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ABSTRACT: Here we used electrospray ionization mass spectrometry for quantitative determination of lipid
molecular species in human fibroblasts and their plasma membrane incorporated into enveloped viruses.
Both influenza virus selecting ordered domains and vesicular stomatitis virus (VSV) depleted of such
domains [Scheiffele, P., et al. (1999)J. Biol. Chem. 274, 2038-2044] were analyzed. The major difference
between influenza and VSV was found to be a marked enrichment of glycosphingolipids in the former.
The effect of chronic cholesterol loading on viral lipid composition was studied in Niemann-Pick type
C (NPC) fibroblasts. Both NPC-derived influenza and VSV virions contained increased amounts of
cholesterol. Furthermore, polyunsaturated phosphatidylcholine, phosphatidylethanolamine, and phospha-
tidylserine were enriched in NPC-derived virions at the expense of the monounsaturated ones. When
normal fibroblasts were acutely loaded with cholesterol using cyclodextrin complexes, an adjustment
toward increasingly unsaturated phospholipid species was observed, most clearly for phosphatidylcholine
and sphingomyelin. Our results provide evidence that (1) glycosphingolipids are enriched in domains
through which influenza virus buds, (2) chronic cholesterol accumulation increases the cholesterol content
of both glycosphingolipid-enriched and intervening plasma membrane domains, and (3) an increase in
membrane cholesterol content is accompanied by an increased level of polyunsaturated species of the
major membrane phospholipids. We suggest that remodeling of phospholipids toward higher unsaturation
may serve as both an acute and a long-term adaptive mechanism in human cellular membranes against
cholesterol excess.

During recent years, interest in the role of lipids in
molecular membrane biology has rapidly increased. This is
largely due to the emerging notion that membrane lipids can
regulate diverse cellular processes such as signal transduction,
membrane trafficking, and membrane-cytoskeleton interac-
tions. However, the actual lipid composition of the membrane
regions involved in these processes is not known. These
analyses are complicated by the fact that, in the two major
lipid categories, glycerophospholipids and sphingolipids,
hundreds of individual structures are possible due to the large
number of different headgroups and the varying length and

unsaturation of the hydrophobic tails. In addition, highly
purified biological membranes can usually be obtained only
in minute quantities, and therefore, traditional techniques
based on thin-layer or column chromatography are inadequate
for the determination of a detailed lipid composition.

Cholesterol is an essential constituent in the membranes
of higher eukaryotes, and its concentration and cellular
distribution are tightly regulated (1). Cholesterol modulates
the physical properties of phospholipids in the bilayer, and
its level seems to be intimately coupled to those of other
lipids by mechanisms that are only partially understood. The
cholesterol content of cellular membranes is known to
modulate those of choline-containing phospholipids. For
example, cholesterol loading enhances the biosynthesis of
phosphatidylcholine (2) but inhibits that of sphingomyelin
(3). In addition, cholesterol affects fatty acid saturation by
regulating the biosynthesis of monounsaturated fatty acids
via stearoyl-CoA desaturase (4).

An important aspect of lipid interactions in biological
membranes is the formation of domains, i.e., localized
regions with distinct lipid composition. For instance, domains
enriched in cholesterol and sphingolipids, termed rafts, are
found in the plasma membrane as well as in internal cellular
membranes (5-8). The actual lipid and protein composition
of such domains has not been established, but this informa-
tion is going to be crucial for understanding the physical
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principles underlying the assembly of rafts and raft-dependent
cellular functions. It is well established that enveloped viruses
budding from the plasma membrane select specialized
membrane regions for budding and can be obtained es-
sentially free of cellular contaminants. Moreover, evidence
has been provided that influenza virus buds from ordered,
raft-like plasma membrane domains while vesicular stomatitis
virus (VSV)1 incorporates more fluid, raft-depleted domains
to its envelope (9).

In this work, we have carried out a compositional lipid
analysis of plasma membrane samples incorporated into
influenza and vesicular stomatitis viruses. This was achieved
by using the recently developed electrospray ionization mass
spectrometry (ESI-MS) method. This method allows the
analysis of individual molecular species at the low picomole
level (10). Moreover, quantitative data can be obtained by
using internal standards (10, 11). To investigate the effect
of chronically increased amount of cholesterol on the levels
of other plasma membrane lipids, we also isolated the viruses
from the fibroblasts of a patient suffering from the severe
cholesterol deposition disorder Niemann-Pick type C disease
(NPC). In addition, the effect of acute cholesterol loading
on the lipid composition of normal fibroblasts was deter-
mined. The most important results were that (i) cholesterol
loading caused a significant increase of polyunsaturated
species at the expense of monounsaturated ones in several
phospholipid classes, (ii) the cholesterol content of both raft-
and non-raft-like plasma membrane domains of NPC cells
was higher than in controls, and (iii) the lipid composition
of influenza and VSV was closely similar with the exception
that glycosphingolipids were more abundant in the former.
We discuss the implications of these findings on the
regulation of membrane fluidity and on the cellular pathology
of NPC as well as on the organization of rafts.

