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Abstract The formation of cholesterol and sphingolipids
into specialized liquid-ordered membrane microdomains
(rafts) has been proposed to function in the intracellular sort-
ing and transport of proteins and lipids. Defined by biochem-
ical criteria, rafts resist solubilization in nonionic detergents,
enabling them to be isolated as detergent-resistant mem-
branes (DRM). In this study, we characterized the lipid com-
position of DRM from a cell model of the sphingolipid
storage disorder, Gaucher disease, in which the catabolism
of the sphingolipid glucosylceramide (GC) is impaired. In
this cell model, we showed that GC accumulated primarily
in the DRM, with smaller secondary increases in ceramide,
dihexosylceramide, trihexosylceramide, and phosphatidyl-
glycerol. This suggested that not only was lipid metabolism
altered as a consequence of the cells’ inability to degrade
GC, but this affected the DRM rather than other regions of
the membrane. . This increase in lipids in the DRM may be
responsible for the altered lipid and protein sorting seen in
Gaucher disease. Analysis of individual lipid species revealed
preservation of the shorter and fully saturated fatty acid
species in the DRM, suggesting that the highly ordered
and tightly packed nature of the DRM is maintained.—
Hein, L. K., S. Duplock, J. J. Hopwood, and M. Fuller. Lipid
composition of microdomains is altered in a cell model of
Gaucher disease. J. Lipid Res. 2008. 49: 1725-1734.

Supplementary key words membrane rafts e detergent-resistant mem-
branes e mass spectrometry o glucosylceramide e lysosomal storage dis-
order e sphingolipids e phospholipids

The term “membrane rafts” [also referred to as lipid
rafts and detergentresistant membranes (DRM)] has been
used to describe low-density membrane domains that are
enriched in cholesterol, sphingolipids, and phospholipids
containing predominately saturated fatty acids (1, 2).
Membrane rafts exist in a liquid-ordered phase due to
tight packing, which is achieved through the high propor-
tion of saturated acyl chains present (3). These regions of
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membrane are thought to play a role in many cellular
functions, including cell proliferation and apoptosis
(4, 5). Furthermore, these domains facilitate interactions
among the lipid and protein components of signaling
pathways, thereby regulating these processes (6). The lipid
composition of the membrane rafts is highly specialized,
and it is this unique composition that enables them to
carry out their signaling role (7). Therefore, the cell must
tightly regulate the composition of these membrane rafts
by sphingolipid synthesis and degradation, and transport
to and from the cell surface, to ensure their function.

The constitutive degradation of sphingolipids occurs in
the acidic subcellular compartments, the endosomes and
lysosomes. Inheritable disorders affecting proteins acting
in the sphingolipid degradative pathways are known as
the sphingolipidoses, which are characterized by the lyso-
somal accumulation of sphingolipids (8). A common
defect in sorting and trafficking in the sphingolipidoses
has been reported, based on the observation that a short
acyl chain (BODIPY) derivative of lactosylceramide is mis-
targeted to late endosomes and lysosomes instead of to the
Golgi apparatus in normal cells (9, 10). This altered traf-
ficking can be reversed by depleting intracellular choles-
terol, suggesting that the altered trafficking is related to
the accumulation of cholesterol (11). This altered endo-
cytic sorting is probably due to the accumulation of endo-
cytic membrane rafts, which have been seen in fibroblasts
from patients with these disorders (9, 12). The accumula-
tion of membrane rafts in storage bodies may prevent their
normal function by mislocalizing proteins involved in sig-
naling and transport (12, 13).

Gaucher disease is an inborn error of sphingolipid metab-
olism caused by a deficiency of the lysosomal enzyme, acid
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B-glucosidase, which is responsible for cleaving the sphingo-
lipid, glucosylceramide (GC), into glucose and ceramide
(Cer) (14). GC is composed of Cer, p-erythro-sphingosine,
and a fatty acid commonly containing 16—-26 carbon atoms
in the acyl chain, with glucose attached through a glycosidic
bond as the head group. GC is one of the sphingolipids
found in membrane rafts, and has also been demonstrated
to play a role in the endocytic sorting of sphingolipids and
cholesterol, with amounts of these lipids altered in a macro-
phage model of Gaucher disease (15). This is most likely a
consequence of the location and function of sphingolipids
and cholesterol in membrane rafts.

In this report, we investigated what effect a block in GC
degradation had on the lipid composition of membrane
rafts in a cell model of Gaucher disease. Previously,
we established a macrophage model of the disease and
demonstrated that as well as increased GC concen-
trations, there was secondary accumulation of Cer,
dihexosylceramide (DHC), trihexosylceramide (THC),
and phosphatidylglycerol (PG) (16). Furthermore, we
found that initially, GC and secondary lipid accumulation
predominated in the lysosomes, but as more GC accu-
mulated, the lipids distributed relatively evenly across
the cell throughout other subcellular compartments.
Here, we assessed whether lysosomal GC accumulation
alters membrane microdomain composition by isolat-
ing detergent-soluble membranes and DRM from our
Gaucher macrophage model. The sphingolipid and phos-
pholipid composition of the membrane domains was
analyzed by electrospray ionization tandem mass spectrom-
etry (ESI-MS/MS) and shown to differ in the Gaucher dis-
ease cell model compared with control cells, thereby
altering their lipid composition. Given the role of mem-
brane rafts in signaling, their altered lipid composition
is likely to disrupt their function.

