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Abstract

During the last several years, intracellular lipid droplets have become the focus of intense study.
No longer an inert bystander, the lipid droplet is now known as a dynamic organelle contributing
lipids to many cellular events. However, while the dynamics of cholesterol efflux from both the
plasma membrane and lipid droplets have been studied, less is known regarding the efflux of
sphingomyelin from these membranes. In order to address this issue, sphingomyelin efflux
kinetics and binding affinities from different intracellular pools were examined. When compared
to the plasma membrane, lipid droplets had a smaller exchangeable sphingomyelin efflux pool and
the time required to efflux that pool was significantly shorter. Fluorescence binding assays
revealed that proteins in the plasma membrane and lipid droplet pool bound sphingomyelin with
high affinity. Further characterization identified adipose differentiation-related protein (ADRP) as
one of the sphingomyelin binding proteins in the lipid droplet fraction and revealed that ADRP
demonstrated saturable binding to 6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-
hexanoyl)sphingosyl-phosphocholine (NBD-sphingomyelin) and also 2-(6-(7-nitrobenz-2-oxa-1,
3-diazol-4-yl)amino)hexanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine (NBD-
phosphatidylcholine) with binding affinities in the nanomolar range. Taken together, these results
suggest that lipid droplet associated proteins such as ADRP may play a significant role in
regulating the intracellular distribution of phospholipids and lipids in general. Overall, insights
from the present work suggest new and important roles for lipid droplets and ADRP in
phospholipid metabolism.
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Introduction

As defined by the body mass index, greater than one-third of the American adult population
is considered to be obese, with a greater risk of developing cardiovascular disease and
diabetes [1-3]. When chronic over-nutrition leading to obesity occurs, excess lipids are
stored in intracellular organelles called lipid droplets. Once thought to be simple storage
vesicles for neutral lipids, it is now clear that lipid droplets serve as reservoirs for lipids and
proteins involved in many cellular processes. However, despite growing awareness of the
health problems associated with excessive lipids in tissues and cells, details on the molecular
mechanism of intracellular lipid storage remain unclear.

Lipid droplets have been the focus of increasing scrutiny in the last decade and the subject
of several reviews [4-6]. Lipid droplets are composed of a neutral lipid core surrounded by a
phospholipid monolayer, within which proteins reside [7,8]. Initially, the only known
proteins were the perilipins [7], adipose differentiation-related protein (ADRP) [9,10], Pogg
capsule protein [11,12], and vimentin [11]. Proteomic analysis later revealed associations
with proteins involved in cell signaling, cholesterol/fatty acid metabolism, and membrane
trafficking [13-15]. Caveolin proteins, normally found in flask-like invaginations of the
plasma membrane called caveolae, were also present. However, while the function of
plasma membrane caveolins in binding and facilitating the transport of cholesterol and fatty
acids is well-documented [16-19], it remains unclear what role these proteins play in lipid
droplet function.

In cells, the bulk of cholesterol and sphingolipids such as sphingomyelin are in the plasma
membrane, a lipid bilayer where the deposition of cholesterol is defined by its high affinity
for the saturated acyl chains of sphingolipids. Cholesterol and sphingomyelin are essential
membrane components, yet, excess levels are toxic and increase the risk for arteriosclerosis.
Therefore, the levels are strictly regulated through several processes, including efflux, to
remove excess lipids from the cell and the body. As lipid reservoirs, the regulation of
cholesterol and sphingolipid levels within lipid droplets is important to maintain lipid
homeostasis. However, while the dynamics of cholesterol efflux from the plasma membrane
and lipid droplets have been studied [20], less is known regarding the efflux of
sphingomyelin from membranes. The present work was undertaken to examine the efflux
kinetics and binding affinity of different intracellular sphingomyelin pools. The results
presented herein establish, for the first time, ADRP as a phospholipid (sphingomyelin,
phosphatidylcholine) binding protein and define the affinity and capacity of NBD-
sphingomyelin for lipid droplet and plasma membrane proteins.

Materials and Methods

Materials

Silica Gel G and Silica Gel 60 thin layer chromatography (TLC) plates were from Analtech
(Newark, DE) and EM Industries, Inc. (Darmstadt, Germany), respectively. Neutral lipid
standards were purchased from Nu-Chek Prep, Inc. (Elysian, MN), while phospholipid
standards were obtained from Avanti (Alabaster, AL). Rabbit polyclonal antiserum to mouse
ADRP was prepared as described [21]. Rabbit anti-human caveolin-1 (cat. no. 610059) was
purchased from BD Transduction Laboratories (Palo Alto, CA). Rabbit anti-human
caveolin-2 (cat. no. NB100-79911) and rabbit anti-human Na* K*-ATPase (cat. no.
NB100-80005) were purchased from Novus Biologicals (Littleton, CO). Mouse anti-human
cytochrome c oxidase (clone AS70, cat. no. C9229) was purchased from Sigma (St. Louis,
MO). Mouse anti-human transferrin receptor (CD71, clone H68.4, cat. no. 13-6800), NBD-
sphingomyelin, Nile red, and NBD-phosphatidylcholine were purchased from Invitrogen
(Camarillo, CA). Primary antibodies were diluted 1:1,000 for Western blot analysis. Human
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high-density lipoprotein (HDL) was from Calbiochem (San Diego, CA). All reagents and
solvents used were of the highest grade available and were cell culture tested.

