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Summary.

Lipid droplets (LDs) store lipids that can be utilized during times of scarcity via autophagic 

and lysosomal pathways, but how LDs and autophagosomes interact remained unclear. Here, we 

discovered that the E2 autophagic enzyme, ATG3, localizes to the surface of certain ultra-large 

LDs in differentiated murine 3T3-L1 adipocytes or Huh7 human liver cells undergoing prolonged 

starvation. Subsequently, ATG3 lipidates Microtubule-associated protein 1 light chain 3B (LC3B) 

to these LDs. In vitro, ATG3 could bind alone to purified and artificial LDs to mediate this 

lipidation reaction. We observed that LC3B-lipidated LDs were consistently in close proximity 

to collections of LC3B-membranes and were lacking Plin1. This phenotype is distinct from 

macrolipophagy but required autophagy, as it disappeared following ATG5 or Beclin1 knockout. 

Our data suggest that extended starvation triggers a noncanonical autophagy mechanism, similar 

to LC3B-associated phagocytosis, where the surface of large LDs serves as an LC3B lipidation 

platform for autophagic processes.

Introduction

Autophagy is a catabolic process that breaks down cellular components in response to 

various stimuli such as energy deprivation or cellular stresses 1. A major autophagic pathway 

is macroautophagy, wherein an autophagosome, a double-vesicle membrane phagophore, 

isolates compounds from the cytosol and delivers them to lysosomes for degradation 2,3. The 

formation of the autophagosome proceeds in multiple steps 2,4,5: initiation and nucleation of 
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a pre-autophagosomal structure (~ 100 nm)6, elongation of the membrane and encapsulation 

of cargos, closure of the double-vesicle (~ 0.5 - 1.5 μm in size), i.e., the completed 

autophagosome 7,8. These steps involve several autophagy (ATG) related enzymes and take 

place at specific endoplasmic reticulum (ER) sub-regions 9,10.

The autophagosome maturation and the recognition of cargos require the lipidation of a 

ubiquitin-like protein ATG8 to phosphatidylethanolamine (PE) onto the double-membrane 
11,12. In mammals, there are two ATG8 subfamilies, the microtubule-associated protein 

1 light chain 3 A (also known as MAP1LC3)(LC3A), LC3B (the most ubiquitous) and 

LC3C, and the GABA type A receptor-associated protein (GABARAP) and GABARAP-like 

proteins, GABARAPL1 and GABARAPL2 13. The lipidation reaction is assisted by the 

ATG16L1/ATG5-ATG12 complex 14–16. ATG16 binds to the pre-autophagosomal structure 

through interactions with FIP200, WIPI2, and PI3P on the membrane. Membrane-bound 

ATG16 recruits ATG5-ATG12, which then recruits ATG3 onto the membrane, the E2 

enzyme catalyzing ATG8 lipidation 17. Finally, ATG7, an E1 protein, activates and delivers 

ATG8 to ATG3, which lipidates it to PE onto the phagophore 18.

Apart from its role in autophagosomes, LC3 proteins can also be attached to PE on 

single bilayer membranes in a noncanonical autophagic pathway termed LC3-associated 

phagocytosis 19. This pathway breaks down large components or pathogens that are 

internalized through phagocytosis and involves the recruitment of lysosomes through the 

phagosome-lipidated LC3 20. Unlike conventional autophagy, this noncanonical pathway 

does not generate autophagosomes and does not involve crucial autophagic enzymes 

like Atg9 or the ULK complex 20. However, it still requires all the upstream lipidation 

machinery, including ATG16L1/ATG5-ATG12 21. The existence of this pathway suggests 

that autophagic proteins may serve other purposes beyond autophagosome biology 21. 

Interestingly, several autophagy proteins have been identified around lipid droplets (LDs), 

including Atg2, DFCP1, Atg14L, and possibly LC3 22–27, implying functional crosstalk 

between autophagy and LDs that is yet to be fully understood 28.

LDs are unique cellular organelles that have a neutral lipid core consisting mainly of 

triglycerides. They are surrounded by a phospholipid monolayer, which makes them 

structurally distinct from bilayer-bounded organelles 29. While LDs primarily function 

in maintaining cellular energy balance, they also have non-metabolic functions such as 

protein quality control, gene expression, and development 30. These functions are closely 

related to the proteins bound to their surface 31. LDs are targeted by two major classes 

of proteins: soluble proteins that often have amphipathic helix motifs or lipid anchors, 

and monotopic membrane proteins that typically move from the ER to LDs via physical 

contiguities 31,32,36,55,57. Most autophagic proteins that target LDs are from the cytosol, with 

the exception of DFCP1, which comes from the ER 23.

Autophagic proteins are involved in regulating both the biogenesis and catabolism of LDs 
25,33. LDs also regulate autophagy, by providing lipids for autophagosome biogenesis 
34,35,37–39. Furthermore, the adipose triglyceride lipase (ATGL), which acts on the LD 

surface, has an LC3 interacting motif (LIR) and its activity can modulate Sirtuin 1, an 

autophagy regulator 40,41. During energy scarcities, LDs can undergo lipophagy 42, a process 
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where an LD is engulfed by an autophagosome that subsequently fuses with lysosomes. 

In the liver, ATGL hydrolyses triglycerides to reduce LD size to the point where they can 

fit into autophagosomes during energy depletion 43. Smaller LDs, typically less than 1μm, 

are majorly found in autophagosomes or autolysosomes 43,44 and targeted by lipophagy. 

These findings suggest that depending on metabolic cues, autophagy, and LDs communicate 

through distinct channels.

In the present study, we report a noncanonical autophagy pathway that is activated in 

response to prolonged starvation. Specifically, we found that LC3B is ligated to LD 

phospholipids and localizes to a few large LDs, which can reach up to 25 μm in size in 

3T3-L1 adipocytes, through the involvement of the minimal ATG3,7 machinery. Following 

this process, the lapidated LDs were always found in close apposition with LC3-positive 

autophagosomes/autolysosomes-like membranes, serving for degradation.

Results.

Lipidated LC3B localizes to large LDs during long-term nutrient deprivation

Adipocytes serve as the primary cells for storing lipids, and they contain micrometric LDs 

that are considerably larger than LDs degraded by lipophagy. We asked whether autophagy 

could degrade such large LDs and sought to study their interaction with autophagosomes 

during nutrient deprivation. LC3B is the most ubiquitous ATG8 protein in mammals 45 

that marks autophagosomes, although it does not exclusively localize there. Differentiated 

murine 3T3-L1 adipocytes were exposed to an eGFP-LC3B adenovirus and then cultured in 

Earle’s balanced salts (EBSS) devoid of bovine serum albumin (BSA), a nutrient-deprived 

media, for a period of up to 72hs.