MATERIALS AND METHODS

Materials

Ovalbumin, anti-flotillin 1 (polyclonal), cholesteryl hepta-
decanoate (cholesteryl ester), 17:0, and 1,2-dimyristoyl-sn-glycero-
3-phosphocholine [phosphatidylcholine (PC), 14:0/14:0] were
purchased from Sigma (St. Louis, MO). N-heptadecanoyl-p-erythro-
sphingosine (Cer, 17:0) and 1,2-dimyristoyl-sn-glycero-3[phospho-
rac-(1-glycerol) (PG), 14:0/14:0] were from Avanti Polar Lipids
(Alabaster, AL). N-palmitoyl-ds-glucopsychosine, 16:0(d5), N-palmitoyl-
dslactosylceramide 16:0(ds), and phosphatidylinositol (PI), 16:0/
16:0 were purchased from Matreya LLC (Pleasant Gap, PA).
HRP-conjugated sheep anti-rabbit immunoglobulin was purchased
from Chemicon (Victoria, Australia). The ECL Western blotting
analysis system was purchased from GE Healthcare (Buckingham-
shire, UK). Polyvinylidene fluoride (PVDF) transfer membrane was
purchased from Perkin Elmer (Waltham, MA). All solvents were of
HPLC grade, except chloroform, which contained 1% ethanol and
was reagent grade, and were used without further purification.

Gaucher disease macrophage model

THP-1 cells (human monocytic cell line) were differentiated
into macrophages with phorbol 12-myristate 13-acetate, and the
Gaucher disease phenotype was induced with conduritol B epox-
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ide as described previously (16). Following 10 days in culture,
THP-1 macrophages were harvested into PBS using a cell scraper
and washed twice with PBS, and membrane microdomains were
isolated from the cell pellets.

Preparation of membrane microdomains

Membrane microdomains were prepared from four Ty flasks
of THP-1 macrophages using the method of Lisanti et al. (17).
Briefly, cell pellets were resuspended in 2 ml MBS buffer
(25 mM MES, pH 6.5, 0.15 M NaCl), containing 1% (v/v) Triton
X-100 and 1 mM PMSF, and then homogenized with 12 strokes of
a Dounce homogenizer and incubated on ice for 30 min. A 50 .l
aliquot of the homogenized sample was taken for total cell pro-
tein determination by the method of Lowry et al. (18). The
sucrose concentration in the cell extracts was adjusted to 40%
(w/v) by adding 2 ml of 80% (w/v) sucrose in MBS containing
1% (v/v) Triton X-100 and 1 mM PMSF before being placed
in the bottom of a Beckman (Palo Alto, CA) centrifuge tube
(14 mm X 95 mm). The sample was overlaid with 5 ml of 30%
(w/v) sucrose in MBS (without Triton X-100), followed by 3 ml
of 5% (w/v) sucrose in MBS (without Triton X-100). Samples
were centrifuged at 270,500 g for 16—20 h using a swing-out rotor.
One milliliter fractions (12 in total) were collected from the top
of the gradient.

Isolation of DRM from lysosomes

Subcellular fractionation was performed on eight Ty5 flasks
of THP-1 macrophages, and lysosomes were identified by -
hexosaminidase activity as previously described (16). The lyso-
somal fractions were pooled, and DRM were isolated as above,
with the following modifications. Triton X-100 was added to
cach 3 ml lysosomal fraction to give a final concentration of
1% (v/v), followed by the addition of 320 wl of MBS buffer
containing 1% (v/v) Triton X-100 and 1 mM PMSF. The sam-
ples were homogenized with 12 strokes of a Dounce ho-
mogenizer and incubated on ice for 30 min. The sucrose
concentration of the samples was adjusted to 40% (w/v) by
the addition of 2.65 ml of 80% (w/v) sucrose [assuming that
the pooled lysosomal fractions had a sucrose concentration
of approximately 8.5% (w/v)] in MBS containing 1% (v/v)
Triton X-100 and 1 mM PMSF and then placed in the bottom
of a Beckman centrifuge tube (14 mm X 95 mm). Each sample
was overlaid with 4.5 ml of 30% (w/v) sucrose in MBS (without
Triton X-100), followed by 1.5 ml of 5% (w/v) sucrose in MBS
(without Triton X-100), centrifuged, and 12 fractions collected
as described above.

