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Across all kingdoms of life, cells store energy in a specialized organelle, the lipid droplet. In general, it consists of a hydrophobic
core of triglycerides and steryl esters surrounded by only one leaflet derived from the endoplasmic reticulum membrane to
which a specific set of proteins is bound. We have chosen the unicellular organism Dictyostelium discoideum to establish kinetics
of lipid droplet formation and degradation and to further identify the lipid constituents and proteins of lipid droplets. Here, we
show that the lipid composition is similar to what is found in mammalian lipid droplets. In addition, phospholipids preferen-
tially consist of mainly saturated fatty acids, whereas neutral lipids are enriched in unsaturated fatty acids. Among the novel pro-
tein components are LdpA, a protein specific to Dictyostelium, and Net4, which has strong homologies to mammalian DUF829/
Tmem53/NET4 that was previously only known as a constituent of the mammalian nuclear envelope. The proteins analyzed so
far appear to move from the endoplasmic reticulum to the lipid droplets, supporting the concept that lipid droplets are formed
on this membrane.

Fat is the ideal molecule for storing energy at low volume and
weight because the triacylglycerol (TAG) molecule self-assem-

bles due to van der Waals interactions and excludes water. Based
alone on these physicochemical properties, fat would be able to
form a separate organelle in the cell. However, in order to shield
the hydrophobic surface from unspecific interactions, the cellular
drop of fat is surrounded by one leaflet of membrane phospholip-
ids pointing their hydrocarbon chains toward the interior and
exposing their hydrophilic head groups to the aqueous cytoplasm.
This surface provides the target for interactions with structural or
regulatory proteins as well as metabolic enzymes.

Within the past 20 years, this simple view of the lipid droplet
(LD) has been refined, and many molecular details were added, as
recently reviewed (1–3). Analysis of lipid droplet structure and
composition has continued to provide surprising results. Exam-
ples are the detection of proteins in the inner hydrophobic core (4,
5), the function of lipid droplets as histone storage sites in Dro-
sophila embryogenesis (6), or the discovery that coatomer pro-
teins (COPs), known to coat vesicles formed at membrane bilay-
ers, mediate the translocation of enzymes to the lipid droplet,
despite the fact that this organelle only bears a phospholipid
monolayer (7, 8).

Proteomic analyses of lipid droplets have been conducted for
various organisms such as mammals, insects, Saccharomyces
cerevisiae and Yarrowia lipolytica, bacteria, microalgae, and plants
(summarized in reference 9), but virtually nothing is known about
lipid droplets in the otherwise well-studied model system Dictyo-
stelium that is also evolutionarily distant from all the organisms
studied until now (10). In the wild, Dictyostelium amoebae live in
the forest soil, efficiently phagocytosing bacteria. After cleaving
the bacterial membrane lipids, amoebae finally release complex
oligosaccharides but retain the fatty acid moiety (11). Even un-
common fatty acids from the diet, such as the ones containing a
cyclopropane moiety, become integrated into the predator’s lipids
(12).

Further work took advantage of Dictyostelium strains able to
grow axenically, i.e., in a broth providing sugar, amino acids, vi-
tamins, and trace elements but low in fatty acids. Experimental
addition of polyunsaturated fatty acids to the medium impaired

the subsequent progression of Dictyostelium through the develop-
mental cycle (13), and monounsaturated fatty acids inhibited cel-
lular growth (14). Addition of palmitic acid was tolerated best; it
was incorporated into cellular lipids and even slightly enhanced
cell growth (13). It is conceivable that this product is preferred
because it is the common end product of endogenous de novo fatty
acid synthesis in eukaryotes.

In the course of studying fatty acid activation in Dictyostelium,
we discovered that the fluorescent palmitic acid analog C1-
BODIPY-C12 became incorporated into small cytoplasmic dots,
presumably lipid droplets (15). In the study reported here, we
establish the kinetics of lipid droplet formation and degradation.
This enables us to purify these organelles and to analyze their lipid
structures down to the level of the fatty acid composition of the
core and surrounding membrane. After proteomic analysis, we
confirmed that a group of proteins moves from the endoplasmic
reticulum (ER) to lipid droplets when they are formed. Among
these are novel lipid droplet proteins, as well as one mammalian
homologue that was previously recognized only as a constituent of
the nuclear envelope.

MATERIALS AND METHODS
Internet resources for sequence analysis. Dictyostelium DNA and pro-
tein sequences were retrieved from the fully sequenced genome (10) via
http://dictybase.org (16), where they are also linked to studies of expres-
sion patterns. Transmembrane regions and domains forming coiled coils
were identified at http://ch.EMBnet.org. A tool for calculating the isoelec-
tric point of a protein according to several algorithms is found at http:
//isoelectric.ovh.org.

Fluorescent protein tagging. Subsequent constructs were produced
in vector 48 pDd-A15-GFP (where GFP is green fluorescent protein)
without ATG (according to Gerisch et al. [17] modified by Hanakam et al.
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[18] to delete the start codon of the actin 15 promoter) that produced a
protein using its own ATG and carrying a GFP tag on its C terminus.
Alternatively, we used plasmid 68 pDNeoGFP (19), where the green flu-
orescent protein resides at the N terminus of the intended hybrid and the
continuity of the reading frame is achieved by deleting the stop codon of
the upstream open reading frame.

The Dictyostelium protein formerly called DdLSD for its homology to
the Drosophila homologue is now named perilipin and abbreviated Plin
according to a recent nomenclature initiative (20). The corresponding
gene in Dictyostelium now bears the name plnA. For labeling the N-termi-
nal end of perilipin with GFP, primers 159 (CGTGTCGACATGTCATCT
CAAGAACAACAAAAATCAAAGC) and 160 (CGTGGATCCATCTAAT
TGGTTGAGTTATCATTTGAAGATGAAG) were used for PCR on the
cDNA clone SLE 217 obtained from the Dictyostelium cDNA project in
Japan at Tsukuba University, and the SalI/BamHI-doubly digested prod-
uct was integrated into vector 68.

As a basis for further cloning steps, the coding sequence of smtA was
amplified with primers 674 (CCATAGAATTCAAAATGAATACTCAAC
AACGTGCTATGG) and 675 (CCATAGAATTCTTAATCAGTGCTTGG
TTTACGACATAATAAG) using reverse-transcribed mRNA of AX2 as
the template and then ligated into vector pGem-TEasy by virtue of single
A-residue overhangs to yield plasmid 845. Subsequent digestion of the
PCR-engineered EcoRI sites allowed insertion of the released fragment
into plasmid 68 that now expresses GFP-Smt1 (plasmid 846). The reverse
construct is based on the amplification of smtA lacking its stop codon by
primers 258 (CCGAATTCAAAATGAATACTCAACAACG) and 474 (CC
GAATTCGATCAGTGCTTGGTTTACG) from genomic DNA and its in-
termediate cloning into pGEM-TEasy (plasmid 759), from where it was
excised with EcoRI and transferred into vector 48 to yield 760 expressing
Smt1-GFP.

