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Although enveloped virus assembly in the host cell is a crucial step in the virus life cycle, it remains poorly
understood, One issue is how viruses include lipids in their membranes during budding from infected host
cells. To analyze this issue, we took advantage of the fact that baby hamster kidney cells can be infected by two
different viruses, namely, vesicular stomatitis virus and Semliki Forest virus, from the Rhabdoviridee and
Togaviridae families, respectively. We purified the host plasma membrane and the two different viruses after
exit from the host cells and analyzed the lipid compositions of the membranes by quantitative shotgun mass
spectrometry, We observed that the lipid compositions of these otherwise structurally different viruses are
virtually indistinguishable, and only slight differences were detected belween the viral lipid composition and
that of the plasma membrane. Taken together, the facts that the lipid compositions of the &wo viruses are so
similar and that they strongly resemble the composition of the plasma membrane suggest that these viruses
exert little selection in including lipids in their envelopes,

Enveloped virnses acquire their lipid envelope from the
membranes of host cells (43). In this process, the nucleocapsid
or the nucleocapsid-matrix complex of the viruses buds out of
the cell and becomes enveloped by a segment of the host
membrane. This membrane segment is modified during the
budding process, such that virally encoded membrane proteins
are included in the viral envelope, while most host proteins are
excluded. Since viruses usually do not carry lipid-synthesizing
enzymes, the lipids in the viral envelope are derived from the
host membrane. The lipid compositions of enveloped virnses
have been studied for years (2, 15, 17, 18, 23, 25, 34, 36, 38, 40},
One question that remains to be answered is whether the lipids
are included passively, and thus the lipid composition of the
envelope reflects the lipid composition of the host membrane,
or whether lipid sorting oceurs, leading to selective inclusion of
some lipids and exclusion of others. This issue has been com-
plicated by the fact that the lipid bilayer is no longer consid-
ered a homogenous liquid but contains fuctuating nanoscale
assemblies of sphingolipids, saturated phaospholipids, choles-
terol (Chol), and proteins, called lipid rafts (13, 44). Lipid rafts
can be induced to coalesce—usually by protein-protein inter-
actions—into larger, dynamic platforms that function in signal
transduction, intracelluolar membrane transport, and other
membrane functions (45). It was also proposed that viruses
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make use of these membrane domains during their exit from
cells (29, 32).

A major complication in comparing viral envelopes with host
cell membranes is the difficulty in obtaining host cell membranes
of purity similar to that of the easily purified viruses. Many studies
are faulted by the impurity of the cell membranes analyzed.
Moreover, the early work in this field employed conventional
analytical methods (such as thin-layer chromatography) that pro-
vide only semiquantitative estimates of the total abundance of the
major lipid classes, Most importantly, lipid species diversity could
not be analyzed. Recent developments in mass spectrometry
(MS) have enabled comprehensive and quantitative analyses of
lipidomes at the level of individual molecular species. The lipi-
domes of human immunodeficiency virus (HIV), murine leuke-
mia virus (6, 7), and several bacteriophages (20, 21) were recently
analyzed by these new methods.

This paper focuses on two well-characterized enveloped vi-
ruses, Semliki Forest virus (SFV)} and vesicular stomatitis virus
(VSV). SFV is an RNA virus belonging to the Togaviridae
family of the Aiphaviridae that acquires its envelope by budding
from the host cell plasma membrane (PM) (46). Early studies
analyzed the lipid composition of the viral envelope and also
that of the host cell PM (39, 40). These siudies revealed strong
similarity between the envelope of SFV and the host PM, but
one important discrepancy was the higher Chol-to-phospho-
lipid ratio in the virus.

V8V is an RNA virus belonging to the Rhabdoviridae family
and also hijacks its envelope from the host cell PM (35), but
the lipid specificity of the budding process remains controver-
sial. The most recent studies claim that VSV buds from local-
ized regions that do not reflect the average composition of the
PM (23, 36). It has also been claimed that lipid rafts are
involved in VSV envelope assembly during budding (37).
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We used BHK-21 cells as host cells to purify SFV and VSV.
The purposes of this study were (i) to establish a robust, com-
prehensive, and quantitative method to analyze lipidomes, in-
cluding the full complement of glycerolipid, glycerophospho-
lipid, and sphingolipid species as well as Chol; (ii) to establish
a protocol for purification of PM suitable for MS analysis; and
(iii) to analyze and compare the lipidomes of SFV, VSV, and
the BHK-21 PM.

We found that the lipidomes of SFV and VSV are similar in
molecular composition and are closely related to that of the
BHE-21 PM. The small differences observed could be ex-
plained by the high degrees of curvature generated during the
viral budding process.

