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BIOPHYSICS

Steric repulsion counteracts ER-to-lipid droplet

protein movement

Alicia Damm’, Mohyeddine Omrane’', Ozren Stojanoviéz, Bianca M. Esch®**, Mehdi Zouiouich’,
Maxime Carpentier1, Robin Klemm?, Florian Frohlich3#, Lionel Forét', Abdou Rachid Thiam'*

Lipid droplets (LDs) are organelles with a neutral lipid core surrounded by a phospholipid monolayer, which is
continuous with the cytoplasmic leaflet of the endoplasmic reticulum (ER). LD function depends on a highly dy-
namic LD surface proteome. Key proteins continuously exchange between the ER and LDs; however, the mecha-
nisms governing the interorganelle movement and accumulation on the LD surface remain poorly understood.
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Here, we developed an ex cellulo tool introducing a classification of ER-derived proteins based on their different
affinity for LDs. We find that proteins with higher LD affinity can effectively displace those with lower affinity from
the LD surface, identifying steric hindrance as a key mechanism in regulating ER-to-LD protein transfer. Consistent
with this model, we show that, during adipocyte differentiation Plin1—an adipocyte-specific high-affinity LD
protein—reduces the recruitment of ER proteins with lower affinity by displacing them from the LD surface. These
findings highlight lateral protein-protein exclusion as a fundamental mechanism in shaping the LD proteome.

INTRODUCTION

Lipid droplets (LDs) are dynamic organelles central to cellular lipid
metabolism, with critical roles beyond lipid storage, including func-
tions in stress responses, immunity, infection control, and cellular
development (1-4). LDs originate from the endoplasmic reticulum
(ER), where neutral lipids accumulate within the ER's membrane
bilayer. This accumulation nucleates a neutral lipid “lens” that grows
and eventually buds into the cytosol (5, 6). The core of LDs consists
of stored neutral lipids, primarily triacylglycerols (TAGs) and cho-
lesterol esters (CEs). Unlike most organelles, which are enclosed by
lipid bilayers, LDs are surrounded by a phospholipid monolayer due
to their unique oil-phase core (7). This structure forms intracellular
emulsion droplets with high interfacial tension (8), contrasting with
the low surface tension of bilayer membranes. The high surface ten-
sion makes LDs conducive to recruiting amphipathic molecules,
such as proteins, to their surface (8-10).

Because of their unique structure, LDs’ surface is targeted by pe-
ripheral proteins, which are key to most LD functions (11). Many of
these proteins are cytosolic (class II) and localize to LDs through the
CYTOLD pathway (for cytosol-to-LD) via amphipathic helices, lipid
anchors, or adaptor proteins (9, 12-16). Other proteins (class I) move
to the LD from the ER using the ERTOLD pathway (for ER-to-LD),
typically having monotopic domains that allow diffusion between the
ER and LD surfaces through their physical continuity (12, 13, 17-21).
This includes lipid biosynthesis enzymes like acyl-coenzyme A (CoA)
synthetase 3 (ACSL3), which generates acyl-CoA for TAG synthesis
(22), and diacylglycerol O-acyltransferase 2 (DGAT?2), which converts
diacylglycerol into TAG (23). In addition, proteins such as Caveolin2,
which are involved in caveolae formation, target newly formed LDs
from the ER (24, 25). We recently identified that monotopic proteins
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may also target LDs from other bilayer compartments, such as late
endosomes (26). However, despite recent progress, the mechanisms
by which monotopic proteins transfer from a phospholipid bilayer to
the LD monolayer remain to be better understood (17, 18, 21, 27-29).
Seipin is an integral ER protein that orchestrates LD formation.
It assembles into an oligomeric ring-like structure and interacts
with other monotopic proteins like LDAF]I at its center (30-33). To-
gether, they form the LD assembly complex, which nucleates LDs
and facilitates their growth (30-33). As LDs form, LDAF1 relocates
from the seipin complex to the monolayer of the nascent LD (33, 34).
Similarly, ACSL3 targets early-stage LDs (22, 35), but not all mono-
topic proteins follow this pathway. For instance, in Drosophila S2
cells, glycerol-3-phosphate acyltransferase 4 (GPAT4), which cata-
lyzes the first step in TAG synthesis, is excluded from nascent LDs
and targets mature ones (36, 37). Upon seipin deletion, GPAT4 rap-
idly targets nascent LDs (38), indicating that seipin regulates the ER-
to-LD protein movement. This has also recently been evidenced by
a single-molecule approach showing that the model LiveDrop pep-
tide [dmGPAT4 hairpin motif (21)] bidirectionally navigates be-
tween the ER and LD via a seipin-controlled ER-LD bridge (27).
The CYTOLD pathway has been studied more extensively than
the ERTOLD pathway, which remains far less understood. However,
recent advances, particularly in Drosophila cells, have revealed a
few mechanisms that regulate the ERTOLD pathway (39). An early
ERTOLD pathway, dependent on seipin, governs the initial targeting
of proteins from the ER to nascent LDs. In contrast, a late ERTOLD
pathway operates independently of seipin (28) and is promoted by
the hemifusion and physical contiguity between the ER and LDs
(37, 40). The functional importance of separate ERTOLD pathways,
the selectivity of monotopic proteins targeted to the LD through
them, and the driving forces behind the movement of these different
ERTOLD cargo proteins to the LDs remain largely unclear.
Evidence suggests that proteins have domains by which they
sense the unique physical and chemical properties of LDs. In vitro
studies show, in the case of TAG, that hydrophobic motifs favor the
LD monolayer (17) and that higher phosphatidylcholine (PC) to
phosphatidylethanolamine (PE) ratios lower the energy required for
protein partitioning to LDs, likely due to the greater lipid packing
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defects of monolayers (41). The type of neutral lipid within LDs also
appears to affect protein recruitment in some cases (9, 42). Compu-
tational and mutational studies reveal that specific residues, like
tryptophan and positively charged amino acids, are crucial for ER-
to-LD relocation, as seen in the LiveDrop motif. Conformational
changes also regulate protein recruitment, exemplified by UBXD8
and PLIN1 (18, 29, 43), which use membrane anchoring motifs for
LD association from the ER. For instance, PLIN1’s C-terminal am-
phipathic helix bundle likely “unzips” to bind the LD surface (44).

These findings underscore the importance of lipid-membrane/
protein interactions in shaping the energy landscape for protein lo-
calization to the LD monolayer versus the ER bilayer. Despite these
insights, a key question remains: What factors regulate the mono-
topic protein partitioning level between the ER and LDs and moni-
tor the proteome composition? Addressing these questions is crucial
for understanding the occurrence and kinetics of biochemical reac-
tions occurring at the LD surface, which underpins LD biology.

The ERTOLD pathway has primarily been studied in the context
of individual proteins, focusing on structural analysis, although free
energy differences must determine how much they relocate from the
ER to the LD surface. A comparative study of protein enrichment
levels and mechanisms at LDs is still lacking. To address this, we de-
veloped an ex cellulo tool that quantifies the ER-to-LD partitioning
affinity of monotopic proteins. This approach revealed that lateral
protein-protein exclusion is critical in controlling protein relocation
from the ER to LDs.

RESULTS

Proteins target LDs from the ER with a wide range

of affinities

We asked to what extent different proteins and motifs partition be-
tween ER and LDs. To do so, we picked a subset of ER proteins with
different binding motifs and involved in diverse LD functions. These
included LDAF1, DGAT2, AGPAT3, PLIN1, CAV2, GPAT4, FARI,
HSD17B13, ACSL3, and some of their hairpin motifs hpDGAT?2,
hpAGPAT3, and hpGPAT4 (21). We included DGAT1, an ER-resident
multipass transmembrane protein, as a control. For comparison, we
also considered the model membrane anchors HPos and HNeu (22),
previously developed to investigate LD targeting (22). In addition,
we examined the behavior of proteins from different organisms that
target LDs, such as ERG6 (Saccharomyces cerevisiae) and CG2254
(Drosophila melanogaster).

HeLa cells were transfected with constructs of the target proteins
fused to a fluorescent marker alongside a fluorescent marker for
the ER lumen, ERox. Oleic acid (OA) was then fed to the cells for
another 24 hours to induce large, mature LDs. This strategy focused
only on the mature LD proteome and not on its early biogenesis stages
(Fig. 1A). We visualized the proteins through fluorescence micros-
copy. Figure 1B shows three examples: (i) The hairpin of AGPATS3 is
not found at mature LDs; (ii) ACSL3 shows high intensity on both
the surface of LDs and the ER; and (iii) PLIN1 shows high intensity
at the LDs and virtually no signal on the ER (fig. S1A).

Because of the ER network structure, it is not readily possible to
accurately separate the ER and LD signals. Thus, we adopted an or-
ganelle swelling approach to improve the spatial separation of differ-
ent organelles, which allowed us to better quantify ER versus LD
surface signals. The osmotically induced swelling converts most
bilayer-encircled organelles into vesicles, notably transforming the
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ER into giant ER vesicles (GERVs) (45) (fig. S1B). This strategy al-
lowed reliable and quantitative separation of the ER and LD surfaces
(Fig. 1C). This reduces the surface-to-volume ratio of the organelles,
likely increasing the protein concentration in the swollen ER com-
pared to the intact ER. Nonetheless, this strategy facilitates acute
measurement and study of how the protein concentration in a rele-
vant ER membrane affects protein recruitment to LDs. We deter-
mined the organelle partitioning coefficient p for each protein by
calculating the ratio of intensity between the signal on the LD and
the ER (Fig. 1D). When we plotted p for our 17 markers, we ob-
served a gradual increase in the average partition coeflicient across
the group (Fig. 1E and figs. S1C and S2).

Partition coeflicients varied over several orders of magnitude, re-
vealing three different classes: nontargeting proteins, for which no
signal was found on LDs (Fig. 1E, purple bar), reaching below our de-
tection limit. Members in this class are LDAF1, AGPAT3, hpAGPATS3,
DGAT1, and hpDGAT?2. Intermediate-affinity proteins, such as
GPAT4, HNeu, DGAT2, ACSL3, HPos, and hpGPAT4, were charac-
terized by p < 5, and high-affinity proteins with p > 5 showing little
to no signal on the ER were represented by CAV2, HSD17B13, FARI,
CG2254, PLIN1, and ERGS6. In conclusion, this method allowed the
acute assessment of the affinity of monotopic LD proteins and iden-
tified different classes within the tested ERTOLD proteins.