EXPERIMENTAL PROCEDURES

Materials. Methyl-â-cyclodextrin and phospholipase D
from Streptomycesspecies (type VII) were obtained from
Sigma. The acyl-coenzyme A:cholesterol acyltransferase
(ACAT) inhibitor PKF 058-035 was a generous gift from
Novartis. Silver Xpress kit was from Novex (The Nether-
lands), and fluorescamine was from Molecular Probes Inc.
(Eugene, OR). Synthetic phospholipid standards were ob-
tained from Avanti Polar Lipids (Birmingham, AL), fatty
acids were from Larodan AB (Malmo¨, Sweden), sphingo-
sylphosphorylcholine was from Matreya Inc. (Pleasant Gap,
PA) and cholesterol-d6 was from Cambridge Isotope Labo-
ratories Inc. (Andover, MA). All solvents were of HPLC or
analytical grade and were purchased from Merck or Rathburn
Chemicals Ltd. (Walkerburn, Scotland).

Cell Culture.F92-99 control fibroblasts and 93.41 NPC
fibroblasts obtained as described (12) were cultured in
Eagle’s minimum essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS), 2 mML-glutamine, 100
IU/mL penicillin, 100 µg/mL streptomycin, and 10 mM
Hepes, pH 7.4. Confluent-resting cells representing passages
15-20 were used for virus isolation. Four days after reaching
confluence, the cells were defined as confluent resting.

Cholesterol Loading of Control Fibroblasts.Control
fibroblasts grown in MEM containing 10% FBS were washed
with PBS and incubated in the presence or absence of
cholesterol/methyl-â-cyclodextrin complexes (prepared as in
ref 2; final sterol concentration 50µg/mL) in serum-free
medium supplemented with 2µg/mL PKF 058-035. After 1
h of incubation, 5% lipoprotein-deficient serum (13) was
added, and the cells were further incubated for 7 or 23 h in
the continued presence of the cholesterol/cyclodextrin com-
plexes. The cells were washed twice with 0.2% bovine serum
albumin containing PBS and three times with PBS, scraped
in PBS, and the protein concentration was measured accord-
ing to the method of Lowry (14).

Virus Purification.Confluent flasks of control and NPC
fibroblasts were infected with VSV or influenza virus. VSV
was grown as described in ref15. Influenza stock N virus
A/chick/Germany/49/Hav2Neq1 was grown as described
previously (16). The viruses were adsorbed to cells in
infection medium (MEM, 0.2% BSA, 2 mML-glutamine,
100 IU/mL penicillin, 100µg/mL streptomycin, and 20 mM
Hepes, pH 7.4.), and after 1 h the medium was replaced by
fresh infection medium. After 24 h the medium was
collected, and the viruses were purified as in ref9. For mass
spectrometric analyses, the buffer was exchanged by resus-
pending the purified virus pellet in 10 mM Hepes, pH 7.4,
overnight and pelleting through a 50% glycerol/Hepes, pH
7.4, cushion in a Beckman SW60Ti rotor at 83000g for 2 h.
The purity of virus proteins was analyzed by SDS-
polyacrylamide gel electrophoresis and silver staining, and
the virus particles were visualized by negative staining
electron microscopy. The protein concentration was deter-
mined by reacting with fluorescamine (17) or according to
the method of Lowry (14).

Electron Microscopy.Negative staining was carried out
using conventional methods. Virus samples were applied to
carbon-coated EM grids for 60 s. The excess virus was
removed with filter paper, and a drop of 1% potassium
phosphotungstate, pH 6.5, was applied to the grid. The
reagent was removed after 60 s. The samples were observed
in a JEOL JEM EX-1200 electron microscope operated at
an acceleration voltage of 60 kV.

Synthesis of Phospholipid Standards.Sphingomyelins with
a 14:0, 17:0, 23:0, or 25:0 fatty acid residue were synthesized
from sphingosylphosphocholine and the respective fatty acid
as described previously (18, 19). The sphingomyelin product
was purified using a NH2-bonded silica cartridge (20)
followed by reverse-phase HPLC on an Ultrasphere ODS
column (Beckmann, 5µm particle size, 250× 4.6 mm)
eluted with 5% chloroform in methanol at 1 mL/min. Di-
21:0-PE and -PS were synthesized from the corresponding
PC by using phospholipase D-mediated transesterification
(21). The products were purified on a Lichrosphere 100
DIOL column (Alltech, 5µm particle size, 250× 4.6 mm)
using the elution conditions described by others (22).

