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Gastrodermal lipid bodies (LBs) are organelles involved in the regulation of the mutualistic
endosymbiosis between reef-building corals and their dinoflagellate endosymbionts (genus
Symbiodinium). As their molecular composition remains poorly defined, we herein describe
the first gastrodermal LB proteome and examine in situ morphology of LBs in order to
provide insight into their structure and function. After tissue separation of the tentacles of the
stony coral Euphyllia glabrescens, buoyant LBs of the gastroderm encompassing a variety of
sizes (0.5-4 um in diameter) were isolated after two cycles of subcellular fractionation via
stepwise sucrose gradient ultracentrifugation and detergent washing. The purity of the
isolated LBs was demonstrated by their high degree of lipid enrichment and as well as the
absence of contaminating proteins of the host cell and Symbiodinium. LB-associated proteins
were then purified, subjected to SDS-PAGE, and identified by MS using an LC-nano-ESI-MS/
MS. A total of 42 proteins were identified within eight functional groups, including meta-
bolism, intracellular trafficking, the stress response/molecular modification and develop-
ment. Ultrastructural analyses of LBs in situ showed that they exhibit defined morphological
characteristics, including a high-electron density resulting from a distinct lipid composition
from that of the lipid droplets of mammalian cells. Coral LBs were also characterized by the
presence of numerous electron-transparent inclusions of unknown origin and composition.
Both proteomic and ultrastructural observations seem to suggest that both Symbiodinium and
host organelles, such as the ER, are involved in LB biogenesis.

Keywords:
Bleaching / Cell biology / Cnidarian / Lipid droplets / Symbiodinium / Symbiont

1 Introduction
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plants, invertebrates, and vertebrates [1-3]. Previous studies

Lipid bodies (LBs; also referred to as “lipid droplets™) are
organelles found in both eukaryotic and prokaryotic cells,
and they have been observed and characterized in bacteria,
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have indicated that LBs may originate from the endoplasmic
reticulum (ER) [4, 5]. Specifically, it has been shown that

Abbreviations: ARF, ADP-ribosylation factor; ASW, artificial
seawater; DIC, differential interference contrast; FA, fatty acid;
FSW, filtered seawater; LBs, lipid bodies; PAT, Perilipin, Adipose
differentiation-related proteins ADRP and TIP47; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; RER, rough ER;
Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; SER,
smooth ER; SGCs, symbiotic gastrodermal cells; TEM, transmis-
sion electron microscopy; TG, triglyceride; WE, wax ester
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neutral lipids are synthesized between the leaflets of the ER
membranes, and mature LBs later bud from the ER to form
independent organelles containing a monolayer of phos-
pholipids with a unique fatty acid (FA) composition [6]. The
protein composition of LBs has been examined in a variety
of cell species, including yeasts, mammalian, and inverte-
brate cells [5, 7-9]. Characteristically, PAT (Perilipin,
Adipose differentiation-related proteins ADRP and TIP47)
family proteins are known to specifically associate with LBs
in many cell types [2, 10, 11]. Perilipins and ADRP are
located on the LB surface and appear to protect the core
lipids from hydrolysis by a hormone-sensitive lipase [12].
Overexpression of perilipins results in numerous small lipid
droplets [10].

In terms of their cellular function, recent proteomic
analyses have demonstrated that LBs not only serve
as lipid storage vessels, but are also involved in a dynamic
range of biological processes (for review, see [13]). LBs are
associated with a multitude of proteins, and their array
of cellular functions includes lipid metabolism [14],
cholesterol homeostasis [15, 16], membrane trafficking
[17, 18], cell signaling [19], transcription, and even regula-
tion of translation [8, 12, 20, 21]. For example, it has been
shown that LBs are closely coupled with lipid metabolism in
cells [14]. By interacting with cellular microtubules, LBs can
rapidly mobilize cellular lipid reservoirs [22]. LBs are also
involved in the regulation of differentiation and develop-
ment [9, 23]. For instance, during the early stages of
Drosophila embryo growth, LBs serve to store nuclear
proteins such as histones [9]. The redistribution of histones
from LBs to the nucleus then occurs over the course of
development.

The coral-dinoflagellate endosymbiosis is a mutualism in
which autotrophic dinoflagellates (genus Symbiodinium)
reside within the gastrodermal cells of their coral hosts. The
molecular mechanisms underlying the regulation of this
association remain unclear [24], and the study of coral LBs is
still in its infancy. LBs have been postulated to be lipid-based
energy reservoirs generated during the endosymbiotic
process [25]. Metabolic examinations using radio-labeled
acetate and bicarbonate indicated that Symbiodinium is the
primary contributor of lipids to LBs [26]. However, the
cellular function and biogenesis of LBs in this endosymbiosis
remain unclear. Ratiometric imaging analyses have docu-
mented lipid composition changes in LBs in response to a
shift in the symbiotic status of the coral [27]. During stable
endosymbiosis in the reef-building coral Euphyllia glabrescens,
most lipids generated by Symbiodinium were transferred to
the host coral LBs. However, upon temperature-induced
bleaching, whereby the endosymbiosis disintegrates, lipid
export to the host LB was diminished, resulting in a decrease
in LB abundance, as well as a change in their lipid compo-
sition. As the relationship between LBs and endosymbiotic
regulation demands further attention [27], LBs were purified
from the gastroderm of E. glabrescens, and both their protein
composition and ultrastructure were characterized.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Materials and methods
2.1 Reagents

Iscove’s-Modified Dulbecco’s Medium (IMDM, Gibco) with
NaHCO; was purchased from Invitrogen (Carlsbad, CA,
USA). The IMDM solution for the treatment of cells was
prepared by adding 10% FBS and antibiotics (100 pg/mL
streptomycin and 100 units/mL penicillin). All seawater used
for the experiment was prepared by filtering through a Vacu-
Cap 90 filter (0.2 pum, Gelman Laboratory, Ann Arbor, MI,
USA). Artificial seawater (ASW) was also prepared and inclu-
ded 420 mM NacCl, 26 mM MgSO,, 23 mM MgCl,, 9mM KC,
9mM CaCl,, 2mM NaHCO;, and 10mM HEPES (pH 8.2).
The osmolarity of all solutions used for the treatment of cells
was measured using a Micro-osmometer (Advanced Instru-
ments, Norwood, MA, USA) and was adjusted to 1000 mOsm
by addition of NaCl. All chemicals were of analytical grade.