Western blot analysis on membrane microdomains

Aliquots (350 wl) of each membrane microdomain fraction
were precipitated with the addition of 4 pl of 2% sodium deoxy-
cholate and incubated on ice for 15 min. Cold TCA (24%) was
added to each sample to give a final concentration of 6%, and
samples were incubated on ice for a further 30 min. Samples were
then centrifuged at 16,060 g for 30 min at 4°C. The supernatant
was removed, and the pellet was resuspended in 1 ml of 1%
triethylamine (v/v) in acetone and centrifuged for an additional
5 min. The triethylamine wash was repeated before the pellet
was resuspended in 1 ml of diethyl ether and centrifuged again
for 5 min. Precipitated samples were resuspended in sample
buffer and electrophoresed on 10% SDS-PAGE by the method
of Laemmli (19). The gel was transferred to PVDF membrane
at 0.5 A for 1 h in transfer buffer (10 mM 3-[cyclohexylamino]-
1-propanesulfonic acid, pH 11, containing 10% methanol). The
membrane was washed three times for 5 min in wash solution
[0.1% (w/v) skim milk, 0.1% (w/v) ovalbumin, and 0.4% (v/v)



Tween-20 in PBS] and then blocked in 1 M glycine, 5% (w/v)
skim milk, and 1% (w/v) ovalbumin for 1 h at room temperature.
After the membrane was washed again, rabbit polyclonal anti-
body against flotillin 1 (2 pwg/ml in wash solution) was added
and incubated overnight at 4°C. The membrane was then washed
three times for 5 min in wash solution before the addition of
HRP-conjugated sheep anti-rabbit immunoglobulin and incu-
bated for 1 h at room temperature. The membrane was washed
again three times for 5 min before a final wash for 5 min in
0.02 M Tris, pH 7, and 0.25 M NaCl, and developed using the
ECL Western blotting analysis system.

Lipid extractions of membrane microdomain fractions

Lipids were extracted from membrane microdomain fractions
(500 wl) according to the method of Bligh and Dyer (20), and
made up to 750 pl with HyO. Each sample was extracted with
2.8 ml of CHCl3-MeOH (1:2) containing 400 pmol of each of
the following internal standards: Cer 17:0, GC 16:0(d5), DHC
16:0(ds), PC 14:0/14:0, PG 14:0/14:0, PI 16:0/16:0, and choles-
teryl ester 17:0. The mixture was shaken for 10 min and allowed
to stand at room temperature for 50 min. The samples were parti-
tioned by the addition of 950 ul CHCly and 950 pl HoO and
shaken for 10 min prior to centrifugation at 2,300 g for 5 min.
The upper phase was discarded, and the lower phase was trans-
ferred to a new glass tube and washed with 0.5 ml Bligh-Dyer syn-
thetic upper phase [prepared by mixing 15 ml HyO with 56 ml
CHCIl3-MeOH (1:2), shaking vigorously for 1 min before adding
19 ml CHCI; followed by 19 ml HyO, and shaking again; the
mixture was then allowed to stand at room temperature over-
night, and the top aqueous layer was retained for use as the syn-
thetic upper phase], mixed for 10 min, and centrifuged at 2,300 g
for 5 min. The upper phase was discarded, and the lower, hydro-
phobic phase was dried under a gentle stream of Ny at 40°C. To
remove detergent, the dried extracts were resuspended in 20 l
MeOH and 180 pl CHCl; and mixed, prior to placing them onto
a silica reverse-phase column (United Chemical Technologies;
Bristol, PA) that had been preconditioned with 3 ml MeOH, fol-
lowed by 3 ml CHCls. Once the sample had completely entered
the solid phase, the columns were washed with 3 ml CHCl;,
and the sphingolipids and phospholipids were eluted from the
columns with 3 ml MeOH and collected into clean glass tubes.
The samples were then dried under a gentle stream of Ny
at 40°C.

Quantification of lipids

Sphingolipid and phospholipid analysis was performed by ESI-
MS/MS using a PE Sciex API 3000 triple quadrupole mass spec-
trometer with a turbo-ionspray source (200°C) and Analyst 1.1
data system. Prior to analysis, the dried extracts were resuspended
in 100 wl MeOH, and two 50 pl aliquots were plated into micro-
titre wells. For phospholipid analysis, 50 pl MeOH was added to
one aliquot, and 50 pl MeOH containing 20 mM HCOONH,
was added to the other aliquot for sphingolipid analysis. Samples
(20 pl) were injected into the electrospray source with a Gilson
(Middleton, WI) 233 autosampler using MeOH as the carrying
solvent at a flow rate of 80 wl/min. Ny was used as the collision
gas at a pressure of 2 X 107° Torr. Quantification of GC 18:1/
16:0, 18:1/18:0, 18:1/20:0, 18:1/22:0, 18:1/24:0, 18:1/24:1, Cer
18:1/16:0, 18:1/20:0, 18:1/20:1, 18:1/23:0, 18:1/23:1, 18:1/24:0,
18:1/24:1, DHC 18:1/16:0, 18:1/20:0, 18:1/22:0, 18:1/22:0-
OH, 18:1/24:0, 18:1/24:1, THC 18:1/16:0, 18:1/18:0, 18:1/20:0,
18:1/22:0, 18:1/24:0, 18:1/24:1, sphingomyelin (SM) 18:1/16:0,
18:1/16:1, 18:1/18:0, 18:1/18:1, 18:1/22:0, 18:1/24:0, 18:1/
24:1, PC 32:0, 32:1, 34:1, 34:2, 36:2, 36:4, 38:4 (only the total num-
ber of carbons and double bonds of the two fatty acids are re-