Removal of seipin has a minor impact on the proteome of
mature LDs

Positioned at the ER-LD junction, seipin can regulate protein traf-
ficking between these organelles, especially during the early stages
of LD formation and growth (28, 35, 38, 46). Using our quantifica-
tion method, we investigated the effect of seipin on the proteome of
mature LDs by measuring the partition coeflicients of the 17 select-
ed proteins/peptides in a seipin knockout (SKO) HeLa cell line after
24-hour OA loading. We observed no significant changes in protein
affinities between wild-type (WT) and SKO cells (Fig. 1E, fig. S2,
and Table 1), suggesting that seipin removal does not have a sub-
stantial influence on the global proteome of mature LDs at 24 hours
post-OA loading. This finding agrees with the recent finding of a late
ERTOLD pathway independent of seipin (28).

Our assessment involved only a limited number of proteins for
mature LDs and therefore aimed to expand our analysis to the ma-
ture LD proteome. We used mass spectrometry (MS) to assess glob-
al changes in the LD proteome between WT and SKO cells. Cells
were fed with OA for an extended period, after which LDs were iso-
lated and their proteome analyzed. We quantified the abundance of
monotopic ER proteins in LD fractions and normalized them to
their values in ER fractions, calculating a partitioning coefficient.
The distribution of the partitioning ratio between SKO and W' cells
for numerous established class I LD proteins showed a Gaussian-
like distribution centered around 1, with a slight deenrichment of
~20% and an enrichment of 10% (Fig. 1F). Within our detection
limit, we did not identify any protein that was excluded from or
newly recruited to mature LDs upon seipin removal. These data also
support that the proteome of mature LD fractions is only marginally
affected by the absence of seipin (47) (fig. S3).

Some example proteins behave differently under WT versus SKO
conditions. For example, AGPAT3 as well as its hairpin alone, did
not visibly target LDs in WT or seipin-depleted cells. DGAT?2 tar-
geted LDs equally in WT and SKO cells, although its hairpin alone
did not target LDs under either condition. In contrast, the hairpin of
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Fig. 1. Class | proteins target LDs with a wide range of concentrations. (A) Schematic representation of the experimental protocol. Hela cells are transfected with the
protein of interest and an ER lumen marker for 24 hours. Cells are then exposed to OA (200 uM) for 24 hours and observed in the presence of an LD fluorescent reporter.
h, hours. (B and C) Confocal microscopy images of cells transfected with hpAGPAT3, ACSL3, and PLIN1, from top to bottom. Channels: ER marker in blue (ERox), protein in
green, and LD marker in red. Cells are observed in regular (B) or hypotonic media (C). In (C), red (resp. blue) arrows point to LDs (resp. ER) surface. (D) Quantification of the
protein partition coefficient. Using a Gaussian fit, a line profile at the ER and LD equators gives respective protein intensities at the ER and LD surface. The partition coef-
ficient is defined as the ratio between I.p and Igg. (E) Partition coefficients for our 17 proteins subset are represented by the mean value as a bar and SD as gray whiskers,
measured in HeLa WT (white bars) and HeLa SKO (colored bars). The average values of three independent experiments are represented by circle, square, and triangle gray
symbols (between three and five cells for each experiment). Differences between WT and SKO partition coefficients for each protein are nonsignificant (unpaired t tests;
see Table 1 for values). (F) Distribution of the relative abundance of class | proteins in LD fraction versus ER-enriched fraction between HeLa WT and HelLa SKO by pro-
teomics (27 known class | proteins were identified).
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Table 1. P values from the unpaired t test on the cell experiments between WT and SKO measurements. Unpaired t tests were performed on the average

values of three independent measurements (Fig. 1E).

Protein P value Summary

GPAT4 0.0514 ns.
HNeu ,,,,,,,,,,,, g ns
DGAT2 ,,,,,,,,,,,, o ns
ACSL3 OO OO SOOI Cioag ns
HPos ,,,,,,,,,,,, oonee ns
hpGPAT4 ,,,,,,,,,,,, oamos ns
CAV2 ,,,,,,,,,,,, oaos ns
HSD17B13 ,,,,,,,,,,,, ooaag ns
FAR1 ,,,,,,,,,,,, amag ns
C62254 ,,,,,,,,,,,, oamas ns
PL|N1 ,,,,,,,,,,,, oaay ns
ER66 ,,,,,,,,,,,, oiaeg ns

GPAT4 displayed a higher affinity for LDs than the full-length pro-
tein in both WT and SKO cells, raising the possibility that there are
other targeting restriction domains in the full-length protein. Although
most cells contained a uniform LD population, the LDs of GPAT4-
transfected cells separated into two distinct populations, both in
WT and SKO cells. Most LDs exhibited low levels of GPAT4 on the
LD, whereas a subset displayed high intensity (fig. S4). Similar ob-
servations were reported in early studies in Drosophila S2 cells
(37, 38). On average, GPAT4 showed higher relocation to LDs in
SKO cells than WT cells (Fig. 1E and fig. S4), similar to Drosophila
cells (37, 38).

Overall, our findings indicate that seipin does not act as a critical
long-term regulator of the LD proteome. Only a small subset of pro-
teins showed slight enrichment or displacement over prolonged pe-
riods without seipin. This suggests that other factors may be more
determinant in regulating the ER-to-mature LD protein relocation.

Intrinsic ER-to-LD protein partitioning estimation using
droplet-embedded GERVs

During the 24-hour OA loading, one possibility is that the LD pro-
teome undergoes dynamic remodeling due to factors such as protein
degradation, recruitment by additional lipids and proteins, or struc-
tural changes of the ER-LD interface. As a result, the partitioning
coeficient we measured may not capture the intrinsic propensity of
a protein to partition between the ER and LDs. Furthermore, al-
though kept to a maximum of 15 min, the osmotic swelling proce-
dure might limit the validity of our observations. To address these
potential caveats, we developed an experimental system called the
droplet-embedded GERV (DEGERV). This is inspired by previously
established techniques like droplet-embedded vesicles (DEVs) (6, 48)
and GERVs (45).

DEGERVs integrate artificial lipid droplets (aLDs) within native
GERVs. This approach bypasses the metabolic complexities inher-
ent to cellular systems, allowing for the direct visualization and quanti-
fication of ERTOLD proteins, independent of factors like seipin or
the structural maturation of LDs. The technique provides “empty”
LD surfaces, creating a simplified environment that can reveal the
intrinsic propensity of any ER protein to relocate to LDs. Furthermore,
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DEGERV: s offer insight into the determinants that guide ER proteins
to LDs, free from the influence of metabolic processes that complicate
the identification of LD protein targeting mechanisms. Although
DEGERVs may not fully replicate the structural characteristics of
ER-LD junctions in intact cells, they offer a robust platform for
quantitatively assessing protein partitioning behavior. Specifically,
they enable determination of the partition coeflicient—i.e., the change
in free energy (AG) between the initial bilayer state and the final LD
surface state—without considering energy barriers from the contact
site. These barriers, which affect protein transfer efficiency or rate,
likely vary on the basis of membrane curvature, seipin, protein in-
teractions, and the cell’s state.

To prepare DEGERV's, HeLa W'T cells were placed in a hypotonic
medium for 15 min and lysed (45). The resulting GERVs were visu-
alized by the fluorescent ERox marker (Fig. 2A) and mixed with an
aLD emulsion of TAG. These aLDs spontaneously fused with the
GERVs (48, 49), forming DEGERVSs (Fig. 2B). The aLDs within GERV's
typically measured between 1 and 3 pm, making them smaller than
GERVs, with an average diameter of 9 + 2 pm (fig. S5A).

To assess the efficient incorporation of aLDs into the GERVs,
the aLDs were tagged with trace amounts of Rhodamine-DPPE [1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine; 1:7000 (w/w) to
TAG]. Phospholipids from the aLDs readily transferred to the GERV
membrane (Fig. 2C). Fluorescence recovery after photobleaching
(FRAP) experiments indicated that these phospholipids diffuse be-
tween the GERV membrane and the aLD surface, ensuring the nec-
essary fluidity and exchange of lipids between the two compartments
(fig. S5B). Furthermore, when the aLDs were prepared with trace
amounts of TAG-NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl), the fluo-
rescent NBD signal also relocated to the GERV membrane, showing
that TAG molecules were equilibrated between the aLDs and the
GERV (Fig. 2D). Additional FRAP experiments revealed continu-
ous TAG exchange between the GERV membrane and the aLDs
(fig. S5C).

Next, we used this system to prepare GERVs from HeLa WT,
which expressed our fluorescent marker proteins. The fluorescent
protein concentration varied broadly due to differences in transfec-
tions, allowing for work with different protein concentrations in the
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Fig. 2. DEGERVs to dissect the regulatory mechanisms of LD targeting. (A and B) Schematic representation of the experimental protocol. (A) HeLa WT cells are trans-
fected with the protein of interest and the ERox ER lumen marker for 24 hours. Cells are then exposed to hypotonic media, and GERVs are collected. (B) GERVs are mixed
with a TAG-in-media droplets solution and spontaneously generate DEGERVs. Cartoon not to scale. (C and D) Characterization of TAG droplets incorporation in GERVs. (C)
TAG-in-media emulsion was complemented with Rhodamine-DPPE [at 1:7000 (w/w) Rho-DPPE:TAG] to observe transfer of phospholipids (PLs) between the droplet and
the GERV. (D) TAG-NBD-in-media emulsion was used, and a ring of the NBD signal was observed at the surface of the GERV, indicating a transfer of neutral lipids (NLs).
(E) Images of DEGERVs prepared with cells transfected with hpAGPAT3, ACSL3, and PLIN1 (left to right). A low signal of hpAGPAT3 is observed at the TAG droplet (inset
shows a higher brightness image of hpAGPAT3 on the LD). We observed a higher transfer of proteins for ACSL3 and PLIN1 (inset shows a higher brightness image of PLIN1
intensity on the ER). Red arrows point to LD, and blue arrows point to the ER surface. (F) The partition coefficient was measured as explained in Fig. 1D. It is represented
with the mean value as a bar and SD as gray whiskers. The average values of three independent experiments are displayed as circle, square, and triangle gray symbols. All
data points are represented in light gray (between 3 and 24 droplets for each experiment). (G) Average partition coefficient measured in cells (Fig. 1E) versus in DEGERVSs;

SDs are represented as whiskers. The plain line has a slope of 1. (H) Classification of proteins’affinity for TAG droplets in DEGERVs.
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ER. DEGERVs were then formed using the same TAG-based aLDs,
and protein partitioning was assessed. We observed that proteins
dynamically equilibrated between the GERV membrane and aLDs,
as evidenced by the fluorescence recovery of the entire aLD follow-
ing photobleaching (fig. S5D). The protein was perfectly diffusive on
the ER membrane, and its partial fluorescence recovery at droplets
was due to the limited ER reservoir capacity and its affinity for the
TAG alD (fig. S5D).

