneous membrane formed by a set of rigid nanodomains, the elastic
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moduli vary from regions of high membrane order to regions of low membrane order. We can locally

describe the bending modulus of such a membrane as

1

k x
!� �¼

f x
!� �

klo
þ
1�f x

!� �

kld
; (12)

where k x
!� �

is the local bending modulus, which has the meaning of an average over soft and rigid

membrane domains (Kozlov and Helfrich, 1992; Markin, 1981). Moreover, kld and klo are the bend-

ing rigidities of a purely liquid-disordered membrane and of a purely liquid-ordered membrane,

respectively. Based on different experimental studies (Roux et al., 2005; Heinrich et al., 2010), we

take the values of these rigidities as kld ¼ 20 kBT and klo ¼ 80 kBT . Similarly, �kld and �klo represent the

moduli of Gaussian curvature of purely liquid-disordered and liquid-ordered membranes, respec-

tively. Theoretical considerations, as well as indirect experimental evidence estimate the value of the

modulus of Gaussian curvature to be �k¼ a�kk, where a�k is a proportionality factor that ranges

between �0.2 and �0.83 (Templer et al., 1998; Siegel and Kozlov, 2004). It should be noted that

the Gauss-Bonnet theorem cannot be applied to the Gaussian curvature term of the free energy

Equation (11) since the modulus of Gaussian curvature is not constant along the membrane area

(Allain et al., 2004). This term is therefore not a topological invariant for laterally inhomogeneous

membranes, and therefore needs to be explicitly taken into account. To compute the bending

energy in the geometry illustrated in Figure 1C, we separately consider the contributions to the elas-

tic free energy of the rim region and of the central region of the cisterna, Fbend ¼ Fmid
bend þFrim

bend. These

two regions are characterized by having an approximately constant total curvature. Hence, as men-

tioned above, we assume that there is a differential partitioning of SM-rich liquid-ordered nanodo-

mains between the central and the rim regions of the cisternae. The details of the derivation of the

expression for the free energy of bending of the cisternae central part, Fmid
bend, and of the cisternae

rim, Frim
bend, are found in the next section.

Finally, the total membrane free energy is given by

F¼ Fmid
bend þFrim

bend þFpart; (13)

where the individual contributions to the total free energy are given by Equations (17), (20), and

(6). In the model we consider that the spontaneous curvature of the membrane could take different

values at the rim and central regions, Js; rim and Js;mid, respectively. The total membrane free energy

Equation (13) depends on a set of geometric parameters describing the cisterna morphology,

rgap; rflat ; rrim;h
� 	

; a set of nanodomain-related parameters Rd;F;Frimf g; and a set of parameters

describing the elastic properties of the membrane, kld;klo;a�k;Js;rim;Js;mid
� 	

. A thermodynamic treat-

ment of the curvature effectors could in principle be incorporated into the model. However, in order

to reduce the amount of free variables in the model, we distinguished two extreme situations: (i) the

membrane bending proteins, contributors to the membrane spontaneous curvature, are only local-

ized at the rims of the Golgi cisternae, implying that Js;mid ¼ 0 and Js;rim ¼ Js, which could be

explained by the fact that membrane recruitment of some of these proteins is highly sensitive to

membrane curvature (Antonny, 2011); and (ii) the budding machinery is homogeneously distributed

along the whole Golgi membrane, Js;mid ¼ Js;rim ¼ Js. As we showed, the results are qualitatively simi-

lar when considering the presence of curvature generators in the central part of the Golgi cisternae,

but the shape transition quantitatively shifts. The reason for such a shift comes from the fact that,

since the total surface area is conserved, curling of a cisterna leads to an increase in the surface area

of the central part of the cisterna, concomitant with a decrease in the surface area of the rim. Hence,

increasing Js;mid leads to an increase in the bending energy of this region, thereby penalizing cisterna

curling and eventually shifting the flat-to-curled cisterna transition towards smaller values of the

spontaneous curvature. In the Appendix we present an analytical estimation of this shift, under cer-

tain approximations. In summary, of all the above-mentioned parameters, there are only two free

parameters that can change as a result of membrane deformation. The first describes the level of cis-

ternae membrane curling, rgap, and the second is associated to the level of nanodomain partitioning

between high- and low-curvature membrane regions, Frim. Therefore, the optimal gap aperture

radius and partitioning of the nanodomains between the rim and the middle part of the cisterna,
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r�gap;F
�
rim

n o

, correspond to the global minimum of the total free energy in the entire parameter

space,

F r�gap;F
�
rim

� �

¼min8 rgap ;Frimf g F rgap;Frim

� �� 	

: (14)

The values of the rest of the parameters are fixed and determined from other studies or vary

within a range of possible values (see Table 1).