Lipid Extraction. Cellular lipids were extracted as de-
scribed (23). Extractions were performed in silylated screw-
cap vials (Alltech, Deerfield, IL) to avoid losses due to
adsorption to glass. For the quantification of the cellular
phospholipid species by ESI-MS, the membrane extracts
were spiked with the following mixture of internal standards
dissolved in chloroform/methanol (C/M 1:2): 14:1/14:1-PC,
20:1/20:1-PC, 22:1/22:1-PC, 14:0-SM, 17:0-SM, 23:0-SM,

1 Abbreviations: ESI-MS, electrospray ionization mass spectrometry;
GSL, glycosphingolipids; PC, phosphatidylcholine; PE, phosphatidyl-
ethanolamine; PS, phosphatidylserine; NPC, Niemann-Pick type C;
SM, sphingomyelin; VSV, vesicular stomatitis virus.
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25:0-SM, 14:1/14:1-PE, 20:1/20:1-PE, 22:1/22:1-PE, 14:1/
14:1-PS, 20:1/20:1-PS, and 22:1/22:1-PS (11). For the
quantification of cholesterol the extract was spiked with
cholesterol-d6 as an internal standard.

Determination of Total Glycosphingolipid Content.To
assess the total cellular sphingolipid concentration, aliquots
of the lipid extract were subjected to acid hydrolysis, and
the released sphingosine was determined by a fluorometric
method (24), using a Hitachi F-4000 spectrofluorometer.
Bovine brain sphingomyelin was used as the standard. To
obtain the concentration of glycosphingolipids, the concen-
tration of sphingomyelin, determined by MS, was subtracted.
No correction was done for free sphingosine or ceramide as
their concentrations in fibroblasts are negligible as compared
to that of glycosphingolipids (25, 26).

Electrospray Ionization Mass Spectrometry.ESI-MS analy-
sis of phospholipids was carried out with a triple quadrupole
instrument (Perkin-Elmer Sciex API 300, Ontario, CA) in
the positive ion mode. The lipids dissolved in chloroform/
methanol (C/M), 1:2, containing 1% NH4OH were infused
to the electrospray source at a flow rate of 2.5-5 µL/min.
The phospholipid species were identified on the basis of (i)
their characteristicm/z value, (ii) precursor ion or neutral
loss scans, and (iii) acid sensitivity of the alkenyl species.
Since the instrument response can vary strongly depending
on the phospholipid acyl chain length and unsaturation (11),
several internal standards were included (see above). For
other details including data analysis, see ref11. All of the
phospholipids were analyzed in the positive ion mode with
PE and PS giving their characteristic neutral losses of 141
and 185, respectively, and PC and SM precursors of 184. It
should be noted that the neutral loss 141 for PE gives a lower
response for plasmalogen species than for diacyl species as
shown previously (10). Therefore, this method leads to an
underestimation of the total PE content. Cholesterol was
quantified with an Esquire-LC ion-trap instrument (Bruker-
Franzen Analytik, Bremen, Germany) after sulfation in the
presence of cholesterol-d6 internal standard (27). Nitrogen
was used as the nebulizing (at 5-6 psi) and the drying gas
(5-7 L/min at 200°C). The potentials of the spray needle,
capillary exit, and skimmer 1 were set to(4000, 90-150,
and 25-50 V, respectively. For each spectrum 100 scans
were averaged.

RESULTS

Lipid Composition of Normal and NPC Human Fibro-
blasts.The NPC disease is caused by mutations in either of
two recently identified genes, NPC1 or NPC2 (28, 29), the
precise functions of which remain unknown. At the cellular
level, the disease is manifested by massive accumulation of
free cholesterol in late endocytic organelles (30). For the
present study, we chose a NPC primary fibroblast line (93.41)
that has previously been used in cell biological and bio-
chemical analyses (12, 31-33). These cells lack detectable
NPC1 protein (31) and are characterized by lysosomal
deposition of unesterified cholesterol both biochemically and
morphologically. Quantitative determination of the major
lipid classes in a confluent culture of the NPC fibroblasts
and control fibroblasts was carried out, and the results are
shown in Figure 1. The major difference between the two
cell lines was an∼2.5-fold higher content of free cholesterol
in the patient cells (Figure 1A). This corresponds to

cholesterol representing about 50% of total lipids determined
in NPC cells and 30% of lipids in control cells (Figure 1B).
In contrast, the contents of the major glycerophospholipids
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and phosphatidylserine (PS) as well as sphingomyelin (SM)
and total glycosphingolipid were not statistically different
(Figure 1A). The NPC 93.41 cells thus represent a model of
a chronically cholesterol-loaded cell type with no major
differences in the total levels of polar lipids.

Quantitative ESI-MS analysis of the phospholipid molec-
ular species distribution in normal and NPC fibroblasts is
presented in Figure 2. The most abundant PC species in
control fibroblasts were 34:1, 36:1, 36:2, and 32:1, while
the most abundant PE species were 36:1, 38:4, 36:2, and
34:1. The major PS species was 36:1 followed by 40:5, 40:
6, and 38:3. In SM, 16:0 was the most common acyl residue,
followed by 24:1, 24:0, and 16:1. Thus, significant differ-
ences in the acyl chain saturation levels between glycero-
phospholipid classes were observed, with PC having the
highest degree of saturation (10% saturated, 40% monoun-
saturated, and 25% polyunsaturated species in control cells)
and PE the highest degree of unsaturation (1% saturated,
24% monounsaturated, and 56% polyunsaturated species in
control cells) (see Table 1). These data agree well with what
is known about the degree of unsaturation of different
phospholipid classes in mammalian cells, e.g., that PC is
usually rich in monounsaturates, PE in polyunsaturates (34,
35), and SM in saturates (36).