We found that LC3B was present around ultra-large LDs, which were tens of μm in size at 

24, 48, and 72hs (Figures 1A–1D and S1A). This phenomenon persisted even when BSA 

was added to the culture medium and rinsed, to remove released fatty acids during the 

starvation time (Figure S1B), suggesting that the localization of LC3B to the large LDs was 

not linked to de novo re-esterification of liberated fatty acids. When the cells were grown in 

DMEM or starved for two hours only, eGFP-LC3B localization to ultra-large LDs was rare. 

We found that in a few cases, the LC3B signal on the LDs could be colocalized with Plin1, 

a standard adipocyte LD surface marker (Figure S1C). However, the eGFP-LC3B signal on 

the LDs was often inhomogeneous, with both a uniform LC3B signal on the LD surface and 

another more intense accumulation of LC3B signal from structures adjacent or adhering to 

the LDs (Figures 1A and S1A).

During nutrient starvation, the percentage of cells exhibiting the LC3B-positive LD 

phenotype increased, with up to 20% of cells displaying this phenotype at 48 and 72 

hours (Figure 1B). Concurrently, the number of large LC3B-positive LDs also increased 

with starvation, reaching up to 6% at 48 and 72hs (Figures 1C and 1D). Interestingly, 

LC3B seemed to specifically target the subset of larger LDs, as evidenced by the relative 

distribution to the size of LC3-positive LDs (Figures 1E and 1F). These observations were 

made with overexpressed eGFP-LC3B, but endogenous LC3B was also found around larger 

LDs, exclusively in EBSS and not in complete media (Figure 1G). In addition, we detected 
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the presence of lipidated LC3B-II and a smaller amount of LC3B-I on purified LDs from 

starved conditions (Figure 1H).

In various cell lines, the process of lipophagy involves small LDs typically of 1 μm or 

less in size 42–44,46. However, here, LC3B-positive LDs positive were found to be as large 

as ~25μm. The size distribution of LD-negative and LD-positive LC3B structures was 

measured and analyzed (Figures 1I and 1J). The size distribution of LD-negative LC3 puncta 

was found to be narrow, with a distribution centered at 1.5 μm, suggesting they were likely 

autophagosomes or autolysosomes. The size distribution of the LD-positive LC3B signal, 

on the other hand, showed a wider spread of 2-30μm (Figures 1J). Taken together, these 

findings suggest that the LC3B signal on the larger LDs might be distinct from LC3B on 

conventional autophagosomes.

To investigate whether LC3B preferentially localizes to the largest LDs in other cell lines, 

we also examined liver hepatoma 7 (Huh7) and HeLa cells that were treated with oleic 

acid (OA) for 24hs before being starved with EBSS for 48hs. While these cell lines 

were not capable of producing LDs as large as those found in adipocytes, the LDs that 

exhibited a visible LC3B ring were mostly among the largest, measuring around 2 μm and 

above (Figures S1D and S1E). Similar to the 3T3-L1 adipocytes, the frequency of this 

phenomenon increased in Huh7 cells upon starvation (Figures S1F and S1G). Also, when 

we transfected in Huh7 cells the eGFP-LC3B G120A construct which cannot be lipidated 
47, we did not find the protein around LDs as compared to eGFP-LC3B (Figure S1H). This 

indicates that the LC3B signal around the LDs was the lipidated form of the protein.

Finally, to investigate whether other ATG8 proteins behave similarly to LC3B, we conducted 

experiments on 3T3-L1-differentiated cells and Huh7 cells. In 3T3-L1-differentiated cells, 

we used an antibody to detect endogenous GABARAPs, but no GABARAP ring around 

large LDs was observed, although the proteins were detected on smaller LDs (Figure S1I). 

We then delivered eGFP-plasmid constructs of GABARAP, GABARAPL1, LC3A, and 

LC3C to Huh7 cells, which are easier to transfect. In contrast to LC3B, none of these 

proteins were found in the largest LD subpopulation (Figures S1J and S1K).

Taken together, our results suggest that LC3B is recruited specifically to the surface of 

certain large LDs in cells that have been cultured in an EBSS starving medium for an 

extended period of time.

LC3B localization to LDs is not a result of nearby autophagosomes but necessitates 
autophagy.

We wanted to determine whether the LC3B signal on the large lipid droplets (LDs) was due 

to LC3B interacting with proteins on LDs or the close proximity of autophagosomes.

Proteins containing LC3B-interacting region (LIR) motifs could potentially recruit LC3B 

to the LD surface. ATGL, an enzyme that regulates lipophagy in mice livers, has an LIR 

motif 40. We tested whether ATGL could recruit LC3B by overexpressing it in Huh7 cells, 

but observed no change in the LC3B LD-localization phenotype under nutrient starvation 

conditions (Figures S2A and S2B).
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Plin1 is a major adipocyte LD protein marker that has LIR sequences on its C-terminal 

region, specifically YVPL and YSQL, which could theoretically recruit LC3B. To test this, 

we expressed mCherry-Plin1 in Huh7 cells that do not express Plin148. During starvation, 

Plin1 was present on all LDs, but the LC3B LD localization was unchanged as compared 

with the control, indicating that Plin1 did not mediate LC3B recruitment to LDs (Figure 

S2C).

We then investigated the possibility that the LC3B ring signals around the large LDs were 

due to LC3B interaction with P62-bound ubiquitinated LD proteins. P62 (also known as 

sequestosome-1) is an adaptor protein that binds to most ubiquitinated proteins or organelles 

targeted for degradation. To test this model, we virally co-transfected differentiated 3T3-L1 

adipocytes with eGFP-LC3 and RFP-P62 and induced 48h starvation. We found clear LC3B 

signals around LDs, but most were devoid of P62 (73% of cases; Figures 2A and 2B), 

especially larger ones. In the remaining 17%, we observed LC3 colocalizing with P62 more 

frequently on smaller LDs, although not completely (Figures 2A and 2B). Overexpression 

of mRFP-P62 did not increase the percentage of LDs or cells with LC3B-positive LDs 

(Figures S2D–S2F), and P62/LC3B colocalization sharply decreased on LDs compared with 

cytosolic puncta (Figures S2G–S2I). These observations suggest that different LC3B pools 

are present on LDs and autophagosome structures and that the pool on LDs is not recruited 

to the large LDs by the aforementioned proteins (Figure 2C).

We next conducted experiments to investigate the impact of autophagy pathways on the 

localization of LC3B to LDs in 3T3-L1 adipocytes. To block autophagy, we targeted ATG5 

using an shRNA lentivirus and subjected the cells to starvation. The results showed a 

significant decrease in the percentage of cells with LC3B-positive large LDs compared to 

non-targeting shRNA transfected cells, indicating that ATG5 action is required for LC3B 

localization to large LDs (Figures 2C–2E).