Mathematical expression of the bending free energy of a membrane
cisterna
The derivation of total bending energy of a Golgi cisterna is detailed here, taking separately the con-

tributions from the central part of the cisterna and of the cisterna rim. In the Appendix we also pres-

ent simplified analytical expressions for the free energy of the cisterna, obtained under certain

approximations.

Central region
The total and Gaussian curvatures along the surface of the central part of the Golgi cisterna are

given by Jmid ¼ �2=R, and K ¼ 1=R2, respectively, where the plus and minus signs in the total curva-

ture value correspond to the bottom and top membrane patches of the central part of the cisterna.

Since h � rflat, the area of these bottom and top membrane surfaces are, to a first approximation,

equal, and therefore we can write

Fmid
bend ¼

kmid

2

4

R2
þ Js;mid

2

� �

Aþ �kmid
A

R2
; (15)

where kmid and �kmid represent, respectively, the bending rigidity and the modulus of Gaussian curva-

ture at the central part of the cisterna; and Js;mid is the spontaneous curvature in the central part of

the cisterna. Based on Equation (12), we can write 1=kmid ¼Fmid=klo þ 1�Fmidð Þ=kld and

�kmid ¼ a�kkmid. Using these expressions together with Equations (4), and (8), we can rewrite the

bending free energy of the middle region Equation (15) as

Fmid
bend ¼

2kldklop
2 Js:mid

2 rflat
2 þ 8 1� rgap

2=rflat
2

� �

2þa�kð Þ
� �

kld 2pFþArim=rflat2 F�Frimð Þ
� �

þklo 2p 1�Fð Þ�Arim=rflat2 F�Frimð Þ
� � : (16)

Rim region
In toroidal coordinates ’; �f g (see Figure 1—figure supplement 1), the total and Gaussian curva-

tures at the rim surface are given, respectively, by

Jrim ¼ rgapþ 2rrimcos’

rrim rgap þ rrimcos’
� � ; (17)

Krim ¼ cos’

rrim rgapþ rrimcos’
� � : (18)

Similarly, the total bending free energy in the rim area is given by

Frim
bend ¼

Z Z

krim

2
Jrim � Js;rim
� �2þ�krimKrim

h i

dArim; (19)

where krim and �krim are the bending rigidity and the modulus of Gaussian curvature at the cisternae

rim area, respectively; and Js;rim is the spontaneous curvature at the rim. This morphology is similar

to the one corresponding for fusion pores (Chizmadzhev et al., 1995; Kozlov et al., 1989). Using

Equation (12), we can write 1=krim ¼Frim=klo þ 1�Frimð Þ=kld and �krim ¼ a�kkrim. The limits of integra-

tion in Equation (19) when the area element is expressed in toroidal coordinates (Equation (1)) are

the same as those in Equation (2). This last integral cannot be analytically solved, so we will compute

it numerically. In the Appendix, an analytical approximation is obtained under certain simplifying

assumptions.
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Strategy of computations
To obtain the local stable shapes of Golgi cisternae as a function of the spontaneous curvature and

of the total area fraction of nanodomains, our strategy is to compute the membrane free energy

Equation (13) as a function of the gap aperture, rgap, and the nanodomain area fraction at the cister-

nae rim, Frim. Then, for all values of the gap aperture, rrim < rgap � rflat, we found the optimal distri-

bution of nanodomains at the cisternae rim, F�
rim rgap
� �

, by minimization of the free energy with

respect to this parameter,

Fðrgap;F�
rimrgapÞ ¼minFrim2½0;1�fFðrgap;FrimðrgapÞÞg; (20)

Equation (20) represents the partitioning-optimized free energy as a function of the gap aperture

length (that is, as a function of the cisterna morphology). Depending on the parameter values, the

free energy of the cisterna Equation (20) has one or two local minima, which correspond to curled

or flat cisternae morphologies. Moreover, to compute the energy barriers, we used that

Fmax ¼max
rgap2 rcurl;rflat½ � F rgap;F

�
rim rgap
� �� �� �

, Fcurl ¼ F rcurl;F
�
rim rcurlð Þ

� �

, and Fflat ¼ F rflat ;F
�
rim rflat
� �� �

.