The novel lipid droplet constituent encoded by ldpA was amplified with
primers 302 (CGGGATCCAAAATGAATACTTCAACAACAAC) and 303
(CCGAATTCTTAATTACGTTTATTTTTTTTACC) using genomic DNA of
AX2 as the template, cleaved with BamHI and EcoRI, and then ligated into
vector 68 so that a GFP-Ldp hybrid protein is expressed from plasmid 581.
The complementary construct 571 producing Ldp-GFP is based on vector
48 that received a PCR product from primers 304 (CCGAATTCAAAAT
GAATACTTCAACAACAAC) and 305 (CCGGATCCATTACGTTTATT
TTTTTTACCC).

To construct a C-terminally tagged version of the Dictyostelium Net4
homologue, a gene-specific PCR was performed on total cDNA with a
combination of primers 614 (GGCCGAATTCAAAATGGGTGCCCAA)
and 615 (GGCCGGATCCTTTATTTTGTAATTTTTTC), purified, and
cut with EcoRI and BamHI before ligation into the same sites of vector 48,
resulting in plasmid 809 that serves to express Net4-GFP. A different set of
primers, 618 (GGCCGTCGACATGGGTGCCCAAAAATTAC) and 619
(GGCCGAATTCTTATTTATTTTGTAAT), yielded a product suitable
for insertion into plasmid 68 after digestion with SalI and EcoRI. This
cloning step yielded plasmid 810 (GFP-Net4).

The above constructs were transformed into Dictyostelium discoideum
AX2 vegetative cells (referred to as the wild type) by electroporation.
Transformants were selected by virtue of G418 resistance, and individual
clones were derived by spreading dilutions on bacterial lawns. Two or
more clones originating from separate transformation events and show-
ing the same patterns of florescence distribution were conserved. The
localization of tagged proteins to the endoplasmic reticulum was con-
firmed by indirect immunofluorescence (21) using mouse monoclonal
antibodies (MAbs) raised against the protein disulfide isomerase (PDI)
(MAb 221-64-1) (22). The lipid droplet-specific dye LD540 (23) was di-
luted from its stock (0.5 mg/ml in ethanol) to a final concentration of 0.1
�g/ml in phosphate-buffered saline (PBS) and used to stain fixed cells for
30 min instead of using an antibody. In order to stain lipid droplets in
living cells, we used the fluorescent fatty acid analogue C1-BODIPY-C12

(as described in reference 15) or replaced the growth medium by phos-
phate buffer containing 2 �M Nile red (from a 3 mM stock in ethanol).

In order to test the subcellular distribution of mammalian NET4, the
appropriate expression plasmid encoding the GFP-tagged long splice
variant (24) was transiently transfected as a complex with linear poly-
ethyleneimine of 25 kDa (Polysciences, Warrington, PA) into COS7 or
HEK293T cells growing on collagen-coated coverslips according to stan-
dard methods. Twenty-four hours after transfection the cells were chal-
lenged with bovine serum albumin (BSA)-coupled oleic acid at a concen-
tration of 400 �M in growth medium for a further 24 h to induce lipid
droplet formation. After samples were washed with PBS, lipid droplets
were stained in living cells with LD540 as specified above for fixed Dictyo-
stelium cells, washed twice with PBS, and then fixed in 3.7% formaldehyde
in PBS for 20 min.

Biochemical lipid droplet analysis. To induce the formation of lipid
droplets, we add palmitic acid from a 100 mM stock dissolved at 50°C in
methanol to HL5 growth medium after cooling to reach a final concen-
tration of 200 �M. For some experiments cholesterol (soluble as a stock
solution of 10 mM) was added at 100 �M.

The biochemical preparation of lipid droplets was based on the
method of Fujimoto et al. (25) with the following modifications. About
5 � 108 cells from shaking culture were suspended in 1 ml of 0.25 M
STKM buffer (50 mM Tris, pH 7.6, 25 mM KCl, 5 mM MgCl2, and 0.25 M
sucrose), and the plasma membrane was broken by 20 passages through a
cell cracker (EMBL Workshop, Heidelberg, Germany) so that the organ-
elles remained intact. The postnuclear supernatant was adjusted to 0.8 M
sucrose and loaded in the middle of a step gradient ranging from 0.1 to 1.8
M sucrose in STKM buffer and centrifuged at 180,000 � g for 2.5 h at 4°C
in an SW40 rotor (Beckmann Coulter, Krefeld, Germany). Lipid droplets
formed a white cushion of about 400 �l on top of the tube, which was
collected by means of a microbiological inoculation loop. Seventeen fur-
ther fractions of 800 �l each were taken with a pipette tip from the top to
bottom of the tube.

For protein identification by mass spectrometry (MS), proteins were
separated by polyacrylamide gels (Novex NuPAGE 4 to 12% Bis-Tris gel).
Lanes were cut into 22 equally spaced pieces with an in-house made gel-
cutter. The sample was digested with trypsin (sequencing grade-modified
trypsin; Promega) as described previously (26), and peptides were ana-
lyzed subsequently on a hybrid triple quadrupole/linear ion-trap mass
spectrometer (4000 QTRAP; Applied Biosystems/MDS Sciex) coupled to
a one-dimension (1D) nano-liquid chromatography (LC) system (Eksigent).
Five microliters (10% sample) was injected onto a PepMap RPC18 trap
column (300-�m inside diameter [i.d.] by 5 mm; 5-�m particle size; C18

column with 100-Å pore size [Dionex]), purified, and desalted with 0.1%
(vol/vol) formic acid–2% (vol/vol) CH3CN at 30 �l/min (all Biosolve).
Samples were separated by gradient elution onto a PepMap C18 microcol-
umn (75-�m i.d. by 15 cm; 3-�m particle size; C18 column with 100-Å
pore size [Dionex]) with a linear gradient of 2 to 45% (vol/vol) CH3CN–
0.1% (vol/vol) formic acid at 250 nl/min. Analyst, version 1.4.1, and Bio-
analyst, version 1.4.1, software programs (Applied Biosystems/MDS
Sciex) were used for acquisition control. Tandem MS (MS/MS) spectra
were searched against a nonredundant sequence database at www
.dictybase.org (27) using MASCOT (version 2.2.05; Matrix Science). Tol-
erances for peptides were set to 1.5 Da and 0.5 Da for MS and MS/MS,
respectively. Identified proteins were accepted with a minimum total
score of 50 and at least two different peptides with a minimum peptide
score of 10.

Western blotting employed the PDI antibody or antibodies recogniz-
ing GFP MAb 264-449-2 (available from Millipore), mitochondrial porin
MAb 70-100-1 (28), severin MAb 42-65-11 (29), and FcsA MAb 221-
457-5 (15). The work by von Löhneysen et al. (15) also describes how the
mode of membrane association was determined by differential centrifu-
gation, extraction, and subsequent Western blotting.

Lipid analysis. To determine the TAG content of a whole-cell homog-
enate enzymatically, about 2.5 � 107 washed cells were resuspended in
200 �l of thin-layer chromatography (TLC) buffer, frozen in liquid nitro-
gen, and thawed at 37°C three times so that cells were disrupted and
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cellular lipids were released. A sample of 50 �l of the sample was added to
1 ml of TAG reagent (LT-SYS, Berlin, Germany) and incubated for 20 min
at room temperature in a cuvette in the dark. This leads to the release of
glycerol from fat, a phosphorylated intermediate, and its subsequent con-
version to dihydroxyacetone phosphate and hydrogen peroxide. The lat-
ter metabolite is photometrically detected as the formation of quinone-
imine, absorbing at 500 nm.