ported), PI 16:0/18:0, 16:0/20:4, 18:0/18:0, 18:0/18:1, 18:0/
20:3, 18:0/20:4, 18:0/22:5, 18:1/18:1, 18:1/20:4, and PG 16:0/
18:1, 16:0/22:6, 16:1/20:4, 18:1/18:0, 18:1/18:1, 18:1/18:2,
18:1/20:4, 18:1/22:5, 18:1/22.6, 18:2/22:6, 20:4/22:6, 22:5/22:5,
22:6/22:5, 22:6/22:6 was performed using multiple-reaction mon-
itoring. Each ion pair was monitored for 100 ms with a resolution
of 0.7 amu at half-peak height and averaged from continuous
scans over the injection period. GC, Cer, DHC, and THC were
quantified in positive-ion mode using the m/z product ion of
264 corresponding to the sphingosine base, and PC and SM used
the m/z product ion of 184 corresponding to the phosphocholine
head group. PG and PI were quantified in the negative-ion mode
with PG using the m/z product ion of 281 for 18:1/18:0, 18:1/
18:1, 18:1/18:2, 18:1/22:5, and 18:1/22:6; 255 for 16:0/18:1 and
16:0/22:6; 303 for 18:1/20:4 and 20:4/22:6; 253 for 16:1/20:4;
279 for 18:2/22:6; 327 for 22:6/22:6; and 329 for 22:5/22:5 and
22:6/22:5, corresponding to the 18:1, 16:0, 20:4, 16:1, 18:2, 22:6,
and 22:5 fatty acids, respectively. PI used the m/z product ion of
283 for 16:0/18:0, 18:0/18:0, 18:0/18:1, 18:0/20:3, 18:0/20:4,
and 18:0/22:5; 281 for 18:1/18:1 and 18:1/20:4; and 255 for
16:0/20:4, corresponding to the 18:0, 18:1, and 16:0 fatty acids,
respectively. Concentrations of each molecular species were cal-
culated by relating the peak heights of each species to the peak
height of the corresponding internal standard, with the THC
and SM species being related to the DHC 16:0(d5) and PC
14:0/14:0, respectively. The total amount of each lipid type was
calculated by summing the individual species in each class.

Cholesterol was determined in each of the membrane mi-
crodomain fractions following lipid extraction by the method
of Bligh and Dyer (20) (without silica columns). The choles-
teryl ester 17:0 internal standard (400 pmol) was added to
each sample. Cholesterol in each sample was converted to
cholesteryl ester by addition of 200 pl acetyl chloride-CHCl;
(1:5; v/v) and analyzed by ESI-MS/MS as described by Liebisch
et al. (21). Relative cholesterol levels were determined by relat-
ing the peak height of cholesterol to the peak height of the
internal standard.

Immune quantification of lysosomal proteins in the
membrane microdomain fractions

The distribution of 11 lysosomal proteins, including -glucosidase,
LAMP-1, saposin C, a-iduronidase, sulphamidase, iduronate-2-
sulphatase, acid sphingomyelinase, a-galactosidase, arylsulpha-
tase A, N-acetylgalactosamine-4-sulphatase, and a-glucosidase
were measured in 5 pl of each membrane microdomain fraction
using a multiplex immune quantification assay as previously de-

scribed (22).

RESULTS

Characterization of DRM

First, the membrane microdomain fractions containing
DRM were identified based on Western blot analysis for
the DRM marker, flotillin 1. Figure 1A shows that although
flotillin 1 was present in fractions 3 through to 12 of the
Gaucher cell model, the majority of flotillin 1 clearly re-
sided in fractions 3 and 4. Untreated THP-1 macrophages
showed the same distribution of flotillin 1 as the Gaucher
cell model (data not shown). The DRM were further char-
acterized by the distribution of cholesterol across the
membrane microdomain fractions. Cholesterol predomi-
nated in the DRM (fractions 3 and 4) as well as the soluble
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Fig. 1. Flotillin 1 and cholesterol in membrane microdomains
from THP-1 macrophages. Membrane microdomains were isolated
into 12 fractions from the Gaucher cell model, and 350 pl of each
fraction was TCA precipitated and analyzed by Western blot for
flotillin 1 (A). Cholesterol in the membrane microdomain frac-
tions was converted to cholesteryl ester using acetyl chloride
and measured by electrospray ionization tandem mass spectrome-
try (ESI-MS/MS). B: The relative level and distribution of choles-
terol in untreated THP-1 macrophages (closed triangles) and the
Gaucher cell model (open squares). Relative cholesterol levels are
expressed as a ratio of the 2:0 cholesteryl ester to the 17:0 choles-
teryl ester internal standard per mg of total protein. Detergent-
resistant membranes (DRM) are localized to fractions 3 and 4 and
detergent-soluble membranes are found in fractions 7 to 12.

membrane domains (fractions 7 to 12) in both THP-1
macrophages and the Gaucher cell model (Fig. 1B).

