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Abstract  

Lipid droplets (LDs) in all eukaryotic cells are coated with at least one of the perilipin 

family of proteins. They all regulate key intracellular lipases but do so to significantly 

different extents. Where more than one perilipin is expressed in a cell, they associate 

with LDs in a hierarchical manner. In vivo, this means that lipid flux control in a 

particular cell or tissue type is heavily influenced by the specific perilipins present on 

its LDs. Despite their early discovery, exactly how perilipins target LDs and why they 

displace each other in a ‘hierarchical’ manner remains unclear. They all share an amino-

terminal 11-mer repeat amphipathic region suggested to be involved in LD targeting. 

Here, we show that in vivo this domain functions as a primary highly reversible LD 

targeting motif in perilipins1-3 and, in vitro, we document reversible and competitive 

binding between a wildtype purified perilipin1 11-mer repeat peptide and a mutant with 

reduced binding affinity to both ‘naked’ and phospholipid coated oil-water interfaces. 

We also present data suggesting that a second carboxy-terminal 4-helix bundle domain 

stabilizes LD binding in perilipin1 more effectively than in perilipin2, whereas in 

perilipin3 it weakens binding. These findings suggest that dual amphipathic helical 

regions mediate LD targeting and underpin the hierarchical binding of perilipins1-3 to 

LDs. 
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Introduction 

Lipid droplets (LDs) form in almost all cell types and constitute the primary organelles 

for lipid storage. They consist of a neutral lipid core surrounded by an amphipathic 

phospholipid monolayer (Fujimoto and Parton, 2011; Tauchi-Sato et al., 2002) which 

reduces surface tension at the oil-water (cytosol) interface (Thiam et al., 2013b). This 

unique surface topology is recognised by a host of proteins involved in LD formation 

and fate (Ben M'barek et al., 2017; Guo et al., 2008; Kory et al., 2016; Pol et al., 2014; 

Thiam and Beller, 2017; Thul et al., 2017). Amongst these proteins, those directly 

associated with the droplet surface typically use amphiphatic helices (AHs), lipid 

anchors, or monotopic hairpins to do so (Bersuker and Olzmann, 2017; Kory et al., 

2016).  

 

The most abundant LD coat protein in mammalian cells is the perilipin (Plin) family of 

five proteins, Plin1-5. All Plins share a series of 11-mer repeats (11mr) towards the 

amino terminal which are involved in LD targeting through their ability to form AHs 

(Bulankina et al., 2009; Copic et al., 2018; McManaman et al., 2003; Nakamura and 

Fujimoto, 2003; Orlicky et al., 2008; Rowe et al., 2016; Targett-Adams et al., 2003). 

Plins1-3 and 5 share similar 11mr motifs of about 100 amino acids, whereas Plin4 is 

distinguished by more numerous copies of the 11mrs, up to 1200 amino acids in length 

(Copic et al., 2018). Towards their carboxyl terminus, all Plins are predicted to have a 

4-helix bundle (4HB) domain (Chong et al., 2011), based on the homology of this 

region in Plins 1,2,4,5 to that of Plin3, for which the crystal structure was resolved 

many years ago (Hickenbottom et al., 2004). In Plin3, the 4HB is zipped together by 

four short β-sheets (Hickenbottom et al., 2004).  

 

Helix bundles conceal hydrophobic residues of helices from the aqueous environment, 

but the bundle can open up, thereby deploying amphipathic helical structures which can 

then associate with lipid membranes (Narayanaswami et al., 2010). This behavior 

suggests that  the 4HB of Plins could also be involved in LD binding and some 

experimental support for the involvement of these regions of perilipins exists (Chong 

et al., 2011; Garcia et al., 2003; McManaman et al., 2003; Rowe et al., 2016; 

Subramanian et al., 2004).  
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What then do perilipins do once associated with LDs?  They probably all have a role 

in reducing surface tension and stabilising LDs, but they are also key regulators of 

lipid fluxes into and out of LDs. By decorating the surface of LDs, they are ideally 

placed to regulate the access of hydrolytic lipases, such as adipose tissue triglyceride 

lipase (ATGL) and hormone sensitive lipase (HSL) to their lipid substrates in the 

core or possibly on the surface of LDs and several elegant studies have elucidated 

the mechanisms by which perilipins regulate ATGL and HSL (Brasaemle and 

Wolins, 2012; Granneman et al., 2007; Itabe et al., 2017; Kimmel et al., 2010; 

Kimmel and Sztalryd, 2016; Wang et al., 2011; Wang et al., 2009a; Zechner et al., 

2012). Studies have also now suggested that exactly how perilipins regulate these 

lipases differs (Granneman et al., 2009; Patel et al., 2014; Wang et al., 2011). This 

has important physiological implications as where multiple Plins are present in cells, 

they bind in a hierarchical manner (Beller et al., 2010; Straub et al., 2008; Wolins et 

al., 2006). For example, in white adipocytes, Plin1 is ultimately the only Plin at the 

LD surface, while other Plins are expressed and associate with the LD surface at 

earlier stages of droplet formation (Brasaemle and Wolins, 2012; Skinner et al., 2009 

Wolins et al., 2006). This is important physiologically as evidenced by the phenotype 

of Plin1 null mice in which basal lipolysis is increased and stimulated lipolysis 

relatively blunted (Martinez-Botas et al., 2000; Tansey et al., 2001). In humans with 

loss-of-function Plin1 mutations, Plin2 is up-regulated in white adipose tissue 

(Kozusko et al., 2015) but it fails to alleviate the severe metabolic consequences of 

impaired Plin1 function (Gandotra et al., 2011; Kozusko et al., 2015). Plin2 and 3 are 

widely expressed and mouse knockout studies suggest that Plin2 is particularly 

important in hepatocytes which do not normally express Plin1 (Libby et al., 2016). 

Plin3 is reported to localize to droplets emerging from the endoplasmic reticulum 

(Pol et al., 2014; Skinner et al., 2009) and a recent report suggests that Plin3 null 

mice manifest increased beiging of white adipocytes (Lee et al., 2018).  

 

Given the physiological importance of the hierarchical binding of perilipins1-3 to LDs, 

we sought to understand the molecular basis of this phenomenon. Consistent with 

works from several groups (Bulankina et al., 2009; McManaman et al., 2003; Nakamura 

and Fujimoto, 2003; Orlicky et al., 2008; Rowe et al., 2016; Targett-Adams et al., 

2003), we found that the amino-terminal 11-mer AH repeat regions of Plins1-3 are 

sufficient for LD localisation. However, importantly, we found that this binding is 
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highly reversible for all three Plins. In contrast, the binding of the C-terminal 4HB-

containing regions varies more substantially and either stabilises or seems to destabilise 

net binding of the full length proteins. Thus we propose a cooperative binding 

mechanism which accounts for the observed hierarchical binding properties of this 

primordial family of LD coat proteins and which is critical for optimal in vivo co-

ordination of lipid storage and release.  
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Results 

Comparative localisation of Plins1-3 in mammalian cell lines 

To directly compare the localisation of Plins1-3, we studied the localization of amino-

terminal fluorescently (GFP or mCherry) tagged full-length (FL) Plins, as well as 

complementary fragments of the proteins containing their predicted ‘11-mer repeat’ 

(11mr) and ‘4-helix bundle’ (4HB) domains, respectively denoted Plin-N and Plin-C 

(Figure 1A). The Plin-N and Plin-C boundaries were designed based on the known 

structure of the 4HB of Plin3 (Hickenbottom et al., 2004) and our own prior 

characterisation of the 11mr regions of Plins 1-3 (Rowe et al., 2016). In the case of the 

Plin-N, each of these constructs also included the putative PAT domain, and in the case 

of the Plin-C domains, each included the full carboxy terminus of the proteins as well. 

Binding of these domains was primarily studied in oleate loaded human hepatoma 

derived (Huh7) and HeLa cells in which only Plin2,3 were endogenously expressed, 

Plin1 being mainly expressed in adipocytes (Figure S1A).     

 

All proteins localized to the LD surface to at least some extent, except for the Plin3-C 

which was only observed in the cytosol (Figure 1B and S1B). Whereas FL Plin1 was 

almost entirely localised around LDs and on the endoplasmic reticulum (ER) 

membranes (Figure S1D,F), FL Plin2 also displayed some cytosolic localization and 

FL Plin3 was predominantly cytosolic (Figure 1B). Regarding the fragments, in 

addition to targeting LDs they were all soluble, to some extent, in the cytosol and in the 

nucleus, especially the Plin3-N (Figure S1C); the only exception being the Plin1-C 

which was either observed on LDs or ER membrane (Figure S1B,E), like FL Plin1. In 

contrast, the Plin2-C colocalized with LDs in a minority of cells but was otherwise 

predominantly cytosolic (Figure S1B,C). These data are summarized in Figure 1C. 

 

In order to validate these data in a different cell line, all of the GFP-tagged constructs 

were also expressed in a second mammalian cell line (HeLa) where similar localisation 

patterns were observed (Figure S1G). 

 

Differential binding stability of Plins1-3 on lipid droplets 
 
To assess the stability of Plins and fragments thereof on the surface of LDs, we 

performed FRAP analyses, by bleaching the fluorescent signal in a voxel incorporating 
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a cluster of LDs and then recording its recovery (Figure 1B). From the observed 

recovery rates, we distinguished three patterns (Figure 1D, E): i) proteins that recovered 

rapidly included FL Plin3 and the Plins2-N,3-N; ii) FL Plin2 and Plin1-N had 

intermediate recovery times; iii) the Plins1-C,2-C, and particularly FL Plin1 had the 

slowest recovery rates. The data suggest that FL Plin1 is considerably more stably 

associated with the LD surface than FL Plin2, which is in turn more stably associated 

than FL Plin3. The data are consistent with overall affinity reflecting the combined 

binding stability of the Plin1-3 fragments. For instance, for Plin2 and Plin3, whose N-

terminal manifest similar recovery rates (Figure 1D, E), the C-terminal containing the 

4HB ultimately determines the differential LD binding affinity between the FL proteins. 