To further test this hypothesis, we treated the cells with Spautin-1 to degrade the Vps34 

PI3 kinase complex, which is essential for triggering autophagosome formation 45,49. The 

percentage of cells with large LD-localized LC3B decreased slightly compared to ATG5 

knockdown, and western blot analysis confirmed a decrease in LC3B lipidation due to 

Spautin-1 (Figures 2F–2H). We also generated CRISPR-knockout ATG5 and Beclin1 Huh7 

cells, which lack autophagy. In these cells, large LDs with an LC3B signal were almost 

nonexistent (Figures S2J and S2K), indicating that autophagy is required or precedes LC3B 

localization to large LDs during long-term starvation. Note that ATG5 activity is required for 

LC3 lipidation for both autophagic and non-autophagic processes, meaning that the LC3B 

localization to larger LDs could be still autophagosome-independent.

To enhance autophagy or autophagosome accumulation, we treated the adipocyte cells with 

rapamycin to inhibit mTOR or bafilomycin to block the fusion of autophagosomes with 

lysosomes. Rapamycin promoted LC3B localization to large LDs in the feeding state but 

did not significantly enhance the number of large LC3B-positive LDs or the fraction of 

cells displaying the phenotype (Figures S2L and S2M). In bafilomycin treatment, many 

autophagosomes accumulated, but the fraction of large LC3B-positive LDs per cell was 

also unchanged, and the percentage of cells with the phenotype even decreased (Figures 
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2I and S2N). These results suggest that further enhancing autophagy or autophagosome 

accumulation did not enhance the fraction of large LC3B-localized LDs in cells. Together, 

the data indicate that autophagy is required to trigger our observed phenotype and that 

increasing it further would not impact it. Furthermore, the LC3B signal around large LDs is 

distinct from autophagosomes.

Finally, to better distinguish between the LC3B signal on autophagosomes and large LDs, 

we used the organelle swelling approach. We exposed starved Huh7 cells containing a large 

LC3B-positive LD to a hypotonic medium, which causes bilayer-bounded organelles to 

swell and become spherical, improving spatial resolution (Figure 2J) 50–52. LDs do not swell 

in this process. If the hypotonicity is high enough, bilayer-bounded organelles can undergo 

burst and reseal cycles, or they may completely burst (Figure S2P) 53,54.

During the swelling process, the LC3B signal around the LD remained intact (Figure 

2K, blue arrowhead, S2O), while the LC3B-positive membrane (autophagosome) near the 

LD swelled (Figure 2K, yellow arrowhead, S2O), became spherical (Figure 2K, yellow 

arrowhead 15min, S2O), and eventually burst (Figure 2K, yellow arrowhead, 20min). Other 

bilayer membrane compartments containing LDs also swelled and likely burst as well 

(Figure 2K, red arrowhead). These observations agree with our hypothesis that the LC3B 

on the surface of the large LD is distinct from that on autophagosomes, as the LC3B signal 

around the LD did not swell during the process.

Long-term nutrient starvation induces ATG3 recruited to the lipid droplet surface

Based on our above data, we hypothesized that LC3B could be directly ligated to the LD 

surface, as supported by the presence of LC3B-II in the LD fraction (Figure 1H). This 

hypothesis led to the prediction that ATG3, which catalyzes LC3B lipidation to PE, should 

also be present on LDs.

The presence of ATG3 on LDs was confirmed through Western blot analysis of LDs 

collected after 48 hours of starvation, which showed an enhanced ATG3 signal with LC3B-II 

(Figure S3A). Immunostaining of endogenous ATG3 and LC3B in differentiated 3T3-L1 

adipocytes in DMEM or EBSS starvation medium further revealed ATG3 around LDs 

along with LC3B only during starvation (Figures 3A and S3B). The localization of ATG3 

around LDs was not affected by treatment with 3-Methyladenine (3-MA) which blocks 

autophagosome formation via inhibiting the phosphatidylinositol 3-kinase (Figures 3B and 

S3C). We also detected endogenous ATG3 onto the surface of larger LDs together with 

eGFP-LC3B in differentiated 3T3-L1 adipocytes, or in Huh7 and HeLa cells that were 

initially fed with OA and then submitted to long-term starvation (Figure S3D).

To further study ATG3 LD localization, we proceeded by overexpression. Overexpressed 

eGFP-ATG3 or ATG3-DsRed in Huh7 cells showed clear recruitment of ATG3 to few larger 

LDs only during starvation (Figure 3D), with no recruitment observed in the fed state 

(Figure S3E and S3F). Co-transfection of ATG3-DsRed and eGFP-LC3B showed instances 

where few larger LDs recruited ATG3 but not LC3B. This result is a strong piece of 

evidence that the ATG3 signal on LDs did not come from autophagosomes, but instead 

through a direct recruitment of the protein to LDs (Figure 3D). In this particular experiment, 
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it is possible that either LC3B had not yet undergone lipidation on the LD or that the 

catalytic activity of ATG3-DsRed was reduced, since the lipidation process is carried out by 

the C-terminal domain of ATG3 17, tagged with DsRed in this case.

Inactivation of ATG3 through a specific ATG3 shRNA inhibited LC3B LD localization, as 

shown by the almost abolished LC3B LD localization in ATG3 shRNA-transfected 3T3-L1 

and Huh7 cells maintained in EBSS for 48h (Figures 3E–3H and S3G–S3I). This data 

supported the requirement of ATG3 presence and activity for the localization of LC3B to 

LD’s surface.

ATG3 binds to membranes via its N-terminal amphipathic helix 12, a motif that is used 

by most cytosolic proteins to associate with LDs 55. Mutating the lysine in position 11 

to tryptophan, right at the interface between the hydrophobic and hydrophilic faces of 

the amphipathic helix, improves the membrane association of ATG3 12. On the opposite, 

the valine 15-to-lysine mutation impedes binding 12. We generated 3T3-L1 adipocyte cell 

lines stably expressing either WT, K11W, or V15K mouse ATG3, the endogenous ATG3 

remaining in the background. Compared to WT ATG3, K11W increased significantly the 

phenotype, percentage of cells and fraction of LC3B-positive LDs, while the V15K mutation 

did not impact or even decreased it (Figures 3I and 3J). These data suggest the capacity of 

ATG3 to bind to LDs and lipidate LC3B.

ATG3 binds to artificial LDs

To investigate the ability of ATG3 to associate with model LDs, we performed experiments 

using a buffer solution containing droplets made of triolein (Figure 4A) and purified ATG3-

YFP. Our results indicated that ATG3 was recruited to the surface of the droplets, suggesting 

that it can associate itself with LDs. To further explore this interaction, we generated model 

LDs with different PC/PE ratios (10/0, 7/3, 5/5, and 3/7) and various phospholipid coverages 

ranging from 0.005% to 0.2% (w/w to triolein), mixed with Rhodamine-PE (Rh-PE) to 

report for the phospholipid density 56: the higher the rhodamine signal, the higher the 

phospholipid density (Figure 4B). We then added ATG3-YFP to the artificial LDs. Our 

results showed that the protein binding level decreased with the phospholipid density (Figure 

4C). For each PC/PE condition, we reported the relative amount of bound ATG3 as a 

function of the lipid coverage and estimated the concentration of phospholipids at which 

half of the maximum binding was reached, i.e., concentration C½ (Figures 4D and S4A). 