Most high-affinity and intermediate-affinity proteins, such as
PLIN1 and ACSL3, spontaneously relocated to the aLDs (Fig. 2E).
Proteins that do not specifically target LDs were generally absent
from the surface of TAG-containing LDs. However, hpAGPAT3 consis-
tently displayed a low-intensity signal on the surface of aLDs, although
this protein did not typically visibly associate with LDs in cellular
environments (inset of the hpAGPAT3 image, Fig. 2E).

We determined the partition coefficients for the 17 selected
proteins/peptides and plotted them according to increasing levels
(Fig. 2F and fig. S6A). We display nontargeting proteins below our
detection sensitivity. The affinity order and range were consistent
between cells and DEGERV experiments, with p ranging between
0.02 and ~100 (figs. S6B and S7, A and B). This is best illustrated by
the plot of the partition coefficient in cells versus DEGERV's (Fig. 2,
G and H), which showcases a linear correlation with a slope of 1 as
a guide; a linear regression gave a slope of 1.32.

There are a few notable discrepancies between protein behavior
in DEGERVs and cells, revealing regulatory mechanisms that may
not be functional anymore in the DEGERV system (Table 2 and
fig. S6B). DGAT?2 and FARI, above the correlation threshold, ex-
hibit a lower affinity for TAG aLDs in DEGERV's compared to their
behavior in cells. This suggests that, for these proteins, a minimal
TAG droplet system does not faithfully replicate the partitioning as
observed in cells. Factors such as membrane curvature, lipid com-
position, or protein-protein interactions may differ in DEGERVs
than in cells, impinging on the partitioning behavior. Some discrep-
ancies are found for high-affinity proteins PLIN1 and ERG6 (fig. S7B).
These proteins’ partitioning coeflicient error bars are huge, reflect-
ing experimental variability in cells. Such variability likely arises

from the fact that their levels in the ER are low and variable, and
they also target the LD surface very efficiently. Therefore, dividing
the LD signal by the ER signal leads to a significant, variable coefhi-
cient. On DEGERVs, the variability was less pronounced.

Conversely, proteins below the line demonstrate a higher affinity
for aLDs in DEGERVSs than in cells. This behavior is more straight-
forward to interpret as these proteins may inherently target LDs but
are somehow restricted or displaced from the LD surface in cellular
environments. A particularly notable example is hpAGPAT3, which
is absent from LDs in cells and can yet be detected, albeit with low
levels of DEGERVs. This is likely because DEGERVs initially con-
tain no protein on the aLD surface, possibly converting some mono-
topic ER membrane proteins into weak ERTOLD cargoes. Once the
LD surface becomes occupied, protein exclusion and competition
may limit protein movement from the ER to LDs.

Competition acts as a key regulator for protein partitioning
in DEGERVs

To investigate the effect of competition between ER proteins for
their relocation to LDs, we made DEGERV's from cells cotransfected
with two ER proteins (Fig. 3A). We examined three distinct scenar-
ios: (i) competition between two high-affinity proteins, ACSL3 and
PLIN1, both of which exhibit high partitioning coefficients (p > 5 in
DEGERVs; Fig. 3B); (ii) competition between a high-affinity pep-
tide, HPos, and an intermediate-affinity peptide, HNeu (p > 5 and
p < 5, respectively; Fig. 3C); and (iii) competition between a high-
affinity peptide, HPos, and a low-affinity protein, DGAT2 (p < 1 in
DEGERVs; Fig. 3D). In each case, we measured the partition co-
efficients for both proteins. We compared them to the respective p
observed when expressed individually (Fig. 3, B to D, and Tables 3
and 4). High-affinity proteins share the aLD space; no significant
change is observed in the p coeflicients. However, we noted a subtle
effect in the presence of PLIN1: The partitioning coefficients of
ACSL3, HPos, and HSD17B13 decreased, slightly for the latter
(fig. S8). This observation could indicate that high-affinity ER pro-
teins with different affinities can compete to some extent for target-
ing LD and that PLIN1 predominates in LD relocation. On the other

Table 2. P and F values from an ordinary one-way ANOVA test on the DEGERVs and cells experiments between WT, SKO, and DEGERV measurements.
One-way ANOVA corrected for multiple comparisons (using the Tukey test) was performed on the average values of three independent measurements (fig. S6B).

Protein F Pvalue Summary

hpAGPAT3 0.0657 s

e 00156 e
i 01523 S
s 00019 s
ACSL3 0.0301 P
e 0.9832 e
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oo 00527 S
e 00985 Sl
o 00409 e
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o 0019 T
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Fig. 3. Protein competition affects the LD proteome. (A) Schematic representation of the experimental protocol, HeLa cells are cotransfected with two proteins. (B to
D) We measured the partition coefficient of pairs of proteins with different TAG aLD affinities: high versus high-affinity couple ACSL3/PLIN1 (B), high versus intermediate
HPos/HNeu (C), and high versus low HPos/DGAT2 (D). Cartoon not to scale. We show confocal images of an embedded droplet (left), and we compare the partition coef-
ficient of both proteins when transfected individually (left; white bars, Fig. 2F) and upon cotransfection (right; colored bars). The average values of three independent
experiments are represented as circle, square, and triangle gray symbols. All data points are presented in light gray (between 3 and 22 droplets for each experiment).
Results of the unpaired t test are shown on the graph (see Tables 3 and 4). (E) Theoretical model describing steric protein-protein exclusion. For two proteins competing,
the protein with the highest affinity will largely dominate LD relocation. The protein concentration on LDs CI.‘D is plotted as a function ofCZER according to Eq. 1 with param-
eters:K; = 50K, = 300, and CEF = 0.05. Partition coefficients plotted in the right correspond to C5% = 0.05. (F) We considered a pool of all endogenous proteins present in
the ER, including proteins 1 and 2 (“nontagged”) and all other ER species, which will count as protein 3 in Eq. 1. Transfection refers to introducing a“tagged” population of
proteins 1 and 2. (G) Predicted partition coefficient, for different affinity conditions, for proteins expressed individually (white bars) or coexpressed (colored bars). Under
all conditions K3 = 10, overexpression of 1 and 2 was mimicked by taking CI.ER times 10. For high/high affinity, K; = 300 and K, = 100 (left); for high/intermediate affinity,
K, = 150and K, = 30 (middle); and for high/low affinity, K; = 100 and K, = 10 (right).
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Table 3. P values from the unpaired t test on the competition DEGERV experiments between individual transfection and cotransfection measurements.
t tests were performed on the average values of three independent measurements (Fig. 3 and fig. S8).

Protein 1/Protein2 P value of protein 1 P value of protein 2 Summary 1/2

HPos/HNeu 0.5420 0.0306 s/

HPos/PLNT Y bogry [y
ACSL3PLNT T Oeesy (S
HPos/DGAT2 05745 . 0.0262 nega
PLINT/HSD17B13 07468 0.1192 nedme

Table 4. P values from the unpaired t test on the competition DEGERV experiments between protein 1 and 2 in individual transfection and in
cotransfection measurements. t tests were performed on the average values of three independent measurements (Fig. 3 and fig. S8).

Protein 1/Protein2 P value for individual transf. P value for cotransf. Summary

HPos/HNeu 0.1955 0.0045 h.s./H

HPos/PLIN1 03792 01518 e
ACSL3/PLINT 07800 6.0950 g
HPos/DGAT2 T —————— Ooges e
PLN1/HSD17B13 . oagre e

hand, when HPos was cotransfected with intermediate-affinity HNeu
(Fig. 3C) or low-affinity DGAT2 (Fig. 3D), HPos efficiently dis-
placed HNeu or DGAT?2 from the aLDs. This result demonstrates
that intermediate-affinity and low-affinity proteins are displaced
from the LD surface in the DEGERV system by proteins with higher
LD affinity.

Steric exclusion appeared to govern the exclusion of proteins
from the LD surface, a process thermodynamically captured by the
partitioning coeflicient introduced in our system. To further evalu-
ate whether our experimentally derived partitioning coefficient ac-
counts for protein displacement, we developed a theoretical model
to quantitatively assess its explanatory power.

We assume that proteins can freely diffuse between the LD and
the ER, which we consider a protein reservoir. Each protein occu-
pies a small area within the membrane, excluding other factors by
steric repulsion. For simplicity, we assume that all proteins occupy
the same space and do not interact with one another. At equilibri-
um, the normalized surface density of proteins i on the LD is (see
the Supplementary Materials)

A
C'P = —— with A, = K,CE® (1)
SR )Y :

where CFR is the concentration of a protein i in the ER and K; is the
affinity constant of the LD binding reaction. The propensity of a
protein to relocate to the LD surface depends on A;, the product of
these two quantities. K; exponentially depends on the free energy
difference of the protein between the ER and LD. If K; > 1 (resp.
0 < K; < 1), the protein preferentially relocates to the LD (resp. stays
in the ER). The sum in the denominator of Eq. 1 accounts for the
steric repulsions between proteins on LDs: It represents the com-
bined influence of all proteins competing for space on the LD sur-
face. The density of each protein type depends on the relative values
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of the parameters {Aj}. To illustrate the effect of the mutual steric
exclusion between two proteins, we first represented a simplified
situation in which only one or two ER proteins can move onto the
LDs (Fig. 3E). The simulation showed that marginal differences in
the LD affinities were sufficient to compete out the protein with
lower affinity, even when both competitors had high LD affinity
by themselves.