In fact, FL Plin3 behaved very similarly to the Plin3-N alone, in keeping with the 

suggestion that the Plin3-C does not associate with the droplet surface. 

 

We recorded slower recovery rates for Plin1-C,2-C than their corresponding N-terminal 

containing the 11mrs, which suggests that they both stably bind LDs and might have 

slow ‘on’ and/or ‘off’ rates. However, these 4HBs-containing domains manifested 

different net behaviours: Plin2-C was predominantly cytosolic and only bound to LDs 

in a minority of cells, whereas Plin1-C mostly bound to LDs and ER membrane (Figure 

1C, Figure S1B-F). We hypothesize that the 4HB of Plin3 is stabilised or ‘zipped 

together’ by the beta-sheets in the associated ab domain and thus remains largely in the 

closed conformation seen in its crystal structure (Hickenbottom et al., 2004) (Figure 

S2A). The beta-sheets are also predicted to be present in Plin2, whereas they are not 

present in Plin1 (Figure S2B). Consequently, we speculate that the 4HB of Plin1 might 

have a greater propensity to unfold and hence hence afford Plin1-C a higher 

membrane/LD ‘on’ rate than that of Plin2-C, but both could have low ‘off’ rates.  

 

The high LD and membrane affinity of the Plin1-C was striking. To confirm this result, 

we co-expressed the Plin1-C with the Plin1-N (Figure 1F), or FL Plin1 (Figure S2C), 

or FL Plin2 (Figure S2D), and performed dual FRAP analyses. These data confirmed 

that the Plin1-C associated with LDs more stably than all the other peptides/proteins 

besides FL Plin1 (Figure 1G). 
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Evidence indicating that perilipins1-3 compete for LD surface occupancy in vivo 

The FRAP analyses provide trends of the relative LD binding affinities of the various 

peptides studied (Figure 1D,E). However, a limitation of this analysis is that the sources 

of the signal recovery are not necessarily identical for all conditions. Signal recovery 

could occur by protein exchange between LDs, or directly from the cytosol, or possibly 

by lateral diffusion from the ER to LDs. Aditionnally, we lack precise control over the 

protein expression levels in individual cells (Goedhart et al., 2011). Nevertheless, we 

took advantage of the variability of cellular expression levels of the proteins to 

document their competitive binding in co-expression experiments (Kory et al., 2015). 

In these experiments, cells were transfected with the different plasmids and they 

expressed the proteins at different levels. We then took cells with variable amounts of 

each expressed protein and analysed them.  

 

Initially, we co-expressed FL mCherry-Plin1, as a reference protein, with GFP-tagged 

versions of FL Plin2  (Figure 2A), FL Plin3, the Plin1-N or the Plin1-C region (Figure 

2B-D). We quantified the loss of the GFP-tagged fragments as a fraction of the total 

fluorescence present on the LD surface and used the resulting profile to estimate a 

critical concentration of the FL Plin1 on LDs required to displace half of the competing 

protein (see Figure 2A-D graphs). Plin1 completely displaced all other proteins from 

LDs at high expression levels, to a greater extent than any other FL Plins or fragments 

thereof. Switching the GFP and mCherry tags on FL Plin 1 and 2 led to very similar 

results (Figure S2E); endogenous Plin2,3 levels were not affected by such 

manipulations (Figure S2F) and may behave as GFP-Plin2,3. All competing proteins 

were displaced into the cytosol except for the Plin1-C, which relocated to the ER 

membrane (Figure 2D). These experiments corroborate the previous data, insofar as 

they suggest that Plin1 competes off the other peptides with a range of displacement 

efficiencies which are similarly ordered (Figure 2E, F) to the single FRAP analysis 

studies (Figure 1). These findings were also in agreement with dual FRAP analyses in 

cells co-expressing FL Plin1 and FL Plin2 (Figure S3A) or the Plin1 fragments (Figure 

S3B-D).  

 

We also observed intermediate situations where Plin1 and Plin2 were enriched on 

different LDs, suggesting that Plin2 displacement by Plin1 might occur gradually on 

different LDs (Figure S3E). We next assessed the binding affinity between FL Plin2 
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and FL Plin3 (Figure S3F). As predicted, Plin2 fully displaced Plin3. FL Plin3 was also 

displaced by Plin1-N to a similar level to that of FL Plin2; it was even more efficiently 

displaced by Plin1-C (Figure S3F,G), confirming the highest LD binding affinity of this 

4HB-containing domain after FL Plin1 (Figure 2F). We then probed whether the 

individual domains of Plin1 were sufficient to fully displace FL Plin2 but the data 

suggest that these domains cannot do so. Instead, we found that FL Plin2 was either on 

the same LDs as the fragments or there were distinct LDs enriched with either FL Plin2 

or the Plin1 fragments (Figure 2G). Such separation was not seen between Plin1-3 

fragments (Figure S3H), suggesting that the N-11mr- and the C-4HB-containing 

domain jointly regulate Plin binding to LD subsets. 

 

The FRAP analysis of the individually expressed Plin1-C,2-C fragments (summarised 

in Figure 1D) suggests similar recovery rates whereas their steady state localisation is 

very different (Figure 1B, Figure S1C,E). To explore this in more detail, we used 

mCherry-Plin1-N as the reference protein and co-expressed it with GFP-tagged 

versions of the other fragments that localized to LDs (Figure S3H). Higher expression 

of the Plin1-N displaced the other fragments from the LD surface to some extent. Plin1-

C tended to remain at the interface and had the highest critical concentration (Figure 

S3H), whereas the Plin2-C was barely detectable on the LD surface when co-expressed 

with the Plin1-N (Figure S3H), or even with the Plin3-N  or FL Plin3 (Figure S3I); for 

this Plin2-4HB-containing domain, crowding the LD surface with proteins seems to be 

sufficient to fully prevent binding to the droplet surface, consistent with our previous 

suggestion that the 4HB-containing domain of Plin2 has a much lower LD ‘on’ rate 

than that of Plin1. Regarding the 11mr-containing domains of Plins2,3, they were more 

readily displaced than the Plin1-C, and at very similar levels (Figure 2H).  

 

In summary, the kinetic (FRAP data in Figure 1) and steady state (Figure 2) data suggest 

that the 11mr-containing domains of Plin1,2 have similar binding affinities, both 

apparently higher than that of Plin3. The 4HB-containing domain of Plin3 does not bind 

LDs on its own in either of the cell types we studied. The 4HB-containing domain of 

Plin2 only associates with LDs when LD surface protein coverage allows it to do so, 

whereas that of Plin1 is almost always associated with membranes.  
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A truncation mutant of Plin3-C manifests enhanced LD localisation  

The 4HB structure of Plin3 is ‘zipped’ together by short β-sheets (Figure S2A, 

(Hickenbottom et al., 2004)). In order to test the hypothesis that this prevents unfolding 

and subsequent membrane association of the helix bundle, we generated a truncated 

version of Plin3 (Plin3 1-413, referred to herein as Plin3-β) lacking the β-sheets, which 

follow the sequences for the helices constituting the 4HB and ‘zip’ the helix bundle 

together. When expressed in oleate loaded Huh7 cells, GFP-Plin3-β consistently 

localized around LDs to a greater extent than GFP-Plin3 whose signal was often very 

faint around the LDs (Figure S2H). When co-expressed with mCherry-Plin3, GFP-

Plin3-β almost entirely displaced mCherry-Plin3 from LDs (Figure 2I, S2I), strongly 

suggesting that the Plin3-β mutation enhances LD surface association. This observation 

is not a result of the GFP/mCherry tags themselves, as GFP-Plin3 largely just 

colocalized with co-expressed mCherry-Plin3 (Figure 2I). This result is consistent with 

the suggestion that the β-sheets in the 4HB of Plin3 influence unfolding and hence the 

propensity to associate with hydrophobic membranes. However, in individual FRAP 

experiments, Plin3-β recovery was rapid and similar to that of FL Plin3 (Figure 2J-L). 

We deduce that the Plin3-β mutation only marginally increases LD binding affinity and 

that this difference is below the resolution of the FRAP analysis in this setting. 

 

In vitro analysis of the binding mode of Plins on an oil-water interface 

Theoretically a protein with both membrane binding and soluble domains has the same 

membrane lateral diffusivity as the binding domain alone, because of the higher 

viscosity of the membrane than the aqueous phase (supplementary text) (Figure 3A), 

but the soluble domain of the protein might enhance membrane ‘fall off’ of the protein 

into the aqueous phase (Figure 3A). If, however, the soluble domain also interacts with 

the membrane, the diffusivity of the protein will be reduced, and this additional 

membrane binding domain is also predicted to reduce the protein membrane ‘fall off’ 

(Figure 3A). We hypothesize that the 11mr-containing domains of Plin1-3, Plin1-3-N, 

constitute the primary LD localisation motif and that this LD association is consistently 

stabilised by the 4HB-containing domain in Plin1, under optimal conditions in Plin2, 

but not in Plin3; at least in the conditions we have tested. 

 

In order to test this hypothesis, the GFP or mCherry tagged Plin1-N or FL Plins1-3 

were individually expressed in cells, and LDs bound by these proteins were next 
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purified. This isolated LD fraction was then encapsulated in buffer-in-triolein artificial 

emulsion droplets and mixed (Figure 3B); this manipulation resulted in the transfer of 

the proteins to the buffer-in-oil inverted droplet surface as described previously (Kory 

et al., 2015) (Figure 3B). FRAP analysis was then used to probe the lateral mobility of 

GFP and mCherry tagged proteins (Figure 3C), and droplet binding stability was 

evaluated by comparing the tendency of the proteins to transfer off the buffer-oil 

interface into the buffer lumen in shrinking droplets (due to evaporation of water) 

(Figure 3D).  