We found that increasing PE levels led to higher ATG3 binding to the artificial LDs (Figure 

4D), indicating that ATG3 associates more effectively with droplets enriched in PE, which 

generates more packing defects 57. Floatation assays confirmed these results, as sonicated 

liposomes or droplets with various PC/PE ratios showed similar ATG3 binding patterns to 

both the liposomal bilayers and droplet monolayers (Figure 4E).

We next used a tensiometer approach to characterize the adsorption of proteins to oil/

water surfaces (Figure S4B) 48,58 and studied the binding of non-tagged ATG3. To 

do so, we generated a triolein/buffer surface and added purified ATG3. We found that 

ATG3 was recruited to the triolein/buffer interface, leading to a drop in surface tension 

from ~32mN/m (i.e., triolein/buffer-free interface) to an equilibrium value of ~18mN/m 

(i.e., protein-adsorbed interface) (Figure S4C). We then compressed the protein-adsorbed 
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interface rapidly to lateral condense the protein layer, resulting in a decrease in surface 

tension due to the protein being laterally compressed and better masking the interface 

(Figure S4D). Over time, however, surface tension re-increased to a new equilibrium as 

ATG3 fell off from the interface, causing the protein monolayer to relax 48,58 (Figures 

S4E and S4F). When we repeated this experiment with PC/PE (1/1) initially decorating 

the interface, we observed a less remarkable ATG3 fall-off, suggesting that PC/PE might 

promote ATG3 retention to the droplet surface (Figures S4G and S4H).

Finally, while the Atg16,5-12 complex is known to mediate ATG3 recruitment on bilayer 

membranes like the autophagosome 4, our study shows that it is not required for ATG3’s 

association with LDs. To further investigate the binding capacity of ATG3 on different lipid 

surfaces, we utilized the droplet-embedded vesicle (DEV) system, which incorporates a 

neutral lipid droplet into a giant bilayer vesicle (GUV) (Figure 4F) 60, made of 7/3 PC/PE. 

Our experiments revealed that ATG3-YFP exclusively targets the model LD and not the 

bilayer (Figure 4G). This observation suggests that ATG3 cannot solely target a flat bilayer 

with a relevant PC/PE composition. Instead, ATG3 can bind to the model LD within the 

same system, (Figure 4G), verily due to the lower phospholipid density on LDs than on 

bilayers 61.

In summary, our findings suggest that ATG3 can alone bind to the surface of lipid droplets 

(LDs), likely by its N-terminal amphipathic helix, independently from the ATG5/12/16 

complex. The presence of PE, which is required for LC3B lipidation and promotes larger 

LDs 59, increases the binding of ATG3 to artificial LD surfaces.

ATG3 lipidates LC3 to LDs.

We investigated whether ATG3 recruitment could drive LC3B lipidation to LDs in vitro. 

We purified LDs from the differentiated 3T3-L1 adipocytes and mixed them with a buffer 

solution containing ATG3, Atg7, Alex488-LC3B, and ATP, or Alex488-LC3B alone as a 

control. We incubated the sample at 37°C and observed in real-time that Alexa488-LC3B 

was localized to the LDs’ surface only in the presence of the lipidation machinery (Figure 

5A). We observed that after fully bleaching the LC3B signal on an LD, the signal re-

increased but to a lesser extent, likely due to de novo-lipidation and the lack of a PE 

reservoir (Figures 5SA and S5B). We collected the samples and ran an SDS-PAGE gel, 

which showed an LC3B-II band corresponding to lipidation, only in the presence of the 

minimal ATG3 and Atg7 machinery (Figure 5B). These observations indicate that ATG3 

lipidated LC3B to LDs.

Since the purified LDs may contain other autophagic factors recruiting LC3B-II, we 

switched to artificial LDs to have full control over compositions. We made triolein-in-buffer 

droplets decorated by PC/PE (7/3). In the reaction chamber, we first introduced Atg7 and 

ATP only, but after 1 hour of incubation at 37°C, no signal of LC3B was observed around 

the droplets (Figure 5C and S5C). We then added ATG3 to the chamber and observed that 

Alexa488-LC3B was around the droplets (Figure 5C and S5C). We collected the artificial 

LDs, analyzed them with SDS-PAGE gel, and found LC3B-II only in the presence of the 

lipidation machinery (Figure 5D). This result shows that ATG3 mediated LC3B lipidation to 

the LDs.
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To study the impact of PC/PE on lipidation, we prepared artificial LDs made of PC/PE (7/3) 

with different monolayer phospholipid densities, as in Figure 4C, varied from 0.005% to 

0.2% (w/w to triolein). We used Alexa647-LC3B and ATG3/ATG3-YFP (80/20) to correlate 

LC3B lipidation to ATG3 binding in the presence of Atg7 and ATP. We observed that only 

artificial LDs positive for ATG3 were LC3B-lipidated (Figure 5E and S5D). As shown in 

Figure 4B–4D, the binding of ATG3 to LDs decreased with an increase in phospholipid 

density. To investigate this relationship further, we used Rho-PE as a proxy for phospholipid 

density and analyzed the lipidated Alexa488-LC3B in the presence of ATG3, Atg7, and 

ATP. We found that the lipidated droplets had a lower Rh-DOPE signal (Figures 5F and 

5G, and S5E), corresponding to a lower phospholipid density that facilitated ATG3 binding. 

These results indicate that ATG3 binding to LDs was required for LC3B lipidation and was 

improved by phospholipid packing defects on the LDs.

Lastly, we investigated whether membrane-bound ATG3 can lipidate GABARAPL on 

artificial LDs, despite the absence of GABARAPs on the large LDs in the studied cell 

lines (Figures S1H and S1I). Through in vitro experiments using fluorescence imaging and 

SDS-PAGE gel analysis, we observed that ATG3 was able to lipidate of GABARAP1L to 

the surface of the artificial LDs (Figure S5F–S5I). These results suggest that regulatory 

factors in mammalian cells differentially control the delivery of ATG8 proteins to LD-bound 

ATG3.

In conclusion, the findings from the reconstitution approaches suggest that ATG3 can bind to 

LDs with specific surface properties and subsequently lipidate Atg8 proteins to PE.

Large LC3B-positive LDs exhibit tight contact with LC3B-containing membranes.

The large LDs positive for LC3B were found to be consistently in contact with LC3B-

positive membranes, in Figures 6A–B and S6A, as well as in Figures 1A and S1A–B. We 

surmise that LC3B on LDs enables interaction with LC3B-autophagosome-like structures.