In general, the phospholipid molecular species composi-
tions of control and NPC cells were closely similar. For
instance, no statistically significant differences were found
in the total cellular PS or SM acyl species in NPC compared
to control (Figure 2C,D). However, in the case of NPC cell

FIGURE 1: Total lipid composition of control and NPC 93.41
fibroblasts. Phospholipid and cholesterol quantification was per-
formed by ESI-MS, and glycosphingolipids (GSL) were quantified
by determining the amount of free sphingosine base after acid
hydrolysis as detailed in Experimental Procedures. Lipid concentra-
tions are expressed as nmol of lipid/µg of protein (A) and as mol
% of all the lipid classes determined (B). Error bars) SEM (n )
3-12). **** ) p < 0.001 and *) p < 0.05 between control and
NPC (Student’st-test). Note that the amount of PE is probably
underestimated due to the lower detection sensitivity of plasmalo-
gens (see Experimental Procedures) that have been reported to
represent∼50% of fibroblast PE (62).
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derived PC and PE, a decrease in the most abundant mono-
and diunsaturated species was observed while some of the
long-chain polyunsaturated species were increased (Figure
2A,B).

Lipid Class Analysis of Viruses Budding through the
Plasma Membrane.To isolate samples of the plasma
membrane, we infected control and NPC fibroblasts with
influenza virus or VSV and collected the viruses budded to
the medium after 24 h of infection. The viruses were isolated

by gradient centrifugation and found to be essentially pure
as judged by SDS-PAGE and silver staining (Figure 3A).
Furthermore, electron microscopic examination of the viral
particles isolated from control and NPC fibroblasts revealed
characteristic profiles of both viruses (Figure 3B-E).

We then compared the lipid class distributions of the
different viruses with each other and with the cellular lipid
profiles. Since the protein-lipid ratios between cells and
viruses and between different virus species can be markedly

FIGURE 2: Molecular species composition of phospholipid classes in control and NPC fibroblasts as determined by ESI-MS. The individual
molecular species were quantified as indicated in Experimental Procedures using internal standards. The molecular species are identified
on the basis of the total number of carbons and double bonds in the acyl chains. The MS method used does not allow identification of
the individual acyl residues. In case of SM, the length and unsaturation of the single acyl residue are indicated, and its identity is based on
the assumption that each species contains the normal sphingosine base. PC (A), PE (B), PS (C), and SM species (D). Error bars) SEM
(n ) 3-4). **** ) p < 0.001, *** ) p < 0.005, and *) p < 0.05 between control and NPC. The following minor molecular species with
m/z values corresponding to either diacyl or alkenylacyl/alkylacyl species have been omitted from the figure for clarity and because their
concentrations did not vary significantly between control and NPC samples. PC: diacyl 33:2/alkenyl 34:1/alkyl 34:2 (m/z pos 744); diacyl
33:1/alkenyl 34:0/alkyl 34:1 (m/z pos 746); diacyl 35:2/alkenyl 36:1/alkyl 36:2 (m/z pos 772); diacyl 35:1/alkenyl 36:0/alkyl 36:1 (m/z
pos 774). PE: diacyl 33:2/alkenyl 34:1/alkyl 34:2 (m/z pos 702); diacyl 33:1/alkenyl 34:0/alkyl 34:1 (m/z pos 704); diacyl 35:2/alkenyl
36:1/alkyl 36:2 (m/z pos 730); diacyl 35:1/alkenyl 36:0/alkyl 36:1 (m/z pos 732); diacyl 39:6/alkenyl 40:5/alkyl 40:6 (m/z pos 778); diacyl
39:5/alkenyl 40:4/alkyl 40:5 (m/z pos 780).

Table 1: Degree of Unsaturation of PC, PE, and PS Diacyl Species in Fibroblasts and Virusesa

% of a class

cells infl virus VSV

control NPC control NPC control NPC

acutely
cholesterol-
loaded cells

PC
saturates 9.8 (0.19) 8.8 (0.59) 8.6 (0.06) 8.8 (0.11) 13.3 (0.89) 9.7 (0.14) 4.6 (0.22)
monounsaturates 39.9 (0.32) 33.5 (0.26) 50.5 (0.34) 36.9 (0.07) 48.4 (1.13) 38.8 (0.51) 31.4 (0.13)
polyunsaturates 24.8 (0.16) 32.6 (0.52) 14.07 (0.3) 25.2 (0.14) 14.6 (0.46) 21.9 (0.13) 40.5 (1.14)

PE
saturates 1.1 (0.06) 0.84 (0.13) nd nd nd nd 1.0 (0.15)
monounsaturates 23.6 (0.85) 18.8 (0.47) 40.8 (0.49) 27.8 (0.24) 37.0 (0.21) 25.8 (0.15) 21.1 (1.87)
polyunsaturates 56.0 (0.50) 62.7 (1.05) 39.4 (1.52) 52.5 (1.26) 43.0 (0.78) 56.2 (1.15) 59.7 (1.59)