 

FL mCherry-Plin1 recovered more slowly than the GFP-Plin1-N confirming that the 

Plin1-C contributes to the binding (Figure 3E). This result was supported by comparing 

the surface-bound fraction in shrinking buffer-in-oil droplets with both peptides at their 

surface (surface/lumen signal in Figure 3F): FL Plin1 remained at the interface whilst 

the surface concentration of Plin1-N decreased. These two sets of experiments were 

repeated with the same peptides but with switched tags in order to show that the GFP 

and mCherry tags did not influence the data (Figure S4A-B, S4C-D). FL Plin2 also 

diffused more slowly than Plin1-N, suggesting that its 4HB is also involved in binding 

to the artificial oil-water interface (Figure 3G). In this experiment, we think that the 

4HB in Plin2 does unfold and localise at this ‘naked’ interface, which is optimal for the 

binding of Plin2-C. However, during surface shrinkage (Figure 3H), Plin2 ‘fell off’ the 

interface at a similar level to the Plin1-N (Figure 3H). This data suggests that surface 

shrinkage increased protein crowding, which favoured re-folding of the 4HB in Plin2-

C and solubilisation of the FL Plin2 within the aqueous droplet lumen. 

 

FL Plin3 behaved similarly to the Plin1-N, supporting our previous observations that 

its 4HB is not involved in LD binding (Figures 3I,J). Finally, we also used Plin1-C  as 

the reference protein and compared it to FL Plin1 and FL Plin2 (Figure S4C-F). The 

data were similar to what we had seen with the Plin1-N, e.g. FL Plin1,2 diffuses more 

slowly on the initially naked oil-water interface than the single 4HB domain, but droplet 

shrinkage causes similar fall off rates for this domain and FL Plin2. 

 

Collectively, these data affirm the suggestion that the 11mrs in Plin-N sense the droplet 

surface and that the 4HBs in Plin-C regulate the relative binding affinity and stability 
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of Plin1-3 on LDs, thus accounting, at least in part, for the observed net ‘hierarchical’ 

binding of Plin1-3.  

 

The 11-mer repeat of Plin1 associates reversibly with an artificial oil-water interface 

The involvement of the 11mr regions in LD localisation of all known Plins is 

increasingly well established, by several independent groups including our own 

(Bulankina et al., 2009; Copic et al., 2018; McManaman et al., 2003; Nakamura and 

Fujimoto, 2003; Orlicky et al., 2008; Rowe et al., 2016; Targett-Adams et al., 2003). 

We also showed that these regions could mediate targeting of human perilipins1-3 to 

LDs in Saccharomyces cerevisiae strongly suggesting that this process did not require 

interaction with additional proteins. Copic et al. have very recently reported similar 

findings using 11mr regions of Plin4 (Copic et al., 2018). They also showed that 

purified fragments of the Plin4 11mr regions could associate with LDs in vitro. We 

previously purified a fragment of Plin1 from amino acids 93 to 192, which includes its 

predicted 11mr region (Figure 1A), and showed that this domain is unstructured in 

solution but folds into α-helices in the presence of detergent micelles (Rowe et al., 

2016). Its behaviour was compared with that of a mutant in which one neutral leucine 

residue was substituted with a negatively-charged aspartate residue (L143D) on the 

hydrophobic face of the predicted AH.  

 

Lipoprotein particles are physically similar to lipid droplets in terms of having a central 

neutral lipid core surrounded by a phospholipid monolayer. In this case, apolipoproteins 

associate with the lipoprotein surface (and its core in some instances) where they 

regulate lipases in a high analogous manner to the perilipins. How they interact with 

the droplet interface has been extensively characterised using oil droplet tensiometry 

(Meyers et al., 2012; Mitsche and Small, 2011; Rathnayake et al., 2014; Small et al., 

2009). Given these similarities we sought to document the behaviour of the wildtype 

(WT) and L143D mutant 11mr region of Plin1 in this experimental paradigm (Figure 

4A). Initially, a naked triolein-in-water droplet was generated, with an interfacial 

tension of around ~ 32 mN/m – this value translates an energy cost per unit surface, 

thus a tension, of oil in contact with water. Equal amounts of the WT or L143D peptides 

were then added to the solution and surface tension fell from ~ 32 mN/m to an 

equilibrium tension of ~ 16.3 mN/m for WT and 18.4 mN/m for L143D, meaning that 
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the peptides adsorbed to the interface to reach an equilibrium density (Figure 4B) – by 

absorbing to the interface, the peptides masked the interface, which decreased the 

tension at the oil-water interface. Varying the peptide concentrations revealed that 

equilibrium tension was consistently lower for WT than for the L143D mutant peptide 

(Figure 4C), meaning that, for a given concentration, the WT peptide was always 

consistently better at masking the oil-water interface and decreasing the surface tension. 

 

To assess the reversibility of peptide association, the droplet surface area was rapidly 

reduced, to modulate the surface protein density (Figure 4A), and then re-expanded. 

This perturbation immediately reduced surface tension before it almost returned to the 

initial equilibrium value (Figure 4D). Re-expansion of the droplet surface area resulted 

in a rapid increase in surface tension followed by a gradual return to the equilibrium 

tension. This pattern was largely repeated with further larger compressions and was 

also similar to the L143D mutant peptide (Figure S5A). We interpret these data as 

indicating that the initial surface compression results in a fall in surface tension as the 

protein density at the interface rapidly rises (Figure 4A, middle panel) but this is then 

relieved by expulsion of some of the peptide from the interface to restore equilibrium 

(Figure 4A, right panel). Re-expansion increases surface tension but the peptides then 

re-associate with the interface restoring surface tension back to equilibrium. For 

comparison, when a similar experiment is done using apolipoprotein B, compression 

led to a net decrease of tension and no protein desorption occurs, whereas with peptides 

derived from apolipoprotein C, similar behaviour is observed (Meyers et al., 2015; 

Meyers et al., 2012; Wang et al., 2009b). 

 

Collectively these data demonstrate reversible binding of the Plin1 11mr to the oil-

water interface, as seen in vivo (Figure 1B, 1D), highlight the impact of changes in the 

peptide sequence on the nascent amphipathic helices, and finally confirm that this 

domain cannot withstand high surface protein densities which induce its desorption.  

 

The 11-mer repeat of Plin1 displaces the L143D mutant  

In order to assess the potential for 11mr peptides to ‘compete’ for surface occupancy, 

we initially added the L143D mutant peptide and, as before, surface tension fell to ~18.4 

mN/m  (Figure 4E). Compression of the interface barely changed the equilibrium 

tension (Figure 4E), as already observed in Figure 4D. WT peptide was then added and 
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the equilibrium tension fell further to ~ 15.6 mN/m, as if it was alone on the surface 

(Figure 4B), suggesting that it displaced the L143D mutant from the interface. Indeed, 

compressing and re-expanding the droplet resulted in a different surface tension 

restoring profile (Figure 4E, arrowhead). We interpret this last observation as 

suggesting that initially both the WT and L143D mutant peptides re-associate with the 

expanded surface so surface tension falls rapidly towards ~18.4 mN/m but over time 

the WT entirely displaces the L143D peptide restoring surface tension to ~15.6 mN/m. 

 

Proteins displace the 11-mer repeat from the droplet surface more effectively than 

phospholipids 

To more closely reproduce the in vivo situation, phospholipids (POPC) were added to 

the triolein-water interface reducing surface tension from ~ 32 to ~ 26 mN/m (Figure 

S5B). Addition of the WT Plin1 peptide (Figure S5B) prompted a further reduction in 

surface tension to a new equilibrium of ~13.4 mN/m, which was lower than that 

observed with the peptide alone (on TO/water interface) (Figure 4B). Here too, the 

L143D Plin1 mutant peptide (Figure S5B) reduced surface tension less effectively to ~ 

16.5 mN/m. Interestingly, when compressed and re-expanded, the surface tension 

profiles were slightly different than what was observed in the absence of POPC: 

following compression and the initial fall in surface tension, surface tension rose but 

remained at a new equilibrium below the baseline equilibrium (compare equilibrium 

tension after compression in Figure 4D and Figure 4F, and Figure S5A and S5B). We 

interpret these data as indicating that the peptide is only partially removed from the 

interface upon surface compression and can then rapidly ‘snap’ back onto the interface 

when it is re-expanded. This phenomenon was more striking with the WT than with the 

mutant peptide (Figure S5B) and was also apparent in competition experiments 

undertaken after addition of phospholipids to the TO/W interface (Figure S5C).  

 

We next repeated the compression experiments with a range of concentrations of the 

WT and mutant peptides enabling us to estimate the maximum lateral surface pressure 

exerted by compression that the peptides can withstand without being ejected (Figure 

4G); we called this pressure Πmax. We found that Πmax of the WT and mutant (Figure 

4G, Figure S5D) was consistently higher in the presence of POPC. This result suggests 

that phospholipids aid retention of the peptides on the interface at least in this context. 
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As anticipated, the exclusion pressure for L143D was lower than that for WT peptide 

before and after the addition of POPC (Figure 4H, Figure S5D). 
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Discussion 

Lipid storage is carefully regulated in order to both alleviate potential lipotoxicity and 

to provide a rapidly available energy source when needed in either a cell autonomous 

manner or, in metazoans, by other more highly oxidative tissues. In vertebrates, white 

adipocytes constitute the primary lipid storage cell type for the whole organism, 

whereas other more oxidative tissues like the liver and skeletal muscle have 

progressively lower tendencies to accumulate lipids. In each of these different 

tissue/cell types, cellular lipid fluxes are finely coordinated in keeping with their 

respective physiological functions. Lipid flux is regulated at multiple levels both 

outside i.e. blood flow and intravascular lipolysis, and within individual cell types i.e. 

intracellular lipolysis. Perilipins play key roles in regulating intracellular lipid storage 

and lipolysis, and are significant contributors in determining the fate of lipids in cells. 