MATERJALS AND METHODS

Media, buffers, and organic solvents. All common chemicals were purchased
from Sigma Chemicals (St. Louis, MO) and were of the best analytical grade.
Minimal essential mediom was from PAA, Pashing, Austria. Penicillin-strepto-
myein, ghutantate, and fetal calf serum were obtained from Gibeo, and 100X
nonessential amino acids were obtained from Sigma. All bulfer components
(HEPES, Tris, and inorganic salts) were proanalytica grade. Water for MS,
meshanol (both LiChrosolv grade), and chleroform (liquid chromatograply [L.C}
grade) were from Merck (Darmstadi, Germany). Synthetic lipid standards were
puechased from Avanti Polar Lipids, Inc. {Alabaster, AL). The GM3 bovine
mixiure was purchased from Matreya Biochemicals, LLC (Pleasant Gap, PA).
Phosphatidylinositol (PI) 17:0-17:0 was provided by Christoph Thiele (Max
Ptanck Institute of Molecular Cell Biology and Geneties).

Beads, antibodies, and other reagents. Dynabeads M-500 subceliular beads
were purchased from Invitrogen and conjugated to neuwtravidin protein from
Pierce (Reckford, IL} according to the manufactarer’s instructions, except that
gelatin was used for blocking rather than bovine serum albumin, which would
bind lipids. Conjugated beads were stared in 0.1 gelatin at 4°C. Ultralink
monomeric avidin Sepharose and EZ-Link sulfo-NHS-LC-bictin were purchased
{from Picrce. Anti-calnexin antibody (rabbit polyclonal) was fram Sigma and was
used at a £:2,000 dilution, Horseradish peroxidase (HRP)-conjugated ExtrAvidin
wis also from Sigma and was used at 1:500, OptiPrep density medium was from
AxisShield Laboratories, fatrunculin A was from Catbiochem, and molecular size
markers for sodium dodecyl sulfate-polyacrylamide gel clectrophoresis (SDS-
PAGE) were purchased from Invitrogen.

Cells and viruses, The BHK-21 cells used in this study are indexed as BHK-21
CCL10 in the ATCC collection. The cells were maintained in minimal essential
medium (Rochester, NY) supplied with 5% fetal calf serum, penicillin-strepto-
mycin, glutamate, and nonessential amino acids and were passaged every 2103
days. The VSV and 8FV stocks were produced as described previously (16, 24).

Cell infection and virus production and purification. The optimal amouwnt of
virus and duration of virus production were determired by immunofluorescence
using anti-SFV and anti-VSV-glycoprotein antibodies. Qur aim was to use the
smallest possible amount of virus to have about 80% of cells infected in the first
round.

For large-scale virus preduction for lipid analysis, we used fve ‘T'175 flasks for
the preduction of SFV and V8V,

Virus was diluted in virus production medium (ménimal essential medium
supplied with glutamate and 20 mM HEPES}), and 5 m was used for each T175
flask of phosphate-buffered saline (PBS)-washed cells. Infectien was carried out
for 1 h a2 37°C and 5% CO,. The virus-containing medium was then removed,
and virus production medium pius nonessential amino acids was added (15
m¥T175 flask). Cells weee incubated for 17 h at 37°C and 5% CO,.

The medium was collected and subjected to 5 min of centrifugation at 300 X
g- The supernatant was transferred to a fresh tube and centrifuged for 5 min at
1,000 X g, and the supernatant obtaired thereafter was centrifuged for 30 min at
10,000 % g. The resulting supernatant was transferred Lo an ultraclear SW28 tube
(Beckman, Fullerton, CA) and underlayered, using a syringe with a long needle,
with 3 to 5 ml 209 (wi/vol) sucrose in HEPES buffer. Centrifugation was carried
out for 3 b in an SW28 rotor at 27.5 krpm at 4°C. The supernatant, including the
sucrose cushion, was decanted, and alk liquid was carefutly removed by drying the
walls of the tubes with a tissue. The pellets were then resuspended overnight at
4°C after adding 80 il HEPES-buffered saline (HBS) buffer and sealing the wbes
with Parafifm. The next day, the resuspended pelfets from the same samples were
combined (the total volume to be lozded on one gradient must not exceed 250
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pt) and loaded onto a velocity gradient. The gradienis were prepared in ultra-
clear tubes by the underlayering technique, starting from the top. The layers were
as fallows: 650 pl of 7.5% and 650 i 10% Optiprep in HBS buffer, followed by
500-pl layers in 1.25% Optiprep steps, i.e., 11.25, 12.5, ...27.5%. The gradients
were sealed and linearized by overnight incubation at 4°C.