Lipid composition of the membrane microdomains

Concentrations of Cer, GC, DHC, THC, SM, PC, PG,
and PI were determined in each of the membrane micro-
domain fractions using ESI-MS/MS. The total amount of
each of these lipid types was determined by summing each
of the fatty acid species measured in each class. Figure 2
shows that the DRM (fractions 3 and 4) were made up pre-
dominantly of PC, SM, Cer, and GC (approximately 49%,
27%, 8%, and 8%, respectively), whereas DHC, THC, PG,
and PI each made up less than 3%. Assessment of the dis-
tribution of these lipids across the gradient revealed that
GC, DHC, and THC resided predominantly in the DRM,
whereas Cer, SM, and PC predominated in the soluble
domains (fractions 7 to 12) and PI and PG were virtually
absent from the DRM (Fig. 2A, B). The soluble domains
(fractions 7 to 12) were composed primarily of PC, SM,
PI, and Cer (approximately 75%, 11%, 8%, and 4%, re-
spectively), whereas GC, DHC, THC, and PG each made
up less than 1% (Fig. 2A, B).

The individual species of GC, DHC, THC, and Cer rang-
ing from a 16 to a 24 carbon length fatty acid, displayed
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Fig. 2. Total lipid composition across the membrane micro-
domains in THP-1 macrophages. Lipids in each membrane micro-
domain fraction were extracted and measured by ESI-MS/MS.
Individual species of phosphatidylcholine (PC) (closed diamonds),
ceramide (Cer) (open triangles), sphingomyelin (SM) (open
squares), and phosphatidylinositol (PI) (x) were summed to give total
amounts, and these are shown in A. Individual species of glucosyl-
ceramide (GC) (-), dihexosylceramide (DHC) (*), trihexosylceramide
(THC) (open circles), and phosphatidylglycerol (PG) (closed trian-
gles) were summed and are shown in B. Results are expressed as
nanomoles or picomoles per milligram of total protein loaded onto
the sucrose gradient prior to fractionation.

the same distribution in both the DRM and soluble
domains; the most-abundant lipid species are depicted in
Fig. 3A-D for illustration. The one species with a double
bond (18:1/24:1), although being the minor species in
the DRM, also distributed similarly to the 18:1/16:0,
18:1/22:0, and 18:1/24:0. However, for Cer, the ratio of
the 18:1/16:0 to the 18:1/24:0 differed in the DRM and
soluble domains, with 18:1/24:0 and 18:1/16:0 the most
intense in the DRM and soluble domains, respectively
(Fig. 3D). This was also true for the DHC species, albeit
to a lesser extent (Fig. 3B). The distribution of the indi-
vidual fatty acid species of SM differed across the mem-
brane microdomains. Figure 3E shows that the 18:1/16:0
and 18:1/24:0 were the two most-intense species in the
DRM and the two least-abundant in the soluble domains.
Conversely, the 18:1/22:0 and 18:1/24:1 predominated in
the soluble domains and were the less-intense species in
the DRM. The other SM species (18:1/16:1, 18:1/18:0,
and 18:1/18:1) were present in much smaller amounts.
All PC species were found predominately in the soluble
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Fig. 3. Individual fatty acid species in the membrane microdomains of THP-1 macrophages. Membrane microdomains were isolated from
THP-1 macrophages and 18:1/16:0 (closed diamonds), 18:1/22:0 (open triangles), 18:1/24:0 (open squares), and 18:1/24:1 (x) species of
GC (A), DHC (B), and THC (C) are depicted across the 12 fractions. The individual Cer species 18:1/16:0 (closed diamonds), 18:1/24:0
(open squares) and 18:1/24:1 (x) are shown in D. Individual species of SM 18:1/16:0 (closed diamonds), 18:1/22:0 (open squares), 18:1/
24:0 (x) and 18:1/24:1 (open triangles) are displayed in E, and individual species of PC 32:0 (closed diamonds), 34:1 (open squares),
34:2 (x), 36:2 (open triangles) and 38:4 (-) are displayed in F. PI 18:0/18:1 (closed diamonds), 18:0/20:3 (open squares) and 18:0/
20:4 (x) are shown in G, and PG 16:0/18:1 (closed diamonds), 18:1/18:0 (open squares), 18:1/18:1 (x), 18:1/20:4 (open triangles,
right-hand axis), and 18:1/22:6 (-, right-hand axis) in H. Results are expressed as nanomoles or picomoles per milligram of total protein
loaded onto the sucrose gradient prior to fractionation.
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membrane fractions, except for the saturated PC 32:0
(Fig. 3F). PC 32:0 was the major PC species in the DRM
and the minor species in the soluble domains, and the only
other species at appreciable levels in the DRM was the
34:1. The PC species with more than one double bond
(PC 34:2, 36:2, and 38:4) were virtually excluded from
the DRM (Fig. 3F). PC 32:1 and 36:4 were found in
amounts similar to the PC 34:2 and 38:4 species and
showed the same distribution (data not shown). The indi-
vidual fatty acid species of PI and PG showed no difference
in distribution in the DRM and soluble domains, and all
species were virtually absent from the DRM (Fig. 3G, H,
data not shown).