L-Cell Culture

Murine L-cells (L arpt™tk™) were grown to confluency in Higuchi medium [22]
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), as described in [23]. For
fluorescence imaging and efflux experiments, cells were seeded at a density of 50,000 cells/
chamber onto Lab-Tek Chamber Coverglass slides (Nunc, Naperville, IL). To ensure a
monolayer, samples were examined within 20 h of seeding. Lipid droplets were isolated
from L-cells grown to confluency on culture trays (245 x 245 x 25 mm, Nunc, Naperville,
IL), as described previously [8].

Laser Scanning Confocal Microscopy

Confocal and co-localized images were acquired on a Bio-Rad (Hercules, CA) MRC-1024
Laser Scanning Confocal Imaging System using multiple photomultiplier tubes under the
control of LaserSharp v.3.2 software (Bio-Rad). For probe excitation, the MRC-1024 system
utilized a 15-mW krypton-argon laser (American Laser Corp., Salt Lake City, UT) with a 5-
mW output. Cells cultured on Lab-Tek Chamber Coverglass slides were placed on the stage
of a Zeiss Axiovert 135 inverted epifluorescence microscope (Zeiss, Thornwood, NY) and
examined with a 63x oil-immersion, infinity objective (numerical aperture 1.4). For co-
localization experiments, cells were incubated with NBD-sphingomyelin (0.2 uM) and Nile
red (0.1 uM) for 10 min in a 37°C, 5% CO, incubator. After incubation, cells were washed
with phosphate-buffered saline (PBS) buffer and then sequentially imaged for NBD-
sphingomyelin (488 nm excitation, 540/30 emission, green channel) and Nile red (568 nm
excitation, HQ598/40 emission, red channel). The confocal images from the green and red
channels were merged and appeared yellow where superimposition occurred (red and green
are additive and yield yellow to orange in the RGB color space). NBD-sphingomyelin was
mainly localized to lipid droplets and the plasma membrane, with other internal staining
evident after 20-30 min of incubation. Pixel fluorograms were constructed and correlation
coefficients used to estimate the extent of probe overlap were determined from the
fluorograms as described previously [20]. Samples were exposed to the light source for
minimal time periods to minimize photobleaching effects. The gain and black levels of each
photomultiplier tube were optimized to minimize the levels of the autofluorescence signal
and to increase the dynamic range. Residual auto fluorescence remaining was subtracted
from the data. Image files were analyzed using either Metamorph software (West Chester,
PA) or NIH Image, a program written by W. Rasband and available by anonymous FTP
from http://zippy.nimh.nih.gov.

NBD-Sphingomyelin Stability

In experiments performed to assess the stability of the NBD-sphingomyelin probe, L-cells
were grown to confluency on 35-mm tissue culture dishes as described above. Cells were
incubated with NBD-sphingomyelin (0.5 uM) in PBS for 3 min at 37°C, after which the
buffer was removed and the cells washed with PBS to remove unincorporated NBD-labeled
probe. Thereafter, the cells were incubated in PBS at 37°C for various timed intervals (0-60
min). At the indicated time, the buffer was removed, the cells were washed once with PBS
before freezing, and then scraped into n-hexane-2-propanol extraction solvent 3:2 (v/v) [24].
Polar lipids (including NBD-sphingomyelin) were separated from neutral lipids using silicic
acid columns washed with chloroform—-methanol 59:1 (v/v), followed by methanol. The
polar lipids were resolved on Silica Gel 60 TLC plates using
chloroform:methanol:water:acetic acid (150:112.5:6:10.5, v/v/v/v). NBD-labeled lipids were
visualized on the TLC plates under UV light at 360 nm using an Alpha Innotech FluorChem
Imager (San Leandro, CA). Levels of NBD-sphingomyelin remaining at each time point
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were compared to NBD-sphingomyelin at time zero (initial concentration) to obtain the
percentage of NBD-sphingomyelin remaining in the cells.

NBD-Sphingomyelin Efflux

In order to perform the HDL-mediated NBD-sphingomyelin efflux experiments, cells were
loaded with NBD-sphingomyelin (0.2 uM) and Nile red (0.1 uM) in PBS buffer for 10 min
ina 37°C, 5% CO, incubator. After incubation, the cells were washed with PBS buffer and
then imaged sequentially for NBD-sphingomyelin (488 nm excitation, 540/30 emission) and
Nile red (568 nm excitation, HQ598/40 emission). Lipid droplets were identified by
morphology and confirmed by Nile red and NBD-sphingomyelin co-localization data. Once
a suitable field of cells was chosen, a medial section passing through 5-10 cells was
selected, and the section was scanned for the initial fluorescence intensity of NBD-
sphingomyelin. HDL (10 ug HDL/mL) was added to start the efflux experiment. Since
stability studies indicated that greater than 85% of the NBD-sphingomyelin probe remained
intact after 40 min incubation, all experiments were completed within 40 min. Fluorescence
intensity in the total area of lipid droplet and plasma membrane was measured over time and
was used to gauge the extent of NBD-sphingomyelin efflux from each cell compartment.
Cells were imaged and analyzed by Metamorph software to graphically determine the
separate contributions of the efflux process. Data points were fitted (RZ = 0.996) to the
following three-parameter, sigmoidal equation: y = A/(1 — e~ (t=t10/b)) ‘where y is the
percentage of HDL-mediated NBD-sphingomyelin efflux at time t, A indicates the
percentage of sphingolipid pool available for efflux, 1/b is an apparent rate constant (k), and
tg is the time required to reach 50% of the maximal efflux, representing the half-time (t1/,)
of the exchangeable pool. Half-time and k values were apparent values due to dependence
on HDL acceptor concentrations. Using a nonlinear least squares routine, all parameters
were obtained simultaneously from the fitted data. Unique fittings were obtained
individually for each time course involving individual cells. Statistical methods involving
the paired t-test (GraphPad Prism, San Diego, CA) were used to compare the parameters
derived from lipid droplet and plasma membrane efflux curves. Experiments were
performed in triplicate with n = 50-60 lipid droplets from n = 25 cells. Values with P < 0.05
were considered to be statistically significant.