A key aspect of how they contribute to these tissue specific differences in lipid flux is 

through differential tissue distribution i.e. they are expressed at different levels in 

different tissues. Then, where more than one member of the Plin family is expressed in 

a particular cell type, they bind to LDs in a differential manner (Beller et al., 2010; 

Hsieh et al., 2012; Straub et al., 2008; Wolins et al., 2006). Importantly, binding to the 

LD surface is also a major determinant of overall expression levels of Plin1,2, as both 

are subject to proteosomal degradation when not bound to LDs, whereas Plin3 is stable 

in the cytoplasm (Masuda et al., 2006; Xu et al., 2006; Xu et al., 2005). This post-

transcriptional regulation of Plin expression may contribute to the specificity of LD 

association, which is another important feature of perilipin biology.  

 

Our data addresses two main questions: firstly, how do Plins1-3 recognise and localise 

on LDs, and, what determines their apparently hierarchical and competitive binding to 

LDs? In keeping with our own prior work in yeast suggesting that the 11mr regions of 

human Plins1-3 was sufficient to mediate LD localisation in this ancient cell type 

(Rowe et al., 2016) and in which the 11mrs were unlikely to interact with other host 

proteins given the evolutionary distance between humans and Saccharomyces 

cerevisiae, the data suggest that the 11mr acts as a general and primary LD sensing 

motif. These data are also consistent with several other reports (Bulankina et al., 2009; 

McManaman et al., 2003; Nakamura and Fujimoto, 2003; Orlicky et al., 2008; Rowe 

et al., 2016; Targett-Adams et al., 2003) and with data suggesting that other 11mr 

domain containing proteins such as α-synuclein can also localise to LDs (Brasaemle, 
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2007; Cole et al., 2002; Thiam et al., 2013a). We envisage the 11mr regions behaving 

as nascent helices which only fold into an AH in the presence of ‘surface voids’ on the 

LDs. Importantly, at least under the conditions we have tested, the binding affinities of 

the 11mr regions seem similar amongst Plin1-3 (Figure 1D,E and Figure 2H). However, 

in vitro experiments with the point mutant L143D which associates less effectively with 

an artificial droplet interface than the WT peptide indicate that differences in the amino 

acid sequences of the nascent amphipathic helices can result in peptides ‘forcing’ other 

peptides with lower membrane affinity off the interface. There may well be subtle 

differences in the binding affinity of this region amongst Plin1-3 related to the 

differences in the compositions of their amphipathic helices. For example, it has been 

recently proposed that tryptophan or phenylalanine are important residues for LD 

binding selectivity (Prevost et al., 2018). Two of these residues are present in the Plin1 

11mr but there are none in either the Plin2 or Plin3 11mr regions. However the Plin2,3 

11-mers localise effectively to LDs (Figure 1), meaning that although these bulky 

hydrophobic residues might aid LD binding selectivity they are not essential; this 

conclusion is supported by the LD binding of the Plin4 11mrs which also lack these 

amino acids (Copic et al., 2018).  

 

The association of the 11mr regions with LDs is significantly enhanced by the presence 

of an additional membrane binding domain, which encompasses the 4HB region, as 

illustrated by both in vivo and in vitro experiments. These findings are consistent with 

prior reports suggesting that this region of Plin1 was involved in LD targeting (Garcia 

et al., 2003) and help to reconcile these data with data highlighting the importance of 

the 11mr regions. However, whereas the 4HB region of Plin1 is consistently associated 

with LDs, and when not on LDs, it associates with the ER (Figure 1C, Figure S1E,F), 

that of Plin2 is less consistently associated with LDs and is readily displaced by protein 

crowding induced by co-expression of other proteins or peptides which localise to LDs 

(Figure S3H, S3I). In our studies, the Plin3 4HB-containing region (Plin3-C)  did not 

localise to LDs in HuH7 or HeLa cells, in keeping with our prior work in 

Saccharomyces cerevisiae (Rowe et al., 2016). The 4HB of Plin4 was also recently 

shown not to localize to LDs (Copic et al., 2018). The behaviors of these 4HBs is 

generally consistent with their known or predicted (Hickenbottom et al., 2004) 

structures (Hickenbottom et al., 2004). Indeed, except for Plin1, the 4HB is zipped 

together by four-stranded β-sheets in a smaller αβ domain (Hickenbottom et al., 2004) 
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(Figure S2A,B). Plin1 has one extra exon at its C-terminus (404-522) in vertebrate 

evolution and the homology to other Plins consequently stops sharp at position 403 

(Figure S2B) (Patel et al., 2014). The β-sheet is hence most likely absent in the Plin1 

structure and the 4HB is therefore probably not stabilized as in other Plins (Figure 

S2A), thereby potentially explaining its instability in solution and greater propensity to 

open up and associate with phospholipid membranes. Our data suggest that the Plin2 

4HB is likely to open up in cells, though exactly how this is regulated is not yet clear 

to us. We also cannot formally exclude the possibility that the 4HB of Plin3 can open 

up in specific circumstances.  

 

In vivo, most cell types with small droplets do not express Plin1, so Plin2 or Plin3 can 

occupy the LD surface. In cells without or with very few LDs, Plin3 will remain in the 

cytoplasm ready to associate with new LDs emerging from the ER (Pol et al., 2014), 

whereas Plin2 expression will be very low and will depend on the presence of LDs. 

Plin1 expression is regulated by PPARγ and it is for example only expressed at a 

relatively late stage of adipocyte differentiation (Arimura et al., 2004), when cells 

possess fairly large LDs to which it can bind. In adipocytes with smaller LDs, we 

suspect that Plin2 displaces Plin3 from the surface of LDs by virtue of the greater 

tendency of its 4HB to unfold and associate with the LD surface. Later on, when Plin1 

is expressed it duly replaces Plin2 from the LD surface. This is particularly important 

physiologically as evidenced by the increase in basal lipolysis observed in Plin1 null 

mice, in which Plin2 replaces Plin1 on LDs (Tansey et al., 2001). In humans, loss-of-

function Plin1 mutations also alter lipolytic regulation and result in severe metabolic 

disease despite compensatory up-regulation of Plin2 (Kozusko et al., 2015; Tansey et 

al., 2003). 

 

In summary, our data suggests that the nascent amphipathic helices encoded by the 11 

mer repeat regions, present in all Plins, constitute the initial LD sensing domain. The 

subsequent stability of Plins1-3 on LDs is then heavily influenced by the differential 

propensities of their 4HB domains to unfold and bind to the LD surface. Ultimately we 

suggest that the combined affinities of these two domains underpins the hierarchical 

LD binding which we and others have observed, and which is essential for optimal fatty 

acid traffic into and out of cellular LDs.  
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Figure legends 

Figure 1  

(A) Simplified schematic illustration of the “11-mer repeat” (11mr) and “4-helix 

bundle” (4HB) domains of Plins1-3 alongside their respective amino acid numbers. 

PAT domain refers to the conserved amino-terminal region of the protein (black 

rectangle). Amino acids from 1 to 192, 191 and 204 respectively in Plin1-3 are termed 

Plin(1-3)-N. Amino acids from 193, 192 and 205 to the end of each protein, respectively 

in Plin1-3, are termed Plin(1-3)-C.  

(B) FRAP (fluorescence recovery after photobleaching) analysis of full-length (FL) 

Plins and their complementary fragments containing the predicted 11mr and 4HB 

domains in a mammalian Huh7 cell line. The protein constructs were fused to GFP on 

the amino-terminus, except for the Plin2-N which had instead a mCherry tag. The left 

hand panel shows the steady state localization of each protein prior to photobleaching. 

The insert squares indicate the bleached region in the second panel from the left and 

then subsequent panels show this region at the indicated times thereafter. 

Representative image sequence is shown. Each experiment was repeated at least three 

times. Scale bar, 10 µm.  

(C) Relative ‘steady state’ localisation (LD (lipid droplet)/cytosol/membranes) of 

tagged Plins1-3 and fragments in Huh7 cells. We considered proteins to be: i) present 

on LDs when they formed a fluorescent ring around LDs; ii) cytosolic when they were 

associated with a diffuse fluorescent signal in the cytoplasm; and iii) ‘membrane’ 

associated when they were associated with a reticular fluorescent signal in the 

cytoplasm – in both cases, subsequent analyses showed that this signal colocalised with 

an endoplasmic reticulum marker. A minimum of 20 cells was analysed for each 

construct to validate localization of the proteins. 

(D) Quantitative analysis of the recovery kinetics of Plins and fragments thereof to the 

LD surface following FRAP. Data are normalized to both pre‐ and post‐bleach 

intensities. Curves are exponential fits of the data. Each FRAP experiment was repeated 

three times and representative recovery rates are shown. 

(E) Histogram of characteristic recovery times of the different peptides for experiments 

in (B, D). The characteristic time ‘tau’, referred to herein as “recovery time”,  is 

obtained by the following exponential fit 1-exp(-t/tau). The value of tau is the average 

value of all experiments performed in (B, D). 
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(F) Representative images of a FRAP image sequence of the GFP-tagged  Plin1-C and 

mCherry-tagged Plin1-N when co-expressed in Huh7 cells. Scale bar, 10 µm. The 

normalized fluorescence recovery of the bleached LD cluster is shown over time. 

Curves correspond to exponential fits. 

(G) Histogram of the characteristic recovery times of the co-expressed GFP-Plin1-C 

respectively with mCherry-Plin1,2 and the Plin 1-N. Black bars correspond to the 

recovery time of Plin 1-C in dual FRAP analysis against FL Plin1, FL Plin2 and the 

Plin1-N that correspond to white bars. This experiment was repeated three times and 

the value of tau corresponds to the representative images/quantification shown.  

 

Supplementary Figure 1 (related to Figure 1)  

(A) Endogenous Plin expression was evaluated by western blot in Huh7, 3T3 D12 

adipocytes and Hela cells. Calnexin was used as loading control.  