GC accumulation and lysosomal protein distribution in the
membrane microdomains of the Gaucher disease
macrophage model

DRM were isolated from untreated THP-1 macrophages
and from the Gaucher macrophage model. All of the indi-
vidual GC species were dramatically increased in the DRM
and, to a smaller extent, in the soluble membrane domains
in the Gaucher disease macrophage model (Fig. 4A-C and
data not shown). GC 18:1/16:0, 18:1/24:0, 18:1/24:1,
18:1/18:0, 18:1/20:0, and 18:1/22:0 increased 23-, 16-,
28-, 23-, 19-, and 18-fold, respectively in the DRM of the
cell model compared with untreated cells (Fig. 4A-C
and data not shown). In the soluble membrane domains,
the increase in GC species was on the order of 4- to 7-fold.

The distribution of 11 lysosomal proteins across the
membrane microdomains was examined in the Gaucher
macrophage model. All 11 lysosomal proteins measured
(B-glucosidase, LAMP-1, saposin C, a-iduronidase, sul-
phamidase, iduronate-2-sulphatase, acid sphingomyelinase,
a-galactosidase, arylsulphatase A, N-acetylgalactosamine-4-
sulphatase, and a-glucosidase) were shown to reside in the
soluble membrane fractions of the Gaucher cell model
(Fig. 4D). The same distribution was seen in untreated
THP-1 macrophages (data not shown).

Lipid composition of DRM and soluble membrane
domains in the Gaucher disease cell model

Along with a 20-fold increase in GC in the DRM in the
Gaucher cell model was a secondary accumulation of
other lipids, including Cer, DHC, THC, and PG, in which
there was a 1.9-, 2.5-, 1.7-, and 2.6-fold increase, respec-
tively. PC, SM, and PI remained relatively unchanged
(Fig. 5A). In the soluble domains, there was a 5-fold in-
crease in GC but no secondary increases, with concentra-
tions of Cer, DHC, THC, SM, PC, PG, and PI remaining
relatively unchanged (Fig. 5B). Figure 5C shows that along
with the increase in GC in the DRM in the Gaucher cell
model came a proportional decrease in the other lipids,
such that the composition of the DRM changed. GC now
replaced PC as the most-abundant lipid in the DRM, com-
prising 55% of the DRM, with PC, SM, and Cer comprising
only 24%, 11%, and 5%, respectively (Fig. 5C). Analysis of
the DRM isolated from the lysosomes of the Gaucher cell
model showed a lipid composition similar to that of
the total cell DRM, and GC, PC, SM, Cer, and PI were

1730 Journal of Lipid Research Volume 49, 2008

GC 18:1/16:0 (nmol/mg)
o & ©o v o o o

1.2 3 4 5 6 7 8 9 10 11 12

Fraction no.

>
=)

GC 18:1/24:0 (nmolimg)
n © “
n & i

us)

=

< 20
1.5

% 104
0.5+
0.0 4

1 2 3 4 5 6 7 8 9 10 11 12
Fraction no.

GC 18:1/24:1 (nmol/mg)
o -
o o
i !
(@]

0.0+
1.2 3 4 5 6 7 8 9 10 11 12

Fraction no.

18
16
14
12
10

o

ng/mg
- n [ o~ o (=23 ~
o (=] (=] o (=] (=] =] o
o N Y L3 -3
ng/mg

g
1 2 3 4 5 6 7 8 9% 10 11
Fraction no.

Fig. 4. Distribution of GC and lysosomal proteins in the mem-
brane microdomains of the Gaucher disease cell model. The con-
centration of individual GC species 18:1/16:0 (A), 18:1/24:0 (B),
and 18:1/24:1 (C) are shown in membrane microdomains in
untreated THP-1 macrophages (open bars) and in the Gaucher cell
model (closed bars). Results are expressed in nanomoles of GC
per milligram of total protein loaded onto the sucrose gradient
prior to fractionation. The distribution of 11 lysosomal proteins
was also determined across the membrane microdomain gradient
using a multiplex immune quantification assay (D). B-Glucosidase
(closed squares), LAMP-1 (open diamonds), saposin C (open tri-
angles), a-iduronidase (open circles), sulphamidase (closed tri-
angles), iduronate-2-sulphatase (-), acid sphingomyelinase (closed
circles), a-galactosidase (x), arylsulphatase A (open squares), N-
acetylgalactosamine-4-sulphatase (+), and a-glucosidase (closed
diamonds) all reside in the detergent-soluble fractions. Results
are expressed as nanograms of lysosomal protein per milligram
of total protein loaded onto the sucrose gradient prior to frac-
tionation. a-Glucosidase, B-glucosidase, and a-galactosidase are
displayed on the left-hand axis with the remaining proteins on
the right-hand axis.
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Fig. 5. Lipid composition of DRM and soluble membrane do-
mains. The total amount of each lipid present in fractions 3
and 4 (DRM, see Fig. 1) and in fractions 7 to 12 (soluble membrane
microdomains) were summed and are shown in A and B, respec-
tively. Results are expressed as nanomoles per milligram of total
protein loaded onto the sucrose gradient prior to fractionation.
The total amount of each lipid present in the DRM isolated from
total cells and the lysosomes after subcellular fractionation were
summed, and each lipid type was expressed as a percentage
of the total (C, D, respectively). The amount (A, B) and percent
(C, D) of Cer, GC, DHC, THC, SM, PC, PG, and PI are shown in
untreated THP-1 macrophages (open bars) and the Gaucher cell
model (closed bars).