PS
saturates 3.0 (0.43) 2.4 (0.26) 2.8 (0.15) 2.3 (0.13) 2.6 (0.25) 2.3 (0.37) 3.0 (0.25)
monounsaturates 50.7 (2.0) 43.42 (2.2) 47.0 (0.75) 37.8 (0.93) 50.1 (7.21) 35.9 (0.04) 47.4 (0.36)
polyunsaturates 37.7 (0.48) 44.6 (2.3) 41.7 (1.14) 52.7 (0.84) 38.6 (6.33) 51.8 (0.03) 42.1 (1.13)

a The values represent average percentages ((SEM) of diacyl species from Figures 2, 5, 6, and 7 grouped according to their degree of unsaturation.
nd ) not detectable.
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different (37), these comparisons are based on data presented
as mole percent of all of the lipid classes determined (Figures
4A,B and 1B). To compare the content of lipids in a given
virus or the lipid contents between the same virus type
derived from control and NPC cells, the data are shown as
the amount of lipid (in nanomoles) per the amount of viral
protein (Figure 4 C,D).

The most striking difference between the lipid composition
of control cell derived influenza and vesicular stomatitis
viruses was a 2-3-fold enrichment of glycosphingolipids in
the influenza virus envelope (Figure 4A). The fraction of
glycosphingolipids among VSV lipids was about the same
as that in the total cell (compare Figures 4A and 1B).
Notably, compared to the whole cell, cholesterol was
relatively enriched in the viruses, in particular VSV (Figure
4 vs Figure 1B). This agrees with the established enrichment
of cholesterol in the plasma membrane (38, 39). The molar
ratio of cholesterol:glycosphingolipid was∼1:0.6 in the
influenza virus originating from control cells (Figure 4C)
whereas it was∼1:0.2 in the control cell derived VSV
(Figure 4D).

A similar enrichment of glycosphingolipids in influenza
virus was also found for the NPC cell derived viruses (Figure
4B). When the lipid content of the NPC and control cell
derived viruses was compared, we found a significant
enrichment of cholesterol in both influenza virus and VSV
budded through the NPC fibroblast plasma membrane (Figure
4C,D). The NPC influenza virus envelope contained about
twice as much cholesterol as the control influenza virus
(Figure 4C), whereas in NPC VSV the enrichment was more
moderate, about 1.4-fold (Figure 4D). No significant differ-

ences in the other lipid classes were observed, in line with
the results from the whole cells (Figure 1A).

Phospholipid Molecular Species Composition of the
Viruses. We next analyzed the phospholipid molecular
species profiles of the two virus species derived from control
and NPC cells. These data are presented in Figures 5 and 6
and Table 1. When comparing the unsaturation of control
cell derived viral phospholipids and cellular phospholipids,
we found that polyunsaturated species of both PC and PE
were depleted from the viruses compared to the cell. In
influenza virus 14% of PC and in VSV 15% of PC were
polyunsaturated vs 25% in the cell. In PE, 39% and 43% of
the species were polyunsaturated in influenza virus and VSV,
respectively, compared to 56% of cellular PE (see Table 1).
For PS and SM, no significant differences in the acyl chain
saturation between the host and viral phospholipids were
found (Table 1, Figure 6C,D vs Figure 2D). These data are
in accordance with the reported enrichment of more saturated
lipid species in the plasma membrane (40, 41).

When the phospholipid species composition of the two
control cell derived viruses was compared, we found,
somewhat surprisingly, that the influenza and VSV phos-
pholipid species composition was very closely similar
(Figures 5 and 6). Comparison of the phospholipid molecular
species profiles of control and NPC cell derived viruses
revealed, however, significant differences. Both the influenza
and VSV from NPC cells contained more polyunsaturated
phospholipids than the corresponding control viruses (Figures
5 and 6, Table 1). In influenza PE, there was an∼30%
reduction in the monounsaturated species with short acyl

FIGURE 3: Biochemical and morphological analysis of the purity
of viruses. Influenza virus and VSV from control and NPC
fibroblasts were purified by gradient centrifugation, and an equal
amount of protein in each preparation was analyzed by SDS-PAGE
and silver staining (A). The viral proteins HA, N, G, and M are
indicated. The virus particles were analyzed by negative staining
electron microscopy. Control cell derived influenza virus (B),
control cell derived VSV (C), NPC cell derived influenza virus
(D), and NPC cell derived VSV (E). Bar) 100 nm.