To distinguish the LC3B signal on the two compartments, FRAP experiments were 

conducted on LC3B on the freestanding LD surface and the membrane region in contact 

(Figures 6C and S6B–S6E). The LC3B displayed a much faster recovery rate on the 

freestanding LD region than on the contact (Figures 6C and 6D, and S6B–S6E), indicating 

two different states of LC3B on the membrane and the LD. This suggests that LC3Bs, both 

on the LD and the membrane, are involved in the contact between the organelles, leading to 

slower diffusion. The LC3B molecules on the LD surface that are not involved in the contact 

would be in a state of free diffusion, in equilibrium with the LC3B molecules involved in the 

contact. Over time, this LC3B pool not involved in the contact can contribute to the contact.

To test this hypothesis, we focused on an LC3B-positive LD that did not initially display a 

clear LC3B membrane around it, as depicted in Figure 6E–F. Over time, an LC3B-positive 

membrane appeared and was in contact with the LDs. The LC3B signal diminished in 

the freestanding LD region, while it was increasing significantly in the contact regions. 

This experiment provides evidence that autophagosome-like structures specifically target 

LC3B-positive LDs and that the LC3B-II located on the LD surface is involved in these 
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interactions. These membrane structures may also recruit the LC3B-II pool from the LD 

surface to their own membrane.

An in vitro approach was taken to further test our hypothesis. LC3B-positive bilayer 

vesicles, likely autophagosomes or nascent autophagosomes, were collected with 

micropipettes after the plasma membrane of starved and swollen Huh7 cells was aspirated 

and broken, as shown in Figure 2K. On the other hand, artificial LDs were prepared, either 

lipidated with LC3B, as in Figure 5C, or not, as a control (Figures 6G and 6H). The artificial 

LDs were brought into contact with the cell-derived LC3B vesicles for several minutes. 

The two compartments were then pulled apart to examine the interactions. An interaction 

was only observed in the case of the LC3B-lipidated LD (Figures 6G and 6H). Pulling 

the two objects apart led to the deformation of the vesicle into a tubule connecting it to 

the LC3B-lipidated droplet (Figure 6G), indicating the tethering of the two interfaces, as 

previously observed 62, and, eventually, their subsequent merge and physical contiguity 65.

Collectively, the data obtained from in vitro and cellular studies suggest that LC3B located 

on the surface of LDs acts as a co-factor, attracting LC3B-positive intracellular membranes 

towards the LDs, and potentially being transferred to them.

Lysosomes are recruited to the membranes associated with LC3B-positive LDs.

We investigated whether the interaction between lipid droplets (LDs) and autophagosome-

like structures leads to degradation. To do this, we subjected 3T3-L1 adipocytes to a 48-hour 

incubation in EBSS and observed a faint surface signal of LC3B on large LDs (Figure 7A, 

S7A). This signal was likely the freely diffusive form of LC3B-II (Figure 6C). However, we 

did not observe lysotracker activity in the area of the LD where the LC3B-positive signal 

was detected, indicating that degradation was not occurring there. On the other hand, the 

LD region that was in contact with the LC3B-positive autophagosome-like membrane was 

lysotracker-positive, suggesting that degradation was occurring in this region of the LD. This 

mechanism is distinct from degradation processes involving LDs such as lipophagy 43 or 

lysosome-mediated LD degradation 63.

To better visualize lysosomes, we transfected cells with LAMP1-mRFP and induced long-

term starvation. We observed the lysosomal signal on LC3-positive LDs, some of which 

were at different stages of contact with autophagosome/lysosome (Figures 7B and 7C). 

One large LC3B-positive LD was locally interacting with an LC3B-membrane that was 

colocalizing with LAMP1, indicating that it was at a later stage of autophagosome/lysosome 

recruitment (Figures 7B and 7C, LD1). In contrast, another LC3B-positive LD at an earlier 

stage did not show the lysosomal signal (Figures 7B and 7C, LD3).

We observed similar findings in Huh7 cells, where some large LC3B-positive LDs 

interacted partially with LC3-positive membranes that were LAMP1-positive (Figure 7D) 

or lysotracker-positive (Figures S7B and S7C). We found that the area of contact with the 

acidified membrane only modestly increased within a time course of 40 minutes (Figure 

S7C), suggesting that the full contact of the membrane with large LDs would take a much 

longer time if it would ever happen. Furthermore, we found that the LAMP1 signal only 

colocalized on the large LDs positive for LC3B and not LC3A or LC3C (Figure S7D). When 
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we transfected Huh7 cells with LC3B-mCherry-eGFP and incubated them in EBSS for 24hs, 

we found that the larger LDs were specifically displaying the mCherry signal alone around 

them, indicating lysosomal-mediated turnover around this LD (Figure 7E).

To determine whether lipids were being degraded from the few large LC3B-positive LDs, 

Bodipy-labeled fatty acids were fed to Huh7 cells or 3T3-L1 cells differentiated into 

adipocytes. Long-term nutrient starvation was induced to determine whether fatty acids were 

liberated by the LC3B-positive LDs. However, we failed to observe the fluorescent fatty 

acids transfer to the autolysosome-like membranes close to the LC3B-positive LDs (Figure 

S7E). Then, we examined Plin1, which is the major marker of LDs in 3T3-L1 adipocytes. 

We found that large LC3-positive LDs frequently lacked PLIN1 partially or totally (Figure 

7F and S7F). This suggests that PLIN1 was degraded for or by LC3B lipidation to the large 

LDs and the subsequent autolysosome-like recruitment. This degradation could occur prior, 

during, or after LC3B lipidation to the LD. Yet, we observed instances where Atg3/LC3B 

and PLIN1 were present on the same large LD, but the proteins were laterally excluding 

each other (Figure S7F and S7G). The finding suggests that the lipidation of LC3B triggers 

the removal of Plin1 from the LD (Figure 7E). This removal could have facilitated the LD’s 

interaction with the autophagosome-like structures and their acidification, or the contact 

with the autophagosome-like structures could have excluded Plin1 from the contact, leading 

to its degradation.

Taken together, our data support the existence of a pathway in which LC3B-positive LDs 

become in contact with LC3B-positive autophagosome-like structures that are then acidified 

to mediate local degradations.

Discussion.

ATG3 bound more strongly to model LDs that exhibit larger phospholipid packing defects 

than bilayers 61, as depicted in Figure 4. This probably explains that the recruitment of 

ATG3 to bilayers in cells typically requires additional machinery, such as the ATG5-Atg12-

Atg16 complex. In vitro, the recruitment of ATG3 to LDs was enhanced by PE, which 

suggests that larger LDs may contain more PE 59. During long-term nutrient starvation, 

the monolayer of large LDs may become enriched in specific lipids, such as PE, or 

remodeled, such as by the removal of proteins and phospholipids, to enable ATG3 binding 

and subsequent LC3B lipidation.