Western Blot Analysis

Expression levels of lipid droplet (ADRP, caveolin-1, caveolin-2), plasma membrane (Na*,
K*-ATPase, transferrin), and mitochondrial (cytochrome ¢ oxidase) protein markers in
homogenate and lipid droplet fractions isolated from L-cells [8] were determined by
Western blot analysis. In brief, cell homogenate (5 pg/lane) and lipid droplet (10 pg protein/
lane) proteins were subjected to SDS-PAGE using 12% tricine gels before transferring to
0.45-um nitrocellulose paper (Sigma Chemical Co., St. Louis, MO) by electroblotting in a
continuous buffer system at 0.8 mA/cm? for 2 h. After transfer, blots were blocked in 3%
gelatin in TBST (10 mM Tris—=HCL, pH 8, 100 mM NaCl, 0.05% Tween-20) before
incubation with the primary antibodies. Alkaline-phosphatase conjugates of goat anti-rabbit
IgG and Sigma Fast 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolim tablets
(Sigma, St. Louis, MO) were used to visualize bands of interest. Proteins were quantitated
by densitometric analysis after image acquisition using a single-chip CCD (charge-coupled
device) video camera and a computer workstation (I1S-500 system from Alpha Innotech, San
Leandro, CA). Image files were analyzed (mean 8-bit grayscale density) using NIH Image,
available by anonymous FTP from http://zippy.nimh.nih.gov.

Lipid Analyses

Lipid droplets were isolated from L-cell fibroblasts as described in [8]. Lipids from lipid
droplets were extracted with n-hexane-2-propanol 3:2 (v/v) and resolved into individual

Lipids. Author manuscript; available in PMC 2011 June 1.


http://zippy.nimh.nih.gov

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mcintosh et al.

Page 5

lipid classes using Silica Gel G TLC plates developed in petroleum ether:diethyl
ether:methanol:acetic acid 90:7:2:0.5 [8]. Total cholesterol, free fatty acid, triacylglyceride,
cholesteryl ester, and phospholipid content were determined by the method of Marzo et al.
[25]. Individual phospholipids, including phosphatidic acid (PA), ethanolamine
glycerophospholipid (PE), phosphatidylinositol (PI), phosphatidylserine (PS), choline
glycerophospholipid (PC), and sphingomyelin (SM), were resolved from total phospholipid
(PL) samples in the following manner: PL were eluted from the Silica Gel G TLC plates
using chloroform:methanol:HCL (100:50:0.375, v/v/v) and applied to Silica Gel 60 TLC
plates, where individual phospholipids were resolved using chloroform:
methanol:water:acetic acid (150:112.5:6:10.5, v/v/v/v). Individual phospholipids were
quantitated densiometrically as described previously [26,27]. Protein concentration was
determined by the method of Bradford from the dried protein extract residue digested
overnight in 0.2 M KOH [28]. All glassware was washed with sulfuric acid-chromate before
use.

NBD-Sphingomyelin Binding Affinity

Results

Intracellular

Lipid droplet and plasma membrane fractions were isolated as described previously [8,26].
To measure the sphingomyelin and choline glycerophospholipid (phosphatidylcholine)
binding affinities of membranes (lipid droplet and plasma membrane) and lipid binding
proteins (ADRP, ACBP), a fluorescent ligand, saturation binding assay was performed with
NBD-sphingomyelin and NBD-phosphatidylcholine using a steady-state photon-counting
fluorimeter [29]. Briefly, the NBD-labeled lipid (in 100 uM stock) was added incrementally
(0.2-4.0 pL) to membrane (50 ug), ADRP (180 nM), or ACBP (180 nM) protein aliquots
equilibrated in phosphate buffer (10 mM, pH 7.4). After each addition, the samples were
allowed to mix at 25°C for 3—4 min before exciting the NBD-labeled probe at 480 nM.
Fluorescence emission spectra was recorded from 490 to 600 nm and integrated after each
aliquot addition. Corrections were made for blank (without lipid droplet or plasma
membrane present) and background emission. The data were fitted using a simple, single
binding site model as in [30] to determine binding capacities (Bmax) and binding affinities
from the K4 values. Since Byax Was protein-mass-dependant, values were normalized by the
protein mass for each sample.

