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SUMMARY
Lipid droplets (LDs) are intracellular organelles responsible for storing surplus energy as neutral lipids. Their
size and number vary enormously. In white adipocytes, LDs can reach 100 mm in diameter, occupying >90%
of the cell. Cidec, which is strictly required for the formation of large LDs, is concentrated at interfaces be-
tween adjacent LDs and facilitates directional flux of neutral lipids from the smaller to the larger LD. The
mechanism of lipid transfer is unclear, in part because the architecture of interfaces between LDs remains
elusive. Here we visualize interfaces between LDs by electron cryo-tomography and analyze the kinetics
of lipid transfer by quantitative live fluorescence microscopy. We show that transfer occurs through closely
apposedmonolayers, is slowed down by increasing the distance between themonolayers, and follows expo-
nential kinetics. Our data corroborate the notion that Cidec facilitates pressure-driven transfer of neutral
lipids through two ‘‘leaky’’ monolayers between LDs.
INTRODUCTION

White adipocytes, which are responsible for regulated fat stor-

age and release in vertebrates, feature a single large lipid droplet

(LD) filling up almost their entire cytoplasm. This distinctive

morphology is a key factor in optimizing energy storage capacity

and reducing the relative surface area, thereby enabling tight

regulation of lipid storage and release from the droplet.1 Exces-

sive or deficient lipid storage is a hallmark of several serious and

highly prevalent metabolic diseases such as diabetes, non-alco-

holic fatty liver disease, and atherosclerosis. Both human and

mouse loss-of-function genetic data suggest that Cidec is

strictly required for the formation of unilocular white adipo-

cytes.2–5 Specifically, many white adipocytes in a patient with

a nonsense CIDECmutation (E186X) were shown to be multiloc-

ular,4 and, in Cidec null mice, all white adipocytes were multiloc-

ular.2,3 Gain-of-function studies involving expression of Cidec-

GFP in heterologous cells also showed that Cidec consistently

enlarged LDs, although the droplets remain multilocular in all

these instances.6–10 These studies also showed that Cidec local-
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ized on the surface of LDs and accumulated at interfaces be-

tween LDs, where it facilitated net transfer of neutral lipid from

the smaller to the larger LD. Barneda et al. extended these ob-

servations by suggesting that an amphipathic helix of the homol-

ogous protein Cidea was involved in recruiting the protein to the

LD surface, in perturbing the phospholipid monolayer, and in

facilitating neutral lipid transfer across the interface.9

RESULTS

To emulate the requirement for Cidec, we first used Cidec null

mouse embryonic fibroblast (MEF)-derived adipocytes2 and ex-

pressed Cidec-EGFP during adipogenic differentiation using a

lentiviral Tet-ON inducible system. Upon expression, Cidec-

EGFP was targeted to the surface of LDs and enriched at inter-

faces between LDs (Figure 1A). The volume of LDs increased

approximately 30-fold compared with LDs in cells that were

not induced (Figure 1A) (median �Dox 0.86 mm3, median +Dox

31.79 mm3, p < 0.0001, n = 75 cells per condition). Expression

of cytosolic EGFP had no effect on LDs (Figure S1A). These
ebruary 28, 2023 ª 2023 MRC Laboratory of Molecular Biology. 1
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Figure 1. Induced expression of Cidec-EGFP increases LD sizes in Cidec null MEF-derived adipocytes and in HeLa cells
(A) FMof fixedCidec null MEF-derived adipocytes inducibly expressingCidec-EGFP (green). LDswere labeled with LipidTOXDeepRed dye (magenta).Cidec null

MEFs were differentiated intomature adipocytes over the course of 10 days in the continuous presence (upper) or absence (lower) of doxycycline. The plot shows

mean LD volumes per cell. Dots represent individual cells, color coded according to experiment. Black lines correspond to themedian of all cells with interquartile

range (IQR) (n = 75 per condition, from three experiments: �Dox 0.86 mm3, IQR 0.98 mm3; +Dox 31.79 mm3, IQR 41.81 mm3).

(B) FM of fixed HeLa cells inducibly expressing Cidec-EGFP (green). LDs were stained with LipidTOX Deep Red dye (magenta). (Upper) HeLa cells induced with

doxycycline for Cidec-EGFP expression. (Lower) HeLa cells in the absence of doxycycline induction. Cells were fixed 24 h after the addition of oleic acid and

doxycycline. The plot shows mean LD volumes per cell. Dots represent individual cells, color coded according to experiment. Black lines correspond to the

median of all cells with IQR (�Dox, n = 69, from three experiments, median 0.34 mm3, IQR 0.39 mm3; +Dox, n = 67, from three experiments, median 1.30 mm3, IQR

1.04 mm3).

(legend continued on next page)
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results show that induced expression of Cidec-EGFP in MEF-

derived Cidec null adipocytes recapitulates the localization and

activity of Cidec on LDs, consistent with previous observations

in other cell types.6,8–10,12 We sought to exploit this experimental

paradigm to investigate the architecture of the interface between

LDs by cellular electron cryo-tomography (cryo-ET). Previous

immunoelectron microscopy showed the accumulation of Cidec

between LDs, hence the interfaces were termed contact sites,

but it had remained elusive whether the cores of the contacting

LDs are continuous or the monolayers are fused.8 Recent devel-

opments in cellular cryo-ET provide unprecedented sample

preservation and resolution to visualize cellular interiors in

3D.13 These methodological advances are ideal to resolve

cellular structures such as LD monolayers in an unperturbed,

near-native state.14,15 MEF-derived adipocytes are too ‘‘thick’’

to be directly visualized by cryo-ET and require growth to high

confluency, which renders vitrification difficult. Therefore, we

transferred the Tet-ON inducible expression of Cidec-EGFP to

HeLa cells, for which cryo-focused ion beam (cryo-FIB) milling

workflows to thin cells for cryo-ET are well established.13,16

Expression of Cidec in heterologous cells that do not express

any adipocyte-specific proteins induces LD enlargement, indi-

cating that Cidec alone is sufficient for this process.8–10 We

‘‘fed’’ Cidec-EGFP-expressing HeLa cells with oleic acid for

24 h to trigger LD formation. Although LDs in HeLa cells

are considerably smaller than in MEF-derived adipocytes,

Cidec-EGFP expression increased LD volumes approximately

4.5-fold (Figure 1B) (median �Dox, 0.34 mm3, n = 69 cells;

median +Dox, 1.3 mm3, n = 67 cells, p < 0.0001), whereas expres-

sion of cytosolic EGFP had no effect (Figure S1B). These results

verify that expression of Cidec-EGFP in HeLa cells is sufficient to

replicate its function in LD enlargement.

We vitrified HeLa cells on electron cryo-microscopy (cryo-EM)

grids after feeding them with oleic acid and inducing Cidec-

EGFP expression. To identify LD interfaces at which Cidec-

EGFP is enriched, we imaged the vitrified cells by fluorescence

microscopy (FM) at cryogenic temperatures (cryo-FM) (Fig-

ure 1C). Subsequently, we thinned corresponding cell regions

by cryo-FIB milling and subjected them to cryo-ET (Figure 1C).13

This approach ensured that we visualized bona fide Cidec-

EGFP-marked LD interfaces in a near-native state and at high

resolution. In the resulting tomograms, we observed LDs with

neutral lipid cores of dense, amorphous appearance (Figure 2),

previously attributed to a mixture of triacylglycerol (TAG) and

small amounts of cholesterol esters.14 The surrounding mono-

layers were resolved as single dark lines, compared with the

typical two lines visible for bilayers (Figure S2A). We frequently

found mitochondria and endoplasmic reticulum (ER) in close

proximity to the LDs, likely representing organelle contact sites
(C) HeLa cells inducibly expressing Cidec-EGFP (green) and LDs labeled with Lip

(first and second panel). Second panel corresponds to a magnified view of the ar

were chosen based on LD size (white arrows) and Cidec-EGFP enrichment at LD

tofluorescence, known to occur in mammalian cells imaged by cryo-FM.11 Third

from the HeLa cell shown in first and second panel. Interacting LDs identified by

imaged by cryo-EM to identify LDs in close proximity to each other (fourth pane

tomographic slice as shown in Figure 2B, third panel). Corresponding areas in diffe

in (A) and (B), 2.5 mm. Scale bars in (C), from left to right, 10 mm, 2.5 mm, 5 mm, 5
important for lipid metabolism (Figure 2).17 Where two LDs

were closely apposed, we often observed deformations of the

otherwise nearly spherical shape of the LDs. These large-scale

morphologies varied among the interfaces we imaged and corre-

sponded to either minimal deformation (Figure 2A; Video S1),

flattening of both LDs (Figure 2B; Video S2), one LD locally pro-

truding and inducing an indentation in the other LD (Figure 2C;

Video S3), or the smaller LD locally imposing its curvature by

inducing an indentation in the larger LD (Figure 2D; Video S4).