FIGURE 4: Lipid class composition of influenza virus and VSV
grown in control or NPC fibroblasts. The lipid classes were
quantified as described in Experimental Procedures. Lipid concen-
trations are expressed as mol % of all the lipid classes determined
in control cell derived viruses (A) and NPC cell derived viruses
(B) and as nmol of lipid/µg of protein in influenza (C) and VSV
(D). Error bars) SEM (n ) 3-12). * ) p < 0.05 and **** ) p
< 0.001 between indicated bars. Note that the amount of PE may
be underestimated (see legend to Figure 1).
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chains (typically C32-36) and a corresponding increase in
the polyunsaturated species with longer chains (C38-40) in
the NPC derived virus compared to control cell derived virus
(Figure 5A). The increase was most striking for the PE
molecules containing the highest number of double bonds,
as exemplified by the doubling of the proportion of PE, 40:7

and 40:6. A similar increase in the unsaturation and,
consequently, in chain length of PE was observed in the NPC
cell derived VSV when compared to control VSV (Figure
5B). Furthermore, the same tendency was evident for both
PS and PC from NPC cell derived viruses (Figures 5C,D
and 6A,B, Table 1). However, in the case of SM, the

FIGURE 5: Molecular species composition of PE and PS from influenza virus and VSV grown in control or NPC fibroblasts. The individual
molecular species were quantified as indicated in Experimental Procedures using internal standards. PE molecular species in influenza (A)
and VSV (B) and PS species in influenza (C) and VSV (D). Error bars) SEM (n ) 4-6). **** ) p < 0.001, *** ) p < 0.005, ** )
p < 0.01, and *) p < 0.05 between values for control and NPC. The minor PE molecular species indicated in the legend of Figure 2 have
been omitted from panels A and B for clarity because their concentrations did not vary between NPC and control samples.

FIGURE 6: Molecular species composition of PC and SM from influenza virus and VSV grown in control or NPC fibroblasts. Molecular
species for PC in influenza virus (A) and VSV (B) and SM in influenza virus (C) and VSV (D). Error bars) SEM (n ) 4-6). **** )
p < 0.001, ** ) p < 0.01, and *) p < 0.05 between values for control and NPC. The minor PC species indicated in the legend of Figure
2 have been omitted from panels A and B for clarity because their concentrations did not vary significantly between NPC and control
samples. Some minor polyunsaturated diacyl/alkylacyl/alkenylacyl PC species, however, were only detectable in viruses from NPC cells
and are designated as follows: x-1, diacyl 35:5/alkenyl 36:4/alkyl 36:5 (m/z pos 766); x-2, diacyl 35:4/alkenyl 36:3/alkyl 36:4 (m/z pos
768); x-3, diacyl 37:6/alkenyl 38:5/alkyl 38:6 (m/z pos 792); x-4, diacyl 37:5/alkenyl 38:4/alkyl 38:5 (m/z pos 794); x-5, diacyl 37:4/
alkenyl 38:3/alkyl 38:4 (m/z pos 796).
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difference between NPC and control cell derived species was
negligible in both viruses (Figure 6C,D).

Also, Acute Cholesterol Loading Increases Phospholipid
Acyl Chain Unsaturation.To test whether the shift in acyl
chain saturation observed between normal and NPC fibro-
blasts is a phenomenon related only to the mutant phenotype
or represents a more general response to cholesterol ac-
cumulation, we loaded normal fibroblasts acutely with
cholesterol using cholesterol/cyclodextrin complexes as
cholesterol donors (2). An inhibitor of cholesterol esterifi-
cation (PKF 058-035) was included in some incubations to
prevent cellular homeostatic responses from diminishing the
free cholesterol content of membranes. In agreement with
previous studies (2, 42), we found that the cholesterol loading
was relatively fast and efficient, with a 2-fold increase in 1
h and a 5-fold increase in 24 h (Figure 7A. Moreover,
quantification of the PC, PE, PS, and SM classes after 24 h
of loading showed that the most significant change was the
increase of PC by 20-30% in the cholesterol-loaded cells
(data not shown). This is in line with a previous study (2).

ESI-MS analysis of the phospholipid molecular species
composition was performed on cells loaded with cholesterol
for 8 or 24 h. Marked changes in the acyl chain length
and saturation degrees of SM, PC, and PE were found
after 24 h of loading. In SM, the normally most abundant
species, 16:0, was decreased by∼30%, and the longest
unsaturated species, 24:1, was correspondingly increased,
now being the most abundant species (Figure 7B). The fully
saturated PC species (32:0) decreased by∼50%, the mono-
unsaturated species by∼20%, and the polyunsaturated
species were correspondingly increased (Figure 7C and Table

1). There were also significant changes in the molecular
species profile of PE, i.e., an∼10% decrease in monoun-
saturated and a similar increase in polyunsaturated species
(Figure 7D and Table 1). In PS, the changes were negligible
(Figure 7D).

Notably, the tendency toward increased unsaturation of
select phospholipids was observed already after 8 h of
cholesterol loading. For PC, significant increases in the
molecular species 36:5, 38:6, 38:5, and 40:6 were observed
at this time (data not shown). However, in PE and SM the
differences seemed to develop more slowly as they were not
detectable after 8 h of loading. To test whether the increase
in polyunsaturated acyl species in cholesterol-loaded cells
was dependent on blocking cholesterol esterification, the
loading was performed in the absence of the esterification
inhibitor. Under these conditions, a 45% decrease in satu-
rated, a 20% decrease in monounsaturated, and a comple-
mentary 33% increase in polyunsaturated PC species after
24 h of loading was observed (data not shown). Thus, similar
changes in acyl chain saturation were observed also when
cholesterol esterification was not inhibited.