The gradients were centrifuged for 25 to 30 min at 26.5 krpm in an SW40 rolor
at 4°C, After the spin, the virus bands were coltected by fractionating the gradient
in 1-ml fractions from the top; the virus band was colfected in the smallest
possible volume, typically 808 to 1,000 ul, and subsequently diluted approxi-
mately 10X with HBS and pelieted for 3 b at 27 krpm and 4°C {(§W40 rotor). The
resulting pelleis were washed again in 1 mi HBS, using a TLASS5 rotor in a
tabletop centrifuge, for 45 min at 38 krpm and 4°C. The final pellets were washed
(TLASS rotor) with $50 mM ammonium bicarbonate buffer and finally resus-
pended in 100 pl ammonium bicarborate buffer and subjected to lipid extraction
and analysis.

Cell surface bictinylation and purification of PM. Cells were grown for 210 3
days to ~80 1o 90% confluence; cells fram 350 10 700 cm? were used for each
preparation and analysis by MS, Culture flasks were moved to 4°C and allowed
to cool for ~10 min prior to biotinylation to prevent internalization of surface
components. Cells were washed twice with ice-cold PBS, and 1 mg/ml NHS-
sulfo-LC-bictin in PBS, pH 8, was added (~0.02 mlfem?), Biotinylation was
allowed to proceed for 20 min with gentle rocking at 4°C. The biotin solution was
then removed, and cells were washed twice with PBS, once with 0.1 M glycine to
quench any remaining uareacted biotinylation reagent, and finally once with
PBS. Cells were then scraped into 20 mM Tris, pH 8.35-200 mM sucrose~0.2
mM MgCl,, (scraping buffer; used a1 ~0.01 ml/em?) and either directly processed
or frozen at —8§0°C.

Cell clurps were disrupted by being pipetted up and down against the flask or
tube walls, and neutravidin-conjugated Dynabeads M-300 subceltular beads {in
PBS plus 0.1% gelatin from fish skin) were added (~0.5 pd at 4 % 10% beads/ml
per cm® of cells). The suspension was mixed, and binding was allowed to proceed
at 4°C with mixing for 20 to 30 min. Binding can be assessed by inspecting a small
amount of sample under a microscope. Ideally, all cells should have a few beads
bound to the surface. Excess beads must be avoided (cefls completely covered
with beads appear as “grapes”; these armored structures do not break casily and
would contaminate the preparation). Beads with bound cells were then removed
from the suspension by means of a magnet or magnetic rack (it is essential 5o
wark with small volumes to be able to perform this separation quickly to prevent
sedimentation of unbound cells). The beads with bound cells were washed twice
with scraping buffer before the addition of hypoosmotic buffer (“shocking
buffer”; 20 mM Tris pH 9.1-25 mM sucrose-0.2 mM MgCl,). The samiples were
incubated for ~10 min at 4°C with mixing; this treatment leads to osmotic
swelling, eventually causing the cells to burst. Shocking buffer was exchanged and
supplied with 250 oM latrunculin A and allowed to work during a short (~2 to
5 mip) incubation at room temperature with mixing. After this treatment, almost
ne whole cells should be visible under a microscope. The beads were then washed
with 0.2 M NaBr-0.2 M KCI-50 mM Tris, pH 6.8-250 nM latrunculin A and
transferred to a new tube, followed by a quick wash with 0.1 M Na,COQ,, pH 11;
this treatment reveals any contamination with whole cells and nuclei—the alka-
line carbonate disrupts the endoplasmic reticulum (ER} and causes the nuclei to
form “slimy” clumps that can be removed with a pipette or by transferring the
rest of the suspension to a new tube. The beads were then washed once with 0.1
M NaBr-0.1 M KCI-25 mM Tris, pH 6.8, and once with freshly prepared 150 mM
NH,HCO;, pH 8, and finally resuspended in 200 pl 150 mM NHHCOQ; buffer
and analyzed by Western blotting and MS,