For lipid analysis by thin-layer chromatography (TLC), the classical
method of Bligh and Dyer (30) was adapted as follows. About 5 � 107

washed cells were resuspended in 1 ml of TLC buffer (20 mM HEPES, 150
mM NaCl, pH 7.5), and an appropriate aliquot (according to the previ-
ously determined protein content by the bicinchoninic acid (BCA)
method, per the manufacturer’s instructions [Pierce]) was adjusted to 1.2
ml with TLC buffer. First, 4.5 ml of 1:2 chloroform-methanol was added
and mixed for 1 min. Next, 1.5 ml of chloroform and finally 1.5 ml of
double-distilled H2O (ddH2O) were added to the sample with mixing in
between. Then methyl oleate (1 �g/ml) was added as a tracer to monitor
possible sample loss during further preparation steps, and the mixture was
centrifuged at 2,000 � g for 10 min at room temperature. The chloroform
phase was collected from the bottom with a glass Pasteur pipette and
transferred to a new glass tube, and the solvent was completely evaporated
in a stream of nitrogen before the lipids were redissolved in 100 �l of
chloroform.

Sample volumes of 20 �l were spotted with Hamilton glass syringes
onto silica gel 60 plates (Merck, Darmstadt, Germany) next to a standard
that contained cholesterol, cholesteryl palmitate, glyceryl trioleate, and
methyl oleate (all from Sigma) at 1 �g/ml each and dried under a stream
of nitrogen. Lipids were separated until the first solvent front (hexane-
diethyl ether-acetic acid at 70:30:1) had reached half of the separation
distance; then the plate was air dried and further developed in a second
solvent system (hexane-diethyl ether at 49:1) to completion. To visualize
the lipids, the plates were stained for 3 s with copper sulfate (0.3 M in 8.5%
phosphoric acid) and heated to 160°C for 15 min to conduct the charring
reaction.

For quantification of lipids, the fraction containing lipid droplets was
extracted with 3 ml of chloroform-methanol (1:2, vol/vol) for 3 h with
vigorous shaking and 4°C. After centrifugation for 10 min at 450 � g, the
lower phase was stored for further processing and the upper phase was
reextracted with 3 ml of chloroform as described above. Both lower phases
were combined, and 2 ml of 0.45% (wt/vol) sodium chloride was added.
The sample was centrifuged for 3 min at 450 � g, and then a spatula tip of
sodium sulfate was added to the lower phase. The sample was centrifuged
again; the upper phase was dried under streaming nitrogen and then re-
dissolved in 0.1 ml of chloroform. After the extraction step, 1/5 of the
samples were used for the TLC separation of the neutral lipids, and 2/5
were used for the separation of the phospholipids using either hexane-
diethyl ether-acetic acid (80:20:1, vol/vol/vol) or chloroform-methanol-
acetic acid (65:25:8, vol/vol/vol) as solvents with glass silica gel plates
(silica gel 60, 20 by 20 cm; Merck, Darmstadt, Germany). Plates were
sprayed with 8-anilino-1-naphthalenesulfonic acid (0.2%, wt/vol) so that
lipid bands could be marked under UV light (31). Lipid spots were
scraped from the TLC plate and reextracted two times with 1 ml of hexane,
and defined amounts of triheptadecanoate were added for quantification.
Fatty acid methyl esters were generated by transmethylation (32) and
analyzed quantitatively as well as qualitatively by gas chromatography-
flame ionization detection (GC-FID) (33), yielding the amount of fatty
acids in the respective lipid class. To arrive at the molecular composition
of lipid droplets, the amount of fatty acids was divided by 3 in the case of
TAGs or by a factor of 2 for diacylglycerols (DAGs), phospholipids, and
the unknown lipid (UKL), because the last is likely to contain one fatty
acid linked by a nonhydrolyzable ether bond. Free sterols could not be
quantified by the same method because they were lacking a fatty acid
moiety. From densitometry of the TLC staining, however, it appears that
that nonesterified sterols exceed the amount of DAG but are clearly below
the level of free fatty acids.

RESULTS
Kinetics of lipid droplet formation and degradation. To assess
the kinetics of lipid droplet (LD) formation, palmitic acid was
added to a cell culture, and the well-established lipid droplet dye
Nile red was used to image living cells at different times. Figure 1A
shows that lipid droplet formation in Dictyostelium has some
characteristics also observed in mammalian cells (34). New lipid
droplets form rapidly, increasing first over 10-fold in number
(Fig. 1B) and then up to 2-fold in size (Fig. 1C), with a high cell-
to-cell variation at 6 or 8 h after feeding. At late time points, the
lipid droplets also tend to form aggregates (Fig. 1A, 8 h).

To characterize the lipid products that are formed upon fatty
acid addition, extracts were analyzed by thin-layer chromatogra-
phy (TLC) (Fig. 1D). As expected, the most prominent change is
seen in the band identified as triacylglycerol (TAG) by comigra-
tion with a standard. Over the first 3 h, TAG concentration in-
creased 23-fold (as determined by ImageJ analysis) and pro-
gressed to a plateau. This stage lasted for 6 h and was followed by
a steady decline of fat levels over the next 9 h, reaching the initial
value after 24 h. During this time, three cell divisions took place,
explaining the gradual consumption of storage fat and its conver-
sion into membrane lipids or metabolic energy.

As an alternative to TLC densitometry, we employed an assay
developed for TAG quantification within serum samples (Fig. 1E).
The TAG concentration of total cell extracts collected over 24 h
paralleled the observations made by TLC (Fig. 1E, filled circles). A
fatty acid washout experiment led to an immediate decline of TAG
levels (Fig. 1E, open circles). One feature of this type of measure-
ment, however, is that the values show only an apparent 2-fold
increase of TAG at peak time (3 h over 0 h), which is clearly
underestimated. This property is caused by the fact that the enzy-
matic assay indirectly determines the concentration of glycerol
released from fat by lipase action. Because the endogenous content
of glycerol and other possible relevant metabolites in cells from
normal medium is unknown, it was arbitrarily set to 1.

One other feature we noticed during the feeding experi-
ments is that the cells grown in medium plus fatty acid ap-
peared smaller than those grown in axenic medium lacking
fatty acids (Fig. 1A, 0-h versus 8-h panel). To measure the cell
volume, we spun cells after overnight feeding (14 h) into a glass
capillary made for hematocrit measurements through a funnel
built from a plastic pipette tip. Indeed, the pellet volume occu-
pied by the cells from the fatty acid-containing diet was re-
duced to 74% � 3% (n � 3). Because these changes are paral-
leled in protein content, we corrected all quantitative data
accordingly (see Materials and Methods).

Purification of lipid droplets and proteomic analysis. About
10 years ago, Miura and coworkers had fused the sequence of the
Dictyostelium homologue of perilipin (Plin) to GFP and expressed
the construct in mammalian CHO cells, where it localized to lipid
droplets (35). In order to obtain a marker for biochemical prepa-
ration of lipid droplets, we constructed a GFP-Plin fusion for the
expression in Dictyostelium cells. This strain was fed with fatty
acid, and the cells were mechanically cracked, leaving organelles
intact. The preparation was loaded in the middle of a sucrose step
gradient so that only fat-containing organelles were able to float to
the top during ultracentrifugation. In contrast to untreated cells,
the cells that were allowed to form lipid droplets had a semisolid
white layer of fat on top of the gradient that was recovered with the
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help of a microbiological inoculation loop. Liquid fractions were
taken with a pipette starting from the top, and all were separated
on protein gels.