2.2 Coral collection, maintenance, and preparation
of amputated tentacles

E. glabrescens colonies (diameter, 7.2-35.8 cm) were collected
by SCUBA divers from the inlet of the Third Nuclear Power
Plant (21°57.376' N, 120° 45.291" E) at a depth of 3-8 m in
Nanwan Bay, Taiwan. Collected colonies were placed in an
upright position in a 4-ton outdoor tank with flow-through
seawater (at an exchange rate of ~80L/h) and were main-
tained under a natural photoperiod with additional air
circulation in the husbandry center of the National Museum
of Marine Biology and Aquarium (NMMBA). A micro-
processor-controlled cooler (HOBO Pendant Temperature/
Light Data Logger, UA-002-64, Onset Computer, Bourne,
MA, USA) was linked to the tank and the temperature was
maintained at 26.5+1°C. Amputated tentacles were
obtained from polyps of E. glabrescens colonies using curved
surgical scissors and then transferred to the laboratory and
washed with filtered seawater (FSW) for further use.

2.3 Preparation of isolated symbiotic gastrodermal
cells

Isolated symbiotic gastrodermal cells (SGCs) were obtained
from amputated tentacles which were turned inside-out
according to a previously-published procedure [27, 28]. Cells
were then suspended in FSW at a final concentration of
~1-2x 10°/mL and the intactness of their plasma
membranes examined [27, 28].

2.4 Fluorescent labeling of LBs and the ER in SGCs
and gastrodermal tissues

Cryo-sections were obtained by an improved method in
order to achieve better resolution of tentacle tissues [29].

www.proteomics-journal.com
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Briefly, amputated tentacles of E. glabrescens were rinsed
with FSW and anesthetized with 7% MgCl, for 10 min. They
were then fixed in 3.6% paraformaldehyde and 5% sucrose
in PBS for 1h at room temperature and subsequently
incubated with PBS containing 5% sucrose, 15.7 pM Nile
red (9-diethylamino-5H-benzo[a]phenoxazine-5-one, Sigma-
Aldrich, St. Louis, MO, USA; [30]), and 16uM Hoechst
33342 (Invitrogen) for 10min to label LBs and the cell
nuclei, respectively.

Cryoprotection was achieved by infiltrating the tentacle
with sucrose of increasing concentrations. Samples were
incubated with 5 and 20% sucrose in PBS in volume ratios
of 2:1, 1:1, and 1:2 in series (each step for 30 min). Then,
sucrose-infiltrated tentacles were embedded with a 20%
sucrose: OCT compound (2:1 in volume ratio; OCT
compound: Jung tissue freezing medium from Leica) for
20min at —30°C. The tentacles were then sectioned at a
thickness of 3 pm using a Leica CM 1850 Cryostat (Leica
Microsystems, Nussloch, Heidelberg, Germany). The
sections were placed onto polylysine precoated slides
(Polyscience, Menzel), washed with ddH,O three times, and
mounted using ProLong Gold™ antifade reagent (Invitro-
gen) for microscopy.

SGCs were first loaded onto polylysine pre-coated slides
and incubated for 1h at room temperature. They were then
fixed with 3.6% paraformaldehyde in PBS for 1h at room
temperature, washed three times with PBS, and finally
stained with 15.7 uM Nile red in PBS for 10 min.

Labeling of the ER in the live gastroderm was performed
as follows. A stock ER-specific probe, ER-Tracker™ Green
(glibenclamide BODIPY® FL; Invitrogen) was prepared at
1mM in DMSO and stored at —20°C for use. Amputated
tentacles were incubated in ASW containing 4pM ER-
Tracker™ Green (final DMSO concentration, <1%) at
room temperature for 1 h. Nonbound probe was removed by
washing with FSW. Taking advantage of the elastic proper-
ties of the epiderm, the pure gastroderm was then obtained
as described previously [27]. The isolated gastroderm was
then placed onto a concave slide and covered with a 22 x 22-
mm coverslip for observation with confocal microscopy.

2.5 LB purification

An outline of the procedure for LB purification is shown in
Fig. 1. The procedure included three steps; (a) LB isolation,
(b) purity assessment, and (c) 1-D SDS-PAGE and MS.

(@) LB isolation. Eighty tentacles (stretched length, ~3cm)
from E. glabrescens were collected as above. After rinsing
with FSW, tentacle tips were removed using micro-
scissors (Spring Type, AESCULAP, Center Valley PA,
USA) to decrease the presence of nematocytes and
prevent their interference during the isolation process.
The gastroderm was then separated using ASW contain-
ing 3% N-acetylcysteine (pH 8.2) as described previously

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a) The LB isolation:
Gastroderms from E. glabrescens tentacles

|

(i) Homogenization
1. Grinder homogenization
2. Needle homogenization ————— -+ “Homogenates”

|

(ii) 18! ultracentrifugation
(0.4M-0.66M sucrose gradient) ———+# “Buoyant crude LBs”

|

(iiii) Post-15t ultracentrifugation washed with 0.04% Tween-20

|

(iv) 2" ultracentrifugation
(OM-0.36M sucrose gradient) — — — — + “Buoyant detergent-washed LBs”

|

(b) The purity assessment of LBs:
(i) Analyses for the lipid enrichment
(i) The Western blot examination for contaminations

!

(c) 1-D SDS-PAGE and LC-nanoESI-MS/MS

Figure 1. An outline of the procedure for LB purification and
proteomic analysis.

[31]. After an incubation in 2mL of ASW containing 1 x
complete protease inhibitor cocktail (25 x stock solution
in 2mL ddH,0, Cat. 11697498001; Roche, Madison, W1,
USA), the total gastrodermal layers were homogenized
on ice with ten passes of a 7-mL glass tissue grinder
(Kimble/Kontes, Vineland, NJ, USA). The crude homo-
genate was then passed through a syringe (23G x 1
(1/4)”, Top Surgical, Taiwan) 15 times. This resulted in
the “Homogenates” fraction in which gastrodermal cells
were thoroughly broken to release intracellular LBs, yet
not so thoroughly homogenized as to destroy Symbiodi-
nium cells (Fig. 1).

For the first stepwise sucrose gradient ultracentrifuga-
tion (0.4-0.66 M top-bottom), the resulting “Homo-
genates” (~1.8 mL) were mixed with cold 1.2 M sucrose
(2.2mL in PBS plus 1 x protease inhibitor cocktail, pH
7.5) in a 12-mL ultracentrifugation tube (UltraClean
tube, Beckman Coulter, Brea, CA, USA). The top of the
solution was overlaid with cold 0.4 M sucrose (6 mL in
PBS plus 1 x protease inhibitor cocktail, pH 7.5) and
spun at 150000 x g (4°C) for 30 min using a swing rotor
(SW-41, Optima L-100 XP Ultracentrifuge, Beckman
Coulter). Afterward, fractions were collected every 2mL
from the top to the bottom of the centrifugation tube.
The top layer containing LBs was deemed the “Buoyant
crude LBs” fraction (1.6mlL, Fig. 1). Other collected
fractions (i.e. fractions 1-2 to 1-5, from the top to the
bottom of the centrifuge tube) were kept for lipid and
protein analyses. The “Buoyant crude LBs” were then
incubated with cold 0.33 M sucrose (2.4 mL in PBS plus
1x protease inhibitor cocktail) containing Tween-20
(final concentration, 0.04%; Sigma-Aldrich) at 4°C for

www.proteomics-journal.com



Proteomics 2011, 11, 3540-3555

10min to remove cellular materials attached to the
outside of the LBs (the “post-1st ultracentrifugation
washed with 0.04% Tween-20” in Fig. 1).