the major lipid species present (59%, 12%, 10%, 6%, and
6%, respectively) (Fig. 5D), although these lipids were con-
siderably reduced in the former.

In the DRM, individual fatty acid species of Cer differed
in their distribution. Figure 6A shows that in untreated
THP-1 macrophages, 14% of Cer 18:1/16:0 was present
in the DRM, with another 81% in the soluble membrane
domain fractions. The distribution of Cer 18:1/24:0 was
different, with 35% in the DRM and 58% in the soluble
membrane fractions (Fig. 6B). In the Gaucher cell model,
the percentage of Cer 18:1/16:0 and 18:1/24:0 increased
in the DRM fractions to 30% and 52%, respectively, with a
concomitant decrease in the soluble domains. The Cer
18:1/24:1 had the same distribution as 18:1/16:0 and in-
creased from 16% to 33% in the DRM, and the minor spe-
cies, 18:1/20:1, 18:1/23:0, and 18:1/23:1, also increased
(data not shown). The 18:1/20:0 was present in negligible
amounts and remained constant (data not shown).

The PC 32:1, 34:2, 36:2, 36:4, and 38:4 were almost
exclusively found in the soluble membrane domains; an
example of this is shown in Fig. 6C for PC 34:2. Only 3%
of PC 34:2 was present in the DRM, with 96% residing in
the soluble domains, and this proportion remained rela-
tively unchanged in the Gaucher cell model. The PC
32:1, 36:2, 36:4, and 38:4 species showed the same distribu-
tion as PC 34:2, although 6% of PC 32:1 was present in the
DRM (data not shown). However, the distribution of PC
32:0 was different, with 37% present in the DRM and
56% in the soluble domains (Fig. 6D). In the Gaucher cell
model, the amount of PC 32:0 increased to 47% in the
DRM, with a corresponding decrease to 48% present in
the soluble domains. The PC 34:1 species was also present
in the DRM, but the majority (92%) was present in the
soluble domains (data not shown). In the Gaucher cell
model, the amount of PC 34:1 increased to 8% in the
DRM, with 90% in the soluble domains. The slight
increase in total PC in the DRM in the Gaucher cell model
(Fig. 5A) was due to the 1.4-fold increase of PC 32:0 and
the 1.2-fold increase of PC 34:1 in the DRM (Fig. 6D and
data not shown).

DISCUSSION

We isolated DRM from THP-1 macrophages based on
their insolubility in nonionic detergents (23, 24) as well
as their low buoyant density, and identified them using a
typical raft marker protein, flotillin 1 (Fig. 1A). Although
not all of the proteins in rafts are detergent insoluble, this
approach enables an analysis of the lipid composition of
the detergentresistant membrane rafts and the detergent-
soluble membrane microdomains in cells. The DRM were
shown to be enriched in cholesterol (Fig. 1B), SM, and
PC (Fig. 2A). Furthermore, the polyunsaturated species of
PC were also present in the soluble domains rather than the
DRM (Fig. 3F). Of the sphingolipids, Cer, GC, DHC, and
THC associated with the DRM, we observed the charac-
teristic pattern of saturated fatty acid species predominating
in the DRM, with the monounsaturated longer chain fatty
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Fig. 6. Individual fatty acid species in the membrane microdomains of the Gaucher cell model. Membrane microdomains were isolated
from the Gaucher cell model, and individual species of Cer 18:1/16:0 (A) and 18:1/24:0 (B), and PC 34:2 (C) and 32:0 (D) are shown in
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acid derivatives virtually precluded (Fig. 3A—D). This com-
position of DRM in the THP-1 macrophages is consistent
with previous reports of DRM enrichment in saturated
sphingolipids and phospholipids (25, 26).