The quality and yield of PM preparations depend mostly on the efliciency of
binding of the beads to the cell surface. When too few beads bind, the yield is too
low, and then intraceflular membranes may contaminate the resulting sample
material, In contrast, when teo many beads bind to the cells, the cetls are more
difficult to lyse. Thus, the resulting preparations may be contaminated with whole
cells. The quality of the beads (affinity and blocking) and the amount of beads
used are therefore cruciat parameters influencing the quality of the obtained PM.
We tried different kinds of magnetic beads for conjugation of the biotin-binding
proteins. The best resuits were obtained with Dynabeads M-500 subcellular
neutravidin-conjugated beads (other beads that we tried included MyOne Ti
streptavidin beads and Dynabeads M450 beads). Freshly conjugated beads sus-
pended in 0.1% gelatin were found to yield better results than those obtained
with beads that had been stared. It is critically important to coof 1he cells to 4°C
befare stariing with surface biotinylation to prevent endocytosis of the biotinyl-
ated PM and to strictly carry cut all subsequent steps on indact cells at 4°C, Rt is
also important to transfer the beads with bound PM 10 a fresh tube for the final
washing steps. The walls of standard polypropylene microtubes tend to become
coated with cell debris, which would later contaminate the lipid extracts. The
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resulting materiat is irreversibly bound to the magnetic beads via the biotin-
neutravidin interaction and hence is useful only for analysis that makes use of
solubilization, hassh efution, or extraction of the bound material (selubilization
by SDS-PAGE loading buffer or extraction with organic solvents). However, for
our purpose, to analyze the lipidome after organic sclvent extraction, the method
was optimal.

Lipid extraction and MS. Purified viruses and PM were subjected to a quan-
titative shotgun fipidomic analysis. In short, samples were spiked with 10 pl of
internal standard lipid mixture, providing a total spike of 20 pmol diacyiglycerol
(DAG) 17:0-17:0, 24 pmol phosphatidic acid (PA) 17:0-17:0, 52 pmol phosphati-
dytethanolamine (PE) 17:0-17:0, 7.5 pmo! phosphatidylglycerol {PG) 17:0-17:0,
43 pmol phospliatidylserine (PS) 17:0-17:0, 40 pmol phosphatidylcholine (PC)
18:3-18:3, 54 pmol PI 17:0-17:0, 10 pmol ceramide {Cer) 18:0;3/18:0;0, 40 pmol
sphingomyelin (SM) 18:1;2/17:0, 53 pmol GM3 bovine mixture, 20 pmol GalCer
18:1;212:0, 20 pmol LacCer 18:1;2/12:0, and 50 pmol Chol-d7. Samples were
subsequently subjected to lipid extraction executed at 4°C (9). Brieily, approxi-
mately 10 g of protein (as determéned by Bradford assay) from cach sample was
dissolved in 200 gl of 155 mM ammonium bicarbonate and then exiracted with
it ml chioroform-methanol (10:1) for 2 h. The lower, organic phase was collected,
and the aqueous phase was reextracted with 1 ml chloroform-methanol (2:1) for
1 h. The lower, organic phase was collected and evaporated in a vacuum desic-
cator at 4°C. Lipid extracts were dissolved in 100 pf chloroform-methanal (1:2
[volivol]) and subjected to quantitative lipid analysis on both o hybrid QSTAR
Pulsar i quadrapole time-of-flight mass spectrometer (MDS Sciex, Concord,
Canada} and an LTQ Orbitrap instrument equipped with a TriVersa NanoMate
robotic nanoflow ion source {(Advion Biosciences, Inc., Ithaca, NJ). DAG, PA,
PS, PE, P, and PG species were quantified by negative-ion-mede multiple-
precursor jon scanning analysis (8); PC and SM species were quantified by
positive-ion-mode precursor ion scan m/z 184.1. Cer, glucosylceramide-plus-
galactosylceramide (FlexCer), and lactosylceramide-plus-digalactosylceramide
(diHexCer) species were quantified by paositive-ion-mode Fourier transform MS
analysis on an LTQ Orbitrap insttument. GM3 species were quantified by neg-
ative-ion-mode Fourier transform MS analysis on an LTQ Orbitrap instrument,
Chot was quantified after chemical acetylation in positive ion mode by multiple-
reaction monitoring (22). Automated processing of acquired mass spectra and
identification and quantification of detected molecular lipid species were per-
formed by Lipid Profiler software (MDS Sciex, Concord, Canada) {8) and Pe-
coder software, developed in-house (42).

Lipid species were annctated by their molecular composition. Giycerophos-
pholipid and DAG species are annotated as follows: lipid class followed by the
number of carbon atoms in the first FA moiety:number of double bonds in the
first A moiety-number of carbon atoms in the second FA moiety:number of
double bonds in the second FA moiety (e.g., PI 16:0-18:1). PC species are
annotated as foltows: lipid class followed by the number of carbon atoms in the
first FA moiety plus number of carbon atoms in the secand FA moiety:number
of double boods in the first FA moiety plus number of double bonds in the
second FA moiety (e.g,, PC 34:1). Sphingolipid species are annclated as follows:
lipid class followed by the number of carbon atoms in the long-chain base moiety
plus number of carbon atoms in the fatty acid moiety:number of double bonds in
the long-chain base moicty plus number of double bands in the faity acid
maiety;number of hydroxyl groups in the Jong-chain base moiety plus number of
hydroxyl groups in the fatty acid moiety {c.g., SM 34:1;2).