For the second stepwise sucrose gradient ultra-
centrifugation (0-0.36 M top-bottom), the Tween-20-
washed homogenate (4mlL) from the first ultra-
centrifugation was transferred to a new ultracentrifuga-
tion tube. Then, the top was overlaid with 6 mL of cold
PBS (plus 1 x protease inhibitor cocktail) and spun at
150000 x g at 4°C for 60 min. Afterwards ten fractions
(1mL each) were collected from the top to the bottom.
The top layer containing LBs was deemed the “Buoyant
detergent-washed LBs” (Fig. 1).

(b) Purity assessment of LBs. To evaluate the LB purity in the
collected fractions, analyses were conducted to attempt
to demonstrate both a high degree of lipid enrichment
(verified with TLC) and an absence of contamination of
host and Symbiodinium proteins (verified by Western
blotting).

Lipid analyses. Lipid contents of collected fractions were

extracted by the Bligh and Dyer procedure [32] followed

by TLC using silica-coated TLC plates (20 x 20 cm?, Fys,,

Analtech, Germany), with six repetitions for each

collected fraction. Chromatography was sequentially

conducted by two solvent systems modified from the
previous reports [33, 34]. Briefly, TLC was first developed

to the Rr=0.5 position in chloroform: ethanol: H,O:

triethylamine (35:35:7:35 v/v/v/v). The plate was air-dried

and then developed to the top (R¢= 1) in hexane:diethyl
ether: acetic acid (70:30:1v/v/v). Lipid standards for wax
esters (WE), sterols, triglycerides (TGs), FAs, and
phospholipids were composed of palmityl palmitate,
cholesterol, tripalmitin, palmitic acid, phosphatidyletha-
nolamine (PE), phsophatidylcholine, and lyso-phospha-
tidylcholine, ~respectively (from Sigma-Aldrich or

Matreya, PA, USA). The lipid visualization on TLC

plates was performed by staining with 0.03% Coomassie

blue R 250 (from Sigma; in 20% methanol containing

0.5% acetic acid) [35]. Concentrations of individual lipid

species were then quantified using the Metamorph

Image Processing system (Molecular Devices, Toronto,

Canada), based on the calibration curves of individual

lipid standards corun on the same TLC plate.

(ii) Western blot examination. LBs were delipidated according
to the procedure described by Mastro and Hall [36].
Briefly, the “delipidation solution” (tributyl phosphate:
acetone:methanol, 1:12:1v/v/v) was added to the
collected fractions at a 14:1 volume ratio on ice, followed
by incubation at —20°C overnight. Precipitated proteins
were then collected (3202 x g for 15 min at 4°C), washed
sequentially with ice-cold methanol, tributyl phosphate,
and acetone (30 min at 4°C each), and spin vacuum-dried
at room temperature for 10-20 min. The precipitated
proteins were then resuspended in 1 x sample buffer
(62.5mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol,

(i

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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10 mM DTT) and quantified with the 2-D Quant Kit (Cat.
80-6483-56, GE Healthcare, Piscataway, NJ, USA). Ten
microgram (10 pg) of each protein sample was subjected
to 12% SDS-PAGE using a Bio-Rad electrophoresis unit
(Mini PROTEAN® 3 cell) [37]. Afterward, the SDS-
PAGE gel was equilibrated in Towbin buffer (25mM
Tris, 192mM glycine, 20% MeOH, 0.1% SDS, pH 8.0;
[38]) and then blotted onto PVDF membranes (immobi-
lon-PSQ 0.45 um; Millipore) using the Bio-Rad Trans-
blot™ apparatus (100V for 2h at 4°C). The membranes
were incubated in blocking buffer (5% skim milk, 0.1%
Tween-20, 100 mM Tris, 150 mM NaCl, pH 7.6) at room
temperature for 1h, followed by incubation with a mAb
cocktail of rabbit anti-ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (Rubisco) large subunit (1:2000 dilution;
Cat. ASO 037, Agrisera, Vannas, Sweden), mouse anti-
actin (1:4000 dilution; Cat. MAB1501, Millipore) and
mouse anti-ADP-ribosylation factor (ARF) (1:500 dilu-
tion; Cat. Ab2806, Abcam, Cambridge, MA, USA) in
TBS-T buffer (0.1% Tween-20, 100mM Tris, 150 mM
NaCl, pH 7.6) at 4°C overnight. The membranes were
then washed five times with TBS-T for 10min and
incubated with a HRP-conjugated goat anti-rabbit and
anti-mouse IgGs (Millipore) in TBS-T buffer (1:500
dilution). The membranes were subsequently washed
and the resulting proteins visualized using SuperSignal
West Pico Chemiluminescent substrate kits (Cat. 34080,
Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s recommendations.

2.6 Protein identification by LC-nano-ESI-MS/MS
analysis

Proteins separated on the SDS-PAGE gels were stained with
Sypro®™ Ruby according to the manufacturer’s instructions
(Invitrogen). Briefly, the gels were fixed twice with 50%
methanol and 7% acetic acid in ddH,0 for 15 min, stained
overnight in 400 mL Sypro Ruby solution, then washed in
10% methanol and 7% acetic acid in ddH,O for 30 min.
After a final wash in ddH,O for 20 min, a fluorescent image
scanner (Typhoon TRIO, GE Healthcare) was used for
protein visualization.

Prominent protein bands on the gel were manually
excised and cut into pieces for MS analysis according to a
published procedure [24]. Briefly, the gel pieces were rehy-
drated with 50mM DTT in 25 mM ammonium bicarbonate
(pH 8.5) at 37°C for 1h, and subsequently alkylated with
100 mM iodoacetamide in 25 mM ammonium bicarbonate
(pH 8.5) in the dark at room temperature for 1h. They were
then washed twice with ammonium bicarbonate buffer (pH
8.5) containing 50% ACN (50 mM ammonium bicarbonate:
ACN, 1:1v/v), dehydrated with 100% ACN for 5min,
vacuum-dried and digested in 15puL 25mM ammonium
bicarbonate (pH 8.5) containing 150ng modified trypsin
(sequencing-grade from Promega, Madison, WI, USA) at
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37°C for 16h. Following digestion, tryptic peptides were
extracted twice with 50 uL. ACN/TFA/ddH,0 (50:5:45v/v/v)
for 15min each time with moderate sonication, and the
extracted solutions were then pooled and thoroughly
evaporated under a vacuum. The samples were subse-
quently dissolved in formic acid/ACN/ddH,0 (0.1:50:49.9 v/
v/v) and analyzed by LC-nano-ESI-MS/MS.