Next, we used this model to simulate our experiments and asked
how the simultaneous incorporation of multiple proteins that relo-
cate from the ER to LDs contributes to steric exclusion (Fig. 3F; see
the Supplementary Materials). To simulate the expression levels of
the proteins, we introduced a scaling factor reflecting the protein
density or concentration in the ER. Figure 3G shows the theoretically
predicted partition coefficient for different affinities of two proteins,
expressed individually or together. Notably, the model successfully
recapitulated our experimental findings using DEGERVs. In par-
ticular, proteins like DGAT?2, which have a relatively lower affinity
for TAG aLDs, were almost entirely excluded under certain condi-
tions (Fig. 3, D and G). This result underscores that competition for
LD surface area through steric exclusion, according to the proteins’
partition coefficient, strongly influences the composition of the LD
proteome. ER proteins with lower affinity for TAG aLDs, such as
AGPAT3 or DGAT2, may be entirely excluded from LDs by the sole
action of steric exclusion.

The ERTOLD pathway is critically regulated by protein
exclusion mechanisms

We investigated the influence of steric competition on the LD pro-
teome in living cells. We cotransfected HeLa W'T cells for 24 hours
with pairs of proteins exhibiting different affinities for LDs. Cells
were subsequently treated with OA for 24 hours to induce mature
LD formation (Fig. 4A). Upon coexpression, the two high-affinity
proteins PLIN1 and HSD17B13 largely colocalized on LDs. However,
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Fig. 4. The ERTOLD pathway is highly sensitive to protein exclusion mechanisms. (A) Schematic representation of the experimental protocol: Hela cells are cotrans-
fected with two proteins. (B) Confocal microscopy images of HeLa WT cells transfected with DGAT2 only. (C and D) Confocal microscopy images of cells cotransfected with
PLINT and DGAT2, in regular (C) and hypotonic (D) media, with line profiles in both channels along the yellow line (C). We compare the partition coefficients [(D), right] of
individual transfected protein (white bars, Fig. 1E) and cotransfected (colored). Average values of three (resp. two for the cotransfection) independent experiments are
represented as circle, square, and triangle gray symbols. All data points are presented in light gray (between 73 and 80 droplets total, on four to five cells for each experi-
ment). Results of the unpaired t test are shown (see Table 5 for values). a.u., arbitrary units. (E) Schematic representation of the experimental protocol using 3T3-L1 cells.
(F) Relative abundance of proteins in LD fraction versus PNS fraction analyzed by proteomics in preadipocytes (left) and 10 days adipocytes (right) as a volcano plot: sta-
tistical significance —logqo(P value) as a function of the fold change of the relative LD abundance of class | (pink), class Il (orange), and Rab family (blue) proteins. Proteins
above the dashed line correspond to a P value of <0.05. (G) Confocal microscopy images of overexpressed DGAT2 (green) and endogenously expressed PLINT (red, by
immunofluorescence) in preadipocytes, exposed to 200 pM OA overnight, and 10-day adipocytes. LDs are labeled with LipidToxDeepRed (blue). (H) Quantification of
DGAT2 intensity at LDs, normalized by intensity in the ER, in preadipocytes and adipocytes. Average per cell, measured from two independent experiments, are large
circles; individual LD values are shown in the background. The y axis limit of 10 prevents displaying 50 individual data points that range from 20.
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smaller LDs predominantly displayed the PLIN1 signal, suggesting
a temporal or spatial dominance of PLINT1 at specific stages of LD
maturation (fig. 9, A and G).

When expressed alone, the intermediate-affinity protein DGAT2
localized to LDs (Fig. 4B). Coexpression with PLIN1 resulted in the
near-complete displacement of DGAT?2 from LDs back to the ER,
consistent with our theoretical predictions and DEGERV experi-
mental results (Fig. 4, C and D, and Table 5). In contrast, DGAT2
was not completely excluded by the artificial peptide HPos (fig. S9,
B and G), which we classified as an intermediate-affinity protein
with lower LD affinity than PLIN1. DGAT2 was, however, displaced
by hpGPAT4, a protein with a higher partition coefficient (p) (fig. S9,
Cand G). As a control, DGAT2 remained on LDs when coexpressed
with hpAGPAT3, a nontargeting protein in cells and weak targeting
in GERVs (fig. S9D).

Furthermore, we observed that other intermediate-affinity pro-
teins, such as hpGPAT4 and HNeu, were excluded from LDs when
coexpressed with higher-affinity proteins HSD17B13 or PLIN1, re-
spectively (fig. S9, E to G). These findings support a model in which
steric competition, modulated by relative LD affinity, shapes the
composition of the LD ERTOLD proteome.

Our analyses open the possibility that affinity-based competition
between different ERTOLD cargoes may be used to tune the LD sur-
face composition to meet cellular needs. Collectively, our theoretical
and experimental results would predict that proteins with lower
affinity for TAG-LDs, such as DGAT?2, may, under certain circum-
stances, be dynamically excluded from LDs. Regulation of LD sur-
face composition may, for instance, be achieved by controlling the
expression levels of competing LD proteins. For example, PLINT is
not expressed in preadipocytes, but its mRNA and protein levels in-
crease rapidly when preadipocytes differentiate into adipocytes.
Previous works have shown that PLIN1 efficiently excludes CYTOLD
proteins such as PLIN2, PLIN3, and PLIN4 from LDs (29, 44, 50),
which have lower LD affinity than PLIN1. We therefore used adipo-
cytes to test the validity of our model predicting the exclusion of
lower-affinity by high-affinity ERTOLD cargo. Specifically, we hy-
pothesized that PLIN1 might displace lower-affinity ERTOLD cargo
upon differentiation.

To compare the LD protein composition in the absence and pres-
ence of endogenously expressed PLIN1 in an unbiased manner by
proteomics, we prepared LDs from 3T3-L1 preadipocytes after OA
loading and from white adipocytes 10 days after differentiation
(Fig. 4E). The volcano plots in Fig. 4F (fig. S10, A and B) and the box
plots in fig. S10C show the significant enrichment of PLIN1 in LDs
of adipocytes, compared to the levels in the postnuclear supernatant
(PNS). Agreeing with our predictions, we found a global decrease in
the recruitment of ERTOLD proteins in the LD-enriched fraction
from differentiated cells (Fig. 4E and fig. S10C). These data suggest
that the recruitment of high-affinity PLIN1 to TAG LDs competes

with other monotopic proteins. It is important to note that compe-
tition does not necessarily mean a protein is wholly excluded from
LDs. Instead, its abundance on LDs is limited, depending on its
affinity for LDs. This controlled restriction of protein levels on
LDs could be a mechanism to fine-tune the speed of specific bio-
chemical reactions.

Next, we visualize overexpressed DGAT2-EGFP alongside en-
dogenous PLIN1 in fixed 3T3-L1 preadipocyte and adipocyte cells.
In preadipocytes, DGAT? effectively moved to LDs induced by OA
treatment (Fig. 4G). Adipocytes, with their smaller surface-to-volume
ratio, favoring competition, showed virtually no DGAT2 on LDs after
several days postdifferentiation (Fig. 4G). Quantification of LD-
localized intensity relative to ER intensity (Fig. 4H) confirmed a signifi-
cant decrease in adipocytes compared to preadipocytes. As anticipated,
endogenous PLINI was absent in preadipocytes but highly abun-
dant in adipocyte LDs wherein DGAT2 was excluded (Fig. 4G),
likely preventing LD association with overexpressed DGAT2. Only
OA treatment of mature adipocytes could redirect DGAT?2 to some
LDs (fig. S10D), suggesting that some lipogenesis factors may be re-
quired for DGAT?2 LD targeting.

These findings further support a mechanism by which high-affinity
proteins such as PLIN1 compete with lower-affinity ERTOLD proteins
like DGAT?2 by steric hindrance.

DISCUSSION
Obtaining an accurate inventory of LD proteins is challenging due
to the diversity in LD size, composition, and metabolic state (11). A
dynamic view of the LD proteome is essential as LDs evolve from
nucleation to maturation, performing various functions across dif-
ferent timescales and metabolic conditions. Protein targeting to LDs
is not binary; proteins accumulate to varying concentrations on LD
surfaces, influencing the rate of LD-related processes. Our study
highlights the role of steric repulsion in controlling protein concen-
tration and nonselective recruitment (16) to LDs. Protein affinity for
LDs depends on the energy difference between the LD monolayer
and the ER bilayer, with high-affinity proteins having priority in tar-
geting LDs—unless regulated by an energy barrier, potentially me-
diated by seipin during the early stage of LDs. This energy balance
shifts with the cell’s metabolic state and may vary by cell type.
Several thermodynamic and biophysical variables, including the
concentration of the ER protein reservoir and the available surface
area of LDs, influence the protein affinity for LDs measured in this
study. These parameters were challenging to control directly; how-
ever, we leveraged the natural variability in transfection efficiency to
modulate the protein concentration and the size distribution of
aLDs incorporated into GERVs. We observed no clear correlation
with the measured partition coefficients within the explored droplet

Table 5. P values from the unpaired t test on the competition experiments in cells between individual transfection and cotransfection measurements. t
tests were performed on the average values of two or three independent measurements (Fig. 4 and fig. S9).

Protein 1/Protein2 P value of protein 1 P value of protein 2 Summary 1/2
DGAT2/HPos 0.6888 0.0151 n.s./*
DGAT2/PLIN1 0.0022 0.7516 *%/n.s.
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size ranges and ER protein concentration (fig. S11). Variability was
especially pronounced at higher affinities.

We classified the affinities of ER proteins targeting LDs under
energy-rich conditions, with cells exposed to high concentrations of
OA for 24 hours. This represents a prolonged, steady-state condition
compared to the shorter LD growth period. Because even slight dif-
ferences in affinity can lead to significant protein exclusion (Fig. 3),
and the measured affinities vary by several orders of magnitude, cells
must use regulatory mechanisms to maintain LD proteome plasticity,
enabling them to adapt effectively to environmental fluctuations.