The first fraction of the fatty acid-induced cells contained pro-
tein bands that quickly decreased until fraction 5. In contrast,
control cells completely lacked visible protein in the first five frac-
tions (Fig. 2A). Indeed, Western blotting of the fractions revealed
that the strong band observed at 70 kDa was GFP-Plin, which was
enriched in fraction 1 (Fig. 2B), whereas it was detected only in the
middle fractions if no fatty acid was added (Fig. 2C). Protein di-
sulfide isomerase, a marker for the endoplasmic reticulum, was
largely distributed over the lower half of the gradient (Fig. 2E) but
gained a very small additional peak in the lipid droplet fraction
(Fig. 2D). In contrast, mitochondria were most prominent in the
densest fractions of the lower third of the gradient but did not

FIG 1 Kinetics of storage fat accumulation and utilization. (A) Wild-type cells
were cultivated in the presence of palmitic acid, withdrawn at the times indi-
cated (in hours), stained with Nile red, and photographed in a confocal mi-
croscope without prior fixation. Scale bar, 5 �m. For the experiment shown in
panel B, the number of lipid droplets in one optical section was counted for at
least 30 cells per time point and corrected by a factor derived from counting all
lipid droplets in 20 independent stacks of sections obtained from fixed cells.

(C) Over 100 lipid droplets per time point were used to determine their diam-
eters, except at 0 h, where 30 cells were assayed. For panels B and C, the mean
values are shown as closed circles connected by a fitted curve, and the bars
indicate standard deviations. For the thin-layer chromatography shown in
panel D, cells were cultivated in palmitic acid-containing medium, and sam-
ples were withdrawn at 3-h intervals. Lipid extracts were analyzed by TLC,
where the first lane shows a standard mixture containing cholesterol (CHL),
TAG, and methyl oleate (MO). The last was added to every sample to trace
possible loss of material during the extraction procedure. The strong band
derived from free fatty acids is labeled FFA. Panel E displays the enzymatically
determined TAG values from two conditions. Wild-type cells were fed for 3 h
with palmitic acid in growth medium and then washed and resuspended in
normal medium (open circles) or allowed to remain in the presence of the fatty
acid (filled circles). The value of 1 in the wild type is considered the background
level (thick horizontal line) because of the almost undetectable level of TAG in
the TLC plate (panel D) and serves as a reference for the relative units pre-
sented. The curves connect values from at least two independent experiments.

FIG 2 Purified lipid droplets contain a very limited set of proteins. (A) Cell
homogenates from GFP-Plin-expressing untreated cells (�) or cells supplied
with fatty acid (FA; �) were resolved on sucrose gradients by ultracentrifuga-
tion. Equal volumes taken from the gradient were loaded onto protein gels side
by side, separated by electrophoresis, and stained by Coomassie blue. Al-
though all 17 fractions of the gradient were analyzed on a total of three gels,
only every fourth fraction (as numbered) was cut out and assembled into this
panel. The assembly is flanked by a size marker (M; values in kDa) on the left
and the total homogenate (H) on the right. (B to G) For Western blot analysis
of the samples, every second fraction (as numbered) was taken, and GFP-
perilipin (B and C), the protein disulfide isomerase (PDI) (D and E), or mito-
chondrial porin (F and G) was detected by the corresponding monoclonal
antibody.
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reveal any association with the lipid droplet fraction, as indicated
by the distribution of mitochondrial porin (Fig. 2F and G). One
notable discrepancy between the fatty acid-induced samples and
the untreated controls is the total amount of GFP-Plin (Fig. 2B
versus C). Western blots of total cell homogenates also reveal this
difference (data not shown), suggesting that, as in mammals (36,
37), perilipin is degraded if no lipid droplets are available as bind-
ing targets.

To achieve a broad coverage of proteins, we prepared lipid
droplets under three conditions: from cells fed with fatty acid for 3
h (Table 1, first condition) and 16 h (second condition) and from
cells after 5 h of fatty acid deprivation after 3 h of feeding (third
condition). The protein samples from the lipid droplet prepara-
tions were subjected to a tandem mass spectrometry ion search.

To improve the chances of identifying genuine lipid droplet
components, we chose only those proteins that appeared under at
least two conditions with one MASCOT score being above the
value of 50. In order to justify the selection, we picked the sole
candidate that just fulfilled this criterion, DDB0235400, encoding
a putative glycerol 3-phosphate acyltransferase. It was tagged with
GFP and was verified to reside on lipid droplets (data not shown).

Our selection finally yielded 72 candidate proteins (Table 1), of
which the majority were also identified in recent proteomic stud-
ies on yeast (38) and three mammalian cell types (39–41). We
grouped our candidates into enzymes of lipid metabolism (15
enzymes), small GTPases (31 members), constituents of the
(rough) endoplasmic reticulum (11 proteins), or cytoskeletal pro-
teins (6 proteins). A set of seven proteins could not be classified in
the above groups.

Verification of putative lipid droplet components. To gain
further support for the presence of the identified proteins on lipid
droplets, we selected three candidates (shown in bold in Table 1),
constructed N- and C-terminally GFP-tagged variants, and tested
their lipid droplet association by microscopy.

The strongest band on the protein gel (just above the 35-kDa
marker in Fig. 2A) was identified as the product of the gene
DDB0237965 (smtA) with homology to steryl methyltransferases
(Smt) of plants and yeast. GFP-Smt1 localized at the endoplasmic
reticulum in cells from axenic medium (Fig. 3A) but redistributed
to lipid droplets when fatty acid was added (Fig. 3B). In an Smt1-
GFP construct, where the order of protein domains was reversed,
the same localization was observed (Fig. 3C and D). Since the
presence of a sterol-metabolizing enzyme on lipid droplets sug-
gested that they might contain dictyosterol, a modification of cho-
lesterol (42) or its derivatives, we added cholesterol to the axenic
culture medium, stained the cells with LD540, and indeed saw an
increased number of lipid droplets (compare Fig. 3E and F). TLC
analysis of these cells revealed an increase in the cholesterol band;
however, only a small increase in the band of steryl esters (SEs),
the form of the molecule typically stored in lipid droplets, was
detectable (Fig. 3G). Because we reasoned that this might be due to
limiting amounts of fatty acids, we further added palmitic acid
and now observed formation of an additional band that comi-
grated with the marker cholesterol palmitate (Fig. 3G).

To obtain more quantitative information on the composition
of lipid droplets, two preparations, one obtained after challenging
wild-type cells with palmitic acid only and the other one isolated
after feeding cells simultaneously with palmitate and cholesterol,
were analyzed for their fatty acid content as well as composition
(Table 2). Palmitic acid (denoted as C16:0) is readily incorporated

into all lipid species. However, it is notable that the pool of free
fatty acids still contains vast amounts of the major endogenous
fatty acids with chain lengths of 16 or 18 carbon atoms and various
degrees of unsaturation, indicating that there is no shortage in the
supply of a specific acyl chain. Phospholipids building the limiting
monolayer of the lipid droplet preferentially incorporate the fully
saturated C18 fatty acid, whereas TAG and one unknown lipid
(UKL) are rather enriched in C18:1. Lipid droplets derived from
cholesterol treatment, however, show a clear increase in the
amount of steryl esters with a concomitant reduction of TAG in
the same order of magnitude. The added cholesterol almost com-
pletely replaces the endogenous sterol moieties in dictyosteryl es-
ters and clionastanyl esters (Table 2, footnote c) while leaving the
choice of acyl chains almost unaltered.