Free energy including DAG redistribution along the membrane
The free energy of a Golgi cisterna, including the bending energy term taking into account a differ-

ent distribution of DAG molecules between the top, bottom and rim regions of both the luminal and

cytosolic monolayers (see Figure 5A), as well as the associated entropic free energy penalty of a

non-homogeneous distribution of DAG molecules reads as,

F ¼ k
2 i2 top; bottom;rimf g

P

R

Js� 1

2
fi
DAG;cyt �fi

DAG;lum

� �

zDAG� Js;i

� �2

dAi

þ kBT
aDAG

j 2 lum;cytf g
P

i2 top; bottom;rimf g

P

fi
DAG;jlnf

i
DAG;j þ 1�fi

DAG;j

� �

ln 1�fi
DAG;j

� �h i

Ai;
(21)

where Js;i are the spontaneous curvatures of the top, bottom, and rim bilayers (index i),

aDAG »0:6 nm
2 is the area per DAG molecule (Shemesh et al., 2003), and fi

DAG;j is the DAG area frac-

tion in the cytosolic or luminal monolayers (index j) of the top, bottom, and rim bilayers (index i).

Considering that the total amount of DAG is symmetrically distributed between the luminal and

cytosolic monolayers of the Golgi membrane, these quantities are related to the total membrane

DAG area fraction, fDAG, as

i2 top; bottom;rimf g

P

fi
DAG;lumAi ¼

i2 top; bottom;rimf g

P

fi
DAG;cytAi ¼fDAGA: (22)
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Marı́a F Garcı́a-Parajo
Vivek Malhotra

Israel Science Foundation 758/11 Michael M Kozlov

Ministerio de Economı́a y
Competitividad

Plan Nacional FIS2014-
56107-R

Marı́a F Garcı́a-Parajo

Ministerio de Economı́a y
Competitividad

Plan Nacional BFU2013-
44188-P

Vivek Malhotra

Ministerio de Economı́a y
Competitividad

Consolider CSD2009-00016 Vivek Malhotra

H2020 European Research
Council

Advanced Grant 268692 Vivek Malhotra

Ministerio de Economı́a y
Competitividad

Severo Ochoa Programme
SEV-2012-0208

Vivek Malhotra

Ministerio de Economı́a y
Competitividad

BFU2015-73288-JIN AEI/
FED

Felix Campelo
Marı́a F Garcı́a-Parajo

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

FC, Conceptualization, Software, Formal analysis, Funding acquisition, Visualization, Methodology,

Writing—original draft, Writing—review and editing, Acquisition of data. Computational analysis of

the physical model; JvG, Conceptualization, Formal analysis, Visualization, Writing—review and edit-

ing, Acquisition of data; GT, SP, Formal analysis, Visualization, Writing—review and editing, Acquisi-

tion of data; MMK, Conceptualization, Formal analysis, Supervision, Methodology, Writing—review

and editing; MFG-P, VM, Conceptualization, Formal analysis, Supervision, Funding acquisition, Writ-

ing—review and editing

Author ORCIDs

Felix Campelo, http://orcid.org/0000-0002-0786-9548

Vivek Malhotra, http://orcid.org/0000-0001-6198-7943

References
Abramowitz M, Stegun I. 1964. Handbook of Mathematical Functions: With Formulas, Graphs, and Mathematical
Tables.

Allain JM, Storm C, Roux A, Ben Amar M, Joanny JF. 2004. Fission of a multiphase membrane tube. Physical
Review Letters 93:158104. doi: 10.1103/PhysRevLett.93.158104, PMID: 15524946

Andelman D, Kozlov MM, Helfrich W. 1994. Phase transitions between vesicles and micelles driven by competing
curvatures. Europhysics Letters 25:231–236. doi: 10.1209/0295-5075/25/3/013

Campelo et al. eLife 2017;6:e24603. DOI: 10.7554/eLife.24603 27 of 40

Research article Biophysics and Structural Biology Cell Biology

http://orcid.org/0000-0002-0786-9548
http://orcid.org/0000-0001-6198-7943
http://dx.doi.org/10.1103/PhysRevLett.93.158104
http://www.ncbi.nlm.nih.gov/pubmed/15524946
http://dx.doi.org/10.1209/0295-5075/25/3/013
http://dx.doi.org/10.7554/eLife.24603


Antonny B. 2011. Mechanisms of membrane curvature sensing. Annual Review of Biochemistry 80:101–123.
doi: 10.1146/annurev-biochem-052809-155121, PMID: 21438688