Protein levels in LDs must follow a precise timeline to ensure
proper metabolic responses. Early (biogenesis) and late (mature LD)
ERTOLD pathways have been identified in Drosophila cells (28), and
similar mechanisms may exist in mammalian cells. In the early path-
way, proteins move from the ER to LDs by passing through the seipin
complex. In the late pathway, seipin is absent at the ER-LD connec-
tion, allowing proteins like GPAT4, which fail to target nascent LDs, to
use this route (28, 38). Our findings suggest that seipin has a marginal
impact on the proteome of steady-state LDs, supporting the idea of a
late pathway in mammals. We speculate that seipin mainly protects
the LD proteome during early growth, ensuring lipid-metabolizing
enzymes, such as DGAT?2, can drive LD biogenesis and maturation
without being displaced by high-affinity proteins. Although DGAT2
may initially target early LDs, it could later be displaced to the ER
as LDs mature. High-affinity proteins, recruited later, may stabilize
LDs by controlling the further entry of proteins. This aligns with
our observations of DGAT?2 localization in preadipocytes and adipo-
cytes. In preadipocytes, DGAT2 promotes LD growth by convert-
ing DAG to TAG (36). However, DGAT?2 is excluded from the larger
PLIN1 LD subpopulation in adipocytes, where growth is driven by the
PLIN1/CIDE-dependent fusion (51, 52) of smaller LDs rather than
DGAT? activity.

The regulation of protein relocation to the LD surface is critical
for controlling LD function. This regulation is likely a combination
of genetic coding and metabolic control, where cells activate the
translation of specific proteins under particular conditions or cues.
The affinities of proteins for LDs may be inherently programmed
into their genetic expression profiles, enabling cells to adjust LD-
associated protein levels in response to various demands, such as
those encountered during the cell cycle or under stress conditions
like metabolic or chronic stress. However, protein affinity for LDs is
not solely determined by transcriptional control; posttranslational
modifications, such as phosphorylation or palmitoylation, play a
crucial role in fine-tuning these interactions in response to environ-
mental signals (37, 53-55). For example, during nutrient depriva-
tion, the phosphorylation of PLINs may reduce their affinity for
LDs, facilitating the recruitment of lipolytic enzymes necessary for
lipid mobilization (55, 56). This genetic expression and posttransla-
tional modification allow cells to regulate LD function dynamically.

Last, when comparing our results between cells and DEGERV,
we noticed some discrepancies that warrant further investigation.
For proteins like DGAT2 and FARI, a minimal TAG LD system did
not fully replicate the LD relocation observed in cells. This suggests
that our system may currently miss essential factors that would en-
able it to fully mimic the cell condition as additional factors may
influence protein affinity for LDs. Potential contributors include
altered LD lipid chemistry, the highly curved bilayer-LD neck act-
ing as an energy barrier for diffusion, and other retention factors
within the ER. The DEGERV platform provides an ideal system for
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fine-tuning these properties further and better exploring their im-
pact on the ERTOLD pathway.

MATERIALS AND METHODS

Cell culture

HeLa WT and SKO cells (gifted by R. Yang) were maintained in high
glucose (4.5 g/liter) with stabilized glutamine and with sodium py-
ruvate Dulbecco’s modified Eagle’s medium (DMEM) (Dutscher)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (PS) (GibcoBRL). Cells were cultivated 48 hours at
37°C with 5% CO5. To induce feeding conditions and LD formation,
cells were incubated for 24 hours with DMEM supplemented with
fatty acids conjugated to bovine serum albumin (BSA) (1%, v/v),
used at a concentration of 200 pM OA. Cells were regularly tested,
and no contamination for mycoplasma was detected.

Cell transfections and plasmids

Cells were seeded in MatTek 3.5-mm coverslip bottom dishes (MatTek
Corp. Ashland, MA) for 24 hours before transfections. Cells were
transfected with 2 pg of the indicated plasmid using jetPEI transfec-
tion reagent (PolyPlus, #10110 N). Cells were transfected with dif-
ferent plasmids fused with fluorescent protein constructs 24 hours,
before 24-hour feeding with OA for cells experiments (Figs. 1
and 4), or before giant organelles collection for DEGERV experi-
ments (no feeding, Figs. 2 and 3). The following is a list of the used
plasmids. ERoxBFP was a gift from E. Snapp (Addgene plasmid #68126;
http://n2t.net/addgene:68126; RRID:Addgene 68126). EGFP-DGAT],
EGFP-DGAT2, and mCherry-AGPAT3 were gifts from R. Yang (Uni-
versity of New South Wales, Sydney, Australia). EGFP-FARI and
ACSL3-mCherry were gifts from J. Fiillekrug (Heidelberg University,
Heidelberg, Germany). EGFP-hpAGPAT3 and EGFP-hpDGAT2 were
designed and purchased from VectorBuilder (Germany). EGFP-PLIN1
and mCherry-PLIN1 were gifts from D. B. Savage (University of
Cambridge, Cambridge, UK). ERG6-EGFP was a gift from M. Henne
(UT Southwestern Medical Center, Dallas, TX, USA). HSD17B13-
turboGFP was a gift from Y. Rotman (NIDDK, ML, USA). LDAF1-
turboGFP was a gift from M. Bohnert (University of Miinster,
Miinster, Germany). CAV2-EGFP, EGFP-HNeu, and mOrange-HPos
were gifts from A. Pol (Universitat de Barcelona, Barcelona, Spain).
EYFP-CG2254 was a gift from M. Beller (Heinrich Heine University,
Diisseldorf, Germany). mApple-hpGPAT4 was a gift from S. Cohen
(University of North Carolina at Chapel Hill, Chapel Hill, NC,
USA). EGFP-GPAT4 was a gift from S. Kersten (Cornell University,
Ithaca, NY, USA).

GERV production and extraction

After transfection (and OA feeding for cell experiments), the cultured
cells were transferred into a hypotonic culture media DMEM:H,0
(5:95%, v/v) at pH 7.4, at 37°C, 5% CO, for 15 min, to induce cell vol-
ume increase and giant organelle vesicles (GOVs). For cell experiments
(Figs. 1 and 4), observation was performed at this step directly in the
MatTek coverslip bottom dishes. For DEGERV experiments (Figs. 2
and 3), cells were mechanically lysed by extensive pipetting, and the
solution was filtered at 10 pm to extract GOVs, including GERVs.

DEGERV production
Droplets were made using an oil-in-hypotonic media emulsion: 8 pl
of triolein (or TAG in the paper; G7793, Sigma-Aldrich) was mixed
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with 300 pl of hypotonic media. The solution is subsequently soni-
cated and vortexed to form small droplets. The emulsion is mixed with
the GERV solution by gentle pipetting and incubated on the bench
for 10 min to form DEGERV's (Fig. 2B). For the phospholipid trans-
fer experiment (Fig. 2C), a dried film of Rhodamine-DPPE was mixed
in triolein at 1:7000 (w/w) Rho-DPPE:TAG, before DEGERV prepa-
ration. For the neutral lipid transfer experiment (Fig. 2D), a solution of
TAG-NBD:TAG 1:50 (v/v) was used to prepare the emulsion and
DEGERVs (TAG-NBD: 6285, Setareh Biotech). With all approaches,
the DEGERYV sample was then placed on a glass coverslip pretreated
with 10% (w/w) BSA and washed five times with hypotonic media,
and it was then observed by confocal fluorescence microscopy.

Fluorescent probes

For cells experiments, LDs were tagged with HCS LipidTox Deep
Red Neutral Lipid Stain (0.05%, v/v; catalog no. H34477, Thermo
Fisher Scientific) for EGFP and EYFP tagged proteins or Bodipy
493/503 (0.05%, v/v; Thermo Fisher Scientific) for mOrange, mApple,
and mCherry tagged proteins.

Confocal microscopy imaging

All micrographs were captured using a Carl Zeiss LSM800 micro-
scope with an oil-immersed X63 objective. EGFP, EYFP, NBD, and
Bodipy 493/503 fluorescence was excited at 488 nm, and emission
was detected between 510 and 550 nm. In contrast, mOrange, mApple,
and mCherry tagged protein fluorescence was excited at 561 nm, and
emission was detected between 580 and 650 nm. Deep red fluores-
cence was excited at 640 nm and was detected above 650 nm. BFP
fluorescence was excited at 405 nm and detected below 500 nm. For
both cell and DEGERV experiments, Z-stacks were acquired with a
stack gap of 0.5 to 0.8 um to cover the entire object of interest. All
fluorescence signals were analyzed with Image]J (see the Data analy-
sis section below).

FRAP experiment in DEGERVs

FRAP experiments were performed by bleaching either the total
surface of a droplet or a part of the ER bilayer (fig. S5). Fluorescent
proteins or lipids were bleached. Then, the recovery of signals was
monitored. The FRAP curves were normalized by the fluorescence
before bleaching and immediately after bleaching in the region
of interest.

Data analysis

All data acquired were analyzed with Image]. A 5-pixel-thick line is
plotted at the ER and LD equator lines; the line profiles obtained at
these lines are fitted by a Gaussian, whose maximum gives respec-
tively protein intensities at the ER and LD surface. For cell experi-
ments (Figs. 1 and 4), intensities on at least eight ER-vesicles are
averaged to measure Igg of one cell; and individual LD intensities
Ip are measured (at least 10 LDs per cell). For DEGERV experi-
ments (Figs. 2 and 3), Iz was averaged from measurements on five
images close to the GERV equator, and individual LD intensities I; p
were measured. Partition coefficient is defined as the ratio between
I p and Igg and can be measured for individual droplets. For pro-
teins that did not target LDs at all, we estimated that it is hard to
measure any signal intensity at the droplet surface, which is lower
than 1.5 times the background noise. This arbitrary limit for LD in-
tensity, when divided by the ER intensity, gave us values between
0.01 and 0.02. Therefore, we consider our detection limit to be
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around 0.02. Background intensity (measured on a 100 X 100-pixel
extracellular region) was subtracted from Igg and I; p.

Statistical analysis

Statistical comparisons were made on the mean values of the three
independent experiments, using a nonparametric ¢ test or a one-way
analysis of variance (ANOVA) [GraphPad Prism; unless the P value is di-
rectly written on graph, ** indicates P < 0.001, * indicates P < 0.05,
and not significant (n.s.) indicates P > 0.05].

Data representation

GraphPad Prism was used to represent most graphs. Most of them
are represented on a log scale with the mean value as a bar and the
SD as gray whiskers. Average values of three independent experi-
ments are described as circle, square, and triangle gray symbols; and
all individual data points are represented in light gray symbols (re-
spectively circles, squares, and triangles).