Next, we turned to two newly discovered proteins that do not
have an obvious function in lipid metabolism. The protein en-
coded by the DDB0184006 gene did not bear significant homolo-
gies to any gene from other organisms. We produced N-terminal
as well as C-terminal fusions of GFP to the coding region, and
both hybrids changed their distribution from the ER (Fig. 4A and
C) to lipid droplets upon fatty acid addition (Fig. 4B and D).
Therefore, we named the protein Ldp (for lipid droplet protein).
The gene is called ldpA in accordance with Dictyostelium nomen-
clature rules. The amino acid sequence of this protein is extremely
rich in asparagine and lysine residues, resulting in an overall iso-
electric point of 9.5, according to several calculation methods. The
most acidic patch (pI 4.1) between residues 305 to 356 most likely
participates in the formation of a coiled-coil structure (Fig. 4E, red
residues). Moreover, Ldp is characterized by a high content of
serine and threonine residues, opening the possibility of being
phosphorylated; however, we did not detect obvious shifts in mo-
lecular masses on Western blots from samples derived from dif-
ferent cultivation conditions. These predominant amino acids of-
ten occur in homooligomeric repeats of up to 9 residues. Internet
resources also predict the presence of three transmembrane do-
mains (Fig. 4E, blue residues). To check the validity of this predic-
tion, we attempted to extract Ldp-GFP with various buffers from
the endoplasmic reticulum membrane and succeeded only when
the detergent Triton X-100 was used (Fig. 4F). The Ldp hybrid
with GFP fused to the N terminus behaved in the same way.

Homologs of the third protein, encoded by the DDB0238661
gene, are found in plants, insects, and vertebrates with identities
ranging between 25 and 30% only. A rather low value of conser-
vation is also found in other Dictyostelium species such as Dictyo-
stelium purpureum and Dictyostelium fasciculatum, which bear
just 56 and 38% identical residues, respectively. The correspond-
ing protein is best studied in mammals, where it is named DUF829
(for domains of unknown function), Tmem53 (for transmem-
brane protein) or, most frequently, NET4 (for nuclear envelope
transmembrane protein 4). The name adopted for Dictyostelium
protein is Net4, encoded by the netD locus. Indeed, this name
appears suitable because both GFP fusions localize to the endo-
plasmic reticulum in Dictyostelium cells, with an apparent enrich-
ment in the nuclear envelope (Fig. 5A, B, and C) as in mammals
(43). When Net4-GFP-expressing cells are stimulated with fatty
acids, the protein moves to lipid droplets, and the staining of en-
doplasmic reticulum and nuclear envelope is concomitantly re-
duced (Fig. 5D). The GFP-Net4 fusion, however, fails to undergo
this redistribution (Fig. 5B). To test whether the mammalian
NET4 protein also redistributes to lipid droplets under appropri-
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TABLE 1 Protein constituents of lipid droplets

Protein group and
identification no.a

MASCOT score by
conditionb Mean

MASCOT
scorec Gene name Gene product

Presence in LDs
of other cell
type(s)d1st 2nd 3rd

Structural LD protein
DDB0235170 930 968 2,348 1,416 plnA Perilipin B, C, D

Enzymes of lipid
metabolism

DDB0237965 1,608 480 1,381 1,157 smtA Putative delta-24-sterol methyltransferase Smt1 A
DDB0191105 942 486 1,776 1,068 fcsA Long-chain fatty coenzyme A synthetase A, B, C, D
DDB0304900 245 162 849 419 Short-chain dehydrogenase/reductase family protein
DDB0185188 229 130 890 417 comG Putative NAD-dependent aldehyde dehydrogenase A
DDB0304901 121 118 620 287 Short-chain dehydrogenase/reductase family protein
DDB0238829 151 407 279 Short-chain dehydrogenase/reductase family protein
DDB0238830 204 99 477 260 Short-chain dehydrogenase/reductase family protein
DDB0219382 278 110 385 258 agpC Putative 1-acylglycerol-3-phosphate acyltransferase A
DDB0233097 108 99 380 196 dgat2 Diacylglycerol-acyltransferase 2 A
DDB0205694 146 87 299 178 Putative acyltransferase
DDB0233059 50 36 240 109 Putative sterol-4�-carboxylate 3-dehydrogenase B, C, D
DDB0235400 227 38 89 Putative glycerol 3-phosphate acyltransferase A, D
DDB0230057 59 94 51 lip5 Lipase family member 5 A, B, C, D
DDB0190742 51 58 37 Short-chain dehydrogenase/reductase family protein
DDB0232044 52 54 36 ksrA-1 3-Ketosphinganine reductase A

Small GTPases
DDB0191507 453 241 723 473 rab7A Rab GTPase B, C, D
DDB0214821 393 243 732 456 rab14 Rab GTPase D
DDB0191476 454 279 464 399 rab1A Rab GTPase B, D
DDB0201663 213 215 436 288 rasG Ras GTPase
DDB0191190 331 158 317 269 rab11A Rab GTPase D
DDB0201639 164 90 393 216 rab32A Rab GTPase
DDB0229398 178 149 308 212 rab1D Rab GTPase
DDB0214820 173 146 288 203 rab1B Rab GTPase D
DDB0214827 125 74 349 183 rasC Ras GTPase
DDB0215409 50 44 394 163 ranA Ran GTPase
DDB0214885 264 216 160 rab8A Rab GTPase D
DDB0185061 124 84 265 158 rabC Rab GTPase
DDB0229409 123 87 222 144 rab18 Rab GTPase C, D
DDB0233303 84 40 232 119 ragC Ras GTPase
DDB0229401 168 39 140 116 rab5A Rab GTPase D
DDB0216229 213 105 106 rapA Ras GTPase
DDB0214822 152 44 98 rac1A Rho GTPase
DDB0214825 182 94 92 racE Rho GTPase
DDB0229402 195 68 88 rab2B Rab GTPase D
DDB0216191 143 78 74 rab2A Rab GTPase C
DDB0191203 100 104 68 rab1C Rab GTPase
DDB0231625 142 48 64 Putative small GTPase activator
DDB0229392 77 62 47 rab6 Rab GTPase B
DDB0214824 76 61 46 racB Rho GTPase
DDB0229419 72 62 45 rabF1-1 Rab GTPase
DDB0229394 73 56 43 rab5B Rab GTPase D
DDB0201661 82 39 41 rasB Ras GTPase
DDB0191253 71 46 39 rab21 Rab GTPase D
DDB0229365 68 40 36 rabQ Rab GTPase
DDB0216195 57 47 35 rasD Ras GTPase
DDB0229413 40 65 35 rabG2 Rab GTPase
DDB0229406 44 57 34 rabG1 Rab GTPase

ER constituents
DDB0231364 143 85 444 224 alg2 Putative alpha-1,3-mannosyltransferase A, C
DDB0185040 42 545 196 pdi1 Protein disulfide isomerase A, B
DDB0219977 54 298 118 rplP0 60S ribosomal acidic ribosomal protein P0 A

(Continued on following page)
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ate conditions, we transfected a plasmid expressing the human
homologue tagged at its C-terminal end with GFP (24) into two
mammalian cell lines and obtained a clear association with
LD540-labeled structures induced by oleate feeding (Fig. 5E
and F).