DISCUSSION
In this study, we used the high-resolution ESI-MS method

to analyze the lipid profiles of normal and cholesterol-loaded
cells, particularly their plasma membrane. The analysis was
focused on the plasma membrane lipid composition for the
following reasons. First, there is increasing evidence for the
existence of specialized lipid domains in the plasma mem-
brane although their actual composition has not been defined.
Second, it is not known whether the plasma membrane lipid

FIGURE 7: Cholesterol loading of normal fibroblasts using methyl-â-cyclodextrin/cholesterol complexes and its effect on phospholipid
molecular species composition. Cholesterol enrichment in fibroblasts loaded for 0, 1, 8, and 24 h with cyclodextrin/cholesterol complexes
(A). Molecular species composition of individual SM (B), PC (C), PE (D), and PS (E) species in nonloaded (-CD) and loaded (+CD)
fibroblasts. **** ) p < 0.001, *** ) p < 0.005, ** ) p < 0.01, and *) p < 0.05 between values for nonloaded and loaded cells. Error
bars) SEM (n ) 3). The minor PC and PE species indicated in the legend of Figure 2 have been omitted as there were no differences in
their concentrations between the samples. Some minor polyunsaturated diacyl/alkylacyl/alkenylacyl PC species were, however, only detectable
in loaded cells and are designated with the following numbers in the figure: x-1, diacyl 35:5/alkenyl 36:4/alkyl 36:5 (m/z pos 766);
x-2, diacyl 35:4/alkenyl 36:3/alkyl 36:4 (m/z pos 768).
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composition of NPC cells, characterized by cellular choles-
terol deposition, differs from normal. Third, changes in
plasma membrane lipid composition could have important
functional consequences, e.g., on membrane trafficking or
the exchange of signals with the extracellular environment.
To obtain preparations enriched in plasma membrane lipids,
we isolated enveloped viruses budding through this mem-
brane. The advantage of this method is that the viruses can
be easily separated from the host cells with minimal
contamination. However, it cannot be excluded that the lipid
composition may be biased, e.g., due to selective sampling
of lipids by the viral proteins (37, 43).

Comparison of VSV and Influenza Virus Lipids.Previous
studies have indicated that influenza virus selects more
ordered, raft-like domains for budding, while VSV buds from
raft-depleted membranes (9, 44). The most notable difference
between the VSV and influenza virus lipid compositions
determined in the present study was a clear enrichment of
glycosphingolipids in the influenza virus. This fits with the
hypothesis that influenza virus buds from rafts, i.e., domains
enriched in glycosphingolipids.

Saturated phospholipids along with sphingolipids are
known to promote the formation of an ordered membrane
phase (45, 46). Therefore, more highly saturated phospho-
lipids might be expected to enrich in influenza virus (9).
However, we found that the phospholipid acyl chain com-
position of influenza virus was quite similar to that of VSV.
It is possible that compositional differences between domains
employed by budding viruses and potentially existing in
uninfected cells were masked by cytopathic effects of the
infection. An infection time of 24 h was used in order to
collect sufficient material for the analyses. This was con-
sidered warranted because the differences in detergent
solubility, cyclodextrin-mediated efflux of cholesterol, and
fluorescence polarization between influenza and VSV were
observed after such a long infection of BHK cells (9). On
the other hand, a long infection time has been shown to
abolish the apical/basolateral polarity in Madin-Darby
canine kidney epithelial cells with concomitant loss of lipid
compositional differences between influenza and VSV (47).
In any case, on the basis of our data on fibroblast-derived
viruses, it seems likely that the enrichment of glycosphingo-
lipids in influenza virus may be one of the determinants
responsible for the observed differences between the BHK
cell derived viruses (9). Moreover, if the viral infection
indeed undermines some of the lipid compositional differ-
ences, the enrichment of glycosphingolipids to rafts could
be even more pronounced than what is suggested by the
present data.

Lipid Composition of NPC Membranes.The most signifi-
cant alterations in the plasma membrane lipid composition
of NPC cells were the increased cholesterol content and the
increased proportion of polyunsaturated glycerophospholipid
species. The latter finding accords with the reported high
phospholipid acyl chain unsaturation in several tissues of
the NPC mouse (48). In another study, an increase in the
ratio of saturated to unsaturated fatty acids and a decrease
in monounsaturated fatty acids in NPC fibroblasts were
reported (49). However, it appears that also in this case the
polyunsaturated species were actually increased.

On the basis of the resistance of the disease cells to the
fungal sterol-binding antibiotics filipin and amphotericin B,

the NPC plasma membrane has been considered to be
cholesterol depleted (49, 50). On the other hand, calculations
based on the extractability of radiolabeled cholesterol by
cyclodextrin have suggested that the cholesterol content of
the plasma membrane is normal (31). The present virus data
indicate that the plasma membrane of NPC cells may contain
more cholesterol than that of normal cells. This could be
related to the increased cholesterol synthesis and/or “spilling
over” of the excess cholesterol from the endocytic organelles
to the plasma membrane.