Theoretical model
See the Supplementary Text.

Preadipocyte and adipocyte cell culture and transfection
3T3-L1 preadipocytes were obtained from the American Type Cul-
ture Collection (CL-173) and cultured at subconfluency in high glu-
cose DMEM containing stabilized glutamine and sodium pyruvate,
supplemented with 10% FBS (Sigma-Aldrich, N4637) and 1% PS
(Sigma-Aldrich, #P4333), at 37°C and 5% CO,. For differentiation
into adipocytes, the cells were seeded to grow to confluence the fol-
lowing day and maintained at confluence for 48 hours. Differentia-
tion was induced by adding an adipocyte differentiation medium:
DMEM supplemented with 10% FBS (Sigma-Aldrich, #F7524), 1% PS,
172 nM (1:10,000) bovine insulin (Sigma-Aldrich, #10516), 500 pM
3-isobutyl-1-methylxanthine (Sigma-Aldrich, #15879), and 0.25 mM
dexamethasone (Gbiosciences, #API-04). After 48 hours, the differ-
entiation medium was replaced with DMEM, 10% FBS, 1% PS, and
172 nM bovine insulin, which was then replaced after 2 days with
DMEM and 10% FBS, refreshed every 2 days thereafter. The cells
were used for experiments on day 10 after differentiation began.
Preadipocytes and adipocytes were transfected with EGFP-DGAT?2
via electroporation and then incubated overnight in the same me-
dium, containing the 200 pM OA/BSA complex (described before)
to induce LD formation when indicated.

Preadipocyte and adipocyte staining for
immunofluorescence, imaging, and analysis

Transfected preadipocytes and differentiated adipocytes were fixed
with 4% paraformaldehyde in Dulbecco’s Phosphate-Buffered Saline
(DPBS) for 20 min and then permeabilized with a permeabilizing
buffer (DPBS containing saponin; catalog no. 10294440, Fisher Sci-
entific) at a concentration of 0.025% w/v and gelatin from cold water
fish skin (catalog no. G7041, Sigma-Aldrich) at a concentration of
0.7% wiv for 20 min at 37°C. Cells were subsequently incubated
with goat anti-PLIN1 antibody (Abcam, #ab60269) for 2 hours, fol-
lowed by washing three times with permeabilizing buffer for 5 min.
Cells were then incubated with the secondary (Donkey anti-Goat
Alexa Fluor 546, Invitrogen, #A-11056) and LipidToxDeepRed neu-
tral lipid stain for 90 min. Images were acquired on the confocal
microscope previously described.
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Images were first processed on Fiji (Image]) to split channels and
remove the noise from the LD channel. LDs were segmented on
Python using a custom Stardist model (57) and cells using the “cyto2”
model from CellPose 2.0 (58). Images and masks were processed on
CellProfiler 3.0 (59). To analyze DGAT2 signal intensity, we mea-
sured the signal intensity using a 2-pixel-wide ring around LDs, di-
vided by the signal intensity from the rest of the cell, excluding LDs
and 4 pixels around these objects. Data from CellProfiler were ana-
lyzed using Python 3.10 and plotted in GraphPad Prism.

LD floatation

For proteomic analysis, we isolated LDs from 3T3-L1 preadipocytes
(three 10-cm plates combined per sample) loaded with 500 pM sodi-
um oleate for 8 hours and from 3T3-L1 adipocytes (one 10-cm plate
per sample) after 10 days of differentiation. LD floatation was done as
in Majchrzak et al. (29) by sucrose density centrifugation. Briefly, the
cells were washed with and scraped into ice-cold phosphate-buffered
saline (PBS), pelleted at 600g, 4°C for 5 min, and resuspended in 1 ml
of PBS supplemented with protease inhibitors (cOmplete, Mini,
EDTA-free Protease Inhibitor Cocktail; Merck) and phosphatase in-
hibitors (Pierce, Thermo Fisher Scientific, A32955). The cells were
lysed by 20 passages through a bead homogenizer (16-pm bead,
Isobiotec), and the lysate was clarified at 600g, 4°C for 10 min. The
PNS was mixed with 60% sucrose/PBS (w/v) to a final concentration
of 12% sucrose, transferred to an ultracentrifuge tube (5 mm by
41 mm, Beckman-Coulter, #344090) and centrifuged in an MLS-
50 rotor (Beckman-Coulter) at 100,000g, 4°C for 1 hour. The tubes
were sealed and flash frozen in liquid nitrogen. The top fraction con-
taining LDs and LD-associated cofloating membranes was collected
by cutting the frozen tube right at the level below visible LDs. The tube
was thawed to collect the middle soluble fraction (cytosol), and the
remaining pellet containing intracellular membranes was washed
once with PBS and then resuspended in PBS. The protein concentra-
tion was determined by BCA for each fraction. Equal amounts of
proteins in the LD-enriched fraction, and the corresponding PNS (in-
put) from three independent samples were processed.

Proteomics

The samples were trypsin digested and purified for proteomics by
the PreOmics kit from iST, following the manufacturer’s instruc-
tions. Five micrograms of protein from the LD and the correspond-
ing postnuclear fraction was used as the input. The samples were
processed as triplicates from three independent experiments.

LD and ER fractions from WT or SKO cells were normalized ac-
cording to protein concentration (Fig. 1F and fig. S3). Peptides were
generated following the protocol of the iST sample Preparation Kit
(preOmics). Peptides were transferred to a glass vial, and 10 pl was
used for reversed-phase chromatography on a Thermo Ultimate
3000 RSLCnano system, connected to a Q Exactive PLUS mass spec-
trometer (Thermo Fisher Scientific) via a nano-electrospray ion
source. Separation was achieved using a 50-cm PepMap C18 Easy-
Spray column (Thermo Fisher Scientific) with a 75-pm inner diam-
eter, maintained at 40°C. Peptides were eluted with a linear gradient
of acetonitrile (12 to 35% in 0.1% formic acid) over 80 min at a con-
stant flow rate of 250 nl/min, followed by an increase to 60% over
20 min, and lastly to 90% over 10 min. Eluted peptides were directly
electrosprayed into the mass spectrometer. Mass spectra were acquired
on the Q Exactive PLUS in data-dependent mode, alternating be-
tween full-scan MS and up to 10 data-dependent MS/MS scans. The

Damm et al., Sci. Adv. 11, eadu6998 (2025) 24 September 2025

maximum injection time for full scans was 50 ms, with a target value
of 3,000,000 at a resolution of 70,000 at mass/charge ratio (m/z) 200.
The 10 most intense multiply charged ions (z > 2) from the survey
scan were selected with an isolation width of 1.6 Th and fragmented
using higher-energy collision dissociation (60) with normalized col-
lision energies of 27. Target values for MS/MS were set to 100,000,
with a maximum injection time of 80 ms at a resolution of 17,500 at
m/z 200. To avoid repetitive sequencing, dynamic exclusion was set
to 20 s. The resulting MS and MS/MS spectra were analyzed using
MaxQuant (version V2.4.14.0, www.maxquant.org) (61, 62) and
Perseus (V2.0.11.0, www.maxquant.org/perseus). Plots were per-
formed with the R software package (www.r-project.org/; RRID:
SCR_001905). All samples were processed as triplicates from three
independent experiments. The MS proteomics data have been de-
posited in the ProteomeXchange Consortium via the PRIDE part-
ner repository with the dataset identifier PXD064671 (63).

Equal amounts (2.5 pg) of protein from the PNS and fractions en-
riched for LDs from day 10 adipocytes and sodium oleate—treated pre-
adipocytes (three samples per group) were processed using the iST
Sample Preparation Kit (PreOmics, P.O.00001), according to the man-
ufacturer’s manual. Briefly, samples were digested by trypsin/LysC,
digests were purified on the kit columns and dried under vacuum
(SpeedVac). The resulting peptides were resuspended and analyzed by
LC-MS/MS (liquid chromatography-tandem mass spectrometry) us-
ing reversed-phase chromatography on a Thermo UltiMate 3000
SLCnano system and sprayed into a TimsTOF HT mass spectrometer
(Bruker Corporation, Bremen). For the chromatography, an Aurora
Gen3 C18 column (25 cm by 75 pm by 1.6 pm) with CSI emitter (Ion-
optics, Australia) at 40°C was used. Peptides were eluted from the col-
umn via a linear acetonitrile gradient from 10 to 35% in 0.1% formic
acid for 44 min at a constant flow rate of 300 nl/min. Afterward, the
gradient was increased to 50% buffer B for 7 min, followed by a 4-min
increase to 85% buffer B. Peptides were sprayed into the TimsTOF HT
mass spectrometer through a Captive Spray Ion source at an electro-
spray voltage of 1.6 kV and a DryGas (3 liters/min). The mass spec-
trometer was operated in positive ion mode and a MS range from 100
to 1700 m/z using the Parallel Accumulation-Serial Fragmentation
(PASEF) scan mode. Ion mobility was ramped from 0.7 Vs/cm® to
1.5 in 100 ms with an accumulation time set of 100 ms. Ten PASEF
ramps per cycle resulted in a duty cycle time of 1.17 s with a dynamic
exclusion time of 0.4 min. The precursor ion charge state was limited
from 0 to 5. The resulting MS and MS/MS spectra were analyzed using
MaxQuant [V2.4.11.0, www.maxquant.org/ (61, 62)] and Perseus
(V2.0.11.0, www.maxquant.org/perseus). For the label-free quantifi-
cation, the LD-enriched samples and the PNS samples were compared
(64). This analysis yields an enrichment factor of the LD sample as
described previously for yeast vacuoles (65). Plots were performed
with the R software package (http://r-project.org/; RRID:SCR_001905).
All samples were processed as triplicates from three independent
experiments. The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD064674 and 10.6019/PXD064674.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Supplementary Text

References

13 0f 15


http://www.maxquant.org
http://www.maxquant.org/perseus
http://www.r-project.org/
http://www.maxquant.org
http://www.maxquant.org/perseus
http://r-project.org/
http://dx.doi.org/10.6019/PXD064674

SCIENCE ADVANCES | RESEARCH ARTICLE

REFERENCES AND NOTES

1.

20.

21.

22.

23.

24,

25.

26.

27.