Localization of NBD-Sphingomyelin

While it has been shown that NBD-labeled cholesterol and filipin (a cholesterol analog)
localize to lipid droplets in living cells [8,31], it was not known whether NBD-labeled
sphingomyelin targeted to the lipid droplet phospholipid monolayer. Therefore, a series of
experiments was performed with NBD-sphingomyelin and Nile red, a lipid droplet marker,
to establish the intracellular localization of sphingomyelin in living cells. The NBD-
sphingomyelin probe was initially observed in the plasma membrane, followed by lipid
droplets after 5-10 min (Fig. 1a). After 20 min, the presence of NBD-sphingomyelin was
observed in areas resembling the endoplasmic reticulum (ER) and Golgi apparatus. Nile red
co-staining confirmed NBD-sphingomyelin targeted to lipid droplets (Fig. 1b). Overlap of
Nile red with NBD-sphingomyelin was observed as yellow to red pixels, indicating the co-
localization of probes (Fig. 1c). The extent of co-localization was quantified in pixel
fluorograms where coefficients of overlap indicated that 28% of the NBD-label co-localized
with the lipid stain (Nile red), while 64% of the Nile red was co-localized with NBD-
sphingomyelin (Fig. 1d). These results were in agreement with NBD-sphingomyelin
targeting to both the lipid droplet and plasma membrane compartments.
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HDL-Mediated NBD-Sphingomyelin Efflux from Lipid Droplets and the Plasma Membrane

Since there are at least three different metabolic pathways for sphingomyelin catabolism in
cultured fibroblasts, including: (1) degradation by sphingomyelinase in the lysosome; (2)
hydrolysis by cellular sphingomyelinase in the plasma membrane to form ceramide and
phosphorylcholine; or (3) hydrolysis of sphingomyelin to form lecithin (review in [32]), it
was necessary to determine the stability of the NBD-labeled probe in culture. Stability
studies were performed as described in the “Materials and Methods” to ensure that the
NBD-labeled probe was intact during the time frame of the efflux experiments. After 40 min
incubation of NBD-sphingomyelin in culture, more than 85% of the probe remained (data
not shown). Therefore, all experiments were kept under 40 min to ensure minimal probe
degradation.

HDL-mediated NBD-sphingomyelin efflux from lipid droplets and the plasma membrane
was next examined. The existence of mobile pools of cholesterol in lipid droplets was
previously reported in [20], where the analysis of data from HDL-mediated NBD-
cholesterol efflux curves revealed that lipid droplets contained two kinetic sterol domains,
one with ty/, = 10-20 min and the other with t1;, near 1 min, suggesting vesicular- and
protein-mediated sterol transfer, respectively [20]. However, examining sterol domains
within the plasma membrane was not possible with NBD-cholesterol since the probe was not
observed in the plasma membrane [20]. In contrast, NBD-sphingomyelin exhibited a high
fluorescence intensity in both plasma membrane and lipid droplets (Figs. 1 and 2).
Therefore, the relative distribution of fluorescence in lipid droplets and the plasma
membrane during HDL-mediated sphingomyelin efflux could be observed as in Fig. 2 at: 0
min (Fig. 2a), 20 min (Fig. 2b), and 30 min (Fig. 2c) from the point of HDL addition.

Next, cells were imaged and graphically partitioned to separate the lipid droplet contribution
from the plasma membrane component of the cell as described in the “Materials and
Methods” section. Kinetic analysis of NBD-sphingomyelin fluorescence revealed that efflux
from the lipid droplet (Fig. 3, open circles) and the plasma membrane (Fig. 3, closed circles)
best fit to a multi-parameter, sigmoidal equation (R? = 0.996). Further examination revealed
that the maximal HDL-mediated efflux from lipid droplets was less than that from the
plasma membrane, suggesting that lipid droplets contained a smaller exchangeable
sphingomyelin efflux pool. Parameters derived from the lipid droplet and plasma membrane
efflux curves included the available NBD-sphingomyelin pool size (A), rate constant (k), and
time required to reach 50% of maximal efflux (Tg). A comparison of the available
sphingomyelin pool size (Table 1) between lipid droplets and plasma membrane revealed
not only that lipid droplets had a smaller exchangeable pool size (42.6 £ 1.1 vs. 81.9 + 1.2),
but also that the time required to efflux that pool was 22% less in lipid droplets, in keeping
with a significantly faster lipid droplet versus plasma membrane efflux rate constant (0.3 £
0.03 vs. 0.18 +£ 0.06, P < 0.04).

The slower plasma membrane efflux parameters may also, in part, be attributed to the efflux
of NBD-sphingomyelin from lipid droplets and other compartments cycling through the
plasma membrane [33]. These contributions were included in the efflux measurements to
ensure that the natural dynamics of the cell were represented. Thus, the kinetic domains of
NBD-labeled sphingomyelin within lipid droplets versus the plasma membrane exhibited
significant differences.

NBD-Sphingomyelin Binding Affinity for Proteins in Isolated Membrane Fractions

In order to determine the affinity of proteins associated with lipid droplets and the plasma
membrane for sphingomyelin, fluorescence binding assays were performed. First, the purity
and enrichment of isolated lipid droplets and plasma membranes were determined by

Lipids. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mcintosh et al.

Page 7

Western blot analysis as described in [8,26]. Protein expression of the lipid droplet marker
proteins ADRP (Fig. 4a), caveolin-1 (Fig. 4b), and caveolin-2 (Fig. 4c) was detected in L-
cell homogenates (lane 1) and purified lipid droplets (lane 2). The plasma membrane protein
markers Na*, K*-ATPase (Fig. 4d), and transferrin (Fig. 4e), while present in the L-cell
homogenate (lane 1), were not detected in the lipid droplet enriched fraction (lane 2),
indicating that there was little to no plasma membrane present in the purified lipid droplet
fractions. Similarly, the mitochondrial protein marker, cytochrome c oxidase (Fig. 4f), while
observed in the homogenate (Fig. 4, lane 1), was not present in the lipid droplet (Fig. 4, lane
2) fraction.