MS/MS ion searches were performed on the processed
spectra against the NCBI nonredundant database using the
MASCOT search program (www.matrixscience.com). The
mass tolerance parameter was 20 ppm, the MS/MS ion mass
tolerance was 1Da, and up to one missed cleavage was
allowed. Variable modifications considered were methionine
oxidation and cysteine carboxyamidomethylation. Positive
identification of proteins was confirmed by observation of at
least one of the following criteria: (i) the total number of
matched peptides (mps) is more than 2, or (ii) the mps equals
2 with two different matched peptides, or (iii) the mps equals 2
resulting from the same matched peptide, but with a MOWSE
score at least 20 higher than the significance threshold, which
indicates identity or extensive homology (p<0.05).

2.7 Fluorescence and transmission electron
microscopy

Differential interference contrast (DIC) microscopy and fluor-
escence microscopy were performed using either an inverted
microscope (Aviovert 200 M, Zeiss, Oberkochen, Germany) or
an upright microscope (Axioskop 2 plus, Zeiss) equipped with
a Plan-Neofluar (1.3 N.A.) objective and epifluorescent optics
for various fluorophores, including cy3, fluorescein and DAPI.
CCD cameras (Quantix or CoolSNAP-Procf, Photometrics, AR,
USA) were employed to obtain the microscopic images using
suitable exposures. Confocal microscopy was performed using
an LSM 510 confocal microscope (Zeiss).

To investigate the in situ ultrastructure of LBs in the
gastroderm, tentacles were fixed in 2.5% glutaraldehyde/2%
paraformaldehyde/100 mM sodium phosphate containing 5%
sucrose (pH 7.3) for 2.5h at 4°C, then washed with 100mM
sodium phosphate at 4°C. They were then postfixed in 1%
0s0, in 50 mM sodium phosphate (pH 7.3) for 1h at 4°C. The
tissue blocks were washed with water, dehydrated with
increasing ethanol concentrations (50, 70, 80, 90, 95, and 100%),
and embedded in Spurr’s resin (Electron Microscopy Sciences,
Hatfield, PA, USA). Sections were then post-stained in 2.5%
uranyl acetate in methanol and 0.4% lead citrate, deposited onto
copper grids and air-dried. Samples were imaged using a JEM-
1400 transmission electron microscope (JEOL, Japan).

2.8 Statistical analysis
All statistical analyses were performed using SigmaStat 3.5

(Systat software, Chicago, IL, USA). The results were
expressed as mean+ SD (standard deviation of the mean).

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Results and discussion

Lipid droplets have emerged as a pivotal organelle in
eukaryotic cells and are involved in various functions,
including lipid metabolism [14], membrane trafficking
[17, 18], cell signaling [19], and regulation of transcription
and translation [8, 12, 20, 21]. Nevertheless, the study of
lipid droplets in mutualisms between anthozoan corals and
the dinoflagellate endosymbionts has been neglected since
they were first identified in the 1980s [25]. Examination
using fluorescent ratiometric imaging of E. glabrescens
showed that there were several unique features of gastro-
dermal LBs, including (i) they can be identified by the lipid
probe Nile red, (ii) their exclusive presence in SGCs, and (iii)
their biogenesis and lipid composition being dependent on
symbiotic status [27]. These findings clearly demonstrated
their pivotal role in regulation of endosymbiosis.

Herein, the Nile red staining of tentacle tissues revealed
that the LBs were specifically located in the gastrodermal
tissue layer in a highly concentrated region close to the
lumen (Fig. 2A, C). Under DIC microscopy, LBs were
observed as opaque globules with an average size of
~3.47 um (arrows in Fig. 2B and D). Due to their high lipid
content, LBs were specifically labeled by the lipophilic probe
Nile red (Fig. 2D). Their cellular location was further
examined in SGCs isolated from the gastrodermal layer
(Fig. 2E and F). A representative LB within a SGC
containing four Symbiodinium cells is shown in Fig. 2E. It
used to locate in the peri-nucleus region (filled arrows in
Fig. 2E and F denote the nucleus of the SGC). SGCs with
multiple LBs were also observed periodically (Fig. 5A). As
both the molecular composition and the cellular function of
LBs remain a mystery, LB-associated proteins and LB
ultrastructure in the gastroderm were investigated.

3.1 LB puirification

To date, there have been no reports of successful LB puri-
fication from a cnidarian-dinoflagellate association. ““Extra-
algal lipid droplets” have been isolated from the sea
anemone Condylactis gigantea and the hermatypic coral
Stylophora pistillata for radio-labeled lipid examinations
(125, 39], respectively). However, there was no analytical
information regarding the purity of the isolated droplets. In
fact, as shown by a later report, the identification of these
“extra-algal droplets” was questionable, as they might have
simply been host nuclei [40].

Moreover, although the high lipid content and conse-
quent low buoyant density of LBs enables rapid isolation by
floatation, nonspecific residue from the cell lysate may
result in the identification of contaminated proteins [13, 41].
Proteomic analysis is a versatile tool to investigate protein
expression during various physiological and developmental
processes [42]. However, proteins present in low concen-
trations in samples containing multiple tissues may not be

www.proteomics-journal.com
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lumen

LI,

Figure 2. Distribution of LBs in SGCs in E. glabrescens. The
distribution of the LB population in cryosections of coral tenta-
cles was examined by DIC and fluorescence microscopy. (A) DIC
image of a tentacle section showing LBs distributed specifically
in the gastroderm (ga). ep, epiderm. (B) Magnified inset of (A)
showing the LB distribution (blank arrows). (C) Nile red staining
of the LBs of (A) under a fluorescent microscope. The blue
fluorescence indicates nuclei stained with Hoechst 33342. (D)
The same magnified inset as shown in (B) under a fluorescent
microscope. (E and F) DIC and Nile red staining images of a SGC
isolated from the gastroderm, which show the distribution of a
LB (blank arrow) and the nucleus of the SGC (filled arrow). Sym,
Symbiodinium.

detected. This is particularly true in attempts to investigate
the expression of gastrodermal proteins involved in marine
endosymbiosis, as interference may be caused by proteins
from the epidermal tissue layer [31]. Hence, the gastroderm
was first separated from the epiderm of the coral E. glab-
rescens by treatment with N-aceytlcysteine (NAC), which was
previously shown to have negligible impact on protein
integrity [31].

After tissue layer separation, a procedure was developed
to purify LBs directly from the SGCs by two cycles of
subcellular fractionation and detergent washes (Fig. 1). This
process starts with LB isolation from the gastroderm; first,
homogenization is achieved through a glass tissue grinder
followed by a syringe to break host gastrodermal cells (but
not Symbiodinium) and release only host LBs. This process
greatly decreased the contamination of Symbiodinium
proteins (data not shown).