Damm et al., Sci. Adv. 11, eadu6998 (2025)

M. Bosch, M. J. Sweet, R. G. Parton, A. Pol, Lipid droplets and the host-pathogen dynamic:
FATal attraction? J. Cell Biol. 220, 202104005 (2021).

. M. A.Welte, A. P. Gould, Lipid droplet functions beyond energy storage. Biochim. Biophys.

Acta Mol. Cell Biol. Lipids 1862, 1260-1272 (2017).

. J.A. Olzmann, P. Carvalho, Dynamics and functions of lipid droplets. Nat. Rev. Mol. Cell

Biol. 20, 137-155 (2019).

. T.C.Walther, R. V. Farese, Lipid droplets and cellular lipid metabolism. Annu. Rev. Biochem.

81,687-714(2012).

. A.R.Thiam, L. Forét, The physics of lipid droplet nucleation, growth and budding.

Biochim. Biophys. Acta 1861, 715-722 (2016).

. A.Chorlay, L. Monticelli, J. V. Ferreira, K. B. M'barek, D. Ajjaji, S. Wang, E. Johnson, R. Beck,

M. Omrane, M. Beller, Membrane asymmetry imposes directionality on lipid droplet
emergence from the ER. Dev. Cell 50, 25-42.e7 (2019).

. A.R.Thiam, R.V. Farese Jr., T. C. Walther, The biophysics and cell biology of lipid droplets.

Nat. Rev. Mol. Cell Biol. 14, 775-786 (2013).

. K. B. M'barek, D. Ajjaji, A. Chorlay, S. Vanni, L. Forét, A. R. Thiam, ER membrane

phospholipids and surface tension control cellular lipid droplet formation. Dev. Cell 41,
591-604.e7 (2017).

. A. Chorlay, A. R. Thiam, Neutral lipids regulate amphipathic helix affinity for model lipid

droplets. J. Cell Biol. 219, e201907099 (2020).

. A.R.Thiam, |. Dugail, Lipid droplet-membrane contact sites—from protein binding to

function. J. Cell Sci. 132, jcs230169 (2019).

. K.Bersuker, J. A. Olzmann, Establishing the lipid droplet proteome: Mechanisms of lipid

droplet protein targeting and degradation. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1862, 1166-1177 (2017).

. N.Kory, R.V. Farese Jr, T. C. Walther, Targeting fat: Mechanisms of protein localization to

lipid droplets. Trends Cell Biol. 26, 535-546 (2016).

. M.-J. Olarte, J. M. Swanson, T. C. Walther, R. V. Farese Jr,, The CYTOLD and ERTOLD

pathways for lipid droplet-protein targeting. Trends Biochem. Sci. 47, 39-51 (2022).

. A.Copi¢, S. Antoine-Bally, M. Gimenez-Andres, C. T. Garay, B. Antonny, M. M. Manni,

S. Pagnotta, J. Guihot, C. L. Jackson, A giant amphipathic helix from a perilipin that is
adapted for coating lipid droplets. Nat. Commun. 9, 1332 (2018).

. C.Prévost, M. E. Sharp, N. Kory, Q. Lin, G. A. Voth, R. V. Farese Jr,, T. C. Walther, Mechanism

and determinants of amphipathic helix-containing protein targeting to lipid droplets.
Dev. Cell 44, 73-86.e4 (2018).

. N.Kory, A-R.Thiam, R. V. Farese Jr,, T. C. Walther, Protein crowding is a determinant of

lipid droplet protein composition. Dev. Cell 34, 351-363 (2015).

. L.Gaillon, V. Nieto, P. Gehan, M. Omrane, N. Rodriguez, L. Monticelli, A. R. Thiam,
Triacylglycerols sequester monotopic membrane proteins to lipid droplets. Nat. Commun.

11,3944 (2020).

. R.Dhiman, R. S. Perera, C. S. Poojari, H. T. Wiedemann, R. Kappl, C. W. Kay, J. S. Hub,

B. Schrul, Hairpin protein partitioning from the ER to lipid droplets involves major
structural rearrangements. Nat. Commun. 15, 4504 (2024).

. N.Jacquier, V. Choudhary, M. Mari, A. Toulmay, F. Reggiori, R. Schneiter, Lipid droplets are

functionally connected to the endoplasmic reticulum in Saccharomyces cerevisiae. J. Cell
Sci. 124, 2424-2437 (2011).

D. F. Markgraf, R. W. Klemm, M. Junker, H. K. Hannibal-Bach, C. S. Ejsing, T. A. Rapoport, An
ER protein functionally couples neutral lipid metabolism on lipid droplets to membrane
lipid synthesis in the ER. Cell Rep. 6, 44-55 (2014).

M.-J. Olarte, S. Kim, M. E. Sharp, J. M. Swanson, R. V. Farese Jr., T. C. Walther,
Determinants of endoplasmic reticulum-to-lipid droplet protein targeting. Dev. Cell
54, 471-487.e7 (2020).

A. Kassan, A. Herms, A. Fernandez-Vidal, M. Bosch, N. L. Schieber, B. J. Reddy, A. Fajardo,
M. Gelabert-Baldrich, F. Tebar, C. Enrich, Acyl-CoA synthetase 3 promotes lipid droplet
biogenesis in ER microdomains. J. Cell Biol. 203, 985-1001 (2013).

P.J. McFie, S. L. Banman, S. J. Stone, Diacylglycerol acyltransferase-2 contains a C-terminal
sequence that interacts with lipid droplets. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1863, 1068-1081 (2018).

T. Fujimoto, H. Kogo, K. Ishiguro, K. Tauchi, R. Nomura, Caveolin-2 is targeted to lipid
droplets, a new “membrane domain”in the cell. J. Cell Biol. 152, 1079-1086 (2001).

F. Morales-Paytuvi, A. Fajardo, C. Ruiz-Mirapeix, J. Rae, F. Tebar, M. Bosch, C. Enrich,

B. M. Collins, R. G. Parton, A. Pol, Early proteostasis of caveolins synchronizes trafficking,
degradation, and oligomerization to prevent toxic aggregation. J. Cell Biol. 222,
202204020 (2023).

M. Carpentier, M. Omrane, J. Trager, M. Zouiouich, R. Shaaban, X. Prieur, M. Palard,

N. El Khallouki, F. Giordano, T. Harayama, Seipin regulates caveolin-1 trafficking and
organelle crosstalk. bioRxiv2024.09.17.613438 [Preprint] (2024). https://doi.
org/10.1101/2024.09.17.613438.

A. Mizrak, J. Kaestel-Hansen, J. Matthias, J. W. Harper, N. S. Hatzakis, T. C. Walther,

R.V. Farese Jr,, Single-molecule analysis of protein targeting from the endoplasmic

24 September 2025

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

reticulum to lipid droplets. bioRxiv 2024.08.27.610018 [Preprint] (2024).
https://doi.org/10.1101/2024.08.27.610018.

J.Song, A. Mizrak, C.-W. Lee, M. Cicconet, Z. W. Lai, W.-C. Tang, C.-H. Lu, S. E. Mohr,

R.V. Farese Jr, T. C. Walther, Identification of two pathways mediating protein targeting
from ER to lipid droplets. Nat. Cell Biol. 24, 1364-1377 (2022).

M. Majchrzak, O. Stojanovi¢, D. Ajjaji, K. B. M'barek, M. Omrane, A. R. Thiam, R. W. Klemm,
Perilipin membrane integration determines lipid droplet heterogeneity in differentiating
adipocytes. Cell Rep. 43, 114093 (2024).

Y. A.Klug, J. C. Deme, R. A. Corey, M. F. Renne, P. J. Stansfeld, S. M. Lea, P. Carvalho,
Mechanism of lipid droplet formation by the yeast Sei1/Ldb16 Seipin complex. Nat.
Commun. 12,5892 (2021).

X. Sui, H. Arlt, K. P. Brock, Z. W. Lai, F. DiMaio, D. S. Marks, M. Liao, R. V. Farese, T. C. Walther,
Cryo—electron microscopy structure of the lipid droplet-formation protein seipin. J. Cell
Biol. 217, 4080-4091 (2018).

W.-C. Su, Y.-H. Lin, M. Pagac, C.-W. Wang, Seipin negatively regulates sphingolipid
production at the ER-LD contact site. J. Cell Biol. 218, 3663-3680 (2019).

J. Chung, X. Wu, T. J. Lambert, Z. W. Lai, T. C. Walther, R. V. Farese Jr., LDAF1 and seipin form
a lipid droplet assembly complex. Dev. Cell 51, 551-563.e7 (2019).

1. G. Castro, M. Eisenberg-Bord, E. Persiani, J. J. Rochford, M. Schuldiner, M. Bohnert,
Promethin is a conserved seipin partner protein. Cells 8, 268 (2019).

V.T. Salo, I. Belevich, S. Li, L. Karhinen, H. Vihinen, C. Vigouroux, J. Magré, C. Thiele,

M. Holtta-Vuori, E. Jokitalo, Seipin regulates ER-lipid droplet contacts and cargo delivery.
EMBO J. 35,2699-2716 (2016).

F.Wilfling, H. Wang, J. T. Haas, N. Krahmer, T. J. Gould, A. Uchida, J.-X. Cheng, M. Graham,
R. Christiano, F. Frohlich, Triacylglycerol synthesis enzymes mediate lipid droplet growth
by relocalizing from the ER to lipid droplets. Dev. Cell 24, 384-399 (2013).

F. Wilfling, A. R. Thiam, M.-J. Olarte, J. Wang, R. Beck, T. J. Gould, E. S. Allgeyer, F. Pincet,
J. Bewersdorf, R. V. Farese Jr,, T. C. Walther, Arf1/COPI machinery acts directly on lipid
droplets and enables their connection to the ER for protein targeting. Elife 3, 01607
(2014).

H.Wang, M. Becuwe, B. E. Housden, C. Chitraju, A. J. Porras, M. M. Graham, X. N. Liu,
A.R.Thiam, D. B. Savage, A. K. Agarwal, A. Garg, M. J. Olarte, Q. Lin, F. Frohlich,

H. K. Hannibal-Bach, S. Upadhyayula, N. Perrimon, T. Kirchhausen, C. S. Ejsing,

T. C. Walther, R. V. Farese Jr., Seipin is required for converting nascent to mature lipid
droplets. Elife 5, 16582 (2016).