Second, the enrichment of neutral lipids and the presence of sphingomyelin in the isolated
lipid droplet fraction were verified by lipid analysis. There has been some conjecture as to
whether lipid droplets contain sphingomyelin in the phospholipid monolayer [34]. However,
numerous studies on lipid droplets isolated from different cell types, including those from
alveolar macrophages [35], Niemann—Pick cells [36], mammary tissue [37], and HepG2
cells [38], record the presence of sphingomyelin in lipid droplet preparations. It should be
noted that the lack of sphingomyelin, PS, and PA observed in the former study [34] may be
based on the specific cell type or from the isolation and extraction procedure. In the present
work, lipid droplet lipids were extracted and the lipid profile resolved as described in the
“Materials and Methods” section. The lipid droplet fraction showed an almost exclusive
presence of core lipids (cholesteryl ester and triacylglyceride) over surface lipids
(sphingomyelin, cholesterol, phospholipids, and fatty acids), with the core lipids present at
almost equal levels in L-cell lipid droplets (Fig. 5), further confirming the purity and
enrichment of the lipid droplet preparation since lipid droplets are the only organelle
composed mostly of cholesteryl esters and triglycerides. Analysis of the individual
phospholipid classes revealed the following lipid profile (nmol/mg protein): sphingomyelin,
1.8+0.3; PC, 2.1 £0.3; PS/PI, 0.7 £ 0.1; and PE, 0.35 £ 0.2. PA was below the level of
detection. These results confirmed the enrichment of neutral lipids and the presence of
sphingomyelin (among other lipids) in the isolated lipid droplet fraction.

Third, the ability of proteins associated with the plasma membrane and lipid droplets to bind
NBD-labeled sphingomyelin and phosphatidylcholine was established through a fluorescent
ligand, saturation binding assay using a steadystate photon-counting fluorimeter [29]. The
interaction of plasma membrane and lipid droplet associated proteins with NBD-labeled
lipids was monitored as increased fluorescence intensity at 530 nm, consistent with
localization of the ligand in a more hydrophobic environment. Plasma membrane (Fig. 6a)
and lipid droplet (Fig. 6b) fractions exhibited saturation binding for NBD-sphingomyelin.
From the saturation curves, fitted to a simple, single binding site model as in [29], binding
affinities (Kq) and binding capacities (Bnax) Were determined (Table 2). Analysis of the
binding data revealed that the association of NBD-sphingomyelin for proteins in the lipid
droplet fraction was 3.8-fold greater (P < 0.05, n = 3) than that for plasma membrane
proteins (K4 201 + 19 nM vs. Ky 758 + 118 nM). When NBD-sphingomyelin binding studies
were performed with recombinant ADRP (Fig. 7a), it was shown that ADRP exhibited
similar binding affinities to that of the purified lipid droplet fraction (Kq 201 = 19 nM vs. Ky
257 = 64 nM). Differences were also observed in the NBD-sphingomyelin binding
capacities (Bmax). Under the experimental conditions presented herein, differences in Byax
indicated differences in the number of lipid binding proteins and lipid binding sites. The
NBD-sphingomyelin binding capacity of lipid droplet proteins was 1.9-fold lower (P <
0.005, n = 3) than that observed with plasma membranes (Table 2), suggesting that the
plasma membrane contained more sphingomyelin binding proteins. However, there was no
significant difference between the NBD-sphingomyelin binding capacity of the lipid droplet
protein fraction and ADRP. Thus, fluorescence binding assays revealed the presence of
sphingomyelin binding proteins in the purified lipid droplet fraction. Further
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characterization identified ADRP as one of the sphingomyelin binding proteins in the lipid
droplet fraction.

The ability of ADRP to interact with another NBD-labeled phospholipid (NBD-
phosphatidylcholine) was also examined. Upon titration of ADRP with increasing
concentrations of NBD-phosphatidylcholine, an increase in fluorescence intensity was
observed as before with NBD-sphingomyelin, indicating binding (Fig. 7b). Analysis of the
data revealed that ADRP bound NBD-phosphatidylcholine with high affinity (Kq=15+ 3
nM), 17.1-fold greater than that observed for NBD-sphingomyelin (Table 2). Despite this,
there were no significant differences between the By,ax 0f NBD-labeled sphingomyelin and
phosphatidylcholine indicating that, regardless of the stronger binding affinity of ADRP for
NBD-phosphatidylcholine, ADRP contained the same number of sphingomyelin and
phosphatidylcholine binding sites.

The specificity of ADRP binding sphingomyelin was examined next. The NBD-
sphingomyelin fluorescence binding assay was performed with an unrelated protein, acyl-
CoA binding protein (ACBP), a cytosolic lipid binding protein that exclusively binds long-
chain fatty acyl-CoA [39]. Increased fluorescence was not observed when ACBP was titered
with increasing concentrations of NBD-sphingomyelin (Fig. 7c). A plot of the maximal
intensity of NBD-sphingomyelin emission at 530 nm versus increasing NBD-sphingomyelin
concentration yielded a line with scattered points, not the saturation curve observed
previously with ADRP binding of sphingomyelin and phosphatidylcholine. These results
suggested that NBD-sphingomyelin did not enter the ACBP binding pocket and indicated
that ACBP had little to no sphingomyelin binding affinity in this assay.

In summary, fluorescence binding assays indicated that the purified lipid droplet and plasma
membrane protein fractions contained sphingomyelin binding proteins. The lipid droplet
associated protein ADRP was identified as a phospholipid binding protein with nanomolar
affinity for sphingomyelin and phosphatidylcholine.