Arumugam S, Bassereau P. 2015. Membrane nanodomains: contribution of curvature and interaction with
proteins and cytoskeleton. Essays in Biochemistry 57:109–119. doi: 10.1042/bse0570109, PMID: 25658348

Bai J, Pagano RE. 1997. Measurement of spontaneous transfer and transbilayer movement of BODIPY-labeled
lipids in lipid vesicles. Biochemistry 36:8840–8848. doi: 10.1021/bi970145r, PMID: 9220970

Bankaitis VA, Garcia-Mata R, Mousley CJ. 2012. Golgi membrane dynamics and lipid metabolism. Current
Biology 22:R414–R424. doi: 10.1016/j.cub.2012.03.004, PMID: 22625862

Bard F, Malhotra V. 2006. The formation of TGN-to-plasma-membrane transport carriers. Annual Review of Cell
and Developmental Biology 22:439–455. doi: 10.1146/annurev.cellbio.21.012704.133126, PMID: 16824007

Baron CL, Malhotra V. 2002. Role of diacylglycerol in PKD recruitment to the TGN and protein transport to the
plasma membrane. Science 295:325–328. doi: 10.1126/science.1066759, PMID: 11729268

Bhalla US, Iyengar R. 1999. Emergent properties of networks of biological signaling pathways. Science 283:381–
387. doi: 10.1126/science.283.5400.381, PMID: 9888852
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Appendix 1

In this Appendix, we derive and discuss analytical approximations of the Golgi morphology

model, and we compare them to the numerical results presented in the text.

Approximate analytic expression for the total bending
energy of a cisterna
Our first aim is to obtain an analytically treatable, approximate expression for the total bending

energy of a cisterna. For this purpose, we start by deriving a simplified expression of the

total surface area of the cisterna rim, Equation (2). Assuming that rgap � h, we get

Arim ¼ 4p p�að Þrrimrgap: (A1)

This approximation is most accurate for the case of a flat configuration, where rgap ¼ rflat.

Using Equation (A1) together with Equation (3), we can obtain a simplified version of

Equation (5), which describes the relationship between the radius of Golgi curling, R, and

the length of the cisterna opening, rgap,

R¼ rflat
2 þ 2rrim p�að Þ rflat � rgap

� �

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rflat � rgap
� �

rflat þ rgap þ 2rrim
� �

p�að Þ
q »

rflat

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� rgap2=rflat2
p : (A2)

Next, we derive approximate expressions for the bending energy of the central and rim

regions of a Golgi cisterna, respectively. We consider that the role of the Gaussian curvature

is minor, hence we take �k ¼ 0. First, by plugging Equation (A2) and Equation (3) in

Equation (15), we get

Fmid
bend ¼ kmidp Js;mid

2rflat
2 þ 16 1� rgap

2=rflat
2

� �� �

: (A3)

The following step is to generate an approximate expression for the non-analytical bending

energy of the rim region, Equation (19). We assume again a vanishing modulus of the

Gaussian curvature, �k ¼ 0. For slightly curled cisternae, we could assume that rgap � rrim,

which would lead to an expression for the total curvature of the rim. Equation (17),

Jrim ¼ 1=rrim. However, this expression does not hold for highly curled cisternae, where

rgap ~ rrim (see Figure 1—figure supplement 1). In such situation, we can approximate the

expression for the total curvature of the rim as

Jrim ¼ 1

rrim
� 1

r
0
gap

; (A4)

where rgap
0 ¼ rgap � rrim. Since this expression introduces only a relatively small error of the

order of rrim=rflat � 1 for almost flat cisternae, we decided to use Equation (A4) as a

relatively good approximation for the whole range of values of rgap. Hence, using

Equations (A1), (A4), we can write down an analytical approximation of Equation (19) as

Frim
bend ¼ 2p p�að Þkrim

rgap
0� rrim� rgap

0 rrimJs;rim
� �2

r0gap rrim
; (A5)

which, for relatively flat cisternae, rgap � rrim, can be further simplified as
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Frim
bend rgap � rrim
� �

¼ 2p p�að Þkrim
1� Js;rimrrim
� �2

rrim
rgap ¼ 2pl rgap; (A6)

where we defined

l¼ p�að Þkrim
1� Js;rimrrim
� �2

rrim
; (A7)

as an effective line tension of the rim, in analogy to the formal description of the lipid bilayer

edge energy arising during the formation of small vesicles upon sonication (Helfrich, 1974)

and of budding membrane domains (Lipowsky, 1992). Finally, the total bending energy of

the cisterna is the sum of the contributions from the central and rim regions,

Fbend ¼ Fmid
bend þ Frim

bend.