(B) The left hand panel shows the localization (LD (lipid droplet)/cytosol) of the GFP-

tagged Plins(1-3)-C in Huh7 cells. Scale bar, 10 µm. Zoomed in views of the insets are 

shown on the right. The fluorescence profiles of lines drawn in the insets are shown on 

the far right (LD in red, Protein in green). Localization of proteins at the LD surface 

gives two clear green peaks around the red LD signal. The far right-hand panel shows 

the % of LDs in cells having the protein at their surface. 15–20 cells were combined for 

analysis, corresponding to a total number of LDs of ~1500.   

(C) Representative images of the relative localization (Nucleus/Cytosol) of GFP-tagged 

fragments of the Plin(1-3)-N (right panel) and Plin(1-3)-C (left panel). Scale bar, 10 

µm.  

(D) Representative image of the GFP-FL Plin1 and mCherry-Sec61 beta colocalization 

in Huh7 cells. The inset squares indicate colocalization of the two proteins; 

colocalization was analysed by Fiji, and the Pearson’s coefficient reveals a high degree 

of colocalization (F). Data are expressed as means ± SEM. Scale bar, 10 µm. 

(E) Representative image of the Plin1-C GFP-tagged and mCherry-Sec61 beta 

colocalization in Huh7 cells. The inset squares indicate colocalization of the two 

proteins; colocalization was analysed by Fiji, and the Pearson’s coefficient reveals a 

high degree of colocalization (F). Data are expressed as means ± SEM. Scale bar, 10 

µm. 

(G) HeLa cells were transfected with GFP-tagged full-length (FL), Plin-N and Plin-C 

perilipin constructs. Four hours post transfection, cells were loaded with 400 µM oleic 
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acid and BODIPY 558/568 C12 for 20 h prior to fixing. Cells were imaged using 

confocal microscopy. Scale bars, 10 µm. Images are representative of 2 – 3 independent 

experiments. 

 

Supplementary Figure 2 (related to Figure 1 and Figure 2)  

A) Carboxy-terminal domain of Plin3 (Hickenbottom et al., 2004) (PDB ID 1szi) 

consisting of a 4HB (aa 244-412) zipped together by 4 strands of β-sheet (position in 

the alignment below). Top: topology of the secondary structure elements; bottom left: 

3D structure; bottom right: schematic illustration of the 4HB structure with helices 

represented as cylinders and β-sheets as arrows. The name “4HB” is used for this 

domain throughout the paper. Homology indicates that the structure of Plins 2, 4 and 5 

are very similar in this region while Plin1 does not contain the stabilising β-sheet 

(Hickenbottom et al., 2004; Rowe et al., 2016). 

  

B) Comparison of the sequences known to form β-sheets in mouse Plin3 (1szi) with 

corresponding segments in human Plins. The intensity of the blue background indicates 

the amino acid identity, the bars represent the strands of β-sheet and the arrow depicts 

the position of the beginning of the Plin1 unique extra exon with evolutionary unrelated 

sequence. 

 

(C) FRAP analysis of the Plin1-C and FL Plin1 co-expressed in Huh7 cells. The inset 

squares indicate the bleached region in the second panel from the left and then 

subsequent panels show this region immediately after bleaching and then at the 

indicated times thereafter. Scale bar, 10 µm. The experiment was repeated twice and 

the normalized fluorescence intensity evolution of the bleached LD cluster is shown for 

the displayed representative sequence. 

 

(D) FRAP analysis of the Plin1-C and FL Plin2 co-expressed in Huh7 cells. The insert 

squares indicate the bleached region in the second panel from the left and then 

subsequent panels show this region immediately after bleaching and then at the 

indicated times thereafter. Scale bar, 10 µm. The experiment was repeated three times 

and the normalized fluorescence intensity evolution of the bleached LD cluster is shown 

for the displayed representative sequence. 
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(E) GFP-FL Plin1 co-expression and LD colocalization with mCherry-FL Plin2 in 

Huh7 cells. The insert squares indicate the colocalization region of corresponding 

proteins to the LD surface. The relative bound fraction level is reported on the right 

panel and indicates that GFP-FL Plin1 displaces mCherry-FL Plin2 from the LD 

surface. A similar displacement is observed in Figure 2A but with switched tags.   

GFP/mCherry does not affect the behaviour of the constructs. Each experimental dot 

corresponds to an average of the signal on 10 to 20 LDs. Scale bar, 10 µm.  

(F) Expression of endogenous Plin2,3 was evaluated by western blot in Huh7 cells 

transfected with eGFP-Plin1 (left panel) and eGFP-Plin2 (right panel). β-actin was used 

as loading control. 

(G) Western blot analysis using antibodies to endogenous Plin3 in Huh7 cells 

transfected with eGFP-Plin3 and eGFP- Plin3-β. GAPDH was used as loading control.  

(H) Images of eGFP-Plin3-β and eGFP-Plin3 signal localizing to LDs when expressed 

alone in Huh7 cells. The insert squares indicate localization region of corresponding 

protein to the LD surface. Under the same settings, eGFP-Plin3-β always displayed 

more important signals around LDs than eGFP-Plin3. Scale bar, 10 µm. 

(I) The relative bound fraction level of eGFP-Plin3-β co-expression with mCherry-FL 

Plin3 (shown in figure 2I) is reported and indicates that mCherry FL Plin3 is readily 

displaced from LDs when coexpressed with eGFP-Plin3-β.  GFP/mCherry does not 

affect the behaviour of the constructs. Each experimental dot corresponds to an average 

of the signal on 10 to 20 LDs.  

 

 

 

Figure 2 

(A) mCherry-FL Plin1 co-expression and LD colocalization with GFP tagged versions 

of FL Plin2, of FL Plin3 (B) and of the Plin1 fragments (C, D) in Huh7 cells. The insert 

squares indicate the colocalization region of corresponding proteins to the LD surface. 

Scale bar, 10 µm. This experiment was repeated at least three times with more than 

fifteen cells analysed for each condition. The relative bound fraction level is reported 

in the right panel and indicates the relative amount of a protein bound to LDs when 

mCherry-FL Plin1 (the reference protein) is expressed at a given level; it is calculated 

as follows: [protein]/([protein]+[reference protein]), and represented against [reference 
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protein]. Each experimental dot corresponds to an average of the signal on 10 to 20 

LDs. Scale bar, 10 µm.  

(E) The critical concentration of FL Plin1 required for displacing half of the competing 

proteins is reported. The Plin1-C required much more FL Plin1 to be displaced, as 

compared to FL Plin2,3 or the Plin1-N. Results are presented as box-and-whisker plots 

of the critical concentration assessed from at least three different sets of data. The 

central box represents the interquartile ranges (25th to 75th percentile), the middle line 

represents the median and the horizontal lines represent the minimum and the maximum 

value of observation range. Values are expressed as median ± IR.  

(F) Classification of the relative binding strength to the LD surface of Perilipins and 

fragments thereof based on their recovery rates from FRAP and competition 

experiments. Plin 2-C, labelled with the asterisk, constitutes a particular case as it has 

a low LD on rate, suggested from co-expression experiments, and a high off rate, 

observed from FRAP experiment. 

(G) mCherry-FL Plin2 co-expression and colocalization with GFP-tagged versions of 

the Plin1 fragments. Plin2 is not fully displaced by the fragments and displays frequent 

differential LD enrichment with the fragments. The experiments were repeated twice 

and three times respectively. Scale bar is 10 µm.  

(H) Critical concentrations for the displacement of proteins competing against 

mCherry-Plin1-N, shown in Figure S3H. The Plin2-N  and Plin3-N were displaced by 

similar concentrations, whereas the Plin1-C required considerably more Plin1-N to 

displace it. The Plin2-C was barely detected on LDs in this co-expression experiment. 

Results are presented as box-and-whisker plots of the critical concentration obtained 

from at least three sets of data. 

(I) GFP-Plin3-β (without β-sheets) co-expression and LD colocalization with mCherry-

FL Plin3 in Huh7 cells. FL Plin3 is readily displaced from LDs when coexpressed with 

GFP-Plin3-β. The insert squares indicate the colocalization region of corresponding 

proteins to the LD surface. In control experiments, GFP-Plin3 did not displace 

mCherry-Plin3 as observed with GFP-Plin3-β. Right panel shows the intensity profile 

of each line section drawn in the inset. Signal on LDs is displayed as Peaks; mCherry-

Plin3 is almost absent on LDs only when it was co-expressed with GFP-Plin3-β. The 

relative bound fraction level is reported in the right panel. SFar right panel compares 
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the relative bound fraction of mCherry-Plin3 when co-expressed at similar level with 

GFP-Plin3 or GFP-Plin3-β. Scale bar, 10 µm. 

(J) FRAP analysis of GFP-Plin3-β in Huh7 cell. A representative image sequence is 

shown with typical recovery kinetic (K). FRAP experiment was repeated three times. 

Scale bar, 10 µm.  

(L) Histogram of characteristic recovery times of FL Plin3 and Plin3-β in individual 

FRAP experiments. The characteristic recovery times correspond to means ± SD. 

 

Supplementary Figure 3 (related to Figure 2)  

(A) Representative images of GFP-FL Plin1 and mCherry-FL Plin2 when co-expressed 

and analysed with FRAP in Huh7 cells. FRAP image sequences and quantification are 

shown. The experiments were replicated three times. Scale bar, 10 µm.  

(B) Signal recovery over time of Plin1 FL and Plin1-N and (C) of FL Plin1 and Plin1-

C when co-expressed. The experiments were replicated three times. 

(D) Histograms of characteristic recovery time for FL Plin1, vs. FL Plin2 and vs. Plin1 

fragments deduced from (A, B, C). 

(E) mCherry-FL Plin1 co-expression and colocalization with GFP-tagged FL Plin2. 

Plin1 and Plin2 are enriched on different LD subpopulations. Scale bar, 10 µm.  