DISCUSSION
Flow of fatty acids. The natural food sources of Dictyostelium, i.e.,
various species of bacteria, contain fatty acids mostly in esterified
form. Endosomal lipases are thought to liberate fatty acids, which
can partition in the membrane vectorially. The direction of this
pathway is brought about by the activity of the FcsA enzyme on the
cytoplasmic face of the endosome, which adds a coenzyme A moi-
ety to produce the activated fatty acid, which is then further fun-
neled into metabolism (15).

In the laboratory, it is more reproducible to induce the forma-
tion of lipid droplets that store neutral fat by adding a fatty acid to
the axenic medium (Fig. 1). It is interesting that added fatty acid is
incorporated first into TAG and only with a delay leads to the
accumulation of steryl esters (the band above methyl oleate [MO]
in Fig. 1D). Depletion of the fatty acids from the medium is fol-
lowed by the loss of lipid droplets and the degradation of the TAG
storage molecule (Fig. 1). It is possible that the liberated fatty acids

are metabolized to yield energy in mitochondria or peroxisomes,
both of which contain the enzymes necessary for � oxidation (44).
Peroxisomes especially are important for degrading the cyclopro-
pane fatty acids that derive from phagocytosed bacteria (45). Al-
ternatively, fatty acids could be incorporated into membrane lip-
ids (46) which are required to meet the demands of the organelles
that will be distributed to daughter cells during the three cell gen-
erations that occur within the 24-h cycle of lipid droplet formation
and breakdown (Fig. 1D and E). Nevertheless, it is interesting that
fatty acid addition and thus the presence of TAG stores do not
significantly shorten the generation time of Dictyostelium amoe-
bae (13, 14; also data not shown). Thus, the endogenous rate of de
novo fatty acid synthesis appears to be fully sufficient for normal
cell division. This view is further supported by two observations.
First, an inhibitor of fatty acid synthase, cerulenin, completely
inhibits growth of Dictyostelium cultures at a concentration of 5
�g/ml unless an exogenous fatty acid is added (data not shown).
Second, amoebae growing on bacteria as a food source strongly
downregulate the transcription of enzymes involved in de novo
fatty acid synthesis (47). Knowledge about the path and kinetics of
fatty acid flow will further support upcoming studies on the effect
of therapeutically useful substances on fatty acid metabolism us-
ing Dictyostelium as a model system (48).

TABLE 1 (Continued)

Protein group and
identification no.a

MASCOT score by
conditionb Mean

MASCOT
scorec Gene name Gene product

Presence in LDs
of other cell
type(s)d1st 2nd 3rd

DDB0231975 66 60 205 111 ugt1 Putative glycosyltransferase
DDB0233663 63 245 103 Heat shock protein 70 with ER retention signal B, D
DDB0233863 77 160 79 rtnlC Reticulon family protein B, C, D
DDB0231366 53 158 71 alg11 Putative alpha-1,2-mannosyltransferase A
DDB0231241 129 77 69 rpl4 60S ribosomal protein L4 A, C
DDB0231191 61 98 53 rpl10 S60 ribosomal protein L10 A, C
DDB0191150 101 48 50 alg1 Putative glycosyltransferase B
DDB0214854 52 67 40 rpl19 S60 ribosomal protein L19 A, C

Cytoskeleton components
DDB0191168 245 79 742 356 hspB Heat shock protein 70 cytoplasmic, F-actin

associated
A, B, D

DDB0191134 43 77 836 319 efaA11 Elongation factor 1�, F-actin binding and bundling C
DDB0185047 275 82 487 282 hspE-1 Heat shock protein 70, cytoplasmic, F-actin

associated
A, B

DDB0185015 92 133 448 225 act Actin B, C
DDB0219923 206 65 91 comA Comitin, F-actin-binding Golgi protein
DDB0305338 55 44 33 Heat shock protein 70, cytoplasmic A, B, D

Miscellaneous
DDB0266658 151 366 1,181 566 aifC Putative apoptosis inducing factor B
DDB0191175 36 78 1,089 401 cadA Cell adhesion molecule, plasma membrane and

cytosol
B

DDB0184006 124 68 726 306 ldpA Lipid droplet membrane protein
DDB0238661 108 109 261 160 netD NET4
DDB0190526 96 43 171 104 Putative transmembrane metallo-phosphoesterase
DDB0304659 59 67 42 Contains protein phosphatase 2C-related domain
DDB0203653 43 52 32 No recognizable features

a Proteins are grouped according to function. Rows in bold highlight proteins investigated in this work. Identification numbers are from dictyBase.
b MASCOT scores of the MS/MS ion search procedure correspond to the frequency of peptide identification from three independent preparations as specified in the text.
c Solely to provide a measure for sorting proteins within the groups the mean MASCOT score was determined.
d Letters A to D indicate whether the protein was also identified as a constituent of lipid droplets in yeast (38), enterocytes (39), muscle cells (40), and/or pancreatic beta cells (41),
respectively.
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Composition of lipid droplets. For experimental purposes, we
have chosen to induce lipid droplet formation by the addition of
palmitic acid and of cholesterol to the medium. Our quantitative
analysis of lipid composition suggests that no fundamental differ-
ences exist in comparison to lipid droplets from other organisms.

By far, the major neutral lipid species in Dictyostelium lipid
droplets is TAG, comprising roughly 57% of the constituent mol-
ecules. When cholesterol is given along with palmitic acid, the
TAG level drops to about 48%, while steryl ester (SE) molecules
increase from 4 to 16%. A similar TAG-to-SE ratio of 	15 was
seen in lipid droplets from the yeasts Yarrowia lipolytica (49) and
Pichia pastoris (50) as well as in mammalian adipocytes (51). The
first consequence of cholesterol addition is the appearance of a
band that migrates slightly below the marker cholesteryl palmi-
tate. Further addition of palmitate to the medium produces a sec-
ond band that matches the marker perfectly (Fig. 5). Indeed,
closer analysis (Table 2) reveals that 43% of this lipid is cholesteryl
palmitate, apparently lacking any further modifications. Conju-
gated to palmitate and other acyl chains, the added cholesterol
makes up 92% of the steryl esters within lipid droplets (Table 2),
whereas it contributes roughly only 35% of the free sterol mole-
cules (data not shown).

The membrane of the lipid droplet seems to be mainly com-
posed of phospholipids, with either ethanolamine or choline as
head groups in roughly equal amounts (data not shown). This
composition, as well as the total amount, falls in the range of 1 to

2% as estimated for mammalian lipid droplets (52, 53) and yeast
(50). The predominance of phosphatidylcholine in the limiting
membrane of lipid droplets is attributed to its specific role in pre-
venting lipid droplet coalescence within the cell (54). The amount
of diacylglycerol (DAG) identified in our preparation is roughly
equal to the amount of phospholipids. It is notable that the fatty
acid composition of DAG more closely resembles that of phos-
pholipids, preferentially containing stearic acid (C18:0). Thus,
DAG more likely constitutes a precursor for further synthesis of
membrane lipids than for TAG, which, in contrast, is enriched in
unsaturated fatty acids (C18:1) in Dictyostelium as it is in yeast (38).