Analytical expression for the cisterna shape transitions
The free energy of nanodomain partitioning, Fpart, has a logarithmic dependence on the

nanodomain area fractions, Fmid and Frim, thus posing a challenge for an analytic treatment

(see Equation 9). Nevertheless, the degree of nanodomain redistribution only appears in the

expression for the total bending energy of a cisterna through the bending rigidities, krim and

kmid, given by Equation (12). Hence, to get an analytical approximation of the numerically-

computed shape diagram boundaries (see Figure 2A), we consider the two extreme

situations of nanodomain partitioning, for which we will compute the total bending energy:

The first situation corresponds to no nanodomain partitioning, that is to homogeneous

distribution of nanodomains along the entire cisterna. From a physical point of view, this

situation corresponds to when the total free energy of the cisterna is dominated by the

entropic contribution of nanodomain partitioning. The second case corresponds to the

complete partitioning of the nanodomains to the central part of the cisterna. From a physical

point of view, this corresponds to the bending energy dominating the total free energy of

the cisterna. We later discuss about the relative importance of the entropic part of the total

free energy of a cisterna as compared to the bending energy.

In both cases, the total free energy of a cisterna reads as

F ¼ Fmid
bend þFrim

bend ; (A8)

where Fmid
bend and Frim

bend are given by Equations (A3) and (A5), respectively. If we further

assume that the spontaneous curvature of the central region of the cisterna is zero, we can

write Equation (A8) as

F ¼ 16p kmid 1� rgap
2

rflat2

� �

þ 2p p�að Þkrim
rgap

0� rrim� rgap
0 rrimJs;rim

� �2

rgap0 rrim
(A9)

Let us first estimate the critical values of the rim spontaneous curvature that are associated

with a loss of stability of flat cisternae, J�s;rim. Mathematically, this corresponds to the

situation where the free energy Equation (A9) has a local maximum at rgap ¼ rflat,

qF

qrgap
rgap¼rflat ; Js;rim¼J�

s;rim

�

�

� ¼ 0; (A10)

the solution of which leads to the expression for the spontaneous curvature of the rim,
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Js;rim
� rrim ’ 1� 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

p�a

kmid

krim

rrim

rflat

s

; (A11)

where we assumed that rflat � rrim. Interestingly, from this expression we can compute the

critical effective line tension, Equation (A7), as l� ¼ l J�s;rim

� �

¼ 8 keff =rflat; where keff ¼ 2kmid

is an effective total bending rigidity of the central part of the cisterna, given that it is made

of two parallel bilayers. This rough estimation matches with previously calculated analytical

values for critical line tensions required to form spherical vesicles by sonication

(Helfrich, 1974) or budded membrane domains (Lipowsky, 1992).

We next estimate the critical value of the rim spontaneous curvature associated with a loss

of stability of a highly curled cisterna, Js;rim
��. Basically, this condition corresponds to a

situation where the total free energy Equation (A9) ceases to have a local minimum for a

highly curled cisterna configuration. The local extremes of the free energy function are given

by the solutions of the equation qF
qrgap

¼ 0; which can be approximated as

�16
kmid

krim

1

rflat2
rgap

3 þp�a

rrim
1� rrimJs;rim
� �2

rgap
2 � p�að Þrrim ¼ 0 (A12)

which is a cubic equation in rgap, with coefficients a ¼ �16
kmid
krim

1

rflat2
, b ¼ p�a

rrim
1� rrimJs;rim
� �2

,

c ¼ 0, and d ¼ � p � að Þrrim. Loss of a local minimum for a highly curled configuration,

mathematically, corresponds to Equation (A12) having only one real solution (and two

complex conjugate solutions) instead of three real solutions. The transition in the number of

real solution of a cubic equation corresponds to when the discriminant of the cubic

equation, D ¼ �4b3d � 27a2d2, is equal to zero (see, for instance, [Abramowitz and Stegun,

1964]). This condition, after some algebra, leads to

Js;rim
�� rrim ¼ 1� 2

ffiffiffi

3

p 1

p�a

kmid

krim

rrim
2

rflat2

� �1=3

: (A13)

We can now estimate the values of the transition spontaneous curvatures, Equations (A11)

and (A13), which correspond to the aforementioned extreme situations of complete

partitioning and homogeneous distribution of nanodomains.