R.Dhiman, S. Caesar, A. R. Thiam, B. Schrul, Mechanisms of protein targeting to lipid
droplets: A unified cell biological and biophysical perspective. Semin. Cell Dev. Biol. 108,
4-13(2020).

A.R.Thiam, B. Antonny, J. Wang, J. Delacotte, F. Wilfling, T. C. Walther, R. Beck,

J. E.Rothman, F. Pincet, COPI buds 60-nm lipid droplets from reconstituted water—
phospholipid-triacylglyceride interfaces, suggesting a tension clamp function. Proc. Natl.
Acad. Sci. U.S.A. 110, 13244-13249 (2013).

A. Chorlay, L. Forét, A. R. Thiam, Origin of gradients in lipid density and surface tension
between connected lipid droplet and bilayer. Biophys. J. 120, 5491-5503 (2021).
S.Rogers, L. Gui, A. Kovalenko, V. Zoni, M. Carpentier, K. Ramji, K. Ben Mbarek, A. Bacle,

P. Fuchs, P. Campomanes, E. Reetz, N. O. Speer, E. Reynolds, A. R. Thiam, S. Vanni,

D. Nicastro, W. M. Henne, Triglyceride lipolysis triggers liquid crystalline phases in lipid
droplets and alters the LD proteome. J. Cell Biol. 221, €202205053 (2022).

D. Ajjaji, K. B. M'barek, B. Boson, M. Omrane, A. Gassama-Diagne, M. Blaud, F. Penin,

E. Diaz, B. Ducos, F-L. Cosset, A. R. Thiam, Hepatitis C virus core protein uses
triacylglycerols to fold onto the endoplasmic reticulum membrane. Traffic 23, 63-80
(2022).

D. Ajjaji, K. B. M'barek, M. L. Mimmack, C. England, H. Herscovitz, L. Dong, R. G. Kay,

S. Patel, V. Saudek, D. M. Small, Dual binding motifs underpin the hierarchical association
of perilipins1-3 with lipid droplets. Mol. Biol. Cell 30, 703-716 (2019).

A. Santinho, M. Carpentier, J. Lopes Sampaio, M. Omrane, A. R. Thiam, Giant organelle
vesicles to uncover intracellular membrane mechanics and plasticity. Nat. Commun. 15,
3767 (2024).

A. Grippa, L. Buxd, G. Mora, C. Funaya, F.-Z. Idrissi, F. Mancuso, R. Gomez, J. Muntanya,

E. Sabidé, P. Carvalho, The seipin complex Fld1/Ldb16 stabilizes ER-lipid droplet contact
sites. J. Cell Biol. 211, 829-844 (2015).

W. Fei, L. Zhong, M. T. Ta, G. Shui, M. R. Wenk, H. Yang, The size and phospholipid
composition of lipid droplets can influence their proteome. Biochem. Biophys. Res.
Commun. 415, 455-462 (2011).

A. Chorlay, A. Santinho, A. R. Thiam, Making droplet-embedded vesicles to model cellular
lipid droplets. STAR Protoc. 1,100116 (2020).

A. Chorlay, A. R. Thiam, An asymmetry in monolayer tension regulates lipid droplet
budding direction. Biophys. J. 114, 631-640 (2018).

N. E.Wolins, D. L. Brasaemle, P. E. Bickel, A proposed model of fat packaging by
exchangeable lipid droplet proteins. FEBS Lett. 580, 5484-5491 (2006).

14 0f 15


https://doi.org/https://doi.org/10.1101/2024.09.17.613438
https://doi.org/https://doi.org/10.1101/2024.09.17.613438
https://doi.org/https://doi.org/10.1101/2024.08.27.610018

SCIENCE ADVANCES | RESEARCH ARTICLE

51. Z.Sun, J. Gong, H. Wu, W. Xu, L. Wu, D. Xu, J. Gao, J. Wu, H. Yang, M. Yang, P. Li, Perilipin1
promotes unilocular lipid droplet formation through the activation of Fsp27 in
adipocytes. Nat. Commun. 4, 1594 (2013).

52. L.Xu, L.Li, L.Wu, P. Li, F. Chen, CIDE proteins and their regulatory mechanisms in lipid
droplet fusion and growth. FEBS Lett. 598, 1154-1169 (2024).

53. K.G.Soni, G. A. Mardones, R. Sougrat, E. Smirnova, C. L. Jackson, J. S. Bonifacino,
Coatomer-dependent protein delivery to lipid droplets. J. Cell Sci. 122, 1834-1841 (2009).

54. A.S.Greenberg, J. J. Egan, S. A. Wek, N. B. Garty, E. J. Blanchette-Mackie, C. Londos,
Perilipin, a major hormonally regulated adipocyte-specific phosphoprotein associated
with the periphery of lipid storage droplets. J. Biol. Chem. 266, 11341-11346 (1991).

55. C.Sztalryd, D. L. Brasaemle, The perilipin family of lipid droplet proteins: Gatekeepers of
intracellular lipolysis. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1862, 1221-1232 (2017).

56. H.Miyoshi, S. C. Souza, H.-H. Zhang, K. J. Strissel, M. A. Christoffolete, J. Kovsan, A. Rudich,
F. B. Kraemer, A. C. Bianco, M. S. Obin, Perilipin promotes hormone-sensitive lipase-
mediated adipocyte lipolysis via phosphorylation-dependent and-independent
mechanisms. J. Biol. Chem. 281, 15837-15844 (2006).

57. U.Schmidt, M. Weigert, C. Broaddus, G. Myers, “Cell detection with star-convex polygons”
in Medical Image Computing and Computer Assisted Intervention-MICCAI 2018, vol. 11071
of Lecture Notes in Computer Science, A. F. Frangi, J. A. Schnabel, C. Davatzikos,

C. Alberola-Lépez, G. Fichtinger, Eds. (Springer International Publishing, 2018), pp. 265-273.

58. C.Stringer, T.Wang, M. Michaelos, M. Pachitariu, Cellpose: A generalist algorithm for
cellular segmentation. Nat. Methods 18, 100-106 (2021).

59. A.E.Carpenter, T.R. Jones, M. R. Lamprecht, C. Clarke, I. H. Kang, O. Friman, D. A. Guertin,
J.H. Chang, R. A. Lindquist, J. Moffat, P. Golland, D. M. Sabatini, CellProfiler: Image analysis
software for identifying and quantifying cell phenotypes. Genome Biol. 7, R100 (2006).

60. J.V.Olsen, B. Macek, O. Lange, A. Makarov, S. Horning, M. Mann, Higher-energy C-trap
dissociation for peptide modification analysis. Nat. Methods 4, 709-712 (2007).

61. J.Cox, M. Mann, MaxQuant enables high peptide identification rates, individualized
ppb-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol.
26, 1367-1372 (2008).

62. J. Cox, M. Mann, Quantitative, high-resolution proteomics for data-driven systems
biology. Annu. Rev. Biochem. 80, 273-299 (2011).

Damm et al., Sci. Adv. 11, eadu6998 (2025) 24 September 2025

63. Y. Perez-Riverol, C. Bandla, D. J. Kundu, S. Kamatchinathan, J. Bai, S. Hewapathirana,

N.S. John, A. Prakash, M. Walzer, S. Wang, The PRIDE database at 20 years: 2025 update.
Nucleic Acids Res. 53, D543-D553 (2025).

64. N.C.Hubner, A.W.Bird, J. Cox, B. Splettstoesser, P. Bandilla, I. Poser, A. Hyman, M. Mann,
Quantitative proteomics combined with BAC TransgeneOmics reveals in vivo protein
interactions. J. Cell Biol. 189, 739-754 (2010).

65. S.Eising, L. Thiele, F. Frohlich, A systematic approach to identify recycling endocytic cargo
depending on the GARP complex. Elife 8, e42837 (2019).

66. J.Berry, C. P. Brangwynne, M. Haataja, Physical principles of intracellular organization via
active and passive phase transitions. Rep. Prog. Phys. 81, 046601 (2018).

Acknowledgments: We thank all our group members for valuable comments and critical
manuscript reviews. Funding: This work was supported by the Agence Nationale de la Recherche
(ANR-22-CE11-0024-01/MADE) and Agence Nationale de Recherches sur le Sida et les Hépatites
Virales (ANRS) (ECTZ191467 to A.RRT). ANRS and ANR-22-CE11-0024-01/MADE funded A.D.
Author contributions: A.D. and A.RT. designed the research. A.D. established the DEGERV
protocol, performed experiments on HeLa cells and DEGERVs, and analyzed the data. M.O.
performed experiments with 3T3 cells, and M.Z. analyzed the data. M.C. and M.O. prepared
proteomics samples on Hela cells. O.S. and R.K. prepared proteomics samples on 3T3 cells. B.M.E.
and FF. performed all proteomics experiments and analyzed the data. L.F. established the
theoretical model for LD protein competition. A.D. and A.R.T. wrote the manuscript by reviewing
and editing it from M.Z,, L.F, RK, and F.F. Competing interests: A.R.T. has an equity interest in
Oria Bioscience Company, which develops microfluidic organelles. The authors declare that they
have no other competing interests. Data and materials availability: All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary Materials. The
mass spectrometry proteomics data have been deposited in the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifiers PXD064671 and PXD064674.

Submitted 18 November 2024
Accepted 25 August 2025
Published 24 September 2025
10.1126/sciadv.adu6998

150f 15



	Steric repulsion counteracts ER–to–lipid droplet protein movement
	INTRODUCTION
	RESULTS
	Proteins target LDs from the ER with a wide range of affinities
	Removal of seipin has a minor impact on the proteome of mature LDs
	Intrinsic ER-to-LD protein partitioning estimation using droplet-embedded GERVs
	Competition acts as a key regulator for protein partitioning in DEGERVs
	The ERTOLD pathway is critically regulated by protein exclusion mechanisms

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture
	Cell transfections and plasmids
	GERV production and extraction
	DEGERV production
	Fluorescent probes
	Confocal microscopy imaging
	FRAP experiment in DEGERVs
	Data analysis
	Statistical analysis
	Data representation
	Theoretical model
	Preadipocyte and adipocyte cell culture and transfection
	Preadipocyte and adipocyte staining for immunofluorescence, imaging, and analysis
	LD floatation
	Proteomics

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