Our findings suggest that there are at least two possible mechanisms underlying our 

observed phenotype. The first model suggests that prolonged starvation leads to the 

remodeling of the LD surface, allowing for LC3B lipidation to support the biogenesis 

of autophagosomes from LDs. Indeed, we consistently observed increasing amounts of 

LC3-membranes near LC3-lipidated LDs. Also, the LC3B-positive LDs represented a small 

fraction of LDs, despite they belonged to the larger LDs population, containing a significant 

amount of lipids. Finally, we did not observe clear evidence of lipid transfer from the LDs to 

the membranes. These observations raise questions about the occurrence of this mechanism 

for degrading only a few large LDs. The second model suggests that LC3-bound LDs 

recruit autophagosomes that ultimately lead to the degradation of the LDs. We observed 
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that the LC3B-membranes surrounding LDs were acidified, which supports the idea of 

LC3B-positive LDs being degraded. However, because this mechanism is only triggered 

during prolonged starvation, it was difficult to timely capture the occurrence of the events to 

discriminate between these two models. Yet, It is possible that both models are correct and 

that both mechanisms occur simultaneously.

It may not be surprising that both ATG3 and LC3B localize to LDs, as several autophagic 

proteins, including Atg2, Atg14, and DFCP1, have been found on LDs 22–27. This suggests 

that autophagic processes can take place directly at the surface of LDs. Our data suggest that 

the LD surface may serve as a lipidation platform to support certain autophagic processes, 

such as autophagosome biogenesis and the local degradation of cellular components near the 

LD surface. It is tempting to speculate that during prolonged nutrient deprivation, canonical 

autophagic pathways may be overwhelmed, and autophagic processes may become more 

easily organized at the surface of some LDs to alleviate the system. Indeed, the process 

of LC3B lipidation and autophagosome biogenesis typically involves multiple steps and 

autophagic proteins before Atg3 can bind to nascent phagophores and lipidate LC3B. 

However, our findings suggest that prolonged starvation allows for direct binding of Atg3 

to LDs and subsequent LC3B lipidation on the LD surface. This LD-lipidated LC3B may 

then be transferred to nearby autophagosomes, e.g. via monolayer-bilayer bridges formed 

between these two organelles. In this scenario, PE lipids could be supplied to the LDs from 

the ER, via lipid transfer proteins or ER-LD bridges, to support continuous LC3B lipidation 

on LDs in prolonged starvation. While our data show agreements with this model, further 

investigation is needed to confirm it fully.

The catabolic pathways of LDs are interdependent, and several interactions have been shown 

between these pathways, as previously reported. For instance, lipolysis requires chaperone-

mediated autophagy for the degradation of Plin2,3 to facilitate the access of ATGL to LDs 
65. ATGL interacts with LC3B and regulates Sirtuin 1 activity, which modulates autophagy. 

Such an interaction couples lipolysis and lipophagy 40,41. Ongoing lipolysis reduces the size 

of LDs until they can fit into autophagosomes and be degraded by lipophagy 43. Finally, 

ATGL lipolytic activity is required for the delivery of tiny LDs directly from donor LDs 

to lysosomes 63. Based on these findings, the localization of LCB3 to large LDs in our 

case might cross-talk with other autophagic pathways, especially with autophagy (Figure 

2). For example, classical autophagy may primarily act during starvation for a certain time, 

after which it triggers cues inducing the remodeling of large LDs’ surface, allowing ATG3 

binding and LC3B lipidation. In this model, blocking autophagy would prevent the release 

of the cues remodeling LDs, which could explain the reduction of LC3B localization to large 

LDs in ATG5 or Beclin1 KO.

Autophagosome-like structures fused with lysosomes while the large LDs were partially 

in contact with the LC3-positive membranes (Figure 7). This indicates that the mechanism 

mediating the degradation of the large LC3B-positive LDs is unique and is not lipophagy-

related 42,64. In murine 3T3-L1 adipocyte and human Huh7 cells, LC3B-positive membranes 

adhered to LC3B-positive LDs. Although Atg8 proteins may trans-dimerize 62,66, it cannot 

be concluded yet from our study that LC3B trans-homodimerization was responsible for the 

docking of the autophagosome-like membranes to the LDs, and their possible hemifusion. 
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At least, in vitro, our data showed that LC3B is an adaptor on LDs mediating the interaction 

with LC3B cell membranes (Figure 6). In the LC3B-associated phagocytosis pathway, 

LC3B lipidated to endosomes mediates interaction and fusion with lysosomes. Hence, it is 

highly plausible that LC3B lipidated to the large LDs mediates interaction and hemifusion 

of the LDs with the autolysosome-like membranes. In the case of lipophagy, which targets 

smaller LDs, other protein adaptors, such as Rab10 46 or spartin 44, might govern the LD 

interaction with autophagosomes.

The mechanism by which LDs are delivered and degraded in the lumen of phospholipid 

bilayer vesicles is currently unknown. For example, a recent study proposes that lysosomes 

can pinch off small LDs from larger ones in hepatocytes 63 but how such a process 

happens is unknown. In the eventuality that the large LDs targeted by LC3B are destined 

for degradation, the acidified autophagosomes in contact with large LDs would likely 

mediate such degradation locally. This raises questions about how the monolayer of LDs 

interacts and delivers content to the lumen of a bilayer vesicle, as well as how LC3B could 

mediate such processes in our case. At this stage, we can only speculate that LC3B on LDs 

mediates the tethering and possibly the hemifusion of the LD with the autolysosome-like 

structures. This hemifusion would expose neutral lipids to the lumen of the autolysosomes. 

Alternatively, the autolysosome-like structures could locally deform the donor LD and 

pinch off small LDs 63. Protein degradation may also occur in this process, with proteins 

like PLIN1 potentially being delivered to the autolysosomes via mechanisms similar to 

chaperone-mediated degradation, at the autolysosome-like membrane and large LD contact. 

Further research is needed to fully understand the mechanisms involved in LD delivery and 

degradation within bilayer-bounded vesicles.

Limitations of the study

Despite multiple attempts using correlative electron microscopy, it was not possible to 

obtain a clear visualization of the membranes adjacent to the large LC3B-decorated LDs. A 

structural understanding of the interaction between LC3B-membranes and LC3-LDs would 

have been gained from such visualization.

The mechanism of ATG3 binding to LDs and its specificity towards larger LDs is currently 

unknown, and the physiological significance of this localization is not yet fully clear.

The relationship between our identified pathway and autophagy is not well defined, as both 

pathways depend on autophagic proteins, which makes it challenging to distinguish them 

from each other.