Homogeneous nanodomain distribution: This situation corresponds to the condition

Frim ¼ Fmid ¼ F, and therefore krim ¼ kmid ¼ k. Under these circumstances, it is

straightforward to see that the transition zones do not depend on the area fraction covered

by nanodomains, F, or on the value of the bending rigidity of the membrane, k, which is the

only energy scale of the system. Hence, Equations (A11) and (A13) can be, respectively,

expressed as

Js;rim
�;hom rrim ¼ 1� 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

p�a

rrim

rflat

s

; (A14)

and

Js;rim
��;hom rrim ¼ 1� 2

ffiffiffi

3

p 1

p�a

r2rim
r2flat

 !1=3

: (A15)

Complete nanodomain partitioning: As explained above, this situation corresponds to the

condition Frim ¼ 0, and Fmid ’ F. According to Equation (12), the bending rigidities at the
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rim and central part of the cisterna are expressed as krim ¼ kld and

kmid ¼ kld= 1�F 1� kld=kloð Þð Þ. Now, we can rewrite Equations (A11) and (A13) as

Js;rim
�;part rrim ¼ 1� 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

p�a

1

1�F 1�kld=kloð Þ
rrim

rflat

s

; (A16)

and

Js;rim
��;part rrim ¼ 1� 2

ffiffiffi

3

p 1

p�a

1

1�F 1�kld=kloð Þ
rrim

2

rflat2

� �1=3

: (A17)

In Appendix 1—figure 1, we plot these analytical approximations of the transition zones of

the shape diagram, Equations (A14–A17), and compare them to the numerical

computations shown in Figure 2A. These results show that our analytical approximation is

good enough to qualitatively estimate the shape diagram of flat-to-curled cisterna

transitions, as well as the shape bistability. However, these results differ quantitatively from

the numerical solutions by about 20% (see Appendix 1—figure 1).

Appendix 1—figure 1. Analytical approximation of the shape diagram. Comparison between

the numerically-computed shape diagram of a Golgi cisterna (simple dashed lines) to the

one obtained by using an analytical approximation, for homogeneous nanodomain

distribution (solid lines) and complete nanodomain partitioning (dot-dashed lines). We used

the same elastic and geometric parameters as in Figure 2A (see Table 1). Orange lines

represent the transition lines below which only curled cisternae are locally stable shapes,

whereas blue lines represent the loss of local stability of curled cisternae.

DOI: 10.7554/eLife.24603.016
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Analytical description of the relative contribution of the
entropic partitioning free energy to the total free energy
of the system
Our numerical results showed that the contribution of the nanodomain area fraction to the

Golgi cisterna shape diagram is relatively minor (Figure 2A). Moreover, increasing the size

of the nanodomains increased the sensitivity of the shape transitions to the amount of

nanodomains (Figure 4). To gain some more insight into the role of the nanodomain area

fraction on the Golgi cisterna shape transition, we aimed at understanding the relative

contribution to the overall cisterna free energy of the entropic free energy of nanodomain

partitioning and the bending energy. For the sake of simplicity, we focus on the flat cisterna

configuration, corresponding to rgap ¼ rflat. In this case, and assuming that rrim � rflat, we can

express the bending energy of the cisterna, Equation (A9), as

Fbend ¼ 2p p�að Þkrim
rflat

rrim
1� rrimJs;rim
� �2

(A18)

where, according to Equation (12),

krim ¼ klokld

klo � klo�kldð ÞFrim

¼ klokld

klo� klo �kldð ÞFþ klo �kldð ÞF�
; (A19)

where � ¼ F�Frimð Þ=F is the nanodomain partitioning coefficient, which ranges between

� ¼ 0 for a non-partitioned homogeneous nanodomain distribution to � ¼ 1 for fully

partitioning of nanodomains away from the cisterna rim. Noteworthy, the bending energy

Equation (A18) is a monotonically decreasing function for 0 < � < 1, as long as klo > kld.