Here, we have shown that the lipid composition of DRM
is altered as a direct consequence of the inability of the cell
to degrade GC. Previously, we established a macrophage
model of Gaucher disease and demonstrated that apart
from increased cellular concentrations of GC, Cer, DHC,
THC, and PG were also elevated (16). From this study, we
demonstrate that this accumulation of GC is primarily in
the DRM rather than in the soluble domains, replacing
PC as the most abundant lipid in the DRM (Fig. 5C). Con-
sequently, half the proportion of PC and SM and two-
thirds the proportion of Cer were present in the DRM
(Fig. 5C). The secondary increases in Cer, DHC, THC,
and PG were also in the DRM (Fig. bA), and measuring
the individual fatty acid species showed that all species,
even those such as Cer 18:1/16:0 (Fig. 6A and data
not shown) that were present in low concentrations in
the DRM, were elevated. Interestingly, no increase was
observed in the relative amounts or the distribution of cho-
lesterol, as well as the concentrations of SM and PC in the
DRM of the Gaucher cell model. However, the fully satu-
rated PC 32:0 did increase in the DRM (and to a lesser
extent the PC 34:1 species), whereas the other partially
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saturated PC species that were virtually excluded from
the DRM in the untreated macrophages remained so in
the Gaucher cell model (Fig. 6C, D). Thus, there appears
to be a general increase of lipids in the DRM in the
Gaucher cell model rather than an alteration in the distri-
bution of individual fatty acid species, with no change in
the distribution of cholesterol.

It would seem unlikely that the physical properties of
the DRM have altered in the Gaucher macrophages,
because the exclusion of unsaturated acyl chains would
preserve the ordered integrity of the domains (27). This
is supported by the finding that the raft domains in the
Gaucher macrophages display the same detergent resis-
tance and sucrose buoyancy as ordinary macrophages.
Furthermore, although the sphingolipid and phospholipid
composition of membrane rafts is altered in the Gaucher
cell model, there is no increase in cholesterol. This may be
the result of limited external sources of cholesterol in this
model system, inasmuch as studies on Gaucher fibroblasts
have shown endosomal accumulation of free cholesterol
when an exogenous source is available (28). Cholesterol
is believed to provide structural support by keeping the
membrane rafts together, having a high affinity for sphin-
golipids rather than the unsaturated phospholipids (6).
Therefore, our data would suggest that membrane rafts
are not dissociated in Gaucher disease macrophages, but



rather their function is impaired due to alterations in
phospholipid and sphingolipid composition.

It is unclear at this stage what effects an altered compo-
sition of DRM has on cell function in the Gaucher cell
model and how this may lead to disease. What is clear is
that lysosomal accumulation of GC does affect other sphin-
golipids, and a possible hypothesis is one that describes a
“jamming of the endosomal system” (12). This hypothesis
suggests that GC accumulation in late endosomal mem-
brane rafts causes cholesterol to be “trapped” in these or-
ganelles, with the subsequent accumulation of other
sphingolipids, ultimately leading to a jam in the mem-
brane raft transport system (12, 29, 30). This trapping of
lipids in the late endosome could be caused by the prefer-
ential association of sphingolipids with cholesterol, which
is a driving force for raft assembly. Raft lipid accumula-
tion is likely to alter the properties of the late endosomal/
lysosomal membranes, which will flatten the highly curved
internal membranes and interfere with the normal sorting
and trafficking abilities of the endosomal system (12). We iso-
lated DRM from lysosomes and showed that their lipid com-
position was similar to that isolated from total cells in the
Gaucher cell model (Fig. 5C, D, respectively); however, the
amounts of each of the individual lipid species were much
lower in the lysosomal DRM, compared with the total cell
DRM, suggesting that although there may be some contam-
ination of the DRM from the lysosomes, it does not account
for the entire altered lipid composition. It is noteworthy
that none of the lysosomal proteins were found in the
DRM, which may suggest that the secondary lipid accumu-
lation is refractory to lysosomal degradation (Fig. 4D).
Nonetheless, this finding must be treated with caution; it
may be that the lysosomal proteins are neither detergent
resistant nor sucrose buoyant and therefore fall to the
bottom of the gradient.

It should be noted that we used ESI-MS/MS to quantify
individual lipid species, whereas the absolute quantifica-
tion requires either deuterated internal standards for each
lipid species measured or calibration curves for each spe-
cies to calculate response ratios for the different acyl chain
lengths. Because of the current lack of availability of deu-
terated and single-acyl-chain species for these lipids, this
was not possible. We have used one internal standard for
each lipid type and therefore cannot rule out experi-
mental error due to differences in responses caused by
the different lengths of the carbon chains of the lipid spe-
cies and the internal standard. Further, for cholesterol
determination, we used a cholesteryl ester as the internal
standard, and because of the obvious structural differ-
ences, we have only reported relative levels. An additional
limitation of this study is the use of a cell model generated
from a macrophage cell line originating from human
leukemia with a Gaucher phenotype induced using a
chemical inhibitor (conduritol B epoxide) to inhibit acid
B-glucosidase activity within the cell. Although not likely, it
cannot be dismissed that the use of a chemical inhibitor
may have other unknown actions on the cell and that
therefore the changes observed here may not necessarily
reflect or exactly mimic the disease state in humans. il

The authors would like to thank Caroline Dean and Debbie
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