(F) mCherry-FL Plin3 co-expression and colocalization with GFP-tagged versions of 

FL Plin2 and Plin1 fragments. Representative images are shown. This experiment was 

repeated at least two times. Scale bar 10 µm. The fall off level of the experiments are 

described in the lower panel. Each experimental dot corresponds to an average of the 

signal on 10 to 20 LDs.  

(G) Critical concentrations for FL Plin3 displacement by Plin2 and Plin1 fragments are 

reported (from (F)), ns. not significant. Results are presented as  box-and-whisker plots 

of the critical concentration. The central box represents the interquartile ranges (25th 

to 75th percentile), the middle line represents the median and the horizontal lines 

represent the minimum and the maximum value of observation range. Values are 

expressed as median ± IR.  

(H) mCherry-Plin1-N co-expression with GFP-tagged versions of the other fragments 

of Plins1-3 in Huh7 cells. The insert squares are zoomed in images of LDs. Scale bar, 

10 µm. The bound fraction level is reported in the right panel and indicates the amount 
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of the mCherry-Plin1-N  (the reference protein) required to displace the ‘competing’ 

protein from the LD surface. Scale bar, 10 µm.  

(I) mCherry-Plin2-C co-expression and colocalization with the GFP-Plin3-N or GFP-

FL Plin3; and GFP-Plin2-C co-expression and colocalization with the mCherry-Plin1-

N. Representative images are shown and the experiment was repeated twice. Scale bar 

10 µm. The 4HB region of Plin2 is readily displaced from LDs when coexpressed with 

the other proteins that localise to LDs.  

 

 

Figure 3 

(A) Schematic illustration of perilipin binding to LDs. The FL protein contains a 

membrane binding domain and a second soluble domain that potentially interacts with 

the membrane, which would slow down diffusion and the fall off rate. 

(B) Schematic illustration of the in vitro system. Purified LDs in buffer are mixed with 

triolein to generate buffer-in-oil emulsion droplets. LD protein content is relocated in 

this manner to the resulting oil-water interface. 

(C) Schematic illustration of the lateral mobility of the proteins studied by 

photobleaching.  

(D) Schematic illustration of membrane fall off in shrinking buffer-in-oil droplets 

containing two differently labelled proteins at the droplet interface.  

(E) Lateral recovery of mCherry-FL Plin1 and GFP-Plin1-N at the oil-water interface 

of an artificial droplet as sketched in (C). Representative image sequences are shown. 

Scale bar, 30 µm. Mean fluorescence recovery of the bleached drop surface area over 

time is shown (right). The experiment was reproduced three times and a representative 

situation is shown. 

(F) Representative images of mCherry-FL Plin1 and GFP-Plin1-N fall off from the oil-

water interface during shrinkage of the artificial drop (as sketched in (D)). Scale bar, 

30 µm. Fluorescence intensity profiles (middle) in the equatorial focal plane of the 

artificial droplet are plotted against the droplet compression factor, (r2 (time 0) /r2 

(respective time point); r = drop radius). In the far-right panel, the mean ± SD 

surface/lumen signal during compression is reported. The experiment was reproduced 

three times and a representative situation is shown. 
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(G) Lateral recovery rates of mCherry-FL Plin2 or mCherry-FL Plin3 (I) compared to 

the GFP-Plin1-N at the oil-water interface are reported. Representative images are 

shown. Scale bar, 30 µm. Mean fluorescence recovery on the droplet bleached surface 

area over time is shown (right). The experiments were reproduced three times for (G) 

and twice for (I).  

(H) mCherry-FL Plin2 or mCherry-FL Plin3 (J) and GFP-Plin1-N fall off during 

shrinkage are shown. Scale bar, 30 µm. Fluorescence intensity profiles are plotted 

against the drop compression factor (middle). In the far-right panel, the mean 

surface/lumen signal ± SD during compression is reported. The experiments were 

reproduced more than 3 times for (H) and at least twice for (J). 

 

Supplementary Figure 4 (related to Figure 3)  

(A-B) GFP/mCherry do not affect the behaviour of proteins. GFP-FL Plin1 and 

mCherry-Plin1-N shows similar latteral diffusion (A) and fall off (B) as with the 

switched tags, seen respectively in Figure 3E and  Figure 3F with mCherry-FL Plin1 

and GFP-Plin1-N. Experiment was repeated three times. For (B), Fluorescence 

intensity profile during shrinkage is plotted against the droplet compression factor 

(right panels). In the far-right panel, the mean ± SD surface/lumen signal during 

compression is reported. Scale bar, 30 µm.  

(C-D) FL Plin1 and Plin1-C have conserved relative diffusion rates regardless of their 

GFP or mCherry tags. Experiment was repeated three times. Representative image 

sequences are shown. Scale bar, 30 µm.  

(E) Lateral recovery of mCherry-FL Plin2 against GFP-Plin-C at the buffer-in-oil 

interface is reported. Representative images are shown. Scale bar, 30 µm. Mean 

fluorescence recovery ± SD on the bleached droplet surface area over time is shown 

(right). The experiments were repeated twice.  

(F) The level of mCherry-FL Plin2 and GFP-Plin1-C upon interface shrinkage is 

shown. Scale bar, 30 µm. Fluorescence intensity profile during shrinkage is plotted 

against the droplet compression factor (right panels). In the far-right panel, the mean ± 

SD surface/lumen signal during compression is reported. The experiment was 

reproduced 3 times.  

 

Figure 4 
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(A) Schematic illustration of oil droplet tensiometry showing a oil droplet, whose 

volume can be adjusted, at the end of a J-tube in an aqueous buffer. When added to the 

buffer, purified peptide reduces surface tension. Shrinking the droplet, reduces its 

surface area and increases the concentration of surface peptide further altering surface 

tension and/or forcing the peptide off the surface.  

(B) Plin1 11mr-containing domain (amino acids 93-192) wild type (WT, black line) 

and mutant (L143D, red line) peptides decrease the interfacial tension of a 

triolein/water (TO/W) interface, but less for the mutant. 

(C) Equilibrium surface pressure (πeq) versus the concentration of peptide in the bulk 

phase.  WT produces a higher π (i.e. lower surface tension) than the L143D mutant at 

all concentrations.  At the lowest concentrations (less than 0.5µg/ml) the values may be 

too low because equilibrium probably had not been reached. 

(D) Having reached a stable equilibrium (~16.3 mN/M) following injection of the Plin1 

WT peptide, the droplet area (size) was rapidly reduced to produce a surface 

compression and after a few minutes re-expanded. Changes in surface tension are 

displayed during this procedure. After the rapid compression, surface tension comes 

back to the initial equilibrium tension. Data from further compressions is included in 

Figure S5A.  

(E) Competition for the TO/W interface between Plin1 93-192 WT and mutant L143D.  

Initial (red arrow) addition of 10 µg of mutant L143D to the TO/W interface promptly 

reduced surface tension to ~18.6 mN/m (γeq).  The area was then reduced by ~30% 

causing the tension to fall rapidly to ~17.6 mN/m. It then quickly returned to 

equilibrium. The area was then re-expanded and tension spiked to ~27.1 mN/m before 

falling back to γeq.  An equivalent amount of Plin1 WT peptide was then also injected 

within few minutes (+WT arrow) and surface tension slowly fell further to a new γeq  

of ~15.6 mN/m, indicating that WT displaced the mutant peptide. The surface tension 

profile following a repeat compression and re-expansion was somewhat different than 

that recorded during a similar compression in the presence of mutant peptide alone, 

insofar as there was a ‘shoulder’ (arrowhead) in the recovery period – we interpret this 

as reflecting initial rapid re-association of both mutant and WT peptides with the 

interface but then over time, the mutant is entirely displaced by the WT peptide.  

(F) This image is similar to Figure 4D but here phospholipid (POPC) has been added 

to the buffer prior to addition of Plin1 WT peptide and then a compression/re-expansion 

perturbation.  Note that the equilibrium surface tension is lower when POPC is added 
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i.e. ~ 13.6 mN/m. After the rapid compression, the new equilibrium surface tension is 

lower than the initial equilibrium tension, conversely to 4D. Data from further 

compressions for both the WT and L143D mutant peptide is included in Figure S5B.  

(G, H) The maximum pressure the peptide can withstand without being ejected from 

the interface is referred to as Πmax.  Data from a number of rapid compression 

experiments plotting the maximum Π (Πo) obtained for a given compression is plotted 

against the change in (Δγ) after compression.  The extrapolations to Δγ = 0 give Πmax 

for each peptide on the two interfaces. G, The Πmax for the WT peptide is shown for the 

TO/W and POPC/TO/W interfaces.  Πmax is higher on the POPC/TO/W interface 

suggesting that the presence of POPC helps to retain the peptide at the interface. 

Exclusion pressure is calculated by extrapolating the regression lines to a surface 

tension increment of zero. These data are reported in H. 

 

Supplementary Figure 5 (related to Figure 4)  

(A) (left panel) Schematic illustration of the interaction of peptides with a naked 

triolein-buffer interface. (right panel) The effect of Plin1 (amino acids 93-192) wild 

type (WT, black line, upper panel) and mutant (L143D, red line, lower panel) peptides 

on the interfacial tension of a triolein/water (TO/W) interface. The same initial data is 

shown in Figure 4B, but here the data for several subsequent compression/ re-expansion 

cycles is included. 

(B) (left panel) Schematic illustration of the oil droplet with both phospholipid (POPC) 

and peptide added. (right panel) The effect of WT (black line, upper panel) and L143D 

mutant (red line, lower panel) peptide addition to a TO/W/POPC interface on surface 

tension before and after several surface compressions. Here we also include data 

following ‘washout’ of the residual peptide in the buffer. In this case, each compression 

is associated with net loss of peptide so the equilibrium surface tension rises 

progressively back towards the initial surface tension following addition of POPC 

alone. 