Discussion

Although there is growing interest in the role that lipid droplets play in lipid transport, cell
signaling, immune function, and membrane trafficking (review in [40,41]), questions remain
regarding the means by which lipid droplet proteins and lipids interact to regulate cellular
dynamics. Cholesterol and sphingomyelin are essential membrane components, and when
levels are high, the ability to remove excess lipids through storage or efflux remains an
effective method for cells to regulate otherwise harmful lipids. Therefore, the regulation of
cholesterol and sphingomyelin within lipid reservoirs such as lipid droplets is important to
maintain lipid homeostasis. However, while the dynamics of cholesterol efflux from lipid
droplets and the plasma membrane has been studied [20], less is known regarding the efflux
of sphingomyelin from these membranes. The present work was undertaken to examine the
efflux kinetics and binding affinities of different intracellular sphingomyelin pools in lipid
droplets versus the plasma membrane.

In preparation for efflux studies, NBD-sphingomyelin targeting to lipid droplets in living
cells was established. It should be noted that, while there are some reports that NBD-labeled
lipids do not distribute to the same organelles as the natural lipids [42], it has been shown in
other work that NBD-labeled probes are metabolized similarly [29] and traffic by similar
uptake, intracellular, and secretory pathways [29,43]. In CHO-K1 cells, NBD-
sphingomyelin internalized from the plasma membrane to vesicles and other internal sites,
and then transported back to the plasma membrane [33,44]. In a similar fashion, NBD-
sphingomyelin in primary cultures of rat astrocytes [45] and in L-cells (present work) were
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endocytosed and sorted to several intracellular sites, including lipid droplets (results herein).
Furthermore, with other NBD-labeled probes such as NBD-cholesterol, there is substantial
evidence to suggest that NBD-cholesterol undergoes metabolism and utilizes the same
intracellular trafficking pathways as the endogenous lipid [20,29]. For example, in hamster
intestinal enterocytes, CaCOy, cells, and L-cells [29,43,46], NBD-cholesterol was esterified
similarly to cholesterol and dehydroergosterol, a natural cholesterol analog [47], while in
CaCOs cells and L-cells, NBD-cholesterol was shown to traffic by similar pathways
[29,43,46]. Taken together, these studies suggest that, while the behaviors of NBD-labeled
probes are not identical to their natural lipid counterparts, they can be useful to examine
lipid trafficking and metabolism in living cells. Therefore, NBD-sphingomyelin was used to
show sphingomyelin targeting to lipid droplets in living cells. Next, NBD-sphingomyelin
was used to perform efflux studies where HDL-mediated NBD-sphingomyelin efflux from
lipid droplets and the plasma membrane was graphically delineated. Kinetic analysis of the
NBD-sphingomyelin efflux curves from lipid droplets revealed the presence of resolvable
sphingolipid pools that exhibited properties which were different from those found in the
plasma membrane (Table 1). The exchangeable sphingomyeslin pool (A) in lipid droplets
(42.6 + 1.1) was smaller than the sphingomyelin pool associated with plasma membranes
(81.9 +£1.2). Despite this, the rate of sphingomyelin efflux was faster in lipid droplets and the
half-time was significantly less. Sphingomyelin in lipid droplets is constrained to the
surface, bound and unbound to resident proteins. Consistent with the data in the present
work, at least two sphingomyelin pools were observed with lipid droplets, one smaller,
dynamic pool with a half-time of 11.8 min, and another larger, relatively inert pool with a
half-time on the order of hours to days. It should be noted that HDL-mediated NBD-
cholesterol [20] and NBD-sphingomyelin efflux rates are comparable, yet faster and reach
equilibrium quicker (minutes) than that observed in similar studies with [3H]-labeled lipids
(hours) [20]. These results may be due to the higher agueous solubility of NBD-labeled
lipids versus the natural lipid counterparts [48]. Nevertheless, the rapid turnover of NBD-
sphingomyelin in the current study is in keeping with the fact that L-cells endocytose the
equivalent of their entire cell surface membrane within about 2 h [49], similar to the activity
of macrophages [50].

In contrast to lipid droplets, sphingomyelin in the plasma membrane exhibited a small, inert
pool (18% of total sphingolipid) and a large, exchangeable pool comprising 82% of the
available sphingomyelin (half-time of 15.2 min) was observed. Sphingomyelin from this
large, dynamic plasma membrane pool is readily available for participation in at least three
different sphingomyelin metabolic pathways, including the degradation of sphingomyelin by
sphingomyelinases in the lysosome, hydrolysis of sphingomyelin to form lecithin, and the
sphingomyelin cycle [32,51]. In cells, most of the sphingomyelin is located in the outer
leaflet of the plasma membrane (review in [52]). The sphingomyelin cycle begins with the
activation of sphingomyelinases located in the plasma membrane which hydrolyze
sphingomyelin to form phosphorylcholine and ceramide. Ceramide acts as a second
messenger with effects in multiple cellular processes, including the activation of specific
kinases and phosphatases, cell cycle arrest, induction of cell differentiation, and apoptosis
[53]. The presence of ceramide generated from activated sphingomyelinases also leads to the
clustering of CD95 and CD40 receptors [54] and the activation of a number of signaling
agents, including tumor necrosis factor a, y-interferon, and arachidonate [55-57].
Sphingomyelin is resynthesized by the addition of a phosphorylcholine headgroup from
phosphatidylcholine through the action of sphingomyelin synthase to complete the
sphingomyelin cycle. However, while evidence for the above events occurring in lipid
droplets is minimal, the presence of a small dynamic sphingomyelin pool in the lipid droplet
monolayer is evocative of new roles for the storage organelle in lipid signaling.
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The extent of specific organelle protein—lipid interactions in lipid droplets was next
examined using a NBD-sphingomyelin fluorescence binding assay as described in the
“Materials and Methods” section. While both lipid droplet and plasma membrane proteins
exhibited saturable binding to NBD-labeled sphingomyelin, binding affinities of NBD-
sphingomyelin for lipid droplet proteins (Kgq 201 + 19 nM) were higher than for plasma
membrane proteins (Kq 758 + 119 nM). In agreement with the binding studies, lipid droplets
exhibited a larger inert sphingomyelin pool with strong binding affinity for sphingomyelin
in comparison to the plasma membrane, which had a small inert sphingomyelin pool with
weak sphingomyelin binding affinity. Thus, not only did the kinetic domains of NBD-
labeled sphingomyelin within lipid droplets and the plasma membrane exhibit significant
differences, the results presented herein show, for the first time, that collective proteins
associated with lipid droplets versus plasma membrane show differential binding affinity to
NBD-sphingomyelin.