The isolated LBs with low buoyant density were then
harvested after two cycles of stepwise sucrose gradient
ultracentrifugation and detergent washes with Tween-20.
Because of the viscous nature of the homogenates, due to

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the mucus secretion from coral tissues during the homo-
genization, one single cycle of stepwise sucrose gradient
ultracentrifugation (i.e. 0-0.66 M, from top to the bottom)
resulted in unsatisfactory fractionations. Here, the LB
population could not be concentrated to the floating layer
(data not shown). Mucus has been reported to bind with the
lipid vesicles [43], and may thus interfere with the buoyant
density of LBs. As a consequence, the ultracentrifugation
fractionation with two cycles for stepwise sucrose gradient
(first, 0.4-0.66 M; second, 0-0.36 M) was developed to
remove mucus efficiently and for the better LB recovery.

The purity of isolated LBs was then demonstrated by
their high lipid content relative to that of whole tissue
extracts and the lack of contamination of marker proteins
from the host coral and Symbiodinium. The major char-
acteristic of lipid droplets in eukaryotic cells is their high
concentration of neutral lipid triglycerides (TGs) (for
review,[44]). Besides, cholesteryl ester, cholesterol (or ster-
ols) and wax ester (WE) have also been reported to be
enriched in lipid droplets of mammals [10, 41, 44], plants
[44], and the Cnidaria [26, 27, 45]. As there is currently no
protein marker for coral LBs, the enrichments of these lipids
in the fractioned samples compared with those of the tissue
homogenate were used as the first assessment for LB purity.
First, as shown in Fig. 3A, there were both neutral and polar
lipids detected in LBs, including WEs, TGs, sterols, FAs, and
three phospholipids (PE, phosphatidylcholine [PC], and
lysophosphatidylcholine [lysoPC]). It was evident that lipid
levels in the “Buoyant detergent-washed LBs” fraction after
the 0.04% Tween-20 wash and the second sucrose gradient
ultracentrifugation (0-0.36 M, top to bottom) were greatly
enriched in comparison to those of the “Buoyant crude LBs”
fraction after the first sucrose gradient ultracentrifugation
(0.4-0.66 M, top to bottom). With the exception of FA, all of
the six lipid species were considerably enriched in the
“Buoyant detergent-washed LBs.” Specifically, in compar-
ison to the lipid concentrations in the “Homogenate,” there
were 36-fold, 26-fold, and 119-fold higher concentrations of
WE (7.31+£0.55 versus 0.20£0.01pgpg/protein), TG
(87.214+10.20 versus 3.38+0.04 pg pg/protein), and sterols
(6.9240.87 versus 0.06+0.01 pg pg/protein), respectively,
in the “Buoyant detergent-washed LBs” (Table 1).

The purity of LBs was further assessed by Western blot
using antibodies against two selected host proteins, the
small GTPase ADP-ribosylation factor (ARF) and actin, and
one Symbiodinium  protein, ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). The ARFs were selected as
the marker for the contamination from the host cell because
of its broad subcellular distribution. Depending on different
species (ARF1-ARF6) and activities, ARFs distribute in the
plasma membrane, cytosol, the vesicular system, and
ER-Golgi, [46, 47]. The anti-ARF mAD used in this study
recognizes ARF1, ARF3, ARF5, and ARF6 according to the
manufacturer’s direction and a published report [48].The
host actins with a molecular weight of ~43kDa were
selected as additional host marker proteins as described in a
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previous report [24]. As shown in Fig. 3B, the “Homo-
genate” and all fractions after the first sucrose gradient
ultracentrifugation, including the “Buoyant crude LBs”
fraction, contained both host and Symbiodinium marker
proteins, indicating the presence of contamination from the
host and Symbiodinium. The Western blot showed that the
antibodies recognized Rubisco, actin, and ARF at molecular

subjected to 0.04% Tween-20 wash, followed by a second
sucrose gradient ultracentrifugation. As shown, Rubisco and
ARF were removed in the “Buoyant detergent-washed LBs”
fraction. Interestingly, the actin doublet that was originally
present in the “Buoyant crude LBs” was resolved after the
second ultracentrifugation. The upper actin singlet was still
present in the purified LBs, indicating the presence of a

weights of ~55, ~43 (a doublet), and ~21kDa (a doublet),
respectively. The “Buoyant crude LBs” fraction was then

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

specific type of actin associated with LBs (discussed in
greater detail below). Furthermore, the contaminated ARF
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Table 1. Lipid contents of homogenates and buoyant fractions containing LBs after two cycles of subcellular fractionation

Lipids® Homogenate

“Buoyant crude LBs"

““Buoyant detergent-washed LBs”

(ug/ug protein)®  [folds]® (ug/ug protein) [folds]

(ng/ug protein)  [folds] (molecule no./ug protein)®

WE 0.204+0.01 [1x1] 1.68+0.09 [8.39 x ]
TG 3.384+0.04 [1x] 26.61+1.95 [7.87 x ]
Sterol 0.06+0.01 [1x] 1.02+0.04

FA 0.534+0.05 [1x] 0.274+0.05 [0.51x1]
PE 0.02+0.00 [1x] 0.05+0.00 [2.71 x ]
PC 0.404-0.02 [1x] 1.37+0.18 [3.45 x ]
Lyso PC  0.20+0.01 [1x] 0.58+0.04 [2.89 x ]

[17.69 x ]

7.314+0.55 [36.49x] 9.15x 10"
87.21+10.2 [25.78 x]  6.51x 10"
6.92+0.87 [119.40x] 1.08 x 10"®
1.09+0.00 [2.08 x ] 2.56 x 10'®
0.33+0.00 [18.95x]  2.67 x 10™
2.93+0.46 [7.51x]1 2.32x 10"
1.58+0.70 [7.88 x ] 3.18x 10"®

a) Analyses of lipids by TLC using commercial lipids as standards (Section 2), including WE (Palmityl palmitate, MW. 480.85), TG
(Tripalmitin, MW. 807.34), Sterol (Cholesterol, MW. 386.65), FA (Palmitic acid, MW. 256.42), PE (PE, MW. 744.05), PC (PC, MW. 760.09),

Lyso PC (Lysophosphatidylcholine, MW. 299.26).

b) Lipid contents are expressed as lipid/protein (ug/ug); Data are presented as mean+SD (n = 6).
c¢) Folds of concentration increases compared with the lipid concentration of homogenates.
d) Molecule number per microgram protein, was calculated based on the lipid concentration, molecular weight of individual lipid and

Avogadro’s number.

doublet was also resolved into different fractions, and then
completely removed from the purified LBs in the “Buoyant
detergent-washed LBs” fraction. Comparison studies
showed that ARF still could be removed from the buoyant
LB fraction after the second sucrose gradient ultra-
centrifugation without the Tween-20 washing (data not
shown). Nevertheless, without the Tween-20 washing,
contaminated proteins from the symbiont chloroplast, such
as Rubisco and PCP (peridinin-chlorophyll a-binding
protein), could not be removed. This indicates that the
detergent wash and second ultracentrifugation are required
to improve the purity of LBs. It also clearly showed
that the ARF was not a LB-associated protein, and further
validated its use as the host protein marker to assess the LB
purity.