(C) Competition for the POPC/TO/W interface between Plin1 93-192 WT and mutant 

L143D.  Initial addition of phospholipid (+POPC arrow) to the buffer slowly reduced 

surface tension to ~ 26 mN/m (γeq). POPC in the aqueous phase was removed by 

washout. Following addition of 10 µg of mutant L143D (+L143D arrow) to the buffer, 

surface tension promptly fell to ~17.3 mN/m(γeq).  The area was then reduced by ~30% 

causing the tension to fall rapidly before returning to a lower surface tension of ~15-16 
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mN/m.  The area was then re-expanded and tension spiked before falling back to γeq.  

An equivalent amount of Plin1 WT peptide was then also injected (+WT arrow) and 

surface tension slowly fell to a new γeq.  of ~14.7 mN/m indicating that WT displaced 

the mutant peptide. The surface tension profile following a repeat compression and re-

expansion was somewhat different to that recorded during a similar compression in the 

presence of mutant peptide alone, insofar as there was a ‘shoulder’ (similar to that seen 

on the TO/W interface (see Figure 4E)) in the recovery period – we interpret this as 

reflecting initial rapid re-association of both mutant and WT peptide with the interface 

but then over time, the mutant is entirely displaced by the WT peptide. 

 

(D,E) The maximum pressure the peptide can withstand without being ejected from the 

interface is referred to as Πmax. Data from a number of rapid compression experiments 

plotting the maximum Π (Π0) obtained for a given compression is plotted against the 

change in (Δγ) after compression. The extrapolations to Δγ = 0 give Πmax for each 

peptide on the two interfaces. (D) The Πmax for the WT (black) and L143D mutant (red) 

peptide is shown for the TO/W interfaces.  Πmax was consistently higher for the WT 

than for the mutant peptide. (E) Similarly to the Plin1 WT peptide (Figure 4G), the Πmax 

for the L143D mutant was consistently higher in the presence of POPC (green circles) 

than in its absence (red). Values for Πmax are summarized in Figure 4H. 
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METHOD DETAILS 

 
Cloning of Plin1-3 and peptide fragments 

Human cDNAs encoding full length Plin1 (aa 1-522), Plin2 (aa 1-437) and Plin3 (aa1-

434) were PCR amplified using Phusion DNA polymerase (Thermofisher) from the 

templates pcDNA-Myc Plins1-3 (Patel 2014) and subcloned in frame into pEGFPC1 

(Clontech) or pMCherry.  The cDNAs encoding the fragments for Plin1 (aa1-191 and 

aa185-522), Plin2 (aa1-191 and aa 184-437) and Plin3 (aa1-204 and 197-434) were 

PCR amplified from the pcDNA Plins1-3-Myc (Rowe et al., 2016) and also subcloned 

into pEGFCPC1 and pMCherry. The restriction endonucleases employed for the Plin1-

3 subcloning strategies are as follows HindIII/Sal1 for Plin1, EcoR1/Sal1 for Plin2 and 

EcoR1/BamH1 for Plin3. Plin3-ß (aa1-413) were amplified by PCR from the template 

pEGFP Plin3 and subcloned into pEGFPC1. All Plin constructs were cloned such that 

the GFP or mCherry fluorescent tag was N-terminal to the gene and thus peptide or 

protein. 

 

Expression and purification of the Plin1 11-mer repeat region 

Recombinant plasmids pET22b-CPD-SalI expressing perilipin1 amino acids (93-192) 

were transformed into the E.coli expression strain NiCo21 (New England Biolabs, 

Hitchin, UK). The L143D Plin1 mutant peptide was generated as described previously 

(Rowe et al., 2016). Overnight cultures were diluted into 1 liter of lysogeny broth 

supplemented with 0.2% glucose and grown with shaking at 37 °C to A600 = 1.0. 

Isopropyl-D-1-thiogalactopyranoside was added (1 mM final concentration) and 

cultures were further grown for 80 min at 37 °C. Cell pellets from a 500-ml culture 

were resuspended in 14 ml of B-PER (Thermo Scientific) with 10% glycerol, 4 mg of 

lysozyme (Sigma), 500 units of Pierce Universal Nuclease (Thermo Scientific) and 

complete EDTA-free protease inhibitors (Roche Applied Science). Cell lysates were 

rotated at room temperature for 15 min, to ensure full cell lysis, centrifuged at 28,000 

xg for 30 min and filtered (Minisart 0.22 µm; Sartorius, Göttingen, Germany). Affinity 

purification was performed using 0.5–1.0 ml of nickelnitrilotriacetic acid-agarose beads 

(Qiagen) while rotating for 1 h at 4 °C, before bound fusion proteins were subjected to 

high stringency washes (40mM imidazole, 0.5M NaCl) to reduce non-specific protein 

binding and transferred to the CPD reaction buffer (20mM Tris, 60mM NaCl, 250mM 

sucrose, 3mM imidazole, pH 7.4). Cleaved products were eluted into the supernatant 
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using 50–100µM inositol hexakisphosphate by gentle rotation for 2 h at 4 °C. Size 

exclusion chromatography was performed using an AKTA pure chromatography 

system and SuperdexTM 75 10/300 GL column (GE Healthcare). Protein 

concentrations were determined by amino acid analysis. To confirm ≥95% purity, 

equivalent amounts of isolated proteins were resolved on an 18% Tris-glycine gel (Life 

Technologies, Inc.) and stained with quick Coomassie stain (Generon, Maidenhead, 

UK). The purified proteins were analysed by mass spectrometry (LC-MS) revealing a 

90 amino acid peptide sequence and apparent mass of approximately 9400 daltons. We 

were able to distinguish the wildtype from the mutant L143D peptide based on retention 

time and mass profile. We  also identified a cryptic cleavage site close to the C-terminus 

which removed amino acid residues 181-192 from the intact peptide. Further dynamic 

light scattering studies (0.5mg/ml protein samples in 10mM potassium phosphate 

buffer pH 7.4) using a Zetasizer NanoS instrument (Malvern Ltd, UK) showed 

negligible levels of aggregation and confirmed earlier findings that these proteins were 

essentially monomeric by the initial gel filtration elution profile (data not shown).  

 

Cell Culture.  

Huh7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% heat inactivated fetal bovine serum (Life Technologies), 4.5 

gL-1 D-glucose, 0.1 gL-1 sodium pyruvate (Life Technologies) and 1% penicillin-

streptomycin (Life Technologies). The cells were cultured at 37°C under a 5% CO2 

atmosphere. Confluent monolayers of cells were re-suspended after trypsinization and 

plated into a 35 mm cell-culture Mattek dishes (with a glass coverslip at the bottom), 

(MatTek Corp. Ashland, MA). 

HeLa (human cervical carcinoma obtained from ATCC) cells were maintained in 

Dulbecco’s Modified Eagle’s Medium supplemented with 10% (vol/vol) fetal bovine 

serum (FBS), 2 mM L-glutamine, penicillin/streptomycin, 1 % Sodium Pyruvate, 1 % 

Non-Essential Amino Acids. 

 

Transfection and co-transfection. 

When indicated Huh7 cells (60-70% confluence) were exposed for 1hr to 500 µM oleic 

acid coupled to BSA (1% v:v) to induce LD formation and then cells were transfected 

with 3 µg of plasmid DNA/mL using Polyethylenimine HCl MAX (Polysciences, Inc) 
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following the manufacturer’s instructions. For co-expression competition experiments, 

mCherry- or GFP-tagged plasmid constructs in equal concentrations (1.5-2 µg for each 

one) were transfected into cells. 24 hrs after transfection, cells were imaged.  

HeLa cells were seeded onto coverslips in 12 well tissue culture plates with a density 

of 65,000 cells per well and transfected using Lipofectamine LTX (Thermo Fischer 

Scientific). 400 µM oleic acid conjugated to BSA, along with either Bodipy 558/568 

C12 or 493/502 (1:2500 dilution), was supplemented 4 hours after transfection for 20 

hrs to promote lipid droplet formation and staining. Cells were fixed with 4 % 

formaldehyde for 15 mins, followed by three washes in PBS. Cells were mounted on 

microscope slides with ProLong Gold Antifade Mountant with DAPI (Thermo Fischer 

Scientific) and the fluorescently-tagged protein localization was determined using the 

Leica TCS SP8 confocal microscope with a 63X immersion oil objective (1.3 NA). 

Green fluorescent protein fluorescence was excited at 488 nm and emission was 

detected between 490 and 550 nm, whilst m-cherry-tagged protein fluorescence excited 

at 588 and emission detected between 600 and 650 nm. Lipid droplets were detected 

with either Bodipy 493/502 (excitation – 502 nm, emission 515-560 nm) or Bodipy 

558/568 C12 (excitation – 558 nm, emission 590-700 nm). 

 

 

FRAP experiments 

For FRAP experiments, we bleach the signal on a collection of drops and monitor the 

increase of signal during recovery. The background signal, e.g. from the cytosol, is 

removed from the recorded signal, which was at the end normalized by intrinsic 

bleaching of non-bleached areas. We next used GraphPad Prism to fit the FRAP 

recovery curves with a non-linear regression and the exponential « one-phase 

association model ». The characteristic recovery time that corresponds to the time it 

takes for fluorescence intensity to reach half the maximum of the plateau level is 

obtained by the software. 

 

Image Quantification and Statistics 

Images were analyzed using ImageJ software. For quantification of the % LD-targeted 

signal for a given protein, the image was background corrected and the total fluorescent 

signal on LDs was determined as a ratio to the total fluorescent signal in the whole cell. 

In co-expression experiments, the fluorescence signal on LDs was calculated by 
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subtracting out the fluorescence signal elsewhere in each cell. Protein concentrations 

on LDs were derived from the mean fluorescence measured on LDs in each channel; 

each experimental point shown in figures 2-3 corresponds to the average of the signal 

on 10 to 20 LDs. Values from 15–20 cells were combined, and the standard deviation 

was calculated for statistical analysis. The critical concentration was determined by 

fitting the data with the following function: y =1/(1+x/c), where c represents the critical 

concentration at which half of the competing protein is displaced.  