While little is known regarding the identity or binding affinities of sphingomyelin-binding
proteins within lipid droplets, the surface coat protein ADRP [10,20,29] was a likely choice
based on its ability to bind other lipid molecules. ADRP was shown to bind hydrophobic
lipids such as NBD-stearic acid (K4 145 nM) and NBD-cholesterol (K4 2.0nM) ina 1:1
stoichiometry with high affinity [20,29], and to also increase fatty acid uptake [9]. As shown
in the present work, ADRP demonstrated saturable binding to NBD-sphingomyelin and also
NBD-phosphatidylcholine with binding affinities in the nanomolar range. However, there
was no significant difference in NBD-sphingomyelin binding capacity between the lipid
droplet protein fraction and ADRP. Thus, fluorescence binding assays revealed the presence
of sphingomyelin binding proteins in the purified lipid droplet fraction. Further examination
confirmed that ADRP contributed to this pool and bound sphingomyelin and
phosphatidylcholine with high affinity. The specificity of ADRP binding of sphingomyelin
was also examined by determining whether an unrelated protein, ACBP, would bind
sphingomyelin. A plot of the maximal intensity of NBD-sphingomyelin emission versus
increasing NBD-sphingomyelin concentration yielded a line with scattered points, indicating
that ACBP had little to no sphingomyelin binding affinity in this assay. Thus, while ADRP
exhibited high affinity for sphingomyelin and phosphatidylcholine, performing the same
assay with ACBP revealed little to no binding of sphingomyelin.

While this work presents the first evidence of a lipid droplet associated protein exhibiting
phospholipid binding ability, there are other phospholipid binding proteins with similar
binding affinities. Sterol carrier protein-2 (SCP-2) bound sphingomyelin with affinity near
173 nM [58], an affinity slightly higher than that observed with ADRP (Kq = 257 nM).
Moreover, SCP-2 exhibited high binding affinities for other sphingolipids, including
ceramides, GM1, and globosides [58]. In addition, surface plasmon resonance measurements
of lysenin, a 41-kDa protein that causes contraction of the rat vascular smooth muscle,
bound to sphingomyelin membranes with Kgq = 5.3 nM [59]. However, while there are other
proteins that bind sphingomyelin with similar affinity, it is ADRP’s position on the surface
of the lipid droplet that makes it uniquely qualified to provide phospholipids to meet the
needs of the cell during membrane synthesis, signaling, and cellular metabolism. Indeed, the
ability of ADRP to bind with high affinity the two major phospholipids in cell membranes
(sphingomyelin, phosphatidylcholine) suggests that ADRP may play an important role in
intracellular phospholipid trafficking and lipid metabolism in general.

In summary, the results presented herein confirmed, through confocal fluorescence imaging
and fluorescence binding studies, the existence of exchangeable sphingolipid domains in
lipid droplets. In addition, the present investigation shows, for the first time, that ADRP
binds phospholipids with high affinity. More importantly, ADRP exhibited similar binding
affinities to other known phospholipid binding proteins. These results suggest that ADRP
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may play a significant role in regulating the intracellular distribution of phospholipids and
lipids in general. Overall, insights from the present work suggest new and important roles

fo

r lipid droplets in phospholipid and lipid metabolism.

Abbreviations

ADRP Adipose differentiation-related protein

ACBP Acyl-CoA binding protein

NBD-sphingomyelin 6-((N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino)-
hexanoyl)sphingosyl-phosphocholine

NBD-phosphatidylcholine 2-(6-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino)hexanoyl-1-
hexadecanoyl-sn-glycero-3-phosphocholine

Chol Cholesterol

SM Sphingomyelin

PL Phospholipid

TG Triacylglycerides

CE Cholesteryl ester

FFA Free fatty acid

PE Ethanolamine glycerophospholipid

Pl Phosphatidylinositol

PS Phosphatidylserine

PC Choline glycerophospholipid or phosphatidylcholine

PA Phosphatidic acid
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Fig. 1.

Intracellular distribution of NBD-sphingomyelin and Nile red in L-cell fibroblasts. Co-
localization patterns of NBD-sphingomyelin and Nile red were shown using pseudo-
coloring derived from confocal image acquisition from red- and green-specific PMT
channels. A 24-bit RGB image was created from the red plus green plus blue (null)
channels. Red and green are additive in the RGB color space, yielding yellow-orange. L-cell
fibroblasts stained with NBD-sphingomyelin (a) and Nile red (b) were combined to yield
yellow-orange (c) where co-localization occurred. Superimposition of the probes was
graphically demonstrated in a pixel fluorogram (d). The correlation coefficients
corresponding to red and green were proportional to the degree of fluorescence probe co-
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localizing in each component of the image relative to the total fluorescence and indicated the

extent of probe overlap. The cells were examined using the Bio-Rad MRC-1024 confocal
system. Objective, 63%
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Fig. 2.