In all cases, the two phospholipid monolayers appeared as

separate entities. We determined that the mean distance be-

tween closely apposed monolayers forming LD-LD interfaces

was 10.9 nm (n = 21 interfaces, SD 2.2 nm) (see STAR Methods

and Figure S4B). Furthermore, we often observed a dense layer

of material between themonolayers, likely corresponding to pro-

teins (Figures 2A–2D, third panel). Given the dimensions of the

interface and the dense protein packing, we hypothesized that

the bulkiness of the Cidec-EGFP construct might influence the

architecture of the interface.

To address the influence of the EGFP moiety, we generated a

HeLa cell line in which we inducibly expressed untagged Cidec.

Using cryo-FM, we identified LipidTOX-labeled LDs closely

apposed to each other, hence likely engaged in an LD-LD inter-

face (Figures S2B and S2C). We targeted these areas by cryo-

FIB milling (Figure S2D) and subsequent cryo-ET. We found

that the overall architecture of LD interfaces was consistent be-

tween HeLa cells expressing Cidec-EGFP and untagged Cidec

(Figures 3A–3C). As for Cidec-EGFP, the two apposed mono-

layers were visible as two separate entities in cells expressing

untagged Cidec (Figures 3A–3C, third panels; Videos S5–S7).

The LD pairs in cells expressing untagged Cidec displayed

similar large-scale morphologies to those observed for Cidec-

EGFP, indicating that these deformations are inherent to Cidec-

mediated LD-LD interfaces (Figures 3A–3C; Videos S5–S7). We

thus analyzed whether the different morphologies correlated

with the ratio of diameters of the LDs engaged in the interface,

orwith the absolute sizes of the LDs (see STARMethods).Minimal

deformation, flattening, and protruding LDs were morphologies

found at ratios of large-to-small LD diameter between 1 and 2.5

(Figure 3D). In contrast, small undeformed LDs forming an

indentation in large LDs were found when the diameter ratio

was between 3.6 and 5.7. This type of morphology was exclu-

sively associated with LDs of 400 nm or less in diameter, and

such small LDs were never associated with other morphologies.

These data suggest that, at diameters of less than 400 nm, LDs

maintain a spherical shape when interacting with large LDs and

impose their curvature locally on the interacting LD. The variability

associated with all other morphologies indicates that, when LDs

are larger than 400 nm, deformations do not depend on the sizes
idTOX Deep Red (magenta), grown on a cryo-EM grid and imaged by cryo-FM

ea indicated with a green square in the first panel. Regions for cryo-FIB milling

interfaces. Note that the large, round, green signal likely corresponds to au-

panel: Cryo-SEM overview image of the lamella generated by cryo-FIB milling

cryo-FM are visible in the resulting lamella (white arrows). Milled regions were

l) and then subjected to cryo-ET (fifth panel, corresponds to the same virtual

rent images are indicated by blue and purple squares, respectively. Scale bars

00 nm, 150 nm.
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Figure 2. Electron cryo-tomography of LD interfaces in HeLa cells expressing Cidec-EGFP
(A–D) HeLa cells inducibly expressing Cidec-EGFPwere vitrified, screened for LD interfaces by cryo-FM, thinned by cryo-FIBmilling, and imaged by cryo-ET. The

shape of the LDs is deformed where two LDs are closely apposed. The different observed morphologies are classified as follows: (A) minimal deformation of the

monolayers; (B) flattening of both LDs forming an interface, same example as shown in Figure 1C; (C) protrusion of one LD into the other LD, resulting in an

indentation; (D) indentation of the larger LD caused by the smaller LD. First column from left: virtual slices through tomograms acquired at areas where LDs are in

close proximity (Videos S1–S4). Dashed squares indicate areas corresponding tomagnified images in third column. Second column: segmentationmodels of LDs

and membranous organelles in proximity to LDs. Pink and magenta shades, LDs; yellow, outer mitochondrial membrane (OMM); green, inner mitochondrial

membrane (IMM); turquoise, ER; blue, other membranous organelles (Other). Third column: close-ups of interfaces between LDs. Note that these are different

virtual slices than in the first column. Fourth and fifth columns: close-ups of monolayers at the interface (fourth column) and outside the interface (fifth column). In

(A), the third, fourth, and fifth panels are derived from the same virtual slice. In (C), the third and fifth panels are derived from the same virtual slice. In (D), the third

and fourth panels are derived from the same virtual slice.

Scale bars in (A)–(D), 150 nm in first column, 100 nm in third column, 25 nm in fourth and fifth columns.
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Figure 3. Electron cryo-tomography of LD interfaces in HeLa cells expressing Cidec

(A–C) HeLa cells inducibly expressing untagged Cidec were vitrified, screened for enlarged LDs in close proximity by cryo-FM, thinned by cryo-FIB milling, and

imaged by cryo-ET. The shape of the LDs is deformed where two LDs are closely apposed. The different observed morphologies are classified as follows:

(A) minimal deformation of the monolayers; (B) flattening of both LDs, forming an interface; (C) protrusion of one LD into the other LD, resulting in an indentation.

First column from left: virtual slices through tomograms acquired at areas where LDs are in close proximity (Videos S5–S7). Dashed squares indicate areas

(legend continued on next page)
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of interacting LDs (diameter ratio of small LDs indenting large LD

versus any other morphology, p < 0.0001).

The close apposition of LDs and the appearance of an inter-

face could potentially be caused by crowding of the large

amounts of LDs within the cell, rather than by Cidec-mediated

tethering. To address this possibility, we acquired cryo-EM

data from cells fed with oleic acid in which we did not induce

Cidec-EGFP. We found that, in the absence of Cidec-EGFP,

there was minimal clustering of LDs (Figures S3A and S3D). In

cells expressing Cidec-EGFP (Figures S3A and S3B) or un-

tagged Cidec (Figures S3A and S3C), more than half of the

LDs observed in overview images were engaged in an interface,

whereas only about 15% of LDs in cells not expressing Cidec-

EGFP were in close proximity to each other (Figures S3A and

S3D) (p = 0.0002). In keeping with themore scattered distribution

of LDs in cells not expressing Cidec-EGFP, we rarely detected

LDs in overview cryo-EM images of lamellae from these cells, re-

sulting in a small total number of LDs (Figure S3A). These data

support previous findings suggesting that Cidec promotes teth-

ering of LDs,7 and indicate that the occurrence of LD-LD inter-

faces is a consequence of Cidec expression.

Neither for Cidec-EGFP nor for untaggedCidec did we observe

a continuity between the two apposingmonolayers that would be

indicative of a stable fusion or pore formation. While the apposing

monolayers seemed complete, their appearance within the LD

interface sometimes differed from the appearance on the rest

of the LD surface (Figures 2A–2D and 3A–3C, fourth and fifth

panels). In areas not involved in interfaces, the monolayers often

appeared smooth, whereas,within the interfaces, themonolayers

exhibited waviness and nanometer-scale irregularities, indicating

local disturbances. The extent of the disturbances varied be-

tween different interfaces (Figure 3E) and was only assessed in

tomograms with optimally vitrified interfaces (see STAR

Methods). While the majority of assessed interfaces showed

rather minimal waviness (Figures 2A and 3A), 9% displayed

more extensive deformations of the monolayer (Figures 2C and

2D) (n = 22 interfaces). Within the interfaces with extended defor-

mations, the disturbances were not evenly distributed over the

entire monolayer. Instead, these interfaces exhibited areas with

variedly pronounced deformations (Figure S4A). Furthermore,

the distances we measured between the monolayers varied

throughout the contact area, also indicating local heterogeneity

within the interfaces (Figures S4B–S4F). These observations
corresponding to magnified images in third column. Second column: segmentat

magenta shades, LDs; yellow, OMM; green, IMM; turquoise, ER; blue, other mem

(different virtual slices than in the first column). Fourth and fifth column: close-ups

slice as in the third column) and outside the interface (fifth column).