Several detergents, including SDS, Triton X-100, and
Tween-20, were tested for their ability to remove cellular
debris from the LBs while demonstrating minimal impact
on LB integrity. The ionic detergent SDS at concentrations
of 0.04-0.1% readily destroyed LBs. The nonionic detergent
Triton X-100 at similar concentrations tended to induce size
increases in LBs. Finally, Tween-20 at a concentration
(0.04%) lower than its CMC (~0.06% at 21°C; [49]) was
shown to be the preferred detergent for LB washes.
The 4°C-wash might further increase the CMC of Tween-20
[50] and prevent solubilization of LB-associated proteins by
0.04% Tween-20, as there was no observable change in LB
size after Tween-20 washing (data not shown). The
morphology of the purified LBs in the “Buoyant detergent-
washed LBs” was remarkably stable, and they remained
isolated with no noticeable changes in size during
the purification process (Fig. 3C). Furthermore, they
did not aggregate or coalesce, even after prolonged
storage at —80°C or following freeze—thawing. It is possible,
then, that proteins on the LB surface act to prevent cell
fusion, as has been shown in lipid droplets of other eukar-
yotes [51-53].

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Analysis of LB-associated proteins by SDS-PAGE
and MS

After SDS-PAGE, protein profiles of the gastrodermal
“Homogenates,” the “Buoyant crude LBs” and purified
“Buoyant detergent-washed LBs” were compared (Fig. 3D).
Ten LB-associated protein bands in the purified LBs (Ga-01
to Ga-10 in the “Buoyant detergent-washed LBs”) were
removed and analyzed by MS, and 42 LB-associated proteins
were identified (Table 2). These LB-associated proteins were
heterogeneous in origin and function, and, based on NCBI
homology searches, 85.7% (36 of the 42 proteins) appeared
to be of animal origin, with 33.3% (12/36) being most
similar to published cnidarian protein sequences. It was
assumed that the proteins with the highest degree of simi-
larity to animals were of host origin. One the other hand,
only 11.9% (5/42) and 2.3% (1/42) were presumed to be of
bacterial and plant origin, respectively, and the latter was
assumed to be from Symbiodinium.

In addition to the heterogeneous nature of their origin,
the identified proteins are involved in a variety of cellular
functions (Fig. 4), including energy metabolism (21%),
cytoskeleton dynamics and intracellular trafficking
(21%), protein folding (17%), DNA repair and metabolism
(10%), lipid metabolism (7%), protein biosynthesis and
metabolism (7%), transport (7%), and assorted other roles
(10%). This protein composition is distinct from that of lipid
droplets in other eukaryotic cells. Among the 42 proteins
identified, 57.1% (24 proteins) have been identified as lipid
droplet-associated proteins in other cell types (Table 2 and
references cited therein), whereas 42.9% (18 proteins) were
unique to LBs of coral.

Among the various structural proteins identified in the
lipid droplets of other eukaryotic cells, the PAT protein
family (Perilipin, ADRP, and TIP47) has been shown to be
most abundant and has become a protein marker for
lipid droplets [2]. PAT proteins are responsible for droplet

www.proteomics-journal.com
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stability [51], and are involved in lipolysis, FA-binding,
membrane targeting, and lipid trafficking [2]. Nevertheless,
members of the PAT protein family were not identified in
SGC LBs (Table 2) or yeast lipid droplets [7]. Furthermore,
small GTPase proteins (e.g. Rab and ARF) occasionally
found in animal lipid droplets [51] were also absent in coral
LBs. These absences may suggest that LBs in this marine
endosymbiosis differ from lipid droplets in other cell species
in terms of their biogenesis and function.

It is also striking to note that, among the 42 identified
proteins, there was only one of dinoflagellate origins,
most closely resembling a putative actin from Streptohyta
(Table 2). The dominance of proteins of presumed host
origin may indicate a dominant role of the host in LB
biogenesis. On the other hand, prior work found that the
majority of the lipids within the LBs are of Symbiodinium
origin [27], suggesting that both members of this endo-
symbiosis are involved in LB biogenesis and function.

The differences in the protein composition of coral
SGC LBs compared with those of other species may help to
shed light on their unique morphological characteristics,
described in detail below, as well as further the under-
standing of their role in this environmentally important
marine endosymbiosis. This link between the LB ultra-
structure and proteome is discussed in the following
sections.

3.2.1 General in situ morphology of LBs

In comparison with lipid droplets of other eukaryotic cells,
there are several unique morphological characteristics of LBs
in this coral-dinoflagellate endosymbiosis (Fig. 5). First, they
exhibit high electron density upon transmission electron
microscopy (TEM) examination (see “LB” in Fig. 5A),
suggesting that the major core components are different
from those of lipid droplets in other eukaryotic cells. For
example, numbers of unsaturated bonds in TGs resulting
from feeding cells with FAs have been shown to determine
the TEM electron density of lipid droplets [54]. Based on the
high reactivity of osmium tetroxide with unsaturated FAs, an
increase in the electron density of the lipid droplets as

Transporter

Protein biosynthesis & metabolism
Lipid metabolism

Miscellaneous

DNA repair & metabolism

Molecular chaperone

Cytoskeleton & intracellular trafficking

Energy metabolism

0% 5% 10% 15% 20% 25%

Figure 4. Functional categories of the identified, LB-associated
proteins.
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examined by quantitative TEM imaging analysis was
observed when more unsaturated FAs were fed to both
fibroblasts and adipocytes [54]. The electron density of lipid
droplets varies across cell types, ranging from low
(e.g. adipocytes [54]) to high (e.g. leukocytes [5]). The LBs in
E. glabrescens are more similar to the latter in that they are
characterized by a high electron density suggestive of a high
level of unsaturated TGs. This is also confirmed that, among
other lipids, TGs are most abundant in both weight concen-
tration (87.21+10.20 ug/pg protein) and molecular number
(~6.51 x 10"® molecules/ug protein) in coral LBs (Table 1).