More frequently, biochemically prepared lipid droplet frac-
tions from various organisms ranging from yeast and Drosophila
to various mammalian cell types or organs have been analyzed by
proteomic techniques. The numbers of proteins identified in-
crease from 30 to 120 in mammals (25, 55–59) or 57 in yeast (38)
to around 250 in Drosophila (60). The higher numbers do not
necessarily reflect contaminations but may reveal intimate con-
nections to specific organelles such as mitochondria (40) or point
to specialized functions such as the storage of maternally provided
histones in the Drosophila embryo (6).

The hallmark and most frequently used protein marker of lipid
droplets is perilipin. In mammals (20) the perilipin 1 locus pro-
duces four isoforms, A to D. Moreover, four other proteins, adi-
pose differentiation-related protein (ADRP; perilipin 2), TIP47
(perilipin 3), S3-12 (perilipin 4), and OXPAT (perilipin 5), con-

FIG 3 Dictyostelium lipid droplets contain steryl esters. (A to D) Confocal images from fixed cells expressing steryl methyltransferase 1 (Smt1) tagged with GFP
(green channel) at the N-terminal end (A and B) or at its C terminus (C and D) and incubated with (B and D) or without (A and C) fatty acid (FA). The
endoplasmic reticulum was revealed by virtue of an antibody directed against PDI that appears red in panels A and C. Alternatively, lipid droplets were stained
by LD540 (red in B and D). The overlaid images (OL) appear in the third column (scale bar, 5 �m), where for row B the image from transmitted light is also shown
to demonstrate the outline of the otherwise barely visible cell. (E and F) Optical sections through living wild-type (WT) cells stained with LD540 (red) to reveal
lipid droplets (dots in panel F) in cells fed with cholesterol (�CHL) for 3 h. In control cells (�CHL) the dye associates nonspecifically with organelle membranes
such as the nuclear envelope and the closely associated Golgi apparatus (E). Scale bar, 5 �m. (G) Thin-layer chromatography of lipid samples extracted from
wild-type cells grown in axenic medium without further additives (Ctrl), with 200 �M palmitic acid added (�FA), with 100 �M cholesterol (�CHL) added, or
with both (�CHL �FA). Substances in the marker lane (M) are labeled as in Fig. 1D. Here, only steryl esters (SE) are relevant. An unknown lipid species (UKL)
is further discussed in the text.
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tain the conserved PAT domain and decorate lipid droplets often
at different times during their biogenesis (61) as well as serving as
informative indicators for their lipid composition (62). In Dro-
sophila, the two perilipin homologues are called LSD1 and -2 (63).
Dictyostelium has a single gene (63), plnA, and Dictyostelium per-
ilipin tagged by fluorescent proteins is a cytosolic protein until it
associates with lipid droplets after induction by fatty acid feeding
(Fig. 2) (35; also data not shown). Interestingly, no perilipin genes
are found in Caenorhabditis and yeast (63) although both organ-
isms produce lipid droplets for TAG storage (64, 65). In plants and
microalgae, perilipin function is fulfilled by the group of oleosin
and major lipid droplet proteins (MLDPs), respectively (66, 67).

Our lipid droplet preparations contain a regularly appearing
set of 72 proteins (Table 1). Among the 15 lipid-metabolizing
enzymes, it is interesting that overall there is a better overlap with
yeast than with mammals. In yeast and Dictyostelium especially,
the enzymes that add the first, second, and third fatty acid to
glycerol to produce TAG are present on lipid droplets, whereas
they are not consistently found in the mammalian preparations.
We are also surprised by the discovery of as many as five isoforms
of the short-chain dehydrogenase/reductase gene family, absent
from other investigated proteomes, the role of which needs to be
determined in the future.

The other large group of proteins associated with our lipid
droplet preparation are small GTPases of the Rab family (Table 1).
Rabs have been found in virtually all lipid droplet proteomes thus
far, sometimes with as many as 25 members (40), constituting
about half of the total mammalian repertoire. Although experi-
ments with GTP
S show some specificity of association (59), only
Rab18 has also been localized on lipid droplets by microscopy and
seems to play a functional role there (68, 69). Some authors could
not confirm the proteomically reported presence of Rabs 5, 7, and

11 in mammalian cells (69), while others succeeded at least for
Rab5 and Rab11 (70). We have failed to demonstrate lipid droplet
association of GFP-tagged Rab7, obtained from Rupper et al. (71)
in Dictyostelium (data not shown), but this does not exclude that a
subset of the identified small GTPases is involved in regulating
lipid droplet metabolism directly or indirectly, as recently inves-
tigated in depth for the Drosophila system (72).

Another enzyme that was strongly enriched in our lipid droplet
preparation and confirmed by GFP tagging (Fig. 3) is Smt1. This
protein was also found in proteomes from phagosomes contain-
ing latex beads (73) or macropinosomes (74). We have not ob-
served macropinosome-like distribution of the GFP-tagged Smt
protein, and its presence in the phagosome preparation can pos-
sibly be explained by the flotation method used that specifically
relies on the isolation of light organelles. Smt1 has strong homol-
ogies (40% identical residues) to Erg6p from yeast, which is a
major constituent of yeast lipid droplets (75). It catalyzes the ad-
dition of a methyl group to the carbon atom 24 of a cholesterol-
like precursor molecule to yield ergosterol, the main sterol in
yeast. We assume that Smt1 catalyzes a similar reaction, but be-
cause the C-24 position of mature dictyosterol carries an ethyl
rather than a methyl group (42), the second methylation could
then be performed by Smt2 (DDB0307261), similar to that shown
in plants (76). Interestingly, we detected Smt2 in one of our lipid
droplet preparations but rejected it from the constituent list (Ta-
ble 1) based on the low score.

Apart from proteins that bear homologies to lipid-metaboliz-
ing enzymes, our proteomic analysis has also turned up proteins
with unclear functions. One of them, bearing no significant ho-
mologies to any other organism, is Ldp. We are confident that it is
a true lipid droplet protein because fusion proteins of GFP both to
the N terminus and to the C-terminal end of Ldp localize to lipid

TABLE 2 Fatty acid distribution within lipid classes of isolated lipid droplets

Condition and lipid
classa

FA distributionb

Total amt measured
(nmol/sample)

Relative amt (%) by chain type
Calculated amt
(nmol/sample) Mol%16:0 16:1 18:0 18:1 18:2

�FA
PL 12.0 35.0 7.5 47.5 6.6 7.5 6.0 1.4
DAG 21.3 42.3 0.5 34.7 16.9 0.9 10.6 2.4
FFA 97.2 18.7 12.8 7.4 23.6 35.2 97.2 21.8
TAG 765.5 50.0 8.4 3.7 19.8 21.2 255.2 57.4
UKL 116.1 37.6 3.2 7.5 40.8 9.1 58.1 13.1
SEc 17.6 39.8 0.6 31.8 8.0 19.3 17.6 4.0
Total 444.7 100.2