(D) The different interfacemorphologies plotted as a ratio of the diameter of the lar

gray dots indicate untagged Cidec data. Black lines represent mean with SD (min

0.98; indentation and protrusion, n = 5, mean 1.57, SD 0.19; flattened, n = 11, me

possible (see STAR Methods) were included in this quantification. Two interface

(E) Model representation of the observed monolayer disturbances at LD interfaces

arbitrary classes to group minimal, intermediate and maximal deformations. Onl

served both within and outside the interface were considered in this analysis (n

interfaces from three untagged Cidec tomograms were excluded due to insuffici

(F) Median distances between each LD pair, for Cidec-EGFP (green dots) and unt

10.9 nm, SD 2.2 nm, n = 21 interfaces; Cidec, 8.7 nm, SD 2.1 nm, n = 10 interfac

Scale bars in (A)–(C), 150 nm in first column, 100 nm in third column, 25 nm in fo
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suggest that TAG transfer is likely to occur through two locally

disturbed, yet largely intact, phospholipid monolayers.

When we measured the distances between the monolayers,

we found that, overall, the monolayers were closer for untagged

Cidec than for Cidec-EGFP (mean of distances: untagged Cidec

8.7 nm, SD 2.1 nm, n = 10 interfaces, p = 0.010 compared with

Cidec-EGFP) (Figure 3F). The observed difference compared

with Cidec-EGFP interfaces is in good agreement with the di-

mensions of EGFP molecules,18 suggesting that the increase in

distance is due to the space taken up by EGFPmoieties. Further-

more, the layer between the monolayers displayed lower visibil-

ity and density than for Cidec-EGFP, possibly in part reflecting

the smaller molecular weight of the construct. These results sug-

gest that the spacing between LD monolayers is determined by

dense packing of Cidec molecules and is influenced by the size

of the Cidec construct mediating the interaction.

Having identified determinants of the architecture of the LD

interface, we next sought to link them to neutral lipid transfer

function. We hypothesized that, if Cidec-EGFP has an effect

due to the bulky size of the tag (27 kDa) compared with untagged

Cidec, Cidec conjugated to SUMOstar may have a reduced ef-

fect due to the intermediate size of the tag (12 kDa). By titrating

doxycycline dosage, comparable Cidec, Cidec-SUMOstar, and

Cidec-EGFP transcript levels were confirmed for all three stable

HeLa cell lines (Figure S5A). For FM imaging, we fixed cells ex-

pressing untagged Cidec and Cidec-SUMOstar 24 h after oleic

acid and doxycycline were added (Figure 4A). Similarly to

Cidec-EGFP (Figure 1B), inducing expression of either Cidec-

SUMOstar or Cidec increased the LD volume (p < 0.0001 for

Cidec-SUMOstar, p < 0.0001 for Cidec; Figure 4B). All three con-

structs reduced the number of LDs per cell (p < 0.0001 for Cidec-

EGFP, p < 0.0001 for Cidec-SUMOstar, p < 0.0001 for Cidec;

Figure 4C). No increase in LD volume (p = 0.9933, Figure 4B)

or reduction in LD number (p = 0.8477, Figure 4C) was observed

upon induction of cytosolic EGFP expression. When comparing

cells expressing the different constructs, we found that expres-

sion of untagged Cidec resulted in the greatest increase in LD

volume (median of mean LD volumes/cell: EGFP, 0.31 mm3;

Cidec-EGFP, 1.30 mm3; Cidec-SUMOstar, 2.05 mm3; Cidec,

3.30 mm3; p < 0.0001 for group comparison; n : 67–73 cells) (Fig-

ure 4B) and strongest reduction in LD number (median of mean

LD number/cell: EGFP 108 LDs/cell, Cidec-EGFP 45 LDs/cell,

Cidec-SUMOstar 28 LDs/cell, Cidec 18 LDs/cell; p < 0.0001
ion models of LDs and membranous organelles in proximity of LDs. Pink and

branous organelles (Other). Third column: close-ups of interfaces between LDs

of monolayers at the interface (fourth column; in A and C this is the same virtual

ger LD to the diameter of the smaller LD. Green dots indicate Cidec-EGFP data,

imal deformation, n = 9, mean 1.28, SD 0.21; indentation, n = 4, mean 4.78, SD

an 1.63, SD 0.50). Only LD pairs where a reliable diameter measurement was

s, both from the same Cidec-EGFP tomogram, were therefore excluded.

from both Cidec-EGFP and untagged Cidec data combined, binned into three

y LD-LD interfaces in which the monolayers were clearly visible and well pre-

= 22 interfaces). Four interfaces from two Cidec-EGFP tomograms and five

ent vitrification. Among those excluded is the tomogram shown in (C).

agged Cidec (gray dots). Black lines represent the mean with SD (Cidec-EGFP,

es).

urth and fifth columns.
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Figure 4. Quantitative FM of HeLa cells expressing Cidec-EGFP, Cidec-SUMOstar, or untagged Cidec

(A) Representative FM images of fixed HeLa cells, loaded with oleic acid, either doxycycline induced (+Dox) or uninduced (�Dox) for EGFP, Cidec-EGFP, Cidec-

SUMOstar, or Cidec expression for 24 h prior to fixing and imaging. Scale bars, 10 mm.

(B and C) Quantification of mean LD volume per cell (B) or mean LD number per cell (C) from 3D FM images of fixed HeLa cells, loaded with oleic acid, either

uninduced (�Dox) or doxycycline induced (+Dox) for EGFP, Cidec-EGFP, Cidec-SUMOstar, or Cidec expression 24 h prior to fixing and imaging. Each dot

represents the mean LD volume (B) or LD number (C) in one cell. Different colors correspond to three different experimental repeats. In each experiment, 11–35

cells were analyzed per condition. Black lines represent the medians of all data points with IQR. Medians in (B), EGFP, �Dox 0.46 mm3, IQR 0.28 mm3; +Dox

0.31 mm3, IQR 0.35 mm3; Cidec-EGFP, �Dox 0.34 mm3, IQR 0.39 mm3; +Dox 1.30 mm3, IQR 1.04 mm3; Cidec-SUMOstar, �Dox 0.40 mm3, IQR 0.27 mm3 +Dox

2.05 mm3, IQR 1.62 mm3; Cidec, �Dox 0.46 mm3, IQR 0.3 mm3, +Dox 3.30 mm3, IQR 2.98 mm3. Cidec-EGFP data are the same as plotted in Figure 1B.

Medians in (C), EGFP, �Dox 122.5 LDs/cell, IQR 97.55 LDs/cell, +Dox 108 LDs/cell, IQR 88.0 LDs/cell; Cidec-EGFP, �Dox 127.0 LDs/cell, IQR 65.5 LDs/

cell, +Dox 45.0 LDs/cell, IQR 39 LDs/cell; Cidec-SUMOstar, �Dox 119.0 LDs/cell, IQR 88.6 LDs/cell, +Dox 28.0 LDs/cell, IQR 16 LDs/cell, Cidec, �Dox 118.0

LDs/cell, IQR 56 LDs/cell, +Dox 18.0 LDs/cell, IQR 17 LDs/cell.

(D) The rate of lipid transfer from donors to acceptors, as the average change of donor volume over the course of the transfer event. Measurements were done

three-dimensionally in live cells imaged by time-lapse FM of LipidTOX signals (Videos S8–S10). Live FM started 2 h after doxycycline-induced Cidec and Cidec-

SUMOstar expression, and 24 h after doxycycline-induced Cidec-EGFP expression. Lipid transfer rates of individual events are represented by dots, color coded

according to experimental repeat. Black lines represent median with IQR (Cidec-EGFP, 1.12 mm3/h, IQR 3.18 mm3/h, n = 104 from five independent experiments

each analyzing 4–43 cells; Cidec-SUMOstar, 4.25 mm3/h, IQR 4.42 mm3/h, n = 76 from three independent experiments each analyzing 18–36 cells; Cidec, mean

17.57 mm3/h, IQR 14.62 mm3/h, n = 88 from three independent experiments each analyzing 23–34 cells). Only donors involved in active lipid transport and in

contact with a single acceptor were considered.
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Figure 5. Analysis of LD volume changes over time shows that neutral lipid transfer follows exponential kinetics

(A and B) Time course live FM of HeLa cells expressing untagged Cidec (A) and Cidec-SUMOstar (B). Representative LD pairs engaged in active lipid transfer.

Panels are maximum projections of a z-stack. Scale bars, 2.5 mm.