 

In vitro experiments  

To purify LDs from cells expressing fluorescently tagged LD proteins, cells from 5 

150-cm dishes were harvested, washed once in ice-cold PBS, and lysed using a 30G 

needle in 1ml Tris-EDTA (20 -10 mM) buffer containing complete protease and 

phosphatase inhibitor tablets at pH 7.5. To isolate LDs, 1ml cell lysates were mixed 

with 1 ml of 60% sucrose in Tris-EDTA buffer supplemented with protease inhibitors, 

overlaid with 20%, 10% and 0% in buffered sucrose on top of one another in 5 ml Ultra-

Clear centrifuge tubes (Beckman). Gradients were centrifuged for 16 h at 100 

.000xg and 4 °C, using an SW60 rotor in a Beckman L8-70 centrifuge, and 300 µL 

were collected from the top as the LD fraction.  

In vitro experiments were performed in HKM buffer: 50 mM Hepes, 120 mM Kacetate, 

and 1 mM MgCl2 (in Milli-Q water) at pH 7.4. To create buffer-in-oil drops, 4 µL of a 

buffer-diluted LD fraction was mixed with 40 µL of triolein by vortexing to create 

buffer-in-oil drops, as previously done (Kory et al., 2015). About a hundred drops are 

formed and imaged in the field of observation. For shrinking experiments, aqueous 

drops bounded by the proteins were imaged for 10 to 30 min, on glass plates, during 

water evaporation. For the diffusion experiments, we bleached part of the droplet 

surface and the fraction of recoverable fluorescence was calculated with respect to 

initial fluorescence. 

 

Lipids 

Triolein (TO) was purchased from Nu-Chek Prep, Inc.  (Elysian MN).  It was > 99% 

pure and its interfacial tension at 25.0ºC was 32 ± 1 mN/m.  POPC (palmitoyloleoyl 

phosphatidylcholine) from Avanti Polar Lipids (Alabaster AL) was stored at -20ºC in 

chloroform (25.0mg/ml). Small ~ 30 nm POPC unilamellar vesicles (SUV at 2.5 
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mg/ml) were formed in standard 5mM sodium phosphate buffer (pH7.4) by sonication 

as previously described (Meyers et al., 2013; Mitsche et al., 2010).     

 

Interfacial tension (γ) and surface pressure (π) measurements  

We modified an oil-drop tensiometer (Meyers et al., 2013; Mitsche and Small, 2013; 

Mitsche et al., 2010) designed by Teclis Instruments (Tassin, France) to measure the 

interfacial tension (γ) of lipid/water interfaces. γ is the energy required to create one 

new cm2 of surface (i.e., γ = ergs/cm2 or mN/m). All experiments were conducted at 

25.0±0.2ºC in a thermostated system and repeated at least twice. 

 

To create triolein/water (TO/W) interfaces (Mitsche and Small, 2011), triolein drops 

(16.0µl) were formed at the tip of a J-needle submerged in 7.0ml of bulk buffer. Their 

surface area was ̃  30mm2 (diameter =3.1 mm). The buffer was 5 mM sodium phosphate 

at pH 7.4. Prior to interfacial studies, aliquots of the wildtype and mutant Plin1 peptides 

were thawed and solubilized with hexafluoro-2-proponol (HFIP) at a concentration of 

2.5% (V/V). The TO/W interface stabilized at γTO = 32.0±1mN/m. Adsorption of 

amphipathic molecules (i.e. phospholipid, Plin peptides) to this interface shields much 

of the TO from the aqueous phase and decreases γ to a nearly constant value defined as 

equilibrium tension (γeq). To create POPC/TO/W interfaces, triolein drops of 16µL 

were formed in bulk buffer containing 1.0 mg of POPC SUV. After POPC adsorbed to 

the triolein drop, the buffer was exchanged with 250 ml of POPC-free buffer, originally 

described for egg yolk PC (Mitsche et al., 2010) to washout > 99.9% of the original 

buffer and all POPC SUVs suspended in the bulk phase. After a washout, γ was usually 

usually 25-27 mN/m corresponding to about 1.1 µmols POPC/m2 for POPC/TO/W 

interfaces. Varied amounts of Plin1 peptide were added to the bulk phase to obtain 

different protein concentration ranging from 0.2 to 4µg/mL. As peptide adsorbed to 

TO/W and POPC/TO/W interfaces, γ was monitored continuously as it fell to an 

equilibrium value (γeq). Surface pressure (Π) was defined as the difference in γ between 

a pure TO/W interface (γTO =32.0 mN/M) and the interface with bound POPC and/or 

peptide (Π)= γTO - γ). The initial pressures (Πi) of POPC/TO/W interfaces represent the 

difference between γTO and γ after POPC adsorption (Πi= γTO -γPOPC) and was between 

5 and 7mN/m. Πi of the TO/W interface was 0 mN/m.  After peptide adsorption, the 

equilibrium pressure of all interfaces was calculated as Πeq = γTO - γeq. The change in 

pressure (ΔΠ) at these interfaces induced by adsorption was ΔΠ = Πeq –Πi.   
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Pressure/Area mediated Desorption and Readsorption Processes   

Following adsorption of peptide to either a TO/W or a POPC/TO/W interface, the drop 

underwent a series of compressions and re-expansions with the goal of determining if 

peptide completely or only partially desorbed from the respective interface. Once γ 

approached a γeq the TO drop (16 µl) was compressed by rapidly decreasing the volume 

by different ratios:  6.25% (1 µl), 12.5% (2 µl), 25% (4 µl), 37.5% (6 µl), 50% (8 µl), 

or when possible, 62.5% (10 µl). This sudden decrease in volume induced a decrease 

in drop surface area, resulting in a sudden compression and abrupt decrease in γ. The 

oil drop was held at this reduced volume for 5-10 min, with γ recorded continuously. If  

peptide readily desorbed, γ  increased to a γeq observed as a desorption curve.  After 5-

10 min, the interface was expanded by increasing the volume of the drop back to its 

initial volume (16 µl). As the surface area increased upon expansion, γ abruptly 

increased. If peptide adsorbed from the bulk phase and adhered to the newly formed 

extra surface, γ decreased to the initial γeq observed as a readsorption curve.  This 

process of stress compression and re-expansion was repeated after the bulk buffer was 

exchanged with 150 mL of 5 mM PB (pH 7.4) devoid of peptide. 

 

Values of ∏max   

The desorption and readsorption protocol provided information about not only the 

nature of ejection of the peptide from either interface but also the ∏ at which such 

ejection occurs. ∏max is the maximal pressure (∏) that a peptide can withstand before 

all or part of the molecule is ejected from the surface. Once a γeq had been reached 

following adsorption of peptide to TO/W or POPC/TO/W interface, a series of 

experiments were conducted in which the drop Area was decreased abruptly, thereby 

decreasing γ and increasing ∏ to a given value, ∏o. The change in tension (∆γ) over 

the following 5-10 min as peptide desorbed from the surface was plotted against ∏o. 

Regression of a linear fit to the plot reveals ∏max as the point at which ∆γ = 0, such that 

no peptide desorbs from the surface upon compression. 

 

Exclusion pressure (ΠEX) measurements 

Exclusion pressure (ΠEX) for each variant is the surface pressure above which that 

peptide cannot bind and insert into POPC/TO/W interfaces (Mitsche et al., 2010). In 
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other words, ΠEX is the pressure of a POPC/TO/W interface at which addition of peptide 

to the bulk phase leads to no adsorption-induced change in surface pressure (ΔΠ = 0 

mN/m)). 

 

Supplementary text: Lateral diffusion model  

Diffusion of a particle is limited by dragging forces, which express 𝑓𝑓 ~ 𝜇𝜇𝜇𝜇𝜇𝜇, where 𝜇𝜇 

represents the fluid viscosity, 𝑣𝑣 is the particle speed, and d is the particle diameter. For 

a molecule at an oil/water (o/w) interface, the forces exerted on the molecule at the 

aqueous and oil phase determine its lateral diffusion. The contribution of the water force 

to diffusion can be neglected when 𝜇𝜇𝑤𝑤𝑣𝑣𝑑𝑑𝑤𝑤 ≪  𝜇𝜇𝑜𝑜𝑣𝑣𝑑𝑑𝑜𝑜 , which means that 𝜇𝜇𝑤𝑤/𝜇𝜇𝑜𝑜 ≪

 𝑑𝑑𝑜𝑜/𝑑𝑑𝑤𝑤. Here, this condition is respected as the gyration radius of the soluble helix 

bundle and the 11mrs are comparable, 𝑑𝑑𝑜𝑜/𝑑𝑑𝑤𝑤 ~ 1, while indeed the viscosity of water 

(cP) is much lower than that of triolein (50cP), 𝜇𝜇𝑤𝑤/𝜇𝜇𝑜𝑜 ~ 0.02. When the helix bundle 

in the full length protein interacts with the oil/water interface, in addition to the 11mr, 

the overall dragging force in the oil is higher that when the 11mrs alone binds; diffusion 

is then slowed down.  

 

Quantification and statistical analysis 

The data of the critical concentrations for displacing competing proteins experiments 

are presented using Tukey box-and-whisker plots, where the central box represents the 

interquartile ranges (IR; 25th to 75th percentile), the middle line represents the median, 

and the horizontal lines represent the minimum and the maximum values of the 

observation range. Values are expressed as median±IR. 

The statistical evaluation of FL Plin3 displacement from LDs by the Plin1 11 mer-

repeat or FL Plin2 (in Figure S3G) was done with a Mann–Whitney non-parametric test 

using prism software, P-values <0.05 were considered significant. All values shown in 

the text and figures are mean ± SD, where N = 4, from independent experiments. 
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