Also assuming that rrim � rflat, we can express the partitioning free energy, Equation (9), as

Fpart ¼
2kBT r2

flat

R2

d

�

FlnFþ 1�Fð Þln 1�Fð Þ½ �þ 2 p�að Þ rrim
rflat

½FrimlnFrim

þ 1�Frimð Þln 1�Frimð Þ�
�

;
(A20)

where Frim ¼ F 1� �ð Þ. In this case, the partitioning free energy, Equation (A20) is a

monitonically increasing function for 0 < � < 1, as long as F < 1=2. Given this opposite

monotonicity between the bending energy, Equation (A18) and the partitioning free

energy, Equation (A20), the relative contribution of these two energies will dictate whether

the partitioning entropy is the dominant part of the free energy, and therefore the

nanodomains will tend to be homogeneously distributed along the cisterna; or the bending

energy dominates and an extensive partitioning is to be expected. To have a rough

analytical estimation of this relative contribution, we look for the condition where the growth

slopes of the two energies cancel each other out when there is no nanodomain partitioning,

that is

q Fbend þFpart

� �

q�
�¼0

�

� ¼ 0; (A21)

which, after some algebra, leads to the expression of a critical nanodomain size, Rd
�,

Rd
� ¼ 2 rrim

ffiffiffiffi

p
p 1� 1�kld=kloð ÞF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kld 1�kld=kloð Þ=kBT
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tanh�1
1� 2Fð Þ

q

j1� rrimJs;rimj
; (A22)
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below which entropy dominates and low nanodomain partitioning is expected; and above

which bending energy dominates and nanodomains are mostly distributed away from the

cisterna rim to minimize the overall free energy. In Appendix 1—figure 2, we plot the value

of the critical nanodomain size as a function of the spontaneous curvature of the rim and/or

the area fraction covered by nanodomains. These results indicate that, indeed, the free

energy penalty of nanodomain redistribution dominates over the bending energy for small

values of the nanadomain size, and therefore large partitioning away from the rim is

entropically prevented.

Appendix 1—figure 2. Comparison of the partitioning and bending energy terms of the free

energy. Critical nanodomain size as a function of the nanodomain area fraction and the

spontaneous curvature of the rim (A), or plotted separately as a function of the nanodomain

area fraction for a fixed value of the rim spontaneous curvature (B), and as a function of the

rim spontaneous curvature for a fixed nanodomain area fraction (C). In (B) and (C), the

regions where bending energy or partitioning energy dominate are indicated.
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Analytical estimation of the role of the distribution of
membrane curvature generators in the cisterna shape
diagram
In Figure 2—figure supplement 1, we numerically showed that the presence of curvature

generators on the central part of the Golgi cisterna does not qualitatively change the shape

diagram but shifts the flat-to-curled transitions to lower values of the spontaneous curvature.

To better understand this change and have a rough analytical estimation of the extent of the

shift, we proceeded to compare the total bending energy (assuming that there are no rigid

nanodomains) of a flat cisterna to a simplified situation of a completely curled cisterna

without a rim (that is, corresponding to two concentric spheres, separated by a distance 2h

and with a mean radius R). In the flat configuration, the surface area of the rim is

A
flat
rim ¼ 4p p � að Þrrimrflat, while the surface area of the central part is Aflat

mid ¼ 2p r2flat, and the

total surface area of the cisterna is A ¼ A
flat
rim þ A

flat
mid. In the completely curled configuration,

there is no rim, so the total surface area is A ¼ Acurled
mid ¼ 8p R2. Surface area conservation

leads to R ¼ 1

2
rflat

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2 p � að Þrrim=rflat
p

. The bending energies for the rim and central parts

of the flat cisterna are, respectively,

F
flat
rim ¼ k

2

1

rrim
� Js;rim

� �2

A
flat
rim; (A23)

F
flat
mid ¼

k

2
Js;mid
� �2

A
flat
mid: (A24)

The bending energy of the completed curled cisterna made of two concentric spheres with

approximately opposite total curvature �1=R is

Fcurled
mid ¼ k

2

4

R2
� J2s;mid

� �

Acurled
mid : (A25)

The condition where the two shapes have the same total bending energy can be

mathematically expressed as Fflat
rim þ F

flat
mid ¼ Fcurled

mid , characterized by a rim spontaneous

curvature J
0ð Þ
s;rim. Plugging all these expressions together, we obtain the following expression,

1� J
0ð Þ
s;rimrrim

� �2

�Js;mid
2rrim

2 ¼ 8

p�að Þ
rrim

rflat
: (A26)

When the spontaneous curvature of the central part is zero, Js;mid ¼ 0, we obtain

J
0ð Þ
s;rim Js;mid ¼ 0
� �

¼ 1

rrim
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

p�að Þrrimrflat

s

: (A27)

Alternatively, when the spontaneous curvature generators are all over the cisterna

membrane, Js;mid ¼ Js;rim, we obtain

J
0ð Þ
s;rim Js;mid ¼ Js;rim
� �

¼ 1

2 rrim
� 4

p�að Þrflat
: (A28)