(C–E) Individual LDs were segmented out and tracked over the course of the movies. Traces indicate the volume change of individual LDs over time, in Cidec-

(C and D) and Cidec-SUMOstar-expressing (E) cells. Gray overlays on x axes highlight the time when LDs are in contact (‘‘event time’’) and involved in active

transfer. Overlaid on the traces, dots represent the individual time points when the two LDswere detected as being in close contact (both LDs detected within the

same pixel). Black lines overlaid on the dots correspond to the exponential fit, which is used to determine R values (shown in F).

(F) The R values calculated from the exponential fits of donors for Cidec (n = 52) and Cidec-SUMOstar (n = 14). Each data point corresponds to one transfer event.

Black lines correspond to median and IQR (Cidec, n = 52; median, 0.022/s, IQR 0.031; Cidec-SUMOstar, n = 14; median, 0.002/s, IQR 0.007, p < 0.0001).

(G) The R values calculated from the exponential fits of donors (as shown in C–E) plotted against the volumes of the donors at the beginning of the transfer event.

Each point corresponds to an individual donor. Gray points indicate untagged Cidec and blue points Cidec-SUMOstar.
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for group comparison; n : 67–73 cells) (Figure 4C). These results

confirm that all three constructs enlarge LDs and reduce their

number per cell, albeit with varying efficiency.

We next considered the impact of the constructs on the rate of

lipid transfer as this has implications for the in vivo physiology of

LD growth. Prior work reported that, in 3T3-L1 pre-adipocytes

overexpressing Cidec-EGFP, lipid exchange occurred at

average rates of 0.13 mm3/s, whereas, in differentiated adipo-

cytes expressing endogenous Cidec, average lipid exchange

rates of 5.6 mm3/swere reported.8 These rates described bidirec-

tional lipid exchange. When examining net lipid transfer from the

smaller to the larger LD, a rate of 4.8 mm3/h was determined in

pre-adipocytes.8 Thus, assuming a constant net transfer rate,

an LD of 5 mm in diameter would require about 14 h to transfer

its entire contents to another LD. We collected live-cell FM im-

ages of LDs, starting 2 h after induction of expression of Cidec

and Cidec-SUMOstar. For Cidec-EGFP, LDs were very small at

this time point, so we started live FM 24 h after induction. We

identified LD pairs engaged in active lipid transfer by the close

proximity of LD cores labeled with LipidTOX (Videos S8–S10).

We initially analyzed 100 pairs of juxtaposed LDs in Cidec and

Cidec-EGFP-expressing, lipid-loaded cells. The data indicated

that >90% of LDs were engaged in active lipid transfer in this

context; the implication being that the majority of juxtaposed

LDs we have imaged by cryo-ET (Figures 2 and 3) represent

active lipid transfer events. All three Cidec constructs mediated

lipid transfer in a net directional manner from the smaller LDs (do-

nors) to the larger LDs (acceptors), as expected fromprevious re-

ports.7,8Wemeasured thechangeof donor volumeover time (see

STAR Methods). Importantly, only donors that were in contact

with a single acceptor were taken into account. For Cidec-

EGFP, we found the volume reduction of the donor, and hence

the rate of net lipid transfer averaged over the course of the trans-

fer event, to be 1.12 mm3/h (median, n = 104 transfer events) (Fig-

ure 4D), again indicating that a complete transfer of neutral lipid

content from donors to acceptors required hours, similar to pre-

vious reports.8 ForCidec-SUMOstar, thedonor volume reduction

rate averagedover the course of the transferwas4.25mm3/h (me-

dian, n = 76 transfer events), while, in the presence of untagged

Cidec, the donor volume reduction rate was 17.57 mm3/h

(median, n = 88 transfer events) (Figure 4D). This latter rate is

approximately 15 times faster than for Cidec-EGFP (p < 0.0001)

and indicates that untagged Cidec transfers neutral lipids be-

tween donor and acceptor LDs within minutes. For all three con-

structs, the volume reduction rate averaged over the course of

the transfer was higher the larger the initial size of the donor LD

(Figures S5B–S5D), consistent with previous findings.19 Taken

together, these data suggest that the average rate of net lipid

transfer is considerably slower in cells expressing Cidec with a

bulkier tag and greater distance between the monolayers,

although it is possible that properties in addition to simple size

of the tag may also be involved.

We next investigated the Cidec-mediated change in LD vol-

ume over time by analyzing the kinetics of the process to obtain
(H) The R values calculated from the exponential fits of acceptors (as shown in C–

event. Each point corresponds to an individual acceptor. Gray points indicate un

figure is derived from same live-cell imaging data as analyzed in Figure 4D.
further insights into the underlying transfer mechanism. Based

on the directionality of the net TAG flux from the small to the large

LD, it was previously suggested that the process could be pres-

sure driven.8 We implemented a semi-automated image analysis

pipeline (see STAR Methods), which we applied to the live FM

data obtained for untagged Cidec and Cidec-SUMOstar. Due

to the relatively slow merging of LDs in Cidec-EGFP cells and

the resulting use of different imaging settings, we did not include

Cidec-EGFP in this analysis. Our analysis automatically deter-

mined the time points when a pair of LDs engaging in active lipid

transfer first came into contact and when the lipid transfer event

was completed (Figures 5A and 5B). For pairs identified as

engaged in transfer, we obtained LD volumes in each movie

frame and plotted them against time (Figures 5C–5E). The result-

ing curves showed that the change in LD volume of both donors

and acceptors accelerated over time and hence followed expo-

nential kinetics. This was the case both for untagged Cidec

(Figures 5C and 5D) and Cidec-SUMOstar (Figure 5E). We fitted

an exponential function to the curves and calculated rate con-

stants from the fit (R values), which are a measure of the accel-

eration of lipid transfer (see STAR Methods). The smaller the

R value, the slower the whole transfer event remained over the

course of time. Within an LD pair engaged in transfer, the R value

of the donor should correspond to the R value of the acceptor,

unless the LDs are engaged in more than one transfer event.

Hence, for each event, we plotted logarithmically the R

values of donor versus acceptor (Figure S5E). For the majority

of events, donor and acceptor R values were very similar. To

exclude events likely involved in multiple transfers, we further

considered only those transfer events for which the absolute

value of log10(RAcceptor)/log10(RDonor) � 1 was smaller than 0.4

(Figure S5E, filled circles). Among these events, the median

RDonor value was 0.022/s for untagged Cidec and 0.002/s for

Cidec-SUMOstar (Cidec, n = 52; Cidec-SUMOstar, n = 14; Fig-

ure 5F). Thus collectively, untagged Cidec events showed a

faster change of volume over time than Cidec-SUMOstar events

(p < 0.0001). However, there was considerable variability in

RDonor between events. We found that RDonor depended in an

exponential fashion on the starting volume of the donor LD (Fig-

ure 5G). This effect was not obvious for the starting volume of the

acceptor and RAcceptor (Figure 5H). Furthermore, RDonor did not

correlate with the ratio between the starting volumes of the

acceptor and the donor (Figure S5F). Hence the initial size of

the donor LD influences how rapidly the lipid transfer speed in-

creases during a transfer event, while neither the initial size of

the acceptor nor the size difference between the two LDs have

a dominant influence on the changes in transfer speed.

Furthermore, these results suggest that the transfer of lipids at

LD-LD interfaces follows exponential kinetics, starting slowly and

accelerating toward the end. While this behavior is robust and re-

tained in the presence of protein tags, themagnitude of the trans-

fer rate is altered by various properties of the protein at the inter-

face. These results are in line with the cryo-ET data, which show

that monolayer integrity and overall architecture are consistent
E) plotted against the volumes of the acceptors at the beginning of the transfer

tagged Cidec and blue points Cidec-SUMOstar. Note that the analysis in this
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features of LD interfaces, while themagnitude of the gap between

the monolayers is influenced by the bulkiness of the protein at the

interface. The function and organization of Cidec could be further

affected by other properties of the EGFP and SUMOstar tags.