As a second notable characteristic, sections of the LBs
exhibited rectangular, electron-transparent inclusions,
measuring 1-2 pm in length and 25-30nm in width (see
blank arrows in Fig. 5A and B). The occurrence of these
inclusions varied in the LBs examined and covered an
average area between 1.87 and 30.88% of the LB TEM
section. The nature of these inclusions remains to be
elucidated. However, they may represent regions containing
lipid species without unsaturated bonds, or not reactive with
osmium tetroxide such as sterols and WEs [1, 54, 55]. As
previously shown, the electron density of cholesterol-rich
lipid droplets was generally low [54]. Similar inclusions have
also been found in lipid vesicles in both epiderm and
gastroderm of corals such as Acropora acuminate [26],
Astrangia danae, Porites porites [56], and larvae of Pocillopora
damicornis [57]. Based on the ultrastructural appearance,
these inclusions were concluded to contain WEs, and were
associated with mucus-producing cells [26]. Nonetheless, the
chemical nature of these LB inclusions in the present study
requires future investigation. In some cases, ultrastructural
examination showed that they were connected with adjacent
Symbiodinium via numerous fibrous or membranous struc-
tures (Fig. 5B). As shown in the magnified inset (Fig. 5C),
there was a very close attachment of these structures with
the Symbiodinium (see the blank arrows). These structures
further extend into the site of the inclusions in the LBs (see
the filled arrows).

Third, the LBs were in close spatial proximity to mito-
chondria, ER, and Golgi apparatus. As shown in Fig. 5A,
mitochondria were commonly observed around the LB. The
ER (both smooth ER (SER) and rough ER (RER) was another
significant organelle in close contact with the LBs. Whether
these close proximity indicates a functional relationship
between LBs and cellular organelles, or it is just resulted
from a space limitation in the SGC due to the presence of
bulky symbionts (Fig. 2E) remains to be elucidated.

3.2.2 Biological function of LBs

Based on the number of identified proteins in different
functional categories (Fig. 4), LBs are implicated to have
four major biological functions (Fig. 4 and Table 2) in the
following prioritized order; (i) lipid and energy metabolism
(12 identified proteins out of 42), (ii) cytoskeleton formation
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and intracellular trafficking (9 out of 42), (iii) stress
response/molecular modification (7 chaperone proteins out
of 42), and (iv) development (4 DNA repair and metabolism
proteins out of 42).

3.2.2.1 Role in lipid and energy metabolism

The defining characteristic of LBs is their high concentra-
tion of lipids, which was used as one of the criteria for the
validation of LB purification in the present study (Fig. 3A).
As summarized in Table 1, LBs contained seven lipid
species, including TG, sterols, WE, lysophosphatidylcholine,
FA, PC, and PE in the prioritized order of molecular
number per microgram LB protein. Similar to lipid droplets
in other eukaryotic cells, TGs are most abundant [44, 54].
However, it is surprising to note that other lipid composi-
tion in coral LBs is different from those of lipid droplets in
other eukaryotic cells. Mainly, steryl ester (or cholesterol
ester), a common lipid in mammalian cells [44], was not
detected in the gastrodermal LBs. Instead, sterols are

Figure 5. In situ morphology of coral LBs. LB ultrastructure was
examined by TEM in the gastroderm of the coral tentacle. (A)
The distribution of two LBs inside a SGC. PM, plasma membrane
and Sym, Symbiodinium. Smooth or rough ER (SER, RER,
respectively), mitochondria (mit) and Golgi apparatus (G) were
often found adjacent to LBs. Furthermore, long, narrow inclu-
sions with low electron density (arrows) inside individual LBs
were repeatedly observed, an example of which is demonstrated
in (B). (B) An example of a LB with numerous fibrous structures
connecting to the adjacent Symbiodinium. The selected region
is magnified in (C), showing that these fibrous structures origi-
nated from the endosymbiont’s surface (see blank arrows), and
extended into the LB (see filled arrows).
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significantly enriched in both weight concentration
(6.924+0.87 ng/ug protein) and molecular number
(1.08 x 10'® molecules/ug protein) in the gastrodermal LBs
(Table 1). Moreover, WEs, which were not found in lipid
droplets of mammalian cells [44], were present in the
gastrodermal LBs with a weight concentration of
7.3140.55ug (~9.15 x 10" molecules) per microgram
protein. Here, the presence of WE and absence of
steryl ester in coral LBs are similar to lipid droplets in plants
[44]. This suggests that Symbiodinium could be the manu-
facturer of the WE that ultimately migrates to the gastro-
dermal LBs. Molecular numbers of FAs and other
phospholipids ranged from ~2.67 x 10** to 3.18 x 10**, and
their enrichments were lower than those of WE, TG, and
sterols (Table 1). Whether this may be resulted from the
nonspecific removal by the Tween-20 washing remains to be
elucidated.

The MS examination showed that there were three LB-
associated proteins involved in lipid metabolism, including
phospholipase D, S-adenosyl-i-homocysteine hydrolase and
acetyl-CoA acetyltransferase (Table 2). Phospholipase D
(PLD) hydrolyzes the phosphodiester bond of the glycer-
olipid PC, resulting in the production of phosphatidic acid
and free choline [58]. Phosphatidic acid is widely considered
to be the intracellular lipid mediator of many of the biolo-
gical functions attributed to Phospholipase D [58]. In
eukaryotes, S-adenosyl-i-homocysteine hydrolase offers a
single way for the degradation of S-adenosyl-i-homo-
cysteine, a product and potent competitive inhibitor of
S-adenosyl--methionine  (AdoMet)-dependent ~ methyl-
transferases, and is involved in homeostasis of cellular PC
[59]. Acetyl-CoA acetyltransferase is an enzyme which
converts two units of acetyl-CoA to acetoacetyl CoA in the
mevalonate pathway [9]. It has key roles in many vital
biochemical pathways, including the B-oxidation pathway of
FA degradation and various biosynthetic pathways [9]. The
identification of these three enzymes indicates that there are
active lipid catabolic processes occurring on or within LBs.
LBs have been proposed to store neutral lipids as an energy
source [39], and this hypothesis is supported by the
proteomic data (Table 2), which, in addition to the three
lipid metabolism proteins, unveiled nine additional
enzymes involved in various energy metabolism pathways,
including ATP synthesis, glycolysis, and the tricarboxylic
acid cycle. These results suggest that LBs may not only serve
as lipid repositories, but may also represent a dynamic
nexus of lipid metabolism.

TGs are synthesized by the action of acyl CoA:diacyl-
glycerol acyltransferase (DGAT, EC 2.3.1.20) with diacyl-
glycerol and fatty acyl CoAs as substrates [44]. However,
both DGAT and diacylglycerol for TG synthesis
were not identified in coral LBs. It may indicate that TGs are
not synthesized in situ in LBs. Future investigations
to examine the distribution of DGAT should provide
critical insight to understand how TGs are accumulated in
coral LBs.
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3.2.2.2 Role of the cytoskeleton and intracellular
trafficking

The functional category with the second greatest number of
proteins identified in LBs (9 out of the 42 (21%); Table 2 and
Fig. 4) is “cytoskeleton and intracellular trafficking.” Two
actins (GI No. 26522784 and 255645644), four actin-binding
proteins (GA25794, tropomyosin, troponin I isoform 6a2 and
a-actinin) and two tubulin species (B-tubulin and tubulin a-1
chain) were identified, indicating the important role of the
cytoskeleton in LBs. In fact, the Western blot examination
also showed that there was specific actin species in the
purified LBs (Fig. 3B, “Buoyant detergent-washed LB” frac-
tion). The nature of this actin requires further investigation,
as it is unclear whether it is truly associated with the LBs, or a
contaminant difficult to be removed. In a previous study,
cytoskeletal proteins have been identified as LB components,
and P-actin has been shown to form a cage around lipid
droplets in rat adrenocortical cells and adipocytes [60].
Attachment sites of tubulin on the LB surface are visible as
spikes, and nocodazole treatment results in diffuse tubulin,
which affects vesicle distribution [19].