We can then compute the relative change in the critical spontaneous curvature as
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dJ
0ð Þ
s;rim ¼

J
0ð Þ
s;rim Js;mid ¼ Js;rim
� �

� J
0ð Þ
s;rim Js;mid ¼ 0
� �

J
0ð Þ
s;rim Js;mid ¼ 0
� �

¼ 1

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

p�að Þ
rrim

rflat

s

: (A29)

For the typical parameters we used in our computations (e.g. in Figure 2—figure

supplement 1), we obtain J
0ð Þ
s;rim Js;mid ¼ 0
� �

¼ 0:0191 nm�1, J
0ð Þ
s;rim Js;mid ¼ Js;rim
� �

¼ 0:0136 nm�1,

and therefore dJ
0ð Þ
s;rim ¼ �0:29, which compare remarkably well with the numerically calculated

shift in the shape transition (Figure 2—figure supplement 1).

Analytical considerations of the effect of multiple stacked
cisternae on the shape diagram
We now consider the effect of multiple stacked cisternae on the flat-to-curled and curled-to-flat

cisterna shape transitions. Let us consider a system composed of N cisternae, which are

connected along the stack by certain stacking factors. Derganc et al. presented a mechanical

model of the Golgi stack, comparing the bending energy of each cisterna with the adhesion

energy keeping them together, aiming to understand the physical mechanisms setting the

number of cisternae in a flat stack (Derganc et al., 2006). Since in the course of our

experiments we did not observe major unstacking of the Golgi cisternae, we assume that

the adhesion energy keeping the cisternae stacked together is much stronger than the rest

of energies (namely, the bending energy), implying that all cisternae curl equally. Moreover,

since the lateral size of a cisterna is much larger than the thickness of the stack, we take the

approximation that all cisternae acquire the same curvature upon curling. For the sake of

simplicity, we disregard the effects of nanodomain partitioning along the membrane (that is,

we assume there is no nanodomain partitioning Frim ¼ Fmid ¼ F). In addition, we need to

ascribe the distribution of the spontaneous curvature along the different cisternae of the

stack. Let us consider a situation where the stack is composed of t trans-like cisternae with a

characteristic rim spontaneous curvature, Js;rim
trans, and N � t cis/medial-like cisternae,

characterized by a different rim spontaneous curvature, Js;rim
cis. The total free energy of the

stack is given by the sum of the free energies of each cisterna,

F¼
X

N

i¼1

Fi ¼ t Ftrans þ N� tð ÞFcis; (A30)

where Ftrans and Fcis are given by Equation (A9), using Js;rim ¼ Js;rim
trans and Js;rim ¼ Js;rim

cis,

respectively, and krim ¼ kmid ¼ k. Similarly as we did for a single cisterna, we can obtain

analytical expressions for the regions of loss of stability of both flat and curled stacks, given

by

Js;rim
trans;� Js;rim

cis
� �

rrim ’ 1� 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N

t

1

p�að Þ
rrim

rflat
� 1

16

N� tð Þ
t

1� Js;rim
cisrrim

� �2

s

; (A31)

and

Js;rim
trans;�� Js;rim

cis
� �

rrim ’ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12
N

t

1

p�að Þ
rrim2

rflat2

� �2=3

�N� t

t
1� Js;rim

cisrrim
� �2

s

; (A32)

respectively. It is easy to see that Equations (A31) and (A32) correspond to

Equations (A11) and (A13), respectively, in the limit t ¼ N, that is, when all cisternae are

trans-like. In Appendix 1—figure 3 we plotted these transition curves for a stack composed
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of 3 cis-like cisternae and 1 trans-like cisterna, and compared them to the single trans-like

cisterna situation. These results indicate that curling of the whole stack requires changes in

the spontaneous curvatures of all the cisternae. Moreover, we can see that when the two

spontaneous curvatures change in the same manner, the shape transitions are independent

on the number of cisternae and correspond to the values obtained for a single cisterna (see

Appendix 1—figure 3).

Appendix 1—figure 3. Effect of multiple stacked cisternae on the Golgi shape diagram. The

transition curves where flat (orange) or curled (blue) cisternae cease to be locally stable

configurations are shown for a stack composed of 1 trans-like cisterna and 3 cis-like

cisternae (solid lines) and compared to the situation of a single trans-like cisterna (dashed

lines). In addition, we show the path where the spontaneous curvatures of the trans-like and

cis-like cisternae are equal (grey dashed line), showing that under this constraint, the shape

diagram does not depend on the number of cisternae of each kind.
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