The variability in transfer speed and acceleration between in-

dividual events is dependent on the volume of the donor at the

start of the transfer event. Other contributing factors could be

interface morphology and surface area, or the extent of Cidec

enrichment at the interface.19

DISCUSSION

The contents of LD cores are among the most hydrophobic mol-

ecules found in cells. Thus how merging of LDs in the aqueous

cytosol is controlled poses a unique cell biological problem. By

the close apposition of monolayers, LD interfaces show resem-

blance to membrane contact sites.8 However, the distances be-

tween monolayers that we report here are considerably smaller

than those reported for membrane contact sites involved in lipid

transfer.20 Furthermore, in contrast to lipid transfer proteins at

membrane contact sites,21 Cidec is not known to have a lipid

transfer domain. Hence currently available data suggest that

the transfer of TAGs between LDs is likely driven by a fundamen-

tally different mechanism from other lipid transfer events. Our

observations suggest that transfer of neutral lipids likely occurs

through two largely intact monolayers, rather than a stable fusion

pore, which would be expected to result in a visible continuity

between the monolayers and a mixing of the TAG cores

throughout the interface. We cannot entirely exclude the possi-

bility of transient monolayer fusion events on a nanometer scale.

However, as transfer occurs within minutes in cells expressing

untagged Cidec, and as we have visualized a total of 31 inter-

faces (including interfaces mediated by both Cidec-EGFP and

untagged Cidec) that were likely involved in active transfer,

without ever detecting continuity between the two interfacing

monolayers, fusion events are rather unlikely in our view. This

suggestion is also supported by data reported by Gong et al.8

showing that, although Cidec is highly mobile on the surface of

LDs, it very rarely relocates to a second LD.

Our cryo-ET observations point to the occurrence of molecu-

lar-level disturbances in the monolayers, which could reflect

local leakiness allowing passage of TAG molecules, in line with

previous molecular dynamics simulations.9 We speculate that

the leakiness could be caused by the dense yet uneven packing

of Cidec within and between the two monolayers. In accordance

with this idea, it has recently been suggested that Cidec accu-

mulates in patchy, lipid-permeable plates between LDs.19 The

overall intactness of the monolayers might be important for re-

taining a difference in surface tension between the two LDs.

This difference generates Laplace pressure, which has been pro-

posed to be the driving force for the transfer.8,22 Nevertheless,

key data confirming such a model were missing. In fact, it has

been reported that the lipid transfer rate decreases over time

and as the donor volume decreases, suggesting that pressure

cannot be the sole driving force.19,22 Our finding that the transfer

accelerates by exponential kinetics provides prerequisite evi-

dence for a pressure-driven transfer model. Moreover, as the

pressure is expected to inversely correlate with LD size, our
10 Cell Reports 42, 112107, February 28, 2023
observation that the smaller the donor LD is at the start of the

event, the more the transfer accelerates, supports a pressure-

driven model. In line with this, our observation that LDs smaller

than 400 nm do not deform in shape but impose their curvature

on larger LDs suggests that small LDs have a greater internal

pressure or surface tension than large LDs. The discrepancy to

previous findings may derive from differences in the experi-

mental setup or in the measurement method.19,22

In summary, high-spatial-resolution cryo-ET of Cidec-medi-

ated LD interfaces revealed a unique membrane contact site ar-

chitecture characterized by closely opposed (approximately

10 nm), locally disturbed, but overall intact phospholipid mono-

layers. Furthermore, high-temporal-resolution live FM revealed

that net lipid transfer follows exponential kinetics. These obser-

vations are consistent with the transfer of TAGs through the LD

monolayers being driven by pressure, and with a form of facili-

tated Ostwald ripening possibly being the molecular mechanism

underpinning the unilocularity of white adipocytes.

Limitations of the study
Here, we have studied the architecture of interfaces between LDs

in human cells. As a model system we used HeLa cells instead of

differentiated adipocytes. This was necessary since adipocytes

require higher cell confluence and feature very large LDs, prevent-

ing efficient vitrification and subsequent processing for cryo-ET.

The study of overexpressed Cidec in HeLa cells mimics the pro-

cess of LD coalescence only to a certain extent, as unilocularity

is never achieved, and the total amount of neutral lipids stored

in LDs per cell is lower than, e.g., in MEF-derived adipocytes. In

order to image regions with enlarged LDs, the cells were sub-

jected to thinning by cryo-FIB milling. While cryo-FIB milling is a

powerful method to visualize areas deep inside cells by cryo-

ET, it is limited in throughput and hence dataset sizes, limiting sta-

tistical power. A further drawback of our cryo-ET data is that, for

cells expressing untagged Cidec, the presence of the protein at

the interfaces could not be confirmed by cryo-FM, rendering

data collection less efficient. When collecting the cryo-ET data,

presence of LD-LD interfaces was prioritized over ideal sample

preservation. Large LDs are located in thick cell areas, which

are more difficult to vitrify. Thus, some of our tomograms con-

tained areas of insufficient vitrification and were therefore

excluded fromcertain analyses that required optimal preservation

of the monolayers. Furthermore, an intrinsic limitation of cryo-ET

is the anisotropic resolution of tomograms. Together with the

small size ofCidec (27 kDa), this issue precluded analysis of Cidec

structure and organization within the dense protein layer in the LD

interfaces. Another limitation of this study is that we could not

determine the protein expression levels for the different Cidec

constructs due to the lack of suitable antibodies. However, the

mRNA levels of all three used constructs are similar, and we do

not expect differences in protein levels to affect our conclusions.
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Data and code availability
Data and code are publicly available as follows: Representative electron cryo-tomograms are deposited at the Electron Microscopy

Data Bank (EMDB).29 Raw tilt images and tomographic reconstructions of analyzed electron cryo-tomograms are deposited at the

Electron Microscopy Public Image Archive (EMPIAR).30 Live fluorescence microscopy data is deposited at Zenodo. All original code

has been deposited on gitlab. All accession numbers, DOIs and URLs are listed in the key resources table. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Primary Cidec null MEFs were cultured at 37�C, 5%CO2 in high glucose DMEM (Thermo Fisher, 11960044) supplemented with 10%

Tetracycline-free heat-inactivated FBS (Pan Biotech, P30-3602), 100 U/mL penicillin, 100 mg/mL streptomycin (Merch, P4333), 2 mM

L-glutamine (Merck, 59202C), 1x non-essential amino acids (Merck, M7145), 1 mM sodium pyruvate (Merck, S8636), and 50 mM

b-mercaptoethanol (Merck, M3148). The MEFs were immortalised by transfection of 2 mg of simian virus 40 large T-antigen-

expressing vector employing Fugene 6 transfection reagent (Promega, E2691) followed by five rounds of a 1 in 10 split to achieve

1/100,000-fold splitting. Untransfected primary MEFs that underwent the 1/100,000-fold splitting were used as a control to ensure

that all surviving cells were immortalised. ImmortalisedCidec null MEFs were then transduced with pBABE-mPPARg2 to ensure they

had the potency to differentiate into adipocytes. BOSC 23 retroviral packaging cells were �70% confluent when transfected with

12 mg of pBABE-mPPARg2 or pBABE-EGFP plasmid DNA using Fugene 6 transfection reagent (Promega, E2691). Media containing

secreted retrovirus was collected 72 h post-transfection and filtered through 0.45 mmsyringe filters. The filtered retroviral stockswere

used to transduce �50–60% confluent immortalised Cidec null MEFs with the addition of 12 mg/mL polybrene (Merck Millipore, TR-

1003-G). Cidec null MEFs transduced with pBABE-EGFP acted as an indicator of transduction efficiency. Puromycin (Cambridge

Bioscience, P025-P026) selection was initiated 24 h post-transduction at a concentration of 4 mg/mL.

To inducedifferentiation ofCidec nullMEFs into adipocytes, cellsweregrown to 2-dayspost-confluency, then induced todifferentiate

in culture medium supplemented with 8 mg/mL biotin (Merck, B4639), 8 mg/mL D-pantothenic acid (Merck, P5155), 1 mM rosiglitazone

(Merck, R2408), 0.5mM3-isobutyl-1-methylxanthine (Merck, I5879), 1 mMdexamethasone (Merck, D4902) and 1 mM insulin (Novo Nor-

disk). Two days thereafter, culturemediumwas changed to contain 8 mg/mL biotin, 8 mg/mLD-pantothenic acid, 1 mM rosiglitazone and

1 mM insulin. Fromday 4 of differentiation onwards, culturemediumwas changed every 2 days until the cells were used for experiments.

HeLa Doxycycline-inducible stable cell lines were grown as an adherent culture at 37�C, 5% CO2 in a high glucose DMEM media

containing pyruvate (Thermo Fisher, 11360070), GlutaMAX (Thermo Fisher, 10569010). The media was additionally supplemented

with 10% Tet-approved heat-inactivated FBS, 10 mMHEPES pH 7.2 and 0.2 mg/mL hygromycin B (Invitrogen, 10687010). Cell lines

were regularly tested for mycoplasma infection using the MycoAlert mycoplasma detection kit (Lonza, LT07-418). The HeLa cell line

expressing Cidec-EGFP was authenticated by Eurofins using PCR-single locus technology.