The resistance of NPC cells to polyene antibiotics may
thus not indicate a reduced membrane sterol content but
rather be associated with altered lipid organization, as
demonstrated for mutant, amphotericin B resistant Chinese
hamster ovary cells (51). Furthermore, susceptibility to the
polyene antibiotic may not reflect the plasma membrane lipid
organization alone, since amphotericin B and nystatin cause
caveolar endocytosis and formation of abnormally large
endocytic structures (52). Amphotericin B seems to be
rapidly internalized in fibroblasts because it induces the
fragmentation of lysosomes within 30-60 min (our unpub-
lished observations).

Membrane Cholesterol Content and Phospholipid Fatty
Acyl Chain Structure.An intriguing principle emerging from
our study is the modulation of phospholipid acyl chain
composition toward increasingly polyunsaturated species
upon increasing membrane cholesterol content. In NPC cells,
this phenomenon could be due to secondary metabolic effects
rather than being directly caused by the excessive membrane
cholesterol. For instance,â-oxidation of polyunsaturated fatty
acids could be impaired due to the peroxisomal dysfunction
(53, 54). However, cholesterol loading of normal cells also
induced an increase of polyunsaturated phospholipid species,
particularly in PC. An increased concentration of polyun-
saturates thus seems to reflect a true regulatory response to
cholesterol increase. Interestingly, the changes were more
pronounced in the purified plasma membrane preparations
than in whole cells, presumably because of the enrichment
of cholesterol in the plasma membrane. In NPC cells,
increased acyl chain unsaturation was observed for all the
glycerophospholipids studied but not for SM, while in normal
cells acutely loaded with cholesterol an increase in unsat-
uration was seen most clearly for SM and PC. These two
lipid classes are located in the outer leaflet of the plasma
membrane that presumably initially receives the bulk of the
cholesterol load. Moreover, the levels of both PC and SM
are closely coupled to cellular cholesterol homeostasis. The
biosynthesis of PC is activated upon cholesterol loading of
fibroblasts or macrophages (2, 55) while hydrolysis of plasma
membrane sphingomyelin leads to reduction of free choles-
terol via its esterification (56, 57). Although the reason for
the lack of SM modification in NPC remains elusive, a
fraction of the SM pool may be sequestered in lysosomes
and thus removed from regulatory circuits capable of
responding to the cholesterol excess elsewhere in the cell.

The direct relationship between cellular cholesterol content
and phospholipid saturation level has only been addressed
in few studies, and the phenomenon observed in the present
work has, to our knowledge, not been reported earlier. In
one study, marked alterations in eukaryotic membrane sterol
composition were found to be insufficient to change total
phospholipid head or acyl group composition (58), but only
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fully saturated and monounsaturated species were analyzed.
On the other hand, studying sterol auxotrophic cells, Freter
et al. (59) did find a correlation between the membrane
cholesterol content and fatty acid composition. Sterol deple-
tion was found to associate with a reduction in the relative
amount of phospholipids containing saturated acyl chains.
Extrapolating from our data, the expected effect would be
opposite. However, the experimental systems studied were
quite different, and it is not obvious that cholesterol depletion
and loading should have antagonistic effects.

We propose that the increase in polyunsaturated phospho-
lipid species in response to cholesterol loading may serve
as a protective mechanism counteracting the membrane
rigidifying effect of cholesterol. This mechanism is likely
to operate in parallel with compensatory systems aiming at
lowering the membrane cholesterol content (e.g., downregu-
lation of LDL receptors and cholesterol biosynthesis, increase
of cholesterol esterification). Model membranes rich in
polyunsaturated phospholipid species are known to be less
susceptible for the stiffening effect of cholesterol than those
rich in monounsatured species (60). Thus, an increase in
polyunsaturated species at the expense of monounsatured
ones may help to maintain adequate membrane fluidity in
the presence of excess cholesterol. Importantly, this modulat-
ing effect may not be observed if only mono/diunsaturated
species are analyzed. The mechanisms by which the in-
creased cholesterol content of the membrane induces the
phospholipid changes remain to be elucidated. One possibility
is that the excess of cholesterol (or its metabolite) enhances
the synthesis of polyunsaturated fatty acids by upregulating
certain fatty acid desaturases, such as stearoyl-CoA desatu-
rase (4). However, upregulation of this enzyme is not
sufficient to explain the present findings since also those
polyunsaturated fatty acids that are not derived from stearate,
but from essential fatty acids, were increased. Furthermore,
in a recent report cholesterol was actually found to repress
the transcription of this enzyme (61). More likely, mecha-
nisms that do not require de novo fatty acid synthesis could
be involved. For instance, cholesterol could enhance the
preferential release of polyunsaturated fatty acids from
cellular neutral lipids or stimulate their uptake from the
medium. Alternatively, the fatty acid preference of enzyme-
(s) involved in the reacylation of phospholipids might be
regulated by cholesterol.
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