�FA �CHL
PL 25.5 34.5 1.2 56.0 3.1 4.3 12.8 3.6
DAG 20.5 47.8 2.0 40.5 8.8 0.5 10.2 2.9
FFA 65.1 27.3 8.8 16.9 20.6 26.0 65.1 18.2
TAG 516.5 53.4 6.6 5.0 18.4 14.1 172.2 48.2
UKL 80.4 44.2 2.5 14.2 32.7 6.0 40.2 11.2
SEc 57.0 43.0 4.4 16.3 8.9 25.3 57.0 15.9
Total 357.5 100.0

a Lipid droplets were isolated under two experimental conditions, after feeding cells with palmitic acid only (�FA) or with both palmitic acid and cholesterol (�FA �CHL). The
lipid classes are abbreviated as PL for phospholipids, DAG for diacylglycerol, FFA for free fatty acids, TAG for triacylglycerol, UKL for the unknown lipid, and SE for steryl esters.
b Measured (total) values of fatty acids within each lipid class (nmol/sample) and relative amounts for each lipid class (%) are shown; the amounts were then calculated back
according to the number of fatty acids expected in each class (nmol/sample). The relative contribution of each lipid class to the entire lipid droplet is shown as mol%.
c For steryl esters, relative contributions of cholesterol, dictyosterol, clionastanol, and other sterols are as follows, in respective order: with fatty acids, 0.0, 69.3, 23.9, and 6.3%; with
both fatty acids and cholesterol, 91.9, 6.0, 1.6, and 0.5%.
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droplets (Fig. 4). Presently, we see no effect of the increased
amount of Ldp on the TAG amount or lipid patterns on TLC
plates (data not shown), but it will be interesting to analyze over-
expressing strains or knockout mutants with techniques that pro-
vide higher-resolution analysis of lipid constituents.

The other protein, Net4, localizes to the endoplasmic reticu-
lum in the absence of added fatty acids and shows a distinct en-
richment at the nuclear envelope compared to other ER markers
(Fig. 5). This distribution is similar to the mammalian NET4 pro-
tein, which is known to preferentially reside in the outer nuclear
membrane (43). The function ascribed to mammalian NET4 so
far is based on small interfering RNA (siRNA) studies, which in-

dicate that loss of NET4 slows down the cell cycle, even leading to
premature senescence, depending on the cell type studied (24).
Because Dictyostelium Net4 is found on lipid droplets when the
medium is supplemented with fatty acid (Fig. 5D), we also tested
the localization for the human NET4 protein and, indeed, found
this property conserved from amoebae to humans (Fig. 5E and F).

Dual localization of lipid droplet proteins. Looking at inter-
net resources for the expression of the genes we have confirmed
above as lipid droplet components of Dictyostelium, we find that
all of them are expressed in vegetatively growing cells, i.e., in the
absence of fatty acid addition. This was further supported by our
reverse transcription-PCR (RT-PCR) experiments (data not

FIG 4 The novel protein Ldp moves from the ER to lipid droplets. (A to D)
Single confocal planes through fixed cells expressing Ldp fused to GFP (green
channel) at the N-terminal end (A and B) or carrying the GFP tag at the C
terminus (C and D) and incubated in control medium (A and C) or in the
presence of palmitic acid (B and D). The endoplasmic reticulum was revealed
by immunofluorescence staining with anti-PDI (A and C), whereas lipid drop-
lets were revealed by LD540 (B and D). The overlaid images (OL) show red and
green channels. Scale bar, 5 �m. (E) Amino acid sequence of Ldp displayed in
one-letter code (60 residues per line). Possible transmembrane segments are
shown in blue; a region with coiled-coil character is printed in red. For other
features of the protein, see the text. (F) Western blot of supernatant (S) or
pellet (P) samples from separating a homogenate derived from Ldp-GFP-
expressing cells incubated with homogenization buffer alone (Ctrl), 1 M NaCl,
or Na2CO3 at pH 11 (pH 11) to liberate weakly or tightly associated membrane
proteins, respectively. Alternatively, Triton X-100 was used to extract trans-
membrane proteins. The upper band is GFP-tagged LdpA detected by anti-
body 264�449�2; the lower band represents porin, a protein spanning the
outer mitochondrial membrane.

FIG 5 Net4 is a facultative lipid droplet protein. (A to D) Confocal images
taken from fixed Dictyostelium cells expressing Net4 tagged with GFP (green
channel) at its N-terminal end (A and B) or producing GFP fused to the C
terminus of Net4 (C and D). The cells were incubated with (B and D) or
without (A and C) fatty acid (FA), whereupon the endoplasmic reticulum was
identified by virtue of an antibody directed against PDI (red in panels A and
C). For panels B and D, lipid droplets were stained using LD540. Mammalian
HEK293T (E) or COS7 (F) cells were transfected with a plasmid encoding the
long splice variant of human NET4 fused to GFP (green) and imaged after 24
h by confocal microscopy. The formation of lipid droplets (stained with
LD540; red) was stimulated with 400 �M oleic acid overnight. Cells were
selected to express low levels of the hybrid protein so that the decoration of
lipid droplets is visible, despite the presence of dispersed aggregates in COS7
cells or juxtanuclear accumulations in the HEK293T line. The overlaid images
(OL) are shown in the third column. Scale bar, 5 �m.
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shown). Because there are almost no detectable lipid droplets un-
der these conditions, it was possible that the proteins localized
elsewhere within the cell.

Indeed, Smt1, Ldp, and Net4 are all found in the endoplasmic
reticulum in the absence of fatty acids, i.e., when lipid droplets are
absent (Fig. 3, 4, and 5). Quite a number of ER-resident proteins
relocalize to lipid droplets upon their formation. Examples from
mammalian cells are UBXD8, AAM-B (77), DGAT2 (34), caveo-
lin, ALDI (78), and ACSL3 (79). A previously mentioned example
from yeast is Erg6p (75). Conversely, in a yeast strain unable to
form lipid droplets, all typical lipid droplet-resident proteins lo-
calize to the ER (80). The large number of common proteins
shared by these organelles is not surprising because it is widely
accepted that lipid droplets are derived from the ER (81) although
the precise mechanism of their formation is still under debate.

The dual localization of proteins also raises a topological prob-
lem because the ER membrane is a typical biological phospholipid
bilayer, whereas the triglyceride core of the lipid droplet is sur-
rounded by a monolayer only. Thus, the mode of protein binding
is theoretically restricted to lipid anchors, amphipathic helices, or
hairpin structures, whereas proteins with transmembrane
stretches followed by hydrophilic tails cannot be accommodated
(1) unless one assumes that excess membrane could form local
wrinkles of bilayer, as proposed earlier (82).

Topological studies were recently started for some lipid-syn-
thesizing enzymes (79), and the mode of membrane insertion was
also investigated for caveolin (83). Preliminary biochemical ex-
periments suggest that LpdA and Net4 behave like transmem-
brane proteins in the ER (Fig. 4F and data not shown). Given the
observation that both GFP fusions of LdpA show the same local-
ization behaviors, future experiments could address the question
of whether the ends of this protein face the cytoplasm or the ER
lumen and compare these topological results with data obtained
from the Ldp protein residing on lipid droplets.
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