Lipid droplets have been shown to migrate along cytos-
keletal elements during growth and disintegration [61].
Their movement may also promote nutrient delivery from
one location to another. For example, in Drosophila, cyto-
plasmic streaming delivers droplets from their site of
synthesis in nurse cells to the oocyte and thus ultimately to
the embryo [9, 62]. The elucidation of LB movement during
the coral-Symbiodinium endosymbiosis remains a challenge
due to the bulky dinoflagellate(s) that occupy almost all of
the space within the host gastrodermal cell. Their presence
could, then, inhibit the observation of motion of LBs by
microscopic examination.

Lipid droplets have been shown to be active and dynamic
cellular organelles that govern lipid homeostasis and intra-
cellular trafficking in a variety of mammalian cells [52]. They
have been shown to regulate lipid trafficking by inter-
communication with the Golgi apparatus, ER, numerous
intracellular vesicles, and the plasma membrane. Many
proteins involved in intracellular trafficking have been
identified on lipid droplets, including ARF, Rab, Rho, and
their regulatory proteins [52]. Nevertheless, in the present
study, such intracellular trafficking proteins were unde-
tected in the gastrodermal LBs (Table 2). In particular, the
absence of ARF was also confirmed by the Western blot
examination (Fig. 3B). The association of small GTPase
proteins with lipid droplets is variable and cell-type specific
(for review, see [63]). In fact, both Rho and ARF proteins
were less frequently observed in lipid droplets, especially of
yeast and Drosophila [63]. However, a cnidarian homolog of
stomatin was identified in the gastrodermal LBs. Stomatin
has been shown to associate with LBs of MDCK cells [19].
Blocking of protein synthesis leads to the redistribution of
stomatin from LBs to lysosomes, indicating the critical role
of stomatin in regulating the vesicular trafficking of LBs
with other cellular compartments [19].
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3.2.2.3 Role in the stress response and molecular
modification

Seven molecular chaperones, including DnaK, HSP70,
HSP83, HSP90, and three others, were identified in coral
LBs, with all likely to be of host origin based on homology
searches (Table 2). Except for HSP83 and the GroEL-like
type I chaperonin, the other chaperones have been identified
in LBs of other cell types [5, 12, 15, 17, 19, 64]. For instance,
it was proposed that enhanced formation of lipid droplets in
rat phenochromocytoma cells (PC12) could be a response to
nanomaterial-induced stresses [65]. In this study, the rela-
tively large number of coral LB molecular chaperones
identified by MS could indicate that LBs may be a site of
protein modification in response to diel protein denatura-
tion resulting from reactive oxygen species production
during photosynthesis in hospice [66].

3.2.2.4 Role in development

Among the 42 identified proteins, four (10%) are nuclear
proteins, including the ATP-dependent exoDNAse B subu-
nit, BRCA1, histone family protein, and histone H2A
(Table 2). The presence of histones in lipid droplets is
intriguing and has only been observed in human leukocytes
(U937 cells [5]) and invertebrate embryos (Drosophila [9, 13]).
In the latter, using biochemical and real-time imaging, it
was found that lipid droplets serve as transient storage
depots for proteins during embryonic development [9].
Almost 50% of known embryonic histones are physically
attached to lipid droplets during oogenesis in early
embryonic development. Accumulated histones are then
transferred from the lipid droplets to the nuclei as devel-
opment proceeds. As typical histones have not been detected
in Symbiodinium [31], the histone H2A is likely of host
origin and implicates a potential role of LBs in the regula-
tion of coral development.

3.3 LB biogenesis

The mechanism of host LB assembly in cnidarians
remains completely unknown [27]. Previous studies have
indicated that lipid droplets originate from the ER in a
variety of eukaryotic cells (for review, see [3, 4]), in which
neutral lipids (including TGs and cholesterol esters) are
synthesized between leaflets of the ER membrane and later
bud off to form independent lipid droplets [15, 59]. The
presence of ER-like membranes around and within LBs has
been reported in activated leukocytes, such as human
neutrophils and eosinophils, when LB formation was
enhanced [5]. As a consequence, lipid droplets were
enclosed in a phospholipid monolayer derived from the ER.
However, the presence of a monolayer phospholipid
membrane around the LB was not specifically examined in
the present study. SER and/or RER were often observed to
distribute around the LBs (Figs. 5A). It is also intriguing to
note that the SER was seen to enclose individual LBs in

www.proteomics-journal.com



Proteomics 2011, 11, 3540-3555

Figure 6. Association of the ER with LBs. (A) The close distri-
bution of the SER (see filled arrows) with the LBs. This particular
LB was also surrounded by a SER (see blank arrows). (B and C)
The distribution of LBs and ER in live gastrodermal tissue. (B)
The DIC image of the gastrodermis, indicating the LB distribu-
tion (see blank arrows); (C) The ER labeling in the same tissue by
ER-Tracker™ Green. Sym, the Symbiodinium.

some cases (blank arrows of Fig. 6A). The distribution of the
ER around LBs was further confirmed in vivo with the ER-
Tracker Green probe. As indicated by arrows in Fig. 6B and
C, the fluorescent labeling displayed a characteristic, ring-
like distribution over the surface of the LBs. The close
relationship of the ER with the LBs was further demon-
strated by the identification of the ER-specific chaperone Bip
(GRP 78, Table 2). Nevertheless, the mere observation of
host ER around the LB surface is not enough to provide a
mechanism for LB biogenesis, and hence future research
will attempt to unveil such a mechanism in this coral-
dinoflagellate endosymbiosis.

4 Concluding remarks
LBs are likely to be important pivotal organelles in coral-

Symbiodinium endosymbioses, and their biogenesis and
cellular function should be the targets for future investigation.
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The suite of proteins found to be associated with LBs purified
from SGCs indicates that LBs are involved in an array of
cellular processes. In combination with morphological inves-
tigations of LBs using confocal and TEM, the present study
clearly shows that both the morphology and the molecular
composition (proteins and lipids) of LBs are significantly
different from those of other eukaryotic cells. These differences
may stem from the endosymbiotic nature of this association in
which it is likely that both the host and endosymbionts play a
role in the regulation of LB biogenesis and function.
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