RESULTS

VSV and SFV purification and Iipid composition. The pro-
cedure described in this paper reliably yielded pure, infectious
virus particles suitable for further analysis. Only viral proteins
were detected in the preparations, as judged by silver-stained
SDS-PAGE gels (Fig. 1}. The preparations were also devoid of
cell-derived lipids. We prelabeled BHK cells with [1,2-C]-
acetate, mixed the media from these cells and cells infected
with SFV, and then purified the virus as described in Materials
and Methods. Almost all (>95%) of the radioactivity was re-
moved during the step of pelleting virus through a sucrose
cushion. Practically no radioactivity was detected in the final
step of virus purification, employing velocity gradient centrif-
ugation (see Fig. S1 in the supplemental material). We also
tried an additional density gradient centrifugation step in the

J. VIROL.

FIG. 1. SDS-PAGE analysis of purified viruses. Approximately 1
ng of final virus preparation was loaded onto a NuPAGE 4 to 12%
BisTris gel, run in morpholinepropanesulfonic acid (MOPS) bulffer,
and stained with silver nitrate,

virus purification procedure and found no differences in the
virus lipid compositions (data not shown).

Next, we characterized and quantified the main lipid classes
of the purified viruses. These comprise the glycerophospholip-
ids, i.e., PA, PC, PE, PG, PS, and PI; the sphingolipids, i.c.,
Cer, SM, HexCer, diHexCer, and the ganglioside GM3; DAG;
and Chol. All of these lipid classes can be extracted efficiently
by conventional extraction, with the exception of GM3 (3, 10).
In order to enhance the recovery of GM3, we employed a
two-step extraction procedure (9) in which samples are first
extracted with the apolar solvent mixture chloroform-metha-
nol (10:1 {valfvol]). This extraction recovers PC, PE, PG,
DAG, Cer, SM, HexCer, diHexCer, and Chol. Subsequently,
the remaining aqueous sample was extracted with the polar
solvent mixture chloroform-methanol (2:1 [volfvol]), which ef-
ficiently recovers PA, PS5, PI, and GM3. This two-step lipid
extraction procedure allowed sensitive analysis of GMS3,
prompted by increased recovery of GM3 and improved ioniza-
tien efficiency due to the separation of the lipid classes. For
lipid analysis, we employed a lipidomic platform based on
nanoelectrospray ionization combined with quantitative high-
reselution MS analysis of the lipid extracts (9, 42). The com-
parative lipidomic analysis achieved the absolute quantifica-
tion of 159 individual molecular lipid species encompassing 13
lipid classes. Absolute quantification was achieved by the ad-
dition of a set of internal standards, comprising all lipid classes
analyzed, prior to the lipid extraction (8) (see Materials and
Methods). Lipid content is presented as mol% of individual
lipid species normalized to the total amount of lipid quantified.

The lipid compositions of these structurally very different
viruses are remarkably similar. We did not observe statistically
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TABLE 1. Lipid class composition of BHK cells, their PMs, and
VSV and SFV produced in BHX cells

Avg mol%s + SE®

Lipid
BHK cells PM VsV SFV

PC 231 %16 10524 8610 10412
PC O- 82x02 3.9+ 0.7 28+04 37206
PE 53x11 2709 5007 3902
PE O- 72x21 77+ 15 26 0.6 73x02
PG 1.2+04 02008 006000 0.08=0.01
P 57*17 1.9+02 1.0+03 0801
PS 47+ 1.2 8.1x09 98+18 10,6 & 1.7
SM 57+1.1 8.6+1.1 11.5 0.7 129+ 0.6
DAG 0402 1.3+09 0.2 £ 6.01 0302
PA 0805 03+01 0.1 =0.05 0.2 003
Cer 0.3 +0.16 0.09 003 0.09 %001 0.1 =002
HexCer 0.2 =002 0.07 = 0.05
diHexCer 0.04 =001 0.2 x 0.09 0.1 = 0.06
GM3 37+10 11.6 = 0.8 77 x24 6.8+12
Chol 28815 42126 436 £ 1.8 424+19

“ For four independent experiments.

significant differences at the lipid class level (Table 1; see Fig.
3). At the lipid species level, the PC compositions of both
viruses revealed that saturated and monounsaturated PC spe-
cies were slightly enriched in SFV compared to VSV (see Fig.
3 and Fig. 89 in the supplemental material). This trend became
more evident when we analyzed the fatty acid saturation pro-
file of all glycerophospholipids (see Fig. 6A). At the fatty acid
chain length level, there was also a slight increase of glycero-
phospholipid species with 30 and 32 carbon atoms, while lipid
species with 38 carbon atoms in their fatly acid moiety were
depleted (see Fig. 6B) in SFV compared to VSV. The state of
unsaturation and chain length profiles of the sphingolipids
were the same for both viruses.