METHOD DETAILS

Cloning
EGFP and mouse Pparg2 cDNA were amplified by PCR using Phusion High-Fidelity DNA Polymerase (Thermo Fisher, F530L) and

each cloned into pBABE-puro retroviral expression vector using SnaBI and SalI restriction sites. All Cidec constructs used in this

study contain the Mus musculus Cidec sequence. Mouse Cidec cDNA was amplified by PCR using Phusion High-Fidelity DNA Po-

lymerase (Thermo Fisher, F530L). The untagged Cidec transcript flanked by SacII and NotI restriction sites at the amino- and

carboxyl-terminus, respectively, was cloned into Gateway Entry vector, pEN-Tmcs, using a DNA Ligation Kit, Mighty Mix (Takara

Bio, 6023) and transformed into One Shot TOP10 Chemically Competent E.coli (Thermo Fisher, C404003). For EGFP tagging at

the carboxyl-terminus, a SacII and BamHI restriction site flanked Cidec sequence was inserted into a pEGFPN3 vector (Clontech,

6080-1). For SUMOstar tagging at the carboxyl-terminus, a BamHI and SalI restriction site flanked Cidec sequence, a SalI and

NotI flanked SUMOstar sequence, and a NotI and XbaI flanked Twin-strep-tag sequence were inserted into a pACEMam1 vector

by enzyme restriction cloning. The sequence-verified insert was subcloned into a pEN-Tmcs (Addgene, 25751)23 vector using

SacII and NotI restriction sites. In order to generate expression clones, sequence-verified inserts along with Tet-responsive elements

flanked by attL sites in the Gateway Entry vector were recombined into a Gateway Destination vector,23 pSLIK-hygromycin contain-

ing attR sites using Gateway LR Clonase II enzyme mix (Thermo Fisher, 11791020). Recombination reactions were transformed into

One Shot Stbl3 Chemically Competent E.coli (Thermo Fisher, C737303).

Generation of Cidec null MEF and HeLa cell lines with Doxycycline-inducible expression of Cidec constructs
Cidec null MEFs andHeLa cell lines with Doxycycline-inducible expression of Cidec (untagged, SUMOstar- and EGFP-taggedCidec)

were generated by lentiviral transduction. To generate lentiviruses, HEK293T cells at approximately 70% confluency were trans-

fected using Lipofectamine LTX with Plus Reagent (Thermo Fisher, 15338100) according to the manufacturer’s protocol. A typical

transfection reaction included 7.5 mg pMDLg/pRRE (Addgene, 12251), 7.5 mg pRSV-Rev (Addgene 12253),24 5 mg pVSV-G (Addgene,

12259), 1 mg pEGFP and 10 mg pSLIK-hygromycin plasmid DNA (with integrated untagged, SUMOstar- and EGFP-tagged Cidec
Cell Reports 42, 112107, February 28, 2023 15
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cDNA sequences). 24 h post-transfection, the culture medium was removed and the cells were replenished with UltraCULTURE

serum-free cell culture medium (Lonza, BE12-725F). Medium containing secreted lentivirus was collected every 24 h for a total of

72 h and stored at 4�C. Lentivirus-containing media was centrifuged at 2000 g at 4�C for 20 min and the supernatant was filtered

through 0.45 mm syringe filters.

To concentrate the lentiviral supernatant, Centricon Plus-70 Centrifugal Filters (Merck Millipore, UFC710008) were used according

to the manufacturer’s protocol. Sample filter cups were pre-rinsed with PBS and lentiviral supernatant was loaded onto the sample

filter cups, sealed and centrifuged at 3500 g for 30 min at 15�C. To recover the concentrated lentivirus, the concentrate collection

cups were inverted and placed on top of the sample filter cups, and then centrifuged at 3500 g for 10 min at 15�C. The concentrated

lentivirus was either used to transduceCidec null MEFs and HeLa cells at 2 to 3 different viral titers, or aliquoted into cryovials for long

term storage at�80�C. Cells were selected 24 h post-lentiviral transduction using 200 mg/mL of hygromycin B (Invitrogen, 10687010).

Non-lentivirus transduced cells were used as a control for antibiotic selection. The HeLa cell line expressing Cidec-EGFP has been

reported by us before.16,31

Determination of mRNA transcript levels of Cidec constructs in HeLa cells
In order to determine and achieve comparable mRNA expression levels of Cidec in untagged, SUMOstar- and EGFP-tagged HeLa

cell lines, Doxycycline (Clontech, 631311) of 0.5, 1.0 or 2.0 mg/mL was added to seeded cells in the presence of 200 mM of oleic acid

(Merck, O3008). 24 h post-induction, RNA was harvested using an RNeasy Mini Kit (QIAgen, 74,106) by following the manufacturer’s

protocol. 400 ng of RNAwas treated with 1 unit of RQ1 RNase-Free DNase (Promega, M610A) at 37�C for 30min and was inactivated

by RQ1DNase Stop Solution at 65�C for 10min. To generate cDNA standards and a negative control for reverse transcription, 1 mg of

pooled RNA was prepared. RNA was reverse transcribed into cDNA using a LunaScript RT SuperMix Kit (NEB, E3010L) by following

the manufacturer’s protocol, using thermocycling conditions as follows: 25�C for 2 min, 55�C for 10 min and 95�C for 1 min. cDNA

was diluted 10x and qPCR was performed on an Applied Biosystem QuantStudio 7 Flex Real-Time PCR System. A typical TaqMan

qPCR reaction included 1x TaqMan Universal PCRMaster Mix (Thermo Fisher, 4304437) and 1x TaqMan Gene Expression Assay, in

which GAPDH was used as a housekeeping gene (Cidec: Mm01184685_g1; GAPDH: Hs02758991_g1). mRNA levels were normal-

ized to the levels in untagged Cidec line untreated with Doxycycline. From this, it was determined that 0.5 mg/mL of Doxycycline in

untagged Cidec and Cidec-EGFP lines induced comparable mRNA expression levels of Cidec as 2.0 mg/mL of Doxycycline in the

Cidec-SUMOstar line. Thus, these Doxycycline concentrations were used for the described fixed and live cell imaging experiments.

Fixed cell imaging
HeLa cells and MEF cells were cultured in the corresponding media mentioned in the section ‘‘cell lines’’. Cells were seeded onto

ethanol-treated glass coverslips in 12-well plates. Cidec null MEFs were differentiated into mature adipocytes according to the pro-

tocol above. 1 mg/mL of Doxycycline was either added or omitted throughout the course of differentiation. An hour before fixation,

LDs were stained with 1x HCS LipidTOX Deep Red Neutral Lipid Stain (Thermo Fisher, H34477) at 37�C. To study the effects of Cidec

on LD enlargement at a fixed time point in HeLa cells expressing Doxycycline-inducible Cidec constructs, the day after seeding cells

were washed twice with PBS and loaded with 200 mM oleic acid and various Doxycycline concentrations (0.5–2 mg/mL) in order to

achieve comparable Cidec transcript levels (see above). 23 h post-Doxycycline induction, LDs were stained with 1x HCS LipidTOX

Deep Red Neutral Lipid Stain for an hour at 37�C.
Cells were fixedwith 4% (v/v) formaldehyde (Merck, 47608) diluted in PBS for 15min at room temperature. Cells were then washed

3 times for 5 min with PBS and mounted using VECTASHIELD Antifade Mounting Medium (Vector Laboratories, H-1000) or Prolong

Gold AntifadeMountant with DAPI (Thermo Fisher, P36931). ForCidec null MEF-derived adipocytes, 2-dimensional images were ac-

quired using a Leica SP8 confocal microscope. EGFP and LipidTOX Deep Red Neutral Lipid Stain were excited at 488 and 637 nm,

and emission signals were collected at 495–535 and 645–700 nm, respectively. For HeLa cell lines, 3-dimensional images were ac-

quired using a Leica SP8 confocal microscope at 0.3–0.4 mm z sections. EGFP and LipidTOX Deep Red Neutral Lipid Stain were

excited at 488 nm and 637 nm, and emission signals were collected at 495–550 nm and 645–690 nm, respectively. Experiments

were repeated three times for Cidec null MEFs-derived adipocytes with 25 cells being analyzed for LD volume in each experiment

and three times for HeLa cells with at least 11 cells being analyzed in each experiment.