HDL-mediated NBD-sphingomyelin efflux in L-cell fibroblasts. Cells were labeled with
NBD-sphingomyelin (0.2 pM) and incubated with HDL (10 pg HDL/mL) to begin the
efflux process. a 0 min, b 20 min, and ¢ 30 min after the addition of HDL. The arrows
indicate high-retention lipid droplets during the time course. Cells were examined with the
Bio-Rad MRC-1024 confocal imaging system. Objective, 63x
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Fig. 3.

Percent efflux of NBD-sphingomyelin. The percentage of HDL-mediated NBD-
sphingomyelin efflux from the plasma membrane and lipid droplet compartments of living
cells was determined as described in the “Materials and Methods” section. Data analysis of
NBD-sphingomyelin fluorescence showed that efflux from the lipid droplet (open circles)
and the plasma membrane (closed circles) best fit the following sigmoidal equation: y = A/(1
— e~ ((t=~10)/b)) ‘where y is the percentage of HDL-mediated NBD-sphingomyelin efflux at
time t, A indicates the percentage of sphingolipid pool available for efflux, 1/b is an apparent
rate constant (k), and tg is the time required to reach 50% of the maximal efflux,
representing the half-time (t1/,) of the exchangeable pool. Percentage efflux in the presence
of medium without HDL present is indicated by closed triangles
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Fig. 4.

Western blot analysis of lipid droplet proteins isolated from L-cell fibroblasts. Western blots
on cell homogenate (lane 1) and lipid droplets (lane 2) were probed with the following
affinity-purified antibodies as described in the “Materials and Methods” section: a anti-
ADRP, b anti-caveolin-1, ¢ anti-caveolin-2, d anti-Na*, K*-ATPase, e transferrin, and f anti-
cytochrome c oxidase
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Percentage lipid mass of lipid droplets isolated from L-cell fibroblasts. Percentage lipid

mass of total lipids (a), core lipids (b), surface lipids (c), and phospholipids (d) were

determined from lipid droplets isolated from L-cells. Core lipids include triacylglycerol
(TG) and cholesteryl esters (CE). Surface lipids include cholesterol (Chol), phospholipids

(PL), and free fatty acids (FA). Phospholipids include sphingomyelin (SM), choline

glycerophospholipid (PC), phosphatidylserine (PS), phosphatidylinositol (PI), ethanolamine
glycerophospholipid (PE), and phosphatidic acid (PA)
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Fig. 6.

Titration of plasma membrane and lipid droplet fractions with NBD-sphingomyelin. The
titration of plasma membranes (a) and lipid droplet (b) fractions with NBD-sphingomyelin
was followed by an increase in fluorescence intensity as described in the “Materials and
Methods” section. The fluorescent intensity data, representing the mean + SE of three
independent measurements, were analyzed to determine the dissociation constant Ky and
binding capacity Bmax
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Fig. 7.

Titration of ADRP and ACBP with NBD-labeled lipids. The titration of ADRP (a, b) or
ACBP (c) with NBD-sphingomyelin (a, c) or NBD-phosphatidylcholine (b) was followed
by an increase in fluorescence intensity as described in the “Materials and Methods” section.
The fluorescent intensity data, representing the mean + SE of three independent
measurements, were analyzed to determine the dissociation constant Kq and binding
capacity Bmax
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Table 1

Kinetic parameters of HDL-mediated NBD-sphingomyelin efflux from lipid droplets and plasma membrane

Cell compartment A k(min~t)  To(min)

Lipid droplet 426+1.1 0.3+0.03 11.8+04

Plasma membrane  g19+12* 018+006° 152+03"

The percentage of exchangeable sphingolipid pool size (A), rate constant (k), and time required to reach 50% of the maximal efflux (Tg) was

determined for lipid droplet and plasma membrane cell compartments within living cells as described in the “Materials and Methods” section.
Values represent the mean + SEM, with n = 25 cells, 50-60 lipid droplets

*
Indicates significance, P < 0.003 as compared to lipid droplets
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Binding affinity and capacity of plasma membrane and lipid droplet proteins, ADRP, and ACBP for NBD-
labeled sphingomyelin and phosphatidylcholine

Protein  NBD label

Kg (nM) Bmax/Hg protein

PM NBD-SM
LD NBD-SM

ADRP NBD-SM
ADRP NBD-PC

ACBP NBD-SM

758 + 119 156 13
201 +192 82+ 32
257 + 64 111£12
15 + 3a.b,c 148+ 8

NDab.c NDab.c

The binding affinity and capacity of plasma membrane (PM) and lipid droplet (LD) proteins and ADRP and ACBP for NBD-labeled

sphingomyelin (SM) and phosphatidylcholine (PC) was measured by a fluorescent lipid binding assay as described in the “Materials and Methods”
section. Values represent the mean + SEM, n =3

aIndicates significance, P < 0.02 as compared to PM binding of NBD-SM

bIndicates significance, P < 0.0001 as compared to LD binding of NBD-SM

CIndicates significance, P < 0.02 as compared to ADRP binding of NBD-SM

ND indicates not detected
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