PM purification and lipid composition. The PM comprises
only a few percentage points of the total membranes of a cell
(approximately 10% seems to be a reasonable estimate for
BHK cells [11]), while the ER makes up more than 80% of the
total cell membranes. Thus, the ER is the major contaminant
of PM preparations. We used the ER marker calnexin as a
measure of purity for our PM preparations. We tried different
methods to purify the BHK cell PM. We finally ended up with
a method in which surface biotinylation and neutravidin-cou-
pled magnetic beads were used to achieve a highly purified
PM. With this method, only negligible ER contamination was
seen, often with no calnexin detectable (Fig. 2). From 350 cm?
of ~80% confluent cells, about 3 to 4 nmol (~3 g} of lipid
was recovered by using the two-step lipid extraction procedure
described above.

The lipid composition of the PM was very different from that
of thewhole BHK cell. We observed overall increasesin sphingo-
lipids {from 9.9 mol% = 2.2 mol% to 20.4 mol% = 2.0 mol%)
and Chol (from 28.8 mol% = 1.5 mol% to 42.1 mol% = 2.6
mol%:) and a decrease in glycerophospholipids (from 56.2
mol% * 87 mol% to 352 mol% = 6.8 mol%) in the PM
compared to whole BHK lipids. This is in good agreement with
previous reports (7, 39). We found significant reductions in
PG, PE, Fl, and PC, while SM, Chol, PS, and GM3 were
increased in the PM compared to the BHK cell (Fig. 3 and Fig.
dA). The most depleted lipid classes in the PM were previously
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shown to be located predominantly in internal organelles. Cn
the other hand, the enriched lipid classes (sphingolipids and
Chol) were previously shown to be increased in the PM {49).
This observation testifies to the high purity of the obtained PM
fractions. Besides the reduction of glycerophospholipids in the
PM, we also found that these lipid species are mainly diunsat-
urated in BHK ceils, while in the PM they are monounsatu-
rated (Fig. 5). This is due mostly to a decrease in the amount
of the PC 36:2 species, from 6.9 mol% = 0.7 mol% in the
whole cell to 2.1 mol% * 1.0 mol% in the PM (Fig. 6).

The lipid compositions of VSV and SFV are similar but not
identical to that of the BHK PM. One aim of this work was to
try to understand the principles of lipid incorporation of vi-
ruses during budding from the host cell PM. From a compar-
ison of the lipidomes of the PM and both purified viruses, we
could conclude that the lipid compositions of the viruses are
similar to the PM lipidome, with some noteworthy differences.
SM was enriched in both viruses, while PG and PI were de-
pleted (Fig. 3). Interestingly, while the SM lipid class was
enriched only [.3- and 1.5-fold in VSV and SFV, respectively,
relative to the PM, the SM 34:0;2 species (dihydrosphingomy-
elin) was enriched 2.7- and 3.5-fold, respectively. Moreover,
SM species with long fatly acids {C,,, and Cs,,;) were also
enriched in the viruses, by 2.3- and 5-fold, respectively. This
result is in good agreement with previous reports suggesting
the involvement of dihydrosphingomyelin in virus budding (6,
7). The most significant difference within the glycerophospho-
lipids was the elevation in the viruses of diunsaturated PS
species, mainly PS 36:2 (18:1-18:1) and PS 34:2 (18:1-16:1), by
1.6- and 2.1-fold, respectively (Fig. 5). In summary, we ob-
served little specificity in lipid uptake from the PM into the
viral envelope. Nevertheless, the viruses studied showed some
selectivity for SM (especially long-chain SM species and dihy-
drosphingomyelin), while GM3 was depleted.