Analysis of LD sizes and number in fixed cell fluorescence images
In 2-dimensional images of fixed Cidec null MEFs-derived adipocytes, LD sizes were derived by measuring LD diameters using Fiji

software25 based on LipidTOX Deep Red dye staining. A line was drawn across the LDs on focal planes and these measurements

were used to calculate LD volumes by assuming that LDs are spherical in shape. In images of fixed HeLa cells, LD sizes and numbers

were determined by using Bitplane Imaris software version 9.6.0 (Oxford Instruments), based on LipidTOX Deep Red staining. The

3-dimensional images were segmented by ‘Spots’ creation wizard with ‘Different Spot Sizes (Region Growing)’ algorithm setting

enabled. ‘Estimated XY Diameter’ was set between 0.6 and 2.0 mm with ‘Background Subtraction’ enabled. Images were further

filtered using ‘Quality’ filter type of at least 2.7 and ‘Spot Region Type’ of ‘Absolute Intensity’. Diameters of the ‘Spot Regions’

were determined from ‘Region Border’ at thresholds of 16–35. LD numbers per cell were obtained based on the number of spots

detected.
16 Cell Reports 42, 112107, February 28, 2023
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Live cell imaging
HeLa cells were seeded onto 35 mm imaging dishes with a polymer coverslip bottom (Ibidi, 81156). 24 h before live cell imaging

was performed, 200 mM oleic acid was added to cells in culture media supplemented with 10% Tetracycline-free FBS (Pan Biotech,

P30-3602), 2 mM L-glutamine (Merck, 59202C), 100 units/mL penicillin and 0.1 mg/mL streptomycin (Merck, P4333) and 200 mg/mL

Hygromycin B (MerckMillipore, 400052). Two hours before imaging of HeLa cells with Doxycycline-inducible expression of untagged

Cidec or Cidec-SUMOstar, 0.5 or 2 mg/mL of Doxycycline, respectively, was added to the cells in the presence of 1x HCS LipidTOX

Deep RedNeutral Lipid Stain. In the case of Cidec-EGFP, 0.5 mg/mL of Doxycycline was added 24 h before imaging. Live cell imaging

was performed on a Leica SP8 confocal microscope in a chamber maintained at 37�C with 5% CO2, using a 63x objective with

NA = 1.4, and using an additional two-fold or three-fold zoom on the microscope level. LipidTOX Deep Red Neutral Lipid Stain

was excited at 633 nm, and the emission signal was collected 640–700 nm. For HeLa cells expressing untagged Cidec or Cidec-

SUMOstar, multiple positions of 3-dimensional images were acquired at 20 s intervals at 0.4 mm z sections for at least 2 h, while

for Cidec-EGFP, 3-dimensional images were acquired at 2.5-min intervals for at least 20 h. During all acquisitions of untagged Cidec

and Cidec-SUMOstar data, a three-fold zoom was used, resulting in a pixel size of 120 nm, while in 3 out of 4 data acquisition ses-

sions for Cidec-EGFP, a two-fold zoomon themicroscope was used, resulting in a pixel size of 180 nm, as compared to 120 nm for all

other data. The experiments were performed on different days with cells cultured individually.

Quantification of frequency of active lipid transfer events
To determine the frequency of two juxtaposed LDs being engaged in active lipid transfer, 100 pairs of contacting LDs in oleic acid fed

HeLa cells expressing Cidec-EGFP or untagged Cidec were analyzed from live cell fluorescence images. Maximum projection im-

ages generated by Fiji from 3D stacks were used. For each LD analyzed, the average of two or more measured diameters was

used to derive the volume of the lipid donors, assuming that LDs are spherical in shape. A change in LD volume over the imaging

period was considered as a lipid transfer event.

Manual analysis of lipid transfer rate
To determine the rate of neutral lipid transfer, maximum projection images were generated from the 3D stacks using Fiji25 and the

diameters of donor LDs were measured at least at two different positions using Fiji. The average of the two or more measured

diameters was used to derive the volume of the lipid donors. The change of the lipid donor volume over time (Dvolume/Dtime)

was calculated by assuming that LDs are spherical in shape. In all cases, the rate of neutral lipid transfer was determined for donors

that underwent active lipid transfer and were tethered to a single acceptor. In the case of Cidec-EGFP, only LD pairs with enriched

Cidec-EGFP at the LD interfaces were analyzed.

Semi-automated analysis of lipid transfer rate
Kinetics of neutral lipid transfer were analyzedwith a custom-madeMATLAB (MathWorks) script. Movies were acquired as described

above and individual LDswere further segmented out and tracked over the course of the 3D image sequence. In the script, an event at

time tmax is defined as a merging of two tracks into a single one, and the donor LD is identified as the LD whose volume will vanish at

tmax. The jump in the volume of the donor at the end of the event corresponds to the volume of the donor being equal to the volume of

the acceptor once transfer is completed. The evolution of the volume of the donor droplet over time is modeled as

VdðtÞ = Vd0ð1 � expðRd ðt � tmaxÞÞ where Vd0 is the initial volume of the donor and Rd is the transfer rate (RDonor). Similarly, the vol-

ume of the acceptor droplet is modeled as VaðtÞ = Va0 + ðVamax �Va0Þ3expðRa ðt � tmaxÞÞwhere Va0 and Vamax are respectively the

initial and final volume of the acceptor andRa is the transfer rate (RAcceptor). In both cases, a least-square procedure allows to retrieve

the 5 parameters for each event. Each LD pair is considered as an individual event. To exclude outliers, corresponding to LDs in con-

tact withmore than one other LD, the rateRd for the donor was plotted against the rateRa for the acceptor for each event.We consid-

ered only those transfer events for which jlog10Ra =log10Rd � 1j < 0:4, thereby excluding events likely to be involved in multiple

transfers.

Sample preparation for cryo-FM and cryo-FIB milling
HeLa Doxycycline-inducible stable cell lines were grown for approximately 48 h on holey carbon gold EM grids (200 mesh, R2/2,

Quantifoil) prior to plunge freezing. 24 h after seeding, HeLa cells expressing Cidec-EGFP were fed with 0.2 mM oleic acid (Sigma,

OA O3008) and induced with 1 mg/mL Doxycycline for Cidec-EGFP expression or grown further in the absence of Doxycycline. 16 h

later these cells were stained for 1 h with HCS LipidTOX Deep Red Neutral Lipid Stain (Thermo Fisher, H34477) and plunge frozen.

HeLa cells expressing untagged Cidec were grown for 24 h and then fed with 0.2 mM oleic acid. 24 h later, these cells were induced

with 1 mg/mLDoxycycline for Cidec expression. 30min post-induction, cells were stained for 1 hwith LipidTOXDeepRed dye and 1 h

30min post-induction, cells were plunge frozen. Plunge freezing was performed with a home-built manual plunger and cryostat.32 To

this end, grids were manually back side blotted with Whatman filter paper No 1 and immediately vitrified in liquid ethane. Grids were

screened at �195�C for ice quality and for regions featuring cells of interest by cryo-FM in a Leica EM cryo-CLEM system (Leica Mi-

crosystems) in a humidity-controlled room. The system used to image Cidec-EGFP and untagged Cidec expressing cells was equip-

ped with an HCX PL APO 50x cryo objective with 0.9 NA (Leica Microsystems), an Orca Flash 4.0 V2 sCMOS camera (Hamamatsu

Photonics), a Sola Light Engine (Lumencor), an L5 filter set (Leica Microsystems) for the detection of EGFP and a Y5 filter set (Leica
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Microsystems) for LipidTOX Deep Red detection. The system used to image cells not expressing Cidec-EGFP was equipped with an

HCX PL APO 50x cryo objective with 0.9 NA (LeicaMicrosystems), a DFC9000 GT sCMOS camera (LeicaMicrosystems), an EL 6000

light source (LeicaMicrosystems), and a Y5 filter set (LeicaMicrosystems) for LipidTOXDeep Red detection. 1.53 1.5mmmontages

of the central part of the grids were taken. These montages were later manually correlated with scanning electron beammicrographs

and served for identifying the regions of interest for lamella preparation by cryo-FIB milling. Z-stacks in 1 mm steps were acquired of

regions of interest corresponding to cells with enlarged LDs and Cidec-EGFP accumulation at LD-LD interfaces.