The precise function of LC3B on LDs is still unknown, and its role in tethering and possibly 

facilitating fusion is only speculated based on the previously identified capacity of Atg8 

proteins in trans-dimerization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LC3B is recruited to LDs during long-term nutrient deprivation
A. Confocal imaging of eGFP-LC3B and LDs in differentiated 3T3-L1 adipocytes virally 

transfected with eGFP-LC3B. Cells were incubated in EBSS for the indicated time after 

transfection. Scale bar, 10 μm.

B. Percentage of cells with eGFP-LC3B-positive LDs. Data were obtained from three 

independent experiments done as described in A. An ordinary one-way ANOVA test was 

used (** P < 0.001, *** P<0.0001).
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C. Percentage of eGFP-LC3B-positive LDs per cell. Data were obtained from three 

independent experiments done as described in A. An ordinary one-way ANOVA test was 

used (*** P<0.0001).

D. Diameter of eGFP-LC3B-positive LDs quantified from three independent experiments 

done as described in A. An ordinary one-way ANOVA test was used (*** P<0.0001).

E. Left: sector graph shows the size distribution of LDs in differentiated 3T3-L1 adipocytes, 

transfected with eGFP-LC3B and incubated in EBSS for 48hs. Three independent 

experiments n=10 cells were collapsed. The right sector graph shows the size distribution of 

eGFP-LC3B-positive LDs. Quantifications are from 4 independent experiments.

F. The relative fraction of eGFP-LC3B-positive LDs in a size range (i.e. per size distribution, 

normalization of E).

G. Immunofluorescence staining of LC3B and PLIN1 in differentiated 3T3-L1 adipocytes 

incubated in EBSS for 48hs.

H. Western blot of lysate and LDs fractions of cells treated as described in G.

I. Schematic representation of LC3B puncta with or without LD.

J. eGFP-LC3B puncta size distribution with or without LDs. The data were obtained from 10 

cells from three independent experiments.

See also Figure S1.
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Figure 2. LC3B is not recruited to LDs by known factors
A. Confocal imaging of eGFP-LC3B, mRFP-P62 and LDs in differentiated 3T3-L1 

adipocytes. Cells were virally transfected with eGFP-LC3B and mRFP-P62 and incubated in 

EBSS for 48hs. Scale bar,10 μm (5 μm in insets).

B. Schematic representation illustrating the recruitment of eGFP-LC3B alone or with 

mRFP-P62 on LDs. The percentage of LDs of each phenotype is written below 

the corresponding schematic representation. Quantifications are the average from three 

independent experiments.

C. Top: western blot of differentiated 3T3-L1 adipocytes virally co-transfected with eGFP-

LC3B and with either ATG5 shRNA or non-targeting shRNA for 24h, and then incubated 

in EBSS for 24h. Bottom: quantification of ATG5 expression from three independent 

experiments Student’s unpaired t-test is used (**P<0,001).

D. Confocal imaging of LDs in differentiated 3T3-L1 adipocytes treated as described in C. 

Scale bar,10 μm (5 μm in insets).
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E. Top: Percentage of cells with eGFP-LC3B-positive LDs. Bottom, Percentage of eGFP-

LC3B-positive LDs per cell. Quantifications are from three independent experiments. 

Student’s unpaired t-test is used (***P<0,0001, ns P>0,05)

F. Confocal imaging of eGFP-LC3B and LDs in differentiated 3T3-L1 adipocytes virally 

transfected with eGFP-LC3B and incubated in EBSS alone or EBSS containing Spautin-1 

for 48hs. Scale bar,10 μm (5 μm in insets).

G. Left, percentage of cells with eGFP-LC3B-positive LDs. Right, Percentage of eGFP-

LC3B-positive LDs in the cell. Quantifications are from three independent experiments done 

as described in F. Student’s unpaired t-test is used (**P<0,001, ns P>0,05).

H. Western blot of lysate and LD fractions of differentiated adipocytes incubated in EBSS 

alone or EBSS containing Spautin-1 for 48hs.

I. Confocal imaging of eGFP-LC3B and LDs in differentiated 3T3-L1 adipocytes virally 

transfected with eGFP-LC3B and incubated in EBSS alone or EBSS containing bafilomycin 

A for 48hs. Scale bar,10 μm (5 μm in insets). To Right, Up: percentage of eGFP-LC3B-

positive LDs in the cell. Down: Percentage of cells with eGFP-LC3B-positive LDs. 

Quantifications are from three independent experiments. Student’s unpaired t-test is used 

(* P<0,05, ns P>0,05).

J. Schematic representation of the impact of swelling of intracellular organelles by 

incubating the cells with a hypotonic media.

K. Time-lapse imaging experiment performed on Huh7 cells that were transfected with 

eGFP-LC3B and treated with oleic acid for 24hs, and then incubated in EBSS for 48 hs. 

At time 0, a hypotonic media was added to induce cell swelling. Imaging was done at the 

indicated times.

See also Figure S2.
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Figure 3. ATG3 is recruited to lipid droplets during long-term nutrient starvation
A. Immunofluorescence staining of LC3B, ATG3, and LDs in differentiated 3T3-L1 

adipocytes incubated in DMEM or EBSS for 48hs.

B. Immunofluorescence staining of ATG3 and LDs in differentiated 3T3-L1 adipocytes 

incubated in EBSS containing 3MA for 48hs.

C. Percentage of ATG3-positive LDs per cell. Student’s unpaired t-test is used (ns P>0,05).

D. Confocal imaging of Huh7 cells co-transfected with eGFP-LC3B and ATG3-dsRED. 

Cells were treated with OA to induce LDs and then incubated in EBSS for 48hs. Scale bar, 

10 μm (5 μm in insets).

E. Confocal imaging of LDs in differentiated 3T3-L1 adipocytes virally co-transfected with 

eGFP-LC3B and an ATG3 shRNA or eGFP-LC3B and the non-targeting shRNA. Cells were 

incubated in EBSS for 48hs after transfection. Scale bar, 10 μm (5 μm in insets).

F. Western blot of cells treated as described in E.

G. The bar graph shows the quantification of ATG3 expression from three Western blots of 

cells treated as described in E. Student’s unpaired t-test is used (*** P<0,0001).

H. Right, percentage of cells with eGFP-LC3B-positive LDs. Left, percentage of eGFP-

LC3B-positive LDs per cell. Quantifications are from three independent experiments. 

Student’s unpaired t-test is used (*** P<0,0001).

I. Immunofluorescence staining of LC3B and PLIN1 in differentiated adipocytes stably 

transfected with mATG3 WT, mATG3 K11W, or mATG3 V15K. Cells were incubated in 
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EBSS for 48hs then fixed and stained (LC3B in green, PLIN1 in magenta). Scale bar, 10 μm 

(5 μm in insets).

J. Right, percentage of cells with LC3B-positive LDs. Left, percentage of LC3B-positive 

LDs per cell. Quantifications are from three independent experiments. An ordinary one-way 

ANOVA test was used (*** P<0,0001)

See also Figure S3.
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Figure 4. ATG3 better binds to model LDs enriched in PE
A. Confocal imaging of triolein droplets before and after ATG3-YFP addition. Scale bare 

(100 μm).