Extravidin

Extravidin

FIG. 2. Western blot analysis of total cells and purified PM. About
500 ng of protein {total cells; lanes T) and 5% purified PM (lanes PM)
were loaded onto 4 to 12% BisTris NuPAGE gels, run in MOPS bulfer,
and blotted onto a nitrocellutose membrane. The membrane was cut
aiong the marker (lane M}, and the halves were developed separately,
using polyclonal anti-calnexin («CNX) antibody produced in rabbits
with HRP-conjugated anti-rabbit antibody and HRP-conjugated
ExtrAvidin biotin-binding protein.
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FIG. 3. Lipid class compositions of BHK cells, PM, VSV, and SFV. Lipid class average compositions were determined by adding the
abundances of individual lipid species from each class (Fig. 5; see Fig. 52 to S8 in the supplemental material). Error bars are the correspondent

standard deviations (n = 4 for each sample).

DISCUSSION

Advanced MS combined with optimized lipid recovery rec-
ipes enabled absolute quantification of 159 individual molec-
ular species from 13 major lipid classes in the lipidomes of
VSV and SFV, as well as in the PM of BHK cells. For the first
time, this quantitative analysis included gangliosides. We
found that the simplest ganglioside, GM3, was a major con-
stituent of the PM and the viral envelopes, and thus lipidomic
analysis excluding these lipid classes will be incomplete. More-
over, the versatility and sensitivity of the method will also
enable us to extract lipids and to determine their composition
quantitatively from biological samples purified in very small
amounts.

The most startling result of the present study is that the lipid
compositions of SFV and VSV are so similar. This is the case
for the lipid class distribution as well as for the individual
species within each lipid class. Also important is the high con-
tent of Chol, at 43.6 mol% + 1.8 mol% for VSV and 42.4
mol% = 1.9 mol% for SFV. Early studies of the lipid compo-
sition of SFV by Renkonen et al. (40) had similarly high values,
while those reported for VSV were lower (25, 34).

To compare the lipidome of the host membrane with those
of the viruses, we developed methodology to purify the PM
from BHK-21 cells. The major contaminant of membranes is
the ER, and this is also the most troublesome impurity because
the lipid composition of this organelle is quite different from
that of the PM (49). Only by introducing an affinity step based
on cell surface-specific biotinylation were we able to obtain PM
preparations devoid of ER contamination, as judged by West-
ern blotting with calnexin antibodies. Another criterion from

the lipid composition results is the high Chol content. The
concentrations of Chol and sphingolipids are known to in-
crease along the biosynthetic pathway from the ER to the cell
surface (49). In our analysis, the Chol content of the PM was
42.1 mol% = 2.6 mol%. The lower values reported previously
(15, 25, 34, 36) for Chol and sphingolipids can probably be
attributed to insufficient purity of the isolated PMs. An addi-
tional measure of the purity of our PM preparation is the
threefold reduction in the level of Cer, which is synthesized in
the ER and predominantly enriched there. Also, the sphingo-
lipid concentrations, with the major classes being SM and the
ganglioside GM3, were much higher in the PM than in the
whole-cell lipidome.

Thus, we can conclude that our PM preparation from BHK
cells was quite pure and therefore that the lipidome of the PM
can be compared usefully to the lipidomes of the two viruses.
Based on our analyses, it is obvious that all three lipidomes are
quite similar. The Chol concentration is higher than 40%, and
also, the sphingolipid concentration is around 20% in all of the
lipidomes. However, concerning the sphingolipid composition,
the SM content is slightly higher in the viral envelopes, but this
is compensated by a similar decrease in GM3 content in the
viral envelopes. In comparing the lipid compositions of the
viruses and the PM, it is also important to keep membrane
geometry in mind. While both SFV and VSV are highly curved,
the PM is probably less curved. The difference between the
areas of the inner and outer leaflets of membrane increases
with curvature. Thus, in SFV (the diameter of the lipid enve-
lope without spikes is approximately 50 nm), the inner leaflet
will cover only about 65% of the area presented by the outer
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leaflet, and for the less-curved, bullet-shaped VSV (180 by 70 PS species with bulkier fatty acid moieties (e.g., diunsaturated
nm), the coverage will be 80% (47). The differences between species) could be sorted to the viral bud regions (1, 28, 33, 50,
the areas of the outer and inner leaflets could account to some 51). Curvature and lipid asymmetry were previously proposed
extent for the differences—albeit small—in the lipid composi- to play a role in the formation of bacteriophage envelopes
tions of the PM and the viruses. For instance, considering that (19-21). However, since we do not have information on lipid
PS species should populate the inner leaflet of the BHK PM, asymmetry of the viral envelopes extended to individual lipid
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state were normalized to the total glycerophospholipid in each sample.

species, these remain issues for future work. The existing meth-
ods for determining lipid asymmetry are based on low-resolu-
tion thin-layer chromatographic methods and therefore do not
include lipid species (33). The time is now ripe to revisit this
area of research by developing new methodology based on the
high sensitivity and high resolution of MS methods available
today.