Cryo-FIB milling
Thin lamellae of HeLa cells expressing either Cidec-EGFP or untagged Cidec or of cells not induced for expression of Cidec-EGFP

were generated by cryo-FIB milling performed with a Scios DualBeam FIB/SEM (FEI) equipped with a Quorum stage (PP3010T) or an

Aquilos 2 Cryo FIB (Thermo Scientific) using a similar procedure as published before.33 In the Scios, grids were coated with organ-

ometallic platinum using a gas injection system for 30 s at 13 mm working distance and 25� stage tilt. In the Aquilos, used only for

lamella preparation of non-induced cells, grids were first splutter coated at 30 mA, 0.1 kV for 15 s. Subsequently the grids were sub-

jected to GIS coating for 1 min at a working distance of 10 mm, which corresponds to a platinum layer of approximately 1 mm. In both

systems, the electron beam was used for locating the cells of interest at 5 kV voltage and 13 pA current and for imaging to check

progression of milling at 2 kV voltage and 13 pA current. Milling with the ion beam was performed stepwise. For rough milling the

voltage was kept at 30 kV throughout all steps and milling was performed simultaneously from the top and the bottom of the lamella.

The current and stage position were adjusted as follows: 1) 1 nA, 35� stage tilt until a lamella thickness of 20 mm; 2) 0.5 nA, 25� tilt until
12 mm; 3) 0.3 nA, 17� tilt until 3 mm; and 4) 0.1 nA, 17� tilt until 1 mm. For the finemilling steps, the voltage was lowered to 16 kV and the

current to 23 pA. The stage was first tilted to 18� and the lamella was milled only from the top, then the stage was tilted to 16� and the

lamella was milled only from the bottom. These two steps resulted in a lamella thickness of approximately 0.5 mm. Finally, the stage

was tilted back to 17� and the lamella was milled simultaneously from the top and the bottom to a target thickness below 0.3 mm.

Electron cryo-tomography (cryo-ET)
Cryo-ET data of FIB-milled cells was acquired on three different Titan Krios microscopes (Thermo Scientific), all equipped with a K2

direct electron detector and a BioQuantum energy filter (Gatan). SerialEM was used for acquisition.28 To identify the positions of the

lamellae, low-magnification montages of the central part of the grid were acquired , with the detector operated in linear mode.

Then2.3, 5.1 or 5.5 nm pixel size montages of individual lamellae were taken and used for finding interfaces between LDs. Tilt series

were acquired from 0� to ±60� (maximum) using a dose-symmetric acquisition scheme,34 1� increment and a pixel size of 3.7, 3.5 or

3.4 Å. The detector was operated in counting mode. Images were acquired in a tilt group size of 4. The target defocus was set

to �5 mm. The dose per tilt series image was adjusted to 1–1.2 e�/A2 and the target dose rate at the detector was kept around

4 e�/px/s. For a subset of the tilt series, we used exposure fractionationation into 3 frames per tilt image. Alignment of exposure frac-

tionated frames was performed in IMOD using alignframes. Tilt series were aligned in IMOD using patch tracking.26,27 Final tomo-

grams were reconstructed at 7.5, 7.1 or 6.7 Å pixel size using SIRT reconstruction with 10 iterations. For presentation in figure panels

andmovies, amedian filter was applied to virtual slices. The cryo-EMdata presented in themanuscript for Cidec-EGFPwas obtained

from 30 cells expressing Cidec-EGFP, plunge-frozen on at least 8 different days, and 15 tomograms containing LD interfaces were

acquired on 10 of these cells. The cryo-EM data presented for Cidec was obtained from 15 cells expressing Cidec, frozen on 3 days,

and 7 tomograms containing LD interfaces were acquired on 7 of these cells. The cryo-EM data presented of cells not expressing

Cidec-EGFP was obtained from 5 cells frozen on 2 different days, and one representative tomogram, showing an LD but not con-

taining LD interfaces, is included in the manuscript. Three of the tomograms of cells expressing Cidec-EGFP were previously

used in unrelated projects published before.16,31

Analysis of distances between lipid droplets
Distance measurements were performed in electron cryo-tomograms using a custom-made MATLAB (MathWorks) script. The mrc

volume was converted to 8-bit tif images, wich were subsequently subjected to a median filter with radius 2 px in Fiji to enhance vis-

ibility of the monolayers. Control points along each monolayer were manually defined at positions where the monolayers were best

visible. The monolayers were traced every 7.5 or 7.1 Å in z direction through the tomographic volume (see Figure S4B). Based on

these points, the surface of each monolayer was interpolated on a 2 nm regular grid. The distance between points of the interpolated

surfaces were computed, and various descriptive statistics were obtained. In particular, heatmaps of the distances (Figures S4C and

S4D), minimum and maximum distance as well as the mean, median and the standard deviation of the distances were calculated.

Each interface between an LD pair is considered as an individual event. Distances measured between the regularly spaced points

of the interpolated surfaces were plotted as scatterplots for each individual interface (Figures S4E and S4F). Calculated medians

of the distance at these interfaces were plotted as a scatterplot. For the analysis, we chose to use medians, because the distance

measurements are not Gaussian distributions.

Determination of lipid droplet diameters
LD diameters used to calculate the ratios shown in Figure 3D were estimated in IMOD applying imodcurvature to a model consisting

of points picked along the LD monolayer in a single virtual tomographic slice. We assumed that LDs are spherical in shape as in the
18 Cell Reports 42, 112107, February 28, 2023
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analysis of FM images (see above). If the equatorial plane of the LD appeared to be included in the tomogram, a single imodcurvature

readout from the corresponding virtual slice was used to estimate the LD diameter. If the LD segment contained in the tomographic

volume did not include the equatorial plane, two imodcurvature radii a and bwere determined on two different virtual slices spaced in

z-direction by z nm. The LD radius r was then calculated using the formula: r = O
�
a2 +

�
a2 �b2 � z2

2�z
�2

�
. In one case of a large LD

forming two interfaces with smaller LDs, the radius of the large LD could not be estimated because the fraction of the LD contained

in the tomogram was too small. The two corresponding interfaces were therefore excluded from the analysis in Figure 3D.

Determination of degree of monolayer deformation
The extent of the disturbance of themonolayers analyzed in Figure 3Ewas assessed only in tomograms of optimal quality and cellular

preservation. Due to insufficient vitrification of the areas of interest, a total of 5 tomograms were excluded. The exclusion concerns 4

interfaces from 2 Cidec-EGFP tomograms and 5 interfaces from 3 untagged Cidec tomograms. The waviness of the monolayers at

the LD interface was assessed qualitatively and attributed to one of three arbitrary classes: minimal, intermediate, and maximal de-

formations. Intermediate and maximal deformations were attributed if the extend of monolayer deformation appeared higher in the

interface than in the monolayer outside of the interface.

QUANTIFICATION AND STATISTICAL ANALYSIS

All p values reported in the text are based on statistical tests performed on the data presented in the corresponding Figure panels. In

all applicable instances, we plotted data from independent experiments in different colors, similarly to ‘superplots’ (Figures 1A, 1B,

4B–4D).35 All statistical tests and plots were done in Graphpad Prism. Statistical tests have been applied on the data shown as fol-

lows. The datasets in Figures 1A and 1B did not pass normality tests. We therefore used a non-parametric two-tailed Mann-Whitney

test to compare -Dox versus + Dox. In Figure 3D the dataset with high enough n passed a normality test hence we used an ordinary

one-way ANOVA test to compare all othermorphologies against ‘indentation’ (comparison against a control column). In Figure 3F, we

used an unpaired parametric two-tailed t test to compare two independent groups, which are sampled from Gaussian distributions.

The datasets in Figures 4B and 4C did not pass normality tests and we therefore used a Mann-Whitney test to compare two groups:

-Dox versus + Dox for each individual construct. As we assessed the effect only in one direction (increase in mean LD volume in 4B

and decrease in mean LD number in 4C), we chose one-tailed Mann-Whitney tests for the two-group-comparisons. We used a non-

parametric Kruskal-Wallis test to perform multiple comparisons between all constructs in both 4B and 4C (+Dox). The datasets

shown in Figure 4D did not pass normality tests and consequently we used a non-parametric Kruskal-Wallis test to perform multiple

comparisons of three independent groups. In Figure 5F, two independent groups with non-gaussian distributions were compared

using a non-parametric two-tailedMann-Whitney test. In Figure S3A, a Chi square contingency test was used to compare two groups

of categorical variables.
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