B. Top: Schematic illustration of triolein-in-buffer droplets decorated by different 

phospholipid densities ((1/1) PC/PE), reported by rhodamine-PE (Rho-PE). Bottom: 

confocal imaging of triolein-in-buffer droplets with different phospholipid coverage, ranging 

from 0.005% to 0.2% (w/w to triolein) before and after ATG3 addition. Scale bare (100 μm). 

Line profiles show the intensity levels of ATG3-YFP and Rho-PE on droplets depicted in the 

inset.

C. ATG3-YFP recruitment to triolein droplets as a function of the phospholipid density, 

reported by Rho-PE. The concentration at half of maximum binging is depicted in the main 

figure. Concentration at half of maximum binding C1/2 is shown in red. The inset figure 

shows the different recruitment profiles of Atg3-YPF depending on the PC/PE ratio.

D. The characteristic concentration C1/2 of ATG3-YFP binding from experiments done as 

described in B for the indicated PC/PE ratio.
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E. Western blot of untagged ATG3 recombinant protein bound to liposomes and artificial 

LDs in the top fraction of flotation assays.

F. Schematic representation of the droplet-embedded vesicle (DEV) system.

G. Confocal imaging of a DEV made of 7/3 PC/PE and incubated with ATG3-YFP. Scale 

bare (10 μm).

See also Figure S4.
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Figure 5. ATG3 lipidates LC3 to purified and artificial LDs
A. Confocal imaging of purified adipocyte LDs in HKM buffer containing Alexa488-LC3B, 

in the presence or absence of the lipidation reaction components ATG7, ATG3, ATP.

B. LDs from the previous experiment are collected and analyzed using SDS–PAGE in a 

stained Coomassie blue.

C. Confocal imaging of triolein-in-buffer droplets decorated by PC/PE (7/3) incubated 

with Alexa488-LC3B, then ATG7 and ATP. No lipidation occurred. When ATG3 was 

subsequently added, lipidation occurred on the artificial LDs (arrows show examples).

D. Artificial LDs from the previous experiment are collected and analyzed using SDS–

PAGE in a stained Coomassie blue.

E. Triolein-in-buffer droplets decorated with PC/PE at different monolayer phospholipid 

densities (based on Rho-PE signal) are imaged using confocal microscopy after being 

incubated with Alexa647-LC3B and Atg3/Atg3-YFP (80/20), ATP, and ATG7.

F. Confocal imaging of triolein-in-buffer droplets decorated by PC/PE (7/3) at different 

monolayer phospholipid densities varied from 0.005% to 0.2% (w/w to triolein). They are 

incubated with Alexa488-LC3B and Atg3 (80/20), ATP and ATG7.
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G. Quantification of F. LC3B-Alexa488 lipidation to triolein droplets as a function of the 

phospholipid density.

See also Figure S5.
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Figure 6. LC3B-positive LDs exhibit interaction with organelles that also contain LC3B
A. Confocal imaging of differentiated 3T3-L1 adipocytes virally transfected with eGFP-

LC3B. Cells are incubated in EBSS for 48hs after transfection. Scale bar, 10 μm.

B. Schematic illustration of eGFP-LC3B-positive LDs with or without eGFP-LC3B puncta 

associated. The fraction of each phenotype is indicated beneath each case. Quantifications 

are from three independent experiments.

C. FRAP analysis of eGFP-LC3B in differentiated 3T3-L1 adipocytes virally transfected 

with eGFP-LC3B and incubated in EBSS containing Spautin-1 for 48hs. The insets indicate 
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the bleached region: red for the autophagosome area and green for the LD surface. Scale bar, 

10 μm.

D. Recovery kinetics of eGFP-LC3B in the different regions depicted in C. The signals were 

corrected for the bleach.

E. Confocal imaging of Huh7 cells virally transfected with eGFP-LC3B and treated with 

oleic acid for 24h and then incubated in EBSS for 24h. eGFP-LC3B positive LDs are shown 

at 0 and 60 minutes.

F. Time-lapse from confocal live imaging of Huh7 cells presented in E at the indicated times. 

The cyan arrowhead indicates the eGFP-LC3B-positive LD region and the yellow one an 

LC3B-positive membrane being recruited to the LD.

G. Top: Schematic representation of a purified eGFP-LC3B-bound membrane and an eGFP-

LC3B-lipidated artificial LD (PE-Cy5 report for phospholipids decorating the artificial LD). 

Bottom, confocal imaging of eGFP-LC3B bound membrane extracted from Huh7 cells and 

an eGFP-LC3B-lipidated artificial LD, each captured by a micropipette and put in contact 

for 6 minutes. Afterward, the two objects are slowly pulled away from each other.

H. Top: Schematic representation of a purified eGFP-LC3B-bound membrane and an 

artificial LD solely decorated by phospholipids. Bottom, confocal imaging of eGFP-LC3B-

bound membrane extracted from Huh7 cells and an artificial LD with the same lipid 

composition as in G. Both objects are captured by a micropipette and put in contact for 

6 minutes before they are slowly pulled away from each other.

See also Figure S6.
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Figure 7. LC3B-positive LDs interact with acidified autophagosome-like membranes
A. Confocal imaging of eGFP-LC3B, lysotracker (blue) and LDs (LipidTox) in 

differentiated 3T3-L1 adipocytes virally transfected with eGFP-LC3B. Cells are incubated 

in EBSS for 48hs after transfection. Scale bar,10 μm (5 μm in insets). Bottom panels are 

intensity profiles of the line drawn in each image.

B. Confocal imaging of eGFP-LC3B (green), LAMP1-mRFP (red) and LDs (LipidTox) in 

differentiated 3T3-L1 adipocytes virally transfected with eGFP-LC3B and LAMP1-mRFP, 

incubated in EBSS for 48hs. Example LDs at different stages of eGFP-LC3B and LAMP1-

mRFP recruitment are numbered.
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C. Relative intensity of eGFP-LC3B and LAMP1-mRFP on the different LDs.

D. Confocal imaging of eGFP-LC3B, LAMP1-mRFP and LDs in Huh7 virally transfected 

with eGFP-LC3B and LAMP1-mRFP, loaded with oleic acid for 24hs, and starved or not. 

Scale bar,10 μm (2 μm in insets)

E. Confocal imaging of LC3B-mCherry-eGFP and LDs in Huh7 loaded with oleic acid for 

24h and then placed in EBSS for 24h. Scale bar,10 μm (5 μm in insets).

F. Immunofluorescence staining of PLIN1 in differentiated 3T3-L1 adipocytes transfected 

with eGFP-LC3B and incubated in EBSS for 48hs.

See also Figure S7.
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