One important outcome of this work is the comprehensive
lipidomic analysis of the highly purified PM. It is worthwhile to
notice the features that seem to be the hallmarks of PM com-
position, i.e., the remarkably high Chol content (~40 mol%)
and the low PC content (10.5% =+ 2.4% ester and 3.9% + 0.7%
ether). The successful purification and analysis of the PM have
made it possible to convincingly relate the compositions of the
viral envelopes to that of the PM.

The main conclusion of this paper is that SFV and VSV
acquire their lipid bilayers from the host PM, such that the
lipid composition of the bilayer undergoes only minor changes
during the budding process. Moreover, both SFV and VSV
organize their budding sites in the same way with respect to the
lipid bilayer because their lipidomes are so similar. Thus,
the viral membrane glycoproteins and the inner core proteins,
the capsid protein for SFV and the M protein for VSV, do not
seem to influence the budding process with respect to the lipid
bilayer.

How does this conclusion fit with earlier studies on pheno-
typic mixing by VSV? This virus can incorporate glycoproteins
from other viruses (such as retrovirus spike proteins or influ-
enza virus hemagglutinin) as well as host membrane proteins
into its envelope (5, 52). SFV, in contrast, rigorously excludes
other virus glycoproteins and PM proteins from the host cell
during the budding process (5, 43, 52). A hypothesis employing
lipid rafts as platforms mediating phenotypic mixing has been
put forward (37). During the assembly process, lipid rafts
would accumulate at the budding site, bringing together both
viral proteins and raft-associated host proteins. Thus, raft af-
finity could explain why foreign proteins are included in the
viral envelope. However, if this were the case for VSV, then
one would expect the viral envelope to be enriched in raft
lipids, such as sphingolipids, saturated PCs, and Chol. In the
present study, we show that this is not the case. Also, the
analysis of the saturation level of the glycerophospholipids,
including PC, demonstrated that there were no striking differ-
ences between VSV, SFV, and the PM in this respect. More-

over, the VSV glycoprotein does not have the typical charac-
teristics of raft-associated proteins (41). This singly spanning
transmembrane protein is not insoluble in Triton X-100 at 4°C.
In lateral diffusion studies using fluorescence recovery after
photobleaching of the apical membranes of MDCK cells, the
VSV glycoprotein behaved as a non-raft-partitioning protein
(26). In copatching studies, a very minor fraction colocalized
with raft proteins (14). The bulk of the protein behaves like a
nonraft protein, such as the transferrin receptor. On the basis
of these studies, the VSV glycoprotein does not fit into the
category of raft proteins exemplified by the influenza virus
hemagglutinin. Thus, the hypothesis that lipid rafts mediate
VSV assembly and pseudotyping should be reconsidered. An
alternative model has been proposed by Metsikko and Garoff
(27), who demonstrated that about 15% of the protein in the
VSV envelope can be occupied by non-VSV proteins and that
the non-VSV integral proteins might be included more or less
passively, depending mostly on the concentration of the pro-
teins in the PM and not on the basis of raft affinity. Considering
our results that the lipid compositions of SFV, VSV, and the
host PM are very similar, we favor the latter hypothesis. How-
ever, further work will be necessary to sort out how phenotypic
mixing works mechanistically. Although SFV and VSV do not
seem to fall into the category of enveloped viruses that employ
lipid rafts during budding, there are viruses that do so. One
representative of such a virus class is HIV (30, 31). Two recent
studies have employed MS methods to analyze the lipidome of
HIV (6, 7). In contrast to our results for SFV and VSV, the
HIV envelope was strongly enriched in Cer and GM3 (4, 3)
compared to the concentrations in the host PM (5). The en-
richment of Cer was an interesting feature of the HIV enve-
lope and may reflect the involvement of Cer-induced raft do-
mains in HIV assembly (12, 48). In the SFV and VSV
envelopes, Cer was starkly depleted. These studies indeed sug-
gest that the viruses may acquire their lipid envelopes by dif-
ferent mechanisms. Blom et al. did study the lipid class com-
positions of VSV and influenza virus budding from fibroblasts
(4). They observed an increase in glycosphingolipids in influ-
enza virus compared to those in VSV. These studies should be
repeated as a full-scale lipidome analysis. Only by demonstrat-
ing that one virus selects specific lipids while another does not
will it be possible to prove that there are viruses that employ
raft coalescence as a mechanism to assemble their membranes.
Enveloped viruses can thus be employed as tools to understand
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how protein-lipid and lipid-lipid interactions contribute to bi-
layer organization and its plasticity.
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